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Abstract

Abstract

Liquid desiccant is one type of salt solution characterized by its hygroscopic
properties, which has been widely applied in the fields of air conditioning, heat recovery,
and desalination. This thesis focuses on the physical process of vapor absorption into
hygroscopic liquid desiccant droplets. Especially, we reveal the droplet kinetics, the
motion of contact line, the heat and mass transfer, as well as the evolution of interfacial
parameters of absorptive droplets.

Experiments on hydrophobic and hydrophilic substrates aim to reveal the effect of
surface wettability on the droplet behaviors and on the rate of vapor absorption. Results
show that droplets grow in a quasi-constant-contact-angle mode on hydrophobic PTFE
substrates, while apparent droplet spreading is observed on hydrophilic glass substrates.
Moreover, the rate of vapor absorption is higher on hydrophilic substrates than that on
hydrophobic ones owning to the apparently shorter characteristic length of solute
diffusion within the droplets. Besides, the slowly-spreading phenomena of droplets on
hydrophilic glass substrates are explained based on a force balance analysis at the triple
contact line, by the evolution of liquid-gas surface tension, and by the development of a
precursor film during vapor absorption.

The coupled heat and mass transfer process is then investigated combining optical
imaging and infrared thermography. Results show that the droplet experiences the highest
temperature right after contacting the substrate owning to the rapid vapor absorption
during droplet deposition. The droplet then gradually cools down as a joint result of heat
dissipation and decreasing rate of vapor absorption. The vapor pressure difference
between the droplet interface and the ambient is further evaluated combining the
evolution of interfacial temperature and solute concentration. The results explain the
saturation increasing trend of droplet volume along with time for six representative

experimental conditions. Besides, a summary is given to elucidate the similarities and
11



Abstract

differences between droplet evaporation and vapor absorption.

For better understanding the droplet dynamics during vapor absorption/desorption,
a lubrication model is developed by direct numerical simulation, and solved with finite
element method. The model allows for the free motion of contact line with the assumption
of a precursor film in front of the droplet bulk. The simulation results reveal the
distribution of mass flux across the droplet surface, and also demonstrate the evolutions
of droplet profile, interfacial temperature, interfacial water concentration, and surface
tension along with time. We further relate the contact line motion with the decomposed
interior flow, which explains the spreading phenomena of hygroscopic droplets on

hydrophilic substrates along with vapor absorption and desorption.

Key words: vapor absorption, liquid desiccant droplet, wetting and spreading, heat and

mass transfer, lubrication model, finite element method
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Chapter 1 Introduction

Chapter 1 Introduction

1.1. History

Wetting, spreading, and phase change are common phenomena in the natural world,
and have been of interest to scientists for a long time. Up to the early 1800s, Thomas
Young ™M investigated the wetting phenomena of liquid in contact with a solid, and
developed the theory of capillary phenomena on the principle of surface tension. Young’s
theory provided a qualitative explanation to the various interfacial phenomena in three
phase fluid systems. Later in 1805, Pierre-Simon Laplacel® completed the mathematical
description which relates the concept of surface tension and the capillary action. In 1830,
the German Mathematician, Carl Friedrich Gauss, unified their work and derived the

differential equationt®, known as the Young-Laplace equation.

Figure 1.1 Commonly observed phenomena as evidences of surface tension. (a) Liquid height

in a capillary tube is inversely proportional to the inner diameter; (b) Colorful soap bubbles stay
stable in air; (c) Dewdrops on a lotus leaf show spherical shapes and are easy to fall off; (d) A
brush pen takes up ink by the capillary effect, and generates homogeneous ink marks by the
balance between adhesion force and capillary force; (e) A gerridae walks freely on water
surface; (f) Tears of wine form due to surface tension gradient induced by preferential solute
evaporation.

2



Chapter 1 Introduction

The Young-Laplace equation describes the capillary pressure difference sustained
across the interface between two static fluids, and relates the shape of the surface with the
interfacial surface tension. Shown in Figure 1.1, due to the effect of surface tension,
bubbles are generated from surfactant-water mixture, and the tendency to minimize
surface energy pulls the bubbles into spherical shapes. On a lotus leaf with nanostructures,
dewdrops show spherical shapes due to the stronger wall tension at the droplet interface
compared to the much lower adhesion force of the leaf surface. In capillary tubes, the
liquid level is higher than the height of open water, and the surface height is inversely
proportional to the inner diameter as a joint result of the adhesion force of wall and the
surface tension at the liquid surface. Other commonly observed phenomena or application
of surface tension also include the water striders, and the writing brushes which take use
of the balance between the adhesion force of paper to ink and the capillary force of the
pen hair.

When involving phase change at the liquid surface, the interfacial phenomena
become more complex and interesting. The liquid-vapor phase change involves heat and
mass transfer, and induces surface tension gradient due to the non-uniform distribution of
interfacial temperature or solute concentration. Commonly observed tears of wine is a
representative phenomenon of solutal Marangoni effect induced by surface tension
gradient due to the preferential solute evaporationt*l.

As a common phenomenon in daily life, the liquid droplet acts as an ideal object to
investigate both the contact line kinetics and phase change at the liquid-air interface. In
the late nineteenth century, James Clerk Maxwell firstly derived the equation of droplet
evaporation induced by vapor diffusionl®l. In this model, Maxwell considered the simplest
case where a motionless spherical bulb of pure water contacts with an infinite uniform air
bulk. In 1915, Langmuir pointed out that there is a rapid concentration change of water
vapor at the surface of an evaporating droplet’®. Taking account of the effect of
concentration change on evaporation, the evaporation rate can be approximated by the

interchange of molecules within a thin layer adjacent to the droplet surface, and then by
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vapor diffusion described with the Fick’s equation!”. In 1977, Picknett and Bexonl®l
proposed that the evaporation of droplets can be distinguished with two pure modes: at
constant contact angle (CCA) and at constant contact area or radius (CCR). They then
derived prediction equations for the evaporation rate and residual mass of droplets by
theoretical analysis, which showed good correspondence with the experimental
measurements for a wide range of contact angles.

In 1997, Deegan et. al.l’I *Y proposed an important theory for the formation of coffee
stain from evaporating suspension liquid droplets. The important work revealed the
interesting mechanisms underneath the commonly observed daily phenomena, and
opened up a new avenue for the study of interior microflow and the particle self-assembly
in the drying out process of different types of droplets. In 2002, Hu and Larson(*? derived
an analytical solution to predict the evaporation rate by theoretical analysis and by

computations with the Finite Element Method (FEM). The approximation equations,

m(t) = —mRD (1 — RH)c,(0.2762 + 1.30), agreed well with the theoretical results by

Picknett and Bexon®! for any initial contact angle between 0 and /2. In the subsequent
studies of droplet evaporation, the Hu and Larson’s equation is widely applied as a
theoretical comparison with the experimental evaporation rate of pure liquid droplets.
The evaporation of droplets in contact with solid surfaces is a common and
seemingly simple phenomenon, while there are a lot more interesting mechanisms worth
exploring underneath. Firstly, the system is a gas-liquid-solid three phase system, which
involves interfacial problems especially at the liquid-gas interface. When water
evaporation takes place, the water-vapor phase change induces an effect of evaporative
cooling at the droplet surface. Due to nonuniform evaporation flux and flow instability,
interfacial phenomena such as Marangoni flow and triggered hydrothermal waves appear.
The Marangoni flow is induced by the surface tension gradient due to temperature or
concentration difference across the droplet surface. Hu and Larson studied the effects of
Marangoni stresses on the interior flow in an evaporating sessile droplet using a

lubrication-type model™3, and pointed out the reversing effect of Marangoni flow on the
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coffee-ring formation!*4l. Sefiane et. al.l*! reported the self-excited hydrothermal waves
in evaporating sessile droplets using infrared thermography. Different from previous
observations of hydrothermal waves in shallow liquid layers subjected to an imposed
temperature gradient, the thermal pattern observed in droplets is a natural consequence of
the evaporation, and both the temperature gradients and the drop thickness vary spatially
and temporally. Later, Karapetsas et. al.l*®l proposed a theoretical explanation for the
observed thermal patterns using a linear stability analysis of a lubrication-type model.

The properties of solid substrates, such as the surface wettability, temperature, heat
conductivity, etc., also proved to influence the droplet behaviors a lot. Regarding the
effects of solid substrates, Dunn et. al.'™), Sobac et. al. '], Sefiane et. al.l*®!, and David
et. al.?% revealed the thermal properties of the substrate on the evaporation rate by
experiments and by numerical analysis. The surface roughness, on the other hand,
influences the pinning and depinning behavior of the triple contact line, and is one
candidate mechanism of the stick-slip phenomena of evaporating dropletst?11?2l, The
surface wettability directly decides the droplet profile and the contact area of sessile
droplets with solid substrates. Depending on the surface wettability, the evaporating mode,
the effective space for vapor diffusion, and the coefficient of heat transfer are all different.
Therefore, proper empirical equations?®l4l should be sorted to accurately predict the
evaporation rate of droplets with diverse contact angles. In recent years, the development
of nanotechnologies makes it possible to realize superhydrophobic surfaces!?®!. Studies of
droplet evaporation on superhydrophobic surfaces with nanostructures have been carried
out by McHale et. al.[?l, Gelderblom et al.[?®l, Tam et al.?”, and Dash et al.[??]

In addition to single-component droplets, the evaporation of multi-component
droplets is more complex and close to practical applications. The evaporation of colloidal
droplets involves the formation mechanisms of residual patterns and the relevant
microflow within the droplet bulk?°IE% The evaporation of multi-component volatile
droplets is more complex, where the solutal Marangoni flow comes into effect due to the

preferential distribution of evaporation flux 42, Moreover, due to the strong effect of
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evaporative cooling, the absorption of water vapor towards the droplet surface have also
been investigated!33134],

All in all, the wetting and evaporation of sessile droplets is a diverse and promising
subject. Research on this topic witnessed a rapid increase in recent years, and each sub-
topic can be investigated intensively. Figure 1.2 gives an overview on all the research
orientations extended from the basic concept of droplet wetting and evaporation. For more
detailed understanding of each sub-topic, readers can refer to the excellent reviews by
Erbil in 2012 (on the evaporation of sessile and suspended pure liquid droplets®), by
Kovalchuk in 2014 (on the evaporation of sessile dropletst®®), by Sefiane in 2014 (on the
patterns from drying droplets®™), by Zhong et al. in 2015 (on the evaporation and pattern
formation of nanofluid dropletst®®), by Mampallila and Eral in 2018 (on the utilization
and suppression of coffee-ring effect!®¥), and by Parsa et al. in 2018 (on the Mechanisms
of pattern formation from dried sessile dropst°).
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1.2. Application background

The liquid desiccant investigated in this thesis is a type of aqueous salt solution
characterized by its hygroscopic properties*®l. Taking advantage of this specific
characteristic, a lot of practical systems have been developed both for domestic and
industrial uses, which can be divided into two types: the close-type absorption heat pump
systems[*l and the open-type dehumidification systems!*°l.

In the open-type dehumidification system, liquid desiccant directly contacts with
humid air at normal atmospheric pressure. Due to the hygroscopic property of liquid
desiccant, the water vapor contained in humid air is absorbed by liquid desiccant, and the
air is dried. Taking use of the dehumidification capacity of liquid desiccant, systems
combining dehumidifier, regenerators and different type of heat exchangers are
developed for various uses, such as the liquid desiccant air conditioning system! 6471 the
open-type system for waste heat recovery from industrial flue gases“®>%, the open-type

desalination system®, etc.

- = WExpansion
- valve
A n‘ :

|
)
A s E
Regeneration 4"  Total heat

module recovery module

!

-
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pump |

. Total heat ' e
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—r—e—e—e—v

Compressor — -

Figure 1.3 Schematic diagram of a typical liquid desiccant dehumidification system for air
conditioning use. (Zhao, et al. %)
The liquid desiccant air conditioning system makes it possible to independently
control the temperature and humidity of indoor environments. Figure 1.3 shows the

working principle of a typical liquid desiccant dehumidification system for air
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conditioning use in hot and humid climatic regions. The system consists of three modules:
a dehumidification module, a total heat recovery module, and a regeneration module.

In the dehumidification module, the humid air makes fully contact with strong liquid
desiccant, and gets dehumidified. The dry air is then supplied to the temperature control
units for indoor use. In the regeneration module, the hot diluted liquid desiccant contacts
with dry return air, releases water vapor, and gets regenerated. The dry return air is
humidified during the regeneration process, and emitted to the outdoor atmosphere. The
liquid desiccant dehumidification system is usually combined with an independent
temperature control unit, such as the radiant panel, etc. By separating the humidity control
process and temperature control process, the system can avoid the cooling and reheating
problems which happens in traditional compression refrigeration systems. Moreover,
since the fresh air has already been dried by the dehumidification system, the radiant
panel can work with high temperature chilled water, e.g. 17.5 °C, which greatly saves

energy in the production process of chilled water.

Figure 1.4 Inner structures of (a) a falling-film generator in an absorption heat pump, and (b) an
adiabatic packed-type dehumidifier in a liquid desiccant dehumidification system.

In those practical systems, the components where liquid desiccant directly contacts

with water vapor or humid air are crucial. Figure 1.4 (a) shows the inner structure of a

falling-film generator in an absorption heat pump. Within the generator, liquid desiccant

is evenly distributed to the copper coil from a solution distributor, and liquid desiccant
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film forms on the surface of copper coils. Due to the effect of gravity, desiccant solution
from the top coil accumulates and flows down in the form of droplets. Upon contact with
the downward copper surface, the desiccant droplets spread and coalesces with the
desiccant solution film on the downward surface. Heated by the hot fluid within the
copper coil, liquid desiccant gets concentrated as it flows from top to bottom, and water
vapor is generated at the same time.

Figure 1.4(b) shows the inner structure of an adiabatic packed-type counter-flow
dehumidifier in a liquid desiccant dehumidification system!™3l. Within the counter-flow
dehumidifier, liquid desiccant flows from the top to the bottom of the packed tower, while
the humid air flows inversely from bottom to top. During the process, the water vapor
contained in the humid air is absorbed by liquid desiccant, and the liquid desiccant gets
diluted. Moreover, due to the release of latent heat during the absorption process, the

temperature of liquid desiccant increases.

Table 1.1 Summary of representative experimental studies on the heat and mass transfer

process between humid air and liquid desiccant within adiabatic dehumidifiers.

Desicca Flow m Wa,in m Xs,in
A th a Tain OC ' s Tsin OC '
uthor— type  pattern (kefm?s))  "CO (gkgai) kgars) T (i)
Zurigat
et al 16" TEG Counter 1.50~2.61 254~44.0 16.1~21.8 0.13~0.82 25.0~45.5 93~98
Longo et
ne KCOOH Counter 0.48~0.52 22.6~35.8 8.8~20.7 0.09~1.23 21.9~24.8 73~74
Liu et .
AL LiBr Cross 1.59~2.43 24.7~33.9 10~21 2.15~4.55 20.1~29.5 42~49
Moon et
ne CaCl, Cross 0.91~1.99 26.8~39.0 16~24 1.26~2.57 26.2~38.2  33~43
Summer: 0.050~0.1
34.5~35.6 14.9;15.3 14.0~16.8  30~40
Zhang et . 0.24;0.48 06
LiCl Counter .
al 193] Winter: 0.050~0.0 -2.17~-
6.31~7.49 2.73~2.94 30~40
0.25~0.48 79 0.78
Gao et .
ne LiCl Cross 0.53~0.93 27~38 9.3~21.3 3.33~8.67 22~50 32~40
Wang et,
KCOOH Counter 1.01 55-70 24~169 0.88~5.43 33-43 44-64

al 1%




Chapter 1 Introduction

Up to now, most of the research concerning liquid desiccants addresses: the
performance of dehumidifiers with different flow patterns®4%° different type of inner
packingt®I571 presence or absence of inner heat sources®®I>% and different desiccant
solutions or ambient conditions®®%  for practical applications. Some of the
representative experimental studies on the heat and mass transfer process within adiabatic
dehumidifiers are summarized in Table 1.1.

Despite of the existing studies at the macro scale, the performance of single liquid
desiccant droplets during the vapor absorption process has been rarely reported. At the
inlet of the dehumidifier, desiccant droplets are formed at the liquid distributor before
impinging onto the inner packing. Upon impingement, discrete drops varying in size and
shape appear at the top of the packing and flow down in a dropwise or filmwise fashion
depending on the surface wettability. In practical applications, the inner fillers vary from
light polymers, non-corrosive ceramics, to high-strength metals(®”l which provide
different surface wettability, therefore the flow regime of the desiccant solution inside
also differs.

Studies on the vapor absorption process at the droplet scale make it possible to
understand the behaviors of single droplet within the packed towers in more details. The
conclusions will contribute both to a more accurate prediction of the vapor absorption

process and to the optimization of practical dehumidification devices.

1.3. Organization of this thesis

This thesis aims to fully reveal the droplet kinetics, the contact line motion, the
coupled heat and mass transfer process, and the governing mechanisms during vapor
absorption into hygroscopic liquid desiccant droplets. Research is conducted combining
experimental investigations and numerical simulations. A schematic of the thesis
structure is shown in Figure 1.5. The context contains four main parts: Introduction,
Experiments, Simulations, and Conclusions. d

In Part I “Introduction”, Chapter 1 presents the academic history (section 1.1) and

10



Chapter 1 Introduction

application background (section 1.2) of this research. A thorough literature review is
given in Chapter 2, including the mechanisms governing droplet evaporation (section 2.1),
the evaporation of ionic aqueous solution droplets (section 2.2), and the development of
lubrication-type models for droplet evaporation (section 2.3). Based on the result of
literature review, we propose the research topics and highlights the originality of this

thesis (section 2.4).

PartI Introduction

Chapter 3 | Experimental Methods Chapter 6 | Model Formulation

Mechanisms of Droplet

Chapter 7 | §imuylation Results i

Chapter 4
P Growth and Spreading
I
[ \

Chanter S Coupled Heat Transport Case Stud P tric Analvsi
apter 5| ' Mass Diffusion ase Study arametric Analysis
[ & . =

Chapter 8 Conclusions

Part IV Conclusion

Figure 1.5 Structure of this thesis

Part IT “experiments” presents the experimental methods and experimental results.
The experimental details will be illustrated in Chapter 3, including system setup,
measuring techniques, material preparation, and data analysis. Based on the experimental
results, two important issues will be presented: the mechanism of droplet growth and
spreading (Chapter 4), and the process of heat transport and mass diffusion (Chapter 5).

Numerical simulations are further carried out regarding the problems that have not
been solved by experimental methods. Part IIT “Simulations” focuses on the development
of a numerical model and presents the simulations results. Chapter 6 illustrates the

detailed formulation of a lubrication-type model, including problem description, main
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assumptions, and the derivation of the governing equations. Chapter 7 shows the
simulation results, including model validation (section 7.1), case studies for two
representative conditions (section 7.2), and parametric analyses of several important
dimensionless numbers (section 7.3).

Part IV “Conclusions” summarizes the main conclusions of the thesis, and discusses
the instructional significance of the droplet-scale study to practical dehumidification

systems.
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Chapter 2 Literature review and present work

2.1. Overview of droplet evaporation

A sessile droplet refers to a liquid droplet body sitting on a solid substrate, where a
wetting area is formed constricted by the triple contact line. As a joint effect of the
gravitational force and surface tension, the droplet will present as a compressed spherical
cap. For a droplet with a contact radius smaller than the capillary length, the effect of
gravity can be neglected, and the droplet can be regarded as an ideal spherical cap!®®!,

which applies for most of the droplets discussed in this thesis.

. e N
.7 Marangoni # % Marangoni "~
7/

’ flow / \ flow \
’ ’ ~ \

- Capillary flow _ '

-— e e e -

ow

—_—— — —> —

Figure 2.1 Schematic of an evaporating water droplet sitting on a solid substrate. Red arrow:
direction of heat flux; Dotted arrow: mass flux by diffusion and convection; Dash arrow:
direction of fluid flow induced by Marangoni effect; Solid arrow: direction of fluid flow

induced by capillary effect; Gradient color within the droplet: temperature field from hot red
to cold blue.

Research on droplet phase change involves both fluid dynamics and heat and mass
transfer. Figure 2.1 describes the mechanisms governing the evaporation of a pure water
droplet sitting on a solid substrate. In still air, the evaporation of water droplet is induced
by vapor diffusion as a result of the concentration difference of water vapor between the
saturated droplet interface and the unsaturated surrounding atmosphere. The evaporation

mass flux at the droplet surface can be expressed asf®],

J(r,t)=D(n-vc) (2.1)

z=h(r) '
where J denotes the evaporation mass flux at the droplet surface, D denotes the diffusion
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coefficient of water vapor in air, Vc denotes the concentration gradient of water vapor
on the air side, n is a unit vector normal to the free surface, r is the radial coordinate, z is
the vertical coordinate, and h(r) defines the surface of the droplet.

Due to the geometric effect of droplet shape, the concentration field of water vapor
distribute unevenly along the droplet interface, which can be analogized with an
equivalent electrostatic problem!™ and can be solved with the steady-state Laplace
equation, v?c =0, along with boundary conditions at the liquid-air and solid-air
interfaces. Due to the non-uniform vapor concentration gradient and the variation of
droplet height along the radius, the evaporative mass flux distributes unevenly across the
droplet interface, and depends greatly on the contact angle. Derived from the Laplace
equation, Deegan and co-workersl"™72 proposed that for contact angles less than 90°, the

evaporation flux across the droplet surface can be approximated by a simple form,
I(rt)=3,(0)D(1-7?) """, (2.2)
where 2(6?) is a parameter denoting the uniformity of evaporation, and é is the contact

angle with units of radians. When the contact angle equals to 90°, /1(49) =0, and the
evaporation mass flux distributes uniformly across the droplet surface. For a droplet on a
hydrophilic substrate with contact angle of 0~90°, Hu and Larson[™ derived the analytic

solution for (@) and J,(0).
,1(,9):1_5_ (2.3)
2

Dc, (1-RH
Jo (9%%(0.2762 +1.30)(0.6381—o.2239(9—n/4)2), (2.9)
where RH denotes the relative humidity of ambient air, and cy is the saturation water vapor
concentration.
By integrating eq. (2.2) along the droplet surface and combining egs. (2.3) and (2.4),
we arrive at an empirical correlation of the evaporation rate for droplets with pinned

contact line on hydrophilic substrates, 8 = 0° ~ 90°.
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—m(t)=zRD(1-RH)c, (0.276° +1.30), (2.5)

From eqg. (2.5), it can be noticed that the evaporation rate is linearly proportional to

the contact radius, R, and the concentration difference of water vapor, (1 - RH)cv.

