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Flat, laminar, premixed hydrocarbon -air flames were sta- 

bilized on a porous -plate burner. In addition to temperature profiles, 

concentration profiles were measured for methane, ethane, ethylene, 

propane, acetylene, propylene, carbon monoxide, carbon dioxide and 

oxides of nitrogen. Dead space thickness, luminous flame zone 

thickness and hydrocarbon disappearance point responses were also 

monitored. The experimental parameters investigated were hydro- 

carbon fuel type: propane and propylene; equivalence ratio: . 90 to 

1. 10; plate temperature: 600°F to 800°F; and sampling position: 

. 005 to . 335 cm. 

A completely randomized nonreplicated factorial experiment 

was used to statistically detect the presence of main and two- factor 

interaction effects. Higher order three and four -factor interaction 

terms were pooled as an estimate of the error term. Null and al- 

ternative hypotheses were proposed concerning the presence of main 

and two -factor effects. The results of these tests indicate: 



1. Stable species hydrocarbons exist in the reaction zone under 

all of the conditions investigated. Their concentration is a function 

of fuel type, equivalence ratio, sampling position and in some cases 

plate temperature. Several significant interaction terms are also 

present. 

2. Ethylene is the major stable hydrocarbon species for both 

propane and propylene as fuels. The quantitative ranking of the 

other hydrocarbon species is a function of fuel type, equivalence 

ratio, and plate temperature. 

3. Dead space thickness is a function of fuel type, equivalence 

ratio, and plate temperature but no significant two- factor interaction 

terms are present. For each fuel, dead space thickness may be ex- 

pressed in the functional form 

where, 

Y 
PO 

+ p 1X1 + 
P 

2X2 +P 
3X1 

+ ß4X2 

X1 plate temperature °F. 

X equivalence ratio. 

1's constants. 

4. Luminous flame zone thickness is a function of fuel type 

only. Propylene exhibits a greater flame zone thickness than pro- 

pane. 

5. Hydrocarbon disappearance point is a function of 



equivalence ratio and plate temperature. Its response may be ex- 

pressed in the function form 

where, 

Y ß0+ß1X1 +ß2X1 +ß3X2 

X1 plate temperature 

X2 equivalence ratio. 

ß's constants. 

6. Oxides of nitrogen concentration is a function of fuel type, 

equivalence ratio, plate temperature, and sampling position. 

Several significant interaction terms are also present. In order to 

examine the true fuel structure effect, the predominant covariant 

flame temperature effect must be removed. 

One -dimensional flame equations were applied to the experi- 

mental data. Sample calculations indicate that the presence of car- 

bon monoxide and carbon dioxide concentrations at the surface of the 

burner cannot be completely attributed to diffusion processes. 

Therefore, one must conclude that chemical reaction takes place 

within the dead space. 

° F. 
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NOMENCLATURE 

A experimental factor A: hydrocarbon fuel type. 

B experimental factor B: equivalence ratio. 

C experimental factor C: plate temperature, ° F 

D experimental factor D: sampling position, cm. 

a, b, c, d number of levels of factors A, B, C, and D respectively. 

n number of replications. 

Y dependent response. 

Z independent variable (sampling position, cm. ) 

A/F air -fuel ratio, 

equivalence ratio; = (A /F) /(A /F) stoichiometric 
X 

i 
s Ft 

ppm 

NO 
x 

? 

mole fraction of species i. 

critical variance ratio with s and t degrees of 
freedom. 

parts per million by volume. 

oxides of nitrogen. 

population variance, 

polynomial coefficients. 3 

fi ¢ 
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AN EXPERIMENTAL INVESTIGATION OF COMBUSTION 
PRODUCTS THROUGH A FLAT, LAMINAR, 

PREMIXED HYDROCARBON -AIR FLAME 

L INTRODUCTION 

The Problem 

During the past two decades combustion research has been ex- 

panding at an accelerated rate. The combined activities of scientists 

with varying backgrounds -- chemists, physicists, engineers, mathe- 

maticians- -have led to a rapid growth of fundamental knowledge of the 

complex phenomena which constitute the subject of combustion. 

It is hardly necessary to remark that all combustion processes 

are of the nature of chemical reactions with net heat evolution. 

Furthermore, it is clear that the attainment of conditions for reac- 

tion is necessarily preceded by physical processes governing the 

motion of reactants into the zone of combustion. Thus, in general, 

combustion phenomena involve the interaction between chemical and 

transport processes, i. e. aerothermochemistry. 

A number of conflicting theories have been put forth to explain 

the mechanism of flame propagation. These involve the simultaneous 

solution of continuity, momentum and energy equations with consider- 

ation of the effect of chemical reactions. If a theory of the mechanism 

of combustion fails to predict flame speed in agreement with observa- 

tions, the theory is immediately open to question. A sound theory of 



z 

flame propagation should explain the relationship between flame speed 

and the fundamental physical and chemical properties of fuels. How- 

ever, since the early attempts late in the 19th Century, all attempts 

to develop such a theory have led to failure. This situation results 

from both an insufficient knowledge of the chemical processes oc- 

curring in the flame and the complex nature of the problem with its 

associated mathematical difficulties. The simple models of com- 

bustion have proved to be inadequate. The mathematical models 

being studied at the present are complex, involving many parameters 

whose values are unknown. Additional experimental data are needed 

for a better understanding of the combustion process and for assisting 

the theorist in the formulation of mathematical descriptions of flame 

behavior. 

Purpose of Study 

The primary purpose of this study was to provide experimental 

data which may help elucidate the mechanism of flame propagation 

and, in particular, the associated phenomenon termed flame quench- 

ing. Flame propagation is a progressing chemical reaction enhanced 

by diffusion of heat and /or chemically active species into the adjacent 

layers of the mixture. Flame quenching may be defined as the effect 

of a relatively cool combustion chamber wall in suppressing flame 

propagation and retarding chemical reaction in the immediate vicinity 
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of the wall. The behavior of flames in the neighborhood of solid 

boundaries is of great interest in the study of the mechanism of com- 

bustion. Visual evidence of quenching by a wall surface is generally 

manifested by a dark zone or "dead space" between the luminous part 

of the flame and the wall. While the dead space is of the order -of- 

magnitude of only a flame thickness, the influence of heat and species 

transfer through the dead space can extend into the adjacent reaction 

zone to a distance several times the flame thickness. 

This study encompassed the use of a controlled laboratory 

combustion system. The operating parameters investigated were: 

(1) type of fuel, (2) equivalence ratio, (3) wall temperature, and 

(4) sampling position. In order to avoid the myriad of problems as- 

sociated with studying the transient flame quenching process, a 

steady -state model was used. This consisted of a porous -plate, 

flat -flame burner enclosed in a chamber. As shown in Figure 1, 

this model produced a one -dimensional, steady -state flame propa- 

gating toward a relatively cool wall. 
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coolant in 
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coolant 

out 

flat flame 
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dead space 
porous plate 

cooling coil 

air and fuel 

Figure 1. Side view of porous- plate, flat -flame burner. 

Objectives of Study 

The objectives of this experimental study were: 

1. To measure the quantity of methane, ethane, ethylene, 

propane, propylene, acetylene, carbon monoxide, carbon 

dioxide and oxides of nitrogen in the vicinity of the wall 

under controlled variations of hydrocarbon fuel type, 

equivalence ratio, wall temperature, and sampling posi- 

tion. Use standard statistical techniques to test for main 

effects and two factor interaction effects. 

2. To make linear measurements of dead space thickness 

and luminous flame zone thickness under controlled 
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variations of hydrocarbon fuel type, equivalence ratio, and 

wall temperature. Statistically test for presence of main 

effects and two factor interaction effects. 

3. To observe the point in the flame zone where the hydro- 

carbon concentration approaches zero. Determine how 

this point is influenced by the controlled variation of the 

combustion parameters. 

4. To measure the temperature profiles through the flame 

zone. 

5. To gain a better understanding of flame propagation and 

flame quenching. 
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IL LITERATURE REVIEW 

Flame Propagation 

The theories advanced to explain flame propagation may be 

conveniently classified into three categories: (1) thermal theories, 

(2) diffusion theories, and (3) "mixed" theories. A comprehensive 

review of these general classes of theories has been made by Evans 

(1 3) and von. Karman (51). 

At one extreme, the so- called thermal theories postulate that 

continuity of reaction in a flow system is maintained by propagation 

of heat from the high- temperature reaction zone, thus raising the 

temperature of the approaching flow to a critical value (ignition tem- 

perature) necessary for initiating the reaction. These thermal 

theories are developed from a generalized temperature distribution 

as shown in Figure 2. 

Tf 

T 

T 

i 

o 

x = 0 Distance 
Figure 2. A generalized temperature distribution across the flame 

front. 

x = 6 
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The flame front is considered to be stationary at x ä 0; and 

the reaction zone extends a distance b. The energy equation, 

Equation (1 -1), applied under steady -state conditions, is fundamental 

to the thermal theories. Differences in the various thermal theories 

result from different assumptions introduced to make a solution 

feasible. 

where 

d2T F P Cp dT rQ 
n 

dx 2 
X dx X. 

T temperature. 

x distance. 

p gas density 

C specific heat. 
p 

F flame speed. 

r reaction rate. 

Q heat of reaction. 

k thermal conductivity. 

In solving this equation two important assumptions which 

strongly influence any solution are usually introduced. These are 

(1) below T., no reaction occurs; and (2) above T., the reaction pro- 

ceeds ceeds ceeds ceeds at a constant rate. Concerning the first assumption, the com- 

bustion reaction is a continuous process, going from a slow oxidation 

to a cool flame region under proper conditions, and finally to the 

(1 -1) = 
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hot -flame, fast reaction. To say that no reaction occurs is equiva- 

lent to saying that there is no slow oxidation. But slow oxidations 

and cool flames do occur, do have exothermic heats of reaction, and, 

therefore, contribute to raising the gases to the ignition temperature 

T., in addition to the heating effect due to conduction from the flame 

front. Concerning the second assumption, kinetic studies show that 

the rate of oxidation is a function of temperature, pressure, and 

concentration; therefore, the rate is a function of distance within the 

flame front. But, until the mechanism of hydrocarbon combustion is 

better understood, it is possibly preferable and certainly easier to 

obtain formal mathematical solutions to Equation (1 -1) by considering 

the term rQ 
to be constant. 

X 

For T < Ti, Equation (1-1) is solved with rQ 
X 

equal to zero. 

rQ For T > Ti, 
X 

takes a constant value. At Ti, the temperature 

and heat flow of the two equations are equated. The flame speed 

relationship shown in Equation (1 -2) is then obtained. 

F 
X r Tf 6 To 

pC a T. - T po i o 
(1 -2) 

where a 
0 

is the mole concentration of the combustible. Equation 

(1 -2) is the form of solution obtained by many early workers includ- 

ing Daniell (10), using the thermal theory approach. 

Another extreme view is represented by the so- called diffusion 
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theory according to which, in the steady -state combustion zone, 

active particles such as hydrogen atoms and hydroxyl radicals, 

present in the high temperature burned mixture, diffuse upstream 

into the fresh combustible and serve as ignition centers. Because 

of the mathematical similarities between the equations which govern 

thermal conduction and those which govern particle diffusion, the 

flame speed equations derived on the basis of either thermal or dif- 

fusion mechanisms are similar in form. A major difference in the 

results is in the predicted effect of pressure on burning velocity. 

The effect is negligible in thermal theories, but important in dif- 

fusion theories. Equation (1-3), which is of the form used by Simon 

(47), is typical of that obtained by using the diffusion theory 

F= 
K. CP. D. L 

1 i i 
E 

QB. i 
(1 -3) 

where the subscript i refers to the species under consideration and 

C initial mole fraction of combustible. 

Q mole fraction of potential combustion products, 
carbon dioxide and water vapor. 

L molecules per cc of gas at mean temperature. 

K. rate constant for interaction of radical with i one combustible. 

Pi equilibrium partial pressure in the burned gas. 
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coefficient of diffusion into unburned gas. 

B. term where value depends upon the rate of 
radical recombination. 

The controversy between the thermal and radical diffusion 

theories is far from being resolved. Often is the case that any argu- 

ments used to defend one theory can readily be applied with a few 

assumptions to also defend the other theory. As one studies the 

arguments for either the thermal or diffusion mechanisms, it be- 

comes apparent that the actual combusion process probably depends 

on both mechanisms to some extent. There have been at least three 

developments using the "mixed" theory approach: Hirschfelder and 

Curtiss (30), von Karman and Penner (53), and Boys and Corner (5). 

As one might expect, these approaches are quite sophisticated and 

certainly too extensive to discuss here. Any attempt to condense these 

complex mathematical developments would be grossly inadequate. 

Flame Quenching 

Flame quenching (wall quenching) has been studied by many re- 

search workers from both theoretical and experimental approaches. 

Although these researchers' interests arose from various fields of 

application, they were primarily studying wall quenching as a natural 

phenomenon. 

Various methods were used to indicate the extent of the 

Di 



11 

quenching effect. Two of the principal methods were: (1) linear 

measurement of the dark zone or dead space between the wall and 

the luminous part of the flame, and (2) measurement of the minimum 

opening through which a flame will propagate. As was the case with 

flame propagation, the thermal and particle diffusion theories have 

been offered as mechanisms explaining the flame quenching phe- 

nomenon. In the thermal theory, the cooling effect of the wall is 

the principal deterrent to flame propagation. But, in the diffusion 

theory, free radical chain carriers necessary for propagation are 

said to be deactivated by the wall. Before the importance of free 

radicals and atoms in flames was fully appreciated, it was accepted 

that quenching was entirely governed by heat conduction from the 

flame to the cold surface, the chemical reaction being able to pro- 

ceed only in those regions of the gas where the temperature was 

greater than a vaguely defined "ignition temperature. " Now in the 

light of present knowledge of chain reactions it appears that diffusion 

of free radicals to the wall may well play significant roles in flame 

quenching. 

In studies by vc a. Karman and Milian (52) on laminar flames 

near a cold wall, a flame was assumed to be propagating in a large 

diameter tube filled with a combustible gaseous mixture. A thermal 

theory was used; diffusion between various species and the possible 

chain breaking effect on the wall were neglected. It was assumed 
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that a one dimensional theory of the laminar flame front could be 

applied, with the exception of a domain near the wall in which ap- 

proximately a two dimensional form can be assumed. In these studies, 

dead space was defined as the distance between the wall and a point 

in the flame front corresponding to the "ignition temperature. " Pre- 

dicted dead space values for methane, propane and ethylene did not 

agree well with measured values. However, von Karman noted that 

the ratio of these terms remained constant and, therefore, felt this 

somewhat substantiated the thermal conduction theory for explaining 

flame shape near a cool wall. 

In a case considered by Wohl (57) a flame was assumed to be 

established parallel to a cool wall by igniting a combustible gaseous 

mixture passed through a cooled porous wall. A visible flame zone 

is established parallel to the plate. If the flow velocity is decreased, 

the visible flame zone will approach the plate. At a certain low 

velocity and distance, cooling will be so strong as to extinguish the 

flame. The dead space is directly accessible to observation as the 

distance between the visible upstream boundary of the flame front 

and the plate. Wohl found that the distance from the wall at which a 

flame can be maintained is a function of the amount of heat trans- 

ferred to the wall. Thus, if the heat transfer is increased, then a 

greater distance would be necessary to reduce the heat transfer and 

maintain the flame, otherwise the flame would be quenched. 
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In Potter's and Berlad's (41) theoretical study of flame quench- 

ing in tubes, it was assumed that the flame was quenched when the 

amount of heat retained by the flame is equal to or less than a con- 

stant fraction of the total heat produced by the flame. From this 

study Equation (1 -4) for quenching distance was derived 

where, 

d 
FGNK,TXf 

C W 
P 

C heat capacity in reaction zone. 

d quenching diameter. 

(1 -4) 

F constant that relates total heat produced by 
combustion to heat which must be retained by 
flame for it to exist. 

G dimensional factor dependent only upon 
chamber geometry. 

N Avogardro's Number 

W rate of reaction in reaction zone. 

mole fraction of fuel in unburned gas. 

KT mean thermal conductivity in reaction zone. 

Friedman (16) derived an equation for quench distance in a 

rectangular opening between two plates based on the assumption that 

quenching occurs when the rate of heat generation in the flame is 

equal to or less than the rate of heat transfer to the walls. This dis- 

tance between the two plates at the quenching condition which 

Xi 



Friedman called the quenching distance, is expressed as Equation 

(1 -5). 

w here, 

2K 
X U C 

f p 

1 
Tf Ti 

f T. - T 
i o 

X quenching distance. 

Uf burning velocity. 

C 
P 

specific heat of gaseous mixture. 

Tf flame temperature. 

T. ignition temperature. 

To cold gas temperature. 

K thermal conductivity of gaseous mixture. 

f dimensionless geometrical factor. 

14 

(1 -5) 

The effect of wall temperature and mixture pressure on the 

quench distance was studied experimentally by Friedman and 

Johnston (20). Measurements were made by measuring the minimum 

spacing between parallel plates through which flash -back can occur 

with a given air -fuel ratio, pressure, ambient temperature, and 

wall temperature. Propane was chosen as the fuel because of its 

availability in pure form and its similarity to higher saturated hydro- 

carbons with regard to burning velocity, minimum ignition energy, 

and flame temperature. The procedure for determining the quench- 

ing distance consisted in producing a flame stabilized on a 

= 

o 
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rectangular port. When the flow to the burner is quickly reduced to 

zero, the flame is either quenched by the plates or will flash back 

through the slit, depending upon the conditions. Using this test 

equipment Friedman found the relationship shown as Equation (1 -6 

where, 

X 

P 

quenching 

absolute 

1 

X a (1 -6) ab P T 

distance, inches. 

chamber pressure, atmospheres. 

T plate temperature, °F 

a = O. 7 6 

A/F = 22.0 
b = 0.85 

a = 0.91 
A/F = 1 1. 5 

b = 0.50 

Simon and Belles (48) examined an active particle mechanism 

of quenching. Active particles were considered to be generated in 

the flame and destroyed on the container walls. Equation (1 -7) was 

derived which related the limiting diameter to the concentration of 

active particles, the diffusion coefficients for the particles, the time 

between effective collisions of an active particle and a gas molecule, 

the efficiency of the wall to destroy chain carriers, the pressure, 

and a constant depending on the shape of the duct through which the 
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flame is propagating. The equation for quenching diameter was de- 

rived on the hypothesis that in order for the flame to propagate 

through a tube, the number of effective collisions per unit volume 

in the gas ahead of the burning zone must not fall below some critical 

value. 

where, 

II 32AP 
P. 

i 
D.T.e. 

i i i 

d diameter of tube. 

A fraction of molecules present in gas phase 
which must react for flame to continue to 
propagate. 

P total pressure. 

(1 -7) 

P. partial pressure of one kind of active particle. i 

D. diffusion coefficient of active particle of one 
kind into gas. 

Ti time between effective collisions for active 
particles of one kind. 

e. efficiency of wall to prevent active particles 
which collide with it from returning to gas 
phase as chain carriers. 

The mechanism of Simon and Belles (48) indicates that the 

nature of the surface should be important. This is expressed by the 

coefficient "e ". There is little information available on this term. 

The results of experiments to determine the effect of the nature of 

d 

i 

i 
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the surface conflict. In general, either no surface effect or only a 

slight surface effect has been observed. Belles and Berlad (2) sug- 

gest that a wall that has been exposed to hot combustion products can- 

not be expected to remain uncontaminated. It may be that the effi- 

ciency of removal of chain carriers from the gas phase by any sur- 

face at flame temperature may be the same. These are probably the 

reasons for the usual failure to observe any effect of different wall 

materials on quenching distance. However, Lewis and von Elbe (37) 

report experiments in flame tubes, which were carefully treated be- 

fore the passage of each flame, did indicate that wall effects can be 

observed if the work is done properly. 

Recently Gad El -Mawla (28) has reported studies on wall 

quenching. This work was motivated out of a genuine interest to 

determine what extent this phenomenon contributes to unburned hydro- 

carbon emissions from an internal combustion engine. A sintered 

bronze, porous -plate, flat -flame burner was used. This steady - 

state model was selected to simulate the transient quenching condi- 

tions which exist at the walls of an internal combustion engine. Gad 

El -Mawla found that the quenching effect extends beyond the dead 

space and that some chemical reaction takes place in the dead space. 

To compare the thermal and diffusion theories with experi- 

mental results Potter and Berlad (42), using argon- oxygen -propane 

flame, replaced argon with helium. If argon is replaced by helium, 
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while the combustible and oxygen concentrations are held constant, 

only diffusion coefficients and thermal conductivities are affected; 

equilibrium flame temperatures and composition remain unchanged. 

The simple experiment of flame propagation up a tube was used. 

The ability of a flame to get through the tube depends on several 

factors: (1) pressure, (2) temperature, (3) kind of fuel, oxidant, and 

inert diluents, (4) relative concentrations of fuel, oxidant and inert 

diluent and (5) the cross- sectional shape and size of the tube. It 

was found that the thermal equation proposed by Potter and Berlad, 

Equation (1 -4), satisfactorily predicted the effect of the replacement 

of argon with helium. The diffusion theory equation of Simon and 

Belles, Equation (1 -7), did not satisfactorily predict the effect. 

Potter and Berlad contend, however, that the success of the thermal 

equation should not be interpreted as conclusive evidence that flame 

quenching is entirely a thermal process because many approxima- 

tions and assumptions were made in deriving the expressions for 

both theories. Thus, at the present neither the thermal theory nor 

the diffusion theory is established as the exclusive process by which 

wall quenching occurs. As was suggested in the case of flame 

propagation, it may well be that indeed both mechanisms contribute 

to the phenomenon of wall quenching. 
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IIL EXPERIMENTAL PROGRAM 

Factors Leading to Experimental Program 

As indicated in the previous chapter, in order to completely 

describe a laminar flame system by theoretical methods, it would 

be necessary to have the following information: (1) the step -by -step 

mechanism by which reaction occurs in the flame, (2) the rates of 

all the reactions occurring in the flame and their dependence on 

temperature and concentration, (3) the transport properties of all 

components of the mixture and their dependence on temperature, 

(4) the effect of the wall in breaking chain carriers, and (5) the 

"environmental conditions" for which the information is desired. 

Most of this information just is not available. For example, 

consider the first factor listed. Inspite of extensive research ef- 

forts reported in references (3, 14, 22, 23, 26, 29, 32, 55), the 

mechanism for methane- oxygen combustion still is not definitely 

established. There is little doubt that free radicals and chain reac- 

tions are involved. At the present time not enough facts are known. 

Thus there are several detailed proposed reaction mechanisms which 

are concordant with the experimental data. 

Problems of similar magnitude exist for satisfying the other 

factors. Thus theoretical approaches have had only limited success. 

Investigators must continue to record more facts so that more 
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accurate theories may be developed. 

Purpose of Experimental Program 

The purpose of this experimental program was to provide some 

pertinent data which may be used to further the understanding of 

flame propagation and flame quenching. Temperature profiles and 

concentration profiles were to be measured through the reaction zone 

for controlled variation of combustion parameters. Using one - 

dimensional flame equations, species diffusion velocities, mass flux 

fraction profiles, and rate constants may be derived from the ex- 

perimental data. The specific details concerning test conditions, 

experimental equipment and techniques, and data analysis are 

described in the following sections. 

Experimental Parameters 

The experimental parameters investigated in this study were: 

(1) hydrocarbon fuel type, (2) equivalence ratio, (3) wall temperature, 

and (4) sampling position in flame with respect to burner surface. 

The levels for equivalence ratio, wall temperature, and sampling 

position were selected as a result of extensive preliminary tests on 

the burner system. The gas mixture velocity was chosen so that it 

would produce a stable flame under partial quenching conditions. 

Propane and propylene were selected as typical representatives of 
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two common types of fuel structure. 

1. Fuel Type: 

a) propane (paraffin) 

b) propylene (olefin) 

2. Equivalence Ratio: 

a)(i)= 0. 90 

b) = 0.95 

c) = 1. 00 

d) = 1. 05 

e) = 1. 10 

3. Wall Temperature: 

a) T = 600°F 

b) T = 700° F 

c) T 800° F 

4. Sampling Position: 

a) 0. 005 cm g) 0. 185 cm 

b) 0. 035 cm h) 0. 215 cm 

c) O. 065 cm i) O. 245 cm 

d) 0. 09 5 cm j) 0. 275 cm 

e) 0. 125 cm k) 0. 305 cm 

f) 0.155 cm 1) 0. 335 cm 

5. Chamber Pressure: 1 atmosphere 

6. Oxidant: air 

= 



7. Inert: nitrogen in air 

8. Wall Material: stainless steel 

9. Mixture Velocity: 7. 5 feet per minute 

Experimental Techniques 

Flame Stability 
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The success of the following experimental techniques requires 

a stable flame. Therefore, the levels of the experimental param- 

eters were selected to meet this requirement. The presence of 

flame perturbation was detected with a precision Gaertner Model 

M -912 cathetometer, Under thermal equilibrium conditions no short 

or long -term drift was observed during a six -hour period. Fristrom 

(24) has reported that with a propane -air flame at 1/4- atmosphere 

pressure, the maximum variation during a five -minute period was 

only 0. 03 mm. Photographs did not reveal any long -term change. 

Gas Sampling 

Gas samples were taken from the flame zone with a special 

quartz microprobe. The tip of this probe as shown in Figure 3 is 

constructed such that it does not cause aerodynamic disturbance in 

the flame and the stable sample constituents are "frozen" from 

further reaction. No attempt was made to sample unstable free 
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radical particles with this system. 

8-mm O. D. 
6-mm I. D. 

30 degree taper 
0. 001 -inch diameter 
orifice 

Figure 3. Tip of quartz sampling probe. 

