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OBJECT

The object of this thesis was tc study
the rectification of mixtures of the lighter
hydrocarbons, as exemplified by the binary,
propylene—isobuﬁane, at pressures ranging from
those now common in commercial gasoline
stabilizing columns (250#/in.) up to the

critical,



ABSTRACT

An experimentgl high pressure
rectifying apparatus was designed and built and
a technic for its operation developed.

The still was charged with a mixture
of propylene and ise-butane and runs were made
at total reflux at pressures from 228i/in,?

absolute to 522/ /in.® absolute,



Rectification became less effectual with
increasing pressure. The effectiveness decreased
rapidly as critical condltions were closely
approached.

The maximum permissible vapor veloclty
diminished rapidly near the critical region and the
column became excgedingly difficult to operate.

The analysls and boiling point of the
bottoms calculated using the fugacity charts and
fugacity ruie checked the experimental values
fairly well at 228#/in.® absolute, but deviated

considerably at higher pressures.



INTRODUCTION

Although experts are at variance as to
whether the developmentslin cracking or in distillation
have been of greater importance to the petroleum
industry, there can be only the most hearty accord
that each 1s a preeminent necessity and one whose
use would be trammeled without the other. These
two major phases of the oil industry have by no
means assumed the static pall of standardized practice.
There is too much at stake in an industry so large
and traditionally so progressive. Hence, little
is the respect for the status quo under the pressure
of natural economic forces.

The polymerization of olefins to
gasoline is one of the recent ocutstanding results
of the struggle for competitive advantage. The
coming of polymerization has created new problems
in cracking and distillation. There need be no
fear that the oll industry with its heralded
resourcefulness and daring extrapolation will fail
to arrive at practical solutions with dispatch.,.
However, the haste with which it must work does
not always permit it to arrive at a consummate

design or process, let alone a sound theoretical



basis which is of great importance in future work.

It is the purpose of this thesis to study
one of the aforementioned phases of the oll industry,
distillation, under operating conditions which
heretofore have not been used commercially. The
coming of polymerization has created a tremendous
problem in the rectification of the lighter hydro-
carbons (those which are gases under atmospheric
conditions). There are three alternatives in
maintaining a liquid phase with these hydrocarbons
so that rectificatien may be carried out, low
temperature rectifiéation, rectification in the
presence of a non=volatile soclvent, and rectification
under pressure. The latter method appears now
to be the dominant one and will be the subject
of this investigation.

It presents am interesting suybject for
study because of the limitations on rectification
at pressures approaching and in the critical
region of the components. These limitations
are on completeness of separation and on
capacity. The first is caused by the bowing
down of the vapor-liquid equilibrium curve with
increasing pressure until eventually one or more
discontinuities develop in the curve and finally
only a single phase can exist. The limitation

on capacity is imposed by the maximum allowable



vapor velocities which fall off markedly near the
critical as vapor and liguild densities approach each
other. The investigation also offers an
opportunity to check up on the fugacity rule and
fugacity charts at elevated pressures.

The limitation on separation mentioned
above has been pointed out by Cummings (1,2),
for the case of binary mixtures. He has shown
that separation may be effected with increasing
difficulty at pressures up to the critical pressure
of the component with the lower critical pressure,
and within limited ranges of concentration
between this pressure and the maximum pressure
which a two phase mixture can supvort (which may
be higher than the critical pressure of either
pure component). Above this maximum pressure,
there can be only one phase, and rectificatlon,
of course, 1s impossible.

However, designers of oil refining
equipment claim remarkable separation in the
critical region (4) as e.g., obtaining a practically
pure constituent in the distillate when operating
above its critical pressure. It is proposed to

settle this question.



Gunness (5) has recently studied the
operation of a commercial stabilizing column
operating at 265i/in.® and has obtained good
agreement between the measured boiling points on
the various plates and those calculated from the
liguld analysis and pressure using the fugacity
charts and the Lewils and Randall fugacity rule.
However, the fugacity method fcr calculating
vapor-liguid equilibria has 1ot been checked at
pressures near the critical; This investigation
will throw some light on the use of fugacities
at high pressures.

