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ABSTRACT OF THE THESIS

Investigating Boundary Layer Flashback of a High Turbulence Intensity Jet Flame at Gas

Turbine Conditions
By
Nicolas Auwaijan
Master of Science in Mechanical and Aerospace Engineering
University of California, Irvine, 2019

Professor G. Scott Samuelsen, Chair

Hydrogen derived from non-fossil sources is an attractive candidate to replace carbon based fuels
in gas turbines, as it is inherently carbon free. Yet the unusual combustion properties of
hydrogen requires some care to successfully use it in gas turbines. To attain the lowest

NOx emissions, uniformly low reaction temperatures must be assured thus the reactants must be
well mixed. This is accomplished in low emission gas turbines by mixing the reactants within a
pre-mixer section prior to entry into the combustor. With the addition of hydrogen into the fuel,
certain issues arise such as higher flame speeds compared to carbon based fuels. Flashback is a
phenomena that occurs when the flame no longer propagates downstream of the injector but
instead retracts and propagates upstream towards the pre-mixer and injector. Flashback occurs
when the flame speed exceeds the local flow velocity. In the present work, studies are conducted

under different levels of turbulence intensity. Higher turbulence intensity is known to increase

xii



turbulent burning velocity, hence the question of how flashback propensity is affected is raised.
Studies are conducted at pressures from 3 to 8 atm. with preheated reactants up to 750 K utilizing
hydrogen as the fuel. The results show that even with significantly different turbulence
intensities (ratio of flow centerline turbulence to centerline axial velocity) boundary layer
flashback is not strongly affected. This is attributed to the role of the quenching distance in
connection with the boundary layer. Core flow flashback or other flashback mechanisms may be

affected differently.
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1. Introduction

1.1. Overview

As operators of gas turbines move towards lower emissions and carbon free fuels, new
research must be conducted to allow for safe and efficient operation of the machinery. Hydrogen
derived from non-fossil sources is an attractive candidate as it is inherently carbon free. Yet the
unusual combustion properties of hydrogen require some care to successfully use it in gas
turbines. Gas turbine engineers must deal with four main operability issues when implementing
and/or adding alternative fuels in the gas turbine: lean blow-off, auto ignition, flashback, and
dynamic stability [1]. Typical gas turbines operate near lean blow-off conditions (i.e., low
equivalence ratios) to reduce combustion temperatures and therefore reduce temperature
dependent formation of unwanted pollutants such as NOx. To attain the lowest NOx emissions,
uniformly low reaction temperatures must be assured and thus the reactants must be well mixed.
This is accomplished in low emission gas turbines by mixing the reactants within a premixer
section prior to entry into the combustor [2]. With the addition of hydrogen into the fuel, certain
issues arise such as higher flame speeds compared to carbon-based fuels at a given equivalence
ratio and flame temperature. Flashback is a phenomena that occurs when the flame no longer
propagates downstream of the injector but instead retracts and propagates upstream towards the
pre-mixer and injector causing significant damage in equipment as these parts are not meant to
undergo such high temperatures [1,3]. Flashback occurs when the flame speed exceeds either the
local or bulk flow velocity. Flashback is categorized in four distinct categories: core flow, flame
instabilities, induced vortices, and boundary layer flashback (BLF). Typical gas turbines operate

with certain combustor pressure drop in order to attain good mixing and stable combustion.



These pressure drops generally preclude core flow flashback if the premixer is well designed
and free from large separation regions. However, even with a well-designed premixer, BLF is the
most prominent form of flashback to occur as the bulk velocity near the injector wall is close to
zero and it is more likely that the flame speed propagates faster than the fuel/air mixture. The
critical point where flame speed is equal to bulk flow velocity is known as the penetration
distance &,,. The quench distance &, is the minimum distance from a wall where a flame can
exist. The quench distance is crucial as it is the point where BLF occurs. Gas turbines that
operate with high hydrogen content fuels are especially prone to flashback due to high flame

speed and small quenching distance associated with these fuels.

A past study on the effects of turbulence intensity on turbulent flame speed was addressed by
Driscoll et al. [97] where a relationship was developed stating that turbulent flame speed
increases as a function of turbulence intensity. Since the local turbulent flame speed is highly
dependent on turbulence intensity, the value of turbulence intensity must be measured at the
point of interest since pressure fluctuations can cause a decay in the flow field as it moves
downstream. Four definitions of turbulent flame speed exist because of sensitivity of factors on
its response and each serve a purpose based on experimental setup. The four turbulent flame
speed definitions are local displacement speed, global displacement speed, local consumption
speed, and global consumption speed. The local displacement speed serves a purpose where the
propagating velocity of the flame brush with respect to the frame of reference is stationary, such
that applications of burners that create detached locally normal flames can be accessed with little
uncertainty (i.e. no flame holder/edge) [102]. The global displacement speed is the average of the
local displacement speed over the entirety of the turbulent flame brush. The local and global

consumption speed are the opposite of the displacement speeds mentioned. The local



consumption rate does not require a mean flame surface. Driscoll et al. [101] states that the
significance of local consumption speed is to provide quantitative features of premised turbulent

flames for validating models and simulations, hence this method is used in this work.

The flashback mechanism discussed later in this thesis indicated that when the local turbulent
flame speed exceeds the local fuel-air mixture velocity flashback occurs. No prior experimental
study observing the effects of turbulence intensity on flashback propensity has been observed,
thus it is important to develop as industry is moving towards higher turbulence intensity in the
premixer to reduce emissions. To address this gap in knowledge, the objective of the present
work is to obtain new experimental data in which turbulence levels of the reactants are varied

and the impact of this on flashback propensity evaluated.

1.2. Goal

The goal of the work provided in this paper is to observe the effects of bulk flow turbulent
intensity on boundary layer flashback of a jet flame at gas turbine conditions (i.e., non-confined

flame, high pressure, jet flame, and high temperature).

1.3. Objectives

To address this gap in knowledge, the objectives of the present work are:

1. Develop a means to control turbulence intensity.
e Design and test a perforated plate that is capable of increasing turbulence
intensity based off a backflow ratio using LDV
2. Conduct experiments.
e Test the turbulence intensity setup experimentally at gas turbine conditions

and measure the flashback propensity

3



3. Evaluate the critical velocity gradient at flashback.

e Utilizing CFD, ANSYS® FLUENT, to capture the velocity gradient value at
the quench distance of the non-fully developed turbulent flow at flashback
conditions

4. Analyze the CFD velocity gradient
e Compare the Blasius velocity gradient to the value extracted using CFD at the

quench distance.



2.0 Background

Combustion of carbon-based fuels (fossil fuels), currently and in the future will continue to,
play an important role in the power generation sector. Main fossil fuels consumed in industry are
petroleum and natural gas, which are essential for safe and reliable power generation worldwide.
Carbon based combustion driven engines provide consistent reliability and the capability to
exceptionally load follow [1,4]. Due to the benefits of gas turbines, as commercial used power
generators, industry and researchers have been working to further improve combustion efficiency
as well to allow for fuel variability [1,5]. As the performance of gas turbines have evolved over
time, a key concern that remains are associated with the emitted pollutants. Environmental
awareness has prompted development of combustion systems with remarkably low pollutant
emission levels [6,7]. To accomplish this task, the temperature inside the combustor is strictly
controlled and a premixer is utilized [1,5,8]. The premixer allows for the fuel and air to mix as
uniformly as possible before ignited to avoid pockets of rich/lean zones. Also, gas turbines
operate at low enough combustion temperatures to avoid thermal NOx but faces the issue of lean
blow-off in return. Operability issues of premixed flames in gas turbines include lean blow-off,
auto-ignition, flashback, and dynamic stability [1,5,8]. To avoid these operability issues gas
turbines, operate in small regimes of fuel/air ratio. Due to this, development of gas turbines is
designed beforehand for its desired application and fuel variations. The mentioned operability
issues can cause damage to the engine. The stability of the combustion system has been
extensively studied in past few decades to address this problem [8,9]. Since the ability of
extracting natural gas using advanced hydraulic fracturing technology, the consumption of this
fuel has risen [10,11]. Also, due to the low carbon-to-hydrogen ratio and low emission nature of

Natural gas compared to solid and liquid alternatives, the appeal of the fuel seems more



favorable. However, the combustion of all fossil derived hydrocarbons generates pollutants
including CO, unburned hydrocarbons (UHC), particular matter (C), and CO>, which is a
greenhouse gas produced from the combustion of the fuel. As cleaner sources of fuel (i.e. low or
no carbon-based fuels) are the outlook to reduced greenhouse gasses, strategies to replace natural
gas with renewable sources (e.g., alternative fuels) are pursued [12]. Alternative fuels, such as
hydrogen, play an important role in eliminating the direct generation of greenhouse gasses.
Steam reforming of natural gas is a common method of hydrogen production [13,14] in which
hydrogen based fuels can be derived while allowing the suppression of the associated carbon
[15]. Integrated gasification combined cycle (IGCC) represents a clean technology to manage
CO2 emission from coal [16,17]. The synthesis gas produced through the process of IGCC
constitutes hydrogen and carbon monoxide as the main produce and can be further shifted to H»
and CO> through water reactions [15]. The captured CO> can afterwards be sequestered, which is
the process of storing the product, thus reducing greenhouse emission and mitigating climate
change [18,19]. Hydrogen can also be produced renewably via electrolysis of water using
electricity generated by wind or photovoltaic [20]. This hydrogen can be used in addition to the

existing natural gas infrastructure or combusted directly.

