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ABSTRACT
This paper considers design procedures for condensation of multi-
component mixtures. Using essentially a 'film' model, the rate
relations for heat and mass transfer in the vapour and liquid
phases are formulated and combined with differential material and
energy balances to yield design equations. The mass transfer
analysis includes the possibility of diffusional interactions.

A sample design problem for condensation of a 6-component mixture is
considered and the results with the complete analysis are compared
with three other simpler approaches: (i) a model based on assuming
negligible diffusional interactions and using uncoupled rate
relations, (ii) the procedure suggested by Bell and Ghaly in which
the mass transfer resistance is ignored but compensated for by over-—
estimation of the heat transfer resistance and (iii) an equilibrium
design procedure in which the vapour and liquid phases are assumed
to be in equilibrium.

The results show that neglect of diffusional interactions might lead
to severe underdesign. The Bell and Ghaly method gives a surprisingly
good estimate of the condenser area required.

Introduction

Design of heat exchangers to partially or totally condense an n-component
vapour mixture, often in the presence of an inert gas, is frequently necessary
in the process industries. The process of condensation involves simultaneous
transfer of mass and energy between the condensing vapour and liquid streams.

Established design procedures for condensation of binary vapour mixtures
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follow the classic transfer analyses of Ackermann [1] and Colburn and Drew [2].
Published extensions to the general n-component case (e.g. Schrodt [3]) assume
negligible diffusional interactions in the vapour and use uncoupled mass
transfer rate relations. These non-interacting transfer models may be consid-
ered adequate for very lean vapour mixtures condensing in the presence of

a large excess of non—~condensable gas. The design procedure suggested by

Bell and Ghaly [4] ignores the mass transfer aspect of the problem and
compensates by overestimating the heat transfer resistance.

It is our object here to consider the condensation of n-1 vapour species
in the presence of a stagnant nth component. Proper account is taken of the
possibilities of diffusional interactions between the condensing species.

The analysis of the mass and energy transfer processes in the vapour and
condensate liquid phases is based on 'film' model and represents essentially
an extension of the treatments of Ackermann and Colburn and Drew. For
definiteness we consider condensation to take place inside a single vertical
tube with the vapour and liquid streams in co-current flow. The coolant is
assumed to flow counter-current to the condensate, in the annular section
outside the tube. Other geometries and flow configurations can be easily

accommodated in the ensuing analysis with minor changes only.

Mass and Energy Transfer Analysis

The differential molar material balance for each of the n-1 condensing
species in the vapour phase takes the form

dGi

— = "M aa i=1,2,0..0-1 (1)
where Gi is the molar flow rate of the species i and Nz is the molar flux of
species i in the vapour phase; Z represents the distance from the top of the

condenser tube.

The nth species is considered to be stagnant or inert and therefore

Vo= o0 (2)
n
which means that the inert gas flow rate is constant or
dGn .
- - = (3
iz Nn a A 0 )

The molar rates of transfer of the condensing species may be split up

into diffusive and convective contributions as

Y- 7 7 = 1,2,... 4

Ni Jib yib Nt’ 1 s 4y n (4)
where NZ is tge mixture molar flux and given by

o= ) W (5)

t R ¢

k=1
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Taking account of diffusional interactions in the vapour phase, the

constitutive relations for mass transfer may be written as

J’i'b = :Zj k;bij 5 = Y50 i=1,2,...n~1 (6)
where the k;bij represent the elements of the matrix of vapour phase mass
transfer coefficients, [k;b]’ of dimension n-Ixn-1. The cross coefficients,
k* (i#j) portray the diffusional interactions or coupling phenomena.

yleThere are basically two procedures in the literature for estimating

the elements of the matrix [k;b] from information on the transport parameters
of the constituent binary pairs. These are (i) based on the linearized theory
of multicomponent mass transfer, developed independently by Toor [5] and
Stewart and Prober [6] and (ii) the recently developed multicomponent 'film'
model based on an exact matrix method of solution to the Maxwell-Stefan
equations [7]. The procedure for calculating [k;b] using these two approa-—
ches is summarized below.

