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ABSTRACT OF THE DISSERTATION

Interfacial heat and mass transfer of liquid films flowing

down strings against counterflowing gas streams

by

Zezhi Zeng

Doctor of Philosophy in Mechanical Engineering
University of California, Los Angeles, 2019

Professor Yongho Ju, Chair

Direct-contact exchangers that involve energy exchange between gas and liquid streams have a
variety of applications, including waste heat recovery, thermoelectric power plant cooling, and
thermal desalination. Direct-contact methods are appealing as they may help mitigate potential
corrosion, fouling, and scaling of solid surfaces and enhance transfer effectiveness. The widely used
direct contact exchangers these days, such as packed bed and spray columns, suffer from the problems
of low gas loading limit or inefficient transfer rate. Alternative exchanger technologies that can
circumvent these limitations are urgently needed to enable wider adoption of direct contact
methods. This dissertation presents the study on an innovative alternative to the direct contact heat
and mass exchanger. The new economic light-weight direct-contact exchanger incorporates an

array of strings of diameter of the order of 0.1~1 mm to sustain flows of thin liquid films. Thin



liquid films flow down the strings by gravity and exchange thermal energy with a counterflowing
gas stream. To enable physics-based systematic design of the multi-string based direct contact
exchanger, we need rigorous understanding of the fluid dynamics and interfacial heat and mass
transfer of liquid films flowing down strings (i.e. a polymer or cotton string) against
counterflowing air streams.

We began our study from numerically investigating the fluid dynamics and heat transfer of a
liquid film flowing down a single string. We constructed finite element models using a moving
mesh method to solve the time-dependent Navier-Stokes equation and the energy equation to
obtain velocity and temperature distributions in the liquid film. The temporal variations in the
temperature of travelling beads are analyzed to evaluate the effective heat transfer coefficients and
to assess the accuracy of an approximate one-dimensional model.

We then conducted a combined experimental and modeling study of the flow and heat transfer
characteristics of thin liquid films flowing down a single string in the presence of a counterflowing
cooling gas. We focus on the Rayleigh-Plateau (RP) regime, where uniformly spaced drop-like
liquid beads travel on a thin liquid substrate formed along the entire length of a vertical string.
Using a high-speed camera and micro-thermocouples, we capture liquid film/bead profiles and
temperatures at different air velocities and at different nozzle diameters. Finite element models are
also constructed to help interpret and validate experimentally obtained heat transfer characteristics.

Moreover, we extended our experimental study from a single string to a direct-contact multi-
string heat exchanger. We constructed a 1.6 m-tall prototype heat exchanger with an array of as
many as 112 vertically aligned strings. We limited ourselves to non-evaporating liquids and non-

condensing gases (air). We measure axial liquid temperature profiles and gas-stream pressure drop



to examine the impact on the thermohydraulic performance of the liquid and air flow rates,
instability modes, and string pitch. The applicability of the Reynolds analogy is also examined.
Finally, we adapted our multi-string heat exchanger to a humidifier for thermal desalination.
We investigate the evaporation rate as well as gas phase pressure drop. The evaporation process
involves simultaneous heat and mass transfer. We report a combined experimental characterization
and modeling study to validate our humidifier design for desalination purpose. The effects of the
liquid flow rate, air velocity, and liquid salinity on the evaporation rates are experimentally
characterized. The gas-stream pressure drop of the multi-string humidifier is measured and

compared with existing humidifier designs.
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CHAPTER 1

Introduction

1.1 Motivation
Direct-contact heat exchangers are good candidates in many applications, such as indirect dry cooling
of thermoelectric power plants; waste heat capture; and heating or cooling of gaseous feed stocks or
products in chemical processing. The indirect contact exchanger, such as the conventional shell and
tube heat exchanger suffer from the problem of fouling and corrosion. The direct contact method
involves no solid surface and is therefore capable of avoiding those problem. The heat and mass
transfer processes are also enhanced due to direct contact between two streams of liquid. Packed
beds are widely used in various direct-contact heat transfer applications [1-3] because their tortuous
flow paths help achieve high heat transfer effectiveness. However, relatively high pressure drops
experienced by the gas streams and low limits on gas loadings due to liquid flooding remain major
challenges [4, 5]. Spray columns achieve heat transfer by dispensing small droplets into gas streams
[6] but they can experience practical challenges: excess liquid pumping power required for spray
generation; potential environmental issues associated with small droplets carried away with gas
streams; and degraded heat transfer performance due to short residence time of large droplets [7].
New concepts and designs for direct-contact heat exchangers that can deliver high heat exchanger
effectiveness while circumventing these challenges are desirable.

We propose a promising alternative: Dlrect-contact Liquid-on-String Heat Exchanger
(DILSHE), schematically illustrated in Figure 1.1. Each DILSHE unit consists of a dense array of

aligned polymer strings with a diameter of the order of 1 mm. A heated coolant (after exiting a

1



surface condenser, for example) is fed into the top reservoir of the DILSHE unit. As thin films of
the liquid coolant flow along the strings, they form traveling liquid beads due to flow instabilities.
The coolant films/beads are cooled by counterflowing air. The straight flow paths for the air lead
to lower air pressure drop and higher gas load limits when compared with packed beds. By
inhibiting radial liquid transport, DILSHE also reduces liquid mal-distributions. Inexpensive

polymer strings enable construction of economic and low-weight cooling modules that can be

readily scaled.

Heated coolant
(e.g., surface condenser)

Coolant liquid film
flow on an array of
strings

Cooled coolant

Cooling air

Figure 1.1: Schematic of a DILSHE module. Such modules may be stacked in arrays

1.2 Application of the multi-string exchanger
This multi-string exchanger has advantages of the high interfacial heat/mass transfer rate, low gas
phase pressure drop, and light foot weight/cost. Implementing multi-string exchangers in the

thermoelectric powerplant dry cooling or thermal desalination can greatly reduce the facilities size
2



and expense. These advantages make the multi-string exchanger superior to other direct contact

methods and competitive among existing commercial exchangers.

1.2.1 Powerplant dry cooling
In recent years, there has been much interest in the research and development of dry cooling
systems for power plants. Dwindling fresh water resources available for power plant cooling has
resulted in the need to develop power plant cooling systems that minimize or completely eliminate
water losses to the environment [8]. The use of air cooled condensers (ACC) for power plant
cooling is gaining in popularity. However, since dry cooling systems have relatively poor heat
transfer performance and higher cost compared with traditional wet cooling systems, innovative
dry cooling solutions need to be developed to compete with existing wet cooling systems. The
minimum steam condensation temperature in ACCs is dictated by the ambient dry bulb
temperature and the air temperature rise across the ACC. In wet cooling systems, the wet bulb
temperature can be much lower than the dry bulb temperature resulting in better turbine output and
efficiency. The conventional air cooled condenser also consists of metal fins which require large
amount of heavy civil work. The considerable expense of the metal components also retards the
wider adoption of the air cooled condenser. An economic alternative to the air cooled condenser
for thermoelectric powerplant dry cooling system is therefore desired to compete with the wet
cooling method.

Figure 1.2 schematically illustrates the potential strategy to integrate our direct-contact multi-
string heat exchangers into thermoelectric power plants. Each heat exchanger unit consists of a
dense array of vertically aligned polymer strings of radii of the order of 0.1 mm. A heated non-

volatile coolant (after exiting the surface condenser) is fed into each unit through top liquid



distributors. As it travels along the strings, the coolant is cooled by the counterflowing air stream.
The straight and contiguous flow paths in-between the strings are expected to reduce pressure
drops experienced by the gas streams than packed beds. At the same time, large gas/liquid
interface-to-volume ratios and long residence times enable effective interfacial heat transfer
process. The string arrays also limit radial liquid transport, facilitating more uniform liquid

distributions. The use of polymer strings also reduces the cost and weight of the heat exchanger.

NVL String Gas streams (out)
| tololololololola - s
? CP CP CP CP ? ? | distributor
DILSHE
Cooling O '
air ' \
40 °C
55°C
Non-volatile
liggui (NVL) Liquid films develop
loop wavy patterns as
they flow down
<44°C ‘ ‘ | ‘ ‘ | | ‘ strings
OIOIOIO10I0I01G
Surface
60 °C condenser 60 °C ) T
o Fan Liquid collector
condensate steam

Gas streams (in)

Figure 1.2: Schematic of a multi-string heat exchanger unit used to remove heat rejection from

surface condensers in steam power plants

1.2.2 Thermal desalination
Water is a precious and limited resource. Agriculture, drinking, sanitation and thermoelectric

power plant cooling all require significant amounts of fresh water. However, 97% of water on
4



earth is saline water and not suitable for many of these applications. This has motivated intense
research efforts in developing various technologies for desalination and treatments/reuse of
industrial and municipal waste water. The reverse osmosis (RO) [9, 10] has been widely used for
desalination of sea water and treatment of certain waste water. Significant consumption of
electricity, membrane fouling, and low limits on the acceptable salinity of feed water, however,
have impeded their wider adoption [11]. Thermal desalination techniques, such as the multi-effect
desalination (MED) and multi-stage flash desalination (MSF), can produce high quality distilled
water [12]. However, relatively high total energy consumption and high capital/operating costs
have presented barriers to their recent commercial deployments [13]. Humidification and
dehumidification (HDH) is an intriguing thermal distillation technique for small-scale and mobile
desalination and water treatment applications [14, 15] because it can operate under ambient
pressure using low-grade and renewable heat sources and handle a wide variety of feed water
streams. A HDH unit mimics natural water cycle by first humidifying a carrier gas and then
condensing water vapor to produce distilled water.

Conventional shell and tube exchangers [16, 17] are widely used in a HDH system, but they
are typically heavy and expensive and suffer from problems of corrosion and scaling. Direct-
contact heat/mass exchangers help avoid the latter problems by suppressing phase change on solid
surfaces and offer high specific interface areas for heat/mass transfer [18]. Recent studies reported
the use of bubble columns as humidifiers or dehumidifiers [19-21]. A stream of air injected to a
pool of water through small holes can create large liquid-gas interfacial areas for effective heat
and mass transfer. A past study [22] experimentally investigated the effects of water temperature,

hole diameter, and air flow rate on the performance of a bubble column humidifier. However,



bubble columns introduce significant gas-stream pressure drops and thereby require high electric
energy consumption.

We propose a new design for humidifiers in the form of a multi-string heat/mass exchanger.
The multi-string humidifier consists of a dense array of vertical aligned strings as illustrated in
Figure 1.3. A heated liquid feed stream (i.e. seawater or industrial waste water) is flown down the
strings while making direct contact with a counterflowing gas stream that carries the evaporated
water. The unique configuration of our multi-string humidifier design affords high interface-to-
volume ratios necessary for high heat/mass exchanger effectiveness in a compact and light-weight
unit and at very low gas-stream pressure drops. To enable physics-based systematic design of the
multi-string humidifier, we need rigorous understanding of the fluid dynamics and heat transfer

characteristics of liquid films flowing down strings against counterflowing gas streams.

Heated liquid feed Liquid film flowing
l down string

String

/ l’ \

(L :Air flow
Liquid flow ‘Ko !
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Figure 1.3: Schematic illustrating the operation of a multi-string humidifier.



1.3 Study of liquid films flowing down highly curved surfaces

1.3.1 Fluid dynamics of liquid films flowing down strings

Liquid films flowing over a highly curved surface [23] are unstable and form wavy profiles or
traveling beads due to interplays among the surface tension, viscous and gravitational force. Two
main types of instability experienced by such liquid films are the Rayleigh-Plateau (RP) instability
[24], and the Kapitza instability [25] as shown in Figure 1.4. Kliakhandler et al. [26]
experimentally studied highly viscous liquids flowing along vertical strings and proposed a
creeping-flow model to predict flow patterns in the inertia-less limit. Ruyer-Quil et al. [27] added
the effects of inertia and viscous diffusion to the evolution equation for the local film thickness
and the local flow rate and predicted spatiotemporal variations of the liquid film profiles. A later
study [28] improved the model using a weighted-residuals approach and considered the effects of
inertia, azimuthal curvature, and viscous dispersion. This then led to the classification of four
different flow regimes. Duprat et al. [29] examined the response of liquid films flowing down a
vertical string to inlet forcing and studied the transition from the absolute to the convective
instability both experimentally and theoretically [30]. A later numerical modeling study based on
a multi-fluid method [31] showed results consistent with the previous experimental data in select
flow conditions [32]. A recent study modeled the liquid film instability subject to an axial
temperature gradient and investigated effect of thermocapillary force on the instability propagation

[33]



(a) (b)

Figure 1.4: Two representative profiles of liquid film with (a) Rayleigh-Plateau instability (b)

Kapitza instability

1.3.2 Interfacial heat/mass transfer between liquid films and gas streams

Past studies also explored the use of liquid films flowing down strings for direct contact heat and
mass transfer applications. Hattori et al. [34] presented approximate analytical models for the
temperature distribution of a liquid film subjected to cross-flows of a cooling gas. A later study
performed CO> absorption experiments where they compared the performance of spray columns,
packed beds and wetted string columns and demonstrated the superiority of wetted string columns
[35]. Extending this work, Uchiyama et al. [5] reported an analytical model to predict the CO>
absorption performance. Migita et al. [36] constructed a prototype containing an array of 109
strings to study CO; absorption effectiveness. They successfully demonstrated that, under the same
inlet liquid and gas conditions, wetted string columns perform better in terms of absorption

effectiveness and gas pressure drop over conventional packed columns and spray columns.



Pakdehi et al. [37] investigated the hydrazine absorption by a wetted string column with different
number of strings and confirmed the advantage of wetted string columns in gas-phase pressure
drop. Hosseini et al. [38] developed a CFD model and performed a parametric study to examine
CO. absorption by a liquid film flowing along a single string. A recent study [39] also developed
a numerical model for a CO> absorption process in a wetted string column and reported good
agreement with the previous experimental results [36]. In addition to mass transfer studies, many
experimental studies focus on investigating heat transfer performance of a turbulent liquid film
around a uniformly heated tube [40-48]. Shmerler et al. [41, 42] measured the wall heat flux and
temperature gradients across the liquid films to develop correlations for the normalized liquid-side
heat transfer coefficients and the Reynolds number. These experiments focused on subcooled
liquid films or saturated liquid films undergoing evaporation. However, very few studies were
reported on heat transfer characteristics of liquid films flowing down thin strings with a
counterflowing gas. A previous study [7] reported a rather limited experimental investigation of
the cooling of thin films of a heated silicone oil flowing down single strings. By using strings with
different diameters, they successfully achieved the string-of-bead flow and annular film flow at
the same liquid flow rate, and demonstrated that the string-of-bead flow exhibited a higher overall
heat transfer coefficient than the annular film flow.

However, the impact of the air velocity, liquid flow rate and nozzle radius on liquid film flow
characteristics, and the relationship between the flow characteristics and heat transfer effectiveness
still need further investigations. The gas-phase pressure drop of different air flow conditions also
needs systematic studies to optimize the design of multi-string exchangers. It is also necessary to

rigorously understand the simultaneous heat and mass transfer (i.e. water evaporation) of the liquid



film flowing down strings against counterflowing gas streams to evaluate the feasibility of

adapting multi-string exchanger to the humidifier and dehumidifier for thermal desalination.

1.4 Objectives of the present study

The presents study aims to (i) conduct a combination of numerical and experimental study that
helps improve our understanding of the fluid dynamics and heat transfer of a thin liquid film
flowing down a single string against a counterflowing air stream, which helps build a foundation
for the systematic design and optimization of a multi-string exchanger, (ii) experimentally
investigate the heat transfer performance as well as the gas-phase pressure drop in a string-based
direct-contact heat exchanger, (iii) construct a reliable numerical simulation to anticipate the heat
transfer effectiveness and the gas phase pressure drop of the multi-string exchanger. (iv)
experimentally study the simultaneous heat and mass transfer of water films flowing down cotton
strings with the presence of a counterflowing gas stream and demonstrate the feasibility of
adapting the multi-string exchanger for humidification-dehumidification technology and related
applications. (v) compare the exchanger effectiveness and gas-phase pressure drop between a
multi-string exchanger and other existing commercial direct-contact methods under the same

working conditions.

1.5 Organization of the document
The present study investigates the interfacial heat and mass transfer of liquid films flowing down
strings against counterflowing gas streams.

Chapter 2 presents the study of the fluid dynamics and heat transfer of a liquid film flowing

down a single string. We constructed finite element models using a moving mesh method to solve
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the time-dependent Navier-Stokes equation and the energy equation to obtain velocity and
temperature distributions in the liquid and the counter-flowing cooling air. The temporal variations
in the temperature of travelling beads are analyzed to evaluate the effective heat transfer
coefficients and to assess the accuracy of an approximate one-dimensional model.

Chapter 3 discusses a combined experimental and modeling study of the flow and heat transfer
characteristics of thin liquid films flowing down a single string in the presence of a counterflowing
cooling gas. We focus on the Rayleigh-Plateau (RP) regime, where uniformly spaced drop-like
liquid beads travel on a thin liquid substrate formed along the entire length of a vertical string.
Using a high-speed camera and micro-thermocouples, we capture liquid film/bead profiles and
temperatures at different air velocities and at different nozzle diameters. Finite element models are
constructed to help interpret and validate experimentally obtained heat transfer characteristics.

