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Non-isothermal vapour absorption into falling film

NEIMA BRAUNER

Department of Fluid Mechanics and Heat Transfer, Faculty of Engineering, Tel-Aviv University,
Ramat Aviv 69978, Israel

(Received 16 November 1989 and in final form 4 May 1990)

Abstract—The study relates to vapour absorption into a falling film, where the concentration levels of
absorbate and absorbent are comparable. The combined heat and mass transfer processes involved are
analysed through an integral formulation of the continuity, diffusion and energy equations. Adiabatic and
isothermal wall conditions are considered. The Nusselt and Sherwood numbers are expressed in terms of
the non-dimensional parameters which characterize the system. It is shown that in the case of finite
absorbate dilution, the lateral convective term at the free interface ought to be accounted for. The resulting
transfer rates are shown to depend on both the absorbate concentration level and driving force and are
significantly augmented compared to those obtained under the assumption of infinite absorbate dilution,

1. INTRODUCTION

Fim TvpE heat and mass exchangers demonstrate
high transfer coefficients at relatively low process driv-
ing force and are utilized extensively in a variety of
industrial equipment, such as wetted wall columns,
packed columns, rectifiers, evaporators, condensers
and heat exchangers.

Of particular interest here is the process of hygro-
scopic condensation of relatively low temperature
(low pressure) pure vapours on a hot film of an hygro-
scopic (salt) solution, which occurs due to the reduced
vapour pressure of the sufficiently concentrated salt
solution [1-4]. The driving force for condensation is
the difference between the partial pressure of water
in the brine solution and the partial pressure of the
condensing (water) vapour. The condensation in this
case is governed also by mass transfer mechanisms,
due to a non-isothermal absorption, with a possible
opposing thermal driving force in the condensing vap-
our phase. An important feature of the process is
the comparable concentration levels of the absorbate
(usually water) and the solute (salt), the former being
usually the larger.

In utilizing a hygroscopic brine film as the con-
densing 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 varying due to the condensation
at the free interface.

The process of hygroscopic condensation of water
vapour on concentrated brine film has been described
as a promising route for energy recovery from (nat-
urally available) brines, which represents a storage
of energy [4]. Clearly, the commercial applicability
of the process to energy recovery schemes is highly
dependent on the overall transfer rates that can be
achieved.

Inspection of the relevant literature indicates that

the focus has been mainly on the problem of absorp-
tion of sparingly soluble gases (infinite absorbate
dilution) into a liquid film in isothermal conditions.
These have been recently reviewed [5-8]. Relatively
few studies accounted for the temperature variation.
Yih and Seagrave [9] studied the effect of an a priori
assumed temperature distribution across a lami-
nar falling film on the physical properties, hence on
the absorption process. Nakoryakov and Grigor'eva
solved for the temperature profile [10, 11], assuming
a uniform velocity across the film. The solutions for
the coupled energy and diffusion equations were
obtained in form of a series of eigenfunctions. Also
presented in ref. [11], is an analytical solution for
the temperature and concentration distribution at the
entry region. Later on, Grossman [12, 13] improved
the above model by eliminating the assumptions of
uniform velocity across the film. Grossman and Heath
[14], and Faghri and Seban [15, 16] extended the lami-
nar model to turbulent flow conditions and widely
discussed the heat and mass transfer coefficients for
various operation conditions. These studies [9-17],
which more specifically dealt with non-isothermal
vapour absorption into hygroscopic solutions, while
accounting for the coupling between energy and
diffusion, still considered the process as of infinite
absorbate dilution.

Recently Brauner et a/. [18, 19] have shown that in
film type absorption systems, where the absorbate
concentration level is finite and comparable to that of
the absorbent component (as in hygroscopic con-
densation), the convective term in the lateral direction
is to be accounted for. The inclusion of the lateral
convective term in the diffusion equations is of import-
ance as it results in enhanced transfer rates. The appli-
cability of results obtained, however, is limited to
short transferring surfaces, due to the low penetration
assumption involved in the analysis.

The present study is aimed at extending the analysis
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NOMENCLATURE

¢,  specific heat [kJ kg™ 'K ]

€ molar density [molm™7

C, absorbate concentration [molm 7]
Cy  absorbent concentration {molm™7
D diffusion coefficient [m?s ']

h  film thickness [m]

h%¥  interfacial heat transfer coefficient

[kKIm=2s7 'K}
hr,  wall heat transfer coefficient
[kIm s 'K~ 1]

H  non-dimensional film thickness, 4/

Ja  Jacob number, equation (18)

k  thermal conductivity [kIm~'s7 'K~ ']
K mass transfer coefficient [ms™']

Le Lewis number, D/a

N molar flux [mols~'m™7

A" non-dimensional molar flux, equation (19)
Nusselt number, /#,-h/k

Q. non-dimensional heat flux, equation (42)
P vapour pressure [Nm™?]

Pe  Peclet number, 3Re Pr

Pr Prandtl number, ¢, u/k

Re film Reynolds number, 41" /u

S¢  Schmidt number, v/D

Sk Sherwood number, equation (77), Khy/D

Sh, non-dimensional absorption flux, equation
(76)

T  temperature [K]

u  downstream velocity [ms™']

U  non-dimensional downstream velocity,
equation (15)

v perpendicular velocity [ms™ ]

V' non-dimensional downstream velocity,
equation (15)

X, molar fraction of absorbate

y  perpendicular direction [m]

Y  non-dimensional perpendicular direction,

yih

downstream direction [m]

Z  non-dimensional direction, z/A.

t

Greek symbols
% thermal diffusivity [m?s™']

o' surface inclination

B,y constants, equation (20)

I liquid flow rate [kgs™ 'm~ ']

&  boundary layer thickness [m]

Ay,  non-dimensional thermal boundary layer
thickness, d,/h;

A, non-dimensional concentration boundary
layer thickness, 6,/A;

n  non-dimensional perpendicular
coordinate, Y/H

¢  non-dimensional temperature, equation
(15)

A*  molar heat of absorption [kJ kmol " ]

A non-dimensional heat of absorption,

equation (22)

viscosity [kgm™'s™ ]

kinematic viscosity [m?s ']

& non-dimensional downstream coordinate,
Z/Pe

- =

&y value of & where firstly A, = 1

&, value of & where firstly A, = 1

p  density [kgm™?]

¢  non-dimensional absorbate concentration,
equation (15)

¥ vapour guality

Q0  enhancement factor, equation (70),
NINC,

Subscripts

A absorbate

B non-volatile absorbent

c condensing vapour

i at inlet

n  nominal

w  at the wall

#  thermal

¢  concentration.

Superscripts

*  atequilibrium

average

0 infinite dilution.

in order to elucidate and evaluate the effect of absorb-
ate concentration level and process driving force
downstream long transferring surfaces.

2. THE PHYSICAL MODEL AND GOVERNING
EQUATIONS

The physical system and coordinates are schema-
tically described in Fig. 1. A concentrated brine
of a salt concentration Cg;, water concentration Cy;
and temperature 7;, enters the condensation com-

partment at z = 0. It flows down over an inclined
surface, in contact with pure stagnant saturated
vapour (steam) at constant pressure P.. The satu-
ration temperature of the condensing vapour T(P.)
may be lower than the brine temperature 7;. However,
the relatively cold vapour may condense and be ab-
sorbed by the hotter brine film, provided the brine
vapour pressure PX(T,C,) is lower than P, In the
absence of noncondensables, the resistance to absorp-
tion in the vapour phase is negligible and a liquid-
phase controlled condensation-absorption is to be
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Condensing Vapour Phase
Pe,Te

Liquid Fitm
Solid Surface

F1G. 1. Schematic description of the physical model and
coordinates.

considered. Also, heat losses from the liquid phase to
the adjacent condensing 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 processes results.