Alternative fuels and premixer conditions will play an increasingly important role for carbon
and pollutant mitigation in gas turbine systems. This brings about the importance of high
hydrogen content fuels [21] for which the fuel/air mixture preparation and combustion behavior
needs to be investigated and understood. Another method to reduce pollutant emissions are to
operate at high turbulence intensities in the premixer to promote proper mixing. A major
relevance of lean, and highly turbulent, premixed combustion systems for gas turbines is the

effect of fuel composition coupled with high turbulence intensity values on flashback.



While increasing studies on flashback have appeared in the past few decades, studies of the
effect of turbulence on boundary layer flashback are absent. The next sections discuss past
studies ranging from simulation work to experimental work of both laminar and turbulent flames.
The past work shows that there are gaps in knowledge associated with different mechanisms and
their apparent effect on boundary layer flashback. The work in the paper will address knowledge

gaps and add value to the background and future studies.

2.1.1 Flashback Mechanisms

Flashback is induced when the flame propagates from the combustion zone into the premixer
section of the combustor. The increased temperature inside the premixer due to flashback causes
components to melt and fail as they are not intended nor designed to undergo these conditions.
Four mechanisms are associated with flashback in gas turbines [6,22,23]: core flow flashback,
combustion instability induced flashback, combustion induced vortex breakdown (CIVB), and

boundary layer flashback.

2.1.2 Core Flow Flashback

Core Flow Flashback Flame propagation in the core flow occurs when the turbulent
burning velocity exceeds the local flow velocity in the core flow [8,22]. Core flow flashback is a
function of turbulent-flame interaction as well as chemical kinetics [24]. Fuel composition and
the turbulent flame structure are parameters for determining core flow flashback limits [25,26].
Core flow flashback is easily avoided by increasing the axial velocity. With the introduction of
swirled flames, the axial velocity decreases as some momentum of it shifts to radial, which can
lead to flame stretching due to the vortex-flame interaction as it increases the turbulent flame

speed [27,28,29].



Turbulent burning velocity, which has been extensively studied in the literature, is
typically represented as a function of laminar flame speed and turbulence attributes
[30,31,32,33]. Hydrogen having higher flame speeds compared to carbon bases fuels at a given
condition accelerates flashback propensity. Turbulent burning velocity correlations have been

used as a tool to predict flashback [24,34].

2.1.3 Combustion Induced Instability Flashback

Combustion induced instability flashback occurs due to large amplitude fluctuations in
the flow field [8,23]. These instabilities are generated by interactions of acoustic modes,
unsteady heat release, and flow structure. Flame lifting can occur due to pulsations in the flow
field, which leads to the flame lifting off an edge and inducing flashback. Combustion induced
instability flashback was observed by Thibaut et al. [23] using a large eddy simulation (LES).

The results captured by the LES simulation can be seen in Figure 1.



Figure 1: Premixed flame temperature distribution structure of a backward-facing step captured
by an LES simulation [23]

2.1.4 Combustion Induced Vortex Breakdown

Combustion induced vortex breakdown (CIVB) flashback is prominent in swirled flames. If
the swirl number exceeds a critical value, then generation of vortex breakdown occurs [35,36].
When there is a reverse flow region an increase in azimuthal velocity to axial velocity is
observed. A study by Konle et al. [37], using particle image velocimetry (PI1V)-laser induced
fluorescence (LIF) measurements with a high temporal resolution shows a formation of a bubble
at the tip within the recirculation zone, which can be seen in Figure 2. Baroclinic torque
constructs a negative vorticity, thus increasing the negative axial velocity, which in turn causes

the upstream propagation of the bubble [38,39,40,41].
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Figure 2: The instantaneous flame front relative to the recirculation bubble studied by Konle et
al. [37,42].

2.1.5 Boundary Layer Flashback

Boundary layer flashback is the dominant flashback mechanism in jet flames, which can
subsequently be said the same goes for gas turbine combustors [91]. Typically, at operating
conditions of a gas turbines premixer the flow velocity exceed the turbulent flame speed; thus,
core flow flashback is mitigated. The flow velocity near the premixer wall decreases due to the
no-slip condition, thus the potential that boundary layer flashback occurs increases. The burning
velocity also decreases near quenching distance, which is where the reaction cannot sustain itself
due to a large amount of heat loss or flame stretch [43,44,45]. Flashback occurs near the wall
where the local burning velocity can overcome the local flow velocity. Boundary layer flashback
has been characterized by the “critical velocity gradient” concept in the literature [46]. The

critical velocity gradient corresponds to the bulk flow velocity at the condition of flashback and
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is an indicator of the flashback propensity for a given condition. Boundary layer flashback has
been studied under laminar and turbulent flow conditions for different parameters including
fuel/oxidizer composition, preheat temperature, operating pressure, burner material, and
geometrical burner configuration with the recent research focusing on high hydrogen content

fuels.

Since boundary layer flashback is the most prominent form of flashback in gas turbine
application, the work provided here will focus on boundary layer flashback as the flashback

mechanism.

2.2 Beginning Studies on Boundary Layer Flashback

The number of studies from 1943 to 2017 that incorporate boundary layer flashback in

premixed jet flames are displayed below in Figure 3.

[47]
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Figure 3: Amount of Studies on Boundary Layer Flashback [91]

The first systematic experiment was done by Lewis and Von whom also constructed a
boundary layer flashback prediction model [46]. The first sub-atmospheric condition flashback

11



experiment was conducted by Garside et al. [48]. The first turbulent and high pressure flashback
study was done by Edse [49], while the effect of preheat and tip temperature were first achieved
by Grumer and Harris [50] and Bollinger and Edse [51], respectively. Lee and T’ien [52] first

conducted a numerical study on the propagation of a premixed laminar flame inside a tube.

The study of turbulence intensity on flame speed was investigated by Driscoll et al. [97]
where it is concluded that higher turbulence intensity relates to higher turbulent flame speeds. It
is known that the higher the turbulent flame speed the greater the flashback propensity. A
Prediction model for boundary layer flashback of multiple parameters such as fuel composition,
burner material, pre-heat temperature, operating pressure, and bulk flow velocity has been
developed using the Blasius profile; though the effects of turbulence intensity has not been

studied before on BLF.

2.3 Basic Prediction Model for Boundary Layer Flashback

Figure 4 depicts a laminar flow moving left-to-right and encountering the flame front.
The velocity profile of the fuel-air mixture is denoted as (y) and the flame speed is denoted as
(v). The fuel-air mixture decreases in velocity close to the wall due to the no-slip condition. &q
represent the quench distance which is where the flame is non-existing near the wall. This
happens at a certain distance from the wall and part of the flame close to the wall trails behind
the central position as indicated [46,47,53]. 6p represents the penetration distance, which is the

critical point where local flow velocity is equal to the burning velocity [54].
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Figure 4: Critical velocity gradient prediction model schematic

The velocity gradient g has been used in literature to describe flashback at the wall. Eq.
2.1 represents this velocity gradient in terms of tw, the shear stress, and . is the viscosity of the
unburnt mixture. In literature, flashback occurs when the local fuel-air velocity drops below the
burning velocity, which is typically close to the wall. The fuel-air bulk velocity magnitude at the
onset of flashback is stated as the critical velocity gradient, gc. This precludes that the flame

does not propagate if the velocity gradient is higher than this critical velocity gradient.

Jdu T
g = || =¥ Eg. 21
ady Hy

The velocity gradient is approximated by the ratio of the unburnt fuel-air velocity to the
penetration distance at the wall and shown in Eq. 2.2. This equation assumes that the unburnt

fuel-air velocity stays linear near the wall.

_ Yy=dp Eq. 2.2

c
5p

The critical velocity gradient can be expressed as the laminar flame speed divided by the

penetration distance as stated in Eq. 2.3

13



ge =3, Eg. 2.3
A fully developed laminar pipe flow with a radius of R, the velocity field can be
described by Eq. 2.4
u(r) =20 (1- () Eq. 2.4

where r is radial distance and U is the bulk flow velocity. Combining Eq. 2.3 with the derivative

of Eq. 2.4 at the tube wall (r = R), Eq. 2.5 is obtained at flashback condition (also, [57]):

Eq. 2.5

x|

_ 5L _
gc—ap—4

The critical velocity gradient developed from literature is still used today to help

determine and characterize boundary layer flashback.

