
) = rate constant per unit volume of reactor
for reaction occurring inside catalyst

= height of cylindrical catalyst
=reactor length

= Thiele modulus (=R\/k/De)

=pressure
=UinLp/De

=radius of spherical (cylindrical) catalyst
=radial co-ordinate

= Reynolds number (=Dppu/fj)
= Reynolds number (=<pDppul6(l -eout))

=Schmidt number (=v/Z>)

= Sherwood number (=kn\m.DPjD) (Eq. (12))
= average contact time based on superficial

flow rate [sec]
wOut, and «= superficial velocity in catalyst bed [cm/sec]
Kin . = superficial velocity of intraparticle flow [cm/sec]
X = conversion of reactant [-]
z - longitudinal co-ordinate [cm]

£ = void fraction \ [-]

ju = viscosity [g/cm « sec]
p = density [g/cm3]
t = residence time [sec]

$ = shape factor [-]
o) = ratio of radius to height in cylindrical pellet [-]

<Subscrip ts>
in = refers to values characterizing fine particles which

aggregate to form a pellet
out = refers to values characterizing catalyst bed
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SIMULATION OF PYROLYSIS OF PARAFFINIC
HYDROCARBON BINARY MIXTURES'

Mitsuo MURATA,Norio TAKEDAand Shozaburo SAITO
Department of Chemical Engineering, Tohoku University, Sendai

Pyrolysis of several binary mixtures composed of ethane, propane, w-butane, i-butane, and
neopentane at small extents of reaction has been studied in order to extend the method
previously proposed for a single componentto the prediction of the initial pyrolytic products
from mixtures. In the pyrolysis of each binary system, generally, one component disappears
faster than when it is pyrolyzed by itself, while the rate of disappearance of the other component
changes little. In particular, the rate of propane decomposition increases by a maximumof
2.8 times in the propane-neopentane mixture.
The product distributions from mixtures are approximately uniform with the extents of
reaction, being analogous to the case of single components. The distributions of the mixtures
predicted on the basis of the results for the single components are found to be in good agreement
with those experimentally observed, with the assumption that the selectivity to products of a
single component is maintained in its mixture system. The reaction can be accounted for by
a free-radical chain mechanism, and it is confirmed that the change of overall reaction rate,
affected by the existence of the other component, depends on the concentration of hydrogen
atoms and methyl radicals, and that the initiation reaction rate of each component has a
central role.

Introduction

The pyrolysis of individual paraffinic hydrocarbons
has already been studied comprehensively, and the
knowledge accumulated thereby has enabled us to
predict initial product distributions by using a com-
puter9'18'26). It has not, however, been clarified

whether or not the above predicting methods for a
* Received on September 1, 1973
Presented at the 6th Autumn Meeting of The Soc. of Chem.

Engrs., Japan, Tokyo, 1972 (Preprint, p. 223)

=f98o i^^^m^^m

single component can be applied directly to mixtures.
The pyrolysis of hydrocarbon mixtures is of great
significance not only from an engineering design

standpoint but also from the standpoint of elucida-
tion of the reaction mechanism,since it gives us new
information which cannot be gained from the pyrolysis
of single components.

Recent studies on the pyrolysis of parafiinic hy-

drocarbon mixtures have been carried out by Zdonic
et a/.30)31), Tanji27), and Kubota et alm Zdonic et al
examined the initial products of the ethane-propane
mixture based on a free-radical chain mechanism and
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Indicated that the product distribution from either

of the two feed constituents is not influenced by the
presence of the other component and that it is the
same as that from each single component. They also
concluded that when a binary mixture was pyrolyzed,
the radicals generated by the pyrolysis of the less

refractory compoundaccelerate the decomposition of
the more refractory constituent. Tanji found that

addition of 5 mole % of /z-hexadecane to cyclopentane,
methyl-cyclohexane, and /z-heptane, respectively,

increased the overall rate of pyrolysis in each case.
Kubota et al. reported that there was no measurable
change in the initial decomposition rate of propane
added with 10 to 40 mole % ofethane.

The pyrolysis of paraffinic hydrocarbons mixed
with olefinic compounds has also been studied for the
elucidation of the high-conversion pyrolysis mechanism
of individual paraffinic hydrocarbons8'10'12'13'24'29}.

These studies generally showed that the decomposition
reactions of paraffinic hydrocarbons were inhibited,

while those of olefinic constituents were accelerated.

Robinson et al.M) inferred that the great increase in
the decomposition rate of propylene, in the propane-
propylene mixture, was due to the action of chain
carriers generated by propane pyrolysis.

