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ABSTRACT

Membrane-based sorber beds play a key role in numerous engineering applications. As an emerging de-
sign, adiabatic membrane-based sorber beds can provide compact heat and mass exchangers. For the
first time, this study presents two analytical solutions for coupled heat and mass transfer in the flat
and hollow fiber membrane-based adiabatic sorber beds used in absorption heat pump/chiller applica-
tions. The similarity solution and Laplace transform method are used to develop the analytical models.
The proposed models are validated with experimental data and numerical results available in the liter-
ature. In addition, a parametric study is performed to analyze the impact of operating conditions and
the physical properties of membrane on the absorption rate. Based on the parametric study, the solution
inlet concentration is the most effective parameter for increasing the absorption rate. Also, porosity is
the key membrane property for enhancing absorption rate. It is shown that the absorption rate of a flat
membrane-based sorber bed is higher than that of a hollow fiber membrane-based sorber bed under the

same conditions.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

Climate change is one of the most significant concerns of the
world in recent decades. Cooling and heating systems account for
about 50% of the energy demand of commercial and residential
buildings [1]. Consumed as the primary energy source in industrial
processes and residential buildings, fossil fuels are one of the ma-
jor sources of greenhouse gas emissions [2,3]. Also, recognized as
an ozone-depleting potential, fluorocarbon-type refrigerants, which
are implemented in vapor compression refrigeration systems, ag-
gravate the climate change crisis [4,5].

Heat-driven absorption chillers/heat pumps are considered as
an alternative to address the mentioned issues. Using environ-
mentally friendly working fluids, absorption chillers/heat pumps
can operate with low-grade heat — which is about 52% of the
global primary energy [6]. However, because they have a low Co-
efficient of Performance (COP) and high cost, available absorp-
tion chillers/heat pumps are not able to compete with vapor
compression refrigeration systems [7]. Sorber beds, or ab-
sorbers/desorbers, significantly affect the COP, size, and cost of
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absorption chillers/heat pumps, since absorption and desorption
rates are the most performance-limiting factors [8].

To increase the absorption rate, several sorber bed configu-
rations have been proposed so far: i) bubbly flows; ii) the use
of spray nozzles; and iii) falling films [9]. These configurations
have failed to significantly improve the performance and led to
heavy, oversized, and inefficient heat and mass exchangers. Large
film thickness, flow separation, and low surface wetting ratio are
the main issues plaguing the performance of conventional sor-
ber beds. Recently, membrane-based sorber beds have received
immense attention for improving the COP and lowering the cost
and size of absorption chillers/heat pumps [10]. Typically, micro-
porous/nanofiber membranes are used to separate the liquid and
gaseous phases. The liquid phase cannot penetrate the hydropho-
bic membrane, yet the gaseous phase can, resulting in water vapor
absorption or desorption.

Membrane-based sorber beds can be categorized into two
types: i) the isothermal membrane-based sorber beds in which the
solution film is continuously cooled or heated via a heat trans-
fer fluid; and ii) the adiabatic membrane-based sorber beds in
which the solution film is not cooled or heated via a heat transfer
fluid during absorption process. Isothermal membrane-based sor-
ber beds have been investigated numerically, theoretically, and ex-
perimentally [11,12,21-26,13-20]. Isothermal membrane-based sor-
ber beds have shown promising performance; however, adiabatic
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Nomenclature

Abbreviations

copr Coefficient of performance

HFMA  Hollow Fiber Membrane-based Absorber
HFMD  Hollow Fiber Membrane-based Desorber
HFM Hollow Fiber Membrane

FMAA  Flat Membrane-based Adiabatic Absorber

FMAD  Flat Membrane-based Adiabatic Desorber

Ac Channel cross-section area, m2

C Concentration of absorbate, kg.kg™!

c Isobaric specific heat, J-kg=1K~1

D Mass diffusivity, m2.s~1

Dm Membrane mean pore diameter, ©m

g Gravity, m-s—2

haps Absorption heat

] Mass flux, kg.m=2.s~1

Km Membrane mass transfer coefficient, kg.m=2.s~1.
Pa-!

p Pressure, Pa

Le Lewis number, [Le=a.D~1]

Lm Membrane length, m

M Molecular mass, g.mol~!

m Mass flux, kg-m—2s~1

q Heat flux, W-m—2

R Universal gas constant, J/mol-1K~!

T Temperature, K

u Average velocity, m-s~!