The previous equations were in reference to flashback prediction of laminar flames [46].
For turbulent fully developed flow in a smooth pipe, the Blasius equation is used to approximate

the velocity gradient with diameter of D and a given Reynolds number Re [55]:

1f0

g 257 Eq. 2.6

f =25s, 4X10° < Re < 105 Eq. 2.7
g = 0.03955 Re®75 2 Eq. 2.8

in which f and v are friction factor and kinematic viscosity, respectively. Both Eq. 2.3 and Eq.

2.8 can be used in conjunction to predict the flashback propensity for turbulent flames [53].
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Penetration distance is approximated to be the quenching distance, as mentioned in
literature [47,56,0,60,61,64,66]. There are many factors that affect flashback propensity such as
fuel composition, equivalence ratio, vessel pressure, inlet temperature, material, turbulence
intensity and more. Multiple studies have attempted to address this problem by investigating

multiple parameters [43,68—70] and attempting to find empirical relations [71-74].

The issue with the original critical velocity gradient model is that it neglects the flame-
flow interaction, which has a significant effect on flashback propensity. Also, the Blasius
equation has been developed to predict a velocity gradient, but this is only for a uniform flow.
Thus, a non-fully developed flow will require a different technique to capture the velocity

gradient, as this work will answer how and if it is necessary.

2.4 Parameters Impacting Boundary Layer Flashback

Multiple factors flashback propensity such as the following: flow field characteristics,

boundary layer heating, and operating conditions.

2.4.1 Flow Field

The flow field affects boundary layer flashback propensity due to the velocity momentum
near the wall. When the velocity of the flow increases so does the local burning velocity, in order
to maintain flame stabilization. The velocity profile can play a key role in terms of flashback
propensity. An experimental study has shown that a non-fully developed flow actually decreases
flashback propensity because of the additional shear stress, a function of the entrance length, on
the wall [65] and can be seen numerically in Eq. 2.1 (Figure 4). The additional shear stress
increases the velocity gradient near the flow making it more difficult for the critical velocity

gradient to overcome.
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Stream wise turbulence intensity is significant in determining the total turbulent kinetic
energy at the near wall zone. The apogee magnitude of the near-wall zone in the stream wise
turbulence intensity is proportional to the shear stress velocity (u;) in Eg. 2.9 and is also used as
a scaling parameter [103,104]. t,, is a function of the Reynolds number and when referring to
Eq. 2.1 itis noted that t,, is related to the critical velocity gradient. It is important to keep in
mind that though this flow was non-fully developed, the turbulence intensity was not changed,

thus that affect has not been realized.

U, = w Eq. 2.9

2.4.2 Reynolds Number

Once Reynolds number transition to turbulent values, a significant and complex effect of
the flow field on flashback propensity occurs compared to laminar conditions [80,81]. Based on
a turbulent Reynolds number, the combustion regime will dictates the flame structure and defines
how the small scale eddies interact with the flame [82,83]. This states that the turbulent flame
speed is a function of turbulence intensity (Eg. 2.10 & 2.11) and consequently a higher
turbulence intensity can result in higher flashback propensity [24]. Turbulence intensity is
defined as the ratio of fluctuating flow velocity to the mean flow velocity a function of a

standard deviation (Eqg. 2.12).

S u 1
T.GC _ 4 . Ay (—— _)1/2 Eq. 2.10
Sto S0 Oro
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ul.w
A, = 0.00077 [S—l [——1'* f(Ma) Eq. 211

LO 6L0

Where W is the burner width, 6, is the un-stretched laminar flame thickness, S, is the

un-stretched laminar burning velocity, and u’ the r.m.s streamwise velocity.

Urms = \/(u&x)z + (Urgq)? + (U),;)? Eq. 2.12

Where the subscript “ax”, “rad”, and “azi” are axial, radial, and azimuthal directions,

respectively.

Fuel composition plays an important role on the combustion characteristics for premixed
flames. Fuel composition directly changes the chemical kinetics and that will play a direct role in
the flame speed. The quench distance at the wall is also affected due to fuel composition, which
in turn changes the flashback limits [47,58,59,60]. Hydrogen tends to flashback sooner due to
high molecular diffusivity that pays a role in the small quenching distances and high flame
speeds. The Lewis number is capable of capturing the high molecular diffusivity of hydrogen,
resulting in low values found in both experimental and numerical studies [84-89]. Hydrogen
having a substantial higher molecular diffusivity compared to methane means that the fuel
diffuses out towards the wall (i.e. closer) and the local turbulent flame speed is associated with a
lower local flow velocity, making it easier to overcome and flashback. Also, the effect of preheat
temperature increases the burning velocity [90], resulting in higher flashback propensity. This is
due to an increase in reaction rate with temperature and increased turbulent flame speeds. Also,
noticed is the higher the operating pressure the greater the flashback propensity, thus operating at
gas turbine conditions can be difficult. The effects of pressure include an increase in the reaction
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rate and a reduction in the quenching distance. The magnitude of the effects of these factors can

be seen in Eq. 5.1.

2.5 Summary

Much work has been conducted regarding flashback phenomena and much can be learned
from it. Studies of turbulence intensity effects on flame speed have been done, but not in regards
to the effect on boundary layer flashback. Also, few studies have been done on turbulent jet
flames with 100% hydrogen fuel content. Conducting experiments at high pressures and
temperatures, gas turbine conditions, for a jet flame will benefit present and future prediction
models. Incorporating the variation of turbulence intensity, which has not been studied will
enhance research done in this field [91,92]. A boundary layer flashback model correlation for gas
turbine conditions has been achieved before, though the factor of turbulence intensity has not
been considered. It is important to study the effect of turbulence intensity on flashback since gas
turbine engineers are aiming to increase turbulence intensity to better mix the fuel-air mixture
prior to combustion for reduced emissions. ANSYS® Fluent is a CFD tool that can be utilized to
determine the velocity gradient of a non-fully developed, and or fully developed, flow near the
wall (i.e. quench distance). The present work addresses these knowledge gaps by studying the

multiple effects on boundary layer flashback of turbulent jet flames at gas turbine conditions.
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3. APPROACH

3.1 TASK-1: Develop a Means to Control Turbulence Intensity

Design and test a perforated plate that is capable of increasing turbulence intensity

based off a backflow ratio using LDV

Turbulence intensity is defined as the ratio of the fluctuating velocity to the mean velocity
using a standard deviation. Turbulence Intensity is categorized by 3 regions: low at values below
1%, moderate from 1 to 10%, and high at values greater than 10%. Multiple ways are suggested
to induce varied turbulence intensity values by implementing device such as a perforated plate,
slotted disk, or a mesh [98]. Past experimental studies of premixed flames in intense isotropic
turbulence was investigated by Bédat et al. [98] and implemented by Marshall et al. [100]. Using
the design based off of these studies, a perforated plate was made with a specific backflow ratio
in order to increase the turbulence intensity of the original jet flame work at high pressure and
temperature conditions by Kalantari et al. [96] by approximately 2.5 times. Based on the
comparison and fact that Marshall’s work verified performance at elevated pressure, it can be
stated, confidently, that the produced turbulence intensity stays true at the gas turbine conditions

tested in this work.
Results are to be captured by LDV.

3.2 TASK-2: Conduct Experiments

Test the turbulence intensity setup experimentally at gas turbine conditions and

measure the flashback propensity
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Utilizing a high pressure and temperature vessel (Figure 5), to simulate gas turbine
conditions, the premixer design will be tested for flashback propensity. The facility is capable of
heating 2 Ib/s of air up to 1000°F. The air-fuel mixture is premixed through a long pipe before
coming into contact with a turbulence intensity generator 3.4” from the burner rim. The velocity

field was simulated through CFD and experimentally investigated through the use of LDV.

Thermocouples were placed at the burner rim to monitor tip temperature and a pressure
transducer utilized to monitor pressure spikes in the premixer at flashback conditions. The spike
in pressure is an indicator/trace used to find the data when flashback occurred. A spark ignitor
was used with hydrogen as the pilot fuel to stabilize the jet flame. A camera was used to monitor

the physical flame and flashback phenomena.

Two tests were conducted, the first was with no turbulence intensity generator (5.4% core
turbulence intensity) and the second was with a turbulence intensity generator with an 81%

blockage ratio to raise the turbulence intensity from 5.4 to 15.7%.

