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Physics of water vapor absorption into and desorption from a lithium bromide 

(LiBr) solution flow through an array of microchannels capped by a porous membrane 

are studied. The membrane allows the vapor to exit the flow while it retains the liquid. 

As opposed to conventional falling film heat exchangers, in this configuration, the 

solution film thickness and velocity can be controlled independently. Parametric studies 

are conducted on both absorber and desorber processes. An absorption rate of 

approximately 0.0044 kg/m2s was measured at a LiBr solution channel thickness of 100 

µm, a flow velocity of 5 mm/s, and a pressure potential of 600 Pa. It is demonstrated 

that decreasing the solution film thickness and increasing the solution velocity enhance 

the absorption rate. Next, micro surface structures are employed in microchannels to 

manipulate thermohydraulic characteristics of the Lithium Bromide (LiBr) solution flow. 

With micro structures, absorption rates as high as that of a 100 micron solution film is 

achieved into 500 µm thick solution microchannels, while the solution pressure drop is 

about two orders of magnitude lower. 
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The absorption performance of ionic liquid [EMIM][MeSO3] as an alternative 

desiccant is also tested in the absorber with microstructures. An absorption rate of 

approximately 0.001 kg/m2s was measured at a flow velocity and pressure potential of 8 

mm/s and 600 Pa, respectively. This absorption rate is about 4 times lower than that of 

LiBr solution in the absorber with similar surface microstructures. Further studies and 

new absorber designs are necessary to enhance the absorption rate 

In desorption studies two different mechanisms of desorption are analyzed. 

These mechanisms consisted of: (1) direct diffusion of water molecules out of the 

solution and their subsequent flow through the membrane and (2) formation of water 

vapor bubbles within the solution and their venting through the membrane. Direct 

diffusion is the dominant desorption mode at low surface temperatures and its 

magnitude is directly related to the vapor pressure, the solution concentration, and the 

heated wall temperature. Desorption at the boiling regime is predominantly controlled by 

the solution flow pressure and mass flux. 
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CHAPTER 1 
INTRODUCTION 

Absorption Refrigeration Systems (ARSs) 

Absorption refrigeration systems (ARSs) dominated the refrigeration industry for 

much of the 19th century. Increased access to electricity in the later part of that century 

triggered the gradual replacement of the ARSs with vapor compression systems 

(VCSs). The higher performance per unit cost, lower volume per unit cooling capacity, 

and favorable operational and maintenance characteristics of the VCSs fueled their vast 

market penetration, particularly in the residential air conditioning sector. Despite their 

great advantages over ARSs, VCSs consume significant electrical energy and use 

refrigerants that are not environment friendly. A significant increase in the demand for 

air conditioning in developing countries, the rise in fuel costs, and the environmental 

impacts of power production cycles have raised concerns about the long-term 

sustainability of the standard of living this technology has offered to the world 

population. Thus, development of alternative, more efficient technologies with less 

environmental impact is of significant interest.  

ARSs could play a larger role in the future cooling market if compact, 

inexpensive, high performance, and robust systems are developed. Such systems are 

particularly attractive in combined heating, cooling, and power (CCHP) systems in which 

the ARS is powered by waste heat. Recent advancements in solar-thermal collectors 

have also enhanced the prospect of solar-cooling using ARSs. Hybrid systems powered 

by solar energy and natural gas could conceivably provide cooling, space heating, and 

hot water to a building. Implementation of such a system could greatly reduce the 

electrical load during the peak demand for air conditioning. 
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Of the different heat-powered cooling systems (adsorption [1,2], ammonia-water 

[2,3], ejector refrigeration [4] and LiBr-water [3,5]), LiBr-water systems deliver the 

highest performance using low quality heat (100 to 200 °C) [2,6]. A double-effect LiBr-

water system can deliver a primary COP of about 1.2-1.3 [2,7]. The primary COP 

factors in a multiplier for the primary energy consumption (a multiplier of 3.18 is used in 

the US corresponding to an average power production efficiency of 31.4%) [8]. Despite 

their great performance, LiBr-water systems are not economical at small scales [9]. 

LiBr-water ARSs consist of large heat exchangers responsible for their high cost and 

bulkiness. To build compact and inexpensive systems, alternative heat exchanger 

configurations and system architectures have been studied [10–21]. The size of heat 

exchangers involved in absorption and desorption of water is impacted by the limited 

water mass transfer coefficient in the LiBr solution. Enhancement of the absorption and 

desorption transport processes and introduction of compact heat exchanger 

architectures facilitate development of small-scale systems. 

 Fig. 1-1 shows a schematic diagram of a LiBr-water ARS. The concentrated LiBr 

solution entering the absorber absorbs the water (refrigerant) vapor generated in the 

system evaporator (i.e. the absorption process). The diluted LiBr solution is pumped to 

the generator (i.e. desorber) in which water is desorbed from the solution by adding 

heat (i.e. the desorption process). The water vapor passes into the condenser while the 

concentrated LiBr solution returns to the absorber. The condensed water after the 

condenser enters evaporator where it is vaporized and fed back to the absorber. The 

heat that liquid water absorbs in the evaporator to turn into vapor is the refrigeration 

product of the cycle. 



 

20 

 

 

 

 

 

 

 

 

 

Figure 1-1.  A schematic of a single-effect LiBr-water absorption refrigeration system 

Absorber Heat Exchanger 

Conventional Absorbers  

Absorber heat exchanger is widely recognized as a component that greatly 

impacts the system size, cost, and performance. In a conventional shell-and-tube 

absorber, the water vapor generated in the evaporator is absorbed into the LiBr solution 

sprayed over a tube bundle. The tube bundle removes the heat of absorption from the 

LiBr solution. Hydrodynamics of the falling films over the tubes dictates the formation of 

thick solution layers that impede heat and mass transfer. A horizontal tube (cf. Fig. 1-2) 

absorber is the most common design in the conventional systems. 
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Figure 1-2.  A schematic depicting a falling LiBr solution over a horizontal tube 

A number of numerical and experimental studies have been conducted to 

determine the heat and mass transfer performance during the absorption process in 

horizontal shell-and-tube [13,21–25] and vertical wall or tube [26–30] absorbers. Table 

1-1 compares vapor absorption rates for different types of absorbers. In addition to the 

absorber geometry, the cooling water temperature, and the water vapor pressure are 

listed in the table. The reported data suggest a rather large discrepancy in the 

absorption rate at different conditions. However, more data points seem to suggest an 

absorption rate of around 0.0024 kg/m2.s at a vapor pressure of about 1.3 kPa and an 

inlet concentration of around 60%. Table 1-1 also lists test results on two proposed 

methods for enhancing the absorption rate. These methods are solution film inversion 

on horizontal tubes [10] and the use of helical coils [11]. It has been argued [10] that 

through assembling a wire mesh between the tubes of neighboring columns in a bundle, 

they could achieve periodic reversal of the solution film’s exposed surface. The exposed 

side of the solution film is more concentrated thus it absorbs water vapor at a higher 

rate. An absorption rate of 0.004 kg/m2s was measured at a vapor pressure of 2.08 kPa. 

However, the test was conducted at a water vapor driving potential approximately two 

times higher than that in a typical absorber (the average water vapor pressure in the 

Cooling 
fluid 

LiBr solution   

Water vapor  
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solution is 400-500 Pa). Using a helical coil [11] did not result in any increase in the 

absorption rate per surface area of the tubes. However, the authors argued that more 

surface area per volume could be packed into an absorber through implementation of 

the helical coil configuration.   

H. T.  Horizontal Tube      V. T.: Vertical Tube 
V. Wall: Vertical Wall     Hel. T.: Helical Tube       

 

Membrane-based Absorbers 

The present work is an attempt to study performance of a membrane-based 

absorber. Fig. 1-3a illustrates the basics of the process. In this approach, a thin LiBr 

solution film is mechanically constrained by a porous membrane on one side and a 

cooling surface on the other side. The membrane is superhydrophobic and prevents the 

solution from entering into the membrane. The water vapor molecules pass through the 

membrane and diffuse into the LiBr solution. The implementation of a thin solution film 

Table 1-1.  Comparison of absorption rate in conventional absorbers 

Reference Absorption 
rate (kg/m2s) 

Cooling water 
temp (°C) 

Vapor 
pressure (kPa) Study Geometry 

Choudhury et al. [22] 0.0026 30 1.227 Num. H.T. 
Jeong et al. [13] 0.0023 32 1.387 Num. H. T. 

Sultana et al. [23] 0.0022 27 2.080 Num. H.T. 

Islam et al. [24] 0.0022 27 2.300 Exp. H. T. 

Yoon et al. [31] 0.0025 32 0.933 Exp. H. T. 

Kiyota et al. [25] 0.0015 30 0.666 Exp. H. T. 

Miller et al. [26] 0.0022 35 1.300 Exp. V. T. 

Matsuda et al. [32] 0.0027 - 1.300 Exp. V. T. 

Bo et al. [27] 0.00125 30 1.000 Num. V. Wall 

Patnaik et al. [28] 0.0023 29.4 1.200 Num. V. T. 

Medrano et al. [29] 0.0020 30 1.000 Exp. V. T. 

Karami et al. [30] 0.0022 32 1.000 Num. V. Wall 

Islam et al. [10] 0.0041 27 2.080 Exp. H.T. (Film 
Inversion) 

Yoon et al. [11] 0.0021 30 0.931 Exp. Hel. T. 
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reduces the heat and mass transfer resistance. In addition, this configuration enables 

the fabrication of more compact absorbers (cf. Fig.1-3b). 

 

 

 

 

 

 

 

 

 

Figure 1-3.  Structure of membrane-based absorber, (a) A schematic of a constrained 
thin film absorption process; (b) A design of a membrane-based absorber 
(membrane is not shown on the water-LiBr flow channels) 

Prior work on membrane-based absorption is very limited. Ali and Schwerdt [16] 

and Ali [17] conducted studies on membrane-based absorption process. They used a 

solution film thickness of 4 mm constrained by a membrane. They achieved an 

absorption rate approximately half that of the conventional absorbers (i.e. 0.0012 

kg/m2s) at a differential water vapor pressure of more than twice the available pressure 

in a typical absorber. It should be noted that the reported thickness of the LiBr solution 

film over a tube bank in a conventional absorber varies from 0.1 to 1.0 mm [33]. Ali and 

Schwerdt [16] speculated that a significant mass transfer resistance through the 

membrane resulted in poor absorption rates. Their study does not provide details 

regarding the membrane structure nor does it present any data on measurement of the 

membrane pressure drop independent of the absorber.  

(b) (a) 

 

 
 
 
 
 
 
 
 
 

 

 

 

 
 
                                                                                

Saturated  
Water Vapor 

Water-LiBr 
Solution    

Heat of 
Absorption 
 

 
  

 
 

  
 

Membrane  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Water-
LiBr 

solution 

Cooling 
Fluid 

Water-LiBr 
solution 



 

24 

Recently, Yu et al. [14] conducted a numerical study of the membrane-based 

absorption process and determined that the benefits of the process in terms of 

increased absorption rate could only be realized if the solution channel thickness is less 

than a few hundred microns. The Yu et al. [14] study suggested that absorption rates as 

high as 0.012 kg/m2s can be achieved at a solution channel thickness of 50 µm. An 

experimental study of the existing membrane technologies by [34] showed that 

nanofibrous membranes enable membrane-based absorption because they have a 

reasonable pressure drop at an absorption rate a few times higher than that of the 

existing technology. In the absorption section of this study, a comprehensive 

experimental analysis of the membrane-based absorption process is conducted 

[15,35,36]. The studies are performed on a model membrane-based ARS extensively 

instrumented to measure parameters affecting the absorption rate. Tests are conducted 

at or near the working conditions of a typical ARS.  

Membrane-based Absorber with Micromixing 

In a recent theoretical study, Bigham et al. [37] have shown further enhancement 

of the absorption process in a membrane-base absorber through utilization of 

microstructures on the microchannel walls. Such structures have been readily 

implemented in mixing the laminar flow in microchannels [38–42]. In a membrane-based 

absorber, confinement of the LiBr solution flow has provided an opportunity to similarly 

manipulate the microscale transport events within the solution film. The objective is to 

move the concentrated solution away from the membrane-solution interface, and carry 

the water-rich solution from the middle and bottom of the flow channel to the 

membrane-solution interface. This approach also ease the manifolding burden of an 
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absorber utilizing a thin solution flow channel and enhance the utility of the membrane-

based technology for absorbers with larger capacities. The reason is that thicker 

solution films can be utilized which reduces the solution flow pressure drop.  

Bigham et al. [37] employed the type of structures which Strook et al [41] 

proposed for mixing in microchannels. The method involves generating chaotic 

advection within the flow through stretching and folding the laminar streamlines. Fig. 1-4 

shows a flow streamline over the ridges. As shown, the herringbone structures 

(hereafter called “ridges”) generate anisotropic resistance to the absorbent flow, which 

stretches and twists a portion of the absorbent flow volume. Bigham et al. [37] also 

conducted a parametric study to determine the optimal ridge geometry for a membrane-

based absorber. Through their simulation, they determined that the ridge height needs 

to be more that 50% of the main channel height to produce surface vortices with 

sufficient momentum to impact the main flow and continuously replenish the solution-

membrane interface with a concentrated solution. In the parametric range of their study, 

they achieved the maximum absorption rate at a channel width of 1mm, channel height 

of 500μm, ridge height of 300μm, ridge width of 250μm, ridge spacing of 300μm, and 

ridge angle of 30° with respect to fluid direction. In this work, this geometry is 

experimentally examined and performance of microstructures in a membrane-based 

absorber is assessed. The results are compared with those of prior membrane-based 

absorbers and conventional falling film ones. The effects of important parameters such 

as vapor pressure and cooling water temperature are subsequently discussed.  
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Figure 1-4.   A 3D schematic of surface features at the floor of a microchannel 

(microchannel is not shown in the picture) and a induced fluid particle 
streamline 

 
Desorber Heat Exchanger 

Conventional Desorbers 

Desorber heat exchanger is the other main heat exchanger in absorption 

refrigeration systems. Desorbers involving nucleate pool boiling [43–45] and falling film 

over horizontal or vertical tubes [46–48] are the common configurations studied in the 

literature. In the pool boiling configuration, as the name implies, water is boiled off from 

a pool of LiBr solution. In a falling film desorber, the LiBr solution is sprayed over a tube 

bundle while the heating medium flows inside the tubes. The falling-film type desorbers 

are more suitable particularly with low temperature heat sources [49] since formation of 

thin solution films over the tubes (cf. Fig. 1-5) facilitates water desorption. At low surface 

temperatures, water directly diffuses out of the solution film as long as the solution 

temperature is high enough to sustain a solution water vapor pressure above the phase 

vapor pressure. Studies conducted by Charters et al. [43] and Yoshitomi et al. [50] 

suggest that a superheat temperature (the difference between the wall and the solution 

saturation temperatures) of approximately 10 °C is required for boiling inception.  
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Figure 1-5.  Schematics showing desorption from a falling LiBr-water solution film 
through (a) direct diffusion and (b) boiling mechanisms 

The existing literature provides limited insight on the physics of LiBr solution 

boiling. The water ebullition process in a LiBr solution is fundamentally different from 

that which occurs in pure water. It is known that the water bubble growth rate is 

significantly slow [51] because of the low water diffusion coefficient in the LiBr solution. 