Chapter 4 extends our experimental study to a direct-contact multi-string heat exchanger. We
constructed a 1.6 m-tall prototype heat exchanger with an array of as many as 112 vertically
aligned strings. We limited ourselves to non-evaporating liquids and non-condensing gases (air).
We measure axial liquid temperature profiles and gas-stream pressure drop to examine the impact
on the thermohydraulic performance of the liquid and air flow rates, instability modes, and string
pitch. The applicability of the Reynolds analogy is also examined.

Chapter 5 explores the application of using the multi-string humidifier for thermal desalination
purpose. We investigated simultaneous heat and mass transfer of liquid films flowing down strings
against counterflowing gas streams. We report a combined experimental characterization and
modeling study to validate our humidifier design, specifically with desalination applications in
mind. The effects of the liquid flow rate, air velocity, and liquid salinity on the heat and mass

transfer rates are experimentally characterized. The mass transfer conductance-interfacial area

11



products obtained are next used to quantify the performance of a multi-string humidifier. The gas-
stream pressure drop of the multi-string humidifier is also measured and compared with existing

humidifier designs.
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CHAPTER 2

A moving mesh method to study flow and heat transfer in liquid films flowing

over highly curved surfaces

This chapter aims to introduce a numerical method to predict the spatial temperature profile of the
liquid film flowing along a single string against a counterflowing gas stream. We investigate the
effective heat transfer coefficient of the travelling bead and liquid substrate. We first solved the
Young-Laplace equation to obtain the liquid bead shape, which was then used to construct a finite
element model. The time-dependent Navier-Stokes equation and the energy equation were then
solved to obtain velocity and temperature distributions in the liquid and the surrounding counter-
flowing air. The temporal and spatial variations in the temperature of travelling beads are analyzed
to evaluate the effective heat transfer coefficients, which are key input parameters for an overall

heat exchange model to quantify the heat transfer characteristic of DILSHE.

2.1 Background

Many early studies of liquid film flows on solid surfaces were conducted using plates or tubes of
diameters much larger than the film thickness [49]. The Nusselt solution, for example, describes
laminar liquid film flows on planar surfaces. Other studies examined thin liquid films flowing
down highly curved surfaces. Such flows are always unstable, resulting in wavy patterns [50].
Several theoretical and experimental studies tried to elucidate these instabilities [30, 51], focusing

on the interplay among the surface tension, inertia, viscous and gravitational forces. Depending on
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the relative importance of these forces, various flow regimes result. The regimes include the drop-
like regimes, solitary waves, secondary instabilities, and complex disordered patterns.

Hattori et al. [34] proposed the use of liquid films flowing down on strings for heat and mass
transfer applications. By virtue of liquid beads that naturally form as a result of flow instability,
the authors argued that one can retain the advantages of spray columns (low pressure drop in the
gas stream and large gas-liquid interfacial area per unit volume) while at the same time reduce the
bead velocity and thereby increase the gas-liquid contact time. Internal circulations within the
beads further enhance heat and mass transfer.

We first experimentally studied the flow characteristics of a non-volatile liquid flowing down
a string in the drop-like regime, where traveling beads are formed through the Rayleigh-Plateau
(R-P) instability. Using the captured flow characteristics as inputs, we then constructed finite
element models and solved the time-dependent Navier-Stokes equation and the energy equation to
obtain velocity and temperature distributions in the liquid and the counter-flowing cooling air. The
temporal variations in the temperature of travelling beads are next analyzed to evaluate the
effective heat transfer coefficients and to assess the accuracy of an approximate one-dimensional

model.

2.2 Description of flow regimes

Early studies [29] proposed a flow regime map for thin liquid films flowing down thin vertical
strings. The regime map, Figure 2.1, is drawn in the plane R¢/lc versus an = hn/Rs to facilitate
practical use. Here, Ry is the string radius, and I¢ is the capillary length of the liquid (e.g., 1.5 mm
for Rhodorsil v50 silicone oil). The Nusselt thickness hy is the thickness of the cylindrical liquid
film prior to the onset of any instability, i.e., near the inlet. The aspect ratio « can be varied by

14



changing the flow rate, independent of the ratio R¢ /lc. This regime map does not account for the
dependence of the flow regime on liquid substrate thickness and other complications [28].

The R-P instability of a thin liquid film flowing down a string can be arrested by the mean flow
of the film when the film thickness hy is sufficiently small compared with the ratio R¢/Ic2. The
arrest of the growth of the R-P instability by the flow advection was referred to as a saturation

mechanism. The saturation number £* is defined as

2 4

B = [?TIZ’ (1+aa)4]§ (IEC)E (2.1)

The Nusselt average liquid velocity and the maximum velocity at the free interface are denoted
as un and ui respectively. The two are all functions of the aspect ratio « and the viscosity of the
liquid. Note then that, for a given liquid, g* is a function only of a~ and Rf/lc.

The curve of equation g* = 1 divides the plane into two regions. At the left hand side of the
curve, £* is larger than 1 and the characteristic time of growth of the R-P instability 7, is smaller
than the characteristic time necessary to displace the waves over their length z. One then expects
the R-P instability mechanism dominates over the flow advection. To the left of the curve g* =
Sea* ~ 1.507 lie the regions where the onset of a self-sustained dynamics of the flow is prompted
by an absolute instability [30] of the Nusselt uniform film as opposed to noise-driven convective
instability. We experimentally studied three flow conditions within the drop-like regime as shown
in Figure 2.1. In this regime, the inertia effect plays a minor role and the Rayleigh-Plateau

instability dominates over the Kapitza instability.

15



f*=1.507

DI
5 L
3 i
L Br=1
2L i
1 RP L d=1 4
- DG -------------------------
0 e T | s | L 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Ril

Figure 2.1: Flow regime map proposed in an early study [29]. RP refers to the drop-like regime,
DI refers to the drag inertia regime, and DG refers to the drag gravity regime. Three black symbols

indicate the experiment conditions used in our study.

2.3 Experimental

2.3.1 Experimental setup

The experimental setup is schematically illustrated in Figure 2.2. A polymer string of a radius R¢
= 0.305 mm is vertically suspended using a weight. A liquid is pumped from the storage tank to
the top reservoir with the gear pump. The liquid is distributed over the string inside a nozzle head
and flows down as an annular film. At the bottom of the string, the liquid is collected in the
collection reservoir. After each run, the accumulated liquid is fed back to the storage tank. A
precision weighing scale is used to monitor the mass of the collection reservoir and thereby
determine the mass flow rate. Three different mass flow rates (0.01, 0.021, and 0.033 g/s) were

used in the present work. We used a well-wetting liquid of low surface energy, Rhodorsil silicone
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oil (density p = 963 kg/m?, kinematic viscosity v =50 mm?/s, surface tension = 20.8 mN/m at
20 °C, thermal conductivity k = 0.15 W/m K, and specific heat ¢, = 1507 J/kg K), as received from
the vendor. A high frame rate (> 1000 fps) video camera was used to obtain basic geometric

parameters of the liquid film flows.
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Figure 2.2: A schematic of the experimental setup used to study characteristics of a non-volatile

liquid film flowing down a vertical string.

2.3.2 Spatiotemporal diagram

To quantify the characteristics of the wavy liquid film flows, such as the traveling bead shape and
speed, we construct spatiotemporal diagrams. At one chosen time step (i.e., video frame), we
extract a vertical pixel line that is selected to pass through liquid beads. We repeat this procedure

for later time steps at a constant time interval and juxtapose the extracted pixel lines to reveal
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spatiotemporal trajectories of the beads. Parallel striations reflect the motion of constant height
structures (drops or waves). A sample spatiotemporal diagram obtained from our experiment is
shown in Figure 2.3. The slopes of striations and spacing between them reveal the traveling speeds

and spatial/temporal frequencies of the beads.

y

70 —
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Figure 2.3: A representative spatiotemporal diagram obtained in one of our experiments

2.3.3 Bead profile/shape in the drop-like regime

In the drop-like regime, solitary waves formed by the Rayleigh-Plateau instability resemble
isolated drops sliding under gravity on a wetted string. In this regime, Rf << I where I is the
capillary length. The azimuthal surface tension effects therefore dominate over gravity.

As a result, the normalized bead profiles have a nearly generic shape of axisymmetric drops
with front-to-back symmetry. The bead length and height scale with the radius of the string.

As shown in Figure 2.4, Following the previous study [34], we quantify the bead profiles in
terms of Ly, the longitudinal distance between the maximum curvature points along the bead; Ry,
the maximum horizontal dimension of the bead; and Rs, the radius of the cylindrical liquid substrate
between two neighboring beads. The effective radius of the bead is then calculated as Rer = [(4Ls

sz) 1/3] 12.
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Figure 2.4: The characteristic dimensions of a travelling bead along a vertical fiber

The bead profile in the drop-like regime may be approximated with that of a static liquid drop with
zero contact angle sitting on a string coated with a cylindrical liquid substrate [28]. These shapes

can be obtained by solving the Laplace equation [52, 53]:

S I S 2.2)

(1+72)2 p(142)2

S (2.3)

Y Rs+Rp

Here r = r(z) is the distance between the center of the string and the wave profile. The values of
Rs and Ry were obtained from experimentally obtained optical images for each mass flow rate.
The bead profiles obtained from the Young-Laplace equation are compared with our experimental

results in Figure 2.5. The two sets of profiles agree well with each other.
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Figure 2.5: The liquid bead profiles obtained by solving the Young-Laplace equation (red solid
lines) and those obtained from the optical images taken in our experiments. The mass flow rates

are (a) 0.01 g/s, (b) 0.021 g/s, and (c) 0.033 g/s, respectively

The traveling liquid beads are separated from each other by smooth cylindrical liquid films, often
referred to as the liquid substrates. The volume flow rate associated with such a smooth cylindrical
liquid film of thickness hs down a vertical string of radius Rt, can be expressed using the Nusselt

solution by balancing the viscous and gravitation forces:

21 g a3 3[(1+as)*{4log(1+as)-3+4(1+a5)* 1]

=Rra
3y 7S 16a

Q= (24)

Here, as = hs/Rf and v is the kinematic viscosity of the liquid.
Table 2.1 summarizes the bead geometric parameters and the mass flow rates calculated using
Eq. (2.4) and the liquid bead volume and speed. The calculated mass flow rates agree with the

experimentally measured values to within approximately 10%. The discrepancy is due in part to

20



uncertainties in the geometric parameters extracted from our image analysis and in part to
deficiency in approximating the bead profiles with solutions to the Laplace equation. The fraction
of the liquid mass carried by the liquid substrates is small, accounting for only 1-5% of the total
mass flow rates.

If a counterflowing gas stream is sufficiently strong such that its dynamic head approaches or
exceeds the capillary pressures associated with the surface curvatures of liquid beads and
substrates (of the order of 10 Pa for millimeter beads of low surface tension liquids), one expects
the bead profiles to be distorted. The present study aims to develop early basic understanding of
heat transfer phenomena in the R-P regime. We therefore limit ourselves to situations where such
hydrodynamic distortion is negligible.

Table 2.1 Bead geometric parameters and mass flow rates

Measured Mass flow rate (g/s) 0.01 0.021 0.033
Rs (mm) 0.44 0.46 0.52
Lp (mm) 3.86 4.09 4.5
Rb (Mm) 0.83 0.88 0.96
Reff (MM) 1.10 1.17 1.27
Bead volume (mmd) 2.98 3.66 5.88
Air-Bead area (mm?) 15.8 17.7 21.2
Liquid-bead area (mm?) 10.2 11.8 14.6
Liquid bead flow rate (g/s) 0.0109 0.0191 0.0351
Liquid substrate flow rate (g/s) 0.00044 0.00069 0.002
Total mass flow rate (g/s) 0.0114 0.0198 0.371
Difference with the experimental data in % 12,5 4.87 11.7
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2.4 Numerical simulation

2.4.1 Boundary conditions

We solve the time-dependent Navier-Stokes equation and the energy equation to obtain the
velocity and temperature distributions in the liquid and the counter-flowing air. The simulation
domain and boundary conditions used to simulate the flows are shown in Figure 2.6. We assume
two-dimensional axisymmetric flows. The laminar fully-developed velocity profile from the

Nusselt solution is specified at the liquid inlet, which can be expressed as

Uy = %E (R + hs)z log (RLf) — i (r2 - sz)] (2.5)

Here Rt is the radius of the string, g is the gravity acceleration, v is the kinematic viscosity of the
liquid, r is the radial position, hs is the cylindrical liquid substrate thickness obtained from our

experiments.

At the interface, the zero shear stress and zero normal velocity conditions are specified for the
liquid. The velocity continuity condition is applied along the interface between the liquid and the
gas (air). The no-slip boundary condition is specified at the string surface. The ambient pressure

is specified at the liquid and gas outlets.
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Figure 2.6: The boundary conditions used for the fluid mechanics simulations. The simulation

domains included 24 liquid beads uniformly spaced between the liquid inlet and the outlet

We first solved the Navier-Stokes equation in a moving frame traveling at the average bead
velocity, and then transferred the solutions back to the stationary frame for heat transfer simulation.
The relative gas-liquid velocity is dominated by the gas velocity as the bead velocity is only of the
order of 0.01 m/s.

The initial and boundary conditions for the heat transfer simulations are shown in Figure 2.7.
The simulation domain is divided into three subdomains: region 7 for the liquid initially at 353.15K,
region 8 for the liquid initially at 293.15K, and region 9 for the air initially at 293.15K. Adiabatic
boundary conditions are specified at the surfaces of the string and the outer boundary. Uniform

temperatures are assigned to the liquid and air inlets. Heat conductions along the string and at the
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outlets are neglected. Since non-volatile liquid will be used in DILSHE, liquid evaporation is
neglected.

A two-dimensional locally refined mesh of approximately 150000 elements was used for our
simulation. The mesh size is varied from 0.00145 mm to 0.126 mm. Adaptive time steps of an
upper limit of 0.01 second were used. A mesh independence study was carried out to ensure that
the solutions do not change by more than 2% with further mesh refinement

Simulation was first performed with the stationary beads for 1.5 seconds to establish initial
flow and temperature distributions. A moving mesh was then employed for region 7 to capture
beads traveling along the string. The average bead traveling speeds were obtained experimentally

as discussed in Sec. 2.3.2.
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Figure 2.7: The boundary and initial conditions used for the heat transfer simulations. The
simulation domains included 24 liquid beads uniformly spaced between the liquid inlet and the

outlet
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2.4.2 Heat transfer simulation for an array of stationary beads

To independently determine the heat transfer coefficient between the travelling beads and the
counterflowing air and between the liquid substrate and the air, we also performed heat transfer
simulation using an array of stationary “solid” beads. The boundary conditions used are shown in
Figure 2.8. The domain geometry and mesh size are the same as those used for traveling liquid
beads for fair comparison.

The effective bead-to-air heat transfer coefficient is evaluated from [54]

hy 2 (2.6)

N AS(TS_TO)

Here, q is the total heat transfer rate from a single bead to the air, As is the bead surface area

exposed to the air, Ts is the average bead surface temperature, and To is the air inlet temperature.
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Fluid mechanics boundary conditions
1. Outlet: Pressure

2. Wall: Noslip

3. Inlet: Uniform air velocity

4

. Wall: No slip

Heat Transfer Boundary conditions

1. Outflow

2. Uniform wall Temperature 353.15K

3. Inlet: uniform temperature at 293.15K
4. Wall: Adiabatic
5

. Symmetry

Figure 2.8: The simulation domain and boundary conditions used for heat transfer simulation on

an array of stationary beads.

2.5 Results and discussion

2.5.1 Velocity distributions

In Figure 2.9 and Figure 2.10, we plot the velocity magnitude distributions and streamlines
predicted in our simulations for three different mass flow rates. The streamlines are presented in a
reference frame that is moving at an average bead traveling speed. One can note circulatory fluid
motions inside the beads for all three flow rates studied. The liquid beads are subjected to shear
stress on the surface of the strings. This causes the formation of internal circulation in each bead,

analogous to the vortices that develop inside a drop falling in a viscous medium. The liquid is in
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effect partly trapped in the bead, which appears separated from the string by a thin liquid substrate
and carries mass while “riding” on the more slowly moving liquid substrate. The recirculation zone
decreases somewhat in size with increasing mass flow rates but increases in strength (relative
velocity magnitude) with increasing mass flow rates.

The simulation results also show that the maximum flow velocity in the liquid substrate is less
than the value calculated from the Nusselt solution for a liquid film of the same thickness. For the
0.01 g/s case, the predicted velocity is 0.0015 m/s while the corresponding Nusselt solution is

0.002 m/s. This observation is consistent with the results in an independent numerical simulation

(b) (c)

study [55].

