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Abstract

Absorption refrigeration technology, which has the ability to utilize heat directly for
cooling purposes, has been one of the most widely used technologies for refrigeration
and cooling applications since the early stages of refrigeration technology. Working
fluid mixtures employed in the absorption cooling systems are environmental friendly
and do not contribute in greenhouse gas emission when compared to vapour
compression systems which also use costly mechanical energy input. However, high
initial costs and bigger size are some of the main obstacles that impede their wide use in
small scale residential buildings and transport sector. In order to overcome these
obstacles, design and configuration of the system and its components need to be
investigated in order to achieve compact components and reduce the size of the system.
Absorber is an important component of the absorption refrigeration system and plays a
critical role in the overall performance, size, and capital cost of the system. Both heat
and mass transfer take place simultaneously in the absorber. The design and
configuration of the absorber significantly influence its performance. Absorber of an
absorption cooling system employing water as a refrigerant works under vacuum
conditions and therefore the size of the equipment is usually very big. It is the focus of
this thesis to investigate advanced absorbers with new working fluid mixtures in order
to enhance the heat and mass transfer processes and reduce the size of the equipment.
Use of membrane contactors in the form of hollow fibre membrane modules or plate-
and-frame membrane modules is one of the alternatives to achieve compact absorbers.
The performance of heat and mass transfer in the components is significantly enhanced
as a result of higher area to volume ratio available. In this research, a plate-and-frame
membrane-based absorber was selected to investigate in detail the heat and mass
transfer mechanism and fluid dynamics behaviour employing working fluid mixtures
that contain water as a refrigerant. This work will provide a sound foundation to better
understand the absorption process in membrane based absorbers. The performance of
membrane based absorbers depends on many parameters such as the thermodynamic
and transport properties of the working fluid mixture, the operating conditions, the
design parameters (such as the channel thickness, membrane material characteristics)
etc. Most of the research in this area is done using the conventional working fluid

mixtures, water/LiBr and ammonia/water with water as a cooling medium. Moreover,
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there is a growing interest for air-cooled absorption chillers, for which
water/(LiBr+Lil+LiNO3+LiCl) mixture is proposed as a working fluid due to its larger
range of solubility. In addition, for high temperature heat sources, aqueous solution of
alkitrate salts (LiNO3+KNO3;+NaNQOs3) has been proposed as an attractive alternative to
effectively utilize the high temperature in the third stage of a triple effect absorption
cooling cycle. However, there is very scarce information in the literature about the
absorption process with these non-conventional working fluid mixtures. In this research,
numerical analyses were performed to evaluate the performance of a plate-and-frame
membrane-based  absorber  employing  water/(LiBr+Lil+LiNO3+LiCl) and
water/(LiNO3+KNO3+NaNQO3) working fluid mixtures. CFD tool ANSYS/FLUENT
14.0 was used to perform the simulation and investigate in detail the heat and mass
transfer mechanisms and fluid dynamics behaviour at local levels in the channels. The
simulation tool was very useful to perform detailed analyses and was able to predict
absorption rate, concentration and temperature profiles of the solution at local levels.
Results showed that absorption rate can be significantly enhanced if the solution is
confined in a thinner channel with higher mass flow Reynolds numbers. Although the
solution channel thickness and solution mass flow rate can be independently controlled
in a plate-and-frame membrane-based absorber however it was observed that the
pressure drop increases exponentially with a decrease in the solution channel thickness,
while it increases linearly with an increase in the solution velocity. In this study, an
optimal value of 0.5 mm for the solution film thickness and a solution velocity in the
range 0.003 — 0.005 m/s are recommended to achieve higher absorption rates with a
minimum pressure drop. In addition, it was observed that the percent pressure drop in
case of water/(LiNO3;+KNO3+NaNQO3) working fluid mixture was significantly lower
when compared to the water/LiBr and water/(LiBr+Lil+LiNOs+LiCl) working fluid
mixtures because of the higher operating pressure. Therefore, the use of
water/(LINO3+KNO3;+NaNQO3) working fluid mixture in a plate-and-frame membrane-
based absorber which operates at higher pressures cannot only allows higher solution
mass flow rate but can also allows the reduction of the solution channel thickness to
achieve a compact absorber and a higher absorption rate. Moreover, MATLAB code
was used to investigate the effect of membrane material characteristics and operating
conditions on the absorption performance of the absorber. In this study, appropriate
operating and design parameters were recommended to effectively utilize membrane-

based absorbers in absorption cooling systems.
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Chapter 1

Introduction

Energy can be considered as prerequisite for both economic growth and a higher
standard of living. Increase in the consumption of electricity in public and private
sectors has given rise to the energy crisis in the developing countries. The gap between
demand and supply of energy has drastically increased which is adversely affecting
many fields of economy. Power shortages have had a strongly negative impact on
economic growth especially in the industrial sector. Over-exploitation of important
natural resources such as fossil fuels due to increase in the energy consumption as a
result of the large increment of the population and global energy consumption has
caused excessive pollution which at the same time has resulted in the depletion of ozone
layer and imbalances in the environment because of global warming and climate

changes.

Energy consumers sectors include the buildings, industry and transport. The most
significant reductions in energy consumption can be achieved in the buildings and
transport sectors. Building sector which involves both the residential and commercial
buildings account for a 20—40% of the total final energy consumption [1]. Moreover, a
significant part of the buildings consumption is for heating, ventilation, cooling and
lighting. It means that large amount of the energy demand of buildings is for air-
conditioning of spaces. Air-conditioning systems such as mechanical compression
technologies need high electrical power and a suitable refrigerant for their operation.
Both of these requirements can have high environmental impacts and contribute to
global warming. Many ozone-depleting substances (ODS) such as chlorofluorocarbons
(CFCs) and the fluorocarbon gases such as hydrofluorocarbons (HFCs) used to replace
CFCs are potent greenhouse gases and are more powerful than CO> in causing climate
changes.

With an increasing awareness of the environmental impacts and according to our current
needs due to the climate change and economic crisis, use of absorption cooling systems

would imply an important impact on environment if they are driven by residual heat or
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solar thermal energy. In addition, absorption air-conditioning technologies can
potentially contribute in energy saving due to the fact that they can be thermally driven
to produce cooling or heating in comparison with conventional electrically driven
mechanical compression technologies. Working fluid mixtures employed in the
absorption cooling systems are environmental friendly and do not contribute in
greenhouse gas emission when compared to the vapour compression systems which also
use costly mechanical energy input. This shows a great opportunity to significantly

reduce greenhouse gases emissions in both developed and developing countries.

Although absorption refrigeration technology has been one of the most widely used
technologies for refrigeration and cooling applications since the early stages of
refrigeration technology, however, in small scale applications (small residential
buildings) and transport sector thermally driven absorption technologies are still in the
early periods of market development. High initial costs and bigger size are some of the
main obstacles that impede their wide use. In order to overcome these obstacles, design
and configuration of the system and its components are investigated in order to achieve

compact components and reduce the size of the system.

1.1 Justification

Absorber is an important component of the absorption refrigeration system and plays a
critical role in the overall performance, size, and capital cost of the system. Both heat
and mass transfer take place simultaneously in the absorber. The design and
configuration of the absorber significantly influence its performance. Poor performance
of the absorber leads to a lower value of the coefficient of performance of the vapour
absorption cycle. There is a growing concern to enhance heat and mass transfer
processes and to improve the design and configuration of the absorber in order to
achieve compact absorbers with improved performance and thermal efficiency.
Reduction in the size of the absorber mean that the overall size of the system can be
reduced which can allow the use of absorption cooling systems in small scale residential
buildings and transport sector. Use of membrane contactors in the form of hollow fibre
membrane modules or plate-and-frame membrane modules is one of the alternatives to
achieve compact absorbers. Absorption cooling systems employing membrane based
components provide an interesting opportunity to use the technology for small scale

applications. This works aims to perform detailed analyses of a plate-and-frame
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membrane-based absorber to predict the detail behaviour of heat and mass transfer
processes and to evaluate its performance with water/(LiBr+Lil+LiNO3+LiCl) and
water/(LiINO3+KNO3;+NaNOs;) working fluid mixtures for air cooled absorption cooling
systems and multi-stage high temperature heat sources applications, respectively. The
study is indented to perform numerical simulations to achieve compact absorbers with

enhanced heat and mass transfer.
1.2 Aims and objectives

The main objective of this work was to perform heat and mass transfer analyses of new
working fluid mixtures in a membrane-based absorber for absorption cooling systems.

Following objectives were accomplished in this work.

l. Literature survey to study the applications of membrane contactors in absorption
cooling system and to select an appropriate membrane module for the absorption

Pprocess.

2. Developing a steady-state numerical model using CFD solver based on the
Navier-Stokes equations to investigate in detail the heat and mass transfer
processes in a plate-and-frame membrane-based absorber employing water as a
refrigerant and salt(s) as an absorbent. To study in detail the effect of solution
flow and channel configuration on absorption performance as well as fluid
dynamics behaviour using water/LiBr working fluid mixture. To validate the
numerical model and support the obtained results, validation of the numerical
model will be performed using the available literature data of a membrane-based

absorber using water/LiBr working fluid mixture.

3. Performing numerical simulations using CFD approach to investigate the fluid
dynamics behaviour, absorption performance and thermal efficiency of a plate-
and-frame membrane-based absorber using water/(LiBr+Lil+LiNOs+LiCl) and
water/(LiNO3+KNO3+NaNOs3) working fluid mixtures. This work will focus on
the performance of water/(LiBr+Lil+LiNO3+LiCl) working fluid mixture in a
plate-and-frame membrane-based absorber at air-cooled thermal conditions and
a comparison will be made with the conventional fluid mixture water/LiBr.
Further, water/(LINO3+KNO3+NaNOQO3) working fluid mixture will be

investigated for high temperature heat sources (up to a temperatures of 260 °C)



and its performance will be evaluated to use it in the last stage of a triple-effect

absorption cooling system.

4. Estimation of thermophysical properties of the examined working fluid mixtures
which are not available in the open literature. Vapour liquid equilibria data of
the examined mixtures will be used to develop correlations to predict the
differential heat of dilution as a function of temperature and solution

concentration.

5. Developing a steady-state simple 1D mathematical model in MATLAB to
investigate the effect of different operating and design parameters on the
absorption performance. Membrane material characteristics and effect of
important parameters like temperature, flow rates and vapour pressure on the

absorption performance of membrane-based absorbers will be studied in detail.
1.3 Methodology

Literature survey was carried out to investigate different membrane modules that can be
used to effectively replace the conventional absorber of an absorption cooling system.
Further, a thorough review of potential working fluid mixtures was performed and
appropriate working fluid mixtures were selected for investigation in this study. In
addition, thermophysical properties of the selected working fluids were collected from

the available literature.

A CFD based solver was used to carry out a detailed heat and mass transfer analysis.
For this, a 2-D numerical model was developed. The governing equations of continuity,
momentum, energy and species transport were used to perform a steady-state numerical
analysis of combined heat and mass transfer in the absorber. User defined functions
were used to incorporate the source terms in the equations and use the numerical model
accordingly. Similarly, user defined functions were developed to create and update the
thermophysical properties of the working fluid mixtures. The flow in each channel is a
homogeneous single phase flow and the species in the solution are well mixed, which
mean the relative velocity between the species is negligible. In the absence of relative
motion the governing mass and momentum conservation equations for homogeneous flow
are reduced to the single-phase form. Therefore, instead of a mixture model, single phase

equations were used to perform the simulation with less computational effort. The



computational domain was simplified and symmetrical boundary conditions were
considered wherever appropriate to achieve the convergence quickly with less CPU
time and memory requirements. The simulation tool was validated with experimental
data in the literature for the conventional water/LiBr working fluid mixture. Numerical
simulations of a plate-and-frame membrane-based absorber were performed using
water/(LiBr+Lil+LiNO3+LiCl) and water/(LiINO3+KNO3+NaNQO;) working fluid
mixtures for air cooled absorption cooling systems and multi-stage high temperature
heat sources applications, respectively. Thermophysical properties of the examined
mixtures were estimated using the available correlations in the open literature.
Properties which were not available in the open literature were calculated using
analytical procedure as a function of solution concentration and temperature. Clausius-
Clapeyron equation was used to derive the Duhring equation and using the vapour
pressure data of the examined mixtures, the differential heat of dilution data was
estimated from the Duhrings diagrams. The obtained differential heat of dilution data
was correlated with simple polynomial equation for the three working fluids as a

function of the solution concentration and temperature.

A steady-state simple 1-D model was developed in MATLAB to investigate the effect
of different operating and design parameters on the absorption performance. The
mathematical model was based on energy and mass balance equations, yielding coupled
heat and mass transfer model in which both the non-linear and differential equations
were solved simultaneously in each cell using the Newton-Raphson method and Runge—

Kutta method, respectively.

1.4 Thesis structure

This thesis is distributed into five chapters and an appendix. Apart of the present
chapter, in which a brief introduction, research objectives, research approach and
justification of the thesis are given, the rest of the chapters are briefly described in the

following lines.

Chapter 2 includes an overview of absorption cooling systems and the absorption
process. Different configurations of absorbers have been reviewed. Also, intensification
techniques to improve the heat and mass transfer processes are discussed. A

comprehensive review on the use of membrane contactors in absorption cooling systems



is also performed. In the literature review, the applications of membrane contactors in
the field of absorption cooling systems were covered. Membrane contactor modules,
components employing membrane contactors, cycle configurations, membrane material
characteristics and the working fluid mixtures for the membrane contactor based

absorption refrigeration systems were discussed in detail.

In Chapter 3, information about the working fluid mixtures and the thermophysical
properties is given. References are given about the correlations used to predict the
thermophysical properties of both the conventional working fluid pair, water/LiBr and
non-conventional working fluid mixtures, water/(LiBr+Lil+LiNOs+LiCl) and
water/(LiNO3+KNO3+NaNQO3). In addition, method of estimating the differential heat of

dilution is discussed.

Chapter 4 is devoted to results and discussion of the numerical analyses. This chapter
presents an in-depth analysis of heat and mass transfer mechanisms in a membrane-
based absorber using CFD approach. A plate-and-frame membrane-based absorber with
water/LiBr working fluid mixture was used to investigate the heat and mass transfer
mechanisms and fluid dynamics behaviour at local levels in the channels. Moreover,
water/(LiBr+Lil+LiNO3+LiCl) and water/(LINO3+KNO3;+NaNQO3) working fluid
mixtures were investigated for air cooled absorption cooling systems and multi-stage
high temperature heat sources applications, respectively. In addition, numerical
description and simulation results of a one-dimensional mathematical model developed
in MATLAB are also given in this chapter. Parametric study is performed and the
impact of solution channel thickness while investigating the effect of membrane

material characteristics and operating conditions has been critically evaluated.

Finally, Chapter 5 gives the conclusions about the work done in the present thesis and

some comments about the future work.

The appendix section comprises of research articles which have been published in
international peer-reviewed journals. Research articles which are submitted for

publication are also attached.



Chapter 2

State-of-the-Art

This chapter includes an overview of absorption refrigeration systems and the
absorption process. Different configurations of absorbers have been reviewed. In
addition, intensification techniques to improve the heat and mass transfer processes are

discussed.
2.1 Absorption Cooling Systems

Similar to the compression cycle, an absorption cycle is based on the cooling and
heating processes associated with phase changes in evaporation and condensation of a
refrigerant fluid at different temperatures and pressures. The working fluid mixture
consists of a refrigerant and an absorbent, so that the boiling temperature can be
modified by changing the pressure or composition of the mixture. The main components
in the absorption refrigeration system are absorber, generator, condenser, evaporator
solution heat exchanger and solution pump. Figure 2.1 shows the schematic illustration

of an absorption cooling system.

Figure 2.1: Schematic diagram of an absorption cooling system



Absorption cooling unit is partially similar to mechanical vapour compression systems
in terms of operation as shown in Figure 2.2. In both the cases, system operates under
two pressure levels in which the refrigerant vapour at high temperature and pressure is
condensed and throttled to a very low temperature and pressure toward an evaporator
where it is evaporated to provide cooling. The major difference between these systems
lies in the way how refrigerant vapour is compressed from a low pressure to a high
pressure. In the case of the absorption refrigeration system with respect to the vapour
compression system, a thermal compressor replaces the mechanical compressor.
Thermal compressor of an absorption cooling system consists mainly of an absorber, a
generator, a solution pump, a solution heat exchanger and an expansion valve. In the
absorber, refrigerant vapour coming from the evaporator is absorbed by a solution
mixture weak in refrigerant. The solution mixture composed of refrigerant and
absorbent has high affinity for the refrigerant. In the absorption process heat is released
which is dissipated by the cooling medium in order to maintain the absorption potential.
The solution strong in refrigerant leaving the absorber is then pumped to a high pressure
generator where the absorbed refrigerant is again evaporated and separated from the
solution mixture by applying heat. As the refrigerant used in absorption cooling systems
is volatile compared to absorbent therefore with the application of high temperature heat
source, which drives the cycle, the refrigerant vapour is separated from the absorbent
and is sent to the condenser. The remaining solution mixture weak in refrigerant is sent

to the absorber via solution expansion valve and the cycle repeats.

Figure 2.2: Compression and absorption refrigeration cycles



In absorption cooling systems, the main performance indicator is the COP (Coefficient
Of Performance) which is defined as the ratio of the cooling capacity and the amount of
heat input plus the pump consumption. Since in water/LiBr based absorption cooling
systems, the pump energy consumption is relatively small in comparison with the heat

input in the generator, therefore, this parameter is often neglected.
2.1.1 Classification of Absorption Refrigeration Systems

As shown in Figure 2.3, absorption systems can be classified based on several criteria:
main function, firing method, number of effects and stages, condensing method,
working fluids, application, working mode and capacity. However, they can be mainly
distinguished in terms of working fluid mixture and number of effects/stages.
Depending on the working fluid mixture used, absorption refrigeration systems are
broadly classified into ammonia/water (NH3/H>O) and water/lithium bromide
(H20O/LiBr) systems. The basic components of both types of refrigeration systems are
the absorber, desorber, condenser, evaporator and solution heat exchanger. However, in
the case of NH3/H>O absorption refrigeration systems, a rectifier is also used at the exit
of the desorber to purify the ammonia vapour by condensing the water vapour from the
refrigerant vapour. As ammonia and water are both volatile, the refrigerant vapour may
contain significant amount of water vapour that has a negative effect on the system
performance. Therefore, a rectification process is required for the NH3/H>O absorption
refrigeration systems. NH3/H>O absorption refrigeration systems operate at higher
pressures and are commonly used for low temperature (-40 °C to +5 °C) cooling
applications. H>O/LiBr absorption refrigeration systems operate under vacuum
conditions and are used in air-conditioning applications where the cooling temperature
requirement is above 7 °C. In order to increase the efficiency, one or more additional
components at different pressures or concentrations can be added to the basic absorption
cycle. With respect to the number and type of additional components, absorption
machines can be categorized by the number of effects or by the number of stages. The
term effect refers to the number of generators used to thermally drive the absorption
cycle. In this way, absorption cooling system can be single-effect, double-effect or a
triple-effect system. Similarly, multistage absorption systems (single-stage, double-
stage or triple-stage) differ by the number of basic cycles that are combined; where the
number of evaporator-absorber pairs at different temperatures in absorption machines

determines the number of stages.
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Figure 2.3: Classification of absorption cooling systems
2.2 Absorption Process

Absorption cooling systems can utilize heat directly for cooling which make them an
attractive method for produce cooling against the conventional vapour compression
systems which consume costly mechanical energy. Absorption cooling systems have
few moving parts (only a small liquid pump) leading to low noise and very low
vibration levels. In addition, the electricity consumption by the solution pump is very
low. Cycle activation by thermal energy and use of natural refrigerants, which do not
contribute in ozone depletion as well as global warming, make absorption cooling
systems a better choice. Despite these advantages, absorption cooling systems are not
yet competitive with mechanical vapour compression systems in terms of efficiency,
size and cost. Improvements in the design and configuration of the absorption
refrigeration system and its components can provide an opportunity to compete in the
global market. The present thesis is focused on the absorber in which both heat and
mass transfer processes take place simultaneously. Absorber is one of the main
components which can greatly affect the performance, cost and size of the whole
absorption system. Operating conditions, geometry of the heat exchanger and

thermophysical properties of the working fluid mixture greatly influence the heat and
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mass transfer mechanisms in absorber. Extensive research work has been carried out to
improve the design and configuration of absorbers. Conventional absorbers are mainly
classified into falling film absorber, adiabatic absorber and bubble absorber. The
absorption operation varies in these absorbers depending on the mode, in which the
refrigerant vapour coming from the evaporator is introduced into the absorber and
brought together in contact with the solution. Beside the conventional absorbers,
recently a novel absorber design has been proposed utilizing membrane contactors in
the form of plate-and-frame membrane module and hollow fibre membrane module. A

brief overview of the different configuration and design of absorber is given below.
2.2.1 Falling film absorbers

The falling film configuration of the absorber is the most common type used in
commercial cooling absorption machines. Thin falling film heat transfer mode provides
a high heat transfer coefficient which in turn enhances heat and mass transfer during the
absorption process. Falling film absorbers are further classified into horizontal tube
falling film absorbers and vertical tube falling film absorbers. A distributor located in
the upper section of the absorber is used to introduce the solution that falls in the form
pendent droplet between the coolant tubes and flow over the coolant tubes in the form
of thin film. Beside the horizontal tubes, the rest of the space in the absorber is occupied
by refrigerant vapours. The solution leaving the distributor is in direct contact with the
saturated vapour phase of refrigerant. The falling film vertical tube configuration
consists of two concentric tubes aligned vertically. On one side of the tube coolant is
flowing whereas on the other side solution flows in the form of film which is in direct
contact with the saturated refrigerant vapour coming from the evaporator. The weak
solution flows downward through the outer space of the vertical tubes whereas cooling
water usually flows upward through the tubes. In both configurations, the heat of
absorption is dissipated by the coolant flowing inside the tubes. The strong solution in
refrigerant leaves the absorber through the lower section. Horizontal falling film
configuration is most commonly used in commercial absorption machines because of a
lower pressure drop however its design is complicated due to solution distribution
limitations and wettability problem which deteriorate the absorption performance.
Figure 2.4 shows the configuration of both horizontal and vertical falling film

absorbers.
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(a) Horizontal tube absorber

(b) Vertical tube absorber

Figure 2.4: Schematic diagram of falling film absorber
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2.2.2 Adiabatic absorbers

Adiabatic absorbers consist of an adiabatic chamber and solution sprayer as shown in
Figure 2.5. A separate external conventional single-phase heat exchanger is used to
sub-cool the absorbent solution. Thus, the heat and mass transfer processes do not
take place simultaneously. The solution weak in refrigerant is introduced into the
adiabatic chamber in a fine spray mode where it gets in contact with the refrigerant
vapour coming from the evaporator. The solution strong in refrigerant is collected in
the lower section of the adiabatic chamber. The solution sprayer disperses the solution
into the chamber in very fine drops which helps to improve the absorption potential.
This configuration allows reduction in size and cost. To increase the absorption
capacity and get close to the solution equilibrium conditions, it is necessary to

circulate part of the strong solution through the adiabatic absorber.

Figure 2.5: Schematic diagram of an adiabatic absorber [2]
2.2.3 Bubble absorbers

Bubble absorbers consist of a vertical tube in which the solution weak in refrigerant
flows in the upward direction. Saturated refrigerant vapour coming from the
evaporator is injected at the bottom of the channel in bubble mode and is absorbed as
it goes up. Cooling fluid is circulated on the outside of the solution channel to
dissipate the heat of absorption. Bubble absorption mode allows a good mixing
between the liquid and the vapour which in turn enhance the heat and mass transfer
coefficients. In case of low solution flow rates, bubble absorber is generally more
efficient than falling-film absorbers. Figure 2.6 shows the bubble absorber

configuration.
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Figure 2.6: Schematic diagram of a bubble absorber [2]

2.2.4 Membrane-based absorbers

Recent research shows that membrane contactors can be employed in the components
of absorption cooling systems in order to enhance the heat and mass transfer
processes and achieve compact absorbers. There are mainly two configurations, plate-
and-frame membrane absorber and hollow fibre membrane absorber in which the
membrane contactors can be incorporated in the absorbers. Due to the parallel
plates/flat sheets in the plate-and-frame membrane module the pressure drop is small,
it is therefore considered as a better option for the water/salt(s) based absorption
refrigeration systems. Nevertheless, the hollow fibre module allows more efficient
mass transfer due to external transverse flow and is considered an appropriate choice
for the ammonia/water based absorption refrigeration systems. The configuration of
the plate-and-frame absorber is set as such that the solution, coolant and vapour flow
in individual flow channels (Figure 2.7). Each coolant channel serves two solution
channels and is fed in the counter flow direction. The first and last cells of the module
have half width coolant channels. Similarly, each vapour channel serves two solution
channels and can be in a counter flow or co-current flow. The coolant and solution are
separated using a metallic plate across which heat transfer takes place whereas a
microporous hydrophobic membrane sheet is placed at the aqueous solution—water
vapour interface in the form of parallel sheet along the metallic plate. Both heat and
mass transfer processes take place across the membrane sheet. Both solution mass
flow rate and solution film thickness can be independently controlled in plate-and-

frame absorbers.
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(a) Flow channel configuration (b) 2D sectional view of a single unit
Figure 2.7: Configuration of a plate-and-frame membrane absorber
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Figure 2.8: Hollow fiber membrane absorber [3]

The hollow fibre membrane absorber (Figure 2.8) consists of hundreds of both
microporous hydrophobic membrane fibres and non-porous membrane fibres,
assembled and made into a shell-and-tube module. The refrigerant-absorbent solution
flows into the shell side of the hollow fibre module. The refrigerant vapours to be
absorbed flow into the microporous hollow fibres while the cooling fluid flows into

the non-porous hollow fibres of the module.
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A comprehensive literature review is carried out on the applications of membrane
contactors in absorption refrigeration systems and has been published in international
peer-reviewed journal of Renewable and Sustainable Energy Reviews. The article is
attached in appendix Al. In this review article, membrane contactors modules which
replace the conventional components of absorption refrigeration systems are
discussed. The principle of the operation of membrane contactor modules and its
applications in the components of absorption refrigeration systems is described.
Characteristics of membrane contactor materials employed in absorption refrigeration
systems are overviewed. Information is collected on the choice of the working fluid
mixture to be used in absorption refrigeration systems that use membrane based
components and the compatibility of working fluid mixtures with the membrane
contactor material is discussed. Experimental and numerical analyses reported in the
open literature to investigate membrane-based components, including absorber,
desorber and solution heat exchanger are reviewed and their performance is evaluated
with reference to conventional components of absorption refrigeration systems.
Different configurations of absorption refrigeration systems utilizing membrane
modules in the components are reviewed. The principle of the operation of membrane
contactor modules and its effect on the absorption refrigeration cycle configuration is

described.
2.3 Intensification of the heat and mass transfer processes

Numerous investigations have been carried out in order to intensify the heat and mass
transfer processes taking place in the absorber. Both active and passive techniques
have been investigated for enhancing the absorption rate in the absorbers of
absorption refrigeration systems. Among these mechanical treatment, chemical
treatment, and nanotechnology techniques can be effective to achieve the
intensification of heat and mass transfer processes. Resistance to heat and mass
transfer processes is more dominant on the solution side therefore the intensification
techniques are usually applied in this side to enhance the interaction of both liquid
and vapour phases and their heat and mass transfer. The intensification of heat and
mass transfer coefficients in the absorber would not only allow reduction in the size
of absorber but can also reduce the cycle driving temperature and allow a higher heat

sink temperature for the heat dissipation in the absorber and condenser. It means that
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the intensification process can help in avoiding the use of humid cooling towers and

can enhance the efficiency of solar cooling applications effectively.

A brief description of the different intensification techniques to enhance the

absorption process is presented as follows.
2.3.1 Use of mechanical treatment

In mechanical treatments, internal micro-finned tubes, scratched and corrugated
surfaces are produced to enhance the heat and mass transfer coefficients. The heat and
mass transfer coefficients are enhanced by causing interfacial turbulence. In falling
film mode absorbers, mechanical treatment includes both scratching the tube surface
to increase the surface roughness as well as the use of advanced surface tubes such as
constant curvature tubes, fluted tubes or micro-finned tubes. In bubble mode
absorbers, mechanical treatment includes the use of internal micro-finned area for
tubular absorbers and the use of corrugated surfaces for plate absorbers. Absorption

rates can increase by a factor of 2 or more if finned structures are used [4].
2.3.2 Use of chemical treatment

In chemical treatments, the addition of small quantities of additives (surfactants) has
been extensively investigated to induce surface tension gradients in the solution in
order to cause Marangoni effect (interfacial turbulence) and lead to higher heat and
mass transfer coefficients. The surface tension can considerably affect the flow
patterns and is more significant in the bubble mode absorption process. The interfacial
area between the liquid and vapour phase is significantly affected by the surface
tension of the liquid. Higher surface tension of the liquid leads to a lower interfacial
area for mass transfer. In addition, higher surface tension lowers the wettability of the
tubes which can significantly affect the heat and mass transfer in a falling film
absorption mode. An enhancement of about 2 to 4 times is achievable in presence of

the surfactant compared with the absorption rate without additives [4].
2.3.3 Use of nanotechnology

Recent advances in the area of nanotechnology have shown that this technology can

be effectively utilized in the absorption cooling systems for enhancing heat and mass
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transfer processes. Nanoparticles can enhance not only the effective thermal
conductivity of the base fluid but also affect directly the heat and mass transfer
characteristics of the fluid. In absorption cooling systems, nanoparticles are added to
the working fluid mixture, forming a binary nanofluid mixture with evenly suspended
nano-sized particles (d, < 100 nm) to enhance the heat and mass transfer [5]. Thermal
conductivity and convective heat transfer coefficient of binary nanofluids increase
with respect to the base fluid which enhance the heat and mass transfer processes. For
instance, an average enhancement factor of 2 to 3 times is possible if carbon

nanotubes (CNTs) with a concentration of 0.1 wt% are used [6].
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Chapter 3

Working Fluid Mixtures

In the following sections, characteristics of ideal working fluid mixtures have been
described and the significance of proposed working fluid mixtures is discussed.
Information about the working fluid mixtures and the thermophysical properties is
given. References are given about the correlations used to predict the thermophysical
properties of both the conventional and non-conventional working fluid mixtures. In

addition, method of estimating the differential heat of dilution is discussed.
3.1 Working fluid mixture characteristics

Working fluid mixtures significantly influence the performance of absorption cooling
systems. Choice of the working fluid is critically dependent on the chemical and
thermodynamic properties and the thermodynamic cycle working conditions. The
fundamental requirements of the working fluid mixture are that the mixture has a
margin of miscibility within the operating temperature range of the cycle and that the
transport properties that influence heat and mass transfer, e.g., viscosity, thermal
conductivity, and diffusion coefficient should be favourable. Beside this, the mixture
should be low-cost, environmental friendly, chemically stable, non-corrosive, non-
toxic, and non-explosive. In addition, it is required that the refrigerant has high latent

heat of vaporization and that the absorbent is non-volatile in nature.

In this section the characteristics of working fluid mixture in reference to membrane-
based absorbers are discussed. For those absorption refrigeration systems utilizing
membrane contactors, the properties and requirements of the absorbent/refrigerant
combination should be compatible with the membrane contactor characteristics and
materials. For instance, a hydrophobic membrane material should be used when the
absorbent solution contains water as a mixture component so that the liquid solution
molecules do not pass through the membrane pores in case of non-selective

membrane contactors. Water can be employed in the absorbent solution either as a
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refrigerant or an absorbent and can be used as an additional component to enhance the
transport properties of a binary working fluid. For selective microporous membrane
contactors, the working fluid pair should be carefully selected in accordance with the
membrane properties so that refrigerant molecules observe less transport resistance
than the absorbent molecules and hence only the refrigerant molecules pass through
the pores. Griesheim and Rodenbach [7] reported that for a dissolution diffusion
membrane, the refrigerant should have the characteristic properties of dissolving in
the membrane material and diffusing through the membrane, whereas the absorbent
should be insoluble in the membrane material. However, for a microporous
membrane, a working fluid pair should be selected such that it does not cause wetting
of the microporous membrane. If the driving force across the membrane contactor is
the difference in vapour pressure, then the working fluid pair should be selected such
that the vapour pressure of the absorbent is much lower than the vapour pressure of
the refrigerant. Griesheim and Rodenbach [7] reported that in an absorption
refrigeration machine utilizing semi-permeable membrane, the vapour pressure of the
sorption medium should be a factor of more than 10,000 lower than the refrigerant

vapour pressurc.
3.2 Working fluid mixtures

Ammonia/water and water/lithium bromide are the most commonly used working
fluid pairs analysed both analytically and experimentally to investigate the
performance of membrane-based components of absorption cooling systems. One of
the key advantages of these working fluid pairs is that the thermophysical properties
are well known and established. However, other working fluids such as
ammonia/(lithium nitate+water), water/multicomponent salt mixtures and ionic liquid
based absorbent solutions can also be effectively utilized in membrane-based

absorption refrigeration systems.
3.2.1 Ammonia/water working pair

Ammonia/water working fluid pair is used in the industrial and commercial
applications where the cooling temperature requirement is in the range of -40 °C to +5
°C. NH3/H2O based absorption refrigeration systems do not have crystallization

problems and the system normally operates at a higher pressure (above atmospheric
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pressure), hence no vacuum is required. As the working fluid pair contains water as an
absorbent, therefore a non-selective membrane contactor with hydrophobic surface
can be used in the membrane based components. Despite the high thermal stability of
the NH3/H,O working pair, the high latent heat of vaporization of NH3; and the
feasibility of using NH3 as refrigerant for low temperature cooling applications there
is still a drawback in that both NH3 and water are volatile, and thus a rectifier is
required to strip away water that normally evaporates with NH3z. The rectification
process has a negative effect on the cycle performance and also increases the cost of
the absorption refrigeration system. Other disadvantages include the toxicity and

corrosive action to copper and copper alloy.
3.2.2 Water/LiBr working pair

Water/lithium bromide working fluid pair is used in those absorption refrigeration
applications where the cooling temperature requirement is above 7 °C. H>O/LiBr
based absorption refrigeration systems operate under vacuum conditions. The use of
H>O/LiBr for absorption refrigeration systems offers outstanding features such as the
non-volatility of LiBr absorbent (the need for a rectifier is eliminated) and high heat
of vaporization of water (refrigerant). However, using water as a refrigerant
eliminates the applications for which low cooling temperatures are required and the
system must be operated under vacuum conditions. H>O/LiBr based absorption
refrigeration systems also suffer from corrosion problems. In addition, at high
cooling-water temperatures and high concentrations the solution is prone to

crystallization.
3.2.3 lonic liquid based working fluid pair

In recent years, intensive research work has been carried out regarding the use of
ionic liquids as an absorbent in absorption refrigeration cycles. Advantages of ionic
liquids as an absorbent are the low volatility, low melting point, metal-compatibility,
high thermal stability and that they are environment friendly and not prone to
crystallization problem [8—10]. Ionic liquids have an almost zero vapour pressure, so
can be considered a better choice for membrane based absorbers and desorbers. The
issue of the high viscosity of ionic liquids can be overcome by adding a small fraction

of a ternary component such as water to the ionic liquid based mixtures. A number of
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refrigerants in combination with ionic liquids have been recommended for the use in
absorption refrigeration systems. Among these, carbon dioxide, water and ammonia

are the most prominent refrigerants.
3.3 Proposed working fluid mixtures

In this study, the aim was to investigate the performance of a plate-and-frame
membrane-based absorber at air-cooled thermal conditions and for high temperature
heat sources applications. Water/(LiBr+Lil+LiNO;+LiCl) and
water/(LiNO3;+KNO3+NaNQO3) working fluid mixtures were investigated for air-
cooled absorption cooling systems and multi-stage high temperature heat sources
applications, respectively. The significance of these working fluid mixtures are

described in the subsequent sections.
3.3.1 Water/(LiBr+Lil+LiNO3+LiCl) working fluid mixture

There is a growing interest for air-cooled absorption chillers in which the heat
rejected in the absorber and condenser is directly dissipated to ambient air instead of
employing cooling towers. Further, it will not only reduce the investment cost of the
installation but also the maintenance cost of cooling towers will be eliminated. In
addition, the system size can be reduced which can favour the use of absorption
systems in small scale applications. However, the absorber and condenser must
operate at higher temperatures to effectively dissipate the heat of rejection into the
ambient air which in turn can increase the risk of crystallization of the solution.
Water/LiBr solution has limited range of solubility which restricts the range of
feasible temperatures in the air-cooled absorbers and hinders in the development of an
air-cooled absorption system for cooling applications. Recent research has shown that
addition of other salts to LiBr aqueous solutions can significantly improve the
solubility of the solution. However, the criteria for selecting an appropriate salt
mixture should not only include the increase in the solubility range but also other
aspects of the machine operation such as vapour pressure, viscosity, corrosivity,
thermal and chemical stability. Bourouis et al. [11, 12] and Medrano et al. [13]
experimentally and numerically investigated aqueous solution of the quaternary salt
system (LiBr+Lil+LiNO3+LiCl) for air-cooled absorption systems and reported that

the aqueous solution of quaternary salt system is less corrosive and its crystallization
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temperature is about 35 K lower than that of water/LiBr. The presence of lithium
chloride decreases the vapour pressure, lithium iodide and lithium nitrate improve the
solubility and lithium nitrate reduces corrosion in the system. Thus the use of multi-
salt mixture can overcome the crystallization problem and allows the development of
an air-cooled absorption system with membrane contactor based components for
small scale applications. As water is used as refrigerant, microporous non-selective
hydrophobic membranes can be employed in the membrane based components to

achieve efficient performance.
3.3.2 Water/(LiNO3+KNO3+NaNO3) working fluid mixture

In order to improve the thermal utilization of the high temperature heat sources and
improve the efficiency of absorption cooling systems, different triple-effect
absorption cycles have been proposed. The triple-effect absorption cooling cycles are
intended not only to improve the COP but also to miniaturize the size of the
equipment for small scale applications. However, the thermal stability, corrosion and
crystallization problems of H>O/LiBr at high temperatures restrict the development of
H>O/LiBr triple-effect cycles for efficient thermal utilization of high temperature heat
sources. The conventional H>O/LiBr working fluid mixture suffers from serious

problems of corrosion and thermal decomposition at temperatures of over 180 °C.