In other words, bubble growth in the LiBr solution is limited by mass diffusion rather than 

by heat transfer, as in pure water. Consequently, a significant surface superheat 

temperature is required to grow the bubbles large enough so that they can depart from 

the heat transfer surface (the buoyancy force should overcome the surface tension 

force for departure). Slow growing bubbles at moderate surface temperatures impede 

the surface heat transfer [51]. Lee et al. [44] investigated the pool boiling of LiBr solution 

at saturation conditions on a heated vertical tube. A higher desorption rate was 

achieved as compared to a horizontal tube configuration. Lee et al. [44] argued that 

agitation of the LiBr solution near the surface is responsible for the higher performance. 

In addition, they reported a significant decrease in bubble size and an increase in 

surface heat flux (i.e. desorption rate) as the system pressure was increased. 

(b) 

Heating 
fluid 

LiBr-water 
falling film 

Water vapor 
bubble 

Water 
vapor 

Heating 
fluid 

(a) 



 

28 

Kim and Kim [48] studied desorption from falling films on tubes tested at wall 

superheat temperatures of less than 10 °C to avoid boiling. They observed 

enhancement in desorption rate with an increase in desorber pressure and argued that 

high solution temperatures at elevated desorber pressures lower the solution viscosity 

and thickness over the tubes. A thinner solution film was considered responsible for the 

observed increase in the desorption rate. Shi et al. [52] examined the heat transfer 

performance of a falling film desorber and reported a heat transfer coefficient more than 

four times higher, prior to boiling inception, than that of an immersed tube desorber. 

Membrane-based Desorbers 

In an attempt to reduce the solution film thickness and enhance the desorption 

rate, Thorud et al. [53] mechanically constrained the LiBr solution flow between a solid 

wall and a heated porous membrane. The surface tension forces at the membrane-

solution interface prevented the LiBr solution from seeping through the pores. Thorud et 

al. (2006) conducted studies on devices with 170 µm and 745 µm thick solution 

channels and primarily at high superheat temperatures associated with the boiling 

regime. The desorption rate was higher at the 170 µm thick solution channel and 

enhanced with an increase in pressure difference across the membrane. However, the 

overall desorption rate was significantly less than that of the falling film desorbers. 

Thorud et al. [53] do not discuss causes of the poor performance.  
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Figure 1-6.  Schematic representation of membrane-based desorption process showing 
(a) direct diffusion of water from the solution flow and (b) bubble formation 
and desorption through the membrane during the boiling regime. 

The work of Thorud et al. [53] seems to be the sole published effort on the use of 

porous membranes for dewatering of the LiBr solution. However, studies on 

implementation of membranes for venting bubbles from a two-phase water stream exist 

[54–61] that can provide some insights on characteristics of the process. Meng et al. 

[54] showed that hydrophobic membranes could be utilized to successfully vent bubbles 

from a water stream. Zhu [58] demonstrated that the separation rate of the bubbles is 

directly proportional to the pressure difference applied across the membrane. Xu et al. 

[61] suggested a set of criteria that must be met for a bubble to be entirely removed 

from a two-phase stream capped by a hydrophobic membrane. They argued that the 

bubbles should stay in contact with the membrane at a velocity lower than a critical 

value. Otherwise, a stable liquid layer forms between the bubble and the membrane and 

prevents bubble extraction. 

Desorption study, in this work, is aimed at understanding the physics of the 

desorption process involved in a thin LiBr solution flow mechanically constrained by a 
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nanofibrous polytetrafluoroethylene (PTFE) membrane. The experiments are conducted 

in both single-and two-phase modes (cf. Fig. 1-6) to identify the parameters affecting 

the processes and to quantify their impact [62–64]. A numerical model developed in a 

prior study [14] is used to analyze the single-phase desorption process. To better 

understand the results of the two-phase desorption mode, a micro-scale visualization 

study is conducted in a separate test platform. 

Ionic Liquids 

LiBr solution has been successfully used in ARSs for decades, but it cannot 

operate in every condition. The applicability of LiBr solution in ARSs is limited because: 

first it is highly corrosive and second it tends to crystallize at high concentrations and 

low temperatures. In the last part of this study, the use of Ionic liquids (ILs) as an 

alternative absorbent in ARSs is investigated. Ionic liquids are organic salts which are 

liquid near ambient temperature, they have low vapor pressure, and are stable over a 

large range of operating temperature [65]. Ionic liquids are composed of an organic 

cation, such as an imidazolium or pyridinium ring, and an organic or inorganic anion, 

such as tetrafluoroborate ([BF4]) or bis(trifluoromethylsulfonyl)imide ([Tf2N]) [66]. 

Recently Ionic liquids have drawn a great deal of attention due to their unique 

thermophysical properties.  Their use is now being investigated is many applications 

such as CO2 capture technologies, separation processes and ARSs. 

Although corrosion inhibitors such as Molybdate are now widely being used in 

absorption chillers and they have been successful to some extent, the corrosive nature 

of LiBr solution is still a challenge in ARSs. Corrosion is especially an issue in the 

desorber section of an ARS where the solution temperature is high. For instance, the 

corrosion rate of copper in a LiBr solution with 55% weight fraction of LiBr is about 
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fifteen times higher at a temperature of 90°C compared to a temperature of 25°C [67]. 

This requires the use of costly and corrosion resistant materials in the system 

construction. Corrosion in ARSs can significantly shorten the system life and increases 

system’s maintenance costs. Also the high corrosiveness of LiBr solution at high 

temperatures limits the application of multi-effect systems cycles which require high 

driving temperatures (i.e. desorber temperature).  In contrast, ILs have the advantage of 

being less corrosive. Wasserscheid and Seiler [67] have compared the corrosion rates 

of LiBr solution, ionic liquid 1-ethyl-3-methylimidazolium acetate and ionic liquid 1,3-

dimethylimidazolium dimethylphosphate  in contact with copper and steel. They have 

shown that theirs selected ILs have noticeably lower corrosion rates in the mentioned 

environment. For instance the corrosion rate of steel in ionic liquid 1-ethyl-3-

methylimidazolium acetate is 6.7 times lower than that in a 55% LiBr solution at the 

same temperature.  

Another challenge in LiBr ARSs is the LiBr crystallization. LiBr solution tends to 

crystallize when the LiBr solution concentration exceeds the LiBr solubility limit (for 

instance about 63% at 25°C). Crystallization significantly disturbs the operation of the 

system as crystals can inhibit any narrow passages in the system such as nozzles in 

falling film absorbers. To avoid crystallization, costly process control is required to 

monitor and control the cycle concentration. Also crystallization limits the use of air-

cooled heat exchangers (i.e. absorber and condenser) as they need to operate at higher 

concentrations to achieve high system capacity and performance. While ILs have very 

low melting temperature and lots of ILs are in liquid phase at ambient temperature. This 

is an important opportunity for ARSs and it means that even if ILs lose significant 
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portion of their water content in the desorber, there is still no danger of crystallization in 

the system.  

ILs have also their own limitations. Significantly higher viscosity of ILs compared 

to LiBr solution, considerable cost compared to LiBr solution and much lower diffusivity 

in water can be named as some of these limitations. High viscosity would lead to 

formation of thick films, and low water diffusivity lowers the absorber and desorber 

performances. Among those limitations, the low water diffusion coefficient of ILs could 

be compensated to some extent with operation of the system at higher ILs 

concentrations. Increasing the concentration decreases the water vapor partial pressure 

and facilitates the absorption process. This cannot be easily done in a LiBr system due 

to the crystallization problem. The high cost of ILs is another main issue in conventional 

shell and tube ARSs since they need significant amount of liquid. Therefore, to facilitate 

the use of ILs in ARSs, introduction of new heat exchanger architectures such as our 

membrane-based heat exchangers is essential.  

As mentioned, significant research efforts over the past decade have been 

directed towards studying ILs. Seiler et al. [68] has conducted a useful review on the 

use of ILs in ARSs. As Seiler et al. [68] argue early reseraches have focused more on 

measuring thermophisycal and thermodynamic properties of ILs. [65,69–74]. More 

recentely, studies is directed towards the heat and mass transfer and cycle perormance 

of ILs [75–82]. The number of these studies is limited and they are mostly theoritical. 

For expample, Zhang and Hu [83] conducted a cycle simulation with IL for a single-

effect absorption chiller. H2O-[emim][(CH3)2PO4] was selected as their working pair. 

Their cycle analysis suggeted that about the same system performance (COP) as a LiBr 
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system can be achived with selected working pair but at much higher concnetrations 

and a lower driving temperature compared to a conventional LiBr-water system. 

Through cycle simulations, other researches have also confirmed that about the same 

system performance can be obtained compared to conventional systems but at a 

different operating condition. Experimental studies on ILs specially funamental heat and 

mass transfer studies are very limited. Those limited studies are also more like charging 

an exisiting absorption chiller with an IL and comparing the system performance and 

capacity with conventional working pairs. For instance, TU Berlin and Evonik Industries 

[78,82] have tested different ILs in a typical small-scale single-effect absorption chiller . 

Their findings also verified the theoritical results about getting close COP compared to 

LiBr-water systems. However the system capacity was lower (i.e. less than two third of 

conventional working pairs). As Seiler et al. [68] suggests, more accurate results and 

evaluations of ILs is only possible if underlying heat and mass transfer phenomena is 

fundamentally studied.  

The last part of this study concentrates on evaluation of the heat and mass 

transfer phenomena of an IL in a membrane-based absorber. Ionic liquid 

[EMIM][MeSO3]-water (Ethyl Methylimidazolium Methanesulfonate-water) is selected as 

the working pair since it has a relatively low vapor pressure, it is completely miscible 

with water and also its properties has been fully defined [65,66] . The absorption results 

are compared with those of conventional LiBr-water working pair.  
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CHAPTER 2 
EXPERIMENTAL SETUPS 

Absorption and Desorption Test Setup 

Fig. 2-1 shows a diagram of the experimental loop in which the membrane-based 

desorber was tested. The loop consists of a LiBr solution line and a refrigerant (water) 

line. The solution line consists of an absorber, a desorber, a pump, a filter, a solution 

reservoir, a Coriolis mass flow meter, and two solution heat exchangers. The water line 

consists of an evaporator, a condenser, a Coriolis mass flow meter, and a water 

reservoir. In the solution line, a micro gear pump (HNP Mikrosysteme, Germany) drives 

the weak LiBr solution through a solution heat exchanger, where the solution is 

preheated to a desired temperature before entering the desorber. In the desorber, the 

weak LiBr solution is heated by a thin film heater (Omega Engineering, CT) to desorb 

water. The desorbed water vapor flows to a condenser, and the strong LiBr solution 

leaves the desorber and flows through a heat exchanger, where it is cooled to a preset 

temperature before entering a Coriolis mass flow meter (Bronkhorst USA) and then the 

absorber. The condensed water leaves the condenser and flows through a Coriolis 

mass flow meter (Micro Motion, CO) to the evaporator, where it is vaporized and 

supplied back to the absorber. The strong solution flows through the absorber and 

absorbs the water vapor generated in the evaporator. The weak solution leaving the 

absorber flows through a filter and is pumped back to the solution pre-heater and then 

to the desorber to complete the cycle. 
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Figure 2-1.  A Schematic diagram of the membrane-based absorber and desorber test 

setup. 

The solution heat exchangers (i.e. HX1 and HX2 in Fig. 2-1) that control the inlet 

temperature to the absorber and desorber are cooled or heated using thermoelectric 

cooling/heating (TEC) units. The heat exchangers are made of Inconel coil, fabricated 

through forming tubes, which are assembled within two aluminum plates with machined 

grooves to accommodate the coil. The TECs are attached to the heat exchanger 

assembly (i.e. on the aluminum surface) using a thermally conductive adhesive sheet. 

The TECs have air-cooled heat sinks and fans. The outlet temperature of each solution 

heat exchanger is controlled using its corresponding TEC control panel. A similar tube 

heat exchanger with a temperature controller is used for the condenser. The desorber 

and evaporator heat exchangers are heated using flexible heaters. The applied power 
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to the heaters is controlled manually. DC power supplies are used to provide power to 

the heaters and the TECs. 

The experimental setup is also equipped with two small reservoirs with sight 

glass to monitor the liquid in the solution and water lines. These reservoirs also serve as 

compensation chambers and assist in proper charging of the system. Inconel tubing and 

Monel fittings that are highly corrosion resistant are used in the assembly of the solution 

line, and stainless steel tubing and fittings are used in the water line.  

Thermocouple probes (Omega Engineering, CT) with Inconel sheath are used to 

measure the solution temperature at the inlet and outlet of the absorber and desorber. 

The vapor temperature in the condenser and evaporator is measured by probes with 

stainless steel sheath. The solution and water mass flow rates and densities are 

measured using two Coriolis mass flow meters. Three pressure transducers with a 

range of 0-100 kPa are installed to monitor desorber pressure conditions. Two of the 

transducers measure the LiBr solution flow pressure at the desorber inlet and outlet. 

The average desorber solution pressure ( d
sP ) is calculated using the readings of these 

transducers. The third transducer measures the vapor pressure at the desorber vapor 

exit ( d
vP ). Three pressure transducers with a range of 0-10 kPa screen the absorber 

pressure conditions.  Two of transducers measure the LiBr solution flow pressure at the 

absorber inlet and outlet, while the third one measures the vapor pressure ( a
vP ) at the 

absorber vapor inlet. The reading of two pressure transducers in the solution line is 

averaged to calculate the average absorber solution pressure ( a
sP ).  All the measured 

data are recorded by a data acquisition system. Fig. 2-2 shows a photograph of the 

experimental loop. 
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Figure 2-2.  A photograph of the assembled experimental setup 

Membrane-based Absorber Heat Exchanger 

A schematic of the absorber heat exchanger is depicted in Fig. 2-3. The overall 

dimensions of the absorber are 311 mm × 117 mm with an active heat and mass 

transfer area of 203 mm × 38 mm. Solution microchannels are machined in a C-22 

Hastelloy plate (cf. Fig. 2-4). Hastelloy is a highly corrosion-resistant alloy and is 

compatible with lithium bromide solution. The solution is constrained within the 

microchannels by three solid walls (a bottom and two side walls) and a hydrophobic 

nanofibrous membrane on the top. The membrane used in this test has a nominal pore 

size of 1 µm and is 80% porous. The solution microchannels are 160 ±10 and 100 ±10 

µm deep (in two different tests), 1 mm wide and 38 mm long. 
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Figure 2-3.  A schematic representation of the absorber heat exchanger cross section. 

