
chapter B

Unste ady-State Stoge Oprrations

The calculation methods developed in tlie previous
chapters havc applied to steady-stati operation in which
the compositions and fiow rates did not r,ary with tirne.
A_n unstead/v-state or transient process jnvoives changes
of conditions with time. Thère are many transiint
operations in chemical processing. All bàtch mass_
transfer operations involve a ehange in composition
with time. 

-Although the continuous stage operations
are assumed to be at steady state for calculation, the
question of starting the equipment naturally arises.

Start-up of Continuous Equipment. ln the start_up
of multistage equipment compositions and flow rateì
may vary with time. The length of time afrer start-up
required to reach a steady state is an important con_
sideration in process operation. The time dicpends upon
the time of passage of the t\yo phases through tne equip-
ment and upon the rate of mass transfer. The timi of
passagc depends upon the volume oi material held up
in the equipment and upon the flow rates.

In the start-up of a distillation colurnn, feed is supplied
to the column, where it runs down to the still and is
vaporized. The vapor rises to the condenser, rvhere it is
condensed and returned to the column. Frequently a
distillation column is started up at total reflux. It is
run at total reflux for a time sufficient to allow the
disti[ate composition to approach that desired for
steady-state operation, The time for this period can be
predicted approximately. Once the distiliate composi-
tion is achiered at total reflux, the distillate and boitom
products may be withdrawn and feed added to complete
the tran§ition to steady-state operation.

There will also be a transient period at the start_up of
a simple countercuffent eascade, such as in extraciion
or absorption. The tengrh of this period will depend
upon the flow rates of the two pÈases, the hoid_up

volume.r:f the equipment, and the rate of approach to
equilibrium. The transient period may range from
minutcs in.,small equipment to several Éours In large-
scale installations, to several months in some spec-ial
applications.

Batch Operations. When the quantity of material to
be processed is small, batch meihods are often used.
Although the trend in the chemical process industry is
toward continuous processing wherever possibte, batch
operations are still very widely used,

, M-urf qu1.h operations canbe calculated using methods
developed in earlier chapters. For example,-a singte_
stage'batch operation, such as the extraction of cohee
from the grounds into a hot-water phase, can be cal-
ctlated assuming equilibrium betwein the two phases
before thcy are separated.-- The two phases linitiattypure water and ground coffee) are mired and undergc
compositio:r changes with time. The rime required io
reach equilibrium is an important process variable. tt
ruill depend upon the rate of mass tran,sfer and upon the
degree of contact between the phases. The composition
of the two product phases in any batch singìe-stage
process can be calculated by methods developed in
earlier chapters if the two phases are allowed. to iemain
in contaet unril all of one phase is in equilibrium with alr
of the other phase. On the other hanC, in some cases
one phase may be added or withdrawn during the
process, as in differential distillation.

Difierential Dlstillation. In batch distillation from a
single stage a liquid is vaporized, and the vapor is
removed from contact with the liquid as it is forrred.
Each differential mass of vapor is in equilibriurn with
th.e remaining Iiquid. The composition of the liquid
will change with time, since the vipor formed is always
richer in the more volatile component than the tiquiA
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Figure E.I. Batch distillation at constiult reflux ralio.
(a) Initial operaring line. (D) Final operating line"

from whiqlr it is formed. This results in a continuing
impoverislrmenr, o[ the liquid in the more volatile
component.

Since the liquid composition varies, so also must the
equilibrium vapor composition. The original conì-
position of the total liquid phase (I) is raken as r and
of the vapor phase formed, y. By an over-all material
balance for the vaporization of a differential quantity of
liquid,

dL: -dV (8.t1

For a constant relative volatility,
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Betch Distillation. Batch distillation is often used for
separating small quantities of liquids. Often the batch
still is used for a large variety of separations, and there-
fore it must be versatile. Since a batch distillation is
usually carried out in an exisiing column equivalent
to a known number of equilibrium stages, it is necessary
to determinc the reflux ratio required to give the desired
distillate purity.

ln the typical batch distillation the liquid to be pro-
cessed is charged to a heated kettle, above which is
mounted the distillation column equipped with a con-
denser. Once the initial liquid is charged no more fred
is added. The liquid in the kettle is boiled, and the
vapors pass upward through the column. Part of the
liquid from the condenser is refluxed, and the remainder
is withdrawn as distiìlate product. Nothing is with-
drawn from the still pot until the run is completed.

