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SOLVENT RECOVERY BY CONDENSATION

An Application of Phase Equilibrium
and Sensitivity Analysis
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ondensation is one method that can be used for re-
covery of a volatile solvent from a gas stream or for
similar industrial operations.!!! 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 (C,Cl,) in
dry-cleaning systems, and n-hexane (C¢H, ) 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.[?! 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).l?!

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
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the heat exchanger (condenser), itself, is outside the scope; it
is discussed, for example, by McAdams, by Rohsenow, et
al., and by Frank.3->) 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 1 shows a schematic flow diagram for partial sol-
ventrecovery by condensation. The condenser, C, is depicted
as though it were a single-pass, tube-side, horizontal heat
exchanger,'¥ although different configurations involving a
vertical arrangement,'! or a dephlegmater,’! can be used. For
simplicity, we consider a binary stream consisting of a con-
densable solvent (component I, e.g., C,Cl,) and a
noncondensable inert species (component 2, e.g., air or N,).
(A condensable species has a critical temperature, T , higher
than the stream temperature, and conversely for a
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noncondensable species.)

In Figure 1, the inlet vapor stream (at T, P", and xI",
where P is total pressure and X, is mole fraction of compo-
nent 1) enters condenser C, in which T'™ is lowered eventu-
ally to T¢*. 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, P**, is somewhat
lower than P,

The fraction of entering solvent condensed in the exit lig-
uid stream (of C or D) is
fEx ool TS (1)
n" n}"
where r'xil" is the inlet rate of flow of component 1 (e.g., mol
s1) and ni* is the rate of flow of component 1 in the exit
vapor stream from D.

ASSUMPTIONS
We assume the following:

(A1) The process is at steady-state.

(A2) The vapor is an ideal-gas mixture.

(A3) The effect of P on 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 1 is negligible.

(A6) The inlet stream to C is single-phase vapor. A
mn

(A7) The coolant in C (water or refrigerant) enters at Ty, , and
there is a nonzero-approach-temperature difference (AT, )
at the exit of C, where

ATappr =T ~ Tegol (2)
Vapor
h1ex x?x I:l 2ex
PeX
D
Liquid 1
r-l1in _ I;\\lex

Figure 1. Schematic flow diagram for solvent
recovery by condensation.
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(A8) T, < Tin: 'Tex <T,
(A9) If required, the vapor pressure of component 1 ( pr) is
represented by the Antoine equation!®! in the form

©)

logyop; = A—

g10 P1 T+C

where A, B, and C are constants, each > 0; values of the
®

constants for p; in mm Hg and T in °C are given by Dean.!”!

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.

(Q1) For given (P, Ti"), what is the upper limit of x}" for
the entering stream to be a single-phase vapor?

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

(Q3) Derive an expression for fi 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, f{) (LL) and f7 (UL), for each of the
values in (Q4)?

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

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

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

SOLUTIONS

(Q1) The question stems from assumption (A6). Equilib-
rium considerations set an upper limit for the inlet
composition, x{" (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

x{"(UL) = p; (T™) /P (4)
from which x,"(UL) can be calculated once T™" and P™

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

(Q2) At the inlet to the condenser, from the discussion sur-
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(Q3)
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rounding Eq. (4), the partial pressure p, of component
1 is such that

piln(=xi1nPin)<pT(Tin) (5)
From the inlet to the point at which condensation be-
gins, p, remains essentially constant at pi", but p1(T)
decreases as T decreases. Condensation begins at the
(initial) dew-point temperature, Tg‘;t (x,'",P), where P
is the local pressure. This temperature is determined

from the condition of equality of p, and p;, analogous
to the development of Eq. (4)

pi | T8 (xP) | = py = xi"P = xi7Pi" (6
Eq. (6) is a nonlinear relation used to calculate Tg‘;‘
from x}", P=P™, and a vapor pressure relation such as
Eq. (3).

As condensation proceeds, x, 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 Tpp(x,,P). It is determined from
a relation analogous to Eq. (6)

p1[Tpp(x1,P)]=x/P (7)

T,p can be shown to decrease as x decreases

D]

dTpp _ dTpp dp; _ dTpp | Opy , Ip; dP
9x, dp; dx; dp; |ox; 9P dx

=dT—D,FP P+x1£P— >0 (8)
dpl Xm

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.

