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Abstract

Due to global warming, global temperature readings are rising steadily. As a result,
air conditioners are becoming a necessity in countries located in the tropical and
subtropical zones but also those situated in the temperate zone. This consequently results
in the extensive use of air conditioning systems. Conventional air conditioners use the
vapor compression cycle to accomplish air cooling and dehumidification. This method of
achieving cooling and dehumidification effect consumes an intensive amount of energy
due to the deep cooling of the inlet air and reheating. It can be concluded that even though
the vapor compression system is the widely used air conditioning technology, it is
inefficient and contributes to high power generation, which can lead to high greenhouse
gas emission and intensify global warming.

In order to prevent global warming, several countries have agreed to reduce
greenhouse gas emissions by 80% by 2050. Japan is aiming for net-zero carbon dioxide
emissions by 2050. The motivation of this research comes from using innovative and
energy-efficient technologies in line with the drive of several international treaties to
address critical environmental problems. One of the promising air conditioning
alternatives which can address the inefficient dehumidification process of the vapor
compression system is the liquid desiccant air conditioning system. This innovative
technology is an open-cycle system and employs gas separation to efficiently dehumidify
the supply air. Using this approach gives the advantage of direct and precise control of
humidity in the air. The simultaneous temperature and humidity control in this system
eliminate not only the energy used for deep cooling but also that for sensible heating.
Moreover, the salt solutions used as liquid desiccants naturally disinfects the air from
microbiological organisms such as bacteria and viruses. This is particularly essential as
different kinds of viruses are becoming capable of causing a pandemic such as the current
coronavirus. The liquid desiccant air conditioning system can assure as of a clean and
better-quality air now and in the coming generations. However, the liquid desiccant air
conditioning system is still a developing technology, and design control and optimization
of this system are highly necessary considering relevant influencing factors.

Generally, there are two types of gas-liquid contactors: these are the 2-fluid and
the 3-fluid gas-liquid contactors. An example of a 2-fluid gas-liquid contactor is the
packed bed and for the 3-fluid gas-liquid contactor an example is the fin-tube gas-liquid
contactor. The 3-fluid gas-liquid contactor is highly favored over the conventional 2-fluid
gas-liquid contactors due to their capability to maintain high heat and mass transfer
potential between the air and the liquid desiccant solution owing to the third fluid.
However, 3-fluid gas-liquid contactors have limited application due to the corrosion
property of commonly used liquid desiccants. If a non-corrosive liquid desiccant is
developed, 3-fluid gas-liquid contactors made of high thermal conductivity metals would



be possible. This study introduces a new liquid desiccant that is not corrosive to aluminum.
On the other hand, the physical phenomena in a 3-fluid gas-liquid contactor are more
complicated compared to that of a 2-fluid gas-liquid contactor. For example, in the fin-
tube gas-liquid contactor, the complex phenomenon of partial wetting occurs which has
not been conclusively studied in previous literature. In the absence of information on the
wetting characteristics and partial wetting of a liquid desiccant on the surface of a gas-
liquid contactor, complete wetting of the contactor area is assumed in falling film models.
The assumption of complete wetting remains to be a problem due to a lack of conclusive
research and mathematical model for the partial wetting in falling film devices.

This research aims to clarify the wetting phenomenon of the new liquid desiccant
on an aluminum fin-tube substrate, including other phenomena such as contact angle and
wetting hysteresis, and derive a model for the partial wetting in 3-fluid gas-liquid
contactors to more accurately predict, control, and optimize 3-fluid liquid desiccant air
conditioning systems. With the partial wetting model, the other objective of this study is
to develop a mathematical model for the heat, mass, and momentum transfer inside the
3-fluid gas-liquid contactor considering the effect of partial wetting. Another goal of this
study is to improve the performance of the gas-liquid contactor by optimizing its size and
structure. Part of this goal is aimed at clarifying the effect of the physical dimensions of
the contactor, which is the length, height, and width, on the dehumidification performance
and air pressure drop.

It was clarified that increasing the length, the height, or the width decreases the
outlet air humidity ratio and outlet air temperature due to the increase in transfer area and
contact time. On the other hand, increasing the length of the contactor increases the air
pressure drop while increasing both the height and the width decreases the air pressure
drop. A performance comparison between a 3-fluid gas-liquid contactor and a
conventional 2-fluid gas-liquid contactor was carried out to clarify the advantage of the
3-fluid gas-liquid contactor. A size reduction of about 56% was obtained from the 3-fluid
gas-liquid contactor in obtaining the smallest outlet air humidity ratio obtained by the 2-
fluid gas-liquid contactor.

To summarize, due to the additional cooling medium, the superior performance
of the 3-fluid gas-liquid contactor is proven over the conventional 2-fluid gas-liquid
contactor. In addition, the partial wetting model is very useful for predicting more realistic
heat, mass, and momentum transfer inside the gas-liquid contactor. With these, the liquid
desiccant air conditioning system becomes a more competitive alternative to the
conventional vapor compression air conditioning system. These achievements will
greatly contribute to the progress of refrigeration and air conditioning engineering,
thermal engineering, and mass transfer engineering.
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Nomenclature

A area, cross-sectional area, m?

d distance between opening, m; diameter, m
Cp constant pressure specific heat, J-kg'-K!
C characteristic coefficient

Csa  contact surface area per unit volume, m?-m?

CR  crossover rate

D tube diameter, m; mass diffusion coefficient, m?s!
DP  dewpoint temperature, °C

e energy per unit area, J-m™

E Energy per unit stream-wise length, J-m!

f friction factor

F flow rate, L-m™!

FS full scale

g standard gravitational acceleration, m-s?

G geometric function of the contact angle, mass flux, kg-m
GA  genetic algorithm

h enthalpy, kJ-kg™!

hn heat transfer coefficient, kW-m2-K!

hm mass transfer coefficient, kg-s™!

h, H Height, m

IL Ionic Liquid

j mass flux, kg-m™-s’!
[ L Length, m
1t mass flow rate, g-s™! or kg-s’!

MG  maximum generation
MR  mutation rate

n number of openings, number of sheets
N number of tubes in the transversal direction
N¢ number of fins

Nee number of tube columns
Nee number of tube rows

P pitch, m; perimeter, m

AP, P pressure drop, pressure loss
PS population size

heat flux, kW-m™

tube radius, m

=R

Ra arithmetic mean roughness, pm
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Ry maximum peak height, pm

Ry maximum valley depth, pm

R, maximum height, um

RD  relative density
interface, m
thickness, opening thickness, m
temperature, °C

S

T

T

u velocity, m-s™!
14 volume, pL, m?
w opening width, m
/4 width, m; wetting
WR  wetting ratio

WS  surface wetting

X streamwise direction, horizontal direction; humidity ratio, kg-kg(DA)! or
g'kg(DA)

X mass fraction, - or %

y transversal direction, vertical direction

z normal direction, depth direction

Greek symbols

A dimensionless thickness

0 thickness, m

£ surface roughness, m

n efficiency

y geometric function of the contact angle

r mass flow rate per unit width, kg-m!-s™!

A transversal unit length, m; thermal conductivity, kW-m!-K!

u dynamic viscosity, Pa-s

0] geometric variable

) density, kg'm’

7 geometric function of the contact angle

o surface tension, J-m™

0 contact angle, °

Subscripts

0 representative variable for advancing or receding

a air

A advancing

ac air channel

ave average
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max
min

oa
0g
ol
oCcwW
ow
PT

riv

breaking, base

condensation, cross-sectional

cooling water
decreasing
dewpoint

dry

dynamic

effective
experiment

fin

gas

gas bulk

gas equilibrium
gas-liquid interface
gas-solid interface
horizontal, hydraulic
hysteresis
increasing

inlet cooling water
inlet gas

inlet liquid

inner wall
kinematic

liquid

liquid bulk
liquid-gas interface
liquid-solid interface
liquid-vapor interface
maximum
minimum

outer

outlet air

outlet gas

outlet liquid

outlet cooling water
outer wall

plate tilt

receding

rivulet

solution, sheet
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S, S

Sg
sl
sV

t1
to

tw
uf

wet

static

solid-gas interface
solid-liquid interface
solid-vapor interface
tube

tube inner

tube outer

tube wall

uniform film
vertical, vaporization
wall, wetted

wet

Dimensionless numbers

Ga
Nu
Pr

Re
Sc

Sh
We

Galileo number
Nusselt number
Prandtl number
Reynolds number
Schmidt number
Sherwood number
Weber number
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1. Introduction
1.1  Importance of the research

Due to global warming, temperature readings all around the world are rising
steadily. According to the National Aeronautics and Space Administration or NASAY,
the average global temperature on Earth has increased by more than 1°C since 1880. Two-
thirds of the warming has occurred since 1975, at a rate of roughly 0.15 - 0.20°C per
decade’. But how would a one degree Celsius of warming be alarming considering that
daily temperatures change by many degrees everywhere around the globe? That is
because the global temperature reading represents the average over the entire surface of
the planet. It depends on how much energy the Earth receives from the Sun and how much
it radiates back into outer space. The amount of energy radiated by the planet depends on
the chemical composition of the atmosphere, particularly the amount of heat-trapping
greenhouse gases. A one-degree change in global temperature is significant because it
requires an immense amount of heat to warm all the solid, liquid, and gas matter of the
earth by that much. In the most recent Ice Age, which reached peaked conditions about
18,000 years ago, the global temperature dropped by 5°C and that was all it took to cover
a large part of North America by about 12,000 feet thick ice?.

Fig. 1.1 shows the global temperature records from 1880 — 1884 (Fig. 1.1(a)) and
from 2015 — 2019 (Fig. 1.1(b)). The maps depict how much a region is warmer or colder
compared to the average temperature for that region from 1951 — 1980 (base period, 0°C).
It is evident in Fig. 1.1(a) that most regions are white followed by several blue colors and
a few orange colors. This means that the global average temperatures from 1880 — 1884
are mostly similar to the baseline period of 1951 — 1980, with several colder regions and
a few warmer regions. On the other hand, the temperature map in Fig. 1.1(b) depicts
mostly orange and red colors. The average temperatures increased dramatically compared
to the baseline period. It is apparent that there is a rapid global warming four decades
since 1980 compared to ten decades since 1880. Global warming is caused by excessive
heat trapping due to the increased concentration of greenhouse gases in the Earth’s
atmosphere.
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Fig. 1.1 Global temperature anomaly: (a) 1880 — 1884 and (b) 2015 —2019".

In countries located in the tropical and subtropical zones, air conditioners are used
to control the temperature and humidity of the air inside buildings and residential spaces.
However, due to the increase in global temperatures, air conditioners are also becoming
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a necessity in countries situated in the temperate zone. These result in the extensive use
of air conditioning systems in the three mentioned climate zones.

1.2  Research background

The first recorded use® of air conditioning system dates back to 1902 when Willis
H. Carrier invented the first mechanical air conditioning system to control the temperature
and humidity, at the publishing company he worked for. The system sends ambient air
through cold water filled coils to cool the air and at the same time to remove moisture
from the air.

dehumidified air

i Liquid Vapor i
| AN :
E Condenser i
: ¥ , |
| Expansion !
| valve Compressor !
i Warm and ¥ l
| humid air !
i Evaporator i
i P AAAN |
+ Liquid + vapor Vapor !
i Cool and |

Fig. 1.2 Schematic diagram for a typical vapor compression cycle.

Modern air conditioners (ACs) use the vapor compression cycle to accomplish air
cooling and dehumidification. The vapor compression cycle forces the refrigerant
(working fluid) to circulate in a closed thermodynamic system and uses its phase change
property to control its temperature and pressure. Fig. 1.2 illustrates a schematic diagram
for a typical vapor compression cycle. A typical vapor compression cycle has four basic
components: a compressor, a condenser, an expansion valve, and an evaporator. In the
vapor compression, the refrigerant at a saturated vapor state is compressed to a higher
pressure by the compressor, increasing its temperature in the process. Now at a
superheated vapor state, the refrigerant is condensed to a saturated liquid by the cooling
air passing through the outside surface of the condenser coils. Then, the saturated liquid
refrigerant undergoes a rapid reduction in pressure, and thereby temperature, which
results in a mixture of the refrigerant in liquid and vapor states. The low-temperature
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refrigerant mixture is available for heat exchange and returns to a saturated vapor state
after absorbing heat in the evaporator. This cyclic change in temperature enables the
refrigerant to absorb heat from the air-conditioned space and release it to the outdoor air.

(S

F§
5o
,'VON
Cooling medium ®
temperature

Humidity ratio

©)

Temperature

Fig. 1.3 Illustration of the air processes in a vapor compression system in a
psychrometric chart.

In conventional vapor compression systems, the air undergoes three
psychrometric processes to achieve cooling and dehumidification. Fig. 1.3 schematically

illustrates the three processes (D - @), @) - 3, and @ - @) in a psychrometric chart. For
example, air at a psychrometric state point (D is supplied to the evaporator to be cooled

and dehumidified to state point 4). To accomplish the required air condition, the vapor
compression system has to cool the supply air to the dewpoint temperature. In this
example, state point (2) represents the dewpoint temperature of the air. Water vapor from

the air can be condensed since the dewpoint temperature is reached and it will continue
as long as the air temperature is equal or below the dewpoint temperature.

Dehumidification is achieved by further cooling the air to around to state point (3). The

resulting water condensate wets the cooling coils and can lead to corrosion and microbial
growth such as fungi and bacteria, which can cause undesirable health problems. The

method for realizing dehumidification effect by cooling the supply air from state point (1

to state point 3 is generally known, in the air conditioning field, as “deep cooling”. Deep

cooling consumes an intensive amount of energy and is inefficient. Moreover, the
resulting temperature of the air is not suitable for thermal comfort and needs to be

reheated to a comfortable level such as at state point (4. This sensible reheating of the air
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from state point (3 to 4 further adds to the energy consumption of the vapor compression

system. It can be concluded that even though the vapor compression system is the widely
used air conditioning technology, it is not energy efficient for humidity control and
contributes to high energy generation from the power sector, which can lead to increased
greenhouse gas emission and intensify global warming.

The motivation of this research comes from the potential of using innovative and
energy-efficient technologies in line with the drive of several international treaties to
address critical environmental problems. This is in reference to the Kyoto Protocol, the
Paris Agreement, and the European Union Low Carbon 2050 which aims to reduce
greenhouse gas emissions, to combat climate change, and to reduce greenhouse gas
emission by 80% (compared to 1990 level) by 2050, respectively.

One of the promising air conditioning alternatives which can address the
inefficient humidity control of the vapor compression system is the desiccant air
conditioning system. This innovative technology is a type of an open-cycle absorption
system and employs gas separation to efficiently dehumidify the supply air. The operation
takes place at atmospheric pressure, eliminating the use of vacuumed/pressurized vessels.
Using this approach gives the advantage of direct and precise control of humidity in the
air without the need for deep cooling. The humidity control above dew point temperature

(state point (D - 3 in Fig. 1.4) in this system eliminates not only the energy used for deep

cooling but also that for sensible heating. Moreover, since the sorptive medium takes
directly the moisture from the air, water condensate and the problems along with it are
avoided. Conversely, after the dehumidification process, the sorptive medium becomes
diluted and must undergo a regeneration process to bring it back to the thermodynamic
state where its equilibrium vapor pressure is lower than that of the process air. This
process is commonly performed by a heat source, which extracts the moisture gained by
the sorptive medium from the dehumidification process. As the temperature level required
for regenerating the sorptive medium is relatively low, desiccant air conditioning systems
can be thermally driven by other heat sources such as low-grade solar energy and waste
heat.

Desiccant air conditioning systems are generally classified based on the type of
desiccant employed in the system. Desiccants have high hygroscopic properties making
them highly applicable for mass transfer processes. There are two types of desiccant used
in the desiccant air conditioning system: the solid desiccant® and the liquid desiccant®.
Compared to solid desiccants, liquid desiccants have the advantages of greater moisture
capacity®, lower regeneration temperatures”), and better indoor air quality®. This gives
the liquid desiccant air conditioning system the capacity to more accurately control the
air humidity than the solid desiccant system.
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Fig. 1.4 Comparison of the psychrometric processes between the vapor compression
system and desiccant air conditioning system.

Fig. 1.5 shows the dehumidification and cooling process in the components of a
typical liquid desiccant air conditioning system. The dehumidification process takes place
in the dehumidifier or generally known as a gas-liquid contactor. Warm and humid air is
blown into the dehumidifier where it undergoes simultaneous heat and mass transfer
through direct contact with the cold and concentrated liquid desiccant solution. The
humid air is dehumidified through gas separation by absorption into the concentrated
solution. This process is accompanied by the release of heat due to the condensation,
resulting in a higher temperature process air. The cooling process is necessary to bring
the supply air to thermal comfort.

@ @ ®
Warm and Hot and
humid ai dehumidified ai Cool and
umic - atr 3 chumidified air dehumidified air
Dehumidification Cooling

Fig. 1.5 Dehumidification and cooling in a typical liquid desiccant air conditioning
system.
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1.3  Previous research and problems

There are two general types of gas-liquid contactors in liquid desiccant air
conditioning systems. These are the 2-fluid flow (adiabatic) gas-liquid contactor and the
3-fluid flow (internally cooled/heated) gas-liquid. An example of an adiabatic contactor
is the packed bed> shown in Fig. 1.6(a) and one example of an internally cooled/heated
contactor is the fin-tube” shown in Fig. 1.6(b). The main difference between these two
types of contactors is the number of interacting fluids inside the contactor. In these two
contactors, the physical material is also different from the other with the adiabatic made
of cellulose paper and the fin-tube made of stainless steel.

Solution

(a) (b)

Fig. 1.6 (a) packed bed (2-fluid gas-liquid contactor), (b) fin-tube” (3-fluid gas-liquid
contactor).

1.3.1  Corrosivity of liquid desiccants

Liquid desiccants are substances with high hygroscopic properties and due to this
capability, they are utilized as working fluids in absorption systems especially in liquid
desiccant air conditioning systems. Conventionally used liquid desiccants for air
conditioning applications are mono-ethylene glycol (MEG)!?, triethylene glycol (TEG)
D lithium bromide (LiBr)”!?, calcium chloride (CaCl)!¥, and lithium chloride
(LiC1)>!'19 These liquid desiccants have limited applications to gas-liquid contactors
made of metal due to their corrosion properties. The selection of a suitable liquid
desiccant depends on several factors that can be categorized as those related to heat and
mass transfer potential, compatibility (in terms of corrosion) with the gas-liquid contactor,
safety, purchasing cost, and operational cost. In general, an ideal liquid desiccant is
defined as having low vapor pressure, high thermal conductivity, non-corrosive to heat
exchangers made of metal, low crystallization point, low volatility, non-flammable, low
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viscosity, and low cost. Low vapor pressure assures that the liquid desiccant would have
high mass transfer potential with the gas mixture, while low viscosity translates to low
pumping power and low operational cost. If a non-corrosive liquid desiccant is available,
high thermal conductivity metals can be used as materials for the gas-liquid contactor and
the application of 3-fluid flow configuration would be possible.

Three-fluid gas-liquid contactors have the advantages of higher heat and mass
transfer performance due to the addition of direct control of the solution temperature and
the vapor pressure, as an effect of controlling the temperature, owing to the third
cooling/heating medium'®-2"), However, their application is limited due to the corrosion
property of commonly used liquid desiccants. For example, in Fig. 1.6(b), corrosion is
present on the outside surface of the fin and tubes due to the incompatibility of the liquid
desiccant used with stainless steel. This makes the cellulose packed bed, usually
structured, as the heavily relied gas-liquid contactor for liquid desiccant air conditioning
systems.

A list of previously used gas-liquid contactors and liquid desiccants in the
literature is given in Table 1.1. Notice that the packed bed gas-liquid contactor is used
freely with any type of liquid desiccant since it does not corrode. However, the process is
adiabatic, in other words, the interacting fluids inside the gas-liquid contactor are limited
to two fluids.

Table 1.1 Previous gas-liquid contactors and liquid desiccants.

o Adiabatic/ Liquid .
Gas-liquid contactor Internally cooled  desiccant Corrosion
Packed bed'" Adiabatic TEG Absent
Packed bed*" Adiabatic LiBr Absent
Packed bed*? Adiabatic CaCl» Absent
Packed bed*-*") Adiabatic LiCl Absent
Packed bed + aluminum tube?¥ Internally cooled CaCl» Present
Packed bed + polyethylene tube?”  Internally cooled LiCl Absent
Packed bed + titanium tube?¥ Internally cooled LiCl Absent
Polypropylene plates'>2> Internally cooled LiCl Absent
Stainless steel Fin-tube” Internally cooled LiBr Present
Electroplated fin-tube'” Internally cooled LiCl Absent

In some studies, plastics and metals were used for the gas-liquid contactor to take
advantage of the 3-fluid flow configuration. Bansal et al.®) applied internal cooling
through 3-fluid configuration by inserting aluminum coils inside the packed bed. Fig. 1.7
shows the structure of the packed bed-tube gas-liquid contactor. The liquid desiccant used
was CaCly. Since aluminum can suffer corrosion against CaCl,%%, it is logical to say that
there could be corrosion on the outer surface of the aluminum coils even though it was
not directly mentioned in their paper. Gommed et al.>* used layers of polyethylene and
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titanium tubes below the structured packed to achieve internal cooling and improve the
performance of the gas-liquid contactor. Both polyethylene and titanium tubes exhibited
no corrosion with the LiCl liquid desiccant. Other studies used parallel plate heat
exchangers as a gas-liquid contactor. Liu et al.>® and Kessling et al.!® employed
polypropylene plates as a gas-liquid contactor and paired it with LiCl. Since
polypropylene is plastic, there was no corrosion reported with the LiCl liquid desiccant.
A few studies have used fin-tube gas-liquid contactor, which has been reported by Liu et
al?” to have superior performance compared to the packed bed-tube and parallel plate
gas-liquid contactors. Zhang et al.” investigated the operating performance of a stainless-
steel fin-tube gas-liquid contactor. However, with the LiBr liquid desiccant, corrosion is
highly likely since stainless steel is vulnerable to corrosion as reported by Guifion et al.?®)
To avoid corrosion on the surface of the gas-liquid contactor, Luo et al.!” used
electroplated fin-tube contactor with LiCl. They tested a sample electroplated fin together
with a copper and stainless steel 304 The electroplated fin proved to be resistant to
corrosion against LiCl, while both the copper and stainless steel 304 showed corrosion
on the surface.

Cooling coil { Solution
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Fig. 1.7 Packed bed-tube gas-liquid contactor®?.

1.3.2  Large and expensive components

It is apparent that to avoid the problem of corrosion, the adiabatic packed bed has
been widely used as a gas-liquid contactor. However, it needs to be paired with an extra
heat exchanger to precool or preheat the liquid desiccant solution before entering the
dehumidifier or regenerator, respectively. The combined packed bed contactor and
precooler components (Fig. 1.5) not only makes the system large but also expensive.

If non-corrosive liquid desiccants are developed, high thermal conductivity metals
can be used as materials for the gas-liquid contactor and the application of 3-fluid flow
configuration would be possible. This will eliminate the necessity of using an extra
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component for liquid desiccant cooling and will lead to space and cost savings for the
liquid desiccant air conditioning system.

In some investigations, researchers have used titanium?® and electroplated fin-
tube gas-liquid contactors'”. However, both are expensive and are less employed in actual
liquid desiccant air conditioning systems. If non-corrosive liquid desiccants are available,
inexpensive metals such as aluminum can be used as materials for the gas-liquid contactor.

1.3.3 Limited overall research

Liquid desiccant air conditioning systems are still a developing technology and
comprehensive experimental, mathematical, and optimization studies of such systems are
highly necessary. Given the complexity of the heat, mass, and momentum transfer, and
the variability of the component design, material, as well as the new developments of
liquid desiccants, no conclusive mathematical model is available yet for this kind of
systems.

Limited research on wettability

In general, the sorptive solution flows as a gravity-driven falling film with
controlled liquid desiccant mass fraction and temperature before being directly contacted
with the process or regeneration air. The interaction of the fluid with the solid structure
and gaseous phase generates active interfaces where heat and mass transfer is realized
with an effectiveness that is directly related to the extension of these interfaces. The
extension of these interfaces in the transversal direction to the flow is an aftermath of the
wetting ability of the liquid on the solid substrate in the given gaseous environment.

The wettability, which is the degree of wetting, can be determined by balancing
the effects of the adhesive and cohesive forces of the liquid on the solid substrate.
However, accurate information about these forces is usually not available as a priori. In
the absence of information about the wetting characteristics (critical film thickness,
contact angle, wetting patterns, etc.) of a liquid desiccant on the surface of the gas-liquid
contactor, complete wetting of the contactor are is assumed?® as a simplification in falling
film models. Theoretical models for transport phenomena of the gas-liquid contactor
presented in previous literature rely on the assumption of complete wetting and uniform
film thickness due to the lack of conclusive research and mathematical model for the
prediction of the surface wetting in the gas-liquid contactor. However, this is usually not
the case as film breakage and dry spot formation commonly occur on the surface of the
gas-liquid contactor’®. Without proper calculation of the wetted area, the assumption of
complete wetting can overestimate the heat and mass transfer performance of the gas-
liquid contactor®”.
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Limited optimization studies

The constant push toward computer digitalization has propelled both simulation
and optimization; and armed by the current advancement in computing power, various
optimization problems and techniques have been realized. Optimization seeks to improve
the performance of a product, a process, or a system by minimizing or maximizing an
objective that is subject to certain conditions. In optimal design problems, the size of a
product or component is usually minimized to reduce its initial or capital cost and save
space.

To gain insight on the previous optimization studies on liquid desiccant air
conditioning systems, a literature review is conducted. The key phrase “liquid desiccant
optimization” is searched for on the Web of Science, selecting all its databases from 1990
to 2019. Out of 179 search results, 31 results*’®D, including both journal papers and
conference proceedings, were selected relevant to the optimization of liquid desiccant air
conditioning systems. The objective of these studies is similar to each other and that is
either to optimize the performance, efficiency, effectiveness, energy consumption, exergy,
or the annual running cost of the system. The studies differ according to the selection of
decision variables which are grouped into four general classifications listed as follows:

1. Operating condition — includes the temperature and mass flow rates of the gas, the
solution, and the cooling/heating fluid if there is, the concentration of the liquid
desiccant in the solution, cooling and dehumidification loads, exhaust gas
recirculation and process gas recirculation.

2. Component — includes the comparison of the adiabatic and internally cooled gas-
liquid contactors, comparison between the use of heat exchanger or electric heater,
use of solar collector, cooling coil, pre-cooler, and pre-heater.

3. Structure — includes the variation in length and height of the gas-liquid contactor.

4. Flow configuration —includes the comparison between counterflow and crossflow
configuration of the gas and the solution.

Fig. 1.8 illustrates the number of papers per year for each classification of the
decision variables. It can be observed from the graph that there are only a few studies
conducted on the optimization of liquid desiccant air conditioning systems before the year
2010. However, for the following years, there have been yearly publications on the
optimization of these systems indicating the increased interest of researchers on the topic.
The majority of these optimization studies focus on the selection of the operating
condition as decision variables. The results from these optimization studies are useful not
only because they can be used as a basis for future systems but also for current operating
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systems as well. On the other hand, optimizations selecting the component, structure, and
flow configurations as decision variables have practical applications for future systems
since it is difficult to change the type of component, the structure, or the flow
configuration of currently operating systems compared to changing the operating
conditions. However, it does not indicate that optimization selecting the structure or the
flow configuration as decision variables over the operating conditions is less important
since these parameters also have a high impact on the improvement of the system.
Especially, the optimization of the structure of the gas-liquid contactor is necessary for
miniaturization purposes and to be competitive against vapor compression systems in
terms of size and compactness. Liquid desiccant air conditioning systems must be small
enough and compact for them to be a viable option not only for building utilization but
also for residential applications.
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Fig. 1.8 General classifications of the decision variables selected for the optimization of
liquid desiccant systems.

Previous studies on the structure optimization of gas-liquid contactors have
focused on the influence of geometrical parameters and not on the overall design of the
structure. For example, the study of Liang and Zeng®" focused on the effect of the length
and inner diameter of a hollow fiber membrane-based liquid desiccant module on the
annual cost and entropy generation. They found that the inner diameter of the fiber has
the most significant effect on the performance of the module. On the other hand,
Fakhrabadi and Kowsary>” investigated the effect of the length and height of a
membrane-based liquid desiccant dehumidifier on its cooling capacity. They found an
optimum range for these parameters which can give an optimum cooling capacity at a
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constant fan power. In these studies, the optimal design of the gas-liquid contactor has
not been discussed and a criterion for miniaturization has not been achieved. This research
work takes motivation from the lack of information on the optimal design of gas-liquid
contactors used in liquid desiccant air conditioning systems.

1.4  Research objectives
The following are the objectives of this study:

1. Propose a new ionic liquid and investigate its wetting characteristics on a new
aluminum 3-fluid gas-liquid contactor.

2. Develop a model for predicting the wetting of the new ionic liquid on the newly
developed aluminum 3-fluid gas-liquid contactor and validate the model with
experimental data.

3. Develop a mathematical model for the new 3-fluid gas-liquid contactor considering
partial wetting and validate the model with experimental data.

4. Analyze the effect of the dimensions on the performance of the 3-fluid gas-liquid
contactor for design characterization.

5. Clarify the advantages of the new 3-fluid gas-liquid contactor.
1.5 Thesis outline

The doctoral thesis is divided into ten chapters. The following discussions serve
as a roadmap for the dissertation and roughly explains the content of each chapter:

Chapter 1 clarifies the position of the research by describing the importance,
background, purpose, previous studies, and current problems in the research area. It
establishes the areas that will be investigated and provides a review of what has been done
by other researchers. The problems, research gasps, and limitations of the previous
research are pointed out, which served as the basis for the motivation of the study. The
application of the study for future design and improvement of gas-liquid contactors are
also presented.

Chapter 2 describes in detail the liquid desiccant air conditioning system. The
basic liquid desiccant cycle is explained, and the major components of the system are
identified. The essential principles and physical phenomena occurring inside the gas-
liquid contactor of a liquid desiccant air conditioning system are discussed. The difference
between a conventional 2-fluid and a 3-fluid liquid desiccant air conditioning is identified
and elaborated. The newly developed ionic liquid that is not corrosive to aluminum is
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introduced. This made the development of a 3-fluid gas-liquid contactor made of
aluminum possible.

Chapter 3 describes the model conceptualization by explaining the necessary steps
for the modeling of the 3-fluid gas-liquid contactor. The importance of wetting
phenomena in modeling the performance of falling film devices is explained. Theoretical
modeling of the partial wetting is briefly introduced. Data gathering for the wettability of
the proposed ionic liquid on a fin-tube test section and contact angle of the ionic liquid
on an aluminum surface are shortly discussed. Semi-theoretical modeling of the partial
wetting is briefly explained.

Chapter 4 explains in detail the development of the theoretical falling film partial
wetting model. The partial wetting on the fin and tube surface was modeled applying the
Principle of Minimum Energy to the uniform film and rivulet. This resulted in a general
theory for determining the minimum film thickness that would ensure complete wetting
and subsequently, for estimating the surface wetting.

Chapter 5 presents the experimental apparatus for the investigation of the wetting
characteristics of the new ionic liquid. Experimental data on the wettability of the new
ionic liquid on the single aluminum fin with tubes were gathered and surface wetting was
estimated through image processing. The principles of minimum wetting rates and film
stability, and their relationship on the occurrence of wetting hysteresis were explained
and the factors affecting wetting hysteresis were identified. The static and dynamic
contact angles of the ionic liquid on an aluminum surface were also gathered. Contact
angle hysteresis of the ionic liquid was evaluated and the factors causing its occurrence
were identified. The surface wetting experimental data was compared with the results
from the theoretical partial wetting model.

Chapter 6 explains the semi-theoretical formulation of partial wetting. It was
clarified from the comparison of the wetting ratio between the experiment and theoretical
partial wetting model that the theoretical model can be improved further by designating
characteristic coefficients to represent other factors not accounted for in the partial
wetting model. Hence, a semi-theoretical partial wetting model was developed by fitting
the characteristic coefficients to the to surface wetting experimental data. An improved
degree of accuracy for the prediction of the surface wetting was obtained from the semi-
theoretical partial wetting model.

Chapter 7 presents the modeling of the 3-fluid gas-liquid contactor. The inclusion
of the partial wetting model provides a potential improvement in the mathematical model
of the heat and mass transfer in the 3-fluid gas-liquid contactors by adopting a more
realistic prediction of the wettability inside the contactor. With the mathematical model
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of the 3-fluid gas-liquid contactor, prediction, simulation, and various optimization
problems are possible.

Chapter 8 describes the experimental apparatus for the 3-fluid liquid desiccant air
conditioning system. Experimental data for the dehumidification and regeneration
process were gathered at various air velocity and solution mass flux. The effect of the air
velocity and solution mass flux on the heat and mass transfer coefficients, and on the air
humidity ratio and temperature were analyzed and explained. The dehumidification
performance of the 3-fluid gas-liquid contactor was compared with the performance of a
2-fluid packed contactor and the superiority of the 3-fluid gas-liquid contactor in terms
of dehumidification was clarified.

Chapter 9 presents the validation of the 3-fluid gas-liquid contactor model and
performance analysis of the parametric and optimization studies. The effect of the
dimensional parameters to the outlet air humidity ratio, outlet air temperature, air pressure
drop, and wetting ratio was clarified. Case optimization of the 3-fluid gas-liquid contactor
was conducted to minimize the volume of the contactor and its initial cost. The optimum
volume of the contactor was calculated at various inlet air flow rate at a constant solution
flow rate while setting a constraint for the outlet air humidity ratio and pressure drop.
Also, the optimal volume of the contactor was calculated at various inlet air humidity
ratio, which represents different climatic conditions. A performance comparison between
a 3-fluid gas-liquid contactor and a conventional 2-fluid gas-liquid contactor was carried
out to clarify the advantage of the 3-fluid gas-liquid contactor.

Chapter 10 gives the conclusions obtained from the study and other possible work
in the future. It was clarified that increasing the length, the height, or the width of the gas-
liquid contactor decreases the outlet air humidity ratio and outlet air temperature due to
the increase in transfer area and contact time. On the other hand, increasing the length of
the contactor increases the air pressure drop while increasing both the height and the
width decreases the air pressure drop. For the wetting ratio, increasing the length and
width of the contactor decreases the wetting ratio since these parameters affect the
solution flow rate per unit area. While changes in the height of the contactor do not
significantly affect the wetting ratio. From the performance comparison between 2-fluid
and 3-fluid gas-liquid contactor, it was found that size reduction of about 56% can be
obtained from the 3-fluid gas-liquid contactor in obtaining the smallest outlet air humidity
ratio obtained by the 2-fluid gas-liquid contactor. Due to the additional cooling medium,
the superior performance of the 3-fluid gas-liquid contactor is proven against
conventional 2-fluid gas-liquid contactors.
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2. System and component description
2.1 Introduction

Liquid desiccant systems are based on the basic principles of an open-absorption
cycle, which means that the associated thermodynamic process occurs at atmospheric
temperature. This innovative technology uses the hygroscopic properties of the liquid
desiccant and the direct contact heat and mass transfer between the gas and liquid phases
inside the gas-liquid contactor to precisely control the temperature and humidity of the
gas mixture. Based on the two general classifications of gas-liquid contactors, the liquid
desiccant air conditioning system can be categorized into types: the 2-fluid liquid
desiccant air conditioning system and the 3-fluid liquid desiccant air conditioning system.

