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ABSTRACT

A porous plate, flat-flame burner was used in an attempt to approximate
the transient flame quenching process at the combustion chamber walls in an
internal combustion engine with a steady-state model. The model used propane-
air mixtures to provide a laminar flame propagating towards a relatively cool
porous wall at approximately one-sixteenth the free-flame velocity.

Flame temperature and hydrocarbon concentration profiles are presented,
covering the distance from the wall to a point beyond the flame where the
hydrocarbons were no longer detected. These were used to compute the total
mass of unburned hydrocarbons per unit wall area. Results are presented for
the range of equivalence ratios from 0.945 +to 1.25, wall temperatures between
190 and 600°F and combustion chamber pressures of 1 and 2 atmospheres. Con-
centration profiles are presented for methane, ethane, ethylene, prcpane,
acetylene and propylene. The location of the luminous zone with respect to
the porous plate is given.

The experimental results are correlated by the following empirical equa-
tion relating mass of unburned hydrocarbons per unit wall area (m) to cham-

ber pressure (P) and wall temperature (T) for various equivalence ratios:

where K, a and b are experimentally determined constants.

Xi



INTRODUCTION

Air pollution in some cities of the United States has long been both
a nuisance and a health hazard. Until recently the pollution was largely
the result of factory fumes and smoke from homes and buildings using bi-
tuminous coal for heating. Exhaust emission from motor vehicles was a
relatively insignificant contributor. In recent years, however, the
rapidly increasing number of motor vehicles and concentration of popula-
tion in urban areas have made the automobile a major factor in air pollu-
tion.

Automobile manufacturers have been conducting intense research to
reduce the quantity of unburned hydrocarbons emitted in the exhaust
gases. Perhaps the most important phase of the research 1s the study of
the combustion conditions which result in the hydrocarbon residues.

In one such study, Dan1619 noted that the unburned hydrocarbons
which he found in the exhaust of a spark-ignited engine were likely due
to the flame quenching at the relatively cool walls of the combustion
chamber. The phenomenon of flame quenching, which will herein after be
called "wall quenching" may be defined as the effect of the wall in sup-
pressing flame propagation and retarding chemical reaction in a thin
layer along the wall. Visual evidence of wall quenching is manifested
by a dark zone between the luminous part of the flame and the wall.

The evidence that wall quenching is one of the major sources of

hydrocarbon emission led to the present study. Because of the complex-



ities involved in the use of an engine for studying wall quenching, a
model was used. The model was chosen to simulate, with a steady state
process, the transient process which occurs when a flame approaches a
solid wall and is quenched. The model consisted of a porous-plate,
flat flame burner enclosed in a cylindrical chamber. This model pro-
duced a one-dimensional, steady-state flame propagating towards a rela-
tively cool wall.

In selecting the model it was assumed that:

1. Chemical reactions that might occur as the mixture passes
through the porous plate are negligible.

2. The effect of mixture velocity on the flame structure
could be made negligible by using a mixture velocity
much lower than the flame velocity which would occur
in the mixture if no wall were present.

It was believed that with these two assumptions the model would per-
mit a study of the wall effect on flame propagation.

Propane was used as a fuel to permit comparison with earlier stud-
ies using the same fuel. It also simplified the measurement of hydro-
carbons because of the relatively small number of intermediates result-
ing from its reaction with air. In addition, there is a similarity be-
tween it and the higher saturated hydrocarbons with regard to burning
velocity, minimum ignition energy, flame temperature, and low oxidation
characteristics.

The objectives of this study were:

l. To devise a method for measuring the quantities of unburned

hydrocarbons resulting from the influence of the wall on
the flame in a porous-plate, flat-flame burner.



2. To study the quantity and distribution of unburned hydro-
carbons in the vicinity of the wall under controlled vari-
ations of wall temperatures, mixture ratio, and chamber
pressure.

3., To gain a better understanding of the phenomenon of wall
quenching.

The quantity of unburned hydrocarbons in the quench zone in the por-
ous plate burner is presented as mass per unit area of wall surface. The
results were obtained for a range of equivalence ratios from 0.945 to
1.26, wall temperatures between 190 and 600°F, and for chamber pressures

of 1.0 and 2.0 atmospheres.



