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Falling liquid film is commonly employed in variety of industrial systems, such as LiBr/H2O absorption
heat pump or chiller. In this paper, the falling film absorption in aqueous lithium bromide solution was
investigated numerically using CFD software package-Fluent. The practical convective boundary condi-
tion at the cooling water side was considered. The heat transfer coefficient is assumed constant, and the
coolant temperature changes linearly along its flow path. The numerical results indicate that the profile
alling film absorption
eat and mass transfer
umerical simulation

of temperature is exponential and their gradients are high due to the distinct heat effect associated with
the absorption at the interface and the cooling effect of coolant at the wall at small downstream distance.
As the downstream distance increases, the profile of temperature is nearly linear. The absorption heat
and mass fluxes reach a maximum at the inlet region and decrease at the outside of the inlet region. Spe-
cially, the effect of variable physical properties on the absorption process was considered and discussed.
The prediction of the total absorption mass transfer rate is about 6.5% higher when assuming constant
properties.
. Introduction

The LiBr/H2O absorption heat pump or chiller is gaining global
cceptance as one promising candidate for waste heat recovery.
he performance of absorber is critical to the overall performance,
ize, and first-cost of the heat pump or chiller system. The design
f the absorber incorporates the heat and mass transfer of falling

iquid film. So to proceed adequately in the development of absorp-
ion heat pumps or chillers, a better understanding is required
f the combined heat and mass transfer process in absorption of
iBr/H2O.

In the case of falling film absorption, a simultaneous heat and
ass transfer dominates the performance. As absorption occurs,

eat and mass are transferred through the interface and within the
iquid phase. The exchange of mass across the liquid–vapor inter-
ace involves the generation of heat. The heat effect associated with
his mass exchange increases the liquid temperature at the inter-
ace accordingly, which consequently influences the equilibrium

tates of pressure and concentration and in turn affects the mass
ransfer. Furthermore the driving forces for heat and mass transfer
hange as the process progresses both due to the variation of the
ocal temperature, concentration gradients and the interfacial equi-
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librium condition. In addition, the falling film flow regimes make
the absorption more complicated.

Normally, the analysis of combined heat and mass transfer is
performed based on the governing equations of continuity, diffu-
sion and energy. Grigoréva and Nakoryakov [1] and Grossman [2]
modeled and analyzed the absorption in laminar falling films using
Fourier separation of variables techniques. They analytically solved
the energy and species equations for the heat and mass transfer
to a laminar falling film having constant temperature or adiabatic
wall boundary condition. But Grigoréva and Nakoryakov [1] and
Grossman [2] adopted different velocity profiles. Brauner et al. [3]
proposed an improvement for the cases where the absorbate con-
centration is comparable to that of the absorbent. Van der Wekken
and Wassenaar [4] presented the heat transfer model to a constant
temperature coolant, and use the coolant heat transfer coefficient
as a variable to study the heat and mass transfer process. Habib
and Wood [5] formulated a model for co-current absorption on a
laminar, vertical film considering the heat and momentum transfer
in the vapor phase. Yang and Wood [6] numerically studied the
case of inlet solution temperature different from the temperature
of wall on laminar falling film absorption. Kawae et al. [7] inves-
tigated the effect of the physical properties of LiBr solutions. Yoon

et al. [8] focused on the numerical study in absorption of vertical
plate absorber which was cooled by water, and the temperature of
cooling water is assumed to change linearly. Yigit [9] investigated
the falling film absorption on a vertical tube. Morioka and Kiyota
[10], Yang and Jou [11], Patnaik [12], Sabir et al. [13] conducted

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:xuehuma@dlut.edu.cn
dx.doi.org/10.1016/j.cej.2009.04.066
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Nomenclature

C LiBr concentration (wt.%)
Cp specific heat (J kg−1 K−1)
D diffusion coefficient (m2 s−1)
g gravitational acceleration (m s−2)
H enthalpy (kJ kg−1)
Ha heat of absorption (kJ kg−1)
hc coolant heat transfer coefficient (W m−2 K−1)
k thermal conductivity (W m−1 K−1)
L plate height (m)
m mass flux (kg m−2 s−1)
P absorption pressure (kPa)
q heat flux (W m−2)
Re Reynolds number
T temperature (K or ◦C)
u velocity in x-direction (m s−1)
U average velocity (m s−1)
v velocity in y-direction (m s−1)

Greek symbols
˛ thermal diffusivity (m2 s−1)
ı liquid film thickness (m)
� dynamic viscosity (Pa s)
� density (kg m−3)
� spray density (kg m−1 s−1)
ε absorption coefficient

Subscripts
1 solid LiBr
2 H2O
b bulk
c cooling water
in inlet
i liquid–vapor interface
min minimum value at the outlet
out outlet
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s absorption solution
w plate wall

nalytical studies of the wavy-laminar problem. Grossman and
eath [14] extended the falling film analysis of film absorption to

urbulent flow. In the aforementioned analysis most researchers
ssumed the constant physical properties.

