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ABSTRACT

Kinetic Studj of the Formation of Cyclohexene from
Ethylene and Butadiene at Elevated
Pressures and Temperatures

The effect of pressure on the rate of a chemical
reaction is a phenomenon which has been of interest for many
years. However, essentially no kinetic data at elevated
pressures have been reported for homogeneous, noncatalyzed
gaseous reactions. To obtain a better understanding of the
effect of pressure on homogeneous, noncatalytic, gaseous
(fluid) systems the Diels-Alder reaction of ethylene with
butadiene to form cyclohexene was investigated. The
objectives were: (1) to design.and construct an efficient
continuous flow reactor for use at pressures up to 5,000
1b./sq.in. and temperatures up to 900°F, and (2) to utilize
this equipment in making a comprehensive kinetic study to
determine the effecﬁ of pressure on the reaction rate
constant.

The first part of the dissertation covers both the
theoretical and practical aspects of high~pressure, high-
temperature design for thick-walled vessels. The actual
construction and subsequent operation of the experimental
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equipment are presented in detail, with particular .emphasis

on the more difficult operating problems and their solution.
The second part of the dissertation is concerned

with the effect of pressure on the reaction rate constant,

explained in terms of the two rate theories, for the

formation of cyclohexene from ethylene and butadiene.

The experimental reaction rate constants are preSented

in terms of both activities and concentrations and when

expressed in terms of activities are in agreement with the

absolute reaction rate theory.
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KINETIC STUDY OF THE FORMATION OF CYCLOHEXENE FROM
ETHYLENE AND BUTADIENE AT ELEVATED
PRESSURES AND TEMPERATURES

CHAPTER I
INTRODUCTION

The effect of pressure on the rate of a chemical
reaction is a phenomenon which has been of interest for
many years. Previous studies have covered a wide range
of reactions in both homogeneous and catalyzed liquid
systems and in catalyzed gaseous systems. However, except
for one system (1) no kinetic data at elevated pressures
have been reported for homogeneous, noncatalyzed, gaseous
reactions. To obtain a better understanding of the effect
_of pressure on homogeneous, non-catalytic, gaseous (fluid)
systems the Diels-Alder reaction of ethylene with butadiene
to form cyclohexene was selected for investigation at
elevated pressures and temperatures.

In general, the rate of a chemical reaction in a
homogeneous gaseous system is affected in two ways by
increased pressure. One is the increase in the activity
of the reactants with increased pressure ahd the other is
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the effect of pressure on the reaction rate constant itself.
The latter effect is of primary interest in this study.

The objectives of this investigation were: (1) to
design and construct an efficient continuous flow reactocr
system for use at pressures up to 5,000 lb./sq.in.. and up to
900°F, and (2) to utilize this equipment in making a
comprehensive kinetic study to determine the effect of

pressure on the reaction rate constant .



CHAPTER II
DESCRIPTION OF EXPERIMENTAL EQUIPMENT

The equipment was designed so that phe reaction
between ethylene and butadiene would take place continuously,
at constant pressure and temperature, in a tubular reactor.
A schematic flow diagram of the éxperimental equipment is
shown.in Figure 1. A 1l.5-cubic feet Autoclave Engineers
high pressure vessel (l) was used as the feed reservoir
for ethylene at 5,000 1lb./sq.in. Water was pumped into the
bottom of the high pressure ethylene reservoir with a
Sprague, air-operated, liquid pump (2) to maintain the
ethylene at a constant 5,000 1lb./sq.in. as it was used
during a run. The ethylene feed from the high pressure
reservoir passed in succession fhrough a dryer (3), filter
(4), and an excess surge check valve (5). The dryer was an
Autoclave Kuentzel Bomb, l-inch I.D. by l5-inches long,
filled with Dri-Rite desiccant. The excess surge check
valve was used in the system as a safety device to stop the
flow of ethyieﬁe in case of a rupture downstream. The
ethylene flowed through a coiled capillary tube (6) which
was used as a metering device. A Barton differential

3



Figure 1 - Flow Diagram of Experimental Equipment
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pressure gauge (7) measured and indicated the pressure
drop across the coiled capillary which By calibration
yielded the ethylene flow rate. The ethylene flow rate was
controlled with an Autoclave 1/8-inch metering valve
having a 2-degree tapered stem (8). A standard needle
valve (9) was located down-stream for shut-off control
since the metering valve should be used only for metering.
The ethylene from the needle valve entered‘a cross-type
safety head assembly (10) where it was mixed with the liquid
butadiene feed. The rupture disk in the safety head
assembly Was connected to the vent line which was vented
to the outside. A pressure gauge with a 0-5,000 1b./sq.in.
pressure range (ll) was connected between the shut-off
needie valve and the safety head assembly so that the
ethylene pressure could be determined prior to mixing with
the butadiene and to entering the reactor.

The butadiene feed reservoir (12) for the high-
pressure liquid pump was constructed from a Z-inch I.D. by
5-foot long copper.tube. The tube was fitted with a sight
glass over its entire length. The butadiene flow rate was
low enough so that the sight glass alone was used as the
reservoir when the flow rate of the butadiene was determined
during each run. The high pressure liquid pump was a
Hills-McCanna "U" type proportioning pump (13). A nitrogen
pressure of 60 1b./sq.in. gauge was maintained on the liquid

butadiene in order to prevent any vaporization in the pump



6
cylinder during the pumping cycle. A rupture disk assembly
(14) was located immediately downstream from the high
pressure liquid pump. The butadiene then'passed through a
twin seal check valve (15) and standard needle valve (16)
before it entered the cross-type safetf head assembly (10)
and mixed with the ethylene.

The mixed feed passed through a mixing coil (17)
where the pulsation effect of the liquid butadiene due to
the pumping action was dissipated before it entered the low
temperature preheater. The mixing coil consisted of a 6-foot
long coil of 1/16-inch I.D. 304 stéinless tubing. The low
temperature preheater (18) consisted of an 8-foot long
1/16-inch I.D. stainless éteel tube coiled and immersed
in a hot o0il bath (19). The oil bath was heated with a
500-watt immersion heater and was maintained at 400°F by
means of a Fenwal Thermoswitch. The mixed'feea from the low
temperature preheater flowéd to the high temperature
preheater (20) and hence to the large reactor (21). The
preheater was formed from an 8-foot long 1/16-inch I.D. 304
stainless stell tube coiled into a 3-inch diameter coil.
The large reactor consisted of approximately L4O-feet of
1/L-inch 0.D. by 1/8-inch I.D. 304 stainless steel tubing
coiled into a 6-inch diameter coil. The outlet end of the
high temperature preheater was connected to the inlet end
of the reactor within the liquid salt pot and both the high

temperature preheater and reactor were immersed in the liquid
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salt bath (22). A small reactor, consisting of 60 feet
of 1/8-inch 0.D. by 1/16-inch I.D. 304 stainless steel
tubing, was also coiled and immersed in the liquid salt
bath. The small reactor when in use was connected directly
to the low temperature preheater. The salt pot, 8-inches
I.D. by 20-inches long, was filled with Thermo-Quench heat
treating nitrate-nitrite base salt obtained from the Park
Chemical Company. The salt melted at approximately 300°F.
A "Lightnin"™ air-driven portable mixer (23) was mounted
above the salt pot and supplied the necessary agitation for
maintaining a uniform température within the liquid salt
bath as well as maintaining a high heat transfer coefficiént
to the reactor and preheater coils.

The salf pot was heated by four 500-watt Chromalox
strip heaters elements mounted vertically on the outside
of the salt pot. Two-inch thick Kaylo high temperature pipe
insulation was used to insulate around the outside of the
salt pot. The heat input to the heaters was controlled with
a Powerstat variable transformer. The temperature within
the salt pot was controlled very accurately by means of a
 Bayley Precision Temperature Controller. The Bayley
controller utilizes a resistance thermometer with an
electronic bridge circuit and has a stated control accuracy
. of + .001°C. The Bayley conﬁroller controlled the power
input by on-off control to a small 175-watt immersion heater

Jlocated within the salt pot. Temperature control of
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considerably better than * 1°F was maintained within the
salt pot at all times. The actual temperature within the
salt bath was obtained by a Leeds and Northrup 8662
precision potentiometer from a chromel-alumel thermocouple
mounted in a thermocouple well located in the top of the
salt pot.

The outlet end of.the reactor extended through the
bottom of the salt pot. A 1/16-inch I.D. stainless steel
tube connected the reactor outlet to a cross (24). A
pressure gauge (25) with a 0-7,500 1b./sq.in. range was
connected to the cross in order to determine the pressure
within the reactor. The remaining two outlets from the
cross were connected to two standard needle valves (26, 27).
One of these needle valves was connected directly to a vent
line and the other one to a Research Control Valve (30).

The Research Control Valve was part of the beck pressure
regulator system which controlled the pressure in the
reactor. The back pressure regulator system was composed
of a Series 650 Metagraphic, pneumatic pressure transmitter
(28) obtained from the Bristol Company, a M-58 Consotrol
pneumatic controller (29) obtained from the Foxboro Company,
and a Research Control Valve (30) obtained from Research
Controls, Inc. With this back pressure regulator system the
operating pressure in the reactor could be accurately
controlled (+ 20 1b./sq.in.) at any pressure from 200 to

5,000 1b./sq.in. In normal operation the products from the
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reactor passed through the Research Control Valve to the
.analysis section. The other needle valve (27) was ﬁséd only
when it became necessary to vent or flush out the system.

A flow diagram for the analysis section is shown
in Figure 2. The reactor produéts after expanding through
the Research Control Valve passed through a cold water
condenser (1) maintained at approxihately 50°F. The liquid
products were collected in a 50 ml. graduated receiver (2).
The gaseous product passed overhead from the liquid
receiver to a 1 liter mixing‘flask (3). From the mixihg
flask the gas product passed through a sample fitting (4)
where gas samples were obtained for chromatographic
anélysis. The mixing flask was inserted betweén the liquid
receiver ‘and sample point in order that a more representative
gas sample could be obtained. The gaseous product then
passed through a water saturator (5) to a "Precision"
wet-test meter (6), where it was metered. From the wet-test
meter the gaseous product was vented to the outside.

All of the apparatus shown in Figure 1, except for
the butadiene reservoir, the two high pressure liquid pumps,
the pressure transmitter and the controller, were located
behind a steel and wood barricade. The barricade was
constructed from 1/4-inch steel plate backed by a l-inch
thick wood layer. The wpod layer was separated from the
steel plate by a Z2-inch aif space., A door consisting of a

heavy rope blast mat provided an entrance to the barricaded
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area. ‘

Figure'B shdws a front view of the barricade. All
the valves have extensions through the barricade so that
all required oﬁerations could be performed without going
behind the barrier. Holes were cut in the barricade above
eye-level so that the Barton differential pressure gauge
"and the standard pressure gauges could bé read easily‘from
in front of the barrier. The flow diagram of the equipment
was marked on the front of the barricade with colored
scotch tape as shown in Figure 3. Figure 4 shows the heavy
rope blast mat access door.

Figure 5 shows all associated equipment located
outside of the barricaded area. Pictured in the upper left
is a Leeds and Northrup Micromax multipoint temperature
recorder which was used to moniter the temperatures at
several points in the system. Located below the temperature
-recorder are the wet-test meter, product condenser, Bayley
Precision Temperature Controller, gas sample fitting,
graduated liquid receiver, gas-mixing flask and water
saturator. The panel board contains the powerstats for
controlling the power input to the various heaters and the
switch for the Hills-McCanna liquid butadiene pump. The
Foxbofo Consotrol pneumatic controller is shown mounted on
the upper left corner of the panel board. The Bristol
Metographic pressure transmitter is mounted on the back of

the panel board immediately behind the Foxboro controller,
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but it can not be seen in the picture. Located below the
panel board are the Hills-McCanna liquid pump and the
Sprague air-driven liquid pump. ‘To the right of the panel
board is the liquid butadiene reservoir. The large glass
carboy at the right is the oxygen free distilled water
reservoir. At the far right is the nitrogen cyliﬂder with
the connections required for blanketing the distilled water
and for pressurizing the liquid butadiene feed. Figufe 6
is a complete view of the area outside of the barricade
showing the location of the associated equipment with
respect to the barricade and blast mat.

A view of the equipment located behind the barrier
is shown in Figure 7.- The insulated liquid salt pot is
mounted on the steel table in the middle of the photograph.
The mixer shaft, resistance thermometer lead, immersion
heater lead, feed tube and thermocouple lead can be seen
extending from the top of the reactor. The air-driven mixer
along with its pressure regulator and lubricator are mounted
on the steel beam which extends across above the salt pot.
The hot oil bath is mounted on the left beam support. On
the right side of the picture is located the high pressure
ethylene reservoir. All of tﬁe remaining tubing, fittings
and associated equipment are shown mounted on the wooden
side of the duplex barricade.

A 4,000 CFM exhaust fan with an explosion proof

motor was mounted in the window‘behind the steel table. A
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water fog nozzle mounted above the liquid salt could be
activated in case of emergency by means of an electric

solonoid located at a considerable distance from the

equipment.



CHAPTER IIT
DESIGN CALCULATIONS AND CONSTRUCTION

The design and construction of any equipment for
high temperature, high pressure service involves certain
basic factors not usually encountered in most'design
procedures. Since the ultimate ijective in the construction
of any piece of equipment is that it operate satisfactorily
under the specified conditions, the final design will depend
on certain basic methods which have already proved satis-
factory in similar service. In the case of high pressure,
high temperature service where extreme“care must be exercised,
the design is inclined to be rather conservative and to
adhere to well-established methods. The design of the
equipment necessary for this investigation was very
conservative as the temperature and pressure requirements
were not severe for the materials used. The maximum design

conditions established were 900°F. at 5,000 1b./sq.in.

Basic Design Formula

Several formulas are available for determining the
elastic stress distribution in a uniformly thick cylinder
but those of Lame'! are the most common. The Lame!

19
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equations (2) are as follows:

P__P_K* +( /r -P)

12 l 2
o, = 5 1
K -1
2
+
. P K"-Py /r P,- 2)
r - 2 2
K -1
where ¢ = tangential stress

o, = radial stress

ri = internal radius

ro = external radius

r = any radius within the tube wall

Py = internal pressure

P» = external pressure

K = ry/rq.
The Lame' equations can be used to calculate the stress
distribution in a simple cylinder when the walls deform
elastically and are not streesed beyond the range of
elastic behavior.

" The maximum-shear-stress theory (2) is one of -the
most generally accepted theories for determining the limit
of elastic behavior of.a ductile metal. This theory states
that the breakdown of elastic action occurs when the

shearing stress at any point, due to any combination of

*A third equation for the longltudlnal stress, ©
is neglected in this design since in the critical stress
regions its absolute value is the smallest of the three
principal stresses.

