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ABSTRACT 

This dissertation pursues the development of hydrophobic hollow fiber membrane-based ab-

sorption refrigeration system as an automobile application. Even though vapor absorption re-

frigeration system promises a bright future for vehicle air-conditioning system, several obstacles 

which have to be solved remain as challenges before the portable application can be achieved. 

To this purpose the hydrophobic hollow fiber membrane is proposed as a key item for making 

the absorption system compact and lightweight.  

Three main original achievements are as follows: 

1. Hollow fiber membrane-based generator was proposed as a new concept of the compact 

and lightweight generator in a vapor absorption refrigeration system. The proposed gen-

erator was experimentally examined to evaluate the effect of various driving conditions 

on the heat and mass transfer performance. Moreover, using the permeability value ob-

tained by the gas permeation test, an established theoretical model validated the exper-

imental analysis.  

2. Hollow fiber membrane-based solution mass exchanger using the typical hollow fiber 

membrane module was proposed for mass recovery process, enhancing the performance 

of absorption system. The theoretical analysis clarified the effect of various working con-

ditions on the mass recovery process; however, the negative mass recovery was observed 

under the certain conditions.  

3. A new type of hollow fiber membrane-based solution mass exchanger was proposed. In 

the proposed traditional mass exchanger, the heat is transferred between two streams of 

the feed solutions, which has adverse effect on the mass recovery process; however, the 

new type of mass exchanger does not allow the heat transfer so that the performance of 

mass recovery is maximized.  

This dissertation consists of six chapters. In chapter 1, problems with the existing automotive 

air conditioning system are first discussed within the framework of the energy and environmental 

issues. A single effect vapor absorption refrigeration system (VARs), which uses the lithium bro-

mide (LiBr) and water, is then described as an alternative portable air-conditioning system. Chal-

lenges which have to be overcome are proposed for compact and lightweight automobile VARs. 



 

 

This chapter also includes the literature review regarding the measures to improve the heat and 

mass transfer in the conventional VARs and the attempts for the use of VARs on the vehicles.  

Chapter 2 contains the research objectives to develop the automotive compact VARs. To this 

purpose, a hydrophobic hollow fiber membrane (HFM) is proposed to overcome the limitations 

that the conventional VARs have had as a portable application. The literature review section 

involves the membrane distillation processes and the membrane-based heat and mass exchang-

ers in VARs.  

Chapter 3 first presents the basic terminologies of membrane parameters. The structure of the 

(HFM) used in this study is clarified by the SEM images. The gas permeation test is conducted to 

estimate the gas permeability across the HFM to characterize the mass transfer.  

In chapter 4, a hollow fiber membrane-based generator (HFM-G) is introduced to substitute 

the conventional generator in VARs. Theoretical heat and mass transfer model is firstly 

illuminated, and the theoretical simulation results are shown to comprehend the mechanism of 

the HFM adiabatic desorption process. The effect of the HFM-G on the proposed VARs are then 

intensively represented under various operating conditions. Transient experiments are also 

shown to examine the heat and mass transfer characteristics of the HFM-G under various work-

ing conditions. The comparison results between experimental and theoretical analysis are 

described for the validation of theoretical models.  

This chapter 5 presents two types of hollow fiber membrane-based solution mass exchangers 

(HFM-SME). Mass recovery process is emphasized by understanding the simultaneous heat and 

mass transfer. The characteristics of the mass recovery process, which is a form of the traditional 

HFM module (named “traditional HFM-SME”), are clarified regarding the flow direction of the 

solutions. The improved type of the HFM-SME (named “new type of HFM-SME) is also suggested 

with the theoretical analysis as an alternative to the traditional HFM-SME to achieve maximized 

mass recovery performance.  

In chapter 6, this paper is finalized with the conclusion by summarizing research contribution 

and discussion of the perspective work directions. The iso-thermal type of HFM-based heat and 

mass exchangers are designed for the future works. It is expected that the proposed iso-thermal 

types make up for shortcomings that the adiabatic HFM-based heat and mass exchangers have 

shown.  

 



 

 

本論文は、論文提出者が主体となって疎水性中空糸膜を利用した新しいタイプ

の熱物質交換機の理論と実験的研究を行ったものであり、これにより、自動車用

小型吸収式冷凍機の研究開発のための独創性と有用性は十分である。本論文

は、博士学位論文として認められる。したがって、論文提出者に博士（環境学）の

学位を授与出来ると認める。 
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1 
Introduction 

1.1. Background: Automobile air conditioning system 

The number of automobiles is approximately a billion all over the world and is projected to 

double by 2035 [Sharlene A. McEvoy]. Automobile manufacturers have employed vapor com-

pression refrigeration system (VCRs) to control the temperature, humidity, and air circulation 

within vehicles due to their small size and high performance-to-volume ratio. VCRs, however, 

has caused the severe problems, such that: massive energy consumption, and the greenhouse 

effect. The compressor is the heart of VCRs, playing a significant role in operating the cycle by 

transferring and pressurizing the refrigerant. This compressor is connected to a crankshaft of car 

engine through the belting system and runs by using the axial energy of the engine [Fig. 1-1]. 

Thus, automotive air conditioning system (A/C) imposes a burden on the workload of the engine 

and gives rise to the auxiliary energy consumption. Zulkifli et al. (2015) estimated that the fuel 

consumption of a vehicle increases up to 20% by the use of this belt-driven compressor-based 

A/C. Refrigerants in VCRs, e.g., hydrocarbon derivatives (HCFC, HFC) have still been responsible 

for global warming. CO2 emission from the transportation sector, for instance, accounts for 18.6% 

of the total emission in Japan. It is estimated that in summer, the existing air-conditioning units 

used in automobiles contribute to 7% of fuel consumption (or emission of 8 million ton CO2) 

[Japanese Ministry of Land, Infrastructure, Transport and Tourism (2013)].  
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Fig. 1-1. Automobile air-conditioning system, vapor compression refrigeration system (VCRs), 

depicting a compressor connected to an engine crankshaft [http://www.audiocous-

tics.co.za/car_air_conditioning_cape_town.htm] 
 

1.2. Alternative technology: Vapor absorption refrigeration system 

The vapor absorption refrigeration system (VARs), which uses the environmental working flu-

ids, has a great potential to substitute the traditional automotive air-conditioning systems. VARs 

is capable of utilizing low-grade thermal energy directly for air conditioning purpose. This heat-

actuated absorption system can run without additional energy consumption by using waste heat 

obtained from the exhaust gas of an internal combustion engine. The absorbent and refrigerant 

in VARs, a lithium bromide (LiBr) and water pair, are eco-friendly, and therefore, the automobile 

VARs do not contribute to environmental problems, such as the greenhouse effect or ozone de-

pletion. 

Since the single-effect VARs was introduced in 1930, this thermally activated absorption sys-

tem has been widely used for the industrial applications. Numerous studies were extensively 

carried out for the exploration and construction of the thermo-physical properties of aqueous 

LiBr solution [McNeely L.A. (1979), Patterson and H. Perez-Blanco (1988), DiGuilio et al. (1990), 

Lee et al. (1990), Jeter et al. (1992), Lenard et al. (1992), Kaita (2001)]. Several extensive numer-

ical and experimental works on the single-effect VARs were also conducted [Talbi and Brian 

(2000), Florides et al. (2003), Şencan et al. (2005), Aphornratana and Sriveerakul (2007), 

Pongtorn kulpanich A. et al. (2008), Kim and Infante Ferreira. (2008), Kaushik and Akhilesh 

(2009), Gomri (2010)]. The single effect LiBr-water VARs consists of six components: a generator, 

an absorber, a condenser, an evaporator, a solution heat exchanger, and a solution pump, as 

labeled in Fig. 1-2. The LiBr solution is circulated and is pressurized using the solution pump in 

Evaporator 

Dryer 

Expansion 
valve
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the heat-operated generator. The heat energy is directly supplied to a tube bundle installed in 

the generator so that the refrigerant vapor (i.e., water vapor) is desorbed from the LiBr solution 

at high pressure. The desorbed water vapor is condensed in the condenser by the cooling process 

where the heat is rejected out to the surroundings and then is expanded into the evaporator 

through an expansion valve. The refrigerant, water, is then evaporated at low pressure for the 

cooling purpose and leaves the evaporator. Meanwhile, the LiBr solution becomes stronger in 

the generator as the water vapor is desorbed. The strong solution heads for the absorber via the 

solution heat exchanger. The strong solution is then expanded through an expansion valve and 

enters the absorber. In the absorber, the evaporated water vapor from the evaporator is ab-

sorbed into the strong solution at low pressure, releasing the heat of absorption by the cooling 

process. The solution heat exchanger induces the higher coefficient of performance (COP) by 

preheating the weak LiBr solution to reduce the heating load for desorption process in the gen-

erator. 

1.3. Limitations, and challenges 

Certain challenges must be overcome so that VARs can become more attractive for portable 

applications. VARs has a much more complicated thermodynamic cycle compared to conven-

tional automotive VCRs, which allows them to achieve a high theoretical system performance. 

However, this higher performance demands a number of heat and mass exchangers and 

complex control systems. VARs is too heavy to be used in vehicle application as the primary heat 

and mass exchangers are stainless steel-based structures due to the high corrosiveness of the 

LiBr solution [Oleinik et al. (2003)]. The massive heat and mass exchangers in VARs are respon-

sible for the high cost and volume required to attain the required cooling capacity. LiBr-water 

absorption system runs at a static vacuum pressure associated with the large specific volume of 

water vapor, causing the large volume of the system. The generator and absorber are both major 

components that determine the system performance. The heat and mass transfer to volume ratio 

in the conventional generator is quite weak. In general, a heating tube bundle is installed in the 

conventional generator and is immersed in the LiBr solution, where the heat transfer occurs by 

boiling the solution (Fig. 1-3a). The inefficient use of space against the heat transfer surface leads 

to the inefficient desorption of water vapor. Desorption takes place only at the liquid-vapor in-

terface, which also impedes mass transfer. Additionally, the liquid phase of the LiBr solution has 
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a considerably large mass resistance. The absorption of water vapor takes place in the conven-

tional falling film absorber, but the gravity-driven hydrodynamic formation of the LiBr falling film 

resists the water vapor absorption through a thick falling film produced over the cooling tube 

(Fig. 1-3b, and Fig. 1-3c) [Behfar et al. (2014)]. VARs has not been an attractive alternative for 

portable air conditioning systems as the unconstrained LiBr solution (i.e., liquid-vapor interface) 

exists in both the generator and absorber. For example, the LiBr solution is likely to overflow into 

the condenser when the vehicle drives on hills and is then intermixed with the liquid refrigerant, 

causing the system to malfunction (Fig. 1-3d). While the vehicle is in motion, the slope and vi-

bration also hinder the uniform distribution of the sprayed solution over the cooling tube in the 

absorber, leading to unstable system performance [Killion and Garimella (2004)].  

 

 

Fig. 1-2. Single effect LiBr-water absorption refrigeration system 

Pump 

Solution 
H/E 

Condensed 
water 

Expansion 
valve
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Fig. 1-3. Schematic of (a) conventional single effect VARs, (b) falling film absorber, depicting 

sprayed strong LiBr solution on cooling tubes, (c) hydrodynamic of LiBr solution over cooling 

tube, and (d) the declined generator and condenser on the slope 
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VARs promises a bright future for vehicle air conditioning system due to the use of waste heat 

and an eco-friendly refrigerant; however, low heat and mass transfer has prohibited VARs from 

compact and lightweight scaled system applications, and the existence of the free surface of the 

working fluids remains as another challenge before portable applications can be attained. Thus, 

the current study pursues the development of new type of VARs with the following requirements.  

· Enhancement of heat and mass transfer of the heat and mass exchangers in VARs for the 

compact and lightweight system. 

· Elimination of the free surface of working fluids in the heat and mass exchangers. 

It is no exaggeration to mention that the enhancement of the heat and mass transfer of the 

heat and mass exchangers is one of the key stages to make VARs minimize enough for the auto-

motive application. Many attempts have for a long time been made to exploit the additives, 

which is known as the most cost-efficient mechanism of improving the absorption performance. 

