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ABSTRACT 

Molecular reaction schemes for the thermal decomposition of cyclohexane were pro- 
posed 3x1 the basis of observed product distribution, free radical mechanism and thermo- 
dy-ic principles. The rate parameters were estirrated systematically using a non-linear 
least squares technique (incorporating Marquardt algorithm) in minimizing a multi- 
response objective function. 

Discrimination among rival models was based on tbs minimization of the sum of 
squares of the differences between the observed and predicted molar quantities of the 
cyclohexane pyrolysis products. The prediction of the product distributions was found 
to be reasonably good at the highest temperature of investigation. 

lNTR.ODUCTION 

I& mechanistic modeling, an intrinsic reaction network is determined on 
the basis of the most plausible set of elementary reactions. Rate constants 
are established individually .for these elementary reactions through kinetic 
measurements. This type of model allows confident extrapolation outside 
the range of the data base in its development [18,20]. Mechanistic modeling 
has been useful in studying the kinetics of pyrolitic reactions at low conver- 
sions [14-161. Few attempts have been reported et the high conversion 
levels of commercial cracking 173. This stems from the large number of mo- 
lecular species and tie radicals with their associated reactions. The number 
of these reactive species increases substantially with conversion and leads to 
excessive computation time. Even the precise. pyrolysis mechanism fdr a 
simple feedstock like propane is still a subject of dispute. 

Simple molecular reaction schemes have often been employed for simula- 
tion and design pur@oses [2,4-6], even though pyrolyses reactions proceed 
via free radical mechanisms [3]. This is to. forestall the complex. mathe- 
matical problems often encountered in the integration of a‘system of stiff 
differentid. ec@ations’ assoiziated ~5th .the analysii of We radical reactions. 
Molecular reaction &hemes not developed on the basis of free radicalmccha- 
uisms would not account for the_ free radical_ reactions [7].- In addition, 
pyrolyses:, of hydrocarbons under industrial $onditions.:. occur .at h&h con-. 
vemions where secondary reactions of,free rz@ieals complicate -the mathe- : 
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matics even further. The sets of differential equations derived for a set of 
elementary reactions forming the desired products contain large numbers of 
kinetic parameters. These parameters are often determined by least,squares 
estimation and/or trial and error techniques. Application of s&is&al tests 
determines the validity of the proposed molecular models and.associated 
parameters 121. _ 

In the present paper, a number of possible molecular reaction schemes are 
developed for cyclohexane pyrolysis on the basis of free radical me&a&m 
literature information and experimentally observed product distribution: 
The experimental data from previous work 1241 are usedin the modeling 
studies. The model kinetic parameters are estimated by non-linear regres- 
sion technique using Marquardt’s algorithm to minimize a multi-response 
objective function (sum of squares of residuals on the molar quantities of 
reaction products). Discrimination among rival models is based on physico- 
chemical constraints for the parameters and the closeness of fit of the model. 
This technique is stimilar to that used in the kinetic modeling of hetero- 
geneous catalysis reactions by Hougen and Watson [ll] and recently applied 
by Sundaram and F’roment [2,4]. 

REACTION SCHEMES 

Little work has been done to elucidate the mechanisms of pyrolyses of 
pure cycloslksnes or their mixtures [ 1,241. There is no agreement among the 
few works available on the values of the kinetic parameters characterizing 
the pyrolyses of naphthenic molecules [9,10,24]. A detailed free radical 
mechanism proposed for cyclohexane pyrolysis on the basis of Rice-Kossia- 
koff free radical theory 1171 is shown in Fig. 1 183. Molecular reaction 
schemes could be developed using this mechanism, experimentally observed 

Fast Isomerization reactions 

C6H12 
(cyclohexane) 

(I-HexeneI 

Fig. 1. The reaction p&b foe cyclohexane pyrolysis. - = cleavage of the C-&b&.id at the 

beta position relative to the unsaturated valence bond. 



p?odtict d&rib ti Ii ‘on, literature values of rate constants of free. radical 
tionsand thermodynamic priri@ples. 

The main products of cyizlqhexane pyrolys@ recently reported 1241 

TtiLE 1 

A se& of plausible molecular reactions 
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reiic- 

were 

1. C6H12 

kl 
- 3WQ 

2. C6Hl2 

k2 
- 2cd% 

*3 
3. C6H12 - C2H4 + C4& + H2 

4. C2h 

k4 
- 
k4 

C2H2 + H2 

5. 

