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a b s t r a c t 

Absorption process plays a significant role in numerous industrial applications. Several analytical solu- 

tions have been proposed for the absorption process to calculate heat and mass transfer rates in falling 

film absorbers. However, the existing analytical solutions are either complex or do not consider the initial 

and boundary conditions at the entrance region and/or are not accurate enough. In this study, a new ana- 

lytical solution for non-volatile absorbents is presented using the Laplace transform method by proposing 

a new velocity profile for falling films. Moreover, for the first time, compact relationships are proposed 

to calculate the heat and mass transfer rates in the falling film absorption process for four common ab- 

sorber geometries, including: (i) inclined plates; (ii) tube bundles absorbers; (iii) vertical tubes; and (iv) 

coil type absorbers. The proposed compact relationships are validated with experimental data collected 

by others with reasonable accuracy. Furthermore, a parametric study is conducted to investigate the im- 

pact of input parameters on the absorption rate of falling film on an inclined plate. It is observed that 

the concentration of inlet solution is the most effective parameter and the solution mass flow rate has 

the least impact. 

© 2022 Elsevier Ltd. All rights reserved. 

1

o

e

[  

o

7

i

m

n

p

t

s

d

h

t

I

t

t

L

l

e

t

a

l

t

l

P

e

t

H

t

n

a

m

m

d

H

h

0

. Introduction 

Climate change has become one of the most important concerns 

f the world in recent years. Fossil fuels are consumed as the main 

nergy resource in residential buildings and industrial processes 

 1 , 2 ]. Approximately 40% of the total energy consumption in devel-

ped countries is associated with buildings of which approximately 

0% is used for domestic hot water and space heating and cool- 

ng [ 3 , 4 ]. Vapor compression refrigeration systems, the most com- 

only used heat pumping and air conditioning system, consume 

early 15% of the global electricity, up to 76% of which is generated 

reponderantly from fossil fuels [5] . It is crucial to develop alterna- 

ive sustainable heating/cooling solutions to reduce fossil fuel con- 

umption and their associated impact on climate change. A heat- 

riven absorption process can be a promising alternative option for 

eating and cooling applications, including heat pumps, air condi- 

ioning systems, and heat transformers to upgrade low-grade heat. 

t also can be implemented in other applications, such as CO 2 cap- 

ure, thermal storage, and dehumidification systems [6–9] . Absorp- 

ion systems are cost-effective and may be operated by waste or 
Abbreviations: CBL, concentration boundary layer; HMT, heat and mass transfer; 

EA, le. �−1 ; LTM, Laplace transform method; TBL, thermal boundary layer. 
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ow grade heat [10] . However, there are still challenges with the 

xisting absorption systems, including: (i) corrosion [11] ; (ii) crys- 

allization [12] ; and (iii) low performance (for absorption chillers 

nd heat pumps) leading to bulky and heavy units. These chal- 

enges may be remedied, e.g., some methods have been proposed 

o prevent corrosion by using a coating [13] or to prevent crystal- 

ization by implementing proper control strategies [14] . 

The absorber is the key part of the absorption cycle/process. 

erhaps, the main challenge to making absorption heat transform- 

rs (AHTs) economically competitive with vapor compression sys- 

ems is to significantly advance the performance of the absorbers. 

eat and mass transfer (HMT) simultaneously occur in absorbers; 

hus, developing an in-depth understanding of pertinent HMT phe- 

omena is key for the development of efficient and durable AHTs. 

There are several numerical studies available in the literature on 

nalyzing falling films in absorbers, which is one the most com- 

on designs in currently available absorption systems [15] . Nu- 

erical analysis [16] and simulations can be used for the absorber 

esign and provide detailed results when properly set and used. 

owever, implementing numerical methods requires high compu- 

ational time and their results are restricted to a specific geome- 

ry or design (with the selected operating conditions) which could 

educe their usability. Furthermore, accurate and compact relation- 

hips are needed for real-time control to enable system operation 

https://doi.org/10.1016/j.ijheatmasstransfer.2022.122598
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2022.122598&domain=pdf
mailto:mbahrami@sfu.ca
https://doi.org/10.1016/j.ijheatmasstransfer.2022.122598
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Nomenclature 

c concentration of adsorbate, kg.kg −1 

c s isobaric specific heat, J •kg −1 K 

−1 

D s mass diffusivity, m 

2 •s −1 

g gravity, m 

•s −2 

Le lewis number, [Le = α.D 

−1 ] 

L length, m 

L c characteristic length, m 

N tube number of tubes 

˙ m absorption rate, kg •m 

−2 s −1 

˙ q heat flux, W 

•m 

−2 

T temperature, K 

u streamwise velocity, m 

•s −1 

v normal velocity, m 

•s −1 

x local tangential position, m 

y local normal position, m 

Greek symbols 

α thermal diffusivity, m 

2 •s −1 

ϕ angle 

γ dimensionless mass fraction distribution 

η dimensionless normal position 

� normalized heat of absorption 

θ dimensionless temperature distribution 

δ film thickness, m 

ρ density, kg •m 

−3 

v kinematic viscosity, m 

2 •s −1 

Subscripts 

eq equilibrium 

inf interface 

l local 

o entrance region 

s solution 

t total 

w wall 

nd performance optimization under actual operating conditions as 

hey vary over time. 

On the other hand, analytical solutions [17] are few and far be- 

ween in the literature. Analytical methods are preferred – when 

ossible to find – since they provide a generalized solution that 

akes design optimization, real-time control, and parametric stud- 

es possible in a timely fashion. Three different analytical meth- 

ds were proposed for solving the coupled HMT in laminar falling 

lm absorption over vertical plates and horizontal tubes absorption 

rocess in the literature, summarized in Table 1 . These models are 

ased on: (i) the similarity solution [18] ; (ii) the Fourier method 

19] ; and (iii) the Laplace transform method (LTM) [20] . 