In establishing an expression for f{, 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 f;7' ) and the num-
ber of independent relations among them.

In Eq. (1), which serves as a material balance for
component 1, f{7is an intensive quantity, but it is ex-
pressed in terms of extensive flow quantities. To
obtain fi in terms of variables describing the intensive
state of the system, we introduce additional variables
and relations among them as follows:

AP = <ol ©)
% = x5 (10

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

Q4

nent 1 in the inlet and exit streams, respectively, and
n;"and n¢* are similarly the total molar flow rates

-in _ ~in - in
nt =1 +n2

(11)
(12)

where ni' and n$* are the molar flow rates of compo-
nent 2, as indicated in Figure 1.

SEX _ ~€6X S €X
" =Ny +ﬂ2

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

Al =gk (13)
Finally, according to assumption (A4), x{* is constrained
by the equilibrium condition analogous to Eq. (4)

X{*=pj (T )/ P (14)
Egs. (1) and (9 to 14) are seven equations in 11 system
variables [and one constitutive parameter, p;(Te")],
which seems to suggest F = 11 — 7 = 4. If, however,
fio , an intensive quantity, is independent of flow rate,
F is reduced from 4 to 3. This can be established either
by assigning an arbitrary (control or basis) value to,
say, ni", or by solving Egs. (1) and (9 to 14) for fZ*so
as to eliminate all extensive variables and x{* to give

” .
PeX _p] (Tex)/ xin

¥
Pex " Pl (TCX)

= (15)
Eq. (15) confirms that F = 4 — 1 = 3 and involves the
choice of xi", T, and P**, all intensive, as indepen-
dent system variables.
The extensive state of the system, as given, for example,
by the value of nj", involves a scale factor that deter-
mines the size of the condenser (not treated here), but
does not affect the value of f{y .
For condensation to take place, f{y (LL) <f{x < iz (UL),
where the lower and upper limits may or may not equal
0 and 1, respectively, as might be thought at first. The
variables to be investigated are, from (Q3), (i) x{", (ii)
P**, and (iii) T**. We consider the allowable range of
values of each of these in turn, for given (allowable)
values of the other two.
(i) xI": Setting ££*(LL) = 0 in Eq. (15), we obtain
XM (LL)=pj (T )/ P (=x§)

(16)

If we set f;o' (UL) = 1 in Eq. (15), the result can only be
satisfied by x{"= 1, which is not valid; we conclude
that x;" (UL) is constrained by the result of (Q1)
x{"(UL) = p; (T™")/ P (17)
(ii) Pex: Setting > (LL) = 0 in Eq. (15), we obtain
PEX(LL)= pT(Te")/ X (18)

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

satisfied by
PEX(UL)>>pi (T )/x]" or P(UL)>e  (19)

(ii1) T**: The value of T** (LL) is set by the thermal
condition in Eq. (2)

T ILY=T + ATapme (20)

From the result of (Q2), this sets the condition
for fX (UL). To obtain T¢*(UL), we therefore
setfiz (LL) = 0 in Eq. (15) to give T¢* (UL) implicitly

p;‘[Te"(UL)]=x}“Pe" (21)

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

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

The results for fiz (LL) and f (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 xi" (LL) and T**(LL). The results are
collected in Table 1, columns 4 and 5. The lower limit
is 0 in each case, and the upper limit is less than 1,
although it can approach 1 at very high values of P¢*.

With respect to T¢*, 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 T*
approaches T.n,.15!

(Q6) From Eq. (15), 7' is an explicit function of the system

variables xi" and P®* and also of the constitutive pa-

rameter p,"(T**). The sensitivity coefficients of fi;" with
respect to these quantities, 9 f{; /0x,™, d i /0P**, and
d i /op,"(T*), can be obtained by direct differentia-
tion. Since f}7' is an implicit function of T®*, through
pl*(Te"), the sensitivity coefficient with respect to T¢*
is obtained as

ofif __ Ofie  dpy(T™)
T PuT™) T

(22)

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

(Q7) One use of the sensitivity coefficients in Table 2 is the

information they provide about the direction of change
of f 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, fi increases as x,™ or P* increases, and as T
decreases; conversely for decreasing fi .