The thick LiBr solution film over the cooling tube impedes the heat and mass transfer in the ab-

sorption process (Fig. 1-3c). The additives, higher alcohols, induce the lower surface tension of 

the LiBr solution so that the thinner solution film is sprayed over the tube (i.e., enhanced wetta-

bility). The heat transfer becomes significantly boosted in the absorber, and as a result, the effi-

ciency of the mass transfer is highly improved. Since Kashiwagi et al. (1985) begun to the exper-

imental work for more fundamental and quantitative understanding of the relationship between 

the additives and Marangoni instability, the extensive experimental and theoretical works have 

been conducted. Hozawa et al. (1991) reported that the increase in the concentration of LiBr 

solution leads to the increase in surface tension, but on the other hand, causes the decrease in 

the surface tension when the additive is added. Hihara and Saito (1993) explained the mecha-

nism of interfacial turbulence, Marangoni instability, and reported the considerable enhance-

ment of absorption rate by the additive by improving the distribution of the LiBr solution over the 

cooling surface (Fig. 1-4a, and 1-4b). The static surface tension data [Yao et al. (1991), Kim et 

al. (1994), Ishida and Yasuhiko (1996), Yuan and Herold (2001), Kulankara and Herold (2002)] 

and dynamic data [Kim and Janule (1994), Kren (1999)] of the LiBr solution with various 

additives were established and the numerical works were well performed using the established 

data. Daiguji et al. (1997) conducted both the numerical and experimental works to investigate 

the prediction of the occurrence of Marangoni instability and the mass transfer enhancement, 

and well described Marangoni convection by the salting effect. Glebov and Setterwall (2002) 
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conducted two series of experimental works to look into the effect of 2-methyl-1-pentanol on the 

enhancement ratio, comparing the cooling effect with and without the additive. In the first ex-

perimental series which injected the additive into LiBr solution, they found 20 % of the increase 

in the enhancement ratio at the optimum additive concentration; the enhancement ratio became 

32.3 % in the second experimental series that the additive is introduced to the refrigerant (i.e. 

evaporator). Their observation supported that the additive is volatile that travels around the cy-

cle and even small amount of additives in vapor phase helps the heat and mass transfer in the 

absorber more successfully than the case of additive-in-solution. Rivera and Cerezo (2005) re-

ported the impact of the additives, 1-octanol, and 2-ethyl-1-hexanol, on 2 kW of single effect 

VARs in which the absorber temperature is in range of 70 to 110 ˚C. They found that adding 1-

octanol hardly influences the enhancement of system performance; however, 40 % of enhance-

ment is observed by adding 2-ethyl-1-hexanol at the optimum operating condition.  

Wettability of the LiBr solution film over the cooling tube is a significant measure for the en-

hancement of heat and mass transfer. Mechanical surface treatments, such as shape or rough-

ness control of cooling tube surface, have been considered. The enhancement of absorption rate 

by coupling wires with the tube surface was reported by several works [Thomas (1967), 

Schroeder et al. (1980)]. Many attempts had been established using various configurations, such 

that: constant curvature surface, grooved and wire-wound tube [Benzeguir and Setterwall 

(1991)], porous surface [Yang and Jou (1995)], and tubular surface with pin-shaped fin, grooves, 

and twisted fins [Patnaik et al. (1994)]. Kim J. K. et al. (2003) and Park et al. (2004) numerically 

and experimentally investigated the effect of the roughness of cooling tube surface on the ab-

sorption rate with two types of micro-scale helically grooved tubes and a bare tube. They con-

firmed that the increase in roughness promotes the wettability (i.e., heat transfer rate), further 

also enhances the absorption flux. 

The microchannel-based heat and mass exchangers, which have high heat transfer coefficient 

even in laminar flow regime, was proposed. Since Garimella (1999) proposed his prototype mi-

crochannel-based absorber in which short length of microchannel tubes are located in multiple 

square arrays, he and his group investigated the absorption characteristics [J. M. Meacham and 

S. Garimella (2002), J. M. Meacham and S. Garimella (2003)]. They discovered the problems 

regarding the solution distribution and the wettability on the prototype absorber and after that  
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Fig. 1-4. (a) Falling film of LiBr solution without surfactant for θ = 90˚ and a film Reynolds num-

ber of 180, and (b) with surfactant also for θ = 90˚ and a film Reynolds number of 180 [Hihara 

and Saito (1993)]. (c) Photograph of hydrodynamic of LiBr solution over cooling tubes, showing 

ill-space for heat and mass transfer [Killion, J. D., and Garimella, S. (2004)]. (d) Microchannel 

based absorber [Garimellg et al. (2011)]   

 

proposed an improved absorber configuration, which has only 30 % of surface area of the pro-

totype absorber (Fig. 1-4d) [J. M. Meacham and S. Garimella (2004), S. Garimellg et al. (2011)]. 

J. M. Meacham and S. Garimella (2004) initiated the visualization test of the solution flow along 

the array of microchannel tubes and also begun the experiments for the heat transfer perfor-

mance. 15 kW of absorption capacity was accomplished in a 16.2 × 15.7 × 15.0 cm of the 

absorber with 0.456 m2 of surface area. They attained the significant enhancement of the ab-

sorption rate by the well-distributed solution. Garimellg et al. (2011) and Determan et al. (2011) 

made a minor modification of the absorber they proposed to convert it to desorption process. 

The microchannel-based generator has a solution drip tray brazing 14.0 cm length of 648 mi-

crochannel tubes. Their analytical and experimental observation revealed that 17.5 kW of de-

sorption capacity was transferred at overall heat transfer coefficients between 388 and 617 

W/m2K. Their heat and mass exchangers were successfully minimized compared to the conven-

tional components, and it is expected that this miniaturization technology is universally applica-

ble not only to absorber and generator but also to condenser and evaporator. Goel and Goswami 

(2005) and Goel and Goswami (2007) proposed the microchannel-based falling film absorber 

with the flow guidance medium by screen mesh/fabric. They first presented the concept of con-

ventional microchannel based absorber that has 3.175 mm outer diameter and 0.4 mm wall 

thickness of stainless steel tubes and suggested a novel design with the screen mesh/fabric. The 

screen mesh/fabric is installed in contact with the horizontal cooling tubes, and guides the grav-

ity-driven solution flow, and enables the solution flow rate retarded. Their numerical and exper-
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imental results pointed out that the heat load of the proposed mesh-enhanced absorber is im-

proved about 17 to 26 % compared to the conventional microchannel based absorber. This phe-

nomenon supported that the screen guidance improves the liquid hold-up, wetting characteris-

tics, and fin-effect of the mesh/fabric. 

Several studies were carried out to apply VARs to the vehicles. Koehler et al. (1997) designed 

a prototype of VARs powered by the exhaust gas from a truck engine. They estimated the avail-

able heat in the exhaust gas and considered it as an energy source for the operation of VARs. 

They found the significant variations in the available heat depending on the driving conditions: 

uphill, flat, and down-hill road sections. It was found that the system performance became de-

graded on the slope and it was hard to obtain the optimal design of the generator due to the 

sudden variation of the available heat according to the driving conditions. The COP of this pro-

totype was approximately 0.27, which is quite lower than that of the conventional VARs; however, 

their simulation results showed that the COP is expected to be doubled by the optimization of 

the system. Horuz (1999) conducted an experimental investigation mainly to observe the effect 

of engine output power on the flow rate and temperature of the exhaust gas. They considered 

several obstacles to the application of VARs in the road transport vehicles: the facts that an 

auxiliary energy source is necessary when the vehicle is stationary or is stuck in a very slow 

moving traffic, that the effect of increased back pressure on engine performance has to be 

considered, and that the scale of VARs has to be significantly reduced to suit the vehicles. Talom 

and Beyene (2009) presented a mathematical model and conducted an experimental study on 

10.55 kW VARs operated using the exhaust gas from a 2.8 L V6 internal combustion engine. The 

experiments were mainly conducted to evaluate the system performance. The variations in 

chilled water temperature (CWT; i.e., evaporation temperature) at various rotational speeds 

(revolutions per minute, RPM) of the engine were noted. The CWT increased gradually when the 

engine was operated below 1800 RPM, but at 2400 RPM, it rose slightly for 5 - 6 min initially and 

then drastically decreased to 12 °C. At higher speeds such as 2800 RPM, the CWT decreased to 

12 °C in about half the time required in the previous case. They concluded that a delay of 10 

mins between the engine and the chiller start-up is recommended for safety. Manzela et al. (2010) 

performed an experimental study on an ammonia-water pair absorption cycle, commercial 215-

l refrigerator, by using the exhaust gas from an internal combustion engine for 25, 50, 75 %, and 

wide-open throttle valve. The steady state temperature and maximum cooling capacity were 
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achieved about three hours after starting the engine. The maximum COP attained was 0.049 for 

25 % open throttle; for the other cases of open throttles, the COP was extremely low, approxi-

mately 0.012 - 0.014, which are about five times less than the COP achieved in the study of 

Koehler et al. (1997). Manzela et al. (2010) firmly asserted that the optimal design of the cycle 

is necessary for vehicle application.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



11                                                                 CHAPTER 2. Application 

 

 

 

 

 

 

 

 

2 
Application 

2.1. Membrane 

Membrane, including a hollow fiber membrane and flat sheet membrane, is typically a thin 

film, manufactured from polymers, metals, or ceramics, and recently has been utilized for gas 

or water distillation from the liquid or gaseous feed stream. The membrane is defined as a selec-

tive barrier that enables a particular component to pass through but blocks the passage of others. 

The membrane is mainly categorized as hydrophobic and hydrophilic membranes concerning 

attractive or repulsive response to water (i.e., wettability). Characteristic of surface properties of 

liquid and solid determines the wettability. Due to an unbalance in molecular forces generated 

when a liquid droplet and a solid surface are in direct contact with each other, a contact angle 

between them is observed (Fig. 2-1). Hydrophobicity literally means the water-fearing and has 

little or no tendency to absorb water. In contrast, hydrophilicity literally signifies the water-loving 

and has the attractive response to water. A solid material which has a low surface tension value 

has the hydrophobic characteristic with the specified liquid while a high surface tension of the 

solid material results in the hydrophilicity. The membrane is also categorized, regarding the ex-

istence of pores, as two types concerning its structure: porous and dense membrane. The porous 

membrane has micro- or nano-scale interconnected pores that characterize both the mass trans-

fer and the selectivity of molecules. The dense membrane, however, is non-porous media and is 



CHAPTER 2. Application                                                                  12 

used for the elimination of tiny molecules. The dense membrane has high selectivity, but has 

extremely low mass transfer performance because the molecules go through more mass 

resistances: diffusing to the membrane surface, dissolving into the dense membrane surface, 

diffusing through the solid membrane wall, and absorbing into or desorbing from the interface 

of downstream [Asfand and Bourrouis (2015)]. 

 

Fig. 2-1. Photographs presenting the contact angle of a water droplet on hydrophobic, or hydro-

philic surface [Brown and Bharat (2016)] 

 

2.1.1. Distillation process by hydrophobic membrane 

The Hydrophobic membrane distillation is in general thermally-driven separation process 

where a liquid solution (or water) flows in direct contact with the hydrophobic membrane surface. 

The hydrophobic membrane surface confines the liquid flow, but molecules of water vapor pass 

through across the membrane layer. Only heat, low-grade energy, is necessary for the operation 

of water vapor distillation, and this thermally driven process has a high distillation efficiency due 

to the principle of liquid-vapor equilibrium. The hydrophobic membrane distillation is generally 

categorized as four configurations, such that (a) vacuum membrane distillation (VMD), (b) direct 

contact membrane distillation (DCMD), (c) air gap membrane distillation (AGMD), and (c) 

sweeping gas membrane distillation (SGMD) (Fig. 2-2). VMD introduces a vacuum in the perme-

ate side, and the heat is applied to the liquid to increase the vapor pressure of the feed fluid. As 

long as the permeate side (i.e., vacuum side) is kept at the pressure below the equilibrium vapor 

pressure of the heated liquid, the evaporation of water takes place and the water vapor passes 

through the pores, resulting in the fact that both the higher temperature of the feed and the lower 

vacuum degree at the permeate side are essential factors to enhance the mass transfer. In DCMD 

configuration, two liquid fluids flow in direct contact with both sides of the membrane. The water 

vapor is transported through the membrane pores as long as the vapor pressures of two solutions 
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are different. The evaporation occurs due to the difference in the vapor pressure between two 

fluids, and the evaporated water vapor is again condensed into the fluid at the permeate side. 

Not only is the heat transferred, but the mass is transferred between two feed fluids and thus this 

configuration substitutes for traditional heat exchangers in some industrial fields. AGMD has a 

similar distillation process as VMD, but the operating pressure is not at the vacuum condition. 

The temperature of cooling plate controls the degree of pressure at the permeate side, but the 

stagnant air exists between the membrane and the cooling plate. Therefore, the vapor passes 

through the stagnant air and is condensed over the cooling plate. AGMD is disadvantageous for 

the distillation efficiency due to an additional mass resistance (i.e., the air). SGMD uses an inert 

gas to sweep the distilled vapor at the permeate side to the place where the condensation takes 

place, the outside of membrane module.  