In formulating the governing equations it is as-
sumed that the vapour absorption rate is small com-
pared to the mass flow rate of the brine film. There-
fore, the physical properties of the liquid film are
considered to be constant.

The simultaneous mass and heat transfer in the
system at steady state is described by the continuity,
diffusion and energy equations:

du Ov
a0 1)
ac oc o°C
u s o 6; =D ayzA )
oT 6T T
u— ay (15.;2‘ (3)

where diffusion and heat conduction in the z-direction
have been neglected with respect to those in the y-
direction. The following boundary conditions apply :

=V, Ca=Ca, T=T
y = h’ CA = CK! T T*(Pc’ C )
oC
y=0, —2=0
oy
T=T,=T, isothermal wall
o T =0 adiabati 1l 4
3y adiabatic wa 4

where £ is the local film thickness and C% the absorb-
ate interfacial concentration, assuming a vapour press-
ure equilibrium at the liquid free interface at tem-
perature level T* and external pressure level of the
vapour phase, P.. Note that though C%, T* are both
unknown functions of z, they are related to each
other by both the temperature—concentration—pressure
equilibrium
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P(C}, T*) = P, = const. 5

and the condensation heat flux through the free
interface

Ko N ©)
6.)) y=h
Here N,,l,, is the interfacial molar condensation
flux, 2* the molar heat of absorption of the condens-
ing vapour which is a function of the interfacial
conditions, C¥, T*, and k the brine thermal con-
ductivity. Clearly, equations (5) and (6) represent
the coupling between the heat and mass transfer
mechanisms.
The molar flux in the perpendicular direction, y, is
given by

Ny, =

P +Na,)- M
y

The convective term in equation (7) 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. However,
since the salt is not transferred through the film free
interface Ng,|,_, ~ 0 may rcasonably be assumed and
equation (7) yields

D 0C,
NAV|v:h - |:(1 _XA) ay}y:h' (8)

The velocity field (u, v) is to be obtained solving the
momentum equations with the appropriate boundary
condition: no-slip condition on the solid surface
and no shear stress on the vapour-liquid interface.
Assuming a fully developed flow prevails from the
leading edge, and consistent with the assumption of
low absorption rate (compared to the mass flow rate
of the liquid film), the inertia terms in the momentum
equations are neglected. In this case the downstream
velocity u(y) is given by the well-known Nusselt
solution

|y 1»Y| . pgsing
o=ai-5G) =

where A, @ are the local film thickness and corre-
sponding average downstream velocity (both vary-
ing with z). Utilizing the velocity profile in an integral
continuity condition yields the relationship between
the local film thickness, the corresponding local mass
flow rate, I', and the absorption—condensation molar
flux at the free interface, whereby

h* (9)

¢ dr d (" Cpg smu ,dh
NAyly:h = dZ Cd,_ \ d = —‘u___ dh
(10)

The above formulation is rewritten in its dimen-
sionless form. The non-dimensional presentations of



770 N. Brauner

equations (1)-(3) and boundary conditions, equation
(4), are

U BV_O 0
A (1n
0 0¢ Le &¢
UaZ'FVﬁ—-Fe-aYZ (12)
9,0 1 20 "
0z " Y " Pedy? 13
Z=0; ¢=0; 06=0 (142)
Y=H; ¢=3¢*; 0=0* (14b)
o¢
Y=0; .;=0 (14¢)
0 =0 isothermal wall
or 20 ' .
6.4};:0 adiabatic wall
where
_7. =2 _h
Yﬁh,’ Z—hi’ H—h,
vt s Y1} e
_&)_ H 2 H * —&x
o= G, T2T
Ck—Ca’ T T
4 4dah,
Pe=1RePr; Re =,*:,fﬁ}3;
H v
D P
Pr=vja; Le=-= r (15)
a Sc

Here, A, @ denote the film thickness and corre-
sponding average downstream velocity at z = 0. C¥
is the equilibrium concentration at the entry tem-
perature 7; and vapour pressure P, CF = CHT, P)
(and thus represents the interfacial concentration in
the case of isothermal absorption). The equilibrium
temperature T* = T*(C,;, P.) includes the boiling
point elevation corresponding to 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 hygro-
scopic condensation process. Note that, the actual
temperature drop 7T, — T; may be negative in the case
of hygroscopic condensation, while condensation still
takes place.

The dimensionless (unknown) interfacial tempera-
ture and concentration, ¢* and 0%, are related to each
other by the dimensionless form of equations (5)
and (6)

P($*,0%) = const. (16)

a0 _Pe P 17

6Y|yy Ja (17)
Here Ja denotes the Jacob number
oe (T =T,

Ja = pede }- (18)

Ci*
and 4" the dimensionless molar flux of condensation
at the free interface, which by equations (8) and (15)
reads

1 Le 7 0]

A = CTZNA;‘ 1= T b s L) 8¥ sy (19)

7= (Ca—CRH/C: B=1-Cy/C. (20)

Note that y represents a nominal driving force process.
Combining equations (17) and (19) yields a relation
between temperature and concentration gradients to
be satisfied at the film free interface

o0

LLe 1 I3l

A 0
Ja yp*+§ oY

=5ariBay

- -
Yly_u Y=H Y=H

@n

where A is a dimensionless heat of condensation-

absorption defined by
_ L‘C’_Af(cj\ki —Cu) _ —ylLe
T ope(TE=T) T Ja

22

Clearly, in order to proceed with the solution it is
required to specify an equilibrium relation between
temperature, composition and vapour pressure (equa-
tion (16)). Experimental data, available in the litera-
ture for various brines is usually formulated in a linear
relation between temperature, composition and the
logarithm of the vapour pressure at equilibrium [12].
Under conditions of constant vapour pressure, P,
a linear relation specifies, C¥ = a,T* 4a,, which in
terms of the dimensionless concentration and tem-
perature defined in equation (15), reads

Pr+0% = 1.

The solution also requires data of the latent heat
condensation of vapour over the brine interface
A¥(C¥, T*), which is given by [4]

(23)

A = g — G T*=T)~ (=04 (24)
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 7*.
Equation (24) includes a correction of A* for the sen-
sible heat losses due to condensation of relative cold
vapour at temperature 7, < T* with a specific heat
¢he, and for the latent heat loss when vapour con-
densation of quality ¥ < 11is involved. For absorption
of water vapour the dependence of 2f on C¥ and T*
is known to be rather weak, and a constant A* (con-
stant A and Ja) is assumed.
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3. SOLUTION OF THE GOVERNING
EQUATIONS—INTEGRAL FORMULATION

In the case of absorption of sparingly soluble gases,
X « 1, convection in the perpendicular direction is
negligible and the term of (1—X,) in equation (8)
degenerates to 1, or y¢ + f — 1 in equations (19) and
(21). When a constant film thickness is also assumed,
the formulation reduces to the coupled heat and mass
diffusion equations solved by Grossman [12].

For the finite concentration level of the absorbed
component as in hygroscopic condensation, equations
(17)-(19) yield a non-linear relation (in terms of
the unknown function ¢), which makes the exact
approach to the solutions of the partial differential
equations unamenable. Recently, an exact solution
for finite absorbate concentration was presented [18,
19], assuming low penetration of the (heat and mass)
boundary layers. However, the validity of this solu-
tion is restricted to a short transferring surface. Here,
in order to extend the analysis of the effect of finite
absorbate concentration level on the associated mass
and heat transfer rates downstream, an integral ap-
proach is employed.

