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Abstract—Absorption of sparingly soluble gases is conventionally characterized by infinite dilution of
absorbate. The present study relates to vapour absorption, where the concentration levels of absorbate
and absorbent are comparable (finite dilution of absorbate). Such a process, for instance, is the hygroscopic
condensation of cold low pressure vapour on a concentrated hot brine falling film. Isothermal and non-
isothermal absorptions are considered. The latter represents coupled heat and mass transfer. It is shown
that in the case of finite dilution, the lateral convective term ought to be accounted for. The resulting
transfer rates are shown to depend on both the absorbate concentration level and the driving force and
are significantly augmented compared to the prediction of Higbie’s theory.

1. INTRODUCTION

IN TYPICAL heat transfer condensation the impetus
for the process is usually the thermal driving force,
requiring the condensing vapour phase to be at a
higher thermal level. As such, a degradation of the
temperature level in the direction of the vapour con-
densation is involved.

A different condensation scheme, referred to as
hygroscopic condensation, has been recently dealt
with in refs. [1, 2], whereby low temperature (low
pressure) pure vapour condenses and is absorbed on
a relatively hot film of hygroscopic (salt) solution.
The condensation occurs due to the reduced vapour
pressure of the concentrated salt solution. The driving
force for condensation is the difference between the
pressure of the vapour phase and the partial pressure
of the water component in the brine solution. The
condensation, in this case, is governed rather by mass
transfer mechanisms with possible opposing thermal
forces [3-6].

The interest in condensation of water vapour on
concentrated brine stemmed from the search of energy
recovery [1, 2, 5, 6]. The (naturally availablet) brine,
which essentially represents a storage of heat, is used,
as a matter of fact, to upgrade low pressure steam.
Clearly, the commercial applicability of such a process
to energy recovery schemes is highly dependent on the
overall transfer rates that can be achieved.

The distinction of hygroscopic condensation com-
pared to vapour condensation on its pure liquid phase
or on transferring surfaces is two-fold. The first is

t Solutions of CaCl, up to 40-50% by weight are available
in the Dead Sea, Israel.

the coupling between energy and mass transfer. In
utilizing a hygroscopic brine film as the condensing
surface, the overall performance is governed by both
the thermal resistance and the associated coupled
resistance to mass transfer in the brine film, which is
continuously diluted by the condensation at the free
interface. Inspection of the relevant literature indi-
cates that the focus has been mainly on the problem
of liquid phase controlled mass transfer into a liquid
film in isothermal conditions. These have been
recently reviewed [7-10]. Relatively few studies
accounted for the temperature variation. Yih and
Seagrave [11] studied the effect of an a priori assumed
temperature distribution across a laminar falling film
on the physical properties, hence on the absorption
process. Nakoryakov and Grigor’eva solved for the
temperature profile [12, 13], assuming a uniform vel-
ocity across the film. The solutions for the coupled
energy and diffusion equations were obtained in the
form of eigenfunction series. Analytical solution for
the temperature and concentration distribution at the
entry region were also presented in ref. [13]. Later on,
Grossman [14] improved the above model by elim-
inating the assumptions of uniform velocity across the
film. Grossman and Heath [15] further extended the
laminar model to turbulent flow conditions and widely
discussed the heat and mass transfer coefficients for
various operating conditions.

The second important feature of vapour absorption
by concentrated brine is that the concentration levels
of the absorbate (usually water) and the solute (salt)
are comparable. It is at this point worth noting that
most of the previous experimental and theoretical
studies have dealt with infinite absorbate dilution,
whereby sparingly soluble gases are absorbed into
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a,,a, constants in equation (19)
A,, A, integration constants, equation (27)
B\, B, integration constants, equation (28)
¢, specific heat [kJ kg~ ' K]
C molar density [mol m 7]
Ca absorbate concentration [mol m~7]
Cy absorbent concentration [mol m ™3]
D diffusion coefficient [m” s~ ']
h heat transfer coefficient
[kJm=2s 'K
k thermal conductivity [kIm~'s 'K~
K mass transfer coefficient [m s~ ']
Le Lewis number, D/x
N molar flux [mol s™' m~?
A non-dimensional molar flux, equation
(17
Nu Nusselt number, hz/k
P vapour pressure [N m™?]
Pe Peclet number, iRe Pr
Pr Prandt] number, ¢,u/k

Re film Reynolds number, 4I'/u

Sc Schmidt number, v/D

Sh Sherwood number, Kz/D

T temperature (K]

downstream velocity [m s™']

interfacial velocity [m s ']

Xa molar fraction of absorbate

¥ perpendicular direction [m]

Y non-dimensional perpendicular
direction, y/d

z downstream direction [m]

VA non-dimensional direction, (z/8)/Pe.