2.2 Conventional liquid desiccant air conditioning system

Fig. 2.1 shows the basic cycle of a conventional 2-fluid liquid desiccant air
conditioning system. The system consists four major components, namely, two gas-liquid
contactors (one air dehumidifier and one solution regenerator) and two solution-liquid
heat exchangers (one solution precooler and one solution preheater). In the dehumidifier,
there are only two interacting fluids, thus, the name 2-fluid liquid desiccant air
conditioning system. Concentrated liquid desiccant solution is drawn from the storage
tank and is passed through the solution precooler to be adjusted to the required
temperature before entering the dehumidifier. The solution precooler may be supplied
with chilled water or it can be an evaporator of a heat pump. A solution distributor,
mounted at the top of the gas-liquid contactor, dispenses the solution to the dehumidifier.
The solution falls from the top of the dehumidifier as liquid films acted upon by gravity.
It makes direct contact with the warm and humid air blown horizontally by a fan,
depicting a crossflow configuration. In some cases, the air is blown from the bottom of
the gas-liquid contactor and makes contact with the free-falling solution in counter-
current flow. When the air makes contact with the solution, coupled heat and mass
transfer between the air and the solution occurs. Water vapor separates from the air
mixture and is absorbed by the concentrated solution at a rate dependent on the diffusivity
of the air and solution. The process involves the release of the latent heat of condensation
by the air, which is transferred to the solution. The liquid desiccant solution absorbs both
the sensible heat, due to the difference in temperature between the air and solution, and
the latent heat of condensation from the air. This increases the solution temperature and
vapor pressure, which decreases the heat and mass transfer potential of the solution. The
diluted solution exits the dehumidifier and is collected by a storage tank. Through
simultaneous heat and mass transfer with the solution, cool and less humid air is supplied
to the air-conditioned space.
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The diluted solution needs to be regenerated in order to bring the liquid desiccant
to its required inlet conditions, and hence, to continuously perform the air conditioning
process in the dehumidifier. The regeneration process starts by pumping the diluted
solution from the diluted solution storage tank to the solution preheater to raise the
solution temperature and vapor pressure. Hot water, waste heat from the condenser of a
heat pump, or solar heat can be used to heat the solution. Bringing the vapor pressure of
the diluted solution higher than the ambient air entering the regenerator guarantees that
mass transfer would be from the solution to the air. The distributor dispenses the high-
temperature solution at the top of the regenerator. Ambient air, which is at a lower
temperature and vapor pressure than the solution, is supplied to the regenerator. In this
case, the air and the solution flow in the same manner as they do in the dehumidifier.
Since the partial pressure of the water species in the solution is higher compared to those
in the air, water species in the solution is desorbed by diffusion and mixes with the air.
This is accompanied by the release of the latent heat of vaporization by the solution,
which is transferred to the regeneration air. The re-concentrated solution is collected by
the storage tank completing the liquid desiccant cycle.

The system should continuously repeat the dehumidification and regeneration
liquid desiccant cycle in order to achieve the required concentration of the liquid desiccant
in the solution before entering the dehumidifier.
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Fig. 2.1 Schematic diagram of a conventional 2-fluid liquid desiccant air conditioning
system.

2.3  Liquid desiccant

Like solid desiccants, liquid desiccants are special chemicals that are utilized in
sorption systems due to their high hygroscopic properties. They exhibit lower vapor
pressure than water at the same temperature, allowing air or other gas mixtures contacting
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them to be dehumidified. Liquid desiccants generally have higher moisture capacity
compared to solid desiccants, which means they can remove a higher amount of moisture
per unit weight of desiccant. They also have lower regeneration temperatures” and
provide better indoor air quality® compared to solid desiccants. The selection of a suitable
liquid desiccant depends on several factors that can be categorized as those related to heat
and mass transfer potential, compatibility (in terms of corrosion) with the gas-liquid
contactor, safety, purchasing cost, and operational cost. In general, an ideal liquid
desiccant is defined as having low vapor pressure, high thermal conductivity, non-
corrosive to heat exchangers made of metal, low crystallization point, low volatility, non-
flammable, low viscosity, and low cost. Low vapor pressure assures that the liquid
desiccant would have high mass transfer potential with the gas mixture, while low
viscosity translates to low pumping power and low operational cost.

Types of liquid desiccants

Glycols: These organic chemicals are the earliest liquid desiccants used for liquid
desiccant systems. Mono ethylene glycol (MEG)!” and triethylene glycol (TEG)
11)62).63).64)65) are the two commonly used glycols as a liquid desiccant. The problem with
using glycols is that they have very low vapor pressure that causes some of the glycol to
evaporate into the air. While organic compounds such as MEG and TEG are nontoxic®®,
the amount of glycol in the liquid desiccant solution decreases and requires periodic
replacement. Moreover, diffused glycol does not only contaminate the air but also the
surfaces of the system components, which is unacceptable in air conditioning systems.
Due to these reasons and the limitation of using glycols at low temperature to avoid high
evaporation rates, the use of glycols became obsolete in modern liquid desiccant air
conditioning systems.

Hygroscopic salts: Hygroscopic salts are chemical compounds that have a high
affinity to water. The most commonly used hygroscopic salts are lithium bromide (LiBr)
12) " calcium chloride (CaCl)'¥, lithium chloride (LiC1)>2?'>, and ionic liquids (IL).
Salt solutions of LiBr, CaCl, and LiCl have high corrosion properties to metals, which
limits their use to cellulose gas-liquid contactors. They also possess solubility problems
at low concentrations and crystallization issues at high concentrations®”. On the other
hand, ILs are solvents that are generally liquid at room temperature and exhibit low to no
corrosion to metals®®. They have low vapor pressure but also have high thermal and
chemical stability, and excellent solubility®”, making them highly applicable for
absorption processes such as in liquid desiccant systems and compression-absorption
hybrid systems’?.
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2.4  Gas-liquid contactor

Gas-liquid contactors are devices used to transfer heat and mass between a gas
phase and a liquid phase by direct contact. In liquid desiccant systems, they function as a
dehumidifier when heat and mass are transferred from the gas mixture to the liquid
desiccant solution or as a regenerator when heat and mass are vice versa. Gas-liquid
contactors are categorized as 2-fluid (adiabatic) or as 3-fluid (internally cooled/heated)
gas-liquid contactors.

Types of gas-liquid contactors

Conventional gas-liquid contactor: Conventional 2-fluid or adiabatic gas-liquid
contactors provide heat and mass transfer between the gas mixture and the liquid
desiccant solution only. When heat and mass are transferred to the solution, its
temperature increases (lowers its heat transfer potential) and the liquid desiccant
concentration decreases. As a result, the equilibrium vapor pressure of the liquid desiccant
solution increases and lowers the mass transfer potential of the solution. Among the
commonly used 2-fluid gas-liquid contactors are the random packing’? the structured
packed bed shown in Fig. 2.2.

Solution

Fig. 2.2 Example of a 2-fluid gas-liquid contactor.

3-fluid gas-liquid contactors: 3-fluid gas-liquid contactors are designed to allow
heat transfer between three fluids. In addition to the direct contact heat and mass between
the gas and liquid phases, a third fluid exchanges heat with the gas and liquid phases
without directly contacting both fluids similar to that in a non-mixing heat exchanger. In
liquid desiccant systems, the third fluid provides internal cooling or heating especially for
the liquid desiccant solution to keep it at high heat and mass transfer potential. Among
the various designs of 3-fluid gas-liquid contactors, they can be categorized into 3 main
types as shown in Fig. 2.3: parallel plate, fin-tube, and packed bed-tube. Liu et al.”” have
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numerically compared the performance of these three types of 3-fluid gas-liquid
contactors and their results revealed that the fin-tube type is superior against the other
types because it can provide higher heat and mass transfer capacities at the same contactor
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Fig. 2.3 Three main types of 3-fluid gas-liquid contactor’?.

2.5 New liquid desiccant air conditioning system

The new system is a 3-fluid liquid desiccant air conditioning system, which
follows the same fundamental liquid desiccant cycle as the conventional liquid desiccant
system. The major components are similar to a conventional liquid desiccant air
conditioning system with a difference in the type of gas-liquid contactor. As previously
discussed, there are only two interacting fluids in the gas-liquid contactor of the
conventional liquid desiccant air conditioning system. On the other hand, the new liquid
desiccant air conditioning system uses a new fin-tube gas-liquid contactor which
incorporates 3-fluid flows.

Fig. 2.4 presents a schematic diagram of a new 3-fluid liquid desiccant air
conditioning system. The dehumidifier incorporates a cooling medium, which enters the
coil from the bottom and exits at the top. In addition to the coupled heat and mass between
the air and the solution, the air and the solution is internally cooled by the cooling medium.
As a result, the temperature and vapor pressure between the air and solution inside the 3-
fluid gas-liquid contactor are kept close to the inlet condition. This improves the heat and
mass transfer performance of the gas-liquid contactor.

On the other hand, the regenerator is added with a heating medium, which flows
counter currently with the solution the same as with that in the dehumidifier. The heating
medium keeps the solution at high temperature and vapor pressure. This results in an
improved regeneration performance of the gas-liquid contactor.

Due to the high thermal conductivity of metals, they are commonly used as 3-fluid
gas-liquid contactors. However, their applications are limited due to the natural corrosion
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property of most liquid desiccants. If a non-corrosive liquid desiccant is developed, high
thermal conductivity and inexpensive metals can be used as materials for the gas-liquid
contactor and the application of 3-fluid flow configuration would be possible.
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Fig. 2.4 Schematic diagram of an advanced 3-fluid liquid desiccant air conditioning
system.

2.5.1 New lonic Liquid

This research introduces a new ionic liquid developed together with Evonik
Industries. The new IL, as shown in Fig. 2.5, is not corrosive to aluminum. Table 2.1
presents the range values for the density p, surface tension o, and dynamic viscosity ¢ of
aqueous IL between the range of IL mass fraction of 0~75%.

In falling film devices, the liquid can flow as a single film or as rivulets. Therefore,
knowing the wetting characteristics of a liquid on the surface of a certain material, where
the flow regime could change from complete to partial wetting, is highly important as the
wettability of the liquid dictates the transfer performance of the device. In liquid desiccant
systems, as the transfer processes occur at the phase interfaces, the absence of information
about the wetting characteristics of a liquid desiccant on the surface of a gas-liquid
contactor results in large deviations in the estimation of the heat and mass transfer inside
the gas-liquid contactor®. In Chapter 5, the wetting properties, contact angle, contact
angle hysteresis, wetting hysteresis of the new IL on an aluminum fin-tube substrate are
investigated. Visualization of the wetting characteristics of the new IL provides an
understanding of the wetting phenomena inside a gas-liquid contactor and guides the
modeling of the surface wetting on the fin and tube surfaces.
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Fig. 2.5 Newly developed ionic liquid.

Table 2.1 Range for selected thermophysical properties of aqueous IL.
X (Y%omass) p(kgm?) oN-m) u (Pas)
0~75 1000~1150 0.072~0.039 0.001~0.020

2.5.2 New 3-fluid gas-liquid contactor

A new 3-fluid gas-liquid contactor was developed as a fin-tube structure as shown
in Fig. 2.6. The new 3-fluid gas-liquid contactor is made of aluminum, which was made
possible because of the newly developed IL. Table 2.2 lists the basic dimensions of the
3-fluid fin-tube contactor. In Chapter 8, the detailed specifications of the 3-fluid gas-
liquid contactor are provided together with its performance investigation in the actual
liquid desiccant air conditioning system.
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Fig. 2.6 New 3-fluid gas-liquid contactor made of aluminum.

Table 2.2 Dimensions of the fin-tube gas-liquid contactor.

Dimension Symbol Value

Length (air flow direction) L 200x10% m
Height (solution flow direction) H 400x107 m
Width (cooling/heating medium W 100%10° m

flow direction)

The design features of this 3-fluid gas-liquid contactor are essentially evident in
each tube element as illustrated in Fig. 2.7. This element enables flexible structural
arrangements according to the specific application and operative conditions. Adjusting
the length, height, and width of the contactor corresponds to changes in the number of
elements in the direction of the dimension and the performance of the gas-liquid contactor.
This design investigation is ultimately explored in Chapter 9, where a volume
minimization design problem based on a genetic algorithm is presented.
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Fig. 2.7 Single tube element of the 3-fluid gas-liquid contactor.

Advanced design and control, which leads to the effective development of a
thermal technology, is based on the availability of a reliable model for the transport
processes in the main components of the system. In desiccant systems, the gas-liquid
contactor enables the heat and mass transfer that is required for meeting the system
capacity and the target conditions. In the case of the new 3-fluid gas-liquid contactor, heat,
mass, and film flow are directly coupled in complex interrelations. These need to be
clarified and accurately predicted in a broad range of conditions.
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3. Model conceptualization
3.1 Introduction

The importance of wetting phenomena can be found in many industrial
applications such as in the chemical industry (e.g. painting), construction (e.g.
waterproofing), absorption system, distillation columns, and more. For example, in
falling film devices, knowing the wetting characteristics of a liquid on the surface of the
device is important as the wettability of the falling film on the solid surface dictates the
transfer capacity of the device.

Accordingly, the modeling procedure is structured with reference to the following
conceptualization.

3.2  Film wetting phenomena

Inside the gas-liquid contactor of a liquid desiccant system, the liquid desiccant
solution can flow as a single falling film or as rivulets on the fin and tube surfaces. Film
instabilities can cause a uniform falling film to break into rivulets and produce partial
wetting on the solid substrate as shown in Fig. 3.1. For example, absorption of water
vapor from the air to the liquid solution can increase the surface wetting and evaporation
of water from the liquid solution can decrease the liquid wetting on the surface of the
substrate. Also, cooling and heating of the solid substrate can lead to thermocapillary
extension and contraction of the liquid film’, respectively. Variation in falling film
configurations can produce different surface wetting and wetting patterns that can
significantly affect the heat and mass transfer between the gas and liquid phases. These
show that without proper prediction of the surface wetting inside the gas-liquid contactor,
estimation of the heat and mass transfer between the gas and liquid phases would be
highly inaccurate.
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Fig. 3.1 Wetting phenomena, showing partial wetting, on the surface of a fin-tube
substrate.

A general model with a wide range of applicability and high accuracy is targeted
for being implemented in reliable and large spectrum analysis of the three-fluid contactor.

3.2.1 Theoretical formulation

Firstly, the mathematical framework is obtained from the Principle of Minimum
energy applied to the simplified flow patterns of a thin film with uniform thickness
(providing complete wetting of the surface) and a rivulet (ensuring only partial wetting
of the transfer surface) with a circular cross-section shape under the influence of capillary
and inertial forces. This results in a general, although simplified, theory for capturing film
breaking and estimating partial wetting.

3.2.2 Direct observation from experiments

Subsequently, experimental data for validating the partial wetting model are
collected on a dedicated test section by implementing binary image processing on photos
captured during quasi-static wetting-dewetting cycles. Additionally, the measurement of
contact angle hysteresis on the same solid substrate provides the necessary information
for a direct comparison between theory and experiments. The direct observation of the
phenomenon on a wide range of IL mass fraction provides a first comparison and a clearer
phenomenological understanding of falling film wetting characteristics guides the
following modeling development toward a more accurate estimation of film rupture and
partial wetting.
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3.2.3 Development of a semi-theoretical model

Consequently, semi-theoretical modeling of partial wetting is developed based on
the previous experimental results. An increased degree of accuracy in predicting the
wetting characteristics of the IL desiccant solution over the aluminum substrate is
achieved through the definition and tuning of specific characteristic coefficients acting
on the magnitude of the effects at play, while consistently maintaining the shape of the
equations extracted by the theoretical model. The discrepancy from the unitary value of
these constant coefficients from the fitting to the experimental data encloses the effect of
the simplifying assumptions introduced in the theoretical formulation. The advantage of
using the semi-theoretical model over the theoretical model to predict the wetting ratio of
the IL on the actual 3-fluid gas-liquid contactor is also pointed out. This model enables
accurate evaluation of the wetting characteristics of the sorptive solution to be combined
with a heat and mass transfer transport model for conducting transfer performance
analysis and optimization procedures.

3.3 Transport phenomena
3.3.1 Heat, mass, and momentum transfer

Falling films are employed as transport media in various falling film devices such
as in absorption towers, film evaporators, and gas-liquid contactors. In gas-liquid
contactors, coupled heat and mass transfer occur between the gas and liquid phases as
shown in Fig. 3.2. The heat, mass, and momentum transfer processes between the gas and
the liquid are affected by various factors, one of which is the wetting behavior of the
falling liquid film.
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Fig. 3.2 Schematic diagram of the coupled heat and mass transfer between the gas and
the liquid phases an (a) wetted wall and heat transfer on a (b) dry wall.

The modeling of the 3-fluid gas-liquid contactor is thus constructed. Heat and
mass transfer geometry, assumptions, governing equations, initial and boundary
conditions, heat and mass transfer coefficients, air pressure drop, and the numerical
approach are described.

3.3.2 Whole device model validation

A detailed discussion of the 3-fluid gas-liquid contactor and the respective
experimental apparatus is given. A thorough consideration of the gas-liquid contactors,
liquid desiccants, distributors, experimental methods and procedures, and measuring
instruments is carried out. The experimental results are also summarized and discussed.
This provides the validation of the mathematical model of 3-fluid fin-tube gas-liquid
contactor.

3.3.3 Performance analysis and volume minimization

Performance analysis of the 3-fluid gas-liquid contactor is comprehensively
conducted under the effect of different design dimensions of the gas-liquid contactor. An
optimization method used for minimizing the size of the 3-fluid gas-liquid contactor for
a given dehumidification capacity is presented. The advantages of the 3-fluid gas-liquid
contactor over conventional 2-fluid contactor are finally demonstrated and the actual
application of the 3-fluid gas-liquid contactor in the actual industrial system is described.
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4. Falling film partial wetting model
4.1 Introduction

The assumption of complete wetting remains to be an issue in gas-liquid
contactors due to the lack of conclusive research and mathematical model for the
prediction of the partial wetting. Therefore, it is necessary to develop a model for
predicting the surface wetting inside the gas-liquid contactor for accurate performance
evaluation, design, and optimization of the falling film device. In general, clarifying the
wetting characteristics of a falling liquid film on a solid surface is complex, which
requires extensive theoretical and experimental investigation to deeply understand the
liquid’s wetting patterns, contact angle, and critical film thickness to name a few.

In the absence of information about the wetting characteristics of a liquid
desiccant on the surface of a gas-liquid contactor, complete wetting of the contactor area
is assumed as a simplification in falling film models. However, this is usually not the case
as film breakage and dry spots can occur®?. Without proper calculation of the wetted area,
the assumption of complete wetting can overestimate the heat and mass transfer
performance inside the gas-liquid contactor®”.

4.2 Importance of partial wetting model

Wetting deals with the study of how a liquid deposited on a solid or liquid
substrate spreads out’®. In dynamic wetting processes, the definition can be extended to
the study of the wetting properties of flowing films on solid surfaces (Fig. 4.1) such as in
multiphase-flow devices.

Fig. 4.1 Partial wetting on a flat vertical surface.

Primarily, it is important to investigate the wetting properties of a liquid on a
substrate as various pairs of liquid and solid surface may exhibit different wetting
characteristics. Inside the gas-liquid contactor of a liquid desiccant air conditioning
system, the solution can flow as a single falling film or as rivulets falling on the fin and
tube surfaces as shown in the right of Fig. 4.2. As the performance of desiccant systems
is strongly associated with the transport performances of the contactor, it is necessary to
be able to estimate the extension of the transfer interfaces within the contactor for
properly defining the operation strategy of these systems. Additionally, the transfer
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performance of the tertiary cooling/heating medium needs to be evaluated considering its
interrelations with the gas and the liquid.
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Fig. 4.2 Schematic of the 3-fluid gas-liquid contactor (left) and partial wetting on the
surface of the fin-tube substrate (right).

4.3 Modeling approach

Flow systems are irreversible due to the resistances and the imperfections
distributed over different scales and encountered along the flow path. There is an
extensive range of characteristic scales at play that affect the flow behavior including
turbulence, tensile effects, interfacial dynamics, and affinity between the liquid, solid
substrate, and gaseous environment. Thus, the collection of sufficiently detailed
information that exhaustively includes these effects in a deterministic (Newtonian) model
of forces, resistances, and fluxes is often unlikely.

The presence of dynamic and deformable phase-interfaces and related
discontinuities of fluid properties, multi-phase flows are characterized by a higher degree
of complexity in deriving the governing transport and conservation equations. However,
despite this difficulty, the theoretical background of multiphase systems still relies on the
classical laws of thermodynamics, fluid mechanics, and principles of heat and mass
transfer. Heterogeneous or multi-phase flows exhibit important engineering
characteristics to realize intense heat and mass transfer processes. These can be described
as the aftermath of thermodynamic instability by which the homogeneous/single-phase
fluid splits into two or more sub-systems in equilibrium’. The physical structure of the
flow eventually determines the transfer resistances of the specific technical device, and
eventually, capacity, size, and power requirements of the system.

Given this viewpoint, variational methods (principles, theorems, and approximate
procedures), including Helmholtz’s minimum dissipation theorem’®, Hamilton’s
principle of least action’”-7®, Onsager’s principle of minimum energy’?%, the principles

of maximum and minimum entropy generation®”, Prigogine’s theorem®”, and the
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Constructal Law®®, were proven as useful (although of debated legitimacy®¥-%9) tools to
obtain local and global solutions for problems that are less accessible from the standpoint
of conservation principles and Newton’s law. This is because they provide descriptions
of the system’s physical quantities independently from the selected frame of reference.
For example, Zivi®” applied Prigogine’s theorem to an idealized two-phase flow to
analyze the steady-state value of the vapor void fraction. More recently, Giannetti et al.®®
applied the same Theorem including the effect of surface tension within small-sized
channels to predict the void fraction and flow transition between idealized annular and
stratified flow patterns. Brauner et al.*” employed the principle of minimum energy to
predict the interfacial configuration of a stratified two-phase flow. The same approach
was used by Chakrabarti et al.*” to develop a model for predicting the pressure drop in a
liquid-liquid (kerosene-water) flow through a horizontal pipe. Paulus et al.’" showed the
consistency between the assumption of equal pressure drops and the tendency toward a
condition that extremizes the rate of entropy production for the laminar flow distribution
of a specified overall flowrate between two parallel ducts. Recently, Daibirian et al.”?
investigated a computational algorithm to predict two-phase flow splitting and
corresponding pressure drop in looped lines for the oil and gas industry.

4.4  Theoretical modeling
The modeling approach employed is based on the following principles:

1) the definition of the ideal geometry of two flow configurations; a uniform film fully
wetting the solid substrate and a rivulet with a circular cross-section shape (Fig. 4.3):

2) the hydrodynamic description established by the solution of the stream-wise
momentum equation under the assumptions of Nusselt integral theory (Eq. (4.2)):
isothermal flow with constant properties, under the assumption that the momentum
transfer is dominated by viscous forces without convection, in the absence of inertia and
pressure forces, and no shear stress is generated at the gas-liquid interface®>%%.

3) the variational method developed in a previous paper’” with reference to the Principle
of Minimum Energy®®, which can predict its wettability over the 3-fluid gas-liquid
contactor under analysis (Eq. (4.1)) and, beyond this, defines the limit of stability of a
uniform film (Eq.(4.3)); where E defines the energetic contents of the flow and @
determines the flow configuration of the rivulet.

The analysis is applied to a fully developed, steady, and laminar flow
configuration, under the assumption that neither the fluid distribution at the inlet nor the
size of the test section, affect the results obtained. It is further assumed that the liquid film
is characterized by a uniform thickness and surface tension (hence excluding thermo-
distill-capillarity effects on the flow). The calculation is, thus, performed with respect to
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the smallest symmetrical section of the fin-tube test section (Fig. 4.3), which is used to
characterize the wetting behavior of the whole fin.

Fig. 4.3 Schematic of the rivulet configuration along a fin-tube substrate.

aEr‘iv -0 azEriv

0 502 >0 J'm™) 4.1)
0%u
ﬂﬁ =—pg (kg-m'z-s'z) 4.2)
Eviv = Eyf (J-m'l) 4.3)

The mass flow rate per unit substrate width is expressed (Eq.(4.4)) by considering
complete and uniform wetting as follows:
2m

F(X) = N(Ph _ zm) (kg~m'1~s'1) (44)

Furthermore, the solution of Eq. (4.2) for the boundary conditions imposing no
slip at the solid substrate (u = 0 at z = 0) and no shear stress at the free interface (ou/0z =
0 at z = dur) leads to Eq. (4.5).

u(z) = % (28y5z — 2z%) (m-s™) (4.5)

Continuity leads to the expression of the film thickness written in Eq. (4.7). It is
hereby assumed that the thickness of the liquid film is uniquely determined in the y
direction as given in Egs. (4.4) - (4.6). This assumption also applies when the liquid film
is flowing around the tube.
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The principle of minimum energy is used to determine the stability of the liquid
film on the fin surface and to define the wetting area. Generally, the affinity between the
solid-liquid phases, liquid properties, flow configuration, and solid surface features
control the evolution of the wetting configuration. Particularly, the conflicting effects of
gravity and surface tension (the first forcing towards flowing configurations and iso-
potential flat interfaces while the second tends to create stationary spherical phase
boundaries) establish a limit of configuration-stability that in certain operative conditions
is associated with hysteresis phenomena®. The common contributions to the energy
content of flow include kinetic, potential, internal, and surface energies. However, for the
aim of determining the stable wetting configuration and the transition between complete
and partial wetting, the potential and internal energies have a negligible influence on the
thermodynamic system under analysis. Specifically, the variation on the flow wettability
(identified below by the geometrical parameter WR, Eq. (4.15)) due to temperature
variations and vice versa are negligible, and gravity acts uniformly on the vertical flow,
independent on the flow wettability. Mathematically, the conceptual derivation presented
in Eq. (4.1) and the equivalence in Eq. (4.3) are not affected by the gravitational potential
energy and internal energy contributions. Thus, the energy of the liquid film and the
corresponding rivulet configuration is estimated as the sum of the surface tension and the
kinetic energy (Eq. (4.8)) as follows:

E 1 1 1,
e =I=E(Ek+ES) =Z<JA > PU dA+L O'dS) (J-m?) (4.8)

The energy of the uniform liquid film and that of the ruptured film flowing in a
stable rivulet configuration are calculated under the assumption that the velocity profile
in Eq. (4.5) also applies to the rivulet cross-section in Eq. (4.10).

The development of Eq. (4.8) for the rivulet cross section per unit transversal
length A, gives Eq. (4.9).

p (%ufrpg 2
eyf = ﬂjo 2u (2647 — z%)| dz + og + 0y (J-m?) (4.9)
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The cross section of the rivulet configuration is approximated by a circular
segment of radius R cutting the solid substrate with an angle equal to the contact angle of
the specific solid-liquid pair 6.

Sriv(y) = R(cos 8 — cos 6,) (m) (4.10)
The expression of the sum of kinetic and surface tension energy of the rivulet
configuration is given by Eq. (4.11).

RsmGO Sriv(y)

NE 2Rsiné,
eriv = 7 f J. —(26ufz -z )] dzdy + Tasl
2R6 21 — Rsinf i
+— 0 O + 7 0 Osg (J-m?) 4.11)
2 p3g° RS 20gRsinb, [ 0 ]
— 7]
=152z K Y00+ |G ~ 00| * o5
where
)

Y(6,) = f (cos @ — cos B,)> cos O db

— g (5 +15 p 5 49) (4.12)
=0\ 1¢ 4cos 0 2cos 0

in 6 (113 0 30 +1 50)

sin 6, 13 cos 6, 24cos 0 6cos 0

The specific flow rate of this flow configuration (Eq. (4.13)) is obtained under the
previously mentioned assumption that the velocity profile in Eq. (4.5) also applied to the
rivulet cross-section.

Rsinfy Sriv(¥)

My 2 2 p?g
Ly = ﬁ =P f f pu(z)dzdy _STTR4V(9°) (kgm'sT) (4.13)

where
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6o

v(6,) = f (cos 8 — cos 8,)3 cos 6 dO
0

1 13
=1 cos® 6, sin 6y — 5 c0s 0o sin 0 (4.14)

3 - 15
—590 sin“ 6, +§60

The wettability of the flow is defined as the ratio of the wetted extension of the
surface (corresponding to the solid-liquid interface) to the reference transversal unit
length A. A geometric parameter, called “wetting ratio” WR, is thus introduced and treated
as a generalized variable under the variational approach hereby implemented. The latter
is identified as that yielding minimal rivulet energy (Eq. (4.11)) when minimized with
respect to the geometric variable @ matching, in this case, the parameter describing the
wet part of the solid substrate WR (Eq. (4.15)).

2R sin 6,

WR = , 0<x<D
P, —2VDx — x2
2R sin 6, (4.15)
WR="""2" pD<x<p,
Py

Given that the surface tension is considered constant, it is assumed that the cross
section of the rivulet is approximated by a segment of a circle with a contact angle 6y as
shown in Fig. 4.3. The surface tension equilibrium is assured by the Young-Depree
relation. The mass balance between the two flow configurations yields a relation (Eq.
(4.16)) between the rivulet radius R, the uniform film thickness dur, and the parameter
used to estimate the wet part of the surface WR.

) 0
uf WRY( 0)

‘R~ Tsin6, (4.16)

Plugging this relationship in Eq. (4.11) and Eq. (4.16), the specific energy of the
rivulet becomes

1 p3g? 5 P(6,) 6
ey = E?R WR sin 0, + WRoay [sin o — Cos 90] + 05
5
_1 p3g? o [sin 0013 . 5 ¥(6o) J'm?  (4.17)
15 pu? ()] " sing,
6o
+ WRoayg [sin o — COoS 90] + 0g1
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The following is hence obtained when solving for WR

3/ .
2 (o) 6o 1) "Ssin g, (9 Re ) /s
Wk = {E sin 6, [sin 0, > 90] ¥(6,) \4We3 (4.18)

Equation (4.3) represents the stability criterion of the uniform film yielding to the
estimation of the minimum wetting rate that assures the complete wetting of the solid
substrate. Eq. (4.21) is obtained by equating the energy of the rivulet in the extremum
condition obtained for a wetting given by Eq. (4.18) and the film energy in Eq. (4.9).

3/3 Re \ /3 3 Rey7s
E&ﬁ%ﬂ +1_C“@V*K%W§W§) =0 (4.19)
where
. 2/ 2/
5sin 8,1 [2¢¥(0,)] > 1 6, 5
G(6 ="[ . [ 0 _ cosf ]
B0) =315y [3su190 sinf, 000 (4.20)

With a given contact angle, the related geometrical functions (y(6o)), w(6o) and
G(6o)) of the rivulet, and the thermophysical properties of the liquid, the stability of the
film and the wetting ability of the rivulet can be estimated.

Equation (4.21) represents the stability criterion of the uniform film (analytical
details are given in Giannetti et al.”” yielding to the estimation of the minimum Reynolds
number (Eq. (4.22)) that assures the complete wetting of the solid substrate.

3,42
pig
Ap + (1 —cosby) —G(6)A3=0,  Ap= (150;12) Outiy (4.21)
3gut 1\ s A3
Reo = <m> 83= 6.77Ga'/s4} (422)

Hence, when the film flowrate is lower than that yielding the minimum Reynolds
number in Eq. (4.22), the film is assumed to be broken and the local wetting ratio WR can
be estimated by Eq. (4.18).

As the liquid must indeed advance or retreat at the three-phase contact line in
order to enlarge or reduce the solid-liquid interface of the flowing rivulet, these situations
are distinguished by utilizing the advancing and receding contact angles (Fig. 4.4) for
increasing and decreasing flow rates, respectively.
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Fig. 4.4 Representation of the advancing contact angle of the rivulet due to increasing
flow rate.

The direct outcomes of Egs. (4.21) and (4.19) are shown in Fig. 4.5 and Fig. 4.6,
respectively. Fig. 4.5 illustrates the film and rivulet energies (and their difference) over a
comprehensive range of Reynolds number ranging from zero to the condition of complete
wetting. This condition is hereby always associated with a film with uniform thickness
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Fig. 4.5 Specific energy per unit stream-wise length [J-m] of pure water rivulet and
uniform film configurations as a function of film Reynolds number; 7=25°C, (a)
decreasing (o = 6r) and (b) increasing (6o = 6a) liquid flow rates.

Quasi-statically decreasing the mass flowrate starting from a uniform film
configuration, complete wetting of the surface is maintained until the minimum critical
wetting rate is reached (Eq. (4.22)). Thereupon, the flow will break, switching to the
rivulet configuration with a contact angle & equal to the receding value k. As plotted in
Fig. 4.5, for a certain value of surface tension oy and Reynolds number equal to or below
200, the rivulet configuration has lower energy than the film flow configuration and
becomes stable for a wetting ratio of about 0.4 (Fig. 4.4(a)). In these graphs, the energy
of the two configurations is quantified up to the value of oy, which is not directly
available in the literature. Nonetheless, this quantity does not influence the results and
analysis of this investigation.
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Fig. 4.6 Specific energy per unit width and per unit stream-wise length [J:m™] of a pure
water rivulet on a vertical fin-tube substrate. 7=25°C, for (a) decreasing (6o = Or) and
(b) increasing (6o = 04) liquid flow rates.

As the stable rivulet configuration corresponds to e, minimum of its
thermodynamic potential (local minimum energy) for increasing mass flow rates, the
rivulet configuration is maintained (Fig. 4.5(a)) until the rivulet solid-liquid interface
covers the whole surface (WR =1 in Fig. 4.6(b)). In this case, the advancing contact angle
Oa 1s used in the calculation. Consequently, the values of the WR for increasing Reynolds
number corresponds to the abscissa of the local minima in Fig. 4.6(b).
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Fig. 4.7(a) shows the local wetting behavior for decreasing Reynolds number,
locally based on the critical condition and stable wetting ratio expressed by Eq. (4.19)
and (4.18), respectively, when the receding value of the contact angle 6k is used. When
the film Reynolds number decreases to the point where the local rivulet energy is lower
than the local uniform film configuration, the wetting ratio is given by Eq. (4.18). Fig.
4.7(b) is obtained for increasing liquid mass flow rates and using the advancing contact
angle 6, making evidence of the wetting ability of the flowing liquid when the rivulet
configuration is maintained until complete wetting is reached.
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Fig. 4.7 Simulated local wetting behavior of pure water on a vertical fin-tube substrate.
T=25°C, for (a) decreasing (6o = 6r) and (b) increasing (6o = ) liquid flow rates.

The surface wetting WS (Eq. (4.23)) is obtained from the integration of the local

WR in the stream-wise direction for a span equal to the vertical pitch Py measured between
tube centers.
Py

WS = WRdx (4.23)
. )

Fig. 4.8 illustrates the resulting wetting hysteresis along a wetting-dewetting cycle.
The hysteresis phenomenon can be separated into two main contributions. The first is
related to the contact angle hysteresis and the second is the thermodynamic stability of
the two flow configurations, which affects the first contribution.
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Fig. 4.8 Global wetting behavior of water on a vertical fin-tube substrate, 7=25°C.
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5. Experiment and validation of the partial wetting model
5.1 Introduction

To validate the falling film partial wetting model, an experimental apparatus was
built to understand the wetting characteristics of the new IL. A single aluminum fin was
mounted on the test section of the experimental apparatus to visualize the wetting
phenomenon. The aluminum fin was embedded with banks of tubes to include their effect
on the wettability. Since it is difficult to investigate the wetting phenomena inside an
actual fin-tube contactor due to its compact design, the construction of the flow
visualization apparatus became more essential.

The experimental data were analyzed, and different wetting patterns were
observed. Data on the contact angle, including the static and dynamic contact angles of
the IL, were also gathered. The contact angle hysteresis of the IL solution on the
aluminum surface was evaluated and the factors causing its occurrence were identified.
Furthermore, wetting hysteresis on the single aluminum fin with tubes was investigated.
The principles of minimum wetting rates and film stability, and their relationship on the
occurrence of wetting hysteresis were analyzed and the factors affecting the wetting
hysteresis were identified

5.2 Experimental investigation of the wetting characteristics of the new IL
5.2.1 Experimental apparatus and procedures

Fig. 5.1(a) shows a photo of the experimental apparatus and Fig. 5.1(b) illustrates
a schematic diagram of the wetting visualization apparatus. The manually constructed
experimental setup is composed of a solution tank at the top for IL solution storage, a
distributor, a test section where the single fin is mounted, a solution reservoir, and a
solution pump.

Fig. 5.2 presents the aluminum fin with banks of tubes arranged in a staggered
configuration. It also emphasizes the tube diameter D, the horizontal pitch Py, and vertical
pitch Py measured between the tube centers. On the other hand, Table 5.1 provides the
dimensions of the fin and tubes.
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Fig. 5.1 (a) Photo and (b) schematic diagram of the visualization apparatus.
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Fig. 5.2 (a) Photo of the single aluminum fin with tubes, (b) tube horizontal and vertical
pitch, and (c) tube outer diameter.

