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Abstract—Laminar film condensation of binary vapour mixtures in forced flow along a horizontal or down

a vertical flat plate is presented. The complete system of partial differential equations is numerically

integrated using a finite-difference method of Hermitian type. Firstly, heat transfer results are presented.

Additionally, interface characteristics such as tangential and normal velocity components are reported,

which sheds some light on their axial distribution as well as on the liquid-side Reynolds number. Secondly,

the effect of a linearly varied wall temperature, compared to the isothermal case, is investigated in terms of
heat transfer to the wall and interface velocities.

NOMENCLATURE
¢,  heat capacity;
D,,, Dbinary diffusion coefficient;
g gravitational acceleration;
hy,  latent heat of vaporization;
k, thermal conductivity;
m, mass flux;
p, total pressure;
Pr, Prandtl number, Pr = pc,/k;
d, heat flux;

R, universal gas constant;

Re,, Reynolds number, Re = pu,x/t,,
Res = us- prafpins;

Sc, Schmidt number, Sc = pD,,/u;

T, temperature ;
u,v, axial, normal velocity component;
v*,  interface mass flux, v* = (pv/p,u,) Ret* at
the vapour-side.
x,y, axial, normal coordinate;
X, molar concentration;
Y, mass concentration.
Greek symbols
o, weighting factor, reference temperature;
d, condensate layer thickness;
A, gas layer thickness;
i, dynamic viscosity;
o, density;
T, shear stress.
Subscripts
A, at the edge of the vapour boundary-layer;
d, at the gas-liquid interface;
L, in the liquid phase;
w, at the wall;
X, at position x;
1, water steam ;
2, methanol, air;
Nu, Nusselt-type analysis, gy, = [k}(Ts —~
T.)p*ghs/4xu]'’*;
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ref,  reference quantity, g, = kpa(Ta — T,)/8;
E,A, E = entrance, 4 = exit.

Superscripts
K, type of mixture, k = 0, steam-air; k = 1,
steam—methanol;
* with respect to v*.

INTRODUCTION

THE OBJECTIVE of this investigation dealing with la-
minar film condensation of binary gas mixtures under-
going forced flow along vertical and horizontal flat
walls are twofold. Firstly, to provide additional infor-
mation on the gas-liquid interphase in terms of
tangential and normal velocity, u; and v;, respectively,
apart from heat transfer characteristics. Secondly, to
shed some light on the impact of a non-isothermal wall
on the overall heat transfer process.

For the sake of brevity a review of prior in-
vestigations on this physical problem is omitted, and
the reader is referred to publications by Mynkowicz
and Sparrow [1], Denny and Mills [2], and Denny
and South [3]. The physical model is such that a
steam-—gas or steam-steam mixture condenses onto a
horizontally or vertically positioned flat surface. {The
case of binary condensation for flow around a horizon-
tally positioned circular cylinder in crosswise forced
laminar flow is presented elsewhere [4].) The complete
system of partial differential equations describing the
gas and the liquid phase in terms of momentum,
energy, and species concentration conservation is
solved numerically using a finite difference method
[5,6]. Variable thermophysical properties are accoun-
ted for despite the fact that the results presented
encourage to employ the temperature reference model
{4] as advocated by Sparrow et al. [7], Mynkowicz
and Sparrow [1], and Denny and Mills [2]. Re-
strictions arise from omitting surface tensions at the
interphase. The interphase is considered to be ripple-
free since for all cases calculated the liquid phase
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Fi1G.1. Schematic representation of the model and the
coordinates.

Reynolds number Re; = uzdp,/u; is well below the
critical Reynolds number for falling films. Figure 1
illustrates the model and the coordinates.

ANALYSIS

Using the boundary layer approach the conser-
vation of mass, momentum, energy, and species con-
centration for the liquid phase of a steam-steam
system gives, respectively:
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Neglecting the inertia and convective terms in equa-
tions (2)-(4) has been done for two reasons. Prior
investigations, for instance [2], substantiated these
assumptions. Additionally, for reasons of comparison
this seems to be necessary [1,8]. The influence of
various liquid phase momentum models on the overall
condensation process, i.e. linear velocity distribution,
complete boundary layer equation, or us; = const, was
presented elsewhere [9]. The results of this investi-
gation [9] agree with the findings by Denny and Mills
[2] and Denny and Jusionis [8].

