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ABSTRACT OF THE DISSERTATION

Characteristics and Applications of Thin Liquid Films

Flowing Down High-Curvature Surfaces

Abolfazl Sadeghpour

Doctor of Philosophy in Mechanical Engineering

University of California, Los Angeles, 2020

Professor Yongho Ju, Chair

Thin liquid films flowing down vertical fibers present a wealth of complex and interesting
interfacial dynamics, including the formation of droplets and traveling wave patterns. Such
dynamics is an important consideration in various applications, such as fiber coating and direct-
contact heat and mass exchangers which take advantage of extended interfacial areas and larger
residence time afforded by the bead formation along the fiber. A rigorous investigation on the fluid
dynamics and interfacial heat and mass transfer mechanism of liquid films flowing along vertical
strings is, thus, needed to enable physics-based optimization and analysis of multi-string designs
for the mentioned applications. This dissertation presents a combination of experimental,
numerical, and theoretical study of liquid films flowing down a vertical fiber. Additionally, we
report a first-ever combined experimental and theoretical study of the instability in thin film flows

of a high—surface energy low-viscosity liquid (i.e. water) along cotton threads. Utilizing our
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finding, we then adapted the multi-string configuration for novel applications, such as
humidification, dehumidification, and particle capturing.

We started with a thorough experimental study of viscous liquids flowing down vertical fibers
(i.e. polymer strings). Previous researchers suggested that the liquid film thickness and velocity
profiles of nearly flat portion of a liquid film that precedes the onset of instability can be specified
regardless of the nozzle geometry. As a result, they largely overlooked the effects of nozzle on the
pattern and characteristics of the downstream flow. We performed a systematic experimental study
by varying the nozzle inner diameter from 0.5 to 3.2 mm at various mass flow rates (from 0.02 to 0.08
g/s). We focused on experimental conditions within the Rayleigh—Plateau (RP) instability regime,
where traveling wave solution emerges and generates uniformly-spaced drop-like liquid beads on
vertical fibers. Our results emphasize the strong influence of nozzle geometry on the flow regime and
the flow characteristics. We experimentally measured the thickness of the flat film portion after the
nozzle, which we term the preinstability thickness, and identified it as a flow parameter which governs
the size, spacing, and velocity of downstream liquid beads. We also performed a set of complementary
numerical simulations that solves the full Navier-Stokes equations to predict the fluid dynamics of
the downstream flow, such as the liquid velocity profile along the fiber.

To better understand the influence of nozzle diameter on the regime transition as well as the
downstream bead dynamics, we performed a detailed theoretical study of viscous flow down a
vertical fiber. We proposed a full lubrication model that includes slip boundary conditions, nonlinear
curvature terms, and a film stabilization term, and compared the predicted film dynamics against
the experimental results. Numerical simulations confirm that in addition to fiber sizes and flow
rates, the downstream flow regime and characteristics are also significantly affected by the nozzle

geometry. Moreover, the effect of film stabilization term on the flow pattern and bead
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characteristic is studied. We also compared our results with previously studied theoretical methods,
such as CM model, linear curvature model, and full curvature model.

Additionally, we leveraged our successful demonstration of stable water flow along a vertical
cotton string to construct a multi-string water vapor capturing system, where a massive array
traveling water beads act as the condensation interface for water vapor in the counterflowing air
stream. These water beads form through intrinsic flow instability and offer high curvature surfaces
to enhance the vapor condensation rate. The effects of the water flow rate and air velocity on the
condensation rates are experimentally characterized. The gas-stream pressure drop of the design
is also measured. The condensation rates and gas-stream pressure drop from our multi-string
dehumidifier is compared with the existing dehumidifier designs. A simplified theoretical model
is also presented as the starting point for further optimizing the design parameters of our device.

Finally, we extended our investigation for potential applications of the cotton-based multi-
string configuration and proposed a novel string-based particle collector. Wet electrostatic
precipitators (WESP) are generally highly effective for collecting fine particles in air streams from
various sources such as diesel engines, power plants, and oil refineries. However, some limiting
factors, such as high water usage, poses restrictions. Our new compact particle collector utilizes
an array of traveling water beads on vertical cotton strings to collect the pre-charged particles in
the counterflowing air stream. The experimental and numerical investigation presented in this
work is performed to determine the collection efficiency and the optimal water flow rate for our
new design. The unique configuration of our string-based counterflow WESP in this study exhibits
high number-based collection efficiency, > 80%, for a wide range of particle diameters, 10 nm —
2.5 um, while decreasing the water usage significantly, which can provide a basis for the design

of more water-efficient WESPs.
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Figure 5. 10: (a) Schematics of the numerical simulation domain for the cylindrical collector
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CHAPTER 1

Introduction

1.1 Motivation

The characteristics of thin liquid films flowing down vertical strings of diameter of the order
of 1 mm has attracted a lot of experimental and theoretical interest due to their wealth of new
dynamics that illustrate the need for more advanced theory and their significance in fiber coating
and direct-contact heat[1], [2] and mass exchangers[3], [4]. The latter has diverse applications,
including dry cooling of thermoelectric power plants, thermally driven absorption/adsorption
chillers, thermal energy recovery[5], and water vapor, fine particles or CO, capturing[6]—[9]. Past
studies showed that wetted wire columns deliver comparable heat transfer performance at lower
air pressure drops than packed beds[10][11]. Rigorous fundamental understanding of liquid film
flows along vertical strings is important for physics-based design and optimization of such heat

and mass exchangers.

1.2 Study of liquid films flowing down highly curved surfaces

As a liquid film flows down a thin string of high curvatures, interplay among surface tension,
viscous diffusion, and inertia leads to flow instability, creating periodic or aperiodic liquid beads
traveling along the strings. Rayleigh described the importance of surface tension in wave formation

in liquid columns[12]. A comparison between liquid film flows over a planar and a curved surface
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illustrated the effects of surface curvature on velocity profiles[13]. Trifonov et al.[14] studied the
nonlinear wavy regimes of viscous liquid film flows on vertical wires using integral method. Quéré
observed the formation of axisymmetric drops when a wire was drawn from a liquid bath and
related the liquid bead formation to mean flow advection[15], [16]. Kalliadasis et al.[17]showed
that for film thicknesses larger than a threshold value, the Rayleigh-Plateau instability triggers
natural disturbances of the flow, which then leads to liquid drop formation.

Previous studies largely overlooked the effects of nozzle geometry on the characteristics of
liquid film flows down vertical strings. One generally considers that a liquid film has a smooth or
non-wavy region that extends from the nozzle to the location of the onset of instability. The liquid
velocity profile within such a non-wavy region was assumed to be given by the so-called Nusselt
solution, which is not a function of axial position and nozzle geometry. This approximation may
have been made in part to facilitate obtaining solutions to simplified Navier-Stokes equations. To
mitigate challenges in the alignment of strings, experimental studies may also have employed
large-diameter nozzles, which may have obscured the effects of nozzle geometry. With a “pre-
instability” region prescribed independent of the nozzle, all parameters characterizing liquid flows,
including liquid bead frequency and diameter, were considered to be independent of the nozzle
radius. Our recent study [11], however, suggested that the nozzle radius does influence liquid-
film flow characteristics, including the liquid bead diameter and bead frequency.

Interplay among surface tension, inertia and viscous forces governs liquid film flowing down
a vertical string which has the potential to show various patterns such as regular train of drop-like
beads or solitary waves (wavelike regime)[18]. Previous studies proposed flow regime maps in
terms of the liquid mass flow rate, string diameter and liquid properties [19]. Figure 1. 1 shows

one such regime map based on the normalized string radius Ry//. and the film aspect ratio ay =
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hn/Rs. Here, R is the radius of the string; /; is the capillary length of the liquid; and /Ay is the
Nusselt thickness or the thickness of a flat liquid film before the onset of instability. The Nusselt
thickness in turn is a function of the liquid mass flow rate and the string radius but is independent
of nozzle geometry.

The ratio between the growth time of RP instability, 7., and the time needed for the flow to

displace its wave over the wavelength, 7,, defines the saturation number *. The saturation number

is a function of an and Ry/[; and [* is defined as:

« | 3u a 3 /
—| =~ e 1.1
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The curve f* =1 divides the coordinate plane into an inertia-dominated region to its right and
a surface tension-dominated region to its left. The curve f* = 1.507, obtained from a dispersion
analysis on traveling beads, demarks a transition between absolute and convective instability. In
convective instability, liquid films exhibit disturbed noise-driven flows where liquid drops are not
uniformly spaced and exhibit coalescence. In this study, we limit ourselves to flows in the RP

regime with absolute instability.
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Figure 1. 1: Flow regime map for thin liquid film flows down vertical strings. The symbol
represents one flow condition we investigated: silicone oil v50 with a mass flow rate O = 0.08 g/s

on a string of diameter 0.2 mm.

One limitation of this flow regime map is its inability to capture the effect of nozzle geometry.
Our numerical simulation and experimental results show that cases with the same liquid mass flow
rate, string diameter and working liquid can exhibit very different flow regimes (e.g., isolated
droplet regime; the convective instability regime; and the Rayleigh-Plateau instability regime)

depending on the nozzle diameter (see Figure 1. 2).



)

Figure 1. 2: Experimental and numerical simulation results under the flow condition specified

in Figure 1. 1 for nozzles with outer diameters of (a) 2.3 mm, (b) 0.7 mm and (c) 1.06 mm

Accordingly, it is necessary to rigorously study the influence of nozzle geometry on the fluid
dynamics of a thin liquid film flowing down a vertical string using experimental, numerical and
theoretical modeling methods. We also need to study the water vapor or particle collection
mechanism for a flow of water along a vertical cotton string to better evaluate the feasibility of

developing string-based dehumidifiers and particle collectors.

1.3 Application of the liquid flow along vertical strings

The unique configuration of liquid flow along a vertical string presents intriguing advantages
for heat and mass exchanger design by offering high interface-to-volume ratios, significantly lower
gas-stream pressure drops, and long residence times of liquid beads for heat and mass transfer by

taking advantage of the viscous shear stress exerted by the string surface, which opposes
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downward sliding motion of liquid beads. In the present work, we leverage our understanding of
this configuration to propose two novel applications for the water flow along a single or multiple

vertical cotton strings.

1.3.1 Water vapor capturing and desalination

Fresh water is a precious and scarce resource. Recent studies projected that severe droughts
and other extreme weather events will occur at ever more increasing intensities and frequencies,
placing greater strains on already limited fresh water resources in many parts of the world.
Researchers found that more than half of the global population live in areas with severe water
scarcity condition for more than one month per year [20]. Past and on-going research efforts have
led to the development and refinement of various solutions for this problem such as desalination
and water treatment technologies, including reverse/forward osmosis, nano-filtration,
electrodialysis, and thermal distillation. Other novel approaches, such as ambient moisture
harvesting [21], [22] and fog/mist collection[23], have also received increasing attention.

Water vapor capture is an integral part of many fresh water production methods, including
aforementioned ambient moisture harvesting, vapor recovery from cooling towers in
thermoelectric power plants, and ambient-pressure humidification-dehumidification (HDH)
desalination systems. The HDH desalination system is an intriguing desalination and water
treatment approach [24], which imitates the natural rain cycle by creating humidified air (e.g.,
blowing dry air over a heated brine) and then condensing water vapor, using a water vapor
capturing device (hereinafter referred to as “dehumidifier”), to produce distilled water. It is
attractive for small-scale distributed desalination and water treatment because they are very

tolerant to high salinity and can produce high-quality (distilled) water using a wide variety of feed



water streams, including industrial and agricultural wastewater, produced water from oil/gas fields,
contaminated ground water, and brine discharge from reverse osmosis or membrane filtration
plants.

We propose a new multi-string dehumidifier configuration where water vapor in a humidified
air stream is condensed on traveling water beads. The traveling water beads themselves are
generated by the intrinsic instability of thin liquid films flowing down an array of vertical threads
(Figure 1. 3) without requiring the use of spray nozzles or application of electric fields. This unique
dehumidifier configuration presents an intriguing model system for heat and mass transfer by
leveraging the mentioned advantages of the multi-string configuration and offering efficient mass
diffusion of vapor toward local curved surface features (liquid beads) that act as sinks. Despite
offering high interface-to-volume ratios, the multi-string array introduces small pressure drops for
gas flows in part because it provides straight, open and contiguous gas flow paths and in part

because low-profile traveling liquid beads present relatively small form drag [2], [6], [3], [25].
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Figure 1. 3: Schematic of a multi-string dehumidifier unit used to capture water vapor content

in the counterflowing air stream

1.3.2 Fine and ultrafine particle collection

Diesel engines offer superior fuel efficiency and power to their gasoline counterparts. However,
they are considered one of the major particulate emitters in many urbanized and developing cities.
Reducing diesel generated particulate matter (DPM) has attracted a lot of attention from
researchers and governments due to its potential to cause severe health and environmental issues
[26]-[32]. Current engine technologies and strict governmental regulations aim for reduction in
particle emission rates of diesel engines [33]. However, the benefit of emission rate reduction
remains rather elusive. Previous studies showed that the major portion of particles emitted from
diesel engines are smaller than 2.5 um in diameter, referred to as fine particles [34], [35]. Fine

particles have greater impact on human health because they have elevated toxin burdens, can



penetrate deep inside the respiratory system, and translocate into the circulation system [36]—[40].
Among these fine particles, those with diameter less than 0.1 um are referred to as ultrafine
particles and can be more harmful to human respiratory and cardiovascular systems [41]-[43].
Recently, these fine and ultrafine particles are also recognized to have malevolent effects on other
parts of the human body such as the kidney (Xu et al. 2018).

Electrostatic precipitators (ESPs) are widely used to collect PM from various systems, such as
coal power plants and diesel engines. It utilizes high voltage electric fields and corona discharge
to electrically charge particles, which are then collected on to plates of the opposite charge.
Traditional electrostatic precipitators handle large volumes of gas (up to about 1900 m’/s),
maintain a low pressure drop (less than 150 Pa), operate at high gas temperatures (up to 650°C),
and deliver high overall mass collection efficiencies [44]. But, they suffer from significant
decrease in the collection efficiency for fine particles with minimum occurring for particles of
diameters around 0.2 to 0.5 um [45], [46], which is the size range of the majority of diesel
emissions. To address this issue, two-stage ESPs have been studied to improve fine particle
removal rates by separating the charging and collection chambers. However, previous studies
noted that, even with two-stage ESPs, the collection efficiency of fine particles remains low due
to the re-entrainment effect inherent to traditional dry-type ESPs [47].

We propose a new design for particle collection in the form of a cotton-based multi-string
collector where thin films of water flow down vertical cotton strings and act as the collection
surfaces. This type of particle collector, in which the collection plate is continuously washed by a
liquid stream, is referred to as wet electrostatic precipitator (WESP). Our multi-string collector
consists of a single cotton string (or an array of vertically aligned cotton strings) as illustrated in
Figure 1. 4. Water is flown down the cotton string while making direct contact with a

9



counterflowing gas stream that carries the pre-charged fine and ultra-fine particles. This unique
configuration presents very high residence time for the particle collection process in a compact
configuration at significantly low air-stream pressure drops and water consumption rates. To
enable physics-based systematic design of this unique single/multi-string particle collector,
rigorous investigation of the trajectory of the collected particles and the fluid dynamics of water

flowing down a vertical cotton string under the influence of gravity and an electric field is needed.
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Figure 1. 4: Schematic illustrating the operation of a single-string cylindrical collector

1.4 Objectives of the present study

The present study aims to (i) present a combined experimental, numerical, and theoretical study

to help identify the critical parameters governing the flow regime and the characteristics of a thin
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liquid film flowing down high curvature surfaces (i.e. polymer fiber or cotton strings), such as
nozzle geometry and preinstability thickness, (i1) report a first-ever combined experimental and
theoretical study of the instability in thin film flows of a high—surface energy low-viscosity liquid
(i.e. water) along cotton threads, (ii1) experimentally study the condensation performance and the
air-stream pressure drop of a novel multi-string dehumidifier and compare this design to other
existing dehumidifiers in terms of performance and operational cost, (iv) construct a reliable
numerical simulation framework to help interpret and predict the experimentally obtained
heat/mass transfer efficiencies from the multi-string dehumidifier, and (v) conduct an experimental

investigation on the performance of a new water-efficient counterflow WESP design.

1.5 Organization of the thesis

This dissertation studies the characteristics and applications of thin liquid films flowing down
high curvature surfaces.

