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NOMENCLATURE

C, mass fraction of volatile component;

Cp specific heat at constant pressure;

D, binary diffusion coefficient ;

Gr,  Grashof number, p2gR3/u?;

g, acceleration of gravity;

He, Stefan number, ¢, (Tyo— T,,)/4,;

k, thermal conductivity;

L, length of cooled wall;

Me, Mach number, (p,U3,/Pp)*?;

h, condensation rate of mixture per unit
interface area;

m,,  condensation rate of volatile component
per unit area;

Pr, Prandtl number, y,c,,/k,;

P,, vapor-flow inlet pressure;

P, pressure;

q, heat flux per unit wall surface area;

R, radius of channel;

R,, radius of channel at vapor-flow inlet;

R.,  radius of concentration layer;

R,,  radius of temperature layer;

Re,  Reynolds number, p,UyoRo/1,;

R;, radius of vapor-flow passage, R—4;

¥, radial coordinate ;

Sc,  Schmidt number, u,/(p,D,);

T, temperature;;

T,,  cooled wall temperature ;

u, axial velocity component ;

v, radial velocity component ;

X, mole fraction;

X, axial coordinate.

Greek symbols

¥ activity coefficient;

o, condensate film thickness ;

0, dimensionless temperature,
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nautical Science, The University of Tokyo, Tokyo, Japan.

Abstract—Film condensation of binary-mixture laminar flows in a vertical channel of variable circular cross-
section is studied by employing the integral method for the vapor flow and the Nusselt model for the liquid
film flow. Effects of the channel geometry, vapor flow speed, vapor flow direction and the type of binary
mixture on condensation behavior are predicted. The behavior is affected appreciably by the liquid-vapor
equilibrium characteristics and the mass transfer process in the vapor flow. Nozzle-type flows yield larger
values of local condensation rate, although the channel geometry has not a considerable effect on the overall
condensation rate. The flow direction has an appreciable influence on the condensation rate and film
thickness.

A latent heat of vaporization ;
i, dynamic viscosity;
o, density.
Subscripts
e, equilibrium ;
i, liquid-vapor interface ;

0, center of channel ;
00, vapor-flow inlet;
r, reference state.

Superscripts

o condensate liquid ;
* x* = x/(ReSc), m* = ReScm.

1. INTRODUCTION

FiM condensation of binary mixtures is one of the
most important processes of chemical engineering,
The number of theoretical and experimental works
devoted to this problem, however, is rather limited
[1-9], although from the phenomenological point of
view considerable works have been done [10,11].
Theoretical elaboration of the gravity-flow film
condensation of a binary mixture on a cooled vertical
plate was given by Sparrow and Marschall [2], on the
basis of the conservation laws with an analytical model
of boundary-layer flows of the condensate and vapors.
With the application of such a method of analysis,
Denny and Jusionis [3] investigated the effect of forced
flow on film condensation of binary mixtures on a
vertical flat plate. In these theoretical works, the
conservation equations of boundary-layer flow are
numerically solved for the vapor flow, whereas for the
condensate film, the Nusselt assumption of negligible
effects of liquid acceleration and energy convection is
employed. The obtained results show that the heat flux
toward the wall has a marked dependence on the bulk
composition of binary mixture and the overall tem-
perature difference of the system, having a minimum at
a certain bulk composition. Experimental works con-
cerning film condensation of binary mixtures on
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external bodies have been reported by severui
vestigators, mainly from the standpoint of heat-
transfer problem {7, §].

The problem of film condensation of binary mix-
tures in a tube is a case often encountered in practice.
although relatively little work of it appears to have
been done. Van Es and Heertjes [9] studied the
channel-flow film condensation of binary mixtures
wdth a simplified model of the vapor and liquid fows
and obtained a qualitative agreement with their
experimental results.

Most of the peculiar phenomena in the conden-
sation of mixtures originate in the fact that the
equilibrium concentration in phases will generally
differ for each component. Due to the concentration
difference, the liquid phase contains less of the volatile
component than does the vapor. The volatile com-
ponent of the vapor adjacent to the liquid must be
removed away to supply the material of condensation.
Thus, the mass transfer process controls directly the
rate of condensation. In the case of internal flows, due
to a sink of vapor at the liquid-vapor interface, the
mass composition, velocity and temperature of the
vapor llow are to be changed appreciably in the flow
direction. This is the inherent feature of condensation
in channel flows different from that of condensation on
external bodies.