(i) Calculation of [k;bj from Toor-Stewart and Prober approach

STEP I  Calculate the elements of the matrix of diffusion coefficients in
the vapour phase, Dﬂ, using average vapour compositions between bulk (yb)

and interface (yI) at any given position, from

] = [a” 7

where the elements of Dq are given by

Vi 7k "

Aii = D_._ + Zl v’;, i=1,2,...n-1 (8)
in k¥1 i

Ay = Ty D = 1050, sz = 1,2,...001 (9)

where the vapour phase diffusivities of the binary pairs in the mixture, Dik’
can be estimated from the kinetic theory or from semi-empirical correlations
[8]. The linearized theory assumes that the elements of the matrix (] are
constant along the diffusion path and therefore average compositions y; must
be used in equations (8) and (9). Once the elements of Dg are obtained,

the matrix ﬁﬂ can be calculated from (7). The eigenvalues Bi of Uﬂ can now
be obtained using appropriate numerical procedures.

STEP IT Pseudo-zero flux mass transfer coefficients ﬁi are now calculated
from standard correlations say of the j factor type using the ith eigenvalue

A

Di in place of the binary diffusivity Dik'
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STEP IIT These zero flux coefficients are corrected for finite rates of

transfer by
~ ~ Y.
kK = k, ————
i i expl})i -1

2

y
5 with ¢, = <L, i=1,2,...0-1  (10)

=

i
STEP IV Estimate the matrix [k;b] from
" -1
(] = [P, ] (n
where @q is the modal matrix of Dﬂ.

(ii) Calculation of [k;b]using multicomponent film model of Krishna and

Standart [7]

STEP 1 Calculate the elements of the matrix of zero flux mass transfer

coefficients [kyb] from

=1
[kbe = [Bb] (12)
where the elements of [BJ are obtained from
Y. o Y

ib kb . )
Bbil = ‘E—"— + z r, 1 = 1,2,...1'1_1 (]3)

in k=1 1k

k#i
Bbij = - yib(l/kij - 1/hin), 1;j = 1,2,...n-1 (14)
i

The zero flux mass transfer coefficients of the binary pairs kik are estimated
from standard binary mass transfer correlations using estimated values of Dik'
STEP II From the knowledge of the transfer rates, Nz, obtain the matrix of

correction factors

-1
[E] = [e]lexp[e] -Ta) (15)
where the elements of [@] are obtained as
Nz n Ni
q>ll = -.;Z—._ + Z e 1 = l,Z,...n—] (16)
in k=1 ik
k#1
= - N - i,i =1,2,...0-1 (17
¢ij Ny (x/hij l/hin), ;;3 3250000 (17)

The matrix of correction factors can be evaluated by using Sylvester's
expansion theorem [9].

STEP III The elements of the matrix Dk;b] are then obtained from

(5] = [k J0E (18)
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Once the elements k;bij have been estimated by either of the two proc-
edures outlined above, we may calculate the diffusion fluxes from (6) and

the total fluxes N are obtained in view of equations (2) and (4) as

n-1
y o ¥ i = «.en—1 19
Ny kzl Goe * /%) kb i=1,2,...n (19)
Since the evaluation of the finite flux coefficients k;bij requires a prior

knowledge of these total fluxes, Nz, it is clear that a trial and error proc-
edure is involved in the calculations at every position along the condenser.
Stable convergence is assured if the initial calculations are carried out
assuming that the finite flux coefficients equalsthe zero flux coefficients.
Turning now to the analysis of the liquid phase transport, we have the
differential molar material balance for the n-1 species in the liquid
condensate as
dL.
1t
dz

with the interfacial total molar flux in the liquid phase given by

= N? a A, i=1,2,...n"1 (20)

x X X _ .X X
i ib TEp N T i to*p Ve

i=1,2,...n"1 (21)
where the diffusion fluxes may be related to the composition driving forces
using relations analogous to (6) with a matrix of mass transfer coefficients
of dimension n-2xn-2. Multicomponent diffusion coefficient data are relat-
ively scarce and an estimation of such a matrix of coefficients cannot be
carried out. When the vapour phase contains a non-condensable gas, as was
assumed in the current analysis, the mass transfer process is essentially
dictated by the vapour phase behaviour and the inability to estimate liquid
phase mass transfer coefficients is not serious in most cases. In order to
confirm this conclusion, the calculations reported for the design problem
below were carried out with two extreme assumptions:

(i) a completely mixed condensate film, equivalent to infinite mass

transfer coefficients in the liquid phase, whence

Xy = X i=1,2,...n1 (22)

(ii) a completely unmixed condensate film equivalent to zero values
for the mass transfer coefficients in the liquid phase, whence

X X X .
Jip =0 %y o= NN, i=1,2,...0-1  (23)

The calculations for the design problem considered showed very little differ-

ence in the final results with these extremes for liquid phase behaviour and



168 R. Krishna, et al. Vol. 3, No.

therefore it may be concluded that the liquid phase mass transfer resistance
is not important. The results for the completely unmixed film are only
reported for the design problem below.