Nakoryakov and Grigor’eva [21] proposed a closed-form solu- 

ion for the coupled HMT in falling film absorption over horizon- 

al tubes. Considering a linear equilibrium equation at the inter- 

ace between the solution film and gaseous phase, see Eq. (1) , and 

n impermeable isothermal wall, they utilized a similarity solution 

ethod to evaluate the temperature and concentration profiles in 

alling film. Also, they reported that the temperature profile was 

inear. 

 = aT + b (1) 

here, c and T are concentration and temperature, and a and 

 represent the corresponding constants, respectively. In another 

tudy, Nakoryakov et al. [18] analyzed HMT at the entrance re- 

ion of the falling film over a vertical plate, and reported that the 

ntrance region was controlled by Froude, Peclet, and Lewis num- 

ers, as well as phase transition criterion for absorption. Assuming 
2 
 hydrodynamically fully-developed flow, remarkably high Schmidt 

umber, and linear equilibrium assumption at the solution-gas in- 

erface, Giannetti et al. [26] investigated HMT in a falling film over 

 horizontal tube using both similarity and numerical methods. 

omparing the numerical results and analytical solution, it was 

hown that their analytical expression can approximately estimate 

he temperature and concentration profiles, yet the analytical so- 

ution error was higher, especially at the entrance region of the 

alling film. 

Grossman [28] analytically solved coupled HMT for a laminar 

alling film over a vertical plate under both isothermal and adi- 

batic boundary conditions using the Fourier method. Assuming a 

ully-developed hydrodynamic boundary layer, he obtained two se- 

ies solutions to predict the temperature and concentration in the 

lm. The solution was not accurate for the small values of the nor- 

alized coordinate in the flow direction, i.e., the developing flow 

t the entrance region of the falling film. To surmount this issue, 

e developed another analytical solution using a similarity solu- 

ion method to estimate the temperature and concentration dis- 

ributions within the film for the region adjacent to the entrance 

egion. Using a procedure analogous to Grossman [28] , Giannetti 

t al. [10] proposed an analytical solution for falling film absorp- 

ion over a horizontal tube and examined the impact of the film 

hickness variation and partial wetting ratio on the mass transfer 

ate as well. 

Other studies, see e.g., [ 20 , 33 ], have been conducted to inves-

igate the coupled HMT in falling film using the LTM. Assuming 

 high Schmidt number, a closed-form solution for the Sherwood 

umber was proposed in falling film over a vertical plate by Con- 

isk [33] . Also, Conlisk and Mao [34] extended this model for tran- 

ient heat transfer using the Fourier transform method. Meyer and 

iegler [30] used LTM to solve the coupled HMT in falling film 

ver a horizontal tube. Assuming a uniform velocity profile and a 

onstant film thickness, they introduced an analytical solution that 

ould be applied to various conditions considering linear equilib- 

ium assumption or other phase equilibrium assumptions. In an- 

ther study, Meyer [31] scrutinized the influence of a diabatic wall 

n HMT in falling film over a vertical plate to find a more real- 

stic model. Mortazavi and Moghaddam [32] analyzed the impact 

f a linear velocity profile on the film temperature and concen- 

ration profiles using the LTM. It was concluded that a uniform 

elocity profile assumption: (i) overestimates the solvent concen- 

ration; and (ii) underestimates the solvent temperature and the 

mount of absorbed gas at the interface between the solution film 

nd gaseous phase. 

Based on the above literature survey, one may conclude that: (i) 

he similarity solution method does not result in accurate results, 

specially at the entrance region because there is no similarity be- 

ween the profiles in this region, to be discussed later in more 

etail; (ii) although, analytical solutions obtained by the Fourier 

ethod provide reasonable accuracy, the eigenvalues should be 

umerically calculated for each operating condition, which makes 

t difficult to use under operating conditions in real systems; and 

iii) the LTM method can result in a solution with reasonable ac- 

uracy provided that a suitable velocity profile is used. 

In this study, a new analytical solution for the coupled HMT 

n falling film absorption based on the LTM is developed. In pre- 

ious works, either uniform or linear velocity profiles have been 

ssumed to solve the problem via the LTM. Here, a new velocity 

rofile is proposed that leads to more accurate results. The pro- 

osed solution provides temperature and concentration distribu- 

ions for the entire falling film domain. In addition, for the first 

ime, compact relationships are proposed for calculating local and 

otal HMT rates for several absorber geometries, namely, the in- 

lined plate, vertical tube, tube bundles absorber, and the coil type 

bsorber under various operating conditions. 
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Table 1 

Existing analytical solutions for coupled HMT in laminar falling film absorption over vertical plates and horizontal tubes. 

Solution Method Study Configuration 

Main limita- 

tions/improvements Advantages/disadvantages 

Similarity solution Nakoryakov and 

Grigor’eva [21] 

Vertical plate - Uniform velocity 

profile 

- Linear temperature 

profile 

+ Compact equation for temperature and concentration profiles. 

+ Compact equation for Sherwood and Nusselt numbers. 

- Relatively high error due to assuming uniform velocity profile. 

- The temperature profiles are not similar in a falling film so using 

this method results in finding inaccurate temperature profiles 

especially at the entrance region. This assumption can lead to notable 

solution error in HMT rates, in particular, at the entrance region. 