X,y Local tangential and normal position, m

Greek symbols

a Thermal diffusivity, m2.s~1

1) Membrane porosity

y Dimensionless mass fraction

Y Dimensionless mass fraction in the Laplace space
n Dimensionless normal position

A Normalized heat of absorption

T Membrane tortuosity

% Dimensionless temperature

(C] Dimensionless temperature in the Laplace space
1) Film thickness, um

Sm Membrane thickness, ©m

0 Density, kg-m—3

Subscripts

eq Equilibrium

m Membrane

inf Interface

0 Inlet

s Solution

\Y Vapor

w Wall

membrane-based sorber beds have exhibited comparable perfor-
mance while being more compact and less costly. Consequently,
adiabatic membrane-based sorber beds can also be considered as
a promising option for applications, such as automotive indus-
try. Adiabatic membrane-based sorber beds include two types: i)
flat membrane-based adiabatic sorber beds; and ii) hollow fiber
membrane-based adiabatic sorber beds.

Venegas et al. [27] performed a 1-D numerical simulation to
analyze the performance of a flat membrane-based adiabatic ab-
sorber. They compared the flat membrane-based adiabatic per-
formance to an isothermal membrane-based absorber. The ab-
sorption rate of their flat membrane-based adiabatic absorber
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(0.0023 kg/m?2.s) was almost 70% of their isothermal membrane-
based absorber (0.0033 kg/mZ2.s) under the same operating condi-
tions and geometrical parameters. Garcia-Hernando et al. [28] an-
alyzed the effect of membrane physical properties on the perfor-
mance of a flat membrane-based adiabatic absorber. Three dif-
ferent nanofibrous membranes, including FALP29325, PTU0453001,
and PTFE0453005 were tested. An LiBr-water solution was used as
the working fluid. A maximum absorption rate of 0.0026 kg/m?.s
was obtained in this study. It was reported that decreasing the
mean pore diameter and increasing the membrane thickness re-
sulted in lower absorption rates. In another study, Garcia-Hernando
et al. [29] experimentally investigated the effect of operating
conditions on the flat membrane-based adiabatic absorber’s per-
formance. The LiBr-water was used as the solution. The flat
membrane-based adiabatic absorber was fabricated with 50 rect-
angular microchannels that were 0.15 mm in height, 3 mm in
width, and 58 mm in length. A microporous polytetrafluoroethy-
lene (PTFE) membrane was used with a thickness of 100 pm,
a mean pore diameter of 0.45 um, and a porosity of 0.9. The
maximum absorption rate of 0.0038 kg/m?2.s was obtained in this
study. Additionally, increasing the solution mass flow rate and va-
por pressure led to higher absorption rates.

Hollow fiber membrane reactors have been further studied
for CO, capture [30]. Recently, this technology has also been
studied as a promising alternative for sorber beds in absorption
chillers/heat pumps [31,32]. Hong et al. [33] proposed a novel ab-
sorption refrigeration system for automobile applications, where a
hollow fiber membrane was used to design the desorber. They nu-
merically modeled the system and showed that a cooling capacity
and a COP of approximately 2.88 kW and 0.63, respectively, can be
achieved. In another study, Hong et al. [34]| experimentally stud-
ied the impact of operating conditions on the performance of a
hollow fiber membrane-based adiabatic desorber. Microporous hol-
low fiber membranes with an inner diameter of 390 xm, a mean
pore diameter of 0.16 pm, and a porosity of 0.5 were used. A
maximum desorption rate of about 0.0014 kg/mZ2.s was obtained.
Also, increasing the solution mass flow rate and solution inlet
temperature enhanced the desorption rate. On the other hand,
decreasing the vapor pressure and the solution inlet concentra-
tion led to higher desorption rates. Wang et al. [35] experimen-
tally analyzed a hollow fiber membrane-based adiabatic desorber
made of polyvinylidene fluoride which was used in an absorp-
tion chiller. They stated that using hollow fiber membranes could
result in the fabrication of a compact, inexpensive, and efficient
desorber.

Computational fluid dynamics and numerical methods can be
utilized to model the present system. However, they require a high
computational cost, and the restriction of their results to specific
selected operating conditions and geometrical parameters reduces
their usability when the source code is not accessible. On the other
hand, precise analytical solutions [36] can be a key for optimiza-
tion, real-time control, and parametric study in a time-efficient
fashion. Furthermore, the physics of the phenomenon can be com-
prehensively captured via analytical solutions.

