respectively. From a comparison of
these average deviations it can be con-
cluded that Equations (9) and (12)
and Equations (10) and (13) can be
used to estimate force constants with
the same degree of confidence.

NOTATION

Q

= pressure van der Waals’ con-
stant, (cc./g.-mole)® atm.

b = volume van der Waals’ con-
stant, cc./g.mole
D = self-diffusivity, sq. cm./sec.
f = approximation coefficient
k = thermal conductivity, cal./sec.
cm. °K.
M = molecular weight
T = absoclute temperature, °K.
T. = critical temperature, °K.
€
Ty = normalized temperature, T/—
K
v, = critical volume, cc./g.-mole

Greek Letters

a = constant, Equation (7)

B = constant, Equation (8)

€ = maximum energy of attraction
for Lennard-Jones potential,
ergs

7 = ratio, Q(z,zm[TN]/f“(a)[TN]

K = Boltzmann constant, 1.3805 X
10 ergs/°K.

o = viscosity, g./sec. cm.

T = pressure, atm.

o = collision diameter for
nard-Jones potential, A.

Q" ?*[Ty]= collision integral function

0***[Ty]= collision integral function

Len-
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Six-Stage Vapor-Liquid Equilibrium Unit

ROBERT H. McCORMICK, PAUL BARTON, and M. R. FENSKE

Accurate vapor-liquid  equilibrium
data are of great importance in the de-
sign of pilot plant and industrial frac-
tional-distillation  equipment. Today
particularly, when compounds of high
purity are required for the petrochemi-
cal and many other industries, it is nec-
essary to know the factors that affect
the efficient separation of the com-
pounds in multicomponent systems.

Single-plate vapor-liquid equilibrium
units have been utilized for many
years in the study of binary systems
and relatively simple multicomponent
mixtures. Myers (1) developed a two-
plate equilibrium unit patterned after
the Othmer design (2) to more ac-
curately determine equilibrium data on
binary systems. The unit consisted of
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two glass stills equipped with conden-
sers and lines to connect the two stills.

But for mixtures in which the rela-
tive volatilities approach unity or for
mixtures which cannot be analyzed
accurately, the single- or two-plate
equilibrium units are inadequate for
the determination of accurate equilib-
rium data. A versatile multiplate vapor-
liquid equilibrium unit is needed.

Herring (3) developed a six-plate
vapor-liquid equilibrium unit which
contained six helix-packed sections of
Pyrex glass through which vapor and
liquid flowed concurrently on each
stage but countercurrently between the
stages.

The unit described in the present
work is a versatile six-stage unit which
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can be operated at pressures ranging
from atmospheric to 400 lb./sq. in.
abs., and at temperatures of 25° to
400°F. Each stage consists of a still
equipped with a condenser, a heater,
and a mechanical mixer. Auxiliary lines
connect the stages, so the terminal
samples represent a six-plate separa-
tion. Samples of vapor and liquid can
be removed from each of the stages so
that any number of the stages may be
utilized to determine equilibrium re-
lationships. For equilibrium data on
binary or multicomponent mixtures
that are difficult to determine accurately
in a single stage, this unit provides as
many as six stages. If the change in
composition over the stages is small or
if the relative volatility is not affected
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greatly by composition, the relative
volatility calculated directly from the
data may be assigned to the arithmeti-
cal average composition of the liquid
in the stills. If the relative volatility
changes appreciably with composition,
on the other hand, the conventional
X-Y diagram for vapor-liquid equilib-
rium of binary mixtures may be con-
structed from three- and five-plate data
by the method of Reed and Myers
(4).