Nakoryakov and 

Grigor’eva [22] 

Vertical plate - Uniform velocity 

profile 

- Neglecting wall 

temperature 

Nakoryakov and 

Grigor’eva [23] 

Vertical plate - Uniform velocity 

profile 

- Linear temperature 

profile 

Grossman [24] Vertical plate - Uniform velocity 

profile 

- Only applicable for 

the entrance region of 

falling film 

Brauner et al. [25] Vertical plate - Uniform velocity 

profile 

Nakoryakov et al. [18] Vertical plate - Uniform velocity 

profile 

- Only applicable for 

the entrance region of 

a falling film 

+ Variable film 

thickness 

Giannetti [26] Horizontal tube - Uniform velocity 

profile 

Fourier method/ 

Expansion series 

Grigor’eva and 

Nakoryakov [27] 

Vertical plate - Uniform velocity 

profile 

+ Closed-form solution for temperature and concentration profiles. 

+ Closed-form solution for Sherwood and Nusselt numbers. 

+ Good accuracy except for the entrance region of falling film 

- Inconsistency of the initial and boundary conditions at the entrance 

region of falling film results in low accuracy at this region. 

- Complexity of implementing, such as numerically finding 

eigenvalues for various operating conditions. 

Grossman [28] Vertical plate + Parabolic velocity 

profile 

Nakoryakov et al. [29] Vertical plate - Uniform velocity 

profile 

Giannetti et al. [10] Horizontal tube + Parabolic velocity 

profile 

+ Partial wetting 

Laplace transform 

method 

Meyer and Ziegler [30] Vertical plate - Uniform velocity 

profile 

+ Closed-form solution for temperature and concentration profiles. 

+ Closed-form solution for Sherwood and Nusselt numbers. 

- Low accuracy because of using uniform profiles. Meyer [31] Vertical plate - Uniform velocity 

profile 

+ Adding the effect of 

the Biot number 

Mortazavi and 

Moghaddam [32] 

Vertical plate + Linear velocity 

profile 

+ Closed-form solution for temperature and concentration profiles. 

- Low accuracy because of using linear profiles. 

This study Inclined plate + Parabolic velocity 

profile 

+ Not restricted to a 

specific geometry 

+ Closed-form solution for temperature and concentration profiles. 

+ Compact equations for HMT rates in falling film absorption over 

vertical/inclined plate, vertical tube, horizontal tube, and coil type 

absorber. 

+ High accuracy because of using parabolic velocity profile. 
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. Problem description and assumptions 

Coupled HMT in laminar falling film absorption over an inclined 

late is investigated, as schematically shown in Fig. 1 . Later, it is 

hown how this solution can be extended and applied to vertical 

nd horizontal tubes. 

The solution is introduced at the top of the plate with a uni- 

orm inlet temperature “T o ” and concentration “c o ” and forms a 

ontinuous film. Although, LiBr-water, a commonly used fluid for 

efrigeration applications, is considered as the working fluid, the 

resent analytical model can be generalized for other types of non- 

olatile solutions. The film is exposed to water vapor (gaseous 

hase). The absorption process is exothermic, so heat is generated 

t the interface between the solution film and gaseous phase. Thus, 

s shown in Fig. 1 , two thermal boundary layers (TBL) are formed: 

i) a TBL adjacent to the wall, as a result of the temperature dif-

erence between the wall and film temperatures; and (ii) another 
3 
BL in the vicinity of the interface, as a consequence of the tem- 

erature difference between the working fluid and the interface 

emperatures. In addition, a Concentration Boundary Layer (CBL) is 

ormed at the vapor-solution interface due to vapor absorption. 

The following summarizes the present model assumptions [30] : 

• The solution film is in laminar regime and the flow is hydro- 

dynamically fully developed (LiBr-water → Pr ∼20–30 [26] , LiCl- 

water → Pr ∼35 [35] ). 
• Thermo-physical properties are constant throughout the entire 

domain. 
• The absorbent is non-volatile. 
• Heat transfer from the film to the gas phase is neglected. 
• The mass flow rate variation as a result of the absorbed gas is 

negligible. 
• The drag force at the interface is negligible. 
• There is no disturbance or wave at the interface. 
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Fig. 1. The schematic diagram of falling film absorption over an inclined plate. 
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Fig. 2. A comparison between different velocity profiles versus η. 
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• Temperature and concentration distributions are uniform at the 

entrance region. 
• The wall is considered isothermal; and. 
• Linear equilibrium assumption exists at the solution-vapor in- 

terface, and equilibrium can be approximated with a linear 

equation [ 26 , 28 , 31 ]. 

. Model development 

.1. Governing equations and boundary conditions 

Continuity and momentum equations are as follows [36] : 

∂u 

∂x 
+ 

∂v 

∂y 
= 0 (2) 

 

∂u 

∂x 
+ v 

∂u 

∂y 
= gsin ( ϕ ) + v 

∂ 2 u 

∂ y 2 
(3) 

here, u and v are streamwise velocity and velocity perpendicular 

o the plate; g, ϕ, and v are gravitational acceleration, tilt angle of 

he plate, and kinematic viscosity, respectively. 

