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THERMAL ISOMERIZATION OF CYCLOPROPANE
AT ELEVATED PRESSURES

CHAPTER I
INTRODUCTION

Homogeneous gas-phase reactions, in genéral, have
not been studied extensively at high pressure because, in
most cases of practical interest, the reactions can be per-
formed more efficiently in the presence of catalysts. Uni-
molecular, hombgeneous gas-phase reactions, in particular,
have received 'little attention at high pressure. For the
most part, these reactions have only been investigated in
the "more interesting" region of subatmospheric pressure.

Pressure is an important variable to be considered
in the design of reaction systems. There are two fundamental
pressure effects which must be analyzed: (1) the effect of
pressure on the equilibrium relationship, and hence the maxi-
mum reaction yield, and (2) the effect of pressure on the
reaction rate itself. It is the second effect which is of
primary interest in the present study.

It is widely held that thermodynamic activities

should replace concentrations in rate expressions for non-

1



2
ideal systems. This view has its origin from the manner

in which the thermodynamic equilibrium constant expression

may be obtained for elementary reversible reactions by apply-
ing the principle of mass action, in terms of thermodynamic
activities, to both the forward and reverse reaction rates.
With such a formulation, both the forward and reverse specif-
ic rate constants are presumed to be independent of concen-
tration. Opposing this view are the results of absolute re-
action rate theory. According to this theory, the reaction
rate cannot be in constant proportion to the reactant activi-
ties, owing to the presence of a term which represents the
activity coefficient of an activated complex.

A unimolecular reaction study at high pressures
appears to offer a clear-cut method for choosing between the
two viewpoints discussed in the previous paragraph. For a
unimolecular reaction, in which the activated complex is not
expected to have properties widely different from those of
the reactant molecule, the specific rate constant, as defined
in terms of concentrations, should be independent of pressure.
On the other hand, if this condition is true, then the spe-:.
cific rate constant, as defined in terms of thermodynamic
activities, cannot remain constant, since for a first-order
reaction the two "constants" are related to each other by
the activity coefficient of the reactant.

Thermal isomerization of cyclopropane was selected
as the unimolecular reaction to be studied for several rea-

sons. First, the reaction, except under severe conditions,
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yields only propylene as a product; thus, the reaction pro-

duct is a simple binary mixture of cyclopropane and propy-
lene, readily analyzed by gas chromatography. Second, the
absence of a change in the number of moles upon reaction,
plus the similarily of physical properties for propylene and
cyclopropane, greatly simplifies hydrodynamic analysis.
Third, reliable data are available for the reaction at atmos-
pheric pressure and below to provide some basis for a check
of results.

Apart from seeking to show whether or not thermody-
namic activities are preferred over concentrations in reac=-
tion rate expressions, this work involved other goals: viz.,
(1) to obtain, for the first time, cyclopropane thermal
isomerization rate data at pressures substantially above
atmospheric, (2) to observe how closely the high pressure
rate constants are in agreement with the k, values obtained
in the literature by extrapolation of low pressure data, and
(3) to design, build, and demonstrate the workability of a
high-pressure, high-temperature, noncatalytic, continuous
flow-type reaction system.

The reaction was carried-out in a gold-lined, coiled,
tubular reactor of stainless steel located in an isothermal
bath of fluidized sand. Data were obtained at temperatures
ranging from 850 to 1100°F., while pressures were varied from

250 to 2000 p.s.i.



CHAPTER II
THEORETICAL CONSIDERATIONS

The material of this chapter is divided into three
sections. In the first section, the general principles of
reaction kinetics are briefly reviewed:; while in the second
section, attention is directed to unimolecular theory, and
to the aspects of that theory which are pertinent to the
present investigation. The last section is concerned with
establishing whether or not a theoretical foundation exists
for replacement of concentration variables in rate expressions

by thermodynamic activities.

General
' "There is no theory of rates which stands, so to
speak, on its own feet; all existing theories depend, in one

form or another, on ideas carried over from the study of
matter at equilibrium, which is to say in an unchanging con-

dition."
‘Denbigh (16, p. 437)

This comment by Denbigh seems appropriate for obtain-
ing the proper perspective in any discussion of reaction rate
theory. While the thermodynamics of matter in the equilib-
rium state is well established, the foundations of rate theo-
ries are far less firm, and deducing kinetic principles from
the behavior of systems at equilibrium involves "boot strap"”

4



5
operations which must be carried-out with caution. Without
doubt, the most singularly successful development of this
type was by Arrhenius who rationalized the temperature de-
pendence of the specific rate constant from van't Hoff's
equation for the effect of temperature on the concentration

equilibrium constant. The result deduced by Arrhenius was

K = ae “A/RE 1I-1
where k is the specific rate constant, EA is the energy ac-
tivation, and A is the frequency factor. The Arrhenius
equation remains as one of the moét generally useful results
in kinetic theory today. In fact, for elementary unimole-
cular and bimolecular homogeneous gas-phase reactions, the
Arrhenius equation is so well established that deviations
from the predicted temperature effect can usually be attrib-
uted to experimental error.

It should be remarked that while Equation II-1 was
deduced from a thermodynamic relationship, it is not implied
that rates are predictable from thermodynamics, as both A
and Ep are functions of other than thermodynamic variable
(e.g. values of Ep may be substantially reduced with selec-
tion of the proper catalyst). Subsequently, it will be shown
that near equilibrium the net reaction rate is proportional
to the free energy change; but once again, thermodynamics
does not determine the rate of reaction because the constant

of proportionality is a function of catalyst activity and

other nonthermodynamic quantities.
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Interestingly enough, thé initial formulation of the
principle of mass action by Guldberg and Waage was for the
prediction of reaction rates. It was not until they later
applied the rate expressions to reversible reactions that
the equilibrium constant relationship was derivgd (21). Now
it is well known that the principle of mass action, as origi-
nally formulated, is not of general utility, since seldom is
the reaction mechanism revealed by the stoichiometric equa-
tion of a reaction. However, in elementary reactions, and
in elementary steps of complex reactions, the principle ap-
plies and is supported by collision theory. The principle
of mass action, as applied to the thermodynamic equilibrium
constant expression, is of general usefulness where thermo-
dynamic activities are the "active masses". This suggests
that, perhaps, at least for elementary reactions, rate ex-

7 pressions should be formulated in terms of thermodynamic ac-
tivities. More attention is given to this subject in the
last section of this chapter.

To this point, reaction rates have been discussed
without reference'to a formal definition. In this work, the
term reaction rate will always refer to the time rate of
change in the number of moles of a component per unit volume:;

state mathematically
dn
r; = -1__3 I1-2
Vv dat
Equation II-2 is not ambiguous when applied to both batch and

flow processes; however, in the latter, it is necessary to
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associate the volume V with a fixed mass. Thus, V will usu-
ally be a function of time in the flow process; whereas, in
the batch process V is the cogétant volume of the system.
As defined, the rate is always positive for the component
transformed. Formally, the reaction rate may be expressed

as
dn

- & — = k£(Cy.Cy0 0 0C) =k f(ay,ay000ay) 1I-3
where the specific rate constant kc is defined in terms of
concentration variables and k, is defined in terms of activi-
ties. The relationship between these specific rate constants
is explored in the last section of this chapter.
| Returning once more to the Arrhenius development, as
pointed out by Eyring and Eyring (18), the real significance
of the treatment lies not so much in the remarkable success
of the mathematical result, but instead in the interpreta-
tion of the results by Arrhenius in terms of "active" mole-
cﬁles. The proposal by Arrhenius, that equilibrium exists
between normal molecules and the "active" molecules which
have sufficient energy for reaction, embodies the two concepts
which are fundamental to both the collision theory of reac-
tion rates and the absolute reaction rate theory: viz., (1)
the presence of an equilibrium condition and (2) the presence
of an activated state.

‘In the collision theory of chemical reactions, reac-
tion occurs upon collision provided the reactants possess a

certain minimum activation energy E,. The number of colli-



8
sions z, ;s determined from the kinetic theory of gases,
while the fraction of molecules possessing energy in excess
of Ea is found through statistical mechanics and the Maxwell-
Boltzmann distribution of energy ‘to be e~BA/RT 1, using
the Maxwell-Boltzmann distribution it is assumed that the
reaction rate is not so fast that the equilibrium distribu-~

tion of energy is significantly disturbed (62, p. 155). =z

o
is given by the expression
z, = C;C, (r1+r2) —,41—"2—- II-4

for double collisions (24), where C, r and M signify concen-
tration, molecular radius and molecular weight. Thus the
specific rate constant from collision theory can be written
as

-E,/RT
: A
ze

k = II-5

In comparing this result with the Arrhenius Equation, it is
seen that collision theory indicates a dependence of A on /T,
since A and z, are equal and z_ is proportional to JT from
Equation II-4.

Since the absolute reaction rate theory will be dis-
cussed in some detail in connection with the theory of uni-
molecular reactions in the next section, only the derived'
expression for the specific reaction rate will be given here
to permit a comparison with Equations II-1 and II-5; i.e.,

from absolute reaction rate theory (23)

kgT _ *
k = -B- K, 1I-6
h
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where kg is the Boltzmann constant, h is Planck's constant
and KE*‘ia the concentration equilibrium constant for re-

actants and the activated complex.

Unimolecular Reaction Theory

Unimolecular reactions are those reactions which pro-
ceed through a transition state consisting of a single, acti-
vated molecule. Few unimolecular reactions are elementary;
most are complex and involve the formation of free radicals.
Only certain isomerization and decomposiﬁion reactions are
known to take place in a single elementary step; cyclopropane
isomerization is such a reaction.

When first discovered, unimolecular reactions were
not understood. Their first-order behavior was not readily
reconciled with the second-order collision process. This
difficulty prompted Perrin (60) in 1919 to oropose that acti-
vation was brought about by the absorption of radiation.
Perrin's theory had its difficulties, and was totally dis-
credited when it was discovered that unimolecular reactions
became of second-order at reduced pressures. In 1922,
Lindemann (52) proposed a unimolecular reaction mechanism
which was compatible with both experimental results and colli-
sion theory. His mechanism, with some refinements, remains
the accepted one today.

With the Lindemann mechanism, three processes are
visualized to occur simultaneously: (1) normal molecules

collide to produce activated molecules, (2) activated mole-
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cules collide with normal molecules and are deactivated, and
(3) activated molecules decompose to form products. The

mechanism is given more concisely with the equations
k
(1) 2+ A —=%a* +
(2) A + A% -]fh-A + A II-7

k
(3) A* --l-products
Since at steady state the concentration of activated molecules
will remain constant, the rate of activation can be equated

to the sum of the rates for deactivation and decomposition:

i.e.
2 * *
The net rate of reaction is
| __1Gm . » -
In = -F 3¢ = kG 11-9

and a rate expréssion independent of Q; is obtained by elimi-
nating this quantity between Equations II-8 and II-9 to ob-
tain

K,k C>

17f°A
Ly & == II-10
A ky+k Cp

At high pressures, the rate of activated molecule
decomposition will be controlling and a state of equilibrium
will exist between normal and activated molecules. Equation

II-10 is then more revealing when written as

2
Ca

x
=

II-11

JFLJ#
0

r
A
+ A

K

(o]
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where KE = kf/kb. The ratio kl/kf at high pressure will be
small in comparison with QA/RE' thus Equation II-1l will
-approach the first-order expression

rpa = Kk K.Cp II-12

Conversely, at low pressure, the equilibrium be-
tween normal and active molecules is not maintained and the
term k;,C; in the denominator of Equation II-11 becomes small
in comparison with kl. Thus, the reaction takes on second-

order behavior as given by the expression

- 2
rp = kCp II-13

In analyzing experimental data, and for testing the
Lindemann theory, it is convenient to calculate a first-order
rate constant kb = ;A/CA, whether or not the reaction is of
first-order, and plot its reciprocal against the reciprocal
of Cp. According to theory a straight line should result.

This prediction can be shown in the following way. Since

.k c2 x.k C

ra =k = ’ C
A Cc A kl‘l"kbcA k l+kbCA
then

1 1
= — II-15
C klxb kaA

. 1
k
In Equation II-15, as concentration increases without
limit, kc approaches RIKE: a quantity which it has bgcome
customafy to call k_ . Values of k, are obtained by finding
the kc'"1 intercept from a linear extrapolation of experi-

mental data in a plot of kc'l against QA'l. This technique



12
has been universally accepted by investigators of unimole-
cular reactions as a means of reporting pressure independent

rate constants. The foregoing mathematical treatment of the I

Lindemann theory is equivalent to the statistical mechanical
treatment by Hinshelwood (28), and 1nvolvés the fundamental
assumption that all activated molecules have the same spe-
cific reaction rate, independent of their energy content.
The result obtained from the Hinshelwood treatment is

_ ko
ke = 87

A similar result can be obtained from Equation II-15, upon

II-16

observing that the concentration is proportional to pressure.
Some departure from the linear relationship of Equa-
tion II-15, predicted by the Lindemann theory, as indicated
in Figure 1, brought about refinements in the theory by Rice
and Ramsperger (70), and Kassel (38). These refinements are

essentially the same; both are statistical mechanical

Theoretical g

wra

‘71—-Experimental

1/c,

Figure 1
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treatments which allow for variation of the specific re-
action rate with energy levei of the molecule. With these
treatments, the general expression for the first-order rate
constant, with the same nomenclature of Equation II-14, be-

comes
(kl) (kf) c

A
= i II-17
e g ;) #00) G

where the summation includes all energy levels of the acti-
' *
vated molecule A;. The limiting value of k, at high pressure

is then
ka = T (k,) (Kc) II-18
i i i

The specific equations of the Rice-Ramsperger-Kassel
theory are too lengthy for inclusion in the present discus- -
sion. .Briefly, the theory permits calculation of the ratio
kc/kh in terms of pressure, at a given temperature, when only
a molecular dimension and the number of degrees of freedom
are specified, that is

k./k, = £(o,n,T,p) II-19
Testing of the theory is agcomplished by plotting log kc/k“
against log p to obtain the characteristic curve shown in
Figure 2.

In the case of cyclopropane isomerization, Slater
has attempted to calculate directly the specific rate of re-
action from a vibrational analysis of the molecule: first,
with a classical harmonic oscillator model (76) and, second,

with a gquantum harmonic oscillator model (78). Though
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Slater was unsuccessful in arriving at the correct absolute

values of k /k,; it is significant, however, that he was able
to predict the characteristic shape of the curve in Figure
2.

log k.

'

log p

Figure 2

The absolute reaction rate theory is capable of ex-
plaining the behavior of unimolecular reactions at high
pressure, where the reactant molecules and activated mole-
cules are in equilibrium; but at low pressure, the variation
in the specific rate constant is accounted for in an unap-
pealing way through the introduction of a pressure dependent

transmission coefficient.

Thermodynamic Activities versus Concentrations
_in Rate Expressions

The question of whether or not thermodynamic activi-

ties should be used in rate expressions for chemical reactions
in lieu of concentrations is a point of controversy. To de-
monstrate the nature and depth of this conflict, some select-
ed, supporting and opposing, views have been extracted from

the literature and are quoted in the paragraphs which follow:
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Views Opposing Thermodvnamic Activitiesg

lLeffler and Grunwald
(51, p. 71-72)

"The reaction rate according to transition
state theory is proportional to the concen-
tration of the transition state rather than
to its activity. The activity of the tran-
sition state enters the rate problem only
because the concentration of the transition
state is given by a thermodynamic equilibrium
constant. The resulting expression for the
transition state concentration contains the
ratio of activity coefficients y y /y*.
Because y* is not constant, the rate can
be in no constant proportion to the activi-
ties of the reagents. If reaction rates were
proportional to the activity of the transi-
tion state, y* would cancel out, and the rates
would be proportional to the reagent activi-

ties. The failure of the rates to be pro-
portional to reagent activities is one of the
main reasong for the development of transi-
tion state theory."

Ubbelohde
(86, p. 147)

"Theoretical grounds for using thermodynamic
concentration variables in describing the
kinetics of early stages in polymerization
reactions far from equilibrium seem by no
means fully established at present. .....
alternately, the use of fugacities may merely
conceal the real significance of the marked
pressure dependence for some of these poly-
merization reactions."”

Denbigh
(16, p. 445)

"Because the equilibrium constant must
be expressed in forms such as above (comment:
i.e. with activities), throughout the period
from 1915 to 1930 there was a strong school
of thought holding the view that reaction rate
must be primarily dependent on activities (i.e.
the products of concentrations with their
appropriate activity coefficients), rather
than on the concentrations themselves."
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Denbigh
(15, p. 49)

"Because it (reaction) is a collisional
process, the rate of reaction is determined
primarily by the concentration, as is ex-
pressed in the empirical law of mass action.
It is only when the reaction system is close
to equilibrium that the rate is also approxi-
?ately"proportional to the thermodynamic :

orce.

Views Supporting Thermodynamic Activities

Prausnitz
(61, p. 7)

*....theoretical considerations based
on the activated complex theory suggest that
fugacities should be used in expressing high
pressure reaction rates. As our understanding
of chemical kinetics increases and as more
precise kinetic data become available, it will
probably become necessary to include fugacity
coefficients in an exact formulation of chemi-
cal rate laws at advanced pressures."

Whalley
(93, p. 148)

"As Prof. Ubbelohde points out concen-
trations are not satisfactory close to equi-
librium, and there is no reason to believe
that they will be better far from equilibrium.
This is true not only for the reactions of
stable molecules, but also for the reactions
of intermediate species produced during a
chemical change, and the statement made by
Laird, Morrell and Seed that the rate of de-
composition of an activated complex is a
function only of its concentration and not
of its fugacity, must be incorrect. ...It can
be argued for reactions far from equilibrium
that if the rate of decomposition of the com-
plex were a function of concentration only,
it ought to be independent of its environment,
and this does not appear to be reasonable.
The use of activities is one way of taking
account of the environment."”
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Walas
(90, p. 5-6)

"When operating conditions are such
that the gases or solutions concerned do
not behave ideally, k as defined by Equa-

tion 1-4
l m — ® o0
r om-G S = k £(n,, ng., ) 1-4

develops a dependence on concentrations.
From thermodynamic considerations in such
instances activities should be substituted
for concentrations so that
r =%k f(qA ags vee) 1-5
"From a study of reversible processes

it appears that thermodynamic activities
should be regarded as the active mass.”

Hougen and Watson
(31)
"The rate equations developed on this

basis (i.e. with activities instead of con-

centrations) have the advantage of a simple

relationship to the thermodynamic equilibrium

constant which permits the establishment of

a simple equation which is applicable to the

net rate of a reaction when approaching

equilibrium from any direction."

The only direct exchange of views, in those quoted,
is that between Whalley and Ubbelohde in connection with the
ethylene polymerization study by Laird, Morrell and Seed (46).
Laird et al. found that use of fugacities in their correla-
tion made the results more compatiblé with the free-radical
chain mechanism of vinyl polymerization.

From the views quoted, there are some striking dis-
agreements. For example, Prausnitz contends that the absolute

reaction rate theory supports the use of thermodynamic con-
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centration variables; whereas, Leffler and Grunwald state
that failure of rates to be proportional to reactant activi-
ties was one of the main reasons for development of the
theory. Further, Whalley insists that the rate of decom-
position of the activated complex should be a function of
environment as well as concentration, while Leffler and
Grunwald, and Laird et al. hold that the reaction rate is
proportional to the concentration of the transition state
and not to its activity. Denbigh and Ubbelohde, while ac-
cepting the significance of thermodynamic variables in rate
expressions near equilibrium,. are more reluctant than Walas,
Whalley, and Hougen and Watson to accept a generalization in
which thermodynamic variables are considered of primary
significance in regions far removed from equilibrium as well.
An attempt is made to resolve these conflicting viewpoints
in the paragraphs which follow.

The concept of writing rate expressions in terms of
thermodynamic activities has its origin in studies of ele-
mentary reversible reactions. For purposes of illustration,
consider the reversible reaction

A, + B, === 2 AB 11-20
The net reaction rate, of course, can be written as the

difference between the forward and backward rates of reac-

tions; i.e.

r = rf - rb II-21

Now, in some elementary reactions, the rates are found to be
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proportional to the product of the "active masses" of the
reactants, each raised to powers corresponding to their
stoichiometric coefficient. 1In such cases, one says that
the empirical "principle" of mass action by Guldberg and
Waage is obeyed.*‘ The word "principle" rather than "law"
is employed here, in agreement with Frost (21) that the
principle is not sufficiently general to be considered a
law of nature. On the basis of this principle, the net rate
for the reaction selected for consideration becomes

- = * * - * )2 -
e kf(m AZ)(m B2) kb (m AB) II-22

At equilibrium it is apparent that the net reaction

rate must become zero; hence, Equation II-22 may be expressed

as
2
ke = (Magle I1-23
(m*, ) (m*_ )
kb A2 e 32 e

'From thermodynamics, it is known that regardless of the re-
action mechanism, the conditions at equilibrium for the re-
action in Equation II-23 must conform to the requirements of

the expression

- 2
(aAB ) e TT-24
K = = I-
2o 2¢

where K, is the thermodynamic equilibrium constant, which is
a function only of temperature when the standard state for
each component is chosen arbitrarily to be unit fugacity

*Gonikberg (24) claims that this principle was first formu-
lated by the Russian physicist and chemist N. N. Beketov.
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(i.e. one atmosphere), as is customary for gases. From a
comparison of Equations II-23 and II-24, one is led to deduce
that thermodynamic activities are the proper "active masses"
‘in the rate expressions and that the equilibrium constant is
K = (ka)f

a (ka)b

II-25

where the subscript a has been introduced on kf and kb to
signify their origin from rate expressions in terms of ac-
tivities.

It is important, however, not to over estimate the
demands placed on the form of rate expressions by thermody-
namics. For example, thermodynamics does not require that
the net rate in Equation II-22 be expressed as a difference
in two terms. For as illustrated by Denbigh (16), one could
also satisfy the conditions at equilibrium with the rate

expression
n

-2
r = f[a’A EB - a&] II-26
2 2 -
K
a
in which a difference in two terms appears only when n = 1.
Still further, a more complicated rate expression such as

%a 3 P « 3p B
r=(k) 2 2 - (k) I1-27
a f_——$;_- a'p -—w;r-
will meet the conditions required at equilibrium, provided
(¢f) = (&b) where ¥ may be a complicated function, possibly
e e

with a number of adsorption terms, as is often encountered in



21
reactions catalyzed by solids. A term such as B8, which is
a function of concentration, has been found necessary in
some rate expressions for iohic solutions (3). Since B
appears in both terms of Equation II-27, its value in no
way affects the equilibrium expression.

Since in principle all reactions may be treated as
reversible and the exact rate laws must hold both at equilib-
rium and away from it, then the restrictions imposed by equi-
librium on the forward and backward rate laws are pertinent
to the question of formulating rate laws in terms of thermo-
dynamic variables. In general it has been found that condi-
tions imposed by equilibrium are far less restrictive than
previously supposed. '

At every equilibrium condition, thermodynamics re-
quires that the ratio of the forward to reverse reaction

rates be unity; i.e.

r
;i =1 11-28
b

Further, the ratio must be greater than unity when AGR is
less than zero. For the general reversible reaction

aA + bB+ ''' T®mM + nN i 1I-29
Gadsby, Hinshelwood and Sykes (22) proposed the following
relationships as necessary conditions in meeting the thermo-

dynamic requirements

a o b,,,
. (ka) a,° T
I'f = £ II-30
x. m n; i
b (ka) Ty Ty



II-31

However, Manes, Hofer and Weller (56) have shown that this
requirement is far too restrictive. Instead, they propose

that it is gufficient that

2
(ka) a‘Z 'a"g 11
= £ II-32
;- (k ) 0 LN 1
b a' Lay ay

where (ka)f/(ka)b = Kaz and z is a positive constant, usually
a small positive integer or its reciprocal. While this rela-
tion is not a necessary or general expression, it does have
broad utility, as demonstrated by the fact that Manes et al.
were able to apply it to all of the many mechanisms for sur-
face-catalyzed gas-phase reactions proposed by Yang and
Hougen (97). Hollingsworth (29, 30) has also considered the
less restrictive, necessary conditions imposed on the ratio
rf/rb by thermodynamics.

In relating the thermodynamic activity to concentra-

tion it is convenient to define an activity coefficient

@ = a3 1I-33
N Ci
Since by definition Ty = i/fio and the concentration Cy

may be expressed as yiP/ZmRT, then the activity coefficient

becomes ZmRT ?i
O, = —=——— @ —= II-34
i £ (o] v P
i i

In Equation II-34, the term Ea/yiP is recognized as
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the fugacity coefficient i& for component i. Thus,

Z2_RT
m -——
o Qi

£

o II-35
Though it is customary, yet quite arbitrary, to specify fi°
as unit fugacity (one atmosphere), the symbol fio is carried
forward in this development to avoid confusion concerning
dinmensions in subsequent expressions. It is also customary
to introduce another activity coefficient yi = —l/ﬁa which
accounts for deviation from ideal solution behavior. Qi is
the fugacity coefficient for the pure component at the system
temperature and pressure. In terms of these definitions the
final expression for the thermodynamic concentration variable
becomes

= o -1 _
aici = ZmRTYiii(fi ) Ci II-36

From Equation II-36 it is apparent that the expression for

K in terms of K will be
a o] zyi

K, = cK,yK‘p(Kfo)-l(ZmRT)i II-37

where vi is the stoichiometric coefficient for component i -

in the reaction equation; vV, is positive for products and

i
negative for reactants. Thus, elementrary reversible re-
actions, with rate expression formulated in the classical

way of Guldberg and Waage, yield the equilibrium relationship
of Equation II-37 where thermodynamic activities are chosen

as the active mass and K_ is observed to be (k_) /(k ) .
a af ab

It is possible to find a relationship between k.c and
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11:.a for a first-order reaction in the following way. The ob-

served rate of reaction, of course, is not dependent upon

the method of writing the rate expression, thus

k_(Z_RT®,y.C.)
r = am 1Y%y = k.Cy II-38
£0 ¢
i
and
(o)
x_£
=_c i II-39

k
a ZmRTYi@i
Since RT 1nl<.a = AGR. and the standard states are

chosen to be independent of pressure, then

e [2225] |- o 11-40
and
dln(k,) 31n(k,)
[ kaf]---[ a1:]=o II-41
P o ® |,

Equation II-41 may be satisfied in two ways: either

by both (k ) and (ka) being independent of pressure, or by

£ b
both having the same pressure dependence. Assuming that the

former is true, then by logarithmic differentiation of Equa-

tion II-39, one obtains

lnk, _ [Blnkc] _ [aln(zm'yicbi)] - o 1142
oP P P T

Thus, with this reasoning, rather than k.c being a constant

independent of pressure, the indicated constant quantity is

[z kc@ = constant I1-43
m’i%4 T
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where from Equation II-39 the constant is identified as
Rmka/f;' Assuming that the pressure independence of kx also
holds away from equilibrium, then the rate expression for a
first-order reaction ka(szT¢iyici)/f; has more general
utility than k_C;, since k, = ka(T) whereas k, = kc(P, T).

Since €y = yiP/ZmRT, &P = £;, and f; is arbitarily
chosen as unit fugacity, then for a first-order reaction

r =k, (y;¥,£;) 1I-44

Further, in many cases ideal solution behavior exists (i.e.
Lewis and Randall‘s Rule applies and Yy = 1) so that
r =k, (y,£) II-45
It is now desirable to compare the foregoing treat-
ment with the results expected from absolute reaction rate
theory. For illustration purposes, consider again the re-
versible reaction of Equation II-20, but now with inclusion
of the activated complex to obtain
Ay, + B, Z52 c* TT7 2aB I1I-46
In accordance with the usual absolute reaction rate treatment
(23), only the irreversible decomposition of the activated
complex to AB is considered initially. The theory assumes
that equilibrium exists between an activated complex and the
reactants and that the rate of reaction is determined by the
rate at which the activated complex passes over the energy

barrier along the reaction coordinate; i.e.

r = (C*)'v ITI-47
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where (C*)* is the concentration of activated complex at the
top of the energy barrier, with one translational degree of
freedom oriented along the reaction coordinate, and V is the

frequency of passage over the barrier. Further,

(c*)' = c* (27 m'*‘kB'].')156 = c*ft(l) II-48
h

where C* is the total concentration of activated complex and
ft(l) is the probability associated with one translational
degree of freedom along the reaction coordinate. Since

V=v/band v = (kBT/Qﬂm*)%, then the rate expression becomes

T
r = _k].; C* II-49

It is appafent from the nature of the absolute reac-
tion rate model, especially with the physical interpretation
of Equation II-47, that Leffler and Grunwald are correct in
their statement that the rate is proportional to the concen-
tration of the transition state (i.e. activated complex).
Whalley's contention that the rate should be proportional to
the fugacity of the activated complex does not have its
foundation in the absolute reaction rate theory. However,
because of the equilibrium relationship between reactants
and the activated complex, the raté of reaction will be a

function of reactant activities; that is, since

k* =2 anacr=Ka* T 3 II-50
a aAzaBZ otk 2 2

then upon substitution for C* in Equation II-49, one obtains

L= =
r = .k}ll;T fg*_ al’kza‘ﬁ2 II-51
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The form of Equation II-51 probably prompted the
statement by Prausnitz that, "::: theoretical considerations
based on the activated complex theory suggest that fugacities
should be used in expressing high pressure reaction rates."
In comparing the rate equation, r = ksihzibz, with
Equation II-51, the expression for ka from absolute reaction

rate theory is observed to be

= XpT Ko . 1I-52
R

For the elementary reversible reaction in Equation II-20, the

net reaction rate expression is

3 2 1I-53

r a - (k) &
2 32 a b AB

r =TTy = (k) 3y
In terms of ka values from absolute reaction rate theory,

Equation II-53 becomes
kpT a

- K * AB -
—=_( 2 )] £ II-54

In comparing Equations II-27 and II-54, for the case of an
elementary reaction in which ¢f = ¢b = 1, it is natural to
make the interpretation that B = 1/a*, as was done by Bronsted

(3). Upon carrying the comparison further, one obtains

] T ] = T _
(ka)f = _k?l_(Ka*)f and (ka)b 1‘_%_ Ko*)y II-55

These (ka)' values are obviously independent of pressure.
On the other hand, ka values predicted by absolute reaction
rate theory in Equation II-52 are pressure dependent because

of a*., Thus, the absolute reaction rate theory suggests that



28

the expression

3ln(k.) 3ln(
*a - -——-Ealb =0 II-56

3P oP
T T

holds, not because both (ka)f and (ka) are independently
b

freé of pressure effect, but instead, because both terms have
the same pressure dependence, éontrary to the previous assump-
tion.