As stated above, it is generally found that the

components will interact with each other through the
action of radicals produced from each component

in the pyrolysis of paraffinic hydrocarbon mixtures.
However, the mechanism of the interaction has not
yet been elucidated, and the quantitative estimation
of the change of decomposition rate for each com-

ponent is very difficult.
The purpose of this work was to clarify the influence
on reaction rate and product distribution of the
presence of the other component in binary paraffinic
hydrocarbon mixtures composed of ethane, propane,
w-butane, /-butane, and neopentane by a free-radical
chain mechanism. Manyprevious investigations of
the pyrolysis of the above hydrocarbons have pro-
vided different values of the initial rate. Therefore,
to compare the reaction rates of individual compo-

nents with those of mixtures, each individual com-
ponent was pyrolyzed before the binary mixture.

1. Experimental Apparatus and Procedure
The experiments were performed with two kinds

of apparatus under atmospheric pressure in order to
make clear the influence of different experimental
procedures on the observations. One apparatus was
of the conventional flow type and the other was a
modified flow apparatus which had been adapted

* Activation energies used here were as follows: C3H8: 60,
«-C4Hio: 55, /-C4H10: 55 and neo-C5Hi2: 50 [kcal/mole]

These values were also used in mixture system271.

rVTf ~1^-iM M Bi: nitrogenbomb
B' __,s , I B2: feedbomb

I r^--' iT'c V: needlevalve

p^----, f W'Wj\ O' orifice flowmeter
A j5^ i RiPi F: soap-filmflowmetei

On F ^p S: silicageltube
Ml M: mixer

^7S ^___^_^___rkP: manometer
U^LJ I ft I T.C: thermocouple

B2 B2 ijg u. R: reactor

Ua T: trap
^-j- G: gas sampling cell

Fig. 1 Schematic diagram of experimental apparatus

to maintain better isothermal conditions (hereafter
termed the isothermal apparatus). The details of

the isothermal apparatus were described in a previous
paper19\ Unless otherwise mentioned, the con-
ventional flow apparatus was used, and its schematic
diagram is shown in Fig. 1. The reactant gases and
nitrogen diluent, metered separately, were flow-

controlled by adjustment of needle valves; they were
mixed in a tube packed with glass spheres and charged
in the reactor. The gas leaving the reactor was
quickly cooled in an ice-trap, and the volume of the
uncondensed gas was measured before its release to
the air. The reactor used was constructed of straight,
20cm pieces of quartz tubing (19mm internal diam-
eter) and had a quartz thermocouple well (4mm
external diameter). Quartz chips of 4 to 8mm in
length were packed in the reactor. The reactor

volume per unit length was 1.14m//cm. The reactor
was maintained inside a bronze block electrically

heated at a temperature controlled to within iO.SX.
During each experiment, temperatures were measur-
ed at about 1cm intervals along the reactor, using a
chromel-alumel thermocouple. Each point was as-

signed a weight proportional to the rate of reaction
at that temperature, and the effective lengths of the
reaction zones were calculated*. The average re-
sidence time, t, of the gas in the reaction zone was
defined as

t-v /fY-V^
(1)

where the flow rate, F, was the average value of inlet
and outlet of the reactor since the expansion of the
gas was small under the present conditions.

Prepurified-grade nitrogen (99.999% minimum
purity) was used as the diluent; the oxygen content

had to be kept low since it caused a large change in
the initial rate of hydrocarbon pyrolysis. The hy-

drocarbons used were instrument-grade (99.5 % mini-
mumpurity).
Samples of the reactor effluent stream were analyzed
with a gas chromatograph equipped with a thermal
conductivity detector. Twocolumns were used here.
One is a 3m molecular sieve 13X column, and the
other a 4m 1.5% squarane and 38% DMFon /-
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Fig. 7 Comparison of reaction rates of
propane and /-butane between experi-

mental and calculated values

alumina column. The former was operated at 50°C
with Ar carrier gas (30m//min), and the latter at
0°C with He carrier gas (30 m//min).

2. Experimental Results and Discussion

2. 1 Pyrolysis of individual paraffinic hydrocarbons
Ethane, propane, «-butane, /-butane, and neopen-
tane were pyrolyzed at temperatures ranging from
650 to 690°C, with residence times from 0.8 to 3.8 sec,
and with nitrogen/hydrocarbon mole ratios from 1
to 20. In every case, the distribution of major pro-
ducts seemed to be independent of extent of reaction
under the present conditions. An example is shown
in Fig. 2 for w-butane pyrolysis.
2. 2 Pyrolysis of binary mixtures of paraffinic hydrocar-
bons

