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ABSTRACT

Membrane-based absorbers have received much attention in recent years owing to their higher sorption
rates compared to conventional absorbers. In this study, for the first time, two analytical solutions are
proposed for membrane-based absorbers. These analytical solutions can be used for non-volatile liquid-
based physical sorption applications, such as absorption heat pumps/chillers and some CO, capture reac-
tors. The Laplace transform method and similarity solution are used to develop these analytical models.
The models’ results are validated with the experimental data available in the literature. It is shown that
the analytical model obtained by the Laplace transform method is more accurate compared to the simi-
larity solution approach. However, the similarity solution provides a more compact solution. Additionally,
a comprehensive parametric study is conducted on the effect of the operating conditions and membrane
physical properties on absorption rate. It is shown that the solution inlet concentration and membrane

Membrane

porosity are the most significant operating condition and membrane physical property, respectively.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Vapor compression refrigeration systems consume nearly 15%
of global electricity and significantly contribute to greenhouse gas
emission [1]. Up to 76% of the energy consumption of vapor com-
pression refrigeration systems is produced predominantly from fos-
sil fuels [2]. In addition, the refrigerants used in vapor compres-
sion refrigeration systems, such as hydrofluorocarbons, are recog-
nized as global warming and ozone-depleting potentials, and they
are one of the major accelerators of climate change [3]. To sur-
mount the mentioned issues, heat-driven absorption chillers/heat
pumps have been considered as a promising alternative option. Ab-
sorption chillers/heat pumps can be driven by low-grade heat, and
use environmentally-friendly working fluids [4,5]. However, exist-
ing absorption chillers/heat pumps suffer from a low Coefficient of
Performance (COP) and are not economically competitive with va-
por compression refrigeration systems.

Absorbers play a vital role in absorption chiller/heat pump
performance and cost since the absorption rate is the most
performance-limiting parameter. Therefore, obtaining high absorp-
tion rates often requires an oversized heat and mass exchanger
[6]. To improve the performance and reduce the cost of the ab-
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sorber, several configurations have been suggested, including: (i)
laminar and turbulent falling films; (ii) bubbly flows; and (iii)
the use of atomizers [7]. Nonetheless, none of these designs has
been able to dramatically enhance the performance of absorption
chillers/heat pumps and have resulted in inefficient, heavy, and
complex absorbers. In addition, conventional absorbers have three
main issues: flow separation, high film thickness, and a low surface
wetting ratio. Recently, membrane-based absorbers have received
much attention to enhance the COP of absorption chillers/heat
pumps and to make them economically competitive with vapor
compression refrigeration systems [8]. In this type of absorber, a
microporous/nanofibrous membrane separates the gaseous and lig-
uid phases. By virtue of the surface tension, the liquid phase can-
not go through the membrane, while the gaseous phase can, lead-
ing to gas absorption.

Membrane-based absorbers have been investigated theoreti-
cally, numerically, and experimentally [9-14]. Ali and Schwerdt
[6] theoretically and experimentally studied the characteristics
of the membrane used in a compact absorber. Lithium bromide
(LiBr)-water was utilized as the solution. It was shown that a
membrane with the following characteristics could be imple-
mented in membrane-based absorption chillers/heat pumps: (i)
high water vapor permeability; (ii) hydrophobic to the aqueous so-
lution; and (iii) a thickness of up to 60 um, the porosity of up
to 80%, and a mean pore size of around 0.45 pm. In addition,
they concluded that a lower membrane thickness could result in a


https://doi.org/10.1016/j.ijheatmasstransfer.2022.122892
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2022.122892&domain=pdf
mailto:mbahrami@sfu.ca
https://doi.org/10.1016/j.ijheatmasstransfer.2022.122892

M. Ashouri and M. Bahrami

Nomenclature

Ac channel cross-section area, m?2
concentration of absorbate, kg.kg™!

C isobaric specific heat, J.kg=1K~!

D mass diffusivity, m2.s~1

Dm membrane mean pore diameter, pm

g gravity, m.s—2

habs absorption heat, J. kg~!

] mass flux, kg.m2.s~!

Km membrane mass transfer coefficient, kg.m=2.s71.
Pa-!

p pressure, Pa

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

Dm 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

thermal diffusivity, m2.s~!

membrane porosity

dimensionless mass fraction

dimensionless mass fraction in the Laplace space
dimensionless normal position

normalized heat of absorption

membrane tortuosity

dimensionless temperature

dimensionless temperature in the Laplace space
film thickness, pm

membrane thickness, pm

density, kg.m—3

DHODTDA B> <SR

Subscripts

eq equilibrium

m membrane

inf interface
entrance region
solution

vapor

wall

s < »vwo

lower mass transfer resistance. However, the membrane mechani-
cal strength should be taken into consideration.

Isfahani and Moghaddam [15] used a superhydrophobic mem-
brane to fabricate a compact absorber. The pore diameter and
porosity of the membrane were 1 pm and 80%. The maximum
measured absorption rate was about 0.007 kg.m~2.s, and a max-
imum pressure drop of 3 kPa was measured at the solution veloc-
ity of 5 mm.s~!. Bigham et al. [14] experimentally studied the im-
pact of the implementation of surface-induced vortices to enhance
the performance of a membrane-based absorber. They installed mi-
crostructures over the wall side of the heat transfer fluid to gener-
ate vortices. It was illustrated that generation of vortices could im-
prove the mass transfer rate since the mechanism for mass trans-
fer is changed from diffusion to advection. De Vega et al. [16] car-
ried out an experimental investigation on the performance of a
membrane-based absorber. A polytetrafluoroethylene (PTFE) lami-
nated flat sheet membrane with a pore diameter of 0.45 pm was
used for this study. The membrane was supported by a perforated
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plate with a hole diameter of 3.2 mm. An absorption rate of up to
0.007 kg.m~2.s~! was obtained for this membrane-based absorber.