When the reaction rate is expressed in terms of con-
centrations, the rate constant ko from absolute reaction rate
theory is

k. = KgT K.* II-57

¢ Th
Thus, the theory indicates that, in general, both k, and ko
are pressure dependent. However, for the unimolecular
isomerization reaction of cyclopropane, since
k, = ikﬂli. =.§Q II-58
o* ap
and a* and ap should be approximately equal, then k., by
absolute reaction rate theory, is expected to have less
pressure dependence than ky. In fact k., is predicted to be
essentially constant. This observation makes it possible,
therefore, to test the absolute reaction rate theory by
measuring reactions rates at a number of high pressure levels.
Constant k. values for a given temperature, but varying pres-

sure, support the theory; whereas, constancy of the ratio

kc/aA‘would support the view that rates expressed in terms
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of thermodynamic activities yield a rate constant which is
independent of pressure.

It is believed that this study represents the first
attempt to obtain evidence which either supports or refutes
the absolute reaction rate theory by exploring a homogeneous,
gas-phase, unimolecular reaction under nonideal conditions.
Very recently, Eckert and Boudart (16a) have attempted to
verify the theory by analyiing the second-order, high-pres-
sure, gas-phase, thermal decomposition data for hydrogen
iodide, which was obtained by Kistiakowsky (40a) many years
ago. While Eckert and Boudart report excellent agreement
between their calculations and the experimental results, it
remains that their analysis involves many assumptions, parti-
cularly with respect to the nature of the activated complex
and its virial coefficients. A study of a unimolecular gas-
phase reaction under nonideal conditions, such as the thermal
isomerization of cyclopropane, offers a more appealing method
for testing the theory because of the similarity between the
reactant and the activated complex.

Both proponents and opponents of thermodynamic vari-
ables in rate expressions agree, in general, that near equi-
librium the rate is some function of a thermodynamic force
(e.qg. Dénbigh, 15, p. 49). 1In fact, it can be shown (see
Appendix I) that near equilibrium, the net rate of reaction
is proportional to the free energy change of reaction: i.e.

r = f' '&R II-59
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where f' remains constant for a given equilibrium, regardless
of which thermodynamic variables ‘are changed, either singular-
ly or simultaneously. The more general interpretation on the
constancy of £' was established by Manes, Hofer and Weller
(56) . A treatment showing the constancy of £', for variation
in a single variable, was given by Prigogine, Outer and Herbo
(64). PFurther, it can be shown that

.1-.952:"1"& -
V at R >0 II-60

Hence, r and AGR must always have opposing signs. This con-
dition is satisfied by f' always being negative.

From Appendix I it will be observed that f' is a
function of both thermodynamic and nonthermodynamic vari-
ables, thus the relationship of Equation II-59 does not sug-.
gest that rates may be predicted from thermodynamics alone.
However, Equation II-59 does show that the thermodynamic
driving force is important near equilibrium, and lends sup-
port to the intuitive argument of Whalley (93) that thermo-
dynamic variables should be of importance away from equi-
librium as well.



CHAPTER III

REVIEW OF PREVIOUS WORK

General Background

Thermal isomerization of cyclopropane has been stud-
ied extensively at subatmospheric pressures, but the-present
investigation is the first in which the reaction has been
explored at pressures substantially in excess of atmospheric
pressure. Past interest in the thermal isomerization of
cyclopropane at low pressure has been primarily the result
of two considerations: (1) the homogeneous gas phase reaction
is- one of the few elementary unimolecular reactions occurring
in the absence of free radical chain mechanisms ahd (2) be-
cause of this, and the relatively simple molecular structure,
the reaction is useful in testing the unimolecular reaction
rate theories which predict a decline in the first-order rate
constant with reduced pressure. Unimolecular reaction rate
theory is discussed in Chapter II.

Trautz and Winkler (84) in 1922'made the first sig-
nificant study of cyclopropane thermal isomerization. Egloff
(17) has reported several investigations prior to the work
of Trautz and Winkler, but all were far less comprehensive.

Just before the turn of the century, Tanatar (81) observed
31
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_the conversion of cyclopropane to propylene upon passing the
former through a glass tube at elevated temperatures.
Tanatar's results were contested by Volkov and Menshutkin
(88) who claimed that the primary product was ethylene. This
conflict was resolved through additional experiments by _
Tanatar (82). Apparently, Volkov and Menshutkin had not e-
liminated the presence of air in their experiments (17).
Several other noncatalytic isomerization studies were made
"in advance of Trautz and Winkler. Of these, Berthelot (5),
in 1900, performed what appears to be the first batch ex-
periment. Ipatieff and Huhn (35) and Tanatar (83) made cata-
lytic studies of éyclopropane isomerization which also pre-
date the work of Trautz and Winkler.

At the time of the Trautz and Winkler investigation,
the statistical theories of unimolecular reactions had not
been developed, hence the need for a study of rate constant
dependence on pressure was not apparent. Their experiments
were conducted at approximately 755 mm. of mercury, while
temperature was varied from 350 to 650°C. This range of
temperature has not been exceeded in any subsequent investi-
gation. The reaction was accomplished in flow-type reactors
constructed of either quartz or porcelain tubes. For the
most part, they found the reaction to be homogeneous and of
first-order, but some surface catalysis was indicated ih the
porcelain tube; and at the high temperaturés, decomposition

occurred. Products of the decomposition were reported to be
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hydrogen, carbon, methane, ethylene and propylene. Frdm the
later work of Hurd and Meinert (30) it is known that propy-
lene will pyrolyze in Pyrex at 600°C.

Some, seemingly, justifiable criticisms of the
Trautz and Winkler study have been put forth by Kassel (37)
and Chambers and Kistiakowsky (9). -The chief objections
arise from the fact that a reactor preheater was not used,
even though contact times were low, and temperatures were
measured at the outside surface of the reactor tube. The
activation energies of 63.9 to 65.0 kilocalories, for the
temperature range of 550 to 650°C., are reasonably close to
values reported in later investigations, but their frequency
factor of 1.00 x 1014 was apparently much too low.

Chambers and Kistiakowsky (9) were the first to de~
monstrate the pseudo-unimolecular behavior in the thermal
isomerization of cyclopropane. At 499.5°C. their first-order
rate constant was observed to decrease 43.5 per cent upon
decreasing pressure from 70.26 to 1.27 cm. of mercury.
Values of k, were obtained at each temperature by finding
the 1/k intercept in a plot of 1/k against 1/p. The k
values were found to have the expected Arrhenius type temper-

ature dependence, resulting in equation

log ¥, = 15.17 - £3.000

Chambers and Kistiakowsky also found that, by choosing
3.9x10"8 cm. as the molecular diameter and thirteen as the

number of degrees of freedom, the experimental values of
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k/k, were in close agreement with the values of k/k,6 calcu-
lated from the equation derived in the theoretical treatment
of unimolecular reactions by Kassel (38). This agreement
was demonstrated in a plot of log k/k_ versus log p in which
the experimental points were essentially superimposed upon
the theoretical curve.

Over a decade passed following the Chambers and
Kistiakowsky investigation before another cyclopropane iso-
merization study was reported. During this period a number
of reactions which had previously been thought to be uni-
molecular were found to proceed by a chain mechanism in the
presence of free radicals. In this "open-season" on pseudo-
unimolecular reactions, Corner and Pease (12) elected to
challenge the cyclopropane isomerization reaction, in spite
of the rather overwhelming indication of unimolecular behav-
ior from the work of Chambers and Kistiakowsky. Corner and
Pease attempted to show, through the effect of added gases,
that their proposed chain mechanism, based on the formation
of a trimethylene di-radical, provided a better explanation
of the experimental results. With a quasi-unimolecular re-
action, added gases are expected to increase the reaction
rate; whereas, the rate may either increase or decrease in
the case of a chain mechanism. However, in the Corner and
Pease mechanism, no change was expected. The added gases
used were hydrogen, ethylene, propylene and n-butane. In the

presence of decomposing n-butane, isomerization of cyclopro-
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pane was accelerated; but otherwise, in the pressure range
of their experiments, the added gases had little effect and
the results were incoriclusive.

Almost another decade passed before decisive results
were reported on the effect of added gases. The experiments
by Pritchard, Sowden and Trotman-Dickenson (65, 66), in which
a number of gases, in varying amounts, were added to cyclo-
propane at an initial pressure of from 0.01 to 0.1l cm. of
mercury, showed a clear-cut restoration of the first-order
rate constant. Not only were their results of sufficient
precision to demonstrate, beyond any reasonable doubt, the
unimolecular character of the cyclopropane isomerization re-
actioh, but calculation of efficiencies for the collisional
transfer of energy with the various added gases was permitted
as well. ‘Of the collisional efficiencies reported, helium
was the lowest with a value of 0.048, while the highest was
1.10 for toluene. Both efficiencies are relative to cyclo-
propane.

With the pressure range of cyclopropane isomerization
extended to a much lower region in the work of Pritchard et
al., ample data were available to Slater (76) to permit a
thorough check of his theoretically predicted unimolecular
reaction rate for cyclopropane isomerization. In this treat-
ment by Slater, the-cyclopropane molecule was considered to
be a classical vibrating system (the cyclopropane molecule

being one of the few in which such an analysis is tractable).
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Two models for isomerization were considered. In the first,
the reaction was assumed to occur when vibrations carried a
hydrogen too near a carbon in another methylene group; while
in the second model, isomerization was assumed to result
from the over-stretching of a carbon-carbon bond. Both
mechanisms had been previously suggested by Chambers and
Kistiakowsky. Though Slater's theory fell short of predict-
ing the experimentally observed frequency factor (4 x 1014

1 experimental) two impor-

theoretical versus 15 x 1014 sec.”
tant points were established: (1) the shape of the curve re-
sulting from a plot of log k/k, against log p was confirmed
without the use of any arbitrary parameters, and (2) the
hydrogen migration model gave results which were in closer
agreement with experimental observations. General accept-
ance of the C-H rather than the C-C distance as the critical
coordinate in cyclopropane isomerization has not been the
result of Slater's work alone, however. Many of the recent
cyclopropane isomerization studies have been concerned with
establishing the reaction mechanism through the use of iso-
topes. These iﬁvestigations are discussed briefly in a later
section.

In the classical theory of unimolecular reactions by
Slater (77, p. 162) temperature is predicted to affect the
plot of log k/k, against log p in the form of a displacement
toward the log p axis with increasing temperature, through

the relationship Alog p = % n log (Tz/Tl) where n is the
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effective number of oscillators. Langrish and Pritchard
(49), in studying this effect, found, within experimehtal
error, that their data at 483 and 505°C. could not be dis-
tinquished from the data previously reported at 491°C. (66).
This observation is in agreement with the earlier work of
Chambers and Kistiakowsky, prior to the theory of Slater,
where also the temperature effect was not apparent. Langrish

and Pritchard reported their high pressure rate constant as

67,500
= - e—be———
log k, = 15.85 > 303 RT

which is not in too close agreement with the equation report=-
ed by Chambers and Kistiakowsky.

More recently (1959), Slater (77) has presented a
quantum harmonic oscillator model for e#planation of the
temperature dependence of unimolecular rate constants. How-
ever, in testing his theory with the isomerization results
of Falconer, Hunter and Trotman-Dickenson (19), he has found
that the experimental data agree more closely with the
Arrhenius form than with the quantum oscillator theory (78).
Falconer et al. had designed their experiments to yield data
of sufficient precision to test the Slater theory. All of
their runs were conducted at a pressure of 30 cm. of mercury
in the temperature range of 420 to 535°C. The Arrhenius

type equation

= 65,084
log ]{30 = 15.296 - 2—.5-0"3_’RT

represented their results within the limits of experimental
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accuracy. Upon extending the results to infinite pressure,

they obtained

- _ 65,600
. . - e
log _kgy—=15.45 2303 RT

which is in very close agreement with the expression reported
by Chamber and Kistiakowsky.

Kennedy and Pritchard (39) have recently extended the
region of low pressure thermal isomerization of cyclopropane
to 6x10™% mm. of mercury. It was their purpose to observe
the change in reaction kinetic as the mean free path of the
molecules approached the dimensions of the reaction vessel.
At 490°C. and 1073 mm. pressure, the reaction became first-
order again, where the mean free path was approximately 7
cm., compared with the vessel diameter of 13 cm. The return
to first-order kinetics was the expected result, of course,
as collisions with the walls of the reaction vessel, rather
than in the gas phase, became the primary source of energi-
zation.

Davis and Scott (14), in the most recent cyclopropane
thermal isomerization study (1964), have extended the temper-
ature range of reliable data on the reaction to 620°C. All
of their experiments were at essentially atmospheric pressure
and measurements were made in a Pyrex glass, flow-type re-
actor. Upon combining their data with that of previous in-
vestigators (9, 12, 53), they obtained the following equa-
tion relating k, to absolute temperature ¢

In ko = 35.431 - 65,570
RT
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Reaction Mechgnism and Kinetics —_—

It is now generally accepted that the thermal iso-
merization of cyclopropane is one of the few elementary uni-
molecular reactions. In Pyrex (borosilicate glass) apparatus
the reaction has been found to be homogeneous, and at atmos-
pheric pressure the reaction is of first-order. But in agree-
ment with unimolecular reaction rate theory, the first-order
reaction rate constant shows a pressure dependence as pres-
sure is reduced, and a region of second-order behavior
exists.

The reaction mechanism studies have been in two cate-
gories: (1) unimolecular versus free radical chain theory and
(2) after acceptance of the unimolecular course, determinar
tion of whether the reaction occurs through hydrogen migra-
tion or over-stretching of a C-C bond. As the reaction mech-
anism is not of primary interest in the present investigation,
the past work on the structural mechanism of the reaction
will be only briefly reviewed. It should be pointed out that
the unimolecular theories themselves are based on mechanisms
(or models if preferred) but the discussions of these mech-
anisms, such as the one proposed by Lindemann (52), have been
relegated to the theoretical section.

As previously mentioned, Corner and Pease (12) pro-
posed a free radical chain mechanism to explain their data
as well as that of Chambers and Kistiakowsky. Corner and

Pease postulated that the trimetylene di-radical was formed,
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- followed by a chain of other reactions, i.e.

k)

C --=R
ka

R -===C
k

R ——p
k

R4C —md2p

where C signifies cyclopropane, R the trimethylene di-radi-
cal, and P propylene. As indicated, the di-radical formed
is proposed to react along three pathways. In the first, a
reversion to cyclopropane occurs through re-pairing of the
electrons; while in the second, a proton shift results in the
formation of propylene; finally, in a second-order process,
the di-radical exchanges hydrogen.atoms with a colliding
cyclopropane molecule to produce two molecules of propylene.
With the Corner and Pease mechanism, and the usual
assumption of steady-state free radical concentration, the

rate equation for change in cyclopropane concentration be-

comes
ac x.C k3 + 2k4c
dt 1 k2+k3+k4c

It is remarkable how well Corner and Pease were able to show
a constant value of kl over the pressure range by proper
selection of the ratios k3/(k2+k3) and k3/k4. Not only were
they able to do this selecting for their own data but for
that of Chambers and Kistiakowsky as well by using a differ-

ent numerical value for the ratio k3/(k2+k3). At this point,
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it should be stated that Corner and Pease apparently report-

ed an erroneous value for this ratio in analyzing the data
of Chambers and Kistiakowsky, as was discovered by Pritchard,
Sowden and Trotman-Dickenson (66).

Since the addition of an inert gas should have no
effect on the rate constant with the free radical chain mech-
anism--whereas, it should increase the rate constant in the
quasi-unimolecular theory--this artifice was the logical
means for determining the proper mechanism. As previously
discussed, the results of Corner and Pease were not conclu-
sive, primarily because their initial pressures were not low
enough to produce a significant effect. The unimolecular
character of the reaction was strongely indicated in the
later added-gas experiments of Pritchard et al. It is appar-
ent, however, from the work of McNesby and Gordon (57) that
this evidence has not been overwhelming enough to squelch
the desires of some to pursue other possible free radical
chain mechanisms for explanation of the reaction behavior.
The mechanism which they proposed will not be discussed how-
ever, as they were able to show, themselves, through the use
of deuterium as ‘a tracer, that the proposed mechanism could
not hold.

With acceptance of the intramolecular, or purely
physical, nature of the cyclopropane thermal isomerization
reaction, tﬁe problem of selecting between the two most pro-

bable structural mechanisms remained. As previously mention-
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ed, both mechanisms were suggested by Chambers and
Kistiakowsky. In the first, it is proposed that a hydrogen
“migrates" or "disproportionates" along a C-C bond, causing

rupture of a second C-C bond and doubling of a third:

H-CH CH
AN\
H,C——CH, H3C CH,

In the parlance of the absolute reaction rate theory, this
mechanism involves a transition state in which a hydrogen
atom is in the process of transferring from one carbon atom
to another. The classical vibrational analysis of Slater
(76) has favored this mechanism. In the second mechanism,
it is proposed that the initial, and rate determining-step
is the rupture of a C-C bond, followed by rearrangement of

the di-radical produced.

VAN AVRVA

CH; CH,

Again in the language of the absolute reaction rate theory,
the second mechanism is said to involve the formation of the
trimetylene di-radical as the activated complex of the tran-
sition state. |

Four isotope studies have been made in an attempt
to choose decisively between the two proposed mechanisms.
Linquist and Rollefson (53) and Weston (91, 92) have investi-
gated the relative rates of isomerization for cyclopropane

and cyclopropane-t;., while Rabinovitch, Schlag and Wiberg
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(68) have similarly studied the relative rates using cyclo-
propane-dz. And in the most recent report on isotope effects,
Blades (6) has used cyclopropane-ds. As pointed out by
Blades, the results of these studies on isotope effects have
not been conclusive. However, Blades presents a very appeal-
ing intuitive arqument for the first mechanism; that is,
"ee... 1f the hydrogen does become bridged from one carbon
to the next, as it must if it is to be of any assistance in
the rupture of the carbon-carbon bond, then it will be most
advantageous for it to continue on its path toward that car-
bon atom." Other arquments by Blades seem to overwhelm those
of Benson (4), the strongest proponent of the C-C rupture ‘

mechanism.

Thermodynamics and Composition _at Equilibrium

Even at the time of the Chambers and Kistiakowsky
study, a good estimate of the expected equilibrium composi-
tion in the cyclopropane isomerization reaction was not pos-
sible becausé of the lack of specific heat and spectroscopic
data on cyclopropane. These authors did, however, estimate
that at their lowest temperature of 470°C. the equilibrium
concentration of cyclopropane would be less than 1 part in
1000. From the thermodynamic analysis in Appendix B of the
present work, one finds that the cyclopropane concentration
will be substantially lower than that estimated.

Egloff (17, p. 696) has reported that Rogowski heated

propylene at 400 to 405°C. in a sealed tube and obtained more



44

than fifty per cent cyclopropane. This amount is a highly
unlikely result in view of present knowledge. Several, ap-
parently erroneous, thermodynamic analyses are discussed in
Appendix B. Also in Appendix B an expression for the stand-
ard free energy change as a function of temperature has been
developed for the cyclopropane isomerization reaction and
references are furnished on the various thermodynamic data

sources.

Ranges of Pressure and Temperature

In reading the literature on cyclopropane isomeri-
zation, one sees frequent reference to the "high pressure"
region. This terminology requires some clarification. With
thermal isomerization of cyclopropane, the noticeable on-set
of quasi-unimolecular behavior begins at only slightly below
atmospheric pressure, and the}reaction takes-on second-order -
characteristics. Near atmospheric pressure, however, the re-
action is of first-order. It is this region of first-order
behavior near atmospheric pressure which is usually described
as the "high pressure" region.

The highest pressure employed in any previous investi-
gation was 910 mm. of mercury in the work of Corner and Pease
(12) . Chambers and Kistiakowsky obtained reliable data near
atmospheric pressure and below, but most investigations have
been in the "interesting" region far below atmospheric pres-
sure. In disproving the Corner and Pease free radical chain

theory, Pritchard, Sowden, and Trotman-Dickenson carried-out
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experiments with initial cyclopropane pressures as low as
0.07 mm. of mercury. However, no one has reported data for
pressures below the 6x10™% mm. lower limit in the work of
‘Kennedy and Pritchard (39). 74 7

Excluding the early, and somewhat uncertain, work of
Trautz and Winkler (84), the present investigation covers a
greater range of temperatures than any previous single cyclo-
propane thermal isomerization study. Outside of the isotope
investigations, the minimum temperature at which reliable
data have been obtained is 420°C. This temperature was used
in the work of Falconer, Hunter and Trotman-Dickenson (19)
where pressure was held constant at 300 mm. Davis and Scott
(14) have recently extended the high temperature range of
reliable data to 620°C. at atmospheric pressure.

The temperature and pressure ranges covered in all
the cyclopropane thermal isomerization investigations, start-
ing with Trautz and Winkler, and including the present study,

are summarized in Table I.

Types of Apparatus
Practically all of the cyclopropane thermal isomeri-

zation studies have been performed in batch-type apparatus
constructed of Pyrex glass. Excluding the essentially quali-
tative work prior to Trautz and Winkler, flow reactors have
only been used in two instances; first, in the work of Trautz
and Winkler and, second, in the very latest work by Davis

and Scott. As previously discussed, the Trautz and Winkler



Temperature and Pressure Rangeés

TABLE I

of

Cyclopropane Thermal Isomerization Studies

|

" Pressure Temperature Temp.| Range
Reference Year mm Hg °C °C
Trautz and Winkler (84) 1922 ~1 atm. 350-650 300
Chambers and Kistiakowsky ( 9) 1934 12.7-764-9, 470-519 49
Corner and Pease (12) 1945 10-910 440-520 80
Pritchard, Sowden and (65) 1952 0.07-84 * 470-490 20
Trotman-Dickenson (66) 1953 i
*Weston (91) 1955 0.4 =700 406-492 86
(92) 1957

*McNesby and Gordon (57) 1956 ~300- -475- -

*Lindquist and Rollefson (53) 1956 160-202 447-555 108

*Rabinovich, Schlag (68) 1958 =154~ 414-474 60

and Wiberg
Langrish and Pritchard (49) 1958 - 483-505 22
Falconer, Hunter and (19) 1961 -300- 420~535 115
Trotman-Dickenson :

*Blades ( 6) 1961 0.178-760 407-514 107
Kennedy and Pritchard (39) 1963 6x10~4-7 477-517 40
Davis and Scott (14) 1964 ~1 atm,. 546-620 z4
Present Work 1964 250-2000 psi 454-593 139

\

*Igotope studies

o
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results have been subject to criticism because of failure
to provide preheat for the reactor feed, and because the re-
action temperature was taken to be that measured at the out-
side of the low thermal conductivity quartz and porcelain
tubes used as reactors.

Flow-type reactors fell into early disfavor.with
chemists probably because of a lack of understanding of the
flow dynamics in the types of reactors they employed. Often
the reactors had quite low length to diameter ratios and in-
let and outlet connections were of small cross-section com-
pared with that of the reactor itself; such conditions were
favorable to channelling and resulted in effective residence
times which were much lower than supposed. Batten (2) has
recently discussed this behavior at some length. Kennedy
and Pritchard (39) reported the failure of a flow~-type ex-
periment for thermal isomerization of cyclopropane at low
pressure. They now attribute the causes of failure to this
phenomenon. In many instances plug-flow has been erroneously
-assumed; either tacitly or otherwise. The plug-flow assump-
tion was applicable to the study of Davis and Scott and their
apparatus is free of the criticisms given to the apparatus
of Trautz and Winkler. In Appendix D the diffusional effects
and validity of the plug-flow assumption have been assessed
for the present investigation.

All of the batch thermal isomerization studies have

been conducted in glass vessels of some type. Pyrex glass
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has been used in most cases. However, Lindquist and
Rollefson (53) used quartz bulbs, Rabinovitch et al. (68)
report the use of silica glass, while Weston used quartz
bulbs in preliminary experiments, but does not describe the
type of glass in his 1800 ml. flasks. Sizes of the batch re-
actors have varied from 18 to 2000 ml.

Chambers and Kistiakowsky and Davis and Scott have
demonstrated that the reaction is homogeneous in Pyrex glass.
Surface effects were shown to be absent upon addition of
Pyrex packing to the reactor in each case. The former was
a batch reactor, while the latter was of flow-type.

The analytical procedures and apparatus used in pre-

vious investigation are discussed in Chapter VI.

Catalysis
Catalytic reactions of cyclopropane and propylene,

per se, are not of interest in this investigation. However,
it has been necessary to avoid.the known catalytic materials
in the design of the high-pressure thermal isomerization
apparatus. A discussion of the known catalytic effects, as
they relate to final selection of the reactor material, is

‘presented under the Reaction Section in Chapter IV.



CHAPTER IV
DESCRIPTION OF EXPERIMENTAL APPARATUS

When any kinetic study is extended into regions of
high pressure, the problems associated with equipment design
are compounded, particularly where high temperatures are in-
volved and/or wheré'catalytic surfaces must be avoided. In
the present investigation it was necessary to design for
both high temperature and pressure, while eliminating cata-
lytic surfaces to the extent practicable. These demands have
brought forth certain design features which cannot be regard-
ed as ordinary. It is the purpose of this section, there-
fore, to comment on these special design features in parti-
cular, as well as to discuss the process equipment in gener-
al.

In this experimental investigation, high-pressure,
thermal isomerization of cyclopropane to propylene was ac-
complished with the apparatus indicated in the process flow
diagram of Figure 3. The apparatus is deesigned for reactionv
under once-through, continuous-flow conditions. In all the
previous work on this reaction at low pressure, only in the
very early work of Trautz and Winkler (84) and in the most
recent work by Davis and Scott (14) have other than batch
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systems been employed. As with commercial processes, equip-

ment for processing on a research scale must have certain de-

sign specifications. 1In the present case, these specifica-

tions were:

Maximum
Cyclopropane Feed Rate 1.0 gal./hr.
Conversion 100 per cent
Temperature 1200°F.
Pressure 5000 p.s.i.

Briefly, the process involves pumping pure liquid
cyclopropane from storage to a preheater, and thence to a
gold-lined tubular reactor immersed in a constant temperature
bath of fluidized sand. Effluent gases from the reactor are
throttled through a pressure control valve into a product
cooler, followed, in turn, by a receiver and gas measuring
system. For purposes of discussion in detail, it is conven-
ient to divide the equipment into five categories: (1) feed
system, (2) preheater section, (3) reactor section, (4) pro-
duct section, and (5) auxiliaries. It will be observed tha£
analytical equipment is discussed in Chapter VI. Further,
the calculation of allowable pressures for equipment will be

found in Appendix C.

Feed System
The main components of the feed system were the cy-

clopropane storage drum, the nitrogen pressurizing system,
a calibrated sight glass, a pump suction chiller, and a
high-pressure, positive-displacement pump.

The storage drum was constructed from a 56-inch length
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of 8-inch (N.P.S.), Schedule 80, carbon steel pipe and two
8-inch, Schedule 40, carbon steel pipe caps. With this con-
struction, the volumetric storage capacity for cyclopropane
was approximately eleven gallons. Owing to the potential
hazards of storing liquefied hydrocarbon gases indoors, and
because of the high cost of cyclopfopane ($75.00 per gallon
of liquid), several measures were taken to assure leak-free
service from the storage drum and connecting piping. First,
all threaded connections to the drum were made with Teflon
tape as a thread sealant. Second, all valves connected to
the drum were of ball-type, with O-ring seals, and
Underwriter's Laboratory approval for liquefied hydrocarbon
gas service (viz., Worcester No. 444TB valves). Third, re-
lief protection was provided with a rupture disc and relief
valve in series, with the former on the drum side. This last
precaution was taken because relief valves are rarely ever
leak-free and, further, one would not wish to take the risk
of loosing a complete charge of cyclopropane when using a
rupture disc alone. Both the rupture disc and relief valve
were designed to relieve at 300 p.s.i. gauge. Normal storage
drum pressure was 175 p.s.il. gauge corresponding to the satu-
ration vapor pressure of cyclopropane (approximately 85 p.s.i.
gauge at 75°F.) plus an added pressure of 90 p.s.i. from
nitrogen pressurization. As indicated in Figure 3, the stor-
age drum was equipped with a sight glass, pressure gauge and

thermometer.



53
Pump suction piping (3/8-inch o.d. by 1/4-inch i.d.,

Type 304 stainless steel tubing, with Autoclave Engineers,
Inc.. Ermeto connections) was provided to permit pumping from
either the storage drum or the liquid lével gauge (sight
glass). The liquid level gauge was a Jerguson tubular glass
assembly, four feet in overall length, complete with valves,
plastic (Lucite) protector, and guard rods. Ball check
valves, located within each gauge valve, functioning on the
excess surge principle, provided protection in the event of
liquid level gauge failﬁre. Tubing for the level gauge was
heat-treated glass with 3/4-inch o.d. and %-inch i.d. cCali-
bration of the level gauge revealed a uniformity of internal
cross-section over the entire length, corresponding to a
volumetric capacity of 1.23 ml. per cm. of length. Pumping
rates were observed from a numbered centimeter scale taped
onto the back-side of the glass tube. Both the level gauge
and storage drum may be observed at the left side of the
panel in the photograph of Figure 4.