The advantage of using a unit with
more than one stage in the determina-
tion of vapor-liquid equilibria is seen
from the following equation (5):

” ya Xy n

= VEF. (1)

o =

yb X

This equation permits the calculation
of relative volatility from the vapor
composition and liquid compesition in-
curred in a separation over n stages.
Thus, relative volatility is a function of
the nth root of the enrichment factor.
More accurate relative volatilities may
be calculated in this way for a given
analytical procedure than is possible
from a one-stage separation; for ex-
ample, if the relative volatilities for a
system from a single-stage equilibrium
unit deviate from 1.04 to 1.06 due to
inaccuracies in analysis, this deviation
can be decreased to 1.048 to 1.052 by
using a six-stage unit. This advantage
is important, because the most fre-
quent source of error in relative-vola-
tility determinations in conventional
single-stage units is caused by inac-
curacies or uncertainties in analyses of
the samples, rather than by the design
of the unit.

Even though the greatest use of this
multistage equilibrium unit will be to
determine data on systems with a low
relative volatility, or those difficult to
analyze, it can also be utilized advan-
tageously for mixtures that can ordi-
narily be studied in a single-stage unit.
By sampling intermediate stages when
studying such mixtures, one can deter-
mine equilibrium points over a rela-
tively wide concentration range in a
single test.

FLOW DIAGRAM

Each of the six individual stages in the
unit is patterned after the Othmer equi-
librium still and has a separate condenser.
Auxiliary flow lines connect the stages.
The complete unit is mounted inside a
thermostatically controlled, well-insulated,
constant-temperature box. A schematic
drawing of the unit is shown in Figure 1.
The vapor rising from the boiling liquid
in the first still is condensed (D:) and
flows into the second still, where it is
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mixed with the liquid in this still. The
vapor rising from the second still is con-
densed (D:) and flows into the liquid in
the third still, and so on. The vapor leav-
ing the sixth still is condensed (Ds) and
returned to the boiling liquid in the sixth
stil. A weir or overflow tube in each of
the stills, except still 1, maintains a con-
stant level in each still. In this way the
liquid from a still overflows (Os, Os, Oy, O,
and O;) into the lower numbered still.
Any excess liquid charged to the unit
eventually overflows into the first still.

When the unit is operating at steady
state and total reflux, the composition of
the liquid in the second still is the same
as that of the distillate from the first still,
the liquid in the third still is the same as
the distillate from the second still, and
50 on.

For the unit to operate as six theoretical
plates or stages, which would meet true
equilibrium conditions, the vapor leaving
each still must be in equilibrium with the
liquid in that still. In case any or all of
the stills consistently yield more or less
than one theoretical plate, a steady state
can be reached that does not represent
true equilibrium conditions. The experi-
mental conditions necessary for true equi-
librium were established by studying the
unit with binary hydrocarbon mixtures for
which equilibrivm data are known.

CONSTRUCTION

A scale drawing of a single stage is
shown in Figure 2. The complete unit
comprises six of these stages, connected
as shown schematically in Figure 1. The
main part of the stage consists of a series
13-R-20 Jerguson gauge especially de-
signed so that all the parts shown in Fig-
ure 2 might be fitted into or attached to
it. All parts in contact with either vapor
or liquid are stainless steel in order that
a wide variety of chemicals may be
studied.

The still for each stage is a 3.7-in.
length of 1-in. O.D. stainless steel pipe
welded to the bottom of the Jerguson
gauge. Heat is supplied to the still elec-
trically.

Contacting of the boiling liquid with the
rising vapors and mixing of the liquid
streams entering each still are enhanced
by the use of a magnetically operated
bucket pump which lifts the liquid from
the still and sprays it down through the
rising vapors. The positions of the various
parts of this mixing device are illustrated
in Figure 2. A detailed drawing of the
bucket pump is shown in Figure 3. The
amplitude, or length of stroke for the
pump, is 0.3 in. The frequency of the
pump stroke can be changed from 120 to
250 cycles/min. The capacity of the pump,
using a cold liquid, varies from 170 ml./
min. at 120 cycles/min. to 360 ml./min.
at 250 cycles/min.

Each stage has a separate cold-finger
condenser as shown in Figure 2. A 3-ml
reservoir for sampling, through which the
condensed distillate continuously flows, is
directly beneath the condenser.