 

Figure 2-4.  A photograph of the main absorber part (solution side). 

 A perforated stainless steel sheet( cf. Fig. 2-5) was used to support and secure 

the membrane on the microchannels. The perforated plate has a 51% open area, a hole 

diameter of 1.2 mm, and a thickness of 0.5 mm. The support plate is then inserted in a 

slot machined in a stainless steel frame (cf. Fig. 2-6) and is fastened to the main 

Hastelloy® part by 10 stainless steel screws. A narrow crossbar in the middle of the 

frame provides additional structural integrity and prevents the support plate from 

buckling. The crossbar does not block the vapor path due to its small size and the 

staggered pattern of the perforated sheet. Fig. 2-7 shows a photograph of the 

membrane assembly fixture attached to the main absorber part.  
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Figure 2-5.  A photograph of the stainless steel perforated sheet. 

 

Figure 2-6.  A photograph of the stainless steel frame. 

 

Figure 2-7.  A photograph of the membrane assembly fixture attached to the main 
absorber part. 

The water vapor generated in the evaporator flows through the membrane and 

gets absorbed by the strong lithium bromide solution. To cool the solution, 

microchannels are machined on the backside of the Hastelloy plate (cf. Fig. 2-8). The 
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height and width of the water channels are 0.4 mm and 4 mm, respectively. The cooling 

water from a chiller is pumped through the channels.  

 

Figure 2-8.  A photograph of the main absorber part (Cooling water side). 

To measure the surface temperature in the solution side, several thermocouple 

slots were machined on the back side of the main Hastelloy part as shown in Fig. 2-8. A 

silver-filled epoxy was first used to secure the thermocouple tip inside the slots. After 

curing the silver-filled epoxy overnight, it was covered by a BONDiT™ B-45 epoxy to 

protect the thermocouples in the slot against fast flowing cooling water. Since, the 

thermocouple wire insulation is made of Teflon, common epoxies do not adhere well to 

the wire insulation. This epoxy is designed for hard-to-bond materials such as Teflon. 

After bonding the thermocouples to the Hastelloy® part, all thermocouple wires were 

passed through small holes drilled in a brass cover (cf. Fig. 2-9).  To measure the 

cooling water temperature distribution along the channels, seven thermocouples were 

mounted on the cooling water side. The tips of these thermocouples should be in direct 

contact with the cooling water. Care was taken to ensure that the thermocouple tips 

were not in contact with the channel wall. To seal the thermocouple, BONDiT™ B-45 
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was first applied followed by a metal to metal Epoxy Adhesive DP420 which offers high 

peel and shear strength.   

Two different brass parts were designed and manufactured to cover and seal the 

microchannels on the solution and water sides. Photographs of the fabricated parts are 

shown in Fig. 2-9 and Fig. 2-10. The cover for the solution side has a port at the center 

to supply water vapor from the evaporator to the solution microchannels in the absorber.  

The cover for the water side has two 1/4” (6.35 mm) inlet and outlet ports for cooling 

water and several small holes for thermocouple wires. Since the absorber operates at 

low sub-atmospheric pressures, it must be vacuum sealed. Two o-ring grooves are 

machined on the brass parts for this purpose (cf. Fig. 2-9 and Fig. 2-10). Figure 2-11 

shows a photograph of the assembled absorber where all the parts are fastened 

together by 16 stainless steel screws and nuts.  

 

Figure 2-9.  A photograph of the brass cover (water side). 
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Figure 2-10.  A photograph of the brass cover (solution side). 

 

Figure 2-11.  A photograph of the assembled absorber heat exchanger. 

Membrane-based Absorber Heat Exchanger with Ridges 

A photograph of the absorber heat exchanger with added micro ridges is 

depicted in Fig. 2-12. The overall dimensions of the absorber are 311 mm × 117 mm 

with an active heat and mass transfer area of 195 mm × 38 mm. Solution microchannels 

are machined in a brass plate. The solution microchannels are 500 µm deep, 1 mm 

wide and 195 mm long. At the floor of microchannels, as shown in Fig. 2-12, 

herringbone structures (hereafter called “ridges”) are machined. Fig. 2-13 shows the 

dimensions of microstructures. As mentioned earlier, the dimensions used are from the 

optimized geometry discussed in Bigham et al. [37]. 
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Figure 2-12. A photograph of the absorber heat exchanger  

 

 

 

 

  

 

 

250μm 300μm 

30° 30° 

250μm 

1mm 

n=30 m=30 

500μm 
200μm 

300μm 

 
Figure 2-13. Microchannels and micro structures dimensions 

 The solution is constrained within the microchannels by three solid walls (a bottom 

and two side walls) and a hydrophobic nanofibrous membrane on the top. The 

membrane used in this test has a nominal pore size of 1 µm and is 80% porous. A 

perforated stainless steel (SS) plate with a pore size of 1.2 mm, a thickness of 0.5 mm, 
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and an open area of 63% is used to support and secure the membrane on the 

microchannels. Fig. 2-14 shows the absorber heat exchanger with installed membrane 

which is secured by the perforated plate. 

 
Figure 2-14. A photograph of the absorber heat exchanger with the installed membrane 

To cool the solution, microchannels are machined on the backside of the brass 

plate. The height and width of the water channels are 0.4 mm and 4 mm, respectively. 

The cooling water from a chiller is pumped through the channels. 

Membrane-based Desorber Heat Exchanger 

A schematic of the desorber heat exchanger cross-section is provided in Fig. 2-

15. The desorber consists of: (1) a corrosion-resistant C-22 Hastelloy plate in which the 

solution microchannels are machined (2) a brass enclosure with a sight glass. The 

overall size of the desorber is 16.8 × 16.5 cm2. The solution microchannels are 

machined over a 5.7 × 8.9 cm2 area (cf. Fig. 2-16). A nanofibrous 

polytetrafluoroethylene (PTFE) membrane with a pore size of 0.45 µm and a thickness 

of 50 µm is placed on the solution microchannels and secured in place by a perforated 

stainless steel sheet (cf. Fig. 2-17).  
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Figure 2-15.  Schematic diagram of the desorber heat exchanger. 

 

Figure 2-16.  A photograph of the desorber solution microchannels. 
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Figure 2-17.  A photograph of the membrane assembly fixture attached to the main 
desorber part. 

Twelve thermocouples are installed within three trenches machined on the 

backside of the Hastelloy plate to measure the wall temperature. The remaining space 

within the trenches is filled with a high temperature thermally conductive epoxy and a 

flexible thin-film heater (Omega Engineering, CT) is subsequently assembled over the 

entire surface (cf. Fig. 2-18). Fig. 2-19 shows a photograph of the assembled desorber 

heat exchanger.  
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Figure 2-18  A photograph of the installed thermocouples and flexible heater on the 
back side of the desorber 

 
Figure 2-19.  A photograph of the assembled desorber heat exchanger. 
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Membrane-based Evaporator Heat Exchanger 

A thin-film evaporator was designed and fabricated to generate and supply water 

vapor to the absorber for a wide range of operations conditions. The overall size of the 

evaporator is 219 mm×187 mm. The thin-film evaporator consists of a main copper part 

with machined microchannels (cf. Fig. 2-20), a water supply port, a brass cover, and a 

membrane/support assembly (cf. Fig. 2-21). The dimensions of the microchannels are 

200 µm high, 2 mm wide, and 102 mm long and they are machined over a 10.2 × 12.7 

cm2 area. A flexible heater (Omega Engineering, CT) is attached to the back side of the 

copper plate to provide heat for water evaporation.  As shown in Fig. 2-18, the scheme 

for the membrane assembly on the microchannels is the same as those used in the 

absorber and desorber heat exchangers. Figure 2-22 shows a photograph of the 

assembled thin film evaporator. 

 

Figure 2-20.  A front view of a thin film evaporator. 
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Figure 2-21.  A photograph of the membrane assembly fixture attached to the thin film 
evaporator. 

 

Figure 2-22.  A photograph of the assembled thin film evaporator. 
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Tube Heat Exchangers and Condenser 

Efforts were made to find suitable commercially available heat exchangers that 

are compatible with the lithium bromide solution. However, commercially available heat 

exchangers are made from stainless steel or copper which are not compatible with the 

lithium bromide solution. Thus, resistant tube heat exchangers was designed and 

fabricated. To make the heat exchangers a 1/4” Inconel tube was bent into a serpentine 

shape and sandwiched between two machined aluminum plates and fastened by 

screws as shown in Fig. 2-23. The solution flows through the serpentine tube and is 

cooled or heated using a thermoelectric cooler (TEC) module. One side of the TEC 

module is attached to the aluminum plate and the other side is attached to a fan-cooled 

aluminum heat sink using a thermal conductive adhesive sheet.  A similar configuration 

is used for the heat exchanger installed before the desorber. In this case, the TEC 

module works as a heat pump to heat the solution. The TEC modules and fans are 

powered by external DC power supplies.  

To control the desired inlet temperatures to the absorber and desorber heat 

exchangers, two thermoelectric temperature controllers (cf. Fig. 2-24) capable of 

controlling up to 50 volts and 20 amps are used to adjust the power input to the TEC 

module via pulse‐width modulation and onboard power transistors. An important 

advantage of this controller is that it provides an analog proportional output signal, 

which allows continuous power control. A thermistor mounted on the aluminum plate 

continuously sends an input signal to the controller. A similar tube heat exchanger with 

a temperature controller is used as the condenser. 
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Figure 2-23.  A photograph of the assembled tube heat exchanger. 

 

 
Figure 2-24.  A temperature controller used with tube heat exchangers. 

Vacuum Leak Tests 

Prior to vacuum leak tests, each individual component was first cleaned with 

acetone, ethanol and distilled water to remove any grease stain or dirt to minimize 

degassing problems. Each component was then vacuumed and its pressure was 

monitored by a highly accurate vacuum pressure transducer with a resolution of 0.2 Pa. 

All heat exchangers and instruments including mass flow meters, pressure transducers, 

pump, and thermocouple probes were tested separately before adding them to the loop. 

The assembly approach was to add one component at the time and after each step the 

system was vacuumed and leakage tested again. Although great efforts were made in 
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selecting and fabricating airtight components, vacuum sealing proved to be quite 

challenging and the vacuum leak troubleshooting took a lot of time. Unlike conventional 

systems, this loop has a very small volume and a large surface area. Thus, a very small 

leak could become a significant source of pressure increase in the loop. 

Brazing 

To minimize potential leakage points, a 0.25 inch outside diameter, 2 inch long 

tubing was brazed to all heat exchanger ports. Fig. 2-25 shows a photograph of the 

brazed joints on a Hastelloy part. Brazing is a metal joining process where a filler 

material flows by capillary action between two close-fitting parts with the application of 

heat. Due to material compatibility issues, nickel based filler materials was selected and 

used in the brazing. The brazing can be done using a torch or in a vacuum furnace. 

Since the torch brazing can produce thermal stresses which can cause distortion in the 

parts, the brazing was performed in a vacuum furnace. The vacuum furnace brazing 

provides a controlled heat cycle which leads to a strong metallurgical bond.  A 0.25 inch 

inconel tubing was used to braze parts in the solution side while stainless steel tubing 

was used to braze parts in the water line. Hastelloy brazing was performed at a shop 

with extensive expertise and experience with Hastelloy brazing which requires short 

heating and cooling cycles. In addition, care was taken when brazing brass parts since 

zinc can be released in the process due to the fact that the melting point of zinc (420°C) 

is lower than that of brass (900°C). Loss of zinc can destroy the proportions of the 

metals in brass and also may causes pinholes or porosity in the joint, resulting in 

reduced strength.  
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Figure 2-25.  A photograph of the brazed joints on a Hastelloy part. 

Insulation 

Since the evaporator, absorber operate at temperatures lower than the ambient 

temperature, they were well insulated to prevent heat gains from the surroundings. In 

addition, the desorber and solution heat exchanger operate at temperatures much 

greater than the ambient and need to be insulated. Silicone rubber foam sheets with a 

thickness of 3/8 inch were used to insulate these components. Each component was 

first wrapped with the silicone rubber foam and secured with a duct tape.  Photographs 

of the absorber before and after insulation are shown in Fig. 2-26. Each component was 

then encased in an aluminum U-channel for a better stability. Figure 2-27 shows 

photographs of the final encased components.  

 
a) Absorber before insulation 

 
b) Absorber after insulation 

 
Figure 2-26.  Photographs of an absorber before and after insulation. 
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a) Absorber 

 
b) Desorber 

 
c) Evaporator 

 
d) Tube heat exchanger 

  
Figure 2-27.  Photographs of fully insulated components. 

Charging the Loop 

The following procedures were developed to charge the water and LiBr solution 

lines. Since the membrane is delicate, the loop cannot be directly charged from the 

atmospheric pressure. If the charging line pressure exceeds the breakthrough pressure 

limit, the liquid is forced through the membrane.  To prevent this, water or LiBr solution 

is first charged from a container at atmospheric pressure to a chamber at an 

intermediate pressure of ~10 kPa. The loop was then charged from the intermediate 

chamber pressure. A photograph of the changing setup is shown in Fig. 2-28. A 55% 
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Lithium Bromide solution with Lithium Molybdate inhibited (Leverton-Clarke Ltd, UK) is 

used to charge the loop. Before charging, the intermediate chamber and the main loop 

were vacuumed. Then, a valve connecting the LiBr solution container to the 

intermediate chamber was opened until the intermediate chamber was filled to a certain 

level. This valve then was closed and a valve connecting the chamber and the main 

loop was opened. A LiBr reservoir with a sight glass (cf. Fig. 2-29) located at the highest 

elevation of the loop was used to ensure that sufficient LiBr was charged into the loop.  

The reservoir was machined in a Naval Brass alloy (Alloy 464), which offers a good 

corrosion resistance to the salt solution.  

 

 
Figure 2-28.  A photograph of the fabricated charging components. 
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Figure 2-29.  A photograph of a lithium bromide solution reservoir. 

 
This procedure was repeated for charging the water line. A similar reservoir with 

sight glass (cf. Fig. 2-29) was used in the loop to monitor the water level. The water line 

was charged with degassed, deionized water.  A vacuum distillation setup was used to 

remove dissolved non-condensable gasses in distilled water. A photograph of the setup 

is shown in Fig. 2-30. This setup consists of a boiling flask on the right, a receiving flask 

on the left, and a water cooled condenser in between. The water was brought to a boil 

in the boiling flask using a hot plate. The water vapor flows to the condenser and 

condenses on the surface of the cooling coil. The liquid water was accumulated in the 

receiving flask and the non-condensable gases exited through a purge port.  

The whole charging process was repeated for testing ionic liquid [EMIM] 

[MeSO3].  

 

Sight 
glass 

Charging 
port 
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Figure 2-30.  A photograph of a vacuum distillation set-up. 