H
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stresses, exceeds the shearing proportional limit of the
material. The shear stress at any point is equal to one-
half the algebraic difference between the maximum and
minimum principal stresses. For a thick-walled cylinder the
shearing stress is one-half the difference between the

tensile and compressive stresses. Therefore:

= % (o ~op) 3.

where T = shear stress.
The shear stress at any point in a thick-walled cylinder
is found by substituting the Lame' equations into the shear

stress equation., Therefore:

K2(P -P )r2
’T’ — l 2 l .
T 2.2 b
r (K -1)
The shear stress will be maximum at the inner radius;
therefore the maximgm shear stress will be:
K2(P1-P2)
Th = —5—— 5
2
K™-1

where T, = maximum shear stress.
The shear proportional limit of the material is determined
from the yield properties of the steel. Equation 3
indicates that the proportional limit in shear is equal to

one-half the yield stress in pure tension. Therefore:
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wher'eTy = shear proportional. limit

o

y = yield stress in pure tension.

The maximum allowable operating pressure, P (within elastic

n
limits) of a thick-walled cylinder is determined by setting
the maximum shear stress equal to the shear proportional

limit. Therefore:

Tubing and Fittings

Tubing and fittings used in this equipment were
obtained from Autoclave Engineers, Inc. Speedline valves
and fittings with a pressure.fating of 10,000 ib./sq.in.'
proved to be very satisfactory for this service when used
with annealed stainless steel tubing. Standard l/h-iﬁch
0.D. by 1/8-inch I.D. and 1/8-inch 0.D. by 1/16-inch I.D.
annealed, 304 stainless steel tubing was used. A maximum
pressure rating of 13;000 lb./sq.in. was determined for
this tubing from Equation 7 using a yield stress of 35,000
1b./sq.in. for the stainless stéel as compared to the
maximum operating pressure of 5,000 lb./sq.in. required

for this study.

Reactors
The large reactor, constructed from standard
1/4-inch 0.D. by 1/8-inch I.D. annealed, 304 stainless

steel tubing, was 39.5-feet long. The small reactor,
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constructed from standard 1/8-inch 0.D. by.1/16 I.D.
annealed, 304 stainless steel tubing was 56.5-feet long.
The length required could only be obtained by joining
lengths of tubing together. The large reactbr was formed
 from two lengths of tubing while three léngths were used
for the small reactor. The joint was made by slipping the
two ends of the tubes to be joined into a short piece of
stainless steel, 1/2-inch 0.D. by 1/4-inch I.D. for the
large reactor and 1/4-inch 0.D. by 1/8-inch I.D. for the
small reactor, and then welding. The tubes then were
coiled tOgethér around a 4-inch mandrel to form the final
coil which was approximately 6-inches in diameter.

The reactors were immersed in a liquid salt bath
and had to operate satisfactorily at a maximum temperature
of 900°F and the maximum pressure of 5,000 1lb./sq.in. At
ordinary temperatures the design of equipment is based on
- the standard yield strength of the various metals. At high
temperatures, however, continuous plastic deformation or
creep at constant stress 1is encountered in. addition to the
reduced strength at the higher temperature. Freeman and
Voorhies (3) reported that the stress required to cause a
creep rate of one per cent per 10,000 hours in 304 stainless
steel at 900°F was 28,000 1b./sq.in. Using this value as
the allowable étress Equation 7 gave a maximum preséure
rating of 10,500 1lb./sq.in. for the reactor compared to the

maximum operating pressure of 5,000 1b./sq.in.
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Ethylene Storage Vessel and Dryer

The ethylene high pressure storage vessel, obtained
from Autoclave Engineers, Inc., was 1l2-inches 0.D. by
8-inches I.D. by 52-inches inside depth. This vessel was
manufactured from 4340 alloy steel with a self-sealing
closure at one end. The vessel had three openings in the
cover and two at thé bottom. One of the openings in the
top was connected to a pressure gauge, one:to the ethylene
input-output line and the third connected to a rupture disk,
safety head assembly. The working pressure of this high
pressure vessel was 15,000 1b./sq.in. at 729F and it was,
hydrostatically pressure tested at 22,500 1b./sq.in. at
72°F. The rupture disk was rated at 20,000 1b./sq.in.
at 72°F.

An Autoclave modified KB-15 Kuentzel Bomb,. 2-inches
O.D. by l-inch I.D. by 15-inches inside depth, was used for
the ethylene dryer. This vessel was manufactured from 316
stainless steel having a specified yield stress of 60,000
lb./sq.in. Each end of double-ended vessel had a confined
stainless steei,‘compression gasket-type closure which was
provided with a 3/8-inch high pressure connection. .The
working pressure of this vessel was stated to be 10;000
1b./sq.in. at_650°F with a hydrostatic pressure test of
16,500 '1b./sq.in. at 72°F. Drierite was used as the

desiccant in the dryer.
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Ethylene Flow Device

The ethylene flow rate was determined by measuring
the pressure drop across_a.coiled capillary tube. A Barton
Model 200 Indicator having a differential préssure range of
10-inches of water was used to measure the pressure drop.
Three coils were used to cover the range of flow from 2 to
60 SCFM. Coil 1, 6 feet of 1/8-inch 0.D. by 0.030 I.D.
stainless steel tubing coiled in a l-inch coil, covered
the range from 2 to 11 SCFM. Coil 2, similar to coil 1,
but only 2.5 feet long, covered the range from 5 to 30
SCFM. Coil 3, similar to coil 1 except being 1/16 I.D.,
covered the range above 30 SCFM. Figure & indicates the
flow diagram of the ethylene flow device. The valving was
.designed with the handles extending through the wall so
that the desired coil could be selected from in front.of
the barricade,'Figure 3. The second valve shown in
conjunction with Coil 3 was installed so that if needed
Coil 3 could be replaced with any other desired ccil without
depressurizing the system. Figure 9 shows the ethylene

flow device as seen from behind the barricade.

Liquid Salt Pot

The liquid salt pot was constructed from a piece of
8-inch, schedule 40, steel pipe 22-inches long. A 3/8-inch
thick steel plate was welded to one end to form the bottom.

This bottom. plate was then drilled and fitted with two
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Speedline fittings, one 1/4-inch and the other 1/8-inch,
which were welded in place. The fittings were drilled out
s0 that the ends of both coiled reacﬁors could pass through
the bottom of the salt pot. Standard Speedline nuts and
slee#es were used to seal between the reactor tube and the
salt pot. Four legs were welded to the bottom of the pot
s0 that it could be mounted approximately A-inches above.
the steel table. Four, 500-watt Chromolox strip heater
elements were mounted vertically around the outside of the
salt pot. Thermon was used to increase the effective area
of contact between the strip heaters and the salt pot.
The areas between and above the heaters were filled flush
with the outer periphery of the heaters wiﬁh asbestos paste
as a precautionary measure to protect the heaters in case
any of the liquid salt was splashed out of the salt pot.
Kaylo high temperature.pipe insulation, two-inches thick,
was then used to insulate the outside of the salt pot.

The cover for the salt pot consisted of a 3/16-inch
thick steel plate, resting on the outer edge of the salt
pot. It was held in place by three lugs welded to the
outside of the.salt pot. A stainless steel thermocouple
well and a round copper tube, both sealed at the bottom,
‘éxtended into the salt and were welded to the cover. The
copper tube contained a 170-watt Chromalox cartridge
element which was connected in series with the Bayley

Precesion Temperature Controller. The salt pot cover also
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had a center hole for the mixer shaft and a small hole
where.thé resistence thermometer extended into the salt
‘bath. The 1/8-inch 0.D. preheater and reactor tubes
entered at tiie edge of the salt pot through a slot in the
top. The cover of the salt pot was insulated with 4-inches
of block Kaylo. Figure 6 shows the salt pot with the
insulation in place; Figure 10, the salt pot and cover with
the insulation removed; and Figure 11, the cover with

attachments.

Hot 0Oil Bath

The hot oil bath was a small 6-inch I.D. by 6-inch
deep vessel filled with Wesson oil and insulated on the
outside. A 500-watt Chromalox cartridge element inserted
inside a copper sheath and immersed in the o0il was the
heat source. The temperature was controlled at approxi-
mately LOO°F by means of a Fenwal Thermoswitch temperature

controller.
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Figure 10 - Salt Pot with Irsulation Remdved




Figure 11 - Salt Pot Cover with Attachments
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CHAPTER IV

PRESSURE GENERATION AND FLOW REGULATION

Ethylene Pressurization

In most applications where a gas is required at high
pressure a multi-stage gas compressor is used, but when one
is not aVailable substitute procedures are necessary. In
this design a gas intensifier was used to increase the
pressure of the ethylene from that available in standard
1A gas cylinders to the 5,000 1b./sqg.in. required for the
high pressure ethylene feed vessel. "

The gas intensifier unit consisted of two, low-
pressuré reservoirs connected through a Seco high pressure,
hydraulic, radial piston pump to two hiéh pressure
reservoirs. Ethylene from the standard ethylene cylinders
was fed to the empty high pressure reservoirs. The Seco
pump then pumped the hydraulic oil from the low pressure
reservoirs into the bottom of the high pressﬁfe reservoirs
and hence intensified the pressure on the ethylene. The
cycle was completed when the oil was moved back to the low
pressure reservoirs. The maximum pressure rating of the
intensifier was 10,000 1lb./sg.in. Difficulty in the

32



33
operation of the intensifier was due to the solubility of
the ethylene in the hydraulic oil, which caused extreme
foaming when the oil from the high pressure reservoir, in
contact with the ethylene, was returned to the low pressure
reservoir. Although the addition of Dow Corning Antifoam A
to the hydraulic oil reduced the stability of the foam, it
still remained the limiting factor in the operation of the
intensifier. Due to the low pressure source of ethylene
and the foaming of the hydraulic oil the charging of the
ethylene high pressure storage vessel was a very, time-
consuming undertaking and a source'of consternation. The
problem of a low pressure source of ethylene was partially
alleviated by injecting distilled water into the ethylene
cylinders with the Sprague liquid pump to iﬁcrease the

ethylene pressure.

Butadiene Pumping

The pumping of liquid butadiene at a constant flow
rate proved to be the most difficult problem to solve in
this investigation. A duel feed, Hills-McCanna "U" type
metering pump, fitted with a variable stroke, 5/16-inch
ceramic plunger and double cone type check valves, was
recommended by the manufactﬁre as satisfactory for this
service. This pump had a rated maximum capacity of 1.2 gph.
and minimum capacity of 0.06 gph. The pump was tested by

pumping against a gas pressure of 1,000 1lb./sq.in. The cone
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checks leaked so much that an appreciable stroke had to be
used just to overcome the leak. The four check valves in
series are shown in Figure. 12 (A). As these checks did not
prove satisfactory they were replaced by a set of ball
checks which was even more unsatisfactory. It, therefore,
became necessary to embark on the development of a new
design for the check valves. |

| Figures 12 (B, C) show the original cone type
check valve and the first modification. The original
check was a cone type with a line contact. The first
modification consisted of pressing the cone into the seat
so that an area contact rather than a line contact was
formed. Admittedly the area contact was more susceptible
to fouling, but it formed a better seal. Although the
operation of the cone check was improved, it still was not
satisfactory. The next modification consisted of machining
a new seat, containing a small hole, as shown in Figure 12
(D) for use with the same cones. Further improvement of
the operation of the check was noted, but there was still
é small leak which affected the'flow rape at very small
flow rates. This check was further modified, Figure 12 (E),
by pressing the check into the seat to form an area seat.
Then the cone was lapped to the seat with a very fine
grinding compound. On the initial test this modification
.proved to be satisfactory, but after long periods of time,

during a run, the flow rate would start decreasing without
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the stroke adjustment being changed. Inspection of the check
and pump cylinder showed that part of the packing was flaking
off inside the pump chamber and after a period of time would
cause the check to start leaking. Since previous tests of
the check valves had been made without thelpump operating
for any extended period, the flaking of the packing
represented another potential source of difficulty. |
Thérefore, a completely new design for a check valve @as
devised and tested. The seat and check were-machined so
that there was a small flat area of contact as shown in
Figure 12 (F). ‘The check was made from a hard plastic and
was spring loaded so that it took approximately 500 1lb./sq.in.
pressure to unseat the check. This check has been in
continuous use since it was installed and has proven very
satisfactory under all operating conditions.

As mentioned above, inspection of the check valve
body at the end of some of the first runs showed that the
packing was flaking off into the pump chamber. The
suggested packing assembly for this service consisted
of 0il and graphite-lubricated, babbit foil. In order to
eliminate this contamination of the system several other
types of packing were tried. In most cases the coefficient
of friction was so large that when the packing nut was |
tightened to prevent the pécking from leaking, considerable
force was required.tq move the plunger through the packing.

The babbit foil packing was replaced by a teflon assembly
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shown in Figure 13 (A). It has operated satisfactorily
since it was inétalled with essentially no leakage and with
only a minimum amount of force required to move the plunger
through the pécking._ Since no lubrication was required,
there was no possibility of contaminating the butadiené.
Another packing design which also worked quite satisfactorily
is shown in Figure 13 (B).

The pump has operated satisfactorily at all flow
rates and pressures since modifying the packing and check
valves. Tests have shown that there was less than two per
cent error with flow rates as low as 0.03 gph. At higher

flow rates the pump was even more consistent.

Ethylene Flow Regulation

Thg flow rate of ethylene was controlled by means
of a metering valve as shown in Figure 1. The ethylene in
the high pressure storage vessel was mainﬁained at 5,000
1b./sq.in.; therefore the pressure in the metering capillary
and on the upstream side of the metering valve was
maintained at 5,000 lb./sq.in. irrespective of the operating
pressure within the reactor; As the operating pressure in
the reactor varied from 250 to 4,500 1lb./sq.in. the pressure
drop across the hetering valve varied irom 4,750 to 500
1b./sq.in. With the higher pressure drops across the valve
the metering of the lower flow rateé was very difficult.

A standard Autoclave l/h-inch Speedline metering
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valve was first purchased, but it was not sensitive enough
for this service. Another metering valve which .did not
prove to be satisfactory was the Veegroo, tapered-orifice,
micro-flow valve purchased from the General-American Valve
Company. The valve had a long narrow tapéred slot in its
tip. The tip moving in or out of the O-ring had the effect
of a variable orifice to the flow of gas throﬁgh the valve.
At the tip of”the'tapered grove it was 0.02 inches deep
with a 45° angle. This orifice area decreased to zero as
the valve moved through its 3/L-inch travel. Of the metering
rvalves tested this one was the best for flow regulation
because.a preset ethylene flow rate was easy to obtain and
a faifly large movement of the handle resulted in only a
stiell éhange in the flow rate. The objection to this
metering valve was that it would not mainpain a constant
flow over a long period of time with a large pressure drop
across the valve. However ghis decrease in flow was
easily corrected manually by constant monitoring and
adjustment during a run. The decrease in flow was pfébably
due to the cold flow of the O-ring into ghe’orifice grove
at the large pressure drops. With a low pressure drop
across the valve the same problem was not encountered.

. The metering valve which was the most satisfactofy
was the Autoclave, 1/8-inch, fine metering valve. This
Véivé was equipped with a tapered stem which had a 2-degree

angle on the tip. The stem travel was controlled by a
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fine micrometer thread (1/4-inch-40) which permits fine
coﬁtrol of the stem travel.  This valve was much more
difficult to adjust, particularly at flow rates under
10 SCFH, than the Veegroo tapered orifice valve, but when

once set, the ethylene flow rate held constant.