The interface conditions must be such that at every position along the

condenser, the continuity of interfacial molar fluxes must be satisfied,i.e.
x .
Vo= N = N, i=1,2,...n-1 (24)

The variation of the temperature of the vapour-gas mixture is given by

a differential energy balance as

y dTb vy °
Gth ra q” aA = hy (Tb - TI) a A (25)

o . .. . ..
where hy is the heat transfer coefficient in the vapour, corrected for finite
mass transfer rates by the Ackermann-Colburn and Drew theory. The zero

flux coefficient hy may be estimated from standard j-factor correlations.

The interface conditions (TI’X I) must also satisfy the condition

irYi
of continuity of energy fluxes:
n n
BV = ¢ o+ Y RN, = ¢ « Y EAN, = Ef (26)
i1
k=1 =
or
x - =X
= ¢ + Y@ -8, (27)
k=1 i i
If we neglect condensate subcooling the conductive heat flux qX may be
written as

X _ W -
q9 =4 ho (TI TC) (28)

where the coefficient ho accounts the heat transfer resistance for the

condensed liquid film, wall and coolant. The variation of the coolant

temperature T is given by
Cc
dTC

LeCoc 37

If we assume that we have thermodynamic equilibrium between the vapour

= - w = -
= q aA ho (TI Tc) (29)

and liquid phase at the interface and if constant pressure operation is
assumed, there will be n-1 unknown interfacial parameters from TI’ X, to
determine. A convenient calculation procedure is to use multi-dimensional
Newton-Raphson iteration to converge on the values of the unknown parameters
such that the interfacial relations (24) and (27) are satisfied. Condenser
design calculations may be carried out using a finite difference approximat-—

ion to the differential material and energy balance relatioms.

-
L
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Design Exercise and Discussion

The general design procedure outlined above was used to find the area
required to condense 507 of a mixture of hydrocarbon vapours in the presence
of 'inert' hydrogen gas. The details of the single tube condenser and inlet
operating conditions can be found in Table 1. The physical, thermodynamic
and equilibrium data for the hydrocarbon vapour and liquid phases were taken
from literature sources or estimated using critical properties and an
equation of state. The results with the two different estimation procedures
for [k;b] are given in Table 2 which gives the outlet vapour compositionms,
vapour temperature and the area required for condensation. Both the
multicomponent film model and the linearized theory approaches give results
which are not significantly different from each other.

To study the effect of diffusional interactions on the system behaviour,
a naive, non-interacting type, mass transfer model assuming uncoupled rate

relations of the form

¥, - Bs eee Uiy = Y50 i=1,2,...0-1  (30)
was also used in the design exercise. The effective mass transfer coefficient
was obtained assuming that each species behaves as though it were diffusing
through stagnant hydrogen. The results with this naive approach show that
neglect of vapour phase diffusional interactions leads to severe underdesign.
The conclusion to be drawn here is that for multicomponent systems, one
may not use uncoupled rate relations of the form (30).

The Bell and Ghaly method was also used in this design exercise.
In this method the mass transfer resistances are completely ignored and
'compensated' by an overestimation of the heat transfer resistance. This
method gives only a small overdesign as compared to the proper 'interactive'
mass transfer analysis. The result must be viewed as fortuitous because
the Bell and Ghaly procedure is not based on any sound simultaneous heat and
mass transfer theory.

The assumption that the vapour and liquid phases are in thermodynamic
equilibrium gives the minimum amount of condensation area required, 0.041 mz.