Working Fluids’ Properties 

As mentioned in the previous sections, two working pairs (i.e LiBr-water and 

[EMIM]-[MeSO3]-water) are tested in the absorption experimental loop. In both cases, 

water is used as the refrigerant. In this section the properties of these fluids are 

presented. The properties that are involved in our analysis include thermal conductivity, 

specific heat, density, vapor pressure, viscosity, water diffusion coefficient and enthalpy. 

Table 2-1 lists specific heat, density and thermal conductivity of the three working fluids 

at room temperature. 55% weight fraction is selected for LiBr solution which is about the 

average working concentration of LiBr solution in ARSs.  
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Table 2-1.  Working fluid properties at room temperature (i.e. 25°C) 
Variable value 

 Water LiBr solution (55%) Pure [EMIM][MeSO3] 

Specific heat (cp) 4.183 kJ/kgK (a) 2.057 kJ/kgK (b) 1.6 kJ/kgK (d) 
Density (ρ) 997 kg/m3 (a) 1592 kg/m3 (a) 1241.52 (e) 
Thermal conductivity (k) 0.59 W/mK (a) 0.44 W/mK (c) 0.21 W/mK (f) 
(a) Data are obtained from educational version of Engineering Equation Solver (EES) Software 
(b) Data are obtained from ASHRAE [84] 
(c) Data are obtained from Florides et al. [85] 
(d) Data are obtained from Ficke [66] 
(e) Data are obtained from Hasse et al. [86] 
(f) Data are obtained from Tenney et al. [87] 

 

Water vapor pressure is plotted in Fig. 2-31 as a function of temperature. As 

expected, vapor pressure increases with the temperature. Fig. 2-32 compares the vapor 

pressure of LiBr solution and ionic liquid [EMIM]-[MeSO3] at two temperatures of 25°C 

and 40°C as a function of weight fraction (or concentration). Vapor pressure beyond 3 

kPa is not plotted since they are not useful in absorption studies. In fact, the absorbent 

vapor pressure has to be below the evaporator pressure condition (i.e. ~1kPa) to be 

able to absorb water vapor.  For LiBr solution, values beyond the solution concentration 

of 65% are not plotted either because LiBr would crystallize beyond that point. Further 

discussion about crystallization of LiBr will be provided in next sections.  
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Figure 2-31.  Water vapor pressure as a function of temperature (values are obtained 
using educational version of Engineering Equation Solver (EES) Software, 
McGraw-Hill, Inc.). 

Fig. 2-32 suggests that, at the temperature of 25 °C, ionic liquid [EMIM][MeSO3] 

would be able to absorb water vapor at evaporator vapor pressure condition (i.e. ~1kPa) 

only if its concentration is beyond 85%. While this value for LiBr solution is much lower 

(i.e. ~48%) which explains the popularity of LiBr solution in ARSs.  
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Figure 2-32.  Vapor pressure as a function of temperature (values for LiBr solution are 
obtained using educational version of Engineering Equation Solver (EES) 
Software, McGraw-Hill, Inc. and values for [EMIM](MeSO3] are taken from 
Ficke [66]). 

Another property that significantly affects the pressure drop in the heat 

exchangers and consequently the system required pump power is the viscosity of the 

desiccant. The pressure drop in the refrigerant (i.e. water) line does not affect the 

performance of the cycle.  The viscosity of water at 25 °C is about 0.0009 kg/ms. Fig. 2-

33 compares the viscosity of typical 55% LiBr solution and pure ionic liquid [EMIM]-

[MeSO3] as a function of temperature at different concentrations. As observed, the 

viscosity of ionic liquid [EMIM]-[MeSO3] is more than one order of magnitude (i.e. 10 to 

30 times) higher than a 55% LiBr solution. This directly translates to higher required 

pumping power. The high pressure drop in the loop, aside from higher electricity 
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consumption, increases the pressure on the membrane which requires employment of 

thicker and stronger membranes in the loop. Thicker membranes, as it will be discussed 

later, increase the absorption resistance and decrease the absorption rate.  It should be 

mentioned that the reported viscosity for ionic liquid [EMIM]-[MeSO3] is for the pure IL; 

however in actual condition a mixture of IL and water is running in the loop. IL-water 

mixture is expected to have a lower viscosity but still it is much higher than that of the 

LiBr solution.  
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Figure 2-33.  Absorbent dynamic viscosity as a function of temperature (values for LiBr 
solution are obtained using educational version of Engineering Equation 
Solver (EES) Software, McGraw-Hill, Inc. and values for [EMIM](MeSO3] are 
taken from Hasse et al. [86]). 

Enthalpies of LiBr solution and ionic liquid [EMIM]-[MeSO3] are obtained from 

EES software and Ficke [66], respectively; however they are not reported here.  

Diffusion coefficient is another desiccant’s properties which drastically impacts the 
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absorption and desorption processes. The reported values of water diffusion coefficient 

for LiBr solution are not consistent; however an averaged value of about 2x10-9 m2/s 

can be assumed with reasonable accuracy for a 55% LiBr solution [88]. Diffusion 

coefficient measurement using dynamic light scattering (DLS) was also conducted in 

our group and, for a 55% LiBr solution at room temperature, the diffusion coefficient was 

found to be 2.2x10-9 m2/s. The diffusion coefficient of [EMIM][MeSO3] in water is much 

lower and it has been reported to be about 1.64x10-10 m2/s for a 98% ionic liquid 

[EMIM](MeSO3] (i.e. mass fraction=98%) [89]. Since mass transfer mechanism in 

laminar flows is diffusion process, much lower absorption rates are expected for 

desiccant [EMIM](MeSO3] compared to LiBr solution.   

Experimental Procedure 

After charging the loop, each experimental run began by operating the solution 

pump and setting the flow rate to a desired value. The water chiller was then turned on 

and the temperature of the absorber cooling water was set. A valve between the 

evaporator and absorber was then  

The system was assumed to have reached steady-state when variations in the 

absorber pressure and the solution density were within 10 Pa and 5 kg/m3, respectively, 

for at least 30 minutes. The absorption/desorption rate was then directly measured by 

the water line mass flow meter.  

Cycle Analysis and Test Parameters 

To determine working conditions (temperature, pressure, and mass flow rate) of 

absorber and desorber heat exchangers, a thermodynamic analysis of a 1-ton double-

effect water/LiBr absorption system was performed. Countercurrent flow is considered 

in all heat exchangers. Fig. 2-34 shows a schematic diagram of a double-effect 
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water/LiBr absorption system. The cycle includes a high desorber, a high condenser, a 

low desorber, a low condenser, an absorber, an evaporator, two solution heat 

exchangers, pumps, and expansion valves.  

 A double effect system has two pressure stages to regenerate the refrigerant 

and one pressure stage to absorb the refrigerant. There could be two basic 

configurations for a double effect system; in series or parallel. In a parallel system, like 

the one selected for this work, the LiBr solution flow, after the absorber, is pumped to 

the medium pressure level of the system and then is branched into two streams (cf. Fig. 

2-34). Each stream enters a different desorber. The One that flows into the high 

desorber is pumped to the high pressure level of the loop beforehand. The LiBr solution 

streams after losing some of their water content in desorbers combine and flow back to 

the absorber. Expansion valves exist in the return line to break the pressure to the low 

pressure level of the system. In this configuration, the high pressure and temperature 

regenerated water vapor in the high desorber is employed to heat up the low desorber 

and produce more water vapor. The produced water vapor in the low desorber flows 

into a condenser where it condenses and mixes with the other water stream that 

originated from condensation in the low desorber (cf. Fig. 2-34). The water stream 

finally enters the evaporator where it is vaporized and fed to the absorber.    

The cycle was modeled by applying mass and energy balances on all of these 

components. The external heat transfer interactions are represented as heat transfer 

loops.  Heat transfer rates for each component were expressed as functions of U, A, 

and LMTD where U is the overall heat transfer coefficient, A is the heat transfer surface 
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area, and LMTD is the log-mean temperature difference.  Eq. (1) shows sample mass 

and energy balances equations for the absorber heat exchanger. 









−
−

−−−
=

=

−=

+=+

)(
)(

)()(
/

)(

231

246

231246

232423

11661010

TT
TTLn

TTTTLMTD

LMTAQUA

TTCmQ

hmQhmhm

abs

absabsabs

pabs

abs







 (2-1) 

The numbers in the indices of Eq. (2-1) shows the location of the thermophysical 

property in the cycle (cf. Fig. 2-34). The same type of equations was written for each 

heat exchanger in the cycle. In addition, heat transfer models were included by 

imposing effectiveness for solution heat exchangers. The UA values, solution heat 

exchanger effectiveness, the mass flow rate of the working fluid in the external loops, 

and the inlet temperature of the fluid to each external loop are inputs to the model. The 

pressure drops between the evaporator and absorber, and between the desorber and 

condenser are neglected. The input values for the baseline case are listed in Table 2-2. 

An Engineering Equation Solver (EES) Program with built-in thermophysical property 

functions was used to solve the governing equations. The model calculates coefficient 

of performance, heat transfer rates, state point temperatures, pressures, and mass 

fractions.  Table 2-3 depicts heat transfer loads of various components and COP (i.e. 

coefficient of performance) of the whole system for the baseline case. It should be noted 

that the heat load of the evaporator is essentially the system’s capacity of refrigeration. 

The coefficient of performance for absorption cycles in a double effect absorption 

refrigeration system is defined as evaporator heat load or system refrigeration capacity 

http://en.wikipedia.org/wiki/Refrigeration�
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divided by heat input to the high desorbers. Table 2-4 lists the flow rate, partial 

pressure, temperature and concentration of each point for the baseline case. 

Strong solution 
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Figure 2-34. Schematic diagram of a double-effect absorption system 

Table 2-2.  Model inputs for the baseline case  
Parameter Value Parameter Value Parameter Value 

1m  0.01 kg/s 21T  140 °C Absorber UA 0.5 kW/K 

21m  0.1 kg/s 23T  25 °C Evaporator UA 0.85 kW/K 

23m  0.2 kg/s 25T  32 °C Condenser UA 0.65 kW/K 

25m  0.2 kg/s 27T  12 °C Low desorber UA 0.65 kW/K 

27m  0.2 kg/s HXs effectiveness 0.8 High desorber UA 0.25 kW/K 
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Table 2-3.  Cycle COP and heat transfer loads of each component of a 1 Ton 

system for the baseline case 
Parameter Value  
Absorber heat transfer load ( absQ ) 4.33 kW  
Evaporator heat transfer load ( evapQ ) 3.45 kW  
Condenser heat transfer load ( cndQ ) 1.72 kW  
Low desorber heat transfer load ( deslQ −

 ) 1.96 kW  
High desorber heat transfer load ( deshQ −

 ) 2.61 kW  
1st solution heat exchanger eat transfer load ( 1HXQ ) 0.43 kW  
2nd solution heat exchanger heat transfer load ( 2HXQ ) 0.33 kW  
Cycle Cop ( COP ) 1.32  

 

To obtain an insight into the effect of various parameters on the cycle 

performance, inputs to the model were varied over a wide range by running more 

simulations. It should be noted that the experimental test system is much smaller than a 

1-ton (i.e.3.5 kW) system. The goal was to build a 100 W system. Therefore any 

optimized extensive parameter in this section has to be divided by 35 to obtain the 

experiment’s parameter.  

Figure 2-35 shows the effect of solution flow rate on the cycle performance and 

system’s capacity of refrigeration. The solution flow rate can affect both the absorption 

and the desorption process. The results indicate that the COP decreases as the solution 

flow rate increases. The reason is that by increasing the solution flow rate more 

sensible heat is required in the high desorber to heat the solution to a certain 

temperature. The results also indicate that cycle refrigeration capacity initially increases 

with increasing solution flow rate, and then it reaches a maximum at a solution flow rate 

of about 0.15 kg/s. Increasing the flow rate beyond this point does not change the 

refrigeration capacity significantly. Fig. 2-35 suggests that to achieve high coefficient of 

http://en.wikipedia.org/wiki/Refrigeration�
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performance and high refrigeration capacity, the solution flow rate should be around 

0.012 kg/s.  

Table 2-4.  Components’ conditions for the baseline case 
Point )/( skgm  )(kPaPi  T(°C) X(%) 
1 0.01 0.892 28.89 52.082 
2 0.01 5.95 28.89 52.082 
3 0.01 5.95 48.89 52.082 
4 0.009 5.95 81.62 60.996 
5 0.009 5.95 55.26 60.996 
6 0.009 0.892 46.47 60.996 
7 0.001 5.95 63.33 - 
8 0.001 5.95 36.02 - 
9 0.001 0.892 5.32 - 
10 0.001 0.892 5.32 - 
11 0.006 5.95 63.33 52.082 
12 0.006 50.714 63.34 52.082 
13 0.006 50.714 90.44 52.082 
14 0.005 50.714 135.13 60.996 
15 0.005 50.714 99.24 60.996 
16 0.005 5.95 83.19 60.996 
17 0.001 50.714 114.65 - 
18 0.001 50.714 81.69 - 
19 0.001 5.95 36.02 - 
21 0.1 - 140 - 
22 0.1 - 133.79 - 
23 0.2 - 25 - 
24 0.2 - 30.16 - 
25 0.2 - 32 - 
26 0.2 - 34.05 - 
27 0.2 - 12 - 
28 0.2 - 7.9 - 
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Figure 2-35. Effect of solution mass flow rate on cycle COP and refrigeration capacity 

The effect of absorber cooling water temperature (i.e. T23), which significantly 

affect the performance of the absorber, on the cycle performance and system’s capacity 

of refrigeration is shown in Figure 2-36. The other cycle input parameters were kept 

constant as listed in table 2-2. As expected increasing the cooling water temperature 

decreases the system capacity and the COP. However, the cycle capacity is more 

sensitive to the cooling water temperature.  Fig. 2-36 shows that with an absorber 

cooling water temperature of 25°C, a relatively high COP and System capacity can be 

achieved. Designing a system with a cooling water temperature below this point 

(i.e.25°C) is not very practical since costly cooling tower technologies are required. 

 

http://en.wikipedia.org/wiki/Refrigeration�
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Figure 2-36. Effect of absorber cooling water temperature on cycle COP and 
refrigeration capacity 

One other factor that significantly affects the absorption performance is the 

evaporator vapor pressure. It is known that increasing the evaporator vapor pressure 

increases the absorption rate. However it adversely affects the system performance and 

capacity. In cycle analysis, the change in the evaporator vapor pressure (i.e.P10) can be 

achieved by varying the chilled water inlet temperature (i.e. T27). Fig. 2-37 shows the 

variation of system performance and capacity with the chilled water inlet temperature. 