For the hydrodynamically fully developed region, velocity in the 

irection perpendicular to the plate is zero, i.e., v = 0. The thick- 

ess of the hydrodynamic boundary layer and the velocity profile 

an be found as follows, respectively, [10] : 

= 

(
3�v 

gρsin ( ϕ ) 

)1 / 3 

[ m ] (4) 

 = 

3 

2 

ū 

(
2 η − η2 

) [ 
m 

s 

] 
(5) 

¯
 = 

�

ρδ
(6) 

= 

y 

δ
(7) 

here, δ, η, and ū are boundary layer thickness, non-dimensional 

y”, and average velocity, respectively. Also, ρ and � denote the 
4 
olution density and solution mass flow rate per unit length, re- 

pectively. Given the convective transport in the flow (x-direction) 

nd diffusivity transport in the y-direction, the following govern- 

ng equations for energy and solution mass balance (concentration) 

an be derived: 

 

∂T 

∂x 
= α

∂ 2 T 

∂ y 2 
(8) 

 

∂c 

∂x 
= D s 

∂ 2 c 

∂ y 2 
(9) 

here, T , α, c, and D s are temperature, thermal diffusivity, ab- 

orbate concentration, and mass diffusivity, respectively. Consider- 

ng the LTM, it is not possible to solve this problem using a fully 

eveloped velocity profile, Eq. (5) . After notable investigations and 

urve fitting by considering a functional form for the velocity pro- 

le to obtain an analytical solution using the LTM, the following 

elocity profile is obtained and proposed here: 

 = 

3 

2 

ū 

√ 

η
[ 

m 

s 

] 
(10) 

Fig. 2 shows a comparison between uniform [30] , linear [32] , 

nd the proposed velocity profiles. The following equation is used 

s a criterion to assess the relative difference of the mentioned ve- 

ocity profiles compared to the velocity profile obtained by exact 

olution ( Eq. (5) ) 

ean di f f erence ( % ) = 

∑ N 
i =0 

∣∣u exact 

(
η = 

i 
N 

)
− u estimated 

(
η = 

i 
N 

)∣∣
∑ N 

i =0 

∣∣u exact 

(
η = 

i 
N 

)∣∣ × 100 

(11) 

The mean relative differences between the exact solution, 

q. (5) , and uniform [30] , linear [32] , and the proposed velocity 

rofiles are 38.95%, 14.94%, and 8.92%, respectively, which indicates 

hat the proposed velocity profile is in better agreement with the 

xact velocity profile. 

Using the equilibrium temperature and concentration, 

qs. (8) and (9) can be non- dimensionalized. The equilib- 

ium temperature “T eq ” is the temperature corresponding to the 

oncentration at the entrance “c o ”, and, similarly, the equilibrium 
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Fig. 3. Absorption rate variation versus vapor pressure calculated using the present 

model Eq. (30), the analytical model of Meyer and Ziegler [30] (Eq. (51) in Ref. [30] ), 

and the analytical model of Mortazavi and Moghaddam [32] (Eq. (42) in Ref. [32] ) 

compared against the experimental data from Islam [37] . 
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Fig. 4. Absorption rate variation versus LiBr-water solution mass flow rate calcu- 

lated using the present model (Eq. (30)), compared against experimental data from 

Yoon et al. [38] , Miller and Perez-Blanco [39] . 
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oncentration “c eq ” is the concentration corresponding to the 

emperature at the entrance “T o ”. Equilibrium temperature and 

oncentration can be calculated via a phase equilibrium equation; 

ee Appendix. A. Thanks to the functional form for the proposed 

pproximate velocity profile (see Eq. (10) ), non-dimensional energy 

nd mass balance equations can be derived as follows: 

 

η
∂θ

∂ξ
= 

∂ 2 θ

∂ η2 
(12) 

e 
√ 

η
∂γ

∂ξ
= 

∂ 2 γ

∂ η2 
(13) 

( ξ , η) = 

T ( ξ , η) − T o 

T eq ( c o , p ) − T o 
(14) 

( ξ , η) = 

c ( ξ , η) − c o 

c eq ( T o , p ) − c o 
(15) 

= 

x 

δ2 

α
3 
2 

ū 

, η = 

y 

δ
(16) 

here, θ , γ , and ξ represent non-dimensional temperature, non- 

imensional concentration, non-dimensional “x ”, respectively. Ini- 

ial and boundary conditions considering isothermal and imperme- 

ble wall are [30] : 

( 0 , η) = 

T o − T o 

T eq ( c o , p ) − T o 
= 0 (17) 

( 0 , η) = 

c o − c 0 
c eq ( T o , p ) − c o 

= 0 (18) 

( ξ , 0 ) = 

T w 

− T o 

T eq ( c o , p ) − T o 
= θw 

(19) 

∂γ

∂η
| η=0 = 0 (20) 

( ξ , 1 ) + γ ( ξ , 1 ) = 1 (21) 
5 
∂θ

∂η
| in f = 

�

Le 

∂ γ

∂η
| in f (22) 

= 

h abs ( c eq − c o ) 

c s ( T eq − T o ) 
(23) 

e = 

α

D s 
(24) 

.2. Compact equations for heat and mass transfer 

For the sake of brevity, the details of the LTM implementation 

ave been highlighted in Appendix B. Also, the procedure for gen- 

ralizing the present analytical model for different absorber config- 

rations has been explained in Appendix C. By finding the temper- 

ture and concentration distributions using Eqs. (B.25) and (B.26), 

ee Appendix. B., the HMT rates for the absorption process in the 

alling film can be calculated as follows: 

˙ 
 ( ξ ) = 

k s ( T eq − T o ) 

δ

∂θ

∂η
| in f 

[ 
w 

m 

2 

] 
(25) 

˙ 
 ( ξ ) = 

ρs D s ( c eq − c o ) 

δ

∂γ

∂η
| in f 

[
kg 

m 

2 .s 

]
(26) 

here, k s , ρs , and D s are the solution thermal conductivity, density, 

nd mass transfer coefficient, respectively. However, analogous to 

revious analytical solutions, this requires performing tedious cal- 

ulations and may not be applicable for real-time system operation 

nd optimization. Therefore, in this study, new compact relation- 

hips are proposed based on the above analytical solution using 

urve fitting techniques. The proposed solution is also extended 

o other geometries and new compact relationships are developed. 

able 2 summarizes these proposed compact equations to calculate 

he HMT for absorption falling films over an inclined plate, vertical 

ube, horizontal tube, and coil type absorbers. The corresponding 

onstants have been presented in Table 3 . 
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Table 2 

Compact equations to find the HMT for absorption falling films over inclined plate, 

vertical tube, horizontal tube, and coil type absorbers. 