CHAPTER I

BRIEF SUMMARY OF PREVIOUS WORKS ON WALL QUENCHING

Wall quenching has been studied by many research workers from both
theoretical and experimental approaches. Although their 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 quenching
effect. Two of the principal methods were linear measurement of the
dark zone, or '"dead space," between the wall and the luminous part of
the flame, and measurement of the minimum opening through which a flame
will propagate. There were also two theories regarding the mechanism
by which a flame is presumed to be guenched: the thermal theory, in
which the cooling effect of the wall is the principal deterrent to propa-
gation, and the diffusion theory, in which free radical chain carriers
necessary to propagation are said to be deactivated by the wall,

Since many of the earlier studies assumed either the thermal theory
or the diffusion theory, the literature is presented under those two

headings.

A. THERMAL THEORY
52

In the studies of Von Karman”~ on laminar flames near a cold wall,
a flame temperature profile was computed from a hypothetical situation

in which a flame was assumed to be propagating in a large tube filled



with a combustible gaseous mixture. In these studies "dead space" was de-

fined as the distance between the wall and a point in the flame front
corresponding to the "ignition temperature." Using the properties of
three different fuels, methane, propane, and propylene, it was found
that the ratio of the dead space to the flame thickness remained approx-
imately the same. From this, it was concluded that thermal conduction
is the fundamental process which determines the behavior of the flame
near the wall., It was also stated that the computed values of the dead

32

space agreed with Kaskan's”~ measured values of the distance between the
visible part of the flame and the wall in a similar model.

In the study of wall quenching by Wohl5u a flame was assumed to be
established parallel to a cool wall by igniting a combustible gaseous
mixture passed through a cooled porous wall. In this study it was found
that the distance from the wall at which a flame can be maintained is a
function of the amount of heat transferred to the wall; that is, should
the heat transfer increase a greater distance would be necessary to re-
duce the heat transfer and maintain the flame, otherwise the flame would
be extinguished.

In Potter and Berlad'suu

study of flame quenching in tubes, it was
assumed that the flame was gquenched when the amount of heat retained by
the flame is equal to or less than a constant fraction of the total heat

produced by the flame. From this study the following equation for quench

distance was derived.*

*Symbols are defined in the Nomenclature.
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Friedman15 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. The distance between the two
plates at the quenching condition which Friedman called the quench dis-

tance, is expressed as follows:

2k | 1 Tp - T q /2
- L_ _f__%J (1.2)

—

Up Cp | Fo Typ - To

The effect of wall temperature and mixture pressure on the quench
distance was studied experimentally by Friedmanl6 and the following rela-

tion was obtained,

1.
where

a and b equal 0.76 and 0.85, respectively, for lean mixtures

and 0.91 and 0.50, respectively, for rich mixtures.

B. DIFFUSION THEORY
Simon and Bellesu9 examined a simple active particle mechanism of
quenching, in which active particles are considered to be generated in

the flame and destroyed on the container walls. The following equation
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for the quench diameter was derived from the assumption that in order
for the flame to propagate through a tube, the number of effective col-
lisions per unit volume necessary for the flame to propagate must be
less than the total number of effective collisions per unit volume be-
fore the chain carriers are destroyed at the wall.

* e (1.4)

In this equation the quench distance depends partly on the nature
of the wall surface through the coefficient "e." Simon and Belles at-
tempted to determine experimentally the effect of the nature of the wall,
but found the results conflicting. Either no effect or a very slight ef-
fect was observed.

To compare the thermal and diffusion theories with experimental re-
sults, Potter and Berlad,u6 using an argon-oxygen-propane flame, replaced
the argon with helium. It was found that the thermal quenching equation
satisfactorily predicted the effect of the replacement of argon with
helium on quench distance, while a similar equation for the diffusion
effect did not; however, the authors stated that the success of the ther-
mal equation should not be interpreted as conclusive evidence that flame
quenching is an entirely thermal process, since many approximations were

made in deriving the expressions for both theories.

Although neither the thermal theory nor the diffusion theory is es-



tablished as the exclusive process by which wall quenching occurs, these
earlier studies provided some information useful to the present work.
They showed that wall quenching is affected by the properties and tem-
perature of the wall, free flame speed, initial mixture temperature, and
the geometry of the wall surface.