Davidson and Erickson [14] proposed the use of aqueous solution of three alkali-
metal nitrate salts (LiINO3+KNO3;+NaNOs3), called Alkitrates, to extend the upper
temperature limit of absorption systems to 260 °C or above. Although the working
fluid mixture is compatible with austenitic stainless steel materials at high
temperatures, however, Howe and Erickson [15] reported that this working fluid
mixture does not exhibit a wide range of solubility, and consequently its use at low
temperatures is limited due to crystallization problems. Therefore, Erickson et al. [16]
suggested that Alkitrate could be used in the high temperature components of triple-
effect absorption cooling cycles, while the conventional working fluid H>O/LiBr
could be used in the low temperature components. The working fluid mixture
composed of H20 and alkitrates is potentially useful to operate at high temperature in
the last stage of a triple-effect cycle because of its non-corrosive nature and high

thermal stability up to temperatures of about 260 °C [17]. Moreover, aqueous solution
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of Alkitrates contain water as a refrigerant therefore a membrane based absorber
employing microporous hydrophobic membrane contactor can be effectively utilized

to improve the heat and mass transfer processes and reduce the size of the system.
3.4 Thermophysical properties of the working fluid pairs

Thermophysical properties of the working fluid mixture critically influence the
overall performance of absorption cooling systems. In this study, the quaternary salt
system (LiBr+Lil+LiNOs+LiCl) and the ternary mixture of alkali nitrates
(LINO3+KNO3+NaNO3) were used as absorbents with water as a refrigerant.
Conventional water/LiBr working fluid mixture was investigated in order to compare
the results and perform a parametric study. The thermophysical properties of these
systems were taken from the available literature. Those properties of the working
fluid mixtures which were not available in the open literature were estimated by
developing a correlation or from available equations. Further the procedure to
estimate these properties was validated using known properties. To perform the
simulations, densities, viscosities, thermal conductivity, specific heat capacity and
diffusion coefficient of the aqueous solution of the examined working fluid mixtures

were calculated as a function of solution concentration and temperature.
3.4.1 Vapour liquid equilibria

The correlation developed by Uemura and Hasaba [18] was used to calculate the
vapour pressure of the water/LiBr solution. The vapour pressure data of Koo et al.
[19] and the correlation developed by the research group from Rovira i Virgili
University [20] were used to calculate the vapour pressure of the quaternary salt
working fluid mixture. To calculate the vapour pressure of aqueous solution of

alkitrate, the correlation developed by Alvarez et al. [21] was used.
3.4.2 Density and viscosity

The density and viscosity of the aqueous solution of lithium bromide were calculated
using the correlation developed by Lee et al. [22]. The correlation developed by the
research group from Rovira i Virgili University [20] was used to calculate the density

and viscosity of the quaternary salt working fluid mixture. To calculate the density
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and viscosity of the aqueous solution of alkitrate, the correlation developed by

Alvarez et al. [23] was used.
3.4.3 Specific heat capacity

The correlation reported in Kaita [24] was used to calculate the specific heat capacity
of the water/LiBr mixture. The correlations reported in Salavera et al. [25] and Koo et
al. [19] were used to calculate the specific heat capacity of the quaternary salt
working fluid mixture. Whereas, the procedure reported by Laliberté [26] was used to

calculate the specific heat capacity of the aqueous solution of alkitrate.
3.4.4 Thermal conductivity

The thermal conductivity of the water/LiBr mixture was calculated using the correlation
of DiGuilio et al. [27]. The correlation developed by the research group from Rovira i
Virgili University [20] was used to calculate the thermal conductivity of the
quaternary salt working fluid mixture. To calculate the thermal conductivity of the

aqueous solution of alkitrate, the method of Aseyev [28] was used.
3.4.5 Diffusion Coefficient

The diffusion coefficient of water in the aqueous lithium bromide solution was
calculated from the experimental data of Gierow and Jernqvist [29] which was
determined at constant temperature and different concentrations. However, at other

temperatures the diffusion coefficient was estimated using the equation given below.

Dl:ul _ D21u2 (1)
T, T,

where D is the diffusion coefficient, u is the dynamic viscosity and 7 is the absolute

temperature. State 1 refers to the values calculated at 25 °C whereas sate 2 refers to the

values calculated at any other temperature.

Mass diffusivity coefficient of the aqueous solution of alkitrate and quaternary salt
working fluid mixtures were estimated using the Stokes-Einstein equation reported in
Bird [30]. The method was validated against the known diffusion coefficient of

water/LiBr working fluid mixture.
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3.4.5 Enthalpy

The enthalpy of water vapour was calculated using the correlation reported in Florides
et al. [31]. The specific enthalpies of aqueous solutions of LiBr, quaternary salt system
and the ternary mixture of alkali nitrates were calculated using the correlations reported

in [24], [20], and [32], respectively.

The differential heat of dilution, which contributes in the heat released during the
absorption process, was required in the numerical simulation to analyse the heat and
mass transfer phenomena. The differential heat of dilution of water/(lithium
bromidetlithium iodide+lithium nitrare+lithium chloride) with mass compositions in
salts of 60.16%, 9.55%, 18.54% and 11.75%, respectively, and water/(lithium
nitrate+potassium nitrate+sodium nitrate) with mass compositions in salts of 53%,
28% and 19%, respectively, was not available in the open literature and an
analytically procedure was used to estimate these values at different solution
concentrations and temperatures. The Clausius-Clapeyron equation was used to derive
the Duhring equation and using the vapour pressure data of the examined mixtures,
the differential heat of dilution data were estimated from the Duhring diagrams. The
differential heat of dilution data obtained were correlated with simple polynomial
equations for the three working fluids as a function of the solution concentration and
temperature. The correlation is able to predict the differential heat of dilution with a
mean absolute percentage error of 0.54%, 0.70% and 1.66% for water/LiBr,
water/(LiBr+Lil+LiNO3+LiCl) and water/(LiNO3+KNO3+NaNOs3), respectively. The

procedure to calculate the differential heat of dilution is reported in Appendix A2.
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Chapter 4

Results and Discussion

This chapter presents an in-depth analysis of heat and mass transfer mechanisms in a
membrane-based absorber using CFD approach. Plate-and-frame membrane-based
absorber with water/LiBr working fluid mixture is used to investigate the heat and
mass transfer mechanisms and fluid dynamics behaviour at local levels in the
channels. Moreover, water/(LiBr+Lil+LiNO3z+LiCl) and
water/(LiNO3+KNO3+NaNO3) working fluid mixtures are investigated for air-cooled
absorption cooling systems and multi-stage high temperature heat sources
applications, respectively. In addition, numerical description and simulation results of
a one-dimensional mathematical model developed in MATLAB are also given in this
chapter. A parametric study is performed and the impact of solution channel thickness
while investigating the effect of membrane material characteristics and operating

conditions has been critically evaluated.
4.1 CFD analysis of heat and mass transfer

Absorber of an absorption cooling system employing water as a refrigerant operates
under vacuum conditions and therefore high pressure drop in the absorber can
influence its performance and hinder the normal operation. Literature review reveals
that plate-and-frame membrane module offers minimum pressure drop and could be
an interesting choice for water-based working fluid mixtures employing water as
refrigerant. Therefore, in this study a plate-and-frame absorber module incorporating
a membrane contactor at the solution-vapour interface is selected for the analysis. The
structural unit of the absorber configuration with a membrane contactor is described
in section 2.2.4 of Chapter 2. Experimental and analytical analyses have been carried
out to investigate the performance of the membrane based absorbers, however,
detailed behaviour of the heat and mass transfer mechanisms at local levels in the

channels and the fluid dynamic behaviour need to be investigated to better understand
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the phenomenon and the effect of flow parameters. In this work, numerical analyses
of heat and mass transfer in a plate-and-frame membrane-based absorber are
performed using CFD approach. Both conventional working fluid mixture water/LiBr
and non-conventional working fluid mixtures, water/(LiBr+Lil+LiNO3+LiCIl) and
water/(LiINO3+KNO3+NaNOs3) are investigated in detail. Commercial CFD solver
ANSYS/FLUENT 14.0, which is based on Navier-Stokes equations that are solved
using finite volume method, is used to simulate the mass transfer across the
membrane and the heat transfer between the solution and coolant in the absorber.
Navier-Stokes equations are capable of solving both transient (time-dependent) and
steady-state equations. As in this study a steady-state analysis is performed therefore

CFD solver based on the Navier-Stokes equation was selected as a favourable option.
4.1.1 CFD simulation approach

A two-dimensional model was developed to simulate the flow, heat and mass transfer
phenomena in a single unit of the plate-and-frame membrane module. The governing
equations of continuity, momentum, energy and species transport were used to perform
steady-state numerical analysis of combined heat and mass transfer in the absorber.
User defined functions were used to incorporate the source terms in the equations and
use the numerical model accordingly. Similarly, user defined functions were
developed to create and update the thermophysical properties of the working fluid
mixtures. The flow in each channel is a homogeneous single phase flow and the species
in the solution are well mixed, which mean that the relative velocity between the species
is negligible. In the absence of relative motion the governing mass and momentum
conservation equations for homogeneous flow are reduced to the single-phase form.
Therefore, instead of a mixture model, single phase equations were used to perform the
simulation with less computational effort. The computational domain was simplified
and symmetrical boundary conditions were considered wherever appropriate to

achieve the convergence quickly with less CPU time and memory requirements.

As the solution flow Reynolds numbers are low (in the range of 0.5 to 8), a laminar
model is selected for the analysis. The calculations were performed by a combination of
the SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm for

pressure-velocity coupling and the first-order accurate implicit scheme for the
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linearized discretized equation in the segregated solver. A second-order upwind
discretization scheme was used to compute advection terms. For the energy and
specie transport equation, a second-order discretization scheme was used. In the
present work, the numerical computation is considered to have converged when the
scaled residuals of the different variables (continuity, momentum, species and energy
equations) are lowered by tenth orders of magnitude and the steady state results are

analysed.

4.1.2 CFD results

A parametric study has been performed to investigate the effect on the absorption rate
of the solution channel thickness, solution flow rate and coolant wall temperature. The
effect of solution channel thickness and solution mass flow rate on the solution
pressure drop along the channel length, which is an important parameter of concern in
absorbers operating under vacuum condition with water as a refrigerant, is critically
investigated which was not previously reported. Further, the fluid dynamics behaviour
of the water/LiBr solution is investigated and the effect of thermophysical properties
on the solution flow profile is investigated as well. In addition, a case study is selected
to analyse the boundary layers at the solution membrane interface and the local
profiles of velocity, temperature and concentration of the working fluid in order to

better understand heat and mass transfer phenomena.

The simulation results show that an absorption rate can be increased by a factor of 2.5
when the solution inlet velocity is increased from 0.00118 m/s to 0.00472 m/s.
Moreover, it was observed that the absorption rate increased by a factor of 3 when the
solution channel thickness was reduced from 2 mm to 0.5 mm. However, it was
observed that the pressure drop increases exponentially with a decrease in the solution
film thickness, while it increases linearly with an increase in the solution velocity.
Therefore to design a compact and efficient plate-and-frame membrane-based
absorber with water as a refrigerant, the solution channel thickness and solution mass
flow rate should be selected in a manner to achieve high absorption rates with
acceptable pressure drop along the solution channel. The solution film thickness and
velocity can be independently controlled in plate-and-frame membrane-based

absorbers, therefore, to avoid high pressure drop along the solution channel, which
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operate under vacuum condition, an optimal value of 0.5 mm for the solution film
thickness is suggested and a solution velocity of about 0.003 — 0.005 m/s is
recommended in this study based on the CFD simulation. The local absorption rate
decreases slightly along the length of the channel which affects the performance of
the absorber. In addition, the pressure drop down the channel length is more
significant in thinner channels therefore an absorber length of 100 — 200 mm is
recommended for a plate and frame membrane-based absorber to obtain a higher
absorption rate with a minimum pressure drop. Further, from a comparison of the bulk
solution concentration along the 0.5 mm and 2 mm solution channels, it was observed
that reducing the solution channel thickness enhances the mass transfer rate and as a
result the exit bulk solution concentration achieved in case of a 2 mm solution channel
can be achieved at a length of about 0.115 m in case of 0.5 mm solution channel.
Thus, decreasing the channel thickness from 2 mm to 0.5 mm and reducing the
absorber length from 400 mm to 100 mm can decrease the solution space requirement
by a factor of 16, whereas the absorber size can be reduced by a factor of about 5.5
keeping the same thickness of 1.5 mm and 1 mm for the coolant and vapour channels,
respectively. Further, for smaller channel length a lower pressure drop will be
observed. Thus, considering a thinner channel with reduced length can both allow
higher absorption rates and lower pressure drops along the channel. Therefore,
reducing the channel thickness and length can allow for the design of highly compact
membrane absorbers. Detail about simulation approach, governing equations,
numerical scheme and results are given in the research article published in peer-

reviewed journal of Energy attached as appendix A3 in this thesis.

CFD analysis of heat and mass transfer mechanisms were performed to investigate the
performance of a plate-and-frame membrane based absorber employing
water/(LiBr+Lil+LiNOs+LiCl) and water/(LINO3+KNO3+NaNO3) working fluid
mixtures for air-cooled absorption cooling systems and multi-stage high temperature
heat sources applications, respectively. Absorption rate, local temperature and
concentration profiles as well as pressure drop along the solution channel are analysed
in detail. Results shows that a 25% increase in the absorption rate can be achieved
utilizing water/(LiBr+Lil+LiNO3;+LiCl) when compared to water/LiBr at air-cooled
conditions without crystallization problem. Further, absorption rate as higher as

0.00523 kg/m?.s can be achieved when water/(LiNO3;+KNO3+NaNOs) working fluid
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mixture is utilized in the membrane-based absorber of the third stage of a triple effect
cycle. In addition, it was observed that the percent pressure drop in case of
water/(LiINO3;+KNO3+NaNQO3) working fluid mixture is significantly lower when
compared to the water/LiBr and water/(LiBr+Lil[+LiNO3+LiCl) working fluid
mixtures because of the higher operating pressure. Therefore, the use of
water/(LINO3+KNO3;+NaNOs3) working fluid mixture in a plate-and-frame membrane
absorber which operates at higher pressures cannot only allows higher solution mass
flow rate but can also allow the reduction of the solution channel thickness to achieve
compact absorber. This means that a narrow solution channel (less than 0.5 mm) with
a higher solution mass flow rate can be adopted in case of
water/(LiINO3+KNO3+NaNQO3) working fluid mixture to achieve a much higher
absorption rate. Detail about simulation results are given in the research article
submitted to peer-reviewed journal of Energy and is attached in appendix A4 of this

thesis.

The calculations preformed using CFD approach were carried out in a workstation
cluster of 24 AMD opteron 248 dual core processors (64 bits) and 7 Intel 3 Ghz
processors, with 3 Terabytes of Disk, linked with a Giga ethernet in a Linux
environment. Simulations were performed in parallel using four processors and each
case simulated took approximately 6 days to achieve a steady-state condition. In order
to investigate the membrane material characteristics and operating condition of a
membrane-based absorber it was time consuming to perform the simulation using
CFD tool. In this regard a simple global model was developed in MATLAB code to
investigate the membrane material characteristics and operating conditions. It is
noteworthy that the same CFD case was simulated using the global model developed
in MATLAB and a desktop computer with a 3.0 MHz processor was used to perform
the simulation. In this case, steady-state results were obtained within approximately 3
minutes in case of coolant flowing in counter flow direction whereas when the coolant
flow was considered in the co-current direction, steady-state results were obtained in

less than 20 seconds.
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4.2 Membrane material characteristics and operating

conditions

The concentration and thermal boundary layers thickness decrease when the solution
channel thickness is decreased therefore the absorption potential varies for different
solution channel thickness. Further, the resistance to the refrigerant mass transfer also
differs which means that the impact of membrane mass transfer resistance and
solution mass transfer resistance varies and the relative contribution of each resistance
can change. Therefore, a steady-state numerical analysis using simplified 1D
mathematical model is performed to critically evaluate the impact of solution channel
thickness while investigating the effect of membrane characteristics. The membrane
properties such as porosity, membrane thickness and membrane mean pore size are
varied over a range to investigate their effect on the absorption performance. In
addition, a parametric study is performed to study the effect of operating conditions
on the absorption rate in a plate-and-frame absorber to select optimal operating

conditions for efficient performance.
4.2.1 Methodology

A mathematical code is developed in MATLAB using simplified one dimensional
heat and mass transfer equations which can perform steady-state analysis with less
computation efforts and CPU time. The mathematical model is based on energy and
mass balance equations in an infinitesimal area along the channel, yielding coupled
heat and mass transfer model in which both the governing non-linear and differential
equations are solved simultaneously in each cell using the Newton-Raphson method

and Runge—Kutta method, respectively.
4.2.2 Results

Results show that the absorption rate increases logarithmically with the increase in the
membrane mean pore size. An increase of about 75%, 55%, 40% and 25% in the
absorption rate is achievable when the membrane pore diameter is increased from
0.25 um to 1 um in the case of 0.1 mm, 0.25 mm, 0.5 mm and 1 mm solution channel,
respectively. Moreover, further increasing the pore diameter from 1 pm to 5 pum

results in an increase of about 22%, 16%, 11% and 7% in the absorption rate in the
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case of 0.1 mm, 0.25 mm, 0.5 mm and 1 mm solution channel, respectively.
Increasing the membrane pore diameter reduces the resistance to the vapour transport
through the pore which helps in enhancing the absorption rate, however, the
mechanical strength of the membrane decreases with the increase in membrane pore
size. Therefore, it is crucial to select a membrane with suitable pore diameter that will
not only allow a higher absorption rate but will also augment the mechanical strength

of the membrane.

Similarly, absorption rate increases almost linearly if the porosity of the membrane
contactor is increased from 50% to 85%. Again, the increase in the absorption rate is
lower in thicker solution channels when the membrane porosity is increased. An
increase of about 68%, 49%, 35% and 23% in the absorption rate is achievable when
the membrane porosity is increased from 50% to 85% pm in the case of 0.1 mm, 0.25
mm, 0.5 mm and 1 mm solution channel, respectively. Highly porous membranes
exhibit less resistance to the mass transfer flux; however the mechanical strength of
the membrane decreases with an increase in porosity. A linear decrease in the
absorption rate is observed when the membrane contactor thickness is increased from
20 um to 100 um. It can be seen from the results that the decrease in the absorption
rate is not significant in thicker solution channels when the membrane contactor
thickness is increased. A decrease of about 35%, 28%, 21% and 15% in the
absorption rate is observed when the membrane contactor thickness is increased from
20 pm to 100 pm in the case of 0.1 mm, 0.25 mm, 0.5 mm and 1 mm solution
channel, respectively. Mass transfer resistance increases with an increase in thickness
of the membrane contactor which reduces the mass transfer across the membrane.
However, the mechanical strength of the membrane contactor increases with an

increase in thickness of the membrane.

The analysis shows that membrane contactor characteristics have a less prominent
effect on the absorption rate in the case of thicker solution channels and that the
solution resistance is the dominant resistance to the mass transfer of refrigerant
molecules in the solution. Moreover, it can be concluded that the membrane mass
transfer resistance is dominant only when the solution channel thickness is in the
range of 0.1 mm. The thickness of the concentration and thermal boundary layers in

thinner solution channels is smaller and the heat is well dissipated to the coolant
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because of the decrease in thickness. Therefore, in this case the effect of the

membrane mass transfer coefficient is more pronounced.

A parametric study was performed to study the effect of vapour pressure, solution
inlet concentration and cooling water temperature on the absorption performance
considering different solution channel thickness. It was observed that about 50%
increase in the absorption rate is achievable at the same operating conditions when the
solution channel thickness is reduced by half from 1 mm to 0.5 mm. Further, the
absorption rate increases by approximately 10% when the vapour pressure is
increased by 7% and the same mass flow rate is kept in each solution channel,
whereas increasing the coolant water inlet temperature from 25 °C to 35 °C results in
about a 35% decrease in the absorption rate. Similarly, a higher absorption rate can be
achieved if the solution inlet concentration is around 60% for water/LiBr. Selection of
suitable operating conditions is important to achieve higher absorption rate without
crystallization problem and other limitations. It is recommended that a vapor pressure
of about 1.3 kPa, a solution inlet concentration of 60% for water/LiBr and a cooling
water inlet temperature of 30 °C should be adopted for water/LiBr membrane-based
absorbers of absorption cooling systems. Detail about the mathematical model,
governing equations and results are given in the research article published in the peer-
reviewed journal of Applied Thermal Engineering and is attached in appendix A5 of

this thesis.
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Chapter 5

Conclusion

Absorption cooling is an attractive technology since the early stages of cooling
technology because of its ability to utilize heat directly for cooling purposes.
Continued improvements in the design and configuration of the components of
absorption cooling systems have been suggested and implemented commercially to
improve the performance. In this work, the application of membrane contactors in the
absorber of an absorption cooling system has been investigated in detail. A
comprehensive review on the use of membrane contactors in absorption cooling
systems has been performed. Heat and mass transfer analyses of a plate-and-frame
membrane-based absorber were carried out using CFD approach. In addition, 1D
numerical model was developed in MATLAB code to study the performance of a
plate-and-frame membrane-based absorber at different operating conditions and
membrane material characteristics. Detailed analysis using CFD simulation was
carried out with the conventional water/LiBr working fluid mixture to investigate the
heat and mass transfer, and fluid dynamics behaviour at local level to better
understand the phenomena and identify a suitable geometry and working conditions
of a membrane-based absorber. Further, non-conventional working fluid mixtures,
water/(LiBr+Lil+LiNOs+LiCl) and water/(LiNO3+KNO3+NaNQO3) were investigated
in a plate-and-frame membrane-based absorber for air-cooled and high temperature
heat source applications, respectively. Effect of membrane material characteristics
and operating conditions on the absorption performance was studied using the 1D
mathematical code considering water/LiBr working fluid mixture. This work presents
an in-depth knowledge to understand and design membrane-based absorbers for

absorption cooling systems.

In the literature review, the applications of membrane contactors in the field of
absorption cooling systems were covered. Membrane contactor modules, components
employing membrane contactors, cycle configurations, membrane material
characteristics and the working fluid mixtures for the membrane contactor based

absorption refrigeration systems were discussed in detail. From the literature survey it
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is concluded that the use of light weight polymeric hydrophobic microporous
membrane contactors can provide a larger interfacial area for heat and mass transfer
processes, which in turn not only can reduce the size and weight of the components
but also can enhance the performance of the system. Membrane modules are smaller
in size and weight than the conventional components because polymeric
fibres/membrane sheets replace the heavy metallic tubes/plates. Thus, the size of the
absorption refrigeration system utilizing membrane-based components can be reduced

significantly, allowing its use in transport and small scale applications.

Both the plate-and-frame membrane module and hollow fibre membrane module are
promising alternatives to the conventional components of absorption refrigeration
systems and can be used with water and ammonia based refrigerants, respectively.
Plate-and-frame module is generally selected when the aqueous solution of H,O/LiBr
is used as a working fluid mixture in absorption refrigeration systems whereas hollow
fibre module is usually selected for the ammonia/water based absorption refrigeration
systems. Due to the parallel plates/flat sheets in the plate-and-frame membrane
module the pressure drop i1s small, it is therefore considered as a better option for the
water/lithium bromide based absorption refrigeration systems which operate under
vacuum condition. The hollow fibre module allows more efficient mass transfer due
to external transverse flow and is considered an appropriate choice for the
ammonia/water based absorption refrigeration systems. Hybrid hollow fibre
membrane module can be an interesting replacement of the conventional absorbers as
compared to ordinary hollow fibre membrane module as in this type of module non-
porous membrane fibres are incorporated within the module for coolant flow to
dissipate the heat of absorption from the solution and therefore can enhance the
absorption performance of the absorber. The driving force for the refrigerant mass
transfer in the case of ammonia/water and water/LiBr solutions is considered to be the
difference in concentration and water vapour partial pressure, respectively. The use of
a porous hydrophobic membrane contactor to constrain the solution film in narrow
micro-channels can allow the design of a compact membrane-based absorber utilizing
water as a refrigerant under vacuum conditions. In a plate-and-frame membrane-based
component, both the solution film thickness and solution mass flow rate can be
independently controlled. It is worth to note that a higher absorption rate can be

achieved if the solution film thickness is around 100 pm. However, an optimal
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solution film thickness and solution mass flow rate is important to avoid higher
pressure drop along the channel which can significantly affect the operation of
absorber working under vacuum condition. Also the use of micro-scale features on the
flow channels surface in a plate-and-frame can significantly improve the absorption
rate by producing vortices within the solution which continuously bring the
concentrated solution to the solution vapour interface. However, the ease and
economic viability to manufacture a surface with micro-scale features for membrane
based absorbers need to be investigated for the commercial use of such plate-and-

frame membrane absorber.

A membrane-based absorber or solution heat exchanger do not affect the cycle
configuration, however, membrane-based desorbers can alter the configuration of
absorption cooling cycles and the cycle components can be reduced in some cases. In
addition, absorption refrigeration systems utilizing membrane-based desorbers can
operate at lower desorber temperatures which can extend the use of low grade heat
sources effectively in absorption refrigeration systems. In membrane-based desorbers,
desorption rate can be enhanced by direct diffusion at low desorber temperatures.
Adequate permeation flux is possible across the membrane without the need for the
hot feed to reach boiling point. Heating of the aqueous solution to the boiling point is
not needed as long as the temperature difference exists between the two sides of the
membrane pores. Due to the temperature difference across the membrane, a pressure
difference arises and acts as the driving force for the mass transfer across the
membrane pores. Consequently, the membrane based desorber can operate at a lower
temperature than conventional desorbers where the solution must be heated to boiling
point to achieve the separation of the refrigerant from the solution. This means that
low grade heat sources can be efficient if membrane module desorbers are used in

absorption refrigeration systems.

The absorber is one of the major components in absorption cooling systems and has a
direct effect on the size and performance of this equipment. Introducing polymeric
hydrophobic microporous membranes into the absorber design can be one of the
alternatives for achieving highly compact absorbers with enhanced heat and mass
transfer. Solution flow rate, temperature and solution film thickness are crucial

parameters for the plat-and-frame absorbers and a suitable value should be selected to
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achieve high absorption rate. CFD approach to investigate the heat and mass transfer
mechanisms and fluid dynamics behaviour at local levels in the channels, show
interesting results to better understand the phenomena. The effect of important
parameters like solution film thickness, solution flow velocity and coolant
temperature on the performance of membrane based absorbers was studied. The
results of CFD simulation are useful and can play an important role in the design of
membrane based absorbers that use water as a refrigerant. Steady-state CFD analysis
of heat and mass transfer mechanism in a plate-and-frame membrane-based absorber,
using water/LiBr working fluid mixture, show that the solution film thickness and
solution flow rate are important parameters which significantly affects the mass
transfer processes. The solution film thickness and velocity can be independently
controlled in plate-and-frame membrane-based absorbers however CFD results
showed that the solution pressure drop increases exponentially with a decrease in the
solution channel thickness. Moreover, a linear increase in the pressure drop occurs
while increasing the solution mass flow rate. Therefore to design a compact and
efficient plate-and-frame membrane-based absorber with water as a refrigerant, the
solution channel thickness and solution mass flow rate should be selected in a manner
to achieve high absorption rates with acceptable pressure drop along the solution
channel. Further, it was observed that decreasing the channel thickness and reducing
the absorber length cannot only decrease the solution space requirement but also the
overall pressure drop along the solution channel can be lowered. Thus, considering a
thinner channel with reduced length can allow design of highly compact membrane-

based absorbers with higher absorption rates.

Ammonia/water and water/lithium bromide are the most commonly used working
fluid pairs analysed both analytically and experimentally to investigate the
performance of membrane based components of absorption refrigeration systems. One
of the key advantages of these working fluid pairs is that the thermophysical
properties are well known and established. However, other working fluids such as
ammonia/(lithium nitate+water), water/multicomponent salt mixtures and ionic liquid
based absorbent solutions can also be effectively utilized in membrane based
absorption refrigeration systems. In this study, water/(LiBr+Lil+LiNO3+LiCl) and
water/(LiNO3+KNO3+NaNQO3) working fluid mixtures were investigated for air-

cooled absorption cooling systems and multi-stage high temperature heat sources
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applications, respectively. Results showed that a higher absorption rate can be
achieved utilizing water/(LiBr+Lil+LiNO3+LiCl) when compared to water/LiBr
working fluid mixture at air-cooled conditions. Further, absorption rate as higher as
0.00523 kg/m%s is achieved when water/(LINO3+KNOs+NaNQOs) working fluid
mixture is utilized in the membrane-based absorber of the third stage of a triple effect
cycle operating with high temperature heat sources. Because of the higher operating
pressure the percent pressure drop in case of water/(LiNO3+KNO3;+NaNQO3) working
fluid mixture is significantly lower which allows the use of narrow solution channel
with a higher solution mass flow rate to achieve compact absorber design with higher

absorption rate.

For those absorption refrigeration systems utilizing membrane contactors, the
properties and requirements of the absorbent/refrigerant combination should be
compatible with the membrane contactor characteristics and materials. Therefore,
selection of appropriate membrane contactor material with suitable characteristics,
such as porosity, pore size, thickness, tortuosity etc. is crucial while designing a
membrane based component. Moreover, the mechanical strength of the membrane
contactor is also dependent on the above mentioned characteristics. In this study, a
numerical analysis was carried out using 1D mathematical model in MATLAB code
to investigate the effect of membrane contactor characteristics and operating
conditions on the absorption performance in a plate-and-frame membrane based
absorber for absorption cooling systems. Results showed that the membrane contactor
characteristics do not significantly affect the absorption rate and that the solution mass
transfer resistance is the dominant resistance to the vapour absorption. Moreover, it
was observed that the influence of solution channel thickness in a plate-and-frame
membrane-based absorber is significant while investigating the effect of membrane
characteristics on the absorption performance. It is concluded that the selection of
appropriate membrane characteristics should be made keeping in mind the solution
channel thickness. Although solution channel thickness of the order 0.1 mm can allow
a higher absorption rate however the higher pressure drop along the channel can
hinder the performance of the membrane based absorber working under vacuum
condition. Solution channel thickness of about 0.5 mm is considered appropriate to
avoid higher pressure drop in the solution channel. Analytical analysis performed in

this study shows that the effect of membrane characteristics is insignificant when the
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solution channel thickness is in the range of 0.5 mm. Therefore, it is recommended to
select a membrane contactor with a pore size and thickness such that it does not affect
the mechanical strength of the membrane material. In this way the additional support
layer of the membrane can be avoided which is an additional resistance to the
membrane mass transfer resistance. Further, emphases should be given on the
selection of a membrane contactor with appropriate surface properties such as
hydrophobicity of the material which is important to limit the solution to pass through
the pores that can hinder the performance of the membrane based absorber. Selection
of suitable operating conditions is important to achieve higher absorption rate without
crystallization problem and other limitations. Based on the parametric study
performed in this work, it is recommended that a vapor pressure of about 1.3 kPa, a
solution inlet concentration of 60% for water/LiBr and a cooling water inlet
temperature of 30 °C should be adopted for water-LiBr membrane-based absorption

air-conditioning systems.

5.1 Future Work

This work reveals that the application of membrane contactors is an emerging
technique in the field of absorption cooling systems, however, a commercial plant has
not yet been designed to explore the long term operation of membrane contactor
based components in absorption refrigeration systems. Further research is needed to
explore the long term operation consequences of membrane contactors in absorption
and desorption processes. One of the prominent areas for future investigation is the
use of non-conventional working fluid mixtures in membrane contactor components.
Potential research could be carried out on the use of ionic liquid as an absorbent in
absorption refrigeration systems employing membrane based components. Membrane
contactor modules are available in different types hence, membrane modules other
than plate-and-frame membrane module and hollow fibre module should also be
investigated. Membrane contactor surface properties need to be studied further for
more efficient use in absorption refrigeration components. In this regard, further
research work is required to improve the hydrophobic character of membrane
material, enhance the mechanical strength and to improve the compatibility of the
membrane material with the working fluid mixtures. Membrane contactors do not

suffer corrosion problems as it occurs in conventional absorption refrigeration
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components. However, fouling of membrane contactors means that more need for
research is necessary with regard to absorption refrigeration components employing
membrane contactors, so that durability and life span cost of the absorption
refrigeration system can be evaluated more precisely. Although experimental analyses
have been carried out to investigate the performance of the membrane based desorber,
however, detailed behaviour of the heat and mass transfer mechanisms at local levels
and the fluid dynamic behaviour need to be investigated to better understand the
phenomenon and the effect of flow parameters both in direct diffusion mode and
boiling mode. Membrane module desorbers should be tested and analysed at higher
operating temperatures to investigate the effect of high temperatures on membrane

materials and performance.
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1. Introduction

The application of membranes in the process industry is
growing. This is due to the relative simplicity, reliability, high
parameters of separation, large interfacial area and lower energy
consumption with improved heat and mass transfer. The cost of
the membrane based components is also lower under short time
of capital recurring and suffers negligible corrosion. Membrane
contactors can be utilized in many important fields. These include
separation and absorption processes, membrane distillation, per-
vaporation, biotechnology and food industries among others.
Hydrophobic porous membranes are extensively utilized in the
field of distillation technology and in air-conditioning systems to
remove excess moisture, carbon dioxide and organics. Air moisture
content and carbon dioxide concentration can be independently
and simultaneously controlled efficiently with the help of mem-
brane contactors. One of the emerging applications of membrane
contactors lies in the field of absorption refrigeration systems.

Absorption refrigeration technology, which has the ability to
utilize heat directly for cooling purposes, has been one of the most
widely used technologies for refrigeration and cooling applications
since the early stages of refrigeration technology. Vapour com-
pression systems can achieve high values of the coefficient of
performance (COP) but at a cost of very high mechanical energy
input. However, absorption refrigeration systems can efficiently
utilize the renewable energy sources, such as solar energy and low
grade thermal energy (i.e. waste heat energy) as a source of energy
input instead of using costly mechanical energy. Moreover, the
refrigerants used in conventional vapour compression refrigera-
tion systems are not environmental friendly and can contribute to
ozone depletion and greenhouse effects, whereas in the absorp-
tion refrigeration systems the working fluid mixtures are environ-
mental friendly. Currently, the world is facing an energy shortage
problem and it is predicted that the interest in absorption
refrigeration systems will increase in the future due to the fact
that they can use renewable energy sources and refrigerants that
are environmental friendly and do not contribute to Ozone
depletion. Absorption refrigeration systems have a high capital
cost when compared to vapour compression systems, but for large
scale applications the lifecycle cost is very low. However, the
absorption refrigeration technology is still relatively little used for
cooling applications. In particular, in the sector of mobile refrig-
eration/air-conditioning, absorption refrigeration has not yet
gained much interest. The main drawback of absorption refrigera-
tion systems is the large volume per unit of cooling capacity which
has limited their use in mobile applications and small commercial
and residential buildings. There is a growing need to design an
absorption refrigeration system which has a smaller space require-
ment for small scale applications. Drost et al. [1] reported that the
development of compact absorbers could permit the use of
absorption refrigeration systems in small scale heating and cooling
applications, heat-actuated automotive air conditioning, and por-
table cooling. Thus, the success of absorption technology mainly
depends on reducing the cost of investment and the size of the
components.

Depending on the working fluid mixture used, absorption refrig-
eration systems are broadly classified into ammonia/water (NHs/
H,0) and water/lithium bromide (H,O/LiBr) systems. The basic

components of both types of refrigeration systems are the absorber,
desorber, condenser, evaporator and solution heat exchanger. How-
ever, in the case of NH3/H,O absorption refrigeration systems, a
rectifier is also used at the exit of the desorber to purify the ammonia
vapour by condensing the water vapour from the refrigerant vapour.
As ammonia and water are both volatile, the refrigerant vapour may
contain significant amount of water vapour that has a negative effect
on the system performance. Therefore, a rectification process is
required for the NHs/H,O absorption refrigeration systems. NHs/
H,0 absorption refrigeration systems operate at higher pressures and
are commonly used for low temperature (—40 °C to +5 °C) cooling
applications. H,O/LiBr absorption refrigeration systems operate
under vacuum conditions and are used in air-conditioning applica-
tions where the cooling temperature requirement is above 7 °C. The
basic single-stage cycle configurations of both H,O/LiBr and NHs/H,0
absorption refrigeration systems are shown in Fig. 1.

The performance of absorption refrigeration systems is primarily
dependent on the absorber and desorber which are the major
components of this kind of refrigeration system. The design of these
components is crucial for efficient performance of the absorption
refrigeration system. Both the absorber and desorber used in
absorption technology are relatively expensive and are large in size.
In the case of H,O/LiBr absorption refrigeration systems the absorber
operates under static vacuum pressure accompanied by a high

a Cooling water Hot water
Condenser m Desorber
’
7 Solution heat
l q exchanger
Ezxpansion valve - B
Pump @ {’ Throttling valve
14
Evaporator Absorber
Chilled water Cooling water
b , .
Cooling water Cooling water
Desorber
Condenser Hot water
E ¢
'E' Solution heat
Expansion valve 4 ' exchanger
Pump @ : Throttling valve
A4 7
y

Evaporator Absorber

Chilled water Cooling water

Fig. 1. Basic absorption refrigeration cycle configuration. (a) H,O/LiBr (b) NH5/H-0.
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Nomenclature

A area (m?)

B pore geometric factor (-)
d diameter (m, pm)

=

thermal conductivity (W/m-K)
vapour pressure (mbar, Pa)
pressure (Pa)

general gas constant (J/mol-K)
temperature (°C, K)

molar volume (cm?/mol)

<~—H=mTT

Greek letters

€ membrane porosity (-)
0 contact angle (°)

p density (kg/m?)

c liquid surface tension (N/m)
T membrane tortuosity (-)
Superscripts

0 equilibrium state

c critical

Subscripts

g gas

i component index

max maximum

mem membrane
P permeate
D pore

pol polymer

S solid

Abbreviations

cop coefficient of performance
CFI cold fluid inlet

HFI hot fluid inlet

LEP liquid entry pressure

NA not available

PE polyethylene

PP polypropylene

PTFE polytetrafluoroethylene/Teflon
PVDF  polyvinylidene fluoride
sqm square meter

SS strong solution

uv ultraviolet

WS weak Solution

Chemical formulas

H,0 water
LiBr lithium bromide
LiCl lithium chloride

Lil lithium iodide
LiNO3;  lithium nitrate
NHs3 ammonia

specific volume of water vapour. It therefore has a direct effect on the
size, weight and space requirement of absorption refrigeration
systems. Research is currently being carried out to design compact
absorbers and desorbers for absorption refrigeration systems.
Recently, research has shown that membrane contactor technology
can be utilized in absorption refrigeration systems, especially in the
case of the absorber and desorber, so as to reduce the size, weight
and cost of the system and also significantly enhance the heat and
mass transport processes taking place in the systems. The use of
polymeric hydrophobic microporous membrane contactors in both
the absorber and desorber could mean a reduction in manufacturing
costs. To be attractive for usage in small scale applications, the
absorption chiller size must be compact, lightweight and resistant
to mechanical shocks. Thus, utilizing polymeric hydrophobic micro-
porous membrane contactors in the absorber and desorber of an
absorption refrigeration system could reduce both the size and
weight of the components and open the use of the system to the
sector of transport refrigeration and air-conditioning. The driving
force for the refrigerant mass transfer in the case of ammonia/water
and water/LiBr solutions is considered to be the difference in
concentration and water vapour partial pressure, respectively. A
membrane based desorber could operate at a lower temperature
than a conventional desorber and would not require heating the
solution to its boiling point to achieve the separation of the
refrigerant from the solution. Therefore, low grade heat sources
could be efficient if membrane module desorbers were used in
absorption refrigeration systems.

