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Abstract—The coupled heat and mass transfer between two separated cocurrently flowing phases in vertical

pipes is examined. A numerical approach based on the two-dimensional boundary layer equations is

presented and validated with experiments available in literature. The effects of multicomponent diffusion

interactions on the mass fraction profiles are demonstrated at the point of osmotic diffusion of one

component during condensation of two components. The coupling of the concentration profiles increases

with Reynolds number and leads to countercurrent gradients even at cocurrent concentration differences.
The results agree well with available experimental data. Copyright © 1996 Elsevier Science Ltd.

1. INTRODUCTION

Industrial heat and mass exchange processes often
involve multicomponent mixtures. These processes
are not only influenced by the coupling of heat and
mass transfer but also by multicomponent diffusion
interactions leading to special mass transport
phenomena, such as diffusion barrier, osmotic
diffusion and reverse diffusion as pointed out by Toor
[1]. The interaction effects can be described by the
Stefan—-Maxwell equations as well as by the gen-
eralized Fick’s law.

Several matrix methods have been developed to
extend the description of mass transfer to mul-
ticomponent mixtures. Toor [2] and Stewart and Pro-
ber [3] developed their linearized theories on the basis
of the generalized Fick’s law assuming negligible con-
centration changes along the diffusion path. The
matrix method of Krishna and Standart [4] is based
upon the Stefan-Maxwell equations. They solved the
problem of concentration dependency by reducing the
multicomponent diffusion problem to a system of
coupled binary diffusion problems. To do so they used
the assumption that the concentration layer thickness
is the same for all binary diffusion problems. These
methods are applied to flow problems by the pen-
etration or film theories and require empirical cor-
relations for the exchange coefficients.

Besides these one-dimensional approaches several
solutions of the two-dimensional (2D) coupled heat
and mass transfer problem in laminar flow exist. Taitel
and Tamir [5] were the first to solve the 2D boundary
layer equations for a condensing stagnant ternary sys-
tem coupled with a condensate film flowing down a
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vertical plate. They assumed constant temperature
and constant properties in the multicomponent gas
mixture. Sage and Estrin [6] extended this approach
by adding the solution of the energy equation and
used it to investigate supersaturation and separation
effects in free convective flow. Kosuge et al. [7] and
Brocker [8)] solved the equation set of Taitel and Tamir
for laminar flow over a flat plate without considering
heat transfer. Later Brocker [9] extended his approach
to coupled heat and mass transfer problems but did
not include the coupling with a liquid film.

All these approaches deal with stagnant sur-
roundings or laminar flows. For turbulent flow some
extensions of the matrix methods exist using a given
eddy kinematic viscosity profile [10, 11]. But for this
extension the multicomponent diffusion coefficients
have to be constant along the diffusion path. Two-
dimensional solutions of the turbulent boundary layer
equations have been performed for partial con-
densation of one vapour component on flat surfaces
by Renz [12] and within pipes by Odenthal [13] and
for evaporation of a binary liquid film in vertical pipes
by Baumann and Thiele [14]. The latter neglect mul-
ticomponent diffusion interactions by using effective
diffusion coefficients for mass transport.