Moreover, the term containing 6, (0.27492 +1.30), indicates that the evaporation rate is

weakly influenced by the contact angle, especially when the contact angle is less than 40°
(0.7 rad), according to Hu and Larson’s calculations. This means that for small contact
angle less than 40°, the evaporation mass flux concentrates near the triple contact line,
and is proportionally influenced by the perimeter of the contact line. Eq. (2.5) provides a
fair prediction for the evaporation rate of droplets on hydrophilic substrates with pinned
contact line, which corresponds well with the results of Picknett and Bexonl®, and is
further discussed and developed in later studies!"17®l of pure water droplets evaporating
in a constant contact radius (CCR) mode.

As indicated with solid arrows in Figure 2.1, the non-uniform distribution of
evaporation mass flux across the droplet surface subsequently induces an outward flow
within the droplet in the radial direction to replenish the greater water loss near the triple
contact line. In the existence of colloid suspensions, the capillary flow will carry the
suspension particle towards the contact line, and cause the commonly observed coffee
ring depositions as initially revealed by Deegan, et, al.!

Along with droplet evaporation, the latent heat taken away due to phase change at
the liquid-air interface tends to cool down the droplet surface. By taking account of the
evaporative cooling effect, Dunn, Sefiane, and co-workers* /771781 proposed a modified
model based on Hu and Larson’s results, which reveals the strong effect of substrate
conductivity and atmospheric condition on the evaporation rate. As a joint result of the
heat of vaporization, the nonuniform path lengths for heat conduction, and the
nonuniform distribution of evaporation mass flux, the temperature distribution across the
droplet liquid-air interface is nonuniform, which further induces a surface tension
gradient along the droplet interface. The surface tension gradient drives a thermal

Marangoni flow across the droplet interface amd induces a circulation of microflow
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within the droplet™l. For a droplet sitting on a hydrophilic substrate, the direction of
surface tension gradient is decided by two dominating factors, the characteristic length
for heat conduction and the rate of evaporation. On the area near triple contact line, the
distance for heat transfer from the substrate is short which tends to heat up the surface,
while the evaporation mass flux is stronger which tends to cool down the surface. The
study of Xu and Luol™ shows that for a droplet evaporating on a hydrophilic substrate, a
stagnation point exists at the droplet surface close to the triple contact line, where the
surface flow, the surface tension gradient, and the surface temperature gradient change
their directions. Further theoretical and experimental studies of Ristenpart, et. al., Xu, et.
al., and Girard, et. al. revealed that the direction of Marangoni flow is also influenced by
the droplet contact angle, the thermal conductivity of the liquid, as well as the thickness(%,
the thermal conductivity® and the heating conditions of the substrate[®215e],

On a hydrophilic substrate with high thermal conductivity and with moderate contact
angle as revealed in Figure 2.1, the local temperature at the area close to the substrate will
be higher that the area far away from the substrate, e.g. near apex, due to shorter length
for heat supply from the substrate. The temperature difference forms a surface tension
gradient and subsequently induces an interfacial flow from the hotter droplet bottom near
contact line to the colder top surface far away from the substrate. According to Hu and
Larson’s researchl for clean interfaces, free from surfactant contamination, the
interfacial flow induced by thermal Marangoni effect is strong enough to carry particles
near the contact line toward the droplet top, and then plunges them downward where they
can either adsorb onto the substrate near the center of the droplet or be carried along the
substrate to the edge, where they are recirculated along the free surface back toward the
top of the droplet. The circulation by thermal Marangoni flow induces a reversing effect
to the coffee stain deposition opposite to the effect of capillary flow, which are further
utilized to control the particle depositions in drying droplets. (See the work of Soltman et.
al.B Thokchom et. al.®®l, and Hendarto et. al.l®l, etc.)

For pure water droplets, the Marangoni flow by is usually very weak, as water is well
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known to highly attract surface-active agents. Therefore, the surface tension distribution
is no longer sensitive to the small temperature difference induced by non-uniform
evaporative cooling and heat conduction. By assistant uniform heating or local heating
(by single point laser) from the substrate, the temperature gradient across the droplet
surface can be strengthened, and apparent thermal Marangoni flow in water droplets is
revealed in later studiest®18 using Infrared thermography.

Other from thermal Marangoni effect due to temperature gradient, a solutal
Marangoni effect can also be induced by the concentration gradient of solute in binary
volatile droplets or in droplets with additional surfactant, which will be further discussed
in section 2.1.2 on the evaporation of binary droplets.

The above description gives a brief overview of the physical mechanisms governing
the evaporation of a pure liquid droplet. Other from the mechanisms mentioned above,
along with time, the evaporation kinetics of pure liquid droplets is also greatly affected
by the conditions of the underneath substrate. Depending on the surface roughness and
surface structure, droplets evaporate in different modes. The widely accepted evaporation
mechanisms, depending on the dynamics of the triple contact line, are the constant contact
radius mode (CCR), the constant contact angle mode (CCA), and the CCR-CCA mixed
modelPPH. Typically, the CCA mode happens on smooth hydrophobic substrates where
the droplet contact line recedes while the contact angle remains constant to account for
the liquid evaporated. On a hydrophilic and/or on a rougher substrate where the surface
hysteresis is high, the triple contact line tends to be pinned while the contact angle
decreases with time, namely, the CCR mode. In addition, during evaporation of nanofluid
dropletst?t°2l or pure fluid droplets on structured surfaces®l, a stick-slip behavior has
been reported.

By taking account of the substrate wettability, Popov proposed an analytical diffusion
model for quasi-steady natural evaporation of a droplet based on the solution to the
Laplace equation describing the concentration field at the droplet surface in a cylindrical

coordinate system. Compared to Hu and Larson’s model, Popov’s model applies to the

17



Chapter 2 Literature review and present work

full range of contact angles, and is more suitable for predicting the evaporation rate of
droplets with large contact angles. In later studies of Dash et. al.[?l%4l Gelderblom et. al.
[%1  Sobac et. al.l®l etc. on hydrophobic and superhydrophobic substrates, the
experimental results show good correspondence with Popov’s model, which well
describes the distribution of evaporative mass flux across the droplet surface, and makes
it possible to predict the lifetime of evaporating droplets with a wide range of contact

anglest®,

2.2. Research on ionic aqueous solution droplets

In real applications such as ink-jet printing, medical diagnostics, internal combustion
engine, and cosmetics, most of the droplets in action are not pure liquid droplets. Due to
differential tendency of vaporization, the component of binary droplets changes both
spatially and temporally, therefore the mechanisms are more complicated and intriguing.
In this section, we review and summarize the existing studies on the evaporation of ionic
solution droplets, which shares both similarities and differences with the vapor absorption
process into hygroscopic ionic solution droplets.

Studies on the evaporation of ionic solution droplets mainly focuses on the
evaporation behavior and on the crystalline deposits from drying droplets. Regarding the
behavior of ionic solution droplet during evaporation, Soulie et al.”®l investigate the
aqueous saline-water (NaCl-H20) solution droplets with different salt concentrations and
contact angles. Their experimental results show the strong effect of small amount of salt
addition to the pining of the contact line. The droplets evaporate following a constant
contact angle mode, and the evaporation rate keeps almost constant for droplets with low
salt concentrations. Moreover, they find that the evaporation rate is significantly lower
for high salt concentrations and small contact angle, and attributed it to the Marangoni
flows that are induced by surface tension gradient originating from the local evaporative
periphery salt enrichment. Zhong et al.®®l concentrate on the effect of surface wettability

on the evaporation of sessile saline droplets. On hydrophobic silicon wafer and poly plate,
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the droplet experiences a constant contact radius model during the initial period, then the
contact line starts to recede, the contact angle increases gradually until the salt
precipitation. The increase in the contact angle is attributed to the increase of surface
tension caused by increased salt concentration. On hydrophilic glass substrates, the
droplet remains pinned throughout the droplet lifetime. Moreover, the crystalline patterns
depend on the substrate wettability, which will be introduced later. Kuznetsov et al.[*%]
investigate the evaporation modes of several different saline solution droplets on
aluminum surface. They summarize typical evaporation modes of studied aqueous salt
solutions. Those are (1) increasing contact radius with decreasing contact angle, (2)
pinning of the contact line, and (3) the formation of salt crystal (NaCl) or crystalline
hydrates (LiBr, LiCl, and CaCl,). Brenn[*®t simulated the concentration distribution
within aqueous salt solution droplets during evaporation, and proposed an analytic
solution for this problem. Larger concentration gradient is reported at high evaporation
rate, function of the radial coordinate. The conclusions are helpful for predicting the
deposition morphology from drying droplet. Misyura* %I carried out experiments with
aqueous salt solution droplets on smooth and structured heated surfaces. Results indicate
the decreasing evaporation rate due to the decrease in vapor pressure at the droplet surface,
which originates from the increasing salt concentration. The author then provides detailed
analyses on the heat transfer and mass diffusion within the liquid layer, and points out the
effect of crystallization on the evaporation rate.

On the other hand, the crystalline patterns from drying droplets have been
investigated for its practical values in nano fabrication and salt damage prevention.
Shahidzadeh et al.[**! study the evaporation and crystallization growth of sodium sulfate
and sodium chloride in forms of droplets and square capillaries. The results indicate the
strong effects of the wetting behavior of crystals on the crystallization growth and pattern
evolution. On hydrophobic substrates, the crystallization pattern is more focused. On
hydrophilic substrates, different levels of droplet spreading are observed which lead to

the formation of crystallization patterns stretching from the drop edge. For sodium sulfate
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droplets, an apparent precursor wetting film spreads from the drop edge, while for sodium
chloride droplets, a slight droplet spreading is observed. Shahidzadeh et al.'%! further
carried out experiments with sodium chloride and calcium sulfate droplets, and conclude
that the salt crystal stains are mainly governed by the wetting properties of the crystal and
the pathway of nucleation and growth. They also point out that the stain formation is
independent of the evaporation rate and the thermal conductivity of the substrate.
McBride et al.[*%! jnvestigate the formation of crystallization from evaporating droplets
on superhydrophobic and liquid-impregnated surfaces. They summarize four disparate
regimes to describe the interaction between calcium sulfate solution droplet and substrates
with different solid fractions: Cassie-pinning, Cassie-gliding, Cassie-Wenzel transition,
and Wenzel. Moreover, the morphology of the resultant crystal depositions differs
depending on the regime of the droplet-substrate interaction. Kaya et al.l*%l investigate
the pattern formation in drying droplets of polyelectrolyte and salt. They present several
different patterns from drying mixed droplet, including concentric rings, needle-like
structure, chains of triangular-shaped crystallites, etc. They also propose a theoretical
model to explain the occurrence of concentric rings during droplet evaporation. Gorr et
al.l%1 focus on the pattern formation during sessile droplet evaporation of aqueous
lysozyme solutions with varying concentrations of NaCl. The results indicate three typical
regions in the formed deposition which are similar with previous study of human biofluids.
Moreover, increasing NaCl concentration will lead to a decrease in the width of the
deposition due to earlier aggregation of particles. Harrington et al.l*%®! investigate the
crystal patterns from a thin droplet of dilute NaCl solution (0.1 wt. % and 0.025 wt. %)
on an air-cleaved mica surface. Ordered and structured crystal patterns are generated
depending on the salt concentration. The method indicates application potential in surface
patterning with technologically important crystals.

Figure 3.3 shows several typical crystallization patterns from drying droplets of
different aqueous salt solutions. Depending on the type of salt and the wettability of the

substrate, the crystallization patterns differ greatly. Studies on the crystallization
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formation and deposition patterns will contribute to a better understanding on natural
phenomena such as sea water corrosion and salt weathering. Research on complex fluids
containing salt or protein is of significance to disease detection in the medical field. For
a better understanding of different patterns from evaporating droplets, the reader is also

referred to the review papers of Sefiane and Parsa et al.[*10(11]

smm_ (b)

Figure 2.2 Examples of the crystalline patterns formed from drying aqueous saline solution
droplet. (a) Saturated NaSO4 droplets on a hydrophilic glass substrate.[' (b) Saturated
NaCl droplets on a hydrophilic glass substrate.[' (¢) Aqueous solution droplet of 0.5 g/1
NaPSS and 0.1M salt on a hydrophilic glass substrate.'%” (d) Saturated NaCl droplets on a
hydrophobic substrate.!'% (¢) Droplet of saturated CaSO4 solution on a superhydrophobic

surface.l'%! (f) Droplet of 1.0 wt.% lysozyme + 0.1 wt.% NaCl solution on a hydrophilic

silicon wafer, [108]

2.3. Lubrication model for evaporating droplets

Droplet spreading is a moving-boundary problem which involves the interaction of
liquid and air with an impermeable solid substrate. As a fundamental problem in fluid
mechanics, the droplet spreading exemplifies the general problem of moving contact line,
which covers a lot of common phenomena in our daily life and industrial applications. In
the past decades, researchers developed a series of mathematical models for explicitly
understanding the droplet dynamic during this process.

Besides the difficulties shared by most moving boundary problems, droplet
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spreading with moving contact line presents additional complication as pointed out in the
review by de Gennes*'?. Firstly, at the liquid-solid interface, there is an inherent
contradiction in simultaneously assuming the no-slip boundary condition and expecting
displacement between liquid and gas there, therefore a force singularity will arise at the
moving contact line as revealed in the study of Dussan and Davis®'®l. Secondly, the
behavior of the contact line is experimentally evidenced to be function of the advancing
speed. Reliable functions between the dynamic contact angle and the contact line motion
are required to give a complete physical description of the problem.

The lubrication theory is a common approach for simplification in modelling fluid
systems. This theory approximates the scale of one dimension as significantly smaller
than the others, therefore the Navier-Stokes equations can be further simplified by
omitting the first order small quantity. In 1978, Greenspan(*** developed a model for the
movement of a small viscous droplet on a surface, which is based on the lubrication
equations, and uses the dynamic contact angle to describe the forces acting on the fluid at
the contact line. Greenspan’s model relates the dynamic contact angle with the advancing
speed of the contact line with a linear function, makes it possible to predict the behavior
of contact angle in the presence of additional surface adhesion, and also explains the
distortion of droplet shape due to surface contamination. In 1991, Ehrhard and Davist*®]
further developed Greenspan’s model by taking account of the effect of gravitational
force and thermocapillary force. Their model generalized the relationship between the
advancing contact angle and the speed of contact line based on the empirical correlations
derived by former researchers (e.g. Tanner in 1979[!%¢1 Cazabat and Stuart in 198671
Chen and Wada in 19898l etc.). The numerical results revealed the thermocapillary
flow induced by substrate heating, which counteracts with the flow associated with
isothermal spreading, and retards the spreading process of thin droplets. Subsequently,
Haley and Maksist*! developed a lubrication model for droplet spreading, which
includes the effect of liquid slip on solid substrates, and also relates the dynamic contact

angle with the velocity of the contact line. They then applied a pseudo-spectral method to
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solve the non-linear system of equations numerically, and investigated the effects of
different physical parameters on the spreading rate. At roughly the same time, Hocking™*?%
compared the model with dynamic contact angle (chanting with advancing velocity) and
the model with static contact angle (the contact angle at the rim of the drop remains equal
to its static value even when the contact line is moving). The author concluded a
preference to the model with static contact angle, and also described briefly the effect of
gravity on the spreading rate. To examine the simulation results, Ehrhard!*?!! carried out
experiments with completely wetting silicone oil and partial wetting paraffin oil. The
results quantitatively agreed well with the simulation results by Ehrhard and Davis in
19911151 and verified the reliability of the lubrication-type models in predicting the

isothermal/non-isothermal droplet spreading.
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Figure 2.3 Development of lubrication-type models for droplet spreading

Figure 2.3 shows a brief history of the development of lubrication type models for
droplet spreading. The basic lubrication models are developed to describe the spreading
of nonvolatile droplets on solid substrate. Nevertheless, most droplets in the natural
worlds are volatile. In such cases, the evaporative mass flux will decrease the droplet
volume, affect the motion of triple contact line, and induce evaporative cooling at the
droplet interface. In 1995, Anderson and Davis*?? took account of the effect of
evaporation, and developed a one-side model to describe the dynamics of a two-
dimensional volatile liquid droplet on a uniformly heated plate. They applied the

expression of mass flux, (K-J = T\-Ts), based on a kinetic theory!*2311241 \which relates the
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mass flux to the local interface temperature. They identified features of droplet profile as
a result of competition between spreading and evaporation, and further discussed the
effect of capillary number and evaporative number on the droplet dynamics. In 2005,
Ajaev'®! proposed a different approach to contact line modeling based on the previous
work of Moosman and Homsy!?8l. Instead of applying the correlations between droplet
contact angle and the contact line motion, Ajaev’s model assumed a microscopic adsorbed
film in the dry area on the heated surface, and that the adsorbed film is in thermodynamic
equilibrium with both the vapor and solid phases. Due to van der Waals effect, the
equilibrium can be achieved by non-zero film thickness, avoiding the singularity at the
contact line. Gomba and Homsy[*?"! further developed the model which included the
effect of a non-zero contact angle through a disjoining-conjoining pressure term. They
predicted a capillary ridge near the leading edge for droplets with small contact angles,
while for large contact angles, a fixed shape was predicted.

In recent years, the lubrication-type model has been further developed to simulate
the spreading and evaporation phenomena of more complex droplets, such as droplets
with nanoparticles, with soluble and insoluble surfactants, etc. Using a similar model with
Ajaev, Matar et al.['?®! simulated the dynamic spreading of an evaporating droplet
containing nanoparticles. They accounted for the structural component of the disjoining
force for film thickness exceeding the diameter of nanoparticles. The derived equations
included the effect of particle concentration on the viscosity, and qualitatively simulated
the experimental phenomenon of a “step” emerging from the contact line. They further
developed the model to simulate more complex behaviors of droplets containing
nanoparticles™™®l. Depending on the value of system parameters, a variety of droplet
behaviors are predicted, including spreading, evaporation-driven retraction, contact line
pinning, and “terrace” formation. Karapetsas et al.l*3% developed a lubrication type model
for droplets with both insoluble and soluble surfactants. They accounted for the surfactant
transport across the liquid-air interface, and the adsorption of surfactant on the solid

surface. The simulation results indicated that the basal adsorption and sorption kinetics
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play a crucial role in the spreading process, which well explains the superspreading and
surfactant enhanced-spreading of liquid droplets on solid substrates. The model was
further modified to simulate the dynamics of liquid lenses with surfactants over a fluid
layer!*31, Maki et al.*32 applied the lubrication type model along with the assumption of
precursor film to describe the spreading behaviors of droplets with colloidal suspensions.
Karapetsas et al.l** further developed the model for droplets laden with particles and
insoluble surfactants. They investigated the presence of surfactant on the evaporation rate
and the fluid dynamics with and without particles. The conclusions contributed to a better
understanding of the deposition patterns by the interaction between particle suspensions

and insoluble surfactants.
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Figure 2.4 Examples of complex phenomena predicted by lubrication type models. (a) A
droplet with particles and insoluble surfactants.!'*! (b) Hydrothermal waves arising at the
interface of volatile droplets.!'®! (¢) Motion of a droplet of self-rewetting fluid on a substrate
with temperature gradient.!'*¢! (d) Motion of a droplet with colloid suspensions attached to a
vertical surface.!'*¥
Besides the development of lubrication-type models for droplets with complex
components, researchers also developed models to simulate the observed interfacial
phenomena during droplet evaporation, and the droplet motion under external forces.

Some examples of those studies are shown in Figure 2.4. Karapetsas et al.['®! simulated

the hydrothermal waves arising from temperature gradient as a result of natural
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evaporation. They carried out a linear stability analysis of the flow in the quasi-steady-
state approximation, and qualitatively predicted the formation of travelling hydrothermal
waves reported in experimental observations!*®l. Espin and Kumar!*! investigated the
dynamics of evaporating droplets with colloidal suspensions on inclined substrates under
the action of gravity. They developed a mathematical model based on the lubrication
theory and the rapid-vertical-diffusion approximation. The results related the suspension
rheology with preferential evaporation, and explained the droplet dynamics by the spatial
evolution of viscosity and diffusivity along with colloidal concentration. Karapetsas et
al.1*d] further applied the model to simulate the droplet dynamics on an inclined, non-
isothermal solid substrate, and analyzed the effects of thermocapillary and gravitational
force on the contact line motion. They also investigated the dynamics of a droplet of self-
rewetting fluid*® whose surface tension depends non-monotonically on the local

temperature.

2.4. Present work

Over the past decades, the phenomena of droplet evaporation have been investigated
broadly and extensively. The research topics include the prediction of droplet lifetime,
the capillary and convective micro flow within a droplet, the Marangoni phenomena
induced by surface tension gradient, the deposition patterns of drying droplets and their
relation with the interior flow, etc. The study of ionic solution droplets is a division of
research on binary-component droplets, which focuses on the droplet behaviors and the
crystallization deposits from drying droplets.

This thesis, on the other hand, focuses on the vapor absorption process into
hygroscopic liquid desiccant droplets, especially, we focus on one type of hygroscopic
ionic solution, e.g. LiBr-H20O, LiCl-H20, etc. Up to now, research on the interaction
between liquid desiccant and humid air mainly concentrates on the overall performance
of different types of packed towers for practical uses. Nevertheless, the most

fundamentals of the dehumidification process, i.e. the interaction between single liquid
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desiccant droplet and humid air, have not yet been reported in existing literature.
Therefore, in this thesis, we will investigate the dynamics as well as the heat and mass
transfer process of single hygroscopic droplet during vapor absorption. The theoretical
conclusions will be of great significance both for broadening our existing knowledge of
phase change at the droplet scale, and for the design and optimization of practical
dehumidification systems.

In the simulation part, a lubrication-type model is developed to simulate the droplet
behaviors undergoing vapor absorption/desorption. As revealed by the literature review,
in the past 40 years, the lubrication model has developed into an efficient and powerful
tool to describe the droplet behaviors owning to the continuous efforts of researchers. Up
to now, the lubrication-type model has been successfully applied to describe the capillary
effect, the gravitational effect, the solutal and thermal Marangoni effects, as well as the
particle agglomeration on the droplet dynamics. In this thesis, we will develop a
lubrication-type model which combines the lubrication theory with the characteristics of
hygroscopic ionic solution. The model allows for the free motion of the triple contact line
by applying an assumption of precursor film in front, which will offset the vacancy of
dynamic models for aqueous solution droplets, and explicitly indicate the mechanisms

governing the droplet behaviors during vapor absorption and desorption.
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Chapter 3 Experimental methods

3.1. Experimental devices

The behavior of desiccant droplets during vapor absorption is greatly affected by the
condition of the surrounding air. In this study, experiments are conducted within an
environmental chamber with accurately controlled conditions (800L, -20 °C ~ 100 °C,
20% ~ 98% RH, PR-3KT from ESPEC Corp.). The accuracy of environmental
temperature is = 0.5 °C, while that of relative humidity is = 5% RH. Figure 3.1(a) shows
the experimental setup used in this study. Six representative experimental conditions are
chosen with ambient temperature of 25 °C, 45 °C, and relative humidity of 30% RH, 60%
RH, and 90% RH (presented in Figure 3.2(a)).