&

Umax

NOMENCLATURE

Greek symbols

o thermal diffusivity [m? s~ ']

By constants, equation (17)

r liquid flow rate [kgs™' m™']

0 film thickness [m]

n integration variable

0 non-dimensional temperature,
equation (14)

i¥ molar heat of absorption
[kJ kg~ ' mol ']

A non-dimensional heat of absorption,
equation (18)

u viscosity [kgm~'s™ ']

v kinematic viscosity [m*s~']

& similarity variable, Y/(4Z)', equation
(22)

P density [kg m 7]

¢ non-dimensional absorbate
concentration, equation (14)

x vapour quality

v function defined in equation (25)

Q enhancement factor, equation (49).

Subscripts

A absorbate

B non-volatile absorbent

c condensing vapour

1 at inlet.

Superscripts

* at equilibrium

B average

0 infinite dilution.

liquid films, and thus ignore the effect of the absorbate
concentration level [7-9]. The others mentioned
studies which more specifically dealt with vapour
absorption into hygroscopic solutions [10-16], while
accounting for the coupling between energy and
diffusion, still considered the process as of infinite
absorbate dilution.

The present study is essentially aimed at evaluating
analytically the effect of the absorbate concentration
level in systems of finite absorbate dilution. The study
is thus complementary to Brauner and Maron’s work
on hygroscopic condensation. However, while the pre-
vious presentations [1-6] dealt with experimental and
general theoretical modelling of the transfer rates, the
present study is focused on elucidating the basic
mechanisms associated with comparable concentra-
tions of absorbate and absorbent.

2. THE PHYSICAL MODEL AND GOVERNING
EQUATIONS

The physical system and coordinates are sche-
matically described in Fig. 1. A concentrated brine

of a salt concentration Cy;, water concentration C,;
and temperature T, enters the condensation com-
partment at z = 0. It flows down over an inclined
surface, in contact with pure stagnant saturated vap-
our (steam) at constant pressure P.. The saturation
temperature of the condensing vapour 7,(P.) may be
lower than the brine temperature 7;. However, the
relatively cold vapour may condense and be absorbed

Phase

Condensing Vapor
Pe, Te

Liquid Film
Solid Surface

FiG. 1. Schematic description of the physical model and
coordinates.
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by the brine film, providing the brine vapour pressure
PX(T,C,) is lower than P_. In the absence of non-
condensables, the resistance to absorption in the vap-
our phase is negligible and a liquid-phase controlled
condensation—absorption is considered. Also, heat
losses from the liquid phase to the adjacent con-
densing vapour are ignored. The heat released due to
the hygroscopic condensation affects an increase of
the brine temperature. Thus coupling between the
mass and heat transfer process results.

In formulating the governing equations it is
assumed that the vapour absorption rate is small com-
pared to the mass flow rate of the brine film. There-
fore, the film thickness, the downstream velocities and
the physical properties of the liquid film are con-
sidered to be constant. For a fully developed laminar
film flow, the well-known Nusselt solution prevails,
with the downstream velocity profile u( y) given by

4(H) = U [1— @] M

where U, is the interfacial velocity and 6 the film
thickness.

A differential mass balance on the condensing com-
ponent reads

ON,, ON,,
0z dy

where Ny,, Na, denote the molar flux of absorbate A
in the z-, y-directions, respectively. Since the axial
diffusion contribution to the molar flux is negligible
the first component of equation (2) reduces to

0X4

Ny = —DCE‘ + Xa(Na;+Ng,) = Cau(y) (3)

=0 )]

where C is the molar density, Ca, X, the molar con-
centration and molar fraction of the condensing com-
ponent and D the diffusion coefficient of the absorbate
in the liquid. In the perpendicular direction, y, the
molar flux is given by

oX,
N., = —DCTyA + Xa(Nay + Ng,). @)

The convective term in equation (4) can be omitted
for either X, -0 or N,, = — Ny, neither of which
holds in the case of hygroscopic condensation. For
instance, the minimum molar fraction of water which
corresponds to a saturated salt solution of MgCl,,
CaCl,, LiBr, NaOH, is about X, ~ 0.8. On the other
hand, the salt is not transferred, neither through the
film free interface, nor through the solid wall, and
thus Ny, ~ 0 may reasonably be assumed. Under these
conditions, equation (4) yields