The integral formulation is obtained by integrating
equations (11)-(13) across the local film thickness H,
while utilizing equations (14), (17)—(19). The corre-
sponding integral continuity, diffusion and energy
equations read

1 4 (!
Vi=p = — L . .
Pe déj; HUdn Vl|,=y: continuity

(25
d ' Lefp 1 0¢ cop
dCL HU¢dn = A W an=l ;  diffusion

(26)

d [ 1 d
| HUOdp— — (Ja0*+1) —
déﬁ Ubdn— - (Jad +1)dé£ HUdy

1 00 @7
=——=| ; ener
H on n=0 gy
where
n=2=—; &=Z/Pe. 28)
h H’

The solution of the diffusion and energy requires that
the concentration and temperature profiles across the
film will be specified (the velocity profile is given in
equation (15)). The assumed profiles are chosen so as
to match the boundary conditions and the physical
situation prevailing downstream. As the liquid enter-
ing at z = 0 is at a state of nonequilibrium with the
vapour phase, a process of simultaneous heat and
mass transfer sets in at the free interface and extends
its effect gradually into the film. Hence, the mass and
thermal boundary layers grow in the downstream
direction until they occupy the entire depth of the

film. The shapes of the concentration and temperature
profiles are formulated in accordance with the relative
thickness of the corresponding boundary layers.

3.1. Concentration profiles

Denoting the downstream location where the con-
centration boundary layer, d,, first occupies the entire
depth of the film by ¢, the developing boundary layer
region, where A, = 8,/h < 1, extends over 0 < & < &,
In this region, a concentration profile, shaped in terms
of the local boundary layer thickness, A;(£), which
satisfies boundary conditions (14b) and (14c) reads

0; for0 <n < (1-Ay)
¢= {¢*[(1—A¢—11)/A¢]2; for(1—A) <7 <1
0<E<E, (29)
whereby

d¢
on

_ ¢
=1 A¢ '

(30)

Note that equation (29) also satisfies ¢ =0 and
d¢/dn = 0 at the edge of the diffusion boundary layer,
n = 1 —A,. The corresponding bulk concentration in
this developing region reads

. 1 —sz)* A; .
¢—L U¢dn—~—2~[A¢-ﬁ], 0<e<é,

(31

In the fully developed boundary layer region, where
&> E,and Ay = 1, the concentration profile is shaped
in terms of the (unknown) dimensionless concentration
at the wall, ¢,,(£), to match boundary conditions (14b)
and (14¢)

¢ =+ (@*—dIn*; =8, (32)
whereby
o B .
s = 2(*—¢u) (33)
and
¢, =0 at &=¢, (34)

The bulk concentration in the developed layer region
reads

- ! H?
¢=JOU¢d77=~2-6(9¢*+11¢W); £>&. (39

Note that at £ = £, where A, = 1 and ¢,, = 0, equa-
tions (29), (32) and (31), (35) yield identical expres-
sions (¢ = ¢*n* and ¢ = 9H *p*/20).

3.2. Temperature profiles

The developing boundary layer region, A, = Jy/
h < 1, extends over 0 < & < &, with &, denoting the
downstream distance where the thermal boundary
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layer thickness reaches the (local) film thickness.
The temperature profile in this region is shaped in
terms of the local thermal boundary layer thickness,
Ag, to match boundary conditions (14b) and (14¢)

0; for0 <y 1-4A,
0= O (1 —Ay—m)/A*; forl—A,<n<1
€{<é (36)
whereby
06 20%
= == 37
Mly=1 Dy Gn

The corresponding bulk temperature reads

3

2* 3
f= fUGdr;—J) (A,; A) 0<i<dy (38)

Note that equation (36) also satisfies 6 =0 and
068/on = 0atn = 1 —A,. Equations (36)~(38) apply to
both the constant temperature wall and the adiabatic
wall cases.

In the region where the thermal boundary layer
becomes fully developed, Ay =1 and & > &, a dis-
tinction is to be made between the profile assumed
for the isothermal and adiabatic wall cases. For an
isothermal wall, equation (14c) requires 6, = 0, and
the temperature profile is shaped in terms of the
(unknown) dimensionless heat flux at the wall, 0, (&).
The assumed profile, which satisfies boundary con-
ditions {14b) and (l4c), and the corresponding bulk
temperature are given by

0=04+O*~0 ) =&, 6,=0 (39)
i H2
0= f Uldy = [180%+70.]
o 40
Ez2d, 6,=0 (40)
whereby
il
e =20%-0, 41
Bl g 41
a0
v = 42
Q anl o (42)
and
=0 at E=¢&,

For the adiabatic wall case, Q,, =0 by equation
(14c¢), and the assumed temperature profile, shaped in
terms of the unknown wall temperature, 6,,(&), which
satisfies boundary conditions (14b) and (14c) reads

8=gw+(0*"9“)’72 f/ Sey WEO {43)
H2
=70(99*+119W) ¢2&; Qu=0  (44)

whereby

00
= =2(6*-0, 45
Bl ( ) 45)

and
O, =0 at = ¢,

The assumed profiles ensure a smooth transition at
& =&y, Ay = 1, since equations (36), (39) and (43) all
yield 6 = 0*y* at & = &, and the corresponding 8,
by equations (38), (40) and (44), reads § = SH?8*/20.

Substituting the above velocity, concentration and
temperature profiles in equations (25)-(27) and carry-
ing out the integration over the film thickness yields:

Continuity equation

y=2 i 46
Y N T (46)
Diffusion eguation
H? P* A;
dé‘[ 2 (A“‘iﬁ)]
_ _bre . 2Uep ot
N A
L yle ¢t “
Y Hpe aGerrp OSSO
d|H? 2Llef
* . %
5[ - (9¢ +Iqu>w)} (¢*+ﬁ)(¢ — )
FoTHLe (@ —d), :
N = H o o i p) Ez & (47b)

Energy equation

d H30*A AJ\]  Pe
dé| 2 T A B/

Pe
a0+ 1.4

o0 207 0<égé (48a)
= = 0<£ < a
on =1 Ay ¢ ‘
For isothermal walland &£ = &,
d | H?
dvé [ww (186* + 7Qw)] —— (Ja 0*+ oA — Qﬁ
al v
— — . =0: &z
511 y Qw * ()w O 3 & C(I (48b)

or for adiabaticwalland £ = &,

d | H? Pe
* — *
dé[ 96 +110W)jl Ja(JaO +1)N

00

5 (48¢)
on

= 2(0*-0,);

=1

g.=0;

¢ = o

Equations (46)-(48) with equation (17) and the equi-
librium condition at the free interface, equation (23),
provide five equations to be solved for the following
five unknowns: H, 0%, ¢*, Ay(€ < &) or o (& > &),
and A (& < &) alternating with Q,(¢ > &) for iso-
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| Ag =1
\ 8 L{ i ¢ \J 8 Ad <1\ !¢
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H Ag=1\+H 1 £\
Zone 3 \)
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NI j_«' Ag =1 \J 4
N =\ N J'f——wxqu.... |

ADIABATIC WALL, Q,=0 ISOTHERMAL WALL, ewE o]

(b) {a)

F1G. 2. Schematic description of the various integration
zones.

thermal wall or with 6,(¢ > &,) for adiabatic wall
conditions. All are functions of the downstream dis-
tance, &.

The boundary conditions used for solving the three
simultaneous first-order differential equations, equa-
tions (46)—(48), are

A,=0; Ay=0; H=1 at {=0. (49)
It is to be noted that, consistent with the concentration
and velocity profiles used in the derivation, ¢,, = 0 for
¢ < ¢,y and Q.. 0, = 0 for & < &, Thus, the values of

the relevant variables at the transition points from

the ripvplnr“nn kcundarv Iqupr rpgw\nc to the fl]l]\r

developed boundary layer regions (at & =&, where
A, = 1orat¢ =&, where Ay = 1), are defined as well.

Figure 2 schematically identifies the three inte-
gration zones. In zone | both the thermal and con-
centration boundary layers are developing; in zone
2 one is fully developed and the other still develop-
ing; and in zone 3 both boundary layers are fully

developed. The exact forms of the differential equa-

tions, used for integration in each zone, are detailed
in Appendix A.