The complete six-stage unit and auxili-
ary parts are mounted in a well-insulated
box in which the temperature can be con-
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trolled from about 25° to 400°F. Electric
heaters mounted in the box supply the
heat, and a refrigerating system supplies
cooling to the box and to the condensers.
The box is 63 in, long, 43 in. high and
14 in. deep. It is fabricated from 3%-in.
Transite sheets bolted to a 1.5-in. angle-
iron frame. Soft asbestos boards with
aluminum foil between the two layers are
mounted on the inside of this frame to
supply insulation.

A window was placed directly in front
of each stage so that the operation might
be observed. To prevent a possible ex-
plosion due to a leak of hydrocarbon, a
carbon dioxide atmosphere is maintained
inside the box. A blower constantly cir-
culates the gas in the box, and over the
heaters, which are mounted in an annular
space along the inside of the box, or over
the cooling coils in an external refrigerat-
ing system.

The six stages are connected through
a common manifold attached to the top
of the cold-finger condensers. Thus each
still operates at the same pressure. A surge
tank is connected to the manifold for
elevated-pressure operation. Nitrogen or
some other inert gas is used in the surge
system to maintain the desired pressure
above the condensers during operation.

Thermocouples are mounted in each
still to determine the temperature of the
boiling liquid. Thermocouples are also
mounted at several places in the air space
in the box, and the heat input is regulated
to yield a constant temperature in the box
and adiabatic operation for the individual
stages.

OPERATION

The total volume of liquid required to
operate this unit satisfactorily is 50 to 55
ml./stage, or a total of 300 to 350 ml,
depending somewhat on operating con-
ditions. The total space occupied by
vapors, exclusive of the surge system, is
about 100 ml/stage. The surge system
has a total volume of 4,700 ml.

In operation the boil-up rate in each
stage can be varied from 5 to 35 ml./min.
This corresponds to replacing the total
volume of liquid in each stage by liquid
overflowing from the next higher stage
every 2 to 10 min. The condensate reser-
veir at the bottom of each condenser has
a volume of 3 ml. and is so built that it
is continuously purged. At the boil-up
rates mentioned, this reservoir is purged
2 to 12 times/min. The vapor in the unit
is replaced or purged from 1 to 70 times/
min., depending upon the boil-up rate,
the pressure, and the temperature of
operation. For a three-carbon atom hydro-
carbon at 300 lb./sq. in. abs., the 100-ml
vapor space/stage would yield about 6 ml.
of liquid hydrocarbon.

The bucket pump stirs the boiling lig-
uid, mixes the liquid streams which enter
the still, and provides additional contact
between the vapor and liquid. Lifting the
liquid from the still and spraying it down
through the rising vapors effectively in-
creases the vapor-liquid contacting. It is
estimated that the pumping rate for the
liquid at its boiling point can be varied
from about 100 to 250 ml./min., which is
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Fig. 1. Flow diagram of six-stage vapor-liquid equilibrium unit.

equivalent to pumping the total liquid in
the stills from 2 to 5 times/min. The ratio
of the pumping rate to the boil-up rate
can be varied from about 3 to 50. By
maintajning this ratio high, the rising
vapor contacts more liquid and as a result,
equilibrium should be more nearly ap-
proached.

The vapor travels about 3 in. beyond
the liquid spray from the pump outlet
before it enters the condenser section.
Tests which employ binary hydrocarbon
mixtures with known relative volatilities
have shown that this space is sufficient to
eliminate entrainment of liquid droplets in
the vapor.

It is important that the temperature of
the box be maintained close to that of
the liquid boiling in the stages. If the
temperature is too high, vapor lock may
occur in the connecting lines and stop or
retard the flow of liquid. Also any liquid
splashed on the walls of the vapor-liquid
contacting section would be flash vapor-
ized, resulting in a somewhat lower stage
efficiency. If the box temperature is too
low, condensation on the walls of the
stages occurs and, due to the concentra-
tion gradient set up by the partial con-
densation of the vapors, an efficiency ex-
ceeding 100% may result.