6. 

W-h +H2 

C2& + C2H2 

ks . 
‘, c2H6 
ks 

k6 

- C4H6 

7. c2% + C2H6 

b 
- C3H6 + cH4 

8. G& + H2 

k8 
- C2H4 + CH4 

9. 

10: 

C3H6 + C2H6 
k9 
- C4Hs + CM4 

c3H6 +3H2 

klo 
- 3cH4 

11. 2 C3H6 

12. C&6 

kl2 . 
7 WI2 + CH4 
kl2 

13. 
k13 

- C4H6 

14. 
kl4 
- C3H6 + CH4 

15. 
kls 
- 2C+H 2 

16. 

2 C2H2 + H2 

C4Hs + H2 

C2H2 

2 C2H6 

k16 
- c2H4+2cH4 

17. 

IS. 

C4H6 + Hg 

citi. 

k17 
- 2c2H4 
ki7 

ki8 
- 2c.+.2Hi 

: ‘. _..; .. 
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TABLE 2 

Proposed molecular  models  

.Model  t 

CeHl2 

C6HI2 

C6Ht2 

C2H4 "~ H2 

C2H4 + C~.H2 

C3H6 + H2 

C3H5 + C2H6 

C3H6 

C4H 8 + H 2 

C4H6 + H2 

kl 
Z C 2 H 4  

~2 
~ " ~  2 C3He 

k3 
-~ C2H4 + C4H6 ÷ H2 

ks 
~ C2H6 

k6 
C4H6 

k8  
C2H4 + CH4 

k9 
~ ' ~  C4Hs + CI-I.~ 

h12 
C2H2 + CH4 

k~2 

k14 
" ' ~ C 3 H e + C I ~  

2 C + H 2  

k l - .  / 
2 C2H4 

M o d e l  I I  

C6HI2 

CeH12 

C6H12 

C21-14 + H2 

C3H6 q" C2H6 

C~H~ + 3 H2 

C3H6 

G4H 6 + H 2 

C2H4 

k2 

&3 

2 C3H6 

• > C21-14 + C4H6 + H2 

kS 
C2H6 

k~ 

k9 
C4Hs + CH4 

klO 
' 3 CI"I4 

k12 
C2H2 + CH4 

#~17 
2 C2H4 

k~7 

kl~ ; 2 C ÷.2  H:  
• . . . .  



,M&t.iII. 1: 

C6H;*-. 

C6I-h 

C6HI 2 

kl: ,. 3 &;I;, 

k2 
l 2C3H6 

k3. 
.’ CiI& +Cd-b +Hz 

GI14+H2 

kg . 
- C2H6 
k; 

C3H6 + C2H6 
b 

’ C4H6 + CH4 

C3H6 

k12 
- C2H2 + CHq 
ki2 

C4H6 + H2 

k17 
d 2c2H4 
ki-I 

c2H4 

Model IV 

C6Hl2 

C6H12 

ha 
+ 2C+2H2 

kl 
’ 3&h 

k2 
l 2 C3H6 

CsH12 

C2% + H2 

k3 
-- c2b + C4H6 + H2 

C3H6 + C2H6 
k9 

’ C4H.s + CJ& 

C3%+3H2 
klo 

.3 cH4 

2 C3H6 

c3H6- 

_C4H6 + H2 

kll 
- .3 c2e 
kil 

ka2 
- 
ki2 

C2H2 + C& 

kl7. 

w Y&H4 
ki7 

d*& ‘. 
k18 l 4C+2H2 - . . 

._ -. : :. :. : 
etJki& ..-prop&e; b&adi&ik;‘~~ &&&ne- and hydrogen.. &all amounts of 
ethtie, @-pane; -&ii~& b~Jenk+l-:‘&d but&e-g were :&so ‘obs&&L Ot&er 
.wor&i$: [9,12,13]- : repi+%& the‘- .&ii&e&e of- prcipadiexii; -methylcyclOpen- 

_:. I : :. ; : . . . :, . 
_. -. 