Figure 2.9: The predicted velocity magnitude profiles for three different liquid mass flow rates: (a)

0.01 g/s, (b) 0.021 g/s, and (c) 0.033g/s.
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Figure 2.10: The predicted streamlines in a reference frame moving at the average bead traveling

speed for the three different liquid mass flow rates as in Figure 2.9

2.5.2 Temporal bead temperature profiles

The temporal variations in the average bead temperatures are shown in Figure 2.11 for the case
with a liquid mass flow rate of 0.01 g/s. The other two cases of higher mass flow rates show
qualitatively similar behavior.

For the first 1.5 sec, the beads were held stationary and their cooling is due primarily to
convection heat transfer to the counter-flowing air (air cooling dominant). As the beads start
moving, they exchange thermal energy with both the air and the slower moving and “cold” liquid
substrate. This switch leads to significant changes in the cooling rates.

The leading bead experiences the highest cooling rate because it encounters the coldest part of
the liquid substrate in the front. As the downstream liquid substrate and air gradually heat up with
each passing liquid bead, the subsequent beads exhibit smaller cooling rates. For beads that were

initially far removed from the cold liquid substrate downstream, a quasi-steady state is established
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where the temperature varies only with respect to axial locations. This region is amenable to a

simple analytical model [34].
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Figure 2.11: Temporal variations of the average bead temperature for six travelling beads. The

total liquid mass flow rate is 0.01 g/s.

2.5.3 Approximate Analytic Model for the Liquid Bead Temperatures

Hattori et al. [34] proposed an approximate model to predict the evolution of the average
temperature of travelling beads and the quasi-steady state liquid substrate temperature distribution.
Assuming complete mixing between a local liquid substrate and a travelling bead as it travels down

the string, one can write the energy conservation equation for a liquid bead

12 dT, ! ! ! !
PiCpiVa d_f =Aghq(Te —Ty') + piciSs(Ug—Us)(Ts —Ty') (2.7)
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and the quasi-steady state temperature distribution for the liquid substrate:

Tsz' (X)=Tqa1' (X+2Reff—UsTsg)
TG—Tar' (X+2Reff—UsTsg)

27rR5hSTSg)
PiC1Ss

=1-—exp (— (2.8)

Here, V" is the combined volume of the travelling bead and the local liquid substrate underneath,
Aq is the bead surface area exposed to the air, St is the surface area of the annular liquid substrate
per unit length of the string, Uq is the bead average velocity, Us is the average flow velocity in the
liquid substrate. o and cp are the density and specific heat of the liquid, respectively. T;" is the
liquid substrate temperature just ahead of the travelling bead and T," is the average temperature of
the combined bead and the liquid substrate underneath. Referring to Figure 2.12, we define 7y as
the time period over which the liquid substrate is exposed to the air as it rebuilds from the rear of
a previous bead and reaches the next bead:

__ Uqt—2Re5f

= S ey (2.9)

T
59 Ugq—Us

Here, zis the inverse of the temporal frequency of the travelling bead.
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Figure 2.12: A schematic illustration of droplet progression used to develop an analytic model for

the bead and liquid substrate temperature distributions

By iteratively solving Egs. (2.7-2.8), we obtain T, as the average bead temperatures as the bead
travels down the string and T,' as the quasi-steady state liquid substrate temperature distribution
along the string.

As defined earlier, hq is the effective bead-to-air heat transfer coefficient and hs is the average
liquid substrate-to-air heat transfer coefficient. These two parameters are independently
determined from steady-state simulations performed on an array of stationary beads as discussed
in Sec. 2.4.2.

Figure 2.13 compares the liquid bead-to-the air heat transfer coefficients at a liquid mass flow
rate of 0.01 g/s for three different air inlet velocities (0.2 m/s, 0.6 m/s and 1.0 m/s). The leading
bead exhibits the largest heat transfer coefficient. As we move toward the air outlet, the thermal
boundary layer grows and the heat transfer coefficient decreases, approaching approximately

constant values. The three dash lines correspond to the results from an independent previous
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numerical simulation study [56] of convective heat transfer over a linear array of eight spheres of

spacing comparable to our beads. The two sets of results agree reasonably well with each other.
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Figure 2.13: Numerically predicted liquid bead-to-air Heat transfer coefficients as a function of
the bead position for a liquid mass flow rate of 0.01 g/s for three air inlet velocities: 0.2 m/s, 0.6

m/s, and 1.0 m/s.

The liquid bead-to-air heat transfer coefficients are also predicted for different liquid mass flow

rates with different bead profiles and spacings. Figure 2.14 shows the results.
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Figure 2.14: Numerically predicted liquid bead-to-air heat transfer coefficients as a function of the
bead position for an air inlet velocity of 0.2 m/s for three liquid mass flow rates: 0.01 g/s, 0.021

g/s, and 0.033 g/s.

The liquid substrate-to-air heat transfer coefficient was obtained from the simulations. Figure 2.15
compares the heat transfer coefficients for a liquid mass flow rate of 0.01 g/s for three different air
inlet velocities. The results exhibit similar trend as the liquid bead-to-air heat transfer coefficients,

but the absolute values are smaller.
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Figure 2.15: Numerically predicted liquid substrate-to-air heat transfer coefficients as a function
of the bead position for a liquid mass flow rate 0.01 g/s for three different air inlet velocities: 0.2

m/s, 0.6 m/s, and 1.0 m/s.

Figure 2.16 compares the normalized temporal temperature profiles of the average bead
temperature obtained from our numerical simulation and those obtained from the approximate
analytic model. We note that the numerical simulation considered only a finite train of liquid beads
whereas the approximate analytic model considered an infinite train of liquid beads. We consider
only beads far removed from the leading end in our numerical simulation results such that the
liquid substrate has established a quasi-steady state distribution as assumed in the analytic model.
The two predicted profiles agree reasonably well with each other, suggesting that the assumption
of complete mixing is reasonable due to strong internal flows within liquid beads and relatively

flow rates of the liquid substrate.
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Figure 2.16 shows results for three different air velocities. Higher convective heat transfer

rates and hence higher cooling rates are reflected in the steeper slope of the profiles at higher air

velocities.
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Figure 2.16: The temporal variations in the normalized average bead temperature predicted using
either numerical simulation (solid lines) or the analytic model (dashed lines). The results are
presented for different air inlet velocities of 0.2 m/s (black line), 0.6 m/s (blue line) and 1.0 m/s

(red line).

2.6 Summary

In summary, we constructed a numerical model to study heat transfer phenomena for liquid
films falling over highly curved surfaces in the drop-like flow regime dominated by the Rayleigh-
Plateau instability. We experimentally characterized the travelling bead geometric parameters,

which were then incorporated into our numerical simulation model to predict velocity distributions
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and temporal variations in the temperature of travelling liquid beads. Our numerical simulation
results agree well with the prediction from an analytical model for the evolution of the average
bead temperature, when combined with independently predicted liquid bead-to-air and liquid
substrate-to-air heat transfer coefficients. The present work helps establish foundation for a

systematic design and optimization of a new generation of dry cooling systems.
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CHAPTER 3

Experimental study of heat transfer between thin liquid films flowing down a
vertical string in the Rayleigh-Plateau instability regime and a counterflowing

gas stream

The previous chapter discusses using a moving mesh method to predict the temperature profile of
the liquid film with imported film shape in the experiment. In this chapter, we experimentally
examine the flow and heat transfer characteristics of thin liquid films flowing down strings of a
diameter approximately 0.1 mm against a counterflowing air stream. Numerical simulations are
also performed to help interpret and validate our experimental results. The relationship between
flow characteristics and heat transfer effectiveness are examined experimentally for different
combinations of the air velocities, liquid mass flow rates, and nozzle radii. We show that the liquid
mass flow rate and the air velocity are two primary factors influencing heat transfer effectiveness
whereas details of the liquid flow instability affect local bead-to-air heat transfer coefficients. We
also compare the heat transfer effectiveness and the pressure drop between a wetted string column
that consists of an array of vertical strings and a well-established structured packing that consists
of vertical plates. The multi-string column is shown to deliver comparable heat transfer

performance but at a lower air pressure drop than the structured packing.

3.1 Background
Many experimental studies focus on investigating heat transfer performance of a turbulent liquid

film around a uniformly heated tube [40-48]. Shmerler et al. [41, 42] measured the wall heat flux
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and temperature gradients across the liquid films to develop correlations for the normalized liquid-
side heat transfer coefficients and the Reynolds number. These experiments focused on subcooled
liquid films or saturated liquid films undergoing evaporation. However, very few studies were
reported on heat transfer characteristics of liquid films flowing down thin strings with a
counterflowing gas. A previous study [7] reported a rather limited experimental investigation of
the cooling of thin films of a heated silicone oil flowing down single strings. By using strings with
different diameters, they successfully achieved the string-of-bead flow and annular film flow at
the same liquid flow rate, and demonstrated that the string-of-bead flow exhibited a higher overall
heat transfer coefficient than the annular film flow. However, the impact of the air velocity, liquid
flow rate and nozzle radius on liquid film flow characteristics, and the relationship between the
flow characteristics and heat transfer effectiveness still need further investigations.

To rigorously understand the flow and heat transfer characteristics of thin liquid films flowing
along strings, we previously experimentally studied the fluid dynamics of thin silicone oil film
flowing down a vertical string against a counterflowing air stream. We demonstrated that the liquid
flow rate and air velocity were two primary factors affecting the flow characteristics [57]. We then
constructed a numerical model based on the geometric parameters obtained from our experiments
to predict velocity distributions and temporal variations in temperature of liquid beads [58]. The
simulation results of the average bead temperature evolution agree well with the prediction from

an analytical model [34].
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3.2 Description of flow regimes

Previous studies [28, 29] suggested a flow regime map for thin liquid films flowing down a vertical
string. The regime map (Figure 3.1) is presented in the plane Rw/lc versus « = hn/Rw to facilitate
practical use. Here, Rw is the string radius, and I. is the capillary length of the liquid (e.g., 1.5 mm
for Rhodorsil v50 silicone oil). Here p and y denote the liquid density and surface tension,
respectively. The Nusselt thickness hn is the thickness of a cylindrical liquid film one would have
for a given liquid flow rate in the absence of any instability. The aspect ratio «, which is
independent of the ratio Rw/lc, can be varied by changing the liquid flow rate. This approximate
regime map does not account for the influence of the liquid substrate thickness and other
complications [28].

The RP instability can be arrested by the mean flow when the film thickness hn is sufficiently
small compared with the ratio Rw*/Ic2. This arrest of the growth of the RP instability by the flow

advection, often referred to as saturation [29], is characterized by the saturation number S*:

2 4

pr = [?TIZ’ (14:);)4]5 (IEC)5 (3.1)

Here, the Nusselt average liquid velocity and the maximum velocity at the free interface are
denoted as un and ui respectively. The two are in turn functions of the aspect ratio « and the
viscosity of the liquid. Note that, for a given liquid, g* is a function only of « and Rw/Ic.

The curve representing g* = 1 approximately divides the plane into two regions. On the left-
hand side of the curve, g* is larger than 1 and the characteristic time of growth of the RP instability
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is smaller than the characteristic time necessary to displace the waves over their length. One then
expects the RP instability mechanism to dominate over the flow advection [30]. By analyzing the
dispersion relation of traveling beads/waves, one can determine /*~1.507 as a more refined
characteristic number defining transition between the absolute instability of the Rayleigh-Plateau
instability regime and the convective instability.

We focus in the present study on the RP regime that exhibits the absolute instability where a
uniform train of traveling liquid beads are observed along the entire length of a string. his greatly
facilitates interpretation of our heat transfer characterization experiments. The black symbols in

Figure 3.1 represent the liquid flow rates studied in this article, ranging from 0.03 g/s to 0.09 g/s.

B*=1.507

RP

Figure 3.1: A flow regime map proposed in an early study [29]. The regime map is constructed for
v50 silicone oil. RP refers to the drop-like regime dominated by the Rayleigh-Plateau instability.

Black symbols indicate the experiment conditions used in our study.
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3.3 Experimental setup and numerical model

3.3.1. Experimental

Figure 3.2 shows a schematic of the experimental setup used in the present study. The setup
consists of a vertical glass tube (inner diameter = 10.2 mm), a top liquid reservoir, a polymer string
and an air cone. The polymer string (Rw= 0.1 mm) with a weight attached at the end is suspended
along the glass tube. The string is aligned using a X-Y stage to be concentric with a circular nozzle
attached to the bottom of the liquid reservoir (Figure 3.3). An electrical heater is used to heat the
liquid inside the reservoir before it enters the nozzle. After exiting the nozzle, the liquid flows
along the string and is then collected at the bottom container. The collected liquid is fed back to
the top reservoir using a gear pump.

Compressed air (inlet pressure ~ 1.3 bar, temperature ~ 22 °C) is fed into the glass tube from
the bottom. The converging cone at the bottom of the glass tube is fitted with a flow straightener
to ensure uniform air distribution. A variable-area flow meter is used to measure the volumetric
air flow rate. A high speed video camera (capable of up to 16000 fps) is used to record liquid film
profiles. These high-speed video recordings are analyzed using a custom made imaging processing
code to extract the geometric parameters of the liquid films. The liquid nozzle radius, R, (Figure
3.3) is one of the parameters that influence the liquid bead size and spacing. We use nozzles with
three different radii, 0.4 mm, 0.5 mm, and 0.6 mm, in the present study. The uncertainty in nozzle

radius measurement is + 0.02 mm.

41



X-Y stage
) Reservoir
- 3 ——> Glass tube
WA, 13 Liquid bead on wire
Weight

Container
Storage tank
Oil pump
Air source

i 4 10. Air cone
0.3m 11 11. Camera
- 12. Thermocouples

[y
H
WONOU R WNR

EI:'— 13. Electrical heater

14. Liquid nozzle

Solid line loop: oil path
Dash line loop: air path

10 ﬂf\@g [—]

6

Figure 3.2: Schematic of the experimental setup used to study flow and heat transfer characteristics

of a non-evaporating liquid film flowing down a vertical string.
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Figure 3.3: An enlarged view of the top liquid reservoir and the liquid nozzle

Four micro-thermocouples of diameter 250 um are placed at axial locations 0.3 m, 0.6 m, 0.9 m,
and 1.5 m from the nozzle to measure liquid temperatures. The thermocouples are mounted on the
shafts of micro-positioners so that we can adjust their positions to coincide with the center of
traveling liquid beads. Outputs from the thermocouples are monitored using a 24-bit high-precision
data acquisition system. The power applied to the heater is adjusted for each flow rate such that
the liquid temperature at the first thermocouple location is maintained at 37 °C.

A micro-thermocouple located at a fixed position is “immersed” to temporally varying extents
in the liquid as a train of liquid beads travel past that location. Fast Fourier transform of the
temporal temperature recordings therefore yields well-defined frequencies, which correlate well
with liquid bead traveling frequencies obtained from video recordings as discussed further in

Section 3.4.2.
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We use a well-wetting liquid of low surface energy, Rhodorsil v50 silicone oil. Its key
properties are: density p = 963 kg/m?, kinematic viscosity v =50 mm?/s, surface tension y = 20.8
mN/m at 20 °C, thermal conductivity k = 0.15 W/(m-K), and specific heat ¢, = 1507 J/(kg K).

The liquid mass flow rate is calculated from the geometric parameters of the liquid beads and
liquid substrates obtained through image analyses. In an independent set of experiments, we
confirmed that the liquid mass flow rates measured using a weight scale placed under the bottom
collection container agreed with those obtained using image analyses to within 10%. The average
air velocity in the glass tube is calculated from the measured volumetric flow rates.

Following a previous study [34], we quantify the liquid profiles in terms of Ry, the longitudinal
distance between the centerline and the maximum curvature point along the bead; Rs, the radius of
the cylindrical liquid substrate between two neighboring beads; and L, the distance between two
adjacent travelling beads. Figure 3.4 schematically illustrates these geometric parameters for a

representative case.

Figure 3.4: Geometric parameters of liquid beads traveling along a string on a thin liquid substrate.
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The uncertainty in the geometric parameters obtained through optical image analyses is
estimated to be + 0.03 mm. For each run, we typically analyze 3000 images for the bead radius,
liquid substrate radius, and spacing between two subsequent beads. The uncertainty in the air

velocity is estimated to be 0.1 m/s and the uncertainty in thermocouple readings + 0.1°C.

3.3.2. Numerical Model

To help interpret and indirectly validate our experimental data, we construct a quasi-steady model
for heat transfer between the liquid film and the counterflowing air. We note that the mean
velocities of air are at least an order of magnitude higher than those of liquid beads in all our
experiments. In view of this, our model assumes that liquid beads are stationary and considers only
relative air flows. We further assume two-dimensional axisymmetric flows.

Our experimental results are used to specify geometric parameters in the model: the thickness
of the liquid film, the length and maximum radius of the liquid beads, and the spacing between
beads. In an earlier work [59], it proved that the profile of liquid beads in the drop-like regime can
be well-approximated by that of a static liquid drop placed on a string coated with a cylindrical
liquid substrate. We also solve the Laplace equation to obtain the liquid bead profile using the
experimentally determined liquid substrate thickness and maximum bead radius as input
parameters [58].