CHAPTER V
REVIEW OF PREVIOUS WORK

The occurrence of the Diels-Alder reaction between
ethylene and butadiene was first demcastrated by Wheeler
~and Woods (4, 5). They found in their studies on the
mechanism of thermal decomposition of the normal,oiefins
that some cyclohexene was formed when a mixture of 13
per cent butadiene and 87 per cent ethyiene was heated to
6000C. Previously it had been thought that some type of
activated group was necessary to render the double bond
capable of entering into the Diels-Alder synthesis. - This
contention was proven to be false as ethylene, the simplest
olefin, was -found to react with 1,3-diene.

Joshel and Butz (6) found that ethylene reacts
readily with butadiene at 200°C and 200 to 4OO atm. pressure.
Forty grams of 1,3-butadiene were added to a 300 ml.
rocking-type autoclave and pressurized to 900 1b./sq.in.
at room temperature with ethylene. The autoclave was then
heéted to approximately 200°C whereupon the pressure rose
to 4,500 1b./sq.in. While shaking at this temperature for
15 hours the pressure dropped to 2,875 lb./sq.in. and held

. "
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constant. The products showed an 18 per cent conversion to
cyclohexene;

Joshel (7, 8) indicates a process for manufacturing
organic compounds of the alicyclic class. The process
comprises reacting ethylene with a 1,3-diene under the
action of heat and pressure. The reaction proceeds by the
1l,4-addition of the ethylene to the diene, whereby tﬁe
alicyclic compound producéd has, in each'case, a six-
membered ring. Examples were given for the formation of
cyclohexene’and 1,2-dimethyl-cyclohexene by reacting
ethylene respectively with 143—Butadiené and 2,3-dimethyl-
1,3-butadiene.

Gorin and Oblad (9) describe a continuous process
for the production of cyclohexene from pentenes. The
process consists of the pyrolysis of straight chain pentenes
to form approximate. stoichiometric quantities'of ethylene
and 1,3-butadiene which are then condensed to form
cyclohexene. The reaction is stated to take place at about
150 atm. preésure with a temperature range of 300 to 350°C.
An initial ratio of ethylene to butadiene of between 5 to
1 to 30 to 1 should be maintained in thé reactor.

Whitman (10) relates a process of préparing
cyclohexene from ethylene in rather large yields. He states
that the yield of cyclohexene is increased by using a large
mole ratio of ethylene to butadiene. The effect of

increasing the mole ratio of ethylene is to favor the
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production of cyclohexene at the expense of the competing
reaction which leads to the formaﬁion of L4-vinylcyclohexene.
Based on 100 per cent butadiene recovery, yields greater
than 60 per cent were obtained with a mole ratio of 10 to
1 and greater than 75 per cent with & mole ratio of 20 to-
l. The reaction was carried out at a temperature of about
100 to 300°C and a pressure of at least 100 atm. Whitman -
states that ethylene containing less than 200 parts per
million of oxygen should be used.

The above references indicate that ethylene will
react with butadiene to give cyclohexene at elevated
pressures and fairly low temperatures, but they give no
information as to the rate or mechanism of the reaction.

Evans and Warhurst (11) have applied the semi-
empirical method for calculating the activation energy of
simple chemical.reactions, first developed bf Eyring and
Polanyi (12), to- diene association reactions. As the
prototype of the reaction they considered the addition of
ethylene to butadiene usiﬁg a planar transition state.

They predicted, from the theoretical study, that the
activation energies of diene association reactions between
molecules containing no specially polar substituents were
fhe same and of the order of 18 k. cals. Data available on
the activation energies of diene association reactions show
that the activation energies are approximately constant with

a mean value of 26.3 k. cals.
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Rowley and Steiner (13) in their study of the
kinetics of diene reactions at high temperatures measured
the rates of the reaction of butadiene with ethylene to
form cyclohexene in the temperature range of 400 to 6000C
at low pressures with low conversions. The products of
the reaction were cyclohexene and vinylcyclohexene, the
latter arising from the simultaneous dimerization of
butadiene. The reabtion was determined to be a homogeneous,
bimolecular association having a rate constant as a function

of temperature equal to

10 3 -1

ke = 3.0x10 exp(—27,SOO/RT)moles-lcm. sec. ~ .

The equilibrium constant between cyclohexene, butadiene and
ethylene based on thermal and spectroscopic data was

calculated to be

(C,H..) '
- 6 10 _ -2 . =1 3
Ke = (CZHh)x(Ghﬁé) = 0.33x10 “exp(36,280/RT)moles ~cm.” .

The activated or transition Staté, based on statistical rate
calculations, was determined to be a cyclic complex similar
to the final reaction product rather than a straight chain
complex.

These experiments were carried out in a flow system
using metal reactor tubes. Some of the reactor tubes were
manufactured from mild steel, others from phosphor bronze.
The results were identical in both types of reactors;
furﬁhermore, the rate was not affected by an increase in -

the surface to volume ratio, which was increased by a
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factor of ten in one experiment, and therefore indicaﬁes
that the reaction is homogeneous and not surface catalyzed.

In the study of Diels-Alder reactions in the gas
phase (14) the diene addition has been observed as a
homogeneous reaction of the second order while the division
of the diene-adduct has been observed as a homogeneous
reaction df the first order. The Arrhenius frequency
factors for the gas reactions are of an order about 107
times smaller than the collision rate for a gas reaction;
they are émall enough to show that a highly special'orien—
tation of diene and dienophile is required for conversion
into the transition state of reaction.

A review of the reaction of ethylene with butadiene
would not be complete without a review of the dimerization
of butadiene. The dimerization of Butadiene has been
studied by several authors under various conditions. The
general conclusion derived is that it is a homogeﬁeous
bimolecular reaction, not catalyzed by oxygen, and unaffected
by anti-oxidants. The primary product was identified as
vinylcyclohexenelalthough in some investigations cycloocta-
diene was also found in small amounts.

Kistiakowsky and Ranson (15) studied the dimerization
of gaseous butadiene in the temperature range from LL46 tb
6609K at low pressure. The reaction was of second‘order
with a rate constant expressed by the equation,

k, = 9.20x10%exp(-23,690/RT)moles ‘em.>sec. ™t .
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They postulated the linear transition state or activated
complex based on statistical calculations. However the
activation energy obtained was considerably lower than that
of other investiéations,'

Wasserman (16) revised the calculations of
Kistiakowsky and Ranson and carried them through for the
activated complex which is stereochemically similar to
vinylcyclohexene. In both cases (15, 16) the agreement
with experiment was comparable so that no positive
conclusions regarding the identity of the activated complex
could be drawn. However if attention is directed to the
fact that the kinetic course of the association of
butadiene énd of other bimolecular diene synthesis is
not altered by oxygen or peroxides, then it can be
concluded that free radicals do not play a role as
intermediates. It appears more probable, therefore, that
the slowesﬁ stage of these processes involves activated
complexes of the same stereochemical type as the stable
product molecules. |

Robey, Wiese and Morrell (17) studied the reactions
which butadiene undergoes in the liquid phasé dﬁring storage
and plant processing. The two reactions observed were the
dimerization'by the Diels-Alder type.condeﬁsation, and the
polymerization to plastic materials of high molecular weight.
The reaction rate constants for the first reaction, which

was bimolecular and homogenecus, agreed with those obtained
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by Kistiakowsky. The formation of higher-molecular-weight
polymers was found to be peroxide-catalyzed.

Rowley and Steiner.(13) studied the dimerization of
butadiene to form vinylcyclohexene at temperatures of 40O
“to 600°C at low pressures with low conversions. The
dimerization was found to be a simple, homogeneous,
bimolecular reaction leading essentially to the product
indicated. The reaction rate'constant for the reaction was

calculated to be

11 -1 -1
ke = 1.38x10" “exp(=-26,800/RT)moles cm.3sec. .

Combination of this rate data .with that obtained by
Kistiakowsky and Ransom (15) at lower temperatures shows
that the activation energy is temperature dependent. They
showed, by statistical rate calculations, that a cyclic
transition complex accounts best for all available rate
data, which supports Wasserman's assumption.

Duncan and Janz (18) determined, based on previous
investigations and thermodynamic equilibrium calculations,
the expression for the equilibrium constant between

butadiene-vinylcyclohexene to be

K. = 2.,76x10_5exp(35,OOO/RT)moleé_lcm.3 .

In a few investigations an eight-membered ring
compound was found in the reaction products of the dimeri-
zation reaction., Foster and Schreiber (19) found that the

dimerization of 1,3-butadiene at 100 to 130°C proceeded to
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give a preponderence of vinylcyclohexene although the
presence of 1-5 per cent of an eight-membered ring dimer
was demonstrated. The structure of this eighp-membered
fing“compound was not determined; but cyclooctané was
formed when it wés'hydrogenated.

Hillger and Smitﬁ (20) studied the conditions under
which the eight-membered ring formation is most favored in
the butadiene dimerization reaction. No cyclooctadiene'Was
found in the products when the reaction was carried out at
atmbspheric pressure, but at pressures between 4LO to 100
1bs./sq.in. gauge with a temperature of 660 to 800CF, as
much as 8 per cent of the product was determined to be
cyclooctadiene. At highef pressures the émount of
cycloéctodiene dimer formed was markedly reduced.

The investigations presénted have been concerned
with the reactions taking place at low pressure. No data
are available for these reactions at more than a few
lbs./sq.in. In fact the'only data available for a
bimolecular homogeneous reaction in the gas phase at
elevated pressures are Kistiakowsky's (1). Kistiakéwsky
determined the behavior of the rate constant with pressure
for the decomposition of hydrogen iodide at 300°C at
pressures rangihg from 1 to 300 atm. At moderate pressures
(concentrations of HI from 0,02 to 1 mol./l.), the rate
constant increased very slowly with increased pressure;

however, at higher pressures (concentrations from 1 to 7



L9

mol./l.) the increase in the rate constant was quite rapid

with increased pressure.



CHAPTER VI
THEORETICAL CONSIDERATIONS

Effect of Pressure on the Rate of Reaction

The effect of pressure on the rate of chemical.
reactions has been observed in the gas and liquid phases for
both homogeneous and catalyzed reactions. In general, the
effect of pressure on the rate of reaction is much more
pronounced in gas phase reactions than in liquid or solid
phase reactions although even in thesé reactions the effect
can be considerable. Over the last thirty years considerable
effort has been given to the study of the effect of pressure
on reaction rates in homogeneous and catalyzed liquid
reactions and in catalyzed gaseous reactions. However,
essentially no work has been done on the effect of pressure
on the reaction rate for a homogeneous gas phase reaction.
For this investigation the theoretical considerations will
be limited to the discussion of the effect of preséure on a
bimolecular, homogeneous gas phase reaction.

In considering the effect of pressure on a
homogeneous gas reaétion it is important to relate the effect
of pressure to the various characteristics of the reaction

50
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system, such as: (1) concentration of reactants, (2)
condition of equilibrium, (3) deviétion from perfect and
ideal solution behavior, (4) reaction rate conétants.

The concentration of reactants and the condition
of equilibrium are the two factors which are normally
considered as Béing affected by pressure in a gaseous
reaction. The. increase in pressure not ogly increases the
reaction rate by inéreasing the concentration of reactants
but also reduces the reaction volume required. Increased
pressure can also have a pronounced effect on the equilibrium
concentration depending upon the mole ratio of the products
to the reactants. The deviation from perfect gas and ideal
solution behavior with increased pressure are not independent
characteristics. The'éffect of this non-ideallbehavior is
felt through its effect on the above disCuésed considerations.

The reaction rate constant is also effected by
pressure, and this effect‘is of primary interest in tﬁis
investigation. It will be explained in terms of the two
principal rate theories: (1) the collision theory, (2) the
absolute reaction rate theory.

In a sense the two theories are equivalent, but
their methods of‘approaching the problem of kinetics are

_quite different. It seems that the transition state model

is better suited for the present purpose.
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The Collision Theory and Pressure

The collision theory (21) is based on the assumption
that two conditions are necesséry for a chemical reaction.
The reacting molecules must collide-before they can react
and only those molecules possessing energies in excess of a.
critical amount, called energy of activation, react upon
impact. The collision theory is expressed by the Arrhenius
equation |

k = pe Ea/RT | 8

where k reaction rate constant
A = frequency factor representing the total
number of collisions per unit time among ﬁhe
reacting molecules in-a unit volume
E, = energy of activation
R = gas constant
T = absolute_temperatufe.
Unfortunately, the agreement of the collision theory with
direct experiment is limited only to a few very simple
bimolecular reactions. For a more general application of
the Arrhenius equation, a corrective factor known as the
probability or steric factor g must be introduced. This
. factor includes all the errors.of simplification involved
in the collision theory, but it is méinly considered to
represent the fraction of collisions that have the pro?er

orientation for the colliding molecules. The modified

equation is
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k = Aqe_Ea/RT

9

Although the Arrhenius equation does not contain a
pressure term, the variation of the rate constant with
pressure is manifested by the variation of the A, q, and Eg
terms in the equation.

Experimental evidence (based on liquid systems)
Iindicates that the energy of activation is practically
independent of pressure. The probability or steric factor
appears to be only slightly effected. Consequently it is
logical to assume that increased pressure accelerates the
rate of collisioné as can be expeéted from tbe increase in
concentrations which shortens the free paths for molecular

motions and increases the effect of van der Waal's forces,

etc.

The Absolute Reaction Rate Theory and Pressure

The theory of absolute reaction rates (the Eyring
Theory) is founded on statistical mechanics and the semi-
empirical calculation of the energy of activation. It
assumes a formation of an activated complex, in equilibrium
 with the reactants, as an intermediate -step in the simple
reaction. The rate of reaction is determined by the
concentration of this complex present in the reaction
system. The theory of absolute reaction rates provides a
means of deriving an equation to determine the effect of

pressure on the rate constant at constant'temperatufe. The
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derivation, based on the works of Evans and Polanyi (22),
involves the following steps.
.The fate constant in terms of the absolute rate

theory is expressed as

where K' = transmission coefficient expressing the

probability of conversion of the activated

complex into products

k' = Boltzmann constant
h = Planck constant
K = equilibrium constant in terms of the

activated complex and initial reactants.

The equilibrium constant for a chemical reaction, K, is
related thermodynomically to the standard free energy, aGO,
by thé eqﬁation |

| -RTInK,= aG°. 11
Applying this equation to the formation of the activated
éomplex,

RTInK™ = aG" 12

where AG" is the standard free energy of formation oflthe

activated complex. Combining Equations 10 and 12

. _h

_RTInK* = -RTln(k mim) = aG 13

Ktkt'T
Differentation of Equation 13 with respect to pressure at

constant temperature yields



3K sk
d1lnK dlnk d{ AG
-RT( 3r ) = qRTéjﬁr) = —i—aﬁ-l 14
T T
But at constant temperature, by definition,
dG*) ok
] =V 15
6.
then
d dApG T = AV* 16

where aV" is the difference in volume between the activated
complex and the original reactants. Combining Equations

14 and 16 gives the desired relation between the reaction
rate constant and pressure.

dlnk) _ _ av”
(‘ ap )T =T RT 17

A simple analysis of this equation indicates that the rate
constant increases with pfessure if AV is negative, is
independent of pressure when AV is zero, and decreases .
with pressure if AV™ is positive.

