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ABSTRACT 

Light olefins, ethylene and propylene are truly the basic 

building blocks of modem petrochemical industries as they are the key to a 

wide .range of derivatives. Conventional supply of these olefins has been 

largely dependent on pyrolysis of light hydrocarbons in tubular reactors. When 

these reactors are fed with heavier hydrocarbon streams such as naphtha, 

kerosene and, gas oil, a large variety of hydrocarbons other than olefins are 

produced. In fact, the weight of by-products usually exceeds the weight of 

olefins by several fold. 

In an effort to increase the selectivity of the cracking 

reaction, ultrapyrolysis, a fast pyrolytic process which involves rapid heating, 

high temperatures, very short contact times and rapid quench is being studied. 

The key to this process is high reaction temperatures and millisecond reaction 

times which prevent the primary pyrolyis products from degrading to 

undesirable secondary products. 

A novel micro-reactor with a rapid direct quench system has 

been developed to study the fast hydrocarbon pyrolysis reactions. Heating of 

reactants inside the reactor was achieved by a Curie Point Pyrolyser. 

Application of high frequency induction heating to a sample in contact with a 

ferromagnetic conductor raises the temperature of the conductor in a few 

milliseconds to its isothermal Curie Temperature. A millisecond timer-display 

unit controlled the temperature profile of the reactants. Temperature rise times 

for various temperatures were accurately measured to establish the dynamic 

response of the Curie Point pyrolyser. Nanogram quantities of the reactant in 

close proximity to the ferromagnetic conductor were enclosed to ensure that the 

reactants reached the pyrolysis temperatures with minimal lag times. After the 

reaction, carrier gas rapidly quenched the products and carried them directly to 

1u 



the gas chromatograph for analysis. 

The propane pyrolysis reaction was studied at four different 

temperature levels, namely 600°C, 700° C, 800° C and 9000 C. The pyrolysis 

times were varied from 0 to 2 seconds for 600°C to 800°C, and from 0 to 1 

second for 900° C. The primary reaction products were methane, ethylene, 

hydrogen and propylene. Using a developed and very effective quench 

technique increased the production of olefins by at least 50% and halved the 

formation of methane. 

A kinetic analysis performed by assuming a first order 

decomposition reaction model for the propane pyrolysis reaction resulted in ai 

activation energy of 135 kJ/gmole which is much less than the reported values 

of 210-290 kJ/gmole. This low value was in accordance with the observation 

of other workers that the activation energy appears to decrease with increasing 

temperature. This effect is known as product inhibition effect and results from 

the reaction products reacting with the very reactive free radicals forming 

inefficient radicals which reduce the rate of the reaction. At high temperatures, 

where conversions are high, this effect is more pronounced.. A first order 

kinetic analysis perfoimed on our data between 600°C and 700°C yielded an 

activation energy of 216 kJ/gmole, which is in the range of other researchers. 

A reaction scheme based on 87 free radical reactions was 

proposed by extending an 81 radical reaction model proposed by Edelson and 

Allara ( 1980) to higher tempratures. A significant improvement of the new 

model in comparison with other models was that the new model predicts 

pyrolysis product inhibition from a mechanistic viewpoint. The model was 

shown to be statistically reliable in predicting conversion and product 

distribution at a high confidence level. 
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NOMENCLATURE 

Variables 

A pre-exponential factor of Arrhenius Equation, s 

a stoiclilometric coefficient 

ACSL Advanced Computer Simulation Language 

C, specific heat, J/kg K. 

E 

k 

n 

N 

P 

r 

r 

S 

T 

TRT 

t 

U 

V 

X 

a 

p 

Activation Energy, cal/gmole 

thermal conductivity, W/m K 

no of moles 

no of moles 

Pressure, atm 

radius, m 

reaction rate, moles/M3 .s 

seconds, s 

temperature, K 

temperature rise time, s 

time, s 

overall heat transfer coefficient at reactor wall, W/m2 K 

volume of the reactor, 

Conversion, (NA,—NA)INAo 

thermal diffusivity, m2/s 

density, kg/M3 

variance 

xv 



Subscripts 

D dimensionless variable. 

i adjacent to pyrowire 

o adjacent to reactor wall 

s pyrowire surface condition 

0 initial and ambient condition 
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CHAPTER 1 

INTRODUCTION 

Pyrolysis of hydrocarbons have been of great interest 

to chemists even before the petroleum industry began. The industrial 

production of chemicals from petroleum began when chemists in the 1920's 

produced alcohols from the ethylene and propylene that formed during the 

thermal cracking of crude oil. From this start, thermal cracking processes have 

grown in importance and have been responsible for the growth of alarge and 

diverse petrochemical industry. 

Hydrocarbon pyrolysis is a key process in today's 

petrochemical industry. It is economically one of the most important processes 

since it forms the main chemical building blocks: ethylene, propylene, 

butadiene, butenes and aromatics. The main product ethylene is quantitatively 

the most important chemical substance based on crude oil. Olefins are the base 

stock for 30 percent of all petrochemicals produced. 

Traditionally, light hydrocarbon pyrolysis has been a 

major means for olefin production. Owing to the present exploitation of gas 

reserves, depending on location, this should continue to be the case in the short 

term. Long term' demand, however, is accelerating a shift to petroleum-based 

feedstocks such as naphthas, gas oils and even whole crudes (Nowak and 

Gunschel (1983)). The changing economics associated with the availability of 

these feedstocks has placed a premium on incorporating a high degree of 

flexiblity into the design of a modem pyrolysis reactor. 
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Conventional steam pyrolysis of heavier hydrocarbons 

leads to the production of significant quantities of by-products requiring a great 

deal of separation equipment. This trend is also seen with the high conversions 

of conventional ethane and propane pyrolysis for the production of ethylene. 

This has provided the incentive for developing new pyrolysis technologies that 

have control over product distribution and selectivity over a wide range of 

feedstocks -- from light hydrocarbons to heavy gas oils. 

Since tubular furnaces were inadequate to deal with 

high severity, short residence time and coking tendencies, several new olefin 

production technologies requiring millisecond cracking are based on non-

tubular reactor configurations. These include the Lurgi Sand Cracker, BASF 

Fluidized Coke Process, UBE Process, TRC Process, Coke-Heat Carrier 

Process and the ACR Process, amongst others (Gartside and Ellis (1983) and 

Hu (1982)). The reactor configurations that show promise for future 

development are those in which residence times are carefully controlled. 

This high level of technological activity has not been 

matched by an equally high level of activity aimed at scientific fundamentals 

and correlations for the reactions taking place in the overall process. Without 

underestimating the pioneering •work of Rice and Herzfeld (1934) and 

Kossiakoff and Rice (1934), today the thermal cracking process is far from 

being properly understood from a fundamental science viewpoint. To develop a 

kinetic equation requires good kinetic data, which in turn requires accurate 

temperature and residence time measurement and control. 

Ultrapyrolysis is a very fast pyrolytic process which 
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involves rapid heating to high temperatures, very short contact times and a 

rapid quench. It is the thermal cracking of organic material where the contact 

time is carefully controlled to be much less than one second. Computer 

simulation of existing sets of pyrolysis equations in this new regime shows that 

the development of this process will offer significant advantages over 

conventional pyrolysis with respect to product yield, selectivity and flexibility 

(Graham et al. (1982)). The key to this process is the short residence time at 

the high temperature, which prevents the primary pyrolysis products from 

degrading to tars and coke and undesirable gases such as methane. 

However no fundamental experimental reactor work 

involving accurate temperature measurement and millisecond residence times 

has been done. Therefore in this regime, the theoretical and experimental 

aspects of pyrolysis need further study. In order to understand th pyrolysis of 

various feeds, one needs to understand the response of the individual 

components to pyrolysis; hence the study of pure components is important. 

Extensive work has been done on propane pyrolysis 

(Volkan and April (1977)). Most of the work has been done at low 

temperatures and over small temperature ranges. Also most of the work has 

been done at low conversions where inhibition effects are not very important. 

It is the purpose of this work to re-study propane pyrolysis between 600°C and 

900°C with emphasis based on developing a new and novel microreactor. The 

extremely important variables in the ultrapyrolysis regime 'are reaction 

temperature, reaction time, reactant temperature rise time and product quench 

time. The experimental data collected in the novel microreactor are compared 

with kinetic models already existing. Furthermore, a new kinetic model has 
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been proposed that will be important for new high severity reactors. 
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CHAPTER 2 

LITERATURE SURVEY 

The literature on the pyrolysis of propane is extensive. The first review of 

hydrocarbon pyrolysis was done by Egloff et al. (1930). A survey of propane 

pyrolysis literature by Volkan and April (1977.) lists 103 references. 

The major fraction of the scientific literature on 

propane pyrolysis deals with radical mechanisms and kinetics of elementary 

steps, generally studied under conditions which bear little relation to those in 

industry. In the late sixties and seventies work has been done at temperatures 

(800 °C and 1000 °C) of industrial interest. Van Damme et al. (1975) and 

Froment (1981) bridged the gap between fundamentals of chemical reaction 

engineering and its application to industrial cracking furnaces. 

There is general agreement that the reaction is entirely 

free radical in nature. Beyond this, however, there is a remarkable lack of 

quantitative agreement between activation energies or order of reaction. This is 

due to differences in experimental conditions and also due to the variations in 

the methods of acquiring and reporting results. 

The qualititative features are reasonably well 

understood. All agree that the main reaction products are methane, ethylene, 

propylene and hydrogen. At low conversions equal moles of these primary 

products are produced. As propane conversions increase, yields of ethylene 

and methane increase relative to those of propylene and hydrogen (Beukens 



and Froment (1968), Crynes and Aibright (1969)). Ethane, butenes, butadiene, 

aromatics, heavier components and acetylene are always produced to at least a 

small extent, especially at higher conversions and higher temperatures 

(Schneider and Frolich (1931), Steacie and Puddington (1938)). 

Pyrolysis reactions of propane and other hydrocarbons 

involve a complicated series of consecutive and simultaneous free radical steps 

(Laidler et al. (1960), Laidler et al. (1962), Rice and Herzfeld (1934), and 

Davis and Williamson (1979)). The decomposition is, in general, initiated by 

rupture of C-C bonds, carried by chains of hydrogen atoms, methyl radicals, 

and to some extent ethyl radicals, and terminated by assorted radical 

recombinations. 

Propane pyrolysis has been studied at very different 

reaction conditions. Initially many studies were done at low temperatures in 

batch reactors. At the low temperatures, conversions were kept low to 

minimize the complications of consecutive reactions. In the post-1960 period 

many propane pyrolysis studies were conducted in batch reactors with 

moderately high temperatures. The residence times in the batch reactors were 

in the order of seconds. 

The reactions of photo-sensitized propane were also 

studied using the conventional batch reactor. The only difference is that the 

reaction is initiated by excited mercury atoms and/or by a beam of light with a 

known energy. These experiments were conducted at low temperatures of 

25°C to 450°C. A study by Back and Miller (1959) involved X and cc 

irradiation of propane. 
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Tubular reactors were used by many workers in the 

temperature range of 600°C to 1000°C. Many pyrolysis kinetic schemes were 

presented using these, since the post-1960 exporiments employed, gas-

chromatography techniques which provided an excellent analysis of product 

distribution (Beukens and Froment (1968)). Two studies (Schutt (1947) and 

Van Damme, Narayanan and Froment (1975)) were also done at plant level. 

In the temperature range of 800°C to 1200°C, 

pyrolysis of propane was also done in shock-tubes (Benson (1967) and Lifshitz 

and Frenklach (1975)). The reaction time in this type of experimental apparatus 

could be as short as 0.1 m, which gave valuable insight into the initial 

pyrolysis reactions and products. It also permitted study of the reaction at high 

temperatures near to or at practical commercial conditions. 

Plasma jet studies were conducted at extremely high 

temperatures between 10 000 K to 20 000 K. Pyrolysis of propane by an 

electric arc struck between two graphite electrodes was studied by Blanchet 

and Parent (1967) at temperatures between 2000 K to 5000 K. 

A historical perspective with propane pyrolysis 

conditions mechanisms and rate data is shown in Table 2.1. 



TABLE I 

Operating Conditions  

625 to 650 C 
1 atm 

contact time 6 to 22 sec 

Reactor Used Results A(sec 1)  I Etcal,sol1 Reactions References  

Tubular Flow 
Reactor 

Catalytic decomposition Static Reactor 
200 to 575 C 

10 + 760 mscllg 

Reaction time 
0 to 6 mm 

Heat up time 10 sec 

1st order 
reaction 

With Ni 

decomposition 

at 200 C 

Without catalysts 
decomposes at 460 C 

Review Article; Decomposition of the Paraffin Hydrocarbons 

Activation energy is 
25,000 to 50,000 cal/mol 

a) Catalytic  

C3118 = 2C84 + C 

C3118 = C3Il6 + 112 

C3118 CU4 + 2H + 2C 

b) Non Catalytic 

C388 = C2}14 + CU4 

C3118 = c3H6 + 112 

2C3118 = C386 + C2116 i Cu 4 

Pease ( 1) 
Juice 1928 

Frey and 

Smith ( 2) 

Sept 1928 

lq 10 I' , Scliaad and - 

Lowry ( 1910) 

625 to 650 C Tubular Flow 1st order 65,000 cal/mol Pease and l)iIrga,i( 

5.5 to 53.2 sec Reactor run March 1910 
2 mccc and 760 mmllg 

600 to 700 C Tubular Flow Log kc H = 13.44 - 13,500 Marek and 

4 to 15 sec Reactor T Mc.cluer ( S) 

S = 62,100 cal/mol Aug 1911 

600 to 830 C Tubular Flow Catalytic and C3H8 = CR4 + C2114 Ebkey atid 

Reactor - Non Catalytic . Ficqelder ( 7) 

decomposition C3118 C3116 F 112 Sept 1911 

700 to 1000 C Tubular Flow Decomposition C3119 = C3114 'F C'14Hague and 

I atm ' Reactor begins at ' Wheeler ( 3) 
460 C C3118 = C3H6 1 11 3 111 29 

00 



operating Conditions  

690 to 757 C 
1 atm 

heating time 

650 to 725 C 

1 atm 

616 to 666 C 

1.05 to 78 mmilg 

350 to 500 C 
760 mm!lg 

739 mmflg 
Contact time 
= 74 sec. 575 C 

550 to 658 C 

1 atm, time of 
contact, (1.543 to 

12.13 sec 

Reactor Used Results A(1ec 1) E(eal/nol) Reactions References  

FroliCh, 
Quartz Tube Max Conversion -  

- Simard and 
to Butadiene  
w White (1930) 
as 0.9 mol%  

at 727 C 

Silica Tubular 

Reactor 

Static Reactor 1st order 

decompsi tion 

Tubular Reactor 1st order 
catalytic 
decomposition 

Tubular Flow 1st order 

Reactor run 

Tubular Flow 1st order 

Reactor run 

600 to 700 c Tubular Flow 

68.0 to 751 mmflg Reactor 

3.98 x 10 16 

$2,500 cal/aol 

74,850 

C3II8 c24 c46 + 24 C6))6 Schneider 
and Frouich 

C3 !)6 C6))9 Dec 1931 

C)8 = 11 + 

C3H8 = Cl)4 + t.hl4 

C3))8 = C316 4 112 

C3)18 = C3116 

C3))8 = C2))4 ' C))4 

2C3))8 = -26 1 IU4 

Heuhaus and 

Marek Apr 1932 

Dinzes and 

)'oSt ( 1934) 

Frey and 

)Iuppke 
Jan 1933 

Frey and 

l)epp 
Apr 1933 

Paul and 

Marek 

!pr 1934 

tang and 

Morgan 

luig 1935 

to 



Operating Conditions Reactor Used Results Msec 1)  

600 to 700 C Tubular Flow 1st and 

0.5 to 94.6 sec 2 Reactor 2nd order 
1 kg/cm to 7 kg/cm runs 

551 to 602 C Static Reactor 1st order 

308 to 617 mmllg 

550 C Static Reactor 

100 xtmllg 

Theoretical Treatment 

2.88 x 10 13 

E (cal,kaol  

2 10 40 
9740 

6700 

63300 

1st order 71000 cal/mol 

Reactions  

C3118= C3116 1. H2 

C 3 H 8 = CU4 4 CU4 

2C3118 = Of  4 C2116 f C3116 

C3118 = C3116 + U2 

C3II8 = C2 114 + CU4 

C1118 = C2115 + Of 3* 

C3118 . = C2114 + If. 

C2H5. + C3H8 = C2116 4 i_C 41 
n- 3 7 

nC3H•7 - C2U4 I C11 3• 

i-C3H7 = C3116 + U. 

CH 3' + C3R8 = C 4 

H. + C3118 = u2 + :c3I47 

References  

EglofE, Thomas 
and Linn 

Nov 1936 

Steacie and 

Pudd I tigtofl 

(1938) 

Hobbs and 

Ilinsheiwood 

(1938) 

Rice ( 1931) 

Static Reactor Rice ( 1933) 

Theorectical Treatment Kossiakoff and 
Rice ( 1943) 

25 to 323 C single-pars llg-Photosensitized 

140 mmllg quartz tube decomposition of 

propane 

Hg* + C3118 = Hg + C311. 7 4 II. - Steacie and 

Ug* + U2 fig t. 211- Dewar ( 1940) 

0 
H. + C3U8 = C3117 . 4 112 



eiat tog Conditions Reactor Used Results A(sec 1) E(ca1/no1) Reactions References  

2C307 . C6 }I 34 

21i. = 11 2 

C307. -j- C3118 C6 11 14 4 If . 

Steacie and 

Dewar ( 1940) 
Cont ' d 

Darwent and 
Room Temperature Static System Hg-Photosensitized '  Steacie 
0.7 to 84.5 mmUg decomposition of  (1945) 

propane  

650 to 785 C Tubular :,Ist order 

1 to 3.5 atms commmercial reaction 

0.7 to 1.3 sec plant 

50 to 450 mmllg Static reactor 

550 LoGlOC 

1st order at 
low pressures 

2nd order at 
high pressures 

26 to 450 C , Static System - fig-Photosensitized 

4 to 300 mmllg decompsition of 
propane 

C308 -- C2044 Of  (63.5%) - 

C305 C306 4 112 

2C3H8 -- 2C It 4 r.2 114 (6.,%) 

68200 to 
70200 

- Rg* + CPS -- hg + C3Ih7. it. 

If. + C3H8 -- C3Il7 4 112 

2C3117 • -- C6 hI 14 

II • + C3H7 -- C3118 

0. + II. -- 112 

20000 to 38000 2C3hl7 = C3 146 4- C3118 

35000 fl + C3H6 = C3hh7 

23000 C3U7. = C2114 4- CU :1 

Schutt (1947) 

Ingold, Stubbs 
and IhinsIleiwoOd 

(('iSO) 

Bywater and 

Steacle 
(1951) 



uperating Conditions Reactor Used Results A(sec 1) Elcal/moEt Reactions References  

8000 CH 3' + C 3 H 8 = CH  + C3111 Bywater and 

500 . + H = + Steacie ( 1951) 
37 23 3 contd 

5000 II • + C2H5 = 2CM3 - 

Kinney and 
732 to 898.8 C Tubular Reacbor Excellent  Crowley 
175ms to 40 sec qualitative ( 1954) 

I)i8CUS$On with  

respect to effect 
of residence time 

0.982 atm 

810 C 
4.45 sec 

Tubular Reactor Severity function 
0 

= to 0.06 

1,lnden and 

Peck (( 955) 

570 to 610 c Static System Free-radical Voevodsky 

25 and 100 mmHg reactions are (1959) 
involved. Surface 
to volume ratio - 

effects the rate - 

of propane pyrolysis. 

hours to week Static System 

562 amllg 

530 to 670 C Static System 

up to 600 mmllg 

X- and 
Irradiations of 

propane 

At low temp. and 4 x 10 17 

high pressures 17 
9 x 10 

1st order rate 

equation is 10 12 

2.58 x 10 14 exp 10 12 

(-67100/RT) sec 1 
At high temp and 10 13 

82000 C3H8 -- CH  4 C7115 

67200 IC + C 3 8 3 It CII • + C 2 . ll. I- X 

10000 C2115. + C3118 C2lI6 + C.311 7 

8200 11 + C 3 H 8 112 + C311.1 

8500 C113 + C308 -- CI(4 + C 311 7 

Back and 

Miller 
((959) 

La((ler, Saqet. 

and 
Wo ckechowski 

(1.962) 



I)peratiflg Conditions Reactor Used  

545 to 600 C 

200 to 500 trimllg 

260 to 300 C 

Static System 

Static Reactor 

Azomethane 
sensitized propane 
decomposition 

830 to 1130 C Single pulse 

Results  

low pressure 

3/2 order rate 

equation is 

8.5 x 10  13 exp 

(-54500 T) sec'' 

1.25 order in 
packed vessels 

1.2 to 1.3 order 

decomposition 

No effect of 
S/V ratio 

1st order 

A(sec' 1)  

8 x 1013 

1.3 x 10 14 

S tcal/mol)  

32000 

37000 

Overall activation energy 

at 300 mmllg is 67000 

overall rate is 

Ic 6.0 x 10 14 exp(-48300/RT) 

3,47 x 1013 

1.3 x 1012 

31400 

56000 

Reactions References  

C3fl7. -- Of 3' 4 C2114 

C II ii 4 C II 
37 36 

--

C3118 -- C2114 4 ('114 

C3118 -- C11 3* * 

CU 3 ' + C3118 - - C11  I I _c.3u.7 

CH 3. + C3u8 -- CU 4 4 flC3lI7' 

-- ci; 3 4 Ctl4 

2nC31l7' --

2iC3U7' -- lC6 11 14 

21-C311 7' -- (Cu 3) 2 C110 (Cu.1) 2 

2CH 3 

Cu 3. 4 n-C3117 . 

Cu 3' .*. 

C3118 -- C11 3. + 

Laidler, sage1t, 

TO 
WojckechOWSki 

(1962) contd 

Martin, 
DzierzyflSki, 
and Niclause 

(1964) 

IAn and Laid1e 

(I')60) 

Benson (1967) 



ujerating Conditions Reactor Used Results A(aec') Etca1,ao11 Reactions References  

- Shock tube decomposition for overall decomposition C3 118 -- C3 117 • + II-

of propane 

800 to 1000 C Tubular Flow 1 to 1.3 
1 atm Reactor order to 3.89 x 10 to 64100 

as conversion goes from 
0%t090% 

510 to 560 C Static Reactor 1.2 to 1.3 

4.1 x 10 11 13 52400 

CR3 - + C3H8 C3 117 - + Of  

C3 il7 . C2 114 + Cu 3 -

C3 117 C3H6 + H. 

IT. + C1 116 -- C2 114 + Of 3* 

(in many steps) 

C3H6 -- C2 114 

(in many steps) 

C3 118 -- Cif  •l- C2 114 

C3118 -- 112 4 C3 116 

1017 .33 83700 C3118 -- C113 

*CH -- if. I- i-( 

*C H II + fl-( ii 
38 3/ 

io 12 15900 CR3 - 4- C3 !!8 -- CR4 + u(11 - 

1o12 . 64 17500 ClI3 + C3 !!8 -- cif  , (:311.,. 

H. + C3 118 If + T1-C11 

H + C3 118 112 

fl -C II. Cut 3 - f C2 114 

*nCfl - C3116 4- 

-C It - CIt 3 4 (. 2114 
1015 3 7 

42000 i-cu - C3 116 I- II. 

Benson ( 1967) 

cont ' 4 

Ke rshenbauzn 

and Martin 
(1967) 

i,eatiiaxd and 

Purnell 

(L')68) 



tperating Conditions  

-130 to 30 C 

Reactor Used Results A(sec)  

Liquid phase 

radiolysis of 
propane. Static 
reactor 

2000 to 5000 K Flow Reactor 

E(cal/mol)  

*Unimportant - not included in final mechanism 

14 = CH 3" , S iC3U7 . , p flC3H7 -

Qualitative 

discussion 

Pyrolysis of 

propane by an 

electric arc 

struck between 

two graphite 

electrodes 

Reactions References  

C2115 • -- C2 4!! 1- !! Leathard and 
Purnell 

C2!!5- + C 3 If -- c2n6 h:c3!!7. ( 968) 

+ C3!!8 -- C3l4 + (.3117 cont 'd 

14 . + C3 !!6 i-C3147 -

*1!. + C3!!6 -- fl -C3!17• 

,1wa11 Product 

2CH3 - -- C2!!6 

M+SiC!1 
4 10 

H + S -- Cl!4 + C3!!6 

S+S -- (S) 2 

S + S -- C3!!8 + C3!!6 

+ p -- n-c ! I 
4 10 

+ S -- C3!!6 I C3!!8 

Of 3. C2!!5- -- C!!4 4 C2!!4 

Cl!3 4- Cll -- C2!!1 

It • C. II H. If 
38 31 2 

!! + C3!!8 = C3!!7 -

2C3!!6 = 3C2!!2 + 5112 

Koob and Kevan 

(1 967) 

Blanchet and 

Parent 

(1967) 



•'ei aling Co,di8 Reactor Used  

625 to 850 C 

). atm 

600 to 750 C 
1 atm 

10000 to 20000 K 
1 to 55 minutes 

Tubular Reactor 

Tubular Reactor 

Flow Reactor 

Results  

Order changes 

from 1.36 to 
0.96 as temp 
increases from 

625 to 825 C. 

Excellent 

qualitative 

discussion 

30% conversion  

5.1 x 1012 

60% conversion  

1.98 x 10's 

90% conversion  

3.84 x 10 13 

Propane pyrolysis 

is an induction 
- coupled argon 
plasma jet. 

E (.cal/mol}  

58700 

62200 

64100 

Cl + 211 

Reactions  

C388 -- C113 F C21I 

C3 it 8 + fl -- C3117 4 II 

C3118 + C11 3 -- C11  I C1Il. 

n-C3117 - Cit3 

i-cl-  i. ..... ft• + CII 
3 36 

Cit3. + C3ii7 -- C411 30 

2C113 -- C2116 

.. -- cit + If it: 

+ -- C3115. -I Of  

C3}I8 + C3115 -- C3117 • + C3116 

+ Ii. -- C3116 

C3115 + Ci13 -- C4ii8 

2C311 5 -- Products 

C388 -- 3C 1 I liii 

2C1 -- C2 

3C1 - C3 

Cl + 

C2 + 11 -- C211 LI - C2112 

C11  7 2it4 

+ U C3ii -- F It 

II -- CU -- C211 2 

C1C2C3 C5 

211 112 

References  

8uekens and 

Froment 
(1968) 

Crynes and 

Albright 
(1969) 

Nishimura, 
Takeshita, 
Adadri, 
Wakashio and 

Sakai 
(1970) 



Operating Conditions  

750 to 850 C 

Reactor Used Results A(aec')  

Tubular Flow 1.5 order 5.5 x 1013 

reactor 

250 to 350 C Static System 

5 to 700 Torr 

lig-Photosensitized 

decomposition of 

propane 

io13 . 8 

E(cal,4nol)  

51500 

112200 

8000 

Reactions References  

C3118 -- C2115 + Cif 

-- 211 -

C H + C3H8. -- C2116 4 C3lI7 

C3 117 . -- C2114 + Of 3* 

-- C3116 4 II 

H- + C3118 '2 ' 

CU3 # 112 Cu4 I II 

C3117 + 112 C3118 4 If-

H- + C3116 -- C3H5• + 112 

H. + C 3 H 6 -- C2114 + C11 3 

II- + C2H -- C2115• 

C2H5 + C3116 -- C2116 I C3115 • 

C2!!5 C2 114 I TI. 