The carrying out of this program
narrows down to the designing and building of a
suitable apparatus, the preparation of pure hydro-
carbons, and successfully maintaining steady
conditions during runs.

A binary mixture is used for simplicity

in thls first attack upon the problem. A mixture

of olefin and paraffin are used (propylene-iscbutane)

to ensure easy analysis of product and bottoms.
Runs are made at total reflux becdause this type
of operation yields the desired data most

conveniently.



SUMMARY OF PROCEDURE

A still, packed column (== 10 plates), and comdenser

together with numerous appurtenances were designed
(see Figure I) and built on the basis of chemical
engineering principles and strength of materials.
The apparatus waes adequately tested and found safe
at pressures far above the critical pressure of any
hydrocarbon,

The still was charged with the proper amount,
of a mixture of propylene and lsobutane and steady
state runs were made at total reflqz/g;essures
from 228#/in.  ebsolute to 522#/in.? absolute.

The pressure and temperatures of bottoms, vapor

at the teop of the column, and reflux were record:d
for each run., samplesa. of botﬁoms and product
were taken and analyzed in an Orsat apparatus.

The condenser cooling water rate and temperature

rise were measured.,.
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RESULTS

The results in the following tables and

plots were obtained from four runs at total

reflux with the binary, propylene-isobutane.

After Run #1, the still was recharged with a

new mixture of propylene-isobutane.

Runs #2,

#3 and #4 were made with the same charge.

=

TABIE I
Run Absolute Analysis  Analysis Superficial
No. Pressure of of Vapor Veloclty,
Atm, Bottoms Product ft./sec.;
% CaHe % CsHe Reduced to basis of
1 atm. by settling
formula
1 3l.3 16.0 98..5 0.48
2 15.5 272 99 .9+ 0.54
3 31.3 20.9 99 .4 0.48
< 3545 6.2 73.0 0.10
TAELE II

Run Pressure Bnalysis Calculated®* Temperature Calculateds#
No., Atm, L of Composition  of Boiling Point

Cottoms _of Sottoms, of Bottoms

7 CzHe Bottoms 0. it <

% CsHe

1 31.3 16.0 4,5 122.5 113.0
2 15.5 27 .2 22.5 T2l 70,0
3 3l.3 20.9 11.6 117,0 169 .2
4 3545 6.2 ©See Notes#s 139,00 0 eeee-

#Calculated from the measured temperature and pressure using
the fugacity rule and the fugaclty charts.
##Calculated from the measured pressure and analysis using
the fugacity rule and the fugacity charts.
###A dense phase existed in the still at a temperature above the
critical temperature of isobutane.

of isobutane = 136.6° C.

Number of theoretical plates in column =

Critical temperature

10.

(Calculated from the Fenske (3) equation).
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DISCUSSION OF RESULTS

An analysis of the results may best be made
by a consideration of Tables I and II and Figures
2 and 3.

Table I shows how the concentration of propy-
lene 1n the product falls off with increasing
pressure, slowly at first and then rapidly in the
vicinity of the critical. This was expected from
our knowledge of vapor-liquid equilibria as pointed
cut by Cummings (1,2). The decrease in efficiency
of separation is brought out more clearly in
Figure 2 which shows the ratio of propylene to
1sobutane in the product divided by the same ratio
in the bottoms plotted against the pressure.

This ratio is called the "effectiveness",

The vapor velocities (Table I) definitely
show that the packing was wet. They were calculated
from the heat taken out in the condenser cooling
water plus a small correction due to heat loss
from the lagged condenser. There was no heat

was well
loss from the column for it/lagged and wound with
electrical heating colls. The amount of electricity
passing through the coils was regulated so that
the temperature drop across the lagging at four
different points as measured by thermocouples

wa.s negligible. Although for total reflux !



heat loss from the column does not affect the
operating line it was necessary to have no heat
loss in the vicinity of the critical where heats
of vaporization are small and the operation of
the column is a delicate task.

