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Abstract-The simultaneous heat and mass transfer process durmg condensation of a bmary vapour mixture m the 
presence of a non-condensable gas 1s analysed usmg matnx formulations of the interfacial mass transfer rate 
relations A lihn model for multlcomponent mass transfer based on an exact solution to the Maxwell-Stefan 
equations 1s used to calculate the mass transfer coefficients m the ternary vapour phase With the sud of a 
computational example mvolvmg condensation of methanol and water vapours m the presence of au, It IS 
demonstrated that dIffusional interactions can sgmficantly affect condensahon rates 

lNTRODUC!TION 

Condensation of mixed vapours IS an operation of great 
mdustrlal slgmficance In many cases, the condensation 
process takes place m the presence of a non-condensable, 
or mert, gas Most pubhshed analyses of the simultaneous 
heat and mass transfer process involved m the conden- 
sation of binary vapour mixtures, either condensation of a 
single vapour m the presence of an inert gas or 
condensation of a mixture of two vapours, follow the 
classic treatments of Ackermann[l] and Colburn and 
Drew[2] Published extensions of the Ackermann- 
Colburn and Drew analysis to multlcomponent vapour 
condensation (e g Schrodt [3]) assume neghgble 
dlffusional mteractions in the vapour phase and use 
uncoupled binary type mass transfer rate relations 

It IS now well appreciated that the mass transfer 
charactenstlcs of systems with three or more species (1 e 
multlcomponent systems) are completely dfierent from 
that exEublted by a simple two-component system Thus, 
as discussed m detad by Toor[4], it 1s possible m a 
multicomponent system to experience the three m- 
teraction phenomena osmoftc drfuston (dtiusion of a 
species in the absence of its constituent driving force), 
dlffuston burner (no transfer of a species even though a 
constituent driving force exists for Its transfer) and 
reverse dlflusron (diffusion of a species m a dlrectlon 
opposite to that dictated by Its constituent drlvmg force) 
These interaction phenomena have been observed ex- 
perimentally for diffusion m gaseous mixtures [S] and for 
interphase mass transfer m hqwd-hqmd systems [6] For 
interphase transfer between a ternary vapour-gas mixture 
(consatmg of acetone and benzene and either nitrogen or 
helium) and a falling liquid fihn (conustmg of acetone and 
benzene) m a wetted wall column, Toor and Sebulsky [7] 
and Modme [83 observed that diffuslonal interactions were 
significant, especially for runs mvolvmg nch vapour 
mixtures These authors used a vapour phase mass 
transfer formulation based on an approxunate method of 

tAddress correspondence to R Knshna, KormWkelShell- 
Laboratonum, Amsterdam, Badhulsweg 3, Amsterdam, The 
Netherlands 

solution to the Maxwell-Stefan equations developed 
earher by Toor [4] 

Recently Knshna and Standart[9] have developed a 
multicomponent film model based on an exact matnx 
method of solution the Maxwell-Stefan equations Theu 
film model can be readlly incorporated into design 
procedures for separation equipment It 1s the oblect of 
ths paper to develop a proper treatment of heat and mass 
transfer processes involved durmg condensation of 
multicomponent vapour-gas nurtures allowmg for 
diffusional mteractlons m the vapour phase accordmg to 
the model described 111 reference 193 The sunplest case of 
condensation of a bmary vapour mixture m the presence 
of an mert non-condensable gas 1s considered m detail, 
extension of the analysis to more complicated cases 1s 
straightforward The condensed liquid phase 1s con- 
sidered to be totally miscible For deiimteness, conden- 
satlon of a dowtiowmg vapour mslde a smgle vertical 
tube 1s considered, the coolant IS assumed to flow m a 
direction counter-current to the condensate 

MATERIAL BALANCES AND MASS TRASFER 
RATE RELATIONS 

The dtierentml molar matenal balance for each of the 
condensmg species I 111 the vapour phase takes the form 

dG 
z=-N,?rdZ, I = 1,2 

For the mert non-condensable gas we have 

(1) 