 

Fig. 2-2. Schematic illustrating the mechanism of (a) vacuum membrane distillation (VMD), (b) 

direct contact membrane distillation (DCMD), (c) air gap membrane distillation (AGMD), and (d) 

sweeping gas membrane distillation (SGMD) 

2.1.2. Distillation process by Hydrophilic membrane 

A hydrophilic membrane has a high surface tension, and readily absorb the water across the 

membrane layer. As opposed to the distillation process by the hydrophobic membrane, a hydro-

philic osmotic distillation is a pressure driven process with pore sizes in the range from 100 mo-

lecular weight to several microns. Since the liquid phase of water is penetrated across the hydro-

philic membrane layer, the pore sizes need to be appropriately selected to sort out the filtrated 
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substances (Fig. 2-3). Osmosis is a natural phenomenon for equilibrium defined as the transfer-

ence of pure water through a semi-permeable membrane from a low to the highly concentrated 

solution (Fig. 2-4a). The movement of pure water takes place until the osmotic equilibrium is 

established. A difference in height is called the osmotic pressure, ∆π, and thus the pure water is 

distilled as the feed solution is pressurized over the osmotic pressure (Fig. 2-4b).  

 

Fig. 2-3. Schematic showing the filtered materials and the permeated materials concerning pore 

size of hydrophilic membrane [http://www.unechabros.com/Ultra_Filtration_Plant.html] 

 

2.1.3. Consideration of membranes for vapor absorption refrigeration system 

The hydrophobic membrane distillation is the thermal-driven process. The temperature differ-

ence (also concentration difference) across the membrane layer leads to vapor pressure gradient, 

giving the water vapor transport through the membrane pores. Mass flux by the hydrophobic 

membrane distillation is simply expressed with the vapor pressure difference between both sides 

of membrane:  

, ,( )= −v m v f v pJ B p p  (2-1)

where Jv is the mass flux of water vapor across the hydrophobic membrane. Bm is the membrane 

distillation coefficient by the hydrophobic membrane distillation. pv,f and pv,p are the vapor pres-

sure at the feed and permeate side, respectively. As a result, a higher vapor pressure at the feed 

produces a higher mass flux across the hydrophobic membrane for the given vapor pressure at 

the permeate side.  
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Fig. 2-4. Schematic presenting (a) osmosis pressure through a semi-permeable membrane by 

concentration difference in equilibrium state, (b) external pressure to overcome the osmosis pres-

sure (reverse osmosis pressure) to produce water [http://www.kandrwaterservice.com] 

On the other hand, the hydrophilic osmotic distillation is the pressure driven process where 

the hydrostatic pressure difference across the membrane layer is the driving force of mass trans-

fer as below: 

( )l oJ B p π= ∆ −∆  (2-2)

with  

cM RTπ∆ =  (2-3)

where Jl is the mass flux of liquid water across the hydrophilic membrane. Bo the membrane 

distillation coefficient by the hydrophilic membrane distillation. ∆p and ∆π are the external pres-

sure to the feed side and the osmosis pressure, respectively. Mc is the molar concentration of the 

solution. R and T are the gas constant and the temperature, respectively. A more massive exter-

nal pressure gives rise to a higher mass transfer across the membrane. 
 

Consequently, the membrane distillation process enables the separation of water from the LiBr 

solution. Considering the use of the hydrophobic or the hydrophilic membrane for the heat and 

mass exchangers in VARs, characteristics of the water separation from the LiBr solution is distin-

guished as listed below and also organized in Table 2-1.  

· Lithium (Li) and bromine (Br) are deionized and dissolved into water. Only water is volatile, 

but the LiBr is never volatile under the operating conditions of VARs. The hydrophobic mem-

brane distillation process gives the complete extraction of water from a stream of LiBr solution 
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mechanically confined by the hydrophobic surface. On the other hands, the hydrophilic os-

mosis distillation generates the salt passage rate across the membrane, leading to the fact 

that the distilled water contains the deionized Li+ and Br-. 

· The hydrophobic membrane does not allow the penetration of liquid phase of the LiBr solution 

and confines the flow of the solution. The free surface of the LiBr solution, thus, is eliminated 

that the harsh driving conditions (e.g., the slope, or the vibration) have no adverse effect on 

the operation. The hydrophilic membrane, however, distills the water by allowing the passage 

of liquid phase of water in which the free surface of liquid still exists. 

· The hydrophobic membrane distillation is highly cost-effective as applied to the automotive 

application owing to the use of waste heat whereas the hydrophilic osmosis distillation needs 

an auxiliary energy source for making a tremendous external pressure to overcome the os-

motic pressure. 

· The hydrophobic membrane constrains the flow of the LiBr solution by large capillary action. 

Relatively large pores can be utilized to not only increase the mass transfer performance but 

also reduce the energy cost to attain the required performance. The hydrophilic osmosis dis-

tillation, however, requires extremely tiny pore sizes to filtrate dissolved Li+ and Br- ions. 

Therefore, the extremely high pressure is necessary for water separation.  

· The use of large pore size suffers less from fouling effect in the hydrophobic membrane distil-

lation whereas the hydrophilic osmotic distillation is more likely sensitive to the fouling due 

to the small pores. 

· The trapped air within hydrophobic membrane pores introduces the further mass transfer 

resistance of water vapor [Alkhudhiri et al. (2012)]. LiBr-water VARs, however, runs at a static 

vacuum pressure and thus no such mass transfer resistance is considered in the hydrophobic 

membrane-based heat and mass exchanger.   

Consequently, the microporous hydrophobic membrane is highly recommended as a new type 

of membrane-based heat and mass exchangers. As described in chapter 1.3, the major 

conventional heat and mass exchangers, particularly the generator and the absorber, are too 

bulky as the automotive application because of (a) the low heat and mass transfer due to the 

limited interfacial area for heat and mass transfer, and (b) the existence of the solution free 
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surface. Since the hydrophobic membrane restrains and also controls the flow of the LiBr solution, 

a film thickness of the LiBr solution can be able to be considerably decreased. As a result, the 

interfacial area for heat and mass transfer is significantly improved for the given flow rate, re-

sulting in the enhanced heat and mass transfer. Also, there is no longer the free surface of the 

LiBr solution in the hydrophobic membrane based-heat and mass exchangers by confining the 

flow of the LiBr solution, and therefore, it is highly expected that the system has no adverse effects 

from the slope or the unexpected vibration while driving. Table 2-2 summarizes the limitations 

of the conventional VARs for the portable application and the advantages of the hydrophobic 

membrane-based heat and mass exchangers.  

Table 2-1. Comparison between hydrophobic membrane distillation and hydrophilic osmotic distilla-

tion when applied for vapor absorption refrigeration system 

 Hydrophobic membrane distillation Hydrophilic osmosis distillation 

Purity of distilled 
water  

100 %  
by the evaporation process 

Less than 100 %  
due to the salt passage rate  

Energy source 
Low-grade waste heat 

from a car engine 
Pressure 

from the auxiliary energy source 

Operating cost 
Relatively low 

by using waste heat from a car engine 
Relatively high 

for high pressurization 

Applicable  
pore size 

Large Extremely small 

 

 

Table 2-2. Comparison between the conventional heat and mass exchangers and the hydrophobic 

membrane-based heat and mass exchangers in VARs. 

Conventional heat and mass exchanger Membrane-based heat and mass exchanger 

Low heat and mass transfer 
due to limited interfacial area 

Enhanced heat and mass transfer 
by reduction of the solution film thickness  

Malfunction of system while driving 
due to the free surface of the solution 

Elimination of free surface of solution  
by confining the solution flow by hydrophobicity 

Heavy 
due to stainless steel-based structure 

Lightweight 
due to the non-metallic polymeric membrane 
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2.2. Microporous hydrophobic membrane-based heat and mass exchanger 

The membrane is mainly categorized as a hollow fiber, and a flat sheet membrane according 

to its configuration or shape. A microporous hydrophobic membrane has been widely 

investigated in various industrial fields: water purification [Nakatsuka et al. (1996), Banat and 

Simandl (1996), Laganà et al. (2000), Urtiaga et al. (2001), Lee and Bruce (2002), Wang et al 

(2008)], waste water treatment [Kazuo Yamamoto et al. (1989), Wu et al. (1991), Calabro et al. 

(1991), Shimizu et al. (1996), Busch et al. (2007)], desalination [Li et al. (2003), Yang et al. (2009), 

Wang et al. (2010), Lee et al. (2011), Wang et al. (2011)], and food industries [Kirk et al. (1983), 

De Barros et al. (2003)]. In recent years, the microporous hydrophobic membranes have been 

applied to compact and lightweight heat and mass exchangers in VARs, as listed in Table 2-3. 

The hollow fiber membrane (HFM), which has submillimeter scale diameters, or the flat sheet 

membrane (FSM) with an array of micro-channels considerably reduces the film thickness of the 

LiBr solution, and thus, the heat and mass transfer can be highly enhanced by the enlarged mass 

transfer interfacial area. As listed in Table 2-3, both the HFM and FSM are deliberated as either 

the generator or absorber; all of the related studies have asserted that the hydrophobic mem-

brane-based heat and mass exchangers achieved highly enhanced heat and mass transfer per 

volume ratio, leading an overall reduction in size. 

The microporous hydrophobic HFM-based heat and mass exchanger is shaped like a shell 

and tube heat exchanger and is primarily composed of a bundle of HFMs, two bonded sections 

for fixing the ends of the HFM bundle, and a housing to enclose and support the HFM bundle 

(Fig. 2-5a). The lumen and shell side of the HFM-based heat and mass exchanger are ideally 

separated by placing the bonded sections together with the ends of the housing. To clarify the 

heat and mass transfer characteristics of the HFM-based heat and mass exchanger, several an-

alytical and experimental studies were conducted. Megual et al. (2004) proposed a numerical 

model to evaluate heat transfer coefficients of the feed boundary layer of the HFMs and experi-

mentally validated the model using water as a working fluid. They reported that the performance 

of the HFM, measured regarding water mass flux across the membrane layer, became signifi-

cantly high with an increase in the solution feed temperature at the module inlet, as described 

by an Arrhenius type of dependence. Lovineh et al. (2013) presented a simultaneous heat and 

mass transfer model for sea water in VMD to determine the effects of operating conditions and 

membrane parameters on the performance of water mass flux across the HFM layers, and 
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concluded that the mass flux of water increases with an increase in the velocity of working fluid, 

pore size, and porosity of the membrane, and also increases with a decrease in the working fluid 

concentration, and thickness of membrane. An increase in the temperature of the inlet solution 

has a positive effect on the water mass flux but negatively affects the temperature polarization 

effect. The authors also pointed out that the increase in feed velocity could counter the negative 

effect caused by the increase in the inlet temperature. An HFM-based heat and mass exchanger 

has high-potentials, particularly when applied to the portable application with several strong 

points: reliability, compactness, lightness, low cost, high separation efficiency, large interfacial 

area to volume ratio, fewer mechanical part demand, and the use of plastic based structure 

alleviating the corrosion problem [Asfand and Bourrouis (2015)]. In the HFM-based heat and 

mass exchanger, the feed LiBr solution enters several hundreds of, or thousands of HFM capillar-

ies and the water vapor is transported across the HFM layers (Fig. 2-6). As a result, the total area 

for the heat and mass transfer becomes significantly enlarged whereas the conventional heat 

and mass exchangers have the limited interfacial area per unit volume (Fig. 1-3). For example, 

as the hot LiBr solution enters the HFM-based heat and mass exchanger, water vapor is desorbed 

across the HFM layers as long as the shell side is maintained at the pressure below the equilib-

rium vapor pressure of the feed. A large temperature drop takes place due to the consumption 

of heat for the latent heat of vaporization, and as a result, the vapor pressure decreases in the  

 
 

Fig. 2-5. Structure of (a) a hollow fiber membrane module, and (b) a flat sheet membrane with 

microchannels [http://www.pall.de/main/home.page] 
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flow direction (i.e., the adiabatic desorption process). In the same way, the adiabatic absorption 

process occurs in the HFM-based heat and mass exchanger as the vapor pressure of the feed 

solution is lower than the pressure at the shell side. The solution temperature increases in the 

flow direction due to the heat of absorption as water vapor is absorbed into the stream of LiBr 

solution. Chen et al. (2006) proposed an HFM-based absorber designed for VARs which uses an 

ammonia-water pair. They designed a non-adiabatic HFM-based absorber, which is composed 

of both microporous and non-porous HFMs for the flow of water vapor and cooling fluid, respec-

tively. The proposed HFM-based absorber had a liquid-vapor mass transfer interfacial area that 

was 4.3 times larger than the traditional falling film-type absorber. They noted that the COP of 

VARs combined with the proposed absorber increased by 14.8 %, and the overall system exergy 

loss was reduced by 26.7 %. Schaal et al. (2005) conducted an experimental study on an HFM-

based absorber for the ammonia-water pair. They found a linear relationship between an in-

crease in the absorption and an increase in the change of the ammonia mole fraction. From their 

observation, the size of the HFM-based absorber became ten times smaller than that of the con-

ventional plate absorber. Wang et al. (2009) tested a polyvinylidene fluoride (PVDF) HFM mod-

ule to investigate the desorption characteristics under several operating conditions, including 

feed solution temperature, feed solution flow rate, and pressure at the shell side. They found that 

the feed solution temperature was a major requirement to enhance the desorption rate 

exponentially; a higher feed solution flux and lower pressure at the shell side also brought about 

higher desorption mass flux performance. Hong et al. (2016) presented a detailed theoretical 

heat and mass transfer mechanism on the HFM-based generator and also analyzed the single-

effect VARs combined with the HFM-based generator to characterize the system performance 

under practical operating conditions. It was concluded that the exhaust gas contained the avail-

able heat required to increase the generating temperature, and it effectively reduced the circu-

lation ratio, which is responsible for the size and weight of the system. An increase in the number 

of HFMs per unit volume increases the system performance by extracting more amounts of water 

vapor and also decreases the circulation ratio and pressure drop of the solution. Further, the 

proposed VARs theoretically has a lower COP than the conventional system due to the lower heat 

recovery performance associated with the temperature drop via the adiabatic desorption process. 