Probe sampling is a straight forward process --the gas sample 

is withdrawn, quenched, and then analyzed. Critical flow sampling 

conditions are maintained at the probe orifice. The contoured 

nozzle and large pressure drop effectively quench the flame reaction 

so that a reliable sample reaches the analytical instruments. Such 

a probe withdraws only a few micrograms of sample per second and 

does not visually disturb the flame structure. This type of sampling 

probe has been successfully used by other investigators (19, 23, 24, 

25, 43, 50). Further details justifying the use of this probe are 

presented in Appendix A. 

Flame Temperature Measurements 

The temperature profile through the flame zone was measured 

with a platinum -platinum ten percent rhodium microminiature thermo- 

couple. The thermocouple method has been reported by a number of 
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investigators (15, 17, 18, 21, 23, 35, 40, 55). The thermocouple 

probe, as shown in Figure 4, was designed to minimize aerodynamic 

disturbances in the flame. 

3/8 -inch ceramic 
insulator 

2 -mm O. D. 1 -inch 
tapered quartz tube. 
0. 001 -inch diameter 
wire with thermocouple 
bead 

Figure 4. Tip of thermocouple probe. 

A bare platinum -platinum ten percent rhodium thermocouple 

cannot be used for flame temperature measurements because it acts 

as a catalyst in the reacting chemical system. This causes unde- 

sirable surface reactions at the thermocouple bead and gives er- 

roneous results. A non - catalytic ceramic coating has been developed 

by the National Bureau of Standards which solves this problem. This 

material, known as NBS A -418, consists of a mixture of eight oxides 

plus a small proportion of enameler's clay. A thin coating may be 

applied which does not appreciably change the thermocouple bead 

diameter. Friedman (17) has reported satisfactory results using 

this non - catalytic ceramic coating. 

The thermocouple temperature readings must be corrected for 

radiation losses. Conduction losses may be neglected since the wires 
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adjacent to the thermocouple junction, as shown in Figure 4, are ex- 

posed to the same temperature region in the flat flame. Detailed 

calculations for correcting for radiation losses are given in 

Appendix B. 

Probe Position Measurements 

The positions of the quartz sampling probe and the thermo- 

couple probe were measured with a Gaertner Model M -91 2 cathe- 

tometer. This optical instrument provides a vernier readout to 

0. 01 mm. This method eliminates the thermal expansion errors in- 

herent with mechanical micrometer -type measuring systems. Ac- 

cording to references (18, 19, 23, 25) the cathetometer is the pre- 

ferable method for flame zone measurements. Optical aberrations 

of the telescope and distortion due to density gradients in the flame 

are only small sources of error. 

Mixture Velocity Measurements 

The gas velocity profile above the sintered stainless steel plate 

was measured with a Disa Model 55 A01 constant -temperature hot - 

wire anemometer. This measurement was made (1) to insure that 

the gas velocity was of the proper magnitude and (2) to insure that a 

flat velocity profile existed. The latter requirement is imperative 

for developing a flat flame. The calibration data for the Disa 
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instrument are shown in Appendix C. 

Hydrocarbon Analysis 

A Perkin -Elmer Model 810 gas chromatograph with flame 

ionization detector was used for the quantitative analysis for methane, 

ethane, ethylene, propane, propylene and acetylene. A constant - 

volume (1 cc) sampling valve insured constant sample size. Output 

from the chromatograph was recorded by a Honeywell Model Elec- 

tronik 15 recorder equipped with a Disc Model 201 -B integrator. 

Pertinent operating conditions and calibration procedures are pre- 

sented in Appendix D. 

Carbon Monoxide and Carbon Dioxide Analysis 

Non -dispersive infrared analyzers were used to measure car- 

bon monoxide and carbon dioxide concentrations. The carbon 

monoxide analyzer was a Beckman Model IR -15A while the carbon 

dioxide analyzer was a Beckman Model IR- 215. Typical calibration 

curves for these instruments are shown in Appendix E. 

Oxides of Nitrogen Analysis 

The Saltzman colorimetric method (46) was applied in deter- 

mining oxides of nitrogen concentrations. Thirty milliliter gas 

samples at one -third atmosphere total pressure were brought to one 



27 

atmosphere by adding oxygen. This excess oxygen enhanced the con- 

version of nitric oxide to nitrogen dioxide. The nitrogen dioxide was 

then absorbed into one milliliter of Saltzman reagent for color de- 

velopment. A Bausch and Lomb Model Spectronic 20 colorimeter 

was used to determine the amount of nitrite ion present. Due to the 

small sample size, the Spectronic 20 had to be modified so that 

quartz microcells with 0. 2 milliliter capacity could be used. 

Analysis for Alcohols, Aldehydes, and Acids 

No attempt was made to analyze for oxygen - containing inter- 

mediates such as alcohols, aldehydes, ketones, and acids. Although 

these are definitely stable intermediates in cool flames and in slow 

oxidation of hydrocarbons, this apparently is not the case in a rela- 

tively high -temperature, fast -reacting system as this. Using mass 

spectrometer analysis Fristrom (25) has found that these interme- 

diates are not present in a propane -air flame at 1/4- atmosphere 

pressure. In order to establish that this absence was not due to 

faulty sampling, poor analytical equipment or abnormally high dis- 

appearance rates, both methyl alcohol and formaldehyde were intro- 

duced into the incoming gas and were successfully detected. Smith 

(49) has reported similar results for a methane diffusion flame sys- 

tem. Only very trace amounts of formaldehyde were detected using 

the mass spectrometer. 
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Experimental Apparatus 

Several pieces of apparatus were fabricated specifically for 

this project. Detailed sketches of the burner assembly, quartz sam- 

pling probe, and thermocouple probe are shown in Appendix F while 

general descriptions of test equipment are given in the following 

sections. 

Burner Assembly 

The schematic diagram in Figure 5 shows the general features 

of the test apparatus. 

A two -inch diameter sintered stainless steel burner was en- 

closed in an air -tight chamber. This housing, which consisted of a 

six -inch diameter pyrex cross - section, allowed access for the quartz 

sampling probe, thermocouple probe, coolant lines, ignition probe 

and also an observation port. 

The quartz sampling probe and thermocouple probe were placed 

in stationary positions. Traverses through the flame zone were ac- 

complished by use of a micrometer which moved the burner relative 

to the probes. The distance between the probes and the burner sur- 

face was measured optically with a Gaertner Model M -91 2 cathe- 

tometer. 



to exhaust 
system 

quartz sampling 
probe 

thermocouple leads 

ignition probe 
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Pyrex chamber 

coolant for 
sintered plate 

X77 

quartz 
window 

micrometer device to 
adjust burner position 

regulated air -fuel 
supply 

Figure 5. Burner system. 

The ten -inch sampling probe was fabricated from (S -mm O. D. 

and 6 -mm I. D. ) quartz tubing. The internal taper at the tip was 30 

degrees while the sampling orifice was 0. 001 -inch diameter. This 

probe was built to specifications by Thermal American Fused Quartz 

Company of Montville, New Jersey. 

The 20 -inch platinum -platinum ten percent rhodium thermo- 

couple probe used 0. 001 -inch diameter wire. The details of the tip 

-f 
` 
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of this probe are revealed in Figure 4. The quartz tips for this probe 

were also made by Thermal American Fused Quartz Company while 

the remainder of the probe fabrication was performed by Omega 

Engineering Inc. of Springdale, Connecticut. The thermocouple 

junction was coated with NBS A -418 by Ceramic Coating Company 

of Newport, Kentucky. 

A thermocouple probe similar to the one shown in Figure 4 

was used in some cases to monitor flame temperatures. The 0. 003 - 

inch diameter platinum -platinum ten percent rhodium couple was 

"flame plated" with a silica coating to minimize catalytic effects. 

Dow Corning Type 307 silicone oil and the "flame plating" method of 

Kaskan (34) were used. 

The sintered disc was 1/4 -inch thick, 20 percent porosity, and 

made of 316 stainless steel. The process used by Panoramic 

Corporation of Janesville, Wisconsin, provided extremely uniform 

porosity. This produced the desired flat velocity profile. 

During burner operation the disc was cooled by placing a cop- 

per cooling coil on the bottom side of the disc. This coil, which was 

made of 1/8 -inch copper tubing, was sanded down to increase the 

contact area. The coolants, water and air, were regulated by use 

of a Nupro Model 2M2 micrometer valve. 

The temperature of the porous plate was determined by use of 

a 0. 005 -inch iron - constantan thermocouple placed at the surface. 
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Output from this thermocouple was read on a Leeds and Northrup 

Model 8686 millivolt potentiometer. 

The ignition probe was built to function similar to a spark plug. 

It consisted of two 1/16-inch diameter copper wires enclosed in a 

two -hole glass rod. The gap between the ends of the wires was about 

1/8 -inch. Using a spring loaded off -on switch, the input leads were 

hooked to a Powerstat Type 126 and Mullenbach Model G -BFE igni- 

tion transformer. This arrangement provided control of arc intensity 

and duration. 

Fuel and Air Supply 

High purity propane (99. 5 percent minimum) and propylene 

(99. 5 percent minimum) fuels were obtained from The Matheson 

Company. The specifications indicated: (1) propane may contain 

small quantities of ethane and isobutane as well as up to O. 005 weight 

percent sulfur, and (2) propylene may contain small amounts of 

propane and ethane and a trace quantity of carbon dioxide. A gas 

chromatography analysis revealed: (1) the propane contained only 

a trace amount of ethane, and (2) the propylene possessed 0.158 per- 

cent by volume propane but no measureable ethane. 

The required air supply was provided by a compressor, storage 

tank, and desiccant tank system. This provided the needed dry air 

and eliminated being dependent upon the building air supply system 
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which had gross pressure fluctuations. 

Air and Fuel Flow Measurement 

The air and fuel flow control systems used identical equipment. 

This arrangement is illustrated in Figure 6. 

air or fuel 
supply 

Pres sure 
regulator Thermocouple 

Orifice flowmeter 

desiccant 

upstream pressure transducer 
and transducer indicator 

to mixing p 
chamber 

pressure drop 
transducer and 
transducer 
indicator 

Figure 6. Fuel and air flow apparatus. 

The air and fuel mass flow rates were determined using orifice 

flowmeters which were constructed according to American Society 

of Mechanical Engineers Code. Orifice plates with holes of 0. 010, 

0. 0135, 0. 016, 0. 025, 0. 035, and 0. 045 -inch diameters were made. 

.1. 
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The holes were drilled by a jeweler and the plate surfaces were 

finished in the metallography laboratory to insure a sharp edge ori- 

fice. Orifices were inspected under high magnification. 

The basic equation used for air and fuel flow is shown as 

Equation (3 -1). Further discussion of this equation and calibration 

data are given in Appendix G. 

where 
a 

M ` K 
P AP 

T1 

K constant. 

P1 upstream pressure, psia. 

AP orifice pressure drop, inches of water. 

T1 upstream temperature, °R. 

M mass flow rate, lbs /sec. 

(3 -1) 

Upstream pressures of the fuel and air were set at sufficiently 

high values to maintain critical flow conditions across the Nupro 

Model 2S metering valves. This was a necessity so that any varia- 

tion of operating parameters downstream would not in turn affect 

changes in the fuel and air flow. Tests for critical flow conditions 

were conducted by increasing the backpressure below the Nupro 

valve until finally a change in the orifice pressure drop occurred. 

In this manner, the required upstream conditions to maintain critical 
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flow for micrometer valve settings were determined. 

Any moisture present was removed by anhydrous calcium sul- 

fate desiccant. The upstream temperature was monitored by using 

an iron - constantan thermocouple and a Leeds and Northrup Model 

8686 potentiometer. 

Upstream pressures and pressure drops across the orifice 

plate were determined with Pace Model KP15 pressure transducers 

and Pace Model CD25 transducer indicators. These Pace Units pro- 

vided extreme convenience in that they have a linear response, can 

be over -pressured without damage, and unlike liquid manometers 

have no tendency to leak, blow -over, or blow -up. The calibration 

procedure for the Pace units is given in Appendix H. 

A Republic Model 310 -3 -1/4 D two -way valve allowed using the 

same Pace unit to monitor both fuel and air upstream pressures. 

Similarly a Republic Model A331 -202 double two -way valve made it 

possible to measure the air and fuel orifice meter pressure drops 

with the same Pace unit. These valves are both spring- loaded teflon- 

plug valves which exhibit negligible leak rates. The complete air 

and fuel flow system was extensively tested for leaks using Snoop 

Leak Detector. 

Sampling and Analytical System 

A schematic of the sampling and analytical system is shown 
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in Figure 7. The total volume of this system was minimized in order 

to reduce the total sampling time required. Extreme care was taken 

to eliminate leaks; use of high vacuum leak sealant proved to be a 

necessity. Whenever possible stainless steel tubing and Swaglok 

fittings were used. 

to chromatograph 

#4 toggle valve 

nitrogen carrier gas 
to chromatograph 

#1 to le 

chromatograph carbon monoxide 
gas sampling and carbon dioxide 
valve analyzer s 

#1 microregulating 
valve 

pressure transducer and 
transducer indicator 

to calibration gases 

gas sample for 
oxides of nitrogen 

to oxygen supply 

valve 

to quartz 
sampling probe 

#2 toggle valve 

to vacuum 
pump 

#3 toggle valve 

#5 toggle valve 

0 #2 microregu- 
lating valve 

Figure 7. Sampling and analytical system. 
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A Pace Model KP15 transducer and Pace Model CD25 indicator 

unit was used to monitor the total pressure of the system. This 

method offered several distinct advantages: (1) possessed a minimal 

internal volume ( < 0.1 cc), (2) eliminated possible sample contami- 

nation due to presence of a manometer fluid, (3) offered inherent 

design conducive to eliminating leaks and (4) system pressure could 

be rapidly changed without worry of blowing a manometer. In addi- 

tion, this unit could handily note a pressure change of 11000 at- 

mosphere. Thus, it was particularly effective in detecting leaks 

within the sampling and analytical system. Ultimately the system 

was capable of holding greater than 29 inch -mercury vacuum for at 

least 15 minutes with no measureable change in pressure. The cali- 

bration procedure for this instrument is given in Appendix H. 

A Perkin -Elmer Model 008 -0659 two -way sampling valve was 

used to take a constant -volume sample for hydrocarbon analysis. In 

position #1 the 1 cc sample loop became part of the sampling system. 

In position #2 the sample taken, while the valve was in position #1, 

was carried to the chromatograph by the nitrogen carrier gas. 

Experimental Procedures 

Burner Operation 

Prior to igniting the burner, the chamber was evacuated with 
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the vacuum system to remove any fuel which may have somehow ac- 

cumulated. The air flow was set at the desired rate and then the fuel 

flow set such that the flame would stabilize regardless of the initial 

burner and chamber conditions. The mixture was then ignited and 

the desired mixture ratio obtained. During the next two hours the 

system reached thermal equilibrium. Prior to taking data, final 

adjustments of plate temperature and chamber pressure were made. 

The chamber pressure was held constant at one atmosphere (14. 7 

psi). The small day -to -day variations were eliminated by using the 

appropriate adjustments of the exhaust valve and vacuum system 

valve. 

Instrument Adjustments and Calibration 

While the burner system reached thermal equilibrium, the ana- 

lytical instruments were adjusted and calibrated. The gas chromato- 

graph and nondispersive infrared instruments were left in operation 

constantly in order to minimize drift due to thermal instability. 

These instruments were handily calibrated in less than 30 minutes. 

This was done prior to each test. Thus, any change in instrument 

response with time could be detected. 

Gas Sampling 

In the following step -by -step description refer to Figure 7. 
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1. Put gas chromatograph sampling valve to position #1. 

2. Close toggle valves #1 and #4. 

3. Close toggle valve #5. 

4. Open toggle valve #2. Start vacuum pump and allow to 

operate at least two minutes. Carbon monoxide and car- 

bon dioxide analyzers should have zero output. 

5. Open toggle valve #1 in order to evacuate sampling probe. 

Allow at least two minutes operation. 

6. Close toggle valve #2 and turn off vacuum pump. 

7. Draw sample into system to total pressure of 1/3 at- 

mosphere and then shut toggle valve #1. Sampling time 

should be about 50 seconds. Allow sample to stabilize 

for two minutes. 

8. Take carbon monoxide and carbon dioxide readings. 

9. Turn gas chromatograph valve to position #2 for hydro- 

carbon analysis. 

10. Close #3 toggle valve. 

11. Using #2 microregulating valve add oxygen to NO x 
sample 

bottle. 

12. Add Saltzman reagent to NO x 
bottle and allow 24 hours for 

color development before reading colorimeter. 

13. Observe output from gas chromatograph and make ap- 

propriate attenuation changes. 



14. Put on new NO gas sampling bottle and return gas 

chromatograph valve to position #1. 

15. Evacuate sample system in preparation for next sample. 

Statistical Design 

Requirements 
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The selection of the statistical design was complicated by the 

fact that it must be a compromise in order to satisfy several require- 

ments. The basic requirements of the statistical design were: 

1. Must be able to detect presence of main effects of each 

parameter. 

2. Must be able to detect the presence of two factor interac- 

tion effects between parameters. 

3. Should be as simple as possible. 

4. Should be an efficient design which will minimize the total 

number of tests to be made and still meet the other re- 

quirements. 

Selected Design 

A completely randomized nonreplicated factorial experiment 

was selected with factors as follows: (1) Factor A; hydrocarbon fuel 

type, (2) Factor B; equivalence ratio, (3) Factor C; plate (wall) 
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temperature, and (4) Factor D; sampling position with reference to 

plate surface. Due to the gross time requirements of the experi- 

mental procedures and the delicate nature of some of the experi- 

mental equipment and analytical instruments, replication was not 

considered practical. Replication is generally needed to obtain an 

estimate of the error term. However, as shown in the following 

sections, this problem can be alleviated by pooling the three and 

four factor interaction terms as an estimate of the error term. 

Statistical Model 

The form of statistical model used is one in which each obser- 

vation is expressed as the sum of several component effects. In 

other words, it is an additive type model. The four -way classifica- 

tion model (with interaction) has the form shown in Equation (3-2). 

Y.., = µ + A. + B. + Ck + Dl + (AB).. + (AC) iJ.ln i J k 1 iJ ik 

+ (AD)il 
+ (BC).k + (BD).1 

J 
+ (CD)kl 

J 

(3 -2) 

+ (ABC)i.k + (ABD)i.l + (ACD)ikl 
J 

+ (BCD)jkl + (ABCD)ijkl 
+ eijkln 

where, 

µ = general mean 

A, B, C, and D = main effects 
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AB, AC, AD, BC, BD, and CD = two factor interaction effects 

ABC, ABD, ACD, and BCD = three factor interaction effects 

ABCD = four factor interaction effects 

e = random error term 

In addition to the assumption of additivity, several assumptions 

are made concerning the random error terms. These have been 

thoroughly discussed by Davies (11) and Cochran and Cox (7) and are 

briefly enumerated as follows: (1) the errors are independent, (2) 

the variances of the errors are equal and (3) the errors are normally 

distributed. In actual practice it is difficult to be certain that these 

assumptions all hold. Another implied assumption of the statistical 

model is that the levels of the independent variables are measured 

or controlled without error. All error is assumed to be in the de- 

pendent response. This is certainly not the case in actual experi- 

ments. However, little can be done to compensate for this variability 

except striving to improve laboratory techniques. Box (4) has con- 

sidered the transmitted error due to this variability for linear, quad- 

ratic and general polynomial response surfaces. Apparently the mag- 

nitude of the transmitted error is a function of the response surface. 

The estimated maximum error present in the factor levels of 

this experiment are as follows: 

Factor A (fuel type): no variation due to batches 

Factor B (equivalence ratio): ± 0. 005 
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Factor C (plate temperature): + .5°F 

Factor D (sampling position): ± 0. 002 cm 

No attempt was made to precisely estimate these errors or account 

for their presence by altering experimental data. 

The Factorial Experiment 

The factorial experiment is one in which the effects of several 

factors are studied simultaneously. The advantages and disadvant- 

ages of this type of experiment are stressed by Cochran and Cox (7). 

Briefly though, the main advantages are: (1) offers considerable 

saving of time and material and (2) offers capability of being able to 

detect interaction effects. The major disadvantages are: (1) be- 

comes large and complex as the number of factors increases, and 

(2) sometimes difficult to properly interpret meaning. 

The expected mean square values for factorial experiments 

have been presented by Cornfield and Tukey (8). This study used a 

completely randomized non -replicated factorial experiment. The 

mean square values for a four -factor, fixed model experiment with 

replication are shown in Table 1. Actually for the fixed model each 

of the effect variance terms should be shown as summation expres- 

sions. For example, Cr B should be shown as E B ?b -1 but as a 

matter of convenience the o- 2 terms are used. The assumption is 

made that the three and four -factor interaction effects are negligible, 
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Table 1. Analysis of Variance of four -factor factorial experiment. 

Source of 
Variance 

A 

Degrees of Freedom 

a - 1 

Expected Mean 
Squares 

óe +nbcdo 

B b- 1 6 é+ nacd o- B 

C c - 1 é+nabdóC 
C 

D d - 1 o-e+ nab cóD 

AB (a - 1)(b - 1) o- 
e 

+ ncd 6ÁB 

2 AC (a - 1)(c - 1) o- + nbd 
e 6AC 

2 AD (a - 1)(d - 1) o- 
e 

+ nbc 
(TAD 

2 BC (b - 1)(c - 1) 6e + nad 6BC 

BD (b - 1)(d - 1) 6 é + nac 6 BD 

CD (c - 1)(d - 1) o- 

ABC (a - 1)(b - 1)(c - 1) 

ABD (a - 1)(b - 1)(d - 1) 

ACD (a - 1)(c - 1)(d - 1) 

BCD (b - 1)(c - 1)(d - 1) 

ABCD (a - 1)(b - 1)(c - 1)(d - 1) 

2 
+ nab 6 CD 

6 
e 

+ nd 6ABC 

6 2 + nc 6 2 
e ABD 

o- 
2 

+ nb 6ACD 

o- 2 + na 6 2 
e BCD 

2 2 
o + n o-ABCD 

Replication abcd (n - 1) o- 
2 

e 

2 

e 

2 
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i. e. , ABC, ABD, ACD, BCD and ABCD are negligible. Therefore, 

an estimate of the error term is provided by pooling these terms. 

As indicated by Cochran and Cox (7) this assumption is frequently 

made and is not without justification since experience has often shown 

it to be true. However, at least two methods are available to test the 

validity of this assumption. Bartlett's test (38) checks for homoge- 

neity of variances. In other words, it hypothesizes that each of these 

terms indeed estimates the same variance. Rejection of the hy- 

pothesis leads one to conclude that at least one of the higher order 

terms was not negligible. A graphical method proposed by Daniel (9) 

helps indicate without the use of analysis of variance techniques, 

which higher order effects are probably significant and should not be 

included in the pooled residual sum of squares. 

The effect of inadvertantly using a significant higher order 

interaction term as part of the error estimator, is to inflate the 

error term. This can cause one to make the error of accepting a 

false hypothesis. 

Hypotheses Tested 

A null hypothesis was made for each of the dependent re- 

sponses, i. e. , that there was no difference in response at the 

various levels of the selected combustion parameters. The alterna- 

tive hypothesis was made which stated there was a significant 
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difference. Similar null and al ternative hypotheses were made for 

the two -factor interaction responses. 

As an example consider the hypotheses concerning the effect 

of factor B, equivalence ratio, upon ethylene response. 

Null Hypothesis: Cr = 0 

Alternative Hypothesis: 0- 2 
B 

0 

If the null hypothesis was accepted then it was concluded that equi- 

valence ratio had no influence on ethylene response. If the alterna- 

tive hypothesis was accepted then the data used in accepting the al- 

ternative hypothesis was available to formulate prediction equations. 

B 

7 
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IV. RESULTS 

Experimental Data 

The 30 combinations of the levels of factors A (fuel type), B 

(equivalence ratio), and C (plate temperature) were randomized by 

the method of Quenouille (44) using a random numbers table. Factor 

D (sampling position) was intentionally not included for two reasons: 

(1) it would have made the mechanics of conducting the overall ex- 

periment unduly long and difficult, and (2) it was felt that there was 

little possibility of introducing systematic bias by not randomizing 

this factor. 

There was no past evidence or reason to believe that the re- 

sponses would not satisfy the assumptions in the statistical model. 

However, there is one point which should be mentioned concerning 

the use of the gas chromatograph for detecting hydrocarbon responses. 

This instrument has an 18- position attenuation switch (1X - 500, 000X) 

which allows a great range of flexibility. But, for any given attenua- 

tion the instrument has a maximum error which is proportional to 

the full scale value. Thus if a wide range of attenuations is used, an 

induced error is brought about which is not absolute but proportional 

to the response. If this problem is gross then according to Li (38) 

the variances may be equalized by using a log transformation on the 

experimental data. It was felt that this transformation was not 
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needed in this case. Only five of the lower attenuations (2X, 5X, 

10X, 20X and 50X) were used in measuring the six hydrocarbon re- 

sponses. All except propane were measured using 2X, 5X and 10X 

attenuations. 

The raw experimental data is presented in tabular form in 

Appendix K. The hydrocarbon and oxides of nitrogen responses are 

given in parts per million while the carbon monoxide and carbon 

dioxide responses are in percent by volume. The listed gas tem- 

peratures have been corrected for radiation losses using the method 

outlined in Appendix B. 

Results of Statistical Analysis 

Four -factor Analysis of Variance 

The four -factor analysis of variance calculations were made 

for the dependent responses of methane, ethane, ethylene, propane, 

acetylene, propylene, carbon monoxide, carbon dioxide and oxides of 

nitrogen. The computations were performed on the CDC 3300 com- 

puter at Oregon State University. The computer program (OSU -04) 

is on file in the Statistical Analysis Program Library. The obtained 

analyses of variance (A. O. V. ) for these responses are shown as 

Tables 2 through 10 respectively. The corresponding means for the 

main effects are listed in Table 11 while the means for two -factor 
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effects are in Appendix L. The critical variance ratio (F -test) values 

at five percent level of significance are listed on the A. O. V. tables. 