Yu et al. [17] performed a parametric study on a membrane-
based absorber using the lattice Boltzmann method. They reported
that the solution film thickness and velocity were the main pa-
rameters for designing a membrane-based absorber. It was indi-
cated that up to a 3-fold enhancement in the absorption rate could
be achieved compared to conventional absorbers. Additionally, they
studied the effect of membrane surface roughness and stated that
surface roughness enhanced the water vapor absorption rate. As-
fand et al. [18] conducted a 3D computational fluid dynamics sim-
ulation to calculate the heat and mass transfer in a membrane-
based absorber with LiBr-water as the solution. It was shown that
a 3-fold enhancement in absorption rate could be obtained by re-
ducing the solution channel thickness from 2 to 0.5 mm. Venegas
et al. [7] developed a 1D model for a membrane-based absorber
based on mass transfer resistance network, solved it numerically,
and validated it with experimental data.

Several studies have been conducted to analyze membrane-
based absorber performance using computational fluid dynamics
and numerical methods [19-23]. Numerical methods can be em-
ployed to design membrane-based absorbers and to provide de-
tailed results. However, implementing numerical methods results
in a high computational cost. Also, their results are restricted to
a specific geometry or design (with the selected operating con-
ditions) which could reduce their usability for other researchers
without the access of the source code. Moreover, compact and ac-
curate relationships are needed for real-time control and opera-
tion optimization of the process as they can predict the system
performance under actual operating conditions in a time-efficient
manner. As such, analytical (closed-form) solutions are preferred
as they provide an in-depth understanding of the physics of the
phenomenon.

In this study, two new analytical solutions are developed for
coupled heat and mass transfer in a membrane-based absorber in
absorption chillers/heat pumps. These analytical solutions can also
be used for other physical liquid-based sorption applications with
non-volatile solutions. The Laplace transform method and similar-
ity solution are used to obtain closed-form solutions and compact
relationships for heat and mass transfer, respectively. The results
are validated with experimental data available in the literature. Ad-
ditionally, the effects of operating conditions: film thickness, vapor
pressure, solution inlet temperature and concentration, wall tem-
perature, and solution mass flow rate, as well as the membrane
physical properties: membrane thickness, porosity, and mean pore
diameter, are investigated using the proposed models.

2. Problem description and formulation of assumptions

Coupled heat and mass transfer in membrane-based absorbers
is analytically studied. As schematically shown in Fig. 1, LiBr-water,
the most common absorbent in absorption chillers/heat pumps, is
used as the solution. In this type of absorber, the LiBr-water so-
lution (liquid) is constrained by a microporous/nanofibrous mem-
brane and a heat exchanger (plate). The membrane is imperme-
able to the LiBr-water solution, while water vapor can traverse the
membrane leading to water vapor absorption at the membrane-
solution interface. Absorption is an exothermic process, so the so-
lution temperature increases due to the absorption heat, resulting
in a degrading absorption rate. Therefore, the solution should be
cooled via a heat transfer fluid (flowing inside the heat exchanger)
to maintain the absorption reaction.

The following assumptions have been made to develop the pro-
posed analytical model:
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Fig. 1. Schematic diagram of membrane-based absorber over a heat exchanger. Absorption solution is bounded between a porous membrane and a heat exchanger.

The solution film is laminar and the flow is hydrodynamically
fully developed (Pr~ 20-30) [17];

Linear estimation of the pressure at the solution-membrane in-
terface;

o The mean (uniform) velocity, i, is used instead of a parabolic
velocity profile [24];

The solution is non-volatile [25];

e The thermo-physical properties of the solution are assumed to
be constant, and the average value of the parameter over the
corresponding temperature and concentration range are used
(26];

The heat transfer from the film to the membrane and gaseous
phase is negligible [17,27];

Temperature and concentration distributions are constant and
uniform at the inlet [28];

The isothermal condition is applied at the heat exchanger wall
[28]; and

e The membrane mean temperature is constant.

3. Model development
3.1. Governing equations

As previously mentioned, following Refs. [24,26], a mean veloc-
ity profile is used instead of the parabolic velocity profile to solve
the problem analytically. The solution mean velocity for the flow
between two parallel plates can be obtained as follows:
i= %] (1)

PsAc N
where, m;, ps, and A; are the solution mass flow rate, the solution
density, and the solution channel cross-section area, respectively.
Given the convective/advection transport in the flow “x” direction
and diffusivity transport in the “y” direction, the following govern-
ing equations for energy and species conservation can be derived,
respectively:

_oT 02T
Ux =%z @)
_dc 9%c
e = DSHTIZ (3)

where T, o, and Ds are the solution’s temperature, thermal diffu-
sivity, and mass diffusivity, respectively. It should be noted that "c"
is the water (absorbate) concentration (kg water/kg solution) not
the solution concentration (kg LiBr/kg solution). Using the equi-
librium temperature and concentration, Eqs. (2) and (3) can be
non-dimensionalized. The equilibrium temperature "Teq" is defined
as the temperature at the inlet concentration "c," and the water

vapor pressure "py"; similarly, the equilibrium concentration "ceq"
is defined as the concentration at the inlet temperature "T," and
the water vapor pressure "py" [26]. Hence, non-dimensional energy
and species conservation equations can be written as follows:

G(S,n)=% (6)
V(E,n)z% (7)
SRR .

where, 6, y, &, and n reperesent non-dimensional temperature,
non-dimensional concentration, non-dimensional "x", and non-
dimensional "y", respectively. In this study, the Dusty-Gas model
[29] is employed to model the mass transfer through the mem-
brane. The mass transfer through the membrane, includes molar
diffusion and viscous fluxes, which can be calculated as follows
[17]:

kg
J = km(Pv - Pinf) |:mzs 9)
where, kpn, py, and Diny represent the membrane mass trans-
fer coefficient, vapor pressure, and water vapor partial pressure
at the membrane-solution interface, respectively. The membrane
mass transfer coefficient can be found as follows [17]:

_ @D 8M pvDm kg
km = SmT ( 97 RT,, + 32/44RTy, Pa.m?.s (10a)
= otlwtl T3W LTS (10b)
2
T = M (‘10(:)
@

where, ¢, Dy, T, m, and R are the membrane porosity, mem-
brane pore mean diameter, membrane tortuosity, membrane thick-
ness, and the universal gas constant, respectively. In addition, M,
Hg, and Ty represent the water vapor molar weight and dynamic
viscosity, and the membrane average temperature, respectively. It
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should be noted that the membrane average temperature is as-
sumed to be an average of inlet temperature "T,", wall tempera-
ture "T,,", and water vapor temperature "T,". The reasons for this
assumption are as follows:

o The membrane is in contact with the water vapor except for at
the membrane-solution interface;

o At the entrance region, the membrane-solution interface tem-
perature is close to the inlet temperature "T," [18]; and

o At the outlet of the solution channel, the membrane-solution
interface temperature is close to the wall temperature "T,"
since the solution is cooled via a heat transfer fluid [18].

3.2. Initial and boundary conditions

The non-dimensional initial and boundary conditions for the
isothermal and impermeable wall are as follows [26]:

T, — T,
00, n)=—2—"2—=0 11
0.m) Toa(Co Po) =Ty (11)
Co— Co
0,n)= ————— = 12
v ©.m Ceq(To, pv) — Co (12)
Ty —To
0, 0)= ——— =0 13
¢.0 Teq(Co. pv) — Ty v (13)
gl =0 (14)
Mo
PsDs(Ceg —Co) Ay | _ .
S et 1 IR (15)
0\ _Ady (16)
8" inf Le 8’7 inf
habs(ceq —Co)
— 17
Cs(Teq — To) (a7)
_%
Le = D, (18)

During the absorption process, heat is generated at the
solution-membrane interface. The amount of generated heat is the
product of the heat of absorption and absorbed mass. On the other
hand, the variation in the solution temperature, as a result of
the heat generation, change partial water vapor pressure at the
membrane-solution interface, leading to a varying absorption rate.
Therefore, heat and mass transfer rates are highly coupled, i.e., via
Egs. (15) and (16).

Pressure at the membrane-solution interface "p;,;" for LiBr-
water can be calculated based on the following experimental cor-
relation [30]:

B C
pinf(Tinﬁ Cinf) = EXP(A tr— T2> (19a)
inf inf
A=y + AxC g + A3 (19b)
B=as+ as5Cs inf + aﬁciinf (19C)
C = a7 + gCing + AoCZ ¢ (19d)

where, the corresponding constants are listed in Appendix A. How-
ever, as far as real applications are concerned, the ranges of tem-
perature and concentrations are rather limited. Therefore, in this
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study, a linear correlation as a function of temperature and concen-
tration is used to predict the pressure at the solution-membrane
interface. For instance, to perform the validation against the ex-
perimental data of Isfahani and Moghaddam [15], the pressure at
the solution-membrane interface can be estimated using a plane
(p = —1298 x 10%+ 35.39 Ty + 6541 cg), With a relative differ-
ence of 7.3%, for the ranges of 297 K <T< 306 K and 0.48 <cs< 0.6
(calculated based on Eq. (19) in Ref. [30]). Accordingly, the pressure
at the membrane-solution interface "p;,;" can be estimated as the
following general form:

Pinf = bo + b1Tinp + bacCinys (20)

where, the corresponding constants for different ranges of tem-
perature and concentration can be found using curve fitting. By
substituting Eq. (20) in Eq. (15), the boundary condition shown in
Eq. (15) is converted to:

bt .= (o= it — b5 ) (21a)
b; = M (21b)
by =b1(Teq — To) (21¢)
bs = by (ceq — Co) (21d)
Po =bo + b1To + bac, (21e)

For the sake of brevity, the solution procedures using the
Laplace transform method and similarity solution method, are in-
cluded in Appendices B and C. Using the temperature and con-
centration profiles found by the analytical solutions, explained in
Appendices B and C, the heat and mass transfer rates can be found
as follows:

. ks(Teq — To) 06

a6 == 5[] (22)
. sDg(Ceq — Co) O K

() = PG =) ¥ B [n;gs} (23)

The proposed compact relationships for calculating the heat and
mass transfer rates in a membrane-based absorber are shown in
Table 1.

4. Results and discussion
4.1. Validation with experimental data

Both models developed using the Laplace transform method
and similarity solution are validated with the experimental data of
Isfahani and Moghaddam [15] and Isfahani et al. [31], as well as the
numerical results of Venegas et al. [32]. The operating conditions
and corresponding parameters used for the validation are listed in
Tables 2 and 3, based on values reported in Refs. [15,31,32].