Chapter 2 presents a combined experimental and numerical study of the effect of nozzle
geometry on the fluid dynamics of a liquid film flowing down a vertical sting. We performed a
systematic experimental investigation by varying the nozzle inner diameter in the range of 0.5 to
3.2 mm. The experimental results are recorded using a high-speed camera and analyzed to evaluate
the characteristics of the downstream flow, such as the spacing, size, frequency and travelling
speed of the liquid beads. We limited our study to the Rayleigh-Plateau (RP) regime, where
uniformly-spaced drop-like liquid beads flow down on a vertical fiber. To help interpret the
experimental results, a set of time-dependent full Navier-Stokes equations is solved using a

commercially available numerical simulation software.
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Chapter 3 extends our experimental and numerical study to theoretical modeling of the effect
of nozzle geometry on the dynamics of thin liquid films flowing down on vertical fibers. We
proposed a full lubrication model including the slip boundary condition, various curvature terms
and a film stabilization term. We analyzed the modeling results to evaluate the characteristics of
the downstream flow as well as the nearly flat film region of the flow that proceeds the onset of
instability. The fluid characteristics of the flow resulted from our model is then compared to that
of the experiments and previously studied theoretical models.

Chapter 4 presents a highly-efficient compact multi-string dehumidifier design as a novel
application for the multi-string configuration. We demonstrated a stable water flow along a vertical
cotton string and constructed two 0.7 m-tall dehumidifier prototypes (52 and 96 cottons strings),
where the water vapor in the counterflowing air steam is condensed on the surface of the water
beads, which are flowing down along the cotton threads. We measured the axial variations in the
water and air temperature and the air-stream pressure drop to examine the impact of the water and
air flow rates, instability modes, and string pitch on the heat and mass transfer performance of our
multi-string dehumidifier.

Chapter 5 explores the application of using the cotton-based single/multi-string configuration
for particle capturing purpose. We constructed two particle collector designs, utilizing the water
flow on cotton strings as the particle collection medium. We performed a combined experimental
and modeling study to validate and further optimize our particle collector design. The particle
collection efficiency and the water consumption of our design is experimentally measured and
compared with existing particle collector designs. The effect of water and air flow rate, and applied

collector voltage on the collection performance is also studied.
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CHAPTER 2

Effects of Nozzle Geometry on the Fluid
Dynamics of Thin Liquid Films Flowing down
Vertical Strings in the Rayleigh-Plateau

Regime

Thin-liquid films flowing down vertical strings undergo instability, creating wavy film profiles
and traveling beads. Previous studies assumed that the liquid film thickness and velocity profiles
within the healing length from a nozzle were specified by the Nusselt solution, independent of the
nozzle geometry. As a result, the influence of the nozzle diameter on the flow characteristics, such
as the liquid bead size, spacing, and traveling speed, was largely overlooked. We report an
experimental and numerical simulation study on liquid-film flows in the Rayleigh-Plateau regime
while systematically varying the nozzle diameter from 0.5 mm to 3.2 mm at different mass flow
rates (0.02, 0.04, 0.06 and 0.08 g/s). We find that the nozzle diameter does have a strong influence
on the flow regime as well as flow characteristics. We identify the thickness of a nearly flat portion
of a liquid film that precedes the onset of instability, which we term the pre-instability thickness,
as a critical flow parameter that govern the size, spacing, and frequency of liquid beads that
develop downstream. By defining the liquid film aspect ratio o in terms of the pre-instability

thickness, we capture a flow transition from the Rayleigh-Plateau (RP) instability regime to the
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isolated droplet regime. An improved understanding of the flow regimes and characteristics assists
a systematic design and optimization of a wide variety of processes and devices, including fiber

coating and direct contact heat and mass exchangers.

2.1 Background

Early theoretical and experimental studies of liquid film flows down vertical wires employed
highly viscous liquids and thin fibers to reduce the effects of gravity. They observed the existence
of a dominant wavelength and the formation of uniformly-spaced beads[48]. A later study[49]
investigated flows under similar conditions and developed a creeping-flow model to predict flow
characteristics.

Lin et al.[50] took the gravitational force into account for the stability problem of the free
coating and concluded that any flow in this configuration, regardless of the liquid Reynolds
number and string diameter, is unstable. Craster et al.[51] derived an evolution model for liquid
film flows under a long-wavelength approximation for the thin-layer limit where the radius of total
fluid is much smaller than the capillary lengthscale, whose prediction yielded a good agreement
with experimental results. Wehinger et al.[52] conducted a numerical simulation study using the
multi-fluid method to capture the sinusoidal and solitary wave limits. Griinig et al.[53]
experimentally investigated the fluid dynamics of a single wetted string in the presence of
significant counterflowing air and observed a limit for gas load where the beads break up into
small droplets and flooding occurs.

Ruyer-Quil et al.[19] developed a two-equation evolution model for liquid film flows that
accounted for the effects of viscous diffusion and inertia to predict liquid film profiles as a function

of time. This and follow-up studies observed wavy flow regimes, where discrete liquid beads are
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formed and travel down a string at regular or irregular intervals. Extending these studies, Duprat
et al.[18] proposed a flow regime map based on a parameter set including the liquid mass flow
rate, liquid properties and string diameter. Flow regimes, which are affected by the effects of
viscous dispersion, inertia, flow advection and azimuthal curvature, were classified into four
categories[54]. Duprat et al.[18], [19], [55] also studied the effects of controlled excitations applied
at the liquid inlet reservoir.

In the present manuscript, we report our combined experimental and numerical systematic
study of the effects of nozzle geometry on thin liquid films flowing down a vertical string. We
limit ourselves to experimental conditions within the Rayleigh-Plateau (RP) instability regime [56].
We experimentally determine how the nozzle radius influences the flow characteristics such as the
healing length, liquid bead diameter, liquid bead spacing and liquid bead spatial frequency. To
help interpret experimental results, we perform sets of numerical simulations. Previous studies
simulated the formation of liquid beads on vertical strings under both flowing and static conditions.
Mead-Hunter et al.[57] simulated the breakup of a liquid film on a vertical string using the
OpenFOAM CFD package and achieved good agreement in droplet spacing with theoretical results
based on the Quere theory[16]. Hosseini et al.[9] simulated thin liquid film flows using the volume
of fluid (VOF) method. Their work could qualitatively capture the experimentally obtained profiles
of liquid beads but the predicted liquid bead spacing deviated from experimental results. An

approximate analytical model is proposed, which relates the flow characteristics.
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2.2 Experimental setup and numerical simulation

We perform a systematic experimental and numerical study to investigate the influence of
nozzle geometry on the flow characteristics such as the healing length, spatial/temporal frequency

of traveling beads, and their spacing and size.

2.2.1 Experimental setup

Figure 2. 1 shows a schematic of the experimental setup we use to study the effects of nozzle
geometry. A syringe pump is used to pump the liquid. The liquid flow rates are varied from 0.02
g/s to 0.09 g/s. A high-speed camera is mounted on an X-Y stage to capture liquid film profiles
along vertically mounted Nylon strings. A frame rate of 1000 frame/second is used for all
experimental results reported here. A video zoom lens is interchangeably used to capture details
of individual liquid beads. The uncertainty in the liquid bead radius and length is estimated to be
+ 0.08 mm and that in the liquid bead spacing + 0.3 mm.

We use stainless steel nozzles of inner diameters varying from 0.5 mm to 3.2 mm and wall
thicknesses varying from 0.1 mm to 0.2 mm in our experiments. Nylon strings of length 0.6 m and
diameters of 0.2, 0.29 and 0.43 mm are mounted vertically using a weight attached at the end. A
set of two X-Y stages are used to align each string such that it is centered with respect to a nozzle.
We monitor the liquid mass flow rate using a precision weight scale of resolution 0.1 g with a
computer readout.

Rhodorsil silicone oil v50 (density p = 963 kg/m’, kinematic viscosity v = 50 mm?/s, surface
tension ¥ = 20.8 mN/m at 20 °C) and Rhodorsil silicone oil v100 (density p = 963 kg/m’,

kinematic viscosity v = 100 mm?/s, surface tension y =20.8 mN/m at 20 °C) are used as the liquids.
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Figure 2. 1: Schematic of the experimental setup.

Using the captured video images, we extract relevant flow parameters, including the liquid
bead spacing, the liquid bead temporal frequency, the liquid bead velocity, the healing length, the
pre-instability thickness and the liquid bead radius (see Figure 2. 2). The first three parameters are
determined from a so-called spatiotemporal diagram, which we construct by extracting a single
vertical line of pixels that intersect liquid beads near their centers from each of the video frames
and then juxtaposing them along the horizontal time axis. The vertical axis represents the distance
from the tip of the nozzle. As for the healing length, we consider the onset of instability at the

location where local perturbations exceed 4% of the mean liquid film thickness.
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Figure 2. 2: (a-b) Schematic diagrams illustrating parameters characterizing liquid thin-film

flows. (c) A representative spatiotemporal diagram experimentally obtained.

2.2.2 Numerical simulation

To help understand experimental results, we perform sets of numerical simulations. Figure 2.
3 shows the simulation domain and boundary conditions we use. We implement the volume of
fluid (VOF) method within the framework of a commercial CFD package (ANSYS-Fluent) to
model two-phase flows and track liquid-gas interfaces. We assume that the flows are two-
dimensional and axi-symmetric. We employ an unsteady 2D solver utilizing the PISO (pressure
implicit with splitting of operators) method to handle the pressure-velocity coupling. The pressure
staggering option (PRESTO) is used to handle the pressure and the second-order upwind scheme

is used to discretize the momentum equations. An unstructured quadratic mesh with the minimum
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element size of the order of 0.01 mm and the number of mesh elements of the order of 200,000 is
used in typical simulation runs. A mesh independence study is carried out to ensure that the
predicted liquid flow parameters, including the liquid bead spacing and diameter, do not change
by more than 2% with increasing the number of mesh elements to 400,000.

We adopt the continuum surface force (CSF) model proposed by Brackbill et al.[58], where
the effect of surface tension is represented as a source term in the momentum equations. The
apparent contact angle[59] is dynamically calculated based on the equilibrium of forces at each
instant[60], [61]. We do not employ any artificial perturbation in our simulation but rely instead

on noise inherent in numerical simulation to initiate instability.

Outlet

(ambient pressure) Air inlet (zero velocity)

Liquid inlet
(uniform velocity)

(no slip, contact angle = 0°)

Nozzle walls
(no slip condition) -

Figure 2. 3: Schematic of boundary conditions for numerical simulation

During a flow initiation stage, liquid beads formed near the nozzle spread and slide down an
initially dry string. Our numerical simulation results show two liquid film profiles: (a) shortly after
the beginning of a simulation run and (b) after a steady state has been established (see Figure 2.

4). The geometric characteristics of liquid beads, especially bead spacing, during this flow
19



initiation stage differ markedly from those under the later steady state condition. We consider that
a steady-state has been reached when the spacing between 5 consecutive beads passing a fixed
position varies less than 5% of their mean value. All simulation results reported later in the
manuscript are obtained after such initiation stage has ended and stable liquid profiles are

established.
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Figure 2. 4: Predicted liquid film profiles (silicone v50, Q = 0.08 g/s, nozzle outer diameter
=1.06 mm) after the generation of (a) first 3 liquid beads (b) 16 beads.

2.3 Results and discussion

We first compare the relative effects of two nozzle geometric parameters: nozzle inner
diameter (ID) and nozzle outer diameter (OD). Figure 2. 5 shows the predicted and measured bead
temporal frequency as a function of the nozzle inner diameter. For the results shown in Figure 2.
5(a), the nozzle wall thickness is varied such that the nozzle OD is fixed. Under this condition,
both the simulation and experimental results show that the flow characteristics are relatively

insensitive to the nozzle ID. In contrast, the results shown in Figure 2. 5(b) are obtained from
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nozzles with the same ID but different ODs. This time the bead temporal frequency (and other

flow parameters) do vary appreciably with the nozzle outer diameter.
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Figure 2. 5: Dependence of the liquid bead frequency on (a) the nozzle inner diameter when

the nozzle outer diameter is fixed and (b) the nozzle outer diameter when the nozzle inner diameter

is fixed. Two sets of data for two different liquid flow rates (Q = 0.08 g/s and 0.04 g/s) are shown.

The hollow symbols correspond to our simulation results and the solid symbols correspond to our

experimental results.
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The above trend can be explained by considering the profile of a liquid film near the nozzle.
The predicted liquid profiles for different values of the liquid contact angle illustrate that, at
relatively low contact angles, as is the case for well-wetting silicone oils, the contact line remains
attached to the outer nozzle surface (see Figure 2. 6 and Figure 2. 7). As a result, the liquid bead
diameter and other flow parameters are governed only by the nozzle outer diameter and do not
change much with the contact angle. When the contact angle exceeds a threshold value,
approximately 45 degrees, the contact line recedes from the outer surface and moves towards the
nozzle inner surface. The liquid bead diameter decreases more appreciably with increasing contact
angle at these higher contact angles. With these results, we present all subsequent results on flow

parameters as a function of the nozzle OD.

CA = 0° CA = 60°

CA = 30° CA=75°

CA =45° CA =90°

Figure 2. 6: Predicted liquid film profile near the nozzle for different contact angles at the
nozzle surface. The white rectangles represent the nozzle. The red regions and the blue regions

represent the liquid and the air, respectively.
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Figure 2. 7: The predicted liquid bead diameter as a function of the liquid contact angle on the

nozzle surface (Q = 0.08 g/s, 0.2 mm-diameter string, nozzle OD of 2.5 mm).

Figure 2. 10 and Figure 2. 11 show two of the flow characteristics for silicone oil v50 flowing
down a vertical string with a diameter of 0.2 mm at two different liquid mass flow rates of 0.04
and 0.08 g/s. The liquid bead frequency and the healing length decrease with increasing nozzle
outer diameters whereas the bead spacing and the bead diameter increase with increasing nozzle
outer diameters (see Figure 2. 8 and Figure 2. 9). The predicted results all agree well with the

experimentally measured values.
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Figure 2. 8: The predicted and measured healing length as a function of the nozzle outer

diameter. Two sets of results are presented for two different mass flow rates: 0.04 and 0.08 g/s.
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Figure 2. 9: The predicted and measured liquid bead diameter as a function of the nozzle outer

diameter. Two sets of results are presented for two different mass flow rates: 0.04 and 0.08 g/s.

24



One noteworthy observation is that the flow regime itself can change as we change the nozzle
outer diameter. Our experimental and numerical results show that the flows can transition to the
isolated droplet regime, as shown in Figure 2. 10.b(IIl), when the nozzle outer diameter is larger
than 1.6 mm (for Q =0.04 g/s) or 2.1 mm (for Q = 0.08 g/s). At even lower liquid mass flow rates
(0.025 ~ 0.04 g/s), the flows are observed to be in convective instability regime when the nozzle
outer diameter is less than 0.7 mm, which is shown in Figure 2. 10.b(I). The previous flow regime
map would have predicted all of these flows to be in the absolute instability regime shown in

Figure 2. 10.b(1D).

25



—
Y
N

Frequency, f (Hz)

(b)

Figure 2. 10: The measured and predicted liquid bead spatial frequency as a function of the
nozzle OD for RP regime in (a). Two sets of results are presented for two different mass flow rates:
0.04 and 0.08 g/s. The experimental liquid film profiles are presented for b(I) convective
instability, b(II) absolute RP instability and b(III) isolated droplet regimes. Note that the

experimental data shown in (a) are only for liquid film flows in the Rayleigh-Plateau regime

illustrated in b(II).
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Figure 2. 11: The predicted and measured liquid bead spacing as a function of the nozzle OD.

Two sets of results are presented for two different mass flow rates: 0.04 and 0.08 g/s.

We hypothesize that the pre-instability region (between the nozzle and the location of
instability onset) is a key to understanding the observed dependence of the flow characteristic
parameters on the nozzle outer diameter.

Figure 2. 12(a) shows the predicted liquid film profiles near two nozzles of different diameters.
The flows are in the RP regime. As the liquid exits the nozzle, it develops to form (nearly) “flat”
liquid-gas interfaces before any flow instability leads to the generation of a neck and subsequently
discrete liquid beads. We define the thickness of this flat liquid film before the onset of the
instability as the pre-instability thickness. Figure 2. 12(b) shows the predicted axial velocity

profiles in the pre-instability regions at locations marked with the arrows in Figure 2. 12(a).
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We note that the pre-instability thicknesses and the velocity profiles deviate from the
predictions of the Nusselt model despite the fact that the string diameter and the liquid mass flow

rate are kept the same for both cases.
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Figure 2. 12: (a) Predicted liquid film profiles near the nozzles for different nozzle outer
diameters (2.1 and 0.8 mm). (b) Predicted axial velocity profiles at locations marked with arrows
in the pre-instability regions. Note that the horizontal axis corresponds to the axial velocity. The
hollow triangles are for OD = 2.1 mm and the hollow squares are for OD = 0.8 mm. The solid

line/filled symbols correspond to the Nusselt solution.
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We also examine the effect of the nozzle outer diameter on the pre-instability diameter, which
i1s computed as the sum of the string diameter and the pre-instability thickness. We observe that
the pre-instability diameter generally increases with increasing nozzle outer diameters or
increasing liquid mass flow rates. These simulation results once again agree well with our

experimental data (see Figure 2. 13).
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Figure 2. 13: The predicted and measured pre-instability diameter as a function of the nozzle

outer diameter. Two sets of results are shown for two different liquid mass flow rates (0.04 and

0.08 g/s).