In several cases the (fuel) x (equivalence ratio) x (plate tem- 

perature) interaction term was not pooled with the other higher 

order terms to obtain an estimate of the error term. It was held out 

because generally it had a mean square value several times larger 

than any of the other higher order terms. This really did not grossly 

alter the estimates of the error term since this term has only eight 

degrees of freedom compared to 242 total degrees of freedom cor the 

remaining higher order terms. 

The mean square values in the analysis of variance tables were 

used to test the various null hypotheses concerning presence of main 

and interaction effects. If the equivalence ratio and /or plate tem- 

perature factor proved to be significant then these effects were 

broken down into linear and quadratic individual degrees of freedom. 

Since equal increments were used between factor levels these com- 

putations could be made using orthogonal multipliers and then modi- 

fying the four - factor computer program. The results of these sta- 

tistical tests are included in the A. O. V. tables. 

In addition to the main effects, a large number of two -factor 

effects were also found to be significant. This is the result of (1) 

having a small error term due to the refined laboratory testing con- 

ditions and techniques and (2) having such a large number of 
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observations. The real significance of an interaction effect is best 

viewed by comparing it to the magnitude of the main effects. If the 

main effect completely overshadows the interaction effect by orders 

of magnitude, then interaction effect probably isn't really of signifi- 

cant interest. 

By definition, the physical meaning of significant main and two - 

factor interaction effects found in the following A. O. V. tables is 

briefly described as follows: 

fuel: the dependent variable response is not 

the same for propane and propylene. 

equivalence ratio: the dependent variable response is not 

the same for all five levels of equiva- 

lence ratio. 

plate temperature: the dependent variable response is not 

the same for all three levels of plate 

temperature. 

sampling position: the dependent variable response is not 

the same for all 12 levels of sampling 

position. 

(fuel) x (equivalence ratio): the shape or slope of the equivalence 

ratio versus dependent variable curve 

is not the same for propane and pro- 

pylene. 
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(fuel) x (plate temperature): the shape or slope of the plate tempera- 

ture versus dependent variable curve 

is not the same for propane and propy- 

lene. 

(fuel) x (sampling position): the shape or slope of the sampling posi- 

tion versus dependent variable curve 

is not the same for propane and propy- 

lene. 

(equivalence ratio) x the shape or slope of the equivalence 

(plate temperature): ratio versus dependent variable curve 

is not the same for all three levels of 

plate temperature. 

(equivalence ratio) x the shape or slope of the sampling 

(sampling position): position versus dependent variable 

curve is not the same for all five levels 

of equivalence ratio. 

(plate temperature) x the shape or slope of the sampling 

(sampling position): position versus dependent variable 

curve is not the same for all three 

levels of plate temperature. 

- 



Table 2. Four - factor analysis of variance for methane response. 

Source of Variance 
Degrees of 
Freedom 

Mean 
Square 

Variance 
Ratio 

Significant at 
5% Level 

Fuel 1 1526074. 22 94.02 Yes 
Equivalence Ratio 4 2366284. 84 145. 78 Yes 

Linear 1 7923936. 23 488. 19 Yes 
Quadratic 1 1379430.48 84.98 Yes 

Plate Temperature 2 47806. 17 2. 95 No 

Sampling Position 11 1794279. 51 110. 54 Yes 
Fuel x Equivalence Ratio 4 57784. 11 3. 56 Yes 
Fuel x Plate Temperature 2 9288. 52 0. 57 No 
Fuel x Sampling Position 11 186106. 87 11. 47 Yes 

Equivalence Ratio x Plate Temperature 8 43085. 78 2. 65 Yes 
Equivalence Ratio x Plate Temperature 44 150009. 27 9. 24 Yes 

Plate Temperature x Sampling Position 22 10667. 05 0. 66 No 

Pooled terms 250 16231. 20 

Critical Variance Ratios at 5% Level of Significance: 

F250 3. 8415 F250 2. F250 2.3719 

F250 1. 9384 F250 - 1. 7914 F250 1. 5439 

F250 1. 3788 

- - 

ui 

= 

= = 



Table 3. Four -factor analysis of variance for ethane response. 
Degrees of 

Source of Variance Freedom 
Mean 
Square 

Variance 
Ratio 

Significant at 
5% Level 

Fuel 1 436392. 10 142. 07 Yes 

Equivalence Ratio 4 75363. 48 24. 54 Yes 
Linear 1 270397. 51 88. 03 Yes 
Quadratic 1 27698. 48 9.02 Yes 

Plate Temperature 2 12441. 22 4. 05 Yes 
Linear 1 24867. 70 8. 10 Yes 
Quadratic 1 14. 73 < 0. 01 No 

Sampling Position 11 298134. 00 97. 06 Yes 

Fuel x Equivalence Ratio 4 22058. 15 7. 18 Yes 

Fuel x Plate Temperature 2 2499. 41 0. 81 No 

Fuel x Sampling Position 11 32107. 89 10. 45 Yes 

Equivalence Ratio x Plate Temperature 8 21437. 99 6. 98 Yes 

Equivalence Ratio x Sampling Position 44 8588. 17 2. 80 Yes 

Plate Temperature x Sampling Position 22 4005. 07 1. 30 No 

Fuel x Equivalence Ratio x Plate Temperature 8 20609. 32 6. 71 Yes 

Pooled Terms 242 3071. 59 

Critical Variance Ratios at 5% Level of Significance: 

F2 4z 
_ 2. 3719 F2 

8 

42 - 1.9384 
11 

F242 1. 1.7914 

F242 = 3. 8415 F242 
= 

2. 3719 

F242 = 1. 5439 F242 = 1. 3788 
N 
vi 

- -- - -- 



Table 4. Four -factor analysis of variance for ethylene response. 

Degrees of 
Source of Variance Freedom 

Mean 
Square 

Variance 
Ratio 

Significant at 
5% Level 

Fuel 1 15190973. 33 208.04 Yes 
Equivalence Ratio 4 4818992, 86 66. 00 Yes 

Linear 1 17467362. 53 239, 21 Yes 
Quadratic 1 1372112. 56 18. 79 Yes 

Plate Temperature 2 207331. 51 2.84 No 

Sampling Position 11 147 64670. 30 202. 20 Yes 

Fuel x Equivalence Ratio 4 51085. 30 0. 70 No 

Fuel x Plate Temperature 2 27535. 80 0. 38 No 

Fuel x Sampling Position 11 1489159. 25 20. 39 Yes 

Equivalence Ratio x Plate Temperature 8 169350. 14 2. 32 Yes 

Equivalence Ratio x Sampling Position 44 440122. 80 6. 03 Yes 

Plate Temperature x Sampling Position 22 154112. 40 2. 11 Yes 

Fuel x Equivalence Ratio x Plate Temperature 8 163919. 56 2. 24 Yes 

Pooled Terms 242 73018. 55 --- 

Critical Variance Ratios at 5% Level of Significance: 

4 F242 2. 3719 F8 = 1.9384 F11 = 1.7914 242 242 242 

F242 

F22 242 

= 

= 

3. 8415 

1.5439 

F242 

F44 242 

= 

= 

2. 

1. 

9957 

3788 = 



Table 5. Four - factor analysis of variance for propane response. 
Degrees of 

Source of Variance Freedom 
Mean 
Square 

Variance 
Ratio 

Significant at 
5% Level 

Fuel 1 6161540239. 75 4620.94 Yes 

Equivalence Ratio 4 4501261. 00 3. 38 Yes 
Linear 1 15684566. 42 11. 76 Yes 
Quadratic 1 592468. 76 0. 44 No 

Plate Temperature 2 49187809. 81 36. 89 Yes 
Linear 1 92416029. 33 69.31 Yes 
Quadratic 1 5959590. 31 4. 47 Yes 

Sampling Position 11 654809891. 80 491. 08 Yes 

Fuel x Equivalence Ratio 4 4294174. 81 3. 22 Yes 
Fuel x Plate Temperature 2 49386121. 31 37. 04 Yes 
Fuel x Sampling Position 11 650786708. 06 488. 07 Yes 

Equivalence Ratio x Plate Temperature 8 5927509. 59 4. 45 Yes 
Equivalence Ratio x Sampling Position 44 1551093. 01 1. 16 No 

Plate Temperature x Sampling Position 22 2717786. 62 2. 04 Yes 

Fuel x Equivalence Ratio x Plate Temperature 8 5893153. 05 4. 42 Yes 

Pooled terms 242 1333393. 00 

Critical Variance Ratios at 5% Level of Significance: 

F4 = 2. 3719 F8 = 1.9384 F11 = 1.7914 
242 242 242 

F242 

F22 
242 

= 

= 

3. 8415 

1.5439 

F242 

F44 
242 

= 

= 

2. 

1. 

9957 

3788 

- -- 



Table 6. Four -factor analysis of variance for acetylene response. 

Source of Variance 
Degrees of 

Freedom 
Mean 

Square 
Variance 

Ratio 
Significant at 

5% Level 

Fuel 1 4592321. 11 203. 30 Yes 

Equivalence Ratio 4 2436561. 14 107. 88 Yes 
Linear 1 8 2619 08. 51 365. 83 Yes 
Quadratic 1 13 21889. 89 58. 53 Yes 

Plate Temperature 2 60421. 72 2. 68 No 

Sampling Position 11 1047645. 16 46. 39 Yes 

Fuel x Equivalence Ratio 4 210227. 14 9. 31 Yes 
Fuel x Plate Temperature 2 4164. 59 0. 18 No 
Fuel x Sampling Position 11 222172. 57 9. 84 Yes 

Equivalence Ratio x Plate Temperature 8 29934. 62 1. 33 No 
Equivalence Ratio x Sampling Position 44 191994. 01 8. 50 Yes 

Plate Temperature x Sampling Position 22 14976. 88 0. 66 No 

Pooled Terms 250 22584. 30 

Critical Variance Ratios at 5% Level of Significance: F250 = 3. 8415 F250 = 2. 9957 

F4 = 2. 3719 F8 = 1.9384 F1i = 1.7914 F22 = 1.5439 F44 = 1. 3788 
250 250 250 250 250 

1 



Table 7. Four - factor analysis of variance for propylene response. 
Degrees of 

Source of Variance Freedom 
Mean 
Square 

Variance 
Ratio 

Significant at 
5% Level 

Fuel 1 13224956537.00 533.03 Yes 

Equivalence Ratio 4 35457159. 00 14. 29 Yes 
Linear 1 92080569.80 37. 11 Yes 
Quadratic 1 15245004. 09 6. 14 Yes 

Plate Temperature 2 65382482. 25 26. 35 Yes 
Linear 1 124175636. 21 50. 04 Yes 
Quadratic 1 6589328. 67 2.65 No 

Sampling Position 11 1363019940. 22 549. 37 Yes 

Fuel x Equivalence Ratio 4 37944967. 00 15. 29 Yes 
Fuel x Plate Temperature 2 66078404. 50 26. 63 Yes 
Fuel x Sampling Position 11 1290308108. 22 520. 00 Yes 

Equivalence Ratio x Plate Temperature 8 6637117. 47 2. 67 Yes 
Equivalence Ratio x Sampling Position 44 5126718. 20 2. 07 Yes 

Plate Temperature x Sampling Position 22 4238841. 70 1. 71 Yes 

Pooled Terms 250 2481060. 00 --- II= WA MP 

Critical Variance Ratios at 5% Level of Significance: F250 
= 

3. 8415 F250 
= 2. 9957 

F4 = 2. 3719 F8 = 1.9384 F11 = 1.7914 F22 = 1. 5439 44 F = 1. 3788 250 250 250 250 250 



Table 8. Four -factor analysis of variance for carbon monoxide response. 
Degrees of 

Source of Variance Freedom 
Mean 

Square 
Variance 

Ratio 
Significant at 

5% Level 
Fuel 1 6. 294 146. 37 Yes 

Equivalence Ratio 4 81. 356 1892. 00 Yes 
Linear 1 231.767 5389.70 Yes 
Quadratic 1 90.653 2108. 13 Yes 

Plate Temperature 2 0. 647 15. 05 Yes 
Linear 1 O. 9 38 21. 81 Yes 
Quadratic 1 O. 356 8. 27 Yes 

Sampling Position 11 4. 194 97. 53 Yes 

Fuel x Equivalence Ratio 4 1. 065 24. 77 Yes 
Fuel x Plate Temperature 2 O. 017 0. 40 No 
Fuel x Sampling Position 11 O. 064 1. 48 No 

Equivalence Ratio x Plate Temperature 8 0. 168 3. 91 Yes 
Equivalence Ratio x Sampling Position 44 1. 200 27. 91 Yes 

Plate Temperature x Sampling Position 22 0. 155 3. 60 Yes 

Fuel x Equivalence Ratio x Plate Temperature 8 0. 199 4. 63 Yes 

Pooled Terms 242 0. 043 --- - -- 

Critical Variance Ratios at 5% Level of Significance: F242 = 3. 8415 F242 
= 2. 9957 

F4 = 2. 3719 F8 = 1.9384 F242 = 1.7914 F22 = 1. 5439 F44 = 1. 3788 
242 242 242 242 242 



Table 9. Four -factor analysis of variance for carbon dioxide response. 
Degrees of 

Source of Variance Freedom 
Mean 

Square 
Variance 

Ratio 
Significant at 

5% Level 
Fuel 1 11. 271 37. 08 Yes 

Equivalence Ratio 4 8. 212 27. 01 Yes 
Linear 1 5. 832 19. 17 Yes 
Quadratic 1 17.540 57.69 Yes 

Plate Temperature 2 6. 032 19. 84 Yes 
Linear 1 12.060 39.67 Yes 
Quadratic 1 0.004 0.01 No 

Sampling Position 11 150. 519 495. 12 Yes 

Fuel x Equivalence Ratio 4 7. 467 24. 56 Yes 
Fuel x Plate Temperature 2 0. 908 2. 99 No 
Fuel x Sampling Position 11 0. 508 1. 67 No 

Equivalence Ratio x Plate Temperature 8 0. 699 2. 30 Yes 
Equivalence Ratio x Sampling Position 44 0. 345 1. 13 No 

Plate Temperature x Sampling Position 22 0. 536 1. 76 Yes 

Fuel x Equivalence Ratio x Plate Temperature 8 0. 705 2. 32 Yes 

Pooled Terms 242 0. 304 - -- - -- 

Critical Variance Ratios at 5% Level of Significance: F242 = 
3. 8415 F242 

= 2. 9957 

4 F242 2. 3719 F8 = 1.9384 F11 = 1.7914 F22 44 = 1. F = 1. 3788 
242 242 242 242 F242 = 



Table 10. Four -factcr analysis of variance for oxides of nitrogen response. 
Degrees of 

Source of Variance Freedom 
Mean 

Square 
Variance 

Ratio 
Significant at 

5% Level 

Fuel 1 581.406 70.41 Yes 

Equivalence Ratio 4 1794. 654 217. 34 Yes 
Linear 1 6885. 142 833.85 Yes 
Quadratic 1 59.022 7. 15 Yes 

Plate Temperature 2 81. 255 9.84 Yes 
Linear 1 91. 884 11. 12 Yes 
Quadratic 1 70.625 8.55 Yes 

Sampling Position 11 1610. 378 195. 03 Yes 

Fuel x Equivalence Ratio 4 124. 630 15. 09 Yes 
Fuel x Plate Temperature 2 11. 352 1. 37 No 
Fuel x Sampling Position 11 19. 974 2. 42 Yes 

Equivalence Ratio x Plate Temperature 8 21. 325 2. 58 Yes 
Equivalence Ratio x Sampling Position 44 144. 763 17. 53 Yes 

Plate Temperature x Sampling Position 22 15. 967 1. 93 Yes 

Fuel x Equivalence Ratio x Plate Temperature 8 53. 110 6. 43 Yes 

Pooled Terms 242 8. 257 

Critical Variance Ratios at 5% Level of Significance: 1 

F242 = 
3. 8415 F242 

= 2. 9957 

F4 = 2. 3719 F 8 = 1.9384 F242 22 F 44 F = 1.7914 = 1.5439 = 1. 3788 242 242 242 242 242 

- -- 



Table 11, Mean values for four -factor main effects. 

Specie 

Factor 
Methane 

ppm 
Ethane 
ppm 

Ethylene, 
ppm 

Propane 
ppm 

Acetylene 
ppm 

Propylene 
ppm 

Carbon 
Monoxide 

% 

Carbon 
Dioxide 

% 

Oxides of 
Nitrogen 

ppm 

Fuel 
Propane 373 162 1077 8287 115 283 1.8 9.2 6.8 
Propylene 243 92 667 13 341 12405 1.6 9.6 9.3 

Equivalence Ratio 
0.90 609 156 1283 4451 532 7528 3.5 9.3 14.1 

0.95 336 148 923 4196 256 6089 1.7 9.7 12.4 
1.00 240 143 830 4259 167 6194 1. 2 9. 8 6. 8 

1.05 208 107 713 4066 121 6256 1.0 9. 1 4. 4 

1. 10 149 80 610 3778 64 5656 1.0 9, 1 2.6 

Plate Temperature °F 
600 325 137 913 4861 253 6968 1.8 9.2 7.1 
700 286 126 830 3968 209 6536 1.6 9.4 8.7 
800 314 117 873 3620 221 5530 1.6 9.6 8.4 

Sampling Position cm 
.005 358 146 1067 11692 194 16456 1.4 6.1 0.8 
.035 401 167 1171 10801 218 15508 1.5 6.4 1.2 

.065 448 190 1285 9648 255 14285 1.6 6.9 1.5 

.095 512 219 1490 7877 321 12165 1.8 7.5 1.9 
, 125 597 249 1744 5416 423 9146 2. 1 8.3 2, 5 

. 155 637 252 1800 2747 511 5494 2. 3 9. 3 3. 2 

.185 482 192 1262 1086 473 2282 2.3 10.6 5.6 

.215 227 78 519 460 299 632 1.9 11.1 11.2 

. 245 35 28 107 62 36 142 1.6 11, 5 15. 3 

. 275 4 2 18 12 5 23 1. 4 11, 6 17. 2 

305 0 0 0 0 0 0 1. 3 11.7 17. 8 

335 0 0 0 0 0 0 1. 2 11.7 18. 5 



61 

Four -factor Response Curves 

It is not practical. to present all of the experimental data in 

graphical form. However, the general response curves for each de- 

pendent variable are presented in Figures 8 through 12. These 

curves were obtained by averaging the responses for all levels of A 

(fuel type), B (equivalence ratio), and C (plate temperature) at each 

level of D (sampling position). At this point only general response 

features are of interest and therefore no attempt was made to obtain 

computer prediction equations using a least squares method. The 

main features to note are (1) stable species hydrocarbons do exist in 

the reacting system, (2) hydrocarbon concentrations increase as fuel 

concentration decreases and then experience a sharp negative gra- 

dient as the reaction proceeds, (3) carbon monoxide concentration 

increases to a peak value and then decreases to a lower fixed con- 

centration, (4) carbon dioxide concentration increases to a maximum 

value, and (5) oxides of nitrogen concentration experiences a sharp 

increase in the general vicinity where carbon monoxide and hydro- 

carbon concentrations drop rapidly. 

The general response curves for the dependent variable ethylene 

are shown in Figures 13 through 17. These are presented to graph- 

ically illustrate the presence of main and two -factor interaction 

clients. 
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Figure 13 demonstrates the difference in response for the two 

fuels. No (fuel) x (equivalence ratio) interaction effect was de- 

tected in the analysis of variance. This is graphically made apparent 

since the two response curves have about the same shape and seem 

to be parallel. 

Figures 14, 15, 16, and 17 respectively, demonstrate the 

(fuel) x (sampling position), (equivalence ratio) x (sampling position), 

(equivalence ratio) x (plate temperature), and (sampling position) x 

(plate temperature) interaction effects. In each case the interaction 

effect is typified by overlapping response curves. 

One of the prime objectives of this study was to define the con- 

centration profile through the reaction zone for each of the dependent 

variables. Thus a set of profiles was to be obtained for each of the 

30 combinations of fuel type, equivalence ratio and plate temperature. 

Twelve equal- spaced levels of sampling position were initially chosen 

for the four -factor experiment to accomplish this objective. How- 

ever, additional levels of sampling position were needed in most 

cases to define the response profiles. While these additional obser- 

vations could not be used in the four - factor analysis of variance, 

they could be used in defining equations of the form shown in Equation 

(4 -1) 

Y = ß0 + ß +.... Z + ß2Z2 + ß3Z3 (4 -1) 
0 



where, 

Y dependent variable response. 

Z sampling position (independent variable). 

ß's parameters to be estimated. 
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The coefficients may be estimated using a Stepwise Multiple 

Linear Regression Analysis (OSU -01) or possibly a Non -linear Least 

Squares program (OSU -05). The usefulness of these curves and 

equations will be discussed in the Laboratory Flame Equations sec- 

tion of this chapter. 

Three -factor Analysis of Variance 

In addition to the primary gas concentration measurements, 

several secondary measurements were made for each of the 30 com- 

binations of fuel type, equivalence ratio, and plate temperature. 

These observations included dead space thickness, luminous flame 

zone thickness, and the point of hydrocarbon disappearance (hydro- 

carbon distance). The first two have been graphically illustrated in 

Figure 1 while the latter is merely the lowest level of sampling posi- 

tion at which no hydrocarbons are detected. These dependent re- 

sponses constitute a non -replicated three -factor case. Analysis of 

variance computations were made using computer program OSU -03 

and are given in Tables 12, 13 and 14. The corresponding means 

for main effects and two- factor effects are in Appendix L. The 



Table 12. Three -factor analysis of variance for dead space thickness response. 

Degrees of 
Source of Variance Freedom 

Mean 
Square 

Variance 
Ratio 

Significant at 
5% Level 

Fuel 1 . 000163 13. 58 Yes 
Equivalence Ratio 4 . 000128 10. 67 Yes 

Plate Temperature 2 . 001440 120. 00 Yes 

Fuel x Equivalence Ratio 4 . 000022 1. 83 No 

Fuel x Plate Temperature 2 . 000053 4. 42 No 

Equivalence Ratio x Plate Temperature 8 . 000023 1. 92 No 

Fuel x Equivalence Ratio x Plate Temperature 8 . 000012 

Critical Variance Ratios at 5% Level of Significance: 

F8 = 5.3177 F8 = 4.4590 

F8 = 3. 8378 F8 = 3. 4381 

_ -- ___ 



Table 13. Three -factor analysis of variance for flame zone thickness response. 
Degrees of 

Source of Variance Freedom 
Mean 

Square 
Variance 

Ratio 
Significant at 

5% Level 

Fuel 1 .001470 38.68 Yes 
Equivalence Ratio 4 .000137 3.60 No 

Plate Temperature 2 .000130 3.42 No 

Fuel x Equivalence Ratio 4 . 000053 1. 39 No 

Fuel x Plate Temperature 2 .000130 3.42 No 

Equivalence Ratio x Plate Temperature 8 .000022 0.58 No 

Fuel x Equivalence Ratio x Plate Temperature 8 .000038 - 

Critical Variance Ratios at 5% Level of Significance: 

F8 = 5. 3177 F8 = 4. 4590 

F8 = 3. 8378 F8 = 3. 4381 

- 



Table 14. Three -factor analysis of variance for point of hydrocarbon disappearance response. 

Degrees of 
Source of Variance Freedom 

Mean 
Square 

Variance 
Ratio 

Significant at 
5% Level 

Fuel 1 .000963 4.72 No 

Equivalence Ratio 4 . 004200 20. 58 Yes 

Plate Temperature 2 .002920 14. 31 Yes 

Fuel x Equivalence Ratio 4 . 000097 0. 38 No 

Fuel x Plate Temperature 2 . 000333 1. 63 No 

Equivalence Ratio x Plate Temperature 8 . 000383 1. 88 No 

Fuel x Equivalence Ratio x Plate Temperature 8 . 000204 - -- 

Critical Variance Ratios at 5% Level of Significance: 

F8 = 5. 3177 F8 = 4. 4590 

F8 = 3. 8378 Fg = 3. 4381 

- -- 
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(fuel) x (equivalence ratio) x (plate temperature) interaction term 

was used as an estimate of the error term in testing the null hy- 

potheses concerning presence of main effects and two- factor effects. 

The critical variance ratio (F -test) values at five percent level of 

significance are listed at the bottom of the analysis of variance tables. 

Three -factor Response Curves 

The general response curves for dead space thickness are re- 

ported in Figures 18 and 19 while the hydrocarbon distance response 

is shown in Figure 20. No response curves for luminous flame zone 

thickness are given since only the fuel effect is significant. As with 

the four -factor case, these curves are intended to demonstrate gen- 

eral response features and therefore the refinement of computer 

curve fitting has not been used.. Note that although some divergence 

and overlapping is shown in Figures 18 and 19, these effects are not 

statistically significant. In Figure 20, the propane and propylene 

data were averaged because the fuel effect for point of hydrocarbon 

disappearance was not significant. 

Using a Multiple Linear Regression Analysis (Modified Pro- 

gram OSU -01) the raw data for dead space thickness were forced to 

fit the function shown as Equation (4 -2) 
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where, 

Y ß0 + (31X1 + p2X2 + ß3X1 +p 4X2 

Y dependent response, cm. 

X1 plate temperature, °F. 

X2 equivalence ratio. 

p's parameters to be estimated. 
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(4-2) 

Due to the presence of a fuel effect on dead space response, 

Equations (4 -3) and (4 -4) are for propane and propylene, respectively. 

Y = 1. 0916594 - . 0004180X1 - 1. 
2 

+ .00000022X1 + .8571447X2 

Y = . 9454584 + . 0003200X1 - 1. 9050130X2 

- .00000032X1 + .9428398X2 

(4-3) 

(4 -4) 

Equation (4 -5) is for the point of hydrocarbon disappearance 

response. It was obtained using a Stepwise Multiple Linear Regres- 

sion Analysis (OSU -01) and a function of the form shown in Equation 

(4 -2). The propane and propylene data were pooled to obtain esti- 

mates of the parameters for this expression. Only statistically sig- 

nificant coefficients are included. 

