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abstract of the dissertation

Mixing and Structural Characteristics of Unforced and Forced Jets in Crossflow

by

Takeshi Shoji

Doctor of Philosophy in Aerospace Engineering

University of California, Los Angeles, 2017

Professor Ann R. Karagozian, Chair

This dissertation describes an experimental exploration of structural and mixing character-

istics of unforced as well as forced jets in crossflow (JICF). A jet comprised of mixtures

of helium and nitrogen, as well as tracer materials for laser diagnostics, perpendicularly is-

sues into air crossflow. For unforced jet experiments, variable jet-to-crossflow density ratios

(0.35 ≤ S ≤ 1.00) and momentum flux ratios (5 ≤ J ≤ 41) were explored, for three alter-

native injectors with the same exit diameters (D ∼= 4 mm) and in all cases with a fixed jet

Reynolds number Rej = 1900. These injectors included circular nozzles which were flush as

well as elevated with respect to the floor of a wind tunnel, in addition to a flush-mounted

round straight pipe. For forcing experiments, an equidensity (S = 1.00) jet emanating

from the flush nozzle (Rej = 1900) as well as a larger-diameter flush nozzle (D ≈ 7.6 mm

and Rej = 1500) were explored. Hotwire anemometry, planar laser-induced fluorescence

(PLIF) imaging of acetone seeded in the jet, and stereo particle image velocimetry (PIV)

were utilized for JICF characterization in the centerplane and cross-sectional planes.

The interplay between scalar and velocity fields for the non-reactive JICF was studied

using simultaneous PLIF/PIV measurements in the centerplane. Proper orthogonal de-

composition analysis of scalar and velocity fields generally showed a clear transition from

convective to absolutely instability in the jet’s upstream shear layer as J values were reduced.

The strained dissipation and reaction layer model, with the Howarth transformation for the

S = 0.35 cases, was applied to extract strain rates from PLIF images, which were compared
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with PIV-extracted strain rates. For all flow conditions, strain rates on the upstream mixing

layer generally became higher than those for the downstream mixing layer, suggesting easier

ignition on the lee-side of the jet for the equivalent reactive flowfield, consistent with reactive

flow observations (Wagner et al., 2015).

Mixing characterization based on a new approach, accounting for variable scale lengths,

was studied based on centerplane PLIF images for the variable density (0.35 ≤ S ≤ 1.00),

flush nozzle-, elevated nozzle-, and flush pipe-injected JICF at a range of J values (5 ≤ J ≤

41). The new algorithm successfully captured different mixing characteristics associated

with stirring as well as molecular mixing, with differences that were apparent especially for

the flush pipe injection case. For the equidensity flush pipe-injected JICF, an increase in

the Unmixedness and thus worsening mixing was observed for relatively large scale lengths,

but not for smaller scale lengths. These mixing trends were likely to be caused by stirring

in rolled-up vortical flow structures on the upstream shear layer, capturing relatively high

concentrations of jet fluid inside themselves, preventing uniform fluid mixing over the entire

flowfield.

For external, axisymmetric forcing of jet fluid, three temporal waveform types were ap-

plied: sine wave forcing, and controlled single- as well as double-pulse square wave forcing.

These excitations were created with matched root-mean-square (RMS) values of the jet ve-

locity perturbation U ′

j,rms to achieve effectively the same forcing amplitude (and impulse)

among all forcing conditions. Mean and instantaneous metrics were utilized to characterize

mixing for the forced JICF. While mean metrics involved jet penetration and spread only in

the centerplane view, instantaneous metrics involved the Unmixedness and the probability

density function for scalar concentrations in both centerplane and cross-sectional views.

Sinusoidal forcing of the equidensity flush nozzle-injected convectively unstable JICF

(e.g., J = 41) demonstrated that relatively low forcing amplitudes significantly affected jet

structures and mixing, especially for forcing frequencies ff fairly close to a natural funda-

mental frequency of the upstream shear layer fo. For the equidensity absolutely unstable

JICF at J = 5, a much higher forcing amplitude was required to alter jet’s structural and

mixing characteristics with ff in the vicinity of fo. The effect of sine wave forcing on abso-
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lutely unstable JICF characteristics appeared to suggest that lock-in of the upstream shear

layer to an imposed forcing frequency ff enhanced molecular mixing.

Single-pulse square wave forcing significantly altered jet structural characteristics, even

for the absolutely unstable JICF, with deeply-penetrating puff-like vortical flow structures

being created. The stroke ratio L/D associated with a universal time scale for optimum

vortex ring formation (Gharib et al., 1998), was utilized to characterize square wave pulsation

of the JICF. Interestingly, the best jet spread and penetration did not necessarily correspond

to the best molecular mixing. At a given forcing frequency ff and amplitude U ′

j,rms, while an

optimal stroke ratio L/D for the best jet spread and penetration decreased as J values were

reduced, qualitatively consistent with computational studies by Sau and Mahesh (2010), an

optimal L/D for the best molecular mixing did not vary for variable J values (L/D ≈ 3−3.5).

Double-pulse square wave excitation consisted of two pulses within each temporal period

with different amplitudes and temporal pulse widths, creating successive vortex rings and

thus enabling the jet’s nearfield vortex rings to interact and collide. Such vortex ring inter-

actions and collisions could enhance JICF molecular mixing as compared with that for the

unforced case, although molecular mixing was more significantly enhanced with moderate

nearfield vortex interactions rather than nearfield vortex collisions.
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Nomenclature

Roman Symbols

A Area, with the following particular subscripts:

Ajet − cross-sectional area of the jet

Atot − total domain of the interrogation area

C Concentration, with the following particular notations:

Co − concentration of jet fluid inside the potential core region

C/Co − mean concentration of jet fluid over all instantaneous images

Crms − Root-mean-square of concentration values

D Diameter or diffusivity, with the following particular subscripts:

D − (unsubscripted) jet nozzle diameter

D̂ − molecular mass diffusivity

f Frequency, with the following particular subscripts or superscripts:

fc − corner frequency of a low-pass filter

ff − forcing frequency

ff,cr − critical forcing frequency associated with the start of lock-in

fh − horseshoe vortex instability frequency

fn or fo − natural (fundamental) frequency of jet’s upstream shear layer

instability

f ∗

n − natural frequency modified by forcing

J Momentum flux ratio, with the following particular subscripts:

J − (unsubscripted) jet-to-crossflow momentum flux ratio, ρjUj
2/ρ∞U∞

2

Jcr − critical jet-to-crossflow momentum flux ratio at which

bifurcation to a global mode occurs

K Perturbation matrix

Kn Norm perturbation matrix

lxxii



L/D Non-dimensional stroke ratio related to vortex ring formation, or

length to diameter ratio

Ly, Lz dimensions of an interrogation area

M Molecular mass, with the following particular subscripts:

Mj − jet molecular mass

M∞ − crossflow molecular mass

〈M〉 Mixing criterion

m Mode number

ṁ Mass flow rate

Ne the number of fluid elements

n Spatial coordinate or number density, with the following particular subscripts:

n − (unsubscripted) normal to the jet fluid concentration centerline

trajectory, or the number density of acetone

nl − parallel to the scalar gradient vector direction

p′crit Critical acoustic pressure perturbation amplitude for lock-in

Q Q-criterion

Q̇ Volume flow rate

R Jet-to-crossflow velocity ratio, Uj/U∞

Re Reynolds number, with the following particular subscripts:

Rej − jet Reynolds number, based on mean jet velocity Uj and

nozzle diameter D, Rej = ρjUjD/µj

Re∞ − crossflow Reynolds number, based on freestream crossflow

velocity U∞ and nozzle diameter D, Re∞ = ρ∞U∞D/µ∞

Rfit Pearson correlation or correlation coefficient

rring Ring velocity ratio, ∆Uj/U∞
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S Jet-to-crossflow density ratio ρj/ρ∞

Sij Symmetric tensor

St Strouhal number based on diameter, fD/Uj

s Spatial coordinate, with the following particular subscripts:

s − (unsubscripted) along the center of the upstream shear layer

sc − along the jet fluid concentration centerline trajectory in question

sc,unforced − along the unforced jet fluid

concentration centerline trajectory

T Period of acoustic forcing, or temperature

t Time

U Unmixedness or mean velocity, with the following particular subscripts:

Uj − mean jet velocity

U∞ − mean freestream crossflow velocity

Uyz − cross-section-based Unmixedness along horizontal coordinate, x/D

Uc,sn − centerplane-based Unmixedness along jet centerline trajectory

sc/D or sc,unforced/D

Uc,xz − centerplane-based Unmixedness along horizontal coordinate, x/D

∆Uj − peak-to-peak jet velocity amplitude of temporal pulse

Uj,wire − mean jet velocity over the hotwire length

U5% − jet velocity associated with “5 % points” for stroke ratio calculation

U ′

j,rms Root mean square (RMS) of the jet velocity perturbation

uj Temporal jet velocity variation

Vhw Hotwire voltage

x, y, z Downstream, spanwise, and axial coordinates measured

from jet orifice (see Fig. 1.1)

zp Jet penetration
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Greek Symbols

α Duty cycle of square wave forcing or absorption coefficient, with the following

particular subscripts:

α − (unsubscripted) an arbitrary duty cycle or absorption coefficient

αactual − actual duty cycle acquired from temporal data, τactual/T

αinput − input or prescribed duty cycle, τinput/T

∆ ∆-criterion

δ Jet spread, boundary layer thickness, or scale length, with the following particular

subscripts:

δn − jet spread normal to each jet trajectory in question

δn,unforced − jet spread normal to the unforced jet trajectory

δp − pixel size in PLIF images

δs − scale length (δp ≤ δs ≤ δs,max)

δs,max − maximum scale length

δz − vertical jet spread

δ99& − boundary layer thickness defined by 0.99 % of free stream velocity

ǫ Strain rate, with the following particular

ǫSDRL or ǫPLIF − strain rate extracted from PLIF data via SDRL model

ǫPIV − strain rate extracted from PIV data

ǫij − strain rate tensor

ζ Mixture fraction, with the following particular superscripts:

ζ − (unsuperscripted) mixture fraction in flowfield

ζ+ − boundary of the mixture fraction value as n → +∞

ζ− − boundary of the mixture fraction value as n → −∞

θ Momentum thickness, with the following particular superscripts:

θj − momentum thickness of jet

θinfty − momentum thickness of crossflow
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λD Scalar diffusion scale

µ Viscosity, with the following particular superscripts:

µj − jet viscosity

µ∞ − crossflow viscosity

ρ Density, with the following particular subscripts:

ρj − jet density

ρ∞ − crossflow density

σ Absorption cross-section

τ Temporal pulse width of square wave forcing,

with the following particular notations:

τactual − actual temporal pulse width from temporal data

τinput − input or prescribed temporal pulse width

∆τ − temporal interval of two pulses

χ Scalar dissipation rate

ψ Molecular fraction of acetone vapor within the jet fluid

Ωij Antisymmetric tensor

ωy Vorticity in the y direction
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Acronyms

CVP Counter-rotating vortex pair

DAQ Data Acquisition

DEHS Di-Ethyl-Hexyl-Sebacat

DMD Dynamical mode decomposition

DML Downstream mixing layer

DNS Direct numerical simulation

FFT Fast Fourier Transformation

FOV Field of view

FWHM Full width at half maximum

IRO Intensified Relay Optics

JICF Jet in crossflow

K-H Kelvin-Helmholtz

PCA Principal Component Analysis

PDF Probability density function

PIV Particle image velocimetry

PLIF Planar laser-induced fluorescence

POD Proper orthogonal decomposition

PSD Power spectral density

PVC Polyvinyl chloride

RMS Root-mean-square

SDRL Strained dissipation and reaction layer

SE Scalar fluctuation energy

SMD Spatial mixing deficiency

UML Upstream mixing layer

UV Ultra violet

VE Velocity fluctuation energy
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CHAPTER 1

Introduction and Background

1.1 Transverse Jet and Its Applications

The jet in crossflow (JICF) or transverse jet typically consists of the round jet perpendicu-

larly issuing into crossflow. This canonical yet complicated three-dimensional flowfield has

been studied for many decades, mainly because of its extensive applications in engineer-

ing propulsion systems (Margason, 1993; Karagozian, 2010). There are many variations of

the basic JICF, involving variable flow phases (e.g., gaseous/liquid jet into gaseous/liquid

crossflow) and injection systems (e.g., coaxial, triplet or impinging injection, air blast or

pressure-swirl atomizers for liquid fuel injection, circular or rectangular jets, and flush or el-

evated injection with respect to a wall), as well as having a non-reactive or reactive flowfiled.

Many early studies associated with the JICF explored chimneys and smokestacks injecting

into the effluent atmosphere. Here mixing rates are important primarily for the environ-

ment (Margason, 1993). Yet most JICF studies are relevant to propulsion systems, and are

discussed below.

Dilution air jets injected perpendicularly into a primary or secondary zone of a com-

bustion chamber in air-breathing gas turbine combustors are a typical JICF configuration

(Kamotani and Greber, 1972; Fearn and Weston, 1974; Vermeulen et al., 1982). The cooling

air jets, if injected downstream of the combustion zone, result in a change in the tempera-

ture distribution, which can be characterized by the temperature pattern factor (PF) at the

turbine inlet:

PF =
T4,peak − T3

T4,mean − T3

(1.1)
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where T3, T4,peak and T4,mean stand for the combustion chamber inlet temperature, and the

peak and mean temperatures at the turbine inlet, respectively. Transverse dilution jets can

reduce the PF or, equivalently, decrease the peak temperature of the hot crossflow entering

the turbine section (Vermeulen et al., 1982, 1992; Karagozian, 2010), which is desirable from

a robustness and efficiency perspective. The appropriate dilution and cooing of combustor

gases by dilution air jets also reduces the fuel-air equivalence ratio in the combustion cham-

ber, which can lower NOx and/or CO emissions via careful control of the mixture (Bowman,

1992). For instance, lean premixed combustion and/or staged combustion can contribute to

the reduction of NOx emissions, which are lowered at lean conditions. Such reduction can

be successfully achieved by applying transverse air jets in the combustion zone (Priere et al.,

2005). More recently, the reduction of NOx emission associated with the JICF has been

practically achieved in the GE Twin Annular Premixed Swirler (TAPS) (Foust et al., 2012)

as well as Rich Burn, Quick-Quench, Lean Burn (RQL) combustors (Samuelsen, 2016).

The JICF can also be found in turbine-blade film cooling systems, where arrays of cooling

air jets typically using high-pressure air from the compressor are injected along blade rows

through small holes on the blade surface. Such jets generate vortices from the surface of

turbine blades to passively or actively control separation of the crossflow boundary layer on

the blades. This system enables the crossflow boundary layer to be attached to the blades

longer than that without the vortex generation, which in turn creates gaseous layers on the

blades and prevents overheating of the blades by hot crossflow (approximately 1600− 1900

K) from the combustion chamber (Bons et al., 2002; Bogard and Thole, 2005; Ekkad et al.,

2006). The improved effectiveness of film cooling as well as reduced heat load over a leading

edge model can be potentially achieved using actively pulsed jets in comparison with those

in the absence of external forcing (Ekkad et al., 2006).

Thrust vectoring jets also utilize the JICF configuration. Thrust vectoring enables control

of rocket and missile flight trajectories and attitudes (e.g., vehicle’s roll, yaw and pitch) using

single or multiple injections in the nozzle to asymmetrically distort the exhausting gas. The

JICF is also used in thrust vectoring for takeoff/landing transition for V/STOL aircraft

from hovering to regular flight. Oh and Schetz (1990) used single circular and rectangular
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jets to investigate the surface pressure distribution on a V/STOL aircraft model caused by

the transition, observing considerable benefits. In high speed nozzles, thrust vectoring also

requires the precise control of the JICF system typically utilizing a shock vector control

or fluidic throat skewing. A fluidic nozzle throat skewing method for thrust vectoring can

decrease the weight of the nozzle or other associating mechanical components, and thus

enhance the control of the vehicle (Miller et al., 1999; Yagle et al., 2001).

The transverse jet can be applied in supersonic crossflows, especially for applications

to supersonic combustion in scramjet engine combustors. Transverse injection of fuel into

supersonic crossflow behind a rearward-facing step or within or upstream of a cavity can

improve the configuration’s flame-holding ability as well as fuel-air mixing, resulting in a

more complete and efficient combustion system (Karagozian et al., 1996; Ben-Yakar et al.,

1998; Gruber et al., 2004).

1.2 Flow Parameters and Vortex System in JICF

The interaction of a jet perpendicularly issuing into crossflow from a flush injector with

respect to a wall generates diverse vortical structures as schematically shown in Figure 1.1.

The coordinate system in Figure 1.1 will be consistent throughout the present study. The

jet has a mean velocity of Uj at the exit plane, exhausting perpendicularly into crossflow

with a freestream velocity U∞ (outside of the injection wall boundary layer) in the positive

x direction. The trajectory of the transverse jet’s upstream shear layer is parameterized by

the coordinate s, while the trajectory of transverse jet’s centerline is characterize by the co-

ordinate sc. The coordinate sc is defined from a power-law fit to the maximum concentration

loci acquired in a mean concentration field (Gevorkyan et al., 2016).

The parameters typically characterizing the JICF are defined as follows. The jet-to-

crossflow density ratio, S = ρj/ρ∞, velocity ratio, R = Uj/U∞, and momentum flux ratio,

J = ρjU
2
j /ρ∞U2

∞
= SR2, are parameters generally used to characterize JICF behavior

(Kamotani and Greber, 1972). The Reynolds number of the jet, Rej = ρjUjD/µj, is based

on jet diameter, D, as well as other jet properties, although the crossflow-based Reynolds
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Figure 1.1: Schematic of the jet in crossflow and associated vortical flow structures such as

the jet upstream shear layer vortices and counter-rotating vortex pair (CVP). Orientation

of coordinate axes x, y, z, jet upstream shear layer trajectory s and jet centerline trajectory

defined by a power-law fitting to the loci of the maximum scalar concentration values on

mean centerplane acetone PLIF images sc are shown. Adapted from Fric and Roshko (1994).

number, Re∞, is also often cited (Fric and Roshko, 1994; Narayanan et al., 2003). Other

relevant parameters for transverse jets are the momentum thickness of the jet at its exit

plane, θj, and that of the crossflow boundary layer, θ∞. The jet momentum thickness θj

may be separately quantified on the windward-side (negative x region) and lee-side (positive

x region) of the jet in the centerplane (y = 0 plane) (Megerian et al., 2007). The Strouhal

number, St = fD/Uj, usually pertains here to the initial instability mode or frequency f

associated with vortex rollup in the upstream shear layer in the absence of external forcing.

Four dominant vortical structures for the JICF are identified for flush-injected jets in

crossflow, as shown in Figure 1.1: (1) the counter-rotating vortex pair (CVP), (2) jet shear

layer vortices or roll-up vortices, (3) wake vortices and (4) horseshoe vortices. The CVP

has long been understood to be a fundamental dominant feature of the transverse jet’s

cross-sectional structure. Various aspects of the CVP have been identified over the years
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(Kamotani and Greber, 1972; Moussa et al., 1977; Broadwell and Breidenthal, 1984; An-

dreopoulos, 1985; Karagozian, 1986; Kuzo, 1995; Kelso et al., 1996; Yuan and Street, 1998;

Smith and Mungal, 1998; Yuan et al., 1999; Cortelezzi and Karagozian, 2001; Muppidi and

Mahesh, 2007; Mahesh, 2013; Getsinger et al., 2014). One main interest in the study of the

CVP has been the suggestion that it increases entrainment of the crossflow into the jet, in

comparison to that for the free jet in quiescent surroundings, hence the CVP is considered

to contribute to better mixing for the JICF (Margason, 1993; Karagozian, 2010). The ex-

perimental study of Kelso et al. (1996) concluded that the formation of CVP is initiated

very close to the jet exit, with distortion of vortex ring structures forming in the jet shear

layer to create a cross-sectional CVP structure. The shear layer vortices result from jet shear

layer stabilities in the JICF, as will be described in Section 1.3. The computational study

of Cortelezzi and Karagozian (2001) involves three-dimensional transient vorticity evolution,

suggesting that the near-field interaction of vortex rings at the jet exit with the crossflow lead

to the predicted folding and tilting of the windward- and leeside- shear layer vortices, indeed

leasing to the formation of the CVP structure, as suggested by Kelso et al. (1996). The

CVP is also known to significantly affect the penetration and trajectory of the jet, related to

mixing enhancement suggested to be induced by the CVP structure’s evolution, sustenance

and eventual breakdown of the jet in crossflow as compared with the free jet (Kamotani

and Greber, 1972; Moussa et al., 1977; Broadwell and Breidenthal, 1984; Karagozian, 1986;

Margason, 1993). A separate experimental study by Peterson and Plesniak (2004) utilizing

particle image velocimetry (PIV) suggests that asymmetry in the jet supply channel (feeding

the jet thorough its injector) creates vortical structures within the jet orifice, which interact

with the CVP in a constructive or destructive manner, hence affecting the strength and

coherence of the CVP.

While the generation of wake vortices shown in Figure 1.1 originally was thought to be

associated with the vortex shedding process, as one sees for flow around a solid cylinder,

known as the Kármán vortex sheet, the formation mechanism for wake vortices in transverse

jets originates from different dynamics. Fric and Roshko (1994) investigated wake vortical

structures and their characteristics in detail by utilizing smoke visualization and hotwire
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anemometry. Fric and Roshko (1994) observed the tornado-like upright vortical structures

to originate from the separation of the crossflow boundary layer, beginning just downstream

and to either side of the jet, because of the adverse pressure gradient. The upright vortices

can draw fluid from the wall boundary layer into the jets, which also affects jet structure.

In addition, Fric and Roshko (1994) suggest that the wake vortices are often non-periodic

and intermittent. Yet the experimental study of Smith and Mungal (1998) suggests that the

periodicity of the wake vortices depends upon R, Re∞ and θj/D.

Horseshoe vortices can be created close to the injection wall (z = 0 plane) upstream

of the jet, wrapping around the potential core region of the jet and evolving downstream.

The oscillating frequency for horseshoe vortices is similar to that for interactions between

crossflow and a wall-mounted circular cylinder, as described by Kelso and Smits (1995). Kelso

and Smits (1995) indicate that horseshoe vortices operate in three regimes: steady, oscillating

and coalescing, depending upon the values of R and Re∞. The horseshoe vortices are quite

periodic and repeatable in three regimes, unlike the characteristics of the wake vortices. If the

wake vortices are periodic with a relatively close phase to that of the horseshoe vortices, the

coupling of the horseshoe vortices with the wake vortices occurs, per Kelso and Smits (1995),

although such coupling has not been extensively documented. Similar oscillation frequencies

between the horseshoe vortices and wake vortices are observed using a rectangular jet into

crossflow by Krothapalli et al. (1990). The jet velocity profile close to the jet exit can be

significantly altered by the interaction with the horseshoe vortices in the vicinity of the

upstream edge of the jet (Andreopoulos, 1985). The jet velocity profile is responsible for the

nature of shear layer instabilities as documented in experiments by Megerian et al. (2007),

analysis by Alves et al. (2008), and simulation by Iyer and Mahesh (2016).

1.3 JICF Structure and Instability

In general, a linear stability theory classifies a shear flow instability into three main types

(Huerre, 2000): (1) a convectively unstable flow, (2) a marginally convectively/absolutely

unstable flow and (3) an absolutely unstable flow. The linear impulse response for these

6



instability types is shown in Fig 1.2 from Li (2011), where a flow takes place in the positive x

direction (horizontal axis), and the vertical axis represents the elapsed time. In a temporally

and/or spatially growing flow for an open shear layer (here, “open” means that fluid particles

contained in a flowfield can enter or leave in the domain of interest), a perturbation source

creates a “perturbation wavepacket” that travels in time. The perturbation source can be

considered to be initiated at x = 0 in Figure 1.2, and the source generates the wavepacket

at t = 0, shown to evolve in time as confined within the dotted lines. In the case where

a shear flow is linearly stable, the wavepacket decays in time everywhere in the flowfield

(not shown in Figure 1.2). When the wavepacket grows in amplitude and is convected in the

streamwise direction from the source in time, the shear flow is said to be convectively unstable

(Figure 1.2(a)). For an absolutely unstable shear flow, the growing wave packet increases

in amplitude and travels upstream as well as downstream over the entire flowfield in time,

as shown in Figure 1.2(c). If a flowfield contains a sufficient number of absolutely unstable

regions, the flow is called globally unstable (Li, 2011). Flows known to undergo absolute

instability, based on specific flow conditions, include bluff-body wakes (Provansal et al.,

1987) as well as low density or heated free jets (Monkewitz et al., 1990; Kyle and Sreenivasan,

1993). Because of the dynamics of these instabilities shown here, the convective and absolute

instabilities are sometimes called an “amplifier” and “oscillator”, respectively. A marginally

convective/absolute instability possesses characteristics of both instabilities, that is, the

wavepacket grows and expands into the flowfield, but only downstream, in the positive x

direction (Figure 1.2(b)). The impulse is characterized by a Green’s function obtained in

the linear stability theory associated with spatial and temporal approaches (Huerre and

Monkewitz, 1990; Huerre, 2000; Li, 2011).

Shear layer vortices for the JICF were previously considered to be attributed to a Kelvin-

Helmholtz (K-H) type of shear instability, initiated in the jet’s nearfield (Fric and Roshko,

1994; Kelso et al., 1996; Yuan and Street, 1998). However, Blanchard et al. (1999) suggest

that the near-field vortex generation and its evolution for the JICF are better explained by

the Landman and Saffman theory associated with a global elliptic instability of 3D vortices

(Landman and Saffman, 1987) rather than the classical K-H type instability. Camussi et al.
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(a) (b) (c)

Figure 1.2: The wavepacket loci in time for the different types of instability: (a) convec-

tively unstable flow, (b) marginally convectively/absolutely unstable flow, and (c) absolutely

unstable flow. Taken from Li (2011).

(2002) also argue that dominant near-field vortical dynamics for the JICF at relatively low

jet Reynolds number (Rej = 100) are wake-like structures coupled to the CVP (R < 3) or

jet-like rings relevant to the coupling between positive and negative vorticity (R > 3), and

hence the shear layer instability of JICF is not driven by the K-H type mechanism but more

by “waving of the jet flow”.

Recent in-depth studies of the JICF by our group at UCLA have focused on the stability

and structural characteristics of transverse jets. Experimental studies of stability character-

istics have mainly focused on the upstream shear layer instability associated with rollups on

the upstream shear layer as well as their response to external perturbation (Megerian et al.,

2007; Davitian et al., 2010a; Getsinger et al., 2012, 2014). These studies have shown that the

mechanism of the instability for JICF is more complex than the K-H type instability for a

planar shear layer, involving different types of instabilities (see Figure 1.2) depending on flow

conditions. Corresponding linear stability analyses for this flowfield provide confirmation and

additional insights.

Using hotwire anemometry, Megerian et al. (2007) experimentally investigated the stabil-

ity characteristics of the jet’s upstream shear layers (Figure 1.3) at S = 1 for 1.15 ≤ R ≤ ∞,

with a flush nozzle as described in the previous section. Figures 1.3(a), (c) and (e) represent

the power spectra of the shear layer at various trajectory locations scaled by the nozzle exit
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diameter, D, and the figures in the right column are the corresponding color contour plots,

showing the strength and Strouhal number, St = foD/Uj, of the instabilities on a finer

spatial scale. fo in these figures represents the initial natural frequency of the shear layer for

the transverse jet. In Figures 1.3(a-b) for R → ∞ (the free jet), the upstream shear layer

shows a very weak amplitude. Beyond approximately s/D ≈ 3, the growth of the instability

increases, especially at St ≈ 0.5 and 0.7, although the amplitude is still weaker than that of

the other two velocity ratio cases at the same s/D location. For the R = 6.4 case, shown in

Figures 1.3(c-d), the shear layer mode (St ≈ 0.7) and its subharmonics (St ≈ 0.35) start to

grow stronger at s/D ≈ 2. The growth of power spectra peaks begins at a similar location

of s/D than that of the free jet, hence closer to the jet exit, and then the instability con-

vects in the streamwise direction. Subharmonic growth further downstream suggests vortex

pairing and merger. These and additional flow features indicate that this jet shear layer is

considered to be convectively unstable. In addition, a mode shift in the Strouhal number

approximately between St = 0.6 and 0.7 is present in the spectra and is more obvious in

the contour plot (Figure 1.3(d)) beyond s/D = 2. The mode shifting/hopping is revealed as

2-3 multiple peaks in the corresponding power-spectra plot, Figure 1.3(c). Getsinger et al.

(2012) later determined this frequency shifting to arise from tonal interactions between the

strengthened shear layer instability and the hotwire probe. Characteristic contour plots as

seen in Figure 1.3(d) are only observed for the transverse jet’s shear layer under convectively

unstable conditions, and not for the free jet or for the case with absolute instability. Finally,

Figures 1.3(e-f) exhibit a strong pure tone instability in the shear layer at f0 and with higher

harmonics almost right from the beginning, at the jet exit. The instability modes grow in

amplitude immediately, and are dominant over the entire flowfield, without formation of

subharmonics which are common to convective instability. This shear flow has been demon-

strated to be absolutely unstable, consistent with Figure 1.2(c). The transition in stability

is demonstrated in Megerian et al. (2007) and in further study in Davitian et al. (2010a) to

occur at approximately R = 3.1 for the equidensity (S = 1.00) JICF. Substantial additional

evidence for this transition is provided in these references.

Megerian et al. (2007) used an acoustic loud speaker to study the nature of the shear
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(a) (b)

(c) (d)

(e) (f)

Figure 1.3: Power spectra plots and the corresponding contour plots for the upstream shear

layer from the flush nozzle at R = ∞ for (a) and (b), R = 6.4 for (c) and (d), and R = 1.15

for (e) and (f), from Megerian et al. (2007).
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layer instabilities by imposing a low-level acoustic excitation, less than 1 % of the mean jet

velocity, within the jet injection apparatus for a range of velocity ratios (1.15 < R < ∞).

For the relatively higher velocity ratios (4.1 < R < ∞), the spectral measurements of

the shear layer for the forced transverse jets show a strong peak at the Strouhal number,

Stf , corresponding to the forcing frequency, ff , and a diminished peak at the shear-layer

mode, f0, corresponding to the unforced transverse or free jet. For relatively low velocity

ratios (1.15 < R < 4.1), however, the low-level forcing does not affect shear layer spectral

characteristics very significantly, and the amplitude of the peak at f0 remains high. Megerian

et al. (2007) thus demonstrated that absolutely unstable transverse jets are little affected

by low-level sinusoidal-wave excitation, another characteristic of a shear layer transition to

absolute instability. Further evidence for this transition for the equidensity transverse jet

may be found in Megerian et al. (2007) and Davitian et al. (2010a), while for low density

transverse jets, with 0.25 ≤ S ≤ 1.00, the transition to absolute instability is documented

in Getsinger et al. (2012) to occur at a momentum flux ratio J ∼= 10 or for density ratio

S � 0.40. This critical density ratio S to create an absolutely unstable shear layer agrees

well with 0.27 � S � 0.5 experimentally obtained by Hallberg and Strykowski (2006) for the

Reynolds numbers in question.

Getsinger et al. (2014) performed the spectral measurements along the transverse jet

shear layer for several different injectors, the flush nozzle, elevated nozzle and flush pipe

(See Figure 2.2), with varying J values, to study the relationship between instabilities and

jet structures via optical diagnostics. The specifications of these injectors are explained

in Section 2.1. Spectral measurements for all three injectors at the same flow conditions

(2 ≤ J ≤ 41) are shown in Figure 1.4, represented in terms of contour plots. Getsinger et al.

(2014) note that the shear layer instability transitions for both the flush nozzle and flush pipe

from convective to absolute instability at approximately J ≈ 10. For J � 10, strong shear

layer instability is initiated very close to the exit for both flush injectors, with strong higher

harmonics as well. However, the jet shear layer from the elevated nozzle reveals a relatively

weak amplitude in the contour plots and, as the J value is lowered, is considered convectively

unstable for all flow conditions examined in Getsinger et al. (2014). This weakening is found
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(a) Flush Nozzle (b) Elevated Nozzle (c) Flush Pipe

J = 41 J = 41 J = 41

J = 20 J = 20 J = 20

J = 12 J = 12 J = 12

J = 8 J = 8 J = 8

J = 2 J = 2 J = 2

Figure 1.4: Spectral contour plots of the upstream shear layers for three different injectors

with various jet-to-crossflow momentum flux ratio, J . Taken from Getsinger et al. (2014).
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to be due to vertical coflow upstream of the elevated nozzle (Megerian et al., 2007). At very

low values of J or R, Megerian et al. (2007) documented a transition from a convective to

an absolutely shear layer for the elevated jet at J ≈ 0.93, where J is based on the mean jet

velocity. The results and observations in Figure 1.4 overall agree with previous experimental

studies (Megerian et al., 2007; Davitian et al., 2010a; Getsinger, 2012).

Iyer and Mahesh (2016) applied direct numerical simulation (DNS) and dynamical mode

decomposition (DMD) to explore JICF characteristics at R = 4 and 2, corresponding to

convectively and absolutely unstable upstream shear layers, using the same flow conditions

as well as the same nozzle configuration as in Megerian et al. (2007). Spectral characteristics

based on point-wise temporal vertical velocity on the upstream shear layer at R = 2 and

4 extracted from DNS simulation showed qualitatively and quantitatively good agreement

with those in Megerian et al. (2007) by including the flow inside the nozzle in the simulation.

DMD analysis extracted the same dominant frequency as in Megerian et al. (2007) pertaining

to the shear mode initiated close to the jet exit at R = 2 and further from the exit at R = 4,

again consistent with the observations by Megerian et al. (2007). Also, the same dominant

frequency was observed even inside the nozzle for both R = 2 and 4, with a decay of the

vertical velocity fluctuation magnitude in proportion to z−2 (distance from the jet exit).

The dominance of the shear layer instability inside the nozzle was observed more strongly at

R = 4 than R = 2. Interestingly, despite the instability arising even inside the nozzle, Iyer

and Mahesh (2016) also acquired qualitatively and quantitatively similar spectra to those

in Megerian et al. (2007) even without the nozzle in the simulation, but by imposing the

same mean velocity profile at the jet exit as determined from DNS within the nozzle. This

suggests that the existence of the nozzle itself in the simulation does not directly affect the

JICF instability characteristics, but contributes to imposing the instability by a given mean

flow at the jet exit.

Investigation of JICF structural characteristics has also been pursued recently by our

group in relation to stability characteristics (Getsinger et al., 2014), in part because of

the potential contribution of the vortical structures described in Section 1.1 to improving

mixing as compared to free jets (Karagozian, 2010). Over many years structural studies
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have focused on the qualitative and quantitative characteristics of transverse jet centerplane

structures (Fric and Roshko, 1994; Narayanan et al., 2003; Su and Mungal, 2004; Muppidi

and Mahesh, 2005; Getsinger, 2012) and cross-sectional structures (Kamotani and Greber,

1972; Smith and Mungal, 1998; Cortelezzi and Karagozian, 2001; Narayanan et al., 2003;

Getsinger, 2012), equivalent to the x-z plane (y = 0) and y-z plane (different x values),

respectively, in Figure 1.1.

Getsinger et al. (2014) conducted acetone PLIF imaging to visualize the centerplanes

(Figure 1.5) and cross sections (Figure 1.6) in the farfield (x/D ∼= 10.5) of the JICF, using

the three different injectors indicated above, for varying jet-to-crossflow momentum flux

ratios, J , ranging from convective to absolute instability in the shear layers. Results for

the flush nozzle, elevated nozzle, and flush round pipe are shown for 2 ≤ J ≤ 41.From

Figures 1.5(a) and (c), it appears that the formation of the rolled-up vortical structures

on the upstream jet shear layer occurs closer to the jet exit as J decreases, especially for

J ≤ 8, although the flush pipe generates less well organized vortical structures at lower J

values, and has more delayed rollup at higher J . These structural centerplane trends are

consistent with the power spectra in Figures 1.3. Similarly, the first rolled-up structure from

the elevated nozzle moves toward the jet exit as J decreases for 12 ≤ J ≤ 41, with similarly

to the flush nozzle of the same interior shape. Yet the shear layer at J = 2 and even J = 8

for the elevated jet seems not to create much vortex rollup, and in fact, the shear layer

stabilities for J ≤ 8, are in agreement with spectral measurements. This stabilized upstream

shear layer at lower J values, observed in the spectral measurements and in PLIF imaging

for the elevated nozzle (Figure 1.5(b)), is attributed to the interaction of the jet with the

vertical co-flow along the upstream side of the nozzle, with relatively higher magnitude of

the vertical velocity component, which can stabilize a shear layer (Jendoubi and Strykowski,

1994). While the centerplane PLIF images in Figure 1.5 enable one to examine the rolled-up

shear layer vortical structures, those images cannot capture the out-of-plane fluid components

in the y direction, which are considered to be important to the mixing quantification. Hence,

Getsinger et al. (2014) also investigated the mean cross-sectional PLIF images as shown in

Figure 1.6. Interestingly, asymmetric cross-sections are observed at J = 41 for all three
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(a) Flush Nozzle (b) Elevated Nozzle (c) Flush Pipe

J = 41 J = 41 J = 41

J = 20 J = 20 J = 20

J = 12 J = 12 J = 12

J = 8 J = 8 J = 8

J = 2 J = 2 J = 2

Figure 1.5: Instantaneous centerplane PLIF images for three different injectors with various

jet-to-crossflow momentum flux ratio, J . From Getsinger et al. (2014).
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(a) Flush Nozzle (b) Elevated Nozzle (c) Flush Pipe

J = 41 J = 41 J = 41

J = 20 J = 20 J = 20

J = 12 J = 12 J = 12

J = 8 J = 8 J = 8

J = 2 J = 2 J = 2

Figure 1.6: Mean cross-sectional PLIF images for three different injectors with various jet-

to-crossflow momentum flux ratio, J . Each image was obtained by averaging over 300 in-

stantaneous images. From Getsinger et al. (2014).
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injectors, at J = 20 and 12 for the flush pipe and at J = 20 for the flush nozzle. The

jet cross-section from the flush nozzle contains tail-like flow structures approximately below

z/D = 10 at J = 41 and below z/D = 6 at J = 20, with lower scalar concentrations

than those of the main flow/vortical structures. Such asymmetric cross-sectional structures

are observed by the earlier experimental study by Kuzo (1995), especially at R = 10 and

relatively higher jet Reynolds number of Rej ≈ 2100 − 7300 utilizing digital particle image

velocimetry (DPIV). A similar asymmetric cross-section created by the JICF at R = 10−20

and Rej = 33000 − 16000, utilizing nozzle injection, as well as J = 36 and Rej = 5000,

using the parabolic velocity profile at the jet exit, was also seen in the experimental study

by Smith and Mungal (1998) and the computational study by Muldoon and Acharya (2010).

Muldoon and Acharya (2010) also showed that sine wave excitation could reduce the level

of asymmetry of or symmetrize the cross-sections. The other cross-sections in Figure 1.6,

except at higher J for flush injected-asymmetric cases, are relatively symmetric, and CVP

structures can be observed depending on the flow conditions e.g. J ≤ 12 for the flush nozzle.

The theoretical study by Alves et al. (2007) suggested that asymmetric transverse jet

structures at higher momentum flux ratio might be associated with the azimuthal modes of

the JICF. They conducted an inviscid linear stability analysis to conduct the coupling of the

different multiple azimuthal modes, especially an axisymmetric mode (m = 0) and helical

modes (m = ±1 and ±2, where the positive and negative signs respectively correspond to

the conunterclockwise and the clockwise directions). Alves et al. (2007) detected that the jet

in crossflow behaves differently from the free jet even at very high jet-to-crossflow velocity

ratio, above around R ≈ 278. In addition, they described that the helical mode becomes

stronger than the axisymmetric mode with a certain value of jet shear layer Strouhal number

St and R value, resulting in the destabilization of the jets by crossflow. Moreover, the growth

rates of the helical modes might be slightly different depending on the signs, plus or minus,

which could be associating with the weakly asymmetric jet or the lack of symmetry for

Kelvin-Helmholtz like instability. Corke et al. (1991) experimentally observed asymmetric

flow structures induced by the helical mode (m = ±1) for the free jet, although the instability

mode or phase of the jet in crossflow is locked and mode switching between the axisymmetric
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and helical modes occurs.

Alves et al. (2008) advanced their linear stability analysis from Alves et al. (2007) to

examine the stability characteristics for the equidensity transverse jets in crossflow in the

near-field using a continuous (i.e. viscous) base flow. They suggested that the most unstable

disturbance at R > 4 correspond to the nominally axisymmetric mode (m = 0) with the

weaker magnitude of the helical modes, and the growth rate of the axisymmetric mode

increase as R decreases. In addition, they demonstrated that the convective instability is

dominant at R > 4, which agrees with the experimental study of Megerian et al. (2007).

1.4 Excitation of Transverse Jets

External excitation of a jet in a quiescent surroundings or crossflow is known to have a

significant ability to change the structural characteristics of the jet and/or penetration and

spread of the jet (Crow and Champagne, 1971; Reynolds et al., 2003). Some typical forcing

methods involve sinusoidal and square wave forcing of the jet fluid (Johari et al., 1999; Eroglu

and Breidenthal, 2001; M’Closkey et al., 2002; Narayanan et al., 2003; Shapiro et al., 2006;

Johari, 2006; Davitian et al., 2010b). Most free jet excitation involves sine wave forcing of

the jet into quiescent surroundings (Crow and Champagne, 1971). More recent studies are

summarized as follows.

Juniper et al. (2009) experimentally and numerically explored a non-reacting helium free

jet (Rej = 1100 and S = 0.14) and buoyant jet diffusion flame (Rej = 1100 and S = 0.5 of

unburnt fluid CH4 or H2/N2), both of which are self-excited or absolutely unstable. Forcing

studies involved sine wave forcing created by a loudspeaker situated upstream of the nozzle

exit. The power spectral density (PSD) of velocity fluctuations for a non-reacting, low

density free jet were acquired via hotwire anemometry 1.5 jet diameter downstream of the

exit along the jet centerline. These demonstrated that there was a critical input voltage to

the loudspeaker at which the global mode of the jet at frequency fn in the absence of external

forcing disappears and thus is locked-in to a forcing frequency ff . This forcing condition

creates “lock-in”. Juniper et al. (2009) then created a lock-in diagram, showing critical
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input voltages over a range of forcing frequencies to generate lock-in of the jet. The lock-in

diagram typically takes a V shape with respect to the natural mode of the jet in the absence

of external forcing fn because of the linear relation of critical input voltages and |ff − fn|.

Based on the PSD of jet velocity fluctuations and the lock-in diagram, they concluded that

a non-reacting jet was relatively easily locked-in to external forcing, especially for ff close to

fn, with non-linear interactions between the natural and forcing modes. On the other hand,

the PSD of heat release oscillations for a diffusion flame in quiescent surroundings acquired

via shlieren and OH* chemiluminescence imaging showed that a reactive jet requires higher

forcing amplitudes, due to heat release, to be locked-in to the forcing. There is less non-linear

frequency interactions as well, although the natural mode becomes dominant again over the

forcing frequency in the jet’s farfield (vertical coordinate z/D ∼ 16− 18).

Li and Juniper (2013a,b) experimentally studied the quasiperiodicity of a self-excited

non-reacting helium free jet and a buoyant diffusion flame, respectively, created by mixtures

of methane and nitrogen, using the same loudspeaker configuration as in Juniper et al.

(2009) to impose sine wave forcing. For the non-reactive case, Li and Juniper (2013a)

found a range of non-linear dynamics at a given forcing frequency ff fairly close to the

natural frequency of the jet fn in the absence of forcing, depending on input voltage to the

loudspeaker, where the dominant mode can be the natural frequency (at zero or very low

voltage amplitude), the forcing frequency ff in addition to a natural frequency modified

by the forcing, f ∗

n, with/without several nearby frequencies (at an intermediate voltage

amplitude), or the forcing frequency ff itself (at a fairly high voltage amplitude). This is

called a 1:1 lock-in. Such a transition with an increasing input voltage to the loudspeaker

is defined mainly based on the PSD of jet velocity perturbations and a Poincaré map as the

following transitions: (1) from periodicity to T2 quasiperiodicity via a torus-birth bifurcation

and (2) from T
2 quasiperiodicity to 1:1 lock-in via either a saddle-node or a torus-death

bifurcation. Interestingly, the non-linear V-shape in the lock-in diagram is observed at

fairly high input voltage amplitude, as shown in Figure 1.7(a). In this Figure 1.7(a) the

lock-in diagrams from several previous studies for the transverse jet (Davitian et al., 2010a;

Getsinger et al., 2012) and the non-reactive and reactive jet (Li and Juniper, 2013a,b) are
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shown for comparison. Figure 1.7(a) suggests a break of the linearity with relatively strong

external perturbation of the jet. Also, the non-reactive jet is more readily locked in if forcing

frequency is below natural mode, as one can see in Figure 1.7(a), with a larger magnitude

of PSD at the forcing frequency, equivalently stronger jet flow oscillations. In contrast,

Li and Juniper (2013b) for a reacting jet demonstrated that the diffusion flame was more

resistance to lock-in at forcing frequency below the natural one, as shown in Figure 1.7(b).

However, the diffusion flame oscillates stronger at a forcing frequency below the natural

mode fn, with similar quasiperiodicity, consistent with the behavior of the non-reacting jet.

The quasiperiodicity extracted from the experimental results was also similarly predicted by

a van der Pol oscillator model, although there were slight differences in trends between the

data. For both non-reacting and reactive free jet flows, slightly asymmetric lock-in diagrams

with respect to ff/fn were thus observed, as shown in Figures 1.7(a) and (b).

For transverse jet excitation, Narayanan et al. (2003) utilized a spinning mechanical

valve to modulate a gaseous jet at a jet-to-crossflow velocity ratio of R = 6. Although

the input signal was a square wave, the actual output resulted in sinusoidal forcing at a

prescribed forcing frequency. Their study demonstrates that even low level forcing affects

the jet penetration, spread and wake region structures, although since R = 6 in their study,

as discussed in Section 1.3, the shear layer instability mode was likely in the convectively

unstable regime. This could explain the jet’s response to such low level excitation. Narayanan

et al. (2003) experimentally obtained an entrainment enhancement of 30-40 % and higher

turbulence intensity during such sinusoidal forcing.

The effect of sinusoidal wave forcing on gaseous, non-reactive flush-injected JICF charac-

teristics was investigated at UCLA for a range of S and J values. As documented in Section

1.3, to study stability characteristics, Megerian et al. (2007) imposed fairly weak acoustic

excitation to the equidensity jet, less than 1 % of the mean jet velocity. When there is an

absolutely unstable upstream shear layer, there is little effect of the weak external forcing,

although if the JICF is convectively unstable, there is an alteration in the spectra. Davitian

et al. (2010a) more extensively explored the effect of sine wave excitation of the equidensity

JICF on instability characteristics when there is an absolutely upstream shear layer. They
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(a) (b)

(c) (d)

(e)

Figure 1.7: Lock-in diagrams taken from (a) Li and Juniper (2013a) for the non-reactive

free jet, (b) Li and Juniper (2013b) for the reactive free jet, (c) Davitian et al. (2010a) for

the equidensity transverse jet at R = 1.5 (J = 2.25), (d) Getsinger et al. (2012) for the

low density transverse jet with S = 0.55 and (e) Davitian et al. (2010a) for the equidensity

transverse jet at R = 6.4 (J ≈ 41).
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observed a lock-in response of the absolutely unstable upstream shear layer depending on

forcing frequency, as in Juniper et al. (2009) and Li and Juniper (2013a). The lock-in di-

agram associated with percentage of mean jet velocity by Davitian et al. (2010a) (Figure

1.7(c)) showed fairly coarse linearity and a slight asymmetry with respect to the natural

frequency, suggesting that the upstream shear layer is more resistant to lower frequency ex-

citation, which is opposite to the non-reactive low density free jet experimental study by Li

and Juniper (2013a). There are important differences between Davitian et al. (2010a) and

Li and Juniper (2013a), e.g., a free jet vs. JICF, S = 0.14 vs. S = 1.00, and jet response

at the jet centerline vs. on the upstream shear layer. For the JICF, the lock-in diagram for

the convectively unstable shear layer was observed to be completely flat, which means that

the convectively unstable upstream shear layer is locked-in to any forcing frequency, at even

fairly weak amplitudes (Davitian et al., 2010a), as shown in Figure 1.7(e).

Getsinger et al. (2012) also explored transverse jet response to sine wave forcing using

a gaseous, variable density ratio (0.14 ≤ S ≤ 1.00) flush nozzle-injected JICF. Again, the

lock-in response of the jet to sine wave forcing was observed for the absolutely unstable

upstream shear layer with respect to the amplitude of acoustic pressure perturbation, as

shown for the S = 0.55 case in Figure 1.7(d). The asymmetry in the lock-in diagram was

confirmed at J = 5, suggesting higher resistance to the higher frequencies than to the lower

frequencies, as seen by Li and Juniper (2013a), although the other plots in Figure 1.7(d) for

the JICF at J = 8 and 10 are fairly symmetric.

For square wave forcing, it has been suggested by several previous experimental (Johari

et al., 1999; Eroglu and Breidenthal, 2001; M’Closkey et al., 2002; Narayanan et al., 2003;

Shapiro et al., 2006; Johari, 2006; Davitian et al., 2010b; Hendrickson and M’Closkey, 2012)

and computational studies (Sau and Mahesh, 2007, 2008, 2010; Muldoon and Acharya, 2010;

Coussement et al., 2012) that square wave-like pulsed transverse jet flow initiates the forma-

tion of a vortex ring or turbulent puff-like vortical structures, with or without a trailing flow,

depending upon the forcing conditions, which control jet spread and penetration. Several

fundamental parameters characterize this pulsed jet flow that is fully- or partially- modu-

lated in time by square wave excitation. The excited flowfield with a temporally varying jet
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exit velocity uj can be typically characterized by a temporal square wave forcing frequency,

ff , the square wave’s duty cycle, α, and a root mean square (RMS) of the jet perturbation,

U ′

j,rms. The duty cycle α is related to the period of excitation, T = 1/ff , and the temporal

pulse width τ , through the relation α = τ/T . An expression for U ′

j,rms can be defined as

follows:

U ′

j,rms =

√

1

T

∫ t1+T

t1

(uj − Uj)2dt (1.2)

where uj and Uj are the temporally varying jet velocity and the mean jet velocity at the jet

exit, respectively.

Excitation of the jet in crossflow can affect the jet’s mixing length for non-isothermal,

non-reactive conditions. Vermeulen et al. (1992) studied an acoustically pulsed cool air jet in

hot crossflow and measured the resulting temperature profile. They obtained a 70 % decrease

in the length required to achieve a given mixed state as well as a significant increase in the

jet penetration and temperature profile.

For the single vortex ring, Gharib et al. (1998) investigated the relation between flow

structures for a single pulse of fluid in quiescent surroundings and a variable stroke ratio,

L/D, which characterizes the formation of a vortex ring. The stroke ratio represents the

ratio of the distance traveled by a notional piston, L, to the jet orifice diameter, D. When a

vortex ring is created by a single pulsation, a critical stroke ratio exists, below which there

is an absence of the trailing flow behind the vortex ring and an incomplete filling of fluid

in the vortex ring, but above which there is trailing flow exceeding the filled vortex ring.

Gharib et al. (1998) found that this critical stroke ratio (L/D ∼ 4) is a universal time-scale

for optimum vortex ring formation, that is, optimum propagation and impulse, under single

pulsation.

Johari et al. (1999) experimentally studied in liquid the fully modulated, square wave-like

pulsed turbulent jet in crossflow by varying excitation frequency (0.5-5 Hz range), temporal

pulse width, and hence duty cycle α. Their study demonstrated that, depending on L/D,

long pulse-width excitation creates vertically elongated vortical structures that resemble the

unforced JICF, while short-pulse, lower α modulation generates turbulent puff-like vortical
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structures with trailing flow, producing deeply penetrating jet structures. For the liquid

reacting flow (acid-base) studied in Johari et al. (1999), as well as in Eroglu and Breidenthal

(2001), a shorter pulse width excitation also reduced the mixing or reaction length (or “flame

length”) as compared with the unforced JICF.

Effects of a solenoidal valves creating square wave forcing on the characteristics of liquid

jets in liquid crossflow were also explored by Eroglu and Breidenthal (2001). The partially or

fully modulated transverse jets created turbulent vortical flow structures with or without the

trailing flow, depending on the forcing Strouhal number, although the amplitude of excitation

was not quantified in this study. At relatively high St, a flow bifurcation is also observed,

where there is a bulk jet flow that penetrates close to the unforced trajectory, and a “wake”

flow lying closer to the wall, in the same plane as the jet exit. In this research, a maximum

70 % increase of the jet penetration is observed, and in the presence of an acid-base reaction,

a 50 % reduction in “flame length” is measured during forcing.

Johari (2006) re-defined the stroke ratio for JICF under square wave excitation of the

jet to effectively account for the pulsation effect as for the jet in the absence of crossflow.

The stroke ratio L/D for the JICF with a temporal jet exit velocity uj (Johari, 2006) can

be evaluated based on the square wave’s temporal pulse width τ , the jet orifice diameter D,

as well as the jet’s cross-sectional area Ajet through the relation:

L

D
=

1

AjetD

∫ τ

0

∫

A

uj(dA)(dt) ∼=
Ujτ

D
(1.3)

where Uj is a mean jet velocity during the pulse. Based on these and others’ studies, Johari

(2006) proposed that stroke ratio L/D (or the temporal pulse width) and the duty cycle

govern the forced jet’s structural characteristics, which may be independent of velocity ratio

R (Figure 1.8). For the various R or J values in Figure 1.8, the critical stroke ratio L/D

at which distinct vortex rings form for transverse jet asymptotically approaches 4, again

corresponding to the universal time scale of Gharib et al. (1998). Johari (2006) proposes two

fundamental flow patterns governing the excited jet: (1) slug flow length, i.e., the vortex ring

and its trailing column and (2) the spatial separation of the slug flow structures, creating

distinct vortex rings. The slug length is mainly determined by the pulse width which governs
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Figure 1.8: Flow regime map associating with the vortical and flow structures of the fully

pulsed jets in crossflow as a function of the stroke ratio L/D and duty cycle α. Each

dot respectively stands for the experimentally obtained jet’s structures such as the distinct

vortex rings (•), vortex rings followed by trailing flow (�), turbulent puff (�) and strongly

interacting quasi steady-like jet structures (◦). The solid and dashed curves represent the

numerical definition which distinguishes the pulsed jet’s structures at velocity ratio R = 3

and 10 respectively. From Johari (2006).

the initial flow structures.

Computational studies have shown the same trend as the experimental results summa-

rized above and described further below (for UCLA experiments). Sau and Mahesh studied

the correlation between vortex ring and transverse jet excitation and mixing by direct nu-

merical simulation (DNS). In Sau and Mahesh (2007), they laid emphasis on the passive

scalar mixing of a vortex ring in the absence of crossflow, created by a single pulse with a

prescribed stroke ratio L/D. The study demonstrates that the flow structures, consisting of

the vortex ring and the trailing flow of the ring, and the mixing characteristics, are relevant

to the stroke ratio and critical formation number, L/D ∼= 3.6-4.0. They also find that the

trailing column following the ring actually causes a deterioration in the mixing, where mixing

is quantified by the time evolution of scalar concentration in the vortex ring cores and by
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the rate of change in the volume of scalar containing fluid, where the latter is defined for

concentrations exceeding 1 % of the maximum concentration, Co. This study on a vortex

ring in crossflow confirms optimal vortex mixing at a formation number near L/D ∼= 4.

However, with the existence of crossflow, the single vortex ring with a certain length of the

trailing column, in contrast, can enhance the mixing (Sau and Mahesh, 2008). Addition-

ally, they find that there is no coherent vortex ring formation for an effective R < 2, but

that at larger effective velocity ratios, there can be asymmetric vortex ring formation with

or without a trailing column. Much like the UCLA-based experiments of M’Closkey et al.

(2002) and Shapiro et al. (2006), Sau and Mahesh (2010) numerically obtained convecting

vortical structures with or without the trailing columns and hairpin vortices at the lee-side

of the transverse jet, depending upon flow conditions. The computational results shown in

Figure 1.9 agree with previous experimental work (Eroglu and Breidenthal, 2001; Tomar

et al., 2004; Shapiro et al., 2006). They also note that imperfections in the square wave

shapes on jet characteristics, e.g. as in Shapiro et al. (2006), as compared with a perfect

square wave, were less important than the effect of the actual stroke ratio or the duty cycle.

Sau and Mahesh (2010) also demonstrate in their flow regime map (Figure 1.9) the optimal

square-wave forcing conditions for the best jet spread and penetration using stroke ratio

L/D and a vortex speed-to-crossflow velocity ratio, called a ring velocity ratio, rring defined

for the transverse jet as follows:

rring =
∆Uj

U∞

(1.4)

where ∆Uj represents a peak-to-peak velocity amplitude of a pulse in square wave forcing.

Figure 1.9 suggests that (1) the optimal stroke ratio for the best transverse jet spread and

penetration decreases as the ring velocity ratio decreases and (2) the optimal stroke ratio

from their computation as well as some experimental results (Eroglu and Breidenthal, 2001;

Shapiro et al., 2006) collapse well on to a so-called “optimal line” in the regime map.

Coussement et al. (2012) computationally studied the same forcing conditions as the

experimental work of M’Closkey et al. (2002) using large-eddy simulation (LES). Their com-

putation shows the temporal growth of the vortices around the jet exit, with similar puff-like
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Figure 1.9: Flow regime map associated with the optimal forcing conditions for the best

jet spread and penetration from some experimental studies (Eroglu and Breidenthal, 2001;

Shapiro et al., 2006). Taken from Sau and Mahesh (2010).

turbulent structures and jet flow bifurcation to those in experiments for some cases. These

flow structures appear more commonly at relatively lower duty cycles, α = 0.15, of the ex-

citation wave, which agrees with experimental studies (Johari et al., 1999; M’Closkey et al.,

2002; Shapiro et al., 2006).

At UCLA, transverse jet square wave excitation studies at R = 2.58 by M’Closkey et al.

(2002), to be discussed in more detail below, suggested that square wave forcing at frequencies

which are the subharmonics of the preferred frequency associated with the jet’s shear layer

improved the penetration and the spread of the jets more than forcing at other frequencies.

Using the same configuration, Shapiro et al. (2006) examined the effects of duty cycle, α,

and excitation frequency of the prescribed square wave, for two different velocity ratios,

R = 2.58 and 4.0, although at the time it was not appreciated that the unforced jets have

had different shear layer stability characteristics for R = 2.58 and 4.0. They found that

the optimum stroke ratio L/D which maximized transverse jet penetration and the jet’s

deeply-penetrating vortical structures, occurred at L/D ≈ 4, near the universal time scale
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of Gharib et al. (1998).

Actually creating temporal square waves with distinct pulse widths is challenging in an

experiment, however. A jet compensator with feedforward (and later, feedback) control has

demonstrated an ability to more successfully prescribe a desired temporal jet velocity profile

and specified RMS of the jet perturbation at the jet exit in our UCLA-based transverse

jet experiments (M’Closkey et al., 2002; Shapiro et al., 2006; Davitian et al., 2010b; Hen-

drickson and M’Closkey, 2012). M’Closkey et al. (2002) developed a jet compensator or

a feedforward flow controller, enabled by an eight-state dynamical model, to represent the

dynamical response of the actuation system. The model was then inverted and applied as

forcing input to the actuation system to achieve a flatter frequency response. This model

inversion enabled creation of more precise square waveforms. To actuate the transverse jets,

an acoustic loudspeaker was utilized in these earlier experiments (see details in Sections

2.1 and 2.4). Shaping filter and Bessel filters also enable acquiring the desired RMS of the

jet perturbation. This overall feedforward controller or jet compensator system sufficiently

matched the RMS amplitudes for all forcing conditions, a sinusoidal or a square wave, so

that the true effect of forcing parameters could be compared. These studies (M’Closkey

et al., 2002; Shapiro et al., 2006; Davitian et al., 2010b) used a nozzle mounted flush to the

bottom floor of the wind tunnel’s test section. While sine wave excitation seems to have

little impact on transverse jet penetration as well as a spread, both for uncompensated and

compensated (controlled) jets, controlled square wave excitation significantly enhanced the

penetration and the spread seen in smoke-visualized images of the jets (M’Closkey et al.,

2002). The smoke visualization of these unforced and forced transverse jets at R = 2.58 is

shown in Figure 1.10, where the natural frequency of the shear layer was 220 Hz. Figure

1.10(a) shows the unforced JICF, Figures 1.10(b) and (d) show uncompensated sine and

square wave excitation effects, Figure 1.10(c) shows jet response to compensated sine wave

excitation, and the rest show jet response to compensated square wave excitation at various

frequencies. The distinct, deeply penetrating vortical puff-like structures can be observed

clearly in Figures 1.10(e), (f) and (g), corresponding to square wave forcing at subharmonics

of the fundamental shear layer frequency. Square wave forcing at the fundamental frequency
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 1.10: Instantaneous smoke visualization of unforced and forced jets in crossflow at

jet-to-crossflow velocity ratio of R = 2.58, and the matched root-mean-squared of jet velocity

perturbation of U ′

j,rms = 1.7 m/s amongst all excitation cases. Each image represents: (a)

unforced jet, (b) uncompensated forced jet by sine wave at forcing frequency of ff = 73.5Hz,

(c) compensated forced jet by sine wave at ff = 73.5 Hz, (d) uncompensated forced jet by

square wave at ff = 110 Hz and duty cycle of α = 31 %, (e) compensated forced jet by

square wave at ff = 110 Hz and α = 31 %, (f) compensated forced jet by square wave at

ff = 55 Hz and α = 15 %, (g) compensated forced jet by square wave at ff = 73.5 Hz

and α = 22 %, (h) compensated forced jet by square wave at ff = 85 Hz and α = 24 %,

and (i) compensated forced jet by square wave at ff = 220 Hz and α = 62 %. Taken from

M’Closkey et al. (2002).
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(Figure 1.10(i)) or at a random frequency (Figure 1.10(h)) yielded lesser jet response. The

convecting vortex rings in Figures 1.10(e), (f) and (g) improve the penetration and spread of

the jets in comparison with those for the unforced jet (Figure 1.10(a)), resulting potentially

in better mixing, although this was not quantified due to the diagnostic used. Interestingly,

M’Closkey et al. (2002) find that sinusoidal excitation at the same U ′

j,rms as for square wave

forcing does not seem to show noticeable differences from the unforced jet image, although

the sinusoidal forcing frequency, 73.5 Hz, is fairly lower than the fundamental shear layer

mode at 220 Hz.

Controlled transverse jet excitation studies by Shapiro et al. (2006) utilize the same feed-

forward controller system as in M’Closkey et al. (2002), and demonstrated for both R = 2.58

and 4.0 that square wave forcing at subharmonic frequencies and with temporal pulse widths

corresponding to L/D ≈ 4.0 produce the most deeply penetrating vortical structures. Note

that Shapiro et al. (2006) matched the initial peak-to-peak velocity amplitude of a square-

wave pulse ∆Uj among different forcing conditions, rather than U ′

j,rms used by M’Closkey

et al. (2002). Shapiro et al. (2006) also approximated the stroke ratio L/D for a partially

modulated JICF as L/D ∼= ∆Ujτ/D to effectively account only for the effect of pulsation of

square wave forcing.

Later, Davitian et al. (2010b) applied the feedforward jet control developed in M’Closkey

et al. (2002) and Shapiro et al. (2006) to an elevated nozzle, with its exit plane protruding

above the test section’s floor, as well as a flush nozzle with a smaller diameter matched to that

of the elevated nozzle. The study by Davitian et al. (2010b) sought to explore forcing effects

for the JICF under clearly absolutely unstable and convectively unstable conditions. For

a range of excitation conditions, they quantify the jet penetration and spread from smoke-

visualized images via the Canny edge detection method. Sample images for the response

of the elevated jet to sinusoidal and square wave excitation are shown in Figure 1.11. This

experimental study observed an enhancement of the jet penetration and spread under the

effect of either low-to-moderate amplitude sinusoidal excitation or square wave excitation

if R > 3.3 for the flush nozzle and R > 1.2 for the elevated nozzle, corresponding to the

convectively unstable regime for the jet’s shear layer instability mode (see Section 1.3). But
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(a) Unforced (b) Sinusoidal wave (c) Square wave (α = 20 %)

(d) Unforced (e) Sinusoidal wave (f) Square wave (α = 20 %)

Figure 1.11: Smoke visualization of the unforced and forced jets in crossflow from the elevated

nozzle with matching U ′

j,rms = 1.7 m/s amongst all excitation cases, the jet-to-crossflow

velocity ratio of R = 10 (a-c) and R = 1.15 (d-f), and jet Reynolds number Rej = 2000.

Forcing frequencies of the excitation are ff = 0.10fo, where fo is the dominant shear layer

frequency at the corresponding R values, for all forcing cases. Each image displays: (a)

unforced jet, (b) forced jet by sine wave at ff = 0.10fo = 147.2 Hz, (c) forced jet by square

wave at duty cycle α = 20 % and stroke ratio L/D = 4.9, (d) unforced jet, (e) forced jet by

sine wave at ff = 0.10fo = 88 Hz, and (f) forced jet by square wave at duty cycle α = 20 %

and stroke ratio L/D = 7.3. Data from Davitian et al. (2010b).

such low-to-moderate sinusoidal wave excitation has little impact on the penetration and

spread of the jets for R < 3.3 for the flush jet or R < 1.2 for the elevated jet. For these low

velocity ratio jets, the upstream shear layer is in the absolutely unstable regime, as discussed

in Section 1.3. But square wave excitation of such jets at lower duty cycle does affect the jet

characteristics, as shown in Figure 1.11(f). The periodic vortical structures are pulsed at a

frequency that is 1/10 of the frequency associated with the upstream side of the shear layer,

resulting in the deeper penetration and wider jet spread.
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1.5 Mixing Metrics

Molecular mixing of fluid flows is an important factor to be able to quantify for various

applications of jets in propulsion systems. However, there are many different mixing metrics

which can be used to quantify diverse flow fields comprising different length- and time-

scales. Hence, many studies have been focusing on defining or estimating these different

mixing metrics and characteristics. Danckwerts (1952) indicates that the level of mixing in

flow fields can be characterized mainly by two elements: (1) a scale of segregation and (2)

an intensity of segregation. Danckwerts (1952) describes that the mixing process includes

the breaking-up of a clump of fluid from a large scale to a smaller scale, which changes

the size of the clump and the molecular interdiffusion, and creates differences in scalar

concentration values. The former phenomenon is associated with the scale of segregation

and the latter is relevant to the intensity of segregation, examined in the variance of the scalar

concentration fields. Kukukova et al. (2009) advance the concept of the segregation proposed

by Danckwerts (1952). In addition to the scale and intensity of segregation, Kukukova et al.

(2009) propose an “exposure” to quantify mixing in flow fields. The exposure expresses the

interaction of a specific scalar concentration with the other concentration values, analogous

to the rate of mass transfer across the interfaces of the scalar field. Hence, a higher exposure

indicates the higher potential to diffuse and increase the intensity of segregation the molecular

interdiffusion.

In the jet’s centerplane (x-z plane in Figure 1.1) where y = 0, mixing of transverse jet flow

has been quantified historically in several different ways. A centerline scalar concentration

decay along the jet trajectory (locus of concentration maximum, usually), is sometimes used

to quantify downstream mixing for transverse jets (Smith and Mungal, 1998; Su and Mungal,

2004; Getsinger, 2012). For the gaseous JICF, Smith and Mungal (1998) experimentally

examined the concentration decay as a function of distance along the jet trajectory s, where

s is scaled by velocity ratio and the jet diameter, s/RD, in a logarithmically scaled plot.

Smith and Mungal (1998) found that the slopes of the decay curves for various R values

were relatively parallel to the line of (s/D)−1.3 in the near-field and of (s/D)−2/3 in the far-
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field. Interestingly, as compared to the decay rate of the free jet, s−1, the jets in crossflow

exhibit faster decay rate in the near-field but a slower decay rate in the far-field. Smith

and Mungal (1998) suggest that this transition occurred approximately around s = 0.3R2D

for 10 ≤ R ≤ 25. However, this transitional trend was not observed in the studies of Su

and Mungal (2004) for lower R values, e.g., Rej = 5000 and R = 5.7. Getsinger (2012)

explored lower velocity ratios and density ratios below unity (Rej = 1800, 0.35 ≤ S ≤ 1.00

and 5 ≤ J ≤ 41 with a flush nozzle), but saw slightly different decay trends. It should be

noted that the velocity at the jet exit had a top-hat profile for Smith and Mungal (1998)

and Getsinger (2012) but a parabolic profile for the studies in Su and Mungal (2004).

Other mixing metrics that have been widely utilized are jet spread, δ, and jet penetra-

tion, P . The spread of the jet is often measured in the direction normal to the jet trajectory

direction, s, and the penetration represents the vertical distance between the bottom floor

and the upper edge of the jet in z direction, defined in terms of a threshold cutoff in scalar

concentration. Both metrics are estimated based on such threshold values of the experi-

mentally or computationally obtained scalar field, which determine the “minimum” jet fluid

concentration in the flowfield. For instance, Getsinger (2012) sets 5 % of the maximum con-

centration value in the centerplane scalar field as the threshold to evaluate the penetration

and spread, while Su and Mungal (2004) used 20 % of the maximum concentration value.

Getsinger (2012) demonstrated that the equidensity jet in crossflow penetrates more deeply

at higher J values, even when the jet velocity is fixed. Getsinger (2012) also suggested that

the jet at lower S values less penetrates at J = 41, 20, 8 and 5. However, the spread at

S = 0.35 was greater than that at S = 1.00, which is the opposite trend to the penetration

and thus unexpected.

Even though the mixing metrics on the centerplane seem to produce useful information

on mixing characteristics for the jet in crossflow, one must note that the centerplane jet

image only contains the in-plane (x-z plane) components of the jet, but not the cross-

sectional or out-of-plane (positive or negative y direction) components of the scalar field. As

mentioned in Section 1.1, since the JICF is basically a complex three-dimensional flow field,

the out-of-plane scalar field is critical to the mixing characterization. Therefore, Shan and
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Dimotakis (2006) and Getsinger (2012) utilized the cross-sectional scalar fields (y-z plane)

to evaluate the level of mixing, using the spatial Probability Density Function (PDF) (Shan

and Dimotakis, 2006), and Unmixedness and Spatial Mixing Deficiency (SMD) (Getsinger,

2012; Gevorkyan, 2015).

The spatial Probability Density Function (PDF) (Smith and Mungal, 1998; Shan and

Dimotakis, 2006) in two-dimensional flow fields can be defined as

f(C) =
1

Atot

∣

∣

∣

∣

dA(C)

dC

∣

∣

∣

∣

(1.5)

where the area, A(C), is the function representing the area of fluid containing a specific scalar

concentration value, and Atot is the total domain of the interrogation scalar field. The PDF

theoretically becomes the Dirac delta function at a mean concentration value if the fluids

are completely mixed. Thus, more uniform or homogeneous flow fields reveal strong peaks

adjacent to the “preferred” mean value. Smith and Mungal (1998) quantified the PDF from

the centerplane jet images and categorized the transitions in the PDF plots in the normal

direction to the jet trajectory. Shan and Dimotakis (2006) evaluated the PDF from cross-

sectional PLIF images of the jet in crossflow, which showed that the scalar field becomes

spatially more homogeneous as Rej increases, associated with the growth of the peak in

PDF plots. The peak represents the uniformity of the scalar concentration field. However,

the PDF peak diminishes for the free jets as Rej increases. Shan and Dimotakis (2006)

investigated the anisotropy of the jet cross-sections, arising from the turbulence, between in

the vertical direction (z direction) and in the horizontal direction (y direction) by using the

PDF.

Unmixedness (Danckwerts, 1952; Dimotakis and Miller, 1990; Smith et al., 1997; Getsinger,

2012; Gevorkyan et al., 2016), associated with the intensity of segregation defined by Danck-

werts (1952) and Kukukova et al. (2009), basically expresses the variances of the scalar

concentrations as compared to the mean concentration values (or the second moment of

scalar concentrations) over the entire interrogation area, Ly × Lz. Unmixedness can be

defined as follows:

34



U =
1

LyLz

∫ ∫

(C − C)2

C(1− C)
dydz (1.6)

where C and C stand for local and mean scalar concentration values in the scalar field of

the interest. Another mixing metric related to the variances of the scalar concentrations is

spatial mixing deficiency (SMD),

SMD =

[

1

LyLz

∫ ∫
{

C − C

C

}2

dydz

]
1

2

(1.7)

The Unmixedness and SMD are the basically similar metrics except that the normalization

factors make a difference, C(1 − C) for Unmixedness and C for SMD. This normalization

causes Unmixedness to vary between 0 and 1 (or 0 and 100 %). Getsinger (2012) estimates

Unmixedness and SMD using the mean cross-sectional concentration fields for jets in cross-

flow at x/D = 2.5, 5.5, 10.5 and 15.5 with the flush nozzle for the range of momentum flux

ratios, 2 ≤ J ≤ 12. For the fixed S value S = 1.00, Unmixedness shows that the J = 2 case

is the “worst” mixer at x/D = 2.5 but the “best” mixer at x/D = 15.5. However, SMD

suggests that the J = 2 case is the “best” mixer for all cases. This quantitatively different

result indicates that the normalization factors for Unmixedness and SMD can contribute to

a significant change in the mixing characterization and trends, depending upon the flow con-

ditions. Here, it should be mentioned that the mixing quantification based on mean scalar

fields could be ambiguous or even incorrect due to the inability to account for structural

characteristics. Coussement et al. (2012) proposed that the temporal or spatial averaging of

the flowfield can change the mixing trends from their computational study of the pulsed jets

in crossflow (details on this issue are described later).

Unmixedness and SMD are useful mixing metrics for a diffusion-dominant flowfield but

not for the flowfield in which there is no diffusion, just fluid mechanical stirring. In the case

of fluid stirring with or without diffusion, the mean value of the scalar field does not vary

in time. But in the case of stirring without diffusion, one needs to use a mixing metric that

takes into account the variable scale of segregation of the fluid scalars. Both Unmixedness
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and SMD neglect the effect of the stirring process occurring at both small and large scales

in flow structures.

In a chaotic dynamical system, the quality or efficiency of mixing may indeed depend

not only on molecular diffusion but also pure “stirring” of fluid, which is difficult to be

evaluated in an open-boundary flow system. Aref (1984) first introduced the concept of

chaotic advection based on numerical analysis of a circular stirred tank with two agitators.

The study illustrated different stirring effect depending on agitator control parameters even

from the same initial flow configuration. The study shows critical points and bifurcations

based on integrability of particle trajectories in Lagrangian representation or Hamiltonian

system of incompressible, inviscid flow, suggesting the three types of stirring: (1) integrable,

(2) transitional and (3) chaotic stirring, where chaotic stirring is the most efficient for the

fluid stirring. This study also observed an “island” (or a stable fixed point) even within the

chaotic region where particles do not exist and an open region is created. After this pioneering

study, many studies associated with chaotic advection or the quality of mixing in closed-

boundary or volume preserving dynamical systems were conducted (Rothstein et al., 1999;

D’Alessandro et al., 1999; Mathew et al., 2003, 2004, 2005; Gouillart et al., 2006; Mathew

et al., 2007; Gubanov and Cortelezzi, 2010). Some of the recent studies are summarized

as follows, although basic concepts and theory are well summarized in the works of Ottino

(1989) and Aref (2002).

Rothstein et al. (1999) explored persistent flow spatial patterns in a closed-boundary

system (an electromagnetically-driven two-dimensional fluid at Reynolds number lower than

100 under time-periodic perturbations) using the intensity variance, that is, the second

moment of intensity, which is a L2-norm mixing metric. They observed the convergence of

the variance after a certain number of periods associated with periodic perturbation, which

accounts for only intensity but not “stirring” efficiency of mixing. Although Rothstein et al.

(1999) applied a L2-norm mixing metric without accounting for fluid stirring, the main focus

was on the persistent flow pattern associated with chaotic advection with fluid stirring, which

is not commonly observed even in weakly turbulent flow at lower viscosity. D’Alessandro

et al. (1999) utilized a periodic mixing protocol and find the best mixing which maximized
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the entropy of a dynamical system, or a randomness of the mixing, which is a potential

indicator of the effectiveness of mixing if the same initial flow configuration is compared.

D’Alessandro et al. (1999) mentioned that the maximum entropy approach does not account

for different initial fluid configurations and hence was not appropriate if optimal mixing or

mixing efficiency was explored among flowfield containing different initial configurations.

Although the studies summarized above explored stirring effect of fluid in volume-preserving

dynamical systems, Mathew et al. (2005) clearly mentioned that maximum entropy approach

as well as Lp-norm mixing metrics fail to quantify pure “stirring” effect of fluid or the effi-

ciency of mixing in the absence of diffusion as well as with different initial flow configurations.

Hence, the Mix-Norm and Mix-Variance parameters were introduced by Mathew et al. (2003,

2005) as a indicator of the quality of mixing that could be universally applicable for flowfield

involving diffusion and stirring. The Mix-Norm can be implemented not only to capture

the effects of diffusion, which can be also detected by the Lp norm, but also to capture the

stirring process, which cannot be estimated by the Lp norm. The Mix-Norm is based on

a variance calculation, similar to that for Unmixedness and SMD, but the Mix-Norm also

varies the integration areas throughout its calculation to estimate the level of mixing at one

instant of time, to allow capturing small and large length-scales in the flow structures as well

as the diffusive processes. The Mix-Norm actually integrates the square of the mean of a

spatially- or temporally- averaged function over various length scales contained in the entire

interrogation space.

The computational study by Mathew et al. (2004) successfully implemented the Mix-

Norm to an active micromixer under time-dependent pressure-driven perturbation of the

fluid where fluid stretching and folding associated with the concept of chaotic advection are

more dominant than molecular diffusion mainly due to fairly low Reynolds number. They

ignored diffusion effects in the simulation for the optimization of perturbation amplitudes

and phases to only account for the “stirring” effect of fluid, which cannot be administered

by L2-norm or classic mixing metrics.

Gubanov and Cortelezzi (2010) successfully applied this mixing metric to an advection-

dominated flowfield driven by sinusoidal velocity disturbances in the absence of the diffusive
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effect, with variable operating conditions and mixture configuration. Gubanov and Cortelezzi

(2010) indicate that the application of Mix-Norm to the realistic flow fields consisting of

inherently three-dimensional concentration fields is quite promising.

Fluid mechanical strain is also relevant to mixing process. Based on the fact that the

instantaneous scalar dissipation rate field can be considered as locally one-dimensional shear-

like structures, consistent with flamelet modeling in reactive flows, Bish and Dahm (1995)

established the so-called strained dissipation and reaction layer (SDRL) model to quantify

the local scalar dissipation rate and the strain rate in a non-equilibrium combustion field.

While the scalar dissipation rate is related to diffusive and mixing processes, it is readily

applicable to chemical reactions as well. This formulation is also confirmed by Buch and

Dahm (1996, 1998) suggesting that the dynamics of scalar mixing sustains the sheet-like

flow structures, similar to the vorticity fields consisting of the sheet-like and line-like flow

structures at unity Schmidt number Sc ≈ 1, as discussed by Bish and Dahm (1995). Scalar

dissipation rate (Bish and Dahm, 1995; Buch and Dahm, 1996; Smith et al., 1997; Buch

and Dahm, 1998; Su and Clemens, 1999), χ, in a scalar mixture fraction field, ζ(x, t), is

represented by

χ ≡ D̂

(

∂ζ

∂xi

)2

(1.8)

where D̂ represents binary mass diffusivity. Next, the local strain rate (Marble and Broad-

well, 1977; Bish and Dahm, 1995; Smith et al., 1997), ǫ(n), can be defined in the layer-normal

direction, n, in terms of the scalar dissipation rate χ:

ǫSDRL(n) ≡
2πχ(n)

(ζ+ − ζ−)2
exp

{

2

[

erf−1

(

ζ(n)− 1
2
(ζ+ + ζ−)

1
2
(ζ+ − ζ−)

)]2
}

(1.9)

In Equation (1.9), ζ+ and ζ− correspond to the “boundary” mixture fraction values as

n → ±∞, respectively, in the one-dimensional layer-like structures. The strain rate field, ǫij,

can be also characterized by the symmetric part of the velocity gradient tensor as follows:

ǫij =
1

2

(

∂ui

∂xj

+
∂uj

∂xi

)

(1.10)
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It should be noted that the orientations of the strain rates from Equations (1.9) and (1.10)

are different. In a combusting flow, there is a critical strain rate at which the diffusive

transportation between the fuel and oxidizer cannot be achieved at the interface of a flame

sufficiently to sustain the flame. If the thickening effect of the flame, associating with the

fuel/oxidizer reaction and diffusion, does not balance or overcome the stretching at the flame

interface, the flame extinguishes. Hence, higher strain rate fields decrease the possibility of

preserving the combustion process. Bish and Dahm (1995) applied this formulation to the

experimentally obtained OH planar laser-induced fluorescence (PLIF) images of turbulent

flows to estimate the strain rate field. Bish and Dahm (1995) concluded that the above

formulation is applicable to non-reactive scalar field measurements to predict whether or not

flame extinction would occur in a reactive flowfields. At UCLA, Smith et al. (1997) used

this formulation (Equations (1.8) and (1.9)) for a non-reactive flow field, involving a flow

from a lobed injector issuing parallel into crossflow, to calculate the local scalar dissipation

rate and strain rate downstream of injection. The results were comparable to corresponding

reactive experiments by Mitchell et al. (1998, 2004).