A computer program was set for integrating the
above system, starting with the initial values defined
in equation (49), using a Runge—-Kutta type method.
The procedure performs an integration step and the
results of each step serves as input for the next one.

Tha 1 ity
108 Dl,bl_} S1Z€ 18 aut\nuutl\-uuy controlled accordlng to

the accuracy requirements and speed considerations.
Calculated results and discussion are presented
below (Section 6). Analytic solutions obtained under

the assum ne
assumpt of low 1etration and t

absorption follows

4. LOW PENETRATION (ZONE 1)

The equations prevailing in the first zone are equa-
tions (46), (47a) and (48a). For relatively short
exposure time (& « &,, é‘,,) the thermal and diffusion
Dounaary ldyerb dare llmllc(l Lo tﬂC near erC lIll.CrldL/C
region with Ay, A, « 1.

Eliminating Af between equations (47a) and (48a)
for Ja0* « 1, and integrating the resulting differential

equation while applying boundary condition (49),

(50)

Combining boundary conditions (17) and (23) yields

A, Ag* yLe
= A= - (51
B~ =9GP Ja OV
For Ay, Ay « 1, equation (50) reads
v 9t A,
ﬂJa 0% A, =1 (52)

Eliminating A,/A, between equations (51) and (52)
results in the following cubic equation for ¢*

_1_,[ ¢ ]2_52
o*+p) | 1—0*| — A2

(53a)

or

A2\
A

/
1+ B= 2= g J 0= 2p)9* 4B =0,

(53b)

Thus, in the entry region and for sufficiently small
£, where the low penetration assumption is vaiid, ¢¥,
0* are constant (¢ independent) and determined by the
parameters 8, v, A and Le. Substituting the solution
obtained for ¢* in equation (51) yields the corre-
sponding A,/A, in this region. Note that equation

(53a) may be used to derive ¢*(& = 0), a boundary

condition which is applied in the integration pro-
cedure (see Appendix A).
For finite dilution, f < 1, but in the limit of low

driving force, y — 0, equation (53b) yields

1
¢ CI+A/BY(Le))
AJ(BY(Le))
g = 1 —gp* = N 54
= TTAgLey O

while for infinite dilution of absorbate, as in the case
of sparingly soluble gases, both y¢* -0 and f— 1,
and the solution of equation (53b) reads
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1 o T T L |l T
: B=1-xa, =05

L - Infinit dilution eq. (54b)

g\ —— Funite dilution, ¥~ , eq.(S4a)

: Finite dilution, y#0 , eq. (53a) T

NONDIMENTIONAL INTERFAL CONCENTRATION, ¢‘

1 1 1 i 1 1

[o] ! 2 3 4 5 6
HEAT INTERACTION PARAMETER , A/Le

7

F1G. 3. Interfacial absorbate concentration in the low pen-
etration region.

1
T AL+

NN
AJ(Le)+1

Equation (54b) is identical with the exact analytical
solution given by Grigor’eva and Nakoryakov [10].

The effect of finite absorbate concentration level
is demonstrated in Fig. 3, for f=1—X,, = 0.5 and
various heat interaction parameters A/./(Le). It is
shown that with increasing the absorbate concen-
tration levels the interfacial equilibrium concentration
significantly deviates from the values obtained
under the assumption of infinite absorbate dilution.
The decrease of interfacial concentration, ¢*, with
increasing the absorbate concentration and the
nominal driving force |y| evolves from heating-up of
the film interface by the enhanced absorption rates,
as will be further discussed below. These trends are
consistent with the exact solution recently obtained
for the low penetration region [19].

The variation of H, A, and A, in the downstream
direction is derived by substituting equation (51), in
the continuity, diffusion and thermal equations (46),
(472) and (48a), which for A,, Ay « 1, read

o

B*0 = 1 —¢* = (54b)

dH 2y Le b* ) e
G et epa. ME=0=1 69
dA, 4Lef 1
= A (E=0)=0 (56
ag " H Gerrpa,’ METO=0 00
dA, B 4 o
W T HA, A& =0)=0. (57)
By equations (55) and (56) -
W D ha,—o =1 (58

dA,~ 68
Integrating equation (58) yields H(A;), whergby

H = e G618, (59)

while substitution of equation (59) in equation (56)
and integration yields an equation for A, (&)

I —exp [— %%Aq,(i %Aﬁ 1)]

’ 16 Ley? 13
9 B (o h
As indicated by equation (59), for a sufficiently low
process driving force |y] = (C{—C\)/C < 1, [y|A, « 1
and thus H = 1 may reasonably be assumed. In this
case the integration of equations (56) and (57) yields

172 8L£’(l<'XAi) V' /2
e - [ (| "

(60)

A [ﬁBLeﬁ
T Ladt+h)

As =/ (88) (62)
or
A, | Le(1-Xu) |'"?
A, [ (1—x3) } )

and with X,;,, X} — 0 (infinite absorbate dilution)
AslAg = /(Le).

For most absorbent liquids Le « 1, and therefore
the thermal boundary layer is expected to become
fully developed when the concentration boundary
layer is still quite thin. For finite dilution however, an
enhanced growth of the diffusion boundary layer is
predicted by equation (63), and A, > A, may result
even with Le < 1.

Note that equations (54) imply that for sufficiently
low driving force, the solution for the temperature
and concentration profiles for finite dilution are ident-
ical to those obtained for infinite dilution, when A is
replaced by A/f. Inspection of the general formu-
lation, in equations (46)—(48), reveals that this obser-
vation is not specific to the low penetration region but
valid everywhere downstream (see Appendix B).

5. ISOTHERMAL ABSORPTION

In some cases the heat interaction is small and the
process maybe considered isothermal, with both A
and 0 identically zero and ¢* = 1. The effect of finite
absorbate concentration level is explored here for
sufficiently low absorption driving force (small 7),

“where a constant film thickness, H = 1, may reason-

ably be assumed. In this case only the diffusion equa-
tion is to be considered.

S5.1. Zone l: Ay, < Vand & < <h
Equation (47a) reduces to

d . 4Lep 1
A= A10] = — —
B = 53 3,

: AfE=0)=0
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—~2Le y 1
N = e e 64
Pe y+fA, (64)
Integration yields
3 8Lef
Az(l———-Az):«, . 65
AT Ak ©

Equation (65) is solved for A,(£)

10 24 Le NN
A¢={3[“<“"€fwﬁ+ﬁﬁ):ﬁ (©9

(-3

42_ 5 y/p+1

Ay~ 4 V|
{1~(IW?L95) ]

where A} denotes the corresponding value obtained
for infinite absorbate dilution (y — 0 and 8 — 1). For
A, < 1 (low penetration), equation (65) yields

I 1i2 A(b 1 lf2
N S Leé& yi., T _ % .,
B <>’/ﬁ+l> BLeO™: &g ("f/ﬁ“)

(68)

or

(67)

The corresponding solution for the average con-
centration is obtained by substituting A, by equation
(66) in equation (31) (with ¢* = 1 and H = 1). Note
that since y < 0 (see equation (20)) A,/A] > 1, and an
enhanced growth of the diffusion boundary layer with
increasing the absorbate concentration level (decreas-
ing ) is predicted. Solving equation {66) for A, =
yields the downstream location where the boundary
layer becomes fully developed

17 @B+ &
ALOPED e ).
b

T 160 Le

(69

As expected, £, < &) results.

The corresponding absorption flux at the film free
interface is obtained by substituting the solution
obtained A4(¢) in the expression for 47, given in equa-
tion (64). An enhancement factor, Q, is introduced,
which expresses the ratio between the actual absorp-
tion flux, .47, and that obtained under the assumption
of infinite dilution, 4"°

1

N0 BB A,

For instance, when equation (68) is substituted for
A4/AS {low penetration region)

1
Q= |
BG/B+D)?
As is indicated by equations (70) and (71) the effect
of finite dilution, as represented by f < 1 and y <0,

results in an enhanced absorption flux, with @ = 1.
The predicted enhancement evolves from retaining

Q (70)

(7

the convective term in the interfacial absorption flux
(equations (7) and (8)). The results of equation (71)
are consistent with the finite dilution enhancement
effect recently predicted in refs. {18, 19].