During experiments, the evolution of the droplet profile is recorded with a high-
definition CCD camera (Sentech STC-MC152USB with a RICOH lens and 25-mm
spacing ring) at 4.8 frames per second, and an LED backlight is applied to enhance the
image contrast. The recorded video of the droplet profile is then processed with
MATLAB® and Imagel]® to extract the evolution of contact radius, R (mm), and contact
angle, 6 (deg), of the droplet with time, ¢ (seconds). Figure 3.1(b) includes a typical
snapshot of the droplet profile used to extract the droplet contact radius, contact angle,
and height. Additionally, an IR camera, FLIR SC-4000 with a spectral range between 3.0
and 5.0 um and a resolution of 18 mK, is setup vertically looking at the substrate from
the top. Thermal evolution at the droplet liquid-gas interface is recorded at 2 frames per
second. The influence of ambient condition on the transmissivity of the air (different
ambient temperature and different RH) between the droplet surface and the IR camera
lens is corrected depending on the experimental conditions using the ThermCam

Researcher PRO 2.10 software from FLIR.
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Environmental chamber |

Syringe pump IR Camera

CCD Camera

LED Light

Substrate

X-Y Platform

Vertical Platform

Figure 3.1 Overview of the experimental setup. (a) Experimental part: environmental chamber,
CCD camera, IR camera, back light, stainless steel vertical platform, x-y platform, droplet
dosing system; (b) Data acquisition system with Image J® and Matlab®.
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Figure 3.2 Environmental and surface conditions: (a) Experimental temperature and relative
humidity shown on the psychrometric chart; (b) Cross profile of the smooth PTFE surface
characterized by Olympus LEXT OLS4000.

3.2. Materials and procedures

54.0 wt.% lithium bromide (LiBr) solution and deionized water from Sigma-Aldrich
are used as testing fluids for the experimental observations. Typically, a sessile droplet
whose largest dimension is smaller than the capillary length will adopt spherical cap shape.

For pure water in air, the capillary length is estimated as 2.6 ~ 2.7 mm (calculated

according to the definition of capillary length, A = /y;;/pg'®®, where A is the capillary

length in meters, y,;, is the liquid-air surface tension in N/m, p is the liquid density in
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kg/m?, g is the gravitational acceleration in m?/s). On the other hand, for 54 wt.% LiBr-
H>O solution in air, the capillary length is ca. 2.42 mm. In our study, the contact radius
of both water droplets and LiBr-H>O droplets did not exceed the capillary length
throughout the vapor absorption process, therefore, the gravitational effect on the droplet
shape can be neglected and the assumption of treating the droplet as spherical cap is
reasonable.

Table 3.1 includes the properties of 54.0 wt.% LiBr-H2O solution and those of pure
water. LiBr-H>O solution has higher viscosity and greater liquid-gas surface tension,
which contributes to the higher equilibrium contact angle of LiBr-H>O droplets on the
same substrates when compared to pure water droplets. Moreover, the boiling point of 54
wt.% LiBr-H>O solution at 1 atmosphere is ca. 40 °C higher than that of pure water, which
suggests the apparent lower vapor pressure at the solution surface.

Table 3.1 Properties of 54 wt.% LiBr solution and distilled water as specific heat capacity ¢,
(kJ/kg/K); density p (kg/m?); liquid-gas surface tension y, (mN/m); viscosity o (mPa-s);

thermal conductivity £ (W/m/K); boiling temperature Thoiting (°C). Properties shown were
obtained at 20 °C and at 1 atm.!!37)

Cp p Vg v k Thoiling

Liquid type (kJ/kgK) (kgm®) (mN/m) (mPas) (W/m/K) (°C)

54 wt. % LiBr
solution
Distilled water 4.18 998 72.75 1.005 0.5984 100

1.98 1600 91.54 4.751 0.4286 140

Three type of substrates are chosen for the experiments: smooth hydrophobic
polytetrafluoroethylene (PTFE), rough hydrophobic PTFE, and hydrophilic glass. Table
3.2 lists the main properties of the three substrates, where the surface roughness, Sg, 1s
assessed with a 3D optical laser scanning microscope (Olympus LEXT OLS4000, Japan),
and the droplet equilibrium contact angle for deionized water, 6y, is measured using a
custom-built contact angle analyzer at laboratory ambient conditions, i.e., Tum» = 20 °C
and 55% RH.

Before experiments, substrates are cleaned by immersing each sample in an

ultrasonic bath with ethanol for 15 minutes. After that, the sample is taken out and rinsed
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with large amount of deionized water. Then, substrates are further dried with filtered
compressed air to remove any possible remaining dust or contaminants. After drying, the
substrate is placed inside the chamber for sufficiently long time for the substrate to reach
equilibrium temperature with the environment. Then, a droplet of 3.2 £ 0.3 microliters is
deposited within the environmental chamber on the chosen substrate. We note here that
dosing system and substrate are inside the chamber for sufficient time to ensure that both
fluid and substrate are at 7um». Before droplet deposition, CCD acquisition is started and
the evolution of the droplet profile is then recorded in time.
Table 3.2 Properties of rough PTFE, smooth PTFE, and glass substrates as density p (kg/m?);
specific heat capacity ¢, (J/kg/K); thermal conductivity k£ (W/m/K); thermal diffusivity a

(m?/s), a = k/pc,; surface roughness Sq (um); and equilibrium contact angle for a 3 uL
water droplet, 6ow (°), and for a 3 uLL LiBr droplet, 65 (°), at 20°C and 1 atm.

Material p Cp k a Sq Equilibrium  Equilibrium
(kg/m®)  (kI/kg/K) (W/m/K) (m%s)  (pum) Gow (°) 6os (°)
Rough
2200 1.05 025 052 0516  98°+3° 108° + 3°

PTFE

Smooth
oo 2200 1.05 025 052 0357  95°+3° 100+ 3°
PTFE
Glass 2400 0.84 075 215 0012  70°+3° 750+ 3°

By applying the basic experimental setup, experiments can be conducted by
controlling variables. Two parts of experiments are designed. The first part of experiments
aims to reveal the mechanisms of droplet growth and the effects of substrate wettability
and environmental condition. We firstly focus on the behavior of LiBr-H>O droplets for
different conditions by controlling the temperature and relative humidity within the
environmental chamber. Then we investigate the effects of surface wettability on the
absorption rate and on the triple contact line (TCL) dynamics by comparing droplet
behaviors on rough hydrophobic PTFE and hydrophilic glass substrates.

The second part of experiments aims to reveal the coupled thermal transport and mass
diffusion process during vapor absorption into single droplet. IR thermography is applied
to reveal the temperature distribution across the droplet interface. We firstly investigate

the behaviors of LiBr-H>O droplets for six representative environmental conditions. The
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effects of absorptive heating are revealed along with the evolution of droplet interfacial
temperature. We then conduct experiments with pure water droplets for same
environmental and substrate conditions. A comprehensive comparison is given on the

similarities and differences between droplet evaporation and vapor absorption.

3.3. Derivation of basic parameters

Figure 3.3 shows the typical profiles of sessile droplets on a solid substrate, where
the R refers to the contact radius of droplet with the substrate, H refers to the height of
the droplet, 0 refers to the contact angle (the angle between the tangent line of droplet
profile and the substrate near the triple contact line), and « refers to the radius of curvature.
The droplet profile is determined by the gravitational force (APgrav = pgH) and the
capillary force (APcap = 2y1g/R). When the capillary effect outweighs the gravitational

effect, the droplet profile can be regarded as a spherical cap. For the droplet studied in
this thesis, the contact radius falls below the capillary length, 1 = /y,;/pg, therefore

the capillary force dominates the formation of droplet profile. In the following analysis,

the droplet profile is dealt as a spherical cap.

Figure 3.3 Typical profile of a droplet on (a) a hydrophilic substrate (0 < # < 90°), and on (b) a
hydrophobic substrate (90° < 8 < 180°).

For a droplet with a shape of spherical cap, the droplet profile can be described with
two basic geometrical parameters, the contact radius and the contact angle. The radius of

curvature and the droplet height can be expressed as eqg. (3.1) and eg. (3.2).
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R
T sing’ (3-1)
H = R(_L_L]_ (32)
sing tané

The surface area, A, and volume, V, of the droplet can then be derived as eq. (3.3)

and (3.4).

2 2\ 27R?
A=rz(R*+H )_1+cos<9' (3.3)
3 _ 2
v =17rH (3R2+H2)=”R (1 cos.é’)3 (2+cosé?). (3.4)
6 3sin° @

The height distribution along the droplet radius can be expressed as eg. (3.5).

R?_H? RZ_H?Y R YV R
h(r)=- + —r? = (—j —rr——. (3.5)
2H 2H sin@ tan @

From the evolution of droplet volume and surface area, the rate of evaporation or

vapor absorption, as well as the interfacial mass flux can be evaluated. In the case of LiBr-
H-O droplets, since the salt ions within the solution do not evaporate, we consider the
variation of droplet mass is mainly due to the evaporation or absorption of water vapor.
Consequently, the evolution of salt concentration along with time can be derived as eq.

(3.6) according to the solute conservation equation.

X (T) _ XigroPoVo 16
- PV + Py (V (T)_Vo) ' G0

The evolution of other thermophysical properties, such as the density, the thermal
conductivity, the specific heat capacity, the viscosity, etc., of the LiBr-H20 droplet can
be then calculated according to the salt concentration and droplet temperature according

to the property correlations of LiBr-H,O solution in literature!37],
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Chapter 4 Mechanisms of droplet growth and

spreading

This chapter focuses on the vapor absorption mechanisms of LiBr-H20 droplets on
surfaces with different wettability at controlled ambient conditions38l, Experiments are
carried out with 54 wt. % aqueous lithium bromide-water (LiBr-H.O) droplets on
hydrophobic polytetrafluoroethylene (PTFE) and on hydrophilic glass substrates. The
dynamics of triple contact line (TCL) and the evolution of droplet volume are compared,
indicating the strong effect of surface wettability on the vapor absorption process into
droplets. By looking into the solute diffusion process on the droplet side, we demonstrate
the different kinetics of absorption and droplet growth, function of surface wettability.
Moreover, several plausible explanations are provided to account for the apparent droplet
spreading phenomenon observed on hydrophilic glass substrates when compared to

hydrophobic PTFE ones.

4.1. Experimental results

4.1.1. On hydrophilic glass substrates

Representative evolution curves of contact angle, 6, and normalized contact radius,
R/Ro, of LiBr-H>O droplets for the six different ambient conditions are plotted in Figure
4.1. The 1nitial contact angle for LiBr-H»O droplets on a glass substrate is ca. 75° £ 3°,
about 5° larger than that of pure water droplets due to the higher liquid-air surface tension
(see Table 3.2). Depending on the ambient condition, droplets on hydrophilic glass
substrates show different degree of spreading. At 30% RH (Figure 4.1(a)), 6 decreases
gradually from 75° to about 52°, while the contact radius increases to 1.24 times of its
initial value. At 60% RH (Figure 4.1(b)) and at 90% RH (Figure 4.1(c)), qualitatively, the

decrease in contact angle follows the same trend to that reported for 30% RH, where there
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is a rapid initial decrease and then gradually flattens. Quantitatively, at high humidity of
90% RH, the contact angle decreases to about 40° while the contact radius increases to
ca. 2 times due to greater drop spreading coupled with greater amount of water vapor
absorbed. When looking into the effect of 7ums, at the initial stage of vapor absorption,
the ambient temperature seems to influence the rate of droplet spreading where the droplet

contact angle and contact radius vary more rapidly at 45°C than at 25°C.
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Figure 4.1 Evolution of (up-triangles) contact angle, & (°), and (diamonds) normalized contact
radius, R/Ro, of LiBr-H,O droplets, versus time (s) for (a) 30% RH, (b) 60% RH, and (c)
90% RH, at (open symbols) Tump = 25 °C and (close symbols) Tamp = 45 °C on hydrophilic
glass substrates. (d) Initial (=0 s) and final ( = 6000 s) snapshots of a LiBr-H>O droplet
on a hydrophilic glass substrate at 45 °C and 90% RH.

To exemplify the droplet profile change during vapor absorption, Figure 4.1(d) shows
snapshots of a LiBr-H>O droplet on a hydrophilic glass substrate at 45 °C and 90% RH at

the initial (z = 0 s) and at the final (# = 6000 s) stage of absorption. Due to water uptake,
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an apparent expansion of droplet volume is observed. In addition, because of both droplet
expansion and contact angle decrease, the triple contact line (TCL) advances greatly
throughout the absorption process, i.e., radius increases to approximately 1.2, 1.4 and 2.0

times its initial value at 30%, 60% and 90% RH, respectively.

4.1.2. On hydrophobic PTFE substrates

The evolutions of contact angle, 6, and normalized contact radius, R/Ro, on a
hydrophobic PTFE substrate are shown in Figure 4.2. The initial contact angle of a LiBr-
H>O droplet on the hydrophobic PTFE substrate is ca. 108° = 3° for all the experimental
conditions, about 10° higher than that of pure water droplets on the same PTFE substrate
studied. At 30% RH (Figure 4.2(a)) the contact angle of a LiBr-H>O droplet decreases
from 108° to 93° + 4°, while the contact radius increases to ca. 1.2 times its initial value
and reaches equilibrium after ca. 700 seconds. At 60% RH (Figure 4.2(b)) the droplet
contact radius increases gradually to 1.3 times its initial value, while the droplet contact
angle decreases from 108° to 93°. At 90% RH (Figure 4.2(c)) the droplet grows even
larger as the final R/Ro reaches ca. 1.6, while the contact angle decreases from 107° to
90°.

For the same ambient humidity, the increase in contact radius and the decrease in
contact angle are more apparent at high ambient temperatures (7um» = 45 °C) than at low
ambient temperatures (7ump» = 25 °C). To illustrate the vapor absorption behavior, Figure
4.2(d) shows snapshots of a LiBr-H>O droplet on a hydrophobic PTFE substrate at 45 °C
and 90% RH at the initial (r = 0 s) and at the final stage of absorption (¢ = 6000 s).
Comparing Figure 4.1 and Figure 4.2, it can be seen that the droplets behave differently
depending on the surface wettability. The characteristic behavior of absorption for LiBr-
H>O droplets on a hydrophobic PTFE substrate can be characterized by the almost
absence of TCL spreading with the increase of both droplet contact radius and droplet
height solely due to the vapor absorption. Whereas for LiBr-H>O droplets on a hydrophilic
glass substrate, the coupling mechanisms of droplet spreading and water vapor absorption
govern the spreading of the TCL and its dynamics.
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Figure 4.2 Evolution of (up-triangles) contact angle, 6, and (diamonds) normalized contact
radius, R/Ro, of LiBr-H,O droplets, versus time (s) for (a) 30% RH, (b) 60% RH, and (c)
90% RH, at (open symbols) Tamb = 25 °C and (close symbols) Tamp = 45 °C on a
hydrophobic PTFE substrate. (d) Initial (# =0 s) and final (# = 6000 s) snapshots of a LiBr-
H,O droplet on PTFE substrate at 45 °C and 90% RH.

Moreover, on a PTFE substrate we additionally report the sudden decrease in the
contact angle accompanied with the increase in the contact radius, which is marked with
arrows in Figure 4.2(b) and Figure 4.2(c). Such behavior converses to the stick-slip

s21021 or pure fluid droplets

phenomena reported during evaporation of nanofluid droplet
on structured surfaces”. Before stick-slip ensues, the droplet contact radius slowly
increases, while the contact angle increases more apparently (Figure 4.2(c)). Then, when
the contact angle reaches a certain angle, a sudden decrease in the contact angle and the
associated increase in the contact radius ensues, and the TCL slips forward. In addition,
the advancing stick-slip phenomenon reported here appears to be more frequent and

marked at higher humidity conditions; especially at 90% RH (Figure 4.2(c)), due to the
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more rapid droplet expansion. Advanced stick-slip phenomenon reported here is
attributed to the greater surface roughness of PTFE substrate when compared to glass.
We note here that the dynamics of the TCL during vapor absorption into liquid
desiccant droplets differ from those of droplet evaporation, condensation and/or from the
simultaneous monotonic increase in contact angle and decrease in contact radius due to
the water adsorption-absorption and/or condensation during organic solvent

evaporation! 311411,

4.1.3. Evolution of droplet volume

During vapor absorption, the droplet volume increases in different trends depending
on the ambient condition. Figure 4.3 presents evolution of the normalized droplet volume
along with time on hydrophilic glass (Figure 4.3(a)) and on hydrophobic PTFE substrates
(Figure 4.3(b)). At low ambient humidity of 30% RH, the droplet volume increases
slightly, and reach equilibrium with the ambience after several hundred seconds. At 60%
RH, droplets expand more apparently, and it also takes longer for the droplets to reach
equilibrium with the ambience, ca.1000 ~ 2000 seconds. At high humidity of 90% RH,
droplets keep expanding in a saturation trend throughout the two hours’ observation.
When comparing the final values of the droplet volume in Figure 4.3, it shows that the
final expansion ratio of droplet volume, V;/Vo, is only related to the relative humidity: Vy
/Vo (30% RH) = 1.07, Vy/Vo (60% RH) = 1.5 and Vy/Vo (90% RH) = 2.7 ~ 3.3 regardless
of surface wettability and ambient temperature. We note here that although surface
wettability does not have an impact on the final droplet volume, we do on the other hand
observe differences on the absorption kinetics, which will be discussed in the next Section

(Section 4.2).
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Figure 4.3 Evolution of normalized droplet volume, V/V, versus time, ¢ (s), for LiBr-H,O
droplets on (a) glass substrate and (b) PTFE substrate at Tumb = (close symbols) 25 °C and
(open symbols) 45 °C for (squares) 30%, (up-triangles) 60% and (diamonds) 90% RH.
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Figure 4.4 Psychrometric chart showing the state of humid air (solid line) at different relative
humidity, and the state of equivalent humid air layer at the surface of LiBr-H»O solution
(blue dotted line) at different concentrations. Red solid arrows present the state variation of
LiBr-H,O solution during vapor absorption.
To demonstrate the amount of water absorbed during droplet expansion depending
on Tump and RH, Figure 4.4 includes the psychrometric chart representing the humidity
ratio (kg water/ kg dry air) versus 7um» and RH. The properties of LiBr-H>O solution and

humid air in the chart are calculated with embedded functions in EES® (Engineering

Equation Solver) software. Black solid lines in Figure 4.4 show the state (7um» and
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moisture content) of ambient air at different RH, while blue dash lines represent the state
(Tam» and moisture content) of the equivalent humid air layer at the surface of LiBr-H>O
solution with different concentrations. It can be seen that the state curves of LiBr-H>O
solution and humid air are in parallel or overlap with each other, which indicates that the
humid air at a certain relative humidity is in equilibrium with the solution for a certain
salt concentration. When the ambient relative humidity keeps constant, the desiccant
droplet will keep absorbing water vapor until it reaches equilibrium with the ambient.
The red points in Figure 4.4 represent the initial and final states (Sinitial,25°C, Sfinal,25°C,
Sinitial4sec, Sfinalas°c) of the LiBr-H20 droplets at 25 °C, 45 °C, and 90% RH. During vapor
absorption, the liquid desiccant salts stay within the droplet in the form of ions, and
therefore, the solution concentration of LiBr, x, should follow the solute conservation

equation shown in Eq. (4.1):
pinitialvinitial Xinitial = pfinaIVfinaIXfinal . (41)
For droplets at 25 °C and 45 °C, the expansion ratio of droplet volume is therefore

derived as:

(Vfinal ] _ | Xinitia Pinitial
3
Vinitial Josoc \ Xtinal Jygoe \ Plinal ysoe

(Vfinalj _ | Xinitia Pinitial
Vinitial Jasoc \ Xtinal ) ygoe \ Ptinal ) ysoc

Taking 90% RH as an example, the pinitial/pfinal 1 1.430 at 25 °C, and 1.433 at 45 °C

(4.2)

according to our calculation based on the correlation provided in Ref. [142]. And since
the ratio of droplet concentration Xinitial/Xfina1 1S also the same for 25 °C and for 45 °C, the
same final expansion ratio of droplet volume Venal/ Vinitial 1s then demonstrated regardless

of the ambient temperature and surface wettability.
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4.2. Analysis and discussion

4.2.1. Effect of surface wettability

From the evolution of droplet volume, it is also worth noticing that the surface
wettability has a strong effect on the kinetics of vapor absorption and on the dynamics of
the TCL, which in turn dictates the mechanisms of droplet growth. As marked with red
and blue dotted lines in Figure 4.3, for the same ambient condition of 45 °C and 90% RH,
on a hydrophobic PTFE substrate it takes 4000 seconds for the LiBr-H,O droplet to
expand to 2.5 times of its initial volume, while on a hydrophilic glass substrate it takes
ca. 2550 seconds. At 45 °C and 60% RH, on a hydrophobic PTFE substrate it takes 1650
seconds for the droplets to expand to 1.5 times of its initial volume, while on a hydrophilic
glass substrate it takes about half of it, i.e. ca. 900 seconds. Clear differences on the
absorption kinetics when comparing the different substrate wettability are then reported,
which will be further discussed below.

