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KINETICS OF THE THERMAL 
DECOMPOSITION OF ETHANE TO ACETYLENE 

IN NONUNIFORM TEMPERATURE FIELDS

Gordon David Towell

ABSTRACT

A kinetic study was made of the thermal decomposition of ethane 

at elevated temperatures and very short residence times, to obtain acetylene 

as a major product. The reaction proceeded by a series of consecutive stops 

from ethane to ethylene to acetylene ftally resulting in carbon. The experi­

mental conditions needed of this study were very rapid heating to reaction 

temperature and an extremely short residence time followed by a rapid quench. 

The temperature profile was peaked in shape with very steep gradients exist­

ing throughout a greater part of the reactor. A mathematical method was 

developed to obtain precise kinetic rate constant data from experiments 

conducted with nonuniform temperature distributions.

A study of all of the three consecutive reactions at once would 

be too complex so that separate kinetic studies were made on the thermal 

decompositions of ethane, ethylene and acetylene. Separate experiments 

were conducted to determine the primary molecular products, the order of 

reaction for the formation of these products and the respective kinetic 

rate constants. The experiments were carried out in a steady state ceramic 

flow reactor heated by a platinum resistance winding. The gas temperature 

distributions were measured accurately with traveling thermocouples and 

the products were analyzed with a mass spectrometer. Data were obtained 

in the temperature range 730°C to 1330°C at a total pressure of 1 atm with

ill



various amounts of nitrogen dilution. The results from the three 

individual kinetic studies were then combined to give an overall 

kinetic correlation.

The significant reactions in the decomposition of ethane were 

found to be homogeneous first order formations of ethylene and smaller 

amounts of methane. The rate constants for ethylene fonnation dropped 

off at the higher temperatures due to inhibition of the reaction by 

secondary reaction products butadiene and propylene. The kinetic data 

were represented empirically by different apparent activation energies 

(E) for specified temperature ranges. The ethylene formation rate data 

were correlated in the temperature range 730°C to 900°C by an E of 82.4 

kcals/gm. mol. and an A (the pre-exponential factor in the Arrhenius 

equation) of 6.04 x 1016 sec-1, from 900°C to 135O°C by an E of 35.4 

kcal/gm. mol. and an A of 1.25 x 10® sec”1, and above 135O°C by an E of 

66.9 kcal/gm. mol and an A of 3«2O x 1012 sec-1. The first order forma- 

ation of methane from ethane was correlated by an E of 66.9 kcal/gm. 
mole, and an A of 1.60 x 1012 sec 1. The rate data in the homogeneous 

decomposition of ethylene were correlated by a first order formation of 

acetylene with an E of 76.2 kcals/gm. mol. and an A of 1.76 x lO^ sec-1, 

and a parallel second order polymerization to compounds with an E of 

60.3 kcals/gm. mol, and an Atf 2.63 x lO1^ liter gm. mol.-1 sec-1. The 

rate data in the homogeneous decomposition of acetylene were correlated 

by a first order formation of carbon with an E of 61.9 kcal/gm. mol. and 
an A of 9.70 x 101® sec-1 and a parallel second order polymerization to 

C4 compounds with an E of 44.6 kcal/gm. mol. and an A of 3.19 x 1011 liter ;
*1 «1

gm. mol. sec . All of the rate data were based on mois of Cg.

. iv i
I



The technique developed here for analyzing the kinetic rate 

data gives good results and is generally applicable to all cases where 

a nonuniform temperature distribution is encountered. The overall
I 

correlation for the reactions studied can be used to predict the product 

distribution for any selected reaction conditions.
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I. INTRODUCTION

A. Scope of Research

The main objective of this research is a kinetic study of the 

thermal decomposition of ethane to acetylene. The reaction conditions 

necessary are temperatures of about 1000eC and higher, and residence 

times of the order of 1/100 of a second. The thermal decomposition of 

ethane consists mainly of a series of consecutive reactions proceeding 

through ethylene to acetylene and finally to carbon. A thermodynamic 

equilibrium limitation in the formation of acetylene from ethylene is 

the reason for the high temperature. Hie reactions are very fast at 

these elevated temperatures so that the residence time must be very short 

in order to prevent complete decomposition to carbon and hydrogen. A 

batch kinetic experiment is obviously out of the question for this rapid a 

reaction. The experimental program was carried out using a steady state 

flow system consisting essentially of an electrically heated tubular re­

actor through which the gas passed at high velocity. The gas temperature 

distribution was measured with movable thermocouples.

In a conventional kinetic study the experiments are carried 

out isothermally. The reaction conditions necessary in this study made 

it impossible to even approach an isothermal experiment because of the 

heat transfer rate limitation. Therefore, the apparatus used in this 

work was designed to measure an accurate gas temperature distribution. 

A mathematical technique was developed for analyzing the non-isothermal 

kinetic data for the order of reaction and the rate constants. A digital 

computer was required to obtain solutions to the equations developed 
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since the large amount of computation required would cause hand calcula­

tion to be prohibitively slow. This method of kinetic analysis of data 

obtained with an arbitrary temperature distribution is applicable to all 

kinetic studies and particularly to the case of fast high temperature 

thermal reactions. Previous workers in the literature have been faced 

with the problem of a non-uniform temperature distribution and the usual 

solution has been to estimate some average constant temperature for an 

arbitrary fraction of the reactor. This kind of approximation results 

in considerable scattering of the data.

Experiments carried out such that the whole series of consecu­

tive reactions are occurring together are very difficult to analyze for 

the individual rate constants. Therefore, the thermal decompositions of 

pure ethane, ethylene and acetylene were investigated independently. 

In each of these independent studies the main reaction and the products 

of any significant side reactions were established and the order of re­

action and the rate constants at various temperatures were determined. 

The results on the individual steps of the reaction were then combined 

and an overall kinetic correlation was developed for the complete set 

of reactions. The overall kinetic correlation can now be used to pre­

dict the product dlstatbttticm for any reaction conditions. Some experi­

ments were carried out under conditions where all of the steps occurred 

to significant amounts to check out the predictions of the correlation. 

The correlation was also used to show the variation of product distribu­

tion throughout the course of the overall reaction. Some calculations 

were also made to investigate the effect of various reaction conditions, 

outside the experimental range of this work, on the product distributions.



Some effort was devoted to the consideration of possible mecha­

nisms for the reactions, although this was not a primary objective of 

this work. Previous workers have shown that high temperature thermal 

decomposition of hydrocarbons occurs at least in part by free radical 

mechanisms. Therefore, a few experiments were carried out in which a 

free radical inhibitor was added in various amounts. These data together 

with the rest of the data were considered from the viewpoint of reaction 

mechanism and possible mechanisms are discussed in a speculative manner.

B, Review of Literature

The pertinent literature can be divided into a number of sec­

tions , the first and largest of which is concerned with the kinetic data 

for the thermal decomposition of ethane at relatively low temperatures 

(500*C to 800°C). The next and much smaller section deals with the same 

reaction in the temperature range 800°C to 1100 °C. There has also been 

considerable work devoted to the determination of the mechanism of the 

thermal decomposition reaction of ethane from a free radical point of 

view. The last two sections are quite small and deal with the thermal 

reactions of ethylene and acetylene, mostly at lower temperatures (800°C) 

where polymerization predominates. These sections of the literature are 

reviewed briefly below and any literature data that can be compared di­

rectly with this work are discussed in greater detail in the section on 

experimental results.

The kinetic data on the decomposition of ethane at lower tern- , 
peratures (500°C to 800°C) are contained in the papers of Pease,(53) Frey 

and Smith, (20) Paul and Marek, Sachsse(57) and Steacie and Shane. (^5) 



The work of these authors was reviewed by Steacie and Brooks et 

The agreement between the various workers is good and the data are pre­

sented as first order rate constants for the disappearance of ethane.

The reaction was found to be homogeneous and the main products were ethy­

lene and hydrogen (no acetylene can be produced at these temperatures be­

cause of an equilibrium limitation).

The kinetics of ethane decomposition in the temperature range 

750 °C to 1000°C have been investigated by Eastwood and Potas, Hepp 
et al. (2^) and Kinney and Crowley. ^6) Schutt^S) reviewed these papers 

and compared the data with some commercial scale measurements. This 

higher temperature work agrees reasonably well with the lower temperature 

data but with much more scatter evident which is probably due to the un­

certainty of the temperature. The kinetic correlations were confined to 

first order rate constants for the disappearance of ethane. Some experi­

ments were made by Tropsch and Egloff at temperatures up to 1400 °C 

but only product distributions were obtained. There is some literature 

concerning commercial and pilot plant processes for the high temperature 

pyrolysis of ethane and other saturated hydrocarbons to ethylene and acety­

lene . The significant authors in this field are Farnesworth et al., 
Bogart et al.,(7) Sittig,Bixler and Coberly,^ Hasche,^5) and Akin 

et al.(1) These papers do not contain any kinetic data but only process 

descriptions and product distributions.

There is a considerable literature on the study of the mechanism 
of the thermal decomposition of ethane. Rice and Dooley^6) detected free 

radicals by the lead mirror technique and Eltenton^7,18) detected free 

radicals with a mass spectrometer. Rice and Herzfeld(55) have suggested 
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a free radical mechanism and this work has been the basis for many fur­

ther studies which are reviewed very well by Benson. The literature 

on the mechanisms will be discussed in more detail in section VA of this 

work. It is pointed out that even after many years of study the free 

radical mechanism is still not well enough understood to make quantita­

tive calculations of great accuracy. In a recent piece of work by Snow 
et al. (^1) the most up to date free radical mechanisms and their appro­

priate rate constants were used to try and predict the existing litera­

ture experimental results on ethane pyrolysis to ethylene and hydrogen 

at low to moderate temperatures. In order to obtain agreement the radi­

cal mechanism rate constants had to be changed by a trial and error pro­

cedure .

Die kinetics of the thermal reactions of ethylene have mostly 

been studied at relatively low temperatures where polymerization predomi­

nates over decomposition. This work is contained in the papers of Burk 
et al.,(11) Dahlgren and Douglas,(15) and Molera and Stubbs. (31) They 

found the polymerization reaction to be homogeneous and second orde^r. 
Tropsch et al.(^) obtained some product distribution data at tempera­

tures up to 1400 *C. The thermal decomposition of acetylene at high tem­

peratures is often an explosive reaction as shown in the early work of 
Bone and Coward.(9#10) Pease,(34) Zelinski/49) and Taylor and van Hook06) 

studied the kinetics of the polymerization of acetylene at moderate tem­

peratures and found it to be homogeneous and second order.

A small amount of kinetic data on the thermal decomposition of 

hydrocarbons has been reported recently by workers using shock tubes as 
a means of obtaining high temperatures. Greene et al.(21) and Miller(30) 



have obtained some shock tube kinetic data on ethane and ethylene pyroly 

sis and Aten and Greeneon acetylene pyrolysis.



II. THEORY

A. Introduction

When ethane is subjected to thermal decomposition at elevated 

temperatures the major products are ethylene, acetylene, carbon and 

hydrogen. The work in the literature indicates that the reaction pro­

ceeds through a series of consecutive steps as outlined below.

• Ethane -» Ethylene -» Acetylene -» Carbon -

Hydrogen is formed at each step and there are also some small amounts 

of side reactions. In this kinetic study each step in the series was 

investigated separately as this approach will yield much more informa­

tion than attempting to interpret data resulting from experiments in 

which all of the reactions were occurring. In fact, data resulting from 

all of the reactions occurring together would be almost impossible to 

interpret so as to obtain individual rate constants.