C3H5 - + 2 C3115 4 II-

C385 + C3116 polymer ' II 

c3115• + C!! 3 C4 118 

C3!!5- + H C3H6 

2CH3 C2H6 

C3117 + Of 3' C4H10 

fig + h _.!1g* 

fig* + C3H8 hg + H• + P 

+ C3!!8 - - Hg I. !I I S 

if , + C3H8 - 112 P 

If- + C3H8 -- 11 2 + 

Kunugi, Soma, 

and Sakai 

(1970) 

Papic and 

Laidler 

(1971) 



operating COflditiOfl8  
Reactor Used Results A(aec' Reactions References  ) E(ca1/ofl  

11 .9 10300 + C 3 H 8 U C11 3' -- C 4 4 -P Papic and 
io  taidler 

CH + C3 U8 - CU4 S (1971) 

10 14.4 32600 P CU3 4 C211 4 cont'd 

10 14.1 37000 P C3116 If. 

-io12 34500 S CU 3 + C2114 

10 14.3 38700 S C3Ii6 

13.4 10 2P "-C U 6 14 
13.4 10 2S 2,3-DUB 

10 13.7 p + s 2-UP 

io12 .6 2P C3Ito -i C3!I6 

13.2 10 2S C3fl8 I C it  

10 13 + s -- C3H8 I C3116 

P = n-C3U7 , S = i-C3U7 ', 2,3-DUB = 2,3 dimethylbutane, 2-UP = 2-methylpentane 

The following six reactions became important for low pressures. 

10 12 2000 H. + C3U6 -- C3117 . 

H 4- C3U7 -- CU3 - + C2Ii5-
15** 

** assumed 10 - II- + C3H7 -- C3U8 

10 11.3 10400 C 2 U 5 • + C 1 U 2 ( -- C. C It I II 

13.7  10 10 (.113 C3117 _• ( II 

io13 .6 2C11 3 -- C2U6 

1 msec Tubular Reactor 

1000 to 1200 C 

Quench provided Propylene-Propane Pyrolysis 
Robinson and 

Wege r 

(1971) 



b1.elating Conditions  

700 to 850 C 

1 atm 
space time 40 ms to 6 sec 

700 to 750 C 

1 atm 

Reactor Used Results A(sec') - E(cal/mol) Reactions  

Tubular Flow 

Reactor 

Tubular Flow 

Reactor 

6 x 1o14 

3 x 10 11 

4 x 10 10 

1,5 x 10 12 

4 x 10 10 

3.6 x 10 10 

1,8 x 1011 

7.5 x 10 11 

1.0 x 10 11 

1.1 x 1o10 

3.6 x 10 11 

i.e x 10 12 

5.6 x 10 

1014 

4.2 x 10 13 

-75000 C3U8 -- CH 3* I- C2 1l 

35000 C2H5' - C2U4 4- U. 

5000 C2H5- + C 3 H 8 -- C2U6 + 

4900 Of 3* + C3118 -- Of  

32000 C3!!7 - -- C2!!4 + Of 3' 

30000 C3!!7 ' -- C3 116 4- II-

4600 H + C388 -- U I C3 !! 7 -

5400 CH4 + ti. -- C2U5• 

4000 C2H6 + C3 117 ' -- C3 !! 8 F 

5000 CH  + C3 !!7 - Of 3' 4 C3 !!8 

2000 CU3 ' + C2U4 -- C3U7 -

1000 H' + C3U6 C3U7 

8000 112 + C3H7 • -- I!' 4- ( 3118 

0 C 2 H 5 '+ CH 3* -- C3 !!8 

0 C3 117 ' + C11  -- C3 !!6 (. 114 

1017 .6 82000 C 3 If 8 Of 3. 4 C2 !!5 ' 

1011 10000 C2H5 + C3H9 -- C2U6 4 C3 !!7 ' 

10 14 40000 C2H5 • -- C2 !!4 4- Ill 

io11 .35 9000 CU3 ' -I- C3 !!8 C!1 4 I (' 3!!7 

10 13.9 31000 C I! , C I! 
37 24 3 

b 14 '18 8400 H- + C3 118 112 + C3U7 

14,1 
10 37000 c3H7 - C3 !!6 I!' 

10 14 4000 H• + C2!!4 C2 !!5 ' - 

10 12 .4 3600 H' + C3U6 C3 !!7 -

References  

I1erriott, 

Eckert and 

Albright 

(1972) 

Kubota 

(1974) 



Operating Conditions  Reactor Used  

123.6 nm Photolysis of 

propane 

approx. 1 msec 
775 to 1430 C 

Results  

Single pulse 1st order, 
shock tube decomposition 

A(ec')  

i010 '3 

10 9.0 

10 11 

1013 .34 

E (cal/mol)  Reactions  

7200 C113 . + C116 -- Of  + C3115 

15000 C3H• + C3 116 -- poly. 4 If. 

0 C3H5 + C113• -- C4118 

0 2C113 - - C2!!6 

References 

Kubota 

(1974) 

cont 'd 

C3!!3 ty C3 1!6 4 112 Gawlowski, 

Herman arid 
C3!!8 (. 2114 1 Gagnon 

C3!!3 '2 If 6 (J! (1974) 

C3!!8 (.3 117 I Ti. 

C3 !!8 C2I15 * (! If 3' 

C3l!7 C.311 ç, 

C3 117 C2114 I CII 3' 

C2!15 C2 !!4 f 

C2!!4 C2112 112 

Of  C!! 3• I If. 

I! f 

= 10 12.4 C3!!8 (2115 I 

1012 .56 10300 Cu3 . + C3 118 -- r:c3 I!7 • I Cl!4 

i0138 8000 !!•+ C3!!8 -- Ii C!I. 4 If 2 

10 34500 34500 i-C31!7 • - C2!!4 I ( II. 

1013 .8 33200 flC11. -- C2!!4 4- CII 3' 

1014 .3 41300 i-C31I7 -- I! 4 C3!!6 

io'38 38000 " C If 7 -- !! 4. Cr116 
3 

I,! fstii t z and 

!terik I ach 
( 1975 ) 



operating Conditions  

3000 to 9000 K 

700 to850C 

1.2 to 2 atm 

Reactor Used  

Flow Reactor 

Results A(aec 1) ECcal/01) Reactions References 

10 13.5 40700 C2115• -- C2114 4 II. Lifshitz and 
Frenk)aCh 

2.4 x 10 13 cn3• + CH3 = C2116 (1975) 

Propane pyrolysis Propane conversion C + 11 -- c2 it 2 MonbiS ( 1975) 

in an Argon plasma without Al is 54% C 
with the presence to 73 %. 28 + ll2 -- C2112 - 

of Al vapor and - c2112 -- 2C f 11 2 

tungsten particles. - 

Tubular Reactor 1st order 1.6 x 10 
decomposition 9 2.0 x 10 

-1 3 'l 
*A=kmol in sec 

2.2 x 10 

1.1 x 10 
0.34 x 1013 

.9 x 10 12 

0.5 x 10 11 

1.3 x 10 10 

1.0 x 10 15 

1.4 x 1010 

0.68 x 10 13 

6.0 c 10 13 

l.3x 1011 

*60 x 10 13 

3.5 x 10 11 

*90 x 10 16 

44000 C3118 

44000 C3118 

54000 2C3118 

48000 2C3118 

60000 C2116 

67000 2C2116 

50000 2C2116 

50000 2C2116 

60000 C3116 4- 112 

50000 C3116 

5201)1) C2114 4 It 

76000 C2114 

45000 3C2 114 

45000 2C2112 + 

62000 C2}12 + 21120 

64000 C2112 + 

C 2114 -F Cu 4 Van Dajume, 

C H 4 II S. Narayan and 
3 6 2 Froment 

C2116 .411 10 (1975) 

C1II6 1 C 2 It I CIl 

(.2114 4 112 

I 201  

(3118 Cu4 

3C2114 

C2 114 + CU4 

C2112 I (114 

L2ll6 

C211 2 I 112 

2C 3111 

C4 116 - 

2C0 F 3112 

Cr118 



ijerating Conditions  

700 to 850 C 

Reactor Used Results k(s.c' E(.ca1fo1) Reactions References 

Tubular Reactor 4.692 x 10 10 50600 C3118 C211 4 4 Of  Froent Steene, 

5.888 x 10 10 - 51290 C -- (3115 4 Van Dare, 
3 2 Narayanen, 

*2.536 x 10 13 59060 C 3 H 8 + C2H4 -- C2 116 I ( IL( *nd Go(,Bson3 

1.514 x 1011 55800 2C3H6 3C2II4 (191 

7.120 x 1O9 45500 4C3H6 CI 4 6ClI4 

3.794 x lO11 59390 C 3 H 6 C21I2 CIt4 

* 1 x 10 14 60010 C31I6 + C 2 H 6 C4U8 + (. II 

* ( 1/mol eec) 4,652x 10 13 65200 

*1026 x 1012 41260 C2114 + C 2 H 2 C4H6 

*7003 x i013 60430 C2114 + C2H6 C3116 4 Of  

750 to 850 C Tubular Reactor 

600 to 800 C 

¼. 

Tubular Reactor 1st order 

6_960 x 10 7 

5.820 x 10 14 

34320 

73580 

C2116 =. C2114 4 It 

C3H0 -- C2tI4 I ( II 

C3lie I It 

C3118 + C2114 - C2116 I t'lI , 

2C3H6 3C2 114 

4C3H6 1. 54 4 6ltI 

C 3 H 6 -- C2H2 f CII 

C3H6 4 C2H6 C4 118 + LII 

C2U6 C2114 4 112 

C 2 H 4 + C282 C4116 

C284 4 C 2 H 6 C3H6 4 Of  

C4HB C6 

C3116 -- coke 

6 x 10 14 326 C3118 --- C.,II5 I ( II 

Sundaram and 

Frotnent 

(1979) 

t.ayokun and 



operating conditions  

800 to 840 C 

Reactor Used Results A(seC'' ). E(cal/MO11 Reactions Refetences 

1.5 x 1012 20.5 CU3 + C3 H8 CU4 4 C3 117 Slater 
(1979) 

2 x 1010 25 c25 + c3 n 8 c2 n 6 n c 7 It 

x 1011 146.3 C2115 C2114 4 II 

Jet-stirred Production 

reactor of gases, 
liquids and 

carbon. 

7.5 x 10 11 22.60 If + C2 114 -- C2 115 

1.8 x 1012 19.20 U + C3118 U + C3117 

4 x 10 10 133 C3117 CU3 4 C211 4 

3.6 x 1010 133 C3117 U + C3116 

1.8 x 1011 4.18 H + C3116 -- C3117 

4.2 10 12 10 CU3 + C2115 -- C3 118 

1 x 1010 0.0 C3 115 + C2 115 -- C2116 + C2114 

1 x 10 12 0.0 CU3 + c3 117 C3 I16 + CU4 

1 x 1011 0.0 CH  + C3117 C4 11 10 

5.6 x 10 92 C3117 + 112 C3 118 4 U 

1.2 x 10 12 248 C2 116 Of  Cu3 

8 x 10 50 CH  + C2116 CIt4 4 C2 115 

1.3 x 1011 37.6 U + C2116 -- 112 ( 2115 

'8.7 x 10 167.2 C411 10 C2 115 4 C2 11 5 

1 x 1011 6.0 C2 115 + C2 115 C4 11 10 

C3U8 Of 3*4 C2115' 

CU 3 + C3 118 C3 117 • 4 (' 114 

CU + CH CIl'4I1 
25 38 37 26 

C2 115 U' 4 C2 114 

If. + C3U8 C3117' + It 2 

C3 117 -- C11 3 + C2 114 

and 

Turner 

(1981) 



ijetatinq Conditions 
Reactor Used Results A(sec 1I E(ca1/to11  

Reactions References  

C H - -- H- + C H 
37 36 

+ CH 3. -- C3U6 ' C11 4 

trinUn and 

Turner 
(1981) contd 
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2.1 OPERATING CONDITIONS 

2.1.1 Batch Reactors 

Initial studies of propane pyrolysis at low temperatures 

were performed in batch reactors. The reaction vessel was usually a quartz 

bulb heated in an electric furnace. Due to the large thermal mass surrounding 

the reaction vessel, temperature fluctuations were kept to a minimum. These 

batch reactors gave an indication of the overall decomposition of the reactant 

gas. The initial workers in this field were Frey and Smith (1928), Dinzes and 

Frost (1934), Steacie and Puddington (1938), Hobbs and Hinsheiwood (1938) 

and Rice (1933). The temperature'rise time of Frey and Smith (1928) was ten 

seconds. These pre-1940 studies collectively came to the conclusion that the 

overall decomposition is a homogeneous and first order reaction which 

progresses with free radicals. Rice (1931, 1933, 1934, 1938, 1939) presented 

the first radical reaction scheme as early as 1931. This historical reaction 

scheme is presented in Table 2.1. After thirty years of debate concerning 

molecular and radical reactions, it was firmly established by Eltenton (1947 

(a,b,c)), Kuppermann and Larson (1960), and Purnell and Quinn (1961) that 

pyrolysis mechanisms consisted of free radical reactions. 

Ingold et al. (1950) proposed that the decomposition 

of propane was first order at low pressures and second order at higher 

pressures. Laidler et al. (1962) reported that at low temperatures and high 

pressures the reaction was first order and at high temperatures and low 

pressures the reaction was 1.5 order. Martin et al. (1964 (a,b)) found the 

overall rate of decomposition to be between 1.2 and 1.3. 
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The last comprehensive study using a batch reactor 

was carried out by Leathard and Purnell (1968 (a,b)). They represented the 

stoichiometry for the decomposition reaction as 

(1+a)C3H8 = H2 + C3H6 + a(CH4 + C2H4) 1(2.1) 

where a increases with increased temperature but is almost independent of the 

extent of reaction and shows no variation with reactor pressure. They also 

proposed an extensive free-radical mechanism which is shown in Table 2.1. 

They gave a lot of credibility to the work done by Martin et al. (1964 

(a,b,c),1965). Leathard and Purnell (1968 (a,b)) found that even at very low 

conversions of 0.1 percent the rate of decomposition was significantly self-

inhibited. 

Voevodsky (1959) was the first worker to suggest that 

surface to volume ratio of the reactor affected the rate of propane pyrolysis. 

Laidler et al. (1962) found the order of decomposition to be 1.25 in packed 

vessels. The observation by Martin et al. (1964 (b)) was however correct that 

surface to volume ratio does not affect the rate of propane pyrolysis. Leathard 

and Purnell (1968 (a,b)) solved the controversy of the effects of surface to 

volume ratio. The mystery was traced to the presence of small amounts of 

oxygen which enhanced the reaction at low surface to volume ratio. 

It can be concluded that the work done on batch 

reactors made a significant contribution to the pyrolysis reaction of propane. 

However, the large temperature rise times was the major problem associated 

with these reactors which restricted their use to low temperatures. 
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2.1.2 The Reactions of Photo-Sensitized Propane 

The reactions of photo-sensitized propane have 

generally been performed in batch reactors. The only difference between these 

reactors and the conventional pyrolysis reactions is in the initiation step. The 

activation energy for the initiation step of propane decomposition is provided 

by an external source rather than thermal energy. 

The mercury photo-sensitized decomposition of 

propane was initially studied by Steacie and Dewar (1940), Darwent and 

Steacie (1945), and Bywater and Steacie (1951). Steacie and Dewar (1940) 

and Bywater and Steacie (1951) gave reaction mechanisms which are listed in 

Table 2.1. Calvert and Sleppy (1959) studied the kinetics of the n-propyl 

radical decomposition reaction. This reaction was also studied by Kerr and 

Trotman-Dickenson (1959(a)), Kerr and Calvert (1961), Heller and Gordon 

(1958), Kerr and Trotman-Dickenson (1959(b)), and Jackson and McNesby 

(1961) who studied the i-propyl radical decomposition. The work done on 

radical decomposition did not necessarily involve propane as the initial 

reactant. 

Lin and Laidler (1966) measured the rate of 

decomposition of the n-propyl radical by studying the decomposition of 

propane sensitized by azomethane. They also gave an overall reaction 

mechanism which is listed in Table 2.1. Lin and Back (1966) and Lin and 

Laidler (1968) also studied the decomposition of the ethyl radical. 

Papic and Laidler (1971 (a,b)) followed these studies 

with an experiment to evaluate the kinetics of the mercury photosensitized 
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decomposition of propane. They suggested an extensive reaction scheme 

which is presented on Table 2.1. 

These studies on the non-conventional decomposition 

of propane did not present major quantitative data but gave good insight into 

the qualitative aspects of pyrolysis mechanisms. 

2.1.3 Tubular Reactors 

Tubular flow reactors have been extensively used to 

study the kinetics of propane pyrolysis. The pioneers in this field were Pease 

(1928), Pease and Durgan (1930), Marek and MeCluer (1931), Ebrey and 

Engelder (1931), Hague and Wheeler (1929), Frolich et al. (1930), Schneider 

and Frolich (1931), Frey and Huppke (1933), Frey and Hepp (1933), Paul and 

Marek (1934), Lang and Morgan (1935), and Egloff et al. 

(1936). This impressive list of references before 1940 suggests, contrary to 

the review given by Voilcan and April (1977), that historically both tubular and 

batch reactors were extensively used. 

These initial studies suggested that the reaction was 

first order. Hague and Wheeler (1929) reported that decomposition of propane 

began at 460°C.. Frolich et al. (1930) studied the reaction in a quartz tube 

between 690°C and, 757°C at one atmosphere with a heating time of seven 

seconds. They reported that the maximum conversion of butadiene from 

propane pyrolysis was 0.9 mole% at 727°C. 

Schutt (1947) described a commercial tubular reactor. 

The residence time of this reactor was between 0.7 and 1.3 seconds and the 
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reaction temperature varied between 650°C and 785°C. Kinney and Crowley 

(1958) studied the product distribution at 815°C by varying the contact time 

between 175 milliseconds and 40 seconds. Linden and Peck (1955) discussed 

the product distribution in terms of a severity function. 

Kershenbaum and Martin (1967) realized that at 

temperatures between 800°C and 1000°C, the reaction rates are so high that an 

isothermal experiment in a tubular reactor was impossible. They studied the 

non-isothermal pyrolysis of propane and developed a theoretical basis for 

determining the order of the reaction and the reaction rate constants. In order 

to study the primary kinetics, the propane feed was diluted with nitrogen. At. 

low decompositions of propane the overall reaction can be expressed as 

C3H8 = CH4 + C2H4 

C3H8 = H2 + C3H6 

(2.2) 

(2.3) 

The overall order of the reaction was found to be between 1 and 1.3. They 

reported the activation energy Tor the overall decomposition reaction to be 218 

id/mole and the activation energy for the primary reactions to be 216 Id/mole 

and 220 kj/mole. 

Beukens and Froment (1968) studied the thermal 

cracking of propane in a tubular reactor between 625°C and 850°C and at 

atmospheric pressure. They established fairly complete product distributions 

and proposed a reaction scheme shown in Table 2.1. They found that the 

order changed from 1.36 to 0.96 as the temperature increased from 625°C to 

825°C. Since the rate coefficient decreased with increasing conversion, they 

expressed this inhibition by considering the rate to be a hyperbolic function of 
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conversion for a first-order kinetic expression. The activation energy also 

increased with conversion from 246 kJ/mole at 30 percent conversion to 268 

id/mole at 90 percent conversion. 

Crynes and Albright (1969) studied the kinetics and 

surface effects of propane pyrolysis at reaction temperatures from 600°C to 

750°C, at a pressure of one atmosphere and space times up to 2.8 seconds. 

They observed that the pyrolysis of propane is not a simple first order reaction. 

Only at low conversions can it be approximated as a first order reaction since 

at higher conversions secondary reactions and inhibition make the reaction very 

complex. 

Cracking mixtures of propane and propylene were 

investigated by Robinson and Weger (1971) at a temperature near 1100°C and 

1 millisecond reaction time. The hot effluents from the tubular reactor were 

quenched by direct nitrogen or methane gas mixing. Propylene was shown to 

decrease the rate of propane cracking but no quantitative relation was derived 

from the data. 

Herriott et al. (1972) studied the decomposition of 

propane at temperatures between 700°C and 850°C at 1 atmosphere and with 

space times varying between 40 milliseconds and 6 seconds. Effects of steam 

and surface treatments of the reactor were investigated. Assuming an 

isothermal profile foF their tubular reactor, a kinetic model based on the most 

important free radical reaction steps was developed (Table 2.1). They did not 

limit their kinetic analysis to the overall propane decomposition but based it 

upon a proposed reaction scheme. By varying frequency factors and activation 
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energies, they succeeded in fitting satisfactorily their data up to a propane 

conversion of 70 percent. In industrial practice, propane conversion normally 

exceeds 85 percent. It should also be noted that Herriot et al. (1972) measured 

only the wall temperatures and not the gas temperatures. 

Kubota (1974), proposed a pyrolysis scheme, which is 

also shown in Table 2.1. The temperature range was 700°C to 750°C and the 

pressure was 1 atmosphere. A tubular flow reactor was used. They proposed a 

radical reaction scheme consisting of 13 reactions. 

Van Damme et al. (1975) studied the pyrolysis of 

propane in a pilot plant with a view to comparing their data with the existing 

industrial units. They studied the product distribution and kinetics of thermal 

cracking of propane and propane-propylene mixtures for a temperature range of 

700°C to 850'C, exit total pressures from 1.2 to 2 atmospheres absolute, and 

steam dilution of 0.4 to 1.0. They determined the kinetic parameters from the 

non-isothermal data by means of a parameter estimation routine. They also 

used the equivalent reactor volume concept to reduce the data to isothermity 

before attempting kinetic analysis. The reference temperature was taken as the 

mean of the temperatures in the last 30 percent of the tube length. 

The product distribution profiles derived from the pilot 

plant were in agreement with the industrial plant results. Van Damme et al. 

proposed an overall molecular scheme for propane pyrolysis which was used to 

compute a material balance on the observed products. The proposed steps are 

listed in Table 2.1. 

Several studies were conducted on the pilot plant 
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described in the study by Van Damme et al. (1975). Froment et al. (1976) 

proposed a reaction scheme for ethane-propane mixture pyrolysis under 

conditions representative of an industrial operation. Sundaram and Froment 

(1977) presented another molecular scheme for propane cracking which is also 

listed in Table 2.1. Froment and Sundaram (1979, 1980) also presented a two 

dimensional model for the simulation of tubular reactors for thermal cracking 

but did not report any significant improvement over the one-dimensional 

model. 

Layokun and Slater (1979 (a)) studied the pyrolytic 

behavior of propane between 600°C and 800°C with a view to elucidate the 

mechanism and kinetics. Continuous sampling of the pyrolytic products was 

done with a mass spectrometer. They reported an overall reaction order of 

unity and proposed a 19 step radical reaction model. The experimental 

composition-time profiles of the pyrolysis products were compared with a 

computer simulatio,n using a pseudo-state approximation for the radical 

species. Layokun and Slater ( 1979 (b)) also studied the effects of traces of 

acetone and acetaldehyde on propane. The presence of trace impurities does not 

alter the reaction order of unity but the reaction mechanism was altered. 

Layokun (1979) also studied the oxidative pyrolysis of propane . They 

presented different models for the interaction of different trace impurities. 

Trimm and Turner (1981) studied the formation of 

gases, tars and carbon from the pyrolysis of propane under conditions similar 

to steam cracking. They used a silica jet-stirred reactor with a microbalance 

and related the production of gases, liquids and solids in the presence and 

absence of hydrogen and helium diluents between temperatures of 800°C and 
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840°C. Their reactor residence times were between 2 and 8 seconds. 

It can be seen therefore that tubular reactors are not 

only used in industrial pyrolysis but have also been used in pilot plant and 

bench scale studies. The major problem in using tubular reactors in kinetic 

studies is that the temperature profile is non-isothermal and is also a function 

of the gas flow rate. 

2.1.4 Shock Tube Reactors 

Shock tube reators have been used to study the 

pyrolysis at high temperatures between 800°C and 1400°C and small reaction 

times of the order of a 0.11 to 1 millisecond. In the single pulse shock tube a 

reaction mixture is heated to a desired temperature by a reflected shock wave. 

It is maintained and reacts at that temperature for a short period of time ( 

approximately 1 millisecond) and is then rapidly cooled with a set of expansion 

waves. However, there is an error of 5 to 10 percent in determining the 

residence time and temperature determination is rather inaccurate (Bradley and 

Frend (1971)). However, shock tubes do provide rapid quenching. 

Benson (1967) studied the pyrolysis of propane at 

temperatures between 830°C and 1180°C with a single-pulse shock tube. The 

reaction was studied both in the presence and absence of hydrogen sulphide. 

The pyrolysis was described as a first order reaction. The product distribution 

was not consistent with other studies. Almost all studies reported a high yield 

of propylene whereas Benson reported acetylene and ethylene formations from 

propylene even with reaction times of 0.1 milliseconds. 
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Lifshitz and Frenklach (1975) studied the mechanism 

of thermal decomposition of propane between temperatures of 775°C and 

1430°C in a single pulse shock tube. Their reaction scheme of 11 reactions is 

shown in Table 2.1. The decomposition of ethylene and propylene to produce 

acetylene, alleñe and propyne are not present in their mechanism although 

these three products begin to appear at temperatures above 1000°C. 

2.1.5 The Plasma Jet Studies 

Blanchet and Parent (1967) studied the decomposition 

reaction by pyrolyzing propane in an electric arc struck between two graphite 

electrodes. The reaction products were acetylene and hydrogen. 

Nishimura et al. (1970) achieved high temperature 

cracking of propane in an induction coupled plasma jet. Propane diluted with 

argon was pyrolyzed with hydrogen at temperatures which varied between 10 

000 K to 20 000 K for residence times between 1 and 5.5 minutes. Carbon, 

hydrogen and traces of acetylene were produced. In the presence of hydrogen, 

the amount of soot decreased and instead ethylene and acetylene were formed. 

Sato et al. (1974) studied propane pyrolysis in a 

microwave plasma jet at temperatures between 3070°C and 9400°C. Meubus 

(1975) conducted propane pyrolysis in an argon plasma in the presence of 

aluminum vapor and tungsten particles at temperatures between 3000 K and 

9000 K. .Carbon, hydrogen and acetylene were the products. 
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2.2 THE EFFECT OF GASES ON THE PYROLYSIS OF PROPANE 

2.2.1 Effect of Inerts 

If the decomposition reaction is first order, the rate 

constant should be independent of concentration. Consequently, dilution with a 

inert gas should not affect the first-order rate constants. Pease and Durgan 

(1930) did some exploratory work on the effect of dilution with nitrogen. 

They reported that dilution with nitrogen increased the rate constants very 

slightly. 

This could be attributed to the effect of self-inhibition of the 

propane pyrolysis reaction. It should be noted that in 1930 the techniques of 

analysis were very crude and the effect reported by Pease and Durgan could be 

due to experimental errors. Laidler et al. (1962) investigated the effects of 

CO 2 and demonstrated that this inert gas had no effect on the pyrolysis 

reaction. 