A commercial computational fluid dynamics package was used for our simulation. The

simulation domain and the relevant boundary conditions are summarized in Figure 3.5. We solve

45



the steady state Navier-Stokes equations and the energy equations, Egs. (3.2-3.4), to obtain

velocity fields and temperature distributions in both the liquid film and the air.

p(u-Vu=v-[-pl+u(Vu+ (Vu)")] + F (3.2)
p(V-u) =0 (3.3)
pCpu- VT =V - (kVT) (3.4)

Here, u and T are the velocity and temperature fields, respectively. p is the pressure. I is the unit
tensor. F denotes the gravitational force. C, is the heat capacity at constant pressure, k the thermal
conductivity, pthe density, and « the dynamic viscosity.

The Navier-stokes equations are first solved to obtain the velocity fields. These were then input
into the energy equation to obtain the temperature distributions. The velocity fields of the liquid
and the air are coupled by the interface boundary conditions. At the liquid-gas interface, the zero
shear stress condition, Eq. (3.5), the zero normal velocity condition, Eg. (3.6), and the tangential

velocity continuity condition Eq. (3.7) are applied.

T =1,=0 (3.5)
uyn=u;n=0 (3.6)
-y nn=u;— (u; -n)n (3.7)

Here, n represents the normal vector. u; and ug denote the velocity fields in the liquid and the air,

respectively.
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The adiabatic condition (-n-q = 0) and the no-slip boundary condition (u; = 0) are applied at
the string surface. An isothermal wall condition is applied at the glass tube wall based on our
experimental observation that there were negligible temperature variations along the glass tube
wall. The ambient pressure is assigned at the outlets of the liquid and the gas. Heat conduction
along the string and at the outlet is neglected.

A two-dimensional locally refined triangular mesh of approximately 240,000 elements was
used for our simulation. The element size is varied gradually from 0.005 mm in the liquid substrate
to 0.1 mm in the air. A mesh independence study was carried out to ensure that the liquid film

temperatures do not change by more than 3% with further mesh refinement.
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Figure 3.5: The simulation domain and boundary conditions for our quasi-steady model. All the

geometric parameters of the liquid films are those obtained from the experiments
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3.4 Results and discussion

3.4.1. Spatiotemporal diagrams

To help quantify the flow characteristics of liquid films, we first construct a spatiotemporal
diagram [51] from acquired video images. Briefly, at one chosen time step (i.e., video frame), we
extract a vertical line of pixels, which is selected to pass through roughly the centers of liquid
beads. We repeat this procedure for subsequent time steps at a constant time interval and then
juxtapose the extracted pixel lines to reveal spatiotemporal trajectories of the beads.

Two representative spatiotemporal diagrams obtained from our experiment are shown in
Figure 3.6. Striations in the spatiotemporal diagram reflect the motions of constant height
structures (i.e., traveling liquid beads). The spacing between adjacent striations in the z-direction
corresponds to the spatial frequency of traveling beads. The spacing between adjacent striations in
the t-direction corresponds to the temporal frequency. The slope of each striation represents the
traveling velocity of each corresponding liquid bead.

In the RP instability regime, a series of parallel striations is observed along the entire length of

a string, indicating that no coalescence of liquid beads takes place.
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Figure 3.6: Two spatiotemporal diagrams with the same liquid flow rate but different air velocities.

3.4.2 Liquid bead radius and frequency
A counterflowing air stream exerts aerodynamic drag on liquid beads and influences liquid film
flow patterns. Comparing the two spatiotemporal diagrams shown in Figure 3.6, for example, we
note that the bead (spatial and temporal) frequencies are lower for the higher air velocity.

Figure 3.7 shows a set of optical images of liquid beads obtained at different air velocities for
a fixed liquid mass flow rate. The bead radius Ry increases slightly as the air velocity Vair increases
up to approximately 3 m/s. As the aerodynamic drag deforms the liquid beads, their frontal areas
increase, further increasing the drag force. As the motion of the liquid beads becomes retarded,
their volumes become larger, increasing the gravitational force to counteract the drag force. This
increase in the liquid volume in turn leads to increase in the spacing between two adjacent beads

and hence the bead frequency. That is, the liquid beads become bigger but fewer. The liquid bead
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radii and spatial frequency extracted from our image analysis are shown in Figure 3.8, Figure 3.9,
and Figure 3.10.
As the air velocity is increased even further, the air streams turn turbulent. The liquid beads

deform appreciably and may even be pushed upward by strong aerodynamic drag. We limit our

heat transfer characterization to laminar air flows.

0 096 192 288 3.84 4.80 5.76

Air velocity (m/s)

Liquid flow rate: 0.09 g/s

Figure 3.7: Optical images of liquid film flows at different velocities of counterflowing air streams.

The liquid flow rate is fixed at 0.09 g/s.

Figure 3.8 quantitatively shows variations in the liquid bead radius Ry as a function of the air
velocity. The liquid mass flow rate . is varied from 0.05 g/s to 0.09 g/s by using nozzles with

different values of the inner radius Rn.
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Figure 3.8: Experimental results for the liquid bead radius, Ry, as a function of the air velocity,

Vair. Three different liquid mass flow rates are achieved using nozzles of different radii

One can also vary the liquid mass flow rate by adjusting the height of the liquid column in the top
liquid reservoir while keeping Rn constant. Figure 3.9 compares the measured values of R, from a
set of experiments where we vary the mass flow rate in this manner for two nozzles of different
radii (0.4 and 0.5 mm). For a given nozzle radius, the measured bead radii at two different mass
flow rates remain within 5% of each other. In contrast, at a fixed mass flow rate of 0.05 g/s, the
measured bead radius for the nozzle with Ry = 0.5 mm (triangles) is larger than that for the nozzle
with Rn = 0.4 mm (squares). The impact of these changes in liquid flow patterns on heat transfer

will be discussed later.
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Figure 3.9: Variations in the liquid bead radius Ry for different combinations of the nozzle radii
and liquid mass flow rates. A 0.4 mm-radius nozzle is used for liquid flow rates of 0.03 g/s and
0.05 g/s. A 0.5 mm-radius nozzle is used for liquid flow rates of 0.05 g/s and 0.07 g/s. Both the

0.4 mm- and 0.5 mm-radii nozzles are used to generate a liquid mass flow rate of 0.05 g/s.

Figure 3.10 quantitatively shows that the liquid bead frequency generally decreases with the
increasing air velocity. More importantly, as the liquid bead size changes with the decreasing
nozzle radius, from 0.5 mm (triangles) to 0.4 mm (circles), for a fixed mass flow rate of 0.05 g/s,
the frequency of liquid beads changes in order to keep the mass flow rate constant. Figure 3.10
also shows that, for a given nozzle radius (R, = 0.4 mm), the smaller mass flow rate of 0.03 g/s

(squares) leads to the smaller bead frequency than the larger flow rate of 0.05 g/s (circles).
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Figure 3.10: The dependence of the bead frequency on the air velocity for liquid mass flow rates
of 0.03 g/s and 0.05 g/s. The frequencies are obtained either through optical image analyses or
through FFT of temporal temperature recordings. The solid symbols correspond to the results from

FFT, and the hollow symbols to the result from image analysis

Although the bead radius Ry increases with increasing Vair, the liquid substrate radius Rs (see Figure
3.4) remains nearly unaffected by the air flows. We estimate the liquid substrates account for less
than 5% of the total liquid mass flow rate under the present experimental conditions.

A previous study [60] used liquids with different values of surface tension and made
qualitatively similar observations. That is, for liquids with both high and low surface tension, the
liquid bead radius increased with increasing gas loads whereas the liquid substrate thickness
remained nearly unchanged. Large differences in the liquid flow rates and the resulting differences
in the bead size and dominant instability mechanism, however, make direct quantitative

comparison with the previous study difficult.
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3.4.3. Bead velocity

Figure 3.11 shows the liquid bead velocity Vy as a function of Ve for two nozzles with different
radii. Vp is relatively insensitive to the air velocity for small liquid beads. Vb can be expressed as
Vb = Lxf, where L is the spacing between two adjacent liquid beads and f is the temporal bead
frequency. Changes in the two parameters tend to offset each other as Vair increases.

The bead velocities measured for s of 0.03 g/s and 0.05 g/s are nearly the same when the nozzle
radius is fixed at 0.4 mm. However, for a nozzle of 0.5 mm radius, Vy slightly increases with

increasing Vair for a given s and with increasing . for a given Vair. This can be attributed to the

fact that larger liquid beads are more susceptible to aerodynamic drag.

Liquid Bead Velocity, V, (m/s)

Figure 3.11: The experimentally measured liquid bead velocity as a function of the air velocity.

Four different liquid flow rates obtained using two different radii nozzle are shown. Note that the

0.10

0.05

0.00

Air Velocity, V__(m/s)

error bars are small compared with the plotted symbol.
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3.4.4. Overall heat transfer effectiveness

Figure 3.12 shows the temperature drops measured at different axial locations as a function of Var.
The liquid mass flow rate is set to be 0.05 g/s. The liquid temperature at 0.3 m from the nozzle exit
(set to be z = 0) is fixed at 37 °C and this value is used as the reference temperature in calculating
the temperature drops. The temperature drops increase with increasing Vair. This is due in part to
enhanced forced convection and in part to increased spacing between liquid beads. The effect of
spacing between adjacent liquid beads on heat transfer is further discussed later (Section 3.4.5).

The experimental results agree well with our simulation results.
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Figure 3.12: Temperature drops measured as a function of the air velocity at three different axial
locations. The liquid mass flow rate is 0.05 g/s. The solid symbols are experimental data. The

dash lines are our simulation results. The uncertainties are smaller than the plotted symbols.

We use the “local” heat transfer effectiveness [61] at a specific downstream axial location to

further quantify the heat transfer performance:
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_ C(Tro-TL(2)
€local = Comin(TLo=TG) (3-8)

Here, TLo denotes the inlet liquid temperature, and Te denotes the air temperature. We note that
the mean air temperature remains nearly constant at 22 °C along the axial direction due to a
relatively large glass tube diameter and hence air volume flow rates. The “local” heat transfer
effectiveness is then only a function of the liquid heat capacity rate, C., the minimum heat capacity
rate, Cmin, and the liquid temperature at a specific axial location, T.(z). In all the cases considered
in our work, Cmin = CL. The inlet liquid temperature and the inlet gas temperature are both fixed in
all our experiments. We can therefore calculate the “local” heat transfer effectiveness using the
liquid temperature profile alone.

Figure 3.13 shows the calculated heat transfer effectiveness as a function of the axial position
z for different liquid mass flow rates. The experimental results agree well with the predictions from
our quasi-steady heat transfer model. For a given Vair, the local heat transfer effectiveness aocal
improves as the liquid mass flow rate decreases, which is consistent with the general behavior of

counterflow heat exchangers.
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Figure 3.13: The local heat transfer effectiveness as a function of the axial position. Four different
liquid flow rates are examined. The symbols are experimental data and the dash lines represent our

simulation results.

As noted before, a nozzle with a smaller radius generally produces smaller but more liquid beads
than a nozzle with a larger radius at a fixed liquid mass flow rate. We examine the impact of this
behavior on the heat transfer effectiveness. Our experimental results, shown in Figure 3.14,
indicate that the heat transfer effectiveness is rather insensitive to the liquid bead size (R, = 0.4
mm versus R, = 0.5 mm). Due to internal recirculation flows within liquid beads and hence
efficient internal mixing [7, 29, 34], the details of liquid film profiles play a rather minor role. The
total liquid mass flow rate is the dominant factor affecting the heat exchanger effectiveness. The

same trends are observed for both air velocities (0.96 and 1.92 m/s) examined.
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and the dash lines are simulation results

3.4.5 Bead-to-air heat transfer coefficient

Although the two cases with different nozzle radii discussed above deliver the same “local” heat
transfer effectiveness aocal, “local’ heat transfer coefficients for convective heat transfer between
individual liquid beads and air h can still differ. To examine this further, we use a lumped

capacitance analysis [54] to estimate the liquid bead-to-air heat transfer coefficient:

76 _ ovp [(_ hAs) g] (3.9)

Tro—Tg pvec/ v
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Here, As represents the surface area of a liquid bead and V represents its volume. p and ¢ represent
the density and the specific heat of the liquid, respectively. v represents the liquid bead velocity
and h represents the liquid bead-to-air heat transfer coefficient. Eq. (3.9) is used to fit the measured
axial temperature distribution and extract h.

Figure 3.15 shows the liquid bead-to-air heat transfer coefficients, h, obtained for the same two
cases with different nozzle radii at a fixed # of 0.05 g/s. The heat transfer coefficient h is larger
for the bigger nozzle radius at a given s and a given Vair. A larger surface area of liquid beads
exposed to the air and a larger inter-bead spacing lead to enhanced heat transfer for liquid film

flows produced by the bigger nozzles.
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Figure 3.15: The liquid bead-to-air heat transfer coefficient obtained from the lumped capacitance
analyses. The results from the two nozzles with different radii (0.4 mm and 0.5 mm) are shown.
The liquid flow rate, mL, is fixed at 0.05 g/s are compared. The symbols are experimental data and

the dash lines are simulation results.
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When the inter-bead spacing is changed, the heat transfer rate is also changed due to the influence
of recirculation/ wake zones formed in the inter-bead region [62]. Figure 3.16 compares
representative streamlines and temperature profiles obtained in our numerical simulation for two
cases with the same liquid bead size but different inter-bead spacing values (and hence different
mass flow rates). At the larger inter-bead spacing, the flow separation angle (measured from the
forward stagnation point) increases and the recirculation zone narrows in width. This then leads to
increased radial temperature gradients and hence local heat transfer rates. A similar trend of
enhanced heat transfer with increased inter-sphere spacing values was observed in an earlier study

of linear arrays of spheres [56].
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Figure 3.16: The predicted streamlines (left) and temperature profiles (right) for liquid film flows

with the same liquid bead size but with different inter-bead spacing values

Figure 3.17 compares the heat transfer coefficients obtained from two different mass flow rates
for a fixed nozzle radius Rn. Under the conditions used, the liquid bead size and the bead traveling

velocity remains nearly unchanged, whereas the inter-bead spacing is larger for the smaller liquid
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mass flow rate. And indeed, the lower mass flow rate leads to enhanced bead-to-air heat transfer

coefficients.
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Figure 3.17: The liquid bead-to-air heat transfer coefficients as a function of the air velocity. The
nozzle radius is fixed while the liquid flow rate is changed from 0.03 g/s to 0.05 g/s by adjusting

the liquid heads in the reservoir. The symbols are experimental data.

Combining Eqg. (3.8) and Eq. (3.9), we rewrite the “local” heat transfer effectiveness as

glocal(z) =1- exp [<_ %) E] (3.10)

pvec/ v

This offers one way to visualize how the heat transfer effectiveness for liquid films is nearly
independent of the nozzle radii for a given value of m. Changes in the heat transfer coefficient h
and the liquid bead velocity are counteracted by changes in the liquid volume and hence thermal
capacitance of liquid beads.
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3.4.6. The comparison with a structured packing
Liquid films falling down the surfaces of vertical plates or large-diameter tubes have been widely
used for mass and heat transfer applications. Comparing heat transfer performance of these “planar”
liquid films with that of liquid films flowing down on small-diameter strings is not straightforward
as one must account for system-level constraints (for example, total cross-sectional area/volume).
For an illustrative purpose, we compare the heat exchange effectiveness and the gas-phase
pressure drop in two different direct-contact heat exchangers. One consists of an array of wetted
strings (our system) and the other incorporates a vertical plate structured packing [3, 63, 64]

(Figure 3.18). The two systems have the same overall dimensions: 1 m wide, 1 m long and 1.2 m

tall.

Figure 3.18: The schematics of a wetted string column (left) and a vertical plate structured packing

(right).

We keep the superficial liquid velocity V.= mi/(pLAr), and the superficial air velocity Ve=

mal(pcAs) the same for both systems. Here, m and mg denote the total inlet liquid and air mass
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flow rate, respectively. p. and pc denote the liquid and air density, respectively. Aris the column
cross-sectional area (1 m?).

For our wetted string column system, the string pitch is selected to be 10 mm, resulting in a
total of 10,000 strings in the unit. For the vertical wall structure packing, we also choose the same
mm pitch (p = 10 mm). The plate thickness t is set to be 1 mm such that the total thickness (plate
and liquid films) is comparable to that for the wetted strings. The air flow is in the laminar regime.

For the wetted string array, we use 3D numerical simulation over a square unit cell to predict

the overall heat exchanger effectiveness & and pressure drop.

_ Cl(TL,in_TL,out) (3 11)

- Cmin (TL,in_TG,in)

For a vertical plate structured packing, the heat exchanger effectiveness and the pressure drop
are evaluated using the empirical correlations for the heat transfer coefficients and friction factor
[3, 65-67]. The heat exchanger effectiveness, and pressure drop for a vertical wall structured
packing are evaluated based on the empirical correlations. The overall heat transfer coefficient, U
of the structured packing is determined to evaluate the heat exchanger effectiveness of the system.

