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Highlights
1) Heat and mass transfer in a water-LiBr membrane based absorber are analysed using
CFD approach.
2) Absorption rate increases by a factor of 3 when the solution channel thickness is
reduced from 2 mm to 0.5 mm.
3) Pressure drop along the solution channel increases exponentially with decrease in the

solution channel thickness.
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Abstract

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
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
mass flux 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 film thickness is suggested and a solution velocity
of about 0.003 — 0.005 m/s is recommended to achieve high absorption rates with acceptable

pressure drop along the solution channel.
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Nomenclature:

D

Prms

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/mZ2.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)
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Y

mass fraction

Greek letters:

D density (kg/m®)

v velocity vector (m/s)

£ porosity

o thickness (um)

T tortuosity

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

7 dynamic viscosity (kg/m.s)
Subscripts:

dil  dilution

eff effective

i i™ Specie

m membrane

p pore

s solution

v vapour
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Chemical Formula:

H,O  water

LiBr

lithium bromide
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1. Introduction

Absorption refrigeration technology is gaining global acceptance due to its potential for using
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 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. 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 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 absorption rate of 0.0020 kg/m?.s
for a vertical tube falling film absorber. Jeong and Garimella [4] numerically investigated a
horizontal 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 absorption 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.
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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 fiber membrane modules in
absorption 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 fiber 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 difference 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 analyze 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 effect 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 absorption

refrigeration system can not only enhance the heat and mass transfer performance of the
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component, but can also allow for a reduction 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. Chen et al. [8] performed numerical
simulations to study and evaluate the performance of an innovative hybrid hollow fiber
membrane absorber. They reported that, for the same absorption rates, the volume of a
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 a plate heat
exchanger falling film absorber. Schaal et al. [9] analytically and experimentally analysed a
hollow fiber membrane module 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 fiber membrane module. However, in their design cooling was not
integrated into the hollow fiber absorber module. Ali [10] performed an analytical analysis to
design a compact plate-and-frame absorber possessing a hydrophobic microporous membrane
contactor at the aqueous solution—water vapour interface. His results demonstrated that the
aqueous solution channel thickness greatly influences the absorber size compactness. Ali and
Schwerdt [11] investigated experimentally 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 pressure of nearly three times the pressure
available in a typical absorber was applied. However, the absorption rate was approximately
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
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the absorption rate is achieved 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 resistance 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]
experimentally 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 absorbers. Isfahani and Moghaddam [14] experimentally analysed
absorption characteristics of water vapour into a thin LiBr solution constrained by
superhydrophobic nanofibrous membrane 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 implementation 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
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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 performance of a
plate-and-frame membrane absorber whereas, Yu et al. [12] used a CFD solver based on
Lattice Boltzmann Method (LBM) 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 equations whereas Lattice Boltzmann equations are
inherently unsteady 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 incorporating
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

discussed as well. In addition, a case study is selected to analyse the boundary layers at the
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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.

2. Membrane Absorber Configuration

The structural unit of the absorber configuration with membrane contactor is shown in Figure 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 transfer. The membrane contactor is placed at the aqueous solution—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 contactor. 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 efficiently 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.
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2.1 Membrane material characteristics

In this study, a flat sheet membrane contactor made of polypropylene 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. These thermophysical
properties of the aqueous solution of lithium bromide are estimated as a function of solution
concentration in lithium bromide and temperature. The density and viscosity of the aqueous
solution of lithium bromide were calculated using the correlations developed by Lee et al. [16].
The thermal conductivity of the water-LiBr mixture was calculated using the correlation of
DiGuilio et al. [17]. Specific heat capacity of the water-LiBr mixture was calculated using the
correlation based on Mc Neely data [18]. The diffusion coefficient of water in the aqueous
lithium bromide solution was calculated from the experimental data of Kashiwagi et al. [19]
which was determined at constant temperature and different concentrations. However, at other

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

D,y _ D, u, (1)

Tl T2

Where D is the diffusion coefficient, 4 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 temperature. A user-defined function was implemented in the ANSYS/FLUENT 14.0 code