52. Zone2: A, =1,E> ¢,
Equation (47b) reduces to

a1 2Lep ‘
a“élzz’o O+1 ]d)w)] =ip (I-0.);
Pl =& =0
o 2k g
Integration yields
40 L
= 1—exp [— s //;%@—.«:»]. (73)

The corresponding solution for the average con-
centration is obtained by substituting the solution for
¢.(&) inequations (32) and (35) (with¢* = 1, H = 1).
Combining equations (69), (72) and (73) yields the
amplification due to the convective term, which
evolves for finite absorbate dilution with § <1 and
y<0

o-F 1 [4_0?35595]
A T e Nl AT ES
Z

Note that since y < 0, an exponential decay of the en-
hancement is predicted in the downstream direction.

6. RESULTS AND DISCUSSION

Asisindicated by equations (46)—(48), the solutions
for the non-dimensional concentration of the absorb-
ate and temperature profile are determined by the
concentration level, C,;/C = 1 —§, the nominal driv-
ing force y = (C¥— C4)/C, heat of absorption A and
the Le of the solutions involved. Note that Pe does
not appear explicitly upon substitution of .47, and Ja
is related to the other parameters as in equation (22).
The calculated results are presented in what follows
in terms of these non-dimensional parameters. The
various cases considered are summarized in Table 1.

Figures 4 and 5 present typical variation of the
concentrations and temperatures in the absorbing film
with the non-dimensional downstream distance £ = z/
{(h; Pe). Curves are given for the calculated interfacial
and wall concentrations ¢*, ¢, (Fig. 4), tempera-
tures 0%, 6, (Fig. 5) and the corresponding vari-
ation of the thermal and concentration boundary lay-
ers (Fig. 6) for isothermal wall and adiabatic wall
conditions. The effect of the absorbate concentra-
tion level is studied by varying § and maintaining a
low driving force (y-— 0). Some relevant analytic
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Table 1.
Model Related
Case studied equations figures

General non-isothermal Isothermal wall
vapour absorption

{46),

(47), (48a) or (48b) 9, 10

B A#D Adiabatic wall (46), (47), (48a) or (48c)

Non-isothermal low Isothermal wall Appendix B 4(a), 5(a), 6(a), 7(a), (c), 8(a)
nominal driving force

y—=0; B A#0 Adiabatic wall 4(b), 5(b), 6(b), 7(b), 8(b)
Non-isothermal Isothermal Section 4 3

low penetration or

7P A#0:A, A, <1 adiabatic wall

Isothermal Section 5

absorption

—0,,,11?50

expressions for this particular case are derived in
Appendix B. For infinite absorbate dilution y — 0 and
p— 1 (and for constant film thickness) the results
presented converge to those obtained by Grossman
[12].

Initially, for small £, the interfacial film temperature
and concentration are that predicted by the low pen-
etration theory (equation (54a)) and 8, = ¢, = 0.
The behaviour in this region is the same for the adia-
batic and isothermal wall cases. Increasing the con-
centration level affects significantly higher interfacial
temperature due to higher absorption rates and thus
lower interfacial concentration. A considerable devi-
ation from the infinite dilution prediction (equation
(54b)) is demonstrated for X,; > 0.2 (f < 0.8).

The location where the thermal boundary layer
becomes fully developed (A, = 1 at £ = &,) marks the
end of the first integration zone. This location is

) ISOTHERMAL  WALL

|0 _LJJ.[“"‘ d. A-—w*-’rlllll
L b) ADIABATIC WALL 1
.B—Xa; =0 * —

NONDIMENTIONAL FILM CONCENTRATIONS, ¢h= (Ca=Ca;)/(Ca;~Ca))

10 1000

100
NONDIMENSIONAL DOWNSTREAM DISTANCE, §=Z/(Peh)

F16. 4. Downstream variation of film concentration: effect

of inlet absorbate concentration level, Le = 1077,

A =102

unaffected by the concentration level (see Fig. 6). As
expected the concentration boundary layer develops
considerably slower than the thermal boundary layer
for the case studied with Le « 1, and is only partially
developed at & = &,. It reaches the fully developed
thickness, A, = 1, at the end of the second integration
zone where & = £, Accordingly, 0, and ¢,, start devi-
ating from zero at £ = &, and ¢, respectively.

Figure 6(a) indicates that the concentration level
hardly affects £, in the case of the isothermal wall. For
the adiabatic wall case, however, the concentration
boundary layer is shown to develop faster when the
absorbate concentration level is increased (Fig.
6(b)). The resulting ¢, is always shorter than the
corresponding value obtained under isothermal wall
conditions.

Moving downstream, the trends observed for the
variation of the film concentrations and temperature
differs in the isothermal and adiabatic wall cases. In

5
-

NONDIMENSIONAL FILM TEMPERATURES, 8=(T-TOAT - T,)

000
NONDIMENSIONAL. DOWNSTREAM DISTANCE, £ =Z/{Peh;)

FiG. 5. Downstream variation of film temperature : effect of
inlet absorbate concentration level, Le = 1073, A = 102,
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FiG. 6. Effect of inlet concentration level on the development
of boundary layers.

the former case (Figs. 4(a) and 5(a)), the interfacial
and bulk temperature first increase slightly, following
the trend of zone 1, due to the heat released into the
film. Then, for a sufficiently long transfer surface, the
film temperature approaches the wall temperature and
6*, 0 decrease, approaching zero as all the heat is
removed through the wall. The interfacial absorbate
concentrations follow trends opposite to that of the
interfacial temperature (¢* = 1—0%), with the wall,
bulk and interfacial concentrations approaching 1 for
¢ — 0. Hence, the effect of the concentration level
diminishes in the downstream direction.

In the adiabatic wall case (Figs. 4(b) and 5(b)), the
heat of absorption is not removed from the
film. Consequently, the wall, bulk and interfacial
temperatures increase monotonically towards a com-
mon asymptotic value. This final asymptotic value
increases with increasing the concentration level, due
to the enhanced absorption rates associated with
higher absorbate concentration level (see also Fig. 7).
Again, since ¢* = 1 —0* the interfacial concentration
monotonically decreases downstream, towards its
asymptotic value, which decreases with increasing the
concentration level. Hence, for adiabatic wall con-
ditions, the effect of the absorbate concentration level
is sustained far downstream whereby (see Appendix
B)

A/p

Ve = Tornip’ 770
Le
b = Lo+ A 7= 0. (75)

The corresponding values of the interfacial absorp-
tion (condensation) flux are presented in Fig. 7 in
terms of Sh,. It relates to the non-dimensional absorp-
tion flux defined in equation (19)
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Fi1G. 7. Effect of inlet concentration level on the local non-
dimensional absorption flux and wall heat flux.
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and is actually the Sherwood number which includes
a nominal transfer coefficient, defined with reference
to the nominal driving force, Sh, = K.h/D (K, =
Nav/lCE— Cail).

As is shown in Fig. 7(a) (isothermal wall), the
absorption rates monotonically increase with increas-
ing the absorbate concentration level. This enhance-
ment reflects the augmentation of the mass transfer
rate due to the inclusion of the convective term in
equation (7). The enhanced absorption rates affect
higher rates of heat removal through the isothermal
wall (see Fig. 7(c)). Clearly, for a long transfer sur-
face, the effect of concentration level on the transfer
rates diminishes as the driving force for the absorp-
tion process (¢* —¢,,) approaches zero.