In this paper the applications and significance of membrane
contactors in absorption refrigeration systems are reviewed in detail
and different types of membrane modules used in components of
absorption refrigeration systems are illustrated. Characteristics of

membrane contactors employed in the components of absorption
refrigeration systems are overviewed. Working fluid mixtures
employed in membrane based absorption refrigeration systems are
analysed and the compatibility of working fluid mixtures with
membrane contactor characteristics and materials are discussed.
The principle of the operation of membrane contactor modules and
its effect on the absorption refrigeration cycle configuration is
described. Different configurations of absorption refrigeration sys-
tems utilizing membrane modules in the components are reviewed.

2. Membrane contactor materials and characteristics

Membrane acts as a semi-permeable barrier to separate com-
ponents of the feed solution into a retentate and a permeate, by
controlling the movement of molecules across the membrane. In
addition, membrane can be used as a contactor between two
components to enhance the absorption of a gas or vapour
molecules in the absorbent. In the open literature, membrane
materials are broadly classified into two categories based on the
membrane structure. These include microporous membranes and
dense membranes. Microporous membranes have interconnected
pores which allow one of the components of the solution mixture
to pass through it while restrict the other components depending
on the pore size. If the relative pore size of the microporous
membrane is big then the selectivity of the membrane contactor
decreases, however, the mass transfer flux increases with bigger
pore size. Dense membranes are nonporous solid membranes
which are used for separation of small molecules from the
mixture. The mechanism of the separation process involves diffu-
sion of the molecules to the surface of the membrane, dissolving
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into the membrane material, diffusing through the solid and
desorbing at the downstream interface. Though dense membranes
have very high selectivity but due to their low permeability they
have limited applications in the industry. The compatibility of the
dense membrane with the working fluid mixture is very important
as the separation process depends on both the solubility and the
diffusivity of the permeate.

On the basis of material, membranes are generally categorized
into organic and inorganic membranes. Inorganic membranes are
made of materials such as ceramic, carbon, silica, etc. and metals
such as palladium, silver and their alloys. Organic membranes are
made of polymeric microporous materials. Currently, the micro-
porous polymeric membranes are widely used in the industrial
application because of competitive performance and low cost.
Inorganic membranes are generally more expensive than organic
polymeric membranes. However they have the advantage to
withstand high temperature and pressure as well as possess high
stability. In absorption refrigeration systems, polymeric micropor-
ous membranes are mostly used for the separation of refrigerant
from the solution and also as a contactor between the refrigerant
and absorbent to enhance the absorption performance.

The literature survey regarding the use of membrane contac-
tors in absorption refrigeration systems reveals that various types
of membranes with different characteristics and properties were
experimentally investigated. Yu et al. [2] used a cellulose triacetate
membrane, Riffat et al. [3] used dense membrane and silicon
porous membrane, Schaal et al. [4], Thorud et al. [5], Wang et al.
[6], Ali and Schwerdt [7] used hydrophobic porous membrane,
Isfahani et al. [8,9], Isfahani and Moghaddam [10] and Bigham
et al. [11,12] used superhydrophobic nanofibrous membrane, Drost
et al. [1] used a woven membrane and a laser-machined mem-
brane. The laser-machined membranes have higher water vapour
permeability as compared to commercially available hydrophobic
porous membranes, albeit with a high cost. Deerberg and Gehrke
[13] reported that the specific price of 1 sqm of laser machined
membrane with an average pore diameter of 1 to 10 pm is about
1000€ and the price could be more than triple if the pore diameter
is less than 1 pm. The common commercially microporous hydro-
phobic membranes are available in capillary or flat sheet shape
and are made of polyethylene (PE), polypropylene (PP), polyviny-
lidene fluoride (PVDF) and polytetrafluoroethylene (PTFE, Teflon),
with a high porosity (70-80%), a membrane thickness of 10-
300 pm and provide microfiltration properties with pore sizes
from 0.1 to 1.0 pm.

It is essential to know the transport phenomena across the
membrane contactor in order to use a suitable membrane con-
tactor. Selection of membrane material and characteristics also
depend on the process and properties of the working fluid pair.
Care must be taken while selecting a microporous membrane for
use in membrane contactors. Schaal et al. [4] suggested the use of
porous non-selective membrane because of the low transport
resistance. They mentioned that although all components can pass

Table 1

through a non-selective membrane, this issue can be overcome by
appropriately selecting the surface properties of the membranes
and the difference in vapour pressure between the two phases. In
absorption refrigeration systems, the literature review considers
that the surface of the membrane contactors used in the cases of
ammonia/water and water/LiBr working mixtures should be
hydrophobic in nature to allow only the vapours to enter and
pass through the membrane pores. This is because due to the
hydrophobic nature of the membrane material, the aqueous
solution does not penetrate into the membrane pores.

Mass transfer is the most important phenomenon of concern
taking place across the membrane contactor. The driving force
could be the vapour pressure difference or the concentration
difference. The mass transfer across the membrane should be such
that only refrigerant is allowed to pass through the membrane.
The overall mass transfer across the membrane is significantly
affected by the membrane properties. The selection of a suitable
membrane for the desired process is of critical importance for
optimal performance, as the membrane contactor adds resistance
to mass transfer when compared with direct contactors. The
characteristics of a membrane contactor have a huge impact on
the performance and both the capital and operating costs. Micro-
porous membranes are commonly characterised by measuring the
hydraulic permeability, porosity, tortuosity, mean pore size, thick-
ness, thermal conductivity, and liquid entry pressure. Ali and
Schwerdt [7] analysed the characteristics of commercially avail-
able microporous hydrophobic membranes for use in a compact
absorber for water/LiBr based absorption refrigeration systems.
They investigated experimentally and analytically the properties
that influence the water vapour mass transfer flux into a thin film
of water/LiBr solution and defined the criteria for utilizing mem-
branes in the design of a compact absorber for absorption
refrigeration systems. Iversen et al. [14] have characterized a wide
variety of potential microporous membranes and reported that the
performance of microporous membranes in membrane contactors
depends on the porosity, thickness, average pore radius and
geometry and the manufacturing method.

The characteristics of the membrane contactors reported in the
investigations reviewed in this work are summarized in Table 1.
It can be seen from Table 1 that hydrophobic membranes are being
used by the researchers as they play a critical role in limiting the
mass transfer of the absorbent solution across the membrane due
to their surface properties. Similarly most of the researchers have
chosen highly porous membranes (0.7-0.85) because membrane
with higher value of porosity can significantly increase the mass
transfer process. However, an optimized value of porosity should
be selected to avoid the adverse effect of porosity on the
mechanical strength of the membrane contactor. It can be noticed
that the nominal thickness of membrane contactors used in the
components of absorption refrigeration systems lies in the range
of micrometers. Although mass transfer resistance increases with
increase in thickness however for high mechanical strength a

Characteristics of membrane contactors reported in the investigations reviewed in this work.

Reference Membrane material Porosity Pore size (pm) Thickness (pm) Membrane type
Schaal et al. [4] Polypropylene NA 0.04 40 Hydrophobic
Wang et al. [6] Polyvinylidene Fluoride 0.85 0.16 150 Hydrophobic
Ali and Schwerdt [7,15] Polytetrafluoroethylene 0.64-0.75 0.20-0.45 65-175 Hydrophobic
Isfahani et al. [9] Polytetrafluoroethylene NA 0.45 50 Hydrophobic
Isfahani and Moghaddam [10] NA 0.80 1.0 NA Hydrophobic
Bigham et al. [11] Polytetrafluoroethylene 0.60 1.0 20 Hydrophobic
Yu et al. [16] NA 0.50-0.80 0.40-6.00 20-100 Hydrophobic
Ali [49] Polytetrafluoroethylene 0.75 045 60 Hydrophobic
Chen et al. [53] NA 0.40 0.03 30 Hydrophobic
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nominal thickness of membrane contactor should be selected.
It can be seen from the literature data that the mean pore size of
the membrane selected in case of ammonia/water is smaller
(0.03-0.04 pm) when compared to water/lithium bromide (0.16-
6 pm). This could be because of the difference in relative size of
the absorbent and refrigerant molecules in both cases.

The description of the characteristics of membrane contactors
and the corresponding mathematical equations are presented in
the following sections.

2.1. Membrane porosity

Porosity is the measure of void spaces in the membrane
material. It is the fraction of volume of voids in the total volume
of the membrane contactor. Mass transfer flux across the mem-
brane contactor is directly related to the porosity of the mem-
brane. Highly porous membranes exhibit less resistance to the
mass transfer flux; however the mechanical strength of the
membrane decreases with an increase in porosity. A membrane
should have enough mechanical strength to withstand the absorp-
tion refrigeration system operating conditions. Ali and Schwerdt
[7,15] recommended membrane porosity in the range of 0.7-0.8
for the membrane contactors employed in the absorber of an
absorption refrigeration system. Their results show that the
membrane mass transfer flux increases with an increase in
porosity, regardless of the membrane pore diameter. However,
the results reported by Yu et al. [16] illustrate that the effect of
membrane porosity on the mass transfer flux is less prominent in
membranes with bigger pore sizes, while the mass transfer flux
increases with an increase in porosity of membranes with small
pore sizes. It is concluded that membrane mass transfer resistance
is more dominant in membranes with small pore sizes while
membrane mass transfer resistance decreases and diffusion resis-
tance into the solution becomes a dominant factor in membranes
with larger pore sizes. Smolder-Franken equation [17] can be used
to calculate the porosity of a membrane contactor.

pmem
e=1—=Dm @)
< ppol >
where ¢ is the porosity, p, .., is the density of the membrane in kg/
m® and p,, is the density of the polymer material in kg/m>.

2.2. Mean pore size

Mean pore size refers to the average diameter of the pores in
the membrane contactor and is usually in the range of pm. Pore
size can vary in the membrane contactor and sometimes the pore
size distribution can also be used in characterizing a membrane
contactor. Ali and Schwerdt [7] recommended a pore size of 0.45-
1.0 pm to obtain a high mass transfer flux across the membrane.
Ali and Schwerdt [15] reported that the membrane mass transfer
flux increases linearly with an increase in the membrane mean
pore size from 0.2 to 1 pm. In addition, their results show that the
increase in membrane mass transfer flux with increase in pore size
is more prominent for high porous membrane. Yu et al. [16]
obtained an exponential increase in the membrane mass transfer
flux with increase in the membrane mean pore size from 0.5 to
6 pm. They reported that the membrane mass transfer flux
initially increases significantly with an increase in the membrane
pore size from 0.5 to 4 pm because the effect of membrane mass
transfer resistance is more dominant in membranes with small
pore size and the mass transfer resistance decreases with an
increase in the membrane mean pore size. However, further
increase in the mean pore size has almost no effect on the mass
transfer flux because in membranes with larger pore size the

diffusion resistance into the solution is a more dominant factor
instead of the membrane mass transfer resistance.

2.3. Membrane thickness

Membrane contactor thickness is an important characteristic
which is inversely related to the mass transfer flux and it has a
significant effect on both heat and mass transfer processes. Mass
transfer resistance increases with an increase in thickness of the
membrane contactor which reduces the mass transfer across the
membrane. However, the mechanical strength of the membrane
contactor increases with an increase in thickness of the mem-
brane. Yu et al. [16] performed an analysis to investigate the effect
of membrane thickness on mass transfer flux. Their results show
that the mass transfer flux decreases almost linearly with an
increase in the membrane contactor thickness. However, results
reported by Ali and Schwerdt [7,15] reveal that the membrane
mass transfer resistance increases exponentially with an increase
in the membrane thickness. Mass transfer flux decreases more
rapidly initially with an increase in membrane thickness while at
higher values of thickness the change in mass transfer flux is less
prominent. Ali and Schwerdt [7,15] suggested that the active
membrane layer thickness should be up to 60 pm so that optimum
mechanical stability and low resistance to water vapour flux is
achieved. They also reported that an additional highly porous
support layer on the vapour side of the membrane can signifi-
cantly increase mechanical stability without degrading the vapour
flux since the mass flux is not disturbed if the supporting layer is
placed on the vapour side.

2.4. Membrane tortuosity

Tortuosity represents the average length of the pore as com-
pared with membrane thickness. Membranes with pores which
are perpendicular to the membrane surface are more favourable,
as in such cases the tortuosity of the membrane pore is considered
equal to one. Martinez and Rodriguez-Maroto [18] reported that
generally the tortuosity is in the range of 1.5-2.5 as typically
membranes have a more meandering pore pathway. The tortuosity
of a membrane is inversely related to its porosity. Different
empirical correlations have been reported to calculate the tortu-
osity value from the membrane porosity. Iversen et al. [14]
compared the empirical correlations and the experimental values
of tortuosity. They concluded that the empirical correlation devel-
oped by Mackie and Meares [19] best describes the tortuosity of a
membrane that is spongier, similar to the interstices between
closed packed spheres, and is given as:

2
;2=
e

)

where 7 is the tortuosity and ¢ the porosity of the membrane.
Iversen et al. [14] reported that the fractal theories of random

walks can be used to predict the tortuosity of membrane material

with random clusters, similar to loose packed spheres, and is given as:

T:E 3)

2.5. Wettability and liquid entry pressure

The non-wetting characteristic of membrane contactors is also
important as the aqueous solution can enter the larger pores of the
membrane by breaking the surface tension at the interface
between the aqueous solution and the water vapour at the
entrance to the membrane pores, thus affecting the mass transfer.
Alkhudhiri et al. [20] reported that the maximum pore size which
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would prevent wetting should be in the range 0.1-0.6 pm. LEP
(liquid entry pressure) is the minimum hydrostatic pressure that
must be applied around the membrane so that the aqueous
solution does not overcome the hydrophobic forces and penetrate
into the membrane pores. Alkhudhiri et al. [20] reported that the
increase in feed concentration and the presence of organic solutes
can reduce the LEP. They reported that LEP mainly depends on the
maximum pore size and the hydrophobicity of the membrane.
Gabino et al. [21] reported the Laplace (Cantor) equation for
relating the maximum pore size and the liquid entry pressure
which is given as,

AP:4><B><(r>< cos 6 )

dp,(max)

where B is the pore geometric factor which is 1 for cylindrical
pores, o is the solution surface tension in N/m, @ is the contact
angle and dj max) is the maximum pore diameter in meters. Thus
for a high value of LEP, a membrane should have a high contact
angle, small pore size and a higher value of surface tension for the
solution. Ali and Schwerdt [7] mentioned the importance of liquid
entry pressure and suggested that a membrane should have high
LEP and the pore size should be in a range of 0.45-1.0 pm to avoid
wettability of the membrane pores by the aqueous solution. Zidu
[22] reported that the polymeric membrane material that is used
in the membrane based components should have a surface energy
of at least 10 dyn/cm less than the lowest among the weak
absorbent solution surface tension or the refrigerant surface
tension.

2.6. Thermal conductivity

Thermal conductivity is the ability of the membrane material to
transfer heat energy. The thermal conductivity of membrane con-
tactors made of polymeric material is usually low as compared to
metals; however, the large specific heat transfer area provided by
membrane contactors can overcome the heat transfer resistance of
the membrane material. The thermal conductivity measurement of a
membrane contactor depends on both the thermal conductivity of
the membrane material and the gas inside the voids of the mem-
brane contactor. The thermal conductivity of PTFE can be estimated
using the correlation given by Sperati et al. [23].

ks =(4.86 x 10~* x T)+0.253 (5)

where T is the temperature in °C and k; is the thermal conductivity
in W/m-K.

If the gas inside the membrane voids is air or water vapour
then the thermal conductivity of gas can be estimated by the
correlation of Jénsson et al. [24].

kg=(15%1072) x VT (6)

where T is the absolute temperature in Kelvin and k, is the
thermal conductivity in W/m-K.

The correlation can be used either for air or water vapours as
both have a thermal conductivity of the same order at a tempera-
ture of around 40 °C.

The thermal conductivity of the membrane is estimated as a
volume average of both the conductivities ks and kg, as given by
Martinez and Rodriguez-Maroto [18].

kmem =& x kg+(1—¢) x ks 7

2.7. Hydraulic permeability

Hydraulic permeability is the ability of a membrane to transfer
a fluid across the membrane. It is the inverse of resistance to flow
across the membrane. Ideally, the membrane should have

minimum resistance to the refrigerant mass transfer which
depends on the size and tortuosity of the membrane pores and
on the porosity and thickness of the membrane. Martinez et al.
[25] modelled and evaluated the water vapour permeability in
hydrophobic membranes. They used three commercial hydropho-
bic membranes TF1000, TF450 and TF200 with pore sizes of 1.00,
0.45 and 0.20 pm, respectively and a porosity of 0.8. The authors
concluded that for applications in which no viscous flux is present,
the Knudsen and molecular diffusion resistances are important to
be analyzed, while in applications including diffusive and viscous
transport mechanisms, the contribution of both mechanisms is
important enough to be analyzed. However, at low water vapour
pressures the viscous contribution is low for the membranes with
smaller pores. They also concluded from their study that the
membranes have narrow pore size distributions and the values
of the average pore sizes are slightly different from those given by
the manufacturer. They mentioned that the capillary diameter of
the membrane provided by the manufacturer is not sufficient to
perform the transport model calculation. Albrecht et al. [26]
determined the water vapour permeability of different structured
hollow fiber membranes with ultrafiltration separation profiles.
They concluded that membranes with ultrafiltration separation
profiles are beneficial alternatives for the preparation of coated
membranes and are suitable for the preparation of effective
membrane contactors. Ali and Schwerdt [7] reported that to obtain
a higher water vapour flux, the membrane pore sizes should range
from 0.45 to 1.0 pm, and have a porosity of up to 0.8 for high
permeability to water vapour.

2.8. Capillary condensation

One of the desired characteristics of the membrane contactor is
for it to prevent capillary condensation of refrigerant vapour inside
the membrane pores which can result in blockage of the pore.
Rautenbach and Albrecht [27] reported that as well as the
membrane active layer surface, the inner surface of the capillary
is also involved in the desorption/evaporation process. They
pointed out the significance of the capillary condensation and
reported that the membrane effectiveness can decrease if vapours
condense inside the membrane pores. By using the Kelvin equa-
tion, they proposed an equation which can be used to calculate the
critical water vapour pressure at which condensation can occur in
large pores, and it is given as:

4 x opxV;
c_ 0 _ P i
Pi=Ppi xeXp< dpxRxT>

where p¢ is the critical water vapour pressure in mbar, p? is the
equilibrium state pressure in mbar, op is the surface tension of the
permeate in N/m, V; is the molar volume in cm?/mol, d,, is the pore
size (diameter) in m, R is the universal gas constant which is
8.314 J/mol-K and T is the temperature in K.

Ali and Schwerdt [7] recommended that the membrane pore
size should be as small as possible to avoid capillary condensation
of water vapours. They recommended a pore size of 0.45 pm to
limit the capillary condensation in the membrane based absorber
of an absorption refrigeration system.

®)

2.9. Fouling of membrane contactors

Membrane materials are non-corrosive and are compatible
with most of the materials and working fluids. Fouling of the
membrane contactor material is less prominent compared with
that of metallic contactors. However, membrane contactors are
prone to pore clogging with inorganic salt and biological fouling.
Biological fouling is mainly caused by bacteria and algae. Lawson
and Lloyd [28] reported that biological fouling can be avoided by
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adding certain appropriate chemicals to the solution or by UV
treatment. They also pointed out that fouling is less significant in
membranes with relatively larger pore sizes such as the mem-
branes used in distillation processes. Membrane mass transfer
resistance increases due to the fouling phenomenon. In membrane
contactors, the mass transfer flux may decrease if the accumula-
tion of crystallized inorganic salt or deposition of any other
particulate material occurs at the membrane surface and in the
pores of the membranes. However, membrane contactors have the
advantage that they can be cleaned easily and thus the reduction
of mass transfer flux across the membrane due to membrane
fouling can be recovered. The decrease in mass transfer flux across
the membrane with time, usually termed as flux decay and which
occurs due to membrane fouling, can be classified into reversible
and irreversible fouling. Flux decay due to reversible fouling in
porous membranes can be recovered by backflushing the mem-
brane contactors, while in the case of irreversible fouling, the
membrane contactor either has to be replaced or cleaned with
chemical reagents. Riffat et al. [3] investigated two membrane
modules, sheet polymer membranes and tubular silicon mem-
branes for use in the pervaporation absorption refrigerator. They
observed that the permeate flux of the silicon membrane module
decreased with time due to pores being blocked by the salt.
However, they were able to restore the original permeate flux by
cleaning the membrane module with fresh water. Pre-treatment of
the membrane can also be done to control the fouling. Alklaibi and
Lior [29] pointed out the importance of pre-treatment and con-
cluded from their investigations that the permeate flux can be
increased by 25% with the pre-treatment process. Shirazi et al. [30]
reported that membrane fouling is mainly dependent on the
module configuration, solution characteristics and hydrodynamic
conditions. They pointed out that the high concentration of
inorganic salts in the solution can lead to fouling of the membrane
contactor. They reported that the scale formation on the mem-
brane surface is mainly because of the crystallization of the
solution and the particulate fouling, both of which occur due to
the decrease of salt solubility or the existence of particulates in the
solution. In crystallization, precipitation of ions occurs at the
surface of membrane, while in particulate fouling, particulate
matter from the bulk solution deposits on the membrane surface
as a result of convective transportation. For porous membranes, if
the particulate matters are smaller than the membrane pore size
then pore plugging can also occur in addition to the formation of
cake on the membrane surface. Gryta [31] reported that partial
wetting of the membrane pores can result in scale formation on
the membrane surface, as the adjacent pores are being filled with
the feed solution. The author pointed out that an additional
thermal resistance is created by the deposits of inorganic salts
and particulates on the membrane surface. Controlled hydrody-
namic and thermal conditions can also limit the fouling phenom-
enon. Gryta [32] reported that fouling can be minimized by
lowering the feed temperature and increasing the feed flow rate.

3. Working fluid mixtures

Ammonia/water and water/lithium bromide are the most
commonly used working fluid pairs analysed both analytically
and experimentally to investigate the performance of membrane
based components of absorption refrigeration systems. One of the
key advantages of these working fluid pairs is that the thermo-
physical properties are well known and established. However,
other working fluids such as ammonia/(lithium nitate+water),
water-multicomponent salt mixtures and ionic liquid based absor-
bent solutions can also be effectively utilized in membrane based
absorption refrigeration systems. For those absorption refrigeration

systems utilizing membrane contactors, the properties and require-
ments of the absorbent/refrigerant combination should be compa-
tible with the membrane contactor characteristics and materials. For
instance, a hydrophobic membrane material should be used when
the absorbent solution contains water as a mixture component so
that the liquid solution molecules do not pass through the membrane
pores in case of non selective membrane contactors. Water can be
employed in the absorbent solution either as a refrigerant or an
absorbent and can be used as an additional component to enhance
the transport properties of a binary working fluid. For selective
microporous membrane contactors, the working fluid pair should be
carefully selected in accordance with the membrane properties so
that refrigerant molecules observe less transport resistance than the
absorbent molecules and hence only the refrigerant molecules pass
through the pore. Griesheim and Rodenbach [33] reported that for a
dissolution diffusion membrane, the refrigerant should have the
characteristic properties of dissolving in the membrane material
and diffusing through the membrane, whereas the absorbent should
be insoluble in the membrane material. However, for a microporous
membrane, a working fluid pair should be selected such that it does
not cause wetting of the microporous membrane. If the driving force
across the membrane contactor is the difference in vapour pressure,
then the working fluid pair should be selected such that the vapour
pressure of the absorbent is much lower than the vapour pressure of
the refrigerant. Griesheim and Rodenbach [33] reported that in an
absorption refrigeration machine utilizing semi-permeable mem-
brane, the vapour pressure of the sorption medium should be a
factor of more than 10,000 lower than the refrigerant vapour
pressure. They suggested that ionic liquids could be used as an
absorbent as they have a vapour pressure of almost 0.
Ammonia/water working fluid pair is used in the industrial and
commercial applications where the cooling temperature require-
ment is in the range of —40 °C to +5 °C. NH3/H,0 based absorp-
tion refrigeration systems do not have crystallization problems
and the system normally operates at a higher pressure (above
atmospheric pressure), hence no vacuum is required. As the
working fluid pair contains water as an absorbent, therefore a
non-selective membrane contactor with hydrophobic surface can
be used in the membrane based components. Despite the high
thermal stability of the NH3/H,0 working pair, the high latent heat
of vaporization of NHs and the feasibility of using NHs as
refrigerant for low temperature cooling applications there is still
a drawback in that both NH3 and water are volatile, and thus a
rectifier is required to strip away water that normally evaporates
with NHs. The rectification process has a negative effect on the
cycle performance and also increases the cost of the absorption
refrigeration system. Other disadvantages include the toxicity and
corrosive action to copper and copper alloy. To overcome these
problems, Oronel et al. [34] investigated absorption refrigeration
systems that use NH3/LiNO3; and NHs3/(LiNOs+H,0) as working
fluid mixtures. They suggested that NH3/LiNO3 would be a good
alternative to the ammonia based conventional working fluid pair.
NHs/LiNO3 working fluid pair has an advantage that a rectification
process is not needed and it can be used at a lower temperature in
the desorber. However, the viscosity of NH3/LiNOs is very high and
can significantly reduce the absorber performance and conse-
quently the performance of the whole absorption refrigeration
system. For membrane contactor based components, the compat-
ibility of NH3/LiNO3; with the membrane contactor has to be
investigated. As NH3/LiNO3; working fluid pair does not contain
water either as a refrigerant or as an absorbent, the hydrophobic
surface of the membrane may not be useful in restricting the mass
transfer of the solution across the membrane. The high viscosity of
the binary working fluid can be overcome by adding water to the
binary mixture as reported by Oronel et al. [34]. Thus, the addition
of water to the NH3/LiNO3 solution not only decreases the viscosity
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of the mixture but also makes it possible to utilize microporous
non-selective hydrophobic membranes.

Water/lithium bromide working fluid pair is used in those
absorption refrigeration applications where the cooling temperature
requirement is above 7 °C. H,O/LiBr based absorption refrigeration
systems operate under vacuum conditions. The use of H,O/LiBr for
absorption refrigeration systems offers outstanding features such as
the non-volatility of LiBr absorbent (the need for a rectifier is
eliminated) and high heat of vaporization of water (refrigerant).
However, using water as a refrigerant eliminates the applications for
which low cooling temperature is required and the system must be
operated under vacuum conditions. H,O/LiBr based absorption
refrigeration systems also suffer from corrosion problems. At high
cooling-water temperatures and high concentrations the solution is
prone to crystallization. The addition of other salts to the conven-
tional working fluid pair can improve the solubility of the solution.
Bourouis et al. [35,36] investigated the use of a multi-component salt
solution (LiBr+Lil+LiNOs+LiCl) as an absorbent with water as a
refrigerant. They reported that the multi-component salt solution has
higher solubility and is less corrosive. The safety margin for crystal-
lization of the strong solution leaving the solution heat exchanger is
much higher. Mesones [37] performed experimental and theoretical
study on the solubility of new absorbents in natural refrigerants. He
reported that the solubility of the multi-component salt can be
further improved if the mixture of only three components
(LiBr+ Lil+LiNOs) is used as an absorbent with water as a refrigerant.
As water is used as refrigerant, microporous non-selective hydro-
phobic membranes can be employed in the membrane based
components to achieve efficient performance.

In recent years, intensive research work has been carried out
regarding the use of ionic liquids as an absorbent in absorption
refrigeration cycles. Advantages of ionic liquids as an absorbent are
the low volatility, low melting point, metal-compatibility, high
thermal stability and that they are environment friendly and not
prone to crystallization problem [38-40]. Ionic liquids have an
almost zero vapour pressure, so can be considered a better choice
for membrane based absorbers and desorbers. The issue of the
high viscosity of ionic liquids can be overcome by adding a small
fraction of a ternary component such as water to the ionic liquid
based mixtures. A number of refrigerants in combination with
ionic liquids have been recommended for the use in absorption
refrigeration systems. Among these, carbon dioxide, water and
ammonia are the most prominent refrigerants. Water as a refrig-
erant can be a better choice for absorption refrigeration systems
employing hydrophobic microporous membrane contactors in the
membrane based components. Yokozeki and Shiflett [41-43]
analytically investigated a number of ionic liquids as absorbents
with ammonia and water as refrigerants in absorption refrigera-
tion systems. They achieved favourable results with NH3;/[DMEA]
[Ac] (ammonia/N,N-dimethylethanolammonium acetate) and H,O/
[emim][(CH3),PO4] (water/1-ethyl-3-methylimidazolium dimethyl-
phosphate) as working fluid pairs in a single-stage absorption

Table 2

refrigeration system. Martin and Bermejo [44] performed thermo-
dynamic analysis of absorption refrigeration cycles to investigate the
application of ionic liquids as absorbents with supercritical carbon
dioxide as a refrigerant. They recommended CO-/[bmpyrr][Tf;N]
(carbon dioxide/1-butyl-1-methyl-pyrrolidinium) as a favourable
working fluid mixture for absorption refrigeration systems. Kim
et al. [45] numerically investigated the feasibility of several refriger-
ant/ionic liquid mixtures and recommended H,0/[emim][BF,]
(water/1-ethyl-3-methylimidazolium tetrafluoroborate) as a promis-
ing working fluid mixture in absorption refrigeration systems for
electronic cooling. Absorption refrigeration systems employing ionic
liquid as an absorbent and water as a refrigerant could be a better
option for membrane based components employing hydrophobic
membranes. NH; or CO, can also be used as a refrigerant with an
ionic liquid as an absorbent, however, it is important to select an
appropriate membrane contactor with suitable surface properties to
limit the solution from crossing the membrane pores. The literature
reviewed in this study regarding the use of ionic liquids as an
absorbent shows that ionic liquids based absorption refrigeration
systems have high solution circulation ratio and thus further inves-
tigations are needed for the feasibility of such systems.

Operating conditions and the crystallization behavior of working
fluid mixtures discussed in this section are summarized in Table 2. It
can be seen that inorganic salt based absorbent solutions exhibit
crystallization behavior however ionic liquid based absorbent solu-
tions are not prone to crystallization phenomenon in the working
range of absorption refrigeration cycles, as many of the ionic liquids
have melting points below the lowest solution temperature in the
absorption systems [38-40]. Also it can be seen that absorption
refrigeration cycles using ammonia as a refrigerant operate at above
atmospheric pressure whereas absorption refrigeration cycles
employing water as a refrigerant operate under vacuum pressure.

4. Membrane modules

Different kinds of membrane modules are being used in the
process industry for separation processes and distillation applica-
tions. Among these membrane modules, the hollow fiber mem-
brane module, spiral membrane module, plate-and-frame/flat sheet
membrane module, tubular membrane module and capillary mem-
brane module are the most widely used. However, hollow fiber
membrane module and plate-and-frame/flat sheet membrane
modules are the types mostly investigated as membrane based
components in the absorption refrigeration systems. In the open
literature, the plate-and-frame module is generally selected when
the aqueous solution of H,O/LiBr is used as a working fluid mixture
in absorption refrigeration systems whereas hollow fibre module is
usually selected for the ammonia/water based absorption refrigera-
tion systems. Due to the parallel plates/flat sheets in the plate-and-
frame membrane module the pressure drop is small, it is therefore
considered as a better option for the water/lithium bromide based

Operating conditions and crystallization limit of the working fluid mixtures reported in the investigations reviewed in this work.

Working fluid mixture Crystallization limit

Operating pressure Cooling temperature requirment

NH5/H,0 No
NH3/ionic liquid [38-40] No
NH3/LiNOs [37,46] Above 0.72 mass fraction of LiNO3 at 50 °C

NH3/(LiNO5; +H0) Crystalization risk is lower than NH5/LiNO3
for same absorbent composition at 50 °C
H,O/LiBr [47] Above 0.65 mass fraction of LiBr at 50 °C

H,0/(LiBr + Lil + LINO5 4 LiCl) [48]
H,0/(LiBr + Lil + LINO3) [37]
H,O0/ionic liquid [38-40] No

Above 0.68 mass fraction of (LiBr+ Lil+LiNO3 +LiCl) at 50 °C
Above 0.69 mass fraction of (LiBr+Lil+LiNOs) at 36.65 °C

Above atmospheric pressure  —40 °C to +5 °C
Above atmospheric pressure  —40 °C to +5 °C
Above atmospheric pressure  —40°C to +5 °C
Above atmospheric pressure  —40 °C to +5 °C
Under vacuum condition Above 7 °C
Under vacuum condition Above 7 °C
Under vacuum condition Above 7 °C
Under vacuum condition Above 7 °C
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absorption refrigeration systems. Nevertheless, the hollow fibre
module allows more efficient mass transfer due to external trans-
verse flow and is considered an appropriate choice for the ammo-
nia/water based absorption refrigeration systems. It is also
important to select a membrane with adequate properties which
uses the mass transfer potential more efficiently for such modules.
A brief illustration of these membrane modules is described and
discussed in the following sub-sections.

4.1. Plate-and-frame membrane module

The plate-and-frame membrane module is currently being
widely investigated as a heat and mass transfer device for use in
the absorption refrigeration systems. Thorud et al. [5], Isfahani
et al. [8,9] and Bigham et al. [12] used the concept of the plate-
and-frame heat exchanger and manufactured a laboratory scale
desorber to investigate the performance of a plate-and-frame
membrane module. Ali [49,50], Ali and Schwerdt [7,15], Yu et al.
[16], Isfahani et al. [8], Isfahani and Moghaddam [10] and Bigham
et al. [11] used the plate-and-frame membrane module for
investigating the application of membrane contactors in the
absorber. Due to the ease of use and availability of membrane in
flat sheets, the plate-and-frame membrane module is widely used
in laboratories to perform experimental analyses. These modules
are easy to clean and replace. However, the flat sheets of
membrane in the plate-and-frame membrane module have poor
mechanical strength and thus a support is usually required.

The driving force for the vapour transfer into the aqueous
solution in a H,O/LiBr absorber is the difference in water vapour
partial pressure. In the conventional falling film absorber, the
water vapour pressure difference is usually small. To get a higher
mass transfer rate across the membrane contactor there should be
minimum pressure drop in the membrane configuration. Baker
[51] reported that the plate-and-frame membrane module offers
minimum pressure drop among the different membrane config-
urations. Therefore, to design an efficient and compact absorber
with H,O/LiBr as a working fluid mixture, the plate-and-frame
absorber with a non-selective hydrophobic microporous mem-
brane at aqueous solution-water vapour interface is a better
alternative. The plate-and-frame membrane module has the
potential to enhance the mass transfer flux as a result of narrow
confined flow channels formed by the membrane contactor.

The structural unit of a plate-and-frame absorber with a
membrane contactor at the solution-vapour interface is shown
in Fig. 2(a). The configuration of the plate-and-frame membrane
module is set so that the lattice cell consists of a metallic plate for
heat transfer and membrane sheets for both the heat and mass
transfer. The membrane contactors are placed at the aqueous
solution and water vapour interface in the form of parallel sheets,
while the metallic plates are placed along the solution and coolant
interface. The membrane sheets and the metallic plates are
arranged in such a manner as to create individual flow channels
for solution, coolant and refrigerant. Each refrigerant channel
serves two absorbent solution channels at each side as shown in
Fig. 2(b). Similarly the coolant channels also serve two aqueous
solution channels. The first and last units of the module have half
width coolant channels. The coolant flows along the metallic plate
to dissipate the heat of absorption from the solution. The refrig-
erant and the absorbent solution are brought into contact with
each other using the microporous membrane contactor. The
refrigerant enters the membrane pores and is absorbed into the
solution on the other side of the membrane sheet. If water is
present in the working fluid mixture either as a refrigerant, an
absorbent or as a third component, then a hydrophobic membrane
contactor can be utilized so that the aqueous solution does not
penetrate the membrane pores as a result of the hydrophobic
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Fig. 2. Plate-and-frame membrane module.

nature of the membrane material and that only refrigerant passes
through the membrane. The thin channel of refrigerant has no exit
so all the refrigerant has to be absorbed by the aqueous solution
through the membrane contactor. As the refrigerant vapour
pressure is higher than the partial pressure of the refrigerant
vapour inside the solution, the refrigerant is absorbed at the
liquid-vapour interface and diffuses into the solution film. The
flow configuration in this module can be co-current flow or
counter current flow. However, counter current flow direction of
the coolant and absorbent is more advantageous, while the
absorbent solution and refrigerant flow can be either counter
current or co-current.

Geometric dimensions and parameters of the plate-and-frame
membrane modules reviewed in this work are listed in Table 3.

4.2. Hollow fiber membrane module

Hollow fiber membrane modules have been widely investi-
gated for heat and mass transfer enhancement. The vast interfacial
area provided by the polymeric hollow fiber membranes signifi-
cantly improves heat and mass transfer processes. However, the
mechanical strength of the polymeric membrane limits the
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Geometric dimensions and parameters of the plate-and-frame membrane modules reported in the investigations reviewed in this work.

Reference Length (mm) Width (mm) Depth (mm) Solution channel thickness (mm) Wall thickness (mm) No. of channels
Thorud et al. [5] 58 29 NA 0.170-0.745 NA NA
Isfahani et al. [8,10] 38 203 1 0.160 NA NA
Yu et al. [16] 20 NA NA 0.05-0.20 NA NA
Ali [49] 400 388 300 2.0 1 50
Kim et al. [62] 100 100.3 03 0.5 03 125
a
Solution Outlet
Eefrigerant Inlet
Solution
Eefrigerant Outlet

Solution Inlet

Fig. 3. Hollow fiber membrane module [6].

application of polymeric hollow fiber membranes at elevated
temperatures and high pressure. Zarkadas and Sirkar [52] pro-
posed a polymeric hollow-fiber membrane heat exchanger for low
temperature (up to 150-200 °C) applications. Their investigation
showed that the large specific interfacial area makes polymeric
hollow fiber heat exchangers more efficient than metal heat
exchangers for lower heat source temperature applications. Hol-
low fiber membrane contactors made of non-selective, micropor-
ous membranes have been widely accepted as effective gas-liquid
or liquid-liquid devices because of the independent gas and liquid
velocities which prevent flooding, loading and turn down ratio
problems from two-phase flows. Experimental and analytical analyses
were performed by Schaal et al. [4] and Chen et al. [53], respectively, in
order to investigate the performance of a hollow fiber membrane
module as an absorber unit in the absorption refrigeration system.
Wang et al. [6,54] used the concept of vacuum distillation to separate
the refrigerant from feed solution and investigated the use of the
hollow fiber module as a desorber in the absorption refrigeration
system. Wang et al. [55,56] and Wang et al. [57] investigated and
proposed the hollow fiber module as an alternative to the solution
heat exchanger of the H,O/LiBr absorption refrigeration system.
Hollow fiber membrane modules used in the absorption refrigeration
systems can be classified into two types; an ordinary hollow fiber
membrane module which is usually utilized as a desorber and a
hybrid hollow fiber membrane module which is utilized as an
absorber.

