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Abstract

The absorption process of water vapor in a liquid film is an important process in
LiBr-Water absorption system. The composition of the gas phase, in which a non-
absorbable gas is combined with the absorbate, influences the transport characteristics.
In the present work, the absorption processes of water vapor into aqueous solutions of
lithium bromide in the presence of non-absorbable gas are investigated. The continuity,
momentum, energy and diffusion equations for the solution film and gas are formulated
in integral forms and solved numerically. It is found that the mass transfer resistance in
gas phase increases with the concentration of non-absorbable gas. However the primary
resistance to mass transfer is in the liquid phase. As the concentration of non-absorbable
gas in the absorbate increases, the interfacial temperature and concentration of absorbate
in solution decrease, which results in the reduction of absorption rate. The reduction of
mass transfer rate is found to be significant for the addition of a small amount of non-
absorbable gas to the pure vapor, especially at the outlet of tube where the non-absor-
bable gas accumulates. At higher non-absorbable gas concentration, the decrease of
absorption rate seems to be linear to the concentration of non-absorbable gas.

Nomenclature D : Mass diffusivity, m*/s
e :Internal energy, k)/kg
A : Area, m’ g : Gravitational acceleration, m/s’
C :Mass concentration of water in solution h : Distance from tube wall, m
film i ! Enthalpy, kJ/kg

* Department of Mechanical Engineering, Hongik K : Absorption ratio
epartment of Mechanical Engineering, Hongi ) o
University 72-1, Sangsudong, Mapoku, Seoul, k : Thermal conductivity, W/mK

121~791, KOREA L : Heat of absorption, k]/kg
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: Mass flow rate, kg/s

: Pressure, Pa

: Heat transfer rate, W

: Heat flux, W/m®"

: Radial coordinate

: Tube radius, m, or Resistance, s/m

=
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: Temperature, T

: Time, s

: Axial velocity, m/s

. Radial velocity, m/s

: Mass concentration of water vapor in gas
: coordinate in flow direction

: Coordinate perpendicular to flow direction
: Solution film thickness, m

: Concentation boundary layer thickness, m
: Viscosity, Ns/m®

: Density, kg/m®

"D R DN X g<d e T gn

: Shear force, N

Subscript

a . Air

eq : Thermodynamic equilibrium

f : Solution film

g : Vapor-air mixture

o ! Center-line in gas or inlet in solution
film

s : Liquid-gas interface

v : Vapor

w : Absorber tube wall

1. Introduction

Absorption of gases and vapors into liquid
films is encountered in numerous applications
in chemical technology. Some broad areas of
application include the formation of gas-liquid
solutions in various reactors, the separation
of gases from liquids in distillation processes,
the removal of impurities from streams of
gases, and the creation of heating and cooling
effects in absorption heat pumps. For the film

absorber it is possible to transfer heat into or
out of the solutions during the process through
the wetted solid surface supporting the film.
Therefore falling film absorption involves si-
multaneous heat and mass transfer in the gas
-liquid system.

There are several factors which affect the
absorption process of absorbate (vapor) into
absorbent (liquid solution) in a falling film
absorber. The thermodynamic equilibrium pro-
perties of the participating substances, par-
ticularly their pressure-temperature—composi-
tion relations and the heat of absorption de-
termine the relative influence of heat transfer
on mass transfer. Transport properties of flu-
ids such as thermal and mass diffusivities go-
vern the heat and mass transfer at the gas-
liquid interface. The flow regime-laminar, wavy,
turbulent-affects the transfer rate toward and
away from the interface. The overall process
is a combined result of these factors and their
relative importance varies depending on the
conditions.

While the non-absorbable gas does not par -
ticipate directly in the absorption, its presence
does affect the overall heat and mass tran-
sfer. Since the interface is impermeable to the
non-absorbable gas in the absorption process,
non-absorbable gas accumulates at the inter-
face. Consequently the concentration of non-
absorbable gas at the interface is grater thian
that in the bulk gas resulting in a decrease in
the partial pressure of the absorbate at the in-
terface and reduction in absorbate mass tran-
sfer. This problem is similar to the conden-
sation problem with the presence of non-con-
densable gases which has received much atten-
tion by researchers both analytically"™® and
experimentally.“™® However, the condensation
problem requires only temperature-pressure
equilibrium at the interface, whereas the ab-
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sorption problem' requires concentration-tem-
perature-pressure equilibrium at the interface.
The extra condition complicates the problem
significantly.