The five binary mixtures ethane-propane, pro-
pane-/-butane, propane-neopentane, /-butane-neopen-
tane, and w-butane-/-butane were pyrolyzed at tem-

peratures ranging from 650 to 690°C, with residence
times from 0.8 to 3.6 sec and mole ratios of two con-
stituents of 0.5 and 1. Typical results of the initial

rates of propane and /-butane, in the propane-z-butane
mixture, at 660°C are compared with those ofpyrolysis
of the corresponding single components, under the
same condition of initial concentration, in Figs. 3

and 4. Figure 3 shows explicitly that the decomposi-
tion of propane is accelerated by addition of /-butane
from the early stage of the reaction, and that the
acceleration increases with increasing /-butane con-
centration. On the other hand, as shown in Fig. 4,
the change of decomposition rate of /-butane by addi-
tion of propane is very small. It is independent of
the amount of propane added. The results at 686°C
are similar to those described above.
The same system was pyrolyzed by using the iso-
thermal apparatus at 651°C with /-butane/propane
mole ratio of 1. The relations between the unreacted
feed mole ratio and the residence time are given in
Fig. 5 for propane and /-butane. These tendencies
shown are nearly consistent with those obtained by
the conventional flow apparatus shown in Figs. 3
and 4, though a slight inhibiting effect on /-butane
decomposition is observed. This means that it is
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possible by using the conventional flow apparatus to
examine whether or not the presence of the other

componentcauses the change in decomposition rate.
The individual initial decomposition rates in each
binary system are compared with those observed in a
single component system in Table 1. The initial de-
composition rate of each component in single and
binary systems was calculated at the same conversion
by using the following equation* :

Rp= -dC/dt ^ Cox/t
(2)

The value of Rp should, if possible, be determined at
x=0, but it was done here at x=0.08 since the data
near x=0 could not be obtained precisely. The Rp
calculated by using Eq. (2), however, may be enough
to discuss the influence of the presence of the other

component on the decomposition rate. The tabulated
data show that the reaction of one component is
clearly accelerated, while that of the other is hardly

affected by the coexisting component in each binary
mixture except in the case of the ethane-propane
mixture. However, the degree of acceleration varies
in a complexmanner according to the specific mixture.
The result given by the ethane-propane mixture, on
the other hand, shows that there is no measurable
change in the decomposition rates of both com-
ponents. This agrees well with the result of Kubota
et ah The product distributions, under the experi-
mental conditions, are nearly independent of the
extent of reaction. The result, for example, for the
propane-f-butane mixture is illustrated in Fig. 6. It
is in satisfactory agreement with the calculated value
also shown in Fig. 6. The calculated value was

obtained from the conversion of each component in
the binary system, on the assumption that the selec-
tivity to products of a single component was unchanged
in a mixture system. The calculation procedure is
shown in Appendix 1.
2. 3 Simulation of the pyrolysis of binary mixtures by
free-radical chain reaction schemes

According to the experimental results of the in-
dividual compounds, the ranking of the overall reac-
tion rates under the present experimental conditions

was
1-C4H10 >«-C4H10 >neo-C5H12> C3H8> C2H6

From this relationship, however, it could not be
concluded that the less refractory constituent ac-
celerates the decomposition of the other component
in these binary mixtures. This is because the de-
composition of the less refractory component, i~
butane, is accelerated in the z-butane-neopentane

mixture, and a great accelerating effect is produced
This procedure will be acceptable when the decomposition

rate equations for single and binary systems can be expressed
by the same or a similar function, as pointed out by Tanji271.

Table 1 Observed overall reaction rates of C2H6, C3Hs,
H-C4H10, /-C4H10, and neo-C5Hi2 in single and binary systems

Overall reaction rate Rb -Rs
F

eed Temp. Co [mole//-sec] -^-

[°C] [mole//] single syst. binarysyst. x100

fC3H8 660 0.00218 7.8xlO"5 1.3xlO"4 + 67
U-C4H10 0.00218 1.9X10"4 2.1xlO~4 + ll

/C3H8 660 0.00218 7.8xlO"5 l.OxlO"4 + 28
I/-C4H10 0.00109 6.2xlO~5 6.2X10"5 0

fC3H8 686 0.00212 1.9xlO~4 3.4xlO~4 + 79
U-C4H10 0.00212 4.0X10"4 4.6xlO-4 + 15

{C3H8 651 0.00220 6.IXIO-5 9.4xlO"5 + 54
U-C4H10 0.00220 1.3xlO~4 1.2X10"4 - 8

fC3H8 660 0.00218 7.8xlO"5 2.2xlO"4 +182
(neo-C5Hi2 0.00218 1.1xlO"4 1.3xlO"4 + 18

J/-C4H10 660 0.00218 1.9X10"4 3.1xlO"4 + 63
(neo-C5Hi2 0.00218 l.lxlO"4 1.1xlO"4 0

{/-C4H10 660 0.00218 1.9xlO"4 1.7xlO"4 - ll
U-C4H10 0.00218 1.4X10"4 2.0xlO"4 + 43

JC2H6 690 0.00633 2.1xlO"4 2.1xlO"4 0

IC3H8 0.00633 7.9xlO"4 7.9xlO"4 0

in the propane-neopentane mixture, despite the
slight difference in reaction rates of the constituents.