To the best of the authors’ knowledge, there is no analyti-
cal study for coupled heat and mass transfer in flat membrane-
based adiabatic sorber beds. Regarding hollow fiber membrane-
based adiabatic sorber beds, although, there are some analytical
solutions for hollow fiber membrane contactors for liquid desic-
cant air dehumidification [37] and CO, capture [38]., they cannot
be used for absorption chiller/heat pump applications. The previ-
ous studies assume that the gaseous phase (i.e. air to be dehu-
midified or biogas to be upgraded) has a velocity parallel to the
solution flow direction, coming from the inlet and going out from
the outlet [37]. Thus, using one-dimensional modeling and inte-
grating control volumes from the inlet to the outlet, the absorption
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rate can be found [37]. However, in this application, there is either
inlet (for absorber) or outlet (for desorber) [34]. The water vapor
surrounding the hollow fiber membrane has a very low radial ve-
locity (normal to the solution direction). Accordingly, the previous
models cannot be applied to this application and using those ana-
lytical models results in a zero absorption rate for this application.

For the first time, the present study proposes two analyti-
cal solutions for heat and mass transfer in flat and hollow fiber
membrane-based adiabatic sorber beds used in absorption chillers
and heat pumps. The similarity solution approach and the Laplace
transform method are used to find closed-form solutions for the
heat and mass transfer in flat and hollow fiber membrane-based
sorber beds, respectively. The models are validated with the nu-
merical studies and experimental data available in the literature.
The impact of the operating conditions, i.e., vapor pressure, film
thickness, channel length, solution mass flow rate, inlet concentra-
tion and temperature along with the physical properties of mem-
brane (porosity, mean pore diameter, and thickness) are studied
using the developed models. Also, the absorption rate of flat and
hollow fiber membrane-based adiabatic sorber beds are compared
under similar conditions.

2. Problem description and assumptions

Coupled heat and mass transfer in flat and hollow fiber
membrane-based adiabatic sorber beds are investigated, as
schematically indicated in Fig. 1. The most common solution in ab-
sorption chillers/heat pumps, LiBr-water, is selected as the work-
ing fluid. In a flat membrane-based adiabatic sorber bed, the
LiBr-water solution film is confined by a plate and a microp-
orous/nanofiber membrane. In a hollow fiber membrane-based adi-
abatic sorber bed, the LiBr-water solution flows in hollow fiber
membranes. The membrane is impermeable to the LiBr-water so-

Water vapor, P,

(@)

Solution HFM Water vapor, P,

n

— Membrane
5 Solution film

—» Adiabatic wall

UL

il

LHFM

Cross-section A
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lution but not to vapor, resulting in vapor absorption or desorption
at the membrane-solution interface.

To develop the analytical models, the following assumptions are
made [40]:

The solution film is laminar (Re~1 << 2300);

The flow is hydrodynamically fully-developed since the devel-
oping length (Lyeyeloping = 0.57 x D Re [41]) does not exceed
1 mm; a developing length of less than 5% of the entire length
is preferable;

A linear estimation is used to find the pressure as a function
of the solution temperature and concentration at the solution-
membrane interface; a relative difference of less than 10% for
the fitted plane is preferable for the desired absorbent to esti-
mate the pressure;

The mean velocity is used rather than a parabolic velocity pro-
file;

The thermo-physical properties of the solution are assumed
to be constant, i.e., an averaged value for each property may
be used over the corresponding temperature and concentration
range.

The heat transfer from the film to the gaseous phase and mem-
brane is negligible due to the vacuum condition and very low
water vapor velocity;

The inlet concentration and temperature distributions are uni-
form and constant;

The absorbent is non-volatile;

The absorption process is physical meaning that it occurs be-
cause of the pressure difference between the vapor phase and
vapor partial pressure at the interface.

The membrane temperature is constant; and

The desorption temperature should be less than the boiling
point of the solution (i.e. nearly 95°C for aqueous LiBr [15]).

(C)

Fig. 1. Schematic diagram of: (a) a flat membrane-based adiabatic sorber bed; (b) an SEM image of a PTFE membrane; (c) a hollow fiber membrane-based (HFM) adiabatic

sorber bed; and (d) an SEM image of a hollow fiber membrane [39].
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3. Model development
3.1. Mass transfer through a membrane

Molar diffusion and viscous fluxes account for the mass transfer
through a membrane. Accordingly, the Dusty-Gas model [17,42] is
used to calculate the mass transfer rate, J, through the membrane:

J =kn(Pv = Diny) [nfzgs:l (1)

where, py, pips, and km denote vapor pressure, vapor partial pres-
sure at the interface, membrane mass transfer coefficient, and
membrane mass transfer coefficient, respectively, which is ob-
tained as follows:

B @D SM PvDm kg
ki = =57 \\ 9RTy * 3205RTy | | Pamzs (28)
T = 2210 k) (2b)
2
- 2-9) (20)
¢

where, ¢, Dy, 7, and &, are the membrane porosity, pore mean di-
ameter, tortuosity, and thickness, respectively. In addition, M, R, Ty,
and pug are the vapor molar weight, universal gas constant, mem-
brane average temperature, and vapor dynamic viscosity, respec-
tively.

