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The object of this column is to enhance our readers' collections of interesting and novel prob­
lems in chemical engineering. Problems of the type that can be used to motivate the student by 
presenting a particular principle in class, or in a new light, or that can be assigned as a novel 
home problem, are requested, as well as those that are more traditional in nature and that eluci­
date difficult concepts. Manuscripts should not exceed fourteen double-spaced pages and should 
be accompanied by the originals of any figures or photographs. Please submit them to Professor 
James 0. Wilkes (e-mail : wilkes@umich.edu), Chemical Engineering Department, University 
of Michigan, Ann Arbor, MI 48109-2136. 
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ondensation is one method that can be used for re-

c covery of a volatile solvent from a gas stream or for 
similar industrial operationsJ 11 In this method, the 

temperature (T) of the stream containing solvent vapor (con­
densable) and an inert gas (noncondensable) is lowered suf­
ficiently to allow (partial) condensation of the solvent vapor. 
Examples of processes that may use condensation for this 
purpose are the recovery of tetrachloroethylene (C2Cl4) in 
dry-cleaning systems, and n-hexane (C6H14) in vegetable oil 
extraction. Condensation may be part of a more comprehen­
sive system_[!] 

Apart from heat transfer considerations, the process design 
conditions for operation of the involved condenser can be 
guided by application of phase equilibrium and elementary 
sensitivity analysis.f2l Phase equilibrium provides an indica­
tion of temperature and composition behaviors during con­
densation, and the upper and lower limits of variables in­
volved, including the extent of condensation. Sensitivity 
analysis shows the effects of changing the system operating 
variables (which are usually within the control of the opera­
tor) and any governing constitutive parameter(s); it also pro­
vides assessment of the effect of errors in the constitutive 
parameter(s)J2l 

The purpose of using solvent recovery by condensation from 
a noncondensable gas as a "class and home problem," apart 
from illustrating some important aspects of the process, is to 
demonstrate an actual case for these applications of phase 
equilibrium and sensitivity analysis. The thermal design of 

2l6 

the heat exchanger (condenser) , itself, is outside the scope; it 
is discussed, for example, by McAdams, by Rohsenow, et 
al., and by Frank_[3-51 We first pose a problem statement in­
volving model assumptions and several questions, and then 
provide solutions to these questions in general terms. Fol­
lowing this, a numerical example is given. 

PROBLEM STATEMENT 

Figure l shows a schematic flow diagram for partial sol­
vent recovery by condensation. The condenser, C, is depicted 
as though it were a single-pass , tube-side, horizontal heat 
exchanger,[41 although different configurations involving a 
vertical arrangement,[!] or a dephlegmater,[51 can be used. For 
simplicity, we consider a binary stream consisting of a con­
densab le solvent (component 1, e.g., C

2
Cl 4 ) and a 

noncondensable inert species (component 2, e.g., air or N2). 

(A condensable species has a critical temperature, Tc' higher 
than the stream temperature , and conversely for a 

Ronald W. Missen is a Professor Emeritus 
(Chemical Engineering) at the University of 
Toronto. He received his BSc and MSc de­
grees in chemical engineering from Queen's 
University and his PhD degree in physical 
chemistry from the University of Cambridge. 
He is coauthor of Chemical Reaction Equilib­
rium Analysis and Introduction to Chemical Re­
action Engineering and Kinetics. 

© Copyright Ch E Division of ASEE 2004 

Chemical Engineering Education 



noncondensable species.) 

In Figure 1, the inlet vapor stream (at Tin, p in, and x\", 
where Pis total pressure and x 1 is mole fraction of compo­
nent 1) enters condenser C, in which Tin is lowered eventu­
ally to Tex_ The resulting two-phase (liquid+ vapor) stream 
enters drum D for separation by gravity into an overhead va­
por stream and a bottom stream of liquid 1. Because of fric­
tional pressure drop, the exit pressure from D, pex, is somewhat 
lower than pin_ 

The fraction of entering solvent condensed in the exit liq­
uid stream (of C or D) is 

· ex 
=I-~ 

·m n1 
(1) 

where ii\" is the inlet rate of flow of component 1 (e.g., mol 
s- 1) and iifx is the rate of flow of component I in the exit 
vapor stream from D. 

ASSUMPTIONS 

We assume the following: 

(A I) The process is at steady-state. 
(A2) The vapor is an ideal-gas mixture. 
(A3) The effect of Pon the molar volume of pure liquid 1 is 

negligible. 
(A4) The vapor and liquid streams are at thermodynamic 

equilibrium at any point considered for two-phase coexist­
ence. 

