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Nomenclature
C; : concentration of j-th component [mol/cc]
d : inside diameter, d' : outside diameter [em] or [m]
F : molar flow rate [mol/sec] or [kg-mol/hr]
kB : rate constant (rate parameter) [consistent unit]
[ : length of one section or one tube [em] or [m]
Nj : moles of j-th component based on 100 moles of feed reactant
[mol] or [kg-mol]
n . order of reaction -1
P : total pressure [atm]
g : heat flux supplied to wall [kcal/hr.m*]
R : gas constant [cc-atm/mol.deg] or [md-atm/kg-mol.deg’]
» : rate of elementary reaction [mol/sec-cc]
Jt; : rate of reaction of j-th component [mol/sec-cc] or [mol/sec.g-cat]
s : dimensionless length of reactor based on !/ -1
T : temperatur [*K]
V=NtRT/P: total volume of gases based on 100 moles of feed reactant gas
[cc] or [m®]
W : mass of catalyst [g-cat]
X, : conversion of key compornent -1
y; : mol fraction of j-th component in reacting gases -]
y; : molar percentage of j-th compornent measured by gas chromatography
[mol%]
ss : expansion factor of reaction [-]
g : time [sec], T : time [hr]
oy; © standard deviation of N; [mol]
Subscripts

i

: number of experimental point (/=total number)
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7 : number of compornent (/=total number)
j=A: key compornent (propane or butane), i-A: iso-butane, B: butane,
D: butenes, F: propane, P: propylene, E: ethane, Q: ethylene, M:
methane, H: hydrogen, C: coke, S: steam

n : number of tube (ng=total number)
o : initial value, t : total value
obs : observed value, calc : calculated value

p, g - number of parameter (P=total number)

Introduction

Thermal cracking of light hydrocarbons such as methane, ethane, propane,
and butane has been studied by many authors mainly in connections with the
overall rate of reactant conversion, mean composition of products, and the free
radical mechanisms of elementary reactions. Thus, researches of the free radical
mechanisms were presented by Snow ef «/*® and Laidler et a/® on ethane
pyrolysis, by Kunugi et a/2»?® on ethylene, by Laidler ef al.?%, Tominaga et al.*,
and Amano et al.Y on propane and propylene, and by Purnell et al*® and Wang
et al®® on butane. In contrast, quantitative investigation of the rates of formation
of cracking products and their changes with progress in reaction are rather rare.

For detailed design of cracking furnaces, stoichiometric relations between
reactants and products and quantitative expressions for the rates of production
of essential products are required. With these relations, we can make decisions
of furnace size, feed rate, heat supply, maximum allowable temperature, and so
on, to optimize the cracking process. For the thermal cracking of propane,
Lichtenstein? introduced the stoichiometric equations and the rate equations as
shown in Table 1. Following four primary reactions, he introduced four secondary
reactions and one tertiary reaction with complicated stoichiometric coefficients
obtained experimentally. Hirado et @l calculated product distributions using

TABLE 1. Stoichiometric Equations of Propane Pyrolysis
Presented by Lichtenstein?)

primary reactions
CsHg—>C2H4+CH4
2 CsHs—C2Hs+ CsHe+ CHa
CsHsZCsHe+H2
2 CsHs 2C2Hs+-CsHio
secondary reaction
CsHg—+0.149 CH4+0.064 C2Hz+0.2555 CoFH4+0.085 CsHio+0.2555 C4Hs
+0.0745 CeHi2+0.0745 He+0.053 CzHe+0.053 C4Hs
CqHi10—0.12 H2+0.49 CHs+0.39 CoH4+0.38 CoHg+-0.49 C3He+-0.01 CsHs
+0.12 C4Hs
CeHe 2 CoHa+Ho
CaHs+Hz—>CHa+CsHs
tertiary reaction
0.287 CoHa+-0.333 CHi2+0.38 CsHg—0.472 CeHs+0.91 CH4+0.333 C2H4+0.178 C
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the four stoichiometric equations as shown TABLE 2. Stoichiometric Equa-
in Table 2, assuming first-order of each tions of Propane Pyrolysis
reaction. These equations were so simple Presented by Hirado ef al.'
as they represented experimental results -

CaHs—>CaHs+ CHy

poorly. o CsHs—>CsH+Hs
In the present report, a set of stoichio- CsHs—>CaHg+0.5 CoHy
metric equations and a set of rate equations, CHo—0.5 CoeHy -+ CHy

which can be conveniently applied for furnace
design, are developed in Chapter 1 for pPy-
rolysis of propane, based on free radical mechanisms adopted from many authors.
In Chapter 2, experimental results of pyrolysis of propane are presented and
discussed. Methods to estimate optimum values of parameters in the rate equa-
tions are investigated in Chapter 3 and evaluated by the use of the experimental
results. A method to design a tubular pyrolysis unit is presented in Chapter 4
to show the applicability of the rate equations. The same methods are applied
to the catalytic cracking of butane in Chapter 5.

1. Derivation of Stoichiometric Equations and Rate Equations
of Propane Pyrolysis'?

1.1 Elementary free radical reactions of propane pyrolysis
The free radical mechanism of propane pyrolysis is postulated as in Table 3,

TABLE 3. Elementary Free Radical Reactions and Rate
Equations for Propane Pyrolysis

Elementary free radical reaction

Rate equation

low conversion level:
initiation step

CsHs—->CoHse 4 CHse r=rC, (1)
propagation step

C2Hs e+ CsHs—> C2Hg+ CzHre ro=keCaCh. (2)

CeHse—CoHs+He r3=ksCg. (3)

CHze+CgHg—CHy+ CsHze 7a=FksCsCy» (4)

CsH7e—>CoHy+ CHae rs=ksCa. (5)

He+CsHs—Hz+CsHre 75=ksCpCir. (6)

CzHre—>CsHg+He r7=k1Ca. (7)
termination step

CsHre +CHsze—CsHs+CHa rs=ksCy.Cy. (8)

2 CHz+—C:Hs ry=kyC%, (9)

high conversion level:
propagation step

He+CoHsZCoHso* 710=k10CoCui.  (10)
H-+ + CsHeZCsHro*—>C2Hs+ CHze r=knCpCu. (11)
CHze+C2HyZCsH7+#—>CsHs+ H. r12=k12CqCy.  (12)
CHae+C3sHe > CaHys*—>CoHy+ C2Hs o r1i3=k15CpCy.  (13)
He+CsHg—Ha+CsHse r1a=k1CpCun. (14)
CHz++CsHg—>CHs+ CsHse 715=kisCpCy. (15)

Calse +CsHe 2 CeHne*>polymer+H»  r1i5=k1CpCp.  (16)
termination step
CsHse+CHze »CyHs 717 k17Cp.Cy. (17)
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referring to the mechanisms proposed by Laidler et al.** and Tominaga et al.*
Here, the secondary reactions at high conversion level are selected according to
the following reasonings. The methyl radicals and hydrogen atom are formed
mainly by the propagation reactions (4)~(7) and are important reactive inter-
mediates at high conversion level. They cause addition reactions with ethylene
and propylene, and cause hydrogen atom abstraction reaction with propylene,
which has lower hydrogen-carbon bond energy than propane. Free radicals other
than allyl cause hydrogen atom abstraction reactions with propane and restore
to molecules, while allyl radical is stable at the presence of propane and formes
allene or polymers. As the allene

was not observed in our experiments, TABLE 4. Rate Equations of Production of

we assumed the production of poly- Stable Molecular Species

mers. We also assume the termina- ===

tion reaction of allyl radical with Ra=—(r1trotritrs) (1)

methyl radical. Rp=r7+rs—rii-+rie—ra—ru—7ris—ri (2)
Re=r2+79 (3)

From the rate equations of

elementary reactions in Table 3, rates Ro=73+rs+rn—retrs (4)
of production of stable molecular Ry =r4+7rs+715 (5)
species are derived as shown in Ry o114 (6)
Table 4. The rate equations in Rp=711 (7)

Table 4 include free radical concen- Rom=ne (8)A .

trations. When the steady state as-

sumption of free radical concentrations is applied as such to eliminate free radical
concentrations, the resulted rate equations are so complicated as they can hardly
be applied for furnace design.

1.2 Derivation of stoichiometric rate eguations

In order to derive a set of convenient stoichiometric equations and rate
equations from the elementary free radical reactions in Table 3, the rates of
elementary reactions of hydrogen atom abstraction, 7z, 74, 75, 714, 13, and the rate
of initiation, 71, are eliminated from rate equations in Table 4 as followings by
the use of the steady state assumption of free radical concentrations.

The steady state of free radicals can be expressed by using matrix form as
follow.

71 72 T4 e 714 715

CsHze O 1 1 0 0I rs-b77+7s (1)
CsHse O 0 0 0 1 1| retrne (2)
Celse 1 -1 0 0 0 0/ r3—ra (3)
CHse 1 0 -1 0 0 —1| —rstrs+2ry—ru-t+netriatrs (4)
He. 0 0 0 -1 -1 0 ! —r3—r1tru—riz—rse (5)

[(1)+(2)+(3)+(4)+(5)1/2 |
1 0o 0o 0 0 0 ‘ rs+7rs+717 (6)

The matrix may be transformed as follow.
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71 72 74 s 74 115
11)+(6) 1 1 1 1 0 0 rstr+2rtretrs
—(2) 0 ¢ 0 0 -1 —=1| —rE—rn
—{3)+(6) 0 1 0 0 0 0| —rstrstrotrutrg
—(4)+(6) 0 0 1 0 0 1| rs—retru—riz—71s
0 0 0 1 1 0| rst+ri—ru-+rez+rs

—(5)

Then, the rate equations in Table 5 are obtained by substituting these rera-
tions, respectively, in the rate equations in Table 4.

Now, if the pyrolysis reaction of propane is expressed by the stoichiometric
equations in the first column of Table 6, the rates of production of molecular

TABLE 5. Transformed Rate Equations of

Production of Stable Molecular Species

Ra=—(rs+r7+2 rs-+ro-+717)
Re=r1+rs—ru+re—7rz—2re—7r17
Re= —r3s+7rs+279+7r13+n17
Ho=rs+rs+ru—rit+rs
Ru=rs+7s—ro-t+ru—riz—ris
Ruy=rs-+rr—ru-+riz+7s

Rp=7r17

Re=115

(1)
(2)
(3)
(4)
(5)
(8)
(7)
(8)

species can be expressed as shown
in Table 7, using the rate expressions
in the second column of Table 6.
From Tables 5 and 7, we find the
following correspondences.