For the gas phase (this jargon is used as an
abbreviation for the two systems considered, i.e.
condensable, and condensable—noncondensable mix-
tures) the governing equations are as follows:
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For the sake of simplicity. the index ¢ for vapour
phase has been dropped. Equations (5}-(8) represent
the equation of continuity. momentum, energy. and
species concentration of component 1. Closure of the
component system is given by equation (§) instead of
using an additional species equation. Secondary effects
such as viscous dissipation or diffusional conduction
are omitted [7].

The boundary conditions for both subsysiems (ii-

quid phase 0 < y < 4, gas phase 6 < v < A) are

v=0 u=0, r=0;

T=Tux): ¥, = Y, ldTopy 19)

Ve 4 = Uy

T=T, Y, =Y .(T.py {10

In order to ensure continuity of velocity and tem-
perature as well as continuity of momentum, energy,
and mass transfer at the liquid--gas interphase 3
additional equations are required
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The gas phase exhibits ideal gas behaviour, p =
pRT. The interphase is at saturation state for the
condensing vapour and shows thermodynamic
equilibrium. Equation (14) represents the restriction
that the interphase is impenetrable for noncondens-
ables (superscript k = 0). The superscript k takes the
value zero for the mixture water--air, and the value one
for water—methanol. For water - air mixtures, equation
(4) cancels since the liquid phase consists of condensed
pure water steam, only (Y,,, = 1). Consequently, all
thermophysical properties in equations (2)--(4) are
pure component properties. Otherwise, the thermody-
namic and transport properties are locally variable
mixture properties which depend on the local tempera-
ture and concentration for a given pressure level. The
definition of the mass concentrations Y,,i = 1.2, reads
Yi=pilpop = py +p,

Equations (1)-(14) describe the physical model
whereby equations (1)-(10) serve as a skeleton in order
to extract the unknowns u;, T, and 4 from equations
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{12}~(14). Thus, the whole problem may be viewed as a
mutually depending roots problem in terms of the
interphase conditions since the three properties u;, T's
and 6 are interdependent and, hence, cannot be solved
separately.

THERMOPHYSICAL PROPERTIES

The data of all pure thermophysical properties are
compiled from [10] and [11] and fitted by least-
squares analysis to polynominals of the order (5),
solely for computational reasons. The mixture rules for
the condensate (x = 1) are simply additive rules
weighted by the local mass concentration. For the gas
phase mixture, rules were taken from Reid and Sher-
wood [12] following their recommendations (for de-
tails the reader is referred to [4]). The saturation data
were cast into polynominals of varying order. Parti-
cular difficulties have to be attributed to the curve-
fitting of the saturation data of methanol, particularly
for concentrations of less than Y,, = 0.1 (ps, =
1.01325 bar) since the present results, extensively
checked against the findings of an investigation by
Denny and Jusionis [8] which employed a conden-
sation model very similar to the one used at present
by the autho, deviated by up to 10%.

NUMERICAL PROCEDURE

Equations (1)-(14) turned dimensionless by in-
troducing a normalized temperature and concen-
tration and, additionally, a stream function, are trans-
formed with respect to their coordinates x and y in
order to overcome cumbersome numerical start-off
problems. This set of equations is numerically in-
tegrated by means of the finite difference method of
Hermitian type [5,6] which generates solutions in
terms of the function and its first derivative, simul-
taneously, a feature which is of importance to the
interphase conditions (12)-(14). A variable grid
scheme places 2/3 of 31 nodal points in y-direction
(even 11 points seem to be sufficient) into the ultimate
vicinity of the interphase.