The experimental studies of non-reactive gaseous JICF by Gevorkyan (2015) and Gevorkyan

et al. (2017) primarily explored the interplay between velocity- and scalar-field dynamics

utilizing simultaneous acetone PLIF and stereo PIV measurements. Proper orthogonal de-

composition (POD) was applied to both PLIF and PIV data in order to extract the most

dominant mode flow structure. Both PLIF- and PIV-extracted POD showed clear period-

icity on the upstream shear layer for the equidensity JICF at J = 5 (absolutely unstable

upstream shear layer), but only PIV-based POD provided periodicity at J = 12 (transitional

upstream shear layer), suggesting different periodic behaviors between velocity and scalar

fields, as noted by Kothnur and Clemens (2005). This discrepancy was also observed in the

comparison between scalar dissipation rate χ from PLIF data and PIV-extracted strain rate

in the mixing layer-normal direction (or equivalently the scalar gradient direction), especially

for the S = 1.00 and 0.35 flush nozzle-injected JICF at J = 5 on the downstream mixing layer

because of strong three-dimensional effect. They also applied Equation (1.9) to estimate lo-

cal strain rates on upstream and downstream mixing layers for the JICF in the layer-normal
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direction based on acetone PLIF scalar data. Strain rate in the same layer-normal direction

was also calculated based on PIV data for comparison. Remarkably, for the equidensity

flush nozzle- and flush pipe-injected JICF at J = 41, 12 and 5, PLIF- and PIV-based strain

rates suggest a qualitatively good agreement, in general, although considerable quantitative

difference was observed. In addition, lower strain rates are generally observed on the lee side

of the jet than that on the windward side, suggesting that a flame is more easily ignited

or less often extinguished on the lee side if reactive flow is used, which is consistent with

reactive flow experiments by Sullivan et al. (2014); Wagner et al. (2015). For the S = 0.35

JICF, Gevorkyan et al. (2017) applied Howarth transformation to make flowfields effectively

incompressible and enabled strain rate evaluations. More details on works by Gevorkyan

(2015) and Gevorkyan et al. (2017) are discussed in this dissertation as well (see Chapter 3).

Coussement et al. (2012) introduced another mixing metric, so-called 〈M〉 mixing crite-

rion defined as

M(Y1, Y2, t) =

∫ Y2

Y1

ṁY dY

< ṁtot >
(1.11)

where

ṁY ∗ =

∫ ∫

(ρY Vn|Y=Y ∗)dS (1.12)

stands for the instantaneous mass flow rate longitudinally passing through a cross-section

S of a flowfield, with a given mass fraction Y ∗. 〈M〉 physically represents, at a given

location, the temporally averaged mass flow rate of fluid with mass fractions lying between

Y1 and Y2, normalized by the total mass flow rate. If the 〈M(0, Y )〉 mixing criterion, as

a function of an arbitrary mass fraction, Y , reaches unity quickly, better mixing has been

accomplished since most of the flow constituents possess lower mass fractions, equivalent

to a lower intensity of segregation. One can also interpret the criterion by noting that

there is a maximum existing mass fraction at a given location, Ymax, for 〈M(0, Y )〉 at which

〈M(0, Ymax)〉 = 1. This formulation suggests that the 〈M〉 mixing metric could be effective

for the JICF configuration, since one could associate 〈M〉 with the mass flow rate of the jet
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as well as crossflow. Coussement et al. (2012) also indicate that SMD estimation based on

temporally-averaged scalar fields might be erroneous from a comparison study between the

〈M〉 criterion and SMD, because the mean scalar fields are disregarded in the instantaneous

vortex structures convecting the flowfield, which is considered crucial for mixing processes

as mentioned in Section 1.1.

Although many mixing metrics are described here, the mixing quantification gener-

ally involves challenges, especially in non-volume-preserving systems or equivalently open-

boundary systems. First, as mentioned in the Mix-Norm description, the interrogation area

where mixing metrics are estimated is related to the quantitative measure of mixing, that is,

if the size or location of the interrogation area changes, the quantitative values or the trends

of the mixing metrics can vary. The same thing applies to Unmixedness and SMD. Second,

Unmixedness and SMD estimations are based on the fact that the concentration values in the

flowfield finally approach the mean value, if the fluids are eventually perfectly mixed. How-

ever, the eventual concentration value for the “perfect” mixing in the specified interrogation

area may not necessarily be its mean value. Moreover, one can apply a desired concentration

value, instead of the mean value of the entire interrogation area, to Unmixedness and SMD

formula to evaluate the degree of mixing for real application systems by choosing an alter-

nate interrogation area, and thus to analyze how well the systems are designed to satisfy the

requirements of the mixing conditions. Hence, in determining the appropriate mixing calcu-

lation, one has to determine the mean value or the desired mixture value for the flowfield,

depending on the application. This difficulty in determining the mixing criterion causes the

secondary issue that if the mean values differ among the same fundamental flowfield with

varying the flow conditions, each flowfield might not be comparable because the required

mixing conditions could be significantly different.

The experimental study by Gevorkyan et al. (2016) utilizing acetone PLIF imaging sheds

light on the molecular mixing evaluation for the JICF, relevant to open-boundary systems.

Gevorkyan et al. (2016) developed a new algorithm to evaluate molecular mixing of the JICF

based on the Unmixedness and PDF of scalar values, which is potentially applicable to a

wide range of open-boundary flow configurations. The basic concept of the newly developed
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(a) (b)

(c) (d)

Figure 1.12: Mixing evaluation using centerplane- and cross-section-based Unmixedness.

Taken from Gevorkyan et al. (2016): (a) centerplane-based Unmixedness Uc,sn evaluated in

a transformed plane (sc−n plane) along the jet centerline trajectories sc/D, (b) centerplane-

based Unmixedness Uc,xz evaluated in a regular plane (x− z plane) along the jet centerline

trajectories sc/D, (c) cross-section-based Unmixedness Uyz evaluated in a regular plane (y−z

plane) along the horizontal coordinate x/D, (d) Uyz along the jet centerline trajectories sc/D.

algorithm encompasses variable sizes of an interrogation area, by adding or removing zero

scalers, to match the mean value of scalar among different flow conditions for direct com-

parison. Such variable interrogation area enables one to apply mass conservation to each
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interrogation area, as demonstrated in the work of Shan and Dimotakis (2006). Based on the

Unmixedness and PDF with the new algorithm employed in centerplanes and cross sections,

as well as classic centerplane-based mean mixing metrics (e.g., maximum concentration de-

cay), the degree of molecular mixing for the JICF was extensively explored for a range of

S = 0.35− 1.00, J = 2− 41 and injections (see Section 2.1) at a fixed jet Reynolds number

of Rej = 1900. Some of their mixing evaluations for the equidensity (S = 1.00) flush nozzle-

injected JICF at J = 2−41 in centerplanes and cross sections are shown in Figure 1.12 with

two different coordinates, horizontal coordinate x/D and jet centerline trajectory coordinate

sc/D defined as a power-law fit to maximum concentration loci in mean PLIF images over all

instantaneous images. Gevorkyan et al. (2016) indicated that the decay of Unmixedness is

more rapid for the S = 1.00 flush pipe-injected JICF than the S = 1.00 flush nozzle-injected

JICF. Among the flow conditions for the S = 1.00 flush nozzle-injected JICF (5 ≤ J ≤ 41),

the decay of the Unmixedness is more vigorous at J = 20 and 30 than the other conditions.

Also, for the flush nozzle-injected JICF at relatively high J (e.g., J = 41), molecular mixing

at a given sc location is enhanced, corresponding to lower Unmixedness, as S decreases from

S = 1.00 to S = 0.35 mainly due to higher crossflow entrainment within the rollups on the

upstream shear layer. In contrast, for the absolutely unstable flush nozzle-injected JICF at

J = 5, lowering S worsens molecular mixing because of the nature of entrainment of high-

density fluid into shear layer vortices by lower S jets. More details about mixing metrics,

their application of the algorithm, and mixing characteristics of the JICF are described in

Gevorkyan et al. (2016).

1.6 Current Study

Gevorkyan (2015) and Gevorkyan et al. (2016, 2017) extensively studied the influence of

velocity fields on scalar transport of the JICF for a range of S, J and injections (flush nozzle

and pipe, see Section 2.1), as summarized in Section 1.5, although alterations in the algorithm

for the PLIF-based strain rate calculation and its quantification for the S = 0.35 flush nozzle-

injected JICF, as well as further exploration of the effect of spatial resolutions (equivalently
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pixel resolution here) on POD analyses were done as part of the present study. Therefore,

further in-depth exploration of strain rate characterization for the JICF via simultaneous

PLIF/PIV measurements is one of the objectives in this study.

Secondly, as described in Section 1.5, Gevorkyan et al. (2016) explored molecular mixing

of the unforced JICF for widely varying flow conditions with a length scale of the size of a

pixel in PLIF images. However, such a L2-norm mixing metric is not capable of quantifying

the effect of fluid mechanical stirring as well as mixing occurring with different length scales.

The Mix-Norm, for example, has been successfully applied to volume-preserving systems even

without diffusion to quantify the efficiency of mixing for various length scales, although it is

highly challenging to implement the Mix-Norm in open-boundary flow systems. Hence, this

study develops a new algorithm based on both the Unmixedness and Mix-Norm to quantify

mixing in open-boundary systems (e.g., the JICF) but with various length scales, which

may provide different insights into mixing dynamics associated not only with molecular

diffusion but also with fluid mechanical stirring, a phenomenon particularly relevant to

vortical structures.

Prior sections of this chapter (Sections 1.1 to 1.5) have discussed studies which have fo-

cused on the stability, structural and mixing characteristics of the unforced jet in crossflow,

as well as (separately) JICF excitation using sine and square wave forcing. As summa-

rized, the stability, structural and mixing characteristics have recently been examined both

qualitatively and quantitatively via laser-based optical diagnostics in the absence of forcing.

However, the quantitative structural and mixing evaluation for the forced JICF for center-

planes and cross sections has not been conducted in a detailed manner via such diagnostics,

at least, enough to conclude or determine which flow or forcing conditions actually yield

the best molecular mixing in a given application system. Even though the previous studies

(M’Closkey et al., 2002; Shapiro et al., 2006; Davitian et al., 2010b) explored structural and

mixing characteristics for the forced JICF based on the jet spread and penetration in the

centerplanes using smoke visualization, more in-depth exploration is required, using more

appropriate experimental techniques for the quantification of molecular mixing (i.e., acetone

PLIF imaging in this study). Moreover, only a few studies have focused on forcing the
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JICF and quantifying the actual degree of mixing and its enhancement (or not). If mixing

enhancement of the forced JICF as compared to the unforced JICF can be quantitatively

determined, the research could significantly contribute to a true optimization of the flow-

field for various energy and propulsion system applications. Hence in this study, our main

emphasis is on exploration of the instability, structural and mixing characteristics for the

equidensity (S = 1.00) forced jets in crossflow with various J values, which alters the type

of instability in the upstream shear layer. Forcing methods applied in this study are sine

wave forcing, single-pulse square wave forcing as well as double-pulse square wave forcing,

which triggers near-field vortex interactions or collisions. Scalar concentration fields in the

centerplane and cross-sectional planes are obtained via acetone-PLIF imaging, which is used

for structural investigations as well as mixing quantification.

This dissertation is organized as follows. Chapter 2 describes the experimental configu-

ration associated with our wind tunnel facility, hotwire anemometry, laser diagnostics and

the actuation system designed to create external forcing of the jet. A newly developed im-

age processing method for PLIF images (i.e., for laser energy absorption correction) is also

documented. Chapter 3 discusses the strain rate quantification for the low density JICF

based on simultaneous PLIF/PIV measurements. The main focus there lies in the detailed

explanation of an algorithm to calculate PLIF- and PIV-based strain rates, and further POD

analysis with variable spatial resolution in PLIF images and the strain rate evaluation for

the S = 0.35 flush nozzle-injected JICF at J = 5− 41 by applying the Howarth transforma-

tion. Chapter 4 explores mixing quantification for the JICF accounting for mixing length

scale, in contrast to that previously explored using the Unmixedness with a single length

scale (Gevorkyan et al., 2016). A new algorithm taking into account mixing length scale is

developed based on the Unmixedness for open-boundary systems (Gevorkyan et al., 2016)

as well as the Mix-Norm developed by Mathew et al. (2003, 2005). Chapters 5-7 investigate

the effect of sine, single-pulse square, and double-pulse square wave excitation of the jet,

respectively, on instability, structural and mixing characteristics for the equidensity JICF

with variable J (5 ≤ J ≤ 41). Mixing characteristics are examined using mean and instan-

taneous mixing metrics with the same algorithm as in (Gevorkyan et al., 2016). Finally,
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Chapter 8 summarizes our findings, conclusions, and implications of the present study and

future directions.
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CHAPTER 2

Experimental Configuration

2.1 Wind Tunnel Configuration for Jet in Crossflow

This experimental study utilized a low-velocity wind tunnel to measure jet in crossflow

(JICF) characteristics. A schematic of the wind tunnel and associated diagnostics is shown

in Figure 2.1. A crossflow of air in the downstream (positive x) direction was created by a

centrifugal blower (Baldor M3546-T) placed upstream of the test section through a flexible

duct which decreased a oscillatory effect of the blower on the test section. A frequency

controller was connected to the blower and was capable of adjusting the rotational frequency,

and hence the volume flow rate of crossflow in the tunnel or crossflow velocity, U∞, calibrated

in the tunnel using a pitot tube (see Section 2.2).

The flow from the blower issued into the test section through a 9 : 1 area ratio contraction

section with honeycomb and screens with decreasing cell and mesh sizes to straighten the

crossflow (Barlow et al., 1999). The maximum achievable flow velocity in the test section

was approximately 7.00 m/s, at which a maximum turbulence intensity was less than 1.5 %

in the freestream. In this experimental study, two test sections were used. The first primary

test section, fitted flush with the contraction section, was used for all experiments in this

study including hotwire anemometry (see Section 2.2) as well as laser diagnostics (see Sec-

tion 2.3), e.g., planar laser-induced fluorescence (PLIF) imaging, particle image velocimetry

(PIV) measurements and simultaneous PLIF/PIV measurements, with/without axisymmet-

ric excitation. The size of the test section was 30 cm × 12 cm × 12 cm. Black paint was

sprayed on the tunnel floor to lessen the reflection of the laser sheet coming from the top of

the test section through a quartz window. The quartz window did not reflect or significantly
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Figure 2.1: Experimental configuration associated with low-velocity wind tunnel, laser opti-

cal alignment, hotwire anemometry and jet flow lines.

attenuate incident ultra-violet light applied PLIF imaging as compared with plexiglass. A

plexiglass window was fitted into the side of the test section to enable optical device access

(e.g. camera) and sealing of the fluid inside the test section. A black panel was also used

instead of the side plexiglass window in case without camera operation to confine the fluid

inside the test section. Hotwire anemometry required a cut-out in the black panel to employ

traversal of the hotwire mechanism.

Another tunnel section with the same size was placed downstream of the primary one, not

shown in Figure 2.1. The secondary tunnel section consisted of ceramic heat-resistant walls

without optical access which can be potentially used for reactive JICF experimentation,

although the present experiments were non-reactive. The purpose of the second tunnel

section was to have a distance between the jet and ventilation system, resulting in removing

the effect of the pressure change on the jet due to the gas exhaustion. The second tunnel

section was followed by a wood cubic box with dimension of 30 cm × 30 cm × 30 cm. The
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(a) Flush nozzle (b) Elevated nozzle (c) Flush pipe
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Figure 2.2: Injector designs utilized in transverse jet experiments.

box allowed optical access from the downstream end of the tunnel through 90 mm × 90 mm

quartz window. Cross-sectional PLIF data in the y − z plane were taken through this end

window, with the camera oriented in the negative x direction. The wooden box exhausted

the fluid via a flexible tube mounted on the top into the ventilation system of the lab.

Jet flow issued perpendicularly into the test section through an injection system connected

to the primary test section’s floor. The injection system mainly consists of an injector as

well as a longitudinal straight PVC pipe with a length of L = 0.9 m attached to the injector

to eliminate swirl or other asymmetries via internally attached honeycomb flow straighteners

with a 2.5 cm length and 0.3 cm cell size. The length-to-diameter ratio L/D of the PVC

pipe is large enough to create a fully developed laminar velocity profile at its exit, which

contributes to the uniformity of flow issuing into the injector. Yet the PVC pipe can be

removed from the injection system, depending on the aim of experiments.

To explore various flow fields, four types of injectors were implemented in this study, three

of which were designed to have the same exit diameter (although minor machining errors

created slight sizing discrepancies). The three with the same exit diameter are shown in

Figure 2.2. The flush nozzle (Figure 2.2(a)) had a D = 4.04 mm exit diameter mounted flush

to the bottom floor of the test section. The inner surface of the flush nozzle was formed as

a 5th order polynomial contraction, creating a top-hat velocity-like distribution with a fairly

thin jet boundary layer in the absence of crossflow, as documented in Megerian et al. (2007).
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The elevated nozzle (Figure 2.2(b)), whose exit diameter was D = 3.94 mm, possessed

an identically designed inner configuration to that of the flush nozzle, but its exit plane

protruded above the test section’s floor by 3.75 jet diameters. Therefore, the elevated jet

fluid issued into the crossflow outside of or above the crossflow (wall) boundary layer, which

had a maximum value of δ99%/D ≈ 2.3 for the lowest crossflow velocity condition explored

here, U∞ = 1.01 m/s. The protrusion of the jet results in different velocity profiles at the

jet exit with crossflow between the flush and elevated nozzles despite the same inner design,

especially at fairly low jet-to-crossflow velocity ratio R, as documented in Megerian et al.

(2007). The flush straight pipe (Figure 2.2(c)) was mounted flush to the tunnel wall with an

exit diameter D = 3.77 mm and a length L = 0.6 m, and hence L/D ≈ 159, large enough to

achieve a fully-developed laminar parabolic velocity distribution at the exit in the absence of

crossflow, which was confirmed via hotwire anemometry at the jet Reynolds number explored

in this study, as shown in Figure 2.3. Hence, the flush pipe was utilized without the PVC

pipe situated upstream of the injector. Lastly, a fourth flush nozzle was also utilized here

but only for the study of double-pulse square wave forcing described in Chapter 7. This

nozzle had a diameter of D = 7.59 mm emanating from a 5th order polynomial contraction;

it had the same kind of design as the flush nozzle with D = 4.04 mm but with a different

exit. This larger-diameter flush nozzle was used in our group’s earliest studies (M’Closkey

et al., 2002; Shapiro et al., 2006), and created larger length-scales in flow structures e.g. the

size of vortices in the upstream jet shear layer, than for the nozzle in Figure 2.2(a). This

larger nozzle enabled visualization of clear vortical structures explored with the double-pulse

square wave excitation. All injectors were mounted to the same downstream location in the

test section floor, 9.5 cm downstream of the end of the tunnel contraction.

The jet fluid was comprised of mixtures of He, N2 and tracers for laser diagnostics, en-

abling densities to be at or below that of the crossflow air. Mass flow controllers manufactured

by Tylan (Model FC-260, (1) 0-5 NLPM N2 and (1) 0-5 NLPM He, 1 % calibration accuracy,

0.2 % repeatability) and MKS Instruments (Model GM50A, 0-70 NLPM He, 1 % calibration

accuracy, 0.3 % repeatability) were used to vary the He and N2 mass flow rates that con-

trolled the jet flow, consequently affecting the jet Reynolds number Rej and jet-to-crossflow
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Figure 2.3: Parabolic jet velocity distribution in the y = 0 plane for the nitrogen flush pipe-

injected free jet in quiescent surroundings at the jet Reynolds number Rej = 1900. Data

points (◦) are acquired via hotwire anemometry 0.1D above the jet exit plane. Two lines are

theoretical fully-developed laminar parabolic velocity distributions without (−) and with

(−) the hotwire length (1.25 mm or 0.33D) effect in the x/D direction, respectively.

density ratio S. A dSPACE 1104 digital signal processing with ControlDesk software, con-

figured by Matlab Simulink, controlled the Tylan mass flow controller according to voltage

inputs. The voltage at the Tylan flow controller was also monitored by a multimeter (Fluke

model 77 series II) to confirm whether or not the voltage input was correctly assigned to the

controller. For the MKS mass flow controller, an internet connection between the controller

and a computer established the ability to utilize MKS network-based control via an assigned

IP address to the controller. The Tylan controller was used for all density ratios explored

here, S = 1.00, 0.55 and 0.35, but the MKS controller was only applied for the S = 0.35

condition because the low density ratio experimentation required bypass (by the Tylan flow

controller) and seeding (by the MKS flow controller) lines separately in order to simultane-

ously regulate the mole fraction of acetone (see Section 2.3.1) and the density ratio for the

jet.

A flow filter to eliminate impurities from the N2 and He flow was employed between
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pressurized gas cylinders and the flow controllers. Jet flows composed of the mixture of

He and N2 were mixed in a long, cylindrical chamber placed downstream of the flow con-

trollers to passively remove non-uniformity of the gases. The mixed fluid flowed into a

temperature-controlled acetone seeder for PLIF measurements or into a particle seeder for

PIV measurements, as will be described below. The seeded mixture then entered four sym-

metrically center-oriented injectors attached to an 8 mm plexiglass pipe beneath the injection

system (the injector and PVC pipe).

Axisymmetric excitation for the JICF can be applied from the bottom of the plexiglass

pipe by two different methods. In one method, an acoustic loudspeaker (RadioShack 40-

1022B, 4′′ woofer) oriented toward the injector exit can create a sinusoidal oscillation or,

with control, single- and double-pulse square wave excitation (M’Closkey et al., 2002; Shapiro

et al., 2006; Davitian et al., 2010b) of the jet fluid in time. This speaker is enclosed by a

plexiglass plenum housing attached to the bottom of the plexiglass pipe even for unforced

transverse jet experimentation. The loudspeaker can be utilized either with or without the

PVC pipe in between the plexiglass pipe and the injection system, which will be described in

Section 2.4. The other method can generate sinusoidal or square waves via feedback control

(Hendrickson and M’Closkey, 2012) by an aluminum piston attached to a modal shaker (Ling

LVS-100). These excitation methods were applied successfully in previous work to create

an axisymmetrically excited JICF, although this method was eventually not applied in the

present study.

The Reynolds number of the jet was based on the mean jet velocity at the injector exit,

Uj, injector exit diameter, D, jet density, ρj, and viscosity, µj. The jet Reynolds number

was kept constant at Rej = 1900 for the three injectors with a diameter D ≈ 4 mm, as

shown in Figure 2.2, and at Rej = 1500 with the larger-diameter flush nozzle, while jet-

to-crossflow density ratio (0.35 ≤ S ≤ 1.00) and momentum flux ratio (5 ≤ J ≤ 41) were

independently varied to explore the effect of these parameters on JICF characteristics. Yet

only the equidensity case (S = 1.00) was explored with forcing. The desired density ratio

S was achieved by controlling the amount of N2, He and acetone for PLIF imaging in the

jet, and J was altered for a given S by varying the crossflow velocity. The mean jet velocity
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was determined by averaging the velocity distribution at the nozzle exit over its diameter.

Jet flow consisted of N2, He and acetone (utilized for PLIF); hence, jet density and viscosity

were calculated considering all constituents in the jet depending on experimental conditions.

The viscosity of the jet was determined by the Wilke formulation without acetone in the jet

(Bird et al., 1960) and the Reichenberg method with acetone (Poling et al., 2001). Details

on the methods for determining jet density and transport properties for these mixtures may

be found in Getsinger (2012).

2.2 Hotwire Anemometry

This experimental study applied constant temperature anemometry (CTA) with and without

forcing, and with and without seeding acetone in the jet. A single-component, boundary-

layer type hotwire probe (Dantec 55P15) was used for measurements of crossflow boundary

layer (Getsinger et al., 2014), jet flow velocity profiles (Megerian et al., 2007), and in spectral

measurements of the jet’s upstream shear layer (Megerian et al., 2007; Davitian et al., 2010a;

Getsinger et al., 2012, 2014) as well as temporal jet velocity measurements in the vicinity of

the jet exit with axisymmetric forcing (M’Closkey et al., 2002; Shapiro et al., 2006; Davitian

et al., 2010b). The latter were specifically conducted 0.2 jet diameter above the center

of the jet exit plane with seeding acetone in the jet in the current study. The hotwire

was inserted through a cut-out in the black side wall of the test section and was three-

dimensionally movable, with 1 µm accuracy, using a triple-axis linearly-staged platform. The

data taken by the hotwire were delivered first to a 90C10 constant temperature anemometer

module in a Dantec StreamLine 90N10 frame and then to an AC/DC signal splitter with

signal conditioning developed by Hendrickson (2012). The conditioned AC and DC signals

were combined and analyzed by a dSPACE 1104 DSP data acquisition (DAQ) board with

ControlDesk software established by Matlab’s Simulink program at a sampling frequency of

20 kHz. Spectral data were fed to a dual channel dynamic signal analyzer (HPModel 35665A)

instead of the DAQ board and averaged over 40 instantaneous frequency distributions. The

spectral measurements were applied over a 6.4 kHz range and with 8 Hz resolution. For
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(a) Magnitude (b) Phase (deg)

(c) Magnitude at lower frequency (d) Magnitude at higher frequency

Figure 2.4: Frequency response measurement of the AC component of a signal splitter utilized

for hotwire anemometry: (a) magnitude, (b) phase (deg), both of which are taken with a

frequency sweep from 10 Hz to 10 kHz, (c) magnitude with frequency sweep in a lower range

(0 to 200 Hz), and (d) magnitude with frequency sweep in a higher range (1 to 10 kHz).

thorough details on spectral measurements, see Getsinger (2012) and Gevorkyan (2015).

The signal splitter consisted of a gain and phase delay separately for AC and DC com-

ponents, as shown in Figures 2.4 and 2.5. The frequency response data of the signal splitter

were acquired via the dynamic signal analyzer by averaging 60 instantaneous frequency dis-

tributions. Figures 2.4(a) and 2.5(a) associated with a gain demonstrate that AC and DC

signals were amplified by a factor of 10 and 2, respectively. These gains contributed to better
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(a) Magnitude (b) Phase (deg)

Figure 2.5: Frequency response measurement of the DC component of a signal splitter uti-

lized for hotwire anemometry: (a) magnitude and (b) phase (deg). Frequency sweep was

administrated from 0 to 200 Hz.

sensitivity of signals by the DAQ board. The amplified AC and DC signals were multiplied

by a factor of 1/10 and 1/2 in the DAQ board, respectively, as compensation when the

original signal was reconstructed. The AC component in the signal splitter consisted of a

phase lag clearly after 100 Hz (Figure 2.4(b)), as well as a high- and low-pass filtering effects

at a corner frequency of approximately 10 Hz and 6 kHz, respectively (Figures 2.4(c) and

(d)). The frequency response data associated with DC magnitude (Figure 2.5(a)) revealed

a roll-off after 0.5 Hz to eliminate AC components in a signal.

For the hotwire calibration, a pitot tube and crossflow from the blower (see Section 2.1)

were utilized with air flow. The pitot tube was placed at the middle of the test section and

connected to a 0-3′′ H2O differential pressure transducer (Omega PX653-03D5V) for higher-

velocity range calibration, and a 0-0.25′′ H2O transducer (Omega PX653-0.25D5V) for lower-

velocity range calibration. Since the calibration was based on air flow, the fluid properties

applied in experiments had to be relatively similar to those of air, hence the calibration did

not apply to low density jets or jets with acetone seeded for laser diagnostics. As mentioned

in Section 2.1, this method also calibrated the blower by correlating its rotational frequency

with voltage at pitot tube, namely crossflow velocity. The blower calibration utilizes a 0-
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0.25′′ H2O pressure transducer, which is used in the hotwire calibration for lower-velocity

range.

The hotwire anemometry was implemented in experiments with sine wave jet forcing, as

well as single- and double-pulse square wave excitation to measure root-mean-square (RMS)

of the jet velocity U ′

j,rms. For the exploration of JICF characteristics under these forcing

conditions, PLIF imaging was the primary diagnostic. To correlate the PLIF data and

U ′

j,rms, hotwire anemometry had to be implemented with acetone in the jet for accurate

quantification. Hence, a different method was applied to calibrate the hotwire with acetone

from that without acetone.

For calibration of the hotwire with acetone, we use a fully-developed laminar parabolic

velocity distribution at the injector exit created by the flush pipe-injected jet but in the

absence of crossflow. Since the velocity profile clearly followed the Hagen-Poiseuille rela-

tion in the laminar regime, and knowing the mass flow rates and bulk velocity of the jet, a

correlation between hotwire voltage and jet velocity enabled hotwire calibration. This cal-

ibration is called the laminar pipe-flow method, as documented in Lee and Budwig (1991).

The hotwire was situated at the center of the flush pipe exit plane during the calibration

to acquire temporally averaged hotwire output voltage over 20 seconds for statistical con-

vergence. The hotwire voltage was correlated to a mean jet velocity over the hotwire length

of 1.25 mm, Uj,wire, calculated from the Hagen-Poiseuille formulation within the hotwire

length. The effect of the hotwire diameter of 5 µm, which was significantly smaller than the

hotwire length, was neglected to calculate Uj,wire. This calibration was performed at con-

stant S = 1.00 but with a variable jet Reynolds number for the range of 300 ≤ Rej ≤ 2300,

keeping the mole fraction of acetone in the jet within ±1 % of the actual value during PLIF

imaging. The maximum jet Reynolds number was verified to still create a fully-developed

laminar parabolic velocity distribution via hotwire anemometry. The calibration data points

were fitted to a modified King’s law suggested by Lee and Budwig (1991) as follows:

Vhw = A+BUn
j,wire (2.1)

56



Velocity Uj,wire (m/s)

0 5 10 15

H
o
tw

ir
e
v
o
lt
a
g
e
(V

)

1

1.5

2

2.5

3

Figure 2.6: Typical hotwire calibration curve with seeded acetone in the jet for PLIF imaging

generated using the laminar pipe-flow method. Black circles and the red line represent raw

data points (1.6 ≤ Uj,wire ≤ 13 m/s or equivalently 300 ≤ Rej ≤ 2300) and a fitting based

on a modified King’s law (Lee and Budwig, 1991), respectively, as shown in Equation (2.1),

where A = 2.19, B = 1.67 and n = 0.40 in this case.

where Vhw is the mean hotwire output voltage, and A, B, and n are constants for the best

fit, respectively. This process yielded a hotwire calibration curve as shown in Figure 2.6.

Due to the limited range of the jet Reynolds numbers in the calibration, the reliable velocity

range was also limited, although the calibration curve was plotted for a wider range of

velocity. For instance, the valid velocity in experiments ranged from 1.6 ≤ Uj,wire ≤ 13 m/s

in Figure 2.6. Note that because the maximum hotwire temperature (300 ◦C) is lower than

the autoignition temperature of acetone (465 ◦C), the hotwire anemometry was able to be

safely implemented. Additionally, the maximum obtainable frequency via CTA was 400kHz,

which was significantly higher than the maximum forcing frequency of 6000 Hz imposed in

the experiments.
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2.3 Laser Diagnostics

Laser diagnostics were utilized to study the JICF flowfield in a non-intrusive manner, focus-

ing on structural and mixing characteristics using planar laser-induced fluorescence (PLIF)

imaging of seeded acetone, and velocity and vorticity fields, as well as strain field quantifi-

cation utilizing stereo particle image velocimetry (PIV) measurements. The typical optical

configuration for laser diagnostics is shown in Figure 2.1 and with additional details in Figure

2.7. A dual cavity Q-switched Nd:YAG laser (Litron Nano L PIV) was employed for all laser

diagnostics experiments. This laser initially created monochromatic 1064 nm wavelength

infrared light in both cavities. The cavities were followed by second- and fourth- harmonic

generators to generate concentric 532 nm and 266 nm wavelength light, respectively. The

former consisted basically of the green range of visible light, used for PIV measurements,

and the latter light was mainly in the ultra-violet (UV) range for PLIF imaging of acetone.

Each cavity was able to produce 8 ns full width at half maximum (FWHM) pulse with 30

mJ at 266 nm and 120 mJ at 532 mJ at the maximum repetition rate of 15 Hz, although

the repetition rate in actual measurements was lower (1-7.5 Hz). The operation of the laser

with synchronizing to imaging (e.g., cameras) was conducted by an external programmable

timing unit and LaVision’s DaVis 8.2 software.

The light emitted by the laser passed through two spherical lenses (LaVision 1108406:

wavelengths 220-800 nm) to be focused at a desired location, a turning mirror for a 90 degree

viewing direction (LaVision 1108407), a f = −10 mm cylindrical lens (LaVision 1108406:

wavelengths 220-800 nm, divergence angle of 20 degree) and through the quartz window at

the top of the test section, and was formed into a divergent sheet oriented at the desired

configuration within the test section. Note that the focal point of the laser light should be

right at or beneath the test section lower wall so that the laser light absorption correction

could be successfully administrated (see Section 2.3.1). For the PLIF measurement setup,

two 266 nm dichroic mirrors and a 3 mm thick uncoated UV grade fused silica window

(Edmund optics 65865) were present prior to the spherical lenses. The dichroic mirrors

diminished the green light energy and transmitted the 266 nm UV beam for acetone PLIF
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Figure 2.7: Typical laser and camera optical configuration for PLIF and PIV measurements.

measurement mainly to improve the signal-to-noise ratio (SNR) in PLIF images. The UV

fused silica window after the dichroic mirrors reflected approximately 7 % of the 266 nm

beam energy to measure partial laser energy using a pyroelectric energy detector (Newport

818E-10-50-S, 500 Hz maximum repetition rate). The output signal from the pyroelectric

detector was transferred to an optical power/energy meter (Newport 842-PE) to convert

the signal from the pyroelectric detector into an actual energy value based on a wavelength

correction factor. The energy meter automatically configured the wavelength correction

factor depending on the setting. The reflected laser light passed through two optics before the

pyroelectric detector: (1) an optical quality synthetic fused silica beamsplitter (CVI Melles

Griot BTQ-250-320-2503M-UV, 50/50 nominal reflection/transmission ratio) to orient the

laser light path into the detector and (2) a UV grade fused silica plano-concave lens (Newport

SPC034) to make the incident laser light diverged and hence to prevent the energy meter

from being damaged by high laser intensity. The laser energy meter was connected to a PC

through a USB port to save the laser pulse energy data. This monitored laser energy was

eventually applied for PLIF image processing, in particular for background subtraction and

an laser absorption correction, as a scaling factor (see Section 2.3.1). The laser energy was

not measured in simultaneous PLIF/PIV measurements because the pyroelectric detector
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was not capable of separately capturing two laser pulses at a short temporal interval of

approximately 6-17.5 µs, which was shorter than the maximum repetition rate of the detector.

Hence, PLIF images as a part of simultaneous PLIF/PIV measurements were not corrected

with respect to laser energy.

2.3.1 PLIF

Planar laser-induced fluorescence (PLIF) imaging is an optical measurement which visualizes

and qualitatively and quantitatively analyzes flows by capturing fluorescence of tracers mixed

with the flow. The fluorescence is generated when the tracer is excited to a higher energy

state by the laser light, then returns to the ground state, emitting fluorescence which can be

measured by an optical recording tool. This research utilized acetone (CH3 − CO − CH3),

whose fluorescence is not quenched by the presence of oxygen, as a tracer for several reasons.

First of all, acetone can be obtained at low cost, and its level of toxicity is relatively low

to mild. Second, the high vapor pressure of acetone contributes to a high concentration of

tracer in the jet flow. Third, acetone that is excited by UV light fluoresces in the range of

300-500 nm visible light, which leads to a good separation between excitation and emission

bands. Furthermore, the low fluorescence lifetime of acetone (4 ns) enables short time-

scale measurements. The use of acetone as a molecular tracer in PLIF is an extensively

utilized technique for concentration, temperature and pressure measurements in gaseous

flows (Lozano et al., 1992; Smith and Mungal, 1998; Thurber et al., 1998; Su and Mungal,

2004). For isothermal flows in which the excited fluid medium is optically thin, fluorescence

intensity is proportional to both the laser fluence (assuming absorption saturation is not

reached) and the acetone concentration (Lozano et al., 1992; Lozano, 1992). More details on

the photophysics of acetone and its application as a seeder may be found in several references

(van Cruyningen, 1990; Lozano et al., 1992; Lozano, 1992).

Two acetone seeder chambers placed upstream of the injector and vertical PVC pipe

were capable of seeding acetone tracer into the jet fluid in the gas phase. The jet mixture

first passed through a 0.25 m tall × 0.13 m diameter steel chamber with liquid acetone filled
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to approximately three-fourth. A 0.18 m tall × 0.19 m diameter steel chamber additionally

seeded liquid acetone to achieve the desired acetone molar fraction in the jet fluid, shown in

Figure 2.1. Only the second acetone seeder’s chamber pressure and temperature were contin-

uously monitored by the dSPACE 1104 DSP with ControlDesk during the entire experiment.

These parameters were measured by a pressure transducer (Omega PX409-015G5V, 0-15

PSIG, 0.08 % BSL calibration accuracy) and a Type T thermocouple (Omega, with Ana-

log Devices 2B50A Isolated Thermocouple Conditioner, 1◦C max uncertainty). The second

chamber temperature was controlled by a refrigerant recirculator combined with a copper

coil (±0.2 % accuracy of set temperature) approximately within the range of 12-18◦C, de-

pending on the desired S, equivalent to 11-22 % by volume or mole of acetone in the mixture.

The acetone seeder temperature was kept lower than the room temperature during the entire

experiment to avoid acetone condensation.

For PLIF imaging without simultaneous stereo PIV measurement, a 14-bit CCD camera

(LaVision Imager proX) with 1600× 1200 pixel resolution recorded the acetone seeder con-

centrations in JICF. An external intensifier (LaVision IRO) was mounted to the camera to

increase the fluorescence from acetone since the intensity of the fluorescence was not strong

enough for the camera. The circular aperture of the intensifier is approximately 1500 pixels

in diameter at the center of the CCD array. For PLIF imaging as a part of simultaneous

PLIF/PIV measurement, a 12-bit internally-intensified CCD camera (LaVision NanoStar)

with 1280 × 1040 pixel resolution was used. Unlike the externally intensified camera, there

is no circular aperture imposed on images with the internally intensified camera. Different

lenses were utilized depending on aimed field of view and direction of interest. For cross-

sectional PLIF images, a Nikon 200 mm lens at f/4.0 was mounted on the camera. Note that

simultaneous PLIF/PIV measurements in the cross-sectional view was not conducted in this

study, although it is feasible. Without a simultaneous stereo PIV measurement, centerplane

PLIF images were taken with relatively larger and smaller fields of view (FOV), correspond-

ing to lower- and higher-resolution data, respectively. This smaller-FOV or locally focused

data were utilized to estimate local scalar dissipation rate χ and strain rate ǫ, which require

higher resolution images to enable spatial gradients in the flowfield to be calculated more
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Figure 2.8: Transmission curve of a bandpass filter for acetone PLIF imaging (LaVision

1108562).

accurately. The smaller-FOV image has an approximately three times smaller FOV than

that of the larger-FOV image.

The following calculation procedure was implemented for the S = 1.00 and 0.35 JICF for

the various injectors. Larger-FOV centerplane images were recorded with a Nikon 50mm lens

at f/2.0, attached to a Vivitar +2 dioptre close-up lens to zoom in and capture the desired

FOV. For smaller-FOV centerplane images, without simultaneous stereo PIV measurement,

a Nikon 60mm lens at f/2.8 was utilized. PLIF data as a part of the simultaneous PLIF/PIV

measurement were taken with a Sigma 90mm AF at f/2.8 equipped with a Vivitar +2 dioptre

close-up lens. Since the signals from the test section included not only the fluorescence from

the acetone seeder but also background light (e.g., residual green light in the laser sheet),

a bandpass filter for acetone LIF was equipped for all configurations above to acquire only

light at the desired wavelength range. The transmission curve for the bandpass filter is

shown in Figure 2.8. The gate time of both the internal and external intensifiers was 200 ns,

1 % of the phosphorescence lifetime of acetone. Within the gate time, each laser cavity was

operated with a 50 ns temporal interval. The temporal separation for the cavities was short

enough to effectively increase in the incident laser sheet energy in the FOV but sufficiently

long enough to avoid nonlinear interaction arising in the laser firing process.
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The 266 nm laser sheet thickness was measured using the pyroelectric energy meter

and a razor blade. The razor blade was traversed normal through the laser sheet utilizing

the hotwire traversal mechanism, as documented in Section 2.2. The razor blade partially

blocked the laser sheet when traversed and produced data points fairly close to an error

function laser energy profile as a function of the position of the razor blade. The data points

were then fitted to an theoretical error function profile defined as follows.

E = a

[

erf

(

X − b

c

)

+ 1

]

(2.2)

where E and X are the laser intensity captured by the energy meter and the razor blade

location with respect to the laser sheet, and a, b, as well as c are the best-fit constants. The

raw data points and fitting are plotted in Figure 2.9(a). The spatial derivative of the error

function fitting, as represented in Equation (2.2), with respect to X provided a Gaussian

profile, coinciding with laser intensity profile of the sheet, as shown in Figure 2.9(b). The

laser sheet thickness was quantified based on the Gaussian laser intensity profile using the

1/e2 criterion. That is, the sheet thickness was defined between two points (e.g., the two blue

circles in Figure 2.9(b)) at which the maximum laser intensity, approximately at the center

of the sheet, was reduced by a factor of 1/e2. This widely used method to measure the laser

sheet thickness is called the scanning knife-edge technique. For more information about the

laser sheet thickness measurement, refer to Clemens (2002) and Wang and Clemens (2004).

The laser sheet thickness determined by this technique was approximately 400-900 µm within

the optical field of view when only cross-sectional or centerplane PLIF imaging with the

larger FOV was performed. For the smaller-FOV centerplane PLIF imaging, the laser sheet

was created to be thinner, approximately 360-450 µm. The 266 nm laser sheet thickness

in simultaneous PLIF/PIV measurements was approximately 1.4-1.9 mm. The laser sheet

in simultaneous PLIF/PIV measurement was set to be thicker on purpose, for reasonable

correlation in PIV data processing (see Section 2.3.2). These laser thicknesses were the

dominant factor in determining the actual resolution of the PLIF images, because the pixel

resolution for the camera’s CCD array was typically much smaller than the sheet thickness,

although the pixel size in images was a good indicator for in-plane spatial resolution.
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Figure 2.9: (a) Raw data (◦) and error function fitting to the data (−, Pearson correlation

coefficient of R = 0.997) using Equation (2.2) associated with the partial blockage of the

laser sheet intensity by the scanning knife-edge technique and (b) Gaussian laser intensity

profile (−) produced by the derivative of the error function fitting and 1/e2 thickness points

(◦), suggesting the laser sheet thickness of approximately 560 µm at z/D = 3.0.

The in-plane spatial resolution or pixel size of centerplane PLIF images with a larger

FOV, and hence lower resolution, was 80 µm per pixel without binning to clearly visualize

small flow structures (e.g., vortical structures on the upstream shear layer), and ranged from

140 µm to 170 µm per pixel with 2 × 2 hardware binning to increase the signal-to-noise

ratio (SNR) in images. The spatial resolution of the smaller FOV centerplane images was

34 µm per pixel without binning, while the resolution of the PLIF images acquired via

simultaneous PLIF/PIV measurements was 65 µm per pixel with 2 × 2 hardware binning.

For the cross-sectional PLIF images, the spatial resolution ranged from 60 µm to 90 µm

without binning and from 120 µm to 160 µm with 2× 2 hardware binning. The comparison

of instantaneous centerplane PLIF images with the different spatial resolutions is shown in

Figure 2.10. The number of instantaneous PLIF images was typically 200-500 in order to

have statistical significance in mixing evaluation, as discussed in Chapters 3-7. In Chapter

3, PLIF images with the in-plane spatial resolution in Figures 2.10(b) and (c) are utilized

for the unforced JICF local strain rate evaluation. In Chapter 4, PLIF images with the
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Figure 2.10: Comparison of PLIF centerplane instantaneous images for the equidensity flush

nozzle-injected JICF at J = 41 amongst (a) larger FOV image with 2× 2 hardware binning,

(b) smaller FOV image without binning, (c) image as a portion of simultaneous PLIF/PIV

measurement with 2× 2 hardware binning, and (d) larger FOV image without binning.

in-plane spatial resolution in Figure 2.10(a) are used for the JICF mixing quantification

with variable scale lengths in the absence of external forcing of the jet fluid. In Chapters

5 and 6, PLIF images with the spatial resolution in Figure 2.10(d) are used for the forced

JICF studies with sinusoidal and single-pulse square wave excitation of the jet. In Chapter

7, PLIF images with the spatial resolution in Figure 2.10(a) are used for the forced JICF

studies with double-pulse square wave excitation.
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Before the experiments were conducted, the camera was calibrated with a two-plane

calibration plate (LaVision Type 7). This calibration transformed the coordinate of recorder

images into the lab reference frame. After the measurement, image processing was done to

produce the results which could be analyzed. To accomplish image processing, several types

of images had to be taken in the experiments, in addition to the JICF images themselves.

First, because the optical recording contained bias errors or background noise on a given

image, bias noise correction with a so-called dark image had to be subtracted from the

original jet images. In addition, camera recordings yielded non-uniform images regardless of

the uniformity of incident light due to optical warping. This effect was taken into account as

a flat-field correction with a so-called white image. Moreover, all images included background

light which was not from acetone fluorescence but purely from the laser light and its reflection

from the test section floor. Hence, a background image was taken in the absence of the jet,

and subtracted from the acetone PLIF jet images. But before the background light effect

was removed from the jet images, shot-to-shot fluctuation of the laser sheet intensity had

to be taken into account. The concentration scale on each jet image was thus changed by

multiplying a scaling factor from the mean laser energy, measured by the joulemeter, before

background subtraction. These image processing was performed by LaVision’s DaVis 8.2

software.

After the image processing, the laser energy absorption correction was applied to the

processed images. The laser energy through the jet images diminished from the top of the

tunnel to the test section floor because of significant laser light absorption by the acetone.

This well-known phenomenon resulted in, for example, lower concentration values appearing

to occur at the bottom of the jet’s potential core than concentrations at the middle of the jet’s

centerplane PLIF images. This energy deviation was corrected by a laser energy absorption

correction using a so-called source image with a small obstacle on top of the quartz window

to block a part of the laser sheet to form a radial shade, as well as a laser sheet image

and its background to be subtract from the laser sheet image. The laser energy absorption

correction was implemented using Matlab, unlike the image processing in LaVision’s DaVis

8.2 software, which is described in detail below. Additional details on the image processing
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may be found in Getsinger (2012) and Gevorkyan (2015).

After the absorption correction, mean concentration values in the potential core from

jet centerplane images were used to normalize the concentration values for each pixel in the

entire image. To determine the normalization factor, interrogation boxes were set inside the

potential cores for each instantaneous jet image. The boxes were required to be small so as

not to exceed the potential core region for all images. Averaging concentration values inside

the box yielded the normalization factor for each centerplane image by which all pixels were

then divided. Hence overall, PLIF imaging required the following images to be acquired:

(a) JICF acetone PLIF images, (b) background images for the JICF images, (c) laser sheet

images, (d) laser sheet source images, (e), background images for the laser sheet (correction)

images, (e) white images, (f) background images for the white images, and (g) dark (noise)

images.

As mentioned, the laser energy absorption correction required source images with a ra-

dially shaped shade by the small obstacle, as well as laser sheet and its background images.

The shade in the source images formed a concentration contrast in the magnitude of pixel

values, and thus enabled a line trace from the tunnel to the imaginary source of the laser

using edge detection algorithm, as shown in Figure 2.11(a). The edge detection provided the

angle of sheet expansion. Based on the imaginary source and the angle of sheet expansion,

several radial lines from the source toward the tunnel floor were plotted, like spokes of a

wheel. The laser energy decay along the series of radial lines was traced for the absorption

correction. However, as previously utilized in Getsinger (2012) and Gevorkyan (2015), di-

rectly tracking laser energy decay along the radial lines angled with respect to coordinate

systems was complicated because the lines did not necessarily cross exactly at each pixel,

which required a marching, weighted scheme documented by Smith (1996) to account for

pixels located around the lines. But applying this scheme at each radial line provided some-

what erroneous evaluation of laser energy decay due to the weighting. Hence, the present

study applied a coordinate transformation based on the radial lines using a Matlab built-in

function associated with 2D interpolation. The transformation yielded a collimated laser

sheet along the radial lines, as shown in Figure 2.11(c) (to be compared with the original
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Figure 2.11: Mean laser sheet PLIF images for absorption correction: (a) source image with

a radially shaped shade, where two black lines are tracking the edge of the shade to define

an imaginary source, (b) laser sheet image in x-z plane without warping, and (c) warped

laser sheet image based on a series of radial lines.

laser sheet image in Figure 2.11(b)). With this transformation, the laser energy decay was

simply tracked into the vertical direction at each column in Figure 2.11(c) and then fitted

to the Beer-Lambert law (Modest, 2013) as follows:

E(x) = Eoe
−σnx = Eoe

−αx (2.3)

where σ is the absorption cross-section, n is the number density of acetone, and α = σn
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is the absorption coefficient, respectively. α can be estimated directly by averaging all α

values determined in each column in Figure 2.11(c) using the fitting. The estimated mean

α corrected for the laser energy decrease toward the test section floor (Smith, 1996). The

absorption coefficient was estimated as α = 0.022 mm−1 using this new method, which

was considerably different from that estimated by the previous method (Getsinger, 2012;

Gevorkyan, 2015), α = 0.004 mm−1.

After this estimation, an iterative method was also applied to obtain an improved α

compared with one calculated from the fitting, by taking into account the uniformity of

concentration inside the potential core region. First, several α values slightly smaller and

larger than the estimated α from fitting were applied sequentially to correct an instantaneous

centerplane image. Then, after the normalization by the multiplicative factor inside the

potential core, the root-mean-square of concentration values Crms relative to C/Co = 1

was calculated for each α. Here, α providing the lowest Crms produced the most uniform

concentration distribution inside the potential core for the range of explored α. This process

was applied again using the detected α as an initial condition in order to obtain more uniform

potential core, although narrower range of α than that in the first iteration was utilized. The

iteration was performed for 10 instantaneous images, and then a mean α was calculated. This

iterative method provided α = 0.017mm−1, reduced from the initial α = 0.022mm−1. Using

this estimated mean α, the laser sheet image was modified to effectively in the absence of laser

energy absorption. The “modified” laser sheet without absorption was used for correcting

each JICF PLIF image.

Finally, after the absorption correction as well as the normalization of concentration

values were performed, image filtering was needed to remove some remaining noise in the

images. The filtering typically includes two types of processes: a 5 × 5 median filter and a

3× 3 thresholding or smoothing filter. The former filter calculated median values within an

extracted, local 5× 5 pixel region, and replaced the median value with the previous value of

a middle pixel in the region. This filter basically removed the extremely high or low values

compared to the surrounding pixel values, called spike noise, from the images. The latter

process summed up the 3× 3 local pixel values and employed thresholding to the sum. The
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Figure 2.12: Diagrams associated with filtering process to remove noises from PLIF images.

threshold value was set as 0.05; namely, if the sum was less than 0.05, middle pixel value

was replaced with 0, which removed noise having small concentration values mainly in the

crossflow region without jet fluid. These filters are schematically illustrated in Figure 2.12.

These processes were applied to the entire field of each image. All of the results from PLIF

imaging without PIV were created through the filtering processes described above. For PLIF

data as a portion of the simultaneous PLIF/PIV measurement, which were noisier than the

PLIF-only data due to the different camera setup, a 5-pass 3× 3 median filter was applied

to strongly reduce noise, although another smoothing filter was not applied to minimize the

smoothing effect on local scalar gradient calculations, e.g., for local scalar dissipation rate

and strain rate quantification.

Examples of instantaneous centerplane jet images after the absorption correction with

different α, the normalization, as well as filtering are applied are displayed in Figure 2.13.

The comparison between Figures 2.13(b) and (c), with α estimated by the previous and

new methods, clearly shows that the new absorption correction generated a more uniform

concentration inside the potential core region without any evident laser energy absorption

effect. The previous absorption correction created an inappropriate higher concentration

value, for example, at (x/D, z/D) ≈ (0.5, 6.0) than that inside the potential core, resulting

from laser absorption effects. More details on the previous laser sheet correction method are

described in Smith (1996), Getsinger (2012) and Gevorkyan (2015).

Because the intensity in the laser sheet image was a product of acetone fluorescence

within the laser sheet thickness, the trend of laser energy decay within the FOV could be
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Figure 2.13: Instantaneous centerplane images for the equidensity (S = 1.00) flush nozzle-

injected JICF at J = 41 after (a) image processing in LaVision’s DaVis 8.2 software but

without absorption correction, normalization and filtering, (b) previous absorption correction

with α = 0.004 mm−1, normalization and filtering, as well as (c) new absorption correction

with α = 0.017 mm−1 using iterative method, normalization and filtering.

altered if the focal point of the laser is made to be situated inside the FOV. Because the

trend in laser energy decay before and after the focal point is slightly different, the Beer-

Lambert law fitting does not effectively work throughout the FOV. Hence, as described in

Section 2.3, the focal point was situated right at or below the test section floor by adjusting

the spherical lenses.
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For calibration of concentration values in cross-sectional images, the normalized mean

centerplane image was utilized for determination of the multiplication factor. The pixel val-

ues or vertical concentration profile (z direction) for mean centerplane images at a specific

x/D location can then be correlated with those in the mean cross-sectional image, thus en-

abling calibration of cross-sectional data. The concentration profiles in the mean centerplane

and cross-sectional images are supposed to match for the same location in the same direction.

Magnitude differences between the two concentration profiles produced the multiplication

factor for normalization of cross-sectional images. This normalization procedure, however,

included two special treatments. First, the vertical concentration profile was calculated by

horizontally averaging pixel values, in the x direction for centerplane images and in the y

direction for cross-sectional images, approximately corresponding to the region within the

laser sheet thickness measured by the scanning knife-edge technique. Because pixel values in

PLIF images were a sum of acetone fluorescence within the laser sheet thickness, there was a

direct, reasonable mechanism for comparison of centerplane- and cross-section-derived pro-

files. Second, to account for slight spatial displacement of the laser sheet with respect to the

target location (e.g., the y = 0 plane for the acetone centerplane), possibly arising both in

centerplane and cross-sectional measurements, the horizontally-averaged vertical concentra-

tion profiles were evaluated at several different positions in the vicinity of a target location,

both in mean centerplane and cross-sectional images, and the best correlation was detected

among all combinations of the concentration profiles to produce the multiplicative factor.

However, as will be shown later, the cross-section of the transverse jet was significantly

asymmetric in some cases, especially at high momentum flux ratios, J . This cross-sectional

asymmetry was not captured by centerplane images at y = 0, and thus the out-of plane

components in the y direction in centerplane images (x-z plane) actually prevented a good

correlation for mean concentration profiles. Hence, there were a few jet cross-sectional im-

ages which were not able to be normalized correctly. While the results for these asymmetric

cross-section cases can be used for an understanding or jet structures, in some cases mixing

quantification was not possible due to lack of quantitative accuracy.

After the processing and filtering, the SNR for the centerplane PLIF images with different
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spatial resolutions was estimated by dividing the average concentration inside an interroga-

tion area inside the potential core region by the standard deviation of the concentration

inside the area. Because the SNR varied from shot to shot for each instantaneous image, as

Gevorkyan (2015) mentioned, this process was applied to all instantaneous images, and then

averaged over all values to provides the mean SNR. The mean SNR for three different spa-

tial resolutions shown in Figures 2.10(a)-(c) are approximately 55, 40, and 25, respectively,

which are documented in detail in Gevorkyan (2015). The other condition shown in Figure

2.10(d) had an mean SNR of approximately 50, which was slightly lower than that with the

binned data (Figure 2.10(a)) because binning increased the SNR by reducing the noise level

or intensity fluctuations, hence data without binning were taken in this study to focus on

small flow structures.

2.3.2 PIV

Particle image velocimetry is a method which indirectly examines flow fields by imaging

the motion of tracer particles seeded in the flows and determining velocity, vorticity, and

other important flowfield parameters. Flow motions or directions are determined by spatially

cross-correlating the locations of the tracer particles or the most probable displacement of

the particles in interrogation windows within a short time increment, based on Mie scattering

of the tracer particles. Fast Fourier Transformation (FFT) algorithms are commonly used

to estimate the correlation at a known time increment, providing the average displacement

of all particles in the interrogation window as well as velocity components and other param-

eters for given data sets. To achieve this method, PIV measurements need to satisfy the

requirements that tracer particles (1) reasonably follow the objective flowfield, (2) do not

generally change the fluid properties, and (3) do not interact with each other and change

the flowfield characteristics (Westerweel, 1997). To satisfy some of these assumptions, the

size of the tracer particles must be sufficiently small enough to accurately follow the flow

but large enough to scatter the incident light and hence enable accurate recording. For a

comprehensive review of PIV measurement and its development, as well as explanation on

its requirement, refer to Adrian and Westerweel (2011).
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PIV measurements in our experiments employed the same Nd:YAG laser as in the PLIF

measurements and the same optical configuration for the laser-sheet formation. But the laser

light used in the PIV measurement has to be 532nm in wavelength, dominant mainly within

the green visible light range. Hence, the dichroic mirrors isolating the 266 nm wavelength

from the laser beam for PLIF and the UV grade fused silica window used as the beamsplitter,

as well as the joulemeter measuring the laser energy, were removed. It should be noted that

the beamsplitter and the joulemeter can be removed because our PIV measurements do not

require laser energy information for normalization post-processing using the laser energy,

unlike the PLIF measurements. The thickness of the laser sheet formed by the optical

alignment was approximately 1.4-1.6 mm measured using the scanning knife-edge technique

as for the PLIF imaging by Gevorkyan (2015). This thickness was sufficiently thin enough

to yield a planar measurement for PIV, but thick enough to successfully acquire stereo

PIV data by capturing out-of-plane motion of tracer particles. For simultaneous PLIF/PIV

measurements, a thicker 266 nm laser sheet than that for single PLIF imaging was utilized,

as documented in Section 2.3.1, to achieve an appropriate laser sheet thickness for both

diagnostics. The temporal interval of two laser pulses ∆t was chosen to be 17.5 µs for

the equidensity flush-nozzle injected JICF data, 15 µs for the equidensity flush-pipe injected

JICF data, and 6 µs for the S = 0.35 flush-nozzle injected JICF data. Adrian and Westerweel

(2011) note that particle in-plane displacement within the ∆t should be less than or equal

to one-fourth of the initial interrogation window size in vector calculation (one-fourth of 32

pixels, so 8-pixel size in this study) over the entire FOV to obtain a good correlation in the

vector calculation. In addition, this criterion should be satisfied for the out-of-plane flow

component in stereo PIV measurements. Because the out-of-plane motion of tracer particles

was not able to be monitored in experiments, to be conservative, this study used particle

motions in the crossflow region away from the jet, with the crossflow velocity faster than the

actual out-plane velocity, to estimate a reasonable ∆t for out-of-plane components.

As one tracer species for the PIV, Di-Ethyl-Hexyl-Sebacat or DEHS (C26H50O4, LaVision

1108951) oil was utilized for seeding the jet flow. For the crossflow, a commercial fog machine

(Pea Soup Rocket) atomized and then injected glycol-based smoke fluid particles of 0.2 µm
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mass-median diameter into the crossflow blower inlet. The jet fluid was seeded by diverting

part of the injection line through a TSI particle generator containing the DEHS oil, which

allowed for fine-tuning the seeding density via a needle valve controlling the amount of jet

fluid is diverted into the seeding line. The seeding density was visually determined based on

raw PIV images in such a way that uniform seeding density in entire flowfield, both jet and

crossflow, is achieved.

Our experiments adopted a stereoscopic PIV system comprising two 14-bit cross-correlation

CCD cameras (LaVision Imager proX, 1600×1200 pixel resolution) with the same specifica-

tions given in Section 2.3.1. Note that the external intensifier utilized in PLIF imaging was

not used in PIV measurement. A stereo PIV simultaneously records flow fields illuminated

by a light source or sheet in the same region of interest, but in the different planes, by two

separate cameras. The two different views of the same flowfield are capable of capturing the

out-of-plane motion of particles, resulting in the reduction of perspective errors for in-plane

measurements (Prasad, 2000). This configuration for two-dimensional three-component-PIV

is called the 2D3C technique. In our experimental configuration, the two cameras were

separated approximately by a 60◦ angle with respect to the z axis (see Figure 2.7). Each

camera was equipped with a Nikon 60 mm lens at f/11.0, a 532.5 nm narrowband filter, and

a Scheimpflug lens mount (LaVision 1108196 version 1) which was used to tilt the lens plane

with respect to the CCD array plane so as to reinforce the inherent small depth of field

in our optical configuration and hence to retain focus over the entire image domain. The

transmission curve of the narrowband filter used in PIV measurements is shown in Figure

2.14.

The calibration of the PIV imaging exploited a two-plane calibration plate (LaVision

Type 7), the same as one used in the PLIF measurement, placed sufficiently close to the plane

of the laser sheet. The calibration method projected the acquired raw image data into real-

world coordinates using a 3rd order polynomial model. A self-calibration method (Wieneke,

2005) was also applied to the recorded images to alleviate the effect of the slight misalignment

of the calibration plate. All image processing, vector calculations and vector post-processing

were administrated using LaVision’s DaVis 8.2 software. Before the processing, raw data
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Figure 2.14: Transmission curve of narrowband filter in PIV measurement (LaVision

1108560: 10 nm bandwidth at 50 %, 95 % max transmission).

were transformed from the coordinate of recorder images into the lab reference frame by

applying the calibration information. After the mapping, image processing was implemented,

which mainly included 3 processes: (1) the global background subtraction to eliminate the

background lighting, (2) the background subtraction with local 8-pixel sliding for further

removal of the background effect, and (3) the min/max filter for the contrast normalization

of particle intensity in each frame. Then, vector calculations were conducted, mainly the

multi-pass stereo cross-correlation with a decreasing interrogation window size (2 passes

at 32 × 32 pixel interrogation window size with 50 % overlap, and 4 passes at 24 × 24

interrogation window size with 75 % overlap). Finally, the resultant vector fields were post-

processed to acquire cleaner data, mainly by removing vectors with low correlations, filling up

spaces by interpolation, and smoothing vector fields utilizing average vectors from 3×3 pixel

neighborhood. The final pixel size in PIV data after this processing was 120 µm, although

this pixel size does not accurately represent the actual spatial resolution of the PIV data.

For example, Westerweel (1997) evaluated how many vectors are extracted from a single

image with a given pixel dimension, in order to approximate and compare the “effective

spatial resolution” of PIV-based vector fields, which varies depending on the vector post-

processing, e.g., the size of an interrogation window and the amount of an overlap between
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adjacent interrogations. In this study, approximately 58100 vectors were extracted from a

1600×1200 pixel image, corresponding to approximately 0.03 vectors per pixel (7.4 µm) in a

raw image. For comparison, the “effective spatial resolution”, the number of vectors per pixel

in a raw image, in several different experimental studies is approximately 0.014 in Westerweel

(1997), 0.01 in Su and Mungal (2004), and 0.036 in Kothnur and Clemens (2005). Because

the effective vector resolution in Kothnur and Clemens (2005), associated with strain rate

calculation in a finer flow structure than that in this thesis, is fairly close to that for our

PIV images, the effective vector resolution of the present PIV data is reasonable for local

strain rate evaluation, as discussed in Chapter 3. Note that the laser sheet thickness also

affects the actual spatial resolution PIV data, although the effect of the laser sheet thickness

is difficult to be incorporated into the quantification of the PIV spatial resolution. More

details about the post-processing of the data, including the reconstruction of the velocity

fields, are described by Getsinger (2012) and Gevorkyan (2015).

2.4 Forced Transverse JICF Experimentation

For this experiment, three different types of axisymmetric, temporally evolving forcing of

jet fluid were imposed on the jet: sine wave, and single- as well as double-pulse square wave

forcing. The forcing was created by a loudspeaker situated inside the plexiglass plenum

housing beneath the injection system, as described in Section 2.1 and shown in Figure 2.1.

For sine wave forcing, an initial sinusoidal signal was created by a function generator at

a desired forcing frequency ff and an amplitude. The initial signal was delivered to an

amplifier (Adcom GFA-7300 high current 5-channel power amplifier) with a constant gain

of 30 for all forcing frequencies in this study. The amplified sinusoidal signal drove the

loudspeaker to create sine wave excitation of the jet. The jet excitation was measured via

hotwire anemometry at a location 0.2 jet diameters above the center of the jet exit plane, as

described in Section 2.2. The RMS of the velocity perturbation, U ′

j,rms, was matched as an

amplitude amongst different forcing conditions. The RMS values explored were in the range

0.07 ≤ U ′

j,rms ≤ 1.00 m/s, as compared with a mean jet velocity of Uj ≈ 6.5 m/s. The RMS
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(a) Single-pulse square wave forcing (b) Double-pulse square wave forcing

Figure 2.15: Pulse forcing types applied in jet-forcing experiment: (a) single-pulse square

wave forcing and (b) double-pulse square wave forcing. Root mean squared of jet velocity

U ′

j,rms was kept constant among all forcing conditions for each type of forcing.

jet exit values were carefully matched by adjusting the amplitude of the initial sinusoidal

signal from the function generator. The matching of RMS values creates effectively the same

level of forcing, or introduction of impulse to the jet fluid, and hence enables appropriate

comparison among the different forcing conditions to be made. Thus, the matching of the

RMS values was implemented for all types of forcing in this study. The forcing frequency of

sine wave forcing explored in this study ranged from 200 ≤ ff ≤ 6000 Hz, depending on the

required level of forcing, equivalent to U ′

j,rms. Under sine wave forcing, only the equidensity

(S = 1.00) flush nozzle-injected JICF at Rej = 1900 could be explored with variable jet-to-

crossflow momentum flux ratio of 5 ≤ J ≤ 41. Rej and J were based on the mean velocity

of the unforced jet, so the actual flow parameters during the forcing could temporarily vary,

although U ′

j,rms at the center of the jet exit was matched among all forcing conditions. More

details on the application of sine wave forcing in experiments is documented in Chapter 5.

Single-pulse square wave forcing was defined as a single pulse within each temporal period

T = 1/ff at the same amplitude and temporal pulse width τ . The diagram representing

pulsation amplitude as a function of time for the forcing is schematically shown in Figure

2.15(a). As documented in M’Closkey et al. (2002), Shapiro et al. (2006), and Davitian et al.
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(2010b), simply applying square wave signal to the loudspeaker without control creates

a distorted square-wave vertical jet velocity distribution at the jet exit. Hence, a feedback

control system was developed to achieve cleaner square-wave velocity profile at the jet exit. A

feedback control system was initially developed by Hendrickson (2012) and Hendrickson and

M’Closkey (2012), yet the present experimental study established a simpler control system

compared with those in previous studies. The square-wave velocity profile was basically

created by superposing 10 sinusoidal harmonics at frequencies of 100 ≤ f ≤ 1000 Hz,

corresponding to ff ≤ f ≤ 10ff , and by independently adjusting each phase and amplitude,

although non-linear interactions among all harmonics made the control very difficult. More

details on the control system for single-pulse square wave forcing will be described in Chapter

6. For this forcing, ff and U ′

j,rms explored in this study were different from the sine wave

forcing cases, which was ff = 100 Hz and ranged 1.0 ≤ U ′

j,rms ≤ 3.0 m/s. As with sine wave

forcing cases, the equidensity flush nozzle-injected JICF at Rej = 1900 was explored with a

range of J (5 ≤ J ≤ 41).

Additional forced transverse jet experiments were conducted during the summer of 2016

with Prof. Luca Cortelezzi of McGill University/Politecnico di Milano and Prof. Robert

M’Closkey of UCLA using double-pulse square wave forcing to the equidensity larger-diameter

flush nozzle-injected JICF at Rej = 1500 and J ≈ 6.7 (R = 2.58) in the absence of forcing.

The same loudspeaker configuration was employed to create the forcing in the experiments.

The additional forcing here is double-pulse forcing, as described below.

Double-pulse square wave forcing in this study consisted of two pulses within each tem-

poral period T with different amplitudes and temporal pulse widths τ1 and τ2 for each pulse,

which was generated using the same feedback control system as for single-pulse square wave

forcing but with slight improvements. Since shaping a clean, double-pulse square wave re-

quired a larger number of harmonics or relatively high-frequency harmonics than the single-

pulse square wave, 15 sinusoidal harmonics were superposed at frequencies of 55 ≤ f ≤ 825

Hz, coinciding to ff ≤ f ≤ 15ff . The waveform associated with forcing amplitude as a func-

tion of time for double pulsing is shown in Figure 2.15(b). The two pulses created deeply

penetrating puff-like flow structures twice within a temporal period but with different pen-
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etrating velocities, potentially triggering near-field vortex interactions or collisions, which

could potentially enhance molecular mixing of the JICF. As with the previous two forcing

cases, U ′

j,rms was matched among different forcing and flow conditions to achieve effectively

the same-level forcing. Because U ′

j,rms was matched, the near-field flow interaction was con-

sidered to mainly depend on the different temporal pulse widths, τ1 and τ2, as well as the

temporal interval of two pulses ∆τ and forcing frequency ff . τ1, τ2 and ∆τ were systemat-

ically varied in experiments to investigate the effect of these parameters on structural and

mixing characteristics for the JICF, while the forcing frequency was fixed at a constant,

ff = 55 Hz for all forcing conditions. For double-pulse square wave forcing, unlike the pre-

vious two types of sinusoidal and square wave excitation, the equidensity larger-diameter

(D = 7.59 mm) flush nozzle-injected JICF at Rej = 1500 as well as at J = 6.7 (R = 2.58)

was explored, as examined in M’Closkey et al. (2002) and Shapiro et al. (2006).

For both single- and double-pulse square wave forcing, the PCV pipe in between the

injector and the plexiglass housing was removed from the injection system because the lon-

gitudinal space with a relatively small diameter inside the PVC pipe caused acoustic wave

amplitudes to decay, especially at higher frequencies. The pipe also generated resonant ef-

fects, which made the control of forcing considerably more difficult. The absence of the PVC

pipe was confirmed not to alter the basic instability and structural characteristics of the

JICF without forcing as explored in this study, as compared with flow characteristics with

the pipe.

As noted, this jet forcing study emphasized PLIF imaging of the jet’s centerplane and

cross-section. The same optical configuration for the forced jets was used for unforced jets

(see Section 2.3.1). Although the image post-processing was basically the same for forced

jets as described in Section 2.3.1, the method to normalize the scalar concentration values

from the PLIF images was somewhat different from that for the unforced jets. The reason

for this difference is that the jet’s potential core, used to obtain multiplication factors for the

unforced jets’ PLIF images, is not always distinct or definable in a forced jet’s instantaneous

PLIF image, due to the strong pulsations in the jet fluid. Therefore, the normalization

method in the forced jet experiments extracted the first ten maxima inside an interrogation
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box inside the potential core region, as used in the unforced case, from each instantaneous

image, and then averaged the extracted values to desire the core concentration and relevant

pixel intensity. The mean normalization factors were then used to scale each instantaneous

image by multiplication. The normalized mean jet image was then obtained by averaging

over 500 scaled instantaneous images; this was done for the all unforced and forced cases.
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CHAPTER 3

Scalar and Velocity Field Characteristics for JICF

Portions of this chapter are modified sections from Gevorkyan et al. (2017)

Strain rates and/or scalar dissipation rates are important parameters pertaining to react-

ing flowfields, as a means of characterizing ignition and extinction. Although the flowfields

in the present study are non-reactive, the quantification of scalar dissipation rates (related to

the spatial gradient of the scalar field), χ, related to the local strain rate, ǫ, in a non-reactive

flowfield are potentially very useful indicators to be able to predict flame extinction/ignition

locations for the equivalent reactive flowfield. They are also relevant to diffusion/mixing

processes.

Gevorkyan (2015) and Gevorkyan et al. (2017) describe the interplay between velocity-

and scalar-field dynamics for the variable density (S = 0.35 and 1.00) JICF for a range of

J values (5 ≤ J ≤ 41) as well as different injectors (flush nozzle and flush pipe), using data

acquired via simultaneous PLIF/PIV measurements, as summarized in Section 1.5. This

chapter focuses on three additional subjects which are not described in detail in the previous

studies: (1) proper orthogonal decomposition (POD) analyses using simultaneous PLIF/PIV

data as well as high resolution PLIF data acquired via PLIF-only imaging (see Section 2.3.1)

to investigate the effect of spatial resolution in PLIF images on POD analyses, (2) the in-

depth validation of the present algorithm to extract local strain rates from PLIF data by

Equation (1.9), including a study of the validity of the minimum number of data points in the

averaging process, and (3) strain rate evaluation in the variable density (S = 1.00 and 0.35)

JICF on the Upstream Mixing Layer (UML) as well as the Downstream Mixing Layer (DML)

defined by loci of the local maximum scalar dissipation rates (see Section 3.2). All analyses

here are conducted using the same data as in Gevorkyan (2015) and Gevorkyan et al. (2017).
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However, it should be noted that the newly developed image processing described in Section

2.3.1 was applied to reduce the PLIF data shown in Gevorkyan et al. (2017) as a part of

this thesis but was not used in the thesis of Gevorkyan (2015), although the different image

processing method had little effect on the qualitative characteristics.

As documented in Section 2.1, the jet Reynolds number was fixed at Rej = 1900 through-

out the experiments, both for simultaneous PLIF/PIV measurements as well as PLIF-only

imaging with a higher spatial resolution, determined by the mean (profile-averaged) bulk

jet velocity, Uj. The variable density (S = 1.00 and 0.35) flush nozzle-injected JICF, as

well as the equidensity flush pipe-injected JICF were explored in this chapter. Again, in the

simultaneous PLIF/PIV measurements, laser pulse energy is measured for image processing

because laser energy meter is unable to distinguish the first and second laser pulses during

a fast temporal interval (see Section 2.3).

3.1 POD Analysis for the JICF

Proper Orthogonal Decomposition (POD), also known as Principal Component Analysis

(PCA), has been used for decades as a method to extract the most dominant mode structures

in a field of data obtained from a turbulent flow (Berkooz et al., 1993). One of the main

advantages of POD analysis is that the structures extracted from the calculation are ordered

according to fluctuation energy content, thus revealing important flow features from data

that could otherwise be noisy or highly chaotic. Snapshot-POD (Sirovich, 1987) may be

used to extract mode structures from instantaneous snapshots of the flow, and thus was

used in the present JICF study. While several groups have utilized POD to analyze JICF

velocity data (Meyer et al., 2007; Vernet et al., 2009; Schlatter et al., 2011), application of

POD analysis need not be restricted to velocity components. Thus, a comparison between

the POD mode structures and fluctuation energy distribution extracted from the PIV-based

velocity field data, in addition to that extracted from PLIF-based scalar field data, can

provide additional insights into the correlation between the scalar field and the velocity field

as well as dominant instabilities in the flowfield. POD analysis thus was applied to 500
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snapshots of the simultaneous PLIF/PIV data, for example, for the cases shown in Figures

3.1, 3.2, and 3.3 from Gevorkyan et al. (2017), with a resolution of 65 µm per pixel. To

explore the effect of the spatial resolution of PLIF images, POD analysis was also applied

separately to 300 snapshots of the higher resolution PLIF data, with a resolution of 34 µm

per pixel.

Figure 3.4 highlights the first four velocity mode structures and their corresponding

portion of the total velocity fluctuation energy of the flow extracted from the PIV data for

the equidensity, flush nozzle cases, for which vorticity fields are shown in Figure 3.1. Figure

3.5 shows the first four scalar mode structures and their corresponding portion of the total

scalar energy fluctuation of the flow extracted from the PLIF concentration data for the same

conditions. As expected, both the velocity and scalar fields were dominated by shear layer

structures, and the jet’s upstream shear layer structures became more dominant and were

initiated closer to injection as the momentum flux ratio was reduced and absolute instability

was approached. The J = 5 case in particular showed strongly periodic upstream shear layer

rollup initiated immediately at injection, especially visible in both PIV and PLIF-based POD

modes 1 and 2. Wake structures were more visible in the velocity field POD modes since

both crossflow and jet fluids were seeded with particles. Jet wake structures were especially

strong for lower momentum flux ratios (J ≤ 12), as evidenced by the out-of-plane velocity

fluctuation on the lee-side of the jet for J = 12 and J = 5 in Modes 3 and 4 (third and fourth

rows of Figure 3.4(b,c)). Some evidence for the effect of these wake structures on the scalar

fluctuation can be seen in the PLIF POD as well (e.g., see Modes 3 and 4 for J = 5 in Figure

3.5(c)), suggesting the somewhat lesser relevance of the jet fluid in wake structures, yet with

increasing influence as J was lowered. It should be noted that the dominance of the upstream

shear layer in the most energetic modes from the PIV-based POD was similar to simulation

results by Iyer and Mahesh (2016), examined via Dynamic Mode Decomposition (DMD).

For both convectively and absolutely unstable conditions, the upstream shear layer was the

dominant instability, although at low J conditions (J = 2) there were strong oscillations in

the downstream wake region as well.

The effect of spatial resolution in PLIF images on the POD analysis is now investigated.
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(a) ωy/(Uj/D) (b) |∇C|2/(Co/D)2

J = 41 J = 41

J = 12 J = 12

J = 5 J = 5

Figure 3.1: Instantaneous centerplane (side view) simultaneous PLIF/PIV imaging of the S = 1.00,

flush nozzle-generated JICF with varying momentum flux ratios: J = 41 (top row), J = 12 (middle

row), J = 5 (bottom row). Data shown for (a) scaled vorticity ωy/(Uj/D) and (b) scaled jet fluid

concentration gradient magnitude |∇C|2/(Co/D)2, from Gevorkyan et al. (2017).
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(a) ωy/(Uj/D) (b) |∇C|2/(Co/D)2

J = 41 J = 41

J = 12 J = 12

J = 5 J = 5

Figure 3.2: Instantaneous centerplane (side view) simultaneous PLIF/PIV imaging of the S = 0.35,

flush nozzle-generated JICF with varying momentum flux ratios: J = 41 (top row), J = 12 (middle

row), J = 5 (bottom row). Data shown for (a) scaled vorticity ωy/(Uj/D) and (b) scaled jet fluid

concentration gradient magnitude |∇C|2/(Co/D)2, from Gevorkyan et al. (2017).
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(a) ωy/(Uj/D) (b) |∇C|2/(Co/D)2

J = 41 J = 41

J = 12 J = 12

J = 5 J = 5

Figure 3.3: Instantaneous centerplane (side view) simultaneous PLIF/PIV imaging of the S = 1.00,

flush pipe-generated JICF with varying momentum flux ratios: J = 41 (top row), J = 12 (middle

row), J = 5 (bottom row). Data shown for (a) scaled vorticity ωy/(Uj/D) and (b) scaled jet fluid

concentration gradient magnitude |∇C|2/(Co/D)2, from Gevorkyan et al. (2017).
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(a) J = 41 (b) J = 12 (c) J = 5
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Figure 3.4: PIV POD mode structures extracted from instantaneous centerplane (side view) simul-

taneous PLIF/PIV imaging of the S = 1.00, flush nozzle-generated JICF with varying momentum

flux ratios: (a) J = 41, (b) J = 12, (c) J = 5, from Gevorkyan et al. (2017). Data shown for Mode

1 (first row), Mode 2 (second row), Mode 3 (third row), Mode 4 (fourth row). Arrows in images

indicate in-plane velocity component structure contribution, while colormap indicates out-of-plane

velocity component structure contribution. Percent of total velocity fluctuation energy (VE) con-

tributed by each mode is indicated below each image. (The color bar represents each mode scaled

by its own norm and the mean jet velocity at the jet exit Uj .)
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Figure 3.5: PLIF POD mode structures extracted from instantaneous centerplane (side view)

simultaneous PLIF/PIV imaging of the S = 1.00, flush nozzle-generated JICF with varying mo-

mentum flux ratios: (a) J = 41, (b) J = 12, (c) J = 5, from Gevorkyan et al. (2017). Data shown

for Mode 1 (first row), Mode 2 (second row), Mode 3 (third row), Mode 4 (fourth row). Percent of

total scalar fluctuation energy (SE) contributed by each mode is indicated below each image. (The

color bar represents each mode scaled by its own norm and the mean jet velocity at the jet exit

Uj .)
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Figure 3.6: PLIF POD mode structures extracted from instantaneous centerplane (side view)

higher resolution PLIF imaging of the S = 1.00, flush nozzle-generated JICF with varying momen-

tum flux ratios: (a) J = 41, (b) J = 12, (c) J = 5. Data shown for Mode 1 (first row), Mode 2

(second row), Mode 3 (third row), Mode 4 (fourth row). Percent of total scalar fluctuation energy

(SE) contributed by each mode is indicated below each image. (The color bar represents each mode

scaled by its own norm and the mean jet velocity at the jet exit Uj .)
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Figure 3.6 shows the first four scalar mode structures and their corresponding portion of

the total scalar energy fluctuation of the flow based on 300 realizations of higher resolution

centerplane PLIF images, for comparison with PLIF POD data involving 500 realizations at

the present standard PLIF/PIV resolution. First of all, all mode structures in Figure 3.6 are

less noisy than those extracted by PLIF data portion of the simultaneous measurements in

Figure 3.5 due to the higher spatial resolution as well as the larger signal-to-noise ratio as

reported by Gevorkyan (2015). These scalar mode structures reasonably well corresponded to

those in Figure 3.5, although there were slight differences in dominant shear layer structures

at the transitional case of J = 12. While the dominant upstream shear layer structures were

initiated fairly close to the jet exit as shown in Figure 3.5(b), the mode structures began to

be present further from the jet exit in Figure 3.6. Nevertheless, there appeared to be little

effect of the spatial resolution of PLIF images on the qualitative trends in the POD analyses

for this case.

It is worthwhile to explore the similarity between Mode 1 and Mode 2 for the data shown

in Figures 3.4, 3.5 and 3.6. Following the work of Meyer et al. (2007), one can plot the POD

coefficients of the first and second modes for all snapshots analyzed. If the coefficients of

the first two modes plotted against each other yields a circle, then the structure in question

is a periodic traveling wave that is characterized by linear combinations of the two modes.