61



Table 5.1 Dimensions of the fin and tubes.
Parameter Value

w 200%107 m
H 400x107 m
Ph 20x107 m
Py 20x10° m
D 7.95x103 m

Fig. 5.3(a) shows a photo and Fig. 5.3(b) illustrates the cross-section of the
distributor. The distributor is made of acrylic with slits in the transverse direction, where
the solution passes.

rSolution inlet ~Polycarbonate

(b)

Fig. 5.3 (a) Phot of the distributor and (b) illustration of the distributor cross-section.

Two types of distributors were investigated during the experimental work.
Distributor 1 has a smaller slit area compared to distributor 2 but has a longer distance
between slits. Table 5.2 gives the details of both distributors.

Table 5.2 Details of the distributors.

Parameter Value
Opening thickness, ¢ 0.5x103 m
o Opening width, w 2x103 m
Distributor 1 Distance between opening, d ~ 1.5x10° m
Number of openings, n 57
Opening thickness, ¢ 0.6x103 m
o Opening width, w 2.5%10° m
Distributor 2 Distance between opening, d  0.5x103 m
Number of openings, n 66

The wetting visualization experiment is started by preparing an aqueous solution
with the required IL mass fraction and circulating it in the whole system at a sufficient
flow rate to completely wet the test section. Then, the test section is allowed to dewet
naturally. This cycle of wetting and dewetting is performed five times to remove dust and
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other impurities from the test section before the data gathering is conducted. Next, with
the pump operating, the flow control valve is adjusted to obtain the desired solution flow
rate. When the wetted area in the test section is at the steady-state condition, data
gathering is started by taking photos of the test section. Just after a photo is taken, the
solution temperature and relative density are measured for that wetting data. Data
gathering was carried out at various solution flow rates in increasing and decreasing
trends at an ambient temperature of approximately 34°C. Batch experiments were
conducted at various IL mass fractions in the solution.

After the images are taken, image processing is done to estimate the wetting
fraction/wetting ratio. Fig. 5.4 illustrates the output of each step in the image processing.
The process is started by trimming down the raw image so that the only left is the image

of the aluminum fin-tube substrate. Next, the boundaries of the liquid film and rivulets
on the substrate are traced. Then, the areas which are not part of the liquid film and
rivulets, these include the dry area and static droplets, are removed. Next, the resulting
image is converted to a black and white scale with black representing the wetted area and
white representing the dry area. Finally, the tube areas are deleted using dummy tubes.

Fig. 5.4 Image processing output: (a) raw, (b) cropped, (c) wetted area traced, (d) dry
areas removed, and (e) tube areas removed.

Table 5.3 summarizes the specifications of the instruments used to measure the
fluid properties during the visualization experiments. It was observed that the Coriolis
flow sensor does not give accurate readings for solution flow rates below 1 L-min’!, this
was verified by collecting an amount of solution at the outlet of the test section and
dividing it by the time it took for that solution to be gathered. Due to this, the latter-
mentioned evaluation method was used to record solution flow rates below 1 L-min.

Table 5.3 Specifications of the measuring instruments.

Property Measuring instrument Range Accuracy
F Coriolis flow sensor 0~20 L-m’! 0-25% of FS: +1% of FS
T T type thermocouple -50~350°C +1°C (-50~99.9°C)
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Specific gravity 1.06~1.12,

RD hydrometer 1.12~1.18

+0.001

5.2.2  Visualization and analysis of the surface wetting

Table 5.4 lists selected experimental results from the wetting visualization
experiments. In this table, letters (a) to (e) are data for the increasing flow rate condition
while letters (f) to (j) are for the decreasing flow rate condition.

Table 5.4 Wetting visualization experimental data.

Increasing Decreasing
X o Pammeter ) @ @ @ O @ ® @D Q)
WR 0.0893 0.3661 0.6183 0.8976 0.9614 0.9589 0.9147 0.6117 0.3264 0.2366
0 I 0.0063 0.043 0.0840 0.1523 0.2858 0.0703 0.0441 0.0283 0.0074 0.0052
Re 20.26 200.36  400.09 739.83 13942 34223 215.02 146.29 37.19 25.8
We 426.73 8.64 2.80 1.03 0.36 3.74 8.14 16.59 157.02 287.36
WR 0.2888 0.447 0.643 0.8268 0.97 0.966 0.8438 0.7558 0.6092 0.5658
34 r 0.185 0.0546 0.0838 0.1434 0.2865 0.1658 0.1004 0.0537 0.0387 0.0229
Re 27.02 76.49 127.18 207.39 388.94 22499 14234 76.16 61.02 36.05
We 36.25 5.99 2.81 1.19 0.38 0.95 2.16 6.12 10.19 24.48
WR 0.2499 0.4505 0.6059 0.7949 0.99 0.9498 0.8254 0.6494 0.4801 0.3741
45 I 0.0097 0.0532 0.064 0.1261 0.3422 0.2207 0.0747 0.0499 0.0249 0.0092
Re 7.39 35.94 42.29 97.83 25291 722 41.43 22.6 8.47 6.21
We 116.4 7.08 5.45 1.62 0.32 2.34 5.9 15.06 77.35 132.25
WR 0.3581 0.4176 0.6847 0.8874 0.9554 0.9787 0.8805 0.7436 0.6005 0.5992
60 r 0.0142 0.0294 0.0601 0.1178 0.1592 0.1781 0.0665 0.0375 0.0268 0.0158
Re 6.04 15.67 25.57 63.67 81.73 96.25 333 18.77 14.1 7.84
We 73.21 19.64 6.60 1.97 1.21 0.99 5.24 13.62 23.4 57.21
WR 0.4907 0.5907 0.6914 0.8921 0.9537 0.9528 0.8492 0.7956 0.7417 0.6944
75 I 0.0301 0.034 0.0523 0.0712 0.0863 0.0669 0.023 0.0223 0.0169 0.0102
Re 5.50 7.24 11.15 16.71 17.1 1491 5.18 4.88 3.49 1.98
We 26.04 20.16 9.83 5.64 4.36 6.38 37.57 40.15 65.11 153.78

The next set of figures illustrates the wetting on the aluminum fin-tube substrate
for the selected experimental data presented in Table 5.4.
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Fig. 5.7 Surface wetting at 45% IL mass fraction for gradually increasing (—) and
decreasing (<) solution flow rates.




Fig. 5.8 Surface wetting at 60% IL mass fraction for gradually increasing (—) and
decreasing (<—) solution flow rates

esessserssNRRRERIRERIES
®e 0N SERIOINIEIBIRIIROOERIRR RS
e e R s PR RRERIRISIOIOROIERROES
S0 0000 OO OO ROOOEEENSR

8 00O R SO ROESNSOOSEPSEPSDS
SesessssssesssssRsES
ee e s s RePRRIEIRIOERIRRRDS

e 0000 S OONSBSOLESIBIOOSEPRSEPRSTPRDS
[ E RN RN NN NN NN N NN NN
S S S0P PSSP BBEIEBIBIEBRNEBSESEPSDS
S80S0 INISIBOESISS

Fig. 5.9 Surface wetting at 75% IL mass fraction for gradually increasing (—) and
decreasing (<) solution flow rates.

Thinning and breaking of the liquid film

1s the minimum thickness

2

Im thickness

critical fi
of the film where it remains stable and does not break into small streams or rivulets.

‘6

In falling film technology, the

2

, when a liquid film becomes very thin (approaches to zero)
the film lowers its energy by splitting into rivulets, which leads to partial wetting. Thus

100)

According to de Gennes

2

surface, its critical film thickness must be

for a liquid film to completely wet a solid

maintained.

Thinning and breaking of the falling film are observed in most of the experimental
results. At first, film breaking appears to be random especially at low Reynolds number.
Then, a more organized film breaking is observed for the decreasing flow rate condition

the solution trickled from the top of the test section as a

single film, which covers approximately half of the substrate, and ruptured into vertical

IL mass fraction. Here

at 75%

rivulets following the arrangement of the tubes. Higher viscosity and weaker surface
tension of the IL solution at higher IL mass fractions are the reasons associated with this
occurrence, which improved the spreading and wettability of the solution and aided the
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film to flow in a smooth and organized pattern. In actual systems, this wetting behavior
is desirable as it produces high heat and mass transfer potential between the gas and liquid
by providing a wider contact area and longer gas-liquid contact time.

Dewetting and rewetting of the solid substrate

In principle, the concept of thinning and breaking of a film is similar to dewetting.
In fact, film thinning and breaking is a consequence of film instability where the film
dewets the surface and form dry spots. However, dewetting through conventional drying
(evaporation) is different from dewetting through thinning and breaking as the former
leaves behind a residue of stains while the latter brings all impurities along with the
liquid'®. Rewetting, on the other hand, is the reestablishment of liquid contact by a
previously dewetted surface or the merging of rivulets from a previously single film down
the line of flow.

Dewetting and rewetting of the solid substrate are seen in Fig. 5.6(c), Fig. 5.7(b)
~ (d), Fig. 5.8(c) ~ (e), and Fig. 5.8(h). The factors that might control the ability of the
solution to rewet the substrate as soon as dry spots are formed to avoid dewetting are still
to be identified. A direct investigation is necessary to clarify these factors as it can help
in the improvement of the design of fin-tube contactors and their operating conditions.

Merging of small rivulets and formation of larger rivulets

Another wetting pattern that is observed from the experimental results is the
merging of adjacent rivulets and the formation of larger rivulets. Small rivulets flow from
the top of the test section and join to form larger rivulets. This is particularly noticeable
at low flow rates and low IL mass fractions of increasing flow rate condition. Examples
are Fig. 5.5(c) and (d), and Fig. 5.6(b). Usually, this does not occur in decreasing flow
rate condition as the film starts at a fully wetted substrate. If the film eventually breaks
and reestablishes down the flow line, it would be a case of dewetting and rewetting.
Although this kind of wetting pattern occurred only within a narrow range of the operating
conditions, it is of high engineering interest, and knowing the factors that can enhance the
merging of the rivulets is important for the improvement of the wetting condition inside
the contactor.

5.2.3 Contact angle and contact angle hysteresis
Contact angle

From a macroscopic point of view, the contact angle of a liquid droplet deposited
on a solid surface is the angle formed by the solid-liquid interface and the liquid-gas
interface as shown in Fig. 5.10. Specifically, on the left figure, the angle is called the

68



static contact angle s since it is measured in a state where the three-phase contact line is
in a static condition. Such is the case for droplets deposited on a horizontal surface and at
a fixed volume. When the contact angle is measured just before the three-phase contact
line has moved, due to either external forces or change in drop size, the contact angle is
called the dynamic contact angle ép. There are two ways dynamic contact angles occur.
First is when the volume of the droplet, resting on a horizontal solid surface, increase or
decrease, this is known as the inflation'®". The other is when the angle of the surface,
where the drop of a fixed volume is deposited; changes relative to the horizontal axis. In
both cases, two types of contact angles are formed depending on the movement of the
three-phase contact line. In the case of changing the surface angle, the contact angle
measured just before the drop rolled down the surface is the advancing contact angle 6a
(downhill side of Fig. 5.10(b)) and the decreasing contact angle 6r (uphill side of Fig.
5.10(b).

(b)

Fig. 5.10 Illustration of the (a) static and (b) dynamic contact angles of water on an
aluminum plate.

Table 5.5 Static, advancing, dynamic contact angles, and contact angle hysteresis of the
IL solution on an aluminum plate.
Static contact angle Dynamic contact angle

X, %

V,uL Os, ° V,uL  6p1,° 6OA,° 6OR,° Ou,°
0.0 5.0 97.7 10.1 79 107.1 80.3 26.8
12.8 5..0 87.9 10.0 83 1059 849 21.0
21.3 5.3 85.4 10.2 59 99.8 66.3 33.5
32.0 2.0 82.3 10.1 48 86.3 58.8 27.5
39.9 5.8 77.3 12.0 34 83.4 592 242
50.8 4.3 75.2 11.1 34 78.0 494 28.6
62.4 2.3 72.9 9.8 33 74.7 547 20.0
69.7 2.6 67.9 10.5 42 793 475 31.8
75.5 2.2 67.8 10.7 37 742 473 269
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Table 5.5 summarizes the experimental data for the contact angles of the IL
solution at various IL mass fractions. The contact angles were measured by the contact
angle meter shown in Fig. 5.11 at controlled room temperature approximately within
22~25°C.

Fig. 5.11 Contact angle (static and dynamic) meter.

Fig. 5.12 illustrates the static, advancing, receding, and contact angle hysteresis
summarized in Table 5.5. De Gennes!%? classified a liquid as “mostly wetting” if its static
contact angle on a solid surface is less than or equal to 90° and “mostly non-wetting” if
the static contact angle is more than 90°. In the experimental data, only pure water has a
static contact angle of more than 90°. Based on the trend of the static contact angle, the
solution will have a static contact angle of more than 90° at IL mass fractions lower than
11.8%. These conclude that the IL solution is mostly wetting on the aluminum substrate
at IL mass fraction of 11.8% or higher.
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Fig. 5.12 Graphical illustration of the contact angles (static 8s advancing 4, receding
Or, and hysteresis 6n) of the IL solution on an aluminum plate.

A regression analysis was carried out with the experimental data on the advancing
and receding contact angles presented in Table 5.5. The polynomial regression of the
experimental data for advancing and receding contact angles results in the quadratic
functions of the IL mass fraction X1 expressed by the following equations.

6 = 1.94 — 0.0149X;;, + 0.00008X7 ©) (5.1)

Or = 1.48 — 0.0150X;;, + 0.00008X3, (©) (5.2)

Fig. 5.13 shows a comparison between the experimental data and the predicted
results (from Egs. (5.1) and (5.2)) of the advancing and receding contact angle. The mean
absolute percentage error between the experimental data and predicted results is 3.2% for
the advancing contact angle and 5.6% for the receding contact angle.
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Fig. 5.13 Comparison between the experimental data and predicted results of the
advancing and receding contact angle.

Contact angle hysteresis

Butt et al.®” defined contact angle hysteresis On as the measure of the degree at
which line pinning and the history of the system determine the macroscopic contact angle.
On the other hand, Johnson and Dettre!?? described it as a balance between the vibrational
energy of a drop and the heights of the energy barriers that allowed metastable states.
Mathematically, contact angle hysteresis is the difference between the advancing and
receding contact angles. Contact angle hysteresis is caused by both or either of these two

major factors:
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1. Chemical (heterogeneity, existence of dirt, dust, and other foreign particles).
2. Physical (surface roughness, existence of pores, and other surface irregularities).

In the wetting experiment, the aluminum fin-tube substrate underwent a series of
complete wetting and dewetting to ensure as much as possible that no dirt or other foreign
particles remain on the test section. Therefore, contact angle hysteresis in the surface
wetting experiment can be assumed to be mainly caused by the surface roughness of the
aluminum substrate.

Table 5.6 lists the surface roughness parameters of the aluminum fin-tube
substrate mounted on the test section. The values for the parameters were measured by a
Computer Numerical Control surface roughness tester similar to that shown in Fig. 5.14.
According to the International Organization for Standardization (ISO), the arithmetic
mean roughness of 0.317 um is below the middle value of the roughness grade. On the
other hand, a surface is described to be “good” if it gives a contact angle hysteresis of less
than 5° and “rough” if it gives more than 50°!°9. As illustrated in Fig. 5.12, the contact
angle hysteresis of the IL solution on the aluminum substrate is between 20 and 33.5°,
with an average value of 26.7°. Summarizing all this information about the aluminum fin-
tube substrate, it can be concluded that the aluminum substrate is slightly to moderately
rough. Therefore, the assumption that the contact angle hysteresis of the IL solution is
significantly caused by the aluminum substrate is proven since the aluminum substrate
does not have a smooth surface.

Table 5.6 Surface roughness of the aluminum substrate.

Roughness parameter Unit Value
Arithmetic mean roughness, R, pm  0.317
Maximum peak height, R, um 1.191
Maximum valley depth, Ry um  0.851
Maximum height, R, um  2.042
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Fig. 5.14 Computer Numerical Control surface roughness tester.

5.24  Wetting hysteresis

Wetting hysteresis is a complex phenomenon that requires a detailed experimental
investigation. Many studies about the wetting hysteresis phenomenon have used the
concept of contact angle hysteresis to describe wetting hysteresis. For example, de Jonghe
and Chatain!®®, Shanahan'®¥, Jin and Koplik!¥, Kabov and Zaitsev'°®, Soolaman and
Yu!??, and Chang et al.'®" have used the term wetting hysteresis to describe the difference
between the advancing and receding contact angles. Similarly, Emelyanenko et al.!%®
defined wetting hysteresis as the difference between cos 04 and cos 6r. Clearly, it can be
argued that there is a misconception about the phenomenon of wetting hysteresis. The
wetting hysteresis needs to be clarified and differentiated from contact angle hysteresis.

Minimum wetting rates

An experimental study by Hobler'® led to the discovery of three minimum
wetting rates for which a falling film does not break. He concluded that these wetting
rates are in the order of magnitude as shown in Eq. (5.3).

Fmin,O > Fmin,l > Fmin,Z (53)
where [ min,0 1s the minimum wetting rate in the regime of gradually increasing flow rate
on a previously dry surface, / min,1 is the minimum wetting rate in the regime of gradually

increasing flow rate on an initially wet surface, and / min 1S the minimum wetting rate in
the regime of gradually decreasing flow rate.
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This means that applying the least mass flow rate that can achieve complete
wetting in the decreasing flow rate condition will produce partial wetting when applied
in the increasing flow rate condition, and thus, wetting hysteresis is created between the
two flow conditions. For system applications, decreasing flow rate condition is
advantageous as it requires lesser pumping power to achieve complete wetting compared
to increasing flow rate condition. Moreover, the thinner films produced in the decreasing
flow rate condition promote larger heat and mass transfer compared to thicker films.

Film stability

Picknett and Bexon'!? classified the variation of a droplet shape (as a function of
time) into two extreme modes, namely the constant area mode and the constant contact
angle mode. In the constant area mode, the contact area between the liquid and the solid
surface remains the same while evaporation takes place, this is known as “pinning”. As a
result, the drop compensates by lowering its contact angle. In the contact angle mode, the
contact angle remains unchanged as the drop volume and contact area decreases, this is
known as “shrinking”. They have confirmed that during an evaporation process, pinning
dominates until the contact angle decreases to a constant value at which point the mode
switches to shrinking. The following principles of film stability can be related to the
wetting hysteresis. Pinning can be related to the gradual decrease of the mass flow rate in
the gradually decreasing flow rate condition where a single film is maintained. Until the
film becomes too thin that decreasing further the mass flow rate results in film breaking
and partial wetting otherwise known as shrinking in film stability terms.

To summarize the whole wetting-dewetting process, after the substrate is
completely wetted at increasing flow rate condition, the film continues to completely wet
the surface as the mass flow rate decreases until the critical film thickness is reached. This
results in two different minimum wetting rates between the increasing and decreasing
flow rate conditions.

Experimental analysis of the wetting hysteresis

Fig. 5.15 shows the wetting ratio of the IL solution on the aluminum substrate for
both increasing (/\ markers) and decreasing (\/ markers) flow rate conditions. The

arrows inside the graphs serve as a rough guide for the wetting trend of the increasing and
decreasing conditions. The wetting hysteresis can be estimated by measuring the vertical
distance between two collinear data in the graph. The wettability of the aluminum
substrate increases as the IL mass fraction increases as depicted by the steeper wetting
curves, which become closer and closer to the origin.
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Fig. 5.15 Wetting ratio of the IL solution on the aluminum substrate as a function of
solution mass flow rate: (a) 0%, (b) 34%, 45%, 60%, and 75% IL mass fraction.

Based on the above experimental observation, the wetting hysteresis W5 can be
defined as the difference between the wetting of a liquid at the same mass flow rate
flowing at increasing and decreasing flow rate conditions. It measures how much a liquid
at decreasing flow rate condition exceeds the wetting of that liquid at the same flow rate
flowing at increasing flow rate condition. This can be expressed by the following
equation:

Wy, = WRyq — WR; (5.4)

where WRq and WR; represent the wetting ratio (at equal liquid mass flow rate) for
decreasing and increasing mass flow rate condition.
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Wetting hysteresis is a complex phenomenon that is caused by many factors
including the contact angle hysteresis. The same factors that produce contact angle
hysteresis also influence the occurrence of wetting hysteresis. Based on the different
parameters that were experimentally investigated, the key factors that contributed to the
wetting hysteresis are as follows:

Surface roughness

Chemical heterogeneity
Liquid desiccant mass fraction
Distributor opening

AW N~

The presence of surface roughness or chemical heterogeneity creates contact angle
hysteresis, which consequently affects the wetting hysteresis. On the other hand,
variations in the mass fraction of the liquid desiccant produce different minimum wetting
rates and create wetting hysteresis. The construction of the distributor and the way the
fluid is dispersed affects the width and thickness of the film. Thus, using distributors that
have different openings generate wetting hysteresis. In the wetting experiments, the effect
of the distributor opening can be considered as not significant as there were only two
kinds of distributors used and their configurations are not significantly different from each
other. Therefore, it can be concluded that the two factors that mainly contribute the
wetting hysteresis are the surface roughness and the liquid desiccant mass fraction.

5.3 Validation of the theoretical partial wetting model

Calculations were performed using the thermo-physical properties of the IL and
the equations of the advancing and receding contact angles given in Egs. (5.1) and (5.2).
The predictions from Eqgs. (4.21) and (4.18) are shown in Fig. 5.16 and Fig. 5.17,
respectively. Fig. 5.16 depicts the film and rivulet energies from zero to complete wetting.
When the mass flow rate of a uniform film is quasi-statically decreased, complete wetting
of the surface is maintained until the film minimum critical flowrate (Eq. (4.22)) is
reached. Subsequently, the film breaks, switching to a rivulet configuration of defined
geometry with a wetting ratio WR, which is approximated by Eq. (4.18).

In the case of an isothermal liquid and substrate, for a solution concentration of
34% of IL (Fig. 5.16) and at a Reynolds number equal or lower than 95, the rivulet
configuration exhibits lower energy and is stable for a wetting ratio of approximately 0.35
(Fig. 5.17). A further decrease in the mass flowrate reduces the extension of the rivulet,
and it follows the path identified by the configurations of minimum energy (Fig. 5.16(b))
with a contact angle corresponding to the measured value of the receding contact angle
Or (Eq. (5.2)). Grey lines represent the energy of the rivulet at Reynolds numbers wherein
the uniform film configuration results to be stable.
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The rivulet configuration is a stable configuration characterized by a local
minimum-energy condition. Thus, with respect to increasing mass flow rates, the rivulet
configuration is maintained (Fig. 5.16(b)) until the rivulet base completely covers the
surface (WR =1 in Fig. 5.17(a)). In this case, the advancing contact angle 6 (Eq. (5.1))
is used in the calculation.
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Fig. 5.16 Specific energy per unit stream-wise length [J'-m™] of rivulet and uniform film
configurations as a function of film Reynolds number; 7'= 34°C, Xi. = 34%, for (a)
decreasing (6o = 6r) and (b) increasing (6o = 0a) liquid flow rates.
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Fig. 5.17 Specific energy per unit width and per unit stream-wise length [J'-m™] of an
ionic liquid flow on a vertical aluminum fin of an internally-cooled contactor. 7'= 34°C,
XL = 34%, as a function of the wetting ratio WR for (a) decreasing (6o = 6r) and (b)
increasing (6o = 6a) liquid flow rates

A direct comparison between theoretical results and experimental data is
performed to preliminarily screen the potential of the modeling approach when it is
applied to different fluid compositions and properties. The theoretical results are
compared and validated with the experimental data measured at a solution temperature of
approximately 34°C and IL mass fractions from 34~75%.
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Fig. 5.18 shows a comparison of the theoretical and experimental results of the
wetting ratio WR for pure water (0% IL mass fraction) at solution Reynolds number
ranging up to 1500. The figure clearly shows the ability of the model to theoretically
predict the wetting ability of the liquid on the aluminum fin-tube substrate. Furthermore,
the model can predict the wetting hysteresis phenomenon of the solution on the same
aluminum surface for increasing and decreasing flowrate conditions.
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Fig. 5.18 Comparison between theoretical predictions (using Eq. (4.18)) and
experimental results for the wetting ratio of water on the fin-tube.

It is important to note that the experimental data exhibit a higher wetting ratio than
the theoretical calculations, particularly at low liquid Reynolds numbers. This deviation
may have occurred due to the effect of imperfect liquid delivery by the distributor, which
locally increased the mass flow rate per unit surface width.

A comparison between the theoretical and experimental results of the WR along
the wetting-dewetting cycles at solution concentrations ranging from 34% to 75% (IL
mass fraction) are shown in Fig. 5.19. Additionally, as shown in the figure, it is clear that
the model predicts the difference in wetting ability of the liquid on the aluminum fin-tube
substrate for increasing and decreasing mass flowrate conditions or the wetting hysteresis.

The results emphasize that wetting hysteresis also occurs on an ideally smooth
surface characterized by a unique value of the contact angle 6o, although it is intensified
by the contact angle hysteresis phenomenon. Furthermore, the wettability of the desiccant
solution improves with the increase in the IL mass fraction Xi.. Correspondingly, the film
stability (quantified as Rep or minimum wetting rate) is expanded to lower Reynolds
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number, and the hysteresis behavior is less substantial. This is related to the effect of a
higher IL mass fraction on the thermo-physical properties of the solution, which yields
lower values of the contact angle and surface tension along with higher viscosity and
density. Nevertheless, it is not possible to state the advantage of operating at higher IL
mass fractions in absolute terms because the film thickness for a given flow rate is
negatively affected by an increased viscosity, in conjunction with a lower thermal
conductivity at higher mass fractions. Additionally, the experimental results confirm that
the minimum solution Reynolds number required to reach the fully wetted surface moves
to lower values when the IL mass fraction increases for both advancing and receding
contact angles, as theoretically predicted by the model. The behavior is linked to a higher
viscosity and lower surface tension at higher Xi. and increases in its wettability, and it
allows the solution to flow more smoothly in a more organized pattern.

The quantitative analysis of the results indicates that the aluminum substrate is
fully wetted at the IL mass fraction of 34% at increasing solution flowrate when the
solution Reynolds number reaches approximately 340. Furthermore, it returns to a
partially wetted condition (gradually decreasing the solution flowrate) when the solution
Reynolds number decreases to approximately 100. At higher IL mass fractions (for
example at 45%), complete wetting occurs at a Reynolds number of approximately 210
at increasing solution flowrate, and the film rupture occurs when the solution Reynolds
number decreases to 60.

The predicted values for the pair of minimum wetting Re are 150 and 40 at 60%
IL mass fraction and 60 and 20 at 75% IL mass fraction.
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Fig. 5.19 Comparison between theoretical predictions (using Eq. (4.18)) and
experimental results for the wetting ratio on the fin-tube substrate: (a) 34%, (b) 45%, (c)
60%, and (d) 75% IL mass fraction.

Generally, the theoretical values are in good agreement when compared with the
experimental data considering the complexity of the phenomenon in the actual
experiment. Although there are discrepancies between theoretical and experimental
values, the developed model exhibits a fair capability to predict the wetting characteristics
of the water/IL solution on an aluminum fin-tube gas-liquid contactor over a wide range
of IL concentrations.
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6. Semi-theoretical partial wetting model
6.1 Introduction

An increased degree of accuracy in predicting the wetting characteristics of the
desiccant solution over the aluminum substrate is achieved through the definition and
tuning of specific characteristic coefficients acting on the magnitude of the effects at play,
while consistently maintaining the shape of the equations extracted by the theoretical
model. The difference between these constant coefficients fitted to the experimental data
to minimize the deviation of the model and the original theoretical values enclose the
effect of the simplifying assumptions by considering the flow configurations, such as
Nusselt velocity profile, absence of waves at the free interface, dynamic values of the
contact angle and effect of the staggered tube array.

6.2 Semi-theoretical formulation

Equations (4.7) and (4.8) are first assessed to achieve a semi-theoretical form that
better approximates film stability over a comprehensive range of IL mass fractions.
Equation (4.21) expresses a univocal relationship 4y, = ¢v(6o) between 4y and the contact
angle 6o that is approximated by Eq. (6.1) with a deviation below 1% in the range of
interest as follows:

Ap=0.201n 6, + 0.69 6.1)

Yielding the following handling formulation of the minimum Reynolds number
for the stability of the uniform film configuration.

1
Rep, = 0.054Gab/ 5(In 6, + 3.45)3 (6.2)

The theoretical shape of the film stability criterion expressed in Eq. (4.21) is
maintained, and by introducing the characteristic coefficients Cy (takes in consideration
the other factors such as the distributor effect, etc.) and Ci (considers the effects of heat
and mass transfer) a semi-theoretical formulation of the minimum Reynolds number able
to ensure complete wetting of the substrate is achieved as follows:

C1
Rep, = 0.054C,Ga, /s (In 6, + 3.45)3 (6.3)
The characteristic coefficients C>, C3, and Cs, are introduced in Eq.(6.4) to match

the wetting behavior, actual flow geometry, and the effect of heat and mass transfer on
Weber and Reynolds number, respectively.
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Cs
_ Re 5
WR =~ 0.27C,0; “** <W—e‘§’> (6.4)
1b

The deviation of the experimental data from the predicted results of Egs. (6.3) and
(6.4) is minimized, and the values summarized in Table 6.1 are obtained.

Table 6.1 Characteristic coefficients of the semi-theoretical formulation.
Co (i C C3
047 128 3.07 0.35 0.73

The value of these coefficients represents the deviation of the semi-theoretical
correlation from the modeling of the theoretical equations and the assumptions introduced
in their formulation. Specifically, Co and C are related to the simplified geometry of the
two flow configurations, which ignore waviness and more complex cross-sectional
shapes. Cs represents the limitation of the assumption of a single value of contact angle
throughout the flow along the whole fin. Finally, C3 and C; evaluate the importance of
effects other than kinetics and surface tension (such as heat and mass transfer or friction
with the gaseous phase).

If the film Reynolds number is greater than the critical Reynolds number, it is
assured based on the stability criterion that the film completely wets the entire surface;
otherwise if the film Reynolds number is lesser than the critical Reynolds number, it is
assumed that there is partial wetting of the surface and the wetting ratio is estimated as
follows:

-0.90 Reyp oo
WR = 0.836, W (6.5)
b

6.3  Prediction of the wetting ratio using the semi-theoretical model

Fig. 6.1 shows the predicted results from the semi-theoretical model of the partial
wetting, which are graphed together with the experimental data. The semi-theoretical
model clearly shows improved prediction capability compared to the theoretical model.
Especially for the decreasing flow rates, the predicted results follow the experimental
results accordingly as shown in Fig. 6.1(a) — (d) compared to Fig. 5.19(a) — (d). Moreover,
using Eq. (6.5) the wetting hysterias between increasing and decreasing flow rates can be
estimated more accurately.

By considering the effect of other factors which contributes to the actual wetting
phenomena, especially the effect of the distributor on the wetting behavior, and the
contact angle variation along the flow direction, the wettability of the IL solution on the
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aluminum substrate is more accurately predicted for the entire range of IL mass fraction.
This commends the use of the semi-theoretical model in predicting the wettability in the
actual 3-fluid gas-liquid contactor.
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Fig. 6.1 Comparison between predictions (using Eq. (6.5)) and experimental results for
the wetting ratio on the fin-tube substrate: (a) 34%, (b) 45%, (c) 60%, and (d) 75% IL
mass fraction.
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7. Gas-liquid contactor model
7.1 Introduction

This chapter explains the development, fundamental theories, and principles
adopted in the mathematical modeling of the 3-fluid gas-liquid contactor. If the system is
not yet built, modeling and simulation provide several benefits such as consumption of
lesser time and money in clarifying the performance of the system, and prevention of
possible risk and harm to both humans and equipment. Moreover, with the mathematical
models, parametric studies outside the range and conditions investigated in the
experiments can be carried out and control strategies can be developed for a new system.

In liquid desiccant systems, mathematical models may vary depending on the type
of gas-liquid contactor and the liquid desiccant used. As an example, the mathematical
model for a 3-fluid gas-liquid contactor would differ from that of a conventional 2-fluid
packed bed contactor because of the structural and transport differences. Additionally,
the difference in thermophysical properties and wetting characteristics of various working
fluids have to be considered in the mathematical modeling.

Factors such as the complex structure of the fin-tube gas-liquid contactor which
incorporates a 3-fluid flow configuration, occurrence of partial wetting, and complex
wetting patterns inside the contactor, have all contributed to the complexity in modeling
the heat, mass, and momentum transfer inside the 3-fluid gas-liquid contactor. In addition
to this, a newly developed ionic liquid desiccant was used in this research, and thus, its
thermophysical properties and wetting characteristics on the gas-liquid contactor need to
be formulated and clarified, respectively. As no conclusive wetting theory is yet available
in the literature, this constitutes one of the novelties of this research along with the
inclusion of the partial wetting model for predicting the wetted area of the contactor. In
some studies®”, it was found that not all parts of the contactor area can be wetted by a
certain amount of solution flow rates, and the assumption of complete wetting in falling
film models can result in significant errors in the predicted results*”. The development of
the partial wetting model provides a potential improvement in the mathematical model of
the heat and mass transfer in the 3-fluid gas-liquid contactors by adopting a more realistic
prediction of the wettability inside the gas-liquid contactor.

7.2 3-Fluid gas-liquid contactor model

The 3-fluid gas-liquid contactor is modeled by analyzing the elemental control
volume shown in Fig. 7.1, and by applying the conservation laws to the control volume.
The elemental control volume was determined based on the fin and tube spacing of the 3-
fluid gas-liquid contactor, which was designed in accordance with the manufacturing
standards of fin-tube heat exchangers.
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Fig. 7.1 (a) llustration of the elemental control volume, (b) front view of the control
volume, (c) side view of the control volume.

7.2.1 Heat, mass, and momentum transfer geometry

Heat and mass transfers inside the fin-tube contactor, specifically in the control
volume, occurs across two geometries; first, across the round horizontal tube and the other
across the vertical fin. The schematic of the heat and mass transfer flows in these two
geometries are described in Fig. 7.2(a) and Fig. 7.2 (b), respectively. Modeling of the heat
and mass transfers on a horizontal tube alone is complicated, and even more for combined
tube and fin geometries because of the difference in geometrical shapes and the falling
film configurations produced by the corresponding geometries. In mathematical models
of a liquid falling on vertically stacked horizontal tubes, the tubes are assumed as if they
are connected depicting a hollow vertical plate!')!!'®_ The film is assumed to fall on the
outside surface of the vertical plate while the cooling medium flows inside the vertical
plate.
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The modeling approach in this study is envisioned at replicating the actual
phenomena occurring inside the 3-fluid gas-liquid contactor. To realize this, both fin and
tube geometries are retained with the consideration that the liquid is falling only on the
vertical fin, and the wetted area on the surface of the tube is added to the wetted area of
the fin. This consideration is the bases upon which the momentum conservation for the
falling film is established. The fact that the cooling medium is flowing inside the tube and
heat transfer towards the cooling medium through the hollow cylinder is implemented.
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Fig. 7.2 Heat and mass transfers on a: (a) horizontal tube, and (b) vertical fin.

7.2.2  Assumptions

The following assumptions were applied in the mathematical analysis of the 3-
fluid gas-liquid contactor:
(a) Transfer flow is steady-state and one-dimensional.
(b) The temperature profile of the air is fully developed.
(c) The flow of the solution is laminar, non-wavy, and fully developed.
(d) Thermodynamic equilibrium exists, and no shear force is acting on the gas-liquid
interface.
(e) Mass transport across the falling film is by diffusion only, mass transfer by convection
1s not considered.
(f) Diffusion-thermo (Dufour) and thermo-diffusion (Soret) effects are neglected.
(g) There is no chemical reaction and viscous dissipation.

7.2.3  Governing equations

Coupled heat and mass transfer on a wet spot while heat transfer and mass transfer
by condensation on a dry spot are considered in this mathematical model. Fig. 7.3
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illustrates the schematic diagram of the one-dimensional transfer flow on a wetted and
dry wall.
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Fig. 7.3 Schematic diagram of the heat and mass transfer flows on a: (a) wetted wall and
(b) dry wall.