The present study is concerned with film conden-
sation of binary mixture flows in a vertical channel. A
binary mixture of vapors, both components of which
are condensable. is introduced to flow downward (co-
current flow) or upward (counter-current flow) nto a
circular channel of variable cross-section. The con-
densate 1s formed adjacent to the surface of the
cooled wall, being a binary mixture of liquids, and
flows downward along the wall under the action of
gravity. The analytical model employed here consists
of a thin liquid-layer flow adjacent to the wall and
an inner vapor flow. Both flows are assumed to be
steady and laminar, having an interfacial bound-
ary of infinitesimally thin thickness. The condi-
tions of transport fluxes and equilibrium state at
the interface couple two flow fields to yield a set
of governing equations. To solve the system of
equations, the integral method and the Nusselt
assumption are employed for the vapor flow und
the liguid film flow, respectively. The effects of the
channel geometry, the vapor flow speed and direc-
tion, the temperature difference of the system, and
the type of mixture are studied on the behavior of
film condensation.

2. PHYSICAL MODEL AND ANALYSIS

A saturated binary mixture of vapors is introduced
downward or upward into the inlet of a vertical
channel. The mixture has a fully developed velocity
profile and & uniform temperature Tyo, and the mass
fraction of the volatile component Cg,, corresponding
to the saturation state at the temperature Ty, and the
inlet pressure P,. Downward distancesin the direction
of gravity are measured in terms of the x-coordinate,
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FiG. 1. Film condensation of binary mixtures in a vertical
channel.

and radial distances are denoted by r. The correspond-
ing velocity components are 4 and v, respectively. The
flow configuration is illustrated in Fig. 1. Between the
inlet and the outlet of the flow. the channel wall is
cooled isothermally at a constant temperature 7,

Flowing through the channel of radius R(x), the vapor
mixture condenses onto the cooled wall, and changes
its velocity u(x, ), v(x, r), temperature T (x, r), and mass
fraction of the volatile component Cix.r). The con-
densate flows downward under the action of gravity
force to form a thin liquid layer of thickness o(x). The
binary mixture of liquids in the film has the velocity
a(x,r), é(x,r), temperature T{x.r), and mass fraction
C(x.r). where the superscript { } refers to the liquid
mixture. The condensate flm flow is affected ad-
ditionally by the viscous force of the vapor flow to be
accelerated or decelerated depending on the fow
direction. Between the condensate and the vapor, there
is no relaxation layer assumed for the phase transition.
The interface is of infinitesimally thin thickness, and
the mixtures there are in equilibrium state correspond-
ing to the temperature T(x) and the pressure p(x).
having the mass fraction of the component vapor Cfx}
and of the component liquid C{(x ).

Because of thin film thickness, the variation of flow
variables is highly strong across the film compared
with thatin the axial direction. The diffusive transports
of the vapor mixture in the flow direction are also less
effective in comparison with those in the radial direc-
tion except for the very short distance close to the
starting point of condensation. Thus, for both flows of
the vapor mixture and the condensate. the governing
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equations of boundary-layer type can be employed to
account for the conservation of mass, momentum,
species and energy. Although the problem involves the
phase equilibrium characteristics inherent to each
combination of binary components, it is useful from
the fluid-dynamical standpoint to express flow vari-
ables in a dimensionless form by introducing non-
dimensional parameters. In such a dimensionless form,
the governing equations are written as
0
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where the second-order effects of thermal diffusion,

viscous dissipation and compressible heating are

neglected. The pressure can be assumed to be constant

across the cross-section. The length scale, velocity and

pressure are nondimensionalized by the channel

radius at the flow inlet R, the vapor flow velocity at

the inlet U, and the inlet pressure P, respectively.
The dimensionless temperature 6 is defined as

T-T,
Too—T,

w

0=

()

The physical properties of density p, dynamic viscosity
u, thermal conductivity k, specific heat at constant
pressure c,, and binary diffusion coefficient D are
nondimensionalized by their own respective reference
values which are denoted by subscript r. ¢, is the
difference of specific heats between the binary com-
ponents, ¢, = ¢,; —c,,. Dimensionless parameters
relevant to these properties are as follows.