Figures 3.7(a) and (b) plot the coefficients of the first 2 modes (a1 and a2), extracted from

the PIV and PLIF POD analyses, respectively, via Figures 3.4 and 3.5. As expected, as the

momentum flux ratio was lowered and the flow transitioned to absolute instability (as noted

before, yielding strongly periodic upstream shear layer vortex rollup), the coefficients of the

first two modes plotted against each other for the PIV-based POD began to form a circular

shape. For J = 5, the coefficient plot showed strong periodicity for both PLIF and PIV

POD analyses, suggesting that the upstream shear layer absolute instability dominated the

evolution of both scalar and velocity fields for this flow condition. For clearly convectively

unstable conditions, as for J = 41, the shear layer instabilities were weaker and broadband

in nature, without strong downstream periodic convection, and this yielded a more random

pattern in the top row of Fig. 3.7. While the periodicity was not apparent in the PLIF POD
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Figure 3.7: (a) PIV POD and (b) PLIF POD based on a portion of simultaneous PLIF/PIV data

coefficients as well as (c) higher resolution PLIF data for the first two modes plotted against each

other. POD analysis extracted from PLIF imaging of the S = 1.00, flush nozzle-generated JICF

with varying momentum flux ratios: J = 41 (top row), J = 12 (middle row), J = 5 (bottom row).

(a) and (b) are from Gevorkyan et al. (2017).
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coefficient plot for J = 12 (see middle row of Figure 3.7(b)), this transitional flow condition

did produce periodicity in the coefficients derived from the velocity data (middle row of

Figure 3.7(a)). While it was not expected that the J = 12 case would yield different results

between PLIF- and PIV-based coefficients, clearly, as noted by Kothnur and Clemens (2005),

the velocity field and scalar field can respond differently to flow perturbations in a transitional

flow. This would be true even for unity Schmidt number flows. As the JICF shear layer

undergoes a transition in its nature, as occurs near the J = 10 transition, such differences

in velocity and scalar response could become more pronounced. Figure 3.6, associated with

higher resolution PLIF data, shows results which are consistent with Figure 3.5, extracted

from the PLIF data portion of the simultaneous PLIF/PIV data sets, with little periodicity

at J = 41 and 12 and clear periodicity at J = 5. Hence, the absence of the periodicity at

J = 12 in the PLIF-based POD was not caused by the different spatial resolution in the

PLIF images, but more likely due to different responses of the velocity and scalar fields to

flow perturbations.

Figures 3.8, 3.9 and 3.10 show visualizations of the first four modes extracted from the

PIV and PLIF (portion of the simultaneous PLIF/PIV measurements) POD analyses, as

well as high resolution PLIF POD analyses applied to the low density (S = 0.35), flush

nozzle-injected transverse jets for J = 41, J = 12, and J = 5, which all involved absolutely

unstable upstream shear layers (Getsinger et al., 2012). Compared to the equidensity modes

in Figures 3.4, 3.5 and 3.6, the PIV and PLIF POD modes for the S = 0.35 case shown in

Figures 3.8, 3.9 and 3.10 had somewhat more chaotic and irregular-appearing structures. It

is worthwhile to note that although the first two S = 0.35, J = 41 PIV POD modes were

clearly shear layer modes (first and second rows of Figure 3.8(a)), the first two PLIF POD

modes were actually associated with structures on the lee side of the jet (first and second

row of Figures 3.9(a) and 3.10(a)). Thus, the lee-side jet stabilities of the S = 0.35, J = 41

jet had a more significant impact on the scalar field distribution and fluctuation content

than on the velocity field. As the momentum flux ratio J was lowered for S = 0.35, the first

two PLIF POD modes transitioned to becoming shear layer modes (e.g., compare J = 41

to J = 5 in Figures 3.9 and 3.10). In particular, clear periodicity for the first two modes is
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Figure 3.8: PIV POD mode structures extracted from instantaneous centerplane (side view) simul-

taneous PLIF/PIV imaging of the S = 0.35, flush nozzle-generated JICF with varying momentum

flux ratios: (a) J = 41, (b) J = 12, (c) J = 5, from Gevorkyan et al. (2017). Data shown for Mode

1 (first row), Mode 2 (second row), Mode 3 (third row), Mode 4 (fourth row). Arrows in images

indicate in-plane velocity component structure contribution, while colormap indicates out-of-plane

velocity component structure contribution. Percent of total velocity fluctuation energy (VE) con-

tributed by each mode is indicated below each image. (The color bar represents each mode scaled

by its own norm and the mean jet velocity at the jet exit Uj .)
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Figure 3.9: PLIF POD mode structures extracted from instantaneous centerplane (side view)

simultaneous PLIF/PIV imaging of the S = 0.35, flush nozzle-generated JICF with varying mo-

mentum flux ratios: (a) J = 41, (b) J = 12, (c) J = 5, from Gevorkyan et al. (2017). Data shown

for Mode 1 (first row), Mode 2 (second row), Mode 3 (third row), Mode 4 (fourth row). Percent of

total scalar fluctuation energy (SE) contributed by each mode is indicated below each image. (The

color bar represents each mode scaled by its own norm and the mean jet velocity at the jet exit

Uj .)
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Figure 3.10: PLIF POD mode structures extracted from instantaneous centerplane (side view)

higher resolution PLIF imaging of the S = 0.35, flush nozzle-generated JICF with varying momen-

tum flux ratios: (a) J = 41, (b) J = 12, (c) J = 5. Data shown for Mode 1 (first row), Mode 2

(second row), Mode 3 (third row), Mode 4 (fourth row). Percent of total scalar fluctuation energy

(SE) contributed by each mode is indicated below each image. (The color bar represents each mode

scaled by its own norm and the mean jet velocity at the jet exit Uj .)

96



(a) PIV POD (b) PLIF POD (c) PLIF POD

−200 0 200
−300

−200

−100

0

100

200

300

a1

a
2

−50 0 50

−40

−20

0

20

40

60

a1

a
2

a1

-50 0 50

a
2

-50

0

50

J = 41 J = 41 J = 41

−200 0 200 400

−300

−200

−100

0

100

200

300

a1

a
2

−50 0 50

−40

−20

0

20

40

a1

a
2

a1

-40 -20 0 20 40
a
2

-40

-20

0

20

40

J = 12 J = 12 J = 12

−200 0 200

−200

−100

0

100

200

a1

a
2

−20 0 20 40

−30

−20

−10

0

10

20

30

40

a1

a
2

a1

-20 0 20

a
2

-20

0

20

J = 5 J = 5 J = 5

Figure 3.11: (a) PIV POD and (b) PLIF POD based on a portion of simultaneous PLIF/PIV data

coefficients as well as (c) higher resolution PLIF data for the first two modes plotted against each

other. POD analysis extracted from PLIF imaging of the S = 0.35, flush nozzle-generated JICF

with varying momentum flux ratios: J = 41 (top row), J = 12 (middle row), J = 5 (bottom row).

(a) and (b) are from Gevorkyan et al. (2017).
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revealed in Figure 3.10(c) at J = 5. This transition from lee-side instability dominance to

upstream shear layer-behavior dominance in the scalar field for these low density jets could in

part be responsible for the reduction in mixing observed when one lowers J at a fixed density

ratio below the critical value of S ∼= 0.40, although differences in crossflow entrainment into

variable density vortical structures are also important (Gevorkyan et al., 2016).

The first and second mode coefficients for these S = 0.35 jets, shown in Figure 3.11,

showed strong periodicity in the upstream shear layer for PIV-based POD at J = 41, but

with greater irregularity as momentum flux ratio was reduced, even though such a reduction

in J still produced an absolutely unstable upstream shear layer. Clearly, the differences in

the dynamics captured by the velocity and scalar fields in a density variable flow affected

the relative energy content in the modes and their relationships that would suggest traveling

wave behavior, although it was apparent that the first two modes for J = 12 and J = 5

in Figures 3.8(b) and 3.8(c) contained significant kinetic energy from wake vortices as well

as shear layer vortices. These observations also could be related to the altered nature of

crossflow entrainment by upstream shear layer vortices for the low density JICF with a

reduction in J , as documented in Gevorkyan et al. (2016). Additionally, the comparison

between PLIF POD results at differing spatial resolutions in Figures 3.11(b) and (c) at

J = 5 illustrates that there can be a difference in periodicity, which is consistent with

the first and second mode structure differences in Figures 3.9 and 3.10, the latter being at

higher resolution. This qualitative discrepancy may be produced by both the higher spatial

resolution and lower noise in higher resolution PLIF data, although the stronger periodicity

did corroborate the existence of a transition from a lee-side instability dominance to an

upstream shear layer-behavior dominance in the scalar field.

Figures 3.12, 3.13 and 3.14 show visualizations of the first four modes extracted from the

PIV POD and PLIF (portion of the simultaneous PLIF/PIV measurements) POD analyses

extracted from data in Figure 3.3, as well as high resolution PLIF POD analyses, respectively,

for the equidensity, flush pipe-injected transverse jets at J = 41, J = 12, and J = 5.

Similar to the modes for the equidensity flush nozzle cases shown in Figures 3.4, 3.5 and 3.6,

the first two PLIF and PIV POD modes for the flush pipe-injected jets shown in Figures
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3.12, 3.13 and 3.14 were composed primarily of shear layer structures, although they were

comparatively weaker than for the nozzle-generated jets. Also as seen for the equidensity

flush nozzle-injected jets, the first and second mode coefficients for the flush-pipe injected

jets, shown in Figure 3.15, demonstrated increasing periodicity as J was reduced and the

upstream shear layer transitioned to becoming absolutely unstable for J = 5. As also seen

in hotwire spectral measurements (Getsinger et al., 2014), the transition to strong periodic

behavior as J was reduced from J = 12 to J = 5 was more abrupt for the flush pipe than

for the flush nozzle. The spatial resolution of the PLIF imaging did not appear to alter the

qualitative characteristics of the POD analyses for the equidensity flush pipe-injected JICF,

seen in comparing Figures 3.13 and 3.14, and also Figures 3.15(b) and 3.15(c), as occurred

in the equidensity flush nozzle-injected JICF.
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Figure 3.12: PIV POD mode structures extracted from instantaneous centerplane (side view) si-

multaneous PLIF/PIV imaging of the S = 1.00, flush pipe-generated JICF with varying momentum

flux ratios: (a) J = 41, (b) J = 12, (c) J = 5, from Gevorkyan et al. (2017). Data shown for Mode

1 (first row), Mode 2 (second row), Mode 3 (third row), Mode 4 (fourth row). Arrows indicate

in-plane velocity component structure contribution, while colormap indicates out-of-plane velocity

component structure contribution. Percent of total velocity fluctuation energy (VE) contributed

by each mode is indicated below each image. (The color bar represents each mode scaled by its

own norm and the mean jet velocity Uj .) 100
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Figure 3.13: PLIF POD mode structures extracted from instantaneous centerplane (side view)

simultaneous PLIF/PIV imaging of the S = 1.00, flush pipe-generated JICF with varying momen-

tum flux ratios: (a) J = 41, (b) J = 12, (c) J = 5, from Gevorkyan et al. (2017). Data shown for

Mode 1 (first row), Mode 2 (second row), Mode 3 (third row), Mode 4 (fourth row). Percent of

total scalar fluctuation energy (SE) contributed by each mode is indicated below each image. (The

color bar represents each mode scaled by its own norm and the mean jet velocity at the jet exit

Uj .)
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Figure 3.14: PLIF POD mode structures extracted from instantaneous centerplane (side view)

higher resolution PLIF imaging of the S = 1.00, flush pipe-generated JICF with varying momentum

flux ratios: (a) J = 41, (b) J = 12, (c) J = 5. Data shown for Mode 1 (first row), Mode 2 (second

row), Mode 3 (third row), Mode 4 (fourth row). Percent of total scalar fluctuation energy (SE)

contributed by each mode is indicated below each image. (The color bar represents each mode

scaled by its own norm and the mean jet velocity at the jet exit Uj .)
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Figure 3.15: (a) PIV POD and (b) PLIF POD based on a portion of simultaneous PLIF/PIV data

coefficients as well as (c) higher resolution PLIF data for the first two modes plotted against each

other. POD analysis extracted from PLIF imaging of the S = 1.00, flush pipe-generated JICF with

varying momentum flux ratios: J = 41 (top row), J = 12 (middle row), J = 5 (bottom row). (a)

and (b) are from Gevorkyan et al. (2017).
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3.2 Shear Layer Determination

In order to compare the velocity and scalar gradient quantities utilizing simultaneous acetone

PLIF and stereo PIV measurements, a method for determining the location of the dominant

upstream and downstream shear layers between jet and crossflow fluid was developed. Uti-

lizing the mean jet trajectory based on concentration maxima from the PLIF data, a trans-

formation from the x−z coordinate system (shown in Figure 1.1) to the sc−n (centerline-jet

normal) coordinate system was implemented, similar to the method utilized for JICF mixing

studies (see Gevorkyan et al. (2016) for details on the transformation method). After the

transformation was implemented, the shear layer location was determined as the locus with

the maximum scalar dissipation rate along a ray normal to each sc/D position. This analysis

yielded the local shear layer coordinate sl and its local layer-normal direction nl. An average

shear layer trajectory coordinate s, used in prior JICF instability studies (Megerian et al.,

2007; Davitian et al., 2010a) is shown in Figure 1.1. A similar method was utilized to track

the downstream (lee-side) shear layer location. All average scalar dissipation rates and strain

rates shown in this study were calculated at the instantaneous shear/mixing layer location

determined from this method, and then averaged over the set of images for the coordinate

location sc.

3.3 SDRL Model Applied to the Equidensity JICF

In order to directly compare the strain rates extracted from the scalar field and from the

velocity field in the JICF, the Strained Dissipation and Reaction Layer (SDRL) model (Equa-

tion (1.9)) was employed (Marble and Broadwell, 1977; Bish and Dahm, 1995; Smith et al.,

1997). The SDRL model suggests that local quasi-steady strain rate can be extracted from

error-function profile of mass fraction observed within the layer-like structures in its nor-

mal direction. This enabled the PLIF-based scalar data (and thus scalar dissipation rate χ

and strain rate ǫ) to be compared directly to the strain rate extracted from the PIV-based

velocity field data. The strain rate was calculated from PLIF concentration measurements
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utilizing an automated method of error function fitting, formulated and applied to each in-

stantaneous scalar mixing layer location; such fitting was required in order to determine the

boundary scalar values ζ+ and ζ− in Equation (1.9). If one solves the 1D scalar advection-

diffusion equation, assuming quasi-steady behavior and a locally uniform strain rate, the

scalar distribution (normalized concentration C/Co or ζ) takes the form shown in Equation

(3.1):

ζ =
1

2

(

ζ+ + ζ−
)

+
1

2

(

ζ+ − ζ−
)

erf

(

nl

λD

)

(3.1)

In this equation, nl is the layer-normal coordinate direction, which is assumed to be the

two-dimensional scalar gradient direction determined from the PLIF measurements for each

mixing layer location, and λD is the length scale that results from the competition between

strain and diffusion, so-called a strain-limited molecular diffusion length scale (λD =

√

D̂/ǫ

in the quasi-steady state limit, where D̂ is the binary diffusivity). In practice, an error

function fit of the form shown in Equation (3.2) was applied to the ζ = C/Co data in the

layer-normal direction nl.

ζ = a+ b× erf

(

nl − c

d

)

(3.2)

The coefficient c in Equation (3.2) represents the offset of the fit from the center location.

The boundary conditions, ζ+ = C+/Co and ζ− = C−/Co, were determined by comparing

Equation (3.1) to experimental concentration data. To ensure accuracy and applicability of

the fit, besides requiring that the strain rate normal to the layer determined from comparative

PIV data was compressive, another qualifier in the averaging process was applied based on

the Pearson correlation coefficient or correlation coefficient of the fit (Rfit > 0.99) calculated

as follows.

Rfit =

n
∑

i=1

(Ai − Ā)(Bi − B̄)

√

√

√

√

{

n
∑

i=1

(Ai − Ā)2

}{

n
∑

i=1

(Bi − B̄)2

}

(3.3)
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where Ai and Bi are arbitrary data sets to be compared, and an overline stands for a mean

value of a data set. Rfit is a commonly used parameter to evaluate the quality of fitting to

data points, which takes a value between 0 (poor fitting) and 1 (good fitting). If Rfit for

a fit was below the threshold of 0.99, the data point associated with the fit was removed

from the averaging process to evaluate local mean strain rates. Additionally, error function

fits assumed the magnitude of the coefficient |c| in Equation (3.2) to be smaller than the

two-pixel width in PLIF images in order to have a more precise representation of the layer-

center location, corresponding to locations of maximum scalar dissipation rates in layer-like

structures; points outside of this criterion were removed from the strain-rate evaluation.

As with the comparison between local maximum scalar dissipation rate and layer-normal

strain rate extracted from PIV shown in Gevorkyan (2015) and Gevorkyan et al. (2017), at

least 200 data points (40 % of total instantaneous data) for each jet centerline trajectory

location sc/D were required in the averaging process in order to consider the average to be

statistically significant. An example fit for the flush nozzle-injected, equidensity J = 5 jet is

shown in Figure 3.16(a) for the spatial resolution associated with PLIF measurements during

simultaneous PLIF/PIV experiments. For a comparison, an error function fit based on high

resolution PLIF data is shown in Figure 3.16(b). These fits are reasonably good because

each has Rfit > 0.99.

Before local strain rates in the equidensity JICF are compared, the validity of the quali-

fiers (e.g., Rfit, |c|, and the minimum number of data points in the averaging process) utilized

in the strain rate calculation is required to be confirmed. The convergence of the strain rate

calculation with the number of total instantaneous images is also investigated to verify that

500 instantaneous data sets were sufficient for statistical convergence. Figure 3.17 represents

the local mean strain rates on the UML for the equidensity flush nozzle-injected JICF at

J = 41, based on a minimum of 200 data points for averaging, with various thresholds of

Rfit (0.80 < Rfit < 0.99). When the threshold is Rfit > 0.80, many data points are scattered

downstream of sc ≈ 4.0. These sporadic data points were caused by poor error function fits,

especially in the vicinity of the location where vortex rollup on the upstream shear layer were

initiated. Because a good error function fit is less accurate around these rollups due to the
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(a) PLIF from simultaneous PLIF/PIV (b) High resolution PLIF

Figure 3.16: Example error function fits for flush-nozzle injected, S = 1.00, J = 5 transverse jets.

Data shown for (a) PLIF portion of simultaneous PLIF/PIV experiments, and (b) high-resolution

PLIF measurements, from Gevorkyan et al. (2017).

complex curvature of the shear layer as compared with that in the potential core region, the

plots in Figures 3.17(a)-(c) become noisier downstream of the jet exit, beyond sc/D ≈ 4.0,

with a lower threshold value of Rfit. As the threshold of Rfit increases, the plot becomes

cleaner and less sporadic. For Rfit > 0.99 in Figure 3.17(e), data points did not become

scattered due to an improved error function fit with this stricter threshold in Rfit. Hence,

this study determined to utilize Rfit > 0.99 in the analysis in order produce fewer scattered

local strain rates, and thus to obtain a better representation of the SDRL model.

Next, the effects of the magnitude of the coefficient in Equation (3.2), |c|, as well as

the minimum number of data points in averaging process are investigated, as shown in

Figures 3.18(a) and (b), respectively. Again, the local mean strain rates on the UML for the

equidensity flush nozzle-injected JICF at J = 41 are plotted using Rfit > 0.99. In Figure

3.18(a), the local strain rates with various threshold values of |c| (1 ≤ |c| ≤ 3) are evaluated,

with a minimum of 200 data points for averaging. At |c| = 3, corresponding to a three-pixel

width in PLIF images, one data point at sc/D ≈ 4.9 deviated from the other data points

because of the error function fit from the layer-center location. However, even at |c| = 3,

the strain rate evaluation was fairly consistent with those at |c| = 1, 1.5, and 2, as shown

in Figure 3.18(a). This consistency among different |c| values suggests that Rfit has a more
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Figure 3.17: PLIF-extracted local strain rates on the upstream mixing layer for the equidensity

flush nozzle-injected JICF at J = 41 with various thresholds of Rfit. The strain rate evaluation is

performed using the PLIF data portion of the simultaneous PLIF/PIV measurements.
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Figure 3.18: PLIF-extracted local strain rates on the upstream mixing layer for the equidensity

flush nozzle-injected JICF at J = 41 with various (a) |c|, (b) minimum numbers of data points used

in the averaging process, and (c) total numbers of instantaneous data. The strain rate evaluation

is performed using the PLIF data portion of the simultaneous PLIF/PIV measurements.
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significant effect on the strain rate evaluation than does |c|. As |c| was decreased to |c| = 1,

corresponding to one-pixel width in the PLIF images, some data points began to be missed

due to the stricter criterion, although local strain rates were qualitatively and quantitatively

consistent with results for higher |c|.

In Figure 3.18(b), the effect of minimum number of data points in the averaging process

is shown based on the availability of 500 total instantaneous data with Rfit > 0.99 and

|c| = 2. Utilizing 200, then 250, then 300 minimum samples (40−60 % of the total instanta-

neous data), the number of data points associated with local strain rates gradually decreased

because of the stricter criterion, although all local strain rates were qualitatively and quan-

titatively similar to one another with various minimum numbers of data points used in the

averaging process. This result also suggested that Rfit was more responsible for obtaining a

sufficiently accurate strain rate evaluation. Hence, |c| = 2 and the minimum number of data

points of 200 (or equivalently, 40 % of total instantaneous data) in the averaging process

were utilized in this study.

Finally, the effect of the number of total instantaneous images (ranging from 50 to 400) on

statistical convergence was also explored, as shown in Figure 3.18(c) for Rfit > 0.99, |c| = 2

and a minimum number of data points in the averaging process of 40 % of total instantaneous

data (200 points). Here, even with only 50 total instantaneous data sets (20 minimum

instantaneous data for the purpose of averaging), the local strain rates were qualitatively

and quantitatively consistent with those based on a larger number of total instantaneous

data sets. This consistency suggested that since all thresholds explored in this study (Rfit,

|c|, and the minimum number of data points of 40 % of the total available instantaneous

data) ensured a high quality determination of strain rate, where even a relatively low number

of total instantaneous images provided consistent results with respect to larger numbers of

instantaneous data sets. Beyond 300 instantaneous data sets, the quantitative difference in

local strain rates was not recognizable because of this statistical convergence. Therefore, 500

instantaneous data in this study was deemed to be more than sufficient to obtain local mean

strain rates for the JICF. From these investigations, the thresholds of Rfit > 0.99, |c| = 2

and a minimum number of data points of 200 in the averaging process were utilized, based
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on 500 total instantaneous image realizations for the strain rate evaluation.

Local strain rates from PIV data can be represented by principal strain rates, two

strain components in a diagonalized strain rate tensor from Equation (1.10). However,

as Gevorkyan (2015) notes, the directions of principal axes are not necessarily the same as

the layer-normal directions, which must include the same direction as the strain extracted

from PLIF data by definition in the SDRL model. Therefore, local strain rates from PIV

data were calculated in the layer-normal directions determined from PLIF images, to directly

compare the strain rates from PLIF and PIV measurements in the same directions.

First, one can decompose velocity into layer-normal directions and layer-parallel direc-

tions. Based on the layer-normal velocity vn,l, local strain rates are calculated using the

equation as follows.

ǫPIV = −
∂vn,l
∂nl

(3.4)

Because strain rates extracted from the SDRL model were assumed to be in layer-compressive

(positive ǫPIV in Equation (3.4)) directions, strain rates in the layer-extensive (negative ǫPIV

in Equation (3.4)) directions were removed from the calculation for the direct comparison.

This algorithm was implemented for all instantaneous images and calculation of mean strain

rates, provided by local averaging over the 500 instantaneous data. As described above,

the minimum number of data points in averaging process was set to be 200 out of 500 total

instantaneous data sets; otherwise, the data points were removed from the final results. More

details on the algorithm involving the strain rate calculation from PLIF and PIV data may

be found in Gevorkyan (2015) and Gevorkyan et al. (2017).

Figure 3.19 compares the computed mixing layer strain rate calculated from PLIF-based

scalar measurements (Equation (3.1)), to the average layer-normal strain rate extracted

from simultaneous PIV measurements, for the equidensity flush nozzle-injected transverse

jets for J = 41, 12, and 5. This comparison is administered for both upstream (Figure

3.19(a)) and downstream (Figure 3.19(b)) shear layers. For J = 41, there was remarkable

qualitative correspondence between the PIV- and PLIF-based strain rates on both upstream
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and downstream mixing layers (top row of Figure 3.19). As the momentum flux ratio was

lowered to J = 12 and J = 5, the correlation between the PLIF- and PIV-based strain

rate trends became poorer, especially in the UML for J = 5. It is difficult to definitively

determine the exact cause of this qualitative discrepancy without time-resolved, fully three

dimensional measurements of the scalar and velocity fields, but one explanation for the lack

of correspondence on the downstream side of the jet for J = 12 and 5 must be associated

with the increase in three-dimensional and transient effects on the lee side of the jet as

momentum flux ratio is lowered, as evidenced by the transient wake vortices that appear in

the structures of Mode 3 and Mode 4 seen in the PIV POD (third and fourth rows in Figure

3.4(b,c)). Another possible contributor to a lack of correspondence in trends for all cases

studied here is the finite response time of the scalar dissipation layer to changes in strain

rate. As summarized in the work of Kothnur and Clemens (2005), the scalar dissipation layer

response time is dependent on both amplitude and frequency of strain rate fluctuations, and

it is also dependent on whether the strain rate is temporally increasing or decreasing. It

should be noted, however, that the lower magnitude in downstream PIV-based strain rates

as compared with upstream PIV-based strain rates at J = 12 and J = 5 was consistent with

trends for ignition of reactive jets in crossflow on the lee side of the jet (Sullivan et al., 2014;

Wagner et al., 2015). Lowered strain rates suggest the propensity for more robust ignition,

and for the transverse jet, this often occurs on the lee-side of the jet.

Despite qualitatively similar trends in PLIF- and PIV-based strain rates for J = 41,

the quantitative differences were considerable. The peak strain rate value for J = 41 along

the upstream shear layer in Figure 3.19, determined from the PLIF data was approximately

1100 s−1, about half of the peak value extracted from the PIV data (approximately 2100

s−1). Even larger quantitative differences were apparent for the downstream shear layer.

Further exploration suggested that spatial resolution significantly affected the PLIF-based

strain rates, as discussed in detail in Gevorkyan (2015) and Gevorkyan et al. (2017). Local

strain rates extracted from high resolution PLIF data were significantly larger than those

from relatively low resolution PLIF data portion of the simultaneous PLIF/PIV data, and

hence the PLIF-extracted strain rates became closer to the PIV-extracted strain rates.
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Figure 3.20 shows the trends in upstream and downstream mixing layer PIV and PLIF

strain rates for equidensity, flush pipe-injected transverse jets for J = 41, 12, and 5. As with

the flush nozzle data, the best correspondence in strain rates was observed for upstream mix-

ing layers for convectively unstable conditions (J = 41 and 12) and downstream shear layers

at J = 41, although all other conditions displayed some similarity in trends. Quantitative

correspondence between the PLIF-calculated strain rate and the strain rate extracted from

PIV was rare among the cases analyzed, however, despite these qualitative correspondences.
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(a) Upstream Mixing Layer (b) Downstream Mixing Layer

J = 41 J = 41

J = 12 J = 12

J = 5 J = 5

Figure 3.19: Average strain rate on the mixing layer calculated from scalar measurements using

Equation (1.9) (◦), and average strain rate extracted from PIV in the direction normal to the scalar

gradient direction (−), of S = 1.00, flush nozzle-injected transverse jets with J = 41, J = 12, and

J = 5 as indicated below each plot, from Gevorkyan et al. (2017). Data shown for (a) upstream

mixing layer, and (b) downstream mixing layer. Data points with extensive strain in the scalar

gradient direction are removed from averaging process.
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(a) Upstream Mixing Layer (b) Downstream Mixing Layer

J = 41 J = 41

J = 12 J = 12

J = 5 J = 5

Figure 3.20: Average strain rate on the mixing layer calculated from scalar measurements using

Equation (1.9) (◦), and average strain rate extracted from PIV in the direction normal to the scalar

gradient direction (−), of S = 1.00, flush nozzle-injected transverse jets with J = 41, J = 12, and

J = 5 as indicated below each plot, from Gevorkyan et al. (2017). Data shown for (a) upstream

mixing layer, and (b) downstream mixing layer. Data points with extensive strain in the scalar

gradient direction are removed from averaging process.
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3.4 Strain Rates in Lower Density Transverse Jets

In this section, strain rates associated with upstream and downstream mixing layers at a

lowered density ratio, S = 0.35 for the flush nozzle-generated JICF, are discussed. For a

non-unity density ratio in the flowfield, a coordinate transformation is required to account for

the density variation across the jet and crossflow. The variation in density in the classical

reaction-diffusion equation can be dealt with via the Howarth transformation (Howarth,

1948), which transforms a density-variable reference frame (y) to an effectively incompressible

frame (normal coordinate nl) via:

nl =

∫ y

0

(

ρ(ŷ, t)

ρ∞

)

dŷ (3.5)

where ρ∞ is the density of the crossflow far from the jet, and ρ is the local density. Applying

the Howarth transformation makes the density-variable flowfield effectively incompressible,

and hence strain rates for the JICF shear layers with S = 0.35 can be calculated in the same

manner as for those at S = 1.00, using the Howarth-transformed layer-normal coordinate,

nl.

To apply the Howarth transformation, the density or normalized density field is required,

according to Equation (3.5). In this study, a density field was approximated based on acetone

concentration fields acquired from PLIF imaging under the assumptions of: (1) the validity

of the ideal gas law throughout the entire flowfield and (2) the assumption that the flowfield

in this study was isothermal and isobaric, i.e., that the pressure and temperature did not

dramatically change over the course of the experiments throughout the entire flowfield. To

obtain jet temperature, it was noted that nitrogen and helium used to create the jet were

stored at laboratory conditions (21◦C), and crossflow was generated by a blower drawing

the air from inside the laboratory. While the acetone temperature in the cooling chamber

was controlled to be at a lower temperature than room temperature (approximately 12◦C),

the isothermal assumption was nevertheless valid because of the relatively small molecular

fraction of acetone vapor within the jet fluid, ψ ≈ 0.1, and the length of time the acetone had

to heat up to room temperature after seeding but before injection into the test section. The
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pressure monitored inside the acetone cooling chamber for the entire experiments was only

4− 5 kPa higher than the room pressure, suggesting the validity of the isobaric assumption.

As a consequence of isobaric, isothermal flow, the normalized acetone concentration, ζ, in

PLIF images could be used to determine the local density ratio. The local molecular mass

in the flowfield can be estimated from concentration ratio via the relation

M = ζMj + (1− ζ)M∞ (3.6)

where Mj and M∞ are the molecular masses of pure jet and pure crossflow fluid, respectively,

which were constant during the experiments. Because jet-to-crossflow density ratio, S, can

be expressed in terms of the ratio of molecular masses, S = Mj/M∞, one can obtain the

local density ratio

ρ

ρ∞
= 1− ζ(1− S) (3.7)

Hence, because crossflow density, ρ∞, and jet-to-crossflow density ratio, S, were known

and ζ was obtained from PLIF images, the density field could be determined using Equation

(3.7). Figure 3.21 shows examples of instantaneous centerplane density ratio fields at J = 41

and J = 5 for the S = 0.35 flush nozzle-injected JICF. Clear evidence of density increases as

the jet interacted with crossflow, especially after vortex breakdown and in the wake region,

were apparent.

These instantaneous density ratio fields could be determined from each instantaneous

PLIF image and incorporated into the Howarth transformation. As done in Section 3.3,

for these non-unity density-ratio conditions, the Howarth transformation was applied in

the layer-normal direction at each instantaneous scalar mixing layer location, based on the

instantaneous density ratio fields, to generate a new Howarth-transformed layer-normal co-

ordinate, nl. After this, as before (Section 3.3), the error function was fit to concentration

profiles with respect to the Howarth-transformed coordinate, then strain rates were deter-

mined via Equation (1.9). The Howarth transformation was only applied to the strain-rate

calculation for PLIF data, of course, because strain rates from PIV data were explicitly

derived from the velocity derivative in the layer-normal coordinate.
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(a) J = 41 (b) J = 5

Figure 3.21: Instantaneous density ratio (ρ/ρ∞) field images for flush nozzle-injected transverse

jets at S = 0.35 and (a) J = 41 and (b) J = 5, from Gevorkyan et al. (2017). The density field

is approximated from the instantaneous acetone concentration images from PLIF imaging. The

density is normalized by the crossflow density, ρ∞.

Strain rates for the flush nozzle-injected low-density (S = 0.35) transverse jets, derived

from both PLIF and PIV data for the upstream and downstream mixing layers, are shown

in Figure 3.22. Here, the jet-to-crossflow momentum flux ratios explored were J = 41 and

5, both of which are known to have an absolutely unstable upstream shear layer (Getsinger

et al., 2012). Strain rates extracted from PLIF and PIV data at both J = 41 and 5 showed

fairly good qualitative agreement in the upstream as well as downstream mixing layer, yet

quantitative discrepancies between the strain rates was still significant in both regions, similar

to discrepancies for the equidensity cases. Besides the effect of spatial resolution in the

PLIF-derived strain rates as well as uncertainties in PIV measurements, the approximations

in determining density fields here may have resulted in errors associated with application of

the Howarth transformation and hence the strain rate calculation from PLIF data. Despite

the significant quantitative discrepancies between the strain rates derived from PLIF and

PIV data, it is interesting that applying the Howarth transformation to PLIF data for

the lower-density jets provides comparable qualitative trends to those from PIV data. The

similar qualitative trends between PLIF and PIV data further indicate that the SDRL model

appears to be applicable to scalar fields with variable density conditions via the Howarth

transformation.
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As with equidensity jets, for the low density JICF, strain rates in the upstream mixing

layer were considerably larger in the nearfield, closer to the jet exit, than for downstream

mixing layer. The maximum strain rates for J = 41, for example, were located around

sc/D ≈ 2.7 for the upstream mixing layer and sc/D ≈ 1.8 for the downstream mixing layer;

for J = 5, maxima in strain rate were located at sc/D ≈ 0.9 for the upstream mixing layer

and at sc/D ≈ 1.3 for the downstream mixing layer. Quantitatively, for the S = 0.35 data

in Figure 3.22, strain rates were considerably lower in the DML close to the jet exit than in

the UML in the same region. As noted earlier, these types of findings were consistent with

the experimentally observed, ignition of the reactive JICF, where ignition tends to occur on

the lee side of the jet (Wagner et al., 2015).
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(a) Upstream Mixing Layer (b) Downstream Mixing Layer

J = 41 J = 41

J = 5 J = 5

Figure 3.22: Mean strain rate on the mixing layer calculated from scalar measurements using

Equation (1.9) with Howarth transformation on the left-hand side y axis (◦), and mean strain rate

extracted from PIV in the direction normal to the scalar gradient direction on the right-hand side

y axis (−), of S = 0.35, flush nozzle-injected transverse jets with J = 41 and J = 5 as indicated

below each plot, from Gevorkyan et al. (2017). Data shown for (a) upstream mixing layer, and (b)

downstream mixing layer. Data points with extensive strain in the scalar gradient direction are

removed from averaging process.
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CHAPTER 4

Mixing Characterization with Variable Scale Lengths

Our group has extensively explored mixing characteristics for jets in crossflow over a wide

range of jet-to-crossflow momentum flux ratios J and density ratios S with three different

injectors: flush nozzle, elevated nozzle, and flush straight pipe (see schematics of injectors in

Figure 2.2). Gevorkyan et al. (2016) discussed many types of mean-based and instantaneous-

based mixing metrics that can be quantified from acetone PLIF experiments. These include

maximum jet centerline concentration decay, and Unmixedness and Probability Density

Function (PDF), using both centerplane and cross-sectional acetone concentration fields.

In this earlier experimental study, the length scale of interest associated with mixing eval-

uation was the size of a pixel (approximately 0.4 mm widths) in the concentration images,

which is the minimum possible length scale associated with the PLIF images. This rela-

tively small length scale is used to quantify mixing metrics that relate more to molecular

diffusion than to fluid stirring, which are associated with larger length scales (Aref, 1984;

D’Alessandro et al., 1999; Mathew et al., 2003, 2004, 2005; Gouillart et al., 2006; Mathew

et al., 2007; Gubanov and Cortelezzi, 2010). While the study by Gevorkyan et al. (2016)

showed interesting mixing characteristics for the JICF with a relatively small length scale

δs ≈ 0.4 mm, it is also worth exploring mixing characteristics related to larger length scales

and thus relevant to stirring and related phenomena.

To characterize mixing with various length scales, an alternative mixing metric to the

Unmixedness, which only incorporates a single small length scale (Gevorkyan et al., 2016),

is required. An example of an alternative mixing metric is the Mix-Norm, introduced by

Mathew et al. (2005). The Mix-Norm can estimate the efficiency of mixing over a range of

length scales in the flowfield. An important feature of the Mix-Norm is the capability of
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sensing the effect of different fluid flow configurations with the same mean scalar property,

enabling a distinction between the effects of molecular diffusion and fluid mechanical stirring,

for example. As a consequence, the feature, the Mix-Norm can be successfully applied to

capture the effect of various length scales on the mixing characteristics in a flowfield even in

the absence of molecular diffusion. In contrast mixing metrics based upon the L2 norm such

as the Unmixedness, with a single length scale fail to evaluate mixing characteristics in a

flow system without diffusion. In other words, the L2 norm-based mixing metrics are unable

to characterize the pure ”stirring” effect in a mixing process as discussed in Mathew et al.

(2005). The Mix-Norm application to closed-boundary systems by Mathew et al. (2005) im-

plies that vortex flow structures do not necessarily enhance the degree of mixing for all length

scales and can even worsen the mixing for certain length scales due to highly-concentrated

portions of the flow captured by vortex structures. Gubanov and Cortelezzi (2010) applied

the Mix-Norm to computationally-generated closed-boundary domains with different initial

fluid geometrical configurations, but with the same mean scalar concentration, with vari-

able forcing methods, resulting in the observation of different mixing characteristics for the

different flows, despite their having the same mean scalar property. For a certain forcing

condition where the same amount of sinusoidal shear is applied at the same location through

the entire time, mixing becomes worse than the other cases because fluid pockets in flow-

fields analogous to vortical structures enclose highly-concentrated fluids inside themselves

and prevent efficient mixing. These mixing characteristics cannot be captured by the Un-

mixedness metric, if it was a single fixed length scale, or it will even show the exactly same

values due to the lack of ability to sense various length scales. Interestingly, Gubanov and

Cortelezzi (2010), relevant to the Mix-Norm application, also suggest that vortical structures

can enhance/deteriorate the overall mixing characteristics in flowfields, depending on how

flow structures contribute to mixing process at different length scales, e.g., molecular diffu-

sion and flow stirring. Hence, these previous studies (Aref, 1984; D’Alessandro et al., 1999;

Mathew et al., 2003, 2004, 2005, 2007; Gubanov and Cortelezzi, 2010) indicate that mixing

evaluation in a complicated flow system, where many different types of flow structures with

different flow length scales coexist requires mixing metrics which account for various length

122



scales to enable an in-depth study in the nature of mixing.

Now, as mentioned in Chapter 1, the JICF is known to be a very complicated flowfield

which consists of many vortex systems (Margason, 1993; Karagozian, 2010). The JICF

is typically considered to involve diffusion-limited transport process (Smith and Mungal,

1998; Gevorkyan et al., 2016), so applying mixing metrics related to the L2 norm such as

the Unmixedness, incorporating small fixed length scale, successfully estimates the degree of

molecular mixing. The Unmixedness, in addition to more standard metrics such as centerline

concentration decay and PDFs, is quantified very successfully in Gevorkyan et al. (2016).

However, various flow structures in the JICF such as a potential core region, coherent vortex

rollup on the upstream shear layer, or fluid in the wake region can contribute differently to

mixing processes for the jet. The present mixing evaluation with a range of length scales,

will provide a different interpretation of mixing characteristics for the JICF as compared

with a mixing evaluation only with a single length scale (Gevorkyan et al., 2016). In this

chapter, the centerplane-based Unmixedness with varying scale lengths, whose concept is

analogous to the Mix-Norm or Mix-Variance (Mathew et al., 2005), will be developed based

on the methods for Unmixedness computation in Gevorkyan et al. (2016) and analyzed using

centerplane acetone concentration images acquired via PLIF imaging. The present results

make used of the same PLIF-based scalar fields for the transverse jet used in Getsinger et al.

(2014) and Gevorkyan et al. (2016).

4.1 Algorithm of Unmixedness Evaluation with Variable Scale

Lengths

Although a new method to characterize mixing with various scale lengths described in this

section is derived from the concept of the Mix-Norm, the basic algorithm and formulation are

similar to the mean centerplane-based Unmixedness with a single length scale as described

and implemented by Gevorkyan (2015) and Gevorkyan et al. (2016). However, accounting for

various length scales in an open-boundary, complicated flow system such as the JICF is very

challenging, mainly due to inflow and outflow from boundaries of a control volume enclosing
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the jet as well as out-of-plane components, which alter the local and global mean scalar

properties. This contrasts closed-boundary systems studied in Mathew et al. (2005) and

Gubanov and Cortelezzi (2010). To the best of our knowledge, mixing metrics accounting

for variable scale lengths in an open-boundary, complex flowfield have not been extensively

studied or even developed to date. In this section, an algorithm for applying the centerplane-

based Unmixedness with different length scales is described.

To transform a transverse jet to its own centerline trajectory as for a free jet, a coordinate

transformation from the x-z (horizontal - vertical) plane into the sc-n plane (jet centerline

trajectory coordinate - the normal direction to the trajectory) was applied to each instan-

taneous centerplane image. The jet centerline trajectory is defined as the best power-law fit

to maximum concentration loci obtained from the mean concentration PLIF images. This

coordinate transformation is successfully utilized in previous studies by our group on mixing

and strain rate evaluation for the JICF (Gevorkyan, 2015; Gevorkyan et al., 2016, 2017)

to enable comparison of such metrics along jet’s centerline trajectory. In these studies, the

centerplane-based Unmixedness Uc,sn can be evaluated in the transformed planes within an

interrogation area at a given location along jet’s centerline trajectory, sc/D. The interroga-

tion area is oriented in the trajectory-normal direction n/D. For studies on Unmixedness

(Gevorkyan et al., 2016), the length of the interrogation area was varied so as to match the

mean concentration at all locations sc/D and for a range of flow conditions, thus enabling

consistency in comparisons. In the present studies on scale length effects, however, we used

a fixed length of the interrogation area of 20 jet diameters (−10 ≤ n/D ≤ 10) and a fixed

width of a single pixel δp in the sc/D direction. This enables a systematic study of the

effect of scale length, per Mathew et al. (2005) and Gubanov and Cortelezzi (2010). The

single pixel size δp in PLIF images in this study is typically δp ≈ 0.4 mm. Figure 4.1(a)

illustrates an instantaneous, transformed centerplane concentration image for the equiden-

sity (S = 1.00) flush nozzle-generated JICF at J = 12 with an interrogation area located at

sc/D = 5 as shown. A zoomed-in interrogation area is shown in Figure 4.1(b), which will be

used to explain the algorithm used in the present studies later. The size of the interrogation

area is fixed through the entire mixing evaluation in the present studies in order to keep
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(a) (b)

Figure 4.1: (a) An instantaneous centerplane PLIF jet image in the transformed plane (sc/D-n/D)

for the equidensity flush nozzle-injected JICF at J = 12, with a one-pixel-width (δp) interrogation

area shown as a black box. (b) An interrogation area explaining about how to create a fluid element

at two-pixel length scale (δs = 2δp) at the negative end of the interrogation area in n/D direction

(red box), one-pixel away from the red box (blue box) and the positive end of the interrogation

area (green box).

the range of mixing length scales constant over the entire set of sc/D locations and for all

instantaneous images.The procedure was as follows.

First, Unmixedness, whose original form was defined in Equation (1.6) in Section 1.5,

was evaluated using the smallest length scale δp (the pixel length) in the n-direction in the

interrogation area, shown by the black squares in Figure 4.1(b). This evaluation is basically

the same as the method in Gevorkyan et al. (2016) but with a single pixel-width interrogation

area instead of a seven-pixel-width interrogation area. In addition, there was no matching

of mean concentration values inside each interrogation area to a reference value. Next, a

2-pixel length element (in the n-direction) is used, so δs = 2δp. We take the mean of the

concentration values in two pixels next to each other in the n/D direction at n/D = −10,

at the negative end of the interrogation area. The two pixels are shown in Figure 4.1(b) as

a red box. This averaging process essentially creates a “single fluid element” with a half-
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spatial resolution (or doubled scale length) in the n/D direction. Then, the two-pixel long

fluid element and its mean are determined at the next location, a single pixel away in the

positive n/D direction from the n/D = −10 location, shown as a blue-lined rectangular area

in Figure 4.1(b). Note that there is a one-pixel overlap between the two fluid elements, seen

in the red and blue boxes in Figure 4.1(b). This process of shifting the element by one pixel

and calculating the mean concentration continues to be implemented from the negative side

(n/D = −10) to the positive end (n/D = 10) of the interrogation area. Figure 4.1(b) shows

as a green-lined area as the last two-pixel long element of length δs = 2δp. Based on the

two-pixel-sized fluid elements and their mean concentrations, the Unmixedness at this length

scale is then evaluated. This process of evaluating the Unmixedness continues to be applied

with varied length scales, ranging from δs = δp to the length of the entire interrogation

area in the n/D direction, δs = δs,max = 20D (δp ≤ δs ≤ δs,max or 20D). For this latter

case, there is a single element in the n-direction and hence by definition the Unmixedness

becomes 0 %, because the mean concentration value in the interrogation area is equal to the

concentration value of the maximum-size single fluid element, observed in Equation (1.6).

After the Unmixedness is calculated over all length scales at a given sc/D location, the

interrogation area is moved to the next sc/D location, a single pixel away from the original

location, and the same procedure is applied. This process is continuously applied pixel by

pixel in the sc/D direction, and the instantaneous centerplane-based Unmixedness is then

evaluated for all possible length scales δs and over all sc/D locations (0.5 ≤ sc/D ≤ 10) in

each instantaneous, transformed PLIF image. This relation determining the instantaneous

centerplane-based Unmixedness at a given sc/D location can be formulated as a function of

a mixing length scale δs/D as follows:

Uc,sn(δs) =
1

Ne(δp)

Ne(δs)
∑

i=1

(Ci(δs)/Co − C/Co)
2

C/Co(1− C/Co)
(4.1)

In Equation (4.1), Ne(δs) represents the number of fluid elements with a length scale δs,

Ci(δs) is mean concentration value of the i-th fluid element, counted from the fluid element

at n/D = −10 (i = 1), with the length scale of δs, Co is the mean concentration value

extracted from the potential core region to normalize the concentration, and C is the mean
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concentration value inside the entire interrogation area. The denominator in Equation (4.1),

C/Co(1 − C/Co), normalizes the Unmixedness, and hence the range of the Unmixedness

extends between 0 and 1. Note that the main interest in this study lies in evaluating mixing

at each length scale δs. The Unmixedness is typically not averaged over all length scales

in contrast to the Mix-Norm (Mathew et al., 2005), which is defined as the efficiency of

mixing over the entire range of length scales. Yet Unmixedness can be used to study mixing

efficiency over variable length scale, as will be shown.

The number of fluid elements with a length scale δs in an interrogation area as shown in

Figure 4.1 is calculated as follows:

Ne(δs) = Ne(δp)−
δs
δp

+ 1 (4.2)

The averaging procedure to create fluid elements in this algorithm is similar to that for the

Mix-Norm in accounting for different length scales. For the Mix-Norm evaluation, one can

first calculate d(c, p, s), the mean value of a function c in the interval [p − s/2, p + s/2] as

follows:

d(c, p, s) =

∫ p+s/2

p−s/2
c(x)µ(dx)

s
(4.3)

where c represents a scalar function with a non-dimensional distance x, p is a normalized

spatial position, µ is the Lebesgue measure, and s is a normalized length scale (Mathew

et al., 2005). Equation (4.3) integrates concentration values at the center spatial location

of p within the spatial interval of [p− s/2, p + s/2], corresponding to a spatial interval of a

normalized length scale s. This operation is essentially analogous to the process of creating

fluid elements in the current algorithm. Hence, d(c, p, s) can be integrated at all locations p

as follows:

φ(c, s) =

(
∫ 1

0

d2(c, p, s)µ(dp)

)1/2

(4.4)

where φ(c, s) is the L2 norm of the averaged d for a fixed scale s. The Mix-Norm of the
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function c is obtained by the integral of these measures over all possible normalized scales

s ∈ (0, 1):

φ(c) =

(
∫ 1

0

φ2(c, s)µ(ds)

)1/2

(4.5)

While the current algorithm for Unmixedness does not integrate the normalized scalar field

over all length scales (in Equations (1.6) and (4.1)), the form of Equation (4.4) in the

Mix-Norm evaluation is analogous to Equation (4.1). The instantaneous centerplane-based

Unmixedness can be evaluated at a range of values of δs, and then averaged over 200− 300

instantaneous images at each sc/D location and at each length scale δs to produce the mean

centerplane-based Unmixedness as a function of various length scales δs.

In previous studies on the nature of multiscale mixing (Mathew et al., 2003, 2004, 2005,

2007; Gubanov and Cortelezzi, 2010), the Mix-Norm was applied in flowfields surrounded by

closed boundaries. In closed-boundary systems, applying the Mix-Norm or any mixing met-

ric is relatively simple because the interrogation area as well as the mean scalar properties

inside the flow system are inherently constant, consistent with mass conservation. However,

the present study implements the analogous mixing metric to open-boundary flow systems,

so a valid application of the mixing metric as a variable dependent on length scales is highly

challenging and often requires special treatment. Gevorkyan et al. (2016) also note that

even applying metrics such as Unmixedness and Probability Density Function (PDF), using

the smallest length scales from PLIF images, to an open-boundary flow system requires care

to obtain results that may be compared among widely variable flow conditions. Gevorkyan

et al. (2016) determine the Unmixedness and PDF of concentration fields by matching mean

acetone concentration values inside each seven-pixel-width interrogation area over the en-

tire flowfield (in the centerplane) and in cross-sectional jet slices. This is accomplished by

changing the size of the interrogation area, adding or removing zero-valued pixels for the

interrogation area, thus maintaining mass conservation. This special treatment successfully

enables a study which appropriately compares mixing characteristics for jets in crossflow

operating under various flow conditions. This approach of matching mean concentrations in

interrogation areas to a fixed value is more appropriate when the mixing characteristics are
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compared among different flow conditions, as discussed in detail in Gevorkyan et al. (2016).

But this approach is not precisely accurate when exploring the influence of length scales on

mixing process.

In addition to the the Unmixedness evaluation introduced above, with a fixed interro-

gation area but without matching mean concentration values inside interrogation areas in

order to explore the same range of length scales (δp ≤ δs ≤ δs,max or 20D) over the entire

range of sc/D locations (0.5 ≤ sc/D ≤ 10), we apply the alternative Unmixedness evalua-

tion with matching mean concentration values inside variable-sized interrogation areas, as in

Gevorkyan et al. (2016), in order to still explore the effect of variable mixing scale lengths.

Note that when mean values are matched to a fixed reference value in each interrogation

area, the range of length scales at each sc/D location necessarily becomes different due to

a variable size of the interrogation area (or maximum length δs,max in Figure 4.1). In the

study by Gevorkyan et al. (2016), the reference value typically is the spatial mean concen-

tration value of the temporally averaged concentration at a fairly far downstream location

(sc/D = 15) for the equidensity flush nozzle-injected JICF at J = 5 in the plane normal

to the jet. Interestingly, Gevorkyan et al. (2016) confirm that the Unmixedness calculation

with matched mean values is fairly insensitive to the selected reference value. In the present

study, for the alternative Unmixedness evaluation with matching mean concentration values,

the same reference value used in the study by Gevorkyan et al. (2016) is implemented, for

the J = 5 case at sc/D = 15. Because the same PLIF data sets are utilized in this study as

in Gevorkyan et al. (2016), the choice of the reference value is considered to be reasonable.

As mentioned, matching the mean concentration value for the alternative Unmixedness

evaluation produces different sizes of the interrogation areas at each sc/D location, and hence

different maximum length scales (δs,max in Figure 4.1). Thus, the process of averaging at each

sc/D location and at each length scale δs requires special consideration, especially at rela-

tively larger length scales. In the alternative scheme with the matched mean concentration

values, after the process of evaluating the instantaneous Unmixedness for all length scales

over the entire set of sc/D locations for a given condition is accomplished, the minimum

length scale within all of the maximum length scales, δs,threshold, is determined for all instan-
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taneous images and sc/D locations. Then the instantaneous Unmixedness data with length

scales larger than δs,threshold are removed from the calculation to guarantee that the mean Un-

mixedness is evaluated based on all instantaneous images, 200−300 samples. This treatment

is especially important in this study to ensure statistical convergence because the number

of pixels in each interrogation area is already small due to the use of a relatively narrow,

one-pixel-width interrogation area as compared with the seven-pixel-width interrogation area

in Gevorkyan et al. (2016). When zeros are added/removed to match mean concentration

values in interrogation areas with the smallest length scale δp, equivalently to the evaluation

administered in Gevorkyan et al. (2016), the direction of adding/removing zeros does not

affect the mixing metric results because the Unmixedness with a single length scale is unable

to capture the segregation of fluid. However, the process of adding/removing zeros with

larger length scales δs is direction-sensitive because the added/removed zero-valued pixels

play an important role in the process of creating fluid elements along the interrogation area

and hence change the scale of fluid segregation or clustering. Hence, in the present study,

if necessary, zeros are added/removed evenly from both sides (positive and negative n/D)

of an interrogation area so that the zeros are not weighted on one of the sides. A variation

in the maximum length scales in each interrogation area to match the mean concentration

values generates a slight qualitative discrepancy as compared with the trends acquired by the

scheme with fixed-size interrogation areas but without matching mean concentration values,

as expected. Yet mixing characteristics of interest are sufficiently captured by both methods

in the same manner, and with the same trend, which will be discussed in detail in Section

4.3.

To verify the validity of the algorithm with a fixed interrogation area but without match-

ing mean concentration values, a test calculation is conducted based on the discussion of

mixing characteristics by Kukukova et al. (2009). Kukukova et al. (2009) indicate that the

scale of segregation pertaining to clustering of flow structures is important to characterize

mixing, particularly turbulent mixing process. The concept of the scale of segregation is

deeply related to mixing length scales, the main interest in this part of our study. Hence,

the Unmixedness metric, yet applied with variable length scales, has to be capable of captur-
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ing the scale of segregation in flowfields if the mixing metric is to work successfully. That is,

the Unmixedness should become lower, corresponding to better mixing, for a lower scale of

segregation and higher, for worse mixing, with a higher scale of segregation at a given length

scale. Figure 4.2(a) shows a 15× 15 test fluid configuration with closed boundaries, where a

black and white pixels correspond to concentration values of 1 and 0, respectively. The mean

concentration value in each column, at all x1 locations (1 ≤ x1 ≤ 15), is set to be identical.

At 1 ≤ x1 ≤ 3, fluid elements with black pixels are separated from each other with a length

scale of one pixel, so the scale of segregation in this region is low. However, at 13 ≤ x1 ≤ 15,

fluid elements with black pixels are all concentrated in one region, so the scale of segregation

is high. The scale of segregation is set to be gradually higher every three columns, from the

region at 1 ≤ x1 ≤ 3 through that for 13 ≤ x1 ≤ 15, where a fluid configuration for every

group of three columns is identical. Although each column consists of the same number of

black and white pixels, the flowfield at 1 ≤ x1 ≤ 3 is obviously better mixed than that at

12 ≤ x1 ≤ 15 due to its lower scale of segregation. Then, the Unmixedness metric with var-

ious length scales with a fixed interrogation area is applied to this configuration to validate

the capability of the metric in sensing the scale of segregation. As noted earlier, the size of

the interrogation area is fixed throughout the entire process at a 15-pixel length (δs,max) in

the x2 direction and a 1-pixel width (δp) in the x1 direction, resulting in the same range of

variable length scales, 1 ≤ δs ≤ 15, over all x1 locations. The same algorithm is applied over

all length scales δs as well as at all x1 locations.

The results are shown in Figure 4.2(b) and (c), which represent the concentration-based

Unmixedness Uc,x1x2
as a function of length scale δs, for different ranges of horizontal pixel

location x1 and as a function of x1 for different δs values, respectively. As observed in the plot

in Figure 4.2(c) shown as a black line and circle markers, the Unmixedness with the smallest

length scale at δs = 1 along x1 is 100 % over the entire region, corresponding to completely

unmixed fluid, even though the scale of segregation every three columns is significantly

different. The same thing is shown in Figure 4.2(b) for δs = 1. While this makes sense for

the smallest δs, this equivalent Unmixedness for different fluid configurations suggests a lack

of the ability to quantify the scale of segregation if the Unmixedness or any L2 norm-based
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Figure 4.2: (a) Example of a scalar fluid configuration in a closed 15×15-pixel array used to validate

the evaluation of Unmixedness for various length scales. Black and white pixels correspond to 1

and 0, respectively. Each column (x1) has the same mean scalar value of approximately 0.47, but

with various scales of segregation. (b) Unmixedness of the fluid configuration Uc,x1x2
as a function

of length scales δs for an one-pixel-width interrogation area and a length of 15 pixels in the x2

direction. (c) The same Unmixedness for various length scales as a function of the x1 coordinate

location.
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mixing metric is applied without special treatment. The Unmixedness evaluation at larger

length scales, δs, however, does capture differences in the scale of segregation because larger

scale lengths can capture regions of mixed fluid, i.e., pixels with both 0 and 1 values. Figure

4.2(b) generally reveals a lower Unmixedness, corresponding to better mixing, most length

scales δs when the fluid configuration has a lower scale of segregation as at the left side of

Figure 4.2(a). The same trend is observed in Figure 4.2(c); the Unmixedness is generally

lower in the region 1 ≤ x1 ≤ 3, with a lower scale of segregation, and Uc,x1x2
gradually

becomes higher toward the region 13 ≤ x1 ≤ 15 with a higher scale or degree of segregation,

strongly depending on the value of δs. At δs = 15 (the maximum length scale δs,max), for all

flow configurations, the Unmixedness is 0 %, as expected, indicating completely mixed fluid

in each large interrogation area.

The results of the test case indicate that this algorithm successfully captures varying

degrees of mixing with variable length scales δs and thus distinguishes higher and lower

scales of segregation. In actual flowfields, one can expect an increase in the Unmixedness if

the degree of fluid segregation becomes larger in the flowfield at a certain length scale. This

increase could be associated with actual flow structures, such as vortices in the upstream

shear layer of the JICF or flow structures in the wake region with a relatively higher degree

of out-of-plane component.

4.2 Unmixedness with Variable Scale Lengths without Matching

Mean Values

In the previous study associated with mixing characteristics for the JICF by our group

(Gevorkyan et al., 2016), the mean centerplane-based Unmixedness in the transformed plane

(n/D − sc/D) is evaluated using a seven-pixel-width interrogation area, approximately cor-

responding to a scale length of sc/D ≈ 0.25. This width is carefully determined to be

sufficiently thin to be fairly close to the experimentally-measured 1/e2 laser sheet thickness

(approximately 400− 900 µm) at the wavelength of 266 nm for acetone PLIF imaging (see

Section 2.3.1), and sufficiently thick to achieve statistical convergence. In the present study,
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on the other hand, a one-pixel-width interrogation area, approximately corresponding to

sc/D ≈ 0.04, was applied to study the effect of varying length scales in the n/D direction,

normal to the jet’s centerline trajectory, on Unmixedness and flow segregation. Therefore,

it has to be verified that one-pixel width for the interrogation area is sufficient for statistical

convergence or to properly capture the mixing characteristics at each sc/D location.

For this verification, the values of Unmixedness with the smallest length scale δs = δp

(approximately 0.04D) are evaluated and compared using one- and seven-pixel-width in-

terrogation areas. With the one-pixel-width interrogation area, because the Unmixedness

can be evaluated with/without matching the mean concentration value in each interroga-

tion area to the reference value, the results acquired by both methods are also compared.

The Unmixedness with the seven-pixel-width interrogation area is taken from the study by

Gevorkyan et al. (2016). Note that the same set of PLIF data is utilized to evaluate the

Unmixedness, so the results should be qualitatively as well as quantitatively highly similar.

Figure 4.3 shows the mean centerplane-based Unmixedness with the smallest length scale,

δs/D = δp/D ≈ 0.04, along sc/D calculated with the seven-pixel-width interrogation area

with matching mean values (Gevorkyan et al., 2016), as well as with the one-pixel-width

interrogation area without and with matching mean values. The equidensity flush nozzle-,

elevated nozzle- and flush pipe-injected transverse jets are considered here at J = 41, 12 and

5. Sample instantaneous PLIF images for these cases are shown in Figure 1.5. As one can

see, all three results in Figure 4.3 show qualitatively and quantitatively good agreement, with

consistent reduction in Unmixedness (increase in mixing) as one moves downstream. There

is a very slight quantitative discrepancy between Uc,sn from Gevorkyan et al. (2016) and this

study without matching mean values, especially fairly far downstream and at higher J values.

This small quantitative difference is likely caused by the process of matching mean values;

without matching mean values, each interrogation area clearly has a different spatial mean

concentration value. The mean values may fluctuate even more at downstream locations

and/or higher J values because the jet is more turbulent and chaotic, possibly resulting in

more significant out-of-plane concentration fluctuations. One does not see any significant

differences between the results from Gevorkyan et al. (2016) and those from the present
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study with a one-pixel-width interrogation area when there is mean matching in Figure 4.3.

To explore a possible culprit for the quantitative difference in the Unmixedness in more

detail, the PDF of mean spatial concentration values inside a one-pixel-width interrogation

area with the smallest length scale (δs/D ≈ 0.04) is calculated at various sc/D locations,

in order to estimate the significance of the mean value fluctuations. To evaluate the PDF,

samples are collected from all instantaneous images at each sc/D location. Figure 4.4 shows

PDFs for various nozzles and flow conditions, where the PDF represents a histogram of the

instantaneous scalar data, normalized such that the area under the curve is unity (Dimotakis

and Miller, 1990). Increased levels of mixing here result in the appearance of a preferred (or

most probably) value of the scalar concentration. The variation in mean concentration values

becomes higher (broader distributions) at downstream locations than upstream locations as

well as higher J values. As one can see, the PDF shows steeper, narrower peaks in the

nearfield at all J cases but wider mean concentration distributions in the relatively farfield.

As seen in Figure 1.5, in the nearfield, the main dominant flow structures are a potential

core and coherent rolled-up vortices on the upstream shear layer. These nearfield structures

are very repetitive over all instantaneous images, and are considered to have lower mean

concentration fluctuations than in the farfield. Strong peaks in the PDF in the nearfield

suggest strong potential for rapid mixing associated with the vortices. Clearly, in the farfield,

the flow is more turbulent and considered to have more out-of-plane components, which

causes larger fluctuations in mean concentration values. This results indicate that the small

quantitative difference is mainly due to the mean concentration fluctuations at relatively

far downstream locations and higher J values. The mean values in each interrogation area

do not change with matching mean values, resulting in almost identical results between

the Unmixedness with a different size of the interrogation area (one- vs. seven-pixel width).

Although the slight quantitative difference is observed, the general mixing trend based on the

Unmixedness is sufficiently captured. In addition, the purpose of this study is to evaluate the

Unmixedness with various length scales and interpret the relationship between the degree of

mixing and flow structures associated with dominant mixing process, not to quantitatively

compare the results among all flow conditions as done in Gevorkyan et al. (2016). The
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Figure 4.3: Comparison of mean centerplane-based Unmixedness Uc,sn evaluated in the trans-

formed plane (sc/D− n/D) along the jet centerline trajectory sc/D with the smallest length scale

δs = δp in PLIF images for the equidensity (a) flush nozzle-, (b) elevated nozzle- and (c) flush pipe-

injected JICF at J = 41 (top row), 12 (middle row) and 5 (bottom row). Each plot corresponds to

Uc,sn with: a seven-pixel-width interrogation area with matching mean values by Gevorkyan et al.

(2016) (−), a one-pixel-width interrogation area without matching mean values (−), as well as

with matching mean values (−).
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Figure 4.4: Probability Density Function (PDF) evaluated in the transformed plane (sc/D−n/D)

for the range of mean concentration values C/Co over 200 instantaneous images at a given jet

centerline trajectory coordinate sc/D for the equidensity (a) flush nozzle-, (b) elevated nozzle- and

(c) flush pipe-injected JICF at J = 41 (top row), 12 (middle row) and 5 (bottom row).
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good quantitative and qualitative agreements among three types of Uc,sn in Figure 4.3 are

also observed for the lowered density (S = 0.35 and 0.55) flush nozzle-generated transverse

jets, which are shown in Appendix A. This exploration clearly demonstrates the validity

of applying the one-pixel-width interrogation area to sufficiently capture general mixing

characteristics using the present algorithm, both with and without matching mean values.

The results of the Unmixedness evaluation with various length scales are now considered

without matching mean concentration values. Figures 4.5 and 4.6 show the Unmixedness for

various length scales δs/D at a given jet centerline trajectory location sc/D, and with sc/D at

a given δs/D, respectively, for the equidensity JICF at J = 41, 12 and 5 for the three different

injectors. As previously mentioned, a transition from convective to absolute instability

occurs at a critical jet-to-crossflow momentum flux ratio Jcr ≈ 10 for flush injection and

Jcr ≈ 0.93 for elevated injection (Megerian et al., 2007; Davitian et al., 2010a; Getsinger

et al., 2014). Hence, the upstream shear layers for the flush nozzle- and flush pipe-generated

JICF at J = 41, 12 and 5 are convectively unstable, transitioning from convectively to

absolutely unstable, and absolutely unstable, respectively, while the upstream shear layers

for the elevated nozzle-injected JICF at these J values are all convectively unstable. For

the flush nozzle- and elevated nozzle-injected JICF, as one can see in Figures 4.5(a) and

(b), the Unmixedness gradually decreases at a given sc/D location (0.6 ≤ sc/D ≤ 10) as

δs/D becomes larger. The Unmixedness asymptotically converges to zero at the largest

length scale δs/D = 20 although the Unmixedness is plotted up to δs/D = 15 to easily

focus on mixing characteristics in a range of smaller scales. As sc/D becomes larger and one

moves downstream from 0.6 to 10 over the entire set of length scales δs, the Unmixedness

gradually and monotonically decreases in general. The general, monotonic decrease in the

Unmixedness means that the jet is mixed better for all length scales at further downstream

locations. This trend in the Unmixedness with various length scales is clearly seen in Figure

4.6(a) and (b) as well.

For the flush pipe-injected JICF in Figures 4.5(c) and 4.6(c), however, one can clearly

observe a different mixing trend from those for the flush and elevated nozzles. In Figure

4.5(c), crossover between plots begins to be observed as sc/D becomes larger: sc/D ≈ 5− 6

138



for δs/D ≈ 1 at J = 41, sc/D ≈ 3 − 4 for δs/D ≈ 0.35 at J = 12, and sc/D ≈ 1 − 2

for δs/D ≈ 1.3 at J = 5, for example. These crossovers suggest that the degree of mixing

of the JICF actually lessens at a certain length scale δs as sc/D increases, which is not

observed for the flush nozzle- and elevated nozzle-generated transverse jets at any of the

J values shown in Figure 4.5(a) and (b). This alteration in the trend in mixing, with

an increase in Uc,sn at specific sc/D locations before returning to a reduction, is shown in

Figure 4.6(c) for the flush pipe at all three J values. For smaller length scales (approximately

0 ≤ δs/D ≤ 0.2), a slight increase in the Unmixedness is observed, while for larger length

scales (approximately 0.5 ≤ δs/D), a more significant increase or clear local minima and

maxima of the Unmixedness begin to be observed at specific downstream locations instead

of the monotonic decrease in the Unmixedness. The local minima, corresponding to the

initial point of the increase in the Unmixedness, are located at sc/D ≈ 5.1 at J = 41,

sc/D ≈ 3.2 at J = 12, and sc/D ≈ 1.3 at J = 5, respectively, which is within the spatial

range of the crossovers determined in Figure 4.5(c). It should be noted that such local

minima and maxima are also observed for the flush nozzle at J = 12 in Figure 4.6(a), and

for the elevated nozzle at J = 12 and 5 in Figure 4.6(b), although the increase rate from the

local minima to maxima is lower and less steep than that for the flush pipe.

Both Figures 4.5 and 4.6 can be plotted together as a contour map as shown in Figure

4.7, representing the Unmixedness as an function of δs/D on the x axis and sc/D on the y

axis. Again, in the contour maps, one can clearly observe the increase in the Unmixedness

for the flush pipe as wavy contours, especially at relatively larger δs/D. This is not as clearly

seen for the flush and elevated nozzles in Figures 4.7 (a) and (b), although there appears to

be a small amount of waviness for the nozzle flows at the transitional J = 12 condition, and

for the elevated nozzle flows as the J = 12 and 5 conditions. These observations are relevant

to conjectures by earlier researchers.

Mathew et al. (2005) suggests, for example, that vortex structures contribute to better

molecular mixing at relatively smaller fluid mechanical length scales. However, vortices

possibly capture fluid locally inside themselves, e.g., in their cores, resulting in locally uniform

but overall nonuniform fluid concentrations and hence worse mixing in the flowfield with

139



(a) Flush Nozzle (b) Elevated Nozzle (c) Flush Pipe

δs/D
5 10 15

U
c,
sn

(%
)

0

20

40

60

80

100

δs/D
5 10 15

U
c,
sn

(%
)

0

20

40

60

80

100

δs/D
5 10 15

U
c,
sn

(%
)

0

20

40

60

80

100

J = 41 J = 41 J = 41

δs/D
5 10 15

U
c,
sn

(%
)

0

20

40

60

80

100

δs/D
5 10 15

U
c,
sn

(%
)

0

20

40

60

80

100

δs/D
5 10 15

U
c,
sn

(%
)

0

20

40

60

80

100

J = 12 J = 12 J = 12

δs/D
5 10 15

U
c,
sn

(%
)

0

20

40

60

80

100

δs/D
5 10 15

U
c,
sn

(%
)

0

20

40

60

80

100

δs/D
5 10 15

U
c,
sn

(%
)

0

20

40

60

80

100

J = 5 J = 5 J = 5

Figure 4.5: Mean centerplane-based Unmixedness Uc,sn evaluated in the transformed plane (sc/D−

n/D) as a function of various length scales normalized by the jet diameter δs/D at a given jet

centerline trajectory coordinate sc/D for the equidensity (a) flush nozzle-, (b) elevated nozzle- and

(c) flush pipe-injected JICF at J = 41 (top row), 12 (middle row) and 5 (bottom row). Mean

concentration values in each interrogation area are not matched to the reference value here.
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Figure 4.6: Mean centerplane-based Unmixedness Uc,sn evaluated in the transformed plane (sc/D−

n/D) as a function of jet centerline trajectory coordinate sc/D with a given length scale δs/D for

the equidensity (a) flush nozzle-, (b) elevated nozzle- and (c) flush pipe-injected JICF at J = 41

(top row), 12 (middle row) and 5 (bottom row). Mean concentration values in each interrogation

area are not matched to the reference value here.
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Figure 4.7: Contour maps of the mean centerplane-based Unmixedness Uc,sn evaluated in the

transformed plane (sc/D−n/D) as a function of various length scales normalized by the jet diameter

δs/D (x axis) and jet centerline trajectory coordinate sc/D (y axis) for the equidensity (a) flush

nozzle-, (b) elevated nozzle- and (c) flush pipe-injected JICF at J = 41 (top row), 12 (middle row)

and 5 (bottom row). Mean concentration values in each interrogation area are not matched to the

reference value here.
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vortex evolution. It is interesting to investigate such a relationship between mixing length

scales and vortical structures, especially vortex rollups that appear in the upstream shear

layer in this study which may be a dominant factor in nearfield mixing. For the equidensity

flush nozzle- and elevated nozzle-injected JICF, one can see a monotonic decrease in the

Unmixedness towards 0 % as mixing length scale increases for all J values in Figures 4.5(a)

and (b). This tendency is generally expected because Uc,sn decreases mainly due to the

less fine spatial resolution and averaging effect of concentration values as the length scale

δs increases. Hence, any vortical flow structures for the nozzle injection captured in our

PLIF imaging do not worsen the degree of molecular mixing at larger mixing length scales,

at least, based on the current spatial resolution (a pixel size of δp) in the PLIF images.

However, for the equidensity flush pipe-injected JICF, e.g., in Figure 4.5(c), an increase

in the Unmixedness was observed via the “crossover” shown as length scale was increased,

which may be ascribed to differences in flow structures from those for the flush injection. An

in-depth study of flow structures helps to investigate the relationship between such structures

and mixing characteristics for these different injections.

We can examine instantaneous centerplane acetone concentration images in the trans-

formed plane (sc/D − n/D) for these three injectors as shown in Figure 4.8 to investigate

the effect of flow structures on mixing characteristics, especially in the increase in the Un-

mixedness for the equidensity flush pipe-injected JICF. Here, our main focus is on rolled-up

vortical structures on the upstream shear layer and fluid in the wake region, which are

signature nearfield flow structures in the centerplane view. For the equidensity flush and

elevated nozzle-injected JICF, coherent rolled-up vortices on the upstream shear layer are

clearly observed, which are initiated closer to the jet exit as J values decrease. The rollups

generally contain fluid with concentration values C/Co ≈ 0.5 − 0.7, while potential core

regions contain fluid with C/Co ≈ 1.0, corresponding to pure jet fluid. For the equiden-

sity flush pipe-injected JICF, the structural characteristics of rolled-up vortices are different

from those for the other two injectors. The vortical rollups on the upstream shear layer here

contain higher-concentration fluid with C/Co ≈ 0.8− 0.9, closer to the unity concentration

in the potential core region. These highly concentrated rollups for the flush pipe are likely to
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be caused by a lowered degree of crossflow entrainment into the jets. In addition, shear layer

vortices seem to be more closely engaged with the potential core region for the flush pipe,

while vortices on the upstream shear layer for the nozzle-injected JICF are more distinguish-

able from the potential core region based on structural and concentration differences. The

initial rollup locations on the upstream shear layer for the equidensity flush pipe-injected

JICF can be visually determined from the instantaneous images in Figure 4.8 to lie approx-

imately at sc/D ≈ 4.9 for J = 41, sc/D ≈ 3.2 for J = 12, and sc/D ≈ 1.5 for J = 5. These

locations are very close to the locations where the local increase in the Unmixedness with

sc/Dwas observed in Figures 4.5-4.7.

Another interesting flow structure is observed in the wake region for these jets. More

jet fluid in the wake region is observed for the flush pipe-injected JICF than that for the

nozzle-injected JICF, especially for the elevated nozzle. The wake region for the flush pipe

is likely to be initiated relatively closer to the jet exit than the locations of initial upstream

shear layer rolled-up vortices, visually determined for the wake at sc/D ≈ 2.5 at J = 41,

sc/D ≈ 1.5 at J = 12 and sc/D ≈ 1.0 at J = 5 from Figure 4.8(c). These nearfield locations

associated with the initiation of the wake flow are fairly repetitive over all instantaneous

images for each flow condition. Therefore, from these observations of flow structures in the

instantaneous images, it is conjectured that, for the flush pipe, the initial locations of the

rolled-up vortices on the upstream shear layer are more closely associated with the locations

at which there is an increase in the Unmixedness at relatively large length scales. This

increase does not appear to be associated with initiation of structures in the wake region.

To confirm this conjecture on the effect of the flow structures on an increase in the Un-

mixedness for the equidensity flush pipe-injected JICF, the instantaneous centerplane-based

Unmixedness for variable length scales is investigated, in contrast to the mean Unmixedness

over all instantaneous images as explored in Figures 4.3-4.7. The purpose of this additional

examination is to see if the clear correspondence between specific instantaneous flow struc-

tures and mixing characteristics can be observed in an instantaneous metric. The same

algorithm as the mean Unmixedness evaluation is applied to the instantaneous calculation;

the only difference is that there is no average over 200−300 instantaneous images computed.
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Figure 4.8: Instantaneous centerplane acetone concentration images in the transformed plane

(n/D − sc/D) for the equidensity (a) flush nozzle-, (b) elevated nozzle- and (c) flush pipe-injected

JICF at J = 41 (top row), 12 (middle row) and 5 (bottom row). Acetone concentration C is

normalized by the mean concentration value inside the potential core Co in each instantaneous

image.
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Figures 4.9, 4.10 and 4.11 represent the centerplane-based Unmixedness evaluated on the

instantaneous images in Figure 4.8. Note that these results have much greater fluctuations

than the mean Unmixedness shown previously due to the instantaneous evaluation of the

metrics. Yet these results are useful in understanding the relationship between instantaneous

flow structures and mixing characteristics. In Figures 4.9(c) and 4.10(c) for the flush pipe,

one can still observe the crossovers initiated at sc/D ≈ 5 − 6 for δs/D ≈ 0.88 (J = 41),

sc/D ≈ 3− 4 for δs/D ≈ 0.78 (J = 12), and sc/D ≈ 1− 2 for δs/D ≈ 0.72 (J = 5), as well

as an increase in the Unmixedness for relatively larger length scales starting at sc/D ≈ 5.7

for J = 41, sc/D ≈ 3.3 for J = 12, and sc/D ≈ 1.3 for J = 5. Interestingly, the locations

at which the crossovers and the increase in the Unmixedness are observed are close to the

visually-determined initial rollup locations on the upstream shear layer in Figure 4.8(c) and

not to the appearance of fluids in the wake region. Again, one could attribute the increase

in the Unmixedness for the equidensity flush pipe-injected JICF to be related to rollups on

the upstream shear layer rather than to flow structures in the wake region.

Based on results in Figures 4.8 to 4.11, and the correlation of even instantaneous vortical

structures with alterations in mixing trends, further conjectures may be made. Upstream

shear layer rollups could contribute to enhancing smaller-scale mixing (e.g., molecular diffu-

sion) at small length scales, but there may not significantly enhance or even worsen larger-

scale mixing (e.g., mechanical stirring) at larger scales due to the highly concentrated fluid

captured by the vortices, as mentioned in previous studies (Mathew et al., 2005; Gubanov

and Cortelezzi, 2010). This appears to be consistent with instantaneous images and metrics

for all injectors. Because this trend is only observed for the straight pipe injection for mean

metrics, however, an overall reduction in crossflow entrainment might be associated with

some inherent mean characteristic of pipe injection, such as a thicker jet boundary layer or

momentum thickness at the jet exit than for the nozzle injection. Another feature could in-

volve lowered crossflow entrainment into the flush pipe itself, or into its upstream shear layer,

creating higher-concentrated vortices on the upstream shear layer than for nozzle injection.

An in-depth exploration pertaining to the entrainment mechanism for the pipe injection or

the effects of flow structures on the mixing characteristics is not covered in this study, but
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Figure 4.9: Instantaneous centerplane-based Unmixedness Uc,sn evaluated in the transformed plane

(sc/D − n/D) shown in Figure 4.8 as a function of various length scales normalized by the jet

diameter δs/D at a given jet centerline trajectory location sc/D for the equidensity (a) flush

nozzle-, (b) elevated nozzle- and (c) flush pipe-injected JICF at J = 41 (top row), 12 (middle row)

and 5 (bottom row). Mean concentration values in each interrogation area are not matched to the

reference value here.
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Figure 4.10: Instantaneous centerplane-based Unmixedness Uc,sn evaluated in the transformed

plane (sc/D − n/D) shown in Figure 4.8 as a function of jet centerline trajectory coordinate sc/D

with a given length scale δs/D for the equidensity (a) flush nozzle-, (b) elevated nozzle- and (c) flush

pipe-injected JICF at J = 41 (top row), 12 (middle row) and 5 (bottom row). Mean concentration

values in each interrogation area are not matched to the reference value here.
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Figure 4.11: Contour maps of the instantaneous centerplane-based Unmixedness Uc,sn evaluated

in the transformed plane (sc/D − n/D) shown in Figure 4.8 as a function of various length scales

normalized by the jet diameter δs/D (x axis) and jet centerline trajectory coordinate sc/D (y axis)

for the equidensity (a) flush nozzle-, (b) elevated nozzle- and (c) flush pipe-injected JICF at J = 41

(top row), 12 (middle row) and 5 (bottom row). Mean concentration values in each interrogation

area are not matched to the reference value here.
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could be an interesting direction for future examination.

The observation of an increase in the Unmixedness, i.e., reduced mixing, with larger

length scales as compared with smaller length scales may also be associated with the mech-

anism of vortex initiation and breakdown. Due to the velocity-induction effect of the Biot-

Savart law (Lamb, 1895; Batchelor, 1967), a vortex structure in the shear layer entrains some

fluid from both the jet and the crossflow. This engulfment of fluid is related to the creation

of rolled-up vortices on the JICF upstream shear layer, and occurs at large length scales

or, equivalently, low wavenumbers. Once vortices are created, they extend the surface area

of the upstream shear layer, which enhances molecular diffusion. When vortex breakdown

occurs further downstream along the shear layer, smaller length scales are generated in the

flowfield. This evolution in scales suggests that the mixing mechanism is different along the

jet and amongst various flow length scales, depending on how the entrainment process or

vortex breakdown occurs, i.e., with better mixing at smaller length scales but worse mix-

ing at larger length scales. The present mixing metric is able to capture these differences

in mixing characteristics related to the different length scales, in contrast to metrics with a

single minimum flow scale. A detailed investigation in terms of the relationship between flow

length scales and mixing mechanisms is outside of the main focus of this study, although

such as exploration would be worthwhile.

