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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. 

NOMENCLATURE 

mass fraction of volatile component ; 
specific heat at constant pressure; 
binary diffusion coefficient; 
Grashof number, pfgRi/p: ; 
acceleration of gravity; 
Stefan number, E,,( Too - T,)/l, ; 
thermal conductivity; 
length of cooled wall; 
Mach number, (p,.U~o/Po)“2; 
condensation rate of mixture per unit 
interface area; 
condensation rate of volatile component 
per unit area ; 
Prandtl number, p,c,,/k,; 
vapor-flow inlet pressure; 
pressure ; 
heat flux per unit wall surface area; 
radius of channel; 
radius of channel at vapor-flow inlet; 
radius of concentration layer ; 
radius of temperature layer ; 
Reynolds number, p,U,,R,/p,; 
radius of vapor-flow passage, R - 6 ; 
radial coordinate; 
Schmidt number, p,/(p,D,); 
temperature ; 
cooled wall temperature ; 
axial velocity component; 
radial velocity component ; 
mole fraction ; 
axial coordinate. 

Greek symbols 

Y> activity coefficient ; 
4 condensate film thickness; 

0, dimensionless temperature, 

(T-T,Y(T,o-T,l; 

*Visiting professor, 1976-77, Institute of Space and Aero- 
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1, latent heat of vaporization ; 

P> dynamic viscosity; 

PY density. 

Subscripts 

e, equilibrium ; 

1; 
liquid-vapor interface; 

i 

center of channel ; 
vapor-flow inlet; 

r, reference state. 

Superscripts 

condensate liquid; 
* x* = x/(ReSc), ti* = ReScti. 

1. INTRODUCTION 

FILM 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 
[l-9], although from the phenomenological point of 
view considerable works have been done [ 10,111. 

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 S~TCI It z #I 
vestigators, mainly from the standpoint 01‘ :K<I! 
transfer problem [7,X]. 

The problem of film condensation of binar! iii,\- 
tures in a tube is a case often encountered in pract~cc. 

although relatively little work of it appears t(l !I;I~~L 

been done. Van Es and Heertjes [9] studled !hc 

channel-Bow film condensation of binary mixtures 

Gth a simplified model of the vapor and liquid Ho~\s 
and obtained ;I qualitative agreement with the11 
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 anay to supply the material of condensation. 

Thus. the mass transfer process controls directly :hc 
i-ate of condensation. ln the case of internal flo\j s. due 
to a sink of hapor at the liquid vapor interface. the 
111ass composition. velocity and temperature of the 

vapor Ilow arc to be changed appreciably in the tlinv 

direction. This is the inherent feature of condensation 
in channel flows different from that ofcondensation on 
external bodies. 

The prcscnt study is concerned with film conden- 
sation of binary mixture flows in a vertical channel. ,A 
binary mixture of vapors. both components of which 

arc condensable. is introduced to flow downward (co- 
current llo~ 1 or upward (counter-current flow) into a 

circular channel of variable cross-section. The C‘OW 
densate is formed adjacent to the surface 01‘ the 
cooled ~~11. being a binary mixture of liquids, and 

Ilows downward along the wall under the action of 
gravity. The analytical model employed here consists 
of a thin liquid-layer Row adjacent to the wall and 

an inner vapor How. 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 and 
the tiyuid film flow. respectively. The effects 01‘ the 
channel peomctry, 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. PHYSIC/\I. SIODEL 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 a uniform temperature Too, and the mass 
fraction of the volatile component C,,, corresponding 
to the saturation state at the temperature To, and the 
inlet pressure P,. Downward distances in the direction 
of gravity arc measured in terms of the .y-coordinate, 

d,ZhL 

-- 

Ftc;. I. t’ilm condensation of binary mixtures 111 ;t \ertic;li 
channel. 

and radial distances are denoted by r. ‘The correspond- 
ing velocity components are ~1 and I‘, respectivelq. The 
How configuration is illustrated in Fig. 1, Between the 
inlet and the outlet of the flow. the channel wall is 
cooled isothermally at ;I constant temperature 7;, 
Flowing through the channel of radius R(s), the vapor 

mixture condenses onto the cooled wall, and changes 
its velocity L&Y. Y), c’(s, r). temperature T(.Y, r), and mass 
fraction of the volatile component (‘(.x. r). The con- 
densate flows downward under the acticrn of gravity 

force to form a thin liquid layer of thickness d(x). The 
binary mixture of liquids in the film has the velocit> 