The constancy of the reaction rate constant in the
gas phase at moderate pressures indigates that a V* is
zero or that the volume of the activated complex is the

same as that of the initial reactants.

Reaction Kinetics

The reaction rate of a chemical reaction is
usually defined as the rate of change of mass of some

participant that is formed or transformed per unit of
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volume of the system. Expressed mathematically,

= - =i dv '

reaction rate, moles formed or consumed per

where r
unit volume pér'unit time
N = moles of reactant or product present at time t

V = volume of the system

t pime of reaction,

The law of mass action states that the rate of a chemical
reaction is proportional to the active masses of the
pérticipants. This law was first obtained on experimehtal
grounds and was subsequently dérived from the molecular
theory in gases and liquids. In the original development,
"active mass" meant concentration but other interpretations

have been ventured from time to time. The rate equation

may be written as
r=_—_=kf(Na,Nbalca) 19

where k = rate cbnstant
f(Na,Nb...) = function established by the law of mass
action. |
» From a study of reversible processes it appears
that thermodynamic activity should be regarded as the
"active mass." Take the general reaction
aA+bB+.;..§% rR+sS+.... 20
ko
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" The net rate of decomposition of substance A which
participates in both the forward and reverse reaction can

be expressed by the law of mass action as follows:

Al ey
1. 2 17A

1_"a _ b
vdat - V\aE /, tV\aE Cgeeee=kyC

r.s
5 RCS... -1l

where Cps CB""’ = concentrations of components A, B, etc.
At equilibrium the net rate of decomposition is zero, so

that

a b S r -
kl(CA)e(CB)e.coo-kz(CS)e(CR)eoaoc - O 22

or

k'l _ (Cg)e(cg)e.... _
k.  a b = K¢ 23
2 (Cple(Cple,,..

where K, = equilibfium constant expressed in terms of
concentratiohs.
In nonideal systems the equilibrium constant should be
expressed in terms of activities rather than the concen-
tration. Thus it appears that the thermodynamic activity
should be used as the active mass term in the law of mass

action. Therefore Equation 21 should be written as

dN b
- % ?‘T‘E@- = kl(ai) (aB)'°°'_k2(a§)(a§) o000 214,

where 8y, ap, ap, and ag = activities of components
A, B, R, and S respectively.
Theoretical considerations based on the activated complex

theory also suggest that activities should be used in
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expressing reaction rates (23). |

Most kinetic data available in the literatufe are
based on concentrations or partial pressures. In ideal
systems, such as gas phase reactions at low pressures,
no error is involved in using concentrations and partial
pressures rather than activities. At high pressures,
however, gas mixtures tend to become non-ideal and the use
of’partial pressures or concentration can lead to severe
errors., Therefore, activities should be used in the

formulation of the rate equation at elevated pressures.

Determination of Activities in Gas Mixtures

The activities of the reactants will have to be
determined for the gaseous mixtures used in this investi-
gation so that the rate constants ban’be properly evaluated.
No data are available for determining thé activities, but
three methods- are presented for predicting the activity
of a component in a gas mixture. |

G, N. Lewis in 1901 (24, 25) introduced the concept
of . fugacity and activity in order té simblify the treatment
of cases in which the ideal-gas and ideal solution concepts
do not apply. The fugacity of a real gas is defined by the
following two equations:

4G, = RTdlaf = VdP | 25

and

lim £/P = 1 . 26
P—0
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where f = fugacity of the gas
G = free energy of the gas D‘
V = molal volume of the gas
P = pressure on the gas

Equation 25 can be integrated to give

Ing = 1nd= [ P . 27

ol

where f = fugacity at pressure P

¢
Z

fugacity coefficient

il

compressibility factor.

The value of the fugacity or fugacity coefficient can be
determined by evaluating the integral on the right either
by substituting an equation of state for Z or from
experimental data by graphical integration.

The rigorous determination of the fugacity for‘a
component in a mixture is possible when sufficient PVT-
composition data are‘available for the system. The
procedure is similar to that for a pure'compound (shown
: ébove) except that the partial molal quantities are substi-

tuted for the molal quantities in Equation 25. At constant

temperature
dG.)n = RTdInf. = V.dP 28
(¢ J)T J J
where Ej = partial molal free energy of component j in
the mixture
V. = partial molal volume of component j in the
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mixture

fj fugacity of component j in the mixture

P

total pressure exerted on the mixture.

Equation 28 can be integrated to give

P
_ Z.-1
InT; = lny;+lnP+ [ ~— ap 29
0
where Zj = partial molal compréssibility factor of
component j in the mixture
Vi = mole fraction of component j in the mixture.

The fugacity of component j in the mixture may be calculated
from this equation by using PVT-composition data to

. evaluate the integral on the right. For the special case

in which thefe is no volume change o¢n mixing at constant
temperature, combining Equation 27 with Equation 29 gives

T, = .+ .
lan lnyJ lan 30

or
?j = yjfj . 31
This Equation is known as lLewis and Randall fugacity rule,
and i£ applies td ideal solutions. It is applicable ﬁo
gases over a considerably wider range than the perfect-gas
law or Dalton's law of partial pressures.
Equation 29 may be expressed more simply by

designating the integral on the right as 1n35, where $j

is called the fugacity coefficient for component j in the

mixture. Then
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P
_ 7.1 .
Ing, = —1%—— dp 32

where -fj = Yj:gj? . ‘ 33
The fugacity coefficient, &, may be evaluated when suffi-
cient information is available to carry out the integration
in Equation 32. ' The most accurate evaluation of $j is likely
to be obtained from an equation of étate with several
constants. waever the équations are limited to substances
for which the constants are available; they apply only over
the region where the equations are applicable. Two procedures
will be briefly described which can be applied to any
substance and which require a minimum of data. The first
uses the two-constant equaﬁion of state of Redlich and Kwong
and the second employs the generalized charts based on. the
theorem of corresponding states.

The Redlich and Kwong equation of state is
advantageous in that it requires only a minimum amount of
data and has been constructed to be in accord with the
behavior of real gases at high pressure. It has been
adapted for use in calculating the fugacity coefficient
for a component in a mixture (26). The constants for the
equatioh of state for the mixture are obtained from the
constants for the pure components which are determined
from the critical temperature and critical pressure of each

component and the temperature of the mixture. The equation
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for $j was obtained as

224, B |
log 5 = 0.4343(Z;-1)-log(2,-BP)- l_—A‘l 'El:l log(1+Z5) 3k

ol

where Aj, By = cqnstanté for the pure components

A, B

constants for the mixture

Z, = compressibility factor for the mixture.
The fﬁgacity coefficient for a component in a

mixture can also be determined from the generalized charts

using the theorom of corresponding states. - The following

" equation was proposed by Joffe (27).

(z-1

)
Ind, = Ind+pmmy (T'-T )+
RTT'C( c cj) P

Pé-P )

cJ

35

where (H*- H) represents the difference in molal ehthalpy
of the mixture at a low pressure and at the pressure where .
%5 is to be evaluated. |

Té, Pé = pseudocritical temperature and pressure of

the mixture.

—3
o
]

cj ¢j critical temperature and pressure of the

pure component.



CHAPTER VII
EXPERIMENTAL PROCEDURE

The homogeneous réaction of ethylene with butadiene
to form cyclohexene was first reported by Wheelef and Woods
(4) in 1929, Although many investigators have studied this
reaction since then, none of the investigations have been
carried out at pressures of more than a few pounds per square |
inch. The present work was undertaken to investigate the
effect of pressure on the homogeneous, gaseous (fluid),
bimolecular reaction of ethylene with butadiene in the °
pressure range of 250 to 4,500 lbs./sq.in. gauge and in the

temperature range of 500 to 700°F in a tubular reactor.

Materials

Pure grade ethylene was supplied by the Phillips
Petroleum.Company. This ethylene had a minimum purity of
99 mol. per cent with an oxygen content of approximately
5 ppm. A sample analyzed on the chromatograph indicated
that the actual purity was considerably better than the
99 per cent guaranteed.

Pure grade butadiene, containing an inhibitor, was

supplied by Esso Research laboratories. As dimerization of

63
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butadiene to vinylcyclohexene takes place slowly at room
tempgrature, even in the presence of an inhibitor, it is
impossible to keep butadiene pure over an appreciable
length of time. Pure butadiene for the reaction was
obtained by single stage distillation immediately before
each experimental run. Butadiene obtained in this manner
was determined by chromatographic aﬁalysis to be essentially

pure with only a trace of impurities.

Calibrations

It was necessary to calibrate the coiled capillafy
ethylene flow device and the butadiene reservoir before
any data could be taken. The ethylene flow device was
calibrated as follows. After charging the hiéh pressure
reservoir with ethyiene to approximately 5,000 lb./sq.in.
gauge, the air préssure to the Sprague, air-driven, high-
pfessure pump was adjusted so the ethylene pressure was
maintained at 5,000 1lb./sq.in. gauge by injecting water
iﬁto the bottom of the pressure vessel. The outlet of the
metering valve was connected directly to the water saturator
and hence to the "Precision" wet-test meter. The metering
valve was adjusted to give the desired reading on the
Barton gauge. The ethylene flow rate was determined by
measuring the time required for a predetermined amount of
ethylene to flow through the wet-test meter. These values

were then.converted to standard conditions by correcting
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for pressure, temperature, water content and compréssibility
factor. Data were obtained for the complete range of
pressure drop for each coil. A plot was made of flow rate
versus pressure drop for each coil (see Appendix‘B).

The butadiene reservoir was dalibrated by filling
the reservoir with water and then reading the liquid height
before and after a calibrated amount of water was removed
from the system. This prbcedure was coﬁtinued from top to
bottom for only the sight glass as it was used for éll
butadiene flow rate determinations. As the cross-sectional
area varied slightly from top to bottom, a plot of reservoir
volume versus liquid height was obtained by integrating the
volume. over the height of the liquid for the sighf glass

(see Appendix B).

Preliminary Procedure

The equipment for this investigation was designed
in such a way that considerable preparation was required
before an actual run could be made. The higﬁ pressure
eﬁhylene storage vessel had to be filled as previously
discussed. Freshly distilled butadiene was obtained by one
step distillation from the main butadiene supply cylinder to
a small butadiene feed tank- mounted in a cold water bath. |
This freshly-distilled butadiene was then used to fill the
butadiene feed reservoir. A water reservoir for the

Sprague, high pressure water pump was filled with oxygen-free,
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distilled water. Then the salt in the salt bath was melted
and heated to the desired temperature. The power input to
the salt pot was adjusted and the tempefature controller
set sd that the controller would control at the desired
temperature. The hot oil bath was activated and allowed to
heat. Then the refrigeration unit was activated so that
cold water would be supplied to the condenser. The pressure-
transmitter was set at the desired operating range. The
chromatograph was activated and allowed to come to the
desired temperature. After the above operations were

completed the equipment was ready for operation.

Operating Procedure

After all the preliminary operations had been
completed the system was activated by opening the metering
valve. The pressure in the system increased until the
system pressure was equal to the preset operating pressure,
at which time the back pressure control system activated
and maintained a constant pressure. If needed the set point
on the controller could be changed to give the desired
operating pressﬁre. The air pressure to the Sprague, air-
operated, liquid pump was then adjusted so that the ethylene
pressure would be maintained at 5,000 1b./sq.in. After the
metering valve had been adjusted to give the desired
ethylene flow rate, the valve from the butadiene supply
was opened and the butadiene pump was activated. The

butadiene flow rate, determined by measuring the decrease
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in liquid butadiene height in the sight glass per unit time,
was set to the desired value by adjustiﬁg the stroke length.
This adjustment could be made with the pump in operation.
The system wés then allowed to reach steady state conditions,
which required from ten to forty-five minutes depending
upon the flow rate and pressure. In most cases it was not
necessary to adjust either the ethylene flow or the vutadiene
‘flow during a run.
| Upon reaching steady state operations the data

recording process was started. A set of readings were taken
at regular interyals of five to twenty minutes, depending
upon the pressure and flow rate, until a sﬁfficient number
of sets had been obtained. A normal data set consisted of
the following:

(1) Time (hour and miﬁute)

(2). Ethylene storage vessel pressure (lb./sq.in.

gauge)

(3) Pressure drop as obtained from the differential

| pressure gauge

(4) Reactor temperature (°F)

(5) Reactor pressure (lb./sq.in. gauge)

(6) Wet-test meter reading (zero at start of run)

(7) Butadiene sight glass reading (centimeters)

(8) Liquid product sample reading (cc., 50 at start)

(9) Temperature of gas in wet-test meter (°F).

The date, run number, coil number and barometric pressure
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were recorded only at the beginning of each run. Immediately
after recording each set of data a gas sample was taken, and
a chromatographic analysis made which was identified with
the time and run number. Normally three to five sets. of
data were taken per run. A liquid sample was taken at the.
end of each runlfor analysis at a later-time.

After each run was completed the butadiene pump was
stopped and.a new run started by repeating the above
procedure, provided that the pressure and temperature
remained constant. If the operating pressure were changed,
the back pressure control system had to be set to the new
operating pressure before a run could be started. In most
cases this setting could be accomplished without depres-
surizing the system. 'If the operating temperature were
.changed, the system had to be depressurized, the liquid
salt had to be heated and the temperature controller had to
_be set for the new temperature before a new run could be
started. |

After completing a set of runs, chromatographic
analyses were made of thé liquid samplés obtained during

the runs.

Method of Analysis

Several methods were available for the analysis of
the gases and liquids in the product streams. Vapor phase,

partition chromatography was selected because it was the
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cheapest, simplest and most convenient for obtaining an
accurate analysis.
A chromatograph, built in conjunction with a

previous research project (28), was suitable for use only

after major modifications in the method of controlling

the temperature of both the thermoconductivity cell detector
and the column. Figure 14 is a picture of the chromatograph
including the strip chart recorder.

Several different column packings were tried before
‘one was found which was satisfactory.--Most of the packings
had too great an affinity for the unsaturated compounds and
the desired separation could not be obtained within a
reasonable length of time. Apiezon-L on celite and
Resoflex L46 on L42-60 tyler support were two of the
packings tried which did not give the desired separation.
Silicone 0oil 550 on fire brick and LAC-728 (diethylene
glycol succinate) on fire brick both proved to be satis-
factory packing material.

An eight foot 1/4-inch copper tube, packed with
silicone oil 550 on fire brick, constituted the column nsed
for the gas analysis. The column temperature was maintained
at 225 F with a helium flow rate of 150 cc. per minute. The
analysis was determined by comparing the elution curves
6btained for the gas samples to those obtained from the
standard gas sample. Two standards of different compositions

were used.