2.2.2 Effect of Oxygen 

Voevodsky (1959) observed that trace quantities of oxygen 

increase the cracking rate, but at higher pressures of oxygen no further increase 

is observed. Martin et al. (1964(b)) showed that oxygen added to the extent of 

0.5 to 2 percent at temperatures near 500°C had no effect on product 

distribution but gave rise to a dependence of reaction rate upon surface to 

volume (S/V) ratio. At low S/V there was temporary acceleration as oxygen 

was consumed, but at higher S/V inhibition occurred and this persisted 

throughout the course of reaction with only slow consumption of oxygen. 
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Leathard and Purnell (1968 (a,b)) point to the fact that earlier studies could not 

be relied upon if precautions were not taken to have a completely oxygen-free 

atmosphere for the decomposition reaction. 

An extensive study on the oxidative pyrolysis of 

propane between 600°C and 700°C at 1 atmosphere total pressure has been 

carried out by Layokun (1979). He observed a faster rate of decomposition 

with higher oxygen concentration. By increasing the concentration of oxygen 

from 2 to 3 percent at any particular temperature and small reaction times, the 

rate of formation of propylene and water increased. The product distribution at 

the initial stages, in order of magnitude, were C3H6, C2H4, CH4, H2, and 

C2H6 as compared to the order CH4, C2H4, C3H6, H2 and C2H6 in the 

absence of oxygen. A 19 reaction step model based on generation and 

interaction of free radicals was proposed. 

2.2.3 Propane-Propylene Mixtures 

Kershenbaum and Martin (1967) studied the effect of 

propylene on the decomposition of propane and observed that 'propylene 

inhibited the propane decomposition reaction. This was also observed by 

Haraguchi et al. (1974). Robinson and Weger (1971) pyrolyzed propylene-

propane mixtures at temperatures near 1100°C and 1 millisecond reaction time 

to promote the formation of butene. Decomposition kinetics of propylene and 

propane were found to be first order. At low propane concentrations, 

propylene decomposition appeared to be accelerated by the addition of propane. 

2.2.4 Effect of Steam 



37 

Lang and Morgan (1935) investigated the pyrolysis of 

.propane in the presence of steam and concluded that steam is basically an inert, 

although traces of CO and CO2 are observed. Crynes and Albright ( 1969) 

added steam to the propane feed in concentrations of 4.7 and 17.5 mole 

percent. No significant effect was observed in these runs because of the 

presence of steam, but traces of carbon oxides were formed possibly from the 

water-gas shift reaction. Sundaram and Froment (1979) conclude that from 

industrial practice the reaction between coke and steam is considered to be 

neglible under normal operating conditions. - 

Herriott et al. (1972) studied the effects of steam on 

propane pyrolysis and observed that increasing the steam concentration always 

raises the conversion and the higher the temperature, the greater is the effect. 

The addition of steam in their experiments was to an extent of 50 percent and 

they attributed the following factors to the steam concentration dependency: 

(1) Space time is greater than the actual residence time of gases in the reactor 

since the actual moles of gases increases with conversion. The 

residence time approaches space time as the fraction of steam in the 

feed increases. 

(2) Since pyrolysis is highly endothermic, the steam acts as a heat sink so the 

actual temperature of the reacting gases is higher and is relatively more 

nearly equal to the bath temperature. 

(3) The inhibition of propane can be explained from the reversible initiation 

run. The initiation reaction is first order in the forward step and 

second order in the reverse step, and the overall rate of initiation is 
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increased as the partial pressure of propane is decreased or as the 

steam concentration is increased. 

They observed similar effects with other known inerts 

using helium and nitrogen. They concluded that steam does not chemically 

interact with propane. 

2.2.5 Effect of Miscellaneous Mixtures 

Kunugi et al. (1967) observed that hydrogen 

accelerates the decomposition of propane. It also increases the selectivity of 

the formation of methane and ethane. Ingold et al. (1950) observed that 

hydrogen causes a marked increase in the rate of the decomposition reaction. 

The effect of H2S on propane pyrolysis was studied 

by Benson (1967). Hydrogen sulphide accelerates the initial decomposition of 

propane, thus maintaining high propylene selectivity to high propane 

conversion. 

Nitric oxide (NO) effects have been investigated by 

Voevodsky (1959), Martin et al. (1964 (b)), and Laidler et al. (1962). They 

observed that NO inhibited the reaction and that the inhibition increased for 

high surface to volume ratio. 

Blanchet and Parent (1967) performed the pyrolysis of 

propane in the presence of carbon vapour at temperatures between 1700°C and 

4700° K and represented the decomposition reaction as: 

2C3H8 = 3C2H2 + 5H2 (2.4) 
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Keneshea et al. (1971) studied the decomposition of 

propane in contact with various molten salts in the temperature range of 400°C 

to 650°C. They observed that the salts exhibited no pronounced catalytic effect 

on the reaction. 

Meubus (1975) conducted high temperature propane 

cracking in the presence of aluminum vapor and tungsten particles. At 

temperatures between 3700°C and 4700°C, the maximum acetylene yield was 

93 percent. 

The effects of traces of acetone and acetaldehyde on 

propane pyrolysis at temperatures between 600°C and 750°C was studied by 

Lakoyun and Slater ( 1979(b)). The presence of trace impurities does not alter 

the reaction order of unity with respect to propane concentration but the 

reaction mechanism is altered. They suggested a 21 step reaction model to 

describe the observed kinetics in the presence of acetone and a 24 step reaction 

model to describe the kinetics in the presence of acetaldehyde. Methane and 

ethane increased in comparison to their values in the absence of acetone. 

Propylene and hydrogen were slightly reduced while ethylene remained 

virtually constant. They concluded that the overall rate constant which depends 

on the rate of initiation would be altered by the addition of the impurities and 

the impurities which dissociate with appreciably lower activation energies than 

propane will show more pronounced effects. 

2.3 SURFACE EFFECTS 

Albright and Tsai (1983) indicate that surface reactions 

produce the following results: 
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(1) Small amounts of ethylene, other olefins and diolefins are destroyed. 

(2) Some coke is produced. 

(3) Part of the coke is gasified. All CO and CO2 produced occurs as a 

- result of surface reactions involving steam. 

(4) Carburization (i.e. formation of metal carbides) reactions weaken stainless 

steel and are a factor in eventual tube failure. 

(5) Surface roughening and corrosion occur as a result of repeated oxidizing - 

reducing and suiphiding - desuiphiding steps. 

However, until recently surface reactions were considered to be tthimportant. 

Surface reactions affect the reactor surfaces much more when compared to 

their effect on the reactant gas. 

2.3.1 Surface to Volume Ratio (S/V Ratio) 

Pease and Durgan (1930) did pioneering work in this 

field and concluded that S/V ratio does not affect propane pyrolysis. However 

Voevodsky (1959) and Laidler et at. (1962) reported an inhibition effect due to 

an increase in S/V. But Martin et at. (1964 (b)) and Leathard and Purnell 

(1968 (a)) showed that this effect was due to traces of oxygen which could not 

be detected and at high S/V acted as an inhibitor. They found no dependence 

of the reaction rate on S/V. Quartz, Pyrex and Pyrex coated with KU, Pyrx 

treated with chromic acid, BF and PbO did not have any affect on the rate of 

the reaction. Crynes and Albright (1969) reported that no effect was observed 

in untreated stainless steel reactors when the S/V ratio was increased by a 

factor of 2.61. However chain initiation and termination can be heterogeneous 
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and still be relatively independent of the surface-volume ratio. 

2.3.2 The Role of Surfaces 

At low temperatures and pressures, heterogeneous 

effects in the pyrolysis of propane can be observed. Leathard and Purnell 

(1968 (b)) reported an unusual reduction in the rate of propane pyrolysis at 

456°C and 20 mm Hg. Niclause et al. (1965) also observed a similar effect at 

500°C. This behavior was attributed to the deactivation of hydrogen radicals at 

the walls. At low temperatures, this reaction becomes the rate determining 

termination step. 

Crynes and Albright (1969) did extensive qualitative 

work on stainless steel reactors which were treated with oxygen, hydrogen 

bromide and steam. They observed that treated stainless steel reactor surfaces 

were effective in promoting secondary reactions. This study should be 

differentiated from other studies where the impurity traces were present in the 

feed. It also involved the surface treatment of reactors. 

Oxygen treatments reduced the propane conversion in 

the first 30 minutes. Methane, ethylene, propylene, ethane, and carbon yields 

all increased in the initial stages of the run at the expense of hydrogen yield. 

Steam treatment of the reactor surface did not have much effect. Hydrogen 

treatments reduced the 'activity' of the walls that had been previously treated 

with oxygen. Hydrogen bromide treatment also inhibited some activity but less 

than that of oxygen treatment. 

Hydrogen sulphide and sulphur treatments formed a 
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protective metal sulphide film on the reactor surface which prevented the 

secondary reactions. Nickel reactors were similar to those of stainless-steel 

reactors. 

At commercial conditions of pyrolysis, the surface has 

a negligible effect on the pyrolysis reaction although the surface itself may be 

affected. McConnell and Head (1983) showed that Vycor glass, stainless steel 

410, stainless steel 304, Incoloy 800 steel, and Hastelloy X do not effect the 

pyrolysis reaction. The ferromagnetic wires used in the microreactor are made 

of varying compositions of nickel and iron and hence should not affect the 

pyrolysis reaction. 

2.4 COMPARISON AND INTERPRETATIONS 

An overall examination of Table 2.1 reveals that 

considerable research has been done on propane pyrolysis and that the propane 

pyrolysis mechanism is very well understood. Conversion, product 

distribution, activation energies, rate constants, self inhibition, effect of surface 

and trace impurities, effect of pressure and the effect of temperature have all 

received considerable research attention. However, the reproducibility of 

results has created a lot of confusion. This is basically due to the inability of 

the researchers to report the actual reactor temperature profiles so that these can 

be matched by other workers. The work reported in this thesis has gone a long 

way in overcoming this major problem. 

2.4.1 Reaction Mechanisms 

Most of the values of the Arrhenius parameters and the 
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activation energies of the individual reactions have been derived from 

experiments conducted at low temperatures. The extrapolation of these values 

to higher temperatures may produce incorrect results. 

In general, when considering the pyrolysis of propane it is 

convenient to consider the reactions as occuring in two stages. 

(1) The first stage is designed as the primary reactions wherein the reactants 

are decomposed through free-radical chain mechanisms into the 

principal primary products: H2, CH4, C2H4, and C3H6. The term 

"primary reactions" might be to some extent a misnomer because it hà's 

been shown conclusively that these reactions are free radical in nature, 

and hence, the true primary reaction products are the free radicals 

(methyl, ethyl, etc.). However, it is still convenient to refer arbitrarily 

to the first stable products formed in pyrolysis as the "primary products 

of reaction" (Kershenbaum (1964)). 

(2) The second stage encompasses secondary reactions which can be classified 

into three types: a) reactions involving further pyrolysis of the olefins 

produced by primary reactions;. b) hydrogenation and dehydrogenation 

reactions where paraffins, diolefins, and acetylenes are produced from 

the olefins; and c) condensation reactions wherein two or more smaller 

fragments combine to produce large stable structures such as 

cyclodiolefins and aromatics. Coke formation is due to a series of 

condensation reactions. 

The primary and secondary reactions occur simultaneously 

but the reactants of the secondary reactions are the products of the primary 
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reactions Hence at low conversions secondary reactions become unimportant. 

The olefins formed are more refractory than the feed and are thus cracked 

slowly. As conversion increases, acetylenes and olefins are produced in 

significant quantities and the condensation reactions start the production of 

benzene and other aromatics. 

Free Radical Mechanism 

According to McConnell and Head (1983), there are three general 

classifications of homogeneous reactions involving the various free radicals 

with each group consisting of forward and reverse reactions. 

Scission and Coupling 

Scission of a molecule introduces a pair of free 

radicals. High activation energy is characteristic, thus the pyrolysis 

requirement of high temperature. Coupling is the reverse reaction and zero 

activation energy is characteristic. To a large extent, these two types of 

reactions dictate the total radical concentration as a function of temperature. 

Scission of a molecule causes the initiation of the reaction 

mechanism. Initiation may occur by the cleavage of either a C-C bond or 'a 

C-H bond. The dissociation energy of a C-C bond in C2-C8 hydrocarbons lies 

in the range of 325-350 kJ/mol, while C-H bonds have typical strengths in the 

range of 381-427 kJ/mol depending on their primary, secondary or tertiary 

positions (Layokun and Slater (19.79 (a))). Because of this difference in the 

dissociation energies the rates of C-C scission will be at least ten times faster 

than the rate of C-H rupture at temperatures up to 15000 K. It is therefore 
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valid to assume that the primary scission process for propane pyrolysis 

involves the unimolecular rupture of C-C bonds. The key initiation step must 

certainly be as follows: 

C3H8 = C2H5. + Cf!3. 

Hydrogen Abstraction 

(2.5) 

In these reactions, a free radical abstracts a hydrogen from a molecular species. 

This results in the original free radical becoming a molecule and the original 

molecule becoming a free radical. The reverse reaction is similar. Low, but 

not zero, activation energies are characteristic. These reactions adjust and 

maintain the pseudoequilibrium distribution of the various free radicals and 

propagate the free-radical mechanism. 

Some of the propagation steps in propane pyrolysis are: 

CH3. + C3H8 = CH4 + —C3H7. 

C2H5. + C3H8 = C2H6 + —C3H7. 

H. + C3H8 = H2 +—C3H7. 

Decomposition and Addition 

(2.6) 

(2.7) 

(2.8) 

Unimolecular decomposition of a free radical results in an 

olefin and a smaller free radical, often a hydrogen radical. 

C2H5. = C2H4 + H. (2.9) 

Activation energy is normally 120-170 kJ/mol. Addition of a small radical to 

an olefin results in a larger free radical. 
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C2H4 + H. = C2H5. (2.10) 

C2H4 + CH3. = i—C3H7. (2.11) 

Typical activation energy is 4-40 Id/mol for hydrogen-radical addition and 25-

40 Id/mol for methyl radical addition. The forward decomposition reaction is 

responsible for conversion to olefin and the reverse addition reaction is 

responsible for inhibition. 

The termination steps arise when two radicals combine to 

form a molecule. 

CH3.+CH3.=C2H6 

CH3. + n—C3H7. = CH4 + C3H6 = i—C4H 10 

n—C3H7. + n—C3H7. = C3H6 + C3H8 = n—C6H 14 

(2.12) 

(2.13) 

(2.14) 

Starting with one component feed, the above set of reactions leads to a broad 

range of products. Coupling reactions produce larger molecules. Free-radical 

analogs to these larger molecules are formed via hydrogen abstractions. The 

larger free radicals may decompose to form higher olefins or couple to form 

even larger molecules. An array of reactions involving the various paraffins, 

free radicals and olefins is necessary for a detailed description of pyrolysis. 

Heterogeneous wall reactions and gas-phase polymerizations complicate the 

picture. It is important to realize however that the subsequent set of reactions 

arise only after the initiation reaction involving the feed reactant. 

2.4.2 Product Distribution and Selectivity 

The overall propane decomposition reaction can be 

summarized for the primary products as: 
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C3H8 = CH4 + C2H4 

C3H8 = C3H6 + H2 

(2.15) 

(2.16) 

Van Damme (1975), Herriott et al. (1972), Beukens and 

Froment (1968), and Layokun and Slater (1979) give extensive data on product 

distributions and selectivity. As propane conversion increases the selectivity to 

propylene decreases. This is due to the following reactions: 

C3H6 + H. = i—C3H7. / n—C3H7. 

n—C3H7. = C2H4 + CH3. 

CH3. + Cl!3, = C2H6 

CH3.+H. = CH4 

(2.17) 

(2.18) 

(2.19) 

(2.20) 

Therefore, ethylene, ethane, and methane selectivities increase with propane 

conversion. Low total pressure and low partial pressure decreases the propane 

conversion which can be desirable since C3H6 production will be maintained 

(Voilcan and April (1977)). This could be one of the reasohs for the use of 

inerts in the industry. 

2.4.3 Order of the Reaction 

Early studies, which were all conducted at low temperatures 

and low conversion levels, indicated first order kinetics. Studies conducted at 

medium to high temperatures (600°C - 900°C) and low pressures had an 

overall order between 1 and 1.5 (Laidler et al. (1962)). Due to inhibition 

effects at higher conversions and the complexity of the reaction' mechanism, a 

simple first order kinetic equation for propane decomposition does not fit the 

experimental trends at higher temperatures. 
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2.4.4 Activation Energy 

Activation energies for reactions taking place at lower 

conversions and at lower temperatures were in the range of 280 kJ/mol. At the 

312 order range, where inhibition effects become significant at higher 

temperatures, the activation energies are in the range of 230 kJ/mol. Due to 

increasing inhibition effects apparent activation energy will decrease with 

temperature. 

2.5 THERMODYNAMIC CONSIDERATIONS 

Since all chemical reactions are limited from thermodynamic 

and equilibrium considerations, it is important to investigate the 

thermodynamics of a system before studying the kinetics of the corresponding 

reactions. Kershenbaum (1964) calculated the equilibrium constants for the 

main decomposition reactions. The results for the following reactions are 

shown in Figure 2.1. 

C3H8 = C2H4 + CH4 

C3H8 = C3H6 + H2 

(2.21) 

(2.22) 

For the above reactions the conversion can be expressed as the following 

function of the equilibrium constant Ke. 

Conversion - [FKKe  ]0.5 (2.23) 

It can be observed from Figure 2.1 that above 800'C, Ke becomes sufficiently 

large ( Ke >> 1 ) so that there is little tendency for the reaction products to 

recombine. The equilibrium conversion at 800°C and 50 mole percent steam is 

over 90 percent. With no inerts present in the feed, the reaction will go to 100 
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percent conversion between temperatures of 600°C and 900° C. 

Thermodynamics places limits on the extent of the reaction whereas the actual 

amounts of product formed will depend on the kinetics of the reaction. 

2.6 EQUIVALENT REACTOR VOLUME CONCEPT 

One of the main problems encountered in the derivation of 

rate equations from experiments in tubular flow reactors is the longitudinal 

temperature profile. There is no sharp distinction between the preheat, reactor, 

and the quench sections. The concept of equivalent reactor volume was 

introduced by Hougen and Watson (1947) to correct for the non-isothermality 

of the reactor. At best, this is a first order approximation technique. The 

equivalent reactor volume, VR , is defined as the volume which, at reference 

temperature, TR , would give the same conversion as the actual reactor with its 

temperature profile. 

A mole balanèe on both the tubular reactors gives for the 

equivalent volume reactor-

dVR(— rTR) = FAOdXR (2.24) 

and for the non-isothermal tubular reactor-

dV(—rT)=FAodX (2.25) 

If XR = X, and assuming a first order reaction, then according to the 

equivalent reactor volume concept: 

dVR(— rTR) = dV(—rT) (2.26) 

TTR = A exp(—E/RTR) CA (2.27) 
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= A exp(—E/RT) CA (2.28) 

It follows from EQ. 2.26 that 

VR -  exp(—E/RT)dV 

exp(—E/RTR) 
(2.29) 

In the above concept the reference temperature is chosen 

arbitrarily. The calculation of VR requires a priori knowledge of the activation 

energy, which is precisely one of the parameters to be determined by the 

kinetic analysis. Since the activation energy is not known a priori, this method 

involves trial and error. An activation energy is assumed, the corresponding 

VR calculated from the above equation and the rate constant is derived. This is 

done at several temperature levels and from an Arrhenius plot of the rate 

constant, a new value of activation energy E is obtained. If this is not 

approximately equal to the assumed value, the entire procedure is repeated. 

Hougen and Watson (1947) suggest that this method should 

be used for small temperature differences. They also warned that this method 

is subject to errors, where several reactions occur simultaneously with different 

activation energies. 

In pyrolysis reactions, scores of radical reactions with very 

different activation energies take place. Yet the reactor volume concept has 

been used repeatedly (Froment, Picke and Goethals (1961), Beukens and 

Froment (1968), Van Damme et al. (1975), Kunzru et al. (1972), and Kumar 

and Kunzru (1985). 

If, as suggested by Hougen and Watson (1947), the method 
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is to be used for relatively small temperature differences, the chosen value of 

the reference temperature is justified. However researchers have disregarded 

this and used the equivalent reactor volume concept for reactors where the 

temperature differences were in hundreds of degrees. 

It is well known that inhibition takes place in pyrolysis 

reactions and the apparent activation energy is a function of conversion. Hence 

the apparent activation energy could change with the reactor length. The 

equivalent reactor volume concept requires a fixed value of activation energy. 

Since the value of the activation energy is assumed, the actual kinetics of the 

reaction can be masked by this method. There is a serious doubt whether 

inhibition effects can be detected using the equivalent reactor volume concept. 

A serious fallacy of this method when used with large 

temperature differences is that the conversion at the end of the reactor could be 

matched but the effect of the temperature profile on the product distribution is 

not taken into account. 

The non-isothermal approach as suggested by Kershenbaum 

(1964) is recommended as a means of estimating the reaction kinetics of 

pyrolysis reactions in tubular reactors. A better approach, however would be 

to perform the experiments at isothermal conditions. This is exactly the 

approach of this thesis. 
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CHAPTER 3 

RESEARCH OBJECTIVES 

During the last decade, emerging new technologies 

(including new reactor types) for hydrocarbon pyrolysis have reduced the 

contact times to milliseconds and have increased the reaction temperature to 

increase the selectivity of the process. At these ultrapyrolysis conditions, the 

temperature rise time, the actual reaction temperature and the quench time 

become significant. Although numerous studies have been done on propane 

pyrolysis, very little attention has been given to these important variables. 

Therefore the primary objectives of this study were: 

(1) To design and construct a microreactor system that would permit the 

control of reaction temperature and reaction time. 

(2) To use this microreactor system to study the pyrolysis of propane at 

temperatures between 600°C and 900°C. Propane pyrolysis reaction 

was chosen since much has been published on this subject and would 

hence help in the comparison of experimental results. Not being a 

complex molecule, propane is an excellent choice for the study and 

comparison of product distribution. 

(3) To establish the kinetics of propane pyrolysis between the temperatures of 

600°C and 900°C. 
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CHAPTER 4 

EXPERIMENTAL PROGRAM 

4.1 MATERIALS 

Instrument purity 99.5 percent propane and certified standard 

calibration gas were obtained from Matheson of Canada. High purity (99.999 

percent) air, 99.995% high purity argon, 99.95 percent hydrogen and 

commercial grade 99.5% liquid carbon dioxide were purchased from Medigas 

Alberta Ltd. Capillary tubing of 0.5 mm ID x 0.7 mm OD were purchased 

from Houde Glass, USA. Thermocouple wires and temperature indicating 

lacquers were obtained from Omega Engineering Inc., USA. 

4.2 EXPERIMENTAL METHODS 

4.2.1 Description of the Apparatus 

A schematic representation of the apparatus used in the 

experimental part of this project is shown in Figure 4.1. Basically the system 

consisted of four sections: 

(1) Timer Control Unit 

(2) Curie Point Pyrolyser by Fischer, West Germany 

(3) Microreactor with Quench System 

(4) Analysis Equipment 
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The heart of the experiment set-up was the Curie Point 

Pyrolyser. Induction heating in a Curie Point Pyrolyser is a pyrolysis 

technique which consists of application of high frequency induction heating to 

a sample in contact with a ferromagnetic conductor. The temperature of the 

conductor rises in a few milliseconds to its Curie Temperature and Then 

remains constant. 

Curie Point is the temperature at which a ferromagnetic 

material loses its ferromagnetism and is dictated by the composition of the 

metal. When a ferromagnetic material is placed in an induction coil and the 

coil is energized with direct current, the material becomes magnetized. When 

the polarity of the current is changed, the magnetic poles are reversed. If the 

polarity of the coil is changed rapidl', hystersis heat is generated in the 

ferrous material due to the friction of the changing polarity. Self heating will 

cause the ferrous material to very rapidly reach a temperature at which it loses 

its magnetism. It then maintains this temperature. By selection of the 

appropriate ferromagnetic alloy, a wide range of conductor temperatures, and 

therefore pyrolysis temperatures, can be obtained. 

The power consumption of the conductor depends on the 

magnetic field inside the coil, the radius, specific resistance and magnetic 

permeability of the conductor, as well as the frequency applied (Simon and 

Giacobbo (1965)). Owing to the drastic change in the magnetic permeability 

of the ferromagnetic conductor at the Curie Point, the energy input drops at 

that temperature. If the energy loss of the conductor above the Curie point is 

equal or larger than the energy uptake from the field, the conductor will remain 

at the equilibrium temperature. 
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The Fischer Model 0316 Curie Point Pyrolyser used in this 

study consisted of a pulsing control unit, a solenoid valve and a reactor module 

(Fischer Manual 1985). The pulsing control unit had an input capacity of 1.0 

kW and an impulse capacity of 4.0 kW. The pyrolysis time and the reactor 

base temperature could be preselected. The carrier gas change-over switch 

activated the solenoid valve so that the carrier gas could either flow directly 

from 1 to 3 or from 1 to 2 via the teflon tubing into the pyrolysis chamber and 

the GC injection port as shown in Figure 4.2. 

The reactor module of the CUrie Point Pyrolyser is shown in 

Figure 4.3. It contains the inductive current coil in an aluminum housing. It 

also has a heater with sensors so that the selected base temperature can be 

maintained. A schematic diagram of the microreactor itself is shown in Figure 

5.8. 

To ensure that the reactants were quenched after precise 

residence times, nanograms of propane in close contact with the ferromagnetic 

wire were enclosed in tiny ampoule microreactors made of glass. A solenoid 

operated hammer broke the vial at the required residence time so that the 

products could be quenched in less than 1 ms and swept directly by the carrier 

gas into the GC column for analysis. The ultrapyrolysis microreactor with 

quench system is shown in Figure 4.4. 

Since the reaction times are in milliseconds, it was 

recognized that the dynamics of the microreactor system were very important. 

The time it takes for all the key operations, i.e activating the solenoid system, 

response time of the microswitch and the time of travel of the hammer, all take 
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Figure 4.2 CURIE POINT PYROLYSER LINKED WITH G.C. 
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Figure 4.3 REACTOR MODULE OF CURIE POINT PYROLYSER 
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a finite time which could not be neglected. It was also realized that these 

response times were not constant and could not be controlled. Therefore, a 

delay-timer control unit was designed which would take these response times 

into account every time the system was used and would measure and display 

the actual residence time of the reaction. 

The operation of the delay-timer control unit is shown in 

Figure 4.5. The timer control unit consisted of a start switch, two delay 

timers, A and B, and a display counter with a reset switch. Delay timers A 

and B were activated with the start switch. Delay timer B activated the display 

counter-timer and the Curie Point Pyrolyser. Delay timer B was set at the 

average time taken by the system to respond. Delay timer A activated the 

solenoid which in turn activated the microswitch. Delay timer A was set to the 

required pyrolysis time. The microswitch shown in Figure 4.4 was movable 

and was adjusted so that it was activated by the solenoid at the instant when 

the hammer broke the vial. The microswitch stopped the display counter and 

started the gas-chromatograph. Hence after the pyrolysis reaction, the display 

on the timer gave the actual pyrolysis time of the reactants. It is to be noted 

that the counter-timer and the pyrolyser were activated simultaneously and the 

counter timer was stopped when the vial was broken. Hence the display 

counter-timer recorded the actual pyrolysis time rather than the set pyrolysis 

time, thereby taking into account the dynamics of the system. 