Droplet growth due to vapor uptake into liquid desiccant droplets reported in this
study is driven by the vapor pressure difference between the humid air and the droplet
surface. The vapor absorption from the humid air into the LiBr-H>O droplet can be
divided into three steps: the water vapor diffusion on the air side, the vapor to water phase-
change transition at the air-liquid interface, and the diffusion of the water molecules from
the droplet interface toward the droplet bulk (or the solute (Li*, Br’) diffusion from the
bulk of the droplet towards the droplet interface). Figure 4.5 shows one-dimensional
evolution of ambient air and liquid desiccant solution during the vapor absorption process,
where the thickness of the liquid layer for the diffusion of the solute equals the droplet
characteristic length (4*), and the air layer is assumed to be infinite since the chamber is
large enough compared to the size of the droplets. At the very initial state, right after the
droplet deposition (¢ = 0 seconds), we assume that there is no mass diffusion between the
humid air and the aqueous solution, and an apparent vapor pressure difference between
the ambient air and the liquid surface is present. Then, driven by the pressure difference,

water vapor gradually diffuses from the air side to the liquid-air interface, and gets
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absorbed. Due to vapor absorption, the concentration of solute (Li" and Br ions) near the
liquid-air interface decreases. Then, Li" and Br ions diffuse from the high concentration
side at the droplet bulk to the low concentration side at the liquid interface following the
concentration gradient. As the absorption process continues and as a consequence of the
increase in water concentration within the droplet, the vapor pressure difference between
the liquid surface and the ambient air decreases, and at the same time, the concentration
gradient of LiBr solute within the aqueous solution also decreases until equilibrium is

attained.
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Figure 4.5 Schematic of water vapor concentration in the air side and the concentration of
liquid water in the bulk of the droplet (a) at initial stage right after droplet deposition, # =0
s, (b) during vapor absorption, and (c) at equilibrium, ¢ = oo,

Since vapor absorption is a surface area related problem, it is noteworthy providing
a comparison between the spherical cap surface area of liquid desiccant droplets on
hydrophilic versus hydrophobic_substrates. For droplets on hydrophilic glass substrate,
the interfacial area for mass transfer is ca. 9.02~10.65 mm?, while for droplets on
hydrophobic PTFE, the interfacial area is ca. 9.04~10.68 mm?. Since there is no large
difference in the effective droplet areas for vapor absorption, the absorption rate must be
governed by the mass diffusion process on the air side and/or on the liquid side. Typically,

the mass diffusion rate in the gas phase is 10° ~ 10* times of that in the liquid phase
(Dwater/air/ DLiBr/LiBr-n,0 ~ 10°/10° ~ 10H!'*L Therefore, we can assume that the
vapor absorption process is limited by the solute diffusion on the liquid side. The solute
diffusion process within the LiBr-H>O droplet can be evaluated by the characteristic time,
7, which is calculated according to Eq. (4.3),
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t=L1%*D (4.3)
where L is the characteristic length for mass diffusion, which we assume as the
characteristic length of the droplet, #*, and D is the mass diffusion rate (m?/s).

According to eq. (4.3), the characteristic time for the solute diffusion on the liquid
side can be calculated as ca. 10° seconds, where the characteristic length of the droplet,

2/gl14411143] " Calculation

L, is estimated as 1 mm, and the water diffusion rate, Dy, is 10" m
shows that the characteristic time for solute diffusion is in the same order of magnitude
to that of the vapor absorption period reported in the experiments (500 ~ 8000 seconds).
Hence, we report that the solute concentration gradient within the LiBr-H>O droplet is the
limiting mechanism governing vapor absorption into liquid desiccant droplets and it
cannot be neglected.

More specifically, the characteristic length for solute diffusion within the droplet
should be the shortest path for the diffusing molecules to “touch” the impermeable wall,
i.e., the solid surface, or to “meet” each other. On hydrophilic glass substrates where the
droplet contact angle is less than 90°, the characteristic length is the droplet height 4* =
harop as marked in Figure 4.6(a), whereas on hydrophobic PTFE substrates where the

droplet contact angle is larger than 90°, the characteristic length is assumed as the radius

of curvature 4* = x40p as marked in Figure 4.6(b).

Air/Vapor Air/Vapor

m
(a) (b)

\‘\ Substrate

.
Kdl'uii‘

e 0
Figure 4.6 Characteristic droplet length, /#*, for solute diffusion within the LiBr-H>O droplets
(a) on hydrophilic glass substrate, and (b) on hydrophobic PTFE substrates.
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Figure 4.7 shows the evolution of the characteristic lengths for droplets on a
hydrophilic glass substrate and on a hydrophobic PTFE substrate along with vapor
absorption at 45 °C and 60% RH (Figure 4.7(a)) and at 45 °C and 90% RH (Figure 4.7(b)).
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Chapter 4 Mechanism of droplet growth and spreading

It shows that, on glass substrates the characteristic length (droplet height) decreases
slightly along with time at 60% RH due to the observed spreading, while at 90% RH the
characteristic length increases slightly due to the absorbed water vapor. By comparison,
on PTFE substrates the characteristic length (radius of curvature) increases much more
apparently along with time. At 60% RH the characteristic length increases from about
1.18 mm to about 1.4 mm in 3500 seconds, while at 90% RH, the characteristic length
increases from about 1.1 mm to about 1.7 mm in 7000 seconds.

The characteristic time 7 for mass diffusion, defined in Equation 4.3, accounts for
how long it takes for the water molecules to diffuse over the distance /#*, hence as i *

increases so does 7, and droplet saturation is reached later on the hydrophobic case. At
45 °C and 60% RH, for the same diffusion coefficient, Tprrg/Tglass~prre/Mgiass™~1.96.
This estimation remarkably agrees with the experimental results where it takes 1650

seconds and 900 seconds for the droplets to reach equilibrium on PTFE substrate and on

glass substrate respectively, i.e., TpTFE/ Tglass = 1650 / 900 ~ 1.83.
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Figure 4.7 Evolution of characteristic lengths for solute diffusion within the LiBr-H,O droplets,
versus time (s), on (triangles) hydrophilic glass substrates and on (circles) hydrophobic
PTFE at (a) 45 °C and 60% RH, and at (b) 45 °C and 90% RH.
The above analysis clearly demonstrates that surface wettability has a strong impact
on the vapor absorption kinetics, on the dynamics of the TCL and on the mechanisms of

droplet growth. In industrial applications, when the total contact time between liquid

desiccant and humid air is limited, we propose that hydrophilic inner packing as the
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Chapter 4 Mechanism of droplet growth and spreading

optimum configuration to further enhance the dehumidification capacity of dehumidifiers.

4.2.2. Mechanisms of droplet spreading

As described in Section 4.1, on hydrophilic glass substrates LiBr-H>O droplets show
an apparent spreading trend with monotonously increasing contact radius and decreasing
contact angle (Figure 4.1), while on hydrophobic PTFE substrates no apparent additional
spreading is observed (Figure 4.2). In previous literature, droplet spreading phenomenon
is reported in the droplet deposition process!!#). In those studies, the droplet spreading is
due to competition between capillary driving forces and viscous dissipation, and takes
place very fast following Tanner’s law!''%l: R(¢) o /1%, The time scale of spreading is ~1
ms for low viscosity liquids such as water in air on boro-silicate glass substrates!'46].
However, in our work LiBr-H>O droplets spread along with a time scale ca. 10°~10° s
greater than for early regimes of spreading. Therefore, classical droplet spreading
described by Tanner’s law cannot be used to explain the spreading of the TCL observed
during vapor absorption on a hydrophilic substrate.

Next, to elucidate the different spreading behavior depending on the substrate
wettability reported in our study, we look into the different binary interactions at the TCL.
Figure 4.8 presents schematic of the droplet profile at equilibrium contact angle, 6o, and
at slightly larger contact angle, 6o+d6, due to vapor absorption on (a) hydrophilic glass
and (b) on hydrophobic PTFE substrates. At the equilibrium state, the profile of a droplet
on a smooth ideal surface follows the balanced Young’s equation, ysG - ysL = yLccos6o,
which accounts for the respective binary surface tensions: solid-gas, ysa, solid-liquid, yst,
and liquid-gas, yL!'*"). As conveyed above, after the deposition of a desiccant droplet on
a substrate in the presence of a humid environment, the droplet volume will increase due
to vapor absorption. Within a finite short time, J¢, and assuming the droplet contact line
as pinned, the contact angle will increase due to volume expansion to (6o+06). Moreover,
since the solution near the droplet surface gets diluted due to water absorption, the liquid-
gas surface tension yLg will increase by dyLg. Because of the variations in both the contact

angle and the liquid-gas surface tension, the force balance at the TCL is altered, and as a
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consequence an extra horizontal force, JF, arises which tends to depin the contact line.

By neglecting the second order small quantity, F can be derived as Eq. (4.4):

SF = (¥ + 7.5 )C0S(6y +50) — 7, €08 G, ~ =y, SiN ;00 |0y |cOs O,  (4.4)

(@) s Tse () N '
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Figure 4.8 Schematic of droplet profiles at the equilibrium state and at a slightly different
contact angle (6o~ 6y+00) due to vapor absorption on (a) hydrophilic glass substrate and on

(b) hydrophobic PTFE substrate.
On hydrophilic substrates, the droplet contact angle is smaller than 90°, and the value
of cost is positive. In this case, the absolute value of the depinning force can be expressed
as |5 F|

peare = | 7.6 SIn 9059|+|5yLG cos 6’0|. While on hydrophobic substrates, the contact

angle is larger than 90°, and the absolute value of the depinning force can be then

expressed as |5 F| = | 768N 0059| - |57/LG Cos 00| . Therefore, for the same change in the

6>90°

contact angle, the depinning force is larger on hydrophilic substrates than on hydrophobic

ones: |5 F| o0 >|5 F| . Then, for an identical intrinsic energy barrier, oU/Or, it is

6>90°
easier for the TCL to advance on hydrophilic glass substrates.

Figure 4.9 shows the evolution of liquid-air surface tension, yLg, along with vapor
absorption for the six experimental conditions studied by assuming the solute distribution
within the droplet as homogenous!'**l. Depending on the experimental condition
investigated, yLg of LiBr-H2O droplet decreases as water vapor is absorbed. In addition,
as for common fluids, at higher temperature, LiBr-H,O droplets have smaller surface
tension than at low temperatures. Moreover, as absorption takes place, the surface tension

decreases with time more apparently at higher ambient humidity conditions as shown in

Figure 10. In the extreme case of 45°C and 90% RH, the surface tension decreases from
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ca. 88.04 mN/m to ca. 74.78 mN/m, which is still larger than that of pure water droplet at
45°C (yLG.waterasec = 69.14mN/m!'*) which can be considered as 0 wt.% LiBr-H,O
solution). The decrease in the droplet surface tension partly accounts for the contact angle
decrease during vapor absorption. Nevertheless, the decrease in contact angle during
vapor absorption is about 30°, which cannot be accounted for by the contact angle change

caused purely by surface tension decrease. Therefore, additional explanations are

expected.
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Figure 4.9 Evolution of surface tension of LiBr-H,O droplets along with time during vapor
absorption on a hydrophilic glass substrate.

Compared to hydrophobic PTFE substrates, the hydrophilic nature of glass substrates
induces higher adhesion force to water molecules!'*”. Therefore, in humid environments,
water molecules may accumulate near the glass surface due to adsorption!>!l. In the
presence of a LiBr-H>O droplet, the surface near the contact line will absorb more water
vapor and induce both density gradient and surface tension gradient along the droplet
interface. In previous literature, droplet spreading has been reported due to surface tension
gradient created by localized surfactant addition!!*?! as well as by temperature
gradient!!*%), Therefore, the density gradient and surface tension gradient induced by non-
uniform absorption across the droplet surface can be another plausible reason for the

droplet spreading observed in this study.
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Furthermore, when looking into a moving contact line, a precursor film is usually
considered to be ahead of the visible droplet bulk!"**I'5] In previous studies, the
existence of precursor film has been verified by advanced experimental techniques such
as atomic force microscopy (AFM)!'3 and epifluorescence inverted microscopy!!*”,
amongst others!'>®l. Figure 4.10 shows the proposed schematic of the continuous
transition from the macroscopic droplet profile to the microscopic precursor film at the

triple contact line for a spreading droplet on a hydrophilic substrate. The length of the

diffusive precursor film is proportional to the square root of time and can be expressed as

/ A %
L = 172
* \3znh, 4.5)

where L, is the length of the precursor film, 4 is the effective Hamaker constant, # is

Eq. (4.5)1"7],

viscosity, /A is the cutoff thickness, and ¢ is time.

Air bulk

LiBr-H,0

Macroscopic | Ip droplet

Drop

Figure 4.10 Schematic of (a) microscopic features in the vicinity of the advancing contact line
along with microscopic droplet profile on a hydrophilic substrate, and (b) absorption near
the triple contact line.

For droplets on a hydrophobic PTFE substrate, due to the larger droplet curvature, the
cutoff thickness is larger than that of droplets on hydrophilic glass!'*). According to Eq.
(4.5), the length of the precursor film is inversely proportional to the square root of the
cutoff thickness, hence the length of precursor film will be longer on a hydrophilic glass
substrate than on a PTFE hydrophobic one. During experiments, vapor absorption
happens both at the macroscopic droplet interface and at the precursor film. As vapor

absorption proceeds, the precursor film will gradually grow thicker, with the inner side
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merging with the droplet bulk, and the outer side stretching forward. Since the precursor
film typically extends more on hydrophilic substrates than that on hydrophobic ones, the
precursor film develops more rapidly, and the triple contact line thus advances further,
which is put forward as an additional mechanism for the greater droplet spreading

observed on hydrophilic substrates.

4.3. Summary

This chapter investigates the effect of substrate wettability and ambient conditions
on the vapor absorption process. Typically, on hydrophilic glass substrates, LiBr-H20
droplets show an apparent spreading trend during vapor absorption. While on
hydrophobic PTFE substrates, a less decrease in the contact angle along with an increase
in the contact radius, i.e., less spreading, is observed. Moreover, the final expansion ratio
of droplet volume is only function of relative humidity regardless of environmental
temperature and surface wettability.

Depending on the surface wettability, the kinetics of vapor absorption are found to
differ. On hydrophilic glass substrates, LiBr-H>O droplets reach equilibrium with the
ambient much quicker when compared to hydrophobic PTFE substrates. This is attributed
to the shorter characteristic length for solute diffusion, which is further demonstrated by
evaluating the characteristic time for solute diffusion within the droplet. Besides, the
apparent droplet spreading on hydrophilic glass substrates is explained based on a force
balance analysis at the triple contact line, by the evolution of liquid-gas surface tension,
and by the development of a precursor film during vapor absorption. Further explorations
with the spreading phenomena are carried out by numerical simulations, which will be

elucidated in consequent chapters.
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Chapter 5 Coupled heat transport and mass

diffusion

This chapter focuses on heat and mass transport coupling mechanisms during vapor
absorption into lithium bromide desiccant (LiBr-H20O) droplets for controlled
environmental conditions!!®’l. The evolution of droplet profile and the temperature
distribution at the droplet surface are investigated using optical imaging and infrared (IR)
thermography. We reveal the temperature variation across the surface of hygroscopic
droplets along with time, and analyze the interactions between the droplet and the
substrate and surrounding air. We then discuss the effect of absorptive heating on the mass
transfer process, and relate the variation of vapor absorption rate with the evolution of
vapor pressure difference between the droplet liquid-air interface and the ambient.
Furthermore, we compare and summarize the similarities and differences between the
vapor absorption process into liquid desiccant droplets and the evaporation process of

pure water droplets.

5.1. Experimental results

5.1.1. Evolution of droplet profile

Figure 5.1 shows typical profile evolution of LiBr-H>O droplets at 45°C and humidity
of 30%RH, 60%RH, 90%RH. Figure 5.2 represents the variation of the contact angle,
(deg), and the non-dimensional contact radius, R/Ro, of LiBr-H,O droplets versus non-
dimensional time (normalized by the experimental duration), z. On a smooth PTFE
substrate, the initial contact angle of LiBr-H,O droplet is ca. 101°=£3°. As vapor absorbs
into the droplet, an expansion in volume is recorded especially when the ambient
humidity is high. The droplet expansion is demonstrated by the simultaneous increase in

droplet height and contact radius, while the droplet contact angle remains almost constant

52



Chapter 5 Coupled heat transport and mass diffusion

throughout the entire experimental duration.
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Figure 5.1 Profile evolution of LiBr-H,O droplets during vapor absorption for ambient
condition of 45°C and 30% RH, 60% RH, 90% RH, for =0, 0.25, 0.5, 0.75 and 1.
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Figure 5.2 Evolution of (a) contact angle 0 (deg), and (b) non-dimensional contact radius R/Ro,
of LiBr-H,O droplets, versus non-dimensional time, 1, for (closed symbols) Tam» = 25 °C
and (open symbols) Tump = 45 °C at (square) 30% RH, (up-triangles) 60% RH, and
(diamonds) 90% RH on smooth PTFE.

At high humidity conditions of 90% RH, the contact angle decreases by ca. 5°, which
is attributed to the decreasing liquid-air surface tension as the desiccant solution gets
diluted due to water uptake. On the other hand, the contact radius increases depending on
the ambient humidity. When the ambient humidity is low, e.g. 30% RH, the contact radius

increases slightly to about 1.03~1.05 times of its initial value after 10 minutes. At ambient

humidity of 60% RH, the contact radius increases more significantly to 1.14~1.20 times
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of its initial value after 30 minutes. At higher ambient humidity of 90% RH, the contact
radius of LiBr-H>O droplet keeps increasing to about 1.6 times of its initial value.

For an easier comparison, Figure 5.3 and Figure 5.4 include the behavior of pure
water droplets during evaporation on the same substrate for the same six experimental
conditions. The initial contact angle of pure water droplet is 95° =5°, lower than that of
LiBr-H>O droplet, which is attributed to the lower liquid-air surface tension, 72.75 mN/m,
compared to 54 wt.% LiBr-H>O solution (91.54 mN/m). Pure water droplets firstly
evaporate following the constant contact radius (CCR) mode, where R/R remains almost
constant and € decreases along with time to account for the loss of volume for the first
20% of the droplet lifetime. Thereafter, as the contact angle decreases to approximately
86°13°, the contact line starts receding and droplets evaporate in the constant contact
angle (CCA) mode, where 6 remains almost constant, and R/Ro monotonically decreases.
The CCA mode lasts for approximately 60% of the overall droplet lifetime. Lastly, as the
droplet becomes smaller, towards the end of the evaporation process, droplet evaporation
turns into a mixed mode where both 4 and R/Ro decrease, which takes approximately the
remaining 20% droplet lifetime. The three distinctive regimes reported here, i.e., CCR,
then CCA and lastly the mixed mode, are in agreement with previous studies/2*!1611162]

on water droplets evaporating on smooth PTFE substrates.
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Figure 5.3 Profile evolution of pure water droplets during evaporation for ambient condition of
45°C and 30% RH, 60% RH, 90% RH, for z= 0, 0.25, 0.5, 0.75 and 1.
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Figure 5.4 Evolution of (a) contact angle 6, and (b) non-dimensional contact radius R/R, of
pure water droplets, versus non-dimensional time, 7 (s) for (closed symbols) Tomb, = 25 °C
and (open symbols) Tump = 45 °C at (square) 30% RH, (up-triangles) 60% RH, and
(diamonds) 90% RH on smooth PTFE.

5.1.2. Evolution of droplet volume

Figure 5.5 presents the volume evolution of LiBr-H>O droplets during vapor
absorption and that of pure water droplets during evaporation. Moreover, the initial rates

of vapor absorption and evaporation for the six experimental conditions are included in

Table 5.1.
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Figure 5.5 Evolution of non-dimensional droplet volume with respect to the original volume,
VIV, along with time, # (s), during vapor absorption and evaporation for the six
environmental conditions.
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Table 5.1 Initial evaporation rate, -d¥/dt, and initial vapor absorption rate, d¥/dz, for the six
experimental conditions. (At 30% RH, the vapor absorption is quite weak, thus calculations
are only carried out with 60% RH and 90% RH conditions.)
25°C 25°C 25°C 45°C 45°C 45°C

Condition
30%RH 60%RH 90%RH 30%RH 60%RH 90%RH
Ab ti t
Sotption rate 3.44 5.00 ; 5.96 6.97
dV/dt (nL/s)
Evaporation
rate 425 3.02 0.83 9.42 5.40 1.27
-dV/dt (nL/s)

5.2. Analysis and discussion

5.2.1. Heat transfer analysis

Within the droplet, both heat convection and heat conduction may occur, which can
be evaluated by the Péclet number expressed as Eq. (5.1).

Pe=pc,UR/k, (5.1
where R is the droplet contact radius, p is the density, ¢, is the heat capacity, U is the
radial flow velocity within the droplet, and £ is the thermal conductivity of the liquid
studied. For evaporation of water droplets with contact angles ca. 90°, the evaporative
mass flux can be regarded as uniform across the droplet interface [?8[1631164] Tp this case,
the radial flow velocity, U, is rather low in the order of 107 m/s. In the case of liquid-
desiccant droplets where the water vapor diffuses towards the droplet interface,
homogeneous absorption flux is expected for contact angles ca. 90°. Hence, the
concentration gradient along the droplet surface is rather small, and the concentration-
induced Marangoni effect can therefore be neglected. Moreover, the IR images measured
at the liquid-gas interface also show the homogeneity of the temperature profile and the
absence of thermal gradients (Figure 5.6(a) & Figure 5.6(b)). In view of the above, we
can then safely state that the radial flow velocity, U, remains small and is not further
enhanced by the presence of Marangoni flows. Then, the Pe number is estimated as << 1
(17 confirming that the convective heat transfer within the droplet is negligible!/801163],

The heat conduction process within the droplet can be further evaluated by the
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characteristic time, 7", given by Eq. (5.2).