13
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to estimate the value of diffusion coefficient using the above procedure at different

concentration and temperature of the solution.
3. Governing equations

In the present simulations of heat and mass transfer across the membrane 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 equations 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-(pi)=5, 2)

Where p is the density and Vv is the velocity vector. S, 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 as 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,O-LiBr absorber
is the water vapour partial pressure difference. The mass transfer flux across the membrane is

given by Martinez and Rodriguez-Maroto [20] as follows:

J= km (Pv - pms) (3)
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Where P, is the water vapour pressure and p,, is the equilibrium water vapour partial pressure

of the solution at the membrane pores entrance and is calculated at the solution-membrane
interface as a function of the solution concentration and temperature using the vapour pressure

correlation given by Uemura and Hasaba [21]. k,, is the membrane equivalent mass transfer

coefficient which is expressed in Ali [10] as follows:

MHO
2 4
R-T @

m

d . |2
T

where, ¢ is the membrane porosity, 7 is the tortuosity of the membrane, ¢, is the membrane
thickness and d; is the membrane pore mean diameter. M,, , is the molecular weight of water,

R is the universal gas constant and T, is the membrane mean temperature which is calculated

as the average vapour and solution interface temperatures.

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

V- (pW)=-Vp+V-(T)+pg+F (5)

where pis 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

_ soooT) 20 o

T=u (Vv+Vv )—gv-vl (6)
where £ is the molecular viscosity and | is the unit tensor.

The steady-state energy equation has the following form:

15
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V- (V(pE + p)):V-[keﬁVT—Zhjjj+(feff -V)J+Sh ©)

where T is the temperature in K, k, is the effective thermal conductivity, J ; Is the diffusion
flux of the specie j, h; 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:
+— )
where h is the sensible enthalpy and is defined for the incompressible flow as follows:
h=YYh -2 9
2.Yih, ©)
j P

S, 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 absorptionS, is

calculated as:

S, =h, —h, 84, (10)
where h, is the vapour enthalpy, h, is the solution enthalpy and h, is the heat of dilution. h, was

calculated using the correlation reported by Florides et al. [22], h,was calculated using the

correlation reported by Kaita et al. [23], h;, was calculated from the data of McNeely [18].

The steady-state species transport equation for the prediction of the local mass fraction of each

specie is given as:

V- (00Y,)=-V-J, +5, 11)
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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 = _pDHZO—LiBrVYi (12)

where D, , ;5 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. Figure 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
and temperature of the vapour channel are assumed constant, as the vapour coming from the

evaporator is at a constant pressure and the heat transfer across the membrane is very low

17
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because of low thermal conductivity of the membrane material. 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 Figure 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 solution channel and the 15 x 15000
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
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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) algorithm 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 behaviour of heat and mass transfer at
local regions, thus, a clear pattern of the temperature and concentration gradients and velocity
profiles are obtained. In the following subsections, the numerical model is validated with data
from the open literature and a parametric analysis is performed to investigate the effects of
solution channel thickness, solution mass flow rate and coolant wall temperature 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 Lattice Bolzmann
Method (LBM) was used to investigate the heat and mass transfer phenomena in a 20 mm

long and 0.05 mm thick solution channel with an inlet solution velocity of 0.0182 m/s, and an
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inlet solution concentration 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 Figure 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, solution 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 typical absorption refrigeration system. These operating conditions

and geometric dimensions are listed in Table 2.

Figure 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 constant in all the cases except the solution channel thickness which was varied from
0.25 mm to 2 mm. Figure 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. Initially a high mass transfer flux is observed as the solution

concentration in LiBr is high, however, the absorption rate decreases sharply as concentration
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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. Figure 4 (b) shows the
overall mass transfer flux obtained for different values of the solution 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 Figure 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. Figure 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 reference 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. Figure 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
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absorption 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.

Figure 6 shows the effect of the solution flow velocity on the absorption 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. Figure 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 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 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 consequently
increasing the absorption capacity of the solution. Figure 6 (b) shows the overall absorption
rate obtained for different values of the solution 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 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. The
overall percent pressure drop along the channel for different flow velocities is shown in
Figure 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
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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. Figure 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 absorber operating with water as a

refrigerant under vacuum conditions.