In these earlier studies the hydrocarbons resulting from wall quench-
ing were not measured. The present study arose from the need for a meas-
urement of the quantity of hydrocarbons resulting from wall quenching.
Such data is of interest to researchers working on the air pollution prob-

lem.,



CHAPTER II

ANALYSIS OF THE WALL EFFECT IN THE POROUS PLATE MODEL

At present, theoretical work concerning wall quenching involves many
assumptions which arise from the fact that very little is known either
about the structure of a flame or about the mechanism by which a flame is
quenched. In order to determine the amounts and types of hydrocarbons re-
sulting from wall quenching by theoretical methods it would be necessary
to have the following information:

a. The mechanism by which reaction occurs in the flame.

b. The rates of all the reactions occurring in the flame and
their dependence on temperature and concentration.

c. The transport properties of all components of the mixture
and their dependence on temperature.

d. The effect of the wall in breaking chain carriers.

e. The "environmental conditions" for which the information
is desired.

Very little of this information is available for any actual system,and
even if it were, the derivation of a mdthematical solution to obtain the
desired results would be quite difficult. Consequently, an experimental
approach was used.

Experimental approaches also encounter some difficulties; studying
wall quenching in an internal combustion engine, which is of current
practical interest, is complicated by the fact that the quenching occurs

during a short-time period and in a very thin layer along the wall9
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(about 0.005 in.). Outside the engine a flame approaching a solid wall
is also quenched in a relatively short time. To simplify experimental
measurements a model was designed for the present study to produce a
steady-state, flat, laminar flame propagating towards a flat, smooth-
surfaced porous plate which serves as a quench wall.

This model was chosen in the attempt to elucidate what happens
in the actual transient wall-quenching process in which a propane-air
flame propagates through a stagnant mixture toward a solid, relatively
cool wall and is finally quenched by that wall. 1In the latter system,
as long as the flame is at a sufficiently large distance from the wall,
unreacted propane and air exist ahead of the flame, and burned products,
which likely include only a negligible amount of unoxidized hydrocar-
bons, exist behind the flame., As the flame approaches the wall, heat is
transferred to the wall and active particles may be destroyed by the
wall, until the flame is quenched and chemical reaction stops.

This transient process is qualitatively represented in Fig. 1. The
curve in this figure represents the location of the flame with respect
to the wall at various instances. Its slope at any point represents the
flame speed at that point. As the flame approaches the wall its speed
decreases until the flame is completely quenched. Between the region
where the free flame exists and the point where quenching is complete
there is a region in which partial quenching may be assumed to exist.
Within this region the degree of quenching varies from zero to full

quenching.
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DISTANCE
BETWEEN

Flaﬁth PROGRESSIVE | QUENCHING
ware ~— QUENCHING | COMPLETE — ™

POINT CORRESPONDING TO
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PLATE MODEL

- FLAME IS QUENCHED
“ TIME —

Fig. 1. Assumed quenching process when a flame propagates
through a stagnant mixture to a solid wall,

ING

In the model, the mixture passing through the porous plate opposes
the flame motion and keeps it at a distance from the plate at which the
modified flame speed equals the mixture velocity. Since the ratio of
mixture velocity to the flame velocity equals the ratio of the slope at
this distance to the slope for the free flame, at any given mixture
velocity the point at which the modified flame speed equals the mixture
velocity can be located on the curve.

The location of the point relates the mixture velocity to the de-
gree of quenching, and it can be seen that as the ratio of mixture ve-
locity to free flame velocity decreases the location of the point ap-
proaches that of complete quenching. Consequently it was necessary to

maintain a low mixture velocity in the model in order to approach the
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point of complete quenching. In general, the ratio of mixture velocity
to free flame velocity was about 1:16. The point for this ratio is indi-
cated by A on the curve in Fig. 1.

Obviously a flame approaching a solid wall and being quenched is a
transient process. The porous plate model used in the present study is
an attempt to simulate this transient system with a steady-state system.

How well the model simulates the system for which it was intended
depends upon how well the gas composition profiles in the vicinity of the
porous plate under steady-state conditions (point A, Fig. 1) agree with
the gas composition profiles in the vicinity of a solid wall at the in-
stant a flame is quenched (point B, Fig. 1). Such a comparison was out-
side the scope of the present investigation.