I 
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Table 3 

Thermodynamic data at 1000 K for reactions of in+zrest in cyclohexane pyrolysis 

Reaction Heat of reaction, Standard free Equilibrium 
energy change, constant, 

AGq. .K 
(kcal gmole-') 

CbH12' 3 c2& 

&HI2 2 2 C9H6 

C6H12 'c2& +C4&+H2 

C2H4 !*C2H2 +HP 

6 
Cz=$+Hz-,C2H6 

6 
GH, +CzH2'c4H6 

C2H6+C2H4LC3H6+CH4 

8 
C3H6 + H2 --f C2H4 + CH4 

9 
C3H6+C2H6+ C,Hs+C& 

C3H6+3H2 23CH4 

2 c3Hf 2 3czH.q 

C3H6 ‘% C2H2 + C& 

13 
2 C2H2 + H2 + C4H6 

14 
C4H8+H2 +C3H6+CH,+ 

15 
C2H2 -tZC+H2 

2 CZH6 lz c3H4 + 2 cH&$ 

17 
C4H6 f H2 + 2 C2H4 

C2H4 lz2C+2H2 

54.305 

26.777 

58.549 

44.090 

-34.463 

-9.839 

-8.116 

-3.628 

13.307 

-39.845 

-5.274 

-12.209 

-2.587 

-6.816 

-6.178 

-10.908 

-2.127 

--54.396 

-27.628 

-2.046 

-20.822 

-2.143 

31.881 2.399 

-83.935 -20.123 

-15.356 -14.878 

-53.193 

16.981 

-4.244 

-7.903 

-42.912 

-14.498 

-6.491 

-28.405 

1.414 x 103 

5.942 x 10 

6.208 

1.235 x 1O-3 

3.677 

3.089 x 10 

2.240 x 10 

2.422x lo2 

2.800 

3.557 x 104 

2.940 

2.990 x 10" 

2.502 x lo4 

1.786 x 10' 

2.394 x log 

1.475 x 10" 

3.267 

1.616 x 106 

taue, cyclohexadiene, cyclohexene, benzene and toluege in trace quantities 
in the product stieam. A series of plausible molecular reactions developed on 
the basis of the above-mentioned considerations is contained in Table 1. 
These reactions are then used to set up four molec@ar schemes contain&d in 
Table 2. Thermodynamic calculations based on Rossini’s tables [19] for free 
energies of formation were performed on the molecular reactions.in Table 1. 
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to determjne their feasibility (see Table 3). Those reactions with neg&ive 
standard &e energy change (AGOT) are feasible while those with positive 
values of AG$ are not (reactions,4 and 12). 

MODEL DISCRIMINATION AND PARAMETER ESTIMATION 

The. kinetic &quations of plausible molecular reactions of cyclohexane 
pyrolysis arc listed in Table 4. All the reactions, except.l1,13,16 and 17, 
were considered as elementary. Reactions.l1,16 and 17 are more complex 
and were assumed to be first order. Reaction 13 was assumedtobefirst 
order with respect to et&me. 

The kinetic parameters II@ for most of the individual steps were reviewed 
carefully from the literature and modified for.our use. Parameters for reac- 
tions 1,2 and 3 wek selected from.previous works 19,241 and used’as initial 
values in the parameter estimation. More accurate rate parameters of some 
minor secondary reac$ions were obtained from processes in which they are 
significant [2,4] and used in the present studies. A coherent and prkcii set 
of kinetic data was developed in this way. The rate data were adjusted by 
altering only. the preexponential parts of the parameters, with the activation 
energy re maining unchanged. The activation energy of a reaction can be esti- 
mated from thermochemical data with a certain degree of accuracy while, 
generally, a less accurate prediction can be made for the preexponential fac- 
tor. Purthermore, the kinetic constant is more sensitive to changes in the 
preexponential factor, for most cases. The rate data so obtained were used 
in the continuity equations of +be assumed models to predict the prodtlct 
distribution of cyclohexane pyrolysis. In this way, the suitability of each 
reaction scheme in predicting product distribution and the credibility of the 
selected rate parameters were determined. Table 6 contains the kinetic rate 
parameters of plausible reactions listed in Table 1. 

Model parameters were determined by substituting the kinetic equations 
of the various models being considered into the appropriate continuity equa- 
tions for the components involved in the cyclohexane pyrolysis k&ions. 
The continuity equations we.z+ derived in a manner similar to that recently 
reported [2,4]. The general form of the continuity equations for pyrolysis in 
a tubular reactor with plug flow czu~ be written as 

(1) 

where 3, = stoichiomelzic coefficient for j-th component in the i-th reaction; 
r, = rate of i-th reaction; Qj = molar flow r&e of j-th component; Fj = molar 
mass of j-&component per unit reactor vohune. 