3.2. Governing equations

Due to assuming a hydrodynamically fully-developed flow and
mean velocity, it is not required to solve the continuity and Navier-
Stocks equations for the solution, and the mean velocity is calcu-
lated as follows:

N m
v= PsAc [ N :I (3)
Table 1
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where, mys, Ac, and ps are the mass flow rate of the solution, the
solution channel or hollow fiber membrane cross sectional area,
and the solution density, respectively. Considering the convective
and advective transports parallel to the flow direction and diffu-
sivity transport perpendicular to the "y" direction, the governing
equations and boundary conditions for the conservation of energy
and species are shown in Table 1.

The vapor partial pressure at the membrane-solution interface
"pins" for the LiBr-water solution is obtained using an experimental
correlation proposed by Matsuda et al. [44]:

B(c; C(c;
Ping(Ting: Cing) = exp| A(cins) + (Tlnf) (T;nf) (17)
inf inf

See Appendix A for the corresponding constants in Eq. (17).
Temperature and concentration ranges are limited in real appli-
cations. As it has been explained in our previous study, see Ref.
[40], the membrane-solution interface pressure can be estimated
as a linear function of the solution concentration and temperature.
For instance, to validate the present study with Ref. [27], the in-
terface pressure can be calculated as pj,r = —1.643x10% + 42.65
T + 9320 c, within 0.4 <c< 0.45 and 305 K <T< 314 K, with a rel-
ative difference of 5.3%. Accordingly, a general estimation for the
membrane-solution interface pressure "p;," can be expressed as
follows [40]:

DPinf = bo + b1 Ty + baCins (18)

The corresponding constants for a specific range of concentra-
tion and temperature can be calculated using a curve fitting pro-
cess. By substituting Eq. (18) in Eq. (14), Eq. (14) is converted to:

0
b3£|inf = km(pv - b49inf - bSVinf - Po) (192)
b w (19b)
)
. (19¢)

Governing equations and boundary conditions for energy and species conservations [40,43].

Geometry Flat membrane-based adiabatic sorber bed Hollow fiber membrane-based (HFM) adiabatic sorber bed
Water vapor, P, Solution HFM Water vapor, P,

WL N LU

L i f éo | —*Rurm
|
0N T
Le A I
“HFM
Le Lo i Cross-section A
Cartesian coordinate Cylindrical coordinate
Energy udl = otsg% udx —Ots(%z,zr +14%) (4)
Species transport ude = 05375 a8 =Dy(Fe + 1) (5)
; ; 80 _ 920 30 _ 920 30
Non-dimensional energy ga: Wzaz 9 a_ a"zaz %% \ (6)
. . . 1

Non-dimensional species Le% = # Le % = # + 3 35 (7)

Non-dimensional temperature 0. n) = LED-T 0(&. ) = [E- (8)

Non-dimensional concentration y(E ) = Enc n) < y(E. ) =& ’7) G (8)

Non-dimensional coordinates E=5%8&n= 53 &= ﬁ & & n = R (9)
Initial conditions 0(0, 7]) L DT" =0 6(0,n) = °Ta =0 (10)
)'/(0,77):%:0 ?(Ovﬁ)=%=0 (11)
Boundary conditions at the adiabatic % [p=1=0 g—‘j‘] |p=0=0 (12)
wall or hollow fiber membrane axis gllﬂ—l -0 a Yl o=0 (13)