Figure 14 - Chromatograph
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The procedure for obtaining the standard gas samples
was conducted in the following manner. A 500 cubic inch
stainless steel cylinder was evacuated and a weighed amount
of'b§EI6hékéﬁéJaddéd with a syringe through a rubber
septum in the system. Butadiene and ethylene were then
added in succession to the cylinder, and the amounts were
determined from absolute pressure measurements taken before
and after each gas addition. The absolute pressure measure-
ments were obtained from a mercury manometer connected to
the cylinder,

A one cubic centimeter gas sample was used for
the gas analysis. The complete gas analysis was completed
in approximately thirteen minutes. If the vinylcyclohexene
content of the gas could be neglected (as was true many’
times), the analysis was completed in only five minutes.

For the liquid analysis two different column packings
were used. The same column used for the gas analysis was
used for the first set of liquid samples. The temperature
was increased to 320°F but all other conditions remained
the same. A six-feet long, 1/L-inch copper tube, packed
with LAC-728 on fire brick, was used as the column packing
for all subsequent liquid analysis. The temperature was
maintained at 320°F for this column, but the helium flow
rate was decreased to 80 cubic centimeters per minute. As
with the gas analysis, the liquid analysis was obtained by

the comparison of the elution curve of the liquid sample
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with the elution curve of the standard liquid sample. This
procedure gave the relative amounts of all the liquid
products through CgHy, but did not indicate the amount of
phe heavier polymerization products in the liquid phase.
The amount of the heavier polymerization products waé
determined by injecting a known amount of liquid sample
into the chromotograph and then calculating the total
amount of the lighter compbnénts from the elution curves.
The difference represents the amount of the heavier
componenﬁs in the liquid phase. A liquid sample of 4

micro-liters was used for the analysis.

Preliminary Runs

A series of preliminary runs were conducted to
determine the best experimental procedure for operating the
equipment and also to détermine the maximum conditions at
which the polymerization of ethyiene éould be neglected
in the reaction. At the ﬁime the preliminary runs were
made, the maximum pressure available with the back pressure
regulator in use was 3,000 lbo/sq@in.' Based on these runs
at a pressure of 3,000 lb./sq.in., with a flow rate of
approximately 4 SCFH, the polymerization of pure ethylene
can be neglected at temperatures below 700°F. Above 700°F
ethylene polymerizatioh products start to appear in the

product stream.
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Problems Encountered

As expected thé primary problem encountered in
the actual operation of the experimental equipment was
the polymerization of butadiene. Robey, Wise, and Morrel
(17) showed that the polymerization of butadiene was small
compared to the dimerization reaction in the absence of a
catalyst. Their studies were made in the liquid phase at
considerably lower temperatures than are encountered in
this investigation, but it was assumed that these statements
would apply to the present investigation. This assumption
has been proved to be correct. Butadiene is very readily
catalyzed by oxygen; therefore special precautions were
taken to keep ﬁhe system as oxygen-free as possible. Even
with these precautions the polymerization of butadiene was
a problem as discussed below.

In the initial design only one pressure gauge was
used to measure the pressure in the reaction section, and
it was connected to the exit end of the reactor. Therefore,
the only indication of incipient plugging due to a presence
of polymers was a decrease in ethylene flow rate. By phe‘
time this change in flow was noticeable the system would

become completely plugged. By lqcating a second pressure
lgéuge immediately upstream from the reactor, the two gauges
would indicate a slightly different reading when the system
first started to plug, and corrective action could be

taken before the plug had formed.
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The normal procedure observed when the system first
started to plug was to open the valve to the vent line and
allow the system pressure to blow-out the polymer if
possible. The system was thén heated to at least 600°F and
air fed to the reactor to oxidize the polymer present. The
polymer oxidizes in air at 600°F (29). This procedure
worked in most cases, but a few times the system bécame
completely plugged. ;

The high temperature preheater appeared to be
more susceptible to plugging than the reactor itself,
and as such, it probably prevented the more serious
bfoblem of polymer deposits within the reactor. The first
time the system plugged, the preheater was removed and the
reactor was inspected. The preheatef was completely plugged
with polymer but the reactor appeared to be clean. No
appreciable polymer deposit was present,.and a volume
check showed no detectable change.

The second time a plug occurred, the reactor was
hegted to approximately 1,000°F and the plug was blown
out by pressurizing with a hydraulic hand pump. All
subsequent plugs except one were removed by this method.
This one exception occurred when a run was started at 700°F
and 4,500 1b./sq.in. The plug occurred before the system
could be vented. All methods were tried, but the plug
-could not be removed. Finally the reactor had to be

removed and replaced. This reactor was cut into several
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pieces, and the plug was found to be approximately two feet
long and located near the preheatéf.' From this and the
other runs it appears that polymer formation is more
prevalent at the higher temperaturesi. Most of the
difficulties were encountered at the higher temperatures

and at the higher pressures.



CHAPTER VIII
RESULTS

The'expefimental runs made during the course of
this investigation for the reaction of ethylene with
butadiene were limited almost entirely to three temperatures,
500, 550, and 600°F. At each of those temperatures the runs
Were.carried out at pressures of 500, 1,000, 2,000 and 4,500
lbs./sq{in. gauge. Approximately four runs, having different
fléw rates and compositions, were made at each combination
of pressure and temperature. A few experimental runs were
made at 700°F but the reactidh‘was so fast above 500
1b./sq.in. at.that temperature that most of the butadiene
reacted and an accurate kinetics study could not be
conducted. In addition, the polymerization of butadiene
became quite a problem at the higher temperatures. At
temperatures below 500°F, the reaction was so slow that
accurate analysis could be made iny at the highest
pressures, therefore, 500°F was the lowest temperature
investigated.

Most of the runs were made using the larger
(1/8-in. I.D.) reactor with the preheater. The last six
runs were made using the smaller (1/16-in. I.D.) reactor

76
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without a preheater. The small reactor was used to

demonstrate the absence of wall effects in this reaction.

Data

Because of the considerable amount of data taken,
the actual, raw experimental data will not be presented.
However, a sample of the actual experimental data for a
typical run is given in Table 1. In calculating the
computed data from the experimental data, values averaged
over the duration of the run, were used. Sample calculations
and a cohplete list of the computed data are presented in
Appendices C and D respectively. An IBM 650 computer was
utilized for the actual calculations.

The data reported in this study were obtained
using rather large mole ratios of ethylene to butadiene
(mole ratio varied from 3 to 16). This largé mole ratio
waé required to reduce ihe side reaction of the dimerization
of butadiene to'vinylcyélohexene and polymerization to
longer chains. The data represent a wide variation with
respect to the amount of reaction which had occured, in
that at the -low pressures and temperatures only a small
amount of the butadiene had reacted where as at the highest
pressures and temperatures the butadiene had almost
completely reacted. The results of the material baiance
calculations presented in Appendix D indicated that the

data were consistent in that in only eight of sixty four
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TABIE I

RAW EXPERIMENTAL DATA FOR THE -REACTION
OF ETHYLENE WITH BUTADIENE

Run #111 - Date 10-17-61
Baro. Press. in Hg. 28.90 Ethylene Flow Coil #1

1. Time ' 9:15. 9:20 - 9:25
2. Differential pressure

across ethylene flow coil 9.90 9.95 9.90
3. Reactor pressure (1lb./sq.

in. gauge) L, 500 h,SQO 4,500
L. Reactor temperature (°F) 500 500 500
5. Butadiene flow (ecm.) 114.7 79.3 43.7
6. Gas product (£1.3) 0 1.06 2.115
7. Liquid product. (cm.>) 50 51,2 32.6
8. Main Ethylene Reservoir

pressure (1lb./sq.in.
gauge) - 5,000 5,000 5,000

9. Wet test meter _
temperature (°F) ' 75 75 75

Note: (1) Gas analysis was determined at every
data pointe.

(2) Liquid sample was taken at the completion
of the run for analysis at a later time.
runs was the butadiene mass balance off greater than 5
per cent and in only three runs greater than 10 per cent.
However, an earlier set of runs were discarded because of

the inconsistency of the material balance calculations.
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Kinetic Analysis

The kinetic analysis of the reaction of ethylene
with butadiene involves the study of two reactions: the
reaction of ethylene with butadiene to form cyclohexene
and the dimerization of butadiene to form vinylcyclohexene.
Both reactions are similar Diels-Alder reactions and,
based on data obtained at low pressure, are simple
bimolecular homogeneous second-order: reactions., Actually
the dimerization of butadiene yielded a small amount of
cyclooctadiene in addition to the vinylcyclohexene, as
shown in Appendix D, but it waé included with the
vinylcyclohexene for the purpose of studying the butadiene
dimerization reaction. Thermodynamic calculations on the
reverse reactions, that is the formation of ethylene and
butadiene ‘from cyclohexene and butadiene from vinylcyclo-
hexene, indicate that these reactions can be neglected at
these temperatures and pressures. Only at much higher
temperatures and at very low pressures would these reactions
become appreciable.

Under steady state conditions in a tubular flow
reactor a material balance over a differential volume of
the reactor yields

Fdx = rdV., 36

where F = reactor feed rate, moles per unit time

x = moles of a component converted per mole of

feed
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- rate of reaction, moles of a component

e
i

converted per unit volume per unit time
Vp = reactor volume occupied by reacting system.
The rate of reaction r, as previously discussed, can be
expressed in terms of appivities for a‘bimolecular,
homogeneous, secbnd-order reaction by the equation

) ' 37

r = k(aA)(aB

Therefore the differential rate equation for .a tubular flow.
reactor, determined by combining Equations 36 and 37, is

expressed as
Fdx _
vy k(‘51!\.)(‘3B) ‘ 38

Since this equation is to be used to interpret experimental

kinetic data it can be rearranged to give

Fdx

K = q_(a ) (ag)

: 39

The integral rate equation can be expressed as

. F X0 dx 40
Vr xs (a,7{ag)

Bqﬁations'39 and 40 are the basic rate equations for a
tubular flow reactor, assuming a homogeneous second-order
reaction, and are used to determine the reaction rate
constant from experimental data. |

In obtaining experimental kinetic data the tubular
flow reactor can be classified either as a differential

reactor or an integral reactor. In a differential reactor
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the change in composition must be small, and consequently
the reaction rate will be constant throughout the reactor.
When the conditions of approximately constant reaction rate
cannot be met, the reactor will be considered an integral
reactor. The advantage of the differential reactor is that
the reaction rate constant can.be obtained directly from the
differential rate equation (Equation 39) by assuming average
values for the activities throughout the réactor,'whéreas
for the iﬁtegral reactor the activities have to be expressed
in terms of composition as indicated by the integral rate
equation (Equation 40).
The kinetic data obtained in this investigation

was such that at the low pressures and temperatures, where
only a small amount of reaction occured, the reactor
operated as a differential reactor and essentially no
error was introduced by determining the reactioﬁ rate
constant from the differential réte equation. At the higher
pressures and temperatures, with the increased reaction rate
the conditions required for the differential reactor were
no longer satisfied. The reactor then operated as anl
integral reactor requiring the use of the integral rate
equation.

) The rate of reaction r, as previously discussed,
is a function of theAactive masses of the reactants and
is usually expressed as activities or concentrations.

Activities are generally agreed to be more correct, but
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concentrations are more common. The rate constants for
these reactions are calculated using concentrations in
addition to activitigs so’ that the rate consﬁants based on

concentrations can be compared to those based on activities.

Rate Constants Based on Activities
The two competing reactions involved in the reaction

of ethylene with butadiené can be written as follows:
C,H, +C K1
of, * C g = Cglyg
Cule * CuHe CgHyp
where k4 and k, are the rate constants for the formation
of cyclohexene and vinylcyclohexene respectively. The
kinetic rate equations for the above reactions, based on

activities and assuming homogeneous bimolecular reactions,

can be written as

v, - F Ll

dxy  (kpllay)™ 12
av, F

where Xy Xy moles of cyclohexene and vinylcyclohexene

respectively per mole of feed

a,s ay activities of ethylene and butadiene
respectively.
The above equations can be solved provided the activities

can be expressed in terms of composition.
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Several methods were previously discussed for

calculating the activity of a component in a mixture. All

of the methods except the Lewis fugacity rule are too

complicated to be included in the rate equation; therefore,

the Lewis fugacity rule is used. The activities of the

reactants in the mixture, based on the Lewis fugacity rule

and assuming unit fugacity as the standard state, can be

written as

ay = Ta X fy 43

ab = fb = beb ) L1

where T,, Ty = fugacity of ethylene and butadiene

respectively in the mixture

X Xb = mole fraction of ethylene and butadiene
respectively in the mixtgre

f fb = fugacity of pure éthylene and butadiene
respectively at the pressure and

temperature in question.

The mole fractions of the various components of the mixture

in terms of x,, Xp, Xo and xg are determined as follows,

where A, and B, are the mole fractions of ethylene and

butadiene respectively in the feed.

Mol.
Mol,
Mol.
Mol.

Total mol/mol, feed =

Cth/mol. feed = x, = A -X 45
C Hg/mol. feed = x, = Bo-X¢-2Xg L6
CgHyg/mol. feed= x, = X, L7
08H12/mol. feed= x4y = X4 L8

L9
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The mole fraction of each component is therefore

Xy = (Ag-x.)/(1-xg-%4) ~ 50
Xy = (By=xg-2x4)/(1-x,-x4) 51
Xo = xo/(1-%0-%q) 52
Xq = xq/(1-x5-x4) 53

Making the appropriate substitutions, the differential
Equations 41 and 42 can be rewritten as

dx, _ (kl)(fa)(fb)(Ao-xc)(Bo—xc-Zxd)

dvy,. © (F)(l-xc—xd)2 .5h
dxg (ky) (£,)% (B, -x -2x,)* .
W (F) (1-xg-xg)

Equations 54 and 55 are two differential equations
having two dependent variables and one independent variable;
therefore, knowing the exit composition from the reactor,
the two equations can be solved simultaneously to give the
two rate constants. The actual solutions of the above
equations were obtained by two methods.

. The first set of solutions were obtained by
programing and solving the two differential equations oﬁ
the Donner 3100 analog computer available at the University
of Oklahoma. Appendix E contains the calculations and
analog program used for solving the equations on the analog

computer. The_ analog computer handles simultaneous

differential equations of this type quite readily and the
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analog program is fairly simple; however, due to minor
malfunctions of the computer at the time the solutions
were made, the results were not as accurate as anticipated.
Comparison of the analog results with those obtained
assuming a differential reactor at the low conversion
runs showed a deviation as large as 10 per cent.

The second set of solutions were obtained from a
analytical solution of the two differential equations. The
analytical solution which is rather tedious is presented

in Appendix F. The resulting equations are as follows:

- (C)(F)
KL= T, T 56
(v,)(£,)"(2)

2
where '[S.-(N-l) ( g (Borho ) + RS2 )

N-1 N-1
Cc = —_— ds 58
(4)(S) ( N Eeo,(N-mAc] -(Ao)(s))
A -x
(0] C

and S =—_ 59

o)
The factor N in Equations 57 and 58 has been previously
determined as shown in Appendix F. The actual numerical
solutions were obtained on the IBM 650 computer. Appendix
G contains a complete list of the rate constants calculated
‘from the experimental data obtained during this investi-‘
gation. The results obtained by assuming a differential

reactor Tfor some of the low conversion runs are in very
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close agreement with the results obtained by solving the
above equations.