UooR
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Yy k, oD,
G PPORS <prU%o>”2
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'uf Er ﬁrDr
~2 3 = 2 1/2
~  PrgRg  _ L Udo \Y
Gr="S Me = (BFE) ©)
(3 Q

where g is the acceleration of gravity.

At the flow inlet, x = 0for co-current flows or x = L
for counter-current flows, the vapor mixture has a fully
developed velocity profile with a saturation state
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corresponding to the inlet temperature T, and the
inlet pressure Py ;

u=1-12 §=1 C=Cgo(Tyo,Po) ()

The channel wall is cooled isothermally at a constant
temperature T, between x = 0and x = L; 6 = 0. Film
condensation starts at x = 0 with zero film thickness
and has a thickness d(x) at the point x;

4(0)=0. (8)
This implies that the wall surface preceding the cooled
one should be kept at the same temperature as that of
the vapor mixture. Since no transition layer from the

vapor phase to the liquid phase is assumed, the
liquid-vapor interface is located radially at

R,=R-34. )

At the interface, the no-slip condition of axial
velocity and temperature gives

W= u; (10)
6, =6, (1)

The continuity of fluxes of mass, momentum, species
and energy across the interface can be expressed as

p dR dR
o) [ 2o
Pr X/ L X/ i
ﬂ,(_@ﬁ) _< ou
He /46r i_ #57 i
- D, _dC
mC——Pr (,31)——
p.ReSc or J |;

e ——L (% 14
'[m " Resc <" 7)] (%

(13)

where the assumption of slow change of the channel
radius and the film thickness in the axial direction is
employed and A denotes the latent heat of vaporization
of the mixture referred to the liquid state. The mass
condensation rate per unit area of the interface m is
nondimensionalized by p,Uy. The non-
dimensionalized parameter He is defined as

Epr(TOO - Tw)

Further, the condition of thermodynamic equilibrium
at the interface specifies definite interfacial mass
fractions of the component vapor and the component
liquid corresponding to the interfacial temperature T;
and the pressure p;

Ci = Ce(Tx:’ P) Ci = Ce(th’ p) (16)

The set of these governing equations subject to the
boundary conditions may afford the solution of binary
mixture film condensation in a vertical channel by

He =

r
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means of finite difference methods. However, a signi-  thin film thickness compared with the channel radius,
ficant difficulty remains in the inevitable requirement  equations (1)-(4) for the liquid flow lead to the
of extensive computation for such numerical solutions.  following solutions,

Fortunately, for practical values of liquid flow proper-

ties, it has been found that the convective terms in the = (52 (fi E‘? — E«f p)

conservation equations play an insignificant role. 2ii\Mc*dx  Re"

Hence, the so-called Nusselt solution can be employed /R—~r\* R-r}| R~

for the liquid film flow. From the practical point of x [(‘”‘(“ ) TS jrH (7

view, not detailed informations about the distribution SO oo ‘

of vapor flow variables but the integrated values at the C=¢ i18}

flow boundaries are likely to be much discussed. For -

this purpose, solutions of the system can be examined 0=0;~— 19

with the integral method by assuming appropriate ¢

profile for the distribution of flow variables. where the wall surface is assumed to be impermeable to
By neglecting the convective terms and assuming  both components of the mixture and to allow no-slip

flow.

Integration of equations (1)-(4) for the vapor mixture with respect to r from the center to the interface yields

MR

e I, 'pur dr+m*R,; =0 (20}
- T puur dr+m*uR, = J‘K (_ ~_E~ 9_51 + orse p)r dr+ScR (v# E“) 21
Jo l o L Mc?dx* Re e, o
da & ] - écC ,
e Jo puCrdr+m*C,R; = R‘)‘(.PD 5;),- (22
d%"_‘ | :‘ puc,frdr+wr*c, 0,R; = %(; R5<k %-g:)‘ + LR” pC;D% -i—? rdr {23}

where, from the viewpoint of similarity, the following nondimensional variables are introduced by the inspection
into the governing equations and boundary conditions.

x = ReScx* ReScri = m* ReScv =v* (24)

With equations (17)-(19), the boundary conditions, equations (12)-{15), are reduced to