Qualitative flame temperature and concentration profiles in the
model are shown in Fig. 2. The model permitted quantitative measure-
ments of the unburned hydrocarbons resulting from the wall effect at
various flame and wall conditions. The flame condition was controlled
by varying the fuel-air ratio and the chamber pressure while the wall
condition was varied by cooling the porous plate. Gas samples were with-
drawn from the flame and analyzed, and the quantity of the different
hydrocarbon species determined. The samples were taken at measured dis-
tances from the wall through the flame up to a point where no hydrocar-
bons were detected. Concentration profiles for each hydrocarbon were con-

structed and were used to compute the total mass of unburned hydrocarbons



per unit area of wall surface.
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Qualitative flame temperature and

concentration profiles in the model,

The quench zone was taken to be the zone containing all of the de-

tectable quantities of unburned hydrocarbons.

The quench distance,

therefore, was taken to be the distance between the wall and the end of

the quench zone as shown in Fig. 2.

This is not synonymous with the term

quench distance as used by other investigators in the earlier studies.

For the present work, however, this new definition is more significant

because of the interest in the hydrocarbon residue resulting from wall

quenching.
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The distance from the wall at which the gas sample was taken was
measured by optically locating the tip of the sampling probe. In addi-
tion to the hydrocarbon measurements, the model permitted optical measure-
ments of the luminous zone thickness and dead space (distance between
luminous zone and wall). Locating the luminous zone on the plotted hy-
drocarbon profiles provides a means for comparing the amount of unburned
hydrocarbons in the dead space with the total amount of unburned hydro-
carbons contained in the quench zone. In discussing the results, quench
distance is used as a measure of the wall quenching effect. The effect
of the wall in quenching the flame is expressed in mass of unburned hy-
drocarbons per unit area of wall surface.

Temperature profiles were constructed for the different flame and
wall conditions. These were used to correct for the change in density
between the various regions of the flame and the sampling valve. In
addition they were used to locate the region where quenching occurs with
respect to the preheating and the reaction zones in the flame front.

The preheating zone is defined as the region where the second derivative
of the temperature with respect to distance is positive, i.e.,

%zg > 0, which means that a mass element in this region gains thermal
energy by conduction from the hotter gas element downstream faster than
it loses energy to the cooler elements upstream. The reaction zone is
defined as the zone where the temperature curve has a negative second de-
rivative which results from thermal energy generation.

15,16,44,49

In earlier studies, it was found that variations in wall
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temperature and free flame speed affected the extent of the quenching
process. The thermal theory of quenching is based on the fact that the
wall is a heat sink which absorbs some of the thermal energy necessary to
sensitize the approaching gases so that they may join in the reaction
when a suitably high temperature is reached. The thermal conductivity
and the surface temperature of the wall affect the amount of heat trans-
fer from the flame to the wall. In the model the surface temperature of
the wall was varied while the conductivity remained constant.

Variations in free flame speed were produced by varying the chamber
pressure and the fuel-air mixture ratio., Changes in mixture ratio cause
changes in the reaction rates (i.e., flame speed) which are manifested
by changes in flame thickness. The quench distance being related to
flame thickness (see Fig. 2) as the flame expands or contracts the quench
distance increases or decreases and the total mass of unburned hydrocar-

bons for the same pressure becomes greater or smaller.

The results obtained from the study of the wall quenching process in

the porous-plate, flat-flame burner provided the following data, some of

which were not previously available:
a. Concentration profiles of the unburned hydrocarbons;
b. flame temperature profiles;
c. position of the luminous zone; and

d. measurement of quench distances.



CHAPTER III

EXPERIMENTAL EQUIPMENT

The experimental equipment was composed of':

a. Alr and fuel supply flow systems;

b. burner assembly; and

c. measuring and recording instruments.

The complete test equipment is shown in Fig. 3. A schematic dia-

gram of the equipment is shown in Fig. L,

Fig. 5. Photograph of experiment equipment.

Homogeneous mixtures of air and propane were fed to a porous-plate,
flat-flame burner placed in a cylindrical, thick-walled chamber. The
gases emerging from the surface of the porous plate were ignited by an

ignition coil suspended above the burner.