D 8C,

M= "=x0 &

(5)
For relatively short exposure time (small z) the
diffusion boundary layer is limited to the near free
interface region and thus, by equation (1), u(p) ~

1899

Upax- Substituting equations (3) and (5) into equa-

tion (2) yields
0C, 0 1 0Cy
[(I—CA/C) & ] ©

axE = a

In some cases the heat interaction is small and the
process may be considered isothermal. Hygroscopic
condensation, on the other hand, is characterized by
a significantly large heat of absorption. The heat
released during the hygroscopic condensation affects
an increase in the brine temperature, which influences
the equilibrium interfacial concentration at the film
free interface and thus a combined heat and mass
transfer is to be considered, where the temperature
and concentration at the free interface are interrelated
through the thermodynamic equilibrium condition.

The energy equation is now simplified under several
assumptions, which are reasonably valid for the physi-
cal model of Fig. 1. First, viscous dissipation,
thermodiffusion effects and the axial heat conduction
term are negligible. Also, for a small condensation
rate (compared to the average film mass flow rate)
the lateral heat convection component is ignored.
Moreover, under the condition of short contact
time, consistent with equation (6), the energy equation
reduces to

Un,

oT o°T
Umax E =a 57 (7)
where « is the solution thermal diffusivity (« = k/pc,).
The corresponding boundary conditions for equa-
tions (6) and (7) are

z=0, Ca=Cai, T=T,
y = 0, CA =C:’ T = T*(Pc’ CK)
y—00, Ca=Cy T=T; (8)

where C% is the absorbate interfacial concentration,
assuming a vapour pressure equilibrium at the liquid
free interface at a temperature level 7* and an external
pressure level of the vapour phase, P.. Note that
though C%, T* are in fact unknown, they are related
to each other by both the temperature-concentration—
pressure equilibrium

P(C%,T*) = P, = const. C)

and the condensation heat flux through the free inter-
face

oT
_kaﬂy

= A*N,, (10)

y=0 y=0

where Ny,|,_ , is the interfacial molar condensation
flux as defined by equation (5) and A¥* is the molar
heat of absorption of the condensing vapour and is a
function of the interfacial conditions, C%, T*. Clearly,
equations (9) and (10) represent the coupling between
the heat and mass transfer mechanisms.

The non-dimensional presentations of equations
(6) and (7) and boundary conditions are
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0] i, 1 o0¢
a‘z'“ar[rwa—r} (an
00 9%0
P AR (2
Z=0; ¢=0; 0=0 (13a)
Y=0;, ¢=¢*% 6=0* (13b)
Y0, ¢=0;, 6=0 (13¢)
where
CA_CAi. _ T"T‘l‘ _y. -Z 1
=Ct-cn "Trmon YT PR
3 AT 8 U,.0
Pe=_RePr, Re=-—= ;o Pr=vja;
8 g 3 v
Le=2=L" 4o (cu-ctiC; B=1-CuiC
—;—5, y=(Ca—CX)/C; B=1-Cy/C.

(14)

Here, C%; is the equilibrium concentration at the
entry temperature, T;, and vapour pressure, P,
C* = CX(T, P.) (and thus represents the interfacial
concentration in the case of isothermal absorption).
The equilibrium temperature T7T* = T*(Cy;, P.)
includes the boiling point elevation corresponding to
the brine concentration, C,;, which is in equilibrium
with its vapour at pressure, P.. In fact T — T} is a useful
measure of the nominal available temperature driving
force for the hygroscopic condensation process. Note
that, the actual temperature drop 7, — T; may be nega-
tive in the case of hygroscopic condensation, while
condensation still takes place.

The dimensionless (unknown) interfacial tem-
perature and concentration, ¢* and 0*, are related to
each other by the dimensionless form of equations (9)
and (10)

P(¢*,0*%) = const. (15)
00
“ A, AN (16)

where A" is the dimensionless molar flux of con-
densation at the free interface and A the dimensionless
heat of condensation—absorption

_ 4 __ b o9
A =D =™ 0 = T GE B ¥y
an
- Lei2(CLi—Cyl) (18)

pe(T*—T)

In order to proceed with the solution it is necessary
to specify an equilibrium relation between tem-
perature composition and vapour pressure (equation
(15)). Experimental data, available in the literature
for various brines are usually formulated in a linear
relation between temperature, composition and the
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logarithm of the vapour pressure at equilibrium [14].
Thus, under the conditions of constant vapour press-

ure, P, a linear relation specifies
Ct=aT*+a, 19)

or, in terms of the dimensionless concentration and
temperature defined in equation (14), equation (19)
becomes

*+0% = 1.