In the following sections results of numerical inves-
tigation are presented looking mainly at the influence
of multicomponent diffusion interactions on mass
transfer in partial binary condensation in turbulent
pipe flow [15]. A numerical procedure to solve the
coupled system of conservation equations for both the
vapour—gas and the liquid phase has been established
and validated with experiments available in literature.
The effects of multicomponent diffusion interactions
on the turbulent concentration profiles will be exam-
ined at the point of osmotic diffusion.
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NOMENCLATURE
¢1, €, €3, €4y ¢, constants for the k, e-model z axial coordinate.
Cp specific heat capacity
d pipe diameter Greek symbols
D,  multicomponent diffusion coefficient £ turbulent energy dissipation
Z;  binary diffusion coefficient of species o diffusion layer thickness
‘i’ in inert gas ‘7’ n dynamic viscosity
S fo f  functions for the &, &-model A thermal conductivity
g gravity constant p density
h specific enthalpy 0., 0, constants of the k, e-model
h=h+u??2 total specific enthalpy T shear stress
Ahy  heat of vaporization v kinematic viscosity
7 diffusion flux density 3 temperature
k turbulent kinetic energy 3, due point temperature
m mass flow rate é mass fraction
m”  mass flux density v mole fraction.
P pressure
Pr Prandtl number Subscripts
q" heat flux density A side A of diffusion layer
r radial coordinate B side B of diffusion layer
R pipe radius c centre
Re Reynolds number E entrance
Sc Schmidt number F film
T temperature 1 gas-liquid interface
u axial velocity i,j  speciesi,j
u, friction velocity O outlet
v radial velocity t turbulent
x diffusion layer coordinate 1,2,3 species 1,2,3
y wall distance w wall.

2. MODEL AND EQUATIONS

In this work the partial filmwise condensation of
two vapours forming a mixture with a non-con-
densable gas is considered inside a vertical tube with
cocurrent downward flow of both the gaseous and
the liquid phase. Momentum, heat and mass transfer
between both phases lead to developing profiles of
velocity u, temperature T and mass fractions &, see
Fig. 1. These profiles can be described by two sets of
conservation equations for the gaseous and the liquid
phase which are coupled by boundary conditions at
the interface. Secondary effects such as thermal
diffusion, radiation and surface tension are neglected.

2.1. Vapour—gas flow

The turbulent flow of a vapour—gas mixture with »n
components in axisymmetric geometry is described by
the following set of differential equations (mixture
properties have no subscript) :

continuity equation
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Fig. I. Ternary two phase flow in vertical pipe flow.
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energy equation

6/; ’h 1 6(rg" +rut)
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species conservation equation
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The formulation for the flux terms are given as fol-
lows:
shear stress
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Cross terms

molecular diffusion

Due to the prediction of a flow problem, diffusion is
described in the mass reference frame. The mass flux
terms are calculated by the generalized Fick’s law
where the diagonal term describes the molecular
diffusion due to the concentration gradient of the con-
sidered species. The coupling with the other species
in multicomponent mixtures is included in the cross
terms. Equations for the multicomponent diffusion
coefficients can be derived from Stefan-Maxwell
equations and are given in [4, 6].

The turbulent Prandtl and Schmidt numbers were
taken to be 0.9. This is a good assumption for gaseous
systems with molecular Prandtl and Schmidt numbers
greater that 0.3, The turbulent viscosity #, is obtained
from the &, e-turbulence model of Jones and Launder
[16].

turbulent kinetic energy k
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The turbulent viscosity #, can be estimated by

pk“

ne= e fy— (10)

The coefficient set of Kawamura [17] is used.

2.2. Liguid flow

The condensate film is considered to be laminar.
Using the assumptions of the Nusselt theory the fol-
lowing set of conservation equations can be derived :
continuity equation

Cpettr) 1 2(rpeve)
—t = 11
0z + ror (1
z-momentum equation
ﬁ<rr1F C:lk)
1 Cr d[’ "
O=s—Ftrd— g (12)
energy equation
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A species conservation equation cannot be solved
without considering the convective terms, because a
zero mass fraction gradient is given as boundary con-
dition at the wall. For simplicity a well mixed liquid
film is assumed. The liquid mass fraction is given by

Mg

Z mF,/ .
J

$ri = (14)

2.3. Boundary and interface conditions

The vapour—gas and the liquid flow are subject to
the following boundary conditions: at the wall the
no-slip condition is valid and a constant wall tem-
perature is given. On the tube axis the gradients of u,
h, &, k and & will be zero due to pipe symmetry. The
two sets of non-linear partial differential equations for
the vapour—gas and liquid flow, equations (1)—(4) and
(11)—(14), are coupled at the liquid interface due to
the equality of velocity, temperature and the vapour—
liquid equilibrium. These unknown values can be cal-
culated by local differential balances of momentum
flux, heat flux and the species and mass fluxes

Oup Ou
e, = 3 (15)
cTF ar "
y) = ! Al
e ) o +IZ riv; Ah, |, (16)




134 M. BRAUN and U. RENZ

n
m;"l :j;"ll"’_éill Z m7|1

=1

an

The vapour-liquid equilibrium at the interface is cal-
culated with the Wilson equation, which is applicable
for binary mixtures with no miscibility gap.