The vapor velocities in Runs #1, #2 and
#3 were not maximum vapor veloclties, l.e., a
slightly increased vapor veloclty did not cause
flooding. However, the low vapor veloclty of
fun #4 was just about the maximum attainable,
It was run at this velocity in order to get sufficlent
liquid at the top of the column as read by the
gage glass in order to be sure that rectification
wag taking place and to ensure a good sample of
product, With just slightly less heat into the
still nothing was obtalned at the top. Thus
the operation of the column was difficult at the
conditions of Run #4 and it took a long time to
obtain steady conditions, since they could only
be obtained by minute changes in the heat supplied
to the still,

In Run #4 the temperature of the still
was 139.,1° C, which is 2.5° C. above the critical
temperature of isobutane., The pressure was
35.5 atmospheres, 0.3 of an atmosphere below
the critical pressure of isobutane. Henge, a
dense phase existed in the still (at least in

the lower part where the thermocouple junction



was and the electrical heating coill) through which
heat was transferred by conduction and convection
to the material in the cclumn where there was a
liquid phase and rectification was actually taking
place. Of course, the heat may have been transferred
to the column along the walls of the still, To
make the picture complete the tenperature at the top
of the column was 81° C., 11.4° C. below the
critical temperature of propylene and 9.5 atmospheres
below the critical pressure. According to the
information that Cummings (1,2) gives, the column
should have operated differently. Enough propylene
should have migrated to the still to bring its
temperature down below the critical tempefature for
isobutane and in turn enough propyléne should have
left the still to maintain the pressure in the
column. However, the contents of the still probably
formed a dense stagnant phase and there was
insufficient mobility to bring about a redistribution
of material in still and column,

Table II compares the measured boiling
point and analysis of the bottoms with those
calculated using the fugacity charts and fugacity
rule. It is noted that measured and calculated
values check fairly well for Run #2 at 15.5
atmospheres. At 31.3 atmospheres the values differ
considerably. The boiling points cheeck much

better than the analyses.

B



Figure 3 shows the temperature and
pressure at the top of the column for Runs #l, #2
and #3 plotted with the vapor pressure curve for
propylene. The propylene at the top of the column
for these runs was essentially pure (99.5%,
99.9%+, 99.4% respectively) and the temperatures
and pressures should check the vapor pressure curve.
The excellent agreement verifies the careful
calibration of thermocouples and pressure gage.

The propylene used was prepared by
the catalytic dehydration of pure lsopropyl alcohol
over alumina. It contained about 4.5% hydrogen
in the vapor phase above liquid propylene. This
hydrogen, however, merely collects at the top of
the condenser as an inert gas. The isobutane
was purchased from the Ohio Chemical Company.

It was of a purity of 99+% and contained no
unsaturateds. in Run #1 the propylene was put
into the still as a liquid. Since the bottoms
analysis did not check the analysis calculated
from the fugacity charts it was felt‘that the
propylene might have contalned a small amount of
unreacted lsopropyl alcohol. Hence, the still
was recharged using propylene from the vapor
phase and this second charge was used for Runs
2, #3 and #4. Thus, the propylene used

underwent a simple distillation. Because of the
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great relative volatility between propylene and
isopropyl alechol, the propylene charged would
contain a negligible amount of isopropyl alcohol
even 1f the liquid phase did contain a small
amount. Lt i1s noted that measured and calculated
analyses differed widely wiﬁh this second charge
also, indicating that the deviations in Run #1
were not caused by the presence of any isopropyl
alcohol.

lhe number of theoretical plates in the
column was calculated from the Fenske equation
(3) using an averaze of the relative volatilities
at still and top of column. The value of 10
was taken as the average of 10.6 for Run #1 and
9.5 for Run #2. It is fairly accurate even though
the propylene concentration in the product was
so high (99.5%) that a slight error in its analysis
throws off the ratio of propylene to isobutane
considerably. This is because the number of
plates depends on the logarithm of the ratio of
concentrations., Run #4 had concentration ratios
more suitable for use in the Fenske equation but
it was in the crifical range and the relative

volatility calculated from the fugacity charts
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would not be suitable., Run #3 had an unsuitable
concentration ratio in the product. Ten plates
are close to what would be expected for the type

and amount of packing used.
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CONCLUSIONS

The following conclusions on high pressure
rectification were reached.