n 1= 1

Boun.dary condi.tions at the % ?TZ |,.an: km (py — Pins) ’;’i; gg |1,,f37 ki (Py — Diny) (14)
solution-vapor interface 33 linf Z\T’ %‘mf (M |mf ﬁ %hn[ (15)
Non-dimensional numbers A= “gffrf" Le =% (16)
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Table 2
The proposed equations for the heat and mass transfer in flat and hollow fiber membrane-based (HFM) adiabatic sorber bed.
Geometry Parameter
Flat membran?\;lt:iiﬁs Pz:diabatic sorber bed q&) = 55’3%9_,” (] (22)
LU | |
m(E) =22 [l g [ ] 23)
Hollow fiber membrane-based adiabatic sorber bed Q&) = £ %f]”:”” lin [ 221 (24)
Solution HFM Water vapor, P,
ONly LI
— e = ; pDico DUTYs=1)) | 1 ke
W 1i(E) = 4l WTNs=1) |, [ b | (25)
! : : 2
/! ERAARARRRRAIN
=4 [
Cross-section A
5 Kn (Py=Po) g _ A Kn (Py=Po)
Yinf = [kmbsjz%i% 1 0ins = ﬁ[kmbsﬂ%i% | (26)
g _[A h(Ies) By po)
06 m =17 b3 VISl (VIE S) +Henba s L5 1o (V8)-+Hhnbslo(VIES) W @7
km (Py—po) e
Yis.m = [bgmmmkaIu% L () Hhnbslo (VIES) lo(VLesm (28)
A= “gLTC Le= g ILT: Inverse Laplace Transform (see Appendix C.)
Table 3
b5 - bZCO (lgd) Operating conditions for the experimental and numerical data used for the valida-
tion [27,28,34].
= bg + b1T, + byc 19e
Po 0 +D1lo + b2t ( ) Reference Venegas Garcia- Hong
It should be mentioned that "p," is the solution vapor pres- etal. [27] Hte“l‘a[';‘;‘; et al. [34]
s CRC s non et al.
sure at the solution initial temperature and concentration ("T," and
"¢,"). To obtain more accurate results, it is recommended that "p," Inlet temperature (°C) 32 27 65-83
be directly calculated from the correlation in Eq. (17). See Appen- Solution inlet concentration (kg/kg) 0.6 0.6 0.51-0.53
di B and C f detail Mass flow rate (kg/h) 1.8 0.7-1 25
1ces b an or more details. . Number of channels or hollow fiber 16 50 380
Heat and mass transfer rates are calculated using the tempera- membranes
ture and concentration profiles: Absorber chamber pressure (kPa) 1 1.8-2.3 4.7
Solution channel length (mm) 30 58 250
(&) = ksT, 20 ] w (20) Film thickness (;zm) 150 150 195
q( ) = S5 (OT Rurm) % inf W Membrane thickness or hollow fiber 60 38 75
membrane radius (pm)
D 9 k Membrane porosity 0.8 0.9 0.5
mE) = PsbsCo Oy |inf g (21) Membrane mean pore diameter (um) 1 0.45 0.16
Js (or Ryrm) 01 m2s
The developed closed-form solutions for the heat and mass Table 4
transfer in flat and hollow fiber membrane-based adiabatic sorber Thermal properties of aqueous LiBr [45,46].
beds are shown in Table 2.
Parameter Value
4. Results and discussion Heat of absorption (kJ/kg) 2500
Lewis number 45-100
Solution thermal conductivity (W/m.K)  0.42-0.48

4.2. Comparison with experimental data

The developed models for the heat and mass transfer in flat and
hollow fiber membrane-based adiabatic sorber beds are validated
with the experimental data of Garcia-Hernando et al. [28] and
Hong et al. [34], and the numerical results of Venegas et al. [27].
Table 3 represents the operating conditions and geometrical pa-
rameters of Ref. [27,28,34] used for validating the current mod-
els. Also, Table 4 lists the thermophysical properties of the aqueous
LiBr.

Fig. 2 shows a comparison between the present models for
the heat and mass transfer in flat and hollow fiber membrane-
based adiabatic sorber beds against the numerical results of Vene-
gas et al. [27] and the experimental data of Garcia-Hernando et al.

Solution specific heat (J/kg.K) 2000
Solution density (kg/m3) 1500-1750

[28] and Hong et al. [34]. The minimum, average, and maxi-
mum relative differences of the proposed model compared to Refs.
[27,28,34] are presented in Table 5. As can be seen, the proposed
models follow the trend in data and show good agreement.

4.3. Parametric study

In this section, the impact of the operating conditions and the
physical properties of membrane on the absorption and desorption
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—— = Numerical study- Venegas et al. [27] Vapor pressure= 2.3 kPa- present analytical model
Present analytical model | B Vapor pressure= 2.3 kPa- Garcia-Hernando et al. [28]
----- Vapor pressure= 1.8 kPa- present analytical model

©  Vapor pressure= 1.8 kPa- Garcia-Hernando et al. [28]
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= 5 Enyinf
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(a) (b)
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Solution concentration= 51%- present analytical model 47 Solution concentration= 51%- present analytical model

7 | B Solution concentration=51%- Hong et al. [34] B Solution concentration=51%- Hong et al. [34]

== Solution concentration= 53%- present analytical model | — = Solution concentration= 53%- present analytical model