Figure 2. 14 shows the experimentally measured pre-instability diameter as a function of the
nozzle outer diameter in the RP regime using strings with different diameters, different liquids
with different viscosities, and different liquid mass flow rates. Once again, we observe that the
pre-instability diameter increases with the nozzle outer diameter. At the higher flow rates, the pre-
instability diameter approaches a limiting value of approximately 1.65 mm. At the lower liquid
flow rates, the pre-instability diameter also increases with increasing nozzle outer diameters but
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the flows transition into the isolated droplet regime before the pre-instability diameter reaches the

limiting value. These trends are observed for both fluids and all the string diameters examined.
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Figure 2. 14: The pre-instability diameter experimentally measured as a function of the nozzle
outer diameter. Experiments are performed using two different liquids (silicone oil v50 and v100);
three different string diameters (0.2, 0.29 and 0.43 mm); and four different liquid mass flow rates

(0.02, 0.04, 0.06, and 0.08 g/s).

The flow regime map reported in previous studies does not have any provision to account for
the effects of the nozzle geometry. We propose a modified flow regime map where we attempt to
account for the influence of the nozzle outer diameter by replacing the Nusselt thickness with the

pre-instability thickness in calculating the liquid film aspect ratio o.
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Figure 2. 15(a) shows all of our experimental and numerical simulation conditions on the
previous flow regime map. All of our cases would be in the RP regime according to this regime
map. Figure 2. 15(b) shows our new flow regime map, which can now capture the transition to
the isolated droplet regime. The film aspect ratios for flows in the isolated bead regime, where
there is no well-defined pre-instability region, are calculated using “equivalent” pre-instability

thickness values using the relation discussed later.
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Figure 2. 15: (a) The flow regime map proposed in previous studies. The Nusselt thickness is
used to define the liquid film aspect ratio a. (b) The newly proposed flow regime map. The pre-

instability thickness is used instead to define a.

We propose an inter-relationship between the flow parameter. In this method, the bead
diameter can be calculated using the pre-instability thickness and the bead velocity and frequency

are found by the bead diameter value. The spacing, which is the division of the bead velocity and
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frequency, then, can be calculated. Based on these inter-relationships and a simplified free body
diagram of a liquid bead on a vertical string, we develop semi-empirical models to help calculate

the flow parameters from the pre-instability thickness (see Figure 2. 16 and Figure 2. 17).
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Figure 2. 16: The inter-relations between the flow parameters.
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bstrate

V2 ckness, h,

Figure 2. 17: A simplified free body diagram of a liquid bead flowing down a vertical string.
Note that parts of the string between liquid beads are surrounded by thin liquid substrates.

Based on our experimental results, we first develop an empirical correlation between the liquid
bead diameter Dy, and the pre-instability thickness /Zp;:

D D
71’ =1.45h,, + 25 (2.1)

Figure 2. 18 shows that the bead diameters calculated using our empirical model agree well
with the experimental data. There is an approximately linear relationship between the pre-
instability thickness and the liquid bead diameter. As a result, the limiting pre-instability thickness

results in a corresponding limit for the bead diameter as illustrated in Figure 2. 18.
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Figure 2. 18: The liquid bead diameter as a function of the nozzle outer diameter. The solid
symbols represent the experimental data and the dashed lines correspond to the values calculated
from the empirical model. The liquid mass flow rate is 0.06 g/s. The limit line corresponds to the

limit line of pre-instability diameter.

Next, we model a liquid bead as a rigid object sliding down on a thin liquid substrate. Based

on our numerical simulation results, we approximate the velocity of the liquid at the surface of the

substrate as half the bead velocity, V1,/2, and the liquid substrate thickness as ? XRy,. From the
N

force balance, we then derive the following semi-empirical equation for the bead velocity, V4 :

2
peR | 2R’ —(Rs (h’“lj]
. 3 h,
PI

y =le (2.2)
HE +1

N
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The liquid bead velocities calculated from the semi-empirical model agree well with the
measured values (see Figure 2. 19). We note that, as the pre-instability diameter increases with
decreasing string diameters, the bead velocity also increases. This can be explained by the fact that
liquid beads formed from thicker pre-instability regions are bigger. Since the bead volume and
corresponding gravity force grow faster (~ Dy’) than the viscous force on the inner side of the
sliding bead (~Dy?), the bead velocity increases with the pre-instability thickness.

The bead frequency f can be readily calculated from the mass flow rate and the mass of an
individual liquid bead. We first obtain the part of the mass flow rate contributed by liquid beads
by subtracting the part of the mass flow rate contributed by the liquid substrate from the total mass

flow rate. The liquid bead is assumed to be a sphere of diameter Dy. We then obtain:

fe—r—E 23)
p(37zR,,3—2;zR,,Rfj

The liquid bead frequency decreases with increasing pre-instability thicknesses (due to either
increasing nozzle outer diameter or decreasing string diameter) because of the corresponding
increase in the diameter of liquid beads and hence their mass (see Figure 2. 20). The liquid bead
frequency needs to decrease to maintain the same liquid flow rate. The bead spacing can be
obtained by simply dividing the liquid bead velocity by the bead frequency.

Moreover, as an increase in the bead diameter leads to an increase in the bead velocity and a
decrease in the bead frequency to satisfy the mass conservation, the limiting value of the bead

diameter translates into a corresponding upper limit for the bead velocity (see Figure 2. 19) and a
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corresponding lower limit for the bead frequency (see Figure 2. 20). We emphasize that these
limiting values represent limits for liquid film flows to stay in the Rayleigh-Plateau regime and

not other physical limits.
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Figure 2. 19: The liquid bead traveling velocity as a function of the nozzle outer diameter. The
solid symbols correspond to the experimental results obtained using three different string
diameters. The dashed lines correspond to the values calculated using the semi-empirical model.

The limit line corresponds to the limit line of bead diameter.
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Figure 2. 20: The liquid bead frequency as a function of the nozzle outer diameter. The solid
symbols correspond to the experimental results obtained using three different string diameters.
The dashed lines correspond to the values calculated using the semi-empirical model. The limit

line corresponds to the limit line of bead diameter.

Earlier studies[16], [62] related the liquid bead spacing to the dominant wavelength for
instability, 272"%h, in cylindrical liquid columns. This result, however, was obtained for static
liquid films whose thicknesses are much smaller than the string radius. These conditions do not
strictly apply in flowing liquid films considered in the present study. The classical relationship
indeed does not directly capture the relationship between the bead spacing and the flow rate (S ~
0™ illustrated, for example, in Figure 2. 11. Our semi-analytical models (Eqgs. 2.2 and 2.3),
however, do suggest that the bead spacing, Sy, is linearly related to the pre-instability thickness,
hpr. Comparing bead spacing results in Figure 2. 11 and the corresponding pre-instability diameters,
we also generally note an approximately linear dependence of the bead spacing on the pre-

instability diameter (see Figure 2. 13).
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2.4 Summary

We report our experimental and numerical simulation study on the effects of nozzle geometry
on the characteristics of thin liquid films flowing down vertical strings with diameters of 0.2, 0.29
and 0.43 mm under the ranges of liquid flow rates (0.02, 0.04, 0.06 and 0.08 g/s) where the
Rayleigh-Plateau instability is the dominant instability mechanism. The nozzle inner diameters are
varied from 0.5 to 3.2 mm. We identify that the portion of a liquid film near the nozzle, which
precedes the onset of the instability, as a key to the down-stream flow characteristics, such as the
liquid bead size, spacing, and traveling speed. The thickness of a nearly flat part of this pre-
instability region is termed the pre-instability thickness, which differs from the Nusselt thickness
often presumed in the literature. We show that an increase in the nozzle diameter at a fixed mass
flow rate leads to an increase in the pre-instability thickness. This in turn results in increases in
the liquid bead size, spacing, and traveling velocity. With an increase in the liquid mass flow rate,
a decrease in the string diameter, or an increase in the liquid viscosity, the pre-instability thickness
grows, approaching a limit before the film flow transitions into a different flow regime. This
transition is captured in a modified flow regime map where we replace the Nusselt thickness with
the pre-instability thickness to define the film aspect ratio. Semi-empirical models are also
developed for the liquid bead size, spacing, and traveling speed as a function of the pre-instability

thickness.
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CHAPTER 3

Influence of nozzle geometry on thin film

dynamics flowing down a cylinder

We present a study of the effects of nozzle geometry on the dynamics of thin fluid films
flowing down a cylindrical fiber. Recent experiments have shown that varying nozzle diameters
can lead to different flow regimes and droplet characteristics in the film. Using a weighted residual
modeling approach, we investigate a system of coupled equations that include inertia, surface
tension effects, gravity, and a film stabilization mechanism. This model characterizes both near-
nozzle fluid structure and downstream bead dynamics. We report a remarkable agreement between

the predicted droplet properties and the experimental data.

3.1 Background

The dynamics of thin fluid films flowing down a cylindrical fiber plays a significant role in a
variety of engineering applications, including mass and heat exchangers, desalination, and water
vapor capturing. Primarily governed by the Rayleigh-Plateau instability and gravity modulation,
the complex interfacial dynamics of the film involve the droplet formation, moving bead of
constant speeds, and irregular wave patterns.

Three distinct flow regimes have been observed from previous experiments Kliakhandler et

al. [49]: (a) convective regime where irregular wave patterns frequently lead to droplet collisions;
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(b) Rayleigh-Plateau regime where stable traveling beads move at a constant speed, and (c) isolated
droplet dripping regime where widely spaced traveling beads coexist with secondary small-
amplitude wave patterns. These dynamical regimes have been extensively studied both
experimentally and theoretically[16], [54], [63], [64] based on the flow rate, fiber radius, and the
fluids used in the experiments.

A recent study by Sadeghpour et al.[65] revealed that the nozzle geometry also has a strong
influence in the dynamic regime of the downstream flows. Specifically, distinct regimes of
interfacial patterns were observed when only the diameter of the nozzle feeding the fluid is varied.
These results motivate us to further investigate the existing models to better characterize the
physics involved in the interfacial dynamics both near the nozzle and further downstream. An
improved understanding of the flow regimes is also expected to assist systematic optimization of
a variety of engineering applications.

For small flow rate cases, the classical lubrication theory has been widely applied to the
dynamics of films flowing down vertical fibers. Under the assumption that the film thickness is
much smaller than the fiber radius. Weakly nonlinear thin film equations have been extensively
studied by Frenkel [66]; Chang & Demekhin [67]; Kalliadasis & Chang [17]. These single
evolution equations for the film thickness characterize both stabilizing and destabilizing roles of
the surface tension that originate from axial and azimuthal curvatures of the interface, respectively
Craster & Matar [68]. A fully nonlinear curvature term is incorporated in Kliakhandler et al. [49]
which alleviates the small-interface-slope assumption of the lubrication theory. Using a low-Bond-
number, surface-tension-dominated theory, Craster & Matar [51] proposed an asymptotic

(CM)model which captures the flow regimes (a) and (c).
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Recently, Ji et al. [69] investigated a full lubrication model that includes slip boundary
conditions, nonlinear curvature terms, and a film stabilization term. The film stabilization term
brings to focus the presence of a stable liquid layer which plays an important role in the full
dynamics. Compared to previous studies, the combination of these physical effects better
characterizes the observed propagation speed, stability of traveling droplets, and their transition to
isolated droplet regime.

For moderate flow rate cases, Trifonov et al. [14] firstly proposed a system of coupled
evolution equations for the film thickness and the flow rate. This model incorporates inertia effects
based on the integral boundary layer (IBL) equations for the dynamics of a falling film on inclined
planes Shkadov [70]. Weighted residual integral boundary-layer(WRIBL) models developed by
Ruyer-Quil et al. [19]; Duprat et al. [18]; Ruyer-Quil & Kalliadasis [54] further extended the IBL
models by including contributions of the streamwise viscous diffusion.

In this study, we present a study of the influence of nozzle geometry in the dynamics of liquid
films flowing down vertical fibers. Our model builds on previous studies of integral boundary-
layer equations and the film stabilization mechanism, and accounts for inertia effects, gravity
modulation, and surface tension. The paper is organized as follows. In section 3.2 we lay out the
experimental setup. In section 3.3 a system of coupled evolution equations for the film thickness
and the flow rate is formulated. Section 3.4.1 presents the stability analysis of the model and
discusses the film stabilization term. Numerical results for the model and their comparison against
experimental observations are presented in section 3.4.2, followed by concluding remarks in

section 3.5.
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3.2 Experimental setup

Figure 3. 1(A) shows a schematic of the experimental setup. This setup was designed to

investigate the effect of nozzle on the flow properties as well as the flow pattern. As shown in

Figure 3. 1(A), the experimental setup includes: 1) a syringe pump to control the volume flow rate

of the working liquid, (2) a convertor to connect the syringe pump outlet to the nozzle, (3) a

stainless steel nozzle with various diameters (OD = 0.84, 1.06, 1.27, 1.56, 1.86, or 2.41), (4) a

transparent tube to protect the flow from noise and air disturbances, (5) a high-speed camera, set

to 1000 frame/second, mounted on an adjustable stage, (6) a weight connected to the end of the

polymer fiber to keep it straight and vertical during the experiment, (7) a weight scale, (8) a liquid

container and (9) a data acquisition system to receive/record the information from the camera and

the weight scale.

[m)

3<---F=

| —\\

00
v
(<)}
W oONOOUAWNER

Syringe pump
Nozzle convertor
Nozzle
Transparent tube
High speed camera
Weight

Weight scale
Liquid tank

DAQ system

R (x*, 1)

Figure 3. 1: (A) Schematic of the experimental setup with changeable nozzle to study the effect

of nozzle on the fluid dynamics of the flow, and (B) schematic of a thin liquid film flowing down

a vertical cylindrical fiber with variable names.
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Polymer based fibers with diameters of 0.2, 0.29, and 0.41 mm were used in the experiments
with the liquid mass flow rate in the range of 0.02g/s to 0.08g/s. Rhodorsil silicone oil v50, a
known well-wetting liquid, with the following physical properties was used in this work: density
p =963 kg/m’, kinematic viscosity v = 50 mm?/s, surface tension y =20.8 mN/m (all at 20 °C). A

summary of the experimental cases in this manuscript is presented in Table 3. 1.

Table 3. 1: A summary of the experimental cases

Fiber diameter, Nozzle outer diameter, OD Mass flowrate, O,
Ds [mm] [mm] [g/s]
0.2 0.84, 1.06, 1.27, 1.56, 1.86, 2.41 0.04
0.08
0.29 0.84, 1.27, 1.56, 1.86, 2.41 0.04
0.08
0.43 0.84, 1.06, 1.27, 1.56, 1.86, 2.41 0.02
0.06

3.3 Model formulation

We consider a flow of two-dimensional axisymmetric Newtonian fluid down a vertical
cylinder of radius R” (see Figure 3. 1(B)). The liquid properties, including the surface tension, o,
density, p, and kinematic viscosity, v, are all assumed to be constant. This model formulation does

not include the nozzle size as a system parameter because we are interested in the flow downstream
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where the nozzle does not affect the dynamics. Instead, we consider the scales for frequency and
mass of the droplets, which depend on the nozzle size (Sadeghpour et al. [65]). We will discuss
this dependence later in appendix B. We review below the derivation of the governing equations
and boundary conditions by Ruyer-Quil et al. [19] and Craster & Matar [51] and discuss our
inclusion of additional physics related to slip, curvature and wetting properties.

The dimensional Navier—Stokes equations for axisymmetric flows are:

¥ L kK 1 * kS kS u* k3
u*+uu*+vu*=——(p*+1—[*)+g+v U..+—=+u.. (3.1)
t x v P x x X x % yy
¥ L L p*7* * v** E V*
VetV U, -V V.t V. (3.2)
P y y

where ¢ represents the time, ” and v represent the axial and radial components of the velocity,
p s the pressure and g is the gravitational acceleration.