The unit operates most satisfactorily
when the temperature of the box is main-
tained within = 5°F. of the boiling point
of the liquid in the stills. This tempera-
ture gradient does not appreciably affect
the number of theoretical stages in the
unit,

After all the operating conditions have
been regulated and are constant, at least
3 hr. is required for equilibrium to be
reached. All streams should be flowing
evenly because an interruption in any of
these flows changes the liquid levels and
disrupts the equilibrium in the stages.

At temperatures above 300°F. the pres-
ent electric solenoid coils used to operate
the bucket pumps should be removed,
since the insulation on these coils decom-
poses at such temperatures. Without the
solenoid coils the pumps are inoperative,
and so, as only natural convection is avail-
able for liquid mixing, the amount of
vapor-liquid contact is reduced. Under
these conditions at least 5 hr. of continu-
ous running is needed to reach equilib-
rium conditions.
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One method of removing samples from
the unit is to withdraw the desired sam-
ples simultaneously while the unit is in
operation. A more convenient method,
however, is suddenly to increase the pres-
sure of the unit about 50 lb./sq. in. by
adding additional inert gas while simul-
taneously shutting off the still beats and
the pumps. This stops the boiling in the
stills and the vapor sample reservoirs re-
main full, in effect “freezing” the equilib-
rium compositions. The vapors are con-
densed and this material then mixes with
the liquid in the still. Since the vapor
composition is different from that of the
liquid, the resulting mixture in the still
is not an equilibrium sample. Therefore
the only still sample used in the relative
volatility calculations is that' from the
first still, which is removed before shut-
ting down the unit with increased pres-
sure. For all the other stages the distil-
late samples are utilized.

For operation at atmospheric pressure
or relatively low pressures, the amount of
vapor condensed is small, 0.5 to 1.0 cc.,
and does not appreciably affect the re-
sults. In these cases the still samples can
be used for relative volatility calculations.
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EFFICIENCY TESTS

To determine the efficiency and to
study the conditions necessary for opti-
mum operation, the unit was tested

PUMP SHAFT

-PUMP DISCHARGE LINE

i

BUCKET \g

#1.—BALL AND CAGE VALVE
-ASSEMBLY

= ues

PUMP BODY O.50 IN. -
INSIDE DIAMETER

BALL AND GAGE VALVE
ASSEMBLY

{4
1

q

Fig. 3. Bucket pump. used in six-stage vapor-
liquid equilibrium unit. The entire pump has
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TaBLE 1. E¥FicieENcy TEsTs ON Six-PLATE Vapor-Liouip EQuiLiBrium UNiT

No. of
Average Sample composition, mole % theoret-
temper- (first component listed ) ical plates
ature in Pressure, Distillate,  Bottoms, Relative®  [calc. from
Testno. stills, °F. Ib./sq.in. abs. sixth stage  first stage volatility eq. (1)]
Test mixture: methylcyclohexane:toluene
1 215 atm, 67.3 29.6 1.305 5.95
2 215 atm. 67.3 26.7 1.315 6.35
3 215 atm. 68.0 27.1 1.31 6.45
4 215 atm. 67.9 27.3 1.31 6.35
5 215 atm. 68.1 28.6 131 6.25
6 214 atm. 67.9 27.9 1.31 6.3
7 213 atm. 67.8 26.9 1.315 6.4
8 215 atm, 66.8 26.3 1.315 6.35
Test mixture: n-heptane:methylcyclohexane
9 206 atm. 53.7 43.4 1.074 5.85
10 206 atm, 53.6 43.2 1.074 5.9
Test mixture: n-decane:trans-decahydronaphthalene
11 354 atm, 66.1 29.3 1.29 6.05
12 357 atm. 65.9 27.9 1.29 6.3
13 355 atm. 66.9 20.9 1.29 6.1
14 354 atm. 66.1 27.8 1.29 6.35
Test mixture: propylene:propane
15 90 185 65.4 47.2 1.135 5.9
16 139 341 58.8 44.9 1.10 5.9
Average 6.2