Applying the assumptions listed in the previous section, the directions of the
working fluids in Fig. 7.1, and the heat and mass transfer flow in Fig. 7.3, the governing
mass, energy, and momentum equations are derived and expressed in semi-discrete partial
differential forms. The system of equations is fully discretized using forward difference
method for the air and solution, and backward difference method for the cooling water.

Governing equations for the air

The mass flow rate of dry air rirgp 1s conserved in each control volume as expressed
by Eq (7.1). For moist air, the change in the water mass fraction of the air in the x direction
is balanced by the water vapor transferred from the air to the solution through the gas-
liquid interface and the water condensed from the air (Eq. (7.2)).

dtingy

o 0 kgsh) (7.1
axgb

. Yhgh . s 1

mgb dx - ]gb—glAgl mgb—dp (kg's) (7.2)

Jeb-gl denotes the water vapor diffusion mass flux from the gas bulk to the gas-liquid
interface, which is described as
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Jgb-g1 = hm,gb—giPgb (Xgb — Xg1) (kg'm?s) (7.3)

where /im bl (m's™) is the gas-side mass transfer coefficient explained in Section 7.2.5
and pgv (kg'm™) is the density of the gas bulk determined based on ASHRAE®. xg
(kg-kg(DA)™) is the water mass fraction of the gas bulk and xgi (kg-kg(DA)™!) is the water
mass fraction at the gas-liquid interface, which is determined by relating the overall water
mass fraction difference with the gas-side water mass fraction difference as illustrated in
Fig. 7.4 and expressed by the next equation.

hin,gb-1b(Xgb — Xge) = hm gb-g1AgiPgn (Xgb — Xg1) (kg'sh  (7.9)

hmgv-b (kg's) is the overall mass transfer coefficient discussed in Section 7.2.5 and xe
(kg-kg(DA)!) is the equilibrium water mass fraction of the liquid bulk, which is estimated
as a function of the temperature and IL mass fraction of the IL solution.
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hmgb-gl4giPeb  Pmgl-1bAglP1b

Fig. 7.4 Schematic diagram of the heat and mass transfer flow with equivalent moisture
circuit for mass diffusion.

Ag in Eq. (7.2) indicates the area of the gas-liquid interface or simply the wetted area,
which is approximated by

Agt = WR(Agow + Af) m?) (7.5)
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where Aiow (m?)and Ar (m?) denote the tube outer-wall and fin areas, respectively, and
WR is the wetting ratio.

rigb-dp in Eq. (7.2) is the water condensation rate determined by the following equation.
Tgh—dp = Tgn(Xgb = Xdp) )

Here, xqp (kg-kg(DA)™) is the humidity ratio of the gas bulk at dewpoint temperature and
is estimated as a function of the air dewpoint temperature and pressure. The above
equation indicates that condensation occurs as a result of the gas bulk temperature going
below or equal to its dewpoint temperature.

The conservation of energy for the moving air is the change in energy in the x
direction equated to the conductive and diffusive transports transversal to the flow
direction. In the case of partial wetting, heat is conducted both to the wet and dry surfaces
of the fin and tube.

. Ohg, ] .
mgb W = _Agl(ng—gl +]gb—gth) - mgb—dphc - ng—gsAgs (kW) (77)

where hg (kJ-kg!) is the enthalpy of the gas bulk and ke (kJ-kg') is the enthalpy of
condensation for the dehumidification process, which is equivalently the enthalpy of
vaporization hy (kJ-kg!) for the regeneration process. geb-gi and geb-gs represent the heat
flux from the gas bulk to the gas-liquid interface and from the gas bulk to the gas-solid
interface and are expressed by Eq. (7.8) and Eq. (7.9), respectively.

Ggv—gi = hngb—gi(Tgp — Tg1) &Wm?)  (7.8)
Ggb—gs = hngb-gs(Tagp — Tow) &Wm?)  (7.9)

Igb-gt (KW-m?2-K1) and /i gb-es (kW-m2-K)are the heat transfer coefficients from the
gas bulk to the gas-liquid and gas-solid interfaces, respectively, and are both explained in
Section 7.2.5.

T (°C) and Tow (°C) are the gas-liquid and the tube outer-wall temperatures, respectively,
which are estimated by considering the overall temperature difference and the local
temperature difference for each phase or element as illustrated in Fig. 7.5. Alternatively,
for Tg, the temperature difference between the gas bulk and the liquid bulk can be equated
to the gas-side temperature difference similar to the approach used to estimate xg.

hngb-1b(Tgb = Tin) = hngb-g1Ag (Tep — Tg1) &W)  (7.10)
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v (kW-K1) is the heat transfer coefficient from the gas bulk through the liquid bulk
described in Section 7.2.5 and T (°C) is the liquid bulk temperature.

On the other hand, 7ow can be determined by relating the overall temperature difference
to the temperature difference of the inner wall and the outer wall (Eq. (7.12)). This
requires calculating first the tube inner wall temperature Tiw (°C) from the overall one-
dimensional heat transfer rate as expressed by the following equation.

hh,gb—cw(Tgb - Tcw) = hh,cht,iw(Tiw — Tew) (kW) (7.11)

Here, /i gb-ow (KW-K) is the overall heat transfer coefficient and /i gb-cw (kW-m™ K!) is
the cooling water heat transfer coefficient, which are both explained in Section 7.2.5 and
Tiw (°C) is the tube inner wall temperature.

Using Tiw to estimate Tow,

hh,gb—cw(Tgb - Tcw) = hh,wAt,ow(Tow — Tiw) (kW) (7.12)

where Znw (kW-m™? K1) is the tube wall heat transfer coefficient discussed in Section
7.2.5.
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Fig. 7.5 Schematic diagram of the heat and mass transfer flow with equivalent thermal
circuits on wet and dry walls.

The symbol Ag; is the area covered by the gas-solid interface or the dry area defined by
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Ags = (1.0 = WR) (A ow + n¢Ar) (m?) (7.13)

where #¢ is the fin efficiency, which is calculated by the following formula'!”:

2 0.5\
Nl (Pr=Du) (D 14
Ul h 6At; D., (7.14)

hn (kW-m™-K1) is the symbol for the heat transfer coefficient, which is either of the air
or the IL solution. Dio (m), A (kW-m™-K™), and # (m) are the tube outer diameter, tube
thermal conductivity, and the fin thickness, respectively. Dr (m) is the fin equivalent
diameter described as follows:

4 0.5
D¢ = (; dxdy) (m) (7.15)

Governing equations for aqueous ionic liquid

In falling film liquid desiccant systems, the gas and the liquid generally have short
contact time that the solute barely has a chance to cross the interface and it diffuses only
slightly into the liquid bulk. Here, diffusion behaves as if the film is infinitely thick and
a concentration boundary layer is produced near the interface. The mass transfer model
presented in Fig. 7.3 is based on this theory suggested by Higbie in 1935 known as the
“Penetration Theory”!!'¥-119_ Applying this theory, the conservation of mass for the liquid
bulk is the mass diffusion into the film defined as

omyp :
By - Jgi-1bAgl + Mgp—ap (kg's)  (7.16)

where 7y (kg's™) is the liquid bulk mass flow rate and jg1.i» represents the diffusion mass
flux of water species from the gas-liquid interface to the liquid bulk expressed as

Jgi-1b = Pm,gi-1bP1 (Xg1 — X1b) (kgm?-s)  (7.17)

Here, pib (kg m™) is the density if the liquid bulk and X, (kg(IL) kg(sol)!) is the IL mass
fraction at the gas-liquid interface. /im g1 (m-s™') is the mass transfer coefficient from the
gas-liquid interface to the liquid bulk discussed in Section 7.2.5.

The conservation of mass for the IL in the liquid bulk is given by

a(mlelb)_O 1
oy ke's)  (7.18)
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where X, (kg(IL) kg(sol)™!) is the IL mass fraction in the liquid bulk.

The conservation of energy for the liquid bulk is defined as the change in energy
in the y direction equated to the net conductive transport to or from the liquid bulk, that
is

d (Muphyp)

3y Ag(dgi- + Jg-he) + Mgb-aphe — Qp-1541s (kW) (7.19)

where hip (kJ-kg!) is the enthalpy of the liquid bulk and g1, denotes the heat flux from
the gas-liquid to the liquid bulk and is defined as
qgi-1b = hngi1s(Tg — Tv) (kW-m?) (7.20)

i gis (kW-m™2-K!) indicates the heat transfer coefficient from the gas-liquid to the liquid-
solid interface, tackled in Section 7.2.5.

qib-1s, Which is represented by Eq. (7.21), is the heat flux from the liquid bulk to the liquid-
solid interface.

Tib-1s = hngi-1s(Tib — Tow) (kW-m?) (7.21)

As 1s the liquid-solid interfacial area determined by the following equation.

Ais = WR(Agow + 1¢A¢) (m?) (7.22)

Assuming negligible inertia, Nusselt’s solution for a falling film is given by the
balance between the viscous and gravity forces,

Moz = —Pg (kg'm?-s?)  (7.23)

5, = + ¢ (s (7.24)

Substituting the boundary condition for w1 at the gas-liquid interface provided in Eq.
(7.40), which is defined by the laminar and fully developed solution flow assumptions,
gives the expression for ci

Cl = @61 -1
0 ) (7.25)

Now, integrating Eq. (7.26)
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2
Py z
= - |
] 2 tcaz+c (m-sh)  (7.26)

Substituting the expression for ci derived earlier and the boundary condition for u; at the
liquid-solid interface written in Eq. (7.39) yields the equation for the velocity profile of
the falling film

_ g z?
w==-\6z-= (ms)  (7.27)

The maximum velocity uimax is the value at the outermost part of the film (z = o).
Substituting z = di to the velocity profile gives the equation for 1 max

_ pgof 1
U, max = 2_111 (m-s™) (7.28)

The average velocity for half parabolic velocity profile of the fully developed liquid film
is then

2 _ pgst

Ujave = §ul,max = 3 (m‘s'l) (7.29)

The mass flow rate of the liquid film per unit length of the contactor is given by the

expression
L= A (kg'mt-sh)y  (7.30)

This time, considering the continuity of /7 across the falling film

I"=f81,0ud2=p12—gf61<6z—i>dz kg'm!-s! 1
1 . 1 U w ), 1 > (kgm™-s7) (7.31)
Taking the integral of the above expression gives the equation of the film thickness
5 = (3#15)1/3 () (732)
1= m .
pig

Governing equations for the cooling/heating water

The conservation of mass for the cooling water is the net change in the mass flow
rate of the cooling water ricw within a control volume, written in equation form as
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Oy 0 ;
0z (kg's)  (7.33)

The energy conservation, on the other hand, is the balance between the change in
energy of the cooling water in the z direction and the net conductive transport to or from
the cooling water through the tube.

a(Thcwhcw) _ A
T = Giw-cwAtiw (kW) (7.34)

Here, hew (kJ-kg!) is the enthalpy of the cooling water and A¢iw (m?) is the area of the
tube inner wall. giw-cw denotes the heat flux from the tube inner wall to the cooling water
expressed by the following equation

Qiw—cw = hh,cw(Tiw — Tew) (kW-m'z) (7.35)

where /new (kW-m?2-K!) indicates the heat transfer coefficient of the cooling water,
which is treated in Section 7.2.5, and T.w (°C) is the cooling water temperature.

7.2.4 Initial and boundary conditions

Initial conditions are important to solve the system of equations derived in the
previous section. These initial or input conditions depend on the experimental conditions.
On the other hand, the boundary conditions have specific applications and some of them
are part of the assumptions. The initial and boundary conditions are listed mathematically
below.

Initial conditions

At the air inlet or x =0,

Tgb = Tig) Tap,gb = Tap,igr Xgb = Xig, Ugb = Uig (7.36)

where Tqp,go and Tap,ig are the gas bulk and inlet gas dewpoint temperatures, respectively.

At the solution inlet or y = 0,

Ty = Ty, My, = My, Xy = Xj (7.37)
where m;j is the inlet liquid mass flow rate.

At the cooling water inlet (y = H and z = W),

Tew = Ticws Mew = Micw (7.38)
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where Tew, Ticw, and miicw are the cooling water temperature, inlet cooling water
temperature, and inlet cooling water mass flow rate, respectively.

Boundary conditions

Assuming a fully developed and non-wavy falling film, the boundary condition at
the liquid-solid interface or z = 0, as shown in Fig. 7.3, are the following:

N =Tow X1 = Xip, 4y =0 (7.39)

At the gas-liquid interface or z = dj, the boundary conditions are

aul

Tl = Tgl, Xl = Xgl; u = u]'maxl E - (740)

7.2.5 Heat and mass transfer coefficients

To solve the heat and mass transfer terms, it is necessary to determine the heat
and mass transfer coefficients corresponding to each term. This includes the heat and
mass transfer coefficients of the air and IL solution, the heat transfer coefficient of the
tube and cooling water, and the overall heat and mass transfer coefficients. Highly
applicable correlations for the air, liquid desiccant solution, and cooling water were
selected from the literature to estimate the heat and mass transfer coefficients.

Gas-side heat and mass transfer coefficients

Generally, for laminar flow in rectangular ducts, the gas-side heat transfer
coefficient /i gb-o1 (kW-m™=-K) can be estimated from the Nusselt number correlation Nu
= 7.54 for constant wall temperature and Nu = 8.24 for constant heat flux''®. A more
applicable correlation for the Nusselt number specific for plate-fin and tube heat
exchangers and considering the effect of liquid condensate was obtained by Fujii and
Seshimo!!”. Categorized into low and high Reynolds number, the Nusselt number
correlation for low gas bulk Reynolds number Reg, defined within the range of 100 ~ 400
is expressed as

_ hngb-gidngp

d 0.38
h,gb
N = = 2.1R —

For higher Reynolds number defined within the range of 400 ~ 750, the Nusselt number
correlation is

h,gb—g1%n,gb

Nugb = 1

— 0.64
o = O.12Regb (742)
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The hydraulic diameter of the gas bulk dh g (m) differs in dry dh,gb,ary and wetted dh,gb,wet
areas and varies according to the film thickness defined as follows

4‘Ac,dry _ 4[(Pf - tf)dy - Ptho]

dn gb,dry = Pyvary 2(dy + Pp) (m) (7.43)
P _ 4A¢ wet _ 4[(ps — t)dy — PeDyo — 26,dy]
REDWEL TP et 2[dy + (P;— 26)] (m) — (7:44)

Similarly, the Reg also differs in dry Regp dary and wet Regp wet areas,

R _ pgbugb,drydh,gb,dry

egb,dl'y - Mgb (745)
R _ pgbugb,wetdh,gb,wet

egb,wet - ,Ugb (7‘46)

where ug (Pa's) is the gas bulk dynamic viscosity determined from ASHRAE? as a
function of the gas bulk’s temperature and humidity ratio. ugp,ary and ugp,wet are the gas
bulk effective velocity in dry and wet areas described by the following equations:

Mg

Hebdry = TP — t)dy — PeDyo] (ms?)  (7.47)
u = mgb 1
oWt = pon[ (Pt — t)dy — PrDyo — 28,dy] (m-s)  (7.48)

The gas-side mass transfer coefficient /n gb-gi (m*s™') can be estimated using the gas-side
heat transfer coefficient and relevant gas physical properties. Reynolds analogy correlates
the heat, mass, and momentum transport coefficients and is found to be accurate for gases
by experiments. On the other hand, due to the practical usefulness of Reynolds analogy,
many researchers have extended the method to estimate the mass transfer coefficient of
liquids. The most recognized extension is the Chilton-Colburn analogy''®. For heat and
mass transfer relationship, Reynolds analogy is written as

hm,gb—gl

hngb-g1 = (kW-m2K") (7.49)

p gb Cp, gb

where cpgb (J-kg!-K!) indicates the constant pressure specific heat of the gas bulk
estimated from ASHRAE®.

Liquid-side heat and mass transfer coefficients
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The liquid-side heat transfer coefficient /ng1s (kW-m2-K™") is determined based
on the Nusselt number correlation of Karami et al.!'® The heat transport model assumes
viscous sublayers near the gas-liquid and liquid-solid interfaces and is expressed as

hn,g1-1561

Nuy, = - 0.4764Re*"7 Pr;33* (7.50)

where Nuy, denotes the Nusselt number of the liquid bulk and A (kW-m™-K!) is the
thermal conductivity of the liquid bulk estimated as a function of the temperature and IL
mass fraction of the aqueous IL. Rem, is the Reynolds number of the liquid bulk and Prip
is the Prandtl number of liquid bulk calculated as a function of the temperature and IL
mass fraction of the aqueous IL.

There are several applicable ways to determine the liquid-side mass transfer
coefficient A g1b. One of which is by employing the Chilton-Colburn analogy introduced
earlier. The other methods are non-empirical formulations of the mass transfer coefficient
as a function of the diffusion coefficient. The simplest theoretical formulation, the Film
Theory!'119 assumes a stagnant film near the gas-liquid interface undisturbed by the
liquid bulk. It says that the mass transfer coefficient is proportional to the mass diffusion
coefficient and inversely proportional to the film thickness, Angl.ib = Diw/d1. The other
method is given by the Penetration Theory explained Section 7.2.3. This model is better
physically since it considers mass transfer across the gas-liquid interface depending on
the velocity of the liquid. Using this approach, the liquid-side mass transfer coefficient is

ul,maxle

hoel-1p = 2
m,gl-1b T[dy

(m-sh)  (7.51)

where Di, (m?s!) is formulated as a function of the liquid bulk IL mass fraction.
Tube heat transfer coefficient

The tube wall heat transfer coefficient /inw is estimated using the thermal
conductivity Aw (0.236 kW-m™-K™!) of the aluminum tube as

2wy, P
hynw = T (kW'm'Z'K'l) (7.52)
1n(Dto/Dti) ’

where Dy (m) represents the tube inner diameter.

Cooling/heating water heat transfer coefficient
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For the cooling water heat transfer coefficient new (KW-m2-K'), the Nusselt
number correlation of Gnielinski!'® is used, which is valid for Reew <2 x 10

Nu — hh,cwdh,cw — (fcw/8)(Recw - 1()()())l:)rcw
T daw 14127(fu/8)V2(Pr22 - 1) (7.53)

where Nucw denotes the Nusselt number of the cooling water and Acw (kW-m™-K™), Recw,
and Prcw are the thermal conductivity, the Reynolds number, and the Prandtl number of
the cooling water estimated according to the JSME Steam Tables!2).

dhew (M) represents the hydraulic diameter of the cooling/heating water, which is equal
to the inner diameter of the tube. On the other hand, fcw is the friction factor of the cooling
water and is defined as

_1
few = Recw /a (7.54)
Overall heat and mass transfer coefficients

Considering first the summation of heat transfer resistance across the gas-liquid
interface as shown in Fig. 7.5,

1 1 1

= +
hngb-1s  Pngb-gldg  Pngl-1s4is

(K-kW1  (7.59)

Similarly, the overall mass transfer coefficient /im gb-1o across the gas-liquid interface (Fig.
7.4) is obtained applying the mass transfer terms

1 1 1

= + o]
hmgb-1b  Pmgb-gldglPgb  Pmgl-1bAglP1b (s'kg?)  (7.56)

Now, the overall heat transfer coefficient /ngb-cw 1s derived by considering the
one-dimensional heat transfer from the gas bulk to the cooling water both on dry and
wetted areas as shown in Fig. 7.5. Since the heat transfer across the gas-liquid interface
hngb-1s (Eq. (7.55))is already known, this is added to the other resistances to get /i gb-cw

1 1

hgb—cw 1 1 1 (K-kW')  (7.57)
) + + .
hh,gb—gsAgs + hh,gl—ls hh,wAt,ow hh,cht,iw

7.2.6  Air pressure drop

The pressure drop is a necessary parameter in optimization studies of air
conditioning systems due to its contribution to the power consumption of the system. To
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determine the pressure loss of the air through each control volume, the relationship of the
friction factor to the pressure drop is used, which is defined as

_ fgbpgbdx (uéb,dry(l - WR) n uéb,wetWR>

APy, = > (Pa) (7.58)

dh,gb,dry dh,gbwet
where APy 1s the pressure drop of the gas bulk and fg, is the Darcy friction factor of the
gas bulk. Note that the total air pressure drop across a single control volume is the sum
of the specific pressure drop in dry and wetted areas. Initially, the total pressure drop
across a unit control volume was estimated assuming the smallest hydraulic diameter,
which is that of a wetted area. However, this resulted to predicted values for the air
pressure drop that are significantly higher compared to the experimental results. On the
contrary, lower pressure drop values were predicted when estimated using the largest
hydraulic diameter, which is that of a dry area. When estimated using the air pressure
drop both in dry and wetted areas, predicted values are close to the experimental results.

Instead of the general correlation for rectangular ducts, fu is obtained employing the
correlations obtained by Fujii and Seshimo!'”, which were validated using their
experimental results from a plate-fin and tube considering the effect of liquid condensate.
These friction factor correlations are expressed as follows:

-1.07
2 ) _ 43 4 35 Logney
e Reghdngn) ' 2dx 100 < Reg, <400  (7.59)
-1.27
feb = 0.26 + 27.0(Regy) 400 < Regs <750 (7.60)

7.2.7  Numerical analysis

The partial differential terms in the governing equations have to be discretized for
the mathematical model to be suitable for numerical computation. Assuming that the three
fluids are continuous, the conservative partial differential terms can be discretized either
by finite volume or finite difference methods.

The spatial derivatives from the governing equations are transformed into finite
differences and a system of algebraic equations or discrete equations are derived, which
can be implemented into a computer code. The integrals of the air and IL solution are
approximated by the forward difference method while the integrals of the cooling water
are approximated by the backward difference method. In addition, a convergence scheme
is employed for the refrigerant, in this case water, since it enters from the bottom of the
contactor and exits at the top (see Fig. 7.6). The Newton-Raphson algorithm is used to
approximate the exact solution (inlet water condition) within the specified error.
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Fig. 7.6 (a) 3-Fluid gas-liquid contactor, (b) front view of control volume, and (c) side
view of the control volume.
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8. Experiment and validation of the 3-fluid gas-liquid contactor model
8.1 Introduction

An experimental apparatus was built to test and evaluate the performance of the
new 3-fluid gas-liquid contactor. Experimental data at various air and solution flow rates
were gathered from the fin-tube liquid desiccant air conditioning system. These results
support the objectives of the research by serving as concrete materials for the clarification
of the important phenomena, trends, and the validation of the 3-fluid gas-liquid
mathematical model. The dehumidification and pressure drop performance of the 3-fluid
gas-liquid contactor is compared with the performance of the 2-fluid packed bed contactor.

8.2  Fin-tube liquid desiccant air conditioning system
8.2.1 Experimental apparatus

Fig. 8.1 shows a photo of the experimental set-up for the 3-fluid liquid desiccant
air conditioning system. A schematic diagram of the liquid desiccant air conditioning
system is illustrated in Fig. 8.2. The liquid desiccant system is divided into three parts:
the process side, the solution control unit, and the regeneration side. The inlet air for both
the dehumidification and regeneration sides, which are represented by the large arrows in
light blue and orange colors, is supplied by a separate air handling. The new ionic liquid
(IL) desiccant was used as the liquid desiccant in this system.
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Fig. 8.1 Photo of the experimental apparatus.
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Fig. 8.2 Schematic diagram of the 3-fluid liquid desiccant air conditioning system.

Fig. 8.3 shows the isometric, side, and front views of the 3-fluid gas-liquid
contactor. The 3-fluid gas-liquid contactor is different in terms of material, construction,
and the number of interacting fluids compared with a conventional packed bed gas-liquid
contactor. This type of gas-liquid contactor is generally known as an internally
cooled/heated gas-liquid contactor because it incorporates an extra working fluid along
with the air and solution. The purpose of the third fluid is to remove the sensible and
latent heat absorbed by the solution from the air.

In the gas-liquid contactor, the air is blown horizontally through the length of the
contactor by a blower and the solution flows vertically along the height of the contactor
through the influence of gravity depicting a crossflow configuration between the two
directly contacting fluids. There are five channels of cooling water with the inlet at the
bottom and outlet at the top of the contactor. Higher effectiveness and energy recovery
can be realized by making the cooling water and desiccant solution enter on opposite sides
or counterflow instead of parallel flow; and since the two working fluids are not in direct
contact with each other, solution carryover by the cooling water is not possible.
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Fig. 8.3 Photo of the 3-fluid gas-liquid contactor: (a) isometric, (b) front, (c) side, and
(c) back views.

Table 8.1 lists the detailed dimensions and Fig. 8.4 illustrates the construction of

the fin-tube contactor. The surface contact area of the fin-tube contactor is approximately
451 m*>-m>.

Table 8.1 Detailed dimensions of the 3-fluid gas-liquid contactor.

Parameter Symbol Dimension
Length (air flow direction) L 200x10° m
Height (solution flow direction) H 400x10= m
Width (refrigerant flow direction) w 100x107 m
Fin thickness t 0.1x103 m
Fin pitch Py 4.42 x10° m
Number of fins Nt 23
Tube outer diameter Do 7.38x10° m
Tube wall thickness tw 1x103 m
Number of tube columns (horizontal array) N 10
Number of tube rows (vertical array) Ny 17
Tube horizontal pitch Pin 20x10° m
Tube vertical pitch Pty 20x10° m
Lth
O O
i
a o O
] tw -l If
S N D'[ 0 (et Pf
(a) (b)

Fig. 8.4 Construction of the 3-fluid contactor: (a) tube details and (b) fin details.

The fluid property symbols indicated in Fig. 8.2 represent the points where the
properties are measured. Table 8.2 summarizes the fluid properties and the specifications
of the instruments used to measure each fluid property. One of the conventional methods
used to calculate the mass fraction of a liquid desiccant in a solution is through its density
and temperature. However, due to the small changes in IL density, this approach produced
inaccurate results in the current system. Thus, a more accurate method was adopted for
calculating the IL mass fraction by using the solutions refractive index and temperature.

Table 8.2 Fluid properties and specifications of their measuring instruments.
Parameter Measuring instrument Accuracy
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Class 1 type T

Air dry-bulb temperature +0.5°C
thermocouple

Air dew point temperature Chilled mirror hygrometer +0.2°C

Air velocity Hot wire anemometer +0.2v or 0.015 m-s™!
. . . >200 Pa: £1.0%FS

Air pressure drop Differential pressure gauge 500 Pa- +1 5%FS

Solution temperature Class A Platinum RTD +0.15°C+0.002T

Solution refractive index Process refractometer +0.0002

Solution flow rate o

. inlet of both the process £0.12%

. mdmememionide - Cools o mr g gsirs: s

exchaneer 25~100%FS:

g +4%Rdg.
Cooling/Heating water Class A Platinum RTD +0.15°C+0.002T
temperature

1 0
Cooling/Heating water flow rate 1]?11:‘506;[ ;omagnetlc flow £0.5%

8.2.2  Experimental results

The results from the dehumidification and regeneration experiments are organized
in Table 8.3 and Table 8.4. In these tables, there are four sets of experimental data for air
dehumidification and one for solution regeneration. The first two sets for air
dehumidification investigate the influence of the air velocity while the solution mass flux
is fixed at 0.5 and 2.0 kg'-m?-s! and the cooling water flow rate held at 0.1 kg-s™'. The
next two explore the effect of the solution mass flux at a constant air velocity of 1.5 m's’
! and at cooling water flow rates of 0.03 and 0.1 kg-s™'. For solution regeneration, the
influence of the solution mass flux is investigated while the air velocity and the cooling
water flow rate are fixed at 1.5 m-s' and 0.04 kg's™', respectively.

In the dehumidification side, two conditions for the air inlet humidity ratio and
temperature were investigated; one at ambient summer condition in Tokyo and the other
at a precooled condition. The intention of investigating at precooled inlet condition is to
clarify the dehumidification performance of the system at low air inlet temperature and
humidity ratio. The results show that at the same air velocity and solution mass flux, the
same dehumidification capacity can be achieved for both inlet air conditions.

Table 8.3 Dehumidification experimental data.
Ugb Tig Tog Xig Xog Gil T; Tol Xi Xol Ticw Tocw
Gi = 0.50 kg'm2s7!, ritiew = 0.10 kg-s™!
0.28 34.05 18.62 19.59 17.14 048 17.59 18.77 7553 7431 17.02 1825
0.48 3394 18.84 1947 9.07 049 17.55 19.54 7537 73.66 1699 18.92
092 3388 20.79 1959 1150 048 17.58 20.55 7495 7237 17.07 20.03
149 34.03 2219 1953 1321 0.50 17.30 2239 7495 71.87 1692 20091
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1.53 34.13 22.04 19.53 13,51 050 1750 2224 7535 7232 1694 20.89
206 3390 23.11 1941 1427 050 17.66 23.50 7523 71.76 17.07 21.81
250 34.17 2374 1947 1492 050 1747 2432 7515 7143 1686 22.11
292 34.09 2420 19.29 1555 0.52 17.65 2435 7479 7140 17.07 22.36
Gi=2.00 kg'm?-s!, riticwy = 0.10 kg-s™!
024 33.71 1876 19.13 7.04 1.99 1735 1848 75.11 7487 17.13 18.08
046 33.85 1837 19.32 8.71 200 17.25 1920 75.15 7474 17.00 18.47
0.97 3425 20.05 19.72 10.73 203 1732 20.71 7522 7449 17.04 19.63
147 3410 2144 1929 1219 200 17.41 2243 7505 7417 17.17 20.57
ugp = 1.50 m-s™!, riticyy = 0.03 kg-s°!
147 22.00 2072 14.78 11.13 0.75 17.41 2149 7519 7393 17.23 21.04
149 21.75 2075 14.82 10.77 1.01 17.14 21.63 7494 7389 17.17 20.70
148 22.03 2059 1492 10.73 146 17.20 2143 7506 7432 17.20 20.61
149 22.09 2046 15.16 1032 201 17.35 21.58 7494 7431 17.31 20.61
147 2221 2034 1497 9.56 394 18.60 21.05 7541 75.05 17.23 20.80
gy = 1.50 m-s™, riticw = 0.10 kg-s™!
148 21.81 18.66 15.06 11.31 023 17.52 2053 7519 71.14 1692 18.74
146 22.18 19.78 1501 1049 049 17.31 2033 7495 7261 16.95 18.95
149 22.01 19.21 1487 1046 0.76 17.21 20.18 7501 73.50 16.86 18.78
1.50 21.64 19.67 1506 1025 1.04 17.09 20.13 7493 7371 1696 18.87
1.47 22.05 1944 1478 9.98 1.51 17.33 20.03 7507 7424 17.16 18.93
1.51 2240 19.21 1501 9.79 2.00 1733 2007 7492 7423 17.06 18.97
145 2199 19.14 1492 9.53 3.00 17.68 19.88 7501 7454 17.07 18.81
148 22.15 1893 1497 9.13 394 1794 1980 7497 7458 1691 18.80
148 22.07 19.20 15.11 8.74 5.02 1830 19.74 75.15 7482 1694 18.99
1.49 3415 2190 1929 1497 0 - - - - 17.07  20.67
1.49 34.03 22.19 1953 1321 0.50 17.30 2239 7495 7187 1692 2091
1.50 33.87 2194 1923 12.67 0.77 17.16 2254 7565 73.52 16.93 20.76
1.50 33.65 2238 1953 1271 097 17.15 2270 7501 7326 17.02 20.94
149 3399 2219 1947 1195 192 17.16 2217 7496 7398 16.84 20.73
1.50 3390 2121 18.65 1046 306 17.54 2190 7493 7425 16.88 20.52
Table 8.4 Regeneration experimental data.
ug,  Tip Tog Xig Xog Gi Ti Tol Xii Kol Ticw Tocw
gy = 1.50 m-s™!, riticw = 0.04 kg-s!
1.45 3412 43.74 1921 20.69 1.06 49.89 4501 76.10 7647 50.19 45.70
1.47 3479 4431 1920 22.16 145 5088 4528 7583 7637 51.60 46.82
1.47 34.07 4463 1928 21.61 180 5037 46.01 76.05 7639 50.81 46.71
1.50 3386 44.12 1922 2289 246 5005 4566 7597 7638 51.17 46.71
1.51 3376 4351 1990 23.15 3.03 49.74 4552 7589 76.17 50.59 4641
1.50 3429 4457 19.78 2348 352 5037 4626 7627 76.56 51.67 46.90
1.50 3375 4443 19.55 2489 397 50.15 4631 76.15 76.51 51.67 47.22
1.51 3427 4462 19.13 2348 451 50.02 4629 76.18 7644 51.67 46.84
1.51 34.13 4478 19.11 2330 5.02 50.08 46.80 7586 76.08 5178 47.42
1.50 3435 4495 19.17 2428 550 5004 4650 7620 7645 51.66 47.04
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8.2.3  Performance comparison between the new 3-fluid gas-liquid contactor and
conventional packed bed contactor

Dehumidification performance comparison

The main purpose of a liquid desiccant air conditioning system is to supply air at
a comfortable temperature and humidity ratio consuming less power as much as possible.
Therefore, one of the most important criteria for comparing different kinds of liquid
desiccant air conditioning systems is the dehumidification performance.

Fig. 8.5 shows the comparison of the dehumidification performance of the 3-fluid
gas-liquid contactor and the packed bed contactor discussed in Appendix 2. It is evident
from the graphs that the 3-fluid liquid desiccant air conditioning system can reach a lower
outlet air humidity ratio and temperature at smaller solution flow rates compared to the
packed bed liquid desiccant system. For example, an outlet air humidity ratio of 12.7 and
10.4 g-kg(DA)! was achieved by the 3-fluid liquid desiccant system at solution mass flux
of 15.4 and 61.2 g-s”! compared to 41.6 and 99.6 g-s”! for the same outlet humidity ratio
for the packed bed liquid desiccant system. Due to the capability of the 3-fluid liquid
desiccant system to maintain the mass transfer potential of the solution, low air outlet
humidity ratio can be achieved even at low flow rates.
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Fig. 8.5 Dehumidification performance comparison between the 3-fluid and packed bed
liquid desiccant air conditioning system.

The magnitude of the difference between the outlet air temperature of the two
systems is greater compared to the difference between the outlet air humidity ratio. The
3-fluid liquid desiccant air conditioning system obtained an outlet air temperature of
22.19°C at 15.4 g-s' which was not obtained by the packed bed liquid desiccant system
even at its largest solution flow rate of 188 g-s!. This is possible because of the cooling
water which maintains the heat transfer potential between the air and the solution. It is
evident, however, that the trend of the outlet air temperature from the 3-fluid liquid
desiccant system is different compared to the trend that is followed by the outlet air
temperature of the packed bed liquid desiccant system. This suggests that the cooling
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water of the 3-fluid liquid desiccant system is efficient in removing the sensible heat even
when the 3-fluid gas-liquid contactor is not fully wetted by the solution. On the other
hand, the dehumidification performance of the 3-fluid liquid desiccant system is heavily
affected by the solution mass flux, which dictates the wetting ratio inside the 3-fluid gas-
liquid contactor. However, it is verified from the data that water condensation occurs as
shown by the plot at 0 g-s™! solution flow rate. Is evident that the outlet air humidity ratio
deceased, suggesting the occurrence of water condensation. For the packed bed liquid
desiccant system, the trend is similar for both outlet air properties since heat and mass
transfer is purely between the air and the solution due to the absence of an extra cooling
or heating medium.

Air pressure drop comparison

Fig. 8.6 shows the air pressure drop comparison between the fin-tube contactor
and the packed bed contactor as the solution flow rate increases. The air pressure drop
increase through the 3-fluid contactor is significantly higher compared to the air pressure
drop through the packed contactor due to the narrower distance between each fin of the
3-fluid gas-liquid contactor. The distance between the fins of the 3-fluid gas-liquid
contactor is at 4 mm while the distance between the sheets of the packed bed contactor is
at 7 mm. The presence of tubes inside the 3-fluid gas-liquid contactor also contributed to
the air pressure drop.
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Fig. 8.6 Air pressure drop comparison between the 3-fluid gas-liquid and packed bed
contactors.