Achieving favorable values of P* above ambient or
the upstream value, by compression, and of T¢* 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 turn out that
even with refrigeration and/or compression, the sol-
vent concentration in the exit vapor stream may not be

TABLE 1
Lower Limits (LL) and Upper Limits (UL)
Collected results for (Q4) and (Q5)
System Variable (Q4) SV(LL) (Q4) SV (UL) (Q5)f, (LL) (05)f,= (UL)
(SV) at SV (LL or UL) at SV (LL or UL)
*(mex \pin
) ) PCX _ pl (T )P
. p](Tex) o Pl(Tm) P](Tm)
X1 = = Xy P 0 > <1
P P PEX _ pl (Tex)
given (Pe", Te") at x{"(LL) at x{"(UL)
* Te*
pex pi : ) - o0 0 -1
xm
) 1
(given x", T**) at P*(LL) at P& (UL)
ex pT (Tcigol + ATappr )
‘ [res )= S
Tex Tinos + ATyppe  P1 [T (UL)| = x{"P* 0 — <1
= Pi (Tclgol + ATappr)
(given xi, Pe") at T**(UL) at T**(LL)
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(Q8)

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.!!

Another use of sensitivity coefficients is the information provided
about uncertainty in a dependent variable, here f{*, caused by
uncertainty in a constitutive parameter, here the vapor pressure P1s
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 f, , 8 fi",

arising from the uncertainty in Py, BpT, is given by
six = Jfic

op

A representative value of 8pj is 0.2%.!%

8p;

EXAMPLE

To illustrate use of the results obtained above, consider condensation
of n-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,
p1 . is calculated from the Antoine equation, Eq. (3), using values of the
constants provided by Dean.!”! The calculated value of f;3 is 0.556 cor-
responding to x;*= 0.100, which are modest results. [If a refrigerated
condenser with T®* = -25°C is used,P! {7 is increased to 0.975 and x{*
is reduced to 0.006 (results not given in Table 3).] The uncertainty
in £ because of uncertainty in p; (T¢) is negligible, based on Eq. (23),

with thg value of 6p=1k indicated there and that of
of X /9p; (Tex) from Table 3.
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TABLE 2
First-Order Sensitivity Coefficients (S.C.) of fle Cx 3
Collected Results for (Q6) and (Q7)
S.C. (Q6) expression (07) sign  (Q7)
for S.C. of S.C. interp.
forf, T
* TCX
oty B R
: — 1
ox]" (xin) [Pex . p’l" (Tex )]
(23)
aflecX (l B x}" )pT(TeX) + P T
P in pex — * Tex 2
X Pi ( )
g (1= xi" )pex[apy (T=*)/ T o
oT* in P — * Tex 2
X P1 ( )
aflccx (1 B X}n )PCX p*(Tex ) 1
* = N 2 - 1
Bpl (Tex ) xin [Pex _— (Tex )]

TABLE 3

Example: Condensation of n-hexane (1) from Inert Gas

Given Conditions
xi1=0.200
Tin=50°C

PI" =2 Sbar
P =22bar

T8 =22°C

coo

AT

appr =K

p’{‘(Ti“)=o.541barT

*
1

T In Eq.(3) for p,”, the Antoine constants are ! ?-34): A=6.87601; B=

1171.17; C=224.41

p (Te"=27°c)=o.220baﬁ

Calculated Results

££X=0.556

%55 =0.100=x(LL)
xi"(UL)=0.216
££%(UL)=0.597atx}" (UL)

T _47.8°c

P®* (LL)=1.1bar (at givenx\", T®*)
T®*(UL)=44.4°C (atgivenx." P**)
offy /axil“ =2.78(at given conditions
AHEX /9P =0.224 bar™!

AN /9T =—0.0213K ™!
DX 13p] (T )=—2.245 bar ™
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