The set. of continuity equations were numerically integrated by means of 
t&c Runge-Kutta-GiRroutine..The computed molar quantities (F,) obtained 
as solutions were compared to the experimental data (S’$)); 

The estimation’ of the rate parameters of the..r&tions in the molecular 
Schemes is.- a~~critical stage. in developing. a. model that. adequately pred&ts 
the experimental results. The iate @rgineteg were 6tstimaM by mn-linear 

. . 
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TABLE4 . 

Kinetic equations df plausible motecuhreactions 

Fl = FQH~~ : F2 = FH~ ; F3 = F&q ; F4 - FczHs ; -& = Fc~H,+ ; Fe = -FFc~EQ ; 

F7 = Fc3~~ ; FZI = Fc4n6 ; F9 = Fc+H~ i Flo = Fc. 

Ft = t+A &her of moles of re&.qits, products tid, dilueht (nitrogeti) 
:' -._ : 

=&?&,.,. 
J=l 

: . . II‘ :_ 

:. 

. . _. '.. -.e__I.._.w". ^_ s____ ----r--_____.__~__-__~_._-_,, 
: .j 2. 
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Pre-exponential factor, A : -Activation Ref. 
. . energy, E . . 

(kcal mole” ) 

kl 2613 x l@ 
kz 3:60 

Ykg .. _..., 1.0 
‘x 1013 

k4 

-x l$P ; .. 
.3.94 ,x JO'6 

kb 4.54. x 109 
ks 1.98 x 10' 
k; 224 k 10'4 

k I:026 x lOI 
k7 

ka 
4.652 ; ;(I:; 
1.12 

kg 5.553 x 10" 
klo 1.670 x 10" 
kil 1.514 x 10'1 
ki 1 1.300 x 16'0 
klz 3.794 x 10" 
kiz = k12/Ki 
his 

Kc==‘.“:,“,,‘,“’ exp(-30.16/RT) 
6.00 

ku 4.743 x 10'5 
hs 5.00 x-lo'* 
k16 3.900 x 10'2 
kl7 1.5849 x 10" 
hi7 1.000 ; UP:. 
hts 5.0 

70.500 
67.500 . 
67.000 
94.500 
49.400 
'38.500 
73.000 
49.500 
65.200 
60.500 
60.100 
63.000 
55.800 
50.000 
59.390 

45.000 
67.000 
62.000 
67.000 
55.500 
61.600 
60.500 

9 
9 
3 

21 

2: 
21 
22 
22 
21 

.z"f 
22 
22 
22 
22 
23 
11 
7 

23 
22 
22 
7 

regression using Marquardt’s algorithm. The multi-response nature of the 
problem was accounted for by the- minimization of the sum of squares of the 
residuals. (ai) on the moIar.quantities of the pyrolysis reaction components 
at the reactor exit 

where i=l . . .L (L=numbe~of expeknents),j=l . ..N.(N=numberof 
components), 2$ = experimental m&r quantiw, arid F’ = predicted molar 
qualltity.. 

In this prckdure parametric corrections, 6, were-evaluated by solving the 
foll&kg &t, of simultaneo~ $g&braic~equationG : ’ 

; 

(3). 

Ghere A = m&ix of partial de&&&s W’/a&, AT = wpose‘of matrix 
Ai 6 7 vectorof pakin&ic Correi=ti&s Ak, 

, _’ .: . 
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e = vector of differences between experimental and predi&dmolarquanti- 
ties of components at reactor exit (fl -Fi) 

e = 

-@ -F; 
. . . . . . . . 

_Fj’ -4 

(5) 

h is an arbitrarily chosen scalar quantity, and I = identity matrix. 
The partial derivative!%(aEj/Mz,), elements in matrix A, were evaluated by 

an expression similar to eqn. (6) 

aF1 -= F&, . . . . k,,,) -Flikl + gk1, .-., k,) 

akl gk 
(6) 

where g = 0.05 is an arbitrary value. 
Approximation of the partial derivatives by eqn. (6) makes the evaluation 

of the elements in matrix A easier and the parameter estimation procedure 
less tedious. 