The solution also requires data of the latent heat
condensation of vapour over the brine interface
A¥(Cx, T*), which is given by [1, 6]

/l: = l*iq_r‘ _Cpc(T* - Tc) _(1 —X)}'

(20)

@n

where 4* is the heat of evaporation (or condensation)
of a unit mass of pure water from a solution of con-
centration C¥% which is in thermodynamic equilibrium
with its (superheated) vapour at a temperature T*.
Here, however, the latent heat A* is to be first corrected
for the sensible heat losses due to condensation of
relative cold vapour at temperature 7, < T* with a
specific heat c,.. The third term of equation (21) rep-
resents the latent heat loss due to condensation of
vapour of quality, y < 1. For absorption of water
vapour the dependence of A* on C¥% and T* is known
to be rather weak, and thus the solution is proceeded
assuming a constant (specified) A¥.

The partial differential equations, equations (11)
and (12), are now reduced to ordinary differential
equations by substituting a similarity variable,

&= Y/(42)""

daj 1 d¢ do . . _ 12
Lege [v¢+ﬂ df]”f g =0 ¢=YEg
@)
d?e de
gt =0 23)

and the boundary conditions, equations (13), (16),
and (20), read

(-0, ¢p=0 (24a)
E—o00, 0=0 (24b)
E=0, ¢*+0t=1 (24c)
_o 99_ A d¢

=0, & erF e (24d)

The conditions in equations (24c) and (24d) represent
the coupling between the energy and diffusion equa-
tions, while the term, 1/(y¢+§), in equation (22)
evolves due to comparable levels of absorbent and
absorbate concentrations.

3. SOLUTION OF THE GOVERNING EQUATIONS

Equations (22) and (23) are now to be solved under
the conditions of equations (24). The case of iso-
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thermal absorption, where both 6 and A are ident-
ically zero and thus only equation (22) remains, has
been recently solved by the authors [18]. The solution
proceeds here for the more general case of non-iso-
thermal condensation—absorption as in hygroscopic
condensation.

Substituting ¥ = y¢ + B into equation (22) yields

dlny dlny
Ledé[ a ] T2 g

Equation (25) when multiplied by

&/ (Le)
exp (ﬁ 289(8) d&’)

can be easily rearranged into

d {1dy & (Le) o
a {J qz P I:J; 28Y(£) d¢ ]} =0. (26)

Double integration of equation (26) yields

=0;

Yy=yp+p. (25

& (Le)
Y&/ (Le)) = y9(&//(Le))+ B = exp {A1 ﬁ

X €Xp l:— Lﬂ 289(&) dé’] dn+A2}. @7

The solution obtained, as given by equation (27),
is a Voltera integral equation. It is well known from
functional analysis that this type of equation may be
solved by applying an iterative scheme, which turns
out to be convergent for any arbitrary initial guess of
(&) [19]. The unknown constants 4,, 4, are derived
from the boundary conditions in equations (24), which
are coupled with the energy equation, equation (23),
the solution of which is given by

0 = B, exf () + B,. (28)
Note that while the temperature solution is obtained
in terms of £, as in equation (28), the concentration
solution is obtained in terms of &/,/(Le), equation
(27). Utilizing the boundary condition of equation
(24b) in equation (28), yields

B, = —B,. (29)
Substituting the ¢, 6 solutions of equations (27) and
(28) into equations (24¢) and (24d) yields a relation-
ship between 4, and 4,

B+ W =1 (30)
\/n AA4, 31
RN Gb

Combining equations (29)—(31) and the definitions of
B, v given in equation (14) yields

1901

«/

el = B+y+ -

A
2 JLe)"

C% n A
1——+——Al

2 JLe
Applying boundary conditions (24a) while utilizing
equation (32) results in the following relation for 4, :

(- g

< {A. J exp [— j ") dc'] dn}

CAI
+ I:? —1] 0. (33)

Equations (27)—(33) are solved iteratively : starting
with a uniform distribution, ¥ (&) = 1, equation (33)
is solved for A, which in turn is utilized in equations
(32) and (27) to obtain a new ¥ (&) or new ¢(¢&).
Equations (28)-(31) then yield the corresponding
solutions for 6(&). Less than 10 iterations have been
usually found sufficient to yield convergence. Note
that the solution is obtained for a given set of C¥;/C,
Cai/C and A/\/(Le).