The overall heat transfer coefficient is defined as Eq. (3.12) [54]

1 1
= h_G+h_L (3.12)

SRS
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Here, he and hp represent the air side heat transfer coefficient and liquid side heat transfer
coefficient respectively. The following empirical correlations can determine the air side heat

transfer coefficient [63].

ma),,
Reg = G2)en (3.13)
1e
o(3)p
_Ar _ \4
L (3.14)
Ao =4 (1- %) (3.15)
D, =2[p—(t+26)] (3.16)
Nug = "zi’h = 0.00814Re; "% Pr 4 Re, * 15 (3.17)
1 2 l
§ = 0.909Re, 3 (%)3 (3.18)

Here Reg and Re. denote gas-side Reynolds number and liquid-side Reynolds number. Prg is the
Prandtl number for gas. Dn is the hydraulic diameter defined as Eq. (3.16). p represents the
distance between two plates. 6 denotes the liquid film thickness, and t the plate thickness. Ac is the
flow cross-section area while A denotes the column cross section area which in our case is 1 m?.
kg is the thermal conductivity of air, £ and w_are respectively the dynamic and kinematic viscosity
of the liquid.

The liquid side heat transfer coefficient can be obtained from the following empirical
correlations. Since the Re is smaller than 30 in all cases, the liquid film along the plate is in

laminar regime [63].
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o 21
Sty = L 0.233Re;3Pe) 2 (3.19)
Pe,, = % (3.20)

u 2
m = 0.413R€L3 (321)

Here Pen is the heat transfer Peclet number, which is defined as Eq. (3.19). us is the film surface
velocity and can be determined from empirical Eq. (3.21). H is the packing column height and a1
is the thermal diffusivity of liquid.

The following empirical correlations are used to obtain the friction factor to calculate the
pressure drop for structured packings for the present study [67]. f is the friction factor. C and n
are the constant which can be determined by Eqgs (3.23 and 3.24). & and Dy" are the normalized
film thickness and hydraulic diameter. These two terms have been normalized with respect to the

capillary length defined as Eq. (3.27)

f = 4(0.005 + €5*™) (3.22)
l0gy,C = —0.56 + ‘;‘;7 (3.23)
n=1.63+>= (3.24)
Dp

5 == (3.25)
Dy =2 (3.26)

— g 1/2
Le =G 09! (3.27)



Figure 3.19 shows the heat exchanger effectiveness of both the array of wetted strings and the
structured packing as a function of the superficial air velocity. Two different superficial liquid
velocities, consistent with our experimental values for a single string, are examined. Figure 3.19
shows that the array of wetted strings has generally higher heat exchanger effectiveness values
than the structured packing. At the higher liquid superficial velocity, the heat exchanger
effectiveness is lower for both systems. For the lower Vi, especially at sufficiently high air

velocities, the two systems exhibit nearly identical heat transfer performance.
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Figure 3.19: The comparison of the heat exchanger effectiveness between the array of wetted

strings and the vertical plate structured packing under the same gas and liquid supply conditions

In contrast to the heat transfer performance, the air pressure drops of the two systems show
significant difference (Figure 3.20). At a given superficial liquid velocity, the air pressure drop

along the structured packing is almost one order of magnitude higher than that along the wetted
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string column. This is consistent with the observations of prior studies [36, 37]. We also note that
the air pressure drop along the array of wetted string is less sensitive to the superficial liquid
velocity than the structured packing. This is in part because the fraction of the cross-sectional area

available for air flows varies less for the array of wetted strings than the structured packing.
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Figure 3.20: The comparison in axial gas phase pressure drop between a wetted string column and

a vertical plate structured packing at the same gas-liquid supply conditions

We repeat similar comparison for different values of the pitch p and plate thickness t under
the fixed liquid and air superficial velocities. The results, shown in Figure 3.21 and Figure 3.22,
are consistent with the earlier results in that the two types of heat exchange systems (the array of
wetted strings and the vertical plate structured packing) show comparable heat transfer
performance but very different air pressure drops. Both cand dP/dz decrease as the pitch increases

in part because the flow area is larger, and the effective air velocity is lower. At a given pitch, the
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systems with thicker plates show slightly higher heat exchanger effectiveness and larger air

pressure drop due in part to higher effective air velocities.
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Figure 3.21: The comparison in the heat exchanger effectiveness between the array of wetted

strings and the vertical plate structured packing for different pitches and plate thickness.
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3.5 Summary

In summary, we experimentally studied the relationship between flow characteristics and overall
heat exchanger effectiveness for the thin liquid film flowing down a single string against a
counterflowing air stream.

The experimental results demonstrate that the flow characteristics are affected by the liquid
mass flow rate, air velocity, and nozzle radius. The increase in air velocity or nozzle radius for a
fixed liquid flow rate leads to the increase in liquid beads volume but at a compromise of temporal
frequency. Smaller liquid flow rate for a fixed nozzle only lowers the temporal bead frequency.
Liquid substrate radius remains nearly unchanged for all cases.

The overall heat exchanger effectiveness is determined experimentally and validated by a

numerical simulation. we show that the liquid mass flow rate and the air velocity are two dominant
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factors affecting heat transfer effectiveness whereas the details of the flow pattern only affect local
bead-to-air heat transfer coefficients. The increase in air velocity or inter-bead spacing results in
the increase in local bead-to-air heat transfer coefficient.

We also compare the heat exchanger effectiveness and the gas phase pressure drop between a
wetted string column and a structured packing of vertical plates. The wetted string column shows
comparable heat exchanger effectiveness but lower gas phase pressure drop than the structured

packing.
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CHAPTER 4

Thermohydraulic characteristics of a multi-string direct contact heat

exchanger

Chapter 3 shows the heat transfer effectiveness of liquid film flowing along a single string against
a laminar counterflowing gas stream. This chapter aims to extend the study from one single string
to multiple strings. We constructed a 1.6 m-tall prototype heat exchanger with an array of as many
as 112 vertically aligned strings. Thin films of a non-evaporating liquid are flown down the strings
by gravity and exchange thermal energy with a counterflowing gas stream. We obtained axial
liquid temperature profiles and frictional loss in the gas stream for different combinations of liquid
and gas flow rates and two different string pitches. Numerical simulation is also performed to help
interpret and indirectly validate our experimental results. The overall, gas-side, and liquid-side
heat transfer coefficients extracted from the experimentally measured temperature profiles are
examined to evaluate the impact of instability in liquid film flows and inter-bead spacing. The
applicability of the Reynolds analogy is also assessed using the measured gas-stream pressure

drops and air-side heat transfer coefficients.

4.1 Background

Several previous studies investigated liquid films flowing down strings in the Rayleigh Plateau
regime for mass transfer applications with counterflowing air velocities below 1 m/s. One such
study [35] experimentally investigated the CO> absorption by water films. It reported that multi-

string mass exchangers achieved higher CO, absorption effectiveness than spray columns and
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packed beds under nominally the same operating conditions. A later study [5] reported the
development and validation of an analytical model for the CO; absorption performance [35].
Another study [38] developed a numerical model for CO absorption by water/monoethanolamine
liquid films along a single string and performed a parametric study on absorption efficiency. More
recent studies reported numerical fluid dynamics simulation of liquid films in the Kapitza
instability regime under high counterflowing gas loads [60]. These studies also found the CO>
absorption effectiveness to be higher for liquid films flowing on strings than liquid films on planar
surfaces [68].

Migita et al. [36, 39] constructed a prototype multi-string mass exchanger containing an array
of 109 strings to study CO; absorption and gas-stream pressure drop. They demonstrated that
multi-string mass exchanger has higher absorption effectiveness and lower pressure drop than
conventional packed beds. A more recent study [37] investigated hydrazine absorption by a
multistring column, and confirmed the advantage of low air side pressure drop.

Relatively few previous studies focused on heat transfer in multi-string exchangers. Hattori et
al. [34] presented an approximate analytical model for temperature distribution along a liquid film
flowing down a string in the presence of cross-flows of a cooling gas. A modified version of the
model in the counterflow configuration was validated in our previous study using a single-string
[69]. A later study [7] constructed an experimental setup consisting of a single string and
determined the liquid-to-gas overall heat transfer coefficient. The study reported enhanced heat
transfer in wavy films in the Rayleigh-Plateau regime, which was ascribed to enhanced internal
mixing. However, the study was limited in that it reported the experiments at one fixed gas velocity

and that it did not separate the gas-side and air-side thermal resistance. It also did not explore how
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convective instability, also referred to as the Kapitza instability, in liquid films flows affects heat
transfer.

Although multi-string exchangers can generally be used in applications involving gas-liquid
phase changes, such as evaporators and condensers, we will limit ourselves to non-evaporating
liquids and non-condensing gases (air) in the present manuscript. We measure axial liquid
temperature profiles and gas-stream pressure drop to examine the impact on the thermohydraulic
performance of the liquid and air flow rates, instability modes, and string pitch. The applicability

of the Reynolds analogy is also examined.

4.2 Experimental

A schematic of the experimental setup used in the present study is shown in Figure 4.1. The
setup consists of a vertical acrylic cylinder of diameter 10 cm; a top liquid reservoir; a bottom
chamber with flow conditioners to ensure a uniform inlet air stream; and a square array of either
112 polymer strings (7 mm pitch) or 56 strings (10 mm pitch). The polymer strings (Rw = 0.1 mm)
are fixed to a metal rod to keep them under tension. The liquid is pumped to the top reservoir,
where a cartridge heater with a maximum rating of 2000 W is used to heat the liquid before it exits
from the liquid nozzles. After exiting the nozzles, the liquid flows along the strings and is then
collected at the bottom. The collected liquid is later recirculated to the top reservoir through a gear
pump. Compressed air (inlet pressure ~ 1.3 bar, temperature ~ 20.8 °C) is fed in to the bottom
chamber through four plastic tubes with an inner diameter of 3.8 cm. A variable-area flow meter
with a range of 6 — 60 SCFM is used to measure the volumetric air flow rate. The superficial air
velocity is calculated by dividing the measured volumetric air flow rate by the cross-sectional area

of the acrylic cylinder.
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The liquid nozzles have a diameter of 1 mm and are made of stainless steel. The silicone oil is
a well-wetting liquid and tends to rise along the nozzle outer surface, especially during a flow start-
up phase where the liquid flow rate is negligible (Figure 4.2a). For our nozzles and working fluid,
nozzle lengths greater than 2.5 mm are necessary to prevent the liquid from merging with the top
plate and forming an undesired liquid puddle that can impede the liquid flow (Figure 4.2b). The

minimum necessary nozzle lengths are generally smaller for liquids with higher viscosities.
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Figure 4.2: (a) Capillary rise of silicone oil along the nozzle outer wall. (b) A liquid puddle formed

around the nozzle can impede the liquid flow.

Four groups of 3 micro-thermocouples with tip diameter of 250 um are placed at three radial
locations (i.e. next to 3 different strings) and several axial locations (0.4 m, 0.7 m, 1.0 m, and 1.3
m from the liquid nozzle as indicated in Figure 4.1) to measure the liquid temperatures. We
position the micro-thermocouples nominally 0.1 mm away from the strings. The micro-
thermocouples are an order of magnitude smaller than liquid beads and they become fully
immersed in the liquid as liquid beads flow past them. The thermal response time of the micro-
thermocouples (r2pcy/3k for a sphere immersed in a much larger medium) is estimated to be 0.03
second, which is shorter than the liquid bead transit time over each micro-thermocouple (~ 0.1
second). Although the micro-thermocouple wires slightly drag a portion of a liquid bead off the
string, we observe that the liquid bead returns to the string once it passes the micro-thermocouple
when the inter-bead spacing is greater than approximately three times the liquid bead length (i.e.
L > 3Ls, see Figure 4.3). At a smaller inter-bead spacing, the liquid film flow can be disturbed
substantially, and two successive beads may merge. In all the experiment reported in the

manuscript, the inter-bead spacing is at least four times larger than the bead length. Nevertheless,
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we positioned the twelve micro-thermocouples at different strings to avoid any potential

complication from upstream micro-thermocouples.
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Figure 4.3: The geometric parameters of the travelling beads

A previous study by Nozaki et al. [7] and our numerical simulation study [58] indicated that
spatial temperature variations within a liquid bead is less than 2% of the bead mean temperature.
At measurement locations, secondary flows generated by interactions with the micro-
thermocouples are expected to further enhance mixing and temperature uniformity. Measured
fluctuations in micro-thermocouple readings are less than 0.1 °C. We also note that, under the
experimental conditions used in the present study, liquid beads account for nearly 95% of the total
liquid mass flow. The rest is carried by a thin contiguous liquid substrate flowing down the string.
This liquid substrate is periodically entrained by and mixes with liquid beads. Given these, we
consider the measured liquid bead temperature as a good approximation of the local bulk mean

temperature of the liquid film at the corresponding axial location.
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Three thermocouples are also placed inside the top liquid reservoir to monitor liquid inlet
temperature. The heater power is adjusted for each run to maintain the liquid temperature inside
the top reservoir at 41°C. Outputs from the thermocouples are monitored using a 24-bit high data
acquisition system.

Two pressure transducers are placed along axial locations 1 m apart to measure gas-stream
pressure drops for each run. The liquid flow rate is measured using a weight scale with a resolution
of 0.1 g placed under the liquid collector. The liquid used in our study is low surface tension
Rhodorsil v50 silicone oil. Its key properties are: density p = 963 kg/m?, kinematic viscosity v =
50 mm?/s, surface tension y = 20.8 mN/m at 20 °C, thermal conductivity k = 0.15 W/(m-K), and
specific heat Cpo = 1507 J/(kg K).

For each experimental run, the liquid and air flow rate were first adjusted to respective desire
values. The measurements were taken after the readings from all the thermocouples and pressure
transducers were stabilized to within 1% over a 15 minutes period. At each liquid and air flow rate
combination, experiments were repeated at least three times to confirm reproducibility in
temperature and pressure readings to within 5%. Uncertainty in thermocouple readings is estimated
to be £ 0.1°C. Radial variations in the liquid temperature, which may be attributed to slight
differences in the liquid flow rate among the strings, is estimated to be + 0.5°C for flows in the
Rayleigh-Plateau regime and + 1°C in the Kapitza instability regime. Uncertainty in the measured
pressure drops is estimated to be 0.05 Pa at the air velocity of 0.4 m/s and 0.5 Pa at the air velocity
of 4 m/s. Uncertainty in the measured air velocities is estimated to be 0.1 m/s, and uncertainty in

the measured liquid flow rates 0.1 g/s.
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4.3 Numerical simulation

To help interpret and indirectly validate our experimental results, we constructed a 3D steady-state
numerical model to simulate flow and heat transfer characteristics of the multi-string heat
exchanger. For each liquid flow rate, we assumed flat liquid films with the same interfacial areas
as wavy films observed in the actual experiment. To reduce computational times, we selected a
quarter of the one string unit for our simulation, as illustrated in Figure 4.4 (a). Figure 4.4 (b)
shows the simulation domain and the corresponding boundary conditions. The adiabatic and no
slip condition are applied at the string surface. The zero shear stress and adiabatic condition are
applied at all the symmetry surfaces. The coupled-wall condition is applied at the liquid film and

air interface to ensure velocity, shear stress, and temperature continuity.

Uniform temperature
(a) (b) and velocity P \ Ambient pressure and

. . . no axial conduction
Simulation domain

Adiabatic wall ~ _
\ -
O : 0
|

Liquid film ——— Symmetry - - - - -

Pitch Liquid film -----

Ambient pressure and
no axial conduction

String

Velocity and shear
stress continuity
L -~ across interface

«——— Symmetry

I~ Air stream

Uniform temperature
and velocity

Figure 4.4. Schematic of the simulation domain of the multi-string heat exchanger and the

corresponding boundary conditions
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A commercial computational fluid dynamics package (ANSYS-Fluent) was used in our
simulation. We solved the steady state Navier-Stokes equations and the energy conservation
equations to obtain the temperature distributions in both the liquid film and the air stream. Air
flows in our experiment are expected to transition to turbulent flow at a Reynolds number of 2300.
We used a laminar flow module for the cases with laminar air stream and the transitional shear
stress transport (SST) model [70, 71] for the cases with turbulent air flow. For improved accuracy,
we use the k- model close to the solid surfaces and the k-e model in the free stream [72].

A multi-zone mesh method was used in the current simulation, which consisted of mainly
hexahedral meshes and some tetrahedral meshes. Approximately four million elements used in
typical simulation runs. The element size varied gradually from 5 um in the liquid film to 250 pum
in air. At the liquid-gas interface, 25 boundary layers were applied with the first layer thickness
smaller than 1 um to resolve the turbulent viscous sublayer. A mesh-independence study and
numerical convergence study were performed to ensure that the predicted liquid film temperatures

do not change by more than 2% with further mesh refinements and larger iteration numbers.