(AS) The solubility of component 2 in liquid I is negligible. 
(A6) The inlet stream to C is single-phase vapor. 
(A 7) The coolant in C (water or refrigerant) enters at T~~ol, and 

there is a nonzero-approach-temperature difference (fi.Tapp,) 
at the exit of C, where 

· in in Tin 
n1 X1 

~n pin 

fi.Tappr 

T
in 
cool 

Vapor 
·ex ex ·ex 
n1 X1 n2 

D 

Liquid 1 
· in · ex 
n1 - n1 

Figure 1. Schematic flow diagram for solvent 
recovery by condensation. 
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(2) 

(A8) T < Tin. rex < T 
c2 ' c l * 

(A9) If required, the vapor pressure of component 1 ( p1) is 
represented by the Antoine equation161 in the form 

• B 
log10P1 =A--­

T+C 
(3) 

where A, B, and C are constants, each > O; values of the 
constants for p; in mm Hg and Tin ·care given by Dean .1 71 

.QUESTIONS 

For this problem, we posed the following questions/deter­
minations. The answers are first given in general terms in­
volving chosen system variables and constitutive 
parameter(s). Numerical values are then used in an example. 

(Q 1) For given (Pin , Ti"), what is the upper limit of x \" for 
the entering stream to be a single-phase vapor? 

(Q2) At what temperature does condensation begin, and does 
the temperature change as condensation proceeds? 

(Q3) Derive an expression for f1et in terms of a chosen set 
of system variables, and in so doing establish the num­
ber of degrees of freedom (F) among all the quantities 
chosen for description of the system. 

(Q4) For any condensation to take place in C, what is the 
range of allowable values (lower and upper limits) of 
each of the chosen system variables, taken separately? 

(Q5) What are the corresponding lower and upper limits of 
condensation, f1et (LL) and f1et (UL), for each of the 
values in (Q4)? 

(Q6) From the result in (Q3), obtain expressions for all rel­
evant first-order sensitivity coefficients,l2l including 
for any constitutive parameter(s) . 

(Q7) From the results of (Q6), state conclusions about the 
direction of change of f{cx with specified direction of 
change of each system variable and constitutive pa­
rameter. 

(Q8) Express the uncertainty in f1et in terms of the uncer­
tainty of any constitutive parameter. 

SOLUTIONS 

(Ql) The question stems from assumption (A6). Equilib­
rium considerations set an upper limit for the inlet 
composition, xi" (UL), in establishing the condition for 
saturation of the gas stream with respect to compo­
nent 1. If we equate the chemical potentials of com­
ponent 1 in vapor and (virtual) liquid phases accord­
ing to assumption (A4), together with assumptions 
(A2) and (A3), we obtain 

(4) 

from which x 
I 
in(UL) can be calculated once Tin and pin 

are established. Then, typically, x 1i"<x 1i"(UL) in ac­
tual operation. 

(Q2) At the inlet to the condenser, from the discussion sur-
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rounding Eq. (4), the partial pressure p1 of component 
l is such that 

P\n (= x\npin) < p; (Tin) (5) 

From the inlet to the point at which condensation be­
gins, p1 remains essentially constant at Pi", but p; (T) 
decreases as T decreases. Condensation begins at the 
(initial) dew-point temperature, T;;1 (x/0 ,P), where P 
is the local pressure. This temperature is determined 
from the condition of equality of p1 and p;, analogous 
to the development ofEq. (4) 

p;l T~;(x\"P)j = p1 = x\"P = x\"pin (6) 

Eq. (6) is a nonlinear relation used to calculate T;;1 

from xi" , P =pin, and a vapor pressure relation such as 
Eq. (3). 

As condensation proceeds, x1 decreases, with con­
sequences for T. At any point between the point of ini­
tial condensation and the exit, T may be considered to 
be a varying dew-point temperature at the local com­
position and pressure T0 p(x"P). It is determined from 
a relation analogous to Eq. (6) 

paTop(x1,P)]=x1P (7) 

T DP can be shown to decrease as x decreases 

aTop _ dTop ap; = dTop [ap; + ap; dP] 
ax1 - dp; ax1 dp; ax, aP dx1 

= dT1!,p [P+ X1 ~] > 0 (8) 
dp1 dx 1 

Thus, the temperature of condensation of a condens­
able species from a mixture with a noncondensable 
species decreases as condensation proceeds. This is in 
contrast to the condensation of a pure substance (not 
in a mixture with an inert gas), which occurs at con­
stant temperature. 

(Q3) In establishing an expression forftc'", we have a choice 
of system variables to use, but the number of indepen­
dent variables-that is, the number of degrees of free­
dom (F)-is dictated by the difference between the 
number of these variables (including rtcx) and the num­
ber of independent relations among them. 