A kinetic study was carried out on each of the steps and the 

conversions were kept low so that the primary reactions of any particular 

step could be studied. The product distributions were determined for 

each step at various amounts of conversion. These data were useful in 

determining which were the primary reactions and which were the second­

ary reactions. The determination of the order of a particular reaction 

and the method of obtaining the kinetic rate parameters from the data 

will be discussed later in this section.

-7-
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B. Reaction Equilibria

C2H6 C2% + Eg (1)

CgHl|. CgHg + Hg (2)

- CgHg 2C + Hg ())

The equilibrium constants for the three reactions shown above 

are plotted against reciprocal temperatures in Figure 1. We can deter­

mine from this figure the temperatures at which the equilibrium yield 

of the products become appreciable. The equilibrium yield of ethylene 

becomes significant in reaction (1) at about 785 C (the equilibrium con­

stant is 1 at this temperature). In reaction (2) the equilibrium yield 

of acetylene reaches a significant value at about 1115 0. The equilibrium 

position for reaction (5) is almost completely on the product side over 

the whole temperature range. The equilibrium yield of the products can 

be increased somewhat by a reduction in pressure (by inert dilution or 

by reducing the total pressure) since the forward reactions result in an 

increase in volume. Therefore, the products could be made at somewhat 

lower temperatures than previously indicated. However, generally speak­

ing, it can be said that temperatures of 1000°C and upwards will be ne­

cessary to produce high acetylene yields. Equilibrium considerations only 

place certain limits on the product distributions. The actual product 

distributions will, of course, depend upon the actual rates of the vari­

ous reactions, the investigation of which is the purpose of this work.

C. Temperature Distribution

The thermodynamics of the system indicate that temperatures in 

the range 800eC to 1000eC and higher are necessary to carry out these
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Figure 1. Equilibrium CoMtante in Atm. - 
(Free Energy Data Ref. (2)).
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reactions. Die rates of these reactions are quite high at these elevated 

temperatures so that the products will be mostly carbon and hydrogen 

unless the residence time is kept very small (residence times are of the 

order of 1/100 of a second). Obviously, a batch kinetic experiment is 

out of the question at this small a residence time, so steady state flow 

kinetic experiments were carried out.

When a kinetic study is carried out it is extremely useful to 

have an isothermal experiment, i.e. temperature profile 1 in Figure 2. 

A set of isothermal experiments at different temperature levels allows 

relatively simple processing of the data to obtain the kinetic rate pa­

rameters [a log (rate constant) versus reciprocal temperature plot can 

be used]. The short residence time required for the reactions under study

Temp.

Distance along Reactor

Figure 2. Schematic Temperature Profiles.
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here gives rise to a temperature profile like number 2 in Figure 2. The 

shape of curve 2 is due to the fact that the heat can only be transferred 

to the gas at a finite rate. The main point of this discussion is that 

a square profile like curve I cannot be obtained or even approached. This 

fact is true for all high temperature fast reactions. Many workers in 

the literature have been faced with this problem and the usual solution 

adopted is to estimate a mean temperature that is applied over an arbi­

trary fraction of the heated section of the apparatus. These approxima­

tions result in considerable scatter of the data especially since the 

shape of the temperature profile is dependent very closely on the flow 

rate (which determines the heat transfer rate) which is changed consid­

erably from run to run during a kinetic study.

In this work no attempt was made to try and approach a square 

temperature profile (i.e. an isothermal experiment). The temperature 

profile was allowed to take whatever shape it wanted to and then the 

actual temperature distribution was measured carefully. The use of this 

experimental data to determine rate constants is now quite difficult since 

the rate constants themselves are functions of temperature. The equations 

and their method of solution to obtain these rate constants are developed 

in the next few sections.

D. Determination of the Order of Reaction 
with an Arbitrary Temperature Distribution

The data taken to study the order of reaction require a simple 

mathematical treatment to deal with the arbitrary temperature profile. 

In an isothermal kinetic study the order of reaction can be found from a 

set of data at constant temperature in which the rate is measured at 
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various concentrations of the reactant. The concentration of the react­

ant can be altered by changing the total pressure or by diluting with 

an inert gas. %e amount of reaction is kept very low so that the con­

centration of the reactant is essentially unchanged and the rate measured 

can be considered as a differential rate. A plot of log (reactant con­

centration) versus log (rate) will result in a straight line the slope of 

which is the order of the reaction. Hie same technique can be used with 

an arbitrary temperature profile provided that the profile remains con­

stant for the set of runs. This will be demonstrated by the following 

derivation.

Suppose an irreversible reaction of the form

A —► Products 

for which the rate equation in a flow reactor is

- -3^- - kCaT tn

where N& is the flow rate of reactant A in gm moles/sec., is 

the reactor volume in liters, n is the order of reaction, k is 

the rate constant in liter ^~^/gm. mole sec., C& the concentra­

tion of reactant in gm. moles/llter.

The rate constant can be expressed by the Arrhenius equation as

k O
where A is the pre-exponential factor with the units of k, E is the 

activation energy in cal/gm. mole, T is the temperature in °K and R 

is the gas constant in cal/gm. mole.
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Substituting in Equation (1)

(?)

. The concentration is related to the mole fraction by the following

expression:

where is the total flow rate in gm moles/sec., P is the pressure in

atmospheres nd % is the mole fraction of A.

Also

Vr ” Q- (5)

where a is the cross-sectional area of the reactor in crn^ and I is length 

along the reactor in cm.

Substituting expression (4) and (5) in Equation (?)

a.ae.
Assuming that the conversion is small so that stays essentially con­

stant, that the pressure is constant and that there is a negligible radi­

al temperature gradient, we can integrate Equation (6) along the length 

of the reactor to obtain the following expression:

_ /.Vn/L - ^RTte)

- Na = (Ma) m— At (7)

Jo Jo ™
where T(/) is the temperature distribution function with respect to re­

actor length, A is the small decrease in moles/sec. of-A, and L is 

the total reactor length in cms



This reduces to

Hie value of the expression inside the square brackets in Equation (8) 

will be a constant provided that the temperature distribution T(/) is 

constant. Taking logarithms of Equation (8), Equation (9) results.

Log ( ANft) — Lo&tvu) •+• LoG-(CohJ^TMJT) (9)

We can see that a plot of log (ZSNA) against log (M&) will result in a 

straight line the slope of which will be the order of reaction n, if 

the temperature distribution for the set of runs is kept constant. A 

similar derivation to this has been presented by Lee and Oliver.(^8)

E. Derivation of the Kinetic Equations for
an Arbitrary Temperature Distribution

We will assume an irreversible homogeneous reaction of the type

A —» B + C

It also is assumed that plug flow is obtained and that there are negli­

gible radial temperature variations. There is, of course, a large varia­

tion in longitudinal temperature distribution T(/) the form of which is 

only known as a set of measured temperatures at known positions.

The rate equation for this reaction is

- " = v cr (i°)



Let the feed rate of A be F gm. moles/sec, the fractional conversion of 

A be x, and the feed rate of inert gas % gm. moles/sec.

Then

N& — en)
and

â Na = — F dx. (12)

Also

° nJ rt

and

dV^ = <x d C.

Where the symbols are as defined in Section IID and the nomenclature.

Substituting (12), (1?), (14), (2) in (10) we obtain

Rearranging Equation (15)

and integrating (16) along the length of the reactor from 0 to L, over 

the temperature distribution T(ü), and from the inlet conversion to 

the outlet conversion xQ we obtain
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The values of a,L are known dimensions of the reactor. Tie experimental 

data from a run will be values of F, Np, P, xQ, and T(z). The tem­

perature distribution will only be known as a set of temperature measure­

ments at known distances along the reactor axis.

F. Solution of the Equations for 
the Kinetic Parameters ,

The rate constant k cannot be solved for directly from the data 

obtained in this work since it is temperature dependent and the data are 

obtained in a non-isothermal system. However, the more basic kinetic 

parameters, pre-exponential factor A and the activation energy E can be 

solved for. The mathematical problem is to solve Equation (17) for A and 

E. The order of reaction n is determined experimentally from a separate 

set of data by the method developed in Section IID so that n will have a 

numerical value. __ -

Rearranging Equation (17) we obtain

Since the temperature distribution T(^) is only known graphically, the 

integral containing it will have to be evaluated numerically. The numeri­

cal integrations are carried out using Simpson's rule. The data obtained 

from one experiment are insufficient to solve Equation (18) since an in­

finite number of values of the two parameters A and E would satisfy the 
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equation. Unique values of A and E can only be obtained from Equation 

(18) by taking the data from two separate experiments (with different 

experimental conditions) and solving simultaneously.

I^t the data from the two different experiments be denoted by 

subscripts 1 and 2 respectively. Then substituting each of the sets of 

data into Equation (18) we obtain the following two equations

(20)

We can now set about solving Equations (19) and (20) simultaneously to 

obtain values of E and A.

The method of solution used is to assume values of E and cal­

culate values of A from Equations (19) and (20) the integrals being 

evaluated numerically. The solution is obtained when for a chosen value 

of E the values of A computed from (19) and (20) are identical. These 

calculations represent considerable computational labor which would re­

sult in the method being prohibitively time consuming if carried out by 

hand. The calculations were however, readily handled with the aid of a 
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digital computer so they wereprogremeed for an IBM 704 digital computer. 

The flow diagram for the calculation upon which the program is based is 

contained in Appendix VII, The input for the computer program is the 

experimental data for a pair of runs and a set of values of E that brack­

ets the solution. The output from the computer is two sets of A values 

corresponding to the set of E values chosen. If these E and A values 

are plotted it would look like Figure 5 below:

Data Set 2

Figure J. Solution for Kinetic.Parameters.

The intersection of the two lines represents the solution for E and A.

It is found that the logarithm of A is practically a linear function of 

E so that linear interpolation from the four points bracketing the inter­

section is quite accurate.
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A sample calculation using actual experimental data is contained. 

In Appendix IV. The technique developed here enables one to calculate 

B and A values from any pair of experiments. This method of calculation 

is quite sensitive to the accuracy of the data so that fairly small 

experimental errors product large variations in the E and A values. The 

next section will develop a method of smoothing the data and will show 

why the method of calculation is so sensitive.

G. Calculation of Rate Constants 
and Smoothing of the Data

Now that we have computed* the E and A values from the data from 

a pair of experiments, we can go back and calculate rate constants from 

the Arrhenius expression

k - A «7^ ten

The temperatures that are used in Equation (21) are the maximum tempera­

tures of the temperature profiles for the pair of experiments. No error 

at all is introduced or assumption made here in selecting the maximum 

temperature to use in Equation (21) since the rate constant calculated 

is then plotted against this temperature.

If a number of experiments are carried out at different tempera­

tures, we can obtain solutions for each pair of experiments. In this way 

we can build up the usual log (rate constant) versus reciprocal tempera­

ture plot (see Figure 4). it is important to note that this plot has 

been obtained without the requisite of an isothermal experiment. The 

sensitivity of the calculation of E and A to experimental error is illus­

trated in Figure 4. The E values (the slopes) and the A values (the



intercepts) can be seen to differ quite markedly depending on which pair 

of points are selected for the solution. Howéver, the dotted line is a

Figure 4. Data Smoothing (Fictitious Points).

fair representation of the data so that the In k versus 1/T plot is seen 

to be a convenient way of smoothing the data.
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III. APPARATUS AND EXPERIMENTAL TECHNIQUE

A. Description of Apparatus .

A diagram of the apparatus is shown in Figure 5« The gases 

used in this study were obtained in cylinders from the Matheson Company, 

Inc. The ethylene and acetylene were 99.5 mol % purity, the ethane 

97.0 mol $ purity and the nitrogen 99*996^ purity (8 p pm oxygen). More 

detailed analyses of the feed gases are contained in Table II. The 

gases were supplied from the cylinders at a steady pressure of 10 to^ 20 

p.s.i. by Bhtheson No. 1 single stage regulators. The gas flowed through­

out the system in 1/4 or 3/8 in. copper tubing with brass compression 

fittings. The flow rates of the various gases used were controlled manu­

ally with 1/8 in. needle valves and were measured with various sizes of 

rotameters (Matheson Universal Flowmeters). The gases then passed into 

the ceramic reactor which was contained inside the furnace. %mperatures 

were measured with Cha nnel P-Alumel thermocouples and pressures were meas­

ured with mercury or water filled manometers. A sample of the gas stream 

was taken as it left the reactor. A vacuum pump was connected to the 

sample system to facilitate air removal from the sample bulbs. The gas 

then passed through a wet test meter which measured the volumetric rate 

and then out through a vent.