The equation of continuity is given by

v +u.=0 (3.3)

Along the fiber, at the interface between the solid substrate and the fluid y° = R", we impose the

Navier slip and no-penetration boundary conditions:

v =0, u = fu} at y =R (3.4)

where A" > 0 is the slip length in standard slip models [71], [72].The no-slip boundary condition

corresponds to A~ = 0. Typical slip lengths for polymeric liquids such as silicone oil range from 1
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to 10 mm [15], [73]. The normal and shear stress balances on the free surface y* =R +h are

given by
p = 2 ; [h*zu* ~n. (v** +u. )+v**J+ d [ ljh:j* —h. J (3.5)
E (1+h:f)3/2 R+n
1m0 (v +ul )20 (V. =’ ) =0 (3.6)
x x y x y X

where p is the dynamic viscosity, and o scales the total curvature which consists of a destabilizing
azimuthal curvature term and a stabilizing axial curvature term. We then complete the system by

including the kinematic boundary condition on the free surfacey’ =R + A,

h; +u*h; =v aty=R+h (3.7)

The next step is to choose the appropriate dimensionless parameters to non-dimensionalize the
model. Following Duprat et al., we choose the scales for the system as follows: the length scale in
the radial direction y is ', and the length scale in the streamwise direction x is L = H /e [18]. The

scale ratio € is set by the balance between the surface tension term gh”y«y+y+, arising from p* .,

and the gravity, g, and is given by € = (pgH ?/c)/3. This scale ratio is small (around 0.4) in

-1/3

typical experiments and can also be rewritten as € = We™ "~, where the Weber number We = L =

(I./H)? compares the capillary length [, = /0/pg to the radial length scale 7. Then the
characteristic streamwise velocity is U = (g ?) /v, and the pressure and time scales are given by
pgL and (vL)/(gH?), respectively. In order to apply the lubrication approximation, we assume

that € < 1, e2Re = O (1), where the Reynolds number Re = (UL) /v. With these scales, we drop

46



the star superscripts and write the mentioned equations in new forms. The leading-order non-

dimensional momentum and continuity equations are:

. u
U?Re(ul+uux+vuy):—px—l_[x+l+;y+uw (3.8)
0=-p, (3.9

v
v,+—+u, =0 (3.10)

Y

Following the approach discussed in Ji et al. (2019), we include a film stabilization term IT (h ),
which takes the functional form of the disjoining pressure widely used in characterizing wetting

dynamics of thin fluid films (see Reisfeld & Bankoft [74])

M(h)=—— (.11

where A is a stabilization parameter. Along the fiber at y = R, we apply the no-slip and no-
penetration conditions on the velocity

u=v=0 at y=R (3.12)

At the free surface, y = 4 + R, the balances of tangential and normal stresses are

u,=0 at y=h+R (3.13)

y

P _h at y=h+R (3.14)

P= a(l+ah) ™
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where a = H /R* represents the aspect ratio of the characteristic film thickness and the fiber

radius, and the scaling parameter f = a?/€?

. The right-hand-side of previous equation
characterizes the interaction between the destabilizing azimuthal curvature and the stabilizing

streamwise curvature terms. The kinematic boundary condition at y = 4 + R is given by

h +uh_ =v at y=h+R (3.15)

Following Trifonov et al. and Duprat et al. [14], [18] we impose an assumption on the velocity

profile
u(x, y,t)=a(x,t)u,(y)+ (V) (3.16)
where
1, , n 1 2 .
ugy)z—z(y ~R y+5(h+R)1n(%j+cxw (3.17)

is the velocity of a uniform Nusselt flow without interfacial variance in the streamwise direction

and satisfies the following two equations:

2
1+a@+l@ﬁ=0 (3.18)
oy oy
ou,
520 at y=h+R, u,=0 at y=R (3.19)

It is convenient to define a local flux, g, which represents the flow rate per unit circumference

length, and a Nusselt flux g, for the flow rate of the Nusselt flow,

3

_ 10 J'R+h 1 0 J<R+huoydy:h?¢(ah) (320)

uydy, 90 = E a

R
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where the shape factor, ¢, is a function defined by

3
16X°

HX) = [(1+X)4(4log(1+X)—3)+4(1+X)2—1] (3.21)

Equation (3.20) is also useful in determining the characteristic length-scales. Given a
dimensional volumetric mass flow rate Q;, and fiber radius R, the volumetric flow rate per
circumference unit g, = Q,,/(2mpR™). Then one obtains the characteristic axial length scale H
for a uniform Nusselt flow from equation (3.20).

Omitting the higher-order terms in the expansion (3.16), multiplying both sides by y, we obtain
the relation between the local flux, ¢, and the Nusselt flux, go, g(x, t) = a(x, f) go. This leads to a(x,
t=q/q, = 3q/[h3¢p(ah)]. Besides, by integrating the continuity equation across the film from y
= R to y = R+h, and using equations (3.12) and (3.15), we obtain a mass conservation equation
for 4 in terms of the local flux, ¢,

n___1 o
ot 1+ ah Ox

(3.22)

Following a projection-based approach used in Ruyer-Quil et al. [19], we take the inner product

of the streamwise momentum equation and uy(y)y from y = Rtoy = R + h (x; f) and obtain

R+h| . I/Iy
[ UzRe(ut+uux+vuy)+px+l_[x+l—7—uw Wiy =0 (3.23)
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From (3.14) the pressure p is a function of only x and ¢. To simplify the averaged momentum
equation (3.23), we apply the approximation for the velocity profile in (3.16), equations (3.10),
(3.11) and the boundary conditions (3.12), (3.13), and (3.14).

Finally, we rescale the time and flux using t = t/¢(a),q = Q¢p(a). Using these new

variables and dropping the tildes, we obtain the averaged axial momentum equation for the flux g:

5% _ 5| ~F(am1%, G(ah)é%} L [— @) 4, h{l —Q{Z(h) —@}H (3.24)
ot h ox W ox | glah)| ¢lah)h ox ox

The coefficient functions in the averaged momentum equations are given below, where b = 1

+X:
3 4 2
W)= [(1+)" (4log(1+ %) =3)+4(1+X) ~1 (3.25)
1(X)=| 64X°§(X)* |/[3F,(X)] (3.26)
F(X)=[3F,(X0)]/[ 16X*¢(X)F,(X) | (3.27)
G(X) =[G, (0] 64X ¢ (O)F,(X) (3.28)

G,(X) = 9b[4In(b)(—220b" +456b° —303b* +61n(b)(61b° —69b* + 41In(b)(4In(b)b* —12b*
+7b% +2)b* +9b* +9)b” +58b> +9)b° + (b* +1)° (156b° —145b* +53b° —1)) (3.29)

F.(X)=-301b" + 622b° —441b* + 41og(h)(196b° —234b* + 6log(b)[16log(b)b* —36b*
+22b° +3]b° +78b° +4)b> +130b° —10 (3.30)

F,(X)=17b° +12log(b)| 2log(b)b” —3b* +2 |b* ~30b* +15b” -2 (3.31)
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and 0 is a reduced Reynolds number defined as

5 =U Redg(a) (3.32)

The functional Z consists of the azimuthal curvature term and the film stabilization term

zmy=—2>" 4 (3.33)

a(l+ah) h

The mass conservation equation (3.22) remains unchanged after the rescaling. This choice of
time and flux scales leads to a normalized flux g = 1/3 for the flat film thickness h = 1.

The coupled system of evolution equations for the film thickness, %, and the flux, ¢, accounts
for the surface tension, gravity, azimuthal instabilities and moderate inertia effects. For 4 = 0, this
model is consistent with the first-order weighted residual boundary layer model studied in Ruyer-
Quil et al. [19] and Duprat et al. [18] except that their model includes a fully nonlinear azimuthal
curvature term Z = Zgcwm,

B ah’

a(l+ah) 2(1+ah) -39

Zey (h) =

In the low Reynolds number limit, § — 0, or by setting dq/dt = 0, equation 3.24 gives an
expression for g in terms of 4. Substituting this expression into equation (3.22) leads to a single
lubrication equation (3.35) for # which is equivalent to the model studied in Ji et al. [69] and

Craster & Matar [51],

Ofp, 2], 9 _9 _Oh])_
5(k+5h j+8x[M(h)[l ax{Z(h) axzm 0 (3.35)
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where the M(h) = h3¢(ah)/[3¢(a)] is the mobility function. The form of M(h) has also been

generalized in our previous work to include Navier slip boundary conditions [69].

3.4 Results and Discussion

3.4.1 Stability analysis and film stabilization mechanism

Next, we examine the linear stability of the model (eqs 3.22-3.24), and derive the stabilization
parameter A in (3.11). Similar to the film stabilization model studied in Ji et al. [69], 4 > 0 1is
important for the model to produce comparable downstream dynamics observed in experiments.

We perturb a uniform layer h = h and its corresponding flux g = g by

h:iz+QH, q:Z]+QQ where () <1 (3.36)

Substituting the expansion (3.36) into (3.24) leads to the O(1) equation,

i ¢(ah)
3¢(ar)

q= (3.37)

After obtaining a single equation for H by eliminating Q using (3.37), we apply the Fourier
mode decomposition H = H,exp(ikx + At), where the wave number k£ and the growth rate of the

perturbation, A, are both real. This yields the dispersion relation
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0:5(1+a2)12—w/1
h ¢(ach)
(3.38)

i __ __
1| 6G(am L+ 1 (ah| B34\, Lahh,.
h

#(a) (1 + aﬁ)z A #(a)

Following the approach in Ji et al. [69], we select the stabilization parameter, A, based on the
thickness of stable undisturbed layers obtained from experimental observations. Since the marginal

stability is achieved for A = 0 in (3.38), we derive a formula for 4,

pY . sJG(al,)¢* (aU)

A= ,
3(14aq)  271(@Y)d(@)

(3.39)

such that for A = A, any thin at Im of thickness less than the threshold value €p 18 linearly stable,

that is, A < 0, for all wave numbers. Compared to the film stabilization model introduced in our

previous work [69], the formula (3.39) for 4 includes a higher order term in €p-

3.4.2 Numerical studies on near nozzle dynamics

We perform numerical investigations to examine the spatio-temporal dynamics of the flow
near the inlet and further downstream by solving the coupled system (3.3) for 0 < x < L. To model
the influence of nozzle geometry to the full dynamics, we impose Dirichlet boundary conditions
on both the film thickness, %, and the flux, ¢, at x = 0: h(0,t) = h;y, q(0,t) = 1/3, where the
dimensionless inlet film thickness h;y = (0.50D — R*)/H , where OD represents the
dimensional outer nozzle diameter. Following Ruyer-Quil et al. [19], we impose soft boundary

conditions at the outlet by replacing the averaged momentum balance equation 3.41 with a linear
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hyperbolic equation q, + vrq, = 0 at the last two grid points near the outlet, where v = 1 is used
for all the simulations.

The initial conditions are set to be a piece-wise linear profile for the film thickness, /4, and a
constant for the flux, ¢

1, xX>x,

= 3.40
’ h(x,0) {hIN+(1—hIN)x/xL, 0<x<x, (3.40)

[SSE

q(x,0)=

where xi = 10 is used for most simulations.
Centered finite differences in a Keller box scheme are used for numerically solving the model

(eqs 3.22-3.24), where the coupled fourth-order PDE system is decomposed into a system of first-

order differential equations:

X

k=h, p=k, (h+%h2j +q.=0,
* (3.41)

_sl_p4 I I | L) g o
5q,—5( thx+Gq2 k]+¢(a){ 3¢(ah) h2+h(1 Z(h)k+px)}

In Figure 3. 2, we show plots of transient numerical results of model (eqs 3.22-3.24) that
correspond to four experiments with varying outer nozzle diameters. Fixed flow rate Oy, = 0.04 g/s
and fiber diameter D = 0.29 mm are used. The experimental results in Figure 3. 2(A) indicate that
as the nozzle diameter increases from 0.84 mm to 1.27 mm, the droplet dynamics undergo a regime
transition from the convective instability regime to a Rayleigh-Plateau regime. Moreover, within
the Raleigh-Plateau regime, an enlarged nozzle diameter leads to larger spacing between the
moving droplets. This regime transition is captured in the numerical simulation (see Figure 3. 2(B))

where the inter-bead spacing is in good agreement with experimental observations.
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Figure 3. 2: Flow profile of Silicone oil v50 on a fiber with diameter of 0.29 mm, with liquid
flow rate, O, of 0.04 g/s, while varying the nozzle outer diameter (from left to right = 0.84, 1.56,
1.84, and 2.41 mm) obtained from (A) experiments, and (B) mathematical modeling with €,=0.15

mm.

Next, we discuss the influence of nozzle geometry on the dynamics of the flow within the
healing length. Previous studies assumed that the film thickness and velocity profiles within the
healing length are specified by the flow rate and fiber radius. However, our study reveals that for
flows in convective and Rayleigh-Plateau regimes, the healing length decreases as the nozzle
diameter increases. Figure 3. 3 presents one such comparison of the near-nozzle film profiles
between experiments and simulations for flow rate O, = 0.06 g/s and fiber diameter Ds = 0.43 mm.

This observation is similar to the study by Duprat et al. [18] who studied the spatial response of
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the film to inlet forcing and concluded that the healing length tends to decrease as the forcing

amplitude increases.

|

1
i |
3 '::’
b l,’
) 8 §

Figure 3. 3: Visualization of effect of nozzle outer diameter on the healing length (marked by

10 mm

arrows) for flow of silicone oil v50 on a fiber with diameter of 0.43 mm, with liquid flow rate, Onm,
of 0.06 g/s, while varying the nozzle outer diameter (from left to right = 0.84, 1.56, 1.84, and 2.41

mm) obtained from (A) experiments, and (B) mathematical modeling with €,=0.15 mm.

3.4.3 Experimental comparisons on bead properties

In Figure 3. 4, we show plots of predicted bead velocities, V4, and inter-bead spacing, Sy, for
varying nozzle sizes. The top through bottom panels indicate the cases of fiber diameters Ds = 0.2,
0.29, and 0.43 mm, with two choices of flow rate O, = 0.06 g/s for each fiber diameter. Our model
(eqs 3.22-3.24) agrees quite well with the experimental observations across all cases when a

suitable stable film thickness, €, is applied.
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Figure 3. 4: Comparison of (A), (C), and (E) bead spacing and (B), (D), and (F) bead velocity

from mathematical modeling results to the experiments as a function of nozzle outer diameter (0.84

mm to 2.41 mm) for the following cases, (A) and (B) fiber diameter = 0.2 mm and Qy,= 0.04 and
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0.08 g/s, (C) and (D) fiber diameter = 0.29 mm and Oy, = 0.04 and 0.08 g/s, and (E) and (F) fiber
diameter = 0.43 mm and Oy, = 0.02 and 0.06 g/s. symbols represent the experimental results and

lines represent the mathematical modeling results.

The presence of the film stabilization term is important for maintaining the stable train of beads
flowing down the fiber. In Figure 3. 5, we show the relation between the bead characteristics and

the nozzle outer diameter OD as the stable film thickness, €, varies. Since a larger value of the
stabilization parameter, 4, in equation (3.33) corresponds to stronger stabilization effects,

increasing €, is expected to yield more stabilized moving beads. For a fiber diameter D = 0.43
mm at a small flow rate O, = 0.02 g/s, the film stabilization model with €,= 0.15 mm best captures
both the bead profiles and moving velocity. While without the film stabilization mechanism (€,=

0 mm), large variations in the downstream bead characteristics are observed, which indicates that

the model does not predict a stable train of moving beads.
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Figure 3. 5: Effect of €,0n the (A) bead spacing, and (B) bead velocity as a function of nozzle

outer diameter obtained from experiments and mathematical modeling for fiber diameter of 0.43
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mm, and liquid flow rate, On, of 0.02 g/s. Symbols represent the experimental results; dotted line,

dashed line, dot-dashed line, solid line and short dashed line represent the €,= 0 mm, €,= 0.05
mm, €,= 0.10 mm, €,= 0.15 mm, and €,= 0.21 mm case from mathematical modeling,

respectively.

Finally, we study the influence of inertia effects, nonlinear curvature terms, and the film
stabilization term to the bead characteristics. Figure 3. 6 shows a comparison of the experimental
bead spacing and velocity of downstream dynamics against those obtained from the Craster &
Matar model (CM) in (3.35), the full curvature model with Z(%) given by equation (3.34) and 4 =
0, the linear curvature model with Z(4) given by equation (3.33) and 4 = 0, and the film
stabilization model with 4 > 0. Whereas the different models all yield qualitatively reasonable
trend as the nozzle size increases, the film stabilization model provides the best agreement with

the experiment, while the other models over-estimate the bead spacing and velocity.
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Figure 3. 6: Effect of nozzle diameter on the (A) bead spacing, and (B) bead velocity obtained
from experiments and various mathematical modeling methods for fiber diameter of 0.43 mm, and
liquid flow rate, On, of 0.02 g/s. Symbols represent the experimental results; dot-dashed line,
dotted line, dashed line, and the solid line represent mathematical modeling that includes inertia

and full curvature with €,= 0 mm, inertia and linear curvature with €,= 0 mm, no inertia (CM

model), and inertia and linear curvature with the best €, value ( 0.15 mm), respectively.