Analytical and experimental studies to pre-
dict the effects of non-absorbable gas in a
falling film absorber are relatively rare in the
literatures. Haselden and Maltaym conducted

experiments on the absorption process of-

ammonia/water films and proposed that the
presence of a 2% volumetric concentration of
non-absorbable gases decrease the mass tran-
sfer by 5%. Burdukov et al® provided ex-
perimental results in which the effect of non-
absorbable gas on the absorption of water
vapor by aqueous LiBr solution flowing down
a bundle of horizontal tubes was investigated.
Their results indicated that as little as 0.5%
volumetric concentration of non-absorbable gas
resulted in the 50% reduction in mass tran-
sfer. The degrading effects of non-absorbable
gas contents on the absorption process were
also studied experimentally by Vliet and Co-
senza® for the case of horizontal tube banks,
and Yang and Wood"® for the vertical-tube
LiCi- HxO system.

Boundary layer analysis with non-absor-
bable gas was reported by Grossman."? He
concluded that the reduction in mass transfer
caused by the presence of non-absorbable
gas was most critically influenced by the di-
ffusion resistance in the gas phase. Habib et
al."® investigated the effect of non-absorba-
ble gas in the entrance region of a falling
film absorber. They predicted about 50% re-
duction in mass transfer when the non-ab-
sorbable gas content was incre-ased from 0
to 2%. However all these studies were limited
to the entrance region of tube where the
analytical solution was possible.

In the present studies, the absorption pro-

cesses of water vapor into aqueous solutions
of lithium bromide flowing down inside of
vertical tube in the presence of non-absor-
bable gas are analyzed by the integral me-
thod. The continuity, momentum, energy and
diffusion equations(mass conservation of water
species) are solved to estimate the effects of
non-absorbable gas on the overall heat and
mass transfer characteristics in the absorp-
tion process.

2. Model and governing Equations

Figure 1 describes the schematic picture of
a falling film and the coordinate system. A
film of liquid solution flows down over a
solid surface of given geometry. The solution
is composed of two components-the absor-
bent and the absorbate. Other substances not

|
X Vapor-air mixture
vy
wx.y)
Tube |
Ly
fS‘l(lll;ltlon T(x,y)
1ivdy '
Cx.y)
-tz.“ e

Fig.1 Schematic picture of falling film
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participating in the absorption process may
be contained in the liquid. The film is in con-
tact with gases containing at least the absor -
bate component. The gases may contain other
“inert” components not participating in the
absorption process. For simplicity these non-
participating components have been combined
under the term of “non-absorbable gases”,
which is assumed to be air for the present
analysis. For a subcooled solution at the inlet,
absorbate vapor pressure in the solution is
lower than that in the gas. This results in
absorption taking place at the liquid-gas in-
terface, with the absorbate diffusing through
the gas phase and into the solution film. the
heat generated in the absorption gives rise to
temperature gradients which results in heat
transfer. A falling film absorber makes it po-
ssible to remove the heat generated and keep
the vapor pressure in the liquid low enough
for the continuous absorption.

The following assumptions have been made
in formulating the model : (1) The physical
properties of the liquid solution and the vapor
—air mixtures are constant; (2) Thermodyna -
mic equilibrium prevails at the liquid-gas in-
terface; (3) Both the solution film and the gas
are laminar flow; (4) The vapor-air mixture
has fully developed velocity, temperature and
concentration profiles; (5) The solution film is
fully developed hydrodynamically and ther-
mally but the concentration boundary layer is
developing; (6) There is no slip between pha-
ses; (7) Thermal diffusion is negligible; (8)
Axial diffusion is negligible.

Under these assumptions, the combined heat
and mass transfer process in the absorption
system is governed by the continuity, mo-
mentum, energy and diffusion equations of
solution and gas. The integral forms of these
equations for the solution film are

% fpfdAf'{' % fpf“fdAf= I.n’ 1)

—g—t—fpfufdA,—us% fpldAf
+%fpfu§dAf—us—aﬁ;fpfu:dAf
(s fore e @

% fp,efdAf'“efs% fPfdAf
+ % fpfu;ifdAf— ifS% fpfufdAf
=—q, +qx’ (3)

%fprdAf-i-% fpfqudAf= m (4

where equation (4) is the continuity equation
of water species in a falling film. m is the
absorption rate, q the heat transfer rate, r
the shear force, e the internal energy, and i is
the enthalpy. C is the water concentration in
the solution film. subscripts f, g, s and w
denote the film, gas, liquid-gas interface and
the wall.
For the gas flow they become
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where W is the water vapor concentration in
the gas phase. Once the profiles of velocity,
temperature and concentration are given, the
above equations could be solved to evaluate
the momentum, energy, and mass transfer rate.