The ordinary hollow fiber membrane module consists of
hundreds of microporous hydrophobic membrane fibers/tubes,
assembled and made into a shell-and-tube module as shown in
Fig. 3. The microporous hydrophobic membrane fibers in the
module allow both heat and mass transfer between the absorbent
solution and the refrigerant vapours. Hollow fiber membrane
module can be specifically used as a desorber or as a solution
heat exchanger in the absorption refrigeration systems. The feed
solution, which is preheated before entering the module, flows
inside the microporous hollow fibers of the module. In the case of
vacuum membrane separation processes, vacuum pressure is kept
inside the shell for efficient performance of the module. The
refrigerant in the feed solution vaporizes and passes through the
pores of the membrane and is collected inside the shell and then
condensed in the condenser under vacuum conditions.

The hybrid hollow fiber membrane module consists of hun-
dreds of both microporous hydrophobic membranes fibers and
non-porous membrane fibers, assembled and made into a shell-
and-tube module. The hybrid hollow fiber membrane module is
used as an absorber in the absorption refrigeration systems. The
refrigerant-absorbent solution flows into the shell side of the
hollow fiber module. The refrigerant vapours to be absorbed flow
into the microporous hollow fibers while the cooling fluid flows
into the non-porous hollow fibers of the module. The non-porous
membrane fibers for the cooling fluid are arranged in concentric
order at the outer periphery of the shell, while the porous
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membrane fibers are arranged concentrically in the central portion
of the shell. The hollow fiber membrane module contains a central
baffle that deflects the solution flow on the shell side in the
module but not the flows on the lumen side of the fibers. The
absorbent solution enters in the shell through the center tube in
the upstream half of the module, flows through
the gap between the baffle and the module housing and then
exits from the shell through the center tube in the downstream
half of the module. The solution hence forms cross-flow to the
fibers in both upstream half and downstream half of the module.
The configuration of a hybrid hollow fiber membrane module is
shown in Fig. 4. It is reported that the heat transfer process can be
enhanced if the cooling fluid and the absorbent solution flow in
the counter-current direction, however, the vapour and the absor-
bent solution flow direction has no significant effect on the heat
and mass transfer and so can be co-current or counter-current.
Geometric dimensions and parameters of the hollow fiber
membrane module reviewed in this work are listed in Table 4.

5. Membrane contactors in components of absorption
refrigeration systems

Analytical and experimental investigations are being carried out on
the use of membrane contactors in the absorber, desorber and solution
heat exchanger of absorption refrigeration systems. The utilization of
microporous membrane contactors in these components can provide a
high specific surface area and therefore higher volumetric mass
transfer rates can be achieved compared to conventional absorbers
and desorbers. Schaal et al. [4] reported that membrane contactors can
provide up to 30,000 m?/m? specific area. Due to the high specific
interfacial area provided by the membrane contactor, it is possible to
manufacture compact components for use in small cooling capacity

a Coolant Inlet Coolant Outlet

Baffle

Vapour Inlet—

— Vapour Qutlet

Solution Outlet ~—

Fig. 4. Hybrid hollow fiber membrane module [53].
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absorption chillers. In this section, the use of membrane contactors in
the components of absorption refrigeration systems is reviewed.

5.1. Absorber

Absorber is one of the major components in absorption chillers
and has a direct effect on the size of the absorption refrigeration
system. Introducing polymeric hydrophobic microporous mem-
branes in the absorber design could provide one of the alternatives
for achieving highly compact absorbers since microporous mem-
brane contactors can provide a high specific surface area. The
absorption rate of the conventional absorbers normally depends
upon the working fluid mixture, the corrugated or smooth surface,
absorber configuration, operating conditions etc. Different absor-
ber configurations have been investigated and adopted to enhance
the absorption rate. In this section, the membrane based absorbers
investigated in the literature are discussed and evaluated. As
discussed earlier, the membrane based absorbers investigated in
the literature are broadly divided into two categories, namely
plate-and-frame membrane absorber and hollow fiber membrane
absorber.

Chen et al. [53] performed numerical simulations to study and
evaluate the performance of an innovative hybrid hollow fiber
membrane absorber. The proposed hybrid hollow fiber membrane
absorber was designed for an ammonia/water absorption cycle
and was made up of both microporous and nonporous fibers for
refrigerant and coolant flows, respectively. They reported that, for
the same absorption rate, the volume of hollow fiber membrane
absorber was only 31% of that of a plate heat exchanger falling film
absorber, while the mass transfer interfacial area was 4.3 times of
that of plate heat exchanger falling film absorber. From their
results it was observed that the COP of a typical ammonia/water
absorption system utilizing hollow fiber membrane absorber could
be increased by 14.8% and a 26.7% reduction in the overall system
exergy loss could be achieved. The solution flow rate reduction
obtained in the analysis was 43% for the same cooling effect. They
reported that the solution side mass transfer coefficient is the
most dominating factor affecting the absorption process in the
hollow fiber membrane absorber.

Schaal et al. [4] investigated experimentally and performed
simulation of an absorption refrigeration system with a single
hollow fiber microporous membrane module absorber in which
ammonia/water was used as a working fluid mixture with inte-
grated cooling. Their results showed a higher mass transfer rate for
the membrane absorber compared with the plate absorber.
A linear increase in the absorption rate was observed with an
increase in the driving force, which is the difference of the
ammonia mole fraction at the saturation state and the actual
ammonia fraction at the inlet of the membrane module.
In addition, increase in the mass transfer flux with an increased
driving force was more significant for the membrane absorber
than for the plate absorber. Their results also showed that the
ammonia mass transfer rate increases with the increase in gas
pressure. However, a decrease in the ammonia mass transfer flux
was observed with higher ammonia mole fractions in the solution.
From the experimental and simulation results, they concluded that

Geometric dimensions and parameters of the hollow fiber membrane modules reported in the investigations reviewed in this work.

Reference Outer diameter (um) Inner diameter (um) Wall thickness (um) Shell Inside diameter (cm) Effective fiber length (cm) No. of fibers
Schaal et al. [4] NA 170 40 2.0-2.2 1 2100
Wang et al. [6] NA 800 150 4.2 40 300
Chen et al. [53] 300 240 30 5.55 20 5000
Wang et al. [57] 1100 800 150 42 80 600
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the size of the absorber can be reduced up to 10 times as
compared to plate absorbers by utilizing the micro-porous hollow
fiber membrane module.

Ali [49] performed an analytical analysis to design a compact
plate-and-frame absorber possessing a hydrophobic microporous
membrane contactor at the aqueous solution-water vapour inter-
face. The author pointed out that the most important factor
affecting the absorption rate was the solution film thickness. His
results showed that the aqueous solution channel thickness
greatly influences the absorber size compactness. Increasing the
solution channel thickness from 1.0 to 2.5 mm while keeping the
other parameters constant resulted in an increase in the required
net membrane contactor area from 5.2 to 6.53 m?. In addition a
decrease from 238.54 to 139.2 m?/m? is obtained in the ratio of
mass transfer area to net volume. In the experimental study
performed by Ali and Schwerdt [7], a solution film thickness of
4 mm was used and a differential pressure of nearly three times
the available pressure in a typical absorber was applied. However,
the absorption rate was approximately half that of the conven-
tional absorbers. In a conventional absorber, the solution thickness
flowing over a tube bundle varies from 0.1 to 1.0 mm. Ali [49]
observed that reducing the solution film thickness from 2.5 to
1.0 mm can result in a higher absorption rate of about 20%. Thus,
the low absorption rate obtained in the Ali and Schwerdt [7]
analysis could be due to the higher values of the solution film
thickness. Also they did not observe a change in the absorption
rate when the vapour pressure potential was increased. They
ascribed this behavior to the dominant mass transfer resistance
of their membrane. However, recent studies [8,10] suggest that
vapour pressure potential has a direct effect on the vapour mass
transfer flux across the membrane and that the mass transfer
through the solution is the dominant resistance as compared to
the membrane mass transfer resistance. Ali and Schwerdt [15]
experimentally and analytically analysed the factors that affect the
water vapour transfer flux when using a membrane contactor at
water/LiBr solution and water vapour interface. They reported that
at high solution flow rates, the mass transfer coefficient between
the interface boundary layer and the bulk solution is high, as a
result of low hydrodynamic boundary layer resistance. They
concluded from their experimental results that the water vapour
transfer flux through the membrane contactor is improved at
higher aqueous lithium bromide solution flow Reynolds numbers
for larger pore diameters. Ali [50] analytically performed heat and
mass transfer analysis of a plate-and-frame membrane based
absorber as a component of a 5 kW single-effect water/lithium
bromide absorption refrigeration system. He reported that for the
same cooling capacity the required absorber size increased with
the increase in the driving hot water temperature. However, a
slight decrease in the required absorber area was observed with a
decrease in the cooling water inlet temperature. The author
suggested the use of plate-and-frame membrane absorbers in
places where lower cooling inlet temperature is available.

Yu et al. [16] performed numerical simulation to analyze the
influence of different operational and geometric parameters of a
membrane based absorber. They reported that the solution film
thickness and solution velocity significantly affect the absorption
rate. However, in contrast to conventional absorbers, the solution
film thickness and velocity can be independently controlled and
adjusted to achieve an optimal performance in plate-and-frame
membrane absorber. They obtained a 3-fold increase in the
absorption rate when the solution film thickness was reduced
from 150 um to 50 um. In addition, they observed a 50% increase in
the average absorption rate when the solution velocity was
increased from 0.009 m/s to 0.036 m/s. Also, they investigated
the effect of membrane surface roughness on the absorption rate
and obtained a 15% increase in the absorption rate when

compared to the smooth surface. The authors concluded that the
absorption rate in case of a rough membrane surface increases as a
result of convective effects induced by the rough surface.

Isfahani et al. [8] experimentally investigated a membrane
based absorber for the absorption of water vapour in the aqueous
solution of LiBr. Their results showed that the mass transfer flux
can be significantly enhanced if the solution flow velocity is
increased and the solution film thickness is reduced to an order
of 100 pm. They reported that decreasing the solution film thick-
ness resulted in better cooling of the solution-vapour interface so
the water vapour pressure in the solution was lowered and a high
absorption rate was achieved. Similarly they observed that when
the solution temperature was increased then the water vapour
pressure in the solution also increased which in turn decreased the
absorption rate. A linear increase in the absorption rate with an
increase in the vapour pressure was observed. They reported that
the absorption rate in the membrane based absorber was 2.5 times
higher than that in the falling film absorbers.

Isfahani and Moghaddam [10] experimentally analyzed absorp-
tion characteristics of water vapour into a thin LiBr solution
constrained by superhydrophobic nanofibrous membrane struc-
tures. They reported that the use of a superhydrophobic nanofi-
brous membrane at the H,O/LiBr solution and water vapour
interface could constrain the solution film thickness and that in
this type of configuration the velocity and solution thickness could
be independently controlled to achieve higher absorption rates.
They studied the effect of water vapour pressure, cooling tem-
perature, solution film thickness and solution mass flow rate on
the absorption rate in a membrane based absorber. They achieved
an absorption rate of 0.006 kg/m?/s with a solution film thickness
of 100 pm and a velocity of 0.005 m/s. In contrast to Ali and
Schwerdt [7], they obtained a linear increase in the absorption rate
with increase in the water vapour driving potential across the
membrane.

Bigham et al. [11] experimentally and numerically investi-
gated the implementation of micro-scale features on the flow
channel surface to induce vortices within the solution film. They
observed that the laminar streamlines within the solution film are
stretched and folded as a result of the vortices. They reported that
the mass transport mode in such configuration could be changed
from diffusive to advective mode. In their analysis they used
a 500 pm solution film thickness and obtained an increase in
the absorption rate by a factor of 2.5 from 0.0016 kg/m?/s to
0.004 kg/m?/s.

It is evaluated from the literature review that utilizing the
microporous hydrophobic membrane in the absorber not only
reduces the size of the component but also enhances the mass
transfer rate significantly. Both the plate-and-frame membrane
absorber and hollow fiber membrane absorber are promising
alternatives to the conventional absorbers and can be used with
water and ammonia based refrigerants, respectively, in absorption
refrigeration systems. Hybrid hollow fiber membrane module can
be an interesting replacement of the conventional absorbers as
compared to ordinary hollow fiber membrane module as in this
type of module non-porous membrane fibers are incorporated
within the module for coolant flow to dissipate the heat of
absorption from the solution and therefore can enhance the
absorption performance of the absorber. In case of the plate-
and-frame membrane absorber, it is worth to note that a higher
absorption rate can be achieved if the solution film thickness is
around 100 pm, therefore, the use of porous membranes to
constrain the solution film in narrow micro-channels can signifi-
cantly enhance the heat and mass transfer performance of the
absorber. In addition, constraining the solution film by a hydro-
phobic membrane contactor can allow design of a compact
membrane based absorber utilizing water as a refrigerant under
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vacuum conditions. However, it is worth to note that the pressure
drop along the solution channel length may increase significantly
with the decrease in the solution channel thickness and therefore
further analysis is required to select an optimum value of the
solution channel thickness with higher absorption rate and lower
pressure drop. Also the use of micro-scale features on the flow
channels surface can significantly improve the absorption rate by
producing vortices within the solution which continuously bring
the concentrated solution to the solution vapour interface. How-
ever, the ease and economical viability to manufacture a surface
with micro-scale features for membrane based absorbers need to
be investigated for the commercial use of such plate-and-frame
membrane absorber. In addition, the effect of micro-scale features
on the pressure drop could be significant which may also affect the
performance of the absorber.

5.2. Desorber

Desorber is also one of the major components in absorption
refrigeration systems and is used to separate the refrigerant from
the absorbent solution. The performance of the desorber has a
direct effect on the coefficient of performance (COP) of the system.
The conventional desorber is usually heavier and bigger in size and
thus limits the use of vapour absorption systems in small scale
applications. The temperature of the driving heater in the con-
ventional desorber is usually higher than low grade energy
resources such as regenerative energy or waste heat energy. These
issues can be resolved by replacing the conventional desorption
process with a membrane separation process. Membrane modules
are smaller in size and weight than the conventional desorbers
because polymeric fibers/membrane sheets replace the heavy
metallic tubes/plates. In the membrane distillation process, vapour
extraction from aqueous solution is possible at a lower operating
temperature than the boiling point of the solution. Due to the
temperature difference across the membrane, a pressure differ-
ence arises and acts as the driving force for the mass transfer
across the membrane pores. At the liquid-vapour interface of the
membrane pores refrigerant molecules evaporate at the hot inter-
face, cross through the membrane pores in vapour phase and
condense on the cold side.

Mengual et al. [58] reported that the vapour permeation
flux mainly relies on the vapour pressure difference between the
two sides of the membrane. Qtaishat et al. [59] reported that
adequate permeation flux is possible across the membrane
without the need for the hot feed to reach boiling point. Heating
of the aqueous solution to the boiling point is not needed as
long as the temperature difference exists between the two sides of
the membrane pores. Consequently, the membrane based deso-
rber can operate at a lower temperature than conventional
desorbers where the solution must be heated to boiling point to
achieve the separation of the refrigerant from the solution.
This means that low grade heat sources can be efficient if
membrane based desorbers are used in absorption refrigeration
systems.

Research is currently being carried out on the use of micro-
porous membranes in the desorber for the separation of the
refrigerant from the refrigerant-absorbent solution. Different
membrane separation processes are employed for refrigerant
separation in the desorber. Riffat and Su [60,61] proposed a
reverse osmosis mechanism to separate the refrigerant from the
mixture in the desorber. They replaced the conventional desorber
by a centrifuge desorber in which a reverse osmosis membrane
was utilized. The centrifuge desorber is a rotary hollow cylinder
with a membrane placed around the outside periphery of the
cylinder. The centrifuge desorber is rotated at a high angular
velocity and as soon as the pressure difference between the two

sides of the membrane exceeds the osmotic pressure of the
solution, the refrigerant permeates the reverse osmosis mem-
brane. They developed a thermodynamic model to study the
osmotic pressure of the absorption solution using its density and
vapour pressure. From their analysis they observed that the
osmotic pressure increased with an increase in the specific latent
heat of evaporation. They pointed out that a high angular speed is
required to achieve a high pressure difference in order to separate
the refrigerant from the solution using reverse osmosis mechan-
ism. Furthermore, they mentioned that the high rotation speed
requirement could give rise to issues related to the mechanical
strength of materials and the balance of structures. However, they
reported that the angular speed of the centrifuge desorber could
be reduced if refrigerants with a lower latent heat of evaporation
were used. They concluded that the feasibility of pressure driven
absorption systems would also be dependent on the availability of
suitable membranes due to the high osmotic pressure involved.
Riffat et al. [3] experimentally investigated an absorption refrig-
eration system in which the pervaporation process replaced the
conventional desorption process for vapour extraction. They used
aqueous potassium formate solution and two membranes. One
was a dense membrane, and the other was a silicon porous
membrane. They suggested that the pervaporation membrane
material should be compatible with the working fluid mixture.
They achieved a permeate flux of above 0.58 kg/m?-h when they
used a mixture of potassium formate and caesium formate and
was five times that of the potassium only solution. They observed
that the permeate flux decreased with the solution temperature
but increased with decreasing concentration. Similarly, a decrease
in the permeate flux was obtained when the permeate pressure
was increased. However, the decrease in the permeate flux was
smaller at high solution temperature because of the high chemical
potential of feed side. They achieved higher permeate flux with
silicon membrane module when compared to the dense mem-
brane due to the porous structure of the silicon membrane
module.

Thorud et al. [5] experimentally tested a constrained thin film
desorption scheme to determine the desorption rates of water
from an aqueous solution of LiBr through a confining hydrophobic
porous membrane made up of Teflon material. The assembly of the
module resembled that of a plate-and-frame module in which
desorption takes place in a channel created between two parallel
plates with one of the walls being both heated and porous. Their
experimental investigation focused on the performance of vapour
extraction as a function of confined thin film thickness, pressure
difference across the membrane and inlet concentration of LiBr
solution. In their experiments, a constant inlet mass flow rate of
3.2 g/min was kept up at a pressure of 33.5 kPa and a membrane
with surface area of 16.8 cm? was used for all cases. The inlet
concentration of LiBr solution was varied from 31.6 wt% to 50.2 wt
%, and the pressure difference across the membrane was varied
from 5.83 kPa to 11.5 kPa along with two channel heights of
170 pm and 745 pm. They achieved a maximum desorption rate
of 0.51 g/min at the following conditions: LiBr solution concentra-
tion of 32 wt%, differential pressure of 12.0 kPa, and channel
height of 170 um. Evaluation of the results showed that vapour
extraction increases with an increase in pressure difference across
the membrane, decrease in channel height and lower inlet LiBr
solution concentration. The heat transfer coefficient was also
studied as a function of the wall superheat temperature. Increase
in the channel height required larger superheat values for a fixed
desorption rate and thus had a negative influence on the heat
transfer coefficient.

Kim et al. [62] analysed an absorption based miniature
heat pump system and demonstrated with analytical results the
feasibility of such a system for electronic cooling applications.
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To miniaturize the system, they integrated the desorber and
condenser as a single unit separated by a hydrophobic membrane
which acted as a common interface to separate the refrigerant
vapour from the absorbent solution. Their design facilitates to
reduce the size of the entire heat pump system to a 150 mm x
150 mm x 100 mm envelope. The analytical results showed that a
chip temperature of about 30 °C is achievable with heat removal
capability of 100 W from the electronic components.

Zidu [22] proposed an absorption refrigeration cycle in which
the conventional desorber was replaced with hollow fiber mem-
brane module. The tubes of the membrane module were made up
of a microporous hydrophobic membrane material with a pore
size in the range of 0.1 to 0.6 pm and a porosity greater than 0.5.
The author reported that a higher COP could be achieved with an
improved mass transfer rate at a low desorber temperature
utilizing a hollow fiber membrane desorber.

Wang et al. [6,54] demonstrated the application of vacuum
membrane distillation process in absorption refrigeration systems.
They experimentally investigated the desorption rate of water
vapours from an aqueous solution of lithium bromide with
vacuum membrane distillation process which used a hollow fiber
membrane module. In such configuration a hot feed of the
absorbent solution flows in the tube side, while the shell side is
kept under vacuum pressure either by cooling water or by vacuum
pump. They concluded from the test results that the permeation
flux of water vapour increases when the feed flux of solution is
increased and at high feed temperature in tube side while
decreases with an increase in pressure in the shell side. Therefore,
an increase in the permeation flux is achievable by decreasing the
pressure on the shell side. Also, they concluded that the feed
temperature had the maximum influence on the desorption rate,
followed by the vacuum pressure on the shell side while the feed
flux of solution had the lowest influence on the desorption rate.

Isfahani et al. [8] experimentally investigated a membrane
based desorber used for the extraction of water vapour from
aqueous solution of LiBr. They achieved a desorption rate of about
0.01 kg/m?/s which is higher than the reported work of Thorud
et al. [5]. They observed that the desorption of water vapour from

Table 5

the aqueous solution of LiBr starts at a temperature of approxi-
mately 60 °C and increases slightly with an increase in tempera-
ture, however, the increase in the desorption rate is more
pronounced at temperatures over 90 °C. This is because at higher
solution temperatures, the partial pressure of water vapour in the
solution increases and therefore the pressure difference across the
membrane increases which improves the desorption rate. In
addition, they reported that the effect of vapour pressure on the
desorption rate subsides as the solution superheat temperature
increases and no significant change for a superheat temperature of
about 25°C was obtained. They observed that at the same
operating conditions, the solution pressure had an insignificant
effect on the desorption rate through direct diffusion, as the
driving force for mass transfer is the vapour pressure difference.
However, the solution pressure significantly affects the desorption
rate with the boiling process. They also observed that the solution
flow rate does not influence the desorption rate in the direct
diffusion desorption mode. However, they noticed an increase of
about 50% in the desorption rate in boiling mode when the
solution flow rate was increased from 0.75 kg/h to 3.25 kg/h.
Isfahani et al. [9] experimentally investigated the influence of
wall temperature, solution and vapour pressures and solution
mass flow rate on the desorption rate of a membrane-based
desorber in which the solution was constrained by a thin micro-
porous membrane. They analyzed two mechanism of desorption
based on the diffusion of refrigerant molecules across the mem-
brane. In the first case they analyzed direct diffusion of molecules
out of the solution and their subsequent flow through the
membrane whereas in the second case they investigated the
formation of water vapour bubbles within the solution and their
venting through the membrane. They reported that the direct
diffusion was the dominant desorption mode at low surface
temperature in which the desorption rate was directly related to
vapour pressure, solution concentration and surface temperature
whereas in case of boiling desorption mechanism the solution
flow pressure control the desorption mechanism. In addition, they
reported that in the boiling desorption mode, at certain solution
mass flow rate, some water vapour bubbles are carried out of the

Summary of the operating conditions of membrane based components reported in the investigations reviewed in this work.

Reference Membrane Working Component Operating conditions
module fluid
Temperature (C) Pressure Absorbent Concentration in Solution flow rate (kg/s)
(kPa) solution (kg/kg)
Schaal et al. [4] Hollow fiber  NH3/H,O  Absorber 20.0 534.8 0.52 mol/mol NA
Thorud et al. [5] Plate-and- H,O/LiBr  Desorber Saturation 335 0.316-0.502 5.33 x 107
frame Temperature (Ts)
Wang et al. [6] Hollow fiber  H,O/LiBr  Desorber 65.0-88.0 5.0-15.0 0.500 40-1201/h
Isfahani et al. [8] Plate-and- H,O/LiBr  Desorber 70.0 23.0 0.500 6.94 x 1074
frame
Isfahani et al. [8] Plate-and- H,O/LiBr  Absorber 25.0 11 0.600 1.67 x 1074
frame
Isfahani et al. [9] Plate-and- H,O/LiBr  Desorber 50.0-125.0 13.0-30.0 0.550 2.08 x 1074-9.03 x 10— *
frame
Isfahani and Plate-and- H,O/LiBr  Absorber 25.0-35.0 0.8-1.8 0.540-0.600 1.67 x 107 4-5.83 x 10~ 4
Moghaddam [10] frame
Bigham et al. [11] Plate-and- H,O/LiBr  Absorber 35.5 0.87 0.600 Solution mean velocity
frame 0.05 m/s
Bigham et al. [12] Plate-and- H,O/LiBr  Desorber 60.0-103.0 23.0-30.0 0.48-0.53 6.94x 104
frame
Yu et al. [16] Plate-and- H,O/LiBr  Absorber 55.0 0.87 0.550-0.640 Solution mean velocity
frame 0.009-0.036 m/s
Ali [49] Plate-and- H,O/LiBr  Absorber 35.5 0.81 0.578 5.89 x 102
Frame
Chen et al. [53] Hollow Fiber NHs3/H,O  Absorber 779 480.0 0.733 9.78 x 1073
Wang et al. [57] Hollow fiber ~ H,O/LiBr  Solution heat HFI=99.8 °C NA SS=0.550 426x1072
exchanger CFI=40°C WS=0.500
Kim et al. [62] Flat sheet H,O/LiBr  Desorber 90.0 12.34 0.403 2.96 x 104
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desorber through the solution micro-channels rather than passing
through the membrane.

Bigham et al. [12] experimentally and numerically investigated
the implementation of micro-scale features on the flow channel
surface to induce vortices within the solution film to enhance the
desorption rate. They observed that the laminar streamlines
within the solution film were stretched and folded as a result of
the vortices and therefore it was possible to limit the concentra-
tion boundary layer growth which in turn had a desirable effect on
the desorption mechanism. They achieved an average desorption
rate of 0.0068 kg/m?/s which was 1.7 times more than the base
case without surface features at the same surface temperature.

From the literature review on membrane based desorbers it is
evident that the desorption rate can be enhanced by direct diffusion
at low desorber temperatures. Thus, the absorption refrigeration
systems utilizing membrane contactors can operate at lower deso-
rber temperatures. In addition, the desorber size can also be reduced
using the vast interfacial area provided by the membrane contactors.
It is evaluated from this literature review that both plate-and-frame
membrane desorber and hollow fiber membrane desorber are
promising alternatives to the conventional desorbers and can be
used with water and ammonia based refrigerants respectively in
absorption refrigeration systems. Solution flow rate, temperature and
solution film thickness are crucial parameters for the plat-and-frame
desorber and a nominal value should be selected to achieve high
desorption rate. Centrifuge desorber in which reverse osmosis
mechanism is used to separate the refrigerant from the absorbent
does not seem practically feasible as a higher rotation speed is
required which need components with higher mechanical strength.
It can be concluded that a lower desorption rate is obtained when a
pervaporation membrane is used for the desorption process because
of the high selectivity of the pervaporation membranes however it is
suggested to select a suitable membrane with an appropriate work-
ing fluid mixture in order to effectively utilize the pervaporation
process for the refrigerant separation from the solution.

5.3. Solution heat exchanger

Solution heat exchangers were investigated by researchers with
the aim of improving the performance of the system. Shell and tube
configurations are usually adopted for the solution heat exchanger in
conventional absorption refrigeration systems. Wang et al. [55,56] and
Wang et al. [57] proposed and analysed a hollow fiber membrane heat
exchanger for water/LiBr absorption refrigeration systems. The shell
side of the module contains hundreds of membrane tubes through
which the hot feed solution from the desorber flows, while the cold
feed solution from the absorber is passed to the desorber through the
shell side. Wang et al. [57] reported that the use of hollow fiber
membrane modules instead of conventional solution heat exchanger
could not only enhance heat transfer as a result of the large heat
transfer interfacial area provided by the small membrane tubes but
that the mass transfer of the refrigerant vapour could also contribute
about one third of the total heat duty. The water vapour mass transfer
in the membrane based solution heat exchanger also simultaneously
increases the concentration of refrigerant in the solution rich in
refrigerant and further decreases the concentration of refrigerant in
the solution weak in refrigerant, which helps to minimize the solution
circulation ratio. They reported that the flow resistance increases in
the membrane heat exchanger which may cause the solution pump to
work harder than in a conventional heat exchanger, although this
could be compensated by reducing the thermal load in the desorber
and absorber.

Table 5 summarises the operating parameters of the compo-
nents employing membrane contactors in the absorption refrig-
eration cycles that were reported in the investigations reviewed in
this work.

6. Influence of membrane contactors on the cycle
configuration

Membrane contactors can be used in different components of
absorption refrigeration systems such as the absorber, desorber,
solution heat exchanger etc. In this section, absorption refrigera-
tion cycle configurations of the investigations reviewed in the
present work are discussed. The principle of operation and the use
of membrane contactors in the desorber of absorption refrigera-
tion systems can alter the configuration of the cycle. However, the
use of membrane contactors in the absorber and solution heat
exchanger has no significant effect on the configuration of the
cycle. Ali [49,50] used the plate-and-frame membrane module
absorber with the same configuration as the conventional single-
effect water/LiBr absorption refrigeration cycle as shown in Fig. 1
(a). Schaal et al. [4] and Chen et al. [53] used the conventional
configuration of the single-effect ammonia/water absorption cycle
with a hollow fiber membrane module absorber. The unconven-
tional cycle configurations used in the investigations reviewed in
this work are herein discussed.

Zerweck [63] proposed an absorption refrigeration cycle utiliz-
ing the osmotic membrane as shown in Fig. 5. The major
components of the cycle are a condenser, an evaporator and an
absorber-desorber unit. In this configuration the rich-refrigerant
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Fig. 5. Absorption refrigeration cycle proposed by Zerweck [63].
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Fig. 6. Absorption refrigeration cycle proposed by Riffat and Su [60].
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solution in the absorber and weak-refrigerant solution in the
desorber are separated from each other by an osmotic membrane.
Only the refrigerant is allowed to pass through the osmotic
membrane. A solution pump is not utilised in the system as the
refrigerant from the absorber is transferred to the desorber by
osmotic diffusion through the membrane without the use of a
mechanical pump. The pressure difference between the desorber
and the absorber is dependent on the type of the membrane used.
As there is usually a possibility that the absorbent from the
absorber may be diffused together with the refrigerant to the
desorber, a bleed valve is also used to re-strengthen the solution in
the absorber.

Riffat and Su [60] proposed and investigated a centrifugal
absorption refrigeration system using reverse osmosis principle
as shown in Fig. 6. The major components of the cycle were an
evaporator, an absorber and a membrane-integrated centrifuge. In
this configuration the weak solution from the absorber is pumped
to the centrifuge desorber up to the saturated pressure of the
refrigerant at the given solution temperature. The centrifuge
desorber is rotated at a certain angular velocity so as to achieve
the required osmotic pressure of the solution. In the centrifuge
desorber, the weak solution is separated into a strong solution and
a pure refrigerant using a reverse osmosis membrane. At the
osmotic pressure the solution components are separated such that
the refrigerant passes out through the reverse osmosis membrane
and is collected. As in the reverse osmosis mechanism, the
refrigerant is separated from the solution in a liquid state so a
condenser is not needed in the cycle. The strong solution returns
to the absorber through a throttle valve while the refrigerant is
supplied to the evaporator after passing through the refrigerant
expansion valve. The vapour at the evaporator exit is absorbed in
the absorber and the cycle repeats. Absorption refrigeration cycles
using the reverse osmosis mechanism for refrigerant separation
have a comparable COP to those of conventional vapour compres-
sion cycles depending on the angular speed of centrifuge. How-
ever, very high pressure energy is required to separate the
refrigerant from the solution using reverse osmosis mechanism.

Riffat et al. [3] investigated an absorption refrigeration cycle
utilizing a pervaporation membrane to separate the refrigerant from
the solution. In this configuration a pervaporation membrane
replaces the conventional desorber for concentrating the working
fluid. A pervaporation membrane is used for the separation process
which involves the partial vaporization of a liquid mixture through a
dense membrane while the downstream side of the membrane is
kept under vacuum. Components which are separated can undergo
dissolution, diffusion and evaporation in the pervaporation process.
In the pervaporation process the component is diffused in a liquid
phase in contrast to that of the distillation process where the
components pass through the membrane in a vapour phase. The
basic components and the working principle of the cycle are
the same as those of the conventional absorption refrigeration cycle.
However, the desorber is replaced by a heater and a pervaporation
membrane. The weak solution from the absorber is passed through
the solution heat exchanger and is then heated in the heater. The
heated solution in the liquid phase is transferred from the heater and
enters into the pervaporation membrane unit where a membrane is
used to separate the refrigerant from the solution. Only the refriger-
ant passes through the pervaporation membrane and is collected on
the other side. A vacuum is created on the downstream side of the
membrane. The refrigerant is condensed and throttled to the
evaporator to produce cooling and then is absorbed in the absorber
and the cycle repeats. The schematic diagram of this cycle is shown
in Fig. 7. The COP of the cycle utilizing the pervaporation membrane
process for vapour desorption is low compared with conventional
absorption systems, as the pervaporation process requires a very high
solution feed flow rate. The authors obtained a COP of 0.06 for their
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Fig. 7. Absorption refrigeration cycle proposed by Riffat et al. [3].
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Fig. 8. Absorption refrigeration cycle proposed by Kim et al. [62].

prototype working with the pervaporation membrane principle. They
argued that the low COP was due to the high circulation ratio as a
high feed flow rate is required to operate such pilot membrane
modules.

Kim et al. [62] proposed an absorption refrigeration system
which could be fitted into a small scale envelope for electronic
cooling. Conventional absorption refrigeration is too bulky for the
electronic system cooling therefore the concept of a combined
micro-channel condenser and desorber was proposed as shown in
Fig. 8. In this configuration a hydrophobic membrane is placed
between the desorber and the condenser while micro-channel heat
exchangers are attached at the other ends. The condenser is air-
cooled and for heat transfer enhancement, offset strip fins are
installed. The overall cycle operating principle is similar to that of
the conventional absorption cycle. The refrigerant inside the desorber
is vaporized using a waste heat source. Only the refrigerant is allowed
to pass through the hydrophobic membrane from the desorber to the
condenser. The surface tension and capillary actions, upon interaction
with the hydrophobic membrane, prevent the liquid solution from
flowing through the membrane pores. The refrigerant vapour col-
lected in the micro-channel condenser is cooled by dissipating the
heat to the ambient with the aid of an offset strip fin array. The
refrigerant is throttled through an expansion valve and is passed to
the evaporator to produce cold. The refrigerant from the evaporator is
absorbed in the absorber and the cycle continues. The authors
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Fig. 9. Absorption refrigeration cycle proposed by Zidu [22].

reported that a COP in the range of 0.74 to 0.87 of the proposed
cooling system is achievable with a cooling capacity of 100 W.

Zidu [22] proposed an absorption refrigeration cycle in which a
hollow fiber membrane module was used instead of the conven-
tional desorber to separate the refrigerant from the solution. The
cycle consists of the basic absorption refrigeration system compo-
nents such as the absorber, evaporator, weak solution heater,
cooler, solution circulating pump, solution recuperator and a
membrane distiller as shown in Fig. 9. The refrigerant in the liquid
phase is circulated by a refrigerant pump and part of the
refrigerant is supplied to the membrane module while the rest is
supplied to the evaporator, where it is sprayed on the evaporator
tubes. The refrigerant vaporizes and is collected in the absorber
because of the vapour pressure difference. In the absorber, the
absorbent solution with lower vapour pressure than the water
vapour pressure absorbs the refrigerant vapours. The absorbent
solution is sprayed from a spray tree on the outside of the cooling
tubes in which a cooling medium is used to dissipate the heat of
absorption. The rich solution in LiBr coming from the membrane
module is passed through the recuperator to preheat the weak
solution in LiBr before entering the solution heater. The solution is
heated in the heater to a predefined temperature before entering
the hollow fiber membrane module. The feed solution is passed
through the shell side while the liquid refrigerant passes in the
tubes made up of microporous hydrophobic membrane. The
volatile refrigerant in the pre-heated feed solution vaporizes at
the membrane interface, passes through the membrane pores in
the vapour phase and is condensed on the other side. The pre-
heating of the feed absorbent solution to a specified temperature
generates a vapour pressure that is higher than that of the liquid
refrigerant on the tube side, thus a differential vapour pressure is
achieved which acts as a driving force. The strong solution in LiBr
is resupplied to the absorber through the recuperator while the
refrigerant is transferred to the cooler from where it is pumped
back to the evaporator and the membrane module, and the cycle
then repeats. In this configuration of the absorption refrigeration
cycle, a condenser is not used as the refrigerant is separated and
collected in liquid state. The author reported that the cycle could
achieve a COP of a conventional single effect absorption

Membrane module

Evaporator Pump

Qa

Fig. 10. Absorption refrigeration cycle proposed by Wang et al. [6].

refrigeration cycle and could be operated at a lower desorber
temperature than that of the conventional cycle.

Wang et al. [6] proposed an absorption refrigeration cycle
utilizing the vacuum membrane distillation process. The working
principle of the cycle is similar to that of the conventional
absorption refrigeration systems but the desorber is replaced by
a vacuum distillation unit which comprises of a solution heater
unit and a hollow fiber membrane module. In the hollow fiber
membrane module, the hot feed solution flows in the membrane
fibers whereas in the shell side a vacuum pressure is kept. The
vacuum pressure is usually decided by the temperature of cooling
water. Fig. 10 shows a schematic diagram of this cycle. The hot feed
solution from the solution heater unit is transported to the hollow
fiber membrane module by a pump. Using the concept of a
vacuum distillation process, the refrigerant vapours are collected
in the shell side and then cooled in the condenser under vacuum
conditions. Strong solution in LiBr from the membrane module is
transferred back to the solution heater unit which is divided into
two parts for storing the strong solution and heating the weak
solution. Part of the strong solution in the storage section flows to
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Table 6

Operating conditions of absorption refrigeration cycles using membrane based components reported in the investigations reviewed in this work.

Reference Operating conditions cop
Absorber Desorber Condenser Evaporator Pressure ratio
temperature/heat duty temperature/heat duty temperature/heat duty temperature/cooling capacity (Puigh/Prow)

Riffat et al. [3] 30°C 75 °C 30°C 10 °C/140 W NA 0.060

Schaal et al. [4] 20 °C/28.7 kW 78 °C[22 kW 20°C[28.7 kW 6 °C/6.7 kW 3.32 0.305

Ali [49] 35°C/71 kW 75 °C[7.35 kW 34.5 °C/5.3 kW 4°C/5 kW 6.74 0.680

Chen et al. [53] 45 °C/10.54 kW 145 °C/10.36 kW 51.42 °C[7.16 kW 10 °C/6.18 kW 431 0.596

Kim et al. [62] 35°C/110 W 87.5°C/135 W 38.9°C/125W 23.6 °C/100 W 4.24 0.740

the absorber and the rest overflows into the solution heater
through the overflow plate. In the solution heater, weak solution
from the absorber and strong solution from the strong solution
storage pool are blended and then heated by low grade energy.
Finally, the hot solution is pumped into the membrane module by a
pump and the process continues. Functions and operating principles
of the other components such as the condenser, expansion valve,
evaporator, absorber, solution heat exchanger and other auxiliary
units are similar to the conventional absorption refrigeration system.
This cycle configuration can improve the COP of the cycle and allow
the refrigeration system to produce cooling at a low desorber
temperature as the solution does not require heating to boiling point
in the membrane distillation process.