RESULTS AND DISCUSSION

A variation of the free stream velocity u, of a water
steam—methanol mixture exhibits a marked impact on
the heat transfer to an isothermal vertical wall and on
the mass transfer across the interphase (Fig. 2). In
qualitative terms, a ten-fold increase in velocity u,
results in a two-fold increase in heat flux to the wall
(full lines). This is due to an enhanced mass transfer to
the interphase and due to vapour drag [8]. This is in
general agreement with the x7!2. and ul?-
dependence of 4/4y, as pointed out by Denny et al.
[14]. The non-similar character of the results gets
more pronounced the larger the free stream velocity.
Deviations of the present results (full ling) from those
by Denny and Jusionis [ 8] (circle) may be attributed to
a variety of influencing factors: (i) saturation data
approximation, (ii) heat flux reference gy, instead of
Gnun,0 and (i) numerical solution procedure and
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iteration scheme {for comparison, see reference [6]).
The heat flux reference gy, is the classical Nusselt heat
flux

QNu = [kz(TA - Tw)3gp%,hf/4 l‘th]““: (15)

where all thermophysical mixture properties except i,
are evaluated at a reference temperature T,,, = T, +
a(T, — T,)and ataconcentration Y;, = Yiu(Ty) hyis
evaluated at T, and Y,,. This is done purely for the
sake of a trend-wise comparison with the other
authors’ results, i.e. [13]. Departure of ¢/gy, from
G/dny 1,0 [ 8] 18 less than 4% for the severest case (i, =
30 m/s).

The variation of the reduced interface velocity us/u,
with increasing x/L is little for case 1 (30 m/s) whereas
in case 2 (3 m/s) the reduced velocity increases no-
ticeably. These findings are somewhat misleading with
respect to the actual quantities since the interface
velocity ratio u;, /us, (subscripts 1 and 2 refer to case 1
and 2) has a value of 1.96 for u,, /u,, = 10at x/L = 1.

In quantitative terms, these results are reflected
by the interface mass transfer v*. The ratio vs/vs;
amounts to a value of 1.98 for a ten-fold increase in free
stream velocity at x/L = 1 assuming the thermo-
physical properties p and p, to be equal. This en-
hanced mass transfer in terms of steam for an increase
in u, results in an augmentation of heat transfer to the
wall [7,8] as already pointed out.

The finite value of us/u, for x/L = 0 appears to be
puzzling and physically wrong, yet, it merely is the
outcome of the assumption of the continuity of shear
stress at the interface, even for x/L = 0. Simplification
of the film condensation model assuming the in-
terphase velocity u; to be constant or negligibly small
seems to predict inaccurate results for certain thermal
and flow conditions.
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Fie. 2. Effects of u, on methanol-water condensation;

reduced wall heat transfer ¢/4y, ; normalized interphase mass

transfer o*, and interphase velocity u,/u,; specifications:

vertical flat plate; variable thermophysical properties; p, =

latm; AT = 20F; Y,, = 0409; L = 1m; (1) 30m/s, (2)
3m/s.
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F1G. 3. Effects of variable wall temperature T,, on methanol

water condensation ; reduced wall heat transfer §/gy,: nor-

malized interphase mass transfer v* ; specifications as Fig. 2,

case2. (1) Ty = Typ, (D) Tys — T = 10K, 3) Ty — T

= 10K, @) Tyy — Tpp = —15K,(5) Yy, = 075 T, —
T.: = 10K.

The following figures deal with the influence of a
linearly varied wall temperature on the heat and mass
transfer to the wall and across the interface, re-
spectively: T (x/L) = T,y + (Tys — T.p)x/L.

Figures 3 and 4 concern a fixed steam-methanol
mixture for ‘standard’ conditions, i.e. assigned values
of Y,, =0409and AT = T, — T,p = 20Fatx/L =
0, curves 1-4 (see [8]). The solid lines represent the
reduced wall heat flux g¢/qy,, the dashed lines the
interface mass transfer, v* (Fig. 3). Lowering the wall
temperature, curves 3 and 4, increases the overall
thermal driving force AT = T, — T,,(x),and hence the
rate of change of heat compared to the isothermal case,
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FiG. 4. Impact of variable wall temperature T, on reduced

interphase temperature T; — T,/T, — T,, and on interface

Reynolds number Re; for methanol-water condensation.
Specifications see Fig. 3.
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curve 1. This applies likewise, yet in the opposite sense,
for an increase in wall temperature, curve 2. The
variation of the heat transfer along x/L, however, is
non-linear. The variation of curve 2. compared to
curve | for instance, depends on two opposing in-
fluences. The x ™ "-dependence of §/qy,, n > 0, reduces
the heat flux whereas the increasing driving force T, -
T,.(x) tends to push up the heat flux level.