16
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A sampling probe was mounted solidly to the wall of the chamber and
positioned to take gas samples through the flame close to the center of
the burner. Samples were taken at various distances from the top of the
burner and conducted through stainless steel tubing to a gas chromato-
graph which analyzed the hydrocarbon constituents of the sample.

A fine, platinum, platinum-10% rhodium thermocouple (0.00l in.
diameter) was used to measure the flame temperature.

Flame and quench wall conditions were varied by varying plate tem-

perature, propane-air mixture ratio, and chamber pressure.

A. AIR AND PROPANE SUPPLY FLOW SYSTEM

Air for the mixture was obtained from the laboratory supply header
at about 90 psig and T6°F. It was fed to the system through a shut-off
valve. Air pressure in the conducting tube was controlled by a regulator
located downstream from the shut-off valve. The air passed into a
cylinder in which there were two chambers separated by a sharp-edged
orifice., A U-tube manometer was attached to both chambers in the cylin-
der to measure the pressure drop across the orifice. From the cylinder
the air passed through a variable-area, critical-flow orifice, formed
by a small needle valve, to a primary mixing chamber. This needle valve
was used to control the flow rate. The propane, 99.5% pure, was ob-
tained from a bottle and reached the primary mixing chamber through a
line similar to that used for air.

The air and propane were partially mixed in the primary mixing
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chamber. This chamber was an aluminum cylinder of 8 in. diameter and
18 in. long in which four baffles were equally spaced. Holes in the
baffles were arranged to promote mixing of the gases.

From the primary mixing chamber the mixture passed to a secondary
mixing chamber located at the bottom of the burner assembly. This
chamber was a tube 2 in. in diameter and 20 in. long filled with l/& in.
diameter glass beads. This improved the possibility of a homogeneous

mixture of air and propane immediately prior to entering the burner.

B. BURNER ASSEMBLY

The porous-plate, flat-flame burner head shown in Figs. 5 and 6 was

Filg. 5. Close-up photograph showing flame,
sampling probe, and thermocouple.
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constructed of a 2 in., diameter, 6 in. long copper tube having at the
upper and lower ends two l/h in. thick porous discs. These porous
discs were made of sintered brass, 90% copper and 10% tin. (Grade fine,
produced by Delco-Moraine Division of General Motors.) The space between
these discs was filled with 3 mm diameter glass beads to provide addi-
tional mixing and to produce an even flow to the top of the burner. In
the top plate two 0.024 in. diameter iron-constantan thermocouples were
inserted parallel to the surface. One was used to measure the surface
temperature and the other the temperature at a distance 1/8 in. below

the first thermocouple.

The burner top plate was cooled by a 1/8 in. diameter cooling coil
soldered along the edge of the bottom surface. Air and water were used
as coolants in order to give two distinctive cooling rates to the plate.
The rate of flow of either coolant was controlled by a needle valve.

The ignition system used to start the flame was a nichrome wire
heating coil connected to a variable AC electrical power source.

The burner was housed in a thick-walled, cylindrical iron-chamber
10 in. in diameter, 18 in. long, and B/h in. thick which was designed
for internal pressures up to 1000 psi.(Fig. 7). This chamber was pro-
vided with four identical 3-in. diameter viewing and access ports
equally spaced around the chamber wall. In one pair of in-line ports
there were pyrex windows used for viewing the flame. The other two
ports were covered with plates which provided access for the sampling

probe, the electrical ignition coil, and the thermocouple and the cool-
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ing coil leads to the burner top plate.

The burner head could be adjusted vertically without rotation, to
vary the distance between the sampling probe and the porous plate, by a
screw mechanism located at the bottom of the chamber. This mechanism
permitted continuous vertical movement of the burner through a distance
of about 1/2 in.

The exhaust from the burner was removed through a 3-in. diameter
tube attached to the top of the chamber and connected to the laboratory

main exhaust system.

C. INSTRUMENTS AND ACCESSORIES

The instruments and accessories were divided into two groups.

The first group included instruments to control and measure the pro-
pane and air flow rate, plate temperature, and chamber pressure.

The flow rates of air and propane were obtained by measuring the
pressure drop across each of the sharp-edged orifices, and the pressure
and temperature upstream from each orifice. Calibrations of the sharp-
edged orifices were performed by a soap-bubble flowmeter technique (Ap-
pendix B).