Figures 4.12 and 4.13 represent the corresponding results to Figures 4.5 and 4.6 for mean

centerplane-based Unmixedness for the lowered density ratio (S = 0.55 and 0.35), flush

nozzle-generated JICF at J = 41, 12 and 5. Here, the upstream shear layer becomes abso-

lutely unstable when S is brought below approximately Scr ≈ 0.40− 0.45 (Getsinger et al.,

2012). As discussed for the equidensity JICF, crossovers in Uc,sn observed in Figure 4.5 are

related to the increase or dramatic change in the mixing trend for the Unmixedness, espe-

cially for S = 0.35 and J = 41, and for S = 0.55 and J = 12. Hence, similar phenomena

for lowered density ratio cases occur as for equidensity conditions, though for different in-

jection. Figure 4.12 show that there are no clear crossovers except for the S = 0.35 flush

nozzle-injected JICF at J = 41 and for S = 0.55 and J = 12. In most of the cases for the

flush nozzle injection for both S values, as observed for the equidensity cases, the crossovers
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are not as clearly observed as for equidensity straight pipe injection. For the S = 0.35 flush

injection case at J = 41, however, the crossover starts to be observed at sc/D ≈ 1− 2 with

δs/D ≈ 2.0. In Figure 4.13(b) at J = 41, one can observe the slight but abrupt increase in

the Unmixedness at sc/D ≈ 2.0, while the other cases in Figure 4.13 generally show mono-

tonic decrease in the Unmixedness along sc/D coordinate at all length scales, with a minor

exception for S = 0.55 and J = 12. The abrupt increase in the Unmixedness can be more

clearly observed in the contour map plots in Figure 4.14. For the S = 0.35 jet at J = 41,

δs/D ≥ 2 and sc/D ≈ 2.0, we observe the increase in the Unmixedness becomes more signif-

icant than for smaller length scales, which correspond to the crossover location determined

in Figure 4.12(b) at J = 41. Interestingly, the increase in the Unmixedness observed for the

equidensity pipe injection and this low density nozzle case behaves differently. For the pipe

injection, the Unmixedness increases and then decreases moderately, while the Unmixedness

abruptly increases and then monotonically decreases for the S = 0.35 flush nozzle-injected

JICF at J = 41. This difference may indicate that different flow structures contribute to the

behavior of the Unmixedness for these two cases.

Figure 4.15 shows the transformed instantaneous centerplane PLIF images for the lowered

density, flush nozzle-injected JICF, corresponding to Figure 4.8 for the equidensity cases. For

all cases shown here, clear, coherent rolled-up vortices are observed on the upstream shear

layer, consistent with absolute instability. The concentration values inside the vortices are

slightly higher than those for the equidensity flush nozzle injection cases, approximately

C/Co ≈ 0.8− 0.9 for all cases in Figure 4.15, although the sizes of the vortices are visually

very similar to those of the equidensity flush nozzle cases. Gevorkyan et al. (2016) suggest

that this more highly-concentrated vortices on the upstream shear layer than those for the

equidensity flush nozzle-injected JICF produced higher Unmixedness and lower molecular

mixing for the lowered S cases. Similarly to the flush pipe-injected JICF cases, the initiation

of the rollups on the upstream shear layer may contribute to the abrupt increase in the

Unmixedness, although the behavior of the Unmixedness is clearly different. The initial

vortex location visually appears for S = 0.35 and J = 41 at sc/D ≈ 1.2, which is slightly

closer to the jet exit than the location of the increase in the Unmixedness in Figures 4.12-
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Figure 4.12: Mean centerplane-based Unmixedness Uc,sn evaluated in the transformed plane

(sc/D − n/D) as a function of various length scales normalized by the jet diameter δs/D at a

given jet centerline trajectory location sc/D for the (a) S = 0.55 and (b) S = 0.35, flush nozzle-

injected JICF at J = 41 (top row), 12 (middle row) and 5 (bottom row). Mean concentration

values in each interrogation area are not matched to the reference value here.

152



(a) S = 0.55 (b) S = 0.35

sc/D
2 4 6 8 10

U
c,
sn

(%
)

101

102

sc/D
2 4 6 8 10

U
c,
sn

(%
)

101

102

J = 41 J = 41

sc/D
2 4 6 8 10

U
c,
sn

(%
)

101

102

sc/D
2 4 6 8 10

U
c,
sn

(%
)

101

102

J = 12 J = 12

sc/D
2 4 6 8 10

U
c,
sn

(%
)

101

102

sc/D
2 4 6 8 10

U
c,
sn

(%
)

101

102

J = 5 J = 5

Figure 4.13: Mean centerplane-based Unmixedness Uc,sn evaluated in the transformed plane

(sc/D − n/D) as a function of jet centerline trajectory coordinate sc/D with a given length scale

δs/D for the (a) S = 0.55 and (b) S = 0.35, flush nozzle-injected JICF at J = 41 (top row), 12

(middle row) and 5 (bottom row). Mean concentration values in each interrogation area are not

matched to the reference value here.
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Figure 4.14: Contour maps of the mean centerplane-based Unmixedness Uc,sn evaluated in the

transformed plane (sc/D−n/D) as a function of various length scales normalized by the jet diameter

δs/D (x axis) and jet centerline trajectory coordinate sc/D (y axis) for the (a) S = 0.55 and (b)

S = 0.35, flush nozzle-injected JICF at J = 41 (top row), 12 (middle row) and 5 (bottom row).

Mean concentration values in each interrogation area are not matched to the reference value here.
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4.14. For the S = 0.35 flush nozzle-injected JICF at J = 41 (Figure 4.15(b)), unlike the other

lowered S cases, there is widely spread wake region initiated approximately from sc/D ≈ 2.0

on the positive n/D side, very close to the location where the increase in the Unmixedness was

observed. The fluid in the wake region consists of relatively higher concentration fluid than

for other flow conditions, and its length scale appears to be larger than the upstream shear

layer vortical rollup. After the wake region is created at sc/D ∼= 2.0, the concentration seems

to monotonically decrease without any clearly visible vortices capturing highly-concentrated

fluid. This structural trend agrees with the mixing trends in Figure 4.14(b). The rather

abrupt increase in the Unmixedness may correspond more to the initiation of the relatively

large, moderately-concentrated wake region than to the vortical rollup on the upstream

shear layer, but after this the fluid in the wake region behaves as a regular jet showing

monotonic concentration decay. Hence, based on this observation, the lowered density flush

nozzle-injected JICF generally does not show the increase in the Unmixedness like the pipe

injection, but the presence of a relatively large wake region may influence abrupt changes

in mixing characteristics. Consequently, the application of the Unmixedness with various

length scales to JICF for widely varied flow conditions suggests the capability of capturing

the effect of flow structures with different length scales on mixing process, both molecular

mixing as well as fluid mechanical stirring.

4.3 Unmixedness with Variable Scale Lengths with Matching Mean

Values

As mentioned previously, Gevorkyan et al. (2016) utilized the Unmixedness in the JICF fields

with matched mean concentration values in each interrogation area to reasonably compare

all results among widely varied flow conditions with various injectors. Although the current

study does not directly and quantitatively compare the Unmixedness amongst various flow

conditions, it is worthwhile to apply the Unmixedness calculation for various scale lengths

with matched mean concentration values in each interrogation area to see how the results

compare with those in Section 4.2. Again, the width of an interrogation area is fixed at a
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Figure 4.15: Instantaneous centerplane acetone concentration images in the transformed plane

(n/D − sc/D) for the (a) S = 0.55 and (b) S = 0.35, flush nozzle-injected JICF at J = 41 (top

row), 12 (middle row) and 5 (bottom row). Acetone concentration C is normalized by the mean

concentration value inside the potential core Co in each instantaneous image.
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single pixel in the sc/D direction, but the length in the n/D direction is varied at each sc/D

location and for each instantaneous image due to the necessity to match mean values by

adding/removing zeros.

Figures 4.16, 4.17 and 4.18 are the results of the Unmixedness evaluation with matching

mean values for the equidensity flush nozzle-, elevated nozzle-, and flush pipe-injected JICF,

corresponding to Figures 4.5, 4.6 and 4.7 which were analyzed without matching mean

values. Additionally, Figures 4.19, 4.20 and 4.21 are the same mixing evaluation for the

lowered density, flush nozzle-injected JICF with means matched, corresponding to Figures

4.12, 4.13 and 4.14 without matching mean values. Note that because the maximum length

scales δs,max are varied due to the process of matching the mean values by adding/removing

zeros, each figure has a different range of δs/D. In Figure 4.16, one can observe fairly

close mixing characteristics to those without matching mean values (Figure 4.5). For the

equidensity flush nozzle- and elevated nozzle-injected JICF cases in Figures 4.16(a) and

(b), clear crossovers in the plots are not observed, while for the equidensity flush pipe-

injected JICF, Figure 4.16(c)), clear crossovers, which implies a worsening in mixing at a

certain length scale as sc/D becomes larger, are initiated approximately at sc/D ≈ 5 − 6

for δs/D ≈ 0.84 (J = 41), sc/D ≈ 3 − 4 for δs/D ≈ 0.31 (J = 12), and sc/D ≈ 1 − 2 for

δs/D ≈ 1.1 (J = 5). The crossover locations extracted with matching mean values agree well

with those without matching means in the interrogation areas. From Figures 4.17(a) and (b)

for the equidensity flush nozzle- and elevated nozzle-injected JICF, a monotonic decrease in

the Unmixedness at various length scales is generally shown, as observed for plots in Figure

4.6 without matching mean values. Again, for the equidensity flush pipe-injected JICF in

Figure 4.17(c), the increase in the Unmixedness is clearly observed at sc/D ≈ 5.1 at J = 41,

sc/D ≈ 3.2 at J = 12, and sc/D ≈ 1.3 at J = 5, which show surprisingly good agreement

with the locations extracted from data in Figure 4.6(c)without matching mean values.

Very similar mixing characteristics extracted for the cases with matching mean values are

observed in Figures 4.19-4.21 for the lowered S flush nozzle-injected JICF, as compared with

those without matching mean values (Figures 4.12-4.14). From these investigations, this

mixing metric basically captures qualitatively similar mixing characteristics with/without
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Figure 4.16: Mean centerplane-based Unmixedness Uc,sn evaluated in the transformed plane

(sc/D − n/D) as a function of various length scales normalized by the jet diameter δs/D at a

given jet centerline trajectory location sc/D for the equidensity (a) flush nozzle-, (b) elevated

nozzle- and (c) flush pipe-injected JICF at J = 41 (top row), 12 (middle row) and 5 (bottom row).

Mean concentration values in each interrogation area are matched to the reference value.
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Figure 4.17: Mean centerplane-based Unmixedness Uc,sn evaluated in the transformed plane

(sc/D − n/D) as a function of various length scales normalized by the jet diameter δs/D at a

given jet centerline trajectory location sc/D for the equidensity (a) flush nozzle-, (b) elevated

nozzle- and (c) flush pipe-injected JICF at J = 41 (top row), 12 (middle row) and 5 (bottom row).

Mean concentration values in each interrogation area are matched to the reference value.
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(a) Flush Nozzle (b) Elevated Nozzle (c) Flush Pipe
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Figure 4.18: Contour maps of the mean centerplane-based Unmixedness Uc,sn evaluated in the

transformed plane (sc/D−n/D) as a function of various length scales normalized by the jet diameter

δs/D (x axis) and jet centerline trajectory coordinate sc/D (y axis) for the equidensity (a) flush

nozzle-, (b) elevated nozzle- and (c) flush pipe-injected JICF at J = 41 (top row), 12 (middle row)

and 5 (bottom row). Mean concentration values in each interrogation area are matched to the

reference value.
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Figure 4.19: Mean centerplane-based Unmixedness Uc,sn evaluated in the transformed plane

(sc/D − n/D) as a function of various length scales normalized by the jet diameter δs/D at a

given jet centerline trajectory location sc/D for the (a) S = 0.55 and (b) S = 0.35, flush nozzle-

injected JICF at J = 41 (top row), 12 (middle row) and 5 (bottom row). Mean concentration

values in each interrogation area are matched to the reference value.
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Figure 4.20: Mean centerplane-based Unmixedness Uc,sn evaluated in the transformed plane

(sc/D − n/D) as a function of various length scales normalized by the jet diameter δs/D at a

given jet centerline trajectory location sc/D for the (a) S = 0.55 and (b) S = 0.35, flush nozzle-

injected JICF at J = 41 (top row), 12 (middle row) and 5 (bottom row). Mean concentration

values in each interrogation area are matched to the reference value.
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Figure 4.21: Contour maps of the mean centerplane-based Unmixedness Uc,sn evaluated in the

transformed plane (sc/D−n/D) as a function of various length scales normalized by the jet diameter

δs/D (x axis) and jet centerline trajectory coordinate sc/D (y axis) for the (a) S = 0.55 and (b)

S = 0.35, flush nozzle-injected JICF at J = 41 (top row), 12 (middle row) and 5 (bottom row).

Mean concentration values in each interrogation area are matched to the reference value.
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matching mean values, although the range of mixing length scales becomes quite different

among all flow conditions with matching mean values, as noted above. Although similar

mixing characteristics are observed with and without matching mean values, the current

mixing metric inherently consists of different features when one accounts for matched means.

The Unmixedness with matched mean values provides a smaller range of length scales δs in

which the mean Unmixedness can achieve improved statistical convergence. The smaller

range of δs could be problematic if a wide range of length scales needs to be investigated

based on the nature of the flow. Matching mean values, however, enables mixing metrics to

be compared over widely varying flow conditions. Therefore, the mixing metric and how it

is evaluated should be carefully chosen, depending on applications. In this study, the results

obtained using the mean centerplane-based Unmixedness without matching mean values are

mainly analyzed because a wider range of length scales is preferred for the purpose of this

study, where scale lengths provide insights into molecular mixing as compared with stirring.

4.4 Initial Locations of Rolled-up Vortices on Upstream Shear

Layer

The investigations in Sections 4.2 and 4.3 suggests a possible relationship between the initi-

ation of vortex rollup on the upstream shear layer and the local increase in the Unmixedness

for larger length scales, depending on injectors and flow conditions. Further exploration of

the relationship is considered in this section. The interest here is the initial locations of

the rollup, which not only could correspond to the increase in the Unmixedness, but also is

related to the determination of absolute vs. convective instability in the shear layer. From

the instantaneous PLIF images shown in Figures 4.8 and 4.15, it is difficult to determine

the initial locations of the rollups because one can hardly distinguish vortices from other

flow structures via concentration scalar fields. To define locations of vortices, velocity fields

are more appropriate to be used. Hence, PIV results from a part of prior simultaneous

PLIF/PIV measurements (Gevorkyan, 2015; Gevorkyan et al., 2017) are used to track vor-

tices. Although DEHS oil particles and fog are seeded into jet and crossflow, respectively for
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these PIV measurements, the existence of acetone vapors in the jet fluid for the PLIF will

cause fairly similar behavior to the JICF as in PLIF-only measurements, providing compa-

rable results to those in the present study. Velocity/Vorticity and scalar concentration fields

have been verified in the PLIF/PIV studies to be well aligned (Gevorkyan, 2015). Note that

we cannot utilize the PLIF results from part of the simultaneous PLIF/PIV measurements

to quantify the Unmixedness for variable length scales, which would provide more directly

comparable results, because: (1) the laser sheet is aligned not only for PLIF imaging but also

for PIV measurements in the simultaneous imaging, so the laser sheet thickness is relatively

thick (1.4 − 1.9 mm) for PLIF imaging (see Section 2.3.1), which worsens the spatial reso-

lution in PLIF images; and (2) addition of DEHS oil particles and fog in flowfield generates

noisier acetone concentration images which also affects resolution and image quality. The

mixing evaluation is inherently sensitive to the level of noise and the variation in spatial

resolution, so the PLIF data via single PLIF imaging with less noise and higher spatial res-

olution were utilized to avoid erroneous mixing evaluations and comparison. The PIV data

from simultaneous PLIF/PIV measurements were utilized to determine the locations of the

initiation of rolled-up vortices on the upstream shear layer. Due to the good correlation

between scalar and velocity fields (Gevorkyan, 2015), the PIV data can be validly used for

purposes of this study. There are three relevant cases in the PIV data: the equidensity flush

nozzle-, equidensity flush pipe-, and S = 0.35 flush nozzle-injected JICF.

It has been noted earlier that vorticity itself is not appropriate for the identification

of a vortex because vorticity characterizes not only swirling motion of the fluid but also

shearing motions (Jeong and Hussain, 1995; Kida and Miura, 1998). In particular, vorticity

is not suitable for vortex identification if the magnitude of background shear is comparable

to the magnitude of vorticity in the vortex regions. Figure 4.22 shows vorticity fields ωy

in the transformed plane (n/D − sc/D) extracted from the PIV data in Gevorkyan (2015).

The PIV data are transformed based on the jet centerline trajectory coordinate sc/D and

its normal direction n/D defined from mean PLIF images acquired via PLIF imaging as

a part of the simultaneous PLIF/PIV measurements. This transformation is successfully

used in Gevorkyan (2015) and Gevorkyan et al. (2017) for quantifying local strain rates on
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the upstream and downstream mixing layers along sc/D coordinate. As one can observe in

Figure 4.22, vorticity clearly captures vortex as well as shear layer components, especially at

higher J values such as J = 41, with a longer potential core region than at lower J values.

This trend is often observed in transverse jets because the magnitude of the background

shear is comparable to that of the vorticity, especially adjacent to the potential core region.

Hence, other methods are required to identify vortices. Many definitions to identify the

location of vortices in the Eulerian coordinate system have been developed over the years,

such as Q-criterion (Hunt et al., 1988), ∆-criterion (Dallmann, 1983; Vollmers et al., 1983;

Chong et al., 1990), or λ2-criterion (Jeong and Hussain, 1995). In the present study, Q-

and ∆-criterion are applied to determine vortex locations, or more specifically, initial vortex

locations on the upstream shear layer.

The Q-criterion is a commonly used parameter to identify vortices defined by Hunt et al.

(1988) as connected fluid regions with a positive second invariant of ∇u. That is, the Q-

criterion identifies regions where the magnitude of swirling motion prevails over the degree

of shearing motions. Additionally, the pressure in the vortex region is required to be lower

than the ambient pressure. For an incompressible flow, the Q-criterion is defined as follows:

Q =
1

2

(

||Ω||2 − ||S||2
)

(4.6)

In this study, Q is normalized by the maximum magnitude of Q in each instantaneous image.

S and Ω in Equation (4.6) are defined as follows:

⎧

⎪

⎪

⎨

⎪

⎪

⎩

Sij =
1

2

(

∂ui

∂xj

+
∂uj

∂xi

)

(4.7)

Ωij =
1

2

(

∂ui

∂xj

−
∂uj

∂xi

)

(4.8)

where S and Ω are the symmetric and antisymmetric components of ∇u, the rate-of-

deformation tensor, respectively. S and Ω physically represent the rate of strain and the

spin of fluid element, respectively. Therefore, the Q-criterion essentially represents the lo-

cal balance between strain rate and the magnitude of vorticity. From this perspective, the
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(a) Flush Nozzle (S = 1.00) (b) Flush Pipe (S = 1.00) (c) Flush Nozzle (S = 0.35)
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Figure 4.22: Instantaneous vorticity fields ωy in the transformed plane (sc/D − n/D) for the (a)

equidensity flush nozzle-, (b) equidensity flush pipe- and (c) S = 0.35 flush nozzle-injected JICF

at J = 41 (top row), 12 (middle row) and 5 (bottom row). Vorticity is non-dimensionalized by the

mean jet velocity at the jet exit Uj and the jet diameter D.
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Q-criterion in the range 0 ≤ Q ≤ 1 (when ||Ω||2 ≥ ||S||2) is used to define vortices in this

study.

The ∆-criterion is also widely utilized to identify vortices defined by Dallmann (1983),

Vollmers et al. (1983), and Chong et al. (1990) as regions where the eigenvalues of ∇u are

complex. Physically, the flow regions defined by the ∆-criterion consist of the spiraling

streamline and/or closed streamline in the Eulerian coordinate system. For incompressible

flow, the definition of the ∆-criterion is provided as follows:

∆ =

(

Q

3

)3

+

(

det∇v

2

)2

(4.9)

As for the Q-criterion, the ∆-criterion is normalized by a maximum value in each instanta-

neous image to achieve a range of 0 ≤ ∆ ≤ 1. Both the Q- and ∆-criteria can be quantified

in the transformed plane (n/D−sc/D), similarly to the vorticity fields shown in Figure 4.22.

The center locations of vortices are defined as local maxima based on the Q- and ∆-criterion

fields. The local maxima are detected by a two-dimensional peak detection algorithm using

a Matlab built-in function. In this exploration using PIV data, a main goal is to study the

relationship between a local increase in the Unmixedness for various length scales and the

initial rolled-up vortices on the upstream shear layer. Hence, only the initial rollups on the

upstream shear layer are extracted from the results of the vortex identification. The initial

vortex locations are detected in each transformed instantaneous image, and then averaged

over 500 samples to define the mean center locations for all flow conditions.

In a computational study, vortical structures can be simply defined by Q > 0 as well as

∆ > 0. However, a certain threshold value larger than zero is required to experimentally

define vortical structures by the Q- and ∆-criteria in order to extract vortices from the

background in any experimental data. Moreover, some shear components are still captured in

experimental data for these PIV measurements, although the Q-criterion and the ∆-criterion

mostly distinguish the difference between shear strain rate and spin of fluid in a flowfield.

Therefore, an appropriate threshold value has to be used to determine initial vortex locations.

Appropriate threshold values for both criteria are determined using a threshold selection

method developed by Otsu (1979). The threshold selection method basically determines an
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optimal threshold which produces the best separation of objects from the background by

dichotomizing pixels into two classes. This method is applied to each instantaneous image

to select appropriate threshold values for each image.

Figures 4.23 and 4.24 show instantaneous Q-criterion fields in the transformed plane

(sc/D− n/D) without and with employment of the above-noted optimized threshold values

for the equidensity flush nozzle- and flush pipe-, as well as S = 0.35 flush nozzle-injected

JICF. Note that these instantaneous fields are extracted using the same velocity fields as in

the instantaneous vorticity fields shown in Figure 4.22. In Figure 4.23, background or shear

components are captured in addition to actual vortical structures, especially in the upstream

shear layer near the potential core region at J = 41, which prevents proper vortex identi-

fication. In Figure 4.24, with optimized threshold values, however,clear vortical structures

are appropriately captured, with little spurious background noise or shear components. As

compared with Figure 4.22, clear correspondence is observed between the Q-criterion fields

with the optimal threshold in Figure 4.24 and regions of high magnitude in vorticity.

Figures 4.25 and 4.26 represent instantaneous ∆-criterion fields, without and with opti-

mized threshold values, respectively. Note that the ∆-criterion fields without the threshold

(Figure 4.25) reveal less in the way of background or shear components than Q-criterion

fields (Figure 4.23) without a threshold, although the ∆-criterion fields still capture a small

amount of background or shear in the quantification. The optimized threshold incorpora-

tion in Figure 4.26 successfully isolates vortex structures in the ∆-criterion fields from the

background or shear components. The clear separation of vortex components from the other

components was consistently observed in all instantaneous images for all injectors and flow

conditions utilizing the method to define optimal threshold values, though it is noted that the

Q-criterion captures more of the background (shear) structures than does the ∆-criterion.

The results of the detection of the initial vortex locations are shown in Figure 4.27. Figure

4.27 represents the mean initial rollup locations with respect to n/D and sc/D locations based

on the Q- and ∆-criterion fields. Recall that the equidensity flush pipe-injected JICF was

the only configuration for which the local minima in Uc,sn or an increase in Uc,sn was observed

(in Figures 4.6(c) and 4.7(c)). The locations of the rapid increase in the Unmixedness are
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(a) Flush Nozzle (S = 1.00) (b) Flush Pipe (S = 1.00) (c) Flush Nozzle (S = 0.35)
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Figure 4.23: Instantaneous Q-criterion fields in the transformed plane (sc/D − n/D) without

optimized threshold values (Q > 0) for the (a) equidensity flush nozzle-, (b) equidensity flush pipe-

and (c) S = 0.35 flush nozzle-injected JICF at J = 41 (top row), 12 (middle row) and 5 (bottom

row).
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(a) Flush Nozzle (S = 1.00) (b) Flush Pipe (S = 1.00) (c) Flush Nozzle (S = 0.35)
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Figure 4.24: InstantaneousQ-criterion fields in the transformed plane (sc/D−n/D) with optimized

threshold values for the (a) equidensity flush nozzle-, (b) equidensity flush pipe- and (c) S = 0.35

flush nozzle-injected JICF at J = 41 (top row), 12 (middle row) and 5 (bottom row).
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(a) Flush Nozzle (S = 1.00) (b) Flush Pipe (S = 1.00) (c) Flush Nozzle (S = 0.35)
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Figure 4.25: Instantaneous ∆-criterion fields in the transformed plane (sc/D − n/D) without

optimized threshold values (∆ > 0) for the (a) equidensity flush nozzle-, (b) equidensity flush pipe-

and (c) S = 0.35 flush nozzle-injected JICF at J = 41 (top row), 12 (middle row) and 5 (bottom

row).
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(a) Flush Nozzle (S = 1.00) (b) Flush Pipe (S = 1.00) (c) Flush Nozzle (S = 0.35)
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Figure 4.26: Instantaneous ∆-criterion fields in the transformed plane (sc/D−n/D) with optimized

threshold values for the (a) equidensity flush nozzle-, (b) equidensity flush pipe- and (c) S = 0.35

flush nozzle-injected JICF at J = 41 (top row), 12 (middle row) and 5 (bottom row).
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Table 4.1: Initial peak locations in power spectra of the upstream shear layer instabilities at a

fundamental natural frequency fo, with respect to the upstream shear layer locations s/D. These

locations are estimated from the data in Getsinger et al. (2012) and Getsinger et al. (2014).

J = 5 J = 12 J = 41

Flush Nozzle (S = 1.00) 0.4 1.2 2.4

Flush Pipe (S = 1.00) 0.4 3.1 4.6

Flush Nozzle (S = 0.35) 0.5 1.0 1.5

also plotted in Figure 4.27 so that results can be compared. Again, since the ∆-criterion

reveals less of the background or shear components than the Q-criterion, the ∆-criterion

is interpreted as a “stricter” quantifier than the Q-criterion for the purpose of identifying

vortices. The initial rollup locations with respect to sc/D locations are observed to be

consistently higher with the ∆-criterion than the Q-criterion.

Note also that in Figure 4.27 for plots associated with the sc/D coordinate, the initial

vortices on the upstream shear layer are created closer to the jet exit as J decreases, agree-

ing with the spectral and structural characteristics of the upstream shear layer acquired by

Megerian et al. (2007) and Getsinger et al. (2012, 2014), some of which are shown in Figures

1.3 and 1.4. Interestingly, although the spectral data from the experimental studies (Mege-

rian et al., 2007; Getsinger et al., 2012, 2014) are characterized along the upstream shear

layer coordinate s/D, not the centerline sc/D as in the present study, the locations of the

initial vortices detected by this study and the initial peak locations in spectral data show

good agreement. The initial peak locations are tabulated in Table 4.1. This good agree-

ment also suggests that the comparison between the PIV data as a part of the simultaneous

PLIF/PIV measurements and the PLIF data from PLIF-only imaging is reasonable, and the

process of finding the vortex locations is correctly conducted.

Now, let us focus on the results for the equidensity flush pipe-injected JICF at three J

values (J = 41, 12 and 5) in Figure 4.27(b) and the S = 0.35 flush nozzle-injected JICF

at J = 41 in Figure 4.27(c), in which the increase in the Unmixedness for relatively larger
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length scales was observed. For the flush pipe case, the initial vortex locations on the up-

stream shear layer, especially as determined by the ∆-criterion, show excellent agreement

with the locations at which the Unmixedness increases at relatively larger scales were deter-

mined (Figures 4.5(c)-4.7(c)). As suggested in Section 4.2, rollups on the upstream shear

layer may indeed be related to the increase in the Unmixedness, and the initial rolled-up

vortex locations appear to support the validity of this relationship. The initial locations of

vorticity in the wake regions, however, are closer to the jet exit than the initial upstream

rollup locations, confirming the relevance of the upstream shear layer to the alteration in

Unmixedness seen for the flush pipe-injected JICF.

For the S = 0.35, flush nozzle-injected JICF at J = 41, the initial vortices identified by

the Q- and ∆-criteria are located slightly closer to the jet exit (sc/D ≈ 1.2− 1.7) than the

locations where the abrupt increase in the Unmixedness was observed sc/D ≈ 2.0, as shown

in Figure 4.27(c) for the sc/D coordinate, while the initiation of the wake region sc/D ≈ 2.0

in Figure 4.15(c) shows much better correspondence. This exploration suggests a stronger

correlation between the the increase in the Unmixedness for larger length scales and the

initiation of wake regions on the downstream side (positive n/D side) for the S = 0.35 flush

nozzle case at J = 41.

The location where the Unmixedness for the equidensity flush nozzle flow at J = 12 in-

creases is also plotted in Figure 4.27(a) for the sc/D coordinate, approximately at sc/D ≈ 3.5,

which is extracted from Figure 4.6(a). The location for the increase in the Unmixedness does

not agree with those from the Q- and ∆-criteria. As mentioned in Section 4.2, the increase

in the Unmixedness from local minima to maxima for the equidensity flush nozzle-injected

JICF at J = 12 is smaller than that for the flush pipe-injected JICF. In the instantaneous

centerplane jet image, as shown in Figure 4.8(a), the data point location approximately at

sc/D ≈ 3.5 corresponds to a location where vortical flow structures on the upstream shear

layer begin to be more strongly disturbed and less distinguishable. Thus, the relatively

small increase in the Unmixedness for the equidensity flush nozzle flow at J = 12 could be

associated with different flow dynamics from the initiation of the vortical structures on the

upstream shear layer, or with the averaging process over 200 instantaneous images, which
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(a) Flush Nozzle (S = 1.00) (b) Flush Pipe (S = 1.00) (c) Flush Nozzle (S = 0.35)
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Figure 4.27: Mean initial vortex locations in n/D coordinate (top row) and sc/D coordinate

(bottom row) determined by Q-criterion (◦) and ∆-criterion (∗) with optimized threshold values

over 500 instantaneous images. Data points (�), corresponding to the increase in the Unmixedness,

are shown for the equidensity flush nozzle at J = 12 (from Figure 4.6(a)), for the equidensity flush

pipe at J = 5, 12, and 41 (from Figure 4.6(c)), and for the S = 0.35 flush nozzle at J = 41 (from

Figure 4.13(b)), in the sc/D coordinate in the bottom row.

are typically very wavy, as shown in Figures 4.9-4.11.

In conclusion, the newly developed mixing metric based on the Unmixedness (Gevorkyan

et al., 2016) and scale lengths related to the Mix-Norm (Mathew et al., 2005; Gubanov and

Cortelezzi, 2010) can be successfully applied to the JICF for widely varied flow conditions.

The ability of the mixing metric to capture the scale of segregation was validated by a test

case inspired by the study of Kukukova et al. (2009), as well as in the application of the JICF.

The application of the mean centerplane-based Unmixedness successfully captures mixing

characteristics associated with various length scales and provides a different interpretation of

the mixing characteristics as compared with those from those in Gevorkyan et al. (2016). For

the equidensity flush nozzle- and elevated nozzle-injected JICF, flow structures, especially
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vortex rollup on the upstream shear layer and in the wake regions, generally contribute to

better mixing at all length scales, while for the equidensity flush pipe-injected JICF, highly-

concentrated rollups on the upstream shear layer are likely to cause a local increase in the

Unmixedness (reduction in mixing) at relatively larger length scales associated with vortex

structures.

For the lowered S = 0.55 and 0.35 flush nozzle-generated JICF, similar mixing character-

istics were observed to those for the the equidensity flush nozzle- and elevated nozzle-injected

JICF, that is, a monotonic decrease in the Unmixedness for various length scales, except for

the case of the S = 0.35 JICF at J = 41. For this case, a relatively large wake region may be

a main culprit of an abrupt increase in the Unmixedness. This interpretation is supported

by between the increase in the Unmixedness at sc/D ≈ 2.0 and the initial vortex location

of sc/D ≈ 1.2 − 1.7 extracted from the PIV data, while from the instantaneous image in

Figure 4.15(c), the wake region was initially observed at sc/D ≈ 2.0, close to the increase in

the Unmixedness.

All explorations conducted in this study, such as the mean and instantaneous Unmixed-

ness, the Unmixedness with/without matching mean values, and initial vortex identifica-

tion on the upstream shear layer using the PIV data acquired via simultaneous PLIF/PIV

measurements, clearly suggest the relationships between various flow structures and mixing

characteristics with different length scales. Most importantly, the newly developed mixing

metric has an ability to capture different mixing characteristics for various length scales and

provides a different interpretation from that obtained by classic mixing metrics.
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CHAPTER 5

Effects of Axisymmetric Forcing on Transverse Jets -

Sinusoidal Excitation

Axisymmetric forcing of the jet is a potentially effective method to control the degree of

mixing for transverse jets (Johari et al., 1999; Eroglu and Breidenthal, 2001; M’Closkey

et al., 2002; Narayanan et al., 2003; Shapiro et al., 2006; Megerian et al., 2007; Davitian et al.,

2010b). To achieve an optimal mixing state in engineering applications, especially associated

with aerospace engineering fields, “strategic” forcing is important based on the knowledge of

the nature of naturally-occurring instabilities, and structural and mixing characteristics with

and without external forcing. Hence, this chapter discusses the effect of axisymmetric forcing,

specifically using sine wave forcing of the jet fluid created by an acoustic loud speaker, on

instability, structural and mixing characteristics for the JICF via acetone PLIF. Note that

only the equidensity (S = 1.00) flush nozzle-injected JICF for a range of momentum flux

ratios (5 ≤ J ≤ 41) is explored in this experimental study.

5.1 Sinusoidal Forcing

Sinusoidal forcing created by an acoustic loud speaker is a relatively simple way to excite

the JICF and potentially to enhance molecular mixing of the JICF. The effect of sine wave

forcing on the JICF has been studied by many research groups (Vermeulen et al., 1992;

M’Closkey et al., 2002; Narayanan et al., 2003; Muldoon and Acharya, 2010; Davitian et al.,

2010b), although extensive study of jet structural characteristics and mixing quantification,

utilizing various mixing metrics during such forcing, has not been conducted in depth to the

best of our knowledge. Thus, the main goal of this part of our study is to explore instabilities,
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and structural as well as mixing characteristics for the JICF under sine wave excitation.

Sine wave excitation of the jets is generated by an acoustic loud speaker situated beneath

the injection system, which includes an injector and a long pipe as a flow straightner as

mentioned in Chapter 2. A sinusoidal signal with a prescribed forcing frequency ff was

initially created by a function generator. The function generator is followed by an amplifier

with a constant gain of 30. Then, the amplified signal is transferred to the loud speaker to

generate external, axisymmetric forcing to the JICF. The main interest in this experimental

study is to investigate the effect of ff on various characteristics of the JICF. For this purpose,

applying effectively the same amplitude of sine wave forcing among various frequencies ff

is important for a direct comparison among all forcing and jet conditions. Hence, matching

parameters associated with the energy input to the JICF via jet forcing is critical in this

study. M’Closkey et al. (2002) and Davitian et al. (2010b) matched the root mean square

(RMS) of the jet vertical velocity perturbation, U ′

j,rms, acquired at the jet exit among all

forcing conditions to achieve the effectively same degree of impulse imported to the jet. This

approach enabled effective comparisons among different square wave excitation conditions

as well. Shapiro et al. (2006) matched the peak-to-peak jet vertical velocity amplitude,

∆Uj, at the jet exit, primarily for single-pulse square wave forcing for JICF excitation. This

experimental study determined to match U ′

j,rms in the vicinity of the jet exit, 0.2D above

the jet exit plane, among all forcing conditions to achieve effectively the same-level forcing.

Hotwire anemometry was applied to measure the temporal vertical velocity, where tem-

poral data are monitored on a PC to match U ′

j,rms among various forcing frequencies ff by

adjusting the amplitude of the initial sinusoidal signal on the function generator. The hotwire

signal is first transmitted to an AC/DC signal splitter as a signal conditioner developed by

Hendrickson (2012) and then to a data acquisition (DAQ) board with a sampling frequency

of 20 kHz. The sampling frequency provides a maximum forcing frequency of ff = 10 kHz

based on the Nyquist sampling theorem to accurately match U ′

j,rms for all ff . In this study,

however, the maximum ff is actually dependent on the amplitude of sine wave forcing be-

cause of the non-uniform frequency response of the actuation system. The maximum ff ,

which is lower than 10 kHz, is attributed to a significant roll-off in response approximately
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Figure 5.1: Magnitude of the frequency response of an actuation system, consisting of the amplifier,

loudspeaker, hotwire, signal conditioner and DAQ board, calculated via a dynamic signal analyzer.

The result is the product of a temporal average over 60 samples of a sweep of sinusoidal excitation

over a range of frequencies at a fixed input amplitude.

above 1000 Hz for this actuation system, consisting of the amplifier, loud speaker, hotwire,

signal conditioner and DAQ board; typical response is shown in Figure 5.1. Therefore, at

higher forcing frequencies ff , a much larger input amplitude is required to be able to match

U ′

j,rms, due to the significant roll-off. For example, for this system, the maximum ff is 6000

Hz with U ′

j,rms = 0.07 m/s, while the maximum frequency is 1210 Hz with U ′

j,rms = 0.55

m/s, and 1100 Hz with U ′

j,rms = 1.00 m/s.

Figure 5.2 represents the sample waveforms of the mean-subtracted temporal vertical

velocity, uj − Uj, for the equidensity flush nozzle-injected JICF at J = 41 (U ′

j,rms = 0.07

m/s) and 5 (U ′

j,rms = 0.07, 0.55 and 1.00 m/s), acquired 0.2D above the jet exit plane, with

and without sine wave forcing. Note that in the absence of forcing, the J = 41 JICF has a

convectively unstable upstream shear layer with a fundamental frequency of fo = 1600−1900

Hz, while the J = 5 JICF is absolutely unstable with a (stronger) fundamental frequency

fo = 2000 Hz. Due to the relatively weak sine wave forcing and the sampling frequency

of 20 kHz, temporal waveforms at U ′

j,rms = 0.07 m/s and/or higher ff are less smooth

than the other waveforms, although even the less-smooth waveforms are clean enough to
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Figure 5.2: Temporal mean-subtracted jet vertical velocity profiles uj − Uj (m/s) without/with

sine wave forcing measured via hotwire anemometry 0.2D above the jet exit plane at J = 41

(U ′

j,rms = 0.07 m/s) and at J = 5 (U ′

j,rms = 0.07, 0.55 and 1.00 m/s). Note that velocity RMS of

the unforced cases is approximately U ′

j,rms ≈ 0.02 − 0.03 m/s at J = 41 and U ′

j,rms ≈ 0.03 − 0.04

m/s at J = 5.
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show that the jets are actuated at the same frequency as the applied external forcing, and

enable us to match U ′

j,rms among different ff . At higher U ′

j,rms values in Figure 5.2, the

temporal waveforms are clearer due to the larger amplitude, reflected in the stronger hotwire

signals. Note that a feedback control system was not applied to modify the sinusoidal velocity

variation here, in contrast to the control required for single- and double-pulse square wave

forcing, which will be discussed in the next two chapters. Figure 5.2 demonstrates that a

control system is unnecessary because of the fairly clear sinusoidal hotwire response even

without control. Note that the naturally occurring velocity RMS for the unforced cases is

approximately U ′

j,rms ≈ 0.02 − 0.03 m/s at J = 41, U ′

j,rms ≈ 0.03 m/s at J = 12, and

U ′

j,rms ≈ 0.03−0.04 m/s at J = 5, so forcing at U ′

j,rms = 0.07 m/s barely exceeds the natural

instability amplitudes. Temporal velocity variation for other forcing conditions are shown in

Appendix B.1.

The temporal data for matching U ′

j,rms for different flow conditions are not simultaneously

taken with PLIF imaging because hotwire anemometry can not be employed in the presence

of a laser sheet. Hence, the temporal data are taken right before the PLIF imaging, ensuring

matching to the designated output U ′

j,rms, and the same amplitude input is applied to the

function generator in the actual measurements to achieve the desired U ′

j,rms.

5.2 Instability Characteristics

For success for strategic control of structural and mixing characteristics of the JICF, under-

standing natural instability characteristics is very important. In this section, JICF instability

characteristics are explored with and without sine wave forcing. The main focus of the study

associated with instability characteristics lies in spectral measurements via hotwire anemom-

etry along the upstream shear layer coordinate s/D, as well as in the “lock-in” behavior of

the upstream shear layer to low level sinusoidal forcing at frequency ff .
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5.2.1 Spectral Measurements with/without Acetone

Our group has been extensively studying instability characteristics of transverse jets, espe-

cially for the upstream shear layer, for a range of J , S and injector configurations (Megerian

et al., 2007; Davitian et al., 2010a; Getsinger et al., 2012, 2014). Yet, all spectral hotwire

measurements in these earlier studies were conducted using a jet consisting only of nitrogen

for equidensity cases (S ≈ 0.97, strictly speaking for Megerian et al. (2007) and Davitian

et al. (2010a)), and of nitrogen and helium for lowered-density ratio cases (S = 0.14− 0.90

for Getsinger et al. (2012)). These prior studies, with the exception of preliminary struc-

tural data in Getsinger et al. (2014), did not involve acetone PLIF and hence did not include

spectra with presence of acetone vapor for PLIF imaging. In this study, however, structural

and mixing characteristics for the JICF are explored based on acetone concentration images

taken via PLIF imaging, clearly with seeding of acetone vapor in the jets. Therefore, the

effect of the presence of acetone vapor on shear layer instability characteristics should be

first studied.

To investigate the instability characteristics with acetone vapor in the jets, spectral mea-

surements in the upstream shear layer are performed. As in previous studies (Megerian et al.,

2007; Davitian et al., 2010a; Getsinger et al., 2012, 2014), hotwire anemometry is utilized

to obtain temporal vertical velocity fluctuations along the shear layer trajectory s/D. The

hotwire in this spectral measurement is not calibrated because it is not possible to obtain

calibrated velocity measurements in a flowfield where the local density is so highly variable,

as is the case with mixtures of helium, nitrogen and acetone in a shear layer. The same

applied to hotwire measurements in variable density flows in Getsinger et al. (2012). Yet

the uncalibrated hotwire still yields a voltage signal containing the magnitude and frequency

information of the velocity fluctuations, which are the only required data in spectral mea-

surements. Hence, as done in the low density JICF experiments in Getsinger et al. (2012),

hotwire anemometry is used here, where the hotwire signal is transmitted to a dynamic

signal analyzer to apply a Fast Fourier Transformation (FFT) to the acquired signal. This

procedure generates a magnitude in the power spectra pertaining to the vertical velocity
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fluctuation at the upstream shear layer. The hotwire was moved with a spatial resolution

of s/D = 0.1 along the upstream shear layer for the range of 0.1 ≤ s/D ≤ 5.0. The up-

stream shear layer trajectory itself was determined based on a best power-law fit to the

center points of horizontal error function profiles associated with the vertical velocity on

the upstream shear layer at variable vertical locations, z/D. The error function profiles are

measured by traversing the hotwire at several z/D locations in the horizontal direction, x/D,

with a spatial resolution of x = 0.1 mm (x/D ≈ 0.025). Again, the spectral measurement

was performed along the shear layer trajectory, s/D, not along z/D or sc/D coordinates.

The magnitude of the power spectra was obtained by averaging over 40 samples at each s/D

location for statistical convergence. More details on the spectral measurement method may

be found in Megerian et al. (2007); Davitian et al. (2010a); Getsinger et al. (2012).

Figure 5.3 shows contour maps of the magnitude of power spectra along the upstream

shear layer as a function of the non-dimensional natural frequency or Strouhal number (St ≡

fD/Uj) for the equidensity flush nozzle-generated JICF at J = 41, 12, 10 and 5 without

(in the left column) and with (in the right column) acetone vapor in the jets. The color bar

corresponds to the magnitude of the local disturbance. Note that the Strouhal number is

based on the jet diameter at the exit D, and the mean jet velocity at the jet exit Uj; in some

studies, scaling based on the initial jet momentum thickness can be valuable (Alves et al.,

2008; Davitian et al., 2010a). The results without acetone vapor are taken from Getsinger

et al. (2014). As one can see, the basic qualitative instability trends are not altered with

the presence of acetone vapor in the jets. At J = 41 and 12 (the convectively unstable

regime), multiple natural modes of average frequency fo (or Sto) in the upstream shear layer

are observed, with some frequency-shifting and broadband peaks, depending on the s/D

location. This “devil’s staircase”(Jensen et al., 1983)-like frequency shifting in values of fo

suggests the presence of a tonal effect caused by the interaction of the hotwire itself with the

upstream shear layer. This tonal interaction was first observed by Hussain and Zaman (1978)

for free shear layers and is observed for the JICF with and without acetone. It should be

noted that the average fundamental frequency fo for these broadband (frequency-shifting)

modes differs quantitatively between the cases with and without acetone. At J = 10 (a
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Figure 5.3: Contour maps for the magnitude of spectral density along the upstream shear layer

trajectory coordinate s/D (a) without and (b) with seeding acetone in the equidensity flush nozzle-

injected JICF at J = 41, 12, 10 and 5 in the absence of external forcing, acquired via hotwire

anemometry. The data without acetone vapor in jets are taken from the study by Getsinger et al.

(2014).
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Table 5.1: Fundamental natural frequencies fo on the JICF upstream shear layer with and without

acetone vapor in the jet. Natural frequencies fo in the absence of acetone vapor are obtained from

Getsinger (2012).

J = 5 J = 10 J = 12 J = 41

Without acetone (Hz) 1350 1460 1380− 1540 1130− 1330

With acetone (Hz) 2000 1920− 2250 1900− 2230 1600− 1900

transition regime for convective to absolute instability), the spectral contour map shows

clear, strong peaks with higher harmonics and no significant variation in fo in the absence

of acetone unlike the J = 41 and 12 cases. In contrast, the contour map for the JICF with

acetone does not reveal clear peaks at J = 10, but still shows frequency shifting and jumping

around an average fo, as with a convectively unstable shear layer with tonal interactions (as

with J = 41 and 12). Because the type of shear layer instability transitions around J ≈ 10,

that is, from convective to absolute instability, the behavior of the shear layer is sensitive to

any perturbations that may arise due to changes in fluid properties, for example. Indeed, the

fact that addition of acetone alone, while fixing average fluid density and other parameters,

changes the spectral character, means that we are indeed very close to the transition point.

Average fundamental frequencies also differ between the two cases. Finally, at J = 5, both

spectra clearly show strong peaks at a fixed Sto with higher harmonics, initiated fairly close

to the jet exit, consistent with absolutely unstable shear layers. From these observations,

the existence of acetone vapor in the jets does not appear to alter qualitative behavior in

the spectral characteristics, although there is a quantitative difference in fo and there can

be qualitative differences close to transition, as seen for J = 10.

In general, a natural frequency fo on the upstream shear layer with acetone is observed

to be higher than that without acetone. For instance, for cases with the inclusion of acetone

vapor, the natural frequencies on the upstream shear layers are fo ≈ 2000 Hz at J = 5,

fo ≈ 1920− 2250 Hz at J = 10, fo ≈ 1900− 2230 Hz at J = 12, and fo ≈ 1600− 1900 Hz at

J = 41, while those in the absence of acetone vapor are fo ≈ 1350 Hz at J = 5, fo ≈ 1460
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Hz at J = 10, fo ≈ 1380 − 1540 Hz at J = 12, and fo ≈ 1130 − 1330 Hz at J = 41. These

fundamental natural frequencies are tabulated in Table 5.1. This increase in fo with acetone

vapor suggests a change in flow time scale due to the addition of acetone, possibly due to

the presence of different constituents and hence different speeds of sound. This quantitative

difference in fo is important to understand so that we may quantitatively relate ff to fo in

the upstream shear layer under sine wave forcing in this study.

Another interesting point to be discussed in the spectral data is the non-dimensionalization

of frequency. In Figure 5.3, St (≡ fD/Uj) is utilized to non-dimensionalize frequency on

the upstream shear layer. Yet there are significant differences in the values of fo as well as

St with and without acetone, suggesting the scaling for St may not be relevant to the JICF

in fluids with different constituents yet the same bulk density. Interestingly, the increment

in the fundamental natural frequency, ∆fo, induced by seeding the acetone in the jets is

approximately linear with J values as shown in Figure 5.4(a). This linearity between ∆fo

and J suggests that other scaling may possibly produce a better collapse of the spectral data

with and without the acetone. Megerian et al. (2007) observed a fairly systematic increase in

the momentum thickness of the nitrogen jets on the upstream and downstream shear layers

for the equidensity JICF at Rej = 2000 as R decreases. Therefore, Stθ = fθj/Uj based

on the jet momentum thickness, either in the upstream or downstream shear layer of the

jet, may create a better collapse of the spectral data with and without acetone. Unfortu-

nately, exploring alternative scaling via θj for better data collapse cannot be investigated in

this study because of the difficulty in acquiring quantitative jet exit profiles with acetone

via hotwire anemometry due to the limited range of hotwire calibration in the presence of

acetone, as mentioned in Section 2.2.

Despite the fact that fo is altered for given flow conditions with acetone in the jets, it

is noted that qualitative trends associated with fo are consistent with previous equidenisty

(Megerian et al., 2007) and low density (Getsinger et al., 2012) JICF studies in the absence of

acetone. That is, fo on the upstream shear layer increases as J increases from 5 to 10 in the

absolutely unstable regime, and then decreases as J increases from 10 to 41 in the convec-

tively unstable regime, as shown in Figure 5.4(b). Therefore, the instability characteristics
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Figure 5.4: (a) Increment in the fundamental natural frequency, ∆fo, introduced by seeding the

acetone vapor in the jet, and (b) fundamental natural frequencies fo without (◦) and with (△)

acetone vapor in the jet. Both figures are plotted as a function of momentum flux ratio J .

with acetone vapor are qualitatively consistent with those without acetone, demonstrating

the phenomenological similarity between the alteration in instabilities, although the actual

fo changes in the existence of acetone, possibly caused by the alteration of flow and acoustic

time scales.

5.2.2 Lock-in Response

Several previous studies by Juniper et al. (2009) for the low density free jet and by Davitian

et al. (2010a) and Getsinger et al. (2012) for the equidensity or low density JICF found

that forcing frequency ff is less dominant than fo in the upstream shear layer under ab-

solutely unstable condition at low amplitude sinusoidal forcing. But when the amplitude

increases, the shear layer instability can become “locked-in” to ff , depending on the range

of ff . This phenomenon is called “lock-in” for the upstream shear layer. Previous JICF

instability studies (Davitian et al., 2010a; Getsinger et al., 2012) indicate that the absolutely

unstable upstream shear layer displays in two different behaviors under sine wave forcing:

(1) the upstream shear layer still contains a peek with an fo component even with lower level

sine wave forcing at ff , and (2) at higher amplitudes, ff overcomes fo, and the frequency
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component at fo visually disappears, corresponding to lock-in. This behavior is interesting

because the lock-in not only demonstrates a transition to absolute instability, but it is re-

lated to structural and mixing characteristics of the absolutely unstable JICF, which will be

discussed in this study.

For a study of the lock-in response, some criteria are required to judge if the upstream

shear layer is locked-in to ff . In previous studies (Juniper et al., 2009; Davitian et al., 2010a;

Getsinger et al., 2012), lock-in was considered to occur when the peak at fo in the upstream

shear layer in the magnitude of spectra disappeared under external forcing, although any

criterion or threshold for the assessment of the lock-in is not clearly defined. In the present

study, a slightly different criterion was determined to define the lock-in more easily and

consistently among all forcing conditions.

Spectral amplitudes around a critical forcing frequency for the lock-in, ff,cr, acquired via

hotwire anemometry are shown in Figure 5.5 for J = 5 and Rej = 1900, with a mean jet

velocity Uj ≈ 6.5 m/s. The spectral magnitudes were measured at the shear layer location

s/D = 2.0, the same s/D location as in Getsinger et al. (2012) to assess lock-in. In Figure

5.5(a), the black plot represents the hotwire voltage spectrum at s/D = 2.0 in the absence of

sine wave forcing, with a single strong peak at fo = 2000 Hz, while the red plot represents the

spectrum under sine wave forcing at amplitude U ′

j,rms = 0.55 m/s and at forcing frequency

ff = 550 Hz measured at the same location. The forced spectrum shows a strong peak

at ff and a weaker peak at fo = 2000 Hz, in addition to multiple peaks which in some

cases are harmonics of 550 Hz or differences between harmonics and adjacent peaks near

2000Hz. As ff increases, it begins to become more dominant than the peak at fo, where

the amplitude at fo lessens as compared with that for the unforced case. In Figure 5.5(c),

the peak at fo disappears with sine wave forcing at ff = 590 Hz; this corresponds to the

complete dominance of ff over the natural mode in the upstream shear layer. In Figure

5.5(d), forcing at ff = 590 Hz also produces no peak at fo, and this is the case for higher

ff values. Such dominance of ff over fo, as well as the disappearance of fo with external

forcing are the essence of the lock-in response. In this study, the upstream shear layer is

considered to be locked-in when forcing at ff has caused the amplitude of the peak at fo to
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(a) ff = 550 Hz (b) ff = 580 Hz

(c) ff = 590 Hz (d) ff = 600 Hz

Figure 5.5: Amplitudes of spectra in the absence of forcing (−) and under sine wave forcing (−)

acquired via hotwire anemometry at s/D = 2.0 along the upstream shear layer trajectory for J = 5

for the equidensity flush nozzle-injected JICF with acetone, at (a) ff = 550 Hz, (b) 580 Hz, (c) 590

Hz and (d) 600 Hz. U ′

j,rms is matched among all forcing conditions at U ′

j,rms = 0.55 m/s. Note that

the critical forcing frequency for lock-in was determined as ff,cr = 590 Hz at this U ′

j,rms amplitude.

be reduced by five orders of magnitude, or a factor of 105 lower than the peak at fo without

forcing. Using this threshold, the critical frequency for the lock-in in the case of J = 5 at

U ′

j,rms = 0.55 m/s shown in Figure 5.5 is determined to be ff,cr = 590 Hz, at least, as ff is

increased toward fo = 2000 Hz. This criterion is applied to all spectral data sets at J = 5 to

create a lock-in diagram. To obtain the lock-in diagram, a frequency sweep was conducted at

a fixed amplitude of forcing, U ′

j,rms in this study, at s/D = 2.0 and then the critical forcing

frequency ff,cr for the lock-in was determined at each U ′

j,rms. This method contrasts that
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used in Davitian et al. (2010a) and Getsinger et al. (2012), where the frequency ff is fixed

and the amplitude of excitation (pressure perturbation associated with applied excitation)

is systematically increased until lock-in is observed.

The lock-in diagram was observed here to take the typical V shape, because ff,cr exists on

the lower and higher frequency sides with respect to fo at the same level of forcing (Juniper

et al., 2009; Getsinger et al., 2012). Hence, the assessment of the lock-in is assumed to provide

two critical frequencies for each U ′

j,rms in this study. However, as mentioned previously, sine

wave forcing at relatively high ff can not be achieved easily at higher amplitude U ′

j,rms

because of the significant roll-off revealed in the frequency response of the actuation system

after around 1000 Hz. The limitation in this range of ff prevents the acquisition of ff,cr

higher than fo when U ′

j,rms is fairly large.

Based on the criterion described above, the lock-in diagram for the equidensity flush

nozzle-injected JICF at J = 5 (an absolutely unstable condition) is generated, as shown

in Figure 5.6. This includes plots of U ′

j,rms (Figure 5.6(a)) and
√

U ′

j,rms (Figure 5.6(b)),

both of which are plotted against ff . Previous experimental studies (Juniper et al., 2009;

Davitian et al., 2010a; Getsinger et al., 2012) indicate that the lock-in diagram shows a linear

relationship between |ff −fo| and the critical acoustic pressure perturbation amplitude p′crit,

suggesting a Hopf bifurcation to a global mode (Huerre and Monkewitz, 1990; Juniper et al.,

2009) and producing a “V” shape in the lock-in diagram involving p′. Figure 5.6(a) does

not show a linear relation between |ff − fo| and U ′

j,rms, but it does produce a minimum at

fo = 2000 Hz, as expected. But clearly, U ′

j,rms and p′crit do not have a linear relationship. To

explore a different parameter used for the lock-in diagram, Figure 5.6(b) represents
√

U ′

j,rms

as a function of ff . is closer to a linear relationship, but in any case it again suggests a Hopf

bifurcation to be associated with the transition to absolute instability, as seen in Juniper

et al. (2009); Davitian et al. (2010a); Getsinger et al. (2012). As in other studies, the lock-in

diagram demonstrates that, as forcing frequency approaches fo, or as the amplitude of forcing

frequency increases for a given ff , the forcing can overtake the fo even if it is absolutely

unstable.

Interestingly, the V shape in the diagram displays an asymmetric slope between the lower-
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and higher-frequency regimes on either side of the natural frequency fo = 2000 Hz. From

Figure 5.6(b), the slope in the V shape is shallower for (ff − fo) > 0 than for (ff − fo) < 0,

suggesting that the upstream shear layer is more sensitively affected by external forcing at

higher ff . This asymmetry as seen in Figure 5.6 is observed in previous studies as well

(Juniper et al., 2009; Davitian et al., 2010a; Getsinger et al., 2012), although the direction

of asymmetry is opposite to that in Juniper et al. (2009); Getsinger et al. (2012). The

lock-in diagrams in Juniper et al. (2009); Getsinger et al. (2012) involve V shape which is

inclined toward the lower-frequency side, in contrast to Davitian et al. (2010a) and the

result in this study where the V shape inclines toward the higher-frequency side. The

difference in the orientation of the asymmetry may be associated with different density

ratios S. Juniper et al. (2009); Getsinger et al. (2012) utilized the lowered-density free

jet and JICF, respectively, while Davitian et al. (2010a) and the current study examined

the equidensity JICF. The spectral measurements in Getsinger et al. (2012) indicates that

varying S significantly changes instability characteristics in the JICF even at the same Rej

and J . While it is possible that different density affects the orientation of the V shape

in the lock-in diagram, this is only conjecture in that the lock-in diagram for the lowered-

density flush nozzle-injected JICF with seeding acetone vapor was not examined in this

study. But the important conclusion here is that the “lock-in” phenomenon can be achieved

with sufficiently high amplitude forcing and/or forcing at a frequency close enough to fo for

an absolutely unstable shear layer, lock-in always occurs.

5.3 Structural Characteristics for the JICF

This section discusses jet structural characteristics under sine wave forcing based on instan-

taneous centerplane and mean cross-sectional PLIF images. This investigation is designed to

show how jet structures are affected by sine wave forcing, depending on forcing frequency ff

as well as the nature of the instability on the upstream shear layer, convective or absolute.

In our group’s previous structural and mixing studies on the JICF using smoke visual-

ization (Davitian et al., 2010b), the convectively unstable jets at R = 10 (J = 100) are
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Figure 5.6: Lock-in diagrams for the equidensity flush nozzle-injected JICF at J = 5 under sine

wave forcing at various forcing frequencies ff , and velocity RMS U ′

j,rms as well as
√

U ′

j,rms. The

black open circles, black asterisk, and two red lines (only present in (b)) represent critical forcing

frequencies ff,cr at the specific level of forcing, the natural frequency on the upstream shear layer

fo, and linearly fitted lines to ff,cr both on the lower and higher frequency side with respect to fo,

respectively.

significantly affected even by relatively weak sine wave forcing at U ′

j,rms = 0.55 m/s, while

absolutely unstable jets at R = 3 (J = 9) are hardly affected at all, even by relatively strong

sine wave forcing at U ′

j,rms = 1.7 m/s. For the studies the jet’s mean velocity was fixed at

Uj = 8 m/s, for Rej = 2000. In the present studies, in-depth structural characteristics are

examined using acetone PLIF imaging, providing more detailed structural characteristics as

compared with the line-of-sight smoke visualization. All instantaneous PLIF images, both in

the centerplane and cross-sectional views, were taken at a recording rate of 7.5 Hz without

phase locking. Hence, ff has to be carefully selected so as not to be divisible by the record-

ing rate in order to avoid recording only at a single phase. 500 instantaneous images were

taken for all conditions to ensure statistical convergence in the mixing evaluation, described

in Section 5.4. Although this section only displays instantaneous centerplane images for

purposes of discussion, mean centerplane images are also shown in Appendix C.

Figure 5.7 shows instantaneous centerplane acetone PLIF images for the equidensity

flush nozzle-injected JICF at J = 41 with/without sine wave forcing at forcing frequency
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Figure 5.7: Instantaneous centerplane acetone concentration images in the regular plane (x/D −

z/D) for the equidensity flush nozzle-injected JICF at J = 41 for (a) the unforced case (where

fo = 1600− 1900 Hz) as well as (b)-(i) the forced cases under sine wave forcing at ff = 500− 6000

Hz and U ′

j,rms = 0.07 m/s (approximately 1 % of Uj). Acetone concentration C is normalized by

the mean concentration value inside the potential core Co in each instantaneous image.
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ff = 500 − 6000 Hz. Again, the upstream shear layer is convectively unstable at J = 41.

U ′

j,rms is matched among all forcing conditions at U ′

j,rms = 0.07 m/s (0.073 � U ′

j,rms � 0.080

m/s in actual measurements), approximately 1 % of the mean jet velocity Uj estimated at

the jet exit (Uj ≈ 6.5m/s). This is the weakest forcing amplitude considered in this study.

Figure 5.7(a) shows the unforced case, where the jet structure mainly consists of the primary

highly-concentrated potential core and mixed jet stream and a secondary, less-concentrated

bifurcated jet structure creating a tertiary vortex, clearly shown in the cross-sectional view

(Figure 5.8(a); to be discussed below). Upstream shear layer rollup is observed here to be

initiated at approximately z/D ≈ 2, roughly consistent with the instability shown in Figure

5.3(b). At ff = 500 Hz in Figure 5.7(b), the centerplane structure does not seem to be

affected significantly by sine wave forcing and behaves similarly to the unforced case (Figure

5.7(a)), although shear layer rollup appears to be somewhat stronger and to occur somewhat

closer to injection than for the unforced case.

At ff = 1000 Hz in Figure 5.7(c), however, the sine wave forcing significantly alters

the centerplane structures. First, the rolled-up vortices on the upstream shear layer are

initiated much closer to the jet exit than in the unforced case, indicating that sine wave

forcing prompts the rapid initiation of rollup. Second, the spacing among the rollups is also

different from that for the unforced case, suggesting clear lock-in of the upstream shear layer

to ff . Since the upstream shear layer is convectively unstable, the upstream shear layer is

easily locked-in, in general, and the lock-in results in ff dominating the shear layer rollup

process. Moreover, the jet spreads more significantly at ff = 1000 Hz than for the unforced

case and the forced case at ff = 500 Hz. The more vigorous jet spread and apparent

bifurcation here may be created by the effect of the sine wave forcing on the secondary

stream. The same structural characteristics as those at ff = 1000 Hz can be also seen at

ff = 1400− 2500 Hz in Figures 5.7(d)-(f), showing clear jet bifurcation as well as coherent

rollup of the upstream shear layer initiated close to the jet exit. However, at a higher forcing

frequency such as ff = 3500 Hz in Figure 5.7(g), a lesser effect of external forcing is observed.

In fact, for ff = 5000 and 6000 Hz, the sine wave forcing has as little impact on structural

characteristics in the centerplane as does the ff = 500 Hz case, which is fairly close to the
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unforced jet structure. These jet structural characteristics at higher forcing frequencies ff

which are fairly far from the natural (unforced) frequency, fo, around 1600 − 1900 Hz, are

seen possibly because the vortex generation on the upstream shear layer is not able to keep

up with the high frequency of sine wave forcing. From the instantaneous centerplane PLIF

images at J = 41 in Figure 5.7, it appears that jets react to sine wave forcing more vigorously

at ff fairly close to fo, but less significantly at ff further from fo, somewhat similar to lock-

in for absolutely unstable jets. Interestingly, even the convectively unstable JICF shows a

preference in response for ff near fo in terms of structural behavior, although it is typically

considered to be locked-in to any ff . Further exploration of the instability characteristics at

J = 41 will be required for a more complete assessment of the lock-in.

Figure 5.8 shows mean cross-sectional PLIF images for the equidensity flush nozzle-

injected JICF at J = 41 at downstream locations of x/D = 2.5, 5.5 and 10.5, with and

without sine wave forcing, corresponding to most of the instantaneous centerplane images

in Figure 5.7. As with the instantaneous centerplane images, which suggest that the jets

are affected by sine wave forcing more significantly at ff closer to fo, similar trends can be

seen in the mean cross-sectional images. In the unforced case in Figure 5.8(a), one can see

an asymmetric cross section with a tertiary vortex, especially at the downstream location

x/D = 10.5. This asymmetry in the cross-sectional view is associated with the susceptibility

of the relatively weak convectively unstable upstream shear layer to small imperfections in

the wind tunnel, as documented in Getsinger et al. (2014). Such asymmetric cross sections

for the unforced JICF have also been observed by other research groups (Kamotani and

Greber, 1972; Kuzo, 1995; Smith and Mungal, 1998; Shan and Dimotakis, 2006; Muldoon

and Acharya, 2010), generally at J values exceeding 20.

Remarkably, when ff is relatively far from fo, forcing has a little impact on the mean

cross-sectional structures for the convectively unstable JICF, which is the same trend as

the instantaneous centerplane jet structures. At ff = 500, 3500 and 5000 Hz in Figures

5.8(b), (e) and (f), cross sections are still clearly asymmetric and, in the case of Figures

5.8(b) and (f), are virtually identical to the unforced case. However, when ff becomes closer

to fo at which the jet responds and bifurcates, and where stronger coherent rollup of the
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(c) ff = 1400 Hz
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(d) ff = 2000 Hz
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Figure 5.8: For more figures and caption see next page.
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x/D = 2.5 x/D = 5.5 x/D = 10.5

(e) ff = 3500 Hz
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(f) ff = 5000 Hz
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Figure 5.8: Mean cross-sectional acetone concentration images in the y/D − z/D plane for the

equidensity flush nozzle-injected JICF at J = 41, with natural frequency in the range fo = 1600−

1900 Hz, for (a) the unforced case as well as (b)-(f) the forced cases under sine wave forcing at

ff = 500− 5000 Hz and U ′

j,rms = 0.07 m/s (approximately 1 % of Uj). Acetone concentration C is

normalized by the mean concentration value inside the potential core Co calculated in centerplane

images.

upstream shear layer is visible in the centerplane view, cross-sectional structures become

more symmetric than for the unforced cases or the forced cases at ff = 500, 3500 and 5000

Hz. At ff = 1400 and 2000 Hz (Figures 5.8(c) and (d)), which are fairly close to the range of

fo, 1600−1900 Hz, asymmetric cross sections become symmetric with different concentration

profiles for each ff . This effect is consistent with the observation in the instantaneous

centerplane images, as shown in Figure 5.7(d) and (e). When ff is a bit further from fo,

such as ff = 3500 Hz in Figure 5.8(e), the degree of symmetry is slightly higher than the

unforced case but is lower than the forced cases where ff is closer to fo. This observation

clearly suggests that sine wave forcing has a greater effect on mean cross-sectional structures

for ff closer to fo and a lesser effect as ff is further from fo. Interestingly, the relationship

between ff and structural behavior is observed both in the centerplane and cross-sectional
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views. Remarkably, these structural characteristics show that even the convectively unstable

JICF requires a specific range of ff to dramatically alter the structural characteristic for the

jet’s centerplane as well as cross section when the level of forcing is quite low, at about 1 %

of the mean jet exit velocity, in this case.

Figure 5.9 represents instantaneous centerplane PLIF images for the equidensity flush

nozzle-injected JICF at J = 5, with/without sine wave forcing at ff = 500 − 5000 Hz

and U ′

j,rms
∼= 0.07 m/s (0.068 � U ′

j,rms � 0.073 m/s in actual measurements). Note that

the upstream shear layer for this flow condition is absolutely unstable. As discussed in

the previous section and shown in Figure 5.6, sine wave forcing in a narrow range of ff

induces lock-in to the forcing frequency on the upstream shear layer. It is desired to see

if the lock-in may be also observed in the structural characteristics for the instantaneous

centerplane images. Figure 5.9(a) displays the unforced jet centerplane structure, consisting

of coherent rolled-up vortices on the upstream shear layer initiated close to the jet exit, which

are typical characteristics of the absolutely unstable JICF. For the forced cases, however,

this low amplitude sine wave forcing seems to have little effect on instantaneous centerplane

structures, in general, although the spacing of the rolled-up vortices on the upstream shear

layer is altered from the unforced case only when the upstream shear layer is locked-in

to the forcing, in accordance with Figure 5.6, roughly for forcing frequencies in the range

1250 − 3500 Hz for U ′

j,rms = 0.07 m/s. At ff = 500 Hz, for instance, the spacing of the

rollups is essentially identical to the unforced case. However, at ff = 1400 and 1700 Hz,

at which the upstream shear layer is locked-in according to Figure 5.6, the spacing of each

rollup becomes larger than that for the unforced case with fo = 2000 Hz. As expected,

the forcing at ff = 2000 Hz produces visually the same spatial interval among the rollups

because of the identical forcing frequency ff = fo. Remarkably, with sine wave forcing at

ff = 2500 Hz, which still generates a locked-in upstream shear layer, the spacing is still

larger than the that for the unforced case, similar to ff = 1400 Hz, despite the fact that ff

is higher than fo = 2000 Hz. This unexpected structural behavior may be associated with

a subharmonic of ff = 2500 Hz, that is, 1250 Hz, hence triggering vortex coupling before

rollup. For forcing outside of the lock-in region, ff = 3500 and 5000 Hz, there is a again
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(d) ff = 1400Hz (e) ff = 1700Hz (f) ff = 2000Hz
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(g) ff = 2500Hz (h) ff = 3500Hz (i) ff = 5000Hz
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Figure 5.9: Instantaneous centerplane acetone concentration images in the regular plane (x/D −

z/D) for the equidensity flush nozzle-injected JICF at J = 5 for (a) the unforced case (where

fo = 2000 Hz) as well as (b)-(i) the forced cases under sine wave forcing at ff = 500 − 5000 Hz

and U ′

j,rms = 0.07 m/s (approximately 1 % of Uj). Acetone concentration C is normalized by the

mean concentration value inside the potential core Co in each instantaneous image. Note that the

upstream shear layer without forcing is locked-in for ff ≈ 1250− 3500 Hz.
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little response by the jet, as with 500 Hz.

This visual inspection suggests that sine wave forcing can alter the structural charac-

teristic of the upstream shear layer rollup, which are prominent jet structures in the jet’s

nearfield in the vicinity −1 � x/D � 2. Yet in the jet’s mid-to-farfield region, 5 ≤ x/D, jet

centerplane structures are very similar among all forcing conditions even compared with the

unforced case, in general when the jet is naturally absolutely unstable. Hence for this lock-

in behavior, sine wave forcing has a somewhat larger effect on the near-field jet centerplane

structures, particularly the rolled-up vortices on the upstream shear layer, but only for a

range of ff fairly close to fo. No evident alteration of the far-field jet structures is detected,

suggesting minimal influence of sine wave forcing on overall jet behavior.

Figure 5.10 represents mean cross-sectional images at downstream locations of x/D = 2.5,

5.5 and 10.5, with/without sine wave forcing for most of the same flow conditions as Figure

5.9. As mentioned above, the rollups on the absolutely unstable upstream shear layer can be

affected even by relatively weak sine wave forcing when the upstream shear layer is locked-in

at ff fairly close to fo. In the cross-sectional view, similar structural characteristics can be

recognized, although they are subtle. First, for the unforced cases shown in Figure 5.10(a), a

clear, symmetric CVP structure is observed to develop and evolve, from x/D = 2.5 through

10.5. For the forced cases at ff fairly far from fo, that is, ff = 500, 3500, and 5000 Hz,

the mean cross-sectional structures appear to be nearly identical to those for the unforced

case at all downstream locations, suggesting little influence of such forcing on structural

characteristics. Yet slightly different cross-sectional structures are observed in the nearfield

(x/D = 2.5) at ff = 1400, 2000 and 2500 Hz, fairly close to fo, generating the lock-in

of the upstream shear layer. Such structural difference in the nearfield may be associated

with the varied spacing among the vortical rollup on the upstream shear layer due to lock-

in behavior, as seen in the instantaneous centerplane images. Experiments by Kelso et al.

(1996) as well as computations by Cortelezzi and Karagozian (2001) indicate that upstream

shear layer vorticity is largely distorted to lead to the evolution of CVP structures in the

jet cross-sectional view. Interestingly, even relatively weak sinusoidal jet forcing close to fo

can alter the near-field structural characteristics for the absolutely unstable JICF, but at
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(b) ff = 500 Hz
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(d) ff = 2000 Hz
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Figure 5.10: For more figures and caption see next page.
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x/D = 2.5 x/D = 5.5 x/D = 10.5

(e) ff = 3500 Hz
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(f) ff = 5000 Hz
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Figure 5.10: Mean cross-sectional acetone concentration images in the y/D − z/D plane for the

equidensity flush nozzle-injected JICF at J = 5, with natural frequency fo = 2000 Hz, for (a) the

unforced case as well as (b)-(f) the forced cases under sine wave forcing at ff = 500− 5000 Hz and

U ′

j,rms = 0.07 m/s (approximately 1 % of Uj). Acetone concentration C is normalized by the mean

concentration value inside the potential core Co calculated in centerplane images. Note that the

upstream shear layer without forcing is locked-in for ff ≈ 1250− 3500 Hz.

relatively far downstream locations of x/D = 5.5 and 10.5, since the sine wave forcing is

relatively weak, cross-sectional as well as other jet structures are not significantly influenced

by the forcing.

These observations for the absolutely unstable JICF at J = 5 suggests that even relatively

low-level sine wave forcing can have a small effect on the nearfield upstream shear layer and

hence the symmetry of the CVP structures for forcing frequencies close to fo. Davitian

et al. (2010b) utilized smoke visualization to study sinusoidal forcing’s effect on structural

characteristics for J = 1.3 to 100, but even relatively short exposure imaging was not able to

clearly visualize vortex rollup on the upstream shear layer for absolutely unstable conditions.

Additionally, Davitian et al. (2010b) applied sine wave forcing at ff = 1/10fo, a frequency

quite far from fo because of requirements for comparable square wave forcing. The present
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experimental study shows an influence of forcing on structural characteristics for 0.7 ≤

ff/fo ≤ 1.25, corresponding to 1400 ≤ ff ≤ 2000 Hz, as shown in Figures 5.9(d)-(g) and

Figures 5.10(c) and (d). While Davitian et al. (2010b) noted that sine wave forcing for a jet

with an absolutely unstable upstream shear layer has little effect on jet structures as well as

jet spread and penetration, the very low forcing frequency could have influenced this finding.

In contrast, Davitian et al. (2010b) found that single-pulse square wave forcing could alter

jet structures as well as enhance penetration and spread for absolutely unstable jets. The

fact that the present study using laser diagnostics shows that even relatively weak sine wave

forcing near ff ∼= fo affects jet structures, both for the convectively and absolutely unstable

JICF, is new and significant.

Figure 5.11 represents instantaneous centerplane PLIF images for the equidensity flush

nozzle-injected JICF at J = 12 with/without sine wave forcing at U ′

j,rms = 0.07 m/s (0.077 �

U ′

j,rms � 0.080 m/s in actual measurements). At J = 12, the upstream shear layer begins

to transition from convective to absolute instability, but is not fully absolutely unstable,

where fo ∼= 1900 − 2230 Hz for the upstream shear layer. These images demonstrate that

similar structural trends to those for the J = 5 case are observed at J = 12. At ff fairly

far from fo, such as ff = 500, 3500, 5000 and 6000 Hz, centerplane structures consist of

vortical rollup on the upstream shear layer with the same spacing as the unforced case in

the nearfield, but identical far-field structures to the unforced case. At ff fairly close to

fo, such as ff = 800 − 2500 Hz, the rollup on the upstream shear layer is initiated closer

to the jet exit than for the unforced case, with different spacing in comparison with the

unforced case. Again, as with the J = 5 case, there are highly similar far-field structures to

the unforced case. Hence, the structural characteristics at J = 12 suggests that centerplane

structures with any types of instability explored in this study, convectively, absolutely or

transitioning instability regimes, are all affected somewhat by relatively weak sine wave

forcing at U ′

j,rms = 0.07 m/s or an excitation amplitude of around 1 % of the mean jet

velocity. But only clearly convecting unstable conditions (e.g., J = 41) for the unforced

JICF seem to enable a full downstream influence of such low level forcing.

It is of interest to explore the effect of higher amplitude sine wave forcing on the abso-
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(d) ff = 1000Hz (e) ff = 2000Hz (f) ff = 2500Hz
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(g) ff = 3500Hz (h) ff = 5000Hz (i) ff = 6000Hz
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Figure 5.11: Instantaneous centerplane acetone concentration images in the regular plane (x/D−

z/D) for the equidensity flush nozzle-injected JICF at J = 12 for (a) the unforced case (where

fo = 1900− 2230 Hz) as well as (b)-(i) the forced cases under sine wave forcing at ff = 500− 6000

Hz and U ′

j,rms = 0.07 m/s (approximately 1 % of Uj). Acetone concentration C is normalized by

the mean concentration value inside the potential core Co in each instantaneous image.
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lutely unstable JICF, given the wider frequency range of responsiveness at high amplitudes

per Figure 5.6. The structural investigation at J = 5 and U ′

j,rms ≈ 0.07 m/s demonstrated

that lock-in might play a role on the alteration of structural characteristics for this abso-

lutely unstable JICF in the nearfield. Now let us take a look at instantaneous centerplane

images and mean cross-sectional images for the J = 5 JICF at a higher RMS of jet velocity

perturbation U ′

j,rms = 0.55 and 1.00 m/s, which are approximately 9 % and 15 % of the

mean jet velocity at the jet exit (Uj ≈ 6.5 m/s), respectively. These higher U ′

j,rms values

enable a wider range of frequencies that can affect the shear layer, and may show a clearer

relationship between lock-in and jet structure.

Figure 5.12 shows instantaneous centerplane images for the equidensity flush nozzle-

injected JICF at J = 5 with/without sine wave forcing at U ′

j,rms = 0.55 m/s (0.548 �

U ′

j,rms � 0.568 m/s in actual measurements). As mentioned previously, due to the significant

roll-off at approximately 1000 Hz in the frequency response of the actuation system, as shown

in Figure 5.1, the maximum achievable ff lessens as U ′

j,rms becomes higher. At U ′

j,rms = 0.55

m/s, the maximum achievable forcing frequency shown here is 1210 Hz, where again the

natural frequency for the unforced JICF with J = 5 is fo = 2000 Hz.

At U ′

j,rms = 0.55 m/s, the lock-in occurs from ff = 590 Hz to well over 4500 Hz, per

the lock-in definition here and diagram shown in Figure 5.6. Figures 5.12(b)-(f), the forced

cases at 200 ≤ ff ≤ 500 Hz without lock-in, show that the spacing of the rolled-up vortices

in the nearfield upstream shear layer is fairly similar to that for the unforced case in Figure

5.12(a), close to fo = 2000 Hz until around ff = 400 Hz, although the general downstream

jet structures are more disturbed than most of the forced cases at U ′

j,rms = 0.07 m/s in Figure

5.9 due to the more moderate-level sine wave forcing. There begins to be some alteration

of the nearfield rollup frequency for ff at 400 Hz and above (Figures (d)-(f)). Once the

upstream shear layer is closer to being locked-in to the forcing frequency ff = 590 Hz and

above, the rollup are likely to be generated primarily at ff , resulting in different spacing

between vortices on the upstream shear layer as compared with the unforced and forced

cases in Figures 5.12(a)-(f). In Figure 5.12(g)-(m), coinciding with 550 ≤ ff ≤ 1210 Hz,

the spacing of the nearfield rollup is different from that for the unforced case, becoming

206
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(d) ff = 400Hz (e) ff = 460Hz (f) ff = 500Hz
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(g) ff = 550Hz (h) ff = 590Hz (i) ff = 620Hz
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Figure 5.12: For more figures and caption see next page.
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(j) ff = 800Hz (k) ff = 1000Hz (l) ff = 1100Hz
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(m) ff = 1210Hz
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Figure 5.12: Instantaneous centerplane acetone concentration images in the regular plane (x/D−

z/D) for the equidensity flush nozzle-injected JICF at J = 5 for (a) the unforced case (where

fo = 2000 Hz) as well as (b)-(l) the forced cases under sine wave forcing at ff = 200 − 1210 Hz

and U ′

j,rms = 0.55 m/s (approximately 9 % of Uj). Acetone concentration C is normalized by the

mean concentration value inside the potential core Co in each instantaneous image. Note that the

upstream shear layer without forcing is locked-in above around ff ≈ 590 Hz.

closer to separation associated with a lower frequency ff . The separation becomes smaller

as ff becomes larger, closer to fo = 2000 Hz. This trend was also seen in the forced

cases at U ′

j,rms = 0.07 m/s after lock-in in Figures 5.9(d)-(f), from ff = 1400 to 2000 Hz.

Interestingly, larger scale, continuously coherent, evenly spaced rollup on the upstream shear

layer are not observed in Figure 5.12 until ff = 800 Hz, and then such vortices start to be

seen at ff = 1100 as well as 1210 Hz. This difference may be attributed to the differences in

ff . At ff fairly far from (well below) fo on the upstream shear layer, the upstream shear layer
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is barely locked-in to the external forcing, and the natural dynamics of the shear layer at the

fundamental frequency fo, especially for the absolutely unstable JICF, may still be naturally

selected by the flow to create clear, coherent vortex structures at or near fo. On the other

hand, at ff fairly close to fo on the upstream shear layer, much higher amplitude forcing

then is necessary for lock-in, and at a frequency closer to the naturally selected condition,

forcing overtakes the flow dynamics to produce coherent vortex structures on the upstream

shear layer with a frequency closer to ff . In the U ′

j,rms = 0.07 m/s cases, this behavior

is hardly seen, likely because the sine wave forcing was relatively weak and insufficient to

overcome the natural dynamics of the flow.

Overall, while the near-field jet structures, specifically vortex rollup on the upstream shear

layer, are clearly affected by sine wave forcing, the relatively far-field structures at 5 ≤ x/D

show little difference under the forcing. At lower frequency forcing, say 200 ≤ ff ≤ 550 Hz,

one could argue that the jets are more disturbed between 2 and 5 diameters downstream,

yet the far-field jet structures here and for other forcing conditions behave similarly to the

unforced case. This result suggests that the even moderate-level sine wave forcing may have

little impact on the far-field jet structures.