Because of ceiling height limitation, it was not
possible to supply the required pump N.P.S.H. from a liquid
column of cyclopropane alone. Thus, it was necessary to
either pressurize the cyclopropane storage drum or to chill
the fluid going to the pump to insure against cavitation at
the pump suction. Actually, the best results were obtained
when both methods were employed at the same time. Chilling
of the pump suction alone was not sufficient. Chilling of
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High-Pressure Cell Front Panel

Figure 4
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the feed was accomplished by a counter-current flow of water
at 35°F. through the annulus formed by surrounding the 3/8-
inch stainless steel tubing with a 40-inch length of, insu-
lated, 3/4-inch brass pipe. Nitrogen was added to the top
of the cgclopropane storage drum through a pressure regula-
tor attached to a standard cylinder. Between the suction
chiller and pump, a filter was installed to remove rust and
other suspended matter which might impair proper operation
of the pump check valves. This filter was a standard
Kuentzel bomb, with filter-type outlet closure. Inserts
of 100-mesh brass gauze were installed at each end, while
the bomb proper was filled with 3-mm. diameter soda-lime
glass beads.

Cyclopropane was pumped from storage with a Hills-
McCanna, Model "UM"-2F, proportioning pump, equipped with
cylinders in duplex, each with a maximum capacity of 0.56
gal./hr. at a design discharge pressure of 5000 p.s.i. This
pump was used in a previous investigation by Skinner (75)
where considerable difficulty was encountered in maintaining
reproducible, low flow rates at high pressure. Though this
problem also existed to some extent in the present investi-
gation, it was not as severe as reported previously. Stand-
ard double-cone check valves were used for both the suction
and discharge of each cylinder. Also, each cylinder was
equipped with a 5/16-inch alumina-ceramic piston surrounded

by seven cylindrical rings of Teflon packing, four of which
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were of the compressed-flake type, while the three remaining
rings were of solid molded Teflon, two of which were the end
rings. As shown in Figure 3, it was possible to circulate
either cylinder back to the storage drum. This feature per-
mitted a check-out of flow rate and extent of packing leak~-
age in advance of each run. Each cylinder was also equipped.
with a rupture disc to avoid .over-pressuring. The cyclopro-
pane feed pump, suction chiller, filter and by-pass manifold
are shown on the right in the photograph of Fiqure 5.

Preheater Section
Cyclopropane, after being pumped from storage, passed

through a sintered metal filter and check valve before enter-
ing the preheater. Use of the filter was necessary to pre-
vent spalled pump packing from being carried into the pre-
heater and reaction sections.

Basically, the preheater was a thermostated bath of
well-mixed, molten inorganic salt in which the elements to
be heated were immersed. The heating element was either a
stainless steel coil or four modified Kuentzel bombs in se-
ries. Details of the modified Kuentzel bombs are shown in
the cross-section of Figure 6. The complete preheater in-
stallation is shown at the center of the photograph in Figure
5.

From Figure 6, it will be observed that the Kuentzel
bomb modification involved: (1) application of ceramic lining

to the inside surface, (2) alteration of closures to accommo-
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‘date ceramic spools, and (3) insertion of ceramic-coated
filler pins to form an annular flow path. Originally these
bombs were designed to be used as reactors and the annular
flow and radial entry features were designed to eliminate
the channelling effect, such as described by Batten (2).
With the decision to use the bombs as preheaters, filling
the annular space with glass beads was considered desirable
for two reasons: (1) the internal heat transfer coefficient
would be improved and (2) the extent of thermal reaction
would be minimized owing to the reduced residence time.

The ceramic applied to the surfaces indicated in Fig-
ure 6 was Pfaudler's Nucerite RC formnmlation. This coating
was an experimental application, and the work was done by
the Pfaudler Company in their facilities at Rochester, New
York. Nucerite is a trade name for a ceramic formulation in
which crystal growth within a glass matrix is controlled,
both as to size and number. The crystalline structure con-
tributes to improved mechanical strength and resistance to
thermal shock. The method of application involves bringing
the base metal to a red heat, followed by grit blasting,
spraying of the surface with the ceramic, firing at a high
temperature to accomplish the ceramic to metal bond, and
finally heat treatment for control of the nucleated glass
crystallization.

Ceramics of this type are suitable for operating tem-

perature up to 1400°F., depending upon the base metal used.
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It is desirable that the metal thermal coefficient of expan-
sion be slightly greater than that of the ceramic so that
the latter will be in compression when cooled. Carbon steel
and 400 Series stainless steels have thermal coefficients of
expansion (6.7 x 10~% and 6.0 x 10~6 in./(in.)(°F.), respec-
tively) which more nearly match that of the ceramic; whereas,
300 Series stainless steels, with their higher thermal co-
efficients of expansion (8.9 x 10-6 in./(in.)(°F.), tend to
overcompress the ceramic in the cooled state. Nevertheless,
the four, Type 316 stainless, Kuentzel bombs were successful-
ly lined, even though the small inside diameter (l-inch) and
thick wall (1/2-inch) presented additional complications.
Surface coverage was essentially 100 per cent complete and
no cracking of the lining was observed.

Application of ceramic to the inside face of the clo-
sures was more difficult and some spalling did occur on the
convex surfaces with small radius of curvature. The filler
pins could not be succéssfully coated when made of Type 316
stainless steel. Type 446 stainless steel, however, proved
to be entirely satisfactory. The thickness of ceramic ap-
pPlied was approximately 0.020-inch on all surfaces.

The spools shown in Figure 6 served both as filler
pin supports and flow distributors, while at the same time
reducing the amount of metal surface exposed to the gas
stream. They were machined from hydrous aluminum silicate

(American Lava Corporation, Grade A) and the final anhydrous
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ceramic form was obtained by firing in an oven at 1850 to
2000°F. The opening along the axis of the spools was 3/32-
inch in diameter. In the head of the spools, this opening
branched into six, equally spaced, radial passages with dia-
meter of 1/32-inch. A gasket of Fiberfrax ceramic paper was
inserted between the spools and the end closures. The gas-
kets between the Kuentzel bombs and closures were at first
made of gold-plated copper, where standard copper gaskets
were plated in Atomex immersion gold solution (Engelhard
Industries, Inc.) at 145°F. to give an approximate plating
thickness of 0.7 mg. of gold per sq. in. These gaskets were
later found to be unsatisfactory and were replaced with gas-
kets made of annealed Type 316 stainless steel.

In the annular space between the filler pin and the
inside wall of each Kuentzel bomb, a charge of 3-mm. diameter
soda-lime glasg beads was added. The total free volume of
the four Kuentzel bombs was measured to be 126.2 cu. cm., ex-
cludin.g the short sections of 1/8-inch o.d. by 1/16-inch i.d.,
Type 304 stainless steel, connecting tubing. The preheater
assembly was hydrostatically test at 10,000 p.s.i. before
being placed in service.

The preheater salt bath was constructed from a 20~
inch length of 10-inch, Schedule 20, carbon steel pipe. All
four Kuentzel bombs were mounted on a stainless steel rack
which was designed to permit simultaneous removal of the

bombs from the bath. The salt bath top closure was con-
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structed as an integral part of the bomb rack. The 15-ft.
x 7-3/8-in. long, 1/8-inch o.d. by 1/16-inch i.d., stainless
steel preheater coil was wound around the Kuentzel bomb as-
sembly. Separate inlet and outlet connections make it possi-
ble to change from one preheater to the other without enter-
ing the salt bath.

Hitec salt (a eutectic mixture consisting of 40%
sodium nitrite, 7% sodium nitrate, and 53% potassium nitrate)
was used as the heat transfer medium. This material could
be heated to 1100°F. and thus provided the full level of pre-
heat required for all of the runs. Heat was supplied to the
salt through the walls of the bath by six, 500-watt, Chromolox
resistance heating elements embedded in Thermon. Power for
these heaters was supplied by two Powerstat variable voltage
transformers operating with 200-volt, single-phase, electri-
cal supply. Three heaters were wired in parallel with each
Powerstat. Insulation for the sides of preheater assembly
was provided by two-half-sections of 12-inch nominal size |
Unibestos pipe insulation, 3-1/2 inches thick. Insulation
for the top of the preheater was furnished by, 4-inch thick,
Kast~0-Lite blocks of réfractory concrete formed into the
particular shapes required.-

In order to improve the coefficient of heat transfer,
and to assure isothermal operation of the bath, the Hitec
salt was continuously agitated with an air motor driven

"Lightnin" mixer, (Model No. AR-25). Trim heat for control
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of salt bath temperature was supplied by a 675-watt Chromalox
cartridge heating element placed in a copper well extending —

_through the salt bath top cover plate. The temperature con-

troller was a Fenwal No. 16050-0, high temperature, Thermo-
switch which opened or closed the trim-heater power supply
circuit as required (i.e., an on-off control). Temperature
of the bath was measured with two chromel-alumel thermocou-
ples located in stainless steel wells deeply immersed in the
salt. Recorded values of these temperatures were obtained

from a Leeds and Northrup Micromax multi-point recorder.

Reactor Section

There are three major equipment items in the reactor
section: (1) a gold-lined, stainless steel, tubular reactor,
(2) an isothermal bath of fluidized sand, and (3) an enclosed
propane burner which supplied heated air and combustion pro-
ducts as ‘a fluidizing medium for the bath. These items,
along with the associated auxiliary equipment, are indicated
schematically in Figure 3. The fluidized sand bath is on
the left-hand side in the photograph of Figure 5. Appearing
at the base of the bath cone section is the propane burner.
When the center section of the fluidized sand bath is re-
moved, the reactor coil appears as shown in Figure 7.

In seiecting the reactor section equipment, it was
necessary to solve the p;oblem of surface catalysis, as well
as to provide a high temperature, isothermal environment for

the reactor. Methods used in solving these problems, and



Figure 7

Reactor Section of Sand Bath Heater
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the reasons for them, are discussed in the paragraphs which
follow.

Most previous studies of cyclopropane thermal iso-
merization have been performed in borosilicate glass (Pyrex)
equipment. This glass is the only material which has been
definitely established as noncatalytic to the reaction. Davis
and Scott (14) found borosilicate glass to be noncatalytic
in the complete range of reaction temperatures up to 620°C.,
the maximum temperature of their study. In the early work
by Trautz and Winkler (84), a change in reactor material,
from quartz to unglazed porcelain, was reported to affect the
reaction rate. Their results have been questioned however,
because of the analytical procedure used and for other rea-
sons (9).

Very little is known about the catalytic effect of
metals on the isomerization of cyclopropane. Platinum is
the only metal definitely established as catalytic (17).

The catalytic effect of iron is not certain. Ipatieff and
Huhn (35) reported that iron fillings promoted the reaction
at 100°C. Later, however, Ipatieff (34), in referring to

the same study, stated that the reaction was carried-out at
600°C. If the latter is true, then he could have been ob-
serving the thermal reaction instead. Egloff (17), in his
book on reaction of pure hydrocarbons, quotes the low temper-
ature results of Ipatieff and Huhn. Roberts (71), in his

-article on catalytic effect of acidic solids, has also noted
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this inconsistency.

Apart from the catalytic effect of metals on cyclo-
propane, one must also considered the influence of metals on
the propylene product formed. Egloff (17) has reported that
nickel, monel metal, and iron are catalysts for the decompo-
sition of propylene. Thus, it would appear that these metals,
and platinum as well, should be évoided in reactor construc-
tion.

Though the catalytic effect of gold upon reactions
of cyclopropane and propylene has not been studied, a review
of the literature, for reactions in which gold is known to
be a catalyst, does not suggest that difficulty would be en-
countered. For example, gold is known to be a catalyst for
the hydrogenation of olefins, but in the present investiga-
tion hydrogen is not present. Or taking another case, gold
has been used as a catalyst for the oxidation of olefins,
but again oxygen is not present in the system. Gold's role
as a catalyst for the polymerization of acetylene, when sus-
pended on activated charcoal or silica gel, is the one case
where difficulty might be suggested.

A decision was made to try gold as a reactor material
on an experimental basis. However, owing to the low strength
of gold and the high pressures and temperatures required
(aside from cost) it was not feasible to use a reactor con-
structed of gold alone. The problem was resolved by apply-

ing a gold lining to the inside of a stainless steel tube.
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It was found that Engelhard Industries, Inc., and others,
had developed the technology for application of precious
metal linings to tubing of various materials. In the case
of stainless steel, it is not possible to bond chemically
with gold. 1Instead, a mechanical bond is obtained by first
inserting a cold gold sleeve into the stainless steel tube
and then pulling through a "torpedo"” to press the lining
firmly against the tubing inside surface.

The lining was applied to a l4-ft. long, 9/16-inch
o.d. by 3/8-inch i.d4., piece of Type 316 stainless steel,
Super Pressure tubing, purchased from Superior Tube Company .
This high creep resistance material was guaranteed to meet
a 1000-hour stress rupture test at 1200°F. with a stress of
25,000 p.s.i. Though a tubing with smaller inside diameter
was desired, 3/8-inch was the minimum size which could be
lined by Engelhard. Also, the 14-ft. length was approximate-
ly the maximum which could be handled with their facilities.
The tube, as actually lined, contained 26.91 troy ounces of
gold. This amount corresponds to an average lining thickness
of approximately 0.015-inch.

Coiling of the tube was accomplished on a lathe, us-
ing a piece of 6-inch pipe as a spool, and an improvised
wiper die. A uniform coil spacing of 9/16-inch was obtained
by bending the gold-lined tube simultaneously with another
plece of tubing of the same diameter. After expanding, the

final average coil diameter was 7%-inches. Thus, the 1l4-ft.
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section was wound in seven turns. Negligible flattening
occurred in the bending process, as was confirmed by volume
measurement.

Coupling of the gold-lined reactor coil to the trans-
fer tubing with 9/16-inch cone to 1/8-inch Ermeto adapters
proved to be unsuccessful because of leakage. The final in-
stallation was made by welding as shown in Figure 8. By co-
incidence, after correction for removal of the threaded end
sections, the final reactor volume was exactly 250 ml;

Use of fluidized sand as a heating medium for the
reactor was the result of two considerations: (1) Hitec salt
decomposes at the maximum reaction temperatures; whereas,
with fluidized sand, one is limited only by the sand soften-
ing point, and (2) in well-designed fluidized beds, almost
perfect backmixing is achieved by both the gas and solid
phases, and a high effective thermal conductivity assures a
close approach to isothermal behavior. High thermal conduc-
tivity is an important attribute of fluidized systems. As
reported by Frantz (20), in an excellent review of the liter-
ature on fluidization, thermal conductivities may in some
cases be as much as 100 times greater than that of silver.

Acceptance of fluidized system as a general research
tool, until recently, has lagged well behind the approval of
such systems in industrial applications. One is made aware
of a reversal in this trend by the many references to fluid-

ized systems employed in recently reported investigations of
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all types. For example, in a very recent investigation, Hall
and Rase (26) employed a fluided sand bath for maintaining
isothermal reaction conditions in their study on the effect
of dislocation density on catalytic‘activity. In another
study, almost as recent, Korbach and Stewart (43) report
"simple and effective" temperature control with a fluidized
sand system in their kinetic and equilibrium study of benzene
hydrogenation in a batch recycle reactor.

Though the use of a fluidized solid system as an
isothermal bath in this investigation cannot be considered
a new concept, it is believed that the overall design of the
equipment for sand fluidization, heating, and handling is
unique. From Figure 5, the fluidized sand heater is observed
to be a vertical structure consisting of four flanged sec~
tions stacked in series. These sections, identified from
bottom to top, are: (1) a burner section, (2) a sand trap
and flame section, (3) a reactor or fluidized sand section,
and (4) a sand addition and disengaging section. Mechanical
and dimensional details of the top three sections are given
in Figure 38 of Appendix F. Details of the burner design are
found in Figure 40, also of Appendix F.

In brief, operation of the.fluidized sand heating
system involves heating a controlled volume of air which,
upon passing through a grid-plate distributor, fluidizes a
charge of sand in which the gold-lined reactor coil is im-

mersed. The air-flue gas mixture leaving the fluidized bed
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then passes through a disengaging section in which all but
the smallest entrained particles of sand are removed. Con-
trol of the base heat supply for maintenance of bath temper-
ature was accomplished by hand regulation of propane flow to
the burner. Trim heat for the final control of bath temper-
ature was supplied by a heating element immersed in the sand.
Electrical power to this trim heater was requlated by a tem-
perature controller with a resistance thermometer sensing
element.

Air for fluidization was first reduced from supply
line pressure to a constant metering pressure of 15 p.s.i.
gauge with a Fisher No. 95L pressure regulator; Rate of air
flow was measured with an orifice meter. Pressure differ-
ential across a 0.5075-inch diameter sharp-edged orifice
located in a standard run of l-inch, Schedule 40, galvanized
pipe was indicated on a Barton Model 200 pressure differ-
ential indicator with a range of 20 inches of water. The de-
sign air flow was 18 std. cu. ft./min. which yields a super-
ficial velocity of approximately 1l-ft./sec. in the fluidized
bed at 1100°F. With pressure held constant by the pressure
regulator, it was possible to control the air flow rate by
hand adjustment of a standard brass glove valve.

The air was heated with a propane burner specifically
designed for this application by John Zink Company. A sec-
tional elevation of the burner is shown in Figure 40 of Appen-
dix F. Burner design capacity was 30,000 B.t.u./hr. By
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designing the burner with an air plenum surrounding it, the
air was preheated in this manner and insulation was not re-
quired. The spiralling admission of air at the top of the
burner served the useful purpose of reducing flame length
and hence the amount of flame impingement on the sand trap-
out pan. Since the burner is operated under pressure, the
normal supply of low pressure natural gas could not be tsed
as a fuel. Instead, commercial propane from a 16-gallon
storage cylinder was used. Propane pressure was reduced to
9 p.s.i. gauge with a Matheson No. 70A pressure regulator.
-Flow of propane was controlled with a stainless steel needle
valve and the rate observed from a Matheson No. 622 PBV ro-
tameter with No. 604 tube. As a safety feature, a BASO de-
vice, activated by a shielded thermocouple above the burner,
was used to close a solenoid valve in the propane line in
the event of flame-out. With the burner enclosed, and oper-
ating under pressure, a spark ignitor was used. This igni-
tion system, not unlike that for automobiles, included a
spark plug, high tension coil, breaker points, and a 12-volt
d.c. battery (also the power supply for the chromatograph).
Electrical diagrams for the ignitor and BASO devise are given
in Piqure 37 of Appendix E.

The heated air-flue gas mixture passes through an
annular space between the trap-out pan and the cone insula-
tion before contacting the grid plate of the fluidized sand

bath. The grid was constructed from a piece of ll-gauge.,
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Type 316 stainless steel, 17-3/4 inches in diameter. A total
of 195 holes, 1/16-inch in diameter and located on 3/4-inch
triangular spacing, were drilled within a radius of 5-1/2
inches -about the center. Each hole was coned on the flame
b>éide of the grid with a 1/4-inch drill to leave a thickness
of 1/32-inch. With this design, pressure drop through the
grid was approximately equal to that through the bed. 2Zenz
and Othmer (98) report a usual design practice for commercial
fluidized units to be 40 per cent of bed pressure drop.

Wilcox sand was used in the fluidized bed. Particle
size distribution for this material from a Tyler shaker anal-

ysis was as follows:
Weight % Cumulative %

Screen Mesh No. on_ screen greater than

60 2.98 2.99

70 16.76 19.74

80 7.11 26 .85

100 44 .40 71.75

140 18.80 90.05

170 5.50 95.55

200 2.87 98 .42
300 1.15 99.57
Pan 0.11 99.68

From this analysis, the median particle diameter is approxi-
mately 170 microns. A sixty-five pound charge of sand in
the fluidized state was found to give ample coverage of the
reactor coil and resistance thermometer. The bed as con-
fined by the insulation had a diameter of 13 inches.

Length of the fluidized bed section was 14 inches,
compared with 24 inches for the disengaging section. Both

of these sections, as well as the cone section, were lined

]
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with a light-weight, castable, refractory insulation of
Kast-0-Lite. This material is a product of the A. P. Green
Fire Brick Company, consisting chiefly of silica, alumina
and lime. The thermal conductivity at 1200°F. is reported
to be 2.21 B.t.u./(sq.ft.)(hr.)(°F.)/(in.). The lining was
held in place by stainless steel end plates and studs spot-
welded to the shell interior. Thickness of application was
4 inches in the fluidizing and disengaging sections.'

Temperature of the fluidized sand bath was controll-
ed with a modified Bayley, Model 96, Precision Temperature
‘Controller. As modified, temperatures up to 650°C. could be
measured and controlled. The modification included a special
resistance thermometer probe with quartz lead insulation and
a change in three bridge resistors. This instrument under
ideal conditions is capable of cdntrolling temperature to
within +0.001°C. (the manufacturer's stated electronic bridge
accuracy).v Trim heat from the controller was supplied to a
675-watt Chromalox cartridge heater located in a horizontal
copper well directly above the grid plate. Temperature of
the sand bath was measured at three locations with chromel-
alumel thermocouples. Two of these thermocouples were Conax
WIG-24-B2 Safetywell assemblies. The well at center of the
bath was 6 inches in length and the one at the top, 12 inch-
es. Both wells were made of 3/16-inch o.d. stainless steel
tubing. The third thermocouple was placed in a retractable

well located in the sand addition connection. This well was
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constructed of 1/4-inch stainless steel tubing and its 26-
inch length permitted immersion to the center of the bath.
All three temperatures were monitored on a multipoint Leeds
and Northrup Micromax recorder, primarily for trend indica-
tion. For more precise temperature measurement, either a
Leeds and Northrup Model 8662 or Model 8686 precision poten-

tiometer was used.

Product Section
Reactor pressure was regulated by throttling of pro-

duct gases with a single-port, diaphragm-operated, control
valve; viz., a 1/4-inch, Type 304 stainless steel, ATO,
valve with P2 or P4 trim as required, Control air beneath
the valve diaphragm was supplied by a Foxboro M-58 Consotrol,
indicating type, pressure controller located outside of the
high pressure cell. A pneumatic signal to this controller
was supplied by a Bristol, Series 650, Metagraphic pressure
transmitter located inside the cell.

A 0-2000 p.s.i. range Heise gauge, with 2-p.s.i.
scale divisions, was used for indication of reactor pressure.
The gauge was dead-weight tested before use. An excess-surge
check valve was installed in the lead line to the pressure
gauge.

Product gases from the pressure control valve Passed
to a product cooler where cooling was accomplished by counter-
current flow of chilled water entering at 35°F. The cooling

coil wag constructed from 11 feet of 1/4-inch stainless steel
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tubing. The knock-out pot following the cooler was construct-
ed from a piece of 2-inch diameter copper pipe, 14 inches
long. A 2-inch thick stainless steel wool demister was in-
stalled at the top of the receiver. The connection to the
vacuum pump for start-up and shut-down evacuation was locat-
ed at the outlet of the knock-out pot.

Gas from the knock-out pot passed through a sintered
metal filter before being measured. Two methods of flow
measurement were used. In the first case, pressure differ-
ential across a short section of 1/4-inch copper tubing was
measured and indicated continuously with a Barton, Model
200, pressure differential indicator with range of 20 inches
of water. This instrument was used primarily for observa-
tion of flow continuity. Following the flow indicator was
a rubber septum sample connection which permitted removal of
product samples with a syringe and needle. Final measurement
of product flow was with a Precision Scientific wet test
meter, preceded by a saturator constructed of transparent

plastic.

Auxiliaries

As previously mentioned, chilled water was used for
product cooling, as well as for cooling cyclopropane going
to the charge pump. This chilled water system included a
refrigeration unit, storage drum, and'water circulating
pump. The refrigeration unit was a Copeland Model E75C.

Freon 12 refigerant was expanded into a copper coil immersed
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in a 30-gallon water reservoir. This reservoir was construct-
ed from a 30-gallon barrel which was coated internally with
a polyester resin to prevent rusting. Fiber glass insulation
was provided around the drum. Water was circulated continu-
ously with a small Eastern pump through the coolers and back
to the drum through 3/8-inch i.d. by 9/16-inch o.d. Tygon
tubing.

Other than the high pressure cell itself, which was
constructed on 1/4-inch thick cold-rolled steel, additional
safety features were provided. A 4-ft. by 7k-ft. blast mat,
woven to a thickness of three inches from l-inch diameter
‘Manila rope, was used to cover the cell access door during
periods of operation. Further, a spray nozzle was installed
over the equipment in the cell with remote operation of a
solenoid valve in a water line provided for activation in
case of fire. All relief valves, rupture discs, and vents
were connected to a common vent line which extended outside
the building. A 1725 r.p.m. exhaust fan located in the cell
and driven by a 1/4-h.p. explosion-proof motor, prevented
accumulation of explosive mixtures resulting from a leak.

At shut-down and start-up the system was evacuated
with a Cenco-Pressovac No. 4 vacuum pump. The vacuum pump
exhaust was also vented outside the building. A bottle of
high pressure nitrogen connected to the cyclopropane pump
discharge provided a means for inert gas purging at start-up

and shut-down. At this same connection, compressed air from
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standard high pressure cylinders could be admitted for de-
coking when required.



CHAPTER V
EXPERIMENTAL PROCEDURE

Discussion in this section is divided among six per-
tinent subtitles: preliminary procedures, startup procedure,
run procedure, shutdown procedure, calibrations and measure-
ment of variables, and difficulties encountered. Details of

the analytical procedure are presented in Chapter VI.

Preliminary Procedures
Owing to the expense of cyclopropane, a number of

preliminary runs were made using technical-grade normal pro-
pane as charge material. Out of these "dry" runs evolved
workable startup, run, and shutdown procedures which are de-
scribed in subsequent sections. Another useful function of
these preliminary runs was the establishment of approximate
controller set points for the various levels of temperature
and pressure anticipated in the isomerization runs. At each
operating temperature, a propane fuel rate was found which
would supply the basic heat requirement for the fluidized
sand heater. Simultaneously, the Bayley temperature con-
troller coarse and fine pot settings were obtained to give
the desired reactor temperature and corresponding supply of

79
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trim heat. In a like manner, Powerstat settings for the
basic heat duty of the preheater salt bath were determined
at each anticipated temperature of operation, while the
Fenwal thermoswitch was adjusted to give the trim heat re-
quirement for temperature control.

The preliminary runs, with normal propane as feed,
were most useful in finding the conditions under which uni-
form pumping with the Hills~-McCanna charge pump could be as-
sured. It was found that cooling the feed with 35°F. chill-
ed water at the pump suction was not sufficient to prevent
cavitation. A combination of suction chilling and storage
drum pressurization with nitrogen did prove to be adequate,
however. Nitrogen was supplied through a pressure regulator
to give storage drum pressures which were 70 to 100 p.s.i.
in excess of the liquid vapor pressure. Since extremely low
pumping rates were not required, standard double-cone check
valves, for both suction and discharge, were found to be
satisfactory when used in conjunction with a special rod
packing consisting of cylindrical rings of compressed Teflon
flakes supported between rings of solid Teflon. With this
packing, leakage could be prevented with 6nly moderate pres-
sure being applied with the packing gland nut. Thus, very
little heat was released owing to friction between the rod
and packing and spalling of packing into the cylinder and
valves was minimized.

To assure that the cyclopropane feed in storage was
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essentially free of contact with oxygen, the cyclopropane
storage drum was evacuated and purged with cyclopropane
vapor three times before transferring the liquid from the

shipping cylinder.

Startup Procedure

The most time consuming element in the process of
bringing the unit up to operating conditions was warmup of
the fluidized sand heater. Though warmup of the preheater
salt bath from the solidified state was also time consuming,
usually enough heat was constantly maintained on the bath to
assure that it remained in the liquid state. Thus, warmup
of the preheater to the selected operating temperature was
not a bottleneck.

Because from 5 to 7 hours were required to bring the
reactor fluidized sand heating system to equilibrium at the
selected run temperature, the first step in the startup pro-
cedure involved initiation of air flow through the fluidized
sand heater, followed by burner ignition. When igniting the
burner with the spark ignitor, the air rate was held at 8
std. cu.ft./min. and the propane fuel supply adjusted to a
rate of approximately 0.3 1b./hr., corresponding to a reading
of 2.5 at the location of the rotameter Pyrex float. These
conditions for ignition were found to be satisfactory through
experimentation. Circuit diagrams for the burner ignitor and
the BASO safety devise are included in Appendix E. Power

supply to the ignitor was furnished in each instance, for the
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short time required, through Jumper cables from the chromato-
graph 12-volt battery. The start button activates a solenoid
valve which permits gas to flow to the burner during the
lighting process. This button must be suppressed for a peri-
od of approximately 30 seconds after ignition until the BASO
solenoid is activated by the burner thermocouple.

After burner ignition, the air rate and propane fuel
rate were increased simultaneously to 10 std. cu. ft./min.
and 0.675 lb./hr., respectively. These conditions were main-
tained until the bath thermocouples indicated a temperature
of 400°F. At that time, a 65-pound charge of Wilcox sand was
added above the grid plate through the temperature probe con-
nection located in the disengaging section. Once the sand
was added, the air rate was then increased to the normal
operating level of 16 std. cu. ft./min. and the burner fired
at a maximum propane fuel rate of 1.5 1lb./hr. (11.0 reading
on the Pyrex float). Fuel to the burner was supplied at the
maximum rate until the chosen run temperature was reached,
then the firing rate was reduced to a base load which permit-
ted control of the sand bath temperature by the intermittent
supply of trim heat from the Bayley temperature controller.