U( Y, r), r( Y. 1’). temperature i-(.Y. f,). and mass fraction 

C(r. r). where the superscript ( I refers to the liquid 
mixture. The condensate tilm tlou is affected ad- 
ditionally by the viscous force of the vapor llow to be 
accelerated or decelerated depending on the Hou 
direction. Between the condensate and the vapor. there 
is no relaxation layer assumed for the phase transition. 
The interface is of intinitesimally thin thickness, and 
the mixtures there are in equilibrium state correspond- 
ing to the temperature 71(.x) and the pressure /J(U). 
having the mass fraction of the component vapor c‘,( \ ) 
and of the component liquid C,(A) 

Because of thin film thickness, the varlatlon of tlow 
variables is highly strong across the film compared 
with that in 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 dircc-- 
tion except for the very short distance close to the 
starting point of condensation. Thus, for both flows 01 
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 

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 Po, respectively. 
The dimensionless temperature 0 is defined as 

The physical properties of density p, dynamic viscosity 
p, thermal conductivity k, specific heat at constant 
pressure cP, and binary diffusion coefficient D are 
nondimensionalized by their own respective reference 
values which are denoted by subscript r. c;l is the 
difference of specific heats between the binary com- 
ponents, CL = cP1 - cP2. Dimensionless parameters 
relevant to these properties are as follows. 

Re = ~,UooRo 

Pr 
pr=!$E SC=&_ 

I P,D, 

1’2 

Gr = P,Z& Ii2 
-2 (6) 

I4 

where g is the acceleration of gravity. Ci = Ce( T> p) Ci = C,( q, p). (16) 
At the flow inlet, x = 0 for co-current flows or x = L The set of these governing equations subject to the 

for counter-current flows, the vapor mixture has a fully 
developed velocity profile with a saturation state 

boundary conditions may afford the solution of binary 
mixture film condensation in a vertical channel by 

corresponding to the inlet temperature Too and the 
inlet pressure PO ; 

u = 1 ---I’ 0 = 1 C = C-oo(Too, PO). (7) 

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

6(O) = 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-6. (9) 

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

ui = Ui (10) 

Bi = ei. (11) 

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

= [+&(PD;)]~ (14) 

=___ (15) 

where the assumption of slow change of the channel 
radius and the film thickness in the axial direction is 
employed and 1 denotes the latent heat of vaporization 
of the mixture referred to the liquid state. The mass 
condensation rate per unit area of the interface lit is 
nondimensionalized by ~,uoo. The non- 
dimensionalized parameter He is defined as 

c,AT,o - Tw) 
He= I 

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 ; 
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means of finite difference methods. However, a signi- 
ficant difficulty remains in the inevitable requirement 
ofextensive computation for such numerical solutions. 
Fortunately, for practical values of liquid flow proper- 
ties, it has been found that the convective terms in the 
conservation equations play an insignificant role. 
Hence, the so-called Nusselt solution can be employed 
for the liquid film flow. From the practical point of 
view, not detailed informations about the distribution 
of vapor flow variables but the integrated values at the 
fiow boundaries are likely to be much discussed. For 
this purpose, solutions of the system can be examined 
with the integral method by assuming appropriate 
profile for the distribution of flow variables. 

By neglecting the convective terms and assuming 

thin film thickness compared with the channel radius, 
equations (l)-(4) for the liquid flow lead to the 
following solutions, 

where the wall surface is assumed to be impermeable to 
both components of the mixture and to allow no-slip 
flow. 

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

d r/<, 

ds* ,” I 
prnrdr+**R,, = 0 (7i)l 

c-33; 

pMc~Urdr+~~*~~(~iR~~ =;R,> 
ac au 

pc;D z z; r dr (3) 

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

Y = ReScx* ReScti = rit* ReScc = u*. i?4) 

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

/ 2c 
riz*c, = &*ci - p.l) _ ! i c!r i 

177) 

As the vapor mixture proceeds along the cooled wafl, the effect of condensation penetrates into its center of 
flow and a layer of boundary-iayer 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 

R, and R, may be called as the radius of the concentration and temperature layers, respectively. The mass fraction 
and temperature at the center, C, and Be, are kept constant before the layer reaches the center, say, in the 
developing region ; C, = C,,(R, > 0), 8, = 1 (R, z 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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C, = C,(x)(R, = 0), B0 = B,(x)& = 0). The axial velocity profile is assumed to be 

24 = u,+(tq-u,) $ 

2 

0 d 

(31) 

where at the flow inlet, x = 0 (co-current flow) or x = L (counter-current flows), z+, = 1 and ui = 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. 