For sinusoidal forcing at U ′

j,rms = 0.55 m/s, there seems to be mainly three regimes asso-

ciated with jet’s near-field structures, depending on ff and its relationship to the frequency

associated with the start of lock-in ff,cr, which for U ′

j,rms = 0.55 m/s is around ff,cr = 590

Hz. These are: (1) when the upstream shear layer is not locked-in (ff < ff,cr), and fo ap-

pears to dominate, but less so as ff increases; (2) the upstream shear layer is locked-in and

consists of disturbed, less coherent rollup (ff > ff,cr but fairly far from fo) where ff begins

to dominate the shear layer; and (3) the upstream shear layer is locked-in and consists of

coherent, multiple evenly-spaced rollup at frequency ff (where ff > ff,cr and is fairly close

to fo). In contrast with the near-field structures, the far-field structures can only be slightly

visibly altered by relatively moderate-level sine wave forcing.

Figure 5.13 represents mean cross-sectional images at the same flow conditions as in

Figure 5.12 and at three different downstream locations. These mean cross-sectional images

clearly reveal a remarkably similar trend in the relatively nearfield images at x/D = 2.5 as
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(b) ff = 200 Hz
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(c) ff = 400 Hz
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(d) ff = 500 Hz
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Figure 5.13: For more figures and caption see next page.
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x/D = 2.5 x/D = 5.5 x/D = 10.5

(e) ff = 620 Hz

y/D
-5 0 5

z
/D

5

10

15

C
/C

o

0

0.1

0.2

0.3

y/D
-5 0 5

z
/D

5

10

15

20

C
/C

o

0

0.05

0.1

0.15

0.2

y/D
-10 0 10

z
/D

5

10

15

20

C
/C

o

0

0.05

0.1

0.15

(f) ff = 800 Hz
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(g) ff = 1100 Hz
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Figure 5.13: Mean cross-sectional acetone concentration images in the y/D − z/D plane for the

equidensity flush nozzle-injected JICF at J = 5, with natural frequency fo = 2000 Hz, for (a) the

unforced case as well as (b)-(g) the forced cases under sine wave forcing at ff = 200− 1100 Hz and

U ′

j,rms = 0.55 m/s (approximately 9 % of Uj). Acetone concentration C is normalized by the mean

concentration value inside the potential core Co in centerplane images. Note that the upstream

shear layer without forcing is locked-in above around ff ≈ 590 Hz.

seen in the instantaneous centerplane images. When the jet is not forced, or forced but not

clearly locked-in (Figures 5.13(a)-(b)), the near-field mean cross-sectional structures appear

to be relatively symmetric and uniform in terms of concentration profiles. When the forcing

frequency increases to 400 Hz (Figure 5.13(c)) or 500 Hz (Figure 5.13(d)), small structural

difference is observed in the cross-section, where in fact asymmetries can be detected in both

near and farfield. Once the jet is locked-in at ff yet fairly far from fo, ff = 620 − 800 Hz
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(Figures 5.13(d)-(f)), the mean cross-sectional structures become even more distorted and,

further downstream, asymmetric and non-uniform with respect to concentration profiles in

comparison to the unforced case. These alterations associated with the CVP structures and

concentration profiles may be caused by the less coherent rollup on the upstream shear layer

as seen in the centerplane view in Figures 5.12(d)-(j). Again, Cortelezzi and Karagozian

(2001) indicate that the generation of CVP structures is related to vorticity on the upstream

shear layer, and this is consistent with these observations. Hence, forcing at ff fairly far from

fo, yet still generating lock-in, may disturb the naturally optimized, regularized creation of

rollup on the upstream shear layer, and hence non-uniform CVP structures in the cross-

sectional view can arise. At higher ff , a bit closer to fo on the upstream shear layer, as in

ff = 1100 Hz in Figure 5.13(g), the mean cross-sectional structure at x/D = 2.5 becomes

more clearly symmetric and with uniform concentration profiles, although the shapes are

not the typical CVP structure. Again, this return to symmetry could be possibly due to

the coherent rollup observed in Figure 5.12(l). These cross-sectional structures are also

consistent with the three different near-field structural regimes under sine wave forcing for

various forcing frequencies ff , as mentioned for the centerplane discussion for U ′

j,rms = 0.55

m/s in Figure 5.12.

Interestingly, one can recognize a more significant effect of moderate sine wave forcing on

mid- and far-field cross-sectional structures than in the centerplane images. From the center-

plane structures, there is little structural alteration that is obvious under sine wave forcing

seen in Figure 5.12, at least in the farfield. The far-field mean cross-sectional structures at

x/D = 10.5, however, are significantly varied, depending on ff , and there are differences at

x/D = 5.5 as well. When the upstream shear layer is not locked-in at ff = 200 Hz, the mean

cross-sectional structures are fairly symmetric (Figure 5.13(b)). But as ff becomes larger,

even well before lock-in, minor distortions in the nearfield appear to lead to asymmetric

cross-sectional structures (Figures 5.13(c) and (d)). These continue after lock-in (Figures

5.13(e) and (f)), despite no significant farfield changes in the centerplane view in Figures

5.12(g)-(j). Such asymmetric cross-sectional structures may be related to the nature of the

incoherent, disturbed vorticity rollup on the upstream shear layer in the nearfield in this
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regime, where clear vortical structures are not observed downstream of 1− 2 diameters. As

ff increases toward fo, the jet cross section finally becomes more symmetric, as shown in

Figure 5.13(g), but without the clear CVP shape. The relevance of periodic vortex rollup

in the nearfield, shown in Figure 5.12(l), suggests a deeper relationship between the near-

field rollup generation and the far-field CVP structures than discussed by Cortelezzi and

Karagozian (2001), one where the actual CVP shape and structure are affected by lock-in

related forcing.

From an examination of jet’s centerplane and cross-sectional structures at U ′

j,rms = 0.55

m/s, there are likely to be three different regimes with respect to the jet’s structures, de-

pending on ff relative to fo on the upstream shear layer. Further structural exploration

can explore this possible structural trend, using data at a higher value of U ′

j,rms = 1.00 m/s.

Figures 5.14 and 5.15 show the instantaneous centerplane and the mean cross-sectional PLIF

images, respectively, for the equidensity flush nozzle-injected JICF at J = 5 with/without

sine wave forcing at U ′

j,rms = 1.00 m/s (1.04 � U ′

j,rms � 1.08 m/s in actual measurements),or

approximately 15 % of the mean jet velocity. At this U ′

j,rms, the maximum achievable forcing

frequency is 1100 Hz.

At this relatively high U ′

j,rms, the upstream shear layer is locked-in at a fairly low forcing

frequency, ff,cr ≈ 390 Hz as estimated by the lock-in diagram shown in Figure 5.6. When the

jet is unforced, or forced at 200 ≤ ff ≤ 350 where the upstream shear layer is not locked-in,

the spacing amongst the rollup on the upstream shear layer is relatively the same in Figures

5.14(a)-(d), although the jet core and structures within 1 − 2 diameters are significantly

perturbed by the relatively strong forcing. Under such forcing conditions, the mean cross-

sectional structures become fairly symmetric at most downstream locations shown in Figures

5.15(b)-(c), although distorted CVPs are observed at x/D = 10.5. A highly disturbed cross-

sectional structure for ff = 350Hz at x/D = 2.5, and to a lesser extent for ff = 200 Hz,

likely corresponds to the strong nearfield distortion around 2 diameters downstream seen

in Figures 5.14(b) and (d). Once the upstream shear layer is locked-in at 400 ≤ ff ≤ 700

Hz where ff is fairly far from fo, the rollup seems to have frequencies closer to ff but are

less coherent and persistent than the unforced case (see Figures 5.14(e)-(i)). In the cross-
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(d) ff = 350Hz (e) ff = 400Hz (f) ff = 430Hz
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(g) ff = 470Hz (h) ff = 500Hz (i) ff = 700Hz
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Figure 5.14: For more figures and caption see next page.
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(j) ff = 800Hz (k) ff = 1100Hz
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Figure 5.14: Instantaneous centerplane acetone concentration images in the regular plane (x/D−

z/D) for the equidensity flush nozzle-injected JICF at J = 5 for (a) the unforced case (where

fo = 2000 Hz) as well as (b)-(k) the forced cases under sine wave forcing at ff = 200 − 1100 Hz

and U ′

j,rms = 1.00 m/s (approximately 15 % of Uj). Acetone concentration C is normalized by the

mean concentration value inside the potential core Co in each instantaneous image. Note that the

upstream shear layer without forcing is locked-in above around ff ≈ 300 Hz.

sectional view for this kind of forcing condition shown in Figure 5.15(d), highly distorted

asymmetric structures, as well as non-uniform concentration profiles, are observed in the

nearfield at x/D = 2.5. While subsequent periodic rollup before x/D = 5 in Figure 5.14(g)

seems to produce greater symmetry in the CVP in Figure 5.15(d) at x/D = 5.5, in the

farfield at x/D = 10.5, cross-sectional structures are still observed to be fairly asymmetric.

At ff in the range 800 ≤ ff ≤ 1100 Hz with clear lock-in per Figure 5.6, more coherent

and periodic rollup on the upstream shear layer in the centerplane view (Figures 5.14(j)-

(k)) as well as more symmetric mean cross-sectional structures both in the nearfield and

farfield are observed, although, as for moderate forcing, standard CVP structures are not

formed. Interestingly, as mentioned previously, the three different structural regimes for

varied ff are still observed, and again these differences may be associated with lock-in and

the magnitude of ff relative to fo. Furthermore, at U ′

j,rms = 1.00 m/s, the coherent rollups

on the upstream shear layer start to be seen at ff = 800 Hz, lower than ff = 1100 Hz in

the U ′

j,rms = 0.55 m/s cases, suggesting that coherent vortex rollup on the upstream shear

layer and fairly symmetric cross-sectional structures is more easily generated with stronger
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(b) ff = 200 Hz
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(c) ff = 350 Hz

y/D
-5 0 5

z
/D

5

10

15

C
/C

o

0

0.05

0.1

0.15

0.2

0.25

0.3

y/D
-5 0 5

z
/D

5

10

15

20
C
/C

o

0

0.05

0.1

0.15

0.2

y/D
-10 0 10

z
/D

5

10

15

20

C
/C

o

0

0.05

0.1

(d) ff = 470 Hz
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Figure 5.15: For more figures and caption see next page.
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x/D = 2.5 x/D = 5.5 x/D = 10.5

(f) ff = 800 Hz
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(g) ff = 1100 Hz
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Figure 5.15: Mean cross-sectional acetone concentration images in the y/D−z/D for the equiden-

sity flush nozzle-injected JICF at J = 5, with natural frequency fo = 2000 Hz, for (a) the un-

forced case as well as (b)-(g) the forced cases under sine wave forcing at ff = 200 − 1100 Hz and

U ′

j,rms = 1.00 m/s (approximately 15 % of Uj). Acetone concentration C is normalized by the mean

concentration value inside the potential core Co in centerplane images. Note that the upstream

shear layer without forcing is locked-in above around ff ≈ 300 Hz.

sine wave forcing.

This structural study of the impact of sinusoidal forcing on the JICF reveals new insights,

some of which expand on earlier observations in M’Closkey et al. (2002), Shapiro et al.

(2006), and Davitian et al. (2010b). As observed earlier, the convectively unstable JICF

(e.g., J = 41) is affected by sine wave forcing for a wide range of forcing frequencies, but if

ff is significantly far from the natural frequency fo of the upstream shear layer, there can be

a much lesser degree of influence. This would be expected for an absolutely unstable shear

layer under lock-in conditions, but the convectively unstable jet always is “locked-in” with

external forcing. For the absolutely unstable JICF, sine wave moderate forcing had been

thought to have little effect on the jet structures via observations using smoke visualization

(M’Closkey et al., 2002; Davitian et al., 2010b) and via excitation at frequencies far from fo.
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But the present studies show that, especially at high amplitudes and at lock-in frequencies,

sine wave forcing can have a fairly significant impact both on the centerplane and cross-

sectional structures. The jet response to the sine wave forcing in terms of centerplane and

cross-sectional structures seems to be mainly classified according to three regimes for the

range of amplitudes U ′

j,rms investigated in this study. First, when the jet is not locked-in per

the definition and conditions shown in Figure 5.6, both instantaneous centerplane as well

as mean cross-sectional structures, in the nearfield and farfield, behave very similarly to the

unforced case. Second, when the jet is locked-in at ff or nearly so, but with ff fairly far from

fo, the vortex rollup on the upstream shear layer becomes less coherent and periodic with

vortex spacing corresponding to ff , but with limited near-field interactions of the rollups to

create a clear CVP, and hence resulting in less-symmetric cross-sectional structures. Third,

when the jet is locked-in at ff , with ff fairly close to fo, coherent and more extensive

periodic vortex rollup, as well as fairly symmetric cross sections, are observed, although the

traditional CVP structure may not necessarily form. Hence the notion of “lock-in” for the

shear layer dynamics in response to sinusoidal forcing can have a significant influence on

JICF structure.

5.4 Mixing Quantification

In the previous section, the structural characteristics under sine wave forcing were investi-

gated among various forcing frequencies ff and amplitude U ′

j,rms. In this section, the effect

of sine wave forcing on JICF mixing characteristics is explored. The main purpose of ex-

ternal forcing is, of course, to enhance or even control the degree of mixing in the JICF.

Hence, appropriate mixing evaluation methods are quite important. Gevorkyan et al. (2016)

utilized several alternative mixing metrics relevant to open-boundary flow systems in-depth

and evaluated mixing characteristics of the JICF for a range of flow conditions as well as

injector configurations. Hence, mixing metrics applied in this study are mostly based on the

study by Gevorkyan et al. (2016), although further discussion on mixing quantification will

be also documented. To quantify the degree of mixing for the JICF, there are two types of
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mixing metrics described in this study: mean and instantaneous mixing metrics, based on

mean and instantaneous PLIF images, respectively.

As mean mixing metrics, this study utilizes jet spread and penetration in the centerplane

view. These classic mean mixing metrics have been widely used to evaluate JICF mixing

(Kamotani and Greber, 1972; Fearn and Weston, 1974; Su and Mungal, 2004; Davitian et al.,

2010b). Although instantaneous mixing metrics are more appropriate to quantify detailed

molecular mixing, in order to account for molecular transport spatial and time scales, mean

metrics are still useful for the global quantification of mixing in a relatively simplified manner,

as well as for comparison to instantaneous mixing metrics. Beyond this, the degree of jet

spread and penetration are often practically important in engineering applications such as

dilution jet injection (Kamotani and Greber, 1972; Holdeman, 1993).

For jet spread, this study uses three different types of evaluation: vertical spread, δz,

evaluated at different locations along the horizontal coordinate x/D; spread normal to the

unforced jet centerline trajectory, δn,unforced; and spread normal to each jet centerline trajec-

tory in question δn. Jet penetration zp, on the other hand, is calculated as the z-location of

the top of the jet, as a function of x/D. Note that all mean mixing metrics are scaled by the

jet diameter at the exit, D, when analyzed. Physically, it is more appropriate to evaluate

the jet spread normal to each jet centerline trajectory in question, forced or unforced, not

scaled with respect to the unforced jet centerline trajectory. The jet centerline trajectory in

this study is defined as corresponding to the maximum concentration loci in mean images,

representing to the most probable jet fluid trajectory. However, external forcing at some

forcing conditions yields jet bifurcations, e.g., as seen in Figures 5.7(c)-(e). Such bifurca-

tions make jet trajectory determinations very difficult. Therefore, jet spread is evaluated

along two alternative jet trajectory coordinates and then are compared to investigate the

effect of different coordinates on mixing characteristics.

Quantifying any of these mean mixing metrics requires a threshold for the pixel intensity

to define “jet fluid” or jet boundary in mean images. Su and Mungal (2004) and Getsinger

(2012) both applied a threshold of 20 % of maximum concentration for jet spread and 5 %

for penetration, respectively, for these mean images. The maximum typically corresponds
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to the concentration value inside the potential core region of the JICF. Gevorkyan (2015)

explored how the jet spread and penetration are affected by the choice of threshold values,

suggesting that mixing trends of even the unforced JICF are dependent on choice of the

threshold value. Hence, a threshold value based on C/Co in mean PLIF images has to be

carefully determined in this study to appropriately capture representative jet structures of

interest in the centerplane view, especially under sine wave forcing, and to include them in

the mixing quantification.

Figure 5.16 shows sample mean centerplane images with color maps showing thresholds

of C/Co ≥ 0.01, C/Co ≥ 0.05, C/Co ≥ 0.10 and C/Co ≥ 0.20, which can be used to define

jet’s boundary. Images are shown for the unforced case (Figure 5.16(a)) as well as forced

cases at ff = 1400 Hz (Figure 5.16(b)) and 2000 Hz (Figure 5.16(c)), the latter two of

which show clear bifurcation. For the unforced case, the jet boundary gradually becomes

narrower as the threshold value of C/Co increases, as expected. More importantly, the jet’s

natural bifurcation is captured with a threshold of C/Co ≥ 0.01 and C/Co ≥ 0.05 but not

with C/Co ≥ 0.10 and C/Co ≥ 0.20, showing that the actual jet structure as well as mean

mixing evaluation are highly dependent on the threshold value. Furthermore, for the forced

case at ff = 1400 and 2000 Hz as shown in Figure 5.16(b) and (c), respectively, even the

threshold of C/Co ≥ 0.05 is not able to fully capture the jet bifurcation. In this study

with sine wave forcing, the jet bifurcation is important and these remarkable flow structures

have to be considered in mixing. Hence, this study evaluated mean mixing metrics with a

threshold based on mean concentration C/Co ≥ 0.01 or 1 % concentration of the maximum

concentration in mean images to properly capture the jet bifurcation in the centerplane.

This applied to both jet penetration and spread measures.

As for instantaneous mixing metrics, centerplane- and cross-section-based mean Un-

mixedness, as well as the cross-section-based mean Probability Density Function (PDF) of

concentration values C/Co were applied. Quantitative scaling of cross-sectional concentra-

tions relies on calibration with centerplane data, as described in Section 2.3.1. The method

to evaluate the Unmixedness is the same as in Gevorkyan et al. (2016), and is discussed

in some detail in the context of scale lengths in Chapter 4. Unmixedness is defined as the
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(a) Unforced (b) ff = 1400 Hz (c) ff = 2000 Hz
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Figure 5.16: Mean centerplane PLIF images for the equidensity JICF with J = 41 with a threshold

of C/Co ≥ 0.01 (1 % concentration), C/Co ≥ 0.05 (5 % concentration), C/Co ≥ 0.10 (10 %

concentration) and C/Co ≥ 0.20 (20 % concentration) to define the boundary of the jet. These

figures are for (a) the unforced case, (b) the forced cases at ff = 1400 Hz, and (c) 2000 Hz. Note

that maximum normalized concentration is approximately C/Co ≈ 1.0 inside the potential core

region.

second moment of the scalar field as noted in Equation (1.6).

The centerplane-based Unmixedness can be evaluated along three different coordinates,

as with mean mixing metrics: the horizontal coordinate x/D, the unforced jet trajectory

coordinate sc,unforced/D, and each jet trajectory coordinate used for given forcing conditions,

sc/D. The centerplane-based Unmixedness with three types of coordinates will be compared

to explore the difference in mixing behavior along various coordinates. The centerplane-based

Unmixedness is first quantified inside an interrogation area with a seven-pixel width at a

given location in each instantaneous image. The quantification is performed at all locations

and in all instantaneous images, and then mean Unmixedness is quantified by averaging over

500 instantaneous images at each location.

In the cross-sectional view, instantaneous cross-section-based Unmixedness and PDF are

quantified at downstream locations x/D = 2.5, 5.5 and 10.5. Unlike the centerplane-based

Unmixedness, an interrogation area covers the entire cross-sectional structure at each x/D

location. Again, averaging 500 instantaneous data yields the mean Unmixedness and PDF.

For both centerplane- and cross-section-based instantaneous mixing metrics, the mean con-
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centration value inside each interrogation area is matched to a reference value for effective

consistency with mass conservation along the jet (Gevorkyan et al., 2016). In the present

study the reference mean corresponds to the mean concentration at sc/D ≈ 15 for the J = 5

case for the centerplane-based Unmixedness and at x/D = 10.5 for the J = 2 case for the

cross-section-based Unmixedness and PDF, which are the same as that in Gevorkyan et al.

(2016). It should be noted that Gevorkyan et al. (2016) demonstrated very little sensitivity

of the Unmixedness quantification to choice of the mean reference value. More details on

these mixing metrics, the algorithm for mixing quantification, and mixing characteristics

in the absence of external forcing for a range of S, J and injector configurations may be

found in Gevorkyan (2015) and Gevorkyan et al. (2016). Note that the cross-section-based

Unmixedness and PDF cannot be calculated for a few cases or certain downstream locations

because cross-sectional images cannot be appropriately scaled in comparison with the cor-

responding mean centerplane image, as mentioned in Chapter 2. Hence, the data points for

the cases without correct scaling will not be shown in figures in this section.

Figure 5.17 shows the results for a range of mean mixing metrics, in addition to mean

jet trajectories, for the equidensity flush nozzle-injected JICF at J = 41 and with sinusoidal

excitation amplitude corresponding to U ′

j,rms = 0.07 m/s. Figure 5.17(a) represents jet

centerline trajectories for the unforced and all forced cases. Interestingly, jet trajectories at

ff = 1000 and 2000 Hz are much lower than the other trajectories because the lower branch

of the bifurcating jet for these cases contains higher concentrations of the jet fluid than the

upper branch, which the power-law fitting was applied to. If the trajectory is determined

based focusing on higher branch of the bifurcating jet, the trajectory becomes closer to

the other trajectories in Figure 5.17(a). These different trajectories among a few forcing

conditions suggest the necessity of analyzing spread based on the unforced jet trajectory as

a reference and then each trajectory in question for comparison.

Figures 5.17(b) and (c) represent jet penetration zp/D and jet vertical spread δz/D as

a function of horizontal coordinate x/D. The jet penetration shows that the forced jets at

ff = 2000 and 2500 Hz clearly penetrate less than the unforced case, classically interpreted to

suggest “less mixed” conditions (Kamotani and Greber, 1972; Yuan and Street, 1998; Eroglu
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Figure 5.17: Mean mixing metrics for the equidensity flush nozzle-injected JICF at J = 41 for

the unforced case as well as the forced cases under sine wave forcing at ff = 500 − 6000 Hz and

U ′

j,rms = 0.07 m/s (approximately 1 % of Uj): (a) Jet trajectories, (b) jet penetration zp/D, (c) jet

vertical spread δz/D, (d) jet spread normal to the unforced jet trajectory δn,unforced/D and (e) jet

spread normal to each jet trajectory in question δn/D.

and Breidenthal, 2001; Reynolds et al., 2003; Su and Mungal, 2004). While the convectively

unstable JICF here is forced at ff (2000 and 2500 Hz) fairly close to fo (1600−1900 Hz) which

significantly alters jet centerplane structures, as shown in Figure 5.7, overall the penetration

worsens. In terms of jet spread (Figures 5.17(c)-(e)), in contrast to the jet penetration, the

unforced case shows one of the worst jet vertical spreads, while the forced case at ff = 2000

Hz vertically spreads more than the unforced case. This difference is related to how sine

wave forcing affects jet structures. Since even relatively weak sine wave forcing can have an

impact on jet structures, the forced jets at ff = 2000 and 2500 Hz are strongly distorted,
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in the mean and instantaneously, by the sine wave forcing. This forcing effect produces

a lower overall jet penetration for the forced cases than the unforced case because the jet

penetration metric only accounts for the highest location at which the jet fluid (defined in

terms of C/Co) is found. On the other hand, forced jets at ff fairly close to fo bifurcate into

lower and higher jet branches, toward the wind tunnel floor and ceiling, respectively. Due to

the presence of the lower jet branch, per momentum and mass conservations, the trajectory

of the upper branch and the vertical spread can become higher for the forced cases, which

is clearly observed in Figure 5.7(e). Therefore, the mixing results based on typical mean

mixing metrics are not entirely consistent for forced jets, so the degree of mixing has to

be comprehensively investigated using several alternative mean and instantaneous mixing

metrics.

Figures 5.17(d) and (e) show jet spread normal to the unforced jet trajectory and normal

to each jet trajectory in question, respectively. As one can see, the general qualitative mixing

trends are similar in both metrics, yet there are some quantitative differences. Forced cases at

ff = 1400 and 2000 Hz show better spread compared with the other cases in each of Figures

5.17(d) and (e), mainly due to the jet bifurcation, while the forced cases at ff = 1000 and

1400 Hz vertically spread more than the other cases in Figure 5.17(c). The difference for

ff = 1000 Hz is purely derived from the differences in coordinate systems. This comparison

indicates that the mixing evaluation based on mean mixing metrics can be affected by the

choice of coordinate systems. Therefore, appropriate coordinate systems should be utilized in

such studies, depending on the interest in the study or the practical purpose in its engineering

applications. In the present study, several possible coordinate systems are utilized for all

mean and instantaneous mixing metrics, because one of the purposes in this study is to

compare these mixing metrics and comprehensively determine the effect of sine wave forcing

on such characteristics when viewed from different perspectives.

The results in Figure 5.17 suggest that the jet spread and penetration for the equidensity

flush nozzle-injected JICF at J = 41 are clearly altered even with relatively low-level sine

wave forcing at 1 % of the mean velocity (U ′

j,rms = 0.07 m/s), although some differences

are present between jet penetration and spread, especially at ff close to fo on the upstream
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shear layer. For the jet penetration, the forcing at ff fairly far from fo enhances the jet

penetration more than does forcing at ff fairly close to fo. For the jet spread, however,

forcing at ff fairly close to fo (ff ∼ 1400 and 2000 Hz) enhances this metric more than

the other forcing cases, which is different from the trend in the jet penetration, which is

lowered compared with the unforced case at these forcing frequencies. This difference may

be associated with the nature of the response of the jet to the sine wave forcing. Although

the jet responds more significantly at ff closer to fo, creating the jet bifurcation and more

symmetric cross sections, more effective external forcing at ff near fo slightly bends the jet

in the crossflow direction and hence lessens the jet penetration. Hence, in general, from the

observation of the mean mixing metrics at J = 41 (in the convectively unstable regime) and

U ′

j,rms = 0.07 m/s, jets spread more widely at forcing where ff is fairly close to fo, yet this

improved jet spread does not necessarily coincide with better jet penetration.

Figure 5.18 represents instantaneous mixing metrics, namely, the centerplane- and cross-

section-based mean Unmixedness as well as the cross-section-based mean PDF for the equiden-

sity flush nozzle-injected JICF at J = 41 under sine wave forcing at U ′

j,rms = 0.07 m/s.

Interestingly, all Unmixedness evaluations in Figures 5.18(a)-(d) consistently show a lower

Unmixedness, corresponding to better molecular mixing, under sine wave forcing at forc-

ing frequencies ff fairly close to fo, that is, ff = 1400, 2000 and 2500 Hz, regardless

of whether the Unmixedness was evaluated in different views (centerplane as in Figures

5.18(a)-(c) or cross section as in Figure 5.18(d)) or plotted using various coordinates. From

the cross-section-based PDFs in Figures 5.18(e)-(g) at x/D = 2.5, 5.5 and 10.5, respectively,

these conditions with ff fairly close to fo generally provide a narrower distribution range

of concentrations and hence they generate more uniform concentration profiles than for the

other cases. This corresponds to enhanced molecular mixing, which is consistent with the

centerplane- and cross-section-based Unmixedness evaluations in this figure. As opposed to

different trends among mean mixing metrics, such as spread and penetration, all instanta-

neous mixing metrics provide remarkably consistent results with one another. As mentioned

previously, instantaneous mixing metrics are considered to be a more appropriate way to

evaluate molecular mixing than mean mixing metrics, as the former account directly molec-
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Figure 5.18: Instantaneous mixing metrics for the equidensity flush nozzle-injected JICF at J = 41

for the unforced and forced cases under sine wave forcing at ff = 500− 6000 Hz and U ′

j,rms = 0.07

m/s. Each figure represents (a) the centerplane-based mean Unmixedness Uc,sn along sc/D, (b)

Uc,sn along sc,unforced/D, (c) centerplane-based mean Unmixedness Uc,xz along x/D, (d) cross-

section-based mean Unmixedness Uyz along x/D, and (e)-(g) cross-section-based mean probability

density function (PDF) of normalized concentration PDF(C/Co) at x/D = 2.5, 5.5 and 10.5,

respectively.
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ular transport phenomena. Hence, the molecular mixing for the convectively unstable JICF

at J = 41 under relatively weak sine wave forcing analyzed in this study may be considered

to be enhanced at ff fairly close to fo on the upstream shear layer, in some cases significantly

enhanced.

In the comparison of the instantaneous mixing metrics with mean mixing metrics as

noted earlier, better jet spread is generally observed at ff close to fo, consistent with lower

Unmixedness, although the jet does not spread relatively widely at ff = 2500 Hz. The jet

penetration shows largely opposite trends to those for the Unmixedness, despite the fact that

penetration has been used for decades as a mixing metric (Margason, 1993). Nevertheless,

an investigation of the mean mixing metrics is still important to estimate the applicability

of the JICF to engineering systems for a given flow condition. Hence, mean mixing metrics

will be documented through this experimental study.

Interestingly, the forcing at ff fairly close to fo, suggesting better molecular mixing, also

generated more symmetric cross-sectional structures, as shown in Figure 5.8. Historically,

the more symmetric CVP cross-sectional structures have been thought to be responsible

for improved mixing by the JICF as compared with the free jet (Karagozian, 2010), and

these findings may be related to this traditional view. Furthermore, although centerplane

structures do not capture the symmetry in the cross-sectional view, the centerplane-based

Unmixedness also suggests better molecular mixing at the same ff , at which the forcing

generates more symmetric cross-sectional structures. Hence these JICF data at J = 41 sug-

gest that more symmetric cross-sectional structures at ff adjacent to fo could correspond to

better molecular mixing than for the other forcing frequencies with effectively the same-level

forcing. Such consistency between the centerplane- and cross-sectional-based Unmixedness

is quite interesting because the symmetry or asymmetry in the cross-sectional view cannot

be observed in the centerplane view, and thus is not represented in that evaluation.

Another interesting trend to note here is that sine wave forcing enhances mixing not

only in the nearfield, but also in the farfield for the convectively unstable JICF when ff is

fairly close to fo. Even at the farthest downstream location in Figure 5.18, one can clearly

recognize the enhanced molecular mixing. In the structural exploration at J = 41, the jet
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bifurcation in the centerplane as well as in the symmetric cross-sectional structures were

observed, even in the farfield.

As with the previous studies by M’Closkey et al. (2002), Shapiro et al. (2006), and Davi-

tian et al. (2010b), this study has found that the mixing characteristics of the convectively

unstable JICF are easily affected by relatively weak sine wave forcing. Now we focus on

the investigation of mixing characteristics on the absolutely unstable JICF. For these explo-

rations, the equidensity flush nozzle-injected JICF at J = 5 is utilized with sine wave forcing

at various velocity RMS values of U ′

j,rms: 0.07, 0.55 and 1.00 m/s. Mean mixing metrics and

the centerplane-based Unmixedness for the equidensity flush nozzle-injected JICF at J = 5

at U ′

j,rms = 0.22 and 0.30 m/s are also determined, which are shown in Appendix B.

Figure 5.19 shows jet trajectories, penetration, vertical spread, and spread normal to the

unforced jet trajectory as well as normal to each trajectory in question for the equidensity

flush nozzle-injected JICF at J = 5 with sine wave forcing at U ′

j,rms = 0.07 m/s. As one

can clearly see, these mean mixing metrics suggest that the unforced as well as forced jets

have similar trajectories, penetration, and spread at all forcing frequencies, although there

are slight enhancements in jet penetration and spread at ff = 800 and 2500 Hz. Because the

differences in jet penetration and spread among all ff conditions do not differ significantly

from the unforced case, are not clearly distinguishable, one can say that the sine wave forcing

has little effect on the mean mixing metrics for the absolutely unstable JICF investigated

in this study, as observed in smoke visualization in M’Closkey et al. (2002) and Davitian

et al. (2010b). From our structural investigation in the previous section, even low-level sine

wave forcing is observed to affect the spacing of vortex rollups on the upstream shear layer,

related to the lock-in process. However, based on the mean mixing metrics, it is likely that

the lock-in does not necessarily improve the jet penetration and spread, especially when the

forcing is relatively weak.

Now we investigate instantaneous mixing metrics for the absolutely unstable JICF at

J = 5 and U ′

j,rms = 0.07 m/s. Figure 5.20 represents the centerplane- and cross-section-

based mean Unmixedness, as well as cross-section-based mean PDF for the equidensity flush

nozzle-injected JICF at J = 5 under sine wave forcing at U ′

j,rms = 0.07 m/s. Even using

228



(a) Jet trajectories (b) Penetration zp/D

x/D
0 5 10 15 20

z
/D

0

2

4

6

x/D
0 5 10

z p
/D

4

6

8

(c) Vertical spread δz/D (d) Spread δn,unforced/D (e) Spread δn/D

x/D
0 5 10

δ
z
/D

0

2

4

6

8

sc,unforced/D
0 5 10 15

δ
n
,u
n
f
or
ce
d
/D

2

3

4

5

6

7

sc/D
0 5 10 15

δ
n
/D

2

3

4

5

6

7

Figure 5.19: Mean mixing metrics for the equidensity flush nozzle-injected JICF at J = 5 for

the unforced case as well as forced cases under sine wave forcing at ff = 500 − 5000 Hz and

U ′

j,rms = 0.07 m/s (approximately 1 % of Uj): (a) Jet trajectories, (b) jet penetration zp/D, (c)

jet vertical spread δz/D, (d) jet spread normal to the unforced jet trajectory δn,unforced/D and (e)

jet spread normal to each jet trajectory in question δn/D. Note that the upstream shear layer is

locked-in for ff ≈ 1250− 3500 Hz.

the instantaneous mixing metrics, little significant enhancement in molecular mixing in the

relatively nearfield is obtained, although there seems to be a slight enhancement in the

Unmixedness, Uyz at ff = 800 Hz and Uc,sn at ff = 1400 Hz in the nearfield. ff = 800 Hz

also appears to provide better nearfield mixing as determined by PDFs in Figures 5.20(e)

and (f). Yet trends are not clear enough to significantly differentiate the degree of mixing

among all conditions from these results. Hence, both mean and instantaneous mixing metrics

suggest that relatively weak sine wave forcing at U ′

j,rms = 0.07 m/s may only slightly enhance

the molecular mixing in the nearfield at specific frequencies ff , but generally this has little

impact on mixing characteristics.
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Figure 5.20: Instantaneous mixing metrics evaluated for the equidensity flush nozzle-injected JICF

at J = 5 for the unforced and forced cases under sine wave forcing at ff = 500 − 5000 Hz and

U ′

j,rms = 0.07 m/s. Each figure represents (a) centerplane-based mean Unmixedness Uc,sn along

sc/D, (b) Uc,sn along sc,unforced/D, (c) centerplane-based mean Unmixedness Uc,xz along x/D,

(d) cross-section-based mean Unmixedness Uyz along x/D, and (e)-(g) cross-section-based mean

probability density function (PDF) of normalized concentration PDF(C/Co) at x/D = 2.5, 5.5 and

10.5, respectively. Note that the upstream shear layer is locked-in for ff ≈ 1250− 3500 Hz.
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Figures 5.21 and 5.22 represent results of mean mixing metrics for the JICF at J = 5,

now with moderate-to-high sine wave forcing at U ′

j,rms = 0.55 and 1.00 m/s, respectively.

At U ′

j,rms = 0.55 m/s in Figure 5.21, the mean mixing metrics still show similar mixing

characteristics among all forcing frequencies, including the unforced case, although one may

be able to differentiate jet penetration and spread for each forcing condition and extract

some qualitative trends. First of all, interestingly, sine wave forcing at ff approaching fo

(2000 Hz), specifically in the range ff = 1000−1210 Hz which produces a locked-in upstream

shear layer, with strong shear layer rollup, generally provides less jet penetration as well as

lowered spread than the unforced cases against any coordinate systems used in this study.

As with the mean mixing metrics at J = 41 in Figure 5.17, the J = 5 jet is more strongly

affected by the forcing at lock-in, and at ff fairly close to fo on the upstream shear layer

can be deflected more by the effective forcing, resulting in less jet penetration. Unlike the

convectively unstable JICF, the jet does not bifurcate or significantly spread toward the

wind tunnel floor, as observed in Figure 5.12.

Secondly, forcing at 500 or 550 Hz seems to produce slightly better penetration and

spread; these conditions are close to the start of lock-in. This trend may be associated with

the structural characteristics discussed in the previous section. At the forcing frequency

ff ∼ 500− 590 Hz, the upstream shear layer is locked-in but consists of less coherent rollup

as compared with the forced cases at ff fairly close to fo, shown in Figure 5.12. Here the jet

is more disturbed, especially in the nearfield, and thus spreads and penetrates more than the

other cases, although the enhancement in jet penetration and spread is still small. Overall,

however, these mean metrics for the absolutely unstable JICF are affected relatively little by

even relatively moderate-level sine wave forcing, with only modest improvements at lower

frequency forcing.

Interestingly, these trends are more clearly seen in the U ′

j,rms = 1.00 m/s cases, as shown

in Figure 5.22. At ff fairly far from fo, specifically ff � 700 Hz at U ′

j,rms = 1.00 m/s, jet

penetration and spread are highly enhanced with sine wave forcing as compared with the

unforced case. In particular, when the upstream shear layer is locked-in, at 300 ≤ ff ≤ 700

Hz fairly far from fo, jets penetrate and spread the most significantly, consistent with images
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Figure 5.21: Mean mixing metrics for the equidensity flush nozzle-injected JICF at J = 5 for

the unforced case as well as forced cases under sine wave forcing at ff = 200 − 1210 Hz and

U ′

j,rms = 0.55 m/s (approximately 9 % of Uj): (a) Jet trajectories, (b) jet penetration zp/D, (c)

jet vertical spread δz/D, (d) jet spread normal to the unforced jet trajectory δn,unforced/D and (e)

jet spread normal to each jet trajectory in question δn/D. Note that the upstream shear layer is

locked-in starting around ff ≈ 590 Hz.

in Figure 5.14. As with the U ′

j,rms = 0.55 m/s cases, sine wave forcing at these lower forcing

frequencies can generate deeply penetrated structures and more widely spreading jets. At

800 � ff � 1100 Hz, however, the jet spread and penetration are generally smaller than the

unforced case or at least become similar to the unforced case. When the upstream shear

layer is locked-in and creates more coherent, evenly spaced rollup, sine wave forcing creates

a similar structure to the unforced jet, which may bend jets and provide the same or lower

jet penetration and spread. From the exploration of the mean mixing metrics at higher

velocity RMS of U ′

j,rms = 0.55 and 1.00 m/s, two qualitative trends were mainly observed
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Figure 5.22: Mean mixing metrics for the equidensity flush nozzle-injected JICF at J = 5 for

the unforced case as well as forced cases under sine wave forcing at ff = 200 − 1100 Hz and

U ′

j,rms = 1.00 m/s (approximately 15 % of Uj): (a) Jet trajectories, (b) jet penetration zp/D, (c)

jet vertical spread δz/D, (d) jet spread normal to the unforced jet trajectory δn,unforced/D and (e)

jet spread normal to each jet trajectory in question δn/D. Note that the upstream shear layer is

locked-in above around ff ≈ 300 Hz.

with respect to the unforced case, which are remarkably consistent in both U ′

j,rms cases: (1)

the jet penetrates and spreads more than the unforced case when the upstream shear layer is

not locked-in or locked-in at ff fairly far from fo, and (2) jet penetration and spread lessens

when the upstream shear layer is locked-in at ff approaching fo, where more coherent, evenly

spaced rollup in the centerplane are present.

From this investigation of the mean mixing metrics, it appears that the jet spread and

penetration can worsen with sine wave forcing, even at relatively high amplitude U ′

j,rms.

Yet better jet spread and penetration are not necessarily equivalent to lower Unmixedness,

and hence better molecular mixing, per our earlier discussion. Figures 5.23 and 5.24 show
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results for instantaneous mixing metrics, representing the centerplane- and cross-section-

based mean Unmixedness, as well as cross-section-based mean PDF for the equidensity flush

nozzle-injected JICF at J = 5 at U ′

j,rms = 0.55 and 1.00 m/s, respectively.

In Figures 5.23(a)-(c) at U ′

j,rms = 0.55 m/s, all centerplane-based Unmixedness in dif-

ferent coordinates show consistent results, where the molecular mixing becomes enhanced

at ff = 1100 and 1210 Hz in the near-to-midfield. In contrast, at these forcing frequencies,

jet spread and penetration lessen, as shown in Figure 5.21. This comparison suggests an

opposite trend, and clearly improved mean mixing metrics do not necessarily coincide with

improved instantaneous mixing metrics. In terms of the estimation of molecular mixing, the

Unmixedness is believed to be a more appropriate indicator than the mean mixing metrics

utilized in this study (Smith et al., 1997; Dimotakis, 2005; Gevorkyan et al., 2016). Hence,

we may conclude that sine wave forcing at ff fairly close to fo generates an upstream shear

layer with the coherent rollup and fairly symmetric cross-sectional structures both in the

nearfield and farfield, as well as less jet penetration and spread but better molecular mixing

from the perspective of centerplane-based Unmixedness. As mentioned in the previous sec-

tion, sine wave forcing has a stronger effect on structural characteristics for the absolutely

JICF in the nearfield than the farfield. This trend is also observed in the centerplane-based

Unmixedness. After sc/D ≈ 10, sc,unforced/D ≈ 10, or x/D ≈ 8, all Unmixedness basically

show similar values among all conditions, even including the unforced case.

On the other hand, at ff ≤ 800 Hz, the centerplane-based Unmixedness is not signifi-

cantly enhanced as compared with the unforced case, although jet spread and penetration

are observed to improve at these forcing conditions. Again, this seeming contradiction can

also be explained based on the structural characteristics acquired from the instantaneous

centerplane PLIF images. At the lower forcing frequencies, the upstream shear layer is not

locked-in or locked-in at ff fairly far from fo, creating relatively incoherent, disturbed rollup.

Because the jet is more disturbed, the jet may penetrate and spread more significantly, but

less coherent rollup may prevent the enhancement of molecular mixing. In the previous sec-

tion, it was noted that the centerplane structures for the absolutely unstable JICF behaved

in three different ways. When the upstream shear layer is not locked-in or locked-in at ff
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Figure 5.23: Instantaneous mixing metrics evaluated for the equidensity flush nozzle-injected JICF

at J = 5 for the unforced and forced cases under sine wave forcing at ff = 200 − 1210 Hz and

U ′

j,rms = 0.55 m/s. Each figure represents (a) centerplane-based mean Unmixedness Uc,sn along

sc/D, (b) Uc,sn along sc,unforced/D, (c) centerplane-based mean Unmixedness Uc,xz along x/D,

(d) cross-section-based mean Unmixedness Uyz along x/D, and (e)-(g) cross-section-based mean

probability density function (PDF) of normalized concentration PDF(C/Co) at x/D = 2.5, 5.5 and

10.5, respectively. Note that the upstream shear layer is locked-in starting around ff ≈ 590 Hz.
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fairly far from fo, the jet behaves similar to the unforced case or generates disturbed, inco-

herent rollup on the upstream shear layer. For the forcing condition, the centerplane-based

Unmixedness provides fairly close values to that for the unforced case, which is consistent

with the observation in the instantaneous centerplane structures. When the upstream shear

layer is locked-in at ff fairly close to fo, clear, coherent vortical structures are seen on the

upstream shear layer, which seems to improve the centerplane-based Unmixedness. Inter-

estingly, the centerplane-based mixing characteristics seem to be related to the structural

characteristics. Additionally, as mentioned in the previous section, sine wave forcing has

stronger effect on structural characteristics for the absolutely JICF in the nearfield than the

farfield. This trend is also observed in the centerplane-based Unmixedness. After sc/D ≈ 10,

sc,unforced/D ≈ 10, or x/D ≈ 8, all Unmixedness metrics basically show show highly similar

values among all conditions, even including the unforced case.

While the centerplane-based Unmixedness shows clear differences among all forcing con-

ditions, the cross-section-based Unmixedness shows somewhat different trends. In the center-

plane, clear structural differences in the vortical structures on the upstream shear layer were

found, leading to an improvement of the centerplane-based Unmixedness. On the other hand,

there is not as significant a structural or concentration profile difference in the cross-sectional

view of the jet, shown in Figure 5.13, although the cross section becomes more symmetric or

asymmetric depending on ff . Interestingly, the lowest cross-sectional Unmixedness in Figure

5.23(d) appear to be for ff = 550 and 590 Hz, for fairly symmetric structures as in Figures

5.13(c)-(e).The PDF of concentration also shows few differences among all conditions, but

with some improvement at 550 − 590 Hz, suggesting that the forcing can enhance or alter

the concentration profiles in cross section if in the appropriate forcing frequency range. This

discussion associated with the mixing characteristics indicates that the locked-in upstream

shear layer to ff fairly close to fo with coherent rollup enhanced molecular mixing in the

centerplane view, but the cross-section-based instantaneous mixing metrics provide a little

difference (with improvement for ff further from fo). This discrepancy between centerplane-

and cross-section-based metrics might be associated with the moderate-level sine wave forc-

ing, which is probably not large enough to provide a clear effect on the jet and hence the
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cross-section-based Unmixedness, or with the asymmetry in the cross-sectional view, which

cannot be captured in the centerplane. In contrast to differences in the nearfield, even the

cross-section-based Unmixedness exhibits similar values in the farfield at x/D = 10.5, which

is consistent with the centerplane-based Unmixedness.

Although the cross-section-based Unmixedness does not show clear trends and differences

among all forcing frequencies under sine wave forcing at U ′

j,rms = 0.07 and 0.55 m/s, clear

enhancement in molecular mixing can be seen with stronger sine wave forcing at U ′

j,rms = 1.00

m/s, as shown in Figure 5.24. First, the centerplane-based Unmixedness clearly shows

consistent trends. At ff as close as possible to fo, ff = 1100 Hz here at which coherent rollup

on the locked-in upstream shear layer as well as symmetric cross sections are observed, the

centerplane-based Unmixedness shows significantly enhanced molecular mixing as compared

with other cases along any coordinate systems utilized in this study.

Second, in the cross-section-based Unmixedness, there is also clearer distinction among all

forcing conditions, which was not seen at lower U ′

j,rms. The sine wave forcing at any ff clearly

enhances molecular mixing as compared with the unforced case. More interestingly, now

consistent with the centerplane-based Unmixedness, the cross-section-based Unmixedness

also suggests that the forcing at ff = 1100 Hz significantly enhances molecular mixing,

especially in the relative nearfield at x/D = 2.5 and 5.5, where the sine wave forcing has

a stronger effect than in the farfield. In the cross-section-based PDF, the sine wave forcing

at ff = 1100 Hz generates a more uniform concentration profile, directly related to lower

Unmixedness and hence better molecular mixing. As observed in the U ′

j,rms = 0.55 m/s

cases, molecular mixing basically becomes similar among all conditions even including the

unforced case in the farfield, specifically after sc/D ≈ 12, sc,unforced/D ≈ 12, or x/D ≈ 10,

which are farer than those at U ′

j,rms = 0.55 m/s due to the stronger forcing.

Overall, a significant connection among instability, structural and mixing characteristics

was confirmed in this section. It is noted that better mean mixing metrics do not necessarily

correspond to better molecular mixing evaluated based on instantaneous mixing metrics,

the latter of which is considered to provide a more accurate evaluation of molecular mixing.

Hence, classically and widely used mean mixing metrics such as jet spread and penetration do
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Figure 5.24: Instantaneous mixing metrics evaluated for the equidensity flush nozzle-injected JICF

at J = 5 for the unforced and forced cases under sine wave forcing at ff = 200 − 1100 Hz and

U ′

j,rms = 1.00 m/s. Each figure represents (a) centerplane-based mean Unmixedness Uc,sn along

sc/D, (b) Uc,sn along sc,unforced/D, (c) centerplane-based mean Unmixedness Uc,xz along x/D,

(d) cross-section-based mean Unmixedness Uyz along x/D, and (e)-(g) cross-section-based mean

probability density function (PDF) of normalized concentration PDF(C/Co) at x/D = 2.5, 5.5 and

10.5, respectively. Note that the upstream shear layer is locked-in above around ff ≈ 300 Hz.
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not always provide appropriate information on actual mixing, and in-depth, comprehensive

investigation is required for the study in the mixing characteristics for the JICF. As expected,

the discussion of the mixing characteristics indicates that the convectively unstable JICF is

more easily affected by the sine wave forcing than the absolutely unstable JICF. Molecular

mixing for the convectively unstable JICF is significantly enhanced even with relatively weak

sine wave forcing at U ′

j,rms = 0.07 m/s, approximately 1 % of Uj, especially when ff is fairly

close to fo on the upstream shear layer. This latter observation was unexpected.

On the other hand, the absolutely unstable JICF is hardly affected by sine wave forc-

ing at relatively low level, U ′

j,rms = 0.07 m/s in this study. However, the near-to-midfield

molecular mixing of the absolutely unstable JICF can actually be enhanced with stronger

sine wave forcing at a specific range of ff with respect to fo. When one applies the relatively

strong sine wave forcing, at U ′

j,rms = 0.55 and 1.00 m/s in this study, 9 % and 15 % of

Uj, respectively, with ff fairly close to fo, the upstream shear layer is locked-in, resulting

in clear, coherent rollup on the upstream shear layer, more symmetric cross-sectional struc-

tures and hence enhanced molecular mixing in the near-to-midfield. Although it is difficult

to enhance molecular mixing for the absolutely unstable JICF in the farfield, the far-field

molecular mixing is more enhanced as sine wave forcing becomes stronger.
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CHAPTER 6

Effects of Axisymmetric Forcing on Transverse Jets -

Single-Pulse Square Wave Excitation

The previous chapter demonstrated that structural and mixing characteristics for the equiden-

sity (S = 1.00) flush nozzle-injected absolutely unstable JICF (at the jet-to-crossflow mo-

mentum flux ratio of J = 5) were altered only when relatively strong sine wave forcing at a

forcing frequency ff fairly close to the natural frequency of the upstream shear layer fo was

applied. This forcing created a “lock-in response” of the upstream shear layer to the exter-

nal forcing. This restriction on forcing conditions to have an effect on JICF characteristics

suggested the inefficiency in the use of sine wave forcing for the absolutely unstable JICF.

A different type of axisymmetric forcing is thus required to more efficiently or significantly

enhance jet response and, potentially, molecular mixing, for the absolutely unstable JICF.

Previous studies (Eroglu and Breidenthal, 2001; M’Closkey et al., 2002; Shapiro et al.,

2006; Sau and Mahesh, 2010; Davitian et al., 2010b) have shown that single-pulse square

wave excitation, especially with control of the waveform shape, can dramatically enhance jet

penetration and spread, even for absolutely unstable transverse jets. The “strategic forcing”

explored in Davitian et al. (2010b) demonstrates the benefits of square wave forcing for the

JICF in the absolutely unstable regime, but that low frequency sinusoidal forcing has little

effect. These previous investigations suggest that single-pulse square wave forcing of jet

fluid is a potential method to enhance jet spread and penetration, and potentially molecular

mixing, for the absolutely unstable JICF.

It is currently of interest to utilize planar laser-induced fluorescence (PLIF) imaging

as with sine wave forcing experiments and examine the effect of single-pulse square wave
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forcing on the jet’s characteristics, in particular, on the JICF structures and molecular

mixing. To achieve a clean square wave in terms of the temporal jet velocity at the jet exit,

a simple feedback control system was established, described in detail in the next section. As

with sine wave forcing, the equidensity flush nozzle-injected JICF was explored here with

varying momentum flux rations, in the range 5 ≤ J ≤ 41. As mentioned in Section 2.4,

the PVC pipe situated in between the injector and plexiglass plenum housing enclosing the

acoustic loudspeaker was removed from the actuation system in these experiments for better

controllability of jet excitation. Hence, the “actuation system” in this chapter includes the

data acquisition (DAQ) board through the hotwire anemometry configuration (see Sections

2.2 and 2.4 for more information).

6.1 Feedback Control of Single-Pulse Square Wave Excitation

The current actuation system inherently contains a non-flat frequency response in terms

of magnitude, with a significant roll-off approximately after 1000 Hz, as shown in Figure

5.1, as well as non-linear interactions among all subharmonic and harmonic series. Because

of this, square wave temporal jet velocity variation cannot be achieved at the jet exit by

simply applying an ideal square wave signal as input to the loudspeaker, as demonstrated

in M’Closkey et al. (2002) and Davitian et al. (2010b). In contrast, sine wave forcing can

result in the appropriate output signal with sufficient amplitude, as shown in the previous

chapter. Hence, a control system is required to determine the appropriate input signal into

the loudspeaker to produce a cleaner square wave response of the jet at its exit.

Our group at UCLA previously utilized several different controllers for such purposes,

including a feedforward dynamic compensator using a linear mathematical model with an

eight-pole transfer function (M’Closkey et al., 2002; Shapiro et al., 2006), a controller utilizing

the first 10 components of a Fourier series with a fundamental frequency and its harmonics

simply based on the frequency response of the actuation system (Davitian et al., 2010b), and

a feedback controller with modulation and demodulation (Hendrickson, 2012; Hendrickson

and M’Closkey, 2012). The present experimental study, however, developed a new feed-
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back controller partially originating from the ideas on the feedback controller established by

Hendrickson (2012).

The present feedback controller superposes the first 10 sinusoidal components of a Fourier

series with a given fundamental frequency, or equivalently, a prescribed forcing frequency ff ,

and higher harmonics up to 10ff , as input signal into the loudspeaker. Amplitudes and

phases of the 10 components are determined by this feedback controller so that an improved

square-wave response can be created at the exit plane of the jet. The 10 sinusoidal signals

as input are created by the DAQ board, and delivered to the amplifier with a constant gain

of 30 after their superposition, then to the loudspeaker to excite the jet. This system is

schematically shown as a block diagram in Figure 6.1. As with the sine wave forcing exper-

iments, hotwire anemometry was implemented to measure the temporal jet vertical velocity

variation at a location 0.2 jet diameters above the center of the jet exit plane. The forcing

frequency for single-pulse square wave excitation is fixed at ff = 100 Hz amongst all forcing

conditions explored in this study, yielding harmonics up to 1000 Hz. 100 Hz is chosen mainly

because a higher forcing frequency than 100 Hz requires harmonics at higher frequency than

1000 Hz to create the square-wave jet response, yet 1000 Hz is where the roll-off is seen in

the frequency response of the actuation system (see Figure 5.1). Additionally, due to the

lesser impact of sine wave forcing at ff fairly far from fo, as suggested by the experiments in

Chapter 5, greater differences in the JICF between sine and single-pulse square wave forcing

may be more evident at such low forcing frequencies ff = 100 Hz. To determine amplitudes

and phases of the 10 sinusoidal input signals in the DAQ board, the frequency response of

the actuation system with respect to magnitude and phase has to be characterized. Because

only 10 frequency components from 100 Hz to 1000 Hz are utilized in the feedback controller,

the frequency response was taken at discrete frequencies within the frequency range of in-

terest at 100 ≤ f ≤ 1000 Hz, as shown in Figure 6.2. Here, the 10 sinusoidal input signals

at 100 Hz to 1000 Hz at the same amplitudes and phases are superposed in the DAQ board

and then utilized for the frequency response measurement to focus on only the 10 frequen-

cies. Although the frequency response of the present actuation system can be characterized

without the JICF on, the frequency response is characterized here for the jet with seeded
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Figure 6.1: Block diagram associated with 10 sinusoidal input waves as a function of time t with

a frequency fi and Fourier coefficient ai (1 ≤ i ≤ 10). The part surrounded by the dashed line is

dealt in the data acquisition (DAQ) board. The superposed input wave into the actuation system

as well as the output signal from the hotwire are represented as u and y, respectively. The hotwire

output signal y is captured by the DAQ board after the signal splitter (see Section 2.2), which is

utilized in the feedback process.

acetone (and air crossflow) because the existence of JICF slightly alters the behavior of the

actuation system. The frequency response assessment is administrated independently for

each of the J values to account for the influence of variable crossflow velocity U∞.

For this controller, a target waveform at the jet exit, or more specifically target complex

Fourier coefficients ai (ai ∈ C) for the 10 frequency components (i = 1, 2, ..., 10), is required

for the feedback control process. The target waveform here is an ideal square wave at a

desired forcing frequency ff , duty cycle α and root-mean-squared (RMS) velocity perturba-

tion of the jet, U ′

j,rms. The Fast Fourier Transformation (FFT) was applied to the desired
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Figure 6.2: Frequency response of the actuation system from 100 Hz to 1000 Hz associated with

(a) magnitude and (b) phase in degree. The frequency response is characterized in the existence of

the JICF at J = 5 with seeding acetone in the jet.

square waveform in order to obtain target Fourier coefficients ai at each frequency (100 Hz

to 1000 Hz) contributing to the square wave at the jet exit. Based on the frequency response

of the actuation system (Figure 6.2) as well as the target Fourier coefficients at the jet exit

ai, initial amplitudes and phases for the 10 sinusoidal waves created in the DAQ board are

inversely determined. However, as mentioned, square-wave jet response identical to an ideal

waveform can be achieved only in a perfectly linear system with the initial inputs; non-linear

interactions among all subharmonic and harmonic series prevent the creation of the ideal or

even a fairly clean square wave excitation of the jet at its exit. Therefore, a feedback control

system is administered to tune the amplitudes and phases of the 10 sinusoidal input waves,

and hence to improve the jet’s square wave response at the exit plane.

The feedback controller first requires the characterization of non-linearity of the actuation

system. That is, the degree of non-linear interactions among all frequency components from

100 Hz to 1000 Hz has to be quantified, which is administered as follows. First, only the 1st

sinusoidal signal at 100 Hz is slightly perturbed by δ′ (δ′ ∈ R, δ′ > 0) in the DAQ board and

the other sinusoidal signals are kept identical to the initial ones. These signals are superposed

and then transmitted to the loudspeaker. The jet response to the slightly altered forcing
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of the jet from the initial conditions is measured via hotwire anemometry. This procedure

yields a slightly perturbed output signal as well caused by the small perturbation δ′ to the

1st input sinusoidal signal at 100 Hz. This method using small perturbations to a frequency

component of the input signal is administered one by one over the all frequency components

100 − 1000 Hz. By comparing Fourier coefficients from 100 Hz to 1000 Hz associated with

the jet response at the exit, with and without the perturbation δ′ to the input signal into

the loudspeaker, the effect of the perturbation on the output signal can be characterized.

Because of the non-linearity of the actuation system, Fourier coefficients ai associated with

the output signal differ from ones without the perturbation not only at the 1st frequency

of 100 Hz but also at the other frequencies at 200 Hz through 1000 Hz. Applying such a

process independently at all frequencies from 100 Hz to 1000 Hz, using the same perturbation

δ′, characterizes the effect of each input frequency component of the 10 output frequency

components. This characterization of the actuation system is applied to determine Fourier

coefficients for the next 10 sinusoidal input waves in a feedback manner to create improved

square wave response by accounting for the non-linear effect.

To implement the procedure above in this control system, however, there are two issues

that need to be resolved. First, because the Fourier coefficients ai are typically complex,

there is difficulty in comparing the output Fourier coefficients with and without perturbation.

Second, if the perturbation to each frequency component is only applied to the magnitude

of the input signal and not to the phase, the non-linear effects of the phase differences will

not be accounted for, although applying perturbations to phases is more challenging than

applying them to magnitudes. To solve these issues, a special treatment is implemented.

The i-th sinusoidal component, |ai|sin(2πfit + ∠ai), is treated as the sum of a sine and

cosine wave in the controller as follows:

|ai|sin(2πfit+ ∠ai) = Re(ai)cos(2πfit) + Im(ai)sin(2πfit) (6.1)

where ai, fi and t are the Fourier coefficient, frequency of the i-th sinusoidal component

(i = 1, 2, ..., 10), and time, respectively. Such decomposition of a single sine wave enables

a perturbation δ′ (δ′ ∈ R) to be applied only to the magnitude of the sine or cosine wave,
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Im(ai) + δ′ or Re(ai) + δ′, which takes into account the effect of both amplitudes and

phase differences for each frequency component. Based on Equation (6.1), any signal in

this controller can be expressed mainly in two different manners as the amplitudes of 10

frequency components: (1) a 10-dimensional column vector containing 10 complex Fourier

coefficients ai (ai ∈ C) or (2) a 20-dimensional column vector associated with the real-

number amplitudes of the decomposed sine and cosine waves, Im(ai) or Re(ai), where odd

and even entries in the column vector correspond to sine and cosine waves, respectively. For

simplicity, instead of the 10-dimensional column vector with complex ai, the 20-dimensional

column vector related to the decomposed sine and cosine waves is utilized to express all

signals in the present controller.

Now, the comparison between the output hotwire signals with and without perturbation

to the input signal is made in order to assess the non-linearity of the actuation system using

the 20-dimensional column vector. Here, the 20-dimensional column vector associated with

the hotwire output signal with the perturbations is subtracted from that without pertur-

bations, which quantitatively characterizes the effect of the small perturbation to the input

signal or, equivalently, the degree of non-linear interactions among all frequency components.

This process of subtraction is performed overall 20 times in a single iteration, for 10 sine

and 10 cosine components from 100 Hz to 1000 Hz. The resultant twenty column vectors

are combined together to generate a 20× 20 matrix, where all entries are real. This 20× 20

matrix is the so-called perturbation matrix K. The perturbation matrix K satisfies the

following equation:

d = h+Kδ (6.2)

where d, h and δ (d,h, δ ∈ R) represent a 20-dimensional column vector pertaining to the

desired waveform (i.e., the ideal waveform), the output signal acquired via hotwire anemome-

try without any perturbation, and the perturbation to the input signals for the next iteration,

respectively. That is, the column vector δ is added to the initial input signals in the absence

of perturbation to generate the modified input signal for the next iteration. Thus, Equation

(6.2) has to be solved for δ using the inversion of the perturbation matrix, K−1, as follows:
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δ = K−1(d− h) (6.3)

Equation (6.3) provides the vector δ which is added to the amplitudes of the input signal for

the next iteration. This feedback control is iterated until convergence, determined by visual

inspection based on the hotwire output signal as compared with the desired waveform. In

addition, the 2-norm condition number of the perturbation matrix K, the ratio of the largest

singular value ofK to the smallest one, is monitored for each iteration to assess the sensitivity

of the solution δ to any experimental errors. The perturbation matrix is considered to be

well-conditioned if the 2-norm condition number is close to a unity. A typical value of the 2-

norm condition number in the current actuation system is approximately 40, but it can be up

to 100, depending on forcing conditions, due to strong non-linearity. The 2-norm condition

number is calculated utilized Equation (6.4) as follows, where λ represents eigenvalues of a

matrix.

cond(K) =

√

λ(KTK)max

λ(KTK)min

(6.4)

This control system was first applied to a linear system for validation. The signal splitter

(see Section 2.2) was utilized as the representation of a linear system by directly connecting

to the DAQ board without the current actuation system as well as the hotwire anemometry

configuration. First, a random noise signal composed of 10 frequency components from 100

Hz to 1000 Hz was transmitted to the signal splitter directly from the DAQ board. Then,

the feedback controller was implemented to create a square wave signal from the random

initial signal. Since the signal splitter is a linear component, just one iteration results in

the convergence almost exactly to the desired waveform, as demonstrated by the example

in Figure 6.3(a). Figure 6.3(b) represents a 20 × 20 perturbation matrix K that represents

interactions among all frequency components. The matrix K clearly shows strong coupling

between sine and cosine components at the same frequency (e.g., in the 2 × 2 matrices

on a diagonal line) but does not show non-linear interactions among different frequency

components. Such strong coupling is more clearly observed in Figure 6.3(c) as a 10 × 10
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norm perturbation matrix Kn, which is created by calculating a norm of 2× 2 submatrices

over the entire 20×20 matrix without overlaps with each other. The matrixKn only contains

diagonal components and no off-diagonal components, which is a typical characteristic of a

linear system. The 2-norm condition number of the perturbation matrixK in Figure 6.3(b) is

1.04, suggesting a well-conditioned matrix typically seen in a linear system. Therefore, such

a well-conditioned perturbation matrix coincides with the absence of non-linear interactions,

that is, a perturbation to a given frequency component only affects the output signal in the

same frequency component but not the other frequency components. This expected result

using a linear component indicates the validity of the feedback controller.

Note that the actual actuation system involves non-linearity, however, so that a pertur-

bation matrix contains larger off-diagonal components, unlike that with a linear system. An

example is shown in Figure 6.4. The perturbation matrix K as well as norm perturbation

matrix Kn in Figure 6.4 are obtained at J = 5 with forcing at a frequency ff = 100 Hz,

input duty cycle αinput = 20 % and RMS jet velocity perturbation U ′

j,rms = 1.7 m/s. This

stronger non-linearity can be also numerically observed as a larger 2-norm condition number

of 41. However, as one can see, components in the vicinity to the diagonal line are still

stronger than the other components due to the coupling at the same frequency. In addition,

non-linear interactions are more frequently observed at lower frequencies in the proximity

of 100 Hz to 300 Hz because lower frequency components are more dominant in the output

signal for forcing conditions in the present study due to the forcing frequency of 100 Hz.

Using the above feedback controller process, a cleaner square wave excitation of the jet

at the jet exit is achieved, as shown by the comparison in hotwire signals shown in Figure

6.5. Figure 6.5 represents the temporal mean-subtracted vertical jet velocity uj − Uj at the

jet exit, with and without control, for the equidensity flush nozzle-injected JICF at J = 5

for prescribed duty cycles of αinput = 20 (Figure 6.5(a)) and 50 % (Figure 6.5(b)). In both

figures, the temporal jet velocity distributions without control are distorted as compared

with the reference ideal waveform, while with the feedback control of the jet velocity, there

is a cleaner square wave-like response of the jet at the exit for both forcing cases shown.

Temporal jet response at all input duty cycles αinput, RMS velocity perturbations U ′

j,rms as

248
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Figure 6.3: (a) Temporal voltage data associated with random initial signal (−), output signal

after one iteration (−), and target waveform (--). The temporal data are constructed using the

first 10 Fourier series at 100 Hz to 1000 Hz. (b) 20× 20 perturbation matrix where odd and even

entries are associated with sine and cosine input components from 100 Hz to 1000 Hz (the 2-norm

condition number of 1.04). (c) 10 × 10 perturbation matrix created by calculating norm of 2 × 2

submatrices of 20× 20 perturbation matrix. These matrices are created in the feedback process to

create single-pulse square wave response through the linear signal splitter.

well as jet-to-crossflow momentum flux ratios J is shown in Appendix C. Typically, 1 − 3

iterations are required until convergence of the waveform, depending on forcing conditions,
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(a) Perturbation matrix K (b) Norm perturbation matrix Kn
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Figure 6.4: (a) 20×20 perturbation matrix where odd and even entries are associated with sine and

cosine input components from 100 Hz to 1000 Hz (the 2-norm condition number of 41). (b) 10×10

perturbation matrix created by calculating norm of 2×2 submatrices of 20×20 perturbation matrix.

These matrix are for the equidensity flush nozzle-injected flush nozzle at J = 5 under single-pulse

square wave forcing at a forcing frequency ff = 100 Hz, input duty cycle αinput = 20 % and RMS

velocity perturbation U ′

j,rms = 1.7 m/s.

as assessed by visual inspection.

The feedback controller is required to determine 20-dimensional column vectors or, equiv-

alently, amplitudes of sine and cosine input components at 100 Hz to 1000 Hz for all forcing

conditions to be explored. However, because the determined temporal jet velocity distri-

bution does not perfectly become an ideal waveform, the actual RMS velocity perturbation

U ′

j,rms is often slightly off from the target value. Hence, to correct this, as with the sine wave

forcing experiments, RMS velocity perturbation U ′

j,rms is precisely set to be a desired condi-

tion right before the PLIF imaging by adjusting a gain imposed on all input components; this

gain approximately ranges from 0.9 to 1.1. This narrow range of gain, being fairly close to

unity, does not considerably alter the waveforms created by the feedback control. Matching

U ′

j,rms is important among different excitation and flow conditions in order to understand

which produce truly optimized conditions.
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(a) αinput = 20 (%) (b) αinput = 50 (%)
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Figure 6.5: Single-pulse square wave temporal vertical jet velocity distributions at a forcing fre-

quency ff = 100 Hz as well as input duty cycles (a) αinput = 20 % and (b) αinput = 50 % without

(−) and with (−) control for the equidensity flush nozzle-injected flush nozzle at J = 5. The ideal

square wave (--) is also shown as a reference. The RMS velocity perturbation is matched for both

conditions at U ′

j,rms = 1.7 m/s.

6.2 Evaluation of Stroke Ratio

The stroke ratio L/D is associated with a universal time scale for optimum vortex ring

formation in quiescent surroundings. The work of Gharib et al. (1998) has shown that

with single pulsation generated by a piston, optimum vortex formation occurs at a critical

stroke ratio L/D ≈ 4. As summarized in Section 1.4, several previous experimental and

computational studies for the transverse jet (Johari et al., 1999; M’Closkey et al., 2002;

Shapiro et al., 2006; Johari, 2006; Sau and Mahesh, 2008, 2010; Davitian et al., 2010b;

Hendrickson, 2012) suggest that the stroke ratio can also be used to characterize square wave

pulsation of the jet into crossflow. Due to the relationship between JICF characteristics and

stroke ratio, an accurate determination of the stroke ratio is critical in this study in order to

explore structural and mixing characteristics of JICF under single-pulse square wave forcing.

The definition of stroke ratio for fully modulated flows (Johari et al., 1999; Johari, 2006;

Sau and Mahesh, 2008), or equivalently flows in the absence of a mean bulk velocity, is

simply the integration of temporal jet velocity at the jet exit uj within a temporal pulse
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width τ divided by the jet’s exit diameter D as follows:

L

D
=

1

D

∫ τ

0

ujdt (6.5)

However, when flow is partially modulated, with an underlying bulk mean velocity, on

top of which there is pulsation, a different method could and should be utilized to estimate

the effective stroke ratio comparable. One of our previous experimental studies (Shapiro

et al., 2006) as well as a computational study (Sau and Mahesh, 2010) pertaining to the

partially modulated JICF utilized the peak-to-peak velocity amplitude ∆Uj and approximate

temporal pulse width τ associated with the variable jet velocity at the exit plane. Using

these parameters and the jet’s diameter D, an initial stroke ratio L/D was estimated as

follows:

L

D
=

∆Ujτ

D
(6.6)

Equation (6.6) technically treats a temporal waveform as an ideal waveform simply by mul-

tiplying the height and width of a square pulse. This definition basically focuses on the

pulsation effect on the jet effectively by using a reference frame traveling with the jet in the

mean, without pulsation.

Some previous studies related to the partially modulated JICF with a mean bulk velocity

(Davitian et al., 2010b; Hendrickson, 2012) calculated stroke ratio L/D by fully integrating

the temporal jet velocity at the jet exit, uj, within a temporal pulse width τ extracted

from temporal data and using Equation (6.5). Since the JICF is partially modulated, the

integration of uj obviously includes the effect of the non-zero mean bulk jet velocity, providing

a higher effective stroke ratio than that for the fully modulated flows even with the same

peak-to-peak velocity amplitudes ∆Uj and temporal pulse width τ . Such evaluation of stroke

ratio accounts for the total impulse of fluid introduced by the jet into stationary fluid in the

laboratory reference frame, not just the net impulse introduced by excitation. While a more

proper evaluation of stroke ratio would subtract the mean, in order to consider the net effect,

it could be instructive on the basis of impulsively generated vortex rings, to include the mean

velocity.

252



In experimental studies, because the shape of a square pulse is not perfect, an actual

temporal pulse width τactual in temporal data is different from a prescribed pulse width

τinput. To define τactual, the “5 % criterion” suggested by Johari et al. (1999) was applied in

several earlier previous experimental studies (Johari et al., 1999; Shapiro et al., 2006; Davitian

et al., 2010b; Hendrickson, 2012) as follows. First, the peak-to-peak velocity amplitude of

a square pulse ∆Uj was evaluated for each pulse in the temporal data. These experimental

studies defined ∆Uj between a local minimum point before the upsweep of the square pulse,

Umin,1, and the first local maximum point within the same square pulse Umax,1 after the local

minimum point, that is, ∆Uj = Umax,1 − Umin,1. Then, 5 % of ∆Uj was added to the local

minimum point Umin,1 to define a so-called 5 % point U5% (where U5% = Umin,1 + 0.05∆Uj).

An actual temporal pulse width τactual is defined between the 5 % points on each side of a

square pulse. The actual temporal pulse width τactual was also applied to evaluate the stroke

ratio using Equations (6.5) and (6.6).

In this study, however, a local minimum point before the upsweep of a square pulse Umin,1

cannot be used for some forcing conditions where a local minimum point after the downsweep

of a square pulse Umin,2 is considerably smaller than that before the upsweep Umin,1. Figure

6.6 represents the temporal mean-subtracted jet velocity at the exit for the equidensity flush

nozzle-injected JICF at J = 5 in two different forcing conditions, with prescribed input duty

cycles of αinput = 20 and 50 %. The markers in Figure 6.6 stand for the 5 % points to

define an actual temporal pulse width τactual (◦), as well as points to define the peak-to-

peak velocity amplitude before the upsweep of square pulses ∆Uj = Umax,1 − Umin,1 (△)

and after the downsweep of square pulses ∆Uj = Umax,2 − Umin,2 (�). In Figure 6.6(a) at

αinput = 20 %, the local minimum points before the upsweep Umin,1 can be used to define

the 5 % points because the 5 % point before the upsweep is larger than the local minimum

point after the downsweep (Umin,1 + 0.05∆Uj > Umin,2). On the other hand, in Figure

6.6(b) at αinput = 50 %, because the 5 % point before the upsweep is smaller than the

local minimum point after the downsweep (Umin,1+0.05∆Uj < Umin,2), the quantification of

τactual fails using the same definition as in previous studies. Hence, the peak-to-peak velocity

amplitude as well as the actual temporal pulse width may be defined in two different ways
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(a) αinput = 20 % (b) αinput = 50 %
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Figure 6.6: Temporal square-wave mean-subtracted jet velocity distribution at a forcing frequency

ff = 100 Hz as well as input duty cycles (a) αinput = 20 % and (b) αinput = 50 % for the

equidensity flush nozzle-injected JICF at J = 5. Markers on figures represent 5 % points to define

actual temporal pulse width τactual (◦), as well as points to define peak-to-peak velocity amplitude

before the upsweep of pulses (△) and after the downsweep of pulses (�).

in this study: (1) ∆Uj = Umax,1 −Umin,1 based on the 5 % points at Umin,1 + 0.05∆Uj when

Umin,1 ≥ Umin,2 as shown in Figure 6.6(a), and (2) ∆Uj = Umax,2 − Umin,2 based on the 5 %

points at Umin,2 + 0.05∆Uj when Umin,1 < Umin,2 as shown in Figure 6.6(b).

When stroke ratio is calculated in the current study, because the jet is not fully modulated

and has a mean bulk jet velocity, the 5 % points U5% must be subtracted from the temporal

jet velocity distribution uj to only account for the net pulsation effect, i.e., by considering a

jet reference frame without pulsation. For the present study the stroke ratio is estimated as

follows:

L

D
=

1

D

∫ τactual

0

(uj − U5%)dt (6.7)

Equation (6.7) effectively yields a stroke ratio for a partially modulated jet which is com-

parable to one for fully modulated flow as well as one based on Equation (6.6). Note that

the current definition is different from Equation (6.5), so that it does not represent a stroke

based on the total impulse of the jet.
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The integration in Equation (6.7) was operated within the actual temporal pulse width

τactual, determined from the red circles in Figure 6.6. In this computation, the time-dependent

stroke ratio was calculated for each square pulse over the entire set of temporal data, and

then a mean stroke ratio was obtained by averaging at least 10 temporal cycles of square wave

forcing. This process of acquiring the actual temporal pulse width τactual, equivalent to an

actual duty cycle αactual = τactual/T , and then the mean stroke ratio L/D was implemented

for all forcing conditions. Some of these forcing outcomes for L/D using Equation (6.7) are

shown in Tables 6.1, 6.2, 6.3, and 6.4 for J = 41, 20, 10, and 5, respectively, at U ′

j,rms = 1.7

m/s. As a reference, stroke ratio L/D using Equation (6.5) including the mean jet flow and

Equation (6.6) with the simplified relation, are also tabulated. These values are an average of

temporal data applied for centerplane as well as cross-sectional view at downstream locations

of x/D = 2.5, 5.5 and 10.5. The fairly low 95 % confidence interval shown in Tables 6.1 to

6.4 indicates that temporal excitation of the jet is highly periodic and consistent amongst

experiments involving centerplane and cross-sectional slices of the jet. Quantification of these

parameters for the other forcing conditions at 1.0 ≤ U ′

j,rms ≤ 3.0 m/s is given in Appendix

C, although the range of actual duty cycles αactual or stroke ratio L/D becomes narrower as

U ′

j,rms increases because a very high peak velocity can exceed the calibration range of our

hotwire anemometry (see Section 2.2). The forcing conditions described in the Appendix C

are only measured for PLIF experiments involving the centerplane view; cross-sectional data

are acquired only at U ′

j,rms = 1.7 m/s.

In general, an actual duty cycle αactual is always larger than the prescribed one αinput, by

approximately 5−10 %, because the actual temporal pulse uses only 10 frequency components

and the steep upsweep and downsweep is not exactly replicated in the actual waveform. Such

quantitative trends pertaining to the increase in the actual duty cycle over the input was

also observed in Davitian et al. (2010b). In addition, stroke ratios without integration, as

defined by the simplified expression in Equation (6.6), are consistently larger than L/D with

integration as evaluated by Equation (6.7) for two reasons. First, the stroke ratio without

integration is based on the full value of ∆Uj, while the one with integration accounts only

for 95 % of ∆Uj in the integration. More importantly, the stroke ratio without integration
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approximates the square pulse as an ideal waveform just by multiplying ∆Uj by τactual, which

could include additional area not represented in the integration. The stroke ratio obtained

from Equation (6.5), including the mean jet velocity, clearly shows significantly higher values

than that based on Equation (6.7) because of the different definition and inclusion of mean

velocity described above. In most cases for low level forcing, L/D from Equation (6.5) is

about twice the magnitude of L/D from Equation (6.7).

In this study, since L/D with integrating U − U5% is likely to represent pulsation effect

more reasonably than those based on the other two definitions, Equation (6.7) is the primary

means of determining L/D and its relation to JICF characteristics.
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Table 6.1: Forcing conditions at J = 41 with matching root-mean-squared velocity perturbation

at U ′

j,rms = 1.7 m/s (1.70 ≤ U ′

j,rms ≤ 1.71 m/s) among all forcing conditions. Actual duty cycles

αactual, as well as three stroke ratios L/D evaluated by the present method in Equation (6.7)

(third column), Equation (6.6) with the simplified relation (fourth column) and Equation (6.5)

with inclusion of the mean jet velocity (fifth column). There is a 95 % confidence interval for input

duty cycles αinput.

αinput (%) αactual (%) L/D (Eq. 6.7) L/D (Eq. 6.6) L/D (Eq. 6.5)

10 14.5± 0.09 1.29± 0.01 2.62± 0.08 3.57± 0.03

15 20.6± 0.05 1.79± 0.01 2.79± 0.04 4.80± 0.01

20 25.3± 0.04 1.96± 0.01 3.15± 0.05 5.70± 0.01

25 30.3± 0.05 2.32± 0.01 3.34± 0.04 6.64± 0.01

30 35.7± 0.08 2.63± 0.01 3.81± 0.03 7.58± 0.01

35 40.7± 0.07 2.96± 0.02 4.02± 0.04 8.43± 0.01

40 46.5± 0.05 3.28± 0.01 4.39± 0.03 9.37± 0.01

45 50.8± 0.09 3.60± 0.02 4.58± 0.02 10.1± 0.01

50 56.9± 0.07 4.12± 0.01 5.25± 0.02 11.0± 0.01

60 67.0± 0.08 5.04± 0.02 6.11± 0.07 12.5± 0.01

70 77.3± 0.12 6.35± 0.02 7.49± 0.05 13.9± 0.02
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Table 6.2: Forcing conditions at J = 20 with matching root-mean-squared velocity perturbation

at U ′

j,rms = 1.7 m/s (1.70 ≤ U ′

j,rms ≤ 1.71 m/s) among all forcing conditions. Actual duty cycles

αactual, as well as three stroke ratios L/D evaluated by the present method in Equation (6.7)

(third column), Equation (6.6) with the simplified relation (fourth column) and Equation (6.5)

with inclusion of the mean jet velocity (fifth column). There is a 95 % confidence interval for input

duty cycles αinput.

αinput (%) αactual (%) L/D (Eq. 6.7) L/D (Eq. 6.6) L/D (Eq. 6.5)

10 14.9± 0.05 1.39± 0.01 2.74± 0.04 3.63± 0.01

15 20.9± 0.04 1.91± 0.01 2.96± 0.02 4.84± 0.01

20 26.0± 0.06 2.15± 0.01 3.34± 0.02 5.79± 0.01

25 30.9± 0.08 2.52± 0.01 3.50± 0.02 6.71± 0.01

30 36.3± 0.05 2.81± 0.01 4.00± 0.03 7.63± 0.01

35 41.2± 0.14 3.15± 0.02 4.27± 0.02 8.48± 0.02

40 46.8± 0.15 3.51± 0.03 4.76± 0.04 9.40± 0.02

45 51.1± 0.17 3.82± 0.03 4.91± 0.05 10.1± 0.02

50 56.8± 0.21 4.20± 0.04 5.46± 0.04 11.0± 0.03

70 76.7± 0.14 6.24± 0.05 7.82± 0.03 13.9± 0.02
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Table 6.3: Forcing conditions at J = 10 with matching root-mean-squared velocity perturbation

at U ′

j,rms = 1.7 m/s (1.70 ≤ U ′

j,rms ≤ 1.71 m/s) among all forcing conditions. Actual duty cycles

αactual, as well as three stroke ratios L/D evaluated by the present method in Equation (6.7)

(third column), Equation (6.6) with the simplified relation (fourth column) and Equation (6.5)

with inclusion of the mean jet velocity (fifth column). There is a 95 % confidence interval for input

duty cycles αinput.