Fig. 8.7 presents the experimental data for the air pressure drop through the 3-
fluid gas-liquid contactor as the air flow rate increases. As expected, the air pressure drop
increased as the air velocity increased. Higher air pressure drops result in larger fan power
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requirements; hence, the air flow rate should be properly selected based on the system
requirement.
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Fig. 8.7 Air pressure drop though fin-tube contactor as the air velocity increases.
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9. Performance analysis of the 3-fluid gas-liquid contactor
9.1 Introduction

The mathematical model for the 3-fluid gas-liquid contactor presented in Chapter
7 was coded in C++ language. With the computer program of the 3-fluid gas-liquid
contactor, prediction, simulation, and various optimization problems are made possible.
Prediction of the outlet conditions was implemented using the experimental data as the
input conditions. The predicted outlet conditions were validated by comparison with those
of the experimental data. Parametric calculations were carried out to investigate and
clarify the effect of the dimensional parameters to the outlet air humidity ratio, outlet air
temperature, air pressure drop, and wetting ratio. Optimization of the gas-liquid contactor
by volume minimization was carried out by applying relevant constraints.

9.2  Validation of the 3-fluid gas-liquid contactor model

The mathematical model of the 3-fluid liquid desiccant air conditioning system is
validated to assess the reliability of the mathematical model in predicting the operation
of the system. The calculated results from the computer program were compared with the
outlet conditions from the experimental data and the deviations between the predicted and
experimental results were estimated and analyzed.

Fig. 9.1(a) shows the comparison of the experimental data and predicted results
for the outlet air humidity ratio. The mathematical model fairly predicts the outlet air
humidity ratio with most of the deviations between the experimental data and calculated
results within £20%. The mean absolute percentage error for all the data is 15.60%. This
discrepancy between the experimental data and predicted values can be ascribed to the
underestimation of the wetting ratio ((9.3), which limited the mass transfer between the
air and the IL solution. Nevertheless, the deviation is at an acceptable level considering
the complicated transport phenomena and wetting characteristics occurring inside the 3-
fluid gas-liquid contactor.

Fig. 9.1(b) presents the comparison of the experimental and predicted results for
the outlet air temperature. The predicted results for the outlet air temperature agree well
with the experimental data with deviations mostly within +15% and a mean absolute
percentage error of 9.34%. Based on the following comparisons, it can be concluded that
the mathematical model for the 3-fluid liquid desiccant air conditioning system can
satisfactorily predict the outlet air humidity ratio and outlet air temperature considering
the complex heat and mass transfer and partial wetting inside the 3-fluid gas-liquid
contactor.
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Fig. 9.1 Comparison between the experimental data and predicted results for the: (a)
outlet air humidity ratio and (b) outlet air temperature from the 3-fluid liquid desiccant
system.

Fig. 9.2 depicts the comparison of the air pressure drop from the experimental
data and the air pressure drop model. It is evident that the predicted values from the air
pressure drop model closely match the experimental data with most of the discrepancies
within £20%.
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9.3 Parametric study and design characterization

A parametric study of the dimensional parameters was carried to clarify the effect
of the length, the height, and the width on the heat and mass transfer performance, air
pressure drop, and wetting ratio. In these parametric studies, the dimension of the non-
variable parameters is set at 0.4 m for the entire range of the variable dimension.
Simulation were performed for 3 values of inlet solution flow rates (0.06 kg-s™!, 0.34 kg-s"
1,0.64 kg-s!) as presented in Table 9.1. These solution flow rates represent low wetting
(WR =28%, Res = 1.12), average wetting (WR = 57%, Res = 5.88), and complete wetting
(WR = 100%, Res = 10.92) on the actual size of the 3-fluid gas-liquid contactor. The
results help to understand the design and performance characteristics of the 3-fluid

contactor.

Table 9.1 Inlet conditions of the parametric study.

Inlet conditions  Parameter Value
Temperature T, 34°C

Air Humidity ratio x, 19.5 g-kg(DA)!
Mass flow rate 71, 0.033 kg-s!
Temperature T 17.5

Solution IL mass fraction Xi. ~ 75%

Mass flow rate nis

0.06, 0.34, 0.64 kg's!

Cooling water

Temperature 7Tcw
Mass flow rate #icw

17.0°C
0.1 kg's™
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9.3.1. Effect of the gas-liquid contactor length

Fig. 9.3(a) shows the effect of the contactor length on the outlet air humidity ratio.
The outlet air humidity ratio decreases as the length of the contactor increases. This is
due to the increase in contactor area and contact time between the air and solution even
though the wetting ratio decreases as shown in Fig. 9.3(c). At solution mass flow rate of
0.64 kg's™!, the trend is flat because the solution flow rate is too large that the outlet air
humidity ratio reaches the equilibrium humidity ratio of the IL solution.

In contrast with the outlet air humidity ratio, the air pressure drop increases as the
length increases as depicted in Fig. 9.3(b). The increase in air pressure drop is due to the
longer air flow path and is a common phenomenon for heat exchangers. It can be observed
that at approximately L = 0.24 m, the air pressure drop of the higher solution flow rates
is smaller compared to those of the lower solution flow rates. This is because as the
solution flow rate increases, the air mass flow rate decreases due to increasing
dehumidification performance (Fig. 9.3(a)). As a result, the effective air velocity and
Reynolds number decrease, which decreases the air pressure drop. Therefore, balancing
the contrasting effect of the length on the air humidity ratio and pressure drop is necessary
for the proper selection of the gas-liquid contactor length.

As mentioned earlier, the wetting ratio (Fig. 9.3(c)) decreases as the length of the
contactor increases. This is because the total solution, which is set constant, is distributed
to a wider area as the length increases which reduces the wetting ratio.
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Fig. 9.3 Effect of the contactor length on the: (a) outlet air humidity ratio, (b) air
pressure drop, and (c) wetting ratio.

9.3.2.  Effect of the gas-liquid contactor height

Fig. 9.4(a) shows the effect of the contactor height on the outlet air humidity ratio.
The outlet air humidity ratio decreases as the height of the contactor increases. Again,
this can be explained by the increase in the contactor area and contact time between the
air and solution. It can be observed that the effect of the contactor height on the outlet
humidity ratio is more significant at low solution flow rate compared to the contactor
length.
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Contrary to the effect of the length, the air pressure drop decreases as the height
increases (Fig. 9.4(b)). The improvement in both dehumidification and pressure drop
performances become a double advantage for the height and desirable for improving the
system performance.

On the other hand, the wetting ratio (Fig. 9.4(c)) is not significantly affected by
the increase in height as the top area of the contactor is unchanged.
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Fig. 9.4 Effect of the contactor height on the: a) outlet air humidity ratio, (b) air pressure
drop, and (c) wetting ratio.

9.3.3. Effect of the gas-liquid contactor width

Fig. 9.5(a) shows the effect of the contactor width on the outlet air humidity ratio.
Dehumidification improves due to the increase in the contact area.

Similar to the effect of the height, the air pressure drop (Fig. 9.5(b)) decreases as
the width increases. This is due to the increase of the entrance area of the air which is
inversely proportional to the pressure drop.

On the other hand, due to the increase in the top area of the contactor where the

solution enters, the wetting ratio (Fig. 9.5(c)) decreases as the width of the contactor
increases.
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Fig. 9.5 Effect of the contactor width on the: a) outlet air humidity ratio, (b) air pressure
drop, and (c) wetting ratio.

9.4  Optimization

As discussed in Chapter 1, limited studies have been published on the
performance optimization of liquid desiccant systems. Optimization of the gas-liquid
contactor is a complex process that involves the selection of the objective function,
significant design parameters, and constraint conditions. Also, a proper selection of the
optimization technique has to be undertaken as some optimization algorithms can give a
local optimum value instead of the global optimum value. In this optimization endeavor,
the structure of the gas-liquid contactor is optimized by manipulating the relevant design

parameters while subjecting to the specific system constraints explained in detail in the
following sections.

9.4.1. Objective function

The objective of the optimization is to minimize the volume of the gas-liquid
contactor. The volume is chosen as the objective of the optimization because by

minimizing the volume, the principal cost of the contactor can be minimized, and system
miniaturization can be realized.

The following equation represents the objective function:

V=LxXWXxXxH (m—3) (91)

where " denotes the volume of the gas-liquid contactor and L (m), W (m), and H (m) are
the length, width, and height of the contactor, respectively.
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9.4.2. Design parameters

The structural parameters for the fin-tube contactor are listed in Table 8.1. In
accordance with the objective function, the length, the width, and the height are
automatically selected as design parameters as they directly affect the objective function,
while the other geometrical parameters are assumed constant.

Table 9.2 summarizes the design parameters and their search ranges. The lower
bound of the search range is the smallest dimension of the original 3-fluid gas-liquid
contactor and the upper bound is the largest dimension. The design parameters are
manipulated by increasing or decreasing the number of control volumes in search of the
set of dimensions that satisfies both the objective function and constraints.

Table 9.2 Search range of the design parameters.
Design parameter  Search range

L 0.1~0.4 m
w 0.1~0.4 m
H 0.1~0.4 m

9.4.3. Constraint conditions

Many optimal design problems contain both or either of the structural dimensions
and performance constraints. In the optimization case here, the dimensional constraints
are already considered along with the definition of the design parameters. On the other
hand, the performance constraints are usually a trade-off between the output and the
power consumption. Optimization problems containing two or more constraint conditions
are called “multiconstraint optimization”.

The main purpose of liquid desiccant air conditioning systems is to produce, in an
efficient way, a comfortable air humidity ratio that would be otherwise be delivered by
the conventional vapor compression system inefficiently. Therefore, the outlet air
humidity ratio constitutes to be an important constraint condition, which is represented
by the inequality as follows:

xog < xog,exp (9.2)

In the miniaturization of the gas-liquid contactor, when the dimensions are
decreased, the air pressure drop increases due to the constriction of the flow area. If the
air pressure drop increases, the fan power consumption also increases, and the purpose of
the liquid desiccant system to minimize the energy consumption is compromised. To
prevent the conflicting effect of the component miniaturization from compromising the
performance of the system, the air pressure drop can be regulated according to the specific
limitation of the system. This is given by the inequality constraint below.
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APgp < APgp exp (9.3)

9.4.4. Optimization method

Genetic Algorithm (GA) was employed to implement the optimization problem.
Genetic algorithms are pseudo-stochastic search methods which combine the theories of
natural selection and genetics. They are pseudo-stochastic in the sense that the
mechanisms of random selection and survival of the fittest are both exploited to select the
initial and new set of populations. The most basic GA was developed by John Holland
with the help of his colleagues and students, most notably David Goldberg. From then,
many improvements have already been made by other researchers including the vector
evaluated GA (VEGA) of Schaffer and the non-dominated sorting GA I and IT (NSGA-I
and NSGA-II) of Srinivas and Deb'?) and Deb et al.!??, respectively.

Applications of GA in thermal systems optimization have suggested a robust
ability to successfully predict the optimal value of the objective function!?¥). Specifically,
GA has been used to geometrically optimize heat exchangers allowing them to perform
more efficiently. In liquid desiccant systems, the application of GA for optimization is
limited. Among these are the optimization of the energy and economic performance with
the solar collector area and heating water flow rate as operation parameters of Qi et al.*¥,
and the minimization of energy consumption with inlet conditions as control parameters
of Ge et al.®®, Zhang et al.>”, and Wang et al.*” These studies have focused on the
minimization of the energy consumption. There is no study carried out on optimizing the
size and shape of the contactor, which will not only realize possible savings in energy
consumption but also savings in the capital cost of producing new gas-liquid contactors.
Therefore, this optimization study applies the power of GA to search for the optimal
dimensions of the gas-liquid contactor while satisfying the specified system constraints.

Fig. 9.6 illustrates the flow chart of the GA-based optimization of the contactor
size. The first step of the optimization process is to initialize the input conditions for the
liquid desiccant system. Next, the population size and maximum generation are defined.
The population size describes the maximum array of individuals in the data structure Then,
the boundary conditions or the search ranges for the design parameters are declared. The
GA creates a population as an array of individuals or chromosomes, based on the number
of population size and from the lower and upper bound of the design parameters, for each
generation until the maximum generation is reached. The population is composed of sets
of chromosomes, each set is a potential solution to the design problem. Each chromosome
is represented by a string of genes that hold the characteristics of that chromosome. The
initial population is randomly generated from the search range and are assigned initial
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fitness values of zero. Next, the evaluation operator evaluates each set of solutions by
implementing the objective function and assigning the result as the new fitness value of
each set.

Then, the for-loop structure is executed, and the condition inside the structure is
evaluated. The next step in the flow chart is executed if the current number of generations
is less than the maximum generation; otherwise, the program terminates. Next, the output
results are calculated by implementing the mathematical model 3-fluid gas-liquid
contactor presented in Chapter 7. Then, the if-else statement, which contains the
constraint conditions, is executed. If the constraints are satisfied, the program proceeds to
write the results from the current calculation; otherwise, the procedure after the input-
output stream is implemented. The next three procedures are called the GA operators and
are responsible for the reproduction of a pool of offspring which become parents of the
next generation. The selection operator chooses parents from the current population
which mate and combine to create off-springs. In the optimization case here, the Rank
Selection method is implemented to select a pair of parents for reproduction. The lower
the fitness value of the parent, the higher its possibility of being selected. The crossover
operator mates the selected pairs of parents according to the defined crossover probability.
The One Point Crossover method is used to randomly select a crossover point wherein
the parents create off-springs by exchanging their genetic material on one side of the
crossover point. The mutation operator randomly selects one or more chromosomes in a
solution set and randomly modifies one or more genes replacing the selected
chromosomes with different values. Mutation helps maintain diversity within the
population and prevent premature convergence to the local optima. The combined effect
of selection, crossover, and mutation lead to a higher possibility of convergence to the
global solution. The new generation of population is evaluated and assigned with fitness
values for the selection process of the next generation. Lastly, the number of generations
1s updated based on the increment, and the flow returns to the condition statement. The
termination condition is evaluated, and the process repeats as long as the condition
remains true.
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Fig. 9.6 Flow chart of the GA-based optimization of the contactor size.
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9.5 Optimization results
9.5.1 Contactor size optimization at various air flow rates

The air flow rate is an important parameter in estimating the ventilation
requirement of air-conditioned space. As the air flow rate affects the air pressure drop and
dehumidification performance, it is necessary to know the optimal volume for a required
ventilation rate, outlet air humidity ratio, and air pressure drop. Hence, an optimization
study was carried out to determine the optimum size of the 3-fluid contactor for a required
outlet air humidity ratio and air pressure drop.

Table 9.3 summarizes the conditions for the contactor size optimization at various
inlet air flow rates. The ambient air condition during summer in Tokyo was selected as
the inlet air condition. The air mass flow rate is varied starting from 0.011 kg-s' (0.5 m-s’
1) until the value that satisfies the outlet air humidity ratio and air pressure drop constraints
within the range of the dimensions (0.1~0.4 m).

Table 9.3 Conditions for the contactor size optimization at various air flow rates.

Conditions Parameter Value
Temperature T, 34°C

Inlet air Humidity ratio x, 19.5 g'kg(DA)™!
Mass flow rate i1, 0.011~0.11 kg-s™!
Temperature T 17.5

Inlet solution IL mass fraction Xi. 75%
Mass flow rate 7 0.06 kg-s™!

Inlet cooling water Temperature 7ew 17.0°C
Mass flow rate ricw 0.1 kg-s’!

: Outlet air humidity ratio xoa ~ 12.59 g-kg(DA)!

Constraints Air pressure drop 4P, 23.15 Pa
Population size PS 2000

GA Maximum generation MG 100
Crossover rate CR 0.9
Mutation rate MR 0.1

Fig. 9.7(a) shows the calculation results for the outlet air humidity ratio at various
inlet air flow rates. It can be observed that the results are slightly lower at smaller air flow
rates compared to those at higher air flow rates. Since the solution flow rate is set constant,
the air to solution ratio is smaller at low flow rates resulting in slightly lower outlet air
humidity ratio.

Fig. 9.7(b) presents the results for air pressure drop at various inlet air flow rates.
In this optimization problem, the factors heavily affecting the pressure drop is the air flow
rate and the air entrance area. The effect of the solution film thickness is not significant
in this calculation since the solution flow rate is set at a constant value. Therefore, the
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results for air pressure drop is generally a trade-off between increasing air flow rate and
increasing air entrance area. At low flow rates, this trade-off balances each other resulting
in stable values of the air pressure drop. As depicted in Fig. 9.7 (e), the selection pattern
of the dimensions at low inlet air flow rates is organized (the height is the only dimension
changing) compared to higher inlet air flow rates. In this regime, the air pressure drop
should increase as the inlet air flow rate increases but the increase in height almost equally
balances this effect. At higher inlet air flow rates, the air pressure drop behavior becomes
random as the dimension pattern becomes random relative to that at lower air flow rates.

Fig. 9.7(c) depicts the optimal volume of the 3-fluid gas-liquid contactor at
various inlet air flow rates. The plot shows all the results that satisfied the outlet air
humidity ratio and air pressure drop constraints for the entire range of the dimensions.
The solid line represents the volume of the original 3-fluid gas-liquid contactor, which is
equal to 0.008 m?. This means that if the original volume of the 3-fluid gas-liquid
contactor is taken as a constraint, the other constraints will only be satisfied until an inlet
air flow rate of 0.034 kg-s' (1.5 m-s™!), which is the same condition as the original size
of the contactor. The resulting optimal size of the contactor is exactly the original size of
the 3-fluid gas-liquid contactor (L=0.2 m, H=0.4 m, W=0.1 m, ¥=0.008 m®), which
suggests that the current structure and size of the 3-fluid gas-liquid contactor is optimal.

Fig. 9.7(d) shows the resulting wetting ratio from the optimal volume of the 3-
fluid gas-liquid contactor at various inlet air flow rates. The graphs depict that the wetting
ratio roughly stays the same at lower air flow rates before gradually decreasing as the
inlet air flow rate increases. In the same region where the wetting ratio remains unchanged,
the length and the width of the contactor are also unchanged, which means that the
solution entrance area is constant at this range; hence, the wetting ratio is not significantly
affected.

Fig. 9.7(e) shows the selection pattern of the gas-liquid contactor dimensions at
various inlet air flow rates. The behavior of the dimension selection is important as it
gives an idea of how the other parameter will behave. In fact, the dimension pattern has
already been used to explain the behavior of the air pressure drop and wetting ratio since
they are significantly affected by the structure of the gas-liquid contactor. As already
mentioned, the selection pattern for the dimensions is more organized at low inlet air flow
rates compared to higher air flow rates. The selection follows a pattern wherein the height
is increased first followed by the width, and lastly by the length. This behavior is
consistent with the design characteristics from the parametric study and both results
corroborate each other. To recall, both change in height and width has a double advantage
to the dehumidification performance and air pressure drop.
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Fig. 9.7(a) Outlet air humidity ratio, (b) air pressure drop, (¢) minimum volume, (d)
wetting ratio, and (e) dimension pattern at varying inlet air flow rate.

9.5.2  Contactor size optimization at various inlet air humidity ratio

The applicability of the study can be widened if the optimal size of the gas-liquid
contactor is known at various inlet air humidity ratio. The results can be used as a guide
in determining the optimal size of the 3-fluid gas-liquid contactor for various climatic
regions where the ambient air humidity ratio is lower or higher compared to the ambient
condition in Tokyo.

Table 9.4 presents the conditions for the contactor size optimization at various
inlet air humidity ratio. The selected range for the inlet air humidity ratio is from 17 to 27
g-kg(DA)!. This corresponds to a relative humidity of 50 to 80% relative to the standard
ambient humidity ratio during summer in Tokyo. The inlet air flow rate of 0.033 kg-s™
(1.5 m-s™) is for the ventilation rate of medium-size office space.

Table 9.4 Conditions for volume optimization at various inlet air humidity ratio

Conditions Parameter Value
Temperature 7T 34°C
Inlet air Humidity ratio x, 17~27 g'kg(DA)!
Mass flow rate 71, 0.033 kg-s™!
Temperature 75 17.5
Inlet solution IL mass fraction X, 75%
Mass flow rate 7 0.06 kg-s™!
Inlet cooling water Temperature Tew 17.0°C
Mass flow rate ricw 0.1 kg-s™!
Constraints Outlet air humidity ratio xoa ~ 12.59 g-kg(DA)!
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Air pressure drop 4P, 23.15 Pa

Population size PS 2000
GA Maximum generation MG 100

Crossover rate CR 0.9

Mutation rate MR 0.1

Fig. 9.8(a) shows the results for the outlet air humidity ratio at various inlet air
humidity ratio. The results are close to the value of the outlet air humidity ratio constraint
for the entire range of the inlet air humidity ratio. Fig. 9.8(b) depicts the calculation results
for the air pressure drop at various inlet air humidity ratio. Some air pressure drop results
are slightly farther from the value of the constraint when compared to the results of the
outlet air humidity ratio.

Fig. 9.8(c) graphs the optimal size of the 3-fluid gas-liquid contactor at various
inlet air humidity ratio. The results suggest that if the original size of the 3-fluid gas-
liquid contactor is taken as constraint, the results would be limited until the value of 19.5
g-kg(DA)™! for the inlet air humidity ratio. This value results in an optimal size of 0.008
m?, which is equal to the original size of the 3-fluid gas-liquid contactor. In order to satisfy
the outlet humidity ratio constraint at inlet air humidity ratio greater than 19.5 g-kg(DA)
!, larger sizes of the 3-fluid gas-liquid contactor are necessary.

Fig. 9.8(d) shows the behavior of the wetting ratio for the optimal size of the gas-
liquid contactor at various inlet air humidity ratio. The wetting ratio decreases as the inlet
condition of the air humidity ratio increases. This is due to the increasing volume
requirement for the gas-liquid contactor in order to satisfy the outlet humidity ratio
constraint as the inlet air humidity ratio increases.
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Fig. 9.8(a) Outlet air humidity ratio, (b) air pressure drop, (¢) minimum volume, and (d)
wetting ratio at varying inlet air humidity ratio.

9.6 Advantage of the 3-fluid gas-liquid contactor

A performance comparison was carried out to clarify the advantages of the 3-fluid
gas-liquid contactor against a conventional 2-fluid gas-liquid contactor. Using the same
condition for the inlet air and IL inlet solution, performance calculations were carried out
from the gas-liquid contactor with cooling water (3-fluid) and without cooling water (2-
fluid).

Table 9.5 Conditions for the performance calculation of a 3-fluid and a conventional 2-
fluid gas-liquid contactor.

Conditions Parameter 3-fluid 2-fluid
Temperature T, 34°C 34°C

Inlet air Humidity ratio x. 19.5 g'kg(DA)!'  19.5 g'kg(DA)!
Mass flow rate i, 0.033 kg-s™! 0.033 kg-s™!
Temperature 7T 17.5 17.5

Inlet solution IL mass fraction Xi. 75% 75%
Mass flow rate ris 0.06 kg-s™! 0.06 kg-s™!

Inlet cooling water Temperature Tew 17.0°C i
Mass flow rate ey 0.1 kg-s™! -
Population size PS 2000 2000

GA Maximum generation MG 100 100
Crossover rate CR 0.9 0.9
Mutation rate MR 0.1 0.1

Fig. 9.9(a) compares the performance of the 3-fluid and 2-fluid gas-liquid
contactor. In both devices, the volume requirement increases as the required outlet air
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humidity ratio become smaller (severe). The 3-fluid gas-liquid can reach an outlet air
humidity ratio of about 8.4 g-kg(DA)! at the largest value of the range for the dimensions.
On the other hand, the smallest outlet air humidity achieved by the 2-fluid gas-liquid
contactor is only 9.9 g-kg(DA)!. From these results, the superiority of the 3-fluid gas-
liquid contactor over a conventional 2-fluid gas-liquid contactor is clarified.

Compared to the size of the 2-fluid gas-liquid contactor that achieved an outlet air
humidity ratio of 9.9 g-kg(DA)™!, the 3-fluid gas-liquid can achieve the same value for
the outlet air humidity ratio at a smaller size. A size reduction of about 56% can be
realized when the 3-fluid gas-liquid contactor is used to achieve the same outlet air
humidity ratio at the listed operating conditions.
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Fig. 9.9 Performance comparison of 3-fluid and conventional 2-fluid (no cooling water)
gas-liquid contactor.
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10. Conclusions and future plan

The use of air conditioning systems for thermal comfort has been demonstrated to
be a necessity due to the rising daily temperatures not only in subtropical regions but also
in temperate zones. Generally, air conditioning systems employing the vapor compression
cycle have been widely used to accomplish both cooling and dehumidification. However,
the method of dehumidifying the air using the vapor compression cycle has been proven
experimentally and theoretically by many researchers to be energy inefficient due to the
utilization of both deep cooling to condense the water from the air. The potential of using
liquid desiccant air conditioning systems has been suggested as an alternative to the vapor
compression system because of their ability to precisely dehumidify the air in an energy-
efficient way. This innovative technology uses the hygroscopic properties of liquid
desiccants to separate the water vapor from the gas mixture. One problem in modeling
liquid desiccant air conditioning systems is the complex heat, mass, and momentum
phenomena occurring inside the gas-liquid contactor which are sometimes not clarified
especially for new pairs of liquid desiccant and gas-liquid contactor. Hence, mathematical
modeling, control strategy development, and optimization of these systems are necessary
research tasks to improve the design and performance of these systems.

10.1 Conclusions

In this research, a 3-fluid liquid desiccant air conditioning system has been
experimentally and theoretically investigated. This system incorporates a 3-fluid gas-
liquid contactor, which incorporates cooling water to partially remove the heat of
condensation absorbed by the solution. However, the structure of the 3-fluid gas-liquid
contactor and the transfer phenomena occurring inside become highly complex.
Moreover, a newly developed ionic liquid desiccant is utilized and its physical properties
along with its wetting characteristics need to be clarified.

In line with the objectives of this research, the conclusions are described as
follows:

The 3-fluid gas-liquid contactor was modeled by incorporating a partial wetting
equation for the estimation of the wetting ratio. The partial wetting model was developed
applying the principle of minimum energy and minimum wetting rates. The 3-fluid gas-
liquid contactor model was validated by comparing the predicted results from the
mathematical model with the experimental data. A parametric study was carried out to
investigate the effect of the dimensions on the performance of the gas-liquid contactor. It
was clarified that increasing the length, the height, or the width decreases the outlet air
humidity ratio due to the increase in transfer area and contact time. On the other hand,
increasing the length of the contactor increases the air pressure drop while increasing both
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the height and the width decreases the air pressure drop. The wetting ratio decreases as
the length and width of the contactor increase due to a decrease in solution flow rate per
unit area. On the other hand, change in the height of the contactor does not significantly
affect the wetting ratio since the top area is not changed and the solution flow rate per
unit area remains the same.

Contactor size optimization of the 3-fluid gas-liquid contactor was carried out to
determine the optimal size of the gas-liquid contactor at various conditions. The optimal
size of the 3-fluid gas-liquid contactor was determined at various air flow rates and
various inlet air humidity ratio. The advantage of the 3-fluid gas-liquid contactor against
a conventional 2-fluid gas-liquid contactor was clarified. The results show the superiority
of 3-fluid gas-liquid contactors over conventional 2-fluid gas-liquid contactors by
achieving lower outlet air humidity ratio at the smallest volume from the range of the
dimensions. A possible reduction in size of more than 50% can be achieved by the 3-fluid
gas-liquid contactor compared to a conventional 2-fluid contactor for a standard air
conditioning requirement during summer in Tokyo.

10.2  Future plan

Many different tasks can be done for the continuation of this research study. These
tasks include:

1. Further experimentation in order to gather a solid experimental database.

2. Carry out more optimization problems applying other relevant parameters and
constraints.

3. System modeling employing the mathematical model of the 3-fluid gas-liquid
contactor.
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Appendix
1. Packed bed gas-liquid contactor model

The packed bed gas-liquid contactor presented in Fig. 1.1(a) is divided into
differential control elements as shown in Fig. 1.1(b). Here, the solution refers to the
mixture of water and lithium chloride (LiCl).

Solution

G X T

solution

Y :T
: Differential 1
1 control ‘dy

(a) (b)

Fig. 1.1 (a) Structured packed bed and (b) differential control element for the packed
bed.

1.1  Simplified geometry for the air channel

Fig. 1.2 illustrates the geometry of the air channel inside the packed bed. The
actual geometry (Fig. 1.2(1)) is bell-shaped but to simplify the calculation for the
hydraulic diameter, a triangular geometry (Fig. 1.2(2)) for the air channel is assumed.

Air channel

A

(1) Actual geometry
- Air channel
WA

G Jh

Iy
(2) Simplified geometry
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Fig. 1.2 Illustration of the: (1) actual geometry and (2) simplified geometry of air
channel inside the structured packed bed.

1.2  Assumptions

The following were adopted as simplifying assumptions for the mathematical
analysis of the adiabatic liquid desiccant air conditioning system:
(a) Transfer flow is steady-state and one-dimensional.
(b) Heat and mass transfer is between the bulk air and the bulk solution.
(c) The flow of the solution is laminar, non-wavy, and fully developed.
(d) The packed bed is completely wetted by the aqueous LiCl.
(e) Thermodynamic equilibrium exists, and no shear force is acting on the gas-liquid
interface.
(f) Mass transport across the falling film is by diffusion only, mass transfer by convection
is not considered.
(g) There is no chemical reaction and viscous dissipation.
(h) Dufour and Soret effects are neglected.

1.3  Governing equations

Fig. 1.3 shows the concentration profiles of the water species in the air and the
solution. Since mass transfer is in a direction of decreasing concentration, water species
in the figure diffuses from the air to the LiCl solution. This condition depicts the mass
transport in a dehumidification process wherein the air is in a higher vapor pressure
compared with the solution. In the regeneration process, the transfer flow is reversed as
the solution is at a higher temperature resulting in higher vapor pressure compared with
the air.
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Fig. 1.3 Concentration profiles of water species in the air and solution.

The governing equations for both fluids are derived applying the previously
specified assumptions, the directions of the contacting fluids in Fig. 1.1, and the one-
dimensional transfer flow illustrated in Fig. 1.3. These conservation equations are first
expressed in semi-discrete partial differential equations and are later fully discretized by
applying the forward difference method.

Governing equations for the air

The mass of the dry air is conserved in the flow direction and is expressed in
conservation form as

0G
gb:()

ax (kg'm?-s)  (L.1)

where Ggb indicates the mass flux of the gas bulk.

The moist air conservation of mass is the equality between the change in water
mass fraction in the x direction and the mass transfer of water vapor from the air to the
solution, that is

axgb .
Gep 5 = —Jgb-1bCsadX (kgm?st)  (1.2)

where xgb (kg-kg(DA)!) is the water mass fraction of the gas bulk and jgp.1 is the diffusion
mass flux of water vapor from the gas bulk to the liquid bulk defined in accordance with
Fick’s law as

Jgb-1b = P gb-1b(Xgb — Xge) (kgm?-st)  (1.3)

where /im gb-o1 (kg'm-s) denotes the overall mass transfer coefficient, which is discussed
in Section 1.5. Here, xge 1s the equilibrium water mass fraction of the liquid bulk relative
to the gas bulk.

The conservation of energy for the air is the balance between the change in energy
in the flow direction and the sensible and latent heat transports from the gas bulk to the
liquid bulk, expressed in equation form as

Ohgy,

5y ~(ggb-1b + jgb-1bhc)Csadx kW-m?) (1.4
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where hg, (kJ-kg!) represents the enthalpy of the gas bulk and k. is the enthalpy of
condensation for the dehumidification process, which becomes the enthalpy of
evaporation Ay for the regeneration process.

geb-b Indicates the conductive heat transfer from the gas bulk to the liquid bulk and is
derived from the Fourier’s law as

Agb-1b = Angb-1(Tgb — Tib) kW-m?)  (1.5)

where /b (kW m2-K!) is the heat transfer coefficient from the gas bulk to the liquid
bulk and is treated in Section 1.5.

T (°C) and Tp denote the gas and liquid bulk temperatures, respectively.
Governing equations for the aqueous lithium chloride

The conservation of mass for the LiCl solution is the change in solution mass flux
in the y direction equated to the water vapor diffused to the solution.

Gy
By = Jjgb-1bCsady (kgm?s!)  (1.6)

Here, Gip represents the mass flux of the liquid bulk.

For the LiCl, assuming no leak or carryover, the mass is conserved inside the
system,
d(GpXp) 0

dy (kgm?sh)  (1.7)

where X (kg(IL) kg(sol)!) is the LiCl mass fraction in the solution.

The conservation of energy for the solution is the balance between the change in
energy in the flow direction and the conductive and diffusive transports from the air to
the solution, written as

9(GpX1p)

by (dgb-1b + Jgb-1nhc)Csadx kW-m2K") (1.8)
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?x Solution

Fig. 1.4 Illustration of the liquid film falling on the inclined corrugated sheets of the
packed bed.

Fig. 1.4 illustrates the falling liquid film on the air channel of the packed bed.
Consider the left side illustration of the liquid film, the conservation of momentum for
the liquid film falling on the inclined surface of the corrugated sheet is the balance
between the viscous force and the gravity force acting on the angular direction,

0% g

H 972 sing (kg'm?s?)  (1.9)

where ui (Pas), w1 (m-s™), and g denote the dynamic viscosity of the liquid, the velocity
of the liquid, and the standard gravitational acceleration, respectively.

Integrating the momentum equation results to

oy  pg

ay pising

TG s™) (1.10)

Applying the first boundary condition for the momentum conservation, u1 =0 at y = 0
(liquid-solid interface), gives the expression for ci

o = %Y 5
17 ysing ! (s (1.11)

Now, integrating the first derivative of the momentum equation,

ng v

Tsing 2 TaYte ms!)  (1.12)

u =
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Substituting the expression for ¢1 and the second boundary condition for the momentum
conservation, oui/0y = 0 at y = d1 (gas-liquid interface), results to ¢2 = 0. Thus, the
expression for the velocity profile of the liquid film is

P9 (s y 1
1= sing\%Y T2 m-s!)  (1.13)

1.4 Initial conditions

Initial conditions are important to solve the system of equations organized in the
previous section. The initial or input conditions depend on the experimental conditions,
which are listed in mathematical form as follows:

At x =0 (air entry)

Tgn = Tig, Xgb = Xig, Ugh = Uig (1.14)

where Tig, Xig, Ugb (m-s™), and ui, are the inlet gas temperature, the inlet gas water mass
fraction, the gas bulk velocity, and the inlet gas velocity, respectively.
Aty =0 (LiCl solution entry)
T, =Ty, Gip = Gy, Xip = Xin (1.15)

where Ti, Gi, and Xj are the inlet liquid temperature, the inlet liquid mass flux, and the
inlet liquid (LiCl) mass fraction, respectively.

1.5 Heat and mass transfer coefficients

The heat and mass transfer coefficients are necessary to solve the systems of
equations, specifically the heat and mass transfers inside the packed bed. These heat and
mass transfer coefficients can be correlated to a dimensionless number, which involves
that corresponding transfer coefficient itself.

Gas-side heat and mass transfer coefficients

The heat transfer coefficient from the gas bulk to the gas-liquid interface /n gb-g1 1S
correlated to the Nusselt number as

hy,gb—g19n,gb

Nugp, = f(Regy, Prgy) = (1.16)

Agh
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where Nugb, Regp, and Prg, denote the Nusselt number, the Reynolds number, and the
Prandtl number of the gas bulk, respectively. g (kW-m™!-K™!) is the thermal conductivity
of the gas bulk determined in accordance with the ASHRAE Handbook of Fundamentals®).

dhgb 1s the hydraulic diameter of the gas bulk or the characteristic length in general term
and is estimated by considering the simplified triangular geometry of the air channel in
Fig. 1.2 and the liquid film on the inclined surface of the corrugated sheet shown.

_ 4‘Aac,c _ 4[lb(h - t)/z - 6],6ls]
dngp =5 = 20, (kW-m?2K") (1.17)

ac,w

where Aacc and Pac,w (m) represent the cross-sectional area and the wetted perimeter of
the air channel, respectively.