4.4 Results and discussion

4.4.1 Axial profiles of the dimensionless temperature

We first analyze the operation of the multi-string heat exchanger under different combinations of
the total liquid and air flow rates for its interpretation as a counterflow heat exchanger. To quantify
the heat transfer performance of a multi-string heat exchanger, we use a dimensionless liquid

temperature [61] defined as:
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0(z) = T.(2) = Tgin (4.1)

TL,in - TG,in

Here, Ti(z) denotes the liquid temperature at a specific axial location z. Tpin, and Tg,in denote the
inlet liquid temperature and the inlet gas temperature, respectively.

Figure 4.5(a) shows the dimensionless temperature as a function of the axial location z for a
given liquid flow rate but three different air velocities. Figure 4.5(b) shows the dimensionless
temperature as a function of the axial location z for a given air velocity but three different liquid
flow rates. The dimensionless temperature at the liquid outlet is lower for higher air velocities and

lower liquid flow rates, consistent with the general behavior of counterflow heat exchangers.
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Figure 4.5: (a) Dimensionless liquid temperature as a function of the axial location for a given
liquid flow rate under three different air velocities. (b) Dimensionless liquid temperature as a
function of the axial location for a given superficial air velocity of 1.98 m/s under three different
liquid flow rates. Here rps denotes the liquid mass flow rate per string. The symbols represent
experimental data and the solid lines the simulation results. All the experimental results shown

here are from the square array of 112 strings (7 mm pitch).
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Figure 4.6 shows the dimensionless temperature as a function of the axial location for three groups
of data. Each group consists of a data set obtained from the 7 mm-pitch array (112 strings in total)
and a data set obtained using a 10 mm-pitch array (56 strings in total). In all cases, the liquid flow
rate per string are fixed at 0.045 g/s. When the air flow rates are adjusted to keep the heat capacity
rate ratio C, constant, the dimensionless temperatures from the two string arrays remain within 5%
of each other. This suggests that the overall heat transfer coefficient does not depend sensitively
on the string pitch and hence the hydraulic diameter for the present two cases. The lines represent
the numerical simulation results, which agree well with our experimental data. The experimentally
measured temperature profiles shown here are further analyzed to extract the heat transfer

coefficients in Section 4.4.2.
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Figure 4.6: Dimensionless liquid temperature as a function of the axial location. The symbols
correspond to the experimental data. The solid lines represent the simulation results for the array

of strings with 10 mm pitch and the dash lines the simulation results for the array of strings with 7
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mm pitch. mps denotes the liquid flow rate per string, which is fixed, and Ns the total number of
strings. For all the data shown in Figure 4.6, the smaller of the heat capacity rates, Cmin, is that of

the liquid.

We next consider cases where we vary the liquid flow rate per string while adjusting the air
velocity to keep the heat capacity rate ratio constant. Figure 4.7 shows the dimensionless
temperature as a function of the axial location for three different liquid flow rates per string under
a fixed heat capacity rate ratio. The liquid film with a liquid flow rate of 0.045 g/s is in the
Rayleigh-Plateau regime whereas the liquid films with the two higher liquid flow rates exhibit the
Kapitza instability regime. All three sets of data shown in Figure 4.7 are obtained using the square
string array of 7 mm pitch (112 strings in total).

The dimensionless temperatures deviate from each other as we move down the strings, with
the highest flow rate case showing almost 20% higher dimensionless temperature than the lowest
flow rate case near the liquid outlet. This is attributed to transition from the Rayleigh-Plateau
regime to the Kapitza instability regime. Although the instability transition enhances heat transfer
coefficient (as discussed in Sec 4.4.2), the reduced surface area to volume ratios and shorter liquid

residence times on the string lead to a higher dimensionless temperature.
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Figure 4.7: Dimensionless liquid temperature as a function of the axial location for three different
liquid flow rates per string. The symbols represent the experimental data and the lines represent
the numerical simulation result. The three cases share the same The three cases share the same
heat capacity rate ratio. The smaller of the two heat capacity rates, Cmin, is that of air for the cases

shown.

4.4.2 Heat transfer coefficients

To further elucidate the impact of the liquid film thickness and morphology, hence the instability
regime, on heat transfer, we analyze the axial temperature profiles to extract the overall heat
transfer coefficients. Under the assumptions of the constant overall heat transfer coefficient and

no axial conduction, the energy conservation equations [54] can be written as

mL Cp,L dTL =U dA ATlocal (42)
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ThL Cp,L dTL = mA Cp,A dTA (43)

Here my, T, Cp,L, denote the flow rate, temperature, and specific heat of the liquid, respectively.
Likewise, the parameters ma, Ta, and Cp,a denote the corresponding quantities for air. U represents
the overall heat transfer coefficient and ATiocar represents the local temperature difference between
the liquid film and the air stream. We iteratively solved these two equations numerically using U
as an adjustable parameter until the liquid film temperature matched the experimental data. The
quality of the fits is comparable to that of the numerical simulation results shown in Figure 4.6 and
Figure 4.7.

The gas side heat transfer coefficient in general depends non-linearly on the air velocity. Figure
4.8 shows the reciprocal of overall heat transfer coefficients as a function of 1/Vc™ where Vg is the
superficial air velocity. We use a previously reported value of 0.8 for the exponent m in turbulent
flows [63]. Following a previous study [73], we consider the y-intercept, corresponding to the
infinite air velocity, of the linear fit to each data set as a measure of the liquid-side heat transfer
coefficient (or its reciprocal, to be precise). For the liquid films flowing in the Rayleigh-Plateau
regime shown in Figure 4.8(a), the estimated liquid-side heat transfer coefficients are 37 — 55
W/(m?K). The string array pitch (7 or 10 mm) has a negligible effect on the liquid side heat transfer
coefficient.

The estimated liquid-side heat transfer coefficients values are comparable to the conduction
resistance of approximately 30 W/(m? K) across liquid spheres of the same equivalent radii as
travelling liquid beads. The actual liquid-side heat transfer coefficient would be higher than this
value because internal circulation within each bead enhances heat transfer [34]. Note that, for a
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fixed nozzle diameter, liquid films flowing in the Rayleigh-Plateau regime at different flow rates
produce liquid beads of approximately the same radii but different inter-bead spacings [69, 74].

We note that the cases with a liquid flow rate per string of 0.027 g/s show larger overall heat
transfer coefficients than the case with a higher liquid flow rate per string of 0.045 g/s. This results
from the smaller spacing between two successive liquid beads at the higher flow rate. As discussed
in [69], at a smaller inter-bead spacing, downstream liquid beads are strongly affected by wakes
(i.e., recirculation zones in the gas stream) formed behind upstream liquid beads [56, 62]. The
convective heat transfer in the gas phase is therefore degraded.

At air velocities smaller than 1.2 m/s, the overall heat transfer coefficient of the heat exchanger
with 10 mm string pitch (56 strings) is larger than that with 7 mm pitch (112 strings). This rather
surprising result arises because transition to turbulence occurs at lower air velocities for the heat
exchanger with the larger string pitch, which has an approximately 1.5 times larger hydraulic
diameter than the heat exchanger with the smaller string pitch. At higher air velocities, when the
air flows are turbulent in both heat exchangers, the overall heat transfer coefficients are comparable

and nearly within their estimated uncertainties.
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Figure 4.8: The reciprocal of the overall heat transfer coefficient as a function of the reciprocal of
the superficial air velocity. Part (a) shows the cases of liquid films flowing in the Rayleigh-Plateau

regime whereas Part (b) shows the cases of liquid films flowing in the Kapitza instability regime.

Figure 4.8(b) shows the overall heat transfer coefficient of the liquid films flowing in the Kapitza
instability regime as a function of the reciprocal of the air velocity. Following a similar approach
as Figure 4.8(a), we estimate the liquid-side heat transfer coefficients from the y-intercepts. The
estimated liquid-side heat transfer coefficients range 100 - 400 W/(m?K), up to an order of
magnitude higher than those for the liquid films flowing in the Rayleigh Plateau regime. This
enhanced heat transfer in the liquid can be attributed to coalescence of liquid beads traveling at

different speeds in the Kapitza instability regime, as shown in Figure 4.9.
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(a) (b)
Figure 4.9: Comparison between liquid films flowing (a) in the Rayleigh-Plateau regime and (b)

in the Kapitza instability regime. The liquid bead coalescence only happens in the latter regime

4.4.3 Air-side pressure drop
Gas-stream pressure drop is another important characteristic of heat or mass exchangers. Figure
4.10 shows our experimental data we obtain using the two string arrays of different pitches as a
function of the air velocity. We compare the measured pressure drops with predictions from
existing empirical correlations for longitudinal flows along rod bundles [75-78].

For laminar flows along an infinite extension of rod bundles, we adapt the reported correlation

[75] for our multi-scale heat exchangers as

Re = 220 (4.4)
7
4(%)
Dn\ _ 802
fu Re (D_h) " 2(1-0)-In(1-0)-0.5(1-0)2—-1.5 (4.6)

AP 2fpu?
Az - Dy
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Here, Re represents the gas stream Reynolds number based on the hydraulic diameter. Dy and Dn
represent the hydraulic diameter and the average liquid film diameter calculated from Nusselt
solution, respectively [29]. The parameter s denotes the center-to-center distance between two
adjacent strings, u the air velocity, and f. the friction factor in the laminar flow regime.

The gas flows in our multi-string exchangers are considered to undergo transition to turbulence
at a Reynolds number of 2300. The air streams for the 10 mm-pitch string array are expected to
be in the turbulent regime for all the experimental conditions reported here. For the 7 mm-pitch
string array, the cases where the air flows are in the laminar flow regime are indicated in Figure
4.10 using the solid symbols.

For turbulent flows along an infinite extension of rod bundles, the correlation reported in [76—

78] for our multi-string heat exchangers is

_ |4 s

x= |+ (4.8)
8 25 <Re / f—T> +5.5— 32664125 5 5 1n(2 + 2x) (4.9)
fT 8 1+x

AP _ frpu’ (4.10)

Az 2Dy

Here x denotes the geometric factor and fr the friction factor in the turbulent regime
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Figure 4.10 shows that the gas-stream pressure drop increases approximately linearly with
increasing air velocities in the laminar flow regime. When the air flow reaches the turbulent regime,
the pressure drop increases approximately quadratically with increasing air velocities.

Figure 4.10 also shows that, at a fixed array pitch and an air velocity, a larger liquid flow rate
per string leads to a higher gas-phase pressure drop. Larger liquid flow rates per string lead to
thicker liquid films, which not only reduce the cross-sectional area for gas flows but also increases
the liquid-air interface areas. At a given liquid flow rate per string, the array with the larger string

pitch has a lower pressure drop.
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Figure 4.10: Experimentally measured air-stream pressure drop (symbols) and the prediction from

the empirical correlations (lines).

As shown in Figure 4.10, the experimental data and the predictions from the empirical models
for rod bundles match each other within 10%. The reasonably good agreement between the

experimental data and the prediction does suggest relatively low form drag at superficial air
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velocities (< 3 m/s) used in the present study. In our experiments, the inter-bead spacing is at least
four times larger than the bead length as discussed in Sec 4.2. Under this condition, our numerical
simulation [69] indicates that the skin friction dominates over the form drag as the flow separation
angle (measured from the forward stagnation point) is large and the recirculation zone is narrow
(Figure 4.11a). For an example case (liquid flow rate per string = 0.045 g/s, superficial gas velocity
= 1.32 m/s), the form drag is predicted to account for approximately 20% of the pressure drop.
This is somewhat counteracted by the fact that the assumed smooth cylindrical rods have larger
interfacial areas than the actual liquid films with discrete liquid beads, leading to approximately
10% “over”-prediction of the skin friction. These are consistent with the fact that the empirical
model does underpredict the measured pressure drops by approximately 10%.

The situation is different at higher air velocities (larger than approximately 3 m/s) for liquid
films flowing in the Rayleigh-Plateau regime. This may be attributed to finite bead deformation
caused by aerodynamic drag as illustrated in Figure 4.11(b). This leads to much larger form drag.
Indeed, the measured pressure drops are almost 20% larger than the model predictions. For liquid
films flowing in the Kapitza instability regime, the liquid bead deformation is observed to be less
pronounced, which may be due to their larger inertia and flatter profiles as illustrated in Figure
4.11(c). The model prediction agrees better with the measured data in the Kapitza instability

regime.
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Figure 4.11: (a) Predicted streamlines for a liquid film flowing in the Rayleigh-Plateau regime at
a large inter-bead spacing and a low (< 3 m/s) gas velocity (b) Deformed liquid beads at a higher

(> 3 ml/s) gas velocity. (c) A typical liquid film profile with Kapitza instability

4.4.4 Air-side heat transfer coefficient and Reynolds analogy

Using the liquid side heat transfer coefficients we estimated in Sec. 4.4.2, we next calculate the

corresponding air-side heat transfer coefficient from

— = (4.11)
Here hair, U, and hy are the air-side heat transfer coefficient, overall heat transfer coefficient, and
liquid-side heat transfer coefficient, respectively. The calculated air-side heat transfer coefficients
have very large uncertainty at high air velocities when the overall heat transfer coefficient is very
close to the liquid side heat transfer coefficient. We therefore perform this calculation for air
velocities below 1.98 m/s when the liquid flow rate per string is lower than 0.05 g/s.
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As shown in Figure 4.12, the air-side heat transfer coefficients thus calculated are consistent
with the modified Reynold analogy, C+#/2 = ju [79, 80]. Here, jn is the Colburn j factor and Cs is
the Fanning friction factor [54]:

The apparent applicability of the Reynolds analogy may be attributed to relatively small
contribution from the form drag afforded by liquid beads under the experimental conditions used

in the present study as discussed in Sec. 4.4.3.

2
jg = StPrs (4.12)
St = —Ttair (4.13)
pPcCpcVa
AP A
Cr=—F—— 4.14
! A(%PGVGZ) ( )

In the above, St is the Stanton number, Pr is the Prandtl number of air, Ac denotes the cross-
sectional area of the gas stream, A denotes the total liquid-air interfacial area, and AP is the gas-

stream pressure drop.
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Figure 4.12: Relationship between the Colburn j factor and the Fanning friction factor from our
experiments. The solid line is a line of slope unity. The hollowed symbols are for air flows

projected to be in the turbulent regime and the solid symbols in the laminar regime

4.4.5 Comparison of heat exchanger performance with parallel-plate structured packing

Liquid films flowing down the surfaces of vertical plates or tubes are widely used for heat and
mass transfer applications. Directly comparing these heat or mass exchange configurations is
difficult because one must account for system-level constraints, including the cross-sectional
area/volume and the superficial liquid and air velocities. As a limited comparison, we consider two
direct contact heat exchangers of the same size under the nominally identical working condition.
One consists a square array of strings with 7 mm pitch (our system), and the other consists of a
well vertically aligned parallel-plate structured packing [63]. The thickness of the plates is set to
be 1 mm. The two systems have the same overall dimension (1 m wide, 1 m long and 1.6 m tall).

We also keep the superficial liquid velocity V.= mi/(pLAs), and air velocity Vo= ric/(pcAs) the
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same. Here, r. and mc denote the total inlet liquid and air mass flow rate, respectively. p. and pg
denote the liquid and air density, respectively. Atis the column cross-sectional area (1 m?).

We use our experimental data for both the outlet temperature and gas phase pressure drop of
the multistring heat exchanger. The outlet temperature and gas phase pressure drop of the parallel
structured packing are evaluated using empirical correlations [3, 65-67]. The equations for
evaluating the liquid side heat transfer coefficient is indicated in Sec 3.4.6. Since the air flow in
this comparison is the turbulent flow (Reg > 2300). We use the following correlation to calculate

the frictional factor and the air side heat transfer coefficient [54]:

f, = (0.79In(Reg) — 1.64)2 (4.15)

fp
heD (=-)(Reg—1000)Prg
"l T T (4.16)

(fp

Nu
G 2 2
1+12'7(T) (Prg3-1)

Here f, is the friction factor for and Reg denotes the gas side Reynolds number. Prg is the Prandtl
number for gas. Dn is the hydraulic diameter of the structured packings, and kg is the thermal
conductivity of air.

For each combination of the superficial liquid and air velocities, we adjust the distance between
two parallel plates of the structured packing to yield the same outlet temperature as the multistring
column. We considered 2 mm plate thickness of a structured packing as in practical applications
[63]. The corresponding gas phase pressure drop are then compared between two systems and
shown in Figure 4.13. Two superficial liquid velocities were selected for a comprehensive
comparison. The superficial liquid velocity of 4.5 mm/s represents an industrial level liquid flow

rate. Figure 4.13 indicates that the wetted string column shows approximately 1.5 times lower
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pressure drop than the parallel plate structured packing for the same heat transfer performance,
consistent with the conclusions from the previous experimental studies on multistring mass
exchangers [36]. Figure 4.13 also show that the air-side pressure drop of a multistring heat
exchanger is less sensitive to the liquid superficial velocity than a structured packing. This is due

to larger variation of the available air path cross-sectional area in structured packings.
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Figure 4.13: A comparison of measured air-side pressure drop between a string column and a
vertically aligned parallel plate structured packing. Circles represent structured packing and

squares represent multistring column used in our study.