The present work numerically simulated the heat and mass
ransfer during the absorption process of LiBr–water liquid film
alling outside a vertical tube using CFD software-Fluent. The prac-
ical convective boundary condition at the cooling water side was
onsidered. The coolant heat transfer coefficient is assumed con-
tant and the coolant temperature changes linearly along its flow
ath, which is validated experimentally by Miller [15].

. Governing equations and boundary conditions

The system analyzed in the present study is depicted schemati-
ally in Fig. 1. A film of liquid solution, composed of absorbent (LiBr)
nd absorbate (water), flows downward outside a vertical tube. LiBr
lways remains in the liquid phase, and steam is absorbed into the
olution. The film is in contact with stagnant steam at constant

ressure. At the entrance, the liquid solution is at a predefined tem-
erature and concentration corresponding to three states: slightly
uperheated, slightly subcooled and equilibrium. Coolant usually
ows countercurrent to the falling liquid film, and the integrated
eat and mass transfer process occurred in the absorber as the
Fig. 1. Schemetical diagram of falling film absorption system.

falling film of strong solution absorbs steam. The LiBr solution has a
vapor pressure lower than absorbate vapor pressure. As a result of
this difference, absorption occurs. The water absorbed at the inter-
face diffuses into the film. Simultaneously thermal effect associated
with absorption boosts the liquid temperature near the interfacial
region, improving the heat transfer within liquid film. Meanwhile,
the liquid film is cooled by cooling water flowing inside the tube.
Because the liquid film thickness generally is less than 1% of tube
diameter under the practical conditions, a two-dimensional Carte-
sian coordinate system was chosen. In Fig. 1 coordinate x is in the
streamwise direction and coordinate y is normal to the wall.

The following assumptions have been made in formulating the
model:

(1) The physical properties of the liquid solution are constant and
independent of temperature and concentration (the effect of
variable properties will be considered in the last section).

(2) Thermodynamic equilibrium exists at the interface.

(3) Heat transfer in the vapor phase is negligible compared to that

in the liquid phase.
(4) Liquid is postulated as Newtonian. Fluid flow is 2D laminar, full

developed and non-wavy throughout.
(5) No shear forces are exerted on the liquid by vapor.
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results for cases of constant coolant heat transfer coefficient of
2000 W m−2 K−1 and constant physical properties. Fig. 6 shows the
effect of variable properties on the temperature and concentration
profiles. The effect of variable properties on typical local interfacial
heat flux and mass flux along the wall is plotted in Fig. 7.
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6) The mass rate of vapor absorbed is very small compared to the
solution flow rate so that the film thickness and flow velocities
can be considered as constant.

7) The cooling water is countercurrent with respect to the flow of
liquid film and its temperature changes linearly.

8) The coolant heat transfer coefficient remains constant. The ther-
mal resistance of the solid wall is negligible.

Under the above assumptions, the 2D energy and diffusion equa-
ions could be reduced as

cp

(
u

∂T

∂x
+ v

∂T

∂y

)
= k

(
∂2T

∂x2
+ ∂2T

∂y2

)
+ ∂

∂y

(
2∑

i=1

�Di
∂Ci

∂y
Hi

)
(1)

∂C

∂x
+ v

∂C

∂y
= D

(
∂2C

∂x2
+ ∂2C

∂y2

)
(2)

The second term at the right hand side of Eq. (1) denotes the
hange in energy due to inter-diffusion, which is retained in the
overning energy equations. Where � is the solution density, cp is
he specific heat. k is thermal conductivity, D is diffusion coefficient.
he symbol H is enthalpy and subscripts 1 and 2 denote LiBr and
2O, respectively.

According to the Nusselt theory, transverse velocity v is zero and
he downstream velocity profile u is parabolic as a function of y and
s given as follows:

= 3
2

U

(
2

y

ı
−
(

y

ı

)2
)

, (3)

here

= �

�ı
, ı =

(
3��

�2g

)1/3

(4)

The following boundary conditions for temperature and concen-
ration are applied:

1) At the entrance, the uniform liquid film temperature and
concentration can be assumed, and LiBr solution is in thermo-
dynamic equilibrium state:

T = Ts,in, C = Cs,in, (5)

2) At the wall, it is impermeable, thus the gradient of concentration
is equal to zero. For the wall temperature, the third boundary
condition is given in term of coolant temperature and coolant
heat transfer coefficient. The cooling water is countercurrent
with respect to the flow of liquid film and its temperature
changes linearly. The coolant heat transfer coefficient remains
constant:

∂C

∂y
= 0, k

∂T

∂y
= hc(Tw − Tc). (6)