1. The effectiveness of rectification
diminishes with increase in pressure, slowly at
first and then rapidly as critical conditions
are closely approached.

2. The capacity of a rectifying column
decreases rapidly as critical conditions are
approached.

3¢ The use of the fugacity rule and
present fugacity charts in the calculation of
vapor-liquid equilibria at pressures not far
from the critical gives results which are only

roughly approximete.



RECOMMENDATTIONS

It is recommended that:

1. Rectification should not be carried
out at pressures near the critical.

2. The approximate nature of vapor-
1igquid equilibrium calculations for high pressures
by means of fugacities should be recognlzed.

3, A more complete investigation of
high pressure rectification should be made using
the same apparatus with the changes recommended
in Appendix A, The proximity to the critical
at which it is practical to operate'should be
found. & study should be made of pressure drop
through the column and maximum vapor velocity
with increasing pressures.

4, A comprehensive investigation of
the high pressure vapor-liquid equilibria of

hydrocarbons should be made.

I
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APPENDIX A

Design and Construction of Apparatus,

The apparatus used for the high pressure
rectification is illustrated in Figure (1). It
was bullt using high-pressure technique and tested
strong and leakproof at 3000#/in.?., The details
of the construction are given below.

Still: The still consisted of a seamless steel
tube 1/4"™ thick by 3" inside diameter by 12"

long. The bottom congisted of a steel cap whd
the tog/gggnected to the column by means of two
flanges bolted together with eight 34 " bolts.

The connections were made tight by means of

copper gaskets.

Column: The column consisted of a seamless

steel tube 1/4" thick by 1" inside diameter by

72" long. It was packed with 40" of 1 /4"

carbon raschig rings for a preliminary calculation
showed that this would give a separation of from
5% in the bottoms to 95% propylene in the product
for a propylene~isobutane binary at moderate
pressures. liore packing would mean better separation
and more difficult problems of accurate analysis

of product and bottoms. Less packing would not

be sultable for a mixture such as propylene-propane

or isobutylene isobutane. The top of the column



was closed by a cap of 2" hexagonal steel stock.
Condenser: <Lhe condenser consisted of a piece of
seamless steel tubing 1/4" thick by 1" inside
diameter by 14" long. It contained a cooling coil
of ordinary 3/16" copper tubing 14' long and wound
in the form of a compact helix. In the design

of the condenser the maximum required condenser
capacity was calculated as a function of pressure.
It is of interest to note that the maximum
required capacity goes through a maximum, This is
because material capacity increases, and heats

of vaporization decrease with increase in
pressure.

The ends of the condenser were closed
with 2" hexagonal steel caps. The two terminals
of the cooling coil were soldered into the top
cap. The condenser was connected g the top of
the column by means of a 2" length of high
pressure pipe of 1/2" inside diameter.

Reflux Line: A 16" piece of high pressure pipe

3/8" inside diameter was connected to the bottom
of the condenser, A high pressure cross was
connected to this pipe. A line of ordinary 1/4"
copper tubing was connected from the cross to
the side of the column. Thus, reflux dropped
directly down from the condenser through the
plpe, cross, and tubing into the colummn. The

plpe and cross together served as a trap from

=iy



which a liquid sample could be obtained. A 5/64"
sharp edged orifice was located in the connection
between the cross and the tubing. The height

of liquid in the pipe above the orifice could be
read in a gage glass, ipndicating the reflux rate.

Gage Glasses: Two high pressure gage glasses

were used. One was connected to the bottom and
top of the still to indlcate the liquid level as

an aid in charging the still and running the

apparatus. It also served to indicate the pressure

drop through the column when used in conjunction
with a combination of Valves and lines (see under
Valves). The other gage glass was connected to
the bottom and top of the reflux liquid trap.
It showed the presence of reflux and the height
of liquid reflux above the orifice, indicating the
rate of flow.