Fig. 2 shows a comparison between the results obtained by the
proposed Laplace transform and similarity solution models with
the experimental data of Isfahani and Moghaddam [15] and Isfa-
hani et al. [31], and the numerical study of Venegas et al. [32].
The minimum, mean, and maximum differences of present results
obtained by the Laplace transform method and the similarity solu-
tion compared to Refs. [15,31,32] are listed in Table 4. Both mod-
els capture the trend of the data and are in general agreement
with the published results. The analytical model obtained using
the Laplace transform method is more accurate compared to the
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Table 1
The proposed compact relationships for calculating the heat and mass transfer in membrane-based absorbers.
Method Parameter
Laplace transform &) = M%[@,."ff Ow+2 O + (=1)*1g,,)e ke [%] (24)
method k=1
(2k+1)*m?
. 20sDs(Ceq —Co) — o ————6 [ ki
mE) = %VWZE Ale [m—i} (25)
k=0
Similarity solution i(g) =262 0ea = To) k'"(pvl;%7 l<m11749bwA [%] (26)
8y/Lem& knbs + 22 e 2 kmba
Vg Jlemk
meE) = psDs (Ceq —Co) Li kin (Dy — Do) — kmbaby k7g @n
8 e, by 4 22VIE o knbad m2s
- i e
Jé J6er&
20 2V 2V 8.Q.A _
1+ — )k ) — —kmbs| — +1 )6 1+ — |Ow+ ——7
G = ( Errz) m(Pv — Po) — km 4(;;12 ) w i ( $n2> Wt gz Vinf _ haps(Ceqg = €o) fo X
Y 8 (sl N 20 14 2% Co(Teq — To) T
m 4%_7+ En? + KmDs + %.7 En?
k 2k +1)%72
% o1 e R D e &, o ¢
Le_Ds q)_glkz(] € ) \p_k; k2 (1-e ) Q_kg)(Zkﬂ)z € €
Table 2 Table 5

Operating conditions used in the proposed models (the Laplace
transform method and similarity solution) for validation against
the experimental data and numerical results reported in Refs.

[15,31,32].
Parameter Value
Inlet temperature (°C) 25
Inlet solution concentration (kg/kg) 0.6
Wall (heat transfer fluid) temperature (°C)  25-35
Mass flow rate (kg/h) 0.6-2
Average velocity (m/s) 0.005-0.0166
Absorber chamber pressure (Pa) 1,100
Solution channel length (mm) 38
Film thickness (um) 160
Membrane thickness (um) 60
Membrane tortuosity 1.8
Membrane porosity 0.8
Membrane mean pore diameter (um) 1

Table 3
Thermal properties used for the present model validation,
based on values reported in Refs. [25,33].

Parameter Value

Heat of absorption (kj/kg) 2500
Lewis number 100
Solution thermal conductivity (W/m.K)  0.43-0.48
Solution specific heat (J/kg.K) 2000
Solution density (kg/m?) 1500-1750

similarity solution since the temperature profile is assumed to be
linear to obtain the analytical model using the similarity solution,
see Appendix C. However, the similarity solution provides a more

Table 4

Base-line operating conditions and the membrane physical properties used for
this parametric study.

Parameter Value Range

Inlet temperature (°C) 26.7 24-29.4 (£10%)
Inlet concentration (kg LiBr/kg solution) 0.6 0.56-0.6 (—=7%)
Wall temperature (°C) 24 21.6-26.4 (+£10%)
Average velocity (m/s) 0.01 0.005-0.015 (£50%)
Absorber chamber pressure (Pa) 1100 880-1320 (£20%)
Film thickness (um) 150 75-225 (£50%)
Membrane thickness (um) 80 40-120 (+50%)
Membrane porosity 0.6 0.3-0.9 (+50%)

Membrane mean pore diameter (um) 1 0.5-1.5 (£50%)
Solution channel length (mm) 30 -

compact solution and does not require time-consuming series cal-
culations. The difference between the present models and the ex-
perimental data [15,31] may be attributed to all the assumptions
used for developing the present models and the uncertainty of the
experimental data [15,31].

4.2. Parametric study

In this section, the effects of various operating conditions and
membrane physical properties, listed in Table 5, on the heat and
mass transfer rates in membrane-based absorbers are investigated.
The base-line operating conditions and membrane physical proper-
ties are selected based on the values used in experimental studies
[15,16,31,34]. Two criteria are considered for selecting the parame-
ters’ range: (i) keeping the solution out of the crystallization range;
and (ii) investigating a practical range for the parameters. The so-

Minimum, mean, and maximum differences of the present results obtained by the Laplace transform method and similarity solution compared to Refs. [15,31,32].

Laplace transform method

Similarity solution

Max difference (%)

Min difference (%)  Mean difference (%)  Max difference (%)

Stud
uey Min difference (%)  Mean difference (%)
Isfahani and Fig. 3(a) 14.6 21.8
Moghaddam [15] Fig. 3(c) 15.6 18.9
Isfahani et al. [31] Fig. 3(b) 1.2 13.7
Venegas et al. [32] Fig. 3(c) 11.1 133

28.5
23

25.7
15.4

26.1 29.9 34.9
32.2 334 35.6
22.6 27.2 375
25.8 28.8 30.7
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— [ e=—-- Venegas et al. [32]
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1 .1 12 13 14 15 16 1.7
Vapor pressure (kPa)
(c)

Fig. 2. Comparison between the results obtained by the Laplace transform method and similarity solution and the experimental data of (a) Isfahani and Moghaddam [15] (b)
Isfahani et al. [31], and (c) Isfahani and Moghaddam [15] and numerical study of Venegas et al. [32].

lution properties, shown in Table 3, are used. It should be noted
that the range of the Reynolds number for this parametric study
is between 0.24 and 2.16, which indicates that the solution film

regime is laminar.