Having established the ¢, 8 solutions, the mass trans-
fer coeflicient at the film free interface is obtained by

(32)

K= NAy|y=0 = — DC __1_.%
(Ch—=Cx)  O(C—CR) ¢* 0Y|y-o
CX—Cai

* _—
A (34)

Utilizing equations (27) and (32) in equation (34), the
corresponding local and average Sherwood numbers
are obtained

Kz

Sh=>%

C (c- Cti+ # A 1CA/\/(Le))

Z Pe?\V?
= (c—enci—cy ( aLe )
35)
L EZ 1 : ’ ’
h=—D—=;J;Sh(z)dz—2Sh. (36)

The heat transfer coefficient due to non-isothermal
absorption at the free interface is defined by

al,—o k1 00

h=p_7 = —Wﬁ'm

(37

Substituting the solution for the temperature profile
given in equations (28)—(31) yields

Umaxa 2
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The corresponding local and average Nusselt numbers
are given by

e [z 77
Nu= n_ |: Pez] ;
k i

3.1. Convergence to the infinite dilution case

In the case of absorption of sparingly soluble gases,
X, « 1, the terms of (1-—X,) in equations (5) and
(6) degenerate to 1 (or y¢p+ B — 1). The formulation
leading to equations (22)-(24) reduces to the known
conventional heat and mass diffusion equations

=2Nu. (39)

»‘NI

Nu =

d?¢’ d¢°
Leger +28; =0 (40)
d20° d9°

with the corresponding boundary conditions
E—sco, ¢°=0, 6°=0
E=0, ¢°+0°=1

(42)

The analytical solutions to equations (40)—(42) have
been given by Grigor’eva and Nakoryakov [12]

o_ o

=TT e} @
0 __ A -
0 = g o O (44)

Based on equations (43) and (44), the local dimen-
sional and non-dimensional mass and heat transfer
coefficients, corresponding to infinite dilution, are
given by

‘"D(aCA/a,V)y =0

K°® =
(CX—Ca)
_ D1 d¢ B DU, |2 45
T 5 ¢*dY|,-0 | m “3)
4o = —k(aT/By)y:9
(T*-T)
k1 a0 U |12
=—50*5’y_0=pc”|: nz :| (46)
kOZ ZPeZ 12
Sh0=—5 I:n Le] @7
0 Z 1/2
Nu® = é]; = |:;Pe2:| . (48)

Comparison of equations (47) and (48) with equa-
tions (35) and (39) indicates that while the mass trans-
fer coefficients at the film free interface for infinite and
finite dilutions are different the heat transfer
coeflicients for the two cases are identical. This is in
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view of the fact that the temperature fields obtained
by equations (28) and (44) are both described by
error-function distribution. The constants in equa-
tions (28) and (44), however, are different, due to
coupling with the mass transfer problem, which is
affected by the dilution level (1~ X,). Note also that
both the heat and mass fluxes change with the dilution
level due to the variation of the driving forces at the
free interface.

The effect of finite dilution, as represented by
X, = C,/C # 0 1n equation (6), evolves from retain-
ing the convective term in equation (4). An enhance-
ment factor Q is thus introduced, which expresses
the ratio between the actual absorption mass transfer
coefficient, K, and that obtained under the assumption
of infinite dilution, K°

K Sh
TKT s

* \th o/
—\/n A, <I—XAi+ 5 A,A/\/(Le)>
T2 (X% — Xa)(1=X3)

It is also to be noted that the assumption of low
absorption rate implies that pdN,,/T'C « 1. In terms
of Sk and Sh° as defined in equations (35) and (47),
this restriction reads

Sh 2m  SK
SO (X —xn)

2 \/n zf)_‘? 12
T 320t —X.) |6 Le

A typical range of Pe/Leis 10°-10°. Calculated results
(based on equations (27)—(33)) show that equation
(50) is indeed satisfied.

(49)

Q=

(50)

4. RESULTS AND DISCUSSION

As is indicated by equations (27)—(33), the solution
for the non-dimensional concentration of the absorb-
ate is determined by both the interfacial concentration
level (C%,/C) and the driving force (C%;— C,;)/C. In
the non-isothermal case, A 3 0, and thus a third par-
ameter, A/\/ (Le), is involved. The calculated results
are presented, in what follows, in terms of these three
non-dimensional parameters. However, for the pur-
pose of comparing 6 and ¥ for an identical ¢ point, it
is required to specify \/ (Le) as well (see equations
(27), (28) or (43) and (44)).

