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Abstract-The partial condensation or dep~e~ti~ process is generally used for the production of liquid 
reffux and vaporous distillate with an additional fr~tionation in wetted wall column heat exchangers, AR 
known calculations of the performance of vapour condensers are based on a film model, originally derived for 
binary vapour systems by Ackcrmann and by Colbum and Drew and generalized for multi-component 
vapour systems by Standart and Krishna using a general matrix models for the multi-component mass 
transfer with the more accurate model of Standart and Krishna is given for the partial condensation of a 

ternary vapour system. 

NOMENCWTURE 

interfacial surface [m2] ; 
interfacial surface per height [m); 
molar density [kmol mW3]; 
molar heat capacity [J kmol-’ “C-l] ; 
tube diameter [m] ; 
flux of enthalpy [J h-‘] ; 
rate of enthalpy [J h-r m-‘1; 
cross-section [m2] ; 
function ; 
acceleration due to gravity [m h-*] ; 
specific molar enthalpy [J kmol-‘] ; 
heat transfer coefficient (total) [.r h-’ 
m -2 OC-1 I; 
matrix of unity; 
tube length [m] ; 
length of tube element [m]; 
average molar weight [kg kmol-I]; 
mass flux [kg h-r] ; 
mole number per height [kmol]; 
mole flux of the more volatile component (A) 
[kmol h-l]; 
mole rate of the more volatile component (A) 
[kmol h-’ m-l]; 
inner tube radius fm] ; 
temperature c”C]; 
time [h] ; 
concentration {kmol kmol- ‘1; 
velocity [m h-l]; 
Reynolds number = udp,$; 
Prandti number = Cptl/h; 
Schmidt number = q,fpD. 

* Presented at the 6th International CHISA Congress, 
Prag, C.S.S.R. 

Greek symbols 

; 

heat transfer coefficient [J h-l m-* ‘C-‘1; 
mass transfer coefficient [kmol h- l m-"1 ; 

2: 
thickness of film [m] ; 
thermal conductivity [J h-r m-’ “C-r]; 

P* density [kg ms3] ; 
% viscosity [kg m-r h-l]; 

[Sl, matrix of the zero flux mass transfer 
coefficients of the binary pairs; 

u% matrix of the non zero flux mass transfer 
coenicients of the binary pairs; 

[#I, matrix defined by equation (la, b); 
CO], matrix of the generalized Ackerman/ 

Colbum-Drew Correction factors. 

Subscripts 

i,j, k, index of the component ; 
b, bulk ; 

; 
vapour ; 
liquid; 

g* interface ; 
k coolant ; 
@L maximum ; 
0, top of the tube; 

n, bottom of the tube; 
W, wall ; 
0 char. Ackermann-Colburn-Drew correc- 

* tion factors. 

INTRODUCTlON 

THE BASIC physical phenomena of the partial con- 
densation illustrated for binary vapour systems are 
outlined by Blaf3 [l], Stephan [Z], etc. Kirschbaum [3] 
defined the partial condensation as a unidirectional 
va~ur-liquid mass transfer. As opposed to this, 
Hausen and !5chlatterer[4] found that the partial con- 
densation is a non-adiabatic rectification without 
reflux at the top of the column, i.e. a mutual mass 
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transfer by rectification superposed by condensation. 
As shown by Begemann [S] in experiments, the results 
obtained by partial condensation including mutual 
mass transfer are better than those obtained by partial 
condensation as defined by Kirschbaum. 

A general model of the simultaneous heat and mass 
transfer during the rectification of binary vapour 
systems is based on the extended film theory, which 
was first expounded by Colbum and Drew [6]. This 
model has been used by many authors for the design of 
condensers for binary vapour mixtures [4-91 and for 
the design of condensers for one or more of the 
vapours of a vapour-gas system [lo-133. The 
Ackermann-Colburn-Drew equations were extended 
to mixed vapours with more than two components by 
Toor [14] and Stewart and Prober [lo]. A corrected 
version of the multi-component film model incor- 
porating a generalized matrix method for the solution 
of the Stefan-Maxwell equations was presented by 
Krishna and Standart [16] and Krishna et al. [17]. 
This model only represents the typical transport 
characteristics of the multi-component mass transfer 
systems with diffusional interaction, such as osmotic 
diffusion, diffusion barrier and reverse diffusion, which 
are discussed in detail by Toor [14] and which are not 
possible for simple two-component systems. This 
model was used by Krishna et al. [17] for the 
condensation of a five-component hydrocarbon va- 
pour mixture accompanied by hydrogen as the inert 
gas component, flowing down inside a vertical tube 
heat exchanger in co-current to its condensate. For a 
negligible liquid-side mass transfer resistance, Kirsch- 
baum assumes that the interface concentration of the 
condensing vapour molar rate is equal to its liquid-side 
equilibrium concentration and this is in opposition to 
the assumption of Colbum and Drew, Hausen and 
Schlatterer, etc. In this paper Krishna and Standart 
compared three most well-known mass transfer mo- 
dels and demonstrated that the deviations of the 
separation calculated for these simpler models related 
to the matrix model are over 200/,, if the condensation 
of a multi-component vapour in the presence of inert 