Parameter Equation 

Local heat transfer, ˙ q l [ w 
m 2 

] B 1 . 
Le 
� . ( 1 − 1 . 06 θw )( C 1 e 

A 1 x + C 3 e 
A 2 x ) ( 27 ) 

Local absorption rate, ˙ m l [ kg 
m 2 s 

] B 2 ( 1 − 1 . 06 θw )( C 1 e 
A 1 x + C 3 e 

A 2 x ) ( 28 ) 

Total heat transfer, ˙ q t [ w 
m 

] B 1 . 
Le 
� . ( 1 − 1 . 06 θw )[ C 1 

A 1 
( e A 1 L c − 1 ) + 

C 3 
A 2 

( e A 2 L c − 1 ) ] 

( 29 ) 

Total absorption rate, ˙ m t [ kg 
ms 

] B 2 ( 1 − 1 . 06 θw )[ C 1 
A 1 

( e A 1 L c − 1 ) + 

C 3 
A 2 

( e A 2 L c − 1 ) ] 

( 30 ) 

� = 

h abs ( c eq −c o ) 

c s ( T eq −T o ) 
Le = 

α
D s 

B 1 = 

k s ( T eq −T 0 ) 

A 3 δ
B 2 = 

ρs .D. ( c eq −c 0 ) 

A 3 δ

4

4

m

e

a

c

t

l

M

m

c

a

p

M

e

s

p

a

s

Fig. 5. Absorption rate variation versus solution inlet temperature calculated using 

the present model (Eq. (30)), compared against the experimental data from Sun 

et al. [40] . 

(

[

t

p  

1

s

E

[

. Results and discussion 

.1. Model validation 

In this section, the compact equations and available experi- 

ental data are compared to validate the proposed compact mod- 

ls. Table 4 lists the operating conditions and configuration of the 

vailable experimental data from the Refs. [37–40] used for the 

omparisons. The properties of the LiBr-water solution used for ob- 

aining the results are listed in Table 5 . 

Fig. 3 shows the absorption rate versus vapor pressure calcu- 

ated using the present model, Eq. (30), the analytical model of 

eyer and Ziegler [30] (Eq. (51) in Ref. [30] ), and the analytical 

odel of Mortazavi and Moghaddam [32] (Eq. (42) in Ref. [32] ) 

ompared against the experimental data from Islam [37] . The aver- 

ge relative difference between the present analytical model com- 

ared to the experimental data of Islam [37] is 18.4%; while the 

eyer and Ziegler [30] and Mortazavi and Moghaddam [32] mod- 

ls show the average relative differences of 31.9% and 28.8%, re- 

pectively. Therefore, it can be concluded that the present velocity 

rofile used for obtaining the compact equation can enhance the 

ccuracy. 

Fig. 4 shows the absorption rate variation versus LiBr-water 

olution mass flow rate calculated using the present model, Eq. 
Table 3 

Corresponding constants for the equations listed in Table 2 . 

Horizontal tube Helical (coil) 

Constant 

A 1 1 . 33 C 2 
C 

1 . 33 C 2 
C 

A 2 1 . 33 C 4 
C 

1 . 33 C 4 
C 

A 3 1.33 1.2 

L c 
N tube πD tube 

2 
N turn πD tube 

2 

C 1 = 

( −21 . 12 LE A 0 . 9837 −1 . 158 
−7 . 805 LEA −18 . 47 

)
(0 . 0 0 05169 Le + 1) 

C 2 = 

( −6 . 825 LE A 1 . 108 −22 . 06 
−9 . 639 LEA −30 . 25 

)
(−4 . 09 Le −0 . 9895 + 1) − 1 . 815 LE A 0 . 05511 + 1 . 192 

C 3 = 

(
4 . 222 LE A 0 . 992 −3 . 43 

6 . 384 LEA +56 . 21 

)
(0 . 6293 Le 0 . 5484 + 1) − 0 . 00386 Le 

C 4 = 

( −6 . 192 LE A 0 . 7131 −28 . 91 
−28 . 43 LEA −26 . 73 

)
(10 . 11 Le −0 . 6652 + 1) − 13 . 02 Le −0 . 6467 

C 1 = 

( −27 . 31 LE A 0 . 8728 +45 . 21 
−1 . 938 LEA −50 . 23 

)
(0 . 0 0 08767 Le + 1) 

C 2 = 

(
124 . 3 LE A 0 . 2306 +312 . 6 
1 . 865 LE A 0 . 1673 +236 . 6 

)
(−1 . 172 Le −0 . 1688 + 1) − 1 . 001 LE A 0 . 1285 − 0 . 0 0 01122 Le 

C 3 = 

( −32 . 37 LE A −0 . 06114 −23 . 04 
−116 . 8 LE A −0 . 567 −83 . 16 

)
(2 . 333 Le 0 . 2041 + 1) − 0 . 1971 Le 0 . 3514 − 0 . 0 0 08664 LEA 

C 4 = 

(
3 . 817 LE A −0 . 188 −18 . 35 

−2 . 496 LE A 0 . 9209 −4 . 126 

)
(−0 . 971 Le 0 . 003804 + 1) − 2 . 446 Le −0 . 8613 

C = 

3 
2 

(
3 v �4 

gρ4 α3 

)1 / 3 

6 
30), compared to the experimental data collected by Yoon et al. 