Fig. 3 shows the effects of solution inlet temperature, solutions
inlet concentration, wall temperature, average velocity, vapor pres-
sure, and film thickness on the absorption rate. The following is

observed:

(i) Solution inlet concentration is the most important parame-
ter in absorption rate enhancement, and the solution inlet
temperature has the lowest effect;

(ii) As expected, lowering solution inlet temperature, wall tem-

perature, and film thickness would result in higher absorp-
tion rates; and
(iii) Increasing solution inlet concentration, solution mean ve-

locity and vapor pressure leads to absorption rate enhance-

ment.
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Fig. 3. Absorption rate versus (a) solution inlet temperature; (b) solution inlet concentration; (c) wall temperature; (d) average velocity; (e) vapor pressure; and (f) film
thickness.

Fig. 4 shows the effect of membrane porosity, membrane thick-
ness, and membrane mean pore diameter on the absorption rate.
Membrane porosity is the most influential factor among the mem-
brane’s physical properties. The following can be observed:

(i) A higher membrane porosity results in a higher absorption rate,
yet the membrane may be prone to mechanical failure by in-
creasing its porosity;

(ii) A lower membrane thickness leads to a lower mass transfer re-
sistance resulting in a higher absorption rate, again the mem-
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Fig. 4. Absorption rate versus (a) membrane thickness; (b) membrane porosity; and (c) membrane mean pore diameter.

Table 6
Normalized absorption rate variation for different parameters.
Parameter Normalized Absorption rate variation (%)
Parameter variation
(%) Laplace transform method  Similarity
Inlet temperature 20 5.5 2.6
Inlet concentration 7 74.1 71.8
Wall temperature 20 18.1 22.2
Average velocity 20 5.1 4.7
Absorber chamber pressure 20 26.1 25.2
Film thickness 20 5.7 7.1
Membrane thickness 20 10.9 9.8
Membrane porosity 20 21.2 243
Membrane mean pore diameter 20 124 143

brane mechanical integrity should be taken into consideration;

and

(iii) A higher membrane mean pore diameter results in a lower
mass transfer resistance leading to a higher absorption rate, but
the membrane may be prone to passing LiBr-water solution due
to increased membrane permeability.

To have a better comparison of the parameters’ effect on the
absorption rate, the normalized absorption rate variations are
listed in Table 6. As can be seen, among the all parameters, so-
lution concentration is the most effective parameter with a 66.1%

enhancement on the absorption rate.
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Table 7
The effect of membrane temperature on the Dusty-gas model con-
stant and absorption rate.

Tn (K) kin (s (&)

290 2.3416 x 10~° 0.0025288
295 2.3110 x 105 0.0025187
300 2.2814 x 10°° 0.0025087
305 2.2526 x 10~° 0.0024990
310 2.2247 x 10~° 0.0024894

4.3. Effect of membrane temperature

As previously mentioned in our assumption section, the aver-
age membrane temperature is calculated using Eq. 10(b). Indeed,
it is difficult to reasonably estimate the membrane temperature;
however, its effect on absorption is typically negligible. To jus-
tify this assumption, the effect of the membrane temperature on
the absorption rate is studied using the operating conditions and
membrane physical properties mentioned in Table 2. According
to Table 2, the average membrane temperature is 293 K. Table 7
shows the effect of the membrane temperature "T;;" on the Dust-
gas model constant "k;" and absorption rate "m". As shown in
Table 7, over the membrane temperature range (290-310 K), there
is less than a 5% difference in "kp," and less than a 2% difference
in absorption rate "m". Thus, the effect of membrane temperature
on absorption rate can be neglected.

5. Conclusion

In this study, for the first time, two analytical solutions were
proposed for membrane-based absorption chillers/heat pumps. The
Laplace transform method and similarity solution were used to
develop closed-form analytical solutions. The proposed analytical
models were validated with experimental data and a numerical
study available in the literature. In addition, a comprehensive para-
metric study was carried out on the operating conditions and
the physical properties of the membrane. The key findings of the
present study can be summarized as follows:

o The analytical model obtained by the Laplace transform method

is more accurate compared to the one derived by the similarity

solution when compared with experimental data;

The similarity solution provided a more compact solution;

Solution inlet concentration was the most important parameter

that can impact absorption rate; and

e Membrane porosity was the most important membrane prop-
erty that can impact absorption rate.
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Appendix. A. LiBr-water equilibrium state equation constants

The corresponding constants of Eq. (19) are represented in
Table A.1.

Table A1

Constants for the phase equilibrium Eq. (19) [30].
Constant Value Constant Value
a; 0.8941 ag —1307.8
a, 17.742 az —238710
a; -12.236 ag —42641
a, 339.1 ag 234240
as — 2193.8

Appendix. B. The Laplace transform method

To facilitate using the Laplace transform method, Meyer and
Ziegler [26] applied the first type boundary conditions for temper-
ature and concentration at the membrane-solution interface. The
same approach is used here to solve the governing equations. It
is assumed that the mean temperature and concentration at the
membrane-solution interface are unknown values but constant, as
follows [26]:

_ & .
Oy = é [ s (B1)

_ 1 r¢ ~
)/inf=§/0 Vinfdg:

Eqgs. (B.1) and (B.2) are used as the boundary conditions instead
of Egs. (16) and (21). Then, it is shown how the primary bound-
ary conditions (Eqgs. (16) and (21)) are applied to the solution. By
taking the Laplace transform with respect to variable "&", the fol-
lowing boundary conditions are achieved:

6

(B.2)

O, 0) = ?W (B.3)
Y(s.n=0)

éinf
®(s,n=1)=T (B.5)
Y. n=1)= @ (B.6)

Similarly, by taking the Laplace transform from Eqs. (4) and (5),
they are transformed into:

. _ d?O(s, )
5.0(s,n) = o (B.7)
sleY(s,n) = (12\‘(1(7775217) (B.8)

By solving Egs. (B.7) and (B.8), temperature and concentration
profiles in the Laplace space are as follows [26]:

0. 1) — Bins sinh (V/51) . B sinh (vVs(1=m) (B9)
= inh (vVs) s sinh (v5) ’
Y(s. p = Tor SO0 (Vs.Len) (B.10)

s sinh (Vs.Le)

Explanation of inverting the Laplace transform and obtaining
the temperature and concentration profiles are explained in Ref.
[26]. Temperature and concentration profiles in the LiBr-water so-
lution are as follows [26]:

i} 20, & (—1)¥sin (k7
£ (1 sin k) e
0. 1) = (Gins — Ow) 1+ Ow+ 7: ,; k e



M. Ashouri and M. Bahrami

zgw Z( 1k sm(kn(l—n)) i (B.11)

(-1 cos (2k+1)E n)
2k +1

4y 2k+1)2 72
V(g n) = me + me Z -~

k=0

(B.12)

To couple heat and mass transfer, the boundary conditions
at the membrane-solution interface should be satisfied (see
Egs. (16) and (21)). By taking the average of the boundary condi-
tions at the membrane-solution interface with respect to variable
"¢€" and considering the definitions mentioned in Egs. (B.1) and
(B.Z), the following equations are obtained:

bs

3 8 df —km(Pv b49—inf_b5)-/inf—po) (B.13)
Al 5 ay

d = d B.14

el an S =LeElan® (B.14)

By substituting Eqs. (B.ll) and (B.12) in Egs. (B.13) and (B.14),
the mean temperature and concentration at the interface are ob-
tained:

<1 + gﬂz)km(pu Do) — kmb4( + ]>9w

Vinf = (B.15)
kb S22 + (42202 + enbs ) (1+ 22 )
_ (1 + %)Qw + 48;3{2/\ J_/inf
Gns = (B.16)
1+ 2%

=3 klZ(1 e en’c) (B17)
k=1

ol 112) (1 - ene) (B18)
k=1 ¢

“=2 0 ; 1) <1 47%5) (B19)
k=0 (£K+

To perform the calculations for the above-mentioned series, the
first 15 terms would be enough to obtain accurate results. By sub-
stituting Eqs. (B.15) and (B.16) in Egs. (B.11) and (B.12), the temper-
ature and concentration profiles are as follows:

1+ 25)6, + 8247,
g(m)_[( &7) O + 534 Ving GW}

1+ 29
[n+ i+ 2 Z( 1)"sm(k7r(1—n)) it 2$i|

En?
2 |:(1 + 52;[1,2)9W+ é,,'zJ_/inf:| Z (-1)* sm(krrn) oot

T 1+ 2%

(B.20)

(] + g,ﬂ)km(pv Do) — kmb4<§2% + 1>9w
84 4+ (845;239 +kmb5) (l + ;%)

En?
4§:( 1)kt cos((2k+1)2n) ENEER
M 2k +1

(B.21)

éE.m=

km b4
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Appendix. C. The similarity method

The similarity solution is used to obtain compact equations for
heat and mass transfer. Considering an isothermal wall condition,
the temperature profile is assumed to be linear due to the high
Lewis number of the LiBr-water solution, except for at the entrance
region of the film which is neglected to obtain the compact equa-
tions. This assumption is consistent with Refs. [33,35-37] and the
same approach is implemented. By taking into account the bound-
ary conditions in Egs. (16) and (B.1), the following temperature
profile is obtained [33,35-37]:

0(5.1) = (Oing — Ow) 1+ O (C1)

To find the concentration profile, a new non-dimensional "y" or
"n1" is defined as follows:

m=1-1 (c2)

By finding a self-similar variable (Eq. (C.4)), similar to Ref. [37],
the concentration partial differential equation (Eq. (5)) is converted
to:

%

7 (€3)

+Le§ 8§ =0

¢ = (C4)

=
"

The solution to Eq. (C.3) by applying the boundary conditions
mentioned in Egs. (14) and (B.2) is as follows [37]:

7(5’77)=)7mf|: erf(f}%>:|

Egs. (C.1) and (C.5) are coupled at the membrane-solution in-
terface via Egs. (16) and (21). Therefore, the mean temperature and
concentration at the membrane-solution interface are obtained as
follows:

(C.5)

= A k kmb46
Oy = 0+ 2 Py —Po) — KnDellu (C6)
3 mZ4
Jvéier& | kmbs +2f +2JLeTé
- km — kmb46y
Fag = ()
f N Lem&
By substituting Eqs. (C.6) and (C.7) in Eqgs. (C.1) and (C.5), the
temperature and concentration profiles are as follows:
A k — kmb46
&= 9W+2,/L kn;(pvzbf‘)) ;k:mvzv\ (1 =m)
eﬂs mDs + ﬁ + \/’R
(C.8)
y(E&.m = ki (Py _bp\"%_ kml’)‘lf"[“\ 1—erf \/T»n—
kimbs + 280 | 3 knbs VE
\/J?E Jler&
(C9)
References

[1] H. Bahrehmand, M. Ahmadi, M. Bahrami, Analytical modeling of oscillatory
heat transfer in coated sorption beds, Int. J. Heat Mass Transf. 121 (2018) 1-9.