Beeause the distillatc which is withdrawn is richer
in the more volatile component than the residue in the
still pot, the rcsidue rvill become increasingly depleted
in the more volatile component as the distillation pro-
gresses. Since the number of equilibrium stages in the
column is constant, the concentration of more volatile
component in the distillate will decrease as the still-pot
concentration decreases, if the reflux ratio is held
constant. This is shown in Figure 8.1. F is the
quantity of original charge of composition ir:r., Jf the
quantity of distillate of composition rp. and È the
residue in the still pot of composition *rr. At any time
during the distillation,

F:D*B
Fxy: Dxo * Bx'

(8.e)

(8. to)

(8.1 l)

If r/I/ moles of average composition (y) are formed by
vaporization, a materiirl balance for the more volatile
component gives

and

(8.2)

(8.3)

(8.4)

(8.s)

and

d(L*) : y- dY
xtlL*Ldx:-VtlV

Combination of Equations 8.1 and 8.3 gives

.rdL*Ldx:yttL

Since rhe entirc column is an enriclring section, there
rvill be only an enriching operating line. [t extends
initially between n, and an initial distillate composition
(:rr,,) which is determined by the reflur ratio. The
equation of the initial operating line is

LDUnir:Vt"*Vn»t
The column represented in Figure 8.1 is equivalent to
three equitibrium stages. The initial distillate composi-
tion is determined by adjusting the opcrating line of a
given slope until exactly three stages fit between r,
and rr,. As the distillation continues the concentration
of the more volatile component in the still-pot residue
decreases to the final value rrr. The composition of
the final distillate (:rrrr) is determined by an operatrng
line of the same slope as carlier and by the requirement
of exactly three equilibrium stages.

wlrich is called the Rayleigh cquarion. lntegrating over
a finite change from state I to state 2 gives

If:J#-

-Lolr-ln--:-ln -
Lr ,(- I nr

(8.6)

If the equilibrium relationship between y and r is
known, the right-hand side of Equation 9.6 may be
integrated. If Henry's law holds. V : ff.r:, anti

ln!: f" o*
Lr -ltr!-x

/,', .t L".V/
,/. ,,,,'o

(8.7)
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At any time during the distillation there are B moles
of composition ro in the still pot. lf dB moles of
composition s,, are removed from the colurnn, a material
balance for the more volatile component givcs
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(a) Determination of r, from rr.
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or Bru: (dB)uu + (B - dB){x, - d*r) (S.12)

Neglecting second-order differentials yields

dB _ dtu
B fiD-ett

Integrating from the initial to final still-pot condirions
(^F to .B) gives
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This equation is of thc samc form as ths Rayleigh
equation for djfferential distillation tEquation B.à).
Howsygl, a number of equilibrium srages are availablc
so that the relationship betwecn r7_, ind :r, must be
determined graphically and the right-hand side of
Equation 8.14 is integrated _eraphicàlly, after several
corresponding values ofr, and *o have been determined.
It should be noted that when only one stage is available,
Equation 8.14 reduces to Equation g.6.

Illustration E,I. One hundred pound moles of a mixture
of 20 mole percent ethanol, 80 molé percent water is charged
tr: the still pot of a batch distillation colurnn equivalent-to
three equilibrium stages. The distillation at a reÈux ratio ofI and I atm is continued until the resid,ue in the still pot
reaches a composition of 0.0J mole fraction ethanol. W'trat
is the quantity and average composition of the distillate ?

. :9:urg". . 
(Figure B.2a-) The slope of the operaring line

ir l/1. - 
The three.stages in the column ptus the stilt pot §ive a

total 
_of 

four squilibrium srages. The iàitiat *, is dèteràined
lry adjusting the operating linc of slope 3/il un-til exactly four
\lages Iìt between ,r:a and ,r-rri tnr :0.75, NoW variOUS
values of lÌD are chosen arbìtrari[ and r, is d.etermined
graphically-for each rr. Tlren l/(r, - ,r1 is ploued as a
function of r, and a graphical intefration" (Figure 8.2à) is
nrade.
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(à) Graphical integrarion ol Equation g.14.

l'igure 8-2. Solution to lllustration g.l-

I'r dt;^
| " : O.275

JtPTr:2 - tg

100
ln 

- 
: 9.27t

B :'16.2, D :23.9

Average distillate composition : +: 
O". 

; tn

_ ( r 0ox0.2) 
__.CI6.2x0.03)

- 0-745

In this case the average composition of the distillate is close
to its initial value since the change during the distillation was
small. In other cases rhe l*..ot" distillate composition may
be considerably less than the iniiial value.