Y = . 4682776 - . 0007750X1 + . 000000425X1 + .0997252X2 (4-5) 

° 
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The correlation coefficients for Equations (4 -3), (4 -4) and 

(4 -5) are 0.965, 0.913 and 0.714, respectively. Some of the actual 

and predicted \,a._, es are compared in Table 15. 

Application of Laboratory Flame Equations 

The one- dimensional flame equations which are given in Ap- 

pendix I may be applied to the experimental data. Unfortunately, a 

complete description of the flame system requires in addition to the 

temperature profiles, concentration profiles for n -1 of the con- 

stituents present. Some of the major ones which were not measured 

in this study are hydrogen, oxygen, nitrogen and water vapor. 

Another term which must somehow be evaluated is the area ratio. 

Determining this term as a function of sampling position for each of 

the 30 sets of operating conditions would have indeed been a monu- 

mental effort in itself. No attempt was made to make these measure- 

ments. 

Diffusion velocities, as a function of sampling position, may 

be calculated using Equation (I -6) 

V 

D.. dX. 
13 1 

X. dZ i 

which is the basic binary diffusion velocity equation (neglecting 

(I -6) 

thermal diffusion). The binary rather than multicomponent diffusion 

i 



Table 15. Actual versus predicted values for dead space and point of hydrocarbon disappearance 
response. 

Point of Hydrocarbon 
Dead Space, cm x 102 Disappearance, cm x 10 

Combined Propane and 
Propylene Data Propane Propylene 

Actual 
Predicted by 
Equation (4 -3) Actual 

Predicted by 
Equation (4 -4) Actual 

Predicted by 
Equation (4 -5) 

8. 30 7. 51 3. 90 4. 19 2. 55 2. 36 
6. 00 6. 18 6. 00 5.79 2. 20 2. 13 
4. 50 5. 31 6. 80 6.76 2, 00 2. 22 
7. 30 6. 89 3. 80 3. 59 2. 10 2. 08 
5. 80 5. 57 5. 30 5. 19 2.70 2. 54 
4. 80 4. 69 6. 00 6. 15 2. 05 2. 32 
5. 80 6. 69 4. 10 3. 44 2. 60 2. 65 
5. 30 5. 37 4. 60 5. 04 2. 90 2.75 
4. 40 4. 49 5. 60 6. 00 2.70 2. 39 
6. 80 6. 92 3. 60 3. 78 3. 00 2.75 
5.70 5. 61 5. 50 5. 38 2. 50 2. 42 
5. 40 4. 73 6. 50 6. 34 2. 55 2. 64 
7. 40 7. 59 4. 20 4. 58 2. 45 2. 54 
6. 20 6. 27 6. 20 6. 18 2. 05 2. 08 
5. 50 5. 38 7. 50 7. 14 2. 50 2. 36 
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expression is acceptable since nitrogen is present in excess. The 

additional rigor of the complex multicomponent expressions is not 

warranted. Each specie, i, is thus considered to be a trace compo- 

nent in a binary mixture with nitrogen, j. For flame temperature 

systems, data on multicomponent diffusion are almost completely 

lacking while binary diffusion coefficient data are quite limited. 

Therefore, binary coefficients must be calculated by the method of 

classical statistical mechanics as outlined in Appendix J. The 

method is presented in detail by Fristrom and Westenberg (27) and 

Hirschfelder (31). 

The concentration values, X. , are available directly from the 

experimental data but the concentration gradients must be calculated. 

This may be accomplished graphically but is a very tedious method. 

However, if suitable computer prediction equations have been deter- 

mined then this alternative is certainly more expedient and probably 

more accurate. 

As an example of obtaining prediction expressions, the carbon 

dioxide and propane response data from Table K -12 were arbitrarily 

fitted to the functional form shown in Equation (4 -6) using a Stepwise 

Multilinear Regression Analysis (OSU -01) 

+ß2z2 +ß3z3 +ß4z4 ß5Z5 
(4 -6) (31Z 



where, 

Z sampling position, cm. 

The resulting expressions for propane, Equation (4 -7), and 

carbon dioxide, Equation (4 -8), have correlation coefficients of 

. 999 and .995, respectively. Only statistically significant coeffi- 

cients are included. 

Y = 21045 12382Z - 831495Z2 + 46182180Z5 

Y = 6. 357 - 16. 107Z + 448. 769Z2 - 1373. 975Z' 

+ 2739. 198Z5 
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(4 -7) 

(4 -8) 

Similar expressions could be obtained for the other dependent 

responses. Also the data could be fitted using a Non -linear Least 

Squares program (OSU -05) but it has the inherent disadvantage that 

one must have reasonably accurate initial estimates of the coeffi- 

cients, 

Sample Calculations 

Diffusion velocity calculations were made from the experi- 

mental data listed in Table 12 of Appendix K. The operating condi- 

tions were propane as fuel, equivalence ratio of 1. 05 and plate tem- 

perature of 800° F. The calculated species diffusion velocities are 

summarized in Table 16. Positive species diffusion velocities indi- 

cate that the component is diffusing downstream with the gas flow 

- 



Table 16. Derived specie diffusion velocities for operating conditions of fuel: propane; 
equivalence ratio: 1.05; plate temperature: 800°F. 

Nomenclature: Diffusion velocities cm /sec. ; positive velocities downstream with gas flow. 

Distance 
from 
Plate 

cm Methane Ethane Ethylene Propane Acetylene Propylene 
Carbon 

Monoxide 
Carbon 
Dioxide 

Oxides 
of 

Nitrogen 

.005 - 4. 3 - 2.4 - 1. 2 1.8 0 - 3.05 - 2.7 - 0.7 0 

.035 -15.3 -11.9 - 7.4 5.3 0 - 6.9 - 6.4 3.0 0 

.065 -16. 1 -20.2 -12. 3 10.7 -207.0 -12.7 -11. 2 6.4 0 

.095 -14.5 - 6.6 -16.8 17.4 -115.5 -12.9 -12.6 7. 2 -100.0 

. 125 9.3 18.3 - 2. 1 38.7 9.8 2.7 -13.3 9. 2 63.6 
. 155 71.6 40.4 254.0 76.0 92.8 42.0 21.0 -10.7 59.6 
.185 198.5 155.0 20.5 112.8 121.0 94.6 44. 2 - 3.6 77.5 

. 215 0 0 0 0 0 0 40.0 - 1.0 33. 1 

. 245 0 0 0 0 0 0 16.6 0 22.5 

- 

- 

- 

- 

- - 

- 

- 

- 

- 
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while negative velocities indicate the converse. Figure 21 illustrates 

how the ethylene diffusion velocity compares with the gas velocity. 

The mass flux fraction, was was calculated using Equation (I -3) 

G. i 
NíMi(v + Vi) 

p v 
(I -3) 

where the velocity and density values are calculated using the con- 

tinuity equation and equation of state. The term G. represents the 

fraction of the total mass flow at any cross section contributed by 

specie i, and contains terms due to both convection and diffusion. 

The mass fraction, f., was calculated from the experimental i 

data using Equation (I -10) 

mi. 

1 M 

where, 

(I -10) 

M mean molecular weight. 

The area ratio, A, was assumed to be constant and equal to 

1. 00. This seemed acceptable in that Fristrom (23) had reported 

area ratio values in the range of 1. 00 to 1. 08 for Z values (sam- 

pling position) of 0. 00 to 0. 35 cm. 

The mean molecular weight, M, was also assumed to be con- 

stant but equal to the initial value of 29. 5. This assumption ap- 

peared reasonable since Fristrom (25) had reported experimental 

G., 

f. = x. 
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data indicating that the measured mean molecular weight through the 

reaction zone varied by no more than seven percent from the initial 

value, 

The derived mass fraction and mass flux fraction profiles for 

ethane, ethylene, propane, carbon monoxide and carbon dioxide are 

presented in Figures 22 through 26, respectively. No least squares 

curve fitting was done. However, the general shapes of these curves 

graphically illustrate the need to consider the effects of species dif- 

fusion in the reacting system. If diffusion processes were not sig- 

nificant then the f. and G. curves would coincide. This is ob- 
i i 

viously not the case, For species which exhibit a maximum in the 

f. curve it should be noted f. - G. at the maxima since then the 

diffusion velocities are zero. It is interesting to note that the G. 

curve for ethane (Figure 22) actually goes into a negative region. 

Physically, this means that at these points there is a net upstream 

flow of ethane molecules, Acetylene and oxides of nitrogen were 

the only other measured species to exhibit negative Gi values. 

This effect and the apparent maximum in the propane G. curve in 

Figure 24 may .e real or possibly only a result of the numerical 

treatment of the data. 

The rate constants for each species, Ki , may be calculated 

using Equation (I -4) 
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where, 

p v 00 dGi 

95 

Mi dZ KiA (I -4) 

K. net molar rate of production or consumption of 
specie i per unit volume per unit time due to 
chemical reaction. 

In order to make this calculation the derivatives of the G. i 

curves must be obtained. For this case, this calculation was not 

made. 

The Energy Equation (I -5) and Heat Release Equation (I -7) can- 

not be applied to this data because, as mentioned previously, not all 

of the stable chemical specie profiles were measured. 

A carbon balance was made through the reaction zone (0. 005 to 

0. 210 cm) using Equation (I -9) 

where, 

n.G. 

i 
Mi 

constant (I -9) 

n. number of carbon atoms in specie i. i 

These calculations indicated the mean deviation from initial 

mixture values to be 16. 3 percent with a standard deviation of 11. 3. 

Using mass spectrometer analysis in a propane flame at 1/4- atmos- 

phere, Fristrom (25) has reported similar results where carbon 

balance deviation values ranged from 5 to 22 percent. This type of 

= 
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result is not completely unexpected if one recalls the number of un- 

avoidable uncertainties and assumptions which are involved in making 

these calculations. 

Discussion of Experimental Data 

Significant Main Effects 

The final products of combustion data confirmed several 

characteristics inherent in hydrocarbon -air combustion systems: 

(1) carbon monoxide increased for rich mixtures and decreased for 

lean mixtures, (2) maximum flame temperatures peaked -out on the 

slightly rich side of stoichiometric conditions and then decreased for 

richer or leaner conditions, (3) as predicted by theoretical calcula- 

tions, propylene as fuel produced more carbon dioxide than propane, 

(4) as predicted by adiabatic flame calculations, propylene exhibited 

higher flame temperatures, and (5) carbon dioxide concentrations 

were maximum under stoichiometric conditions and decreased for 

richer or leaner mixtures. 

The general species response curves are reasonable. As ex- 

pected, fuel concentration decreased as other species increased. 

The other hydrocarbons and carbon monoxide built -up and then de- 

creased sharply as the chemical reaction progressed. Carbon 

dioxide gradually increased and experienced a sharper increase as 
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carbon monoxide values decreased. Oxides of nitrogen concentra- 

tions sharply increased in the region of carbon monoxide and hydro- 

carbon drop -off. 

Significant main effects of fuel type, equivalence ratio and 

sampling position were detected for all dependent variables. Main 

effect for plate temperature was found significant for ethane, pro- 

pane, propylene, carbon monoxide, carbon dioxide and oxides of 

nitrogen but not for methane, ethylene, and acetylene. 

The fuel effect for propane and propylene responses was defi- 

nitely expected since these were the two fuels used. However, the 

situation is not so obvious for methane, ethane, ethylene and acety- 

lene responses. 

Although it was not done, three -factor A. O. V. calculations 

could be made for each fuel. This is justified since the fuel effect 

was significant in the four -factor A. O. V. calculations. Thus quanti- 

tative prediction equations could be obtained expressing each de- 

pendent response as a function of main and interaction effects of the 

defined experimental parameters. 

Both fuels indicated ethylene as the major stable hydrocarbon 

component. The quantitative ranking of the other hydrocarbons dif- 

fered not only with fuel type but with variations of equivalence ratio 

and plate temperature as well. In gross terms this would tend to 

indicate that the role of these stable species and, therefore, the 
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associated reaction process is not the same for all operating condi- 

tions investigated. 

The effect of fuel type on oxides of nitrogen (NO ) x formation is 

complicated by the presence of the covariant parameter, flame tem- 

perature. It is a well -established fact that oxides of nitrogen (speci- 

fically nitric oxide) formation is an endothermic reaction and is 

strongly temperature dependent. These experimental data suggest 

that the temperature effect is very predominant because oxides of 

nitrogen concentrations increased at richer conditions and, therefore, 

accompanying higher temperatures, even though the apparent avail- 

ability of oxygen for NO x 
formation had decreased. In order to 

examinine the true fuel effect one must somehow remove this pre- 

dominant temperature effect. This could be accomplished by running 

a regression of NO on temperature and then adjusting response 

values to a common temperature in order to examine the fuel struc- 

ture effect. Techniques for making these calculations are described 

by Li (38). 

The presence of main effects of equivalence ratio and sampling 

position are logical. The dependent response curves for equivalence 

ratio are similar to those found for other types of combustion reac- 

tors. The sar ?ling position effect was expected since this is a re- 

quirement of the laminar chemical reaction. 

The plate temperature main effect for propane, propylene, 

x 

i. 
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carbon monoxide and carbon dioxide indicates that chemical reaction 

takes place in the dead space adjacent to the burner wall. Appre- 

ciable carbon monoxide and carbon dioxide concentrations are found 

adjacent to the wall and fuel concentration is below its initial value. 

As will be discussed later, these phenomena cannot be completely 

explained by species diffusion effects and one must, therefore, con- 

clude that chemical reaction is present within the dead space. 

Significant Interaction Effects 

A large number of two- factor interaction terms were found to 

be significant at the five percent level of significance. The (fuel) x 

(sampling position) interaction was significant for all of the de- 

pendent responses while the (equivalence ratio) x (sampling position) 

and (fuel) x (equivalence ratio) terms were significant for several 

of the dependent responses. 

Proceed with caution concerning the meaning of these interac- 

tion effects. Use of graphical techniques is recommended for inter- 

preting these interactions. For example, consider the (fuel) x 

(sampling position) interaction for ethylene response which has 

been illustrated in Figure 14. The physical meaning of the interac- 

tion term says that the response curves for the two fuels are not 

the same shape or slope. However, upon examination of the curves 

it is apparent that the major evidence of interaction takes place in a 
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very narrow region of the reaction zone. Here the concentration 

gradients are large and the likelihood of error is also somewhat 

greater. Further testing in this region would be desirable to verify 

this interaction. 

Response Prediction Equations 

Prediction equations have been formulated for dead space 

thickness and point of hydrocarbon disappearance. These expres- 

sions are estimates derived from the experimental data. No attempt 

should be made, using these expressions, to draw inference beyond 

the range of experimental parameters investigated. 

Examples of prediction expressions for the dependent concen- 

tration profiles have been suggested. The obvious advantages of 

these expressions is that they represent an expedient and probably 

more accurate method for estimating concentrations, concentration 

gradients, diffusion velocities, mass flux fraction profiles and 

species rate constants. 

Flame Equations 

The one -dimensional flame equations may be applied to this 

experimental data. Therefore, as an example, sample calculations 

are presented for the data in Table K -12 for the conditions of propane 

as fuel, equivalence ratio of 1. 05 and plate temperature of 800° F. 
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These calculations candidly illustrate the need to consider diffusion 

effects in the reacting system. Failure to do so will result in gross 

errors. 

The derived mass flux fraction curves, G., for the sample 

calculations are similar to those given by Fristrom (25) using a 1/4, 

atmosphere, stoichiometric, propane -air flame. The G. curve for 

propane indicated an apparent maximum. Fristrom (25) found the 

same phenomenon for oxygen response. In view of the number of 

assumptions and approximations, it must be realized that this effect 

may really be a result of the numerical treatment of the data. 

Apparently for the above operating conditions, some species 

have sufficient diffusion velocities to produce a net upstream flow. 

However, further calculations indicate that the concentrations of 

carbon monoxide and carbon dioxide present at the plate surface can- 

not be totally explained in this manner. In addition, the fuel concen- 

trations somewhat below initial values cannot be completely attributed 

to diffusion downstream. Therefore, it must be concluded that 

chemical reaction is present within the dead space. This conclusion 

is further substantiated by the significant temperature effect in the 

A. O. V. for propane, propylene, carbon monoxide and carbon dioxide 

responses. 

If the carbon monoxide and carbon dioxide concentrations near 

the wall are attributed to chemical reaction then the obvious question 
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arises: Does all of this chemical reaction take place in the narrow 

. 005 cm zone or does some portion actually take place within the 

porous media where the retention time of the gas mixture is about 

. 25 seconds? Conditions are certainly conducive for reaction in the 

zone adjacent to the plate. Temperature is about 1000° F and tem- 

perature gradients are approximately 5 x 1O4° F /cm. However, if 

the latter is true to a very large extent, then any usefulness of the 

steady -state data in drawing inference about a transient case is 

certainly reduced. The assumption that reaction within the porous 

media is negligible is frequently made. These test data suggest that 

some tests should be conducted under a wide range of plate tempera- 

ture conditions in order to establish the region for which such an 

assumption would be valid. 

Discussion of Experimental Design 

The selected experimental design allowed adequate sensitivity 

for detecting main and interaction effects. In fact, in a number of 

cases significant two -factor interactions were found which actually 

were quite small in magnitude when compared to the main effects. 

Sacrifices were made in the ranges of equivalence ratio and 

plate temperature in order that both fuels could be used and still 

maintain the required flame stability. In retrospect, it appears that 

it would have been better to further decrease the equivalence ratio 
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range and thereby be able to increase the range of plate temperatures 

investigated. Of course now that fuel main effects have been found 

for all of the intermediates, further testing would probably be made 

on each fuel separately. Using smaller experiments replication may 

then be feasible. 

In the three -factor A. O. V. calculations for dependent re- 

sponses of dead space thickness, flame zone thickness and point of 

hydrocarbon disappearance only main effects were found significant. 

The three -factor interaction term, (fuel) x (equivalence ratio) x 

(plate temperature), was used as an estimate of the error term. 

This same term was found to be significant for several of the de- 

pendent responses in the four -factor A. O. V. Thus one may be some- 

what skeptical of its use because it may lead to making a Type II 

error, i. e. , accepting a false hypothesis. Frequently, however, the 

three- factor term is significant only when one or more of the two - 

factor terms are quite significant. Since no two- factor terms were 

overwhelming then confidence is restored in the use of the three - 

factor term as an estimate of the error term. 

Discussion of Experimental Equipment 

This section discusses some problems and problem - solutions 

encountered in the course of the research project. It is hoped that 

this will provide some insight for improving experimental techniques 
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for future work. 

Thermocouple Probe 

Obtaining a microminiature thermocouple probe which would 

withstand an acceptable length of use proved to be a gross problem. 

The combination of vibration and high temperatures caused these 

delicate thermocouples to break rather easily. In spite of great ef- 

forts to eliminate sources of vibration, thermocouple life ranged from 

only 9 to 20 hours. It was this problem and the complicated difficulty 

of repairing the probes which precluded being able to obtain refined 

temperature profiles for all runs. Whenever a . 001 -inch couple was 

not available then a sturdier . 003 -inch couple was used but no at- 

tempt was made to obtain temperature profiles. 

The basic idea of having the thermocouple leads in a constant 

temperature zone is desirable in that it eliminates the need to evalu- 

ate rather complicated corrections for conduction losses. It is felt 

that this basic probe design is acceptable and with some modification 

and extreme care to eliminate vibration sources, its life could be 

increased. Possibly some thought should be given to the idea of 

measuring the temperature profile first and then removing the probe 

prior to measuring the concentration profiles through the reaction 

zone. 



105 

Optical Measurements 

During preliminary tests condensation on the inside of the quartz 

window impaired vision for optical measurements. A thin coating of 

silicone "defogging agent" proved to be helpful but the best method 

was an infrared lamp which cleared the window in a matter of a 

minute or two. Once cleared, condensation was not a problem dur- 

ing the remainder of the test. 

Ignition System 

The spark -type ignition system performed satisfactorily. 

However, it is now felt that a pilot -light type system may be in- 

herently safer. On a few occasions mixture build -up occurred in 

the chamber while attempting to stabilize the flame on the porous 

burner. Excitement followed when the stabilized flame then ignited 

the accumulated mixture. This mixture build -up may not have hap- 

pened with a continuous pilot -light ignition system. 

Burner Plate Materials 

Sintered copper was also tried as a burner material. After an 

extensive trial and error procedure the copper was successfully 

mounted using a heli -arc welder. Normal high temperature solder- 

ing techniques could not be used. The porous material acted as a 

capillary and the end result produced a copper plate filled with silver 
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solder. Also great care had to be taken not to mechanically seal the 

soft copper porous surface. Unfortunately this burner did not meet 

the requirement of producing a uniform flat flame. This occurred 

as a result of (1) not having sufficient uniform porosity initially 

and /or (2) not being able to construct the burner without altering the 

porosity of the copper. 
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V. CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

1. According to calculations using experimental data, 

chemical reaction takes place within the dead space. The concen- 

trations of carbon monoxide and carbon dioxide at the plate surface 

cannot be completely explained by diffusion processes. 

2. Stable species hydrocarbons exist in the reaction zone under 

all of the conditions investigated. Their concentration is a function . 

of fuel type, equivalence ratio, sampling position and in some cases 

plate temperature. Several significant interaction terms are also 

present. 

3. Ethylene is the major stable hydrocarbon species for both 

propane and propylene as fuels. The quantitative ranking of the other 

hydrocarbon species is a function of fuel type, equivalence ratio, and 

plate temperature. 

4. Dead space thickness is a function of fuel type, equivalence 

ratio, and plate temperature but no significant two - factor interaction 

terms are present. Dead space response for propane and propylene 

may be expressed in the functional form of Equations (4 -3) and (4-.4) 

respectively. 

5. Hydrocarbon disappearance point is a function of - 
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equivalence ratio and plate temperature. For this experimental data, 

its response may be expressed in the functional form of Equation 

(4 -5). 

6. Luminous flame zone thickness is a function of fuel type 

only. Propylene exhibits a greater flame zone thickness than pro- 

pane. 

7. Oxides of nitrogen concentration is a function of fuel type, 

equivalence ratio, plate temperature, and sampling position. Several 

significant interaction terms are also present. In order to examine 

the true fuel structure effect, the predominant covariant flame tem- 

perature effect must be removed. 

Recommendations 

1. Since fuel effects were present for all of the dependent 

variables, study propane and /or propylene fuels in separate experi- 

ments. Reduce the range of equivalence ratio and thereby be able 

to decrease the minimum plate temperature at which a stable flame 

exists. This will effectively increase the available range of the 

plate temperature parameter. 

2. Consider using lower than atmospheric chamber pres- 

sures. This would require exotic and expensive vacuum equipment 

but would result in greatly magnified vertical dimensions of the flame 

system. Thus the stringent requirements of the size of the 
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thermocouple probe would be somewhat reduced. This system would 

also facilitate being able to use chamber pressure as an independent 

variable. 

3. Investigate diluents other than nitrogen, i. e. , argon or 

helium to determine if effects exist as predicted by various analytical 

expressions. 

4. Conduct tests with other wall materials to determine if a 

material effect is present. 

5. Conduct tests to determine for what range of operating 

conditions, the assumption concerning negligible reaction within the 

porous media is valid. 
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APPENDIX A 

QUARTZ SAMPLING PROBE TECHNIQUE 

The basic requirements of a sampling probe are: (1) must not 

disturb flame structure and (2) must quench gas sample rapidly to 

prevent further chemical reaction. 

Aerodynamic Disturbance 

Aerodynamic flow in the flame front may be disturbed by the wake 

of the probe and by the fact that there is sample withdrawal. Actually, 

these effects tend to cancel so that a small tapered probe introduced 

along the streamlines from the hot side of the flame gives no visual 

disturbance. 

Rosen (45) has considered, using a disc -sink model and incom- 

pressible flow approximation, the disturbance due to sample with- 

drawal alone. This theoretical treatment indicated that the disturb- 

ance would be about O. 05 millimeters, which is not a serious aero- 

dynamic disturbance. This general behavior has been confirmed 

experimentally by Fristrom (24) using Schlieran photography of the 

flow into a probe. 

Westenberg (56) has considered the probe orifice to act theo- 

retically as a point -sink rather than a disc -sink. The results indi- 

cated only a very slight aerodynamic disturbance; the sample 
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entering the sink has a composition which differs only very slightly 

from that at the same point in the unperturbed (no sink) case. 

Thermal Effects 

A probe represents a heat sink which can disturb the flame by 

reducing the temperature and enthalpy in the region being sampled. 

Since the thermal conductivity of quartz is low, radiation is the pri- 

mary heat -loss mechanism. According to Fristrom (27), at 2000 °K 

in the region of the tip, rough calculations indicate that less than one 

percent of the sample enthalpy would be extracted prior to sampling. 

This would lower the temperature by less than 20° K. Since the ef- 

fect varies at T4, it would be less than 1 °K at 1000 °K and negligible 

below that point. Fristrom (24) confirmed the qualitative correctness 

of these calculations by measuring the surface temperature of a 

quartz probe, which was only 50°K below the gas temperature of 

2000° K. 

Catalytic Effects 

A probe is a solid surface in a gaseous reacting system. Its 

presence might accelerate or inhibit chemical reactions and thus af- 

fect the flame structure and chemical composition of the gas sam- 

ples. The subject of heterogeneous catalysis is very complex. 

However, Fristrom and Westenberg (27) point out that for the specific 
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catalysis of the recombination of labile atoms such as are present in 

flames, quartz is known to have a very low activity even at high tem- 

peratures. Thus, a quartz probe would probably have little or no 

effect in this way. 