The gage glasses were made of 12" lengths
of 8 mm. soft glass capillary tubing with a
bore of 1.3 mm, They were connected at each end

steel

to 1" hexagonal/stock connectors by means of
rubber packing.glands, Rubber was found to be
the only satisféctory packing. A gage glass was
tested at 5,000#/in.? without leaking through the
packing glands: or breaking. However, the same
gage glass broke a few moments later at 1500#/in.=2

after being subjected to intermittent pressures.

g,
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Valves and Lines: There were five high pressure

valves on the apparatus. The seats were made of

brass and the needles of stainless steel to insure
tightness. All lines were of 3/16" high pressure

copper tubing.

There was a valve in a line connected
to the top of the condenser. This lime was for
purging inert gas out of the condenser or connecting
the condenser with a supply of inert gas for the
purpose of maintaining a constant pressure
in the apparatus.

A lime and valve were connected to
the bottom of the still for the purpose of obtaining
a sample of the bottoms. The line terminated
in the middle of the still and 4" above the still
floor level so that a good sample of boiling
liquid was ensured.

A line and valve were connected
to the liquid trap so that a sample of prodict
could be obtained. The line ended in the pipe
part of the trap rather than in the cross in order
to insure a good sample of product and avoid

any error due to stagnant tiquid,

-] -
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Iwo valves and a line were used in conjunction
to obtain the pressure drop through the column.
The line was connected from the top of the gage glass
for the still to the top of the column. One
valve was in this line; the other valve was in the
line connecting the top of the gage glass to the
top of the still. When the valve in the line
to the top of the column is closed and the valve
to the top of the still is open, the gage glass
indicates the level in the still. When the valves
are turned vice versa the level in the gage glass
rises and the amount of rise shows the pressure
drop through the column.,
Lagging: The column was well lagged, The still
was lagged in order that heat from an electrical
heating coil would be driven into it. The
condenser was lagged in order to get an accurate
measure of the vapor velocity from the cooling
water rate and temperature rise.

Heating Coills: The stl1ll was heated by an

electrical heating coll in the lower part so
as not to superheat the vapor from the still.
The column was wound with electrical heating
colls on the outside of the lagging in order to
have no heat loss. The amount of heat was
reculated until there was no temperature drop

across the lagging.,



Thermocouples and Pressure Gage: There was a

thermocouple for measuring the temperature of the
liguid in the still, one for the temperature of the
vapor at the top of the column and another for
measuring the temperature of the reflux in the trap
a8 it runs through back into the column.

There were thermocouples on the column
at four different points (1/8, 3/8, 5/8, 7/8 marks).
One jﬁnction wasg on the inside of the lagging and
the other on the outside. The heating coils were
regulated to give no temperature difference across
the lagging.

A pressure gage was connected to the
still.

RECOMMENDATIONS

Gage glasses of larger bore should be
used to prevent slugginge.

A longer gage glass should be used for
the still for the pressure drop through the
column is quite large.

A larger pipe should be used to connect
the column to the condenser, The pressure drop
through the pipe now used is so large that 1t
throws the orifice reading off and may limit

maximum vapor velocity at the lawer pressures

- RO
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APPENDIX B

PROCEDURE

The still was charged with a calculated
amount of propylene and isobutane sufficient to
enable critical conditions to be reached and at the
same time not so much as would cause the liquid
in the still to rise up into the column under
any operating conditions. The amount was 14.4 oz.
of isobutane and 5.6 oz. of propylene. The
isobutane was charged first and then the propylene.
The apparatﬁs was evacuated and the isobutane put
in under a liquid head. The propylene, of course,
required no ligquid head as its partial pressure

in the still was greatly reduced through solution

in the isobutane. The amount charged was determined

from the still gage glass level and checked by
weighing.,.