[2] H. Bahrehmand, M. Bahrami, Optimized sorber bed heat and mass exchang-
ers for sorption cooling systems, Appl. Therm. Eng. 185 (2021) 116348, doi:10.
1016/j.applthermaleng.2020.116348.


http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0001
https://doi.org/10.1016/j.applthermaleng.2020.116348

M. Ashouri and M. Bahrami

[3] D.EM. Pico, LRR. da Silva, 0.S.H. Mendoza, E.P. Bandarra Filho, Experimental
study on thermal and tribological performance of diamond nanolubricants ap-
plied to a refrigeration system using R32, Int. ]. Heat Mass Transf. 152 (2020)
119493.

Z. Sui, W. Wu, T. You, Z. Zheng, M. Leung, Performance investigation and en-

hancement of membrane-contactor microchannel absorber towards compact

absorption cooling, Int. J. Heat Mass Transf. 169 (2021) 120978, doi:10.1016/].

[JHEATMASSTRANSFER.2021.120978.

L. Chen, Y. Ge, X. Qin, Z. Xie, Exergy-based ecological optimization for a

four-temperature-level absorption heat pump with heat resistance, heat leak-

age and internal irreversibility, Int. J. Heat Mass Transf. 129 (2019) 855-861.

[6] A.H.H. Ali, P. Schwerdt, Characteristics of the membrane utilized in a compact
absorber for lithium bromide-water absorption chillers, Int. ]. Refrig. 32 (2009)
1886-1896.

[7] M. Venegas, M. de Vega, N. Garcia-Hernando, U. Ruiz-Rivas, Adiabatic vs non-
adiabatic membrane-based rectangular micro-absorbers for H,O-LiBr absorp-
tion chillers, Energy 134 (2017) 757-766, doi:10.1016/].ENERGY.2017.06.068.

[8] J. Ibarra-Bahena, S. Raman, Y.R. Galindo-Luna, A. Rodriguez-Martinez,

W. Rivera, Role of membrane technology in absorption heat pumps: a com-

prehensive review, Membranes 10 (2020) 216 (Basel).

C. Zhai, W. Wu, Performance optimization and comparison towards compact

and efficient absorption refrigeration system with conventional and emerging

absorbers/desorbers, Energy 229 (2021) 120669.

F. Asfand, Y. Stiriba, M. Bourouis, Performance evaluation of membrane-based

absorbers employing H,O/(LiBr+ Lil+ LiNO3+ LiCl) and H,O/(LiNO3+ KNO3+

NaNOs3) as working pairs in absorption cooling systems, Energy 115 (2016)

781-790.

S.-M. Huang, M. Yang, B. Hu, S. Tao, EG.F. Qin, W. Weng, W. Wang, ]. Liu, Per-

formance analysis of an internally-cooled plate membrane liquid desiccant de-

humidifier (IMLDD): an analytical solution approach, Int. J. Heat Mass Transf.

119 (2018) 577-585.

S.J. Hong, E. Hihara, C. Dang, Analysis of adiabatic heat and mass transfer of

microporous hydrophobic hollow fiber membrane-based generator in vapor

absorption refrigeration system, J. Membr. Sci. 564 (2018) 415-427.

C. Zhai, W. Wu, Energetic, exergetic, economic, and environmental analysis of

microchannel membrane-based absorption refrigeration system driven by var-

ious energy sources, Energy 239 (2022) 122193.

S. Bigham, D. Yu, D. Chugh, S. Moghaddam, Moving beyond the limits of

mass transport in liquid absorbent microfilms through the implementation

of surface-induced vortices, Energy 65 (2014) 621-630, doi:10.1016/].ENERGY.

2013.11.068.

R.N. Isfahani, S. Moghaddam, Absorption characteristics of lithium bromide

(LiBr) solution constrained by superhydrophobic nanofibrous structures, Int. J.

Heat Mass Transf. 63 (2013) 82-90.

M. De Vega, N. Garcia-Hernando, M. Venegas, Experimental performance of

membrane water absorption in LiBr solution with and without cooling, Appl.

Therm. Eng. 180 (2020) 115786.

D. Yu, J. Chung, S. Moghaddam, Parametric study of water vapor absorption

into a constrained thin film of lithium bromide solution, Int. J. Heat Mass

Transf. 55 (2012) 5687-5695, doi:10.1016/].JHEATMASSTRANSFER.2012.05.064.

[18] F. Asfand, Y. Stiriba, M. Bourouis, CFD simulation to investigate heat and mass

transfer processes in a membrane-based absorber for water-LiBr absorption
cooling systems, Energy 91 (2015) 517-530, doi:10.1016/J. ENERGY.2015.08.018.

[19] J. Woods, . Pellegrino, E. Kozubal, J. Burch, Design and experimental character-

ization of a membrane-based absorption heat pump, J. Membr. Sci. 378 (2011)
85-94.

[4

[5

[9]

(10]

(1]

[12]

[13]

[14]

(15]

[16]

[17]

1

International Journal of Heat and Mass Transfer 192 (2022) 122892

[20] F. Abdollahi, S.A. Hashemifard, A. Khosravi, T. Matsuura, Heat and mass trans-
fer modeling of an energy efficient hybrid membrane-based air conditioning
system for humid climates, J. Membr. Sci. 625 (2021) 119179.