Quenching of Reactions 

The probe must quench chemical reactions if it is to provide a 

meaningful sample. This is accomplished by rapidly reducing the 

sample pressure and temperature to conditions where the kinetic 

rate constants are extremely small. Critical flow sampling through 

a small orifice satisfies this requirement. 

The internal aerodynamic considerations of probe sampling as 

related to quenching are quite complex, involving such areas as 

viscous effects, boundary layer, effects of wall reactions, and heat 

transfer. Fristrom, Prescott and Grunfelder (24) have considered 

this problem for sampling from a 1/4- atmosphere flame. It was 

assumed that the orifice was sonic and the sample was in thermal 

equilibrium with the walls. It was reported that the sample pressure 

dropped to O. 1 of its initial value in five microseconds and that the 

sample entered the cold part of the probe in a fraction of a milli- 

second. It was, therefore, concluded that such a sampling process 

should have only a negligible effect on stable flame species. 

Minkoff (39) has indicated that the overall reaction to be quenched 
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is regarded as having a half -life of the order of 500 microseconds. 

Since the quenching lag is only of the order of five microseconds, 

there appears to be no difficulty. 

The justification of an experimental technique is usually demon- 

strated when experimental data compare favorably to some accepted 

theory. For a sampling probe the latter does not exist. However, 

analytical work which has some elements in common and would 

therefore support the probe technique, has been reported for flow 

of reacting gases in supersonic nozzles and wind tunnels (6, 12, 54). 

Westenberg and Favin (54) cite an example in supersonic nozzle flow 

where quenching of carbon monoxide and hydrogen occurs after about 

50 microseconds. At this point, the gas temperature was one -half 

its original value and the pressure had dropped 20 -fold. 

Sample Interpretation 

The sample taken by a quartz probe represents the composition 

at the sampling point. This has been verified by direct comparison 

with known values (19, 23, 24). 
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APPENDIX B 

RADIATION LOSS CORRECTION FOR 
THERMOCOUPLE READINGS 

The following expression for radiation loss correction is closely 

derived from *h'Ise of Friedman (17) and Klaukens (35). 

Since the thermocouple wires adjacent to the thermocouple 

junction are exposed to the same temperature region in the flat flame, 

conduction losses for the junction are minimized and, therefore, ne- 

glected in this development. The energy balance then can be written 

as: 

Heat transferred to the Heat radiated from the 
thermocouple from the = thermocouple to the 
flame surroundings 

Assuming that heat is transferred from the flame to the thermocouple 

by convection only and neglecting conduction losses, then 

- hA(Tf1_ame Tcouple) AFe (Touple - Tsurroundings) (B 1) 

where, 

h convective heat transfer coefficient. 

Stefan- Boltzman constant. 

F view factor of couple to surroundings. 

e emissivity of junction. 

0- 

- 



A area of couple. 

T absolute temperature. 

Now noting that T » T then T4 »> couple surroundings couple 

T4 Therefore, T surroundings surroundings 

Since, 

then, 

F = 1. 0 

4 h(Tflame Tcouple) - e 
0- Tcouple 

may be neglected. 
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(B -2) 

If the thermocouple bead is assumed to be a sphere, the 

Nusselt Number can be taken equal to 2. 0 when the Reynolds Number 

is less than 3. 0. This has been obtained analytically by Johnstone 

(33). 

therefore 

where, 

Nu = k by definition 

h - 2. 0 k 
d 

d diameter of couple. 

k thermal conductivity of gas. 

(B -3) 

Substituting Equation (B -3) into Equation (B -2) we obtain Equation 

(B -4). Rearranging terms gives Equation (B -5). 

- 



2d 
k 

(T flame Tcouple) V e 
o- Tcouple 

T T +es 
4 

d 
T flame couple 2k couple 

where, 
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(B -4) 

(B -5) 

e 0. 50 for green ceramic NBS A -418. 

e - 0. 80 for silica. 

Equation (B -5) was used to correct thermocouple readings for 

radiation loss. Thermal conductivity values from Kreith (36) for 

nitrogen were used. This is justified in that nitrogen is the pre- 

dominant specie present. Furthermore, carbon dioxide and carbon 

monoxide, the other two major species present, possess thermal 

conductivities almost identical to that of nitrogen. 

4 
- 

-- 
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APPENDIX C 

CALIBRATION OF DISA MODEL 55 A01 
HOT --WIRE ANEMOMETER 

The Disa Model 55 A01 anemometer equipped with a Type 55 

A22 probe was calibrated using a Scott Model 9005A wind tunnel, a 

small pitot tube, and a Pace Model KP15 pressure transducer. Ap- 

plying Bernoulli's theorem to the pitot tube, Equation (C -1) is ob- 

tained. 

where, 

ZgP V = 
s 

(C-1) 

V velocity, fps. 

g gravity term. 

W unit weight of gas, lbs /ft3. 

P stagnation pressure, lbs /ft? 
s 

The pitot technique is not sensitive at air velocities below about 

ten feet per second. Fortunately, a linear relationship exists for the 

hot -wire instrument. Thus a hot -wire may be calibrated at higher 

velocities with a pitot tube and then used directly as a flow velocity 

indicator in the very low velocity range. This technique was used to 

determine the linear relationship between (bridge voltage)2 and 

1/2 (velocity) . 

W 

ll 
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Calibration data for the Disa instrument are given in Table 

C -1. The standard statistical linear regression method described 

by Li (38) was used to obtain the estimated line of regression. The 

estimated regression line and the 95 percent confidence limits for 

the two population parameters are as follows: 

Population equation: 

`a +(3(x -)7) y x 

Estimated line of regression: 

Tx = 58.20 +6.09(x - 3E) 

95 percent confidence interval for a: 

57. 58 < a < 58. 82 

95 percent confidence interval for 3: 

5.39< ß < 6.79 

µ 



Table C -1. 
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Calibration data for Disa Model 55 A01 anemometer. 

Voltage 
2 Air 1/2 

{Velocity 

46. 24 3. 68 

49. 70 3. 89 

51. 84 4. 24 

53. 29 4. 51 

54. 02 4. 74 

55. 50 4. 89 

57. 00 5. 02 

58. 22 5. 32 

59. 29 5. 54 

60. 68 5. 71 

61. 62 5. 88 

62.57 6. 04 

63. 84 6. 28 

64. 80 6. 44 

65. 93 6. 65 

66. 74 6.82 

Budge 
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APPENDIX D 

OPERATION AND CALIBRATION OF PERKIN -ELMER 
MODEL 810 GAS CHROMATOGRAPH 

The flame ionization detector (FID) of the Perkin -Elmer Model 

810 gas chromatograph gives a linear response to hydrocarbons. 

Thus only one upscale calibration point is needed. Upscale calibra- 

tion gases for methane, ethane, ethylene, propane, propylene and 

acetylene were obtained from Scott Research Laboratories in 

Perkasie, Pennsylvania. 

As illustrated in Figure 7, known quantities of calibration gas 

were metered to the gas sampling valve and then sent to the gas 

chromatograph. The chromatograph output signal drove the Honey- 

well Electronik 15 recorder. A Disc Model 201 -B instrument inte- 

grated this signal with time. This integrated output is directly pro- 

portional to the hydrocarbon concentration. Thus, the instrument is 

effectively calibrated if (1) sample size, (2) sample pressure and 

temperature, and (3) constituent concentrations are all known. 

Typical calibration curve is shown in Figure D -1. 

Unfortunately the FID response is sensitive to the hydrogen 

and air flow rates. All combinations of hydrogen at 5, 7. 5, 10, 

12. 5, 15 and 20 psig and air at 30, 35, 40 and 45 psig were tested. 

The optimum performance occurred with the hydrogen regulator set 
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22 November 1967 

Operating conditions: 

oven 75°C 
detector 100° C 
air 40 psig 
hydrogen 7. 5 psig 
nitrogen 80 psig 

127 

1 

I I I I I I I I 

2 3 4 5 6 7 

Hydrocarbon Concentration x 10-3, ppm 

8 9 

Figure D -1. Hydrocarbon calibration curves for Perkin -Elmer 
Model 810 gas chromatograph. 
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at 7. 5 psig and the air at 40 psig. These conditions, which were 

typical of the range suggested by the manufactorer, were used 

throughout the test program. 

A column containing di- 2- ethylhexyl sebacate liquid phase, 1. 5 

weight percent on 30 - 60 mesh silica gel, was used to separate the 

various hydrocarbons in the gas sample. Nitrogen carrier gas flow 

rate was set at the manufacturer's recommended value of 35 ml per 

minute. A number of tests were made to determine the best iso- 

thermal over temp rature for adequate component separation and 

minimal analysis time. It was found that 75 °C provided satisfactory 

hydrocarbon separation and yielded an acceptable total analysis time 

of 16 minutes. 
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APPENDIX E 

CALIBRATION OF BECKMAN CARBON MONOXIDE 
AND CARBON DIOXIDE ANALYZERS 

The calibration curves for Beckman carbon monoxide and 

carbon dioxide analyzers are not expected to be linear. It is, 

therefore, important to be able to produce several calibration points. 

Since the infrared analyzers count molecules and are insensitive to 

the partial pressures of other species, this was achieved with the 

use of one upscale calibration gas. The mixture, containing carbon 

monoxide, carbon dioxide and nitrogen, was obtained from Scott 

Research Laboratories in Perkasie, Pennsylvania. 

Referring to Figure 7, the upscale calibration gas was metered 

into the analytical system to give different total pressures of the 

same gaseous mixture. This produced the same instrument response 

as if several different calibration mixtures were available and were 

each in turn put into the system at the same total pressure. Typical 

calibration curves obtained in this manner are shown in Figures 

E-1 and E -2. 
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Figure E -1. Carbon dioxide calibration curve. 
Beckman IR -215. 

14 16 

130 



In
st

ru
m

en
t 

R
es

po
ns

e 

131 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

17 November 1967 
Instrument Gain 264 

Carbon Monoxide, % 

Figure E- 2. Carbon monoxide calibration curve. 
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CONSTRUCTION DETAILS OF TEST EQUIPMENT 

18. 0 

1. 0 

"Omega" quick 
disconnect 
fitting 

"Om egalok" 
compression 
fitting 

316 stainless 
steel tube 
5/16-inch O. D. 

Two -hole ceramic 
insulator 1/4 -inch 
O. D. 

Tapered quartz 
tubes 2 -mm O. D. 
1 - mm I. D. 

Not to scale 
Dimensions in inches 

Figure F -1. Details of thermocouple probe. 

J 



10. 25 

8-mm O. D. 
6-mm I. D. 

Not to scale 
Dimensions in inches 

30° taper 
. 001 -inch diameter orifice 

Figure F-2. Details of quartz sampling probe. 

f 

2. 00 / 

1. 0 



1/8 -inch O. D. 

copper 
coolant tubes 

16 threads 
per inch 

Braze 

Locknut 

2 -inch slit to 
allow vertical 
movement 

1/4-inch 
tubing for 
air -fuel 
supply 

134 

2 -inch O. D. 
316 stainless steel 
porous disc 

2 1/8 -inch O. D. 
stainless steel 
seamless tubing 

Not to scale 

1/16-inch teflon 
sleeve with press 
fit 

3/8 -inch low 
carbon steel 
flange plate 

16 threads 
per inch 

2 3/4-inch O. D. 
2 3/8-inch I. D. 

Weld flange 
1/4 -inch bolts 

Micrometer head 
2 -inch range with 
locknut and swivel 
pad 

Figure F -3. Details of burner assembly. 

RR 
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APPENDIX G 

DETERMINATION OF AIR AND FUEL MASS FLOW RATES 

Equation (3 -1) is derived from Bernoulli's equation by basing 

the energy relation on the specific weight at the upstream condition 

and introducing an expansion factor. This development is described 

by Beckwith and Buck (1). 

Although a number of orifice plates were used in preliminary 

tests, the 0.010 and O. 035 inch diameter orifices were used for the 

fuel and air flowmeter respectively. These plates were very satis- 

factory in that they (1) allowed the desired flowrates, (2) produced 

measurable pressure drops and (3) allowed critical flow conditions 

to be maintained across the metering valves. The orifice flow - 

meters were calibrated with bubble flowmeters which were fabricated 

from laboratory burettes. The calibration data are given in Tables 

G -1 and G-2. 



Table G -1. Calibration of air flowmeter for Equation (3 -1). 

Run m x 104 lbs/sec K x 104 

1 1. 061 1. 643 

2 1. 165 1. 655 

3 1. 253 1. 652 

4 1. 285 1. 638 

5 1. 358 1. 654 

6 1. 450 1. 655 

7 1. 475 1. 647 

8 1. 580 1. 652 

9 1. 684 1. 648 

10 1. 709 1. 651 

11 1. 832 1. 642 

12 1. 936 1. 649 

13 2. 083 1. 644 

Mean: xK = 1. 648 x 10-4 

Standard 
deviation: S = 0. 005 x 10 -4 

95 percent confidence 
limits: 1. 645 x 10-4 < 11K < 1. 651 x 10-4 

136 
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Table G-2. Calibration of fuel flowmeter for Equation (3-1). 

Run m x 105 lb /sec K x 105 

1 1. 345 1. 745 

2 1. 378 1. 750 

3 1. 399 1. 749 

4 1. 456 1. 754 

5 1. 510 1. 760 

6 1.542 1. 763 

7 1. 562 1. 751 

8 1. 610 1. 763 

9 1. 639 1. 771 

10 1. 689 1. 776 

11 1. 743 1. 771 

Mean: xK = 1. 759 x 10-5 

Standard 
deviation: S = 0. 010 x 10-5 

95 percent confidence 
limits: 1.752 x 10 < 

-5 < 1.766 x 10-5 
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APPENDIX H 

CALIBRATION OF PACE MODEL KP 15 
PRESSURE TRANSDUCERS 

The Pace Model KP 15 pressure transducer gives a linear out- 

put and, therefore, need be calibrated at only one upscale point. A 

hydraulic dead weight tester provided the upscale value for the Pace 

unit which monitored the fuel and air upstream pressures. A column 

of water provided the known upscale value for the Pace unit which 

monitored the pressure drop across the orifice plates. A vacuum 

manometer was used to calibrate the Pace unit which measured the 

gas pressure in the sampling system. The following general pro- 

cedure was used to calibrate the Pace transducers. 

1. Place appropriate diaphragm in KP 15 transducer. 

2. Turn on instrument. 

3. Set "zero" on CD 25 transducer indicator panel meter. 

4. Set meter sensitivity switch to "suppression in" 100. 

5. Apply known fullscale pressure and set null meter to 

read 1000. 

6. Adjust "span" to give zero meter reading. 

7. Change meter sensitivity to "suppression in" 10. 

8. Make fine adjustment to give zero meter reading. 

9. Record "zero" and "span" settings. 
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APPENDIX I 

ONE - DIMENSIONAL FLAME EQUATIONS 

The one -dimensional flame equations have been obtained and 

presented by Fristrom and Westenberg (27). They are summarized 

here mainly so that one may view the presented experimental data in 

light of an analytical model. No attempt is made to detail the deri- 

vations here, however, the main assumptions are listed. 

As sumptions 

The laminar flame is conveniently described by considering 

the following basic equations: (1) conservation of mass, (2) conser- 

vation of momentum, (3) conservation of energy, and (4) equation 

of state for ideal gas. In applying these equations to a flame a num- 

ber of assumptions and approximations must be used. The major 

ones are briefly as follows: 

1. Steady -state flow exists. 

2. Effects due to external forces such as gravity, electric 

and magnetic fields, etc. are neglected. 

3. Radiation heat loss from flame by either thermal origin 

or chemiluminescence is negligible. 

4. Velocity gradients are small and may be neglected; 

therefore, viscosity terms in momentum and energy 
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equations may be neglected. 

5. Since velocities are low, pressure gradients may be 

ignored. Thus treat as constant pressure system. 

6. High temperature gradients exist and, therefore, heat 

conduction term in energy equation must be included. 

7. Concentration gradients exist and, therefore, diffusion 

should be included in equations of continuity and energy. 

8. Pressure diffusion may be neglected. 

9. Thermal diffusion is neglected. This is done because 

of the complexity of the subject and the lack of data for 

thermal diffusion coefficients. 

Notation for Flame Equations 

a0 area of flame at flame zone. 

p gas density at flame zone. 

vo flame velocity. 

m mass flow rate. 

A area ratio, a /a0. 

R molar gas constant. 

P pressure. 

T temperature. 

Z distance, independent variable. 

N. moles of specie i per unit volume. 
i 
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X. mole fraction of specie i. 
i 

V. diffusion velocity of specie i. 
i 

D.. binary diffusion coefficient. 
13 

X. thermal conductivity. 

fi mass fraction of specie i. 

Q volumetric heat release rate. 

n. number of a particular kind of atom in 
i specie i. 

M mean molecular weight. 

Mi molecular weight of specie i. 

G. mass flux fraction of specie i. 
i 

Ki net molar rate of production or consump- 
tion of specie i per unit volume per unit 
time due to chemical reaction. 

Hi molar enthalpy of specie i. 

H specific enthalpy at Z = c°. 
oo 

One -dimensional Laboratory Flame Equations 

Conservation of Mass: 

or 

p va = p Ovoao (I-1) 

pvA= p ovo =rn 



Species Continuity Equation: . 

d 
dZ [N (v 

+ Vi)A1 - K.A 

if G., the mass flux fraction, is defined as: i 

then, 

N.M.(v + Vi) 

Gi p v 

p 0 v dG. 

M. dZ KiA 
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(I-2) 

(I-3) 

(I -4) 

where G. represents the fraction of the total mass flux per unit area 

which is due to species i and it includes the contribution of diffusion 

as well as convection. 

Energy Equation: 

p Ovo 

H. G. dT n 
M. 1 

AX 
471-2 

= p 
Ov0 

H 
oo 

Diffusion Equation: 

D.. dX. 
V 

X. dZ i 

Heat Release Rate: 

Q 
I. 

(I -6) 

(I -7) 

- 1 

/Hi Ki 

- 

= 



Equation of State: 
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P = NRT (I-8) 

Equation for Atom Balance: 

= constant 

Equation for Mass Fraction: 

M. 
f. = X. 

i 

i 1 M 

(I -9) 

(I -10) - 
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APPENDIX J 

METHOD FOR CALCULATING BINARY 
DIFFUSION COEFFICIENTS 

The following expressions were taken from the works of 

Fristrom and Westenberg (27) and Hirschfelder (31). 

Chapman -Enskog Equation 

The Chapman -Enskog kinetic theory of dilute gases provides 

Equation (J -1). 

where 

3(kT) 2 D,. _ ij 16PµS2i1,l) 
J 

k Boltzmans constant. 

T Temperature, °K. 

P pressure, atmospheres. 

µ reduced mass of pair of molecules. 

D.. binary diffusion coefficient, cm2 /sec. 
ij 

tl 1) collision integral. 

Assumptions of Chapman - Enskog Theory 

(J-1) 

The gradients in the macroscopic variables of the flame 

(temperature, density, etc. ) are small over distances 

which are large when compared with the mean free path. 

Sl`. 
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2. The densities of the gases are low enough that only the 

binary collisions need be considered (i. e. no appreciable 

amount of three body or higher multicomponent reactions). 

3. The gas is composed of particles which undergo elastic 

collisions. 

4. Particle collisions may be treated according to classical 

mechanics. 

Calculation of Diffusion Coefficients 

The collision integral in Equation(J -1) involves the potential 

energy of interaction between molecules. The potential function most 

widely used for transport property calculations is the Lennard -Jones 

(12 -6) Potential which is shown as Equation J -2. 

where 

(r) = 4e [ (2--r)12 - (r)6 

r intermolecular separation distance. 

6 value of r for which = O. 

e depth of potential "well ". 

These two terms are illustrated graphically in Figure J -1. 

(J-2) 

4 

6 
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r 

Figure J -1. Parameters of Lennard -Jones Potential 

The collision integrals for the Lennard - Jones Potential have 

been evaluated by Hirschfelder (31) in terms of the reduced quantity 

_2(1, 1) (1, 1) 
obtained by dividing by ij 

2 kT 1/2 
) 

which is the corresponding integral for the rigid sphere model. 

(1, 1) 
(1 1) * 211, )1/2 ij 
ij TrkT 2 

o- 

(J -3) 

The above is given as a function of the reduced temperature 

kT T* = 
e 

Thus, 

e 

CT 

µ 

Sh 



D, 
(1 1) * PT.. 

NI -I- 

M 
1 / 2 3/ 2 

, 

1. 86 x 10-3[ "1 T M.M. 

where M and M. are molecular weights. 
J 
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(J-4) 

In order to make use of this equation it is necessary to have 

values ci parameters for the potential characteristic for the par - 

Lc 7tlar pair of gases being considered. The commonly used method 

for combustion work is to use potential parameters for the pure 

gases which have been determined from viscosity data and certain 

combining rules by which the parameters for the interaction of unlike 

molecules may be estimated from those for the respective species 

making up the diffusion pair. Hirschfelder (21) has used experi- 

mental gas viscosity data to derive values for the potential param- 

eters in the Levr:ard- Jones Potential. These are shown in Table J -1. 

The potential parameters determined in this manner are charac- 

teristic of like molecule interactions (i j). It is assumed that 

an ir.ke potential i.s related to the potential for the pure 

spe- :es by 

1/2 (J -5) 

3 

IJ 

i 

- i, j - 

.. 
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Table J -1. Potential parameters for Lennard-Jones (12 -6) 
Potential. 

Gas , Angstroms e /k, °K 

Methane 3. 80 144 

Ethane 4. 42 230 

Ethylene 4. 23 205 

Propane 5. 06 254 

Acetylene 4. 22 185 

Propylene 4. 68 299 

Carbon Monoxide 3. 71 88 

Carbon Dioxide 3. 90 213 

Nitric Oxide 3, 60 91 

Oxygen 3. 54 88 

Nitrogen 3.79 80 

Water Vapor 2. 64 809 

With this assumption it may be shown that for the Lennard- 

Jones Potential 

eij (eiieji) 
1/2 (J -6) 

"T.ii Cri) (J-7) 

now, binary diffusion coefficients for flame conditions may be cal- 

culated using Equation (J-4). 

2 

= 

(Rii 



APPENDIX K 

EXPERIMENTAL DATA 

Table K -1. Dependent variable responses for fuel: propane; equivalence ratio: 0. 90; and wall temperature: 600 °F. 

Dead Space Thickness 0. 083 cm Flame Zone Thickness 0.082 cm Hydrocarbon Distance 0. 255 cm 

Position 
cm 

Methane 

PPm 

Ethane 

ppm 

Ethylene 
ppm 

Propane 

PPm 

Acetylene 
PPm 

Propylene 

PPm 

Carbon 
Monoxide 

% 

Carbon 
Dioxide 

% 

Oxides of 
Nitrogen 

PPm 

Gas 

Temperature 
of 

005 800 125 1525 27750 175 201 2.5 5.3 1.5 
,035 1025 225 1925 25000 225 250 2.9 6, 1 2. 5 

,065 1225 275 2250 22000 302 303 3,3 6.3 2.0 
095 1400 287 2600 18250 525 325 3.6 6.8 2.0 

.125 1570 300 3020 13200 932 410 4.0 7.6 2.5 
140 1655 280 3270 10100 1172 483 4.1 7. 9 2.0 

155 1710 264 3480 7250 1370 553 4.3 8.4 2.5 - - -- 
170 1560 220 3490 4900 1215 530 4. 5 8. 9 3.0 2135 

. 185 1010 185 3075 3100 760 380 4.6 9.6 3.5 2125 
200 505 105 1210 1700 355 223 4. 7 10. 1 6.0 2120 

215 155 43 270 650 80 70 4.8 10. 5 16.5 2110 
230 65 25 105 330 45 50 4. 7 10. 7 21. 0 2110 

. 245 24 15 44 190 21 23 4. 7 10. 8 22. 0 2100 
255 Trace Trace Trace Trace Trace Trace 4.6 10.8 23.0 2100 

275 0 0 0 0 0 0 4.6 10.9 24.0 2090 
305 0 0 0 0 0 0 4.5 10.9 26.0 2070 

.335 0 0 0 0 0 0 4.3 10.9 27.5 2060 
385 0 0 0 0 0 0 4. 2 11. 0 29. 5 2050 

_.., 

- - -- 



Table K -2. Dependent variable responses for fuel: propane; equivalence ratio: 0. 90; and wall temperature: 700 °F. 

Dead Space Thickness 0, 060 cm Flame Zone Thickness 0. 081 cm Hydrocarbon Distance 0. 220 cm 

Probe 
Position 
cm 

Methane Ethane 
ppm 

Ethylene 
ppm 

Propane Acetylene 
ppm 

Propylene 
Carbon 

Monoxide 
Carbon 
Dioxide 

Oxides of 
Nitrogen 

Gas 

Temperature 
°F 

.005 705 210 1610 25250 105 100 2, 3 5. 5 1. 0 

,035 820 255 1870 23200 207 170 2.6 6.0 1.5 

065 955 280 2120 20750 323 295 3.0 6. 4 1, 5 

095 1153 365 2515 15500 486 445 3. 3 7. 0 2. 0 

110 1305 418 2910 12100 566 506 3. 5 7. 4 2. 5 

125 1395 472 3250 8300 705 655 3, 7 7. 8 2. 5 

140 1440 470 3320 7340 805 812 3.8 8.2 3.0 - - -- 

. 155 1360 374 2900 4900 795 815 3.9 8.6 3.5 2245 

170 920 247 1250 3040 515 564 4.0 9. 2 4. 5 2230 

. 185 280 110 453 1500 195 200 4. 0 9. 9 7.0 2220 

. 200 45 25 80 400 45 52 4. 1 10. 3 12. 5 2210 
215 Trace Trace Trace Trace Trace Trace 4. 1 10. 5 19.0 2200 

230 0 0 0 0 0 0 4.0 10. 7 23.0 2200 
245 0 0 0 0 0 0 3. 9 10. 8 25. 5 2195 

. 275 0 0 0 0 0 0 3.6 10. 8 26.0 2190 
305 0 0 0 0 0 0 3. 5 10. 8 26.0 2180 

335 0 0 0 0 0 0 3, 5 10. 8 25, 5 2175 
385 0 0 0 0 0 0 3. 4 10. 8 26. 5 2170 

ppm ppm ppm % % ppm 

, 

, 

, 

, 

, 



Table K -3. Dependent variable responses for fuel: propane; equivalence ratio: 0. 90; and wall temperature: 800 °F. 