Figures 2-5 show the solutions for the dimen-
sionless temperature and absorbate concentration dis-
tributions at various concentration levels, C%;/C, and
specified nominal driving force, (C%;— C4;)/C, or heat
of absorption parameter, A/,/(Le). As is shown in
Fig. 2, for large & (large y or small z) the temperature
in the absorbing film is that of the inlet, therefore
# — 0. As the equilibrium concentration at the inter-
face is higher than C,; due to the dilution caused by
the process of condensation, the equilibrium inter-
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1.0
=0.2
_ o8
oy A/\Le=5

*
C-

o

@

———— Infinite dilution,eq.(44)
—_— ﬁnitg dilution, eq.(28)
XA-l- XAL =0Q.01

NONDIMENSIONAL  TEMPERATURE, 8= (T-T)/(T;

05 10 15 20 25
SCALED COORDINATE , &

Fi1G. 2. Effect of absorbate concentration level on the tem-
perature profiles.

facial temperature (for constant P.) is always lower
than T, hence 6 at the interface (£ = 0) is smaller
than 1. For a relatively low concentration level
(X% = 0.2) the temperature profile approaches that
for infinite dilution [10, 12] as given by equation
(44) for all values of A/\/ (Le). Increasing the concen-
tration level, X% = 0.8, as in Fig. 2(b), affects sig-
nificantly higher interfacial temperature due to higher
absorption rates (Fig. 6), thus 0 deviates relative
to that of infinite dilution, particularly at small &.
The absorbate distribution demonstrates similar
trends as depicted in Figs. 3-5. For large &, the con-
centration goes to Cy; or ¢ — 0, while at the interface,
¢ < 1, indicating the effect of coupling between heat
and mass transfer; if the temperature at the interface
was constant at the entry level, T}, as in isothermal
absorption, the equilibrium interfacial concentration
(with negligible pressure losses) would remain con-
stant at C¥%;, or ¢* = 1. This is demonstrated in
Fig. 3(a) which relates to isothermal absorption,
A//(Le) = 0. As the concentration level increases, the
solutions, in general, deviate from the low-penetration
solutions for infinite dilution, equations (43) and (44),
which under isothermal conditions reduce to Higbie’s
well-known solution [20]. For non-isothermal absorp-
tion, Figs. 3(b) and (c), the interfacial concentration,
at ¢ =0, decreases with increasing concentration
level, corresponding to the interfacial temperature rise
noted in Fig. 2. However, for larger &, ¢ increases
with increasing concentration level, indicating a
deeper penetration of the diffusion boundary layer.
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10

a. A/Vie=0
-~ —=TInfinite dilution , eq.(43)
Finite dilution , q.(27)
XAi-Xa=00!

08

086

o
EY

(o]
n

[=]

[}
-]

Q
o

o
>

8

&)

NONDIMENSIONAL CONCENTRATION, p=(C-Ca/ICAi-Cai)

08—

06—

05 10 I5 20 25
SCALE COORDINATE, £/ Ve

FiG. 3. Effect of absorbate concentration level on the con-
centration profiles.

The effect of heat and mass coupling parameter,
A/{/(Le), is demonstrated through Figs. 2-4. For
low heat of absorption or high Le, the heat interaction
can be considered small (mass transfer controlled),
and isothermal solutions are approached whereby 6 —
0 (Fig. 2) and ¢* (£ =0)—- 1.0 (Figs. 3-5). As
A/\/ (Le) increases, the interfacial equilibrium tem-
perature increases (Fig. 2) while the corresponding
concentration decreases (Fig. 4). For high A/ /(Le),
heat transfer dominates and therefore the effect of the
concentration level diminishes (Figs. 2(a) and 4(b)).
On the other hand, for lower A/./(Le), where mass
transfer dominates, the concentration level is of sig-
nificant effect on both the temperature (Fig. 2(b)) and
concentration (Fig. 4(b)) profiles as indicated by the
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a X3i=02
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FIG. 4. Effect of coupling parameter on the concentration
profiles.

deviation from the corresponding solutions for infi-
nite dilution.

Figure 5 represents the interfacial concentration as
functions of the coupling parameter and con-
centration level. Consistent with Figs. 2—4, the inter-
facial concentration decreases with both the con-
centration level and A/\/ (Le). As is indicated by the
figure, the solutions for finite dilution are bounded by
that of infinite dilution, as given by equation (43) for
& = 0. Note that 6* = 1 —¢*.

The results presented so far relate the temperature
and concentration profiles at constant driving force,

Xa1 = Xa; 00!