The natural logarithm of the rate constant based
on fugacity, for the formation of cyclohexene from ethylene
and butadiene, are plotted versué pressure in Figure 15 for
the temperatures investigated. The isothermal curves in
Figure 15 were obtained by fitting a quadratic eqﬁétion to
the data by the method of least squaresﬂusing the IBM 650

computer. The equations obtained for the least square fit

are
Inky = -16.35 + 8.20 x 10‘4P-8.92 x 10‘8P2
1nkl = -15,15 + 6.63 x 10‘4P-8.02 X 1of8P2
and Ink, = -13.94 + 2.12 x 107*P-1.70 x 10-8p?

respectively for the temperatures 500, 550 and 600°F.
Figure‘ls also contains the rate conétant obtained from the
rate equation developed by Rowley and Steiner in their work
at low pressures. The present data appears to agree with
their work. |

The absolute reaction rafe theory states that the
relationship between the rate constant and pressure is

given by Equation 17, where

dink) _ _ _av" . |
("_‘dp )T T RT 7

Figure 16 shows a plot of AV versus P for the three

principal temperatures investigated. The values of NG
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were obtained by differentiating the equations'of the

curves in Figure 15 with respeét to P.

Figure 17 contains similarly for the butadiene

diﬁerization reaction, a plot of In k, versus
the temperatures investigated. Also‘included
are the corrected curves, obtained by fitting
equation to the data obtained in this work at

4,500 1lb./sq.in. in conjunction with the data

pressure for
in Figure 17
a quadratic
2,000 and

of Rowley and

Steiner (13) at low pressures, all at temperatures 500 and

55OOF. The equations obtained for the corrected curves are
- -4 -8.2
In kp = -14.16 + 6.80 x 10 "P-6.28 x 10 P
= Lo -8.2
and 1In k2 = -12,93 + 4,61 x 10" "P-4.75 x 10 °P

respectively for the temperatures 500 and 550°F. Figure 18
contains a plot of AVZ* versus pressure for the corrected

curves at 500 and SSOOF.'

Rate Constants Based on Concentrations

The kinetic rate equations based on concentrations

are similar to Equations 41 and 42 except that concentrations

are used instead of activities. Therefore
dx, (kg 0(C)(Cy) p
av,. F ‘ 0
2
dxd ) (k2c)(cb) ' ‘o
dvV,. F

= reaction rate constants for the

where klc’ k2c
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formation of cyclohexene and vinylcyclo-

hexene based on concentrations.

C,s Cp = concentrations of ethylene and butadiene

respectively, mol/ft3.

The concentrations are expressed as

c, = (xa)(zgﬁT) | 62

o = (%0) 7.p7 63

where Z, = compressibility factor for the mixture.
Substituting Equations 62, 63, 50 and 51 into Equations
60 and 61 gives

, LR
dxC ) (klc)\P) (Ao-xc)(BO—xc-2xd)
av, - 2 2 - bk
r (F) (ZRT) “(1-xg-x4)
dxd . (k2c)(P) (Bo—xc-2xd)
av. 7 65

r o (F)(Z,RT)(1-x,-x,)

The solutions of Equations 64 and 65 are presented in
Appendix F.

The resulting equations are

: 2
C
Ky, = ( )(F)(RT)2 66
o (V,.) (P)
2 |
,, - LCLFIERDEM) 67
(V) (P) (R)
where C = complex function of the exit conditions as
presented in Appendix F
N = previously determined factor as shown in

Appendix F.
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Figures 19 and 20 contain a plot of the natural logarithm
of the rate constants versus pressure as obtained in the
solution of the above equations. Also included in Figures
19 and 20 are the rate constants determined from the rate

equations obtained by Rowley and Steiner in their work at

low pressure.
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CHAPTER IX
DISCUSSION OF RESULTS

The rate constants based on activities obtained
from the experimental data for the Diels-Alder reaction
of the formation of cyclohexene from ethylene and butadiene
.at pressures up to 4,500 lb./sq.in. gauge for the tempera-
tures investigated are presented in Figure 15. The
assumption of a second order reactidén, as was the éase for
this reaction at low pressure;vappears to be in agreemenﬁ
with the data obtained in this investigation at the elevated
pressures. That is, the increase in pressure from
atmospheric to 4,500 1lb./sq.in. gauge does not appear to
effect the order of the reaction. |

When the rate constants obtained in this investi-
gation are extrapotated to atmospheric pressure they agree
quite readily as shown in Figure 15 with those obtained
from the rate equation deveioped by Rowley and Steiner (13)
in their work at low pressure but at substantially higher
temperatures than in this study. This result.indicates a
somewhat surprising agreement for kinetic data taken over

two sets of temperature ranges which are separated about

96
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300°F.

The absolute reaction rate theory predicts, according
to Equation 17, that if aV™ (the difference in volume
between the activated state and‘the reactants) is negative
the reaction rate constant should increase with increased
pressure. In this reaction there is a considerable volume
‘decrease between the reactants and products--one mole of
ethylene reacts with one mole of butadiene to give one mole
of cyclohexene. Therefore it would not be unreasonable
to assume that there will be a decrease in volume in going
from the reactants to the activated state. Also, based on
statistical rate calculations, Rowley aﬁd Steiner (13)
determinéd the activated state to be a cyclic complex
similar to the final reaction product. Therefore, the
assumption of a decrease in volume between activated state
~ahd the reactants for this reaction appears to be justified.
Figure 15 shows that as predicted the rate constants are
appreciably affected by an increase in pressure. In fact
at 5009F, the rate constant at 4,500 1lb./sq.in. gauge is
approximately 4 times as large as it is at 500 1b./sq.in.
gauge. A plot of AV versus P as obtained from the
isothefmal curves in Figure 15, according to Equation 17,
is contained in Figure 16. This plot shows that as the
pressure increases, AVH decreases, as would be expected due
to the compressibility of gases.

In general, the shape of the isothermal curves in
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Figure 15 should be similar since they are functions of
'AV* which should Vary only slightly with temperature. The
curves at 500°F and 550°F appear to be quite similar;
however, the curve at 600°F appears to deviate from the
other two. This.differencé can be explained by the fact
that at the higher temperatures, especially at the higher
preSsures, considerably more reaction took place, and
butadiene polymerization was much more‘of,a problem.

The rate constants determined from the experimental
runs in the small I.D., reactor as plotted in FigurellS, are
consistently smaller than those determined from the largef
reactor. Since the small reactcr did not utilize a
preheater, resulting in a slightly decreased effective
reaction volume, this result was as expected. If the
reaction had been wall catalyzed, the reaction rate would
have increased due to the increased area to volume ratio
of the small reactor over the large one. As the rate
constants were not increased, it is concluded that the wall
effects were negligible for this reaction.

The rate constants’based on concentrations for the
reaction of ethylene with butadiene to form cyclbhexene
at pressures up to 4,500 1lb./sq.in. gauge are presented
in Figure 19. These rate constants increase with increasing
pressure but they are not effected nearly as much by
pressure as the rate constants based on activities. The

isothermal curves in Figure 19 are nearly straight, but
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they tend to curve up at the highest pressure. These curves
do not agree with the absolute reaction rate as previously
presented in that the slope of the isothermal curves
increase at the higher pressure rather than decrease.
Thig result would indicate that the AV* was increasing
with increasing pressure, which does not appear to be
possible.

The nonsimilarity of the isothermal curve at 600°F
compared to the other curves is probably due, as previously
explained, to the butadiene polymerization at the higher
temperature.

The reactioh of primary interest in this investi-
gation is the reaction of ethylene with butadiene to form
cyclohexene. However this reaction, can not be isolated
due to the dimerization reaction of butadiene. Therefore
any kinetic investigation of the reaction of ethylene
with butadiene would necessarily have to include the study
of the formation of vinylcyclohexene in addition to the
formation of cyclohexene.

The dimerization reaction of Butadiene is quite
similar to the reaction of ethylene with butadiene. Both
are bimolecular, homogeneous, secohd-order, Diels~Alder
type reactions yielding an unsaturated cyclic product. The
only difference is the vinyl group on the cyclohexene ring
in:the dimerization reaction. It would seem probable, due

to the similarity of the reactions, that they would behave
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in a similar manner. This assumption is verified by Rowley
and Steiner (13) in that the activation energies and the
temperature-independent factors determined for the two
reactions are quite similar. It would also be reasonable
to expect that for the two reactions AV* would be approxi-
mately equal.,

The experimental rate constants based on activities
obtained in this investigation for the butadiene dimerization
reaction are plotted versus pressure in Figure 17.

However, the extrapolated values of the rate constants

do not agree very closely with those obtained by Rowley
and Steiner; also the isothermal curves obtained by é

least square fit of a quadratic equation to the data are
net similar in shape to the corresponding curves in

Figure 16. This observation would tend to discredit‘the
~assumption that AV would be approximately equal for the
two reactions. These discrepancies are probably due to the
inaccuracy involved in determining the vinylcyclohexene
concentration in the gas phase.

The chfomatograph, which was used for the gas
analysis, was set for the optimum conditions for analyzing
for ethylene, butadiene and cyclohexene in the gas pha_lse°
As the chromatograph has a limited range as to molecular
size of the componénts which can be analyzed in a reasonable
length of time, it was almost impossible to analyze

accurately for both ethylene and vinylcyclohexene. Therefore,
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there was a considerable time delay between the sample
injeépion and the sample traces for the vinylcyclohexene.
As the initial composition of vinylcyclohexene in the gas
phase was small in the beginning, it was almost impossible
to determine the area under the curve. In the runs where
there was an appreciable amount of liquid formed the small
error in the analysis of the gas phase could be negligible,
but in the runs where thefe was low conversion, and thﬁs
essentially no liquid formed, the error could be appreciable.
A probable case in point were of the runs at 500 to 1,000
ibo/sq.in. gauge at both 500 and SBOOF. Consequently the
validity of these points obtained at low conversion are
very doubtful.
| If these points at the lower pressure are neglected
and a new isothermal curve drawn between the higher pressure
data and the data of Rowley and Steiner, as shown in
Figure 17, the resulting curves are similar to the corre-
sponding curves in Figure 15, and consequently the assumption
that. AV* is approximately equal for the two reactions is
justified as shown in Figures 16 and 18.
The non-similarity of the curve at 600°F is
probably a result'pf two factors.. One, as previously '
mentioned, is butadiene polymerizati&n, and the other is
that in this particular set of'runs the vinylcyclohexene
in the gas phase was neglected. This latter factor

probably effects only the runs at 500 lb./sq.in. gauge,
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appregiably°

The experimental rate constants based on concen-
ﬁfapions for the dimerization reaction are plotted in
Figure 20. The isothermal curves plotted in Figure 20
correspond to the corrected curves in Figure 17. The data
at 600°F are not considered because of the reasons previously
given. These curves do not agree with the absolute
reaction rate theory in that they predict an increase in

AV (from a negative value to a positive value) as the

pressure increases.



CHAPTER X
CONCLUSIONS

The reaction rate constants obtaihed for the
reaction of ethylene with butadiene showed an appreciable
increase with increasing pressufés—up to the maximum
pressure investigated of 4,500 lb./sq.in. gauge at

constant temperature. The variation of rate constants
with pressure at constant temperature was easily explained
by the absolute féaction rate theory.

The rate constants obtained for the reaction of
ethylene with butadiene agreed, when exﬁrapolated to low
pfessures, quite well with those obtained by a previous
iﬁvestigator at low pressures. The results also agreed
with the previous investigations at low pressure in that
the reaction was found to be a hémogeneous, bimolecular,
second order reaction leading essentially to the expected
products, except for the increased polymerization of
butadiene at the higher témperatures.

The reaction rate constants obtained for the
dimerization of butadiene were not in good agreement, when
extrapolated to low pressures, with those obtained by

103 .
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previous investigétors at low pressures. Also the variation
of the rate constants with pressure at constant température
was not similar to the previous reaction as would be
expected by the similarity of the reactions. When
corrected curves were drawn, the results not only agreed
with those obtained by previous investigators, but also the
variation of the rate constants with pressure was similar
to the variation obtainea from the previous reaction,

(ethylene with butadiene)} as would be expected.
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APPENDIX A
NOMENCLATURE



NOMENCLATURE

Subscript designating ethylene

Activity of componént‘j

Frequency factor representing the total number of
collisions per unit time among the reacting molecules
per unit volume

Mole fraction ethylene in feed

Subscript designating butadiene

Mole fraction butadiene in feed

Subscript designating cyclohexene_

Concentration of component j

Subscript designating vinylcyclohexene:

Energy of activation

Fugacity of pure component j

Fagacity pf component j in a mixture

Reactor feed rate, moles per unit time

Free energy

Partial molal free enérgy of component j

Standard free energy change

= 'Standard free energy of formation of the activated

complex
Planck constant
Reaction rate constant

Reaction rate constant for the reaction of ethylene
with butadiene based on activities

Reaction rate constant for the dimerization reaction
of butadiene based on activities

Reaction rate constant for the reaction of ethylene
with butadiene based on concentrations
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" Reaction rate constant for the dimerization reaction

~of butadiene based on concentrations

Boltzmann constant

= rp/ry

i

il

Transmission coefficient expressing the probability
of conversion of the activated complex into products

Equilibrium constant expressed in terms of activities

Equilibrium constant expressed in terms of
concentrations

Equilibrium constant in terms of the activated complex
and initial reactants

Moles of reactant or product present at time t
Pressube

Internal pressure

External pressure

Maximum allowable operating pressure
Probability or steric factor

Reaction rate, moles formed or consumed per unit
volume per unit time

Radius within the tube wall
Internal radius

External radius

Gas constant

Time

Absolute temperature

Volume

Molal volume

Partial molal volume of component j
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Reactor volume occupied by, reacting system

Difference in volume between the activated complex
and the original reactants

Moles of a component converted per mole of feed
Moles of component j converted per mole of feed
Mole fraction of component j

Mole fraction component j in a mixture
Compressibility factor

Compressibility factor for a mixture

Partial molal compressibility factor of component j
Radial stress

Tangential stress

Longitudinal stress

Shear stress

Maximum shear stress

Shear proportional limit

Fugacity cgéffiqient

Fugacity coefficient for component j in a mixture
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CALTBRATION CURVES
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APPENDIX C |
SAMPLE MATERIAL BALANCE CALCULATIONS



Sample Material Balance Calculations for Run #111.