The analysis system consisted of a Varian 6000 Gas 

Chromatograph, Varian CDS 401 Control Station, Apple Ile Microcomputer, 

Varian Printer and a Shimadzu GC-8A Gas Chromatograph. The CDS 401 

Control Station was capable of simultaneously monitoring four independent 
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analyses. The Apple He microcomputer was used to carry out independent 

calculations and interact with the control station. 

4.2.2 Description of Vial-Making Technique 

The schematic sketch of the apparatus used to make the 

vials is shown in Figure 4.6. Valve A controlled the supply of propane. The 

water-filled manometer showed the pressure of propane to within 0.02 psig. 

Valve B ensured that the capillary tubing was either connected to propane or to 

the vacuum/argon line. Valves C and D controlled the accessibility of vacuum 

and argon, respectively. Valve E controlled the linkage between the capillary 

tubing with the rest of the equipment. It also ensured that the gas lines were 

free from atmospheric exposure. Valve F is the vent to the atmosphere. It 

was opened only when there was a positive pressure in the system. 

The pyrex capillary tubing was approximately 50 mm long 

with an internal diameter of 0.5 mm and was attached to Valve E. A 12 mm 

long and 0.39 mm diameter ferromagnetic wire of known Curie Point 

temperature was enclosed at the bottom end of the tubing. The open tubing 

was slightly curved at the end to ensure that the wire did not fall. At the start, 

the lines were purged with argon to ensure that there was no oxygen or air in 

the capillary. At this stage the lower end of the capillary tube was sealed with 

a glass blowing torch. Valve D was then closed and Valve C was opened to 

ensure that the lines became argon-free. After a 10 minute period of vacuum, 

Valve B exposed the system to a very slight positive pressure of propane. 

Valve F was then turned on to ensure that the pressure of propane in the 

system did not build up. Valve E was then closed. Subsequently Valves A 
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and F were also closed and Valve B exposed the system to vacuum. Valve E 

was opened for a few seconds and then closed so that the capillary tube was 

isolated with some propane. The capillary tube was then immersed in liquid 

nitrogen so that the propane condensed at the lower end,. Using the glass 

blowing torch the capillary tube was sealed above the ferromagnetic wire to 

give a propane-filled ampoule. 

4.2.3 Description of Experimental Run 

For a run at a given temperature, the propane-filled vial was 

first made using the particular ferromagnetic wire of that given Curie Point 

temperature. The delay timer used to start the pyrolyser and the display 

counter was normally set at 19 milliseconds, which was the response time of 

the solenoid. The delay timer to start the solenoid and the pyrolysis time on 

the Curie Point pyrolyser were set at the required pyrolysis time for the 

experimental run. The reactor module was set at the base temperature of 

300°C and the carrier gas was routed over the microreactor system. The start 

switch sequentially activated the process, whereby pyrolysis took place, the 

solenoid-operated hammer shattered the vial, the quenched products were swept 

into the GC column in a time of about 7 ms for analysis. 

4.2.4 Measurement of Temperature-Time Profiles 

The Temperature Rise Time (TRT) was measured with low 

mass thermocouples (diameter: 25 jnn) which have a typical response time of 

less than 10 us. The thermocouple was spot welded onto the ferromagnetic 

pyrowire. To ensure that the wires did not short contact, they were enclosed in 

a double-bored ceramic tube. Care was taken so that the thermocouple wires 
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were in contact only at the weld, because contact at a point removed from the 

pyrowire would increase the thermocouple response time. Moreover, the 

thermocouple wires were run along the surface ofthe pyrowire (i.e. along an 

isotherm) to ensure minimal temperature gradients at the thermocouple junction 

(Jakob, 1967). The temperature measured by properly attached thermocouples 

was within 5°C of the Curie point temperature. A 15 mm uniform surface 

temperature zone along the pyrowires was delineated by attaching 

thermocouples to various locations on the filaments for a series of experiments. 

An additional indication for the location of this zone was given by the metal 

colouration due to high temperature. 

The chromel-alumel thermocouples were also placed in the 

radio frequency (i-f) coil without the ferromagnetic wire to evaluate any 

inductive effects on the thermocouple itself. No temperature increases were 

noted, indicating that the thermocouple was not heated by the rf field. This was 

also observed by Levy and Fanter ( 1969). 

The output from the thermocouple was passed through a 

double pole RC filter to screen the noise above 1 kHz. The signal was then 

passed through a differential amplifier <Model 687 Industrial DC Amplifier) 

manufactured by the Ectron Corporation which also functioned as a 

background noise filter. The resulting output with a gain of 10 was displayed 

on the screen of a storage oscilloscope (Kikusui Model DSS 6520). 

Photographs of the oscilloscope trace were taken with a polaroid camera. The 

oscilloscope and differential amplifier had response times of 0.2 lis and 0.3 ms 

respectively. Since the oscilloscope, differential amplifier and the thermocouple 

have response times at least two orders of magnitude less than the TRT of the 
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pyrolyser, signal lag effects were effectively eliminated from the system. Using 

a frequency cut-off storage oscilloscope it was observed that the RC filter and 

the differential amplifier did not distort the waveform. 

Melting point lacquers were also applied onto the 

ferromagnetic wires. It was observed that the wires did reach their specified 

Curie Point temperatures. Also the delineated heating zone was verified to be 

15 mm. 

43 ANALYTICAL PROCEDURE 

The hydrocarbons produced in the reaction were analyzed 

with a Varian 6000 gas chromatograph. The instrument was equipped with a 

thermal conductivity detector and a flame ionization detector. A liquid carbon 

dioxide cryogenic system was installed which enabled the oven temperature to 

be as low as -65°C. An external events control was also installed which could 

be used for detector polarity reversal and detector switching. The gas 

chromatograph was connected to a Varian CDS 401 Control Station which had 

the capability to process data and signals by interacting with analytical devices 

and microcomputers. 

Since a wide range of hydrocarbons are produced from 

hydrocarbon pyrolysis, methods were developed to analyze both the gaseous 

and the liquid hydrocarbons. A 15 meter DB- 1 megabore column was used to 

separate C3 to C40 hydrocarbons since it covers the range of expected liquid 

hydrocarbons. This was interfaced with the simulated distillation technique 

(ASTM 2887) to characterize the boiling point range of heavier hydrocarbons. 

Existing simulated distillation techniques use a SE-30 packed column which 



68 

allows a hydrocarbon with a final boiling point of 1000°F to be eluted. Efforts 

to elute higher boiling point hydrocarbons results in increasing the oven 

temperature to a level where the column begins to degrade. Also the 

hydrocarbon mixture in the column itself begins to be pyrolyzed. By using a 

megabore column, hydrocarbons with a final boiling point up to 1710°F were 

eluted. Carbon disulphide was used as a solvent instead of pentane since it is 

transparent to FID. 

To distinguish between the alkanes, aikenes and the alkynes, 

a more specific method was used for the analysis of products obtained from the 

pyrolysis of propane. A 3.6 in x 0.0063 m (12 ft x 0.25 inch) OD. column 

packed with 5 percent Carbowax 20M on 40/60 mesh F-i alumiia separated 

the hydrocarbons from methane to BTX. The products were first passed to the 

TCD and then to the FID. Detector switching was done by the external events 

relay. Air and hydrogen were detected by the TCD and the hydrocarbons were 

detected by the FID. Argon was used as the carrier gas since the thermal 

conductivity difference between argon and hydrogen is greater than the thermal 

conductivity between helium and hydrogen. This led to greater sensitivity in 

the detection of hydrogen. However, when compared to the FID, the TCD is 

three orders of magnitude less sensitive. The GC was calibrated everyday with 

the calibration gas mixture whose composition is given in the following table. 
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Table 4.1: Composition of Calibration Gas 

Component Mole% Component Mole% 

Hydrogen 

Nitrogen 

Oxygen 

Carbon Monoxide 

Carbon Dioxide 

Methane 

Ethylene 

Ethane 

8.84 

11.11 

0.963 

6.73 

34.697 

15.92 

2.09 

3.93 

Propylene 

Propane 

i-Butane 

n-Butane 

i-Pentane 

n-Pentane 

i-Hexane 

n-Hexane 

1.91 

2.09 

2.05 

1.77 

2.09 

1.99 

1.89 

1.93 

The analysis was carried out with the following conditions: 

Carrier gas : Argon 

Flow rate: 147 mL/min 

Injector temperature: 200°C 

Ion temperature: 350°C 

TCD temperature: 255°C 

TCD filament temperature: 350°C 

Column oven temperature: Initial temperature 55°C programmed at 

20'C/min to 195°C, held for 14 mm, 

programmed at 20°C/mm to 225°C, 

held for 14 minutes. 

Detector: FID, Range : 10-11 

Detector: TCD, Range: 0.05 
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The calibration of the instrument was also frequently checked by analyzing 

samples of a gas of known .composition. The minimum detectable quantity that 

can be analyzed by this instrument was 2 x 1011 grams of alkanes. Hence this 

instrument had sufficient accuracy for the sample analysis. 

The ability of pyrolysis methods to produce complex 

mixtures of products, the ability of gas chromatography to separate the 

products effectively and the ease with which the two can be interfaced has led 

to the development of ultrapyrolysis gas chromatography which has provided 

conditions for maximum inter-laboratory reproduciblity for the study of kinetics 

of ultrapyrolysis reactions. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

The main objective of the experimental part of this study 

was to build a microreactor capable of measuring intrinsic kinetics for fast 

pyrolysis reactions. Propane pyrolysis was studied in the reactor because much 

has been published in this research area, enabling substantial comparison of 

results. In this Chapter the experimental results are presented in three sections. 

Since the study of reaction kinetics requires an accurate knowledge of reaction 

temperature and reaction time, it was important to characterize these two 

variables. The results of this study are presented in Section 5.1. The results of 

preliminary experiments, which were used to set the directions for further 

experimentation, are given in Section 5.2. Finally, the experimental results of 

the thermal decomposition of propane are presented in Section 5.3. Also 

included in this section is a discussion on the kinetics of the reaction. 

5.1 REACTION CONDITIONS 

The most important factor which affects the decomposition 

of propane is the temperature-time profile. The temperature-time profile is a 

characteristic of the pyrolysis reactor. Since construction of a pyrolysis reactor 

at first thought appears to be a simple task it has led many workers to design 

their own units. Easy handling of the sample rather than control of the 

pyrolysis process has been the guideline in the design of most of these units. 

Inter-laboratory reproducibility has suffered badly as a consequence. 
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All the pyrolysis units described so far in the literature can 

be classified into two major groups according to their mode of operation: pulse 

mode units and continuous mode units. All the pyrolysis units in which thermal 

energy is supplied as a "pulse" giving rise to temperature-time profiles similar 

in shape to a half square wave are classified under pulse mode units. Pyrolysis 

units, based on high frequency induction heating, radiation, dielectric discharge 

and arc come under the category of pulse mode units (Levy (1966, 1967)). A 

tubular reactor is a classic example of a continuous mode unit. The 

temperature-time profiles of pulse-mode units and continuous mode units are 

shown in Figures 5.1 and 5.2, respectively. 

Precise kinetic studies on pyrolysis reactions require a 

pyrolysis device with a zero temperature rise time and a zero quench time. 

Since ideal temperature profiles are not achievable, it is best to examine 

temperature profiles generated by different pyrolysers. A pyrolyser can then be 

selected which, after modifications, can produce a temperature profile which 

can best approximate the ideal temperature profile. 

Pyrolysis in externally heated tubular reactors has been the 

favourite choice of many workers. However as seen in Figure 5.2 the 

temperature profiles of the actual reactors as shown by the dashed lines are 

quite different from the ideal profile. The basic problem in using a tubular 

reactor is that the temperature profile is a function of the fiowrate and position 

in the reactor. In these reactors, the temperature profile changes for different 

residence times and hence is not acceptable when kinetic analysis is required. 

An additional problem is that the reactant temperature is not 
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the same as the reactor-wall temperature. The customary practice of measuring 

the temperature of a gas flowing inside an externally heated tube by inserting a 

thermocouple directly in the reaction space invariably gives readings which are 

too high, owing to the radiation from the tube wall. Since the magnitude of the 

error thus introduced varies with the rate of flow it is impossible, when varying 

the time of contact, to maintain constant temperature by means of an inserted 

thermocouple. The temperature recorded can be 25°C to 85°C higher than the 

actual reaction temperature (Haslam and Chappell (1925) and Seebold (1985)). 

Also, as discussed earlier, the equivalent reactor volume 

concept cannot be applied with reasonable accuracy to the study of pyrolysis 

reactions taking place in a tubular reactor. Hence, the varying non-isothermal 

profile generated by continuous mode pyrolysis units is not recommended for 

the study of pyrolysis kinetics. 

Pulse-mode units belong to one of the following sub-groups: 

shock-tube, laser, are, filament resistive heating and high frequency induction 

heating. Although the temperature rise times of the shock-tube, laser and are 

pyrolysis units are shorter than other units, the determination and verification 

of the equilibrium pyrolysis temperature is a serious problem. Since the 

pyrolysis temperature is the key variable in the study of reaction kinetics, these 

units should not be used for quantitative work. 

The filament units use a filament made of platinum. The 

reactant sample is directly applied on the platinum foil. An older technique 

involved an applied voltage at the ends of the platinum foil resulting in an 

increase in the temperature due to resistive heating. A variation of the 
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technique developed by Levy (1967) is based in principle, on applying 

relatively high voltage to the terminals of the filament and rapidly decreasing 

its magnitude to the normal level, thus performing a "voltage sweep". This 

gives a rapid rise of the filament temperature to pyrolysis temperatures without 

reaching the melting point of the filament. Under such conditions the 

temperature-lime profile approaches the ideal "square wave" shape. 

There are however some disadvantages to filament units. 

Filament geometry has a paramount influence on the heat dissipation from the 

filament. Large differences in temperature can be expected along the filament 

(Levy 1966). The hot and cold spots become an important discouraging factor 

in pyrolysis studies. Since the same filament is used repeatedly, carbon being 

dissolved in the platinum foil, changes its characteristics (Jennings and Dimick 

(1962)). The changing resistivity of the filament changes the equilibrium 

temperature of the filament. For quantitative pyrolysis studies, temperature 

profiles, which are a function of the previous history of the filament, are not 

acceptable. 

Induction heating in a Curie Point pyrolyser, as used in this 

thesis, approaches the ideal "square" temperature-time profile. The advantage of 

this pyrolysis device over other pyrolysers is that the final temperature (Curie 

temperature) depends only on the ferromagnetic material and is independent of 

any fluctuations in experimental conditions (Buliler and Simon (1970)). Also 

catalytic effects have not been observed when using ferromagnetic conductors 

of different composition (Jones and Moyles (1961 a,b)). Pyrolysis results were 

not changed by coating the conductors with gold or platinum (Simon et al 

(1967)). 
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As indicated by Meuzelaar and Veld (1972) Curie Point 

pyrolysis is distinctly ahead of other pyrolysis methods as far as 

standardization of pyrolysis conditions is concerned. Therefore, a 1.0 kW 

Fischer Curie Point Pyrolyser Model 0316 was used in the present 

experimental set-up. 

5.1.1 Reaction Temperature-Time Profiles 

The temperature-time profile consists of three distinct 

sections: temperature-rise time section, equilibrium temperature and the 

temperature quench section. For any kinetic study the temperature-time profile 

must be known as it dictates repeatability and inter-laboratory reproducibility. 

The equilibrium temperature in a Curie Point pyrolyser is 

the Curie temperature which is self-controlled by the intrinsic properties of the 

conductor or wire used to heat the sample in the microreactor. To prevent 

overshoot and to obtain a high heating rate, an optimum wire diameter has to 

be used which depends on the oscillator frequency (Buller and Simon (1970)). 

The optimum wire recommended and used by Fischer for the Model 0316 

Curie Point pyrolyzer had a diameter of 0.39 mm. Larger diameter wires 

resulted in larger temperature rise times. The wire' diameter used in the 

experiments was 0.39 mm. 

The temperature rise time (TRT) was defined as the time 

taken for the wire to be heated from its ambient temperature to its Curie point 

temperature. The TRT were measured for final temperatures of 700°C, 800°C 

and 900°C. They are shown in Figures 5.3, 5.4 and 5.5, respectively. Note that 

each of these temperature profiles were measured by 25j.tm thermocouples 



Figure 5.3 TEMPERATURE—TiME PROFILE 
CURIE POINT TEMPERATURE OF WIRE = 700°C 
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Figure 5.4 TEMPERATURE—TIME PROFILE 
CURIE POINT TEMPERATURE OF WIRE = 800°C 
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Figure 5.5 TEMPERATURE—TIME PROFILE 
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spotwelded onto the ferromagnetic wires. The TRTs were 46 ms, 65 ms and 84 

ms for the three temperatures. TRT's are measured from an ambient 

temperature of 300°C. TRTs were also measured at 900°C for a group of wires 

as shown in Figure 5.6. It can be seen that the TRT increases with the increase 

in the total number of wires in the group, present in the induction field. Hence 

pyrolysis was carried out with only one wire per microreactor (ampoule). 

Although short TRTs and reproducible equilibrium 

temperatures may be easily obtained, the deciease in temperature after shutting 

off the power is slow in comparison to the initial TRT. This can be seen in 

Figure 5.7. The time taken for the wire temperature to decrease from .900°C to 

400°C was reduced by more than half by the flow of carrier gas over the wire, 

called "with quench". It should be noted that the temperature recorded is that 

of the wire and not the reaction products. 

The reaction products will be quenched much faster since 

direct gas mixing results in very fast rates of quench with cooling rates in 

excess of 106 K/s (Sundstrom and DeMichiell (1971)). The Reynolds number 

calculated in this region was greater than 3000, showing that the flow was not 

laminar and high rates of heat transfer would occur. Therefore, it is expected 

that the reaction products will be quenched much faster than the 7.6 ms 

calculated for the reaction products to be swept . away from the vicinity of the 

wire. 

In order to ensure that the pyrolysis products do not escape 

from the reaction zone during the required reaction time, the reactant was 

encapsUlated in a glass microreactor. Enclosing the reactants in a vial has also 



Fig 5.6 TEMPERATURE—TIME PROFILES FOR DIFFERENT NO OF WIRES 
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Figure 5.7 TEMPERATURE—liME PROFILE WITH AND WITHOUT QUENCH 
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been done by Swann and Dux (1961) and Cherdron et al (1961). 

To verify that the sample and its surroundings are at the 

same temperature, a simplified computer simulation of the unsteady state heat 

transfer within the microreactor for the worst-case scenario (i.e. heat transfer 

by conduction only; no radiative or convective effects) was performed. 

The configuration of the microreactor is shown in Figure 

5.8. The inside diameter of the ampoule was 500 jim and the diameter of the 

ferromagnetic wire was 390 p.m. The layer of hydrocarbon sample is heated by 

the hot wire in the centre. The microreactor was made with considerable cam 

ensuring that there was no gap between either ends of the wire and the glass 

wall. This ensured that end effects in the micrdreactor were minimal. Heat loss 

through the reactor wall to the surroundings was assumed to take place by 

natural convection. The dynamic radial heat conduction equation is given by: 

f= a(-4 + i) (5.1) 
r Dr 

where a, the thermal diffusivity of the hydrocarbon sample (a = k/p Cr), 

was based on temperature-dependent property correlations and varied between 

2.2x10 5 and 8.9x10 5 m2/s. The simulation was done for an inert gas with the 

properties of gaseous propane. That is equation (5.1) was solved with the 

following boundary conditions: 

T(r,t) = T, 1 (5.2) 

and 

—k -DT  Iro = U (T(r0,t) - T0) I i≥ 
Dr 

and initial condition: 

(5.3) 
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T(r, 0) = To (5.4) 

The value of ri was 195 p.m and r0 was 250 p.m. The value of the overall heat 

transfer coefficient at the wall of the microreactor, U, was taken as 5 W/m K. 

The overall heat transfer coefficient was calculated by taking 

into account the external heat transfer resistance and the resistance due to the 

glass wall. The convective resistance at the outer surface of the microreactor 

was three orders of magnitude, higher than the resistance to heat transfer by 

conduciion in the glass wall, indicating that the major temperature gradient 

would occur outside the microreactor. Since the microreactor could be 

considered as an isothermal system, the quantity CpV/hA, denoted by r 

called the time constant can be calculated. The time constant of the propane 

layer was calculated to be four microseconds and the time constant of the glass 

wall was calculated as four milliseconds, indicating, that the glass wall 

temperature would always lag the temperature of the propane layer. 

In order to solve the partial-differential heat conduction 

equation (Equation (5.1)), it was reduced to a set of ordinary differential 

equations by discretizing with respect to the radius and solving the resultant set 

of ordinary differential equations in the time domain using the simulation 

language ACSL (Mitchell and Gauthier Assoc., 1981). Figure 5.9 shows 

typical temperature profiles for a 55 pm inert, gaseous layer with the physical 

properties of propane being heated from 300°C to 900°C in terms of 

dimensionless temperature and radius, as given below: 

TD= 
T(r,t) - To 

(5.5) 



Figure 5.9 UNSTEADY STATE HEAT CONDUCTION IN A GAS FILM 
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r - r 
rJ = 

r0—r 

This simulation indicates that, even under such a worst-case scenario, confined 

(5.6) 

microgram quantities of inert gaseous hydrocarbon samples will reach the 

temperature of the pyrowire to within a degree in less than 0.2 ms. 

The novel microreactor with the direct quench system 

enables the reactants to have the required temperature-time profile. The 

unsteady state heat transfer simulations verify the absence of temperature 

gradients in the system. The measurement of the temperature rise times show 

that the experimental profile approaches the ideal temperature profile. 

5.1.2 Effect of Temperature Rise Time on the Propane Reaction 

The temperature rise time is an important variable in 

pyrolysis reactions. The pyrolysis of the reaction takes place not only at the 

equilibrium temperature , but also during the temperature rise time (Farre-Rius 

and Guiochon (1968)). 

A significant fraction of the pyrolysis can take place during 

the TRT at high temperatures where the reactions are fast. To show the extent 

of conversion with time as the reactions become progressively fast, computer 

simulations of two different hydrocarbon pyrolysis reactions were performed. 

A constant volume well mixed batch reactor was used for the purposes of these 

comparison examples. Simulations of propane cracking, using the reaction 

scheme of Sundaram and Froment (1977,1979), and of naphtha cracking, 'using 

the mechanism of Kumar and Kunzru (1985), were conducted for a range of 

temperatures between 600°C and 1100°C. The simulation involved the 
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numerical solution of the differential material and energy balance equations. 

The propane cracking mechanism proposed by Sundaram and Froment involves 

eleven simultaneous reaction equations, series and parallel reaction steps. The 

reaction pathway of Kumar and Kunzru (1985) for naphtha pyrolysis has 

twenty-three simultaneous reaction equations, five of which represent reversible 

steps. In both of these mechanisms, the reaction steps are described by simple 

first-order reaction rate expressions. Individual appearance and disappearance 

terms were summed for each constituent to give the overall production or 

consumption rate. The resultant set of linear differential equations were 

numerically integrated to obtain the time-dependent species concentration. A 

detailed computer program is shown in Appendix C. 

Figures 5.10 and 5.11 show the reactant conversion (X) 

profiles as a function of reaction time at different temperatures for propane and 

naphtha, respectively. While the reaction rates are comparatively slow for both 

hydrocarbons at the lowest temperatures simulated, the rates reach the 

millisecond time scale for temperatures at and above 800°C. The time-

temperature profile for pyrolysis experiments with conventional apparatus at 

these temperatures cannot be assumed to be isothermal. 

Neglecting TRTs at temperatures below 450°C, when the 

propane pyrolysis reaction is slow, is reasonable for conventional techniques 

with TRT's in the order of seconds to minutes and will introduce negligible 

error in the resultant rate expressions. For temperatures up to 600°C, rise times 

can be neglected for propane pyrolysis reaction, only if instruments with short 

TRT's are used for the experiments, since the extent of reaction at the end of a 

heat-up period in the order of milliseconds is still quite small. However, at 



Figure 5.10 COMPUTER SIMULATION OF PROPANE PYROLYSIS. 
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Figure 5.11 COMPUTER SIMULATION OF NAPHTHA PYROLYSIS 
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pyrolysis temperatures of above 800°C, where- the reaction rates are 

accelerated, a significant fraction of propane may crack during the heat-up 

period and this must be taken into account. Unfortunately, in all the propane 

pyrolysis work to date, even at high temperatures this has not been done. 

Knowledge of the temperature-time profile should be 

included in validating the kinetic expressions obtained. Since TRTs were 

measured in my experiments, these were incorporated into simulation models 

which would help in the comparison of experimental data with kinetic models 

of other workers. Temperature-time profiles would also be used while 

developing new kinetic models. 

5.1.3 Effect of Quench 

Propane pyrolysis consists of primary and secondary 

reactions. The olefins, namely ethylene and propylene are the key products 

from an economic viewpoint. The aim of the pyrolysis process is to increase 

the yield of these two primary products. Secondary reactions convert olefins 

into products of less commercial value, such as coke and methane. Some of the 

secondary products, such as coke reduce the life of the reactor. The production 

of olefins by the primary reactions and their subsequent depletion by the 

secondary reactions results in a peak being created at a critical time for a 

particular temperature. If the reaction can be quenched at that critical residence 

time, it would result in a maximum yield of olefin at that temperature for the 

process. Note, the maximum value for ethylene production increases with 

higher temperatures and shorter contact times. 

At higher temperatures the reactions become faster and the 
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quench time for the process becomes more important. Therefore, as technology 

shifts from tubular to non-tubular reactors, which operate at higher seventies, 

the quench section is modified from indirect cooling by heat exchangers to 

direct quench by fluidized beds or direct gas mixing. 

Unfortunately, this development has not been applied to 

experimental reactors for the determination of kinetics of hydrocarbon pyrolysis 

reactions. Since quench times are significant, but have not been accounted for 

in these units, the product distribution and the reaction conversion would be 

affected especially for experiments carried out at higher temperatures. In this 

experimenial set-up direct gas quench was used to freeze the reaction. 

The innovative features of this experimental micro-reactor 

can be summarized as follows: 

(1) The method is rapid. 

(2) Small amounts of sample are required. 

(3) Temperature-time profiles are nearly ideal and known. 

(4) Rapid quench of the products takes place. 

(5) Air contamination in the pyrolysis chamber does not occur. 

(6) Direct product transfer takes place. 

(7) Analysis of products is rapid and automatic. 

(8) Equipment used is versatile. 
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(9) Semi-automation exists. 

(10) The technique developed is simple and fully standardized. 

The microreactor used in these experiments satisfies the criterion of Keulemans 

and Perry (1962): "The reactor should be of a simple design, should not 

possess catalytic activity and should be able to withstand high temperatures". 