Algorithm for pammeter estimation 

(1) Solve eqn. (3) simultaneously using initial rate parameters. 
(2) Estimate the vector of residuals (e) by eqn. (5). 
(3) Estimate the.elements of matrix A using eqn. (6). 

Ii i 
aF, aF, 1 A- -x ak,. 

(7) 

(4) Estimate the transpose of A(AT). 
(5) Solve eqn. (3) for the parametric correction vector (6). 
(6) Estimate ip by eqn. (2). 
(7) Upgrade kinetic parameters according to eqn. (8) shown below 

k, =k, + Ak, (8) 

(8) Repeat the whole procedure until the termination criterion is satisfied. 
Computation is terminated each time the convergence criterion is sat&f&i; 

The criterion used initially was $I C lo-*; computation time for #I = 10” was 
so large (about 1 h) that the time to satisfy the initial termination criterion 
(@ < B0’8) would be prohibitive. This is due to the large number df function 
evaluations and iterations. To forestall this difficule,’ the number of com- 
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..- 
plebe iterations. &s limited and the new termination criterion (nun&‘of 
iterations 5 10). was used to stop further domputations. Computation time 
for.the-,tiew termination. criterion-varied from’@6 to 165sec on IBM 370 
Mode1.145. ... : -, 

4’ comparison .betwe&n. exper&er&$ and predicted product di&ibutions 
9 shoti in Tables 6-1O:Close examination of, the tables reveals that the 
prediction of the product distribution was reasonably good at the highest 
temperature .of this _investig&ion- (860°C). The discrepancies between.mea- 
sured and predicted valuesai;~low~.temperatures (815,795;775 and 730°C) 
for alI the moleWar schemes considered cantiot be .dismgarded. The esti- 
mat&d values of the-.ti of squares of residuals on-the molar quantities are 
also shown in Tables 6-10: The residual for Model IV was much lowerthan 
those of other models at 860°C. At -the lower cracking temperatures, the 
residuals of Models-II, III and IV Were almost the same and lower than those 
of Model I. The sum of squares of. residuals and the closeness of fit reveal 
that Model IV was more plausible than Models I, II and III. The estimated 
rate parameters for Model IV are listed in Table 11. 

The agreement between experimental and predicted product distributions 
using estimated rate parameters seems fairly .good for all the reaction 
schties considered at SSO”C, the highest temperature of investigation. How- 
ever, discrepancies exist between experimental and predicted values at lower 
temperatures (815,795, 775 and 730°C). The fairly low performance of all 
the models in predicting experimental data at lower temperatures may be 
attributed to the nonavailability of precise rate parameters for the reactions 
of ~interest in cyclohexane pyrolysis. Furthermore; the selected initial rate 
parameters used .for parameter estimation had been determined at tempera- 
tures different from those of this work. and for the pyrolyses reactions of 

TABLE6 

Comparison of measured molar masses of cyclohexanepyrolysisproductswithpredicted 
molarmasses(temperature= 860°C) 

Products Ekperi- Predicted molarmasses(gkole) 
mental 
(mea&red). Model1 ModelII Model III ModelIV 
molarmass~ 
(gmole) 

C6Hl2 

Hz 

CH4 

C2H2 

2% 

22. .. .’ 4 

C4Hs. : 

0.02416 
0.01099 
0.00320 
0.00137 
0.02185 
0.00142 
0.00413 
0.61523 
6.06031 
0.0624s 

0.02521. 0.02332 
0.01590 0.01213 
0.60014 0.00473 
3.0x 10" 0.00030 
.6.02808 -0.62699 
0.00031 .0.00204 
.8:8zE :. * ::0.01473 0.00529 

'. .2.0x- 10" 0.00095 
: 7.0 x 10’” 0.66351 
.. ,OA3406 x .lOiQ :.0.3541x 

0.02332 0.02332 
0.01499 0.01211 
0.00148 0.00440 
0.00044 0.00031 
0.02687 0.02686 
.0.00216 0.60203 
0.00610 0.00537 
0.01468 0101472 
0.00104 0.00095~ 

:0.00351 0.00351 
lo+ 6.5209X 104.. 0.3335x 10'4 



TABLE 7 

Comparison of measured molar masses of cyclohexane pyrolysis products with predicted 
molar masses (temperature = 815OC) 