Ya=7%s, Tb="Ve, Yc=7¥3, ¥d=7s, Ve=17,
Yf=rw, rh=¥rn, ¥i=run, ¥j=nas,
Th=716

In view of these correspondences,

the rate expressions in the third

column of Table 6 are obtained.
Now, as these rate expressions

TABLE 6. Stoichiometric Equations and Conjugate Rate

Equations of Propane Pyrolysis

Stoichiometric equation

Rate equation

low conversion level:

initiation and termination step

2 C3Hs—>CsHg+ CoHg+-CHy
CsHs+CHa—2 CoHg
propagation step
Colls—CoHs+He
CsHs—C2H4+CHy
CsHs—CaHs+Hz

high conversion level:

initiation and termination step

Cslls+ CaHp— Calls+ CoHg

propagation step
CsHg+Ho—CoHy+ CHs
CoHs+CHy—CsHg+He
C:Hs+CHi—>CoHs+ CoHy
2 CgHg—polymer -+ He

7a RsCacCyi. kaCY (8)
r kC3. ko CY (9)
7o ksCg. keCY (3)
ra ksCi. kaC} (9)
7e FiCa. ke CY (7)
7y kiCp.Cy. kyCY (17)
7 knCeCy. RCpCY™h (1)
71 ki12CqCy. kiCoCh™} (12)
75 RisCpCu. k; CeCiT1 (13)
7k RCeCY7h o (16)

k15CeCp.
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still include free radical concentra- TABLE 7. Rate of Production of Stable
tions, the following simplifying ap- Molecular Species for Stoichiometric
proximations are introduced. As- Equations
ing the ibutions of the initia- o
S}lml £ Cont.r . . Ra= —(2ratro+ratvetry) (1)
tion and termination reactions for
- Rp=ratre—ri—rntri—rj—27rk (2)
overall process are much less im- 0 L2 eyt @)
. Ng= - Yo—7 7 i
portant than the propagation reac- ; r“+ v i " "
tions, and assuming the rate of NQ=TeTraTTh—riTY]
. . . Nu=ra—rotratrn—ri—7; (5)
propane disappearance is approxi-
Rig=ro+re—rn+ri+re (6)
mated as n-th power of propane
. . mn=rj (7)
concentration, we obtain the follow-
5Rc=7’1.~ (8)

ing relations. . ) _—
From Eq. (1) in Table 5

- 57?..\ = kt, nC.’L’ = ks.CACM- + kGC.-\C:!-

and from Eq. (1) in Table 7 — Ry = ke, 2CY = £:Cy. + £:C ..

Then, we get Cy.ocCY™', Cu.ocCL™", Cy.=Ch.

Applying these relations, the reactions (5), (7), (11), (12), and (13) in Table
6 are expressed as n-th order reactions. As an additional approximation, the
rates of reactions (8), (9), (3), (17), and (16) are expressed by zn-th power equa-
tions of molecular concentrations, because those reactions are less important
than reactions (5) and (7). Then, we obtain the rate equations in the last column
in Table 6.

Laidler et al.? showed that the reaction (8) in Table 3 was less important
than the reaction (9) for such higher temperature and lower pressure as our
present experiments. Therefore, we can neglect the reaction (8) in Table 6.
Our experiments showed that mixing of propylene in propane increased ethylene
and methane production, while mixing of ethylene showed no effect. Thus,
considering 7;<7; and the addition reactions of methyl radical are less important
than the addition reactions of hydrogen atom, we neglected the reactions (12)
and (13) in Table 6. The stoichiometric rate equations in Table 7 are then
expressed in terras of measurable numbers of the moles of j-th compornents, Nj,
as shown in Table 8, where j=A, P, E, Q, M, and H.

TABLE 8. Rate Equations in Terms of Nj

~dN,/df=Npo(dX,/db)

=(ko+kat+he+k)NLVI—" (1)
ANs/d0={(ke—kys) —(kn+2 k) Np/N} NI VISR (2)
ANg/d8=(2 kp—ke+k )N Vi~ (3)
dNy/df={(ke+ka)+knNp/Ny} Ny V-7 (4)
ANy /d0={( —ky+ka)+EaNp/N YN VI~ (5)

ANy/df = {(ke+ke) — (kn—ki) Np/Ny} Ny V1" (6)

1.8 Discussions ¢f stoichiometric rate eguations

Mixing of propylene in propane acts as an inhibitior for the initial rates of
propane pyrolysis as reported by Kershenbaum ef al'® The rate equations in
Table 8 obtained from Tables 3 and 6 do not illustrate the inhibitory action of
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propylene. Taking into consideration that the hot free radicals can be deactivated
by collision with molecules, the free radical reactions (10) ~(13) in Table 3 are
replaced by the reactions (10a)~(13a) in Table 9 and the stoichiometric equa-
tions (11) ~(13) in Table 7 are replaced by the equations (10a)~(13a) in Table
9. Then, the stoichiometric rate equations in Table 8 are reduced to the equations
in Table 10. They can illustrate the inhibitory action of propylene.

The stoichiometric rate equations for pyrolysis of heavy hydrocarbons are
complicated. They might be obtained by combinning stoichiometric rate equations
for pyrolysis of each one of primary product hydrocarbons, as shown by Kunii
et al.’ for m-hexane pyrolysis and by Tominaga et al®® for pyrolysis of #-heptane-
hydrogen mixtures. However, rate constants obtained independently for lower
hydrocarbons do not satisfy experimental results on higher hydrocarbon. In the
original rate expresions for the stoichiometric reactions include concentrations
of free radicals as in Tables 6 and 9, and the approximations to eliminate free
radical concentrations may differ according with the species of feed hydrocarbon.

Amano ef al.” showed that the rate of reaction between propylene and hydrogen
was first-order for each of propylene and hydrogen atom concentration in accord
with the equations (11) and (14) in Table 3. But, the rate in propylene-hydrogen
mixtures was one-half order for hydrogen molecule. Because of the high concentra-
tion of hydrogen molecule, most of the hydrogen atom may be produced from
the hydrogen molecules by hydrogen atom abstraction reactions with methyl or

TABLE 9. Replacements of Propagation Steps in Tables 3 and 6

Reaction Rate equation

elementary free radical reaction:

He 4 CoHy—CoHse 710a=Fk10aCqCu- (10 @)
H.CsHs—>CsHre 711a=k11aCpCli- (11a)
CHse +CoHa—CsHze 712 a= K12 aCoClu- (12q)
CHsz» + C3Hg—>CyHoe 7130=Fk13aCpCye (13 @)
CaHys + CsHs—>Catlio+CsHre  7150=F1sCs Cpo (13 5)
stoichiometric equation:
CoHys+Ho—CoHs 7oa R10aCoCu. kga CQCZ-l (10 a)
CsHs+Ho—>C3Hs 7ha  k11aCpCu. FknaCpChL1 (11a)
CoHy+CHs—CsHs 7ia  F12aCoCye  RiaCoCi7! (12a)
CsHg+ CHs—CsHio 7ja k13aCpCit.  kjaCpCL™! (13a)

TABLE 10. Modified Rate Equations

—ANa/d0={(ky+Ea+ ket k) —knaNe/Na) NLVI=n (1)
ANp/d0={(ko—ks) — (kia-+2 ke) No/NAY NLVI=2 (2)

AN5/df= (2 ky—ko+ky) NV 1=n (3)
ANo/db— (ke-+ka) NV 1=n (4)
ANy/d0=( —ky+Ea) N2 V17 (5)

dNH/dﬁz{(kc’{"ke)‘—(kha_k}‘)NP/NA}Ni;Vl_n (6)
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allvl radicals. When pure propane and pure propylene, respectively, is used as
feed, the hydrogen atom is produced by the decomposition of propyl radical and
the polymerization as shown by reactions (7) and (16) in Table 3. Then, the
hydrogen atom concentration can be more satisfactorily approximated by the use
of propane or propylene concentration than hydrogen concentration.

Investigations as shown above show that the approximation procedures of
free radical concentrations in rate equations to stoichiometric equations may
differ according with species of feed hydrocarbon. The rate constants of stoichio-
metric rate equations should be estimated for each feed hydrocarbon.

2. Experimental Results of Propane Pyrolysis'®

2.1 Experimental methods

Fig. 1 illustrates the apparatus used in the pyrolysis of propane. The reactor
is made from quartz tube of 1.70 cm ID. and has four sections of 16.5 cm length
(volume of one section=37.5 cc), each with sampling tap of 0.60 cm ID. and
thermocouple well. Chromel vs. alumel thermocouples of 0.3 mm dia. were
inserted in the thermocouple wells to the center of the reactor. Each section
has a electric heating furnace and the temperature is controlled manually by the
use of slidacs.

Commercially available pure propane in bomb has a purity over 98%. Impuri-
ties are ethane and a small quantity of butane. It used as feed with no puri-
fication.  After passing through pressure and flow controller, the flow rate was
measured by olifice flow meter and flowed into preheater. Water from head tank
was flowed through controller and evaporater, and was superheated with preheater.
The propane and steam were mixed at the entrance of the reactor. Sample for
gas chromatographic analyse was taken out from each of the sampling taps by
a rate of 2 cc/sec, so the quenching time is less than 0.1 sec.

u

o
s
E
F
DE
F
J D
LLJ
K [\ [\K Al | B

FIG. 1. Schematic diagram of propane pyrolysis apparatus.
A: propane, B: propylene, C: distilled water, D: pressure controller,
D': head controller, E: flow controller, F: olifice flow meter, G: evapo-
rater, H: preheater, I: reactor, J: condenser, K: liquid separator, G:
gas outlet, M: sampling branch, ¥*: thermocouples.
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Molar compositions of gaseous products, hydrogen, methane, ethane, ethylene,
propylene, and the non-reacted propane, were measured by gas chromatography.
No detectable Cs-hydrocarbons were observed in our experiments. The column
used was 4 m of activated alumina with 1% squalane at 45°C, and the carrier
gas was nitrogen by 20 cc/min.