Fig. 2-38 shows the corresponding evaporator vapor pressure. As shown in Fig. 2-37, 

increasing the chilled water inlet temperature (or evaporator vapor pressure) increases 

the system performance and capacity. The trade off here is that the chilled water outlet 

temperature also increases with the increase of the chilled water inlet temperature. This 

vastly limits the application of the system. For some industrial applications, the returning 
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chilled water enters the evaporator at a temperature of about 12°C. For this case, the 

cycle analysis indicates an evaporator vapor pressure of 890 Pa (c.f. Fig. 2-38) and a 

chilled water outlet temperature of 7.9°C.  
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Figure 2-37. Effect of chilled water inlet temperature on cycle COP and refrigeration 
capacity 
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Figure 2-38. Variation of evaporator vapor pressure with chilled water inlet temperature  

It is expected that increasing the temperature of heating medium (i.e. T21) in the 

high desorber increases the desorption rate. But it also changes the system capacity 

and performance. The effect of heating medium temperature on the system capacity 

and performance is investigated in Fig. 2-39. The heating medium temperature was 

changed from 120°C to 160 °C. As shown, increasing the desorber temperature 

increases the system capacity and it slightly decreases the system performance. 

Therefore higher temperatures are desired; however it is not accessible everywhere.   

Also working at higher temperature significantly accelerates corrosion in the system. 
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Figure 2-39. Effect of heating medium inlet temperature on cycle COP and refrigeration 
capacity 

After understanding the cycle reaction to the main cycle parameters, it is time to 

decide about the range of input values for experimental studies. The studies on the thin 

film absorption process were conducted on effects of water vapor pressure, cooling 

water temperature, solution inlet temperature, solution film thickness and velocity. Table 

2-5 summarizes the tests conditions for absorption studies.  

Table 2-5.  Input values for parametric studies on thin film absorption 
Parameter Nominal Range 
LiBr-water solution flow rate ( a

solm ) 0.6 kg/hr 0.6-2.1 kg/hr 

Cooling water inlet temperature ( a
cwT ) 25 °C 25-35 °C 

LiBr-water solution temperature at absorber inlet ( a
inT ) 25 °C 25-35 °C 

Vapor pressure ( a
vP ) 1.1 kPa 0.8-1.8 kPa 

LiBr-water solution concentration at the absorber inlet  ( a
inX ) 60±1.5% NA 
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To characterize absorption process with micromixing, the investigations were 

conducted on effects of water vapor pressure, cooling water temperature, solution inlet 

temperature, and velocity. Table 2-6 summarizes the tests conditions for absorption with 

micromixing studies.  

Table 2-6.  Input values for parametric studies on absorption with micromixing 
Parameter Nominal Range 
LiBr-water solution flow rate ( a

solm ) 2.5 kg/hr 0.8-2.9 kg/hr 

Cooling water inlet temperature ( a
cwT ) 25 °C 25-35 °C 

LiBr-water solution temperature at absorber inlet ( a
inT ) 25 °C 31-43 °C 

Vapor pressure ( a
vP ) 1.1 kPa 0.8-1.6 kPa 

LiBr-water solution concentration at the absorber inlet  ( a
inX ) 60±1.5% NA 

 

To evaluate absorption process with [EMIM][MeSO3]-water pair,  tests were 

conducted at the test conditions listed in Table 2-8. The effort was to choose the test 

parameters close to those of LiBr solution-water pair (i.e.Table 2-2). Due to high 

viscosity of ionic liquid [EMIM][MeSO3] and consequently high desiccant pressure drop 

inside heat exchangers, the desiccant flow rate was kept low for the safe operation of 

membranes. It should be noted that ionic liquid [EMIM][MeSO3] was tested in the 

membrane-based absorber with micro ridges.   

Table 2-7.  Input values for parametric studies on absorption with IL [EMIM][MeSO3] 
Parameter Nominal Range 
IL-water flow rate ( a

solm ) 0.63 kg/hr - 

Cooling water inlet temperature ( a
cwT ) 25 °C - 

IL-water temperature at absorber inlet ( a
inT ) 25 °C - 

Vapor pressure ( a
vP ) 1.1 kPa 0.9-1.6 kPa 

IL-water concentration at the absorber inlet  ( a
inX ) 96.5±0.5% - 
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Studies on the desorption process were conducted on the effects of wall 

temperature, vapor pressure, solution pressure, and solution velocity on the desorption 

rate. Table 2-7 summarizes the tests’ conditions for desorption tests. Note that pressure 

in a typical desorber heat exchanger of a single effect ARS is approximately 10 kPa. 

Efforts were made to maintain the solution concentration (i.e. the LiBr weight fraction) in 

the desorber close to that of an actual system. The solution flow rate and the heater 

power were adjusted to achieve this objective. These parameters were carefully 

controlled to avoid crystallization of the solution that occurs if the solution concentration 

at the desorber exit exceeds the LiBr solubility limit (cf. Fig. 2-40). 

Table 2-8.  Input values for parametric studies on thin film desorption 
Parameter Nominal Range 
LiBr-water solution flow rate ( d

solm ) 2.5 kg/hr 0.75-3.25 kg/hr 
LiBr-water solution pressure ( d

sP ) 23 kPa 13-30 kPa 
LiBr-water solution temperature at desorber inlet ( d

inT ) 70 °C NA 
Vapor pressure ( d

vP ) 10 kPa 6-18 kPa 
Average wall temperature (Tw) NA 50-125 °C 

 

Experimental Uncertainty 

Table 2-9 lists uncertainty in measurement of pressure, concentration, solution 

flow rate, and temperature. The accuracy of the water mass flow meter that directly 

measures the water desorption rate at the condenser exit is ±1%. However due to the 

unsteady nature of the condensate flow, a fluctuation of up to ±5% was recorded during 

the experiment. The reported desorption rates are the average of the measured values 

over a period of time, after the system reached a steady state. The concentration 

uncertainty is calculated using the following equation. 
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where X and T are the solution concentration (i.e. mass fraction) and temperature, 

respectively, and ρ is the solution density.  

Table 2-9.  Variable uncertainties 
Variable Uncertainty 
Pressure (P) 0.5% 
Concentration (X) ±0.25 
Solution flow rate ( solm ) 0.2% 
Temperature (T) 0.3 °C 

 

Data Reduction 

The solution mass flow rate and density are measured by the Coriolis mass flow 

meter installed in the solution line. The absorption/ desorption rate is measured by the 

mass flow meter on the water line. The desorber solution outlet concentration ( d
outX ) 

which is equal to the absorber solution inlet concentration ( a
inX ) is calculated using the 

measured density and temperature of the solution at the exit of the desorber. The 

desorber solution inlet concentration ( d
inX ) which is equal to the absorber solution outlet 

concentration ( a
outX ) is then calculated using a mass balance on the desorber or 

absorber. Notably, it is assumed that the loop has reached the steady state condition.  

d
out

dessol

sold
in X

mm
mX





+
=  (2-3) 

where d
inX  and d

outX  are the LiBr solution concentrations at the desorber inlet and outlet, 

respectively, is the solution mass flow rate measured at the desorber outlet, and 

desm  is the desorption rate. The heat input to the desorber is calculated using: 
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VIQdes =  (2-4) 

where V and I are the applied voltage and current to the desorber heater, respectively. 

This heat input is the sum of heat loss, sensible heat and latent heat of vaporization. 

The energy balance in the desorber can be written as:  

loss
d

insolvsol
d

outsolsol
d
vvdes QhmmhmhmQ  ++−+= ,, )(  (2-5) 

where hv is the enthalpy of water vapor leaving the desorber, d
insolh ,  and d

outsolh ,  are the 

solution enthalpies at the desorber inlet and outlet, respectively, is the vapor 

generation rate in the desorber, and lossQ is the desorber heat loss. Using Eq. (2-5), vm  

can be calculated as follows 

)/())(( ,,,
d

insol
d
vloss

d
outsol

d
insolsolv hhQhhmVIm −−−+=   (2-6) 

Note that  is different from the desorption rate ( desm ) measured by the water 

line flow meter. The vm  and desm  would have been the same, if no vapor exited the 

desorber through the solution line. The uncertainty in vm  calculation is 0.3% and it is 

due to uncertainty in temperature, solution flow rate, and voltage and current 

measurements.  

Membrane Test Setup 

An experimental setup was fabricated to test the pressure drop of the 

membranes. A photograph of the setup is shown in Fig. 2-41. The test setup consists of 

a membrane test fixture (with an open area of 10 cm2), a mass flow controller (MKS 

instruments), a vacuum pump, absolute and differential pressure transducers, and 

needle valves. The vacuum pump was installed at the downstream of the test fixture to 

draw the test fluid through the lines and to perform sub-atmospheric tests. 
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A schematic of the membrane test fixture is shown in Fig. 2-42. The test fixture is 

made of Stainless Steel and consists of an upper chamber, a lower chamber, and a 

sight glass. Double-sided adhesive tape (3M®) was used to secure the membrane on 

the lower chamber (cf. Fig. 2-42). The test fluid enters the upper chamber, flows across 

the membrane into the lower chamber, and exits the lower chamber through an outlet 

port.  

 
Figure 2-40.  A photograph of the test setup for membrane permeability measurements. 

 
 
 
 
 
 
 

 

 

 

 

 

Figure 2-41.  Cross-sectional view of the test fixture. 
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The mass flow controller was calibrated by the manufacturer with an accuracy of 

1% of reading. The pressure drop across the membrane was measured using two 

differential pressure transducers (Omega Engineering), one with a range of 0-250 Pa 

and an accuracy of ±0.25% of full scale and the other with a range of 0-17 kPa and an 

accuracy of 0.08%. The absolute pressure in the test chamber was measured using an 

absolute pressure transducer (Omega Engineering) with a range of 0-108 kPa and an 

accuracy of 0.08%. The experimental uncertainty in measuring the pressure drop 

across the membrane is approximately 1%. 

Visualization Test setup 

Figure 2-43 shows a schematic of the device used to visualize bubble extraction 

process through the nanofibrous membrane utilized in the desorber. The device 

consists of a polydimethylsiloxane (PDMS) chip on which flow channels are built. PDMS 

is transparent and enables visualization of the bubbles during the venting process 

through the membrane. Water and air are injected into the device at various flow rates 

through a T-junction to create a two-phase flow with a controlled quality. The water and 

air supply channels are 500 and 100 µm wide, respectively. The main flow channel, 

where the bubble extraction process takes place, is 1000 µm wide and 200 µm deep. 

The PDMS device is fabricated through a standard soft-lithography technique [90]. The 

PTFE membrane was subsequently bonded on the device, as shown in Fig. 2-43.  

Figure 2-44 shows a diagram of the visualization test system. Two syringe pumps 

(Fisher Scientific Inc., PA) are used to deliver water and air to the test device. PX-26 

pressure transducers (Omega Engineering, CT) with a range of 0-5 psi are used for 

measurements. Images of the bubbles during the extraction process are captured using 

a high speed Gazelle camera (Point Grey Research Inc., Canada, BC). The uncertainty 
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in the visualization tests results from ±1 ml/hr inaccuracy in pumping rate of the syringe 

pump and ±1% inaccuracy of the pressure sensors.  

 

 

Figure 2-42.  A 3D schematic of the visualization test device. 
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Figure 2-43.  A diagram of the visualization test system. 
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CHAPTER 3 
MEMBRANE EVALUATION 

Membrane Transport 

Membranes can separate species when subjected to a driving potential. The 

driving potential could be the gradient of temperature, pressure, concentration, or the 

electrical potential. Overall, the rate of transport through a membrane can be expressed 

based on the gradient of the chemical potential: 

dx
dLJ i

ii
µ

−=  (3-1) 

where Ji  is the permeate flux, Li is the coefficient of proportionally of permeate i, x is 

position along the membrane thickness, and iµ is the chemical potential defined in Eq. 

(3-2) for incompressible phases and in Eq. (3-3) for compressible gases [91]:  

)()( o
iiii

o
ii PPvcLnRT −++= γµµ             (3-2) 

o
i

ii
o
ii P

PLnRTcLnRT ++= )(γµµ             (3-3) 

where o
iµ  is the chemical potential of component i at a reference pressure of o

iP , ic  is 

the molar concentration of component i, iγ  is the activity coefficient, P  is pressure, iv  is 

the molar volume of component i, T is temperature, and R is the gas constant. 

Calculations of the permeate flux using Eq. (3-1) require further assumptions about 

variations of pressure and concentration (cf. Eq. (3-2) and (3-3)). Among different 

transport models, solution-diffusion model [92] is widely utilized for transport through 

membranes. This model assumes that the chemical potential only changes due to 

concentration variations across the membrane. Using this model, for the case in which 

the membrane confines a multi-component liquid and only allows permeation of species 
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i, a simple expression for permeate flux as a function of partial pressures is determined 

[91]: 

)( ,, ivis
G

ii PPPJ −=  (3-4) 

where G
iP  is the permeability coefficient, isP ,  is the partial vapor pressure of component 

i in the liquid, and ivP , is the partial pressure of component i in the vapor side. This 

equation suggests that the driving potential is the difference in the partial pressure of 

the permeate between the two sides of the membrane [16,17]. 

Membrane Permeability 

Preliminary studies showed that nanofibrous membranes have the highest 

porosity and permeability compare to other membranes. Fig. 3-1 provides scanning 

electron microscope (SEM) images of two different nanofibrous membranes. Depending 

on their pore size and manufacturing method, they can have porosities as high as 85%. 

The PTFE membranes selected for this application have good thermal and chemical 

stability. 

 
                         (a) 

 
                              (b) 

 
 

Figure 3-1.  SEM Micrographs of nanofibrous PTFE membrane with different nominal 
pore sizes a) 5 μm and b) 1 μm  
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Tests on the permeability of nanofibrous membranes were conducted at a flow 

rate of up to 0.01 kg m-2 s-1 and at two different absolute pressures 0.85 kPa and 10 kPa 

[34]. Fig. 3-2 provides the test results. The following correlation suggested by  Knudsen 

[93] was used to fit the pressure drop versus flow rate data, since the flow is mainly in 

the Knudsen regime. 

P
RTM

dN p ∇−=
π

ε
2

1
3
4   (3-5) 

As the results shown in Fig. 3-2 suggest, the estimated pressure drop values are 

in a good agreement with the experimental values. Water vapor pressure drop was then 

estimated using this correlation and plotted in Fig. 3-2. The results suggest that a 

nanofibrous membrane with a pore size of 1 μm or larger has an insignificant pressure 

drop at a typical absorption rate of 0.002 kg/m2s.    
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Figure 3-2.  Pressure drop versus flow rate at 0.85 kPa and 10 kPa test pressures. 
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Initially, the 5 μm membrane was installed in the absorber, but it failed due to its 

low breakthrough pressure. The 1 μm membrane was then successfully implemented 

and tested over the entire test period. Desorber made using membranes with 0.45 μm 

and 1 μm membranes exhibited insignificant difference in desorption rate. Due to 

harsher working environment (local pressure fluctuation caused by bubbles nucleation 

and high temperature and differential pressure) the 0.45 μm membrane was used for 

the desorber. As the desorption data discussed in the later sections shows, the 

membrane pressure drop is insignificant compare to the pressure difference applied 

across the membrane. 
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CHAPTER 4 
RESULTS AND DISCUSSIONS 

Absorption Results 

Thin Film Absorption 

The driving force in the absorption process is the difference in water pressure between 

the two phases (i.e. the vapor and the LiBr solution). Thus, a net increase in the 

pressure potential should increase the absorption rate regardless of the phase in which 

the water pressure is changed. A set of tests was conducted to verify this effect. First, 

the water vapor pressure was increased while the other test parameters were kept 

constant (at the nominal test values listed in Table 2-5). Fig. 4-1 shows the effect of 

water vapor pressure on the absorption rate at two different solution film thicknesses. 