Boundary conditions for the velocity, tem-
perature and concentration profiles in the so-
lution film are

ug(x,0) =u, 9.1)
ug(x, 8) =0 9.2)
m%’;’o) e 93)
Ti«x,0)=T, (10.1)
Tf(X, 6{) = Tw (102)
oT«(x,0) ., "
—kf——%;——— =m"L+qg (10.3)
C(x,0)=C, (11.2)
C(x,4p)=C, (11.2)
aC(X,Af) i

where 4¢ is the thickness of the concentra-
tion boundary layer in the solution film and L
is the absorption heat. Interfacial shear stress
and heat flux can be calculated from the gas
-side velocity and temperature profiles. Para-
bolic profiles satisfying the above boundary
conditionss are

uf(x,y)=us(1 %)-f— ’ (y-— 5, ) (12)

Tx,y)=T .+ (TW—TS)-yaiz
f

m’L+q (  y?
+ iy (y 6f) (13)

C(x,y)=C, (1 2y 2)

4

+C (23'—+—‘L—) (14)
42

where subscript o represents the value at
absorber inlet for the solution film and the
centerline value for the gas phase.

For the gas flow, boundary conditions for
velocity, temperature and concentration pro-

files are all derived from the same concepts
as those used for the solution film.

u.(x,0)=u, (15.1)
ug(x,8—R)=uy (15.2)
au (X, 8f - R)
OUX, 07 )
oy 0 (15.3)
T (x,00=T, (16.1)
To(x, 6—R)=T, (16.2)
aT (x,8;—R)
Olg\X, 07 N)
3y 0 (16.3)
W(x,00=W, (17.1)
W(x,—R)=W, (17.2)
oW(x,8—R) _
—'—'ay— =0 (17.3)

Velocity, temperature and concentration pro -
files in gas phase them become

ug(x, ) =u,+ (o= w75y

2
S ] (18)

Tg(x: =T+ (Ts— Tgo)[_(sz_%f)

2
w5 ] (19)
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Wx,y)=W . +(W,—W )[‘(R_MS_)

2
" (20)
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From assumption (2), the concentration of
solution at the liquid-gas interface should
satisfy the thermodynamic equilibrium con-
dition.

Cs=Ceu(Ts, pvo) 21

where pvs is vapor pressure in the gas at the
liquid-gas interface, which can be estimated
as the product of total pressure and the mole
fraction of water vapor in gas phase at the
interface. The mole fraction of water vapor in
the gas is determined as a function of vapor
molar concentration in the gas and the mo-
lecular weight of the species. The continuity
of heat flux and mass flux at the liquid-gas
interface are given as

an(Xy 0)
oy

m'L—k, ——E———aT (2,00 (50

aC(x,0)

O Vst — Dy dy

ngﬂ%&l (23)

-k
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where pvs is the density of water vapor in the
vapor-air mixture, v, is the radial velocity of
each phase near the interface, and D is the
mass diffusivity. Since the liquid-gas inter-
face is impermeable to the non-absorbable
gas the radial velocity of the gas at the li-
quid-gas interface is given as

=—p, &0 ja-w,)

3. Solution Methods

Due to nonlinear nature of the conservation
equations and property relations, it is difficult

to get steady-state solutions by solving them
simultaneously. Therefore model is formulated
with transient equations and solved until the
rate of change of any variables with respect
to time is very small, at which time steady
state is reached.

Equation (1)-(8), (21), (23), and (24) form
11 simultaneous equations for the unknowns
of 8¢ 4i, Us, Ugo, Ts, Tgor Cs, m, Wy, W, and
p for the case of constant wall temperature.
They are solved by the explicit finite differ-
ence method. Discretization of equations using
the first-order forward-time and backward-
space scheme results in the difference equa-
tions. The temperature and concentration of
LiBr are strongly coupled by the thermody -
namic equilibrium conditions at the liquid-gas
interface. The mass flux of water vapor ab-
sorbed into the solution film should satisfy
equation (23) and (24), and at the same time
the temperature and concentration at the in-
terface should meet the requirement of ther-
modynamic equilibrium given in equation (21).
Thus an iterative technique is used to find
the interfacial temperature and resultant mass
flux using the Newton method.

At each time step, calculation proceeds from
the inlet to the outlet. At each node, the so-
lution film thickness is first calculated from
equation (1), and then interfacial velocity, gas
core velocity and pressure are calculated by
equation (2), (5) and (6). The temperature and
concentration of the solution film and gas are
calculated from the energy and diffusion equ-
ations for both fluids simultaneously with the
interfacial conditions given in equation (22)
and (23). When the rate of change of each
variable with respect to time is less than the
specified value, it is assumed that steady state
is reached.