!%-_N,.&=O 
d5 

(2) 

Relation (2) arises from the requuement that the inert 
species be insoluble m the hquld condensate fdm, 1 e 

N,=O (3) 

The molar rates of transfer of species 1 and 2 m the 
vapour phase can be wntten as a sum of the dtiusive and 
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convective contnbutlons as elements 

N, =&.+Y,~N,, 1 = 1,2 

where N, 1s the mixture condensation flux 

(4) 

N,=N,+Nz (5) 

In view of eqns (3) and (5) we may write eqns (4) m two 
dunensronal matrix notation as 

(N) = [PI (6) 

where the elements of the matnx [/3] are given by 

Pa, = s,, + ylb/Y3b, b.l = I,2 (7) 

The constltutive relations for mass transfer m the 
vapour phase are properly wrltten m terms of the bulk 
dtiuslon fluxes Lb In two dunenslonal matrvr notation, 
these rate relations take the form 

where [k,y 1s a 2 x 2 matrix of mass transfer coefficients 
m the vapour phase defined m terms of the partml vapour 
phase composltlon drlvmg forces (ylb - Y,~) The super- 
scnpt black dot 0 on the mass transfer coefficients serves 
to remind us that these mass transfer coefficrents are 
functions of the mterfaclal mass transfer rates N, 

For engmeermg calculations It 1s sufficiently accurate to 
use a film model to describe the mass transfer m the 
vapour phase, this film model forms the basis of the 
Ackermann-Colbum and Drew treatment Thus we 
assume that there exists a thm film of gas next to the 
condensate wlthm which all the composltlon changes 
occur Outside this film the gas composition has a umform 
value yrb at any position 8 The transltlon from the bulk 
gas phase composiUon ylb to the mterface composition Y,~ 
takes place by molecular transport mechanism wlthm the 
film of thckness 6 

If the temperature dfierences m the vapour phase are 
assumed not to mteract with the mass transport process 
and If suitably averaged properties are used, then the 
molecular dfiuslon process across the film are properly 
described by the Maxwell-Stefan equations 

(9) 

Only two eqns (9) are considered because the three 
composltlon gradrents dy,/dz sum to zero 

By defimng the following 
(I) Binary zero flux mass transfer coefficients 

R, = c%,lS, (,I = 12, 13,23 (10) 

(u) Matmc of dnnenslonless rate factors [a] with 

(111) A matrix of zero flux multicomponent mass 
transfer coeficlents [k,] with elements even by 

where 

(12) 

s = y&3+ Y2b&13 + Yd,, (13) 

the set of two hnear dtierentml equations (9) can be 
solved to yield the expression for calculatmg the fimte flux 
matrix of mass transfer coefficients [k,)l as [9] 

Ck,? = W,l[Wexp [@I - [W' (14) 

Combmmg eqns (6), (8) and (14) we get the workmg 
expression for calculation of the mterfaclal fluxes 

WI = tSIWY1[Wexp Cal - [W’(Y~ - YI) (13 

It 1s clear from eqns (11) that the calculation of the 
matIw of correction factors defined as 

El = [@l{exp [@I - [II)-’ (15’) 

requires prior knowledge of the transfer fluxes N, and 
therefore a tnal procedure IS mvoived m the calculation of 
eqn (15) Stable convergence IS assured If lteratlons are 
started assummg that the matnx [8] 1s the identity matnx 
The zero flux binary mass transfer coefficients L,, can be 
calculated from an appropriate mass transfer correlation 
for example of the J factor type 

The drfferentlal matenal balance for the hqmd conden- 
sate film takes the form 

%=N,‘?rdZ, I = 1,2 (16) 

where N,” IS the molar flux of species 1 mto the hqmd 
condensate phase, for steady state transfer this flux must 
equal the condensation flux N, m the vapour phase Now 
d it IS assumed that the composltlon of condensate hqmd 
at the interface xti IS determmed by the ratio of the 
condensation rates, we have 

xtr = N,/(N, + Ah), 1 = 172 (17) 