The details of the furnace are shown in Figure 6. The alundum 

muffle was obtained from the Norton Company and was 1-1/2 in. bore with 

1/4 in. walls of type RA 1)9 material. The platinum wire for the wind­

ing was obtained from the Baker Platinum Division of Engelhard Industries, 

Inc. and was 0.020 in. in diameter and 50 ft. long. The furnace was
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designed to operate up to 1600°C and the watt density on the winding at 

1500 watts power input was 40 watts/sq.cm. The winding was all in one 

piece and the turns were placed closer together at the ends to compen­

sate for the large end heat losses. The actual spacings were (starting 

from one end) 1 in. at 8 turns/in., 1 in. at 6 turns/in., 4 in. at 4 

turns/in., 10 In. at J turns/ln., 4 in. at 4 turns/in., 1 in. at 6 

turns/in., 1 in. at 8 turns/in. Double lead in wires for the power 

supply were used to prevent overheating in the passage through the in­

sulation . The platinum winding was cemented to the muffle with Norton 

RA 1159 cement. Norton Bubble Type alumina was used as the high tem­

perature insulation close to the muffle, and was poured in loosely. 

Johns Manville Superex (a silica type insulation) blocks were used for 

the lower temperature insulation. The whole furnace was contained in 

a light sheet steel rectangular box. Transite boards (1/2 in. thick) 

were bolted onto both ends of the sheet steel container to center and 

support the muffle and to contain the loose insulation.

Three different reactors were used in the course of the ex­

periments. The first of these reactors is illustrated in Figure 7 and 

was a 5/4 in. I.D. packed reactor. The other two reactors were concen­

tric tube type reactors as shown in Figure 8. The packed reactor was 

the initial design and the purpose of the packing was to prevent radia­

tion from the reactor wall affecting the center thermocouple reading. 

This ensures that the center thermocouple is reading the true gas tem­

perature at that point. A second thermocouple sheath was placed between 

the reactor and the muffle. However, this design of reactor was found . 

to be limited in its use since its pressure drop became too high as the
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Figure 7. Constructional Details of the Packed Reactor (No. 1)
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flow rate increased, so that the concentric tube type reactor was con­

structed. The great gas velocity through the narrow annulus in this 

reactor ensured that the center thermocouple read the true gas tempera­

ture (this is discussed further in Section IVA(iv)). The reactors and 

thermocouple sheaths were made from Vitreous Refractory Mullite (type 

MV JO) obtained from the McDanel Refractory Porcelain Company. Die 

seals were made on each end with rubber O-rings. Die top seal on the 

packed reactor was water cooled and the bottom seals were cooled by an 

air blast. Die cooling of the seals was to lessen the heat deteriora­

tion of the rubber O-rings. The thermocouples were made from 26 gauge 

Chromel P-Alumel wires and could be moved up and down inside the thermo­

couple sheath (see Figure 9). A scale was mounted vertically so that 

the position of the thermocouple in the sheath could be determined pre­

cisely.

B. Experimental Technique

About 5 or 6 hours were required to heat the furnace up to 

operating temperature as heating rate was limited to 5 °C per minute to 

prevent thermal shock damage to the alundum muffle. The feed rates of 

the various gases were observed with the rotameters and were controlled 

manually with the needle valves. Die temperature was controlled manually 

with the variable voltage transformer. A sample bulb was inserted in 

the exit line and the air pumped out of it with the vacuum pump. When 

the system had reached steady state a gas sample was obtained by divert­

ing the exit gas stream into the sample bulb by closing the bypass line. 

At that time a temperature profile was obtained as quickly as possible
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along the length of the reactor. The inlet and exit manometers were read, 

and the volume of gas passing out through the wet test meter was re­

corded for a measured time. The temperature and pressure in the wet test 

meter were noted and the atmospheric pressure was read and recorded.

The experimental conditions were then changed to the next set of desired 

values and the system was allowed to come to steady state again (which 

would take from 1/2 hour to 1-1/2 hours). Air was passed through the hot 

reactor after each series of runs to burn off any carbon deposited during 

the reaction.

C. Chemical Analysis

The analyses of the gas samples were carried out on a mass 

spectrometer (Consolidated Engineering Corporation Type 21-105B). The 

carbon analysis was obtained by material balance. The mass spectrometer 

is a comparative instrument in that a quantitative analysis of a mixture 

can only be obtained by comparing the sample cracking pattern with those 

for the pure components in the mixture. The cracking pattern is the re­

lative amounts of ion fragments at each mass to charge ratio resulting 

from electron bombardment of the sample. If a pure sample of a compound 

in the mixture is not available, then a comparison can be made with pub­

lished cracking patterns(3), although this is less accurate because 

patterns change slightly from machine to machine. In this work pure 

samples were available for most of the components (C2H£, C2H4, C2H2, C%, 

Hq, N2, C5H6, C^Hq, C6H6, 1-5 0^%) of the mixtures so that reference was 

only made to the literature patterns in the case of some minor components 

^5%* C^B^, C]|Hg, C^Hg).
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A difficulty arises when a component has a number of possible 

structures for the same chemical formula because the cracking patterns 

are quite similar. If considerable amounts of one of these components 

are present in a mixture, it can usually be identified but if it is 

only present in small quantities, identification of the structure is 

practically impossible. The difficulty is increased if the compound 

is also one for which a pure sample is not available. Most of the com­

ponents of the mixtures analyzed in this work only have one possible 

structure. The major product has three possible structures 1-3, 

1-2 butadiene and butadlyne but was present in large enough amounts to 

allow positive identification with the mass spectrometer as 1-3 butadiene. 

The other components with alternative structures were, methylacety­

lene or allene, vinylacetylene or butatriene, and cyclopentadiene

or a penten-yne. These possibilities are discussed further in the sec­

tions on product distributions.

D. Experimental Program

Œhe overall reaction was broken down into three steps for the 

purposes of experimentation, namely the thermal decompositions of ethane, 

ethylene and acetylene. Sets of runs were carried out for each of the 

compounds to determine the product distribution, the orders of the re­

actions and the kinetic rate constants.

The product distributions were determined at various conversions 

with the temperature profile held constant. The purpose of these runs 

was to show the origin and order of appearance of the various products 

formed. The orders of reaction were studied by a series of runs in which 
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the concentration of the reacting component was varied by nitrogen dilu­

tion whilst keeping the temperature profile constant. The kinetic rate 

constants were investigated with a series of runs at spaced temperature 

intervals with the flow adjusted to give the desired conversion. In all 

of the runs the amount of reaction was kept reasonably low so that the 

initial reactions in each case would predominate over the secondary re­

actions of the products. The conversions were not usually much below 

10^ since the accuracy of the chemical analysis would be lessened at this 

conversion. The conversions were as high as 60% - 70% in some of the 

higher temperature runs since the limitations of the equipment would not 

permit a high enough flow rate to reduce the residence time sufficiently.

Some data were also obtained at high conversions using ethane 

feed and producing ethylene, acetylene and carbon as well as other side 

products. These runs were used to check out the overall correlation re­

sulting from the combination of the data on the individual steps. Some 

data were also obtained on the effect of addition of propylene which acts 

as a free radical chain inhibitor.



IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Thermal Decomposition of Ethane

(1) Product Distribution

A set of runs (Nos. 80, 81, 8), 84) was carried out at approxi­

mately the same temperature in which the product distributions were 

measured at various levels of conversion. The amount of conversion was 

varied by changing the flow rate which alters the residence time. The 

temperature need not be controlled or measured precisely for these runs 

since the product distribution is not affected very much by moderate 

variations in temperature. Table II contains the raw data and Table VI 

the conversions and product distributions (expressed as moles formed per 

100 moles of ethane reacted) computed from the raw data. The product 

distributions are plotted against the conversion in Figure 10 and this 

plot is studied to determine the primary stable molecular species that 

result from the thermal decomposition. The primary products are those 

products that appear in significant amounts at low conversions and the 

secondary products are those that appear only after considerable con­

version has taken place.

It can be seen from Figure 10 that ethylene and hydrogen to­

gether with lesser amounts of methane and a small quantity of propane 

are primary molecular products. The only secondary product to occur is 

1-3 butadiene (C^Hg) which appears only in small amounts at the highest 

conversion. The propylene shown in the analysis is not a reaction pro­

duct but is an impurity present in the ethane feed. Previous workers > 
24,48) in the literature have found the same products as were detected 

in this work.

-32-
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(11) Order of Reaction

This set of runs (Nos. 4$ - 53) was undertaken to determine 

the order of reaction for the formation of the primary molecular pro­

ducts with respect to the ethane concentration. The experiments were 

conducted at constant temperature profile and the mole fraction of 

ethane was varied with nitrogen dilution. The total, flow rate was kept 

constant for all of the runs so that the temperature profile would not 

be disturbed. The conversions were kept to a low value so that a dif­

ferential rate measurement was obtained and also so that the mole 

fraction of ethane was not changed significantly. The raw data are con­

tained in Table UE and the calculated rates and mole fractions are to be 

found in Table VII. The logarithm of the rate is plotted against the 

logarithm of the mole fraction (arithmetic mean of inlet and outlet 

values) of ethane in Figure 11 the slope of which represents the order 

of reaction (the validity of this is shown in Section IID).

The disappearance of ethane and the formation of ethylene and 

methane are seen to be first order in ethane concentration. This is in 
agreement with the previous work of Pease ^3) and Frey and Smith ^0) at 

600°C and Calderbank and Hovnanian^^) at 800°C who showed that the dis­

appearance of ethane was first order. The last named authors also showed- 

that the formation of methane was first order in ethane concentration.

(iii) Rate Constants

Now that we have established that the significant primary mole­

cular products are ethylene and methane (together with the attendant 

hydrogen in quantities that fulfill the material balance) and that the
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reactions are first order in ethane concentration, we can set about deter­

mining the rate constants. A number of experiments (Nos. 18, 19» 21, 22, 

41 - 46, 128, 129) were carried out each with a different temperature 

profile in order to obtain the rate constants. A typical temperature 

profile is shown in Figure 12. The conversions were kept fairly low so 

that the primary reactions would predominate and this was achieved by re­

ducing the residence time (by increasing the flow rate) as the tempera­

ture was raised. Nitrogen dilution was used to reduce the effect of re­

verse reaction (some calculations showing the reverse reaction to be 

negligible are in Appendix VI) and to lower the conversion. The raw data 

for these runs are presented in Table IV. The method of calculation of 

the rate constants from these data obtained with a nonuniform temperature 

distribution has been developed in Section II of this work. A sample 

calculation showing all of the numerical details is contained in Appendix 

IV. It is recalled that values of the activation energy and the pre­

exponential factor of the Arrhenius rate equation are computed from pairs 

of data points. These kinetic constants are then used with the maximum 

temperature for a run to compute a value of the rate constant at that 

temperature. The assumptions used in the derivation were irreversible 

homogeneous reaction, negligible radial temperature gradient and plug 

flow. Table VUycontains the first order rate constants for the disappear­

ance of ethane and these are plotted versus reciprocal temperature in 

Figure 1).