In Run #1 the still was charged with liquid
propylene. After Run #1 the still was recharged.,
This time propylene was taken from the vapor
phase of the tank and thereby the possible presence
of isopropyl alcohol in the propylene was avoided.
The second charge was used for Runs #2, #3 and

#4e

-20-



All runs were made at total reflux. The
heatingcoils on the column were regulated until
there was no heat loss. When the steady state
wa s reached the pressure and temperatures of
bottoms, vapor at the top of the column, and reflux
were measured. ’The cocling water rate and temperature
rise were measured. Samples of bottoms and
product were taken slowly so as not to change
operating conditions during sampling. A
preliminary sample of sufficient size to purge the
lines was taken and discarded; then a good sample
was taken. These samples were collected in
asplrator bottles and analyzed in an COrsat
apparatus using bromine water to absorb the propylene.
The bromine was scrubbed from the gas with sodium
hydroxide solutioﬁ.

The pressure was regulated by means of
inert gas in the condenser. Regulation by means
of cooling water rate would prove unwieldy due to
fluctuations in the water line pressure, Run #1
was made with a tank of elty gas connected to the
top of the condenser. Rung #2, #3 and #4 were
made with only a small amount of city gas in the

condenser as a cushion,

el



The apparatus was difficult to regulate
in Run #4 which was made in the vicinlty of the
critical.,

Condensation in the gage glasses

prevented obtaining readings. The tops of the gage

glasses were then connected to the top of the
condenser in order to have an inert gas above
the liquid. The gage glasses were then
satisfactory.

Hecommendations:

The pressure should be controlled by a
small cushion of inert gas in the condenser rather
than connecting the top of the condenser to a
tank of inert gas. In this way steady ccnditions
are easily maintained and there is no danger of
lecsing some of the hydrocarbons into the inert
gas tank,

A gas lock of small capacity should
be used to have suitable control cver the amount
of inert gas added to the condenser,

Changes in the heat supplied to the
still should be made slowly if steady conditions
are to be made in a minimum of time, especially

at the higher pressures,

o



APFENDIX C

Preparation of Hydrocarbons

Thanks are due %o Dr, E,R.Gilliland
for the preparation of the propylene. It was
prcduced by the catalytic dehydration of pure iso-
propyl alcchol. The reaction was carried out at
300° C., over alumina supported on pumice. The
propylene was collected 1n a gas holder and con-
densed into a tank by means of a dry lce bath.

A vapor phase sample of the propylene after it was
in a tank at room temperature contained 4.5 mol
per cent of hydrogen.

For lack of time the isobutane was
purchased from the Ohio Chemical Company. It was
99% pure and contained no unsaturateds.

lowever, some experimental work
. was done on the preparation of isobutane., Iso-
butylene was prepared by the dehydration of
tertiary butyl alcohol with 15% sulfuric acid.
The gas was scrubbed with water and dried and
condensed into a tank with a dry lce bath.,

The isobutylene was hydrogenated
in the liquid phase at a temperature of 125° C.
and 1000#/in.® with a nickel catalyst. In four

hours the conversion wad S0%.

=2 B
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Hydrogenation furnishes an excellent method
of obtalning pure hydrocarbons for distillation
gtudles. The reaction is rapid until the conversion
becomes quite high. However, it is not necessary
to walt for complete conversion. The paraffin
olefin mixbture may be used direectly. Any
dissolved hydrogen merely collects in the condenser

as an lnert gas.



Run Pressure Analysis Analysis Still Temp. iemp., Heat out Height  Heat o

No. Atm, of of. Temp. &t _of in Con- of loss §

Abs. Bottomd Product il top Reflux denser liquid from :

% CaHe % CzHe of o cooling 1 column L

Column water, top o

6. calories gage 15

per min, glass, |

cm. &

f

1 31l.5 16,0 0845 122.5 71.0 69 .8 21.00 20.3 Negligible

e
2 15.5 Sl 98,0+ heSieil 37 4 36 46 2900 " E
3 31.3 20,9 99 .4 117 71,0  69.6 2200 L =
4 3545 6.2 75,0 139.,1 8l.l 71.6 210 12.0 " 5
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PPENDIX E

Sample Calculations

" Calculation of number of plates - Run #3
lemperature of bottoms = 117.0° C.

Pressure = 31.3 atm,.