1. Input‘Data (Based on 10 minute duration of run)

Ethylene (SCF) - 10.77 SCF/hr. or 1.795 SCF
Butadiene (SCF) 45,2 ml. or 27.9 gm. (P = 0.618)
2Z:2§§$:3(SCF) = 0.432 SCF
Mol. Fr. Ethylene = 1.795 = 0,806
| 1.795 + 0.432
Mol. Fr. Butddiene = 0.432 = 0.194
4 1.795 + 0.43%2
2. Exit Gas Product
Data:
Composition Mol. Fr. Amount 2.115 CF
Ethylene = 0.8746 Atmospheric Press. 28.9
Butadieﬁe = 0,1036 in. Hg.
Cyclohexene = 0.0201 Room Temp. 75°F
| Vinylcyclohexene = 0,0017 Water Content 0.0285 mol.

Fr.
The gas product has to be corrected to standard

conditions and for water content. Therefore:

Exit Gas (SCF) = 12'11%%5?323§§§;?0)(0°97l5) = 1.93 SCF

The amount of each component found in the gas product is

determined from the amount of gas product and the gas

product compositioh. Therefore:

(SCF) (Mol.Fr.) (gm.)

Gas (gm.) = (SCF) = (gm')
Ethylene = (1.93)(0.8746)(33.57) - 57.12 gm.
Butadiene =

(1.93)(0,1036) (64.73) = 13.05 gm.
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Cyclohexene = (1.93)(0,0201) (98.31) = 3.85 gm.
Vinylcyclohexene = (1.93)(0,0017)(129.5) = O.44 gm.
3. Exit Liquid Product
Data:
| Composition Vol, Fr. Amount 17.4 cc.
Butadiene = 0.0424
Cyclohexene = 0.3803 1% polymer
Vinylcyclohexene = 0.5162
Cyclooctadiene = 0.0611

The amount of each component found in the liquid
product is determined from the amount of liquid product,
per cent liquid product polymer and liquid product

composition. Therefore:

Liquid (gm.) (cc)(Vol. Fr.)(density)(% product) = gm.

Butadiene . = (17.4)(0.0424) (0.628)(0.99) = 0.46 gn.
Cyclohexene - (17.h)(0,3803)(0.8205(0.99) = 5,39 -gm.
Vinylcyclo- ‘ : | : .

hexene = (17.4)(0.5161)(0.840) (0.99) = 7.495 gm.
Cyclooctadiene = (17.4)(0.0611)(0.883)(0.99) = 0.933 gnm.
Polymer = (l7-h)(de01) (1.0) ‘ = 0,170 gn.

L. Total Exit Product Stream

The over all exit composition is determined by
édding the amount of each component from both the gas-and
liquid product streams. The mole fraction os each component
.in the exit stream is found by dividing thé amount in moles

of that component by the total moles of product. Therefore:
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Component grams mole fraction
Ethylene 57.11 0.821
Butadiene 13.51 0.101
Cyclohexene 9.24 -0.0454
- Vinylecyclohexene 79 0.0296
Cyclooctadiene 0.93 0.0035
Polymer . _0.17 --
Total ' 88.86 |
5. Ethylene Material Balance
Ethylene in feed = (1.795)(33.57) = 60.3 gn.
Ethylene in exit product = 57.1 gm,

-

Equivalent ethylene in cyclohexene product = 3.2 gm.,

Total equivalent ethylene in product '60.3 gm.

Grams Ethylene out _ £0.3 _
Grams Ethylene in 60.3

Material balance

6.> Butadiene Material Balance

Butadiene in feed 27.9 gm.,

Total equivalent butadiene in product = 28.6 gm.

Grams Butadiene out _ 28.6 _ 1.02
Grams Butadiene in 27.9 *

Material ‘balance



APPENDIX D
COMPUTED DATA FOR THE REACTION OF
ETHYLENE WITH BUTADIENE



TABIE 2

COMPUTED DATA FOR THE REACTION OF ETHYLENE WITH BUTADIENE

Run Number
Reactor Pressure
(lb./sq.in.gaugg)

Reactor Temp. (°F)

Reactor Volume
(cu. in.)

Input Flow Rate
(SCFH)

Mol. % Co In
Mol. % Cl{» In
Duration of Run
(min.)

Product Out (gm.)
Mol. % C» Out*
Mol. % Cj, Out
Mol. % Cg Out
Mol. % Cg Out
Mol. % Cg' Out
Weight % Polymer
C-, Mass Balances«
Ch Mass Balance

77

500
701

78

500
701

.80

N &
(@)

oW

.30
<3k
.25

NoX@ RN
o

79

500
701

80 -

500
701 -

5.80

6.95
8707
12.3

20

8L4.2

90.4
7.01
1.85
0.67
0.11
1.1
1.00
0.87

81

1000
700

5.80

7.81
87.6
12.4

20
96.2
90.1

6TT
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TABILE 2-~-Continued

Run Number
Reactor Pressure
(1b./sq.in. gauge)
Reactor Temp. (%F)
Reactor Volume
(cu. in.)

Input Flow Rate
(SCFH)

Mol. % Cp In
Mol. % Cj In
Duration of Run
(min.)

Product Out (gm.)
Mol. % Co Out
Mol. % C, Out
Mol. % Cg Out
Mol. % Cg Out
Mol. % Cg' Out
Weight % Polymer
Cp, Mass Balance
Ch Mass Balance

8L

500
‘600

5.80

6.31
757
4.3

20
86.0
77.0
21.1
0.93
0.87
0.11

1.01
0.97

85

500
601

5.80

3.61
81l.1
18.9

20
4L8.9
82.4
15.5
1.19
0.81
0.09
0.2
1.04
1.00

86

1000
600

5.80

6.7k
76.5
235

10
L5.3
78.8
ll+-5
2.93
3.22
0.49

0.99.

0.98

87

1000
600

5.80

9.19
78.3
21-7

20
124.3
79.8
16.2
1.92
1.85
0.22
0.1
1.01
1.00

88

1000
600

5.80

8.06
89.0
11.0

20

99.5

89.6
9.02
1.18
0.23

1.01 .

0.96

89

1000
600

5.80

5.36
8L.3
15.7

20
69.6
85.2
10.9
2.38
1.34
0.18
0.1
1.01

1.01

90

1000
600

5.80

10.43
92.1
7.9

20
127.7
- 92.3

6.79 .

0.69
0.23

1.02
1.02

ocT
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TABLE 2--Continued

Run Number 91 92 93 : oL 95 96 97
Reactor Pressure )

(1b. /sq in. gau%e) 1000 250 2000 2000 2000 2000 4500
Reactor Temp. (°F) 600 600 600 600 600 600 600

Reactor Volume

(cu. in.) 5.80 5.80 5.80 5.80 5.80 5.80 5.80
Input Flow Rate

(SCFH) 11.45 3.65 10.24 11.09 17.77 19..40 - 15.87
Mol. % C2 In 83.9 78.5 83.9 77 o4 91.7 84.0 87.7
Mol. % C) In - 6.1 21.5 16.1 22.6 8.3 16.0 12.3
Duration of -Run . - -

(min.) 20 30 20 15 20 10 15
Product Out (gm.) 150.,0 75.1 130.8 110.7 225.5 127.4 149.1
"Mol. % Co Out 8Ll 80.1 86.1 81.2 92.3 86.5 89.3
Mol. % C, Out 13.0 19.3 6.58 7.83 5.62 9.25 1.13
Mol. % C6 Out 1.37 0.37 L.78 5.97 1.64 2.69 7.62
Mol. % Cg Out 1.01 0.27 2.19 L .39 O0.42 1.40 1.71
Mol. % Cg' Out 0.15 - 0.35 0.66 0.02 0.19 0.26
Weight % Polymer 0.2 - O.l. 0.5 0.3 0.4 0.8
Co, Mass Balance 1.02 1.04 1.00 1.00 1.07 1.02 1.01

1.03 0.96 0.97 0.96 1.05 0.96 0.98

Ch Mass Balance

TeT
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TABILE 2--Continued

Run Number 98
Reactor Pressure
(1b./sq.in. gaué e) L4500

Reactor Temp. F) 600

Reactor Volume

(cu. in.) 5.80
Input Flow Rate '
(SCFH) 28.29
Mol. % Cp In 93.8
Mol. % Cj In 6.2
Duration of Run

(min.) 15
Product Out (gm.) 256.3
Mol. % C2 Out 94.2 -
Mol. % Cj Out 2.00

Mol. % Cg Out 3.33
Mol. % Cg Out

" Mol. % Cg' Out 0.04
Weight % Polymer 0.4
Cp Mass Balance 1.02

Ch Mass Balance 1.02

OoLl»l

99

4,500

600
5.80
30.68

86.5
13.5

100

1000
500

5.12

10.90
91.3
807

20
131.4
91.3
8.6
0.09

1.00
0.99

101

1000
500

5.12
12.25
81l.
18.

20
160.3
81.3
18.L4
- 0.17
0.13
0.01
0.8
0.99
1.02

AW

102
1000

5,12

xR
o

20.4

0.95
1.07

103

1000
500

5.12

6.59
85.3
14.7

20
79.7
85.2
14.2
0.29
0. 24

0096
0.97

104

1000

500
5.12

9.78
8L4.9
15.1

20
123.9
8506
13.0
0.83
0.48
0.05
1.1
0.99
1.00

eet



TABIE 2--Continued

Run Number
Reactor Pressure
(1b./sq.in. gauge)
Reactor Temp. (°F)
Reactor Volume
(cu. in.)

Input Flow Rate
(SCFH)

Mol. % Cp In
Mol. % C, In
Duration "of Run
(min.)

Product Out (gm.)
Mol. % C2 Out
Mol. % Cy Out
Mol. % C6 Out
Mol. % Cg Out
Mol. % Cg' Out
Weight % Polymer
Co> Mass Balance
C, Mass Balance

105

2000
500

5.12

11.27
75.0
25.0

20
154.9
76.9
20.2
1.19
lo 53
0.16

1.01

0.98.

106 107 108 109
2000 2000 2000 1,500
500 500 500 500
5.12 5,12 5,12 5,12
10.68  14.17  13.00 9.11
67.2 75.5 85.6 83.1
32.8 21,.5 1h.4 16.6
15 15 20 10
10L,.6  146.3  167.2 58.1
68.5 76.1 85.6 8L.L
26.2 21.3 13.4 6.85 -
1.81 0.99 0.62 5.51,
3.16 1.23 0. 40 .50
0.38 0.12 0.02 0.3
_Z 0ol 0.9 -z
0.90 1.00 1.00 0.98
1.00 1.05 1.01

0.91

110

4500
500 .

5.12

12.01
88.L4
11.6

15
112.4
88.7
6.79
3.21
1.22
O0.14
0.3
0.99
1.05

111

4500
500

5,12

13.36

80.6 .

19.4

10
88.9

82.1

10.1
Lo Sl

L] L] o

HHOON
NO O

O Or\W\
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TABIE 2-~-Continued

Run Number 112 113 114 115 116 117 118
Reactor Pressure - ' - '

(1b./sq.in. gauge) 1000 1000 500 500 500 500 1000
Reactor Temp. (COF) 550 550 550 550 550 550 550
Reactor Volume ,

(cu. in.) 5.12 5.12 5.12 5.12 5.12 5.12 5.12
Input Fow Rate

(SCFH) ©9.30 10.12 8.14 10.58 5.95 5.07 9.75
Mol. % C2 In 89.2 82.0 74.9 . 80.5 78.1 91.6 79.5
Mol., % Cj In 10.8 18.0 25.1 19.5 21.9 8.4 20.5
Duration of Run

(min.) = 20 10 20 20 20 20 20
Product Out (gm.) 115.1 65.5 109.9 138.6 79.5 60.2 129.5
Mol. % Cp Out 89.0 82.1 75.8 81l.1 78.3 90.8 79.9
Mol. % C, Out 10,3 16.8 23.6 °~ 18.5 21.1 8.91 18.6
Mol. % C4 Out ' 0.42 0.60 - 0.23 0.16 0.25 0.16 0.72
Mol. % Cg Out 0.26 0.45 0.43 0.20 0.31 0,11 0.66
Mol. % Cg' Out - 0.05 - - -- - 0.07
Weight % Polymer -— 0.6 - - 1.9 - 1.3
Co, Mass Balance 1.00 0.98 0.99 1.00 0.97 0.97 0.98
Ch Mass Balance 1.02 1.02 0,96 .97 1.02 1.05 1.02

72T
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TABLE 2-~-~Continued

Run Number
Reactor Pressure
(1b./sq.in. gauge)
Reactor Temp. (°F)
Reactor Volume
(cu. in.)

Input Flow Rate
(SCFH)

Mol. % Cp In
Mol. % C) In
Duration of Run
(min.)

Product Out (gm.)
Mol. % Cp Out
Mol. % C; Out
Mol. % Cg Out
Mol. % Cg Out
Mol. % Cg Out
Weight % Polymer
C2 Mass Balance
C, Mass Balance

120 121 122 123
1000 1000 2000 2000
550 550 550 550
5,12 5,12 5,12 5,12
19.94 8.57 9.02 8.98
83.0 7L.3 80.14 80.0
17.0 25.7 19.6 20.0
15 20 20 15
19L.0 115.0 117.1 88.0
- 83.2 75.2 81.5 81.5
16.2 22.2 12.14 12.1
0.30 0.91 3.10 3,28
0.25 1.52 2.59 2.82
0.01 0.22 0.34 0.37
0.8 0.1 = 0.1
1.00 0.97 0.97 0.98
1.02 0.98 1.01 1.00

124

2000
550

5.12

12.47
83.4
16.6

20
160.8
84.3
12.3
2.00
1.27
0.18
O.6

0.99
1.01

125

2000
550

: 5012

13.99
7ho3
25.7

10
96.2
76.2
17.8
.62
3.05
O.41
0.8
0.98
1.00

62T
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TABIE 2-~Continued

Run Number 126 127 128 129 130 131 132
Reactor Pressure : )

(1b./sq.in. gaugg) 2000 4,500 1,500 1,500 1,500 2000 - 4500
Reactor Temp. (°F) 550 550 550 550 550 550 500

Reactor Volume

(cu. in.) 5.12 5.12 5,12 5.12 5,12 5.12 - 5.12
Input Flow Rate ’ -
(SCFH) 29,27 23.58 30.76 29.13 26.62 31.14 22.04
Mol. % Cp In 8L.8 86.5 87.3 92.5 89.6 79.8 87.1
Mol. % C; In 15.2 13.5 12.7 . 7.5 10,4 10.2 12.9
Duration of Run
(min.) 10 10 10 15 10 5 10
Product Out (gm.) 188.8 150.3 196.3 269.5 168.0 - 103.1 1.1
Mol. % Cp Out 85.7 87.1 88.3 93.0 90.0 - 80.8 85.3
Mol, % Cj Out 12.9 6.06 6.83 .40 5.65 17.2 10.8
Mol. % Cg Out - 0.77 Le58 3.38 2.08 3.23 0.94 2.41
Mol. % Cg Out 0.63 1.98 1.33 0.48 1,04 1.01 1.35
Mol. % Cg' Out 0.03 0.2L 0.16 0.05 0.12 0.09. 0.14
Weight % Polymer 0.5 0. 0.7 0.9 1.0 0.7 0.5
Co, Mass Balance 1.01 1.00 1.01 1.03 1.02 1,00 0.99
- 1.02 1.08 1.08 1.00 1.01

Ch Mass Balance 1.00 1.05

9¢1
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- TABILE 2--Continued

Run Number
Reactor Pressure
(1b./sq.in. gauge)
Reactor Temp. ( F)
Reactor Volume
(cu. in.)