The rate constants were determined from pairs of runs (indi­

cated in Table fn^) which were adjacent in temperature. It is apparent 

that very many pairs of points could be selected from a set of runs (Nos.
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18, 19, 21, 22) and the values of the rate constants compared. The re­

sults are contained in Tahbe VU and are plotted in Figure 14 which shows 

that there is very close agreement between the different solutions. 

Therefore, in the rest of this study only adjacent pairs of points are 

used to calculate the rate constants.

The presentation of the rate data as first order rate constants 

for the disappearance of ethane is a simplification as we have~seen that 

there are two parallel reactions forming ethylene and methane. The cal­

culation method has to be modified a little to enable the rate constants 

for the two reactions to be evaluated. These modifications are explained 

in detail in Appendix V. The rate constants for the first order forma­

tion of ethylene and methane are contained in Table VIU and are plotted 

against reciprocal temperature in Figure 15.

The majority of the literature data are presented as first order 

rate constants for the disappearance of ethane. The results of a number 

of workers (including some shock tube work) are plotted in Figure 16 and 

are found to compare well with the results of this work. The data of 

this work show less scatter than the literature data especially at higher 

temperatures and this is attributed to the careful measurement of the 

temperature profile and its proper consideration in the calculations. A 

definite downward curvature of the rate constants plot is exhibited by 

the results of this work. The literature data do not disagree with this 

curvature although the curvature is not apparent from the literature data 

alone because of the large amount of scatter. The curvature apparently 

indicates a decreasing activation energy but this is found not to be the 

explanation. In a later section of this work the curvature is shown to
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be a result of inhibition of the rate by secondary products of the reaction 

which are formed at higher" temperatures. One previous piece of work by 
Calderbankj and Hovnanain^^) contained some rate constant values for the 

first order formation of methane which agree well with this work.

In the temperature range 730 °C to 900 °C for this work the first 

order rate constants for ethane disappearance (and ethylene formation) 

show an activation energy of 82.4 k cals/gm. mole. Above 900°C the re­

action becomes inhibited by reaction products (the empirical representa­

tion of the data in this region is developed further in Section VIA). 

This value of the activation energy is a little higher than that found by 

the previous workers whose values lie between 66 and 75 k cals/gm. mole. 

Over the whole temperature range studied in this work (730°C to 1160°C) 

the first order rate constants for methane formation show an activation 

energy of 66.9 k cals/gm. mole which agrees quite well with the value of 

64.4 k cals/gm, mole reported by Calderbank.^^)

Various workers have shown that the reaction is homogeneous,^?A3) 

however, this was checked with a few runs carried out in a reactor (No. 3) 

which had a different surface to volume ratio. These points are plotted 

on Figure 13 and are seen to be coincident with the data in No. 2 reactor, 

which indicates that the reaction is homogeneous.

(iv) Temperature Distribution

The problems that will be considered here are firstly, do the 

thermocouples in the various reactors read the true gas temperature and 

secondly, can the radial temperature gradients be considered negligible. 

Figure 17 contains radial sections through the various reactors used
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showing the location of the thermocouples. The first reactor used in 

the experimental work was No. 1 and it was designed to contain refrac­

tory packing which would shield the center thermocouple from radiation 

from the hot reactor wall. The gas velocity through the packing in 

reactor No. 1 is quite high so that the packing and the gas will be 

close to thermal equilibrium. The center thermocouple in reactor No. 1 

is considered then to measure the true gas temperature at the center of 

the reactor. A second thermocouple was placed alongside the reactor 

wall in the annulus between the reactor and the furnace muffle. The 

purpose of this thermocouple was to measure the wall temperature of the 

reactor, however, it can be seen that this thermocouple will read a tem­

perature greater than the desired wall temperature because of the radia­

tion from the hot furnace muffle (there is no radiation shield for this 

thermocouple or gas flow to reduce the radiation error). Runs 18, 19, 

21 and 22 were carried out in reactor No. 1 and both the center tempera­

ture (Tc) and _the wall temperature (Tw) profiles were measured (see 

Table IV). Then the rate constants were calculated using in one case 

the center temperature and in the other case the radial distribution. A 

linear radial distribution is assumed between Tw and Te and some calcu­

lations contained in Appendix III show that the correct mean temperature 

to use in the calculations is Tc + 0.75 (Tw - Tc). The values of the 

rate constants for the two cases are contained in Table Till and are plotted 

versus reciprocal tengoerature in Figure 18. It is seen that the differ­

ence in the rate constants is quite small and it la pointed out that this 

difference is greater than the maximum possible error since it is known 

that the wall thermocouple will be reading greater than the true wall
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temperature, and the assumption of linear temperature distribution is 

an unfavorable one. It is concluded then that the radial temperature 

distribution is negligible in reactor No. 1 so that the center tempera­

ture can be used in the calculations of rate constants «

Reactor No. 1 was found to be unsuitable for the higher tem­

perature experiments since a pressure drop limitation would not allow 

high enough flow rates to give the low residence times required. There­

fore, reactors No. 2 and No. 3 were built and used for the higher tem­

perature experiments. These two reactors are similar in design and are 

just simple annular spaces between two tubes with the center tube act­

ing as the single thermocouple sheath. Ihese annular reactors are of 

much smaller diameter than the packed reactor so that they have a higher 

gas velocity and a lower mass flow rate. These last two factors both 

will reduce the radial temperature gradients below that experienced in 

the packed reactor so that we can safely say that the radial temperature 

gradient is negligible with respect to its effect on the computed values 

of the rate constants. These annular reactors do not have any radiation 

shielding between the reactor wall and the center thermocouple sheath so 

that the question arises of whether the center thermocouple is reading 

the true gas temperature. The gas velocity through the annulus is very 

high ( of the order hundreds of feet per second) and this will reduce 

the radiation error. Some experiments were carried out in the annular 

reactor within the same temperature range as the previous experiments in 

the packed reactor and the values of the rate constants were coincident 

(see Figure 13). Since we have already established that in the packed
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reactor the true gas temperature is measured, we can conclude that the 

center thermocouple measures the true gas temperature in the annular 

reactors.

B. Thermal Decomposition of Ethylene

(i) Product Distribution

The product distribution runs (Nos. 86-89, 126) were carried 

out in a similar fashion to those for ethane. %e raw data is contained 

in Table II, the results in Table VI and the product distribution is 

plotted against conversion in Figure 19. Figure 19 shows the major pri­

mary molecular products to be acetylene, hydrogen and 1-5 butadiene and 

the major secondary products to be C^H^, benzene, methane and carbon. 

Propane, propylene, ethane, and are also formed in small

amounts. The C4H4 is thought to be vinylacetylene as a structure contain­

ing three double bonds seems unlikely, and the C4.H2 can only be di­

acetylene. The could be either propadiene or methyl acetylene and 

the structure of the 0^% is not known.

Previous workers have studied the product distribution in this 

reaction although mostly at lower temperatures where polymerization pre­

dominates . Burk et al. found the primary products to be butene 

(C^Hg), acetylene and hydrogen at 625 °C. Dahlgren and Douglasfound 

propylene, butene, butadiene and ethane as primary products at 480*C to 

580°C. The results of this work agree with the literature results ex­

cept for the product butene which was not detected at all in this work. 

In the kinetic study carried out in this work the primary products are 

considered to be acetylene, hydrogen and 1-5 butadiene.
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(11) Order of Reaction

The orders of reaction for the formation of the primary pro­

ducts from ethylene decomposition were determined in the same way as 

for ethane. The raw data (Runs 54 - 58) are found in Table III, the_ com­

puted results in Table VII and the rates are plotted versus mole frac­

tion in Figure 20. The polymerization products included C^Hg, 

^5% and ^6%' The acetylene formation is seen to be first order and 

the polymerization rate second order with respect to ethylene concen­

tration. The literature data are mostly at lower temperatures where 

polymerization predominates and a homogeneous second order reaction is 
reported. ^3,31)

(111) Rate Constants

The raw data are contained in Table IV (Runs 24, 67, 68, 47, 

48, 99 - 101) and the results in Table VHI. Figure 21 shows a plot of the 

first order rate constants for ethylene disappearance, however, this is 

a simplification of the reaction since there are actually two reactions 

occurring in parallel. Some data were obtained on reactor No. 3 which 

has a different surface to volume ratio and these also are plotted on 

Figure 21. The data from the two reactors are coincident so that this 

agrees with already reported fact (^3) that the reaction is homogeneous. 

Using a modification (see Appendix V) to the calculation method developed 

in Section II, the rate constants for the first order decomposition and 

the second order polymerization are calculated, listed in.Table VIII, and 
v’ ■ 

plotted versus reciprocal temperature in Figures 22 and 23. There is 

very little literature kinetic data in the temperature range of this work
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with which to compare the data. Miller^0) and Greene(21) have some 

shock tube data which is based on a first order decomposition and their 

data are compared with this work in Figure 24 and the shock tube data 

is seen to have a lower activation energy although the rate constant 

values agree around 116o°C.

In the temperature range 875 °C to 1200°C the activation energy 

for first order acetylene formation from ethylene is found to be 76.2 

kcal/gm. mole and for second order polymerization of ethylene 60.3 

kcal/gm. mole. Molera and Stubbs(51) around 700 °C reported 75 kcal/gm. 

mole for the first order decomposition and 35 kcal/gm. mole for the poly­
merization. Other work is reported in Steacie(^) at lower temperatures 

(600°C - 700°C) and the activation energy values for second order poly­

merization are around 40 kcal/gm. mole.

0. Thermal Decomposition of Acetylene

(1) Product Distribution

The raw data are contained in Table II (Runs 115, 78, 127) the 

results in Table VI and the product distribution is plotted versus con­

version in Figure 25. The primary molecular products are seen to be 

carbon, hydrogen and together with benzene as the only secondary 

product of any magnitude. Small amounts of methane ethylene, di­

acetylene (C^Hg) and were also detected. The C4H4 is thought to 

be vinylacetylene and the methylacetylene since the starting mate­

rial was acetylene.
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(11) Order of Reaction

These data (Runs 112 - 115) are contained in Table V, the re­

sults in Table VII and the rates of reaction are plotted against acety­

lene concentration in Figure 26. The amount of carbon formed was calcu­

lated by material balance. The carbon formation is found to be first 

order and the polymerization second order (actually, slope is 1.5 but 

second order is assumed) with respect to the acetylene. Considerable 

nitrogen dilution was used to prevent detonation of the acetylene. The 

polymerization products include C^, and C^- Steacle^) re­

ported on the small amount of literature data on acetylene decomposition 

and the order is usually found to be two > although the data reported is 

at much lower temperatures than this work so that polymerization pre­

dominates .

(ill) Rate Constants

The raw data (Runs 110 - 112, 116, 117 and 102 - 104) are con­

tained in Table IV, the results in Table VEH, and the first order rate 

constants for the disappearance of acetylene are plotted in Figure 27. 

These data are seen to scatter a little more and this is probably due 

to the fact that the carbon formed has to be determined indirectly by 

material balance. Data from reactors 2 and 5 (different s/v ratios) 

are shown. in Figure 27 to be coincident (within the experimental error) 

which shows the reaction to be homogeneous as already reported by 
Zelinskl^9) The rate constants for the formation of carbon and polymer
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are contained in Mie VJH and are plotted in Figures 28 and 29. In the 

temperature range 900 °C to 1150 °C the activation energy for first order 

formation of carbon from acetylene is 61.9 kcal/gm. mol and for second 

order polymerization of acetylene is 44.6 kcal/gm. mol. The literature 
rate data^ ) on the decomposition of acetylene are rather sparse, are 

mostly at lower temperatures and are correlated with a second order model 

for which activation energies between 50 and 40 kcal/gm. mol are reported 

Aten and Greenefor their shock tube work reported a second order de­

composition with an activation energy of 29 kcal/gm. mol.