S ARNY [0 RN s
p{\v ud;; = p»v -y v—m 23}

dox*
3/ Re dp Gr u; N ,
(_______wa *)_gf = —g‘(llﬁ) (26}

2\ Mc?ReSc dx*_}’?;p, ] i\ or
_ f_eC o
w*(C, = m*C; — (pD»—v 27}
o/,
o, k [ o6 RePr
k’u+---~(k—0~ =ﬂp’ e ¥ (28)
o k,\ dr/, p,HeReSc

As the vapor mixture proceeds along the cooled wall, the effect of condensation penetrates into its center of
flow and a layer of boundary-layer type concerning the mass fraction and temperature is formed. By assuming a
parabolic profile, the radial distribution of mass fraction and temperature can be expressed as

(CO' 0<r<R, (29)
(:\’C+(C—C)<r Y R.<r<R
; . <r <R,
L ° b R;—R. ¢
{30}

J'Qo 0<r<R,
0=
|

R, and R, may be called as the radius of the concentration and temperature layers, respectively. The mass {raction
and temperature at the center, C, and 8, are kept constant before the layer reaches the center, say, in the
developing region; Cy = CoolR, > 0), 85 = 1(R, > 0). Beyond the distance at which the layer has extended
throughout the cross-section of the flow passage, say, in the developed region, they are forced to change axially:
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Co = Co(x)(R, = 0), 6, = 85(x)(R, = 0). The axial velocity profile is assumed to be

r 2
u=%+m~%%i> (1)
3

where at the flow inlet, x = 0 {co-current flow) or x = L (counter-current flows), u; = 1 and u; = 0.

With these radial distributions of velocity, mass fraction and temperature, the integrals in equations (20)-(23)
can be expressed in terms of the values at the center and the interface, if the involved physical properties are
evaluated at an appropriate reference state so as to be regarded as constant across the layer. Then, equations
(20)-(23) are reduced to ordinary differential equations as follows.
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o =0{R, <R, R "y (R >R).

From these equations, the axial change of u,, p, R, and R, can be obtained. In the developed region (R, = 0,
R, = 0), the last two equations are replaced by, respectively,

d "
dx*{ R2[(2ug+1,)Co + (ug + 2u,)C; }} = —m*C;R, (36)
d

dx

2kSc 8,‘ s 90
Pr R,

; {p P R2[(Qug+u;)00 + (ug + 2u; )9,]} { - rh*cPOi} + pc,D(C;— Co)(0,—0y)  (37)

from which C, and 6, are calculated.
The continuity condition of shearing stress at the interface, equation (26), gives the interfacial velocity u,,

AT 82 Re d AT
u,-(1+2g-£—) ( S A T L A (38)
i, AR, 2 Re Mc*ReSc dx* i, i R,

By the continuity condition of energy flux at the interface, equation (28), the interfacial temperature 0; is

expressed as
kk ¢ kk & pRePr 25
91’ 1+2_—— =2—‘: 9 + z T .*. 39
( k, k ) k, kK R;—R, ° p.HeReSc k " 39)

The mass flux of the condensate or the condensation rate per unit area of the interface mi* is given by the
continuity of species mass flux, equation (27),
.« 2pD Ci—Cy
m — ——————————

" R;—R.C—C; “0)
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The continuity of mass, tlux, equation (25), yields the film thickness,

i/ Re? dp _
P R
3t Mc?ReSe d*

o d {
d-n {R
dx* |

When uy =0, dp/dx =0 and 6, = 0,. it gives the
Nusselt solution. The condensation rate of the volatile
component ¥ and the heat flux per unit wall surface 4
are then given by

m¥ = irtC, (42)
0,

g =K- {43}
o

where m,, ¥ and g are nondimensionalized by p, U g,
2,D,/Ry and kT, — T,/ R, respectively.

The set of these ordinary differential equations can
be solved numerically by means of finite difference
method stepwise in the flow direction. Since the
equations contain thermophysical properties of vapor
and liquid mixtures, knowledge of them is required to
such a numerical study.