In the adiabatic wall case (Fig. 7(b)), similar trends
for the effect of the concentration level on the inter-
facial absorption rates are obtained for relatively
short surfaces. Downstream, however, the augmen-
tation of the transfer rates is damped due to the
deterioration of the process driving force. Finally,
for long transfer surfaces, this deterioration results in
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lower local absorption rates for higher absorbate
concentration levels.

The local transfer characteristics may be further
studied through the downstream variation of local
Sherwood and Nusselt numbers (based on the local
transfer coefficient defined with respect to the local
process driving force). The non-dimensional coefficient
of local mass transfer from the interface to the bulk
is given by

o Kt _ i agl
T D HG¢*+ B (¢*—) dnl,—i”
_NAyly://

K=z (77

The non-dimensional coefficient of local heat transfer
from the interface to the bulk (due to the non-iso-
thermal absorption) reads

hh, I a0

Nu=_-""_ el j'c]vA}’l)’sH
k ~ HO*—0) on

B = -

(T*-T)
(78)

and the non-dimensional heat transfer coefficient
from the bulk to the wall is given by

s
=1

(79)

Figure 8 describes the above local Sherwood and
Nusselt numbers as a function of the downstream
distance for the isothermal and adiabatic wall con-
ditions (corresponding to Figs. 4-7). As expected, Sk
is very large for small & where A, « 1 and decreases
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FiG. 8. Downstream variation of the local Sherwood and
Nusselt numbers effect of the inlet concentration level.

towards an asymptotic value reached at £ > £, where
Ay = 1. Evidently, the mass transfer coefficient in-
creases with increasing the absorbate concentration
level. Near the entry (zone 1), the behaviour is ident-
ical to the adiabatic and isothermal wall cases and the
augmentation due to finite absorbate dilution is as in
equation (71), Q = 1/ (independent of A and Le). As
the thermal boundary layer reaches the wall (zone 2,
&> £y a discrepancy is noticed between the iso-
thermal and adiabatic wall Sk, the former being larger
and is more sensitive to the absorbate concen-
tration level. Far downstream, an asymptotic value
is reached, which is again identical for the adiabatic
and isothermal wall conditions. Based on the analytic
expression for @, 0*, 8, derived in Appendix B, the
asymptotic value which evolves from equation (77) is
40/118. Hence, the asymptotic augmentation of the
mass transfer coefficient due to finite dilution (Sh,, /
Sh%) is again proportional to 1/8. For infinite
dilution (f = 1), Sh,, = Sh.. = 3.64, which is about
5% larger than the exact value obtained by Grossman
[13] for the case of infinite absorbate dilution. The
overprediction of the transfer rates by the integral
method is, however, higher upstream, in the low pen-
etration region ({12, 13]. Therefore, some over-
estimation of the concentration level effect in this
region is expected {18, 19].

The downstream variation of the interfacial and
wall Nusselt numbers is considerably less pronounced.
In the first zone, where A, < 1, the interfacial heat
transfer coefficient decreases towards the asymptotic
value, reached at ¢ > &,. Note that, for & < &,, Nu is
identical in the adiabatic and isothermal wall cases,
while for ¢ > &, the former is the larger. The asymp-
totic value (obtained by substitution of the analytic
expressions derived for 0, 6*, § in Appendix B into
equation (78)) yields Nu(é — oo) = 40/11 for the adia-
batic wall and Nu(é — 20) = 8/3 for isothermal wall
conditions.

The wall heat transfer coefficient, Nu,, is zero at the
first integration zone, as the effects of condensation at
the interface have not yet reached the wall. Beyond
& = &,, for the isothermal wall, Nu,, increases towards
the asymptotic value Nu, (& — o) = 1.6. Obviously,
Nu,, = 0 for the adiabatic wall case. Note that both
Nu and Nu, are independent of the absorbate con-
centration level. Hence, the downstream decay of the
heat transfer rates are determined by the deterioration
of the temperature driving force (as discussed with
reference to Fig. 5). Also, it is of interest to note
that the asymptotic values of Sh, Nu, Nu, are all
independent of the other film parameters such as Le
and A.

The discussion so far relates to the case of non-
isothermal absorption under a low nominal process
driving force, y — 0. For a finite driving force (y < 0)
the film flow rate increases downstream and its local
thickness is to be evaluated through the integration
of equation (46). Also, as it has been discussed with
reference to Fig. 3, increasing the process driving force
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while maintaining A, Le and f constant affects higher
interfacial temperature and thus lower interfacial
absorbate concentrations.

The impact of increasing the driving force on the
film transport characteristics is demonstrated through
Figs. 9 and 10. The results are obtained for an iso-
thermal wall with an inlet absorbate concentration of
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Xa; = 0.7. The nominal driving force may be increased
up to y = X,,— X4 = —0.3, in which case the film
interface (under an isothermal situation) consists of
pure absorbate (pure water in the case of hygroscopic
condensation on brine). Although the local driving
force ¢* — ¢, first decreases with |y| (small & in Fig.
9(a)), it recovers downstream, and the non-dimen-
sional absorption flux (defined in equation (75)) as
well as the heat removed through the wall increase
with increasing the driving force (Figs. 9(b) and (c)).
Consequently, the downstream film thickness
becomes thicker, deviating from H = 1 (Fig. 10(a)).
Clearly, a significant change in the film flow rate
may be accompanied by a change in the film physi-
cal properties which is then to be accounted for.

The corresponding Sherwood and Nusselt numbers
are shown in Fig. 10(b). It is noted that the interfacial
and wall Nusselt numbers for & — oo are here no
longer constant. The decay of the asymptotic values
with increasing the process driving force results from
the downstream increase of the film thickness. On
the other hand, the Sherwood number increases with
increasing the driving force as expected, since the
downstream absorbate concentration level increases
towards X'%. However, comparison with the asymp-
totic values obtained for y — 0 (Fig. 8) reveals that the
increase of Sh with |y| is damped due to the resulting
thicker film and thus, it does not reach the asymptotic
Sh obtained for f = 1 —X¥ withy - 0.

Similar trends (not shown here) have been obtained
with an adiabatic wall condition, although it seems
that for an adiabatic wall the effect of the process
driving force is less pronounced and the results
obtained with y — 0 are valid for a wider range of
y # 0. It is to be noted however, that a change of y (for
a given absorbing solution) affects a corresponding
change of A, which is then to be accounted for. The
exclusion of this change of A (Figs. 9 and 10) is aimed
at isolating the influence of y # 0 in comparison with
the results obtained for y = 0 (Figs. 4-8).

7. CONCLUDING REMARKS

A model is presented for the analysis of the com-
bined heat and mass transfer involved in non-iso-
thermal absorption of vapour into falling liquid film,
as in hygroscopic film condensation. In distinction
to absorption of sparingly soluble gases, characterized
by infinite dilution of the absorbate, in vapour absorp-
tion the concentration levels of absorbate and absorb-
ent are comparable.

The integral approach has been employed for
solving simultaneously the continuity, diffusion and
energy equations for the cases of an isothermal and
adiabatic wall. Some analytic expressions are derived
for limiting cases, such as low penetration, low process
driving force and isothermal absorption.