Table 6 summarises the operating conditions of the absorption
refrigeration cycles with membrane based components that were
used in the investigations reviewed in this work.

7. Conclusion

From the literature survey it is concluded that the use of light
weight polymeric hydrophobic microporous membrane contactors
can provide a larger interfacial area for heat and mass transfer
processes. Thus, not only the size and weight of the components
can be reduced but also the system performance can be enhanced.
Use of membrane contactors in the desorber can extend the use of
low grade heat sources effectively in absorption refrigeration
systems. It is evaluated from the literature review that membrane
based desorbers can alter the configuration of absorption refrig-
eration cycles and the cycle components can be reduced in some
cases. Despite these advantages, there are some limitations asso-
ciated with membrane contactors such as the mechanical strength
of membrane contactors, which is very low and the fact that they
cannot operate at very high temperatures.

In this review the applications of membrane contactors in the
field of absorption refrigeration systems are covered. Membrane
contactor modules, components employing membrane contactors,
cycle configuration, membrane material characteristics and the
working fluid mixtures for the membrane contactor based absorp-
tion refrigeration systems are all discussed. This review reveals
that the applications of membrane contactors for absorption and
desorption is an emerging technique in the field of absorption
refrigeration systems, however, a commercial plant has not yet
been designed to explore the long term operation of membrane
contactor based components in absorption refrigeration systems.
Further research is needed to explore the long term operation
consequences of membrane contactors in absorption and deso-
rption processes. One of the prominent areas for future investiga-
tion is the use of non-conventional working fluid mixtures in
membrane contactor components. Potential research could be
carried out on the use of ionic liquid as an absorbent in absorption
refrigeration systems employing membrane based components.
Membrane contactor modules are available in different types

hence, membrane modules other then plate-and-frame membrane
module and hollow fiber module should also be investigated.
Membrane contactor surface properties need to be studied further
for more efficient use in absorption refrigeration components. In
this regard, further research work is required to improve the
hydrophobic character of membrane material, enhance the
mechanical strength and to improve the compatibility of the
membrane material with the working fluid mixtures. Membrane
contactors do not suffer corrosion problems as it occurs in
conventional absorption refrigeration components. However, foul-
ing of membrane contactors means that more need for research is
necessary with regard to absorption refrigeration components
employing membrane contactors, so that durability and life span
cost of the absorption refrigeration system can be evaluated more
precisely. Membrane module desorbers should be tested and
analysed at higher operating temperatures to investigate the effect
of high temperatures on membrane materials and performance.
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Nomenclature

a,b,c constants

H enthalpy [k] kg™]
i i™" term

m slope

P pressure [Pa]

T temperature [K]
\% volume [m? kg
W mass fraction

y y-coordinate intercept
Superscripts

s solution

sup superheated

sat saturated

W water

Subscripts

d dilution

f liquid state

v vapour state

Chemical formula

H,0 water

KNO; potassium nitrate
LiBr lithium bromide
LiCl lithium chloride
LiI lithium iodide
LiNO; lithium nitrate

NaNO; sodium nitrate

1. Introduction

Absorption air-conditioning systems driven by solar thermal
energy are gaining global acceptance for space cooling in
summer due to their potential to utilize the free solar thermal
energy efficiently. Working fluid mixtures employed in the
absorption air-conditioning systems are environmental friendly
and do not contribute to greenhouse gas emissions unlike
vapour compression systems which also use costly mechani-
cal energy input. Intensive research has been carried out to
improve the performance and thermal efficiency of absorption
air-conditioning systems by adopting suitable operating con-
ditions and improved design and configuration of the
components. In commercial absorption air-conditioning
systems, water/LiBr is mainly employed as a working fluid
mixture and offers outstanding features such as the non-
volatility of LiBr absorbent and high heat of vaporization of
water. However, water/LiBr based absorption air-conditioning
systems suffer from corrosion problems and exhibit a high risk
of crystallization when operated at air-cooled thermal
conditions. At high cooling-water temperatures and high con-
centrations, the solution is prone to crystallization. In addition,
because of the risk of crystallization, corrosion problems and
thermal instability at higher temperatures, water/LiBr working
fluid mixture limits the use of high temperature heat sources

in triple-effect cycles which are intended to improve the thermal
utilization and increase the coefficient of performance of ab-
sorption air-conditioning systems. In view of the above
mentioned problems associated with water/LiBr working fluid
mixture, new working fluid mixtures have been investigated
to overcome problems associated with the conventional working
fluid mixture.

The addition of other salts to water/LiBr can improve the solu-
bility of the solution. Bourouis et al (2005a, 2005b) and Medrano
et al (2002) investigated and recommended the use of an aqueous
multi-component salt solution (LiBr + Lil + LiNOs + LiCl) with mass
compositions in salts of 60.16%, 9.55%, 18.54% and 11.75%, re-
spectively, as a potential absorbent with water as a refrigerant.
The multi component salt solution exhibits higher solubility and
also reduces the risk of crystallization. Bourouis et al (2005a) re-
ported that the presence of lithium chloride decreases the vapour
pressure, both lithium iodide and lithium nitrate improve the
solubility, and lithium nitrate reduces corrosion in the system.
The safety margin for crystallization is much higher as its crys-
tallization temperature is about 30 K lower than that of water/
LiBr. Thus, the use of the multi-salt working fluid mixture
cannot only mitigate the problems associated with the conven-
tional water/LiBr working fluid mixture but can also enhance
the performance of an absorber operating at air-cooled thermal
conditions.

Similarly, as water/LiBr cannot be used in triple-effect cycles
driven by high temperature heat sources (above 180 °C) due to
corrosion problems and thermal instability, investigations are
being performed on the development of potential absorbents
that are non-corrosive and thermally stable at higher tem-
peratures so as to efficiently utilize the thermal potential of
high temperature heat sources. Aqueous (lithium, potas-
sium, sodium) nitrate solution (Alkitrate) has been suggested
as a working fluid in the high temperature stage of a triple-
effect cycle (Alvarez et al., 2015; Davidson and Erickson, 1986;
Erickson et al., 1996; Howe and Erickson, 1990). The working
fluid mixture is composed of water as a refrigerant, and a
ternary salt mixture of lithium nitrate, potassium nitrate and
sodium nitrate as an absorbent with a mass composition
in salts of 53%, 28% and 19%, respectively. The use of an
Alkitrate solution can be potentially useful in applications in
which the available heat source temperature is very high
because it is non-corrosive and has high thermal stability up
to a temperature of about 260°C.

The aqueous multi-component salt solution
(LiBr + LiI + LINOs + LiCl) and aqueous (lithium, potassium,
sodium) nitrate solution can be considered as promising al-
ternatives to the conventional water/LiBr working fluid mixture
to enhance the performance of absorption air-conditioning
systems operating at air-cooled thermal conditions and high
temperature heat source conditions, respectively.

Many researchers have investigated the thermophysical
properties of these non-conventional working fluids such as
vapour pressure, density, viscosity, specific heat, thermal con-
ductivity, etc. Although thermodynamic simulations have been
performed with these non-conventional working fluid mix-
tures to investigate the cycle performance, there is very scarce
information in the literature about the absorption and des-
orption processes. Heat and mass transfer phenomena which
simultaneously occur in the absorber and desorber of an
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absorption air-conditioning system have to be investigated in
order to evaluate the performance of the component. In many
numerical approaches for analysis of heat and mass transfer
phenomena in an absorber the differential heat of dilution is
an important property to be known. Differential heat of dilu-
tion is the heat which evolves when a unit weight of solvent
is added to an infinite weight of solution at a constant
temperature and concentration. In the absorber of an absorp-
tion air-conditioning system, when the refrigerant is absorbed
in the solution, heat evolves as a result of mixing and con-
densation and is known as heat of absorption. The heat of
absorption is calculated from the enthalpies of the liquid state
and vapour state and the differential heat of dilution. There-
fore, differential heat of dilution is needed in the numerical
modelling of heat transfer in the absorber. However, the dif-
ferential heat of dilution data of the above non-conventional
working fluid mixtures are not known.

Although differential heat of dilution can be determined
experimentally using a calorimeter, another way is to esti-
mate the differential heat of dilution from the enthalpy-
concentration charts or vapour pressure data. Analytical method
of calculating differential heat of dilution is simple and easy
as the vapour pressure data of the examined working fluid
mixtures are available. Brown (1935) described that the
Clapeyron equation for a liquid substance and a solution
containing that liquid as a solvent can be combined to derive
a relation in which the differential term represents the slope
of the Duhring line. Haltenberger (1939) reported that the
slopes of the Duhring lines are constant at low concentra-
tions and vary slightly at higher concentrations. He explained
that an exact relation is obtained using the Clapeyron equa-
tion, which is applicable to all systems containing a single
volatile constituent. The author used the vapour pressure of
sodium hydroxide solutions to construct a Duhring chart
from which he calculated the enthalpy of solution. The cal-
culated values of differential heat of dilution using experimental
data of heat capacity were used to construct an enthalpy-
concentration chart. A similar approach was followed by
McNeely (1979) who derived the differential heat of dilution
data of water/LiBr theoretically from the Duhring’s diagram
using the Clapeyron equation. In this work, a similar theoreti-
cal procedure has been adopted to calculate the differential
heat of dilution from the Duhring’s diagram; however a new
database for the vapour pressure calculation of water/LiBr is
used. Further, a polynomial correlation has been derived for
the calculation of the differential heat of dilution value for a
range of concentration at different temperatures. The analyti-
cally calculated data obtained for water/LiBr were validated
against the experimental data available in the literature and
are found well in agreement with the experimental values.
Further, the same procedure is used to estimate the differen-
tial heat of dilution of the multi-component salt aqueous
solution (LiBr + Lil + LiNO; + LiCl) and aqueous (lithium, potas-
sium, sodium) nitrate solution, and the data were correlated
using a polynomial equation as a function of temperature
and concentration. The obtained correlations to calculate the
differential heat of dilution could be useful in performing a
heat and mass transfer analysis of these non-conventional
working fluid mixtures in the components of absorption cooling
systems.

2. Calculation methodology

The Clausius-Clapeyron equation which is used for charac-
terizing a discontinuous phase transition between two phases
of matter of a single constituent can be written in a differen-
tial form as:

dP AH
= = _ 1
dT AVT (1)

Applying the Clausius—-Clapeyron equation for the refrig-
erant which is water and the absorbent which is an aqueous
solution of salt or mixture of salts, we obtain:

dpv AHY

dT®  AVVTY @
and

dps AH?®

dTs - AVSTS (3)

where, the superscript w denotes water and s denotes
solution. T is the absolute saturation temperature in K, P
is the saturation pressure in Pa, AH is the latent heat
at temperature T and pressure P in k] kg and AV is the
difference between vapour and liquid volumes in m?
kg™

For the same water vapour pressure, when PY = P°, divid-
ing Eq. (2) by Eq. (3), we obtain:

dT® _ AHYAVST®
dTY = AHSAVYTY

(4)

As the liquid volume is negligible in comparison with its
volume in the vapour phase, therefore, AV can be replaced by
the vapour volume.

dT® _ AHYV*T® )
dT ~ AHV*TY

where V** is the volume of saturated water vapour and V¥
is the volume of superheated water vapour at saturation tem-
perature of the solution. The degree of superheat is equal to
T*-TV. Equation 5 represents the Duhring equation derived from
the Clausius-Clapeyron equation.

According to Duhring’s rule, if the boiling point of the
solution is plotted against the boiling point of its solvent
at the same pressure, the resultant plot will be a straight
line. The equation of a straight line can be represented
as:

TS =mT" +y (6)
where m is the slope of the line and y is the y-coordinate
intercept.

By differentiating Eq. (6), we obtain:

dr*
are =" )
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Similarly the Duhring equation can be represented by an
equation of a straight line where m and y are constants for any
given concentration.

dT®  AHVVSPT®
=M ®
dTUJ AHsvsatTw

The slope m of each line for each concentration is calcu-
lated from the Duhring’s diagram. Saturation temperature of
water vapour, specific volume of saturated water vapour and
super heated water vapour are calculated from the steam table.
Latent heat of water AH" is given as:

AHY =HY —HY ©)

where HY is the saturated water vapour enthalpy and HY is
the saturated water enthalpy at temperature T". All values in
Eq. (8) are known except AH®. By rearranging Eq. (8) we get:

WY 7SupT's
AHS = AYI:V\:HTUT (10)

The differential heat of dilution is given as:
H,=H-H; (11)

where Hy is the enthalpy of water at temperature T* and H is
the partial enthalpy of water and is given as:

H=H, - AH® (12)

where H, is the superheated water vapour enthalpy at tem-
perature T°. By substituting the variables, the differential heat
of dilution can be expressed as:

AHVV=PT
Hd =H, - mvsaTv - Hf (13)

By substituting all the values in Eq. (13), the differential heat
of dilution is calculated for different solution concentration at
different temperature.

— Estimated
B Uemurz et al.
® Lange & Schwartz

A Feuerecker et al.

Ln

]

o
!

400
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04 0.45 05 0.55 0.6 0.65 a7

LiBr Mass Fraction

Fig. 1 - Validation of differential heat of dilution for water/
LiBr at 25 °C.

4, Validation

Differential heat of dilution was theoretically calculated
for water/LiBr solution using the above procedure and
thermophysical properties, and the data obtained were vali-
dated against the experimental data of Uemura et al (1964),
Lange and Schwartz (1928) and Feuerecker et al. (1993). As the
differential heat of dilution data reported in the literature is
measured at 25 °C therefore, in the derived polynomial corre-
lation the temperature is kept constant at 25 °C. Fig. 1 shows
the comparison of the analytically estimated and experimen-
tally reported data. The estimated result is well in agreement
with the experimental data with an absolute mean percent-
age error of 5.46%.

3. Vapour pressure data

Vapour liquid equilibria of all the working fluid mixtures were
taken from the recent available experimental data. The cor-
relation developed by Patek and Klomfar (2006) to calculate the
thermodynamic properties of water/LiBr was used to calcu-
late the saturation temperature of the water/LiBr solution.
The vapour pressure data of Koo et al (1999) and the correla-
tion developed by the research group CREVER from Rovira i
Virgili University (Confidential Report, 2012) were used to cal-
culate the saturation temperature of the quaternary salt working
fluid mixture. To calculate the saturation temperature of the
solution of Alkitrate, the correlation developed by Alvarez et al
(2011) was used. The thermodynamic properties of water were
calculated using the IAPWS formulation 1995 reported by
Wagner and Prufs (2002).

5. Results and discussion

The differential heat of dilution is theoretically calculated for
all the three working fluid mixtures considered in the present
work for a range of concentrations at different temperatures
and covering the typical operating conditions of each working
fluid mixture in absorption cooling systems. The saturation
temperature of the solution was plotted against the satura-
tion temperature of the water at the same pressure. The
procedure was repeated for different solution concentrations
of interest for absorption cooling cycles operating with the three
working fluid mixtures. For each solution concentration, a
straight line was obtained and the slope of the line was cal-
culated. The slope m of the straight line at a given concentration,
solution temperatures and corresponding dew point tempera-
tures for water/LiBr, water/(LiBr + Lil + LiNOs + LiCl) and water/
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Table 1 - Dew point and solution temperatures of the water/LiBr solution at different concentrations with the

corresponding slope of the line on the Duhring’s diagram.

Absorbent mass Slope Solution temperature (°C)
fraction o 20 40 60 80 100 120 140 160
Corresponding dew point temperature (°C)

0.45 1.1013 5.90 24.06 42.22 60.39 78.55 96.71 114.90 133.00
0.46 1.1056 4.84 22.93 41.01 59.10 77.18 95.27 113.40 131.40
0.47 1.1104 3.71 21.72 39.73 57.75 75.76 93.77 111.80 129.80
0.48 1.1153 2.52 20.45 38.39 56.33 74.27 92.20 110.10 128.10
0.49 1.1194 1.25 19.11 36.98 54.85 72.71 90.58 108.40 126.30
0.50 1.1238 -0.09 17.71 35.51 53.31 71.10 88.90 106.70 124.50
0.51 1.1279 -1.49 16.24 33.98 51.71 69.44 87.17 104.90 122.60
0.52 1.1321 -2.95 14.72 32.39 50.05 67.72 85.39 103.10 120.70
0.53 1.1360 —4.47 13.14 30.74 48.35 65.96 83.57 101.20 118.80
0.54 1.1399 —6.04 11.51 29.06 46.60 64.15 81.70 99.25 116.80
0.55 1.1433 —-7.65 9.84 27.33 44.82 62.31 79.80 97.29 114.80
0.56 1.1473 -9.29 8.14 25.57 43.00 60.43 77.86 95.29 112.70
0.57 1.1511 -10.97 6.41 23.78 41.15 58.53 75.90 93.27 110.60
0.58 1.1551 -12.65 4.66 21.98 39.29 56.60 73.92 91.23 108.50
0.59 1.1595 -14.34 2.91 20.16 37.41 54.66 71.91 89.17 106.40
0.60 1.1637 -16.03 1.15 18.34 35.53 52.71 69.90 87.09 104.30
0.61 1.1684 -17.71 -0.59 16.52 33.64 50.76 67.87 84.99 102.10
0.62 1.1737 -19.36 -2.32 14.72 31.76 48.80 65.84 82.88 99.91
0.63 1.1795 -20.97 —4.02 12.93 29.89 46.84 63.80 80.75 97.71
0.64 1.1859 —22.55 -5.69 11.17 28.03 44.89 61.75 78.61 95.47
0.65 1.1934 —24.08 -7.33 9.43 26.19 42.95 59.70 76.46 93.22

(LINO; + KNO; + NaNOs) are tabulated in Tables 1, 2 and 3,
respectively. The slope of each line was used to calculate the
differential heat of dilution for the given concentration of so-
lution at different temperatures. Figs. 2, 3 and 4 show the
variation of the differential heat of dilution as a function of
temperature and concentration. Figs. 2 and 3 show that the dif-
ferential heat of dilution increases significantly with an increase
in solution concentration; however, a slight increase is
observed with an increase in temperature at a given concen-
tration of the solution. It can be seen from Fig. 3 that the diffe-
rential heat of dilution varies linearly with temperature in the
case of lower absorbent concentration. Whereas, in the case
of higher absorbent concentration, no significant increase in
the differential heat of dilution is observed with the increase
in temperature initially in the range of 298-320 K, however, a
significant increase in the differential heat of dilution is ob-
served above 320 K. It shows that the increase in the differential
heat of dilution is less prominent at higher solution concen-
tration and lower temperatures. In addition, it is worth noting
that the differential heat of dilution of the non-conventional
working fluid mixtures, water/(LiBr + Lil + LiNOs + LiCl) and
water/(LiNO; + KNO; + NaNOs), at a given concentration and tem-
perature of interest for absorption cooling cycles is lower than
that of the water/LiBr solution, which results in a lower con-
tribution to the heat of absorption. This makes these working
fluid mixtures more appropriate for the absorption process taking
place in the absorber which is the main component in ab-
sorption cooling systems. The estimated differential heat of
dilution data for each working fluid mixture was correlated with
the simple polynomial equation given below:

3
Hy =Y [(@ +bT +cT?)w']

i=0

(14)

Equation 14 represents the correlation to estimate the dif-
ferential heat of dilution of each working fluid mixture as a
function of concentration and temperature. In the above cor-
relation, T represents temperature in K and w represents
concentration of the absorbent in mass fraction. The values
of the regressed parameters in the equation are tabulated in
Table 4 for each working fluid mixture. The correlation is able
to predict the differential heat of dilution with a mean absolute
percentage error of 0.54%, 0.70% and 1.66% for water/LiBr, water/
(LiBr + Lil + LiNOs + LiCl) and water/(LiNOs; + KNOs; + NaNO3),
respectively. The correlation is valid for a concentration range
of 45-65%, 55-67% and 60-85% and a temperature range of
20-50 °C, 25-60 °C and 80-150 °C for water/LiBr, water/
(LiBr + Lil + LiNOs + LiCl) and water/(LiNO; + KNO; + NaNO3),
respectively. The concentration ranges for the validity of the
correlations depend on the use of the examined fluid mix-
tures. In this paper, the concentration and temperature ranges
are taken in context of absorption cooling applications. The
examined fluid mixtures are considered potential working pairs
in absorption cooling systems. As this work is intended to es-
timate the differential heat of dilution which is used in the heat
transfer calculation in the absorber of absorption cooling
systems, the selection of composition and temperature ranges
in the calculation are based on the typical operating condi-
tions of these systems employing the examined working fluid
mixtures.

6. Conclusion

The differential heat of dilution, which contributes in the heat
evolved during the absorption process, is required in many nu-
merical approaches to analyse the heat and mass transfer
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Table 2 - Dew point and solution temperatures of the water/(LiBr + Lil + LiNO; + LiCl) solution at different concentrations

with the corresponding slope of the line on the Duhring’s diagram.

Absorbent mass Slope Solution temperature (°C)
fraction m 30 40 60 80 100 120 140 160
Corresponding dew point temperature (°C)

0.55 1.1879 4.30 12.82 29.83 46.63 63.03 82.65 101.30 120.10
0.56 1.1889 2.69 11.25 28.30 45.10 61.46 80.71 99.09 117.60
0.57 1.1899 1.02 9.61 26.71 43.53 59.86 78.64 96.77 115.00
0.58 1.1910 -0.62 7.92 25.07 41.92 58.23 76.50 94.42 112.40
0.59 1.1921 -2.21 6.16 23.38 40.26 56.57 74.30 92.07 109.90
0.60 1.1934 -3.84 4.36 21.63 38.56 54.88 72.07 89.77 107.50
0.61 1.1945 -5.53 2.50 19.84 36.82 53.17 69.85 87.55 105.30
0.62 1.1958 —7.26 0.59 18.00 35.04 51.43 67.66 85.41 103.30
0.63 1.1969 -9.05 -1.21 16.12 33.23 49.66 65.52 83.36 101.30
0.64 1.1981 -10.87 -2.97 14.20 31.38 47.87 63.44 81.39 99.49
0.65 1.1991 -12.74 -4.79 12.24 29.50 46.07 61.45 79.50 97.72
0.66 1.2003 -14.65 —6.63 10.25 27.59 44.24 59.56 77.65 95.94
0.67 1.2013 -16.59 -8.52 8.22 25.66 42.39 57.78 75.82 94.07

phenomena. The differential heat of dilution of water/lithium
bromide, water/(lithium bromide + lithium iodide +lithium
nitrate + lithium chloride) with mass compositions in salts of
60.16%, 9.55%, 18.54% and 11.75%, respectively, and water/
(lithium nitrate + potassium nitrate + sodium nitrate) with mass
compositions in salts of 53%, 28% and 19%, respectively was
analytically calculated in this paper. The analytical procedure
to estimate the differential heat of dilution from Duhring’s
diagram using the vapour pressure data is an interesting al-
ternative to experimental techniques, as the analytically
calculated values are well in agreement with the experimen-
tal values. In this study, the Clausius-Clapeyron equation was
used to derive the Duhring equation, and using the vapour pres-
sure data of the examined mixtures, the differential heat of

dilution data were estimated from the Duhring’s diagrams.
The differential heat of dilution data obtained were corre-
lated with simple polynomial equations for the three working
fluids as a function of the solution concentration and tem-
perature. The correlation is able to predict the differential heat
of dilution with a mean absolute percentage error of 0.54%,
0.70% and 1.66% for water/LiBr, water/(LiBr + Lil + LiNOs + LiCl)
and water/(LiNO; + KNO; + NaNOs), respectively. The results
showed that the differential heat of dilution of the non-
conventional working fluid mixtures is lower than that of water/
LiBr at typical operating temperature and concentration of
interest in absorption cooling cycles employing these working
fluid mixtures. For instance, the differential heat of dilution
of water/LiBr at typical operating conditions lies in the range

Table 3 - Dew point and solution temperatures of the water/(LiNO; + KNO; + NaNOs) solution at different concentrations

with the corresponding slope of the line on the Duhring’s diagram.

Absorbent mass Slope Solution temperature (°C)
fraction m 70 80 90 100 110 120 130 140
Corresponding Dew Point Temperature (°C)

0.6 1.1118 54.69 63.51 72.37 81.26 90.18 99.14 108.10 117.20
0.65 1.1240 51.07 59.78 68.53 77.31 86.12 94.96 103.80 112.80
0.7 1.1505 46.85 55.38 63.92 72.49 81.09 89.72 98.38 107.10
0.75 1.1931 41.86 50.10 58.37 66.64 74.94 83.26 91.60 99.96
0.76 1.2036 40.79 48.97 57.17 65.38 73.60 81.85 90.11 98.40
0.77 1.2150 39.69 47.81 55.94 64.08 72.23 80.40 88.59 96.80
0.78 1.2272 38.58 46.63 54.69 62.75 70.83 78.92 87.03 95.15
0.79 1.2403 37.44 45.42 53.40 61.40 69.40 77.41 85.43 93.47
0.8 1.2544 36.28 44.19 52.10 60.01 67.93 75.86 83.80 91.75
0.81 1.2692 35.10 42.94 50.77 58.60 66.44 74.28 82.13 89.99
0.82 1.2851 33.91 41.66 49.42 57.17 64.92 72.67 80.43 88.19
0.83 1.3019 32.69 40.37 48.04 55.71 63.37 71.03 78.70 86.37
0.84 1.3200 31.46 39.05 46.64 54.22 61.80 69.37 76.94 84.51
0.85 1.3392 30.21 37.72 45.22 52.71 60.20 67.67 75.15 82.62
0.86 1.3595 28.94 36.37 43.78 51.18 58.57 65.96 73.33 80.70
0.87 1.3812 27.65 35.00 42.32 49.63 56.93 64.21 71.49 78.75
0.88 1.4042 26.35 33.61 40.85 48.06 55.26 62.45 69.62 76.78
0.89 1.4287 25.04 32.21 39.35 46.47 53.57 60.66 67.73 74.78
0.9 1.4548 23.71 30.79 37.84 44.86 51.87 58.85 65.81 72.76
0.95 1.6129 16.77 23.38 29.95 36.48 42.98 49.44 55.86 62.25




24 INTERNATIONAL JOURNAL OF REFRIGERATION 71 (2016) 18-25

500
Lo X 9 Y
2 400 - bt
2
oy
Bt
5 300
=
=
o
T
& 200 A
o
—
s
& 100 —+#—50% LiBr
a) 55% LiBr
—i— 60% LiBr
D T T T
280 300 310 320 330

Temperature (K}

Fig. 2 - Differential heat of dilution for water/LiBr working
fluid.

of 300400 kJ kg™, whereas the differential heat of dilution of
the quaternary working fluid and Alkitrate solution lies in the
range of 250-350 kJ kg™ and 200-300 k] kg™, respectively, at
typical operating conditions of these working fluid mixtures.
Therefore, it is concluded that the performance of the ab-
sorber could be improved with these non-conventional working
fluid mixtures because of the lower heat of absorption.
Reduction in the heat of absorption released at the solution
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Fig. 3 - Differential heat of dilution for water/
(LiBr + LiI + LiNO; + LICI) working fluid.
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Fig. 4 - Differential heat of dilution for water/
(LiNO3 + KNO3 + NaNO3) working fluid.

Table 4 - Regressed values of the coefficients in Eq. (14).

aj bi Ci
Water/LiBr working fluid
i=0 0.992786 —3.80487 0.06707
i=1 1.017947 -0.3167 —0.31698
i=2 1.06683 12.75037 0.548797
i=3 1.044128 6.897941 —0.35639
Water/(LiBr + Lil + LiNOs + LiCl) working fluid
i=0 0.932142 —8.91989 0.053392
i=1 1.032266 6.815861 -0.17187
i=2 1.062847 9.656643 0.229848
i=3 1.063738 7.55447 —-0.14364
Water/(LiNOs + KNO3 + NaNOs) working fluid
i=0 1.005307 —-8.70613 0.016192
i=1 0.841477 19.01825 —0.02999
i=2 0.692006 0.003384 -0.0169
i=3 0.5949 -14.7523 0.044434

vapour interface allows for a reduction in the partial pres-
sure of water vapour in the solution at the interface,
consequently increasing the absorption capability of the so-
lution. The correlations developed could be useful in predicting
the differential heat of dilution value while performing heat
and mass transfer analyses of these potential non-conventional
working fluid mixtures in the absorption process of absorp-
tion cooling systems.
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Absorption cooling systems employing membrane based components provide an interesting opportunity
to use the technology for small scale applications. Steady-state heat and mass transfer analyses of a
water-lithium bromide membrane based absorber are performed. CFD (computational fluid dynamics)
tool ANSYS/FLUENT 14.0 is used to perform the simulation and investigate the behaviour of the heat and
mass transfer mechanisms at local levels in the channels. Results show that the solution film thickness is
an important parameter which significantly affects the mass transfer mechanism. It was observed that
the absorption rate increased by a factor of 3 when the solution channel thickness was reduced from
2 mm to 0.5 mm. In addition, the absorption rate was increased by a factor of 2.5 when the solution inlet
flow velocity was increased from 0.00118 m/s to 0.00472 m/s. The solution film thickness and velocity
can be independently controlled in plate-and-frame membrane based absorbers. Therefore to design a
compact and efficient plate-and-frame membrane absorber with water as a refrigerant, an optimum
value of 0.5 mm for the solution channel thickness is suggested and a solution inlet velocity of about
0.005 m/s is recommended to achieve high absorption rates with acceptable pressure drop along the

solution channel.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Absorption refrigeration technology is gaining global accep-
tance due to its potential to use thermal energy, available from solar
thermal energy or waste heat energy sources, instead of mechanical
energy. The absorber is an important component of the absorption
refrigeration system and plays a critical role in the overall perfor-
mance, size, and capital cost of the system. Both heat and mass
transfer take place simultaneously in the absorber. The design and
configuration of the absorber significantly influence its perfor-
mance. Continued improvements in the design and configuration of
the absorber have been suggested by many researchers to improve
its performance and thermal efficiency. Both active and passive
techniques have been investigated for enhancing the absorption
rate in the absorbers of absorption refrigeration systems. These
techniques are generally categorized into chemical and mechanical
treatments [1,2]. In mechanical treatments, corrugated surfaces are
produced to enhance the heat and mass transfer coefficients. In
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chemical treatments, the addition of small quantities of additives
(surfactants, nanoparticles, etc.) has been extensively investigated.
The heat and mass transfer coefficients are enhanced by causing
interfacial turbulence. Numerical and experimental research has
been performed, using water-LiBr as a working fluid on horizontal
and vertical tubes, to investigate the absorption process. Medrano
et al. [3] performed an experimental study and achieved an ab-
sorption rate of 0.0020 kg/m? s for a vertical tube falling film
absorber. Jeong and Garimella [4] numerically investigated a hori-
zontal tube falling film absorber and obtained an absorption rate of
0.0023 kg/m? s. Islam et al. [5] experimentally analysed a horizontal
tube falling film absorber with film inversion and achieved an ab-
sorption rate of 0.0041 kg/m? s. Yoon et al. [6] experimentally
investigated a helical tube absorber and obtained an absorption
rate of 0.0021 kg/m? s.

The use of membrane contactor technology is well-known in the
process industry and is growing due to the relative simplicity,
reliability, high parameters of separation, large interfacial area and
lower energy consumption with improved heat and mass transfer.
In recent years, research has been carried out regarding the use of
membrane contactors in the form of plate-and-frame membrane
modules and hollow fibre membrane modules in absorption
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Nomenclature

mass diffusion coefficient (m?/s)
membrane pore mean diameter (um)
energy (J)

external body force (N)

gravitational force (m/s?)

enthalpy (J/kg)

unit tensor

mass transfer flux (kg/m? s)

mass transfer coefficient (kg/m? s Pa)
molecular weight (g/mol)

pressure (Pa)

static pressure (Pa)

vapour pressure of solution (Pa)
universal gas constant (J/mol K)

heat source term (J/m® s)

mass source term (kg/m?> s)
temperature (°C, K)

mass fraction
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Greek letters

p density (kg/m?)

v velocity vector (m/s)

€ porosity

0 thickness (um)

T tortuosity

A thermal conductivity (W/m K)
T stress tensor

I dynamic viscosity (kg/m s)
Subscripts

dil dilution

eff effective

i ith specie

m membrane

p pore

s solution

v vapour

Chemical formula

H,0 water

LiBr lithium bromide

refrigeration systems. In the open literature, the plate-and-frame
membrane absorber is selected for the absorption refrigeration
systems employing water-LiBr as a working fluid mixture, whereas
the hollow fibre membrane absorber is selected for the ammonia-
water based absorption refrigeration system. The pressure drop in
the plate-and-frame membrane module is small; therefore, it is
considered a better choice for the water-LiBr working fluid pair. The
driving force for the vapour transfer in the case of ammonia-water
and water-LiBr solution is considered to be the concentration dif-
ference and the water vapour partial pressure difference across the
membrane, respectively.

Membrane contactors have been extensively investigated for
the desorption process in absorption refrigeration systems, as the
process in the desorber resembles that of a membrane distillation
process. In recent years, research is being performed to analyse the
use of membrane contactors in the absorber and solution heat
exchanger. The principle of operation and the use of membrane
contactors in the desorber of absorption refrigeration systems can
alter the configuration of the cycle. However, the use of membrane
contactors in the absorber and solution heat exchanger has no ef-
fect on the configuration of the cycle.

Asfand and Bourouis [ 7] have performed an extensive review on
the application of membrane contactors in absorption refrigeration
systems. They have concluded from their review that the use of
membrane contactors in the absorber and desorber of an absorp-
tion refrigeration system can not only enhance the heat and mass
transfer performance of the component, but can also allow for a
reduction in the size of the component. Thus, introducing poly-
meric hydrophobic microporous membranes into the absorber
design could provide one of the alternatives for achieving highly
compact absorbers, as microporous membrane contactors can
provide a high specific surface area. Chen et al. [8] performed nu-
merical simulations to study and evaluate the performance of an
innovative hybrid hollow fibre membrane absorber. They reported
that, for the same absorption rates, the volume of a hollow fibre
membrane absorber was only 31% of that of a plate heat exchanger
falling film absorber, while the mass transfer interfacial area was
4.3 times of that of a plate heat exchanger falling film absorber.

Schaal et al. [9] analytically and experimentally analysed a hollow
fibre membrane absorber and reported that the membrane based
absorber had a higher mass transfer rate when compared to the
plate absorber. They concluded that the size of the absorber could
be reduced up to 10 times more than plate absorbers, by utilizing
the micro-porous hollow fibre membrane module. However, in
their design cooling was not integrated into the hollow fibre
absorber module. Ali [10] performed an analytical analysis to
design a compact plate-and-frame absorber possessing a hydro-
phobic microporous membrane contactor at the aqueous sol-
ution—water vapour interface. His results demonstrated that the
aqueous solution channel thickness greatly influences the absorber
size compactness. Ali and Schwerdt [11] investigated experimen-
tally and analytically the characteristics of membrane used in plate-
and-frame membrane absorbers. In their experimental study, a
solution film thickness of 4 mm was used and a differential pres-
sure of nearly three times the pressure available in a typical
absorber was applied. However, the absorption rate was approxi-
mately half that of the conventional absorbers. In a conventional
absorber, the solution thickness flowing over a tube bundle varies
from 0.1 to 1.0 mm. Ali [ 10] observed that reducing the solution film
thickness from 2.5 to 1.0 mm can result in about a 20% increase in
the absorption rate. In addition, results reported by Yu et al. [12]
showed that a 3-fold increase in the absorption rate can be ach-
ieved when the solution film thickness is reduced from 0.15 mm to
0.05 mm. Thus, the low absorption rates obtained in the Ali and
Schwerdt [11] analysis could be due to the higher values of the
solution film thickness. Also they did not observe a change in the
absorption rate when the vapour pressure potential was increased.
They ascribed this behaviour to the dominant mass transfer resis-
tance of their membrane. However, recent studies [13,14] suggest
that vapour pressure potential has a direct effect on the vapour
mass transfer flux across the membrane and that the mass transfer
through the solution is the dominant resistance rather than the
membrane mass transfer resistance. Isfahani et al. [13] experi-
mentally investigated a membrane based absorber for the ab-
sorption of water vapour in the aqueous solution of LiBr and
reported that the absorption rate was 2.5 times higher than that in
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falling film absorbers. Isfahani and Moghaddam [14] experimen-
tally analysed absorption characteristics of water vapour into a thin
LiBr solution constrained by superhydrophobic nanofibrous mem-
brane structures. They studied the effect of water vapour pressure,
cooling temperature, solution film thickness and solution mass
flow rate on the absorption rate in a membrane based absorber.
They achieved an absorption rate of 0.006 kg/m?s with a solution
film thickness of 0.1 mm and a velocity of 0.005 m/s. Bigham et al.
[15] experimentally and numerically investigated the imple-
mentation of micro-scale features on the flow channel surface to
induce vortices within the solution film. They reported that the
mass transport mode in such a configuration could be changed
from a diffusive to an advective mode. They obtained an increase in
the absorption rate by a factor of 2.5 i.e. from 0.0016 kg/m?s to
0.004 kg/m?s for the flow channel surface with micro-scale
features.

Experimental and analytical analyses have been carried out to
investigate the performance of the membrane based absorbers,
however, detailed behaviour of the heat and mass transfer
mechanisms at local levels in the channels and the fluid dynamic
behaviour need to be investigated to better understand the
phenomenon and the effect of flow parameters. The objective of
this work is to perform a computational fluid dynamic analysis of
heat and mass transfer in a membrane based absorber that will
help in designing a compact and efficient absorber. Ali [10]
developed a one dimensional model to investigate the perfor-
mance of a plate-and-frame membrane absorber whereas, Yu
et al. [12] used a CFD (computational fluid dynamics) solver
based on LBM (lattice Boltzmann method) and finite difference
method for the concentration and temperature field. In this
work, a commercial CFD solver ANSYS/FLUENT 14.0, which is
based on Navier—Stokes equations that are solved using finite
volume method, is used to simulate the mass transfer across the
membrane and the heat transfer between the solution and
coolant in the absorber. Navier—Stokes equations are capable of
solving both unsteady (time-dependent) and steady-state equa-
tions whereas Lattice Boltzmann equations are inherently un-
steady and are more attractive to solve transient simulation. As in
this study a steady-state analysis is performed therefore CFD
solver based on the Navier—Stokes equation was selected as a
favourable option. A plate-and-frame absorber module incorpo-
rating membrane contactor at the solution-vapour interface is
selected for simulation with water-LiBr as a working fluid pair. A
parametric study is performed to investigate the effect on the
absorption rate of the solution channel thickness, solution flow
rate and coolant wall temperature. The solution pressure drop
along the channel length which is an important parameter of
concern in water-LiBr based absorbers, working under vacuum
condition, is investigated in detail. The effect of solution channel
thickness and solution mass flow rate on the solution pressure
drop along the solution channel length is critically analysed
which was not previously reported. Further, the fluid dynamics
behaviour of the water-LiBr solution is investigated and the effect
of thermophysical properties on the solution flow profile is dis-
cussed as well. In addition, a case study is selected to analyse the
boundary layers at the solution membrane interface and the local
profiles of velocity, temperature and concentration of the work-
ing fluid in order to better understand heat and mass transfer
phenomena.