* Relative volatility data

Methyleyclohexane-toluene (8)
n-heptane:methylcyclohexane (8)
n-decane:trans-decahydronaphthalene (6)
Propane:propylene (7)

with binary hydrocarbon test mixtures
of methylcyclohexane:toluene n-hep-
tane:methylcyclohexane, and n-decane:
trans-decahydronaphthalene at atmos-
pheric pressure, and with propylene:
propane at higher pressures. The equi-
librium data for these four systems are
fairly well established. The relative
volatility for methylcyclohexane:tolu-
ene varies from 1.08 to 1.63, depend-
ing upon the concentration of the two
hydrocarbons, while that for n-hep-
tane:methylcyclohexane is constant at
1.074 over the entire concentration
range. The n-decane:trans-decahydro-
naphthalene system has a constant rela-
tive volatility of 1.29 over the concen-
tration range studied (6). For the
propylene:propane system, the relative
volatility ranges from 1.10 to 1.135
(7).
The equilibrium samples for the first
three systems were analyzed by refrac-
tive index measurements, and gave
compositions which are accurate to
=+ 0.3 percentage units. The propylene:
propane system was analyzed by gas
chromatography with an accuracy of
=+ 0.5 percentage units.

The efficiencies, or theoretical plate
measurements, for sixteen tests made
on this unit with these four test mix-
tures are shown in Table 1. Other tests
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were made to establish the optimum
operating conditions. The theoretical
plate values for the toluene: methylcy-
clohexane mixture vary from 5.95 to
6.45, and in most cases the values are
somewhat higher than six plates. It is
interesting to note that even though
the relative volatility of this test mix-
ture varies from 1.22 to 1.42 over the
concentration range, the relative-vola-
tility values used, which correspond to
the arithmetical average composition of
the liquid in the six stills, gave values
of efficiency identical to those deter-
mined by a graphical method derived
from plate-to-plate calculations. This
latter method takes into account the
change in relative volatility with com-
position.

The two tests using the n-heptane:
methylcyclohexane mixture show good
efficiencies of 5.85 and 5.9 theoretical
plates. The n-decane:trans-decahydro-
naphthalene mixture gave values rang-
ing from 6.05 to 6.35 theoretical plates
without the use of the pumps. In run
13 the samples were simultaneously
withdrawn during operation of the
unit; whereas in the remainder of the
runs the unit was shut down with in-
creased pressure before sampling. The
data indicate that both methods of
sampling are satisfactory.
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The two tests with propylene:pro-
pane gave efficiencies of 5.9 theoretical
plates, operating at pressures of 185
and 341 1b./sq. in. abs.

The overall average of the sixteen
tests is 6.2 theoretical plates. All these
tests are considered satisfactory and
much of the deviation from 1009, ef-
ficiency can probably be attributed to
analytical inaccuracies and to uncer-
tainties in the relative volatility data
used for the test mixtures. Other
sources of deviation from 1009, effi-
ciency relate to the operation of the
unit and have been discussed earlier.

Equilibrium samples from the indi-
vidual stages showed deviations of as
much as 109% in the theoretical plate
value, but in the majority of the tests
each stage yielded from 0.94 to 1.06
theoretical plates. Much of this devia-
tion can be attributed to analytical un-
certainties.

It is very probable that uncertainties
in the analyses and in the relative vol-
atility data used account for deviations
of up to = 0.2 theoretical plates for a
six-stage separation. Thus the six-stage
unit can be considered to operate as
six theoretical plates.
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NOTATION
a = more volatile component
b = less volatile component
. X
E.F. = enrichment factor = Yo T
b Xa
n = number of theoretical plates
a = relative volatility
Y = concentration in vapor, mole
%
X = concentration in liquid, mole
%
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