218 

In Eq. (1), which serves as a material balance for 
component 1, rttis an intensive quantity, but it is ex­
pressed in terms of extensive flow quantities. To 
obtain rtt in terms of variables describing the intensive 
state of the system, we introduce additional variables 
and relations among them as follows: 

ni" = xi"n(" (9) 

(10) 

where xi" and x,x are the mole fractions of compo-

(Q4) 

nent 1 in the inlet and exit streams, respectively, and 
n(" and nfx are similarly the total molar flow rates 

n(" = n\" + n~" (11) 

(12) 

where n~0 and nr are the molar flow rates of compo­
nent 2, as indicated in Figure 1. 

From assumption (A5), a material balance on com­
ponent 2 is 

• in -ex 
nz =n2 (! 3) 

Finally, according to assumption (A4 ), x i'x is constrained 
by the equilibrium condition analogous to Eq. (4) 

(14) 

Eqs. (1) and (9 to 14) are seven equations in 11 system 
variables [and one constitutive parameter, p; (Tex)], 
which seems to suggest F = 11 - 7 = 4. If, however, 
rt:, an intensive quantity, is independent of flow rate, 
Fis reduced from 4 to 3. This can be established either 
by assigning an arbitrary (control or basis) value to, 
say, ni", or by solving Eqs. (1) and (9 to 14) for rtt so 
as to eliminate all extensive variables and x ,x to give 

pex -p;(Tex)ix\n 

pex _ p; (Tex) 
(15) 

Eq. (15) confirms that F = 4 - 1 = 3 and involves the 
choice of xi", Tex, and pex, all intensive, as indepen­
dent system variables. 
The extensive state of the system, as given, for example, 
by the value of ni", involves a scale factor that deter­
mines the size of the condenser (not treated here), but 
does not affect the value offtcx. 

For condensation to take place, rtt (LL)< rtt < rtt (UL), 
where the lower and upper limits may or may not equal 
0 and 1, respectively, as might be thought at firs_t. The 
variables to be investigated are, from (Q3), (i) xi", (ii) 
pex, and (iii) ~x. We consider the allowable range of 
values of each of these in tum, for given (allowable) 
values of the other two. 

(i) xi": Setting rtcx(LL) = 0 in Eq. (15), we obtain 

x\n(LL)=p;(Tex)/pex(=xfx) (16) 

If we set rtt (UL)= 1 in Eq. (15), the result can only be 
satisfied by xi"= 1, which is not valid; we conclude 
that xi" (UL) is constrained by the result of (Q 1) 

(17) 

(ii) pex: Setting rtt (LL)= 0 in Eq. (15), we obtain 

pex(LL)=p~(Tex)!x\n (18) 

If we set rtt (UL) = 1 in Eq. (15), the result can only be 
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(Q5) 

satisfied by 

pex(UL)»p;(Tex)ix;n or pex(UL) • 00 (19) 

(iii) -rex: The value of Tex (LL) is set by the thermal 
condition in Eq. (2) 

(20) 

From the result of (Q2) , this sets the condition 
for f{t (UL) . To obtain Tex(UL), we therefore 
setf{t (LL) = O in Eq. (15) to give -rex (UL) implicitly 

(21) 

An explicit expression for Tex(UL) can be obtained by 
using a vapor pressure equation, such as Eq. (3), to 
eliminate p; . 

The above results for (Q4) are collected in Table 1, 
columns 2 and 3. 

The results for f{t (LL) and f1et (UL) corresponding to 
the limits of the system variables are obtained from 
(Q4) where noted, and otherwise from Eq. (15)-in 
the two cases at x\" (LL) and Tex(LL). The results are 
collected in Table 1, columns 4 and 5. The lower limit 
is O in each case, and the upper limit is less than 1, 
although it can approach 1 at very high values of pex. 

With respect to Tex, the results in columns 2 and 5 em­
phasize that for the greatest efficiency in solvent re­
covery, the condenser should be designed so that -rex 
approaches T~g01 _[SJ 

(Q6) 

(Q7) 

TABLE 1 

From Eq. (15), f1ecx is an explicit function of the system 
variables x\" and pex and also of the constitutive pa­
rameter p1 *('P'x). The sensitivity coefficients of f1~x with 
respect to these quantities, cH1et /ox1 in, a f1~x ;apex, and 
a ftcx /op) *('fCX), can be obtained by direct differentia­
tion. Since ftcx is an implicit function of Tex, through 
p1 *(Tex), the sensitivity coefficient with respect to Tex 
is obtained as 

ofex ofex d *(Tex ) 
le _ le -=--P.,_l __ 

oTex = op~ (Tex) dTex 
(22) 

The results for all four sensitivity coefficients are 
li sted in Table 2, column 2. 