3.5 Summary

In summary, we have performed a detailed experimental and theoretical study of viscous flow
down a vertical fiber, focusing on understanding the influence of nozzle diameter on the regime
transition and downstream bead dynamics. We propose a boundary layer model that incorporates
a film stabilization term to the pressure, and compare the predicted film dynamics against a range
of experimental results. Numerical simulations show that in addition to fiber sizes and flow rates,
the downstream flow regime transitions and bead characteristics are also affected by the nozzle
geometry. Within the Rayleigh-Plateau regime, our results show outstanding experimental

agreement in terms of bead spacing and velocity, and film profile within healing length near the
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nozzle. We also compared our results with various theoretical methods, such as CM model, linear

curvature model, full curvature model and various film stabilization terms.
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CHAPTER 4

Water vapor capturing using an array of
traveling liquid beads for desalination and

water treatment

Growing concern over the scarcity of fresh water motivates development of compact and
economic water vapor capture and condensation methods for distributed water treatment and
harvesting. We report a study of water vapor in a warm humidified air condensing on cold liquid
beads traveling down a massive array of vertical cotton threads acting as pseudo-superhydrophilic
surfaces. These liquid beads are generated through intrinsic instability in thin films of water
without requiring spray nozzles or electric excitation. They offer localized high-curvature surfaces
that enhance vapor diffusion toward the liquid surface, a critical rate limiting step. With increasing
liquid flow rates, the bead spacing decreases whereas the bead size and speed stay nearly constant.
The resulting increase in the spatial bead density delivers mass transfer conductances and hence
condensation rates per volume of 3 times higher than best reported values. Equally importantly,
parallel and contiguous gas flow paths in our multi-string water vapor capturing device results in
significant reduction in gas pressure drop and hence electric fan power consumption. Our compact,
light-weight, and highly-effective device can serve as a critical enabler for distributed thermal

desalination and vapor capture systems.
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4.1 Background

Humidification and dehumidification (HDH) is an appealing thermal distillation technique for
small-scale and mobile desalination and water treatment applications [24], [75] which imitates the
natural rain cycle by creating humidified air (e.g., blowing dry air over a heated brine) and then
condensing water vapor, using a water vapor capturing device (hereinafter referred to as
“dehumidifier”), to produce distilled water. The critical technical challenge of HDH method lies
in improving thermal energy efficiency. Past studies [76]-[79] proposed approaches to
thermodynamically balancing humidification and dehumidification processes and reported designs
with energy efficiency competitive with other technologies while delivering benefits of reduced
capital and operation costs.

A practical limit in thermal efficiency, however, is posed by heat/mass exchange processes.
Particularly problematic is dehumidification, which suffers from inherently large resistance to
mass transfer experienced by water vapor as it diffuses through air. The deleterious effects of non-
condensable gases on condensation has been well documented [80], [81]. Non-condensable gases
of a volume fraction as low as 0.5% has been observed to cause as much as 50% reduction in
condensation heat transfer.

Conventional approaches to condensation rely on cooled solid surfaces in contact with a gas
stream, which is a mixture of the target vapor and other non-condensable gases. One can
theoretically achieve high mass transfer rates by employing densely packed solid surfaces of large
surface areas to reduce average distances vapor molecules must diffuse through. However, due to
constraints on weight, cost, and/or manufacturability, solid surface areas per volume one can

achieve are limited. Other methods, such as enhanced convective mixing through intermittent
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liquid feeds [82] and electric winds generated by corona discharge [83], can enhance mass transfer
but at the expense of increased power consumption and complexity. More recent studies adapted
bubble columns for dehumidification [84] where humidified air is injected through a pool of cooled
water to create bubbles with large surface-to-volume ratios for enhanced heat and mass transfer.
The very large pressure head required to sustain air flows, however, again leads to increased
electricity consumption.

In our recent paper [85], we reported an early demonstration of thin film flows of water along
cotton threads and their potential application in evaporation/humidification. This early
demonstration, however, was rather ad hoc and incomplete as we merely relied on trial and error
to select thread diameters and liquid flow rates without proper theoretical understanding of fluid
mechanics or heat and mass transfer processes involved. Furthermore, although experimental data
on the evaporation rates were obtained, they were limited and we could only discuss qualitative
trends over narrow ranges of flow parameters. Finally, the improvement in the performance over
the existing state of the art humidifier was appreciable but not dramatic.

The present paper significantly builds upon this early work and reports a dehumidifier that
offers 200% improvement in the condensation rate per volume than the current states of the art,
which are heavy and expensive or involves significant pressure drops. To establish firm scientific
foundation, we performed a first-ever combined experimental and theoretical study of the
instability in thin film flows of a high-surface-energy low-viscosity liquid. This allows us to
develop a theoretical framework to identify threshold flow rates for transition between two
different instability regimes. We also report a complementary numerical model that solves the full
Navier-Stokes equations to quantitatively capture the details of flow patterns while accounting for

the impact of surface roughness inherent in cotton threads. In addition, our systematic experiments
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of heat and mass transfer provide data to develop and validate an analytic model for
dehumidification and to quantify the impact of transition between the flow instability regimes on

heat and mass transfer processes.

4.2 Experimental setup, data acquisition and numerical simulation

4.2.1 Experimental setup

Figure 4. 1 shows the schematic of the experimental setup used in our study. The setup
includes three flow loops: (I) the fresh water loop in the dehumidifier (dashed line); (II) the air
loop through the heater and the bubble column to achieve a specific humidity and temperature and
finally along the dehumidifier (dotted line); and (III) the closed water loop between the water
heater and the bubble column for controlling the water temperature in the bubble column (dash-
dotted line).

The dehumidifier (DEH) consists of a 0.6 m-long vertical cylinder of diameter 2.5 inch and
includes a square array of 52 (or 96) cotton threads with 7 mm (or 5 mm) pitch. The cotton threads
of 0.76 mm diameter are fixed to the bottom acrylic sheet to ensure their verticality. The liquid
reservoir is located at the top. To introduce water onto the cotton threads, stainless steel nozzles
with an inner diameter of 1.2 mm are used in our dehumidifier design and throughout this study,
except in Figure 4. 3 for which we used a nozzle with inner diameter of 0.8 mm. The inlet plenum
at the bottom is designed to create a uniform flow of humidified air stream. Distilled water at 20

‘C (monitored using two thermocouples inside the reservoir) is pumped to the top reservoir from

a main reservoir (FWR-1). A pump and a flowmeter are used to control the flow rate. Water flows
down the cotton threads after exiting the nozzles and absorbs the water vapor from the
countercurrent humidified air stream. It is then collected at the bottom reservoir (FWR-2). A
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weight scale placed under the fresh water reservoir (FWR-2) with a resolution of 0.1 g to measure
the flow rate of fresh water at the outlet of dehumidifier.
We use a bubble column as a humidifier (HUM) to supply air saturated with water to the

dehumidifier. Filtered compressed air at 20 “C flows into the bottom chamber of a bubble column,

which has the cross section of 150 mm x 150 mm and height of 250 mm. The sieve plate has a
square array of 25 x 25 holes of diameter 1 mm. Heated water circulates through the bubble
column using a heating/pumping unit to ensure the uniform temperature distribution of water
inside the bubble column. By adjusting the height of the heated water in the bubble column, a
desired output air condition is obtained. The humidified air flows through two plastic tubes with
an inner diameter of 25 mm to reach the air inlet of the dehumidifier.

Four sets of 4 micro-thermocouples with a tip diameter of 250 pum are mounted at four axial
locations (0.0 m, 0.1 m, 0.4 m, and 0.7 m from the liquid nozzle) and four positions in each axial
location (two for air temperature and two for water temperature) as shown in Figure 4. 1 (locations
1, 2, 3, and 4). A differential pressure transducer (P) is used to measure air stream pressure drop
along the 0.5 m-long mid-section of the dehumidifier. Two humidity sensors are also mounted at

the air inlet and outlet of the dehumidifier to measure the relative humidity of air.
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Figure 4. 1: The schematic of the experimental setup used in this study.

4.2.2 Data Acquisition: Temperature, Humidity and Pressure Measurements

For each run, we first adjust the water (7, = 0.03 g/s -0.14 g/s) and air (Vair = 0.2 m/s — 0.75

m/s) flow rates in flow loops (I) and (II). Then, we start flow loop (III) and wait for all the

thermocouples, humidity sensors and pressure transducer readings to stabilize to within 1% of their

values before taking measurements. Each set of experiments was repeated multiple times to ensure

repeatability. The uncertainties of the measured values are estimated as follows: & 0.1°C for the

temperature readings, 0.03 Pa for the pressure readings, 0.1 g/s for the water flow rates at the outlet

of DEH, 1% for the relative humidity readings, and 0.05 m/s for the air velocities in the DEH.
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4.2.3 Numerical simulation

We perform numerical simulation by solving the 2D axi-symmetric full Navier-Stokes
equations for a flow of water along a string with average roughness of A = 0.04 mm. Figure 4. 2
shows the simulation domain and boundary conditions used. We implement the volume of fluid
(VOF) method to track the water-air interface. We employ an unsteady 2D solver with the pressure
staggering option (PRESTO) to handle the pressure-velocity coupling. A second-order upwind
scheme is used to discretize the momentum equation. A quadratic mesh with the average element
size of 0.015 mm and the number of mesh elements of approximately 400,000 is used in typical

simulation runs.

Outlet Airinlet (v, =0 m/s)
(Zero-gradient-pressure) <J

Water inlet
Cotton fiber

__________ (no slip, contact angle = 0°) emm .

g -” ...~

Nozzle walls,
[y stainless steel v
. (No-slip condition, S

Figure 4. 2: Schematic of the simulation domain and the boundary conditions for the full 2D

axi-symmetric Navier-Stokes simulations.

4.3 Instability in thin water films flowing down vertical strings

Due to interplay among surface tension, viscous, inertial, and gravitational forces, liquid films
flowing down vertical strings develop complex flow patterns [56], [19], [55], [18], [86]. The insets

in Figure 4. 3 show still images of wavy liquid films, representing discrete traveling liquid beads
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formed by intrinsic flow instability. We shall show that such wavy patterns help significantly
enhance mass transfer and thereby condensation of water vapor.

As shown in Figure 4. 3A, thin liquid films flowing down a string may exhibit absolute
instability where the surface tension and viscous forces primarily govern flow dynamics, with
liquid beads of a fixed size traveling at a constant speed and interval (i.e., a fixed wavelength of
wavy patterns). This is often referred to as the Rayleigh-Plateau regime. When inertia becomes
important, thin-film flows may exhibit convective instability where liquid beads travel at different
speeds, merging and subsequently forming new beads. Figure 4. 3B illustrates coalescence of
water beads in the convective instability regime. These different instability modes can be captured
in spatiotemporal diagrams, which schematically represent the temporally evolving positions of

liquid beads along the string (Figure 4. 4).
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Figure 4. 3: Water flowing down a cotton thread of diameter of 0.76 mm at flow rates of (A)

i, = 0.015 g/s to 0.06 g/s, resulting in the RP instability regime, where beads have constant
velocities and spacings, and (B) sz, = 0.11 g/s, generating a flow in the convective instability

regime that feature bead coalescence (Nozzle inner diameter = 0.8 mm).
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Previous experimental studies of the flow instability in question almost exclusively used well-
wetting low-surface energy liquids of high viscosities, such as silicone oil. Water is a high-surface-
energy low-viscosity liquid where the influence of surface tension is much more pronounced. As
water does not wet common polymeric strings, past studies used a carefully cleaned glass wire to
achieve a thin film flow in the absolute instability regime [3]; however, such a fragile material is
not practical for engineering applications. Here, we use cotton threads that absorb water into their

porous structures and essentially function as super-hydrophilic strings.

!

k

Figure 4. 4: The spatiotemporal diagram of a water film flowing down a cotton thread of
diameter 0.76 mm and nozzle inner diameter of 1.2 mm. (A) The Rayleigh-Plateau regime where

the trajectory lines are parallel, representing uniform bead spacing (r,,, = 0.06 g/s) and (B) The

convective instability regime where merging trajectory lines indicate coalescence (i1, = 0.14 g/s).

4.4 Mathematical modeling of water film flows on cotton thread

Earlier studies of thin liquid films flow along strings used low surface tension fluids of
relatively high viscosities, whose main flow characteristics can be captured using one dimensional
lubrication and related models. Our thin water film flows have much higher characteristic

Reynolds numbers and the effects of inertia and nozzles cannot be ignored. We numerically solve
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the Naiver-Stoke equations to predict the characteristics of water flowing down a vertical cotton
thread such as bead size and bead spacing. We observe that incorporating an effective boundary
slip induced by the surface roughness on cotton threads is essential in correctly capturing the flow
pattern due to the fact that the smooth surface assumption leads to an underestimation of the bead
frequency by more than 30%. As shown in Figure 4. 5A, we define the slip coefficient, A, as the
average amplitude of the surface roughness of cotton thread [87], which was found to be ~0.04
mm for our cotton threads based on the image analysis study. Figure 4. 5B shows that a flow
pattern predicted in our numerical stimulation is consistent with the experimental result for a string
diameter, Ds, of 0.76 mm, a nozzle inner diameter of 1.2 mm, an average surface roughness, A, of

0.04 mm at the string surface, and a water flow rate, 7, , of 0.12 g/s. Figure 4. 5C shows that the

experimental results, which are measured by image analysis, and numerical simulation results for
bead spacing, Svead, and bead velocity, Vieaq agree to within 10%.

As we shall discuss further in the subsequent section, with increasing liquid flow rates, the
mass transfer rate of water vapor is generally enhanced. When the film flow transitions from the
absolute to the convective instability regime, however, the emergence of irregular bead patterns in
the convective regime suppresses further growth in the mass transfer rate with continued increase
in the liquid mass flow rate. Identifying the critical flow rate for the instability regime transition is
therefore important.

We apply the Orr-Sommerfeld (OS) analysis to investigate the transition. The OS equation

derived from linearization of the Navier-Stokes equation is a fourth-order differential equation for

the complex perturbation stream function amplitude W(7) . The form of the perturbation is given
by @(r,t)=W(r)exp(i(kx-wt)), where k =k +ik and w=w +iw, . In the complex (% , k)

plane, two disconnected spatial branches merge together at a point that corresponds to the zero
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group velocity, v, = dw/dk = 0. This defines the absolute wavenumber &, and the absolute
frequency wy. A zero group velocity with wg; > 0 identifies the onset of the absolute instability,
and the instability regime transition occurs when the two branches merge at a point that
corresponds to a real absolute frequency. Figure 4. 5D shows an example of the merging of
branches of the OS solutions at a critical flow rate.

Previous OS studies [19], [88] for cylindrical falling films assumed smooth surfaces and
applied the no-slip boundary condition at the liquid-solid interface. However, we find that this
assumption leads to an overestimation of the critical flow rate by nearly 20% (Figure 4. 5E). As
mentioned before, we approximately account for the finite roughness of cotton thread surfaces by

introducing the Navier slip condition at the string surface (» = Ry)

2
dv 29V 4.1)
dr dr

where R; is the average string radius. This approximation represents homogenization of the no-
slip condition on rough surfaces and is sometimes referred to as the Navier friction condition. To
account for uncertainty in measured values of the string radius, we perform the OS analysis for a
range of string radius values, 0.35 mm < R, < 0.4 mm and compare the predicted critical flow rates
for 2 =0 (no-slip) and A = 0.04 mm in Figure 4. SE. Our results show that the surface roughness,
A, of 0.04 mm produces decreased unperturbed flow velocities and yields a smaller critical flow

rate, which is consistent with our experimental observations.
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Figure 4. 5: (A) Schematic of a cotton thread with radius of Ry and average roughness of A. (B)
Comparison of the experimentally obtained liquid profile and the results obtained from the full
Navier-Stokes numerical simulation (string diameter Dy = 0.76 mm, the nozzle inner diameter =

1.2 mm, liquid mass flow rate 7r,, = 0.12 g/s, and average roughness of A = 0.04 mm). (C) The

bead spacing and velocity predicted from full Navier-Stokes numerical simulation compared with

experimental results (Ds = 0.76 mm, nozzle inner diameter = 1.2 mm, i, =0.04 - 0.12 g/s, and A

= 0.04 mm). (D) Spatial branches in the complex k-plane from the OS analysis for a liquid flow
rate of 0.141 g/s, string diameter of 0.76 mm, effective slip length of 0.04 mm and w; = 0. (E) The
absolute and convective instability regimes in the parameter plane of the flow rate versus the string

radius. The solid line corresponds to the OS solutions with roughness induced boundary slip, and
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the dashed line corresponds to the no-slip case. The circle and cross symbols represent the

regularly or irregularly spaced liquid beads observed in the experiments.

4.5 Results and discussion

4.5.1 Condensation Rates: Mass transfer Conductance

Direct determination of the condensation rate from the difference between the inlet and outlet
liquid flow rates is challenging due to fluctuations in the inlet and outlet flow rate and uncontrolled
evaporation in and around the inlet and outlet reservoirs. We instead analyze axial temperature
profiles (Figure 4. 6) using the energy and mass balance equations to indirectly calculate the rate
of mass transfer of water vapor from the humidified air stream to the liquid films flowing down
the threads. The mass transfer conductance, gm, which has the unit of mass flux [kg/(m’s)], is a
proportionality factor for mass transfer rates. It is defined as pmD12/d, where py, is the density of
the air/water mixture, D is the binary diffusion coefficient of water vapor in air and 0 is the
thickness of mass transfer boundary layer.