However, it was noteworthy that a recirculation process of the solution through the HFM-based 

generator gave rise to both a reduction in the temperature drop and an increase in the desorption 

mass transfer, resulting in a similar COP to that of a conventional VARs. The HFM-based heat 
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and mass exchanger were considered as an auxiliary solution mass exchanger in VARs for the 

mass recovery process [Hong et al. (2016)]. The heat and mass transfer simultaneously take 

place as both the strong hot and weak warm LiBr solutions enter the HFM-based solution mass 

exchanger. In this process, the water vapor is transferred from the strong to the weak solution 

by the vapor pressure difference between two feed solutions. Thus, the mass of water is recovered 

so that the strong solution becomes stronger and the weak solution becomes weaker. The COP 

was enhanced by adding the auxiliary HFM-based solution mass exchanger by the reduction of 

the heating load to the generator.  

The FSM accompanied with the micro-channels is shown in Fig. 2-5b. A metallic plate which 

includes an array of micro-channels on one side and an array of mini-channels on the other side 

is set with the FSM. The LiBr solution flows through the micro-channels, and the heating or cool-

ing source flows in the mini-channel to make potential for the desorption or the absorption of 

water vapor. Another metallic plate is also placed in direct contact with the FSM for the conden-

sation or evaporation process. The LiBr solution is fed into the microchannel and is mechanically 

constrained by the FSM. This narrowly confined solution flow significantly increases the mass 

transfer area for given flow rate of the feed solution. As the absorber configuration, for example, 

the non-adiabatic absorption of water vapor across the FSM takes place as the cooling source is 

applied to the LiBr solution because the vapor pressure of the solution is lower than the evapo-

ration pressure. On the other hand, when the heating source is applied, the desorption process 

occurs as the vapor pressure of the feed solution becomes higher than the vapor pressure at the 

opposite side of the FSM. Riffat et al. (2004) investigated a prototype VARs in which a pervapo-

ration membrane replaced the conventional generator. They completed the absorption cycle 

with 10 ºC evaporation temperature, 80 ºC generating temperature, and 30 ºC condensation 

temperature. However, the COP of the proposed cycle was lower than the conventional VARs 

and was further reduced as the circulation ratio increased (i.e., the ratio of the amount of de-

sorbed water vapor to the feed flow rate of the solution increased). They used two types of mem-

branes, a porous silicon membrane, and a non-porous dense membrane. The distillation perfor-

mance of the silicon membrane was much higher, approximately four to six times that of the 

dense membrane. However, the permeation rate of the silicon membrane decreased with run-

ning time due to the blockage of pores. Thorud et al. (2006) reported the experimental results of 
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the water vapor desorption rate from the LiBr solution flowing through two kinds of microchan-

nels, each 170 and 745 µm in height. They reported the desorption rate regarding the micro-

channel height, solution inlet concentration, and the pressure difference across the membrane. 

It was observed that the heat transfer resistance was reduced with thinner microchannels, and 

consequently, the desorption rate of the water vapor increased. Note that internal channel boil-

ing does not impede the desorption rate as long as the solution does not reach critical heat flux. 

The maximum heat flux attained was 12.7 kW/m2, which was higher than the values achieved 

by the conventional falling film generator. Isfahani et al. (2013) built a flat sheet membrane-

based VARs and examined both the desorption and absorption characteristics regarding the 

height of the microchannel. They found that thinner microchannels enhanced the heat transfer 

in the solution thermal boundary layer, causing an increase in absorption across the membrane. 

They also noted two modes of desorption: a direct diffusion mode where desorption occurs from 

the single phase of the LiBr solution and a boiling diffusion mode where the vapor phase exists 

in the LiBr solution. The boiling diffusion mode significantly intensified the desorption rate com-

pared to the direct diffusion mode, and the increase in the velocity of the solution also improved 

the desorption rate. Compared to the conventional components in VARs, they asserted that the 

proposed flat sheet membrane-based heat and mass exchangers have several strong points, such 

as the ease of adjusting and optimizing the solution film thickness, solution flow rate, and heat-

ing area.  
 

 

Fig. 2-6. HFM module depicting the adiabatic sorption process across a string of HFM  
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2.3. Research objectives 

An automobile engine provides a high-temperature heat source enough to operate VARs. As 

an application of membrane technology to VARs, the HFM can be used as the heat and mass 

exchangers since LiBr solution is mechanically constrained by the hydrophobic layers to prevent 

the vibrations and slopes while driving from affecting VARs. Enhanced heat and mass transfer 

can be achieved with the extremely enlarged heat and mass transfer area by controlling the path 

of LiBr solution (i.e., reducing the film thickness of LiBr solution). Further, it is also expected that 

the HFM-based heat and mass exchanger is much lighter than the conventional components in 

VARs because the former is made of polymeric membrane fibers and plastic housing whereas 

the latter consists of stainless steel components. 

Overall, the HFM-based heat and mass exchanger is expected enough to play roles of the heat 

and mass exchangers in VARs, particularly the generator, absorber, and solution mass ex-

changer. Development of compact HFM-based VARs requires the comprehensive understanding 

of the heat and mass transfer on the HFM distillation process. The enhanced heat and mass 

transfer remain the ongoing challenge for the realization of compact and lightweight VARs as 

the portable application. The outline for the current study is illuminated as below; 

· Investigation of the existing attempts for the realization of compact and lightweight VARs, 

and further discovery of breakthrough as the automobile application. 

· Comprehensive understating of the heat and mass transfer for the feasible design of the HFM-

based heat and mass exchangers. 

· Theoretical analysis of heat and mass transfer in the HFM-based heat and mass exchanger to 

look into the effect of the practical driving conditions on the performance characteristics of 

HFM-based VARs.  

· Experimental analysis on the HFM-based based heat and mass exchanger to validate the the-

oretical heat and mass transfer model.  
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Table 2-3. Summary of hydrophobic membrane-based heat and mass exchanger used in VARs 

Reference Membrane Purpose Working fluid 
Pore size 
[µm] 

Porosity 
[%] 

Thickness 
[µm] 

Dimension* 
[µm] 

Study  

Thorud et al. (2006) Flat sheet Desorber LiBr-water N/A N/A N/A 170, 745 Experimental 

Chen et al. (2006) Hollow fiber Absorber NH3-water 0.03 40 30 240 Numerical 

Kim et al. (2008) Flat sheet Desorber LiBr-water N/A N/A N/A 300 Numerical 

Wang et al. (2009) Hollow fiber Desorber LiBr-water 0.16 85 150 800 Experimental 

Ali et al.(2009) Flat sheet Absorber LiBr-water 0.2 to 1.0 N/A 60 to 175 4,000 Experimental 

Yu et al. (2012) Flat sheet Absorber LiBr-water 6 60 20 50 Numerical 

Isfahani et al. (2013) Flat sheet Absorber LiBr-water 1.0 80 N/A 100, 160 Experimental 

Isfahani et al. (2014) Flat sheet Desorber LiBr-water 0.45 N/A 50 N/A Experimental 

Venegas et al. (2016) Flat sheet Absorber LiBr-water 1.0 0.8 60 150 Numerical 

Hong et al (2016) Hollow fiber Desorber LiBr-water 0.16 85 150 800 Numerical 

* Hollow fiber membrane: Inner diameter, Flat sheet membrane: Height of microchannel  
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3 
Preparation of hydrophobic hollow fiber membrane 

3.1. Terminology of membrane  

In 1986, the “Workshop on Membrane Distillation” was held in Rome, and one of the subjects 

was to clarify the nomenclature in the field of membrane distillation. There are unacquainted 

terminologies that are essential to be comprehended for further theoretical analysis.  

· Pore size (dp): The first approximation of mass flux across the membrane. A term, nominal 

pore size, is also used due to uneven distribution of pores along the membrane [Smolders and 

Franken (1989)]. Several techniques generally evaluate pore size: visual examination using 

scanning electron microscopy (SEM) [Chakrabarty et al. (2008)], gas permeation test using 

the correlation for the coefficient of membrane permeability [Yasuda and Tsai (1974)], or 

bubble-point test [Hernández et al. (1996)].  

· Porosity (ε): The ratio of the volume of pores to the total volume of the membrane, estimated 

by measuring the weight of a membrane, isopropyl alcohol, and a membrane immersing iso-

propyl alcohol. Higher porosity has less mass transfer resistance, but the mechanical strength 

of membrane becomes weaker in general [Smolders and Franken (1989)]. 

· Tortuosity (τ): The ratio of the shortest pathway of the transport medium through the pores 



CHAPTER 3. Preparation of hydrophobic hollow fiber membrane                             26 

to the membrane thickness (i.e., the deviation of the pore structure from the cylindrical for-

mation) [Baker (2000)]. This factor describes the mass transfer resistance across the mem-

brane by estimating the travel length across the pores for the transport medium (Fig. 3-1), 

and thus, a larger value of tortuosity has a lower mass transport performance. Several empir-

ical and analytical works proposed the tortuosity evaluation as inversely proportional to the 

membrane porosity, as shown in Eq. 3-1 [Alkhudhiri et al. (2012), Ghanbarian et al. (2013)]: 

1τ
ε

=    (3-1)

· Thickness (δ): A factor that gives both the mechanical strength and the mass transfer perfor-

mance across the membrane. Less membrane thickness also leads to higher mass transfer 

performance by the reduction in travel distance of molecules across the pore [Smolders and 

Franken (1989)].  

 

Fig. 3-1. Simplified schematic of microporous membrane describing the path of molecules 

through pores regarding tortuosity (τ). 
 

3.2. Breakthrough pressure  

A critical requirement of the membrane is to confine and control the flow of the LiBr solution. 

A hydrophobic membrane has a repulsive response to the LiBr solution, which has a larger sur-

face tension than the liquid water. The capillary action in the pores depends on two hostile forces: 

the liquid adhesion to the solid surface and the cohesive surface tension of the liquid that func-

tions to diminish the liquid-vapor interface. When the LiBr solution flows in direct contact with 

the hydrophobic membrane surface, curvatures of the liquid-vapor interface are formed at the 

entrances of the pores due to the large capillary actions (Fig. 3-2).  
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The several factors affect this wetting phenomenon: pore size, contact angle, and certain pres-

sure difference called as the breakthrough pressure (also called liquid entry pressure). The equa-

tion of balance between a force applied to the surface and the surface tension applied to the 

circumference is achieved, and the Young-Laplace equation [Li and Chen (2005)] gives, such 

that: 

2
,max2 cosπ π σ θ∆ = −b p pp r r    (3-2)

where ∆pb is the breakthrough pressure. σ, θ, and rp,max are the surface tension of the liquid solu-

tion, the contact angle between the liquid and membrane surface (Fig. 3-3), and the radius of 

the largest pore, respectively. Namely, the liquid phase of the LiBr solution cannot seep into the 

pores as long as the pressure difference across the membrane is kept lower than the break-

through pressure, which is expressed by 

,max

2 cos
b

p

p
r

σ θ∆ = −    (3-3)

Lower surface energy creates a repulsive force to the LiBr solution which has a high surface 

tension, and this phenomenon induces the large contact angle. From the theory of the break-

through pressure, the larger contact angle generates the larger breakthrough pressure that can 

withstand the higher pressure differential across the membrane layer. As a result, to improve the 

performance of mass transfer, the contact angle is the most significant physical factor to increase 

the size of pores within the limits of the breakthrough pressure. Fig. 3-3 presents the method to 

measure the contact angle between a droplet of the LiBr solution and an HFM used in this study 

and Fig. 3-4 shows the evaluated breakthrough pressure of the HFM used in this study with the 

measured values of the contact angle and surface tension of the LiBr solution for several concen-

trations (surface tension data is obtained from [Taira (2017)]).  