If eqmhbrmm IS assumed to prevail at the mterface 
then the composition of the vapour at the mterface may 
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be obtamed from 

Y3I = I- y1r - yzr (19) 

Xn eqn (M), pP(TI) 1s the vapour pressure of component 
I at the mterface temperature T,, y, IS the actn&y 
coetFiclent of specres 1 m the bmary condensed hqurd 
phase and IS a function of XC and TI , pt IS the total system 
pressure The determmation of the rnterface vapour 
composltlon ys, reqmred m the calculation of N,, thus 
requues knowledge of the mterface temperature TJ, this 
mformation is obtamed from an energy balance 

ENERGY BALANCES AND HEAT TRANSFER 
RATE RELATIONS 

The vmatlon of the bulk vapour temperature IS 
described by the drfferential energy balance relation 

where the conductive heat flux m the vapour phase 1s 
gven by 

(21) 

The superscnpt black dot on the vapour phase heat 
transfer coefficient emphaslses the fact that the heat 
transfer coefficient hyo IS dependent on the condensation 
rates From the classic Ackermann-Colbum and Drew 
analysis we obtain the coefficient h,’ m terms of the zero 
flux coefficient h, as 

h; = h, 
expt?-1 (22) 

where 6 is the dnnenslonless heat transfer rate factor 
defined by 

(23) 

The zero flux heat transfer coefficient h, can be 
calculated from standard correlations say of the JH factor 
type The rate factor 0 plays a role 111 heat transfer exactly 
analogous to that played by the matru IQ] for mass 
transfer m the ternary vapour phase 

The temperature of the coolant mcreases as It passes up 
the tube as heat IS transferred through the tube wall 
The variation of the coolant temperature IS described by 

dT, 
LX,, d5 = - qwvdZ 

where q,,, 1s the conductive heat flux through the tube 
wall Xn wMmg eqn (24) we ignore the small drfferences m 
the heat transfer areas avdable for transfer m the vapour 
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phase, across the liquid fihn and the tube wall If we 
denote ho as the heat transfer coefficient which mcludes 
the heat transfer resistances of the condensed hqmd f&n, 
wall, coolant and dn-t films present on either side of the 
tube surface, then we may wnte 

If we assume neghgrble hqmd subcoolmg and heats of 
mmmg, then the heat flux through the wall into the coolant 
may also be wrttten as 

q_=qb+‘&Nz(I&fiI) (26) 

where @ and n: represent the partial molar enthalples 
of species I m the vapour and hquld phases respectively 
If the vapour phase IS assumed to be thermodynanucally 
ideal we may also write equation (26) m the form 

qw = ‘,b + 2 N,c,,(Tb - TI) + 2 NzAH,, 
,=I r-1 (27) 

where AH,, IS the heat of vapourlzatlon of component I 
The mterfaclal state (xm yti, TI) must be such that the 

eqn (27) IS satisfied Once the mterfacml variables are 
determmed the p-al composition drlvmg forces (y& - 
y,~) and the temperature driving force (Tb - TI) can be 
found and the dtierentmi eqns (l), (16), (20) and (24) can 
be integrated along the tube length by usmg fimte 
dtierence approxnnatlons 

COMPUTATtONAL RESULTS AND DISCUSSION 

In order to demonstrate the slgruficance of the cross 
coefficients of the matrix [kYo] m the calculation of the 
mass and heat transfer rates durmg condensation, 
computations were carried out for condensation of 
methanol and water vapours m the presence of au The 
composltlon of the vapours entermg the top of the smgle 
vertical tube (made diameter d = 0 0254 m, length of tube 
Z=212m)uyI=07,yz=02,y,=01 Thevapourgas 
mixture enters the condenser tube at the rate of 
0 ooO1841 kmol/s and at a temperature of 360 OK The 
tot& system pressure IS I 0135 bar The coolant IIow IS 
0 04376 kg/s and leaves the condenser at a temperature of 
308 15 K 