For the binary mixtures under consideration in the
present study, the phase equilibrium condition, that is,
equality of the chemical potentials of each component
in liquid and vapor phases, can be well approximated
as

Xp= ;ﬁ)fjpsj {(j=12) {44)
where X; is the mole fraction, 7; the activity coefficient
of species j in the liquid phase and p; the vapor
pressure of pure component j. The activity coefficients
are evaluated by the Van Laar equation with empirical
constants given by Hala et al. [ 12]

» 4 1 2
log; =~

The vapor pressure of pure component j is predicted by
the Antoine equation
B,

S (j=1.2)

E (46)
T+C,

logp;=A;—
where constants 4;, B; and C; are also given in [12].
The equilibrium mole fractions of the component
liquids and vapors are then given by

. D — 5 Py |
XI:—L~ ELE X, = — . (47)
TPt —¥2Ps2 { ’j?ﬁ‘xf
71 Pt A

For the transport properties of viscosity, thermal
conductivity and binary diffusion coefficients are esti-
mated by the way recommended by Bretsznajder [ 13].
Densities and specific heats of pure component are
evaluated by algebraic equations of the second order of
temperature with the data in [14] The latent heat of
vaporization of pure component is calculated by the
Clasius—Clapeyron relation with equation (46).
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At an appropriate reference state, the physical
properties involved in the governing equations are
evaluated to be regarded as constant across the Hows,
As for such a reference state, although a definitive
recommendation is not available, the arithmetical
mean state of the center and the interface is chosen for
the vapor mixture flow; that is. the properties are
evaluated at

L= AT+ T)2 C, =iCy=C)2

For the liquid-phase properties, on the basis of [ 2], the
reference state is taken as

L=T4(T-T03 C =,

As for the reference values of physical properties for
nondimensional parameters, it is convenient to
evaluate them at the flow inlet state for the vapor,
T, = Ty C, = (E(T00 = (00, and at the state of the
wall for the liquid, T = T,.. €, = C (T,

3. RESULTS AND DISCUSSIONS

By cmploying the foregoing physical model and
analytical method, film condensation of binary mix-
tures in a vertical channel is studied for vapor mixtures
of ethanol~water, methanol-water. acetone-water,
methanol-ethanot and hexane- benzene. Effects of the
channel geometry, the inlet-flow velocity and tempera-
ture, the vapor flow direction and the wall temperature
arc investigated. Three different tvpes of circular
channel are used as for the variation of channel
geometry, having divergent, constant and convergent
cross-sections with respect to the flow direction:

R{xi=1+0.1x  diffuser-type flow (D};
Rix)=1 constant cross-section flow (C);
R{x)=1—0.05x nozzle-type flow (N};

of which the ratio of peripherical arcas is 2:1:1/2 and
the ratio of cross-sections 4:1: 174 at x = 10.

The cquations are solved stepwise in {he gas flow
direction by means of finite difference method. To deal
with the singularity at the inlet of co-current flow, an
analytical solution obtained by expanding the vari-
ables with respect to x is employed close to the inlet.
For counter-current flows, the vapor mixture has a
zero-velocity point close to the interface. Between this
zero-velocity point and the channel center, the vapor
mixture at the flow inlet is assumed to have a uniform
temperature (mass fraction), and in the annular region
between the zero-velocity point and the wall the vapor
is sucked in together with the liquid in the same
direction. In this case, iterative computation is re-
quired to achieve compatibility with the hiquid film of
zero thickness at x = (.
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Fi1G. 2. Co-current flow film condensation; ethanol-water,
constant cross-section, Too =90°C, T,, =85°C, Uy, =
10em/s. (a) m*, q, 8, ug, u;. (b) R, Ry, 84, 8;, Co, C;, C;.