The thermophysical properties, particularly the
multicomponent diffusion coefficients, depend on
temperature and composition. They are calculated
from pure component data by means of mixing rules
which are applicable to ideal gas multicomponent
mixtures. For further details on thermophysical data
used here see ref. [15].

Information about inlet temperature, composition,
pressure and velocity is still needed.

3. NUMERICAL METHOD

For the solution of the differential equations a com-
puter code developed by Odenthal [13] has been
extended to multicomponent mixtures. The numerical
method is based on the finite difference method
developed by Patankar and Spalding [18] and is out-
lined here briefly.

A transformed set of partial differential equations
for the vapour—gas flow, equations (1)-(4) and (7)-
(8), will be solved where the radial coordinate r is
replaced by a dimensionless stream function . The
resulting set of equations has the general form

a¢ op 0 o¢ dp
_z +a¢(1 —a))—[; = —(C¢d¢§5>+€¢+f¢£

(18)

where ¢ denotes the dependent variables u, &, &, k
and .

The equations for u, k and ¢ are discretized, inte-
grated over a finite volume and put into a tridiagonal
matrix form at every coordinate z;

dp

¢ =Api 1 +Bpi_ +Ci+D—.

dz (19

to solve numerically for the variables ¢, at the pos-
itions w,. Using inlet and boundary conditions and
an estimate for the pressure gradient this system of
equations can be solved. The iteration within the sys-
tem can normally be omitted if small integration steps
are chosen. However, the non-linear temperature
dependence of the vapour-liquid equilibrium causes a
strong coupling of the partial differential equations
for /i and ¢, in the vapour—gas phase, the energy equa-
tion in the liquid and the corresponding balances at
the interface. In addition the partial differential equa-
tions of # and ¢, are coupled among each other by the
source terms e, of equations (18) which includes the
portions of diffusion in the heat flux and in the cross
terms of the mass fluxes.

These effects lead to instabilities in the original
uncoupled solution scheme. An iterative scheme

where the tridiagonal matrices of each variable have
been solved in turn did not lead to a convergent solu-
tion, either. Hence, a new scheme has been employed
where the equations are solved simultaneously. Con-
sidering the complete dependencies in these equations
and adding the energy equation in the liquid film and
the concerning balances results in a band matrix with
ten instead of three diagonals. This band matrix con-
sists partly of non-linear coefficients so that a Newton
algorithm for non-linear matrices has been applied to
solve for the variables. With this solution scheme it is
possible to calculate the coupled heat and mass trans-
fer for any combination of values for inlet and bound-
ary conditions. For further information on the deriva-
tives and other details used in the solution scheme see
ref. [15].

4. RESULTS AND DISCUSSION

The presented numerical approach is used to inves-
tigate multicomponent diffusion interactions in lami-
nar and turbulent pipe flow. Since these diffusion
interactions are not dominant for all inlet conditions
and also depend on the diffusion and transport
properties of the vapour—gas mixture there exist only a
few experiments to directly examine multicomponent
diffusion interactions. Therefore the available exper-
iments are used only to validate the numerical
approach. The effect of multicomponent diffusion
interactions will be investigated instead by numerical
experiments.

4.1. Comparison with experiments

Table 1 gives a survey of literature on condensation
experiments with ternary mixtures in pipe flow. The
experiments are distinguished by the existence of a
miscibility gap in the liquid phase. For validation only
the experiments with vapour components without a
miscibility gap are used. Most experiments have been
performed at normal pressure and in a Reynolds num-
ber range of 6000 to 30000. Two authors published
local measurements while the others give integral
quantities for heat and mass transfer.