3.3. Physical structure of hollow fiber membrane 

Fig. 3-5 illustrates the SEM images used to investigate the morphologies of the HFM used in 

this study, including the following views: (a) cross-sectional, (b) enlarged cross-sectional, (c) an 

inner surface, and (d) outer surface. Table 3-1 lists the membrane parameters used in the exper-

iments. 
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Fig. 3-2. Confined flow of the LiBr solution in direct contact with a hydrophobic membrane sur-

face, describing the contact angle and the liquid-vapor interface at the entrance of pore 

 

 

Fig. 3-3. Photo measuring the contact angle between 60% LiBr solution and HFM used in this 

study 

  

Fig. 3-4. Evaluated breakthrough pressure of the HFM used in the study with the measured values 

of the contact angle and surface tension of the LiBr solution for several concentrations [Taira 

(2017)] 

30

40

50

60

70

80

90

100

110

120

60

70

80

90

100

110

120

0% 20% 40% 60% 80%

Concentration of LiBr solution [%]

C
on

ta
ct

 a
ng

le
 [

˚
]

Surface tension
of LiB

r solution
[m

N
/m

]

0

50

100

150

200

250

300

350

400

0% 20% 40% 60% 80%

B
re

ak
th

ro
ug

h
pr

es
su

re
 [

Pa
]

Concentration of LiBr solution [%]

Hydrophobic 
HFM layer 

Hydrophobic 
HFM layer 

Hydrophobic 
HFM layer 

Hydrophobic 
HFM layer 

Flow of the LiBr solution confined 
the hydrophobic HFM layer  

The LiBr solution 
entering a HFM 
capillary 

Membrane 
pore 

Liquid-vapor In-
terface at the en-
trance of pore 

Contact 
angle 

Transportation of water 
vapor through the pore 

θ 



29                             CHAPTER 3. Preparation of hydrophobic hollow fiber membrane 

 

 

 

Fig. 3-5. SEM images of HFM used in this study, (a) Cross-sectional view, (b) Enlarged cross sec-

tion, (c) Inner surface view of HFM (Interlaced fibers forming pores), and (d) Outer surface view 

of HFM 

 

3.4. Gas permeation test 

Evaluation of the permeability is essential to identify the mass transfer across the HFM layers. 

As shown in chapter 3-3, the membrane parameters determine the membrane distillation coef-

ficient, Bm. The fibers are interlaced with each other, forming irregular pore sizes and shapes (Fig. 

3-5c, and 3-5d). The nominal membrane pore size is the first approximation for characterizing 

the mass transport and thus, the determination of the pore size is the first and major requirement 

for evaluating the mass flux across the membrane. Fig. 3-6 shows a schematic of the experi-

(a) Cross sectional view (b) Enlarged cross sectional view  

(c) Inner surface view (d) Outer surface view 
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mental setup for the gas permeation test. A commercially used bundle of microporous polypro-

pylene (PP) HFM capillaries was prepared, and an HFM module was made with a transparent 

acrylic pipe (Ф 3.5 cm × L 35 cm). (Fig. 3-7). Nitrogen gas enters the lumen side of the HFM 

module’s dead-end and is permeated across the HFM layers to the shell side. A pressure regulator 

adjusts the pressure of the nitrogen gas in the lumen side, and a digital difference manometer 

(GC62, NAGANO) measures the pressure difference from atmospheric pressure. The permeated 

nitrogen gas enters a bubble flow meter that is exposed to the atmosphere; as a result, the mass 

flow rates of the nitrogen are collected under several pressure differences across the HFMs, eval-

uating the permeability of the HFM, Cm, as:  

2

1δ=
∆

ɺm NC m
A p

   (3-4)

with 

( )

ln ( )
o i

o i

nl d d
A

d d

π −=
−

   (3-5)

where �� N2 is the mass flow rate of nitrogen gas permeated from lumen side of HFMs, and A is 

the HFM area associated with the thickness, length, and number of HFMs. do and di are the outer 

and inner diameter of the HFM, respectively.  

The Knudsen diffusion model [Asfand et al. (2016)] was used for the evaluation of the nominal 

pore size because values of the Knudsen number with the use of submicron pores and nitrogen 

gas at standard temperature and pressure (STP) are greater than one. The nominal pore size is 

determined using, 

1

8

3

ε
τ π

−
 

=   
 

wv m
p m

m wv

M RT
d C

RT M
   (3-6)

The steady-state gas permeability was evaluated with the pressure difference across the HFM 

layers. Measuring the flow rate of permeated gas from the lumen side of HFMs for several pres-

sure differences determines the permeable characteristic as shown in Fig. 3-8. The constant per-

meability was observed for several pressure differences and from this result, the nominal pore 

size was also estimated as shown in Fig. 3-8.  
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Table 3-1. Membrane parameters used in the gas permeability experiment 

Parameter Value Parameter Value 

Membrane material PP Effective membrane length [cm] 25 

Inner diameter [µm] 390  Outer diameter [µm] 540  

Number of membranes in a module 380 Membrane porosity [%] 50 

 

 

Fig. 3-6. Schematic of experimental setup for gas permeability  

 

 

Fig. 3-7. Photos of a bundle of HFMs assembling with a transparent acrylic pipe (Ф 3.5 cm × L 35 

cm in total) 
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Fig. 3-8. Experimental permeability for the HFM module used in this study, and the esti-

mation of nominal pore size 
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4 
Hollow fiber membrane-based generator 

4.1. Theoretical model  

Fig. 4-1 shows the configuration of a HFM-based generator (HFM-G). In the proposed config-

uration, the feed LiBr solution enters the HFM capillaries, and the streams of the aqueous LiBr 

solution are in direct contact with the inner surface of the HFMs and are also mechanically con-

strained by the hydrophobic surface. The shell side is filled with water vapor at the static vacuum 

conditions (i.e., connected with a condenser). The desorption of water vapor takes place across 

the HFMs when the hot LiBr solution enters the HFMs, i.e., the vapor pressure of the solution is 

higher than the static equilibrium pressure at the shell side.  

4.1.1. Mass transfer 

Fig 4-2 depicts a thermal boundary layer of the LiBr solution flowing along an HFM layer 

when the adiabatic desorption takes place (the shell side is occupied with water vapor, and pv,ms 

> pv).The volatile component, i.e. water, evaporates at the liquid-vapor interface and permeates 

through the pores as long as the pressure at the shell side is maintained below the equilibrium 

vapor pressure at the membrane surface (i.e. liquid-vapor interface at the entrance in the pore). 

Thus, the driving force of the water vapor mass flux across the HFM layer is the vapor pressure 

difference between the membrane surface and the shell side. Fig.4-2 also illustrates the profiles 
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of temperature, concentration, and vapor pressure in the normal direction of the thermal bound-

ary layer when the hot LiBr solution enters a given HFM capillary. Temperature and concentra-

tion polarizations between the bulk phase and the membrane surface occur due to simultaneous 

heat and mass transfer. The hydraulic characteristics in the boundary layer determine the tem-

perature and concentration profiles. The non-volatile component, the LiBr salt, is accumulated 

near the entrances of pores, which obstructs the movement of the volatile component to the 

liquid-vapor interface [Alsaadi et al. (2014)]. The mass flux of the water vapor across the HFM 

layers is evaluated according to Darcy’s law as [Peña et al. (1998)]:  

,( )= −v m v ms vJ B p p    (4-1)

where pv,ms is the vapor pressure of the solution at the membrane surface, and Pv is the vapor 

pressure at the shell side. When applying the Antoine equation, the effect of the curvature at the 

liquid-vapor interface is assumed to have negligible effect as in the case of a flat surface state 

[Lawson and Douglas (1997)].  

  

Fig. 4-1. Schematic of the hydrophobic HFM-based generator. 

Fig. 4-2. Simplified schematic presenting the heat and mass transfer in a thermal bound-

ary layer of LiBr solution flowing in direct contact with an HFM layer 
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The empirical numerical fitting evaluates the vapor pressure of the solution using the dew point 

temperature, considering the temperature and the concentration, as [McNeely, L.A. (1978)]: 

1 2
0 2

log = + +v
d d

A A
p A

T T
   (4-2)

with  

3

0
3

0

−
= ∑
∑

n
n

d n
n

T C x
T

B x

   (4-3)

where Td is the dew point temperature in the range of -15 to 110 in Celsius. T is the temperature of 

LiBr solution in the range of 5 to 175 in Celsius. x is the concentration of LiBr solution in the range 

of 45 to 70 %. The constants, An, Bn, and Cn are listed in Table 4-1.  

The one-dimensional diffusion of gas molecules in the porous media implies the existence of 

a frictional mass transfer resistance with the pore walls and collisions among molecules. The 

membrane distillation coefficient across the membrane, Bm, is estimated according to a domi-

nant flow regime. The flow regimes involve the viscous, transitional, and Knudsen flow, depend-

ing on the Knudsen (Kn) number described as; 

λ=n
p

K
d

   (4-4)

where Kn is the Knudsen number. λ is the mean free path of working gas in porous media, and dp 

is the membrane pore size. The mean free path is expressed as:  

22
λ

π
= B

g

k T

p d
   (4-5)

where kB is the Boltzmann constant (1.3807 × 10-23 J/K). T is the temperature of working gas in 

the pores, and p is the gas pressure. dg is the molecular diameter of working gas (2.7 × 10-10 m 

for water vapor). 

Table 4-1. Constants for Eq. 4-2 and 4-3 

n A B C 

0 7.05 - 2.00755 124.937 

1 - 1596.49 0.16976 - 7.71649 

2 - 104095.5 - 3.133362 × 10-3 0.152286 

3  1.97668 × 10-5 - 7.95090 × 10-4 
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For Kn >1, the collisions between molecules and pore walls are dominant and the Knudsen 

diffusion takes place for which the mass transfer coefficient is evaluated as: 

knudsen w k
m

m

M D
B

RTδ
 

=  
 

   (4-6)

where Mw is the molecular weight of water and Dk is the Knudsen diffusion coefficient. Tm is the 

mean temperature in the pores that is calculated by the average temperature between vapor 

and liquid-vapor interface at the entrance of pores. The Knudsen diffusion coefficient for porous 

solid is as below: 

2 8

3
p m

k
w

r RT
D

M

ε
τ π

=    (4-7)

where rp is the radius of membrane pore. ε and τ are the membrane porosity and the tortuosity, 

respectively. For Kn < 0.01, the collisions among the molecules are dominated, and the viscous 

diffusion occurs, resulting in rapid convective transport [Asfand et al. (2016)].  

δ µ
 

=  
 

viscous w m o
m

m w

M p B
B

RT
   (4-8)

where pm is the mean pressure in pores and Bo is the viscous diffusion coefficient. µw is the 

dynamic viscosity of water vapor. The viscous diffusion coefficient is calculated: 

2

32

ε
τ

= p
o

d
B    (4-9)

For 0.01 < Kn < 1, the transitional flow regime depends on the Dusty-Gas model and the mass 

transfer involves both the Knudsen and the viscous diffusion regime.   

0

δ µ
 

= + 
 

transitional w k m
m

m m w

M D p B
B

RT RT
   (4-10)

The vacuum driven desorption process and sub-micron pore size gives the Knudsen number 

in the range of the Knudsen diffusion, where the mass transfer coefficient, Bm, is expressed as 

[Schofield et al. (1987), Martınez et al. (2002), Ramon et al. (2009), Fan and Peng (2012), Lee 

and Kim (2013), Zuo et al. (2014)],  
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RT

ε
τ δ

=    (4-11)

The concentration at the membrane surface increases due to the escape of water vapor from 

the stream of solution. Thin film theory is widely considered to determine the concentration pro-

file in the thermal boundary layer [Martıńez-Dıéz and Vazquez-Gonzalez (1999), Bui et al. 

(2010)]: 

exp v
ms b

J
x x

ρα
 =  
 

   (4-12)

where xms and xb are the concentration of the LiBr solution at the membrane surface and the bulk, 

respectively. ρ and α are the density and convective mass transfer coefficient, respectively. 

 

4.1.2. Heat transfer 

The water desorption process through the HFMs essentially undergoes an adiabatic process. 

During the adiabatic water vapor desorption process, no available heat is transferred to the 

HFM-G. Thus, the LiBr solution temperature decreases along the flowing direction. 

, ,( )= −ɺ
b b in b outQ G h h    (4-13)

where �� b is the heat flux by the decrease in temperature along the flowing direction; G is the 

mass flux of the feed LiBr solution; hb,in and hb,out are the specific enthalpies of the LiBr solution at 

the inlet and outlet, respectively.  

The heat and mass transfer take place simultaneously during the water vapor desorption 

process via the HFM-G. The heat transfer is mainly explained by two steps: the heat transfer 

through a thermal boundary layer of the feed LiBr solution, and the heat transfer across the HFM 

layer, where both values are identical at steady-state. The heat flux across the HFM is directly 

influenced by the mass flux of the water vapor and the conduction heat transfer, such that:  

( )
δ

= ∆ + −ɺ m
mem v v ms wv

k
Q J H T T    (4-14)

with 

(1 )ε ε= + −m wv mtk k k    (4-15)
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where ��mem is the heat flux across the membrane; ∆Hv is the latent heat of vaporization; kmem, 

kwv, and kmt are the thermal conductivity of HFM, water vapor, and membrane material, respec-

tively. When the downstream area of the water vapor desorption is kept under vacuum condi-

tions and only vapor is present at the vapor side, the conduction term in Eq. 4-12 is negligible 

[Alsaadi et al (2014), Ramon et al. (2009), Fan et al. (2012), Wang et al. (2011)].  