38] (coil type absorber) and Miller and Perez-Blanco [39] (ver- 

ical tube). The maximum and average relative differences of the 

resent model compared to the both experimental data [ 38 , 39 ] are

6.9% and 8.1%., respectively. 

Fig. 5 demonstrates the absorption rate variation versus the 

olution inlet temperature calculated using the present model, 

q. (30), compared against experimental data from Sun et al. 

40] (tube bundles absorber). The maximum and average relative 
Inclined plate Vertical tube 

C 2 
C 

sin 
1 
3 (ϕ) C 2 

C 

C 4 
C 

sin 
1 
3 (ϕ) C 4 

C 

1 1 

L L 

10 < Le < 150 

5 < LEA = 

Le 
� < 100 

150 < Le < 10 0 0 

5 < LEA = 

Le 
� < 100 

–
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Table 4 

Operating conditions and configuration of the data from Refs. [37–40] . 

Study Configuration L or πN tube D tube (m ) � ( kg / ms ) P v ( kPa ) T o ( o C ) T w ( o C ) c o ( kg / kg ) 

Islam [37] Horizontal tube 0.71 0.044 1–3 40 32 0.40 

Yoon et al. [38] Helical (coil) 0.25 0.01–0.04 1 45 28–30 0.40 

Miller and Perez-Blanco [39] Vertical tube 1.4 0.1–0.2 1.3 52.4 46 0.38 

Sun et al. [40] Horizontal tube 0.45 0.0132 2.13 40–50 29 0.41 

Table 5 

Properties of LiBr-water solution [ 26 , 32 ]. 

Thermophysical property Value 

Dynamic viscosity (Pa.s) 0.005 

Density (kg.m 

−3 ) 1500 

Thermal conductivity (W.m 

−1. K −1 ) 0.42 

Specific heat capacity (kJ.kg −1 K −1 ) 2 

Absorption heat (kJ.kg −1 ) 2500 

Lewis number 100 

Table 6 

Base values and ranges used for the parametric study. 

Parameter Value Range 

Inlet temperature, T o ( o C) 40 32–48 ( ± 20%) 

Wall temperature, T w ( o C) 30 24–36 ( ± 20%) 

Inlet solution concentration, 1 − c o ( 
kg LiBr 

kg solu tion 
) 0.6 0.56–0.64 ( ± 10%) 

Absorber chamber pressure, p v ( Pa ) 1100 872–1320 ( ± 20%) 

Solution flow rate, � ( kg 
m.s 

) 0.08 0.065–0.095 ( ± 20%) 

d
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w
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(

(
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(

ifferences between the present model and the experimental data 

40] are 12.8% and 11.1%, respectively. 

.2. Parametric study 

In this section, a parametric study has been conducted using 

he present analytical model (for falling film over a vertical plate 

ith a length of 1 m) to investigate the effect of key parameters, 

ncluding inlet temperature, wall temperature, inlet concentration, 

olution mass flow rate, and absorber chamber pressure on the ab- 

orption rate. Table 6 lists the base values and ranges of the above- 

entioned parameters, which are selected arbitrarily for this para- 

etric study. The vertical plate length and the operating conditions 

ere selected based on the real applicable values, see Table 4 . The 

iBr-water solution properties listed in Table 5 are used for the 

arametric study. 

Fig. 6 shows the absorption rate variation versus the solution 

nlet temperature, wall temperature, solution inlet concentration, 

apor pressure, and solution mass flow rate for a vertical plate 

ith a length of 1 m. The following can be observed: 

i) Solution inlet concentration is the most important parameter in 

absorption rate enhancement, while the solution mass flow rate 

is the least effective one. 

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

perature results in absorption rate enhancement since a higher 

temperature will lead to lower absorption rate; and 

ii) Increasing solution inlet concentration, vapor pressure, and so- 

lution mass flow rate leads to absorption rate enhancement. 

.3. Temperature and concentration profiles 

This section provides an in-depth concept of the HMT phe- 

omenon for the falling film absorption process. To obtain temper- 

ture and concentration profiles over a vertical plate, the following 
7 
nput parameters are used: Le = 100, �= 10, and θw 

= −1. Fig. 7 (a)

hows non-dimensional temperature profiles versus “η” along the 

lm flow direction, non-dimensional “x” or “ξ ”, obtained by the 

resent analytical solution. The following from Fig. 7 (a) can be ob- 

erved: 

i) At the falling film’s entrance region, two TBLs are formed: (i) 

a TBL, which is adjacent to the wall, due to temperature dif- 

ference between the wall and film temperatures, and (ii) an- 

other TBL, which is in the vicinity of the vapor-solution inter- 

face, as a consequence of the temperature difference between 

fluid and the interface temperatures. Therefore, the flow be- 

tween the two TBLs does not sense the heat transferred from 

the wall or the vapor-solution interface, and the flow tempera- 

ture is equal to the inlet temperature. This phenomenon can be 

observed in Fig. 7 (b) illustrating the non-dimensional tempera- 

ture versus “η” at ξ= 0.001; 

ii) With increasing ξ , the two TBLs merge and the temperature 

profile becomes nearly linear; and 

ii) Downstream, the film temperature, from the wall to the vapor- 

solution interface, is virtually equal to the wall temperature 

since the film is thin ( ∼1 mm). 