Products Measured Predicted molar masses &mole) 
molar mass 

(gmoie) Model I Model II Model III Model IV 

C6H12 

:&4 

C2H2 

C2% 

C2H6 

C3H6 

C4H6 

C4Hs 
C 

0 

0.02587 
0.02932 
0.00387 
0.00031 
0.02032 
0.00050 
0.00395 
0.01450 
0.00021 
0.00040 

0.04033 0.03973 0.03973 0.03973 
0.00545 0.00464 0.00475 0.00464 

5.0 x IO" 0.00017 0.00006 0.00017 

3.0 x 10-s 0.00006 0.00006 0.00006 
0.00872 0.01023 0.01023 0.01021 
1.5 x 10-s 0.00015 0.00015 0.00015 
0.00123 0.00237 0.00240 0.00238 

0.00547 0.00452 0.00452 0.00452 
2.0 x 10-9 0.00001 6.0 x lo* 0.00001 
2.0 x 10-12 0.00038 0.03038 0.00038 
0.1018 x 10 -2 0.1019 x 10” 0.1015 x 10-2 0.1020 x 10’2 

TABLE 8 

Comparison of measured molar masses of cyclohexane pyrolysis products with predicted 
molar masses (temperature = 795°C) 

Products Measured Predicted molar masses @mole) 
molar mass 

(fwW Model I Model II Model III Model IV 

C6H12 

H2 

CHJ 
C2H2 

C2H4 

C2H6 

C&6 

C4H6 

C4Hs 

0.02969 
0.01846 
0.00349 
0.00017 
0.01748 
0.00042 
0.00093 
0.01213 
0.00004 
0.00102 

0.04338 0.04305 0.04305 0.94305 
0.00317 0.00264 0.00266 0.00264 
9.0 X 10” 0.00004 0.00002 0.00004 

1.0 X 10-s 0.00002 0.00002 0.00002 
0.00498 0.00599 0.00599 0.00598 
4.0 x 10-s 0.00004 0.00004 0.00004 
0.00070 0.00139 0.00140 0.00140 
0.0031’7 0.90257 0.00257 0.00257 
2.0 X 1O”O 5.0 x 10-7 5.0 x 10-7 5.0 X 10” 
4.0 x 10”s 0.00013 0.00013 0.00013 
0.6718 x 10 1-3 0.6653 x 1O-3 0.6649 x 1O-3 0.6655 x 10-j 

TABLE 9 

Comparison of measured molar masses of cyclohexane pyrolysis products with predicted 
molar masses (temperature = 775’C) 

Products Measured Predicted molar masses 
molar mass 

(gmoie) Model I Model II Model III Model IV 

C6H12 0.03392 0.04519 0.04502 0.04502 0.04502 
HZ ~0.01868 0.00179 0.00146 0.00146 0.00146 
CH4 0.00250 2.0 X 10” 0.00001 7.0 x 10” 0.00001 

2: 0.00051 0.00949 3.0 0.00277 x 10’ 0.00001 0.00337 7.0 0.00337 x 10’6 7.0 0.00336 x 10” 
C2H6 0.00024 8.0 X lo-’ 0.00001 8.0 x 10” 8.0 X 10” 
GH6 0.00272 0.00039 0.00079 0.00079 0.00079 ‘. 
C4H6 0.00792 0.00179 0.00143 0.00143 
C4H8 0.00012 1.4 x 10’“~ 

0.00143 
4.0 x 10-s 4.0 x 10-s 

0.00074 8.0 X lo-l4 
4.0 x 10:s 

0.00004 0.00004 0.00004 
0.5079 x 10-s 0.5103 x 10-s 0.5102 x iO-3 9.5io4 x 1OAJ 
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TABLE10 

Comparison of measured molar masses cf cyclohexanepyrolysisproductswithpredicted 
moiar.masses(temperature = 730°C) 

Products .Me&ed 
k.olarmass 

Predicted~.molarmas&s (&nole) -. 