This suggests the necessity of taking into account the
elementary reaction scheme. As shown in Appendix
2, the concentration of each carrier, such as hydrogen
atoms, methyl radicals, and ethyl radicals, is the
determining factor of the overall decomposition
rates. Generally, methyl radicals are considered to

have an important role in the pyrolysis of paraffinic
hydrocarbons since methyl radicals are in higher con-
centration than other free radicals under the experi-
mental conditions.

From this point of view, the methyl radical con-
centration in the binary mixture of A and B will be
mainly considered in the following discussion. For
simplicity, it has been assumed that the initiation

reaction is first-order and that the main termination
is the methyl radical recombination. The methyl
radical concentration is given, based on the steady-

state approximation for the individual systems of A
and B, respectively, as follows:

[CH,- ]a=Vt^Ci.
(3)

[CH3- ]B=A/%?-CB
(4)

where kiA and kiB are rate constants for the initiation
reactions and kt is a rate constant for the termination
reaction. In the same manneras for the individual
systems, the methyl radical concentration of the A-B
binary system is found to be

IV*i3à" Ja-b-Y r
kt(5)

From Eqs. (3), (4) and (5), it is evident that the

value of [CH3- ]A_B becomes larger than that of either
[CH3 ]A or [CH3 ]B if the values of CA and CB in
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Table 2 Reaction schemes
propane /-butane w-butane neopentane

C3H8-^-> C2H5 - +CH3 - /-C4Hio -^ CH3 - +2-C3H7 - «-C4Hio-^->2 C2H5 - neo-CsHu-^CHs - + /-C4H9 -

C2H5 -^-+H- +C2H4 2-C3H7. -^->H- +C3H6 H - +«-C4Hio-^L> l-C4H9- +H2 /-C4H9 -^-»H- +/-C4H8

H- +C3H8-^ 1-C3H7- +H2 H- +/-C4H10-^->/-C4H9- +H2 -^2-C4H9- +H2 H- +neo-C5Hi2-^Uc5Hii. +H2

-^U2-C3H7- +H2 -^->/-C4H9 - +H2 CH3 - +«-C4Hio-^ l-C4H9. +CH4 CH3- +neo-C6Hi2-^-»C5Hir +CH4

CH3- +C3H8-^-> l-C3H7- +CH4 CH3 - +/-C4Hio-^/-C4H9- +CH4 -^2-C4H9- +CH4 C5Hu - -^->CH3- +/-C4H8

-^->2-C3H7- +CH4 -^->r-C4H9- +CH4 C2H5- +n-C4Hio-^ 1-C4H9- +C2H6 termination*æf

1-C3H7-^ CH3- +C2H4 /-C4H9 -^->CH3 +C3H6 -^->2-C4H9 +C2H6 ethane

2-C3H7 -^->H- +C3H6 /-C4H9 - -^H- +/-C4H8 1-C4H9 - -^-> C2H5 - + C2H4 C2He-^->2 CH8 -

termination** termination** 2-C4H9 -^ CH3. + C3H6 H- + C2H6-^->C2H5 - +H2

C2H5-^->H- +C2H4 CH3- +C2H6-^->C2H5- +CH4

* p, s, and t mean primary, secondary, and tertiary position, respectively. termination** C2H5>H- +C2H4
** All possible reactions except 2H-; >H2 and H- +CH3 >CH4 are included. termination**

Table 3 Kinetic parameters for elementary reactions
log A E

Reaction [1/sec] or [kcal] (f:Jkor>.

[//mole-sec] [mole] ^°U M

Initiation28 '
C2H6 >2CH3- 14.9 82.5 3.75 x lO~5

C3H8 >CH3 +C2H5- 15.9 81.5 6.44x lO"4
/-C4H10 >CH3 +2-C3H7- 15.9 79.5 1.89xlO~3

«-C4Hio >2C2H5- 16.3 80.5 2.77 x lO"3

neo-C5Hi2 >CH3-+t-C4H9- 16.1 78.3 5.88xl()-3

RH+H ^R- +H21"31
C2H6 ll.12 9.7 7.04X108

C3H8 10.78 7.8 9.62X108

«-C4Hio 10.90 7.5 1.39X 109

/-C4H10 ll.00 6.8 2.55 x lO9

RH+CH3 >Rà" +CH411»
C2H6 8.49 10.5 1.07X 106

«-C4Hio 8.23 8.5 1.73X106

/-C4H10 à" 8.37 8.3 2.67x lO6
neo-C5Hi2 8.53 10.3 1.31 X lO6

Radical scission14'15'