The effect of the absorbate concentration level and
process driving force on the film transfer charac-
teristics has been studied. It has been shown that in
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physical systems, where the absorbate concentration
level is finite and is comparable to that of the absorb-
ent component, 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 em-
pirical correlations, or models, obtained for infinite
absorbate dilution, may yield conservative transfer
rates in the design of hygroscopic condensation or
evaporation systems {1-4].
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APPENDIX A. MODEL DIFFERENTIAL
EQUATIONS

Zone 1: Ay, A< 1,8 <&, ¢

The prevailing equations are equations (46), (47a) and
(48a). Equations (23) and (17) are used to eliminate A,, 60*
whereby

0% = | —g* (AD
1= ¢®)(pd*+ M)A
A(;:( d) )/(\if* +/) ¢4 (A2)

The derivation yields the following three simultaneous
first-order differential equations for H, A,, ¢*:
dH 2yLe P*
3 = % 53 ek L MYA 5 H(‘z
d¢ 3 H® (0¢*+PA,
dA,  Hlews—e,
A& T H[gree—t5]"
d¢* He,e5—¢,
e LA ML
d¢ 6H3[£286_83]‘

¢*(& = 0) obtained by equation (53)

=0)=1 (A3)

AyE=0)=0 (A4)

s

(A5)
with

e = L[ U=0MGe"+ A, :

10 Ag*

A, (1—¢* )
3 D e g4

+l A,(1=9%) P d*+ B’ (79** +8)
10 A o

. _(1—¢>*)2(v<if‘+/i)F A= ¢%* Go*+B) [

P 2A9* " 10 AP*

_2/\ o* * @ A2

4Le * y$*A
w4 a0 s
(1—-3/10A})
(1=1/10A)A,"
Evidently, the equations apply for both the adiabatic and
constant wall temperature cases, since in zone 1 6, ¢,,

0, = 0. The value of { where either A, or A, becomes equal
to unity marks the end of zone 1.

& = ¢* (A6)

Zone2a:Ng=1,A, < 1,E, <ELE,

For sufficiently low Le, the thermal boundary layer
becomes fully developed first. In this region (where A, =1
and A, < 1) a distinction must be made between the adia-
batic and constant temperature wall cases.

Constant temperature wall. The equations in effect are
equations (46), (47a) and (48b). Equations (23) and (17) are
used to obtain 8* = 1 —¢* and
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Ad* }
D | A7)
(46 +PiB, (
Substituting Q,, and 6* yields the following three differential
equations for H, A,, ¢*:

dH

Qw=2[1—¢*—

2yLle  ¢*

4" T3 Gar A, (A9
%Aéa e ;;f; (A9)
dg* e
T (A10)
TAB TA(1 —A}/10)
=16 S -
¢ * (yo*+B)°Ay * A (1=3/10A5)(y9* + B)
g =14 ;; Ay(1—A2/10)
__d0AJa g .
DETTH GerPA, [ (=97
. TAP* ] 40[ e 2A$* }
(yo*+PA, (Go*+B)A,
28A Le po*

HA (36 + B2 (1 —3/10A2) °?
4Le £
H™ (6% +B)A,(1-3/1043)
Ay(1-A3/10)
®s = o (1—3/10A)

Adiabatic wall. The equations in effect are equations (46),
(47a) and (48c). Utilizing equations (23) and (17) yields
0* = 1 —¢* and

6, =1—¢*—

g4 =

(Al1)

__AeY
Asrp*+ )

The differential equations integrated to yield H, A,, ¢* in
this case read

(A12)

dH 2yLe c;b*
&I G B A1)
dA, £5ty
@ T, (A14)
dg* &
W& T A1)
where
~o.n A B (1—-A3/10)
a=1t% Ay(vo* +B) [v¢*+ﬁ * (1 —3/10A£)}
gy =1 y¢*A¢(1 —A%/10)
28
S Ja[ ¢* T_ 2A¢*
PTT10 H | (pér+PA, H@yd*+Ba,
11 Le BA d*e,
5 H (y¢*+H)A(1-3/10A3)
. _4Lep &y

H* (y¢*+p)A,(1-3/10A7)
Ay(1—Aj/ 10y
¢*(1-3/10A3)°
The boundary conditions for both the adiabatic and constant
wall temperature equations are defined by the values of

(H, A4, ¢*) obtained through the integration of equations
(A3)-(AS), at the end of the first zone (at & = ;). The value

£s = (A16)

of & where A; becomes equal to unity marks the end of
zone 2a.

Zone2b: Ay =1,A,< 1

For relatively high Le and/or high absorbate concen-
tration level, the concentration boundary layer develops
faster than the thermal boundary layer and thus £, < &,. The
equations in effect in this zone are equations (46), (47b)
and (48a), and these apply for both the constant tem-
perature and adiabatic wall conditions.

Equations (23) and (17) are utilized to express ¢*, ¢, in
terms of (H, A, ¢*) whereby

(1—=¢*yd*+ )
AR, '

The differential equations integrated to obtain H, A,, ¢* read
dH 2 Ja (1-¢*)

0 = 1-¢*; $, = p*— (A17)

EoIE A (A18)
da, 1 £ses
d—é_;[sﬁ H%J (A19)
do* &
where
11 . (yd*F)(1—A}/10)
“= 1 oA, [(ZV‘I’ b= ”mﬁ_)—}
4a(1—¢®2[ 1 4
82=Fa( A‘z’) [I—EAU(I—AQZ/IO)J (HA‘Z’)
L 2epO=gn [l L 1L (=996 +h)
*THA A, ﬁ 20A A,
3! (1—¢*)(V¢*+ﬁ)£
T 20 AA? ?
e, = H(1—¢*)(1-3/10A3)
= HA(1—A2/10). (A21)

The boundary conditions at = ¢, are defined by the values
of H, A, ¢* obtained by carrying out the integration of the
differential equations through zone 1 to the point where A, = 1.
The values of ¢ where A; becomes equal to unity marks the
end of zone 2b.

Zone 3: A, Ay =1,8> &, &,

In this zone both boundary layers are fully developed. Again,
a distinction is to be made between the constant wall tem-
perature and adiabatic wall conditions.

Constant temperature wall. The equations prevailing are
equations (46), (47b) and (48b). Equations (17) and (23)
provide an expression for Q,,

Ag*— ¢w)] (A2)

¢*+h)

whereas (H, ¢,, ¢*) are obtained by integrating the follow-
ing equations:

QW:Z[l—qﬁ*—

e
dfg - HE;e, (A25)
where
=16+ ) [Ji:ig) ]
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18~ B)
o _ NJa (¥ —0u) M]
3 H (y¢*+p) (yo*+B)
JA0[ L 2@+ A
THL T T et T Gerep ™

Adiabatic wall. The equations in effect are equations (46),
(47b) and (48c). Equations (17) and (23) yield 8, in terms
of (¢*, ¢.)

=

YW’L + 5 20 B(9¢"'+1[¢W)J

|:4(1—¢*)+

La NM@*—
¢*+h)

whereas the resulting differential equations for (H, ¢,,, ¢*)
read

a

1 ANTY
Uy =1— (A7)

dH  2yLe (¢*~

&3 H (>¢*+ﬁ) (A28)
d¢, 20 &, 9 & A29
PR T ETU (A29)
dg* ¢
dg H361 (A30)
where
11 A 9
81:1+%m[ﬂ'+ﬂ+v¢w:|
C2ef @9 1y,
£, = I M()v¢*+/})|:l+20ﬂ(9¢ +11¢W):|
U AJa[(@*=o) |
“T70H (y¢*+/f>
(@*—a.) £2A
[( ¢*+ﬂ)}+(v¢*+ﬂ)' (A3D)

The boundary conditions used for integrating either equa-
tions (A23)-(A25) or equations (A28)—(A30) are the values
obtained for H, ¢, and ¢* at the end of the second zone.
The integration in the fully developed boundary layer region
is carried on downstream until uniform concentration and
temperature profiles are obtained across the film, as equi-
librium is reached.

APPENDIX B. MODEL EQUATIONS FOR g # 1,
y—0, Ja«1

In the limit of a low process driving force, y — 0, y¢*+ 8 —
B and by equation (46) H = 1. Under these conditions, the
model equations (equations (47) and (48)) are significantly
simplified and some analytic solutions may be derived in
terms of a combined parameter A/f (instead of both A and
B in the general case).

Zone |
A6l -
0*+* =1 (B3)

For Le < 1, A, < Ay, equations (B1)~(B4) are solved to yield
A, = J(Le)A(1—A3/10)"2 (BS)

l

%

AL V2
+Y5p (=810
J(Le)

A
pre /ﬁ

/e
/\

0:,1” Ay(l—
V(L<)

A/B
§= S By(1-Aj10)

A +\/,( B)(I—An/lo)' 2

_g[ Aj 1+ 15A)( Le/})—l
[ 1+A/(Le )

1+17/18A/(Le )
[+A/(Lef) |

(1—=A3/10)"?