2.2 Product distribution

Total 66 runs were tested for ranges of feed rate of propane from 10 to 30
mol/hr, molar ratio of steam to propane from 5 to 10, and temperature between
700 and 750°C. Samples from each of four section of the reactor were analyzed.
The mean atomic composition of polymers, 7., components other than gaseous
products detected by gas chromatography was assumed as C¢Hy, in view of the
mechanism proposed by Tominaga ef a¢l*9 From the molar compositions of
gaseous products and the atomic composition of polymers, the moles of j-th
components based on 100 moles of feed propane, N; (i=A, P, E, Q, M, and H),
and the expansion factor of the reacting gas, ei, were calculated by the use of
mass balances of C and H atom. The plots of N; vs. conversion of propane, X,
are shown in Figs. 2-1 and 2-2. The solid lines in Figs. 2-1 and 2-2 are the
relations calculated as shown latter. Propylene was increased at a lower tem-
perature, 650°C, and ethane was increased for lower molar ratios of steam to
propane than 5.

In order to investigate effects of secondary reactions at high conversion level,
pyrolysis of each one of hydrocarbons in gaseous products and their mixtures
with propane were examined. The conversion of methane was small at our
experimental conditions, and its secondary reactions could be neglected. The
conversion of ethane, ethylene and propylene were large and the secondary
reactions must be taken into consideration for these products. However, product
distributions of propane pyrolysis with addition of light hydrocarbon, except
propylene, in a small quantity agreed with that of pure propane pyrolysis except
the added quantity of the hydrocarbon. Thus, the addition of ethane and ethylene

80 T T t T 80 : T T T
& 700 = A 700°C
(o) s
Beol & 75T chy M| Eeof A7 50°C Che M
£ F0/C3Hg A — H,0/ CHg
— A <75 ;ﬁ‘ < <75 VA
Z .40l 2 >75 P 40F & )75 27 2|
20t 20¢ F 1
s S+ CyHgx10
0 . .

04 6.6
Xa (-]
P1G. 2-1. Product distributions for pro-
pane pyrolysis (1).
solid line: Table 10, dotted line: Table 8
(deviations from Table 10 only are shown).

02 04 06 08 1.0
Xa [-)

F1G. 2-2. Product distributions for pro-
pane pyrolysis (2).
solid line: Table 10, dotted line: Table 8
(deviations from Table 10 only are shown).



72 Kiyoshi Kubota and Noriyoshi Morita

in small quantity does not effect the products distribution of propane pyrolysis,
while the addition of propylene increase production of ethylene, methane, and
coke.

2.3 Rate of propane disappearance

The conversion of propane, X, and the expansion factor of the reaction, e.,
are defined by

X4 =(100—N4) /100, ea=(Nt—Nr) /100 X

Then, the concentration of propane and its rate of disappearance, respectively,
are given by
Ci=N,/V=100 (1—-X)P/N:tRT = (1 — X:) P/ (e, X+ Nx/100) RT (N
—J = — (1/V)(AN./d0) = (100 Fr/37.5 Ng) (dX4/ds) (2)

where, the reaction time, 4, is replaced by position variable, s, represented by
the fractional number of the section length of reactor, /, as given by

df=[37.5 P/ (FtuN:t/Nw)RT1ds

The values dX./ds in Eq. (2) is calculated by numerical differentiations of the
relations of conversion of propane vs. section number of the sampling tap.

The rate of propane disappearance is approximated by n-th power equation
as mensioned earlier.

number of

) 26)
sampling tap

A s=0 1 -r 6)
® s=l present results
A s=2 i A 750 °%C
70k Y 0 s=3 | O 700°
70 HO/CHg 00 ¢
VsV s 2t v 650
Y >75 at Xa=04
_'25 L L ! N
-70 -65 -60 -55 0'9 : 110 . 1'1 T
log( . 0_, .
g(Ca) 1117 (°K)
FIG. 3. Comparisons of observed and FIG. 4. Arrhenius plots of first-order

calculated rate of propane disappearance. rate constant of propane disappearance.
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— Ry =, C2 3)

The order of reaction, », obtained experimentary by plotting log (—R4) vs. log Ca
was distributed between 1.0~1.4 at 650~750°C. The plots of log (—%.) vs. log Cs
at 750°C are shown in Fig. 3. The solid and dotted lines in Fig. 3 are the relations
calculated as shown latter. Assuming first-order, the rate constant, ke 1, was
calculated for each run. Arrenius plot of the rate constant is shown in Fig. 4.
Fig. 4 also contains results from other investigatiors for reference. The heavy
solid line in Fig. 4 is the results at X,=0.4. From this line we obtaine the rate
equation as follow.

— fa =6.04x 10" [exp ( —58900/RT)IC,  mol-cc lesec™? (4)

‘The influences of mixing of small quantities of each one of product species
to feed propane on the reaction rate are not detectable except propylene. The
latter shows an inhibitive action, especially by an initial small quantity.

2.4 Analog simulation of the reaction

As are shown in Fig. 2, the mole numbers of pyrolysis products, N, show
good correlations with the conversion of propane, X, for the experimental ranges
of 700 and 750°C and molar ratios of steam to propane from 5 to 10. Thus, by
the simulation of the experimental results on N; vs. X4 to these relations given
by eliminating ¢ from the rate equations in Tables 8 and 10, the relative values
of rate parameters, ks (p=b,c,d, e, f, h, ha, k), were obtained independent of absolute
rates of reactions. Then, these parameters can be reduced to absolute values by
the use of the rate of propane disappearance given by Eq. (4). The relative
values of rate parameters obtained by analog simulation are shown in Table 11.
The calculated relations of N; vs. Xi by the use of those parameter values are
shown by solid and dotted lines in Fig. 2. They represent fairly well the experi-
mental points.

TABLE 11. Relative Values of Rate Parameters Obtained
by Analog Simulation

kp in Table 8:
ko ke ka ke Ry ke Ry
0.046  0.040 1.00 0.82 0.013 0.80 0.56

kp in Table 10:
kb kc kd ks kj kha kk
0.035  0.031 0.096 0.78 0.011 1.00 0.39

2.5 Experiment with feed containning propylene

The addition of propylene in feed propane shows an inhibitive action by an
initial small quantity on the rate of propane disappearnce, and increases production
of ethylene, methane, and coke. The plots of N; vs. N, for pyrolysis of propane
containning 10, 20, and 40% propylene, respectively, are shown in Figs. 5-1 and
5-2.  Product distributions of pyrolysis of propane mixed with propylene were
calculated from the rate equations in Table 10, applying values of rate parame-
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F1G. 5-1. Product distributions for FIG. 5-2. Product distributions for
pyrolysis of propane mixed with 109 pro- pyrolysis of propane with 20 and 409% pro-

pylene. pylene.

ters in Table 11. The results are shown by solid and dotted lines in Figs.
5-1 and 5-2. They agree well with experimental points. T he rate equations in
Table 10 is superior than the rate equations in Table 8 in that the former can
illustrate inhibitory action of propylene. However, the rate equations in Table
10 can not vet illustrate the inhibitory action of initial small quantity of propylene.
A method to represent the free radical concentrations in the rate equations in
Tables 6 and 9 by expressions containing only measurable molecular concentra-
tions and have denominator of inhibitory molecular concentrations was also ex-
amined. But, the analysis of free radical concentrations by such method is too
complicated for our present purpose. Therefore, the stoichiometric rate equa-
tions derivated in Table 10 were applied for further investigations.

3. Estimation of Optimum Parameters in Stoichiometric
Rate Equations!®

3.1 Introduction

Investigations of the estimation of parameters in rate equations were reviewed
recently by Morita et al3® Although, there are many publications in this field,
experimental investigations are rather rare, especially for multi-response rate
processes.

In the present report, three kinds of Gauss method are first compared each
other in their efficiencies to evaluate optimum values of parameters in the rate
equations in Table 10. The three methods are: application of Gauss method to
integral rate, i.e., the moles of product species, N;, application to relative rates
of production of product species to the conversion of propane, dN;/dX., and
application to the sum of squares of residuals of moles of product species,
8 = 23(Nj,o0s = Nj, aie)®. Secondly, these results are compared with steepest descent

J
method and Marquardt method. Detailed discussions of the step size in the
steepest descent method and weighting factor in the Marquardt method are given.
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3.2 Methods of estimation

3.2.1 Gauss method applied to integral rates of reactions (Method A) In this
method, the sum of squares of residuals is S, = ZZ}(N;,obS — Njeae)}, where Ny, oue

is the mole number of j-th compornent calculatéd by numerical integration of
the rate equations in Table 10 applying appropriate initial values of rate para-
meters, kp,o. To minimize Si, we have 95.4/0(4kp) =0, and obtain the following
normal equations.

3335 (550), (502) (ko) |, = 35 on = 30 (2L ) ] (5

Starting from the initial values of parameters as determined by analog simulation
and the initial values of moles of component, Nj,, calculated by applying the
initial parameter values to the rate equations, corrections for parameters, dkp,
are obtained by solving the linear simultaneous equations (5) by digital computer.
These corrections are added to initial values of rate parameters. The corrected
values of parameters are used as the initial values of second iteration and so on,
until the sum of squares of residuals reach a specified small value, and the
optimum values of rate parameters are obtained,

In the derivation of the normal equations (5), we have not taken into con-
sideration of the weights of responses. When the variances differe for each
responses, we need to use weighting factors associated with observed values of
responses, Njons. The weighting factors may be given by inversely proportional
values of variances. However, for such complex reactions as the propane pyrolysis,
the variances in experimental values of molar concentrations can not be obtained,
because identical experimental conditions are difficult to be realized. Mezaki ef ¢/.2®
applied Bayes’ function for a complex chemical system with three responses.
However, application of the methods becames very difficult for such complex
systems as in present report, because the normal equations are six-order simul-
taneous equations with seven elements. Therefore, we use Eq. {(5) as normal
equations, assuming the weighting factors are the same for all of components.

In this method, the initial values of rate parameter ks, are substituted into
the rate equations in Table 10, and the (Nj,o): are calculated by applying Runge-
Kutta-Gill numerical integration method for every experimental points cor-
responding to the experimental conversions of propane, setting the time step 40
as a parameter. During the calculation, we need to evalute (ON;/0kp)o,i for
every step of calculations. These values are obtained by evaluating variation
in values of Nj, Njo-+ 4Njo, by the use of variated values of parameters,
kp,o+4dkp,0, and setting (ON;/2kp)o,i = (AN;/ dkp)o,; for each iteration (see page 78).
These calculations are included in the program of computer.

To examine the approach of the calculated values of kp to the optimum
values, the standard deviation, or the variance, of N; is calculated for every
step by

gy; = EEE(M, obs ™ ]Vj, calc)f’/(]“ 1) (]"‘ P)]Uz (6)
AVEF:N

3.2.2 Gauss method applied to differential rates of reactions (Method B) If we
eliminate time ¢ by dividing the rate equations in Table 10 for each compornent
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of products by that for propane, we obtaine equations for the relations between

the modified rate of reaction, (dN;/dX.), and the conversion of propane, X.i.