For the validations of the numerical approach some
exemplary integral and local measurements have been
chosen. For a detailed discussion of all experiments
mentioned in Table 1, see ref. [15].

Modine [21] measured integral heat and mass trans-
fer rates between a binary liquid film flowing down a
wetted wall column and concurrently flowing vapour—
gas mixture consisting of acetone, benzene and nitro-
gen or helium as the inert, to investigate multi-
component diffusion interactions. The column was
operated adiabatically, so that the low boiling acetone
is evaporating while the high boiling benzene is con-
densing. The own calculated and the measured chan-
ges between entrance and outlet of the film mass flow
rate of both vapour components are shown in Fig. 2
and the corresponding temperature differences
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Table 1. Experiments with ternary two-phase pipe flow
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Inlet Reynolds
Mixture system number p [bar] Reference
In liquid phase miscible vapour components
Acetone methanol air 20 00040 000 1.013 von Behren ez al. [19)
Acetone benzene nitrogen 940-4500 na Toor and Sebuisky [20]
Acetone benzene nitrogen 10 500-20 500 1.19-1.55  Modine [21]
Acetone benzene helium 940-4500 n.a. Toor and Sebulsky [20]
Acetone benzene helium 2000-9600 1.19-1.55  Modine [21]
Methanol benzene air 18900-22 200 1.013 Mizushina ez al. [22]
Methanol water air 11 800-23 300 1.013 Mizushina et al. [22]
n-Hexane benzene nitrogen 1100028 000 1.02 Lehr [23]
Benzene toluene nitrogen 6800-18 900 1.02 Lehr [23]
Isopropanol water nitrogen 680010200 1 Webb and Sardesai [24]
Isopropanol water R12 10 500-19 800 i ‘Webb and Sardesai [24]
Isopropanol n-butanol nitrogen 43 000-220 000 4.95-10.96 Rennhack er al. [25],
Lange [26]
In liquid phase immiscible vapour components
Benzene water air 22800 1.013 Mizushina et al. [22]
n-Heptane water R12 15400-22 600 1 Sardesai [27]
Water toluene air 18100 1.013 Mizushina ez al. [22]
Water toluene R12 1500025000 1 Sardesai [27]
Water toluene nitrogen 1250019 300 1 Sardesai [27]
Water toluene nitrogen 65009400 1 Deo [28]
1.5 LR IR IS UL ILRLELA BLELIL I LR 20T T LA IR B L B T
kgh | ‘ ] 1
¥ 1 a . : 3 KT 1
E AMcetone o ] Ay
t - -
% 05 l.' ° j 15 [ 5
3 s o® (/ ] % r
8 oF e / -4 3 i
8 F inﬁrt gas o / ] ERTYE ‘ ]
£ r sfium f b > inert gas |
W 0.5 / ; * l helium
€ J' ’ irogen ] s .
1 ] 1 5k Aﬁgas i
[ o ] b ]
15 F . 5 F . 1
. AMoenzene: 1 H (s% mgg gas 1
.2 PR S E S SR (NS AN AT S AT AR ST | aa e 0- PRI R ST WS VA T (S S S T SRR _
2 45 -1 05 0 05 1 PPRE 0 5 10 15 K 20

(mF,E'mF,O)measured

Fig. 2. Predicted and measured film mass flow rate difference ;
data from Modine [21].

between entrance and outlet of the gas flow and the
liquid film are given in Fig. 3.

The differences of the mass transfer rates between
measurements and calculation are about 5-77% for
the mixture with nitrogen and 10-310% for that with
helium. The large relative error of 310% was found
for a run where the mass transfer rate of acetone is
nearly zero. These errors seem to be rather large, but
relative to the mass flow rate of the liquid film, which
is always about 20 kg h™' the differences between
measurement and calculation are within the usual
range of measurement errors.