D" Inhibition of Thermal Decomposition

(1) Propylene Inhibition

Previous workers(36,17,18) have shown that the thermal decom­

position of ethane occurs at least in part by a free radical process. 

Propylene and nitric oxide are compounds that react readily with free 

radical species and have been used in various studies (^^^ %o study 

the reaction mechanism.

A set of experiments (Buns 70-74) was carried out at a con­

stant temperature profile with varying additions of propylene. The con­

versions were kept low so that a differential rate could be measured. 

The raw data are contained in Table V and the rates of formation of the 

products calculated from the raw data are presented in Table IX. The 

rates are plotted against the fraction of propylene present in the feed 

in Figure 50. It is seen that the rate of ethylene formation is markedly 

reduced by small quantities of propylene which is indicative of a chain 

reaction. It is noted that the methane and propane rates are unaffected
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by the propylene addition. A possible explanation can be advanced now 

as to why the rate constants for ethylene formation (Figure 15) and 

ethane disappearance (Figure 15) fall off at high temperatures and is 

that the reaction products at higher temperatures inhibit the reaction 

rate. The product distribution data for ethylene show that a small 

amount of propylene is formed as the ethylene decomposes so that this 

will cause some inhibition of the rate. The reaction products from 

ethane obtained at the higher temperatures of this work were then tested 

to determine their inhibition effect on the rate (these experiments are 

described in Section IVD(il)).

The effect of propylene addition was also investigated for 

the thermal decomposition of ethylene, the results of which are con­

tained in Tables V and IX (Runs 90 - 94). The rates of reaction are 

plotted against propylene fraction in Figure Jl. There does not seem 

to be much inhibition effect but the data is somewhat inconclusive due 

to the fact that the propylene itself decomposes at the temperature of 

these experiments (see Run No. 95).

(11) Inhibition of Ethane Decomposition 
by Reaction Products

The various reaction products were added in turn to ethane to 

see if they could inhibit the reaction rate. The data are contained in 

Tables V and IX (Runs 119 - 125), and they show that butadiene (C^H^) 

is quite a strong inhibitor whereas ethylene, acetylene, hydrogen do not 

inhibit the reaction at all. The effect of butadiene as an inhibitor is 

shown in Figure )2 and is noted that the methane and propane rates are 

not affected as was the case with propylene addition. It is concluded
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then that the curvatures of the plots in Figures 15 and 15 are due to 

inhibition by the reaction products butadiene and propylene. These in­

hibition experiments are discussed further in the next section on re­

action mechanism.



V. REACTION MECHANISMS

A. Review of Literature on Reaction Mechanisms

There has been a tremendous amount of work carried out to de­

termine the reaction mechanism of the thermal decomposition of saturated 

hydrocarbons, especially ethane, and this literature has been very well 

reviewed in four recent books by Steacie, 1954,Brooks et al., 1955^°) 

Semenov, 1959/^9) and Benson, 1960,(5) and the following discussion is 

based upon these works. The following brief review is almost exclusively 

limited to the thermal decomposition of ethane. A number of early workers 

were able to show the existence of free radicals in the decomposition of 
ethane. Rice and Herzfeld(^5) proposed a free radical chain mechanism 

in 1934 and this type of mechanism has been widely accepted and used as 

a basis for a large amount of later work.

A simplified form of the Rice-Herzfeld mechanism for ethane 

decomposition will be-presented and discussed now. The ethane molecule 

splits at the weakest link (the carbon bond) to form two CH^ readicals. 

These radicals then attack the ethane to form the CgH^ radicals. A free 

radical chain is set up which produces the bulk of the products and this 

chain reaction is terminated by some reaction which removes radicals. 

The following set of equations gives a qualitative picture of the me­

chanisms .

C2% —» 2 CHj
Radical initiation

_ CHj + C2H6 —C2H5 + CH^

-69-
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C2H5 —► C2H4 + H 

+ H —> CgH^ + Hg
Chain reaction

C2H5 + H

CH; + C2H)

C2«6

0)%
Chain termination

Using the steady state assumption for the free radicals, the 

rate of disappearance of ethane can be solved for in terms of the rate 

constants for the individual reactions and the concentration of ethane 

and is found to be approximately first order in ethane, which agrees 

with experiment. The activation energy for the overall reaction is 

shown to be less than the value for the primary split into radicals 

which is also in agreement with experiment. The difference, however, 

is fairly small since the overall activation energy is dominated by the 

primary radical split because the reactions between a radical and a 

molecule have a very small activation energy and radical radical reactions have 

almost zero activation energy. The rate of reaction, however, can be 

quite high if the chain length is long. (The chain length is defined 

as the rate of chain reaction divided by the rate of radical initiation). 

The very powerful inhibition effects exhibited by nitric oxide and pro­

pylene are explained by removal of the chain carrying radicals which re­

duces the chain length (i.e. the reaction rate). The actual mechanism 

of radical removal by these two inhibitors is not very well understood. 

Addition of large amounts of inhibitor does not reduce the rate to zero 

and there has been much controversy over whether the residual mechanism 

is free radical or molecular in nature. Some recent work using isotopic 

mixing has established that the residual reaction is free radical in
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nature. This type of mechanism can explain in a qualitative manner all 

of the observed experimental facts but the prediction of quantitative ’

rates of reaction from data on the individual steps of the mechanism is 

not yet possible. A recent piece of work by Snow et al/2*1) tried to 

predict the literature experimental data using a more complex form of 

the Rice Herzfeld mechanisms and the latest experimental data on the 

individual mechanism steps. Quantitative agreement could only be obtained 

by empirically changing some of the rate constants for the individual 

radical steps.

In spite of the disappointing quantitative results from the 

Rice-Herzfeld type mechanisms, there is no doubt that these mechanisms 

are correct in principle and that the discrepancies probably arise be­

cause of a lack of good data on the individual radical reactions and 

oversimplification of the reaction mechanism scheme.

The nature of reaction mechanisms in the decomposition of ethy­

lene and acetylene have not been studied very well and the little work 

that has been done is reviewed by Steacie. W The mechanisms proposed ’

are quite speculative and there is considerable doubt as to whether the 

mechanism is free radical or molecular in nature.

B- Ethane Decomposition Reaction Mechanism j

The purpose of this discussion is to qualitatively show that ■

the experimental facts in this work are consistent with the current free ?

radical mechanisms proposed in the literature rather than to try and I

deduce any new facts concerning the mechanism on the basis of these ex- ?

pertinents. This approach is taken here since it is not the objective I 
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of this study to investigate mechanisms nor is the experimental techni­

que suitable to do so. Nevertheless, this discussion proves illuminat­

ing especially with regard to the inhibition experiments.

The primary stable molecular products are found to be ethy­

lene, hydrogen, methane and propane. The ethylene and hydrogen are, of 

course, the obvious products, but the methane and propane are not. A 

Rice-Herzfeld type mechanism, as outlined in the previous section, shows 

that methane can be formed by the attack of a methyl radical on an ethane 

molecule, and that propane can result from a chain termination reaction 

between two radicals. The activation energy for the decomposition 

70 kcal/gm. molej this is the true value discussed later on in this sec­

tion and not the apparent value that is used in the kinetic correlation) 

is seen to be fairly close to but less than the bond dissociation energy 

(see Table X for approximate values) for the splitting of ethane into 

two methyl radicals. This fact is also consistent with the predictions 

of the Rice-Herzfeld mechanisms. The Rice-Herzfeld mechanisms can be 

shown to lead to first order kinetics (an experimental fact) by making 

certain assumptions about the radical termination reactions.

The experiments carried out with propylene inhibition are sig­

nificant as the marked reduction in reaction rate by small additions of 

propylene is indicative of a chain reaction. The rates of formation of 

the products are plotted against propylene fraction in the feed in Figure 

30. It is noted that the ethylene rate is very rapidly reduced whereas 

the methane rate is unaffected. The ethylene rate is seen to approach 

a limiting rate as the propylene concentration increases which is almost 

the same as the constant methane rate. The propylene inhibition can be 



explained if the propylene reacts with the chain carrying radicals (H 

and CgH^). The methane rate remains unaffected so that this means that 

the radical initiation steps (which produce the methane) are unaffected 

by the propylene. The residual rate at full inhibition is then proba­

bly due to the radical initiation reactions. The chain length of the 

reaction is defined as the rate due to chain reaction divided by the 

rate of radical initiation and we can see that this is equivalent to 

the rate of ethylene formation divided by the rate of methane formation. 

The chain length is then computed on this basis and plotted against the 

propylene fraction in the ethane feed (Figure 53). The chain length is 

seen to vary from 24 down to 1.5 as the propylene amount is increased 

with the most rapid decrease occurring at low fractions of propylene. 

The upper limit of 24 is due to the normal chain termination reactions 

of the uninhibited reaction. The inhibition of ethane decomposition by 
nitric oxide has been investigated by Staveley(^) and Hinshelwood and 

Hobbs ^5) and they found chain lengths ranging from 4 to 21. Dinstes 

et al.(15) showed that propylene inhibited ethane decomposition but no 

chain lengths were reported. A weakness of the Rice-Herzfeld mechanisms 

is that they predict a very much greater chain length than is found ex­

perimentally.

The curvature of the rate constants plot for ethane disappear­

ance and ethylene formation can now be explained on the basis of varying 

chain length. The chain length is simply represented by the ratio of 

the ethylene formation rate constant to the methane formation rate con­

stant and the values of the chain length are shown in Figure J4. The 

chain lengths are never as high as 24 since there is a small impurity of
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propylene in the ethane feed used which limits the maximum possible 

chain length to about 13 which is the value at the lower temperatures 

in Figure As the temperature is raised the chain length increases 

at first and then drops rapidly. The rapid drop is explained by the 

fact that at these higher temperatures considerable amounts of the se­

condary product butadiene are formed which was found to be an inhibitor 

(see Section IVD). The small increase in chain length at lower tempera­

tures cannot be explained very well except for the suggestion that the 

amount of inhibition resulting from the propylene impurity in the feed 

may change with temperature.

The curvature of the rate constant plot for ethylene formation 

has been explained on the basis of varying chain length rather than say­

ing that the activation energy is decreasing. It will be of Interest to 

determine whether the activation energy of the inhibited reaction does 

in fact remain almost the same, which it will if the effect of the inhibi­

tor is on the chain length rather than on the primary split (the dominat­

ing reaction with regard to activation energy) into methyl radicals. 

Some experiments (Runs 82 and 85) were carried out with quite large addi­

tions of propylene inhibitor to determine the activation energy. The 

results are compared with the essentially uninhibited reaction results 

in Figure 35 and it is seen that the activation energies are about the 

same. This substantiates the conclusion that inhibition of ethane de­

composition by reaction products is due to shortening of the chain length 

rather than decrease in the activation energy. Previous workers who 

studied nitric oxide inhibition found the activation energy for the in­
hibited reaction to be the same (Kuchler and The He (^7) ) or a little 

higher (Steacie and Shane (^) ) than for the uninhibited reaction.
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C. Ethylene and Acetylene Decomposition 
Reaction Mechanisms

The Rice-Herzfeld mechanisms only apply to the decomposition 

of saturated hydrocarbons so are of no use for ethylene and acetylene 

decomposition. There are no firm ideas in the literature about the 

mechanism of decomposition of ethylene and acetylene and the little 

work that does exist is discussed by Steacie^^) who only concludes 

that the reactions contain in part at least some free radical processes « 

A consideration of the bond energies in ethylene and acety­

lene (see Table X) shows that the carbon hydrogen bonds are weaker than 

the double and triple carbon carbon bonds so that the inference is made 

that the decomposition occurs by hydrogen removal. The energy require­

ments for hydrogen removal are quite high (around 100 kcal/gnu mole) 

and this would indicate lower reaction rates for acetylene and ethylene 

decomposition than for ethane decomposition as is found experimentally. 