Set the sum of squares of residuals by Sp= >3 [(dN;/dX)ons — (AN;/dX L) carcdt.
i 3

The normal equations for least square calculation are:

SISISUIB(AN;/dX L) [0k T[a(AN;/ dX4) [okelo(dkp) i

i 3P

= 2? (CAN;/dX ) ove — (AN;/dX2)oILO(AN;/AX ) [k Lo }i (7

In order to evaluate (dNj/dXs)es, i, each of the observed values of moles,
Ni.ons, is expresed by a third-order exponential polynomial with variable Xy, and
the derivatives of the polynomial are calculated at the observed points, X4, i.
These calculations are including in the program of computer.

The standard deviation of dN;/dX. is calculated by

JdN;/dX s = {22[(dN]/dXA)obs - (de/dXA)calc]z/(]"' 1) ([— P) }1/2 (8)

7 JFA

For the purpose of comparison with method A, oy, is also calculated using
Eq. (6).

3.2.8 Gauss method applied to the sum of squares of residuals of each run
(Method C) The residual of moles of each experimental run is given by
0i = Z(Nj,obs'”Nj,calc)%, and its value is evaluated by

J

01 = di,0+ > [(38/okp)o(dkp) 1 9)
14

Thus, we have to minimize S¢ = 25?. This kind of method is applied for ethane

pyrolysis by Snow*. The normal equations for the least square calculations of
the correction for parameters, 4kp, are

e (22),(28) o0 ] = - S(o(2) )

The standard deviation, dx;, is calculated by Eq. (6).

3.2.4 Steepest descent method applied to integral rate of reactions (Method D)
Here, we have to find the direction of steepest desent of the sum of squares of
residuals, Sp= SISV Nj.ovs — Nj,)i when infinitesimal changes are given to the

i
initial values of rate parameters. Let the direction of the infinitesimal change
in kp is denoted by
(dn)* =] (dkp)? (11)

14

Then, the change of Sp is given by
dSp/dr = 32(aSs/0ks) (dkp/d7) (12)

14

In order to get the direction of minimizing Sp, we have to find the direction to
get the most negative value of Eq. (12).
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From Eq. (11) we get, 1— >\(dkp/d”*=0, and from Eq. (12) we obtain the
following function by using a L;graﬂge multiplier, 1.
Zp(aSD/akp) (dkp/dr) +AL1— %(dkp/df)zj (13)
Derivative of function (13) with respect to dkp/dr is set equal to zero.
(0Sp/okp) 4+ A(—2 dkp/dr) =0 (14)
Then, the 2 is obtained as follow
3= _+_(1/2>£>_;(asﬂ/akp>3]”2 (15)
Substitution into Eq. (14) gives
dkp/dr= = (asp/akp>[Zp}(asp/akp)z]'m (16)

Thus, when the step size for correction is denoted by 4dr=1s, the equations to
obtaine corrections for parameters are given as follow.

dkp = — 2s(3Sn/0ks)e/[>3(2Sp/ k) i1 (17)

The standard deviation, oy,, is calculated by the aid of Eq. (6).

3.2.5 Marquardt method applied to integral rate of reactions (Method E)
Marquardt®” modified the steepest descent method with the Gauss method. The
normal equations to find 4%, are given by

2N; oN; 1oy ; oN;
S{ZS (5, (500), |+ 26} ah) = ST W= N30 (22) | 09)
where, Az=0 for g=p. The 1, is a weighting factor, and A;=0 or « reduces Eq.
(18) to Gauss or steepest descent method, respectively.

Ball e al* used the following normal equations in places of Eq. (18).

*\5““1“‘1 B BNL BN] ) ‘\ \ _ . _ A ,aN—i
SR (38 (G e wotats =S - (57) ], a9
where, Az=0 for q«pw The values of 2z in Eq. (18) must be changed with the
values of ZLE(BNj/okj,) (BNj/ok,) i, while the value A in Eq. (19) is given in

relation to a ﬁxed value designated by 1. In the following calculations of the
optimum rate parameters, Eq. (19) is applied. The standard deviation is calculated
using Eq. (6).

3.3 Caleulations of optimum parameters

The optimum values of the rate parameters of the stoichiometric rate equa-
tions in Table 10, assuming n=1, were calculated by the use of the experimental
values of moles of product compoments obtained in Chapter 2 and shown in Fig.
7. The number of chemical species, the number of rate parameters, and the
number of experimental points applied for the calculations were /=6, P=7, and
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TABLE 12. Rate Parameters Obtained by Methods A, B and C, after Six
Iterations. %g=1.000 (Standard)

Ep | Initial A B C | Initial A B c
ko 003 0019 0006 —0.003 | 0.01 0019 0007 —0.026
ko 0032 0076 0078  0.095 001 0.076 0078  0.099
ke 0813 0715  0.501 0.728 | 1.0 0712 0.500 0.784
ky 0.011 0076 0.091 0142 | 001 0077 0090  0.190
Fua 1042 0909 0332 0937 | 10 0906  0.328 1.292
ke 0406 033 0220 0301 | 1.0 0330 0222 0295
oy, 1.590 1018 2.596 1240 | 5010 1023 2594 1.609
GAN;ldX s 64.68 — 5.69 — 59.63 — 5.62 —

=66, respectively. The optimum values of parameters obtained by the three
Gauss methods, A, B, and C, are shown in second to fifth column of Table 12 and
the modes of convergency with iteration numbers are plotted in Figs. 6-1~6-3.
The moles of product components calculated from rate equations in Table 10 by
applying the parameter values obtained by method A, which gives a minimum
values of variance, are shown by solid lines in Fig. 7. We see from Figs. 6-1~
6-3 that the calculated values of rate parameters become almost at constants
after third iteration for all of the three methods, although the final values differ
each other.

The HITAC 5020 digital computer in Tokyo University was used for the
calculations. The times of calculations were five minutes for methods A and C,
and two minutes for method B, each including the time of calculations of ou;.
The time step was 40=0.001 and the width of variation of kp.o to calculate the
gradients (AN;j/dkp)o; and (46/4kp)e: in Egs. (5) and (10), was 20%, ie., 4kpo=
02 k[),o.

2 T T T T T
method A
® kpxio O ke A Knhg
o T A kex10 v kex10 v kg 7
=< (kg=1000 standard)

O_ R

initial 1 2 3 4 5 6
number of iteration
FIG. 6-1. Changes of parameter valus with number of iteration (method A).
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infial. 1 2 3 4 & 8
number of iteration

F1G. 6-2. Changes of parameter values with number of iteration
(method B). Key points are the same as in Fig. 6-1.

method C

Y B ”
initial 1 2 3 4 5 6
number of iteration
FI1G. 6-3. Changes of parameter values with number of iteration
(method C). Key points are the same as in Fig. 6-1.

In order to examine the effect of initial values to the estimated optimum
values of the rate parameters, we tried the calculations with different initial
values. Because the values of £p, ke, and ks, which are in connection with the
reactions of initiation and termination steps, are expected to be much smaller
than the other parameters, we set the initial values of these parameters as 1/100
of other parameters. The results of estimation were shown in seventh to ninth
column in Table 12. The values obtained by methods A and B agree well with
those obtained above, while the values obtained by method C show some varia-
tions, which may be attributed to the vibrational character of method C.
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FIG. 7. Observed and calculated distributions of products for propane pyrolysis.

TABLE 13. Rate Parameters Obtained by Method D and E, after
Six Iterations. kq=1.000 (Standard)

method D:

Fp !Initial & fo, | mitial ks &,
ke | 0036 0093 0034 | 001  —0061 —0006
ke | 0032 0048 0034 | 001 0.124  0.026
ke | 0813 0689 0748 | 10 0567  0.884
Ry | 0011 0139 0033 | 001 0116  0.067
B | 1042 1022 1.062 | 001 0101 0.038
Fe [ 0406 0410 0415 | 001 0127 0047
|

oy; | 1.590 4.960 1.252 9.379 3.935 6.898

method E:
ky | Initial s 2| nitial i i
ko | 003 0034 0026 | 001 0019 0021
ke | 0032 0051 0068 | 001 0069 0077
ke 0813 0727 0712 | 10 0.651  0.705
B, | 0011 0030 0058 | 001 0068 0074
B | 1042 0997 0912 | 001 0593 0.867
ke | 0406 0445 0376 001 0.353 0339

Ny 1.590 1.088 1.058 | 9.379 1121 1.021
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Other initial values were also tried for method A and C. Here, the initial
values were assumed to be 1/100, for all parameters except ks and ke, which
were connected to the main reactions of the propagation steps. Method A showed
overflow, while method C showed stability but did not converge to such a small
values of variance as obtained above.

The optimum values of parameters obtained by method D and E are shown
in Table 13. Two sets of initial values were tested, 7.e., the values of kpin Table
11 evaluated by analog simulations and those mentioned in last section, with
which the method A resulted over flow. The step sizes in method D were ls=
0.2 and 0.02 and the weighting factors in method E were A,=1.0 and 0.2. The
times of calculations were three and one half minutes for method D and five
minutes for method E. The decreases of the standard deviations with increase
in iteration number for methods D and E are shown in Fig. 8.

v: EQu= 02) Al E (7\ 1 o~0031 5)

0

O i
initial 1 2 3 4 5 6
number of iteration :

F1e. 8. Changes of standard deviations with number of iteration.

3.4 Discussions of the resulis

Method A has a superiority over others in that it gives the smallest variance
when good initial values of rate patameters are available by some ways such as
analog simulation. Method B has an advantage over method A in the short time
of calculation. But, in spite of the monotonous decrease of the variance of
dN;/dXs accompanied with increase in number of iteration, the variance of N;
reaches to a minimum and then increase with the number of iteration. The
values of parameters at the minimum point differ remarkably from the values
obtained by method A. These irregularities may be attributed to the errors in
the differertiation of experimental values of N; vs. X, to get dN;/dX.. Method
C are stable for large fluctuations of initial values of parameters. But, this method
results vibrating values as seen from Fig. 6-3 and the variance is large. These
irregularities may be attributed to the high correlations between N/'s, because
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in method C, (98/0kp)e.; are evaluated in connection of the sum of all components
in every run, while, in method A, (8N;/9ks),,: are evaluated for each component
in every run.