62 Byong-Joo Kim

4. Results and discussion

The working fluid for the absorption ana-
lysis is a lithium bromide and water solution.
Lithium bromide is an absorbent and water is
an absorbate. Aqueous solutions of lithium
bromide flow down inside a vertical tube as a
falling film. The non-absorbable gas consi-
dered in the present analysis is air. Thus the
mixture of water-vapor and air flows co-cu-
rrently with the solution film in the core of
tube. Table 1 shows the dimension of the
vertical tube absorber and operating condi-
tions used in the analysis of absorption pro-
cess.

For the operating conditions considered in
the present studies, the Reynolds number for
the gas flow is 1,000 and for the falling films
130 at the inlet of the absorber. Since the
system is maintained in a vacuum, the ve-
locity of the vapor—air mixture at the inlet of
absorber is relatively high. The interfacial
shear stress is found to be approximately 5%
of the wall shear stress, which could be bi-
gger at a higher gas flow rate. The solution
film seems to become thicker as it flows
down the tube not only by the absorption of

Table 1 Conditions for the analysis of absor-
ption process

Parameter Values
Absorption tube diameter(mm) 133
Absorptioh tube length(mm) 1,000
System pressure(mmHg) 8.0
Wall temperature(C) 35.0
Solution water concentration(%) 42.0
Solution temperature(C) 40.0
Solution flow rate(kg/min) 0.4
Gas flow rate(kg/min) 0.005
Gas temperature(C) 80

water vapor but also by the reduced interfa-
cial shear stress due to the lower gas velo-
city especially, near the outlet of the tube.
For the co-current flow between the solution
film and gas the higher gas flow rate would
cause the bigger interfacial stress, the thinner
solution film, and thus the lower heat transfer
resistance in the solution film. These pheno-
mena could be the reverse in the case of the
counter—current flow.

Temperature profiles in the solution film
and gas at various locations along the tube
are shown in Fig.2, where air concentration is
125. Due to the absorption of water vapor by
the solution film and the release of absorption
heat, the liquid-gas interface temperature is
the highest. The gas temperature seems to
rise very quickly from the inlet conditions as
a result of heat transfer from the solution.
However, the fraction of heat transferred to
the gas is less than 126 of heat transferred to
the wall. The sharp temperature gradient in
the solution film leads to a large quantity of
heat transferred to the wall.

As the absorption process proceeds, the
concentration profiles in the solution film and
gas vary as shown in Fig.3 and 4. Since the

45.0 LuS B T
Wa =0.01 -
40.0 T —
B ]
= 350
x=0.25m
300 —------ x=0.5m
| — — -x=075m 7]
25.0 1 xl= i'?m N l

0.G0 0.20 040 0.60 0.80 1.00
h/R

Fig.2 Temperature profiles of solution film and
gas at various locations along the tube
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development of the concentration boundary
layer in the solution film is limited due to its
small mass diffusivity, an abrupt increase of
solution concentration can be noticed near the
liquid-gas interface. The concentration of water
vapor in the gas decreases relatively slowly
near the interface. It can be noticed that the
growth of the concentration boundary layer
thickness in the solution film reaches about
40% of the film thickness at the outlet of the
tube.

As the solution and gas are introduced into
the absorption process, the absorptional mass
flux increases abruptly due to its high vapor
pressure difference. Since the solution tem-
perature rises as a result of absorption heat,
the driving force for the mass transfer de-
creases. Thus the absorption rate reaches its
maximum and then decreases slowly depen-
ding upon the cooling capacity of the process
as shown in Figh. For a very thin solution
film, since the heat transfer resistance in the
film would be very small, it might be possi-
ble that the absorption rate increases through -
out the whole absorber. For both phases ab-
sorption occurs by diffusion and convection
(bulk motion of fluid). Figure 5 shows most

0.45 T LA S—
L W, =001
x=025m
044 I~ ------ x=0.5m
— — ~x=075m
© r—-—-x=10m
0.43 —
0.42 i ! L J;I | 1
0.0 0.2 0.4 0.6 0.8 1.0
h/é

Fig.3 Concentration profiles of water in
solution film at various locations
along the tube

of the absorption flux is induced by convec-
tion in the gas phase. In the solution film, the
diffusional mass flux is slightly larger than
the convectional flux. Convection and diffu-
sion seem to contribute to the mass transfer
with almost the same importance in the so-
lution film.