Dead Space Thickness 0.045 cm Flame Zone Thickness O. 098 cm Hydrocarbon Distance 0. 225 cm 

Probe 
Position 

cm 
Methane 

ppm 

Ethane 

ppm 

Ethylene 
_ppm 

Propane 

ppm 

Acetylene 
PPm 

Propylene 

ppm 

Monoxide Dioxide 
Oxides of 
Nitrogen 

ppm 

Gas 

Temperature 
°F 

. 005 895 150 1870 25750 210 280 2. 6 5. 3 0. 5 

035 1015 223 2095 22300 387 305 2. 8 5. 8 0. 5 

.065 1070 328 2200 19100 497 358 2.9 6.1 0.5 

.095 1215 377 2677 15550 618 436 3.2 6.6 0.5 

110 1365 380 2900 12700 702 495 3. 5 6. 9 1. 0 
125 1500 375 3210 10100 745 518 3. 8 7. 4 0. 5 

,140 1673 365 3440 7200 837 500 4.0 7.7 1.0 
,155 1805 360 3655 6450 857 480 4.3 8.0 2.0 

.170 1847 355 3750 4490 927 438 4.5 8.4 5.0 ---- 

.185 1620 320 3380 2720 905 365 4.6 8.8 16.0 2175 

200 1370 230 2710 1490 827 246 4, 6 9. 4 19. 5 2170 
215 780 97 1410 700 506 145 4. 5 9, 9 21.0 2170 

230 Trace Trace Trace Trace Trace Trace 4. 5 10. 3 21. 5 2160 
245 0 0 0 0 0 0 4. 4 10. 4 22. 5 2150 

275 0 0 0 0 0 0 4. 4 10. 5 23. 0 2140 
.305 0 0 0 0 0 0 4. 3 10.5 23.0 2125 

335 0 0 0 0 0 0 4. 3 10.5 24.5 2100 
385 0 0 0 0 0 0 4. 2 10. 5 26, 0 2075 

Vo % 

. 

, 



Table K -4. Dependent variable responses for fuel: propane; equivalence ratio: 0. 95; and wall temperature: 600 °F. 

Dead Space Thickness 0. 073 cm Flame Zone Thickness 0.082 cm Hydrocarbon Distance 0. 200 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 

ppm 

Ethylene 

ppm 

Propane 

PPm 

Acetylene 
ppm 

Propylene 
ppm 

Carbon 
Monoxide 

% 

Carbon 
Dioxide 

% 

Oxides of 
Nitrogen 

ppm 

Gas 

Temperature 
°F 

.005 472 202 1372 25100 0 305 1. 5 5, 9 0 

. 035 563 247 1583 24260 0 344 1. 7 6. 2 0 

065 624 259 1791 22100 20 398 1. 9 6. 7 0 
095 695 341 2035 16800 105 520 2.0 7. 3 0. 5 

.110 743 383 2191 14280 348 584 2.1 7.8 0.5 
125 817 415 2383 11420 522 638 2. 3 8. 3 0. 5 

140 946 434 2577 8210 634 714 2. 5 8. 7 1.0 - - -- 
155 1051 453 2684 4350 756 773 2. 8 9, 1 1.0 2320 

170 1004 346 2505 1520 790 648 3. 1 9. 8 1. 5 2310 
.185 703 202 1630 470 741 234 2.8 10.3 4.0 2295 

200 Trace Trace Trace Trace Trace Trace 1. 9 11. 4 10.0 2290 
,215 0 0 0 0 0 0 1.7 11.7 10.5 2283 

. 245 0 0 0 0 0 0 1. 5 11.9 11, 0 2271 
. 275 0 0 0 0 0 0 1. 4 11. 9 10. 5 2249 

, 305 0 0 0 0 0 0 1. 4 11.9 10.5 2221 
335 0 0 0 0 0 0 1. 4 11. 9 10, 5 2201 

385 0 0 0 0 0 0 1, 4 11. 9 10.0 2162 



Table K -5. Dependent variable responses for fuel: propane; equivalence ratio: 0. 95; and wall temperature: 700 °F. 

Dead Space Thickness 0. 058 cm Flame Zone Thickness 0.085 cm Hydrocarbon Distance 0. 200 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 

ppm 
Ethylene 

ppm 
Propane 

ppm 
Acetylene 

ppm 
Propylene 

ppm 

Carbon 
Monoxide 

% 

Carbon 
Dioxide 

% 

Oxides of 
Nitrogen 

ppm 

Gas 

Temperature 
F 

.005 592 247 1670 23960 0 474 1.7 5.9 0 

. 035 621 259 1746 22100 15 485 1. 8 6. 4 0 

065 636 277 1841 19650 117 492 1.9 6.9 0 
. 09S 683 310 2094 17020 259 506 2.0 7. 4 0. 5 

110 796 361 2323 14830 348 553 2. 2 7. 8 0. 5 

. 125 902 397 2573 12300 391 615 2. 4 8. 2 1.0 

.140 1005 502 2735 9240 421 741 2.5 8.6 1.5 
155 987 548 2682 5420 424 982 2.7 9.2 2.0 

170 884 647 2410 1120 345 484 2, 9 9. 9 3. 5 2295 
. 185 602 681 1094 190 94 72 3.0 10. 5 10.0 2284 

. 200 Trace Trace 25 Trace 22 15 1. 9 11. 5 20. 5 2272 

. 215 0 0 0 0 0 0 1. 9 11.7 25. 0 2261 

. 245 0 o 0 0 0 0 1. 9 11. 7 27.0 2247 
275 0 0 0 0 0 0 1. 9 11.7 28.0 2233 

.305 0 0 0 0 0 0 1.9 11.7 27.5 2218 
335 0 0 0 0 0 0 1.9 11.7 27.5 2197 

385 0 0 0 0 0 0 1.9 11.7 28.0 2158 



Table K -6. Dependent variable responses for fuel: propane; equivalence ratio; 0. 95; and wall temperature: 800 °F. 

Dead Space Thickness 0. 048 cm Flame Zone Thickness 0. 095 cm Hydrocarbon Distance O. 210 cm 

Probe 
Position 

cm 
Methane 

PPm 

Ethane 

ppm 

Ethylene 

ppm 

Propane 

ppm 

Acetylene 
ppm 

Propylene 

ppm 

Carbon 
Monoxide 

% 

Carbon 
Dioxide 

% 

Oxides of 
Nitrogen 

ppm 

Gas 
Temperature 

°F 

. 005 620 255 1672 23250 0 490 1. 8 6. 5 0. 0 

. 035 625 275 1750 21430 0 515 1. 9 6. 8 0. 5 

.065 652 286 1807 19350 0 554 2.0 7.1 0.5 

.095 727 322 2227 15850 0 582 2.1 7.6 1.0 

125 848 397 2510 11750 15 752 2. 3 8. 4 1. 5 

140 902 419 2680 7700 70 857 2. 4 8. 9 1. 7 

. 155 986 447 2803 4420 355 806 2. 5 9. 3 2. 0 
170 1070 381 2615 1720 758 522 2. 7 9, 9 2. 5 2260 

185 941 274 1595 510 850 127 3.0 10.2 4.0 2245 
.200 606 106 503 Trace 590 Trace 2.6 10.9 15.0 2230 

215 0 0 0 0 0 0 1.8 11.4 26.0 2225 
,245 0 0 0 0 0 0 1.4 11.8 27.0 2217 

275 0 0 0 0 0 0 1.3 11.8 27.5 2200 

.305 0 0 0 0 0 0 1. 3 11.9 26, 5 2189 

.335 0 0 0 0 0 0 1. 3 11.9 27.0 2171 
385 0 0 0 0 0 0 1. 3 11. 9 27. 5 

. 

, 

, 



Table K -7. Dependent variable responses for fuel: propane; equivalence ratio: 1, 00; and wall temperature: 600 °F. 

Dead Space Thickness 0. 058 cm Flame Zone Thickness 0, 083 cm Hydrocarbon Distance 0. 270 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 

ppm 
Ethylene 

ppm 
Propane 

ppm 
Acetylene 

ppm 
Propylene 

ppm 

Carbon 
Monoxide 

Carbon 
Dioxide 

Oxides of 
Nitrogen 

Gas 
Temperature 

.005 350 325 1320 24800 0 525 1.3 6.1 0 

.035 380 334 1369 23600 0 545 1.4 6.4 0 

.065 420 352 1482 22100 0 562 1.4 6.7 0 
095 465 379 1640 20200 18 604 1. 5 7. 1 0 

125 502 426 1853 17800 68 637 1. 7 7. 6 0. 5 

155 582 465 2076 13650 195 870 1. 8 8. 4 0. 5 

. 170 606 480 2195 11040 242 942 1. 9 8, 9 1.0 2305 

. 185 651 504 2325 8800 297 965 2.0 9, 3 1. 5 2285 

200 700 544 2450 6350 372 941 2. 1 9, 8 2. 5 2275 
. 215 748 582 2502 3570 453 839 2, 3 10.2 3. 0 2267 

230 708 620 2305 1060 532 560 2, 5 10, 8 4.0 2259 
. 245 500 602 1200 300 562 151 2, 4 11. 3 10, 5 2248 

,260 225 210 265 170 225 44 1. 5 11. 5 18.0 2235 
275 . 0 0 0 0 0 0 0.9 11.7 19.5 2227 

, 305 0 0 o 0 0 0 O. 8 11.7 18.5 2220 
335 0 0 o 0 0 0 0. 8 11.7 19, 0 2205 

.385 0 0 0 0 0 0 0.7 11.7 19,5 2152 

--__ 



Table K -8. Dependent variable responses for fuel: propane; equivalence ratio: 1. 00; and wall temperature: 700 °F. 

Dead Space Thickness 0. 053 cm Flame Zone Thickness 0.082 cm Hydrocarbon Distance 0. 205 cm 

Probe 
Position 

' cm 
Methane 

ppm 
Ethane 

ppm 
Ethylene 

ppm 
Propane 

ppm 
Acetylene 

ppm 
Propylene 

ppm 

Carbon 
Monoxide 

% 

Carbon 
Dioxide 

% 

Oxides of 
Nitrogen 

ppm 

Gas 
Temperature 

°F 

.005 370 198 1403 21820 0 570 1.2 6.8 0 

.035 397 218 1475 20600 0 615 1.4 7.0 0 

,065 442 235 1560 19030 0 648 1. 5 7.3 0 
,095 505 254 1784 16000 51 745 1.7 8.1 0.5 

. 125 610 302 2140 10700 177 837 1. 9 9. 3 0. 5 

140 658 333 2302 4500 204 830 2. 1 10. 2 0. 5 

155 599 310 2280 1550 235 603 2.2 10.8 1.5 - - -- 
170 398 201 1530 650 254 240 2.0 11.3 2.0 2270 

.185 220 101 510 150 185 76 1.7 11.6 4.5 2257 

.200 58 45 104 0 57 28 1.0 11.7 8.0 2250 

. 215 0 0 0 0 0 0 0. 7 11, 7 11.0 2244 

. 245 0 0 0 0 0 0 0.6 11. 8 13.0 2230 

,275 0 0 0 0 0 0 0.6 11.8 15.5 2215 
305 0 0 0 0 0 0 0. 6 11. 8 16.0 2185 

. 335 0 0 0 0 0 0 0. 5 11.8 17.5 2171 
385 0 0 0 0 0 0 0.5 11.8 17.0 2137 

-___ 
- - -- 

, 

tin 



Table K-9. Dependent variable responses for fuel: propane; equivalence ratio: 1. 00; and wall temperature: 800°F. 

Dead Space Thickness 0. 044 cm Flame Zone Thickness 0, 096 cm Hydrocarbon Distance 0. 170 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 

ppm 
Ethylene 

ppm 
Propane 
ppm 

Acetylene 
ppm 

Propylene 
ppm 

Carbon 
Monoxide 

% 

Carbon 
Dioxide 

% 

Oxides of 
Nitrogen 

ppm 

Gas 

Temgerature 
F 

. 005 396 210 1495 24300 0 540 1.3 6, 9 0 1051 
020 1585 

. 035 425 230 1572 23250 0 594 1, 4 7, 3 0, 5 1847 
050 1977 

065 452 246 1730 16800 17 670 1, 5 7, 9 0,5 2056 
,080 - - -- 2105 

. 095 510 281 1925 11100 35 805 1, 7 8, 7 1, 0 2151 
110 583 316 2155 8670 50 880 1,9 9, 2 2, 0 2202 

125 651 351 2410 5700 70 952 2, 1 9, 8 2, 5 2230 
140 647 320 2615 3020 142 875 2, 2 10, 3 3, 0 2241 

. 155 552 217 2200 510 260 440 2, 3 11, 0 3, 0 2252 
170 Trace Trace Trace Trace Trace Trace 1, 3 11, 5 4, 5 2247 

185 0 0 0 0 0 0 0, 9 11,7 8, 0 2236 

.200 0 0 0 0 0 0 0,6 11,7 12, 5 2225 

,215 0 0 0 0 0 0 0,5 11,7 11,5 2212 
,245 0 0 0 0 0 0 0, 5 11, 7 12, 0 2192 

275 0 0 0 0 0 0 0,5 11,7 12, 5 2175 
.305 0 0 0 0 0 0 0,5 11,7 12, 5 2163 

335 0 0 0 0 0 0 0, 5 11.7 12, 0 2150 
385 0 0 0 0 0 0 0, 4 11.7 13, 0 2124 

- - -- 

, 

-_- _ -- ___ ____ ____ 

____ ___ ___ ___ ____ ____ 

___ ___ ___ ____ 



Table K -10. Dependent variable responses for fuel: propane; equivalence ratio: 1.05; and wall temperature: 600°F. 

Dead Space Thickness 0. 068 cm Flame Zone Thickness 0. 094 cm Hydrocarbon Distance 0. 260 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 

ppm 
Ethylene 

ppm 
Propane 

ppm 
Acetylene 

ppm 
Propylene 

ppm 

Carbon 
Monoxide 

o 

Carbon 
Dioxide 

% 

Oxides of 
Nitrogen 

ppm 

Gas 
Temperature 

0 
F 

005 304 155 1080 23700 0 202 1.0 5.6 0 

035 300 160 1135 22650 0 265 1. 1 5. 9 0 

,065 320 185 1251 21300 0 360 1.2 6.3 0 

,095 405 220 1515 19200 17 477 1.4 6.9 0 

.110 442 255 1660 17700 30 504 1.5 7.2 0 

125 485 275 1765 16300 42 560 1.6 7.5 0 

140 515 285 1880 14550 75 625 1.6 7.9 0.5 
155 550 290 2015 12100 102 672 1.7 8.4 0.5 

170 567 275 2030 8540 130 651 1. 8 9.0 0, 5 2280 

.185 479 245 1822 4900 98 504 1. 8 9. 5 1.0 2276 

. 200 345 200 1100 1600 75 153 1.7 10. 3 1, 5 2270 
215 220 104 490 450 65 97 1, 5 10. 8 3.0 2250 

245 55 10 210 0 15 16 1.0 11. 3 6. 5 2225 

275 0 0 85 0 0 0 0.6 11.6 8.0 2200 

305 0 0 0 0 0 0 0. 5 11.6 8. 5 2184 
335 0 0 0 0 0 0 0. 5 11.6 8. 5 2162 

385 0 0 0 0 0 0 0.5 11.6 10.0 2130 

, 



Table K. -1i. Dependent variable responses for fuel: propane; equivalence ratio: 1.05; and wall temperature: 700°F. 

Dead Space Thickness 0, 057 cm Flame Zone Thickness 0.092 cm Hydrocarbon Distance 0, 220 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 

ppm 
Ethylene 

ppm 
Propane 

ppm 
Acetylene 

ppm 
Propylene 

ppm 

Carbon 
Monoxide 

% 

Carbon 
Dioxide 

% 

Oxides of 
Nitrogen 

ppm 

Gas 
Temperature 

0 
F 

, 005 370 202 1320 23200 30 425 1, 1 5. 9 0, 5 

035 422 225 1510 20750 44 452 1, 3 6. 7 0, 5 

. 065 500 252 1745 17800 102 535 1, 4 7, 2 1.0 
095 564 305 1985 13550 130 410 1, 5 7. 8 0, 5 

, 110 580 320 2105 11100 185 715 1, 6 8, 2 1.0 
125 587 334 2200 8200 190 705 1. 7 8, 7 1, 5 

140 530 305 2110 5400 155 580 1, 8 9, 2 2, 0 - - -- 
155 452 253 1715 3050 110 495 1, 9 9, 7 2. 5 2250 

, 170 395 185 1255 1300 65 260 1, 7 10, 1 3.0 2225 
185 280 115 805 550 35 175 1, 2 10, 6 3, 5 2210 

200 157 75 335 200 Trace 100 0, 7 11, 0 5, 5 2190 
, 215 45 30 70 0 0 30 0, 6 11, 3 9. 5 2175 

, 245 0 0 0 0 0 0 0, 5 11, 4 10, 5 2155 
, 275 0 0 0 0 0 0 0. 5 11.4 10.0 2125 

. 305 0 0 0 0 0 0 0, 5 11.5 11. 5 2100 
335 0 0 0 0 0 0 0, 4 11.5 12, 0 2065 

, 385 0 0 0 0 0 0 11.5 2025 



Table K -12. Dependent variable responses for fuel: propane; equivalence ratio: 1, 05; and wall temperature: 800°F. 

Dead Space Thickness 0, 054 cm Flame Zone Thickness 0, 096 cm Hydrocarbon Distance 0. 210 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 
ppm 

Ethylene 
ppm 

Propane 
ppm 

Acetylene 
ppm 

Propylene 
ppm 

Carbon 
Monoxide 

% 

Carbon 
Dioxide 

% 

Oxides of 
Nitrogen 

ppm 

Gas 

Temperature 
F 

005 320 195 1310 21250 0 355 1, 1 6, 2 0 1070 
020 1568 

, 035 370 215 1380 19150 0 405 1, 2 6, 4 0 1791 
. 050 0 1925 

.065 485 284 1622 16400 20 480 1.3 7.0 0 2030 
.080 - -- - - -- 2101 

.095 525 345 1881 13000 152 617 1.5 7.7 0.5 2152 
. 110 564 345 2001 10800 256 672 1, 6 8, 1 0. 5 2200 

125 575 310 2105 7950 230 700 1. 7 8. 6 1, 0 2220 
140 510 277 1978 5500 95 630 1. 8 9. 1 1. 5 2240 

155 380 227 1475 2550 52 460 1. 7 9. 2 1. 5 2250 
170 260 172 550 1300 30 300 1. 5 10. 3 2, 0 2245 

.185 135 64 185 440 18 185 1.2 10.9 3.0 2230 

.200 30 17 55 0 0 45 1.0 11, 2 5.0 2221 

.215 0 0 0 0 0 0 0.7 11.3 5.5 2210 
,245 0 0 0 0 0 0 0.6 11.4 7.0 2185 

.,275 0 0 0 0 0 0 0.6 11,4 8,5 2160 
305 0 0 0 0 0 0 0. 5 11, 4 10.0 2145 

335 0 0 0 0 0 0 0. 5 11.4 10, 5 2125 
, 385 0 0 0 0 0 0 0. 5 11.4 10, 0 2082 

____ ___ ___ ___ ____ ____ 

___ ____ ___ ___ ___ ____ 

___ ____ ___ ___ ____ 

. 

. 

, 

. 



Table K -13. Dependent variable responses for fuel: propane; equivalence ratio: 1. 10; and wall temperature: 600°F. 

Dead Space Thickness 0. 074 cm Flame Zone Thickness 0. 096 cm Hydrocarbon Distance 0. 290 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 
ppm 

Ethylene 
ppm 

Propane 
ppm 

Acetylene 
ppm 

Propylene 
ppm 

Carbon 
Monoxide 

% 

Carbon 
Dioxide 

% 

Oxides of 
Nitrogen 

ppm 

Gas 
Temperature 

F 

.005 155 75 852 22300 0 245 0.9 5.8 0 

035 220 130 950 21250 0 320 1.0 6. 0 0 

065 272 183 1080 19750 0 410 1. 2 6. 4 0, 5 

095 312 202 1245 16300 0 425 1.4 7.0 0.5 

.125 340 205 1382 9400 0 315 1.5 8.3 1.0 
140 364 197 1375 6570 0 253 1. 5 8. 9 1. 5 

. 155 320 177 1280 5040 0 201 1, 5 9. 3 2. 0 2220 
185 245 122 954 3540 0 105 1. 3 10. 1 2. 5 2195 

215 105 60 525 2310 0 35 1.2 10.6 3.0 2175 
245 45 15 200 1100 0 0 0.9 10.8 4.5 2154 

. 275 0 0 75 350 0 0 0. 6 11.0 5. 5 2100 
305 0 0 0 0 0 0 0. 4 11.1 5. 0 2075 

335 0 0 0 0 0 0 0, 4 11.1 5. 5 2063 
. 385 0 0 0 0 0 0 0. 4 11. 1 5. 0 2053 

. 



Table K -14. Dependent variatle responses for fuel: propane; equivalence ratio: 1. 10; and wall temperature: 700°F. 

Dead Space Thickness 0.062 cm Flame Zone Thickness 0. 104 cm Hydrocarbon Distance 0. 270 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 

ppm 
Ethylene 

ppm 
Propane 

ppm 
Acetylene 

ppm 
Propylene 

ppm 

Carbon 
Monoxide 

Carbon 
Dioxide 

Oxides of 
Nitrogen 

ppm 

Gas 

T emperature 
0 

F 

,005 210 145 980 20450 0 327 1.0 6. 2 0 955 
.020 1407 

.035 260 165 1125 19470 0 355 1, 1 6, 4 0 1693 
050 1846 

,065 275 182 1167 17970 0 395 1.1 6.7 0 1936 

.080 2005 

. 095 296 197 1280 15560 0 462 1.2 7.2 0 2046 
110 321 205 1373 13500 0 510 1. 2 7. 7 0. 5 2076 

125 340 210 1460 11550 0 563 1. 3 8. 1 0. 5 2105 
140 380 225 1561 9320 0 580 1. 4 8. 5 1.0 2140 

155 402 230 1631 7210 0 682 1. 5 8. 9 1. 0 2150 

. 185 351 197 1310 4100 0 480 1. 5 9. 7 1, 5 2175 

. 215 243 136 857 1750 0 252 1. 4 10. 4 2. 5 2155 

. 245 63 39 358 270 0 54 1. 1 10. 9 3. 5 2140 

260 21 15 84 100 0 18 0. 8 11. 1 3. 5 2125 
. 275 0 0 0 0 0 0 0, 5 11.2 4.0 2110 

305 0 0 0 0 0 0 0. 4 11.3 4.0 2085 
335 0 0 0 0 0 0 0.3 11.4 4.5 2060 

o ,385 0 0 0 0 0 0 0.2 11.4 4.0 2030 

% % 

___ ___ ___ ____ ____ 

- -- - - -- - - -- 

___ ___ ___ ____ ____ 

. 

tu 



Table K -15. Dependent variable responses for fuel: propane; equivalence ratio: 1. 10; and wall temperature: 800°F, 

Dead Space Thickness 0, 055 cm Flame Zone Thickness 0. 100 cm Hydrocarbon Distance 0. 240 cm 

Probe 
Position. 

cm 
Methane 

PP ppm 
Ethane 

P ppm 
Ethylene 

Pi ppm 
Propane 

PP ppm 
Acetylene 

PP ppm 
Propylene 

PP ppm 

Carbon 
Monoxide 

° / 

Carbon 
Dioxide 

° 

Oxides of 
Nitrogen 

ppm 

Gas 

Temperature 
o 

F 

,005 185 1.30 1055 17350 0 385 1,0 6,2 0 

, 035 245 153 1105 14550 0 505 1, 1 6, 6 0 

065 335 190 1295 14870 0 535 1, 2 7, 2 0, 5 

095 384 220 1550 12050 0 610 1., 3 8, 0 0, 5 

110 378 225 1648 9930 0 665 1, 4 8, 4 1, 0 

125 361 194 1672 7520 0 640 1, 5 8, 8 1, 0 

140 332 187 1564 5510 0 521 1, 5 9, 2 1, 0 

155 281 152 1326 3820 0 401 1, 4 9, 6 1, 5 2185 

170 250 131 1110 2800 0 310 1, 3 9, 9 2, 5 2175 

185 215 110 905 1550 0 164 1, 3 10, 3 4, 0 2160 

200 163 85 700 540 0 65 1, 2 10, 5 5, 5 2150 

215 104 52 425 300 0 35 0, 9 10, 9 6, 5 2125 

230 35 15 130 Trace 0 15 0, 7 11, 1 6.0 2105 

245 0 0 0 0 0 0 0, 5 11, 2 6, 0 2080 

275 0 0 0 0 0 0 0, 4 11, 3 5, 5 2065 

305 0 0 0 0 0 0 0, 3 11, 3 5, 5 2054 

335 0 0 0 0 0 0 0, 3 11, 3 5, 5 2040 

385 0 0 0 0 0 0 0, 3 11, 3 5, 0 2025 

. 

- -- 

, - - -- 

. 



Table K -16. 

Dead Space 

Dependent variable responses 

Thickness 0. 075 cm 

for fuel: propylene; equivalence 

Flame Zone Thickness 

ratio: 0. 90; and 

0. 095 cm 

wall temperature: 600°17. 