Figures 1 and 2 gve the results of the calculation of the 

<, dlmenslonless distance 

Fig 1 Vananons of mterfacd molar transfer rates N, and N2 
along condenser tube length -, mteractmg model, ----, 

non-mteractmg model 
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Fig 2 Vanation of heat transfer rate qw along condenser tube 
length -, mteractmg model, ---, non-mteractmg model 

mass and heat transfer Ruxes along the condenser length 
for the above condltlons In the computations, the 
physIcal and transport properties were taken from 
standard sources such as Perry’s Handbook, 5th Edn The 
vapour phase dtiuslvlties a,, were estimated usmg the 
method gven by Fuller, Schettler and Glddmgs [ lo] 

The vapour phase zero flux mass and heat transfer 
coefficients were estimated from the Chllton-Colbum 
analogy 

hA 
JH = & uw3 = IT%4 = a,sl (sc,,)2/3 = 0 023~p 17 G, 

(28) 

The coefficient ho was taken to be constant along the 
condenser and equal to 1700 W/(m’)(K) 

In Figs 1 and 2 are also mcluded calculations usmg 
simpler binary type mass transfer relations 

Jib = &,,&(Y,, - Y,,), z = 1.2 (29) 

with the effective mass transfer coefficient evaluated from 
eqn (28) usmg the effective dtiustvlty Ed,,.r as defined by 
W*e[ll] 

9 )r105 = 3 
1 - YZb 

g Yk.bl% ’ z = 1, 2 
(30) 

kfZ 

The results of the calculations show that the snnple 
mass transfer model described by eqn (29) gives rise to 
large errors For the condlhons exlstmg at the top of the 
condenser, the elements of the matrix of zero flux mass 
transfer coefficients are calculated from eqns (12) and (13) 
to be (umts kmol/(s)(mZ)(mole fraction)) 

k,,, = 0 002187, k,,* = -0 00008266 

kyzl = 0 0001198, kyZ2 = 0 0024614 
(31) 

The bulk and mterface composltlons for the conditions 
prevtig at the top of the condenser are obtamed as 

Ylb = 0 700, y1r = 0 7317, ytb - y1r = -0 0317 

yzb = 0 200, y2r = 0 0944, 
(32) 

yzb - yzr = 0 1056 

Smce the drIvmg force for transfer of component 2 IS 

about 3; times the magmtude of the driving force for 
component 1, It 1s clear from eqns (15) and (31) that 
dlffuslonal mtesachon effects will be much more unpor- 
tant for component 1 than for component 2 This IS borne 
out m Fig 1 w&h shows that the dtierences between the 
mteractmg and non-mteractmg model predlctlons for the 
fluxes are greater for component 1 

As condensation proceeds the vapours get leaner and 
the interaction effects decrease because the cross 
coefficients k,lz and k,z, decrease 111 magmtude (see eqn 
12) The predIctions of the two models m Figs 1 and 2 
become closer to each other as we proceed down the tube 

CONCLUSIONS 

The process of condensation of a bmary vapour 
mixture m the presence of a non-condensable gas has 
been analysed usmg coupled mass transfer rate relations 
A multlcomponent film based on an exact solution to the 
Maxwell-Stefan ddiuslon equations has been used to 
calculate the elements of the matnx of mass transfer 
coefficients m the ternary vapour phase A computational 
procedure has been suggested for computmg the mass and 
heat transfer fluxes, compositions and temperatures along 
a smgle vertical condenser tube The procedure could 
form the basis of a design procedure for an mdustrml 
condenser Computations for the system methanol-water 
vapour-aw show that dlffuslonal mteractlons are very 
sign&ant 

From a practical pomt of view we may expect 
dlffuslonal mteractlons to be slgndicant in partial con- 
densers 