3) At the interface, the LiBr solution is in its saturation state. The
local interfacial absorption heat flux is described as [16]:

Ci = Ci(Ti, P), k
∂T

∂y
= D · �

∂C

∂y
· Ha = q (7)

4) At the outlet, the type of outflow boundary condition is adopted,
where the exit flow is assumed to be close to a fully developed
condition

∂T

∂x
= 0,

∂C

∂x
= 0. (8)
. Solution method

The CFD software, Fluent, was used to simulate the heat and
ass transfer in falling film absorption process. Fluent uses a
Journal 156 (2010) 607–612 609

control-volume-based technique to convert the governing equation
to algebraic equations. Second order upwind discretization scheme
was used to discretize the governing Eqs. (1) and (2). In the present
simulation, the computational domain is adopted to a fixed rectan-
gular domain. The film flowing distance is 1 m. The film thickness
is dependant on Re. The mesh number is 30 × 3000 in x and in y.
The convergence criterion for diffusion equation is 1 × 10−4, and the
convergence criterion for energy equation is 1 × 10−7.

4. Results and discussion

4.1. Validity of the model

The validity of the model was verified with the comparison of
the calculated interfacial temperature and concentration with the
results of Kawae [7] under the same conditions, as shown in Fig. 2.
It can be seen that the present results agree very well with those of
Kawae [7].

The present study was performed under more practical condi-
tions. The inlet strong solution corresponds to equilibrium states
and coolant heat transfer coefficient is considered to be constant.
Operating conditions are listed in Table 1, and physical proper-
ties of LiBr solution are collected from Ref. [8]. The heat and mass
transfer characteristics of falling film shown in Figs. 3–5 are the
Fig. 2. Comparison of the present results with data in the literature (a) interfacial
temperature and (b) interfacial concentration.
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Table 1
Operation conditions.

Operating parameter Values

Ts,in (◦C) 46.5
Cs,in (wt.%) 60.38
Tc,in (◦C) 32
Tc,out (◦C) 36
hc (W m−2 K−1) 2000

4
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L (m) 1
P (kPa) 1
� (kg m−1 s−1) 0.0142

.2. Temperature and concentration profiles

Fig. 3 describes the typical temperature and concentration
rofiles at different downstream positions. The abscissa is dimen-
ionless film thickness. y/ı = 0 and y/ı = 1 denote the locations of
all and interface, respectively. It should be noted from Fig. 3(a)

hat at small downstream distance (x = 0.005 m), the profile of tem-
erature is exponential, and their gradients are high due to the
istinct heat effect associated with the absorption at interface and
he cooling effect of coolant at the wall, as shown in Fig. 5(b). As
he downstream distance increases, the heat transfer fluxes at the
nterface and wall decrease and the profile of temperature is nearly
inear. It can be concluded that the heat conduction dominates in
he liquid film far downstream from the inlet. This may be also
xplained as the variation of the magnitude of absorption heat at

he interface, which can be considered as the energy source term
f the conduction heat transfer within the liquid film, as shown in
ig. 5(b). For the concentration profile in Fig. 3(b), it can be seen
hat the majority of mass diffusion takes place in a thin layer near

Fig. 3. The profile across the film: (a) temperature and (b) concentration.
Fig. 4. The profile along the wall: (a) temperature and (b) concentration.

the liquid–vapor interface within a small distance in x direction.
As the downstream increases, the mass diffuses further towards
the wall, and causes the variation of concentration at the wall. For
a LiBr–water system, the Le number (Le = ˛/D) is on the order of
102. Thus the diffusion boundary layer develops slowly compared
to the thermal boundary layer, and resulting in the temperature pro-
file development faster than the concentration profile, as shown in
Fig. 3(a) and (b).

Fig. 4 shows the variation of typical temperature and concen-
tration profiles with the downstream flowing distance. Initially,
the changes of liquid temperature at interface, bulk and wall are
remarkable near the entrance region, and decrease gradually. The
interfacial concentration demonstrates the same trend with the
bulk liquid temperature. The concentration at the wall remains con-
stant equal to inlet concentration at small downstream location,
and decreases slowly because of the mass diffusion of water.

4.3. Local heat and mass transfer flux

Fig. 5(a) and (b) shows the variation of local mass and heat fluxes
along the wall, respectively. The local heat fluxes at plate wall and
at the interface are defined as follows:

qw = −k

(
∂T

∂y

)
y=0

, qi = −k

(
∂T

∂y

)
y=ı

(9)
And the local mass flux at the interface as

mi = −D�

(
∂C

∂y

)
y=ı

(10)
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constant property case. But the low mass diffusivity restricts the
diffusion of water at the interface into the film bulk. This gives rise
to the higher bulk concentration and concentration at the wall for
variable property case, as shown in Fig. 6(a). The typical local inter-
facial mass flux and heat flux along the wall are plotted in Fig. 7.
Fig. 5. The flux against downstream distance: (a) mass flux and (b) heat flux.