gases is chosen as the simulated mass transfer oper- 
ation. In [18] Bandrowski and Kubaczka published 
new simulation results of the same mass transfer 
operation, comparing the models of Toor [14], 
Stewart and Prober [15], Krishna and Standart [17], 
Burghardt and Krupiczka [ 191 and Schrodt [ 131 with 
experimental results obtained by Mizushina et al. [22] 
and Porter and Jeffreys [21]. Summarizing these 
papers, it is found that the first three models are of 
roughly equal quality, that the matrix model of 
Krishna and Standart gives the most precise de- 
scription of multi-component mass transfer but also 
requires the most computing time, and that the 
differences of separation calculated by these three 
models are of little significance. 

In this paper the Standart-Krishna general matrix 
film method is used for the ternary vapour de- 
phlegmation in a vertical tube condenser with a 
vapour stream flowing upwards in counter-current to 
the condensate flow and to the coolant in the tube 
annular section (see Fig. 1). For the dephlegmation of a 
ternary vapour with negligible mass transfer resis- 
tance, the Colburn-Drew conditions are applied, 
namely that the concentration of the condensing 
vapour molar rate is lower than the liquid-side equilib- 
rium concentration at the interface of the same 
component. 

THE MACROSCOPIC MODEL OF THE 
DEPHLEGMATION 

The balances of coupled momentum, heat and mass 
transfer of vapour, liquid and coolant can be derived 
by integration of the microscopic laws of conservation 
over the characteristic flow cross-sections. The com- 
plete set of differential equations and the set of 
algebraic equations at the interfaces of the sub-systems 
are given in Fig. 1. These interface equations are based 
on the conditions that the rates are uniform and that 
thermal, material and mechanical equilibria prevail. In 
connection with initial conditions for I = 0, the set of 
differential and implicit algebraic equations describes 
the problem unambiguously. 
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FIG. 1. Diagram of apparatus and macroscopic model for multicomponent dephlegmation. 
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In the case of negligible liquid-side mass transfer 
resistance, the balances of the mass transfer rate at the 
interface are reduced to 

The elements of the matrix of zero flux mass transfer 
coefficients are calculated from the equation 

CSdl = [&I - l, 
where the elements of [BJ are obtained from 

Bi = &,//If + i y’,,//@, 1 I i I n - 1, 
j=l 

B)= -y&,(1/p]-l//Q, lli,j<n-l,i#j. 

The zero flux mass transfer coefficients of the binary 
pairs 8” can be estimated from standard binary mass 
transfer correlations using binary diffusion coefficients 
Dij. From the knowledge of the mass transfer rates “8, 
one can obtain the matrix of the non-zero flux mass 
transfer coefficients using the equation 

where the elements of [@I are obtained as 

cPfi = @I: + i n#Jy, I 5 i 5 n - 1, 

j=l 

cp” = _ s;(l/p - l/p), lli, jln-1, i#j. 

If liquid subcooling is disregarded, the enthalpy rate 
relationship between vapour bulk, interface, liquid 
bulk, wall and coolant bulk is 

(2) 

&la, = f( - QWa,), f(a) = exp(:) _ 1 

and 

n 
ri,& = c $h’, 

i=l 

with the coefficient # accounting for the heat transfer 
resistances of liquid, wall and coolant. As a result of 
this simplification, the balances of the liquid-side heat 
and mass transfer are not required. To approximate 
the liquid-side momentum transfer, the simplifications 
of the Nusselt condensation are used. As regards the 
vapour side, the coefficients of the empirical vapour- 
side transport laws are calculated according to the 
analogy of Chilton and Colbum 

+:‘3 = %A ---P~ri’~ = 0.023 Re;‘.“. 
NdCPd 

(3) 
d 

- 
“.M.T ?3!2--8 

EXAMPLE AND DISCUSSION 

The mathematical macroscopic model described 
above is used for calculating the dephlegmation of the 
ternary vapour mixture of methanol, ethanol and 
water, with the following tube dimensions and operat- 
ing conditions : 

yd,, = 0.9420 kmol kmol- 1 ; 

N,, = 0.10 kmol h -1. , 

hf, = lOOOkgh-‘; 

T,, = 60.00 “C ; 
L = 2.50 m; 
d = 0.005 m (coolant : water). 