~
s}

6 | @ Solution concentration=53%- Hong et al. [34]
Solution HFM

B Solution concentration=53%- Hong et al. [34]

o
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NE §
) <37 Solution  HFM
<5 r ) psDsco dULT(Y(s, 1)) o
mE) =—0——>7— 3
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Fig. 2. The comparison between the results from the similarity solution method used for the flat membrane-based adiabatic absorber against: (a) the numerical result of
Venegas et al. [27]; and (b) the experimental data of Garcia-Hernando et al. [28]. Also, the comparison between the present Laplace transform model for the hollow fiber
membrane-based (HFM) adiabatic desorber against: (c); and (d) the experimental data of Hong et al. [34].

Table 5
Minimum, average, and maximum relative difference between the present models compared to Refs. [27,28,34].
Study Min. relative difference (%)  Averaged relative difference (%)  Max. relative difference (%)
Venegas et al. [27] Fig. 3(a) 0 12.7 28.7
Garcia-Hernando et al. [28] Fig. 3 (b) 1.7 15.3 26.5
Hong et al. [34] Fig. 3 (c) 2.2 12 29.1
Fig. 3 (d) 5.3 7.9 12.4
Table 6
Baseline operating conditions and the physical properties of membrane used for the parametric study.
Absorber Desorber
Parameter
Value  Range Value  Range
Inlet temperature (°C) 27.5 24.75-30.25 (£10%) 80 72-88 (£10%)
Inlet concentration (kg water/kg solution) 0.4 0.4-0.44 (+10%) 0.5 0.46-0.5 (—10%)
Average velocity (m/s) 0.02 0.016-0.024 (+20%) 0.02 0.016-0.024 (+20%)
Vapor pressure (Pa) 1000 800-1200 (£20%) 5000 4000-6000 (£20%)
Film thickness in channel or hollow fiber membrane radius (xm) 150 120-180 (+£20%) 150 120-180 (£20%)
Membrane thickness (xm) 60 48-72 (£20%) 60 48-72 (£20%)
Membrane porosity 0.8 0.48-0.96 (—40%/+20%) 0.8 0.48-0.96 (40%/+20%)
Membrane mean pore diameter (xm) 1 0.5-1.5 (£50%) 1 0.5-1.5 (£50%)
Solution channel or hollow fiber membrane length (mm) 60 30-90 (£50%) 60 30-90 (£50%)
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Desorber inlet temperature ("C)

Channel or HFM length (mm)
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Fig. 3. Absorption and desorption rates versus: (a) solution inlet temperature; (b) solutions inlet concentration; (c) wall temperature; (d) average velocity; (e) vapor pressure;
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and FMAD: Flat Membrane-based Adiabatic Desorber.



M. Ashouri and M. Bahrami

rates are studied. Baseline operating conditions and the physical
properties of membrane were arbitrarily selected based on the op-
erating conditions used in the studies available in the literature
[27-29,34] - and are listed in Table 6. The selected ranges for this
parametric study are selected based on two criteria: i) practical-
ity; and ii) prevention of crystallization. The solution properties
mentioned in Table 4 are used for this parametric study. It should
be noted that the cross-section area for both flat and hollow fiber
membrane-based sorber beds are considered the same in order to
have an identical mass flow rate in both systems.

Fig. 3 shows the impact of the solution inlet temperature and
concentration, solution mean velocity, water vapor pressure, chan-
nel (or hollow fiber membrane) length, and film thickness (or hol-
low fiber membrane radius) on the absorption rate. The following
can be observed:

i) The desorption rate is higher than the absorption rate since
the driving force for mass transfer is higher in the desorp-
tion process. The driving force is the difference between
the water vapor and water vapor partial pressure at the
solution-membrane interface (|py — pin|)-
During the absorption process, decreasing the solution inlet
temperature, film thickness (or hollow fiber membrane ra-
dius) and channel (or hollow fiber membrane) length results
in higher absorption rates, while increasing the solution in-
let concentration, water vapor pressure and average velocity
enhances the absorption rate.
During the desorption process, increasing the solution inlet
temperature, and average velocity leads to higher desorption
rates, while decreasing the solution inlet concentration, wa-
ter vapor pressure, film thickness (or hollow fiber membrane
radius), and channel (or hollow fiber membrane) length en-
hances the desorption rate.

iv) The solution inlet concentration has the most significant ef-
fect on the absorption rate since the variation in the solution
concentration significantly changes the water vapor partial
pressure at the solution-membrane interface.