Method D also gives vibrating values if the step size A is large and the
convergence is limited as seen from Fig. 8. In such a case, we need to decrease
the step size according to advances of iterations. In method E, small values of
the weighting factor A, bring the method close to method A, and becomes unstable
if the initial values are unsuitable. Thus, we need to decrease the weighting
factor gradually according to advances of the iterations. An example of adjustment
of the weighting factor was shown by Marquardt®. But, for such complex
system as our present rate equations which need (P-+1)-mal numerical integration
for one iteration, the adjustment of the step size in method D or the weighting
factor in method E is too time-consuming, and we are obliged to use simple
methods. v

In another calculation by the method D with a starting value of A=0.2, the
step size was decreased in succesion to one half of the preceeding value whenever
the standard deviation exceeded that of former calculation (called method D).
Similarly, in method E with a starting value of 1;=1.0, the weighting factor
was decreased in succesion to one half of the preceeding values for every itera-
tion (call method E'). The parameter values obtained by methods D’ and E' are
shown in Tahle 14. The standard deviations for methods D' and E/, respectively,
are superior to methods D and E.

In comparison of method D' with method E/, the former is less advantageous
in that it does not converge to same values of parameters for different initial
values and the standard deviations is also larger than that for method E'. The
steepest descent method has a profit of stability for deviations in initial values
of rate parameters, but it needs too much time to achieve covergence. Therefore,
this method can not be applied for such cases as our present problem.

Method C was stable, but gave vibrating parameter values. Therefore, we
tried a method (called method C') to multiply a factor 2c for all of 4kp. Starting
with 2c=1.0, the step size was decreased in succesion to one half of preceeding
value whenever the standard deviation exceeded that of preceding calculation.
Method C' was superior to method C, because the former gave no vibrating

TABLE 14. Rate Parameters Obtained by Methods D' and E', after Six
Tterations. kq=1.000 (Standard)

methods: D' E’ D’ B
ky | Initial =~ 4 Jouss 1.0~é?03125i mitial 5% s 10003125
% 0.036 0.027 0.023 | 001 ~0.020 0.019
ke 0.032 0.038 0073 | 001 0.084 0.077
ke 0.813 0.748 0713 | 10 0.583 0.713
ky 0.011 0.028 0068 | 001 0.142 0.076
Fra | 1.042 1.061 0011 | 001 0.105 0.900
Fi 0.406 0.414 0.355 0.01 0.126 0.337

!
ow; | 1590 1.180 1023 | 979 2.035 1.020
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parameter values and has less standard deviations, but not converged to small
value such as obtained by method E'.

In conclusion, when good initial values of rate parameters can not be obtained,
Marquardt method with decreasing weighting factor for every iterations as like
in method E’, and thus approaching to Gauss method, may be the best way, and
will be applicable for many kinds of complex problems.

4. Sample Calculation for Designing Tubular Pyrolysis Unit®

4.1 Histrical backgrounds

Methods of designing multiple tubular reactors for hydrocarbon pyrolysis
were reported by Fair ef ¢l.” and Perkins et al3 using the results of experiments
by Schutt®». The former reported a step wise trial and error method assuming
temperature and pressure of the reacting gases for tube to tube of the reactor,
and the latter used numerical integration method where the incremental increase
of the expansion factor was assumed as the same as that of preceding step and,
thus, decreased the time of calculation to one fourth of the former. However,
these methods used charts of over-all rate constant of reactant disappearance vs.
temperature and product distributions vs. conversion.

Several authors reported recently the designing methods applied stoichiometric
rate equations and digital and analog computations. Snow ef ¢l and Andrews
et al®, respectively, calculated the number of reactor tubes for ethane and butane
pyrolysis. However, these methods need stepwise trial and error calculations,
setting assumptions on the change of moles, temperature and pressure for each
stage.

In our present calculation, an improved method is presented for designing a
multiple tubular reactor for propane pyrolysis, where no trial calculation is
required except for temperature and pressure, by using the stoichiometric rate
equations and optimum parameter values obtained in Chapters 1~3.

4.2 Estimation of number of tubes for pyrelysis reactor

4.2.1 Application of the stoichiometric rate equations Applying the relative
values of rate parameters obtained by method A in Table 12 to the stoichiometric
rate equations in Table 10, Egs. (1) ~

(6) in Table 15 are obtained, as- TABLE 15. Rate Equations Applied for
suming #=1 and changing time # in Design of Pyrolysis Furnace

sec to time ¢ in hr. Egs. (7)) ~(9) s

are added to supplement the reac- = ANy /de=Fk1(1.810 Ny —0.909 Nr) (1)
tions of non-measurable components dNe/dr=Fk1(0.639 Na—1.581 Np) (2
by the gas chromatography. The dNp/de=£1(0.038 Na) (3)
rate constant 4, as shown in Eq. ANo/dr=k1(1.076 Na) (4)
(10) in Table 15 was obtained by ANy /dr=ki(0.981 Ny) (5)
substituting mean experimental val- AN/ dr=F1(0.715 Na—0.573 Np) (6)
ues of Np/N.=0.193 at X, =040 in dNp/dr=Fkik;Na=Fk1(0.076 Na) (7)
Eq. (1) in Table 15, compared with dNc/dr=kiky Np=F1(0.336 Ne) (8)
rate equation of propane disappear- dNs/de=0 (9)

ance at Xa.=040, ie. Eq. (4), and £ =1.33x10%exp(—568.9x103/RT) hr-!  (10)
changing the time unit into hr. —
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4, 2.2 Changes of moles and residence lime with tube number  Average tem-
perature and pressure of gas in n-th tube of the furnace are first assumed in
terms of their changes in preceding tube as follow:

Tn = Tu—l + (Tn—l - Tn—2)/2: pn = Pﬂ.—l + (Pn—l - Pn—-'l) /2

Here, 7T»-: and P, are temperature and pressure at the exit of (z—1)th tube,
respectively. Substituting the reaction time and the moles of product components
at the exit of (n—1)th tube, i.e., ts-; and Nj »-;, as the inlet values to n-th tube
in the stoichiometric rate equations in Table 10, the moles of product components
at reaction time ru_i1+mdr(m=1, 2,...) are calculated stepwise by Runge-Kutta-
Gill numerical integration method. The time increment 4t is taken as one-
hundredth of drn-1=tn-1—tn-2. The volume of gas flowed during the time mdr
is evaluated by

Vi = 0.08205 mAcF T/ Ppy m° (20)

where, Fon=(Fn-1+Fm)/2 is mean molar flow rate in kg-mol/hr, Ty = (Th-y + To)/2
is mean temperature in °K, Pm=(Pn-1-+Pm)/2 is mean pressure in atm, and
0.08205 m3+.atm/kg-mol.°K is the gas constant. When Vi is less than the volume
of one tube, Vi.w., the stepwise calculation is continued until Vi just exceeds
VLubc.

The values of = and N; at this limitting point are defined as their values at
the exit of n-th tube, i.e, 4 and Nj,,.

4.2.3 Calculation of gas temperature Mean molar heat capacity of gases and
mean enthalpy of reaction in n-th tube, (Cp)» and (4H),, are calculated by the
methods described latter, assuming mean temperature of the n-th tube, 7°,. By
the use of these values, a trial gas temperature at the exit of the n-th tube, 7',
is calculated by the following heat balance equation.

T = Tpr = Lad'lg/ Fu(Cp)o1 — L(AH) w/ (Tp) ] (21)

where, ¢ [kcal/hr.m?] is the heat flux from the wall. Then, the mean temperature
of gas in #n-th tube is obtained by T, = (T + T»-1)/2. When the estimated mean
temperature, 7,, deviate from the assumed values, 7',, the calculation is repeated
assuming revised mean temperature by 7', until the deviation become less than
T0/200, and then T,=T,. If T» exceeds an allowable maximum value, heat
supply is decreased by 1000 kcal/hr, i.e. to g—1000. This procedure is included
in the program of computer. But, in our trial calculation shown latter, no such
case was appeared.

4. 2.4 Calculation of pressure dvop Mean molecular weight, mean density, and
mean viscosity at n-th tube, A7, 5, and /i, are calculated as described below.
Equivalent length of one tube is given, by using equivalent tube length 754 for
a 180 bent, by

L,=1+75d (22)

The estimated values of gas pressure at the exit of the n-th tube, Pi, can be
obtained using the following equation, which is obtained by substituing Blasius
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equation, f=0.0791 R;"® for tubulent flow, into friction factor, f, in Fanning
equation®,

= A7 \L75 _.0.25
Pt — P5 =3.089 x 107 ’;‘f{? ]( f%n )Le (23)

The mean pressure in n-th tube is obtained by Pj = (P} 4+ P,-,)/2.

When the calculated value P; does not agree with assumed value P,, the
calculation is repeated by assuming mean pressure by P, until the deviation
decreases less than P/200. The final value of P7, is set equal to the exit pressure
of n-th tube, Pj.

4.2.5 Calculation of wall temperature For the calculation of the wall temper-
ature of reactor tubes, we need information on the rate of coke deposition. As
we have no knowledge on it at present, the calculation is proceeded by neglecting
the effect of coke. By the use of mean heat conductivity of gases in n-th tube,
(%kg)n, calculated as described latter, mean Reynolds number and mean Prandtl
number in the z-th tube are obtained by

(:?e) n = 4 F_ﬂ?—”‘?l/ﬁd/—_l?h (?7'>n = (azﬁ) nﬁn/ (Eg) 7
Then, the heat transfer coefficient of gas film, %s, is calculated by
Tin=0.023(Ro)5* (P (kg)w/d  kcal/hrem?»°C (24)

From this coefficient and the heat conductivity of wall, (%), the overall
heat transfer coefficient at the wall is calculated by

U,=1/{ (d'[hnd) +[(d — AV {Fw)nld' +d)]} kecal/hr-m?-°C (25)
The mean wall temperature at the »-th tube is then given by (Tw)p=Tr=+ g/ Tn.

4.2.6 Determination of final tube number ~When the conversion at the exit
of n-th tube obtained by Xi »=(Naio— Ni »)/Ns, is less than an allowable
minimum conversion, Xi, min, the calculations are repeated until X4 »=Xa, min.

For this final step, the number of reactor tube and gas pressure are denoted
by nz and Pg. If the restriction conditions Puax=Pr=Puin (where, Puax and Puin
are allowable maximum and minimum pressure, respectively, and we set Puax=
Puin+0.3) are not satisfied, we need to repeat the calculations by setting Py=P,
+=0.1.