The results clearly show that increasing the water vapor pressure ( a
vP ) linearly 

increases the absorption rate. It should be noted that the absorption rate of 0.0057 

kg/m2s achieved at a vapor pressure of 1.3 kPa and a film thickness of 100 μm is 

approximately two and half times the rate reported in falling film studies (see Table 1-1).  

Furthermore, the results show that decreasing the solution film thickness 

increases the absorption rate by an average of approximately 35%. An increase in the 

absorption rate was expected in light of the findings of a preliminary numerical study 

reported in Yu et al. [14]. As depicted in Fig. 4-2, reduction of the solution channel 

thickness impacts both the thermal and concentration fields. The thermal resistance 

between the solution-vapor interface, at which the water vapor heat of phase change is 

released (cf. Fig. 4-2a), and the cooling surface is a function of h/k (h is the solution film 

thickness and k is the solution thermal conductivity). Thus, reducing the solution film 

thickness results in better cooling of the solution-vapor interface and a lower water 
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pressure (cf. Fig. 4-3) in the solution phase. The lower water pressure increases the 

pressure potential and the absorption rate. In addition, decreasing the solution film 

thickness, at a constant solution flow rate, reduces the concentration (X) boundary layer 

thickness (cf. Fig. 4-2b and c) and mass transfer resistance through the solution film. 

Further analysis of the impact of these two factors on the absorption rate will be 

provided later in this work when additional tests are discussed.  
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Figure 4-1.  Variation of absorption rate as a function of water vapor pressure at 
hrkgma

sol /6.0=  and CT a
cw °= 25 . 
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Figure 4-2.  Schematics of the solution flow channel cross-section (a) depicting heat 
release at the solution-vapor interface and (b, c) illustrating the impact of 
change in solution flow channel thickness, at a constant flow rate, on the 
concentration boundary layer thickness (δd). 
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Figure 4-3.  Solution water vapor pressure as a function of temperature and 

concentration (values are obtained using educational version of Engineering 
Equation Solver (EES) Software, McGraw-Hill, Inc.). 
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Effect of cooling water temperature  

In another test, to demonstrate that variations of the solution water vapor 

pressure ( a
ws,P ) impact the absorption rate, the solution water pressure was changed 

while the vapor pressure was kept constant. The solution water pressure varies with the 

solution temperature and concentration as shown in Fig. 4-3. In this test, the change in 

the solution pressure was achieved by varying the solution channel wall temperature 

from 25 to 35 °C in 2.5 °C increments. All other test conditions were kept constant at the 

nominal conditions listed in Table 2-5. The results (cf. Fig. 4-4) showed a linear 

decrease in absorption rate with an increase in solution temperature (i.e. increase in the 

solution water vapor pressure).  
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 Figure 4-4.  Variation of absorption rate as a function of cooling water temperature at 
hrkgma

sol /6.0=  and kPaPa
v 1.1= . 
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All absorption rates reported in Figs. 4-1 and 4-4 are normalized with respect to 

the pressure potential ( a
ws,

a
v P-P ) and plotted in Fig. 4-5. The solution water pressure 

used in the calculation is the average of the absorber inlet and exit. The results suggest 

that the absorption rate linearly increased with the pressure potential regardless of the 

source of change in pressure. Furthermore, the results suggest that the average 

difference in the absorption rate between the two solution film thicknesses is 

approximately 40% when the absorption rate of the two cases is compared at the same 

water pressure potentials. This difference (40% versus 35%) more accurately 

represents the impact of change in solution film thickness on the absorption rate, 

because a higher absorption rate in the case of the 100-μm-thick solution film resulted 

in a higher water concentration in the solution and a lower pressure potential. Fig. 4-5 

also compares the results with those of Ali and Schwerdt [16]. Their results showed 

almost no change in the absorption rate when the vapor pressure potential was 

increased. Ali and Schwerdt [16] argued that their membrane mass transport resistance 

could have dominated the overall mass transfer process. In the absence of any data on 

the pressure drop or the construct of their membrane, it is hard to evaluate their 

conclusion.  
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Figure 4-5.  Variation of absorption rate as a function of water vapor pressure potential. 

To determine the significance of the membrane resistance and its contribution to 

the overall mass transfer resistance, the membrane pressure drop is separately 

measured using a test setup discussed earlier. Fig. 4-6 compares the membrane 

pressure drop, a
i

a
v P-P  ( a

iP is pressure at the membrane-solution interface), with the 

overall pressure potential ( a
ws,

a
v P-P ) at the solution film thickness of 160 μm. The 

comparison suggests that membrane mass transfer resistance is not dominant (only 10 

to 15% of the total resistance) in the arrangement implemented in this study. The 

dominant resistance here is mass transfer through the solution ( a
ws,

a
i P-P ). 
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Figure 4-6.  Comparison between membrane and solution resistances at a solution film 
thickness of 160 μm. 

In light of the Yu et al. [14] studies in which solution films thicker than 200 µm 

were found to be too thick to enhance the absorption rate beyond that of the existing 

technology, we have considered the thick solution film used in the Ali and Schwerdt [16] 

studies as a major factor in the measured low absorption rate. Yu et al. [14] showed that 

thin solution films are cooled quite effectively and that the solution-vapor interface 

temperature closely follows that of the bulk. They demonstrated that reducing the 

solution film thermal resistance allows for the removal of a high rate of heat released at 

the solution-vapor interface thus enabling significant enhancement of the absorption 

rate, as realized in this study. To better explain this effect, the absorption process in a 

thick solution film is numerically modeled. Yu et al. [14] provides the numerical scheme 

used in this solution. The numerical model simulates the absorption process in the 4-
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mm-thick solution film implemented in the Ali and Schwerdt [16] study. Table 4-1 lists 

the model input values obtained from Ali and Schwerdt [16]. 

Table 4-1.  Parameters of the numerical simulation 
Parameters Values 
Film thickness 4 mm 
Membrane thickness 60 μm 
Membrane pore size 0.45 μm 
Membrane porosity 75% 
Solution inlet temperature 27 °C 
Solution inlet concentration 54.3% 
Maximum channel length  7.6 mm 
Estimated solution velocity 0.006 m/s 

 

Figure 4-7 shows the temperature contours at absorption pressure potentials of 

0.5 and 1.8 kPa. The simulation results show that in both cases the solution channel 

height is larger than the thermal boundary layer formed at the solution-vapor interface. 

In other words, the solution film is not effectively cooled and consequently the high 

vapor pressure of the hot solution at the interface reduces the absorption rate. The 

absorption rates determined by the numerical simulation are compared with Ali and 

Schwerdt’s [16] data in Fig. 4-8. The results suggest that increasing the pressure 

potential has a moderate impact on the absorption rate at low pressure potentials (i.e. 

low heat release rate at the solution-vapor interface). The increase in absorption rate 

reaches a plateau at high pressure potentials. Interestingly, the numerical results match 

Ali and Schwerdt’s [16] data reasonably well at high pressure potentials. Ali and 

Schwerdt’s [16] data do not seem to be accurate at low pressure potentials, as 

absorption should fully diminish at zero pressure potential. 
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Figure 4-7.  Temperature contours in a 4-mm-thick solution film at different pressure 

potentials. 
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Figure 4-8.  Absorption rate in a 4-mm-thick solution film as a function of pressure 

potential. 

Effect of solution inlet temperature 

To further characterize performance of our membrane-based absorber, the 

impact of solution inlet temperature on the absorption rate was studied at a solution film 

thickness of 160 μm. The results are provided in Fig. 4-9. The absorption rate slightly 

declined when the solution inlet temperature was increased. This decline in absorption 
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rate is due to an increase in the solution water pressure. The high heat transfer 

coefficient associated with the microchannel flow results in the rapid cooling of the 

solution flow shortly after it enters the absorber channels.  
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Figure 4-9.  Variation of absorption rate as a function of solution inlet temperature at a 
solution film thickness of 160 μm, hrkgma

sol /6.0= , CT a
cw °= 25  and 

kPaPa
v 1.1= . 

Effect of solution velocity 

As discussed earlier, increase in the solution flow velocity resulted from 

decreasing the solution film thickness was partially responsible for the observed 

enhancement in the absorption rate. In the last set of tests, the solution velocity was 

changed at a solution film thickness of 160 μm. The solution flow rate is known to 

impact the absorption rate in conventional shell-and-tube absorbers [29,31,32]. For 

example, Yoon et al. [31] measured a 14% increase in the absorption rate by doubling 
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the solution flow rate. The impact of the solution flow rate on the dynamics of falling film 

and thus on the absorption rate is quite complicated and certainly much different than in 

a membrane-based absorber. The objective of this test was simply to characterize this 

aspect of the membrane-based absorption process rather than comparing the two 

technologies. Unlike in the falling film absorption process, the velocity and thickness of 

a solution film can be independently changed when constrained by a membrane. For a 

given solution flow condition (rate, temperature, and concentration) and a required total 

absorption, a membrane-based absorber can be designed in a different width and 

length. The absorber width determines the flow cross-section and thus the solution 

velocity.  

The first test was conducted at the nominal conditions listed in Table 2-5 and at a 

solution film thickness of 160 μm. The flow rate was then increased from 0.6 kg/hr to 2 

kg/hr in several steps. As the results shown in Fig. 4-10 suggest, the absorption rate 

increased moderately at first but then the rate of increase greatly declined at higher flow 

rates. Increasing the vapor pressure to 1.6 kPa significantly enhanced the rate of 

increase even at high flow rates.  
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Figure 4-10.  Variation of absorption rate as a function of solution flow rate at a solution 
film thickness of 160 μm, CT a

cw °= 25  and kPaPa
v 1.1= . 

It can be safely concluded that the fact that the absorption rate did not 

proportionally increase with the solution flow rate indicates that the water pressure of 

the exiting solution declined with the increase in flow rate. This results in a net increase 

in pressure potential, which is partially responsible for the enhancement of the 

absorption rate. To subtract this effect, the pressure potential for each data point was 

calculated by subtracting the average solution water pressure between the inlet and exit 

flow from the water vapor pressure. Using the pressure potential and the absorption 

rate, the absorption coefficient was calculated. The results in Fig. 4-11 clearly show that 

the absorption coefficient (i.e. the normalized absorption rate) is quite close at different 

test pressures. More importantly, the absorption coefficient at different pressures 

increased linearly with the solution flow rate (i.e. velocity) at an almost similar rate. 
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Using this data, it can be argued that enhancement in the absorption rate due to the 

increase in solution velocity and better cooling of the solution-vapor interface are both 

responsible for the overall enhancement observed when the solution film thickness was 

reduced from 160 to 100 μm. 
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Figure 4-11.  Variation of absorption coefficient as a function of solution flow rate. 

The results discussed so far clearly showed that reducing the solution channel 

thickness and increasing the solution flow velocity result in increase in the absorption 

rate. However, these parameters cannot be varied without considering their impact on 

the pressure drop. As mentioned earlier, the absorber inlet and exit pressures are 

measured using two pressure transducers. Fig. 4-12 shows the pressure drop results as 

a function of solution flow rate at two different film thicknesses. As expected in a laminar 

flow, the pressure drop linearly increased with the solution velocity. The laminar flow 

theory also supports the significantly higher pressure drop measured in the case of 100-
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μm-thick channel, since ( is solution velocity and is the channel 

hydraulic diameter). The theory predicts an approximately 4-fold pressure drop 

difference between the two cases.  
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Figure 4-12.  Solution pressure drop as a function of flow rate 

Absorption with Micromixing 

In the first test, the effect of water vapor pressure on the absorption rate is 

investigated. Increasing the water vapor pressure increases the pressure potential 

between the water vapor and LiBr solution and consequently increases the mass driving 

potential for the absorption process.  The water vapor pressure was increased from 800 

to 1600 Pa. The other test conditions are the nominal values in Table 2-6. Fig. 4-13 

shows increasing of the absorption rate with the vapor pressure. 
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Figure 4-13.  Variation of absorption rate as a function of water vapor pressure at 
hrkgma

sol /5.2=  and CT a
cw °= 25 . 

In the second test, the cooling water temperature was changed from 25 to 35°C 

while the other test conditions were kept constant at the nominal conditions listed in 

Table 2-2. Changing the cooling water temperature changes the solution temperature 

and consequently the solution water vapor pressure. This variation will ultimately lead to 

a change in the pressure potential and absorption rate. As shown in Fig. 4-14, the 

absorption rate decreases linearly with the cooling water temperature.  
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Figure 4-14.  Variation of absorption rate as a function of cooling water temperature at 
hrkgma

sol /5.2=  and kPaPa
v 1.1= . 

As mentioned earlier, the driving force for the absorption process in the pressure 

potential between the vapor and LiBr solution. Therefore any comparison of the 

absorption rates should be conducted at the same pressure potential. Fig. 4-15 shows 

the absorption rates presented in Fig. 4-13 and Fig. 4-14 against the corresponding 

pressure potential ( a
ws,

a
v P-P ). The solution water vapor pressure used in the calculation 

is the average of the absorber inlet and exit. Fig. 4-15 also provides the results obtained 

in falling film absorption studies and previous membrane-based studies. To calculate 

the pressure potential for the test results reported by Medrano et al.[29], Miller and 

Keyhani [26] and Yoon et al. [11], the solution exit temperature was assumed, since it 

was not reported, to be equal to the cooling water exit temperature. Interestingly, the 

absorption rates achieved for the 500-micron thick solution film with herringbone ridges 
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is as high as absorption rates for a 100-micron thin solution film at the absorber 

operating condition (i.e. kPa6.0~5.0P-P a
ws,

a
v =  which corresponds to the evaporator 

temperature of about 4°C and solution average concentration of 57%). The high 

achieved absorption rate stems from the mixing effect of vortices generated in the flow 

field. The mixing mechanism can be visualized by the generated concentration contours 

within the flow field. Fig. 4-16 shows the concentration contours in a single 

microchannel at different cross sections along the channel. The first top three pictures 

are at the entrance of the absorber and in the first set of micro ridges. As shown, the 

highly concentrated solution enters the channel at a uniform concentration. The water 

vapor absorption at the vapor/liquid interface decreases the solution concentration on 

the top which is shown in blue color. At the same time, the imposed vortex in the 

channel attempts to pull the water rich solution down from the vapor liquid interface to 

the bottom of the channel (cf. the blue region growing downward on the left and right 

sides of the channel). The next three pictures show the concentrated contours in the 

second set of ridges where the ridges direction changes as shown in Fig. 2-12 and Fig. 