The balance equations are derived by applying the mass and energy conservation principle to
a differential control volume shown in Figure 4. 7A. The mass balance equations for the water and

air streams are:
I, — 1, = g, [ml (7,,)-m (T, )] dA (4.2)

ma,Z - ma,l = mw,Z - mw,l (43)
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Here, m is the mass flow rate and the subscripts a and w denote the properties of the saturated
air and water, respectively. m(7,,1) and m(7y,1) are the mass fractions of water in the saturated
air at temperatures 7, and 71, respectively. We define d4 as the nominal air-water interfacial
area in the control volume. For mathematical convenience, we assume a perfect cylinder of water
flowing down the cotton thread. The radius of the water cylinder was obtained from the Nusselt
solution based on the experimentally measured water mass flow rates [18]. The energy balance
equation for the combined air and water stream in terms of their enthalpy 4 is

o h,, —m, b, =m ok~ b (4.4)

The total heat transfer rate between the air and water stream is the sum of the rate of sensible

heat transfer by convection, g.onv, and the rate of heat transfer associated with condensation:

m,,h,,—m,h, =q,,d4+g, ':ml (Tal ) -m (Tw,l )] (hw,l +hy, (Tw,l ))dA (4.5)

where g.ony 1S €xpressed in terms of the temperature difference and the convective heat transfer

conductance gy:

9eonw = ghcp,a (7;1 _Tw,l) (4.6)

The heat transfer conductance, gy, which as the unit of [kg/(m?’s)], is defined as A/ Cp.a Where h
is the conventional heat transfer coefficient and C,, is the specific heat of the saturated air. Since
the range of temperature changes is relatively small, we assume that C,, is constant. The Lewis

number, Le, for water vapor and air is near unity. Based on the analogy between heat and mass
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transfer, we estimate the ratio of mass and heat transfer conductances to be g, /g, ~ Le?* =1.08

[89].

For each experimental case, we solve Egs. (4.2)-(4.6) using the measured water inlet

temperature, Ty in, and air outlet temperature, 7, o, as inputs. We adjust the value of g, iteratively

until we match the measured temperature profiles for both the air and water streams. Figure 4. 6

shows representative experimental temperature profiles and the corresponding best fits from Egs.

(4.2)-(4.6).
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Figure 4. 6: The experimental and model prediction results for the temperature profiles of the

water and air streams along the dehumidifier (52 strings and i, , = 0.065 g/s) with the superficial

air speed V,i: of (A) 0.23 m/s, (B) 0.3 m/s, (C) 0.38 m/s, (D) 0.5 m/s, (E) 0.61 m/s, and (F) 0.7 m/s.

The symbols represent the experimental results and the lines represent the model predictions.

Figure 4. 7B shows the experimentally determined mass transfer conductance and water bead

spacing as a function of the water flow rate under two different velocities of the counterflowing
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air. As the water mass flow rate increases, the bead spacing decreases and the total mass transfer
conductance increases. To further analyze the effect of water beads on condensation rates in our
experiments, we develop a simplified model. We decompose our liquid film conceptually into two
components in a uniform air flow condition: 1) a thin continuous liquid substrate coating the thread
and 2) liquid beads of diameter Dyeaq sliding on the liquid substrate at speed Vyead in the range of
0.3-0.42 m/s. We model the liquid substrate as a stationary cylinder and each liquid bead as a

sphere of the equivalent diameter (see Figure 4. 8A).
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Figure 4. 7: (A) Schematic of the control volume used to develop the governing mass and
energy balance equations for the dehumidifier. (B) Mass transfer conductance and bead spacing as
a function of the liquid flow rate per string under two different air stream velocities (Vi = 0.38

m/s and 0.68 m/s).

For mass transfer of water vapor from the humidified air stream to the sphere, we use the heat

and mass transfer analogy to obtain the Sherwood number S% [89], [90]

Shcas = 2+(0.4Re}%, +0.06 e, ) Sc* @)

77



Here, the Reynolds number is Re,, ., = 0, (Vi + Vi ) Dyeus / £ » Where the superficial air
velocity, Vair, 1 calculated through dividing the volumetric flow rate of air by the cross section
area provided by the acrylic cylinder with the diameter of 6.5 cm for the air stream. The dynamic
viscosity of air is denoted by 2 and the Schmidt number Sc. The mass transfer conductance for the

bead, g, .. »1s next obtained from Sh:

Zeas =70 Sh’”% (4.8)
bead

Rigorously speaking, our liquid beads may not be represented as isolated spheres in a uniform

gas flow. We use the existing correlation for g , . only as a convenient and yet approximate

expression to quantitatively interpret our experimental data. In order to assess the accuracy of the

correlation for g , ., we numerically simulated air flows over an array of water beads flowing

down a cotton thread. We find that, for relatively large inter-bead spacings (> 6 times of the bead
diameter), which is satisfied for all experimental conditions we used, the impact of preceding

liquid beads is relatively small. We estimate the error in g, , . calculated using the existing

correlation for an isolated sphere in a uniform gas flow to be less than 10%.

For the liquid substrate, we determine the mass transfer conductance g, , by spatially

averaging the local value from the boundary layer theory. We use the boundary layer theory for a
flat surface to estimate the average mass transfer conductance over a liquid substrate, which is
modeled as a cylinder.

Under our experimental conditions, the blowing factor, & [90],
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B o=—te s (4.9)

is estimated to be small, -0.07 < 5 <0 and the zero normal velocity condition may be assumed

to hold at the water-air surface. Using the established boundary layer theory for a flat surface, we

obtain

_ [70332p,7, Re Sc ‘10
gm,sub = Lsub ( * )

The local Reynolds number is defined as Rex = pm Vair X / 1, where the local coordinate x is
shown in Figure 4. 8 A. We use the analytic correlation for the boundary layer over a flat plate as
a convenient and yet approximate expression for g, . to quantitatively interpret our experimental
data. To assess the accuracy of this approximation, we compare the average shear stress over the

liquid substrate obtained using numerical simulation with that obtained using the analytic

correlation. The estimated errors are approximately 4% for rz,, =0.115 g/s and approximately 15%
for m,, =0.035 g/s.

The water-air interfacial area of the beads, Apeaq, and that of the substrate, Aqup, are used as the
weighting factors to calculate the overall gy, as follows:

_ gm,bead 'Abead + gm,sub 'Avub (4 1 1)
A .+ A

bead sub

Em

Figure 4. 8B shows the experimentally determined and predicted mass transfer conductances

of the design with 96 strings as a function of the superficial air velocity for various values of the
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water flow rates. We can observe that the predicted and measured mass transfer conductances
agree to within 7%. The reasonably good agreement between the predicted and experimentally
obtained g, values indirectly supports the overall validity of our physical model for the heat and
mass transfer processes involved. But we do note that the water-air interfacial areas are needed as
input parameters, which are obtained either from experiments or from a separate fluid mechanics
model. Our results suggest that the mass transfer conductance for the beads are up to 5 times of
that of the substrate (see Figure 4. 8C). This finding is in accord with the past studies of
condensation on localized surface bumps, which were inspired by desert beetles, where the
importance of surface features on condensation rates was suggested[91]. This enhanced mass
transfer around water beads explains high mass transfer rates and hence correspondingly high
condensation rates obtained in our experiments.

From Figure 4. 8B, one might expect that one could continue to increase the mass transfer and

hence condensation rate by further increasing i, , . When the water flow rate is increased above

0.135 g/s, however, the flow transitions into the convective instability regime and we observe a
different trend (Figure 4. 9). As mentioned before, the transition to the convective instability
regime results in bigger and faster moving beads. The increased bead diameter leads to reduction
in the mass transfer conductance around each bead while the increased bead spacing leads to
reduction in the spatial density of liquid beads. These effects counteract enhancement resulting
from the increased bead traveling speed (Egs. (4.7) and (4.8)). As a result, the overall mass transfer

conductance remains nearly unchanged after the further increase in the liquid flow rates.
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Figure 4. 8: (A) Schematic illustrating the decomposition of the water film into two
components: 1) each water bead as a sphere in a uniform air stream of velocity Vair + Viead (t0
account for the bead velocity), and 2) a stationary water cylinder with the same diameter as the
liquid substrate coating the string in a uniform air stream of velocity V.. (B) The experimental
and predicted mass transfer conductances as a function of the superficial air velocity for the
dehumidifier with 96 strings. Various sets of data are presented for different water flow rates per

string, 7iz, . The liquid flows are all in the RP regime. The symbols represent the experimental

results and the lines the model predictions. (C) The estimated mass transfer rate [kg-water/s] to the

total interfacial area of: 1) liquid beads or 2) the liquid substrate.
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Figure 4. 9: (A) The experimental and predicted mass transfer conductances as a function of

the superficial air velocity. Two sets of data are shown, representing 7z, = 0.1 g/s (RP regime)
and s, = 0.135 g/s (convective instability regime). The symbols represent the experimental
results and the lines represent the model predictions. The error bars for the data fors,, = 0.135

g/s are bigger than those for the smaller water flow rate due to large variations in the geometric

parameters of the beads in the convective instability regime. (B-D) The liquid film pattern at 7,

=0.135 g/s within 5 cm from the nozzle where the instability starts to disrupt the flat film region
(B), within the next 5 cm region where beads coalesce and form bigger beads (C), and in the semi-
steady region where these bigger beads move at higher speeds (D). (E) The liquid film pattern with

.= 0.1 g/s corresponds to the RP instability regime.

4.5.2 Gas stream pressure drop

A key consideration in a dehumidification process, aside from the overall mass transfer and
hence condensation rate, is axial pressure drop in the gas stream. In Figure 4. 11A, we compare
the experimentally measured pressure drop in the air stream per unit length and the corresponding

model prediction as a function of the superficial air velocity. The two results agree to within 6%.
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The prediction is based in part on an established empirical correlation for longitudinal flows over
an array of parallel solid cylinders [92]-[94]. The pressure drop consists of three major
components: the frictional pressure drop dPy, the pressure drop due to gravity dP, and the pressure

drop due to the momentum change dP,,:
222
dz \dz), \dz), \dz),

The pressure drop due to gravity dP, = pyn gdz in our setup is less than 7 Pa. The term dP,,

results from vapor condensation and deceleration in the air stream [95]:
dP Y1 1)\d
(_j I I I L e (4.13)
dz ), \A.)\p, p,)dz

A, represents the cross-section area for the air stream, p, is the density of water, and  is the
humidity ratio.

The frictional pressure drop is the sum of the frictional pressure drops caused by liquid beads
(sphere of diameter Dyeaq and the relative velocity of Viead + Vair) and that by the liquid substrate
(cylinder of diameter, Dy, and and the air stream velocity of V). The friction on the tube wall is
estimated to be below 0.2 Pa, with the maximum corresponding to the air velocity of 0.75 m/s.

The frictional pressure drop for laminar flows along an array rod bundles [92] was given in
terms of the friction factor fi.:

7 Re[ﬂ} 80 : (4.14)
D,) 2(1-c)-In(1-c)-05(1-c) -15
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(d_P — 2prmVair (4 15)
dz ), D '

h

Here, Re=p VD, /u and V and p are the relative air stream velocity and viscosity,

respectively. Dy and Dy are the hydraulic diameter and the average liquid film diameter calculated
from Nusselt solution, respectively [18]. The parameter o represents the fraction of the total cross
section available to the air flow.

The maximum Reynolds number for air flows in our experiments is approximately 2400,
comparable to the critical Reynolds number for transition to turbulence (2300). Reynolds number
can be calculated from Re = py, (Vair + Vibead) Dn / 1 where Dy, is the hydraulic diameter of the air
duct. In the laminar flow regime, the pressure drop exhibit an approximately linear dependence on
the superficial air velocity.

Liquid beads in the present work have relatively low geometric profiles, resulting in smaller
form drag than spherical droplets in the presence of a counterflowing gas flow. This was
confirmed in an independent experimental study of heat transfer in a multi-string heat exchanger
using non-evaporating liquids. In that study, the Reynolds analogy was shown to hold reasonably
well, indicating that the frictional component to the pressure drop dominates over the component
associated with form drag[25].

As the counterflowing air stream velocity, aerodynamic drag does deform liquid beads and
change bead spacing (Figure 4. 10). However, significant deformation does not occur until the air

velocity is increased well beyond the range expected of typical dehumidification processes.
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Figure 4. 10: The effect of counterflowing air streams on the dynamics of water film flows.
Increasing air superficial velocities lead to increasing bead sizes and bead spacing. Only at very
high air velocities (Vi > 7 m/s), well beyond the expected range used in dehumidifiers, water

beads experience significant deformation and may reverse their directions.

4.5.3 Effectiveness, heat flux and overall performance

To quantify the overall performance of our device, we define the overall capacity coefficient,
ZmAint/ Vaen, as our device performance parameter [7]. Here, 4in and Vyen are the total liquid-gas
interfacial area and the total volume of the device, respectively. This parameter essentially conveys
the total mass transfer rate per unit volume of a dehumidifier. Figure 4. 11B shows the overall
capacity coefficient of our design compared with that of other dehumidifiers as a function of the
total gas-stream pressure drop. We note that our unique geometric configuration offers at least 3
times higher overall capacity coefficients compared with existing designs at smaller air-stream
pressure drops. One might argue that the air and water mass flow rates can affect the overall
capacity performance. However, this significant improvement in the overall capacity coefficient

is due to the ability of our compact design to provide intrinsic surface bumps, high interface-to-
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volume ratios for mass transfer, and the long resistance time for water vapor capturing due to the
shear stress at the string surface. To ensure the fairness of our comparison in Figure 4. 11B, the
results representing the other existing designs are obtained from comparable conditions with our

experimental condition (see
).
Although previous studies did not report the weight of their humidifiers, we expect that the

present humidifier, constructed of a plastic housing and cotton threads, also provides significant

weight reduction from established metal-based dehumidifiers.
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Figure 4. 11: (A) Pressure drop as a function of the superficial air velocity for the dehumidifiers
with 52 and 96 strings. Symbols represent the experimental data and the lines represent the model
results. (B) Comparison of the mass transfer rate per volume as a function of the air pressure drop
per length of dehumidifier. We compare our geometric configuration with previously reported
dehumidifier designs, such as flat-plate[95], bubble column[96], plate-tube[97], and shell-and-
tube[98].

In a heat and mass exchanger, the modified heat capacity ratio, HCR, is defined as [77], [99]
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AHmaxc
HCR = =1 (4.16)

A Hmax,h

HCR is the comparison between the maximum rate of change in the total enthalpy of the cold

stream and that of the hot stream. The maximum rates of change can be obtained by assuming

respective ideal conditions. In other words, A H s is obtained from a condition where the outlet

temperature of the air reaches the inlet temperature of the water. Likewise, A H maxe can be
obtained from a condition where the outlet temperature of the water reaches the inlet temperature
of the air.

An energy-based effectiveness, ¢, can then be defined for the dehumidifier in the following

form:

AH

£= (4.17)

A H max

Here, A H max is the maximum possible rate of change of enthalpy, min(A H i, AH max.c ) »

and the A f is the actual rate change for one of the streams [100].

Another performance parameter of dehumidifiers is the total heat exchanged between the
coolant and the air-vapor mixture as discussed in Nayaran et al. [84]. Figure 4. 12A and B show
the effect of HCR on the energy-based effectiveness and the heat flux (kW/m?), respectively. We
can see that the effectiveness reaches the minimum when HCR is 1 (i.g. thermally balanced state).

The same trend was reported by Nayaran et al. [100]. In contrast, the heat flux, ¢, increases with
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increasing mass flow rates of either of the streams until it reaches a limit due to the limit on the

rate of change in the total enthalpy of the other stream.

shows the calculated values of € and ¢ for the present device and the existing technologies

reported in the literature. All the dehumidifiers offer comparable effectiveness. We note that € is a
function of HCR (Figure 4. 12A) and that a complete comparison is not feasible when € was not

reported over a wide range of HCR.
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Figure 4. 12: (A) Experimental results and model predictions of the energy-based effectiveness
of dehumidifiers as a function of HCR for different superficial air velocities. (B) The effect of

HCR on the heat flux for different superficial air velocities (model prediction results).

The heat flux, q [kW/m?], is also provided for the different dehumidifiers in

. One goal in designing a dehumidifier is to achieve the highest condensation rate in a unit

volume, which is directly proportional to A H . The heat flux is related to the total enthalpy change

through the following relation:
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g=—" (4.18)

where, A¢1s the area for heat transfer from the hot air stream to the cold water stream in a given

dehumidifier. Some dehumidifiers offer very high heat flux and yet poor overall performance due

to their small heat transfer area. This deficiency can be captured by AH or the overall capacity
coefficient gmAint/ Vdeh.