3.3 TASK-3: Utilize CFD to Obtain the Critical Velocity Gradient

at Flashback

Obtain the velocity gradient of a non-fully developed turbulent flow at flashback

conditions using CFD, ANSYS® FLUENT

Utilizing ANSYS® FLUENT as a CFD software the 3D premixer design was simulated
to obtain the velocity gradient at the quench distance. The mesh was refined to resolve the

boundary layer (i.e. y+ less than or equal to 1) and maximum skewness maintained below 0.9 as
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the main simulation criteria. K-¢ viscous model was used with a realizable enhanced wall
treatment, to capture the effects near the wall with more precision (i.e. different damping
coefficients) and keep computational time to a minimum solving the mesh cells near the center

of the flow.

The addition of fuel was not added to the simulation to reduce computational time and

since the air flow is 99% of the flow overall fuel-air flow.

3.4 TASK-4: Analysis of Velocity Gradient at Flashback

Conditions

Analyze the velocity gradient of a non-fully developed turbulent flow at flashback

conditions using CFD, ANSYS® FLUENT

The quench distance, approximately the penetration distance, was used as the location from
the wall to obtain the velocity gradient since it is the zone of lowest local flow velocity. The
value obtained via CFD for the 5.4% turbulence intensity case was initially compared to that of
the gradient from the fully developed Blasius equation (eg. 2.6-2.8) since they should be similar.
The values were within a 1% discrepancy of each other when the boundary layer was resolved
and greater than a 100% difference when using no inflation to resolve the boundary layer. The
15.7% turbulence intensity case was then compared in similar fashion and results followed a

similar trend.
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4. Methods

4.1 High Pressure and Temperature Test Rig

The high pressure and temperature test rig utilized at UCI can be seen in Figure 5 along
with a broad image of the premixer design that will be discussed later in this paper. A similar

facility was utilized by Kalantari et al. [67].

11.75"

7.6”

3.8”

16"

34"

Figure 5: High pressure and temperature test rig

The UCI high pressure and temperature test rig utilizes 3 heaters in parallel to heat
incoming air to desired temperatures. The air factory can flow up to 4 Ib/s of air at 10 atm with

2.5 Ib/s of air utilized for combustion. The air circuit can be seen in Figure 6.
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Figure 6: Air circuit
Air can be preheated up to 1000°F at 2 Ib/s by the 550 kW non-vitiated heaters, though
the temperature is flow dependent.

The remaining air/products from the exit of the rig is cooled before meeting the pressure
bypass valve, which is used to adjust pressure in the rig. This is done by a closed water quench

system (Figure 7).

23



e secondary Back
Watar Pressura
Water uanch watar Dropout Caontrol
Injectora Collsctlon Tank walves To Stack
Exhaust Tank m
From

Experiment
Elus Manual

Watar To Drain
Guench
Throttiing
Valve &
Flow Mater
Orifica

Water Guench
Injector

Watar Quanch
Radlators

Primaryi Secongary

Make-U
Water Pumps (.TD
Deard D=

Buliding
Make-Up
Water

Figure 7: Closed water quench system

The fuel injection is monitored by a Micromotion CMF025 Coriolis meter that has an
uncertainty of 0.5%. This is used along with other software-controlled hardware to monitor flow
and equivalence ratio. Fuel can either be injected through bottles or from utilizing the UCI

natural gas line. The fuel circuit schematic is displayed in Figure 8.
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Figure 8: Fuel Circuit

Flashback data is recorded via the software LabVIEW that is connected to a data

acquisition box through a National Instrument PCI board. The sensors utilized and data recorded

include the inlet air temperature, burner rim temperatures, vessel pressure, differential pressure

(between premixer and combustor), and air and fuel mass flow rates. The calculated properties

include the equivalence ratio and bulk flow velocity.

Video was captured using a Hitachi® camera, which was used to visually monitor

flashback allowing the operator to take precaution and shut-off the fuel immediately to mitigate
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the flame front from damaging internal (premixer) components. Figure 9 below represents a
stabilized jet flame that anchors to the burner rim while Figure 10 is the flame retracting back
into the premixer (i.e. flashback). Carbon Monoxide was added to the hydrogen fuel (50/50 by

volume) in these images for visual clarity.

Figure 9: 50% H2-50% CO stabilized jet flame
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Figure 10: 50% H2-50% CO jet flame retracting (i.e. flashback)

Flashback is induced by first setting the inlet air temperature, vessel pressure, and bulk
velocity. Once conditions are set the operator introduces the fuel slowly into the premixer. A
pilot flame is used to stabilize the main flame. When the stable flame is reached the operator then
slowly increases the fuel flow (i.e. equivalence ratio) until flashback is observed. When

flashback is observed the operator immediately shuts the fuel mitigating the flame. Flashback is
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noted most dominantly by a spike in differential pressure between the premixer and combustor as

seen in Figure 11.
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Figure 11: Pressure/Amplitude spike between the premixer and combustion zone

A total of 40 test cases were conducted and analyzed in this paper.

4.2 Turbulence Intensity Premixer Design

The premixer design for the jet flame study can be seen in Figure 12. The preheated air
enters the Venturi and pure hydrogen, as the fuel, is injected through the low-pressure section,
thus leading to an adequate mixing level. The fuel-air mixture is then channeled through a
perforated plate (Figure 13) that is located after the exit of the venture, thus creating a uniform

velocity profile, and it acts as a flame arrestor when flashback occurs. After the fuel-air mixture
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passes the perforated plate it feeds through a premixing pipe with an inner diameter of 35 mm
and length of 30 cm. The premixing tube is long enough to achieve a uniform concentration and
fully develop the flow by the time it travels the pipe length and encounters a turbulence intensity
generator plate. The flame is contained inside a quartz tube combustor liner that has a 15 cm
inner diameter and is 19 cm in length. Two thermocouples were cemented to opposite sides of
the burner tip to measure the tip temperature continuously. A pressure transducer was used to
record the pressure drop across the premixer and combustion chamber (unconfined flame), which
spiked when flashback occurs. The flame propagates upstream of the flow at the onset of

flashback, which causes a significant elevation in the tip temperature and pressure difference.

Venturi fuel/air mixing
\A"ﬂ

Fuel injection

Perforated plate

Top test Pilot flame

section face

Graphite gaskets Springs

Thermocouples

Quartz liner

Figure 12: Premixer Setup
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Figure 13: Perforated Plate

4.3 Turbulence Intensity Generator and LDV

Past experimental studies of premixed flames in intense isotropic turbulence was
investigated by Bédat et al. [98], which shows minimal changes in flame structure. A series of
perforated plates were created, a method from [99], to incorporate into an original premixed fully
developed test rig with an exit diameter of 2.54 cm. The blockage ratio concept was designed
using the help of data published by Marshall et al. [100] that allow for similar radial and
tangential velocities. The specific turbulence intensity generator has an 81% backflow ratio, is
3.81 cm in diameter and 0.64 cm in thickness (Figure 14) and is placed 8.63 cm from the exit of

the burner.
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Figure 14: 81% blockage ratio turbulence intensity generator

Laser Doppler Velocimetry (LDV) was used to measure the velocity profile and
turbulence intensity near the burner exit plane (7 mm above exit). In the LDV setup, air and
water mix up-stream of the burner exit, which allows the LDV to track the water particles. The
air flow was captured using a %4” sonic orifice plate made in-house. The velocity was set to 35
m/s for consistancy. The setup of the premixer and LDV can be seen in Figure 15. The LDV
utilizes a 4 watt Coherent Innova 90C-A4 argon-ion laser coupled with a TSI LDV system. The
laser beam is separated by an Aerometrics Fiberlight multi-color beam separator for measuring
three velocity components. For this experiment, only axial and radial velocity components are
measured as the work from [100] indicaates that with the plate design the radial and tangnetial
velocity profile are identical. Transmitting and receiving optics are done by a LDV00302
backscatter transceiver, consisting of a 261 mm focal length, a PDM 1000 photodetector, and a

FSA 4000 signal processor unit. Technical stats for the transmitter optics for Channel 1 (axial
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beams): wavelength of 514.5 nm, focal length of 500 nm, beam separation of 20 nm, laser beam
diameter of 1.77 mm, beam expander ratio of 2, expanded beam separation of 40 nm, expanded
beam diameter of 3.54 nm, fringe spacing of 6.4364 pm, beam waist of 92.53 um, and a bragg
cell frequency of 40 MHz. Channel 2 of the laser (radial) mainain the same optics characteristic
as Channel 1 except for the following: wavelength of 488 nm, fringe spacing 6.1049 um, and a

beam waist of 87.76 pm.