Fig. 7 (c) shows the non-dimensional temperature along the film 

ow direction, non-dimensional “x” or “ξ ”, at different “η”. The fol- 

owing from Fig. 7 (c) can be observed: 

i) At the falling film’s entrance region (low ξ ), the temperature of 

the solution close to the vapor-solution interface ( η= 0.8 and 1) 

increases due to the heat generation during absorption process. 

ii) At the falling film’s entrance region (low ξ ), the temperature of 

the solution close to the wall drops extremely due to sensing 

the TBL adjacent to the wall; and 

ii) Downstream, the temperature of the entire film reaches the 

wall temperature. 

Fig. 8 (a) shows non-dimensional concentration profiles “η”

long the film flow direction, non-dimensional “x” or “ξ ”, obtained 

y the present analytical solution. From Fig. 8 (a), the following can 

e concluded: 

i) At the entrance region, the CBL thickness is quite small. The 

CBL can be observed in Fig. 8 (b); and 

ii) The absorption rate shows an almost linear relationship with 

the concentration difference at the vapor-solution interface, see 

Eq. (26) . Downstream, the concentration gradient at the vapor- 

solution interface decreases. Therefore, the absorption rate de- 

creases. 

Fig. 8 (c) shows non-dimensional concentration profiles along 

he film flow direction, non-dimensional “x” or “ξ ”, at different 

η”. The following from Fig. 8 (c) can be observed: 

i) At the entrance region (low “ξ ”), except for the solution in 

the vicinity of the vapor-solution interface, the solution concen- 

tration is constant since the solution does not sense the CBL; 

and 
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Fig. 6. A parametric study, investigating the effect of key input parameters on the present model absorption rate, Eq. (30), variation versus: (a) solution inlet temperature; 

(b) wall temperature; (c) solution inlet concentration; (d) vapor pressure; and (e) solution mass flow rate for a vertical plate with a length of 1 m. 

8 
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Fig. 7. (a) Non-dimensional temperature versus “η” at different non-dimensional “x” or “ξ ”; (b) (a) non-dimensional temperature versus “η” at ξ= 0.001 which illustrates 

TBLs; and (c) non-dimensional temperature versus “ξ ” at different “η”, which are obtained by the present analytical solution at Le = 100, �= 10, and θw = −1. 

9 
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Fig. 8. (a) Non-dimensional concentration versus “η” at different non-dimensional “x” or “ξ ”; (b) (a) non-dimensional concentration versus “η” at ξ= 0.001 which illustrates 

TBLs; and (c) non-dimensional concentration versus “ξ ” at different “η”, which are obtained by the present analytical solution at Le = 100, �= 10, and θw = −1. 
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ii) Downstream, the concentration of the entire solution film 

reaches the vapor-solution interface concentration. 

. Conclusion 

In this study, a new analytical solution was presented based on 

he Laplace transform method by proposing a new velocity profile. 

t was shown that the new velocity profile leads to more accu- 

ate results compared to the previous uniform or linear velocity 

rofile. Moreover, for the first time, compact relationships based 

n the present model were proposed to calculate the HMT rate 

n falling film absorption. The present model was extended to in- 

lude three common absorber configurations, including: (i) a verti- 

al tube; (ii) a horizontal tube; and (iii) a helical absorber. The pro- 

osed compact equations were validated with experimental data 

vailable in the literature. Also, a parametric study was conducted 

howing that the solution inlet concentration was the most effec- 

ive parameter in absorption rate enhancement, and solution mass 

ow rate had the least effect. 
10 
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ppendices 

ppendix. A. Equation for the phase equilibrium of an LiBr-water 

olution 

The following experimental correlation [30] can be used to cal- 

ulate the equilibrium temperature and concentration for an LiBr- 

ater solution [30] : 

1 

T 
= a 1 + a 2 (1 − c) + a 3 In( 

1 

Pa 
.p )+ a 4 (1 − c) In( 

1 

Pa 
.p )+ a 5 (1 − c) 2 + a 6 I n 

2 ( 
1 

Pa 
.p ) 

+ a 7 (1 − c) 2 In( 
1 

Pa 
.p )+ a 8 (1 − c)I n 2 ( 

1 

Pa 
.p )+ a 9 (1 − c) 2 I n 2 ( 

1 

Pa 
.p ) 

+ a 10 (1 − c) 3 + a 11 I n 
3 ( 

1 

Pa 
.p ) + a 12 (1 − c) 3 In( 

1 

Pa 
.p ) 

+ a 13 (1 − c) 3 I n 2 ( 
1 

Pa 
.p ) + a 14 (1 − c)I n 3 ( 

1 

Pa 
.p ) + a 15 (1 − c) 2 I n 3 ( 

1 

Pa 
.p ) 

+ a 16 (1 − c) 3 I n 3 ( 
1 

Pa 
.p ) (A.1) 

here, T , c, and p, are temperature, LiBr concentration, and pres- 

ure, respectively. Also, a 1 to 16 are the corresponding constants, 

hich are represented in Table A.1 . 

able A.1 

onstants for the phase equilibrium Eq. (2) [30] . 