T = pepyh*k, (5.2)
where / is the droplet height. Taking into account the thermal properties of the LiBr-H>O
droplets and water droplets reported in Table 3.1, 7' Lip is calculated as 10.51 s, and 7 water
is ca. 9.91 s. Right after the deposition of a liquid desiccant droplet, a temperature profile
within the droplet may develop during the first instants of the vapor absorption process.
However, compared to the overall droplet lifetime (~10° seconds), the characteristic time
for heat conduction is quite short, ~1% of the total lifetime. The timescale analysis
indicates that the heat flux induced by evaporation or absorption can timely diffuse
throughout the droplet volume so as to even out the temperature gradient within the
droplet bulk, and we can consider the temperature distribution within the droplet as

homogenous (V2 Ty, = 0) during most of the droplet lifetime.
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Figure 5.6 Evolution of average temperature at droplet surface and corresponding IR images
during vapor absorption for ambient conditions of 30% RH, 60% RH, 90% RH, and (a)
25°C, (b) 45°C.
Even though the spatial temperature distribution across the droplet is homogenous,
the average surface temperature of LiBr-H>O droplets varies slowly along with time as a
result of the balance between heat absorption and dissipation. To provide further
evidences on the temperature evolution, Figure 5.6 shows the average temperature at the

droplet surface in time along with characteristic IR thermography snapshots. It shows that
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the temperature distribution along the droplet surface is nearly uniform throughout the
vapor absorption process, which demonstrates experimentally the above timescale
analysis of heat transfer within the droplet. The droplet surface experiences the highest
temperature right after being deposited on the substrate. This indicates that vapor
absorption starts as the droplet is generated from the needle and gets in contact with humid
air. The released heat due to vapor-to-water phase change and absorption causes the
observed temperature increase when respect to ambient conditions. After being deposited
on the substrate, the absorbed heat is at the same time dissipated both through heat
conduction towards the substrate, and through convective heat transfer into the ambient
air. As a combined result of heat dissipation and decreasing absorption rate, the droplet
surface gradually cools down towards equilibrium with the ambient as indicated by Figure
5.6. In the case of pure water, droplets experience the lowest surface temperature right
after being deposited as they cool down due to evaporative cooling, then gradually warm

up as they reach equilibrium with the ambient.
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Figure 5.7 Initial temperature increase of LiBr-H>O droplet caused by absorption heating (red
columns), and temperature decrease of pure water droplet caused by evaporation cooling
(blue columns) for the six experimental conditions.
Figure 5.7 summarizes the surface temperature increase of LiBr-H>O droplets and

decrease of pure water droplets right after droplet deposition for the six experimental

conditions. The initial temperature change depends strongly on the ambient temperature
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and relative humidity. In general, the initial temperature variation is more noticeable at
high ambient temperature (45 °C) than at low temperature (25 °C) independently of the
liquid or the relative humidity studied. For the same ambient temperature, the initial
temperature rise of LiBr-H>O droplets is more apparent at high relative humidity
conditions, while the initial temperature decrease for pure water droplets becomes smaller
at high relative humidity conditions. Typically, the increase in the surface temperature of
a liquid desiccant droplet is function of the absorption rate, while the decrease in the
surface temperature of a water droplet is proportional to the evaporation rate. Then,
quantitative calculations of the average heat flux into the droplet surface can be carried
out based on the surface area and on the vapor absorption rate, or the evaporation rate in
the case of water droplets, by making use of Eq. (5.3). Vapor absorption and evaporation
rates are calculated for the first instants right after droplet deposition.

dv

@:Qzﬂ, (5.3)
13 ﬂ(h2+R2)

where @ represents the average heat flux across the droplet surface, kW/m?, Q is the

rate of heat flow, kW, S repsrents the area of droplet surface, m?, and Ly, is the latent heat
released during vapor-liquid phase change, kJ/kg. The calculation results are summarized

in Table 5.2.

Table 5.2 Average heat flux, @, at the interface of LiBr-H>O droplets and pure water droplets
induced by absorption heating and evaporation cooling. (Calculation results based on the
vapor absorption rate and evaporation rate right after droplet deposition.)
25°C 25°C 25°C 45°C 45°C 45°C
30%RH  60%RH 90%RH 30%RH 060%RH 90%RH

Oq(W/m?)

LiBr-H,O droplet 5.07 10.66 11.66 4.72 15.12 17.71
Pure water droplet  11.32 8.12 2.16 28.48 14.43 3.33

The heat flux induced by absorption heating or evaporative cooling differs depending
on the ambient condition. In the case of LiBr-H>O droplets, the absorption heat flux

follows the order of ®g.450co006rH > Dg,a5°c60%RH > Pg25°c90%RH > Pg25°c60%RH > Pg,25°C30%RH
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~ Mg4s530%rH, Which corresponds with the order of initial temperature rise in the six
experimental conditions. Since vapor absorption is driven by the partial pressure
difference between the ambient and the droplet surface, at low relative humidity
conditions, i.e., small gradient of concentration, the vapor absorption rate is rather low,
hence similar values of average heat flux are reported for 30% RH conditions in Table
5.2. In the case of pure water droplets, the heat flux caused by evaporative cooling follows
the order of ®@ga4soc30%rH > Dgas°c60%rH > DPg25°c30%RH > DPg25°c60%RH > Do,a5°Co0%RH >
Dy 25°c90%rH, Which also corresponds with the order of initial temperature decrease at the
surface of water droplets. For water droplets, evaporation is driven by the partial pressure
difference from the droplet surface to the ambient; hence the high relative humidity
conditions hinder droplet evaporation and the evaporative cooling effect. The quantitative
calculations included above stress that the heat flux induced by absorption heating and
evaporative cooling is the dominating factor for the initial temperature variation at the
droplet surface during and right after droplet deposition. To accurately estimate the water
vapor pressure at the droplet surface, the following mass transfer analysis takes into
account the concentration variation within the droplet bulk and the temperature variation

at the droplet surface captured by IR thermograph.

5.2.2. Mass transfer analysis

The mass transfer process includes the vapor diffusion on the air side, the vapor-
water transition at the droplet interface, and the solute diffusion on the droplet side.

Typically, the mass diffusion rate in the liquid phase is 10°~10* times of that in the gas
phase (Dwater/air/DLir/LiBr-n,0 ~ 10°/107 ~ 10H)!'*}]. Therefore, the vapor absorption
rate is limited by the mass diffusion process on the liquid side!'**]. The solute diffusion
rate, D), on the liquid phase is related to the liquid temperature, 7, and dynamic viscosity,

u, according to the Stokes-Einstein equation!!®?l. For the cases of 45 °C and 25 °C, the

ratio of solute diffusion rate within the droplet can be calculated as Eq. (5.4).
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keT Dy T, 4, Dic _ 318.150.004286

: 1.54 (5.4)

D, = = ~1.
'"“6mur’ D, T, 4 Dic 298.150.002963 ’

where kg represents the Boltzmann’s constant, and r is the radius of the spherical particle,
i.e., the Li" and Br  ions.

The above calculation presented in Eq. (5.4) shows that the solute diffusion rate at
45 °C is 50% greater than that at 25 °C. Hence, at higher temperature, the solute diffuses
more effectively from the high concentration at the droplet bulk towards the interface.
Then, droplets at higher temperature can maintain a relatively higher solute concentration
at the droplet interface. In response to the higher salt concentration at the droplet interface,
the vapor pressure is lower, and therefore the vapor absorption rate at 45 °C is higher
when compared to 25 °C especially at the initial stage of vapor absorption. The greater
absorption rates at high temperatures presented (in Table 5.1) in turn induce greater
average heat flux and a further increase of the surface temperature (see Table 5.2 and
Figure 5.7, respectively).

The vapor pressure at the droplet interface, Pvapor,surface, can be evaluated according to

the fitting correlations derived by Patek and Klomfar (Egs. (5.5) and (5.6)) [1*7],

P

vapor ,surface

=P, (0), (5.5)

where Psa 1s the saturation vapor pressure of pure water at “shifted temperature”, ®, due
to the presence of dissolved salts. © is function of the mole fraction, xmole, and temperature,

T, of LiBr-H>O solution, and can be calculated as Eq. (5.6).

8 f;
O=T->"2 (Xe) " [04=Xppp.|" [TIJ , (5.6)
i=1

C

where T. is the critical temperature of pure water, 647.096 K, a = {-2.41303x107,
1.91750x107, -1.75521x108, 3.25432x107, 3.92571x10?, -2.12626x10°, 1.85127x108,
1.91216x10%}, m = {3,4,4,8,1,1,4,6},n=10,5,6,3,0,2,6,0},t=1{0,0,0,0, 1, 1,
1, 1}, and the mole fraction, xmole, 1s calculated by Eq. (5.7).

Xmol — X/MLiBr
X/MLiBr +(1_ X)/MHZO ’

(5.7)
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where x is the mass fraction of LiBr solute in LiBr-H>O solution, and M represents the
molar mass. Since the initial concentration of the LiBr-H2O solution is known, any
increase in the droplet volume is due to water absorbed, from experimental observations
of droplet profile evolution in time, the mass fraction of LiBr can be estimated.

Then, combining Eq. (5.5), (5.6) and (5.7), the vapor pressure difference can be
calculated. Because the vapor absorption rate is low and no apparent volume increase is
observed at low relative humidity of 30% RH, in the following calculations we only
consider 60% and 90% relative humidity conditions. Figure 5.8(a) shows the evolution
of vapor pressure difference between the droplet interface and the ambient air during
vapor absorption. From experimental observations of droplet profile, the vapor absorption
rate is estimated in time, which is presented in Figure 5.8(b). Both Figure 5.8(a) and 5.8(b)
clearly indicate that vapor pressure differences and absorption rates are greater right after
droplet deposition, independently of the condition studied. As vapor absorption proceeds
and the droplet gets diluted, the vapor pressure difference between the ambient and the
droplet surface diminishes and so does the vapor absorption rate. Moreover, the order of

initial vapor pressure difference, APJ4secoovre™> AP

45°C60%RH > AP|250co0%rE > AP|25°C60%RH,
corresponds with the order of initial vapor absorption rate for the four experimental

conditions, dV/dt|asecoovrr> dV/dt|aseceovrr > dV/dt

25°Co0%RH > AV/dt25°c60%RH.
According to Egs. (5.5) and (5.6), the influence of Tsurface and xrigr on the vapor
pressure at the droplet surface, Pvaporsurface, are opposite. On one hand, the increase in
Tsurface iInduces the increase of Pyaporsurface, While on the other hand, the increase in xrip:
causes the decrease of Pvaporsurface. Therefore, for constant ambient conditions, i.e.,
constant Pamp, the driving force for vapor absorption, AP = Pamb -Pvaporsurface, depends
strongly on both Tsurface and xrir. As the vapor absorption process proceeds, both Tsurface
and xiipr decrease with time. The decreasing Tsurface tends to increase AP, whereas the
decreasing xiipr tends to decrease AP. Results on the evolution of the vapor absorption
driving force AP included in Figure 5.8(a) show a clear decreasing trend of AP along with

vapor absorption time. The decreasing AP indicates that the influence of xrigr on AP
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greatly outweighs the influence of Tsurface. As the droplet gets further diluted, the driving

force decreases along with time due to the decrease in xLir, and the vapor absorption rate

decreases accordingly as demonstrated in Figure 5.8(b).
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Figure 5.8 Evolution of (a) calculated vapor pressure difference between the droplet interface
and ambient air, and (b) increasing rate of droplet volume, during vapor absorption on PTFE
substrates for ambient conditions of 25°C, 45°C, and 60% RH, 90% RH.

5.2.3. Comparison with droplet evaporation

Based on the experimental results and analyses presented above, the main features

during droplet evaporation and vapor absorption are summarized in Table 5.3.

Table 5.3 Summary of features during droplet evaporation and vapor absorption (TCL: triple

contact line, RH: relative humidity, CCR: constant contact radius).

Comparison

Vapor absorption

Water evaporation

Droplet profile

Expands with advancing TCL

Shrinks with receding TCL

Rate of evaporation/

vapor absorption

Increases with temperature and
increases with RH

Increases with temperature and
decreases with RH

Heat transfer

Absorption heating, Tsurface
increases initially, then decreases
along with time

Evaporative cooling, Tsurface
decreases initially, then increases
along with time

Mass transfer

Solute diffusion dominates

Vapor diffusion dominates

Driving force

Decreases along with time
Volume increases in a saturation

trend

Constant if neglecting evaporative
cooling effect
Volume decreases linearly in the
CCR mode

In the psychrometric chart in Figure 5.9, solid black lines present the iso-relative

humidity curves of humid air at 20% RH, 40% RH, 60% RH, 80% RH, 100% RH, while
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the dashed black lines present the iso-concentration curves of LiBr-H»>O solution at 20
wt.%, 30 wt.%, 40 wt.%, 50 wt.%, 60 wt.%. In the case of droplet evaporation, the
equilibrium state of the liquid-air interface transits from Wy to Wi along the saturation
line (100% RH), as marked with blue arrows in Figure 5.9. After droplet deposition, the
droplet experiences the decrease in temperature due to evaporative cooling, and as the
droplet attains equilibrium with the ambient, the temperature at the droplet surface
increases. For the high humidity case 90% RH (Figure 5.9(a)) the temperature at the
droplet surface increases from 45 °C to Tamp, ca. 46 °C, while for the low humidity case
30% RH (Figure 5.9(b)) the temperature increases from 40 °C to Tamb, ca. 45 °C. It is
noteworthy to mention that at low ambient humidity conditions such as 30% RH, the
effect of evaporative cooling is stronger due to the greater driving force, AP, hence the
initial surface temperature is lower, and the temperature variation of the droplet surface

is more apparent as presented in Figure 5.9(a).

(a) 45°C and 30% RH (b) 45°C and 90% RH

20wl / 20wt %

77777 LiBr solution 100%RH " [ |----- LiBrsolution 100%RH
010 | —— Humid air P o < 010 Humid air
30wt % L - 30wt
// % ] /"
y

Humidity ratio (kg/kg dry air)
Humidity ratio (kg/kg dry air)

30 35 40 45 50 55 60
Temperature (°C) Temperature (°C)

Figure 5.9 Psychrometric chart of humid air at different relative humidity (solid line), and
equivalent humid air layer at the liquid-air interface with different concentrations (dash
line). Marks inside the graph presents the state of ambient air (Green points, Air), the state
variations of droplet during evaporation (blue arrows, Wo— W) and during vapor
absorption (red arrows, Sp—S1) for experimental conditions of 45°C, and (a) 30% RH, (b)
90% RH.

In the cases of liquid desiccant droplets, the state evolutions of LiBr-H>O droplets
during vapor absorption are marked in Figure 5.9 with red arrows from So to Si. Different

from pure water droplet, the vapor pressure at the surface of LiBr-H>O droplet is much
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lower. In the case of 54 wt.% LiBr-H>O droplet, the vapor pressure is theoretically in
equilibrium with low humidity air of ca. 20% RH. As vapor absorption proceeds, LiBr-
H>O droplets get diluted with decreasing salt concentration due to water uptake. As a
result, the state of LiBr-H>O droplet moves across the iso-concentration curves shown in
the psychrometric chart and toward equilibrium with the humid atmosphere. Moreover,
the heat released due to vapor-water phase change also causes the temperature increase
in the droplet surface at early stages shown as the initial state points of LiBr-H>O droplets
in Figure 5.9. At high ambient humidity such as 90% RH, the salt concentration of LiBr-
H>O droplet decreases more markedly due to the large amount of water uptake, which
induces a stronger absorptive heating effect. Therefore, in high humidity cases, the state
point moves across the iso-concentration curves with greater temperature decrease as
depicted in Figure 5.9(b).

In the psychrometric chart in Figure 5.9, the solid lines present the states of humid air
with different relative humidity (20% RH, 40% RH, 60% RH, 80% RH, 100% RH), while
the dash lines present the states of LiBr-H,O solution with different salt concentrations
(20 wt.%, 30 wt.%, 40 wt.%, 50 wt.%, 60 wt.%). The state variations of pure water droplet
during evaporation are marked with blue arrows. Along with droplet evaporation, the air
state at the liquid-air interface transits from Wy to W along the saturation line (100%
RH). Moreover, at low ambient humidity such as 30% RH, the effect of evaporation
cooling is stronger, hence the initial surface temperature is lower, and the temperature
variation of the droplet surface is more apparent as presented in Figure 5.9(a). The state
evolution of LiBr-H>O droplet during vapor absorption is marked with red arrows from
So to Si. At high ambient humidity such as 90% RH, the effect of absorption heating is
stronger, and the salt concentration decreases apparently due to the large amount of water
uptake. Therefore, the state point moves a long distance with decreasing temperature

across the iso-concentration lines as demonstrated in Figure 5.9(b).
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5.3. Summary

The coupled heat and mass transfer process during vapor absorption into LiBr-H,O
droplet has been experimentally investigated under controlled environmental conditions.
Due to the strong adhesion force of LiBr salt ions to water molecules, the vapor pressure
at the droplet surface is greatly reduced, and water vapor diffuses from the air side to the
liquid side, causing the growth of the droplet volume. Along with water vapor absorption,
heat of absorption is released inducing a temperature increase at the droplet surface. IR
thermography shows that desiccant droplets experience the highest surface temperature
right after being deposited on the substrate, and then gradually cool down as a combined
result of the decreasing vapor absorption rate and the heat dissipation into the substrate
and into the ambient. Moreover, the initial temperature rise at the droplet surface is
quantitatively in agreement with the absorption heat flux depending on the environmental
conditions studied.

The variation of surface temperature, in turn influences the vapor pressure at the
droplet surface, and affects the vapor diffusion on the air side. The vapor pressure
difference between the ambient air and the droplet surface is evaluated taking account of
the evolution of surface temperature as well as the evolution of salt concentration in the
droplet bulk. Along with water uptake, the desiccant solution gets gradually diluted, and
the vapor pressure difference between the ambient air and the droplet surface decreases
along with time, therefore the rate of vapor absorption decreases. Furthermore, we
compare and summarize the similarities and differences between the vapor absorption
process into liquid desiccant droplets and the evaporation process of pure water droplets.

We conclude on the need for an accurate account of the coupling of heat and mass
transfer mechanisms in order to provide a complete description of the vapor absorption
process into liquid desiccant droplets, which is of great importance for the accurate design

of the initial stage for dehumidification processes.
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Chapter 6 Formulation of the lubrication model

In this chapter, we develop a lubrication-type model to describe the physical
mechanisms governing the interactions between the hygroscopic liquid desiccant droplet,
the vapor phase, and the solid substrate. We start from a description of the problem, then
derive a mathematical model by applying necessary assumptions and simplifications. We
assume the existence of a precursor film in front of the contact line to solve the
contradiction between contact line motion and no-slip boundary condition, so that to
remove the singularity near the triple contact line. The mass flux is derived according the
equilibrium relation of chemical potential, which takes both the temperature difference
and the vapor concentration difference into account. The scaled equations are further
simplified using Karman-Pohlhausen approximation. We arrive at a system of governing
equations using the Galerkin method of weighted residuals, which is further solved by
finite element method (FEM).

6.1. Main assumptions and limitations

We take lithium bromide aqueous solution (LiBr-H>0O) as an example for modelling.
In a LiBr-H2O droplet, the lithium bromide salt exists as Li" ions and Br™ ions, which have
high adhesion force to water molecules. As a result, the water vapor pressure at the droplet
liquid-air interface is apparently lowered compared to pure water droplet. Depending on
the ambient condition, the LiBr-H2O droplet will absorb water vapor (at high ambient
humidity) or desorb water vapor (when the ambient humidity is extremely low). During
the vapor absorption process, the mass of LiBr salt follows the solute conservation law,
and the mass of water inside the droplet bulk changes along with time.

The mass transfer process can be divided into the vapor diffusion on the air side, the
vapor-water phase change at the droplet interface, and the solute diffusion within the

droplet bulk. Typically, the mass diffusion rate in the air phase is 10> ~ 10* times of that
in the liquid phase (Dyater/air/ DLiBr/LiBr—H,0 ~ 10%/10° ~ 10H143] Therefore, we can
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assume that the distribution of water vapor at the air side as homogeneous, and the vapor
absorption process is limited by the solute diffusion within the droplet. Along with mass
transport, the latent heat released due to vapor-water phase change causes apparent
temperature increase at the droplet interface, and induces temperature gradient within the
droplet. The concentration and temperature gradients will further induce surface tension
gradient across the droplet interface, and affect the droplet kinetics along with time.
Experiments show that droplets on a hydrophilic substrate gradually spread along
with volume expansion, and the contact angle decreases from ca. 70° to ca. 40° during
the vapor absorption process with a time scale of ~10* s. On a hydrophobic substrate with
contact angle close to 90°, the evolution of droplet profile is close to a constant contact
angle mode. The simulation aims to reveal the spatial distribution and temporal evolution
of temperature and salt concentration within the droplet, and explain the observed

spreading phenomena of droplets on hydrophilic glass substrates.

CH20,

Cm20,1

Gas: Dry air + water vapor Xmo,

Ao H
XHZ()(Z, r, 0, T) 0

Liquid: LiBr + H,O

Figure 6.1 A sessile lithium bromide — water (LiBr-H,O) droplet in contact with humid air

(mixture of dry air and water vapor): Hy/R, is assumed as <« 1, xwi(Z, 7, 0, ©) refers to
the mass fraction of water inside the droplet (1-xvig.1), xws refers to the mass fraction of
water at the droplet interface, cipo, refers to the water vapor concentration in the humid air
layer near the droplet interface, cio refers to the water vapor concentration in the air bulk,
and is assumed as constant, 7 and t denote the outward units vectors acting in normal and
tangential directions to the interface respectively. The center of droplet basis in contact with
the substrate, O, is defined as the origin of the coordinate.

In the model, the solution droplet is considered as Newtonian fluid and assumed as
incompressible. The thermal properties of LiBr-H2O solution are function of temperature
and solute concentration, and vary both spatially and temporally as vapor absorption takes

place. Compared to the influence of solute concentration, the influences of temperature
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on solution properties are much weaker. For simplification, the specific heat capacity, ¢,,

(371 and thermal conductivity, k [¢7] of LiBr-HO solution are

density, p
approximated as linearly function of solute concentration, ;s . Moreover, we neglect

the influence of solution temperature since the influences of solute concentration on the

fluid properties are much more apparent.

6p :ép,HZO +ﬁcpZLiBr’ (61)
,5 = ﬁHZO +ﬁpZLiBI’ > (62)
k= izHzo + 1 K > (6.3)

where €, o, Pyo, and IZHZO is respectively the heat capacity, density and thermal

conductivity of pure water, ﬁcp , 1,,and N, is respectively the coefficient of heat

capacity, density, and thermal conductivity depending on the mass concentration of LiBr

solute, %5 - The viscosity, f, of LiBr-H2O solution is approximated with the eq. (6.4),

where &, b1, and b» are fitting coefficients.

A

4
ZEiBr +B 7 g D0,

a= : (6.4)

The surface tension of the LiBr-H>O solution, &, is approximated with an empirical

correlation of solute concentration and surface temperature!'®®!,
0= GHZO + 770-)(LiBr + é,a (T _Tref ) s (65)
where 77, is the surface tension coefficient of solute concentration, ¢ is the surface

tension coefficient of solution temperature, and T, is the reference temperature, 20 °C.

The values of the fitting coefficients are listed below.

Table 6.1 Dimensional fitting coefficients of solution properties.

A~

Cp,HZO pHZO kHZO O-HZO ncp 77p

4.18 998.2 0.598 72.75 -3.94 1231.5
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2 A

7 o - a b by
-0.324 435 -0.205 3164  -4475  314.8

Initially, we assume that the droplet has maximal thickness H, and radius R,. We
consider the droplet to be very thin and therefore R, greatly exceeds H, so that the
aspect ratio € = Hy/R, « 1. This assumption permits the use of lubrication theory which
is the key theory we apply to derive the evolution equations.