—_—

Test Section

Figure 15: LDV Setup

The results and discussion will go through the phase of first discussing the design of
experiment used with the LDV to receive consistent and realistic turbulence intensity values

based off of typical jet flame flow between 4-6% as investigated by [105]. Next the results of the
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turbulence intensity generator will be discussed and how it was utilized in the premixer design.
The CFD gradient values are then investigated and analyzed for the 2 cases of flashback testing
(5.4 and 15.7% turbulence intensity cases). Lastly, the discussion of the effect of turbulence

intensity on boundary layer flashback will be explained.
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5.0 Results and Discussion

5.1 LDV Study on the Effects of Factors on Turbulence Intensity

LDV was utilized as the instrumentation to evaluate turbulence intensity. To assure
consistent results a 2 level factorial, with 2 center points, design of experiment was conducted to
observe if the Laser Doppler Velocimetry main settings had a significant impact on measured
turbulence intensity. The span of a base test to evaluate the effects of PMT Voltage, Burst
Threshold, and laser power on the value of turbulence intensity was conducted and can be seen
in Figure 16. The design of experiment is meant to evaluate the 4 factors mentioned above and

develop a correlation between those values and turbulence intensity.

Factors PMTVoltage Burst Threshold Laser Power Turbulence Intensity

[v] [mV] [wi [%a]

LOW 400 35 L5 X

MIDDLE 500 42.5 1.75 X

HIGH 600 50 2 ®
Test1 600 50 2 1321
Test2 600 50 1.5 13.9
Test3 600 35 2 12.6
Test4 600 35 1.5 12.9
Tests 400 50 2 17.9
Testo 400 50 1.5 17.8
Test7 400 35 2 17.3
Testd 400 35 1.5 17.1
Test9 500 42.5 1.75 15.4
Test 10 500 42.5 1.75 15.5

Figure 16: DOEX test matrix
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Certain factors are shown to affect the turbulence intensity value. These results were
inputted in the Design Expert® software to observe the sensitivity of each factor on the response
(turbulence intensity). The Half-Normal plot seen below in Figure 17 shows that PMT Voltage

significantly impacts the turbulence intensity measurements of the LDV.

Half-Normal Plot
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Figure 17: Half-Normal Plot

To visualize the results in a common fashion using Design Expert® a “cube” was

produced showing the change of turbulence intensity on the other factors (Figure 18).
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Figure 18: Cube Turbulence Intensity

The above figure indicates that the larger the PMT Voltage is, the lower the turbulence

intensity value becomes. The fit statistics show a linear regression of 98.96 % and the other

details are shown in Figure 19.
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Std. Dew.  0.2628 R’ 09396
Mean 15.35 Adjusted R® 0.9861
CV. % 1.71 Predicted R® 09732

Adeq Precision 304160

Figure 19: Fit statistics

The finalized data (not shown) indicated no significant difference between 600 V and 700
V. 700 V was chosen as the PMT Voltage to assure a plateau of turbulence intensity was
reached. The higher PMT voltage also represented values of turbulence intensity that were
similar to literature as indicated in [97]. This study concludes that a fully developed and steady
jet flame produces a turbulence intensity value between 4 to 6%. The final data for the fully
developed jet flame in this work was 5.4%. The final equation in terms of actual factors is

displayed in Figure 20, which was used to calculate the turbulence intensity value from the LDV.

Turbulence Intensity | =
+ 2444560
-0,021931 * PMT Voltage
+0.044644 * Burst THreshold

Figure 20: Turbulence intensity equation in terms of laser settings

The LDV settings were finalized and operated on the following settings:

e PMT Voltage: 700V
e Burst Threshold: 35 mV

e Laser Power: 2.0W (25 mW/each beam)
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5.2 LDV Results for 81% Blockage Ratio

Multiple turbulence intensity plates were made and tested (Figure 21). The 81%
Blockage ratio plate was chosen as the main design as mentioned in the “Methods” section. This
plate allowed the turbulence intensity to increase from the stock 5.4% to 15.7%, roughly 3 times
the original value. The turbulence intensity was measured using Laser Doppler Velocimetry
(LDV). The results were then compared to those produced by Marshall et al. [100] who did a
similar study. The two data sets show similarities and can be overlapped to show similar results
of turbulence intensity for a given backflow ratio as seen in Figure 22. Based on the comparison
and fact that Marshall’s work verified performance at elevated pressure and temperature, it can
be said that the produced turbulence intensity stays true at the gas turbine conditions tested in
this work. The turbulence intensity is purely a function of the blockage ratio at a fixed distance

from the exit.

Figure 21: Turbulence intensity generator designs
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Turbulence Intensity vs Blockage Ratio
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Figure 22: Experimental data of turbulence intensity vs blockage ratio using LDV against
Marshall et al. [100]

5.3 CFD Study of Velocity Gradient

Since a perturbation in the flow for the modified premixer design was introduced by the
turbulence generator, the flow will not be fully developed. As a result, a Blasius equation for
velocity gradient “technically” cannot be utilized. To capture the velocity gradient of the non-
uniform flow ANSYS® Fluent was utilized for CFD analysis. The following criteria were used
to find the velocity gradient via CFD for the correlation using a k-epsilon with enhanced wall

treatment:

39



o Meet Fluent stated mesh quality standards
v Skewness < 0.9
v Orthogonal Quality > 0.05
o Resolve y+ values to be less than or equal to 1
v/ States boundary layer is resolved (needed for turbulence model)

o Extract velocity gradient value at the quench distance (Figure 4) via the equation
below [61], where the predicted gc is obtained from Eq. 5.2 and S. obtained via

Chemkin®.

51
Oqg =73 %—

Yc
The results for a certain case are shown in this paper. The velocity profile for both
turbulence intensity cases are plotted below in Figure 23. The velocity profile is shown
from the core of the flow out to one wall, with the other excluded because it is
symmetric. The difference in velocity profile is due to the perturbation introduced in the
flow. Also, keep in mind that conditions are not the same between experimental runs as it
is difficult to maintain exact conditions, so small discrepancy between the cases are

evident, but do not impact results.
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Velocity vs Distance [7atm. 600°F, 40m/s]
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Figure 23: Velocity CFD

The velocity profile for the 15.7% turbulence intensity case is plotted in Figure 24. The

velocity profile comes from one plane through the center of the premixer exit. If the cut was

taken 90° from this image the velocity profile would shift across the y-axis (i.e. same profile but

the peak velocity would occur on the opposite side.)
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Velocity vs Position for 81% Blockage Ratio
Turbulence Generator

=]

L
L

=]

[}

=1

[}

Welocity [m//s]

= R pa

=TT

-0.6 -0.4 -0.2 o 0.2 04 0.6

Paosition [in.]

Figure 24: Velocity Profile for 81% blockage ratio turbulence generator

The velocity gradient is plotted, and the value is extracted at the quench distance of each
case. The 5.4% turbulence intensity basically being the Blasius solution compares very similarly
to the non-fully developed flow for all data runs captured. Results remained consistent between
the different turbulence intensity values at given conditions. The CFD results indicate that the
turbulence intensity is dampened at the wall, resulting in comparable gradient values (Figure 25)
Hence, CFD may not be needed to capture velocity gradient for non-fully developed flow for

boundary layer flashback.

42



920000
220000 Quench Distance

620000 — .
520000 _#,fﬂ*'*"“”#'*-d*ﬂ# 649,242[1/s]
420000 / Quench Distance

320000
220000
120000

20000
0.498 0.4982 04984 04986 04988 04599 04992 0.4994

Distance [in]

Velocity Gradient [1/s]

m—157% Tl =——54%TI

Figure 25: Velocity gradient at quench distance via CFD

The quench distance is a function of laminar flame speed and actual critical velocity
gradient, hence the quench distance will vary slightly due to small discrepancies in bulk flow
velocity, inlet temperature, operating pressure, and equivalence ratio at flashback. Typical
quench distance for stoichiometric hydrogen flames at atmospheric conditions is 0.025” (0.64
mm) as mentioned in “An Introduction to Combustion Concepts and Applications: by Stephen R.
Turns. The quench distance for the experiments mentioned in this paper are smaller because of
decreased laminar flame speed at high operating temperature and pressure. To re-iterate, the
diameter of the premixer in the experiment is 1" and the quench distance in Figure 25 is the

distance from the wall placing the origin at the center of the flow.
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5.4 High Pressure and Temperature Study of the Effects of Turbulence

Intensity on Boundary Layer Flashback

When performing flashback testing at high pressure and temperature a few measures are
taken to assure consistent data. Pre-heat temperature, pressure, and bulk velocity are held
constant while the fuel is slowly increased until flashback occurs. Once, flashback is reached the
fuel is immediately shut-off to arrest the flame from melting components of the premixer. Test
were conducted from a range of 3-7 atm., 400-600°F, and a bulk velocity of 25-40m/s in order to
span the Damkohler number and rig capabilities. The Damkohler number is defined as the flow
time scale to the combustion time scale and the developed correlation takes into account the

effect of equivalence ratio [3,67].

_ T A\257 p 049 p -2l
_ 1.68 191 [*u tip fu
Da = Const. Le .Pef '(Tg) ( T, ) I('FD)
Eq.5.1

The actual Damkdohler number is represented as seen in Eq. 5.2 below, where S, is the

laminar flame speed, o is the thermal diffusivity, an g, is the critical velocity gradient.