2. Membrane absorber configuration
The structural unit of the plate-and-frame absorber with

membrane contactor is shown in Fig. 1. The configuration of the
plate-and-frame absorber is set as such that the lattice cell

consists of a metallic plate for heat transfer and a microporous
hydrophobic membrane sheet for both the heat and mass trans-
fer. The membrane contactor is placed at the aqueous sol-
ution—water vapour interface in the form of parallel sheet along
metallic plates to create individual flow channels. The parallel
assembly of the plates and membrane sheets minimizes the
pressure drop through the absorber. Three thin channels of
refrigerant, coolant and absorbent solution are formed. Each
refrigerant channel serves two absorbent solution channels at
each side. Similarly the coolant channel also serves two aqueous
solution channels. The first and last cells of the module have half
width coolant channels.

The absorbent solution and the coolant flow along the metallic
plate in a counter flow direction during which only heat transfer
takes place. Water vapour and absorbent solution are brought into
contact with each other using the microporous membrane con-
tactor. Only refrigerant vapours pass through the pores of the
membrane. If the absorbent is a solution containing water, then a
hydrophobic microporous membrane can be effectively utilized to
stop the solution from passing through the pores of the membrane.
As the water vapour pressure is more than the partial pressure of
the water vapour inside the solution, the water vapour is absorbed
at the solution-vapour interface and then diffused into the solution
film.

2.1. Membrane material characteristics

In this study, a flat sheet membrane contactor made of poly-
propylene material is used. The membrane material characteristics
are tabulated in Table 1.

2.2. Thermophysical properties

In the ANSYS/FLUENT 14.0 code material database water-LiBr
mixture is not available. Therefore, a mixture of H,O-LiBr was
created in the material panel of ANSYS/FLUENT 14.0 code and the
thermophysical properties of the water-LiBr mixture were
updated in the ANSYS/FLUENT 14.0 code database using user-
defined functions [16,17]. These thermophysical properties of
the aqueous solution of lithium bromide are calculated as a
function of solution concentration in lithium bromide and tem-
perature. The density and viscosity of the aqueous solution of
lithium bromide were calculated using the correlations devel-
oped by Lee et al. [18]. The thermal conductivity of the water-LiBr
mixture was calculated using the correlation of DiGuilio et al.
[19]. Specific heat capacity of the water-LiBr mixture was calcu-
lated using the correlation based on McNeely data [20]. The
diffusion coefficient of water in the aqueous lithium bromide
solution was calculated from the experimental data of Kashiwagi
et al. [21] which was determined at constant temperature and
different concentrations. However, at other temperature the
diffusion coefficient was estimated using the equation given
below.

Diur  Dopy
I, T (1)

where D is the diffusion coefficient, u is the dynamic viscosity and T
is the temperature. State 1 refers to the values calculated at 25 °C
whereas sate 2 refers to the values calculated at any other tem-
perature. A user-defined function was implemented in the ANSYS/
FLUENT 14.0 code to estimate the value of diffusion coefficient
using the above procedure at different concentration and temper-
ature of the solution.



520 E Asfand et al. / Energy 91 (2015) 517—530

Solution Solution
Metal plate K"‘\\ Membrane "\‘\‘ /‘J Metal plate

Cooling water Vapour Cooling water

Fig. 1. Plate-and-frame absorber configuration with membrane contactor.

3. Governing equations

In the present simulations of mass transfer across the mem-
brane and heat transfer between the solution and coolant in the
absorber, the flow in each channel is a homogeneous single phase
flow. As the species in the solution are well mixed, the relative
velocity between the species is negligible. In the absence of relative
motion the governing mass and momentum conservation equa-
tions for homogeneous flow are reduced to the single-phase form.
Therefore, instead of a mixture model, single phase equations are
used to perform the simulation with less computational effort. The
continuity, momentum, energy and species transport equations are
solved to perform steady-state heat and mass transfer analyses.

The general steady-state equation of continuity which is based
on the conservation of mass is given by:

V-(p7) =Sm (2)

where p is the density and 7 is the velocity vector. Sy, is the mass
source term which is added to the continuity equation and it is the
vapour mass that is absorbed into the solution at the solution-
membrane interface. The mass source term S, is added using a
user-defined function at the solution-membrane interface to model
the vapour mass transfer across the membrane. The driving force
for the vapour mass transfer flux into the aqueous solution in a
H,O0-LiBr absorber is the water vapour partial pressure difference.
The mass transfer flux across the membrane is given by Martinez
and Rodriguez—Maroto [22] as follows:

J = km(Py — Pms) (3)

where P, is the water vapour pressure and pp; is the equilibrium
water vapour partial pressure of the solution at the membrane

Table 1

Membrane material characteristics.
Thickness, 3y (um) 60
Porosity, & (%) 75
Tortuosity, T (7 = (2 — €)% /¢) 2.083
Mean pore diameter, d, (um) 0.45
Thermal conductivity, A (W/m K) 0.17

pores entrance and is calculated at the solution-membrane inter-
face as a function of the solution concentration and temperature
using the vapour pressure correlation given by Ref. [23]. k, is the
membrane equivalent mass transfer coefficient which is expressed
in Ali [10] as follows:

2.2 4 2 Mo

where, ¢ is the membrane porosity, 7 is the tortuosity of the
membrane, 0, is the membrane thickness and dp, is the membrane
pore mean diameter. My, ¢ is the molecular weight of water, R is the
universal gas constant and Ty, is the membrane mean temperature
which is calculated as the average of vapour and solution interface
temperatures.

The steady-state momentum conservation equation has the
following form:

V'(p77):fVP+V~(?)+p§)+? (5)

where P is the static pressure, pg is the gravitational body force
while F is the external body force which arises as a result of the
interaction of the vapour mass added to the bulk solution. 7 is the
stress tensor and is given by

?:u[<v7+V7T) —%v-?l} (6)

where u is the molecular viscosity and I is the unit tensor.
The steady-state energy equation has the following form:

V-(T(E+p) = V- | kegVT =W T+ (7o 7) | +5n  (7)
j

where T is_)the temperature in K, ke is the effective thermal con-
ductivity, J ; is the diffusion flux of the specie j, hj is the enthalpy of
specie j and the third term on the right hand side is the energy
transfer from viscous dissipation. E is given as:

g, p
E=h-"+s (8)

where h is the sensible enthalpy and is defined for the incom-
pressible flow as follows:

hzzyjhj% 9)
J

Sh is the heat source term which is included to incorporate the heat
of absorption in the solution and is added to the energy equation
using a user-defined function. The heat of absorption Sy, is calcu-
lated as:

Sp=hy, — hs + hgy (10)

where h, is the vapour enthalpy, hs is the solution enthalpy and hgj;
is the heat of dilution. h, was calculated using the correlation re-
ported by Florides et al. [24], hg was calculated using the correlation
reported by Kaita et al. [23], hgj; was calculated from the data of
McNeely [20].

The steady-state species transport equation for the prediction of
the local mass fraction of each specie is given as:
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V-(pTY;) = ~V- ] +5; (11)

where Y; is the mass fraction of specie i, S; is the specie source term
which is added at the solution-membrane interface using a user-
defined function and is equal to the mass of the water vapour
transferred to the solution at the interface. J ; is the diffusion flux of
specie i, which is given as:

Ji=—pDy,0_1i5rVY; (12)

where Dy,o_ipr is the mass diffusion coefficient of water in an
aqueous solution of lithium bromide.

4. Numerical simulation

Numerical simulations were performed to analyse the heat and
mass transfer processes in a plate-and-frame membrane absorber.
CFD commercial code ANSYS/FLUENT 14.0 was utilized for the
numerical simulation which employs a finite volume approach to
discretize the governing Navier—Stokes equations into a set of
linear equations. The computational domain, boundary conditions
and numerical schemes adopted in this study are illustrated in the
following subsections.

4.1. Computational domain and boundary conditions

A two-dimensional model was developed to simulate the flow,
heat and mass transfer phenomena in a single unit of the plate-
and-frame membrane module. Fig. 2(a) shows a 2D sectional
view of a single unit of the plate-and-frame membrane absorber.
To reduce the computational time and get a converged solution
without flow instabilities, the vapour pressure of the vapour
channel is assumed constant, as the vapour coming from the
evaporator is at a constant pressure. Further, heat transfer across
the membrane and the consequent temperature rise of the vapour
are not significant to considerably affect the mass transfer po-
tential because of the low thermal conductivity of the membrane
material. In addition, the mass transfer potential in a plate-and-
frame membrane absorber employing water-LiBr as a working
fluid is dependent primarily on the vapour pressure difference
across the membrane. The rise in the vapour temperature because
of heat transfer does not directly affect the mass transfer mecha-
nism. Therefore, the vapour channel is not considered in the
computational domain of the simulation. Hence, the mass of water
vapour is added as a source term at the solution-membrane
interface. Symmetric boundary conditions are considered on the
left side of the coolant flow channel to reduce the computational
efforts. The computational domain is shown in Fig. 2(b). The heat
transfer plate between the solution and coolant is considered as a
wall boundary condition. Inlet boundary conditions in the solution
and coolant flow channels are considered as velocity inlets, while
outlet boundary conditions are specified as pressure outlets. The
coolant temperature profile along the channel obtained from the
initial converged steady-state simulation was used as a coolant
wall temperature profile for the rest of the parametric analysis to
minimize the computational time using only the solution channel.
A wall temperature function was imposed at the heat transfer
plate using a user-defined function to incorporate the linearized
change in coolant temperature along the channel.

The spatial domain of the simplified model was discretized into
meshes fine enough to produce mesh-independent results. The
grids were created in Gambit software and imported into ANSYS/
FLUENT 14.0. Different grid sizes were tested for the 0.5 mm so-
lution channel and the 15 x 15,000 cells mesh size, with a

minimum edge size of 0.00002 was selected for the simulation
analysis. Both the boundary layers on the coolant side and the
membrane side comprised of 4 cells each with a growth factor of
1.2. The remaining cells in the middle of the solution channel were
of the same size. Grid independence test showed that the
maximum error in the absorption rate was less than 1% when the
grid size was reduced by a factor of 2.

4.2. Numerical model and discretization scheme

The governing equations of continuity, diffusion and energy are
used to perform a numerical analysis of combined heat and mass
transfer in a plate-and-frame membrane absorber. As the solution
flow Reynolds number is low, a laminar model is selected for the
analysis. The calculations were performed by a combination of the
SIMPLE (Semi-Implicit Method for Pressure Linked Equations) al-
gorithm for pressure—velocity coupling and the first-order accurate
implicit scheme for the linearized discretized equation in the
segregated solver. A second-order upwind discretization scheme
was used to compute advection terms. For the energy and specie
transport equation, a second-order discretization scheme was used.
In the present work, the numerical computation is considered to
have converged when the scaled residuals of the different variables
(continuity, momentum, species and energy equations) are lowered
by tenth orders of magnitude and the steady state results are
analysed.

5. Results and discussion

CFD simulations are capable of predicting the detailed behav-
iour of heat and mass transfer at local regions, thus, a clear pattern
of the temperature and concentration gradients and velocity pro-
files are obtained. In the following subsections, the numerical
model is validated with data from the open literature and a para-
metric analysis is performed to investigate the effects of solution
channel thickness, solution mass flow rate and coolant wall tem-
perature on the absorption process. Based on the parametric
analysis results, a suitable geometry with optimal input operating
conditions is selected for a detailed analysis of heat and mass
transfer at local levels.

5.1. Validation

The CFD numerical model was validated by reproducing the
results of the numerical analysis performed by Yu et al. [12] for a
membrane based absorber in which the LBM (lattice Boltzmann
method) was used to investigate the heat and mass transfer phe-
nomena in a 20 mm long and 0.05 mm thick solution channel with
an inlet solution velocity of 0.0182 m/s, and an inlet solution con-
centration and temperature of 60% and 55 °C, respectively. The local
absorption rate obtained using the CFD simulation is compared
with the results reported by Yu et al. [12] for the corresponding
case. The CFD results show good agreement with the literature data
as shown in Fig. 3. The mean absolute percent error was found to be
4.82% with a standard deviation of 0.0322.

5.2. Parametric study

In this section, the results of the parametric study performed to
investigate the effect of operational and geometric parameters on
the absorption rate are discussed. Solution channel thickness, so-
lution mass flow rate and coolant wall temperature were varied to
investigate their impact on the absorption rate. The input data in
the parametric study correspond to the operating conditions of a
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Fig. 2. 2D sectional view of a single unit of plate-and-frame absorber.

typical absorption refrigeration system. These operating conditions
and geometric dimensions are listed in Table 2.

Fig. 4 shows the results of the analysis carried out to investigate
the effect of the solution film thickness on the absorption rate.
Solution mass flow rate and other input variables were kept con-
stant in all the cases except the solution channel thickness which
was varied from 0.25 mm to 2 mm Fig. 4(a) shows the local mass
transfer flux along the channel obtained for different values of the
channel thickness. It is observed that the absorption rate increases
with a decrease in the solution channel thickness. It can be noted
that a higher absorption rate is achieved at the inlet of the absorber
due to the low mass fraction of water in the solution at the inlet and
a lower solution interface temperature. A decreasing trend in the
absorption rate is observed in the first quarter of the absorber while
a steady absorption rate is achieved in the later part of the absorber.

11
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—a—Yu et al. [12] Simulation Results
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Fig. 3. Comparison of the local absorption rate of the present work with data reported
by Yu et al. [12].

Table 2
Input data for the parametric study.
Parameter Base value Range
Absorber pressure, Pa 813.5 Pa NA
Inlet solution temperature, T 35.5°C NA
Inlet solution concentration, Xg 57.82% NA
Solution velocity, 7 0.00472 m/s 0.00118—-0.00944 m/s
Cooling wall temperature, T, 25-33°C 25—-43 °C
Solution channel thickness, t 0.5 mm 0.25—2 mm
Solution channel length, L 400 mm NA

Initially a high mass transfer flux is observed as the solution con-
centration in LiBr is high, however, the absorption rate decreases
sharply as concentration and temperature boundary layers are
developed consequently forming a resistance to the absorption of
water vapours in the solution. A steady mass transfer occurs in the
later part of the channel as the coolant wall linearly dissipates heat
of absorption and allows the solution to cool down and maintain
the absorption capacity of the solution. Fig. 4(b) shows the overall
mass transfer flux obtained for different values of the solution
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(a) Local mass transfer flux along the channel
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Fig. 4. Effect of the solution channel thickness on the absorption rate along the
channel.
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channel thickness. It is observed that the overall absorption rate
increased by a factor of 3 when the solution channel thickness was
reduced from 2 mm to 0.5 mm. Increase in the absorption rate is
more significant for lower values of the solution channel thickness
as seen in Fig. 4(b). This is because a thinner solution channel leads
to a higher solution flow Reynolds number and consequently
thinner temperature and concentration boundary layers are formed
which enhance the heat and mass transfer coefficients. In addition,
the concentration and temperature gradients across the channel
are less pronounced in the bulk solution for the thinner channel
when compared to the thicker solution channel. Fig. 5(a) shows
how the overall percent pressure drop along the channel increases
when the solution channel thickness is reduced. In this study, the
solution pressure at the absorber exit is set at 813.5 Pa which is the
corresponding saturation pressure at a water vapour temperature
of 4 °C. The overall percent pressure drop is calculated with refer-
ence to absorber inlet pressure. It can be seen that the overall
percent pressure drop increases exponentially when the solution
film thickness is reduced. A 50% decrease in the solution film
thickness causes an increase in the accumulative pressure drop by a
factor of approximately 7.5. Fig. 5(b) shows the accumulative
pressure drop along the channel length for different values of the
solution channel thickness. It is observed that the pressures drop
linearly along the channel length for thinner solution channels.
However, for thick solution channels the pressure drop in the first
quarter is very small when compared to the later part of the
channel. The absorption rate is significant in the first quarter of the
solution channel up to 100 mm in length. However, the absorption
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Fig. 5. Effect of the solution channel thickness on the pressure drop.

rate decreases and remains constant in the remaining part of the
absorber. Thus, reducing the channel length can lead to a higher
overall absorption rate and a low pressure drop.

Fig. 6 shows the effect of the solution flow velocity on the ab-
sorption rate for a 0.5 mm solution channel thickness. Solution inlet
velocity is increased from 0.00118 m/s to 0.00944 m/s while all
other input parameters are kept constant in the simulation of each
case. Fig. 6(a) shows the local mass transfer flux along the channel
obtained for different solution inlet velocities. It can be seen that
the absorption rate increases with an increase in the inlet velocity
of the solution. Initially a high absorption rate is observed as the
solution concentration in LiBr is high, however, the absorption rate
decreases sharply as concentration and temperature boundary
layers are developed which resist the absorption of water vapours
in the solution. A steady mass transfer occurs in the later part of the
channel as the coolant wall linearly dissipates heat of absorption
and allows the solution to cool down which consequently increases
the absorption capacity of the solution. Fig. 6(b) shows the overall
absorption rate obtained for different values of the solution inlet
velocity. It is observed that the increase in the overall absorption
mass flux is more significant initially as the increase in the solution
velocity brings fresh layers of solution near the membrane interface
which increases the absorption capacity. However, further
increasing the solution velocity decreases the solution residence
time and minimizes the diffusion of the vapour across the solution
causing a negative effect on the absorption mass flux. The ab-
sorption rate was increased by a factor of 2.5 when the solution
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inlet velocity was increased from 0.00118 m/s to 0.00472 m/s. The
overall percent pressure drop along the channel for different flow
velocities is shown in Fig. 7(a). The pressure drop increases by a
factor of approximately 2.1 when the solution flow velocity is
doubled. For example, increasing the solution flow velocity from
0.00236 m/s to 0.00472 m/s resulted in an increase in the pressure
drop from 187 Pa to 391 Pa. However, it is observed that the overall
percent pressure drop does not increase more sharply at higher
velocities. It was observed that the accumulative pressure drop
along the channel increases linearly with an increase in the solution
flow velocity. Fig. 7(b) shows the accumulative pressure drop along
the 0.5 mm solution channel at different solution inlet velocities. It
can be noted that the pressure drop is more significant in the later
part of the solution channel for low solution inlet velocities.
However, at higher solution inlet velocities, the pressure drops
linearly along the channel length. For the solution inlet velocity of
0.00236 m/s, the pressure drop in the first quarter of the channel is
only about 2% whereas about 45% of the pressure drop is observed
in the last quarter of the solution channel. Thus, it can be concluded
that reducing the channel length can significantly minimize the
pressure drop along the channel length.

It is important to note that although both solution flow velocity
and solution film thickness can be independently varied in a plate-
and-frame absorber, an optimum value of solution flow velocity
and solution film thickness have to be selected to minimize the
pressure drop which can significantly affect the performance of an
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absorber operating with water as a refrigerant under vacuum
conditions.

Fig. 8 shows the effect of the coolant wall temperature on the
absorption rate for a 0.5 mm solution channel of 100 mm length.
The coolant wall temperature was varied from 25 — 30 °C to
35—40 °C while all other input parameters were kept constant in
the simulation of each case. Fig. 8(a) shows the local mass transfer
flux along the channel obtained for different coolant wall temper-
atures. It can be seen that the absorption rate decreases when the
coolant wall temperature is increased. This is because with an in-
crease in the coolant wall temperature, the heat of absorption is not
well dissipated and thus the solution temperature increases and
lowers the absorption capacity of the solution. Fig. 8(b) shows the
overall absorption rate for different coolant wall temperatures. It
can be seen that the absorption rate decreases linearly with an
increase in the coolant wall temperature. The absorption rate de-
creases by a factor of 5 when the coolant wall temperature is
increased from 25 — 30 °C to 35—40 °C.

5.3. Case study

Optimum values of the solution flow velocity and solution
channel thickness were selected for detailed analysis and compari-
son of heat and mass transfer at local levels. A solution channel
thickness of 0.5 mm and a solution flow velocity of 0.00472 m/s,
yielding a high absorption rate and lower pressure drop along the
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solution channel, were selected for a detailed analysis of the ab-
sorption process and comparison with the 2 mm solution channel.
Fig. 9 shows the contour of a velocity profile at the exit of the solution
channel. It can be seen that a laminar flow profile of the velocity
distribution is obtained because of low solution flow rates along the
rectangular channel. Fully developed flow profile is obtained at the
exit of the 2 mm and 0.5 mm solution channels as shown in Fig. 9(a)
and (b), respectively. However, temperature and concentration gra-
dients do slightly affect the flow profile because of the change in the
solution density which causes buoyancy forces. It can be observed
from Fig. 9(a) that the flow velocity near the solution-membrane
interface (right side) along the solution channel is lower compared
to the solution velocity near the heat transfer wall (left side). This is
because of the effect of buoyancy forces which are observed at the
solution-membrane interface due to the change in density. The
density of the solution near the solution-membrane interface is
lower than in the bulk, as the concentration of water in the solution is
higher near the solution-membrane interface due to the absorption
of water vapour and also the temperature of the solution is higher at
the solution-membrane interface as a result of the heat of absorption.
However, in Fig. 9(b) the velocity varies uniformly across the channel
at the outlet. This is mainly because of the low temperature gradient
across the 0.5 mm channel. Therefore, the variation in buoyancy
forces is not significant across the channel. Soret and Dufour effects
are negligible in this study as there is a small temperature gradient
across the channel and no chemical reaction takes place.

In Fig. 10(a) and (b), contours of temperature profiles at the inlet,
exit and at the mid of the channel are shown for the 0.5 mm and
2 mm solution channels, respectively. Fig. 10 depicts temperature
values at local regions different to those in the bulk solution and a
temperature gradient is observed across the width of the channel. It
can be seen that the temperature near the solution-membrane
interface (right side) is higher than the bulk solution tempera-
ture. This is because of the heat of absorption at the solution-
membrane-interface. The temperature difference between the
bulk solution and the solution-membrane interface is higher (up to
1.5 °C) near the inlet of the channel and then decreases downward
to a steady value of 1 °C along the 0.5 mm solution channel. This is
because of the higher absorption rate at the inlet which generates
more heat at the solution-membrane interface and thus a higher
temperature gradient is observed. However, in case of 2 mm
channel the temperature difference between the bulk solution and
the solution-membrane interface is higher and is about 5 °C. It is
observed that initially the thermal boundary layer formed in the
2 mm channel is about 2—3 times thicker than the thermal
boundary layer in the 0.5 mm channel. Due to the formation of the
thermal boundary layer a resistance to heat and mass transfer is
observed. Therefore, a temperature gradient exists across the so-
lution channel which is about 4 °C higher in the case of the 2 mm
channel than the 0.5 mm channel. This shows that in the 0.5 mm
channel heat is well dissipated from the solution-membrane
interface to the coolant side. Similarly, it can be observed from
Fig. 11(a) and (b) that the water concentration in the solution is
higher at the solution-membrane interface (right side) due to ab-
sorption of water vapour at the interface. The water molecules
diffuse across the solution at a low rate due to the low diffusivity
which gives rise to a concentration gradient across the solution
channel. The concentration boundary layer developed at the
solution-membrane interface also plays an important role in
limiting the mass transfer rate. The concentration boundary layer in
the 2 mm channel is significantly thicker than in the 0.5 mm
channel. The effect of the formation of the concentration and
thermal boundary layers in the solution channels near the solution-
membrane interface is reflected as a low local absorption rate
because the formation of these boundary layers limits the

absorption capacity of the solution. The LiBr concentration at the
solution-membrane interface is approximately 1.8% lower than in
the bulk solution in the 0.5 mm channel.

The bulk solution temperature and concentration, coolant wall
temperature, and solution-membrane interface temperature and
concentration are graphically represented along the channel length
in Fig. 12. It can be seen that the bulk solution temperature de-
creases from 35.5 °C to 26.5 °C as it flows downward along the
channel because of the heat transfer to the coolant which tem-
perature is adjusted as a wall temperature and varies linearly from
25 °Cto 33 °C in the counter flow direction. Similarly, the interface
solution temperature drops from 38.0 to 27.4 °C. The mass fraction
of LiBr in the bulk solution decreases along the channel length due
to the absorption of water vapour in the solution. It is observed that
both the bulk solution concentration and interface solution con-
centration decrease at the same rate therefore, a transverse con-
centration gradient along the solution channel exists till the end of
the solution channel. As the concentration difference between the
bulk solution and solution-membrane interface also acts as a
driving force for the mass transfer, water vapour absorption is
observed till the channel exit. It is worth to note that the mass
fraction of water in the bulk solution and at the solution-membrane
interface increase along the channel length, however, both the bulk
solution temperature and the solution-membrane interface tem-
perature decrease along the channel length which in turn causes a
decrease in the partial pressure of water vapour in the solution and
an increase in the absorption capacity.

Fig. 13 shows a comparison of the bulk solution concentration
along the 0.5 mm and 2 mm solution channels. It is observed that
reducing the solution channel thickness enhances the absorption
rate and as a result the exit bulk solution concentration achieved in
case of a 2 mm solution channel can be achieved at a length of
about 0.115 m in case of 0.5 mm solution channel. Thus, decreasing
the channel thickness from 2 mm to 0.5 mm and reducing the
absorber length from 400 mm to 100 mm can decrease the solution
space requirement by a factor of 16, whereas the absorber size can
be reduced by a factor of about 5.5 keeping the same thickness of
1.5 mm and 1 mm for the coolant and vapour channels, respec-
tively. Further, for smaller channel length a lower pressure drop
will be observed. Thus, considering a thinner channel with reduced
length can both allow a higher absorption rate and a lower pressure
drop along the channel. Therefore, reducing the channel thickness
and length can allow for the design of highly compact membrane
absorbers.

From the contours of the thermophysical properties shown in
Fig. 14 for the 0.5 mm solution channel, it can be observed that the
solution thermophysical properties vary at local levels based on the
local concentration and temperature. It can be seen that the density
of the solution near the solution-membrane interface (right side) is
lower because of the higher mass fraction of water at the interface
and the higher temperature caused by the heat of absorption.
Similarly, the viscosity and thermal conductivity of the solution
vary at local levels due to the variation of the water mass fraction in
the solution and temperature at local levels. The effects of density
and viscosity at local levels on the solution flow can be seen in the
velocity profile of the solution at the exit of the channel as shown in
Fig. 9(a) in which the velocity near the solution-membrane inter-
face is lower due to buoyancy forces caused by the low density of
the solution. The low velocity at the interface inversely affects the
mass transfer mechanism by developing thermal and concentra-
tion boundary layers at the solution-membrane interface thus
limiting the absorption process. The higher thermal conductivity
near the solution-membrane interface has a positive effect on heat
transfer and can enhance heat transfer from the interface to the
bulk solution.
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Fig. 9. Contours of the velocity vectors (m/s) at the exit of the solution channel.

5.4. Discussion

From the above results, it is clear that a plate-and-frame
membrane based absorber employing water-LiBr as a working
fluid mixture could be an interesting alternative for the design of
compact absorbers with enhanced heat and mass transfer. In this
study, for a 0.5 mm solution channel with a solution inlet velocity
of 0.00472 m/s, an average absorption rate of the order 0.001 kg/
m? s was achieved whereas, Isfahani and Moghaddam [14] ach-
ieved an average absorption rate of approximately 0.006 kg/m? s
for a solution channel thickness and flow velocity of 0.1 mm and

0.005 m/s, respectively. Similarly, Yu et al. [12] achieved an overall
absorption rate of above 0.009 kg/m? s when the solution channel
thickness and solution flow velocity were considered of the order
0.05 mm and 0.15 m/s. It is clear that decreasing the solution
channel thickness can significantly increase the absorption rate.
However, it is worth to mention that the pressure drop increases
exponentially with decrease in the solution channel thickness. As
the absorber of an absorption refrigeration system employing
water-LiBr operates under vacuum pressure therefore the high
pressure drop in the solution channel could result in critical
problems. Bigham et al. [15] achieved an overall absorption rate of
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Fig. 10. Contours of the temperature (K) profiles along the solution channel.

0.004 kg/m? s at a solution velocity of 0.05 m/s and a channel
thickness of 0.5 mm with micro-scale features implemented on
the flow channel surface, however, it is expected that the pressure
drop could be very high in such a design due to the micro-scale
features. Absorption rate in an absorber is also dependent on the
operating conditions of the absorber and flow parameters. A
higher absorption rate can be achieved in case of a higher inlet
concentration of LiBr in the solution and a higher vapour pressure
difference. Similarly, low solution and coolant inlet temperature
and higher solution inlet velocity can also enhance the absorption
rate. Yu et al. [12], Isfahani and Moghaddam [14] and Bigham et al.
[15] considered higher vapour pressure and solution inlet con-
centration which resulted in a higher absorption rate. It can be
concluded from the above discussion that although in a plate-and-
frame membrane based absorber the solution flow velocity and
solution thickness can be varied independently however the in-
crease in the flow velocity and decrease in the solution thickness
should be in a manner to achieve higher absorption rate with
minimum pressure drop. Similarly, appropriate operating condi-
tions should be adopted to avoid the risk of crystallization. In
addition, the membrane contactor characteristics such as pore
size, porosity, membrane thickness and tortuosity can also affect
the absorption rate. In the above mentioned studies from litera-
ture, a pore size in the range of 1 pum—6 um, membrane thickness
of 20 um, membrane porosity of 60% and a tortuosity of 1 were
considered. Membrane with ideal tortuosity equal to 1 means that
the membrane pores are assumed straight however, in a

microporous membrane, the membrane pores have a meandering
path which causes vapour pressure drop and lower the absorption
rate due to higher flow resistance. In this study, the membrane
tortuosity was calculated using the equation given in Table 1.
Similarly decreasing the membrane contactor thickness and
increasing the pore size and porosity have a positive effect on the
absorption rate however a nominal value must be selected keep-
ing in view the membrane material mechanical strength and
liquid entry pressure.

6. Conclusions

The absorber is one of the major components in absorption
cooling systems and has a direct effect on the size and perfor-
mance of the system. Introducing polymeric hydrophobic
microporous membranes into the absorber design can be one of
the alternatives for achieving highly compact absorbers with
enhanced heat and mass transfer. In this study, CFD simulation
is used to perform a detailed analysis of heat and mass transfer
at local levels in the flow channels. The simulation results pro-
vide a deep insight of the heat and mass transfer in the mem-
brane based absorber. The results of CFD simulation are useful
and can play an important role in the design of membrane based
absorbers that use water as a refrigerant. The effect of important
parameters like solution channel thickness, solution flow ve-
locity and coolant temperature on the performance of mem-
brane based absorbers is studied and it can be concluded that
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Fig. 11. Contours of the species concentration (H,0 mass fraction) profile along the solution channel.

the solution flow velocity and solution channel thickness are
important parameters that can significantly affect the absorp-
tion rate across the membrane. The absorption rate was
increased by a factor of 2.5 when the solution inlet velocity was
increased from 0.00118 m/s to 0.00472 m/s. Moreover, it was
observed that the absorption rate increased by a factor of 3
when the solution channel thickness was reduced from 2 mm to
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Fig. 12. Temperature and solution concentration profiles along the solution channel.

0.5 mm. However, it was observed that the pressure drop in-
creases exponentially with a decrease in the solution channel
thickness, while it increases linearly with an increase in the
solution velocity. It is recommended that the solution channel
thickness and the solution flow rate should be optimized to
obtain a higher absorption rate across a membrane with a
minimum pressure drop. Therefore to design a compact and
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lution channels.
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Fig. 14. Thermophysical properties of the aqueous solution of LiBr corresponding to the solution concentration and temperature at the solution channel exit.

efficient plate-and-frame membrane absorber, an optimum
value of 0.5 mm for the solution channel thickness is suggested
and a solution inlet velocity of about 0.005 m/s is recom-
mended. It was observed that the local absorption rate decreases
slightly along the length of the channel which affects the per-
formance of the absorber. In addition, the pressure drop down
the channel length is more significant thus an absorber length in
the range of 100—200 mm is suggested for a plate and frame
membrane absorber.
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In recent years, rigorous research has been carried out on the use of membrane contactors to design
compact absorbers for absorption cooling systems and to extend their use in small scale applications.
Moreover, the use of new working fluid mixtures has been suggested for the absorption cooling systems
to cope with the limitations and problems associated with the conventional working fluid mixtures. In
this study, water/(LiBr + Lil + LiNO3 + LiCl) with mass compositions in salts of 60.16%, 9.55%, 18.54% and
11.75%, respectively, and water/(LiNO3 + KNO3 + NaNO3) with mass compositions in salts of 53%, 28% and
19%, respectively, were investigated for air-cooled and multi-stage high temperature absorption cooling
systems, respectively. Results show that a 25% increase in the absorption rate can be achieved by using
water/(LiBr + Li + LiNOs + LiCl) when compared to water/LiBr at air-cooling thermal conditions.
Furthermore, an absorption rate as high as 0.00523 kg/m? s is achieved when the water/
(LiNO3 + KNO3 + NaNOs3) working fluid mixture is used in the membrane-based absorber of the third
stage of a triple effect absorption cooling cycle. In addition, the pressure drop percentage in the case of
water/(LiNO3 + KNO3 + NaNOs) working fluid mixture is significantly lower than the water/LiBr and

water/(LiBr + Lil + LiNOs + LiCl) working fluid mixtures because of the higher operating pressure.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Absorption air-conditioning systems, which can use solar ther-
mal energy, are an interesting alternative for space cooling in
summer when compared to vapour compression systems, which
use costly mechanical energy input. In summer, the intensity of
solar thermal radiation is high and thus an absorption air-
conditioning system using solar thermal radiations can better
satisfy the cooling demand during the day. Moreover, the re-
frigerants used in conventional vapour compression air-
conditioning systems are not environmental friendly and can
contribute to ozone depletion and greenhouse effects, whereas in
the absorption air-conditioning systems the working fluid mixtures
are environmental friendly. Absorption air-conditioning has been
an attractive alternative since the early stages of air-conditioning
technologies and continued improvements in the design and
configuration of the components of absorption air-conditioning

* Corresponding author.
E-mail address: mahmoud.bourouis@urv.cat (M. Bourouis).

http://dx.doi.org/10.1016/j.energy.2016.08.103
0360-5442/© 2016 Elsevier Ltd. All rights reserved.

systems have been suggested and implemented on a commercial
scale to improve their performance. The absorber is an important
component of an absorption air-conditioning system and as such
plays a critical role in the overall performance, size, and capital cost
of the system. Both the design and configuration of the absorber
significantly influence its performance as heat and mass transfer
take place simultaneously in this component. Absorbers used in
absorption cooling technology employing water as a refrigerant,
operate under static vacuum pressure conditions and are accom-
panied by a high specific volume of water vapour. This means that
the absorber has a direct effect on the size, weight and space re-
quirements of absorption air-conditioning systems. Research is
currently being carried out to design more compact absorbers for
absorption air-conditioning systems. Recently, research has shown
that membrane contactor technology can be used in these systems,
especially in the case of the absorber and desorber. The aim is to
reduce the size, weight and cost of the system while significantly
enhancing the heat and mass transport processes taking place in
these components. The use of polymeric hydrophobic microporous
membrane contactors in the absorber could also mean a reduction
in manufacturing cost. Both numerical and experimental studies
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Nomenclature

Cp Boltzmann constant (J/K)

diffusion coefficient (m?/s)
membrane pore mean diameter (pm)
hydraulic diameter (m)

mass transfer flux (kg/m? s)

mass transfer coefficient (kg/m? s Pa)
Knudsen number, Kn = 1/d,

thermal conductivity (W/m K)
channel length (m)

molecular weight (g/mol)

pressure (Pa)

vapour pressure of solution (Pa)
universal gas constant (J/mol K)
Reynolds number, Re = p.u.dp/u
temperature (°C, K)

channel thickness (m)

LiBr mass fraction

~
><m~1§>u'ts'v§l~x§>\ a8 g

Greek letters

p density (kg/m?)

€ porosity

Om membrane thickness (Lm)

a molecular collision diameter (m)
T tortuosity

A mean free path (m)

I dynamic viscosity (kg/m s)
Subscripts

c coolant

H20 water

int solution-membrane interface
m membrane

s solution

v vapour

w wall

Abbreviations

AMD Advanced Micro Devices

CFD Computational Fluid Dynamics

are being carried out to investigate the heat and mass transfer
processes in microporous hydrophobic membrane based compo-
nents. Asfand and Bourouis [1] have extensively reviewed the
application of membrane contactors in absorption refrigeration
systems. They have reported that the use of microporous mem-
brane contactors in the absorber and desorber of an absorption
refrigeration system can, not only enhance the heat and mass
transfer performance of the component, but can also allow for a
reduction in the size and weight of the component. Thus, intro-
ducing polymeric hydrophobic microporous membranes into the
design of the absorber and desorber could provide an alternative to
achieve highly compact components, which would permit the use
of absorption air-conditioning systems in small scale cooling ap-
plications, heat-driven automotive air conditioning, and portable
cooling. The heat and mass transfer processes can be significantly
improved because the microporous membrane contactors provide
a wider interfacial area. Microporous membrane contactors in the
form of plate-and-frame membrane modules and hollow fiber
membrane modules have been investigated to replace the con-
ventional components in absorption refrigeration and air-
conditioning systems. The plate-and-frame module is generally
selected when water is used as a refrigerant, whereas the hollow
fibre module is usually selected for ammonia based absorption
systems. The driving force for the refrigerant mass transfer in the
case of ammonia/water solution is considered to be the difference
in ammonia concentration in the solution and vapour phase
whereas in the case of water/LiBr, water vapour partial pressure
difference across the membrane is responsible for the refrigerant
mass transfer.