2-13. The change in the direction is aimed to mix the mass of the solution at the center 

of the vortex with the rest of the solution. The mechanism is evident at x=57mm, 

x=67mm where the water rich solution which has reached to the bottom of the channel 

starts to rise from the middle of the channel (i.e. the center of the previous vortex). In 

the last three pictures, the direction of the ridges again changes. This change reinforces 

the original vortex which drags the water rich solution down from top to the bottom of 

the channel. As it can be seen after 100 mm, the solution is well mixed as the solution 

bulk concentration is uniform. While it has been shown that in the absence of 
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microstructures, after 200 mm, more than two third of the solution flow film at the bottom 

would leave the channels at about the original solution concentration which means that 

a significant portion of the solution flow has not participated much in the absorption 

process [37]. Overall, micro ridges implementation along with direction alteration results 

in vortices which continuously replenish the concentrated solution at the membrane-

solution interface with the water-rich solution at the bottom of the channel and mix them 

subsequently with the bulk of solution.  
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Figure 4-15.  Variation of absorption rate as a function of water vapor pressure potential 
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Figure 4-16.  LiBr concentration contours at different cross sections between x=0 to 100 

mm (the white color in the pictures shows the cross section of ridges).  

As mentioned earlier, absorption rates as high as that of a 100 micron solution 

film were achieved at the absorber pressure potential condition. The importance is 

better recognized when the solution pressure drops are compared. Fig. 4-17 shows the 

solution pressure drop of the 500-micron thick solution film with micro mixing and that of 

a 100-micron thick solution film. The results suggest about two orders of magnitude the 

pressure drop decreases in the new approach compared to that of a 100-micorn 

solution film which is consistent with the laminar flow theory. In a laminar flow 

3
hsol DmP ∝∆ ( solm is solution flow rate and hD  is the channel hydraulic diameter). The 

theory predicts an approximately 125-fold pressure drop difference between the two 

cases at the same solution flow rate. It should be noted that the pressure drop is a key 
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parameter to evaluate the energy consumption of the solution pump and eventually the 

operational costs of the system. The relatively low pressure drop of the new absorber is 

promising to design large scale membrane-based absorbers.  
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Figure 4-17.  Solution pressure drop as a function of flow rate 

To further characterize our absorber, the significance of the membrane 

resistance and its contribution to the overall mass transfer resistance is investigated in 

Fig. 4-18. The membrane pressure drop is separately measured using the membrane 

test setup discussed earlier. Fig. 4-18 compares the membrane pressure drop, a
i

a
v P-P , 

with the overall pressure potential ( a
ws,

a
v P-P ). The comparison suggests that membrane 

mass transfer resistance is not dominant (only 10 to 15% of the total resistance) in the 

arrangement implemented in this study. The dominant resistance here is mass transfer 

through the solution ( a
ws,

a
i P-P ).  
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Figure 4-18.  Comparison between membrane and solution resistances  

Finally, the impact of solution inlet temperature on the absorption rate was 

studied. The results are provided in Fig. 4-19. The absorption rate slightly declined 

when the solution inlet temperature was increased. This decline in absorption rate is 

due to an increase in the solution water pressure. The high heat transfer coefficient 

associated with the microchannel flow results in the rapid cooling of the solution flow 

shortly after it enters the absorber channels.  
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Figure 4-19.  Variation of absorption rate as a function of solution inlet temperature at 
hrkgma

sol /5.2= , CT a
cw °= 25  and kPaPa

v 1.1=  

Absorption with Ionic Liquid [EMIM][MeSO3] 

To test the absorption performance of ionic liquid [EMIM][MeSO3], absorption 

tests were conducted at different water vapor pressures. The other test parameters are 

kept constant (i.e. nominal test conditions listed Table 2-7). Fig. 4-20 shows the results. 

As elucidated before, the absorption rate is expected to increase with water vapor 

pressure due to a higher absorption driving potential.  



 

106 

P a
v (kPa)

m
ab

s
(k

g
/m

2 s)

0.6 0.9 1.2 1.5 1.80

0.001

0.002

0.003

.

 

Figure 4-20.  Variation of absorption rate as a function of water vapor pressure 
hrkgma

sol /63.0=  and CT a
cw °= 25  

To evaluate the absorption performance of ionic liquid [EMIM][MeSO3], the 

results are compared with those of LiBr solution in the same absorber in Fig. 4-21. Fig. 

4-21 also provides the absorption data for conventional absorption technologies with 

LiBr solution as the desiccant for the comparison. To the best knowledge of the author, 

there is no absorption data for ionic liquid [EMIM][MeSO3] or any other ILs to compare 

with our results. Therefore these absorption results could be a starting point for future 

absorption studies on ILs. As illustrated in Fig. 4-21, the absorption rates are much 

lower (i.e. less than one third) than those of LiBr solution in the same absorber 

configuration (cf. 500 micron film with micromixing). The reason for the lower absorption 

performance of IL could be: 1) much lower water diffusivity of [EMIM][MeSO3] compared 

to LiBr solution and 2) lower desiccant flow rate test condition in the case of 



 

107 

[EMIM][MeSO3]. As mentioned before, the desiccant flow rate was kept low for IL case 

due to the high viscosity and therefore high pressure drop inside desiccant heat 

exchangers. Higher absorption rates are expected if the ridges design is optimized for 

ILs and also higher desiccant flow rates could be managed.  
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Figure 4-21.  Performance of ionic liquid [EMIM][MeSO3] compared to that of  LiBr 
solution 

Desorption Results 

Thin Film Desorption 

In the first set of desorption tests, the effects of heated wall temperature on the 

desorption process were studied. Fig. 4-22 shows the data sets and their corresponding 

interpolations. The wall temperature, Tw, is the average reading of the twelve 

thermocouples imbedded within the heated wall. The first test was conducted at 6 kPa 

vapor pressure. The other test parameters were kept constant at the nominal conditions 



 

108 

listed in Table 2-8. The surface temperature was increased in approximately 5°C 

increments until desorption started. The first non-zero desorption rate was measured at 

a surface temperature of approximately 60 °C. The desorption rate then steadily 

increased with surface temperature at a moderate pace until it started to significantly 

rise at a surface temperature of 95 to 100 °C, signifying a change to the desorption 

regime. This change was associated with some fluctuations in solution flow rate and 

pressure readings due to instabilities associated with boiling of the solution flow.  
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Figure 4-22.  Effect of heated wall temperature on desorption rate at different vapor 
pressures at hrkgmd

sol /5.2= and kPaP d
s 23= . 

Using the thermodynamic properties of the LiBr solution and concentration at the 

desorber inlet, it was determined that the solution water vapor pressure ( d
ws,P ) exceeded 

6 kPa (i.e. the desorber vapor pressure) at a solution temperature of higher than 56 °C. 

The positive pressure (or chemical) potential (i.e. d
v

d
ws, PP − >0) across the membrane 

Saturation temperature 

Direct diffusion only 
 

Boiling 
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drove the desorption process with an onset of desorption at about 60 °C surface 

temperature (cf. Eq. (3-4)). The driving pressure potential, and consequently the 

desorption rate, further enhanced by increasing the surface temperature. Hereafter, this 

desorption mechanism is called “direct diffusion” mode of desorption, since water 

molecules directly diffuse out of the thin solution film and subsequently flow through the 

membrane. Desorption rate through this mechanism diminished when the vapor 

pressure was increased (cf. Fig. 4-22), due to decrease in pressure potential.  The fact 

that the solution pressure ( d
sP =23 kPa) was always higher than the vapor pressure 

clearly suggests that desorption through this mechanism is not driven by the solution 

pressure. The solution pressure, as mentioned earlier, is the applied pressure on the 

liquid side of the membrane and is different from the solution water vapor pressure that 

is a thermodynamic property and a function of solution temperature and concentration.  

In essence, it is the difference between the solution water and vapor pressures that 

drives the water molecules through the solution film and the membrane.  

As the results in Fig. 4-22 suggest, desorption through the direct diffusion mode 

increased linearly with temperature at low desorption rates. This is consistent with the 

theory because as the solution water pressure increases with temperature, the pressure 

potential driving the process increases. However, the rate of increase significantly 

declined at higher desorption rates. To understand the cause of this behavior, a 

numerical model of the desorber was prepared. The numerical model simulates the 

desorber geometry explained earlier and uses the nominal experimental values listed in 

Table 2-8 as the model input, except that d
vP =6 kPa. Briefly, the model is a 89-mm-long 

and 200-µm-deep channel capped by a membrane with 0.45 µm pore size and a 
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thickness of 50 µm supported by a metal sheet with 3.2 mm openings that are space 2.1 

mm apart. The numerical method used to solve the heat and mass transfer field is 

discussed in Yu et al. [14]. The numerical method is based on a continuum-based 

approach to model heat and mass transfer inside the solution and the Dusty-Gas model 

[94] for simulation of the vapor flux through the membrane. The heat and mass transfer 

equations are solved using the Lattice Boltzmann Method (LBM). 

A comparison of the numerical and experimental results is provided in Fig. 4-22. 

The most important observation is that the numerical simulation (case A in Fig. 4-22) 

closely captures the rate of change in the desorption rate and, as it will be discussed 

shortly, it was later used to successfully determine the factor responsible for the 

observed decline in the rate of increase in the desorption rate. The absolute difference 

between the two results could be mostly due to the difference between the solution 

properties and the equation-of-state used for the LiBr-water solution (note that the 

solution used in the system contains additives that could impact its properties) as well 

as the surface temperature and the liquid film thickness. Using the numerical model, it 

was determined that small variations in the solution concentration entering the desorber 

are responsible for the observed behavior. Although efforts were made during the tests 

to maintain this parameter constant at 50%, the system stabilized at a slightly different 

concentration in each test. This resulted in an overall variation in concentration of 3% 

(change from 48% to 51%). Fig. 4-22 also provides numerical results at a hypothetical 

constant solution inlet concentration of 48%. A comparison of numerical results between 

cases A and B (cf. Fig. 4-22) at a wall temperature of 83 °C and a concentration 

difference of 3% is provided in Fig. 4-23. The comparison shows that a more water-rich 
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(i.e. less concentrated) solution in case B provides a higher solution water vapor 

pressure and consequently a higher desorption pressure potential compared to case A. 

As mentioned earlier, increasing the temperature a few degrees above the 

solution saturation temperature (87 to 90 °C) significantly enhanced the rate of increase 

in desorption (cf. Fig. 4-22), due to boiling inception. Desorption through the boiling 

mode superimposed itself on the direct diffusion desorption mode and gradually 

dominated as the surface superheat temperature (i.e. the difference between the 

surface temperature and the solution saturation temperature) was increased. This is 

evidenced by the fact that the effect of vapor pressure on the desorption rate gradually 

declined to the extent that at a high superheat temperature, there is hardly a difference 

between the desorption rates at different vapor pressures. This is due to the fact that 

formation of bubbles generates a significant vapor-solution interface area within the 

microchannels resulting in a shorter diffusion path for the water molecules. The bubbles 

then vent through the membrane. The independence of bubbles venting rate form the 

pressure potential across the membrane suggests that the membrane mass transfer 

resistance is insignificant. 
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Figure 4-23.  Comparison of numerical results showing a lower concentration solution 
(or a higher solution water vapor pressure) in case B compared to case A. A 
scale factor of 0.013 is used in the x-direction to show the concentration 
contours over the entire flow domain (a). Water pressures used in (b) are 
determined at a distance of 20 μm below the vapor-liquid interface. 

Effect of solution pressure 

In the second set of tests, the solution pressure was changed from 13 kPa to 30 

kPa while the other test parameters were kept constant at the nominal conditions. The 

Case A 

Case B 

(a) 

(b) 



 

113 

results (cf. Fig. 4-24) reaffirmed that the effect of solution pressure on desorption 

through direct diffusion mechanism is insignificant. By contrast, changing the solution 

pressure significantly affects desorption through the boiling process. Increasing the 

solution pressure delays the transition to the boiling desorption mode. This is due to an 

increase in solution saturation temperature. It should be noted that the solution 

saturation temperature is a function of the solution pressure and concentration.  Unlike 

a falling film desorber, wherein the solution saturation temperature remains unchanged 

at a constant vapor pressure, in a membrane-based desorber, the solution pressure can 

be controlled independently of the vapor pressure.   
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Figure 4-24.  Effect of solution pressure on desorption rate at hrkgmd

sol /5.2= and 

kPaP d
v 10= . 

To filter out the effect of change in saturation temperature, the boiling desorption 

data were plotted versus the wall superheat temperature (cf. Fig. 4-25). The results 
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suggest that increasing the solution pressure enhances the desorption rate through the 

boiling mode. An increase in pressure is known to enhance the heat transfer coefficient 

and heat flux in pool boiling [95,96] and boiling in micro/minichannels [97,98]. 

Kocamustafaogullari and Ishii [99] have shown that the boiling heat transfer coefficient 

in not only a function of the superheat temperature, but also a function of the active 

nucleation site density. An increase in pressure has been found to enhance the size 

range of activate cavities [95,100]. Similar observations have been made in shell-and-

tube desorbers. Lee et al. [44] investigated the effect of solution pressure on pool 

boiling characteristics of a lithium bromide solution on a vertical tube. They observed 

that increasing the solution pressure and surface temperature significantly increases the 

number of active nucleation sites, reduces the bubble size, and enhances the 

desorption rate.  
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Figure 4-25.  Effect of solution pressure on the desorption rate in a boiling regime at 

hrkgmd
sol /5.2= and kPaP d

v 10= . 

The results presented above are compared with those of Thorud et al. [53] on a 

device with 170 µm thick solution channels (cf. Fig. 4-26). Thorud et al. [53] reported a 

desorption rate an order of magnitude lower than that measured in this study. However, 

they did not discuss reasons for the lower desorption rate achieved even compared to 

falling film desorber results reported by Kim and Kim [48], as shown in Fig. 4-26, which 

typically involves solution films thicker than 170 µm [101]. Furthermore, it is not clear 

why their desorption rate versus superheat temperature graph does not exhibit 

characteristics associated with the boiling desorption mode (i.e. rapid increase in 

desorption rate with a small increase in surface superheat temperature). The device 

configuration and mass transfer resistance of the membrane used in their study could 

be responsible for the low performance.  As the schematic of Fig. 4-27 shows, in their 
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assembly the solution film is heated on the same side that the generated vapor exits. It 

could be argued that since the vapor generated within the solution tends to accumulate 

at the membrane surface (because the membrane surface is hydrophobic), the thermal 

resistance between the heated surface and the solution increases when more vapor is 

generated. This could lead to a self-limiting process in which the heat supply to the 

solution, and hence the desorption rate, could only be enhanced by a proportional 

increase in temperature potential (i.e. the surface superheat temperature). Thorud et al. 