Eq.5.2

The flashback model developed at PSI (Paul Sherrer Institute) shows the dependence on the ratio
of the turbulent flame speed (global consumption speed method) to the laminar flame speed,
which is represented as a function of turbulence intensity (u') as seen in Eg. 5.3 [95] though it

does not capture the thermal coupling effects that Eq. 5.1 does [96].
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Eq.5.3

If the velocity gradient drops below the critical velocity gradient, flashback is induced
[96]. Flashback is a highly coupled problem and because the turbulence intensity is varied the
velocity gradient at the wall can be affected in turn. ANSYS® Fluent is used to determine the

velocity gradient at the wall for each flashback condition.

The leading coefficient in the Damkdhler expression is shifted via the value of the
velocity gradient. This leading coefficient can capture synthetic shifts in critical velocity gradient
for the prediction model. Therefore, even if CFD is not resolving the boundary layer as long as
the approach is consistent it may not matter. This does imply that the leading term plays a strong
role in the predictive ability, thus a consistent CFD method must be used to establish a predictive
ability. The approach method is discussed in section 5.3, which is used to ensure consistent
results. The method in 5.3 compared within 1% of the gradient from the Blasius profile showing

that CFD is resolving the boundary layer properly via this method.

A course mesh was compared to the resolved boundary layer mesh method (y+ less than

or equal to 1) and results plotted in Figure 26.
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Figure 26: Velocity gradient difference creates a synthetic shift in data

The results plotted above in terms of turbulence intensity will be discussed below shortly.

The velocity gradient extracted from CFD for the resolved boundary layer were values in the

100,000’s while the unresolved boundary layer resulted in values around the 1,000’s. The

constant in the Damkdhler equation (Eg. 5.3) shifted from 2.5*10/-5 for the resolved boundary

layer to 9*107-4 for the unresolved boundary layer (i.e. course mesh) for the data to fall on the

line and allow the model the capability to predict flashback conditions.

Previous testing by Kalantari et al. [96] used eq. 2.6-2.8, Blasius profile, to determine the

velocity gradient at the wall since the flow was fully developed. The corresponding results for

multiple fuels, burner heads, preheat temperatures, and pressures are seen in Figure 27. It is
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important to note that all the tests seen below were conducted with a constant turbulence

intensity, thus the effect was not studied until now.
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Figure 27: Da plot of multiple setups and parameters with no turbulence intensity factor

When post-processing the data between the 5.4% and 15.7% turbulence intensity setup, it
was observed that the burner tip temperature at flashback for the non-modified setup was 2.8%

less than the modified case. The equivalence ratio at flashback between the two cases show that
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the higher turbulence intensity flame had lower flashback propensity at 3 and 7 atm. but higher

flashback propensity at 5 atm., though these values were within 2% of each other.

At 3 atm. the 15.7% turbulence intensity flame had a higher tip temperature but was able
to reach higher equivalence ratios at flashback by an average of 6.1 and 9.2%, respectively. At5
atm. the 15.7% turbulence intensity plate had a higher tip temperature but a lower equivalence
ratio up to flashback by an average of 2.7 and 6.0%, respectively. At 7 atm. the 15.7% turbulence
intensity plate had a lower tip temperature but could go to higher equivalence ratios up to
flashback by an average 0.5 and 3.1%, respectively. From these data sets we cannot conclude
that the higher turbulence intensity plate has a differing effect on flashback propensity due to the
combined uncertainty of the instrumentation. Results of low vs high turbulence intensity value at
the exit of the premixer shows no effect on BLF within a 2% uncertainty. The combined
recorded equivalence ratio and tip temperature were all within 2% of each other. The data are

plotted on the prediction model formula in Figure 28.
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Figure 28: Da plot for turbulence intensity data

Theoretically, the flame speed increases with turbulence intensity but a general increase
in flashback propensity is not observed. This can potentially be attributed to the different
velocity gradients near the wall or a buffered effect on turbulence intensity near the wall. If the
actual velocity gradient drops below the critical velocity gradient, then flashback will occur.
Overall it seems that bulk flow turbulence intensity may not have a profound effect on boundary

layer.

49



Predicted Damké&hler Number

Prediction Model Da plot

1 o
.
' 4
0.1 >0
o *%
s:‘k.b'
S8,
@ ‘. »
op
0.01 s e
e 9
=X '
”~
)
.
5 ‘_.‘0’
“0 @
0.001 .:
ol
,4’.0
.
‘_'_.~.b
o
0.0001 '.
Ly
Q.Hiéi; pressure (1in 1.D.) [33], H2 @ High pressure (1.2in 1.D.), H2 @ Copper
h Ceramic @ Daniele etal. [32], H2-CO @ Atmospheric pressure, H2-CO
; @ Atmospheric pressure, H2-NG ®Engine e157% T
054%TI
0.00001 &°
0.00001 0.0001 0.001 0.01 01
Actual Damkohler Number
T 2.57 T —0.49 2 -2.1
e g 191 [ fu tip u
Da =5.8%107% x Le'®8 Pe, "% | — : A=
T T P,

Figure 29: Da plot of multiple setups and parameters

50



6. Summary, Conclusions, and Recommendations

6.1 Summary

The effect of turbulence intensity on boundary layer flashback propensity was studied. A
range of temperatures (400-600°F) and pressures (3-7 atm.) were utilized to study the effect with
the use of 100% hydrogen as the fuel. A perforated plate with an 81% backflow ratio was
designed and developed with information from Marshall et al. [100], and LDV was used to
obtain the turbulence intensity value the plate produced at the core. The 81% backflow plate was
capable of nearly tripling the turbulence intensity of the original, non-modified, premixer.
Experimental test were performed to compare both cases for BLF propensity. Experimental test
between both cases showed no difference in flashback propensity (i.e. equivalence ratio and

barrel temperature).

ANSYS® Fluent was used to obtain the velocity gradient since the Blasius equation
could not be utilized. The introduction of a turbulence intensity generator near the exit of the
premixer created the non-fully developed flow. A series of requirements for meshing the cold
flow was developed and utilized to obtain the velocity gradient at the quench distance, equivalent
to penetration distance, though no specific equation for quench distance has been utilized for
multiple operating conditions. CFD results concluded that the velocity gradient for both the fully
and non-fully developed flow were nearly equivalent for the same operating conditions. From
this, it was concluded that the turbulence intensity was dampened at the wall, thus not playing a
strong role in boundary layer flashback. This result stated that modeling the premixer in CFD is

not required and instead the Blasius gradient can be utilized as a replacement.

51



The similarity of the test rig utilized in this work and by that by Kalantari [67], for
flashback prediction modeling, show that the data taken from the test rig in this work fall
on top to that of Kalantari’ verifying that the model prediction can be utilized for

different setup conditions.

6.2 Conclusions

Equivalence ratio and tip temperature had no notable change at flashback with a
change in turbulence intensity (within 2%)

The equivalence ratio and tip temperature for the low and high turbulence intensity flow
remained equivalent during experimental testing. This was the initial step to conclude
turbulence intensity does not play a role in BLF. The high turbulence intensity value
allows the premixer to better mix the fuel and air mixture, thus reducing overall
emissions. It was later concluded that the turbulence intensity at the wall is dampened
out.

Effect of turbulence intensity on boundary layer flashback

While an increase in turbulence intensity may help improve mixing, it may also lead to
impacts on the overall operability of these systems including behavior such as
flashback. Higher turbulence intensity is known to increase turbulent burning velocity,
hence the question as to whether flashback propensity is affected is raised. Studies were
conducted at pressures from 3 to 8 atm. with preheated reactants up to 750 deg. K. and
pure hydrogen as the fuel was evaluated. The results show that even with significantly
different turbulence intensities (ratio of flow centerline turbulence to centerline axial

velocity) boundary layer flashback is not strongly affected. This is attributed to the role
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of the quenching distance in connection with the boundary layer. Core flow flashback or

other flashback mechanisms may be affected differently.

6.3 Recommendations

As the move towards hydrogen usage in gas turbines progress, a continued study
of boundary layer flashback is necessary to assure safety in the operation. To
properly/accurately capture the velocity gradient of the flow field a stronger developed
equation for the penetration distance is needed. The equation should be in terms of
operating conditions that affect the flow field such as temperature of the rim at flashback,
operating pressure, and equivalence ratio and or Lewis number to capture the fuel
characteristics. Also, a similar study of turbulence intensity effects on flashback
propensity can be addressed further by moving the turbulence intensity generator closer
to the exit of the burner rim to see if there reaches a point where the core turbulence

intensity affects the turbulence intensity near the wall.
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8. Appendix
TASK: DOEXx of Flame Holder Temperature

Use Design Expert® to formulate an equation to approximate the temperature of

the flame holder based from experimental data at flashback

Since the bulk of this work focuses on realistic gas turbine conditions it is important to make
a correlation that can be looked at so an operator can safely understand flashback before it
happens. Correlating tip temperature, for a given material and thickness, with another easily
defined parameter can help those in the industry to predict potential issues. When this correlation
is made it removes the need of additional equations or correlations that would be affected by the
fuel composition. The idea of correlating tip temperature and equivalence ratio is a unique idea
that can allow for one to back track the adiabatic flame temperature of a specific fuel
composition. Comparing the adiabatic flame temperature of a certain fuel composition and the
tip temperature will allow one to predict the onset of flashback before any damage or injury

occurs.