The activation energies for acetylene and ethvlene dehydrogenation are 

found experimentally to be 76 and 62 kcal/gnu mole respectively which 

are inconsistent with the high bond energies.

Some experiments were carried out with propylene addition in 

ethylene decomposition. The results are plotted in Figure 51 but are 

rather inconclusive because it is found that the propylene is decompos­

ing at the temperatures used to form ethylene, acetylene and methane. 

If we consider the points at low propylene fraction (where the effects 

of propylene decomposition will be small), it is seen that the acety­

lene formation data scatter too much to a meaningful. The only conclu­

sion that can be drawn from the data is that the polymerization to buta - 

diene is not inhibited by propylene.
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The product distribution experiments can be studied to obtain 

the sequence of formation of the various products which can be the basis 

of speculation into possible mechanisms. In the case of ethylene decom­

position (see Figure 19) the butadiene appears to be formed from poly­

merization of ethylene rather than the reaction of acetylene with ethy­

lene. The carbon appears to result from the decomposition of acetylene 

since none is formed until the acetylene quantity has become appreciable. 

The vinylacetylene (can result either from dehydrogenation of buta­

diene or the polymerization of acetylene. The benzene can result from 

the reaction between vinylacetylene and acetylene. The experiments on 

acetylene decomposition (see Figure 25) show that the carbon can result 

by direct dehydrogenation of the acetylene and the vinylacetylene from 

the polymerization of two acetylenes. The benzene can result from the 

reaction of vinylacetylene with acetylene. It is emphasized that these 

last comments based on the product distributions are purely speculative 

since they pre-suppose a molecular process for which there is no evi­

dence for or against in this work.



VI. KINETIC CORRELATION FOR THE COMPLETE 
SERIES OF REACTIONS IN THE FORMATION OF 

ACETYLENE FROM ETHANE

A. Overall Kinetic Correlation

The rate data on the individual reaction steps are now com­

bined to give an overall kinetic correlation. Kinetic correlations 

have been developed for the individual thermal decompositions of ethane, 

ethylene and acetylene in Section IV. These are now combined to give 

the following overall scheme :

First order 02% — C2H4 + ®2
' J

(1)

First order % = 2CHU - Hg '' (2)

First order CgHg + Eg (5)

Second order C2H4 — 1/2(04 polymer) + Eg (4)

First order C2Hg 2C + Hg (5)

Second order CgHg ■ 1/2(04 polymer) (6)

These reactions represent the best correlation of the rate data 

and are not intended to demonstrate the reaction mechanism. The negative 

hydrogen in reaction (2) is necessary to maintain material balance. The 

Cl^ polymer in reactions (4) and (6) includes all the C^, C5 and % pro­

ducts and also the small amounts of Cj products formed. The C^ polymer 

is assumed to have the approximate formula C^H^ for material balance pur­

poses . The assumption is made that all of the methane formed results 

from the decomposition of ethane. It is pointed out that the experimental 

conditions in this work were such that the reverse reactions (1 and 3) 

were negligible (See Appendix VI), The rate constants for the six 
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reactions are summarized in Figure 36 and the values of the activation 

energies and pre -exponential factors are indicated on this figure. The 

ethylene decomposition data are represented empirically by three straight 

line sections with different apparent activation energies. This overall 

kinetic model can be used to calculate the product distribution at all 

points in any reactor under any reaction conditions. Some additional 

experiments (Runs 128 -1)1) were carried out with ethane feed at re­

action conditions such that all of the reactions were occurring (i.e. 

very high conversions) to provide a check on the correlation. The corre­

lation was also checked out against some of the experiments that were 

carried out in the measurement of the rate constants for the individual 

reactions.

The rate equations based upon the six reactions already dis­

cussed are : .

R L J
(22)

M

= 2 (25)



- (1)
(2)
(3)

Figure 36. Bate Constants for the Six Major Reactions.
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2

iNq 
dVR

iüc
<1 Vr

(26)

(27)

(28) 

where N is the rate in gm. moles/sec., C is the concentration in gm.

moles/liter, and Kc the equilibrium constant in concentration units.

The rate constants (k) are represented as temperature functions by the 

familiar Arrhenius equation

(21)

The equilibrium constants are also represented by an exponential tempera­

ture function of the same form as the Arrenhius equation. These equations 

were solved for the product distributions with the particular flow rates 

and temperature distributions by Euler’s finite difference technique. This 

calculation is quite tedious so it was programmed for machine calculation. 

The flow diagram for the computer program is contained in Appendix VII.

The computed product distributions are compared with the experi­

mental distributions for a number of runs in Table ! (Calc. 1). Runs 

Nos. 4) - 46 and 128 - 1)1 are all for ethane feed and good agreement is 

observed for the ethane, ethylene, methane and hydrogen quantities. The 

predicted carbon quantity seems to be somewhat high although the run



Comparison of Correlation with ExperimentTABLE 1.

Run No.
CZH 6 C2H4 C2H2

Mole % 
CH4 c4 h2 C n2

Exp. - 0. 086 12.5 • 1.05 0.424 1.29 85.8
116 Calc. 1 • 0.005 12.1 • 1.22 0.836 1.68 84.2

Calc. 2 - 0.005 12.1 - 1.22 0. 836 1.68 84.2

Exp. 0.167 10.2 4.48 0.686 1. 17 6. 73 0.895 76.6
48 Calc. 1 0.014 10.0 4 12 0.007 1.39 8. 18 1.30 75.0

Calc. 2 0.014 9. 99 4.13 0.007 1.39 8. 19 1.30 75.0

Exp. 7.83 8.76 0.136 0. 723 0. 08 8. 39 - 74.0
43 Calc. 1 7.91 9. 25 0.016 0.435 0.01 8. 74 - 73.6

Calc. 2 7.91 9.09 0.086 0. 435 0.05 8. 89 - 73.5

Exp. 5.23 10.45 0.344 0. 725 0. 151 10.6 • 72.4
44 Calc. 1 4.49 11.76 0.064 0. 628 0. 029 11.3 - 71.7

Calc. 2 4.48 11.24 0.316 0. 625 0. 138 11.8 - 71.4

Exp. 5.83 7. 33 0.246 0.691 0.078 7. 27 ■ 78.5
45 Calc. 1 5. 89 7. 80 0.036 0. 539 0.009 7. 35 • 78.4

Calc. 2 5.88 7.48 0.236 0. 538 0.057 7. 62 - 78.2

Exp. 2.95 8.96 0.799 1.17 0. 118 10.2 ■ 75.7
46 Calc. 1 2. 93 10. 10 0.175 1.09 0.044 9. 80 - 75.8

Calc. 2 2.92 9. 07 0.813 1.08 0. 185 10.6 - 75.2

Exp. 4.68 7. 74 0. 484 0.970 0.233 8. 13 - 77.6
128 Calc. 1 4. 28 9. 07 0. 093 0. 917 0.023 8.60 - 77.0

Calc. 2 4. 26 8. 37 0. 533 0.911 0. 122 9. 19 - 76.6

Exp. 0.985 8.25 1.96 1.94 0. 547 12.4 • 73.9
129 Calc. 1 0.547 10. 14 1.01 2.41 0.211 11.7 0.10 73.9

Calc. 2 0.554 7. 75 2. 52 2. 36 0. 450 13.7 0.35 72.3

Exp. 0. 128 5.65 4. 22 2. 47 0.732 15.4 • 73.2
130 Calc. 1 0.018 6. 02 3.44 3. 08 0. 652 15.9 1.46 69.4

Calc. 2 0.016 4. 15 4. 08 3.01 0.836 17.7 2.48 67.7

Exp. Reactor plugged during run
131 Calc. 1 • 0.09 0.91 2. 49 0. 974 20.3 10.7 64.5

Calc. 2 • 0.07 0.78 2. 49 0. 997 20.5 10.8 64.4
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(No. 151) when the reactor plugged with carbon coincides with a marked 

increase in computed carbon quantity. She quantity of acetylene and 

C4 polymer computed is considerably less than the experimental value 

at low concentrations of acetylene although the agreement is quite good 

when appreciable amounts of acetylene are formed. The ratios of the 

predicted to the experimental acetylene quantity are plotted against 

the ethane to ethylene ratio in Figure 57, and it is seen that there is 

a definite trend. This high initial rate of acetylene formation is at­

tributed to the attack of methyl radicals from the ethane on the ethy­

lene to product acetylene and C4 polymer. The rate of acetylene forma­

tion and C4 polymer then is multiplied by a x ethane/ethylene ratio 

where a is an empirical constant (found to be 5.5 by selection of the 

best fit to the data). Runs 116 and 48 were experiments on acetylene 

and ethylene decomposition respectively and the calculated and experi­

mental results are seen to agree fairly well. The product distributions 

were recalculated including the empirical correction discussed above and 

the results are compared with experiments in Table I (Calc. 2) to show 

that the agreement is satisfactory. The correlation allows the predic­

tion of the product distribution throughout the reactor and this was 

done for Run No. 129# the results of which are plotted in Figure 58.

B. Use of the Correlation to Predict Product
Distributions over a Wide Range of Reaction Conditions

The correlation can be used to predict the product distributions 

for a wide range of reaction conditions. The correlation is based on 

data taken in the temperature range 750 °C to 1550°C at a total pressure 

of 1 atmosphere with nitrogen dilution from 60% to 90%. Some example



0.6 0.80.2
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Figure 37. Effect of Ethane on Formation of Acetylene 
from Ethylene.
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calculations were carried out which represent an extrapolation of this 

data since the reaction conditions considered were total pressures of 

0-25 atm. (with no diluent) and I atm. (with no diluent and 75# diluent) 

at temperatures of 1000°C, 1200°C, 1400°C and 1600°C.

These calculations were carried on a digital computer using 

Euler's method to solve the differential rate Equations (Nos. 22 to 28). 

The calculations by this finite difference technique are made very much 

more convenient if the temperature of the gas is allowed to rise at a 

finite rate at the entrance of the reactor rather than as a step func­

tion to the maximum temperature. Incidentally, this sort of temperature 

profile is much more realistic from a practical point of view. There­

fore, the temperature in the first reactor increment was assumed to be 

500°C and rose by 100 °C in each successive increment until the desired 

maximum temperature was reached. In these example calculations no con­

sideration was given to the heat transfer limitations that would have 

to be considered in a reactor design as detailed design such as this 

was not an objective of this work. The results of these calculations 

are shown graphically in Figures 59 to 44 in which the yields of pro­

ducts (expressed on the basis of 100 moles of ethane feed) are plotted 

against reactor increment. The residence time scale is shown beneath 

the reactor increment scale as this is a much more general parameter. 

The residence time scale is noted to be nonlinear with respect to equal 

reactor increments and this is due to changing temperature and extent 

of reaction at each point. The temperature distribution, pressure con­

ditions and amount of diluent are shown on each graph. The acetylene 

yield increased with increase in temperature and decrease in pressure. 

The residence times were very small especially at the highest temperatures.
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VII. CONCLUSIONS
i

A technique for carrying out a kinetic study in a non-isothermal 

field has been developed. The technique requires considerable mathemati­

cal labor (which is easily handled on a digital computer) but the need 

for an isothermal experiment is removed. Die reactions studied in this 

work were fast, high temperature reactions for which the isothermal ex­

periments can only be crudely approximated. Precise kinetic data were 

obtained and it is concluded that this technique will have wide general 

application in the field of fast high temperature kinetic studies.