Table 1 compares the vapour absorption rates achieved in
experimental and numerical studies of plate-and-frame membrane
based absorbers employing water/LiBr as a working fluid mixture.
In addition to the solution channel thickness, the solution inlet
temperature and concentration, the solution mass flow rate at the
inlet, the cooling water inlet temperature, and the water vapour
pressure are also listed in the table. It is evaluated from the re-
ported data in Table 1 that both the solution channel thickness and
the operating conditions significantly affect the absorption per-
formance of the absorber. This is evident from the large discrepancy

in the absorption rate at different conditions. Ali & Schwerdt [2]
experimentally analysed a plate-and-frame membrane based
absorber and achieved an absorption rate of 0.00125 kg/m? s at a
water vapour pressure of 2.339 kPa, which is more than twice the
available pressure in a typical absorber. Ali and Schwerdt [2] re-
ported that their membrane mass transport resistance could have
dominated the overall mass transfer process which resulted in poor
absorption rates. Numerical simulations performed by Yu et al. [3]
show that reducing the solution channel thickness can significantly
enhance the absorption rate. They reported that an absorption rate
of approximately 0.0092 kg/m? s is achievable if the solution
channel is constrained to a thickness of 0.05 mm. Similarly, Isfahani
et al. [4] and Isfahani and Moghaddam [5] experimentally investi-
gated plate-and-frame membrane based absorbers and obtained
absorption rates of 0.00355 kg/m? s and 0.0060 kg/m? s respec-
tively. In their study, they used solution channel thicknesses of
0.16 mm and 0.10 mm, respectively. It can be concluded from the
investigations reported above that the lower absorption rate ach-
ieved by Ali and Schwerdt [2] is due to the fact that, in their study,
they used solution channel thicknesses of 4.0 mm and 2.0 mm
respectively. Furthermore, the experimental studies carried out by
Isfahani et al. [4] and Isfahani and Moghaddam [5] suggest that the
mass transfer through the solution is the dominant resistance as
opposed to the membrane mass transfer resistance. In addition,
numerical results reported by Asfand et al. [6] critically evaluated
the impact of solution channel thicknesses while investigating the
effect of membrane characteristics. They reported that the mem-
brane mass transfer resistance is considerable only when the so-
lution channel thickness is of the order 0.1 mm or lower. It was
observed from their results that the membrane characteristics have
a less prominent effect on the absorption rate in the case of solution
channels with a thickness of the order 0.5 mm or more. They
concluded that the solution resistance is the dominant resistance to
the refrigerant mass transfer. As opposed to conventional ab-
sorbers, the solution film thickness and the velocity can be inde-
pendently controlled in plate-and-frame membrane absorbers.
However, decreasing the solution channel thickness and increasing
the solution mass flow rate in order to achieve a higher absorption
rate can cause an unacceptable pressure drop along the solution
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Table 1
Absorption rate achieved during experimental and numerical analyses of plate-and-frame membrane based absorbers employing water/LiBr working fluid mixture.
Reference Study Solution channel Operating conditions Absorption
thickness (mm) Solution mass flow Solution inlet Solution inlet Vapour Coolant inlet rxa]th (kg
rate/Inlet velocity temperature (°C)  concentration (%)  pressure temperature (°C) m? s) g
(kPa)
Ali & Schwerdt Experimental 4.00 8.0 kg/h 27.0 53.55 2.339 NA 1.25
[2]
Yu et al. [3] Numerical 0.05 0.15 m/s 45.0 60.00 0.873 27.0 9.20
Isfahani et al. [4] Experimental 0.16 0.6 kg/h 25.0 60.00 1.100 25.0 3.55
Isfahani & Experimental 0.10 0.6 kg/h 25.0 60.00 1.350 25.0 6.00
Moghaddam
(5]
Asfand et al. [7] Numerical ~ 0.50 0.005 m/s 355 57.82 0.813 25.0 1.00
Bigham et al. [8] Experimental 0.50 0.05 m/s 325 60.00 0.873 27.5 4.00

channel. The higher pressure drop along the solution channel can
hinder the performance of the plate-and-frame membrane
absorber operating with water as a refrigerant under vacuum
conditions. Asfand et al. [7] observed that the pressure drop in-
creases exponentially when the solution channel thickness is
reduced. They reported that a 50% decrease in the solution film
thickness causes an increase in the accumulative pressure drop by a
factor of approximately 7.5, keeping the same solution mass flow
rate. They recommended that a solution channel thickness of the
order 0.5 mm should be used to avoid higher pressure drops in the
solution channel. They numerically investigated the plate-and-
frame membrane absorber and achieved an absorption rate of
0.001 kg/m? s with a solution channel thickness of 0.5 mm. How-
ever, the absorption rate can be enhanced if favourable operating
conditions are adopted. It can be seen from Table 1 that a higher
absorption rate is achievable if the solution mass flow rate, solution
inlet concentration and water vapour pressure difference across the
membrane are higher and the solution and coolant inlet tempera-
tures are lower. Bigham et al. [8] experimentally and numerically
investigated a plate-and-frame membrane absorber with a solution
channel thickness of 0.5 mm and achieved an increase in the ab-
sorption rate by a factor of 2.5 from 0.0016 kg/m?s to 0.004 kg/m?s
by the implementation of micro-scale features on the flow channel
surface. They reported that the laminar streamlines within the
solution film are stretched and folded as a result of the vortices and
that the mass transport mode in such a configuration could be
changed from a diffusive to an advective mode.

Most of the research in the absorption technology is done using
the conventional working fluid mixtures, water/LiBr and ammonia/
water with water as a cooling medium. However, many new
working fluid mixtures have been proposed and investigated for
absorption air-conditioning systems for them to cope with the
problems and deficiencies associated with the conventional
working fluid mixtures, NH3/H,0 and H,O/LiBr and to enhance the
performance of the absorber. Moreover, there is a growing interest
in air-cooled absorption chillers, for which water/multi-salts
mixture is proposed as a working fluid due to its wider range of
solubility. However, there is very scarce information in the litera-
ture about the absorption process with this non-conventional
working fluid. Conventional water/LiBr absorption systems are
widely used to supply chilled water for industrial and space cooling
applications that require huge cooling capacities. In these systems,
cooling towers are used for cooling water to dissipate the heat
released in the absorber and condenser. Whereas, the transport
sector and the residential sector in which the cooling demand is
lower, are currently dominated by vapour compression systems
that are run by costly mechanical energy systems. If the heat
rejected in the absorber and condenser of an absorption system is
directly dissipated to ambient air instead of employing cooling

towers, then it can favour the use of absorption systems in small
scale applications. Furthermore, it will not only reduce the invest-
ment cost of the installation but also eliminate the maintenance
cost of cooling towers. However, the absorber and condenser must
operate at higher temperatures to effectively dissipate the heat
released into the ambient air and this in turn can increase the risk
of crystallization of the solution. Water/LiBr solution has a limited
range of solubility which restricts the range of temperatures
feasible for air-cooled absorbers and hinders the development of
air-cooled absorption systems for cooling applications. Recent
research has shown that the addition of other salts to LiBr aqueous
solutions can significantly improve their solubility. However, the
criteria for selecting an appropriate salt mixture should not only
include an increase in the range of solubility but also other aspects
of the operation of the machine, such as vapour pressure, viscosity,
corrosivity, and thermal and chemical stability. Bourouis et al. [9,10]
and Medrano et al. [11] experimentally and numerically investi-
gated an aqueous solution of the quaternary salt system
(LiBr + Lil + LiNO3 + LiCl) with mass compositions in salts of
60.16%, 9.55%, 18.54% and 11.75%, respectively, for air-cooled ab-
sorption systems and reported that it is less corrosive and its
crystallization temperature is about 35 K lower than that of water/
LiBr. The presence of lithium chloride decreases the vapour pres-
sure of the solution. Lithium iodide and lithium nitrate improve the
solubility and lithium nitrate reduces corrosion in the system. Thus,
the use of a multi-salt mixture can overcome the crystallization
problem and allow for the development of air-cooled absorption
systems with membrane contactor based components for small
scale applications.

Currently, numerical and experimental analyses are being car-
ried out in order to improve the thermal efficiency and increase the
COP (coefficient of performance) of absorption cooling systems.
Double-effect water/LiBr absorption systems have already been
developed for commercial cooling applications. However, the COP
achieved in these applications does not reach levels high enough to
use the thermal potential of high temperature heat sources effi-
ciently, between 1 and 1.3. In order to make better use of the
thermal energy produced by high temperature heat sources and
improve the efficiency of absorption cooling systems, the installa-
tion of different triple-effect absorption systems has been pro-
posed. The triple-effect absorption cooling cycles are intended, not
only to improve the COP, but also to miniaturize the size of the
equipment for use in small scale applications. However, the ther-
mal instability, corrosion and crystallization problems of water/LiBr
at high temperatures restrict the development of water/LiBr triple-
effect cycles for efficient use of thermal energy produced by high
temperature heat sources. The conventional water/LiBr working
fluid mixture suffers serious problems of corrosion and thermal
decomposition at temperatures of over 180 °C.
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Davidson and Erickson [12] proposed the use of an aqueous
solution of three alkali-metal nitrate salts (LiNO3 + KNO3 + NaNO3),
called Alkitrate, with mass compositions in salts of 53%, 28% and
19%, respectively, to increase the maximum temperature limit to
260 °C or above for absorption systems. Although the working fluid
mixture is compatible with austenitic stainless steel materials at
high temperatures, Howe and Erickson [13] reported that this
working fluid mixture does not exhibit a wide range of solubility,
and consequently its use at low temperatures is limited due to
crystallization problems. Therefore, Erickson et al. [14] suggested
that Alkitrate can be used in the high temperature components of
triple-effect absorption cooling cycles, while the conventional
working fluid water/LiBr could be used in the low temperature
components. The working fluid Alkitrate is potentially useful when
operating at high temperatures in the last stage of a triple-effect
cycle because of its non-corrosive nature and high thermal stabil-
ity up to temperatures of about 260 °C [15]. Moreover, it contains
water as a refrigerant, so a membrane based absorber employing
microporous hydrophobic membrane contactors can be effective in
improving the heat and mass transfer processes and reducing the
size of the system.

Experimental and numerical analyses have been carried out to
investigate the performance of membrane based absorbers with
conventional working fluid mixtures, i.e. water/LiBr and ammonia/
water. However, at local levels in the channels, detailed fluid dy-
namics behaviour and the heat and mass transfer processes of the
two non-conventional working fluid mixtures mentioned above
needs further investigation. This way the phenomena and the effect
of different working fluid mixtures on the heat and mass transfer
and flow parameters would be better understood. The purpose of
this study is to numerically investigate the use of non-conventional
working fluid mixtures in air-cooled and triple-effect absorption
cooling systems employing membrane based absorbers. In this
work, the CFD code ANSYS/FLUENT 14.0 has been used to perform
the simulation of heat and mass transfers in a plate-and-frame
membrane absorber. The water/(LiBr + Lil + LiNOs + LiCl) work-
ing fluid mixture which is considered as an attractive alternative to
water/LiBr in air-cooled absorption cooling systems and the water/
(LiINO3 + KNO3 + NaNOs) working fluid mixture, which can be
utilized in the last stage of triple-effect absorption cooling systems,
are both numerically investigated. Absorption rate, local tempera-
ture and concentration profiles as well as pressure drop along the
solution channel are analysed in detail.

2. Absorber module

A plate-and-frame membrane absorber has been selected for
the analysis in this study. As in the case of absorption cooling
system employing water as a refrigerant, the absorber operates
under vacuum conditions, so the plate-and-frame membrane
module which presents a minimum pressure drop, could be an
interesting choice. The structural unit of the absorber configuration
with membrane contactors and the sectional view of the absorber
are shown in Fig. 1. The configuration of the plate-and-frame
absorber is set as such that the solution, coolant and vapour flow
in individual flow channels. Each coolant channel serves two so-
lution channels and is fed in a counter flow direction in order to
dissipate the heat of absorption from the solution. The first and last
cells of the module have half width coolant channels. Similarly,
each vapour channel serves two solution channels and can move in
a counter flow or co-current flow. The coolant and solution are
separated using a metallic plate across which only heat transfer
takes place. A microporous hydrophobic membrane sheet is placed
at the aqueous solution—water vapour interface in the form of a
parallel sheet along the metallic plate. Both heat and mass transfer

processes take place across the membrane sheet. The parallel as-
sembly of the plates and membrane sheets minimizes the pressure
drop through the absorber. In this study, a flat sheet membrane
contactor made of polypropylene material is considered. Because of
the corrosive nature of LiBr solution, Hastelloy C-22 alloy has been
used to separate the coolant and solution channels. Hastelloy C-22
has exceptional resistance to a wide variety of chemical process
environments. The membrane material characteristics and
absorber dimensions are summarized in Table 2.

3. Working fluid mixture

The quaternary salt system (LiBr + Lil + LiNO3 + LiCl) and the
ternary mixture of alkali nitrates (LiNO3 + KNO3 + NaNOs) were
used as absorbents with water as a refrigerant. Numerical simula-
tions were carried out and the results were compared to those of
the conventional working fluid mixture water/LiBr.

3.1. Thermophysical properties

In the ANSYS/FLUENT 14.0 code material database water/
(LiBr + Lil + LiNO3 + LiCl), water/(LiNO3°+°KNO3°+°NaNOs3) as
well as water/LiBr mixture are not available. Therefore, these
working fluid mixtures were created in the material panel of the
ANSYS/FLUENT 14.0 code and the thermophysical properties of the
mixtures were updated in the ANSYS/FLUENT 14.0 code database
with user defined functions. Density, viscosity, thermal conduc-
tivity, specific heat capacity and diffusion coefficient of the aqueous
solutions of the examined working fluid mixtures were estimated
as a function of solution concentration and temperature.

3.1.1. Vapour liquid equilibria

The correlation developed by Uemura and Hasaba [16] was used
to calculate the vapour pressure of the water/LiBr solution. The
vapour pressure data of Koo et al. [17] and the correlation devel-
oped by the research group CREVER from Rovira i Virgili University
[18] were used to calculate the vapour pressure of the quaternary
salt working fluid mixture. To calculate the vapour pressure of the
Alkitrate solution, the correlation developed by Alvarez et al. [19]
was used.

3.1.2. Density and viscosity

The density and viscosity of the aqueous solution of lithium
bromide was calculated using the correlation developed by Lee
etal. [20]. The correlation developed by the research group CREVER
from Rovira i Virgili University [18] was used to calculate the
density and viscosity of the quaternary salt working fluid mixture.
To calculate the density and viscosity of the Alkitrate solution, the
correlation developed by Alvarez [21] was used.

3.1.3. Specific heat capacity

The correlation reported in Kaita [22] was used to calculate the
specific heat capacity of the water/LiBr fluid mixture. The correla-
tions reported in Salavera et al. [23] and Koo et al. [17] were used to
calculate the specific heat capacity of the quaternary salt working
fluid mixture. The procedure reported by Laliberté [24] was used to
calculate the specific heat capacity of the Alkitrate solution.

3.1.4. Thermal conductivity

The thermal conductivity of the water/LiBr fluid mixture was
calculated using the correlation of DiGuilio et al. [25]. The corre-
lation developed by the research group CREVER from Rovira i Virgili
University [18] was used to calculate the thermal conductivity of
the quaternary salt working fluid mixture. To calculate the thermal
conductivity of the Alkitrate solution, the method of Aseyev [26]
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Fig. 1. Plate-and-frame absorber configuration with membrane contactor.

Table 2
Membrane material characteristics and absorber dimensions.

Thickness, 8, (Lm) 40
Porosity, € (%) 85
Tortuosity, © (7 = (2 — €)?[¢) 1.56
Mean pore diameter, d, (um) 1.0
Thermal conductivity, k;, (W/m K) 0.17
Thermal conductivity, k,, (W/m°K) 10
Solution channel thickness, t (mm) 0.5

Solution channel length, L (mm)

was used.

3.1.5. Enthalpy

The enthalpy of water vapour was calculated using the corre-
lation reported in Florides et al. [27]. The differential enthalpy of
dilution was estimated using the procedure reported in Asfand and
Bourouis [28]. The specific enthalpy of the aqueous solutions of
LiBr, quaternary salt system and Alkitrate were calculated using the
correlations reported in Refs. [22][18], and [29], respectively.

3.1.6. Coefficient of diffusion

The diffusion coefficient of water in the aqueous lithium bro-
mide solution was calculated from the experimental data of Gierow
and Jerngqvist [30] which was determined at constant temperature
and different concentrations. However, at other temperatures the
diffusion coefficient was estimated using the equation given below.

Dits _ Doty (1)
1 2
where D is the diffusion coefficient, u is the dynamic viscosity and T
is the temperature. State 1 refers to the values calculated at 25 °C
whereas state 2 refers to the values calculated at any other
temperature.

Mass diffusivity coefficient of the Alkitrate and quaternary salt
working fluid mixtures were estimated using the Stokes-Einstein
equation reported in Bird [31]. The method was validated against
the known diffusion coefficient of water/LiBr working fluid
mixture.

4. Numerical model

In this study, CFD numerical simulations were preformed in a
workstation cluster of 24 AMD Opteron 248 dual core processors

(64 bits) and 7 Intel 3 Ghz processors, with 3 terabytes of disk,
linked with a Giga Ethernet in a Linux environment. Simulations
were performed in parallel using four processors and each case
simulated took approximately 6 days to achieve a steady-state
condition. The CFD commercial code ANSYS Fluent 14.0 was used
for the numerical simulation which employs a finite volume
approach to discretize the governing Navier-Stokes equations into a
set of linear equations. The computational domain, boundary con-
ditions and numerical schemes adopted in this study are illustrated
in the following subsections.

4.1. Model assumptions

The following assumptions are considered in the analytical
model for the simulation:

o Steady state conditions.

o Linear coolant temperature rise.

o Vapour channel pressure and temperature are assumed
constant.

o Coolant thermophysical properties are assumed constant.

o No heat losses to/or gained from the surroundings of the
absorber cells.

4.2. Computational domain

A two-dimensional model was developed to simulate the flow,
heat and mass transfer processes in a single unit of the plate-and-
frame membrane module. To reduce the computational time and
reach a converged solution without flow instabilities, the vapour
pressure and temperature of the vapour channel were assumed
constant. Similarly, a coolant wall temperature function was
imposed at the heat transfer plate with a user defined function to
incorporate the linearized change in coolant temperature along the
channel. The Inlet boundary in the solution flow channel was
considered the velocity inlet whereas the outlet boundary condi-
tion was specified as the pressure outlet.

The spatial domain of the simplified model was discretized into
meshes fine enough to get mesh-independent results based on the
independency test. The grids were created in Gambit software and
imported into ANSYS Fluent 14.0. Different grid sizes were tested
for the 0.5 mm solution channel. The mesh size of 15 x 15000 cells,
with a minimum edge size of 0.00002 and a growth factor of 1.2 in
the boundary layer, was selected for the simulation analysis. A grid
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independence test showed that the maximum error in the ab-
sorption rate was less than 1% when the grid size was reduced by a
factor of 2.

4.3. Governing equation

In the present numerical simulation of heat and mass transfer,
the flow in the solution channel is a homogeneous single phase
flow. As the species in the solution are well mixed, the relative
velocity between the species is negligible. In the absence of relative
motion, the governing mass and momentum conservation equa-
tions for homogeneous flow are reduced to the single-phase form,
therefore, instead of the mixture model, single phase equations are
used to perform the simulation with less computational effort. The
flow is governed by the Navier-Stokes equations. The continuity,
momentum, energy and specie transport equations are solved to
perform steady-state heat and mass transfer analyses. These
equations are given in the ANSYS/FLUENT 14.0 theory guide.

The driving force for the refrigerant vapour mass transfer across
the membrane in a water-LiBr absorber is the difference in vapour
pressure and partial pressure of water vapour in the aqueous so-
lution. The mass transfer flux across the membrane is given by
Martinez and Rodriguez-Maroto [32] as follows:

J:Km(Pv_pint) (2)

where ] is the mass transfer flux of water vapour absorbed in the
solution, P, is the water vapour pressure and pj,; is the equilibrium
water vapour partial pressure of the solution at the solution-
membrane interface. K, is the membrane equivalent mass trans-
fer coefficient.

Mass transport through a microporous membrane can take
place by different mechanisms depending on the flow regime. Thus,
it is important to determine the flow regime in order to accurately
calculate the mass flux through the membrane. Flow through a
porous membrane can be classified into viscous, transitional, or free
molecular flow regimes, depending on the magnitude of the
Knudsen (Kn) number. The Kn number is defined as the ratio of the
mean free path (1) to the pore diameter (dp):

Kn=1/dp (3)
where 1 is the mean free path and is calculated as:

(9: % T
’ V2-m-a2P “
where ¢ is the Boltzmann constant (1.38 x 1072 J/K), ¢ is the
molecular collision diameter (2.7 x 10~'° m for water vapour), T is
the absolute temperature in K and P is mean total pressure within
the membrane pore in Pa.

For Kn > 10, collision between molecules and pore walls is
dominant, the gas transport takes place in the free molecular
regime and the flow is known as Knudesn flow. When Kn < 0.01,
collisions between gas molecules dominate and viscous flow occurs
which results in rapid convective transport. A transitional flow
regime exists if 0.01 < Kn < 10 and according to the Dusty-Gas
model, the mass transfer through a membrane consists of both
diffusion and viscous fluxes.

In this study, the mean membrane pore diameter is 1 um and at
vapour pressure of 1.3 kPa and 30 kPa, the mean free path of water
molecules is 9.8 um and 0.5 um, respectively, therefore the Knudsen
number value lays in the transitional flow regime for both cases and
the vapour transport through the microporous membrane pores
takes place via both the diffusion and convective transport

mechanisms. The membrane mass transfer coefficient in the tran-
sitional flow regime can be calculated as:

_ My, ( D; . PmBy )

Kim 0m \RTm ' RTmu,

(5)

where My is the molecular weight of water, o, is the membrane
thickness, R is the universal gas constant and T, is the mean
membrane temperature which is calculated as the average of
vapour and solution interface temperatures. Dy is the Knudsen
diffusion coefficient and for porous solid it can be calculated as:

1
edy [ 8RTy \?
Dic= 37 (WMHzo) (6)

where, ¢ is the membrane porosity, T is the tortuosity of the
membrane and d, is the mean membrane pore diameter.

2
edp

Bo =55 (7)

where, u is the viscosity and P is the pressure.

The mass transfer flux, which is the vapour mass that is absor-
bed in the solution, is added as a mass source term in the continuity
equation and a specie source term in the species transport equa-
tion. A user defined function is implemented at the solution-
membrane interface to model the vapour mass transfer across the
membrane. Similarly, with a user defined function at the solution-
membrane interface, the heat of absorption in the solution is added
to the energy equation as a source term. The heat of absorption is
expressed as the change in the enthalpy of water as it undergoes a
phase change from vapour to liquid phase plus the differential heat
of dilution of the absorbent.

4.4. Numerical scheme

The governing equations of continuity, diffusion and energy are
used to perform a numerical analysis of coupled heat and mass
transfer processes in a plate-and-frame membrane absorber. As the
solution flow Reynolds number is low, a laminar model is selected
for the analysis. The calculations were performed by a combination
of the PISO (Pressure-Implicit with Splitting of Operators) pressure-
velocity coupling scheme, part of the SIMPLE family of algorithms,
and the first-order accurate implicit scheme for the linearized
discretized equations in the segregated solver [33,34]. The Second-
order upwind discretization scheme is used to compute advection
terms. For the energy and species equations, the second-order
discretization scheme was used. In the present work, the numeri-
cal computation is considered to have converged when the scaled
residuals of the different variables are lowered by tenth orders of
magnitude and the steady state results are analysed.

5. Results and discussion

CFD simulations are capable of predicting the detailed behav-
iour of heat and mass transfer phenomena at local regions, thus, a
clear pattern of the temperature and concentration gradients and
the velocity profiles are obtained.

The current CFD numerical model was validated in a previous
study [7] by comparing the local absorption rates predicted along
the length of the channel with the numerical results reported by Yu
etal.[3]. These authors considered water/LiBr as a working pair and
a solution channel of 0.05 mm thickness and 20 mm long. A solu-
tion inlet velocity of 0.0182 m/s, and an inlet solution concentration
and temperature of 60% and 55 °C, respectively, were considered in
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their study. A linear temperature profile was considered along the
coolant wall. The local absorption rates predicted by the CFD model
were compared with the local absorption rates obtained by Yu et al.
[3] at the same operating conditions. The CFD results showed close
agreement with the literature data producing a mean absolute
percentage error of 4.82%.

In this section, an analysis is carried out to study in detail the
absorption performance of a water/(LiBr + Lil + LiNO3°+°LiCl)
working fluid mixture with mass compositions in salts of 60.16%,
9.55%, 18.54% and 11.75%, respectively, at thermal operating con-
ditions of an air-cooled absorption cooling system and compare the
results with those of a water/LiBr solution. In addition, a parametric
study is performed to investigate in detail the performance of a
water/(LiNO3°+°KNO3°+°NaNO3) working fluid mixture with mass
compositions in salts of 53%, 28% and 19%, respectively, at the
operating conditions of the last stage of a triple-effect absorption
cooling system. It is worth noting that the selected operating
conditions at which the simulations are carried out in this study lie
in the regime where the solutions are not prone to crystallization
problem.

Fig. 2 shows the results of the analysis carried out to investigate
the performance of a membrane-based absorber at air-cooling
thermal conditions employing water/(LiBr + Lil + LiNOs+LiCl)
and water/LiBr working fluid mixtures. Solution Reynolds number
and other input variables were kept constant. The input variables
for the analysis correspond to the operating conditions considered
in the experimental analysis performed by Bourouis et al. [9,10]
given in Table 3. It can be seen that a higher absorption rate is
achieved in the case of water/(LiBr + Lil + LiNO3+LiCl) with a 64.2%
inlet solution concentration when compared to water/LiBr with a
60% inlet solution concentration. However, the water/
(LiBr + Lil + LiNO3+LiCl) working fluid mixture with a 61% inlet
solution concentration yields a lower absorption rate. It is evaluated
that a water/(LiBr + Lil + LiNO3+LiCl) working fluid mixture is
more advantageous at higher solution concentrations and this
makes it a better choice for air-cooled absorption cooling systems.
In contrast, water/LiBr cannot operate at higher concentrations due
to the crystallization problem. It is noted that a higher absorption
rate is achieved at the inlet of the absorber due to the low mass
fraction of water in the solution at the inlet and a lower solution
interface temperature. A tendency for the absorption rate to
decrease is observed in the first quarter of the absorber whereas
almost a steady absorption rate is achieved in the latter part of the
absorber. Initially, a high mass transfer flux is observed as the

—o—LiBr (60%)
8 —m—LiBr+Lil+LiNO3+LiCl (61%)
—a—LiBr+Lil+LiNO3+LiCl (64.2%)

{kgim? s)

Accumulative Absorption Rate x103

Position (cm)

Fig. 2. Comparison of accumulative absorption rate of the working fluid mixtures
along the channel length.

Table 3
Input conditions for the CFD analysis of water/LiBr and water/
(LiBr + Lil + LiNO3°+°LiCl) working fluid mixtures.

Parameter Base value
Absorber pressure, Pa 1.3 kPa

Inlet solution temperature, Ts 45 °C

Inlet solution concentration, X 60, 61, 64.2%
Solution Reynolds Number, Re 2

Cooling wall temperature, T 35-43 °C

solution concentration in the absorbent is high, however, the ab-
sorption rate decreases sharply as concentration and temperature
boundary layers are developed consequently forming a resistance
to the absorption of refrigerant molecules into the solution. A
steady mass transfer occurs in the latter part of the channel as in
addition to the refrigerant molecules diffusion into the bulk solu-
tion, the coolant wall linearly dissipates the heat of absorption and
allows the solution to cool down and maintain the absorption ca-
pacity of the solution. It is observed that a 25% increase in the
overall absorption rate can be achieved by using a water/
(LiBr + LiI + LiNO3+LiCl) working fluid mixture with a 64.2% inlet
solution concentration. In addition, the absorption rate is higher by
a factor of 1.67 when the solution inlet concentration of 64.2% is
used instead of the 61% concentration in the case of the water/
(LiBr + LiI + LiNO3°+°LiCl) working fluid mixture.

The bulk solution temperature, coolant temperature and the
solution-membrane interface temperature are graphically repre-
sented along the channel length in Fig. 3. The bulk solution tem-
perature decreases from 318.15 K to 310.30 K, 309.94 K and 310.80 K
in the case of water/LiBr, water/(LiBr + Lil + LiNO3°+°LiCl) with a
solution inlet concentration of 61% and  water-
(LiBr + Lil + LiNOs + LiCl) with a solution inlet concentration of

Temperature (K)

Position (cm)

—&—Coolant Temperature
X=60.0%; Water-LiBr Bulk Temperature
—=—X=61.0%; Water-(LiBr+Lil+LiNO3+LiCl) Bulk Temperature
X=64.2%; Water-(LiBr+Lil+LiINO3+LiCl) Bulk Temperature
——X=60.0%; Water-LiBr Interface Temperature
——X=61.0%; Water-(LiBr+Lil+LiINO3+LiCl) Interface Temperature

—a— X=64 .2%; Water-(LiBr+Lil+LiINO3+LiCl) Interface Temperature

Fig. 3. Temperature profiles of the working fluid mixtures along the channel length.
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64.2%, respectively. It can be seen that the solution-membrane
interface temperature is higher than the bulk solution tempera-
ture for all the working fluid mixtures. This is because of the heat of
absorption which is generated at the solution-membrane interface.
A sharp increase in the interface temperature is observed initially
because of the higher absorption rate achieved at first as a result of
the higher concentration of the absorbent. The solution-membrane
interface temperature decreases from 320.39 K, 319.25 K and
321.69 K—312.26 K, 311.54 K and 313.13 K in the case of water/LiBr,
water/(LiBr + Lil + LiNO3°+°LiCl) with a solution inlet concentra-
tion of 61% and water/(LiBr + Lil + LiNO3°+°LiCl) with a solution
inlet concentration of 64.2%, respectively. It was observed that both
the bulk solution and the solution membrane interface tempera-
ture of the water/(LiBr + Lil + LiNO3°+°LiCl) working fluid mixture
with a solution inlet concentration of 64.2% was higher than that of
the water/LiBr solution because the higher absorption rate leads to
generation of higher heat of absorption.

Fig. 4 shows the bulk solution concentration and the solution-
membrane interface concentration along the channel length. The
mass fraction of the absorbent in the bulk solution decreases along
the channel length due to the absorption of refrigerant molecules
into the solution. It is observed that both the bulk solution con-
centration and the interfacial solution concentration decrease at
the same rate thus producing a transverse concentration gradient
along the solution channel to the end. As the concentration dif-
ference between the bulk solution and the solution-membrane
interface also acts as a driving force for the mass transfer, water
vapour absorption is observed up to the channel exit. It is worth
noting that the mass fraction of water in the bulk solution and at
the solution-membrane interface increases along the channel
length, however, both the bulk solution temperature and the
solution-membrane interface temperature decrease along the
channel length. This causes a decrease in the partial pressure of the
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Fig. 4. Concentration profiles of the working fluid mixtures along the channel length.

water vapour in the solution and an increase in the absorption
capacity.

Fig. 5 shows the accumulative absorption rate achieved
considering the water/(LiNO3°+°KNO3°+°NaNO3) working fluid
mixture at different solution flow Reynolds numbers. The solution
flow Reynolds number was increased from 1 to 8 while all other
input parameters were kept constant in the simulation. The input
variables for the analysis correspond to the operating conditions
considered in the experimental analysis performed by Alvarez [21]
given in Table 4. It can be seen that the absorption rate increases
with an increase in the inlet velocity of the solution. Initially a high
mass transfer flux is observed as the solution concentration is high,
however, the absorption rate decreases sharply as concentration
and temperature boundary layers are developed and resist the
absorption of refrigerant molecules into the solution. A steady mass
transfer occurs in the latter part of the channel as the coolant wall
linearly dissipates the heat of absorption and allows the solution to
cool down which increase the absorption capacity of the solution.
Initially, the increase in the overall absorption rate is more signif-
icant below the solution flow Reynolds number of 2, whereas a
linear increase in the absorption rate is achieved when the solution
flow Reynolds number is increased from 2 to 8.The increase in the
solution velocity brings fresh layers of solution near the membrane
interface and increases the absorption capacity, however further-
increasing the solution velocity decreases the solution residence
time and minimizes the diffusion of water vapours across the so-
lution causing a negative effect on the absorption mass flux.
Consequently, the increase in the absorption rate is not very sig-
nificant when the solution mass flow rate is increased at very high
solution flow Reynolds numbers. The absorption rate was increased
by a factor of 2 when the solution flow Reynolds number was
increased from 1 to 8.

Figs. 6 and 7 show the contours of temperature and the con-
centration profiles at local levels in the case of water/(LiNO3°+°-
KNO3°+°NaNO3) working fluid mixture. Due to the higher aspect
ratio of the channel, only the inlet, exit and the middle part of the
channel are shown for the 0.5 mm solution channel. Fig. 6 depicts
temperature values at local regions from which it can be observed
that a temperature gradient exists across the width of the channel.
It can be seen that the temperature near the solution-membrane
interface (right side) is higher than the bulk solution tempera-
ture. This is because of the heat of absorption which is generated at
the solution-membrane-interface. The temperature gradient in the
transverse direction is higher in the case of higher Reynolds
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Fig. 5. Accumulative absorption rate along the channel length at different solution
Reynolds number.
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Table 4
Input conditions for the CFD analysis of water/(LiNO3 + KNO3; + NaNOs)
working fluid mixture.

Parameter Base value
Absorber pressure, Pa 30 kPa
Inlet solution temperature, T 93 °C
Inlet solution concentration, X 82%
Solution Reynolds Number, Re 1-8
Cooling wall temperature, T 80—88 °C
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Fig. 6. Contours of temperature profile at different solution Reynolds numbers in the
case of water/(LiNO3 + KNO3 + NaNOs) working fluid mixture.
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Fig. 7. Contours of concentration profile at different solution Reynolds numbers in the
case of water/(LiNO3 + KNO3 + NaNOs) working fluid mixture.

number because of the higher absorption rate which leads to the
generation of higher heat of absorption. In addition, the

temperature difference between the bulk solution and the
solution-membrane interface is higher near the inlet of the channel
and then decreases downwards by about 6 K. This is because of the
higher absorption rate at the inlet which generates more heat at the
solution-membrane interface and thus a higher temperature
gradient is observed. Fig. 7 shows the solution concentration at a
local level. It can be seen that the absorbent concentration in the
solution is lower at the solution-membrane interface (right side)
due to the absorption of refrigerant molecules at the interface. The
refrigerant molecules diffuse across the solution at a low rate due to
the low diffusivity which gives rise to a concentration gradient
across the solution channel. The concentration boundary layer
developed at the solution-membrane interface also plays an
important role in limiting the mass transfer rate across the mem-
brane. The concentration boundary layer decreases when the so-
lution flow Reynolds number is increased. This occurs as the
increase in the solution velocity brings fresh layers of solution with
higher absorbent concentration near the membrane interface
which increases the absorption capacity.

Fig. 8 shows the overall pressure drop percentage along the
solution channel for the three working pairs, namely water/
(LiNO3°+°KNO3°+°NaNO3), water/LiBr and water/
(LiBr + Lil + LiNOs°+°LiCl). The solution pressure at the absorber
exit is set as the absorber operating pressure which is 1.3 kPa in the
case of water/LiBr and water/(LiBr + Lil + LiNO3°+°LiCl) and 30 kPa
in the case of water/(LiNO3°+°KNO3°+°NaNOs3). The overall pres-
sure drop percentage is calculated with reference to absorber inlet
pressure. It can be seen that the overall pressure drop percentage is
higher in the case of the water/(LiBr + Lil + LiNO3°+°LiCl) working
fluid mixture as opposed to the water/LiBr solution. This is because
of the higher viscosity of water/(LiBr + Lil + LiNO3°+°LiCl). Despite
the higher viscosity of the Alkitrate solution, the pressure drop
percentage is lower compared to water/LiBr and water/
(LiBr + Lil + LiNO3°+°LiCl) working fluid mixtures because of the
higher operating pressure of the absorber. It means that in case of
water/(LiNO3°+°KNO3°+°NaNOs3), higher solution mass flow rate
can be used to achieve a higher absorption rate without affecting
the performance of the absorber. The pressure drop percentage of
water/(LiBr + Lil + LiNO3°+°LiCl) with a 64.2% solution inlet con-
centration is about 9 times higher compared to that of a water/
(LiNO3°+°KNO3°+°NaNO3) working fluid mixture.

6. Conclusion

In this study, a detailed analysis of a membrane based absorber
has been performed to investigate the heat and mass transfer
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Fig. 8. Comparison of percent pressure drop along the solution channel length.
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processes at local levels in the flow channels using CFD approach.
Introducing polymeric hydrophobic microporous membranes into
the absorber design can be one of the alternatives for
achieving highly compact absorbers with enhanced heat and
mass transfer processes. Working fluid mixtures, water/
(LiBr + Lil + LiNOs°+°LiCl) with mass compositions in salts of
60.16%, 9.55%, 18.54% and 11.75%, respectively, and water/
(LiNO3°+°KNO3°+°NaNO3) with mass compositions in salts of 53%,
28% and 19%, respectively, were investigated for air cooled and
multi-stage high temperature heat source absorption cooling sys-
tems, respectively. These non-conventional working fluid mixtures
are able to cope with the limitations of the conventional water/LiBr
working pair. Water/LiBr fluid mixture is prone to crystallization at
air-cooling thermal conditions. In addition, it cannot operate in the
last stage of a triple-effect absorption cooling system driven by high
temperature heat sources (>200 °C) because of thermal instability,
crystallization and corrosion problems.

The simulation results provide a deep insight into the heat and
mass transfer processes in membrane based absorbers. The results
of the CFD simulations are useful and play an important role in the
design of membrane based absorbers using non-conventional
working fluid mixtures. Results show that a 25% increase in the
absorption rate can be achieved by using water/
(LiBr + Lil + LiNO3°+°LiCl) rather than water/LiBr at air cooling
thermal conditions. Furthermore, an absorption rate as high as
0.00523 kg/m?> s is achieved when a water/(LINO3°+°-
KNO3°+°NaNOs3) working fluid mixture is used in the membrane-
based absorber of the third stage of a triple-effect absorption
cooling cycle. In addition, the pressure drop percentage in the case
of the water/(LiNO3°+°KNO3°+°NaNO3) working fluid mixture is
significantly lower than that of the water/LiBr and water/
(LiBr + Lil 4 LiNO3°+°LiCl) working fluid mixtures because of the
higher operating pressure.
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ABSTRACT

In this study, a numerical analysis is performed to investigate the effect of membrane contactor charac-
teristics and operating conditions on the absorption performance in plate-and-frame membrane-based
absorbers used in water-LiBr absorption cooling systems. This paper critically evaluates the impact of
the solution channel thickness while investigating the effect of membrane characteristics. Results show
that the effect of membrane characteristics is different in the case of different solution channel thick-
nesses. For instance, increasing the membrane mean pore size from 0.25 pm to 1 pm enhances the
absorption rate by 75% in the case of a 0.1 mm solution channel, whereas in a 0.5 mm solution channel
the absorption rate increases by 40%. In addition, a parametric study is performed to study the effect of
solution mass flow rate, vapour pressure, solution inlet concentration and cooling water temperature on
the absorption performance, taking into consideration different solution channel thicknesses. Results
show that a high absorption rate can be achieved in the case of thinner solution channels. Moreover,
the percentage change in the absorption rate remains almost the same when the vapour pressure, solu-
tion inlet concentration and coolant inlet temperature are varied in the case of different solution channel
thicknesses.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

nent of the absorption cooling system and plays a critical role in
the overall performance, size, and capital cost of the system. Both

Absorption technology, which has the ability to utilize heat
directly for cooling purposes, has been one of the most widely used
technologies for refrigeration and cooling applications since the
early stages of refrigeration technology. Working fluid mixtures
employed in absorption cooling systems are environmentally
friendly and do not contribute to greenhouse gas emissions,
whereas vapour compression systems, which also use costly
mechanical energy input, do. The absorber is an important compo-

* Corresponding author.
E-mail address: mahmoud.bourouis@urv.cat (M. Bourouis).

http://dx.doi.org/10.1016/j.applthermaleng.2016.07.139
1359-4311/© 2016 Elsevier Ltd. All rights reserved.

heat and mass transfer take place simultaneously in the absorber.
Both the design and configuration of the absorber significantly
influence its performance. Many researchers have suggested con-
tinued improvements in the design and configuration of the absor-
ber to improve its performance and thermal efficiency. In recent
years, research has been carried out regarding the use in absorp-
tion cooling systems of membrane contactors in the form of
plate-and-frame membrane modules and hollow fiber membrane
modules. A comprehensive review on the application of membrane
contactors in absorption refrigeration systems has been carried out
by Asfand and Bourouis [1]. The authors reviewed in detail, the
types of membrane modules used in absorption cooling systems
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Nomenclature

A area (m?)