The number of transfer units, N, is defined as follows:

N, = Enfhn (4.19)

tu

m

w

Here, mw is the inlet mass flow rate of water. Ny, can be numerically calculated using [90]:

N _ J‘hw..om dhw (4.20)

where, 4, and A, are the enthalpy of the saturated air (at 75;;) and water (at Tyaer), respectively.
hs 1s defined as the enthalpy of saturated air at 7y, The values of 4, and hs were obtained from
existing literatures [101]. The enthalpy of the saturated air, 4, is calculated using

ho=h, .+, /1, (h,—h

a — "a,out

). The overall capacity coefficient gmAin/Vaen, then, is calculated

w,in

from Ny, using the following equation:

gmAint — Nl'Ll mW (4.21)
Vvdeh Vdeh
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Table 4. 1 shows all the intermediate parameters used to calculate the overall capacity coefficients.

Table 4. 1 lists the pressure drop, €, ¢, and overall capacity coefficient of our dehumidifier
for a wide range of water-to-air mass flow rate ratio, m, =, ,, /m,,, , (1.37 - 4.41), covering the

range of m, reported for the other dehumidifiers [95]-[98].

The relative humidity, RH, measured at the air inlet and outlet of our dehumidifier is
approximately 100% in all our experimental conditions. The mass of the condensed vapor can be
calculated from the difference in water content of the inlet and outlet air streams. For our
experimental cases the absolute condensation rate is in the range of 0.15-0.32 kg/h.

The ratio of the condensed water vapor to the total water vapor in the inlet air stream is
calculated to be in the range of 0.31 to 0.85 for our dehumidifier. The smallest value, 0.31,
corresponds to the 52-string configuration with the lowest water-to-air mass flow rate ratio (air
superficial velocity of 0.7 m/s and water flow rate per string of 0.035 g/s). The highest value, 0.85,
corresponds to the 96-string configuration with the highest water-to-air mass flow rate ratio (air

superficial velocity of 0.23 m/s and water flow rate per string of 0.115 g/s).

90



Table 4. 1: Dehumidifier Comparison

Dehumidifier Our design Plate & | Flat | Bubble | Shell&
N=96 | N=96 | N=96 | nN=52 | Tube Plate | Column | Tube
Air flow rate, mi, [g/s] 245 245 245 245 8.7 700 2 159
Water flow rate, ni,, [g/s] | 3.4 7 108 7 10.2 1300 8.3 227
Water/Air flow rate, m, 137 285 441 285 | 1.17 1.86 4.17 1.42
Length, L (m) 07 07 07 07 1 1.9 0.04 0.6
Volume, Vyen (M*3) 0.00222 0.015 | 0.4844 | 0.0031 | 0.1991
Air inlet T [°C] 49 49 48 41 59.5 60 70 58
Air outlet T [°C] 30 245 238 25 48.5 42 49 48
Water inlet 7 [°C] 21 21 22 20 25 15 20 30
Water outlet T [°C] 44 335 30 27 58 46 43 56
NTU 207 111 076 071 | 1.19 0.60 0.30 1.01
gm*A [g/s] 69 78 99 49 12.0 790 4.0 229.6
gm*A/V [kg/s.m’] 3.1 35 45 22 0.8 1.6 1.3 1.2
Pressure drop, AP [Pa] 9 9 9 8 25 32 400 18
AP/Length [Pa/m] 13 13 13 11 25 16.6 | 10000 | 29.6
Effectiveness, € 09 091 094 085 | 0094 0.85 0.86 0.9
Heat Flux, ¢ [KW/m’] 14 19 21 18 | 0204 | 3.7 15 -

4.6 Summary

In summary, we have demonstrated the ability of our water vapor capturing design in being

able to significantly increase the condensation rate per device volume (200% increase), by taking

advantage of high mass transfer rates of surface bumps, while having the capability to remarkably
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decrease the air stream pressure drop, through providing straight paths for gas flow, compared
with the current dehumidifiers.

In the present work, liquid beads are generated through intrinsic instability of thin liquid films
flowing down vertical cotton threads. No high-pressure spray nozzles or electric and other
excitations are therefore necessary. Generating droplets of a narrow and controlled size distribution
in spray columns is very challenging. Larger droplets are remarkably undesirable because they
have higher fall velocities (shorter residence times) and larger internal thermal resistance,
negatively impacting overall heat/mass transfer effectiveness. Very small droplets are also
undesirable because they may be entrained by gas flows and then mix with condensates in the

dehumidifier, which is problematic due to degrading the quality of “clean” water output.
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CHAPTER 5

Experimental study of a multi-string
counterflow wet electrostatic precipitator for

collection of diesel particulate matter (DPM)

Wet electrostatic precipitators (WESP) are appealing devices for collecting ultrafine diesel
particulate matter (DPM), substances that could have deleterious effects on human health. Here,
we report an experimental, theoretical, and numerical simulation study on a novel string-based
two-stage WESP. This new design consists of grounded vertical porous strings, along which water
flows down in the presence of a counterflowing gas stream. The water beads, generated through
intrinsic flow instability, travel down the strings and collect the charged particles in the
counterflowing gas stream. We performed systematic experiments on two 0.6-m-tall designs in a
cylindrical and a linear configuration. We examined the effects of the collector bias voltage, air
stream velocity, and water flow rate on the number-based fractional collection efficiency for DPM
in a diameter range of 10 nm to 2.5 um. We report that the collection efficiency can be increased
with an increase in the collector bias voltage or a decrease in the airflow rate. Also, our results
show that water-to-air flow rate ratios as low as ~0.0066 [kg-water/kg-air] can achieve a collection
efficiency over 70% even for fine and ultrafine particles. The cylindrical and the linear

configuration exhibited similar collection efficiencies under the similar working conditions. We
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also compare the water-to-air mass flow rate ratio, air flow rate per unit collector volume, and the
collection efficiency between the string-based configuration and previously studied WESPs. The
string-based WESP delivers a comparable collection efficiency with at least three times smaller
water-to-air mass flow rate ratios. Our novel work demonstrates a design for a highly efficient,

compact, and scalable two-stage WESPs with minimum water consumption.

5.1 Background

Wet electrostatic precipitators (WESP) are attractive as they help circumvent the issues that
degrade the performances of single and two-stage dry ESPs. WESPs continuously run films of a
liquid, typically water, to wash captured particles off the collector plates. Key challenges, such as
dry spots on collection plates, corrosion of collector plates, and importantly, high water
consumption rate, remain in realizing efficient WESPs [102].

To mitigate dry spots and corrosion of collectors, previous studies proposed new collector
materials and designs, such as membrane-based collection plates, which utilize capillary force to
maintain uniform films of water over the entire collection area [103]-[105]. Bayless and
colleagues [102] developed a parallel-plate, single-stage WESP using a membrane-based
collection plate for collecting particles in the range of 1 to 25 um and observed that the collection
efficiency on average, was about 30% higher than that of dry ESPs with almost no attenuation in
the collection efficiency for the smaller particles. Ali and colleagues [106] developed a single-
stage, cross-flow WESP design with vertical columns of membrane cords supplied with water.
They reported particle collection efficiencies greater than 80% for a particle size range of 1.61 um
to 8.84 um. Neither studies, however, reported the collection efficiency for fine and ultrafine

particles. [107] experimentally examined a cylindrical single-stage WESP and reported high
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collection efficiencies for ultrafine particles (from 10 to 100 nm). However, the water-to-air flow
rate ratio in their study was very high, ~ 0.9 (kg-water/kg-air).

To help mitigate the challenges of existing WESPs, we report a two-stage WESP design where
an array of traveling liquid water beads on vertical cotton strings act as collection electrodes for a
counterflowing exhaust gas stream. Our design provides competitive particle collection rates for
fine and ultrafine particles while overcoming the limitations of existing WESPs. Our unique string-
based design helps eliminate local dry spots on or contamination of surfaces. It also helps reduce
water consumption rates significantly when compared with existing WESP devices.

We performed a combined experimental, theoretical, and numerical study to assess the
performance of our device. Two different collection electrode configurations, cylindrical and
linear, are implemented and examined in this work. The effects of the collector bias voltage, air
velocity, and water flow rate per string on the collection performance were investigated
experimentally and compared with theoretical predictions. The particle trajectories and the effects
of the water flow rate are further studied using numerical simulation to help understand collection

mechanisms in our string-based collectors.

5.2 Experimental setup, theoretical model, and numerical simulation

5.2.1 Experimental setup

Figure 5. 1 shows a schematic of the experimental setup used in this work to characterize the
performance of our string-based two-stage WESPs. The experimental setup consists of four main
sections: a diesel generator, a particle charging cell, a particle collector (cylindrical and linear

configurations), and particle number concentration measurement systems.
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A portable diesel generator (Sportsman GEN4000DF, 4 kW) was used as the DPM source in
this study. As shown in Figure 5. 1, an indirect air-cooled heat exchanger was used to cool down
the generator exhaust from about 200 to 350°C down to less than 40°C. The condensed water from
this cooling process was then collected in an in-line container. This cooling was necessary to
protect the polymeric components. The flow rate of the exhaust stream entering the charging cell
was controlled using a flow diverter. The flow velocity in the charging region was varied from 0.7

to 2 m/s, which corresponds to the flow velocity range of 2 to 6 m/s in the collection region.

Two string-based collector configurations are tested in this work. The first design, hereinafter
referred to as the linear collector, consists of five strings of diameter 0.76 mm, which are placed 5
mm apart in a single-line formation (Figure 5. 2(a)). This collector provides a 25 mm x 25 mm
cross-sectional area for the air stream. The channel walls are made of a 3-mm-thick acrylic sheet.
Two 0.5-mm-thick copper sheet are placed on the outside of the air channel as the high voltage
electrode of the opposite polarity (see Figure 5. 2(a)). The second configuration was a cylindrical
collector with a single vertical string at the center. The cylindrical collector provides a circular

cross-section of 25 mm in diameter for the air stream. A transparent cylindrical tube with a wall
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thickness of 3 mm was used to construct this collector. A copper sheet covering the outside of the

cylinder acts as a counter electrode and provides a symmetric electric field around the string.
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Figure 5. 1: Schematic of the experimental setup for characterizing the performance of the

string-based collectors.

Both collectors are 0.6 m long. The copper sheets are connected to a variable voltage source,
which is controlled to be in the range of 0 - 10 kV to investigate the effects of the collector voltage
on the collection efficiency.

We use cotton fibers as strings in the present study. As shown in our previous works [85],
[108], cotton threads absorb water and function as a super-hydrophilic surface. As a thin film of

liquid flows down each string, intrinsic flow instability generates uniformly-spaced traveling water
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beads. These beads help wash collected particles efficiently and mitigate the re-entrainment issue.
It also helps to eliminate potential dry spots with minimal water usage. Water is supplied to the
strings using stainless steel nozzles of 1.2 mm inner diameter connected to the top reservoir. The
top water reservoir is grounded. A set of pumps and flow meters is used to control the flow of
water to the top reservoir. The water flow rate per string is varied by controlling the liquid height
in the top reservoir in the range of 0.01 to 0.135 g/s to investigate its effects on the collection
efficiency. Water is collected at the bottom reservoir. A weight-scale with 0.1 gram precision is
used to measure the water flow rate.

A particle charging cell (Figure 5. 2(c) and (d)) is used to charge particles in the exhaust gas
stream. The charging cell consists of three grounded parallel aluminum plates with thickness, #aj,
of 2 mm and length, L,, of 10 mm and two tungsten wires (200 um in diameter) in between the
plates. The plates are spaced 14 mm apart. Tungsten wires are connected to a high voltage source
in the range of 0 - 20 kV. The applied voltage and the resulting corona current are measured using
insulated digital multimeters. Since the cross-sectional area of the two collectors in this study are
different, we designed two charging cells of different heights. The height of the charging cell, 4,
used for the cylindrical collector is 60 mm and the height of the charging cell for the linear collector

1s 80 mm. The other geometric parameters of the charging cells, L, and w, are the same.
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Figure 5. 2: Schematics of (a) the linear collector, (b) the cylindrical collector, (¢) the charging
cell. (d) The front view of the charging cell used in this study.

The DPM number size distributions were continuously monitored downstream of the collectors
using two measurement systems: a SMPS (Scanning Mobility Particle Sizer; model 3080) and a
CPC (Condensation Particle Counter; model 3787) for particles in the range of 10 nm to 300 nm
and an APS (Aerodynamic Particle Sizer; model 3321) for particles in the range of 500 nm to 10

um. Table 5. 1 summarizes the experimental conditions.

Table 5. 1: Parameters and test conditions used to study the string-based WESP performance.

Parameters Conditions Notes
Applied voltage [kV] 0-10 In collectors, AV,
7-7.6 In charging cell, AV,
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Air velocity [m/s] 23-45 In collector
0.7-1.5 In charging cell

Water flow rate per string [g/s] 0.01 - 0.135 my

Air inlet temperature [°C] 30 -40 ---

The performance of our two-stage WESPs, expressed in terms of the fractional particle

collection efficiency, 7, is given by the following expression:

n=(1-C,,/C,; )x100 (5.1)

where C,, and Cyr are the number concentration of the particles (particles/cm’) in the power-

off and power-on (in the charging cell or the collector) mode, respectively.

5.2.2 Theoretical modeling

Many previous studies investigated particle charging mechanisms and proposed various
models[109]-[111]. Predictions of these models agree reasonably well with the experimental
results. We use the Cochet’s charging model, which was shown to be valid for the particle size
range of our main concern (from 0.1 to 1 um) [112], [113]. This model predicts the maximum

charge, Oy, on particles as [114]:

2
2 e —1
= 24 - r 2 5.2
QP (1+ %Zp] 1+2% (6} +2j ﬂgodp Ep ( )
p

where 4 is the mean free path of the gas molecules, d,, is the diameter of the particles, &; is the

dielectric constant of the particles, & is the electrical permittivity of vacuum and E), is the electrical
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field in the particle charging cell. Note that, DPMs are not chemically homogenous. In the present
work, we controlled ¢; as an adjustable parameter.

Past studies also proposed various models for particle collection in ESPs [115]—-[117]. Deutsch
presented a simplified model by assuming perfect mixing [118] and predicted the collection

efficiency to be exponentially decaying in the flow direction:

o L
7 p(UaS]

where @, is the theoretical migration velocity of particles toward the collection plate due to
the electric field (m/s), L is the length of the collection plate in the flow direction, U, 1s the mean
velocity of the air stream, and S is the distance between the high-voltage electrode (copper sheets
in this work) and the collection surface (strings). We obtain @, by balancing the Stokes’ drag with

the electrical force:

EC
w_m _ Qp ce (54)
3mud,

where E; is the pseudo-homogeneous electric field in the collector (V/m) and p is the gas

dynamic viscosity. C. is the Cunningham correction factor, which is given as follows [119]:

C. =1+1.246(2% j+0.42(2% j.exp{—0.87[d% zﬂ (5.5)
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5.2.3 Numerical simulation

To help interpret our experimental results, we also performed a simplified numerical
simulation study of electrohydrodynamic (EHD) using a commercial software package [120]. The
numerical simulation helps visualize particle trajectories in our string-based collection cells, and
examine the charging and collection models presented in the previous section. Figure 5. 3 shows
the numerical simulation domains used in the present study: a 3D domain (Figure 5. 3(a))
representing the linear collector and a 2D axisymmetric domain (Figure 5. 3(b)) representing the

cylindrical collector with a string of radius, R, 0.38 mm at the center.

b)
Outlet (
1 Outlet 1
7 e N String surface
: (No slip, V = 0 kV)
Axis of
symmetry
W
Uniform velocity (U,) 12.5mm
Uniform charge (Q,) T
25 mm R
— / 04 —»
No slip / 25 mm
V=4V, Top View o et

Uniform velocity (U,)

e Uniform charge (Q,)

Symmetry  String surface, R, = 0.4 mm
(No slip, V = 0 kV)

Figure 5. 3: Schematics of the numerical simulation domains for (a) the linear collector, and

(b) the cylindrical collector.

We solve the steady, incompressible, Navier-Stokes equations [121], [122]:

VU, =0 (5.6)



p.UNU.=-Vp+uVU,-p NV (5.7)

where l_fa is the velocity vector, p is the air pressure, V' is the electric potential, and p, and y,
are the density and dynamics viscosity of air, respectively.

To predict the trajectory of charged particles in the collector, the following equation, which
considers the effect of drag force, ﬁd, buoyancy force, and Coulomb’s force, ﬁe, is numerically

solved [123]:

—F+ 2 TJLF, (5.8)

where m,, denotes the particle mass, g is the gravitational acceleration constant, and p,, is the
particle density.
The drag force, ﬁd, is calculated using [124]:

1

Fu = CiS,P, U,-U.

(17,, —Ua) (5.9)

where l_fp is the velocity of particles, S, is the cross-section of particles in the air flow (=
n.dp2/4), and Cyis the drag coefficient [125]-[127], defined as follows:

_ 24

Cc ===
¢ Rep

(5.10)

Here, Re, is the particle Reynolds number.