v) The solution velocity has the least effect on the absorption
rate since rate since mass diffusion controls the process and
the Reynolds number is fairly small (Re ~ 1).”

vi) Under identical conditions, the absorption rate of a flat
membrane-based sorber bed is higher than that of the hol-
low fiber membrane-based sorber bed.

ii

=

il

=

Fig. 4 shows the effect of membrane porosity, mean pore diam-
eter, and thickness on absorption rate. The following can be ob-
served:

i) As expected, increasing the membrane porosity leads to
higher absorption rates.

ii) Decreasing the membrane thickness results in higher ab-
sorption rates.

iii) Increasing the mean pore diameter leads to higher absorp-
tion rates.

iv) Membrane porosity has the most significant influence on the
absorption rate.

Table 7 lists the normalized absorption rate for both the absorp-
tion and desorption processes. The solution concentration has the
greatest effect on the absorption rate.
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Table 7

Normalized absorption and desorption rates variation for different parameters.

International Journal of Heat and Mass Transfer 209 (2023) 124105

Parameter Normalized absorption rate variation (%) Normalized desorption rate variation (%)
Parameter variation (%) Flat membrane Hollow fiber membrane Flat membrane  Hollow fiber membrane
Inlet temperature 20 27.8 27.4 63.1 63.4
Inlet concentration 10 108.6 106.7 82.4 80.1
Average velocity 40 6.4 173 7.6 11.8
Vapor pressure 40 24 223 16.5 15.1
Channel or hollow fiber membrane length 40 6.5 17.6 7.7 12.6
Film thickness 40 8.6 7.4 11.6 7.8
Membrane thickness 100 23 2.1 1.2 2
Membrane porosity 60 11.2 8.3 6.6 7.8
Membrane mean pore diameter 100 5.2 3.2 2.4 3.3

5. Conclusion

In this study, two novel analytical solutions were developed for
heat and mass transfer in the flat and hollow fiber membrane-
based adiabatic sorber beds used in absorption chillers and heat
pumps. The present models were validated with the available nu-
merical studies and experimental data. In addition, a parametric
study was carried out to investigate the impact of the operating
conditions and physical properties of membrane on the absorption
rate. The main findings of this study could be summarized as fol-
lows:

o The solution inlet concentration is the most effective parameter
for increasing the absorption rate while the solution velocity is
the least effective parameter.

o Porosity is the most important membrane property for increas-
ing the absorption rate while the membrane thickness has the
least effect.

e The desorption rate is higher than the absorption rate due
to the higher mass transfer driving force during desorption
(Ipv = Pingl)-

o The absorption rate of a flat membrane-based sorber bed is up
to two times higher than that of a hollow fiber membrane-
based sorber bed under the same operating conditions
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Appendix. A. LiBr-water equilibrium state equation constants
The following parameters are used to calculate the water va-

por partial pressure of aqueous LiBr (see Eq. (17)), and their corre-
sponding constants are presented in Table A.1.

A= a1 + QyCing + a3Ch ¢ (Ala)
B = a4+ asCiny + asc;f (A.1b)
C = a7 + AgCinf + Ao Chy (A.lc)

Appendix. B. The similarity solution for flat membrane-based
adiabatic sorber beds

The similarity solution is used to develop an analytical model
for heat and mass transfer in a flat membrane-based adiabatic sor-
ber bed. Analogous to the procedure mentioned in Ref. [45], the
mean temperature and concentration at the solution-membrane
interface are defined as follows [45]:

] £
Gy = é /0 Orndé (B.1)

i 1 ¢ ~
Vinf=§/0 Yingd&

Instead of Eqgs. (15) and (19), Egs. (B.1) and (B.2) are applied to
the boundary conditions at the solution-membrane interface. The
temperature and concentration partial differential equations (Egs.
(6) and (7)) are converted to ordinary differential equations (Egs.
(B.3) and (B.4)) using the self-similar variable mentioned in Eq.
(B.5) [47]:

(B.2)

20 do

ez " igg =0 (B3)

& d

% + Le{% —0 (B.4)
Table A1

Constants of Eq. (17) for water vapor partial pres-
sure of aqueous LiBr [44].

Constant  Value Constant ~ Value

a 0.8941 ag ~1307.8
a 17.742 a ~238,710
as 12236 g —42,641
as 339.1 ag 234,240
as ~2193.8
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(B.5)

By applying the boundary conditions (Egs. (B.1) and (B.2)), the
analytical solutions to Eqs. (B.3) and (B.4) are as follows [47]:

0 ’ :éin —erf 777 .