Pressures of air and propane were measured upstream from the ori-
fice with calibrated pressure gauges having a range of 0-60 psi (Figs.
58 and 59). Temperatures upstream were measured by calibrated iron-
constantan thermocouples (Fig. 60) attached to a Brown multiple-point

potentiometer. The pressure drop across each orifice was measured with
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an 18-in, U-tube manometer filled with manometer fluid having a specific
gravity of 1.025.

A calibrated rotameter (Fig. 61) was used to monitor the flow of the
mixture to the burner. Calibration curves are.shown in Appendix C.

The burner plate thermocouples were connected to the Brown poten-
tiometer, model No. Y 153X62 (PSD12)-(W7)-(60)(G)(U).

The pressure in the burner chamber was controlled by a throttling
valve on the exhaust pipe and was measured by a 36-in. U-tube mercury
manometer,

The second group of instruments included those for taking gas sam-
ples from the flame and measuring the amounts of hydrocarbon constituents,
measuring flame temperatures at different levels from the plate, and lo-
cating the sampling probe tip and luminous part of the flame with
respect to the burner plate.

Gas samples were taken from the flame using a fine quartz probe

(Fig. 8. This probe was made of 8 mm OD clear quartz tube, drawn down

PROBE TIP

_,“*_APPROX.ODOF'LQ

CONNECTING
TUBE
8mm 0.D. 46
N | T
BURNER TOP

Fig. 8. Sampling probe.
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to a conical tip of approximately 0.001 in. ID. The small size of the
tip minimized any interference with the flame. Also, the rapidly ex-
panding diameter of the tip promoted freezing of the gas sample. The
conducting tube from the probe tip was designed to minimize the effect
of exposure to the flame. The sampling probe was attached directly to
the gas chromatograph through a temperature-controlled stainless steel
tube.

A Model 800 Perkin-Elmer gas chromatograph, employing dual columns,
was used to analyze and measure the hydrocarbon constituents in the gas
samples. The chromatograph was used with a gas sampling valve of l/h cc
volume. This valve introduced the gaseous samples into the carrier gas
entering the sensing column. Perkin-Elmer Type "S" columns were used
in this study. The columns were constructed of stainless steel tubing
1/8 in. in diameter and 2 m long. The separating agent, or fixed phase,
in this column was di-2-ethylhexyl sebacate, which was mixed with silica
gel. The silica gel acted both as an adsorbent and a support for the
sebacate oil, Column "S" makes use of a modified adsorbent to increase
column reproducibility and stability.

A flame ionization detector was used with this chromatograph. It
employs a hydrogen flame as a means for ionizing the gas sample. By
measuring the electrical conductivity of the ionized gas flame, the de-
tector signals the passage of the various components of a sample. This
kind of detector has many desirable features including wide dynamic

‘range, linear response, high hydrocarbon sensitivity, no response to
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C0, COp, Hp0, Hp, and Np, low effective volume and resistance to contam-
ination.
The output from the detector was recorded on a Leeds and Northrup

" recorder. A microswitch was added to the gas sampling valve

Type "S
of the chromatograph to provide a mark on the recorder chart paper at
the beginning of a run.

Nitrogen was used as a carrier gas at a pressure of 30 psig and a :
flow rate of 30 cc/min. The pressures of the air and hydrogen for the
detector flame were maintained at 30 and 16.5 psig, respectively. These
conditions gave adequate retention times for well separated, moderately
sharp peaks. Under these conditions calibration curves were made to

give a relation between hydrocarbon peak heights and their corresponding

concentrations., Since under the test conditions the peak height was

found to be directly proportional to the area under the peak (Appendix
A), it was used as a measure of the mass of the different hydrocarbon
species in the gas sample.

For calibration, a standard sample mixed in the:laboratory was used
(Appendix A).