During the preheater and reactor bath warmup period
all other preparatory operations were easily accomplished.
First, the chilled water refrigeration unit was started and
set for control of water temperature at 35°F., then the

chilled water circulating pump was put into operation supply-
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ing water to the charge pump suction chiller and the product
gas cooler. The preheater air-powered mixer was also placed
in service.

Next, the entire system was evacuated through the
vacuum pump connection at the outlet of the knock=-out pot.
During this operation, the cyclopropane storage drum suction
and recycle valves were closed, as were the bypass and block
valves at the product gas flow indicator. The reactor bypass
valve was closed and the pressure control valve bypass valve
was opened. All other valves within the system remained open
during evacuation. Cyclopropane pump packing was maintained
sufficiently tight to prevent inleakage of air. After the
first evacuation, the system was purged with nitrogen until
atmospheric pressure was reached with the vacuum pump con-
tinuing in opetation. Nitrogen flow was then discontinued
and the system again evacuated. This procedure was repeated
twice-more before closing the two pump feed valves. Follow-
ing this isolation of the feed pumping system from the pre-
heater and reactor sections, the cyclopropane storage drum
suction and recycle valves were opened, thus allowing liquid
cyclopropane to equalize into the evacuated pump circuit.
The rod packing was then loosened and the pump started. Re-
cycling operation was continued as long as required for the
adjustment of packing, chilling of the suction piping and
pump cylinders, and observation of pumping consistency.

After putting the charge pump into recycle operation,
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the vacuum pump was shutdown and the balance of the system
pressurized to 10 p.s.i. with nitrogen. Then the pressure
control valve bypass was closed and the product gas flow
indicator block valves were opened, thus permitting the pro-
duct gas section to reach atmospheric pressure while purging
the saturator and wet test meter with nitrogen. A low flow
rate of nitrogen was then passed through the system to allow
putting the pressure control valve into operation at 200
p.s.i. Nitrogen flow was then discontinued and a pressure
of 200 p.s.i. maintained on the system until temperature
control on the preheater and reactor had been established
for acceptance of charge.

After pressurizing the preheater and reactor sections,
the nitrogen cylinder was disconnected, provided with a pres-
sure regulator, and connected through a secﬁion of 1/8-inch
étainless steel tubing to the top of the cyclopropane storage
drum. Then the regulator was adjusted to maintain approxi-
mately 175 p.s.i. on the drum. This maintenance of nitrogen
pressure was continued throughout the run.

The chromatograph warmup was started approximately
three hours in advance of the expected time for start of ..
runs. Near the end of the reactor warmup period, standard
samples were analyzed to assure satisfactory operation of the
chromatograph before run samples were available. Detailé of

the chromatograph operation are given in Chapter VI.
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Run_Procedure

When temperature control was established on both the

_preheater salt bath and the reactor fluidized sand heater,

cyclopropane recycling was discontinued and charge was direct-
ed to the preheater and reactor section. Usually only one
cylinder'of the pump was used. The inactive cylinder remain-
ed lined-up for recycle operation, but with the suction valve
closed. Switching from recycling to charging operation on
the active cylinder involved closing the recycle valve and
opening the feed valve, simultaneously, on that particular
cylinder by means of extension handles provided through the
cell wall. The desired pumping rate was obtained by adjust-
ing the length of stroke prior to the start of recycle opera-
tion.

After the start of cyclopropane flow, approximately
30 minutes were required to achieve steady-state operation
at the chosen operating pressure. The approach to steady-
state operation could be followed quite clearly from the
recorded preheater and reactor outlet temperatures. When
these temperatures ceased to increase, steady-state was as-
sumed to exist. 1In all cases this condition was confirmed
by subsequent chromatograph analyses.

Eachk time the unit was brought on stream it was for
one temperature of operation only. Because of the large heat
capacity of both the preheater and the fluidized sand heater,

several hours were required Fo change from one temperature
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level to another. In most cases only one pump stroke setting
was used each time, though in some instances a change in
pumping rate was made while operating. Reactor pressure was
the variable most easily changed during any run period. Usu-
ally data were obtained at five pressure levels: 250, 500,
1000, 1500 and 2000 p.s.i. Hence, for each day of operation,
five data points were obtained provided difficulties were
not encountered. At each pressure level, data were recorded
for five observation periods, usually five minutes in length,
but subject to change depending upon the pumping rate and
level of cyclopropane in the storage drum. Normally, cyclo-
propane was pumped from the level glass connection. At the
start of each observation period, the cyclopropane level was
recorded and the level glass then instantly isolated from
the bottom of the storage drum by rapid action of a 1/4-turn,
Worcester ball valve. The start of each observation period
was always simultaneous with a zero reading on the wet test
meter dial. At the close of each observation period, the
final cyclopropane level and the cumulative wet gas volume
were recorded, then the Worcester ball valve was again open-
ed. During each observation period a 2 cu. cm. sample of
product gas was transferred by syringe from the product gas
sample septum to the septum at the inlet of the chromatograph
column. Thus for each observation period a product analysis
was obtained, thereby providing a total of five separate

analyses at each pressure level. Temperature of the fluidized



87

bed was also measured during each observation period with
the millivolt potentiometer. Other pertinent data were re-
corded for each pressure of operation; such as, barometric
pressure, cyclopropane storage drum temperature and wet test
meter temperature. A sample run data sheet has been included
in Appendix I. In addition to the data mentioned, seven
_temperatﬁres were continuously monitored by the Leeds-
Northrup Micromox recording potentiometer. These tempera-
tures were for three locations in the fluidized bed, two lo-
‘cations in the preheater salt bath, and one each for thermo-
couples located at both the preheater and reactor outlets.

Samples of gas at the reactor inlet were obtained by
either one of two methods. In the first method samples were
withdrawn, at the close of each run at a given pressure, by
throttling with a sample valve, through a cooler, and thence
through a septum connection located outside the cell. One
disadvantage of this procedure was the difficulty in with-
drawing the sample at a rate sufficiently low so that flow
through the reactor was not interrupted. On at least two
occasions, it is believed that this technique of sampling
caused partial plugging in the 1/8-inch tubing at the outlet
of the reactor, owing to polymer formation arising from ex-
cessive residence time. With Run IX-~-2 through XIII-4 an
entirely different procedure was used to find the reactor
inlet composition. This procedure wés as follows: Upon com-

pletion of a series of runs at various pressures, the charge
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pump was switched to recycle operation, then the system was
depressurized, evacuated, purged witﬁ nitrogen, and evacuated
again. The reactor was then isolated under a vacuum by clos-
ing the inlet and outlet block valves. This operation was
followed by opening the reactor bypass and pressurizing the
system with nitrogen as is done during normal startup. Feed
was then switched through the preheater, with pressure con-
trolled as usual, but with the reactor bypassed. The pre=-
heater temperature was maintained at the same level as during
previous runs, and the various pressure levels of operation
were rapidly reproduced. At each pressure level, samples were
withdrawn at the normal product sample connection and ana-
lyzed as usual.

At the end of each run at a given pressure liquid
product, if present, was withdrawn from the knock-out pot
drain.

-During periods of operation, the blast mat was down
and the cell entered only for occasional checks for pump

packing leakage by soap test.

Shutdown Procedure
As the first step in the shutdown process, the feed
valve of the active pump cylinder was closed, followed by
immediate opening of the recycle valve. The pump was then
stopped and the suction valve of the active cylinder closed.
The system was then rapidly depressurized through the pres-

sure control valve bypass, or by opening the emergency vent.
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After gas ceased to flow through the wet test meter, the
block valves ‘at the flow indicator were closed and evacuation
of the system begun. -During evacuation, the nitrogen for
cyclopropane storage pressurization was disconnected and then
reconnected to the preheater and reactor section for purging.
Also during evacuation, fuel to the fluidized sand heater
was shutoff and power supply to the preheater reduced. Air
supply to the fluidized bed was continued at the normal rate
in order to cool the sand in preparation for later withdrawal
from the unit.

The same evacuation and purge procedures used at
startup were repeated on shutdown. Upon completion of the
last evacuation, the vacuum pump was shutdown and the system
pressurized to 10 p.s.i. with nitrogen. The flow indicator
block valves were then opened to permit flow of nitrogen
through the saturator and wet test meter. A strong flow of
nitrogen through the system was maintained for approximately
five minutes. During this period, any remaining liquid in
the knock-out pot was thoroughly drained. Nitrogen flow was
then discontinued and the system blocked-in under approximate-
ly 10 p.s.i. nitrogen -pressure.

Air flow to the fluidized bed was continued until it
was cooled to 400°F. This operation requires approximately
2 hours. Once the air flow was stopped, the valve on the
sand trap-out pan was opened and sand flowing through the

grid was collected in a metal container.
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Calibrations and Measurement of Variables

Temperature of thé fluidized sand bath, in which the
reactor coil was immersed, was measured with three chromel-
alumel thermocouples, each at a different location. All
three temperatures were monitored continuously with the
Leeds~Northrup Micromox recorder. Precise temperature meas-—
urements were made using the thermocéuple located in the
deeply immersed well at the center of the bed. Output from
this thermocouple, in addition to being received by the re-
corder, was also measuring with either a Leeds-Northrup Model
8662 or Model 8686 millivolt potentiometer. The latter,
slightly more accurate instrument, +(0.03% of reading + 3
micro-volts), was used when it became available, starting
with Run VII-1. The thermocouple lead wires were also of
chromel-alumel, hence the temperature of interest for refer-
ence junction compensation was that at the terminals of the
potentiometer. This temperature was measured by a mercury
thermometer with bulb located between the two terminals.

A calibrated platinum resistance thermometer was used
to check the temperature-electromotive force relationship of
the chromel-alumel couple at two temperature levels (518 .and
873°F.). The method used was essentially the same as de-
scribed by Scott (74, p. 137). The thermocouple was attach-
ed to the resistance thermometer by wrapping’with fiber glass
ribbon so that the thermocouple bead was in close proximity

of the platinum resistance element. Both the thermocouple



91
and resistance thermometer were then inserted into a copper
well already immersed in the preheater Hitec salt bath. With
a transisterized d.c. power source, a low current was passed
through the platinum resistance thermometer and a certified
standard resistance wired in series. Reduction in potential
across both the platinum resistance thermometer and the
standard resistance was measured simultaneously on two Leeds-
Northrup Model 8662 millivolt potentiometers. In this manner,
the resistance of the platinum thermometer at the prevailing
bath temperature was determined from the product of the
ratio of voltage drops and the known resistance; i.e.,

Rt = EE.-Rr, where the subscripts t and r signify thermo-

r
meter and standard resistance, respectively. Once Rt was

established, then the temperature was found by trial and
error from the Callendar formula (a quadratic curve £it) us-
ing the known calibration constants provided by the manu-
facturer of the thermometer. The thermocouple e.m.f. was
measured simultaneous, also on a Model 8662 millivolt- poten-
tiometer. A temperature corresponding to this measured
e.m.f. was then read from the standard tables for chromel-
alumel couples provided in the National Bureau of Standards
Circular No. 561 and compared with that obtained from the
resistance thermometer calibration. The maximum difference
in these témperatures at the 873°F. level was 1.6°F., slight-
ly in excess of that expected with the combined accuracy of

the three potentiometer readings. Hence, the standard e.m.f.
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tables for chromel-alumel thermocouples were used with the
fluidized bed thermocouple. At the maximum reactor tempera-
ture employed, the millivolt potentiometers were capable of
measuring temperature accurate to within +0.3°F. In practi-
cally all cases it was possible to control the fluidized bed
temperature within a range of +0.5°F. during the course of
a run, and in many cases the extent of fluctuation was within
the range of potentiometer aécuracy.

While checking the reactor thermocouple with the re-
sistance thermometer, the preheater thermocouple at the cen-
ter well was also in service in the Hitec salt bath. 1Its
indicated temperature was in close agreement with that of
the resistance thermometer (difference 0.6°F. at 873°F.).

Reactor pressure was measured with a dead-weight
tested Heise gauge of Bourdon tube type with guaranteed accu-
racy of 0.2%. Scale divisions were 2 p.s.if Owing to the
reciprocating action of the charge pump, there were pressure
fluctuations about the controller set-point. However, for
practically all runs, this fluctuation was not more than +10
p.s.i., or 2% at 500 p.s.i. and 0.5% at 2000 p.s.i. The
pressure gauge connection was located 2 feet downstream from
the reactor outlet, but the pressure drop correction was ne~
gligible for the pressure levels employed. In fact, total
pressure drop through the system was never greater than 50
p.s.i., even when using the 1/16-inch i.d. stainless steel

coil as a preheater. This pressure drop of course excludes
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the few instances when partial plugging occurred as the re-~
sult of polymer formation.

Measurement of the volumetric rate of cyclopropane
liquid charge to the system was obtained by observing the
change in level in a sight glass for a selected observation
period. The sight glass of %-inch nominal i.d. and 4-ft.
length was calibrated by observing the incremental increase
in liquid height upon addition of successive 10 ml. quanti-
ties of water. The calibration was found to be linear with
a volume of 1.258 ml. per centimeter of length. Precision
of the cyclopropane liquid measurement is a function of the
pumping rate and length of the observation period. The esti-
mated precision of measurement is one per cent when pumping
30 centimeters of liquid during a 5-minute observation per=
iod. Greater precision was not possible because of level
fluctuations arising from the reciprocating action of the
charge pump. Precision of product gas measurement with the
wet test meter is estimated to be 0.5 per cent whén 0.4 cu.
ft. of wet gas are metered during an observation period.

In order to make weight balance calculations, satu-
rated liquid densities of cyclopropane at various tempera-
tures near ambient were required. This information has not
been reported in the open literature, nor was it available
from the manufacturer of the cyclopropane. Further, the
critical volume of cyclopropane has not been measured; thus,

estimation of the density from the generalized correlation
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of Lydersen, Greenkorn and Hougen (55, p. 12) was precluded.
In view of this sttuation, it was necessary fhat these densi-~
ties be determined in some manner in this investigation.
These densities were obtained with a continuous flow tech-'
nique using the isomerization equipment itself, described as
follows: the high pressure laboratory was isolated, permit-
ting the room and cyclopropane storage drum to reach an
equilibrium temperature of 74.0°F. with the aid of air condi-
tioning. Then cyclopropane was pumped from the calibrated
level glass and through the preheater, where it was vaporized,
but not reacted. The reactor was bypassed and the vaporized
cyclopropane allowed to pass through the control valve con-
tinuously at a pressure of 200 p.s.i. Pure cyclopropane
vapor at atmospheric pressure was then allowed to flow
through the product cooler and knock-out pot, and thence to
the saturator and wet test meter. For a selected observa-
tion period, the total wet gas flow and volume of liquid
pumped were measured. This procedure was repeated four times
for check of consistency and to permit obtaining suitable
average values. A similar procedure was performed without
air conditioning, where room temperature and cyclopropane
storage temperature were allowed to reach an equilibrium tem-
perature of 85.7°F. Upon applying temperature, pressure and
percentage moisture corrections to the wet test meter gas
volume measured, the standard dry gas volume was obtained and

hence the weight of gas could be calculated. The liquid
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densities determined in this manner were 0.600+0.006 grams/
cu.cm. at 74.0°F, and 0.594+0.006 grams/cu.cm. at 85.7°F.
In most runs the cyclopropane storage drum temperature was
between 74.0 and 85.7°F. and the densities were estimated
assuming a linear relationship. It will be observed that
the densities for saturated cyclopropane liquid are substan-
tially higher than for either propane or propylene. Two
liquid densities for cyclopropane have been reported in the
literature, but both are for temperatures far removed from
ambient. Trautz and Winkler (84) gave a value of 0.720
grams/cu.cm. at -79°C.,while Grosse and Linn (75) list the

density at -32.7°C. (N.b.p.) as 0.,6807 grams/cu.cm.

Difficulties Encountered

One of the most perplexing problems was that of ob-
~taining a consistent cyclopropane pumping rate. Solution of
this problem was discussed under the Preliminary Procedure
Section. Actually the difficulty was resolved while perform-
ing propane test runs; therefore, when the isomerization runs
began, good pumping consistency prevailed. Usually the maxi-
mum deviation in pumping rate for a single observation was
less than 3.5 per cent of the average rate for the five obser-
vation periods of each run.

Another problem encountered on some runs was that of
partial plugging in the reactor outlet tubing owing to a
buildup of polymer. The method used in removing these ob--

structions will be discussed briefly. Since mechanical
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cleaning would have been a formidable task, requiring dis-
mantling of the reactor section and perhaps replacement of
the 1/8-inch stainless steel tubing connected to the reactor,
"decoking"” with compressed air was tried as an alternate.
This procedure proved to be extremely successful. At thé
start of the procedure the system was evacuated and purged
with nitrogen three times, as during normal shutdown. Then
the fluidized bed and preheater temperatures were held at
operating level while compressed air was allowed to flow
through the system at a rate permitted by the obstruction.
In some cases, it was necessary to supply compressed air at
a pressure of 2000 p.s.i. to obtain a significant air flow.
A burning period of up to 15 minutes duration was sometimes
required before "break~through" occurred. Successful removal
of the obstruction was mahifested in a rapid drop of inlet
pressure and sudden increase in air rate through the satura-
tor and wet test meter. This method of "decoking" is of
course only successful in the case of partial plugging.
Fortunately, complete plugging never occurred. It is of in-
terest to note that during the "decoking" operation the flu-
idized bed of sand serves as a useful high temperature heat
sink.

The recycle valves at the discharge of the cyclopro-
pane pump, while serving a useful function, also had their
disadvantages. On several occasions leakage through these

valves, back to the storage drum, during a run was suspected
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and later confirmed by nitrogen testing at the conclusion of
the runs. Such leakage was usually the result of supplying
insufficient seating pressure through the valve handle exten-
sions. The results from those runs in which leakage was
known to have occurred were, nevertheless, useful; but, ob-
| viously, weight balance checks were not permitted.

One difficulty arose during the preliminary runs with
normal propane, which has not been previously discussed; viz.,
"freeze-up" of the pressure control valve owing to condensa-
tion of liquid upstream from it. 1Initially, the tubing ex-
tending from the reactor onlet to the pressure control valve
was uninsulated. Under these conditions, the control valve
would pass fluid only by continuously opéhing and closing it
by manual adjustment of the diaphragm air pressure. Insula-
tion alone was not sufficient to prevent the difficulty. The
problem was finally solved by applying heat to the transfer
line with a beating coil wrapped around it and embedded bet-
ween two layers of insulation. The coil was constructed from
20 feet of 24-gauge Nichrome wire and supplied with electri-
cal power from a Variac variable voltage transformer.

Another difficulty encountered during the preliminary
tests with normal propane was leakage at the preheater
Kuentzel bomb closures. On one occasion this leakage result-
ed in a firwhich, however, was readily extinguished with the
emergeﬂcy sprays. The system was immediately depressurized

through the emergency vent, and no damage was incurred as a
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result of the fire. Leakage at the closures was attributed
to a combination of thermal shock and loss of elastic action
in the gold-plated copper gaskets. The copper gaskets were
therefore replaced with gaskets made of annealed Type 316
stainless steel. After the preliminary runs, the startup
procedure was modified to minimize the initial shock on ad-
mitting feeé to the unit. Whereas, initially the system was
evacuated at the time of starting feed through the unit,
later, the procedure wés altered so that the system would be
pressured to 200 p.s.i. with nitrogen at the time of feed

addition, as previously described in the startup procedure.



CHAPTER VI
ANALYTICAL PROCEDURE AND APPARATUS

The cyclopropane-propylene mixtures of this investi-
gation were analyzed through use of gas-liquid partition
chromatography. This method of analysis was selected after
a review of the merits of all previously used analytical
procedures. Owing to the past interest in the quasi-unimole-
cular behavior of cyclopropane isomerization at low pressures
(subatmospheric), a large number of analytical schemes has

evolved.

Previous Methods of Analysis

In the first study of the thermal conversion of cyclo-
propane to propylene, Trautz and Winkler (84) employed the
purely physical measurement of reaction product liquid specif-
ic volume as a means of detecting the extent of conversion.
They observed that at -80°C. the liquid volumes of cyclopro-
pane and propylene are essentially additive. This method was
not used by later investigators, primarily because of the
large amount of sample required. Trautz and Winkler conduct-
ed their experiments in a flow system, where the required
amount of sample could be made available, but most subsequent

' 99
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investigations were performed with batch apparatus.

Since the Trautz and-Winkler study (1922), analyti-

cal procedures have progressed through a variety of chemical.
methods only to return to physical tests of a more sophisti-
cated nature; viz., infrared spectrophotometry and gas chro-
motography. The chemical methods have been based, for the
most part, on the selective absorption of propylene by vari-
ous solvents. Chambers and Kistiakowsky (9), in analyzing
their batch isomerization results, found a 3 per cent aqueous
neutral solution of potassium permanganate suitable for quan-
titative absorption of propylene without attack of cyclopro-
pane. They were able to show that previous reported failures
of the method could be attributed to the neglect of physical
absorption. Chambers and Kistiakowsky considered their method
~of analysis to be more accurate than the low temperature den-
sity method of Trautz and Winkler and reported the average
deviation from the mean for duplicate experiments to be 0.1
cu. cm. for every 10 cu. cm. of gas absorbed.

The selective chemical absorption of propylene from
cyclopropane-propylene mixtures has been reported by other
investigators using different solutions. Ipatieff (34) re-
ports the results of propylene absorption in both 2 per cent
- potassium permanganate and bromine solutions. In more recent
wet chemical methods, Pritchard, Sowden and Trotman-~-Dickenson
(66) have employed mixtures of mercuric acetate and mercuric

nitrate, while Weston (92) absorbed propylene in a saturated
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solution of mercuric sulfate in 22 per cent sulfuric acid.
In the latter, a precision (mean error) of 2 per cent was
reported for 10 micro-mole samples of 50-50 mixtures, with
accuracy slightly less than the precision and declining with
departure from equimolar mixture.

-In a study which followed that of Chambers and
Kistiakowsky, Corner and Pease (12) in 1945 introduced a meth-
od of selective catalytic hydrogenation for analysis of cyclo-
propane-propylene mixtures. In this method the sample to be
analyzed, along with hydrogen, is passed, first, over a mer-
cury-poisoned nickel catalyst which converts the propylene
only to propane, then, in sequence, the cyclopropane is hydro-
'genated over an unpoisoned nickel catalyst. The principle
objection raised by Corner and Pease to the 3 per cent potas-
sium permanganate method of Chambers and Kistiakowsky was
that since only propylene content was measured, and cyclo-
propane was determined by difference, then no account could
be made of possible propylene polymerization or decomposition.
Corner and Pease report known samples were analyzed to with-
in +0.5 per cent. Selective catalytic hydrogenation of cy-
clopropane-propylene mixtures apparently did not find favor
with later investigators.

In the past decade chemical analyses in general have
been revolutionized by the introduction of such analytical
techniques as infrared spectrophotometry and chromatography.

The analysis of cyclopropane-propylene mixtures is no excep-
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tion. In fact, in all of the more recent investigations,
only these methods have been used, with gas chromatography
being more prevalent. Infrared spectrophotometry has been
used in at least two studies. Lindquist and Rollefson (53)
in 1956 reported infrared calibrations for cyclopropane-propy-
lene mixtures with an average deviation of 0.5 per cent.
Roberts (71) in 1959 also used infrared spectrophotometry in
the analysis of products from the catalytic isomerization of
cyclopropane. Gas chromatography was reported by Blade (6)
in 1961 for the separation of cyclopropane-propylene mixtures.
A 15 ft. column of dodecyl phthalate at room temperature was
employed, with Hydrogen as the carrier gas. In the same
month, in another journal, Falconer, Hunter and Trotman-
Dickenson (19) describe a chromatographic analysis in which
the sample and carrier gas (carbon dioxide) are first passed
over a 1 ft. column of activated alumina and then over 3 ft.
of firebrick with 20 per cent of ethylene glycol saturated
with silver nitrate, elution being observed with a Janak
nitrometer detector. In 1963, Kennedy and Pritchard (39) re-
ported a chromatographic method of analysis in which a 4 ft.
column of 20 per cent molar AgNo3/glycol on firebrick was
operated at -30°C. in conjunction with a Pye Argon detection
system. 1In the most recently reported study of cyclopropane
isomerization (February, 1964), Davis and Scott (14) state
that the reaction products were analyzed by gas chromato-

graphy, but details of the apparatus are not given.
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Several solvents are available for resolution of cy-
clopropane-propylene mixtures. In addition to those solvents
already mentioned, Knox (42) has reported the utility of a
column, containing alumina poisoned with a few per cent of
squalane, for 03 mixtures and acetylene at room temperature.
From the tabulation of most widely used solvents by Purnell
(67), tricresyl phosphate is expected to be suitable, as it
has proven to be useful in the separation of olefins and

paraffins.

Principles of Chromatographic Analysis
If one sought to apply the chromatographic method as

an analytical tool on the basis of theory alone, complexity
would vitiate the utility of the method. Fortunately, as an
empirical tool, it is extremely useful because of recent ad-
vances in detection systems.

Chromatography is a broad topic, involving many meth-
ods. Consequently, only the principles of the specific type
of chromatography used in this investigation will be discuss-
ed; i.e., elution chromatography with gas-liquid partitioning.
Essentially, the method involves the dynamic and selective
absorption and desorption of components from a gas sample in-
jected instantaneously into an inert gas stream which passes
continuously through a column containing a liquid solvent sup-
ported on éorous solid packing. Owing to the difference in
affinity which the liquid solvent has for the various compo-
nents of the injected sample (i.e., difference in partition
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coefficients), it first absorbs some components more readily
than others, but later desorbs these same components less
freely. As a result of the selective absorption-desorption
process, some components tend to remain absorbed in the sol-
vent liquid for longer periods of time than others; i.e.,
their retention times are greater. This process brings about
a resolution of the components and they are eluted from col-
umn by the carrier gas in inverse order of affinity.

The resolved components appear as separate bands in
the carrier gas stream. These bands may be detected by var-
ious means (e.g., by color, whence came the name chromato-
graphy). The concentration profile of the resolved compo-
nent within a band ideally follows a Gaussian error curve
(42). Thus, where instantaneous concentration detection
systems are employed, the recorded wvalues will appear in
characteristic shapes called peaks. The area of these peaks
are a measure of the amount of each component resolved.

Katharometers are the most widely used detectors.
These instruments (also called thermal conductivity cells)
are capable of detecting the concentration of resolved compo-
nents in the carrier gas by the change which occurs in ther-
mal cohductivity. This change in thermal conductivity is
sensed by a pair of matched, electrically heated resistors.
One resistbr is exposed to the pure carrier gas and the other
to the carrier gas containing the eluted components. The re-

sistor in the stream with the higher thermal conductivity
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will assume a lower equilibrium temperature for the same
current flow, hence the resistance of the two will no longer
be the same. It is customary to use the matched resistors
as two elements of a wheatstone bridge. The change in re-
sistance causes an unbalanced condition which is detected
and recorded.

Katharometers are not excelled as detectors where
moderate sensitivity is required, and according to Knox (42),
"--=they are the standard against which any other detector
is assessed." Flame temperature detectors and gas density
balances have sensitivities comparable to the katharometer,
but lack the katharometer simplicity. When high sensitivi-
ties are required for the measurement of very low concentra-
tions, usually flame ionization or argon ionization detectors

are used.

Chromatograph Equipment Description
The chromatograph used in this investigation is a

modified version of the home-made apparatus previously de-
scribed by Perkins (58). Figure 9 is a photograph of the
equipment as it was installed for the present study. A sche-
matic diagram of the apparatus is shown in Figure 10. There
are essentially four main functional categories of equipment
involved: (1) carrier gas supply, control and flow measure-
ment equipment, (2) a thermostated packed column, (3) a ther-
mostated detector, associated electrical circuitry, and re-

corder, and (4) a sample injection system. Details of the
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Figure 9 - Photograph of Chromatograph
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equipment in each category are given in the paragraphs which
follow:

Carrier gas was supplied from a standard ICC high
pressure shipping cylinder of 220 std.cu.ft. capacity (stand-
ard conditions 70°F. and atmospheric pressure). Essentially
pure helium (99.99+% minimum purity) was used as carrier gas.
A Hoke-Phoenix pressure reducer was used to regulate the
Helium flow from a variable storage drum pressure to a con-
stant upstream pressure at a needle valve. Helium flow rate
was controlled by adjustment of the needle valve. Two meth-
ods were used for measurement of carrier gas flow: (1) a soap
bubble flow meter and (2) a capillary differential flow meter.
In the first method, the carrier gas flow was determined ab-
solutely by the extremely simple procedure of measuring the
time require for a soap film to progress from the bottom to
the top of a 50 ml. burette. An accuracy of 0.1l per cent can
be obtained with this method (67). The second method was
used to provide instantaneous indications of flow rate, where-
by any gross changes in flow rate oocurring at intervals bet-
ween soap bubble meter readings could be observed. The cap-
illary was of annular type, constructed from 2% inches of
pipette glass tubing, with inside bore of 0.1 cm. diameter,
through which a piece of 20 gauge (A.W.G.) Nichrome wire was
inserted. Capillary differential was measured with a mano-
meter which permitted a maximum head of 15 inches of water.

The column used for the chromatographic resolution
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of the cyclopropane-propylene mixtures was prepared by pack-
ing a 20-ft. length of standard 1/4-inch aluminum tubing with
42/60 mesh firebrick, containing 10.per cent by weiéht tri-
cresyl phosphate as substrate. The coiled coiumn. as well
as the carrier gas preheater, thermistor detector and cap-
illary flow meter were enclosed in an insulated air bath pro-
vided with two instrument fans for air circulation. 2 |
Sargent, Model S, "Thermonitor" was used to control bath tem-
perature. This instrument is a thermistor actuated control-
ler, of proportional power output type, from which power was
supplied to a pair of‘heaters capable of 250 and 300 watt
output. This controller is capable of maiﬁtaining tempera-
ture control within +0.01°C. of a chosen set-point, in those
cases where the system thermal capacitance and resistance
are negligible. For the particular construction of the air
bath used in this work, it was possible to hold the tempera-
ture at 143.0°F. Qithin 1.0°F. Both Knox (42) and Purnell
(67) state that temperature control within a range of 1°C.
is satisfactory in most cases with katharometer detectors.
The adequacy of the temperature control in this work was con-
firmed by the absence of temperature cycling of the recorder
base line at the attenuations required for most of the sample
analyses.