5.2 PRELIMINARY EXPERIMENTS 

5.2.1. Reproducibility of Vial-Making Technique 

The disadvantage of pulse pyrolysis units as compared to 

continuous pyrolysis units is the difficulty in sample preparation. The observed 

rate should be independent of the sample size. The choice of sample size 

should be chosen to eliminate the effects of diffusion and temperature gradients 

(Barlow et al. (1962)). Windig et al. (1979) showed the necessity of using 

microgram quantities of the reactant because of secondary reactions, catalytic 

effects or heat transfer problems. Noting the above recommendations, batches 

of vials were made with the objective of encapsulating small quantities of 

propane that would result in maximum reproducibility. It is to be realized 

however, that as the average quantity of propane enclosed decreases, the 

deviations from the mean sample size increased. After considerable 

experimentation the following results were obtained. 
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Conditions No of Vials Avg. Gas Vol. * Std. Dev. Percent Error 

Test Vials 30 0.8592 pL 0.2801 32.60 

600 °C Vials 12 0.8623 t.LL 0.2590 30.05 

700 °C Vials 21 1.3534 ML 0.4354 32.18 

800 °C Vials 16 1.1118 ILL 0.3043 27.32 

900 °C Vials 16 1.0556 p.L 0.2535 24.02 

* AtT=20°C,P= 101.325 kPa 

The amount of propane was calculated by calibrating the gas chromatograph 

with a known quantity of propane. The average volume for the test vials (0.859 

.tL) corresponded to 3.15 nanolitres of liquid propane or 0.036 prnoles of 

propane. The volume of the batch micrôreactor was calculated to be 0.924 ML. 

Hence, the propane enclosed in the miároreactor was approximately at one 

atmosphere and was therefore in a gaseous form. 

5.2.2 Errors Involved 

The standard deviation in the amount of propane enclosed in 

the test vials was 0.28. The corresponding standard error of 32 percent did not 

however have any impact on the observed rate. This was expected as efforts 

were made to eliminate temperature gradients in the reactant sample. 

During the construction of the vial, the capillary containing 

propane, which was surrounded by liquid nitrogen, was sealed by a glass-

blowing torch. This resulted in approximately an average of 2 percent of the 
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propane being cracked. This was a large source of error in the experiments. 

Another source of error occurs due to the deviations in the 

carbon and hydrogen balance. Since hydrogen was detected by TCD and other 

hydrocarbons were detected by FID, there was relative error in the 

measurement of hydrogen due to the difference in the sensitivity of the 

detectors. When the carbon and hydrogen balances were done, the amount of 

carbon formed was unknown and this value could not be evaluated since the 

accuracy of hydrogen was suspect. However, the error involved was negligible, 

as the amount of carbon produced during the pyrolysis reactions was not 

detectable. 

Trimm (1983) described coke formation as.a minor reaction. 

Trimm and Turner (1981) observed that with pure propane feed at 8 10°C 

carbon deposition begins after 2 seconds. This of course depends on the 

sensitivity of the analysis equipment. Trimm and Turner (1981) used a CI 

Mark 2B microbalance. At 815°C, Kinney and Crowley (1954) using cruder 

techniques showed their experimental results for coke formation from propane 

after a residence time of 3 seconds. Sundaram and Froment (1979) also studied 

the kinetics of coke formation from propane using a Calm electrobalance. Their 

highest coke yield after a residence time of about an hour at 870°C was 0.142 

wt percent. 

Since the residence time of the experiments was a maximum 

of 2 seconds for the 600°C, 700°C and 800°C runs and a maximum of 1 

second for the 900°C run, the amount of coke formed should be negligible. 

Therefore, neglecting coke will have a negligible, affect on the material balance 



for the reaction. 

5.3 PYROLYSIS OF PROPANE 

The experimental results that are presented in this section 

are related to the products formed from the pyrolysis of propane. The main 

independent experimental variables were temperature and the pyrolysis time, 

whereas the experimentally determined variables were the percent conversion 

of propane and the composition of the products formed. The product 

distribution sample calculations are shown in Appendix A. 

5.3.1 Effect of Temperature and Reaction Time on the Conversion of 

Propane 

Although propane pyrolysis starts at 460°C, appreciable 

conversions for residen.ce times below 2 seconds are observed at 600°C. 

Hence, propane pyrolysis was studied at four different temperature levels, 

namely 600°C, 700°C, 800°C and 900°C. The pyrolysis times were varied. 

from 0 to 2 seconds for 600°C - 800°C and from 0 to 1 second for 900°C. The 

pyrolysis time included the TRT and the equilibrium temperature time. 

The variation of conversion with reaction times for four 

different temperatures are shown in Figures 5.12 to 5.15. The data of other 

workers have been shown for comparison purposes. Three computer 

simulations were also performed assuming a constant volume mixed batch 

reactor and are shown in these figures. The computer simulation programs are 

shown in Appendix C. It should be noted that the temperature, rise times are 

included in the simulations. 



Figure 5.12 VARIA11ON OF CONVERSION WITH REACTION liME 
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Figure 5.13 VARIATION OF CONVERSION WITH REACTION TIME 
REACTION TEMPERATURE: 700°C 
TEMPERATURE RISE TIME = 46 ms 
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Figure 5.14 VARIA11ON OF CONVERSION WITH REACTION TIME 
REACTION TEMPERATURE: 800°C 
TEMPERATURE RISE TIME = 65 ms 
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Figure 5.15 VARIATION OF CONVERSION WITH REACTION TIME 
REACTION TEMPERATURE: 900°C 
TEMPERATURE RISE TIME = 84 ms 
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In the first simulation, the molecular scheme of Sundaram 

and Froment (1979) was used. The eleven equations used are shown in Table 

2.1 on page 23. The product distribution involved eleven components. 

Another simulation was performed using the radical reaction 

scheme proposed by Layokun and Slater (1979 (a)). The reaction scheme 

involved 18 reactions and is presented in Table 2.1 on page 24. The simulation 

involved the mass balances of 7 molecular species and 4 radical species. 

However, unlike Layokun and Slater, a pseudo-steady state approximation was 

not used. As can be seen in the program in Appendix C, algebraic equations 

for calculating the concentrations of the radical species were not used. Layokun 

and Slater's (1979) data is representative of the simulation if the pseudo-steady 

state approximation is relaxed. It can be seen from the figures that relaxation of 

the pseudo-steady state approximation alters the results of the model 

predictions. 

A simple reaction scheme presented by Kershenbaum and 

Martin (1967) to predict the kinetics of non-isothermal pyrolysis of propane 

was also used. The simulation involved the primary decomposition reactions 

yielding the primary products. 

The actual temperature/time profiles in the microreactor as 

shown in Figures 5.3 - 5.5 were incorporated in all the computer simulations. 

Note that for the temperature 600°C, the TRT value was calculated by 

extrapolation. The reaction schemes of other workers were used to predict their 

own experimental data. Of the many reaction schemes presented in Table 2.1, 

only a few of these will be used for comparison purposes. 



Figure 5.12 shows the conversion of propane at 600°C for 

residence times up to 2200 ms. It can be seen that the experimental data values 

are about 5 - 8 percent higher than those predicted by simulations of Froment 

et al. and Kershenbaum and Martin or the results obtained by Layokun and 

Slater (1979). Since tubular reactors were used in these studies, the 

temperatures presented in the literature are probably suspect (Section 5.1). The 

figure does shows a definite trend; increasing conversion with increasing 

reaction time. 

Figure 5.13 shows the conversion of propane at 700°C. The 

data of Lyokun and Slater (1979) matches the obtained experimental data 

quite closely. However, their reaction simulation predicts a higher conversion. 

The conversion predicted by the reaction schemes of other workers is lower 

than my experimental values. 

Figure 5.14 shows that at 800°C, the data of Herriott et al. 

(1972) closely matches my experimental data over the entire range. The data 

and the prediction by reaction schemes of other workers are slightly higher 

than my data. Trimm and Turner's (1981) data at 810°C shows a lower 

conversion than other workers used in this comparison. 

Inhibition effects become evident at higher temperatures. 

Inhibitors reduce the concentration of reactive free radicals in a reaction thus 

lowering the rate of reaction to some finite, non-zero level. There are two kinds 

of free radical inhibitors: (a) those which react with the existing free radicals to 

yield non-reactive stable molecules (e.g., nitric oxide) and (b) those which 

form free radicals themselves, which are not as efficient chain carriers as were 
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the original free radicals (e.g., propylene). In the case of propane pyrolysis 

reaction, the products formed fall under the second category. 

As seen from Figure 5.15 there is a dirth of experimental 

data for 900°C. The reaction simulations however predict a much faster 

reaction than that shown by the experimental data. This could be due to the 

problems associated with extrapolating their reaction schemes to a higher 

temperature. Since these reaction schemes were developed from experimental 

data taken at lower temperatures, where inhibition effects are insignificant, it is 

probable that these effects were not 'taken into account when developing these 

reaction schemes. Therefore it is not surprising that these reaction schemes are 

not particularly applicable at higher temperatures. By not taking inhibition 

effects into account could explain the reason that the simulation results of other 

workers are higher than the experimental values at NOT 'and 900°C. 

The lower conversions at higher temperatures could also be 

due to the effect of rapid quench in the experimental set-up of this work. Since 

other workers have not used direct quench techniques, the reaction would 

continue in their quench section especially at higher temperatures, resulting in 

higher conversions. 

5.3.2 Product Distribution 

A number of preliminary experiments were done to 

determine the primary products resulting from the thermal decomposition of 

propane. The primary products are those products which are formed in 

appreciable quantities even at low overall conversions ( > 2 percent) of 

propane. These preliminary runs showed that the primary 'products of the 
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reaction are methane, ethylene, propylene, and hydrogen. The minor products 

were identified as ethane, i-butane, n-butane, acetylene, methyl-acetylene, i-

pentane, n-pentane, butadiene, pentene, i-hexane, n-hexane, benzene, toluene, 

ethyl-benzene and xylene. Most of these products were present only in trace 

quantities. 

• The primary products at four different microreactor 

temperatures have been plotted as a function of the reaction time in Figures 

5.16 through 5.31. It should be noted that the compositions for all the products 

at reaction temperatures of 600°C and 700°C are higher than those reported by 

other workers. This is attributable to the fact that the measured conversions in 

this work were higher than those of other workers at these two temperatures. 

The results from the experiments performed at 900°C 

(Figures 5.19, 5.23, 5.27, 5.31) show considerable scatter. The scatter of data 

at this high temperature is due to the reaction being faster (high conversion) at 

this temperature which results in large deviations for small changes in such 

independent parameters as reaction time and quench time. But the trends in 

product distribution can be seen in spite of the scatter in the data. 

In Figures 5.22 and 5.23, the mole percent of methane is 

lower than the data or the simulation predictions of other workers. This 

difference can be explained by the fact that my data was taken with a much 

better quench technique which of course reduces the extent of secondary 

reactions and results in a lower conversion to methane. Improper quench 

results in a marked increase in the production of C5+ and hydrogen. This 

effect was observed over the entire temperature range of 600 °C to 900°C. 
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Figure 5.17 VARIATION OF HYDROGEN WITH REACTION TIME 
REACTION TEMPERATURE: 700°C 
TEMPERATURE RISE TIME = 46 ms 
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Figure 5.18 VARIATION OF HYDROGEN WITH REACTION TIME 
REACTION TEMPERATURE: 800°C 
TEMPERATURE RISE TIME = 65 ms 
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Figure 5.19 VARIATiON OF HYDROGEN WITH REACTION TIME 
REACTION TEMPERATURE: 900°C 
TEMPERATURE RISE liME = 84 ms 
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Figure 5.20 VARIATION OF METHANE Will-I REACTION TIME 
REACTION TEMPERATURE: 600°C 
TEMPERATURE RISE TIME = 27 ms 
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Figure 5.21 VARIA11ON OF METHANE WITH REACTION TIME 
REACTION TEMPERATURE: 700°C 
TEMPERATURE RISE TIME = 46 ms 
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Figure 5.22 VARAT1ON OF METHANE WITH REAC11ON liME 
REACTION TEMPERATURE: 800°C 
TEMPERATURE RISE TIME = 65 ms 
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Figure 5.23 VARIATiON OF METHANE WITH REAC11ON TIME 
REACTION TEMPERATURE: 900°C 
TEMPERATURE RISE TIME = 84 ms 
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Figure 5.24 VARIATION OF ETHYLENE WITH REACTION TIME 
REACTION TEMPERATURE: 600°C 
TEMPERATURE RISE TIME = 27 ms 
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Figure 5.25 VARIA11ON OF ETHYLENE WITH REACTION TIME 
REACTION TEMPERATURE: 700°C 
TEMPERATURE RISE TiME = 46 ms 
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Figure 5.26 VARIATION OF ETHYLENE WITH REACTION TIME 
REACTION TEMPERATURE: 800°C 
TEMPERATURE RISE TIME = 65 ms 
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Figure 5.27 VARIATION OF ETHYLENE WITH REACTION TIME 
REACTION TEMPERATURE: 900°C 
TEMPERATURE RISE TIME = 84 ms 
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Figure 5.28 VARIATION OF PROPYLENE WIIH REACTION TIME 
REACTION TEMPERATURE: 600°C 
TEMPERATURE RISE TIME = 27 ms 
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Figure 5.29 VARIATION OF PROPYLENE Will-I REACTION TIME 
REACTION TEMPERATURE: 700°C 
TEMPERATURE RISE TIME = 46 ms 
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Figure 5.30 VARIA11ON OF PROPYLENE WITH REACTION TIME 
REAC11ON TEMPERATURE: 800°C 
TEMPERATURE RISE TIME = 65 ms 
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Figure 5.31 VARIATION OF PROPYLENE WITH REACTION TIME 
REACTION TEMPERATURE: 900°C 
TEMPERATURE RISE TIME = 84 ms 
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Better quench also resulted in a higher mole percent of 

propylene as seen in Figures 5.28 - 5.31. This is especially prominent at 800°C 

and 900°C where a peak in propylene mole percent occurs due to the rapid 

formation of propylene by the primary reaction and the slow depletion of 

propylene by the secondary reactions. As can be seen in Figures 5.30 and 5.31, 

the drop in propylene mole percent is predicted by the simulations to be much 

more rapid than measured experimentally. This much more gradual drop in the 

propylene fraction is basically due to better quench. 

The reaction scheme of Layokun and Slater (1979 (a)) does 

not predict a propylene peak which has to be a deficiency in their model. The 

experimental set-up of Layokun and Slater (1979 (a)) employed a mass-

spectrometer for analysis. To use this instrument, the products coming out of 

the reactor are expanded into a vacuum. This basically freezes the reaction and 

provides a good quench and probably explains the reason for the higher 

propylene mole fraction observed in Layokun and Slater's data. Note, at 

800°C, the propylene mole percent of this work matches the data of Herriott et 

al. (1972) and Trimm and Turner (1981). 

The mole percent of methane at higher temperatures is lower 

than those of other workers and the mole percent of propylene is higher. In 

terms of the two overall primary reactions, it appears that the selectivity of the 

propylene formation reaction has increased. Since hydrogen is the co-product 

of the propylene formation reaction, this explains the higher fraction of 

hydrogen that is seen in Figures 5.16 - 5.19. 

The production of ethylene is shown in Figures 5.24 to 5.27. 
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Ethylene formation at 600°C and 700°C is higher due to the greater extent of 

conversion at these temperatures. Since ethylene is more stable than propylene, 

a peak in the variation of ethylene mole percent with reaction time is not 

observed. At 900°C, as shown in Figure 5.27, the ethylene mole percent is in 

the same range as compared to the 20 percent predicted by the reaction 

schemes of Sundaram and Froment (1977) and Kershenbaum and Martin 

(1967). 

Like ethylene and propylene, ethane shows an increasing 

production initially but later depletes. Although its mole fraction remains below 

10 percent, its behaviour is similar to a product being initially produced by 

primary reactions, but later being consumed by secondary reactions. Acetylene 

usually remains below 1 percent. However at 700°C, its production increases 

with reaction time and above 1000ms, it remains at 3 percent - 4%. The liquids 

(C5+) production, negligible at 600°C, however increases with both reaction 

temperature and reaction time. With improper quench, its mole fraction can rise. 

significantly, to even above the 10 percent level. 

The overall olefin production is the sum of ethylene and 

propylene mole fractions. These are shown in Figures 5.32 and 5.33 for 

temperatures of 800°C and, 900°C, respectively. At 800°C, the olefin maximum 

occurs at 500 milliseconds. This time. includes the rise time of the temperature 

profile. It can be seen that the measured experimental values are consistently 

higher than those of Sundaram and Froment. The same behaviour can be 

observed for 900°C. In fact, at 500 ms the maximum yields obtained in this 

work are more than double the values predicted by the simulation using the 

reaction scheme of Sundaram and Froment. 



Figure 5.32 VARIATION OF OLEFINS WITH REACTION TIME 
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Figure 5.33 VARIA11ON OF OLEF1NS WITH REAC11ON liME 
REACTION TEMPERATURE: 900°C 
TEMPERATURE RISE liME = 84 ms 
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5.33 Calculation of the Global Rate of Reaction 

Based upon the postulation of first order kinetics, the kinetic 

parameters for the overall decomposition of propane were determined. For a 

first order reaction in a constant volume batch reactor the following equation is 

easily derived: 

In --- = kt (5.7) 
l—x 

where X is the conversion, k is the reaction rate constant and t is the reaction 

time. Since, k is a function of temperature by the Arrhenius expression, and 

temperature is a function of time during the temperature rise time period 

equation 5.7 can be solved rigourously. However, this was not done since the 

temperature rise time is very short when compared to the entire range in which 

the data was collected. 

The slope of the plot of ln[l/l-X] versus t would yield the 

value of the rate constant as the slope. The evaluation of the rate constant at 

the four different temperatures is shown in Figures 5.34 - 5.37. As can be 

seen, good fits are obtained at 600°C, 700°C and 800°C. The scatter of data at 

900°C is shown in Figure 5.37. The rate constants were evaluated by a least 

squares fit program. 

The, half-lives of the reaction was calculated from the 

evaluated rate constants at four different temperatures and are tabulated below: 



Figure 5.34 EVALUATION OF RATE CONSTANT 
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Figure 5.35 EVALUATION OF RATE CONSTANT 
TEMPERATURE = 700°C 
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Figure 5.36 EVALUATiON OF RATE CONSTANT 
TEMPERATURE = 800°C 

5.0 

4.0 

1.0 

0.0 

K=1.6417 s1 

a 
a 

a 

0.0 0.5 1.0 1.5 

TIME (seconds) 
2.0 



Figure 5.37 EVALUA]10N OF RATE CONSTANT 
TEMPERATURE = 900°C 
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Temperature to.5 (ms) 

600°C 14 270 

700°C 663 

800°C 422 

900°C 88 

This shows that the reaction is slow at 600°C and becomes fast at 900°C. 

The rate constants at the four temperatures can be used for 

the evaluation of the pre-exponential factor and the activation energy in the 

usual Arrhenius expression. Figure 5.38 yielded a value of 9.1x106 for the 

pre-exponential factor and a value of 136 kJ/gmol for the activation energy. 

In comparing the results of propane decomposition by other 

workers, it is important to realize that most other research has been done at 

much lower temperatures. Figure 5.39 compares most of the published data 

for first order propane pyrolysis. All other studies have noted higher activation 

energies, usually between 210 and 290 kJ/gmole. 

The reason for this can be explained by the difference in 

temperature at which the studies were conducted. Several previous workers 

(Laidler et al. (1962), Martin et al. (1964 (a)) and Kershenbaum (1964)) have 

noted that as the temperature of the hydrocarbon pyrolysis is increased, the 

activation energy for the reaction "appears" to decrease rather than remain 

constant. This effect can also be noted in this work. 



Figure 5.38 EVALUATiON OF ACTIVATION ENERGY 
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Figure 5.39 REPORTED ACTIVATiON ENERGIES 

. 7.5 

5.0 

2.5 

0.0 

-2.5 

-5.0 

-7.5 

-10.0 

Data of this work  
o Layoken & Slater  

LaidlerL et at.  
Peard. et at.__.___ 
Hepp & Frey -  
Steacie & Puddington  
Paul & Marek  

- Marek & McCteur 
Kershenbaum & Martin 

D -  

U.. 
'. .. 

- •. •* S. 

I 

0.7 0.8 0.9 1.0 

1/T x 103 (K-') 
1.1 1.2 1.3 



134 

This effect is explained by the inhibition effect which causes 

the reaction rate at higher temperatures to be somewhat lower than that 

predicted by the Arrhenius expression. If it were simply a decrease in the 

activation energy, the rate at higher temperatures, would increase rather than 

show a decrease. Thus, while such an effect has been termed as "an apparent 

decrease in activation energy", it is important to realize that the true cause of 

this phenomenon is mechanistic. Hence it should be stated that there is no 

evidence for a temperature dependence of the activation energy. 

The reactant in this work was pure propane without any 

inerts and unlike other workers the conversion was not kept purposely to a 

minimum. Also, since the products and the reactant were enclosed, inhibition 

effects for my experiments would tend to be higher than that observed by other. 

workers. Olefins in general and prdpylene, in particular, are strong inhibitors of 

free radical reactions (kershenbaum (1964)). Their presence inhibits the 

conversion of the reactant. As the reaction temperature is increased, the mole 

fraction of propylene and other olefins increases, which results in a larger 

inhibition effect causing the result shown in Figure 5.38 and 5.39. 

Kinetic analysis was performed on the experimental data 

between temperatures of 600°C and 700°C and yielded an activation energy of 

216 kJ/gmol which is closer to the range of other workers. It should be noted 

that the conversions even at these lower temperatures are much higher than 

those of the other workers. However, as seen from Figure 5.39, the results of 

this work at these temperatures match very closely the data of Layokun and 

Slater (1979 (a)). 



135 

53.4 Calculation of Rate Constants for the Primary Decomposition 

Reactions 

The propane decomposition reaction can be expressed as a 

combination of the following two primary reactions: 

C3H8 = C2H4 + CH4 

C3H8 = C3H6 + H2 

A similar method of analysis as used before can be used to obtain the kinetic 

parameters for each of the above first order reactions. The differences between 

this calculation procedure and that for the overall decomposition are slight and 

are illustrated in Appendix B. The variations of rate constants with temperature 

for the formation of the primary products namely hydrogen, methane, ethylene 

and propylene are shown in Figures 5.40 - 5.43. In all these figures the 

"change" in activation energy due to the inhibition effect can be seen as the 

data at higher temperatures show a downward trend. 

The overall activation energy for reaction (5.8) and (5.9) can 

be evaluated from Figures 5.44 and 5.45 and is 100 kJ/gmole for reaction (5.8) 

and is 109 kJ/gmole for reaction (5.9). As was the case for the overall 

activation energy, these activation energies are much lower than the 

corresponding activation energies of 220 kJ/gmole and 216 kJ/gmole calculated 

by Kershenbaum (1964). However, when calculated between 600°C and 700°C 

the activation energy, for the methane formation reaction is 185 kJ/gmole and 

the activation energy for the propylene formation reaction is 183 kJ/gmole. 



Figure 5.40 EVALUA11ON OF ACTIVATION ENERGY 
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Figure 5.41 EVALUATION OF AC11VATION ENERGY 
CONVERSION TO METHANE 
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Figure 5.42 EVALUA11ON OF AC11VA11ON ENERGY 
CONVERSION TO ETHYLENE 
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Figure 5.43 EVALUA11ON OF ACTIVATION ENERGY 
CONVERSION TO PROPYLENE 
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Figure 5.44 EVALUA11ON OF ACTIVA11ON ENERGY 
CONVERSION BY REACTION 1 
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Figure 5.45 EVALUATION OF ACTiVATION ENERGY 
CONVERSION BY REACTION 2 
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5.4 SUMMARY 

The results from the experiments show that the primary 

products are methane, ethylene, hydrogen and propylene. The pyrolysis 

reaction is not as fast as predicted by the models of the other workers and the 

experimental yield of methane is lower. By using better quench techniques, the 

experimental yield of olefins was higher than that of other workers. Hence, 

ultrapyrolysis gives a better control over the propane pyrolysis process. 

However, the basic mechanism of the propane pyrolysis 

reaction remains the same. High inhibition of the reaction gave lower values of 

the apparent activation energy when calculated over the entire temperature 

range. But the values of activation energy approached those found in the 

literature when conversions were lower. Temperature control and the actual 

reaction time are the key variables which control the reaction. 
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CHAPTER 6 

REACTION MECHANISM 

As outlined in Table 2.1 on page 8, the interpretation of 

experimentally observed pyrolysis kinetics of propane in terms of a complex of 

fundamental organic free radical reactions has been the subject of many 

attempts. Even though it is recognized that an enormous number of possible 

reaction paths exist, quantitative mechanistic assignment has been done with a 

comparatively small number of these, with the exception of Edelson and Allara 

(1980) and Sundaram and Fronient (078). 

Rate expressions for propane pyrolysis schemes for apparent 

overall reactions have been reported by Van Damme et al. (1975) and Froment 

et al. (1977)) as empirical substitutes for the detailed free-radical mechanism. 

Stoichiometric expressioIis for the reactions are selected to produce the primary 

products observed experimentally and rate equations are obtained by trial and 

error so that when used in stepwise integration, the original experimental 

results are reproduced. Discrimination between rival models is based upon 

experimental observation and statistical tests and the reaction scheme is only 

representative of a portion of the actual reaction mechanism. The drawback of 

using an overall reaction scheme is that if, in course of reaction time, one of 

the products becomes the major reactant, the kinetic scheme cannot be easily 

extended. Hence it becomes very specific to the range of conditions for which 

it was originally formulated. 
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6.1 COMPUTER MODELING 

A material balance was done on the components involved in 

a particular reaction scheme. It was important to differentiate between the ith 

reaction and the jth reactant for the reactions are coupled and each reactant is 

involved in several reactions. The material balance for a single component can 

be described by the following equation. 

dn 

- ;- = V.r1aj (6.1) 

The summation is taken over the reactions in which the jth component takes 

part and a1 gives the stoichiometric ratio for the reaction. Computer modeling 

was done using the simulation language ACSL (Mitchell and Gauthier 

Associates Inc. (1981)). The set of continuity equations shown in Appendix C 

for both the molecular and radical species were integrated using Gear's 

algo$thm (Gear (1971)) for stiff differential equations. The temperature profile 

of the actual experimental set-up was incorporated in the simulation model. 

Since high temperature cracking has been studied by 

Sundaram and Froment (1977), Kershenbaum and Martin (1967), and Layokun 

and Slater (1979 (a)), reaction schemes presented by these researchers were 

used in this simulation study as shown in Chapter 5. The schemes presented 

• by Sundaram and Froment (1977) and Kershenbaum and Martin (1967) are 

molecular in nature. The scheme presented by Layokun and Slater (1979 (a)) 

consists of 19 free radical reactions which have been selected from the study 

by previous researchers. 

The results of these reaction schemes have been presented in 
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Chapter 5. There is a difference between my simulation results and the results 

obtained by Layokun and Slater (1979 (a)) using the same reaction scheme. 

This, is due to the fact that pseudo-steady state approximation for the radical 

species has been released in this work. Instead of representing radical species 

by algebraic equations, differential equations were used. 

The error introduced by the pseudo-steady state assumption 

has also been observed by Sundaram and Froment (1978). Blakemore and 

Corcoran (1969) gave a quantitative proof of the validity- of the steady-state 

approximation in the mechanistic treatment of the pyrolysis of n-butane. 

According to them, the pseudo-state assumption is not applicable to the 

induction period in which the free-radicals increase from their initial 

concentrations, usually zero, to their steady-state values. The steady-state 

approximation is said to be valid if the duration of the induction period is 

much smaller than the overall reaction time. In fast pyrolysis reactions, 

however, the induction period becomes a significant fraction of the reaction 

time. For propane pyrolysis, the complete integration of the continuity 

equations for both molecular and free radical species for the entire conversion 

range is essential, because the free radicals species concentration varies 

significantly and continuously with conversion (Sundaram and Froment 

(1978)). 