Though condensation of ternary vapour-gas mixture 
has been consldered spectically m this paper. the 
mathematical analysis IS vahd with httle or no mod& 
catlon for evaporation of a binary liquid mixture mto an 
mert gas stream and for simultaneous condensahon- 
evaporation process between a bmary hquld and a ternary 
vapour-gas mixture The treatment of the mass transport 
phenomena m the vapour phase should be applicable to 
the descnptlon of non-isothermal absorption of two 
soluble species from an mert gas stream mto a non- 
volatile absorbent hquld 

NOTATION 

cross sectional area of tube, mz 
molar den&y of gas mixture, kmol/m3 
molar heat capacity of component 1, J/(kmol)(K) 
molar heat capacity of component 2, J/(kmol)(K) 
molar heat capacity of gas mixture, J/(kmol)(K) 
mslde diameter of tube, m 
vapour phase dtiuslvlty of bmary gas pau 1 -k, 

m2/s 
effective vapour phase dtiuslvlty of species I 

through ternary vapour mixture, m2/s 
molar flow rate of species I m the vapour phase, 

kmol/s 
molar flow rate of vapour-gas mixture, kmol/s 
zero flux heat transfer coefficient m the vapour 

phase, W/(m?(K) 
fimte flux heat transfer coefficient m the vapour 

phase, W/(m%K) 
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overall heat transfer coefficient mcludmg resls- s ,k Kronecker delta 
tances of condensate film, wall, coolant 0 dlmenslonless heat transfer rate factor 
together with dart resistances, W&m’)(K) 5 dlmenslonless distance measured along the tube 

p-al molar enthalpy of species I in mixture, from the top 
J/kmole [B] matrix of correction factors given by eqn (15’) 

molar heat of vaporlzatlon of species 1, J/kmole [@] matrix of dimensionless rate factors gven by eqn 
identity matrw with elements Sa (11) 
Chdton-Colbum J-factors for heat and mass 

transfer Matnx 
molar dtiuslon flux of species 1 m the bulk vapour 0 column matrvr with 2 elements 

phase, kmole/(s)(m*) [ ] 2 x 2 dunenslonal square matrix 
matrix of zero flux multicomponent mass transfer [ I-’ mverted matnx, 2 x 2 dunenslonal 

coefficients, kmolel(s)(m2) (mole fraction) 
matix of fimte flux multicomponent mass transfer Subscripts 

coeffickents, kmole/(s)(m’) (mole fraction) b bulk fhud phase property 
mass transfer coefficient m the bmary gas pour c pertauung to coolant 

I - k, kmole/(s)(m’) (mole fraction) I interfacial property 
molar flow rate of species I m the condensed hquld t pertauung to total mixture 

film, kmole/s x hquld phase 
mass flow rate of coolant, kg/s y vapour phase 
molar flux of species I, kmole/(s)(m’) w pertauung to condenser wall 
total mixture molar flux, kmole/(s)(m’) 
total system pressure, bar Superscripts 
vapour pressure of species 1, bar l coefficient correspondmg to fimte mass transfer 
conductive heat flux m the bulk vapour-gas 

mixture, W/m2 
heat flux crossing the wall mto the coolant stream, 

W/m’ 
Reynolds number of the flowmg gas mixture 

mslde tube 
summation parameter aven by eqn (13) 
Schmidt number of bmary gas pair I -J 
absolute temperature 
mole fraction of species I m the hquld mixture 
mole fraction of species I m vapour mixture 
total length of tube, m 
distance measured along gas “film” from bulk gas 

to interface, m 

[II 

PI 

[31 
L41 
Dl 
t61 

i; 
Greek symbols 

[@] matnx with elements defined by eqn (7) 

Y activity coefficient of species 1 in solution 
S thickness of gas “film”, m 

[91 
Cl01 

1111 

rates 
x hquld phase 
y vapour phase 
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