—~—~ INFINITE DILUTION, Eq. (43)
——— FINITE DILUTION , Eq.{27)
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(C¥;— Ca)/C = 0.01. It has been found that the effects
of the driving force on the 8, ¢ profiles are practically
small and therefore are not shown here. On the other
hand, the driving force has a significant effect on the
transfer rates. This is presented by the enhancement
factor, Q, as defined in equation (49) and shown in
Fig. 6. For a sufficiently low concentration level the
transfer rate is close to that obtained for infinite
dilution, and thus Q — 1. However, as the con-
centration level increases (for constant (C%;— C,,)/C,
larger C%; corresponds to larger C,;) the enhancement
factor exceeds 1.0, implying an enhanced transfer rate
for finite dilution, both for the isothermal case
(A/\/(Le) =0) and non-isothermal conditions
(A/\/ (Le) > 0). As s indicated in Fig. 6, the enhance-
ment factor is higher for the isothermal case, par-
ticularly for a large driving force, while for
(C%,— C4)/C — 0 the isothermal and non-isothermal
solutions yield identical augmentation. Also to be
noted, that increasing the driving force (for instance
at constant C%;/C) is identical to decreasing the inlet
concentration level, C%;/C, and thus approaching the
conditions of infinite dilution, hence Q — 1.0.

The increase in the transfer rate with increasing
concentration level can be understood in view of equa-
tion (5), where both (1 —X,) and the concentration
gradient are included in the case of finite dilution.
Inspection of Figs. 3-5 indicates, in fact, that a
deterioration of the concentration gradients at the
transferring interface (£ =0) takes place as the
absorbate concentration level increases. However, the
transfer rate for finite dilution is determined by both
the concentration gradient and the dilution term
(1-C%/C), as indicated by equation (34). The
enhancement factor, €, represents the augmentation
of the mass transfer coefficient due to the inclusion of
the convective term in equation (4). Therefore, it is
evident that when high absorbate concentration levels
are considered, neglecting the convection term may
lead to significantly underpredicted absorption rates.

As the solutions presented herein are limited to low
penetration condition (u ~ U,,,,), it is of interest to
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check the downstream distance where this assumption
is still valid. For instance with a parabolic velocity pro-
file, the velocity at the near-interface region deviates
only 10% from U,,, for Y, = y./é = 1/3. Based on
the definitions of ¢ and equations (14), a given Y.,
corresponds to

Z _EE<R"’S“[ Yo ]2 )
TT8 T 4 | &g =001¢%

where &(¢ = 0.01¢*) identifies the penetration of the
diffusion boundary layer defined as that location
where ¢ has dropped to 1% of the interfacial value.
Figure 7 represents {(¢ = 0.01¢*) vs the con-
centration level. Note that £ for ¢ = 0.01¢* was found
to be independent on the heat/mass coupling
parameter. Consistent with the trends already shown
in Figs. 3-5, increasing the absorbate concentration
level results in an enhanced penetration of the
diffusion boundary layer into the film. It should be
kept in mind that the applicability of the solution is
physically limited to z as given by equation (51). For
example, at a concentration level of X%; = 0.8 Fig. 7
yields £(¢ = 0.01¢*) ~ 4, and thus equation (51) for
ReSc ~ 10° and Y, = 1/13 yields Z_, = z,,/6 < 1700,
beyond which the validity of the low penetration
assumption becomes weak. Clearly for X% — 0,
E(¢p = 0.01¢*) — 1.78 as obtained by the error-func-
tion solution.

Finally, it is interesting to note the variation of the
integration constant A, as obtained iteratively by
equation (33) and shown in Fig. 8. Having the con-
stant A4,, all other constants 4,, B,, B, are easily
determined by equations (30)—(32). Thus, the evalu-
ation of 4, from Fig. 8 may be helpful to estimate
other calculated points not detailed in the previous
figures.