Since the concentrations of the free radicals are much lower 

than those of the molecular species, with classical integration methods, an 

extremely small step size had to be used to ensure the stability of the numerical 

integration. Since a large number of calculations was being performed and the 

absolute value of the component species could be small (id 7 to 10-18 mole 
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percent), 

the errors acceptable in computations were set at very low values (10-20). All 

calculations were performed in double precision for the same reason. 

Edelson and Allara (1980) did a sensitivity analysis of the 

individual reactions involved in the propane pyrolysis mechanism. They 

decided to eliminate those reactions which do not have a significant effect on 

the reaciant conversion and the product distribution. Over 500 reactions were 

initially used to simulate the pyrolysis of propane (Allara and Shaw (1980)). 

This screening reduced these to a set of less than 100 reactions. They also 

observed the following important features: 

(1) The most significant reactions are not of any single type, but are a mix of 

initiation, H abstraction, decomposition and recombination. 

(2) The sensitivity values cluster closely, indicating no dominance by any 

particular few, but rather an intimate coupling of all. 

(3) The results are much more sensitive to the activation energies than to the 

"A" factors, as would be expected from an Arrhenius relationship 

where the rate constant varies linearly with A, but exponentially with 

E/RT. 

(4) The modifications in the rate parameters do not change the general 

behavior of the mechanism. 

Sundaram and Froment (1978) compiled a set of important 

free radical reactions from various sources. Their reactions were compiled from 
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the set of Edelson and Allara but the value of the rate parameters were 

changed by trial and error to match their data. 

It was decided to use the same set of radical reactions which 

were developed by Edelson and Ailara (1980) and subsequently used by 

Sundaram and Froment (1978). However, this set was used to simulate the 

conditions around 800 K and conversions of less than 10 percent. Hence 

reactions for propane inhibition were not considered to be important and were 

not included in the set of Sundaram and Froment (1978). Therefore it was 

necessary to add four reactions suggested by Herriott et al. (1972) and two 

reactions suggested by Papic and Laidler (1971 (a)). These additional six 

reactions were used to model propane inhibition. These reactions are numbered 

82-87 in Table 6.1. The parameters for these six reactions were not adjusted. 

Due to the large number of reactions, nonlinear regression would require a 

very large data set. Since this was not available, reaction parameters for six 

reactions were modified using trial and error. The 12 adjusted parameters are 

shown by an asterisk in Table 6.1. The reaction scheme is shown in Table 6.1. 
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TABLE 6.1: Proposed Free Radical Reaction Scheme 

Reactants Products A(sec 1) E(cal/gmole) 

1. CH6 2CM3 

2. C3H8 C 2 H 5 + CH  

3. l-CH8 C 3 H 5 + CH  

4. C2H14 + H C 2 H 3 + H2 

5. CA + H C 2 H 3 + H2 

6. C3H6 + H C3H5+H2 

7. C3118 + H 1-C3H7 + H2 

8. C3H8 + H 2-C3H7 + H2 

9. l-CH8 + H C14H7 + H2 

10. CH 14 t CH  C2H3 + CH 14 

11. C2H6 + CH  C 2 H 5 + CM 14 

12. C 2 H 6 + CH C 3 H 5 + CH 14 

13. C 3 H 8 + CH  l-C3H7 + CM 14 

114. C 3 H 8 + CH  2-C3H7 + CM 14 

15. 1-C 14H8 + CH  C14H7 + CR 14 

16. C 3 H 6 + C 2 H 3 

17. C3H8 + C 2 H 3 

18. C 3 H 8 + c2H3 

19. C2H14 + c2H5 

20. C 3 H 6 + C 2 H 5 

C 3 H 5 + C2H14 

l-C3H7 + C2H14 

2-C3H7 + C2H14 

CH  + C 3 H 6 

C3H5 +• C2H6 

14. 0x10 16 

3.0x10 10* 

8.0x10 16 

8.0x205 

1.0x108 

2.5x106 

1.0x108 

9.0x107 

5.0x107 

1.0x107 

3.8x108 

2.0x106 

3.14x107 

14.0x106 

1.0x10 5 

3.0x106 

3.0x106 

i.oxio6 

3.oxl 06 

1.0x105 

87 500 

55 6140k 

714 000 

14 000 

9 700 

,1 100 

9 700 

8 300 

3 900 

13 000 

16 500 

10 100 

1 150 

10 100 

7 300 

114 500 

18 800 

16200 

19 000 

9 200 
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21. C3ij8 + C 2 H 5 

22. C3H8 + 02H5 

23. C3 H8 + .0 3 H 5 

214. C 3 H 8 + C 3 H 5 

25. C 2 H 3 

26. C2!-!5 

27. C 3 H 5 

28. 1-C3H7 

29. 1-C3H7 

30. 2-C3H7 

31 . C14H7 

32. C14H7 

33. 1-C 14H9 

314. 1-C 14H9 

35. 2-C 14H9 

36. 2-C 14H9 

37. C5 H11 

38. C5H11 

39. C5 H11 

140. C2!-!2 + H 

141. C2!-! 14 + H 

112. C3 H-6 + H 

143. C3!-!6 + H 

1414• C14H6 + H 

145. 1-C 14H8 + 

146. C2H14 + CH  

1-C3H7 + C2H6 

2-C3H7 + C 2 H 6 

1-C3H7 + C 3 H 6 

2-03H7 + C3H6 

C2H2+H 

C2H14 + H 

C2H2 + CH  

C2H14 + CH  

C3H6 + H 

C3H6 + H 

C14H6 + H 

C2H14 '- C2H3 

02H14 + C 2 H 5 

1-C 14H8 + H 

C3H6 + CH  

1-C 14H8 + H 

C5 + H 

1-C 14H8 + CH  

C2H14 + 1-C3H7 

C2H3 

C2H5 

1-C3H7 

2-C3H7 

C14H7 

2-C 14H9 

1-C3H7 

1.2x10 

2.0x10 9 

12 600 

10 1400 

18 800 

16 200 

31 500 

3.2x10 13 140 000 

3.0x10 1° 36 200 

1I.0x10 13 30800 

* 

2.0x10 12 * 37 750 

2.9x108* 18 880* 

1.2x10 114 149 300 

1.0x10 11 37 000 

1.6x10 12 

1.oxlo 13 

2.5x10 13 

2.0x10 13 

5.0x10 13 

3.2x10 13 

14.0x10 12 

28 000 

36 600 

31 900 

39 800 

36 600 

31 500 

28 700 

1 300 

* 

19 075 

2 900 

1 500 

1 300 

1 200 

7 900 
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147 C3H6 + CH  1-0 14H9 3.2x10 5 9100 

148. 02H14 + C 2 H 3 014H7 5.0x103* 19 075* 

149. C2H14 + C1-!5 1-C 14H9 1.51O ' 7 600 

50. C3H6 + 0 2 H 5 C5H11 1.3x10 14 7 500 

51. CH + I-03H7 05H11 2.0x10 ' 7 1400 

52. 02H14 + 2-C3H7 C5H11 1.3x1014 6 900 

53. 1-C 14H9 2-C 14H9 5.2x10 114 141 000 

514. 02H3 + H 02H14 1.0x107 0 

55. CH5 + H C2H6 14.0x107 0 

56. C 3 H 5 + H 03H6 2.0x107 0 

57. 1-C3H7 + H 03H8 1.0x107 0 

58. 2-C3H7 + H ' 03H8 1.0x107 0 

59. 014H7 + H I-C 14H8 2.0x107 0 

60. 1-C 14H9 ,+ H n-C4H10 1.0x107 0 

61. 2-C 14H9 + I-I n-C 14H10 1.0x107 0 

62.. C5H11 . + H C5H12 1.0x107 0 

63. CH3 + CR3 C2 H6 1.3x107 0 

614. 02H5 + CH  C3H8 3.2x106 0 

65.. C 3 H 5 + CH  1-C 14H8 3.2x10 6 0 

66. 1-C3F17 + CH3 n-C4H10 3.2x106 0 

67. 2-C3H7 + CH  n-014H10 3.2x106 0 

68. C14H7 + CH  3.2x10 6 0 

69. C2H3 + C2H3 C14H6 1.3x107 0 

70. C4 H7 + C2 H3 C5 + 1.3x107 0 

71. C14H5 + C2H5 n-C 14H10 14.0x105 0 

72. 02H5 + C2H5 02H14 + C2H6 5.0x10 14 0 
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73. C 3 H 5 + C2H5 C5 3.2x106 0 

7. 1-C3H7 + C2H5 C5 - 8.0x105 0 

75. 2-C3H7 + C2H5 C5 + 8.0x105 0 

76. CH7 + C2H5 C5 + 3.2x106 0 

77. 03H5 + C 3 H 5 C + 3.2x106 0 

78. CH7 + C 3 H 5 C5 + 1.3x107 0 

79. CO  + CH7 C + 3.2x106 0 

80. C2!-!2 2C + H2 5.0x10 12 62 000 

81. C3H6 3C + 3H2 1.0x10 8* 39 740 

82. 1-C3H6 + 2-C3H7 C3H8 + C3H6 1.0x107 0 

83. 2 2-C3!-!7 C3 H8 + C3 H61.0x107 0 

84. 2-C3H7 + II2 C3H8 + H 5.6x107 22000 

85. 2-C3H7 + C14H8 C3H8 + C14H7 1.0x105 5000 

86. 2-C3H7 + C2H6 C3!-!8 + C2H5 1.0x105 14000 

87. 2-C3H7 + CH 14 C3H8 + CH  1.1x10 14 5000 

* Estimated Parameters 
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The new reaction scheme has a total of 87 reactions. The 

'simulation was performed for 23 reactions species, 11 of which are free 

radicals. A comparison of the simulation results of this new reaction scheme 

with the experimental data and the simulation scheme of Froment et al. (1977) 

is shown in Figures 6.1 to 6.25. The molecular reaction scheme presented by 

Froment et al. (1977) was chosen for comparison as their scheme is 

representative of the kinetic scheme obtained from tubular reactors. Four 

primary products and the conversions at 600°C, 700°C, 800°C and 900°C are 

presented in Figures 6.1 to 6.25. 

The objective of using a model was to predict the primary 

product distribution and the conversion of the reaction. The reasons for using a 

complicated model (consisting of 87 radical reactions) rather than a simple 

molecular reaction scheme was that the actual pyrolysis reaction proceeds by 

reactions between free radicals. With the exception of Froment's model which 

is molecular in nature, the remaining schemes presented in the literature and 

shown in Table 2.1 on page 8 are comprised of series of free radical reactions. 

The free radical reactions presented in the proposed model have a fundamental 

basis, since they actually take place during propane pyrolysis. The initial set of 

equations have been used successfully by Sundaram and Froment (1978) and 

Edelson and Allara (1980) to model propane pyrolysis reaction at lower 

temperatures. This robust model with six additional equations has been 

extended to higher temperatures. The rate parameters for six reactions have 

been modified to predict experimental data between 600°C and 900°C. An 

advantage of using a radical reaction model was that it can be extended to 

other reactants by the addition of a few more reaction equations to the 
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proposed set of reactions. 

The reaction scheme proposed in the new model accounts 

for the inhibition effect for the propane pyrolysis reaction. The reaction 

schemes proposed by other workers who studied the propane reaction at higher 

conversions could not predict the inhibition effect (Davis and Williamson 

(1979)). They included the inhibition effect by making the rate constant a 

function of the reactant conversion. Different models for this have been 

proposed by Beukens and Froment (1968), Murata and Saito (1975) and 

Sundaram and Froment (1978). A significant improvement of the new model in 

comparison with other models is that the new model predicts pyrolysis product 

inhibition from a mechanistic viewpoint. A model based on simple molecular 

reactions would not have had the capability to predict product inhibition 

without making the rate constant to be a function of another parameter. 

A qualitative discussion of the trends in the experimental 

data has already been discussed in Chapter 5. It can be observed from Figures 

6.1 to 6.4 that the new simulation model predicts the overall conversion of 

propane very well at all the four temperatures. At 900°C, in Figure 6.4, the 

simulation using the equations of Froment et al. (1977), with zero temperature 

rise time has been shown for comparison. This is the first kinetic study in 

which attention has been given to temperature rise time. With zero temperature 

rise time, Froment's simulation scheme predicts a very fast reaction at 900°C. 

Even with the incorporation of the temperature rise time, Froment's reaction 

model predicts the propane pyrolysis reaction at 900°C to be much faster when 

compared with the trends of the experimental data. Figure 6.5 shows the 

conversion of propane as a function of both reaction time and temperature. The 



Figure 6.1 VARIATION OF CONVERSION WITH REACTION TIME 
REACTION TEMPERATURE: 60000 
TEMPERATURE RISE TIME = 27 ms 
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Figure 6.2 VARIATION OF CONVERSION WITH REACTION TIME 
REACTION TEMPERATURE: 700°C 
TEMPERATURE RISE TIME = 46 ms 
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Figure 6.3 VARIATION OF CONVERSION WITH REACTION TIME 
REACTION TEMPERATURE: 800°C 
TEMPERATURE RISE TIME = 65 ms 
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Figure 6.4 VARIATION OF CONVERSION WITH REACTION TIME 
REACTION TEMPERATURE: 900°C 
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Figure 6.5: ' CONVERSION OF PROPANE IN MICROREACTOR 
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model 'predicts that the conversion of propane increases with reaction time and 

temperature as was expected. 

Figures 6.6 to 6.9 show a comparison of hydrogen 

conversion with reaction time. The results predicted by the new model are 

considerably better than those of Froment's model. This is especially evident 

at 800°C and 900°C. 

Figure 6.10 shows that at 600°C the new model predicts 

slightly higher methane concentration. Figures 6.11 to 6.13 show methane data 

for temperatures of 700°C, 800°C and 900°C, respectively. In spite of the 

scatter in the data the new model follows the experimental trend quite well. In 

Figure 6.12, at 800°C it can be seen that the amount of methane predicted by 

Froment's modçl is nearly double that of the data and the new model. 

The variation of ethylene concentration with reaction time is 

shown in Figures 6.14 to 6.18. At 600°C and 700°C, Figures 6.14 and 6.15, 

the new model predicts 3-5 percent higher percentage of ethylene, whereas 

Froment's model predicts a lower level. At 800°C, Figure 6.16, the data and 

the new model predictions are quite close. At 900°C, due to scatter in the data, 

it becomes very difficult to compare the model predictions. One would almost 

have to say that either model can be used to predict the experimental data. 

Figure 6.18 shows the predicted variations of ethylene by the proposed model 

as a function of reaction temperature and time. It can be observed that the mole 

fraction of ethylene increases as the temperature is increased to 800°C after 

which, there is a drop in the ethylene mole fraction as seen at 900°C. 

The variation of propylene concentration is shown in 



Figure 6.6 VARIATION OF HYDROGEN WITH REACTION TIME 
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Figure 6.7 VARIATION OF HYDROGEN WITH REACTION TIME 
REACTION TEMPERATURE: 700°C 
TEMPERATURE RISE TIME: 46 ms 
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Figure .6.8 VARIATION OF HYDROGEN WITH REACTION TIME 
REACTION TEMPERATURE: 800°C 
TEMPERATURE RISE TIME: 65 ms 
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Figure 6.9 VARIATION OF HYDROGEN WITH REACTION TIME 
REACTION TEMPERATURE: 900°C 
TEMPERATURE RISE T1ME:84 ms 
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Figure 6.10 VARIATION OF METHANE WITH REACTION TIME 
REACTION TEMPERATURE: 600°C 
TEMPERATURE RISE TIME: 27 ms 
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Figure 6.11 VARIATION OF METHANE WITH REACTION TIME 
REACTION TEMPERATURE: 700°C 
TEMPERATURE RISE TIME: 46 ms 
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Figure 6.12 VARIATION OF METHANE WITH REACTION TIME 
REACTION TEMPERATURE: 800°C 
TEMPERATURE RISE TIME: 65 ms 

80.0 

• experimental data 
Froment at al. mol rxn simul. 
proposed simulation model 

60.0 

40.0 
0 

20.0 

0.00  
0.0 500.0 1060.0 1500.0 2000.0 2500.0 

TIME (milliseconds) 

U. 

U 
U 

I 



Figure 6.13 VARIATION OF METHANE WITH REACTION TIME 
REACTION. TEMPERATURE: 900°C 
TEMPERATURE RISE TIME: 84 ms 
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Figure 6.14 VARIATION OF ETHYLENE WITH REACTION TIME 
REACTION TEMPERATURE: 600°C 
TEMPERATURE RISE TIME: 27 ms 
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Figure 6.15 VARIATION OF ETHYLENE WITH REACTION TIME 
REACTION TEMPERATURE: 700°C 
TEMPERATURE RISE TIME: 46 ms 
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Figure 6.16 VARIATION OF ETHYLENE WITH REACTION TIME 
REACTION TEMPERATURE: 800°C 
TEMPERATURE RISE TIME: 65 ms 
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Figure 6.17 VARIATION OF ETHYLENE WITH REACTION TIME 
REACTION TEMPERATURE: 900°C 
TEMPERATURE RISE TIME: 84 ms 
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Figure 6.18: VARIATION OF ETHYLENE IN MICROREACTOR 
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Figures 6.19 to 6.22 for temperatures of 600°C, 700°C, 800°C and 900°C, 

respectively. At 600°C, Figure 6.19, the new model predicts a 2 percent to 3% 

higher level than that of the experimental data. At 700°C, Figure 6.20, 

Froment's model gives a better prediction of propylene concentration. 

However, at 800°C and 900°C, Figures 6.21 and 6.22, the new model follows 

the trend in the experimental data quite well where as Froment's model 

predicts the decay of propylene concentration to be much faster than shown by 

the experimental data. This high concentration of propylene can be attributed 

to the improved quench system used in obtaining the experimental data. 

Figure 6.23 shows the variation of propylene as predicted by 

the proposed model. It can be observed that the highest mole fraction of 

propylene formed increases with increasing temperature and decreasing contact 

time. The importance of effective quench is shown at higher temperatures ,as 

the propylene mole fraction drops dramatiáally from the maximum. Propylene 

demand is increasing faster than ethylene at nearly 3 percent annually 

(O'Sullivan (1986)). Figure 6.23 clearly shows the advantages of ultrapyrolysis 

of propane for the production of propylene. 

Figure 6.24 and 6.25 show the variation of olefins at 800°C 

and 900°C respectively. Both at 800°C and 900°C, the proposed model predicts 

a sharp increase in the mole fraction of olefins in the first 80 - 100 ms after 

which there is a gradual decline in the olefin mole fraction. As compared to 

Froment's model, the proposed model follows the experimental trend of the 

data quite well. 



Figure 6.19 VARIATION OF PROPYLENE WITH REACTION TIME 
REACTION TEMPERATURE: 600°C 
TEMPERATURE RISE TIME: 27 ms 
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Figure 6.20 VARIATION OF PROPYLENE WITH REACTION TIME 
REACTION TEMPERATURE: 700°C 
TEMPERATURE RISE TIME: 46 ms 
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Figure 6.21 VARIATION OF PROPYLENE WITH REACTION TIME 
REACTION TEMPERATURE: 800°C 
TEMPERATURE RISE TIME: 65 ms 
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Figure 6.22 VARIATION OF PROPYLENE WITH REACTION TIME 
REACTION TEMPERATURE: 900°C 
TEMPERATURE RISE TIME: 84 ms 
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Figure 6.24 VARIA11ON OF OLEFINS WITH REACTION TIME 
REAC11ON. TEMPERATURE: 800°C 
TEMPERATURE RISE TiME: 65 ms 
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Figure 6.25 VARIA11ON OF OLEFINS WITH REAC11ON TIME 
REACTION TEMPERATURE: 900°C 
TEMPERATURE RISE TIME: 84 ms 
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6.2 TEST OF THE KINETIC MODEL 

The experimental conversion data for the four primary 

products at the four temperature levels were compared with the model 

predictions. The F-test for variances was performed on the model (Volk 

(1969)). The F-test provides a method for determining whether the errors 

between the model and the experimental data are to be expected due to the 

variability in the experimental data. 

TABLE 6.2: Variability in experimental data at 900 and 492-499 ms 

Conversion Hydrogen Methane Ethylene Propylene 

90.7695 39.8717 19.2961 12.7605 3.7283 

98.2932 42.0046 18.5159 20.9919 5.5739 

98.6923 35.5360 18.1145 16.1179 4.5361 

98.6884 10.8563 38.8716 34.7788 9.2792 

88.2416 19.6319 29.9087 29.9534 7.5128 

Table 6.2 shows the variability in the experimental data at 

900°C and at reaction times of 492-499 ms. The data at 900°C was chosen to 

check the repeatibility in the experimental data, since the data. at this 

temperature shows the maximum variability. Repeatable data at other 

temperatures and reaction times were also available as can be seen in Appendix 

A. However, Table 6.2 represented the largest data set available at the same 

reaction conditions. Data in Table 6.2 was used to calculate the variance (cf) 
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in the data set. 

The variance in the data (32) was then compared to the 

variance (s2) calculated by the cumulative residual error (e12) between the 

model and the experimental data. The variance (s2) is the ratio of the 

cumulative residual error and the degrees of freedom (dO. The degrees of 

freedom (dO is the difference between the total no of data points (n) and the 

number of adjusted parameters in the model which in this case is 12. It should 

be noted that the variance (S2) is calculated for all the data points in this thesis. 

Thus the null hypothesis was H: s 2 = d. The test was if 

there was a significant difference between the variances of the four primary 

products and the conversion calculated from Table 6.2, when compared to the 

variance between the model and the data. The test of variances was determined 

by using an F-test as shown in Table 6.3. 
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TABLE 6.3: Comparison of variances between model and experimental data 

Variable Fe,2n df S 2 02 Fi F001 F005 

Conversion 6213.1533 66 54 115.058 25.4086 4.528 13.69 5.7 

Hydrogen 2496.717 63 51 48.9552 186.3263 0.2627 13.69 5.7 

Methane 5008.752 63 51 98.2108 84.6218 1.1605 13.69 5.7 

Ethylene 2639.046 63 51 51.746 85.8257 0.6029 13.69 5.7 

Propylene 2289.941 63 51 44.9008 5.111 8.785 13.69 5.7 

Table 6.3 shows that F0z, which was the ratio of s 2 and a2 was less than 

F001, which was obtained from standard tables. Except for propylene, the 

values of were also less than F005. Hence, there was a less than 10 

percent but more than 2 percent chance of being in error in stating that the 

variance between the model and the data is not the same as the variance in the 

experimental data. Therefore the critical value of F lies between the 95 percent 

and the 99 percent confidence level. It can be. stated that the model passes the 

F-test at 97 percent confidence level. 

Two different measures of error ( E, E2 ) and the sample 

correlation coefficient, defined below, were also used in this study. They are - 

1 ' 
E1 = - j -iypred1 -- yexpj 

= 1 ypred1—yexp 
n 

(6.2) 

(6.3) 
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nY2 ypred1yexp - (F, ypred)(Y yexpj) 

(6.4) 

qnY, ypred - (E ypredj2 fnZ yexp - ( ypred 

where, n is the number of data points ypred are the values predicted by the 

new model and yexp are the experimental values. All the data shown in 

Figures 6.1 to. 6.20 were used in the calculations. The data is tabulated in 

Appendix A. 

The absolute mean error is "E1" is an arithmetic average of 

the magnitude of the errors. It can be viewed as a measure of lack of 

precision. "El" was calculated as 7.122 and shows that the errors are small 

when the experimental data is compared to the proposed model. 

The simple mean error, "E211, is a measure of the over-all 

centering or accuracy of the predicted values with respect to the experimental 

values, since positive and negative errors have a cancelling effect. Scatter in 

the experimental data is taken into consideration by this error. In this case it 

was calculated to be 0.76 which is very small. 

One of the most popular coefficients of determination which 

gives an indication of the validity of the model is the r-factor, or the sample 

correlation coefficient. The attractiveness of this coefficient is that "r" is 

independent of the units in which, the values are measured. Unlike the measure 

of errors, "r" lies between ± 1. 'Y' measures the degree of linear relationship 

between the experimental data and the corresponding predicted values from the 

model. 

A frequently asked question i, "When can we say that there 

is a strong correlation, and when is the correlation weak ?" A reasonable rule 
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of thumb is to say that the correlation is weak if 0 ≤ 1 r 15 0.5, strong if 0.8 

≤ 1 r 1 ≤ 1. 'Y ' was calculated as 0.863, hence the conclusion, that the model 

correlates well with the data. 

In summary, it is seen that the measures of error show that 

the magnitude of the errors between the experimental data and the model are 

small. The r-factor shows a strong correlation between the model and the data 

and the F-test concludes that the model gives good predictions with a 97 

percent confidence level. 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 CONCLUSIONS 

The purpose of this thesis was to develop a novel 

microreactor with a direct contact quench system that permitted the study of 

the kinetics of fast hyrocarbon pyrolysis reactions. This new reactor allowed 

careful control and measurement of the temperature profiles experienced by the 

reactants. Propane pyrolysis reaction was selected, since this reaction has been 

extensively studied, enabling substantial comparison of results. The 

experimental data were taken at temperatures of 600°C, 700°C, 800°C and 

900°C. The data were compared with previous studies on propane pyrolysis 

and a new model using 87 free radical equations was developed to predict the 

conversion and product distribution for the ultrapyrolysis of propane. The 

conclusions that were reached from this study are as follows: 

(1) The measurement of kinetics of hydrocarbon pyrolysis especially at higher 

temperatures requires the careful establishment of the temperature 

profile experienced by the reactants. Temperature-rise times and 

quench times which have been neglected by previous workers, are 

important variables which have a significant effect on the reaction 

conversion and the product distribution. 

(2) The reactor systems used by previous workers were found to be 

inadequate for the precise study of kinetics of hydrocarbon pyrolysis 

reactions. A micro-reactor system has been developed to study fast 
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pyrolysis reactions, which involve millisecond reaction times. This 

novel reactor system uses direct gas quench to ensure a rapid freezing 

of the reaction. 

(3) The propane pyrolysis reaction has been studied at temperatures of 600°C, 

700°C, 800°C and 900°C. The pyrolysis reaction is not as fast as 

predicted by the models of other workers. The present experiments 

yielded a lower mole percent of methane and a higher mole percent of 

useful olefins. Careful control of reaction temperature and reaction time 

enable ultrapyrolysis to better control hydrocarbon pyrolysis reactions. 

(4) The reaction scheme models available in the literature were very specific 

to the particular researchers reaction conditions. A new, general model 

developed by using 87 free radical equations from the literature 

matched very well the reaction products of propane pyrolysis. 

Inhibition reactions which become important at higher conversions 

were included in the model. However, the pseudo-steady state 

hypothesis has not been applied, but actual reaction temperature 

profiles were incorporated in the simulation study. 

7.2 RECOMMENDATIONS FOR FUTURE WORK 

(1) An experiment should be set-up to establish the kinetics of coke 

production. This could be done by setting up a microbalance in 

conjunction with the Curie Point Pyrolyser. 

(2) A sensitivity analysis should be performed to optimize the various kinetic 

parameters of the radical reaction model. 
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(3) Future work should be done with liquid reactants so that the vial-making 

process becomes more sophisticated. This would result in better 

material balance and greater reproducibility. 