Convective heat transfer across the feed thermal boundary layer developed adjacent to the 

membrane surface, occurs from the bulk phase to the membrane surface, as:  

( )= −ɺ
f f b msQ h T T    (4-16)

where �� f is the convective heat flux in the thermal boundary layer of the LiBr solution; hf is the 

convective heat transfer coefficient; Tb and Tms are the LiBr solution temperatures at the bulk 

phase and at the membrane surface, respectively.  

The convective heat transfer coefficient affects the temperature at the membrane surface, 

directly influencing the mass desorption transfer. The Nusselt number has commonly been used 

for evaluating the convective heat transfer coefficient. The empirical heat transfer correlation for 

a laminar flow regime used in the membrane distillation process is shown as below, [To-

maszewska et al. (2000), Mengual et al. (2004)]:  

0.8

0.036 ( / )
4.36

1 0.0011( / )
= +

+
h

h

Re Pr D l
Nu

Re Pr D l
   (4-17)

where Re is the Reynolds number; Pr is the Prandtl number; Dh is the hydraulic diameter identical 

to the inner diameter of the HFM; l is the length of the HFM. 

The temperature polarization effect leads to diffusive heat transfer resistance in the thermal 

boundary layer. The value of the temperature polarization coefficient, defined as the ratio of the 

temperature at the membrane surface to that at the bulk phase, approaching unity stands for an 

ideally designed HFM module that maximizes mass transfer performance, while a lower value 

signifies thermal dissipation through the thermal boundary layer. Enhancement in the tempera-

ture polarization coefficient is achieved with an increase in the feed flow rate or a decrease in 

the feed solution temperature. 
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4.1.3. Pressure drop 

Due to the desorption of water vapor, the temperature, and concentration, in combination 

with the physical properties of the LiBr solution change in flow direction, the local pressure gra-

dient, dp/dx, is expressed by: 

2

2

ρ= D

h

fdp
u

dx D
   (4-18)

with 

64

Re
=f    (4-19)

where dp is the frictional pressure drop through a single element of the HFM; fD is the Darcy 

friction factor for the laminar flow regime for a circular tube; dx is a single element of the HFM; 

u is the velocity of the solution.  

4.1.4. Thermodynamics of vapor absorption refrigeration system with hollow fiber membrane 

based-generator 

Fig. 4-3 illustrates the vapor absorption refrigeration system combined with hollow fiber mem-

brane based-generator (HFM-G based VARs). The HFM-G based VARs has six essential compo-

nents: the HFM-G, a waste heat-driven heat exchanger, a condenser, an evaporator, an absorber, 

and a solution heat exchanger. The weak aqueous LiBr solution, which is circulated and pressur-

ized by a solution pump, is heated by the waste heat-driven heat exchanger. As the weak solution 

enters the HFM-G, there is a significant drop in temperature owing to the consumption of sensible 

heat for the latent heat of vaporization for the desorption process, and therefore, the vapor par-

tial pressure of the refrigerant also decreases in the flow direction. As long as the partial pressure 

at the liquid-vapor interface is higher than the condenser pressure, the evaporation continues in 

the flow direction, and the cooling process in the condenser condenses the evaporated water 

vapor. After flowing out of the HFM-G, part of the strong solution is recirculated into the HFM-G, 

while the rest flows back to the absorber via the solution heat exchanger. Recirculation ratio, β, 

defined as the ratio of �� 8a to �� 8b is controlled by a recirculation pump.  

For thermodynamic analysis of the HFM-G based VARs, the conservation of mass follows the 

mass balance of total mass. The mass flow rate of the solution and refrigerant in each state are 

given as follows: 
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Fig. 4-3. Schematic of vapor absorption refrigeration system combined with hollow fiber mem-

brane based-generator (HFM-G based VARs) 

 

8 7= −ɺ ɺ ɺ
refm m m    (4-20)

6 5 8= +ɺ ɺ ɺ
am m m    (4-21)

6 6 5 5 8 8= +ɺ ɺ ɺ
ax m m x x m    (4-22)

8 8β=ɺ ɺ
a bm m    (4-23)

where ��  is the mass flow rate; x, the concentration of aqueous LiBr solution; and β, the recir-

culation factor.  

The energy balance equations of each component of the HFM-G based VARs are as follows: 

The rate of heat absorption of the evaporator 

3 2( )= −ɺ
evap refQ m h h    (4-24)
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The rate of heat rejection out of the condenser 

1 2( )= −ɺ
cond refQ m h h    (4-25)

The rate of heat rejection of the absorber 

3 10 10 4 4= + −ɺ ɺ ɺ
abs refQ m h m h m h   (4-26)

The rate of heat absorption of the waste-heat driven heat exchanger 

/ 6 7 6( )= −ɺ
WH HEQ m h h    (4-27)

where Q is the heat exchanged, h is the specific enthalpy; and �� ref is the mass flow rate of the 

refrigerant (i.e. water). For the analysis, the refrigerant at evaporator and condenser outlet is 

saturated and the weak solution from the absorber is also saturated.  

A solution heat exchanger is used for heat recovery from the strong to weak solution side. The 

effectiveness of the solution heat exchanger is defined as follows:  

8 9

8 4

b
SHE

b

T T

T T
ε −=

−
   (4-28)

The overall system performance was evaluated by considering the COP, which is defined as 

the ratio of the heat extracted from the evaporator to the heat input to the waste-heat exchanger: 

/

COP evap

WH HE

Q

Q
=    (4-29)

To determine the amount of heat transferred and the thermodynamic properties of each state, 

the design parameters (Table 4-2) and the membrane parameters (Table 4-3) are used to simu-

late the HFM-G based VARs.  

4.1.5. Dühring chart 

Each state of the HFM-G based VARs is visualized in a p-t-x diagram, Dühring chart (Fig. 4-4). 
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Table 4-2. Operating conditions used in theoretical simulation of the HFM-G based VARs  

Parameter Value 

Generating temperature, T7 [°C] 80 - 120  

Evaporation temperature, T3 [°C] 6 

Absorber temperature, T4 [°C] Tcool, inter + 3 

Condenser temperature, T2 [°C] Tcool, out + 3 

Inlet cooling water temperature, Tcool, in [°C] 25 - 35 

Flow rate of weak solution, m� 4 [kg/s] 0.01 - 0.09 

Effectiveness of solution heat exchanger, ε 0.80 
 

Table 4-3. Membrane parameters used in cycle simulation of the HFM-G based VARs  

Parameter Value Parameter Value 

Pore size, dp [µm] 0.16  Number of membranes, [EA] 80 - 600 

Porosity, ε [%] 85  Inner diameter, di [µm] 800  

Membrane length, l [cm] 20  Outer diameter, do [µm] 1100  

 

4.1.6. Simulation procedure  

Fig. 4-5 shows a flowchart of the theoretical simulation of the heat and mass transfer of the 

HFM-G. The simulation begins with longitudinally splitting the HFM into tiny elements, dx. The 

heat balance (from Eq. 4-14 and 16) enables the evaluation of the mass flux of the water vapor 

across the HFM for a single element by determining the temperature and concentration at the 

membrane surface. The thermodynamic properties of the solution at the outlet of a single ele-

ment of the HFM are then calculated and used as the feed physical properties for the next ele-

ment. The above process is repeated until the summation of dx reaches the length of the HFM. 

The performance of the HFM-G based VARs is also conducted with various working conditions. 

The following assumptions were considered for the simulation. 

· The process is a steady-state process. 

· The heat and mass transfer process is one-dimensional. 

· The mathematical model of one HFM represents the overall performance. 

· The membrane surface is in an equilibrium state with respect to the temperature and concen-

tration of the LiBr solution. 

· The solution temperature at the outlet of the absorber and refrigerant temperature at the 
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outlet of condenser decrease to values 3 °C higher than the cooling water temperature at the 

outlet of each component. 

· The solution at the outlet of the absorber is saturated. 

· Expansion at the expansion valves is assumed to be adiabatic.  

· Heat exchange does not take place with the surroundings.  

 

 

Fig. 4-4. Dühring chart for the HFM-G based VARs 
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Fig. 4-5. Flowchart of the simulation procedure of the HFM-G based VARs 
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vapor pressure at the condenser is lower than the vapor pressure of the solution flowing along 

the HFMs, while the feed weak solution turns into a strong solution. Two Pt100 sensors (Class A, 

CHINO) measure the inlet and outlet solution temperatures to evaluate the adiabatic desorption 

heat transfer. The pressure drop via the HFM-G is measured by a differential pressure transducer 

(UNIK5000, GE). The density and concentration of the strong solution are measured by another 

Coriolis flow meter (CA003, OVAL). Prior to the density measurement by the second Coriolis flow 

meter, the strong solution undergoes a cooling process to prevent density measurement errors, 

which may occur if a temperature difference exists between the two Coriolis flow meters. As the 

HFM desorption takes place, the water vapor leaves from the flow path of LiBr solution to the 

condenser. As a results, the concentration of LiBr solution at the outlet of the HFM-G increases  

 

Fig. 4-6. Schematic of experimental apparatus to evaluate the heat and mass transfer of the 

HFM-G  
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where the inlet concentration is ‘weak’ and the outlet is ‘strong’ solution. The strong solution 

enters a 2nd Coriolis flow meter (CA003, OVAL) to take the data of solution density and temper-

ature in real time. Meanwhile, before the density measurement process by the 2nd Coriolis flow 

meter, the strong solution undergoes a cooling process via a 2nd heat exchanger to prevent an 

error of density measurement which might be occurred by temperature difference between two 

Coriolis flow meters. As the strong solution returns to the solution tank, the feed solution concen-

tration becomes stronger during a series of experiment; in other words, the ‘weak’ solution of 

the inlet HFM-G becomes ‘stronger’ during a series of experiment. As a result, an initial operat-

ing condition (mainly feed solution concentration) changes with experimental time. Note that 

the established methods [Martınez-Dıez et al. (1998), Martıńez-Dıéz and Vazquez-Gonzalez 

(1999), Li and Kamalesh (2005), Jin et al. (2008), Wang et al. (2008), Ali and Peter (2009), Wang 

et al. (2009), Zhu et al. (2013), Chiam and Rosalam (2014)] evaluating the heat and mass trans-

fer of the HFM desorption from a binary mixture generally had the solution circulation process; 

however, as a binary solution was circulated in the closed path, and the volatile component 

escaped from the solution, the concentration of the feed kept increasing during a series of exper-

iment. It is, thus, limited to well investigate the performance with respect to the certain feed 

concentration. Since the concentration of solution is one of major factors to determine the per-

formance of VARs, in this study, a transient experimental method is proposed so that the heat 

and mass transfer performance are evaluated under the various range of feed solution concen-

tration. All of the experimental data collected during the passage of experimental time was used 

as initial conditions to serve as a basis for comparison with the theoretical heat and mass transfer. 

The experimental operating conditions are shown in Table 4-3. Table 4-4 lists the measurement 

accuracy of the density, mass flow rate, temperature, and pressure.  

Table 4-3. Range of experimental operating conditions  

Parameter Value 

Temperature of feed LiBr solution [˚C] 65 - 83  

Concentration of feed LiBr solution [%] 51 - 58  

Mass flux of feed LiBr solution [kg/m2s] 157 - 244  

Pressure at condenser [kPa] 2.6 - 5.5  
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Table 4-4. Properties of sensors 

Parameter Measurement Device Accuracy Range 

Density CA003, OVAL ± 0.0005 g/ml 0.3 to 2 g/ml 

Mass flow rate CA003, OVAL ± 0.1 % for liquid 0.72 to 72 kg/h 

Temperature  Pt sensor, CHINO ± 0.05 °C - 50 to 100 °C 

Temperature T type, CHINO ± 0.5 °C - 62 to 125 °C 

Pressure at condenser CCMT-100D, ULVAC ± 0.2 % ± 0.005 % F.S./ °C 1.3 to 13.3 kPa 

Pressure at reservoir CCMT-1000D, ULVAC ± 0.2 % ± 0.005 % F.S./ °C 13 to 133 kPa 

Differential pressure UNIK5000, GE ± 0.04 % F.S. 7 to 70,000 kPa 
 

 

4.2.2. Data reduction 

Two Coriolis flow meters measure both the density and temperature, evaluating the concen-

trations of LiBr solution both the inlet and outlet of the HFM-G. The concentration of the LiBr 

solution is evaluated by: 

2
0 1 2 3 4( )ρ = + + − +sol D D x D x T D D x    (4-30)

where ρsol is the density of LiBr solution. x and T is the concentration and temperature of the LiBr 

solution, respectively. Constants, D0 = 1145.36, D1 = 470.84, D2 = 1374.79, D3 = 0.333393, D4 = 

0.571749. All the thermos-physical properties of LiBr solution is calculated from the established 

numerical fittings data from thermos-physical property charts [McNeeley (1978), Patterson and 

Perez-Blanco (1988), Florides et al. (2003), Samanta (2003)], such that: the density, viscosity, 

specific heat, and thermal conductivity of LiBr solution.  