(grnole)) M&de11 ModelII Model-III ModelIV 

0.03637 '- C&I: 0.04693 0.04690 0.04690 . 0.04690 
H2 0.02160 0.00035 0.00035 0.00045 

3.0x10-9 5.0x.10-7 
0.00035 

CI-b 0,00127. 5.0x10-7 5.0x 10" 
C2H2 0.00021 2.0x lo"0 5.0x10-7 5.0x10-7 5.0 x 10-7 
c2H4 0.00718 0.00067 0.00081 0.00081 0.00081 
C2H6 0.00178 2.0x 10-8 2.0 x 10" 0.2 x10-s 2.0x 10-7 
C3H6 o.ooi9o 0.00009 0.00020 0.00020 0.00020 
C4Hs 0.00608 0.00045 0.00035 0.00035 0.00035 
C4H8 O.OOGS 2.0 x10-14 6.0 x 10-11 6.0 X lo-" 6.0X lo-" 

0.00070 1.0x10-'5 3.0 x 104 3.0 x lo* 3.0 x lo+ 
06417x 10-j 0.6439 x 1O-3 0.6439 x 10-j 0.6439 x 10-j 

simple pa&fins as opposed to cycloparaffins. This in effect means that the 
complexity of any pyrolysis reaction network (that is tbe type of product 
distribution) influences, to a large extent, the kinetic rate parameters of all 
reactions taking part in the pyrolysis. Alternatively, the main pi-oducts 
(ethene, butadiene and propene) are formed by reaction paths which may be 
affected significantly by the estimated values of the rate parameters. 

TABLE11 

Estimated rateparametersformodei IV 

860°C 815°C 795°C 775°C 730°C 

kl 0.6560x lo3 0.1797 x 103 -0.9755 x 102 0.5174 x 102 0.1133 x 103 
k2 0.3426 x lo3 0.9914 x 102 0.5525 x lo2 0.3011x 102 0.7032x 10 

ks 0.1189 x lo4 0.3471x 103 0.1942 x 103 0.1063 x lo3 0.2511x lo2 
ks 0.7406 x 10 0.3651x 10' 0.2616 x 10 '.'O.l85Ox 10 0.8072 
% 0.1853x 10 0.4839 0.2568 0.1330 0.2700 x 10-l 
kg 0.1847 x lo3 0.6189 x lo? .0.3696.x lo2 0.2165 x lo2 0.6007 x 10 
&lo 0.1173 x.102 0.3687x 10 0.2136x 10 0.1212x 10 0.3119 
kil 0.2604x 10 0.9340 0.5759 0.3486 0.1047 
k’ll 0.2940 x 102 0.11.73 x 102 0.7610x 10 . 0.4854 x 10 0.1653x 10 

0.1325.x lo4 103 kiz 0.4490x 0.2660x-10' 0.1559x lo3 0.4337 x 102 
kiz 0.4563 x lo3 
kr7 0.3115.x 10' 

0.2667 x.i03 0.2071x 103 % 0.1592x lo3 0.8481x 
0.1123 x 

102 
10.' 0.6945 .’ 0.4216 ‘. 0.1274 

kf7 0.1308.x lo4 .0.4219 x 103.' 0.2474 x lo3 .0.1422 x -lo! -0.3771x lo2 
kls 0.1066 x 104 0.3509 x 103: ‘_ .'0.2078 x 103. 0.1206 x lo3 ’ 0.3275 x i02 

9 .. 0.3335 x G-4 o.i,ozo jc 10-2 06655 x 10-s 0.5104.x 10-s &6489x 10-a 
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CONCLUSIONS 

The mechanist& modeling performed in -this tiork ivas successful. All the 
molecular reaction schemes considered predicted the increise in molar qua- 
tities of the pyrolysis products with tempera-e, althou@~ such values were 
often lower than the experimental results. This investigation has .aga@ 
brought to focus the significance of non-linear’regression techniques in the 
analyses of homogeneous reactions. Finfly, thii work should provide some 
insight into the modeling of complex radical me&aCsms of pure naphthenes 
or their mixtures. 

NOMENCLATURE 

kh 
AG$ 
K 

ri 
pt 
A 
E 
Sij 
v, 
2 
T 

rate constant for ith reaction (see-l, 1 moleN1 set-‘) 
standard heat of reaction (kcal mole-’ ) 
standard free energy change (kcai mole-’ j 
equilibrium constant 
reaction rate for ith reaction (msie I” set-‘) 
total pressure of system 
pre-exponential factor (see-’ or 1 mole-’ set”) 
activation energy (kcai mole”) 
otoichiometric coefficient forith component in ith reaction 
reactorvolume(cm3) 
molar mass of component i per unit reactor volume (mole cme3) 
gas constant (kcal mole-’ K-l ) 
temperature (“C, K). 
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