The variation of mass transfer resistance
for both phases is given in Fig.6. Since the
growth of the concentration boundary layer in
the solution film is not affected very much by
the air content, mass transfer resistance in

1.00 7

0.95

0.90

0.85

r/(R - 8;)

Fig.4 Concentration profiles of water vapor
in gas at various locations along the
tube

Total mass flux
------ Llquid-side diffusional flux ]

— — — Gas-side diffusional flux
0.002

m,* (kg/m’)

0.001 . T

0.0 0.2 0.4 0.6 0.8 1.0

x(m)

Fig.5 Variation of total and diffusional
absorption mass fluxes along the tube
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the solution remains the same regardless of
the concentration of non-absorbable gas in
the water vapor-air mixture. The mass tran-
sfer resistance in gas phase increases with
the addition of the non-absorbable gas. Basi-
cally the primary resistance to mass transfer
is in the liquid phase due to its low mass di-
ffusivity. The mass transfer resistance in gas
phase is very small when compared to that of
the solution. However the driving force for
the mass transfer, the difference between the
bulk density and the interfacial density, is
prevailed by the liquid phase. Therefore the
mass transfer resistance in the gas phase
should not be neglected.

The variation of the interfacial equilibrium
concentration of the solution and the effects
of air content are shown in Fig.7. The rise of
interfacial concentration is reduced as the air
content increases. Since the non-absorbed air
accumulates as the gas flows down the tube
the reduction of the interfacial concentration
is remarkable, especially near the outlet of
tube.

At the inlet of tube the absorption rate is
assumed to be very small. As the film forms
and flows down the tube, the absorption rate

100,000.00
10,000.00
1,000.00 Liquid-side
g o st denagy
Z 1000 - Gas-side (W, = 0.07)
S
0.10
0.01

Fig.6 Variation of mass transfer resistance
in liquid and gas-side along the tube

x(m)

rapidly increases due to the driving pressure
difference. However, the increase of the ab-
sorption rate with tube length is limited to a
certain point due to the increase in interfacial
temperature and the accompanying reduction
of the vapor pressure difference. This could
be overcome by an increase of the cooling
rate, the heat transfer to the wall. Once the
absorption rate reaches its maximum, it de-
creases slowly depending on the concentra-
tion of air in gas. As a result of a decrease
in the interfacial concentration in the solution
and in the vapor pressure difference, the mass
absorption rate decreases with th(/e, content of
air as shown in Fig.8.

As mentioned in the analysis of the in-
terfacial concentration in the solution, the re-
duction of the absorption rate is remarkable,
especially near the outlet of the tube. The
qualitative trends of absorption rate with tube
length are invariant with the concentration of
non-absorbable gas. The absorption ratio K
is defined as the absorption rate in the pre-
sence of non-absorbable gas divided by the
absorption rate in the absence of non-absor-
bable gas. K is depicted as a function of air
contents in Fig9. The absorption ratio de-

WM T
044 |- ’; - —
S R e ]

. %

043 — /7 W,=00 —

- W,=0.03
B — = - W,=007

042 1 ] —1 ] ¥ _l ] l ]
0.0 0.2 0.4 0.6 0.8 1.0

x(m)

Fig.7 Effects of non-absorbable gas on the
variation of interfacial equilibrium
concentration of solution along the
tube length
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Fig.8 Effects of non-absorbable gas on the
absorption rate of water vapor along
the tube length
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Fig.9 Effects of non-absorbable gas on the
absorption ratio

creases relatively sharply as a small amount
of air is introduced to the pure vapor. How -
ever, with the addition of more air, the de-
crease of absorption rate seems to be less
dramatic. The reduction of absorption rate
appears to be linear with the concentration of
non-absorbable gas at higher air content in
the vapor-air mixture. The overall reduction
of absorption rate may reach 15% for the
addition of 5% mass concentration of air to
the pure water vapor in gas.

5. Conclusions

In the present work, the absorption process
of water vapor into aqueous solutions of li-
thium bromide in the presence of non-absor-
bable gases were investigated. The continu-
ity, momentum, energy and diffusion equa-
tions for both the solution film and the gas
phase were formulated in integral forms and
solved numerically.

As the non-absorbable gas concentration in
the absorbate increased, the interfacial tem-
perature and concentration of absorbate in
solution decreased, which resulted in the re-
duction of absorption rate. The reduction of
mass transfer rate was found to be relatively
significant for the addition of small amount of
non-absorbable gas to the pure vapor, es-
pecially at the outlet of the tube where the
non-absorbable gas accumulated. At higher
non-absorbable gas concentration the decre-
ase of absorption rate seemed to be linear
with the concentration of non-absorbable gas.
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