Constant Value 

a 1 −4 . 70858 × 10 −3 

a 2 −1 . 276757 × 10 −3 

a 3 1 . 45597 × 10 −4 

a 4 4 . 28261 × 10 −4 

a 5 9 . 48526 × 10 −4 

a 6 3 . 47501 × 10 −6 

a 7 −4 . 95401 × 10 −4 

a 8 −5 . 4 4 472 × 10 −5 

a 9 1 . 10477 × 10 −4 

a 10 4 . 915398 × 10 −3 

a 11 −7 . 21234 × 10 −8 

a 12 −5 . 8121 × 10 −4 

a 13 −2 . 23738 × 10 −5 

a 14 2 . 39788 × 10 −6 

a 15 −6 . 64049 × 10 −6 

a 16 4 . 26683 × 10 −6 

ppendix. B. Laplace transform solution 

At first, boundary conditions Eqs. (19) –( (22) ) should be con- 

erted by taking the Laplace transform with respect to variable 

ξ”

( s, 0 ) = 

θw 

s 
(B.1) 

∂Y ( s , η = 0 ) 

∂η
= 0 (B.2) 

( s, η = 1 ) + Y ( s, η = 1 ) = 

1 

s 
(B.3) 

∂ �( s, η = 1 ) 

∂η
| inf = 

�

Le 

∂ Y ( s, η = 1 ) 

∂η
| inf (B.4) 

Likewise, by taking the Laplace transform from Eqs. (12) and 

13) , they can be transformed into 

. 
√ 

η�( s, η) = 

∂ 2 �( s, η) 

∂η2 
(B.5) 
11 
. Le . 
√ 

ηY ( s, η) = 

∂ 2 Y ( s, η) 

∂η2 
(B.6) 

Replacing variable “η” with z = s 0 . 4 η, Eqs. (B.5) and (B.6) are 

ransformed into 

d 2 �

dz 2 
− √ 

z � = 0 (B.7) 

d 2 Y 

dz 2 
− Le 

√ 

z Y = 0 (B.8) 

The solution to Eqs. (B.7) and (B.8) can be obtained using the 

odified Bessel function of the first and second kinds 

( s, η) = c 1 
√ 

s 0 . 4 η I 2 
5 

(
4 

5 

(
s 0 . 4 η

) 5 
4 

)
+ c 2 

√ 

s 0 . 4 η K 2 
5 

(
4 

5 

(
s 0 . 4 η

) 5 
4 

)
(B.9) 

 ( s, η) = c 3 
√ 

s 0 . 4 η I 2 
5 

(
4 

5 

√ 

Le .s ( η) 
5 
4 

)
+ c 4 

√ 

s 0 . 4 η K 2 
5 

(
4 

5 

√ 

Le .s ( η) 
5 
4 

)
(B.10) 

here , c 1 , c 2 , c 3 , and c 4 are constants, related to operating condi- 

ions and the properties of a working pair, which are as follows: 

 1 = 

s −1 . 2 − c 2 k 2 − Le 
� c 2 β2 H 

k 1 + 

Le 
�β1 H 

(B.11) 

 2 = 

mθw 

s 
(B.12) 

 3 = nc 4 (B.13) 

 4 = 

Le 

�

c 1 β1 + c 2 β2 

n β3 + β4 

(B.14) 

 = 

n k 3 + k 4 
n β3 + β4 

(B.15) 

1 = p.k 1 + 

q √ 

Le 

(
k 5 + 

2 

5 a 
k 1 

)
(B.16) 

2 = p.k 2 + 

q √ 

Le 

(
k 6 + 

2 

5 a 
k 2 

)
(B.17) 

3 = p.k 3 + q 

(
k 7 + 

2 

5 b 
k 3 

)
(B.18) 

4 = p.k 4 + q 

(
k 8 + 

2 

5 b 
k 4 

)
(B.19) 

 1 = I 2 
5 
( a ) , k 2 = K 2 

5 
( a ) , k 3 = I 2 

5 
( b ) , k 4 = K 2 

5 
( b ) (B.20) 

 5 = I 7 
5 
( a ) , k 6 = K 7 

5 
( a ) , k 7 = I 7 

5 
( b ) , k 8 = K 7 

5 
( b ) (B.21) 

p = 0 . 5 s 0 . 2 , q = 

√ 

Le s 0 . 7 (B.22) 

 = 

4 

5 

√ 

s , b = 

4 

5 

√ 

Le .s (B.23) 

 = 0 . 62497 , n = 1 . 6516 (B.24) 
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Finally, by taking the inverse Laplace transform from Eqs. (B.9) 

nd (B.10) using the Stehfest method [20] , the temperature and 

oncentration profile can be obtained 

( ξ , η) = 

ln 2 

ξ

N ∑ 

i =1 

V i �

(
ln 2 

ξ
i, η

)
(B.25) 

( ξ , η) = 

ln 2 

ξ

N ∑ 

i =1 

V i Y 

(
ln 2 

ξ
i, η

)
(B.26) 

here, V i is defined as follows: 

 i = ( −1 ) 
N 
2 + j 

min ( j, N 2 ) ∑ 

k = [ j+1 
2 ] 

k 
N 
2 ( 2 k ) ! (

N 
2 

− k 
)
! k ! ( k − 1 ) ! ( j − k ) ! ( 2 k − j ) ! 

(B.27) 

ppendix. C. Solution generalization 

To generalize the analytical solution for calculating the heat and 

ass transfer over an inclined plate to other geometries, the aver- 

ge film thickness should be calculated by integrating Eq. (4) from 

 to π . For instance, to calculate the heat and mass transfer over 

 horizontal tube with circular cross section, as shown in Fig. C. 1 ,

he following average film thickness is obtained: 

a v e = 

1 

π

π
∫ 
0 

(
3�v 

gρsin ( ϕ ) 

)1 / 3 

dϕ = 1 . 33 δv ertical plate (C.1) 

The average film thickness is then used to calculate the average 

elocity and non-dimensional tangential distance ξ : 

 = 

�

ρs δave 
(C.2) 

= 

2 

3 

x 

δ2 
a v e 

α

ū 

= 

2 

3 

x 

δa v e 

αρs 

�
(C.3) 

Fig. C. 1. Schematic diagram of the solution film over a horizontal tube. 
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