G specific heat (J/kg K)

Cp Boltzmann constant (J/K)

D diffusion coefficient (m?/s)

d, membrane pore mean diameter (jum)
dp hydraulic diameter (m)

dz discretization length (m)

H enthalpy (J/kg)

h convection heat transfer coefficient (W/m? K)
] mass transfer flux (kg/m? s)

K mass transfer coefficient (kg/m? s Pa)
Kn Knudsen number, Kn = 2/d,

k thermal conductivity (W/m K)

L channel length (m)

L* flow length (m)

M molecular weight (g/mol)

m mass flow rate (kg/s)

Nu Nusselt number, Nu = h - dp/k

P pressure (Pa)

p vapour pressure of solution (Pa)

R universal gas constant (J/mol K)

Sc Schmidt number, Sc = u/(p - D)

Sh Sherwood number, Sh =K - dy/D

Re Reynolds number, Re = p - u - dy/u

T temperature (°C, K)

t channel thickness (m)

U global heat transfer coefficient (W/m? K)

u velocity (m/s)
w channel width (m)
X LiBr mass fraction

Greek letters

o channel aspect ratio, o = tjw
p density (kg/m?)

€ porosity

Om membrane thickness (pum)

g molecular collision diameter (m)
T tortuosity

p) mean free path (m)

u dynamic viscosity (kg/ms)
Subscripts

c coolant

H,0 water

int solution-membrane interface
m membrane

s solution

% vapour

w wall

Abbreviations

AMD Advanced Micro Devices

CFD Computational Fluid Dynamics
MATLAB MATrix LABoratory

and the effect of membrane-based components on the cycle config-
uration. In addition, membrane material characteristics were also
discussed. They concluded, from their review, that the use of mem-
brane contactors in the absorber and desorber of an absorption
refrigeration system can not only enhance the heat and mass trans-
fer performance of the component, but can also allow for a reduc-
tion in the size of the component. Thus, introducing polymeric
hydrophobic microporous membranes into the absorber design
could provide one of the alternatives for achieving highly compact
absorbers, as microporous membrane contactors can provide a
high specific surface area. Ali and Schwerdt [2] analytically and
experimentally analysed a plate-and-frame membrane based
absorber and achieved an absorption rate of 0.00125 kg/m? s at a
water vapour pressure of 2.339 kPa which is more than twice the
available pressure in a typical absorber. Their experimental results
show no change in absorption rate when the vapour pressure dif-
ference across the membrane was increased. Ali and Schwerdt [2]
reported that their membrane mass transport resistance could
have dominated the overall mass transfer process which resulted
in poor absorption rates. However, the experimental studies car-
ried out by Isfahani and Moghaddam [3] suggest that the mass
transfer through the solution is the dominant resistance as com-
pared to the membrane mass transfer resistance. Yu et al. [4] per-
formed numerical simulations to investigate a plate-and-frame
membrane absorber and observed that a 3-fold increase in the
absorption rate can be achieved when the solution film thickness
is reduced from 0.15 mm to 0.05 mm. Isfahani et al. [5] experimen-
tally investigated a membrane based absorber for the absorption of
water vapour in the aqueous solution of LiBr and reported that the
absorption rate was 2.5 times higher than that in falling film absor-
bers. Isfahani and Moghaddam [3] experimentally analysed the
absorption characteristics of water vapour in a thin LiBr solution
constrained by superhydrophobic nanofibrous membrane struc-
tures. They studied the effect of water vapour pressure, cooling

temperature, solution film thickness and solution mass flow rate
on the absorption rate in a membrane based absorber. They
achieved an absorption rate of 0.006 kg/m? s with a solution film
thickness of 0.1 mm and a velocity of 0.005 m/s. Bigham et al. [6]
experimentally and numerically investigated the implementation
of micro-scale features on the flow channel surface to induce vor-
tices within the solution film. They reported that the mass trans-
port mode in such a configuration could be changed from a
diffusive to an advective mode. They obtained an increase in the
absorption rate by a factor of 2.5 i.e. from 0.0016 kg/m?s to
0.004 kg/m? s for the flow channel with micro-scale features on
the surface. Asfand et al. [7] performed numerical simulations to
investigate heat and mass transfer behaviour in a plate-and frame
absorber and observed that the absorption rate can be significantly
enhanced if the solution channel thickness is reduced. However,
they reported that the solution pressure drop along the channel
increases exponentially with the decrease in solution channel
thickness and this can significantly affect the performance of an
absorber operating with water as a refrigerant under vacuum con-
ditions. They recommended an optimal solution channel thickness
of 0.5 mm and a solution velocity of about 0.005 m/s to achieve a
higher absorption rate with an acceptable solution pressure drop
along the channel. Venegas et al. [8] developed a numerical model
to predict the performance of a membrane-based absorber. They
reported that by using a plate-and-frame membrane absorber the
size was reduced by 50% as opposed to using a falling film absorber
for the same cooling capacity. Later, Venegas et al. [9] used this
model to perform a parametric study of design and operating con-
ditions. They evaluated the effect of these parameters on the cool-
ing capacity and absorber size.

The selection of appropriate membrane contactor material with
suitable characteristics, i.e. porosity, pore size, thickness, tortuos-
ity, etc. is crucial when designing a membrane-based component.
In addition, the mechanical strength of the membrane contactor
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is dependent on the above mentioned characteristics. The objective
of the present work is to analyse in detail, the effect of membrane
contactor characteristics and operating conditions on the perfor-
mance of a plate-and-frame membrane absorber. Although mem-
brane material characteristics were investigated analytically in
previous studies, in each case the analysis was performed for a
specific solution channel thickness. As the concentration and thick-
ness of the thermal boundary layers decrease when the solution
channel thickness is decreased, the absorption potential varies
for different solution channel thicknesses. Further, the resistance
to the refrigerant mass transfer also differs, which means that
the impact of membrane mass transfer resistance and solution
mass transfer resistance varies and the relative contribution of
each resistance can change. In this regard, this study critically eval-
uates the impact of different solution channel thicknesses while
investigating the effect of membrane characteristics. A range of dif-
ferent membrane properties i.e. porosity, membrane thickness and
mean membrane pore size is applied, so as to investigate their
effect on the absorption performance. In addition, to select the
most suitable operating conditions for efficient performance, a
parametric study is performed to assess the effect of the operating
conditions on the absorption rate in a plate-and-frame absorber. In
previous studies, heat and mass transfer processes in a plate-and-
frame membrane absorber were investigated by the authors at a
local level using computational fluid dynamics codes [7]. However,
because of the higher computational time needed for a CFD based
simulation to reach converged results, it is time consuming to per-
form a parametric study to evaluate in detail the effect of mem-
brane contactor characteristics and operating conditions.
Therefore, the aim of this work is to develop an efficient global
model using simplified one dimensional heat and mass transfer
equations which can perform steady-state analysis with less com-
putation efforts and CPU time. The numerical model can be useful
to integrate into a system analysis model to evaluate the absorp-
tion cycle performance employing a membrane-based absorber
and to evaluate the effect of different parameters on the size and
performance of the absorber. The model can be of use to design a
compact membrane-based absorber for absorption cooling sys-
tems to enhance their performance and reduce their size. This
would also enable the use of absorption cooling in small scale
applications.

Solution Solution

Metal Plate Membrane Metal Plate

Cooling Water Vapour

(a) Flow channel configuration

|

Cooling Water

2. Absorber configuration

A plate-and-frame membrane absorber was selected for the
analysis in this study. As in a water-LiBr based absorption cooling
system, the absorber operates under vacuum conditions and there-
fore the plate-and-frame membrane module, which offers mini-
mum pressure drop, could be an interesting choice. The
structural unit of the absorber configuration with a membrane
contactor and the sectional view of the absorber are shown in
Fig. 1. The configuration of the plate-and-frame absorber is set as
such that the solution, coolant and vapour all flow in individual
flow channels. Each coolant channel serves two solution channels
and is fed in a counter flow direction. The first and last cells of
the module have half the width of the coolant channels. Similarly,
each vapour channel serves two solution channels and can be
counter flow or co-current flow. The coolant and solution are sep-
arated using a metallic plate across which heat transfer takes place.
A microporous hydrophobic membrane sheet is placed at the aque-
ous solution-water vapour interface in the form of a parallel
sheet along the metallic plate. Both heat and mass transfer pro-
cesses take place across the membrane sheet. The parallel assem-
bly of the plates and membrane sheets minimizes the pressure
drop through the absorber.

3. Methodology

Fig. 2 shows the detailed modelling of the heat and mass trans-
fer processes in a single element of the absorber cell. The vapour
pressure difference across the membrane causes the refrigerant
vapour to pass through the membrane pores from the refrigerant
side to the solution side, where the vapour condenses and dilutes
the solution at the solution-membrane interface. During the pro-
cess, the heat of condensation and mixing, known as heat of
absorption, releases at the solution membrane interface. As a
result, the temperature of the solution increases, whereas the solu-
tion concentration decreases at the solution-membrane interface
and differs from that of the bulk solution. Consequently, the water
vapour partial pressure near the solution-membrane interface
increases and limits further absorption of the refrigerant vapours.
The formation of the concentration and thermal boundary layers
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Fig. 1. Configuration of a plate-and-frame absorber with membrane contactor.
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Fig. 2. Schematic of heat and mass transfer processes in an absorber cell segment.

represents an additional thermal and mass transfer resistance to
the refrigerant mass transfer and heat transfer fluxes. Refrigerant
molecules diffuse from the solution-membrane interface into the
bulk solution as a result of the difference in concentration. Simi-
larly, heat flows from the solution-membrane interface towards
the coolant wall, due to the difference in temperatures of the bulk
solution and the solution near the interface. This heat is dissipated
by the coolant which flows in a counter current direction. The
interface temperature and interface concentration are lowered, as
a result of the heat dissipated by the coolant and the diffusion of
the refrigerant molecules into the bulk solution, respectively. Con-
sequently, the partial pressure of water vapour at the solution-
membrane interface decreases and promotes further absorption
of refrigerant vapours.

In the present simulation of heat and mass transfer, the mathe-
matical model is based on the energy and mass balance equations
in an infinitesimal area along the channel. This yields a coupled
heat and mass transfer model. A one dimension analysis was car-
ried out along the channel length using a MATLAB code. Each chan-
nel was discretized into 200 cells along the length and the
governing non-linear and differential equations were solved simul-
taneously in each cell using the Newton-Raphson and the Runge-
Kutta methods, respectively. A convergence criterion of 2 x 107%7
was used to obtain a steady-state converged solution.

The current model is simple and can predict the absorption rate
and other parameters with fine accuracy. The model is able to cal-
culate the interface temperature and interface concentration of the
solution. These values are used to calculate the partial pressure of
water vapour in the solution at the solution-membrane interface.
In the previous numerical models [2,8], the bulk solution temper-
ature and the concentration were used to calculate the partial pres-
sure of vapour in the bulk solution from which the mass transfer
flux was calculated. In a previous study [7], calculations were per-
formed by the authors to investigate heat and mass transfer pro-

cesses in a water-LiBr membrane-based absorber using CFD
approach. Numerical simulations were preformed in a workstation
cluster of 24 AMD Opteron 248 dual core processors (64 bits) and 7
Intel 3 GHz processors, with 3 terabytes of disk, linked with a Giga
Ethernet in a Linux environment. Simulations were performed in
parallel using four processors and each case simulated took
approximately 6 days to achieve a steady-state condition. The
same case was simulated using the global model developed in
MATLAB and a desktop computer with a 3.0 MHz processor was
used to perform the simulation. In this case, steady-state results
were obtained within approximately 3 min in the case of the cool-
ant flowing in the counter flow direction whereas when the cool-
ant flow was considered in the co-current direction, steady-state
results were obtained in less than 20 s.

3.1. Model assumptions

The following assumptions are considered in the analytical
model for the simulation

o Steady state conditions.

e One dimensional transfer in the flow direction along the length.

e Vapour channel pressure and temperature are assumed
constant.

e Coolant thermophysical properties are assumed constant.

e No heat lost or gained from the surroundings to the absorber
cells.

3.2. Governing equations

The driving force for the refrigerant vapour mass transfer across
the membrane in a water-LiBr absorber is the difference in vapour
pressure and partial pressure of water vapour in the aqueous solu-
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tion. The mass transfer flux across the membrane is given by Mar-
tinez and Rodriguez-Maroto [10] as follows:

Ji=mij(w-dz) = K}, (P, = Pl (1)

where ] is the mass transfer flux of water vapour absorbed in the
solution, P, is the water vapour pressure and pj, is the equilibrium
water vapour partial pressure of the solution at the solution-
membrane interface. It is calculated at the solution-membrane
interface as a function of the solution concentration and tempera-
ture using the vapour pressure correlation given by Uemura and
Hasaba [11]. m is the mass of water vapour absorbed, dz is the dif-
ferential length of the segment. w is the width of the channel. K,,, is
the membrane equivalent mass transfer coefficient.

The bulk solution concentration is calculated from the mass bal-
ance equation given below

m;,out = m;,in +m' (2)

m .
Xs.uut = ﬂxs,in (3)

s,out

The solution-membrane interface concentration is calculated
using the equation given by Martinez and Rodriguez-Maroto [10]:

. ) J"
Xine = X, €Xp <_ii 4)
KinePi,0
where X;,; is the interface concentration and Kj,; is the interface
mass transfer coefficient. The solution-membrane interface temper-
ature is calculated using the equation given below
H, m
wh! dz

T;nt = T; + (5)
where Tj, is the interface temperature, h; is the solution heat trans-
fer coefficient and H, is the vapour enthalpy. The heat transfer
equation in the solution channel is derived by considering a control
volume and applying an energy balance. The differential equation
derived to calculate the solution temperature in each segment can
be written as:

i H,-GpiTimi UiW(Ti - Ti)
dz  micp, dz miCp;

(6)

where T is the solution temperature and T, is the coolant temper-
ature. U is the overall heat transfer coefficient Cps; and Cp. are the
solution and coolant specific heat capacities, respectively. Similarly,
the heat transfer equation in the coolant channel is derived by con-
sidering a control volume along the coolant channel and applying
an energy balance. The differential equation derived to calculate
the coolant temperature in each segment can be written as:

ari Uw(Ti-T}) -
dz  micpl

3.3. Heat and mass transfer coefficients

Mass transport through a microporous membrane can take
place by different mechanisms depending on the flow regime.
Thus, it is important to determine the flow regime in order to accu-
rately calculate the mass flux through the membrane. Flow
through a porous membrane can be classified into viscous, transi-
tional, or free molecular flow regimes, depending on the magni-
tude of the Knudsen (Kn) number. The Kn number is defined as
the ratio of the mean free path (1) to the pore diameter (d,):

Kn = j/d, (8)

where /1 is the mean free path and is calculated as:
- cg- T
V2.m-0?P

where cg is the Boltzmann constant (1.38 x 10723 J/K), ¢ is the
molecular collision diameter (2.7 x 10 m for water vapour), T
is the absolute temperature in K and P is mean total pressure within
the membrane pore in Pa.

For Kn > 10, collision between molecules and pore walls is dom-
inant, the gas transport takes place in the free molecular regime
and the flow is known as Knudesn flow, for which the membrane
mass transfer coefficient can be calculated as:

i M D
K, = TR0 k. (10)
om \RT,,
where M0 is the molecular weight of water, ,, is the membrane
thickness, R is the universal gas constant and T, is the mean mem-
brane temperature which is calculated as the average of vapour and

solution interface temperatures. Dy is the Knudsen diffusion coeffi-
cient and for porous solid it can be calculated as:

1

i 2
Dkz&<8RT’“> (11)

T TEMH20
where ¢ is the membrane porosity, T is the tortuosity of the mem-
brane and dj, is the mean membrane pore diameter.

When Kn <0.01, collisions between gas molecules dominate
and viscous flow occurs which results in rapid convective trans-

port. The membrane mass transfer coefficient in the viscous flow
regime can be calculated as:

A )

i M PnB
K = 5“20 no (12)
m RTm:LtV
B f—‘gdlz’ 13
07321 (13)

where p is the viscosity and P is the pressure.

A transitional flow regime exists if 0.01 < Kn < 10 and according
to the Dusty-Gas model, the mass transfer through a membrane
consists of both diffusion and viscous fluxes.

ki, = Mmo [ D, PmBo (14)
om \RT), RTju,

In this study, the base value of the mean membrane pore size is
1 wm and at a vapour pressure of 1 kPa and a temperature of 7 °C,
the mean free path of water molecules is 13.2 um, therefore the
Knudsen number value lays in the free molecular regime for the
base case and the vapour transport through the microporous mem-
brane pores takes place via Knudsen diffusion mechanism. How-
ever, in some cases, particularly in the parametric study of
membrane mean pore size and vapour pressure, the Knudsen num-
ber value lays in the transitional flow regime. In the code devel-
oped in MATLAB, the Knudsen number was calculated for each
case study simulated and depending on the value of the Knudsen
number an appropriate equation was used for the calculation.
The interface mass transfer coefficient K;,, between the
solution-membrane interface and the bulk solution, which is
needed in Eq. (4) to calculate the interface solution concentration,
is calculated using the Lévéque’s equation. For laminar flow in thin
rectangular channels, the mass transfer coefficient is related to the
Sherwood number through the following relationship:
1
Ko —Sh-2 185 (Re~Sc-%>3 .dB
h

T > (15)
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where Re is the Reynolds number, Sc is the Schmidt number and d;,
is the hydraulic diameter, and L* represents the flow length which is
the distance from the mass transfer leading edge. Simplifying the
above equation, we get:

D>\’

where u is the average solution velocity and D is the mass diffusiv-
ity of water molecules in the bulk LiBr solution.
The global heat transfer coefficient U, is calculated as:

- (17)

where h. and hg are the local heat transfer coefficient of the coolant
and solution and k,, is the thermal conductivity of the wall. As the
ratio of the channel length to the thickness of the channel in both
the coolant and solution channels is very high, the entrance region
is not taken into account in the calculation and a fully developed
laminar flow is considered in both the channels. The entrance
region is very small in case of the flow channel with an increased
length to thickness ratio and for simplification it can be neglected
in the calculation as it does not significantly affect the results.

The convection heat transfer coefficient is linked to the Nusselt
number through the following relationship:

h = Nu-k/d, (18)

For fully developed flow in thin rectangular channels, the corre-
lation developed by Shah and London [12] was used to calculate
the Nusselt number.

Nu=8.235-(1-2.0421 o +3.0853 - 0> — 2.4765 - o/®
+1.0578 - o* — 0.1861 - o) (19)

where o is the channel aspect ratio.
3.4. Calculation sequence

Fig. 3 depicts the calculation sequence used in the global model
developed in the present work. After the input values have been
set, the inlet conditions are calculated. At the given operating con-
ditions and initial guess values, the thermophysical properties of
the solution are calculated, followed by the calculation of the first
cell in which the Newton-Raphson method is used to calculate the
refrigerant mass transfer across the membrane, absorption rate,
interface temperature and concentration of the solution. A loop
over the flow length starts with the calculation of the second cell
and is repeated until the entire flow path is covered. In this loop,
the ordinary differential equations are solved by the Runge-Kutta
method using the variables obtained in the previous step to calcu-
late the solution and coolant temperatures and the concentration
of the bulk solution. The non-linear equations are solved in each
cell using the Newton-Raphson method to calculate the refrigerant
mass transfer across the membrane, the absorption rate and inter-
face temperature and the concentration of the solution. The New-
ton-Raphson iteration is repeated until the root is found and a
minimal residual is left. The thermophysical properties of the
working fluid mixtures are updated in each cell as a function of
solution concentration and temperature. When the loop over the
flow length is completed and all the variables are calculated in
each cell then the output results are checked for consistency. As
the coolant flows in a counter-flow direction, a guess value of cool-
ant temperature in the first cell is taken for the calculations. If the
coolant temperature predicted in the last cell is equal to the cool-
ing water inlet temperature, then the solution terminates and
results are displayed. Otherwise, the coolant initial guess value is

updated and the calculations are repeated unless the exact cooling
water inlet temperature is obtained in the last cell.

3.5. Thermophysical properties of the working fluid

In this study, a water-LiBr solution is used as a working fluid
mixture. The thermophysical properties of the aqueous solution
of lithium bromide are estimated as a function of the solution con-
centration in lithium bromide and temperature. The density and
viscosity of the aqueous solution of lithium bromide are calculated
using the correlations developed by Lee et al. [13]. The thermal
conductivity of the water-LiBr mixture is calculated using the
DiGuilio et al. [14] correlation. The specific heat capacity of the
water-LiBr mixture is calculated using the correlation based on
the Mc Neely data [15]. The diffusion coefficient of water in the
aqueous lithium bromide solution is calculated from the Gierow
and Jernqvist [16] experimental data which is determined at a con-
stant temperature and different concentrations. However, at other
temperatures the diffusion coefficient is estimated using the equa-
tion given below.

Dy, _ Doy
T, —T2 (20)

where D is the diffusion coefficient, i is the dynamic viscosity and T
is absolute temperature in Kelvin. State 1 refers to the values calcu-
lated at 25 °C whereas state 2 refers to the values calculated at any
other temperature.

4. Model validation

The numerical model was validated by comparing the absorp-
tion rate predicted with the experimental data reported by Isfahani
and Moghaddam [3]. In their experiment, they used a solution and
cooling water channels measuring 1 mm and 4 mm in width
respectively, and a channel length of 38 mm. They investigated
two different heights for the solution channel, 0.1 mm and
0.16 mm, where the height of the cooling water channel was
0.4 mm. An important issue is that the correlations used in the pre-
sent model remain valid in all the cases. A solution inlet velocity of
0.005 m/s, and an inlet solution concentration and temperature of
60% and 25 °C, respectively, were considered in their experiment.
Further, they used a very high mass flow rate for the coolant chan-
nel and for this reason they did not observe a temperature change
between the inlet and exit of the cooling channel. Therefore, in this
study a constant cooling temperature is used to validate the
numerical model for the given conditions. The absorption rate pre-
dicted by the model was compared to the absorption rate achieved
in the experiments for both the 0.1 mm and 0.16 mm solution
channels at different values of vapour pressure. Fig. 4 shows the
comparison of predicted and experimental results which are well
in agreement with a mean absolute percentage error of about
5.35%.

5. Results and discussion

Steady-state analysis is carried out over a 200 mm long and
200 mm wide solution channel with a solution inlet concentration
and temperature of 60% and 40 °C, respectively. Coolant inlet tem-
perature is set at 30 °C. A constant vapour temperature of 7 °C is
assumed and a corresponding saturation pressure of 1 kPa is con-
sidered. These input variables are typical operating conditions of
an absorption cooling system working with water-LiBr mixture.
In this section, a parametric study is carried out to investigate
the effect of membrane characteristics and operating conditions
on the absorption performance of a plate-and-frame absorber.
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Fig. 3. Flowchart of the simulation code developed in the present work.

The obtained results provide sound information on the selection of
the membrane characteristics and operating conditions in the case
of different solution channel thicknesses.

5.1. Effect of membrane characteristics on the absorption process

In this study, a flat sheet membrane contactor made of
polypropylene material is used. The membrane material character-
istics considered for the parametric study are summarized in
Table 1. The effect of membrane contactor mean pore size, porosity
and thickness on the absorption rate is analysed in this section.
Fig. 5 shows the effect of membrane pore size on the absorption
rate. Results show that the absorption rate increases logarithmi-
cally with the increase in the membrane mean pore size. The

increase in the absorption rate is more significant when the mem-
brane mean pore diameter is increased from 0.25 pum to 1 pm
because the effect of membrane mass transfer resistance is more
dominant in membranes with small pore size and the mass trans-
fer resistance decreases with an increase in the membrane mean
pore diameter. However, further increasing the membrane pore
diameter does not substantially affect the absorption rate because
in membranes with larger pore diameter the diffusion resistance
into the solution is a more dominant factor instead of the mem-
brane mass transfer resistance. It can be seen from the results that
at higher values of membrane pore diameter, the change in the
absorption rate is negligible. Furthermore, it is evident from
Fig. 5 that the increase in the absorption rate is lower in thicker
solution channels when the membrane mean pore diameter is
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Fig. 4. Model validation using experimental data of Isfahani and Moghaddam [3].

Table 1

Membrane material characteristics.
Parameter Base value Range
Porosity, € (%) 75 50-85
Tortuosity, T (2 — &)%[e (2 —¢)le NA
Thickness, dm (pm) 40 20-100
Mean pore diameter, dp (1m) 1.0 0.25-3.00

increased. An increase of about 75%, 55%, 40% and 25% in the
absorption rate is achievable when the membrane pore diameter
is increased from 0.25pum to 1pm in the case of 0.1 mm,
0.25 mm, 0.5 mm and 1 mm solution channels, respectively. More-
over, further increasing the pore diameter from 1 pum to 5 pum
results in an increase of about 22%, 16%, 11% and 7% in the absorp-
tion rate in the case of 0.1 mm, 0.25 mm, 0.5 mm and 1 mm solu-
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Fig. 6. Effect of membrane porosity on the absorption process.

tion channels, respectively. Increasing the membrane pore
diameter reduces the resistance to the vapour transport through
the pore which helps in enhancing the absorption rate, however,
the mechanical strength of the membrane decreases with the
increase in membrane pore size. Therefore, it is crucial to select a
membrane with suitable pore diameter that will not only allow a
higher absorption rate but will also augment the mechanical
strength of the membrane.

Fig. 6 shows the effect of membrane contactor porosity on the
absorption rate. Absorption rate increases almost linearly if the
porosity of the membrane contactor is increased from 50% to
85%. Again, the increase in the absorption rate is lower in thicker
solution channels when the membrane porosity is increased. An
increase of about 68%, 49%, 35% and 23% in the absorption rate is
achieved when the membrane porosity is increased from 50% to
85% pum in the case of 0.1 mm, 0.25 mm, 0.5 mm and 1 mm solu-
tion channels, respectively. Highly porous membranes exhibit less
resistance to the mass transfer flux; however the mechanical
strength of the membrane decreases with an increase in porosity.

Fig. 7 shows the effect of the membrane contactor thickness on
the absorption rate. A linear decrease in the absorption rate is
observed when the membrane contactor thickness is increased
from 20 um to 100 pm. It can be seen from the results that the
decrease in the absorption rate is not significant in thicker solution
channels when the membrane contactor thickness is increased. A
decrease of about 35%, 28%, 21% and 15% in the absorption rate is
observed when the membrane contactor thickness is increased
from 20 um to 100 pm in the case of 0.1 mm, 0.25 mm, 0.5 mm
and 1 mm solution channels, respectively. Mass transfer resistance
increases with an increase in the thickness of the membrane con-
tactor which reduces the mass transfer across the membrane.
However, the mechanical strength of the membrane contactor
increases with an increase in thickness of the membrane.

In Fig. 8, the effect of the solution diffusivity on the mass trans-
fer is evaluated by changing the diffusion coefficient. A higher
value of the solution diffusion coefficient leads to a rapid transport
of the refrigerant molecules within the solution. Results show that
the change in the absorption rate is more significant in the case of
thicker solution channels. The solution mass transfer resistance is
more dominant in thicker solution channels and thus the diffusion
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g. 7. Effect of membrane contactor thickness on the absorption process.

coefficient of the working fluid significantly affects the overall
absorption rate. It is observed that if the diffusion coefficient of
the solution is increased from 1.5 x 107°m?s to 3 x 107° m?/s
the overall absorption rate increases by approximately 29%, 25%,
20% and 13% in the case of 1 mm, 0.5 mm, 0.25 mm and 0.1 mm
solution channels, respectively. These results show that an absor-
bent solution with a high diffusion coefficient can play an impor-
tant role in the enhancement of the absorption rate.

The results obtained in this study clearly show that in the case
of thicker solution channels, membrane contactor characteristics
have a less prominent effect on the absorption rate and the solu-
tion resistance is the dominant resistance to the mass transfer of
refrigerant molecules in the solution. Moreover, it can be con-
cluded that the membrane mass transfer resistance is dominant
only when the membrane contactor has a small pore diameter
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Fig. 8. Effect of solution mass diffusivity on the absorption process.

and the solution channel thickness is in the range of 0.1 mm. The
thickness of the concentration and thermal boundary layers is
smaller in thinner solution channels, which in turn reduces the
solution mass transfer resistance. In addition, the heat is well dis-
sipated to the coolant because of the decrease in thickness. There-
fore, in this case the effect of the membrane mass transfer
coefficient is more pronounced.

A membrane should have enough mechanical strength to with-
stand the absorption refrigeration system operating conditions.
Therefore, a membrane contactor should be selected with a pore
size and thickness of such that does not affect the mechanical
strength of the membrane material. In this way, the use of an addi-
tional support layer of the membrane can be avoided, as it adds an
additional resistance to the vapour mass transfer across the mem-
brane contactor. The results obtained in this study urge that the
selection of appropriate membrane characteristics should be made
bearing in mind the solution channel thickness. It is worth noting
that a solution channel thickness of the order 0.1 mm can allow a
higher absorption rate. However, the higher pressure drop along
the channel can hinder the performance of a membrane based
absorber working under vacuum conditions. In a previous study,
Asfand et al. [7] observed that the pressure drop increases expo-
nentially when the solution channel thickness is reduced. They
reported that a 50% decrease in the solution film thickness causes
an increase in the accumulative pressure drop by a factor of
approximately 7.5. They recommended the use of a solution chan-
nel thickness of 0.5 mm to avoid a higher pressure drop in the solu-
tion channel. From the present study, it is clear that the effect of
membrane characteristics is low when the solution channel thick-
ness is in the range of 0.5 mm. Thus, it will allow us to select mem-
brane characteristics in a range that will enhance the mechanical
strength of the membrane contactor without significantly affecting
the absorption rate.

It is suggested that the membrane pore diameter should be in
the range of 0.5-1 pum, the thickness in the range of 60-80 pum
and the porosity in the range of 60-70% for a plate-and-frame
membrane absorber with a solution channel thickness of 0.5 mm.
This range achieves not only a high absorption rate, but also the
mechanical strength of the membrane contactor can be enhanced.
Further, it is important to select a membrane contactor with appro-
priate surface properties, such as the hydrophobicity of the mate-
rial. This property limits the solution from passing through the
pores which hinders the performance of a membrane based
absorber.

5.2. Effect of operating conditions on the absorption process

A parametric study is carried out to evaluate the effect of oper-
ating conditions on the absorption performance of a plate-and-
frame membrane absorber. Important parameters such as, solution
mass flow rate, vapour pressure, solution inlet concentration and

Table 2

Operating conditions for the parametric study.
Parameter Base value Range
Absorber pressure (Pa) 1000 872.5-1500
Inlet solution concentration (% LiBr) 60 55-63
Solution mass flow rate (kg/h) 7.5 2-10
Solution inlet temperature (°C) 40 NA
Solution channel thickness (mm) NA 0.1-1.0
Channel length (mm) 200 NA
Channel width (mm) 200 NA
Coolant inlet temperature (°C) 30 25-35
Coolant mass flow rate (kg/h) 36 NA
Coolant channel thickness, t (mm) 1 NA
Heat transfer wall thickness (mm) 0.5 NA
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Fig. 9. Effect of solution mass flow rate on the absorption process.

coolant inlet temperature are varied according to typical operating
conditions of the absorber in order to study the impact on the
absorption rate. Table 2 summarizes the operating conditions con-
sidered for the parametric analysis.

Fig. 9 shows the effect of the solution mass flow rate on the
absorption rate for different solution channels. The absorption rate
increases with an increase in the solution mass flow rate. Increas-
ing the solution velocity brings fresh layers of solution near the
membrane interface, which in turn increases the absorption capac-
ity. Further, it can be seen from Fig. 9 that the increase in absorp-
tion rate is more significant initially however, at higher solution
flow rates, a further increase of the solution mass flow rate
decreases the solution residence time and minimizes the diffusion
of the water molecules across the solution. This causes a negative
effect on the refrigerant mass transfer and therefore the increase in
absorption rate is less pronounced. Increase in the absorption rate
is more significant in the thinner solution channel. In the case of
the 0.1 mm solution channel, increasing the solution mass flow
rate from 2 kg/h to 10 kg/h causes an increase of about 65% in
the absorption rate whereas as in the case of the 0.5 mm solution
channel a 48% increase in the absorption rate is observed. It is also
observed that about 50% increase in the absorption rate is achiev-
able at the same operating conditions when the solution channel
thickness is reduced by half from 1 mm to 0.5 mm. The thickness
of the concentration and thermal boundary layers are reduced in
the case of thinner solution channels and the heat of absorption
at the interface is well dissipated by the coolant which lowers
the partial pressure of water vapour in the solution and conse-
quently increases the absorption capability of the solution.

Fig. 10 shows the effect of vapour pressure on the absorption
performance. It can be seen that the absorption rate increases lin-
early with an increase in the vapour pressure. The absorption rate
increases by approximately 10% when the vapour pressure is
increased by 7% and the same mass flow rate is kept in each solu-
tion channel. However, at higher vapour pressure values, the
increase in the absorption rate reduces gradually to about 7% when
the vapour pressure is increased by 7%. Increasing the vapour pres-
sure from 0.873 kPa to 1.498 kPa increases the absorption rate by
87% from 1.06 kg/m? s to 1.98 kg/m? s in the case of the 0.5 mm
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Fig. 10. Effect of vapour pressure on the absorption process.
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Fig. 11. Effect of solution inlet concentration on the absorption process.

solution channel, whereas in the 0.1 mm solution channel, the
absorption rate increases by 89% from 1.97 kg/m?s to 3.72 kg/
m?s. The higher absorption rate achieved in the case of the
0.1 mm solution channel is because of the thinner concentration
and thermal boundary layers which lessens the solution mass
transfer resistance at the interface. Fig. 11 shows the effect of the
solution inlet concentration on the absorption rate. It can be seen
that the absorption rate increases with an increase in the inlet con-
centration of the solution. The partial pressure of water vapour in
the solution decreases at a higher solution concentration which in
turn increases the absorption capacity. However, the increase in
the absorption rate is less prominent at higher concentrations
because at higher solution concentrations the mass diffusivity of
water in the LiBr solution decreases and the solution mass transfer
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resistance increases and limits the absorption rate. In addition, the
increase in the absorption rate is lower in case of the thicker solu-
tion channels because the solution mass transfer resistance is more
dominant in thicker solution channels. Increasing the inlet concen-
tration from 55% to 63% mass fraction of LiBr increases the overall
absorption rate from 0.66 kg/m? s to 1.43 kg/m? s in the case of the
0.5 mm solution channel whereas in the 0.1 mm solution channel
the absorption rate increases from 1.19 kg/m?s to 2.98 kg/m?s.
These results show that a higher absorption rate can be achieved
if the solution inlet concentration is around 60%. In addition, at
the given solution temperature and concentration, the aqueous
solution of LiBr is not prone to crystallization according to the sol-
ubility chart of water/LiBr. Fig. 12 shows the effect of the cooling
water temperature on the absorption performance of a plate-
and-frame membrane based absorber. Increasing the cooling water
temperature has a negative effect on the absorption performance
because at higher cooling water temperatures the coolant is not
well able to dissipate the heat of absorption and as a consequence
the solution temperature increases. At higher solution tempera-
tures, the partial pressure of water vapour in the solution increases
and lessens the absorption capacity of the solution. Increasing the
coolant water inlet temperature from 25 °C to 35 °C results in
about a 35% decrease in the absorption rate. For instance, increas-
ing the cooling water inlet temperature from 25°C to 35°C
decreases the absorption rate from 1.61 kg/m?s to 1.07 kg/m? s
in the case the of the 0.5 mm solution channel, whereas the
absorption rate decreases from 3.02 kg/m? s to 1.98 kg/m? s when
the solution channel thickness is 0.1 mm.

The operating conditions of an absorption cooling system are
critically important for the efficient performance of the system.
Therefore, the selection of appropriate operating conditions is
essential when designing a membrane based absorber. It is con-
cluded that for a water-LiBr absorption air-conditioning system
utilizing membrane-based absorbers, a vapour pressure of about
1.3 kPa, a solution inlet concentration of 60% and a cooling water
inlet temperature of 30 °C are recommended to achieve a higher
efficiency. Although, the cooling water inlet temperature should
be low for efficient performance, to eliminate the need of a cooling
tower, a temperature in the range of 30 °C is selected. This will
reduce both the size and cost of the system.
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Fig. 12. Effect of cooling water temperature on the absorption process.

6. Conclusions

This study is focused on the impact of the solution channel
thickness while investigating the effect of membrane contactor
characteristics and operating conditions on the absorption process
in water-LiBr membrane-based absorbers. The effect of the mem-
brane mass transfer resistance is critically evaluated in the case
of different solution channels with thickness in the range of 0.1-
1.0 mm. It is observed from the results that the membrane charac-
teristics have a less prominent effect on the absorption rate and the
solution resistance is the dominant resistance in refrigerant mass
transfer in the case of thicker solution channels. Furthermore, the
membrane mass transfer resistance is considerable in the case of
thinner solution channels. The membrane mass transfer resistance
is more dominant in membranes with small pore size whereas the
diffusion resistance into the solution is a more dominant factor in
the case of membranes with larger pore diameter. The selection of
appropriate membrane characteristics should be made keeping in
mind the solution channel thickness. Although solution channel
thickness of the order 0.1 mm can allow for a higher absorption
rate, the higher pressure drop along the channel can hinder the
performance of a membrane based absorber working under vac-
uum conditions. The pressure drop along the channel length
increases exponentially when the solution channel thickness is
reduced, therefore a solution channel thickness of about 0.5 mm
is considered appropriate to avoid a higher pressure drop in the
solution channel. Moreover, the analysis performed in this study
shows that the effect of membrane characteristics is low when
the solution channel thickness is in the range of 0.5 mm. Therefore,
a membrane contactor with a pore size and a thickness that do not
affect the mechanical strength of the membrane material is recom-
mended. In this way, the additional support layer of the membrane
can be avoided as it adds a resistance to the membrane mass trans-
fer resistance. Further, emphasis should be placed on the selection
of a membrane contactor with appropriate surface properties such
as the hydrophobicity of the material as it is important to prevent
the solution from passing through the pores which hinders the per-
formance of a membrane based absorber. The selection of suitable
operating conditions is important to achieve high absorption rates.
The parametric study carried out to evaluate the effect of operating
conditions shows that a high absorption rate is achievable in the
case of thinner solution channels. Moreover, it is observed that
the percentage change in the absorption rate remains almost the
same when the vapour pressure, solution inlet concentration and
coolant inlet temperature are varied in the case of different solu-
tion channel thicknesses.
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