The heat and mass transfer fluxes at the interface are high
ear the inlet region, and then start to decrease after reaching
heir maximum values and decay gradually along the wall. As

entioned above, the LiBr solution is in thermodynamic equi-
ibrium state at inlet. So the driving force of mass transfer is
ero. After entering the absorber, because of remarkable effect
f the cooling water, the temperature of liquid film decreases
nd the driving forces increase. So the vapor is absorbed into
he film at the interface accompanying the release of absorption
eat and heat and mass transfer fluxes increase. As the flow-

ng downstream distance increases, the temperature difference
etween the film and the wall decreases and hence the heat
ux at the wall decreases, leading to the heat and mass fluxes
ecreasing. Therefore, local maximums of heat and mass fluxes
xist obviously. From Fig. 5, the maximum values for mass flux
nd heat flux are 2.1 × 10−3 kg m−2 s−1 and 5.8 × 103 W m−2 cor-
esponding to the location of x = 13.2 × 10−3 m, which is less than
hose of Yoon [8], due to the different wall boundary condi-
ion.

The local heat flux at the wall decreases rapidly after the inlet
egion and decreases slowly when x > 0.1 m. It can be attributed to
he change of the temperature difference between the bulk solution
nd the wall, as shown in Fig. 4(a).

As defined in Ref. [7], the absorption coefficient was introduced

nd calculated: ε = (Cin − Cout)/(Cin − Cmin) × 100%. Where Cout is the
ulk concentration at the outlet. Cmin is the minimum concentra-
ion which can be determined when the bulk temperature of the
olution at the outlet is equal to the inlet temperature of coolant.
n the present simulation, ε is equal to 80%.
Journal 156 (2010) 607–612 611

4.4. Effect of the physical properties

Most of the previous reports assumed constant physical proper-
ties. However, when the variable properties are incorporated into
the analysis, the formulation and its programming became more
complicated. In order to investigate the effect of physical proper-
ties on the absorption, the properties correlations, such as density,
thermal conductivity and mass diffusivity, were selected from Ref.
[17] and the dynamic viscosity was calculated from the correlation
equation proposed by Lee et al. [18]. In the simulation proce-
dure, udf was added to incorporate the simultaneous change of
physical properties with concentration and temperature. The prop-
erties were calculated under the same inlet conditions for constant
property case. The results for the cases of variable and constant
properties are shown in Fig. 6. For this kind of coupled heat and
mass transfer process, both thermal diffusivity and mass diffusivity
play an important role. As the downstream distance increases, the
temperature and concentration of solution decrease, leading to the
increase of thermal diffusivity and the decrease of mass diffusivity.
From Fig. 6(b), it can be seen that the interfacial temperature, bulk
temperature and wall temperature are lower than those for con-
stant property case. The thermal diffusivity increases as x increases,
so heat is transferred more rapidly through the liquid film and
the interface, and hence the bulk and wall temperatures decrease.
When assumed that the thermodynamic equilibrium exists at the
interface, the interfacial concentration decreases compared to the
Fig. 6. The profile along the wall: (a) concentration and (b) temperature.
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Fig. 7. The profile along the film: (a) heat flux and (b) mass flux.

rom this figure, allowing for variable properties has little effect on
ocal heat and mass fluxes near the inlet region. As the x increases,
he local interfacial mass flux and heat flux with variable properties
re slight lower than those for constant property case. According
o the simulation results, the value of the total mass transfer rate
f absorption is 1.686 × 10−3 kg m−1 s−1 for constant property case
nd 1.576 × 10−3 kg m−1 s−1 for variable property case, respectively,
decrease of 6.5%.

. Conclusions

The combined heat and mass transfer process of liquid film
alling outside a vertical tube during absorption of water vapor into
lithium bromide solution was numerically investigated using CFD

oftware-Fluent. The more practical convective boundary condition
n the cooling water side was considered. The heat transfer coef-

cient is assumed constant, but the coolant temperature changes

inearly along its flow path. The results obtained can be summarized
s follows.

The heat and mass transfer flux at the interface rise steeply
fter the inlet position, and then they start to decrease after reach-

[

[

Journal 156 (2010) 607–612

ing respective maximum values and decay gradually along the
downstream distance. The maximum values for mass flux and heat
flux is 2.1 × 10−3 kg m−2 s−1 and 5.8 × 103 W m−2 corresponding to
x = 13.2 × 10−3 m.

Compared to the constant property case, although the temper-
ature decreases, the total mass flux decreases. The prediction of
the total absorption mass transfer rate is about 6.5% higher when
assuming constant properties.
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