8.2 Center Body Temperature Prediction

The factor selections are listed below to conduct the design of experiments.

1) Lewis Number (0-1)
2) Pressure (3-10 atm.)
3) Inlet temperature (400-800°F)

4) Equivalence Ratio (0-0.9)
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5) Fuel Composition (0-100 H2, 0-70 CH4, and (0-75 CO) [by volume]

6) Flame Temperature (1300-2500K)

The Ranges are between multiple blends of syngas fuels, inlet temps of 400-700°F,
pressures from 3-10atm, and equivalence ratios in the lean regime. The Lewis number is chosen
because it shows a strong effect of the fuel composition being used. Hydrogen has a strong mass
diffusivity compared to hydrocarbons, thus the Lewis number will capture the amount of
hydrogen at the given conditions. The Lewis number in these cases are between 0 and 1 (though
mostly below 0.3). The pressures and temperatures were chosen to incorporate both low and
higher end operation of some gas turbine condition as well as the capabilities of the test cell
used. The equivalence ratio captures the amount of fuel in air compared to its stoichiometric
balance. The equivalence ratio used was captured at the point prior to flashback. The equivalence
ratio values are less than one because gas turbines operate in the lean regime to reduce unwanted
emissions and pollutants. The flame temperature varies depending on fuel composition and
equivalence ratio at flashback, thus the span of temperatures is wide but needs to be incorporated

because it greatly effects the tip temperature of the center body.

The response will be the tip temperature of the center body as it is an important factor in
the correlation to predict flashback as shown below. In real world application it is not feasible to
insert a thermocouple through the flow and constantly measure the center body tip temperature
as it is interfering with the flow, ads additional cost, and is subject to a short lifetime. This
project was chosen as it can help combustion engineers with the move towards hydrogen-based

fuels and it is a focus of my thesis and work that | enjoy.

The inlet temperature was captured using a k-type thermocouple at the inlet to the rig

from the air flow. It records at an accurate enough rate to capture temperature within a 0.5°F
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discrepancy. The pressure is captured by a gauge downstream and a PID controller fluctuates the
opening of the valve depending on parameters that need to be reached. The Lewis number is

captured using Chemkin® and is known once flashback conditions are obtained.

From a combustion background it is known that flame temperature is a very exponential
response and it seems obvious that there is much curvature in the phenomena. Response surface
design was used as well as Historical data. Both seemed to produce replicate results, thus

response surface was chosen due to combustion intuition.

8.3 Center Body Temperature Prediction Formula

Data were inputted into the software Design Expert. All the values inputted in the
software were transformed to a natural log value as combustion knowledge states flame
temperature is an exponential phenomena. The figure of the Box-Cox plot is shown below in
Figure 30 after the natural log transform was conducted. With the natural log values inputted, the
Box-Cox plot recommended that a need for a transformation was not needed based on the
variation of the minimum and maximum values. This verifies the best developed model accuracy

can be achieved.
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Figure 30: Box-Cox after Ln. Transform Completed

From previous discussion it was mentioned that the model selection process was
narrowed down to Historical Data and Response Surface. Both ended up giving same solutions,
so the Response Surface was chosen overall since it is known that the phenomena would have

curvature.

Multiple iterations were taken to see if the model could be improved. The first included

the following factors:

1) Lewis Number (0-1)

2) Pressure (3-10 atm.)

3) Inlet temperature (400-800°F)

4) Flame Temperature (1300-2500K)
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This resulted in Resulted in 83.10% Regression, 73.19% Adjusted, and 63.63% Predicted using a

reduced Cubic relationship as shown in Figure 31.

| Source ;Jun;f;| df | 5’;2:; F-\'alue| o-valus |

| Maodel 3.00| 34| 00882 B38| «0.0001 | significant

_ | A-inlet Temp. Q0276 1| 00276 263 01103

_ | B-Pressure 00540 1| 0Q.0540 513 00272

_ | C-Flame Temp. 00158 1| 00159 151 02235

_ | D-lewis# 00172 1| Q0172 164| 02055

_ | AB 00103 1| 00103 08753 03265

_ | AC 00147 1| 00147 140 02420

| AD 01001 1| 01001 952 00031

_ | BC 00148 1| 00149 141 02382

_ | BD 00655 1| OUDESS 623| 00154

_|«co 00253 1) 00253 278| 01006

A QA6 1| Q0446 425 Q0438

| B QDDOS| 1| 0.0DDS| QU435 0B35S

_| e 00266 1| 00266 253 01T

| Q0310 1| Q0310 295 00911

_ | ABC 00020 1| 0.00D20| 01524 06625

| AED 00122 1| QD122 116/ 02852

_ | ACD Q0044 | 1| 0.0D44| 04222 05184

_ | BCD QO001| 1| 0.0D01| 0QUDEZ| 08377

| A QD5 1| 0.0D45 04306 05143

| A QUOOTT| 1| 00077 07352 03947

| AT QO657| 1| 00657 625 00152

| AR 00082 1| 0.0DBZ 07778 03814

| ac 00013 1| 0ODI3| QU266 07233

| A 01254 1| 01254 1153 00010

| BC 000MG| 1| 0009 04666 04973

_ | D Q00i7| 1| 00017 01580, 06915

_ | BC QO007| 1| 00007 00671 07966

_ | BD? 00256 1| 00256 243| 01243

_ [ CD 00050 1| 0.0DS0 08602 03575

_ e QUODBT| 1| O.ODBT| 08321 03654

RS QUO0ME| 1| 0.0D48| 04577 05014

| B QOMT| 1| 0.OMT| 04444| 05077

_|c 00288 1| 0.0289 275 01029

| 00114 1| 00114 108 03018

| Residual 06097 | 58| 00105

| |CorTotal 361 82
[ | | | | |
_ |Std. Dev. | 01025 R? 0.8310
_ |Mean £6.56 Adjusted R* 07319
OV 156 Predicted R* 0.6363

Adeq Precision | 145019

Figure 31: Initial Design Expert ANOVA
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Figure 32: Diagnostics of Initial Results

As it can be seen, the F-values were not great compared to the P values, though the model

was significant, it could be better. When it came to the diagnostics it is seen that the normal plot

of the residuals lined up nicely as well as the randomness of the Studentized Residuals vs

Predicted with no outliers. An undesirable aspect of this initial run was that the equation for the

response included many variables as can be seen in the comparison in Figure 35.



The second attempt that was taken was to use the same setup as before but to use an R?

reduction model to eliminate some variables. The results are shown below in Figure 33.

Source ‘ Sum of Mean ‘ F-value" p-value
B | Squares Square | 1
. Model _ 291 21 0.1386 14.11 < 0.0001 significant
A-Inlet Temp, 04318 1 04318  43.97 < 0.0001
B-Pressure 03365 1 0.3365 34.27 < 0.0001|
| C-FlameTemp. = 00002 1 0.0002 0.0196  0.8890
| D-lewis # | 0.0033 1 00033 03339 05652
AB 0.0342] 1 0.0342 348 0.0662
| AC 0.1630, 1 0.1630 16.60  0.0001
| AD | 06997 1 0.6997 71.26 < 0.0001
_| BC 02345 1 0.2345  23.88 < 0.0001
BD 0.6951 1 0.6951 70.79 < 0.0001
| CD 0.1310| 1 0.1310 13.34 0.0005
| A | 04051 1 04051 41.26 < 0.0001
_| B? 0.0411 1 00411 419  0.0445
c 02126 1 0.2126 21.65 < 0.0001
[ D? 0.0766/ 1 0.0766 7.80 0.0067
| ABC 0.0915/ 1 0.0915 9.31 0.0032
| ACD 01215 1 0.1215 1237, 0.0008|
A’D 0.1392| 1 0.1392] 14.17) 0.0003
| AD? 06878 1 0.6878 70.04 < 0.0001
_| B | 00331 1 0.0331 3.37 0.0704
| BD? 0.5660| 1 0.5660 57.64 < 0.0001
c 0.3687| 1 0.3687 37.55 < 0.0001
_ |Residual | 0.6972) 71, 09098
| |Cor Total 361 92 [
i Jr— T T |
~Std. Dev.  0.0991 R? 0.8067
~ Mean 6.56 ‘Adjusted R? 0.7496
CV.% | 151 Predicted R* | 07222
) Adeq Precision  18.7553

Figure 33: R"2 Reduction ANOVA
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The F-values here increased to be more significant and the p-values remained low, but it
still seemed that the flame temperature and Lewis number were not that significant to the model.
Though the R*2 value decreased slightly the adjusted and predicted R"2 values became better

once some of the unwanted factors were filtered. The diagnostics are shown below in Figure 34.
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Figure 34: Diagnostics of R*2 Reduction
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Comparing the two diagnostics tab we see there is not much visual difference. The

equation for the response is now shown and it can be seen apparent that it is more favorable in

Figure 35.
- Center Temp, =

-32324.04239 -17199.40045

=1770.80644 ™ Inlet Temp.
+496.33656 * Pressure =160.78190 * Inlet Temp.