(4) A kinetic study of pyrolysis of other hydrocarbons should be undertaken. 

Precise data with known experimental conditions can be generated 

quite easily with the novel micro-reactor/GC system. 

(5) Since temperature profiles of industrial reactors can be generated by this 

equipment, this novel micro-reactor/GC can be utilized for performing 

test-runs at different conditions. The cost and the effort involved per 

run is quite minimal. 
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APPENDIX A 

PRODUCT DISTRIBUTION SAMPLE CALCULATIONS 

In this appendix a sample calculation will be outlined to 

illustrate the calculation of the product distribution and the reactant conversion 

from the exit gas analysis. 

A material balance performed on the reaction products 

shows that the ratio of H/C = 263.3868/110.9295 = 2.3744. The H/C ratio for 

pure propane is 8/3 = 2.6666. Since the calculated ratio was less than that of 

propane, hydrogen was added. If the ratio would have been greater than 

2.6666, then carbon would have been added. With the addition of either 

hydrogen or carbon, the product fractions are re-evaluated and the carbon and 

hydrogen balances are checked. The H/C ratio for the calculated gas analysis is 

2.6666. The amount of reacted propane is 95.4540/3 = 254.5443/8 =31.8180. 

The percentage conversion of propane is (31.8180x100)/(33.9884+31.8180) = 

48.3510%. The sample calculation and the product distribution for the four 

temperatures are shown in the following tables. 
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Table A.1: Sample Calculations 

Exit Gas Material Balance Evaluated Gas Material Balance 
Component Analysis(mole%) C H Analysis(mole%) C H 

Hydrogen 6.4597 12.9194 19.5093 39.0187 

Methane 20.6856 20.6856 82.7424 17.7998 71.1993 

Ethane 2.1998 4.3996 13.1998 1.89.29 3.7858 11.3575 

Ethylene 17.4327 34.8654 69.7308 15.0007 30.0015 60.0029 

Propylene 8.3608 25.0824 50.1648 7.1944 21.5832 43.1665 

i-Butane 

n-Butane 

Acetylene 

C3H4 1.5456 4.6368 6.1824 1.3300 3.9899 5.3199 

Allene 

i-Pentane  

n-Pentane 

Butadiene 0.5620 2.2480 3.3720 0.4836 1.9344 3.8688 

Pentene 0.5177 2.5885 5,1770 0.4455 2.2274 4.4548 

i-Hexane 0.1371 0.8226 1.9194 0.1180 0.7078 1.6516 

n-Hexane 0.1569 0.9414 2.1966 0.1350 0.8101 1.8902 

Benzene 2.4432 14.6592- 14.6592 2.1024 12.6141 12.6141 

Toluene 

Et-Benzene 

Xylene 

Propane 39.4987 33.9884 

Total 110.9295 263.3868 95.4540 254.5443 
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Table A.2: Experimental Data For 600°C 

Time(ms) Conversion Hydrogen Methane Ethane Ethylene Propylene Acetylenes C5+ 

86 1.1901 0.2428 2.1978 

151 4.730 3.3383 1.440 2.3836 2.1499 

296 5.6611 3.2199 2.7998 2.5478 1.9987 

503 5.9819 4.7149 2,1299 0.4447 1.7739 1.1121 1.9542 

745 5.0897 2.7384 2.5278 1.6795 2.4436 0.4302 

1000 8.0487 2.1366 5.4478 5.7685 

1250 8.2627 5,1430 2.2302 0.8152 4.1309 2.5077 0.7892 

1500 , 8.8655 5.2527 2.6615 0.6572 5.1780 2.7915 0.5013 

1501 10.4858 4.8045 3.9559 1.3716 4.7024 2.6503 0.7774 

1747 12.9186 5.7711 4.3696 1.9655 6.1141 3.5107 0.8722 

1996 9.6462 4.7710 3.7914 1.4554 4.2451 2.4359 1.2589 

2193 11.4706 5.3542 4.2093 1.5342 5.0231 2.9324 0.7754 0.5040 

2194 12.3238 5.6508 4.7134 1.6108 5.7141 2.9451 1.0082 0.3355 
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Table A3: Experimental Data For 700°C 

Time(ms) Conversion Hydrogen Methane Ethane Ethylene Propylene Acetylenes C5+ 

100 20.5847 - 26.5141 2.5479 0.9208 

198 26.4340 27.1920 1.3526 5.0368 3.1374 

200 20.2329 3.1898 20.6657 0.6342 3.7137 1.4581 0.8340 1.0545 

351 22,7088 9.8638 133094 1.6675 6.4326 3.6277 0.8821 

492 38.4588 11.0457 21.7542 1.9835 11.0059 4.6923 0.8048 

504 47.9266 12.1762 26.6056 2.0290 9.4808 5.5978 1.2816 0.8343 

697 50.4591 9.8252 30,7413 4.521 10.6263 2.6702 0.8285 

699 60.9336 11.7671 24.6511 5.0716 19.3241 10.1778 2.3797 

999 63.5380 22.1809 18.4303 4.7333 16.4644 10.4608 2.6518 1.3466 

1098 73.8562 11.0202 32.1903 4.5402 21.1014 10.4460 3.4099 

1199 74.4652 15.6273 25.4752 6.3490 21.3639 12.3501 3.3480 0.1651 

1353 73.9430 4.9429 35.3210 8.2170 18.4920 14.5262 2.1876 

1504 77.1043 11.7750 31.5805 5.3818 21.2698 11.8999 3.1462 

1702* 85.2356 25.2664 28.0199 0.7767 4.673 2.7245 0.5389 11.5727 

2001 89.1091 24.9208 23.0808 6.8990 20.1676 13.3925 4.1253 1.5117 

* improper quench 
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Table A.4: Experimental Data For 800°C 

Time(ms) Conversion Hydrogen Methane Ethane Ethylene Propylene Acetylenes C5i-

51 16.3760 23.7967 1.1613 

98 22.7468 3.2150 18.5484 0.9307 8.4454 3.4024 0.5919 

101 37.5951 5.5793 22.7912 1.7468 14.4967 5.9761 1.6504 0.1687 

299 48.3510 19.5093 17.7998 1.8929 15.0007 7.1944 1.3300 2.3554 

299 68.6485 29.9449 15.2864 2.5656 18.4547 12.5981 3.5094 2.0152 

492 67.3347 22.3620 16.0485 3.8784 23.2567 15.5790 1.9894 0.0933 

494 69.8641 15.7959 17.7868 10.5738 25.2351 9.0742 1.9472 0.3923 

703 79.4561 27.0588 23.9603 4.5030 18.2609 8.5461 0.6971 3.7088 

708 72.9368 26.6572 17.9517 4.5346 19.7724 10.1979 1.2134 2.0351 

796 77.5127 35.2426 23.0309 1.632 13.9875 5.3741 1.0466 5.8591 

998 83.3207 35,3947 17.6590 4.8523 18.7137 9.3569 0.6988 5.1075 

1244 86.4735 33.3891 24.2996 3.7759 19.3819 8.5857 0.7384 3.0106 

1506* 92.3769 54.8255 12.4295 1.6860 13.1071 4.4404 0.5854 9.6821 

1748 93.7601 26.1505 29.3309 5.9941 18.7808 6.8451 0.6502 3.9747 

2000 97.1542 46.0546 27.0677 0.2250 21.5369 3.9237 

* improper quench 
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Table A.5: Experimental Data For 900°C 

Time(ms) Conversion Hydrogen Methane Ethane Ethylene Propylene Acetylenes C5+ 

49 13.2971 1.3602 9.5022 0.9910 6.7207 2.9861 0.2141 

50 9.0642 10.0760 0.3798 2.6644 1.3018 0.1165 0.1613 

53 12.3293 7.4669 2.5456 0.5547 5.3884 3.1871 0.9650 0.0313 

195 39.6972 13.6868 13.0503 2.1212 19.1470 7.3412 1.0057 0.0261 

196 40.0492 15,9197 10.8347 2.1261 18.9835 7.5510 0.8636 0.6222 

200 46.8087 13.6008 13.5358 5.1577 19.8042 9.9580 0.4439 0.0020 

252 54.5547 35.9635 2.9803 1.0068 18.4087 6.8856 1.5137 0.3735 

296 66.3031 42.8401 11.2998 1.2865 12.7452 4.8342 0.2290 8:1135 

350' 88.4850 50.6639 11.2586 2.1416 16.7113 5.3898 0.7756 7.8072 

350 96.6372 31.0058 21.7062 2.9078 30.2547 8.5270 0.2275 3.2946 

351 77.4352 33.5511 17.2018 2.1187 21.2981 6.2532 0.4757 3.5919 

421 89.7176 36.4581 19.4675 1.6288 20.5816 7.4037 6.0522 3.3309 

492 90.7695 39.8717 19.2961 1.3731 12.7605 3.7283 0.5389 5.3365 

495 98.2932 42.0046 18.5159 4.3984 20.9919 5.5739 0.6497 6.7043 

497 98.6923 35.5360 18.1145 1.3736 16.1179 4.5361 1.1826 0.3835 

499 88.2416 19.6319 29.9087 3.8741 34.7788 7.5128 0.3804 2.4648 

995 100.0 44.3879 12.0259 0.6687 9.3609 2.292 0.6406 1.7053 

996 100.0 41.9388 24.8452 2.4508 21.2051 3.2963 0.2322 2.7648 

* improper quench 
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APPENDIX B 

CALCULATION OF REACTION RATE CONSTANTS 

The overall decomposition of propane is given by: 

C3H8 = products 

C3H8 = C3H6 + H2 

C3H8 = C2H4 + CH4 

Let k be the overall reaction rate constant and k1 and k2 be the rate constants for 

the two primary reactions. Let X be the overall conversion and X1 and X2 be the 

conversions for reactions (2) and (3) respectively. Therefore, 

X=X 1 +X2 (4) 

The following table will be used to evaluate the mole fractions. 

Component Initial Converted Final Mole Fraction 

Propane 1 -X 1-X (l-X)/(l+X) 

Propylene 0 X, X,X1/1+X 

Hydrogen 0 X1 X, X1/1+X 

Ethylene 0 X2 X2 X211 +X 

Methane 0 X2 X2 X2/1+X 

Total 1 l+X 

The individual conversions can be calculated from the following equations: 

= {C3H6][l+X] (5) 



X1 = [H][l + X] 

= [C2H4}[l+XJ 

[CH][l + X] 

These can then be used in the following set of first order equations: 

in 

in 

in 

= kt 

= k1t 

= k2t 
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(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

A plot of the L.H.S term versus 't' would yield the value of the rate constant as 

the slope. These calculations were performed to evaluate the global rate of reaction 

in Section 5.3.3 and were also used in Section 5.3.4 to calculate the rate constants 

for the primary decomposition reactions. 



210 

APPENDIX C 

Listings of the computer programs are shown in this appendix. 

Table C.l shows the program used to generate the unsteady state 

temperature profiles used in the simulation. Temperature profiles in cylindrical co-

ordinates were obtained. The problem definition was as follows. 

A layer of propane occupying space from r1 to r0 is initially at some 

ambient temperature. At time t=O, the surface at ri is raised to a higher temperature 

and maintained at that temperature for t>0. The surface at r0 is in contact with a 

glass wall which is in contact with air. The problem was to obtain the time-

dependent temperature profiles in the propane layer. 

The dynamic radial heat conduction equation is given by: 

T_ 2T lT 
.-— Dr 2 r Dr 

--+-----) (1) 

where o, the thermal diffusivity of the hydrocarbon sample ((X = k/p C,,), was 

based on temperature-dependent property correlations. The simulation was done for 

an inert gas with the properties of gaseous propane. That is equation (1) was 

solved with the following boundary conditions: 

T(r1,t) = TI 1≥o 

and 

(2) 

—k DT I ro = U (T(r0,t) — To) I,>0 (3) 
Dr 

and initial condition: 

T(r,0) = To (4) 

Equation (1) was converted to suit a regular grid size and was 
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discretized with respect to x, where x=ln r. The discretized equation is shown in 

Table C.1. The propane layer was divided into 10 grid layers and energy balance at 

the glass surface was given by equation DTD(l 1) also shown in the computer 

program. The 11 differential equations were solved simultaneously to generate the 

temperature profiles shown in Figure 5.9. 
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Table C.1: Program for the Dynamic Thermal Response of the Microreactor 

PROGRAM PROF 
 4  

TEMPERATURE PROFILES FOR UNSTEADY STATE 
'HFAT CONDUCTION" 

INITIAL 
CONSTANT TF-573. 15, TS- 1173. 15, 11N573. 15, 0-10 
CONSTANT PR- I, 0, RRR-8. 206E-02, RI-2. O-04, R04. OE-04, H5. 0 
CONSTANT MW-44.0 
CONSTANT TFINtO 0 
VARIABLE TT-0.0 
INTEGER 1.0,00 

QQr4+j 

ARRAY T(11). TI(II). DTD(11),RHO(11),K(11),CP(11hAL(Il) ,R(11) 
ARRAY CPP(11), 10(11). XD(1I).KK(11) 
"INITIAL CONDITIONS" 
TI(1)1S 
TI CQQ>TF 
DO 20 1-2.0 
TI ( 1)-TIN 
20. CONTINUE 

XIALOO(RI) 
XO-ALDG(RO) 
0XC XO-XI >/0 

END * "Off INITIAL" 
DYNAMIC 

DO 50 Ia2,00 
R(I )-EXP(XI+( I-i )*DX) 
RHO( I )-537. 3/1(I) 
CPP( I )--3. 755E-O5*T( I )*T(I )+7. SBE-09*(T( I)**3) 
(:P(I)-1P4. 96*(-0. 966+7. 279E-02*T( I )+CPP ( I)) 
K(I)1. 94E-04*(T(I)--273. 15)-3. OE-04 
AL(1)K(I)/(RHO(I)*CP(I)) 
TD(I).s(T(I)-TIN)/(TS-TIN) 
XD( I )-( R( 1)-RI )/( RO-RI 
50. CONTINUE 
DID( 1)-0. 0 

DC 30 1-2.0 
DTD(I)(AL(I)/(0X*DX))*(T(I_1)_2.OT(I)+T(1+1))*<EXP(_2.O*j 4 I>*)>> 
30. . CONTINUE 
WW(AL(00)/((DX*RO)**2))*(T(0)1(Q0)) 
DTD(1I) WW_((H*AL(0G))/(K(GO)*RO*DX)*(T(00) - TF)) 

DERIVATIVE PROF 
C INTERVAL CINTO. 01 
ALGORITHM IAL02 
NSTEPS NSW I 
MERROR PERRO.01 
XERRQR XERRO. 01 

TaINTVC(DTD,TI) 

END $"OF DERIVATIVE" 
TERMT ( TT. GE. TFIN) 

EWE) $ "OF DYNAMIC" 

TERMINAL 
END $ "OF TERMINAL' 
END * "OF PROGRAM" 
11. 41. 59. UCLP. 02. HW2LPI • 0. 192$cLNS. 
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Table C.2 shows the ACSL program that was used to simulate the 

kinetic model equations. The proposed model consists of 87 free radical reactions 

and 23 reaction species. The 87 equations used in the simulation are listed in Table 

6.1. The 23 reaction species included the radical species and are shown in Table 

C.2 in the initial section. Mass balance on each of the species was performed 

which basically involved monitoring the reactions which either produced or used 

the particular component. The resulting 23 equations thus obtained are listed in 

section "Mass Balance Equations" in Table C.2. It is to be noted that pseudo-

steady assumption was not applied since the differential equations for the radicals 

have also been included. These set of mass balance equations were solved 

simultaneously to generate the concentration profiles with respect to time. Due to 

the variability of time constants it was necessary to use Gear's stiff integration 

method. 

Similar simulations were done using reaction schemes of Froment et 

al. (1979), Layokun and Slater (1979) and Kumar and Kunzru(1985). These 

simulations with detailed listings are shown in Tables C.3, C.4 and C.5. 



214 

Table C.2: Simulation of the Propane Pyrolysis Reaction Scheme 

WMAM $*TC4 

INITIAL 
• •.......,I ;•IIIb•I *444 4-4 4U.44*4•4 - I 2 *rnS*4-U44 - 

•FOLLNIm ARE T)€ VARIAJL.ES ED 
• 444444444444II 041440444(444 4.44444.14*4444. 

• 
• 

• TT.TTP 
T)C REACTY 

• L.IENGt)4 OF T)C RETOR 
• Y.4Lt OF T)E REACTOR , 
• NI-NO 
• *Iu1RAT 
• MtN1t CDNITdT' 
• Y1!OLE PRACTION 
• cP.QAR rfCIF1C EA1 
• 2C3HB. 4Q. I44. 4aCI9. e.C2H. 7-C3H 
• t.C41l. t4'410. ii.C5. 124. l3C)43 
• 14CQ. 15.C2145. 1eC3H5. 171-C3H1. 102-C3H7 
• 3e-c4ê47. 201-C4tA. 21'2-C411L 22C5H11. 23C 

* *4* *l444** )44*4*4.*44104*4• - 

DATA____  

•.441-I-*1-4••f4.4•I4• 41*4*14(4-UI 41*44 ***i**4**44I444 

CoNTAwr k*02. O*E-è. 515. OE-4. L.I. -2. TPIN-O. 1. PPI. 1414 
CONSTANT 1573.0. TE01173. 0. 11I$E0. 0*4, TIN I.573. 0. D3. E-4 
CONSTANT A25. 7751(11. E2.3t27. 0. A815. oE07. U1.11072. 0. A$21. £05. £a2251. 
CONSTANT A831. 05# E532O13. .A$4'1. 1EG. E54*251. • AQ5SO7 
CONSTANT A643. *29-4. 0(13. EP9v15O0. 0. 0(14. (v31000. 0 
CONSTANT A22. 0E13s £291335. 0. *30-2. 0(13. (3Oa148. 0 
CONSTANT *26.1. (01. M71. £07 *30 1. 107. A411. £07 A4•5. £04. *32.1. 3(04 
CONSTANT 141755.  

Vu.PPI.(O1*D121D2) 4L'4. 0 

VAR 10 LE TT.0. 0 

£P * CF INITIAL 

DYIUC - 

CINTERVM. CI.0. I 
MINTERW'L AJNT2. 0t-20 - 

X1IRWJ X1.0. 05 

J,VAT! MTCN - 

tt 00 10 24 
T-(TEG-TINI ).TT/TRZIE+TINI 
001042 
4- TaTlElk 

Bc 
40ORIT)0 IAL01 

....4.44**4411 I- 4-444*4.*4 1 

• CALCULATION CF RATE CO(FFICIEP(T' 
• -UUuu*a4I4Ul -4•4.4044 * 4*44)4*4• 1*I4. 2 1*4*4**444 • 
,u.40(IfXP C -44050/1) 

C '-/1) 

$: 
1 80 (-41 /T) 8 (-1ó4fl) 

(IOSA1OIEXP C-6546/7) 
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12 O€06.EXP (-4I43/1 
$.13s3 
K144. OE064€XP (-5Oee/1) 
S 5.5. OE05*EXP (-3o7è/1) 

$ie-3. 0E06'EXP (-7301/1) 
W.173. OE06.EXP (-q4é6/T) 
$S1S. oEoo.Exp(-e157/1 

OCOÔ•EXP ( 4547/1) 
p.201. OE05.EXP(4632/1 
$21.1. 06*EXP('6344 /T 
$22-e OEOS4EXP( _5237/l) 
$231. OEOo.EXP ( 4.66/1) 
$24. O€05IEXP (-01 57/T) 
$25.2. 0E09.EXP ( 15e61/1) 
K263. 2E13*EXP(201 411'l ) 
$273. OEIO.EXP (- 1a220/T) 
$29.'9.EXP (-E2ePT) 

p,.30.'A3O.EXP (-E30/1) 
$31.1. 2E14'EXP( -24B241T 
$32.1. OEIS.EXP(.1863C)/I ) 
K33i. 6E12.EXP(14O?9/T) 
$34-I. 0E13.EXP (- 18429/1) 
'35m2. 5E13.XP (-16062/1) 
K362. 0E13UEXP -20040/1) 
375. 0E13*EXP (- 18429/1) 
K383. 
$39-4. 0Ei2.EXP(i44Sl'1 
$404. 0E07*EXP (-655/1) 
$41.1441*EXP(E4 1/1) 
$42.1. 0E07.EXP(1460 T' 
$43.1. 0E07*EXP (-755/1) 
$44-4. 0E07*EXP(655/l ) 
$45.1. 0E07*EXP(-604 /l' 
$462. OEOS*EXP (-3978/1) 
p473. 2E05*EXP (-4582/1) 
K48A48*EXP (-E48/T) 
49 I. 5E04*EXP (-382711) 

$50-i. 3E04*EXP (-3776/1) 
$512. 0€04*EXP (-3726/1) 
K52.AS2EXP (-3474/1) 
53.5. 2E14*EXP (-20645/1) 

0E07 
$55.4. 0E07 
V.571. 0E07 
$58-I. 0E07 
$592. 0E07 
$401. 0E07 
K61i. 0E07 
$62.1. 0E07 
K631. 3E07 
$64M4 
$653. 06 
K663. O6 

$673.  K683. 2E 0066 
MI. 3E07 
$70-i. 3E07 
$714. 0E05 
$72.5. OEO4 
73.3. 2E06 

K74-8. 0E05 
K758. OEOS 
$763. 06 
Y.773. 2E06 
$701. 3E07 
K793. 2E06 
$.905. 0E12.EXP(31219'T) 
$9I'A81EXP (-EBSPT) 

$94484*EXP (-f4/1) 
sas-Aa5 

$87A87 
$B8a$21 

$9 1-$84 
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 *1*** 3.0 4 

*ATE EQUATION" 

pTP/(RR*TNT) 
PR T2PRTR I 
R11-IN6*PRT 
R2.Ic2.NI*PRT 
3.I(3.N*PRI 
R44.N5*I412*PWT2 
RS-K5*%b*N 
R&.kb*N7*N12*PRT2 
R7.(7*N1141 2.ffRT2 

i4*tA*44I2*PRT2 
R lOmSU O.W.N13PRT2 
RI l_SUI*N64N13*PRT2 
R ItT2 
R13.1K13*NI*N13*PR12 
R 14.K14.WI*P113*PRI2 
RI5I.$U5*H9*N1RT2 
RI(11N71N14'RT2 
R17_SU7.N1*N14*PR12 
R19 u4U8Nl14*4*RT2 
R j9i.S19*N5*N15*PRT2 
R2020*P47H1 5-IPRT2 
P2IK21.N1*N15*PRT 
R221.$22*N1N15*T 
R223*NI*NI6 RT 
R2411K244N14N1 44'RT 

R27927*N16RI 

M.s9.PI17*PRT 
1-5c29.N17*PRT 

R3I311N19T 
R32P4c32*N19*PRT 
R3433N2OIrT 
R341I34NQO*PRI 
ft3i43QI .PRI 
R36mI(34'l .PRT 
R37.I37*1Q2*PRT 

R4O4ON44N12 2 
R414I*NH12* 
R42.442*W7N12I2 
R4343*N7*W1 
R4444NflW12 
R45459N1 
R4&1I(41T2 
R4747H7413T2 

ft49.I49fN4N15*P*Y2 
R5O"S5O*Id7I 5PRT2 
jtsl:mK9=l.mN5• 17 
R520K 1= 

wK 

159 

RZ112T2 
T2 

IR4 K 

T2 

R12 
I 1122 

R67.K67*N191RTh 
R6*t4291fu2 
Ro,9*NI4h1N1R12 
ft7O7ON1914t 12 
R71K71*NI 54N15*PRT2 
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73.73*H1 ÔN1 5PT 

R74aW741N171415*RT2 
R7575-I441 .Nj34PT2 
7.7ê.N1*H1 5*PW2 

77.(77W416.N1ó*PRT2 
*794'7B*N 19*N14PRT2 

RBI V1.*N17'2 
RB2I.I(a2.N9.W17.PT2 

ItG  4.IW4.lO.N17*PRT2 
RB5.IS5*N17*N1l2 

oiuWo.I417*N17*P*T2 
R7e7.N1 *.41 R*P!T 
Reeuu.1S.IQ.W1*PWr2 
Raq.Ia,*N9*N1S.PWT2 
R,o..9o..Ion41e*PRT2 
MI . 91 W43*141*PNT2 
itq2I92*N7.PWT 

PASS BALANCE EaJATION 

- 

DNIDTT.U* (_R2_R7-R9R13 R14-R17-R19 -R21+RDWI) 
IRRNI 

RRN1 
DN2DTIV* (R4+15+RÔ*R7*R8'R9' P90-R81-flO9+3. OiR92) 
DN30TT_V4(RI0+R1112+R13R1415 B449l) g:4DTT.'V* (R254fl27'fl40ROO) 
SDTTV* ( -R4-fll0ffl 1 6+R 17+fl 19-P 194R26+R29+R32*RDd5) M R33+R39fl41 -R49-P49-R51 -R52 I P54+R72 R46 
TTVa (-fl 1-PS-P 11+R20+fl21+R22 R55+R63+R72-R83-R90) 

DN7DTTV* (-P6-P 12-fl I64fl I9+P23+R24P2(>+RDN7) 
R29+R30RR42-R47O ,fl5+Rg54R9MRG7R92 

oNeDrrv*(p3I-R444fl69) 
bw9DTTV4 (-fl3-R9-R1 5+R34+fiOh+R R45+RS?+R6S-fi92-RO9) 

1N11DTV* 
DNI2DT'V* ( R4fl5P6R7P0R9+R25 1 P26+R29+RDHI2) 

PRDDR3O+R31457 506lP 62 
DNI3DTV* (2. O,R14R2+R2-R 10 RI 1-fl 12-R13-R14'R I S.RDNI3) 
PDN13R 
DNI4DTV* (P4+R iO-R16--R17R 19R25+R32+R4O-R48R542. O*R69) 
RRN1R84+1R66ô7 
DN15DTV* (R2.fi5+R 11-fl 19fl20-R21R2R +R33+R41 -fl49-flS0+RDN15) 
PDN1 s--P55-R64-2. 04fi712. OUR 7_fi73_R74fl7S-R76+R831R0 
DNI 6DTV* (R3+R64fl 12-P 16.fi2 _P23_R24R27R56R6S-R732. .R77-R73) 
DNI 7D1Y4 (R74 134fl172I +R23-R20 R29+R39+R42+R464flDN17) 
RDNI71_PS1_747491G4BS 01*86 
0N15DTV* (pO+p14.R1p+p224*24-R30 IR43-R52-R53R67+fiD1d18) 
*DN1aR754eG_R899l8S-2. 01*89 
DN19D1V (P94*1 S-R31-fi32+R44R48 .p59- 8-R70-2. 01*79+RDNI9) 
PDI41 .Re2.fiu7 
DIQODTV*( ..*33.4344*47+R49 fi53 *60) 
0N21D1V* ( R35-R36+fl4S-5361) 

DPQ3DTY* (P001*92) 

- CALCI.*-ATIOW OF PRODUCT DISTRI)U ION ID Nil) • II 444444*4444 4*4*444*4* * I *4*4 *4.******4*4* i**4**4**4**** 1* 

INTO( • .c.,TT, Q. 9) 
INTEQ( DThO.0) 

NSI1INTEQ(DNSDfl' 0. 0) 
N611INTE0(DI460711 0. 0) 

:4:: g 
N9-INTEQ( 'TI. 0. 0) 
N10INTEO(DN10DT. 0. 0) 
NIIINTEQ(DW1IDIO. 0) 
NI2IuIINTEO(DNI2DTI 0. 0) 

Ni Ow g 
41Srn1P4TEG(DNI5DT 0. 0) 
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N17.INTIQPNIT': ° Q 
PiS.INTIQCM1 0. 0NTI9 11, 0 0) 

pQO.INTIOC 1,0.0) 

3.NTEQ(DQiD'T.0. 0) 
,2XN1E0(DIT. 0. 0) 

uc.NI.).u1 j,Nt2+N13*N1444 

P1-41 44tib4N17N1P"4 

yi.WI/NT 

/WT 
/WT 
I 

lN1 
vio.w1O'wr 
vi /NT 
V12"N12/NT 
Y13N 13/HI 
Y, 14 
Yi.N15/NI 
Y1.N1/NI 
V17N17/NT 
yls.M1e,NT 
y1N1/HT 
Y2O.Q0fllT 
y1.N21/NT 
Y222FN1 
Y232J/WI 

X.(N1I441)/NIX 

VW $ 'OF DERIVATIVE O 

TEMT TT.OT.TF1N) 
EW $ IROF DYNAMIC 

TERMINAL 

00 $ 'OF TERMINAL' 

o $ 'OF PROORAM' 

16. 56. 41. UCLP. )4P1 
0. 446'.LNS. 
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Table C.3: Computer Program Using Pyrolysis Scheme of Froment et al. 