4.3 Design conditions and physical properties

4.3.1 Design conditions Refering to the previous publications, the following
design conditions are sellected:

(1) Condition of feed gases
Temperature and pressure: 75=338.2°K, P,<5 atm-abs
Mole numbers and flow rates: N.,o= 100 kg-mol, Ns, =20 kg-mol/100 kg-moles of
feed propane, Fa, =60, Fs =12 kg-mol/hr.

(2) Conditions for tubes
ID. and O0.D.: d=0.105 cm, d' =0.114 cm
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Equivalent length of one tube including one 180 bent: Le=7.3 m
Volume of one tube: Viwe= (nd?/4)[=0.0632 m?
Heat flux, and heat supply to one tube: ¢=27000 kcal/hr.m?, @=nd’lg="70600 kcal/
hr. Other values are also examined
(3) Conditions of constriction
Gas temperature in tubes: Tu= Twax=1073.2°K
Gas pressure at final exit: Pr=Pmin=1.7 atm-abs
Conversion at final exit: Xa z=X4, min = 0.65

4. 3.2 Evaluations of pysical properties
(1) Mean molecular weight and mean density:

Mn=3M;¥j,n, 0n=Pn/0.08205 T
J

where, 7;,n=Nj. »/>Nj »: mean mole fraction of component-j, and Nj = (Nj,x
J

-+ Nj, 71,—1) /2.
(2) Mean viscosity®: Viscosity of component-j is calculated using Licht et al.
equation by the use of critical temperature and pressure, T¢,; and P, j, by

M?Pé,j)”“[ (T nl Te i)

—_— . -3
Ljon= 226810 ( 7., (Tl Te,;) +08

] kg/m-hr

Mean viscosity of gases is calculated using Wilke equation.
Hn= ; 2, n/[l -+ (1/_@', n) (;E’, n (p'j,i)]
=7

where, i = L1+ (T, ud 1) (M MY (4N 201+ (MG M) T
(3) Mean molar heat capacity at constant pressure:
Con=a+bTn+¢T» kcal/kg-mol-°K

where, @ = 2l ajyj,nla =a, b, and ¢). The values of constants of heat capacity

J
expressions for gaseous components, a;, bj, and c¢j, are adopted from Nagasako
et al®
(4) Mean enthalpy of reaction:

where,  (dHas.16)n = Z(AH[ 208.16) 7 (4Yj, )
J
(ACp) 5= (1/6Y[(ACp,258.16) 1+ 4(4Cp, (Fyw2vs.16112) n+ (4Cp, 72,)
(4Cp,2)n=da-+ (40) T+ (4e) T*,  da = ai(dyj,n) (a=a,b, andc)
7
Ayin= ANj,n/zﬁj, 723 ANJ’,n:Nj, n“]vj.ﬂ—l-
J

The values of (4Hy, »s.16); is adappted from Nagasako ef al.*?.

(5) Mean heat conductivity of gas and wall: The mean heat conductivity of
gaseous mixture is calculated using Eucken’s equation®®.

(Be)n=anl (Cp)n+ 2481/ 34n kecal/hr-m-°C
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For mean heat conductivity of wall, the value of 18-8 stainless steel is applied™?.
(%) =9.65-+0.0108 T, kcal/hr-m-°C

4.4 Resulis of calenlations and discussion

4.4.1 Determination of number of reacior tubes The numbers of reactor tubes
and exit conditions for various values of heat supply are shown in Table 16.
For ¢=27000 kcal/hr-m? results obtained for various inlet gas pressures are also
shown in Table 16. The results are compared in Fig. 9-1. The time of calcula-
tion was 20 seconds for each run by HITAC 5020 digital computer in Tokyo
University. Fig. 9-1 is comparable with that reported by Perkins et al* In our
calculations, the tube number, nz, did not vary with P, when it decreased from
5 to 4 atm. Increase in ¢ from 27000 to 32000 kcal/hr-m? decreases ny from 34
to 29. But, (7w)z approached the limitting values of gas temperature.

TABLE 16. Number of Tubes and Exit Conditions for
Constant Heat Supply

q Py ng TE Te Pp Xa, 2 (Tw)m
[keal/hr.m?] |[atm] [-—] [hr] [°K] [atm] [—] [°K]
27000 5.0 34 0.00196 1031 2.81 0.684 1051
4.9 34 0.00161 1033 2.63 1.681 1052
4.8 34 0.00186 1035 2.43 0.679 1054

4.7 34 0.00181 1037 2.23 0.675 1056
4.6 34 0.00176 1039 2.02 0.669 1058
4.5 34 0.00171 1042 177 0.665 1061

22000 4.9 41 000226 1031 191 0656 1046
32000 43 29 000140 1048 195 0673 1070
08 . 8 11100
st Raim g (kaal/rrnd) T
~——45 27000 e e
-—-50 27000 =
L] 43 32000 —
08 6 19003
—
0 £
2} ] 2
2 &
P kel S =
&l 04 S #1700
g P
3 E
1
1r faiad
02 12 1500
oL ¢ . . . . B J
0 10 20 30 0 730

F1G. 9-1. Calculated curves for propane pyrolysis unit with constant heat flux.
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The present results could not be compared with those of Snow ef a/* and
Andrews ef al?, because their methods to obtaine initial conditions were mnot
explained. However, our present method made the design accurate and simple by
taking into consideration of the changes of moles of each component in each
tube by calculating numerically the rate equations until the reactor volume
reached to the volume of one tube and, thus, the expansion factor and the rate
of reaction were obtained accurately with change in composition. The number
of trial and error calculations was also decreased by assuming the initial values
of mean temperature and pressur by the use of the changes in preceding tube.

4.4.2 Heat supply to wall Snow ef al.®® and Andrews ef al?, respectively,
changed the heat supply to each tube stepwise and continuously. For investigation
of the effect of the heat supply scheme, we calculated for the cases where the

TABLE 17. Number of Tubes and Exit Conditions with
Change in Heat Supply

Method A: gu=go—(4q)n [kcal/hrem?]

@ dqg | Ps ur Tz Te Pe  Xuz (Tw)e
32000 300 | 4.6 34 000168 1033  1.86  0.665 1048
22000  —300 @ 4.5 34 0.00180 1047 195 0670 1070

Method B: qu=qo(n=17), qu=qo—4q(n>1T)

qo dq Py n TR r Pr Xa,w (Twie

32000 10000 | 4.6 34 0.00163 1036 1.73 0.676 1036
22000  —10000 | 4.4 34 0.00180 1047 1.83 0.655 1070

08 g8 41100

Ratrm) dglcal /hrrf) -
—— 46 32000-300n
-—- 45 22000+300D- 2=

1500

o+ 0 : * p 0 300

FIG. 9-2. Calculated curves for propane pyrolysis uuit with varying heat flux.



Kinetic Studies of Thermal and Catalytic Cracking of Light Hydrocarbons 89

heat supply was changed in linearly and stepwise with tube number {call scheme
A and B, respectively), keeping the mean of total heat supply at the constant
27000 kcal/hr-m* as adopted above. The results are shown in Table 17 and Fig.
9-2.

Tables 16 and 17 show that the total number of tubes, nz is kept constant
irrespective of the heat flux distributions so far the mean of total heat supply
is identical. However, Figs. 9-1 and 9-2 show that when the heat supply is
decreased with increase in tube number, the slop of curve of conversion vs. tube
number decreases. Thus, we can obtaine a stabilization condition at the exit for
the concentrations of propylene and ethylene and the control of reactor becomes
easier. These schemes have further benefits that the coke deposition and wall
temperature rise in tubes near to the reactor exit are depressed. The difference
in effects of schemes A and B is not remarkable. But, as the curves of wall
temperature for scheme B have maximum points, scheme A may be superior.

5. Catalytic Cracking of Butane®

5.1 Derivation of stoichiometric eguations and rate equations of butane
cracking

5.1.1 Elementary carbonyl ion reactions of butame cracking Characteristic

differences of catalytic cracking from thermal cracking are that the former is a

milder reaction over acidic catalyst such as silica-alumina and proceeds through

TABLE 18. Elementary Carbonyl Ion Reactions and Rate
Equations of Catalytic Cracking of Butane

Elementary Carbonyl reaction Rate equation

initiation step

CA}HIO‘TLL——)C‘;H;' LH- r1=k1Cp2y (1)
CiHs+BH—-CiH ---B~ 72=koCpnigy (2)
CsHs+BH—~>CsH - - -B- r3=Fk3Cpnipy (3)
CoHa+BH—CHS --- B~ r4=kiCanpy (4)
propagation step
CiHy —»CoHa+CoHY 7s=ksCa+ (5)
C4Hy —CsHe+CHS re=keCa~+ (6)
CeHot —>CsHs+H* re=hyCa+ (7)
CsH + CaFHao—>CsHs+ CaHy 7s=ksCyCr+ (8)
CoH; + CyHio—>Cole+ CsH ro=kyC;Cp+ (9)
CH{ + CsHio—>CHa+ CaFHF 710=Fk10C1Cu+ (10)
H+ +CqHio—~He+ C4H{ r=Fk1uC,Cu+ (11)
2 C4Hs—>coke 1+ C4Hio 712=k12C%) (12)
2 CsHg—coke 24 CsHs rs=FhsC% (13)
2 CzHy—>coke 3+ CoHg r1a=huCj (14)
n-CoHy 2i-C4Hy 715=R15Cn-a+ —Fy5 Cioa+ (15)
termination step
i-CeHy - - - LH~—i-CsHio+ L r16=Fk16Ca+—ru (16)

i-C4Hy - - - B~—i-C4Hs+BH ra=kisCa+—p (17)




90 Kiyoshi Kubota and Noriyoshi Morita

carbonyl ions as intermediates formed on the acidic centers of the catalyst.
However, detailed invastigation of the elementary carbonyl ion reactions is lacking
even for butane, which is the lightest hydrocarbon investigated for catalytic
cracking.

The carbonyl ion mechanism of butane cracking is postulated as in Table 18,
referring to the publications of elementary carbonyl ion reactions by Greensfelder
et al. 9 on various hydrocarbons, and of discussions for the cracking of n-dodecane
and z-hexadecane by Kunugi ef al.2”, and of summaries by Hara® and Ozaki®®,
Carbonyl ions are formed from paraffins on Lewis acid centers and from olefines
on Brénsted acid centers. The latter is formed easier than the former®”.
Therefore, the elementary reactions (2) ~(4), which are participated by cracking
products, are added to the initiation reaction.