The Uhde thermophysical properties program pack- 
age is used to calculate the thermophysical properties. 

In order to solve the system of coupled differential 
and algebraic equations of the heat and mass transfer 
balances, the boundary value problem caused by the 
liquid and vapour phases being in counter-current is 
simplified to an equivalent initial value problem, 
where the flux, temperature and concentrations of the 
multi-component vapour at the top of the exchanger 
are given. The vapour inlet values are then a unique 
function of the chosen heat and mass transfer re- 
lationships and the tube length. 

In the first example, the vapour inlet concentrations 
and flux, and the necessary tube length are given as a 
function of the chosen enrichment of the first com- 
ponent, methanol, from 77.7 mol% to 94.2 mol% and 
different vapour outlet concentrations of the third 
component y,&, [see Fig. 2(a)]. The results show a non- 
linear relationship of decreasing tube length 1 and 
vapour inlet concentration y& of ethanol and increas- 
ing vapour inlet concentration y& of water and the 
total molar vapour inlet flux with increasing outlet 
concentration y,& of water. Figure 2(b) demonstrates 
the relative percentage deviation of the vapour inlet 
concentrations, at which the mass transfer is calculated 
in case I using the multi-component model of Krishna 
and Standart, in case II the linearized model of Toor 
and Stewart and Prober, in case III the model of the 
effective diffusion coefficient of n - 1 stagnant com- 
ponents and in case IV the model of the effective 
diffusion coefficient of non-stagnant components. The 
deviations of cases II and III in relation to case I are 
less than - lo%, excluding concentrations with low 
values (see Table 1). For yiO + 0 or yjb -+ 0058, i.e. the 
binary systems methanol-ethanol or methanol-water, 
the deviations of the calculated separation of models 
III and IV related to model I become zero, because all 
three models are identical for binary systems, and 
model II does not apply. 

In the second example, the vapour inlet con- 
centrations are calculated for a given tube length and 
vapour outlet conditions using the four models for 
mass transfer described above. The deviation of the 
calculated inlet conditions of cases II and III related to 
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FIG. 2. Tube length, vapour inlet concentration y$,,, and y& and molar flux iir, as a function of vapour outlet 
concentrahon yk. 

Table 1. Comparison of the four mass transfer models for the same vapour 
outlet bulk concentration of the third component (yi. = 0.03) 

Length 
Case (m) 

Molar flux 
liquid vapour 

(kmol h-‘) 

Vapour inlet bulk 
concentration 

YA. y&U Y:bu 
(kmol kmol-‘) 

I 1.56 0.0249 0.0320 0.7772 0.0652 0.1577 
II 1.54 0.0249 0.0320 0.7772 0.0666 0.1563 

III 1.59 0.0252 0.0322 0.7772 0.0660 0.1567 
IV 1.83 0.0273 0.0343 0.7772 0.0761 0.1469 

Table 2. Comparison of the four mass transfer models for the same vapour 
outlet bulk concentration of the third component (_& = 0.03) 

Length 
Case (m) 

Molar flux 
liquid vapour 

(kmol h-i) 

Vapour inlet bulk 
concentration 

Yb” Y&Y y:bm 
(kmol kmol- ‘) 

I 2.51 0.0498 0.0569 0.3978 0.0397 0.5625 
II 2.51 0.0512 0.0583 0.3877 0.0442 0.5681 

III 2.51 0.0480 0.055 1 0.4222 0.0441 0.5337 
N 2.5 1 0.0388 0.0458 0.5960 0.077 1 0.3270 
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FIG. 3. Vapour bulk concentration profiles as a function of tube length and vapour outlet concentration of 
the third component. 

case 1811: less than lo%, excluding very Iow values (see 
Table 2). 