The chromograph detector was a Gow-Mac katharometer
of the thermistor type. A matched pair of 8000-ohm resistors,

one each mounted in the carrier gas and column effluent chan=-
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nels of a stainless steel block, provided the sensing ele-
ments of a wheatstone bridge with which changes in thermal
conductivity, and hence concentration could be detected. An
attenuator was used to convert the unbalanced cell current
into a millivolt signal acceptable to the recorder. The re-
corder was a Bristol's Dynamaster d.c. millivolt unit, Model
1PH 560-51-T46-T66X~T71, with 0.0 to 1.0 mv. range and chart
speed of 1 inch per minute. The detector electrical circuit
diagram (Figure 34) is included in Appendix A.

The method of sample injection was extremely simple.
Samples of gas were displaced from a 2 ml. syringe, through
a lk-inch long, 24-gauge needle which was inserted through
a rubber septum located in a standard 1/4-inch tubing tee at

the column inlet.

Chromatograph Operation and Calibration

Before each cyclopropane isomerization run, the chro-
matograph was adjusted to a set of steady-state conditions
within thé range of those previously used for the preparation
of calibration curves. The standard conditions for calibra-

tion and their maximum range were:
Mean  Max. Range
Helium Flow Rate (std.cu.ft./

min.) 48.5 + 1.5
Air Bath Temperature (°F.) 143.0 + 1.0
Cell Current (milliamps) 10.05 + 0.05

With these operating conditions, and particular chromatograph
construction, the average elapse times from injection to

elution, using the 20-ft. column of TCP on firebrick, were
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3.02 and 3.36 minutes for propylene and cyclopropane, respec-
tively. A sample analysis could be completed in less than
five minutes. Samples were transferred directly from the
product gas stream septum to the injection point septum with
a 2 cu.cm. syringe.

Seven prOpyiene-cycloprop;ne mixtures were prepared
for chromatograph calibration. The propylene used was
Phillips Petroleum Company research grade material with 99.99
mol per cent minimum purity. Anesthetic grade cyclopropane
of 99.5 mol per cent minimum purity was obtained from Ohio
Chemical and Surgical Equipment Company. A chromatographic
analysis of this material indicated impurities to be less
than the 0.5 mol per cent reported. The propylene content
was approximately 0.09 mol per cent. Gas mixing was aécoma
plished in 500 cu. in. stainless steel bombs, connected by
manifold to a vacuum pump and the two gas supplies. A triple
evacuation and purge procedure assured essentially complete
air removal. The desired mixture composition was obtained
in each case by adding cyclopropane and propylene, in se-
quence, to give predetermined differentials on a mercury
manometer, with absolute sample bomb pressure being found by
adding to, or subtracting from, atmospheric pressure the mano-
meter reading, depending on whether the differential was posi-
tive or negative. The accuracy of the calculated standard
composition depends on the precision of the manometer read-

ings. The estimated maximum relative error is only + 3 per
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cent for the lowest sample composition percentage and is
less, of course, for all other compositions.

The calibration curve determined upon analysis of
the seven standard samples is given in Figure 32 of Appendix
A. Each data point shown on the calibration curve is the
arithmetic mean of the results obtained for at least five
chromatographic analyses of the particular standard sample.
From Figure 32 it will be observed that composition percent-
age has been correlated versus peak height ratio. This pro-
cedure was used for two reasons:bfirst, owing to the sharp-
ness and symmetry of the peaks, less error is involved in the
measurement of peak height than in area and, second, the ratio '
of peak heights is insensitive ﬁo small variations in carrier
gas flow rate and sample size. From Appendix A it is seen
that, for a single analysis, Figure 32 may be used with 95
per cent'confidence, that the relative error will not exceed
from +0.80 to +2.57 per cent, depending upon Fhe composition
level. With duplicate and triplicate samples, the error is
further reduced. For example, at the 63.25 per cent cyclo-
propane composition level, with two analyses the relative
error is +1.0 per cent, compared with +1.23 per cent for a
single analysis and +0.73 per cent for analyses in triplicate.
According to both Purnell (67) and Knox (42) it is difficult
to achieve accuracies with a range less than +1.0 per cent,
even with the best chromatograph design.

Five product samples were analyzed for each run of
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this study. Thus, the precision in the measurement of com-
position with the chromatograph can be expected to be better
than the estimated accuracy in the preparation of standard

samples.

A typical chromatogram is shown in Figure 33 of

Appendix A.



CHAPTER VII
METHOD OF DATA ANALYSIS

In this investigation integral rate data were obtain-
ed with conditions which, in most instanées, permitted the
assumption of isothermal behavior and plug-flow. These con-
ditions, and the fact that the reaction occurs in a simple
binary mixture with essentially constant molar density (ex-
cept under extreme conditions when polymerization takes
place), greatly simplify the kinetic analysis.

Development of Expression for Calculation of
k., from Experimental Data

An expression for the first-order specific rate con-
stant k,, defined in terms of concentration, can be obtained
either through simplification of the general continuity
equation or by starting with a conservation of species bal-
ance, for a differential element of reactor volume, in which
all of the appropriate assumptions are made. The first
method is used in the present derivation. In a subsequent
development, in which the deviation from isothermal behavior
is explored, the latter method is employed to permit compari-
son of the two methods of derivation.

114
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The general equation of continuity for component A
in a reacting binary mixture is (5a, p. 557)

aC
at +V-cpv* =V-c DpgVya - 2 VII-1

In Equation VII-1l, where subscript A is chosen to represent
cyclopropane, T signifies the molar rate of cyclopropane
transformation per unit volume, consistent with Equation
II-2. When the mixture molar density C and the binary dif-

fusion coefficient Dpp remain constant, Equation VII-1 becomes

3C = 2
'ST:A + Cy Vov* + vr.Vc, =DV %Ch - 1, VII-2

Further, since the isomerization of cyclopropane involves no
change in the number of moles present, the divergence of the
molar average velocity v* is zero; and because there is no

change in molecular weight, the molar average velocity v* is
equal to the mass average velocity v. Thus, the continuity

equation becomes

acA + v-Vc, =05V, - r, VII-3

For axial symmetric flow in a tubular reactor, the appropri-
ate form of Equation VII-3 in terms of cylindrical coordina-

tes is

rar 23z . r dr or 22 a

. 2
acA [ 3aca ,  3C [1 2 (2%, + a%c, 1 _ VII-4

In the case of fully-developed, steady-state, laminar flow
with negligible axial diffusion, Equation VII-4 transforms

to
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2]ac 2¢c 3ac
_X A 3Cp 19| -
"o[l ‘§2]E‘ "%z traw TR VAL

From Equation VII-5 one can obtain the dimensionless partial
differential equation (D-1) of Appendix D which was solved
by Cleland and Wilhelm (11). In Appendix D it is shown that
;he criterion for plug-flow established by Cleland and
Wilhelm is satisfied by the experimental runs of this study.
When the p;ug-flow assumption is applicable, and when axial
diffusion is negligible (as is also shown to be true in
Appendix D), Bquation VII-4 reduces to the simple result

dc
—_—h = o -
{v) i VII-6

A
where (v)is the average velocity over the reactor cross-sec-

tion. The velocity (v) can be expressed as

F RTF
x °c = ¥ VII-7
cs AogP

(v) =

where Fo is molar flow rate of feed to the reactor and A g
is the reactor cross-sectional area. With this equation for
(v) and the first-order rate expression, ¥, = k.Cp: Equation

VII-6 is converted to a form convenient for integration; i.e.,

szTFo . dyA = ~k dz vVII-8
AP Y. ¢
cs A

With ideal solution behavior, the expression for the mixture

compressibility factor is 2, = ZAXA

tution of this value for 2, in Equation VII-8 and integrating,

- ZB(l-XA). Upon substi-

one obtains the following explicit result for ko
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(2, z){()()}+z YA] -
ko va [ g/ t\¥al;=\Yy Bln{§;%1 VII-9

in which VR is the reactor volume. Since the compressibility
factors for cyclopropane and propylene are not widely differ-
ent, and in no instance deviating more than 10 per cent from
unity with the temperatures and pressures prevailing in the
experimental runs, one can calculate the first-order rate
constant without significant error (less than 0.2% from a

number of calculations) by using the simplified expression

. = (2,) RTFg 1n ) VII-10

where (Zm) is an average compressibility factor determined
from pseudo-critical properties calculated by Kay's rule at
the arithmetic average composition of the reaction mixture.
Equation VII-10 is obtained by integrating Equation VII-8
with the constant (Zm) value substituted for Z,- This method
of calculation has two advantage: (1) only one reading from
a compressibility chart is required and, (2) the error in-
volved in subtracting two compressibility factors which are
of essentially the same magnitude is avoided. All k., values
reported in Table G-1 of Appendix G were calculated using
Equation VII-10.

In Equation VII-10, the prefix to the logarithmic
term is the reciprocal of the average residence time (7).

For a given temperature, first-order behavior is confirmed
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by a straight line through the origin, the slope of which is

the first-order rate constant kc.

Calculation of Reaction Enerqy of Activation
The Arrhenius equation (Equation II-1l) in logarithmic

'form is

in k Ea
c=-§i;+1nA - VII-1l1

Upon plotting 1n kc againgt the reciprocal of temperature,

a straight line is obtained whose slope is -QA/R. For each
of the five pressures of operation in this investigation, a
least squares line in the form of Equation VII-1ll was obtain-
ed from the experimental data.

Estimation of Maximum Departure
from Isothermal Behavior

In the derivation of Equation VII-9 for calculation
of k., it was assumed that isothermal conditions prevailed,
both radiaily and axially, throughout the reactor. From the
analogy between the heat and mass transfer processes, and the
results of Appendix D, the radial temperature gradients are
expected to be negligible. On the other hand, the axial tem-
perature gradients may not be negligible, 6wing to the heat
generated by the reaction and the resistance to heat transfer
at the reactor inside surface. With laminar flow in the re-
actor, the heat transfer coefficient at the inside surface
is controlling, and the tﬁbe wall temperature is essentially

equal to the temperature of the fluidized sand.
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To determine the axial temperature variation it is
necessary to obtain a simultaneous solution of the mass and
energy transfer equations. The appropriate differential
equations are derived in abbreviated form in the paragraphs

which follow.

.

Consider a differential element of reactor volume
ACSAz through which the reacting fluid passes with a plug-

flow velocity (v).

r———

|
|
i T = constant
| w

|
|
I

|

I
(v)(z)—-~>: T(z)

|

l ]

zl 22

With plug-flow and negligible axial diffusion, the
steady-state mass balance for component A (cyclopropane) in

difference form is

0= ﬁA] A - ﬁA] At - rp A Oz-4t VII-12
Zl 22

With the limiting process, Equation VII-12 transforms to the

differential equation

dfp ) -
e = - Acs rA VII-13

Observing that the following auxiliary equations apply

_ _ -Ep/RT
ra = kch = yACAe
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iy = Ayg{viCy,
Agg{v)¢ = constant

then Equation VII-13 becomes

a -Ep/RT
<">d—§h = - Yphe | VII-14

This result is equivalent to Equation VII-6 which was derived
from the general conservation equation.

The steady-state energy balance for the differential
element of reactor volume, with negligible axial conduction
and no radial temperature gradients, becomes in difference

form
0= ﬁ]zi& - ﬁ]zgu: + q-(7D) .Az-At VII-15

where ¢ is the wall heat transfer flux. Upon applying the
limiting process to Equation VII-15, one obtains the simple
differential equation

- -
iz = TDg VII-16

Equation VII-16 is expanded into more useful form with the

auxiliary equations
q = h(T,-T)

H = A (v)cDy H
cs{V)CRy Hy
Agg{v)C = constant

The expanded result is

dfyiH.
({v)c _?a;_i - ﬂnx (T,~T) VII-17



‘121

With ideal solution behavior

H = = + -
Ly H =Wy H =y H + (1-y)H

Further, since = AHR ., then

H-H

B A

Iy Hy = By + (1-y,) &

In addition, if it is assumed that the axial temperature
change is not sufficiently great to cause a significant

change in the value of AHR evaluated at the wall temperature

T,. then Equation VII-1l7 becomes

c (v)c ar - A _(v)c &¥a _ 4h (T -T) -
P &z R & "o v T

Equations VII-14 and VII-18 are the two differential equations

to be solved. The appropriate boundary conditions are

T = Tw at z=0

Yy = (yA)I at z =0

It is convenient to eliminate the independent variable z bet-
ween Equations VII-14 and VII-18 and to introduce the dimen-
sionless temperature variable 6 = T/Tw. With some manipula-

tion, one obtains

VII-19

ae - _ 4hszTw9 (6-1)

ae - My Eare 1
vp  Cpl,  DU1-yp)C PE.exp ZA(1- 1)

where kc is the specific rate constant evaluated at Tw’ and
Yp is the propylene mole fraction. The proper boundary con-

dition for Equation VII-19 is
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Thus,
g.e] . Mg
dy T
l"‘YB"(y) pw
B I

Equation VII-19 with its appropriate boundary condition can

be solved conveniently by the method of isoclines. Such a

solution is given in Figure 11 for Run XXIII-250. In illus-

trating the method, the run with greatest severity has been

purposely chosen to shown the maximum effect. ‘The pertinent

data used in the solution of Equation VII-19 for Run XXIII-

250 are listed for reference:

Run XXIII-250

Wall Temperature T =

Pressure P =

Propylene MF at Inlet (yg) =
I

Propylene MF at Outlet (yﬁ) =
o

Compressibility Factor 2

Rate Constant k. (@ Tw) =
Molar Density c(@ Tw) =
Heat of Reaction ABR(@ Tw) =
Heat Capacity CP =

Energy of Activation

Reactor Diameter

Thermal Conductivity

=2 o =
~ 7
n

Transfer Coefficient

1100°F.

250 p.s.i.

0.0314

0.704

0.9975

7.705 x 10~2 sec.” !
0.0159 1b.-mole/cu.ft.
-7,813 Cal./g-mole
33.07 B.t.u./lb.-mole-°F.
66,410 Cal./g-mole
0.02856 ft.

0.072 B.tou o-ft-/klr o-ftzo-OF.
14 .4 B ot A -/hr --ft -2-°Fo
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Similar solutions were obtained for other selectéd runs.
The estimated maximum error introduced by the assumption of
isothermal behavior is discussed in the next section.

Estimation of Maximum Error in
the Calculation of kc

The temperature dependence of k, is given by the
Arrhenius equation. In differential form, the temperature

effect is
E
dk, = A§%2 exp (-E,/RT)d4T

Thus, for a small temperature error Ar, the percent-

age error in kc is given by the expression

. = Ako _ Ep
Percentage Error in k. 100.—i— = 100 §§2Am Vii-21
c

In Run X-4 where the cyclopropane conversion was 9.56 per
cent (a value which is greater than that attained in 72 per
cent of the experimental runs correlated), the maximum rise
in axial temperature above Tw was calculated to be 0.816°F.
With this result, the maximum error in k, calculated from
Equation ViI-21, aSsuming the maximum temperature to prevail
over the whole reactor length, is 4.4 per cent. In the high
temperature runs where conversion was much greater, the cal-
culated maximum error is more significant. In Run XI-250 at
1050°F., in which a conversion of 30.63 per cent was attain-
ed, the maximum temperature rise is calculated to be 10.95°F.

If this maximum temperature prevailed over the complete re-
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actor length, then the assumption of isothermal behavior
would introduce an error of 52 per cent. Only one run had
conditions more severe than those of Run XI-250: viz., Run
XXIII-250, for which the estimated axial temperature vari-
ation is given in Figure 11l. In this case, where cyclopro-
pane conversion is 69.44 per cent, the indicated maximum tem-
perature rise is 67°F. which would yield an ihtbdlerable maxi-

mum error of 300 per cent.

Calculation of ka Values

A relationship was derived in Chapter II (Equation
II-39) which permits calculation of the first-order rate

constant ka from a known value of kc; i1.e.,

kcf!°
k, = Z_RTy.0 I1-39

m 7471
The values of kc are calculated from the experimental data
through use of Equation VII-1l0. In studying the effect of
pressure on ka and kc, it is convenient to compare the quan-
tities RTk, and k, which are of the same dimension and order
of magnitude. When the standard state fugacity fi° is chosen
to be unity and ideal solution behavior prevails, these

quantities are related by the expression

=k -
RTk, ey VII-22

While in principle, the activity coefficient 71 for
cyclopropane can be calculated rigorously by the equation
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ry P
my,=mft =1 (5 -y)a vII-23
i £,v4 R'rj i~ X'
o}

the fact remains that the necessary data for such calcula-
tions are not available. As an alternative, an equation of
state method can be used to obtain an estimate of Yy Sever-
al calculations of this type, using the Redlich-Kwong equation
of state, have shown that 7y is essentially unity for the
range of conditions covered in this investigation. This re-
sult is not unexpected, since in all cases the reaction tem-
perature is far above the critical temperature for cyclopro-
pane or propylene, and the two components do not have widely
different properties.

Values of zm in Equation VII-22 were calculated by
the method previously described in this chapter. The pure
component fugacity coefficients °1 for cyclopropane were
determined from the customary generalized correlation (59),
with reduced properties corresponding to the pressure and

temperature of the reacting system.

Estimation of Net Propylene Yield with
Simultaneous Isomerization and Polymerization

In general, those isomerization runs in which poly-
merization occurred have been excluded from analysis in this
investigation. It has been of interest, however, to see how
closely the net propylene yield could be predicted in those

runs in which significant polymerization occurred and in
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which the reaction was permitted to proceed until a maximum
propylene composition was reached in the reactor effluent.
The net propylene yield is determined by the two
simultaneous reactions
(1) A 1_(2-.3

" VIiI-24

(2) B+ B -?--—polymer
where A signifies cyclopropane and B represents propylene.

The second reaction has been shown to be of second order (44),

thus the rate expression for propylene production is
dn
18 = kG - kyCp2 VII-25
If the analysis is limited to the region where the extent of
polymerization has little effect on the molar density in the
reactor, then the propylene composition at the reactor outlet

is given the integral equation

Y8 dyE (1)

j = - Ck, f at VII-26
(o]

(YB)I

2
v + Xe (y_-1)
B CR2YB

where (T) = CVp/F, is the average reactor contact time. The

solution of Equation VII-26 is

1n 2¥pte-R . 2(yp)g + a-f _ VII-27
29gra-p n Tlrg); + aB Ckzﬁ(‘r)

where a= g-% and B = La2+4a]%
2

In Chapter VIII, values of Ygp from Equation VII=-27
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are compared with those of an actual run in which the reac-

tion was allowed to proceed into the polymerization region.

Pressure Dependence of the Rate Constant kg

It is desirable to consider the pressure dependence
of the rate constant kc from a different point of view than
presented in Chapter II. For unimolecular reactions in gen-
eral, the specific rate constant according to absolute reac-

tion rate theory is

kBT * O
ko = x =2_ K, A VII-28
h o

where % is a transmission coefficient which accounts for the
quasi-unimolecular behavior at low pressure. The logarithmic
differentiation of Equation VII-28 with respect to pressure

at constant temperature yields

3lnks _2inx _ din(e,/o¥) VII-29
p p op

In terms of the Lindemann-Hinshelwood theory for unimolecular
reactions, the transmission coefficient X can be replaced by
the expression 1/(1+8/p), or alternately by the expression
1/(1+ex,/p) in which:§ is the slope of the straight line re-
sulting from a plot of l/kc versus 1/p. Further, if ideal
solution behavior is assumed, then the ratio qa/a* reduces

to the fugacity ratio ﬁh/f*. Upon substitution of these re-
sults into Equation VII-29, one obtains

dlnk, _ 3n(£/£%) 3in(1+{ka/P) VII-30

op P p
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Since 3Ilnf v , then Equation VII-30 becomes

T_—
dlnk, vp -v* 3ln(l+{k./p)
- - . VII-31

As pointed out in Chapter III, it is the accepted view that
the activated complex (or transition state) in the cyclopro-
pane isomerization reaction is simply a cycloprdpane molecule
in which a hydrogen atom is in the process of migrating from
one carbon atom to another. With this view, Y and y* should
be essentially equal, or at most, v* should be only slightly
greater than gA because of the stretching of a C-C bond. At
high pressures, the second term on the right hand side of
Equation VII-31 becomes small. Thus, in effect, at high
pressure, the rate constant for a unimolecular reaction is
expected to be essentially independent of pressure, though
the volume term in Equation VII-31 could contribute to a small

reduction in k, as pressure is increased.



CHAPTER VIII

DISCUSSION OF RESULTS

In this chapter the experimental results are discuss-
ed in terms of the theoretical treatment of Chapter II, after
being analyzed by the methods of Chapter VII. Rate data for
the thermal isomerization of cyclopropane were obtained in
a gold-lined reactor, previously described, for the follow-

ing range of variables:

Range
Pressure (p.s.i.) 250 -2000
Temperature (°F.) 850 -1100
Residence Time (Sec.) 15.4 -2016
Feed Rate (1b.-Moles/Sec.x106) 0.66-10.33
Conversion (per cent) 0.59-69 .44

For completeness, all of the experimental results are record-
ed in Table G-1 of Appendix G. Sample run data sheets and
calculation work sheets are provided in Appendix H.

In many of the runs recorded in Table G-1 polymeri-
zation was encountered. This occurrence was not unexpected,
however, as polymerization of propylene had been anticipated
under certain conditions, based on the previous work by
Sullivan, Ruthruff and Kuentzel (80), and by Krauze, Nemtzov

130
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and Soskina (44). 1In selecting the results which were suit-
able for isomerization correlation, all runs were excluded
in which (1) the weight recovery was in error by 4 per cent
or more, (2) a measureable quantity (more than a trace) of
liquid was detected in the product receiver. In addition,
some runs were excluded because of various difficulties en-
countered. These difficulties have been discussed in the
footnote comments to Table G-1 in Appendix G. All runs free
of apparent difficulties, and meeting the two requirements
mentioned, are tabulated in Table G-2 of Appendix G. In
total, there are forty-three data points available for cor-
relation, all of which fall within the shaded area represent-
ing the isomerization region in Figure 12.

Figure 12 is based on the results of this investiga-
tion. At each temperature level, pressure was increased un-
til the formation of liquid product was observed (it should
be noted that pressure is reflected in the residence time,
T). Since, in most instances, pressure was increased in 500
p.s.i. increments, the hyperbolic-shaped boundary line in
Figure 12 should not be interpreted as a precise dividing line
between a region of pure isomerization and region of signifi-
cant polymerization. The dividing line is the approximate
locus of points which are from 0 to 500 p.s.i. below the pres-
sure required to produce a measureable quantity of liquid
polymer product at the particular temperature of operation.

In Chapter VII it was shown that in an isothermal,
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plug-flow reactor, the integral rate data for a first-order
reaction should be correlated by the expression 1ln (yA)I/(yAg=
ko{T). Thus, upon p;o#ting in (XA)I/(ga)o against (T), a
straight line through the origin should be obtain whose slope
is k.. Figure 13 is such a plot for the runs at 900°F. The
slope of the line through the origin in Figqure 13 was calcu-.
lated from Davis and Scott's equation for k, given in Chapter
III. It is observed that first-order behavior is confirmed.
The experimental results are in quite close agreement with
the prediction. Figure 14 is a similar plot for the data at
950°F. The slopes determined from both the Davis and Scott,
and Chambers and Kistiakowsky equations for k, are shown for
comparison. The experimental results agree more closely with
the Davis and 5co£t equation----a desirable result----gince
the Davis and Scott equation for k 2 was derived from their
own results combined with those from three other sources, in-
cluding Chambers and Kistiakowsky. In both Figure 13 and 14
there is some indication of a decline in kc at the higher
residence times (or pressures). One possible explanation of
this behavior might be the presence of undetected polymeri-
zation.

As expected, the rate constant temperature dependence
is well represented by the Arrhenius equation. An Arrhenius
plot of log kc versus 1/T has been prepared for each of the
five pressure levels studied. These plots are shown in

Figures 15 thru 19. In each figure the least squares line
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TABLE 2

SUMMARY OF DATA FOR FIGURE 13
900°F.
ln(y“)x/(yA)o = kc<f>

Run No. (1) (8ec.) ln(gA)I/(XA)o
500 psi
X-1 38.3. 0.01038
X-1 75.8 0.02077
XIv-1 (KB) 54.2 0.01765
1000 psi
II-2 137.2 0.03507
IX-2 80.7 0.02146
X-2 160.8 0.04017
XIV-2 (KB) 123.0 0.03433
1500 psi
II-3 225.3 0.0547
IX-3 130.3 0.0354
X-3 265.3 0.0742
XI1v-3 (KB) 196.3 0.0500
2000 psi
I1-4 317.1 0.0722
IX-4 189.6 0.0506
X-4 407 .8 0.1003
XIvV-4 (KB) 285.6 0.0585

KB - Kuentzel Bomb Preheater
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TABLE 3
SUMMARY OF DATA FOR FIGURE 14

950°F.
In(y_ ) /(y,) =k (1)
A I A o c
Run No. (1) (Sec.) In(y_ ) /(y,)
A A
I o
500 psi
I-1 25.60 0.02970
Xv-1 (KB) 57 .24 0.07095
XXII-1 44 .54 0.05265
1000 psi
I-2 59.21 0.06760
XXII-2 113 .4 0.1270
1500 psi
I-3 92.08 0.1110
XXII-3 201.9 0.1900
2000 psi
I-4 156.7 0.1695

KB - Kuentzel Bomb Preheater
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of correlation is shown along with the experimental data
points. It will be observed that at the 500 p.s.i. pressure
level (Figure 16), where the greatest number of data points
‘are avallable for correlation, the least squares line

In k, = 35.309 - 63,380
RT
is in quite close agreement with the equation
In k, = 35.431 - ﬁiR._%ZQ

reported by Davis and Scott. In fact, both the frequency
factor logarithms and the activation energies differ in each
case by only approximately 0.3 per cent. The maximum depar-
ture from the Davis and Scott equation was at the 2000 p.s.i.
pressure level (Figure 19), where the fewest number of data
points were available for correlation. In this case, the
experimental activation energy is 5 per cent below the Davis
and Séott results, while the experimental frequency factor
logarithm is 6.5 per cent lower. v

The location of the data point for Run XXIII-250 at
1100°F. in Figure 15 is of special interest because of the
significant departure from isothermal behavior predicted in
Chapter VII. As will be observed, this particular data point
falls well in line with the other results at 250 p.s.i. Ap-
parently, therefore, the departure from isothermal behavior
is far less than predicted----a result most readily explained
by underestimation of the heat transfer coefficient.

In Figure 20 the Arrhenius correlation least squares
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lines for all five pressures are included in a single plot
so that the pressure effect will be more apparent. Only a
small pressure effect is observed. The small efféct which
does exist is in the direction of a decline in kc with in-
creasing pressure. The effect of pressure on the rate con-
stant is considered in more detail in later paragraphs.

As previously discussed, in finding the region where
polymerization is important, some runs were extended into
the polymerization region to such an exﬁént that a maximum
was reached in the net propylene yield. This behavior is
shown in Figure 21 for Runs V and XXII. In Fiqure 22, it is
seen that the polymerization effect in Run V brings about an
apparent (but not real) departure from the first-order behav-
ior for the isomerization reaction. It should be pointed
out that the data points at 1500 and 2000 p.s.i. for Run V
do not survive the restrictions placed on the data used in
the isomerization correlations. These points are included
in Figure 22 simply to illustrate the polymerization effect.
The points at the three lower pressures meet the requirement
for correlation, and are seen to yield a first-order slope
k.c which is intermediate to values calculated by the Davis
and Scott, and the Chamber and Kistiakowsky equations.

In Chapter VII a method was presented for estimating
the net propylene yield when isomerization and polymerization
are occurring simultaneously. Curve No. 2 in Figure 23 re-

presents the calculated net propylene yield for Run V when
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using an estimated second-order rate constant derived from
the results of Krauze, Nemtzov and Soskina (44), as reported
by Egloff (17). At 370°C. the second-order rate constant
for propylene polymerization is reported to be 2.0x1073
liters/q-mqle sec., while the activation energy is 38,000
calories/g-mole. 1In Figure 23 the shape of the net propylene
curve is reproduced, but the location of the calculated curve
below the actual curve suggests that the estimated second-
order rate constant for polymerization is too high. Curve
No. 1 in Figure 23 is the calculated curve for first-order
isomerization in the absence of polymerization.

This investigation did not include experiments de-
signed to show, beyond all doubt, that gold is noncatalytic
to the cyclopropane isomerization reaction. However, the
noncatalytic nature of gold is very strongly indicated by
the close agreement between the activation energies calcu-
lated from these experiments and those previously obtained
in Pyrex glass. The question of whether or not the reactor
would have been catalytic without the gold lining was answer-
ed by the results following Run XXIII-250. Apparently, dur-
ing the evacuation following Run XXIII-250, the gold lining
collapsed and subsequent runs gave conversions which were
much higher than predicted by thermal reaction alone. Fol-
lowing the lining collapse, products other than propylene
and cyclopropane began to appear in the product gas. A qual-

itative chromatographic analysis of the product gas from Run
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XXVII-1l showed the presence of hydrogen, methane, ethane,
ethylene, and propane. One chromatograph peak was unidenti-
fied. When the reactor was cut in two after Run XXVII-2, a
. large quantity of fine carbon was found around the gold lin-
ing. The lining had collapsed for practically the full re-
actor length.