Isomarization reactions of carbonyl ions such as reaction (15) in Table 18
occur for propyl and butyl ions, and their stability increases in order of tertiary,
secondary, and primary ions®. But, as the isomerization reactions are faster
than other elementary reactions®, we assumed equilibriums between carbonyl
ion isomers. These isomerization reactions are inclusively represented by the
elementary reaction (15). Therefore, the ratios of carbonyl ion isomer concen-
trations are implicitly included in rate parameters of stoichiometric rate equation
introduced in next section.

Ton transfer reactions can arise for components other than butane. However,
under the existence of a great quantity of butane, butyl ion may be produced in
greater quantity than other ions. Therefor, we assumed the elementary reactions
(8) ~(11) as net reactions in presence of butane. The ion transfer reactions are
eliminated in the derivation of the stoichiometric rate equations shown latter.
Reactions (5) ~ (7) are adopted for the ion decomposition reactions, because other
ions than butyl exist in small quantities. For termination, reactions (16) and
(17) are postulated as representative reactions, because the iso-butyl ion exist in
large quantity.

Coke formation is caused by autosaturations of olefines, which are in turn
the hydrogen transfer reactions be-
tween molecules®®. Compositions of TABLE 19. Rate Equations from Elementary
coke on acid centers is complex and Carbonyl Ion Reactions
vary with process time. Therefore,

- - 1
reactions (12) ~ (14) are adopted as :A (rtrstrstriodrutrn) 22))
. . i A=F
representative reactions. LT
Pp= —r2+r7—2 r1a+711 (3)
5.1. 2 Stoichiometric equations and :;Firwrf 9 (?
rate equations From Table 18, rates m"*’m remans (6)
for each component are derived as ‘RE—WH,M ) (6)
shown in Table 19. Applying the ?%Qﬂ TreTTs T AT (;)
steady state assumption of carbonyl T =710 (9)
ions in Table 18, we can eliminate Au=ru 9
the rate of elementary reactions of Rer=ru (10)
jon transfer and termination, i.e., s, Rez=r1s (1)
e, 710, 711, 715, and 717, from equations Res=r14 (12)
. . Ry=—71+716 (13)
in Table 19, using the same reason-
Rpu= —r2—r3—rs+717 (14)

ings applied for propane pyrolysis
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in Chapter 1. Then, the rate equa- TABLE 20. Rate Equations Applied Steady
tions in Table 19 are transformed State Assumption of Carbony! Ions
to those in Table 20. The rate equa- S
tions in Table 20, in turn, are cor- Ra=—(ndrstratrstrotm—raz) (1)
responded to the stoichiometric equa- Pi-a=71 (2)
tions of the first column in Table 21 Rp=7strstri—271 (3)
in the meaning as applied in Chapter Rp=r3+715 (4)
1. The rates of reactions for the Rp=—73+76—2713 (5)
stoichiometric equations are denoted Re=rat7s+ris (6)
as the second column and are ex- Ro=—7r4+7s—271 (7)
pressed as the third column in Table T=76 (8)
21. Ru=77 (9)
Now, as the rate expressions of m“im (10)
the third column in Table 21 yet ?;CZ—:” S;i
i 3 Acs=714
include concentrations of carbonyl o a0 1o

ions and of acid centers, some sim-
plifying approximations are intro-
duced. As the first approximation, the concentrations of carbonyl ions are
expressed as propotional to the n-th power of the concentrations of each parent
hydrocarbon as assumed for propane pyrolysis, i.e, Cy,.ocCr. The concentration
of free Lewis acid centers, z., which are active for paraffins, increases with
decrease in butane concentration, while the concentration of Bronsted acid centers,
nru, which are active for olefines, decreases with increase in olefine concentra-
tions. However, as our present experiments are made for high temperatures and
the adsorption of molecules is less important. Therefore, we make the second
approximation that n. and ngy are both proportional to C.. Thus, the rate
equations reduced to those of the last column in Table 21. From Table 21, the
rates of production of each molecular species can be expressed as shown in
Table 22.

TABLE 21. Stoichiometric Equations and Rate Equations of
Catalytic Cracking of Butane

Stoichiometric equation Rate equation

initiation and termination step

n-CyHio—>1-C4Hio 7o kiCany  kaCly (1
CaHio+ C3He—>CaHs+ CsHs 7v ksCenpn  RuCpCh™! (3)
CsHio+ CeHa—CaHs+ C2Hs re kiCampn  keCoCh! (4)
propagation step
CqHio—>CeHa+ CoHe 7a ksCa+ kaC? (5)
C4Hi0—CsHg+CHas rve hkeCa+ keCH (6)
CyHi1o—->CyHs+H2 7y FaCa+ ki Ch (7)
2 C4Ha~>coke 1+ CqHio rg kiCl  R,CE (12)
2 CsHs—coke 2+ CsHs rn R1aCi kiC3 (13)

2 CoHs—coke 3+CeHs 7 k1Cl kiC}, (14)
oo ) 0 Q ’ Q
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TABLE 22. Rate Equation of Catalytic Cracking of Butane in Terms of N;

—dN,/d0={(ka-+ko+Es) —ke( No/Na)*+koNp/Na+EeNo/ NN VI8 (1)

ANi—o/df =k N V17 (2)
ANp/df={k;—2 kg(No/Nx)"+kuNe/Na+keNo/Na )N VI~" (3)
ANs/d0= {kuNp/Na+En(Np/Ny)"}N" y1=n (4)
ANy /d0= {ko—EoNp/Nay—2 kn( Ne/Ny )N V=8 (5)
AN/d0= (ka+EeNo/Na-+kil No/ Ny )N Vi=n (6)
ANo/d6=(ka—keNo/Na—2 kil No/ Ny )*}N 2V 1=n (7)
ANy/d6=hN" V1-7 (8)
AN/dg=k;N" V1-n 9)

5. 2 Experimentals

5.2.1 Experimental method Fig. 10 illustrates the apparatus used for the
experiments of catalytic cracking of butane. The reactor for low temperature
experiments is a 14 times coiled
spiral Terex glass tube of 0.50 cm
1D. and 170 cm length, and that for
high temperature experiments is a
9 times coiled quartz tube of 0.60
em ID. and 140 cm length. The
reactor is placed in a fluidized sand
bath of 6 cm LD. and 40 cm height.
The temperature is measured by a
0.3 mm chromel vs. alumel thermo-
couple at the outside surface of the
reactor. Temperature difference be-
tween one-third and two-third posi-
tion along the spiral reactor was
less than 3°C and the mean temper-
ature was adopted as the reactor
temperature.

Butane of pure grade was ob-

FIG. 10. Schematic diagram of catalytic
cracking apparatus.
A: butane, B: nitrogen, C: blower, D:
pressur controller, E: flow controller, F:
olifice flow meter, G: reactor, H: fluidized

tained from Takachiho and Co. sand bath, I: deoiler, Ji: silica gel, Jz, Ka:

Powdered 13%-alumina-silica soda lime, Ks, Js: magnesium -perchlorate,
catalyst from Shokubai Kasei and L: cupuric oxide, M, N: exhaust, * : thermo-
Co. is compressed to 5x5 mm cy- couples.

lindrical pellets with tablet machine.
After breaking and sieving, a fraction of 0.50~0.86 mm granules is collected and
used as catalyst. Weights of catalyst applied for low and high temperature ex-
periments were 14.34 and 13.95 g, respectively. The catalyst was regenerated
for 1~5 hrs in flowing air at 550 ~600°C. Good reproducibilities were obtained.
Gaseous products from the reactor were analyzed by gas chromatography.
Column of activated alumina with 1.0% squalane 4.5 m length was used at 70°C.
Hydrogen was used as carrier gas for measurement of methane, ethane, ethylene,
propane, propylene, butane, and butylene, and nitrogen was used for measurement
of hydrogen. Both measurements were correlated by taking the methane quantity
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as a standard.

Liquid products of yellow brown colur were observed on the wall at the exit
of the reactor. But, the quantities were so small as we could not detect their
composition.

5.2.2 Investigations of coke Quantities and compositions of coke were measured
by combusting of the coke at 600°C in air flow of about 30 cc/min for 5~7 hrs.
Total quantities of coke were determined from the weight differences of the
reactor before and after the combustion. In order to determine the compositions,
exhaust gases of combustion were passed through absorption tubes, as illustrated
at the left hand side in Fig. 10. Water vapour was absorbed by the first mag-
nesium perchlorate tube and then carbon dioxide by the first soda lime tube.
After passing through the second magnesium perchlorate tube to ensure the
absorption of water vapour, the exhaust gas was passed over cupric oxide at
400°C to convert carbon monoxide to dioxide. The gases were then passed
through the second soda lime tube and finally the third magnesium perchlorate
tube. Quantities of water and carbon dioxide produced by the combustion were
determined from the weight increases of magnesium perchlorate and soda lime
tubes, respectively.

The quantity of coke per unit weight of catalyst, W¢, and the atomic ratio
of hydrogen to carbon, m/n, are shown, respectively, against the process time of
cracking, 7#», in Figs. 11 and 12. The quantities of coke determined from the
weight differences of reactor and the sum of weights of hydrogen and carbon
determined from weights of water and carbon dioxide show good agreement
each other, and increase with process time as seen from Fig. 11.

As seen from Fig. 12, the atomic ratio of hydrogen to carbon decreases at
first with increase in process time, and becomes constant at 0.3~0.4 at 600°C for
large process time. From the compositions of coke, the coke may be considered
to be polycyclic aromatics whose composition varies with depositing condition.

The effect of coke deposition on conversion of butane was investigated by
tracing the change of product composition with process time. Fig. 13 shows

005 . ) '
=
g
T 004} . °
2 600°C fooc'
2003 16¢¢/min from weigrd® cc/min|
reactor.
= AR
002} t’/ S0
A/‘_ 53cc/min o-
& — ]
: 18cc/mi
ZWVA cc/min
o A .4 0 800
tp (min)

FI1G. 11. Changes of coke deposit with process time.
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FIG. 12. Changes of ratio of hydrogen to carbon of coke with process time.
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FIG. 13. Changes of mole percent of butane in measurable gases by gas
chromatography with process time.

the relations between percentage of butane in product gases as measured by
chromatography and the process time. At 600°C and feed rate of butane of 34
cc/min, the conversion of butane decreases rapidly for an initial period of process,
but becomes almost at constant after 100 min.

The atomic ratio of hydrogen to carbon was investigated by several other
authors. Kunugi ef al.2” suggested values less than 1 and Weisz ef «l.'” gave
values between 1.0 and 0.4. The later authors and Massoth et al.*® found decrease
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of the ratio at high temperature. Those findings are qualitatively coincide with
our present researches.