The direction of the mass transport is always pre-
dicted correctly except the run where the mass transfer
rate of acetone is nearly zero. This has also been
noticed by Krishna [29] who compared results of his
matrix method with Modine’s measurements. The pre-

(Oe00)measured

Fig. 3. Predicted and measured temperature differences ; data
from Modine [21].

diction of the temperature differences shows devi-
ations of about 2 K for the system with nitrogen and
about 3 K for the mixture with helium.

The comparison of calculated and measured con-
densation rates for the experiments of Webb and Sar-
desai [24] are shown in Fig. 4. The predicted values
for isopropanol are good while those for water are
15-25% too low. There are probably two reasons for
this underprediciton. Firstly, the inlet of the condenser
consists of a T-junction. Sardesai noticed in his Ph.D.
thesis an increase in pure heat transfer of 10-20%
compared with a hydrodynamically developed flow
but he did not investigate the effect of the T-junction
on condensing flows [27]. The influence of the T-junc-
tion cannot be predicted by the numerical approach
presented here due to its three-dimensionality.
Second, applying the stability criteria of Ford and
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Fig. 4. Predicted and measured film mass flow rate; data
from Webb and Sardesai [24].
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Fig. 5. Predicted and measured local film mass flow rates of
component /; runs 3 and 5 by Lehr [23] with n-hexane—
benzene-nitrogen.

Missen [30] for the stability of liquid binary films
shows that these components tend to form an unstable
streaky film. This effect leads to lower temperatures
at the interface of the condensate film and to higher
heat and mass transfer rates in the experiment. The
temperature differences of the vapour—gas flow which
are not presented here also are underpredicted and
support these assumptions.

Predicted and measured local dimensionless film
mass flow rates are shown in Fig. 5 for two runs of
Lehr [23] for the system n-hexane—benzene—nitrogen
and in Fig. 6 for a run of Rennhack et a/. [25] and
a run of Lange [26] for the system isopropanol-#-
butanol-nitrogen. The mass transfer rates predicted
for the experiments by Lehr are too large while those
calculated for the experiments by Lange show fairly
good agreement. The overprediction exists for all data
of Lehr and confirms the results of McNaught [31]
who found deviations in the same range for the models
he considered. Due to this fact and the good results
of Lange’s experiments it is assumed that the causes
for these differences should not be searched for in the
numerical approach.
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Fig. 6. Predicted and measured local film mass flow rates of
component /; run 8 by Rennhack et a/. [25] and 14 by Lange [26].

4.2. Numerical experiments

The comparison of the numerically predicted heat
and mass transfer rates with experiments of several
studies showed good results in a great range of gas
Reynolds number. The measurements of Modine and
Lange are predicted especially well and validate the
presented computer code in the range of laminar flow-
ing liquid film. It will now be used to perform some
numerical experiments to investigate the influence of
multicomponent diffusion interactions on laminar and
turbulent condensing flow.

Firstly the 1D isothermal diffusion layer is con-
sidered to illustrate the diffusion interactions in a ter-
nary mixture. For this system Toor investigated the
conditions under which the phenomena diffusion bar-
rier (the rate of diffusion of a component is zero even
though its concentration gradient is not zero), osmotic
diffusion (the rate of diffusion of a component is not
zero even though its concentration gradient is zero)
and reverse diffusion (a component diffuses
countercurrent to the gradient of its concentration)
occur [1].

Here the phenomena of osmotic diffusion are used
to show how the concentration profiles depend on the
differences of the binary diffusion coefficients in the
mixture and the driving concentration difference of
the other component. In Fig. 7 the mole fraction pro-
files in a 1D isothermal diffusion layer of the com-

P —
b W3l =08
Ay, = Yolp—W,l, = ~0.7 4
P13/ =05 ’ ZDB /$20A—
0.15 |- 23 P12
Dy3/Dpy =1 1
I o1
H D3y = 1
0.05 |- _ -
. ) D3Py = 1
Dy3/Dy, = 12
0 A1 n 1 TR U B )| —_—
0 0.2 0.4 0.6 0.8 1
side A %/ side B