αinput (%) αactual (%) L/D (Eq. 6.7) L/D (Eq. 6.6) L/D (Eq. 6.5)

10 14.7± 0.10 1.33± 0.01 2.80± 0.07 3.61± 0.03

15 − − − −

20 25.9± 0.08 2.09± 0.02 3.33± 0.04 5.79± 0.01

25 − − − −

30 36.2± 0.08 2.75± 0.01 3.92± 0.04 7.63± 0.01

35 41.2± 0.12 3.08± 0.02 4.18± 0.03 8.48± 0.02

40 46.8± 0.16 3.41± 0.03 4.65± 0.06 9.41± 0.02

45 51.2± 0.19 3.71± 0.03 4.98± 0.04 10.1± 0.03

50 56.9± 0.24 4.16± 0.04 5.40± 0.05 11.0± 0.03

70 76.7± 0.20 6.16± 0.04 7.61± 0.04 13.9± 0.02
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Table 6.4: Forcing conditions at J = 5 with matching root-mean-squared velocity perturbation

at U ′

j,rms = 1.7 m/s (1.70 ≤ U ′

j,rms ≤ 1.71 m/s) among all forcing conditions. Actual duty cycles

αactual, as well as three stroke ratios L/D evaluated by the present method in Equation (6.7)

(third column), Equation (6.6) with the simplified relation (fourth column) and Equation (6.5)

with inclusion of the mean jet velocity (fifth column). There is a 95 % confidence interval for input

duty cycles αinput.

αinput (%) αactual (%) L/D (Eq. 6.7) L/D (Eq. 6.6) L/D (Eq. 6.5)

10 15.0± 0.07 1.38± 0.01 2.72± 0.04 3.65± 0.02

15 21.2± 0.07 1.87± 0.02 2.98± 0.03 4.87± 0.02

20 26.0± 0.09 2.10± 0.01 3.35± 0.03 5.79± 0.02

25 31.0± 0.12 2.45± 0.01 3.44± 0.02 6.71± 0.02

30 36.2± 0.09 2.72± 0.02 3.89± 0.04 7.63± 0.02

35 41.1± 0.14 3.04± 0.02 4.12± 0.03 8.47± 0.03

40 46.7± 0.17 3.37± 0.03 4.57± 0.04 9.37± 0.03

45 51.2± 0.18 3.69± 0.04 4.87± 0.03 10.1± 0.03

50 56.8± 0.25 4.07± 0.06 5.26± 0.05 11.0± 0.04

70 78.3± 0.77 6.22± 0.07 7.82± 0.14 14.0± 0.08
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6.3 Structural Characteristics for the JICF

Structural characteristics of the JICF exposed to single-pulse square wave jet forcing is

explored at four different J values: J = 41, 20, 10 and 5. The upstream shear layer has

been determined for the flush nozzle to be convectively unstable at J = 41 and 20, and

absolutely unstable at J = 10 and 5, although J = 10 is near the critical transition between

the convective and absolute instability (Megerian et al., 2007; Davitian et al., 2010a). This

section only shows results under single-pulse square wave forcing at U ′

j,rms = 1.7 m/s (the

same velocity perturbation explored in Davitian et al. (2010b) and in sinusoidal excitation

in Chapter 5) approximately 26 % of the mean jet velocity at the exit plane Uj. PLIF data

have been taken for a range of values, however, 1.0 ≤ U ′

j,rms ≤ 3.0 m/s, and these results are

given in Appendix C. RMS velocity perturbation U ′

j,rms is matched among different forcing

conditions to achieve effectively the same level of forcing (net impulse), but with variable

duty cycles, the range of stroke ratios can vary by a factor of 3 or more (see Tables 6.1-6.4).

As in the study of sine wave forcing, instantaneous centerplane (y = 0 plane) and mean

cross-sectional (an ensemble of 500 instantaneous images) PLIF images at x/D = 2.5, 5.5

and 10.5 are explored primarily. As mentioned in Section 6.1, forcing frequency ff is fixed

at ff = 100 Hz, while a duty cycle α and hence stroke ratio L/D is systematically varied,

as tabulated in Tables 6.1 to 6.4. For comparison, results under sine wave forcing as well as

single-pulse square wave forcing without control are shown here as well with matching U ′

j,rms

at 1.7 m/s.

Figure 6.7 shows instantaneous centerplane images for the equidensity flush nozzle-

injected JICF at J = 41 with matching RMS velocity perturbation at U ′

j,rms = 1.7 m/s

among all forcing conditions. Note that instantaneous centerplane images in this chapter are

logarithmically scaled in concentration to easily focus on deeply-penetrating vortical flow

structures, which are observed at J = 5 − 20. As one can observe in Figure 6.7, the jet

generally bifurcates at low L/D, but as L/D increases, the jet itself widely spreads and

deeply penetrates due to the strong pulsation (Figure 6.7(a)). Overall, though, there are

few structural differences among all forcing conditions under square wave forcing with con-
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(a) Unforced (b) L/D = 1.29 (14.5 %) (c) L/D = 1.79 (20.6 %)
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(d) L/D = 1.96 (25.3 %) (e) L/D = 2.32 (30.3 %) (f) L/D = 2.63 (35.7 %)
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(g) L/D = 2.96 (40.7 %) (h) L/D = 3.28 (46.5 %) (i) L/D = 3.60 (50.8 %)
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Figure 6.7: For more figures and caption see next page.
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(j) L/D = 4.12 (56.9 %) (k) L/D = 5.04 (67.0 %) (l) L/D = 6.35 (77.3 %)
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(m) Sine wave forcing (n) αinput = 10 % (no control) (o) αinput = 20 % (no control)
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(p) αinput = 50 % (no control)
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Figure 6.7: Instantaneous centerplane PLIF images in the x/D − z/D plane for the equidensity

flush nozzle-injected JICF at J = 41 for (a) the unforced case, (b)-(l) the forced cases under single-

pulse square wave forcing with control at stroke ratios ranging L/D = 1.29 − 6.35 (actual duty

cycle αactual (%) in parentheses), (m) under sine wave forcing, as well as (n)-(p) under single-pulse

square wave forcing without control at αinput = 10− 50 %. All forcing conditions are at ff = 100

Hz and U ′

j,rms = 1.7 m/s (approximately 26 % of Uj).
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trol (Figures 6.7(b)-(l)), and there are few instances where there are distinct vortex “puffs”

produced by such forcing. These similarities among forcing conditions may be related to the

fact that the convectively unstable JICF is easily affected by external forcing as described in

the previous section. The sensitivity to external perturbations contributes to the significant

structural alteration under any forcing conditions shown here for J = 41, seen previously

in Davitian et al. (2010a) as well as earlier studies. Additionally, recall Figure 5.6 associ-

ated with instantaneous centerplane images at J = 41 under sine wave forcing; this figure

indicates the significant effect of varying forcing frequency ff on the jet structures, even for

convectively unstable conditions at higher J values. From this perspective, the relatively low

forcing frequency of ff = 100 Hz might not generate distinct differences among the range

of forcing conditions in Figure 6.7. Despite the small structural differences, some difference

is still observed in Figure 6.7, especially between L/D = 1.29 and 6.35, the minimum and

maximum L/D values explored in this study at J = 41. At L/D = 1.29, possibly because

of the relatively small duty cycle, corresponding to a short temporal pulse width τ , the jet

spread is not as great as for other cases but its penetration is quite high. At L/D = 6.35,

on the other hand, due to the longer temporal pulse width, the longer relative pulsation of

fluid causes the jet to more clearly bifurcate and spread as compared with the unforced case.

Fairly strong jet bifurcation also appears at L/D = 5.04.

Figures 6.7(m)-(p) show instantaneous centerplane images under sine wave forcing and

square wave forcing without control at U ′

j,rms = 1.7 m/s as well. Note that sine wave forcing

does not distinctively alter the jet structure in comparison with the unforced case with

ff = 100 Hz fairly far from fo. This trend is consistent with the observation in Figure

5.6 at U ′

j,rms = 0.07 m/s, although the RMS of velocity perturbation here is much higher.

Also, square wave forcing without control has a lesser effect on the jet’s structures, as well

as jet spread and penetration, compared with those with control at the same input duty

cycle (αinput = 10 % for Figures 6.7(b) and (n), αinput = 20 % for Figures 6.7(d) and (o),

and αinput = 50 % for Figures 6.7(j) and (p)). This centerplane observation suggests an

improved effectiveness of the controlled square wave forcing and creation of more distinct

pulses, although the convectively unstable JICF can be easily affected by any external forcing,
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in general, as seen in this figure.

Figure 6.8 shows mean cross-sectional PLIF images at the same flow and forcing condi-

tions as in Figure 6.7 at three different downstream locations. First of all, note that all forced

cases including sine and square wave forcing with/without control create more symmetric

cross sections than in the unforced case, as shown in Figure 6.8(a). Such symmetrization

can be achieved by this fairly strong external forcing (U ′

j,rms = 1.7 m/s), even at a relatively

low forcing frequency of ff = 100 Hz. Also, as observed in the instantaneous centerplane

images, cross sections under sine wave forcing as well as square wave forcing without control

contain more uniform concentration profiles, particularly in the vertical direction z/D, as

compared with the other forced cases due to less jet bifurcation. This is consistent with the

fact that temporal square wave forms without control are more similar to sine waves than

to square waves, e.g., as in Figure 6.5. In contrast, a less uniform concentration distribution

in z/D direction is present in the mean cross-sectional structures under square wave forcing

with control for all forcing conditions. This trend is more significant at a higher L/D = 6.35,

likely due to the stronger jet bifurcation seen in the centerplane structural characteristics.

Interestingly, all fairly strong forcing at U ′

j,rms = 1.7 m/s shown here creates an elongated

near-field (x/D = 2.5) cross-sectional structure in the z/D direction, without the typical

round fluid distribution associated with counter-rotating vortex pair (CVP) evolution, as

observed in the unforced case. This near-field forcing effect on jet structures contributes to

the far-field structures, which do evolve into rounded highly-concentrated structures and a

long tail, without the asymmetric CVP structures as in the unforced case. Hence overall,

a structural exploration of the JICF at J = 41, both in centerplane and cross-sectional

views, suggests that jet structures behave very similarly among all forcing conditions under

single-pulse square wave forcing with control. There are only slight differences relevant to

jet bifurcation at relatively higher L/D values, ranging from L/D = 5.04− 6.35.

Next, the structural characteristics for JICF at a lowered J value are explored. Figure

6.9 represents the instantaneous centerplane images for the equidensity flush nozzle-injected

JICF at J = 20 under square wave forcing with/without control as well as sine wave forcing.

Again, the upstream shear layer is convectively unstable in this flow condition. Unlike
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Figure 6.8: For more figures and caption see next page.
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x/D = 2.5 x/D = 5.5 x/D = 10.5

(f) L/D = 6.35
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(h) αinput = 20 %
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Figure 6.8: Mean cross-sectional PLIF images in the y/D − z/D plane for the equidensity flush

nozzle-injected JICF at J = 41 for (a) the unforced case, (b)-(f) the forced cases under single-pulse

square wave forcing at stroke ratios ranging L/D = 1.29−6.35, (g) under sine wave forcing, as well

as (h) under single-pulse square wave forcing without control at αinput = 20 %. All forcing cases

are at ff = 100 Hz and U ′

j,rms = 1.7 m/s (approximately 26 % of Uj).

the J = 41 case, deeply-penetrating puff-like vortical flow structures start to be observed,

depending on stroke ratios L/D. The existence of vortical flow structures is assessed by

visual inspection, that is, the vortical structures are judged to exist if the flow structures

can be fairly frequently and consistently distinguished in multiple instantaneous images. An

asterisk is indicated for stroke ratios L/D in Figure 6.9 when puffing vortical structures are

determined to exist (e.g., L/D = 1.39∗ in Figure 6.9(b)). Note that in many cases, the

vortical structures penetrate upstream, rather than vertically, in the lab reference frame.
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(a) Unforced (b) L/D = 1.39∗ (14.9 %) (c) L/D = 1.91 (20.9 %)
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(d) L/D = 2.15 (26.0 %) (e) L/D = 2.52 (30.9 %) (f) L/D = 2.81∗ (36.3 %)
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(g) L/D = 3.15∗ (41.2 %) (h) L/D = 3.51∗ (46.8 %) (i) L/D = 3.82∗ (51.1 %)
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Figure 6.9: For more figures and caption see next page.
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(j) L/D = 4.20∗ (56.8 %) (k) L/D = 6.24 (76.7 %) (l) Sine wave forcing
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(m) αinput = 20 % (no control) (n) αinput = 50 % (no control)
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Figure 6.9: Instantaneous centerplane PLIF images in the x/D − z/D plane for the equidensity

flush nozzle-injected JICF at J = 20 for (a) the unforced case, (b)-(k) the forced cases under single-

pulse square wave forcing with control at stroke ratios ranging L/D = 1.39 − 6.24 (actual duty

cycle αactual (%) in parentheses), (l) under sine wave forcing, as well as (m)-(n) under single-pulse

square wave forcing without control at αinput = 20− 50 %. All forcing conditions are at ff = 100

Hz and U ′

j,rms = 1.7 m/s (approximately 26 % of Uj). Stroke ratio L/D with asterisk corresponds

to the existence of deeply-penetrating puff-like vortical flow structures.

For the forced condition at L/D = 1.39, deeply-penetrating, puff-like vortical structures are

clearly observed. Interestingly, such flow structures disappear as L/D increases in the range

1.91 ≤ L/D ≤ 2.52, and then begin to be observed again as L/D increases around 2.81 ≤

L/D ≤ 4.20. At even larger stroke ratios, L/D = 6.24, the vortical flow structures are not

observed again and jet penetration is quite low. For the range of 1.91 ≤ L/D ≤ 2.52, the jet

is strongly disturbed by pulsations, resulting in wider jet penetration than the unforced case,
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even though no deeply-penetrating vortical structures are observed. For 2.81 ≤ L/D ≤ 4.20,

larger-scale vortical structures with higher concentration fluid inside the flow structures

are created, as compared with the L/D = 1.39 case. This difference could possibly be

caused by the longer temporal pulse width for larger L/D. The range of stroke ratio of

L/D = 2.81 − 4.20 is closer to the universal time scale for vortex ring formation L/D ≈ 4

as suggested by Gharib et al. (1998) or the optimal stroke ratio for the best jet spread

and penetration as reported in several previous studies (Shapiro et al., 2006; Davitian et al.,

2010b), although the definition of stroke ratio is slightly different among these earlier studies.

Once L/D becomes higher than this range, the vortical structures disappear again. However,

for L/D = 6.24, vortical flow structures are created which convect downward toward the test

section floor in the wake region. Such oppositely convecting vortical structures are possibly

induced by the short temporal interval between relatively long temporal pulses, which may

act similarly to short temporal pulses with a long temporal interval at smaller L/D values.

These vortical flow structures are not present under sine wave forcing and square wave forcing

without control, even with the same input duty cycle as the square wave forcing with control.

This structural difference clearly suggests the importance of the feedback control to be able

to create clearly defined waveforms and significantly alter jet structural characteristics.

Mean cross-sectional images at the same forcing conditions are also investigated for J =

20, shown in Figure 6.10. Interestingly, mean cross-sectional structures at the far downstream

location of x/D = 10.5 remain asymmetric for square wave forcing with control at relatively

low stroke ratios L/D = 1.39 and 2.15, as well as sine and square wave forcing without

control, although they are more symmetric than the unforced case, as shown in Figure

6.10(a). Interestingly, the asymmetric orientation of the unforced JICF for J = 20 in Figure

6.10(a) is opposite to that for J = 41 in Figure 6.8(a). Asymmetric cross-sectional structures,

even under square wave forcing with control, were not seen in the J = 41 cases in Figure 6.8,

suggesting a lesser sensitivity of the J = 20 JICF to external forcing than for the J = 41

cases. Additionally, this structural characteristic also suggests that forcing at a fairly small

L/D seems to have an effect on the near-field jet’s structures but that this does not persist

to the far-field structures. Forcing at relatively higher L/D stroke ratios affects both near-

270



x/D = 2.5 x/D = 5.5 x/D = 10.5

(a) Unforced

y/D

-5 0 5

z
/
D

5

10

15

C
/
C

o

0

0.1

0.2

0.3

0.4

0.5

y/D

-5 0 5

z
/
D

5

10

15

20

C
/
C

o

0

0.1

0.2

0.3

y/D

-10 0 10

z
/
D

5

10

15

20

C
/
C

o

0

0.05

0.1

(b) L/D = 1.39∗

y/D

-5 0 5

z
/
D

5

10

15

C
/
C

o

0

0.1

0.2

0.3

y/D

-5 0 5

z
/
D

5

10

15

20

C
/
C

o

0

0.05

0.1

0.15

y/D

-10 0 10

z
/
D

5

10

15

20

C
/
C

o

0

0.02

0.04

0.06

0.08

0.1

(c) L/D = 2.15

y/D

-5 0 5

z
/
D

5

10

15

C
/
C

o

0

0.05

0.1

0.15

0.2

0.25

y/D

-5 0 5

z
/
D

5

10

15

20

C
/
C

o

0

0.05

0.1

0.15

y/D

-10 0 10

z
/
D

5

10

15

20

C
/
C

o

0

0.02

0.04

0.06

0.08

0.1

(d) L/D = 3.15∗

y/D

-5 0 5

z
/
D

5

10

15

C
/
C

o

0

0.05

0.1

0.15

0.2

y/D

-5 0 5

z
/
D

5

10

15

20

C
/
C

o

0

0.05

0.1

0.15

y/D

-10 0 10

z
/
D

5

10

15

20

C
/
C

o

0

0.02

0.04

0.06

0.08

(e) L/D = 4.20∗

y/D

-5 0 5

z
/
D

5

10

15

C
/
C

o

0

0.05

0.1

0.15

0.2

0.25

y/D

-5 0 5

z
/
D

5

10

15

20

C
/
C

o

0

0.05

0.1

0.15

y/D

-10 0 10

z
/
D

5

10

15

20

C
/
C

o

0

0.02

0.04

0.06

0.08

0.1

Figure 6.10: For more figures and caption see next page.

271



x/D = 2.5 x/D = 5.5 x/D = 10.5
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(g) Sine wave forcing
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(h) αinput = 20 %
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Figure 6.10: Mean cross-sectional PLIF images in the y/D − z/D plane for the equidensity flush

nozzle-injected JICF at J = 20 for (a) the unforced case, (b)-(f) the forced cases under single-pulse

square wave forcing at stroke ratios ranging L/D = 1.39 − 6.24, (g) under sine wave forcing, as

well as (h) under single-pulse square wave forcing without control at αinput = 20 %. All forcing

cases are at ff = 100 Hz and U ′

j,rms = 1.7 m/s (approximately 26 % of Uj). Stroke ratio L/D

with asterisk corresponds to the existence of deeply-penetrating puff-like vortical flow structures

observed in instantaneous centerplane images.

and far-field jet’s structures, in contrast.

Regarding the deeply-penetrating vortical structures, there are interesting structural

characteristics in the cross-sectional view. At L/D = 1.39, deeply-penetrating vortical flow

structures containing relatively low jet fluid concentrations are observed, particularly in the

nearfield at x/D = 2.5, in both Figures 6.9(b) and 6.10(b). Similarly, for 3.15 ≤ L/D ≤ 4.20
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in Figures 6.10(d)-(e), the vortical structures are observed only in the nearfield, although

these flow structures contain higher concentrations than for the L/D = 1.39 case, consistent

with the instantaneous centerplane structures in Figures 6.9(g) and 6.9(j). These concen-

tration differences inside the vortical structures with varying L/D are possibly caused by

the variable temporal pulse width of square wave forcing inserting jet fluid at specific times

within the square wave cycle. For example, a relatively short duty cycle of 10 % generates

mostly lower jet velocity pulsation for 90 % of the period T , with a short (10 % of period

T ) but higher jet velocity during the rest of the cycle, creating less-concentrated penetrating

vortex rings.

Therefore, from structural exploration for the J = 20 cases in both centerplane and

cross-sectional views, deeply-penetrating vortical structures are seen to contain higher fluid

concentrations as L/D increases, and cross sections become more symmetric as compared

with the unforced case and with forced cases at relatively low L/D. In addition, vortical

flow structures from the JICF propagating upward and upstream are observed to be created

at L/D values generally consistent with the range for maximum penetration observed by

Shapiro et al. (2006) (L/D ≈ 1.7 − 2.0and3.2 − 4.2) and Davitian et al. (2010b) (L/D ≈

3.1−3.7). Note that these prior experimental studies utilized different flow conditions, e.g, jet

Reynolds number, jet-to-crossflow velocity ratio, and/or RMS velocity perturbation, as well

as different definitions of stroke ratio. In the present study, the strongest vortical structures

are observed at two different stroke ratio regimes: (1) a relatively low L/D = 1.39, which

is fairly far from the universal time scale for the vortex ring formation of L/D ≈ 4 (Gharib

et al., 1998) but somewhat close to the L/D range suggested by Shapiro et al. (2006), and

(2) L/D ≈ 2.81− 4.20, relatively close to the L/D range observed in previous studies.

The convectively unstable jets in crossflow at J = 41 and 20 are easily affected by

square wave forcing with and even without control, as well as sine wave forcing, although

deeply-penetrating vortical structures are observed only at J = 20 and not at J = 41, even

with the same RMS of the velocity perturbation. Now, structural exploration based on

instantaneous centerplane and mean cross-sectional images is performed for the equidensity

flush nozzle-injected absolutely unstable JICF at J = 10, close to the critical J value for
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(a) Unforced (b) L/D = 1.33∗ (14.7 %) (c) L/D = 2.09∗ (25.9 %)
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(d) L/D = 2.75∗ (36.2 %) (e) L/D = 3.08∗ (41.2 %) (f) L/D = 3.41 (46.8 %)
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(g) L/D = 3.71 (51.2 %) (h) L/D = 4.16 (56.9 %) (i) L/D = 6.16 (76.7 %)
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Figure 6.11: For more figures and caption see next page.
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(j) Sine wave forcing (k) αinput = 20 % (no control) (l) αinput = 50 % (no control)
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Figure 6.11: Instantaneous centerplane PLIF images in the x/D − z/D plane for the equidensity

flush nozzle-injected JICF at J = 10 for (a) the unforced case, (b)-(i) the forced cases under single-

pulse square wave forcing with control at stroke ratios ranging L/D = 1.33 − 6.16 (actual duty

cycle αactual (%) in parentheses), (j) under sine wave forcing, as well as (k)-(l) under single-pulse

square wave forcing without control at αinput = 20− 50 %. All forcing conditions are at ff = 100

Hz and U ′

j,rms = 1.7 m/s (approximately 26 % of Uj). Stroke ratio L/D with asterisk corresponds

to the existence of deeply-penetrating puff-like vortical flow structures.

transition from convective to absolute instability (Megerian et al., 2007). Results for these

centerplane and cross-sectional images are shown in Figures 6.11 and 6.12, respectively. In

the centerplane view, deeply-penetrating puff-like vortical structures are observed at L/D in

the range 1.33 ≤ L/D ≤ 3.08, lower than the universal stroke ratio L/D ≈ 4. Within this

stroke ratio range, similar structural characteristics can be recognized to those at J = 20,

depending on L/D. The vortical flow structures are first relatively small and contain lower

jet concentrations at fairly low L/D, although very distinct vortex structures are produced at

low L/D, e.g., L/D = 1.33 in Figure 6.11(b). As L/D increases, the vortical structures begin

to become larger or more strongly interact with the jet, as well as to contain more jet fluid.

Once L/D exceeds a certain critical value around 3.41 in Figure 6.11(f), vortical structures

disappear or are completely merged into the jet due to the temporally long pulsations,

rendering pulsed fluid to be less distinguished from the non-pulsed “off” portion of the

cycle. At J = 10, distinct vortical flow structures are observed at a maximum stroke ratio

of L/D = 3.08, which is lower than L/D = 4.20 at J = 20. Because the minimum stroke
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ratio to create the vortical flow structures is approximately the same for both J cases (1.33

for J = 10 and 1.39 for J = 20), the lowered maximum stroke ratio for the vortical flow

structures for J = 10 suggests that the range of impactful L/D values is narrower for J = 10

than for J = 20. Hence, the J = 10 JICF is less affected by or responsive to external

forcing than the J = 20 case, most likely associated with the nature of the instability of the

upstream shear layer or the stronger effects of crossflow. As expected from the results at

J = 20, sine and square wave forcing without control do not create strong vortical structures

for J = 10, either, yet even forcing without control does disturb the jet structure in general.

These structural trends are clearly seen in cross-sectional views for the J = 10 case as well,

shown in Figure 6.12. The cross-sectional structure for the unforced case is more symmetric

and more similar to the classic CVP shape than that for the unforced cases at J = 41 and

20, although the asymmetry is still detectable at all downstream locations x/D = 2.5, 5.5

and 10.5. Again, as with the previous case at J = 20, an asymmetric cross-section under

single-pulse square wave forcing with control only occurs at relatively low stroke ratios of

L/D = 1.33 and 2.09. As stroke ratio increases, cross-sectional structures become more

symmetric in the mid-to-farfields (x/D = 5.5 and 10.5), but are slightly asymmetric in the

near-field cross-sectional structures at x/D = 2.5. Such trends may demonstrate that square

wave forcing can yield symmetrically evolved cross-sectional structures in the mid-to-farfield

region but may create asymmetric cross sections in the relative nearfield. Interestingly,

sine and square wave forcing without control create fairly symmetric cross sections at mid-

to-farfield locations (x/D = 5.5 and 10.5) and even at x/D = 2.5 have some degree of

cross-sectional symmetry.

Finally, Figures 6.13 and 6.14 represent the instantaneous centerplane and mean cross-

sectional PLIF images, respectively, for the equidensity flush nozzle-injected JICF at J = 5,

corresponding to the absolutely unstable upstream shear layer. For the absolutely unstable

JICF at J = 5, deeply penetrating vortical flow structures are observed in instantaneous

centerplane images with an even narrower range of stroke ratios, ranging from 1.38 ≤ L/D ≤

2.10 (see Figure 6.13) as compared with that at J = 20 and 10. As mentioned for the J = 10

case, this narrower range of stroke ratios creating strong vortical flow structures may pertain
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(b) L/D = 1.33∗
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(d) L/D = 3.08∗
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(e) L/D = 4.16
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Figure 6.12: For more figures and caption see next page.
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x/D = 2.5 x/D = 5.5 x/D = 10.5

(f) L/D = 6.16
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(g) Sine wave forcing
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(h) αinput = 20 %

(no control)
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Figure 6.12: Mean cross-sectional PLIF images in the y/D − z/D plane for the equidensity flush

nozzle-injected JICF at J = 10 for (a) the unforced case, (b)-(f) the forced cases under single-pulse

square wave forcing at stroke ratios ranging L/D = 1.33 − 6.16, (g) under sine wave forcing, as

well as (h) under single-pulse square wave forcing without control at αinput = 20 %. All forcing

cases are at ff = 100 Hz and U ′

j,rms = 1.7 m/s (approximately 26 % of Uj). Stroke ratio L/D

with asterisk corresponds to the existence of deeply-penetrating puff-like vortical flow structures

observed in instantaneous centerplane images.

to the insensitivity of the absolutely unstable JICF to external forcing, as also suggested by

Megerian et al. (2007) and Davitian et al. (2010a,b). Once the stroke ratio becomes larger

than or equal to 2.45 for J = 5, there seem to be little centerplane structural differences

among all forcing conditions, including sine wave forcing and square wave forcing without

control. While these other forcing conditions do perturb the jet and produce large scale
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(a) Unforced (b) L/D = 1.38∗ (15.0 %) (c) L/D = 1.87∗ (21.2 %)
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(d) L/D = 2.10∗ (26.0 %) (e) L/D = 2.45 (31.0 %) (f) L/D = 2.72 (36.2 %)
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(g) L/D = 3.04 (41.1 %) (h) L/D = 3.37 (46.7 %) (i) L/D = 3.69 (51.2 %)
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Figure 6.13: For more figures and caption see next page.
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(j) L/D = 4.07 (56.8 %) (k) L/D = 6.22 (78.3 %) (l) Sine wave forcing
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(m) αinput = 20 % (no control) (n) αinput = 50 % (no control)
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Figure 6.13: Instantaneous centerplane PLIF images in the x/D − z/D plane for the equidensity

flush nozzle-injected JICF at J = 5 for (a) the unforced case, (b)-(k) the forced cases under single-

pulse square wave forcing with control at stroke ratios ranging L/D = 1.38 − 6.22 (actual duty

cycle αactual (%) in parentheses), (l) under sine wave forcing, as well as (m)-(n) under single-pulse

square wave forcing without control at αinput = 20− 50 %. All forcing conditions are at ff = 100

Hz and U ′

j,rms = 1.7 m/s (approximately 26 % of Uj). Stroke ratio L/D with asterisk corresponds

to the existence of deeply-penetrating puff-like vortical flow structures.

waviness in the jet, the results also indicate that the absolutely unstable JICF cannot be

significantly affected even by square wave forcing with control. As seen previously, the

vortical structures become larger and contain higher concentration as L/D increases from

1.38 to 2.10. It appears that the jet’s centerplane structures qualitatively behave similarly

at all J values explored in this study but with varied ranges of stroke ratio for the deeply-

penetrating vortical structures.
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(b) L/D = 1.38∗
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(c) L/D = 2.10∗
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(d) L/D = 3.04
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(e) L/D = 4.07
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Figure 6.14: For more figures and caption see next page.
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x/D = 2.5 x/D = 5.5 x/D = 10.5

(f) L/D = 6.22
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(g) Sine wave forcing
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(h) αinput = 20 %

(no control)
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Figure 6.14: Mean cross-sectional PLIF images in the y/D − z/D plane for the equidensity flush

nozzle-injected JICF at J = 5 for (a) the unforced case, (b)-(f) the forced cases under single-pulse

square wave forcing at stroke ratios ranging L/D = 1.38 − 6.22, (g) under sine wave forcing, as

well as (h) under single-pulse square wave forcing without control at αinput = 20 %. All forcing

cases are at ff = 100 Hz and U ′

j,rms = 1.7 m/s (approximately 26 % of Uj). Stroke ratio L/D

with asterisk corresponds to the existence of deeply-penetrating puff-like vortical flow structures

observed in instantaneous centerplane images.

In the cross-sectional view for J = 5 in Figure 6.14, we first note that mean jet struc-

tures at all downstream locations are fairly symmetric because the unforced jet structure

is already symmetric with a clear CVP, a typical characteristic of the absolutely unstable

JICF (Getsinger et al., 2014). Although the jet’s cross-sectional structures are disturbed

by forcing at all of these conditions with U ′

j,rms = 1.7 m/s, the cross-sectional structures
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are not significantly altered at most square wave forcing conditions with control, as well as

sine and square wave forcing without control, except when the forcing generates the deeply

penetrating vortical flow structures at fairly low L/D. This is seen particular in Figures

6.14(c) and (h).

For the above range of structural observations at 5 ≤ J ≤ 41, the deeply-penetrating

puff-like vortical structures are observed at J = 20, 10 and 5 but not at J = 41. At

J = 41, square wave forcing with control generates enhanced jet spread and penetration

and more symmetric cross-sectional structures, but without distinct periodic vortex rings.

Interestingly, for J = 41 jet bifurcation is more vigorously created at fairly high stroke ratios

in the range L/D ≈ 5.04 − 6.35, but there is no evidence of distinct vortical puffs. For

J ≤ 20, the deeply-penetrating puff-like vortical structures are created at a specific range

of stroke ratio: L/D ≈ 1.4 and 2.8 − 4.2 for J = 20, L/D ≈ 1.3 − 3.1 for J = 10 and

L/D ≈ 1.4 − 2.1 for J = 5, which generally becomes narrower as J decreases but with

approximately the same minimum stroke ratio to create such structures. These vortical flow

structures are not present under sine and square wave forcing without control for J ≤ 20 due

to the lack of strong pulsations. These waveforms tend to be more sine-like without control.

Hence, structural characteristics of the absolutely unstable JICF can be significantly altered

only by single-pulse square wave forcing only within a relatively narrow L/D range.

Structural characteristics of the vortical flow structures with respect to size and con-

centration as well as cross-sectional symmetry also depend on stroke ratios. At relatively

low L/D, smaller vortical ring-like structures are observed, containing fairly low jet fluid

concentrations, while higher concentrations are captured inside the relatively larger vorti-

cal structures that form at relatively higher L/D. Since the effect of square wave forcing

with control seems to be less significant at lower L/D, thus may be the reason that more

asymmetric cross sections are observed at J = 20 and 10. This does not occur for J = 41

and 5, possibly because of relatively weak convective instability of the upstream shear layer

for J = 41, and because of the relatively strong absolute instability creating the naturally

symmetric cross-sectional structures in the absence of forcing for J = 5. Interestingly, for

J = 10 and 20, deeply-penetrating vortical structures are more likely to be observed at the
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fairly low stroke ratios with more asymmetric cross sections.

6.4 Mixing Quantification

Now mixing characteristics for the JICF under single-pulse square wave forcing with and

without control, as well as for sine wave forcing, are quantified. As done for sine wave forcing

in the previous chapter, we use mean and instantaneous mixing metrics. Again, the mean

mixing metrics utilized in this study are jet penetration zp/D, vertical spread δz/D, jet spread

normal to the unforced jet centerline trajectory δn,unforced/D, and spread normal to each jet

trajectory in question δn/D. Instantaneous mixing metrics representing molecular mixing

include the centerplane-based Unmixedness with three different coordinates, and the cross-

section-based Unmixedness as well as Probability Density Function (PDF) at x/D = 2.5,

5.5 and 10.5. These mixing metrics are evaluated using the same methods as described in

Section 5.4. It should be noted that mean mixing metrics are quantified based on normalized

jet fluid concentrations larger than 1 %, that is, with the criterion C/Co ≥ 0.01.

Figures 6.15 and 6.16 show the results of mixing evaluations for the equidensity flush

nozzle-injected convectively unstable JICF at J = 41 using mean and instantaneous mixing

metrics, respectively. Here, square wave forcing with control with various stroke ratios L/D

(calculated by Equation (6.7)) as well as sine wave forcing are both explored. Results under

square wave forcing without control are also shown later in Figure 6.23. Again, the RMS

velocity perturbation is matched among all forcing conditions at U ′

j,rms = 1.7 m/s so that

all results have effectively comparable pulsation magnitudes or fluid impulse.

Figure 6.15 clearly shows that jet penetration, vertical spread, and spread with respect

to two different coordinates are all improved over the unforced case by external forcing,

especially by single-pulse square wave forcing. The improved penetration and spread with

square wave forcing as compared with sine wave forcing suggests a greater efficiency of

square wave forcing, even at low frequencies (ff = 100 Hz) and without distinct vortex ring

formation, as seen in Figure 6.7. The structural observations in Section 6.3 suggest that jet

bifurcation is more vigorously triggered at relatively higher L/D for the J = 41 case, at
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Figure 6.15: Mean mixing metrics for the equidensity flush nozzle-injected JICF at J = 41 for the

unforced case and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (1.29 ≤ L/D ≤ 6.35) at ff = 100 Hz and U ′

j,rms = 1.7 m/s (approximately 26 %

of Uj): (a) Jet trajectories, (b) jet penetration zp/D, (c) jet vertical spread δz/D, (d) jet spread

normal to the unforced jet trajectory δn,unforced/D and (e) jet spread normal to each jet trajectory

in question δn/D.

which the jet vertical spread, as well as spread with two different coordinates are generally

more greatly enhanced (L/D ≈ 3.60− 5.04). Jet penetration, represented the top of the jet,

does not vary significantly among all forcing conditions, although the centerline trajectory is

higher with square wave forcing. Enhanced jet spread but not penetration indicates that the

square wave forcing with control contributes mainly to jet spread downward or toward the

test section floor but not upward, yielding a bifurcating jet at relatively higher L/D. Hence,

mixing characteristics based on the mean mixing metrics are consistent with visible structural
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characteristics, and the best jet spread is observed approximately at L/D ≈ 3.60− 5.04.

In the instantaneous mixing metrics in Figure 6.16, however, one generally does not see

significant differences among all forcing conditions. First, the centerplane-based Unmixed-

ness along sc/D and sc,unforced/D displays slightly enhanced molecular mixing under both

sine wave forcing and square wave forcing with control, as compared with the unforced case,

although sine wave forcing does not significantly alter mixing characteristics from the un-

forced case. Additionally, all stroke ratios shown here generate a similar degree of molecular

mixing, and even higher L/D in the range that improves spread (L/D ≈ 3.6 − 5.0) does

not show consistent trends. The centerplane-based Unmixedness along x/D also does not

show significant differences among all conditions, even including the unforced case. Note

that the unforced jet centerline trajectory distance of sc/D ≈ 10.0 corresponds to a horizon-

tal location of x/D ≈ 2.0 for J = 41. As compared with the instantaneous mixing metric

evaluation under sine wave forcing with variable forcing frequency ff in Figures 5.17(a)-(c),

the centerplane-based Unmixedness was more enhanced even at weaker level of forcing at

U ′

j,rms = 0.07 m/s only when ff is fairly close to fo, per lock-in behavior. This result may

indicate that sine wave forcing with a specific ff closer to fo is a more efficient method to

enhance molecular mixing for the JICF at J = 41, although more exploration with square

wave forcing at various forcing frequencies may be required to confirm the possible efficiency

of sine wave forcing for this convectively unstable condition.

Interestingly, the cross-section-based Unmixedness Uyz in Figure 6.16(d) shows highly

improved near-field molecular mixing at x/D = 2.5 under both sine wave forcing as well

as square wave forcing with control in comparison to the unforced case. This discrepancy

between the trends in centerplane- and cross-section-based Unmixedness is likely attributed

to the asymmetry in the unforced jet’s cross section, which is not captured in the centerplane

view. In contrast, a similarity between the centerplane- and cross-section-based Unmixedness

that can be recognized here is that centerplane Unmixedness Uyz is similar in magnitude

among all forcing conditions, including sine wave forcing. In addition, the difference in

molecular mixing between forced and unforced cases becomes smaller in the mid-to-farfield

locations x/D = 5.5− 10.5. Therefore, one may surmise for J = 41 that single-pulse square
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Figure 6.16: Instantaneous mixing metrics for the equidensity flush nozzle-injected JICF at J = 41

for the unforced and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (1.29 ≤ L/D ≤ 6.35) at ff = 100 Hz and U ′

j,rms = 1.7 m/s. Each figure repre-

sents (a) centerplane-based mean Unmixedness Uc,sn along sc/D, (b) Uc,sn along sc,unforced/D,

(c) centerplane-based mean Unmixedness Uc,xz along x/D, (d) cross-section-based mean Unmixed-

ness Uyz along x/D, and (e)-(g) cross-section-based mean probability density function (PDF) of

normalized concentration PDF(C/Co) at x/D = 2.5, 5.5 and 10.5, respectively.
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wave forcing with control may slightly improve the near-field molecular mixing as compared

with the unforced case but it does not significantly alter the overall mixing characteristics

when the jet is weakly convectively unstable. Also, it may be a possibility that sine wave

forcing at a carefully chosen forcing frequency, close to fo, has more of an impact on mixing

characteristics than single-pulse square wave forcing, yet more exploration will be required

to make this conclusive. Again, as previously mentioned, selection of appropriate mixing

metrics and hence forcing methods does depend on the application for the flowfield.

Figures 6.17 and 6.18 represent the results of the mixing evaluation for J = 20 under

sine wave forcing and square wave forcing with control at ff = 100 Hz and U ′

j,rms = 1.7

m/s. Note that the upstream shear layer in this flow condition is still convectively unstable.

In the previous section, the J = 20 cases showed remarkable structural differences among

varied forcing conditions, with deeply-penetrating puff-like vortical structures in a specific

L/D range. Because of such distinctive structural characteristics, mixing results also provide

clearer differences, depending on forcing conditions, especially on stroke ratios L/D. First, jet

penetration, vertical spread, and spread with respect to two different trajectory coordinates

(Figure 6.17(b)-(e)) are seem to be enhanced at any forcing conditions in comparison with

the unforced case. The best jet penetration is generally achieved by single-pulse square wave

forcing at stroke ratios of L/D = 3.15 − 4.20, fairly close to the universal time scale of

L/D ≈ 4 suggested by Gharib et al. (1998). Yet the L/D = 1.39 case yields the best jet

penetration only in the nearfield at x/D � 2, which is related to the near-field forcing effect

creating the deeply-penetrating vortical flow structures seen in Figure 6.9(b). The best jet

spread is also observed around the same range of stroke ratios (L/D = 3.15−4.20), although

the L/D = 6.24 case also shows large jet spread, as seen in 6.17(d) and (e). The optimal

stroke ratio for the best jet spread and penetration here is comprehensively determined to be

around L/D = 3.15− 4.20, and clearly corresponds to the existence of penetrating vortical

structures.

In the instantaneous mixing metrics shown in Figure 6.18 for J = 20, again, more dis-

tinct differences are observed among various forcing conditions. Consistent mixing trends

in the centerplane-based Unmixedness are recognized among all coordinate systems, sc/D,
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Figure 6.17: Mean mixing metrics for the equidensity flush nozzle-injected JICF at J = 20 for the

unforced case and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (1.39 ≤ L/D ≤ 6.24) at ff = 100 Hz and U ′

j,rms = 1.7 m/s (approximately 26 % of Uj):

(a) Jet trajectories, (b) jet penetration zp/D, (c) jet vertical spread δz/D, (d) jet spread normal

to the unforced jet trajectory δn,unforced/D and (e) jet spread normal to each jet trajectory in

question δn/D. Stroke ratio L/D with asterisk corresponds to the existence of deeply-penetrating

puff-like vortical flow structures observed in instantaneous centerplane images.

sc,unforced/D and x/D. It should be noted that the unforced jet centerline trajectory distance

of sc/D ≈ 7.3 coincides with the horizontal location of x/D ≈ 2.0, so direct qualitative com-

parison of mixing characteristics can be administered to corresponding locations. Along the

jet centerline trajectory as shown in Figures 6.18(a) and (b), the centerplane-based Unmixed-

ness values among all square wave forcing conditions are similar to one another, although

lower L/D values producing deep vortex penetration (2.81 and 3.15) tend to have the lowest

Unmixedness in the farfield. Sine wave forcing is not as favorable in the nearfield, although
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all forcing conditions enhance molecular mixing (lower Unmixedness) as compared with the

unforced case. Beyond sc/D, sc,unforcedD ≥ 8, approximately equivalent to x/D ≥ 2 in Fig-

ure 6.18(c), sine wave forcing enhances molecular mixing more than square wave forcing with

control at several of the stroke ratios. This difference suggests that mixing characteristics

can be altered by forcing, depending on mainly two spatial regions of the flow: x/D ≤ 2 and

x/D ≥ 2, or equivalently sc/D, sc,unforced/D ≤ 8 and sc/D, sc,unforced/D ≥ 8 for J = 20.

Upstream of x/D ≈ 2.0, the centerplane-based Unmixedness (Figures 6.18(a) and (b))

becomes the lowest, corresponding to the best molecular mixing, at L/D ≈ 1.91 − 2.52

or L/D = 6.24, none of which create deep vortex penetration. But beyond x/D ≈ 2.0

Figures 6.18(a)-(c) suggest the best molecular mixing to be achieved at L/D ≈ 2.81− 3.15,

where there has been deep vortex penetration in the jet. In the relative nearfield, square

wave forcing that does not create deeply-penetrating vortical structures may trigger more

vigorous near-field interactions of jet and crossflow fluids, and hence molecular mixing could

be increased. On the other hand, in the relative farfield, molecular mixing could be enhanced

if the deeply penetrating vortical structures convect downstream and interact with other

structures, engulfing crossflow and contributing to better uniformity of mixed fluid in the

entire field of view.

The cross-section-based Unmixedness Uyz in Figure 6.18(d) shows improved molecular

mixing at x/D = 2.5 for both sine wave and square wave forcing as compared with the

unforced case, with L/D = 2.81 and 2.15 producing the best mixing throughout. This

difference between the centerplane- and cross-section-based Unmixedness in the nearfield is

probably associated with the asymmetry in the unforced cross-sectional structure, which is

not captured in the centerplane view. This inconsistency was also observed in the J = 41

case, which also involved considerably asymmetric cross-sectional structures. Nevertheless,

the cross-section-based Unmixedness is generally consistent with the centerplane-based Un-

mixedness in the farfield. In addition, the cross-section-based Unmixedness, as shown in

Figure 6.18(d), suggests that external forcing at all forcing conditions enhances molecular

mixing as compared with the unforced case at x/D = 2.5 and 5.5 but not at x/D = 10.5,

consistent with the centerplane-based Unmixedness, suggesting that farfield effects of forc-
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Figure 6.18: Instantaneous mixing metrics for the equidensity flush nozzle-injected JICF at J = 20

for the unforced and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (1.39 ≤ L/D ≤ 6.24) at ff = 100 Hz and U ′

j,rms = 1.7 m/s. Each figure repre-

sents (a) centerplane-based mean Unmixedness Uc,sn along sc/D, (b) Uc,sn along sc,unforced/D,

(c) centerplane-based mean Unmixedness Uc,xz along x/D, (d) cross-section-based mean Unmixed-

ness Uyz along x/D, and (e)-(g) cross-section-based mean probability density function (PDF) of

normalized concentration PDF(C/Co) at x/D = 2.5, 5.5 and 10.5, respectively.
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ing tend to be diminished. Moreover, the best molecular mixing in the cross-sectional view

is observed approximately in the range L/D ≈ 2.52 − 3.51, which lies within the range of

L/D values associated with the optimal stroke ratio for the centerplane-based Unmixed-

ness, L/D ≈ 2.81 − 3.15. Overall, although there are a few differences, the instantaneous

mixing metrics are generally consistent with one another. From this mixing evaluation,

the best molecular mixing for J = 20 is observed for square wave forcing with control at

L/D ≈ 1.91 − 2.52 or L/D = 6.24 when x/D ≤ 2, and L/D ≈ 2.52 − 3.51 when x/D ≥ 2.

In the present study, to characterize molecular mixing over the majority of the spatial range

(x/D ≥ 2), one would say the “optimal” stroke ratios for enhanced molecular mixing at

J = 20 are L/D ≈ 2.5− 3.5.

Mixing characteristics are observed to become more distinctive among different forcing

conditions as J decreases in the convectively unstable regime. Now, mixing characteristics for

the absolutely unstable JICF at J = 10 are explored, shown in Figures 6.19 and 6.20. J = 10

is close to a critical jet-to-crossflow momentum flux ratio between transitioning the shear

layer convective and absolute instability. As expected from the PLIF images, mean jet spread

and penetration are improved with square wave forcing at 1.33 ≤ L/D ≤ 3.08, corresponding

to creation of deeply-penetrating vortical structures. Yet all external forcing shown here

enhances jet spread and penetration as compared with the unforced case. The improvement

is consistently observed among all mean mixing metrics shown in Figures 6.19(b)-(e).

Interestingly, for the instantaneous mixing metrics such as Unmixedness in Figures 6.20(a)-

(d), at L/D = 1.33 and 2.09, which create the best jet penetration and spread, molecular

mixing is not as enhanced as for the other forcing conditions, despite the fact that clear

penetrating vortical structures are formed. This suggests that vortical structures do not

necessarily enhance molecular mixing, or that good jet penetration and spread do not nec-

essarily coincide with good molecular mixing for the transverse jet. It should be noted

that the unforced jet centerline trajectory distance of sc/D ≈ 5.6 coincides with the hor-

izontal location of x/D ≈ 2.0 for J = 10. As with the J = 20 cases, mixing trends are

altered depending on spatial locations. In the relative nearfield (sc/D, sc,unforced/D ≤ 6.0

or x/D ≤ 2.0), the JICF is more mixed at L/D ≈ 3.71 − 6.16, while further downstream,
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Figure 6.19: Mean mixing metrics for the equidensity flush nozzle-injected JICF at J = 10 for the

unforced case and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (1.33 ≤ L/D ≤ 6.16) at ff = 100 Hz and U ′

j,rms = 1.7 m/s (approximately 26 % of Uj):

(a) Jet trajectories, (b) jet penetration zp/D, (c) jet vertical spread δz/D, (d) jet spread normal

to the unforced jet trajectory δn,unforced/D and (e) jet spread normal to each jet trajectory in

question δn/D. Stroke ratio L/D with asterisk corresponds to the existence of deeply-penetrating

puff-like vortical flow structures observed in instantaneous centerplane images.

molecular mixing is more greatly enhanced for stroke ratios L/D ≈ 3.08− 4.16 (that is, for

sc/D, sc,unforced/D ≥ 6.0 and x/D ≥ 2.0). At relatively high L/D values, near-field jet inter-

actions occur vigorously due to the temporally long pulsation and its potential contribution

to good molecular mixing close to the jet exit. In contrast, a relatively smaller stroke ratio,

one which is fairly close to the universal time scale around 4, may lead to more efficient

vorticity generation and spatial evolution of the JICF, resulting in better molecular mixing

over a wide range of flowfield conditions. Hence, the best molecular mixing for J = 10 in

this study is achieved at a relatively high stroke ratio for mixing close to the jet exit and at
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Figure 6.20: Instantaneous mixing metrics for the equidensity flush nozzle-injected JICF at J = 10

for the unforced and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (1.33 ≤ L/D ≤ 6.16) at ff = 100 Hz and U ′

j,rms = 1.7 m/s. Each figure repre-

sents (a) centerplane-based mean Unmixedness Uc,sn along sc/D, (b) Uc,sn along sc,unforced/D,

(c) centerplane-based mean Unmixedness Uc,xz along x/D, (d) cross-section-based mean Unmixed-

ness Uyz along x/D, and (e)-(g) cross-section-based mean probability density function (PDF) of

normalized concentration PDF(C/Co) at x/D = 2.5, 5.5 and 10.5, respectively.
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relatively low stroke ratios for optimized mixing fairly far from the jet exit, although square

wave forcing in the range L/D ≈ 3.08 − 4.16 can be considered to be the overall optimal

forcing conditions for enhanced molecular mixing over a wide spatial range, as mentioned

for the J = 20 case as well.

Finally, mixing characteristics are evaluated for the absolutely unstable flush nozzle-

injected JICF at J = 5, as represented in Figures 6.21 and 6.22. As observed in the J = 20

and 10 cases, jet spread and penetration are maximized at L/D ≈ 1.38−2.10, corresponding

to cases when deeply-penetrating vortical structures are created. In general, jet spread and

penetration decrease as L/D increases within the range of L/D values explored in this study.

For the instantaneous mixing metrics in Figure 6.22, as observed for the J = 41, 20 and

10 cases, the forced cases for J = 5 are all better mixed than the unforced case, especially

in the spatial range 2 ≤ x/D ≤ 8. In the relative farfield, all molecular mixing is similar

among the unforced case and forced cases under sine wave and square wave excitation with

control, which is consistent among all flow conditions in this study. This indicates that even

square wave forcing with deeply penetrating vortices has little effect on the far-field mixing

characteristics both for the convectively and absolutely unstable JICF. Nevertheless, single-

pulse square wave forcing does enhance molecular mixing in the near-to-midfield region for

J = 5 more efficiently than does sine wave forcing at the same locations. Again, the best

molecular mixing is obtained for different forcing conditions at different spatial regions: (1)

for stroke ratios L/D ≈ 2.10−3.04 when sc/D, sc,unforced/D ≤ 4.0 or equivalently x/D ≤ 2.0,

and (2) for L/D ≈ 2.45 − 3.69 when sc/D, sc,unforced/D ≥ 4.0 or equivalently x/D ≥ 2.0.

Even at the relatively low J = 5 with an absolutely unstable shear layer, the same mixing

characteristics are observed as for other cases. First, the optimal stroke ratio in terms

of molecular mixing is different depending on spatial region. Secondly, deeply-penetrating

vortical structures do not necessarily contribute to better molecular mixing as compared

with cases without such vortical flow structures. Overall, square wave forcing with control

at L/D ≈ 2.45 − 3.69 optimally enhances molecular mixing at J = 5 for the widest spatial

region.

The mixing quantification for the forced JICF in this section has shown better enhance-
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Figure 6.21: Mean mixing metrics for the equidensity flush nozzle-injected JICF at J = 5 for the

unforced case and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (1.38 ≤ L/D ≤ 6.22) at ff = 100 Hz and U ′

j,rms = 1.7 m/s (approximately 26 % of Uj):

(a) Jet trajectories, (b) jet penetration zp/D, (c) jet vertical spread δz/D, (d) jet spread normal

to the unforced jet trajectory δn,unforced/D and (e) jet spread normal to each jet trajectory in

question δn/D. Stroke ratio L/D with asterisk corresponds to the existence of deeply-penetrating

puff-like vortical flow structures observed in instantaneous centerplane images.

ment in molecular mixing under square wave forcing with control than with sine wave forcing.

As documented in Section 6.1, however, creating a clean square-waveform in temporal jet re-

sponse is challenging because of non-linearity in the actuation systems, requiring a feedback

controller. To explore this requirement, mixing characteristics under square wave forcing

without control are also compared with those with control to investigate the effect of cleaner

waveform. The computational study of the partially modulated JICF by Sau and Mahesh

(2010) found little structural difference for the forced JICF between an ideal square wave

and a distorted square-waveform representing jet velocity at the jet exit, but which have the
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Figure 6.22: Instantaneous mixing metrics for the equidensity flush nozzle-injected JICF at J = 5

for the unforced and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (1.38 ≤ L/D ≤ 6.22) at ff = 100 Hz and U ′

j,rms = 1.7 m/s. Each figure repre-

sents (a) centerplane-based mean Unmixedness Uc,sn along sc/D, (b) Uc,sn along sc,unforced/D,

(c) centerplane-based mean Unmixedness Uc,xz along x/D, (d) cross-section-based mean Unmixed-

ness Uyz along x/D, and (e)-(g) cross-section-based mean probability density function (PDF) of

normalized concentration PDF(C/Co) at x/D = 2.5, 5.5 and 10.5, respectively.
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same effective stroke ratio and duty cycle. The distorted square waveforms here were the

ones used in the controlled square wave experiments in Shapiro et al. (2006), which involved

an open-loop controller. Note that in Sau and Mahesh (2010), molecular mixing was not

quantified. Note further that it is impossible in the present experiments to replicate what

Sau and Mahesh did in their computations, i.e., to compare the effect of a prefect square

wave with our imperfect yet controlled square wave forcing. Nevertheless, it is possible to

compare controlled and non-controlled square wave forcing and associated Unmixedness for

different input or prescribed duty cycles αinput for a range of flow conditions. The RMS

velocity perturbation is matched among all forcing conditions at U ′

j,rms = 1.7 m/s for this

comparison.

Figure 6.23 represents the centerplane- and cross-section-based Unmixedness as a function

of horizontal coordinate x/D for the equidensity flush nozzle-injected JICF at J = 41, 20,

10 and 5 under square wave forcing with/without control. At J = 41 in Figure 6.23(a),

all forcing conditions show similar quantitative and qualitative trends in mixing with and

without control. Since the convectively unstable JICF is easily affected by external forcing,

even sinusoidal forcing, especially at relatively higher J values, it makes sense that there is

little difference in the effect of controlled vs. uncontrolled square wave forcing on mixing

characteristics for the JICF as long as effectively the same level of forcing is applied (e.g.,

matched U ′

j,rms). At J = 20 in Figure 6.23(b), the centerplane-based Unmixedness suggests

that molecular mixing is more enhanced with control than that without control, both at

αinput = 20 % and 50 %. However, the cross-section-based Unmixedness shows enhanced

molecular mixing only at αinput = 20 % with control. At αinput = 50 %, forcing with

and without control basically produces a similar cross-section-based Unmixedness. This

difference may be associated with experimental uncertainty or bias errors associated with

PLIF imaging, which are difficult to quantify. On the other hand, the output duty cycles

between controlled and non-controlled jets could be quite different, so this too could explain

some differences in mixing.

For the absolutely unstable JICF at J = 10 in Figure 6.23(c), although all forcing

conditions with and without control generate a similar degree of molecular mixing, square
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Figure 6.23: Instantaneous mixing metrics for the equidensity flush nozzle-injected JICF at (a)

J = 41, (b) 20, (c) 10 and (d) 5 for the unforced case and the forced cases under single-pulse square

wave forcing with and without control at ff = 100 Hz and U ′

j,rms = 1.7 m/s. The centerplane-based

mean Unmixedness Uc,xz and cross-section-based mean Unmixedness Uyz along x/D at x/D = 2.5,

5.5 and 10.5 are displayed.
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wave forcing with control slightly enhances molecular mixing compared to the absence of

control, based on the cross-section-based Unmixedness in general, especially at αinput = 20 %.

At J = 5, however, there is no distinctive enhancement with control or difference in mixing

characteristics with/without control, although molecular mixing is higher with all forcing

conditions than the unforced case. While these comparisons suggest that an improved square

waveform with control may only slightly enhance molecular mixing as compared with that

without control, we again note that the output duty cycles, temporal pulse widths, and hence

stroke ratio L/D could be quite different between controlled and non-controlled cases.

Based on the present extensive exploration of mixing characteristics under sine wave

forcing as well as single-pulse square wave forcing with/without control with a range of stroke

ratios, some key conclusions may be reached. The optimal stroke ratio to enhance transverse

jet penetration and spread (mean characteristics) is generally observed to be approximately

L/D ≈ 3.6 − 5.0 for J = 41 (a convectively unstable JICF), and L/D ≈ 3.2 − 4.2 for

J = 20 (also a convectively unstable JICF), and these are close to the “universal” time

scale of L/D ≈ 4 for vortex ring formation (Gharib et al., 1998). At lower J values, the

optimal stroke ratios are L/D ≈ 1.3 − 3.1 for J = 10 (an absolutely unstable JICF) and

L/D = 1.4 − 2.1 for J = 5 (also an absolutely unstable JICF), which are further from the

universal time scale value. Interestingly, the optimal stroke ratio for the “best” jet spread

and penetration gradually decreases as J decreases. Previous computational studies by Sau

and Mahesh (2008) and Sau and Mahesh (2010) also note that the optimal L/D for creation

of deeply-penetrating vortical structures, generally equivalent to optimal jet penetration and

spread in this study, becomes lower as J decreases. Their calculations were consistent with

experimental results for the square wave-forced transverse jet by Eroglu and Breidenthal

(2001) and Shapiro et al. (2006). Furthermore, Davitian et al. (2010b) generally observes

a higher optimal stroke ratio for the greatest jet spread and penetration at a velocity ratio

R = 10 or a momentum flux ratio J ≈ 100 (a convectively unstable JICF) but a lower stroke

ratio for R = 3 and 1.15 or equivalently J ≈ 9 and 1.3 (for the absolutely unstable JICF).

Recall that these studies utilized smoke visualization to determine “optimal” spread and

penetration.

300



Sau and Mahesh (2008) and Sau and Mahesh (2010) indicate that a decrease in the

optimal stroke ratio to produce the best jet spread and penetration arises from different

vortical structures created by square wave forcing of the jet primarily with variable stroke

ratios L/D and ring velocity ratios rring = ∆Uj/U∞, as defined in Equation (1.4) (see Figure

1.9). These computational studies suggest that the optimal stroke ratio for the best jet

spread and penetration decreases as a ring velocity ratio rring decreases, with lower ∆Uj for

weaker forcing and/or higher U∞ for a stronger crossflow, because a structural transition

from successive vortex rings to a vortex ring with a trailing column occurs at a lower rring,

resulting in a less jet penetration. In the present study, because the jet Reynolds number

Rej is kept constant at Rej = 1900 and the crossflow velocity is varied to achieve the desired

J , the crossflow velocity U∞ for the convectively unstable JICF (J > 10) is smaller than that

for the absolutely unstable JICF (J ≤ 10). Hence, the reduced crossflow velocity for the

convectively unstable JICF, and stronger crossflow for the absolutely unstable JICF could

be the cause for the optimal stroke ratio’s reduction with lower J . Also, it should be noted

that the formation number of L/D ≈ 4 (Gharib et al., 1998) was determined using a piston-

driven vortex ring in a quiescent atmosphere, which is equivalently a free jet or vortex ring

in the absence of crossflow (at J = ∞) in this study. Hence, the optimal stroke ratio for the

best jet spread and penetration determined in this study is actually close to the universal

time scale at large J because of the reduced crossflow effect. This notion is also investigated

in Sau and Mahesh (2008) and Sau and Mahesh (2010), who concluded that the optimal

stroke ratio for the JICF converges to L/D ≈ 4 as the crossflow velocity approaches zero.

More interestingly, the optimal stroke ratio for the best molecular mixing (per the in-

stantaneous metrics) does not necessarily coincide with that for the best jet spread and

penetration, which generally correspond to jets with deeply-penetrating vortical structures.

For the J values explored in this study, the best molecular mixing was achieved at an optimal

stroke ratio of L/D ≈ 2.5− 3.5 for J = 20, L/D ≈ 3.1− 4.2 for J = 10 and L/D ≈ 2.5− 3.7

for J = 5. Interestingly, the optimal stroke ratio for the best molecular mixing in this study

is approximately in the same range for different J values, unlike the jet spread and pene-

tration. That is, the optimal stroke ratio for the best molecular mixing seems to be less
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independent of J . This observation is important because a “target” stroke ratio could be

used in a practical system to achieve the best molecular mixing, independently of the flow

conditions for the jet. Furthermore, these results suggest the possibility that jet spread and

penetration can be independently optimized, as compared with molecular mixing, depending

on the application.

As mentioned in Section 6.2, additional RMS velocity perturbations were explored, in

addition to U ′

j,rms = 1.7 m/s; these are in the range 1.0 ≤ U ′

j,rms ≤ 3.0 m/s, as shown in

Appendix C. The optimal stroke ratio for the best jet spread and penetration as well as

the optimal molecular mixing can be determined for all forcing conditions, and the results

are summarized in Figure 6.24. The maximum RMS velocity perturbation in the figure is

U ′

j,rms = 2.0 m/s; a higher U ′

j,rms can only allow study of a narrow range of stroke ratios

caused by the limited hotwire velocity calibration range (see Section 2.2). Points and bars

in the figure refer to the middle value of the optimal stroke ratio range and the optimal

range, respectively. As one can clearly see, the optimal stroke ratio for the best jet spread

and penetration decreases as J decreases at all RMS velocity perturbation magnitudes,

consistent with the ideas of Sau and Mahesh (2010). But the optimal L/D for the best

molecular mixing does not considerably change with J as long as U ′

j,rms is the same. In

addition, the optimal stroke ratio for best jet spread and penetration as well as molecular

mixing increases as U ′

j,rms increases for a given J .These characteristics indicate that the

optimal stroke ratio is dependent on the strength of forcing. The strength of forcing here is

quantified by U ′

j,rms which is related to the square root of the jet’s impulse. As impulse is

associated with the generation of vorticity (Lamb, 1895; Broadwell and Breidenthal, 1984),

one could argue that the nature of the vorticity generation through distinct pulses of fluid

has tremendous control over transverse jet mixing and spread.
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Figure 6.24: Optimal range of stroke ratios L/D estimated using Equation (6.7) for the best jet

spread and penetration (hollow circles) as well as molecular mixing (solid triangles) with varied J

(5 ≤ J ≤ 41) and U ′

j,rms (1.0 ≤ U ′

j,rms ≤ 2.0 m/s). All mixing evaluations are shown in Section 6.4

and Appendix C.
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CHAPTER 7

Effects of Axisymmetric Forcing on Transverse Jets -

Double-Pulse Square Wave Excitation

The previous chapter has discussed the effect of single-pulse square wave forcing with con-

trol on the structural and mixing characteristics of transverse jets, suggesting that deeply-

penetrating puff-like vortical structures are created within an appropriate range of stroke

ratios L/D, depending on flow conditions and types of shear layer instabilities in the JICF.

Jet spread and penetration are significantly enhanced as compared with the unforced case

and other forced cases for which penetrating flow structures are absent. Such penetrating

vortical structures, however, do not necessarily contribute to better molecular mixing, pos-

sibly because the flow structures capture highly concentrated jet fluid inside themselves and

reduce the uniformity of concentration scalar values over the entire flowfield. On the other

hand, molecular mixing may be able to be significantly enhanced if the puff-like vortex flow

structures are carefully controlled so as to trigger vortex interaction or collision. This chap-

ter describes a newly developed method for temporal forcing, the so-called “double-pulse”

square wave forcing (as described in Section 2.4).

Double-pulse square wave forcing of the jet in time consists of two temporal square pulses

within one single temporal period T = 1/ff . The amplitudes and temporal pulse widths

of the two pulses are independently controlled, each of which forms a vortex ring or deeply

penetrating vortical structure with the desired forcing conditions. These independently-

generated vortex rings can induce near-field vortex interaction or collision in the jet, which

may contribute to a more uniform jet fluid spatial distribution as compared with that gener-

ated by single-pulse square wave forcing. This double-pulse forcing could potentially enhance

molecular mixing of the JICF.
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To focus on the near-field vortex interactions and collisions in detail, the flush nozzle with

the larger exit diameter of D = 7.59 mm (see Section 2.1) is utilized, which is larger than

the flush nozzle employed in Chapters 3-6 of this study. The larger flush nozzle typically

generates larger-scale vortical structures than those for the flush nozzle with D = 4.04 mm.

This larger flush nozzle was utilized in previous experimental studies by M’Closkey et al.

(2002) and Shapiro et al. (2006), focusing on single-pulse square wave forcing with control.

Only the equidensity (S = 1.00) larger flush nozzle-injected JICF at the jet Reynolds num-

ber Rej = 1500 and jet-to-crossflow momentum flux ratio J ≈ 6.7 (R = 2.58) is explored

in the present study, with variable forcing conditions associated with the temporal wave-

form (see Section 7.3). Here a forcing frequency ff and root-mean-square (RMS) of the jet

velocity perturbation U ′

j,rms were fixed in most cases at ff = 55 Hz and U ′

j,rms = 1.7 m/s

(approximately 63 % of the mean jet velocity at the jet exit plane, Uj = 2.7 m/s) among all

forcing conditions in order to impose external forcing effectively at the same level, although

in a few cases the peak-to-peak jet velocity amplitude of the temporal square pulses, ∆Uj,

is matched rather than U ′

j,rms, in order to explore the effect of temporal upsweep in the

pulsations. Because of the lower mean jet velocity than that for the smaller flush nozzle,

the level of external forcing is relatively stronger with double-pulse square wave forcing for

the same RMS of the jet velocity perturbation. The flow conditions, Rej = 1500, S = 1.00

and J = 6.7, as well as an RMS of jet velocity perturbation of U ′

j,rms = 1.7 m/s were chosen

to be approximately the same as those in M’Closkey et al. (2002). The forcing frequency of

double-pulse square wave forcing at ff = 55 Hz is effectively the same as a forcing frequency

of 110 Hz with single-pulse square wave forcing, studied by M’Closkey et al. (2002) (see

Figure 1.10(e)). Hence, double-pulse square wave forcing at ff = 55 Hz with evenly-spaced

dual temporal pulses at the same amplitudes and temporal pulse widths is identical to single-

pulse square wave forcing at ff = 110 Hz, as long as U ′

j,rms is identical. For comparison,

PLIF data were taken at one of the forcing conditions studied in M’Closkey et al. (2002)

(see Figure 1.10(e)). To create cleaner double-pulse square wave response of the jet at the

injector exit, specifically at a location 0.1D downstream of the center of the exit plane, the

same feedback control system developed in Section 6.1 was implemented with/without some
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improvements, as documented in Section 7.2.

This chapter first investigates the instability characteristics for the larger flush nozzle-

injected JICF with seeded acetone for a range of J values (2 ≤ J ≤ 10). The improvements

or differences in the feedback controller from that in Section 6.1 are also explained. Then,

structural and mixing characteristics for the larger flush nozzle-injected JICF under double-

pulse square wave forcing are explored and compared via acetone PLIF imaging in the

centerplane and cross-sectional views as done in Chapters 5 and 6, but at various recording

rates from 1 to 7.5 Hz.

7.1 Spectral Measurements for JICF with Acetone

As noted earlier, our group has been extensively studying stability characteristics of trans-

verse jets, especially upstream shear layer instabilities, for a range of S, J , Rej, and for

different injectors (Megerian et al., 2007; Davitian et al., 2010a; Getsinger et al., 2012, 2014).

In Chapter 5, the effect of the existence of acetone seeders in the jet on spectral character-

istics were also explored for the equidensity flush nozzle-injected JICF at Rej = 1900 and

5 ≤ J ≤ 41. However, JICF stability characteristics using the larger flush nozzle have not

been explored in the past. Instability characteristics, more specifically the type of instability

and its natural frequency on the upstream shear layer of the jet, are required to be evaluated

in order to examine the effect of external forcing of the jet, both on structural and mixing

characteristics. Therefore, spectral measurements were administered to obtain the funda-

mental shear layer stability characteristics of the larger flush nozzle-injected JICF. As with

the spectral measurements conducted in several previous experimental studies (Megerian

et al., 2007; Davitian et al., 2010a; Getsinger et al., 2012, 2014) as well as in Section 5.2.1,

hotwire anemometry was employed to acquire jet vertical velocity spectra along upstream

shear layer trajectory coordinate s (0.1 ≤ s/D ≤ 3.0). Again, the spatial and frequency

resolutions of the spectral measurement were s/D = 0.1 and 8 Hz, respectively.

Figure 7.1 represents contour maps associated with power spectra for natural jet velocity

perturbations in the vertical direction along the upstream shear layer trajectory coordinate
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(a) J = 10 (b) J = 6.7

(a) J = 5 (b) J = 2

Figure 7.1: Power spectra of the upstream shear layer instabilities for the equidensity larger flush

nozzle-injected JICF at (a) J = 10 with a fundamental frequency of fo ≈ 410 Hz (St ≈ 1.14), (b)

J = 6.7 with fo ≈ 420 Hz (St ≈ 1.16), (c) J = 5 with fo ≈ 540 Hz (St ≈ 1.47) and (d) J = 2 with

fo ≈ 340 Hz (St ≈ 0.94).

s/D, with acetone seeded in the jet. Four different J values in the vicinity of J of interest

(around J = 6.7), J = 10, 6.7, 5 and 2, were explored here. At J = 10 in Figure 7.1(a),

a fairly broadband spectral peak is initiated at s/D ≈ 1.0 at a fundamental frequency of

St ≈ 1.14 (fo ≈ 410 Hz). While a relatively stronger subharmonic spectral peak, typically

corresponding to the pairing and merger of vortex structures on the upstream shear layer,

begins to be observed at s/D ≈ 1.5 at St ≈ 0.6, there are no evident higher harmonic
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peaks. In comparison with the previous studies (Megerian et al., 2007; Davitian et al.,

2010a; Getsinger et al., 2012, 2014), such spectral characteristics correspond to a convectively

unstable upstream shear layer, although there is no significant frequency-shifting or mode

hopping, as seen with acetone for the same J value for the smaller nozzle (see Figure 5.3(b)).

This suggests a weaker degree of tonal interference between the hotwire and the shear layer

for the larger jet diameter case. At J = 6.7, which is explored in detail in this chapter, a

slightly stronger but still broadband peak at a natural frequency of St ≈ 1.16 (fo ≈ 420

Hz) is initiated closer to the jet exit at s/D ≈ 0.7 as compared with the J = 10 case. As

with the J = 10 case, a subharmonic spectral peak is still present, but with an absence of

higher harmonic peaks. Such qualitative trends suggest that both J = 10 and 6.7 experience

convective or transitional instability in the upstream shear layer, as contrasted with the

smaller nozzle’s characteristics. The spectral characteristics in Figure 7.1(b) for J = 6.7

(R = 2.58) with acetone also appear to be different from that for the same nozzle at R = 2.58

in the absence of acetone as documented for one location in Shapiro et al. (2006), which

suggests the likelihood of absolute instability.

For the larger nozzle’s J = 5 case, a fairly strong spectral peak is initiated at s/D ≈ 0.5 at

a natural frequency of St ≈ 1.47 (fo ≈ 540 Hz), which is closer to the jet exit plane than in the

previous two cases. In contrast to J = 10 and 6.7, a higher harmonic peak is recognized for

J = 5 at St ≈ 3.0, although a subharmonic spectral peak becomes considerably weaker and

broadband, reflecting the absence of vortex merger. This behavior is qualitatively consistent

with the spectral characteristics of an absolutely upstream shear layer (Megerian et al., 2007;

Davitian et al., 2010a; Getsinger et al., 2012, 2014), hence, the upstream shear layer in this

case is considered to be absolutely unstable. At J = 2, even stronger peaks at a natural

frequency of St ≈ 0.94 (fo ≈ 340 Hz), initiated close to the jet exit at s/D ≈ 0.3, as well as

higher harmonic frequencies, are present, with almost non-existent subharmonic components

as compared with the J = 5 case, suggesting a stronger absolutely unstable upstream shear

layer.

From the observation of the spectral characteristics, the slight difference in J from J = 6.7

to 5 dramatically altered the spectral characteristics. Additionally, a natural frequency of
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the upstream shear layer fo first increases as J is decreased from 10 to 5, and then fo

decreases as J is decreased further from 5 to 2. Such a transition from an increase in fo to

a decrease in fo as J is reduced typically corresponds to the transition from convectively to

absolutely unstable upstream shear layers (Megerian et al., 2007). This evidence suggests

that a critical J for the transition from convectively to absolutely unstable upstream shear

layers may lie in the range of 5 ≤ J ≤ 6.7, which is smaller than Jcr ≈ 10 suggested by

Megerian et al. (2007). This discrepancy may be associated with (1) the existence of acetone

in the jet, as noted above, (2) a lower jet Reynolds number of Rej = 1500 than in previous

studies and (3) possibly the larger jet diameter of D = 7.59 mm, although differences with

respect to spectra in Shapiro et al. (2006) suggest this is unlikely. An in-depth stability

analysis was not conducted in this study. Hence, from the spectral measurements, the flow

conditions of J = 6.7 explored in this study is considered to generate a convectively unstable

or transitional upstream shear layer between convective and absolute instability, at a natural

frequency of the upstream shear layer at fo ≈ 420Hz. Further exploration may be required

to explore the natural instabilities in the upstream shear layer with the larger flush nozzle,

and to determine the effect of double-pulse forcing.

7.2 Improvement in Feedback Controller

The same feedback controller to create single-pulse square wave forcing of the jet in the

previous chapter was also implemented for double-pulse square wave forcing. While the

first ten components of a Fourier series at a fundamental forcing frequency of ff = 100 Hz

are superposed for single-pulse square wave forcing, the first 15 components of the Fourier

series at ff = 55 Hz are utilized for double-pulse square wave forcing, because a double-pulse

square waveform is generally more complex than one that is single-pulsed, and hence a larger

number of harmonics are required to create a sufficiently clean waveform at the jet exit. As

with single-pulse square wave forcing, the frequency response of the actuation system was

characterized only using 15 harmonics, from 55 Hz to 825 Hz, associated with the first 15

components of the Fourier series. As before, the PVC pipe situated between the loudspeaker
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and the injector was removed from the actuation system to achieve better controllability (see

Section 2.4).

Due to a more complex waveform for the double-pulse square wave than for the single-

pulse square wave, cleaner excitation of the jet at the exit plane is more difficult to achieve.

Hence, the feedback controller was improved to obtain cleaner double-pulse square wave exci-

tation. First and most importantly, a low-pass filter (1st-order Butterworth filter) at a corner

frequency of fc = 600 Hz, approximately 11ff , was applied to a desired or target waveform to

lessen the effect of higher harmonics. As shown in Figure 5.1, the frequency response of the

preset actuation system inherently consists of a significant roll-off after 1000 Hz. Moreover,

Figure 6.2 suggests that frequency response becomes fairly low after 400 Hz. Hence, a higher

input voltage is required for higher harmonics due to the roll-off toward higher frequencies,

which sometimes induces an input voltage that is higher than the tolerance voltage of the

loudspeaker, suggesting a sensitivity of the actuation system to higher frequencies. Because

15 harmonics are utilized for double-pulse square wave forcing, cleaner waveforms are more

likely to be created, yet high-frequency noise can be more frequently present in temporal

waveforms. Weaker higher harmonic effects in the target waveform contribute to less noise

in the jet response as well as better convergence of the feedback controller.

The corner frequency was carefully chosen to be small enough to effectively remove the

effect of higher harmonics but large enough not to miss higher harmonic components for a

better temporal waveform. Figure 7.2 represents the effect of varying the corner frequency

in the low-pass filter on the target waveform. Without the low-pass filter in Figure 7.2(a),

the desired waveform consists of dual peaks in each square pulse at uj − Uj ≈ 2.6 m/s as

well as high-frequency oscillations in the waveform outside of pulses at uj −Uj ≈ −1.1 m/s.

This temporal noise is created by the effect of the higher harmonics. As a corner frequency

is decreased from 1000 Hz to 300 Hz, the target waveform becomes less noisy or smoother,

although the waveform at fc = 1000 Hz still contains higher harmonic-associated temporal

noise, and at fc = 300 Hz the waveform is so smooth that it shows a sine-wave-like behavior.

Therefore, a corner frequency in the low-pass filter was determined to be optimal at fc = 600

Hz in this study. The effect of the low-pass filter at fc = 600 Hz on the magnitude reduction
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Figure 7.2: Ideal (−) and target temporal double-pulse square waveforms constructed using the

first 15 Fourier series (−) at a fundamental or equivalently forcing frequency of ff = 55 Hz and RMS

jet velocity perturbation of U ′

j,rms = 1.7 m/s (a) without a low-pass filter (1st-order butterworth

filter), as well as with the low-pass filter at (b) a corner frequency of fc = 1000 Hz, (c) fc = 600,

and (d) fc = 300. The effect of the low-pass filter at fc = 600 Hz on each frequency component in

the target waveform is shown in (e) as a ratio of the magnitude with to without the low-pass filer.
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of each frequency components is shown in Figure 7.2(e). Because of the low-pass filter, the

RMS of the jet velocity perturbation U ′

j,rms for double-pulse square wave excitation of the

jet becomes lower than the prescribed value of U ′

j,rms = 1.7 m/s. Therefore, a gain larger

than unity is applied to all input sinusoidal waves at f = 55− 825 Hz to achieve the desired

U ′

j,rms after the feedback iteration. Since the applied gain is confirmed to be fairly close to

the unity for all forcing conditions in the current study, the waveform is not altered and

sustained as a fairy clean square waveform.

Second, a perturbation to the input sine and cosine amplitudes to characterize the actu-

ation system (e.g., a perturbation matrix K in Figure 6.4) is determined independently for

each frequency component. Previously, the perturbation was a manually-determined con-

stant value for all frequency components in each iteration. Now, a base constant value was

multiplied by the magnitude of input sine and cosine voltages to assign the scaled magnitude

of perturbation in the feedback iteration. This treatment prevents very high perturbations to

each frequency component from occurring, especially for higher harmonics, which are more

sensitive to the perturbations than are lower harmonics.

Third, the convergence of the iterative process is assessed by quantifying differences in

the sine and cosine amplitudes for the first 15 components of the Fourier series at 55 to

825 Hz, between the target and actual waveforms, instead of via visual inspection. The

maximum difference between the target and actual waveforms is set to be 1 × 10−3, i.e.,

all differences in the amplitudes of sine and cosine components at each frequency are on

the order of 10−4. This criterion was chosen after trial and error to be sufficiently small

enough to achieve a clean waveform but large enough to avoid the difficulty in convergence

and excessive numbers of iterations that do not dramatically alter the resultant temporal

waveforms.

While the first improvement, the low-pass filter, directly contributes to a much cleaner

waveform, the last two improvements are associated with better convergence and conve-

nience of the control system, which dramatically shorten the time to achieve the convergence.

Because these improvements were applied after many PLIF experiments were already con-

ducted, most results shown in this dissertation were taken under double-pulse square wave

312



excitation created by the feedback controller without these second and third improvements.

It will be mentioned in the results whether or not the forcing was created with or without

the improvements in the following sections.

7.3 Structural Characteristics for the JICF

Using acetone PLIF imaging in the centerplane and cross-sectional views, structural charac-

teristics under double-pulse square wave forcing of the jet is explored. In addition to a PLIF

recording rate of 7.5 Hz for sine and single-pulse square wave forcing, alternative recording

rates are explored, mainly to capture a wider range of phases, but also to investigate the

effect of the recording rate artifact on mixing quantification. Recording rates of 1, 5 and

7.5 Hz are applied in this study. If PLIF imaging were conducted exactly at a recording

rate of 1 or 5 Hz, the resultant images would be only taken at one single phase for external

forcing at ff = 55 Hz. However, because the PLIF data acquisition system, including the

laser, camera and the external programmable timing unit (see Section 2.3) inherently holds

a slight temporal shift from shot to shot during the experiments, the recordings at 1 and 5

Hz can capture instantaneous images with gradually shifting phases, effectively producing

“phase-locked” like data, although the PLIF imaging is technically not phase-locked here.

A series of phase-locked-like instantaneous centerplane as well as cross-sectional images are

shown in this section to clearly reveal the near-field flow dynamics (e.g., vortex interactions

or collisions).

7.3.1 Baseline Reference Cases

Before an exploration of the forced JICF, the unforced JICF is explored for the J = 6.7 case,

as shown in Figure 7.3. From the instantaneous centerplane image in Figure 7.3(a), coherent

rollups on the upstream shear layer are initiated at z/D ≈ 1.5, roughly consistent with

initiation of the shear layer instability in Figure 7.1(b). As compared with the smaller flush

nozzle-injected JICF, larger rollups are observed with the larger flush nozzle, which enables

easier visual inspection of flow structures. Figures 7.3(c)-(f) are mean cross-sectional images
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Figure 7.3: PLIF images for the unforced equidensity larger flush nozzle-injected JICF at J = 6.7:

(a) instantaneous centerplane, (b) mean centerplane, (c)-(f) mean cross sections at downstream

locations of x/D = 0, 0.5, 1.0 and 2.5, respectively. These images were acquired at a recording rate

of 1 Hz.
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of the jet at downstream locations x/D = 0, 0.5, 1.0 and 2.5, showing the development and

evolution of a fairly symmetric CVP structure, although the concentration distribution in

the jet’s cross-sectional structure is slightly asymmetric at x/D = 2.5. It should be noted

that the maximum height of the field of view at z/D ≈ 14 in Figures 7.3(a) and (b) is fairly

close to the test section ceiling.