The droplet is in contact with the gas phase characterized by constant temperature
and relative humidity. Compared with the liquid phase, the density, viscosity, and thermal
conductivity of air are significantly smaller and can be neglected, namely, p, < p,
iy < [, k, < k;. Moreover, since the vapor absorption is a liquid-phase-dominated
process, we apply a one-side model which considers only the fluid flow and state
evolution of the droplet side. By eliminating the gas phase, the one-side model is efficient
and can be solved with modest resources in short time. The model assumes the gas phase
as sufficiently large, and the temperature and relative humidity remain unchanged as
vapor absorption takes place. The assumption is reasonable for a well-ventilated
environment, which is also the case of the experimental chamber where good ventilation
1s provided to meet the requirement of constant temperature and humidity. Moreover, the
one-side model means that the mass transfer onto the droplet interface is not caused by
vapor diffusion on the air side, and rather controlled by the transfer of molecules across
the liquid-vapor interface. This means that the one-side model will qualitatively simulate
vapor absorption, while a quantitative comparison with absorptive mass fluxes in contrast
with diffusion-limited experiments (weak air convection) is impossible. However, the
one-side model is sufficient to reveal the fluid flow and the distribution of temperature
and concentration inside the droplet, which helps to explain the droplet kinetics related
with the evolution of interfacial parameters.

For the mass transport within the droplet, we consider only the Fick’s law, while both
the temperature-gradient-induced Soret effect and the concentration-gradient-induced

Dufour effect are neglected. Along with vapor absorption, the effect of absorptive heating
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will increase the temperature of droplet interface, and induce a temperature gradient
within the droplet. In the modelling, we assume the thermal conductivity of the substrate
as sufficiently high, therefore the substrate temperature remains unchanged despite the
absorptive heating effect. For a less conductive substrate, the rate of vapor absorption can
be slightly lowered due to the absorptive heating effect. However, the assumption will not
have much influence on the simulation results as the vapor absorption process is mainly
dominated by the concentration difference.

To remove the stress singularity that may arise at the moving contact line, a precursor
film is assumed to exist around the periphery of the droplet. The precursor film is
sufficiently thin that the adsorption of water molecules to the substrate is enhanced by
van der Waals interactions. The existence of precursor film is also verified with
experiments and the thickness is in the order of 10~10% nm. The extremely small thickness
also indicates that the precursor film gets saturated very easily right after getting contact

with humid air, reaching an environmental equilibrium state.

6.2. Dimensional governing Equations

As marked in Figure 6.1, a cylindrical coordinate system, (Z, 7, 6), is applied to
describe the problem and solve the velocity field, u = (@i, ¥, @), where @i, D, and @
correspond to the horizontal, azimuthal and vertical components of the velocity field
respectively. The center of droplet basis in contact with the substrate, O, is defined as the
origin of the coordinate. The liquid-vapor interface is located at 2 = h(#,f), while the
liquid-solid and liquid-vapor interfaces are located at Z = 0.

The liquid phase is governed by the incompressible mass, momentum, energy and

concentration equations,

‘;N-(Ao):o, 6.6)
(00 A A A,
p( pr +u-VuJ =V-T+pQ;, (6.7)
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ﬁép@ +a-@fJ=@-(|Zﬁf), (6.8)
oy, oA Al a
%w-vxwo =V +(BuoVZ0) (6.9)

A

where D, denotes the mass diffusion coefficient of water molecules in aqueous

solution, )ZHZO denotes the mass fraction of water in LiBr-H>O solution, T refers to the
total stress tensor in the liquid, defined as,
'i':—p|+[z(@a+%T), (6.10)
where | denotes the identity tensor.
Then we derive the boundary conditions to complete the formulation of the vapor

absorption problem. As depicted in Figure 6.1, the n and ¢ refer to the outward vectors

which are normal and tangential to the interface respectively, and can be expressed as,

n(—aﬁ,lJ[1+(aﬁJJ , 6.11)

ot ot

t(l,—aﬂ[l{a—ﬁn . 6.12)
ot ot

Along the droplet interface, the boundary condition of absorptive mass flux can be

expressed by the relationship between the velocity of the liquid solution, %, and the

velocity of the interface, u; = (iis,@), shown as eq. (6.13).

(6.13)

A

where J denotes the absorptive mass flux of water vapor, © denotes the density of
solution near the droplet interface. The tangential components of the two velocities are
the same: U, = ﬂ—(lj . n)n = U —(l]s 'n)n. The absorptive mass flux of water vapor is

assumed to be normal to the interface. The liquid-vapor jump conditions can then be given

by the jump mass balance and jump energy balance taking account of the latent heat
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release at the liquid-vapor interface.
J=p(i-0,)-n=p,(0,-4,)n, (6.14)

JL, o +kVT -n=k VT, -n, (6.15)

A

where subscript g denotes the gas phase, and ,59 , ljg , kAgJ , T, refer to the density,

velocity, thermal conductivity, and temperature of the gas phase respectively.
To balance the jump in normal stress with the surface tension, mean curvature and
van der Waals interactions, a normal stress boundary balance is defined at the interface,
n-(f—fg)-nzzzemﬁ, (6.16)

A

where T denotes the total stress tensor of liquid phase given in Eq. (5), and T,

denotes the total stress tensor of gas phase. 2K =—V_-N is twice the mean curvature of

the free surface and @S = (I - nn)-@ is the surface gradient operator. Surface tension of

the liquid, &, is given by the empirical correlation function!'3”! of liquid temperature
and salt concentration. /7 denotes the disjoining pressure accounting for intermolecular

interactions near the contact line,

n=-_
67zh®

(6.17)

with A being the dimensional Hamaker constant. Here, we consider a small drop where

surface tension dominates. By ignoring the effect of motion of water molecules towards
the droplet interface, and by ignoring the stress from the gas phase (since the gas viscosity
is negligible compared with the liquid phase), the normal stress boundary balance eq.

(6.16) is derived as,

-p+n-£-n=2k6+11-p,, (6.18)
where p is the pressure of the liquid phase, |f>g is the total pressure of the gas phase,

and 7 1is the shear stress tensor of the liquid phase.

The tangential stress boundary condition indicates the balance between the shear
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stress jump and the surface tension gradient,
n-(f—fg)-tzﬁs&-t. (6.19)

By ignoring the shear stress from the gas phase due to apparently lower gas viscosity,

eq. (6.19) becomes,

Py

nT-t=V,6-t. (6.20)
The concentration balance of water vapor over the interface is defined as,

)(|_i|3r:‘3(cI - ':'s)' n— [SLiBr (n'ﬁlusr)izﬁ =0, or rather,
(6.21)
(1_ZH20):5(0_05)'n+ Do (n'vﬂszo)zzﬁ =0

Combining with the jump mass balance, eq. (6.14), the concentration balance

boundary condition becomes,
I:A)Hzo (n : @ZHZO )2:H =J (ZHZO _1) : (622)
The motion of free surface can be described with the kinematic boundary condition,
expressed as eq. (6.23),
o g oh von_y (6.23)
ot of r 06
Along the liquid-solid interface ( Z = 0), no-slip and zero vertical concentration flux

boundary conditions are applied,

a=0. Ww=0, ho_o  T=T,. (6.24)
Z

Finally, we need to complete the model by giving a proper expression for the
absorptive mass flux of water vapor along the droplet interface. The Hertz—Knudsen
equation is commonly used for predicting the mass flux induced by evaporation or
condensation towards a liquid-vapor interface. The equation relates the mass flux with
the difference between the actual vapor pressure at the droplet interface and the
equilibrium vapor pressure when the mass transfer between the liquid and gas phase
reaches a balance. Specifically, the Hertz—Knudsen equation''®®! can be expressed as eq.

(6.25).
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A

7 m pv e f)v S M H,0 f)v e f)v S
J= ~ &, — — = = % 122 — — Q& = ? (625)
\’ 27Ky /TSL /TSV 27R, /TS'- /TSV

H,0

where M denotes the mass of a water molecule, M= , among which I\?IHzo is the

A

molar mass of water, and N, is the Avogadro constant, 6.022x10%, KB denotes the
Boltzmann constant, 1.38064852x10"2 m?/(kg-s*-K), FA{g denotes the gas constant,
8.314 J/(mol-K). TAS is the temperature of liquid-air interface, P,g is the interfacial
vapor pressure at the droplet surface, f)\,ve is the equilibrium vapor pressure with the gas

phase, o, and «a, are mass accommodation coefficient of evaporation and condensation
respectively. In this model, the temperature at the liquid-air interface is assumed to be

. SL_—V_—T . ey .
continuous, Tg =Tg =T, and we assume that the system is always near equilibrium,

a,=a,=1, and 'fs ~ 'fg . Moreover, we consider the LiBr-H>O solution as an ideal solution,
and the water vapor pressure at the liquid-air interface follows the Raoults’s law,

Pus = Xu,0 f)v,sat , Where ﬁvysat is the saturation vapor pressure above pure water. Eq. (6.25)

then becomes,

- Myo (P
J= D, | —=-1]. 6.26
1,0 Pysat 27Z'Rng (p\/’s J ( )

At the thermodynamic equilibrium state, the chemical potential of gas phase and

liquid phase across the liquid-air interface reaches balance, and the following relation can

be derived.
0 ) Mo o Muleore oy (2
In[?‘ ]: (P By )+ (T =Ty )+ In| =22 . (6.27)
pv,S pHZO Rng Rng ;(Hzo g

A

) R p p :
As Pys getscloseto Py, In[ 2 p"'e —1. Therefore, the absorptive mass flux
v,S

can be derived as,
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I=H,0 Pusa Mo [ Muo_ (ﬁ—ﬁg)+w('@— Ag)+ln(ﬂﬁ. (6.28)

6.3. Scaling and resulting dimensionless equations

6.4.1. Governing equations

In this vapor absorption problem, the droplet, the substrate and surrounding
atmosphere are initially at an equilibrium temperature, the driving force for vapor
absorption is the concentration difference of water vapor between the gas phase and the
liquid-air interface. As vapor absorption takes place, a concentration gradient will be
induced across the droplet interface due to the asymmetric shape of hydrophilic droplet.
The concentration difference across the droplet surface will induce a gradient of surface
tension and subsequently the Marangoni flow. In the modelling, we apply the solutal
capillary velocity, eq. (6.29), as the characteristic velocity of the system.

0" = en,Ay H,0
Y7,

, (6.29)

A

where U" denotes the characteristic velocity of the system, and 7, = , 1s the

G
a)(Hzo

concentration coefficient of surface tension of LiBr-H2O solution.

The thermophysical properties of the liquid are characterized by the corresponding
properties of pure water. The important properties of pure water and 54 wt. % LiBr-H,O
solution (initial solute concentration) are listed in Table 3.1.

The following scaling quantities are applied to formulate the governing equations
and boundary conditions for the vapor absorption model. The crowning with a “cap” (%)
over a symbol denotes a dimensional quantity while the absence denotes a dimensionless

quantity.

-
Il
>
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P=PuoP, H=Hol, O0=0y00, C,=Cr0Cph,

K =Kok,
p=p +;}H200*R0 p f= FEOt j:ﬁ”ZODHZOA’(”ZO J
OHE a -’ H, ’
. . . oDy oLl oA
T=T,+TAT, AT = Lroho o0 o
kHZO

Here, A}(Hzo is the largest possible concentration difference within the droplet,
defined as the difference between the water concentration of pure water, 7} 0= 100 wt.%,

and the water concentration of LiBr-H>O solution we investigated, Zy o = I-2ier- Tet

is the reference temperature of the system, and here we define it as 20 °C.
The dimensionless solution properties of LiBr-HO solution, normalized by the

thermal properties of pure water at 20 °C and at 1 atm are thus derived as,

A

e

Cp :1+ncpZLiBr’ ncp = A : ’ (61,)
vaZO
1,
pP=1+n, e 1, == (6.2)
Pr,0
k=1+n2, _ ’
UKZLIBF’ 77k ~ ’ (63 )
kHZO
a a
H= ' al = ) 6.4’
ZEiBr +0 2 B, Hy0 64)
A, AT ,
o :1+770'ZLiBr +§UT’ 770 = ' go‘ =" . (65 )
On,0 On,0

Table 6.2 Dimensionless fitting coefficients of solution properties.

e, M, Mk 1, ¢, a by b
-0.943 1.234 -0.542 0.598 -0.0069 314.8 -447.5 314.8

During the scaling process, the lubrication theory is applied with an assumption that
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the drop aspect ratio &€ = Hy/R, << 1. Moreover, the relations between the stress

components and the velocity gradients are applied to further simplify the momentum

A . ~(OW ol . . .
T, =Ty =H E—I_az 5 To =Ty =H

By scaling and applying the assumption, & = Hy/R, < 1, the stress components are

ou ov
Ty =Tp = lu(gj 5 Top =T = ﬂ(&) 5 (632)

where 7, =7, 1is the stress component in the » direction on a unit area perpendicular to

equations.

oV 18Wj
— . (6.31)

_|__
o7 fo6

further derived as,

the z direction, and 7, =7,, is the stress component in the # direction on the same unit

area perpendicular to the z direction.

We apply the Boussinesq approximation (buoyancy) for the continuity equation,
while consider body force by gravity in the momentum equation. Moreover, we neglect
the spatiotemporal variation of heat capacity of the liquid. By scaling, the resulting
dimensionless equations are derived as egs. (6.27-6.32), which are governing equations
respectively for mass, (7, 6, z)-momentum, energy, and the general form of the scaled

concentration equation.

10(u) 1ov ow_

0, (6.33)
r or rog oz
ou ou vaou v ou)_  op O au

8Rep[E+UE+F%_T+WEJ— 8r+82(/u82j, (634)
¢Re (@+u@+!ﬂ+y+wﬂj——16—p+g( @j (6.35)

Pladar vae r ar) roe a\Mar) |

op

P _ stpg,, .

pe PYc (6.36)

oT or vor oT o oT
u +——t+W j—a(k j, (6.37)

gRePrpcp(—+ -— — -— —
ot or r o6 oz 0z
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0 0 0 0
ZH,0 ‘U XH,0 +X XH,0 W XH,0 _
ot or r o6 0z

1(10( o) 10 (10uo) 1 %o
— | == r === |+ == = +=
Pel r or or rod\r 00 g? oz?

During the scaling process, the dimensionless groups arising include the Reynolds

(6.38)

P profehi
number, defined as, Re= M , the Stokes number, defined as, St= AHZO—AG*O ,
IUHZO ’quou RO

Py — :uHZOCp,HZO

the Prandtl number, defined as, , and the Péclet number, defined as,

H,0
Pe — lj*FA\io/aHzo
DHZO
From eq. (6.36), we can derive that,
p:—StngZ+p0(r,6’), (6.39)

where po is the pressure component of liquid phase in the » and 6 direction. Substituting

in eq. (6.34) and (6.35), the »-momentum and #-momentum equations becomes,

sRep| U QU vou _vi ou __%ﬁ[ 6_UJ 6.40
Plac " "ar ree 1 ez o Ta\Me ) @40
N N VOV W 8vj 1 0p, 8( 8vj
eRep| —+U—+——+—4+W— |=—=2+—| u—|. (6.41)
ot or rofd r 0z rog oz\' oz

The 3D dimensionless concentration equation (eq. (6.38)) can be further simplified
by applying either the rapid vertical diffusion approximation or the limit of weak diffusion,

and the derivations are given in section 6.4.2.

6.4.2. Simplification of the concentration equation

The Péclet number, Pe, is a measurement of advective transport rate to the diffusive
transport rate. The rapid vertical diffusion approximation assumes that the solute diffusion
within the droplet happens rapidly in the vertical z direction with a dimensionless time
scale of O(¢’Pe). For the rapid diffusion approximation, the concentration distribution of

water inside the LiBr-H>O droplet can be expressed by a mean concentration independent
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of z plus a rapidly diffusing component shown as eq. (6.42).
Tio (10,2,8) = 2.0 (1,0,1) +8°Peg, o, (1,6, 2,1), (6.42)
where ¥ 00 (r, 0, t) represents the averaged mass fraction of water within the LiBr-H>O

droplet independent of z, while ;(Hzoyl(r,é’,z,t) represents a small perturbation

accounting for z dependence, assuming that ¢’Pe <« 1. Substituting eq. (6.42) in to eq.
(6.38), the concentration equation for rapid diffusion approximation is obtained,

a;(Hzo,o ‘U 67(H20,0 +! a)(Hzo,o B

ot or r o6 43
1110 r8ZH20’0 +1i lﬁZHzo,o +521H20‘1- (6.43)
Pel ror or roo\r o060 0z?

For the weak diffusion approximation, Pe = O(¢?), firstly we simplify the
concentration equation by substituting Pe = ¢Pe’ into eq. (6.38), where Pe’ is a modified
form of Pe, and is in the order of O(1), By eliminating the terms multiplied by &%, the

following concentration equation for weak diffusion is derived,

6.44
ot o r 00 oz Pe'| oz° 644

0 0 v O 0 1(0°
H,0 ‘U 21,0 LY A H,0 W A H,0 :_[ AH,0 '
Then we apply an approximate Galerkin equation for 7}, and assume that 2y,

can be expressed in the following form,

z

21
X0 (r,H, Z’t)=leO,O(r’e’t)"'leO,Z(r’e’t)[ﬁ_éj ) (6.45)

where the first term in the RHS represents the averaged mass fraction of water
independent of z, and the second term containing %}, o , represents a zero-mean quadratic

fluctuating component. Substituting eq. (6.45) in to eq. (6.44), the final form of the

concentration equation for weak diffusion approximation is obtained,

aZHzo,o aZHZO,O v 8ﬂszo,o (GZHZO,Z aZHzo,z v a7(Hzo,2 ]( z° 1}
+u +— + +u +—

ot or r o6 ot or r o0 h?
i (6.46)
_ 1 0" Xno
Pe' oz°
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6.4.3. Boundary conditions in z

In the modeling, we focus on the liquid side, and two interfacial boundaries are taken
into account: the liquid-solid interface, z = 0, and the liquid-vapor interface, z = A(r, f).

At the liquid-vapor interface, the outward unit vector normal to the interface, n, and
the outward unit vectors tangential to the interface in r direction, t,., and in 6

direction, tg, are defined and scaled as,

_oh oh A oh oh
—f—e, ——e¢e, +r¢, —&r—e, —e—e, +re,
N oF 00 _ or 00 : 647
AN2 AN2 2 2 .
|""2 oh + @ _|_f2 Szrz(ahj +82 (ahj +I’2
of 00 or el
oh oh
er+—AeZ e,+g—ez
t = or _ or , 6.48)
r AN2 2 .
1{5*‘] J1+ & (ah)
Of or
. oh oh
re, + —e, re, +&——e,
t, = 00 ' _ 26 * |

N2 2 (6.49)
.2 [ oh 2 2 0oh
\/r +(89] \/r +& (89)

where €,, €,, and €, are the unit vector in the r, 6, and z direction respectively.

Substituting egs. (6.47-49) into eq. (6.14) and scaling yield the dimensionless absorptive
mass flux boundary condition.
EJ oh
—=—(u—-u,)——(v—-v, )=—+(w—w,),
o~ (umu)Zr-(v-v) (w—w,) (6.50)

. . . . . D A
where E is the dimensionless evaporation/absorption number, E = M
H,u"

Moreover, by assuming that &y < k, and applying € < 1, the dimensionless jump

energy balance can be obtained,

oT
J+k—=0. 51
2 (6.51)

From eq. (6.23), the dimensionless kinematic boundary condition at the liquid-air
interface is derived as,

82



Chapter 6 Formulation of the lubrication model

oh oh v, ¢oh
—HU, —+=—=W,.
ot or r o6
Substituting eq. (6.52) into eq. (6.50) yields the dimensionless form of the kinematic

(6.52)

boundary condition,

a—h+u@+!a—h—w+g—0 6.53
ot or roe o 6.53)

Next, we consider the normal stress boundary balance with a dimensional form of eq.
(6.18). For the assumption of infinitesimal aspect ratio, € < 1, the droplet liquid-vapor
interface is close to flat, therefore,

n-z-n=0. (6.54)

Additionally, by applying the expression of 2x, eq. (6.55), the expression of liquid

pressure, p, eq. (6.39), and scaling, the dimensionless normal stress boundary balance is

derived as eq. (6.56).

- Ho(18( oh) 1 8°h
2k=-V,n=22| =-—|r— |[+5— |, :
) Rj[rar( arj r’ 692] (6.55)
goc(1 0 oh 1 6°h A
=— ——|r— |+ — |- = +Stpg.h,
SV (r ar( arj r’ 6492} ne TP (6.56)
1, 0" 1 A
where Ma is the dimensionless solutal Marangoni number, Ma = 'quo = UUA ddarc , A
&0h,0 Oh,0
is the dimensionless Hamaker constant, expressed as 7= % —
6”:&H200*R0H0
The dimensionless form of tangential stress boundary balance yields,
1 oo 1 oo
T, =——), T,py=—"—°". 6.57
Ma or ’ Ma o6 (6.57)

Now, we derive the dimensionless form of the concentration balance of water vapor
over the interface (eq. (6.22) gives the dimensional form). Firstly, the concentration

gradient within the droplet can be expressed as eq. (6.58).

~ OX 0 1 0,0 0,0
\% =—=—e +— Z—e + —e .
o= "or T TF 0 0T o

(6.58)

By substituting the expressions of @ZHZO and n into eq. (6.22), applying the
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assumption of &2 « 1, and scaling, the dimensionless form of the concentration balance

boundary condition is obtained,

1( ohuo 1 06h0xuo 1 e
) AL A, LA 2 =EJ -1).
( o or r'ao a0 & a ) (t0-3) (©->9)

For rapid vertical diffusion approximation, the dimensionless concentration balance

boundary condition is derived as,

1 ( oh aZHZO,O 1 oh aﬂ(Hzo,oj +[8)(H20,1
h

_ON oo 1 0N . lh = EJ(#h1,00—1)- (6.60)

or or r’ o0 06

For weak vertical diffusion approximation, the dimensionless concentration balance
boundary condition is derived as,

pel oz ), Pen™er” T Eupeh (6.61)

3

By scaling from eq. (6.28), the dimensional form of the mass flux of water vapor at

the droplet interface is obtained,

X
Kn-J=z,0| 8(Py —Stpgsh)+$(Ts =T, ) +In| =22 ||, (6.62)
ZHZO,Q
M., o/, o0 R M, oL, oAT
where 5=AHZO'Lf—H29A20, g=—"12 '1220 , and Kn is the dimensionless Knudsen
Ph,0 Rng H; Rng

5, oD, oA 27R T
number, defined as, Kn = 'OHzoA M0 .0 "l
HO pv,sat M H,0

Along the liquid-solid interface, Z =0, the dimensionless forms of the no-slip and

zero vertical concentration flux boundary conditions are derived as,

u=0 w=0 8)(Hzo _ a)(Hzo,l —

o, T=T,. 6.63
0z oz ( )

In summary, in the scaling process, the solutal capillary velocity and the
thermophysical properties of pure water are considered to scale the governing equations
and boundary conditions. The dimensionless numbers arising during the scaling process

include,
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A

g:H:o, Re:pHZ?—UHO, pe:%’
R, Hyo Dy,0
A A% A ~ A 2173 A A
5= 'jzglf Ro'}/IHAzo . St= ’inO?i_l 0 Pr = ﬂHZ? p.H,0 ,
HO H,0 Rng ILIH Ou RO kHZO
A A o . (6.66)
E 1,0 RoA X0 9= My oL, 0AT M A0
- N2 Ak D - A 2o s a= = 5
Hyu R,T, G0
. . oA NPT
A= A __ K Pr,0PnoA o | 27R Ty
6”ﬂHZou RoHo Ho Py et Myo

The basic parameters used for calculating dimensionless numbers are summarized in

Table 6.3, and the calculation results of the dimensionless numbers are listed in Table 6.4.