(R,-R,)‘(R9+4R,R,+SR,Z)-Ui(R~+2R,R,-3R,2) 

= ~Ci-Co)R~~~-~*~ 

where 

where 

d = OfR, < R,), 
K--R, 
R 0% ’ 4). 

s f 

(32) 

(33) 

(341 

(35) 

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, 

= -ti*CiRG (36) 

+ pCbD(Ci-C,)(Bi-0,) (37) 

d 
dx’ 

from which C, and &, are calcufated. 
The continuity condition of shearing stress at the interface, equation (26), gives the interfacial velocity ui, 

(38) 

By the continuity condition of energy flux at the interface, equation (28), the interfacial temperature Oi is 
expressed as 

kk 6 =2-L_.-.-- p,RePr 26 

I%, k R,- R, ” + p,HeReSc k ‘*’ (39) 

The mass flux of the condensate or the condensation rate per unit area of the interface rit* is given by the 
continuity of species mass flux, equation (27), 

&* =- ‘ Y 

R,-R,m‘ 
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The continuity of mass, Rux, equation (23, yields the film thickness. 

!‘? P “I) ci , I ! 

fi, ,!I R,, - Ii 

When uO = 0, dp,/dr = 0 and Oi = 0,. it gives the 
Nusselt solution. The condensation rate of the volatile 
component t$’ and the heat flux per unit wall surface ~1 
are then given by 

where tiz,, ti: and y are nolldinlensionalizcd by p,f -00, 
p,Dr’R, and i;,( T,, - 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 requireci 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 

x,/J = ~j~~i[‘s, (j = 1.1) ild) 

where Xj is the mole fraction, 7i the activity coefficient 

of species j in the liquid phase and pSj the vapor 
pressure of pure component Jo The activity coefficients 

are evaluated by the Van Laar equation with empirical 

constants given by H&la & ~1. f 121 

The vapor pressure ofpure coInponent,j js predicted by 
the Antoine equation 

where constants Aj, ~~ and Cj are also given in [I?]. 
The equilibrium mole fractions of the component 
liquids and vapors are then given by 

For the transport properties of viscosity, thermal 
conductivity and binary diffusion coe&ients are esti- 
mated by the way recommended by Bretsznajder [ 131. 
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). 

At an appropriate reference state, the physical 
properties involved in the governing equations are 
evaluated to be regarded as constant across the flows. 
As for such a reference state, although a definitive 
reoommcndation is not available, the arithmeticai 

mean state of the center and the interface is chosen for 
the \apor mixture flow; that is. the properties arc 
ev;lluatcd 31 

t;. 7: r-r;,-k’r;).‘:! Ci = (I’,]-(*;) 2. 

For the liquid-phase properties, on the basis of 121, the 
rcferencc state is taken as 

I,. = 7;,. + (‘r; -. 7, 1:; c., -- c -; 

As for the reference values of physical properties for 

nondimensional parameters, it is convenient to 
evaluate them at the Bow inlet state for the vapor. 

1 7 -, 
r, = 7,,, c Y = C,(Tl,) = CO”> and at the state of the 

wall for the liquid. 7; = 71.. f’, = C,,( 7;,.). 

By employing the foregoing physical model and 
analytical method. film condensation of binary mix- 

tures in a vertical channel is studied GOT vapor mixtures 
of ethanol- water. methano-water. acetone--water. 

methanol ethanol 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 types of circular 
channel are used as for the lariation of channel 

geometry, having divergent. constant and convergent 
cross-sections with respect to the flow direction. 

R(r)= I +O.Ix ~~i~user-t}rpc t&u I I2 i : 
R ( \’ ) :-- i constant cross-section Aow (C I; 
K(.x I = I -0.05.~ nuzle-type tlo\ti (N 1; 

of which the ratio of peripherical arcas is ?.: 1: I: 2 and 
the ratio of cross-sections 4: I : 1 4 at -L = 10, 

The equations are solved stepwise in the gas Bow 
direction hp means of finite difference method. To deal 
with the singularity at the inlet of co-current flow. an 
analytical solution obtained by expanding the varl- 
ables with respect to s is employed close to the inlet. 
FOT 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 tapor 
mixture at the Row 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 u;ith the liquid film of 
zero thickness at Y = 0. 
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2’ 

(a) 

(b) 

FIG. 2. Co-current flow film condensation; ethanol-water, 
constant cross-section. T,, = 90°C. T:.. = 85°C. U,, = 

lOcm/s. (a) ti*, q, S,;,, ir (b) R,, k,, 0”,, Bi, C,,,‘& f, 

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 
T,, = 90°C (C,, = 0.507) T, = 85°C and Lie, = 
lOcm/s; Re = 101, l&z = 1511, Pr = 0.926, Pr = 
5.03, SC = 0.636, Gr = 1.00 x 105, Gr = 2.24 x lo’, 

MC = 0.341 x 10m3, AC = 0.971 x lo-‘. 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 this increase 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 

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,,) cc x0.4, The condensation rate and the film 
thickness in the developing region change roughly as 

ti cc x-o,4 and 6 K x0.‘, 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. 