C2H5 >C2H4+H- 14.48 39.5 1.67 x l05
1-C3H7 >C2H4+CH3- 13.90 32.0 2.56 x l06

2-C3H7 >C3H6+H- 14. ll 38.0 2.80x l05

Eqs. (3) and (4) are equal to those in Eq. (5). For
convenience, let CA equal CB, then the degree of in-
crease of the methyl radical concentration, i.e.
[CH3à"]A.B/[CH3à"]A or [CH3å  ]A.B/[CH3å  ]B, depends on
the initiation reaction rate constant of each com-

ponent. If kiA<kiB, it is larger for the component
A and is relatively small for the component B. It
may, therefore, be concluded that the initiation reac-

tion rates of the individual components are the prin-
cipal determinants of the accelerating effect of the
overall decomposition rates. According to the liter-
ature2^ the order of the initiating reaction rate con-

* For H-atom abstraction reactions of alkyl radicals, it has
been recently shown16'20'21' that the Arrhenius parameters

obtained at low temperatures differ from those obtained at
high temperatures. However, we adopted the Arrhenius
parameters obtained by low-temperature experimental data

because few high-temperature data had been reported.
** Free-radical concentrations in the neopentane system were

computed by the Runge-Kutta-Gill method with no ap-
proximation of the steady state and the long chain since
the initiation reaction rate of neocentane is relatively hish.

stant at 660°C is as follows:

neo-C5H12 >w-C4H10 > /-C4H10 > C3H8 > C2H6

This relationship indicates that the decomposition of
propane is more significantly accelerated by neopen-
tane than by /-butane. Indeed, this consideration

receives support from the experimental results. How-
ever, the observations show that the decomposition
of /2-butane, from which initiating free radicals are
generated more easily, is accelerated in the w-butane-
/-butane mixture. Therefore, one cannot accurately
estimate the acceleration effect based only on the
information for initiation reaction rates. Actually,
various termination reactions in addition to methly
radical recombination participate in the overall
reaction, so that the analysis of the acceleration
effect becomes more complicated. Furthermore,
the concentrations of hydrogen atoms and ethyl
radicals also have a significant role in the overall
reaction rate. More accurate values of these con-

centrations should be estimated according to the free-
radical chain mechanism. The reaction schemes
were taken from the literature4'6'7'17'22'23'253 and are

shown in Table 2. Rate constants used for the in-
dividual steps, except the termination steps in the
schemes, were reviewed carefully from the litera-
ture1'2'3'n'14'15'28)* and were modified for our use. The
same rate constant was assigned to all of the possible
termination reactions since published rate constants
for various terminations were nearly equal5\ The
rate constants cited from the literature are shownin
Table 3. First, the adequacy of the rate constants
was examined by using the experimental results of

the individual compounds. Based on the schemes in
Table 2, the overall reaction rates were calculated by
the steady-state and the long-chain approximations**
(see Appendix 2), and were compared with the ob-
served values. However, the calculated overall

reaction rate of propane pyrolysis, for example, was
much smaller than the experimental value at 660°C
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with a nitrogen/propane mole ratio of 5. Some
modification of rate constants was required in order
to fit the overall reaction rate to the results obtained.
Modified rate constants as well as literature values at
660°C are given in Table 4. The modification of

rate constants for other systemswas performedsyste-
matically with reference to the modified results for
the propane system. Their modified results are

also given in Table 4. In every system it was neces-
sary to increase by about 4 times the literature values
of the rate constants for the H-atom abstraction reac-
tions by a methyl radical. The scission reactions of
free radicals having three or more carbon atoms were
divided into two main classes: one is via the rupture
of a carbon-carbon bond and the other is via the
rupture of a carbon-hydrogen bond. One-fifth of
the literature values for the scission reactions of
1-propyl and 2-propyl radicals were commonly given
for the rate constants of the former and latter classes,
respectively. The scission reaction of an ethyl radical
is similar to that of a 2-propyl radical, but about
one-fourth of the revised value for a 2-propyl radical
wasgiven to the value of the rate constant for an
ethyl radical, since the latter is more stable than the
former. The value for reaction (15) in Table 4 was
estimated from the experimental values of ethane to
hydrogen mole ratio in the products (see Appendix 3),
since not as muchimformation was available for the
H-atom abstraction reaction by an ethyl radical as for
the H-atom abstraction reactions by a hydrogen
atom or a methyl radical. The overall reaction rates
calculated at 660°C by using the revised rate constants
versus the initial concentrations of the reactants are

compared with the experimental results in Fig. 7 (p.
288) for propane and /-butane.

The above reaction schemes and revised rate con-
stants were employed to simulate the pyrolysis of

binary mixtures. Three of the five individual com-
pounds studied in this paper, propane, z-butane, and

neopentane, have the same chain carriers of a hydrogen
atom and a methyl radical, so that binary mixtures
composed of these three compounds have the same
chain carriers. Therefore, no newelementary reac-
tions in addition to the combined reaction schemes for
the mixtures are necessary to simulate the pyrolysis
of propane-/-butane, propane-neopentane, and i-
butane-neopentane mixtures. On the other hand,
ethane and n-butane have an ethyl radical as one of
the chain carriers, and thus additional new elementary
reactions are perhaps required in systems which

include one of these components. The new reactions
expected to occur in the w-butane-z-butane and ethane-
propane mixtures are shown in Eqs. (6) and (7),
respectively.