Table 6.3 Basic parameters used for dimensionless number calculation.

Hy (m) Ry (m) Iszo (kg/m?) :[leo (Pa's) Ay H,0 ﬁa (N/m)
3.0x10* 1.5x107 9.98x10? 1.005x1073 0.54 4.44x1072
D ¢ Kk . M R
H,0 p.H,0 H,0 O-HZO (N/m) H,0 g
(m?/s) (J/kg/K) (W/m/K) (kg/mol) (J/mol/K)
1.2x107 4.180x10° 0.5984 7.275%107 1.8x1072 8.314

~

T, ) P Py 0 s g gpm L, Uk AT (K)

293.15 2.3x10° 4.77 3.69x10% 2.257x10° 2.441

Table 6.4 Summary of the dimensionless numbers. &: aspect ratio; Re: Renolds number; Pe:
Péclet number; St: Stokes number; Pr: Prandtl number; E: Evaporation/absorption number;

Ma: Marangoni number; A: Dimensionless Hamaker number; J: Dimensionless number
accounting for the effect of van der waals force on the film thickness; Kn: Knudsen number.

& Re Pe St Pr E
0.2 1.42x10° 5.96x10° 0.0368 7.02 2.26x10°
Ma A 0 Kn G Ma
0.33 9.06x10"%  5.92x107 8.64x10* 0.139 0.33

6.4.4. Precursor film

In the model, a precursor layer is assumed to exist in front of the triple contact line,
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which removes the stress singularity that may arise at the corner of moving contact line.
We assume that there is no mean curvature in the precursor region, and the thin film is in

an isothermal equilibrium with the wall, the interfacial temperature of precursor film thus
equals to the temperature of the solid wall, 'ICS :'|:W . Applying all the assumptions to eq.

(6.62) and combining the normal stress boundary condition, we arrive at,

5 recursor
A0 _ 3(Ty=T,)+In (—Z”zo*’ J (6.64)

3
h? AH,0.9

>

where 4 is the dimensionless Hamaker constant, A= , and Xh,04 18

67T/[1H200*F\30|:|0

the water concentration of LiBr-H>O solution in equilibrium with the vapor phase.
Assuming the LiBr-H,O mixture as ideal solution and applying the Raoult’s law at

the liquid-air interface, we have Xy 040y = PuxRH » X0, =RH , where RH is the

relative humidity of the air bulk, indicating the degree of saturation of humid air.

The height of the precursor film, %+, can be therefore calculated as,

ZHZO, recursor
h, = i/ ;15/ (Q(TW T, )+ |n(R"HD : (6.65)

In the simulation, we assume that the initial water vapor concentration within the

precursor film is the same with the droplet bulk, ¥ o precusor = Xh,0puk - The assumption

ensues the continuity of mass flux from the droplet bulk to the precursor layer across the
contact line. After getting contact with the humid air, the absorption of water vapor
happens both across the droplet surface and at the precursor film. Since the precursor film
is very thin, the precursor layer gets saturated and reaches an equilibrium with the gas

phase very quickly.

6.4. Karman-Pohlhausen approximation

The Kéarman-Pohlhausen integral method is a typical approach for solving the

boundary layer problems. The method integrates the governing equations in the z
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direction from z = 0 to z = h. Instead of accurately satisfying the governing equations at
every mesh points, the Karméan-Pohlhausen approximation satisfies the governing
equations on the average across the z direction. By doing this, the multiple variable
differentials are removed while the inertia and advection terms in the momentum and
energy balance equations still remain.

Firstly, we define the integration forms of u, v, and T over z axis as,
h h h
f = _fo udz » g= IO vdz , O = _[0 Tdz- (6.67)
By integrating over z, and applying the dimensionless form of kinematic boundary

condition, the integral forms of continuity equation, eq. (6.33), »~-momentum equation, eq.

(6.40), f-momentum equation, eq. (6.41), and energy equation, eq. (6.37), are derived as,

oh  EJ 19(rf) 149

S T St (6.68)
ot p r o rob
h h h
eRep ﬂ+1£(r.f u2d2)+l£(.f uvdz)—lj. vzdz+u|hE
ot ror\ 7o rog\s° r-o Yo
i : (6.69)
P, [ 6u}
or oz |,
h h h
eRep a—g+l£(rj‘ uvdz)+li(f vzdz)+lj uvdz+v|hE
ot ror\Jo roo\° r o o,
: (6.70)

h
r 06 0z

0

o0 10 cn 10 (¢n EJ ot "
gRePrpcp(—+F—(r0quz)+F%(J‘Odez)+T|h7j=[kEl’. (6.71)

By applying the dimensionless concentration balance boundary condition, eq. (6.60)
and eq. (6.61), and integrating, the concentration equation is derived as eq. (6.72) and eq.
(6.73) for rapid diffusion approximation and for weak diffusion approximation,

respectively.

haZHzo,o L f a)(Hzo,o +gaZHzo,o _ 1 2 hr a}(Hzo,o +i EaZHzo,o
ot or r 00  rPelor or o0\r 00 ))  (6.72)

+EI (1,00 1)
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a)(Hzo,o 4 f aZHZO,O +g aﬂszo,o B EJ (ZHQO,O _1)
N [ ) 6.73)
ot o r o0 1 EJpPeh (

3
{a_u}h
"oz,
h

h
il , Ihvzdz , Ihuvdz , T|h , ar , and IhquZ in the governing
oz |, 0 0 oz |, 0

h

Finally, we need to derive specific expressions for U

jhuzdz v,

o 9

equations. We assume that the variables, u, v, 7, all follows the form of c3terzterz?. By

applying the boundary conditions at z = 0 and z = A, the expressions of u, v, and T arise

as,
a=(3__L oy, [_3 0o 31 ). (6.74)
h*>  2uMa or 4uhMa or  2h® ) 7 '
39 1 oOo 3 0o 39 ).,
V= —— — |+ =5 |7, (6.75)
h 2urMa 06 4urhMa 06  2h
T=T +(3_®_&+ijz+(31_w—3®—3\] )22 6.76
" h* h 2k 2h®  2h* 4kh) ~ (6.76)
oo Ox O|h 8T|h oo ox | 8T| o
here 2 = 000 , 99— HZO [ h . By substitut :
where o n, o g, = 0 n, -0 +<, =0 y substituting eqs

(6.72-76) into eqs. (6.68-73), the integral forms of the governing equations are obtained,

with seven independent variables, 4, po, u, v, T, Xy, and J.

6.5. Initial and boundary conditions in r

As a first step toward understanding the droplet dynamics during vapor absorption,
we start from a one dimensional model, which focuses on only the r direction,
disregarding the parameter variations in the azimuthal @ direction. The one-dimension
model is sufficient for analyzing the inner flow within the droplet, and subsequently the
droplet kinetics induced by Marangoni effect, etc. For modelling, the governing equations

derived in the above analysis are further constraint in the » direction, and all the terms
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derived in @ direction are set as zero. In the one dimensional model, the droplet height is
dealt as a dependent variable of », which can be solved according to the kinematic
boundary condition and the continuity equation. Therefore, we only need to construct a
one-dimension mesh along the r-direction, and the governing equations are solved along
with the initial conditions and the boundary conditions in the r direction.

In the region of droplet bulk, 0 < » <1, the initial conditions of 4, f, ®, and Zh,0

are as follows,

h(r,0)=h, +1-r*, f(r,0)=0, ©(r,0)=h(r,0)T,,
(6.77)
Zino(r,0)=0.40~1.00.

In the region of precursor layer, » > 1, the initial conditions are,

h(r,0)=h,, f(r,0)=0, ©(r,0)=hT,, 2.0(r0)=240(0~10). (6.78)

The initial concentration of water in the aqueous solution is set as 40~100 wt. % (xLis:

= 0~60 wt.%). At room temperature, 20~30 °C, the crystallization concentration of LiBr
in LiBr-H>O solution, ¥ 5 =1- Xn,0, 18 ca. 65 wt.%.

The parameters at the droplet center, » = 0, satisfy the symmetric boundary conditions,

shown as,
oh 00 oy
R o,t :0’ f O,t =O, - O,t =O, H20 y =V. .
Noy=0, 1(00=0, L@y-0, Zopy-o (M)

At the periphery of the solution domain, » = r., where 7 is the length of the domain,

the boundary conditions are defined as,

h(r,,t)=h,, Z_:‘(rw,t)zo, f(r,t)=0,

(6.80)
o(r,t)=hT,, a’g_:w(rw,t)zo.

6.6. Galerkin method and solution algorithm
After the above derivations, now we have four governing equations for the 1-D model:
continuity equation, eq. (6.68), -momentum equation, eq. (6.69), energy equation, eq.
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(6.71), and advection diffusion equation, eq. (6.72) or eq. (6.73). At the liquid-air interface,

the normal stress balance, eq. (6.56), and the absorptive mass flux, eq. (6.62), are derived.
The six independent equations with six independent variables, 4, po, u, T, A0 and J,

can be then solved using finite element method (FEM).

Along the r direction, we construct a uniform one-dimension mesh, and discretize
the system of partial differential equations into an algebraic problem of solving the
parameters at each node. The solutions to the system of equations are then obtained using
the Newton-Raphson method. At each fixed point of time, the solutions are iterated
progressively into more accurate values until satisfying the convergence precision. In the
time domain, the solution at each moment is evolved based on the solution of the last
moment by forward Euler method.

For the discretization process, we apply the Galerkin method of weighted residuals.
By applying the weighted residual to the integral forms of the governing equations and
simplifying, we arrive at the final Galerkin weak forms of the governing equations for

one-dimensional model.

sz(%h By ¢ a¢jrdr+(rf¢) (6.82)

R:I{gRep{%qﬁ,+u|h%¢,—(.[ohu2d )Zﬂmapoqﬁ ( ‘2‘;) qﬁ}rdr

. (6.83)
h , r=r,
+ gRep(rI u dz)¢5i
0 r=0
~ 00 EJ h o4 aT '
R—J.[gRePrpcp(EQ+T|h7¢i,—(J‘Oquz)Ej—(kEjoﬂ:lrdr
_ ; (6.84)
+[gRePrpcp(rJ‘0hquz)¢i,} )
r=0
OX,00 9,00 h OXn,00 O,
R=[| h—2HR20 g 4 f 2100 4 Fy ~1)¢ +— 2RO ZA | gy
I{ e e O e B
: (6.85)

_i rh a)(Hzo,o(r]il "
Pe or

r=0
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6.7. Summary

In this chapter, we develop a lubrication-type model to describe the physical
mechanisms governing the heat transport, mass diffusion, and fluid dynamics during
vapor absorption into hygroscopic aqueous solution droplets. We consider a thin
axisymmetric droplet on a hydrophilic substrate which is initially in a thermal equilibrium
state. A precursor film is assumed to exist in front of the contact line, which permits the
free motion of the contact line and also releases the singularity near the contact line. We
take the solutal capillary velocity as the characteristic velocity of the system, and apply a
weak diffusion approximation to derive the concentration distribution within the droplet.
The absorptive mass flux is approximated combining the Hertz-Knusen equation and the
thermodynamic equilibrium relationships across the aqueous solution-air interface. For

the discretization process, we apply the Galerkin method of weighted residuals, and arrive
at six independent equations with six independent variables, 4, po, u, 7, X0 5 and J. The

equation system is then solved using finite element method (FEM), and the temporal

variation of the parameters is derived with forward Euler method.
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Chapter 7 Simulation results

This chapter presents the simulation results by the developed model in Chapter 6. For
validation, we firstly compare the simulation results of an evaporating water droplet using
present model and those using a single component model developed previously by
Karapetsas et al.l'®! The simulation results are then analyzed for two representative
conditions, one is low relative humidity where vapor desorption happens, and the other is
high relative humidity where vapor absorption happens. We reveal the evolution of
droplet profile along with vapor absorption and desorption, then provide explanations to
the droplet dynamics by elucidating the evolution of interfacial parameters along with
time. Finally, we present the results of parametric analyses, and discuss the influences of
important dimensionless numbers on the droplet dynamics and on the rate of vapor

absorption.

7.1. Validation of present model

To check the reliability of the developed model, we compared the simulation results
of pure water droplet by the present model and by a single component model developed
by Karapetsas et al. [!8! The single component model simulates the evaporation of pure
water droplet on a heated substrate with constant temperature, and the evaporative mass
flux 1s induced by the temperature difference between the liquid-air interface and the
surrounding gas phase.

For comparison, we set the solute concentration in the absorptive model as 0%, i.e.
100% water concentration, and set the relative humidity (vapor concentration) of the gas
phase as 100% so as to eliminate the effect of concentration difference. The substrate
temperature is set as 1.0, and the temperature of gas phase is set as 0 for both two models.

Other basic parameters for simulation are listed in Table 7.1.
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Table 7.1Basic parameters used for comparison.

e Re Pr Ma E
0.2 1.0 10 0.1, 1.0 1.0x10*
Length of Number of
Kn 0 A .
domain elements
1.0x10° 1.0x107 1.0x10* 2.0 200

Figure 7.1 indicates the movement of the triple contact line and the evolution of
droplet height along with time for two cases with different Marangoni numbers, Ma = 0.1
and Ma = 1.0. It shows that both models well predict the spreading-and-receding
phenomena of pure water droplet undergoing evaporation. Moreover, at low Marangoni
number (Ma = 0.1), the triple contact line advances more apparently, i.e. more apparent
droplet spreading. The parameter curves by the two models overlap with each other,
indicating the validity of present model in predicting the evolution of droplet profile and

the dynamics of triple contact line.

1.4 1.2
@ 1) (@) Lok (b) —— Ma = 0.1 (Karapetsas et al.)
= o Ry, Ma = 1.0 (Karapetsas et al.)
g 1.0 poemoammmmss= g 0.8
£ 571
S 0.8
- S 06 ‘e
© 06k o Ma=0.1 (Present model) = -
.5 o Ma = 1.0 (Present model) '% 04 “o.
5 0.4} Ma = 0.1 (Karapetsas et al.) T N
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Figure 7.1 (a) Movement of triple contact line, and (b) Evolution of droplet height, along with

time ¢, predicted by present model and by a single component model by Karapetsas et al.['®!

7.2. Case study

For a hygroscopic aqueous solution droplet, the direction of vapor diffusion depends
on the relation between the solute concentration and the ambient relative humidity. In this
model, we assume the aqueous solution as an ideal liquid mixture, and the humid air as
an ideal mixture of inert gas and water vapor. Therefore, the water vapor pressure at the
liquid-air interface can be approximated with the Raoult’s law, and the partial pressure of
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water vapor in the gas phase can be approximated by the mixing law of ideal gases. When
the relative humidity is lower than the water concentration at the droplet surface, water
vapor diffuses from the droplet side to the gas side following the concentration gradient
of water vapor, i.e. vapor desorption. When the relative humidity is high, water vapor
diffuses from the gas side with high vapor concentration towards the droplet surface with
low water vapor concentration, and gets absorbed into the droplet bulk. In this section,
we present and discuss the simulation results of a LiBr-H>O droplet with 60 wt.% water
concentration for three representative ambient conditions, i.e. desorption case (30% RH),
equilibrium case (60% RH), and absorption case (90% RH), respectively.

Here, we assume the substrate temperature as the same with the environmental
temperature, and only consider the difference of water vapor concentration. The base

parameters for simulation are listed in Table 7.2.

Table 7.2 Basic parameters for simulation of the vapor absorption and desorption process

e T, Ty Re Pr Ma E Kn
0.2 1.0 1.0 O 10 0.01 1.0x10° 1.0x107
0 A g Pe St g Length of domain  Number of elements
1.0x10° 1.0x10* 0.1 100 0.0368 1.0 8.0 800

7.2.1. Desorption cases: Low humidity

As shown in Figure 7.2(a), the mass of the droplet slowly decreases along with the
desorption of water vapor at low humidity conditions with a timescale of ~10° s. As water
vapor desorption goes on, a thin liquid film (thin, but much thicker than the precursor
film) develops in front of the base of the droplet. The film extends, becomes thicker, and
gradually develops into a ripple-like shape, indicated by the evolution of droplet profile
from 1s to 700 s in Figure 7.2(b). At the same time, the main part of the droplet gradually
shrinks, and coalesces with the ripple-like peripheral part. Finally, the inner part of the
droplet fully coalesces into the peripheral ripple, and the ripple gradually flattens into a

completely extended film across the calculation domain.
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Figure 7.2 (a) Variation of droplet mass, and (b) Evolution of droplet profile in the » direction,

along with time 7. ( %, o = 60%, RH = 30%.)
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Figure 7.3 Distribution of (a) water concentration, (b) temperature, (¢) mass flux, and (d)

surface tension across the droplet surface at different instants of time. Condition: y,, o=

60%, RH = 30%, dimensionless parameters are those listed in Table 7.2.

Figure 7.3 reveals the distributions of water concentration, interfacial temperature,
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mass flux, and surface tension along r direction at different instants of time. As indicated
by Figure 7.3(c), positive mass flux from the droplet surface towards the gas phase is
induced by the concentration difference of water vapor. The liquid-gas transition takes
away large amount of heat, causing the cooling down of the droplet surface as indicated
by Figure 7.3(b). In the model, we assume the thermal conductivity of the substrate as
very high, therefore, the interfacial temperature near the triple contact line is apparently
higher than that near the droplet center due to much shorter length of heat transfer. Due
to the more efficient heat supply from the substrate, the mass flux near the triple contact
line is apparently higher than that near the droplet center (Figure 7.3(c)).

In the simulation, the Péclet number is set as 100, and the weak-diffusion assumption
is applied. This means that the solute diffusion is rather slow in the simulated aqueous
solution. Consequently, during the initial period of the process, the water concentration is
the lowest in the area with the highest mass flux, shown by curves t=1sand t =12 s in
Figure 7.3(a) and (c). The surface tension of the aqueous solution is determined both by
the solution temperature and by the water concentration. Compared to the influence of
solution temperature, the influence of water concentration, or rather, solute concentration,
1s more apparent. As a joint result, the curves of surface tension show more similarity
with the curves of water concentration, and in the area near droplet center, the surface
tension curve is slightly lifted up due to apparently lower interfacial temperature.

The droplet dynamics is directly related with the interior flow. Figure 7.4 indicates
the decomposed average flow velocity, i.e. capillary velocity, uca, solutocapillary velocity,

ucg, and thermocapillary velocity, usg, according to the derived equations (7.1)-(7.3).

AL (7.1)
“ 3uor '
h w0
Uy = ———— 2, 7.2
o zyMa"" o (7.2)
h aT,
Yo = 2" ar (7.3)

96



Chapter 7 Simulation results

1

(b)
—t=0.05s —t=0.05s
o t=1s ] 0.5 -—-t=1s
t=12s £ t=12s
) e £ = Q2 g - et =028
0 At S t=700s | | Py B, S t=700s |
—t=3000s —t=3000s
-05 -0.5
0 1 2 3 4 0 1 2 3 4
r r
1 : ‘ . 1
(c) (d)
—t=0.05s —t=0.05s
: ---t=1s
St=1
0.5 - 1253 ..... t=02g
& T eEr s 0 e t=700s
S e =028
t=700s 0 Kmeees =
0 [ — t=3000s/ |
\\;‘x-'
) ! ‘ . -0.5
0.50 ] 5 5 4 0 1 2 3 4
r
—t=0.05s
---t=1s
..... t=92s
- —t=700s
~
-0.5
0 1 2 3 4

r
Figure 7.4 Decomposed velocities in the r direction: (a) capillary velocity, (b) solutocapillary

velocity, (c) thermocapillary velocity. (d) overall average flow velocity, () flow velocity at

the droplet surface. Condition: , o =60%, RH =30%.

Overall, the capillary effect driven by capillary pressure induces positive flow in the
r direction. The solutocapillary effect due to surface tension gradient also induced positive
flow in the r direction due to much higher solute concentration near the contact line. The

thermocapillary effect induced by temperature gradient tends to drive the flow towards

the cold area near the droplet center.
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Compared to that of pure water droplet, the mass flux during vapor desorption of
hygroscopic droplet is greatly influenced by the solute concentration. During the
evaporation of pure water droplet, the droplet firstly spreads due to capillary effect. At
the same time, the depletion of water and the surface tension gradient due to temperature
difference tend to drag back the contact line. When the spreading tendency reaches
balance with the receding tendency, the droplet stops spreading, and subsequently recedes.
When it comes to hygroscopic droplets, the liquid near triple contact line cannot be totally
dried out due to the existence of hygroscopic salt. Instead, the solute concentration in this
area will increase and suppress further water evaporation. The increased solute
concentration also induces high surface tension in the area near contact line, and causes
the positive solutal capillary flow shown in Figure 7.4(b). The joint result of capillary and
solutal capillary effect outweighs the thermal capillary effect. Consequently, the
hygroscopic droplet spreads continuously along with vapor desorption, and finally

evolves into a flat film across the calculation domain, fully balanced with the environment.

Figure 7.5 Patterns formed from the evaporation of (a) saturation Na>SOj4 solution droplets, and
(b) droplets with nanosuspensions of Ethylene glycol.

We also notice that similar evaporation-spreading phenomena are reported in existing
literature. In 2008, Shahidzadeh-Bonn et al.l'% investigated the salt crystallization during
the evaporation of saturated Na;SOs4 droplets on hydrophilic glass substrates. They
reported the formation of dendritic anhydrous crystal around the contact line shown in

Figure 7.5(a). However, for NaCl droplets, the deposition pattern is constraint by the
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contact line, and no external structure is observed. Subsequently, in 2014, Hadj-Achour
and Brutin!7!! reported similar fractal pattern from evaporating nano-suspension droplets
shown in Figure 7.5(b). More importantly, such external structures only appear for
droplets with Ethylene glycol suspensions, while the depositions from droplets with
Triethylene glycol monomethyl ether and with Tetradecane are close to a circular form.
We further checked the properties of the five experimental solutions, namely, Na>xSOs,
NaCl, Ethylene glycol, Triethylene glycol monomethyl ether, and Tetradecane. We find
that both Na>SO4 and Ethylene glycol have high affinity to water molecules, and have
been applied as desiccants and drying agents for dehumidification and dehydration uses.
The other three substances are just normal without special affinity to water molecules.
Therefore, we can reasonably infer that the hygroscopic properties of NaxSOs4 and
Ethylene glycol aqueous solution lead to the formation of thin film in front of the triple
contact line as indicated by our above analysis. Along with water evaporation, crystals
and fractal patterns form in the saturation solution film. As the droplet dries out, the
deposition remains at the substrate surface, and forms the structure observed by the

experiments.