From a practical point of view, the model developed in this work needs
to be tested with experimental data. Once the simultaneous heat and mass
transfer model has been validated, various approximate procedures can be

worked out for use in industrial heat exchanger design.
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TABLE 1

Summary of Condenser Tube Data and Inlet Conditions

Geometry: single vertical tube (diameter, d = 0.0254 m) with condensation
taking place inside the tube; cooling water flowing in annular section

Flow Directions: hydrocarbon mixture flowing down the tube, co-current to

condensate; cooling water flowing up the annulus, counter-current to the
flow of condensate liquid

Entering Vapour Temperature: 345.4 K

Pressure of Vapour at Inlet: 1.0135 bar (assumed constant throughout tube)

Coolant Water Flow Rate: 0.04376 kg/s

Coolant Temperature at Top of Tube: 283.15 K

Heat Transfer Coefficient: h = 1700 W/(mz)(K)
Vapour Phase Heat and Mass Transfer Coefficients: calculated from analogy
ip = E%—f(Sc)Z/B - iy - gzaﬁ(Pr)2/3 - 0.023 Re) O+’
t t p

Component Molar Flow Rates and Mole Fractions at Inlet:

propane (1) G1 = 1.05><10_5 kmol/s; v, = 0.150

n-butane (2) G, = 0.63x107° kmol/s; y, = 0.090

n-hexane (3) Gy = 1.26x107° kmol/s; y, = 0.180

n-heptane (4) G, = 0.42x10™ kmol/s; y, = 0.060

n-octane (5) 6 = 0.84x10™° kmol/s yg = 0.120

hydrogen (6) Gy = 2.80x10™° kmol/s yg = 0.400

TABLE 2

Comparison of Outlet Vapour Compositions and Tube Areas Required,fqr

Condensing 50% of Vapour Mixture (Components 1-=5)

2

Y, Y, Yy Y, s Yo T Area, m

Krishna & Standart
Multicomp. Model

Linearized Theory
Multicomp. Model

}0.200 0.102 0.078 0.018 0.031 0.572 293.7 0.115
}
Effective Diffus= 14 50, 0,109 0.084 0.013 0.015 0.574 302.5 0.085
}

0.200 0.100 0.076 0,017 0.030 0.574 291.4 0.125

ivity Model

Bell and Ghaly
Design Procedure
Equilibrium Design
Procedure

0.203 0.109 0.092 0.014 0.010 0.571F 301.2 0.138

0.203 0.109 0.092 0.014 0.010 0.571 301.2 0.041
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Nomenclature

a interfacial area per unit volume of tube, m2/m3
A cross—-sectional area of tube, m2

Dﬂ inverted diffusion coefficients with elements given by (8),(9)
[Bb] inverted mass transfer coefficients with elements as (13), (14)
Cp molar heat capacity, J/(kmol) (K)
d inside diameter of tube, m
Dik vapour phase diffusivity of binary pair i-k, m2/s

[D] matrix of diffusion coefficients, mz/s

i,eff effective diffusivity of species i in ?ixture, m2/s
E phase invariant total energy flux, W/m
Gi molar flow rate of species i in vapour phase, kmol/s
h heat transfer coefficient, w/(mz)(K)
ﬁi partial molar enthalpy of species i, J/kmol
Js molar diffusion flux of species i, kmol/(s)(mz)

ik mass transfer coefficient of binary pair i-k, kmol/(s)(mz)(Ay)
Dﬂ matrix of multicomponent mass transfer coefficients, kmol/(s)(mz)(Ay)
Li molar flow rate of species i in liquid, kmol/s
N, total molar flux of species i, kmol/(s)(mz)
Nt mixture total flux, kmol/(s)(mz)
q conductive heat flux, W/m2
Re Reynolds number

Sc Schmidt number
X; mole fraction of species i in liquid mixture

i mole fraction of species i in vapour mixture
Z length along condenser tube measured from the top

Greek Letters

Gik Kronecker delta

[E] matrix of correction factors given by (15)

[e] matrix of dimensionless rate factors given by (16) and (17)
wi pseudo rate factor given by equation (10)

Matrix Notation

() colum matrix of dimension n-1
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Matrix Notation (Cont'd)

[] n-1xn-1 dimensional square matrix

-1 . . . .
[ ] n—Ixn—-] dimensional inverted matrix
gy diagonal matrix with n—1 non-zero elements
'iJ identity matrix with elements dik
Subscripts
b bulk fluid phase property
c pertaining to coolant
i,3,.k indices
I interfacial property
X liquid phase property
y vapour phase property
t pertaining to total mixture
Superscripts
® transfer coefficient obtained under finite mass transfer rates
x liquid phase property
y vapour phase property
~ pseudo-property
- partial molar quantity
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