To derive the expression for the film thickness flowing on the inclined sheet of
the packed bed 016, the continuity of /7 (mass flow rate of the liquid film per unit length
of the contactor) across the thickness of the film is taken

S10 2 S0 2
' Py y
rzf wd =—f (5 ——>dz 2!
1 . pruay w ) L8y — (kgm™-s7) (1.18)

Integrating the above equation gives the expression for the film thickness

5 <3u1F1 sin 9>1/ 3
o=\——= 1.19
16 ptg (m) ( )
where /7 is described as
I m G LW GWil,
= —_— = = -1, -1
V7L T e/l nelg (kgm™-s7)  (1.20)

On the other hand, the mass transfer coefficient from the gas bulk to the gas-liquid
interface /imgb-g1 1s correlated to the Sherwood number as

m,gb—gldh,gb

Shgp, = f(Regp, Scap) "
= e B C =
gb gb» ©%gb PebDeb (1.21)

where Scgb, peb (kg'm™), and Dgp (m?-s) indicate the Schmidt number, the density, and
the diffusivity coefficient of the gas bulk, respectively, and are estimated based on
ASHRAEY.

Liquid-side heat and mass transfer coefficients

154



The liquid-side heat and mass transfer coefficients are derived in the same manner
as the gas-side transfer coefficients were derived but applying the liquid-side physical
properties.

The correlation of the heat transfer coefficient from the gas-liquid interface to the
liquid bulk 7 g.ib with the Nusselt number is written as

hn,g1-1b61
Nuy, = f(Rep, Pryp) = i— (1.22)
Ib

where Num, Remw, and Pryp are the Nusselt number, the Reynolds number, and the Prandtl
number of the liquid bulk, respectively. A, is the thermal conductivity of the liquid bulk
and is calculated according to the formulations developed by Conde®”.

The mass transfer coefficient from the gas-liquid interface to the liquid bulk /i g1-
1b is correlated as

P gl-1001

Shy, = f(Rey,, Scpp) =
b = f (Rep, Scyp oD

(1.23)

where Sci, piv , and Dy, denote the Schmidt number, the density, and the mass diffusivity
of the liquid bulk, respectively, and are estimated from the formulations of Conde!!?.

Overall heat and mass transfer coefficients

There are two methods to describe interphase transport rates. One method is to
define the transfer rate for each phase by determining the single-phase transfer coefficient
and the concentration of species at the interface of the two fluids together with the bulk
concentrations as suggested by the “Two-Film Theory” of Whitman'??. A simplification
in this approach is that the liquid film is non-wavy, and the film thickness is constant,
which is practically not the case with the falling film inside the inclined sheet of the
packed bed. The other method is to use the overall mass transfer coefficient, the water
concentration in the gas bulk, and the equivalent water concentration in the liquid bulk to
determine the overall mass transfer coefficient. Also, the solute concentration in the liquid
bulk and equivalent solute concentration in the gas bulk can be used instead of the species
concentration in the gas bulk and the equivalent species concentration in the liquid bulk,
respectively, for volatile solutes. These mass transfer principles apply equally to heat
transfer using the heat transfer analogs.

Consistent with the assumption that the heat and mass transfers are between the
bulk properties of the air and solution, the overall heat and mass transfer coefficients are
used to calculate the heat and mass transports. To help conceptualize and formulate the
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overall heat and mass transfer coefficients, an illustration of the equivalent circuits for the
heat and mass transfers between the air and solution is shown in Fig. 1.5.

xgl .
xgb Alr r____\\j LlCl
. ” solution
Ig

Interface -

Tgb 7:g
q—»o—A\N
1 1
hh,gb—gl hhg-1b
. Xgb Xgl Xge
j—» —AA—O——A—
1 1
hm,gb—gl hm,gl—lb

Fig. 1.5 Equivalent circuits for the heat and mass transfers between the air and solution.

Since the gas-side and liquid-side transfer resistances are in series and continuity
of heat and mass flux at the interface is assumed, the overall heat and mass transfer
coefficients can be determined by adding the single-phase resistances as follows:

1 1 1

Ahgb-1b  Phgb-gl  Mhgl-tb
dh,gb 6] (mZ'S'kW']) (124)

C2 p,.C3 C5p..Co
clxlgbRengrgb csApRe Prf

1 _ 1 4 1
hmgb-1b  Pmgb-gl  Pmgl-1b
dh,gb 61 (mZ'S'kg-l) (125)

C C C C
Clpgb ng Regi, chl3) CaP1p le Relg SCH;3
where c1 to ¢ are constants and are estimated by fitting the experimental results with the
above nonlinear equations of the heat and mass transfer coefficients.

1.6  Air pressure drop

The pressure drop is a necessary parameter in optimization studies of air
conditioning systems because it contributes to the power consumption of the system. To
determine the pressure loss of the air passing through the structured packed bed, the
relationship of the friction factor to the pressure drop is used and is defined as
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. (APgb/L)dh

pgbuéb,e (1.26)

where APy is the pressure drop of the gas bulk, which is usually presented as a pressure
drop per length of the contactor (APg/L) for easy comparison with other types of
contactors. ughe 1s the effective gas bulk velocity, which is determined from the mass
balance of the gas bulk entering and exiting the packed bed,

pgbugb,e (Aac,c,ls + Aac,c,45) 1
= pgbugb,e,lsAac,c,ls + pgbugb,e,45Aac,c,45 (kg's™) (1.27)

where Aacc.15 and Aacc 45 are the cross-sectional areas of the air channel for the sheets at

15° and 45° angles (Fig. 1.1), respectively. ugpe,15 and ughe 45 are the effective gas bulk
velocities flowing through the 15° and 45° angle sheets, which is estimated as follows:
ugb

gcos @

Ugb,e,06 = (m-s) (1.28)
where ¢ is the surface roughness of the packed bed and & (°) is the inclination angle of the
sheets.

To estimate the friction factor, an empirical correlation is developed using the
experimental data of the pressure drop.

1.7  Numerical analysis

In order for the mathematical model to be suitable for numerical computation, the
model specifically the governing equations need to be discretized. The derivatives are
approximated by finite difference method, specifically by forward (two-point) difference
method and since the system is modeled in a steady-state behavior, the packed bed is
partitioned only in the domain of space. Fig. 1.6 illustrates the differential control element
and stencil for the conservation equations of the adiabatic packed bed. The length (x-
direction) and the height (y-direction) are divided into uniformly spaced grids represented
by io, ***, in and jo, ‘-, jn, respectively. With these, the spatial derivatives from the
governing equations are transformed into finite differences and a system of algebraic
equations or discrete equations are derived which are implemented in a computer using a
programming language.
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Fig. 1.6 Illustration of the: (a) differential control element and (b) stencil for the
conservation equations of the adiabatic packed bed.
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2. Experiment and validation of the packed bed gas-liquid contactor
2.1 Experimental apparatus

A schematic diagram of the packed bed liquid desiccant air conditioning system
is shown in Fig. 2.1. The packed bed liquid desiccant system is divided into three sections:
the test section, the solution condition control section, and the air condition control section.

. LV} - !
Solution condition control section'

I )

Air condition control section

i :i | i
] 7 :
L L P (RD)| |
ppPT __ T L Tank | |
| | I % T i
i Packqd bed ii ]
A Do Cooling | T2 | |
] Dp) RD) water i
F L\/\I i
i_ Pump 2 (T i
i Hot water Steam Cooling water i
i I I A I I Blower i

Fig. 2.1 Schematic diagram of the packed bed liquid desiccant air conditioning system.

Fig. 2.2 presents a photo of the test section highlighting the main component of
the system, which is the structured packed bed contactor. The air and the solution flow
through the packed bed contactor in a crossflow configuration. This type of flow
configuration between the air and solution not only benefits from low air pumping head
but also from low solution particle carryover compared with counterflow configuration.
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Fig. 2.2 Photo of the test section.

Structured packed bed contactors are preferable compared with random packed
bed gas-liquid contactors due to their large surface area per unit volume, lower air
pressure drop, and organized geometrical configuration. Fig. 2.3 illustrates the
construction of the structured packed bed contactor. It is formed by packing together a
special kind of corrugated cellulose paper capable of undergoing repeated wetting and
drying cycles without performance degradation. The packed bed has a 460 m?-m™ surface
contact area (Csa) and a 45° by 15° flute angle configuration.

Solution
[ o B g
100 mm LB
/s
3
A Air
‘>‘
E §>§:I
o
o
g 7
45
F 7 mm
2‘74

200 mm
(3) Dimensions

(2) Sheet angles

Fig. 2.3 Construction of the structured packed bed gas-liquid contactor.

The liquid desiccant used in this system is lithium chloride (LiCl). It is mixed with
the right amount of water to get the required mass fraction of LiCl in the liquid desiccant
solution.
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Fig. 2.4 shows a photo of the LiCl solution distributor. The solution is distributed
by equally spaced holes located at the bottom of the box. From the top of the gas-liquid
contactor, the solution flows through the packed bed by gravity.

Fig. 2.4 Photo of the LiCl solution distributor.

3500

(b)

Fig. 2.5 Photo of the (a) air and (b) solution condition control sections.

A photo of the air condition control section is shown in Fig. 2.5(a). The control
section is composed of a blower, two heat exchangers (for heating and cooling), and a
Fig. 2.1 state into the test section.
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Fig. 2.5(b) displays a photo of the solution condition control section. It consists
two solution tanks (for concentrated and diluted LiCl solution), two pumps, and a heat
exchanger. This control section regulates and supplies the LiCl solution at the specified
condition.

Batch type experiments were carried out one after the other; that is regeneration
after the dehumidification process. The dehumidification process starts with Tank 2 filled
with approximately 500 li of concentrated LiCl solution and the control valve between
Tank 1 and Tank 2 closed. For the regeneration experiments, the flow control valve
between the two tanks is opened and the cooling water is replaced by heating water.

Table 1 lists the specifications of the measuring instruments used in the
experiments. The physical properties listed in the table, which are indicated in Fig. 2.1 as
measurement points represent the flow rate, temperature, dewpoint temperature, relative
density, and air pressure, respectively. The solution flow rate was evaluated by measuring
the rate of change of the solution weight at the dehumidifier outlet.

Table 1 Specifications of the measuring instruments.

Property Measuring instrument Accuracy

F (air)  Annubar flow meter

T (air) T type thermocouple, +0.5°C

T (sol)  PTI100 resistance temperature detectors +0.15°C

DP Cooled mirror dewpoint hygrometer +0.2°C

RD Specific gravity hydrometer +£0.001 [kg-m>]iiq-[kg ! m3Tm20
P Differential pressure gauge +1.5%

2.2 Experimental results

Table 2 and Table 3 summarize the experimental data from the dehumidification
and regeneration experiments, respectively. In both processes, the standard ambient air
condition during summer in Tokyo was used as the reference condition for the inlet air.
Two sets of experiments were carried out to investigate the effect of the air velocity and
the solution flow rate on the performance of the packed bed for both dehumidification
and regeneration processes.

Table 2 Dehumidification experimental data.

ugp Ty Tog Xig Xog Gi  Tu Tl Xi Xol hungbto  Amgb-b
Gi=5.0kg'm?s!

0.44 3398 2032 1949 7.12 496 17.07 21.07 29.74 2966 1134 11.28
0.54 3395 20.17 1940 8.06 5.04 17.02 2142 2988 2980 14.70 10.98
0.62 34.02 2086 1942 7.64 5.02 1699 2196 29.78 29.70 1521 14.35
0.72 34.04 21.17 19.46 7095 5.00 17.00 2239 30.03 2992 1728 1546
0.81 34.02 21.61 1954 8.23 5.13 1699 2271 29.81 29.69 18.22 16.82
091 34.06 21.70 1946 8.73 489 17.07 23.60 30.04 2991 2157 17.08
0.99 34.04 2240 1946 893 5.00 17.03 23.66 29.81 29.67 20.56 18.16
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1.09 3395 2229 19.54 9.14 492 17.01 2443 30.13 30.00 24.15 19.13
1.29 34.02 2292 1945 9.89 494 17.00 2471 29.18 29.02 2639 20.86
1.47 3392 2347 1945 1033 498 17.04 2524 29.19 2901 2835 2225
1.65 34.05 23.87 19.51 10.66 494 17.02 2597 2942 2923 3141 23.68
1.83 3394 2433 1955 11.09 483 17.00 26.73 29.80 29.53 3347 24.10
2.02 3395 2455 1944 1132 495 17.05 26.65 2934 2923 36.63 26.32
2.03 3395 2490 19.59 11.22 483 17.01 27.19 2986 29.63 3523 26.75
220 3397 2504 1950 11.71 478 17.06 27.71 29.60 2936 38.67 26.87
221 3400 2512 1943 1141 481 17.12 2799 2991 2967 3923 28.37
237 3399 2515 1947 11.83 478 1698 28.10 29.55 2930 4240 28.77
238 34.04 2539 1954 11.65 488 17.07 2837 2997 2972 4158 29.74
Ugp=1.5m-s"!
1.51 3393 2745 1946 13.07 194 17.02 31.67 29.67 2934 21.67 15.87
1.51 3396 2673 1945 12.66 208 1698 3144 2989 2956 2566 17.09
1.51 3396 2660 1945 1250 227 1690 30.64 29.67 2937 23.61 17.06
1.51 3399 2636 1944 1230 243 1694 3023 29.72 2946 24.04 17.54
1.51 3394 2583 1942 1189 269 17.03 2992 2985 2957 2591 18.52
1.51 34.00 2551 1954 1181 280 1695 29.63 2992 2965 27.11 18.72
1.51 3394 2550 1949 1163 296 17.01 29.35 30.07 2987 2621 18.85
1.51 34.02 2509 1956 11.58 310 1695 2898 2989 2963 27.61 19.18
1.51 34.02 2510 1948 11.34 321 17.00 2890 30.07 29.81 2721 19.63
1.50 3397 2473 19.52 11.01 361 1693 28.08 30.03 2990 26.96 20.33
1.51 34.03 2474 1948 11.02 395 1696 27.14 29.68 2939 2528 20.18
1.51 34.02 24.14 1955 10.70 424 17.01 26.78 2990 29.69 28.18 21.20
1.50 34.02 2426 1950 10.65 455 1697 2641 29.82 2951 2587 20.80
1.50 34.05 2325 1947 9.96 559 17.00 25.18 30.11 2994 2946 22.90
1.50 34.00 2330 19.55 9.70 6.09 17.01 2477 30.15 30.06 28.09 23.60
1.50 34.00 23.05 1940 9.61 6.66 17.02 2433 30.13 2994 2850 23.85
1.51 3398 2295 19.60 9.35 746 17.03 23.69 30.19 30.09 2829 24.75
1.51 3401 2241 1949 9.49 772 17.04 2348 29.77 29.64 30.83 24.65
1.50 34.05 2240 19.50 9.34 835 17.05 23.13 2990 29.82 2998 24.69
1.50 34.05 2244 1949 9.19 940 17.07 2259 2996 2983 28.78 2495
Table 3 Regeneration experimental data.
ugp Ty Tog Xig Xog Gi  Ta Tl Xi Xol hungbto  Amgb-b
Gi=5.0kg'm?-s!
041 3399 4755 19.51 30.18 5.06 4999 4756 30.05 30.11 12.84 6.99
0.50 34.00 4746 19.52 29.61 5.07 50.03 47.08 30.05 30.03 1576 17.92
0.55 34.05 4739 1950 2933 500 50.02 46.78 3001 30.08 17.73 8.56
0.63 3392 4729 1934 2856 500 50.04 46.67 3008 30.15 20.32 8.94
0.72 34.07 4698 1943 28.13 505 50.08 4633 30.07 30.15 22.00 9.68
0.78 3391 4695 1958 27.50 503 4996 4592 30.05 30.14 2431 9.36
0.87 3398 46.52 19.51 27.14 496 4994 4562 2998 2994 2552 10.11
0.99 34.05 4597 1946 2645 498 50.09 4511 30.09 30.19 2486 10.15
1.11 34.04 4551 19.60 2590 503 50.10 44.66 30.08 30.17 2541 10.20
1.15 34.02 46.06 19.54 26.18 496 50.06 4461 2995 2989 3192 11.56
1.28 34.01 4573 1942 2598 503 50.06 4449 2995 2986 34.12 13.02
1.31 3393 4565 19.59 2528 505 50.04 4426 30.14 3023 33.13 11.24
1.36 34.06 4550 19.62 2551 500 50.05 4406 2992 30.02 34.01 11.99
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1.51 34.06 4532 19.44 2487 510 50.05 4389 2993 30.04 3687 11.97
1.75 34.04 45.12 1949 24.63 5.03 50.06 4354 2991 30.03 4457 14.17
1.94 3406 44.68 19.46 24.18 5.07 50.02 43.18 29.88 30.00 4574 14.33
2.12 34.04 4435 19.54 2386 498 50.01 4284 2995 2988 48.04 14.96
2.30 34.07 44.10 1947 23.63 496 50.12 4257 2994 2992 50.23 15.70
Ugp=1.5m-s’!

1.51 34.03 4339 1951 2242 222 50.05 40.69 2979 2992 3331 7.85
1.51 33.09 4350 19.62 2262 236 50.02 4085 29.87 30.00 3331 8.19
1.51 34.02 43.77 19.64 2297 262 50.04 4125 2994 30.07 33.77 8.96
1.50 34.01 44.14 1942 23.11 282 50.06 4158 2991 30.05 3630 9.59
1.51 3398 4401 1951 2336 290 50.04 41.52 2990 30.03 3533 10.27
1.51 34.05 4447 1945 23.68 331 50.00 4226 2997 30.10 37.03 10.90
1.51 34.01 4455 1943 2400 343 4999 4258 30.05 30.19 38.80 12.62
1.52 34.06 4479 19.59 24.40 394 50.02 4291 2999 30.05 3758 12.31
1.50 34.00 44.84 1944 2438 4.12 49.99 43.11 2991 30.03 36.68 11.76
1.52 3396 4488 1941 2471 439 50.03 4355 30.04 30.16 37.06 13.30
1.53 3394 4516 19.40 2529 515 4997 4407 30.02 30.11 38.10 14.57
148 3399 4561 1959 2595 6.15 50.04 4467 2998 30.08 37.00 14.33
1.50 34.00 4563 1944 26.01 645 4997 4484 2987 2972 3787 14.50
1.48 3399 46.03 19.57 2638 7.03 50.05 4534 30.08 30.09 3898 14.99
1.48 34.08 4584 19.62 2635 7.11 49.92 4529 2995 2997 3781 1491
1.50 3398 4595 19.55 2650 7.54 50.03 4547 29.88 30.00 38.19 14.85
1.52 3399 46.04 1947 27.00 7.66 49.94 4552 30.11 30.21 41.05 18.02
1.51 3398 46.14 19.57 27.02 8.60 50.01 4594 2990 2999 39.11 16.21
1.54 34.00 46.05 1942 2734 880 50.04 46.11 3005 30.14 39.12 18.65
1.51 34.07 46.50 1946 28.11 996 50.11 46.69 29.87 2978 40.71 19.13

2.3  Effect of air flow rate on the overall heat and mass transfer coefficients

As depicted in Fig. 2.6, higher air flow rates result in higher heat and mass transfer
coefficients. This is because higher air flow rates produce higher air Reynolds number,
which gives higher heat and mass transfer coefficients. It can also be observed that the
increase in the heat transfer coefficient is considerably high, especially for the
regeneration results, compared to the mass transfer coefficient. The heat transfer
coefficients in the regeneration side are higher compared to those of the dehumidification
side due to the higher dry bulb temperature of the air in the regeneration side. On the other
hand, the values for the dehumidification mass transfer coefficients are twice in
magnitude compared to the regeneration mass transfer coefficients. This is because the
mass diffusivity of the water species in the air is more than four orders in magnitude than
the water species in the LiCl solution, and since the vapor pressure of the air in the
dehumidification side is higher than the vapor pressure of the solution, the result is high
mass transfer coefficients in the dehumidification side.
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Fig. 2.6 Effect of air velocity on the overall (a) heat and (b) mass transfer coefficients.

2.4  Effect of air flow rate on the outlet air humidity ratio and temperature

Fig. 2.7(a) and (b) show the effect of the air flow rate on the process outlet air
humidity ratio and temperature. Fundamentally, the heat and mass transfer coefficients
increase as the air mass flow rate increases. However, the contact time between the air
and the solution is shorter at higher air velocities. The effect of decreased contact time is
more dominant than the increased heat and mass transfer coefficients, thus, both the outlet
humidity ratio and temperature increase as the air flow rate increases. This implies that a
proper selection of the air flow rate should be made based on the requirement of the actual
system while considering also other factors such as air pressure drop.
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Fig. 2.7 Effect of the air velocity on the outlet air (a) humidity ratio and (b) temperature
of the dehumidification process.

Fig. 2.8 presents the results for the regeneration side. The outlet air humidity ratio
and temperature decrease as the air flow rate increases. The longer contact time between
the air and the solution resulted in higher heat and mass transfer between the air and the
solution. Although the heat and mass transfer coefficients are higher at higher air flow
rates, the heat and mass transfer between the air and the solution were negatively affected
by the shorter contact time at higher air velocities.
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Fig. 2.8 Effect of the air velocity on the outlet air (a) humidity ratio and (b) temperature
of the regeneration process.

2.5 Effect of solution flow rate on the overall heat and mass transfer coefficients

Fig. 2.9 shows the effect of the solution flow rate on the overall heat and mass
transfer coefficients. The heat and mass transfer coefficients slightly increase as the
solution flow rate increases with the slope of the mass transfer coefficient slightly steeper
than the heat transfer coefficient. However, compared to the effect of the air flow rate,
the effect of the solution flow rate is less significant, especially for the heat transfer
coefficient. It can also be depicted from the graphs that the values for the heat transfer
coefficient are higher compared to those of the mass transfer coefficient especially on the
regeneration side, which is more than twice in magnitude.
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Fig. 2.9 Effect of solution flow rate on the overall (a) heat and (b) mass transfer
coefficients.

2.6  Effect of solution flow rate on the outlet air humidity ratio and temperature

Fig. 2.10(a) and (b) depict the effect of the solution flow rate on the process air
humidity ratio and temperature, respectively. Both properties benefit from larger
dehumidification capacities at higher solution flow rates, and as a result, both decrease as
the solution flow rate increases. The downside is that higher solution flow rates produce
thicker films and results in larger air pressure drops. Aside from larger air pressure drops,
higher solution flow rates also require larger pumping power, becoming both a
disadvantage in terms of air fan and solution pumping power consumption. Hence, proper
consideration of the power consumption and solution flow rate should be made based on
the system application.
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Fig. 2.10 Effect of the solution flow rate on the outlet air (a) humidity ratio and (b)
temperature of the dehumidification process.

Fig. 2.11 depicts the effect of the solution flow rate on the outlet air humidity ratio
and temperature for the regeneration side. The trend is opposite to that of the
dehumidification process similar to the contradicting trend between the dehumidification
and regeneration results from the air flow rate experiments. However, the effect on the
performance of the system is the same, that is, the dehumidification and regeneration
performance increase as the solution flow rate increases.
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Fig. 2.11 Effect of the solution flow rate on the outlet air (a) humidity ratio and (b)
temperature of the regeneration process.
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3. Source code of the 3-fluid gas-liquid contactor

#include "stdafx.h"

#include "Property air ver3.h"

#include "property water ver2.1.1.h"
#include "Property lonicLiquid ver2.h"
#include "CNewtonRaphsonMethodPlus.h"

using namespace std;
int main() {

//Initialize timer
clock tstart time, end_time;
start_time = clock();

//Declare data containers

int 1, j, k, mesh_x, mesh_y, mesh_z, n, pass;
double L, H, W, V;

const int x = 503

const inty = 30;

const int z=200;

//Make csv file

ofstream Results("Results.csv');

Results << HReaH << H’H << HReSH << H’H << HmaH << H’H << HmSH << H’H <<
"mew" << " " << "deltaP" << """ << "xa0" << """ << "Tap" << """ << "WR" << """ <<
HVH << H,ll << HLH << H’H << HHH << H’H << HWH H’H << Hlneshixﬂ << H,H << llmeshiyﬂ
<<""<<"mesh z\n";

//Contactor dimensions

const double Lo = 0.2; //Original length [m]

const double Ho = 0.4; //Original height [m]

const double Wo = 0.13 //Original width [m]

double Vo =Lo * Ho * Wo; //Original volume [m”3]

const double D t 0=10.0073813; //Tube outer diameter [m]

const double D t i=0.005381; //Tube inner diameter [m]

const double A _fin=Lo * Ho/ 170 - (M_PI * pow(D _t o, 2) / 4); //Area of one
side of the fin of a control volume [m"2]

const double t_fin = 0.0001; //Fin thickness [m]

const double P_f=0.00442 - t_fin; /Distance between adjacent fins [m]

const double P_t v =0.02; //Vertical tube pitch [m]

const double A t ow=M PI*D t o* P _f/2;//Half of the surface area of the
outer wall for one control volume [m”2]
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const double A t iw=M PI*D t i* (P _f+t fin)/2; //Surface area of the
inner wall for one control volume [m”2]
const double A tot=A fin+ A t ow; //Total fin and tube area, one side of CV

//Mesh and differential element

const int mesh_x_o = 103 //Original number of mesh in the x-direction, 10
columns of tubes

const int mesh_y o = 17; //Original number of mesh in the y-direction, 17 rows
of tubes

const int mesh_z o = 23; //Original number of mesh in the z-direction, 23 fins

const double dx = Lo / mesh_x_oj; //Differential length [m]

const double dy = Ho / mesh y o; //Differential height [m]

const double dz=Wo / mesh z o; //Differential width|m]|
const double D_f=pow(4 * dx * dy / M_PI, 0.5); //Parameter for the fin
efficiency [m"2]

//Experimental data

//Inlet air

double T ig exp = 34.0; //Temperature [deg.C]

double x_ig _exp = 0.0195; //Humidity ratio [kg/kg(DA)]
double u_ig exp=1.5; /IVelocity [m/s]

double T dp ig exp = 24.35; //Dewpoint temperature [deg.C]

//Outlet air

double T og_exp =24.1959053551196; //Temperature [deg.C]
double x_og exp = 0.01259; //Humidity ratio [kg/kg(DA)]
double T dp_og _exp =20.9; //Dewpoint temperature [deg.C]
double deltaP_og_exp = 23.15; //Pressure drop

//Inlet solution

double G il _exp = 3.0; //Mass flux [kg/m"2/s]

double T il exp = 17.5; //Temperature [deg.C]

double X il exp = 0.75; //IL mass fraction [kg/kg]

double x_il_exp =1L hr tX(T il exp, X il _exp * 100); //Equilibrium humidity
ratio [kg/kg]

//Outlet solution
double T ol exp =24.3513089133334; //Temperature [deg.C]20.58,15.5
double X ol exp=0.713988625645277; //IL mass fraction [kg/kg]

//Inlet cooling water

double T icw_exp = 17.05 //Temperature [deg.C]

double m_icw_total exp = 6.0/ 603 //Total flow rate [kg/s]

double m_icw_mesh exp =m icw total exp/mesh x o * 2; //Mass flow rate
per pass [kg/s]
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//Outlet cooling water
double T ocw_exp = 20.5; // Temperature [deg.C], average value of 5 passes

//Calculated properties from the experimental data

//Inlet air

double rho _ig exp =air rho tx(T ig exp, x_ig exp); //Density [kg(DA)/m"3]

double H ig exp =air h tx(T ig exp, x_ig exp)/ 1000.0; //Enthalpy
[kJ/kg(DA)]

double lambda ig exp = air lambda tx(T ig exp, x_ig exp)/ 1000; //Thermal
conductivity [kW/m/K]

double ¢ p ig exp=air cp tx(T ig exp, x ig exp); //Specific heat [J/kg/K]

double TD ig exp = air_alpha tx(T ig_exp, x_ig_exp); //Thermal diffusivity
[m”2/s]

double D ig exp =air D t(T ig exp); /Mass diffusivity [m”2/s]

double myu ig exp = air_myu_tx(T_ig_exp, x_ig_exp); /Dynamic viscosity
[Pa-s]

double Pr_ig exp =air Pr t(T ig exp, x_ig exp); //Prandtl number

//Outlet air
double H og_exp =air_h tx(T og_exp, x_og exp)/ 1000.0; //Enthalpy
[kJ/kg(DA)]

//Inlet solution

double m_il total exp =G il exp * Lo * Woj; //Total mass flow rate [kg/s]

double m_il mesh exp=m_il total exp/mesh x o/mesh z o/2;//Mass
flow rate per mesh [kg/s]

double Gamma il exp =m il mesh exp / dx; //Flowrate per unit length of the
contactor [kg/m/s]

const double g = 9.806653// Standard gravitational acceleration [m/s"2]

double rho il exp=IL rho tX(T il exp, X il exp * 100); /Density [kg/m"3]

double H il exp=1IL h tw(T il exp, X il exp * 100); //Enthalpy [kJ/kg]

double myu il exp=IL myu tX(T il exp, X il _exp * 100); /Dynamic
viscosity [Pa-s]

double lambda il exp =IL lambda tX(T il exp, X il exp * 100)/ 1000;
//Thermal conductivity [kW/m/K]

double sigma il exp =IL sigma tX(T il exp, X il exp * 100); //Surface
tension of the solution [N/m]

double delta_il_exp = pow((3 * Gamma_il_exp * myu il exp / pow(rho il exp,
2)/ g), 0.333333333); //Film thickness [m]

double u_ 1 max exp =rho il exp * g * pow(delta il exp, 2) /2 / myu il exp;
//Maximum (gas-liquid interface) velocity [m/s]

doubleu 1 ave exp=72 *u | max exp/ 3;//Average velocity [m/s]

double We il exp =sigma il exp/rho il exp/pow(u_l ave exp, 2)/
delta il exp; //Weber number

double Re il exp =4 * Gamma_il exp/myu il exp; /Reynolds number
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double Pr il exp =1L nyu tX(T il exp, X il exp * 100)/
IL alpha tX(T il exp, X il exp * 100); //Prandtl number

double D il exp=1IL D X(X il exp * 100); //Diffusivity [m”2/s]

doublec p il exp=1IL Cp tX(T il exp, X il exp * 100); /Specific heat
[kJ/kg/K]

double TD il exp =IL alpha tX(T il exp, X il exp * 100); //Thermal
diffusivity [m”"2/s]

//Inlet and outlet air mass flow rate

double m_ig total exp =rho ig exp *u ig exp * (Ho* Wo-(D t o * Wo *
17+ (t_fin+ 2 * delta il _exp) * Ho * 23)); //Total mass flow rate [kg(DA)/s]

double m_ig mesh exp =m_ig total exp/mesh y o/mesh z o;//Mass flow
rate per mesh [kg(DA)/s]

double m_og _mesh_exp =m_ig mesh exp; //Mass flow rate [kg(DA)/s]

//Outlet solution

double m ol exp=m il mesh exp * X il exp/X ol exp;;//Mass flow rate
[kg/m”"2/s]

double G ol exp=m ol exp/Lo/Wo * mesh x o * mesh z o;//Mass flux
[kg/m”"2/s]

double H ol exp=1IL h tw(T ol exp, X ol exp * 100); //Enthalpy
[kJ/kg(DA)]

//Inlet cooling water
double H icw =sc hl(101.325, T icw_exp); //Enthalpy [kJ/kg]
double u cw=m_icw_mesh exp/ 1000 * 4 /M PI/pow(D t i,2);//Velocity

//Outlet cooling water

double m_ocw =m_icw_mesh_exp; //[kg/s]

double H ocw =sc hl(101.325, T ocw_exp); /Enthalpy [kJ/kg]

double nyu_ocw =sc nyul(101.325, T ocw_exp); //Kinematic viscosity [m”2/s]

double Pr_ocw =sc Prl(101.325, T ocw_exp); /Prandtl number

double Re_ ocw=u_cw * D _t i/nyu ocw; //Reynolds number

double k ocw =sc laml(101.325, T ocw_exp); //Thermal conductivity
[W/m/K]

//Initialize partial wetting parameter

//Asks if the flow is increasing or decreasing

char type of flow;

type_of flow="'D';

//cout << "Enter the letter 'T' for increasing flow rate condition or the letter 'D'
for deacreasing flow rate condition: ";

/lein >> type _of flow;

//Nusselt number of the air
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//double Nu_gb = 7.54; //For laminar flow in tubes with rectangular cross
section (Kays and Crawford, 1993, page 125)

//Thermal conductivity of the tube wall
const double lambda w = 0.2363 //[kW/m/K]

//Declare variables for calculation properties in a mesh

//Air

static double u_gb dry mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double u_gb wet mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double m_gb mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double T gb mesh[y + 2][x + 2][z+ 2] = { 0.0 };

static double H_gb _mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double x_gb mesh|y + 2][x + 2][z+ 2] = { 0.0 };

static double tho _gb mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double lambda gb mesh|y + 2][x + 2][z+ 2] ={ 0.0 };
static double ¢ p_gb mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double TD gb mesh|y + 2][x + 2][z+ 2] ={ 0.0 };
static double D_gb mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double T dp gb mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double x_dp_gb mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double Re gb dry mesh|y + 2][x + 2][z+ 2] ={ 0.0 };
static double Re_gb_wet mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double Nu_gb dry mesh|y + 2][x + 2][z+ 2] ={ 0.0 };
static double Nu_gb wet mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double deltaP_gb _mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double myu_gb _mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double f gb dry mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double f gb wet mesh[y + 2][x +2][z+ 2] ={ 0.0 };
static double Pr_gb _mesh[y + 2][x + 2][z+ 2] = { 0.0 };

//Solution

static double m_1b_mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double T _1b_mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double x_1b_mesh[y + 2][x + 2][z+ 2] = { 0.0 };

static double X Ib_mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double H Ib_mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double Gamma _1b_mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double tho_1b_mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double myu_Ib_mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double lambda_lb mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double sigma Ib_mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double delta 1b _mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double u_1 max mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double u_1 ave mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double delta b wr[y + 2][x + 2][z+ 2] = { 0.0 };
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static double u_1 max wr[y + 2][x + 2][z+ 2] ={ 0.0 };
static doubleu 1 ave wrly + 2][x + 2][z+ 2] ={0.0 };
static double We 1b_mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double Re Ib mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double Pr_1b_mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double Ga 1Ib b mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double Re Ib b mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double D _1b mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double Nu_Ib_mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double ¢ p lIb mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double TD_1b_mesh[y + 2][x + 2][z+ 2] ={ 0.0 };

//Cooling water

static double m_cw _mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double T cw_mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double H cw _mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double nyu_cw_mesh|y + 2][x + 2][z+ 2] ={ 0.0 };
static double Pr cw _mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double Re_cw_mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double k cw _mesh|y + 2][x + 2][z+ 2] = { 0.0 };
static double Nu_cw_mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double f mesh[y + 2][x + 2][z+ 2] = { 0.0 };

//Gas-Liquid interface

static double T gl mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double x_gl mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double X gl mesh[y + 2][x + 2][z+ 2] ={0.0 };

//Tube inner and outer wall
static double T iw_mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double T ow_mesh[y + 2][x + 2][z+ 2] ={ 0.0 };

//Hydraulic diameters and fin efficiencies

static double d_h_dry mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double d h_wet mesh|y + 2][x + 2][z+ 2] ={ 0.0 };
static double n_f gb mesh|y + 2][x + 2][z+ 2] = { 0.0 };
static double n_f 1b_mesh[y + 2][x + 2][z+ 2] = { 0.0 };

//Heat of condensation/vaporization, heat and mass transfer coefficients
static double h_v_mesh[y + 2][x + 2][z+ 2] = { 0.0 };

static double h_h_gb gl mesh[y + 2][x + 2][z+ 2] ={0.0 };

static double h_h_gb Ib mesh[y + 2][x + 2][z+ 2] = { 0.0 };

static double h_h_gb Is mesh[y + 2][x + 2][z+ 2] ={0.0 };

static double h_h_gl Is mesh[y + 2][x + 2][z+ 2] ={ 0.0 };

static double h_h_gb gs mesh[y + 2][x + 2][z+ 2] = { 0.0 };

static double h_h w_mesh[y + 2][x + 2][z+ 2] = { 0.0 };
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static double h_h _cw _mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double h_ h gb cw mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double h_ m_gb gl mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double h m_gl 1b mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double h_ m_gb Ib mesh[y + 2][x + 2][z+ 2] = { 0.0 };