Hydrocarbon Distance 0. 250 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 

ppm 

Ethylene 
ppm 

Propane 

ppm 

Acetylene 
ppm 

Propylene 

ppm 

Carbon 
Monoxide 

% 

Carbon 
Dioxide 

h 

Oxides of 
Nitrogen 

ppm 

Gas 

Temperature 
F 

. 005 459 151 1074 51 643 39100 2.0 6. 3 3. 5 857 

. 020 1489 

035 521 172 1288 44 692 36540 2. 1 6. 6 5. 0 1786 

050 1947 

065 567 178 1381 48 787 34480 2. 3 7.0 6. 5 2050 

.080 - -- - -- - - -- - -- - - -- - - -- 2146 

. 095 702 181 1498 24 874 30710 2. 7 7. 5 7.0 2198 

110 762 211 1706 16 947 27040 3.0 7. 9 6. 5 2251 

.125 818 232 1908 12 1071 22840 3.2 8.4 7.5 2282 

140 909 249 2066 Trace 1221 16650 3. 5 8. 9 7. 5 2310 

155 971 256 2155 0 1303 14980 3. 7 9. 3 7.0 2333 

170 1026 251 2224 0 1401 10520 3. 9 9. 8 7. 5 2361 

185 1032 234 2149 0 1552 6030 4.0 10.3 8.0 2345 

200 971 202 1801 0 1751 1210 4. 3 10.7 9. 0 2325 

. 215 857 183 1409 0 1926 280 4. 6 11.2 9. 5 2311 

230 751 108 744 0 1618 170 4. 9 11.7 10. 0 2302 

. 245 Trace Trace Trace 0 Trace Trace 3, 8 12.0 16. 0 2291 

275 0 0 0 0 0 0 3. 8 12.1 31. 5 2269 

, 305 0 0 0 0 0 0 3, 8 12. 1 36,5 2247 
, 335 0 0 0 0 0 0 3. 8 12. 1 39. 0 2230 

385 0 0 0 0 0 0 3. 8 12. 1 41. 5 2208 

cN 
4=, 

- -- - - -- - - -- 

- -- - - -- 

. 



Table K -17, Dependent varianle responses for fuel: propylene; equivalence ratio: O. 90; and wall temperature: 700°F. 

Dead Space Thickness 0.062 cm Flame Zone Thickness 0. 101 cm Hydrocarbon Distance 0. 250 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 
ppm 

Ethylene 
ppm 

Propane 
ppm 

Acetylene 
ppm 

Propylene 
ppm 

Carbon 
Monoxide 

% 

Carbon 
Dioxide 

% 

Oxides of 
Nitrogen 

ppm 

Gas 

Temperature 
áF 

005 494 176 1105 74 640 39200 1.9 6.6 1.0 
035 506 185 1170 68 672 37200 2. 0 6. 8 2. 5 

. 065 552 188 1252 65 685 32840 2. 2 7. 6 4. 0 
095 677 237 1570 68 865 27950 2. 6 8. 2 5, 5 

125 754 252 1864 70 1078 22000 3.0 8.9 7.0 
155 883 318 2127 38 1277 10810 3.4 9.9 8.5 

170 959 353 2225 24 1359 7020 3. 7 10.3 9.0 2410 
.185 1030 337 2253 17 1481 4520 4.0 10.7 9.0 2391 

. 200 1064 298 2021 0 1602 1980 4. 3 11.0 11.0 2365 

.215 951 231 1308 0 1673 470 4.5 11.4 13.0 2320 

230 582 127 641 0 1511 Trace 4.6 11. 7 20. 5 2301 
245 Trace Trace Trace 0 Trace 0 4. 5 12. 0 30.0 2258 

.275 0 0 0 0 0 0 3.7 12.2 47.5 2219 

.305 0 0 0 0 0 0 3.4 12.3 50.5 2181 

335 0 0 0 0 0 0 3. 4 12. 3 52. 0 2154 
385 0 0 0 0 0 0 3. 4 12. 3 53.0 

- - -- 

, 

____ 

cle 



Table K -18. Dependent variable responses for fuel: propylene; equivalence ratio: O. 90; and wall temperature: 800 °F. 

Dead Space Thickness 0. 042 cm Flame Zone Thickness 0. 104 cm Hydrocarbon Distance 0. 250 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 
ppm 

Ethylene 
ppm 

Propane 
ppm 

Acetylene 
ppm 

Propylene 
ppm 

Carbon 
Monoxide 

% 

Carbon 
Dioxide 

% 

Oxides of 
Nitrogen 

ppm 

Gas 

Temperature 
°F 

005 497 142 1151 70 594 32100 2.0 6. 5 1.0 
035 548 151 1204 65 647 31700 2.2 6.9 1.5 

, 065 597 154 1263 72 749 30750 2. 3 7. 3 2. 5 

095 677 183 1449 68 938 28450 2. 5 7. 8 4.0 

110 744 224 1617 64 1022 26040 2. 7 8. 1 5.0 
125 851 238 1768 63 1110 23150 2. 9 8, 3 5. 5 

140 898 257 1902 55 1220 20000 3.2 8.5 5.5 
155 950 266 2013 47 1305 16640 3. 5 9. 0 6. 5 

170 1003 263 2174 35 1418 13470 3. 7 9. 4 7. 5 2352 
185 1105 324 2356 28 1550 10080 4. 1 9. 7 7. 5 2340 

. 200 1210 337 2425 21 1834 5530 4. 5 10, 1 8.0 2322 

. 215 1347 264 2247 15 2205 2890 4.8 10.5 11.0 2310 

230 371 45 784 Trace 694 510 4. 7 11.1 25.5 2280 
245 17 Trace 46 0 53 Trace 3. 9 12. 0 32.0 2254 

.275 0 0 0 0 0 0 3.9 12.1 38.0 2230 
305 0 0 0 0 0 0 3. 9 12.2 40.0 2177 

335 0 0 0 0 0 0 3. 9 12.2 42.0 2134 
385 0 0 0 0 0 0 3. 9 12.2 43.0 

, 

____ 



Table K -19. Dependent variable responses for fuel: propylene; equivalence ratio: 0. 95; and wall temperature: 600°F. 

Dead Space Thickness 0. 065 cm Flame Zone Thickness 0. 108 cm Hydrocarbon Distance 0. 225 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 
ppm 

Ethylene 
ppm 

Propane 
ppm 

Acetylene 
ppm 

Propylene 
ppm 

Carbon 
Monoxide 

% 

Carbon 
Dioxide 

% 

Oxides of 
Nitrogen 

ppm 

Gas 

Temperature 
F 

.005 304 131 881 32 481 33850 1.3 6.3 3.0 
.035 312 142 902 27 472 31220 1.4 6.6 5.5 

065 321 144 956 30 489 28710 1. 4 6. 9 6.0 
095 374 165 1110 19 564 25880 1.6 7.6 7.0 

125 428 202 1351 22 679 21000 2.0 8. 5 8.0 
.155 526 229 1420 14 762 7530 2.2 9.6 7.5 

170 573 224 1452 Trace 812 4010 2.4 10.0 7.5 2402 
.185 589 124 1362 0 871 2280 2.6 10.4 9.0 2385 

. 200 572 184 1122 0 912 1080 2. 7 10.9 10.0 2372 
215 381 113 759 0 943 370 2.6 11.3 18.5 2360 

230 Trace Trace 22 0 28 Trace 1.0 12. 2 28.0 2349 
245 0 0 0 0 0 0 0. 9 12. 3 29. 5 2332 

275 0 0 0 0 0 0 0. 9 12. 4 32.5 2317 
. 305 0 0 0 0 0 0 0. 9 12.4 31.5 2301 

. 335 0 0 0 0 0 0 0. 9 12. 4 34.0 2282 
385 0 0 0 0 0 0 0.9 12.4 

, 

, 

- - -- 



Table K -20. Dependent vari_al le responses for fuel: propylene; equivalence ratio: 0. 95; and wall temperature: 700°F. 

Dead Space Thickness 0. 055 cm Flame Zone Thickness 0. 098 cm Hydrocarbon Distance 0. 200 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 
ppm 

Ethylene 
ppm 

Propane 

ppm 

Acetylene 
ppm 

Propylene 

ppm 

Carbon 
Monoxide 

% 

Carbon 
Dioxide 

% 

Oxides of 
Nitrogen 

ppm 

Gas 

Temperature 
6F 

005 267 130 825 40 453 31250 1. 2 6. 5 3. 5 

,035 278 142 889 25 459 29780 1. 3 6. 9 4. 5 

065 332 151 951 22 474 27510 1.5 7.3 5.0 
095 380 153 1026 15 501 24200 1. 7 7. 9 6.0 

125 432 172 1139 18 587 19030 1. 8 8. 5 5. 5 

155 497 180 1348 12 726 11150 2. 1 9, 5 7.0 

.170 525 217 1496 0 832 6560 2.3 9.9 7.0 - - -- 
185 507 203 1582 0 884 2040 2.4 11.2 8.5 2365 

.190 250 102 335 0 270 520 1.8 11.9 9.5 - - -- 
200 22 12 42 0 27 0 0.8 12.2 10.0 2342 

. 215 0 0 0 0 0 0 0. 7 12, 3 26.0 2325 

245 0 0 0 0 0 0 0.7 12.3 28.0 2318 

275 0 0 0 0 0 0 0. 7 12.3 28.5 2305 

. 305 0 0 0 0 0 0 0. 7 12. 3 30.0 2285 

.335 0 0 0 0 0 0 0.7 12.3 29.5 2268 

385 0 0 0 0 0 0 0. 7 12.3 30.0 

, 

- - -- 



Table K -21. Dependent -rariat le responses for fuel: propylene; equivalence ratio: 0. 95; and wall temperature: 800°F. 

Dead Space Thickness 0. 036 cm Flame Zone Thickness 0. 104 cm Hydrocarbon Distance 0.205 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 
ppm 

Ethylene 
ppm 

Propane 
ppm 

Acetylene 
ppm 

Propylene 

1? ppm 

Carbon 
Monoxide 

a 

Carbon 
Dioxide 

Oxides of 
Nitrogen 

ppm 

Gas 

Temperature 
o/ 

,005 304 102 882 22 401 30040 1.5 6. 6 3. 5 981 

.020 1548 

035 349 120 1026 25 449 28420 1.6 7.1 4.0 1882 

050 2043 

065 392 131 1129 37 551 25950 1. 7 7. 7 3. 5 2165 

080 - - -- 2215 

095 418 169 1210 24 575 22100 1. 8 8. 4 4, 5 2325 

125 448 197 1368 15 625 16340 1.9 9.0 5.0 2402 

140 502 205 1431 12 698 13080 2. 1 9. 5 5, 5 2421 

.155 537 194 1521 0 749 8520 2.2 10.1 7.0 2423 

170 548 199 1510 0 872 4230 2. 4 10. 7 10. 0 2416 

. 185 496 175 1300 0 1039 720 2.6 11.3 13. 0 2406 

200 419 35 54 0 27 150 0. 9 12.3 22.0 2389 

215 0 0 0 0 0 0 0. 8 12.5 24.0 2378 

245 0 0 0 0 0 0 0.6 12.6 24.5 2347 
275 0 0 0 0 0 0 0.6 12.6 26.0 2318 

305 0 0 0 0 0 0 0. 5 12, 6 24.5 2301 

335 0 0 0 0 0 0 0. 5 12. 6 26.5 2282 

.38.5 0 0 0 0 0 0 0.5 12,6 27.0 

% 

- -- 

- -- 

- -- - -- - - -- - - -- 

___ ___ ____ ____ 

- -- 

. 



Table KK -22, Dependent variable responses for fuel: propylene; equivalence 

Dead Space Thick..ss 0.056 c.m Flame Zone Thickness 

ratio: 1.00; and 

0. 107 cm 

wall temperature: 600°F, 

Hydrocarbon Distance 0.245 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 

ppm 
Ethylene 

ppm 
Propane 

ppm 
Acetylene 

ppm 
Propylene 

ppm 

Carbon 
Monoxide 

o 

Carbon 
Dioxide 

/ 
Oxides of 
Nitrogen 

ppm 

Gas 

Temperature 
F 

.005 220 110 672 27 304 34840 1.1 5, 9 1.0 

.035 231 105 814 29 314 33100 1.1 6.2 1, 0 

065 252 120 927 21 336 30150 1, 2 6, 7 1, 5 

095 270 148 998 20 361 25840 1, 3 7, 3 2.0 

125 338 186 1096 15 448 20750 1, 5 8.0 2, 0 
140 361 204 1132 18 465 17270 1.6 8.6 2.5 

155 375 210 1156 13 489 13210 1, 7 9, 1 3.0 
. 170 349 194 1121 0 475 9510 1, 8 9, 7 4.0 

.185 296 168 1049 0 420 6190 1.8 10.3 5.0 2352 
200 228 127 861 0 338 4210 1, 6 10.9 6.0 2331 

, 215 166 74 602 0 222 2250 1, 3 11, 5 7, 5 2317 
230 103 42 300 0 102 790 1, 1 12, 0 9, 5 2302 

245 37 16 39 0 28 110 0, 9 12.4 11, 5 2286 
275 0 0 0 0 0 0 0, 6 12, 6 11, 0 2267 

305 0 0 0 0 0 0 0, 5 12, 6 12.0 2242 
,335 0 0 0 0 0 0 0,4 12,7 12,5 2218 

,385 0 0 0 0 0 0 0.3 12.7 12.0 2169 

. 

, 

, 

. 



Table K -23. Dependent vas-sai ie responses for fuel: propylene; equivalence ratio: 1.00; and wall temperature: 700°F. 

Dead Space Thicks 0,046 cm Flame Zone Thickness 0. 110 cm Hydrocarbon Distance 0. 220 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 

ppm 
Ethylene 

ppm 
Propane 

ppm 
Acetylene 

ppm 
Propylene 

ppm 

Carbon 
Monoxide 

ho 

Carbon 
Dioxide 

h 

Oxides of 
Nitrogen 

ppm 

Gas 

Te ,erasure 

.005 198 88 697 31 424 33550 1.0 6.1 0, 5 994 
.020 - -- - - -- 1516 

035 236 105 743 24 446 31720 1. 1 6. 5 1, 0 1802 
. 050 1953 

065 271 122 862 19 454 28150 1. 3 7, 0 1. 0 2062 
. 080 2129 

095 300 151 1052 22 450 23250 1. 4 7. 8 2, 0 2181 
110 312 159 1137 17 473 20050 1. 5 8. 2 2, 5 2217 

125 335 155 1180 12 508 16270 1.6 8.6 3.0 2246 
.140 352 172 1203 0 562 13030 1.7 9.1 3.5 2262 

. 155 367 182 1189 0 578 9980 1. 8 9. 6 4.0 2276 
170 351 175 1129 0 557 6890 1. 8 10. 1 4. 0 2273 

185 310 168 1005 0 510 3760 1. 7 10.7 4, 5 2268 
200 221 136 715 0 353 1240 1, 6 11.3 7, 5 2255 

. 215 69 34 230 0 102 150 0. 9 12. 0 11.0 2241 
220 Trace Trace 18 0 15 0 0. 7 12, 2 12.0 2226 

230 0 0 0 0 0 0 0.6 12. 8 11. 5 2210 
,245 0 0 0 0 0 0 0.5 12.8 13.0 2187 

275 0 0 0 0 0 0 0, 5 12. 8 14.0 2160 
305 0 0 0 0 0 0 0, 4 12. 8 14.0 2132 

.335 0 0 0 0 0 0 0.4 12.8 15.5 2119 
385 0 0 0 0 0 0 0. 4 12.8 15.0 

F 

- - -- ____ __ ___ 

___ ___ ____ 

___ 

____ 



Table K -24, Dependent variable responses for fuel: propylene; equivalence ratio: 1. 00; and wall temperature: 800 °F. 

Dead Space Thickness 0. 041 cm Flame Zone Thickness 0.098 cm Hydrocarbon Distance 0.205 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 
ppm 

Ethylene 
ppm 

Propane 
ppm 

Acetylene 
ppm 

Propylene 
ppm 

Carbon 
Monoxide 

% 

Carbon 
Dioxide 

% 

Oxides of 
Nitrogen 

ppm 

Gas 

Temgerature 
F 

.005 272 80 826 24 318 32500 1.1 6.3 0.5 1040 

.020 1610 

035 302 127 902 26 370 29450 1.2 6. 8 1.0 1927 
,050 - -- - - -- - - -- 2088 

065 301 162 1019 23 443 25850 1. 3 7, 3 1. 5 2200 
.080 -- -- - - -- - - -- 2286 

. 095 335 179 1203 16 555 20030 1. 5 8. 1 2.0 2334 
. 110 437 182 1377 12 584 13820 1. 7 8. 8 4.0 2362 

.125 476 195 1398 0 590 8470 1.8 9.1 3.0 2378 

.140 484 204 1361 0 564 4040 1.9 9.4 3.5 2385 

, 155 403 209 1328 0 515 2160 2.0 9.9 4.0 2374 
170 317 200 1124 0 489 1190 1.8 10.5 6.0 2358 

. 185 177 102 505 0 205 480 1. 4 11. 9 10.0 2339 
200 36 Trace Trace 0 Trace Trace 0. 7 12. 3 14.0 2316 

215 0 0 0 0 0 0 0, 4 12. 5 15.5 2301 
245 0 0 0 0 0 0 0, 4 12.7 17.0 2267 

275 0 0 0 0 0 0 0. 4 12.7 16.0 2238 
305 0 0 0 0 0 0 0.3 12.7 17.0 2202 

,335 0 0 0 0 0 0 0.3 12.7 17.5 2172 
385 0 0 0 0 0 0 0.3 12.7 16. .5 

- -- 

. 

-- - -- ___ ___- ____ 

__ ___ 

____ __ ___ 

- -__ 



Table K-25. Dependent vara? le. responses for fuel: propylene; equivalence ratio: 1, 05; and wall temperature: 600°F. 

Dead Space Thickness 0. 060 cm Flame Zone Thickness 0, 100 cm Hydrocarbon Distance 0. 255 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 

ppm 
Ethylene 

ppm 
Propane 

ppm 
Acetylene 

ppm 
Propylene 

ppm 

Carbon 
Monoxide 

% 

Carbon 
Dioxide 

% 

Oxides of 
Nitrogen 

ppm 

Gas 

Temperature 
bF 

, 005 201 81 622 32 177 34000 1, 0 5, 5 0 

, 035 226 92 668 24 190 32200 1, 1 6, 0 0 

065 272 109 759 22 254 28300 1, 2 6, 5 0, 5 

095 289 125 887 16 325 23850 1, 3 7, 2 0, 5 

125 330 152 1055 0 418 18350 1, 5 7, 9 1, 0 

140 362 148 1115 0 453 15100 1, 7 8, 2 1, 5 

155 398 165 1137 0 468 11520 1, 7 8, 7 1, 0 

170 427 162 1079 0 434 8030 1. 8 9, 2 1, 5 

, 185 354 135 926 0 350 5180 1, 7 9, 7 2.0 2275 

, 200 251 118 702 0 244 2670 1, 6 10.1 2, 5 2262 

215 157 97 501 0 150 750 1, 5 10, 6 4, 0 2248 
230 72 43 247 0 76 Trace 1, 2 10, 9 4, 5 2227 

245 30 17 77 0 36 0 0, 8 11, 0 6, 5 2215 

,275 0 0 0 0 0 0 0,4 11,2 8,0 2198 

305 0 0 0 0 0 0 0, 3 11, 2 10.5 2182 
335 0 0 0 0 0 0 0,3 11,2 12,0 2164 

385 0 0 0 0 0 0 0. 3 11,2 12. 5 2147 

---- 
- - -- 

. 

. 



Table K -26. Dependent variable responses for fuel: propylene; equivalence ratio: 1. 05; and wall temperature: 700 °F. 

Dead Space Thickness 0. 053 cm Flame Zone Thickness 0. 107 cm Hydrocarbon Distance 0. 250 cm 

Probe 
Position Methane Ethane 

cm ppm ppm 
Ethylene 

ppm 
Propane 

ppm 
Acetylene 

ppm 
Propylene 

ppm 

Carbon 
Monoxide 

Carbon 
Dioxide 

Oxides of 
Nitrogen 

ppm 

Gas 

Temperature 
F 

005 177 82 604 37 208 24500 0.9 5. 8 0 
,035 184 93 647 25 235 31850 1.0 6.2 0.5 

065 204 102 702 20 254 33240 1. 1 6. 6 0. 5 

095 229 104 851 17 317 24480 1. 2 7. 0 1. 0 

125 284 121 954 0 384 19520 1. 4 7. 7 1.0 
140 325 128 1025 0 457 16550 1. 5 8. 1 1. 5 

.155 351 154 1053 0 500 12500 1.7 8.7 2.0 - - -- 
170 298 179 977 0 426 8270 1.6 9.1 1.5 2275 

185 237 168 854 0 329 5020 1. 5 9. 6 2.0 2262 
200 198 125 698 0 247 2520 1. 4 10.0 2. 5 2251 

215 154 77 501 0 179 890 1. 3 10. 4 2. 0 2241 
230 117 51 175 0 121 220 1.0 10. 9 5.0 2230 

245 34 19 54 0 44 0 0. 7 11.1 9. 0 2220 
275 0 0 0 0 0 0 0. 4 11. 3 10. 5 2204 

. 305 0 0 0 0 0 0 0. 4 11.3 11. 0 2185 
335 0 0 0 0 0 0 0. 3 11. 3 10. 0 2159 

385 0 0 o 0 0 0 0.3 11.3 10.5 

. 

. 

. 

n n 

, 

. 

. 



Table K -27. Dependent variable responses for fuel: propylene; equivalence ratio: 1. 05; and wall temperature: 800 °F. 

Dead Space Thickness 0. 038 cm Flame Zone Thickness 0. 108 cm Hydrocarbon Distance 0. 200 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 
ppm 

Ethylene 
ppm 

Propane 
ppm 

Acetylene 
ppm 

Propylene 
ppm 

Carbon 
Monoxide 

% 

Carbon 
Dioxide 

% 

Oxides of 
Nitrogen 

ppm 

Gas 

Temperature 
°F 

005 200 89 654 23 264 30840 1.1 5.9 0.5 
, 035 205 85 689 18 270 28500 1.2 6. 3 1.0 

,065 239 109 737 16 307 24100 1. 3 6. 9 1. 5 

.095 277 130 951 0 374 19290 1. 4 7. 7 2. 5 

, 125 354 157 1127 0 500 14270 1.6 8. 3 4.0 
, 140 382 172 1202 0 535 10550 1.7 8. 8 4. 5 

155 328 162 1148 0 498 6580 1. 7 9, 2 5. 5 - - -- 
, 170 252 147 927 0 401 3030 1.6 9, 8 7.0 2255 

185 159 84 521 0 220 1100 1. 2 10.3 7. 5 2245 
.200 72 14 54 0 35 150 0.8 10.7 9.0 2239 

, 215 Trace 0 0 0 0 0 0. 7 10. 9 10. 5 2228 
, 245 0 0 0 0 0 0 0. 4 11.0 10. 5 2220 

. 275 0 0 0 0 0 0 0. 4 11.1 11.0 2211 
305 0 0 0 0 0 0 0. 3 11.1 10.0 2202 

335 0 0 0 0 0 0 0. 3 11. 1 10. 5 2178 
. 385 0 0 0 0 0 0 0. 3 11. 1 11. 0 2161 

- - -- 

- - -- 

. 

. 



Table K -28. Dependent variable responses for fuel: propylene; equivalence ratio: 1. 10; and wall temperature: 600°F. 

Dead Space Thickness 0. 068 cm Flame Zone Thickness 0. 105 cm Hydrocarbon Distance 0. 300 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 

ppm 
Ethylene 

ppm 
Propane 

palm 

Acetylene 
ppm 

Propylene 
ppm 

Carbon 
Monoxide 

Carbon 
Dioxide 

oZI 

Oxides of 
Nitrogen 

ppm 

Gas 

Temperature 
of 

. 005 132 79 527 27 196 30400 0, 9 6.0 0. 5 

.035 151 74 563 29 224 29150 1.0 6. 4 1. 5 

065 177 81 587 25 246 27010 1. 1 6. 7 2.0 
095 224 89 671 17 261 24240 1. 2 7. 0 2. 0 

125 236 103 779 19 301 20320 1. 4 7. 9 2. 5 

155 251 117 898 14 338 14520 1. 5 8. 8 2. 5 

,170 253 122 926 12 353 11410 1.6 9.4 3.0 2252 
,185 247 101 901 Trace 341 9060 1.5 9.8 4.0 2241 

200 227 83 838 0 299 7050 1. 5 10. 3 5.0 2226 
215 203 76 776 0 257 5250 1. 4 10. 6 5.0 2205 

245 138 54 585 0 203 2510 1. 3 11. 2 5, 5 2190 
275 78 31 306 0 104 690 0. 8 11.3 4. 5 2151 

305 Trace Trace Trace 0 Trace Trace 0. 4 11. 4 5. 0 2104 
335 0 0 0 0 0 0 0. 3 11. 4 5. 5 2074 

385 , 0 0 0 0 0 0 0. 2 11. 4 5.0 2002 

% 

, 



Table K -29. Dependent var able responses for fuel: propylene; equivalence ratio: 1. 10; and wall temperature: 700 °F. 