In most runs the preheater constructed from 1/16-inch
i.d. stainless steel tubing was used. From Figure 24, it is
observed that the extent of catalytic conversion in this pre-
heater must be low, since the actual observed conversion is
lower than the calculated maximum thermal conversion. The
greater significance of catalytic conversion in the unlined
reactor, as compared with the coiled stainless steel preheat-
er, is explained by the difference in residence times. The
stainless steel preheater had a volume which was only 4.35
per cent of the gold-lined reactor volume. One indication
that this preheater was not completely void of catalytic ef~
fect came from the occasional buildup of fine carbon powder
which had to be removed at intervals. Another preheater,
discussed in detail in Chapter IV, .was constructed from four
modified Kuentzel bombs connected in series. While this con-
struction was hoped to be free of catalytic effects, the ex-
perimental results showed otherwise. An interesting obser-
vation was made on Run XII, the first in which the Kuentzel
bombs were used. At the time of this run, the handle was

broken on the reactor inlet sample valve; thus it was neces-
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sary to obtain the preheater outlet composition after the
completion of the run by by-passing the reactor and passing
the preheater product through the reactor product sample con-
nection. However, at the close of Run XII, the preheater
began to plug, and a decoking operation was necessary before
"the preheater outlet composition could be determined. Fol-
lowing the decoking operation, the preheater product was
found to contain, in some cases, more propylene than was
present in the reactor product of the preceding run. Thus,
the decoking process also served as an activating process
for the Kuentzel bomb preheaters. The nature of the activa-
tion is not known. In Figure 25 the actual preheater con-
version, following the decoking process after Run XII, is
compared‘with the calculatéd maximum thermal conversion.
The catalytic conversion is obviously substantial. From Fig-
ure 26, it is seen that after several runs the catalytic ac-
tivity had declined, but some catalytic effect is still pre-~
sent. It will be observed in Figures 25 and 26 that the
thermal conversion alone can be significant in the Kuentzel
| bomb preheaters. This observation can be explained by their
large total volume which was 50.5 per cent of the reactor
volume.

In Chapter II it was shown that for the simple
Lindemann~Hinshelwood theory of unimolecular reactions a plot
of l/kc versus 1/p should yield a straight line whose inter-
cept on the 1/k,-axis is the reciprocal of k,. This method
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| of extrapolating low pressure data for unimolecular reactions
to obtain values of k, 2 has been used universally as a means
of comparing the results of different experiments. According
to the Rice-Ramsperger-Kassel refinement of the theory, some
slight departure from the straight line relationship is pre-
dicted at high pressure; that is, at high pressures, values
of k., are expected to be higher than predicted by the linear
extrapolation of the simple theory. However, Kassel (37)
has said that the linear extrapolation gives good results
when the values of 1/kc used in the extrapolation do not ex-
ceed the high pressure value by more than 50 per cent. 1In
general, however, unimolecular reactions have not been stud-
ied in the region substantially above atmospheric pressure.
Thus, for example, in the case of cyclopropane isomerization,
the linear extrapolation has been neither prove or disproved
for pressures well above one atmosphere. In comparing the
‘Davis and Scott equations for kc at one atmosphere and for
k.. the k  value is observed to exceed the atmospheric value
by approximately 16 per cent at the 900°F. temperature level.
In Figures 27 and 28, the slopes of the l/k, versus
1/p lines are determined by the Davis and Scott equations.
The results of Run III at 850°F. and the smoothed data from
the Arrhenius plots are included in Fiqure 27 for comparison.
One observes that, while the smoothed datﬁ are within + 5
per cent of the l/kc extrapolation, considerable deviation
exists for Run III. The nature of the l/kc variation with
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pressure in Figure 27 is of special interest. Both Run III
and the smoothed data show .‘l./kc versus 1/p slopes which are
negative instead of positive as predicted by theory. Direc-
tionally at least, this behavior could be explained by the
presence of undetected polymerization. With such an explana-
tion, the low pressure values would be considered more nearly
correct; thus, especially with Run III, the values of l/kc
would fall substantially below the predicted line of correla-
tion.

At 900°F. a greater number of runs are available for
analysis. These results are shown in Figure 28, where the
average values at each pressure level are also identified.
One observes that most of the data points are within +5 per
cent of k_ calculated from the Davis and Scott equation.
Again, the values of 1/kc are observed to increase, rather
than decrease, as pressure is increased. However, the over-
all effect between 500 and 2000 p.s.i., based on the average
values, is only 10 per cent.

In Chapter II it was shown to be in conflict with
the absolute reaction rate theory to assume that rates of
elementary reactions are proportional to thermodynamic ac-
tivities of the reactants. PFurther, for a first-order reac-
tion, such as the thermal isomerization cyclopropane at high-
er pressure, the theory predicts that ko will be essentially
independent of pressure. Thus, since kc and ka are related

by the expression
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from Chapter VII, it is apparent that if the experimental
results indicate that k., at a given temperature is independ-
ent of pressure, then ka' of necessity, must vary with pres-
sure. Such results, therefore, would support the view that
the reaction rate is proportional to the concentration of
the activated complex----the fundamental concept of the ab-
solute reaction rate theory. At the same time, these results
would refute the argument that the rate is proportional to
the reactant activity. On the other hand, if values of ky
at constant temperature were found to be invariant with re-
spect to pressure, then the opposing view would be supported.
In Figure 29, values of R:l‘ka are compared with k.
for runs at 900°F. where sufficient data were available to
establish trends with pressure. Unfortunately, the resplts
presented in Fiqure 29 are not conclusive. For Run II the
quaant::l.t:y'R'I.'k'.a is more nearly constant and independent of
pressures; whereas, with Run IX the opposite is true and ko
is the more constant quantity. The data for Run X are too
widely scattered to be analyzed with certainty. In Figure
29, the results of Run IX conform with the predicted behavior
from absolute reaction rate theory; that is, k, is essential-
ly independent of pressure, but does show a slight decrease
as pressure is increased, in agreement, trend-wise, with the

volume contribution term of Equation VII-31l in Chapter VII.
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The lack of constancy in k, for Run II could possibly be the
result of undetected polymerization. It will be observed
that the residence times are lower for Run IX----a fact which
would reduce any polymerization effect. For this reason,
the results of Run IX are perhaps more reliable than those
for Runé II and X.

Plots of kc and RTka against pressure for 950°F. are
given in Figure 30 for Runs I and XXII. The decline in L
with increasing pressure for Run XXII is definitely believed
to be the result of undetected polymerization since when
pressure was increased from 1500 to 2000 p.s.i., liquid ac-
cumulated in the product receiver. Run I was made with lower
residence times and less of a decline in k, is observed.
However, from Run I, one cannot say that kc is more independ-
ent of pressure than RTka.

In the préceding discussion, undetected polymerization
was offered as one explanation for the negative slopes ob-
served when the experimental data were presented in the l/kc
versus 1/p plots of Figures 27 and 28. However, excluding
polymerization, a fundamental explanation exists for negative
slopes at low values of 1/p. The simple Lindemann-Hinshelwood
theory of unimolecular reactions and the statistical refine-
ment of that theory by Rice, Ramsperger, and Kassel are re-
presented schematically in Sketch (a) of Figure 31. Both
theories yield a positive slope at the 1/k, intercept. It

is important to remember, however, that the statistical
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TABLE 4

-1 -1
Run No. (zm) °A (Zm)i'A kc(sec.) M‘ka(sec.)
900°F.
II-1 0.985 0.980 0.965 2.673x104%  2.770x10~4
II-2 0.972 0.962 0.935 2.555%10~4 2.733x104
II-3 0.955 0.947 0.904 2.428x104 2.686x10~4
II-4 0.942 0.932 0.878 2.276x10~4 2.592x1074
IX-1 0.985 0.980 0.965 2.707x10~4 2.805x1074
IX-2 0.973 0.962 0.936 2.658x10~4 2.840x10"4
X-3 0.956 0.947 0.905 2.718x10~4 3.003x10™4
IX-4 0.942 0.932 0.878 2.669x10~4  3.040x10"4
X-1 0.984  0.980 0.964  2.740x10™%  2.842x1074
X-2 0.972 0.962 0.935 2.498x10"4% 2.672x1074
X-3 0.955 0.947 0.904 2.797x10~4  3.094x10-4
X-4 0.941 0.932 0.877 2.459x10~4 2.804x1074
950°F.
I-1 0.989 0.983 0.972 1.160x10~3  1.193x10~3
-2 0.979 0.968 0.948 1.142x10"3  1.205x1073
I-3 0.964 0.958 0.924 1.205x10-3  1.304x10~3
I-4 0.952 0.945 0.900 1.082x10~3  1.202x1073
XXII-1 0.988 0.983 0.971 1.182x10-3  1.217x1073
XXII-2 0.978 0.968 0.947 1.120¢103  1.183x1073
XXII-3 0.965 0.958 0.924 0.941x10~3  1.018x10~3
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treatments do not consider the nonideal behavior at high
.pressure represented by the contribution of the volume term
in Equation VII-31l. From Equation VII-31l it is apparent
that at some pressure the quantity k.c= will pass through a

maximum value where the derivative alnkc/ip vanishes and the

result va-v 3ln(l+§k,/p) holds. Though Equation VII-31
RT ?p

is developed in terms of the Lindemann-Hinshelwood theory,
the same argument applies with the Rice-Ramsperger-Kassel
refinement. The maximum k. value will of course be repre-
sented by a minimum 1/k, value in a plot of l/kc versus 1/p,
as indicated schematically in Sketch (a) of Figure 31.

The expected kc versus p relationship from Equation
VII-31l is also shown schematically in Sketch (b) of Figure
31. Below atmospheric pressure the departure from first-
order behavior is indicated. At some pressure above one
atmosphere, the two terms on the right hand side of Equation
'VII-31l will cancel each other at the point of maximum kc'
As pressure is increased, the second term on the right hand
side of Equation VII-31 declines in importance and the slope
of the kc versus p curve is controlled by the volume term.
The expected behavior of Rmka is also indicated in Sketch
(b) of Figure 31.

Returning again to the l/kc versus 1/p plots in
Figure 27 and 28, and to Sketch (a) of Figure 31, it appears
that one might profitably seek a minimum 1/k, value in the
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pressure range from one atmosphere to 250 p.s.i. Such an
investigation could be carried-out in Pyrex glass apparatus.
Additional high pressure data at very low residence times
would be helpful in establishing whether or not undetected

polymerization is significant.



CHAPTER IX
CONCLUSIONS

As was shown in the‘theoretical treatment, page
14-30, the viewpoint that reaction rates for elementary re-
actions under nonideal conditions are directly proportional
to the thermodynamic activities is in conflict with absolute
reaction rate theory. This study is believed to be the
first attempt to resolve this discrepancy by an experimental
investigation of a unimolecular, homogeneous, gas-phase re-
action at elevated pressures. The advantage of this parti-
cular reaction system lies in the similarity in the proper-
ties of the reactant and its activated complex.

In total, these results for the thermal isomerization
of cyclopropane at high pressure have not supported the abso-
lute reaction rate theory, conclusively. However, those runs
which are least likely to be affected by undetected polymeri-
zation (i.e., those runs with low residence times) have
yielded values.of ko which are essentially constant, but
which decline slightly with increasing pressure in accordance
with the result predicted by absolute reaction rate theory.

- In general, the experimental values of k. at high

167
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pressure are in close agreement with the k, values from the
equation by Davis and Scott. For example, at 500 p.s.i.
where the most data were available for correlation, the ex-
perimental activation energy of 65,380 calories/g-mole, as
determined by least squares fit of the Arrhenius equation,
is only 0.3 per cent lower than the value reported in the
equation for k by Davis and Scott.

Plots of l/kc versus 1/p reveal an interesting de-
parture from the usual representation of the unimolecular
reaction theory. The experimental results show an increase
in 1/'k.c as 1/p approaches zero; whereas, even in the refined
unimolecular theory, a positive slope is predicted at the
J./kc intercept. While it has not been possible to resolve
to what extent the anomolous behavior may be the result of
undetected polymerization, it has been shown that there is
a fundamental explanation for negative slopes at low values
of 1/p. In fact, the usual straight line .extrapolation to
the l/kc intercept is erroneous because of failure to con-
sider the nonideal behavior at high pressure.

Gold has been shown to be noncatalytic to the cyclo-
propane isomerization reaction, beyond reasonable doubt.
Type 316 stainless is catalytic to the reaction and promotes
the formation of other products in addition to propylene.
The fluidized sand technique has been demonstrated to be a
reliable means for obtaining isothermal reaction conditions

at high temperature.
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There are two areas in which continued study of the
cyclopropane thermal isomerization reaction would be profit-
able: (1) the pressure region between one atmosphere and 250
p.s.i. where a maximum value of kc is indicated, and (2) the
high pressure region, but with low residence times to reduce
the possibility of undetected polymerization.

Further, if a unimolecular, homogeneous, gas-phase
reaction should be found which is free of such complications
as polymerization and the formation of multiple products,
and for which the deviation from ideal gas behavior is great-
er than was the case for the cyclopropane isomerization re-
action, a high pressure kinetic study of that reaction would

be recommended to provide an additional test of the theory.
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reaction standard state free energy change
Planck's constant
heat transfer coefficient
enthalpy
rate of enthalpy transport by bulk flow
heat of reaction at constant pressure
standard state heat of reaction‘
= residence time step function, Appendix D
specific rate constant
thermal conductivity
specific rate constant defined in terms of
activities
Boltzman constant
specific rate constant defined in terms of

concentration

extrapolated high pressure rate constant from unimole-

cular theory
equilibrium constant

ratio of cylinder outside to inside diameter,

Appendix C

concentration equilibrium constant for reactants and

activated complex

axial length of cylinder, Appendix C

number of product stream analyses used in obtaining

mean peak height ratio X,, Appendix A
active mass, Equation II-22

effective mass of activated complex, Equation II-48

molecular weight
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number of moles
number of degrees of freedom, Equation II-19
exponential in Equation II-26
number of standard sample Qnalyses used in obtaining
the mean péak height ratio, ih, Appendix A
molar rate of transport '
pressure
reactor wall heat transfer flux
a generic term representing arbitrary independent
variable, Appendix A
dependent variable, Appendix A
rate of reaction
radius variable, Equation VII-4
molecular radius, Equation II-4
gas law constant

reactor inside radius

‘peak height ratio, cyclopropane peak height divided

by propylene peak height, Appendix A

estimate of population standard deviation for n
analyses, Appendix‘A

numerical value of tangent, Figure 1l and Appendix A
entropy

entropy of reaction in standard state

reaction time variable

"Student" t statistic, Appendix A

temperature
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reactor wall temperature
dimensionless radius, Appendix D
local velocity of flow in reactor
reactor central streamline velocity
molar average velocity
average velocity over reactor cross-section
activated complex specific molar volume
specific molar volume of pure component A
volume
total reactor volume
peak height ratio for a single analysis i, Appendix A
mean peak height ratio for m analyses of the product
gas stream, Appendix A
mean peak height ratio for n analyses of a standard
sample, Appendix A

mole fraction

positive integer or its reciprocal, Equation II-32

‘reactor length variable

number of collisions from kinetic theory of gases
compressibility factor

mixture average compressibility factor, Equation
VII-10

thermal coefficient of expansion, Appendix C
dimensionless diffusion parameter, D/kcnz, Appendix D
dimensionless ratio, k./C k,, Equation VII-27
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activity coefficient, defined as a/C
concentration dependent term in Equation II-27
constant in Equation II-16
the quantity oEAr/(1-v), Appendix C
the dimensionless quantity (a2+4a)5. Equation VII-27
the functional form of Q in terms of the qh independ-
ent variables, Appendix A
activity coefficient for departure from ideal
solution behavior
length at top of energy barrier, Equation II-48
symbol for Difference
strain, Appendix C
dimensionless temperature, T/‘I‘w
radial angle, Appendix C
transmission coefficient
contact time parameter, kc_z/vo, Appendix D
true population méan, Appendix A
mixture viscosity, Appendix D
stoichiometric coefficient

frequency in Equation II-47

Poisson's ratio, Appendix C

slope in l/kc versus 1/p plot

de Donder's degree of advancement, Appendix I
mixture mass density, Append;x D

true population standard deviation, Appendix A
molecular dimension Equation II-19
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¢ = principal stress, Appendix C
Uﬁ = true standard deviation of the means for sample
size m, Appendix A
o, = radial tensile stress, Appendix C
ot = tangential tensile stress, Appendix C
T = residence time
= sghear stress, Appendix C
To = residence time of center streamline
(T) = average residence time over reactor cross-section
¢1 = fugacity coefficient of pure component ig fi/P
®, = fugacity coefficient of component i in the mixture,
?i/yip
¥ = function of nonthermodynamic variables, Equation II-27
Subscripts
a = definition in terms of activities
A = component A (usually signifies cyclopropane)
AB = property of binary AB
b = Dbackward
B = component B (usually signifies propylene)
¢ = definition in terms of concentrations
= compressive, Appendix C
e = equilibrium condition

H B kb

L]

forward
component i or variable i

inlet condition
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= variable j
m = mixture property
n = n-th variable
0o = outlet condition

= radial
R = property of reaction; e.qg., AGR = free energy of

reaction
t = tangential
t(1l) = one translational degree of freedom
w = wall
Yy = yield point
2 = axial
- @ = dinfinite pressﬁre value by extrapolation
Y = equilibrium ratio of activity coefficients, Equation
| 11-37

A = Cyclopropane

1,2 = location 1 and 2, or reaction 1 and 2

Superscripts
° = gtandard state property

* = activated complex or active mass
Super-bar = partial property of component in solution

Sub-bar = gpecific property: e.g., v is specific molar

volume
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APPENDIX A
ANALYSIS OF CHROMATOGRAPH CALIBRATION

The objective of this section is to demonstrate the
precision with which Figure 32 may be used to predict com-
position of thé product gas stream, when either single or
multiple samples are employed. -

For each standard sample analyzed, and hence for
each point used in the preparation of Figure 32, the best
estimate of thg peak height ratio standard deviétion from n

analyses is n
- 2
8 = z (xi-xn) A-1
i S

n-1

where Xy is the peak height ratio for a single analysis i
and ih is the arithmetic mean peak height ratio for n anal-
yses; i.e., ih = n-liaxi, (See Table 5)-.:

Since the estimated standard deviation of peak height
ratio, s, applies to variation about the true mean, it is
necessary to obtain some estimate of the true mean, g, from
the arithmetic mean, Xns for n samples. This estimate can
be accomplished through use of the "Student" t statistic

(87, p. 100), defined as
185
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(%, = 4)
s/Nn

where t is a function of degrees of freedom (i.e., D.F. = n-1)

A-2

and probability (or confidence limits). Thus, for a speci-
fied confidence limit, the true mean will be in a range +
ts/J/n about the arithmetic mean for the n analyses.

For a system of normal distribution the true'mean,
B, can be estimated from a single measurement, Xy within a
specified confidence range, by the expression

B = x;tz0 A-3
where o is the true standard deviation for the normally dis-
tributed propulation of analyses and z is the standard devi-
ate, another statistic analogous to t which is a function on-
ly of the confidence range demanded in the estimation of M.
The true standard deviation, ¢, is not known, of course, but
one has available the best estimate s.

Since the true mean is within a range +tx/J/n of X,
for a specified confidence 1limit, and a single analysis is
within the range + zs of the true mean for the same confidence
limit, then x; may differ from ¥, by as much as i(ﬁg- + z8).

The case is now explored where the mean peak height
ratio, ih, for m samples is uged in Figure 32 to determine
the composition. From a theorem in statistics (87, p. 101),
it is known that Eﬁ = 2;.; i.e., the standard deviation of
the means of sample size m is equal to the true population

standard deviation divided by the square root of number of
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samples used in determining the mean. It is important to

note that m does not correspond to n, the number of samples
used in obtaining the mean peak height ratio for Figure 32.
Again using the best estimate of the standard deviation,

8, = _8 , then, within certain specified confidence limits,
m

':Em will be in the range + (5% + z ?:) about ¥ . These values
are tabulated in Table 6 and may be related to an expected
range of variation in the predicted composition as shown in
the paragraph which follows.

In general, any dependent quantity Q can be related
to the various independent variables a, in the functional
form

Q=7v(a, q ...qa) A-4

and the differential change in Q is
' n

do =\ %2 g A-5
Ej oqy =
=1
For small changes in the independent variable, such as errors

in measurement or calculation, Equation A-5 can be expressed

in finite difference form

m

= 3y _ A-6

AQ Z aq; &,
=1

Thus, in the use of Figure 32 for the prediction of cyclopro-
pane composition, Equation A-6 reduces the following simple
expression for relating the confidence range in peak height

ratio to a confidence range in cyclopropane composition:
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A& = 3Y_ Aq A-7
dql 1

In BEquation A-7, AQ represents the confidence range for cy-
clopropane composition, dy/aql = § is simply the slope of
the curve in Figure 32 at the particular peak height ratio
envolved, and Aql represents the confidence range in peak
height ratio; i.e., Aql = Eﬁ-ﬁh. The estimated ranges of ab-
solute and relative errors occurring in the prediction of cy-
clopropane composition from Figure 32 are recorded in Table
7
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TABLE 5

STANDARD SAMPLE COMPOSITIONS AND PEAK HEIGHT RATIOS

Peak
Number of Peak Height Ratio
Samples Height Ratio*¥* Standard
Bomb Cyclopropane Analyzed Arithmetic Mean Deviation*
No. Percentage n ih 8
1 6.19 8 0.0648 0.000667
2 17.27 9 0.2092 0.00260
3 26.92 5 0.3472 0.00193
4 40.67 5 0.5822 0.00209
5 63.25 6 1.179 0.00771
7 78.49 5 2.130 0.00885
9 87 .42 5 3.702 0.0163
n - 12
)3} -
v g = B lx7%)

n-1

** peak Height Ratio = S¥Yclopropane Peak Height

Propylene Peak Height



Bomb No.

=

O N v s WwWwN

Note:

TABLE b-

PEAK HEIGHT RATIO 95 PER CENT CONFIDENCE RANGE

FOR SINGLE, DUPLICATE AND TRIPLICATE SAMPLING

n t

8 2.365
9 2.306
5 2.776
5 2.776
6 2.571
5 2.776
5 2.776

t

_m
0.000557
0.00200
0.00239
0.00259
0.00809
0.01098

0.02022

-— —_ ts p4:]
b3 X, = + ;7; 71;
m= 1 m= 2 m= 3

+0.001867 +0.001483 +0.001313
+0.00710 +0.00561 +0.00494
+0.00614 +0.00504 +0.00455.
+0.00686 +0.00561 +0.00505
+0.02319 +0.01877 +0.01680
+0.02828 +0.02321 +0.02096
+0.05211 +0.04278 +0.03862

t and z values from Volk's (87) Table 6.1

o6l



Cyclopropane
Percentage

6.19
17 .27
26.92
40.67
63.25
78 .49
87 .42

TABLE 7

RANGE OF ERROR IN THE PREDICTION OF COMPOSITION

FROM FIGURE 32

Cyclopropane Percentage
Absolute Error Range

8 (iﬁ - X

)

n

-7

—94R m=1 m=2 m=3
85 0.159 0.126 0.112
78 0.554 0.438 0.386
68 .4 0.420 0.345 0.311
47.5 0.326 0.266 0.240
33.6 0.779 0.631 0.564
26.4 0.747 0.613 0.553
16.2 0.844 0.693 0.626

Average

(WITH 95 PER CENT CONFIDENCE)

Relative Per Cent Erxror

m=1

2.57
3.21
1.56
0.80
1.23
0.95
0.97

1.61

m= 2

2.04
2.54
1.28
0.65
1.00
0.78
0.79

1.30

m= 3

1.81
2.24
1.16
0.59
0.73
0.70
0.72.

1.14

T6t
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COLUMN: 20f1. 10% TCP
on FIREBRICK

CARRIER GAS: HELIUM
CARRIER GAS RATE:

48.5 cc/sec.
THERMISTOR CURRENT:
10.05 MILLIAMPERES
CHART SPEED : 1.O in./min.
TEMPERATURE : 143.5°F
ATTENUATION: XI
SAMPLE SIZE: 2cc
SAMPLE COMPOSITION:

CYCLOPROPANE 63.25%
PROPYLENE 36.75%
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APPENDIX B
THERMODYNAMICS OF CYCLOPROPANE ISOMERIZATION

‘Isomerization of cyclopropane to propylene is an ex-
othermic reaction with a heat of reaction at 25°C. of -7.86
kilocalories/g-mole reported by Knowlton and Rossini (41).

Owing to the likeness of cyclopropane and propylene
heat capacities, the heat of reaction is only a mild function
of temperature. Equilibrium conditions strongly favor the
formation of propylene. But as expected with an exothermic
reaction, the formation of propylene at equilibrium tends to
decrease as temperature is increased, though it is still sub-
stantial at high temperatures.

With the heat of reaction known at one temperature,
and with equations for heat capacity of both cyclopropane and
propylene available, one can find M° as a function of tem-
perature. From the analysis of spectroscopic data by Spencer
(79), the heat capacity for cyclopropane in the ideal gas
state is

cg(cyclopropane) = -3,562 + 0.065107T~26.349 x_lO"GT2 B-1
where T is the temperature in degrees Kelvin and the recom-
mended range of application is 250-1000°K. Similarly, the

equation reported by Houdgen et al. (32, p. 255) for propylene
195
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heat capacity is
c;(propylene) = 1.97 + 27.69 x 10°3T - 5.25 x 10~812 p-2

where T is in degrees Rankine and the recommended range of
application is 50-1400°F. The heat of reaction in the ideal

gas state is

M° = Ic;d'r + I B-3

where the integration constant I is evaluated through use of
the known heat of reaction at 25°C. Thus, the final expres-
sion for the heat of reaction in the ideal gas state as a
function of temperature is

&° = 5.532T - 0.007632T% + 3.113 x 107573 - 8913.4 B4

where T is in degrees Kelvin and the units of AHO are calo-
ries/g-mole. Equation B-4, of course, is only suitable for
the range covered by both heat capacity equatibns; i.e., 283
to 1000°K. Only temperatures inside this range are employed
in the present study.

With the value of AH® available as ‘a function of tem-
‘perature, the value of AG° can likewise be found as a func-

tion of temperature from the fact that

2 &2 o
T - - Ni B-S
T 72

Solution of Equation B-5 requires a knowledge of AG® at one
temperature. Information is available in the literature for
the evaluation of A&G° at 25°C. from the relationship

A° &° - 1as® B-6
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The entropy of propylene at 25°C. is 63.80 calories/g-mole

°K. (Rossini, API Project 44). Linnett (54) has provided
an equation for the entropy of cyclopropane as ‘a function of
temperature, that is

8°(cyclopropane) = 119.34-33.086 log T + 8.791 x 1027

- 2.085 x 10~572 - 15,095 x 10°
T B-7

where T is in degrees Kelvin and S°© has the units calories/
g-mole °K. It is known that Linnett's results are slightly
in error, as pointed out in a later paper by Kistiakowsky and
Rice (40). However, Equation B-7 gives results which are in
good agreement with those in the latter paper at low tempera-
tures. From Equation B-7, the entropy of cyclopropane in the
ideal gas state at 25 °C. is 56.77 calories/g-mole °K. Thus,
with the previously stated heat of reaction at 25°C. and the
entropy values given above, AGC at 25°C. is calculated from
Equation B-6 to be -9,955.5 calories/g-mole.
| Finally, upon substitution of AH® from Equation B-4
into Equation B-5, followed by integration and evaluation of
the integration constant, the resulting expression for AG°
as ‘a function of temperature is
&° = -5.532 T In T + 0.007632 T2

-1.5565 x 107613 + 25.89T - 8913.5 B-8
where T is in degrees Rankine and AG° has the units calories/
g-mole. The values of AGC from Equation B-8 have been plotted
in Figure 35 along with results obtained independently from

tabulations of the free energy function for cyclopropane and
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propylene by Kistiakowsky and Rice (40) and Rossini (API

Project 44), respectively. The data used in the preparation
of Fiqure 35 are also tabulated in Table B-1l for comparison.

TABLE 8--
A:° FOR CYCLOPROPANE 'ISO!ERIZATION

Equation B-8

(o)

T °K Functiong* Ac° n K= - ﬁl‘
300 - 9,968 - 9,968 16.721
400 -10,694 -10,697 13.454
500 -11,445 -11,431 11.520
600 -12,201 -12,219 10,234
700 -13,106 -12,903 9.423
800 -13,697 -13,637 8.617
900 -14,433 -14,366 8.071
1000 -15,262 15,051 7.681

*(Go-Hg)/T values for propylene from Rossini

(API Project 44) and similar values for cyclopropane

from Kistiakowsky and Rice (40).
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Roberts (71), in his study of catalytic isomeriza-
tion of cyclopropane, reported that Loglo Kh values were
between 9 and 10 for the 100°C. to 150°C. range. This range
of values appears to be inconsistent with the results given

in Table 8. With the AG® values from Figure 35 for these
-46°
2,303RT

temperatures, it is found that ldglo K, values (i.e.,
values are approximately 6.2 and 5.6, respectively. Roberts
further stated that the equilibrium constant increases with
increasing temperature. This statement is contrary to the
results presented in Table 8 and is in conflict in general
with the observation that for exothermic reactions the equi-
librium yield is reduced as temperature is increased. 1In
any case, for the temperature range of the present study,
essentially 100 per cent conversion of cyclopropane is pos-
sible.

‘Brown (8) in his thesis stated that the free energy
change at 175°C. is on the order of -3 kilocalories. This

statement appears to be erroneous.