//Contact angles, transfer areas, wetting ratio

static double theta a mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double theta r mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double A gl mesh|y + 2][x + 2][z+ 2] = { 0.0 };
static double A_Is mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double A _gs mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double wr_gl mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double wr_Is_mesh[y + 2][x + 2][z+ 2] = { 0.0 };

//Heat and mass transfer

static double q_gb gl mesh|y + 2][x + 2][z+ 2] ={ 0.0 };
static double q_gb gs mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double q 1b_Is mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double q_gb Ib mesh[y + 2][x + 2][z+ 2] ={ 0.0 };
static double q_gl Is mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double ¢ w_mesh|y + 2][x + 2][z+ 2] ={ 0.0 };
static double q_iw_cw_mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double j gb 1b mesh|y + 2][x + 2][z+ 2] = { 0.0 };
static double j gb gl mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double j_gl 1b mesh[y + 2][x + 2][z+ 2] = { 0.0 };
static double m_gb dp mesh[y + 2][x + 2][z+ 2] ={ 0.0 };

//Declare variables for outlet property calculation
//Outlet air

double m_og pre;
double m_og_total pre;
double H og_pre;
double x_og pre;
double T og pre;
double T dp og pre;
double deltaP_og_pre;
double H og_diff;
double x_og_diff;
double T og_diff;
double T dp_og_ diff;
double deltaP_og_diff;

//Outlet solution
double m_ol total pre;
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double H ol pre;
double X ol pre;
double m_ol pre;
double G ol pre;
double T ol pre;
double x ol pre;
double T dp_ ol pre;
double H ol diff;
double X ol diff;
double T ol diff;
double G_ol diff;

//Outlet cooling water, initialize
double m_ocw pre;

double m_ocw_total pre;
double H ocw pre;

double T ocw_ave pre;
double m_icw_pre;

double m_icw_total pre;
double H icw_ pre;

double T icw_ave pre;

double T icw_diff;

//Others

double wr_gl ave;
double Re_gb ave;
double Re 1b ave;

//For parametric study

for (pass = 3; pass < | |5 pass +=1) { //L = 0.2, 5 passes

for (mesh y=5; mesh y <18 mesh y+=1) {//H=0.2, 8.5 meshes =9
for (mesh_z=23; mesh z<93; mesh z+=3) {//W =0.2, 46 meshes

/Ipass = 5;
//mesh_y =17;
//mesh _z = 23;

//Calculate new dimensions
mesh x = pass * 2;

L =mesh_x * dx;

H =mesh_y * dy;

W =mesh_z * dz;
V=L*H*W;

//Stream out dimensions
cout << "pass = " << pass << "\n";
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cout << "mesh y =" <<mesh y<<"\n";
cout << "mesh z="<<mesh z<<"\n";

//Caculate air properties
double m_ig mesh pre =m_ig total exp/mesh y/mesh z/2;//Mass flow
rate per mesh [kg/s]

//Calculate solution properties

double G il pre =m il total exp /L / W;//Mass flux [kg/m”"2/s]

double m_il _mesh pre =m il total exp/mesh x/mesh z/2;//Mass flow rate
per mesh [kg/s]

double Gamma il pre =m_il mesh pre/dx; //Flowrate per unit length of the
contactor [kg/m/s]

double delta il pre =pow((3 * Gamma il pre * myu il exp/pow(rho il exp,

)/ g), ); /Film thickness [m]

double u | max pre =rho il exp * g * pow(delta il pre,2) /2 / myu il exp;
//Maximum (gas-liquid interface) velocity [m/s]

doubleu | ave pre =2 * u 1 max pre/ 3; //Average velocity [m/s]

double We il pre =sigma il exp/rho il exp/pow(u_l ave pre,2)/
delta il pre; /Weber number

double Re il pre =4 * Gamma il pre/myu il exp;//Reynolds number

//Calculate cooling water properties
double m_icw =m _icw_total exp / pass;
u cw=m icw/ *4/M_PI/pow(D _t i, 2);

//Initial conditions

//Air inlet

for 1= 1;1<mesh y+ I;i++) {

for (k=1;k <mesh z+ 1;k++) {

m_gb mesh[i][I][k] =m_ig mesh pre;
T gb meshli][!][k] =T ig_exp;
x_gb meshl[i][l][k] = x_1g_exp;
rho _gb meshli][!][k] =rho_ig exp;
H gb meshl[i][!][k] =H ig exp;
lambda_gb mesh[i][!][k] = lambda ig_exp;
¢_p_gb_mesh[i][1][k] = c_p_ig_exp;
TD gb mesh[i][!][k] = TD_ig_exp;
D gb meshl[i][!][k] =D ig exp;
T dp gb mesh[i][!][k] =T dp ig exp;
myu_gb_mesh[i][!][k] = myu_ig_exp;
Pr_gb meshli][!][k] =Pr_ig_exp;

}

//Solution intlet
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for (n=1;n<pass+ |;nt+) {
for G=n*2-1;j<n*2+1;j+H){
for (k=1;k <mesh z+ 1;k++) {
m_1b _mesh[!][j][k] =m il mesh pre;
Gamma 1b_mesh[!][j][k] = Gamma il pre;
delta 1b_mesh[!][j]Ik] = delta il pre;
u | max_mesh[!][j][k] =u | max_ pre;
u 1 ave mesh[!][j]l[k] =u I ave pre;
We Ib mesh[!][j][k] = We il pre;
Re Ib mesh[!][j]l[k] =Re il pre;
X 1b_mesh[1][j][k] = X il exp;
T 1b_mesh[!][jl[k] =T il exp;
T gl mesh[!][j][k] =T il _exp;
x_Ib_mesh[!][j]l[k] =x il exp;
rho _Ib_mesh[!][j][k] =rho il exp;
H 1b mesh[!][j]Ik] = H il exp;
myu_lb_mesh[!][j][k] = myu il exp;
lambda 1b mesh[!][j][k] = lambda il exp;
sigma_lb_mesh[!][j][k] = sigma il exp;
Pr 1b mesh[!][j]Ik] = Pr il exp;
D 1b_mesh[!][j]l[k] = D_il exp;
¢ p Ib mesh[I][j]lk] =c p il exp;
TD _1b_mesh[!][j][k] = TD il exp;

}

//Cooling water outlet
for (n=1;n<pass+ |;nt+) {
forG=n*2-15j<n*2;j++) {
T cw_mesh[I][j][1]=T ocw_exp;
}
}

//Initialize number of iterations
int num_of iter = |;

//Convergence to the experimental value of the inlet cooling water
CNewtonRaphsonMethodPlus T icw_conv;
T icw_conv.Initialize();

//nitial cooling water outlet
for(n=1;n<pass+ |;n++) {
forG=n*2-15j<n*2;j+){
T icw_conv.SetValiable(n - I, T cw_mesh[!][j][!]);
}
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}

//nitialize Newton-Raphson parameters
T icw_conv.SetAcc(l.0);

T icw_conv.SetPrint(false, false);

T icw conv.SetDelta(l.0 + );

T icw_conv.SetError(0.2);

for (T icw_conv.MainLooplnit(); T icw_conv.MainLoopCheck();
T icw_conv.MainLoopReinit()) {
for (T icw_conv.SubLooplnit(); T icw_conv.SubLoopCheck();
T icw_conv.SubLoopReinit()) {

//Cooling water outlet
for (n=1;n<pass+ |;nt++) {
for G=n*2-15j<n*2;j++){
T icw_conv.GetValiable(n - 1,
T_cw_mesh[1][jI[1D3

}

for (n= I;n<pass+ |;nt+t+) {
forG=n*2-15j<n*2;j++){
m_cw_mesh[I][j][I] =m_icw;

H cw_mesh[I][j][!] =sc_hl( R
T_cw_mesh[I][jI[1]);

nyu _cw_mesh[!][j][!] = sc_nyul( ,
T_cw_mesh[I][j1[1]);

Pr cw_mesh[I][j][!] = sc_Prl( ,

T_cw_mesh[I][j1[1]);

Re cw mesh[!][j]l[!]=u cw*D t i/
nyu_cw_mesh[1][j]1[!];

k cw_mesh[1][j][!] = sc_laml( ,
T_cw_mesh[I][jI[1]);

}

//Control volume calculations
//Governing equations
for (n=1;n<pass+ |;nt++) {
for 1= 1;1<mesh y+ I;i++) {
forG=n*2-15j<n*2+1;j++){
i %2 =1)¢
for (k=1;k <mesh z+ 1;k++) {
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//Wetting ratio, gas-liquid
area, and solid-liquid area

theta a _mesh[i][j][k] =
0.00008 * pow(X_Ib_mesh[i][j][k] * 100, 2) - 0.0149 * X Ib_mesh[i][j][k] * 100 +
1.94; //Advancing contact angle [deg.]

theta r mesh[i][j][k] =
0.00008 * pow(X_1b_mesh[i][j][k] * 100, 2) - 0.0150 * X 1b_mesh[i][j][k] * 100 +
1.48; //Receeding contact angle [deg.]

//Determine if flow is
increasing or decreasing flow rate
if (type of flow=="1"){
wr_gl mesh[i][j][k]
=0.83 * pow(theta_a mesh[i][j][k], -0.90) * pow((Re Ib_mesh[i][j][k] /
pow(We_lb_mesh[i][jl[k], 3)), 0.07); //Partial wetting model

//Assign the value of
1 to the wetting ratio if it is greater than 1
if
(wr_gl mesh[i][j][k] > 1) {
wr_gl mesh[i][j][k] = |3
}

}

else if (type of flow ==
IDI) {

Ga_Ib_b _mesh[i][j][k] = rho_Ib_mesh[i][j][k] * pow(sigma_lb mesh[i][j][k], 3)
/ pow(myu_Ib_mesh[i][j][k], 4) / g; /Galileo number at film breaking

Re Ib b _mesh[i][jl[k] = 0.025 * pow(Ga_lb_b_meshl[i][j]l[k], 0.26) *

pow((log(theta r mesh[i][j][k]) + 3.45), 3); /Film Reynolds number at breaking

//Determine whether
Re s is lower than Re b, if so, compute the wetting ratio
if
(Re_Ib_mesh[i][j][k] <Re 1b_b mesh[i][j][k]) {
wr_gl mesh[i][j][k] = 0.83 * pow(theta r mesh[i][j][k], -0.90) *
pow((Re 1b_mesh[i][j][k] / pow(We 1b_mesh][i][j][k], 3)), 0.07); //Partial wetting

model

}

//Assign the value of
1 to the wetting ratio if Re_sis >=Re b
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else if
(Re 1b_mesh[i][j][k] >= Re 1b_b mesh[i][j][k]) {

wr_gl mesh[i][j][k] = |3

}
}
//Complete wetting
assumption
/lwr_gl mesh[i][j][k] = 1.0;
//Complete wetting

delta_Ib_wr[i][j]lk] =

pow((3 * Gamma_lb mesh[i][j][k] * myu_lb meshl[i][j][k] / pow(rho 1b_mesh[i][j][k],
)/ g/ wr_gl meshli][j][k]), ); //Film thickness [m]

u 1 max wrli][jlIk] =
rho 1b_mesh[i][j][k] * g * pow(delta_1b_wr[i][jl[k], 2) / 2 / myu_lb_mesh[i][j][k];
////Maximum (gas-liquid interface) velocity [m/s]

u 1 ave wrli][jlk] =2 *
u | max wrli][j][k] / 35 // Average solution velocity [m/s]

//Effective air velocity and
effective hydraulic diameter

u gb dry mesh[i][j][k] =
m_gb mesh[i][j][k] / tho_gb meshli][j][k] / (0.5 * P_f*dy)-(0.5*P _f* D t o0));
//Effective air velocity on dry area

u_gb wet mesh[i][j][k] =
m_gb meshli][j][k] / tho_gb meshli][j][k] / (0.5 *P f*dy)-(0.5*P £*D t o)-
(delta_Ib_wrli][j]1Ik] * dy)); //Effective air velocity on wet area

d h dry mesh[i][j][k] =4 *
((O5*P £*dy)-(0.5*P £*D t 0))/(dy + P_f); //Effective hydraulic diameter on
dry area

d h wet meshl[i][j][k] =4 *
((O5*P f*dy)-(0.5*P _f*D t o)-(delta Ib_wr[i][j][k] * dy)) / (dy + P_£);
//Effective hydraulic diameter on wet area

//Air Reynolds number

Re _gb dry mesh[i][j][k] =
rho_gb mesh|[i][j][k] * u_gb_dry meshl[i][j][k] * d_h dry mesh[i][j][k] /
myu_gb meshl[i][j][k]; //On dry area

Re gb wet mesh[i][j][k] =
rho _gb meshl[i][j][k] * u_gb wet meshl[i][j][k] * d h_wet mesh[i][j][k] /
myu_gb mesh[i][j][k]; /On wet area

//Air Nusselt number and
friction factor based on dry area, Fujii and Seshimo
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if (Re_gb dry mesh]i][j][k]
<=400){

Nu gb dry mesh[i][j][k] = * pow(Re gb dry mesh[i][j][k] *
Pr gb meshli][j]l[k] * d h_dry meshl[i][j][k] / (2 * dx), ); //Nusselt number for low
Reynolds number

f gb dry meshl[i][j][k] = + * pow(Re gb dry mesh[i][j][k] *
d h dry mesh[i][j][k] / (2 * dx),-1.07) / ((2 * dx) /d_h_dry mesh][i][j][k]); /Friction
factor for low Reynolds number

}

else if
(Re_gb dry mesh[i][j][k] > 400) {

Nu gb dry mesh[i][j][k] = * pow(Re gb dry mesh[i][j][k], );
//Nusselt number for high Reynolds number

f gb dry meshli][j][k] = + * pow(Re gb dry mesh[i][j][k],-!1.27);
//Friction factor for low Reynolds number

}

//Air Nusselt number and

friction factor based on wet area, Fujii and Seshimo
if (Re_gb_wet_mesh[i][j][k]
<=400){

Nu_gb wet mesh][i][j][k] = * pow(Re _gb wet meshli][j][k] *
Pr_gb meshl[i][j][k] * d_h wet mesh[i][j][k] / (2 * dx), ); //Nusselt number for low
Reynolds number

f gb_wet meshl[i][j][k] = + * pow(Re _gb wet mesh[i][j][k] *
d h wet mesh[i][j][k] / (2 * dx), - )/ ((2 *dx)/d h wet meshl[i][j][k]); //Friction
factor for low Reynolds number

}

else if
(Re_gb_wet meshl[i][j][k] > ) {

Nu _gb wet mesh][i][j][k] = * pow(Re _gb wet mesh[i][j][k], );
//Nusselt number for high Reynolds number

f gb wet mesh[i][j]l[k] = + * pow(Re gb wet mesh[i][j][k], - );

//Friction factor for low Reynolds number

}
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//Air pressure drop

deltaP_gb mesh[i][j][k] =
(f gb _dry mesh[i][j][k] * (1.0 - wr_gl mesh[i][j][k]) * dx * tho gb mesh[i][j][k] *
pow(u gb dry mesh[i][jl[k], 2) /2 /d h_dry meshl[i][j][k]) +

(f gb wet mesh[i][j][k] * wr_gl mesh[i][j][k] * dx * rho_gb mesh][i][j][k] *
pow(u_gb wet mesh[i][j][k], 2) /2 /d _h wet mesh[i][j][k]); //
/If gb mesh[i][j][k] =96 /
Re gb mesh[i][j][k]; //General correlation for open rectangular duct (Incroperta et al.,
2011, page 553)

//Heat transfer coefficient of
the air

h h gb gl mesh[i][j][k] =
Nu gb wet mesh[i][j][k] * lambda gb mesh]i][j][k] /d_h wet mesh[i][j][k]; /From
the air to the gas-liquid interface [kW/m”"2/K]

h h gb gs meshli][j][k] =
Nu gb dry mesh[i][j][k] * lambda gb mesh[i][j][k] /d_h dry mesh[i][j][k]; //From
the air to the liquid-solid interface [kW/m”2/K]

//Mass transfer coefficient
of the air

h m_gb gl meshli][j][k] =
h h gb gl mesh[i][j][k] * 1000 /rho_gb mesh[i][j][k] / c_p_gb mesh[i][j][k];
//Reynolds Analogy [m/s]

//h_m_gb gl mesh[i][j][k]
=h h gb gl mesh[i][j][k] * 1000 / rho gb mesh[i][j][k] /¢ p_gb mesh[i][j][k] *
pow((D_gb _mesh[i][j][k] / TD_gb_mesh[i][j][k]), 0.66666667); //Chilton-Colburn
Analogy [m/s]

//Heat transfer coefficient of
the solution

Nu_Ib_mesh[i][j][k] =
0.4764 * pow(Re_lb_mesh[i][j]1[k], 0.0477) * pow(Pr_lb_mesh[i][j][k], 0.334);
//Nusselt number (Karami et al.)

double Lc_Ib=
delta_Ib_wr[i][j][k];//Characteristic length = film thickness [m]

h h gl Is mesh[i][j][k] =
Nu _Ib_mesh[i][j][k] * lambda Ib _mesh][i][j][k] / Lc_lb; /Heat transfer coefficient of
the solution film [kW/m"2/K]

//Nu_lb_mesh[i][j][k] =
1.88; //Nusselt number

//Mass transfer coefficient
of the solution
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h m gl 1b mesh[i][j][k] =
2 * pow((u_l max wrli][j]l[k] * D _1b_mesh[i][j][k] / M_PI/ dy), 0.5); //Penetration
theory [m/s]

//h.m_gl 1b mesh[i][j][k] =
D 1b_mesh[i][j][k] / delta_lb_wr[i][j][k]; //Film theory [m/s]

//h_m gl 1b mesh[i][j][k] =
h h gl Is mesh[i][j][k] / rho lb mesh[i][j][k] /¢ p_lb mesh[i][j][k] *
pow((D_Ib _mesh[i][j][k] / TD 1b_mesh[i][j][k]), 0.66666667); //Chilton-Colburn
Analogy [m/s]

//Heat transfer coefficient of
the wall

h h w_mesh[i][j][k] =
lambda w/log(D t o/ D t 1)/ M PI/P_f;//Heat transfer coefficient of the wall
[kW/m"2/K]

//Heat transfer coefficient of
the cooling water

f meshli][j]l[k] =0.316 *
pow(Re cw meshl[i][j][k], -0.25); //Friction factor

Nu_cw_mesh[i][j][k] =
f mesh[i][j]l[k] * (Re_cw_mesh[i][j][k] - 1000) * Pr_cw_mesh[i][j][k] / &/ (1 +12.7 *
pow((f_mesh[i][j][k] / &), 0.5) * (pow(Pr_cw_mesh[i][j][k], 0.66666667) - 1)); //Nusselt
number (Gnielinski correlation)

h h cw_mesh[i][j][k] =
Nu_cw_mesh[i][jl[k] * k_cw_mesh[i][j][k] / 1000 /D _t i3 //Heat transfer coefficient
[kW/m"2/K]

//Enthalpy of
vaporization/condensation of water

h v _meshl[i][j][k] =
sat_hv(100) - sat_hl(100); /Enthalpy of vaporization/condensation [kJ/kg]

//Surface areas

n_f 1b_mesh[i][j][k] =
pow((! +h_h gl Is mesh[i][j][k] * pow((D _f-D t o),2)* pow((D_f/D t 0),0.5)/6
/lambda_w/ (t_fin/ 2)), -1); //Fin efficiency towards the solution

n_f gb meshl[i][j][k] =
pow((! +h h gb gs mesh[i][j][k] * pow((D f-D t 0),2)* pow((D_f/D_t 0),0.5)/
6 /lambda w/ (t_fin/ 2)), -1); //Fin efficiency towards the air

wr_Is mesh[i][j][k] =
wr_gl mesh[i][j][k]; //Liquid-solid wetting ratio

A gl meshli][jl[k] =
wr_gl mesh[i][j][k] * (A_fin+ A t ow); //Area of the gas-liquid area [m”"2]
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A 1s mesh[i][j][k] =
wr_Is mesh[i][j][k] * (n_f Ib mesh[i][j][k] * A _fin+ A _t ow); //Area of the liquid-
solid area [m"2]

A_gs_mesh[i][j][k] = (1.0 -
wr_lIs_mesh[i][j][k]) * (n_f gb _mesh[i][j]l[k] * A _fin+ A t ow); //Area of the gas-
solid area [m"2]

//A_gs mesh[i][j][k] =
n f gb mesh[i][j][k] * A fin+ A t ow; //For 0 solution flow calculation

//Total gas-liquid mass
transfer coefficient
h m gb Ib meshli][j][k] =
/(1 /tho_gb mesh[i][j][k] / A_gl mesh[i][j][k] / h_m_gb gl mesh[i][j][k] + | /
rho 1b_mesh[i][j][k] / A_gl mesh[i][j][k] /h m_ gl Ib mesh[i][j]l[k]); //[kg/s]

//Total gas-liquid heat
transfer coefficient
h h gb Ib meshli][j][k] =
/(11 A_gl mesh[i][j][k] /h_h_gb gl mesh[i][j][k] + | / A_gl mesh[i][j][k] /
h h gl Is mesh[i][j][k]); //[kW/K]

//Gas-liquid property
calculation

q gb Ib meshl[i][j][k] =
h h gb Ib mesh[i][j][k] * (T gb mesh[i][j][k] - T Ib_mesh[i][j][k]); //Heat transfer
from the gas bulk to the liquid bulk [kW]

T gl mesh[i][j][k] =
T Ib_mesh[i][j][k] + q_gb 1b_mesh][i][j][k] / A_gl mesh[i][j][k] /
h h gl Is meshli][jl[k]; //Gas-liquid temperature [deg.C]

q_gb_gl_meshl[i][jl[k] =
h h gb gl mesh[i][j][k] * A gl mesh[i][j][k] * (T _gb_mesh[i][j][k] -
T gl mesh[i][j][k]); /Heat transfer from the gas bulk to the gas-liquid interface [kW]

j_gb 1b mesh[i][j][k] =
h m gb Ib mesh[i][j][k] * (x_gb_meshl[i][j][k] - x_Ib_mesh[i][j][k]); //Overall mass
transfer [kg/s]

X gl mesh[i][j][k] =
X _Ib_mesh[i][jl[k] +j_gb 1b mesh[i][j][k] / rtho b meshl[i][j][k] /
h m gl b mesh[i][j][k] / A_gl mesh[i][j][k]; // IL mass fraction at the gas-liquid
interface

j_gl b _meshli][j][k] =
rho Ib _mesh[i][j][k] * A_gl mesh[i][j][k] * h m_ gl Ib_mesh[i][j][k] *
(X_gl _mesh[i][jl[k] - X _Ib_mesh][i][j][k]); //Mass transfer from the gas-liquid interface
to the liquid bulk [kg/s]

x_gl meshl[i][j][k] =
x_1b_mesh[i][j][k] +j_gb b _mesh][i][j][k] / rho 1b mesh[i][j][k] /
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h m gl b mesh[i][j][k] / A_gl mesh[i][j][k]; / Humidity ratio of the air at the gas-
liquid interface

j_gb_gl mesh[i][jl[k] =
rho gb meshl[i][j][k] * A gl mesh[i][j][k] * h m gb gl mesh[i][j][k] *
(x_gb_mesh[i][j][k] - x_gl mesh[i][j][k]); //Mass transfer from the gas bulk to the gas-
liquid interface [kg/s]

//Total air-solid heat
transfer coefficient

h h gb Is mesh][i][j][k] = !
/(1 /A gl meshli][jl[k] /h_h gb gl meshl[i][jl[k] + | / A_ls_mesh[i][j][k] /
h h gl Is mesh[i][jl[k]);

//Overall air-water heat
transfer coefficient

h h gb cw meshl[i][j][k] =
1/ (1 /(A _gs mesh[i][j]l[k] *h_h_gb gs mesh]i][j][k] + h h gb Is mesh[i][j][k])+ | /
At ow/h h w mesh[i][j][k] + | /A t iw/h _h cw mesh[i][j][k]); /[kW/K]

//Tube outer wall and inner
wall temperatures

T iw_mesh[i][j][k] =
T cw _mesh[i][j][k] + h h gb cw mesh[i][j][k] * (T gb mesh][i][j][k] -
T cw_mesh[i][j][k]) /A _t iw/h_h _cw_meshl[i][jl[k]; //[deg.C], from the cooling
water towards the air

T ow_meshl[i][j][k] =
T iw_mesh[i][j]l[k] + h_h gb cw mesh[i][j][k] * (T_gb_mesh[i][j][k] -
T cw_mesh[i][j][k]) /h_h w_mesh[i][j][k] / A_t ow;

/IT ow_mesh[i][j][k] =
(T_gb_mesh[i][j][k] * h_h gb gs mesh[i][j][k] * A gs mesh[i][j][k] +
T gl mesh[i][j][k] * h_h gl Is mesh[i][j][k] * A Is_mesh[i][j][k] -
h h gb cw mesh[i][j][k] * (T_gb mesh[i][j][k] - T cw_mesh[i][j][k])) /

//(h_h_gb gs mesh[i][j][k] * A _gs mesh[i][j][k] + h_h gl Is mesh[i][j][k] *
A _1s mesh[i][j][k]); //[deg.C], from the air towards the cooling water calculation
/IT _iw_mesh[i][j][k] =
T ow_mesh[i][j][k] - h_h gb cw mesh[i][j][k] * (T _gb_mesh[i][j][k] -
T cw_mesh[i][j][k]) /A t ow/h_h w mesh[i][j][k]; /[deg.C], from the air towards
the cooling water calculation

//Outer tube to inner tube
heat transfer

q_w_meshlil[j1[k] =
h h w mesh[i][j][k] * A_t ow * (T _ow_mesh[i][j][k] - T iw_mesh[i][j][k]); /[kW]
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/lq_w_mesh[i][j][k] =
h h w mesh[i][j][k] * (A_Is mesh[i][j][k] + A gs mesh[i][j][k]) *
(T _ow_mesh[i][j][k] - T_iw_mesh[i][j][k]); //[kW], from the air towards the cooling
water calculation

//Inner tube to cooling water
heat transfer

q_iw_cw_mesh[i][j][k] =
h h cw _mesh[i][j][k] * A_t iw * (T _iw_mesh[i][j][k] - T _cw_mesh[i][j][k]); //[kW]

//Liquid to solid heat
transfer

q_Ib_Is meshl[i][j]l[k] =
h h gl Is mesh[i][j][k] * A 1s mesh[i][j][k] * (T _Ib_mesh[i][j][k] -
T ow_mesh[i][j]1[k]); //[kW]

//Gas to solid heat transfer
q_gb_gs mesh[i][j][k] =
h h gb gs mesh[i][j][k] * A gs mesh]i][j][k] * (T gb_mesh[i][j][k] -
T ow _mesh[i][j][k]); //[kW]

//Condensation

x_dp_gb mesh[i][j][k] =
air x_tphi(T gb mesh[i][j][k], ); /Humidity ratio at dewpoint temperature

if (T _gb_mesh[i][j][k] <=
T_dp_gb_mesh[i][jI[k]) {

m_gb dp mesh[i][j][k] =m_gb_mesh[i][j][k] * (x_gb_mesh[i][j][k] -
x_dp_gb_meshli][j][k]); /Condensation rate, if gas bulk temperature is lower than the
dewpoint temperature
H
else if (T _gb_mesh[i][j][K]
>T _dp_gb_mesh[i][jI[k]) {

m_gb dp meshl[i][j][k] = 05 //No condensation of gas bulk temperature is higher
than the dewpoint temperature

}

//Air

m_gb mesh[i][j + [][k] =
m_gb mesh[i][j][k]; //Mass flow rate [kg/s]

x_gb mesh[i][j + I][k] =
(m_gb meshl[i][j][k] * x_gb_mesh[i][j][k] -] gb gl mesh[i][j][k] -
m_gb dp mesh[i][j][k]) / m_gb mesh[i][j + 1][k]; /Humidity ratio [kg/kg(DA)]

H gb meshl[i][j + 1][k] =
(m_gb meshl[i][j][k] * H gb _meshli][j][k] - q_gb gl mesh[i][j][k] -
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(G_gb gl mesh[i][j][k] + m_gb dp_ mesh[i][j][k]) * h_v_meshl[i][j][k] -
q_gb gs mesh[i][j][k]) / m_gb mesh]i][j + |][k]; /Enthalpy [kJ/kg]

T gb meshli][j + !][k] =
air t hx(H _gb mesh[i][; + !][k] * , X_gb meshl[i][j + !][k]); /Temperature
[deg.C]

rho _gb meshl[i][j + [][k] =
air_rho tx(T gb meshli][j + 1][k], x_gb meshl[i][j + !][k]); /Density [kg/m”3]

lambda gb mesh[i][j +

1[k] = air lambda_tx(T gb mesh[i][j + 1][k], x_gb _mesh[i][j + [][k]) / H
//Thermal conductivity [kW/m/K]

c p_gb meshli][j + I][k] =
air cp tx(T gb meshl[i][j + !][k], x_gb mesh[i][j + ][k]); //Specific heat [J/kg/K]

TD gb mesh[i][j + !][k] =
air_alpha tx(T gb meshli][j + 1][k], x_gb mesh[i][j + 1][k]); //Thermal diffusivity
[m”2/s]

D gb meshl[i][j + 1][k] =
air D t(T_gb_mesh[i][j + 1][k]); //Mass diffusivity [m”2/s]

myu_gb mesh[i][j + 1][k]
air_ myu_tx(T_gb mesh[i][j + 1][k], x_gb_meshli][j + 1][k]); /Dynamic viscosity [Pa-

s]

Pr_gb meshli][j + !][k] =
air Pr t(T gb mesh][i][j + !][k], x_gb mesh][i][j + !][k]); //Prandtl number

T dp_gb mesh[i][j + 1][k]
=air_td x(x_gb mesh[i][j + I][k]); /Dewpoint temperature [deg.C]

//Liquid bulk

m_1b_mesh[i + [][j][k] =
m_Ib_mesh[i][j][k] +j gb gl mesh[i][jl[k] + m_gb dp meshli][j][k]; //Mass flow rate
[kg/s], with condensation

H 1b_mesh[i + 1][j][k] =
(m_lb_mesh[i][j][k] * H_Ib_mesh[i][j][k] + q_gb gl mesh[i][j][k] +
(_gb gl mesh[i][j][k] + m_gb dp_mesh[i][j][k]) * h_v_mesh[i][j][k] -
q_Ib_Is mesh[i][j][k]) / m_1b_mesh[i + 1][j][k]; //With condensation

X _1b_meshl[i+ 1][j][k] =
(m_lb_mesh[i][j][k] * X Ib_mesh[i][j][k]) / m_lb _mesh[i + [][j][k]; /IL mass fraction

T Ib_mesh[i + [][j][k] =
IL t hw(H _Ib_mesh[i + 1][j][k], X 1b_mesh[i + [][j][k] * ); //Temperature [deg.C]

Gamma_lb_mesh][i +

1611kl = m_Ib_mesh[i + 1][jl[k] / dx; //Flowrate per unit length of the contactor

[kg/m/s]

x_1b_mesh[i + 1][j][k] =
IL hr tX(T_1b_mesh[i+ I][j][k], X Ib_mesh[i + [][j][k] * ); //Equilibrium
humidity ratio [kg/kg]

rho 1b_mesh[i + 1][jl[k] =
IL rho tX(T Ib mesh[i + [][j][k], X Ib_mesh[i + 1][j][k] * ); //Density [kg/m”3]
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myu_lb_mesh[i + [][j][k] =
IL myu tX(T Ib mesh[i + [][j][k], X 1b _mesh[i + [][j][k] * ); //Dynamic viscosity
[Pa-s]
lambda 1b mesh|i +
1511k] = IL_lambda tX(T Ib_mesh[i + [][j][k], X Ib_mesh[i + [][j][k] * )/ H
//Thermal conductivity [kW/m/K]
delta b _mesh[i + [][j][k] =
pow((3 * Gamma 1b_mesh[i + [][j][k] * myu Ib_mesh[i + 1][j][k] /
pow(rho 1b_mesh[i + 1][j][k], 2) / g), ); //Film thickness
u 1 max mesh[i+ [][j][k]
=rho _Ib_mesh[i + [][j][k] * g * pow(delta_Ib _mesh[i + [][j][k], 2) / 2 / myu_Ib_mesh[i
+ 1][j]1k]; //Maximum (gas-liquid interface) velocity [m/s]
u 1 ave mesh[i+ I][j][k] =
*u | max mesh[i + [][j][k] / 3; //Average velocity [m/s]
sigma_lb_meshl[i + [][j][k]
=IL sigma tX(T Ib_mesh[i + [][j][k], X 1b_mesh[i + 1][j][k] * ); //Surface
tension [N/m]
We Ib mesh[i + [][j]Ik] =
sigma_Ib_mesh[i + 1][j][k] / rho _Ib _mesh[i + [][j][k] / pow(u_1 ave mesh[i+ 1][j][k],
)/ delta Ib_mesh[i + 1][j]Ik]; //Weber number
Re Ib meshli + [][j][k] =
* Gamma b _mesh[i + 1][j][k] / myu lb mesh[i + [][j][k]; //Reynolds number
Pr 1b_mesh[i + 1][j][k] =
IL nyu tX(T 1b_mesh[i+ I][j][k], X 1b mesh[i + [][j][k] * )/
IL alpha tX(T 1b_mesh[i+ I][jl[k], X 1b_mesh[i+ [][j][k] * ); //Prandtl number
D 1b_mesh[i + 1][j][k] =
IL D X(X_Ib_mesh[i+ I][j][k] * 100); //Mass diffusivity [m”"2/s]
c_p_Ib _mesh[i + [][j][k] =
IL Cp tX(T Ib_meshl[i+ 1][j]Ik], X Ib_mesh[i + 1][j][k] * ); //Specific heat
[kJ/kg/K]
TD 1b_mesh[i + [][j][k] =
IL alpha tX(T Ib_mesh[i+ [][j][k], X Ib_mesh[i+ I][j][k] * ); //Thermal
diffusivity [m”"2/s]

//Cooling water

m_cw_mesh[i][jl[k + ] =
m_cw_mesh[i][j][k]; //Mass flow rate [kg/s]

H cw_meshli][j]l[k + ] =
(m_cw_mesh[i][j][k] * H cw_mesh[i][j][k] - q_iw_cw_mesh[i][j][k]) /
m_cw_mesh[i][jl[k + 1]; /Enthalpy [kl/kg]

T cw_mesh[i][jl[k+ ] =

water t hp(H_cw_mesh[i][j][k + 1], ); //Temperature [deg.C]
nyu cw_mesh[i][j][k + |] =
sc_nyul( , T _cw_meshl[i][j][k + 1]); /Kinematic viscosity [m"2/s]

Re cw mesh[i][j][k + ] =
u cw *D t i/nyu cw_meshli][j]l[k + !]; / Reynolds number
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Pr_cw_mesh[i][jl[k + |] =

sc_Prl( , T _cw_meshl[i][j][k + 1]); // Prandtl number
k cw_mesh[i][j][k+ I] =
sc_laml( , T_cw_mesh[i][j][k + !]); // Thermal conductivity [kW/m/K]
}

//Assign initial values for the next
control volume

m_cw_mesh[i][j + [][k- 1] =
m_cw_mesh[i][j][k - 1];

H cw _meshli][j + ][k - ] =
H cw meshli][jl[k - !];

T cw _mesh[i][j + I][k- 1] =
T cw _mesh[i][jl[k - 1];

nyu cw_mesh[i][j + I][k- 1] =
nyu cw_mesh[i][j][k - 1];

Re cw mesh[i][j + ][k - 1] =
Re cw mesh[i][j][k - 1];

Pr cw _mesh[i][j + I][k- 1] =
Pr cw meshl[i][j]l[k - 1];

k cw mesh[i][j + I][k- 1]=
k cw_mesh[i][j][k - 1];

}
else if (j % 2 == 0) {
for (k =mesh_z; k> 05 k--) {

//Wetting ratio, gas-liquid
area, and solid-liquid area
theta a_mesh[i][j][k] =
* pow(X_Ib_mesh[i][j][k] * ,2) - * X _1b_mesh[i][j][k] * +
; //Advancing contact angle [deg.]
theta r mesh[i][j][k] =
* pow(X_Ib_mesh[i][j][k] * y2) - * X _1b_mesh[i][j][k] * +
; //Receeding contact angle [deg.]