O.Zf D 

01, /, /, I, /, 1, 

0 0.04 
,. 

0.06 0.08 -do 
r* 

FIG. 3. Effect of channel geometry (N: nozzle, C: constant, 
D: diffuser); ethanol-water, T,, = 9O”C, T, = 85”C, U,, = 

10 cm/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, ti*R, 
however, the channel geometry has little influence; the 
diffuser flow yields rather slightly higher rates than the 
nozzle flow. It may be attributed 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 tiReSc vs x/(ReSc). It 
means that the condensation rate nondimensionalized 
by plD,/Ro should be characterized by the Reynolds 
number based on the axial length and the inlet velocity 
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0.2 I 
I 

01 s 
0 0.04 ---rdE- 0.08 -do 

Z’ 

FIG. 4. Effect of vapor flow velocity (li;,,cm,!s); 
ethanol-water, constant cross-section, T,, = 90°C T,? = 

85°C. 

sb.i”.“g 0:02 006 
I 

x* 
0.08 0.10 

FIG. 5. Effect of Row and wall temperatures (T,, - T,‘C): 
ethanol-water, constant cross-section, U,, = 1Ocm;s. 

L O.bZ 1 Oh4 Ob6 
X’ 

0.08 ----do 

Fir;. 6. Effect of type of binary mixture (&by: 
ethanol-water, &l-W : methanol-water, A-W: 
acetone-water); constant cross-section, T,, = 90°C. T, = 

WC, U,, = IOcmis. 

of the vapor mixture. Higher flow velocities resuh 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 etfect through its equilibrium characteristics, as 

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

[C,,,, ~~ C‘,( ‘IQ )I ‘[C,( 7, 1 i ,.i I;, ) 1. 

which means the ratio of the drlvutg force ofdiflusion 
process to the potential barrier of condens;)tron of the 
volatilecomponent; 0.337 (E LZ’). (LMO (W M’), 0. I Ii 
(.4--W). Larger values 01’ this I;(ctor yield ingher 
condensation rates. It is seen frtmr thiy fact that when 
the vapor inlet temperature anti i he wall temperature 
are changed s~rnultan~~)u51~ wrth keeping ;I constant 

difference, the condensation rate R.II~ take :I mimmum 

at the temperature close to which the difference of mass 
fractions, C,( ‘r) - C,,( 7’). hccomcs m:(ximum. t-l(gher 

condensation rates arr: ;~lwoyr ;~~~~i:t(ed with high:: 
interfacial temperatures rind Ion;er lengths ol’ilcveiop- 
ing Iayers of ~o~?centr~~ti~)~~ and teinper~itt~r~. The !ilm 
thickness is approximately prc~porticlnal 6.0 i!lc out!- 
third power of the factor and v:lries as i! i Y’ nlth i; 

= 0.15 -. 0.25. The pressure gr:idiellt is rouphiy pro- 

portional to ijGr:.‘Rel?p or (GY /?I,? ’ /it,. 
A typical result of him ~~)~~~~~l~~t~ioi~ of COLIII~CT- 

current flows is shown m Fig. 7 fat- ethanol water 

mixture with the same conditicln x in Fig. 2. l;,,, 
= 9O”C, r,, = 85°C. L’,,,, =. II! Lx1 s, .md 1. R,, -7~ 10 

(R, = 1 cm). The conccntr;(ti~.~n ,mii rcmperatur; 

layers of the vapor mixture develop from tht: oullet 0i 
the condensate film flow. Hecatisc oi’ rclatrv-cl> small 
variation of condensation rate :~t the be~nning of the 
film flow (in the developed region I. the film thickness I< 

~,~_.“__------__----. .-... --__ .___.__ _T? 

,.or-_--__ __.-._.--.- --7-- __.-...-_-_____ll 

(bi 

FE. 7. Counter-current Ho\\ film condensation: 
ethanol-water, constant cross-section. T,, = 90’t. .I;, L- 
SS’C, Li,, = - 1Ocmif. (a) ti>*. cf. 6. q,. u,. (b) R,. R,, tiib 0,. 

f,,. c‘,. f,. 
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thinner and varies more rapidly in the x-direction as 6 
cc x” with n = 0.25 N 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. 