. It is possible to maintain a constant distillate composi-
tion in batch distillation if the reflux ratio is continuously
increased during the run. Calculations in this case url

0.76
0.7s
o.74
o.72
0.70
0.68

a.22
0.20
0.10
0.04
0.03
0.02

r.85
r.80
l-6
1.5

1.5

1.5
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Figure t,3. Solution to Illustration 8.?.

identical with those illustratcd previously. except that
rr7 remains constant and the slopc of the operating line
(À/lz) must change to maintain a constant numl"rcr of
equilibrium sitàgcs bstwecn ,:.D and ,rF.

lllustratìort 8.2. A nrixture r'rf 35 rnole Fet'cent henzene

and 65 mole percent toluene is to he fractionated at I atnr

pressure in a batch column to rqcc!\'cr 60 pcr cent of thc
benzerrc in a tiistillate of cornposition 0.95 molc percent

benzcnc. The colurnn is equivalent to four equilibrium stage s,

(a) What is the initial reflux ratio?
(à) What is the final reflux ratio?

sor-urroN. (a) The initial reflux ratio is determined Lry

adjusting the slopc of thc operating line through r, : fl.fi : y
until exactly five stages fit betr+'ccn ;r" and 'r:r. From Figure
8.3, the slope is 0.t3, so r.hat the initial retlux railo is Lni D :
0.81(1 -0.8):4,

(b) One hundred pound moles charged: 35 lb moles

benzene, 65 lb molcs toluctrc.
Bcnzcne recovered in +listillate : (0,60X35) : 2t

Toluene in disrilliite : iE (2i-0) : 1.1
0.95

Final still-pot composition: Benzene : l4.O
Toluene : 63.9

._fif 
63.9 + 14.0

The operating line is pivoted around r.,, : 0.95 : +7 untii

exactly five stages fit between *,,r, : 0,18 and r, : 0.95. The
slope is 76i77, and thc reflux ratjo is (76177]i(.1 * 76177) : 16.
This value is close to total reflux- Operation at such a high
reflux ratio would require a large quàntity of heat per unit of
product and would be economically unjustifiable. Morc
benzenc coultl be recovered, but the purity of the distiltate
product would have to be reduced.

It is frequent§ tbund mÒst fcasible to maintain a
constant distillate composition at thc beginning of batch
distillation. When the reflux ratio has increased to an
economic or physical lirnit, it is held constunt for the
remainder ùf the run, and the distillate composition is

allowed to decrease until it rÈaches t predetermined limit,
at which time distillation is stopped.

In many batch distillation columns the liquid held up
on each plate of the column is appreciable. This must
tre taken into account when predicting the yield and
composition of distitlatc.

PROBLEMS

8,1. l)erive Ecluations 8.7 and 8.8.

8.2. ,{, Iiquid mixture of 65 mole p€rcent benzcne and 35 mole
persent toiuene is distilled with the vapor continuously rvithdrawn
as it is formcd,

(a) Whar i5 the cornposition of the liquiii aftcr 25 nrolc pcrccnt
of the original liquid has been vaporized?

(àl How much of the original liquid u'itl havc vaporizecl when the

equilibrium vapor has a composilion of 65 molc pcrccnt benzenr?
E.3. A vapor mlxture of 4Omole percent irexene and 60 rrrole

perL-snt heptane is slowlv conCensr:d at I atm and the eguilibrium
liquid is withdrawn as it is fornred.

(a) Wlrat is thÈ composition of the vapor afte r 50 molc percent of
ir has condcnsrd?

(à) If all the liquid formed were allowcd to remàin in contact
with the vapor what woukl be the conrposition t:i the vapcrr after
50 nrole percenl harl condensed ?

8,4, An equimolar mixture of bcnzcnc anC toluene is charged tu
the still pot of a batch distillation tower which is cquivalent to six

equilibrium stages, The distillation is carrierl out at I atm at ;r

constant reflrrx ratio of 3 until the concentration of benzene in tlrc
still pr.rt is reduced to 5 mole Percent.

(a) What is the avernge compositicn of the distillate?
(à) What is the over-all percenlage recoverv of benzene in the

distillate ?
(c) What is thc tcmperature in the still Pot irt the beginning and

at the end of thc run?
E.5, 95 pcr eent of the ethylene glycol in a 20 mole percent

ethvlcne glyccl- 80 mole percent water mixtur€ must bc recovered

in rhe rcsidrrc from a batch distillation totrer equivalcnt to three

equiiihriunr sragci: ii;rcìuding the stiil pot) ope rating at 22Ù mm tlg.
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EeLrIt.rERruM DATA:* ETHYLEIiE clYc(ll-\f,'Attl* ,r,r 2ftì nrnr llg

20 l30 l80 leo ler les

Temperarure,'c |69.5 | iz.s I 75.6 | 7E.E I 82.9

2.8 s.0 I r0.0 21.4 I 25.5 69,0o.70.4

Final operating line

0

Mole percent erhylene glycol

+ Trimble and Potts. Ind. Eng. Chem.,27,66 (1935).

87.7 93.1 100.5 i | 127.5 I r3z.o
I 35.0 | 46.5
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