A typical result of film condensation behavior is
shown in Fig. 2 for the case of ethanol-water mixture
in a constant cross-section channel (R, = 1 cm) with
Tyo = 90°C (Cqp = 0.507), T, =85°C and Ugyq =
10cm/s; Re = 101, Re= 1511, Pr=0926, Pr=
5.03, Sc=0.636, Gr=1.00x10% Gr=224x10,
Mc=02341 x1073, Mc=0.971 x 10~2. The conden-
sation rate per unit interface area decreases first
rapidly in the flow direction and reaches a minimum at
the point close to the end of the developing region.
After taking the minimum, it increases again, although
the behavior of thisincrease is dominated considerably
by the temperature difference of the system and the
type of binary mixture (cf. Figs. 5 and 6). The first
decrease of the rate is contributed to the growth of
concentration layer which reduces the diffusion flux of
the volatile component from the interface to the bulk
flow. The increase of the rate after the minimum can be
attributed mainly from the axial decrease in the mass
fraction of the volatile component in the bulk. After the
end of the developing region, the mass fraction of the
volatile component in the main stream increases due to
higher diffusion fluxes from the interface to the bulk
than the convective flux which is always oriented
toward the interface. Further condensation, however,
leads to the superiority of the convective flux to the
diffusion flux which decreases the mass fraction in the
bulk. Under some conditions, this increase in the
condensation rate accelerates the tendency of decreas-
ing mass fraction in the bulk to result in a very rapid
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increase in the condensation rate in the developed
region. The heat flux to the wall has the same behavior
as the condensation rate since it is approximately
proportional to the latter. Because of small difference
of the interfacial temperature from the wall tempera-
ture, the mass fractions at the interface hardly have an
appreciable variation in the axial direction. The con-
centration and temperature layers develop as (R,
—R,_,)oc x%* The condensation rate and the film
thickness in the developing region change roughly as
moc x~ %% and § o« x%2, respectively. The interfacial
temperature is dominated mainly by the film thickness
and the condensation rate, being approximately pro-
portional to them. The interfacial velocity shows a
similar behavior as the film thickness, being ap-
proximately proportional to the square of the
latter. It should be noted that the rapid reduction in
the main stream temperature of vapor mixture in the
developed region could result in a super-saturation
state of the vapor, that is, a possibility of dropwise con-
densation in the vapor flow which is not accounted
for in the present study.

L4

1.2

1.0r

0.8

0.6}

0.4

0.2

0 ;

L L L L

l ]
0.02 0.08 010

.

F1G. 3. Effect of channel geometry (N: nozzle, C: constant,

D: diffuser); ethanol-water, Tyo = 90°C, T, = 85°C, Uy, =
10 cmy/s.

In Fig 3, the effect of the channel geometry is
presented for co-current flows. The condensation rate
per unit interface area is greatly reduced for the
diffuser-type flow, whereas onto the wall of the nozzle-
type channel the mixture condenses at considerably
higher rates. Upon the overall condensate mass or the
condensation mass flux per unit axial length, m*R,
however, the channel geometry has little influence ; the
diffuser flow yields rather slightly higher rates than the
nozzle flow. It may be attribnted to the compensation
effect of axial variations between the condensation rate
per unit interface area and the peripherical area of the
interface. Owing to the axial change of cross-section
area, the nozzle flow has larger values of the film
thickness and the interfacial velocity and temperature
than the diffuser flow has.

The effect of the vapor flow velocity is demonstrated
in Fig. 4 in the expression of mReSc vs x/(ReSc). It
means that the condensation rate nondimensionalized
by p,D,/R, should be characterized by the Reynolds
number based on the axial length and the inlet velocity
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F1G. 5. Effect of flow and wall temperatures (T, — T, “C):
ethanol-water, constant cross-section, Uy = 10 cm/s.

binary mixture
methanol-water,
acetone-water); constant cross-section, Too = 90°C, T, =
85°C, Uy = 10cm/s.

Fic. 6. Effect of type of
ethanol-water, M-W:

of the vapor mixture. Higher flow velocities result in
lower condensation rates and shorter lengths of de-
veloping regions of concentration and temperature at
the same axial Reynolds number.

The vapor temperatures at the inlet and the wall
temperature have a considerable effect on the behavior
of film condensation. As shown in Fig 5, larger
differences between them result in higher condensation
rates. The type of binary mixture also has an appreci-
able effect through its equilibrium characteristics, as

{E-W:
A-W:

shown in Fig. 6. These behaviors can be characterized
by the factor of mass fraction differences

[Cao = CATIPICAT T - € AT,

which means the ratio of the driving force of diffusion
process to the potential barrier of condensation of the
volatile component; 0.337 (E- W), 0.340 (M- ), 0.117
(A-W). Larger values of this factor vield higher
condensation rates. It is seen from this fact that when
the vapor inlet temperature and the wall temperature
are changed simultancously with keeping a constant
difference, the condensation rate will take 0 minimum
at the temperature close to which the difference of mass
fractions, C,(T)— C,(T). becomes maximum. Higher
condensation rates are always associated with higher
interfacial temperatures and longer lengths of develop-
ing layers of concentration and temperature. The film
thickness 1s approximately proportional to the one-
third power of the factor und varies as ¢ v x" with #
= 0.15 ~ 0.25. The pressure gradient is roughly pro-
portional ta 8Gr/ReRe or {(Gr Rey™ Re.