To measure flame temperature profiles a thermocouple was construc-
ted of 0.001 in. diameter platinum,platinum-10% rhodium wire (Fig. 9).
The thermocouple bead was formed by fusing the wires in a tiny flame.
The thermocouple wires were stretched between two quartz tubes 1.0 mm
ID and 2.0 mm OD in such a way that the bead was centered between the

quartz tubes. The thermocouple wires were held parallel to the flame



2T
-——— COPPER WIRE LEADS

/ / THERMOCOUPLE

LEAD WIRES

PLATINUM -PLATINUM
10% RHODIUM
(.005 INCH)

v
7

CERAMIC INSULATOR
(378 in 0.D.)

r___

[ YA SIS IA A,
77220

I\ AAAAAAASSSAAAIAN.

QUARTZ TUBES
(Imm. .D.)

THERMOCOUPLE WIRES
(.00l-in dia)

e

THERMOCOUPLE JUNCTION
COATED WITH NBS A-4I8

Fig. 9. Platinum, platinum-10% rhodium thermocouple.



28

to minimize heat conduction from the bead. Each quartz tube was drawn
to a fine tip to minimize flame disturbance. These quartz tubes were
cemented in a 5/8 in. diameter two-hole ceramic insulator. The insula-
tor was supported at the top of the burner chamber and positioned so
that the thermocouple bead was at the same level as the probe tip. In
order to improve the resolution of the temperature profile measurements,
the diameter of the bead was made small, less than l/l5 the thickness of
the flame. This also reduced the radiation losses from the bead. To
relieve internal stresses and structural changes due to welding, the
thermocouple junction was electrically heated to high temperatures (not
measured) for about one hour. (NBS recommended 1450°C for one hour.)
The thermocouple junction was also coated with NBS A-418 ceramic coat-
ing to eliminate the catalytic effect;ul

Copper wire was used to connect the 0.005 in. thermocouple leads to
a Leeds and Northrup Model 8686 potentiometer which measured the EMF
caused by the temperature difference between the thermocouple bead and
the reference junction in the potentiometer. The potentiometer had a
compensator which compensates for the temperature of the reference junc-
tion. The manufacturer gives the limit of error as + 0.05% of the
reading + 6 uv with the reference Jjunction compensator.

A Kueffel and Esser optical micrometer was used to measure the
distance of the thermocouple and the probe tip from the top of the burner.
The same instrument was used to locate the luminous zone of the flame

with respect to the burner.
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This optical micrometer consisted of a plane-parallel plate, so
arranged that it could be precisely tilted by the movement of a gradu-
ated drum. When the plate was tilted, the line of sight was moved paral-
lel to itself. The micrometer drum was graduated in both directions to
provide measurements from O to + 0.100 in. with an accuracy of 0.001
in. In operation, this micrometer is attached to a Kueffel and Esser
Paragon tilting level which consists of 12-§/h in. telescope with 30X

magnification, resolving 4 sec of arc.



CHAPTER IV

TEST PROCEDURE

A. OPERATION OF THE EQUIPMENT

The procedures listed below were followed for each day's test runs.

1. Make sure pressure regulators and throttle valves in
propane and air supplies are closed.,

2. Open shut-off valves.
3, Regulate air pressure to 60 psig.
4, Measure temperature of air upstream from the orifice.

5. Compute the pressure drop across the orifice required
to get the desired flow rate.

6. Open the throttle valve until the requircl pressure is
reached.

7. Repeat items 3-6 for the propane.

8. Ignite mixture emerging from the porous plate.

9. Allow the system to operate until plate temperature re-
mains constant.

10. AdJust plate temperature by applying coolant.
While the plate is being brought to a constant temperature, the
chromatograph may be prepared for operation as follows:

1. Adjust nitrogen pressure to 30 psig and check flow rates
in the columns using a soap-bubble flowmeter.

2. Start the chromatograph.
3. Gradually increase oven temperature to 100°C.

4. Open hydrogen and air inlets to the detector.

30
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5. Adjust air pressure to 30 psig and hydrogen to 16.5 psig.
6. Ignite detector flames.
7. Allow to stabilize for 1/2 hour.

8. Pass samples from atmosphere through chromatograph to
saturate column with water wvapor.

9. To calibrate, pass through the chromatograph different
sized samples from the standard sample supply and record
the peak heights corresponding to the concentrations of

the various hydrocarbons.

The equipment is now ready for a test run.

B. DATA COLLECTION

1. Sampling and Analysis

For these tests it was found that there was no noticeable flame
movement due to drift or acoustic oscillations. It was also assumed
that the gas samples were obtained from the immediate location of the
probe tip (Appendix D).