These results are analogously displayed for the
interface temperature T [ Fig. 4 (solid line)], yet more
pronounced. The non-linearity is particularly evident
for the T, — T,/T, T, presentation (Fig. 4),
assuming curve 1 to be a ‘line of symmetry’ with respect
to the 10° wall temperature increase and decrease of
curve 3 and 2, respectively. At station x/L = 1, curve 3
reaches a Ts-level compared to curve | which is about
twice the difference of curve 2. The difference between
the corresponding isothermal (dotted) and non-
isothermal values at x/L = 1 may be attributed to the
upstream accumulation of the second mixture com-
ponent at the interface which does not allow to reach
the prescribed isothermal value.

Asfor v* (Fig. 3) and Re, (Fig. 4), curves 2--4 tend to
follow the curve for the isothermal wall in the vicinity
of the leading edge, as expected. The more pronounced
the influence of the overall driving force T, - 7 ,(x)
gets, the more depart the individual curves 2-4 from
the isothermal curve 1. The reason for this behaviour is
straightforward [7,8]: The augmentation in rate of
heat transfer, curve 3, compared to curve 1,is due to a
diminution in wall temperature T,, and this results in
an increase in thermal driving force 7, — T,. This
increasein Ty — T, in turn, acts as a suction potential
which gives rise to an enhancement in convective
interface mass transfer ¢*. This mechanism may be
compared to a lowering in concentration of a noncon-
densable (the more volatile component, methanol,
may be regarded as a ‘noncondensable’ gas com-
ponent) and, hence, in a reduction of the noncondens-
able build-up at the interface [13]

Figure $ displays the influence of a linearly varied
wall temperature on the heat flux for steam—air under
forced flow along a horizontal flat piate. The free
stream conditions are: u, = lm/s. ¥, = 0.1, T, =
373.15 K. The wall temperature variation ranges be-
tween 368.15K and 333.15 K. Additionally, the in-
terface Reynolds number Re; is presented. The heat
flux ¢ to the wall is reduced by ¢, where g, is a
reference flux defined as g, = k;, (T, — T,,)/6 with k;, ,
being the heat conductivity of the condensate at
temperature T,. Basically, this heat flux ratio ¢/q,.,
may be cut down to Ty — T,/T, — T, assuming a
linear temperature distribution for the liquid (which
appears to be true for not too low free stream
velocities) and the ratio of the conductivities to be
unity which holds well for the thermal conditions
considered.

The linear plotting underlines the overall similarity
character of the heat flux results except for the ultimate
vicinity of the tip of the plate where solutions are
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FiG. 5. Impact of variable wall temperature T, on water
steam-air condensation onto a horizontal flat plate ; reduced
wall heat transfer §/4,.r; Reynolds number Re;; specifi-
cations: variable thermophysical properties; u,=1my/s, T,
=37315K,Y,, = 0.1, T, = 35815K; (1) T,,, = T, 2)
Tys— Toe=10K,(3) T, =368.15K; T, , = T,5, (4) T,z
=333.15K; Tys = T,5, (5) T\op = 36815K; T,,, — Tpop =
—35K.

markedly non-similar [4, 6, 8]. The general non-
similarity of the solutions becomes more obvious for
larger temperature differences T, — T,,. In contrast to
the situation for the vertically positioned flat plate the
linear change in wall temperature along a horizontal
flat plate exhibits a linear change in heat flux, curves 2
and 5. The behaviour of Re; along the x-axis is
somewhat different from that for the vertical plate (Fig.
4). Figure 5 demonstrates a retarded increase in Re;

whereas in Fig. 3 Re; tends to augment strongly, cases
3 and 4.
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INFLUENCE DE LA VARIATION DE LA TEMPERATURE DE PAROI SUR LA
CONDENSATION EN FILM DE MELANGES BINAIRES GAZ-VAPEUR

Résumé—On étudie la condensation en film laminaire de mélanges binaires de vapeur en écoulement forcé le
long d'une plaque horizontale ou verticale. Le systéme complet d’équations aux dérivées partielles est intégré
numériquement en utilisant une méthode aux differénces finies de type hermitien.