Now the forced JICF under double-pulse square wave forcing with control is explored,

but with conditions creating the equivalent of single pulse forcing at a frequency of 110 Hz.

Because the RMS of jet velocity perturbation is fixed at U ′

j,rms = 1.7 m/s, double-pulse

square wave forcing at ff = 55 Hz, consisting of two equally-spaced pulses with the same

temporal pulse widths and amplitudes, is identical to single-pulse square wave forcing at

ff = 110 Hz. This 110 Hz case is the same as one of the forcing conditions in M’Closkey

et al. (2002) utilizing smoke visualization (see Figure 1.10(e)). Therefore, the same forcing

condition as this “reference case” in M’Closkey et al. (2002) was first applied, to examine the

similarities or differences from the reference case when one utilizes acetone PLIF rather than

smoke visualization. For this reference case, three types of double-pulse square wave forcing

were first implemented: (1) a case without the improvements in the feedback controller

(labeled as “No filter” or Case 1a in this study) as described in Section 7.2, (2) a case with

the improvements noted (labeled as “Filtered” or Case 1b) and (3) a waveform designed to

replicate the reference case’s waveform in M’Closkey et al. (2002) (labeled as “Replicated”

or Case 1c). The temporal jet responses at the jet exit for these three forcing cases acquired

via hotwire anemometry are shown in Figure 7.4. The temporal waveforms taken from

M’Closkey et al. (2002) are also displayed as a reference in Figure 7.4(d). Note that the

forcing with the low-pass filter (Figure 7.4(b)) is cleaner than that without the filter (Figure

7.4(a)). In particular, as mentioned in Section 7.2, the amplitudes of dual peaks during the

pulsation at uj − Uj ≈ 2.8 m/s as well as the flat parts at the trough of the square pulse

at uj − Uj ≈ −1.1 m/s are cleaner with the low-pass filter. Figure 7.4(c) is the replicated

waveform from M’Closkey et al. (2002) created by the present feedback controller based on

the waveform Figure 7.4(d) as a target waveform. By comparing Figure 7.4(c) with Figure

7.4(d), we see that the temporal excitation of the jet is well replicated. Hence, similar
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Figure 7.4: Ideal (−) and actual (−) temporal jet response to double-pulse square wave forcing

(ff = 55 Hz) at the jet exit acquired via hotwire anemometry: (a) double-pulse square wave

forcing without the improvements in the feedback controller (Case 1a), (b) double-pulse square

wave forcing with the improvements (Case 1b), (c) double-pulse square wave forcing with the

improvements replicated using a waveform from the previous study (M’Closkey et al., 2002) (Case

1c), and (d) reference single-pulse square wave forcing at ff = 110 Hz taken from M’Closkey et al.

(2002) plotted as a dashed line (--). RMS of jet velocity perturbation is matched among all forcing

conditions at U ′

j,rms = 1.7 m/s.

structural characteristics are expected under forcing conditions shown in Figures 7.4(c) and

(d).

Figure 7.5 represents centerplane instantaneous images via acetone PLIF imaging as well

as smoke visualization taken by M’Closkey et al. (2002), which utilized the same injector as

well as wind tunnel facility as in the current study (see Section 2.1). As one can see, all in-
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stantaneous centerplane structures clearly consist of deeply-penetrating coherent vortex rings

with trailing tails, as well as a bifurcating jet structure with a lower part flowing relatively

close to the test section floor around z/D ≈ 2.0 in Figures 7.5(a)-(c). Hence, regarding the

vortex ring formation itself, instantaneous centerplane structural characteristics shown here

are fairly similar. However, all jets in the present study (Figures 7.5(a)-(c)), including the

replicated case in Figure 7.5(c), penetrate much more deeply than the reference case (Figure

7.5(d)). As mentioned previously, the height of the field of view in these instantaneous im-

ages is fairly close to the test section ceiling, so the jets in Figures 7.5(a)-(c) are likely to hit

the test section ceiling, although the reference case in Figure 7.5(d) did not appear to hit the

ceiling. Even with the replicated waveform in Figure 7.5(c), the instantaneous centerplane

structure in terms of the jet penetration is considerably different.

Such a discrepancy is possibly associated with two culprits, as follows. First, while the

jet density in the present study ρj is matched to the air crossflow density ρ∞ by carefully

adjusting the amounts of nitrogen, helium and acetone vapor in the jet (see Section 2.1), the

jet density in M’Closkey et al. (2002) was not matched with the crossflow density, suggesting

that S may well be larger than unity in this earlier study due to the addition of liquid paraffin

solution to the nitrogen jet for smoke visualization. For example, if liquid paraffin solution

with a typical molecular weight of 350 g/mol (Pearson et al., 1986) is added to a gaseous

nitrogen jet, with a paraffin mole fraction of 10 % of the jet, S becomes approximately 2,

which is considerably larger than unity. Getsinger et al. (2012) suggested that the effect

of different density ratios S on the instability characteristics are significant, at least, when

S < 1 and there is a greater propensity for transition to absolute instability. Moreover, if

one compares the unforced JICF images in Figure 7.3(a) with acetone, with Figure 1.10(a)

from M’Closkey et al. (2002) with smoke, there appears to be lesser penetration for the latter

case, consistent with a higher density jet with S > 2. Hence, the density ratio discrepancy

may cause the different jet responses to external excitation, and hence the varied forced jet

penetration seen in Figure 7.5.

Additionally, the hotwire used to characterize the single-pulse square wave excitation in

M’Closkey et al. (2002) was not calibrated utilizing the actual jet fluid consisting of nitrogen
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Figure 7.5: Instantaneous centerplane PLIF images under double-pulse square wave forcing at

ff = 55 Hz: (a) without the improvements in the feedback controller (Case 1a), (b) with the

improvements (Case 1b), (c) with the improvements replicated using a waveform from the previous

study (M’Closkey et al., 2002) (Case 1c) and (d) reference single-pulse square wave forcing at

ff = 110 Hz taken from M’Closkey et al. (2002). RMS of jet velocity perturbation is matched

among all forcing conditions at U ′

j,rms = 1.7 m/s. These images were acquired at a recording rate

of 5 Hz.

and liquid paraffin solution, but just using air in order to avoid corruption of the wire. The

difference in the gas constituents significantly alters the hotwire response, as documented in

this dissertation in Section 2.2. The hotwire in the present study is always calibrated with air
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or the actual jet fluid used in PLIF imaging so that the jet response to external forcing can be

accurately captured. The difference in the hotwire calibration process may cause a different

quantification of the jet’s response to single-pulse square wave excitation in M’Closkey et al.

(2002), perhaps suggesting that the present study possibly applied stronger excitation of the

jet, equivalent to a higher U ′

j,rms, and thus resulting in higher jet penetration.

Because of these possible two culprits mentioned above, the same degree of jet penetration

as the reference case from M’Closkey et al. (2002) could not be achieved, even after many

experiments. Nevertheless, the same coherent, deeply-penetrating vortex rings are formed

for all forcing conditions. Hence, one may be able to control the spacing or timing of the

vortex ring formation by varying forcing conditions relative to this reference case and hence

to induce vortex interactions and collisions, which is the main interest in this part of the

study.

Interestingly, the jet penetration for Case 1a without a filter is slightly lower than that for

the case 1b, which will be discussed more in detail in Section 7.4.1. The main difference in

temporal waveforms between these two cases (Figures 7.4(a) and (b)) are whether or not the

trough part of the square pulse at uj−Uj ≈ −1.1 m/s is flat. Hence, before changing forcing

conditions to trigger near-field vortex interactions and collisions, the effect of alteration in

the temporal waveform must be explored.

Figure 7.6 represents temporal jet responses to external forcing at the jet exit with altered

waveforms altered from those in Cases 1a-1c. These temporal jet responses were created using

the feedback controller with the improvements to enable the creation of more complicated

waveforms. The first forcing condition shown in Figure 7.6(a) includes a gradual, fairly linear

increase in the jet velocity between two pulses. This forcing condition is labeled as “Flat

slope” or Case 1d, which is applied in order to investigate the effect of a gradual increase

in the jet velocity between the square pulses. The second forcing condition in Figure 7.6(b)

additionally includes temporal oscillations between the pulses, on top of the gradual slope

in Case 1d, which is labeled as “Slope plus ringing” or Case 1e. This case is fairly similar

to Case 1a generated without the low-pass filter in the feedback controller. Starting with

Case 1e, if the amplitude of the temporal oscillation and the slope of the lower-velocity part
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Figure 7.6: Ideal (−) and actual (−) temporal jet response to double-pulse square wave forcing

(ff = 55 Hz) at the jet exit acquired via hotwire anemometry with the improvements in the

feedback controller: (a) with fairly linear increase in jet velocity between two pulses (Case 1d), (b)

with an increase in jet velocity between two pulses with temporal oscillation (Case 1e), (c) with

an increase in jet velocity between two pulses with relatively strong temporal oscillation (Case 1f),

and (d) with an greater increase in jet velocity between two pulses with temporal oscillation (Case

1g). RMS of jet velocity perturbation is matched among all forcing conditions at U ′

j,rms = 1.7 m/s.

where the jet velocity gradually increases are independently increased, this creates a “Slope

plus stronger ringing” or Case 1f. If the slope is further increased, we obtain the “Steeper

slope plus ringing” or Case 1g. For Cases 1f and 1g, because the temporal waveforms are

required to become relatively oscillatory as compared with Cases 1a-1e, the shape of the
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square pulses at the peaks is also slightly distorted in order to achieve a greater temporal

oscillation and steeper jet velocity slope only using the first 15 components of the Fourier

series.

Instantaneous centerplane images under double-pulse square wave forcing conditions in

Cases 1d-1g are shown in Figure 7.7. Again, the RMS of jet velocity perturbation is still

matched among all forcing conditions at U ′

j,rms = 1.7 m/s. As one can clearly observe, jet

penetration becomes significantly lower for all forcing conditions in comparison to Cases

1a-1c. Even for Cases 1d and 1e, which are fairly similar to Case 1a, the jet penetration is

lowered, and deeply-penetrating vortex rings became less coherent than in Cases 1a-1c. For

Cases 1f and 1g, since temporal jet responses to external forcing are relatively oscillatory,

the jet is quite disturbed and hence there is no clear, coherent vortex ring formation. These

results suggest that slight differences in the temporal jet waveform during external forcing

may significantly alter instantaneous jet centerplane structures. Such characteristics suggest

that it could be difficult to accurately apply double-pulse square wave forcing to strategically

enhance molecular mixing.

The experimental study in Chapter 6 indicated that structural and mixing characteristics

for the forced JICF under single-pulse square wave forcing are significantly affected by the

stroke ratio L/D extracted from temporal data. Hence, such parameters are extracted from

the temporal data shown in Figures 7.4 and 7.6 in this section as well. In addition to actual

temporal pulse width τactual and stroke ratio L/D as in Section 6.2, the peak-to-peak velocity

amplitude of square pulses ∆Uj is also quantified. The same method (e.g., a 5 % criterion

and the integration of uj−U5% during the temporal pulse width based on Equation (6.7)) was

applied to evaluate these parameters (described in Section 6.2). Since double-pulse square

wave forcing consists of two pulses with varied amplitudes and temporal pulse widths, the

temporal parameters are independently evaluated for each pulse. For Cases 1a-1g in this

section, although the external forcing is identical to single-pulse square wave forcing at a

forcing frequency ff = 110 Hz, there temporal parameters are extracted independently from

the “first” and “second” pulses within a period. Obviously, it is technically double-pulse

square wave forcing at ff = 55 Hz, so all temporal parameters from the first and second
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Figure 7.7: Instantaneous centerplane PLIF images under double-pulse square wave forcing (ff =

55 Hz) with the improvements in the feedback controller: (a) with fairly linear increase in jet

velocity between two pulses (Case 1d), (b) with an increase in jet velocity between two pulses with

temporal oscillation (Case 1e), (c) with an increase in jet velocity between two pulses with relatively

strong temporal oscillation (Case 1f), and (d) with an greater increase in jet velocity between two

pulses with temporal oscillation (Case 1g). RMS of jet velocity perturbation is matched among all

forcing conditions at U ′

j,rms = 1.7 m/s. These images were acquired at a recording rate of 5 Hz.

pulses here should be fairly close. As explained in Section 6.2, at least 10 temporal cycles

are averaged to calculate the mean temporal parameters in jet forcing.

The extracted temporal parameters for Cases 1a-1g with matching U ′

j,rms = 1.7 m/s
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Table 7.1: Temporal data-extracted parameters for the first (subscript 1) and second (subscript 2)

temporal square pulses within a period T with matching the RMS of jet velocity perturbation at

U ′

j,rms = 1.7 m/s, for ff = 55 Hz and equal input pulses. The parameters here are actual temporal

pulse width normalized by a period τactual/T , peak-to-peak jet velocity amplitude of pulsation ∆Uj

and stroke ratio L/D. 95 % confidence intervals are also shown with an effective digit of the second

decimal point. All parameters are averaged over at least 10 temporal cycles.

τactual,1/T τactual,2/T ∆Uj,1 (m/s) ∆Uj,2 (m/s) L1/D L2/D

Case 1a 0.20± 0.00 0.20± 0.00 4.15± 0.02 4.18± 0.02 1.27± 0.00 1.32± 0.00

Case 1b 0.21± 0.00 0.20± 0.00 4.28± 0.01 4.28± 0.02 1.35± 0.00 1.32± 0.01

Case 1c 0.21± 0.00 0.22± 0.00 4.47± 0.02 4.51± 0.01 1.35± 0.01 1.38± 0.01

Case 1d 0.19± 0.00 0.19± 0.00 4.12± 0.01 4.13± 0.02 1.22± 0.01 1.22± 0.01

Case 1e 0.19± 0.00 0.19± 0.00 4.17± 0.02 4.17± 0.03 1.22± 0.01 1.22± 0.00

Case 1f 0.17± 0.00 0.18± 0.00 4.38± 0.02 4.48± 0.01 1.11± 0.00 1.16± 0.00

Case 1g 0.17± 0.00 0.17± 0.00 3.89± 0.01 3.93± 0.03 0.97± 0.01 0.98± 0.01

amongst all forcing conditions are tabulated in Table 7.1. Here, the parameters with sub-

scripts 1 and 2 are relevant to the first and second temporal square pulses, respectively. Note

that the mean actual temporal pulse widths for the first and second square pulses, τactual,1/T

and τactual,2/T , are slightly larger than the prescribed τinput/T = 0.15, which is consistent

with the evaluation for single-pulse square wave forcing in Section 6.2. Second, note that

the stroke ratios L/D are fairly similar among Cases 1a-1e, but are not similar to Cases 1f

and 1g, suggesting that stroke ratio may not be a culprit of the different jet penetration

seen in Cases 1d and 1e. More importantly, the peak-to-peak jet velocity amplitude ∆Uj is

considerably different among all forcing conditions. Physically, ∆Uj is associated with the

effective velocity or upsweep in pulsation for a square pulse. Therefore, the difference in ∆Uj

among all forcing conditions possibly causes the discrepancy in jet penetration observed in

Figures 7.5 and 7.7, although similarities in ∆Uj between Cases 1a and 1e do not produce

similar penetration.

Shapiro et al. (2006) matched the peak-to-peak velocity amplitude of the pulsation ∆Uj
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instead of RMS jet velocity perturbation U ′

j,rms in their experimental study to effectively

achieve the same level of pulsation among all forcing conditions. The computational study

by Sau and Mahesh (2010) did the same, using single-pulse square wave forcing.The com-

putations indicated that the alteration of the shape of temporal waveforms associated with

the jet response at the jet exit (e.g., a perfect square waveform vs. an imperfect square

waveform) does not affect the jet trajectory and vorticity field as long as the stroke ratio,

velocity ratio and duty cycle are matched between the forcing conditions. Since these studies

evaluated stroke ratios using Equation (6.6) (L/D = ∆Ujτ/D), the peak-to-peak jet veloc-

ity amplitude ∆Uj is also required to be matched to achieve the same jet trajectory and

vorticity field. These previous studies suggest that matching ∆Uj may produce more similar

jet penetration. Hence, the present study also matched ∆Uj among all forcing conditions,

in addition to U ′

j,rms, to investigate the effect of matching different temporal data-associated

parameters.

Figure 7.8 represents temporal waveform data with a matched peak-to-peak jet velocity

amplitude ∆Uj among all forcing conditions, approximately with ∆Uj ≈ 4.3 m/s. Note that

U ′

j,rms is obviously not matched among all forcing conditions when ∆Uj is matched instead.

The value of ∆Uj ≈ 4.3 m/s is chosen to be approximately the same as that for Case 1b in

Table 7.1 as a reference because the forcing condition creates the closest waveform to the

ideal one, although there is a slight difference in ∆Uj because matching this parameter is

more difficult using the current feedback controller than matching U ′

j,rms, which is tabulated

in Table 7.1.

Table 7.2 shows temporal parameters extracted from Figure 7.8 with matching ∆Uj

instead of U ′

j,rms. Again, the actual temporal pulse widths τactual for the first and second

pulses are fairly close among all forcing conditions and are slightly higher than the prescribed

value of 0.15T , which is consistent with values for τactual in Table 7.1, and under single-pulse

square wave forcing in Section 6.2. Additionally, the stroke ratio L/D is also similar for

Cases 1a-1e in Table 7.2 but is lower for Cases 1f and 1g, although the stroke ratio for Cases

1d and 1e are also slightly lower than that for Cases 1a-1c. Because ∆Uj is matched among

all forcing conditions in Table 7.2, ∆Uj values are fairly close for all different cases, with only
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Figure 7.8: Ideal (−) and actual (−) temporal jet response to double-pulse square wave forcing

(ff = 55 Hz) at the jet exit acquired via hotwire anemometry for Cases 1a-1g with matching peak-

to-peak jet velocity amplitude at ∆Uj ≈ 4.3 m/s. RMS of jet velocity perturbation U ′

j,rms for each

forcing condition is also shown in parentheses.

slight differences arising from the difficulty in matching the parameter ∆Uj as mentioned

previously. Using this temporal jet excitation equivalent to single-pulse square wave forcing

at ff = 110 Hz, centerplane PLIF imaging was performed for the forced JICF as follows.

Figure 7.9 represents instantaneous centerplane PLIF images of the jet under double-pulse
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Table 7.2: Temporal data-extracted parameters for the first (subscript 1) and second (subscript

2) temporal square pulses within a period T with matching peak-to-peak jet velocity amplitude at

∆Uj ≈ 4.3 m/s, for ff = 55 Hz and equal input pulses. The parameters here are actual temporal

pulse width normalized by a period τactual/T , peak-to-peak jet velocity amplitude of pulsation ∆Uj

and stroke ratio L/D. 95 % confidence intervals are also shown with an effective digit of the second

decimal point. All parameters are averaged over at least 10 temporal cycles.

τactual,1/T τactual,2/T ∆Uj,1 (m/s) ∆Uj,2 (m/s) L1/D L2/D

Case 1a 0.20± 0.00 0.20± 0.00 4.29± 0.01 4.31± 0.02 1.30± 0.01 1.35± 0.00

Case 1b 0.20± 0.00 0.20± 0.00 4.32± 0.01 4.32± 0.01 1.31± 0.00 1.34± 0.00

Case 1c 0.21± 0.00 0.22± 0.00 4.38± 0.02 4.40± 0.02 1.31± 0.00 1.34± 0.00

Case 1d 0.19± 0.00 0.19± 0.00 4.34± 0.01 4.34± 0.02 1.26± 0.00 1.26± 0.01

Case 1e 0.19± 0.00 0.19± 0.00 4.34± 0.01 4.35± 0.02 1.25± 0.01 1.25± 0.01

Case 1f 0.17± 0.00 0.18± 0.00 4.28± 0.01 4.36± 0.01 1.08± 0.00 1.13± 0.00

Case 1g 0.17± 0.00 0.17± 0.00 4.27± 0.01 4.35± 0.02 1.04± 0.01 1.05± 0.00

square wave forcing, corresponding to temporal parameters for ∆Uj matched as in Table

7.2. While the jet penetration was considerably different among difference forcing conditions

with matching U ′

j,rms as shown in Figures 7.5 and 7.7, jet penetration with matched ∆Uj is

similar amongst most forcing conditions (Cases 1a-1e). The exceptions are Cases 1f and 1g

as shown in Figures 7.9(f) and (g), where temporal waveforms include relatively strong and

sharp temporal oscillations. As discussed later in Section 7.4.1, the jet penetrates similarly

for Cases 1a-1c but it is very slightly lower for Cases 1d-1e and then much more so for

Cases 1f-1g, despite the fact that temporal waveforms are fairly similar. This difference

may indicate that slight differences in the stroke ratio between Cases 1a-1c and Cases 1f-

1g significantly alter jet penetration and response to external forcing, in general, although

further exploration of the effect of this difference is needed.

Nevertheless, these structural characteristics suggest that jet penetration via deeply pen-

etrating vortex structures is more dependent on the value of ∆Uj than of U ′

j,rms. Because

controlling jet penetration enables better controllability of the near-field vortex interaction
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Figure 7.9: Instantaneous centerplane PLIF images under double-pulse square wave forcing (ff =

55 Hz) for Cases 1a-1g with matching peak-to-peak jet velocity amplitude at ∆Uj ≈ 4.3 m/s. These

images were acquired at a recording rate of 5 Hz.

and collision, the effect of ∆Uj is important, although this study matches U ′

j,rms instead

of ∆Uj in the following sections, mainly for comparison to earlier chapters’ results. Nev-

ertheless, feedback control with or without the improvements as described in Section 7.2

successfully creates coherent deeply-penetrating puff-like vortex rings as with the reference

case in M’Closkey et al. (2002), but with higher jet penetration. This discrepancy in jet
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penetration can be fairly well compensated by matching ∆Uj instead of U ′

j,rms among all

forcing conditions, suggesting that ∆Uj is an appropriate parameter to be matched in order

to control jet structures as well as molecular mixing.

7.3.2 Near-Field Vortex Interaction and Collision

In the previous section, deeply-penetrating puff-like vortex rings are clearly created with

the larger flush nozzle during effectively single pulse square wave excitation. If the spacing

of these vortex rings is carefully manipulated, vortex interactions or even collisions may be

achieved in jet’s nearfield, and these interactions could potentially enhance molecular mixing

of the JICF. Hence, this section deals with two data sets, labeled as Cases 2a-2d and 3a-3d,

to explore the flow dynamics and structural characteristics associated with near-field vortex

ring interactions and collisions. As mentioned in Section 7.2, all data shown in this section

are taken without the improvements (e.g., the low-pass filter) in the feedback controller. The

RMS of jet velocity perturbation is matched among all forcing conditions at U ′

j,rms = 1.7

m/s, not the peak-to-peak jet velocity amplitude of pulsation ∆Uj.

A test matrix associated with input conditions for the two data sets is shown in Table

7.3. The two data sets represent (1) Cases 2a-2d, where a prescribed temporal pulse width

of the first pulse τinput,1 and the temporal interval between the first and second pulses, ∆τ1→2

or ∆τ2→1, which were systematically increased and reduced, respectively, with a constant

temporal pulse width of the second pulse τinput,2 and (2) Cases 3a-3d, where a prescribed

temporal pulse width of the first pulse τinput,1 was systematically increased with a constant

prescribed temporal pulse width of the second pulse τinput,2 as well as a constant temporal

interval from the first to second pulse ∆τ1→2. For the first data set, although the temporal

interval between the pulses is varied, the temporal distance between the center of the two

pulses is kept constant at 0.5T . It should be noted that Case 2a is the same as the reference

case from M’Closkey et al. (2002) shown in Section 7.3.1, producing effectively a single square

wave pulsation at ff = 110 Hz. When the temporal pulse width is altered among different

forcing conditions, the amplitude of the pulse is also adjusted so that the RMS of jet velocity
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Table 7.3: Test matrix for two data sets Cases 2a-2d and 3a-3d at ff = 55 Hz with matching RMS

of jet velocity perturbation at U ′

j,rms = 1.7 m/s. Temporal data-associated parameters for the first

(subscript 1) and second (subscript 2) temporal square pulses within a period T here are input or

prescribed temporal pulse width normalized by a period τinput/T and temporal separation between

the first and second pulses normalized by a period ∆τ/T .

τinput,1/T τinput,2/T ∆τ1→2/T ∆τ2→1/T

Case 2a 0.15 0.15 0.35 0.35

Case 2b 0.25 0.15 0.30 0.30

Case 2c 0.35 0.15 0.25 0.25

Case 2d 0.45 0.15 0.20 0.20

Case 3a 0.15 0.15 0.15 0.55

Case 3b 0.25 0.15 0.15 0.45

Case 3c 0.35 0.15 0.15 0.35

Case 3d 0.45 0.15 0.15 0.25

perturbation is still matched at U ′

j,rms = 1.7 m/s among all forcing conditions. For example,

going from Cases 3a to 3b, since τinput,1 becomes longer, changing from 0.15T to 0.25T , the

amplitude of the first pulse accordingly becomes lower, equivalent to a slower jet velocity

during the pulsation, to still match U ′

j,rms. Therefore, from Table 7.3, the amplitude or

velocity of the first pulse is always smaller than or equal to that for the second pulse in this

study.

The purpose of the first data set (Cases 2a-2d) is to explore the effect of temporal

pulse width of the first pulse as well as the temporal interval between the pulses. The

temporal jet response at the jet exit acquired via hotwire anemometry for the first data set

is shown in Figure 7.10. For Case 2a, which is the forcing condition shown in the previous

section, because the two square pulses are evenly situated within a period with the same

amplitudes and temporal pulse widths, vortex collisions will not occur, and coherent deeply-

penetrating vortex rings are formed, as shown in Figure 7.5(a). As the temporal pulse width
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of the first pulse is increased and the temporal interval between two pulses is decreased, the

amplitude of the first pulse is accordingly reduced to match U ′

j,rms. As a result, the first

pulse becomes slower and also closer to the second (faster) pulse, which may induce near-field

vortex interactions. Also, as temporal waveforms become more complicated, moving from

Case 2a to Cases 2b-2d, the temporal waveforms become noisier as well as deviating from

the ideal waveforms. Note that the improvements in the feedback controller can achieve

cleaner temporal jet response, although these data are not presented in this study. Hence,

from Cases 2a to 2d, the distance between two vortex rings becomes closer, the implications

of which shown as follows for the transverse jet.

Instantaneous centerplane structures for Case 2b from PLIF imaging are shown in Figure

7.11. The sequential instantaneous centerplane images shown in this section are all taken

at a recording rate of 1 Hz so that one can observe flow dynamics as in a successive series

of phase-locked images. For Case 2b, less coherent vortex rings than those for the Case

1a or equivalently, Case 2a (reference case), are formed. This is possibly due to stronger

near-field vortex interactions induced by the closer imposed spacing between two vortex

rings. The first slower vortex ring is observed to be formed at around the jet exit in Figures

7.11(a)-(d). After the first vortex ring formation, the second pulse is also observed to be

generated, as recognized in Figures 7.11(d)-(g). However, these vortex rings do not collide

because the second vortex ring can not “catch up” with the first one as one, can observe

in Figures 7.11(g)-(i). In addition, some vortex rings are observed to “flee” from the jet

toward the test section ceiling. These convecting vortex rings from the jet seem to enhance

jet spread and penetration, which will be discussed in Section 7.4.2. If the temporal pulse

width of the first pulse τinput,1 is broadened and hence the first vortex ring becomes slower, or

the temporal distance between the first and second pulses is shortened and hence the spatial

distance between two vortex rings becomes shorter than in Case 2b, stronger near-field vortex

interaction or collision is expected to occur.

For Cases 2c and 2d, which are shown in Figures 7.12 and 7.13, respectively, τinput,1 is

systematically increased and the amplitude of the first temporal square pulse accordingly

becomes slower. Hence, the spatial distance between the two vortex rings is also shortened.
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Figure 7.10: Ideal (−) and actual (−) temporal jet response to double-pulse square wave forcing

(ff = 55 Hz) at the jet exit acquired via hotwire anemometry without the improvements in the

feedback controller for Cases 2a-2d with matching RMS of jet velocity perturbation at U ′

j,rms = 1.7

m/s.

For Case 2c, the first vortex ring created around the jet exit (Figures 7.12(a)-(d)) is followed

by the second vortex ring as observed (Figures 7.12(d)-(g)). However, there is still no clear

vortex ring collision in Figure 7.12(g)-(i), although the two vortex rings may more strongly

interact in the nearfield than in Case 2b.

In contrast, Case 2d begins to trigger the near-field vortex collisions. As with the previous

cases, the first and second vortex rings are formed successively, as shown in Figures 7.13(a)-

(d) and 7.13(d)-(g), respectively. These vortices appear to collide around (x/D, z/D) ≈

(0.5, 4.5), which can be recognized in Figures 7.13(g)-(i). Interestingly, while convecting
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Figure 7.11: Sequential instantaneous centerplane PLIF images for the equidensity flush nozzle-

injected JICF at J = 6.7 under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s (Case 2b). These images were acquired at a recording rate of 1 Hz.
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vortex rings toward the test section ceiling are consistently observed for Case 2d as well as

Case 2b, where near-field vortex collision occurs, these vortex rings are not clearly seen to

move toward the ceiling for Case 2c, possibly because strong near-field vortex interaction

prevents vortex rings from fleeing from the jet. The occurrence of the near-field vortex

collisions with a shorter τinput,1 or equivalently a slower first vortex ring suggests that such

phenomena could be controlled by adjusting the velocity of the first vortex ring as well as

the temporal interval from the first to the second vortex ring’s formation.

From the observation of this first data set in Cases 2a-2d, it is possible that a shorter

temporal interval from the first to second vortex ring ∆τ1→2 may induce a stronger near-field

vortex collision. Hence, for the second data set in this section, Cases 3a-3d, ∆τ1→2 is kept

constant at 0.15T , which is shorter than the shortest temporal separation in the first data

set (0.20T ). As with the first data set, τinput,1 is systematically increased, or the velocity of

the first vortex ring is gradually reduced.

Temporal waveforms for the second data set, Cases 3a-3d, are shown in Figure 7.14.

Because these jet responses are created without the improvements in the feedback controller

as discussed in Section 7.2, there are some temporal oscillations in the waveforms. Also,

although the jet response is fairly close to the ideal waveforms in terms of pulse widths,

there are some discrepancies between them. Most clearly, for instance, the amplitudes of

two pulses within a period are ideally identical in Case 3a, but these are different due to the

temporal oscillations in the waveform. Nevertheless, interesting flow dynamics (e.g., clear

near-field vortex collision) are observed in sequential instantaneous centerplane jet images

as follows.

Figure 7.15 represents a series of instantaneous centerplane images for Case 3a, with the

shortest temporal pulse width for the first pulse in the second data set. As one can see, there

is clear vortex ring collision. The first temporal pulse creates the first vortex ring as shown

in Figures 7.15(a)-(d) in the vicinity of the jet exit. The second vortex ring was successively

generated after the first vortex ring, as recognized in Figures 7.15(e)-(g). These vortex rings

collide right above the jet exit, approximately at (x/D, z/D) ≈ (0.1, 3.6) (seen in Figures

7.15 (h) and (i)). As compared with the data set in the previous section (Cases 1a-1g) as
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Figure 7.12: Sequential instantaneous centerplane PLIF images for the equidensity flush nozzle-

injected JICF at J = 6.7 under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s (Case 2c). These images were acquired at a recording rate of 1 Hz.
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Figure 7.13: Sequential instantaneous centerplane PLIF images for the equidensity flush nozzle-

injected JICF at J = 6.7 under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s (Case 2d). These images were acquired at a recording rate of 1 Hz.
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Figure 7.14: Ideal (−) and actual (−) temporal jet response to double-pulse square wave forcing

(ff = 55 Hz) at the jet exit acquired via hotwire anemometry without the improvements in the

feedback controller for Cases 3a-3d with matching RMS of jet velocity perturbation at U ′

j,rms = 1.7

m/s.

well as the first data set in this section (Cases 2a-2d), the jet penetrates less because of the

near-field vortex collision.

For Case 3b (for images shown in Figure 7.16), with a longer temporal pulse width of

the first pulse, or equivalently a slower first pulse, clear vortex collision is still observed

but at a slightly further downstream location in the x direction. The vortex collision seen

in Figures 7.16(h)-(i) is likely to be induced by the first vortex ring created in Figures

7.16(a)-(d), and the second vortex ring in Figures 7.16(e)-(g), occurring approximately at

(x/D, z/D) ≈ (0.4, 3.5), further from the jet exit in terms of x/D locations than in Case 3a.
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Figure 7.15: Sequential instantaneous centerplane PLIF images for the equidensity flush nozzle-

injected JICF at J = 6.7 under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s (Case 3a). These images were acquired at a recording rate of 1 Hz.
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Figure 7.16: Sequential instantaneous centerplane PLIF images for the equidensity flush nozzle-

injected JICF at J = 6.7 under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s (Case 3b). These images were acquired at a recording rate of 1 Hz.
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However, the vortex collision for Case 3b occurs at approximately the same z/D location as

Case 3a.

For Case 3c, the temporal pulse width of the first pulse systematically increases. As

one can expect from the structural trends in Cases 3a and 3b, the vortex collision for Case

3c, shown in the instantaneous images in Figure 7.17, occurs even further from the jet exit

with respect to the x/D location, approximately at (x/D, z/D) ≈ (0.7, 3.6), observed in

Figures 7.17(g)-(i). Here again, the overall jet penetration is clearly lowered as compared

with the previous two cases. Such a characteristic suggests the possibility of controlling jet

penetration by adjusting the location of the near-field vortex collision. The jet penetration

will be quantified and discussed in Section 7.4.2.

Finally, PLIF imaging for Case 3d is shown in Figure 7.18. Interestingly, there is no

clear vortex collision here, but interactions between the trailing tail of the first pulse, as

observed in Figures 7.18(a)-(d), and the second vortex ring, as observed in Figures 7.18(e)-

(g), do occur. Also, there is a vortex ring with a trailing tail that “flees” from the jet at

(x/D, z/D) ≈ (0.6, 12), as observed in Figure 7.18(h). Such a convecting vortex ring was

also observed for Case 2b and 2d in Figures 7.11 and 7.13, respectively, possibly suggesting

a relatively weaker near-field vortex interaction may have taken place. Moreover, between

the formation of the first and second vortex rings for Case 3d, a jet with rolled-up vortical

structures on the upstream and downstream shear layers is observed in Figure 7.18(d), where

the jet with vortex rollups follows the first vortex ring formation. Because the jet is not fully

modulated, the jet fluid issues into crossflow even without pulsation, so that this type of

shear layer jet structure is created; this also may play a role in the near-field flow dynamics.

From the observation of the sequential instantaneous centerplane structures, the nearfield

vortex collision occurs at x/D ≈ 0.1, 0.4 and 0.7 in Cases 3a, 3b and 3c, respectively. Hence,

to explore the near-field flow dynamics in detail, cross-sectional PLIF images were taken as

well at x/D = 0, 0.5 and 1.0, where the near-field vortex collision is likely to occur from the

instantaneous centerplane images. Additionally, the cross-sectional measurement was also

administered at x/D = 2.5 to explore the relatively mid-to-far field flow dynamics as well

as mixing characteristics, described later in Section 7.4. The cross-sectional PLIF images
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Figure 7.17: Sequential instantaneous centerplane PLIF images for the equidensity flush nozzle-

injected JICF at J = 6.7 under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s (Case 3c). These images were acquired at a recording rate of 1 Hz.
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Figure 7.18: Sequential instantaneous centerplane PLIF images for the equidensity flush nozzle-

injected JICF at J = 6.7 under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s (Case 3d). These images were acquired at a recording rate of 1 Hz.
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shown here were also recorded at 1 Hz, providing a phase-locked-like series of snapshots.

Some results are shown in this section as follows, and the rest of the results are documented

in Appendix D.

Figures 7.19(a)-(h) represent sequential instantaneous cross-sectional images for Case 3a

at the jet exit, x/D = 0. A mean cross-sectional image created by an ensemble of 500

instantaneous images is also shown in Figure 7.19(i). As observed in the instantaneous

centerplane structures shown in Figure 7.15, clear vortex collision is also seen in the cross-

sectional view. The first vortex ring is generated by a relatively slower and temporally

longer square pulse, as shown in Figures 7.19(a)-(d). The second vortex ring follows the

first one, as shown in Figures 7.19(d)-(f). These vortex rings evidently collide in Figures

7.19(f)-(h), approximately at z/D ≈ 3.5, which is consistent with the location extracted in

the centerplane view. Hence, the series of cross-sectional instantaneous images also clearly

illustrates the near-field vortex collision for this condition.

Figure 7.20 shows sequential instantaneous ((a)-(h)) and mean ((i)) cross-sectional images

for Case 3b at x/D = 0.5, the location at which near-field vortex collision occurs as suggested

by the instantaneous centerplane images shown in Figure 7.16. Again, the first vortex ring

(Figures 7.20(a)-(d)) is followed by the second one (Figures 7.20(d)-(f)), which triggers a

near-field vortex collision seen in Figures 7.20(f)-(h), approximately at the vertical location

z/D ≈ 3.6, which agrees well with the z/D location estimated for the centerplane view in

Figure 7.16. Vortex collision can be also recognized for Case 3c, shown in sequential images

of the jet cross-section at x/D = 1.0 in Figures 7.21(a)-(h), with a mean image shown in

Figure 7.21(i). The collision here occurs approximately at z/D ≈ 3.6., consistent with that

extracted from the centerplane data in Figure 7.17. Hence for Cases 3a-3c, the instantaneous

cross-sectional images are also able to clearly capture the near-field vortex collisions at the

relevant downstream locations of x/D = 0, 0.5 and 1.0, at around the same heights (z/D

locations) as those observed in the centerplane images.

However, as one might expect for the results in Figure 7.18, there is no clear near-field

vortex collision for Case 3d, as seen in cross-sectional images in Figure 7.22, acquired at

x/D = 0.5. The first vortex ring appears in x/D = 0.5 plane in Figures 7.22(a)-(d), followed
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Figure 7.19: (a)-(h) Sequential instantaneous and (i) mean cross-sectional PLIF images (ensemble

of 500 instantaneous images) under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s acquired at the downstream location of x/D = 0 (Case 3a). These images were acquired at a

recording rate of 1 Hz.
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Figure 7.20: (a)-(h) Sequential instantaneous and (i) mean cross-sectional PLIF images (ensemble

of 500 instantaneous images) under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s acquired at the downstream location of x/D = 0.5 (Case 3b). These images were acquired at

a recording rate of 1 Hz.
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Figure 7.21: (a)-(h) Sequential instantaneous and (i) mean cross-sectional PLIF images (ensemble

of 500 instantaneous images) under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s acquired at the downstream location of x/D = 1.0 (Case 3c). These images were acquired at

a recording rate of 1 Hz.
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by the second vortex ring in Figures 7.22(d)-(f). However, before the second vortex ring

collides with the first one, the first vortex ring disappears from the x/D = 0.5 plane because

it has convected downstream, to the x/D > 0.5 plane. There is some degree of near-field

interaction and merger of the vortex structures, seen in the instantaneous centerplane images

and resulting in disturbed vortex rings (Figures 7.22(g) and (h)). In the instantaneous

centerplane image in Figure 7.18(h), a vortex ring convecting upward from the jet toward

the test section ceiling was observed. The same vortex ring with a trailing tail is also seen

in the cross-sectional view, as shown in Figure 7.22(g) approximately at z/D ≈ 11.2, fairly

close to the z/D location estimated in the centerplane image. The vortex collision was not

clearly observed in these instantaneous cross-sectional images in Figure 7.22, not only at

x/D = 0.5 shown here, but also at x/D = 0, 1.0 and 2.5, which are shown in Figures D.14,

D.15, and D.16 respectively. It also should be noted that jet centerplane and cross-sectional

structures, as well as the occurrence of near-field vortex collisions, are highly repetitive, day

by day, for the same forcing conditions, suggesting that vortex collisions can be consistently

achieved once an appropriate forcing condition is determined.

One may conclude, from the structural observations in the sequential centerplane and

cross-sectional images above, that in general, near-field vortex collisions occur further from

the jet exit as the first temporal pulse width becomes temporally longer and hence the first

vortex ring accordingly becomes slower, from Cases 3a to 3d, to match U ′

j,rms. Although

this trend is consistent both in the centerplane and cross-sectional views, the trend may

be counter-intuitive. One might expect that the slower first pulse could trigger a vortex

interaction closer to the jet exit than a faster one. If the vortex ring is faster, it seems to

convect further downstream of the exit, and hence prevent the near-field vortex interaction

from taking place. This trend may be explained by possible two culprits. First, as mentioned

previously, the temporal waveforms are not perfect square waves. For Case 3a, the amplitude

of two pulses should be ideally the same, but they deviate from the ideal waveform due

to temporal oscillations created by the controller. If the pulses were the same, the vortex

collision might not happen at all, but this is not knowable. Secondly, since the jet is not fully

modulated, the jet fluid continues to issue from the nozzle even without pulsation, resulting
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Figure 7.22: (a)-(h) Sequential instantaneous and (i) mean cross-sectional PLIF images (ensemble

of 500 instantaneous images) under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s acquired at the downstream location of x/D = 0.5 (Case 3d). These images were acquired at

a recording rate of 1 Hz.
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in a jet with vortex rollup on the upstream and downstream shear layers as described for

Case 3d in Figure 7.18(d). This jet structure could interact with the first and/or second

vortex ring and hence alters the velocity of the first and/or second vortex ring.

Furthermore, to explore the trends in greater detail, the actual temporal pulse width

parameters extracted from temporal data are quantified, as done with waveforms studied in

Section 7.3.1 (see Tables 7.1 and 7.2). The actual temporal pulse width τactual, the peak-to-

peak jet velocity amplitude ∆Uj, and the stroke ratio L/D are again estimated independently

for two square pulses, and these are tabulated in Table 7.4. For Cases 3a-3d, since cross-

sectional data are taken, at least 50 cycles are utilized to extract the mean values (that is, for

at least 10 cycles, from centerplane data and then from cross-sectional data at four different

downstream locations). Again, the parameters with subscripts 1 and 2 are relevant to the

first and second temporal square pulses, respectively. In addition, the first square pulse is

always slower than (equivalently temporally longer) or at the same velocity (equivalently the

same temporal pulse width) as the second pulse.

For Cases 3a-3c, where the near-field vortex collision occur, the peak-to-peak jet velocity

amplitude and stroke ratio for the first pulse, ∆Uj,1 and L1/D, are smaller than those for the

second pulse, ∆Uj,2 and L2/D, as shown in Table 7.4. Similarly, ∆Uj,1 is still smaller than

∆Uj,2 for Case 3d, where there is no clear vortex collision. However, interestingly, the stroke

ratio for the first pulse L1/D for Case 3d becomes larger than that for the second pulse

L2/D, which is opposite to that in Cases 3a-3c. As previously mentioned, the stroke ratio

represents the strength of pulsation of square wave forcing. Hence, if the first vortex ring

is more strongly pulsed than the second vortex ring, Cases 3a-3d suggest that the near-field

vortex ring collision may not occur. Thus, the occurrence of vortex ring collisions in the

JICF are likely to be related to the magnitudes of relative stroke ratios between the first and

second temporal square pulses.

Yet in the first data set in this section (Cases 2a-2d), the near-field vortex ring collision

was clearly recognized only for Case 2d, in which L1/D > L2/D in Table 7.4. Additionally,

Table 7.4 shows L1/D < L2/D in Case 2a, where vortex ring collision was not observed. This

difference between the first and second data sets in this section suggests that stroke ratio is
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Table 7.4: Temporal data-extracted parameters for the first (subscript 1) and second (subscript

2) temporal square pulses within a period T at ff = 55 Hz with matching RMS of jet velocity

perturbation at U ′

j,rms = 1.7 m/s. The parameters here are actual temporal pulse width normalized

by a period τactual/T , peak-to-peak jet velocity amplitude of pulsation ∆Uj and stroke ratio L/D.

95 % confidence intervals are also shown with an effective digit of the second decimal point. All

parameters are averaged over at least 10 temporal cycles.

τactual,1/T τactual,2/T ∆Uj,1 (m/s) ∆Uj,2 (m/s) L1/D L2/D

Case 2a 0.20± 0.00 0.20± 0.00 4.15± 0.02 4.18± 0.02 1.27± 0.00 1.32± 0.00

Case 2b 0.28± 0.00 0.19± 0.00 2.40± 0.01 4.62± 0.04 1.51± 0.01 1.40± 0.02

Case 2c 0.45± 0.00 0.19± 0.01 3.34± 0.02 4.81± 0.07 2.47± 0.01 1.43± 0.04

Case 2d 0.56± 0.00 0.19± 0.00 2.83± 0.02 5.70± 0.03 2.98± 0.01 1.77± 0.01

Case 3a 0.20± 0.00 0.22± 0.00 3.73± 0.04 4.83± 0.04 1.18± 0.01 1.53± 0.02

Case 3b 0.29± 0.00 0.20± 0.00 2.46± 0.05 5.13± 0.06 1.22± 0.04 1.53± 0.02

Case 3c 0.40± 0.00 0.20± 0.00 2.15± 0.05 5.63± 0.03 1.54± 0.03 1.65± 0.01

Case 3d 0.49± 0.00 0.20± 0.00 1.88± 0.01 5.69± 0.02 1.97± 0.02 1.77± 0.00

not the only factor that is involved with characterizing vortex collisions. As mentioned, the

temporal interval between the first and second square pulses, ∆τ1→2, is larger for the first

data set than the second one. Clearly, a shorter ∆τ1→2 makes the spatial distance of two

vortex rings closer, which in turn is more likely to induce near-field vortex ring collisions.

This observation suggests that ∆τ1→2 may also be a factor in characterizing near-field flow

dynamics with double-pulse square wave forcing.

These trends suggest that vortex collisions may be dependent on the temporal interval

between two square pulses as well as the magnitude relation of the stroke ratios between

the two pulses, effectively corresponding to the spacing and strength of the pulsation for

the two vortex rings, respectively. Hence, vortex collisions may be able to be triggered at a

desired location in the flowfield by a clearer understanding of the relationship between flow

dynamics and the temporal parameters as well as the ability to more precisely control these

temporal parameters.
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7.4 Mixing Quantification for Double Pulsed JICF

Structural exploration of the double-pulsed JICF has shown that deeply-penetrating vortex

rings as well as their interactions or collisions were created in the nearfield for some forcing

conditions, but only at various downstream locations. Here, it is of interest to investigate the

possible molecular mixing enhancement under double-pulse square wave forcing, especially in

relation to near-field vortex ring collisions. As with sine and single-pulse square wave forcing,

mean and instantaneous mixing metrics with the same algorithm are utilized here to quantify

mixing of the JICF. For mean mixing metrics, jet penetration and vertical spread along

horizontal spatial coordinate x/D are only shown in this section. Similarly, centerplane- and

cross-section-based Unmixedness as well as the Probability Density Function (PDF) along the

axis x/D are discussed here. Because jet trajectories are significantly altered under double-

pulse square wave forcing as compared with the unforced case, this makes the determination

of various jet trajectories difficult, and hence the validity of mixing quantification along the

unforced trajectory vs. that for each trajectory in question is complicated. Nevertheless,

mixing evaluations using all mixing metrics as a function of all possible coordinates are shown

for completeness in Appendix D. Additionally, the mixing quantification was administrated

utilizing PLIF data acquired at different recording rates to explore the effect of capturing

different phases with respect to external forcing on mixing characteristics.

7.4.1 Baseline Reference Cases

First, mixing metrics for the JICF are characterized for the reference case under the same

forcing condition in M’Closkey et al. (2002), discussed in Section 7.3.1. For this refer-

ence case, cross-sectional PLIF data were not taken, so only mixing quantification based

on centerplane PLIF images are administered. Mean (jet penetration and vertical spread)

and instantaneous (centerplane-based Unmixedness) mixing metrics are quantified in Figure

7.23. Here, PLIF data with matched RMS values of jet velocity perturbations at U ′

j,rms = 1.7

m/s are utilized.

First of all, jet penetration zp/D (Figure 7.23(a)), vertical spread δz/D (Figure 7.23(b))
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Figure 7.23: Quantification of centerplane-based mean and instantaneous mixing metrics along

x/D for Cases 1a-1g with matching RMS of jet velocity perturbation at U ′

j,rms = 1.7 m/s: (a) jet

penetration zp/D, (b) jet vertical spread δz/D, and (c) Unmixedness Uc,xz. The quantification is

based on PLIF data acquired at a recording rate of 5 Hz.

and centerplane-based Unmixedness Uc,xz (Figure 7.23(c)) are all significantly enhanced un-

der double-pulse forcing under any forcing conditions here, as compared with the unforced

case. As previously discussed, since the peak-to-peak jet velocity amplitude of pulses, ∆Uj,

is not matched here, jet penetration and vertical spread are quite different between Case

1a and Case 1b or 1c, even with fairly similar temporal jet responses at the injector exit as

shown in Figure 7.4. Additionally, the slope of the jet penetration and vertical spread for

Cases 1b and 1c in Figures 7.23(a) and (b) are higher than the other cases, which may be

also caused by different ∆Uj.

For the centerplane-based Unmixedness, mixing trends are fairly consistent with jet pen-
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etration and vertical spread except for Case 1f, which provides a relatively small jet penetra-

tion and vertical spread, suggesting worse mixing, but a lower Unmixedness, equivalently to

better molecular mixing, as compared with Cases 1a, 1d, 1e and 1g. The enhanced molecular

mixing for Case 1f is likely to be associated with the relatively strong temporal oscillation in

jet response as shown in Figure 7.6(c), creating highly disturbed jet centerplane structures.

Next, mixing characteristics for the reference case (M’Closkey et al., 2002) with matched

peak-to-peak jet velocity amplitude ∆Uj instead of a matched RMS of the jet velocity

perturbation U ′

j,rms are shown in Figure 7.24. Again, jet penetration, vertical spread and

centerplane-based Unmixedness for the forced cases are all enhanced as compared with the

unforced case. Since ∆Uj is currently matched, the jet penetration and vertical spread for

Cases 1a-1c collapse well onto one another, although the other forced cases provide lower jet

penetration and vertical spread. For Cases 1f and 1g, since the temporal jet responses at

the jet exit (Figures 7.8(f) and (g)) consist of fairly strong oscillations, the jet is vigorously

disturbed and hence does not penetrate as deeply or spread as widely in the vertical direction

z/D. For Cases 1d and 1e in Figures 7.8(d) and (e), however, the temporal jet responses

are fairly similar to those for Cases 1a-1c. Such different jet penetration and vertical spread

even with similar temporal jet responses may be caused by a slightly lower stroke ratio for

Cases 1d and 1e, as discusses in Section 7.3.1 (see Table 7.2). As also discussed in Section

7.3.2, the stroke ratio L/D, which corresponds to the relative strength of pulsation, seems

to play an important role in the characterization of the near-field vortex interactions and

collisions. Hence, it may be possible that even a slight difference in stroke ratio L/D (e.g.,

approximately a 5 % difference in L/D between Cases 1a-1c and 1d-1e estimated from Ta-

ble 7.2) alters jet penetration and vertical spread, although an in-depth exploration will be

required to clarify such differences.

The centerplane-based Unmixedness in Figure 7.24 exhibits similar characteristics to

those in Figure 7.23(c) with a matched U ′

j,rms except that there is enhanced molecular mix-

ing for Case 1a with a matched ∆Uj instead of U ′

j,rms. For this reference case, better jet

penetration and vertical spread basically coincide with better molecular mixing where there

is matching of both U ′

j,rms and ∆Uj. This possibly occurs because the optimal stroke ratio
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Figure 7.24: Quantification of centerplane-based mean and instantaneous mixing metrics along

x/D for Cases 1a-1g with matching peak-to-peak jet velocity amplitude at ∆Uj ≈ 4.3 m/s: (a) jet

penetration zp/D, (b) jet vertical spread δz/D, and (c) Unmixedness Uc,xz. The quantification is

based on PLIF data acquired at a recording rate of 5 Hz.

L/D for the best jet penetration and vertical spread as well as the best molecular mixing

lies within approximately the same range as for the J = 20 cases in the previous section for

single-pulse square wave forcing of the jet.

This mixing evaluation for the reference case with various temporal jet responses at

the jet exit, as well as with matching U ′

j,rms and ∆Uj values, demonstrates that coherent

deeply-penetrating vortex rings does enhance jet penetration and vertical spread, as well as

molecular mixing, suggesting that the near-field vortex interactions and collisions induced by

the vortex rings can potentially yield further enhancement of molecular mixing. The effect

of controlling the spacing of the vortex rings is discussed in the next section.
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7.4.2 Effect of Vortex Interactions and Collisions

Mean and instantaneous mixing metrics utilized in Section 7.4.1 are also quantified for the

forcing conditions tabulated in Tables 7.3 (Cases 2a-2d and 3a-3d). For Cases 3a-3d, since

cross-sectional PLIF data are acquired at four different downstream locations at x/D = 0,

0.5, 1.0 and 2.5, the cross-section-based mixing metrics are also quantified. In addition,

mixing metrics are quantified based on separate sets of PLIF data taken at a recording rate

of 1 and 7.5 Hz, to investigate the effect of recording rate on quantified mixing characteristics.

Note that the RMS of jet velocity perturbation is matched at U ′

j,rms = 1.7 m/s amongst all

forcing conditions in this section, but not the peak-to-peak jet velocity amplitude ∆Uj.

Mean and instantaneous mixing quantification for Cases 2a-2d using centerplane PLIF

data acquired at 1 and 7.5 Hz are shown in Figure 7.25. First, we see that in comparing

among mixing characteristics with a recording rate of 1 and 7.5 Hz, mixing characteristics are

qualitatively and even quantitatively similar, suggesting that the different recording rates do

not affect the mixing quantification when averaged over 500 instantaneous images. As previ-

ously mentioned, the current data acquisition system for PLIF imaging inherently includes

a slight time shift at each snap shot. Hence, as long as a large number of instantaneous

images is utilized for mixing quantification, instantaneous PLIF images can be obtained at

various phases of external forcing regardless of recording rates, even without a phase-locked

measurement, and hence mixing characteristics are highly consistent at varied recording

rates.

Within Cases 2a-2d, the best jet penetration and vertical spread are achieved for Cases

2b and 2d, although the jet penetration and vertical spread for even Cases 2a and 2c are

enhanced as compared with the unforced case. The jet penetration and vertical spread

may be associated with the near-field flow dynamics such as vortex ring interactions and

collisions. As observed in the reference case in Section 7.4.1, forcing conditions in which the

best jet penetration and vertical spread are achieved also yield the best molecular mixing

for this data set. Remarkably, in Case 2d where the near-field vortex collision occurs, there

is great enhancement in molecular mixing, although even Case 2b reveals similar mixing
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Figure 7.25: Quantification of centerplane-based mean and instantaneous mixing metrics along

x/D for Cases 2a-2d with matching RMS of jet velocity perturbation at U ′

j,rms = 1.7 m/s: (a,b) jet

penetration zp/D, (c,d) jet vertical spread δz/D, and (e,f) Unmixedness Uc,xz. The quantification

is based on PLIF data acquired at a recording rate of (a,c,e) 1 Hz and (b,d,f) 7.5 Hz.
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Figure 7.26: Quantification of centerplane-based mean mixing metrics along x/D for Cases 3a-3d

with matching RMS of jet velocity perturbation at U ′

j,rms = 1.7 m/s: (a,b) jet penetration zp/D

and (c,d) jet vertical spread δz/D. The quantification is based on PLIF data acquired at a recording

rate of (a,c) 1 Hz and (b,d) 7.5 Hz.

characteristics, without clear vortex ring collisions. The Unmixedness at x/D � 1.0 for Case

2a, where coherent deeply-penetrating vortex rings are observed, becomes very close to the

unforced case. In contrast, molecular mixing for the other forced cases is still better than

that for the unforced case at x/D � 1.0. Therefore, the occurrence of the near-field vortex

ring interactions or collisions enhances molecular mixing, not only fairly close to the jet exit

but also further from the exit.

Mixing characteristics are also explored for Cases 3a-3d, and these are shown in Figures

7.26 and 7.27. Here, Figures 7.27(c) and (d) represent the cross-section-based Unmixedness

quantified from PLIF data at a recording rate of 1 and 7.5 Hz respectively. First, all mixing
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Figure 7.27: Quantification of (a,b) centerplane- and (c,d) cross-section-based Unmixedness along

x/D for Cases 3a-3d with matching RMS of jet velocity perturbation at U ′

j,rms = 1.7 m/s. The

quantification is based on PLIF data acquired at a recording rate of (a,c) 1 Hz and (b,d) 7.5 Hz.

characteristics are highly consistent regardless of the recording rates of PLIF imaging, as

observed for Cases 2a-2d. Such consistency again suggests that 500 instantaneous images

are sufficient enough to capture a wide range of phases with respect to external forcing, and

hence to achieve convergence even at different recording rates.

In Figure 7.26, jet penetration and vertical spread are gradually reduced as the first

temporal pulse width τactual,1 increases from Case 3a to 3c. While the near-field vortex ring

collision occurs fairly close to the jet exit in terms of the x/D location in Case 3a, the

vortex collision is observed at a further x/D downstream location in Case 3c because two

vortex rings convect in the x/D direction before they collide. The convection of the vortex
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rings may contribute to the lower jet penetration and vertical spread. Because there is no

clear vortex collision in Case 3d, jet penetration and vertical spread becomes relatively high

again. This trend indicates that vortex interactions and collisions are deeply associated with

jet penetration and spread.

From the Unmixedness evaluation in Figure 7.27, molecular mixing for all forced cases

shown here is significantly enhanced as compared with the unforced case. Also, there is no

significant qualitative discrepancy between mixing evaluations with data taken at 1 and 7.5

Hz, both in centerplane and cross-sectional views. Although there is a slight quantitative

difference in the Unmixedness at 1 and 7.5 Hz, it is considered to be within the experimental

uncertainty in PLIF imaging and mixing evaluation, and mixing characteristics are quan-

titatively fairly similar as well. In Figures D.17-D.20 in Appendix D, the centerplane- and

cross-section-based Unmixedness are quantified as an ensemble of various number of samples

from 10 to 400 acquired at a recording rate of 1 and 7.5 Hz, suggesting that the Unmixedness

is qualitatively and quantitatively converged with only 200-300 instantaneous data. Hence,

all explorations associated with various recording rates as well as number of samples indicate

that a recording rate of PLIF imaging does not affect the mixing quantifications as long as

more than 300 instantaneous images are utilized. This is why this experimental study in

Chapters 5-7 characterizes mixing of JICF based on 500 instantaneous images (more than

300 images) to remove the effect of recording rate, even without performing phase-locked

measurement. More interestingly, molecular mixing extracted both from the centerplane-

and cross-section-based Unmixedness is the most enhanced for Case 3d without clear vor-

tex collisions, which may be counter-intuitive. A further explanation is required using the

cross-section-based PDF, which is shown in Figure 7.28 acquired at 1 Hz.

As one can observe, Case 3d at all downstream locations, x/D = 0, 0.5, 1.0 and 2.5, clearly

yields a higher peak at lower normalized concentration scalar values C/Co, corresponding to

more uniform concentration distributions in cross-sectional structures. These figures suggest

that the near-field vortex collisions may not necessarily make more uniform the concentration

distributions and hence improved molecular mixing.

As previously mentioned, mixing quantification along jet centerline trajectories is ques-
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Figure 7.28: Quantification of cross-section-based probability density function (PDF) of normal-

ized concentration scalar values C/Co based on PLIF data acquired at a recording rate of 1 Hz at

downstream locations of (a) x/D = 0, (b) 0.5, (c) 1.0, and (d) 2.5. The quantifications is based on

PLIF data acquired at a recording rate of 1 Hz.

tionable due to many alternative trajectories that describe such forced jets. However, the

centerplane-based Unmixedness along the unforced jet trajectory as well as along each jet

trajectory in question (see Figures D.24 and D.26) suggests that Case 3c enhances molecular

mixing more than the other forcing conditions. Hence, mixing characteristics of the JICF

with near-field vortex ring collisions are likely to be affected by the variation in the choice of

the spatial coordinate system for mixing quantification, unlike that for sine and single-pulse

square wave forcing in Chapters 5 and 6.

Future studies associated with the flow dynamics of vortex ring interactions and collisions

for the JICF clearly will be required to clarify why vortex collisions for Case 3a-3c do not
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necessarily enhance molecular mixing more than the vortex interactions for Case 3d, as men-

tioned above. Nevertheless, the excitation studies described here indicate that double-pulse

square wave forcing does enable the control of the near-field flow dynamics, and potentially

could significant enhance molecular mixing. With a better understanding of the near-field

flow interaction mechanisms, better controllability of vortex ring collisions and molecular

mixing may be successfully achieved.
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CHAPTER 8

Conclusions and Future Work

The experimental studies in this dissertation have explored the relationship between velocity

and scalar fields (Chapter 3), mixing characterization for variable scale lengths (Chapter 4),

and the effect of axisymmetric forcing of jet fluid on JICF stability, structural, and mixing

characteristics (Chapters 5-7). In Chapter 3, exploration of the interplay between scalar

and velocity fields, using simultaneous PLIF/PIV measurements in the jet’s centerplane,

provided important insights into diffusion/mixing and transport processes in the JICF. POD

analyses using PLIF and PIV images generally showed a good correspondence between the

dynamics of the velocity and scalar fields. The equidensity (S = 1.00) flush nozzle- and

flush pipe-injected JICF were dominated by shear layer structures, and the periodicity of

the upstream shear layer was augmented as J values were reduced from J = 41 to J = 5,

with a clear transition from convective to absolute instability of the upstream shear layer.

Differences in the periodicity between the first and second modes extracted from PIV and

PLIF data for the equidensity flush injection at a transitional condition, J = 12, suggested

different responses of velocity and scalar fields to growing flow perturbations. Moreover, for

the absolutely unstable conditions for the S = 0.35, flush nozzle-injected JICF, although lee-

side stabilities were revealed in PLIF POD mode structures at J = 41, both PIV and PLIF

mode structures clearly showed strong upstream shear layer-behavior dominance at lower

J values, associated with the absolutely unstable upstream shear layer below the critical

density ratio S ∼= 0.40−0.45 (Getsinger et al., 2012). PLIF-based POD analyses with higher

resolution PLIF images showed slight differences as compared with those for lower resolution

PLIF images, however, with strong periodicity at lower J values. In general, scalar mode

structures were consistent between lower- and higher-resolution PLIF images.
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Strain rates on the upstream and downstream mixing layers were extracted from PLIF

and PIV data. The Strained Dissipation and Reaction Layer (SDRL) model was directly

applied to PLIF images to extract the one-dimensional, quasi-steady strain rates. The re-

sults for the equidensity flush nozzle- and pipe-injected JICF showed remarkable qualitative

correspondence between PLIF- and PIV-based strain rates, although there were consider-

able quantitative differences, mainly associated with the effect of spatial resolution in PLIF

images, as described in Gevorkyan (2015) and Gevorkyan et al. (2017). Lower strain rates

were more often observed on the downstream mixing layer, suggesting the propensity for

more robust ignition for the equivalent reactive flowfield. Strain rates were also evaluated

for the S = 0.35 flush nozzle-injected JICF by applying the Howarth transformation in order

to deal with the variation in density through out the flowfield. The results showed good

qualitative agreement, but again significant quantitative discrepancies between PLIF- and

PIV-based strain rates, consistent with the equidensity flush injection cases. As observed in

the equidensity jets, strain rates in the upstream mixing layer were larger in the nearfield

than those for the downstream mixing layer, suggesting that ignition tends to occur more

easily on the lee side of the jet. These findings are consistent with the experimental studies

of the reactive JICF (Wagner et al., 2015).

A new algorithm, based on the concepts of the Mix-Norm (Mathew et al., 2005; Gubanov

and Cortelezzi, 2010) and the Unmixedness (Danckwerts, 1952; Dimotakis and Miller, 1990;

Smith et al., 1997; Gevorkyan et al., 2016), but taking into account variable mixing scale

lengths, was developed here. This approach enabled us to obtain an additional interpreta-

tion of mixing characteristics for the JICF associated with variable flow dynamics, e.g., fluid

mechanical stirring and molecular diffusion. The new algorithm, equivalently the Unmixed-

ness with variable scale lengths, successfully captured different mixing characteristics related

to varying scale lengths from PLIF images, for a range of S values (0.35 ≤ S ≤ 1.00), J

values (5 ≤ J ≤ 41), and alternative injectors. The results showed there could be a local

increase in the Unmixedness at a sc/D location, then a later decrease, instead of a monotonic

decrease in the Unmixedness, i.e., an increase in mixing. This occurred for relatively large

scale lengths for the equidensity flush pipe-injected JICF at all J values explored. The sc/D
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locations where the increase in the Unmixedness was observed remarkably corresponded to

initial locations of vortical flow structures on the upstream shear layer, which were extracted

from the PIV data portion of the simultaneous PLIF/PIV measurements. This suggested

that rolled-up vortical structures on the upstream shear layer may indeed cause an increase

in the Unmixedness, or a worsening mixing, possibly due to relatively high concentrations

of jet fluid captured by vortices, as discussed in Mathew et al. (2005) and Gubanov and

Cortelezzi (2010). A relatively small increase in the Unmixedness was observed for some

other flow conditions, e.g., for the S = 1.00 flush nozzle at J = 12, the S = 1.00 elevated

nozzle at J = 12 and 5, the S = 0.55 flush nozzle at J = 12, and the S = 0.35 flush nozzle at

J = 41, although there was a lesser correspondence to locations of initial rolled-up vortical

structures for these cases. These results imply that the vortical flow structures could but

do not necessarily always enhance fluid mechanical stirring, which may be important for a

specific engineering application. Hence, mixing characterization with variable scale lengths

is potentially a useful tool to investigate flow mixing mechanisms in depth, and thus to

optimize mixing in engineering systems.

The effect of axisymmetric, external forcing of jet fluid on JICF instability, structural,

and mixing characteristics was extensively studied ultimately for the optimization or strate-

gic control of molecular mixing of the JICF, using PLIF-only imaging. Sinusoidal forcing at a

forcing frequency ff fairly close to a fundamental natural frequency fo on the upstream shear

layer for the S = 1.00 flush nozzle-injected JICF at J = 41 (the convectively unstable con-

dition) created a jet bifurcation in the centerplane view, a symmetrized mean cross-section,

and enhanced molecular mixing, even at a relatively low forcing amplitude, U ′

j,rms = 0.07

m/s (approximately 1 % of the mean jet velocity Uj ≈ 6.5 m/s). This observation suggests

that even the convectively unstable JICF required a specific range of forcing frequencies ff

to enhance molecular mixing. For the S = 1.00 flush nozzle-injected JICF at J = 5 (the

absolutely unstable condition), however, a relatively high sinusoidal forcing amplitude was

required to alter jet structures and enhance molecular mixing, but only at a narrow range

of forcing frequencies ff close to fo. At these forcing frequencies, the upstream shear layer

became visually locked-in to external forcing from instantaneous centerplane PLIF images.
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Based on these results, JICF characteristics with sinusoidal excitation are likely related to

lock-in of the upstream shear layer to external forcing.

Single-pulse square wave excitation of the jet with a feedback control system significantly

altered jet structures, even in the absolutely unstable condition at J = 5, creating deeply-

penetrating puff-like vortical structures at a specific range of stroke ratios L/D. Based on

mean mixing metrics, the penetrating vortical structures greatly enhanced jet spread and

penetration, even for the absolutely unstable JICF at J = 10 and 5 in this dissertation.

The optimal stroke ratio L/D for the best jet penetration and spread decreased as J values

were reduced from 41 to 5. The qualitative trend in the varying stroke ratio L/D with

respect to different J values was consistent with the computational observations of Sau and

Mahesh (2010), although the stroke ratio was not necessarily close to a universal time scale

for optimum vortex ring formation in quiescent surroundings, L/D ≈ 4 (Gharib et al., 1998).

Interestingly, instantaneous mixing metrics showed that deep jet penetration and wide jet

spread did not necessarily coincide with enhanced molecular mixing. In addition, the optimal

stroke ratio for the best molecular mixing was approximately the same, or in the same range

for different J values at a given forcing frequency ff and amplitude U ′

j,rms, suggesting that a

fixed stroke ratio could be utilized in a practical system to optimize molecular mixing. The

observation also suggested that the optimal stroke ratio L/D for the best jet spread and

penetration was also not necessarily the same as that for the best molecular mixing. The

optimal stroke ratio L/D for the best jet penetration and spread, as well as molecular mixing

increased at a given J value as the forcing amplitude U ′

j,rms was systematically increased.

Double-pulse square wave excitation successfully created successive vortex rings at the

jet exit, which interacted and even collided, depending on temporal parameters associated

with two pulses, e.g., temporal intervals, temporal pulse widths, and amplitudes. Sequential

instantaneous PLIF images in the centerplane and cross-sectional views clearly illustrated

nearfield vortex interaction and collision occurring at different downstream locations x/D.

Locations of nearfield vortex ring collision were altered with different temporal parameters

such as temporal pulse widths and amplitudes of two pulses, suggesting that vortex collision

could be potentially controlled with a deeper understanding of the mechanism of nearfield
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vortex collisions, and with an improved control system. The results of mean and instanta-

neous mixing metrics suggested that all forcing conditions with double-pulse square wave

forcing enhanced jet penetration and spread, as well as molecular mixing for the JICF, as

compared with the unforced case. Both the centerplane- and cross-section-based Unmixed-

ness demonstrated that vortex collisions did not necessarily enhance molecular mixing more

than the vortex interactions. Although further exploration will be required to understand

this counter-intuitive trend, this new forcing method enabled the control of the near-field

flow dynamics, and potentially could significant enhance and strategically control molecular

mixing, particularly in the jet’s nearfield.

The mixing characterization of the JICF with these excitation methods has significant

implications, mainly for the different responsibility of mean and instantaneous mixing met-

rics, and the effectiveness of varying excitation methods for optimized molecular mixing. As

described above, mixing metrics for the forced JICF clearly revealed that the best jet spread

and penetration do not necessarily correspond to the best molecular mixing. This finding is

extremely important because it casts doubt on a classical concept that jet penetration and

spread represented the degree of mixing. Although mean metrics are still quite useful in

that jet spread and penetration are often practically important in engineering applications

such as dilution jet injection and turbine film cooling, mixing quantification should be com-

prehensively administered using several different methods, mean and instantaneous mixing

metrics, to understand the implications for molecular mixing characteristics in detail.

For strategic control of molecular mixing of the JICF, making a connection between the

fundamental characteristics of the JICF and practical requirements in engineering systems is

crucial. This study demonstrated that effective forcing methods can be different depending

on natural instability and structural characteristics for the JICF in the absence of external

forcing. Hence, from a practical perspective, a deeper understanding of flowfields in actual

engineering systems contributes to the selection of an optimized forcing method, again based

on the metric that best represents the desired goal.

While the present studies have uncovered several new features of structural and mixing

characteristics for the unforced and forced JICF, they also suggest the need for further studies
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as follows:

• Further exploration on double-pulse square wave forcing of the JICF. As described

above, vortex collisions do not necessarily enhance molecular mixing more than simpler

vortex interactions. A understanding of this counter-intuitive phenomenon is impor-

tant to more significantly enhance molecular mixing for the JICF using double-pulse

square wave forcing and thus to strategically maximize or optimize molecular mixing

with improved controllability in the feedback control system.

• An application of asymmetric forcing of jet fluid, particularly for convectively unstable

conditions, which might structurally alter jet structures and hence potentially enhance

mixing characteristics. As noted in Section 1.3, asymmetries for transverse jets in cross-

sectional views were observed in the experimental study by Getsinger et al. (2014) in

the absence of forcing, depending on flow conditions (high J) and types of injection. If

this asymmetric structure is an inherent feature of the jets when they are convectively

unstable, the jet excitation of positive or negative helical modes could potentially

augment or cancel the mechanism of initiation of the asymmetry, possibly resulting

in an alteration of mixing characteristics. As noted in the transverse jet shear layer’s

linear stability analysis by Alves et al. (2007), positive and negative helical growth rates

can be unequal, especially at very high R or J values. Therefore, strategic asymmetric

forcing might be capable of weakening or strengthening the level of inherent asymmetry

in the jet and thus improving mixing.

• Passive control of the JICF using variable shapes of injectors, e.g., non-circular in-

jectors, or an injector with a tab on its exit. Because a passive control system can

be implemented in engineering propulsion system in a relatively simplified manner as

compared with an active control system, the effect of a passive control system on struc-

tural and mixing JICF characteristics could be practically useful. Although there are

previous studies associated with non-circular injectors (Humber et al., 1993; Liscinsky

et al., 1996; New et al., 2004; Plesniak and Cusano, 2005), and a tab on a nozzle exit

(Zaman, 1998; Zaman and Milanovic, 2012) for the JICF, mixing characterization, e.g.,
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molecular mixing of the JICF, has not been comprehensively administered using mean

and instantaneous mixing metrics, as done in this dissertation. Hence, an exploration

of the influence of a passive control system could be interesting for further future work.

• Cross-sectional PIV in order to understand vorticity distribution in cross-sections, es-

pecially with external forcing. This thesis has shown that external forcing has a signif-

icant impact on cross-sectional structural and mixing characteristics. With a specific

forcing condition, an asymmetric cross-section, typically observed for the convectively

unstable JICF, became more symmetric, which generally provided enhanced molecular

mixing as compared with that for more asymmetric cross-sections (Gevorkyan et al.,

2016). Hence, a structural exploration using cross-sectional PIV measurements may

clarify mechanisms of the evolution of CVP structures with external forcing, and thus

contribute to a better strategic control of molecular mixing in the cross-sectional view.

Cross-sectional PIV measurements will be very useful, especially with asymmetric (or

helical mode) forcing of the jet to clarify the mechanism of symmetrization of a cross-

section.

• Phase-locked PLIF imaging (and potentially PIV measurements) for both centerplane

and cross-sectional slices of jets. An understanding of forced JICF structural and mix-

ing characteristics at a specific phase in temporal forcing of jet fluid may be important

for precise control of molecular mixing. Phase-locked measurements could be used to

investigate the temporal formation or growth of vortical and flow structures, and as-

sociating molecular mixing of forced transverse jets. This phase-locked measurements

will clarify the behavior of typical flow structures widely observed by many studies

(Johari et al., 1999; Eroglu and Breidenthal, 2001; M’Closkey et al., 2002; Shapiro

et al., 2006; Sau and Mahesh, 2010; Davitian et al., 2010b), as well as in this study,

and will correlate forced-jet structures with mixing characteristics more in depth.
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APPENDIX A

Mixing Scale Length Data

The following results correspond to data associated with the study of mixing characterization

with variable scale lengths in Chapter 4.

A.1 Unmixedness with Various Scale Lengths without Matching

Mean Values

This section shows the results of mixing evaluation which was not shown in Chapter 4.
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Figure A.1: Comparison of Unmixedness Uc,sn evaluated in the transformed plane (sc/D − n/D)

along the jet centerline trajectory sc/D with the smallest length scale (δs = δp) in PLIF images

for the (a) S = 0.55, and (b) S = 0.35 flush nozzle-injected JICF at J = 41 (top row), 12 (middle

row) and 5 (bottom row). Each plot corresponds to the Unmixedness with: seven-pixel-width

interrogation area with mean values matched by Gevorkyan et al. (2016) (−), one-pixel-width

interrogation area without mean values matched (−), as well as with mean values matched (−).
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Figure A.2: Probability Density Function (PDF) evaluated in the transformed plane (sc/D−n/D)

for the range of mean concentration values ¯C/Co over 200 instantaneous images at a given jet

centerline trajectory location sc/D for the (a) S = 0.55, and (b) S = 0.35 flush nozzle-injected

JICF at J = 41 (top row), 12 (middle row) and 5 (bottom row).
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Figure A.3: Mean centerplane-based Unmixedness Uc,sn evaluated in the transformed plane as

a function of various length scales normalized by the jet diameter δs/D at a given jet centerline

trajectory coordinate sc/D for the equidensity (a) flush nozzle-, (b) elevated nozzle- and (c) flush

pipe-injected JICF at J = 30 (top row), 20 (second row), 10 (third row), and 8 (bottom row).

Mean concentration values in each interrogation area are not matched.
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Figure A.4: Mean centerplane-based Unmixedness Uc,sn evaluated in transformed plane as a func-

tion of jet centerline trajectory coordinate sc/D with a given length scale δs/D for the equidensity

(a) flush nozzle-, (b) elevated nozzle- and (c) flush pipe-injected JICF at J = 30 (top row), 20

(second row), 10 (third row), and 8 (bottom row). Mean concentration values in each interrogation

area are not matched. 372
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Figure A.5: Contour maps of the mean centerplane-based Unmixedness Uc,sn evaluated in trans-

formed plane (sc/D − n/D) as a function of various length scales normalized by the jet diameter

δs/D (x axis) and jet centerline trajectory coordinate sc/D (y axis) for the equidensity (a) flush

nozzle-, (b) elevated nozzle- and (c) flush pipe-injected JICF at J = 30 (top row), 20 (second row),

10 (third row), and 8 (bottom row). Mean concentration values in each interrogation area are not

matched to the reference value here.
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Figure A.6: Mean centerplane-based Unmixedness Uc,sn evaluated in the transformed plane as

a function of various length scales normalized by the jet diameter δs/D at a given jet centerline

trajectory location sc/D for the (a) S = 0.55 and (b) S = 0.35, flush nozzle-injected JICF at J = 30

(top row), 20 (second row), 10 (third row), and 8 (bottom row). Mean concentration values in each

interrogation area are not matched. 374
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Figure A.7: Mean centerplane-based Unmixedness Uc,sn evaluated in the transformed plane as a

function of jet centerline trajectory coordinate sc/D with a given length scale δs/D for the (a)

S = 0.55 and (b) S = 0.35, flush nozzle-injected JICF at J = 30 (top row), 20 (second row), 10

(third row), and 8 (bottom row). Mean concentration values in each interrogation area are not

matched. 375
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Figure A.8: Contour maps of the mean centerplane-based Unmixedness Uc,sn evaluated in the

transformed plane (sc/D−n/D) as a function of various length scales normalized by the jet diameter

δs/D (x axis) and jet centerline trajectory coordinate sc/D (y axis) for the (a) S = 0.55 and (b)

S = 0.35, flush nozzle-injected JICF at J = 30 (top row), 20 (second row), 10 (third row), and

8 (bottom row). Mean concentration values in each interrogation area are not matched to the

reference value here.
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APPENDIX B

Sine Wave Forcing Data

The following results correspond to data associated with the study of sine wave forcing of

the JICF in Chapter 5.

B.1 Temporal Velocity Variation for Sine Wave Forcing

This section shows temporal jet velocity variations at the jet exit with all sinusoidal forcing

conditions explored in this study, which were not shown in Chapter 5.
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(a) ff = 1000 Hz (b) ff = 2000 Hz (c) ff = 2500 Hz
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Figure B.1: Temporal mean-subtracted jet vertical velocity profiles uj − Uj (m/s) without/with

sine wave forcing measured via hotwire anemometry 0.2D above the jet exit plane at J = 41

(U ′

j,rms = 0.07 m/s). Note that velocity RMS of the unforced cases is approximately U ′

j,rms ≈

0.02− 0.03 m/s at J = 41.
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(a) Unforced (b) ff = 500 Hz (c) ff = 800 Hz
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Figure B.2: Temporal mean-subtracted jet vertical velocity profiles uj − Uj (m/s) without/with

sine wave forcing measured via hotwire anemometry 0.2D above the jet exit plane at J = 12

(U ′

j,rms = 0.07 m/s). Note that velocity RMS of the unforced cases is approximately U ′

j,rms ≈ 0.03

m/s at J = 12.
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(a) ff = 800 Hz (b) ff = 1700 Hz (c) ff = 2000 Hz
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Figure B.3: Temporal mean-subtracted jet vertical velocity profiles uj−Uj (m/s) without/with sine

wave forcing measured via hotwire anemometry 0.2D above the jet exit plane at J = 5 (U ′

j,rms =

0.07 m/s). Note that velocity RMS of the unforced cases is approximately U ′

j,rms ≈ 0.03−0.04 m/s

at J = 5.
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(a) ff = 400 Hz (b) ff = 500 Hz (c) ff = 620 Hz
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Figure B.4: Temporal mean-subtracted jet vertical velocity profiles uj−Uj (m/s) without/with sine

wave forcing measured via hotwire anemometry 0.2D above the jet exit plane at J = 5 (U ′

j,rms =

0.22 m/s). Note that velocity RMS of the unforced cases is approximately U ′

j,rms ≈ 0.03−0.04 m/s

at J = 5.
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(a) ff = 200 Hz (b) ff = 310 Hz (c) ff = 460 Hz
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Figure B.5: Temporal mean-subtracted jet vertical velocity profiles uj−Uj (m/s) without/with sine

wave forcing measured via hotwire anemometry 0.2D above the jet exit plane at J = 5 (U ′

j,rms =

0.55 m/s). Note that velocity RMS of the unforced cases is approximately U ′

j,rms ≈ 0.03−0.04 m/s

at J = 5.
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(a) ff = 200 Hz (b) ff = 310 Hz (c) ff = 350 Hz
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(d) ff = 430 Hz (e) ff = 470 Hz (f) ff = 500 Hz
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Figure B.6: Temporal mean-subtracted jet vertical velocity profiles uj−Uj (m/s) without/with sine

wave forcing measured via hotwire anemometry 0.2D above the jet exit plane at J = 5 (U ′

j,rms =

1.00 m/s). Note that velocity RMS of the unforced cases is approximately U ′

j,rms ≈ 0.03−0.04 m/s

at J = 5.