Fig. 7. Influence of the ratio of binary diffusion coefficients
on mole fraction profiles in 1 D diffusion layer at osmotic
diffusion.
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ponent subject to osmotic diffusion are shown. The
mole fraction and the molar reference frame for
diffusion are chosen for Fig. 7 because in the mass
reference frame an additional dependence on the com-
ponents molecular masses appears. As the molecular
masses also influence the diffusion coefficients, they
cannot be chosen independently. The concentration
of the first component is kept at the same value on
both sides of the diffusion layer. At a large driving
concentration difference of the second component
W,|5—¥,|a = —0.7 the ratio of the binary diffusion
coefficients Z,,/%2,, has been varied from 0.5 to 12.
For ratios 2,3/2,, > 1 the coupling with the second
component leads to a decrease of the mole fraction up
to a local minimum. On side B both gradients are
cocurrent and result in a diffusion flux of the first
component from side B to A. On side A the gradient
of the first component is countercurrent to that of the
second component and causes a negative diagonal
term of the diffusion flux which is compensated by the
positive cross term due to the coupling with the second
component. With increasing ratio of 2,,/2,, and
stronger coupling the local minimum and by this way
the countercurrent gradient at side A increases. The
coupling can be such that at ratios of 2,,/2,, < |
local maxima can be formed.

As a next example the condensation of isopropanol
and n-butanol from a mixture with helium is con-
sidered to demonstrate the influence of mul-
ticomponent diffusion interactions in condensing
flows. Since osmotic diffusion occurs only for the low
boiling component in condensing flows it is enough to
discuss the profiles of isopropanol.

In Fig. 8 the radial mass fraction profiles of iso-
propanol in laminar flow are compared with the cor-
responding profiles of a 1D diffusion layer. The thick-
ness of the boundary layer has been applied to the
simple diffusion layer. No liquid film was taken into
account to omit changes of the interface temperature
along the condenser wall. The wall temperature has
been set so that the mass fraction of isopropanol at
the interface is the same as at the inlet and osmotic
diffusion occurs for this component.

The coupling of the concentration profiles generates
local minima near the interface. With progressing con-
densation the cross sectional area increases where the
mass fraction is lower as that on the axis. At a dimen-
sionless pipe length of z/d = 20, the diffusion bound-
ary layer reaches the axis. The location and the mag-
nitude of the local minimum changes to larger wall
distances. The 1D concentration profiles show similar
local minima. The different locations of the minima
are caused by the change of area perpendicular to
the diffusion direction due to the pipe geometry. The
multicomponent coupling in the condensing flow
seems to be stronger due to the temperature depen-
dence of the diffusion coefficients and the fluid density.
Similar to the situation in laminar flows there are
also local minima in the mass fraction profiles of the
boiling component at osmotic diffusion in turbulent
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Fig. 8. Development of isopropanol mass fraction profiles
in laminar condensation of isopropanol (1), »-butanol (2),
helium (3) at osmotic diffusion.

flow, see Fig. 9. Location and magnitude of the min-
ima depend on the Reynolds number. The coupling
of concentration gradients seems to be limited to the
near wall region with low turbulence. At a higher
Reynolds number of Reg = 30000 the local minima
lie closer to the wall.

To get a more general insight into the influence of
the turbulence on the multicomponent coupling the
mass fraction profiles are made dimensionless similar
to the well known dimensionless velocity u™. The diag-
onal diffusion flux is used to make the profiles dimen-
sionless. This has the advantage of gaining positive
values even at reverse and osmotic diffusion.