+10678.69517 = Flanl\e‘l'emp. +659.88686 * Pressure
-3613.42096 * Lewis #
-59.99234 * Inlet Temp. * Pressure +6397.18931 * Flame Temp.

=12.42916 * Inlet Temp. * Flame Temp.
+153.25320 * Inlet Temp, * Lewis =

+1228.76958 * Lewis #

-102.71554 * Pressure * Flame Temp. -106,01158 * Inlet Temp * Pressure
7018754 * Pressure * Lewis #

+802.02807 * Flame Temp. * Lewis # +4,13937 * Inlet Temp. * Flame Temp.
206.59167 " Iniet Temp. -112.63340 * Inlet Temp. * Lewis #
+49.02378 * Pressure® -

-1315.65861 * Flame Temp.® -84,12633 * Pressure * Flame Temp.

-31.27418 * Lewis #°
+6.00030 * Inlet Temp. * Pressure * Flame Temp.

+23.71495 * Pressure * Lewis #

+20.89880 * Inlet Temp. * Pressure * Lewis = -186.07706 * Flame Temp. * Lewis #
+29.17633  * Inlet Temp. * Flame Temp. * Lewis # =
-2.39480 * Pressure * Flame Temp. * Lewis = -17.73638 * Inlet TEITIp
+3.40756 * Inlet Temp.® * Pressure +20.55586 * Pressure?
+15.31530 * Inlet Temp.” * Flame Temp. -
40.52395 * Inlet Temp 2 * Lewis # -815.76228  * Flame Temp.*

-3.55827 * Inlet Temp, * Pressure’
-12.32089 * Inlet Temp. * Flame Temp.*

+251.39448 * Lewis #°

-60.42451 " Inlet Temp. * Lewis #° . =13.75763 * Inlet Temp. * Pressure * Flame Temp.
el e e +30.97483 * Inlet Temp. * Flame Temp. * Lewis #
47720 * ressue * Fame Temp -15.96028 * Inlet Temp.” * Lewis #
57.92516 * Flame Temp.'* Lewis 43,76666 * Inlet Temp, * Lewis #2
+43.32407 * Flame Temp. * Lewis #° * zx
+5.52507 * Inlet Temp.’ -2.69691 * Pressure” * Flame ‘[emp.
+1.92702 * Pressure’ =12,49548 * Pressure * Lewis #°
+56.98174 * Flame Temp.® & 3
oarors = Lo 8 +34,57390 * Flame Temp.
W/O Reduction W/ Reduction

Figure 35: Comparison of Response Equation with and without R"2 Reduction

The last approach taken was to change the Lewis humber with an easier determined

parameter, the equivalence ratio. The factors chosen for the final attempt is seen below:

1) Pressure (3-10 atm.)

2) Inlet temperature (400-800°F)

3) Equivalence Ratio (0-0.9) [Easier to Know Than Lewis Number]
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4) Flame Temperature (1300-2500K)

The results were not as significant as the previous. This was determined mainly from the
adjusted and predicted R"2 values having a greater difference that exceeds the software

recommendation of 0.2. The ANOVA characteristics can be seen in Figure 36.

Sum of Mean
| e | squares [¥| square [Fle|prvale]
|Model 5.871E-06 34 1.727€-07 6.02 < 0.0001 significant

iA-InletTemp. 3.394E-08 1 3.394E-08 118 0.2814

| B-Pressure 7.3516-08 1 7.351E-08 256/ 0.1151
| C-Eq. Ratio 6.1326-10 1 6.132E-50 0.0214  0.8843
|7 D*Flame Temp.  1586E-107 T TS8BEN0T 00055 T 0ZN0TTTTT
(| 8 1.0106-07 1 1.0106-07 352  0.0659
|_| AC 4138E-08 1 4.138E-08 144 02348
| AD 3.380E-08 1) 3380E-08  1.18| 0.2824
{| | BC 7.7486-08 1 7.748€-08 270  0.1060
| | 8D TA9GE-08 1 7A96E-08 261  0.1117
(|—|.€o 9.750€-10 1| 9.750E-10. 0.0340 08544
| A | 9.105€-08 1 9.105€-08  3.17| 0.0803
_| 8 6.0346-08 1 6.034E-08 210  0.1526
T 20786-09 1 2.078E-09 0.0724  0.7888
| D 34856-10. 1 3485€-10 0.0122 09126
| ABC 1.030€-07 1/ 1.0306-07 359  0.0634
| ABD 9.999E-08 1 9.999E-08 349  0.0672
W[ | ACD 471426-08 1 41426-08 144 02346
' | BCD 7.719E-08 1 7.719E-08 269  0.1066
| A%8 4298E-08 1 4298E-08 150 02261
I|_| A% 9464E-08 1 9.464E-08 330  0.0747
| AD 8.546E-08 1 8.546E-08 298| 0.0899
(| A8 6.896E-08 1 6.886E-08 240  0.1270
_| ac 4983E-08 1 4983E-08 174 0.1929
.|| AD 34056-08 1) 3405€-08 119 0.2807
| BC 6.991E-08 1 6.991E-08 244 0.1242
| B°D 6ATBE-08 1 6A78E-08 226  0.1386
1 | BC 8.100E-08 1 8.100E-08  2.82  0.0985
| BD? TAA9E-08 1 T.A49E-08 260 0.1128
| C'o 2794E-09 1 2794E-09 0.0974  0.7561
|| co? 1481E-09 1 1481E-09 0.0516 0.8211
| A7 SA91E-08 1 S5491E-08 191  0.1720
)| 8 1.576E-07 1 1.576E-07 549 0.0227
e 4655€-09 1 4.655E-09 0.1623  0.6886
|0 6.537E-10 1 6.537E-10 0.0228  0.8306
| Residual 1.577€-06 55 2.868E-08
|Cor Total TA49E-06 89
|| | | \ 1 |
— |__[Std. Dev. | 0.0002 R | 0.7882
_ |Mean 0.0014 Adjusted R? 0.6573
_levex | 1 Predicted R® = 04198

Adeq Precision = 13.0625

Figure 36: ANOVA of Equivalence Ratio Attempt
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The F-values decreased compared to the last test as well as the p-values got bigger.
Replacing the equivalence ratio was not as good as capturing the fuel composition compared to
the Lewis number. This can be understood by combustion background. The equivalence ratio is
purely a number that does not capture the chemical reactions of the fuel, while the Lewis number
can capture the mass vs thermal diffusivity. The Diagnostics are seen below for the iteration

including the equivalence ratio in Figure 37.
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Figure 37: Diagnostics of Equivalence Ratio Run

The final model was chosen to be the R*2 reduction using the Lewis number as a factor

instead of the equivalence ratio as it does a better job at capturing fuel affects.
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8.4 CONCLUSION/SUMMARY

An equation to estimate the tip temperature of the flame holder at flashback conditions was
developed as thermal coupling plays an important role in BLF propensity. The equation was
obtained utilizing the Design Expert software. The current work introduces the use of a thermal
couple to monitor the barrel tip temperature, which is not applicable in real gas turbine

conditions due to additional cost and the short life-span of the thermocouple.

e An approximate equation to determine flame holder tip temperature was developed
to be roughly 81% accurate
A cubic relation has been developed to predict the center body temperature based off the
factors of the Lewis number, operating temperature, vessel pressure, and flame
temperature This modeled equation gives a linear regression of roughly 81%, which is
decent for such a complex phenomenon. The operating temperature and pressure are
given conditions, though the Lewis number and flame temperature are values that must
be calculated. This formula can give insight to predict the center body temperature at
flashback conditions, thus allowing the operator to calculate the Da number and find an
appropriate velocity to mitigate flashback.

As thermal coupling plays a significant role in flashback propensity it is important

to further develop the equation for better accuracy. The prediction model developed to
approximate the tip temperature can further be elaborated on by incorporating a radiation

heat loss term from the flame interaction.
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