C2H5 à" +/-C4H10 >C2H6+C4H9 -
(6)

Table 4 Rate contantsa for elementary reactions at 660°C
c,,cfom Reaction Literature Ref. Modified vrA.

System Na** value value Note
propane 1 6.44xlO"4 (28) *

2 1.67X105 (14) 1.5X104 k k

3 9.62X10S (2) * f~=jr
4 1.5xlO6 (b) 6.0xl06 P P
5 2.56X106 (15) 5.1XlO5 ~V'L

6 2.80X105 (15) 5.6X104

/-butane 7 1.91xlO"3 (28) *
8 2.55X1O9 (3) (1.4X109) fat=fat

9 2.67xlO7 (ll) 7.5XlO6 faP fap

10 5.1 XlO5 (b) * =1.25d
ll 5.6 xlO4 (b) *

w-butane 12 2.77xlO"3 (28) *
13 1.39xlO9 (3) * £i3s_/ci4s

14 1.73XlO6 (ll) 6.9XlO6 Ari3p kliv
15 3.3 xlO6 (b) * _*i5s_9d
16 5.1XlO5 (b) * ~k^-2

17 5.1 xlO5 (b) *

neopentane 18 5.88xlO"3 (28) 3.9xlO"3
19 8.4 xlO8 (b)(2.8xlO8)

20 1.31xlO6 (ll) 5.2X106
21 5.1 xlO5 (b) *

ethane 22 3.75xlO"5 (28) 1.9xlO~4

23 7.04xlO8 (1) *
24 1.07xlO6 (ll) 4.3XlO6

allsyst. termination 1.0 xlOll ( c) *

a) [1/sec] or [//mole-sec]

b) These values are estimated by authors.
c) Equal value is assumed for all possible termination reac-

tions.

d) These values are experimentally determined by product
distributions.

* Same value as literature value is used.
** Reaction numbers refer to Table 2.

C2H6 +C3H8 >C2H6+C3H7- (7)

The initial free-radical concentrations and the over-
all reaction rate in the propane-f-butane mixture, at
660°C with initial concentration, Co=0.00218 mole//,
were calculated by combining the reaction schemes of
propane and /-butane in Table 2 and using the revised
rate constants. The results showed the acceleration

of the decomposition rates of propane and /-butane
by 30% and 16%, respectively. The agreement

with the experimental results in Table 1 is good for
a first estimate. Somedecrease in the value of k8
gave a precise fit. However, no correction of the
value of k8 had been suggested from the previous

examination of the pyrolysis of pure /-butane, since
its value had no effect on the overall reaction rate of
pure /-butane. This means that the satisfactory
modification of rate constants cannot be achieved from
the examination of the result of pyrolysis of pure
substance alone. In the same manner, a correction
was required to the value of k199 which had not pre-
viously affected the overall reaction rate of the pure
neopentane pyrolysis. The corrected values used in
the calculation below are shown in parentheses in
the revised-value column in Table 4. Part of the
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Table 5 Calculated results of overall reaction rates and radical concentrations
Feed Temp. Co Rp x W Radical concentration [mole//]

[°C] [mole// ] [mole// - sec] H - CH3 - C2H5

Single system:

C3H8 660 0.00218 0.89 2.4xlO"ll 3.2xlO~9 1.1 xlO"10
/-C4H10 660 0.00218 1.86 3 4X 10"ll 5.1 xlO"9 -
«-C4Hio 660 0.00218 1.44 9.8xlO"12 6.3 xlO'9 1.9xlO~9
neo-C5Hi2 660 0.00218 1.16 1.4X 10"ll 9. 1 x lO"9 -
C2H6 690 0.00633 1.91 3.7X 10"ll 3.0xl0-10 6.9xlO"9

C3H8 690 0.00633 8.36 5.7X10"ll l.OxlO"8 5.7xlO"10

Binary System:
/C3H8 660 0.00218 1.40 (+ 57)* 3.6X10"ll 5.2xlO"9 1.1 xlO"10

U-C4H10 0.00218 1.92 (+ 3)

/C3H8 660 0.00218 1.97 (+118) 4.3X10"ll 8.4xlO"9 1.1 xlO"10
\neo-C5H12 0.00218 1.26 (+ 9)

//-C4H10 660 0.00218 2.84 (+ 52) 4.6X 10"ll 9.1 x lO"9 -
tneo-C5Hi2 0.00218 1.35 (+ 16)

(/-C4H10 660 0.00218 1.99 (+ 7) 2.4X10"ll 7.0xl0"9 2.3xlO~9
U-C4H10 0.00218 1.94 (+ 35)