Figure 3(a, band c) demonstrates the calcuiated local 
profiles of the bulk concentration of both phases 
and the vapour-side interface concentration for 
different top conditions of the vapour. If the vapour 
outlet concentration of the third component, water, is 
raised slightly, fractionation of methanol up to 
94mol% is possible for a vapour with high water 
concentration. In this case, a characteristic circuiation 
of the medium-volatile component, ethanol, with a 
significant maximum in the con~n~tion profile, a 
local ~uiiib~~ and a nearly total local evaporation 
is obtained. 

Figure 4 presents the non-xero mass flux mass 
transfer coefficient &,, fli2, b2r and jzl and the total 
condensation rate ti, as a function of the tube length. 
At the top of the tube, where a nearly tot81 conden- 
sation exists, the condensation rate deereases very 
slightly and increases again gradually with increasing 

0 t L 2 m 

tube length. While the main diagonal elements of the 
mass transfer matrix increase in a nearly linear man- 
ner, the interaction elements 8, s and fi,, pass through 
a maximum, they become zero for higher condensation 
rates at the top and the bottom of the tube. The 
diagram shows that the interaction effects are not 
negligible in relation to the main effects, although the 
deviation with respect to the simpler models are less 
than 10%. 

In Fig 5 the separation by dephlegmation is pre- 
sented as a function of the values of the diffusion 
coefficient for the same upper boundary conditions. In 
cases with similarly high diffusion coef&ients of the 
first and second component in relation to the third is 
given in the ternary system, methanol-ethanol-water, 
high mass transfer rates of the third component are 
possible. In the given example, the condensation rate 
of the less volatile component, water, will thus increase 
with decreasing diffusing resistances of this component 
in relation to the other two components. 

Fro 4. Non-zero-flux mass transfer co&cients 8” and FK;. 5. Vapour inlet buik concentrations as a function of the 
condensation rate ti, as a function of the tube length. diffusion coefficients (t = 2.51 m, y&, = 0.03). 
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SUMMARY 

A general macroscopic model to describe the steady 
state phenomena of the non-adiabatic rectification and 
dephiegmation of multi-component vapour systems is 
presented using the new matrix model for multi- 
component mass transfer of Krishna and Standart. 
Results of computer simulations of this and other 
simpler known multi-component mass transfer models 
are given. The results presented demonstrate that the 
differences in the calculated separation rate with 
respect to practical condenser design are insignificant 
as long as the mass transfer rate at the liquid vapour 
interphase, are high and no additional mass transfer 
resistances caused by non-transferable components 
such as inert gases and non-volatile compounds exist. 

1. 
2. 
3. 

4. 

5. 

REFERENCES 

E. BlaO, Ckemie-lngr.-Tech. 45 (13), 865 (1973). 
K. Stephan, Ckemie-lngr.-Tech. SO (2), 100 (1978). 
R. K~~hbaum, fleckema ~u~grapk~, Vol. 12, p. 2. 
Verlag Chemie, Weinheim (193Of. 
H. Hausen and R. I. Schlatterer. Ckemie-lnar.-Tech. 21 
(23/24), 453, 460 (1949). ’ - 
E. Begemann, Y1)I-Forsckungskeft 553, Dtisseldorf 
(1972). 

6. A. P. Coibum and T. 8. Drew, Truns. Inst. Engrs 13, 197, 
215 (1937). 

7. N. G. O’Brien, R. G. Franks and J. K. Munson, Ckem. 
Engng Symp. Ser. 55 (291, 177, 18 (1957). 

8. B. C. Price and K. J. Beil, A.1.Ck.E. Symp. Ser. 70 (138), 
172, 177 (1974). 

9. H. J. Riihm. Wiirme- und Srafikertrugung 11, 1 (1978). 
10. A. P. Colbum and 0. A. Hougen, Ind. Engng Ckem. 26, 

1978 (1934). 
11. E. J. Hoffman, A.1.Ck.E.J. 17, 741 (1971). 
12. J. T. Schrodt, Ind. Engng Ckem. Pruc. Des. Deu. 11, 20 

(1972). 
13. J. T. Schrodt, Am. J. Ckem. Engng 19, 15J (1973). 
14. H. L. Toor, A.1.Ck.E. J. 10 (4). 448,455,460,465 (1964). 
15. W. E. Stewart and R. 1. Prober. I& EC Fund. 3 (31.224. II. 

234 (1964). 
16. R. Krishna and G. L. Standart, A.1.Ck.E. J. 22 (2), 383 

(1976). 
17. R. Krishna, G. L. Standart, C. B. Panchal, D. R. Webb 

and I. Cowarb, tett. Heat Mass Transfer 3,153,163,173, 
393 ( 1976). 