Figure 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. Figure 8 (a) shows the local mass transfer flux along the channel obtained for different
coolant wall temperatures. It can be seen that the absorption mass flux decreases when the
coolant wall temperature is increased. This is because with an increase in the coolant wall

temperature, the heat of absorption is not well dissipated and thus the solution temperature
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increases and lowers the absorption capacity of the solution. Figure 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
decreases 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 comparison 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 low pressure drop along the solution channel, were selected for a detailed
analysis of the absorption process and comparison with the 2 mm solution channel. Figure 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 Figures 9 (a) and 9 (b), respectively.
However, temperature and concentration gradients do slightly affect the flow profile because
of the change in the solution density which causes buoyancy forces. It can be observed from
Figure 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 the temperature of the solution is higher at the solution-membrane interface due to the
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heat of absorption. However, in Figure 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 Figures 10 (a) and 10 (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. Figure 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
temperature. 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 to 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 solution 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 Figures 11 (a) and (b) that the water concentration in
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the solution is higher at the solution-membrane interface (right side) due to absorption 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 Figure 12. It can be seen that the bulk solution temperature decreases from
35.5°C to 26.5 °C as it flows downward along the channel because of the heat transfer to the
coolant which temperature is adjusted as a wall temperature and varies linearly from 25 °C to
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 concentration decrease at the same rate
therefore, a transverse concentration 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
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solution and at the solution-membrane interface increase along the channel length, however,
both the bulk solution temperature and the solution-membrane interface temperature 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.

Figure 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
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.

From the contours of the thermophysical properties shown in Figure 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
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of the solution at the exit of the channel as shown in Figure 9 (a) in which the velocity near
the solution-membrane interface 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 concentration 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.
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 overall absorption rate of the order
0.001 kg/m?s was achieved whereas, Isfahani and Moghaddam [14] achieved an overall
absorption rate of approximately 0.006 kg/m?.s at 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
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
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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 at a higher inlet concentration
of LiBr in the solution and a higher vapour pressure difference. Similarly, low solution and
coolant inlet temperature and high 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 concentration 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 increase 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 conditions 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 significantly affect the absorption rate. In the above
mentioned studies from literature, a pore size in the range of 1 um to 6 um, membrane
thickness of 20 pum, 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 keeping in view the membrane material mechanical strength and liquid entry

pressure.
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Conclusions

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. 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 provide a deep insight of the heat and mass transfer
in the membrane 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 film thickness, solution flow velocity and coolant
temperature on the performance of membrane based absorbers is studied and it can be
concluded that the solution flow velocity and solution film thickness are important
parameters that can significantly affect the mass transfer 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 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. 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 efficient plate-and-frame membrane
absorber, an optimum value of 0.5 mm for the solution film thickness is suggested and a
solution velocity in the range 0.003 — 0.005 m/s is recommended. The local absorption rate

decreases slightly along the length of the channel which affects the performance of the
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659  absorber. In addition, the pressure drop down the channel length is more significant in thinner
660  channels thus an absorber length of 100 — 200 mm is suggested for a plate and frame

661  membrane absorber.
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810 Figure 7: Effect of the solution flow velocity on the pressure drop
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815 Figure 8: Effect of the coolant wall temperature on the absorption rate along the channel
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Figure 14: Thermophysical properties of the aqueous solution of LiBr corresponding to the
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Table 1: Membrane material characteristics

Thickness, 6, (Lm) 60

Porosity, € (%) 75

Tortuosity, T (T~ @- 3)2/8 ) 2.083

Mean pore diameter, d, (um) 0.45

Thermal conductivity, A (W/m.K) 0.17
Table 2: Input data for the parametric study
Parameter Base value Range
Absorber pressure, Pa 813.5 Pa NA
Inlet solution temperature, Ts 35.5°C NA
Inlet solution concentration, Xs 57.82 % NA
Solution velocity, vV 0.00472 m/s 0.00118 —0.00944 m/s
Cooling wall temperature, T, 25-33°C 25-43°C
Solution channel thickness, t 0.5mm 0.25-2 mm
Solution channel length, L 400 mm NA
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