(C2H6 690 0.00633 ^|2.37 (+ 21) 4.8X10"ll 5.1 xlO"9 8.5xlO"9
1C3H8 0.00633 ^17.43 (- ll)

^ /3.16(+ 65) 4.3X10"ll 2.9xlO"9 l.lxlO"8
^\4.30(-51)

The values in parentheses are the change of reaction rates : 100 x (Rbp -Rsp)/Rsp [ %] ; where Rsp and Rbp mean the reaction rates
in single and binary systems, respectively.

calculated results of the /-butane-neopentane mixture
are given in Table 5 with the results of the propane-/-
butane and propane-neopentane mixtures. The agree-
ment with the experimental results shown in Table 1
is good in each case. For the /-butane-neopentane
mixture, particularly, the satisfactory agreement
achieved without any modification shows that the
pyrolysis of the mixtures can be simulated on the
basis of the reaction schemes and the rate constants
of the individual constituents. The tabulated data

clearly confirm that the accelerating effect is due to
the change of the concentrations of chain carriers,

such as hydrogen atoms and methyl radicals. Similar
calculations were performed in the propane-/-butane

mixture at temperatures 651 and 686°C with propane/
/-butane mole ratio=l, and further at 660°C with
propane//-butane mole ratio=2. These results also
agreed well with the observed values.
As mentioned previously, the «-butane-/-butane and
ethane-propane mixtures have ethyl radicals as one of
the chain carriers and are systems in which the ac-
celerating effect cannot be inferred even qualitatively
from the information available on the initiation reac-
tion rate of each component. In order to simulate
the pyrolysis of these systems, the rate constants
k25 and k26, of the reactions (25) and (26) given in
Eqs. (6) and (7), respectively, were determined: the
value of k25 was obtained as 2.77X 106//mole sec at
660°C from the experimental value of ethane to ethy-
lene mole ratio in the products of the w-butane-z-
butane mixture (see Appendix 3), and the value of k26
was assumed to be 10% smaller than that ofk15. The
result calculated by combining the reaction (25) and

the reaction schemes shown in Table 2 is given in
Table 5. The calculated results agree well with the
experimental observations listed in Table 1. The

increase in the rate of w-butane decomposition can be
considered to be due to the increase of the hydrogen
atomconcentration, while the rate of /-butane seems
to reflect various factors such as the decrease of
hydrogen atom concentration, increase of methyl
radical concentration, and the effect of the addition
of reaction (25). The calculated result in the ethane-
propane system is also shown in Table 5. For com-
parison, column © presents the result when reaction
(26) was excluded and shows the great changes of the
reaction rates of both components. This confirms that
reaction (26) has an important role in the ethane-
propane mixture.
The experimental results in all five binary mixtures
could be elucidated by considering the free-radical
chain reaction mechanism of the individual con-

stituents. The procedure adopted here may be ap-
plied generally to various paraffinic hydrocarbon
mixtures.

Conclusion

The paraffinic hydrocarbons, ethane, propane, n-
butane, z-butane, and neopentane, and five binary

mixtures composedof these compoundswere pyrolyzed
at small extents of reaction by a conventional flow
apparatus. From the experimental results of these
mixtures, it was observed that the reaction of one
component is clearly accelerated, while that of the

other is hardly affected by the coexisting component.
However, the degree of the acceleration varies in a
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complex manner according to the specific mixture.
The decomposition rate of propane increases by a
maximumof 2.8 times in the propane-neopentane
mixture. The product distributions from single
components and mixtures are uniform with the ex-
tents of reaction, and show that the selectivity to

products of a single componentis maintained in its
mixture system.

The experimental results in all five binary mixtures
could be elucidated by combining the free-radical

chain reaction schemes of the individual constituents.
These schemes quantitatively showthat the accelerat-
ing effect of the reaction rate is due to the change of
the concentration of chain carriers, such as hydrogen
atoms, methyl radicals, and ethyl radicals.

Appendix 1

As an example, the calculation procedure for the product
distributions of the propane-/-butane mixture is described below.
The product distributions of pure propane and /-butane at

660°C are given by the method previously proposed
100C3H8 >55H2+45CH4+45 C2H4+55 C3H6 (A-l-1)
100/-C4H10 >56H2+44CH4+44C3H6+56/-C4H8 (A-l-2)

On the other hand, the product distribution of each component
in the mixture can be obtained by multiplying the conversion
to both sides of the above equations. If xc3h8=0.056 and

*t-c4H10 =0.072 at t=0.17 sec, the number of moles of products
per 100 moles of each component charged can be calculated as

5.6C3H8 >3.1 H2+2.5CH4+2.5C2H4+3.I C3H6 (A-l-3)
7.2/-C4H10 >4.0H2+3.2CH4+3.2C3H6+4.0/-C4H8 (A-l-4)

By adding Eqs. (A-l-3) and (A-l-4), the initial product

distribution of the propane-/-butane mixture can be shown by
5.6 C3H8+7.2 /-C4H10 >7.1 H2+5.7 CH4+2.5 C2H4

+ 6.3 C3H6 +4.0 /-C4H8 (A-l-5)

Product gas composition given as mole per cent is then as
follows:

H2: 28, CH4: 22, C2H4: 10, C3H6: 24, /-C4H8: 16

Appendix 2
The overall decomposition rate of propane, for example, can
be expressed in the following equation by the long-chain ap-
proximation based on the reaction scheme in Table 2.