390
For propylene: Tp = —-vow- = 1.987
365 .4
L
P = cuee = 0,696
R 45,0
From liquid fugacity chart of
E.,R.,G1111iland and R.V,Lukes fp = 42,0
From vapor fugacity chart f
of W.C.Kay ——— = 0800

T

fv = 0,800 x 42,0 = 25,05

fp 42,0
Bol e = e 52 Ly BT
£ 25.05

Likewise for 1sobutane:

K = Q.90
KC A
[0 = _..E.. = e 1.84
bottoms K 0.912
4

Likewise at the top of the column:

a = 1,84
top
_ "ottoms * %top 1.84+1,84

a e e = 1.84
average 2 2



-27 -

5
o R
(XCQ)p av (Xc&)w
0.994 ol o 0.209
------- = (1.84) 2 LECe0 Y
0,006 Q.791

t = 9.55 theoretical plates,

Calculation of vapor velocity reduced to a
basis of 1 atmosphere - Hun #l:

Heat taken out in condenser cooling water =
2100 calories/min.

Heat loss from condenser to room =

AL 2562
(e ) (=--=) calories/min.,
1 1 60
e
A kA
m
Q0 252
S et i L e e o i g e I S ) = 170 calories/min.
144 144 60
__________ o o oo i e

DERRS %20 12x0,04xmwx2 .5x20

Total amount of heat removed in condenser =

2100 + 170 = 2300 calories/min.
The vapor velocity will be calculated for the upper
part of the column where there is essentially pure

propylene.
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Temperature = about 70° C,.

D
Al = 2RT 1n _?k for D and D_ see Fig. (4)
D e v ]
v
0.400
AH = 2 x 1.99 x 343 X 2.3 1log =-w==-= = 2195 calories per gm. mol
0,080
Diameter of column = 2,54 cm,
S 0%’
et ot
-1
U{},’\.
505
deme e nenes 0,0604 £, /800
0.080x,785%x6 .45

K = 0,0287

On a basis of 1 atmosphere

C.600 - 0,00230
v = 000297 ““““““““““““““ = 0.4:8 ft./SeC.
0,00230




Calculation of composition of bottoms - Run #2:

Temperature = 72.7° C.
Pressure = 15.5 atm.
From Fugacity charts,

Kca

KC4 = 0,796

Aggume mol fraction of Cz is 0,225

1.702

1,79 x 0,225

il
ll

= K X
YCS Ca Ca

Q796 x Q.76

Il
Il

= h X
JCa Ca C4

. o a28sumption was correct.

Calculation of boiling point of bottoms - Run #2

Assume boiling point = 70° C,.

From fugacity charts,

K =ORYEa5
Ca
v =1 X = 1,642 x 0,872 =
Cs Ca Csz
= X = 0,765 x UN28 =

y04 Ca Ca

. . assumption was correct,

0,383

0.617

1.000

0,446

0,556

1.002

=20 -



Nomenclature used sample calculations

K
a = relative volatility = o8
Kg,
A = area
A, = log mean area
De = density of liquid
Dv = density of vapor
fp = fugaclty of liquid
g = fugacity of vapor
AH = heat of vaporization
k = thermal conductlvity
1
X = equilibrium constant = £
Lo
3 = thilclkness of lagging
2 = pressure
12
i = reduced DPresSsure = =wmcce-e---
K P
R = universal gas critical
constant
o = absolute temperature
P
TR = reduced temperature = —--v-wee--
& = number of critical
theoretical plates
At = temperature difference
Subscripts
Cs propylene
Cs = isobutane
p = product
w = bottoms

=o0)=
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APPENDIX F

Calibration of Instruments

The calibrationébf thermocouples, pressure
gage, and orifice are given in the following plots
(Figures 5, 6 and7).

The thermocouples were carefully calibra ted
at numerous points from 30° C. to 160° C. by
comparison with an accurate thermometer,

The pressure gage was calibrated by means
of a dead weight gage.

The orifice was calibrated by using a
constant head device. The rate of flow was measured

for various heads using water as the fluid.

e ik
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