4.5 Summary

We experimentally investigated the influence of liquid flow rate, gas velocity and string pitch on
the heat transfer performance and frictional loss of a multi-string heat exchanger. By analyzing the
axial liquid temperature profiles, we extract the overall, liquid-side, and air side heat transfer
coefficients under different combinations of air and liquid flow rates. The liquid films flowing in

the Kapitza instability regime are found to have significantly smaller liquid-side thermal resistance
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than the liquid films flowing in the Rayleigh-Plateau regime. Merging of liquid beads traveling
down the strings in the Kapitza instability regime is very effective in enhancing liquid-side thermal
resistance. The overall heat transfer coefficient does not vary significantly between the two string
pitches we examined (7 mm and 10 mm). For liquid films flowing in the Rayleigh-Plateau regime,
the gas-side heat transfer coefficient is lower at higher liquid flow rates due to the increased
interference of wake regions (of air) between successive liquid beads. The measured gas-stream
pressure drop agrees reasonably well with the prediction from existing correlations for bundles of
parallel solid tubes. The applicability of the Reynolds analogy for the gas streams has been
observed under the present experimental conditions, which is consistent with a relatively small
contribution of form drag afforded by the wavy liquid films. The present work helps improve our

understanding of the heat transfer performance and frictional loss in a multi-string heat exchanger.
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CHAPTER 5

A highly effective multi-string humidifier with a low gas stream pressure drop

for desalination

The previous chapter discussed investigating the multi-string heat exchanger. This chapter aims to
extend the transfer process from only heat transfer to simultaneously heat and mass transfer. In
this chapter we report a new design of compact light-weight humidifiers with high effectiveness
and low electric energy consumption for HDH systems. The new design consists of a dense array
of vertically aligned strings, along which thin films of a heated liquid feed are allowed to flow
under gravity. A counterflowing gas stream makes direct contact with liquid films carrying the
generated water vapor to a dehumidifier. The unique geometric configuration of our design affords
high interface-to-volume ratios necessary for high heat/mass exchange effectiveness and straight
contiguous gas flow paths for reduced gas-phase pressure drops. We constructed a 0.4 m-tall
prototype and examined the effects of the liquid flow rate, air velocity and feed liquid salinity on
the heat/mass transfer performance and the gas stream axial pressure drop. Compared with
previously reported pad humidifiers and spray columns, the present multi-string humidifier
achieves almost 5 times the evaporation rate per humidifier volume at comparable gas stream
pressure drops or an order of magnitude reduction in the gas stream pressure drop at comparable

total evaporate rates. Our work demonstrates a highly-effective but compact and light-weight
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multi-string humidifier with a small gas stream axial pressure drop for HDH and related

applications.

5.1 Background

Understanding the influence of various operating parameters (e.g., flow rates, inlet temperatures,
and salinity) on the humidification process contributes significantly to the optimization of HDH
systems. For example, a previous study [81] experimentally examined a pad humidifier and a
tubular spray humidifier to determine how the seawater/air flow rate, seawater temperature and
equipment dimension affect the evaporation rate. Another previous study [82] conducted a
combined experimental and theoretical investigation of a pad humidifier used in a multi-stage solar
desalination unit. A multi-stage humidifier [83] was also reported to maximize the humidity ratio
at the humidifier exit for increased fresh water production. There was also a study [84] where an
experimental and modelling study was conducted to determine the mass transfer coefficient of
both natural and forced convection in a vertical channel with parallel plates, which emulate
structured-packing humidifiers. A related study [85] investigated how the salinity affects water
evaporation rates and integrated the salinity into their empirical correlations for the flat plate
humidifier.

With a growing concern over the global climate change, many previous studies explore the use
of renewable energy sources, such as solar energy or geothermal energy, for powering HDH. One
such study [86] constructed a thermodynamics model for a solar powered desalination unit and
predicted that the water productivity in summer is twice larger than winter based on the solar
radiation intensity data from Xi’an, China. A later study [87] constructed a large-scale pilot system

with a 100 m? solar air heater field and demonstrated 1200 L/day fresh water production at an
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average solar radiation intensity of 550 W/m?. Past studies [88] also successfully demonstrated
utilization of geothermal energy for heat input.

Thermodynamically balancing the humidification and dehumidification processes in HDH
systems helps effectively reduce overall entropy production and thereby improve the overall
thermal efficiency of HDH processes [89, 90]. A parameter often used to quantify the performance
of HDH systems is the gain output ratio (GOR), defined as the ratio between the latent heat of
evaporation and the net thermal energy input. Previous studies performed thermodynamic
optimization analyses to explore ways to improve the GOR of HDH systems [91-93].

Past studies [94], for example, aimed to optimize extractions and subsequent injections of a
humidified gas between a humidifier and a dehumidifier and experimentally demonstrated that a
single extraction-injection step could improve GOR from 2.6 to 4 using a commercial packed bed
humidifier and a shell-and-tube exchanger dehumidifier. Theoretical analyses, indeed, projected
that GOR values greater than 10 are possible by integrating multiple extraction/injection steps.
Such high values of GOR, however, were achievable only for humidifiers and dehumidifiers with
correspondingly high heat/mass exchange effectiveness. In other words, a critical challenge is
often not whether one can achieve high GOR values using a given humidifier or dehumidifier
design concept. A bigger challenge arises from the fact that existing design concepts would require
very large and/or heavy units with high capital and installation costs or compact units with very
high pressure drops and hence high operating costs.

A previous study using a non-volatile liquid as a working fluid demonstrated that a direct-
contact heat exchanger of the same geometric design can deliver the same heat transfer

effectiveness at a much lower pressure drop than traditional parallel-plate structured packings [69,
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95]. Earlier studies of multi-string exchangers also suggested their applications in CO2 absorption
and hydrazine vapor separation [36, 37, 39].

In the present work, we report a combined experimental characterization and modeling study
to validate our humidifier design, specifically with desalination applications in mind. The effects
of the liquid flow rate, air velocity, and liquid salinity on the heat and mass transfer rates are
experimentally characterized. The mass transfer conductance-interfacial area products obtained
are next used to quantify the performance of a multi-string humidifier. The gas-stream pressure

drop of the multi-string humidifier is also measured and compared with existing humidifier designs.

5.2 Experimental

A schematic of the experimental setup used in the present study is shown in Figure 5.1. The setup
consists of a vertical acrylic cylindrical pipe of an inner diameter 6.35 cm for air flow; a top liquid
reservoir; a bottom chamber with flow conditioners to ensure a uniform inlet air stream; and a
square array of 24 cotton strings (Rw = 0.375 mm). The top view of the string array is shown in
Figure 5.2. The string pitch used in the current study is 10 mm. All the strings are fixed to a metal

rod to keep them under tension.
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Figure 5.1: Schematic of the experimental setup used to characterize the heat/mass transfer and

air-stream pressure drop in the multi-string humidifier
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Figure 5.2: Top view of a square array of 24 strings. The string pitch used for the experimental

results reported in the article is 10 mm.

A bath circulator is used to heat the feed water and pump it into the top reservoir. The heated liquid
is divided into multiple streams using an array of nozzles built into the top reservoir. As the liquid
streams flow down the strings under gravity, they form traveling liquid beads due to intrinsic
instability caused by interplay among surface tension, viscous, gravity, and inertia forces [74]. The
liquid is then collected in a bottom reservoir, whose weight is monitored using a weight scale to
determine the liquid flow rate. A converging cone is used to facilitate the collection of the liquid.
A stream of air, saturated with water at 22 °C (relative humidity = 100%), is introduced into the
bottom of the main section to mimic a closed-air open-water HDH cycle. A steel wool is used to
homogenize the air flow. A flow straightener is placed at the inlet of the test section to ensure a
uniform inlet air stream. The gas flow rate is measured using a variable-area flow meter with a
range of 0.8 - 8 SCFM.

The spatial temperature distributions of the liquid film and the air stream are measured using

micro-thermocouples with a tip diameter of 250 um. Three pairs of micro-thermocouples are
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placed at three axial locations (0.1 m, 0.25 m, and 0.4 m) from the liquid nozzle, each at one of
two different radial locations (i.e. next to 2 different strings), as shown in Figure 5.1 to measure
local liquid temperatures. We place the micro-thermocouples nominally 0.1 mm away from dry
strings such that the micro-thermocouples are fully immersed in liquid films without actually
touching the string. One thermocouple is placed inside the top liquid reservoir to monitor the liquid
inlet temperature.

To measure the air stream temperatures, we place six additional micro-thermocouples at three
axial locations (0 m, 0.25 m, and 0.4 m), one group along the test section center and the other
group near the test section boundary. Two humidity sensors are used to monitor the gas stream
humidity at the air inlet and the air outlet. Pressure transducers are installed at two axial locations
0.3 m apart to measure the gas-stream pressure drops. Feed water streams at three different salinity
levels are examined in the present study. They are the distilled water, the water with a salinity of
35 g/kg, and the water with a salinity of 108 g/kg, respectively. For each experimental run, the
liquid and air flow rates are first adjusted to their respective set values. The measurements are
taken after readings from all the thermocouples and pressure transducers are stabilized to within
1% over a 15-minute period. Each experimental run lasted for two minutes. A sampling frequency
of 50 Hz is used for the thermocouples. At each liquid and air flow rate combination, experiments
are repeated at least three times to confirm that the data are reproducible to within 5%. The liquid
flow rates examined in the current study range from 0.7 to 3.6 g/s. The volumetric flow rates of
the air stream vary from 1 to 6 SCFM.

Estimated uncertainty in thermocouple readings is £ 0.1 °C. Radial variations in the liquid
temperature across the test section, which may be attributed to slight differences in the liquid flow

rate among the strings, is estimated to be + 2 °C. Radial variation in the air temperature at a given
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axial location is estimated to be + 1 °C. Uncertainty in the measured air velocities is estimated to
be 0.05 m/s, uncertainty in the measured liquid flow rates 0.1 g/s, uncertainty in the measured

pressure drops 0.05 Pa, and uncertainty in the relative humidity values 2%.

5.3 Theoretical analysis
To help interpret the experimental data, we construct a steady-state model based on the mass and

energy balance following a previous study [3]:

ary, _ ding

aa  da (5.1)
d Do) = d o R 5
d_AZ(mL L)—d_Az(mG G) (5.2)

Here sz and h. denote the mass flow rate and enthalpy of the liquid, respectively. The symbols ric
and hg denote the mass flow rate and enthalpy of the air. The cumulative liquid-gas interfacial
area, which increases linearly from the liquid nozzle as we move downstream, is labeled A..

High rates of evaporation can lead to a non-negligible normal velocity component of water
vapor near the surface of water (Figure 5.3). This so-called convective component is suggested to

be significant [3] when the water temperature exceeds approximately 50 °C
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Figure 5.3: The convective and diffusive components of the absolute flux [3]

One writes the absolute flux of water vapor from the water surface 7 as

s 7 . _ 7 dmq
m-=mym- +ji s =mygm — pDyy T (5.3)

Here, j1s iIs the diffusive component of the mass flux, my is the mass fraction of water, D12 is the
water vapor-air diffusion coefficient, and p is the vapor density. The subscript s denotes the

properties at the water surface and the subscript e denotes those in the gas stream.

After rearranging and integrating the equation across the boundary layer of width J, we obtain

Mmie  dmg _ rom'ar
fml,s mlTh”—Th” - fO pD1, y (54)
and
mi e Th”6
: = eXx . 55
mys—1 p(PDlz) ( )

We rewrite Equation (5.5) for later convenience as

105



mys—mye — exp (,phDH(S
12

1+ ). (5.6)

1—m1'S

Solving Eq. (5.6) for 7z and using the mass transfer driving force Bmi defined as

Mys—M1e
Bml - 1-myg (5-7)
we obtain
" = 2212101 4 B,,) = 2220 Bm) p (5.8)
) 5 Bm1
Using the mass transfer conductance gm” defined as pD12/6, we finally write
T =i = gy TG B, (5.9)

dA, Bm1
We rewrite the energy balance equation by substituting the total evaporation rate in Eq. (5.2). The
total energy transfer from liquid film to air stream includes both energy transfer from force

convection and evaporation:

d .
aa, (ML) = Geony + Gevap (5.10)
. In(1+Bm
Qevap = Im n(B;1 = Bmlhl,s (5.11)

Qconv = gth,G(TL —Tg) (5.12)

Here, gconvand Qevap denote the convective and evaporative heat flux, respectively. hysaccounts for
both the latent heat and the enthalpy variation due to temperature change. Cpc is the air heat
capacity. We estimate the heat transfer conductance using the heat and mass transfer analogy [3,

54]:
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* 2
Z—‘: = (Le)s ~ 1.08 (5.13)

The relative humidity of air is measured to be 100% at both the inlet and the outlet of our setup
for all experimental conditions reported in the article. The properties of pure water and saturated
air are obtained from existing literatures [96-99]. The latent heat and the specific enthalpy of the

saline water are calculated from Egs. (5.14 and 5.15).

hgsw = hegw(1—S5) (5.14)

hgy = hy, — S(ay + azS + a3S? + a,S3 + agt + agt? + a,t3 + agSt + agS?t + a,,St?) (5.15)
The coefficients are listed below:

a, = —2.348 x 10%,a, = 3.152 X 105, a5 = 2.803 X 10°,a, = —1.446 x 107,
as = 7.826 x 103,a, = —4.417 x 10%,a, = 2.139 X 1071, ag = —1.991 x 10%,

ag = 2.778 x 10%, a,, = 9.728 x 101

Here, hfgswand hgw denote the latent heat of saline water and pure water in J/kg, respectively. hsw
and hy are the enthalpy of saline water and pure water, respectively, in J/kg, S the salinity in kg/kg,
and t the temperature in °C. The vapor pressure of saline water is estimated using Raoult’s

correlation:

B = 1 4+ 057357 X (=) (5.16)

PU,SW

Pv.wand Pysw represent the vapor pressure of pure water and saline water, respectively.
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The only unknown parameter in this model is gm™. We iteratively solve Egs. (5.1) and (5.2)
numerically, while treating gm™ as the adjustable fitting parameter, until the calculated spatial
temperature profile fits the experimental data. Linear temperature profiles based on the inlet and
outlet temperatures are used as initial guesses for the liquid and air stream. The extracted value of
gm’ is then considered to be the overall mass transfer conductance. A typical fit is shown in Figure

5.4
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Figure 5.4: A representative fit of the experimentally measured spatial profiles of the liquid and

air temperature using the heat/mass transfer model.

Following the convention for humidifiers in the literature, we report the total air flow rates. The
superficial air velocity can be calculated from the total air flow rate by dividing them with the
cross-sectional area of the acrylic pipe (3.16 x 103 m?). A mass flow rate of 4 kg/h, for example,

corresponds to a superficial air velocity of 0.3 m/s. The liquid flow rate is reported as the liquid
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flow rate per string, riLps. The corresponding total liquid mass flow rate is 7. can be calculated by

multiplying rLps With the total number of the strings 24.

5.4 Results and discussion

5.4.1 Mass transfer conductance

We first examine the extracted values of the mass transfer conductance gm” to elucidate the effects
of the liquid flow rate, air flow rate, and salinity. Following a previous study [36], we define the
overall capacity coefficient as gm A/V. Here, A and V denote the liquid-gas interfacial area and the
volume of the humidifier, respectively. This parameter essentially helps quantify the mass transfer
rate per unit volume of a humidifier.

Figure 5.5a shows that the overall capacity coefficient increases approximately linearly with
the air flow rate. Differences in the overall capacity coefficients are within 10% for liquid streams
of the three different salinities tested. In contrast, Figure 5.5b shows that the overall capacity
coefficient increases as the liquid flow rate per string increases. Both results are consistent with
the observed liquid film profiles shown in Figure 5.6.

Because the salinities used are not high enough to significantly alter the surface tension,
viscosity or density, the liquid films of the three different salinities show very similar liquid film
profiles. We remind the reader that the intrinsic instability of liquid films flowing down vertical
strings result in the formation of traveling liquid beads. For a given liquid flow rate (either Figure
5.6a or Figure 5.6Db), the liquid bead sizes and the inter-bead spacings are within 2% of each other.
In contrast, when the liquid flow rate is changed, the inter-bead spacing also changes. As the liquid
bead size is approximately constant, to accommodate a higher mass flow rate, the inter-bead

spacing needs to decrease [74]. That is, per unit volume, there are more liquid beads that facilitate
109



mass transfer accompanying evaporation or condensation [100] with their localized curved

interfaces. The overall capacity coefficient therefore increases with increasing liquid mass flow

rates.
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Figure 5.5: Overall capacity coefficients for the feed water streams of (a) three different salinities

at a fixed liquid flow rate. (b) two different liquid flow rates at a fixed salinity. The inlet liquid and

air temperatures are 80 °C and 22 °C, respectively. Air flow rates of 0 - 15 kg/h correspond to

superficial air velocities of 0 — 1.1 m/s.

110



;= 0.067 g/s

|
\ ) .
{
|
|
|
|
| ¥ Q@
- i)
|
|
= ‘ () |
1) ()] .
3
|

(a1)  (b1)  (c1) 1 (@) (b2)  (c2)

= 0.1g/s
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feed streams of three different salinities: (a) S =0 g/kg (b) S =35 g/kg (c) S = 108 g/kg.