[53] does not provide the membrane properties or a parametric study that identifies the 

membrane mass transport characteristics. Thus, it is not possible to attribute the 

membrane contribution to the poor performance.  
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Figure 4-26.  Comparison of the measured desorption rate with those of other studies. 
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Figure 4-27.  Schematic of the desorber configuration implemented in a prior 

membrane-based study 

Effect of solution velocity 

To study the effect of flow velocity on the desorption rate, the solution flow rate 

was changed from 0.75 kg/hr to 3.25 kg/hr. The results (cf. Fig. 4-28) show almost no 

effect on the direct diffusion desorption mode, because desorption through this mode is 

limited by the rate of water molecules diffusion through the solution film, which remains 

unchanged as long as the flow regime is laminar. However, in the boiling mode, the 

desorption rate increased by as much as about 50%, since the supply of water-rich 

solution to the microchannels is enhanced. Since changes in the solution pressure and 

concentration result in change in saturation temperature, and consequently the 

desorption rate, the results can represent the effect of velocity alone only if the 

desorber’s average concentration and solution pressure remain constant. The average 

solution pressure was kept constant at the nominal condition. The average solution 

concentration at different test conditions is plotted in Fig. 4-29. It can be seen that the 

average concentration (Xavg) varies by nearly 1%. Therefore, the results presented in 

Fig. 4-29 represent the effect of velocity. 

LiBr solution 
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Figure 4-28.  Effect of solution flow rate on desorption rate at kPaPd

s 23=  and 

kPaP d
v 10= . 
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Figure 4-29.  Average concentration at different solution flow rate tests versus wall 

temperature. 

Effect of solution inlet temperature 

The final test was conducted on the effect of solution inlet temperature on the 

desorption rate. The solution inlet temperature was decreased from 70°C to 50°C while 

the other test conditions were kept constant at the nominal conditions. The results (cf. 

Fig. 4-30) showed that the effect of solution inlet temperature on desorption rate is 

minimal and most of the desorber surface area was still engaged in desorption. The 

high heat transfer coefficient within the microchannels and the absorption of the 

desorber vapor, which is at a higher pressure than the solution water pressure at the 

desorber inlet, result in rapid heating of the solution flow shortly after it enters the 

microchannels.  
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Figure 4-30.  Effect of solution inlet temperature to the desorber on the desorption rate 

at kPaP d
v 10= , hrkgmd

sol /5.2= and kPaP d
s 23= . 

Analysis of Bubbles Discharge 

As discussed earlier, in the boiling regime, bubbles form and subsequently exit 

the flow through the membrane. However, there is always a chance that some bubbles 

exit the desorber along with the solution flow (i.e. bubbles do not get extracted through 

the membrane). This is especially true for bubbles generated near the end of 

microchannels. This effect negatively impacts the efficacy of the desorber and the 

system. The fraction of bubbles exiting the solution flow can be determined using the 

desorber energy balance. To do so, the desorber heat loss to the ambient was 

measured as a function of desorber temperature. To measure the heat loss, all valves 

connected to the desorber were first closed and then the desorber heater was 

energized to hold the desorber at different temperatures. The energy supplied to the 
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desorber to maintain it at any temperature is considered to be its heat loss. The results 

of this test are provided in Fig. 4-31.  
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Figure 4-31.  Desorber heat loss as a function of its wall temperature. 

Another fraction of the supplied heat to the desorber increases the solution 

temperature (i.e. turns into sensible heat). The sensible heat is calculated using the 

difference in enthalpies of the inlet and outlet solution flows. Fig. 4-32 compares the 

heat loss and sensible heat with the total heat supplied to the desorber at the nominal 

test conditions. The results suggested that the two terms account for a significant 

portion of the heat supplied to the desorber.  
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Figure 4-32.  Comparison of desorber heat loss and solution sensible heat to desorber 

input heat. 

The heat consumed in water vapor generation is equal to the total heat supplied 

to the desorber minus the heat loss and the sensible heat. This balance is reflected in 

Eq. (2-6), which is used to calculate the vapor generation rate. Fig. 4-33 compares the 

generated vapor rate and the vapor flow rate through the membrane (measured by the 

water line flow meter) at the nominal test conditions. Calculations were similarly 

conducted for tests at different solution pressures (cf. Fig.4-24). The results are 

provided in Fig. 4-34. As can be seen in Figs. 4-33 and 4-34, the vapor generation rate 

closely matches the vapor flow through the membrane at the direct diffusion desorption 

mode. However, the difference between the two reaches a maximum of 15% in the 

boiling regime. This means that less than 15% of the generated vapor were not 

extracted through the membrane (i.e. exited the desorber through the solution line). The 
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results also suggest that the vapor flow through the solution line exit is not a function of 

the vapor flux through the membrane. This implies that the membrane mass transport 

resistance is not responsible for this phenomenon.  
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Figure 4-33.  Comparison of vapor desorption and generation rates at nominal 

conditions. 
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Figure 4-34.  Comparison of the vapor desorption and generation rates at different 

solution pressures. 

The vapor generation rate was also calculated for the results in Fig. 4-28 where 

the solution flow rate was changed. Fig. 4-35 provides the difference between the vapor 

generation and desorption rates (averaged for all tests) as a function of the solution flow 

rate. The corresponding solution mass flux ( solm ′′ ) was also calculated and is shown in 

the graph. The results suggest that increasing the solution flow rate enhances the vapor 

exit rate through the solution flow line. At a flow rate of 0.75 kg/hr, the vapor generation 

and extraction rates were almost equal. Increasing the flow rate from 2.5 kg/hr to 3.25 

kg/hr almost doubled the bubble escape rate through the solution line (from about 

0.0005 kg/m2s to 0.0011 kg/m2s).  
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Figure 4-35.  Comparison of vapor desorption and generation rates at different solution 

flow rates. 

To understand the physics of bubbles escape through the solution line, further 

studies were conducted using the visualization test setup discussed earlier. The 

differential pressure across the membrane was kept constant in all tests at 13 kPa to 

simulate the test conditions in Fig. 4-35. Tests were conducted at different mass flux. 

Fig. 4-36 shows the bubbles images during the venting process at different conditions. 

The x and t shown on the figures indicate distance from the device inlet and time. Fig. 4-

36a shows test results at a water mass flux ( wm ′′ ) of 12 kg/m2s. At this condition, the 

bubbles fully vent through the membrane before moving much along the flow channel 

(about 8 mm). Increasing the flux to 41 kg/m2s only slightly delayed the bubble full 

extraction, as it is evident in Fig. 4-36b. However, signs of a transition to a different 
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regime appeared in which increased drag force on the bubble significantly changed its 

shape. Further increase of the flux to 54 kg/m2s indicated that while some bubbles still 

completely vent through the membrane, albeit farther from the channel inlet (cf. Fig 4-

36c), a portion of the bubble snaps off from the main bubble (cf. Fig 4-36d) and 

continues and flows through the channel without venting through the membrane. This 

indicates that the bubble is no longer in contact with the membrane. Xu et al. [61] 

showed that at a critical velocity, a liquid film forms between the bubble and the 

membrane and prevents bubbles extraction through the membrane. The frequency of 

this event (i.e. fraction of bubble escape) was approximately 30% at this flow rate. 

Increasing the flux to 83 kg/m2s enhanced the frequency of the event to 50%. Finally, at 

a flux of 110 kg/m2s, almost all bubbles experienced the same phenomenon.  

The overall physics and trends of the observed phenomena apply well for flow of 

vapor in a LiBr solution, with small variations due to differences in fluid properties. Of 

particular interest is the bubble snapping events that occur when drag forces on a 

bubble exceed the surface tension forces. The surface tension of the LiBr solution at the 

boiling test conditions discussed earlier ranges from 0.0068 to 0.0076 N/m [102] that is 

quite close to that of water (σ=0.073 N/m) at room temperature. On the other hand, the 

shape drag force on a bubble is 

ACmACVF ddD ρ
ρ

2
2

2
1

2
1 ′′

==
  

(4-1) 

where ρ is liquid density, V is the flow velocity, Cd is the drag coefficient which is mainly 

a function of the bubble shape, A is the cross-sectional area of the bubble and m ′′  is 

the mass flux. The LiBr solution density varies from 1450 to 1650 kg/m3 in our tests. Eq. 

(4-1) implies that a bubble experience a similar drag forces in LiBr solution and water 
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flows as long as the LiBr solution flux is approximately 1.2 to 1.3 times higher than the 

water flux.  

(a) 

     
x=8mm  t=0ms x=8mm  t=112ms x=8mm  t=120ms x=8mm  t=139ms x=8mm  t=154ms 

     
x=8mm  t=163ms x=8mm   t=196ms x=8mm  t=263ms x=8mm   t=422ms x=8mm  t=700ms 

 

(b) 

     
x=10mm  t=0ms x=10mm  t=10ms x=10mm  t=26ms x=10mm  t=29ms x=10mm  t=40ms 

     
x=10mm  t=43ms x=10mm  t=45ms x=10mm  t=76ms x=10mm t=682ms x=10mm t=900ms 

 

(c) 

     
X=12mm  t=0ms x=12mm  t=29ms x=12mm  t=34ms x=12mm  t=36ms x=12mm  t=41ms 

     
x=12mm  t=72ms x=12mm  t=88ms x=12mm t=129ms x=12mm t=521ms x=12mm  t=800ms 

 

(d) 

    
x=12mm  t=0ms x=12mm  t=10ms x=12mm  t=17ms x=12mm  t=52ms 

    
x=12mm  t=55ms x=12mm  t=57ms x=12mm  t=62ms x=12mm  t=79ms 

    
x=12mm  t=174ms x=12mm  t=500ms x=17mm  t=154ms x=25mm  t=272ms 

 

 
Figure 4-36.  Bubble extraction through the membrane with 13 kPa pressure difference 

across the membrane at three fluxes: (a) wm ′′ =12 kg/m2s (b) wm ′′ =41 kg/m2s (c-
d) wm ′′ =54 kg/m2s. 

Overall, the results suggest that the bubbles could be fully vented from the flow 

as long as they stay in contact with the membrane. To do so, the bubbles should 

experience a sufficient residence time within the channels. Obviously, the residence 

x 
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time is the shortest for bubbles generated at the end of channels. Perhaps, the addition 

of a short adiabatic section at the desorber exit could resolve this issue.  

Finally, it is noteworthy that the existing boiling literature provides significant 

insights on dynamics of flow boiling and bubble growth in microchannels. The existing 

knowledge on the flow boiling process and the insight provided here on characteristics 

of the membrane-based flow boiling desorption process may be utilized to analyze the 

impact of microchannels geometrical parameters on dynamics of the LiBr flow boiling 

and bubble growth.      
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CHAPTER 5 
CONCLUSION 

 
The efficacy of highly porous nanofibrous membranes for application in an 

absorption heat pump was studied. The membranes were successfully implemented in 

an absorber and a desorber heat exchanger. It was determined that the absorption rate 

can be significantly enhanced when a solution film thickness on the order of 100 µm and 

highly porous nanofibrous membranes are implemented. The studies were conducted at 

two solution film thicknesses of 100 and 160 μm and over a wide range of flow 

velocities. It was demonstrated that reducing the solution film thickness and increasing 

its velocity enhance the absorption rate. The absorption rate achieved was significantly 

higher than in a previous study and approximately 2.5 times that of the existing falling 

film absorption technology. The absorption rate linearly increased with the pressure 

potential (i.e. the difference between the water pressure in the vapor and solution 

phases). The membrane mass transfer resistance was not dominant at the absorption 

rates measured in this study. However, further enhancement of the absorption rate to 

and beyond 0.01 kg/m2.s at low pressure potentials could result in a significant increase 

in contribution of the membrane mass transfer resistance.  

This study also investigated the effect of micro surface structures on the 

absorption characteristics of a membrane-based absorber. The microstructures should 

have enough height to generate surface vortices with sufficient momentum to impact the 

main flow and continuously replenish the solution-membrane interface with a 

concentrated solution. It was determined that the absorption rate can be significantly 

enhanced and absorption rates are comparable with those of thin solution film. 
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Implementation of surface microstructures enables increasing the solution channel 

height and consequently decreasing the solution pressure drop significantly. Overall, the 

successful achievement of high absorption rates with relatively low solution pressure 

drop in this study suggests that large membrane-based absorber heat exchangers could 

be developed. 

The absorption performance of Ionic liquid [EMIM][MeSO3] was also reported in a  

membrane based absorber with micro surface structures.  To the best knowledge of the 

author, results are the first absorption data reported for ionic liquids. As expected, the 

absorption rates are much lower than those of LiBr solution due to the much lower water 

diffusivity of ILs compared to LiBr solution. However, the application of ILs as an 

alternative desiccant for LiBr solution in ARSs is interesting because: 1) ILs do not 

crystallize and 2) ILs are less corrosive. The crystallization and corrosion are big 

challenges in LiBr absorption chillers.   

Furthermore, a parametric study was conducted to understand characteristics of 

the water desorption process from a thin LiBr solution flow constrained by a porous 

hydrophobic membrane. Two modes of desorption consisting of: (1) direct diffusion of 

water molecules out of the solution film and their subsequent flow through the 

membrane and (2) formation of water vapor bubbles within the solution flow and their 

exit through the membrane were observed and analyzed. The vapor pressure 

determined the onset of direct diffusion desorption while the solution pressure 

determined the onset of the boiling desorption mechanism. The desorption rate 

increased moderately with temperature in the direct desorption mode and exponentially 

in the boiling desorption mode. Lowering the vapor pressure or elevating the water 
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pressure inside the solution enhanced desorption through the direct diffusion 

mechanism while the effect of solution velocity was negligible on the same. In the 

boiling desorption mode, increasing the solution pressure and velocity enhanced 

desorption at a fixed wall superheat temperature.  

Comparison of the vapor mass flow rate through the membrane and the solution 

exit line showed that the ratio of the two is independent of the desorption rate implying 

that the membrane mass transfer resistance did not limit desorption through the 

membrane. However, the solution flow velocity directly affected the rate of bubble exit 

through the solution line. The bubbles exit rate was near zero at 0.75 kg/hr flow rate and 

increased to a maximum of 20% of the total vapor generation at 3.25 kg/m2s mass flux. 

Visualization studies suggested that beyond a critical mass flux (i.e. flow velocity) some 

bubbles cease to extract through the membrane. To avoid this phenomenon, a 

membrane-based desorber can be designed to a width and length, for a given solution 

flow condition, to avoid the critical mass flux. Below the critical condition, adding an 

adiabatic section at the end of the microchannels is expected to enable full bubble 

extraction, as this approach increases the residence time of bubbles generated towards 

the end of the heated section. 

The successful demonstration of a membrane-based absorption and desorption 

processes in the set of tests presented in this study suggests that compact membrane-

based absorber and desorber heat exchangers in a plate and frame configuration could 

be developed. This heat exchanger configuration is inherently more compact than the 

shell-and-tube heat exchangers and lends itself to small-scale, low capacity ARS 

designs.  
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