cr pudéi—&n) L, pud&—6)
<t *w——TN G2 =-—‘-€1‘v—~
Dy =+ pDy 2
Pl v ), 2%, ]
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with
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In Fig. 10 these profiles are shown for several inlet
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Fig. 9. Development of isopropanol mass fraction profiles in
turbulent condensation of isopropanol (1), n-butanol (2),
helium (3) at osmotic diffusion.
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Fig. 10. Influence of Reynolds number on coupling of mass
fraction profiles in turbulent condensation of isopropanol
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Reynolds numbers as a function of the dimensionless
wall distance y*. The profiles are taken at a local
dimensionless coordinate of z/(Re d) = 107* to take
into account the effects of the hydrodynamic devel-
opment of the boundary layer at different Reynolds
numbers. In this graph the minima of the mass frac-
tion profiles convert to local maxima. At the low Rey-
nolds number the maximum lies in the viscous sub-
layer (y* < 5). With growing Reynolds number the
maximum moves to higher values of y* into the buffer
layer. This means that the coupling of the con-
centration gradients increases with higher turbulence.
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Fig. 11. Influence of driving concentration difference of n-
butanol on isopropanol mass fraction profiles in turbulent
condensation of isopropanol (1), n-butanol (2), helium (3).

This seems to be in contrast to equation (7) where
it can be seen that turbulent diffusion increases the
diagonal term and lowers the effect of cross terms.
But this can be explained by looking at the &7 -profiles
in Fig. 10. With growing Reynolds number the gradi-
ent of the second component increases at the border
of the buffer layer and due to the direct coupling of
the concentration profiles the cross diffusion partially
compensates the turbulent diffusion.

The influence of the driving concentration differ-
ence of the second component on the mass fraction
profile of the first component can be seen in Fig. 11.
The mass fractions have been divided by the value at
the pipe axis. The inlet conditions have been kept
constant. The various driving concentration differ-
ences are generated by changing the wall temperature.
For a concentration ratio of (£, .—¢&,1)/(&c— &) =
—0.7 a typical profile of reverse diffusion exists. The
mass fraction at the liquid interface is high and
decreases continuously with increasing wall distance.
If the concentration difference of the first component
becomes lower (ratio equal to —0.46) a local mini-
mum arises which has its most distinct form at the
point of osmotic diffusion and is still existent if the
direction of the driving concentration difference of
both components is the same. That means that reverse
diffusion still exists even at cocurrent driving forces
for the mass transfer. Obviously the concentration
gradients at the gas/liquid interface cannot be pre-
dicted considering only the driving concentration
differences, as is done in one-dimensional approaches
using linearized theories or matrix methods, and a
complete solution of the partial differential equations
is required.

These results confirm those of Sage and Estrin [6]
who examined condensation of steam from a ternary
mixture with two non-condensables in a laminar
boundary layer. In the system nitrogen—-Freon—water
they observed a local minimum in the concentration
profile and a buildup of the non-condensable Freon
at the interface of the condensate film. These effects
have also been shown in the system nitrogen—neon—
water, but are not so strong due to the weaker coup-
ling in this system.
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5. CONCLUSIONS

An approach based on a numerical solution of the
2D conservation equations has been proposed to cal-
culate heat and mass transfer of ternary mixtures in
laminar and turbulent pipe flow and validated by com-
parison with local and integral experimental results of
several studies over a wide range of Reynolds
numbers. The validated approach has been used to
perform some numerical experiments to investigate
the influence of multicomponent diffusion interactions
at the point of osmotic diffusion.

Local minima in the concentration profiles occur
for the component subject to osmotic diffusion. A
comparison with the profiles in 1D diffusion layer
shows that the temperature dependence of density and
binary diffusion coefficients strengthens the coupling
of the concentration profiles in laminar flow.

In turbulent flow the local minima move with
increasing Reynolds number from the viscous sub-
layer into the buffer layer. As a result of a larger
concentration gradient of the second component at
higher turbulence, the cross diffusion term partiaily
compensates the turbulent diffusion of the first com-
ponent.

The variation of the driving concentration differ-
ences shows local minima of the mass fraction profiles
in a large range of concentration differences. Mul-
ticomponent diffusion interactions lead to reverse con-
centration gradients even at cocurrent driving con-
centration differences.
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