On présente tout d’abord des résultats de transfert thermique. Accessoirement, des caractéristiques de
I'interface comme les composantes de vitesse tangentielle et normale sont considérées en faisant apparaitre
leur distribution axiale ainsi que le nombre de Reynolds du c6té liquide. Enfin l'effet d’une température de
paroi variant linéairement, en comparaison du cas isotherme, est étudié en fonction du transfert thermique 4

la paroi et des vitesses a l'interface.
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EINFLUS EINER VERANDERLICHEN WANDTEMPERATUR AUF DIE
FILMKONDENSATION BINARER GAS-DAMPFGEMISCHE

Zusammenfassung —Die Filmkondensation bindrer Dampfgemische in erzwungener laminarer Strémung
entlang einer horizontalen oder vertikalen ebenen Platte wird dargelegt. Das vollstindige System partieller
Differentialgleichungen, welche in Form der Grenzschichtgleichungen das stark gekoppelte nichtahnliche
Zweiphasen-Problem beschreiben, wird mit Hilfe einer Finiten-Differenzen-Methode vom Hermiteschen
Typ numerisch integriert. Zunichst werden Wiirmeiibertragungsergebnisse dargelegt. die mit denen fritherer
vergleichbarer Untersuchungen recht gut tibereinstimmen. Zusitzlich werden PhasengrenzflichengroBen
wie Tangential- und Normalgeschwindigkeit dargestellt, was sowohl deren Verhalten in axialer Richtung als
auch das der Kondensat-Reynoldszahl ndher beleuchtet. Dariiberhinaus wird der Einflu einer sich linear
verdndernden Wandtemperatur—verglichen mit dem isothermen Fall---im Hinblick auf die Wirmeiiber-
tragung zur Wand und beziiglich der Phasengrenzgeschwindigkeiten untersucht

BJIMAHUE UBMEHEHMWA TEMIEPATYPbLI CTEHKU HA TIJIEHOUYHYHIO
KOHAEHCALHMKO BUHAPHBIX [TAPO-IF'A30BbIX CMECEW

Annorauus - Mcciie lyeTcs TaMHHAPHAR MTEHOYHAS KOHAEHCU UM GHHAPHBIX NAPOBBIX CMecei 1IpH UX
BBIHYX/ICHHOM TEYEHHH BIOJIb I'OPH3OHTAJILHOMN 11/I0CKOM MIACTHHBI MM [1PH CTEKAHUH BHU3 110 BEPTH-
KaJIbHOM NJ10cKOo# nitactuse. [Tonnas cucreMa audbdepeHnHanbHbIX YPaBHEHHH B YACTHRIX NPOH3BOIHBIX
MHTErPUPYETCH YHCIEHHO C NMOMOIUBIO IPMHUTOBCKOTO BaPHAHTA METO/Jd KOHEHHbIX pazuocteii. [Mpen-
CTaBJIEHbl PE3ybTaThl NO Temnoobmeny. Kpome Toro. onpesesensl TakHe XapaKTEPUCTHKM DaHHILbL
pa3jend, KaK TAHIEHIMATbHAS K HOPMAbHAS KOMIIOHEHTbI CKOPOCTH, UTO I[103BOJIMIO ONpPEeACTHTD
aKCHAJIbHOE T0JIe ITHUX CKopocTel, a Takxke yuciio Peitnonsaca s kuakocru. C noMOUIbIO HCChe-
JIOBAHHUA TIEPEHOCA TETIA K CTEHKE H CKOPOCTH Ha TPaHHULe pasjena $a3 BbIABICHO BIAMSHHE JHHEHHO
M3MEHAIOLIEAC TEMNEPaTyphl CTEHKH Ha MPONECC KOHACHCAIMM N[O CPABHEHHIO C M3OTEPMHYECKHM
cayuaem.