7.2.2. Absorption cases: High humidity

When the air humidity is high, water vapor diffuses from the gas side with high vapor
concentration towards the droplet surface with low vapor concentration. The water vapor
gets absorbed into the droplet, causing the growth of the droplet. Figure 7.6(a) shows the
evolution of droplet mass along with time during vapor absorption. In 170 s of the virtual
time, the droplet mass increases from 0.42 to 0.50, and the saturation trend of the variation
curve well corresponds with the experimental results. Figure 7.6(b) shows the evolution
of droplet profile along with vapor absorption. Upon contacting the substrate, the droplet
starts to spread with decreasing droplet height, as indicated by curves t=0s,t=15s, 1=
12 s. After that, the triple contact line starts to recede with increasing droplet height. The
process proceeds until the program diverges after ~170 s. The reason will be discussed in
the following analyses.
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Figure 7.6 (a) Variation of droplet mass, and (b) Evolution of droplet profile in the » direction,

along with time 7. ( %, o = 60%, RH =90%.)

Figure 7.7 shows the distribution of water concentration, temperature, mass flux, and
surface tension across the droplet surface at different instants of time. In the model, we
assume the initial water concentration in the precursor film as the same with the main
body of the droplet. Therefore, a non-zero mass flux will exist in the precursor film during
the initial period. Since the precursor film is very thin, the process will soon terminate
after the precursor film absorbs sufficient water and reaches equilibrium with the
environment.

Overall, the mass flux is a joint result of the Laplace pressure by surface curvature,
the van der Waals force due to molecule interactions, the temperature difference between
the droplet surface and ambient, and the relation between water vapor concentration at
the liquid-air interface and the vapor concentration in the gas phase. At the initial moment,
the temperatures of the droplet, the substrate, and the gas phase are in equilibrium, and
the distribution of water concentration within the droplet is uniform. Due to the spatial
variation of profile curvature and droplet height, non-uniform mass fluxes are induced
across the droplet profile. At the droplet center, the curvature of the profile is zero, and
droplet height is the largest (negligible van der Waals effect), corresponding to the
smallest mass flux. In the region near contact line and the precursor film, due to the
extremely small thickness of liquid film, the van der Waals force is considerable, which
enhances the adsorption of water vapor, and corresponds to the highest absorptive mass
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flux.
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Figure 7.7 Distribution of (a) water concentration, (b) temperature, (c) mass flux, and (d)

surface tension across the droplet surface at different instants of time. ( vy o= 60%, RH =

90%.)

The absorptive mass flux causes the increase in water concentration within the droplet.
At the precursor film, the water concentration increases rapidly due to the large absorptive
mass flux and the extremely small film thickness (indicated by curves t=1sand t=12s
in Figure 7.7(a)). The increase of water concentration and film thickness in turn decreases
the driving force for vapor absorption, and causes a rapid decrease in the mass flux at the
region of precursor film.

Figure 7.8 depicts the distribution of absorptive mass flux, water concentration and
droplet height in the r direction at the moment of 7 = 65 s. At the area near contact line,

the interfacial temperature, the water concentration, and the curvature of droplet profile
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all experience significant variations. As a joint result of droplet height, profile curvature,
water concentration, and interfacial temperature, the absorption mass flux reaches a peak

value at a position close to the triple contact line.
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Figure 7.8 Distribution of (a) absorptive mass flux, J, ,, water concentration, ¥, ., along

with droplet profile, and (b) interfacial temperature, Ts, surface tension, o, along with

droplet profile, at the moment of 7= 65 s. ( x,, o = 60%, RH = 90%.)

In Chapter 6, we derived the expression of mass flux based on the Hertz-Knudsen
equation and the thermodynamic equilibrium equation. From the expression of mass flux,
eq. (6.62), we can decompose the mass flux as mass flux by Laplace pressure and van der
Waals force, Jp, mass flux by temperature difference, Jar, and mass flux by concentration

difference of water vapor, Jay , expressed as eqs. (7.4)-(7.6).
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Figure 7.9 depicts the decomposed mass flux across the droplet profile at the moment
of t = 65 s. At the region near droplet center, due to the small absorptive mass flux and
the water diffusion into the droplet bulk, the water concentration at the interface is low,
while the interfacial temperature is high due to the effect of absorptive heating and the
long characteristic length of heat transfer into the substrate. The low water concentration
at the droplet interface tends to induce a negative mass flux, while the high interfacial
temperature tends to induce a positive mass flux as indicated by the green and purple
curves in Figure 7.8. The effects of high temperature and low water concentration offset
with each other, causing the overall negative and small mass flux at the main central
region of the droplet. Along r direction, the droplet height decreases, and at the area near
triple contact line, the droplet height decreases apparently, therefore, the heat can be more
efficiently transferred into the substrate. Meanwhile, as the liquid film becomes thinner,
the liquid layer is easier to get saturated. However, compared to the heat transfer, the
speed of mass transfer is slower, therefore, the slope of the green curve is smaller than the
slope of the purple curve near contact line. As a result, a negative peak mass flux appears
at a position near contact line (red solid curve in Figure 7.9).

All in all, the distribution of absorptive mass flux shares both similarities and
differences with the distribution of mass flux during droplet evaporation. On one hand,
both the evaporative mass flux and absorptive mass flux increase with the radius r, and
reach the maximum at the region near triple contact line. On the other hand, as shown by
Figure 7.7(c), the absorptive mass flux, especially its value near contact line, decreases
along with time due to the decrease of driving force caused by increasing water
concentration. Nevertheless, for pure volatile liquid droplets, the evaporative mass flux

keeps almost constant throughout the droplet lifetime since the vapor concentration at the
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liquid-air interface keeps constant for pure liquid cases.
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Figure 7.9 Distribution of decomposed mass fluxes along with droplet profile, at the moment of

t=655. (¥y,0=60%, RH=90%.)

Figure 7.10 depicts the decomposed flow velocity along r direction at different
instants of time. The capillary effect is induced by the capillary pressure due to the
gradually-converging droplet profile, which contributes to an outward capillary flow and
drives the contact line to move forward. As vapor absorption takes place, the latent heat
released during vapor-water phase change tends to heat up the droplet, and the distance
from the substrate decides the distribution of temperature across the droplet surface as
indicated by Figure 7.7(b). The spatial distribution of interfacial temperature contributes
to a positive surface tension gradient, and induces positive interfacial flow from the hot
area near droplet center to the cold area near triple contact line. On the other hand, the
concentration gradient contributes to a negative surface tension gradient, since the surface
tension at the droplet center with low water concentration is apparently higher than the
surface tension near triple contact line with high water concentration. The negative
surface tension gradient contributes to an inward solutal capillary flow which tends to

drag back the contact line and cause the droplet to recede.
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Figure 7.10 Decomposed velocities in the » direction: (a) capillary velocity, (b) solutocapillary
velocity, (¢) thermocapillary velocity. (d) flow velocity at the droplet surface. Condition:

X0 = 60%, RH = 90%.

Quantitatively, as indicated by Figure 7.10(a), (b), and (c), the capillary flow velocity
and solutocapillary flow velocity are apparently larger that the thermocapillary velocity.
During the initial period of vapor absorption, e.g. = 0.05 s, the capillary effect drives the
droplet to spread, and the thermocapillary effect slightly enhances this process. The
droplet spreading proceeds for ~ 12 s. After that, the solutocapillary effect starts to
dominate the droplet dynamics, and causes the receding of the droplet. As vapor
absorption goes on, the concentration gradient becomes larger due to accumulated
difference of mass flux at the center and edge of the droplet. Consequently, the
solutocapillary effect strenthens and speeds up the droplet receding. As the contact line

recedes, the slope near the contact line becomes larger and larger. The value goes up to
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infinite numerically as the process goes on, which finally makes the program fail to
converge.

In our model, we apply the lubrication theory to simplify the governing equations,
and release the droplet onto a thin precursor film to avoid the singularity near the triple
contact line. The precursor film assumption allows the contact line to move freely, and
makes it possible to reveal the droplet dynamics on an ideally smooth substrate.
Nevertheless, in our experiments, there is non-negligible hysteresis at the glass substrate,
and the receding contact angle is rather small according to our measurements. For cases
of wvapor absorption, the experimental results indicate that the droplet spreads
continuously with decreasing contact angle and increasing contact radius, while the
numerical results report a firstly-spreading-then-receding behavior of the droplet. Despite
of the inconsistency, the numerical analyses clearly indicate the mechanisms governing
the droplet dynamics, and provides reasonable theoretical explanations to the observed
droplet behaviors during vapor absorption and desorption. Further modifications will be

done to include the effect of hysteresis into the model.

7.3. Parametric analysis

In this section, we present the parametric analyses of four important dimensionless

numbers, namely, the Stokes number, the Marangoni number, the Evaporation number,

and the Peclet number. We choose the vapor desorption condition, ¥, o= 60% and RH

= 30%, as the basic case, and summary the effect of different dimensionless numbers on

droplet spreading and on the rate of vapor desorption.

7.3.1. Stokes number

The Stokes number appears in the gravitational term of the vertical direction

A 2113
szogHo
~ ok M

Hy,oU R

momentum equation during the scaling process, defined as, St = The value of
Stokes number indicates the importance of gravitational effect on the fluid kinetics in the
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z direction.

Figure 7.11(a) and (b) shows the evolution of contact line position and the droplet
height along with time, for Stokes number of 0.01, 1, 10, and 100. The results show that
increasing Stokes number will speed up the droplet spreading along with vapor desorption.
Compared to the case of St = 0.01, the contact line advances slightly faster in the case of
St=1, along with a faster decrease in the droplet height. By further increasing the Stokes
number to 10 and 100, the advancing speed of the contact line greatly increases, and the

droplet height decreases more rapidly.
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Figure 7.11 Evolution of (a) contact line position, (b) droplet height, (¢) maximum water
concentration, and (d) maximum mass flux for different Stokes numbers of 0.01, 1, and 100.

( Zi1,0 = 60%, RH =30%.)

Figure 7.11 (c) and (d) indicate the evolution of the maximum water concentration
and maximum mass flux across the droplet surface. In cases of large Stokes numbers, the

gravitational effect enlarges the gradient of liquid pressure in the z direction, and induces
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vertical flow convection. The convective flow contributes to an increasing rate of solute
diffusion, and enables a more efficient water supply to the liquid-air interface along with
vapor desorption. Moreover, the more apparent droplet spreading also contributes to a
thinner fluid film, and leads to greater mass flux at the edge of the droplet. As indicated
in Figure 7.11 (d), the maximum mass flux at the droplet surface is apparently larger at
large Stokes number. As a result of the large mass flux of vapor desorption, the water
concentration decreases more rapidly, and the system reaches equilibrium faster in the

case of large Stokes number.

7.3.2. Marangoni number

The Marangoni number evaluates the thermal Marangoni and solutal Marangoni
effect. At large Marangoni numbers, the surface tension gradient is more apparently
influenced by the gradient of interfacial temperature and solute concentration across the
droplet surface. Figure 7.12 indicates the evolution of the contact line position, droplet
height, as well as the maximum water concentration and mass flux along with time for
Marangoni numbers of 0.01,0.1, and 1. It shows that the advancing speed of the contact
line decreases with increasing Marangoni number, and the droplet requires more time to
reach equilibrium with the ambient at large Marangoni numbers.

From our analysis above in Figure 7.4, it shows that the droplet dynamics is
dominated by the capillary effect and the thermal capillary effect during vapor desorption.
By increasing the Marangoni number, the inward thermal capillary effect is strengthened,
which offsets the outward capillary effect, thus slows down the advancing of the triple
contact line. Due to the fast droplet spreading at small Marangoni numbers, the thickness
of the droplet becomes smaller, which leads to a greater evaporation mass flux indicated

by the curves of Ma = 0.1 and Ma = 1 in Figure 7.12(d).
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Figure 7.12 Evolution of (a) contact line position, (b) droplet height, (¢) maximum water
concentration, and (d) maximum mass flux for different Marangoni numbers of 0.01, 0.1,

and 1. ( 7, 0 = 60%, RH =30%.)

7.3.3. Evaporation number

The evaporation number appears in the scaling process of mass flux boundary

A

DHZO ROAZHZO

VRS . Increasing the evaporation number enhances
u
0

condition, defined as, E =

the intensity of water vaporization. As indicated by Figure 7.13(d), the mass flux at
evaporation number of 10 increases most rapidly right after the droplet contacts with the
substrate. Along with the large evaporation mass flux, the water concentration within the
droplet decreases rapidly as indicated by the dash-dot curve in Figure 7.13(c). Due to the
greater evaporation mass flux near the droplet edge, the water concentration near contact
line becomes apparently lower than that near droplet center. The consequent surface

tension gradient drives the interior flow towards the contact line, and causes the rapid
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decrease in the film thickness at the droplet center (Figure 7.13 (c)). Along with the
depletion of fluid at the droplet center, a ripple forms at the edge of the droplet, which
develops rather slowly due to the greatly weakened capillary effect, and finally flattens

out into an equilibrium state with the ambient.
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Figure 7.13 Evolution of (a) contact line position, (b) droplet height, (c) maximum water
concentration, and (d) maximum mass flux for different Evaporation numbers of 10, 1075,

and 10*. ( ;.o = 60%, RH = 30%.)

When the evaporation number is low, e.g. E = 10, the evaporation mass flux is much
lower, and the desorption process sustains for a longer period indicated by the blue solid
curve in Figure 13(d). Along with the slow evaporation, the water concentration within
the droplet decreases slowly, and the concentration gradient is also smaller. The
consequently smaller surface tension gradient leads to a slow decrease in the film

thickness near droplet center (Figure 7.13(b)).
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7.3.4. Péclet number

The Péclet number evaluates the relation between advective mass transfer and

0'R,p
diffusive mass transfer, defined as, Pe= —2""0%  When Péclet number is relatively

H,0
small, e.g. Pe = 1 and Pe = 10, rapid solute diffusion ensues within the droplets, and we
apply the rapid diffusion approximation to simplify the advection diffusion equation, eq.
(6.85). When the Péclet number is large, e.g. Pe = 100, we apply the weak diffusion

approximation, eq. (6.86).
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Figure 7.14 Evolution of (a) contact line position, (b) droplet height, (c) maximum water
concentration, and (d) maximum mass flux for different Péclet numbers of 1, 10, 100, and

1000. ( 74,0 = 60%, RH = 30%.)

Figure 7.14(a) and (b) show the evolution of the position of contact line and the height
of droplet center along with vapor desorption. It shows that all droplets experience a rapid
spreading at the very initial seconds due to the capillary effect. After that, the contact line
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of the droplet advances slowly at small Péclet numbers, then speeds up until fully
spreading. For cases of large Péclet numbers, the droplet spreads rapidly in the first
several hundred seconds, then slows down, and finally flattens out. All in all, droplets
with large Péclet numbers take longer time to spread than droplets with small Péclet
numbers.

For practical liquid desiccant droplets the diffusion coefficient of salt ions is rather
low, and the Péclet number is usually large. In such cases, the solute diffusion within the
droplet takes longer time, therefore, large surface tension gradient is induced due to the
preferential water evaporation near the contact line. The solutal capillary flow induced by
surface tension gradient drives an outward flow, and strengthen the droplet spreading
during the first several hundred seconds. As the droplet becomes thinner, the maximum
mass flux across the droplet surface increases, and reaches a peak at the moment of ~700s.
After that, the mass flux decreases due to the apparently decreasing water concentration.

For droplets with small Péclet numbers, the water concentration decreases
continuously due to efficient water supply to the liquid-vapor interface, and the droplet
height decreases slowly due to the slow spreading. As a joint result of the large liquid
thickness and the deceasing water concentration, the mass flux decreases continuously

along with time, which differs from that of droplets with large Péclet numbers.

7.4. Summary

This chapter presents the simulation results by the lubrication-type model developed
in chapter 6. The droplet behaviors are analyzed and discussed for low humidity and high
humidity conditions. In the case of low humidity, slowly droplet spreading is reported
along with vapor desorption. The droplet spreading is attributed to the strong capillary
effect and solutal capillary effect which generates outward flow towards the triple contact
line. The simulation results also provide a reasonable explanation to the experimental
results of previous researchers, where patterns form at the periphery of the contact line of

drying hygroscopic droplets.
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In the case of high humidity, vapor absorption happens, and preferential absorptive
mass flux exists near the triple contact line. Results show that the droplet firstly spreads
due to the capillary effect, then recedes due to the increased inward solutal capillary flow.
In our experiments, continuous droplet spreading is observed due to the strong hysteresis
of glass substrates. Despite the inconsistency, the numerical analysis explicitly reveals the
governing mechanisms underneath.

Further parametric analyses are carried out to reveal the effects of Stokes number,
Marangoni number, Evaporation number, and Péclet number taking the vapor desorption

process as an example.
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Chapter 8 Conclusions

In the field of air conditioning, waste heat recovery, and desalination, the most crucial
task is to realize directional water vapor transport, so that we can accurately control the
humidity of living environment, recover the latent heat contained in flue gases, and extract
fresh water for water-deficit areas. The liquid desiccant is one type of aqueous solution
with hygroscopic properties. By controlling its solute concentration and temperature, the
liquid desiccant can either absorb or desorb water vapor, making it possible to transport
water vapor in a controllable and efficient way.

This thesis focuses on the vapor absorption process into single hygroscopic liquid
desiccant droplets. In the experimental part, individual investigations are carried out to
study the effect of substrate wettability and the coupling effect of heat and mass transfer.
In the simulation part, we develop a lubrication-type model to reveal the distribution of
mass flux, the interfacial parameters, and the interior flow within a droplet undergoing
vapor absorption or desorption.

The first series of experiments aim to reveal the effects of substrate wettability and
environmental condition on the droplet dynamics and on the rate of vapor absorption.
Experiments are conducted on hydrophilic glass and hydrophobic PTFE substrates at
controlled conditions. It shows that the rate of vapor absorption is higher on hydrophilic
substrates due to the apparently shorter characteristic length for solute diffusion within
the droplet. Moreover, the state of the droplet is decided by the balance of water vapor
concentration between the droplet liquid-air interface and the humid air. Therefore, the
final value of expansion only depends on the relative humidity of the ambient air,
regardless of the experimental temperature and surface wettability. Besides, we
emphasize on the apparent droplet spreading on hydrophilic glass substrates. The
phenomenon is explained based on a force balance analysis at the triple contact line, by

the evolution of liquid-gas droplet surface tension, and by the development of a precursor

116



Chapter 8 Conclusions

film during vapor absorption.

The second series of experiments aim to reveal the coupling effect of the thermal
transport and mass diffusion process along with vapor absorption. The evolution of
droplet profile and the distribution of interfacial temperature are recorded simultaneously
using optical imaging and infrared thermography. Results show that the liquid desiccant
droplet experiences a rapid temperature increase during the deposition process due to fast
vapor absorption. Upon contact with the substrate, the droplet temperature gradually
decreases as a joint result of heat dissipation and the decreased vapor absorption rate. We
further derive the vapor pressure difference between the droplet interface and the ambient
taking account of the variations of interfacial temperature and solute concentration. The
calculation results show good correspondence with the order of vapor absorption rate for
six representative environmental conditions. Along with time, the vapor pressure
difference, i.e. the driving force for vapor diffusion, decreases, which elucidates the
saturation increasing trend of droplet volume during vapor absorption.

To better understand the droplet dynamics, we develop a two-dimensional model
using the lubrication theory. The model allows for the free motion of the triple contact
line by assuming a precursor film at the periphery of the droplet. We analyze the droplet
kinetics for two representative cases: one is at low relative humidity where vapor
desorption happens, and the other is at high relative humidity where vapor absorption
happens.

For the case of vapor desorption, the droplet spreads rapidly at the initial stage driven
by the capillary force. Along with droplet spreading, water evaporation happens and the
evaporation mass flux varies spatially across the droplet surface. At the area near triple
contact line, the mass flux reaches the peak due to more efficient heat supply. Due to the
hygroscopic property of liquid desiccant, the liquid near contact line cannot totally
vaporize, consequently, a thin ripple-like film forms. At the same time, the low water
concentration near contact line induces surface tension gradient and a solutal capillary

flow towards the contact line, which strengthens the spreading of the droplet. The
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simulation results also provide a reasonable explanation to the experimental results of
Shahidzadeh-Bonn et al. ['%! and Hadj-Achour et al.'’!l, where dendritic anhydrous
crystals and fractal patterns form at the periphery of the contact line of drying aqueous
solution droplets with hygroscopic properties.

For the case of vapor absorption, simulation results show that the droplet firstly spread
driven by the capillary force. As vapor absorption takes place, the heat released due to
vapor-water phase change causes an increase in the interfacial temperature. At the area
near contact line, the interfacial temperature keeps low due to more efficient heat removal
into the substrate. The thermal effect causes the preferential distribution of absorptive
mass flux near the contact line. As a result, the water concentration near contact line
becomes apparently higher than that at the droplet center. As a result of the surface tension
gradient induced by water concentration difference, solutal capillary flow forms towards
the droplet center, and causes the receding of the triple contact line. In our experiments,
nevertheless, the droplet spreads continuously due to the hysteresis effect of glass
substrates. Despite of the inconsistency, the simulation clearly reveals the mechanisms
governing the droplet behaviors during vapor absorption. Further modifications will be
done to include the effect of hysteresis into the model.

All in all, this research concentrates on the vapor absorption process into single liquid
desiccant droplet, which differs from both droplet evaporation and dropwise condensation,
indicating a new research subroutine of droplet phase change. Specifically, this thesis
reveals the droplet kinetics, the contact line motion, the coupled heat and mass transfer,
the distribution of mass flux, and the interfacial flow of liquid desiccant droplets during
vapor absorption. By combining experimental observation and numerical simulation, we
elucidate the effects of substrate wettability, environmental temperature, relative humidity,
and different fluid properties on the vapor absorption process. The results contribute to
our present knowledge of the phase change and fluid dynamics of binary droplets.
Conclusions on the effects of different influencing factors provide valuable instructions

for the design and optimization of practical devices for dehumidification uses.
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