383



B.2 Instantaneous and Mean Centerplane PLIF Images

This section represents instantaneous and mean centerplane PLIF images with sinusoidal

forcing of the jet, which were not shown in Chapter 5. All mean images shown here are

created by averaging 500 instantaneous images.
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(a) Unforced (b) ff = 500Hz (c) ff = 1000Hz
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Figure B.7: Mean centerplane acetone concentration images in the regular plane (x/D − z/D)

for the equidensity flush nozzle-injected JICF at J = 41 for (a) the unforced case (where fo =

1600− 1900 Hz) as well as (b)-(i) the forced cases under sine wave forcing at ff = 500− 6000 Hz

and U ′

j,rms = 0.07 m/s (approximately 1 % of Uj).
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(a) Unforced (b) ff = 500Hz (c) ff = 800Hz
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(d) ff = 1000Hz (e) ff = 2000Hz (f) ff = 2500Hz
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Figure B.8: Mean centerplane acetone concentration images in the regular plane (x/D − z/D)

for the equidensity flush nozzle-injected JICF at J = 12 for (a) the unforced case (where fo =

1900− 2230 Hz) as well as (b)-(i) the forced cases under sine wave forcing at ff = 500− 6000 Hz

and U ′

j,rms = 0.07 m/s (approximately 1 % of Uj).
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(a) Unforced (b) ff = 500Hz (c) ff = 800Hz
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x/D

0 5 10

z
/
D

5

10

15

20

C
/
C

o

0

0.2

0.4

0.6

0.8

1

x/D

0 5 10

z
/
D

5

10

15

20

C
/
C

o

0

0.2

0.4

0.6

0.8

1

x/D

0 5 10

z
/
D

5

10

15

20

C
/
C

o

0

0.2

0.4

0.6

0.8

1

Figure B.9: Mean centerplane acetone concentration images in the regular plane (x/D− z/D) for

the equidensity flush nozzle-injected JICF at J = 5 for (a) the unforced case (where fo = 2000 Hz)

as well as (b)-(i) the forced cases under sine wave forcing at ff = 500− 5000 Hz and U ′

j,rms = 0.07

m/s (approximately 1 % of Uj). Note that the upstream shear layer without forcing is locked-in

for ff ≈ 1250− 3500 Hz.
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(a) Unforced (b) ff = 400Hz (c) ff = 500Hz
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(d) ff = 620Hz (e) ff = 730Hz (f) ff = 750Hz
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Figure B.10: For more figures and caption see next page.
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(j) ff = 950Hz (k) ff = 1000Hz (l) ff = 1300Hz
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Figure B.10: Instantaneous centerplane acetone concentration images in the regular plane (x/D−

z/D) for the equidensity flush nozzle-injected JICF at J = 5 for (a) the unforced case (where

fo = 2000 Hz) as well as (b)-(m) the forced cases under sine wave forcing at ff = 400 − 1550 Hz

and U ′

j,rms = 0.22 m/s (approximately 3 % of Uj). Note that the upstream shear layer without

forcing is locked-in above around ff ≈ 820 Hz.
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(a) Unforced (b) ff = 400Hz (c) ff = 500Hz
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(d) ff = 620Hz (e) ff = 730Hz (f) ff = 750Hz
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(g) ff = 800Hz (h) ff = 830Hz (i) ff = 850Hz
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Figure B.11: For more figures and caption see next page.
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(j) ff = 950Hz (k) ff = 1000Hz (l) ff = 1300Hz
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(m) ff = 1550Hz
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Figure B.11: Mean centerplane acetone concentration images in the regular plane (x/D−z/D) for

the equidensity flush nozzle-injected JICF at J = 5 for (a) the unforced case (where fo = 2000 Hz)

as well as (b)-(m) the forced cases under sine wave forcing at ff = 400−1550 Hz and U ′

j,rms = 0.22

m/s (approximately 3 % of Uj). Note that the upstream shear layer without forcing is locked-in

above around ff ≈ 820 Hz.
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(a) Unforced (b) ff = 200Hz (c) ff = 310Hz
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(d) ff = 400Hz (e) ff = 460Hz (f) ff = 500Hz
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(g) ff = 550Hz (h) ff = 590Hz (i) ff = 620Hz
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Figure B.12: For more figures and caption see next page.
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(j) ff = 800Hz (k) ff = 1000Hz (l) ff = 1100Hz
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(m) ff = 1210Hz
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Figure B.12: Mean centerplane acetone concentration images in the regular plane (x/D−z/D) for

the equidensity flush nozzle-injected JICF at J = 5 for (a) the unforced case (where fo = 2000 Hz)

as well as (b)-(m) the forced cases under sine wave forcing at ff = 200−1210 Hz and U ′

j,rms = 0.55

m/s (approximately 9 % of Uj). Note that the upstream shear layer without forcing is locked-in

above around ff ≈ 590 Hz.
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(a) Unforced (b) ff = 200Hz (c) ff = 310Hz
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(d) ff = 350Hz (e) ff = 400Hz (f) ff = 430Hz
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(g) ff = 470Hz (h) ff = 500Hz (i) ff = 700Hz
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Figure B.13: For more figures and caption see next page.
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(j) ff = 800Hz (k) ff = 1100Hz
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Figure B.13: Mean centerplane acetone concentration images in the regular plane (x/D−z/D) for

the equidensity flush nozzle-injected JICF at J = 5 for (a) the unforced case (where fo = 2000 Hz)

as well as (b)-(k) the forced cases under sine wave forcing at ff = 200− 1100 Hz and U ′

j,rms = 1.00

m/s (approximately 15 % of Uj). Note that the upstream shear layer without forcing is locked-in

above around ff ≈ 300 Hz.
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B.3 Mean Cross-Sectional PLIF Images

This section represents mean cross-sectional PLIF images with sinusoidal forcing of the jet,

which were not shown in Chapter 5. All mean images shown here are created by averaging

500 instantaneous images.
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(c) ff = 6000 Hz
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Figure B.14: Mean cross-sectional acetone concentration images in the y/D − z/D plane for

the equidensity flush nozzle-injected JICF at J = 41, with natural frequency fo = 2000 Hz, for

(a)-(c) the forced cases under sine wave forcing at ff = 1000 − 6000 Hz and U ′

j,rms = 0.07 m/s

(approximately 1 % of Uj).
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(c) ff = 2500 Hz
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Figure B.15: Mean cross-sectional acetone concentration images in the y/D − z/D plane for the

equidensity flush nozzle-injected JICF at J = 5, with natural frequency fo = 2000 Hz, for (a)-(c) the

forced cases under sine wave forcing at ff = 800− 2500 Hz and U ′

j,rms = 0.07 m/s (approximately

1 % of Uj). Note that the upstream shear layer without forcing is locked-in for ff ≈ 1250 − 3500

Hz.
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x/D = 2.5 x/D = 5.5 x/D = 10.5
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(c) ff = 550 Hz
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(d) ff = 590 Hz
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Figure B.16: For more figures and caption see next page.
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(e) ff = 1000 Hz
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(f) ff = 1210 Hz
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Figure B.16: Mean cross-sectional acetone concentration images in the y/D − z/D plane for the

equidensity flush nozzle-injected JICF at J = 5, with natural frequency fo = 2000 Hz, for (a)-(f) the

forced cases under sine wave forcing at ff = 310− 1210 Hz and U ′

j,rms = 0.55 m/s (approximately

9 % of Uj). Note that the upstream shear layer without forcing is locked-in above around ff ≈ 590

Hz.
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(b) ff = 400 Hz
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(c) ff = 430 Hz
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(d) ff = 500 Hz
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Figure B.17: For more figures and caption see next page.
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(e) ff = 700 Hz

y/D
-5 0 5

z
/D

5

10

15

C
/C

o

0

0.1

0.2

0.3

y/D
-5 0 5

z
/D

5

10

15

20

C
/C

o

0

0.05

0.1

0.15

0.2

y/D
-10 0 10

z
/D

5

10

15

20

C
/C

o

0

0.05

0.1

0.15

Figure B.17: Mean cross-sectional acetone concentration images in the y/D − z/D plane for the

equidensity flush nozzle-injected JICF at J = 5, with natural frequency fo = 2000 Hz, for (a)-(e)

the forced cases under sine wave forcing at ff = 310−700 Hz and U ′

j,rms = 1.00 m/s (approximately

15 % of Uj). Note that the upstream shear layer without forcing is locked-in above around ff ≈ 300

Hz.
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B.4 Mixing Quantification for Forced JICF

This section represents the results of mixing quantification, which were not shown in Chapter

5.

(a) Jet trajectories (b) Penetration zp/D
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(c) Vertical spread δz/D (d) Spread δn,unforced/D (e) Spread δn/D
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Figure B.18: Mean mixing metrics for the equidensity flush nozzle-injected JICF at J = 12 for

the unforced case as well as the forced cases under sine wave forcing at ff = 500 − 5000 Hz and

U ′

j,rms = 0.07 m/s (approximately 1 % of Uj): (a) Jet trajectories, (b) jet penetration zp/D, (c) jet

vertical spread δz/D, (d) jet spread normal to the unforced jet trajectory δn,unforced/D and (e) jet

spread normal to each jet trajectory in question δn/D.
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(a) Uc,sn vs. sc/D (b) Uc,sn vs. sc,unforced/D
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Figure B.19: Instantaneous mixing metrics evaluated for the equidensity flush nozzle-injected JICF

at J = 12 for the unforced and forced cases under sine wave forcing at ff = 500 − 5000 Hz and

U ′

j,rms = 0.07 m/s. Each figure represents (a) centerplane-based mean Unmixedness Uc,sn along

sc/D, (b) Uc,sn along sc,unforced/D, (c) centerplane-based mean Unmixedness Uc,xz along x/D,

(d) cross-section-based mean Unmixedness Uyz along x/D, and (e)-(g) cross-section-based mean

probability density function (PDF) of normalized concentration PDF(C/Co) at x/D = 2.5, 5.5 and

10.5, respectively.
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(a) Jet trajectories (b) Penetration zp/D
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(c) Vertical spread δz/D (d) Spread δn,unforced/D (e) Spread δn/D
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Figure B.20: Mean mixing metrics for the equidensity flush nozzle-injected JICF at J = 5 for

the unforced case as well as the forced cases under sine wave forcing at ff = 400 − 1550 Hz and

U ′

j,rms = 0.22 m/s (approximately 3 % of Uj): (a) Jet trajectories, (b) jet penetration zp/D, (c) jet

vertical spread δz/D, (d) jet spread normal to the unforced jet trajectory δn,unforced/D and (e) jet

spread normal to each jet trajectory in question δn/D. Note that the upstream shear layer without

forcing is locked-in above around ff ≈ 820 Hz.
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(a) Uc,sn vs. sc/D (b) Uc,sn vs. sc,unforced/D
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Figure B.21: Instantaneous mixing metrics evaluated for the equidensity flush nozzle-injected JICF

at J = 5 for the unforced and forced cases under sine wave forcing at ff = 400 − 1550 Hz and

U ′

j,rms = 0.07 m/s. Each figure represents (a) centerplane-based mean Unmixedness Uc,sn along

sc/D, (b) Uc,sn along sc,unforced/D, (c) centerplane-based mean Unmixedness Uc,xz along x/D,

(d) cross-section-based mean Unmixedness Uyz along x/D, and (e)-(g) cross-section-based mean

probability density function (PDF) of normalized concentration PDF(C/Co) at x/D = 2.5, 5.5 and

10.5, respectively. Note that the upstream shear layer without forcing is locked-in above around

ff ≈ 820 Hz.
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APPENDIX C

Single-Pulse Square Wave Forcing Data

The following results correspond to data associated with the study of single-pulse square

wave forcing of the JICF in Chapter 6.

C.1 Forcing Conditions for Square Wave Forcing

This section represents forcing conditions for all data sets explored in this study.
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Table C.1: Forcing conditions at J = 41 with matching root-mean-squared velocity perturbation

at U ′

j,rms = 1.0 m/s (0.99 ≤ U ′

j,rms ≤ 1.01 m/s) among all forcing conditions. Actual duty cycles

αactual, as well as three stroke ratios L/D evaluated by the present method in Equation (6.7)

(third column), Equation (6.6) with the simplified relation (fourth column) and Equation (6.5)

with inclusion of the mean jet velocity (fifth column). There is a 95 % confidence interval for input

duty cycles αinput.

αinput (%) αactual (%) L/D (Eq. 6.7) L/D (Eq. 6.6) L/D (Eq. 6.5)

5 11.0± 0.12 0.71± 0.01 1.50± 0.02 2.36± 0.02

10 14.6± 0.10 0.78± 0.01 1.60± 0.02 3.07± 0.02

15 20.5± 0.15 1.07± 0.01 1.68± 0.04 4.17± 0.03

20 25.7± 0.19 1.19± 0.01 1.94± 0.02 5.09± 0.03

25 30.5± 0.12 1.39± 0.02 2.06± 0.03 5.93± 0.03

30 35.9± 0.21 1.56± 0.02 2.31± 0.04 6.84± 0.04

35 40.7± 0.34 1.75± 0.03 2.41± 0.03 7.64± 0.05

40 46.4± 0.27 1.98± 0.02 2.68± 0.06 8.56± 0.05

45 50.5± 0.41 2.16± 0.04 2.74± 0.06 9.25± 0.06

50 56.4± 0.13 2.46± 0.02 3.09± 0.02 10.2± 0.03

60 66.9± 0.41 3.05± 0.03 3.66± 0.09 11.8± 0.06

70 76.7± 0.26 3.82± 0.04 4.42± 0.05 13.2± 0.04
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Table C.2: Forcing conditions at J = 20 with matching root-mean-squared velocity perturbation

at U ′

j,rms = 1.0 m/s (0.99 ≤ U ′

j,rms ≤ 1.00 m/s) among all forcing conditions. Actual duty cycles

αactual, as well as three stroke ratios L/D evaluated by the present method in Equation (6.7)

(third column), Equation (6.6) with the simplified relation (fourth column) and Equation (6.5)

with inclusion of the mean jet velocity (fifth column). There is a 95 % confidence interval for input

duty cycles αinput.

αinput (%) αactual (%) L/D (Eq. 6.7) L/D (Eq. 6.6) L/D (Eq. 6.5)

5 11.2± 0.06 0.71± 0.01 1.50± 0.02 2.41± 0.01

10 15.0± 0.09 0.80± 0.01 1.65± 0.01 3.15± 0.01

15 21.1± 0.18 1.10± 0.01 1.74± 0.02 4.24± 0.03

25 31.0± 0.20 1.44± 0.01 2.06± 0.03 5.99± 0.04

30 36.7± 0.21 1.65± 0.02 2.34± 0.03 6.94± 0.03

35 41.2± 0.14 1.85± 0.01 2.46± 0.02 7.71± 0.03

40 46.8± 0.19 2.05± 0.02 2.72± 0.04 8.61± 0.04

45 51.4± 0.23 2.27± 0.01 2.79± 0.04 9.35± 0.02

50 57.2± 0.37 2.51± 0.04 3.12± 0.08 10.3± 0.06

60 67.2± 0.16 3.08± 0.02 3.70± 0.06 11.8± 0.03

70 77.2± 0.18 3.85± 0.04 4.44± 0.05 13.3± 0.05
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Table C.3: Forcing conditions at J = 10 with matching root-mean-squared velocity perturbation

at U ′

j,rms = 2.0 m/s (1.99 ≤ U ′

j,rms ≤ 2.05 m/s) among all forcing conditions. Actual duty cycles

αactual, as well as three stroke ratios L/D evaluated by the present method in Equation (6.7)

(third column), Equation (6.6) with the simplified relation (fourth column) and Equation (6.5)

with inclusion of the mean jet velocity (fifth column). There is a 95 % confidence interval for input

duty cycles αinput.

αinput (%) αactual (%) L/D (Eq. 6.7) L/D (Eq. 6.6) L/D (Eq. 6.5)

20 26.1± 0.06 2.61± 0.01 4.19± 0.02 6.12± 0.02

30 36.1± 0.07 3.29± 0.01 4.85± 0.02 7.92± 0.01

35 40.6± 0.08 3.50± 0.01 4.89± 0.03 8.73± 0.02

40 46.0± 0.17 3.89± 0.03 5.41± 0.04 9.63± 0.03

45 50.3± 0.14 4.13± 0.03 5.82± 0.03 10.3± 0.02

50 55.7± 0.10 4.58± 0.03 6.16± 0.11 11.2± 0.02

70 76.4± 1.27 6.98± 0.35 9.07± 0.34 14.1± 0.11
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Table C.4: Forcing conditions at J = 5 with matching root-mean-squared velocity perturbation

at U ′

j,rms = 1.0 m/s (1.00 ≤ U ′

j,rms ≤ 1.02 m/s) among all forcing conditions. Actual duty cycles

αactual, as well as three stroke ratios L/D evaluated by the present method in Equation (6.7)

(third column), Equation (6.6) with the simplified relation (fourth column) and Equation (6.5)

with inclusion of the mean jet velocity (fifth column). There is a 95 % confidence interval for input

duty cycles αinput.

αinput (%) αactual (%) L/D (Eq. 6.7) L/D (Eq. 6.6) L/D (Eq. 6.5)

5 11.3± 0.16 0.74± 0.01 1.70± 0.08 2.38± 0.03

10 15.5± 0.18 0.83± 0.01 1.79± 0.03 3.21± 0.03

15 21.4± 0.22 1.14± 0.02 1.85± 0.04 4.30± 0.04

20 26.1± 0.18 1.28± 0.03 1.99± 0.03 5.15± 0.05

25 31.1± 0.69 1.50± 0.06 2.17± 0.09 6.01± 0.13

30 36.4± 0.59 1.67± 0.04 2.37± 0.05 6.90± 0.10

35 40.4± 0.25 1.80± 0.03 2.42± 0.07 7.60± 0.04

40 46.7± 0.54 2.04± 0.05 2.77± 0.07 8.60± 0.09

45 51.0± 0.78 2.24± 0.08 3.15± 0.08 9.29± 0.12

50 56.0± 0.48 2.43± 0.07 3.24± 0.08 10.1± 0.09

60 66.0± 0.60 2.96± 0.06 3.78± 0.09 11.6± 0.09

70 76.3± 0.39 3.72± 0.07 4.66± 0.12 13.2± 0.06
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Table C.5: Forcing conditions at J = 5 with matching root-mean-squared velocity perturbation

at U ′

j,rms = 1.5 m/s (1.48 ≤ U ′

j,rms ≤ 1.52 m/s) among all forcing conditions. Actual duty cycles

αactual, as well as three stroke ratios L/D evaluated by the present method in Equation (6.7)

(third column), Equation (6.6) with the simplified relation (fourth column) and Equation (6.5)

with inclusion of the mean jet velocity (fifth column). There is a 95 % confidence interval for input

duty cycles αinput.

αinput (%) αactual (%) L/D (Eq. 6.7) L/D (Eq. 6.6) L/D (Eq. 6.5)

10 14.9± 0.07 1.17± 0.01 2.69± 0.04 3.40± 0.02

15 21.0± 0.35 1.68± 0.05 2.73± 0.06 4.65± 0.09

20 25.7± 0.11 1.84± 0.02 2.91± 0.02 5.50± 0.02

25 30.8± 0.18 2.24± 0.02 3.18± 0.04 6.44± 0.03

30 36.0± 0.29 2.52± 0.03 3.60± 0.04 7.37± 0.03

35 40.4± 0.25 2.69± 0.03 3.68± 0.05 8.14± 0.04

40 46.3± 0.37 3.08± 0.06 4.36± 0.08 9.09± 0.07

45 50.5± 0.35 3.32± 0.07 4.90± 0.03 9.77± 0.08

50 55.8± 0.45 3.60± 0.08 5.00± 0.09 10.6± 0.07

60 65.6± 0.39 4.30± 0.11 5.96± 0.12 12.1± 0.11

70 76.2± 0.35 5.36± 0.08 6.97± 0.12 13.6± 0.08
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Table C.6: Forcing conditions at J = 5 with matching root-mean-squared velocity perturbation

at U ′

j,rms = 2.0 m/s (1.99 ≤ U ′

j,rms ≤ 2.02 m/s) among all forcing conditions. Actual duty cycles

αactual, as well as three stroke ratios L/D evaluated by the present method in Equation (6.7)

(third column), Equation (6.6) with the simplified relation (fourth column) and Equation (6.5)

with inclusion of the mean jet velocity (fifth column). There is a 95 % confidence interval for input

duty cycles αinput.

αinput (%) αactual (%) L/D (Eq. 6.7) L/D (Eq. 6.6) L/D (Eq. 6.5)

20 25.9± 0.14 2.48± 0.01 4.06± 0.03 6.03± 0.02

25 31.3± 0.13 2.93± 0.02 4.23± 0.03 7.03± 0.03

30 36.0± 0.26 3.19± 0.05 4.71± 0.04 7.90± 0.06

35 40.4± 0.09 3.41± 0.01 4.80± 0.03 8.70± 0.01

40 46.0± 0.29 3.83± 0.05 5.36± 0.06 9.62± 0.05

45 50.1± 0.29 4.03± 0.06 5.68± 0.06 10.3± 0.06

50 55.5± 0.15 4.43± 0.04 6.04± 0.06 11.2± 0.04

70 82.8± 0.91 7.60± 0.05 10.3± 0.38 14.7± 0.07
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Table C.7: Forcing conditions at J = 5 with matching root-mean-squared velocity perturbation

at U ′

j,rms = 2.5 m/s (2.48 ≤ U ′

j,rms ≤ 2.51 m/s) among all forcing conditions. Actual duty cycles

αactual, as well as three stroke ratios L/D evaluated by the present method in Equation (6.7)

(third column), Equation (6.6) with the simplified relation (fourth column) and Equation (6.5)

with inclusion of the mean jet velocity (fifth column). There is a 95 % confidence interval for input

duty cycles αinput.

αinput (%) αactual (%) L/D (Eq. 6.7) L/D (Eq. 6.6) L/D (Eq. 6.5)

30 36.2± 0.13 4.02± 0.02 5.77± 0.04 8.46± 0.04

40 46.4± 0.36 4.83± 0.04 6.47± 0.09 10.2± 0.05

50 55.6± 0.41 5.84± 0.11 7.72± 0.13 11.7± 0.08

70 75.7± 0.72 8.79± 0.25 10.7± 0.24 14.5± 0.07

Table C.8: Forcing conditions at J = 5 with matching root-mean-squared velocity perturbation

at U ′

j,rms = 3.0 m/s (2.98 ≤ U ′

j,rms ≤ 3.03 m/s) among all forcing conditions. Actual duty cycles

αactual, as well as three stroke ratios L/D evaluated by the present method in Equation (6.7)

(third column), Equation (6.6) with the simplified relation (fourth column) and Equation (6.5)

with inclusion of the mean jet velocity (fifth column). There is a 95 % confidence interval for input

duty cycles αinput.

αinput (%) αactual (%) L/D (Eq. 6.7) L/D (Eq. 6.6) L/D (Eq. 6.5)

40 45.8± 0.30 5.66± 0.07 7.72± 0.10 10.7± 0.05

45 50.3± 0.36 6.26± 0.10 8.74± 0.11 11.5± 0.06

50 55.3± 0.28 6.79± 0.10 9.19± 0.09 12.3± 0.05

70 75.2± 0.33 10.3± 0.16 12.6± 0.17 14.9± 0.04
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C.2 Temporal Velocity Variation for Single-Pulse Square Wave

Forcing

This section shows temporal jet velocity variations at the jet exit with all single-pulse square

wave forcing conditions explored in this study, which were not shown in Chapter 6.
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(a) L/D = 0.71 (11.0 %) (b) L/D = 0.78 (14.6 %) (c) L/D = 1.07 (20.5 %)
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(d) L/D = 1.19 (25.7 %) (e) L/D = 1.39 (30.5 %) (f) L/D = 1.56 (35.9 %)
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(g) L/D = 1.75 (40.7 %) (h) L/D = 1.98 (46.4 %) (i) L/D = 2.16 (50.5 %)
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(j) L/D = 2.46 (56.4 %) (k) L/D = 3.05 (66.9 %) (l) L/D = 3.82 (76.7 %)
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Figure C.1: For more figures and caption see next page.
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(m) Sine wave forcing (n) αinput = 10 % (no control) (o) αinput = 20 % (no control)
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Figure C.1: Temporal mean-subtracted jet vertical velocity profiles uj−Uj (m/s) (−) with single-

pulse square wave forcing measured via hotwire anemometry 0.2D above the jet exit plane at

S = 1.00, and J = 41 (ff = 100 Hz and U ′

j,rms = 1.0 m/s) with seeded acetone. Ideal waveforms

(--) are also plotted for square wave forcing with and without control.
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(a) L/D = 1.29 (14.5 %) (b) L/D = 1.79 (20.6 %) (c) L/D = 1.96 (25.3 %)
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(d) L/D = 2.32 (30.3 %) (e) L/D = 2.63 (35.7 %) (f) L/D = 2.96 (40.7 %)
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(g) L/D = 3.28 (46.5 %) (h) L/D = 3.60 (50.8 %) (i) L/D = 4.12 (56.9 %)
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Figure C.2: For more figures and caption see next page.
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(j) αinput = 10 % (no control) (k) αinput = 20 % (no control) (l) αinput = 50 % (no control)
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Figure C.2: Temporal mean-subtracted jet vertical velocity profiles uj−Uj (m/s) (−) with single-

pulse square wave forcing measured via hotwire anemometry 0.2D above the jet exit plane at

S = 1.00, and J = 41 (ff = 100 Hz and U ′

j,rms = 1.7 m/s) with seeded acetone. Ideal waveforms

(--) are also plotted for square wave forcing with and without control.
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(a) L/D = 0.71 (11.2 %) (b) L/D = 0.80 (15.0 %) (c) L/D = 1.10 (21.1 %)

Time (s)

0 0.01 0.02 0.03

u
j
−

U
j
(m

/
s)

-2

0

2

4

6

Time (s)

0 0.01 0.02 0.03

u
j
−

U
j
(m

/
s)

-2

0

2

4

6

Time (s)

0 0.01 0.02 0.03

u
j
−

U
j
(m

/
s)

-1

0

1

2

3

(d) L/D = 1.44 (31.0 %) (e) L/D = 1.65 (36.7 %) (f) L/D = 1.85 (41.2 %)
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(g) L/D = 2.05 (46.8 %) (h) L/D = 2.27 (51.4 %) (i) L/D = 2.51 (57.2 %)
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Figure C.3: For more figures and caption see next page.
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(m) αinput = 10 % (no control) (n) αinput = 20 % (no control) (o) αinput = 50 % (no control)
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Figure C.3: Temporal mean-subtracted jet vertical velocity profiles uj−Uj (m/s) (−) with single-

pulse square wave forcing measured via hotwire anemometry 0.2D above the jet exit plane at

S = 1.00, and J = 20 (ff = 100 Hz and U ′

j,rms = 1.0 m/s) with seeded acetone. Ideal waveforms

(--) are also plotted for square wave forcing with and without control.
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(a) L/D = 1.39 (14.9 %) (b) L/D = 1.91 (20.9 %) (c) L/D = 2.15 (26.0 %)
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(d) L/D = 2.52 (30.9 %) (e) L/D = 2.81 (36.3 %) (f) L/D = 3.15 (41.2 %)
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(g) L/D = 3.51 (46.8 %) (h) L/D = 3.82 (51.1 %) (i) L/D = 4.20 (56.8 %)

Time (s)

0 0.01 0.02 0.03

u
j
−

U
j
(m

/
s)

-2

-1

0

1

2

3

Time (s)

0 0.01 0.02 0.03

u
j
−

U
j
(m

/
s)

-2

-1

0

1

2

3

Time (s)

0 0.01 0.02 0.03

u
j
−

U
j
(m

/
s)

-4

-2

0

2

4

(j) L/D = 6.24 (76.7 %) (k) Sine wave forcing (l) αinput = 20 % (no control)
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Figure C.4: For more figures and caption see next page.
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(m) αinput = 50 % (no control)
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Figure C.4: Temporal mean-subtracted jet vertical velocity profiles uj−Uj (m/s) (−) with single-

pulse square wave forcing measured via hotwire anemometry 0.2D above the jet exit plane at

S = 1.00, and J = 20 (ff = 100 Hz and U ′

j,rms = 1.7 m/s) with seeded acetone. Ideal waveforms

(--) are also plotted for square wave forcing with and without control.
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(a) L/D = 1.33 (14.7 %) (b) L/D = 2.09 (25.9 %) (c) L/D = 2.75 (36.2 %)
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(d) L/D = 3.08 (41.2 %) (e) L/D = 3.41 (46.8 %) (f) L/D = 3.71 (51.2 %)
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(g) L/D = 4.16 (56.9 %) (h) L/D = 6.16 (76.7 %) (i) Sine wave forcing
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Figure C.5: Temporal mean-subtracted jet vertical velocity profiles uj−Uj (m/s) (−) with single-

pulse square wave forcing measured via hotwire anemometry 0.2D above the jet exit plane at

S = 1.00, and J = 10 (ff = 100 Hz and U ′

j,rms = 1.7 m/s) with seeded acetone. Ideal waveforms

(--) are also plotted for square wave forcing with and without control.
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(a) L/D = 2.61 (26.1 %) (b) L/D = 3.29 (36.1 %) (c) L/D = 3.50 (40.6 %)
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(d) L/D = 3.89 (46.0 %) (e) L/D = 4.13 (50.3 %) (f) L/D = 4.58 (55.7 %)
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(g) L/D = 6.98 (76.4 %) (h) Sine wave forcing (i) αinput = 20 % (no control)
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Figure C.6: Temporal mean-subtracted jet vertical velocity profiles uj−Uj (m/s) (−) with single-

pulse square wave forcing measured via hotwire anemometry 0.2D above the jet exit plane at

S = 1.00, and J = 10 (ff = 100 Hz and U ′

j,rms = 2.0 m/s) with seeded acetone. Ideal waveforms

(--) are also plotted for square wave forcing with and without control.

424



(a) L/D = 0.74 (11.3 %) (b) L/D = 0.83 (15.5 %) (c) L/D = 1.14 (21.4 %)
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(d) L/D = 1.28 (26.1 %) (e) L/D = 1.50 (31.1 %) (f) L/D = 1.67 (36.4 %)
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(g) L/D = 1.80 (40.4 %) (h) L/D = 2.04 (46.7 %) (i) L/D = 2.24 (51.0 %)
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Figure C.7: For more figures and caption see next page.
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(m) Sine wave forcing (n) αinput = 10 % (no control) (o) αinput = 20 % (no control)
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Figure C.7: Temporal mean-subtracted jet vertical velocity profiles uj−Uj (m/s) (−) with single-

pulse square wave forcing measured via hotwire anemometry 0.2D above the jet exit plane at

S = 1.00, and J = 5 (ff = 100 Hz and U ′

j,rms = 1.0 m/s) with seeded acetone. Ideal waveforms (-

-) are also plotted for square wave forcing with and without control.
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(a) L/D = 1.17 (14.9 %) (b) L/D = 1.68 (21.0 %) (c) L/D = 1.84 (25.7 %)
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(d) L/D = 2.24 (30.8 %) (e) L/D = 2.52 (36.0 %) (f) L/D = 2.69 (40.4 %)
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(g) L/D = 3.08 (46.3 %) (h) L/D = 3.32 (50.5 %) (i) L/D = 3.60 (55.8 %)
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Figure C.8: For more figures and caption see next page.
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(k) αinput = 10 % (no control) (k) αinput = 20 % (no control) (k) αinput = 50 % (no control)
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Figure C.8: Temporal mean-subtracted jet vertical velocity profiles uj−Uj (m/s) (−) with single-

pulse square wave forcing measured via hotwire anemometry 0.2D above the jet exit plane at

S = 1.00, and J = 5 (ff = 100 Hz and U ′

j,rms = 1.5 m/s) with seeded acetone. Ideal waveforms (-

-) are also plotted for square wave forcing with and without control.
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(a) L/D = 1.38 (15.0 %) (b) L/D = 1.87 (21.2 %) (c) L/D = 2.10 (26.0 %)
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(d) L/D = 2.45 (31.0 %) (e) L/D = 2.72 (36.2 %) (f) L/D = 3.04 (41.1 %)
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(g) L/D = 3.37 (46.7 %) (h) L/D = 3.69 (51.2 %) (i) L/D = 4.07 (56.8 %)
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(j) L/D = 6.22 (78.3 %) (k) Sine wave forcing (l) αinput = 20 % (no control)
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Figure C.9: For more figures and caption see next page.
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(m) αinput = 50 % (no control)
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Figure C.9: Temporal mean-subtracted jet vertical velocity profiles uj−Uj (m/s) (−) with single-

pulse square wave forcing measured via hotwire anemometry 0.2D above the jet exit plane at

S = 1.00, and J = 5 (ff = 100 Hz and U ′

j,rms = 1.7 m/s) with seeded acetone. Ideal waveforms (-

-) are also plotted for square wave forcing with and without control.
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(a) L/D = 2.48 (25.9 %) (b) L/D = 2.93 (31.3 %) (c) L/D = 3.19 (36.0 %)
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(d) L/D = 3.41 (40.4 %) (e) L/D = 3.83 (46.0 %) (f) L/D = 4.03 (50.1 %)
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(g) L/D = 4.43 (55.5 %) (h) L/D = 7.60 (82.8 %) (i) Sine wave forcing
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(j) αinput = 20 % (no control) (k) αinput = 50 % (no control)

Time (s)

0 0.01 0.02 0.03

u
j
−

U
j
(m

/
s)

-4

-2

0

2

4

6

Time (s)

0 0.01 0.02 0.03

u
j
−

U
j
(m

/
s)

-4

-2

0

2

4

Figure C.10: Temporal mean-subtracted jet vertical velocity profiles uj − Uj (m/s) (−) with

single-pulse square wave forcing measured via hotwire anemometry 0.2D above the jet exit plane

at S = 1.00, and J = 5 (ff = 100 Hz and U ′

j,rms = 2.0 m/s) with seeded acetone. Ideal waveforms

(--) are also plotted for square wave forcing with and without control.
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(a) L/D = 4.02 (36.2 %) (b) L/D = 4.83 (46.4 %) (c) L/D = 5.84 (55.6 %)
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(d) L/D = 8.79 (75.7 %) (e) Sine wave forcing (f) αinput = 30 % (no control)
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Figure C.11: Temporal mean-subtracted jet vertical velocity profiles uj − Uj (m/s) (−) with

single-pulse square wave forcing measured via hotwire anemometry 0.2D above the jet exit plane

at S = 1.00, and J = 5 (ff = 100 Hz and U ′

j,rms = 2.5 m/s) with seeded acetone. Ideal waveforms

(--) are also plotted for square wave forcing with and without control.
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(a) L/D = 5.66 (45.8 %) (b) L/D = 6.26 (50.3 %) (c) L/D = 6.79 (55.3 %)
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Figure C.12: Temporal mean-subtracted jet vertical velocity profiles uj − Uj (m/s) (−) with

single-pulse square wave forcing measured via hotwire anemometry 0.2D above the jet exit plane

at S = 1.00, and J = 5 (ff = 100 Hz and U ′

j,rms = 3.0 m/s) with seeded acetone. Ideal waveforms

(--) are also plotted for square wave forcing with and without control.
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C.3 Instantaneous and Mean Centerplane PLIF Images

This section represents instantaneous and mean centerplane PLIF images with single-pulse

square wave forcing of the jet, which were not shown in Chapter 6. All mean images shown

here are created by averaging 500 instantaneous images. Note that stroke ratio L/D with

asterisk corresponds to the existence of deeply-penetrating puff-like vortical flow structures

observed in instantaneous centerplane images.
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(a) Unforced (b) L/D = 0.71 (11.0 %) (c) L/D = 0.78 (14.6 %)
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(d) L/D = 1.07 (20.5 %) (e) L/D = 1.19 (25.7 %) (f) L/D = 1.39 (30.5 %)
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(g) L/D = 1.56 (35.9 %) (h) L/D = 1.75 (40.7 %) (i) L/D = 1.98 (46.4 %)
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Figure C.13: For more figures and caption see next page.
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(j) L/D = 2.16 (50.5 %) (k) L/D = 2.46 (56.4 %) (l) L/D = 3.05 (66.9 %)
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(m) L/D = 3.82 (76.7 %) (n) Sine wave forcing (o) αinput = 10 % (no control)
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(p) αinput = 20 % (no control) (q) αinput = 50 % (no control)
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Figure C.13: Instantaneous centerplane PLIF images in the x/D − z/D plane for the equidensity

flush nozzle-injected JICF at J = 41 for (a) the unforced case, (b)-(m) the forced cases under single-

pulse square wave forcing with control at stroke ratios ranging L/D = 0.71 − 3.82 (actual duty

cycle αactual (%) in parentheses), (n) under sine wave forcing, as well as (o)-(q) under single-pulse

square wave forcing without control at αinput = 10− 50 %. All forcing conditions are at ff = 100

Hz and U ′

j,rms = 1.0 m/s (approximately 15 % of Uj).
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(a) Unforced (b) L/D = 0.71 (11.0 %) (c) L/D = 0.78 (14.6 %)
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(d) L/D = 1.07 (20.5 %) (e) L/D = 1.19 (25.7 %) (f) L/D = 1.39 (30.5 %)
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(g) L/D = 1.56 (35.9 %) (h) L/D = 1.75 (40.7 %) (i) L/D = 1.98 (46.4 %)
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Figure C.14: For more figures and caption see next page.
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(j) L/D = 2.16 (50.5 %) (k) L/D = 2.46 (56.4 %) (l) L/D = 3.05 (66.9 %)
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(m) L/D = 3.82 (76.7 %) (n) Sine wave forcing (o) αinput = 10 % (no control)
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(p) αinput = 20 % (no control) (q) αinput = 50 % (no control)

x/D

0 5 10

z
/
D

5

10

15

20

C
/
C

o

0.01

0.1

1

x/D

0 5 10

z
/
D

5

10

15

20

C
/
C

o

0.01

0.1

1

Figure C.14: Mean centerplane PLIF images in the x/D − z/D plane for the equidensity flush

nozzle-injected JICF at J = 41 for (a) the unforced case, (b)-(m) the forced cases under single-

pulse square wave forcing with control at stroke ratios ranging L/D = 0.71 − 3.82 (actual duty

cycle αactual (%) in parentheses), (n) under sine wave forcing, as well as (o)-(q) under single-pulse

square wave forcing without control at αinput = 10− 50 %. All forcing conditions are at ff = 100

Hz and U ′

j,rms = 1.0 m/s (approximately 15 % of Uj).
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(a) Unforced (b) L/D = 1.29 (14.5 %) (c) L/D = 1.79 (20.6 %)
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(d) L/D = 1.96 (25.3 %) (e) L/D = 2.32 (30.3 %) (f) L/D = 2.63 (35.7 %)
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(g) L/D = 2.96 (40.7 %) (h) L/D = 3.28 (46.5 %) (i) L/D = 3.60 (50.8 %)
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Figure C.15: For more figures and caption see next page.
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(j) L/D = 4.12 (56.9 %) (k) L/D = 5.04 (67.0 %) (l) L/D = 6.35 (77.3 %)
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(m) Sine wave forcing (n) αinput = 10 % (no control) (o) αinput = 20 % (no control)
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Figure C.15: Mean centerplane PLIF images in the x/D − z/D plane for the equidensity flush

nozzle-injected JICF at J = 41 for (a) the unforced case, (b)-(l) the forced cases under single-

pulse square wave forcing with control at stroke ratios ranging L/D = 1.29 − 6.35 (actual duty

cycle αactual (%) in parentheses), (m) under sine wave forcing, as well as (n)-(p) under single-pulse

square wave forcing without control at αinput = 10− 50 %. All forcing conditions are at ff = 100

Hz and U ′

j,rms = 1.7 m/s (approximately 26 % of Uj).
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(a) Unforced (b) L/D = 0.71 (11.2 %) (c) L/D = 0.80 (15.0 %)
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(d) L/D = 1.10 (21.1 %) (e) L/D = 1.44 (31.0 %) (f) L/D = 1.65 (36.7 %)
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(g) L/D = 1.85 (41.2 %) (h) L/D = 2.05 (46.8 %) (i) L/D = 2.27 (51.4 %)

x/D

0 5 10

z
/
D

5

10

15

20

C
/
C

o

0.01

0.1

1

x/D

0 5 10

z
/
D

5

10

15

20

C
/
C

o

0.01

0.1

1

x/D

0 5 10

z
/
D

5

10

15

20

C
/
C

o

0.01

0.1

1

Figure C.16: For more figures and caption see next page.
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(j) L/D = 2.51 (57.2 %) (k) L/D = 3.08 (67.2 %) (l) L/D = 3.85 (77.2 %)
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(m) Sine wave forcing (n) αinput = 10 % (no control) (o) αinput = 20 % (no control)
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Figure C.16: Instantaneous centerplane PLIF images in the x/D − z/D plane for the equidensity

flush nozzle-injected JICF at J = 20 for (a) the unforced case, (b)-(l) the forced cases under single-

pulse square wave forcing with control at stroke ratios ranging L/D = 0.71 − 3.85 (actual duty

cycle αactual (%) in parentheses), (m) under sine wave forcing, as well as (n)-(p) under single-pulse

square wave forcing without control at αinput = 10− 50 %. All forcing conditions are at ff = 100

Hz and U ′

j,rms = 1.0 m/s (approximately 15 % of Uj).
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(a) Unforced (b) L/D = 0.71 (11.2 %) (c) L/D = 0.80 (15.0 %)
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(d) L/D = 1.10 (21.1 %) (e) L/D = 1.44 (31.0 %) (f) L/D = 1.65 (36.7 %)
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(g) L/D = 1.85 (41.2 %) (h) L/D = 2.05 (46.8 %) (i) L/D = 2.27 (51.4 %)
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Figure C.17: For more figures and caption see next page.
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(j) L/D = 2.51 (57.2 %) (k) L/D = 3.08 (67.2 %) (l) L/D = 3.85 (77.2 %)
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(m) Sine wave forcing (n) αinput = 10 % (no control) (o) αinput = 20 % (no control)
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(p) αinput = 50 % (no control)
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Figure C.17: Mean centerplane PLIF images in the x/D − z/D plane for the equidensity flush

nozzle-injected JICF at J = 20 for (a) the unforced case, (b)-(l) the forced cases under single-

pulse square wave forcing with control at stroke ratios ranging L/D = 0.71 − 3.85 (actual duty

cycle αactual (%) in parentheses), (m) under sine wave forcing, as well as (n)-(p) under single-pulse

square wave forcing without control at αinput = 10− 50 %. All forcing conditions are at ff = 100

Hz and U ′

j,rms = 1.0 m/s (approximately 15 % of Uj).
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(a) Unforced (b) L/D = 1.39∗ (14.9 %) (c) L/D = 1.91 (20.9 %)

x/D

0 5 10

z
/
D

5

10

15

20

C
/
C

o

0.01

0.1

1

x/D

0 5 10

z
/
D

5

10

15

20

C
/
C

o

0.01

0.1

1

x/D

0 5 10

z
/
D

5

10

15

20

C
/
C

o

0.01

0.1

1

(d) L/D = 2.15 (26.0 %) (e) L/D = 2.52 (30.9 %) (f) L/D = 2.81∗ (36.3 %)
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(g) L/D = 3.15∗ (41.2 %) (h) L/D = 3.51∗ (46.8 %) (i) L/D = 3.82∗ (51.1 %)
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Figure C.18: For more figures and caption see next page.
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(j) L/D = 4.20∗ (56.8 %) (k) L/D = 6.24 (76.7 %) (l) Sine wave forcing
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(m) αinput = 20 % (no control) (n) αinput = 50 % (no control)
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Figure C.18: Mean centerplane PLIF images in the x/D − z/D plane for the equidensity flush

nozzle-injected JICF at J = 20 for (a) the unforced case, (b)-(k) the forced cases under single-pulse

square wave forcing with control at stroke ratios ranging L/D = 1.39 − 6.24 (actual duty cycle

αactual (%) in parentheses), (l) under sine wave forcing, as well as (m)-(n) under single-pulse square

wave forcing without control at αinput = 20− 50 %. All forcing conditions are at ff = 100 Hz and

U ′

j,rms = 1.7 m/s (approximately 26 % of Uj).
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(a) Unforced (b) L/D = 1.33∗ (14.7 %) (c) L/D = 2.09∗ (25.9 %)
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(d) L/D = 2.75∗ (36.2 %) (e) L/D = 3.08∗ (41.2 %) (f) L/D = 3.41 (46.8 %)
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(g) L/D = 3.71 (51.2 %) (h) L/D = 4.16 (56.9 %) (i) L/D = 6.16 (76.7 %)
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Figure C.19: For more figures and caption see next page.
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(j) Sine wave forcing (k) αinput = 20 % (no control) (l) αinput = 50 % (no control)
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Figure C.19: Mean centerplane PLIF images in the x/D − z/D plane for the equidensity flush

nozzle-injected JICF at J = 10 for (a) the unforced case, (b)-(i) the forced cases under single-pulse

square wave forcing with control at stroke ratios ranging L/D = 1.33 − 6.16 (actual duty cycle

αactual (%) in parentheses), (j) under sine wave forcing, as well as (k)-(l) under single-pulse square

wave forcing without control at αinput = 20− 50 %. All forcing conditions are at ff = 100 Hz and

U ′

j,rms = 1.7 m/s (approximately 26 % of Uj).
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(a) Unforced (b) L/D = 2.61∗ (26.1 %) (c) L/D = 3.29∗ (36.1 %)
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(d) L/D = 3.50∗ (40.6 %) (e) L/D = 3.89 (46.0 %) (f) L/D = 4.13 (50.3 %)
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(g) L/D = 4.58 (55.7 %) (h) L/D = 6.98 (76.4 %) (i) Sine wave forcing
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Figure C.20: For more figures and caption see next page.
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(j) αinput = 20 % (no control) (k) αinput = 50 % (no control)
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Figure C.20: Instantaneous centerplane PLIF images in the x/D − z/D plane for the equidensity

flush nozzle-injected JICF at J = 10 for (a) the unforced case, (b)-(h) the forced cases under single-

pulse square wave forcing with control at stroke ratios ranging L/D = 2.61 − 6.98 (actual duty

cycle αactual (%) in parentheses), (i) under sine wave forcing, as well as (j)-(k) under single-pulse

square wave forcing without control at αinput = 20− 50 %. All forcing conditions are at ff = 100

Hz and U ′

j,rms = 2.0 m/s (approximately 31 % of Uj).
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(a) Unforced (b) L/D = 2.61∗ (26.1 %) (c) L/D = 3.29∗ (36.1 %)
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(d) L/D = 3.50∗ (40.6 %) (e) L/D = 3.89 (46.0 %) (f) L/D = 4.13 (50.3 %)
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(g) L/D = 4.58 (55.7 %) (h) L/D = 6.98 (76.4 %) (i) Sine wave forcing
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Figure C.21: For more figures and caption see next page.
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(j) αinput = 20 % (no control) (k) αinput = 50 % (no control)
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Figure C.21: Mean centerplane PLIF images in the x/D − z/D plane for the equidensity flush

nozzle-injected JICF at J = 10 for (a) the unforced case, (b)-(h) the forced cases under single-pulse

square wave forcing with control at stroke ratios ranging L/D = 2.61 − 6.98 (actual duty cycle

αactual (%) in parentheses), (i) under sine wave forcing, as well as (j)-(k) under single-pulse square

wave forcing without control at αinput = 20− 50 %. All forcing conditions are at ff = 100 Hz and

U ′

j,rms = 2.0 m/s (approximately 31 % of Uj).
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(a) Unforced (b) L/D = 0.74∗ (11.3 %) (c) L/D = 0.83∗ (15.5 %)
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(d) L/D = 1.14 (21.4 %) (e) L/D = 1.28 (26.1 %) (f) L/D = 1.50 (31.1 %)
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(g) L/D = 1.67 (36.4 %) (h) L/D = 1.80 (40.4 %) (i) L/D = 2.04 (46.7 %)
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Figure C.22: For more figures and caption see next page.

453



(j) L/D = 2.24 (51.0 %) (k) L/D = 2.43 (56.0 %) (l) L/D = 2.96 (66.0 %)
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(m) L/D = 3.72 (76.3 %) (n) Sine wave forcing (o) αinput = 10 % (no control)
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(p) αinput = 20 % (no control) (q) αinput = 50 % (no control)
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Figure C.22: Instantaneous centerplane PLIF images in the x/D − z/D plane for the equidensity

flush nozzle-injected JICF at J = 5 for (a) the unforced case, (b)-(m) the forced cases under single-

pulse square wave forcing with control at stroke ratios ranging L/D = 0.74 − 3.72 (actual duty

cycle αactual (%) in parentheses), (n) under sine wave forcing, as well as (o)-(q) under single-pulse

square wave forcing without control at αinput = 10− 50 %. All forcing conditions are at ff = 100

Hz and U ′

j,rms = 1.0 m/s (approximately 15 % of Uj).
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(a) Unforced (b) L/D = 0.74∗ (11.3 %) (c) L/D = 0.83∗ (15.5 %)
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(d) L/D = 1.14 (21.4 %) (e) L/D = 1.28 (26.1 %) (f) L/D = 1.50 (31.1 %)
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(g) L/D = 1.67 (36.4 %) (h) L/D = 1.80 (40.4 %) (i) L/D = 2.04 (46.7 %)
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Figure C.23: For more figures and caption see next page.
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(j) L/D = 2.24 (51.0 %) (k) L/D = 2.43 (56.0 %) (l) L/D = 2.96 (66.0 %)
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(m) L/D = 3.72 (76.3 %) (n) Sine wave forcing (o) αinput = 10 % (no control)
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(p) αinput = 20 % (no control) (q) αinput = 50 % (no control)
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Figure C.23: Mean centerplane PLIF images in the x/D − z/D plane for the equidensity flush

nozzle-injected JICF at J = 5 for (a) the unforced case, (b)-(m) the forced cases under single-pulse

square wave forcing with control at stroke ratios ranging L/D = 0.74 − 3.72 (actual duty cycle

αactual (%) in parentheses), (n) under sine wave forcing, as well as (o)-(q) under single-pulse square

wave forcing without control at αinput = 10− 50 %. All forcing conditions are at ff = 100 Hz and

U ′

j,rms = 1.0 m/s (approximately 15 % of Uj).
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(a) Unforced (b) L/D = 1.17∗ (14.9 %) (c) L/D = 1.68∗ (21.0 %)
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(d) L/D = 1.84 (25.7 %) (e) L/D = 2.24 (30.8 %) (f) L/D = 2.52 (36.0 %)
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(g) L/D = 2.69 (40.4 %) (h) L/D = 3.08 (46.3 %) (i) L/D = 3.32 (50.5 %)
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Figure C.24: For more figures and caption see next page.
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(j) L/D = 3.60 (55.8 %) (k) L/D = 4.30 (65.6 %) (l) L/D = 5.36 (76.2 %)

x/D

0 5 10

z
/
D

5

10

15

20

C
/
C

o
0.01

0.1

1

x/D

0 5 10
z
/
D

5

10

15

20

C
/
C

o

0.01

0.1

1

x/D

0 5 10

z
/
D

5

10

15

20

C
/
C

o

0.01

0.1

1

(m) Sine wave forcing (n) αinput = 10 % (no control) (o) αinput = 20 % (no control)
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(p) αinput = 50 % (no control)
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Figure C.24: Instantaneous centerplane PLIF images in the x/D − z/D plane for the equidensity

flush nozzle-injected JICF at J = 5 for (a) the unforced case, (b)-(l) the forced cases under single-

pulse square wave forcing with control at stroke ratios ranging L/D = 1.17 − 5.36 (actual duty

cycle αactual (%) in parentheses), (m) under sine wave forcing, as well as (n)-(p) under single-pulse

square wave forcing without control at αinput = 10− 50 %. All forcing conditions are at ff = 100

Hz and U ′

j,rms = 1.5 m/s (approximately 23 % of Uj).
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(a) Unforced (b) L/D = 1.17∗ (14.9 %) (c) L/D = 1.68∗ (21.0 %)
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(d) L/D = 1.84 (25.7 %) (e) L/D = 2.24 (30.8 %) (f) L/D = 2.52 (36.0 %)
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(g) L/D = 2.69 (40.4 %) (h) L/D = 3.08 (46.3 %) (i) L/D = 3.32 (50.5 %)
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Figure C.25: For more figures and caption see next page.
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(j) L/D = 3.60 (55.8 %) (k) L/D = 4.30 (65.6 %) (l) L/D = 5.36 (76.2 %)
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(m) Sine wave forcing (n) αinput = 10 % (no control) (o) αinput = 20 % (no control)
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(p) αinput = 50 % (no control)
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Figure C.25: Mean centerplane PLIF images in the x/D − z/D plane for the equidensity flush

nozzle-injected JICF at J = 5 for (a) the unforced case, (b)-(l) the forced cases under single-

pulse square wave forcing with control at stroke ratios ranging L/D = 1.17 − 5.36 (actual duty

cycle αactual (%) in parentheses), (m) under sine wave forcing, as well as (n)-(p) under single-pulse

square wave forcing without control at αinput = 10− 50 %. All forcing conditions are at ff = 100

Hz and U ′

j,rms = 1.5 m/s (approximately 23 % of Uj).
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(a) Unforced (b) L/D = 1.38∗ (15.0 %) (c) L/D = 1.87∗ (21.2 %)
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(d) L/D = 2.10∗ (26.0 %) (e) L/D = 2.45 (31.0 %) (f) L/D = 2.72 (36.2 %)
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(g) L/D = 3.04 (41.1 %) (h) L/D = 3.37 (46.7 %) (i) L/D = 3.69 (51.2 %)
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Figure C.26: For more figures and caption see next page.
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(j) L/D = 4.07 (56.8 %) (k) L/D = 6.22 (78.3 %) (l) Sine wave forcing
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(m) αinput = 20 % (no control) (n) αinput = 50 % (no control)
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Figure C.26: Mean centerplane PLIF images in the x/D − z/D plane for the equidensity flush

nozzle-injected JICF at J = 5 for (a) the unforced case, (b)-(k) the forced cases under single-pulse

square wave forcing with control at stroke ratios ranging L/D = 1.38 − 6.22 (actual duty cycle

αactual (%) in parentheses), (l) under sine wave forcing, as well as (m)-(n) under single-pulse square

wave forcing without control at αinput = 20− 50 %. All forcing conditions are at ff = 100 Hz and

U ′

j,rms = 1.7 m/s (approximately 26 % of Uj).
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(a) Unforced (b) L/D = 2.48∗ (25.9 %) (c) L/D = 2.93∗ (31.3 %)
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(d) L/D = 3.19∗ (36.0 %) (e) L/D = 3.41 (40.4 %) (f) L/D = 3.83 (46.0 %)
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(g) L/D = 4.03 (50.1 %) (h) L/D = 4.43 (55.5 %) (i) L/D = 7.60 (82.8 %)
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Figure C.27: For more figures and caption see next page.
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(j) Sine wave forcing (k) αinput = 20 % (no control) (l) αinput = 50 % (no control)
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Figure C.27: Instantaneous centerplane PLIF images in the x/D − z/D plane for the equidensity

flush nozzle-injected JICF at J = 5 for (a) the unforced case, (b)-(i) the forced cases under single-

pulse square wave forcing with control at stroke ratios ranging L/D = 2.48 − 7.60 (actual duty

cycle αactual (%) in parentheses), (j) under sine wave forcing, as well as (k)-(l) under single-pulse

square wave forcing without control at αinput = 20− 50 %. All forcing conditions are at ff = 100

Hz and U ′

j,rms = 2.0 m/s (approximately 31 % of Uj).
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(a) Unforced (b) L/D = 2.48∗ (25.9 %) (c) L/D = 2.93∗ (31.3 %)
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(d) L/D = 3.19∗ (36.0 %) (e) L/D = 3.41 (40.4 %) (f) L/D = 3.83 (46.0 %)
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(g) L/D = 4.03 (50.1 %) (h) L/D = 4.43 (55.5 %) (i) L/D = 7.60 (82.8 %)
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Figure C.28: For more figures and caption see next page.
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(j) Sine wave forcing (k) αinput = 20 % (no control) (l) αinput = 50 % (no control)
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Figure C.28: Mean centerplane PLIF images in the x/D − z/D plane for the equidensity flush

nozzle-injected JICF at J = 5 for (a) the unforced case, (b)-(i) the forced cases under single-pulse

square wave forcing with control at stroke ratios ranging L/D = 2.48 − 7.60 (actual duty cycle

αactual (%) in parentheses), (j) under sine wave forcing, as well as (k)-(l) under single-pulse square

wave forcing without control at αinput = 20− 50 %. All forcing conditions are at ff = 100 Hz and

U ′

j,rms = 2.0 m/s (approximately 31 % of Uj).
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(a) Unforced (b) L/D = 4.02 (36.2 %) (c) L/D = 4.83 (46.4 %)
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(d) L/D = 5.84 (55.6 %) (e) L/D = 8.79 (75.7 %) (f) Sine wave forcing
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(g) αinput = 30 % (no control) (h) αinput = 50 % (no control)
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Figure C.29: Instantaneous centerplane PLIF images in the x/D − z/D plane for the equidensity

flush nozzle-injected JICF at J = 5 for (a) the unforced case, (b)-(e) the forced cases under single-

pulse square wave forcing with control at stroke ratios ranging L/D = 4.02 − 8.79 (actual duty

cycle αactual (%) in parentheses), (f) under sine wave forcing, as well as (g)-(h) under single-pulse

square wave forcing without control at αinput = 30− 50 %. All forcing conditions are at ff = 100

Hz and U ′

j,rms = 2.5 m/s (approximately 38 % of Uj).
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(a) Unforced (b) L/D = 4.02 (36.2 %) (c) L/D = 4.83 (46.4 %)
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(d) L/D = 5.84 (55.6 %) (e) L/D = 8.79 (75.7 %) (f) Sine wave forcing
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(g) αinput = 30 % (no control) (h) αinput = 50 % (no control)
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Figure C.30: Mean centerplane PLIF images in the x/D − z/D plane for the equidensity flush

nozzle-injected JICF at J = 5 for (a) the unforced case, (b)-(e) the forced cases under single-pulse

square wave forcing with control at stroke ratios ranging L/D = 4.02 − 8.79 (actual duty cycle

αactual (%) in parentheses), (f) under sine wave forcing, as well as (g)-(h) under single-pulse square

wave forcing without control at αinput = 30− 50 %. All forcing conditions are at ff = 100 Hz and

U ′

j,rms = 2.5 m/s (approximately 38 % of Uj).
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(a) Unforced (b) L/D = 5.66 (45.8 %) (c) L/D = 6.26 (50.3 %)
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(d) L/D = 6.79 (55.3 %) (e) L/D = 10.3 (75.2 %) (f) Sine wave forcing
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(g) αinput = 40 % (no control)
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Figure C.31: Instantaneous centerplane PLIF images in the x/D − z/D plane for the equidensity

flush nozzle-injected JICF at J = 5 for (a) the unforced case, (b)-(e) the forced cases under single-

pulse square wave forcing with control at stroke ratios ranging L/D = 5.66−10.3 (actual duty cycle

αactual (%) in parentheses), (f) under sine wave forcing, as well as (g) under single-pulse square

wave forcing without control at αinput = 40 %. All forcing conditions are at ff = 100 Hz and

U ′

j,rms = 3.0 m/s (approximately 46 % of Uj).
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(a) Unforced (b) L/D = 5.66 (45.8 %) (c) L/D = 6.26 (50.3 %)
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(d) L/D = 6.79 (55.3 %) (e) L/D = 10.3 (75.2 %) (f) Sine wave forcing

x/D

0 5 10

z
/
D

5

10

15

20

C
/
C

o

0.01

0.1

1

x/D

0 5 10

z
/
D

5

10

15

20

C
/
C

o

0.01

0.1

1

x/D

0 5 10

z
/
D

5

10

15

20

C
/
C

o

0.01

0.1

1

(g) αinput = 40 % (no control)

x/D

0 5 10

z
/
D

5

10

15

20

C
/
C

o

0.01

0.1

1

Figure C.32: Mean centerplane PLIF images in the x/D − z/D plane for the equidensity flush

nozzle-injected JICF at J = 5 for (a) the unforced case, (b)-(e) the forced cases under single-pulse

square wave forcing with control at stroke ratios ranging L/D = 5.66 − 10.3 (actual duty cycle

αactual (%) in parentheses), (f) under sine wave forcing, as well as (g) under single-pulse square

wave forcing without control at αinput = 40 %. All forcing conditions are at ff = 100 Hz and

U ′

j,rms = 3.0 m/s (approximately 46 % of Uj).
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C.4 Mean Cross-Sectional PLIF Images

This section represents mean cross-sectional PLIF images with single-pulse square wave forc-

ing of the jet, which were not shown in Chapter 6. All mean images shown here are created

by averaging 500 instantaneous images. Again, stroke ratio L/D with asterisk corresponds

to the existence of deeply-penetrating puff-like vortical flow structures observed in instanta-

neous centerplane images
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(e) L/D = 3.60
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Figure C.33: For more figures and caption see next page.
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x/D = 2.5 x/D = 5.5 x/D = 10.5

(f) L/D = 5.04
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(g) αinput = 10 %
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Figure C.33: Mean cross-sectional PLIF images in the y/D − z/D plane for the equidensity flush

nozzle-injected JICF at J = 41 for (a)-(f) the forced cases under single-pulse square wave forcing

at stroke ratios ranging L/D = 1.79 − 5.04, and (g)-(h) under single-pulse square wave forcing

without control at αinput = 10 and 20 %. All forcing cases are at ff = 100 Hz and U ′

j,rms = 1.7

m/s (approximately 26 % of Uj).
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x/D = 2.5 x/D = 5.5 x/D = 10.5
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(e) L/D = 3.82
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Figure C.34: For more figures and caption see next page.
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Figure C.34: Mean cross-sectional PLIF images in the y/D − z/D plane for the equidensity flush

nozzle-injected JICF at J = 20 for (a)-(e) the forced cases under single-pulse square wave forcing

at stroke ratios ranging L/D = 1.91− 3.82, and (f) under single-pulse square wave forcing without

control at αinput = 50 %. All forcing cases are at ff = 100 Hz and U ′

j,rms = 1.7 m/s (approximately

26 % of Uj).
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Figure C.35: Mean cross-sectional PLIF images in the y/D − z/D plane for the equidensity flush

nozzle-injected JICF at J = 10 for (a)-(c) the forced cases under single-pulse square wave forcing

at stroke ratios ranging L/D = 2.75− 3.71, and (d) under single-pulse square wave forcing without

control at αinput = 50 %. All forcing cases are at ff = 100 Hz and U ′

j,rms = 1.7 m/s (approximately

26 % of Uj).
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(e) L/D = 3.69
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Figure C.36: For more figures and caption see next page.
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Figure C.36: Mean cross-sectional PLIF images in the y/D − z/D plane for the equidensity flush

nozzle-injected JICF at J = 5 for (a)-(e) the forced cases under single-pulse square wave forcing

at stroke ratios ranging L/D = 1.87− 3.69, and (f) under single-pulse square wave forcing without

control at αinput = 50 %. All forcing cases are at ff = 100 Hz and U ′

j,rms = 1.7 m/s (approximately

26 % of Uj).
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C.5 Mixing Quantification for Forced JICF

This section represents the results of mixing quantification, which were not shown in Chapter

6.

(a) Jet trajectories (b) Penetration zp/D
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Figure C.37: Mean mixing metrics for the equidensity flush nozzle-injected JICF at J = 41 for the

unforced case and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (0.71 ≤ L/D ≤ 3.82) at ff = 100 Hz and U ′

j,rms = 1.0 m/s: (a) Jet trajectories, (b) jet

penetration zp/D, (c) jet vertical spread δz/D, (d) jet spread normal to the unforced jet trajectory

δn,unforced/D and (e) jet spread normal to each jet trajectory in question δn/D.
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(a) Uc,sn vs. sc/D (b) Uc,sn vs. sc,unforced/D
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Figure C.38: Instantaneous mixing metrics for the equidensity flush nozzle-injected JICF at J = 41

for the unforced and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (0.71 ≤ L/D ≤ 3.82) at ff = 100 Hz and U ′

j,rms = 1.0 m/s. Each figure represents

(a) centerplane-based mean Unmixedness Uc,sn along sc/D, (b) Uc,sn along sc,unforced/D, and (c)

centerplane-based mean Unmixedness Uc,xz along x/D, respectively.
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Figure C.39: Mean mixing metrics for the equidensity flush nozzle-injected JICF at J = 20 for the

unforced case and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (0.71 ≤ L/D ≤ 3.85) at ff = 100 Hz and U ′

j,rms = 1.0 m/s: (a) Jet trajectories, (b) jet

penetration zp/D, (c) jet vertical spread δz/D, (d) jet spread normal to the unforced jet trajectory

δn,unforced/D and (e) jet spread normal to each jet trajectory in question δn/D.
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(a) Uc,sn vs. sc/D (b) Uc,sn vs. sc,unforced/D
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Figure C.40: Instantaneous mixing metrics for the equidensity flush nozzle-injected JICF at J = 20

for the unforced and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (0.71 ≤ L/D ≤ 3.85) at ff = 100 Hz and U ′

j,rms = 1.0 m/s. Each figure represents

(a) centerplane-based mean Unmixedness Uc,sn along sc/D, (b) Uc,sn along sc,unforced/D, and (c)

centerplane-based mean Unmixedness Uc,xz along x/D, respectively.
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Figure C.41: Mean mixing metrics for the equidensity flush nozzle-injected JICF at J = 10 for the

unforced case and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (2.61 ≤ L/D ≤ 6.98) at ff = 100 Hz and U ′

j,rms = 2.0 m/s: (a) Jet trajectories, (b) jet

penetration zp/D, (c) jet vertical spread δz/D, (d) jet spread normal to the unforced jet trajectory

δn,unforced/D and (e) jet spread normal to each jet trajectory in question δn/D.
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(a) Uc,sn vs. sc/D (b) Uc,sn vs. sc,unforced/D
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Figure C.42: Instantaneous mixing metrics for the equidensity flush nozzle-injected JICF at J = 10

for the unforced and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (2.61 ≤ L/D ≤ 6.98) at ff = 100 Hz and U ′

j,rms = 2.0 m/s. Each figure represents

(a) centerplane-based mean Unmixedness Uc,sn along sc/D, (b) Uc,sn along sc,unforced/D, and (c)

centerplane-based mean Unmixedness Uc,xz along x/D, respectively.
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Figure C.43: Mean mixing metrics for the equidensity flush nozzle-injected JICF at J = 5 for the

unforced case and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (0.74 ≤ L/D ≤ 3.72) at ff = 100 Hz and U ′

j,rms = 1.0 m/s: (a) Jet trajectories, (b) jet

penetration zp/D, (c) jet vertical spread δz/D, (d) jet spread normal to the unforced jet trajectory

δn,unforced/D and (e) jet spread normal to each jet trajectory in question δn/D.
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(a) Uc,sn vs. sc/D (b) Uc,sn vs. sc,unforced/D
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Figure C.44: Instantaneous mixing metrics for the equidensity flush nozzle-injected JICF at J = 5

for the unforced and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (0.74 ≤ L/D ≤ 3.72) at ff = 100 Hz and U ′

j,rms = 1.0 m/s. Each figure represents

(a) centerplane-based mean Unmixedness Uc,sn along sc/D, (b) Uc,sn along sc,unforced/D, and (c)

centerplane-based mean Unmixedness Uc,xz along x/D, respectively.
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(a) Jet trajectories (b) Penetration zp/D
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Figure C.45: Mean mixing metrics for the equidensity flush nozzle-injected JICF at J = 5 for the

unforced case and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (1.17 ≤ L/D ≤ 5.36) at ff = 100 Hz and U ′

j,rms = 1.5 m/s: (a) Jet trajectories, (b) jet

penetration zp/D, (c) jet vertical spread δz/D, (d) jet spread normal to the unforced jet trajectory

δn,unforced/D and (e) jet spread normal to each jet trajectory in question δn/D.
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(a) Uc,sn vs. sc/D (b) Uc,sn vs. sc,unforced/D
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Figure C.46: Instantaneous mixing metrics for the equidensity flush nozzle-injected JICF at J = 5

for the unforced and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (1.17 ≤ L/D ≤ 5.36) at ff = 100 Hz and U ′

j,rms = 1.5 m/s. Each figure represents

(a) centerplane-based mean Unmixedness Uc,sn along sc/D, (b) Uc,sn along sc,unforced/D, and (c)

centerplane-based mean Unmixedness Uc,xz along x/D, respectively.
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(a) Jet trajectories (b) Penetration zp/D
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Figure C.47: Mean mixing metrics for the equidensity flush nozzle-injected JICF at J = 5 for the

unforced case and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (2.48 ≤ L/D ≤ 7.60) at ff = 100 Hz and U ′

j,rms = 2.0 m/s: (a) Jet trajectories, (b) jet

penetration zp/D, (c) jet vertical spread δz/D, (d) jet spread normal to the unforced jet trajectory

δn,unforced/D and (e) jet spread normal to each jet trajectory in question δn/D.
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(a) Uc,sn vs. sc/D (b) Uc,sn vs. sc,unforced/D
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Figure C.48: Instantaneous mixing metrics for the equidensity flush nozzle-injected JICF at J = 5

for the unforced and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (2.48 ≤ L/D ≤ 7.60) at ff = 100 Hz and U ′

j,rms = 2.0 m/s. Each figure represents

(a) centerplane-based mean Unmixedness Uc,sn along sc/D, (b) Uc,sn along sc,unforced/D, and (c)

centerplane-based mean Unmixedness Uc,xz along x/D, respectively.
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Figure C.49: Mean mixing metrics for the equidensity flush nozzle-injected JICF at J = 5 for the

unforced case and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (4.02 ≤ L/D ≤ 8.79) at ff = 100 Hz and U ′

j,rms = 2.5 m/s: (a) Jet trajectories, (b) jet

penetration zp/D, (c) jet vertical spread δz/D, (d) jet spread normal to the unforced jet trajectory

δn,unforced/D and (e) jet spread normal to each jet trajectory in question δn/D.
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Figure C.50: Instantaneous mixing metrics for the equidensity flush nozzle-injected JICF at J = 5

for the unforced and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (4.02 ≤ L/D ≤ 8.79) at ff = 100 Hz and U ′

j,rms = 2.5 m/s. Each figure represents

(a) centerplane-based mean Unmixedness Uc,sn along sc/D, (b) Uc,sn along sc,unforced/D, and (c)

centerplane-based mean Unmixedness Uc,xz along x/D, respectively.
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Figure C.51: Mean mixing metrics for the equidensity flush nozzle-injected JICF at J = 5 for the

unforced case and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (5.66 ≤ L/D ≤ 10.3) at ff = 100 Hz and U ′

j,rms = 3.0 m/s: (a) Jet trajectories, (b) jet

penetration zp/D, (c) jet vertical spread δz/D, (d) jet spread normal to the unforced jet trajectory

δn,unforced/D and (e) jet spread normal to each jet trajectory in question δn/D.
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Figure C.52: Instantaneous mixing metrics for the equidensity flush nozzle-injected JICF at J = 5

for the unforced and forced cases under sine wave forcing as well as single-pulse square wave forcing

with control (5.66 ≤ L/D ≤ 10.3) at ff = 100 Hz and U ′

j,rms = 3.0 m/s. Each figure represents

(a) centerplane-based mean Unmixedness Uc,sn along sc/D, (b) Uc,sn along sc,unforced/D, and (c)

centerplane-based mean Unmixedness Uc,xz along x/D, respectively.
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APPENDIX D

Double-Pulse Square Wave Forcing Data

The following results correspond to data associated with the study of double-pulse square

wave forcing in Chapter 7.

D.1 Mean Centerplane PLIF Images

This section represents mean centerplane PLIF images for all data sets discussed in Chapter

7. All mean images shown here are created by averaging 500 instantaneous images.
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(d) Case 1d (e) Case 1e (f) Case 1f

x/D

0 5 10

z
/
D

2

4

6

8

10

12

14

C
/
C

o

0

0.2

0.4

0.6

0.8

1

x/D

0 5 10

z
/
D

2

4

6

8

10

12

14

C
/
C

o
0

0.2

0.4

0.6

0.8

1

x/D

0 5 10
z
/
D

2

4

6

8

10

12

14

C
/
C

o

0

0.2

0.4

0.6

0.8

1

(g) Case 1g
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Figure D.1: Mean centerplane PLIF images (ensemble of 500 instantaneous images) under double-

pulse square wave forcing (ff = 55 Hz) for Cases 1a-1g with matching RMS of jet velocity per-

turbation at U ′

j,rms = 1.7 m/s (approximately 63 % of the mean jet velocity at the jet exit plane

Uj = 2.7 m/s). These images were acquired at a recording rate of 5 Hz.
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(d) Case 1d (e) Case 1e (f) Case 1f
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(g) Case 1g
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Figure D.2: Mean centerplane PLIF images (ensemble of 500 instantaneous images) under double-

pulse square wave forcing (ff = 55 Hz) for Cases 1a-1g with matching peak-to-peak jet velocity

amplitude at ∆Uj ≈ 4.3 m/s. These images were acquired at a recording rate of 5 Hz.
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(a) Case 2a (b) Case 2b
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(c) Case 2c (d) Case 2d
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Figure D.3: Mean centerplane PLIF images (ensemble of 500 instantaneous images) under double-

pulse square wave forcing (ff = 55 Hz) without the improvements in the feedback controller for

Cases 2a-2d with matching RMS of jet velocity perturbation at U ′

j,rms = 1.7 m/s (approximately

63 % of the mean jet velocity at the jet exit plane Uj = 2.7 m/s). These images were acquired at

a recording rate of 1 Hz.
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(a) Case 3a (b) Case 3b
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(c) Case 3c (d) Case 3d
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Figure D.4: Mean centerplane PLIF images (ensemble of 500 instantaneous images) under double-

pulse square wave forcing (ff = 55 Hz) without the improvements in the feedback controller for

Cases 3a-3d with matching RMS of jet velocity perturbation at U ′

j,rms = 1.7 m/s (approximately

63 % of the mean jet velocity at the jet exit plane Uj = 2.7 m/s). These images were acquired at

a recording rate of 1 Hz.
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D.2 Instantaneous and Mean Cross-Sectional PLIF Images

This section represents instantaneous and mean cross-sectional PLIF images for Cases 3a-3d,

which were not shown in Chapter 7. All mean images shown here are created by averaging

500 instantaneous images.
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Figure D.5: (a)-(h) Sequential instantaneous and (i) mean cross-sectional PLIF images (ensemble

of 500 instantaneous images) under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s acquired at the downstream location of x/D = 0.5 (Case 3a). These images were acquired at

a recording rate of 1 Hz.
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Figure D.6: (a)-(h) Sequential instantaneous and (i) mean cross-sectional PLIF images (ensemble

of 500 instantaneous images) under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s acquired at the downstream location of x/D = 1.0 (Case 3a). These images were acquired at

a recording rate of 1 Hz.
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Figure D.7: (a)-(h) Sequential instantaneous and (i) mean cross-sectional PLIF images (ensemble

of 500 instantaneous images) under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s acquired at the downstream location of x/D = 2.5 (Case 3a). These images were acquired at

a recording rate of 1 Hz.
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Figure D.8: (a)-(h) Sequential instantaneous and (i) mean cross-sectional PLIF images (ensemble

of 500 instantaneous images) under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s acquired at the downstream location of x/D = 0 (Case 3b). These images were acquired at a

recording rate of 1 Hz.
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Figure D.9: (a)-(h) Sequential instantaneous and (i) mean cross-sectional PLIF images (ensemble

of 500 instantaneous images) under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s acquired at the downstream location of x/D = 1.0 (Case 3b). These images were acquired at

a recording rate of 1 Hz.
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Figure D.10: (a)-(h) Sequential instantaneous and (i) mean cross-sectional PLIF images (ensemble

of 500 instantaneous images) under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s acquired at the downstream location of x/D = 2.5 (Case 3b). These images were acquired at

a recording rate of 1 Hz.
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Figure D.11: (a)-(h) Sequential instantaneous and (i) mean cross-sectional PLIF images (ensemble

of 500 instantaneous images) under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s acquired at the downstream location of x/D = 0 (Case 3c). These images were acquired at a

recording rate of 1 Hz.
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Figure D.12: (a)-(h) Sequential instantaneous and (i) mean cross-sectional PLIF images (ensemble

of 500 instantaneous images) under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s acquired at the downstream location of x/D = 0.5 (Case 3c). These images were acquired at

a recording rate of 1 Hz.
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Figure D.13: (a)-(h) Sequential instantaneous and (i) mean cross-sectional PLIF images (ensemble

of 500 instantaneous images) under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s acquired at the downstream location of x/D = 2.5 (Case 3c). These images were acquired at

a recording rate of 1 Hz.
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Figure D.14: (a)-(h) Sequential instantaneous and (i) mean cross-sectional PLIF images (ensemble

of 500 instantaneous images) under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s acquired at the downstream location of x/D = 0 (Case 3d). These images were acquired at a

recording rate of 1 Hz.
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Figure D.15: (a)-(h) Sequential instantaneous and (i) mean cross-sectional PLIF images (ensemble

of 500 instantaneous images) under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s acquired at the downstream location of x/D = 1.0 (Case 3d). These images were acquired at

a recording rate of 1 Hz.
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Figure D.16: (a)-(h) Sequential instantaneous and (i) mean cross-sectional PLIF images (ensemble

of 500 instantaneous images) under double-pulse square wave forcing at ff = 55 Hz and U ′

j,rms = 1.7

m/s acquired at the downstream location of x/D = 2.5 (Case 3d). These images were acquired at

a recording rate of 1 Hz.

512



D.3 Mixing Quantification for Forced JICF

This section represents mixing quantification of JICF for all data set, which were not shown

in Chapter 7.
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(e) Ensemble of 300 data (f) Ensemble of 400 data

x/D

0 2 4 6

U
c,
x
z
(%

)

10

20

30

40

50

60

70

x/D

0 2 4 6

U
c,
x
z
(%

)

10

20

30

40

50

60

70

Figure D.17: Quantification of centerplane-based Unmixedness Uc,xz along x/D for Cases 3a-3d

with matching RMS of jet velocity perturbation at U ′

j,rms = 1.7 m/s using an ensemble of (a) 10,

(b) 50, (c) 100, (d) 200, (e) 300, and (f) 400 instantaneous images. The quantification is based on

PLIF data acquired at a recording rate of 1 Hz.
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Figure D.18: Quantification of centerplane-based Unmixedness Uc,xz along x/D for Cases 3a-3d

with matching RMS of jet velocity perturbation at U ′

j,rms = 1.7 m/s using an ensemble of (a) 10,

(b) 50, (c) 100, (d) 200, (e) 300, and (f) 400 instantaneous images. The quantification is based on

PLIF data acquired at a recording rate of 7.5 Hz.
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Figure D.19: Quantification of cross-section-based Unmixedness Uc,xz along x/D for Cases 3a-3d

with matching RMS of jet velocity perturbation at U ′

j,rms = 1.7 m/s using an ensemble of (a) 10,

(b) 50, (c) 100, (d) 200, (e) 300, and (f) 400 instantaneous images. The quantification is based on

PLIF data acquired at a recording rate of 1 Hz.
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Figure D.20: Quantification of cross-section-based Unmixedness Uc,xz along x/D for Cases 3a-3d

with matching RMS of jet velocity perturbation at U ′

j,rms = 1.7 m/s using an ensemble of (a) 10,

(b) 50, (c) 100, (d) 200, (e) 300, and (f) 400 instantaneous images. The quantification is based on

PLIF data acquired at a recording rate of 7.5 Hz.
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Figure D.21: Quantification of centerplane-based mean mixing metrics for Cases 1a-1g with (a,c,e)

matching RMS of jet velocity perturbation at U ′

j,rms = 1.7 m/s and (b,d,f) matching peak-to-peak

jet velocity amplitude at ∆Uj ≈ 4.3 m/s: (a,b) jet centerline trajectories, (c,d) jet spread normal to

each jet centerline trajectory in question, and (e,f) jet spread normal to the unforced jet centerline

trajectory.
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Figure D.22: Quantification of the centerplane-based Unmixedness for Cases 1a-1g with (a,b)

matching RMS of jet velocity perturbation at U ′

j,rms = 1.7 m/s and (c,d) matching peak-to-peak

jet velocity amplitude at ∆Uj ≈ 4.3 m/s: (a,c) normal to each jet centerline trajectory in question,

and (b,d) normal to the unforced jet centerline trajectory.
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Figure D.23: Quantification of centerplane-based mean mixing metrics for Cases 2a-2d with match-

ing RMS of jet velocity perturbation at U ′

j,rms = 1.7 m/s based on PLIF data taken at (a,c,e) 1 Hz

and (b,d,f) 7.5 Hz: (a,b) jet centerline trajectories, (c,d) jet spread normal to each jet centerline

trajectory in question, and (e,f) jet spread normal to the unforced jet centerline trajectory.
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Figure D.24: Quantification of the centerplane-based Unmixedness for Cases 2a-2d with matching

RMS of jet velocity perturbation at U ′

j,rms = 1.7 m/s based on PLIF data taken at (a,b) 1 Hz and

(c,d) 7.5 Hz: (a,c) normal to each jet centerline trajectory in question, and (b,d) normal to the

unforced jet centerline trajectory.
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Figure D.25: Quantification of centerplane-based mean mixing metrics for Cases 3a-3d with match-

ing RMS of jet velocity perturbation at U ′

j,rms = 1.7 m/s based on PLIF data taken at (a,c,e) 1 Hz

and (b,d,f) 7.5 Hz: (a,b) jet centerline trajectories, (c,d) jet spread normal to each jet centerline

trajectory in question, and (e,f) jet spread normal to the unforced jet centerline trajectory.
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Figure D.26: Quantification of the centerplane-based Unmixedness for Cases 2a-2d with matching

RMS of jet velocity perturbation at U ′

j,rms = 1.7 m/s based on PLIF data taken at (a,b) 1 Hz and

(c,d) 7.5 Hz: (a,c) normal to each jet centerline trajectory in question, and (b,d) normal to the

unforced jet centerline trajectory.
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