5.4.2 Evaporation rate and humidifier effectiveness

The best fit value of gm is then used to compute the total evaporation rate shown in Figure 5.7
using two methods to confirm the consistency of the model. In the first method, we numerically
integrate Eq. (5.9) along the axial direction while approximating the liquid film as a smooth
cylindrical surface of radius obtained from the Nusselt solution [29]. In the second method, we
calculate the evaporation rate from a difference in the liquid mass flow rate . between the inlet
and the outlet. We confirm that the two methods yield the same values of the total evaporation

rate.
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Figure 5.7 shows the obtained evaporation rates for feed streams with the three different
salinities at a fixed liquid flow rate. Although the mass transfer conductance values are similar,
the streams with higher salinity values yields slightly (5~ 10%) lower evaporation rates because
of lower water vapor pressures, consistent with the results from previous studies [81, 85]. The
lower vapor pressures lead to lower convective components of the absolute fluxes. Although the
mass transfer conductance shows the same value, the total evaporation rate is affected by salinity

because of different convective components.
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Figure 5.7: The water evaporation rate as a function of the air mass flow rate for liquid feed streams
with three different salinities. The inlet liquid and air temperature are fixed at 80 °C and 22 °C,

respectively.

We next normalize the water evaporation rate with the feed water flow rate (Eq. 5.17) to examine
the influence of the liquid flow rate on the evaporation rate. The normalized evaporation rate is
identical to the maximum water recovery ratio (RR) when one assumes that the water vapor

completely condenses in a dehumidifier.
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,8 — mL,in_mL,out (517)

Mmy,in

Figure 5.8a shows that the higher liquid flow rate leads to the higher evaporation rate. This is
consistent with the increase in the overall capacity coefficient, which results largely from the
decreased inter-bead spacing, as discussed in Sec 4.1. However, the normalized evaporation rate
is smaller for the higher liquid flow rate (Figure 5.8b). This suggests that the enhancement in
heat/mass transfer rates due to decreasing inter-bead spacing is not sufficient to fully counteract

an increase in the liquid mass flow rate.
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Figure 5.8: (a) The calculated evaporation rate as a function of the air mass flow rate for two
different liquid flow rates. (b) The corresponding normalized evaporation rate as a function of the
air mass flow rate. Distilled water is considered as the feed liquid. The inlet liquid and air inlet

temperature are fixed at 80 °C and 22 °C, respectively.

The humidifier effectiveness is often defined as the ratio of the change in the real enthalpy to the

maximum possible change in the liquid enthalpy [101]:
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AH
AHmax

(5.18)

Here, AH denotes the enthalpy change of either the cold stream or the hot stream. AHmax represents
the maximum possible enthalpy change. Under the experimental conditions used in the present

study, the maximum possible enthalpy change is that for the liquid stream.

Taking the ratio between the humidifier effectiveness and the normalized evaporation rate, we

obtain

AH _ hpin—hpout ML, in _ (hpin—mpou)Ahy, ARy

AHmax B Ahma\x mL,in_mL,out (mL,in_mL,out)Ahmax Ahmax

(5.19)

| m

Here, hiin and hiout denote the total specific enthalpy of the liquid at the inlet and the outlet,
respectively. Ahmax is the difference between the total specific enthalpy at the liquid inlet
temperature and the total specific enthalpy at the air inlet temperature. Since the latent heat
dominates the total specific enthalpy, Ah. varies by only 2% from 20 °C to 90 °C. Ahmaxis only a
function of the liquid and air inlet temperatures. As a result, the normalized evaporation rate and
the humidifier effectiveness depend linearly on each other for given liquid and gas inlet
temperatures.

For one pair of the liquid inlet temperature and the air inlet temperature, we perform
experiments with different combinations of liquid flow rates and air velocities. Figure 5.9 shows

the relationship between the humidifier effectiveness and the normalized evaporation rate thus
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obtained. The experimental results agree with the analytical prediction to within 5%, confirming
that the normalized evaporation rate is thermodynamically limited by the liquid and gas inlet

conditions.
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Figure 5.9: The relationship between the humidifier effectiveness and the normalized evaporation

rate. The symbols are the experimental data and the solid lines are the prediction from Eqg. (5.19).

5.4.3 Gas stream pressure drop

The overall pressure drop in the gas stream may be divided into two components: the frictional

pressure drop Ps and the acceleration pressure drop due to evaporation Pe [17]:

de

L
AP = [ /(-

dP,
+2%) dz (5.20)
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Under the experimental conditions used in the present study, the gas streams are expected to be in
the turbulent regime. For turbulent flows along an infinitely long rod bundles, previous studies
[76-78] reported engineering correlations for the friction loss. These correlations present the
friction factor in terms of a geometric parameter defined in Eq. (5.21). The geometric parameter is
defined using an equivalent annular zone of radius ro, which has the same area as a square unit cell
around each string [76], and the radius of the cylindrical liquid film around strings, r1as shown in

Figure 5.10.

———— e = = e -

Figure 5.10: The geometric parameters of a square array of strings. The red circle represents the

equivalent annual zone of a unit square cell (the black square).

The geometric parameter x [76] is defined as

x=D= |22 (5.21)

e T Dy

Here Dn and s represent the average liquid film diameter calculated from the Nusselt solution [29],

and the string pitch, respectively.
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The universal velocity profile for turbulent flows on circular tubes was taken as [102]
ut =25Iny* +55 (5.22)

Here, u* = u/u”is the dimensionless velocity, u™=V(zw/p) is the frictional velocity, y* = pyu™/u is the
dimensionless distance from the wall. An engineering correlation for the friction factor fr of an
annular zone in the turbulent regime was reported in terms of the frictional velocity as [103]

8 3.966+1.25x

1+x

—2.51In (”“‘*) +55—

L (5.23)

T

Here, L = ro- r1 is the width of the annular zone. The shear stress 7 can be expressed as frpu?/8.

Eq. (5.23) can then be re-written as

8 _ 251n (p (ro-r)u ﬁ) 155 3.966+1.25x (5.24)
fr u 8 1+x

The Reynolds number of the equivalent annular zone is defined as Re = puDw/u, Where Dn is the
hydraulic diameter and equal to 2(ro? - r12)/r1. A more commonly used form of Eq. (5.24) can be
obtained by substituting this definition of the Reynolds number into Eq. (5.24) and rearranging the

resulting equation:

117



T

2 =25mn <Re / f—T> + 5.5 — 2200 125% 9 51n(2 + 2x) (5.25)
f 8 1+x

The frictional pressure drop is obtained from

APy frpu?
= oy (5.26)

The acceleration pressure drop due to evaporation is calculated from [17]

dpP, _
dz

MGy2, 1 1 dw
(Ac) (pG pf) m (5.27)

Here, Ac denotes the air stream cross-sectional area, pc the air density, pr the water density, and
the humidity ratio. The relative humidity values of the air stream at the inlet and outlet are
experimentally determined to be 100%. The air inlet temperature is fixed at 22 °C and the
corresponding humidity ratio is 16.74 g water/kg dry air. The outlet air temperature varies with
different experimental conditions (liquid mass flow rates, liquid inlet temperatures, and air mass
flow rates). The corresponding humidity ratio can be obtained from the thermodynamics table [96—

99]. The humidity ratio can also be related to the mass fraction by w=m1/(1 - my).
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Figure 5.11: The pressure drop along the gas stream of the multi-string humidifier. The squares
are the experimental data. The line represents prediction from Eq. (5.20). The circles and triangles
show the two components of the pressure drop. The air flow rates of 0 - 15 kg/h correspond to the

superficial air velocities of 0 — 1.1 m/s.

Figure 5.11 shows the measured and predicted axial pressure drop in the gas stream as a function
of the gas mass flow rate. Note first that the gas stream pressure drop is very small, only of the
order of 1 Pa. The model prediction agrees with the experimental data to within 5% for air mass
flow rates below 10 kg/h. But the model underpredicts the pressure drops by as much as 20% at
higher air velocities. This is in part due to the additional form drag caused by liquid beads traveling
down the strings (see Figure 5.6) [95], which is not accounted for in the engineering correlation
for smooth rod bundles. The acceleration pressure drop due to evaporation contributes 10 - 15%
of the total pressure drop at mass flow rates higher than 10 kg/h where evaporation rate is

correspondingly higher.
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Smaller string pitches lead to higher values of the overall capacity coefficient, gm A/V, but at
the expense of increased gas-stream pressure drops. The smallest practical string pitch is estimated
to be of the order of 5 mm, constrained in part by liquid flooding at the air inlet and in part by
interference between liquid films flowing down adjacent strings. All the data reported in the
present manuscript is based on a string array of pitch 10 mm as a compromise between achieving
a high overall capacity coefficient and achieving a low gas-stream pressure drop. In separate
unreported experiments, we used string arrays with pitches as big as 20 mm and arrays with pitches
as small as 5 mm. The smallest pitch presented many practical challenges in manufacturing and
assembly. We observed almost 4 times increase in the overall capacity coefficient but also a
commensurate increase in the air stream pressure drop. The results were consistent with our model
predictions.

Popular string arrangements are square and triangular arrays. Previous study [75] showed that
the friction factor for flows along a triangular array of rods is higher than along a square array for
the same porosity. But the difference falls below 2% when porosity values are higher than 0.95
[75], which is expected to be the case in our multi-string humidifiers. We therefore expect the
string array arrangement to have a small influence on the gas-stream pressure drop and evaporation

rate for a given string pitch and a porosity.

5.4.4 Humidifier performance comparison

We lastly compare the performance metrics of our multi-string humidifier with other types of
previously reported humidifiers [81]: a pad humidifier and a spray humidifier. The present multi-
string humidifier has a height of 0.4 m and a cross-sectional area of 0.0032 m2. The pad humidifier

was made of a corrugated cellulosic material similar to packed beds and used widely in humidifiers
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in HDH systems [81, 86, 87]. The pad humidifier reported in a previous study has a height of
0.332 m and a cross-sectional area of 0.25 m? [81]. The spray humidifier consisted of four
polypropylene nozzles spraying seawater into a counterflowing air stream. The spray humidifier
had a height of 2 m and a cross-sectional area of 0.07 m?.

We compare the daily water evaporation rates per unit humidifier volume as one main
performance metric. In the comparison, we selected the experiments where the superficial air
velocities were approximately the same. But the superficial liquid velocities differed slightly: 0.6
mm/s for our multi-string humidifier; 0.65 mm/s for the pad humidifier; and 1.41 mm/s for the
spray humidifier.

Figure 5.12 shows that the present multi-string humidifier can achieve higher evaporation rates
at much lower gas stream pressure drops. This is attributed to the unique geometric configuration
of our multi-string humidifier that offers high interfacial areas per unit volume while providing
straight and contiguous gas flow paths.

A bubble column is another widely used device configuration for humidification. However,
the working mechanism of bubble columns is rather different from counterflow exchangers,
making direct comparison difficult. Previously reported bubble column humidifiers achieved
evaporation rates of approximately 5000-8000 kg/day/m? at gas stream pressure drops higher than
10 kPa [21]. As a conservative estimate, only the volume of the water reservoir is considered as

the volume of the bubble columns.
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Figure 5.12: The comparison of the performance of the present multi-string humidifier with other

types of humidifiers [81]

5.5. Summary

A new design of humidifiers consisting of a dense array of strings for humidification-
dehumidification desalination is presented and experimentally investigated in this study. We show
that this new design enables humidifiers to achieve high heat and mass transfer rates without
suffering from a large gas-stream frictional loss. We extract the overall capacity coefficient from
measured spatial temperature profiles to quantify the humidifier performance. The overall capacity
coefficient increases with increasing liquid and air flow rates but varies within 10% for feed
streams with salinities ranging from 0 to 108 g/kg. The saline water with the highest salinity used
delivers approximately 10% lower evaporation rates due to its lower water vapor pressures. The
multi-string humidifier can deliver comparable evaporation rates at an order of magnitude gas

phase pressure drop than a pad humidifier or 5 times higher evaporation rates at a comparable gas
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phase pressure drop than a spray humidifier. The present study demonstrates a multi-string
humidifier with superior performance for potential applications in small-scale and mobile

desalination.
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Chapter 6

Summary and future work recommendations

6.1 Summary

The present work investigates the interfacial heat and mass transfer of liquid films flowing down
strings against counterflowing gas streams. We begin our study from constructing a numerical
model using the moving mesh method to study heat transfer phenomena for liquid films falling
over highly curved surfaces in the drop-like flow regime dominated by the Rayleigh-Plateau
instability. Our numerical simulation results agree well with the prediction from an analytical
model for the evolution of the average bead temperature, when combined with independently
predicted liquid bead-to-air and liquid substrate-to-air heat transfer coefficients.

We then experimentally investigated the relationship between flow characteristics and overall
heat exchanger effectiveness for the thin liquid film flowing along a single string against a
counterflowing air stream. The experimental results demonstrate that the flow characteristics are
affected by the liquid mass flow rate, air velocity, and nozzle radius, but the overall heat exchanger
effectiveness is only by liquid mass flow rate and the air velocity. The increase in air velocity or
inter-bead spacing results in the increase in local bead-to-air heat transfer coefficient.

We extended our study to the heat transfer performance and gas phase frictional loss of a multi-
string heat exchanger. We conducted a combination of experimental and numerical investigation
of the impact of the liquid flow rate, air velocity, and string pitch on the heat exchanger
effectiveness as well as the air side pressure drop. The overall heat transfer coefficients between
the liquid film with Rayleigh Plateau instability and Kapitza instability are compared. The

Reynolds analogy was validated in the multi-string heat exchanger showing a relatively small
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contribution of form drag afforded by the wavy liquid films. The comparison between the multi-
string heat exchanger and a vertical aligned structured packing justifies the superior performance
of the multi-string exchanger.

We finally adapted the multi-string structure for desalination purpose. The cotton strings were
utilized to assemble the setup to ensure perfect wetting of water on strings. We show that this new
design enables humidifiers to achieve high heat and mass transfer rates without suffering from a
large gas-stream frictional loss. We studied the influence of the liquid mass flow rate, air velocity
and liquid salinity on the evaporation rate of the humidifier. The multi-string humidifier is also
compared with other commercialized humidifiers: a pad humidifier and a spray column. Our study
demonstrates that the multi-string humidifier can deliver the comparable evaporation rates at an

order of magnitude lower gas phase pressure drop.

6.2 Future work recommendations
The following recommendations are made for future research on the interfacial heat and mass

transfer of the liquid film down strings against counterflowing gas.

6.2.1 Using phase change materials as working fluids

We propose phase change materials as the working fluids in multi-string heat exchangers. Phase
change process involves a larger amount of energy transfer than the sensible heat transfer. One
good candidate for phase change material is methyl palmitate with a melting temperature of 30 °C.
Metal strings with a good thermal conductivity, such as copper and brass strings, are used instead
of the polymer or cotton strings. The strings are in contact with the high temperature liquid

reservoir to maintain a surface temperature higher than 30 °C through conduction. This ensures no
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solidification of the methyl palmitate on the string surface to maintain a continuous flow. The
phase change process only happens on the liquid-gas interface. Both the axial temperature gradient
along the metal string and radial temperature gradient across the liquid film require rigorous
understanding to avoid flow jam due to liquid solidification. The liquid film instability of methyl

palmitate is also an interesting topic to investigate for optimizing its heat transfer characteristics.

6.2.2 The multi-string particle collector for air filtration

Compared with the spray column, the multi-string exchanger has the advantages of achieving
orders of magnitude higher heat/mass transfer performance at the same gas phase pressure drop.
The wet electrostatic precipitator effectively absorbs particles with a diameter smaller than 10 um
or 2.5 um (PM 10 or PM 2.5) and therefore is widely used to treat the exhaust gas from combustion
before discharging it to the atmosphere. The electrostatic spray technology is often integrated into
the wet electrostatic spray to disperse charged liquid. The structure of electrostatic sprays used in
an electrostatic precipitator resembles spray columns, which offers less liquid-gas contact time
than a multi-string configuration. The existence of the strings impedes the downward motion of
the liquid and enhances overall absorption effectiveness by offering longer contact time between
charged liquid films and particles. Consequently, the required size of a multi-string particle
collector is smaller than the electrostatic precipitators with electrostatic sprays. In the multi-string
particle collector, a voltage of 20 kV is applied to charge the liquid in the reservoir before it flows
down arrays of strings. Liquid nozzles facilitate uniform liquid distributions to strings. A
counterflowing air stream with charged dust particles is blown from the bottom. To design a multi-
string particle collector, rigorously understanding the fluid dynamics and mass transfer

performance of the conductive liquid film flowing down strings is necessary. The relationship
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between the applied voltage and liquid flow rates should be studied to generate stable liquid film.
The charged liquid film instability should be investigated to examine the influence of electric field
on the liquid film fluid dynamics. The appropriate selection of liquid nozzle also requires

systematic studies and tests to ensure no dust accumulation in nozzles.
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