In order to evaluate the HFM desorption mass transfer, the assumption of mass conservation 

was first built. Mass of LiBr, non-volatile, in the binary mixture is conserved in a whole flow path 

of LiBr solution, and is thus estimated by measuring both the solution flow rate and the concen-

tration at the inlet of the HFM-G: 

,=ɺ ɺLiBr sol in inm m x    (4-31)

where m� LiBr and m� sol,in is the mass flow rate of LiBr and inlet weak solution, respectively. xin is 

the concentration of solution at the inlet, defined as �� LiBr / (�� LiBr + �� water,in). The amount of de-

sorbed water vapor is estimated by the difference between the measured value of inlet solution 

flow rate and the calculated outlet solution flow rate calculated by outlet concentration as: 
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,= −
ɺ

ɺ ɺ
LiBr

vapor sol in
out

m
m m

x
   (4-32)

where �� vapor is the mass flow rate of desorbed water vapor, and xout is the concentration of solu-

tion at outlet, defined as �� LiBr / (�� LiBr + �� water,out). Thus, the mass flux of water vapor across the 

HFMs is determined as function of the total interfacial area for evaporation of water vapor,  

=
ɺ

vapor
v

mem

m
J

A
   (4-33)

where Jv is the mass flux of water vapor across hollow fiber membrane, and Amem is the total 

contact area of the HFMs. 

4.2.3. Validation of concentration measurement 

Two Coriolis flow meters measure the density and temperature of the strong and weak solution, 

respectively, without the desorption process. Fig. 4-7 shows the validation of concentration 

measurement between two Coriolis flow meters, evaluated by Eq. 4-30. The deviation in the con-

centrations is less than 0.03%.  

 

 

Fig. 4-7. Concentration measurement between two Coriolis flow meters without desorption pro-

cess. 
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4.3. Results and discussion  

4.3.1. Theoretical simulation results 

4.3.1.1. Characteristics of adiabatic desorption mass transfer 

Fig. 4-8 shows the axial variation in the solution bulk temperature and the membrane surface 

temperature in the flow direction. The evaporation of the refrigerant vapor at the liquid-vapor 

interface leads to a reduction in the solution temperature and an increase in the solution con-

centration simultaneously. In the flow direction, the rates of the reduction in solution tempera-

ture and of the increase in solution concentration decrease in the flow direction as the amount 

of heat needed for the vaporization decreases. In conjunction with the membrane surface tem-

perature, the rate of variations in the vapor partial pressure decreases, and the driving force of 

mass transfer, represented by Pp,ms – Pcond, also decreases. Therefore, the performance of the 

HFM desorption worsens in the flow direction. The desorption hardly occurs when the partial 

pressure of water vapor at the membrane surface is close to the pressure at the permeate side. 

Fig. 4-9 shows the bulk temperature variation in the flow direction in an HFM for different feed 

mass flow rates. The plot shows that the temperature curve for a solution flow rate of 0.01 kg/s 

is almo st flat and hardly varies near the outlet of the membrane. As the solution  
 

   

Fig. 4-8. Comparison of temperature variations between the bulk phase (Tb) and membrane sur-

face (Tms), and driving force variations (Pp,ms - Pcond) in the flow direction (Tgen = 100 °C, m� feed = 

0.01 kg/s, xfeed = 56.41 %, and Pcond = 6.67 kPa, EA = 200, β = 0) 

Fig. 4-9. Bulk temperature variation in the flow direction in a HFM for different mass flow rates 

of the feed solution (Tgen = 100 °C, xfeed = 56.41 %, and Pcond = 6.67 kPa, EA = 200, β = 0) 
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flow rate increases the temperature drop between the inlet and outlet of the HFM-G decreases 

because for certain membrane parameters, an increase in solution flow rate (i.e., increase in 

input energy) is not exactly proportional to the amount of refrigerant evaporated.  

Fig. 4-10 shows the variation in solution concentrations in the bulk phase and at the mem-

brane surface. As the water vapor is transported through the membrane pores, the solution con-

centration at the membrane surface is higher than that at the bulk phase. This phenomenon is 

termed concentration polarization. It results in resistance to mass transport during membrane 

distillation; it is expected that the smaller the inner diameter of the HFM, the lesser is the con-

centration polarization effect, as described in chapter 4.1.2. 

 

Fig. 4-10. Variation in concentrations at the bulk and at the membrane surface, and in mass flux 

of water vapor in the flow direction (Tgen = 100 °C, xfeed = 56.41 %, and Pcond = 6.67 kPa, EA = 

200, β = 0) 
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directly influences the size and cost of VARs. As shown in Fig. 4-12, the cooling capacity is en-

hanced with an increase in the generating temperature and the flow rate of the feed solution. 

Further, note that the higher flow rate of the weak solution which enters the HFM-G leads to 

higher cooling capacity by diminishing the rate of a temperature drop (i.e., driving force drop), 

as shown in Fig. 4-12. The COP drastically increases with the increase in the generating temper-

ature and the decrease in the feed flow rate, but then the rate of change of COP tends to decrease. 

In other words, the COP does not increase beyond a certain value despite an increase in the 

generating temperature at a given flow rate. 

 

Fig. 4-11. Effect of generating temperature, T7, on the concentration difference between the inlet 

and outlet of the HFM-G, and the circulation ratio for different mass flow rates with feed solution 

temperature (xweak = 56.41 %, Tcool,in = 30 °C, EA = 200, β = 0)  

Fig. 4-12. Effect of generating temperature, T7, on the cooling capacity and COP for different 

mass flow rate with feed solution temperature (xweak = 56.41 %, Tcool,in = 30 °C, EA = 200, β = 

0)  
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temperature. Fig. 4-14 also shows that the increase in weak solution flow rate leads to the de-

crease in the COP. This is also because the membrane distillation efficiency, namely, the ratio of 

the desorbed water vapor and the energy input (i.e., the increase in the flow rate), decreases for 

the given membrane parameters. 

 

Fig. 4-13. Effect of mass flow rate of weak solution, m� 7, on concentration difference of the HFM-

G and pressure drop for different generating temperature (xweak = 56.41 %, Tcool,in = 30 °C, EA 

= 200, β = 0)  

Fig. 4-14. Effect of mass flow rate of weak solution, m� 7, on the cooling capacity and COP for 

different generating temperature (xweak = 56.41 %, Tcool,in = 30 °C, EA = 200, β = 0)  
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where the COP could not be evaluated. 

  

Fig. 4-15. Effect of cooling water temperature, Tcool,in, on condenser pressure, Pcond, and circula-

tion ratio for different generating temperatures (m� weak = 0.05 kg/s, EA = 200, β = 0) 

Fig. 4-16. Effect of cooling water temperature, Tcool,in, on the cooling capacity and COP for dif-

ferent generating temperatures (m� weak = 0.05 kg/s, EA = 200, β = 0) 
 

4.3.1.5. Effect of the number of hollow fiber membranes on system performance 

One of the great advantages of the HFM-G is that, by changing the number of HFMs for a 

given volume of the HFM module, the contact area for the desorption of water vapor can be 

easily adjusted to control its performance. As shown in Fig. 4-17, the circulation ratio and pres-

sure drop through the HFM-G decreases as the number of membranes increases for the given 

operation. For given flow rate of the feed solution, the number of the HFMs directly influences 

the solution velocity through the HFM-G. Thus, with the increase in the number of the HFMs (i.e., 

the decrease in the solution velocity), the sensible input energy is relatively easily used up, 

resulting in the increase in the amount of desorption water vapor. This decreases the circulation 

ratio, and the lower solution velocity leads to the lower pressure drop. Fig. 4-18 shows the effect 

of the number of HFMs in a module on the cooling effect and COP. The cooling capacity and 

COP, both are improved with an increase in the number of HFMs (i.e., an increase in the contact 

area for the vapor desorption). Note that sensible heat at the inlet of the HFM-G provides the 

energy for the HFM desorption. Thus, regardless of the number of membranes, the improvement 

in the distillation performance is limited because the performance depends completely on the 

given inlet conditions of the membrane, as shown in Fig. 4-18.  

1600

50

60

70
80
90
100

800

40

400

3.5

4.5

5.5

6.5

7.5

8.5

9.5

24 26 28 30 32 34 36

C
on

de
ns

er
 p

re
ss

ur
e,

 P
co

nd
[k

Pa
]

C
irculation ratio,

m
�w

eak / m
�ref

Cooling water temperature, Tcool,in [°C] 

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

23 25 27 29 31 33 35 37

Cooling water temperature, Tcool,in [°C] 

C
O

P

C
oo

lin
g 

ca
pa

ci
ty

, Q
ev

ap
[k

W
] 



55                                       CHAPTER 4. Hollow fiber membrane-based generator 

 

 

  

Fig. 4-17. Effect of the number of membranes on the circulation ratio and pressure drop through 

the HFM-G for different generating temperatures (m� weak = 0.05 kg/s, xweak = 56.41 %, Tcool,in = 

30 °C, β = 0)  

Fig. 4-18. Effect of the number of membranes on the cooling capacity and COP for different 

generating temperatures (m� weak = 0.05 kg/s, xweak = 56.41 %, Tcool,in = 30 °C, β = 0)  
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pass the solution heat exchanger, was at a sufficiently high temperature to diminish the heating 

load to attain the required generating temperature. Hence, the required heat input becomes less. 

Thus, by increasing the recirculation ratio, both the cooling capacity and the COP increases to 

values as high as those in the case of the conventional cycle as shown in Table 4-5. 

  

Fig. 4-19. Effect of recirculation ratio on the concentration difference of the absorber and ab-

sorber capacity for different generating temperatures (m� weak = 0.01 kg/s, Tcool,in = 30 °C, EA = 

200)  

Fig. 4-20. Effect of recirculation ratio on the cooling capacity and COP for different generating 

temperatures (m� weak = 0.01 kg/s, Tcool,in = 30 °C, EA = 200) 
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lower mass flow rate of the feed causes a higher temperature drop through the adiabatic desorp-

tion process because the lower energy input tends to be easily used up during the process.  

 

   

 

Fig. 4-21. Mass flux via HFM adiabatic desorption with respect to both the temperature and the 

mass flow rate of feed LiBr solution 

Fig. 4-22. Temperature drop via HFM adiabatic desorption with respect to both the temperature 

and the mass flow rate of feed LiBr solution 

4.3.1.8. Effect of variation in both length and number of hollow fiber membranes on adiabatic 

desorption heat and mass transfer 
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input to the HFM-G provides the energy for the adiabatic desorption process. The sensible heat 

is used up by the adiabatic desorption process in the capillaries of HFMs as the dimension of the 

HFM-G increases, which means that the desorption process no longer occurs at a certain point 

in the HFMs due to the extremely low driving force. As a result, the efficiency of mass flux across 

the HFMs decreases with the larger dimension of the HFM-G. The solution temperature drop by 

the HFM desorption in terms of the dimension of the HFM-G has a similar variation trend with 

the case of the concentration difference, associated with the velocity of the feed solution (Fig 4-

25). The increases in dimensions of the HFMs tend to have more potential for the desorption for 

the given operating conditions and therefore, the input sensible energy tends to be used more 

for the adiabatic desorption process, leading to the larger temperature drop. The simulation re-

sults of the thermodynamic properties at each state point of the cycle are listed in Table 4-6.  