The reaction studied in this work was the thermal decomposition 

of ethane to acetylene. The reaction proceeded through a series of con­

secutive steps from ethane to ethylene to acetylene to carbon. The ki­

netics of thermal decomposition of ethane, ethylene and acetylene were 

studied separately because of the complexity of the overall reaction.

The kinetic data for ethane decomposition were correlated with 

a model of two homogeneous parallel first order reactions to ethylene 

and methane. The rate constants for ethylene formation fell off consid­

erably at higher temperatures and this was due to inhibition of the re­

action by the secondary reaction products butadiene and propylene. The 

data of this work were found to be generally in agreement with previous 

workers. '

The ethylene decomposition was correlated by a model of two 

homogeneous parallel reactions which were a first order formation of 

acetylene and a second order polymerization to butadiene (which subse­

quently reacted to vinylacetylene and benzene).
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The acetylene decomposition was correlated by a model of two 

homogeneous parallel reactions which were a first order formation of 

carbon and a second order polymerization to vinylacetylene (with sub­

sequent reaction to benzene).

The decomposition of ethane was found to be a chain reaction 

and it was concluded that the inhibition by the reaction products was 

due to shortening of the chain length. This is the only conclusion con­

cerning mechanism that can be made as a result of this work. The de­

composition of ethane was, however, shown to be consistent with the 

free radical chain mechanism ideas of Rice and Herzfeld. No conclusions 

could be made with regard to the mechanism of ethylene and acetylene de­

composition.

The kinetic data on the individual steps were combined and an 

overall correlation developed. Some experiments were carried out in 

which all of the reactions were occurring and these product distribu­

tions were compared with calculated values using the overall correla­

tion. Reasonable agreement was obtained so it is concluded that this 

correlation can be used to predict the product distribution for any de­

sired reaction conditions.

A few calculations were carried out using this correlation 

over a wide range (part of the range represents an extrapolation) of 

the variables, temperature, pressure and residence time. The acetylene 

yield was found to increase with increase in temperature and decrease 

in pressure. The residence times were very small especially at the 

higher temperatures.



-97-

Future work of interest would be to investigate methane and 

propane as starting materials. It is thought that ethylene would be 

the intermediate preceding acetylene for these feed materials too so 

that a considerable part of this kinetic study would be applicable.



APPENDIX I

RAW EXPERIMENTAL DATA
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APPENDIX II

RESULTS CALCULATED FROM RAW DATA
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TABLE VI. Résulta: Product Distribution Experiments

Hydrocarbon Feed

Run No Temp. Conv. Hydrocarbon Product Distribution 
°C (max) % Moles/100 moles of hyd. feed reacted

c2h4 ch4 HZ C3H8
80 816 33.2 96.5 7.06 92.0 1.25
81 816 11. 3 96.3 7. 35 94.9 1. 51
82 816 4.35 96.8 6. 70 78.7 2.08
83 816 2.29 97.0 6.05 72. 3 ~ 4. 73

Hydrocarbon Feed C2H4

CzH2 ch4 HZ C4H6 c4h4
86 995 49.2 199 22. 5 83. 7 2.84 2. 18
87 995 29.4 23. 1 13.8 66.7 8. 53 4. 33
88 995 14.8 30.8 11.0 76.0 18. 5 6. 80
89 995 7. 17 14.7 2.04 45.4 23.4 3. 10
126 995 3.86 8. 20 0. 67 39.4 26.4 1.80

C6H6 C C2H6 C3H8 C3H6
86 7. M 3*. 5 2. 16 0. 54 0.86
87 7.24 12. 6 2.86 0. 68 2. 12
88 5.07 - 4. 55 2. 56 3.47
89 1. 55 - 7.27 3.02 4.09
126 1. 11 • 5. 97 5. 43 7.72

Hydrocarbon Feed C2Hz

C4H4 C6H6 C Hz c2h4
78 1043 44.6 8. 55 11.2 84.2 29.7 5. 67

127 1043 19.6 16.8 2.42 61.0 6.8 8.0
115 1043 12.5 17.8 3.05 60. 5 15.8 7.4

CHi C3H4
78 3. 10 1. 13
127 6.0 5.45
115 3. 12 7.60
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TABLE VIL Results: Order of Reaction Experiments

Hydrocarbon Feed 

Temp. °C Hydro- Hydrocarbon Reaction Rate
Run Na (max. ) carbon Gm. moles/sec.

Mole.Fr.1 Disappearance Formation
C2H6 C2H4 CH4

49
50

874
874

0. 0486
0. 0857

2. 04 x 10-5 
3.82 x IO"5

1.98 x 10-5 1.42 x 10-6
2.40 x 10-63. 69 x IO"5

51 874 0. 122 5. 55 x 10-5 5. 38 x 10-5 3.52 x 10-6
52 874 0.200 9. 25 x 10-5 8. 78 x 10-5 6.29 x 10-6
53 874 0. 322 1.44 x 10-4 1. 38 x 10-4 1. 15 x 10-5

Hydrocarbon Feed C2H4
C2H4 C2H2 Polymer^

54 1082 0.0444 2. 93 X 10-5 2.41 x 10-5 5. 57 x 10-6
55 1082 0.0763 6. 09 X 10-5 4. 00 x 10-5 2.32 x 10-5
56 1082 0. 115 1.09 X 10-4 6. 61 x 10*5 5.20 x 10-5
57 1082 0. 183 2. 18 X 10-4 1. 14 x 10-4 1.12 x 10-4
58 1082 0.284 3.82 X 10-4 1. 68 x 10-4 2.21 x IO"4

Hydrocarbon Feed C2H2
c2h2 C Polymer %

112 1043 0. 119 8.26 x 10-5 2.88 x 10-5 6.82 x 10-5
113 1043 0. 0656 3. 50 x 10-5 1. 48 x 10-5 2.76 x 10-5
114 1043 0. 0452 2.08 x 10-5 1. 11 x 10-5 1.53 x 10-5
115 1043 0.0270 1. 04 x 10-5 6. 30 x 10-6 7.26 x 10*6

1. Arithmetic mean of inlet and outlet
2. 04*8, €5*8, C6’«> CH4 (Expressed on C2baois)
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TABU vm. lUmilt» Kato CwitMt1 Cwriawati

Pair of Activation Pro-cap. Temp. 1/Temp. Mate Pair of Activation Pre osp Temp. 1/Temp. Mate
Mans taergr Factor (max) a!0« Const. Mens >»>n Factor M a 10* Conet.

kcal/gm. mole MC"1 •c H-' ... ' hcal/gm. mole esc*1 °C

Di law»!rance of ethene1, first order 112 7.66x 101® 1043 7.60 19.9
116 1099

1$
19 97.13 » a 10*1 743 

765
9.63
9.64

0. 117
0. 310 112 

H7 68.47 4,1a10" 1043 
116

7.60
7. 19

21.2
84 5

IB
21 87.44 1.01 a 10” 743

816
9 8)
9.17

0.115
2.02 102

103 42. 36 1.1, a 10* 1049
1013

7.56
7.78

17.6
11.3

IB
22 84 97 1. Ma IO1 ’ 743

842
9.83 
8.95

0. U3
4.70 103

104 17.01 4.41 a IO’
1013
949

7.76
8.18

8.59
6.07

19 765 9.64 0.209
21 84.70 I.Hl 10" 816 9.17 1.99

Methane formation from ethane, first order
19 765 9.64 0.207
22 82.19 0.10 a 10" 842 6 95 4.70 IB

21 91.54 1.41 a 10" 743
616

9.83
9.17

0.00301 
0.0606

21
22 77.78 7.61 a 10" 816

842
9.17
8 95

1.09
4. 52 19

22 69.18 4.24 a 10" 765
842

9.64
8 95

0.0117 
0.123

760 9.68 0.209
42 96.64 5.70 a 10" 841 8.96 6. 57 1 IB

42
53 72 4.41 a 10, 760

841
9.68
6 96

0.0193 
0.132

5.05 a 10" 841 8.96 5 20
41 66.25 896 8 55 21.4 43 47.95 4.20 a 10* 896 

971
8.55
8.03

0.703
2.44

41 59 04 1.67 a 10" 096 
971

8.55
8.03

19.3
79. 5 45

46 53.66 7.52 a 101 996 
1055

7. 86
7. 52

5. 35
13.7

45
46 39 45 6 65 a 10* 996

1055
7.80
7.52

104
212

second order2Polymerisation of ethylene.
12g 1032 7.65 143
129 36. 42 1. 77 a 10* 1138 7.08 406 24

67 63.60 1.10 a io" 899
1047

8 53
7. 57

145
2.560

65. 94 I. » a 10" 832 9.05 1.21
072 8 72 3. 52

4.44 a 10" 1047 7. 57 2,150
66 75. 50 1096 7. 30 6,000

96 843 8.95 5 17
97 70. 54 I M a 10" 901 8 51 23 0 47 1132 7. 12 12. 500

48 50.85 1.01 a IO12 1197 6.80 26. 200
97 7. 57 a 10* > 901 a. 5i 21.2
9B 56. 70 1010 7.79 167

ie<
Acetylene formation from ethylene, first ordsr

745 9. 82 0. 120
103.6 2. 16 a 10*1 765 9.64 0. 312 899 8.53 0.0652

67 81.44 1. IS a 10" 1047 7.57 3.87
21* 1 16 a 10"

927 9. 13 1.72
22 74. 32 956 8 19 4.23 67

68 92 52 0.34 a 10" 1047
1096

7.57 . 
7.30

4.13
14.5

DlMPfn rance of ethylene. first order 47 61.93 1.03 a 10" 1132 7.12 24.2
48 1197 6. 80 65.2

gg
5.62 a 10" 899 8 53 0.435

67 64.94 1047 7. 57 9.65
Carbon formation from acetylene, first order

47 1047 7. 57 0 55
68 76.28 1.76 a 10" 1096 7. 30 24.4

7.10 a 10, 937 6 26 0.613
111 55 39 990 7.91 2. 16

47
48 53.61 1.10 a 10’ 1132

1197
7. 12 
6.00

45.6
106 1043 7.60 3.49

116 72.75 4. " a 10" 1099 7.29 10.6

1.01 a 10" 1024 7.71 7.48
100 60.22 1079 7.40 20.9

1.10 a 10"
1043 7.60 3.70

117 82.64 1118 7. 19 19.5
100
101 70.01 1.71 a 10" 1079

1130
7.40
7.12

10.2
46. 5

second order2Acetylene polymerisation.

Diaaepearance of acetylene, first order no 4.05 a 10" 937 8.26 2, 010
990 7.91 6, 180

HO 59. 08 1.56 a 10" 937
990

0.26 
7.91

3.40
9.54

1.03 a 10,
1043 7.60 11.970

116 35.64 1099 7.29 20,650

7.35a10"
1043 7.60 13, 300

117 46.67 1118 7. 19 34.100

1. Mate constant defined on Cj baeie

2. Mato constant suite are liter gm. mol" * esc*1

j, Ethylene formation rate constant in . 99 times ethane

4 Based on Tc + 1/*<TW - TJ, all other based on center Tc
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TABLE IX. Results: Inhibitor Experiments

Run No.
Temp, 
(max) 
°C

Inhibitor
Mole Ratio 
Inhibitor 
to Feed

Rate of formation 
Gm. moles/sec.

c2h4 ch4 c3h8
Ethane Feed xl05 X10& xlO?