Dead Space Thickness 0.060 cm Flame Zone Thickness 0. 106 cm Hydrocarbon Distance 0. 290 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 

PPm 

Ethylene 

ppm 

Propane 

ppm 

Acetylene 
PPm 

Propylene 

PPm 

Carbon 
Monoxide 

Carbon 
Dioxide 

Oxides of 
Nitrogen 

ppm 

Gas 
Temperature 

°F 

,005 149 65 442 20 101 26250 1, 1 6, 0 0, 5 

,035 157 63 474 22 108 25020 1, 1 6, 2 0. 5 

. 065 164 71 503 19 123 23710 1, 2 6, 4 1.0 
095 181 73 568 17 155 21690 1, 2 6, 8 1, 0 

125 203 76 659 19 173 18400 1. 3 7. 5 1. 5 

. 140 207 78 696 12 184 15720 1, 4 7. 9 2. 5 

155 198 80 701 Trace 201 12500 1, 5 8, 3 2, 0 
170 184 79 687 0 200 9470 1. 5 8. 9 2, 5 

,185 137 64 645 0 192 6460 1, 4 9, 6 3. 0 2240 
,215 89 52 498 0 168 3300 1. 2 10. 2 4, 0 2204 

245 65 31 317 0 89 990 1, 1 10.6 4, 5 2181 
. 275 37 14 68 0 41 Trace 0, 8 11.1 4, 5 2158 

290 Trace Trace Trace 0 Trace 0 0. 5 11, 2 5, 5 2137 
. 305 0 0 0 0 0 0 0. 3 11.3 5.0 2110 

.335 0 0 0 0 0 0 0, 2 11, 4 5, 5 2084 
385 0 0 0 0 0 0 u.2 11, 4 5, 0 

% % 

- - -- 

, 

, ---- 



Table K -30. Dependent variable responses for fuel: propylene; equivalence ratio: 1. 10; and wall temperature: 800°F. 

Dead Space Thickness 0. 039 cm Flame Zone Thickness O. 109 cm Hydrocarbon Distance 0. 270 cm 

Probe 
Position 

cm 
Methane 

ppm 
Ethane 

ppm 
Ethylene 

ppm 
Propane 

ppm 
Acetylene 

ppm 
Propylene 

ppm 

Carbon 
Monoxide 

% 

Carbon 
Dioxide 

% 

Oxides of 
Nitrogen 

ppm 

Gas 
Temgerature 

F 

005 110 53 505 28 104 25840 1.0 6. 3 O. 5 

035 128 52 542 23 105 23440 1.1 6.9 0. 5 

065 149 58 577 18 99 20810 1.2 7.3 1.0 
.095 187 65 693 21 105 15010 1.3 7.9 1.0 

.110 174 74 707 15 115 10720 1.3 8.3 1.0 

.125 138 79 752 12 119 5970 1.4 8.6 1.5 

140 98 85 720 Trace 132 4240 1. 5 9.0 1, 5 

155 72 67 615 0 110 2990 1. 4 9. 5 2. 0 

185 61 49 414 0 58 1510 1.3 10.2 2.0 2181 
. 215 44 37 201 0 42 870 1.1 10.7 3.0 2150 

245 37 18 88 0 21 420 0. 7 11. 1 3. 5 2132 
260 13 Trace 39 0 Trace Trace 0. 4 11.3 4.0 2118 

275 0 0 0 0 0 0 0.3 11.5 4.0 2107 
305 0 0 0 0 0 0 0.2 11.7 4.5 2085 

335 0 0 0 0 0 0 0. 2 11. 7 5. 5 2061 
385 0 0 0 0 0 0 0,2 11.7 6.0 

, 

, 



APPENDIX L 

TWO -WAY TABLES OF MEANS FOR THREE- FACTOR AND FOUR -FACTOR ANALYSES OF VARIANCE 

Table L -1. Three -factor two -wa-,r tables of means for dead space response. 

A . 90 . 95 1.00 1, 05 1, 10 Mean 

Propane . 063 , 060 , 050 , 060 , 063 . 059 

Propylene , 060 , 057 , 050 , 050 , 057 , 055 

C 

B 

. 90 . 95 1.00 1. 05 1, 10 Mean 

600°F , 080 , 070 , 060 , 065 , 070 , 069 

700 F 
o .060 .060 .050 .055 .060 .057 

800°F . 045 . 045 . 040 , 045 .050 . 045 

600 °F 700 °F 800 °F Mean 

I ropane .070 .058 .050 .059 

ropy] e *+e . 068 . 056 . 040 . 055 



Table 1 -2. Three- factor two-way- tables of means for flame zone responses. 

90 , 95 1.00 1.05 1.10 Mean 

Propane 

Propylene 

. 087 

. 097 

. 083 

. 103 

. 087 

. 107 

. 093 

. 107 

. 100 

. 107 

. 090 

. 104 

B 

C . 90 . 95 1.00 1.05 1.10 Mean. 

600°F .085 .095 .095 .095 . 100 .094 

700°F . 090 . 090 . 095 . 100 . 105 .096 

800°F . 100 .095 . 100 . 105 . 105 . 101 

600oF 700°F 800oF Mean 

Propane . 086 . 086 . 098 . 090 

Propyl.ene . 102 . 106 . 104 . 104 

R 

A. . 



Table L -3. Three -factor two -way tables of means for hydrocarbon distance response. 

A . 90 . 95 1.00 1.05 1.10 Mean 

Propane . 230 . 203 . 217 . 230 . 267 . 229 

Propylene . 250 . 210 . 223 . 233 . 287 . 241 

C . 90 . 95 1.00 1.05 1.10 Mean 

600 
oF .250 .210 .255 .255 .295 .253 

700oF . 235 . 200 . 215 . 23S . 280 . 233 

800 
oF .235 .210 . 190 .205 .255 .219 

C 

A 600oF 700oF 800 F 
o 

Mean 

Propane . 254 . 224 . 210 . 229 

Propylene . 252 . 242 . 228 . 241 

B 

B 



Table L -4. Four -factor two -way tables of means for methane response. 

B 
A .90 .95 1.00 1.05 1.10 Mean 
Propane 708 426 300 253 182 373 
Propylene 510 246 182 163 115 423 

B 
C .90 .95 1.00 1.05 1.10 Mean 
600 °F 619 340 283 224 160 325 
700 °F 521 322 218 211 159 286 
800 °F 687 348 219 189 127 314 

C A Propane Propylene Mean 
600 °F 393 257 325 

700°F 342 231 286 

800 
oF 

386 243 314 

D 
A . 005 .035 .065 .095 . 125 . 155 . 185 . 215 . 245 . 275 . 305 . 335 Mean 
Propane 450 513 576 656 766 801 515 160 46 0 0 0 373 
Propylene 266 289 319 368 428 474 449 295 24 8 0 0 423 

D 
C .005 .035 .065 .095 .125 .155 .185 .215 .245 .275 .305 .335 Mean 
600 °F 340 393 445 514 586 673 561 299 83 8 0 0 325 
700 °F 353 388 433 497 584 610 395 155 16 4 0 0 286 
800 °F 380 421 465 526 620 629 491 228 5 0 0 0 314 

B\ .005 .035 .065 .095 .125 .155 .185 .215 .245 .275 .305 ,335 Mean 
.90 642 739 828 971 1148 1280 1013 682 7 0 0 0 609 
.95 427 458 493 546 646 764 640 64 0 0 0 0 336 

1.00 301 329 356 398 485 480 276 164 90 0 0 0 240 
1.05 262 285 332 382 436 410 274 96 20 0 0 0 208 
1.10 157 194 229 264 270 254 209 131 58 19 0 0 149 
Mean 358 401 448 512 597 637 482 228 35 4 0 0 308 



Table L -5. Four -factor two -way tables of means for ethane response, 

A . 90 .95 1.00 1.05 1.10 Mean 
Propane 
Propylene 

167 
145 

197 

99 

198 

89 
139 

75 

108 

52 

162 

92 

. 90 , 95 1,00 1,05 1,10 Mean 
600 °F 138 144 213 109 82 137 
700 °F 166 160 109 109 87 127 
800 °F 165 139 108 102 70 117 

_ Propane Propylene Mean 
600 °F 177 97 137 

700 °F 160 93 127 

800°F 148 86 117 

.005 ,035 ,065 ,095 ,125 ,155 ,185 ,215 ,245 ,275 ,305 ,335 Mean 
Propane 
Propylene 

188 
104 

221 

114 
254 
125 

294 
143 

331 
168 

318 
186 

215 
168 

74 
83 

45 

10 

0 

3 

0 

0 
0 

0 
162 

92 

C 
D 

, 005 , 035 , 065 . 095 . 125 . 155 . 185 . 215 , 245 . 275 . 305 . 335 Mean 
600 °F 143 168 189 214 250 263 211 133 80 3 0 0 137 
700 °F 154 171 186 215 249 263 214 56 9 2 0 0 127 
800 °F 141 163 195 227 249 230 150 45 2 0 0 0 117 

B''''-'''''-----!). , 005 .035 , 065 , 095 , 125 , 155 , 185 , 215 , 24S , 275 , 305 . 335 Mean 
.90 159 202 234 272 312 306 252 136 3 0 0 0 156 
,95 178 198 208 243 297 342 292 19 0 0 0 0 148 

1,00 169 187 206 232 269 266 174 155 103 0 0 0 143 
1,05 134 145 174 205 225 209 135 51 8 0 0 0 107 
1,10 91 106 128 1.41 145 137 107 69 26 8 0 0 SO 

Mean 146 167 190 219 249 252 192 78 28 2 0 0 127 

C 
8 

A 
D 



Table L -6. Four- factor two -way tables of means for ethylene response. 

A \T .90 , 95 1,00 1.05 1.10 Mean 
Propane 1483 1154 1063 908 779 1077 
Propylene 1084 693 597 519 440 667 

C .90 , 95 1.00 1.05 1.10 Mean 
600 °F 1294 926 963 750 631 913 

700 °F 1140 894 755 733 627 830 

800 °F 1416 950 771 658 572 873 

C \ Propane Propylene Mean 
600 °F 1122 703 913 

700°F 1018 641 830 

800 °F 1091 655 873 

D 
005 , 035 , 065 .095 . 125 . 155 . 185 , 215 , 245 , 275 , 305 , 335 Mean 

Propane 1369 1506 1663 1930 2262 2280 1336 437 134 11 0 0 1077 
Propylene 764 835 907 1049 1227 1321 1188 602 80 25 0 0 667 

D 
C . 005 , 035 . 065 , 095 , 125 , 155 . 185 . 215 . 245 .275 . 305 . 335 Mean 
600 °F 993 1120 1246 1420 1659 1830 1620 783 236 47 0 0 913 
700 °F 1066 1165 1270 1473 1742 1763 1051 346 73 7 0 0 830 
800 °F 1142 1227 1338 1577 1832 1808 1116 428 13 0 0 0 873 

005 , 035 .065 , 095 , 1.25 , 155 , 185 .215 , 245 .275 , 305 , 335 Mean 
,90 1389 1592 1744 2052 2503 2722 2278 1107 15 0 0 0 1284 
,95 1217 1316 1413 1617 1887 2076 1427 127 0 0 0 0 923 

1.,00 1069 1146 1263 1434 1680 1705 899 556 207 0 0 0 830 
1.,05 932 1006 1136 1345 1534 1424 852 260 57 14 0 0 713 
1.10 727 79.3 868 .1001. 1117 1075 855 547 258 75 0 0 610 
Mean 1067 1171 1285 1490 1744 1800 1262 519 107 18 0 0 873 

B 
D 

A 



Table L -7. Four -factor two -way tables of means for propane response. 

.90 . 95 1.00 1.05 1.10 Mean 
Propane 
Propylene 

8874 
28 

8381 
11 

8509 
9 

8125 
7 

7547 
9 

8287 
13 

. 90 . 95 1.00 1.05 1.10 Mean 
600 °F 4899 4360 5623 5198 4228 4861 
700 °F 4158 4199 3748 3633 4101 3968 
800 °F 4296 4028 3406 3367 3005 3620 

C Propane Propylene Mean 
600 °F 9712 11 4861 

700 °F 7922 14 3968 

800 °F 7227 13 3620 

A'''''-'"< ,005 .035 ,065 .095 .125 .155 ,185 ,215 .245 .275 ,305 .335 Mean 
Propane 
Propylene 

23349 
36 

21571 
32 

19265 
30 

15729 
24 _ 

10813 
18 

5485 
9 

2168 
3 

919 
1 

124 
0 

23 

0 

0 
0 

0 
0 

8287 
13 

D 
C .005 .035 .065 .095 .125 .155 .185 .215 .245 .275 .305 .335 Mean 
600 °F 12382 11691 10740 9085 6818 4243 2081 1103 159 35 0 0 4861 
700 °F 11488 10628 9535 7777 5117 2218 651 175 27 0 0 0 3968 
800 °F 11207 10084 8669 6768 4311 1780 525 102 0 0 0 0 3620 

I.005 .035 .065 .095 .125 .155 .185 .215 .245 ,275 .305 .335 Mean 
.90 13158 11780 10339 8243 5291 3114 1228 228 32 0 0 0 4451 
.95 12067 11311 10198 8288 5921 2369 195 0 0 0 0 0 4196 

1.00 11834 11255 9666 7893 5705 2621 1492 595 50 0 0 0 4259 
1. 05 11375 10436 9260 7631 5408 2950 982 750 0 0 0 0 4066 
1.. 10 10029 9224 5775 7327 4753 2681 1532 727 228 58 0 0 3778 
Mear 11692 10801 9648 7876 5416 2747 1086 460 62 12 0 0 4650 

A\ 

C 
8 



Table L-8. Four -factor two -w,'y tables of means for acetylene response. 

, 90 , 95 1.00 1.05 1.10 Mean 
Propane 
Propylene 

331 
733 

130 

382 
73 

261 
40 

201 
0 

127 
115 

341 

B 
C , 90 , 95 1.00 1.05 1.10 Mean 
600 °F 552 309 188 113 103 253 

700 °F 466 224 172 129 56 209 

800 °F 578 234 141 121 32 221 

A 
C Propane Propylene Mean 
600 °F 141 365 253 

700 °F 90 329 209 

800 °F 113 329 221 

A` ,005 ,035 ,065 ,095 ,125 ,155 ,185 ,215 ,245 ,275 ,305 ,335 Mean 
Propane 35 59 93 160 272 367 278 74 40 0 0 0 115 
Propylene 354 377 417 481 573 655 667 524 32 10 0 0 341 

D 
,005 ,035 ,065 ,095 ,125 ,155 ,185 ,215 ,245 ,275 ,305 ,335 Mean 

600 °F 198 212 243 305 448 578 543 410 87 10 0 0 253 

700 °F 196 219 253 321 419 485 391 212 13 4 0 0 209 
800 °F 189 223 268 335 400 470 485 275 7 0 0 0 221 

D 
,005 ,035 .065 ,095 ,125 ,155 ,185 ,215 ,245 ,275 ,305 ,335 Mean 

.90 395 472 557 718 940 1151 1074 1065 12 0 0 0 532 
,95 223 233 275 334 470 629 747 157 0 0 0 0 256 

1.00 174 188 208 245 310 379 270 130 98 0 0 0 167 
1.05 113 123 156 219 294 288 175 66 16 0 0 0 121 

1,10 67 73 7R 87 99 108 99 78 52 2.4 0 0 64 
Mean 194 218 255 321 423 511 473 299 36 5 0 0 228 

A 
B 

C 



Table L -9. Four- actor two -ws tables et means for propylene response. 

Au. 90 , 95 1, 00 1. 05 1, 10 Mean 
Propane 225 296 383 266 247 283 

Propylene 14830 11881 12005 12245 11065 12406 

C 
R 

, 90 , 95 1.00 1. 05 1, 10 Mean 
600 °F 7811 6419 7172 6554 6884 6968 

700 °F 7403 6191 6289 6884 5912 6536 

800 °F 7369 5656 5123 5328 4172 553C 

C \ Propane Propylene Mean 
600°F 

700°F 

800°F 

277 13659 

287 

287 

12785 

10773 

6968 

6536 

5530 

A ,005 , 035 .065 , 095 , 1.25 .155 , 185 ,215 ,245 .275 , 305 , 335 Mean 
Propane 

P ?o. ene 

362 

32531 
408 

30607 
466 

28104 
531 

23798 
633 

17658 
616 

10373 
269 

4295 
100 

1165 
16 

269 
0 

46 

0 

0 

0 

0 

283 
12406 

C. 
D 

, 005 .035 , 065 .095 »25 , 155 , 185 . 215 . 245 275 . 305 , 335 Me-aa 

600°F 17367 16393 15068 13287 10582 6483 3093 994 281 69 0 0 6968 

700°F 16665 15755 14782 12414 9860 6052 2280 509 104 0 0 0 6536 

800`''P 15337 14365 13006 10793 6996 3948 1473 394 42 0 0 0 5530 

, 005 , 035 .065 , 095 , 125 .155 , 1.85 , 215 . 245 275 . 305 , 335 M, Mn 
,90 18497 12694 16504 14719 11296 7380 3596 643 4 0 0 0 7528 
,95 16068 15907 13936 12298 9729 4960 912 62 0 0 0 0 6089 

1,00 17088 1.6004 14338 11879 7986 4544 1912 . 540 44 0 0 0 6194 
1,0:; 16720 1_561.2 14503 11521 9018 5371 2027 295 3 0 0 0 6256 
1,10 13908 1.3132 12145 10406 7701 5216 2963 1624 662 11.5 0 0 5656 

Mea.- 1.6456 1'';08 142,85 1.2165 9146 5494 2282 632 142 23 0 0 6144 

; \ 

ß 
D 

P, 

\G 

\ 



Table L -10. Four -factor two -wy tables of means for carbon monoxide response. 

A` , 90 , 95 1.00 1.05 1.10 Mean 
Propane 3.8 1.9 t, 3 1.1 1.0 1.8 
Propylene 3.3 1.4 1.1 1. 0 1.0 1.6 

C ''...-----"---1--.3 . 90 . 95 1.00 1.05 1.10 Mean 
600 °F 3. 7 1.7 1. 3 1.1 1. 0 1.8 
700 °F 3.3 1.7 1.1 1.0 1.0 1.6 
800 °F 3.6 1, 6 1. 1 1.0 0.9 1.6 

A 
C Propane Propylene Mean 
600 °F 1.9 1.6 1. 8 

700 °F 1.8 1.5 1.6 

800 
oF 

1.8 1, 5 1.6 

D 
A ,005 , 035 .065 , 095 , 12S .155 , 185 , 215 , 245 ,275 , 305 , 335 Mean 
Propane 1.5 1., 6 1.8 2.0 2.2 2.4 2. 3 1.9 1, 7 1, 5 1, 4 1, 4 1. 8 

Propylene 1, 3 1.4 1.5 1.6 1.9 2.1 2.2 1.9 1.4 1. 2 1. 1 1, 1 1.6 

C 
D 

,005 ,035 .065 ,095 ,125 ,155 ,185 ,215 ,245 .275 ,305 ,335 Mean 
600 °F 1, 4 1.5 1.6 1, 8 2, 1 2, 3 2, 4 2, 3 1, 8 1, 5 1, 4 1, 3 1, 8 

700 °F 1,3 1,5 1,6 1,8 2,0 2,3 2,2 1,7 ],6 1,3 1. 2 1.,2 1.6 
800 °F 1, 5 1.6 1, 7 1, 8 2, 1 2, 3 2, 2 1, 6 1, 3 1, 3 1, 2 1, 2 1.6 

D 
.005 ,035 ,065 ,095 ,125 ,155 ,185 ,215 ,245 ,275 ,305 ,335 Mean 

,90 2,2 2,4 2,7 3,0 3,4 3,9 4,2 4,6 4,2 4,0 3,9 3,9 3,5 
, 95 1., 5 1.6 1.7 1.9 2, 1 2, 4 2, 7 1.6 1, 2 1, 1 1, 1 1, 1 1, 7 

1.00 1,2 1.3 1,4 1,5 1,8 2,0 1,6 1,0 0. 9 0,6 0. 5 0,5 1,2 
1.05 1,0 1.2 1,3 1.,4 1,6 1.7 1,4 1,0 0,7 0,5 0,4 0,4 1.0 
1,10 1,0 1.1 1,2 1,3 1,4 1,5 1,4 1.2 1,0 0,6 0,3 0,3 1,0 
Mean 1, 4 1, 5 1, 6 1, 8 2, 1 2, 3 2, 3 1., 9 1, 6 1, 4 1, 3 1, 2 1 2 

B 



Table L -11. Four -factor two -i ay tables of means for carbon dioxide response. 

A , 90 . 95 1, 00 1, 05 1, 10 Mean 
Propane 
Propylene 

8, 
10, 0 

6 9, 

10.0 
5 9, 

9, 

7 

9 

9, 

9.0 
3 9, 

9, 

1 

1 

9, 2 

9.6 

B 
. 90 , 95 1, 00 1, 05 1, 10 . Mean 

600 °F 9, 1 9, 6 9, 3 8, 9 9, 0 9, 2 

700 °F 9, 3 9, 7 10, 0 9, 2 8, 9 9, 4 

800 °F 9, 3 9, 9 10, 2 9, 3 9, 4 9.6 

A 
C Propane Propylene Mean 
600 °F 9,0 9,4 9,2 

700 °F 9, 3 9, 5 9, 4 

800 °F 9, 4 9, 9 9, 6 

A 
D 

,005 ,035 .065 ,095 ,125 ,155 ,185 ,215 ,245 ,275 ,305 ,335 Mean 
Propane 6, 0 6, 4 6, 8 7, 4 8, 3 9, 2 10, 2 11, 0 11, 3 11, 4 11, 4 11, 4 9, 2 

Propylene 6, 2 6.6 7, 0 7.6 8, 3 9, 3 11.0 11, 2 11, 8 12, 0 12.0 12.0 9, 6 

D 
,005 ,035 .065 ,095 ,125 ,155 ,185 ,215 ,245 ,275 ,305 ,335 Mean 

600 °F 5, 9 6, 3 6, 6 7, 2 8, 0 8, 9 9, 9 10, 9 11,5 11.7 11.7 11.7 9.2 
700 °F 6, 1 6, 5 6.9 7,5 8.3 9.3 10.4 11, 2 11.5 11.7 11,7 11.7 9.4 
800 °F 6, 3 6, 7 7, 2 7, 9 8, 6 9, 5 1.1, 5 11, 2 11,6 11.7 11.7 11.7 9.6 

B ,005 ,035 .065 ,095 ,125 ,155 ,.185 ,215 ,245 .275 ,305 .335 Mean 
, 90 5, 9 6, 4 6, 8 7.3 8.1 8.9 1.1, 5 10.7 11.3 11.4 11.5 11.5 9.3 
,95 6, 3 6, 7 7.1 7, 7 8.5 9. 5 10, 7 11, 8 12.1 12, 1 12,1 12, 1 9, 7 

1.00 6, 4 6, 7 7, 2 7, 9 8, 7 9, 8 10, 9 11, 6 12, 1 12, 2 12, 2 12, 2 9, 8 

1,05 5,8 6,3 6. 8 7,4 8,1 9,1 10,1 1.0,9 11,2 11,3 11.4 11.4 9,1 
1,10 6,1 6,4 6,8 r',3 8,2 9,1 10,0 10,6 10.9 11.2 11.4 11.4 9.1 
Mean 6,1 . 6,S 6,9 7,5 8,3 9,3 10,6 11,1 11.5 11.7 11,7 11.7 9.4 

D 

I 

C 



Table L -12, Four- factor two- tables of means for oxides of ttroge. .response: 

ñ 
A 
-------.._ 11 

Propane 
Propylene 

C 

600 °F 
700°F 
800°F 

B 

90 , :95 1 00 1, 05 1 . 10 

11, 3 9, 8 6, 4 4,1 2. 4 
16, 9 ! 5, 0 7 2 4 7 2 ", 8 

.90 , 95 1, 00 1, 05 1 10 

12, 9 10.5 6,0 3.4 2, 9 

15,9 13.8 6.8 4,7 2.3 
13,6 12,9 7.5 5, t 2, 7 

Mean A 
!C Propane Propylene Mean 

6, 8 600 °F ' 5, 5 8. 8 7, 1 

9, 3 
`700°F 7, 6 9, 8 8, 7 

800°F 7, 3 9, 4 8, 4 
Mean 
7. 1 

8,7 
8,4 

005 ,035 .065 095 ,125 155 .185 ,215 ,245 ,275 .305 .335 Mean 
Propane 0,2 0.4 0.5 0, 7 1, 1 1.8 4 9 11.6 13,9 15.2 15,4 15,8 6,8 
Propylene 1. 3 2. 0 2 5 3, 2 3.9 4, 6 6, 3 11.0 16.7 19.2 20, 1 21,2 9, 3 

R 

T 

90 

,95 
1, 00 
1, 05 
1.10 
Mean 

,005 ,.035 .065 .095 125 155 185 ,215 .245 
1.0 1.6 1.9 2 2 2 6 2,8 4 1" 8.1 12.4 

3 4 5. 4 12,3 17 ..4 
3 5 7.5 13 5 

0.7 1,1 1 4 1 9 2 4 

0. 7 1.0 t 2 1.8 2.6 

065 095 125 005 ,035 
1 4 2 3 2 8 3 5 4.3 
1., 7 2, 4 2.5 3.3 3 6 

0. 3 0, 6 0,8 1 3 1.9 
0 2 0. 3 0 6 0.8 1,4 
0,3 0.4 0 0.8 1 3 

0.8 1.2 1 5 1,9 2.5 

275 . 305 
15,5 16,4 
18.9 19.6 

17, 4 16 2 17.2 

335 
17.4 7,1 
20. "0 8,7 
18,2 8, 4 

Mean 

155 185 .215 245 275 305 .335 Mean 
5.0 8 5 15.0 26 0 31.7 33.7 35 1 14. 1 

4. 4 

2, 7 

2.2 
1.8 

3 2 

8 1 21.7 
5 6 9.9 
3 2 5 8 

2.8 4,0 
5.6 11.3 

24.5 
12. 8 

8.3 
4 6 

15 3 

25.5 
14.. 8 

9. 3 

4, 7 

25, 1 

15.0 
10. 3 

4.8 

25. 8 

15,7 
10 6 

5 3 

12, 4 
6. 8 

4,4 
2, 2.6 

17.2 17.8 18 5 8.1 

. I 

I 

C\ 
600 °F 
700 °F 
800 °F 

\U 

8 

\ 
\ 

C i 

rt 