5. FINAL REMARKS

It has been shown that in physical systems where
the absorbate concentration level is finite and is com-
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FiG. 8. Effect of various operating conditions on the inte-
gration constant, 4.

parable to that of the absorbent component, as in
hygroscopic condensation, the convective term in the
lateral direction is to be accounted for. The inclusion
of the convective term is of importance as it results in
enhanced transfer rates. Therefore, the use of empiri-
cal correlations, or models, obtained for an infinite
absorbate dilution, may yield conservative transfer
rates in the design of hygroscopic condensation evap-
oration systems [1-6].
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COUPLAGE DE L’ABSORPTION DE MASSE ET DE CONDENSATION THERMIQUE
AVEC DES CONCENTRATIONS COMPARABLES D’ABSORBAT ET D’ABSORBANT

Résumé—L absorption de gaz modérément solubles est conventionnellement caractérisée par une dilution
infinie de 1'absorbat. La présente étude concerne I’absorption de vapeur lorsque les concentrations
d’absorbat et d’absorbant sont comparables (dilution finie de I'absorbat). Un tel mécanisme est, par
exemple, la condensation hygroscopique de vapeur a faible pression sur un film chaud tombant de saumure.
On considére les absorptions isothermes et non isothermes avec couplage de transfert de chaleur et de
masse. On montre que dans le cas d'une dilution finite, le terme convectif latéral doit étre pris en compte.
Les flux résultants de transfert dépendent a la fois du niveau de concentration de I’absorbat et de la force
motrice et ils sont sensiblement accrus par rapport a ce que predit la théorie de Higbie.

GEKOPPELTE KONDENSATION UND ABSORPTION BEI VERGLEICHBARER
KONZENTRATION DES ABSORBIERTEN UND DES ABSORBIERENDEN STOFFES

Zusammenfassung—Die Absorption von schlecht 16sbaren Gasen ist gewéhnlich durch die unbegrenzte
Verdilinnung des absorbierenden Stoffes bestimmt. Die vorlicgende Arbeit befaBt sich mit der Absorption
von Dampf, bei der die Konzentrationen des absorbierten und des absorbierenden Stoffes vergleichbar sind
(begrenzte Verdiinnung des absorbierten Stoffes). Ein solcher Vorgang ist zum Beispiel die hygroskopische
Kondensation von kaltem Niederdruckdampf an einem Rieselfilm aus heiBem konzentriertem Salzwasser.
Es wird die isotherme und die nicht-isotherme Absorption betrachtet, wobei im zweiten Fall gekoppelte
Wirme- und Stoffibertragung auftritt. Es zeigt sich, daBl im Falle einer begrenzten Verdiinnung der
Term fiir die quergerichtete Konvektion in Betracht gezogen werden sollte. Die Stoffiibertragung héngt
offensichtlich sowohl von der Konzentration des absorbierten Stoffes als auch von der treibenden Kraft
ab. Sie ist deutlich besser, als dies die Theorie von Higbie beschreibt.

CBA3AHHBIE MPOLIECCHI TEIUIOBOW KOHAEHCAIIMM M IOIJIOMIEHHS BEIMECTBA
NP CONNOCTABUMBIX KOHUHEHTPALIUAX ABCOPBATA U ABCOPBEHTA

Amnorams—IToryiomenne cnabopacTBOPUMBIX Ta30B XapaKTepH3yeTCsi HEOIDAHMYEHHBIM pa3basbiie-
HHeM abcopGupyemoro BellecTBa. B nanHo# paGoTe HCcleayeTCs MOIJIOLIEHHE Mapa ¢ COM3MEPHMBIMH
YPOBHSMH KOHUEHTpauuu abcop6upyemoro u abcopOupyromero BewiecTs (OrpanuueHHOe pa3bapnenue
abcopbata). TakuM npoHECCOM SBJISETCS, B YaCTHOCTH, THIPOCKONHYECKAs KOHACHCAIMS XOJOMHOTO
flapa NPH HA3KOM JaBJICHHH Ha CTEKalolleH NJeHKe ropsv¥ero KOHUEHTPHPOBAHHOIO PacTBOpA COJH.
PaccMaTpHBAIOTCA H30TEPMHMECKHE H HEM3OTEPMHUYECKHE MMOIOLIEHMs—IIPOLIECCH, NPEACTABIAIONIAE
coBo#i cBs3aHHBIH Temmo- M MacconepeHoc. Iloka3aHo, 4To B ciyyae OrpaHHYeHHOTO pa3babieHus
claefyeT YUHTBIBATH WICH, OMHCHIBAIONINH TONEPEYHYIO KOHBEKLAIO. Y CTAHOBJICHO, YTO Hal/IcHHEIE CKO-
POCTH TEIJIO- H MacCONEPEHOCA 3aBHCAT KaK OT YPOBHS KOHLEHTpaluH abcopbupyeMoro BeliecTsa, Tak
M OT ABHXKYIIEH CHJIBI H 4TO OHM HAMHOT'O BBIIlIE 3HAYEHHHH, PACCUHTHIBAEMBIX 11O TEOPHH XHUT6H.