//Determine if flow is
increasing or decreasing flow rate
if (type_of flow =="1") {
wr_gl mesh[i][j][k]
= * pow(theta_a mesh[i][j][k], -0.90) * pow((Re _1b_mesh[i][j][k] /
pow(We_lb_meshli][j][k], 3)), ); //Partial wetting model
//Assign the value of
1 to the wetting ratio if it is greater than 1
if
(wr_gl_mesh[i][jl[k] > 1) {
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wr_gl mesh[i][j][k] = |3

}

else if (type of flow ==
IDI) {

Ga_Ib_b mesh][i][j][k] = rho _Ib_mesh[i][j][k] * pow(sigma lb mesh[i][j]1[k], 3)
/ pow(myu_Ib mesh[i][j]lk], 4) / g; /Galileo number at film breaking

Re 1b b mesh[i][j][k] = * pow(Ga_lb b mesh[i][j][k], ) *
pow((log(theta r meshl[i][j][k]) + ), 3); //Film Reynolds number at breaking

//Determine whether
Re s is lower than Re b, if so, compute the wetting ratio

if
(Re 1b _mesh[i][j][k] <Re Ib b mesh][i][j][k]) {

wr gl mesh[i][j][k] = * pow(theta r mesh[i][j][k], -0.90) *
pow((Re_1b_mesh[i][j][k] / pow(We_lb_mesh]i][j][k], 3)), ); //Partial wetting
model

}

//Assign the value of
1 to the wetting ratio if Re_ sis>=Re b

else if
(Re_Ib_meshl[i][j][k] >= Re_Ib_b_mesh[i][j][k]) {
wr_gl mesh[i][j][k] = 13
}
}
//Complete wetting
assumption
/lwr_gl mesh[i][j][k] = 1.0;
//Complete wetting

delta 1b_wr[i][j][k] =

pow((3 * Gamma_lb_mesh[i][j][k] * myu_lb_mesh[i][j][k] / pow(rho 1b_mesh][i][j][k],
)/ g/ wr gl mesh[i][j][k]), ); //Film thickness [m]

u 1 max wrli][j][k] =
rho Ib mesh[i][j][k] * g * pow(delta_Ib_wrl[i][j]llk], 2) / 2 / myu_Ib_mesh[i][j][k];
////Maximum (gas-liquid interface) velocity [m/s]

u 1 ave wrli][jllk] =2 *
u | max_wrli][j][k] / 35 // Average solution velocity [m/s]
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//Effective air velocity and
effective hydraulic diameter

u gb dry mesh[i][j][k] =
m_gb meshli][j][k] / tho _gb meshli][j][k] / (0.5 * P_f*dy)-(0.5*P £*D t 0));
//Effective air velocity on dry area

u_gb wet mesh[i][j][k] =
m_gb meshli][j][k] / rho_gb meshl[i][j][k] / (0.5 * P _f*dy)-(0.5*P f*D t o)-
(delta 1b_wrli][jl[k] * dy)); /Effective air velocity on wet area

d h dry mesh[i][j][k] =4 *
((O5*%P f*dy)-(0.5*P_f*D t 0))/(dy + P_f); //Effective hydraulic diameter on
dry area

d h wet mesh[i][j][k] =4 *
((O5*P f*dy)-(0.5*P f*D t o) -(delta Ib_wrli][jl[k] * dy)) / (dy + P_f);
//Effective hydraulic diameter on wet area

//Air Reynolds number

Re gb dry mesh[i][j][k] =
rho gb meshl[i][j][k] * u_gb dry mesh[i][j][k] * d h dry mesh[i][j][k] /
myu_gb mesh[i][j][k]; /On dry area

Re gb wet mesh]i][j][k] =
rho gb meshl[i][j][k] * u_gb wet meshl[i][j][k] * d _h_wet mesh[i][j][k] /
myu gb meshl[i][j][k]; //On wet area

//Air Nusselt number and
friction factor based on dry area, Fujii and Seshimo

if (Re_gb dry mesh[i][j][k]
<=400){

Nu_gb dry mesh[i][j][k] = * pow(Re gb dry mesh[i][j][k] *
Pr_gb meshl[i][j][k] * d h dry mesh[i][j][k] / (2 * dx), ); //Nusselt number for low
Reynolds number

f gb dry meshli][j][k] = + * pow(Re gb dry mesh[i][j][k] *
d h dry mesh[i][j][k] / (2 * dx), - )/ (2 *dx)/d h _dry meshli][j]l[k]); /Friction
factor for low Reynolds number

}
else if
(Re_gb_dry_meshl[i][j][k] > 400) {
Nu _gb dry mesh[i][j][k] = * pow(Re gb dry mesh[i][j][k], );
//Nusselt number for high Reynolds number
f gb dry meshl[i][j][k] = + * pow(Re gb dry mesh[i][j][k], - );

//Friction factor for low Reynolds number
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}

//Air Nusselt number and
friction factor based on wet area, Fujii and Seshimo

if (Re_gb_wet_mesh[i][j][k]
<=400){

Nu gb wet meshl[i][j][k] = * pow(Re gb wet meshl[i][j][k] *
Pr_gb meshl[i][j][k] * d h_wet mesh[i][j][k] / 2 * dx), ); //Nusselt number for low
Reynolds number

f gb wet mesh[i][j][k] = + * pow(Re gb wet mesh[i][j][k] *
d h wet mesh[i][j][k] / (2 * dx),-1.07) /(2 * dx) / d_h_wet mesh][i][j][k]); //Friction
factor for low Reynolds number

}
else if
(Re gb wet mesh]i][j][k] > 400) {
Nu gb wet meshl[i][j][k] = * pow(Re gb wet mesh[i][j][k], );
//Nusselt number for high Reynolds number
f gb wet meshl[i][j][k] = + * pow(Re gb wet mesh[i][j][k],-!.27);
//Friction factor for low Reynolds number
}
//Air pressure drop

deltaP_gb mesh[i][j][k] =
(f gb _dry mesh[i][j][k] * (1.0 - wr_gl mesh[i][j][k]) * dx * rho_gb mesh[i][j][k] *
pow(u_gb dry meshli][jl[k], 2) /2 /d_h dry mesh[i][j][k]) +

(f_gb_wet mesh[i][j][k] * wr_gl mesh[i][j][k] * dx * tho_gb mesh[i][j][k] *
pow(u_gb wet meshl[i][j][k], 2) /2 /d_h wet mesh[i][j][k]); //
//f _gb _mesh[i][j][k] =96 /
Re gb mesh[i][j][k]; //General correlation for open rectangular duct (Incroperta et al.,
2011, page 553)

//Heat transfer coefficient of
the air

h h gb gl meshli][j][k] =
Nu_gb wet meshl[i][j][k] * lambda gb mesh][i][j][k] /d_h wet mesh[i][j][k]; //From
the air to the gas-liquid interface [kW/m”2/K]

h h gb gs mesh[i][j][k] =
Nu _gb dry mesh[i][j][k] * lambda gb meshli][j][k] /d_h dry mesh[i][j][k]; /From
the air to the liquid-solid interface [kW/m”"2/K]
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//Mass transfer coefficient
of the air

h m gb gl meshli][j][k] =
h h gb gl mesh[i][j][k] * 1000 /rho_gb mesh[i][j][k] / c_p_gb mesh[i][j][k];
//Reynolds Analogy [m/s]

//h_m_gb gl mesh[i][j][k]
=h_h gb gl mesh[i][j][k] * 1000/ rho gb mesh[i][j][k]/ c_p_gb mesh[i][j][k] *
pow((D_gb mesh[i][j][k] / TD_gb mesh[i][j][k]), 0.66666667); //Chilton-Colburn
Analogy [m/s]

//Heat transfer coefficient of
the solution

Nu_Ib_mesh[i][j][k] =
0.4764 * pow(Re lb_mesh[i][j][k], 0.0477) * pow(Pr_lb_mesh[i][j][k], 0.334);
//Nusselt number (Karami et al.)

double Lc Ib=
delta_Ib_wr[i][j][k];//Characteristic length = film thickness [m]

h h gl Is mesh]i][j][k] =
Nu _Ib_mesh[i][j][k] * lambda Ib_mesh[i][j][k] / Lc_lb; /Heat transfer coefficient of
the solution film [kW/m”2/K]

//Nu_1b_mesh[i][j][k] =
1.88; //Nusselt number

//Mass transfer coefficient
of the solution

h m gl 1b_mesh[i][j][k] =
2 * pow((u_l max_ wrli][j]l[k] * D_lb_meshli][j][k] / M_PI/ dy), 0.5); //Penetration
theory [m/s]

//h_m_gl 1b mesh[i][j][k] =
D 1b_mesh[i][j][k] / delta_lb_wr[i][j][k]; //Film theory [m/s]

//h_m_gl 1b mesh[i][j][k] =
h h gl Is mesh[i][j][k] /rho_lb mesh[i][j][k]/c_p_ lb_mesh[i][j][k] *
pow((D_Ib_mesh[i][j][k] / TD_1b_mesh[i][j][k]), 0.66666667); //Chilton-Colburn
Analogy [m/s]

//Heat transfer coefficient of
the wall

h h w_mesh[i][j][k] =
lambda w/log(D t o/ D t i)/ M_PI/P_f; //Heat transfer coefficient of the wall
[kW/m"2/K]

//Heat transfer coefficient of
the cooling water

f mesh[i][j]l[k] =0.316 *
pow(Re cw_ mesh[i][j][k], -0.25); //Friction factor
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Nu_cw_mesh[i][j][k] =
f mesh[i][j][k] * (Re_cw_mesh[i][j][k] - ) * Pr_cw_mesh[i][j][k] / &/ (I + *
pow((f_mesh[i][j][k] / &), 0.5) * (pow(Pr_cw_mesh[i][j]1[k], ) - 1)); //Nusselt
number (Gnielinski correlation)

h h cw_mesh[i][j][k] =
Nu cw_mesh][i][j]Ik] * k cw_mesh][i][j][k] / / D _t i; //Heat transfer coefficient
[kW/m"2/K]

//Enthalpy of
vaporization/condensation of water

h v _mesh[i][j][k] =
sat_hv(100) - sat_hl(100); //Enthalpy of vaporization/condensation [kJ/kg]

//Surface areas

n_f 1b_mesh[i][j][k] =
pow((! +h _h gl 1s mesh[i][j][k] * pow((D_f-D t 0),2) * pow((D_f/D t 0),0.5)/
/ lambda_w/ (t_fin/ 2)),-1); //Fin efficiency towards the solution

n f gb mesh[i][j][k] =
pow((! +h h gb gs mesh[i][j][k] * pow((D _f-D t 0),2)* pow((D_f/D_t 0),0.5)/

/lambda w/ (t fin/?2)),-1); //Fin efficiency towards the air

wr_Is_mesh[i][j][k] =
wr gl mesh[i][j][k]; /Liquid-solid wetting ratio

A gl mesh[i][j][k] =
wr gl mesh[i][j][k] * (A_fin+ A t ow); //Area of the gas-liquid area [m"2]

A 1s mesh[i][j][k] =
wr_Is_mesh[i][j][k] * (n_f 1b_mesh][i][j][k] * A_fin+ A_t ow); /Area of the liquid-
solid area [m"2]

A_gs_meshl[il[jl[k] = (1.0 -
wr_Is_mesh[i][jl[k]) * (n_f gb mesh[i][j][k] * A _fin + A _t ow); //Area of the gas-
solid area [m"2]

//A_gs mesh[i][j][k] =
n_f gb mesh[i][j][k] * A_fin+ A_t ow; //For 0 solution flow calculation

//Total gas-liquid mass
transfer coefficient
h m gb Ib mesh[i][j][k] =
/(1 /tho_gb meshli][j][k] / A gl mesh[i][j][k] /h m_gb gl mesh[i][j][k] + |/
rho 1b_mesh[i][j][k] / A_gl mesh[i][j][k] /h_m_gl Ib_mesh[i][j]l[k]); //[kg/s]

//Total gas-liquid heat
transfer coefficient
h h gb lIb meshl[i][j][k] =
/(1 /A _gl mesh[i][j][k] /h_h gb gl mesh[i][j][k] + | /A gl mesh[i][j][k] /
h h gl Is mesh[i][j][k]); //[kW/K]
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//Gas-liquid property
calculation

q_gb Ib _mesh[i][j][k] =
h h gb 1b mesh[i][j][k] * (T _gb mesh[i][j][k] - T 1b_mesh[i][j][k]); /Heat transfer
from the gas bulk to the liquid bulk [kW]

T gl mesh[i][j][k] =
T Ib_mesh[i][j][k] + q _gb 1b mesh[i][j][k] / A gl mesh[i][j][k] /
h h gl Is meshli][j]l[k]; //Gas-liquid temperature [deg.C]

q_gb_gl mesh[i][jl[k] =
h h gb gl mesh[i][j][k] * A gl mesh[i][j][k] * (T gb mesh[i][j][k] -
T gl mesh[i][j][k]); //Heat transfer from the gas bulk to the gas-liquid interface [kW]

j_gb b _mesh[i][j][k] =
h m gb Ib mesh[i][j][k] * (x_gb _mesh[i][j][k] - x_Ib_mesh[i][j][k]); //Overall mass
transfer [kg/s]

X gl mesh[i][j][k] =
X Ib _mesh[i][j]l[k] +j gb Ib mesh[i][j][k] / rtho Ib mesh][i][j][k] /
h m gl 1b mesh[i][j][k] / A gl mesh[i][j][k]; // IL mass fraction at the gas-liquid
interface

j_gl 1b_meshli][j][k] =
rho Ib mesh[i][j][k] * A gl mesh[i][j][k] * h m gl 1b mesh[i][j][k] *
(X_gl _mesh[i][j][k] - X _Ib_mesh][i][j][k]); //Mass transfer from the gas-liquid interface
to the liquid bulk [kg/s]

x_gl meshl[i][j][k] =
x_1b_mesh[i][j][k] +j gb Ib mesh][i][j][k] / rho 1b mesh[i][j][k] /
h m gl 1b mesh[i][j][k] / A gl mesh][i][j][k]; / Humidity ratio of the air at the gas-
liquid interface

j_gb_gl meshl[i][jl[k] =
rho_gb mesh[i][j][k] * A_gl mesh[i][j][k] * h m gb gl mesh[i][j][k] *
(x_gb mesh[i][j][k] - x_gl mesh[i][j]l[k]); //Mass transfer from the gas bulk to the gas-
liquid interface [kg/s]

//Total air-solid heat
transfer coefficient

h h gb Is mesh[i][j][k] =
/(1 /A _gl mesh[i][jl[k] /h_h gb gl mesh[i][j][k] + | / A _ls_mesh[i][j][k] /
h h gl Is mesh[i][j][k]);

//Overall air-water heat
transfer coefficient
h h gb cw mesh[i][j][k] =
/(1 /(A_gs mesh[i][j][k] * h_h gb gs mesh[i][j][k] + h_h gb Is mesh[i][j][k]) + |/
A t ow/h h w mesh[i][jl[k] + | /A t iw/h_h cw_mesh[i][j][k]); /[kW/K]

//Tube outer wall and inner
wall temperatures
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T iw_mesh[i][j][k] =
T cw_mesh[i][j][k] + h_h gb cw mesh[i][j][k] * (T gb mesh][i][j][k] -
T cw_mesh[i][j][k]) /A _t iw/h_h_cw_meshl[i][jl[k]; //[deg.C], from the cooling
water towards the air

T ow_meshl[i][j][k] =
T iw_mesh[i][j][k] + h_h gb cw mesh]i][j][k] * (T gb meshl[i][j][k] -
T cw_mesh[i][j][k]) /h_h w_mesh[i][j][k] / A_t ow;

/IT ow _mesh[i][j][k] =
(T _gb mesh[i][j][k] * h_h gb gs mesh[i][j][k] * A _gs mesh[i][j][k] +
T gl mesh[i][j][k] * h h gl Is mesh[i][j][k] * A ls mesh[i][j][k] -
h h gb cw mesh[i][j][k] * (T_gb mesh[i][j][k] - T cw_mesh[i][j][k])) /

//(h_h_gb gs mesh[i][j][k] * A gs mesh[i][j][k] + h_h gl Is mesh[i][j][k] *
A Is mesh[i][j][k]); /[deg.C], from the air towards the cooling water calculation
/IT iw_mesh[i][j][k] =
T ow mesh[i][j][k] -h h gb cw mesh[i][j][k] * (T gb mesh[i][j][k] -
T cw_mesh[i][j][k])/ A t ow/h_h w mesh[i][j][k]; /[deg.C], from the air towards
the cooling water calculation

//Outer tube to inner tube
heat transfer
q_w_mesh[i][j][k] =
h h w_mesh[i][j][k] * A_t ow * (T _ow_mesh[i][j][k] - T iw_mesh[i][j][k]); //[kW]
//q w_mesh[i][j][k] =
h h w _mesh[i][j][k] * (A_Is mesh[i][j][k] + A _gs mesh[i][j][k]) *
(T _ow_mesh[i][j][k] - T_iw_mesh[i][j][k]); //[kW], from the air towards the cooling
water calculation

//Inner tube to cooling water
heat transfer

q_iw_cw_mesh[i][j][k] =
h h cw_mesh[i][j][k] * A_t iw * (T_iw_mesh[i][j][k] - T _cw_mesh][i][j][k]); //[kW]

//Liquid to solid heat
transfer
q_lb_Is_mesh[i][j][k] =
h h gl Is mesh[i][j][k] * A 1s mesh[i][j][k] * (T _Ib_mesh[i][j][k] -
T ow_meshl[i][j]1[k]); //[kW]
//Gas to solid heat transfer
q_gb_gs_mesh[i][j][k] =
h h gb gs mesh[i][j][k] * A _gs mesh]i][j][k] * (T _gb_mesh[i][j][k] -
T ow_mesh[i][j][k]); //[kW]

//Condensation
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x_dp_gb meshli][j][k] =
air x_tphi(T _gb mesh[i][j][k], ); /Humidity ratio at dewpoint temperature

if (T _gb_mesh[i][j][k] <=
T_dp_gb_mesh[i][jI[k] {

m_gb dp mesh[i][j][k] =m_gb mesh[i][j][k] * (x_gb_mesh[i][j][k] -
x_dp_gb meshli][j][k]); //Condensation rate, if gas bulk temperature is lower than the
dewpoint temperature
}
else if (T _gb mesh[i][j][k]
>T _dp_gb_mesh[i][jI[k]) {

m_gb dp mesh[i][j][k] = 03 /No condensation of gas bulk temperature is higher
than the dewpoint temperature

}

/IAir

m_gb meshli][j + [][k] =
m_gb mesh[i][j][k]; //Mass flow rate [kg/s]

x_gb mesh[i][j + [][k] =
(m_gb mesh[i][j][k] * x_gb mesh[i][j][k] -j _gb gl mesh[i][j][k] -
m_gb dp mesh[i][j][k]) / m gb mesh[i][j + I][k]; /Humidity ratio [kg/kg(DA)]

H gb meshl[i][j + I][k] =
(m_gb meshl[i][j][k] * H gb mesh]i][j][k] - q gb gl mesh[i][j][k] -

(G_gb gl mesh[i][j]l[k] + m_gb dp mesh[i][j][k]) * h_v_mesh][i][j][k] -
q_gb_gs meshli][j][k]) / m_gb_mesh[i][j + !][k]; /Enthalpy [kJ/kg]

T gb meshli][j + I][k] =
air t hx(H_gb meshli][j + 1][k] * , X_gb meshl[i][j + 1][k]); /Temperature
[deg.C]

rho_gb meshli][j + 1][k] =
air_rho tx(T_gb mesh[i][j + !][k], x_gb _mesh[i][j + [][k]); //Density [kg/m"3]

lambda gb meshli][j +

lIk] = air_lambda tx(T gb meshl[i][j + !][k], x_gb _mesh[i][; + !][k]) / ;
//Thermal conductivity [kW/m/K]

¢ p_gb mesh[i][j + I][k] =
air_cp tx(T_gb mesh[i][j + 1][k], x_gb mesh[i][j + I][k]); //Specific heat [J/kg/K]

TD gb meshl[i][j + I][k] =
air_alpha_tx(T_gb mesh[i][j + 1][k], x_gb mesh[i][j + 1][k]); /Thermal diffusivity
[m”2/s]

D gb meshli][j + I][k] =
air D t(T _gb mesh[i][j + !][k]); /Mass diffusivity [m"2/s]

myu_gb meshli][j + [][k] =
air myu_tx(T _gb mesh[i][j + I][k], x_gb mesh][i][j + !][k]); /Dynamic viscosity [Pa-

s]
Pr gb meshl[i][j + [][k] =
air Pr t(T_gb mesh[i][j + !][k], x_gb mesh[i][j + 1][k]); //Prandt] number
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T dp_gb mesh[i][j + 1][k]
=air td x(x_gb mesh[i][j + !][k]); /Dewpoint temperature [deg.C]

//Liquid bulk
m_Ib_mesh[i + [][j][k] =
m_1b_mesh[i][j][k] +j gb gl mesh[i][j][k] + m_gb dp mesh[i][j][k]; //Mass flow rate
[kg/s], with condensation
H 1b mesh[i + [][j][k] =
(m_1b_mesh[i][j][k] * H_1b_mesh]i][j][k] + q_gb_gl mesh[i][j][k] +
(G_gb gl mesh[i][j][k] + m_gb dp mesh][i][j][k]) * h_v_mesh[i][j][k] -
q_lb_Is meshl[i][j]l[k]) / m_Ib_mesh[i + [][j][k]; /With condensation
X Ib _mesh[i+ 1][j][k] =
(m_1b_mesh[i][j][k] * X 1b_mesh][i][j][k]) / m_lb_mesh[i + [][j][k]; //IL mass fraction
T Ib mesh[i + [][j][k] =
IL t hw(H Ib _mesh[i+ 1][j][k], X_Ib_mesh[i + I][j][k] * ); //Temperature [deg.C]
Gamma 1b_mesh[i +
111k] = m_Ib_mesh[i + [][j][k] / dx; /Flowrate per unit length of the contactor
[kg/m/s]
x_Ib_mesh[i + 1][j][k] =
IL hr tX(T 1b_mesh[i+ I][j][k], X Ib _mesh[i + 1][j][k] * ); //Equilibrium
humidity ratio [kg/kg]
rho Ib mesh[i + [][j][k] =
IL rho tX(T Ib_mesh[i + [][j][k], X Ib_mesh[i + 1][j][k] * ); //Density [kg/m”3]
myu_lb mesh[i+ [][j][k] =
IL myu tX(T Ib_mesh[i + [][j]l[k], X _Ib_mesh[i + [][j][k] * ); //Dynamic viscosity
[Pa-s]
lambda_lb mesh|[i +
1511k] =IL_lambda tX(T 1b_mesh[i + 1][j][k], X _1b_mesh[i + I][j][k] * )/ H
//Thermal conductivity [kW/m/K]
delta_lb _mesh[i + 1][j][k] =
pow((3 * Gamma Ib_mesh[i + [][j]l[k] * myu Ib_mesh[i + I][j][k] /
pow(rho Ib _mesh[i + 1][j][k], 2) / g), ); //Film thickness
u_ 1 max mesh[i+ [][j][k]
=rho_Ib_mesh[i + I][j][k] * g * pow(delta_Ib_mesh[i + 1][j][k], 2) / 2 / myu_lb_mesh[i
+ 1][j1[k]; //Maximum (gas-liquid interface) velocity [m/s]
u 1 ave mesh[i+ I][j][k] =
*u 1 max mesh[i+ [][j][k] / 35 //Average velocity [m/s]
sigma_lb_meshl[i + [][j][k]
=L sigma tX(T lb_mesh[i + I][j][k], X _Ib_mesh[i + [][j][k] * ); //Surface
tension [N/m]
We 1b_meshli + I][j][k] =
sigma_Ib_mesh[i + 1][j][k] / rho_Ib _mesh[i + [][j][k] / pow(u_1 ave mesh[i+ 1][j][k],
) / delta_1b_mesh[i + 1][j]l[k]; /Weber number
Re Ib_mesh[i + 1][j][k] =
* Gamma_lb_mesh[i + 1][j][k] / myu_lb mesh[i + [][j][k]; //Reynolds number
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Pr 1b_mesh[i + 1][j][k] =
IL nyu tX(T Ib _mesh[i + 1][j][k], X 1b _mesh[i + I][j][k] * 100)/
IL alpha tX(T 1b_mesh[i+ I][jl[k], X 1b_mesh[i+ [][j][k] * ); //Prandtl number

D 1b mesh[i + [][j][k] =
IL D X(X_Ib_mesh[i+ I][j][k] * 100); //Mass diffusivity [m"2/s]

¢ p_lb mesh[i+ I][j][k] =
IL Cp tX(T Ib_mesh[i+ I][jl[k], X 1b_mesh][i + I][j][k] * 100); //Specific heat
[kJ/kg/K]

TD Ib _mesh[i + [][j][k] =
IL alpha tX(T Ib mesh[i+ [][j][k], X Ib_mesh[i + I][j][k] * ); //Thermal
diffusivity [m"2/s]

//Cooling water

m_cw_mesh[i][jl[k - 1] =
m_cw_mesh[i][j][k]; /Mass flow rate [kg/s|

H cw_meshli][j][k - 1] =
(m_cw_mesh[i][j][k] * H_cw_mesh[i][j][k] - q_iw_cw_mesh[i][j][k]) /
m_cw_mesh[i][j][k - !]; //Enthalpy [k]/kg]

T cw_mesh[i][jl[k- 1] =

water t hp(H cw mesh[i][j]l[k - 1], ); //Temperature [deg.C]
nyu_cw_mesh[i][j][k - 1] =
sc_nyul( , T _cw_meshl[i][j][k - 1]); //Kinematic viscosity [m”2/s]

Re cw_meshl[i][jl[k- I] =
ucw *D t i/nyu cw_meshli][j][k - 1]; /Reynolds number
Pr_cw_mesh[i][jl[k - ] =

sc_Prl( , T _cw_meshl[i][j]l[k - 1]); //Prandtl number
k cw_mesh[i][jllk- 1] =
sc_laml( , T _cw_mesh[i][j][k - 1]); //Thermal conductivity [k W/m/K]
}

//Assign initial values for the next
control volume

m_cw _mesh[i+ I][j- I][k+ 1] =
m_cw_mesh[i][j][k + ];

H cw mesh[i+ [][j- [][k+ 1] =
H cw_mesh[i][jl[k + ];

T cw mesh[i+ I][j-I][k+ 1] =
T cw_mesh[i][j][k + 1]

nyu cw_mesh[i+ I][j- ][k + 1] =
nyu _cw_mesh[i][jl[k + 1];

Re cw mesh[i+ [][j- I][k+ I]=
Re cw_mesh[i][j][k + 1];

Pr cw mesh[i+ I][j- [][k+ 1] =
Pr_cw_meshli][jl[k + ];

k cw mesh[i+ 1][j- I][k+ 1] =
k cw_mesh[i][jl[k + !];
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}

//Outlet conditions
//Outlet air

m_og pre=0.0;
m_og total pre=10.0;
H og pre=0.0;
x_og pre=0.0;
T og pre=0.0;

T dp og pre=0.0;
deltaP _og pre = 0.0;

H og diff=10.0;
x_og diff =0.0;
T og diff=10.0;

T dp og diff=0.0;
deltaP_og diff=0.0;

for i=1;1i<mesh y+ I;i++) {
for (k=1;k<mesh z+ 1; k++) {

for (n=1;n<pass+ |;nt++) {

forG=n*2-1;j<n*2+1;j++){
deltaP_og pre = deltaP_og pre +
deltaP_gb mesh[i][j][k];

}

3

deltaP_gb mesh[i][mesh x][k] = deltaP_og pre;

deltaP_og pre =0.0;

}

for (i=1;1<mesh y+ I;i1++) {
for (k=13 k <mesh z+ 1; k++) {
m_og_pre =m_og pre+
m_gb mesh[i][mesh x][k] * 2;
}

}
m_og total pre =m_og_ pre;

for 1= 1;1<mesh y+ I;i++) {
for (k=1;k <mesh z+ 1;k++) {

X 0g pre =X og pre+
m_gb mesh[i][mesh x][k] * x gb mesh[i][mesh x][k] * 2;
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H og pre=H og pre +
m_gb mesh[i][mesh x][k] * H gb mesh[i][mesh x][k] * 2;
deltaP_og pre = deltaP_og pre +
deltaP_gb mesh[i][mesh x][k];
}
}

X _0g pre =X _og pre/m_og total pre;

H og pre=H og pre/ m og total pre;
deltaP_og pre = deltaP_og pre / mesh y/mesh z;
T og pre=air t hx(H og pre * 1000, x_og pre);
T dp og pre=air td x(x og pre);

H og diff=H og exp - H og pre;

x_og diff =x og exp-x og pre;

T og diff=T og exp-T og pre;

T dp og diff=T dp og exp-T dp og pre;
deltaP_og_diff = deltaP_og_exp - deltaP_og pre;

//Screen output

cout << "x og pre: " <<x _og pre << "[kg/kg(DA)[\t";

cout << "T og pre: " <<T og pre <<"[deg. C|\t";

/lcout <<"H og pre: " << H og pre << "[kJ/kg]\n";

/lcout <<"T dp og pre:" <<T dp og pre << "[deg. C]\n";
cout << "deltaP og pre: " << deltaP_og pre << "[Pa]\t";
/lcout <<"x_og diff: " <<x og diff <<"[kg/kg(DA)]\t";
/lcout <<"T og diff: " << T og diff <<"[deg. C]\t";

/lcout <<"H_ og_ diff: " <<H_og_ diff << "[kJ/kg]\n";

/lcout <<"T dp og diff: " << T dp og diff <<"[deg. C]\n";
/lcout << "deltaP_og diff: " << deltaP_og_ diff <<"[Pa]\t";

//Outlet solution
m_ol total pre=0.0;
H ol pre=0.0;

X ol pre=0.0;
m_ol pre=0.0;

G ol pre=0.0;

T ol pre=0.0;
x_ol_pre =0.0;

T dp ol pre=0.0;
H ol diff=0.0;

X ol diff=0.0;

T ol diff=0.0;

G ol diff=0.0;

for(n=1l;n<pass+ |;n++) {
forG=n*2-1;j<n*2+1;j++){
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for (k= 13k <mesh z+ |;k++) {
m ol pre=m_ ol pre+
m_Ib mesh[mesh_y][j][k] * 23

}
}
m_ol total pre =m ol pre;
G ol pre=m_ol total pre/L/W;

for (n= I;n<pass+ |;nt+t+) {
forG=n*2-1;j<n*2+1;j++){
for (k=13 k <mesh z+ 1; k++) {
H ol pre=H ol pre+
H Ib mesh[mesh y][j]lIk] * m_lb mesh[mesh y][j][k] * 2;
X ol pre=X ol pre+
X 1b_mesh[mesh y][jl[k] * m_Ib_mesh[mesh_y][j][k] * 23
}
}
}

H ol pre=H ol pre/ m ol total pre;

X ol pre=X ol pre/m_ol total pre;

T ol pre=IL t hw(H_ol pre, X ol pre * 100);

x ol pre=1IL hr tX(T ol pre, X ol pre * 100);

T dp ol pre=1IL td tw(T ol pre, X ol pre * 100);
H ol diff=H ol exp-H ol pre;

X ol diff=X ol exp-X ol pre;

T ol diff=T ol exp-T ol pre;

G ol diff =G ol exp -G ol pre;

//Screen output

//lcout << "H ol pre: " <<H_ol pre << "[kJ/kg]\n";
/lcout << "X ol pre: " << X ol pre * 100 << "[%]\n";
cout << "T ol pre:"<<T ol pre<<"[deg. C|\n";
/lcout <<"x_ol pre: " <<x_ol pre <<"[kg/kg]\n";
/lcout <<"T dp ol pre: " <<T dp ol pre <<"[deg. C]\n";
/lcout << "G ol pre: " << G ol pre <<"[kg/m”2/s]\n";
/lcout << "H ol diff: " <<H_ol diff << "[kJ/kg]\n";
/lcout << "X ol diff: " << X ol diff * 100 <<"[%]\n";
/lcout <<"T ol diff: " <<T ol diff <<"[deg. C]\n";
/lcout << "G ol diff: " << G ol diff <<"[kg/m"2/s]\n";

//Wetting ratio

wr_gl ave=0.0;

Re 1b ave =0.0;

for 1= 1;1<mesh y+ I;i++) {
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for = 15j <mesh x+ I;j++) {
for (k=13 k <mesh z+ 1; k++) {
wr gl ave=wr gl ave +
wr_gl mesh[i][j][k];
Re Ib ave=Re b ave +
Re Ib mesh[i][j][k];

}
H
wr gl ave=wr gl ave/(mesh y * mesh x * mesh z);
Re Ib ave =Re Ib ave/(mesh y * mesh x * mesh z);

//Outlet cooling water
m_ocw_pre = (.03
m_ocw_total pre=0.0;
H ocw pre=0.0;

T ocw_ave pre = 0;
m_icw pre = 0.0;
m_icw_total pre = 0.0;
H icw pre=0.0;

T icw_ave pre = (3

T icw_diff =0;

for (n=I;n<pass+ |;nt++) {
for G=n*2-15j<n*2;j++) {
m_ocw_pre =m_ocw_pre +m_cw_mesh[!][j][!];
H ocw pre=H ocw pre +H cw _mesh[!][j][!]
*m_cw_mesh[I][j][!];

}

m_ocw_total pre =m_ocw_pre;

H ocw pre =H ocw pre/m_ocw_total pre;

T ocw_ave pre =water t hp(H ocw_pre, );

}

//Inlet cooling water
for(n=1;n<pass+ |;nt++) {
for=n*2;j<n*2+1;j+){
m_icw_pre =m_icw_pre +
m_cw_mesh[mesh y]|[j]1[!];
H icw pre=H icw pre +
H cw_mesh[mesh y][j][!] * m_cw_mesh[mesh_y][j][!];
}
}
m_icw_total pre =m_icw_pre;
H icw pre=H icw pre/m_icw_total pre;
T icw_ave pre =water t hp(H _icw_pre, );
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T icw diff=T icw _exp-T icw_ave pre;

//Screen outlet

cout << "T ocw ave pre: " <<T ocw_ave pre << "[deg. C|\n";
cout << "T icw ave pre: " <<T icw ave pre << '"[deg. C|\n";
/lcout <<"T icw diff: " << T icw_ diff <<"[deg. C]\n\n";

for(n=Il;n<pass+ |;n++) {
forG=n*2;j<n*2+ 1;j++) {
T icw conv.SetResult(n - 1,
T cw_mesh[mesh_y][jl[!], T icw_exp);
}
}

num_of iter += |;
/lcout << "No. of iter. =" <<num_of iter <<"\n";

}

/*if (deltaP_og_exp >= deltaP_og pre && x_og exp >=x_og pre && V <=
Vo) {

//Write results to csv file
Results <<m_ig total exp <<"," <<m_il total exp <<"," <<
m_icw_total exp <<"," <<deltaP_og pre <<"," <<x og pre <<"," <<T og pre <<
""" <<wr_ gl mesh[mesh y][mesh x][mesh z] <<")" << V<<""<<L<<""<<H<<
"W <" " <<mesh x <<"," <<mesh y<<", <<mesh z<<"\n";
3/
Results << Re gb wet mesh[I][I][!] << "," <<Re Ib ave <<")" <<
m_ig total exp <<")" <<m il total exp <<"." <<m_icw_total exp <<"," <<
deltaP_og pre <<")" <<x og pre <<")"<<T og pre <<'")"<<wr gl ave <<")" <<
V<<""<<L<<""<<H<<""<<W<<""<<mesh x<<""<<mesh y<<"" <<
mesh z<<"\n'";

}
}
}

//Record time

end_time = clock();

double run_time = (double)(end_time - start_time) / 10003 // [sec]
cout << "total run time: " <<run_time << "[sec|\n";

Results << "total run time: " <<run_time << "[sec]|\n";

//CMD prompt pause
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system("'pause");
return 0;
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