(1979) 

J.k36b. aTC4 

tNT1L 

a   

• FDLiVIW 0i TQ AjABLES USED' 
•  sss  

a 1aTEPa*TUEE' 
a PepkEssulill 

• TTaT1Es 
• 0.1.0 OF TWE • UCTOR' 
• L•LE"T4 OF T't REACTOR* 
• v.VCU.'€ F TMc FEACTORa 
• b1ssO OF MOLES' 
• 11.1A1E 
' I(aARhENIUS C3S1AI4T' 
• YT.'0LE F1ACTICI' 
a c..;as SPC1FIC UEAT• 
a 1aC3Hb, 2aC', 3aC2-2, 4.CZ44, SOCZH60 6C3146 
a 7'C4M€. e.Cb., ).., aCOKE, 1144H6 

a ***$S 

• 
• ****$***,* s$s*****s**1 **,***,*.**t$**4***$S******S*** 

CONSTANT Ra62.06,D1a3.E_,La1.ZE?,TFXN*0.1,PPI3.1416,U ,O 
CONSTAMI TW.573.0,TLO,1173.O,TISEO,O6'.,TIN3T3 ,0,b2*3.QE'. 

CONSTANT 
CONSTANT 01410.0.0,01411.39480 
CONSTANT 
CONSTANT CZA.'..S96,CZ Sol* 24E.2,C2Ca2.8bE6,C202.3E 9 
CONSTANT 
CONSTANT C'. Aa0. 90', C4B. 3. 7'.E—Z,C4Ca-1.994E,C4D'4.192E9 
CONSTANT 

CNST*NT c6A.0.ee6,C..62E.2,C6Ca—l.7flE-,CAO5.2t6IQ 
CONSTANT C7A.0,1O,C1S.7.C52,C7CaZ,431E.5,C7DG.147E'4 
çONSTA,IT 
ONSTANT — 3*29BE-6oC90 81*8261-9 

cONSTANT CI.0A.0.0,C1O8aO.O,C1OCaO.0,C100a0s0 
DNSTANT CA.. 997,cflla b.3E_Z,C11Ca_3.69E,C11DaS.24EQ 

v.PP I*(D1*01DZ'DZ)'L/4.O 
41IaVlt29$e01U) 
AUILE TT.Q.O 

NO $ 0F INITI AL 

IDYNARIC 

INTERVAL CI.L.1 

DERIVATIVE  IATCN 
OCLDU*AL 

P ( M.41:04131) $0 TO 1'. 
Ts(TEQ-TINI )*TT/TRISc,TIN I 
$C TO 42 
240.707fa 
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lJa.. CON TiNUE 
==k ND 

AL;ORITHK IALGi 
NS1Pi. 

U 

U CALCULATIOP. 3F kJTc CLEFF1iWTM 
U 

K1as52E11*EXP('2b!1 / 1) 
K2.9.ZbE1L*EXP(bi1.1/T) 
K3.,53bE1D*EXP(Z9723/T) 

*I*** **** ***** S* 

K4a.1fl*EXP(2bO6Z/T) 

Kb.3 , 79 4€ 11* FXP (- 29 88 9/1) 

K7..53€U*tX(3O2u1/T ) 
K8 4. bf' 2€ 13*E XP ( — 32 813/1 
K9.1.026E9*EXP(207b5/T) 
K1OUb.96E07*EXP(1727211 ) 
K1.82E14*EXP(37J31/1) 
KC2.2.1438E8*EXP(1622/T) 
ICbs3.9748E7*EXP(159t311) 
KC8. .2 87 2€ 8* E XP ( —173u4/1) 

U 

• RATE EQUATION 

• *******,******$**** ******1****$********s************• 

PRTaP/( R*T*NT) 
PRI 2 PR 1* PRT 
a K1* P4 1* PR I 

*Z.KZ*(N1*PRIP46*N9*PRT2/KC2) 
R3aK3*N1*N4*PRT2 
R4.K4SN6*PRT 
.K5*Nb*PT 

RbK6* ( N6*PRI—M2*N3*P P12 IKCb) 
7. ( 7*p4*N6*PT2 
R8.KB*(N$PATN4*NQ*PQT2/KC8) 
R9.K9*( 4*N3'PRT2) 
!14J.K1Q*I47*PRI 
R11.K11*Nb*PPT 

U ***** S***$****IS*** *************t*******************U 

MASS BALANCE EQUTICNS 

U $**$*********** S*** ******************************** 

DP4iDT1.*(RiR2R3 ) 
DNZDT T. V* ( p14 , 3* R4R 6fF? 
DN3DTT.'*(R6,R9) 
DN4DTTUV*(R1—R3+1.3*R4+R6R9) 
DN3DTTUV*(R3R7R8) 
DN6DTT.V*(P2+R3R4 71 
0P47 OTT Vs ( R7— R 10 ) 
DPiSDT1.V*(U,23*R5+1J ) 
D,9 OTT' V ( P2 + RB 
ON 14,01 s VS P11 

1-

• ****$****$*****'* 

• CALCULATION 3F PRODUCT DISTRIBUTION- 
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a 

1.1TEç(1TT, Nil) 
P'2.IMTGCN2CTT,c).0) 
g3sII7G(DN3D11,j.u.. 
4u 1N1G( DN4CTT, O.C) 

Ii,aINT G1DNC1T,j.&) 
P6uINT(DN6D11,j.. 3 
7.1NTc(c,!(7c11,3.(. ) 
kB.1NTG(DICTT,O.0) 
Ic,.IN1EG(DNcD1T,J.. 
p1,j.1NTE6(DN1OD1,O.Q) 
M11*IITEG(EW11D1,O.0) 
NT. N1+N2+ N3 +N 4+N +N 6+N 7. $9+N1O+N 11 
XX.N1 +N2+$3+P.'.+N+Nb, N7+N8+P.3.+NtL 
xl. N 1/ X X 
X2.I2/XX 
X3.N3/X 
XtN4 U X 
X.N5/XX 
Xb.Nb /X X 
X7N7/XX 
X8.NB/XX 
i1O.NlO/XX 
X1J.Nll/Xx 
P.NT*RR * 1/V 
Yl.Nl/NT 
T2.N2/NT 
13-F3/NT 
Y'..N4/N1 

Y6.NbINI 
y7.N?/HT 
Y8.N8/NT 
Y9.N9/NT 
Y1O ono /NI 
YllNll/$T 
vLTiT2Y3+T4+T5+Yc 

0 $***********S****** *• I********* .*****************************0 

CALCULATION OF GAS SPECIFIC HEAT 
0 •$******$$********* .*********************** S*****************0 
12.1*1 
13.1**3 - 

CPl.ClA+ClB*T4ClC*T2+Clt*T3 
CPZ.CZA+C28*T+CZC*12*CZD*13 

CP3 aC3A+C 38*1+C3C * 12+ C3D*13 
CP4.C4A+C*T+C4C*T24C4C*T3 
CP, .CA+C!1+C5 C*12+ C C*13, 
CPb.CbA*C'66*1 4C6C*TZ+C6C*13 
CP7.C7A4C78*T4C7C*12,C7D*13 
cps.ceA,Cee*T.C8C*12,CB*T 3 
CP9.C9A4CB*T+C9C*T2C9D*T3 
CPllaCllA+C1I 8*T+C11C *12,CilO*13 
ADD .Nl*CP1+N2*CPZ4KS* CP3+N4* P4+N5*CP,Nb*CP6 

NTCPsADO+K7*CP7+N8*CP8+N9*CP9 11*Cl 

HEAT OF REACTIONS 0 
a ,**$.*$****$******* ******** t$************• 
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II_ - &a .iRDsC.l2.Ds4—D'l1 
- PAl .C2AIC4A—Cla 

081.C2BiC4a—C1e 
CC! . CZC 'CC—C1C 
Dpi . p+i,p-cp 

4RZOsDr49+DP1b—D4i 
DAZ.C9A +CbA—C1A 
DIZ .C9B+Ct—C18 
DCZ.C9C 4CbC—C1C 
DD2.C9D4C6D—CID 

HR3O•Df46+0P45—D'14—DHI 
DA3.CbA 4C!AC4AC1A 
D5 3&C bB +C 58—C49—Cl 
0C3.C6C+CSC—C4C—C1C 

DD3.C6D+CSD—C4D—CID 

HR4 0.1. 5*0144—DHÔ 
DA4 . 1.5 *C4A—CBA 
DB41.5*C4B—C6B 
DC4.1.5*C'C—CbC 
0D4 .1.5 *C40—C60 

HR5O.l. *DHZ+Q.2lDHB—DHo 
DASs1.5'C2A+C.25*C8A—Cb& 
j5 s1.5*CZ5+O.25*CBS—C6B 
DC3.l.5*C2C+O.Z*C8C—C6C 
DD5.1.5*C2D+.25$CeD—C6C 

HRbD.DH2+PH3—DHÔ 
DA6.CZAIC3A—C6A 
DBbC2B4C3B—C68 
DCbC2C.C3C—C6C 

DDb.CZD+C3D—C6D 

1(170. DM21 D147—DHS—DH6 
DA7.C2A+C7A—05A—C6 A 
DO? MC28 'C 76—CSB—Cb 8 
DC7CZC +C7C—CSC—C6C 
DDT.CZD+C70—05D—CbD 

1lRB0eD19+0*44-DH 
DAB .0 9* 4-C 4*—C 5* 
DBB.C9$4C46—CSB 
PCB sC9C IC4CCSC 
DD8 .C9D 'C 40—C SD 

HR9O.DH11-01(3-DM. 
DA9 uC 11 A—C3 A—C4A 
DB9.C1i6C38—C48 
0C9.C1I C-C3C—C4C 
DD9.C11D—C30C40 

HR10.DH8—DW7 
DA1.C8 A—C? A 
DB1uC88—C?8 
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DC1e*CBC—C7C 
DDi.C8tC7D 

dR1O.Oi1DH6 

DB11.CiOCb8 
DC11C1C.CC6C 
DDU.C1DC6D 

TSeT-2'S.G 
TSZu(T$*2Z98.O*'2)0e5 
TS3*(T**329b.,**3)*,. . 33 
TS 4 *4-29e • 0* * 4 )* 09 21,1 

HR1.M1C+DAX*TS+081*TSZ40C1*TS3PD1*TS 4 

HRZUHRZD+0A2*TS+082*TSZ+0C2*TS3+DDZ*154 
I4R3.IR30f0*3*15+D83*T S2+DC 3*TS3+0D3*1S4 
kR4.HR4C+DA4*T+DB4*TS24DC4*TS3'0D4*IS' 
HRHR50+DA*TS+0B*T S2,DC5*TS34DD*TS4 
Hb.Hb0+DA6*TS+D86*T $2,CC6*TS4DD6'TS4 
HR7.HR7C+0A7*1S40B7*1S2+DC7*T53+DD7*15 4 
HR8.Hgec+oAe*Ts+oee*T SZ4DCB*1S3+0DB*TS4 
HR9.HRQD+0A9*TS+089*T s2,DCq*153+D09*154 

HR10aHR1)0+DA10*TS4DB1Q*TS2+DC1O*TS3*DDl0*IS4 
HR3.X.HR110+DA1*TS+DB11*TSa+0C11*TS3+DD11*IS4 
*4EAT.P1*lR1+I2*HR243*H 3+R4*HR4+R5*HR54R6*HR6 
HRXNeHE AT+R7*HR7+0b*HRS*k9*HR9+RIO*HRIO+RII*HRII 

U 

TC.T-273915 
TF.9.0*TC/5.0+32.0 
1.INlT-Kl )IN UI 

END $ sCF DERIVATIVE 

lEaNT ( TT.T.TFIN) 

END $ 0F DYNAMIC* 

TERNINAL 

END $ UQf TERpINALU 

END $ 0F PROGRAM" 
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Table C.4: Propane Pyrolysis Simulation Using Radical Reaction Scheme 

Presented by Layokun and Slater (1979). 

tJiP&O6PA' $ TC4 

1" It 1 A 

a ao eassa seas assess sasse.' 

• FOLLOWING ARE T'i( VAPIAULES USED 
• 5555*****$5*** *s..$ •$S$*SS5*S5*** *S*S*$S$*****' 

• T.TEPERATu*Ea 

• puptESSuif' 
• 11.TIP'E 
a CSI.D Of THE REACTOR' 
aL a LE $ TH 7f T'4E OEACJlkw 
• .VOLLNE Of TIE fEACTR' 
a SI-NO Of MOLES' 
• 11.4*11' 
• k.AAINEP1IUS CONSTANT' 
• YI'PIOLE FRACTION" 
• CPGAS SPECIFIC NEAT' 
• IsC3146a 2.CH4, 3.C244# 4'C2H6, C3;46' 

,•C4H1O, e.C2145. 7.'42, 98C-43P 1O.C3H7, 11'H 

• 
- a 
• a 

COt4STANT •ez.O6E-6,035 .uE4L' . 2E2,TFINO,1, PPI*3.1416,O.O.O 
CONSTANT T.573.O,TEO.1173.O,TIISEQ.384,T1H1u573e002'3. 9E 

14(D1*O1-D2*DZ)'L/4.D 
pii.V,tz9e.*U 
WUIA$LE TT.O.O 

END S • QF INITIAL' 

YNANIC 

INTERVAL CI'O.l 

DERIVATIVE lATCH 
PROCEDURAL 
;IF ( Tl.6E.TRISE) 60 TO 24 
T.(TEO-TINI )* TT,T#I5E41IN I 
O TO 42 
4..T.T1O 

42..CD$4T1*JE 
ND 

L  
ALGORITHM laiGal 
NSTPa1OC 

• 5555$ $e$sS**S*s*$$S*SS SeC 55555* *e*t*$*$**$$SS****$$ 

• CALCULATION OF RATE CtEFFICIENT' 
U 

k1.6.OE14StZP(.392S/T) 
2-1.!c$UP -Z4o1ITJ 
K3sZ.0E4*1XP(3010/T) 
X4.3.OE115EXP(17617'l) 
.?.ESEXP *-2721/T) 
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kb.1.t t*tXP -23Z/T 
K7.l,.OE1OSUP(1O15Il 
K8.3.C1 #*EXP(1615/T 

.42Lb*EXP(1ZQ4/T 
K11 a 1.4o F4 

)kl2 al .3E6 

K13 a] 

xj,.1.2E12sExP(-2c863/T) 
K1b.8.0E2*EXP(602111) 
KX7.i.3.E5*eXP(Z7/T ) 
flb.8.7E9*EXP(2013311 ) 
IU9.1.OE54EXP(723/T) 

' RATE EQUATION' 

I 

PRT.P/(RR*T*$1) 
PRTZ.PRI*PRT 
P1ak1$H1*PRT 
i. ç*pg4N9*PT2 
*3.K3*N1*Pl5*PT2 
g4aK*N6*PRT 
.K*M3*N11*PRTZ 

b.K6*PU*Pu11*PRT2 
K7NK7*P410*PRT 
R8.k8N1U*P*1 
k9.k9*N*N11*PLT2 
RiO .kiO*N8*M9*PRT2 
R1ISK11*N6*Nt*PRTZ 
ft1Z .K1Z$$c4MiO*PIT2 
RI3 . 13*Nq*N1O*PRT2 
R4.(i4 *N7*$1D*P IT2 
Ri.ki5IN*PlT 
R1bsK1b*$4*N9SPRTZ 

7.g(i7$N4*Nii*PRT2 
I15sK18*NbSPRT 
i9 . i 9.3$PIfl 

a 

' MASS E*LAMCE EQUATICNS 

N 

ON1DTT Vt t-Ii2R364 iQ+ 4) 
DNZ OTT. Vt (U,112.Rib) 
0H30TT.VS ( R4-R5+R7+R11) 
DN4DTT.V* tR3+Ri1-RiRiR17) 
DP5OTT.V*(R5R9+R12) 
DNbDTTSV*(Ri3R]6P19 
ON?OTTSVt(RbRi4'i7) 
DP4BDTT' 
DN9OTT*V*(_R2+R7_Pi1232o*Rl5_Rl6) 
DNJGDT V$(R2+R3+R7R4R9R12131 4 ) 
DN11O1•'' 

CALCULATION OF PRODUC1 DISTRIBUTION" 
N ** t** $******SSt***t 

Ni.INTE6(DNiDTT,4lI) 
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TEG (DN2DTT# -j .l.  
3.jIT(DN3CTT,U.CI) 

N4.INTE G( DM4 CII. . C) 

IslE DPI TI, D.0 
N7.INTG(DM7CTT,O.0) 
h8s INTE(DNeD11,.t) 
to- 1NTE6( DI49DTT,O.0) 
K1OI)iT EG(DM1ODT,OO) 

. 

XXaM1+M2+M3+M4*M5+M674M8 lD+ t.l 

x1.$1/xx 
X2.M2 IX X 
13.I43IXX 
X4.P44IXX 
X5sN5/XX 
XbSNb/XX 
X7.M7!XX 
X$.N5/XX 
X1O.N1QIXX 
X11NU IXX 
p.$T*RR*I/V 
V1aNi/NI 
Y2 • N 21)41 
y3.N3IMT 
Y4.P44 INI 

-- Y.N5/NT 
Yb 046 IN1 
y7.N71N1 
"T5IMlWt 
Y9. $9 1$ I 
YlOSNiG/NY 
Y11N111NT 

.I$1j.)4fl /Ml I 

END S OOF DEPiYaTIVE 

TUMT ( TT.GT.TFIM) 

END S-OF D'fl4&JUC' 

TEUUNAL 

END S 0F TERMINAL 

ND S *OF PROGRAM' 
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Table C.5: Simulation of Naphtha Pyrolysis Reaction Scheme Presented by 

Kumar and Kunzru (1985). 

..- 1$IIZAL 

 S 8* *8 IS 8* S* 

• FQLL.OI'4 ARE TP4E VARIABLES USED " 
U . 5  

• T.TEMPEIATUkE 
• P.PIESSUP€ 
• 

• 0.1.0 OF THE *EACTOI 
• L.UMGT$ OF T-4E REACTOR' 

'VOLUE OF THE REACTOR' 
$I.NO OF MOLES 8 

' I1.IATE' 
• K.A&R*EN1US CONSTANT 
• VI•NOLE F1ACTICN 
• CP.*S SPECIFIC HEAT' 

• 1.APTHA, 2.H2, 3.C144, 4.CZ42s 5.C2144, 6'CZNÔ 
- 7'C3$6, e'C3P48. 9'C446, 1O•C4H6a 11C4H1O ' 

• 1244, 13.1, 14.1, 15.E5, 16.51, 'lT.COKE, 1$'C$+ ' 

- -. 19•AIOMATICS 

• 

• tATA' 
U 1*8*8*58* * * * 88*8*8* * * * ** ** * * * ** $** * ** $ *****$******** *8W 

CONSTANT 
CONSTANT Tw"7$.O,T.127.O 
CONSTANT E1.5258O,E2.6U1O,E3.633O,E4.4126O,E'65Z3Od'eO43O 
ONSTANT E7'2% ,E6.5O6,, Ego 56g,E1C'641 Wit Ell 'S69,E12s6O1O 
ONSTANT E13.964O,E14s?O8BO,E16131O, E16.6Z36O,E17.O73O 
ONSTANT El8.!0OQO,E19.345bO,E2O'3564O,E21797O,E2Z'Z9Th 
ONSTANT A1.5.563E11,AZ.4.652E13,A3'7.2I4E12,A4'ljZb' 
ONSTANT A5.3.?5OE12,A6.1.)$3E1O,A7'.868E1O,AI.4.A9Zf1O 
tJ(S1ANT £9.2.36E1O,*lOui7.386E1Z,A11.2.4Z4E11,Al2.l.I(11 

£4STA$T Al3.7.OEL2,A14.7.,E14,Ai'4.C99E12,A16'1.b37I12 
ONSTANT £17..O7E1L,A1e.L.O1O,819s8.3aE06,AZO*9.74EO5 
ONSTANT AZ1.6,4EIL,A22•1.51E06 
ONSTANT EZ3s7362.O,0,gZ3'.62E1', 

appl*D*D*L/4.O - 

1Isl ( 29$. 0*1.1) 
A$IA$LE 1T.0 

ND $ •OF INITIAL' 

YNA Ni C 

INTERVAL CI•(.1 

DE RIVATIVE BATCH 

A1401111N IALG•l 
$51 P.1. 

• CALCULATIOb OF * ATE CUFFIC lENT' 
• ***•* 41**S*•$8***** *e**$**e*****.***S*************6*$* 
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Ki .41x P (- U/RI) 
K2aA2' XP( -12/RI) 
I3.A3*1XP(-13/RT 
K4 .A4*tXP(-14/RT) 
K•SXP(ê5/RI) 
lb sAt.IXP(.16/PT 
((7.A7*EXp(-17/RI) 
W8.A8SEXP(-E8/RT) 
K9.A9*EXP-E9/RT ) 
K10'.A10*tXP(-E1/PT) 
kii.A11*tXP 1-Eli/RI) 
112-Al2*EXP(-El2/RT) 
K13.A13*FXP(-El3/AT) 
Ki its A.4*XP(-Ei4/RT) 
Kl.*itXP(-El./RT) 
Ki6AlbSEXP(-El6RI) 
K17.Ai7*EXP(-E17/RTJ 
1(1 8.Ai 8*EXP (-€ 18/RI) 
Ki9.A19*EXP(-E19/RT) 
K2(i.AZ.*EXP(-E20/RI) 
K2).&Z 1*EXP (-E21RT) 
KZZ-All*EXP(-E2Z/PT) 
P23'A23*EXP(-E23/RT) 
Kcz..4eEo7.ExP(-325 00/PT) 
KC 3.1. 91E07*EXP (-30160/PT) 
KC7.2.1458E(,€$EXP(-16Z2/T) 
KCI6aI. .110E08*E XP (-27510/ AT 
KC1B.L.110E08$XP(-2710/RT) 

RATE EQUATION 

PRT.P/(R$T*NI) 
PRT2.PRT*PRI 
RXK1*Hi*PRT 
R2.K2*( N6SPRI-*N2*PPT2/KC2) 
3.K3 1 ( NT*PRI-N4*N3*PRT2/KC3) 
g'4.k4S$4,*$*pRT2 
R5sk5*Nb*P1T 
R6aKb*N*N6*PT2 
R7.KT*(N8*PRT-$7*N2SPRT2/KC7) 
R8.k8*NB*PRT 
R9.k9*NB*N*P*T2 
Rio 10 *N7* PU 
Riiaki1*!7*PRT 
R12.Xi2,N7*N6*PRT2 
R13.X13*N11*PRT 
R14.K14*N11*P*T 
P15 sK 15 SN 11* P PT 
R16.K16*(N11SPRT-NIOSN2*PRT2/KC16) 
R17aK17*N1*PRT 
a18.K1B ,cN1o*PRT-N2ss9sRR12/xc18 

R2aKZi*NSSN7*PRT2 
RZI.KZI*M9*?410*PRTZ 
R22.K22sNc.Nc*PRT2 

'.  

ø$*******,*******t****..**.*$**S***p *******************S*• 

"MASS BALANCE EQUATIONS * 
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DNDT1.V*(R1) 
'RU) 

ON4O1T.V*(R3P) 
DN5OTT . V*(Q • 85*R1,R2—R'-R + —R+1 • OR (; 42.'Q14+ R1—R19) 
ON6DTT.V*(O.*R12R5b4R15) 
DP7DTT .VS( 0 . b*R1—R 34 R,R7+R_R13R11R12+R13R20R23) 
D8D1TaV*(0.02*R1+0.b*R78fl 

I 
DDT.V*(0.2*R14R12+R1bR17 2 ) 
DNUCT sV*(.Q3R1R13141RI6) 
DNZDT•Y*(.J9'R1) 
DN13DT.VSR1c 
DN34DTS*R20 
OI4L5DT.V*RZ1 
D1I16CT.V*R22 
t1N17CTV*RZ3 

0N1901.V$(O. 1*11+0, 41*R17) 

• 
• CALCULATION OF PRODUCT DISTRIBUTION" 
• 

N1.INTEG(D$1DTT,M1X) 
Z.INT(Dw2DTT,c.C) 
P3.IPTEc(D$3DTT,O.0) 
Ni,NIHTEG(OPf4tTT,O.0) 

h6u INTEG(DN6DTTo,0s0) 
N7aINTEG(DH7TT,O.0) 
N8INTE6(DW8DTT,O.) 
N9.1NTE( DM9tTT,O.0) 
N1O*IPITEG(ON100T,OeO) 
k11.INTE(Dt411DT,0.)) 
$12.IWTEG(D412DTb0.0) 
N13.INTEG(ON13DT, 0.0) 
N14aIN1EG(ON14DT,..,') 
k15 uINTE (DNXDT,0.0) 
P41b.INTEG(ON1bDI,O.0) 
P17.INTEG(DN17DT,0.0) 
N16.LNTEG(ON1$DT,O.0) 
P4191)4T EG(DPI19DT,O.0) 
I4NT.M1+PZ4N3+N4+N+Nb +P47+NS+M9+N1(,4N11+N12+N13+N144N15+N1ÔM1? 
PT.kP1+b1 SON 19 
P.t4T*RR*T/Y 
T1.M1/NT 

Y3N3/t4T 
Y4.N4/NT 
Y5.N5 /t41 
Yb.Pb/NT 
Y7.P47/NT 
Y8.N8/NT 
Y9.N9/NT 
Y1ON10/NT 
YliuN1I/KI 
Y12M12/NT 
Y3-N3 /KT 
Y14 .$ 14 /WT 
Y1M15/HT 
Y1b$1b/P4 
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Y17 *% 17 /NT 
Y18.$lo/WT 

TCaT-73.i 
TF9.G*TC /. C+32.O 

END $ NOF DERIVATION 

TERMI ( TT.GT.TFIM) 

END I ROF DYNAICR 

TERMINAL 

END $ &F TERMINAL 

ND I RF PPDGRAM 

L  
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