A typical result of film condensation of counter-
current flows is shown in Fig. 7 for ethanol-water
mixture with the same condition as in Fig 2. T,
= 90°C, T, = 85°C, Uy, = — 10cemys, and LR, = 10
(Ry = lem). The concentration and temperature
layers of the vapor mixture develop {rom the outlet of
the condensate film flow. Because of relatively small
variation of condensation rate at the beginning of the
film flow (in the developed region}, the film thickness s

14 ' 7T
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Fig. 7. Counter-current flow film condessation:

ethanol-water, conmstant cross-section. Ty, = 90°C, T =

85°C, Uye = — 10cm/s. {a) #%, ¢, 0. ug, 1. (b} R, Ry, B, 0,
Con Ci
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thinner and varies more rapidly in the x-direction as é
oc x" with n = 0.25 ~ 0.3 than that for the co-current
flow. Further, in the developing region of con-
centration, it changes more sharply (n > 0.3). Due to
this fact, the interfacial velocity also changes more
sharply in the x-direction compared with that of the
co-current flow. The interfacial temperature, thus, the
mass fraction at the interface shows somewhat dif-
ferent behaviors close to the beginning of the liquid
film flow, approaching the wall temperature at x = 0.

F1G. 8. Effect of flow direction {(—: co-current flow, —-:
counter-current flow); ethanol-water, T,o =90°C, T, =
85°C, |Ugol = 10cmy/s.

The effect of the channel geometry of counter-
current flows is shown in Fig. 8 in comparison with
that of co-current flows. The geometry is termed with
respect to the vapor flow. From the standpoint of
liquid film flow, the “nozzle” in counter-current flows
corresponds to the “diffuser” in co-current flows. As
the case of co-current flows, the nozzle flow yields
larger values of the condensation rate per unitinterface
area, the heat flux to the wall, the film thickness, and
the interfacial velocity and temperature. Concerning
the overall condensation rate and heat flux, the diffuser
flow takes slightly larger values than the nozzle flow.
This implies that the flow behavior might not be so
appreciably affected by the flow direction as to yield
fundamental change in the mass transport process of
vapor components for film condensation.

4. CONCLUSION

Film condensation of binary-mixture laminar flows
in a vertical channel of variable cross-section is studied
by using the integral method for the vapor flow and the
Nusselt model for the condensate flow. The two flow
fields coupled with the interfacial conditions are solved
numerically to predict the effects of the channel
geometry, the vapor flow speed and direction, the inlet
and wall temperatures and the type of binary mixtures
on the behavior of film condensation. At the boundary
between the vapor and the condensate, an in-
finitesimally thin layer of mixtures is assumed to be in
liquid—vapor equilibrium. A saturated vapor mixture
is introduced downward or upward into a vertical
channel of variable circular cross-section. At the inlet,

883

the vapor mixture has a fully developed profile of
velocity and a uniform temperature. The channel wall
is cooled isothermally at a constant temperature.

The film condensation is affected appreciably by the
liquid-vapor equilibrium characteristics and the mass
transfer process in the vapor mixture. The conden-
sation rate decreases rapidly in the developing region
due to the growth of concentration layer. After taking
a minimum, it tends to increase again in the developed
region owing to the behavior of mass transfer. The
magnitude of condensation rate is characterized by the
ratio of the difference of mass fractions at the inlet and
the wall state to that of equilibrium mass fractions of
the vapor and the liquid at the wall state. The heat flux
to the wall has the same features as the condensation
rate. The film thickness varies in the direction of
gravity with the exponent power of0.15-0.3 depending
on the channel geometry, the flow direction, the
temperature difference and the type of mixture. The
interfacial temperature also shows very different be-
haviors depending on these flow conditions, although
there is found small difference of temperatures at the
interface and the wall. The interfacial mass fractions
hardly change in the flow direction.