[21] Z. Sui, C. Zhai, W. Wu, Swirling flow for performance improvement of a mi-
crochannel membrane-based absorber with discrete inclined grooves, Int. J. Re-
frig. 130 (0140-7007) (2021) 382-391.

[22] M. Venegas, M. De Vega, N. Garcia-Hernando, Parametric study of operating
and design variables on the performance of a membrane-based absorber, Appl.
Therm. Eng. 98 (2016) 409-419.

[23] Z. Sui, Y. Sui, W. Wu, Multi-objective optimization of a microchannel mem-
brane-based absorber with inclined grooves based on CFD and machine learn-
ing, Energy 240 (0360-5442) (2022) 122809.

[24] T. Meyer, Analytical solution for combined heat and mass transfer in laminar
falling film absorption with uniform film velocity-diabatic wall boundary, Int.
J. Heat Mass Transf. 80 (2015) 802-811.

[25] M. Ashouri, M. Bahrami, Heat and mass transfer in laminar falling film absorp-
tion: a compact analytical model, Int. . Heat Mass Transf. 188 (2022) 122598,
doi:10.1016/].JHEATMASSTRANSFER.2022.122598.

[26] T. Meyer, F. Ziegler, Analytical solution for combined heat and mass transfer
in laminar falling film absorption using first type boundary conditions at the
interface, Int. J. Heat Mass Transf. 73 (2014) 141-151.

[27] R.N. Isfahani, S. Bigham, M. Mortazavi, X. Wei, S. Moghaddam, Impact of mi-
cromixing on performance of a membrane-based absorber, Energy 90 (2015)
997-1004.

[28] N. Giannetti, A. Rocchetti, S. Yamaguchi, K. Saito, Heat and mass transfer coef-
ficients of falling-film absorption on a partially wetted horizontal tube, Int. J.
Therm. Sci. 126 (2018) 56-66, doi:10.1016/j.ijthermalsci.2017.12.020.

[29] E.A. Mason, A.P. Malinauskas, Gas Transport in Porous Media: the Dusty-Gas
Model, American Elsevier, New York, 1983.

[30] A. Matsuda, T. Munakata, T. Yoshimaru, T. Kubara, H. Fuchi, Measurement of
vapor-pressures of lithium bromide water solutions, Kagaku Kogaku Ronbun-
shu 6 (1980) 119-122.

[31] R.N. Isfahani, K. Sampath, S. Moghaddam, Nanofibrous membrane-based ab-
sorption refrigeration system, Int. J. Refrig. 36 (2013) 2297-2307.

[32] M. Venegas, M. de Vega, N. Garcia-Hernando, U. Ruiz-Rivas, A simple model to
predict the performance of a H,O-LiBr absorber operating with a microporous
membrane, Energy 96 (2016) 383-393.

[33] N. Giannetti, S. Yamaguchi, K. Saito, Simplified expressions of the transfer co-
efficients on a partially wet absorber tube, Int. J. Refrig. 105 (2019) 135-147,
doi:10.1016/j.ijrefrig.2018.07.007.

[34] N. Garcia-Hernando, M. Venegas, M. De Vega, Experimental performance com-
parison of three flat sheet membranes operating in an adiabatic microchannel
absorber, Appl. Therm. Eng. 152 (2019) 835-843.

[35] A. Wohlfeil, Warme-und Stoffiibertragung bei der absorption an rieselfilmen
in absorptionskdlteanlagen, GI-Gesundheitsingenieur, German refrigeration and
air conditioning technology, German refrigeration and air conditioning tech-
nology 131 (2010) 277.

[36] V.E. Nakoryakov, N.I. Grigor'eva, Combined heat and mass transfer during ab-
sorption in drops and films, J. Eng. Phys. 32 (1977) 243-247, doi:10.1007/
BF00865776.

[37] V.E. Nakoryakov, N.I. Grigoreva, Heat and mass transfer in film absorption with
varying liquid-phase volume, Theor. Found. Chem. Eng. 29 (1995) 242-248.


http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0003
https://doi.org/10.1016/J.IJHEATMASSTRANSFER.2021.120978
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0005
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0006
https://doi.org/10.1016/J.ENERGY.2017.06.068
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0008
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0009
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0010
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0011
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0012
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0013
https://doi.org/10.1016/J.ENERGY.2013.11.068
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0015
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0016
https://doi.org/10.1016/J.IJHEATMASSTRANSFER.2012.05.064
https://doi.org/10.1016/J.ENERGY.2015.08.018
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0019
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0020
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0021
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0022
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0023
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0024
https://doi.org/10.1016/J.IJHEATMASSTRANSFER.2022.122598
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0026
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0027
https://doi.org/10.1016/j.ijthermalsci.2017.12.020
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0029
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0030
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0031
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0032
https://doi.org/10.1016/j.ijrefrig.2018.07.007
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0034
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0035
https://doi.org/10.1007/BF00865776
http://refhub.elsevier.com/S0017-9310(22)00368-4/sbref0037

	Analytical solution for coupled heat and mass transfer in membrane-based absorbers
	1 Introduction
	2 Problem description and formulation of assumptions
	3 Model development
	3.1 Governing equations
	3.2 Initial and boundary conditions

	4 Results and discussion
	4.1 Validation with experimental data
	4.2 Parametric study
	4.3 Effect of membrane temperature

	5 Conclusion
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgments
	Appendix A. LiBr-water equilibrium state equation constants
	Appendix B. The Laplace transform method
	Appendix C. The similarity method
	References