FIG. 8. Effect of flow direction (-: co-current flow, --: 
counter-current flow); ethanol-water, ‘I& = 9o”C, T, = 

85”C, IU,,,I = lOcm/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 unit interface 
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, 

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 of 0.15-0.3 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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CONDENS~~T~ON EN FILM DUN ECOULEMENT BINAIRE DANS 
UN CANAL VERTICAI. 

R&urn&--On &die lacondcnsation en film d’tcoulements binaircs darts un canal vertical i section Circulaire 
variable, en employant la methode integrale pour un ecoulement de vapeur et le modele de Nusselt pour le 
film liquide tombant. On determine les effets de la geometric du canal. de la vitessc de la vnpeur, de la 
direction de l’tcouiement de vapeur et du type de melange binaire sur le comportement de la condensation 
Ce ~omportement est sensib~ement affecte par les ~ra~ter~stiq~les de i’equilibre liquide vapeur et le 
processus de transfert massique dans i‘Ccnulemenr de vapeur. Les Ccoulements de type tuyere donnent de plus 
grandes valeurs du flux local de condensation bien que la geomctrie du canal n’a pas un effet considerable sur 
le flux global de condensation. La direction de I’icoulement a une influence appreciable sur lc tlux de 

condensation et sur I’epaisseur de film. 

FILMKONDENSATlON BEI DER STR~MUNG EINES BINARE% 
GEMISCHES IN EINEM SENKRECHTEN KANAL 

Zusammenfassung---Es wird die Filmkondensation bei laminarer Stromung eines binPren Gemiscbes in 
einem senkrechten Kanal mit verlnderfchem Querschnitt untersucht. Dabei wird fur die Dampfstromung 
die fntegralmethode und fur die Fltissigkeitsfilmstriimung das Nusselt-Model1 angewandt. Die Einfliisse der 
Kanalgeometrie, der Dampfstr~mungsgeschwindigkeit, der f~ampfstr~mungsrichtung und der .Art des 
bin&en Gemisches auf das Kondensationsverhalt~n werden vorhergesagt. Das Verbalten wird dcutiich 
durch die Fl~ss~gkeit/Dampf-Glei~hgewichtseigenschaften und den Stofftransportvorgang in der Da- 
mpfstriimung beeinflufit. Diisenstrljmungen erreichen hohere Werte fiir die ortliche Kondensationsrate. 
obwohl die Kanalgeometrie keinen erheblichen EinfluB auf die mittlere Kondensationsrate hat. Die 

Stromungsrichtung hat einen merklichen EinfluD auf die Kondensationsrate und die Filmdicke. 

IlSIEHOYHA)I KOHAEHCAHM8 HPM TEYEHMM ii;MHAPHOi;l CMECM B 
BEPTMKAJlbHOM KAHA.JlE 

AHHOTWJHR - nneHO’iHa~ KOHJleHCaUMR npn JtaMllHapHOM Te’ieHMH 6uHapHbtX CMeCeii B BepruKa,lb- 
HOM KoJtbneBOM XaHane nepeMeHHOr0 CeYeHMIl HCCJtefiyeTCS C JTOMOUWO MHTerpaJtbHOrO MeTOEd 
&-IR Te’leHTix napa A MOJxenll HycceJtbTa Jwta TeSeHMP nJteHKH XWtKOCTW. Onpeneneno BflHilHlle reo- 
Merpmi Kanana, c~opocxn T~V~HHSI napa, HaRpaB,leH~~ noToKa napa M BN,J&a 6~HapHo~ CMeCTi Ha 

npol.@CC KoHneHcaqmf. OCO6Oe BJIHITHHC OKa3blBalOT paBHOB@ZHble XapaKTepHCTAKn XOi~KOCTM H 
napa r.r nepenoc MaCCbt R noToKe napa. llpu ucTeYeiim4 ti3 conna nony~atorcrr 6onee BbtCOKMe 
3HaYeHAII CKOpOCTH JlOKaJlbHOfi KOHAeHCaUHM, XOTI reobierpwt Kattana He oKa3bmaeT 6onbmoro 
BJtllRHua na CyMMapHyK, CKOpOCTb KOHLEHCauMM. HanpaBJteHMe nOTOKa 3Ha’tMTefibHO BJtMIleT Ha 

CKOpOCTb KOHLICHCaURM M TOJlmuHy nJleHKM. 