One use of the sensitivity coefficients in Table 2 is the 
information they provide about the direction of change 
of ftcx for a specified direction of change of a system 
variable or constitutive parameter. This information is 
contained in Table 2, column 3, which shows the sign 
of each coefficient, and column 4, which shows the 
interpretation of the sign. Thus, for the system vari­
ables, f1~x increases as x1 in or pex increases, and as Tex 
decreases; conversely for decreasing ftc'. 

Achieving favorable values of pex above ambient or 
the upstream value, by compression, and of Tex below 
that obtained using cooling water, by refrigeration, is a 
matter of economic analysis in conjunction with the 
thermal design of the condenser. It may tum out that 
even with refrigeration and/or compression, the sol­
vent concentration in the exit vapor stream may not be 

Lower Limits (LL) and Upper Limits (UL) 
Collected results f or (Q4) and (Q5) 

System Variable (Q4) SV(LL) (Q4) SV (UL) (QS) J,," (LL) (QS) J,: • (UL) 
(SV) at SV (LL or UL) atSV(LLorUL) 

pex _ 
p; (Tex )pin 

xi" 
P; (Tex ) P; (Tin) 

0 
P; (Ti") 

< I = xex 
-pex _ P;(rx) pex - I pin 

given (pex' Tex ) at xi"(LL) at xi0 (UL) 

pex P;(Tex) 
• 00 0 • I xi" 

(given xi", Tex) at pe' (LL) at pex (UL) 

pex _ P; (T1~ 1 + ATappr) 

Tex T1gol + ATappr paTex (UL)] = xi"pex 0 
xi" 

< I 
pex - P; (T1gol + ATappr) 

(given xi0
, pex) at Tex (UL) at r x(LL) 
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low enough to satisfy environmental requirements, or may not be 
outside explosive limits, if applicable. This may lead to the con­
clusion that condensation in a particular case is best used as an 
intermediate stage in a more comprehensive system_[!] 

(Q8) Another use of sensitivity coefficients is the information provided 
about uncertainty in a dependent variable, here f{t, caused by 
uncertainty in a cons ti tu ti ve parameter, here the vapor pressure p; , 
which is subject to experimental error. (Values of the indepen­
dent system variables are set by the investigator and are consid­
ered to be without error.) In this case, the uncertainty in f1c, 8 f1et, 
arising from the uncertainty in p;, op;, is given by 

"fex - ofJ°f s: * 
u le - ---::;--;. 0 P1 

apl 

A representative value of op; is 0.2%.[9l 

EXAMPLE 

(23) 

To illustrate use of the results obtained above, consider condensation 
ofn-hexane (component 1) from an inert gas such as nitrogen (compo­
nent 2) by means of a water-cooled condenser. The given conditions 
and calculated results are summarized in Table 3. The vapor pressure, 
p;, is calculated from the Antoine equation, Eq. (3), using values of the 
constants provided by DeanJ7l The calculated value off{t is 0.556 cor­
responding tox,x= 0.100, which are modest results. [If a refrigerated 
condenser with Tex = -25°C is used,[5l f{t is increased to 0.975 and x,x 
is reduced to 0.006 (results not given in Table 3).] The uncertainty 
in f{t because of uncertainty in p; (Tex) is negligible, based on Eq. (23), 

TABLE2 
First-Order Sensitivity Coefficients (S.C.) of f1~x: 

Collected Results for (Q6) and (Q7) 

s.c. (Q6) expression 
forS.C. 

•( ex) P1 T 

(1- xi" )P; (Tex ) 

x\"[pex - P; (rx }]2 

(Q7) sign (Q7) 

of S.C. interp. 
forf" j 

+ xi" i · 

+ pex j 

df1~x - (1-x\" )pex[ctp;(Tex)! dTex l 
oT°x xi"[pex_P;(Tex)t 

with the value of op; indicated there and that of .----------------------------. 
off: I op;(Tex) from Table 3. 
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TABLE3 
Example: Condensation of n-hexane (1) from Inert Gas 

Given Conditions 

pin =2.5bar 

pex =2.2bar 

T~~ol =22°C 

Lffappr =5K 

p; (Tin )=0.541 bar t 

p; (Tex =27°C )=0.220 bar t 

Calculated Results 

f1ecx =0.556 

xfx =0.lOO=x\n(LL) 

x\n(UL)=0.216 

ffcx (UL)= 0.597 at x \n (UL) 

Pex (LL )=l.l bar(atgiven x\n ,Tex) 

Tex(UL)=44.4°C(atgivenx\n ,Pex) 

off: I dX in = 2. 78(at given conditions 

offcx I c)pex = 0.224 bar - I 

off: !oTex =-0.0213K-l 

offcx /op;(Tex )=-2.245bar- l 

t In Eq.(3) for p
1
' , the Antoine constants are 17., 548 ': A=6.87601; B= 

1171.17; C=224.41 
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