APPENDIX C
EQUIPMENT DESIGN FOR HIGH PRESSURE AND TEMPERATURE

The operating conditions of this investigation, from
the point of view of equipment design, are probably best de-~
scribed as being intermediate in severity. Operating pres-
sures were sufficiently high to require thicknesses of vessels
‘and tubing which do not permit use of the usual thin-wall de-
sign equations without significant error. On the other hand,
the pressures used were not so high as to require such spe-
cial techniques as cylinder compounding and autofrettage, nor
was the use of special high strength materials demanded. The
maximum metal temperature level, for the purpose of design,
was 1200°F. At this temperature level, with Type 304 and
Type 316 stainless steels as construction materials, creep
rate and rupture life are important factors to be considered
in the specification of an allowable stress design criterion.

The preheater Kuentzel bombs and the gold-lined re-
actor coil are subjected to the most severe operating condi-
tions. In order to determine the allowable internal pressure
for these, thick-walled, cylindrical shapes, it is first nec-
essary to establish the streqs distribution within them. The
general problem of elastic stress distribution in long cylin-

201
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ders, with uniform axial stress, was solved by ‘Lamé (47) more

than one-hundred years ago. It has been instructive for the
writer to proceed with his own development of the Lame equa-
tions. This development is presented in an abbreviated form

in the paragraphs which follow:

The Lamé E tions for Stregs Distribution

As a starting point, one considers an equilibrium
force balance on an arbitrary differential element of cylin-

der wall, with geometry as shown in Figure C-1l.

AL

Element thickness
Figure C-1

In difference form, the force balance in the radial direction

(positive outward) is

—2(sin§9-)ctArAt. - rMar]rlAL + maar]rzm. =0 c-1

where o, is the radial tensile stress, equal in magnitude but

opposite in sign to the radial compressive stress, (or) .
c

Upon dividing Equation C-1 by the product ArASAL and taking
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the limit as & and & approach zero, one obtains

lim (Z.E&_'?-)o _4(xor) 0 Cc=2
LB =0 y.":] t dr

The first term in Equation C-2 is an indeterminant form, but
the difficulty is resolved by application of L'Hospital's
rule as follows

y- - Y] y-]
lim (2 sin 2 - lim (2 d(sin 2 ) _ lim (gogz ) =1
-0 & M-~0 a(a8) M--01 1

With this result, and upon completing the differentiation in
Equation C-2 and rearranging, one obtains the desired dif-
ferential eguation relating the tangential and radial stresses.
i.e.,

o, ~0_= rg%E c-3

t

From Hooke's law and the observed linear superposi-
tion of strains, the expression for axial strain may be writ-

ten as

2§ [E TE ]

The basic assumption of the derivation is that plane sections
‘are maintained:; hence, €, and o, are not expected to be func-
tions of the radius. This being the case, Equation C-4 re-

duces to a second relationship between at and cr only; viz.,

+ g, =C Cc-5

o £ "1

r

where Cl is a constant to be evaluated from boundary condi=-
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tions. Upon eliminating Oy between Equations C-3 and C-5,

one obtains a differential equation which can be readily in-

tegrated.
do 20 C
by ) o 1
—+— = em— -
— dr r r c-6

2dr
The integrating factor for Equation C-6 is eﬁ o and the re-

sulting solution is

2 &
r Or = C12 02 ] C~7

The constants c1 and c2 can be evaluated through use of the
two boundary conditions

(1) o_ = =P, at r,

(2) o = -P, at r

Their values are:
2

r
2 - -
C, = "2[Pl+——2___—2' (Pl PZ)] c-8
rl r2
r 2r 2
- 2 ~1 -
c,= 2L () -,

Finally, the expressions for radial and tangential stress re-

solve to
P, - K?P - (r /’r)2 (p, - P.,)
L2 2 12 L,
Ir -1

Py - K2p, + (rz/r)z(gl,- P,)
K2 -1

C-10

Ut =
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where K is the ratio of the cylinder ocutside and inside radi-

us. The axial stress is obviously

fr.2p, - ¥r,2p P, - K2p
2 % (r.2-r.2) K2-1
2 I

Inspection of Equation C-11 reveals that the axial
stress is equal to one-half the sum of the radial and tangen-
tial stresses. The three equations, Equations C-9 thru C-11,
are the expressions developed by Lamé for the triaxial stress-
es in a long, thick-walled cylinder. These equations alone
are not a basis for design. However, when they are used in
conjunction with a criterion for failure, a design method

evolves.

‘Design Equationsg -and Criteria for Failure
It is apparent that for design purposes, the points

of maximum stress are of primary concern. In most cases of

interest, the outside pressure, P,, will be small in compari-

2
son with the internal pressure, bl‘ Hence, the lLamé equations
for radial and tangential stress reduce to the simple expres-
sions
- 2
Py (iz/r) Py

o ===
r K2-1

Cc-12

2
P, + (x,/r)°P
g, =+ —2 1 c-13

t K2-1

The tangential stress is observed to always be greater in
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magnitude than the radial stress:; and since the axial stress
is the average of the other two principle stresses, then the
tangential stress, at any arbitrary location, will always
exceed eithef the radial or axial stress at that same loca-
tion. Further, upon inspection of Equation C-13, it is seen
that the maximum tangential stress occurs at the inside radi-

us. Hence,

o, (max.) = €%+ 1) P c-14
t K2_1 1

If the specification of a maximum allowable principal stress
is considered to be a suitable criterion for failure, then
Equation C-14 becomes a design equation. The basic difficul-
ty arises in the relating of the results of simple tension
tests to the case of triaxial stress. There are two theories
of failure which are generally considered superior to the
maximum principal stress theory: (1) the maximum shear stress
theory and (2) the maximum distortion energy theory. These
theories are discussed in turn.

In the maximum shear stress theory it is assumed that
the breakdown of elastic behavior occurs when the maximum
shear stress in the material under the influence of triaxial
stress becomes equal to the maximum shear stress at the yield
- point in the simple tension test. There is rather strong ex-
perimental support for this theory, as both tension test spec-
imens and pressure vessels are observed to fail through shear.

It can be shown that the maximum shearing stress is
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one-half the difference between the maximum and minimum prin-
cipal stresses (85, p. 15). Thus, for a thick-walled cylin--

—_—

der

o, -0
T(max.) = ——tz L C-15

Upon substitution of the values of 0. and ¢, from Equations

t
C-12 and C-13, Equation C-15 becomes

(rz/r)2 Py

c-16
K2-1

T(max.) =

Equation C-16 gives the maximum shearing stress at any arbi-
trary value of r. It is apparent, however, that the greatest

shearing stress is always at rl where

K% p
T(max.) ® r, = —02=> c-17
1 g2

With the maximum shear stress criterion for breakdown of

elastic behavior, T(max.) @ r. is replaced by Ty' the shear

1
stress at the yield point in the simple tension test. The
value of Ty in terms of the principal stress at the yield
point is

(0, - 0)
‘ry = —-L—2 Cc-18

The combination of Equations C-17 and C-18 results
in an expression for the maximum internal pressure which can
be tolerated within the limits of elastic action.

aY(l(2 - 1) 7
Py (max.)= 2 K}‘ C-19
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Equation C-19 is the design equation resulting from

the maximum sheatr stress theory. Its counterpart in the
maximum principal stress theory is Equation C-14. Customari-
ly, the maximum allowable stress in Equation C-19 is taken

as some value less than ay in order to provide a margin of
safety.

The basic concept of the maximum distortion energy
theory of von Mises is that breakdown of elastic behavior
occurs when a certain level of distortion energy per unit
volume of material is imposed, regardless of how the distor-
tion is brought about. A development of the theory may be
found elsewhere (85, Chapter 6). The practical result of
the theory arises from the ability to equate the distortion
energy at elastic breakdown for a triaxial stress condition
to that in a simple tension test; in so doing, one obtains
the relationship
it [ (0,002 + (o,0,)% + (oz-—at)?'] =1t¥,2 c-20
where oy is the yield stress of the material in simple ten-
sion.

Observing that Zcz =¢g,  + ar and also'that 27 (max.)

t
= ct-cr.~Equation C=-20 reduces to the following expression

relating T(max.) and o That ‘is,

y.
(o
T(max.) = -51 c-21

With this substitution made in Equation C-17, the design

equation with the von Mises theory becomes
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0. (K2 - 1)
= ——_— -
SRy c-22

This result may be compared with the design Bquation C-14 for
the maximum principal stress theory and Equation C-19 for the
maximum shear stress theory.

Voorhees, Sliepcevich and Freeman (89), in their study
of creep rate and stress for rupture in metals at high tem-
perature, report better agreement with the von Mises theory.
They further suggest two design criteria, one for high creep
rate materials and another for those materials in which
creep is slow. For high creep materials, a design stress of
80 per cent of the stress for 2 per cent creep in the antici-
pated life is recommended; whereas, with materials of low
creep rate, the recommended allowable stress is 80 per cent

of the stress for rupture with a specified l1life.

Design Calculations

The reactor was constructed of seamless, Type 316,
stainless steel tubing with guaranteed minimum life of 1000
hours in a stress rupture test at 1200°F. with a 25,000
p.s.i. stress. The tubing dimensions were 9/16-inch outside
diameter and 3/8-inch inside diameter, giving a K value of
1.5. Thus, the calculated allowable internal préssure by the
three design methods is as follows:

c(allowable) = (0.8)(25,000) = 20,000 p.s.i.
I. Maximum Principal Stress Method

2
_(k2-1) . _ 20,000) _
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II. Maximum Shear Stress Method

P, = -ﬂi%lla - W = 5,550 p.s.i.

IXI. HMaximum Distortion Energy Method

20
P, = Vs K? 114—51%5—5§?91 6,400 p.s.i.

All other tubing (Type 304 stainless) used in the
high pressure system, and the preheater Kuentzel bombs (Type -
316 stainless) as well, had a diameter ratio of K= 2,0,
Hence, the reactor allowable pressure establishes the opera-

ting limit.

Effect of Thermal Stregs

To this point, thermal stresses have not been con-
sidered. In the reactor, the steady state, outward flow of
heat actually contributes to a reduction in the maximum tan=-
gential stress; hence, the calculated maximum allowable pres-
sures -are conservative. The contribution of thermal stresses
in the design of monoblock vessels has been discussed thor-
oughly by Whalley (94, 95). From his results, for steady-
state heat flow in cylinders, the contribution of thermal

stress to the tangential stress o, is

2
-8 i;___[ r1"] . In z/x; ]
2 -1 |t - ln K " ITn K c-23

B = %Efﬂb
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a is the thermal coefficient of expansion and AT is defined

as (T; - T,). Upon applying Equation C-23 at the reactor in-
side radius, it is found that for each 1°F. the inside wall
temperature exceeds that of the outside wall, the tangential

stress is reduced by approximately 220 p.s.i.



APPENDIX D

EVALUATION OF DIFFUSIONAL EFFECTS AND VALIDITY
‘OF THE PLUG-FLOW ASSUMPTION

When turbulent flow exists in a tubular reactor, the
simplifying assumption of plug-flow is usually satisfactory
in the analysis of kinetic data. In the laminar flow regime,
however, plug-flow can be assumed, without significant error,
only under certain conditions. It is the purpose of this
section to explore the suitability of the plug-flow assump-
tion fci the experimental runs of the present investigation.

From the summary of Reynolds number calculations in
Table 9, . it will be observed that laminar flow prevailed
in all runs, and that the maximum Reynolds number (1524) oc-
curred in Run I-1. It -is, of course, well known that for
fully developed laminar flow in a circular tube, in the ab-
sence of diffusion, natural convection, and thermal effects,
the radial velocity distribution is given by the Poiseuille
equation,

. 2
vir) =v (1 -'if)

Further, it is apparent that with such flow, the

molecules along the central streamline will have a residence

212
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time (or reaction time) which is less than that of a volume
element at any radius, O<r£R. Bosworth (7) has considered,
at length, the distribution of reaction times for laminar
flow in cylindrical reactors. In the absence of diffusion,
he has shown that the reaction time distribution function is

2
F, = H(T - To) 2To" |, where F,4T represents the fraction of

3
T
molecules with reaction times between T and T + 4T. Bosworth

also developed the more complicated distribution functions
which account for radial and longitudinal diffusion. Out of
his mathematical treatment, two very practical relationships
were derived. First, he has shown that the reaction time
distribution in laminar flow is essentially unchanged by
longitudinal diffusion provided the length of the reaction
section is greater than 360J5?; . Secondly, radial diffusion
does not significantly alter the distribution if the radius
of the reactor is greater than 1aJEF; .

In Table 10, the calculated values of 18/DT_ and
360J5?6 have been tabulated for each run. Since the dimen-
sions of the gold-lined reactor were R = 0.01428 ft. and L =
13.786 ft., it is apparent from Table Q¢ that while the in-
fluence of longitudinal diffusion on the reaction time dis-
tribution is negligible for all runs, the opposite is true
for radial diffusion. The fact that the quantity 1eJD_r° is
large in comparison with R suggests that radial diffusion
may be of sufficient magnitude to make plug-flow a reasonable

assumption. This possibility is explored with a criterion
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developed by Cleland and Wilhelm (11). These authors, by

numerical integration, obtained a solution for the basic
partial differential equation describing the concentration
field in a circular tube where a fluid in the laminar-flow
regime is undergoing a first-order reaction. In dimension-

less form, the equation which they solved was

-(1-02)§_+a§__2° +123 .c=0 D-1
3 U2 UdU
where
_ keZ c D
A vo P C—-é-o, a-ic?- and U = £

Equation D-1 involves the assumptions that, (1) laminar flow
is fully developed, (2) axial diffusion is negligible in com-
parison with radial diffusion, (3) isothermal conditions pre-
vail, and (4) diffusivity remains constant throughout the re-
actor. The solution was with the boundary conditions:

(1) when A =0, C =1

1, 2€ _
av - °

(2) when U

For the present analysis, the important.result obtain-
ed from the Cleland and Wilhelm solution is their criterion
for approach to plug-flow conversions; viz., that the product
ol must be greater than unity. From Table 11- it is seen
that this criterion is satisfied for all runs except I-1l, I-2
and I-3. However, upon further analysis of the Cleland and
Wilhelm solution (from their Figure 3), it is observed that

for the combination of high diffusion parameter, a, and low
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contact time parameter, \, such as exist for Run I, the ap-
proach to plug-flow conversion still prevails.

It should be pointed out that the problem which
Cleland and Wilhelm solved by numerical methods has since
been solved analytically by Lauwerier (50). Recently,
Wissler and Schechter (96) have calculated the eigenvalues
for the Lauwerier solution and compared the results predicted
by the two methods. The numerical results of Cleland and
Wilhelm were found to be in excellent agreement with the for-
mal solution.

Danckwerts (13) has analyzed the influence of longi-
tudinal diffusion on tubular reactor conversion for first-
order reactions in the absence of velocity gradients. He
found that while longitudinal diffusion tends to lower the
conversion below that expected for plug-flow. The effect
is, nevertheless, negligible provided the relationship
ko2 DL/{v)3 <<1 holds. All runs in this investigation ful-
£ill this criterion.

In summary, it can be said that though all the runs
of this investigation were in the laminar region, radial dif-
fusion was sufficiently high, and longitudinal diffusion suf-
ficiently low, to permit the assumption of plug-flow in anal-
ysis of the kinetic data without introducing significant
error. Further, it is known that disturbances such as those
arising from entrance effects, natural convection, tempera-
ture gradients, and deviation from axial symmetric flow owing

to the coiled construction of the reactor, all contribute to
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an increase in the effective radial diffusion, and hence a

closer approach to plug-flow. Concerning the entrance ef-
fect, fully developed laminar flow is approached only safcer
approximately 0.03 Re pipe diameters; thus, since the reactor
has a length of 482.7 pive diameters, calculations, using the
Reynolds numbers of Table '9-,.. reveal that the length of the
entrance region for all runs is between 1.0 to 9.5 per cent
of the total reactor length.

Since the properties Pme Hn and D for cyclopropane-
propylene mixtures have not been measured and reported in the
literature, even at low preésures, the values used in the
tables of this appendix have been estimated by the procedures
described below: '

(1) Densities were calculated from the expression
Py = PM/ZmRT using the arithmetic average of the inlet and
outlet reactor compositions. Z, was read from the conven-
tional generalized correlation (59), with pseudo-reduced tem-
perature and pressure calculated by Kay's rule.

(2) Viscosities of cyclopropane were used in all
cases for B for two reasons: First, in most runs the con-
version was low and hence cyclopropane was the predominant
component. Secondly, over the temperature range of operation,
the maximum difference between cyclopropane and propylene
viscosities is only 6 per cent, as seen from Figure 36. 1In
Figure 36, the available low temperature viscosity data have

been extended through linear extrapolation on a plot T3/2/p°
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versus T. Because of the limited amount of data available

on the viscosity of cyclopropane, the extrapolation has been
made with the aid of one viscosity calculated from the Bromley
and Wilke equation; i.e., Equation 6-~16 of Reid and Sherwood
(69) . The measured viscosities of cyclopropane used in Fig-
ure 36 are from the work of Lambert (48). Viscosities at
atmospheric pressure obtained from Figure 36 were extended

to pigher pressures using the values of p/ﬁo from Figure 6-1
of Reid and Sherwood.

(3) Diffusivities for the cyclopropane-propylene
binary mixtures were calculated from Slattery's empirical
equation: Equation 8-19 of Reid and Sherwood. Pressure cor-
rections were estimated from Figure 8~2 of the same refer-

ence.



TABLE 9
Reynolds Number Calculations
d = 0,02856 ft.

p x10° v_x10°
m o Fm m (v pe = &)

Run No. b /ft lbm/ft-sec ft“/sec ft/sec Vo
I-1 1.504 1.519 10.100 0.539 1524
I-2 2.883 1.563 5.421 0.233 1228
I-3 4,372 1.592 3.641 0.150 1177
I-4 5.885 l.678 2.851 0.088 882
II-1 1.507 1.480 9.821 0.157 457
II-2 3.011 1.522 5.055 0.100 565
II-3 4.576 1.550 3.387 0.061 514
II-4 6.169 1.635 2.650 0.043 463
III-250 0.800 1.396 17 .450 0.122 200
III-1 1.576 1.437 9.118 0.070 219
III-2 3.141 1.478 4.706 0.036 218
III-3 4.808 1.505 3.130 : 0.023 210
III-4 6.507 1.587 2.439 0.014 164
IvV=-1 1.396 l.568 11.232 0.276 702
V=250 0.787 1.418 18.017 0.229 363
V-1 1.539 1.460 9.487 0.072 217
V-2 3.077 1.502 4.881 0.028 164
VI-l 1.476 1.501 10.169 0.257 722
VI-2 2.950 1.544 5.234 0.115 628

vVIiI-3 4.472 1.572 3.515 0.069 561

81¢



TABLE 9-=-=Continued

5 ‘ 6
Py b0 “ma (v)
3 2
Run No. Lanfi 1b /ft-sec £t“/sec ft/sec
———— PR | e —————— n——
VII-250 l.726 1.502 : 20.688 0.518
VII-1 1.420 1.546 10.887 0.201
VII-2 2.831 1.590 5.616 0.115
VIII-250 0.701 1.542 21.997 0.581
IX-1 1.507 1.480 10.182 0.360
IX~2 3.010 1.522 5.056 0.171
IX~-3 4,571 1.550 3.391 0.106
IX-4 6.168 1.635 2.651 0.073
X-1 1.509 1.480 9.808 0.182
X=2 3.011 1.522 5.055 0.086
X-3 4.626 1.550 3.351 0.052
X-4 6.175 1.635 2.648 0.934
XI-250 0.690 1.564 22 .666 . 0.826
XIv-1l 1.509 1.480 9.808 0.254
XIV=-2 3.008 1.522 5.060 0.112
XIVv-3 4,569 1.550 3.392 0.070
XIV-4 6.169 1.635 2.650 0.048
XvV=-1 1,4465 1.519 10.501 0.241
XXI~-1 1.448 1.519 10.490 0.371
XXII-1 1.449 1.519 10.483 0.310
XXII-2 2.887 1.563 5.414 0.122
XXII-3 4.366 1.592 3.646 0.068
XXIII-250 0.667 1.607 - 24,090 0.896

715
723
575

754

1009
966
865
818

529
486
443
367

1041

740
632
589
517

655
1010
845

533
1062

61¢



TABLE 10

Parameters for Evaluation of Significance
of Longitudinal and Radial Diffusion

Dx10° T Dr _x10% /o7 18/BT,  360/DT

Run No. £t2 /gec Sec £¢2 i £t £t
T-1 1.218 12.80 1.559 0.01248 0.225 4.49
T-2 0.628 29.61 1.860 0.01364 0.246 4.91
1-3 0.413 46 .04 1.901 0.01380 0.248 4.97
T4 0.306 78.35 2.398 0.01549 0.279 5.58
II-1 1.185 44 .02 5.216 0.02284 0.411 8.22
11-2 0.588 68.60 4.034 0.02009 0.362 7.23
1I-3 0.386 112.7 4.350 0.02086 0.375 7.51
TI-4 0.287 158.6 4.552 0.02397 0.431 8.63
TII-250 2.195 56.70 12.45 0.03529 0.635 12.70
ITI-1 1.105 98.80 10.92 0.03304 0.595 11.89
IIT-2 0.549 190.4 10.45 0.03233 0.582 11.64
I11-3 0.360 295.4 10.63 0.03260 0.587 11.74
II1-4 0.268 485.9 13.02 0.03608 0.649 12.99
V-1 1.331 24 .94 3.320 0.01822 0.328 6.56
V-250 2.278 30.10 6.857 0.02619 0.471 9.43
V-1 1.146 95.45 10.94 0.03308 0.596 11.92
V-2 0.570 243.0 13.85 0.03720 0.670 13.39
vVI-1 1.224 26.81 3.282 0.01812 0.326 6.52
VI-2 0.608 60.15 3.657 0.01912 0.344 6.88
vVI-3 0.399 100.3 4.002 0.02002 0.360 7.21

oce



TABLE 10---Continued

5

Dx10 7o nrroxlo4 VDT 18/B7 360/DT

Run No, ft2/sec Sec £t2 ft £t £t
VII-250 2.592 13.30 3.447 0.01857 0.334 6.69
VII-1 1.306 34.30 4.480 0.02375 0.428 8.55
VII-2 0.648 59.70 3.869 0.01967 0.354 7.08
VIII-250 2.874 11.86 3.409 0.01846 0.332 6.65
IX-1 1.185 19.17 2.272 0.01525 0.275 5.49
IX-2 0.588 40.37 2.374 0.01541 0.277 5.55
IX-3 0.386 65.15 2.515 0.01586 0.285 5.71
IX-4 . 0.287 94 .80 2.721 0.01650 0.297 5.94
X-1 1.185 37.90 4.491 0.02378 0.428 8.56
X-2 0.588 80.40 4.728 0.02174 0.391 7.83
X-3 0.386 133.0 5.134 0.02266 0.408 3.16
X-4 0.287 203.9 5.852 0.02419 0.435 8.71
XI-250 2.850 8.34 2.377 0.01542 0.278 5.55
XIV-1 1.185 27.10 3.211 0.01792 0.323 6.45
XIV-2 0.588 61.50 3.616 0.01902 0.342 6.85
XIV-3 0.386 98.15 3.789 0.01947 0.350 7.01
XIV-4 0.287 142.8 4.098 0.02024 0.364 7.29
Xv-1 1.218 28.62 3.493 0.01869 0.336 6.73
XXI-1 1.265 18.57 2.349 0.01533 0.276 5.52
XXII-1 1.265 22.27 2.817 0.01682 0.303 6.06
XXII-2 0.628 56.70 3.561 | 0.01887 0.340 6.79
XXII-3 0.413 100.9 4.167 0.2041 0.367 7.35

XXIII-250 3.019 7.69 2.322 0.01524 0.274 5.49
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Run no.

I-1
I-2
I-3
I-4

Ir-1
II-2
II-3
II-4

III-250
III~-1
III-2
III-3
III-4

IV-1

V=250
V-1
V=2

VI-1
VI-2
Vi-3

TABLE 11

Parameters for Evaluation of Validity of Plug Flow Assumption

R = 0.01428 ft.

L = 13.786 ft.

Diffusion

ke Dx105 Paramgter Vb

sec™t £t2/sec A= chZ ft/sec
1.160x10~3 1.218 51.40 1.078
1.142x10~3 0.628 26.97 0.466
1.205x10"3 0.413 16.81 .  0.300
1.082x10~3 0.306 13.87 0.176
2.673x10-4 1.185 217.4 0.314
2.555x10~4 0.588 112.9 0.200
2.428x1074 0.386 77.97 0.122
2.276x10™4 0.287 61.84 0.086
5.953x%10~5 2.195 1808.0 0.244
5.577%x10~5 1.105 971.7 0.140
5.305x10~2 0.549 507 .6 0.072
4.740x10™5 0.360 372.5 0.046
4.,728x10-5 0.268 278.0 0.028
5.624x10™3 1.331 116.1 0.552
9.883x10~° 2.278 1130.0 0.458
9.390x10:2 1.146 598.5 0.144
1.060x10 0.570 263.7 0.056
5.875x10% 1.224 102.2 0.514
6.154x10~4 0.608 48.45 0.230
6.123x10~4 0.399 31.96 0.138

Contact Time
Parameter

A= Vo

0.01484
0.3378
0.05537
0.0875

0.01174
0.01761

0.02744

0.03648

0.003364
0.005492
0.010158
0.01420
0.02328

0.14050

0.002975
0.008990
0.02609

0.01576
0.03689
0.06117

a)

0.7643

0.9110
0.9924
1.175

2.552
1.988
2.139
2.256

6.082
5.337
5.156
5.290
6.472

16.310

3.362
5.381
6.880

1.611
1.787
1.955

cee



TABLE 11l ---Continued

Diffusion Contact Time
k, Dx10° D v kel
C = === (o] A = —

Run No. gec—1 £t2/sec kcR® £t /sec Ve o)\
VII-250 2.819x1073 2.592 45.09 1.036 0.03751 1.691
VII-1 1.941x10~3 1.306 33.00 0.402 0.06656 2.196
VII-2 2.317x10-3 0.648 13.72 0.230 0.1389 1.906

VIII-250 1.130x10"2 - 2.874 12.47 1.162 0.1341 1.672
x-1 2.707x10~4 1.185 214.7 0.720 0.005184 1.113
IX-2 2.658x10™4 0.588 108.5 0.342 0.01071 1.162
IxX-3 2.718%x10™4 0.386 69.65 0.212 0.01767 1.231
IX-4 2.669x10~4 0.287 52.74 0.146 0.02520 1.329

X-1 2.740x10™4 1.185 212.1 0.364 0.01038 2.202
X-2 2.498x10™4 0.588 115.4 0.172 0.02002 2.310
X-3 2.797x1074 0.386 67 .68 0.104 0.03708 2.510
X-4 2.459x10™4 0.287 57.24 0.068 0.04985 2.853
XI-250 2.194x10-2 2.850 6.368 1.652 0.1831 1.166
XIV-1 3.256x10~4 1.185 178.5 0.508 0.008835 1.577
XIV-2 2.791x10~4 0.588 103.3 0.224 0.01718 1.775
XIV-3 2.547x10™4 0.386 74 .33 0.140 0.02508 1.864
XIV-4 2.049x10™4 0.287 68.69 0.096 0.02942 2.021
Xv-1 1.239x10"3 1.218 49.89 0.482 0.03515 1.754
XXI-1 1.158x%x1073 1.265 53.58 0.742 0.0215 1.152

XXII-1 1.182x10~3 1.265 52.49 0.620 0.0263 1.380

XXII-2 1.120x10"3 0.628 27.50 0.244 0.0633 1.741

XXII-3 0.941x10-3 0.413 21.52 0.136 0.0954 2.053

XXIII-250  7.705%10"2 3.019 1.922 1.792 0.593 1.140

X A4
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APPENDIX E

IGNITOR AND BASO DEVICE ELECTRICAL CIRCUITS
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BURNER AND SAND BATH HEATER DRAWINGS
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TABLE 12