70 863 C3H6 0.0003 5.01 2.03 15.9
71 863 C3H6 0.0092 3. 17 2.54 15.9
72 863 C3H6 0.0225 2.38 2.92 14.0
73 863 C3H6 0.0677 1.29 2.66 8.25
74 863 C3H6 0.209 0.434 2.92 21.6 —
119 880 None 0 4.26 2.96 8.78
120 880 C4H6 0.0312 3.09 2.86 8.52
121 880 C4H6 0. 310 2. 13 3.28 10.3
122 880 C2H4 0.0600 3.69 2.92 9.10
123 880 c2h2 0. 0424 3.94 2.88 9.30
124 880 h2 0.100 4.02 2.89 9.72
125 880 None 0 3.81 2.84 7.57

c2h2 c4h6
Ethylene Feed xl05 xl05

90 1091 None 0 7. 30 2.55
91 1091 C3H6 0.0179 8.70 2.52
92 1091 C3H6 0.0672 6.05 2.38
93 1091 C3H6 0. 105 6.15 2.64
94 1091 C3H6 0.211 6.35 2.48



APPENDIX III

CALCULATION CF CORRECT MEAN TEMPERATURE FOR A LINEAR 
RADIAL TEMPERATURE DISTRIBUTION

Rewriting Equation (18)

At
I L I "%

"L £-^0
(18)

it can be seen that the only part of Equation (18) that is temperature 

dependent is the integral

The objective now is to determine the correct value of temperature (T) 

to substitute into Equation (29) when a linear radial temperature gradient 

is assumed. This was accomplished by a numerical calculation with n taken 

to be unity. The reactor was divided into five equal area rings and the 

temperature at the mid point of each of the rings determined from the

temperature gradient. The linear temperature gradient was thereby 

approximated by a series of steps. The values of were then

evaluated for each of the steps and the arithmetic mean of the five 

values was taken as the correct solution. The value of T that corres­
ponds to this mean value of e E/^/t was then the correct mean tempera­

ture. The numerical work is summarized below for a linear temperature 

distribution 15^“R at the center (Tc) and 1600eR at the wall (Tw).

109-
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Fractlone of 
radius that
give five equal 
area rings

0.446 0.652 0.775 0.895 1.0

Mid points 
of rings 0.225 0.539 0.705 0.855 0.947

Temps. at 
mid points °R 1553 A 1572.4 1582.2 1590 1596.7

Values of 
e-E/RT/T 1021 0.974 1.60 2.09 2.50 2.93

-e/rt /
Therefore, the mean value of e /T is 2.02 x 10 which corresponds to a

mean temperature of about 0.7 of the difference between the wall (Ty) and center 

() temperatures. In view of the approximate nature of the calculation, a mean 

temperature of 5/4 of the difference is used,

% ' ’A 'i.e. T mean (30)



APPENDIX IV

SAMPLE CALCULATIONS

The pair of runs 4? and 48 (ethylene feed) are selected for this 

example solution. The kinetic model used for this calculation is a first 

order disappearance of ethylene. The experimental data for these two runs 

are:

Rewriting Equation (18) from section IIP

Run Number 47 48

Inlet conversion (x^) 0 0
Outlet conversion (xo) 0.360 0.434
Feed rate CgE^ gm.moles/sec(F) 5.34 x 10"^ 8.53 X io*4

Feed rate Ng gm.moles/sec(ND) 2.39 x 10'3 3.63 x 10-4

Mean pressure atm. (p) 1.009 1.020
Reactor Number 2 2
Temperature Profile °C(T(p ) 511 1021 1127 1 554 999 1177

1-inch intervals 639 1038 1132 I 684 1027 1190(read down columns) 769 1054 1132 I1 778 1055 1193
831 1069 1124 1I 835 * 1079 1197
893 1082 1117 1' 893 1103 1190
935 1093 1089 | 919 1127 1173979 1104 1038 1 944 1143 1130
999 1116 831 1 970 1162 939

778

(10)

-111-
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Slnce the kinetic model in this case is a first order reaction n is 1.

Trial values of E are assumed and values of A are computed from (18) using 

the data of run 47 and then the data of run 48. The calculations are 

carried out on a digital computer and the results are :

Assumed E values 
kcal/gm. mol.

Ln A (A 
Run #47

in 1/hr)
Run #48

27.78 21.684 22.054
38.89 25.795 26.016
44.44 27.841 27.981
50.10 29.882 29.938
55.55 - 31.918 31.888
61.11 33.952 33.834
66.67 35.982 35.776
72.22 38.010 37.715
77.78 40.035 39.651
83.33 42.058 41.584
88.89 44.079 43.515

111.11 52.149 ’ 51.224

The solution is the E value for which the A values are equal and it can be 

seen from the results above that this lies between the E values of 50.10 

and 55.55. It was found that in A is almost linear with respect to E so 

that linear interpolation is quite accurate, which gives the solution

E - 53.61 kcals/gm. mol.

and In A - 31.205

l.e A - 3.56 x 1013 hr”1 or 9.90 x 10$ sec”1 .

The values of the rate constant are now determined from the Arrhenius equa­

tion using the maximum temperature for each of the runs, '
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Run #47 Run #48

T max °C 1132 1197

T max °K 1405 1470
A sec-1

0 . 53,61
9.90 X IGF X e R x 1405

o _ 53.61 
9.90 x 109 x e R x 1470

y sec"1 45.6 106.5

1/T°K 7.12 x 10^ 6.80 x 10^

These two values of the rate constant can he found on Figure 21.



APPENDIX V

MODIFICATION OF CALCULATIONS TO HANDLE PARALLEL REACTIONS

The equations developed in section II are of the form

A -» B + C

It was found, however, that the decompositions proceeded by two parallel 

steps of the form,

A -, B + C

A -> D

A, B and D are hydrocarbons and C represents hydrogen. The equations have 

to be modified so that the rate constants for the formation of B and D can

be determined. Rewriting Equation (18),

A

11 M -W (18)

it can be seen that the only part of (18) that has to be modified is the

integral,

(31)

Let the total conversion of A be x, the conversion (xB) of A to B be px 

and the conversion (Xq) of A to D be Sx. p and 6 are constants and their 

sum is unity.
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The (1 + x + Nq/f) in Equation (31) represents the total number 

of moles divided by -the feed rate F, so that for the two parallel reactions 

this becomes

\ — X 4- 2 DC + § "XL + (32)

which is
| — 0+ N* y (33)

The (1 - x) in Equation (31) represents the mois of A left divided by the 

feed rate F and this remains unchanged.

Therefore, the integral (31) for the case of the two parallel 

reactions above becomes,

I + x(2Z3 + 5 - Ù+- Np/F 
»! L _

Jx (3^)

This Equation (34) can now be written twice in terms of each of the parallel

reactions since x$ = 0x and Xp = bx,

(35) and (36) replace the

(35)

(36)

Equations upper integral in Equation (18). The new

equations have the same form as the old ones, the only difference being the

addition of some constant factors so that the method of solution proceeds as 

before.



APPENDIX VI

CALCUIATIONS TO SHOW EFFECT OF REVERSE REACTION

Nitrogen dilution was used to reduce the reverse reaction effects

of the reactions, 

CgH^ «— C^H^ + Hg (1)

CgH^ <— CgHg + Hg ( 2 )

Some calculations were made and are summarized here to show that the effects 

of reverse reaction are negligible.

The rate equations considering the reverse reactions will be

and
CgHg disappearance rate

CgH^ disappearance rate

(37)

(38)

where k1? The

second terms in Equations (37) and (38) represent the reverse reaction effects.

The first and second terms are calculated for a number of experimental runs 

using exit concentrations and the second term expressed as a percentage of 

the first term. Partial pressures which are proportional to the concentra­

tions are used in the calculations summarized below.

Reaction CgHg CgH^ + Hg

Run No. T max Cg% press. C0H4 x Hg Ratio %
°C atm

18 743 0.152 0^00113 0.074
118 782 0.261 O.OOOO317 0.012
21 816 0.157 0.000119 0.076
44 971 0.0523 0.00103 1.97
46 1055 0.0295 0.000364 1.24

130 1225 0.0128 O.OOOO668 0.522
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Reaction CgHg

Run No. T max 
°C

C2H4 press, 
atm.

C2H4 x Eg 
atm.

Ratio %

24
67 & 0.196

0.0623
0.00286 
0.0037

1.46
5.9468 1096 0.0661 0.0222 3.3647 1132 0.1125 0.00139 1.2348 1197 0.102 0.00125 1.23

It is seen that the reverse reaction term can be considered negligible, so 

that an irreversible reaction can be assumed.



APPENDIX VII

FLOW DIAGRAMS FOR COMPUTER PROGRAMS

(1) Solution for E and A values

The equation that is to be solved, is Equation (18) below

The method of solution is to obtain a set of A values for an assumed set 

of E values for each experimental run. A pair of runs are considered 

together to obtain unique solutions for E and A. The integrals in Equa­

tion (18) were evaluated numerically by Simpson’s Rule. The upper integral 

was divided into 20 increments for the integration. The reactor length was 

divided into 25 increments and the temperature distribution was approximated 

by a series of small steps so that the temperature in each increment could 

be assumed constant. The reaction order n is known from a separate set of 

experiments so that it will have a numerical value at the time of calculation. 

The first step of the program evaluates the conversion integral, the second 

step the temperature integral and the final step the A value corresponding 

to the E value assumed. The next E value is selected and the calculation 

repeated. The flow diagram for this calculation follows.
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Evaluation of upper integral

-SuMl + Yl

----fïl‘H + 1  ■

11 = 1 Il-Z

11 =11=11+1

1 = 0

at,*,

YSi)

Evaluation of lower integral

-Eb)/RT(I)
TOT

Calculation of A

RRwr

T T are indexes

Y, SUMI^UHI are Intermediate variables
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(il) Solution of Rate Equations for Product Distributions

The rate equations for the six reactions that appear in section

VIB are:

(28)



The rate constants (k) are represented by the Arrhenius equation

L = A e' (2D

The reactor is divided into 25 increments and the temperature profile is 
■ > 

approximated by a number of small steps so that the temperature is constant 

in each increment. The rate dN/dV^ is approximated by and the AN in 

each increment is computed using the concentrations at the end of the pre­

vious increment. In this way the calculation proceeds throughout the 

reactor. The flow diagram for this calculation follows.

_Ark.tw = M/,p

ACS),®),^» - 
NW, AV, P

PR\NTRKT'ht WK)

_ N6O

to) =

TZ3,K are Indexes

represents Equations (22) to (28)
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APPENDIX VIII

TABLE X APPROXIMATE VALUES OF BOND ENERGIES

Bond energies in kcal

C2H5 - E CH3 - JH3

98 83
Steacie^^^

CHgCH - H CHC - H

104 121

C - H

92 
Daniels^)

C = C 

c - c
T7

c ® c
122 200
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NOMENCLATURE

A Pre-exponential factor in Arrhenius equation (sec-*1)* 

a Cross sectional reactor flow area (cm2)

C Concentration (gm. mole/liter)

E Activation energy in Arrhenius equation (kcal/gm. mole) 

F Feed rate of hydrocarbon (gm. moles/sec)

Kp, c Equilibrium constant pressure units, concentration units 

k Rate constant (sec-1)*

L Total length of reactor (cm)

1 Arbitrary length along reactor (cm)

M Mole fraction

N Flow rate of any component (gm. moles/sec)

Np Flow rate of inert diluent (gm. moles/sec)

Nj Total flow rate (gm. moles/sec)

P Pressure (atmospheres)

R Gas constant

T Temperature (°K)

Tg, Reactor temperature at center, wall (°K)

Vg Reactor volume (liters)

x^ Q Conversion inlet, outlet

a,0,B Constants

These units are for first order reaction, 
are liters gnu mol-1 sec-1. Units for second order reaction
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