(B6)
—A;/10)?

A}/10)

1+ (1—-AZ/10)2

(B7)

(B8)

o
Il

Bleo o

1

Zone 2a
Isothermal wall.

d[g*(, _AN]_2Legr
sl 2\ & 0)|="a,
d . 2%
&[ (180 +7QW)] i,
0% +¢* = |
N 2A¢j
0= a,

No simple analytic expressions are obtained in this case and
the integration is to be carried out numerically.
Adiabatic wall.

(BY)

-0, (BIO)
(B11)

(B12)

(o 8\
dé[ (Ad, 10>:|—2Le(0*v (B13)
d| 1 . _2A9*
&[ﬁ(ge +110w)} =5 A, (B14)
O+ dp* =1 (B15)
s_g N9
0*—0, = Ba, (B16)
Equations (B13)-(B16) yield
A/B 2
2A []0+L-(I—A¢/IO)}
= T, IO ;P =1-0%
(3 2
1+Il:— Zg—(l*Ad,/lO)J
(B17)
ABL 9 | 4
E[_E+L (l—A¢/10)]
= IR (B18)
+2A¢[10+~(1—A¢/10j|
_A/B A(,,(l—Aag/lO) L g= (7Le
=y B o ;
* 24, E Z“( ~8/10)
(B19)

The variation of A,(¢) is obtained through a numerical inte~
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gration of equation (B13) with A, = \/(9Le/10) at £ =¢,
(see equations (BS) and (B8) with A, = 1).

Zone 3
Isothermal wall.

d| 1
a [ﬁ 9¢*+1 l(bw)} =2¢*~9¢.) (B20)

afr A,
HE[%(ISO +7Qw)}=*ﬂ*(¢ —¢)—0. (B2D)

P* % = 1 (B22)

2A
20%-Q., = i (@* —du).

Analytic integration carried out with the boundary condition
o =0, 0F = ¢*(£ = £,) (as obtained from the solution for
zone 2) yields
(1 —¢*)=2A/B(¢* - .)
(1—¢3)—2A/B¢ 5
l _ (9¢* + I 1¢W)/20 (( 11+ 40A;8)16Le)
= [ 1-9¢%/20 J

l _(5 (114 40A/8)16Le)
B [1‘52]

where ¢, = $(¢& = &,), and thus (1—¢)/(1—¢,) < 1. For
Le « 1 the right-hand side of equation (B24) approaches
zero, whereby

*=(1+2A/8¢.)/(1+2A/B) ;
which yields

(B23)

(B24)

0* = 1—g¢* (B25)

Qu = 2A/B(1 - ) /(1+2A/B) (B26)

g SMBU=6) o 9+116,+40AD)S,
Tad+2ap) 0 P T 200+2A0p)

Integration of equation (B20) with ¢* by equation (B25)
yields

(B27)

40Le
¢, = 1—exp l:— (T +40A/5) (S f¢):|~ (B28)

Adiabatic wall.

d| 1
d?[iﬁ ¢ +11¢w)jl=214@(¢ — ) (B29)
dl1 90% + 110, "2/\ * B3
Qe 56( +1186,) —F(¢ - (B30)
0%+ % = 1 (B31)
A
(0*-0,) = E(¢*_¢w)' (B32)

Equations (B29)~(B32) for Le « 1 yield
¢* = [L—(11/201(A/B Le)¢,}/[1 + (9/20)(A/B Le)] ;

0* =1—¢* (B33)
_ e N1=d—(ABLe)g,
O = % = 5 T3 0720/ (AT Le) (B34)
5 NB[920+ 112000, + (L120)A/H. |
= Le 1+ (9720)(A/B Le) :
Le
P (B35)

Le 40 (Le+A/B)
O = LT Al {1 —xp [_ 11 (1+A/p) (5'54’)]}'
(B36)

ABSORPTION NON ISOTHERME DE VAPEUR DANS UN FILM TOMBANT

Résumé—1"étude concerne I'absorption de vapeur dans un film tombant pour lequel les concentrations
d’absorbat et d’absorbant sont comparables. Les mécanismes combinés de transfert de chaleur et de masse
sont analysés & travers une formulation intégrale des équations de continuité, de diffusion et d’énergie. On
considére des conditions de paroi adiabatique et isotherme. Les nombres de Nusselt et de Sherwood sont
exprimés en fonction des paramétres adimensionnels qui caractérisent le systéme. On montre que dans le
cas de la dilution finie d’absorbat, le terme convectif latéral a la surface libre doit étre pris en compte. Le
transfert résultant dépend a la fois du niveau de concentration d’absorbat et de la force motrice et il
est significativement augmenté par rapport a ce qui est obtenu dans ’hypothése d’une dilution infinie
d’absorbat.

DIE NICHTISOTHERME ABSORPTION VON DAMPF IN EINEM RIESELFILM

Zusammenfassung—Die vorliegende Untersuchung beschiftigt sich mit der Absorption von Dampf in
einem Rieselfilm, und zwar fiir den Fall, daB sich die Konzentrationen in Dampf und Fliissigkeit wenig
unterscheiden. Zur Analyse der gekoppelten Vorginge des Wirme- und Stofftransports wird eine
Integralform der Kontinuitéts-, der Diffusions- und der Energiegleichung betrachtet. Die Wand wird als
adiabat bzw. isotherm angenommen. Die Nusselt- und die Sherwood-Zahl werden abhingig von dimen-
sionslosen Parametern ausgedriickt, welche das System beschreiben. Es zeigt sich, daB eine endliche
Verdiinnung des zu absorbierenden Stoffes durch einen entsprechenden quergerichteten Konvektionsterm
an der freien Oberfliche beriicksichtigt werden sollte. Es zeigt sich weiterhin, daB die resultierenden Warme-
und Stoffstrome sowohl von der Konzentration im zu absorbierenden Stoff abhangen als auch von der
treibenden Kraft; sie sind wesentlich groBer im Vergleich zu denjenigen, welche sich bei Annahme einer
unendlich kleinen Verdiinnung ergeben.
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HEW3OTEPMUUHOE [MOTJIOMEHUE ITAPA CTEKAIOIEN TJIEHKON

Amnoramas—Vccneayercs noryonenHe nNapa creKaroieil NICHKOR NPH CONOCTaBUMBIX KOHUCHTPALMAX
abcopbata u abcopbenta. CoBMeCTHBIE NMPOLECCHE TEIUIO- H MAaccONepeHOca AHANMUIMPYIOTCA NpH
noMoInH ypasHeRuit paspsibHocTy, auddy3nn u 3ueprum B HHTerpanmbHoit Gopme. PaccmarpuBaioTes
ycnosus ¢ aauabatuyeckoil u w3oTepMuucckoil crenkaMu., UYncna Hyccensta u llepsyna mmipasenst
uepes DeapasMepHEie TapaMeTpsl, XapakTepHaymoiune cucremy. ITokasano, yTo B cayuae KOHEYHOIC pas-
Gasnenus abcopbata cnefyeT yYMTHIBATH CaraeMoe, ONMCHIBAIOIICE MONEPEHHYI0 KOHBEKLHIO Y CBO-
6omayoit mosepxHocTH. Haiineno, 4ro pe3synbTHPYIOMIME CKOPOCTH 3aBHCAT KaK OT KOHUEHTPALMH
abcopbata, Tak H OT JBHXKYIUEH CHJILI H 3aMETHO MPEBLIUIAIOT 3HAYCHHSA, NOJIYYCHHBIE B MPEINOI0XKE-
Hul GeckoHeHoro pasGasienus aGeopbata.