. f[l er (2\@)} (B.6)
. Vie n

y&.n)= me[l - erf(z\/g)] (B.7)

To obtain the mean temperature and concentration values, Egs.
(B.6) and (B.7) are coupled at the solution-membrane interface us-
ing Eqs. (15) and (19). By averaging the boundary conditions at
the solution-membrane interface (Eqs. (15) and (19)) with respect
to variable "¢" and given the definition of the mean temperature
and concentration (Eqs. (B.1) and (B.2)), the following equations
are found:

£ 3y - B}
E an linrd€ —km( Py — b49inf—b5)/inf—po) (B.8)
ga9| af <A1 [" 00 a (B.9)
s 877 inf Leé 8 inf .
By substituting Eqs. (B.6) and (B.7) in Eqgs. (B.8) and (B.9), the
following equations can be obtained:
- Le b = -
~Vinf 3/ df —km(Pv b49inf—b57/inf—po) (B.10)
g [ Lag =Dy [ L
inf/o ﬁ & Eymf/() ﬁ & (B.11)

By solving the systems of Eqs. (B.10) and (B.11), the mean tem-
perature and concentration at the solution-membrane interface are
obtained:

_ A K .
Ons = = (p“ p )km (B12)
kmbs + 2 bavle ﬁ + e
_ k
o = f;p T °)kmbm (B.13)
m ,7
o

The temperature and concentration profiles are as follows:

A kin (Pv — Po) n
9 s = — 1—erf|] ——
D= T | b +25 4 labid [ <2\/§)}
(B.14)
_ km (Pv — Po) 1 _erf[ YLe 1
v(&.n) kmb5+2b3f kmfﬁ[\ |: er( 5 \/g
(B.15)

Appendix C. The Laplace transform method for hollow fiber
membrane-based sorber beds

The Laplace transform method is used to develop an analytical
model for heat and mass transfer in hollow fiber membrane-based
adiabatic sorber bed. By taking the Laplace transform with respect

10
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to "¢", the initial and boundary conditions (Eqgs. (12) to (15)) are
transformed to:
00 (s, =0) _
- 0 (C1)
Y(s,n=0)
aY(s,n=1
by L= = e (P~ Po)/s = ba®(6 1 = 1) = bsY(s.m = 1)
(C3)
00(s,n=1) AJY(s,n=1)
Tllﬂf LeT'mf (C4)
Similarly, by taking the Laplace transform of Egs. (6) and (7):
d’® 1dO
5.0 = a? tyay (C.5)
sz 1dy

The solutions to Eqgs. (C.5) and (C.6) can be found based on the
first and second kind of the modified Bessel function:

O(s. 1) = c1lo(v/51) + c2Ko(/57) (C.7)
Y(s, 1) = cslo(vLesn) + caky(vIesn) (C.8)

¢, and c4 should be zero to prevent a singularity at n = 0. By
substituting Eqs. (C.7) and (C.8) in Eqgs. (C.3) and (C.4), the follow-
ing equations can be obtained:

bscsVLe. sk (VLe. s) = km((pv — Po)/s — bacilo(v/5) — bscslo(VLe.s))

(C9)
A
¢1v/sh (Vs) = EC3\/L€. sI(VIe.s) (C.10)
Thus, c¢; and c3 are obtained as follows:
L(vLe.s
¢ = Auq (ca1)
NTANG)
Ca = ki (Pv — Po)/s
= A L(VIes)
byvLe.sh(vIes) +knba fis 1175 o(V5) + knbslo (vIes)
(C12)

The temperature and concentration in the Laplace space are ex-
pressed as follows:

O, n) = [Ah( e S)}

VE 1A
km (Pv—po)
X 5 Jles Io(“/grl)
bsvIe sl (VIes) + kmb4J% 'llf(fz)s) Io(V5) + kmbslo(vIes)
(C13)
Y(s,m)
km (pv—po)
= S ) Io(VIesn)
bsIe sl (vIes) +I<mb4J% 111 (ﬁ‘) Io(v/5) + kmbslo(vIe.s)
(C14)
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Finally, by taking the inverse Laplace transform from Egs. (C.11)
and (C.12) using the Stehfest method [43], the temperature and
concentration profiles are found [48]:

n2 & In2,
0(5.m) = % Zvl-@(%z, n) (C15)
i=1
n2 & In2,
Y& = F ZV,-Y(?L n) (C.16)
i=1
where, V; is defined as follows:
min(j, %) y
Vi= (-1 Y k2 2k (€17)

Sy oG DIG - Rk ))!

To calculate the above-mentioned series, "N" equal to 100 is
enough.
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