BUMMARY OF EXPERIMENTAL RESULTS

. Rate nimrmmm
Average Average Propy-~ Propy=- Conatant Dry
Temp. Press. Rasidence Velocity lene lsne Conv. x Product sCrm
Time (v) Outlst Inlet € 4 Gas Ratio
Run Mo. °p peig () (mec) (ft/sec) % % % {sec) (scr) x100 Notas
I-1 948.3 320 25.60 0.539 3,08 0.16 2,92 1.160x10"3 0.2352 97.24 cr, uLP
I-2 950.8 1000 59.21 0.233 6.83 0.31 6.54 1.142x103 0.2326 97.39 cr, MLP
I-3 949.9 1500 92.08 0.150 11.00 0.5 10.5) 1.205x103 0.2267 98.68 cp, RLP
I-4 950.3 2000 156.7 0.088 16.03 0.52 18.59 1.082x10~3 0.179% 96.44 cr, TLP
I1-1 900.1 500 88.03 0.157 2.44 0.14 2.30 2.673x10~4 0.0818 99.61 CP, MLP
Ix-2 900.0 1000 137.2 0.100 3. N 0.29 3.45 2.555x10~4 0.1048 99.14 cp, NMLP
I1-3 899.6 1500 225.3 0.061 5.67 0.37 5.32 2.428x10™4 0.0970 99.23 CP, MLP
14 899.9 2000 317.2 0.043 7.63 0.71 6,97 2.276x104 0.0929 99.04 cP, MLP
1131-250 850.5 250 113.4 0.122 0.72 0.0% 0.67 $.953x10-3 0.0337 100.44 cp, WLP, (a)
I11=-1 850.9 500 197.6 0.070 1,20 0.10 1.10 5.577x10"5 0.0381 99.33 cp, ¥LP, (a)
I11-2 850.4 1000 380.8 0.036 2.11 0.21 1.90 5.305x10"3 0.0393 100.16 cp, WP, (a)
I1X1-3 850.4 1500 590.7 0,023 3.08 0.33 2.76 4.740x10"5 0.0389 100.55 cp, ¥LP
1134 850.1 2000 971.8 0.014 4.94 0.47 4.49 4.7268x10"5 0.0320 100.06 CcP, MLP
IV-1 999.5 500 49.87 0.276 25,3 1.1 24.2 5.624x10~3 0.1337 100.70 CcP, NLP
Iv=2 999, 1000 - - - - - - 0.1106 86.67 cp, LP, (b)
v=-250 874.6 250 60.20 0.229 0.85 0.26 0.59 9.883x10™3 0.0624 100.16 cP, NLP
V-l 875.4 500 190.9 0.072 2.27 0.50 1.78 9.390x10~5 0.038% 96.68 cp, NWLP
v=2 874.7 1000 485%.9 0.028 $5.73 0.7 5,02 1.060x10™¢ 0.0303 91.08 cp, uLP, {(c)
V=3 875.2 1500 1025.1 0.013 9.90 1.40 8,62 8.789x10~5 0.0219 88.66 cp, wMLp, (c)
v-4 875.1 2000 2015.7 0.007 9.18 1.71 7.60 3.969x10~3 0.0154 79.38 cp, LP
vIi-1 925 .4 500 53.62 0,257 3.43 0.34 3.10 5.875x10~4 0.1318 99.80 CP, NLP
vi-2 925.1 1000 120.3 0,115 7.55 0.44 7.14 6.154x10~4 0.1171 99.27 CP, MLP
vi-3 925.3 1500 200.6 0.069 12.00 0.51 11.55 6.123x10~4 0.1065 98.4 CP, BLP
Vi-4 924.8 2000 293.2 0,047 14.62 1.26 13.53 4.956x10~4 0.0983 96.8) cp, LP
viI-250 974.8 250 26.60 0.518 68.03 0.87 7.22 2.819x30~3 0.1303 99.00 CcP, NLP
vIz-1 975.0 500 68.59 0.201 13.40 1.06 12.47 1.941x10"3 0.1214 100.14 CP, NLP
vii-2 974.7 1000 119.4 0.11% 25,10 1.2% 24.15 2.317x10°3 0,1133 96.96 CcP, TLP
vIX~1200 974.9 1200 — - - - - - 0.1034 91.68 cp, LP
VIIX-250 1024.6 250 23.74 0,581 24.04 0.72 23.49 1.130x10"2 0.1412 101.02 CP, MLP
VIiz-l 1025.0 500 54.76 0,252 44,65 1.84 43,61 1.046x10-2 0.219% 95,06 cp, TIP®, (4)
IX=-1 899.6 500 38.34 0.360 1.17 0.14 1.03 2.707x10™4 0.1878 97.85 CP, TLP
IX=-2 899.6 1000 80.73 0.172 2.34 0.22 2.12 2.658x10™4 0.1781 98.51 CP, TLP, {(e)
-3 899.7 1500 130.3 0.106 3.74 0.27 J.48 2.718x1074 0.1676 98.32 cp, T2, ()
IX~4 $00.0 2000 189.6 0.073 5,33 0.42 4.93 2.669x10™4 0.1554 97.84 cp, TP, ()
x= 899.9 300 75.80 0.182 2.28 0.23 2.08 2.740610~4 0,0951 99.12 cp, Ty, (£)
X-2 899.7 1000 160.8 0.086 4.19 0.26 3.94 2.498x104 0,0895 98.90 cr, TIY, an
X=-3 900.3 1300 266.0 0,052 7.58 0.46 7.1% u.qo.?uon» 0,0823 99.54 cp, TIR, (£)
X4 899.9 2000 407.8 0,034 10.15 0.65% 9.56 2.459x10 0.0723 98.38 cp, TP, (£)
XI-250 1049.4 250 16.68 0,826 31,50 1,26 30.63 2.194x1072 0.197% 98.5) cp, mp, (82)
XI-1 1050.6 500 — - - - - - 0.1809 93.12 cr, tp, (£)
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SUMMARY OF EXPERIMENTAL RESULTS~--Continued

Rate Rroduct
Average Averags Propy- Propy=- Constant Dry Peed
Tenp. Press. Residence Vslocity 1lene lens Conv. Ko Product sCrm
Time (v) Outlet Inlet -1 Gas Ratio
Run Mo, b psig (7) (sec) (ft/sec) % % % (sec) (scm) %100 Motes
X1I=-1 900.3 500 - - 3.57 5.55 -2,10 - 0.1889 97.50 X8, TLP, (£), (¢}
I~-2 899.4 1000 - - $.10 5.40 =0.32 - 0.1818 98.36 X8, TP, (£}, (9)
XI1-3 900.7 1500 - - 6.64 5.70 1.00 - 0.1689 97.89 », we, (£), Sw
XII-4 899.8 2000 - - 8.20 6.16 2.17 -- 0.1860 98.0) X8, ¥Lp, (£), (¢
XI1I-1 899.9 500 - - 4.19 2.97 1.26 - 0.0803 100.03 s, wLp, (£), (g}
XI1X-2 900.0 1000 - - 9.04 6.45 2,77 - 0.0720 100,23 xa, wLp, (£), (q)
XI11~3 900.4 1500 - - (h) - - - 0.0618 98.26 B, wLp, (£), (g)
XIXXI~4 900.2 2000 - - {h) - - - 0.034% $0.82 X8, LP, (£), .aw
XIV=1 899.6 500 54.20 0.254 3.43 1.71 1,78 3.256x1074 0.1330 97.99 KB, dLP, (1)
XIV=-2 900.0 1000 123.0 0.212 6.04 2.76 3,37 2,791x10™4 0.1168 97.72 >3, wLp, (1)
XIV=-) $00.0 1500 196.3 0.070 8.3% 3.6 4,90 2.547x10~4 0.1112 96.45 X8, wLp, (1)
XIV-4 899.8 2000 285.6 0.048 10.42 5.02 5,69 2.049%10™4 0.1032 96.65 », Wp, (1)
V=1 949.8 500 57.24 0.241 10.60 4.0 6,85 w.nuoxponw 0.1207 96.37 B, NLP, (3)
AV=2 950.0 1000 118.72 0.116 18.1% 7.50 11.51 1.,030x10" 0.1169 94.34 B, TP, (J)
xXv=3 $50.1 1500 - - e - —- - 0.095% 85.44 x», LpP
xv=3{9/16") 950.2 1500 - - - - - - 0.1571 92.54 X8, LP
xXv-4(9/16") $49.9 2000 - - e - - - 0.1320 83.54 XB, LP
Xvi-l 850.0 500 89.83 0.153 0,766 0.620 0.147 1.637x1073 0.0834 99.28 B, WLp, (k
xXVI-2 849.4 1000 196.0 0.070 1.148 0.84) 0.310 1.607x30"3 0.0767 98.29 B, TLP, (X
AVI=3 549.8 1500 330.4 0.042 1.752  1.287 0.471  1.432x10-3 0.0695 97.33 X8, ¥LP, (X
XVi-4 8%0.0 2000 537.3 0.026 2,651 1.92) 0.742  1.398x10°5 0.0570 94.62 xB, P, (X)
XVII-1 899.8 500 54.26 0.2%4 2.04 1.82 0.53 9.766x10"3 0.1327 98.085 X8, NLP, (1
XVIi-2 $00.0 1000 111.9 0.123 3.06 2.06 1.02 9.156x10"3 0.1284 98.06 », TP, (1
XVIi-3 $00.0 1500 186.9 0.074 4,38 2.78 1.61 8.710x106~3 0.1169 98.75 X8, uLp, (1
XVIi-4 899.7 2000 279.6 0.049 6,06 4.00 2,15 7.746x103 0.1054 95.26 xB, wLp, (2
XVIXII~2 899.8 1000 207.0 0.067 4,69 1.78 2.96 1.454x10~4 0.0696 101.1 cp, uLp, (1), (m)
XIX=-1 899.8 500 104.9 0.131 2,74 0.48 2,27 2.190x10~4 0.0687 101.27 cP, WLP, (n
XIX=-2 900.1 1000 210.4 0.066 4.88 0.74 4.18 2,027x30"4 0.068) 98.49 cp, WLP, (n
AXX~3 900.2 1500 386.7 0.026 7.80 0.94 6.93 1.,854x10-4 0.0865 94.26 cp, mp, (n
XX) 949.6 500 39,32 0.351 3,81 0.22 3.59 9.307x10"4 0.1761 95.70 cp, wWL?, (o
WX=2 950.2 1000 80.91 0.170 8.29 0.3} 8,01 ...ou_.xnou“ 0.1703 97.90 cp, b, (o
xX=-3 950.2 1500 125.9 0.109 12.10 0.51 11.68 o.wuva.ol 0.1658 96.71 cp, mLP, (o
WA -4 949.9 2000 180.6 0.076 15.43 0.73 14.02 8.863x10 0.15%87 96.29 cp, P, (o
XI-1 949.8 500 37.13 0.371 4.44 0.24 4.21 1.158%1073 0.1863 97.67 cp, uwp, {p)
poselDN 950.0 500 44.%4 0.310 5.50 0.39 $.13 u.wouxuouw 0.1554 90.22 cp, ML, {(q), (r)
XX11-2 949.5 1000 113.4 0.122 12.80 1,00 11.92 1.120x%10 H 0.1216 98.03 cp, e, (q), (r)
XXII-3 950.0 1500 201.9 0.068 18.40 1,38 17.28 0.941x10™ 0.1033 96.38 cp, mLp, (r
X1-4 950.1 2000 - - 16,90 1.43 15.69 - 0.0848 80.62 cP, 1p, (r)
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SUMMARY OF EXPERIMENTAL RESULTS~--Continued

Rate

Average Average Propy- Propy- Constant Dry reed

Tenp, Press. Residence Velocity lene lene Conv. X Product SCrM

Time (v} Outlet Inlet S a1 Gas Ratio

Run No. op psig  (r) (sec) (ft/sec) % % % (sec) (scry) x100 Notes

AKIII-250 1100.1 250 15.38 0.896 70.40 3,14 69.44 'I.705x10"2 0.2072 96.19 cp, NLP, (s)
Iv=-1 024.9 500 112.2 0.123 2.49 0.2%5 2.24 2,028x10™% 0.0682 99.4) cp, NLP, (t)
AXIV=-2 824.9 1000 224.5 0,061 2,90 0.46 2.45 1,105x10 0.0685 97.33 cpP, TLP, (t)
XXv=1 825.0 500 109.1 0.126 1.4% 0.11 1,34 1.238x10™4 0.0701 94.49 CP, NLP, (u)
XXVI=1 899.8 500 61.8 0.223 4.4%5 0,60 3.8% 6.812x10"% 0.1165 101.24 cp, NLp, (v)
xvr=-2 900.5 1000 116.4 0.110 $.21 2.04 2,94 2,095%x10~4 0,1234 100,33 cp, NLP, (v)
AXVII~1 899.9 500 5$8.8% 0.236 1,00 0.25% 0,75 1.287x10~4 0.1228 99.44 cp, NLP, (w)
AXVIT=2 900.6 1000 118.6 0.116 2,04 0.54 1.51 1.281x1074 0.1212 98.01 cp, NLP, (w)

Gte
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Footnote Comments on Experimental Results

preheater constructed from coiled, stainless steel
tube, 1/8" o.d. by 1/16" i.d. with 15'-7-3/8" length.
preheating acéomplished in four modified Kuentzel
bombs connected in series.

no liquid product in receiver at conclusion of run.
trace of iiquid product in receiver at conclusion

of run.

liquid product present in receiver at conclusion of
run.

liquid product approximately 10 per cent by weight
of feed on Run IV-2. Plugging occurred at reactor
outlet at close of run. Decoked with compressed air
at 1500 p.s.i. and 900°F. First decoking operation.
recycle valves were found to be leaking at the end
of Run V, thus providing an explanation for the low
recovery. The kc values ‘are calculated from product
gas meter flow and hence are correct.

plugging at reactor outlet occurred when raising

.pressure to 750 p.s.i. after Run VIII-l. The ob~-

struction was removed in approximately 10 minutes
with compressed air at 2000 p.s.i. and 1025°F.

broke handle on preheater outlet sample valve on Run
IX-2.

inlet composition was determined after runs by pass-
ing feed through the preheater alone, with reactor

bypassed.
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after Run XII and XIII the Kuentzel bomb preheaters

were found partially-piugged and were decoked. The
decoking procedure activated the preheater to the
extent that subsequent measured preheater outlet
compositions could not be used to obtain the true
reactor conversion.

chromatograms showed other products in addition to
propylene and cyclopropane.

returned to use of sample connection at reactor in-
let.

favorable comparison with Run I.

the calculated k.c values of Run XVI were found to

be much lower than those for Run III. This discrep-
ancy was later found to be the result of carbon ac-
cumulation in the reactor.

low kc value was later found to be the result of car-
bon accumulation in the reactor.

returned to use of stainless steel coil as preheater.
after Run XVIII, for two hours air was passed through
the reactor under 1500 p.s.i.‘pressure with tempera-
ture maintained between 900 and 1030°F. This opera- '
tion was partially successful. The reactor inlet
sample cooler was found plugged with fine carbon and
replaced after Run XVIII.

Run XX was made after decoking for five hours at

températures up to 1165°F. with compressed air under
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a pressure of 1200 p.s.i. The k.c values are 8 to
20 per cent below those of Run I, indicating the
presence of some remaining coke.

(p) - after Run XX, the reactor was decoked for an addi-
tional 5% hours at temperatures up to 1200°F. with
air at 1100 p.s.i. Excellent kc check with Run I.
Compressor failure prevented further runs.

(g) - The kc values of Run I were reproduced at the 500
and 1000 p.s.i. levels.

(r) - preheater became partially plugged when shutting
down after Run XXII. Preheater was cleared with
air under 2300 p.s.i. pressure, while maintaining
a temperature of 1100°F. Extremely fine carbon was
blown from the preheater. |

(s) - when raising pressure to 500 p.s.i., plugging started
at reactor outlet. Decoked one hour with air at
1900 p.s.i. while temperature was between 900 and
1000°F.

(t) - chromatograms indicated catalytic reaction in both
preheater and reactor. Pressure increased to 1400
p-s.i. on the pump discharge at the end of Run
XXIv-2. Passed air through system for 1% hours at
pressure between 1300 and 1800 p.s.i. and tempera-
ture from 825 to 1000°F. The k.c values were much

too high for thermal reaction alone. These runs were

the first to indicate a catalytic effect in the re-

actor.
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Run XXV-~l was made to see if the previous decoking
operation had been successful in eliminating the

unusual reactor behavior. It wasn't. Decoked again

with reactor at 1120°F. and preheater at 980°F. Air
pressure was maintained at 1000 to 1300 p.s.i. for

5 hours.

Run XXVI was made to determine if previous results
at 900°F. could be reproduced after the prolonged
decoking period. They weren't. On Run XXVI-1, k.
is 2.5 to 3.0 times too large. For Run XXVI-2, the
k. value is low. Chromatograms indicated large
quantities of two light producté eluted prior to
prop&lene in the product sample.

the unit was run for three hours prior to these ob-
servations until an equilibrium condition appeared
to exist. The k., values Qere at first high and then
low. The strange behavior starting with Run XXIV-1
was explained when the reactor was opened. The re-
actor lining was found to be collapsed for essential-

ly the full tube length.
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TABLE 13

SUMMARY OF RUNS USED IN ARRHENIUS CORRELATIONS

Run Number
Pigure 15 16 17 18 19
Pressure(psi) 250 500 1000 1500 2000
III-250 I-1 I-2 I-3 I-4
V-250 1I-1 1I-2 1I-3 11-4
VII-250 III-1 III-3 I1II-3 III-4
VIII-250 V-1 V-2 VI-3 IX-4
XI-250 V-1 VI-2 IX-3 X-4
XXIII-250 vVIi-1l VII-2 X=-3 XIv-4
VII-1
IX-1 IX-2 XIv=3
X-1 X=2 XXII-3
XIv-1l XIv=-2
Xv-1 XX1I-2
XXI-1
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THERMAL ISOMERIZATION OF CYCLOPROPANE

Run Data Sheet No. 1

Date &6//L/C4 Time (B)_‘_!é_

Run No._ Z/—4 (&)
Conditions:

Reactor Outlet Pressure 2000 + __ /0 psig

Reactor Temp. (No. 7) (a) 900.0 °F. 200.0 899.9

(L & N 8662) (b) 899,9 °F. 900.0) 4 e
(c) 899,65 °F.

Pump Discharge Pressure 2050 psig

Fluidizing Air Rate __B.o Rrdg

Propane Fuel Rate _ 9.0 Rdg (Glass)

Pump Cylinder: Near ¥ _ Far

Stroke Length 7//6 _ Inches

Cyclopropane Storage: Pressure _ /80 psig
Temp. 76 _ °F.

Wet Test Meter Temperature 22  °F.

Barometric Pressure 28.¢48 in. hg.

Chilled Water Temperature 36 °F,

Ambient Temperature 79.9 °F.

Observation Time Cyclopropane level (cm) Wet Gas Flow(CF)

No. (Minutes) (B) (E) . diff. (Uncorrected)

A ] 55.5 239 3.6 0.530
c 5 55.1 23,7 3.4 0,525
D 5 55.0 23.8 3.2 0.522
E 5 54,8 232 316 0.533
NOTE: Ave, 1.3  Max, vev. L40%
For Recorded Temperatures See Separate Strip
Chart.
Remarks:

Goop UNiForm METER RoTATiud



243
THERMAL ISOMERIZATION OF CYCLOPROPANE

Run Data Sheet No. 2

Run No. :Ir;4L
Auxiliary Readings: -
Preheater Powerstat: Near _{L %
Far _46 %
Bayley Sand Bath Control:
Coarse _9.22 Rdg
Fine A0 _ Rdg
Reactor Outlet Heater 75 %
Reactor Inlet Heater /00 %
CHROMATOGRAPH¥*
Observation Time for Cell Current Bath Temp.
No. 50 ml Helium Flow (sec) (milliamps) °F.
A 0.2 /0. 04 _/43./
B ——
c ———
D ——
E ———
F —_—
* Note - see separate chromatograms
LEGEND
T..C. No. Description

Preheater Side Well

Sand Bath Center Well (6"Length)
Sand Bath Top Well (12" Length)
Preheater Outlet (IC)

Preheater Top Well

Reactor Outlet (IC)

.Sand Bath Probe

Reactor Outlet (IC)

NV b WN N
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CALCULATION WORK SHEET NO. 1

Calculation of Corrected Wet Test Meter Flow Rates

Run No. -4

(1) Wet Test Meter Temperature

(2) VP &f Water @ WTM Temp.

(3) Barometric Pressure

(4) Total Wet Gas

(5) Observation Period

(6) WTM Temp. Plus 459.69

Dry Gas Volume

Fraction = (3)7@‘& -(2)[/0/‘

Dry Gas (SCFM) = (4)_ ¥ x(7)22.578 x(3)

8% .
//0/6 in. hg.

28,68 in. hg.

(see each obs.) cu. ft.

(se2 each obs.) min.

z’- 9 °R

=(7) 22.578 = 0.96/6

(3) 2848

(3) 28,68

X x519.69

(5)

S

=(4)_¥Y x (8)_0./769

Observation o

29.92 (6) 54/.69

(9)/Liquid Recovery

No. L o (9)_SCFM (SCFM) %
A (4)0.530 x(8)0./7¢9 0.0938 /0094 _99./5
B (4)0.5/6 x(8)__ v 0,093 /0.0925 _98.70
e (90525 %)~ 0099 /60940 58.83
D (4)0.5224(8) Y = 0.093 /0.093¢ D882
E (4) 0,533 x(8)__~ 0.0943 £0,099¢ 29.68
F (4) x(8) / -
Ave, 0.0929 29,04

May. Dev,

L72 %
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CALCULATION WORK SHEET No. 2

Calculation of Cyclopropane SCFM From Liquid Pumping Rate
Sight Glass Volume Per cm Lenght = 1.258 cc

Run No. 1‘4
(1) cyclopropane Storage Temperature 76 op.
(2) Cyclopropane Density 0.5987 qgn/cc
(3) ‘Liquid Pumped (level difference)(see each obs.) cm
(4) Observation Period (see each obs.) min
Weight Per cm = 1.258 x (2) _0_52!1__ = (5) _O/7532
Total Weight Pumped = (5) x (3) = (6)

SCPM = 1 379,37 _ 6
{4?'_' X 753.6 * 22.078 ~ 0-01988 x (4‘?" —

Observation

No. (3) (3)x(5) (4) (6)/(4) SCFM
2380 5 4%o 00974

A 3¢

B 309 23,27 5 4.65¢ 0.0925
c 3.4 23.65 5 4730 00940
D 31,2 2350 s 4700 0.093¢
E 3.6 #38 5 470 0,096
F
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CHROMATOGRAPH RESULTS

Date _6!”:/“

Run E""

Reactor Outlet

' Peak Height Ratio
Obgervation =/ Propylene %

A 0.]665
0.1592

0,1572-

0.1610
O ’26{

0. 64| 7.63

Preheater Outlet
B ao /1] 52-

0.06155

Ave 0. 0'53{ 007 I
Net Reactor Conversion w %

BOoOOw

Ave

Comparison of Standard Sample Checks With Calibration
Peak Height Ratio

Propylene =/A (or reciprocal when starred)
Bomb.No. % Calibration Check No. -Samples
1 93.81 0.0648% 0.0¢S8* |
2 82.73 0.2092* 0,a125% 3
3 73.08 0.3472%* 0.3507% 3
4 59.33 0.5822% 0.5880* Z
5 36.75 0.8482 0.3424 A
7 21.51 0.4696 0.4725 2
8 12.58 0.2701 0.2(92 3

Remarks:
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CALCULATION WORKSHEET
kc Date ‘/ 12/ ‘*

Run - £
Z RTF_1In(Y
x =-8--2L (_A%
c P VR (YA)
o
Pressure (p)_Z0/4.7 psia Vg = 0.00883 cu ft
Temp (T)_/359.59 °R R = 10.73

Evaluate 2, @ Arithmetic Average Composition

F,=__0:.0929 scrM = 9.408] X 10-5 moles/sec
(60) (379.37) '

CRITICAL PROPERTIES

T.(°R) _=___ —h
649 .80 716.06
P, (psia) 667.22 796.99

A\.re.Propylene MF=(0.7/ % in + 7. 63 % out)/200 = (1) 0.04/7

T (mix) = (1)0.047 (649.80) + {1.0 - (1)}0.9583 (716.06)=
(2)M3.3 or

Pg(mix)=(1)0.0417 (667.22)+{1.0-(1) 09583 (796.99)-(3)79/.5% psia

= {T) [359.59 = /9%
(To) 743,30 z. = _0.942

= on
pr, = GLEDLS « 2545

p T,

-5
k, = 121552 2,(0.42) T (/359,59) £ 0498/¥/0)1n(¥p) . 09929
P (20/4.7) : (Ya) _0,9237

= (0.3I53 X/O'z') x 1n ( /0749 )

= 03153 X0~ Qo722 . 2a14X/s0=%f _




APPENDIX I

REACTION RATES NEAR EQUILIBRIUM

Any reaction rate may be expressed in the functional
form

r = r(xl' x2 -o.xn: yl’ y2 oaaym) I-l

where Xn represents n thermodynamic variables; such as pres-
sure, temperature and component activities; and Y denotes
nonthermodynamic variables; such as, catalyst properties,
‘phenomenological quantities, etc. On the other hand, the
free enerqgy of reaction is a function of thermbdynamic vari-
ables alone; that is
p = &g(xy, x3°°xp) I-2

where AGR ='§Vi§i is the free energy change per mole of re-
actant (VR = 1) and vy signifies the stoichiometric coeffi-
cient for component i in the reaction equétion: negative for
reactants and positive for products.

It is permissible to replace any arbitrary thermo-

dynamic variable x, in Equation I-1 with its value in terms

b
of AGR from Equation I-2 to obtain a rate expression of the

form

r = fj (xl, x2'... j"'l' j:"l...xn; yll Y2...ym:&R) 1-3

248
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Since the choice of xj is arbitrary, there are n possible

equations like Equation I-3.
At equilibrium, r = 0 and AGR = 0; therefore,

gl Xy Xy X TR Y Yooy s 0) =00 X4

——

For each of the n equations in I-3, r can be express-

ed by Taylor's theorem as

r=Z [llis.:fl (X1 0%, ¢ Kj_1eXj410 " Xni¥)eY2re -Ym:AGR)] (AGp-A6,)P
P-a (&R)p
p=0 Mopg=6, I-5

Upon expanding Equation I-5 about &Gp=0 (at any one
of the many possible states of equilibrium), one obtains

r=f (x_,x_-°x

e e 14 o e - 3 - o -
PR IRTLI TR ) S FEL A% 0) - (&6 -0) I-6

af * e v LN [4 o0 4 [ ] - l
,,_%. i (xl,xz, IR ITETRA ) 210 PRl A 0) - (&5-0)

' - . 2
+ %.a : )(’;1"‘2' TKy-1eXgple K i¥ya¥pe o Ypi 0)-(&6-0)

+ etc .
The first term in Equation I-6 vanishes because of
Equation I-4. Fo? small values of AGR near equilibrium, se-
cond order and higher terms in Equation I-6 may be neglected.

Then the resulting rate expression near equilibrium is

af o e T b4 o0 ° . L
r = _1.(x1:x20 xj"'l'xj'i'l xnlyllyzl ym: 0) MR I-7

- From Equation I-6, it is apparent that, for a given
equilibrium condition, there can be only one Taylor series
expansion of r in terms of ASi:; hence, in Equation I-7

afl =-agj afh

= = fl -
3k, 3, 385 -8
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The relationship of Equation I-8 demonstrates that

near a given equilibrium condition, the net rate of reaction

is the same linear function of the free energy of reaction,

ragaxlleege of which thermodynamic variable is changed. This

result has been established by Manes, Hofer and Weller (56)
in a different way. Prigogine, Outer and Herbo (64) have
demonstrated the linear relationship between the reaction
rate and frcz energy of reaction near equilibriun with vari-
ation in a single thermodynémic variable. However, Prigogine
et al. did not arrive at the general result of Equation I-8,
The present development is an extension of the Prigogine et.
al. treatment to obtain the general result. According to
Bak (1, p. 7), the proportionality of reaction rate to the
free energy change near equilibrium was first used by de
Donder. |

r = f'.g;R I-9
In Equation I-9 it must be remembered that £' is a function
of the particular equilibrium state chosen, and of.the non-
thermodynamic variables. Because of the latter, it is ap-
parent that reaction rates can never be predicted from ther-
modynamics alone, even near equilibrium.

The second law of thermodynamics requires that f'
always be of negative sign. This condition can be shown most
readily by considerating a reaction under conditions compara-
ble to those in the present investigation. Energy and entro-

py balances are written for a differential volume AAX of
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tubular reactor with uniform cross-section A through which
reactants pass in steady-state plug flow at constant tempera-

ture and pressure.

ﬁ'q:

B

]
T=Const.
P=Const.

FO——-G—

Bt SEEE TS

1l 2

The energy balance in difference form is

- + [ ] —1 -
HI]( no]x bq -Abk = 0 I-10

where qu is quantity of heat transferred across the boundary
per unit of volume. Similarly, the entropy balance for the
differential volume is

] - s] + 6q Abc + ES.B'A“‘ I-11

Ak
Then upon multiplying Equation I-11 by T and subtract-
ing from Equation I-10, one obtains

(r.-II-'rsI)]x -(HO-TSO)] ~ T %S{-E-m =0 I-12

1 %2
Since by definition G = H-TS, then Equation I-12 may be

written as

GO]x2 - I]x + T %scz.m = 0 1-13

On dividing Equation I-13 by &, and finding the limit as

Ax approaches zero, the result is

das
86 = .p P -
dx de 1-14
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The free energy change is also given by the equation

dG = -sdT + vdp +-2‘uidn1 I-15
i

which at constant temperature and pressure yields

8 = Byydn, ———— - — -I-16

Substitution of Equation I-16 into Equation I-14 gives

as dn
= 1 fﬂi_dx I-17

It is convenient to employ the degree of advancement variable
defined by de Donder (63) as

O
_ngtny
§ = v
i

I-18

where Vv, is the stoichiometric coefficient aS‘prViOUSIY de~

i
fined. Differentiation of Equation I-18 yields

dn
g = —= 1-19
Yy

Then Equation I-17 transforms to

_2=_;i§.2Vy=-&R -
= - Teti th=RE 1-20

For a reaction which involves no change in the number of
moles, and whose reactants and products form ideal solutions,
as 1s the case for cyclopropane isomerization, the residence
time is proportional to the reactor length at constant tem-
perature and pressure; hence, the time variable t can be sub-
stituted for x in Equation I-20 to obtain a mofe conventional

form of the entropy production equation. This substition in
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effect is equivalent to a change of reference to follow a

differential volume of reactant through the reactor. Equa-

tion I-~10 then becomes

das
P _ &R at . 1-20

-

- . . dt~ —T———&t*-__._._.. e =
By definition, the rate of reaction for any arbitrary reac-

tant A is

Ta vV dt I-21

From Equation I-19 and the fact that the stoichiometric

eguation of the reaction can always be put into the form

where QA = =1, Equation I-21 becomes
r = %%& 1-22

Substitution for d£/dt in Equation I-20 from Equation I-22
yieids

ds
—_—P = = -
ac r I-23

<i=

Since the entropy production will always be positive, it is

apparent that

-r °_._“;R >0 - I-24

Thus, r and AGR must always be of opposing sign. Then refer-

ring to Equation I-9, it is obvious that f' must be of nega-

tive sign to satisfy the second law of thermodynamics.