The electric force, ﬁ;, is obtained from:
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F.=Q,E. (5.11)

where E ¢, the electric field vector in the collector, is obtained:

—

E.=-VV (5.12)

In the simulations, it is assumed that the gas and particle distributions at the inlet are uniform.
The initial values for the number of charges on the particles are assigned based on Eq. 5.2. A mesh-
independence study was performed to ensure numerical accuracy. A mesh-independence study
was performed to ensure that the velocity and electric field distribution in the air stream and the
number of collected particles do not change by more than 3% with further mesh refinement. The
computational mesh for the 2D domain (cylindrical collector) and the 3D domain (5-strings

collector) contain 80000 and 1950000 elements, respectively.

5.3 Results and discussion

5.3.1 DPM size distribution and electrical performance of the pre-charger

Figure 5. 4(a) shows the current-voltage relationship of the wire-plate charging cell. The
corona onset voltage (COV) in our charging cell is 5.5 kV. Figure 5. 4(b) shows average over four
experimental samples for DPM number size distribution measured at the inlet of the charging cell
using SMSP and APS. Each SMPS data consists of 10 consecutive number size distribution

measurements and each APS data includes ~200 consecutive measurements.
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Figure 5. 4: (a) Voltage-current curve of the charging cell and (b) an average DPM size

distribution at the inlet of the charging cell.

5.3.2 Effects of water flow rate

Figure 5. 5 shows the fractional collection efficiency of the two-stage WESP with a cylindrical
collector for particles in the size range of 10 nm to 2.5 um as a function of the particle diameter.
The water flow rate per string, 1y, is varied in the range of 0.01 — 0.135 g/s. The air velocities
in the charging cell and the collection zone were maintained at 1 and 3 m/s, respectively. The
charging cell and the cylindrical collector bias voltage were 7.4 kV and 10 kV, respectively. The
results indicate that increasing the water flow rate per string has insignificant effect on the

collection efficiency.
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Figure 5. 5: Effect of water flow rate per string on the experimental fractional collection

efficiency of the cylindrical collector

As mentioned before, water consumption necessary for cleaning the collection plates is an
important metric in WESPs. We use the water-to-air mass flow rate ratio [kg-water/kg-air] as the
performance metric. Figure 5. 6 shows the fractional collection efficiency of our design compared
with that of other WESP designs as a function of the water-to-air mass flow rate ratio. Our string-
based collector offers comparable collection efficiencies over a wide range of particle diameters
with water-to-air mass flow rate ratios at least three times smaller. This reduction in the water
consumption rate is achieved by the longer residence time provided in our design for the particle
collection. One might argue that the longer gas residence times can be achieved by increasing the

collector size. This, however, increases initial manufacturing costs.
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Figure 5. 6: Collection efficiencies as a function of the water-to-air mass flow rate ratio for
different WESP devices. We compare our device with previously reported WESP devices;
electrostatic droplet spray [128], cylindrical WESP for DPM [107], flat-plate WESP [129],
electrospray tower scrubber [130], cross flow string-based WESP [106], wire-to-plate WESP [37],
and self-flushing WESP [131].

We compare the air flow rate per unit collector volume as another useful metric. Table 5. 2
shows the air flow rate per unit collector volume of our and previously reported WESPs together
with the corresponding experimental conditions, particle diameter ranges, and collection

efficiencies. This comparison shows that the present string-based collector can achieve over 70%
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collection efficiencies at much higher air flow rates per unit volume of the collector and at a much

lower water consumption rate.

Table 5. 2: Comparison of experimental conditions and results in the present work with those

of previous WESP designs.

Particle Water Air flow Air Air flow rate
Collection type diameter flow rate rate velocity /collector volume
[um] [kg/s] [kg/s] [m/s] [(m*/s) /m’]
Electrostatic droplet 0.3-4 0.139 0.066 0.2 0.003
spray[128]
Cylindrical WESP 0.02-0.8 0.05 0.056 2.3 2.5
[107]
Flat-plate WESP 0.02-0.5 0.003 0.0016 1 2.4
[129]
Electrospray tower 0.07-10 0.0013 0.0076 0.8 1.4
scrubber[130]
Cross flow string based 1.61-8.84 0.04 3.24 3 1.25
WESP[106]
Wire-to-plate WESP 0.02-9 0.03 0.03 1.16 1.1
[37]
Self-flushing WESP 0.07-2.5 0.007 0.031 3 1
[131]
String-based
Cylindrical WESP 0.01-2.5 107° 0.0015 3 4.36

(Present study)

5.3.3 Effects of collector bias voltage

Figure 5. 7 shows the fractional collection efficiency as a function of the particle size for the
cylindrical and the linear collector under different collector bias voltages. Also shown are the
collection efficiencies predicted using eqs 5.2-5.5. A 7.2 kV charging voltage was used in the

charging cell and the water flow rate per string, 11,5, was 0.06 g/s. Increasing the collector bias
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voltage, AV, increases the particle collection efficiency for all particles larger than approximately
30 nm in diameter. However, for particles smaller than ~30 nm in diameter, the applied collector
voltage has an insignificant effect on the collection efficiency. This behavior, which has also been
reported in earlier studies [129], [132], [133], is due to the fractional charging effect. These
ultrafine particles have an average acquired elementary charge of less than one. This means that
some of these particles do not acquire any charge in the charging cell and are not collected
efficiently, regardless of the collector bias voltage, AV.. In fact, for particles smaller than
approximately 30 nm in diameter, the partial charging and lower ion attachment coefficients result
in decrease in the collection efficiency with decreasing particle sizes [134]-[136].

Figure 5. 7 shows that, under the experimental conditions used in the present study, the
experimental fractional collection efficiency of particles larger than 100 nm agrees well with the
prediction (Deutsch collection theory) based on Cochet’s charging model. However, due in part to
the limitation of Cochet’s assumption of infinite particle charging time, the agreement is poor for
particles smaller than 100 nm. For larger particles where the field charging mechanism dominates,
the assumption of infinite charging time is adequate as they readily reach saturation charge [45].
However, for ultrafine particles where the diffusion charging is the dominant mechanism, longer
relaxation time is required to gain sufficient charge, especially as particles become smaller (Adachi

et al. 1985; Pui et al. 1988; White 1951).

The collection efficiency of the cylindrical collector is similar to that of the linear collector

under similar operating conditions. This implies that asymmetric electric fields in the linear

collector have a small influence on the overall performance. The linear collector requires higher
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water-to-air mass flow rate ratios than the cylindrical collector. But, it requires fewer electrode

sheets per unit foot print of the device, which makes it attractive for larger scale applications.
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Figure 5. 7: Experimentally measured and predicted (Cochet’s model) fractional collection
efficiencies for the cylindrical and the linear collectors at different collector bias voltages. The

experimental and predicted values are presented as the symbols and the lines, respectively.

In the two-stage ESP applications, it is important to minimize particle deposition on the ground
electrodes in the charging cell to mitigate long term efficiency reduction. Our results indicate that,
for charging voltage, AV, of 7.6 kV, less than 20% of particles within the particle size range of

10 nm to 2.5 pm are collected on the ground electrodes of the charging cell.
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5.3.4 Effects of air stream velocity
Figure 5. 8 shows the experimentally measured and predicted (using eqs 5.2-5.5) fractional
collection efficiency for the cylindrical and the linear collectors as a function of the particle

diameter for different air flow rates. In these experiments, the water flow rate per string, my ps,

was fixed at 0.06 g/s. The air stream velocity in the collector was varied in the range of 2.3 — 4.5
m/s, and the bias voltages for the charging cell and the collectors were 7.4 kV and 10 kV,
respectively. The smaller air stream velocities result in larger fractional collection efficiencies for
the entire range of particle diameters due to the longer residence times provided for both charging
and collection processes. The comparison of the collection efficiencies obtained from the models
(eqs 5.2-5.5) with those of experiments in Figure 5. 8 shows similar trends to those observed in

Figure 5. 7.
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Figure 5. 8: Effect of the gas residence time in the collector on the experimentally measured
and predicted (Cochet’s model) fractional collection efficiencies for the cylindrical and the linear
collectors. The experimental results and predicted values are presented as the symbols and the

lines, respectively.

5.3.5 Numerical simulation results

We performed numerical simulation to help further elucidate particle collection mechanisms
in our string-based collectors. Figure 5. 9(a) illustrates representative particle trajectories in the
cylindrical collector under the bias voltage, AV,, of 10 kV. The air is flowing upward at a velocity
of 3 m/s, the diameter of particles is 0.101 um, the average number of elementary charges on each
particle is 11.5, and the total number of particles released at the inlet is 100. The color bar indicates

the magnitudes of particle velocities. The average speed of particles increases as particles travel
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downstream due to the acceleration of particles in the radial direction caused by the electric field.
The maximum particle velocity at the outlet is ~4.2 m/s.

We employ a trial and error procedure to estimate the average number of charges per particle,
np. This is, for particles of a given diameter, we adjust the corresponding n, until the fractional
collection efficiency obtained in our numerical simulation matches the experimental results (blue
triangles in Figure 5. 9(b)). The fractional collection efficiency is calculated by dividing the
number of particles that reach the surface of the string by the total number of particles released at
the inlet. The prediction from Cochet’s model agrees to within 15% with our results for particles
larger than approximately 100 nm (Figure 5. 9(b)). Cochet’s model, however, over predicts n, for
smaller particles. For the smallest particles, our results indicate partial charging (n, < 1), consistent
with the earlier observation from Figure 5. 7. The average numbers of charges obtained from the

linear and cylindrical collectors are comparable, differing by less than 5%.
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Figure 5. 9: (a) Numbers of charges on particles obtained using our numerical simulation and
using Cochet’s model as a function of the particle size. The numerical simulation and the Cochet’s

model results are presented as the symbols and the dashed line, respectively, and (b) Numerically
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simulated particle trajectories in the cylindrical collector (domain size = 12.5 mm x 600 mm, inlet
airflow velocity = 3 m/s, number of particles at inlet = 100, particle diameter, d, = 0.101 um,

average number of charges on the particle, O, = 11.5, applied voltage = 10 kV).

We performed a systematic numerical simulation study to help investigate the effects of the
bead density and water flow rate on the collection efficiency. As discussed in our previous work
[108], as the water flow rate increases, the water bead spacing, Sy, decreases. We vary the water
flow rate from 0.01 g/s to 0.135 g/s per string, which, in turn, leads to bead spacing in the range of
20 to 360 mm. Figure 5. 10(a) shows the numerical simulation domain for the cylindrical collector
with bead profiles along the string. The bead length, L, and the bead thickness, #,, are set to 4 and
1.5 mm, respectively, based on the experimental observations.

Figure 5. 10(b) shows the effect of water flow rate per string on the experimentally obtained
bead spacing, Sy, and the particle collection efficiency obtained from numerical simulations. In the
numerical simulation, particle diameter, d, was 0.101 um and inlet airflow velocity was 3 m/s. The
average number of charges on the particle, O, was set to 11.5, as shown in Figure 5. 9(b). Figure
5. 10(b) indicates that increasing the water flow rate per string, significantly decreases the bead
spacing, while the fractional collection efficiency remains the same. The experimental and
numerical simulation results indicate that using our string-based counterflow collector, high
particle collection efficiencies can be obtained with water-to-air flow rate ratios as low as ~0.0066

kg/kg.
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(obtained from experiments) and collection efficiency (obtained from numerical simulation for

particles with 0.101 um diameter).

The presented numerical simulation provides a simple method to understand the collection
mechanism and predict particle trajectories in our symmetric and asymmetric designs. The
assumptions and simplifications made in this study can be modified in future studies to implement
further improvements to obtain closer match between numerical simulation and experiment for
ultrafine particles. In particular, the uniform distribution of particles at the inlet can be replaced by
a more realistic profile. Also, the charging mechanism in our wire-plate particle charger can be

simulated more accurately by including field and diffusion charging mechanisms.

5.4 Summary
In summary, we experimentally and numerically studied a novel counter-flow WESP design
consisting of vertical cotton strings. The strings are continuously supplied with water and act as

collection plates for particles in a diameter range of 10 nm to 2.5 um. To quantify the performance
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of our string-based WESPs, fractional collection efficiency was experimentally determined using
a set of APS and SMPS. Moreover, the effect of water flow rate on particle collection efficiency
was examined experimentally and validated by numerical simulations. We show that for water
flow rate per string, my,, larger than 0.01 g/s, corresponding to water-to-air flow rate ratio of
~0.007 kg/kg, my s has negligible effects on the collection efficiency of our particle collector.
Experimental results show that the increase in the collector bias voltage as well as the air residence
time in the collector results in the increase of the collection efficiency.

We also show that, compared to previously reported WESP devices, our string-based design
can achieve higher collection efficiencies with significantly lower water-to-air flow rate ratios.
The present study demonstrates a string-based counterflow collector with a superior performance
in various aspects, such as particle collection efficiency, water consumption, and collector volume

for applications in WESPs to remove fine and ultrafine particles from a polluted air stream.
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Chapter 6

Summary and future work recommendations

6.1 Summary

This dissertation presents a study of characteristics and applications of liquid films flowing
down vertical fibers. We started this investigation with a combined experimental and numerical
study of viscous flows down highly curved surfaces, focusing on the effect of nozzle geometry on
the dynamics of the downstream flow, which has been largely overlooked in previous studies. We
limited the experiments to the Rayleigh—Plateau (RP) instability regime, which generates uniformly-
spaced liquid beads on vertical fibers. Our experimental and numerical results indicated that the
nozzle geometry has a substantial effect on the pattern and characteristics of the downstream flow,
such as size, spacing and traveling speed of the generated beads. We identified the thickness of the
nearly flat region of the liquid flow after the nozzle, which is termed preinstablity thickness, as a
critical parameter in governing the characteristics of the flow. We also developed semi-empirical
models to accurately predict the liquid bead characteristics as a function of the preinstability thickness.

We then presented a theoretical model based on the lubrication theory that includes various
curvature terms, slip boundary conditions and a newly defined film stabilization term, to better
understand the effect of nozzle geometry on the flow regime. Our theoretical modeling results

showed remarkable agreement with experiments in terms of bead spacing, bead traveling speed,
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and film profile within the preinstability region. The effect of film stabilization term on the
dynamics of the flow was also investigated.

We then extended our study of the instability in thin films flowing down vertical fibers from
high-viscosity liquids to that of a high—surface energy low-viscosity liquid (i.e. water) along cotton
threads. We demonstrated a first-ever stable flow of controllable water beads along a vertical
cotton string. We then constructed a multi-string condenser, in which water beads on a massive
array of cotton strings are used to capture water vapor from a counterflowing humid air stream.
We then experimentally studied the effects of water flow rate, and air velocity on the condensation
rates and air-stream pressure drops. This study shows that our multi-string dehumidifier can deliver
condensation rates per volume of almost three times higher than the best reported values, while
substantially reducing the air-stream pressure drop.

We finally adapted our multi-string water vapor capturing structure for particle collection
purposes. In this new design, water beads on electrically grounded cotton strings are used for
capturing the pre-charged particles in a counterflowing air stream. We constructed a cylindrical
and a linear configuration collector. We also performed a combination of experimental and
numerical investigation to optimize the design in terms of water flow rate. Our study demonstrates
that our string-based counterflow particle collector exhibits comparable collection efficiencies

compared to the previous studied designs at significantly lower water consumption rates.

6.2 Future work recommendations

The following are the recommendations for extending the fundamental studies and the

application analysis in the present work for flow of various liquids along vertical fibers:
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6.2.1 A comprehensive flow regime map

As discussed in chapter 2 and 3, we performed a combination of experimental, numerical and
theoretical modeling study to study the effect of nozzle geometry on the pattern and characteristics
of a liquid flow along a vertical fiber. However, a comprehensive flow regime map is still needed
to predict the flow pattern based on the experimental conditions, such as liquid flow rate, liquid
properties, fiber diameter, and nozzle geometry. The proposed flow regime map enables
researchers in the field to better understand the flow of liquid along a vertical fiber. Also, a
simplified physics-based theoretical model, capable of predicting the flow properties, such as bead
spacing, size, traveling speed and frequency, is needed to help researchers efficiently optimize the

multi-string design for various applications.

6.2.2 Designing a multi-extraction Humidification-Dehumidification desalination system
using the multi-string configuration

As discussed in chapter 4 and in our previous work [85], our multi-string
humidifier/dehumidifier configuration, compared to the existing designs, exhibits superior
performance in terms of evaporation/condensation rates per volume of the device with
significantly lower air-stream pressure drop. We propose a rigorous study of an integrated multi-
string desalination system, where the humidified air from the outlet of our multi-string evaporator
enters the multi-string dehumidifier to complete the fresh-water production cycle. This study
would build upon this dissertation to experimentally examine the effect of air flow rate, water flow
rate, inlet air and water temperatures, string pitch, and device height on the gained output ratio
(GOR) of the desalination system. Previous studies suggested that by introducing extractions from

the humidifier air stream, one can increase the HDH performance [79]. However, there is still lack
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of a rigorous experimental study on the effect of single/multiple extraction on the GOR of HDH
desalination system. Also, a systematic study on the nozzle size selection is required to help

mitigate the nozzle clogging issue in the multi-string humidifier.
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