18. J. Bandrowski and A. Kubaczka, Ckisa Pra& C.S.S.R. 
(1978). 

19. A. Burghardt and R. Krupiczka, Inz. Ckem. V (3), 487, (41, 
717 (1975). 

20. T. K. Mizubina, K. Ishu and M. Ueda, Inr. J. Heat Mass 
Transfer 7, 95 (1964). 

21. K. E. Porter and G. V. Jeffreys, Trans. Inst. Ckem. Engrs 
41, 126 (1969). 

22. T. K. Mizushina, K. Ishu and H. Ueda, Int. J. Heat Mass 
Transfff 7,95 (1964). 

SIMULATION DE LA CONDENSATXON PARTIELLE STATIONNAIRE 
D’UN MELANGE DE VAPEURS 

R&mm&-- La condensation partielle est gCn&alement utilitie dans l’obtention du reflux liquide et du distillat 
de vapeur, avcc un fractionnement additionnel dans les ichangeurs de chaleur B paroi mouillb. Tous les 
cakuls de performance des condenseurs de vapeur sont ba&s sur le modkle du film, d&iv6 pour les systkmes 
binaires de vapcurs par Ackermann et par Colby-Drew et g+%rali& par des systkmes g plusieurs 
composants par Standart-Krishna en utilisant une m&ode matricielle. On donne ici une comparaison des 
diffCrents modiles-approchis et du mod&le plus p&is de Standart-Krishna, pour ia condensation partieiie 

d’un sysdme temaire de vapeurs. 

DIE SIMULATION DES STATIONAREN DEPHLEGMATIONSVORGANGS 
VON MEHRKOMPONENTEN-DAMPFGEMISCHEN 

Zusammenfassaog-Der partielle Kondensations- oder DephlegmationsprozeB wird allgemein zur 
Erzielung fliissigen Rilcklaufs und dampffiirmigen Destillats mit einer z&&lichen Fraktionierung in 
$iulenw$rmeaustauschem mit benetzter Wand durchgefiihrt. Alle bekannten Berechnungsmethoden von 
Dampfkondensatoren basieren auf einem Filmmodell, das urspriinglich von Ackermann und 
Colburn-Drew fiir binge Systeme abgeleitet und von Standart-Krishna fiir Mehrkomponentensysteme 
unter Ve~endung einer Mat~~nmeth~e verallgemeinert wurde. In dieser Arbeit wird ein Vergleich 
verschiedener Niiherungsmodelie ftir den Mehrkomponenten-Stofbergang mit dem genaueren Modeil van 

Standart-Krishna angestellt, und zwar ftir die partielle Kondensation eines temiiren Dampfgemisches. 

MO~E~~POBAHHE ~A~~OHAP~OrO PE’HCMMA ~E~~ErMA~~~ 
MHO~OKOMl-iOHEHTHblX CMECEfi RAPOB 

Anmauwn - llapwanbHar KoHneiicauHR. KRH fie@;lerbiauwI, 06blwo ucnoslb3yeTcn arm nonysewix 

JKWKOrO KOHReHCaTa H llapOBOr0 RKCTHJlRXTZi lip% ROROa?HHTeRbHOM ~PaKU~OHKpOBaH~K B KOROHHaX 

Tenn~MeHH~oa co C~aq~aaeM~MH cTeHxaMH. Bee waec*sible pacsE~bI pa6oqax xapaizepuccT&ix 
KOHReHCaTOpOB l,aw OCNOBbIBBH)TCII Ha Ilfli?HO’iHO~ MORL’IW. nepBOHaW,>bHO pa3pa6oTarittoB 23% 
6HHapHblx IlapOBbIX CHCTeM AKepManHoM B Kon6epHoM-nplo H 0606IUeHHO~ CTaHRapTOM W 

K~HIIIHO~~ Ha CRy’Ud MHO~OKOMIlOHeHTHbIX IlapOablX CHCTeM C ROMO”,bK) o6mero MaTpH’iHOrO 

MeTOLLa. B HaCTOXlu& pa6OTe IlpOIiOJlHTCr CpaBHeHne pa3neWMX npH6,lHlrteHHblX MOReJleli MHOTO- 

KOM~OHeHTHOrO MaCCOne~H~a C iSORe: TOYHOii MOReRbK) cTaHRap~-~p~~HbI RR% napU~~bH0~ 

KOHXeHCaWiH Tf7eXKOMi?OHeHTHOii iIapOBOii CHCTk%ibI. 