5.2.3 Products distribution Mole percent distribution of products measured
by the gas chromatography are shown against mole percent of butane in Figs.
14-1 and 14-2 for temperature between 600 and 610°C. The solid lines in Figs.

30 - . .
observed results
ji & Ha A
25 v CyHg .
A CH, A
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Ay A /Y
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%0 9 80 70 B0~80 40 30 20 10 0
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F1G. 14-1. Observed and calculated correlations of molar percentage of
products vs. butane for catalytic cracking of butane (1).
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F1G. 14-2. Observed and calculated correlations of molar percentage of
products vs. butane for catalytic cracking of butane (2).
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14-1 and 14-2 are those calculated as described later. Table 23 shows the com-
parison of the product distributions of thermal and catalytic cracking of butane.
Table 23 shows that for catalytic cracking the reactions to form propane and
iso-butane are important.

In order to investigate the effect of secondary reactions, catalytic crackings
of each one of hydrocarbons produced by butane cracking were studied. Table
24 shows the results. The olefines, such as butene, propylene, and ethylene,
were cracked more easily than the corresponding parafin hydrocarbons.  Distri-
butions of main products were approximately CH,: H:: CiHw=2: 2: 1 for butene,
CH,:H,:CsHs=1:1:1 for propylene, and CH,: H, : C;He=1:1: 2 for ethylene.

TABLE 23. Product Distributions of Thermal and Catalytic Cracking of Butane

w t 2o ¥ [mol%

[g-cat]  [°C] [cc/min] | CHs CoHe CoHa CsHs CsHs i-CaHi CiHio Cafls  Hz
14.34 600 333 | 104 4.0 5.4 2.7 6.4 2.1 57.0 3.6 8.4
14.34 607 9.6 26.0 102 5.3 7.1 44 1.9 23.5 1.7 20.1

- 616 32.4 12.1 44 8.0 0.1 11.9 0.0 60.1 1.0 2.3
— 641 22.8 25.1 73 172 0.4 18.9 0.0 23.8 1.3 6.1

TABLE 24. Product Distributions of Catalytic Cracking of Hydrocarbons
Produced by Butane Cracking, W=13.95 g-cat

Feed ¢ vo 35 [mol%]

;EIC ~ [°Cl] [cc/min] | CHs CoHe Cofly CsHs  CsHe i-C4Hio Ci4Hio CyHs  Ho
C:Hs 603 504 | 04 961 69 09 — — - 1.7
CiHs 600 474 | 40 11 35 787 31 02 50— 43

i-CsHw 601 402 | 127 13 24 31 86 465 25 72 157
C:Hs 603 432 | 107 176 506 26 58 11 P J— 9.8
CsHs 603 432 | 232 51 45 205 232 09 11— 215

1-CiHs 602 426 | 280 68 31 40 95 16 72 163 236

+CHs 603 486 | 236 23 13 24 60 124 21 270 229

5.2.4 Rate of butane disappearance For the evaluation of conversion of butane
from the product distributions of exit gases, we need to assume coke compositions.
Then, the expansion factor for each run can be calculated using mass balances
of carbon and hydrogen atoms. Here, the coke includes all components which
are not measured by gas chromatography, i.e, not only the coke deposited at
the active centers of catalyst as mesured in last section, but also the yellow
brown liquid products at the wall of exit of reactor and volatile liquid and gaseous
products which can not be analyzed by the gas chromatography. Although, the
ratio hydrogen to carbon of coke deposited on the active centers is less than 1
at 600°C, this coke is a smalil part of the total coke. Therefore, we assumed the
mean composition of the total coke as CH; for experimental conditions applied
here.

When first- and second-order rate equations are assumed for butane disap-
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pearance, the integral rates are expressed by Egs. (26) and (27), respectively.

(I+e) In[1/ (1~ XD — ey Xo = ki \Caol W/ Fay) (26)
2ei(I+e) In (1 - X0+ Xo+ (a0 + 1)°Xa/ (1= X)) =kt ,Ch(W/Fy)  (27)

where, k:, and %;,, are the first- and second-order rate constants based on unit
weight of catalyst. The expansion factor, ei, was not constant and increased
with increase in conversion of butane.

Fig. 15 illustrate the Arrhenius plots of %;, and %:,,. From Fig. 15, we obtaine

ke,1=1.57%10° exp ( —28300/RT) cce-g-cat™'»sec™ (28)
kt» =2.41x10" exp ( — 36800/RT) cc*»g-cat™'»mol ' +sec™’ (29)
Franklin et a/® obtained 26.3 kcal/mol for activation energy, assuming three-
half-order at 450~500°C. In Fig. 15 second-order rate constants scatter at high

temperature. Therefore, we apply the first-order kinetics in the following calcula-
tions.
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F1G. 15. Arrhenius plots of first- and second-order rate constants for catalytic
cracking of butane.

5.8 Calculation of optimum rate parameters

The rate parameters of the stoichiometric equations in Table 22 were calculated,
assuming z=1, from the experimental results of product distributions for the
butane cracking in Figs. 14-1 and 14-2. Experimental values applied for the
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calculations were /=9 (j=A, i—A, D, F, P, E, Q, M, and H), P=9, and [=27.
For the catalytic cracking of butane, the relation between the moles of j-th com-
pornents based on 100 moles of feed butane, Nj, and the conversion of butane,
X4, can not be determied uniquely as for propane pyrolysis, because the higher
guantity of ccke inhibites the analysis. Therefore, we applied relative values of
the moles of j-th components yj, ie, molar concentrations of components as
measured by gas chromatography and shown in Figs. 14-1 and 14-2, to the rate
equations in Table 22 to detemine optimum values of parameters.

The optimum values were calculated by the Marquardt method decreasing
the weighting factor with every iteration, ie, method E'.

The values obtained are shown in the third column of Table 25. Initial values
of parameters were taken as 1 for ka, ke, and ks which respected on butyl ion
decomposition reaction and for other parameters were taken as 1 /100. The time
step for numerical integration of rate equations was 46=0.001. The rerative
values of parameters were converted to k.=1.00 as standard for each iteration.
The time of calculations was 8 min with FACOM 230-60 digital computer in Kyoto
University.

As shown in Table 25, the resulted values were negative for ks and k. This
may be caused by that, in stoichiometric equations in Table 21, we assumed Eqgs.
(13) and (14) for coke formation by which large quantities of propane and ethane
were {ormed. Table 24 shows that the propylene and butene cracking, respectively,
produce large quantities of methane and hydrogen. Therefore, we modify the
coke formation reactions as in Table 26. Then, the stoichiometric rate equations
in Table 22 are modified to the rate equations in Table 27. The values of rate
parameters evaluated for the rate equations in Table 27 are show in the last

TABLE 25. Rate Parameters of Catalytic Cracking of
Butane, After Six Iterations. k.=1.000 (Standard)

kp i Initial Table 22 | Initial Table 27
ka 0.1 0.009 0.1 0.137
ko 0.1 —2.898 0.1 3.656
ko 0.1 —1.661 0.1 1.437
ka 1.0 0.401 1.0 0.485
ks 1.0 0.796 1.0 0.696
ky 0.1 1.659 0.1 1.664
kr or kra 0.1 5.020 0.1 6.688
ks or ki 0.1 1.632 0.1 1.734
ax; 6.379 1.202 6.244 1.228

TABLE 26. Replacements of Reactions (138) and (14)
of Coke Formation in Table 21

Stoichiometric equation Rate equation

2 CsHs—coke 24 CHs+Ha Yhe khaC;S (13 a)
2 CsHe—>coke 3+ CHqs+He ria  RiaCP (l4a)
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TABLE 27. Modified Rate Equations

—dNy/d0={(ka+ke-+ks)—kg(Np//Np)*-+keNp/Na+keNo/Ny} N y1-n (L)

ANi-p/d0=kaN V11 (2)
ANp/df={k;—2( kg+kha)(ND/NA)"'i‘kpr/NL‘i-chQ/NA}NﬁVI_" (3)
dANy/d0= {kuNp/NyINZ VI~ (4)
AdNp/df= (ke—kyNp/Np—2 kia( Np/Ny)* )N vi-n (5)
AN5/A0={ka+keNo/N N V1i-n (6)
dNo/d0— {ka—keNo/N4 )N V™" N
ANy/d6 = (ke+kna( No/Na)*+kio{ Np/Ny)* )N V1-1 (8)

ANy/d0={ks+kna{ No/Na )"+ kio{ Np/Na )"} N V1-1 (9)

column of Table 25. Negative values of rate parameters are disappeared. The
plots of §; vs. §4 are shown by the solid lines in Figs. 14-1 and 14-2.

Conclusions

1. For the complex reaction of thermal cracking of propane composed of
multiple elementary reaction steps including free radicals as intermediates, a
method was introduced to derive a set of convenient stoichiometric equations
and conjugate rate equations which include terms of chemically measurable species
only. Modification method was also considered to express the retardation effect
of propylene.

2. Experimental reseaches of the propane pyrolysis were conducted. Expansion
factor of the reaction and absolute mole numbers of product species were calculated
from relative concentrations of products obtained by gas chromatography and the
mass balances of hydrogen and carbon atom. Rate equation of propane disap-
perance was also introduced. Effects of addition of propylene in feed propane
was examined.

3. Gauss, steepest descent, and Marquardt method were comparatively examined
in their efficiencies to determine optimum values of parameters of complex
simultaneous rate equations of propane pyrolysis. When good initial values of
parameters have been obtained by some means such as analog simulation, Gauss
method applied for integral reaction rates gives the smallest value of standard
deviation. But, otherwise, Marquardt method applied with decreasing weighting
factor for every iteration gives the best results.

4. Applicability of the stoichiometric rate equations to pyrolysis furnace
design was illustrated by sample calculations. An improved method for designing
a multiple tubular reactor was presented, where the mean temperature and
pressure in each tube were assumed by extrapolations of those of preceding tube
for evaluations of physical constants, and the expansion factor and changes in
mole numbers of each component were calculated by numerical integration of
the rate equations.

5. Derivation of stoichiometric rate equations was applied for catalytic
cracking of butane. Optimum values of parameters were evaluated by the use
of integral rates experimentally determined. Coke deposition and its composition
were determined experimentally, and its effect on the rate of reaction were
discussed.
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Errata

Vol. 23, No. 1, page 89~91.

Change carbonyl to carbonium.