 

   

 

Fig. 4-23. Concentration difference between the inlet and outlet of HFM-G with respect to both 

the length and the number of HFMs 

Fig. 4-24. Mass flux via HFM adiabatic desorption with respect to both the length and the number 

of HFMs 
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Fig. 4-25. Temperature drop via HFM adiabatic desorption with respect to both the length and 

the number of HFMs 
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Table 4-5. COP comparison data for the conventional LiBr-water singly-effect VARs and the HFM-G based VARs  

Reference 
Generating 
Temperature [°C] 

Evaporation  
Temperature [°C] 

Cooling  
Capacity [kW] 

Effectiveness 
of Solution H/E 

COP Study 

Horuz (1998) 55 - 110 10 N/A N/A 0.75 - 0.80 Numerical 

Joudi et al. (2001) 75 - 95 8 N/A 0.85 0.52 - 0.68 Numerical 

Kilic et al. (2007) 85 - 103 8 10.0 0.70 0.62 - 0.76 Numerical 

Kaynakli et al. (2007) 66 - 86 6 N/A 0.80 0.55 - 0.74 Numerical 

Gomri (2009) 75 - 110 10 300.0 0.70 0.63 - 0.78 Numerical 

Karamangil et al. (2010) 76 - 100 5 N/A 0.80 0.42 - 0.79 Numerical 

Florides et al. (2003) 65 - 15 6 10 N/A 0.62 - 0.83 Experimental 

Aphornratana et al. (2007) 65 - 85 5 up to 1.344 N/A 0.33 -0.52 Experimental 

Gordon and Kim (1995) 75 - 90 11.4 up to 3.58 N/A 0.38 - 0.60 Experimental 

HFM-G based VARs 75 - 120 6 up to 2.88 0.80 0.25 - 0.63 Numerical 
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Table 4-6. Thermodynamic state of the cycle (Tgen = 120 °C, Tevap = 6 °C, Tcool,in = 30 °C, m� weak = 0.05 kg/s, β = 0) 

State T [°C] P [kPa]  h [kJ/kg] m�  [kg/s] x [%] 

1 39.6 7.196 2572.1 0.0002304  

2 39.6 7.196 175.3 0.0002304  

3 6.0 0.965 2511.2 0.0002304  

4 38.0 0.965 95.8 0.010 56.4071 

5 38.0  adjustable 95.8 0.010 56.4071 

6 70.5 adjustable 161.2 0.010 56.4071 

7 120.0 adjustable 261.6 0.010 56.4071 

8 80.2 adjustable 184.7 0.009796 57.7375 

9 46.4 adjustable 117.7 0.009796 57.7375 

10 46.4 0.965 117.7 0.009796 57.7 

Tcool, inter 35.0 N/A 146.5 0.037  

Tcool, out 39.5 N/A 162.8 0.037  
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4.3.2. Transient experimental results 

4.3.2.1. Effect of feed solution temperature on heat and mass transfer 

Fig. 4-26 presents the experimental desorption mass flux of the water vapor regarding the 

feed solution temperature for several feed concentrations. An increase in the feed solution tem-

perature led to an increase in the mass flux due to the exponential increase in the vapor pressure, 

which is dependent on temperature, i.e., the Antoine equation [Thomson (1946)]. For example, 

the desorption mass flux was enhanced by approximately 2.7, 3.2, 3.9, and 5.8 times for the 

solution concentrations of 51, 52, 53, and 54 %, respectively, as the solution temperature was 

increased from approximately 65 to 82 ºC. The lower feed concentration also caused a higher 

desorption mass flux due to the lower vapor pressure of the solution. For example, in the case 

with a solution temperature of 82 ºC, the mass flux increased by approximately 2.3 times, while 

the solution concentration varied from 57 to 51 %. This is because the vapor pressure of the 

solution increases from approximately 8.1 to 13.8 kPa under the above case, and as a result, the 

difference in the driving force of the mass transport results in approximately 2.6 times the desig-

nated condenser pressure. Fig. 4.27 depicts the temperature drops through the adiabatic desorp-

tion process for several conditions. The sensible heat is supplied as latent heat to evaporate the 

water vapor at the liquid-vapor interface, and thus, a significant temperature drop takes place 

in the flow direction. Because the higher feed temperature and the lower feed concentration gave 

rise to a higher mass flux, the temperature drops became larger over the entire concentration 

range. This is due to the use of more sensible energy for the latent heat of vaporization for higher 

feed temperatures and lower concentrations. It was observed that for a concentration of 51 %, 

the feed solution temperature increased from approximately 65 to 82 ºC, as the temperature 

drop was varied from 7.8 to 22.4 ºC.  

4.3.2.2. Effect of feed solution mass flux on heat and mass transfer 

As shown in Fig. 4-28, the desorption mass flux is enhanced by a larger mass flux of the feed 

solution. A higher feed solution mass flux generates a higher value for the temperature 

polarization coefficient, for which the temperature difference between the bulk and membrane 

surface (i.e., the heat transfer resistance in the thermal boundary layer) becomes smaller. Note 

that the rate of increase in the mass flux was reduced with an increase in the feed solution flux.  
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Fig. 4-26. Experimental HFM desorption mass flux of water vapor with feed solution temperature 

for several feed concentrations (m� feed = 152.9 kg/m2s, Pcond = 4.7 ±0.3 kPa) 

Fig. 4-27. Experimental temperature drop by the HFM adiabatic desorption with feed solution 

temperature for several feed concentrations (m� feed = 152.9 kg/m2s, Pcond = 4.7 ±0.3 kPa) 

 

 

  

Fig. 4-28. Experimental HFM desorption mass flux of water vapor with mass flux of feed solution 

for several feed concentrations (Tfeed = 80 ˚C, Pcond = 4.7 ±0.3 kPa) 

Fig. 4-29. Experimental temperature drop by the HFM adiabatic desorption with mass flux of 

feed solution for several feed concentrations (Tfeed = 80 ˚C, Pcond = 4.7 ±0.3 kPa) 
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This means that the enhancement of input energy is not exactly proportional to the mass flux 

performance because the larger sensible energy is not entirely used in the adiabatic desorption 

process for given membrane parameters. The desorption mass flux was enhanced from approx-

imately 2.5 to 4 kg/ m2h as the mass flux of the feed solution increases from 157.3 to 239.8 kg/m2 

s for a 51 % concentration of the feed solution. As shown in Fig. 4-29, the temperature drop via 

the desorption process decreases with an increase in the mass flux of feed solution. The explana-

tion for this is that not all of the sensible input energy was used for the evaporation of the water 

vapor as the feed solution flux increased. For the solution concentration of 51 %, for instance, 

the solution temperature dropped by 23.4 ºC for a feed mass flux of 157.3 kg/m2s, and a temper-

ature drop of 18.5 ºC was found for a feed mass flux of 239.8 kg/m2s. 

4.3.2.3. Effect of condenser pressure on heat and mass transfer 

The cooling water temperature is one of the significant factor influencing the cooling capacity 

and COP as shown in Fig. 4-16. Especially in summer, the cooling water temperature in the ve-

hicle tends to be high, resulting in the higher condenser pressure. The effect of the condenser 

pressure on the mass flux performance is shown in Fig. 4-30. The condenser pressure is directly 

related to the driving force of the desorption mass flux, and as a result, the enhancement of 

desorption was found with a decrease in the condenser pressure. The feed solution concentration 

also inversely influences the mass flux. The temperature drop decreases with higher condenser 

pressures due to the lower mass flux performance, as shown in Fig. 4-31.  

4.3.2.4. Pressure drop via hollow fiber membrane-based generator 

The pressure drop of the LiBr solution via the HFM-G used in this study is shown in Fig. 4-32. 

It was found that the pressure drop linearly increases with an increase in the solution velocity. 

The solution concentration also influences the solution pressure drop through the HFMs mainly 

due to the change in density and viscosity of the solution. The calculation values by the Darcy 

friction pressure drop, considering the change of the thermodynamic properties in the flow di-

rection, is also shown in Fig. 4-32. It is noteworthy that the pressure drop resists the flow of the 

solution through the HFMs, and thus, a larger solution pressure is mandatory against the larger 

pressure drop; however, the HFM is wet (i.e., the liquid phase of the solution is permeated into 

the pores) if the solution pressure becomes higher than the breakthrough pressure. Furthermore, 
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to prevent the significant pressure drop by the phase change of the solution during the preheat-

ing process, the solution pressure must be larger than the static equilibrium pressure. As a result, 

considering the breakthrough pressure and phase change, the pressure drop is an essential fac-

tor to avoid malfunction during the desorption process in the HFM-G. 

 

   

Fig. 4-30. Experimental HFM desorption mass flux of water vapor with pressure at the condenser 

for several feed concentrations (Tfeed = 80 ˚C, m� feed = 183.6 kg/m2s) 

Fig. 4-31. Experimental temperature drop by the HFM adiabatic desorption with pressure at the 

condenser for several feed concentrations (Tfeed = 80 ˚C, m� feed = 183.6 kg/m2s)  

 

 

Fig. 4-32. Pressure drop of solution via HFM with solution velocity in hollow fiber membrane 

(Tfeed = 80 ˚C, Pcond = 2.4 kPa)  
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4.3.2.5. Comparison of experimental heat and mass transfer with theoretical results 

All of the initial experimental conditions influencing the heat and mass transfer, such as feed 

solution temperature, concentration, mass flow rate, and condenser pressure, were collected 

during the series of experiments. The obtained data were used as initial operating conditions to 

conduct the theoretical simulation process, as introduced in the preliminary work. The theoreti-

cal heat and mass transfer model using the estimated nominal pore size showed relatively high 

accuracy when compared with the experimental desorption mass flux under high feed solution 

temperature conditions; however, the error became more significant with increasing the feed 

solution concentration, as shown in Fig. 4-33. Under relatively low feed solution temperatures, 

the model successfully effectively predicted the mass transfer performance, though the error be-

came more severe as the feed concentration increased. This is due to experimental uncertainty 

causing data reduction errors under meager driving forces, i.e., both low feed solution tempera-

ture and high solution concentration. The experimental temperature drop via the adiabatic de-

sorption process was also compared with the simulated results, as shown in Fig. 4-34.  

  

Fig. 4-33. Comparison of experimental mass flux of water vapor desorption with theoretical sim-

ulation results (xfeed = 51 to 58 %) 

Fig. 4-34. Comparison of experimental temperature drop via adiabatic desorption process with 

theoretical simulation results (xfeed = 51 to 58 %) 
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5 
Hollow fiber membrane-based solution mass exchanger 

 

This chapter 5 presents two types of hollow fiber membrane-based solution mass exchangers 

(HFM-SME). Mass recovery process is emphasized by understanding the simultaneous heat and 

mass transfer. The characteristics of the mass recovery process, which is a form of the traditional 

HFM module (named “traditional HFM-SME”), are clarified regarding the flow direction of the 

solutions. The improved type of the HFM-SME (named “new type of HFM-SME) is also suggested 

with the theoretical analysis as an alternative to the traditional HFM-SME to achieve maximized 

mass recovery performance.     
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6 
Conclusion, and future work 

 

Chapter 6 is finalized with the conclusion by summarizing research contribution and discus-

sion of the perspective work directions. The iso-thermal type of HFM-based heat and mass ex-

changers are designed for the future works. It is expected that the proposed iso-thermal types 

make up for shortcomings that the adiabatic HFM-based heat and mass exchangers have shown. 
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INDEX 

Nomenclature 

A area [m2] 

Bm membrane distillation coefficient [kg m-2 s-1 Pa-1] 

Cm permeability coefficient of membrane [kg m-1 s-1 Pa-1] 

Dh hydraulic diameter [m] 

Dk Knudsen diffusion coefficient [m2 s-1] 

d diameter of hollow fiber membrane [m] 

dp pressure drop [Pa] 

dp membrane pore size [m] 

dwv molecular size of water vapor 

dx single element of HFM  

∆Hv latent heat of vaporization [J kg-1] 

∆pb breakthrough pressure [Pa] 

∆π osmosis pressure [Pa] 

EA number of hollow fiber membranes  

fD Darcy friction factor 

G mass flux [kg m-2 s-1] 

h specific enthalpy [J kg-1] 

hf convective heat transfer coefficient of feed solution [W m-2] 

hl convective heat transfer coefficient of lumen side [W m-2] 

hs convective heat transfer coefficient of lumen side [W m-2] 

HFM hollow fiber membrane 

Jv mass flux across the membrane [kg m-2 s-1] 

kB Boltzmann constant [J K-1] 

k thermal conductivity [W m-1] 

Kn Knudsen number 

l length of hollow fiber membrane [m] 

M molecular weight [kg mol-1] 

Mc molar concentration [mol liter-1] 

m�  mass flow rate [kg s-1] 

n number of hollow fiber membranes 

Nu Nusselt number 
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p pressure [Pa] 

Pr Prandtl number 

pv vapor pressure [Pa] 

��  heat flux [W m-2] 

R gas constant [m3 Pa K-1 mol-1] 

Re Reynolds number 

rp radius of membrane pore [m] 

T Temperature [K] 

u velocity [m/s] 

U overall heat transfer coefficient [W m-2K-1] 

x concentration of LiBr solution [%] 

  

Greek symbols 

α convective mass transfer coefficient [m s-1] 

β recirculation ratio  

τ membrane tortuosity  

δ membrane thickness [m] 

ρ Density [kg m-3] 

ε membrane porosity 

σ surface tension [N m-1] 

θ contact angle [°] 

λ mean free path  

  

Subscripts 

ass assumed 

abs absorption 

b bulk 

cal calculated 

cond condenser 

cool cooling water  

d dew point 

des desorption 

f feed 

flux flux 
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g gas 

h hot 

LiBr lithium bromide solution 

lumen lumen side 

i inner 

in inlet 

m membrane, or mean 

ms membrane surface 

mt material 

N2 nitrogen gas 

o outer 

out outlet 

p pore, or permeate 

sol solution 

strong strong solution 

v vapor 

weak weak solution 

w water, or warm 

wv water vapor 
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