The nozzle-type flow always yields larger values of
the condensation rate, heat flux, film thickness, and
interfacial velocity and temperature compared with
those of the diffuser-type flow. Due to the compensat-
effect of axial changes in the condensation rate and the
peripherical surface area, the overall condensation rate
is not affected considerably by the channel geometry.
The developing process of concentration and tempera-
ture layers of the vapor mixture is not appreciably
influenced by the flow direction. After developed,
especially close to the flow outlet, the flow direction
has a considerable effect on condensation. The effect of
vapor-flow velocity on the condensation rate can be
expressed nondimensionally by the Reynolds number
based on the distance from the flow inlet.
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CONDENSATION EN FILM D'UN ECOULEMENT BINAIRE DANS
UN CANAL VERTICAL

Résumé—On étudie la condensation en film d’écoulements binaires dans un canal vertical 4 section circulaire
variable, en employant la méthode intégrale pour un écoulement de vapeur et le modele de Nusselt pour le
film liquide tombant. On détermine les effets de la géométrie du canal, de la vitesse de fa vapeur, de la
direction de P'écoulement de vapeur et du type de mélange binaire sur le comportement de la condensation.
Ce comportement est sensiblement affecté par les caractéristiques de I'équilibre liquide- vapeur et le
processus de transfert massique dans ['écoulement de vapeur. Les écoulements de type tuyére donnentde plus
grandes valeurs du flux local de condensation bien que la géometrie du canal n"a pas un effet considérable sur
le flux global de condensation. La direction de I'écoulement a une influence appréciable sur le flux de
condensation et sur I'épaisseur de film.

FILMKONDENSATION BEI DER STROMUNG EINES BINAREN
GEMISCHES IN EINEM SENKRECHTEN KANAL

Zusammenfassung-—Es wird die Filmkondensation bei laminarer Stromung cines bindren Gemisches in
einem senkrechten Kanal mit verdnderlichem Querschnitt untersucht. Dabei wird fiir die Dampfstrémung
die Integralmethode und fiir die Flissigkeitsfilmstromung das Nusselt-Modell angewandt. Die Einfliisse der
Kanalgeometrie, der Dampfstromungsgeschwindigkeit, der Dampistromungsrichtung und der Art des
bindren Gemisches auf das Kondensationsverhalten werden vorhergesagt. Das Verhalten wird deutlich
durch die Fliissigkeit/Dampf-Gleichgewichiseigenschaften und den Stofftransportvorgang in der Da-
mpfstromung beeinflufit. Diisenstromungen erreichen hohere Werte fiir die ortliche Kondensationsrate,
obwohi die Kanalgeometrie keinen erheblichen EinfluB auf die mittlere Kondensationsrate hat. Die
Stromungsrichtung hat einen merklichen Einflu auf die K ondensationsrate und die Filmdicke.

[IJIEHOYHAS KOHJEHCALIMA MPU TEYEHWM BUHAPHOW CMECH B
BEPTUKAJIBHOM KAHAIJIE

Anmoraiumnsg — [1neHOYHAd KOHAEHCALMs [IPH TAMUHADHOM Te4eHuM OHHAPHBIX CMECeH B BEPTHKAIb-
HOM KOJIBLIEBOM KaHANE TICPEMEHHOTO CEMEHMA HMCCACAYETCA ¢ NMOMOUIBIO UHTETPATLHOIO METOosa
715 TeyeHHs napa ¥ Mozenu HyccenbTa mnia TeyeHus IieHxH xKnaxocT. Onpeneneno sausHue reo-
METPHH KaHana, CKOPOCTH TEYCHHR Napa, HAnpasieHus [OTOKa Mapa u BHAA SuHapHoit cMecH Ha
nponecc konaencauud. Ocoboe BMsAHME OKA3bIBAIOT DABHOBECHHIE XAPAKTEPUCTHXKH KRIAKOCTH H
napa ¥ IepeHoC Macchi B NOTOke mapa. Ilpu UCTedeRHM M3 COMA MOJYHarOTCA Dosiee BLICOKKE
IHAMEHHMS CKOPOCTH JOKANBHOM KOHIEHCALMM, XOTs T€OMETPHs KaHala He OKashiBaeT Oonblwioro
BAMSHUA HAa CYMMapHYlO CKOPOCTb KOHIeHcauuvu. Hanpasnedue rnoToka 3HAYHTENLHO BIMACT Ha

CKOpPOCTb KOHAEHCALUWK W TONHHY TUICHKU.