-fif^^-=^[H.][C3H8]+^[CH3-][C3H8] (A-2-1)

where k^=k^-\-k^ and k±=k±v+kte

Therefore, the initial overall reaction rate is calculated by
substituting free-radical concentrations and initial concentra-

tion of propane into Eq. (A-2-1).

Appendix 3
Rates of formation of hydrogen and ethane during the

initial stage of the pyrolysis of /z-butane can be written as

^^ = /c15[C2H5 - ][«-CiHio] (A-3-1 )

^L =fe[C2H5 - ] (A-3-2)

Fromthe above equations
dlQMd/dt =fa5[/i-C4Hio] [C2H6] rA .

</[H2]/^ Ar2 ~ [H2] ^ ;

Therefore, the approximate value of &15 is obtained by sub-
stituting observed ethane/hydrogen mole ratio and initial con-
centration of «-butane into Eq. (A-3-3).
Similarly, the value of £25 is obtained from the pyrolysis data
of «-butane-/-butane mixture as follows :

[C2H6] fci5D?-C4Hio] +fc25iy-C4Hio]
[H2] ~ k2 l 5V
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Nomenclature
= frequency factor [1/sec] or [//mole - sec]

= concentration [mole// ]
=initial concentration [mole//]

= activation energy [kcal/mole]
= average total flow rate of reactant gas [cm3/sec]
= initiation reaction rate constant [1/sec]
= termination reaction rate constant [//mole - sec]

= system pressure [mmHg]
= reaction rate [mole// - sec]
= average residence time [sec]
= effective reaction temperature [°K]
= effective reactor volume [cm3]
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THE BEHAVIOR OF AGGLOMERATES
UNDER TENSILE STRAIN*

H. RUMPF and H. SCHUBERT

Institut fur Mechanische Verfahrenstechnik der Universitat
Karlsruhe, Germany

This paper deals with the tensile strength and strain behavior of agglomerates. For moist
agglomerates the tensile strength in the whole region of liquid saturation may be described. The
theory agrees well with the experimental results. For agglomerates bound together by liquid
bridges, a model which reproduces the force-displacement behavior of agglomerates under uni-
directional loading is proposed. The validity of this model is demonstrated with the help of a
specially developed apparatus which enables the strain for a given force to be measured. The
theoretically and experimentally determined stable and unstable regions of the stress-strain curves
of the agglomerates are discussed.

1. Introduction

Strength is one of the most important attributes of
an agglomerate. We regard strength as including
all properties expressing the resistance of the ag-
glomerate to possible external forces acting upon it.
Since there are many different number of ways in which
external forces can act on an agglomerate, strength

is not a tightly defined concept. Attempts are there-
fore made to simulate, by suitable test methods, the
forces which actually occur. From these methods,

which measure for instance the resistance to impact,
bending, cutting, dropping or abrasion, certain
strength characteristics can be derived. They are,
however, unsuitable for theoretical descriptions be-

cause in general we do not know the stresses which
provoke a fracture.

There are two important strength parameters for
the occurrence of a fracture within the material under
stress, viz. the tensile strength and the shear strength.

* Received on February 5, 1974
H. Rumpf
Institut fur Mechanische Verfahrenstechnik der Universitat

Karlsruhe, 75 Karlsruhe, Richard-Willstatter-Allee, Germany

If the maximumprincipal tensile stress exceeds the
tensile strength at any point of the material, a brittle
fracture forms. If the shear stress at any cross-section
is greater than the shear strength, shearing will occur
at this cross-section. The tensile and shear strength
thus provide approximate characteristics for the
strength behaviour of the material.

As we shall see later, the tensile strength of an

agglomerate can in manycases be calculated or at
least estimated. We therefore concentrated our
initial studies on the determination of the tensile

strength. Since agglomerates often behave like brittle
substances, the tensile strength is in many cases sui-
table as a comparative strength value. Simultaneous-
ly we started to examine the shear behavior of

moulded powder compacts1>2).
The cohesion of an agglomerate may be due to

several bonding mechanisms3\ Table 1 gives a sum-
mary of the most important ones. Fromthe multi-
tude of possible cases we shall here only single out
adhesion through mobile, liquid surfaces and through
van der Waals' forces. It is possible for different
bonding mechanisms to be superimposed. The
strain behavior of the agglomerate must also often
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