Input Flow Rate
(SCFH)

Mol. % C2 In

Mol. % G4 In
Duration of Run
(min.)

Product Out (gm.)
‘Mol. % Cp Out
Mol. % C, Out
Mol. % Cg Out
Mol. % Cg Out
Mol. % Cg' Out
Weight % Polymer
C, Mass Balance
Ch Mass Balance

Note:

133

4500
500

5.12

28.93
87.8
12.

10
182,2
88.6
9.32
1.38
0.62
0.05
0.8
1.01
1.01

135

500
500

5.12

6.33
7he3
25.7

20

88.1
Tha?
25.5
0.09
0.18

- 1.00

1.01

135

2000
500

2.08#

8'12

80.9
19.1

20
108.3

81l.1

17.9

0.48
OnLFS
0.04
1.1

1.00
1.04

136

4500
- 500

2.08
12.82
81l.1
18.9

5

43.0 -

81l.4

14.7
2.02
1.68
0.17
0.5
1.00

1.06

o
o

W=\
(@]

N eloXoNeoXe)ENERF PN}
Fw N0

138

2000
550

2.08
20.68

89.7
10.3

# Runs number 135-140 were made by use of 1/8-in. I.D. reactor
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TABLE 2--Continued

Run Number
Reactor Pressure
(1b./sq.in. gauée)
Reactor Temp. (°F
Reactor Volume
(cu. in.)

Input Flow Rate
(SCFH)

Mol. % C2 In
Mol. % C, In
Duration "of Run
(min.) '
Product Out {(gm.)
Mol. % Cp Out
Mol. % Cy, Out.
Mol. % Cg Out
Mol. % Cg Out
Mol. % Cg' Out
Weight % Polymer
Co Mass Balance
C, Mass Balance

).

140

2000
600

- 2.08

2L.65
85.2
14.8

10
158.7
85.8
"12.6
0.86
0.65
0.04
007

1.01 .

1.01

Note:

*Co = Ethylene, Ch = Butadiene, Cg = Cyclohexene, 08== Vinylcyclohexene

Cg' = Cyclooctadiene

##Mass Balance = Mass out/ Mass in

82T



APPENDIX E
ANALOG SOLUTION OF DIFFERENTTAL RATE EQUATIONS



Analog Solution of Differential Rate Equations for

Determining the Rate Constants Based on Fugacities.

The differential rate equations to be solved for
the reaction rate constants are

dxC (ki)(f )(fb)(Ao-xc)(Bo-xC-Zx

d)

= 2 . B-1
v (F) (1-x -x4)?
2 2
drg ) (£)%(B -x -2x)) iy
Wr (F) (1-x_-x4)? -

Before the above equations can be solved on the analog
computer they must be properly scaled. The variables
avéilable on the analog are volﬁage:and time. Therefore,

let the dependeﬁt variables, x, and x4, correspond to the

c
voltages and the independent variable; Vy, correspond to
time. Since the maximum mole fraction is one and the
maximum working voltage is 100 volts,.the scale factor
for the dependent-variablés i5.100. The scale factor for

the independent variable is found by evaluating w from the

following equation.

V. = we, dV, = wde , E-3
where V,, = reactor volume
6 = solution time (sec)
‘w = scale factor.

Substituting the scale factors into Equations E-1 and E-2

yields

130
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'.d(lOOxC) (k) (f )(fb)'(w)(lOO)3(A -x ) (B _=x -2xd)

1 a o ¢ o_ ¢
= E_[+
as (F)(100)%(1-x _-x;)
. 2 3 2
d(lOOxd) _ (k2)(fb) (w) (100) (Bo-xC-Zxd) | s
a0 (F) (100)* (1-x-x )
Combining the constants we let |
2
Y (kl)(fa)(fb)(loo)(w) nd U - (kz)(fb) (100) (w)
R (F) : < (F)
Therefore
d(lOOxc) (H)(lOO)(AO—xC)(lOO)(Bo-xc-Zxd)
as ) (100)%( 1-x _-x,)° B-6
d(100xy)  (U)(100)% (B, -x,-2x )%
de = 2 E-7

(lOO)Z(l—xc-xd)

Equations E-6 and E-7 are now pregramed for the analog
computer as shown in Figure (23).

The operating procedure used in obtaining the analog
solution was as follows. The timing circuit shown at the
bottom of Figure (23) was adjusted to give a solution time
of three seconds. This was arbitrary and any pre-determined
value could have been used. The coefficient pots A, and B,
corresponding to the input data, were then adjusted. The
computer was set for repeated Operétion and then started.
Coefficient pots H and U, corresponding to the unknown rate
constants, were adjusted until the values of x, and xg

obtained from the analog solution were equal to the
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-100{A.- XC)(Bo “)'.C-ZXd)
(1= xexg"

_FOWA,- Xe)
e

-190 |
| Qe | \IQO(I -Xg-Xg)

+ 5 X

-I00(A - %o -
(1-x¢-xq)

+100

+l00(By-x,-2X
~XeX
: o sQ.
-100(By-X.=2%4)2
mn\ (1-x%s-xg)
o/
(o) J
®— . : c
. HOLD
RELAY
+l06 i f '

Figure 23 - Analog Computer Program for Solution
of Differential Rate Equations
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experimental values. Accurate values of H and U were
determined from which subsequentiy the rate constants were

obtained.



APPENDIX F ,
ANALYTICAL SOLUTION OF DIFFERENTIAL RATE- EQUATIONS



1. Solution of Rate Equatlons for Determining the

Rate Constants Based on Fugacities.

The.dlfferentlal rate equations to'bé solved for

the raction rate constants are

dx, (kl)(fa)(fb)(Ao-xC)(Bo-xC;zxd)

e (F) (1-xy-xg)

- 2 2
dxy (k2)(fb)-(Bo-xC-2xd)

vy -

F-2
(F)(l—xc—x

g
For convenience let K =»(kl)(fa>(fb)/F and L = (kz)(fb)Z/F
Therefore

dxC (K)(Ao-xc)(Bo—xC-Zxd)

av,. - 2 F-3
r (1-xc-xq)
dx (L)(Bv;x ~2x.)?
d 0 "¢ ~™d Y
av_ = 2 -

Rather than solving the two simultaneous differential
equations, divide Equation F-4, by Equation F-3 and solve
for the ratio of the rate constants. Therefore

dx (L)(Bo-xcf2xd)

d
- = F"
Ik, = (R (Agg) z
With a slight rearrangement of Equation F-5 one obtains
s {k) TR
dx, K Ao-xc (Ao—xc)
Ao%e 2L
Now, for simplicity, let S = i, ¢ =B o-ho and N = =% *
o)
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With this change in variable, the differential Equation F-6

may be written as

dxg () (xy) ) (+A,S)

-3 T s  “7\2) TS5 — "F-7
Using the integration factor e [-N/s ds - éﬁ , the
analytical solution to this equation is '
) (N) (A) (STT ¢ y_
Xq ~ [t ”ls)*[""{T‘NT—-H 1) F-8

-With a rearrangement and the substitution N = 2x4-ce,

the following equation is obtained.

SNy o F

The only unknown in Equation F-9 is N since all the
remaining quantities are known from experimental data. To

solve for N break up Equation F-9 as follows

(8,)(S)N) () (y-1)

N = - :
S = TE,TTNI=¢ = BT (N- ¢ Foi0

Taking the natural logarithm and solving for N

(8,)(8)(N) (g
(B, ) (N -¢ |

N = ln 3 ' F-11

The value for N is obtained from this equation.

Now that the ratio of the reaction rate constants
is known; it is possible to express xq in terms of x4, or
its equivalent S. Therefore,.Equation F-3 may be expressed

as
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S

-(N-1) ( l+SN(BO+AO ) + (Ay)(8)(N- 2))2

~ N-1/
(4)(s) ( sV [@o(N-1)+Ao Ao) (S )

Integrating the above expression with the appropriate limits

(
N-

Kdv, =

)
? ds  F-12

of integration, one obtains
S . )
v -(N—1)<}+3N(Bo o ) (AO)(s)(N-zi}
: o1
o) (N

§ K | (4)<s>(sN [(Bo) (-1) 44 ~(o) ) * s

Denoting the value of the right side by C, then

KV. =C F-14
_ (C)(F)
Ky = WL, T, F-15
N)(F)(C
ko = 2 F-16
2 2 Vr fb

The reaction rate constants obtained from Equations F-15 and
F-16 are the results of the analytical solution of the
differential rate Equationé F-1 and F-2.

The IBM 650 digital computer was used in the actual
solution of the above equationsf The method of successive
substitution was used to determine N in Equation F-1l. If
N were equal to one then Equation F-11 would be identically
satiéfied. This was the solution obtained using Newton's
method for finding the root of the equatioh.‘.The integral
in Equation F-13 was evaluated using Simpson's rule of

integration.
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2. Solution of Rate Equations for Determining the

Rate Constants Based on Concentrations.

The differential equations to be solved are

dxe (k1) (P)2 (Ag=x,) (By-xg:

F-17
dv 2 2 2
T (F)(Zy,) " (R)(T) (L-xg-x4)
dx (k, )(P)*(B -x -2x,)%
d _ 2¢c d Fo18
v, 2 2 2 -
(F)(Zg) (R) (T) (Ll-xg-x4)
Assuming additive volumes then
Zn = XgZo*XpZp*XoZotEqZg F-19

where Zg, 2y, Z¢, and Zq = compressibility factors for
ethylene, butadiene, cyclo-
hexene and vinylcyclohexene
respectively at the pressure
and temperature in question.

2 ' 2

Let KC = P P and LC = 7 ) °

Therefore by substitution

“dx, (KC)(AO-xC)(BO~xC—2xd) ,
av. = F-20
r EAO—XC)Za+(BO-xc—2xd)Zb+xCZC+de§]
2
dxg ) (Bo=Xg-2x4) o1

(L,

dv A -x,)7, +(B 253) Tt 2t xg 2] -
r E 0~Xc) L ¥ Bo=X=2Xq) 2yt X Zo* Xy %

Dividing Equation F-21 by Equation F-20 and integrating as

previously shown gives



0
(BL)(NV)~¢ (B~)(NY)-¢ .
Nt = \ Q — o F-22
(2)(Lc) An_xc ’
where Nt = Kc ’ S = i € = BO-Ao

n= (2)(xd)-e .

Knowing the ratio of the reaction rate constants from the
above equation, xg can be expressed in terms of Xxg.
Therefore Equation F-20 can be integrated with proper

limits of integration to give

- 2
A Z, )tA (1-8)Z +(M)Z (A.)
j;wr:f[ )(s )<w+€ 2.+ 002,]% (8,
(o] .

(2)(5)(Q) a5
F-23
( (A,)(8)
where Q = S N'— N'-1
(1) (4,) NW B
= o+ =
amd M T ) @ae-n 2

Denoting the value of the right side of EQuation F-23 by C',

then
K.V, = Ct , F-24
e = L (F)(R)%(M)* P25
_ Le (P)2(V,)

F-26
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Equations F-25 and F-26 are the solutions féf the reaction
rate constants based on concentrations. The IBM 650 ‘
digital computer was used in the actual solution of these

equations as previously described.



APPENDIX G
REACTION RATE CONSTANTS DETERMINED FROM THE
ANALYTICAL SOLUTION OF THE
DIFFERENTIAL RATE EQUATIONS
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TABIE 3

REACTION RATE CONSTANTS DETERMINED FROM THE ANALYTICAL
SOLUTION  OF THE DIFFERENTIAL RATE EQUATIONS

Run # kl : kz -le sz
mole/hr.- mole/hr.- cu.ft./- cu.ft./-
lb./sq.in.~- 1b./sd.in.- mole hr. mole hr.

cu.ft. \ cu.ft.
77 5.23 20,1 733 26.5
78 5.27 21.1 7.36 27.8
79 5.38 26.3 7435 33.8
80 4.88 15.9 6.92 21.1
81 Lell 19.0 5.60 21.3
82 5.06 20.2 6.47 22.7
83 L .60 17.2 5.90 19.4
8L 1.04 4,01 1.17 4.09
85 0.99 3.80 1.12 .3.90
86 1.20 7.20 1.09 5.69
87 1.06 5.76 0.995 L3
88 1.04 5.00 1.03 4 .00
89 1.04 5.13 1.00° L.04
90 1.02 5.45 1.02 L.L49
91 1.10 6.90 1.06 5.47
92 0.9L44 2.71 . 1.14 3.15
93 1.38 7.63 1.02 - 3.98
S, 1,19 9.15 1.03 08
95 1.2L 6.01 0.97 3.36
96 1.25 ~6.56 0.93 3.47
97 1.58 8.83 1.20 4.03
98 1.69 9.16 1.32 L.31
99 1.60 9,07 1.22 Loll

100 0.156 - 0.106 --

101 0.164 0.753 0.106 0.364

102 0.163 0,751 0.105 0.362

103 0,171 0.882 0.116 0437

104 0.278 1.95 . 0.125° 0.540

105 0.292 2.29 0.121 0.582

106 0.370 2.80 0.142 0.661 °

107 0.316 2.35 0.132 0.600

108 0,282 2.04 0.128 0.568

109 0.541 Lo 449 0.234 1.03

110 0.498 3.95 0.222 0.938

111 0,504 3.91 0.217 0.897

112 0,471 2.78 0.389 1.81
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TABLE 3--Continued

Run # . Ky kp k1q k2q
mole/hr.- mole/hr.- cu.ft./- cu.ft./-
1b./sq.in.- 1b./sq.in.-  mole hr. mole hr.

cu.ft. cu.ft. -

113 0.470 2.51 0.375 1.58

114 0.356 2.12 0.346 1.83

115 0.370 . 2.16 0.365° 1.89

116 0,368 2.20 0.360 1.92

117 0.361 2.94 0.364 2.63

118 0.500 2.65 0.393 1.64

119 0.425 2.61 0.353 1.71

120 0.475 .65 0.382 1.68

121 0.477 3.64 0.363 2.18

122 0.750 5.4,8 0.435 2.16

123 0.783 5.81 C.L52 .27

124 0.697 439 0.418 1.78

125 0.754 5014 . 0.419 1.93

126 - 0.647 L .83 0.394 1.99

127 1.05 8ol 0,630 2.98

128 0.998" 6.66 0.602 2.38

129 - 0.913 6.32 0.561 2,30

130 1.02 714 0.621 2.56

131 0.668 L .88 0.393 1.94

132 0.546 4 .60 0.242 1.04

133 0.412 ~ 3.16 0.184 0.754

134 1.24 0,698 0.104 0.503

135 0.261 0,212 0.114 0,567

136 0.467 4.01 0.205 0.937

137 0.611 Lo 40 0.367 1.79

138 . 0.611 L.15 0.386 1.77

139 1.27 9.92 0.997 5.51

9.89 1.06 5.33

140 1.39