The procedure for taking gas samples was as follows:

1. Adjust burner level to give required distance between
probe tip and burner plate.

2. Adjust plate temperature.

5. Adjust to required chamber pressure.

4, Rotate sampling valve to position I (Fig. 10).
5. Start vacuum pump.

6. Shut valve (1) and open valve (2).

T. Adjust the zero level on the manometer.
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Fig. 10. Schematic diagram for sampling procedure.

Open valve (1) and allow to stand for 5 min to flush sampling
lines with the gas sample.

Shut valve (2).

Allow gas samples to fill sampling valve to the required
pressure (10 cm Hg) on the manometer,

Close valve (1).

Allow to stand for 2 min to stabilize gas sample temperature,
Read gas sample pressure on the manometer.

Start recorder chart.

Set required attenuation on chromatograph.

Rotate sampling valve to position II.
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17. Record output of the chromatograph.

This concluded the procedure for one gas sample. Subsegquent samples
for the same flame condition were taken by repeating the procedure. Sam-
pPles were taken at distances from near the plate to a point where there
were no detectable hydrocarbons. The lowest concentration measured dur-

6

ing these tests was for methane, 0.2 X 10~ lbm/ft5 or 30 ppm.

2. Temperature Measurement

The flame temperature thermocouple was mounted solidly in the cham-
ber with its bead at the same level as the probe tip. While the gas
sample was being processed in the chromatograph, the flame temperature
for that sample was measured by the following procedure,

l. Turn potentiometer on.

2., AdJjust the zero on the potentiometer.

3. Measure reference junction temperature.

4, Adjust the reference junction compensator.

5. Set potentiometer to read the output from thermocouple.
In addition to the temperatures at the various levels of the samples,
other flame temperatures were taken through the entire flame at incre-
ments as small as 0.002 in. to better define the temperature profile and

to indicate the spread of the temperature measurements.

5. Location of the Luminous Zone

Location of the luminous zone of the flame with respect to the
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plate was determined by measuring the distance between the top of the
porous plate and the upper and lower levels of the luminous zone with
the Kueffel and Esser optical micrometer.

Although the borders of the luminous part are not sharply defined
and cannot be precisely determined, the range of error is no more than
0.001-0.002 in. (luminous zone thickness from 0.015-0.035 in.). From
the observations made during the test, the location of the luminous

zone with respect to the plate remained constant during a given run.
C. DATA CORRECTIONS

1. Flame Temperature

To get the flame temperature it was necessary to correct the thermo-
couple temperature for radiation loss. The following method was used.

Because the thermocouple wires adjacent to the thermocouple Jjunc-
tion were exposed to the same temperature region in the flame, conduc-
tion losses from the junction were minimized. The energy balance equa-
tion could then be written as:

Heat transferred to thermocouple from flame

= Heat radiated from the thermocouple to surroundings

Assuming that heat is transferred from the flame to the thermocouple

by convection only, then

hA(Tp = T,) = ocAF e(T)C‘L - T:;) (4.1)

as Tg >> T& s T& can be neglected.
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F =1.0

€ for NBS AL18 coating was taken as 0.5 (value given for green
ceramic)

h(Te - Te) = 0.5 0 TLC*
For the thermocouple bead,assumed to be a sphere,the Nusselt Number can

be taken equal to 2.0 when the Reynolds Number is less than 5.0.28’50

Nu = 2.0
hd
w = 2.0 (4.2)

Substituting the value of "h" from Eqn. (4.2) into Eqn. (L4.1) gives

2k N
= (Ty = Tg) = 0.50 1T,
od
Tf = TC +TJ-E e .
The correction factor becomes,
od b
C.F. = — T .
Lk "¢

Figure 11 gives the value of the correction factor at various temperature

readings.

2. Hydrocarbon Concentration
Due to the change in the sample density from the flame to the sam-
pling valve, it was necessary to compute actual hydrocarbon concentra-

tions in the flame. From the calibration curves for the gas chromato-
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graph, the concentrations of the different hydrocarbons were obtained in
pounds per cubic feet at the sampling valve pressure and temperature for

the measured peak heights. Since

Piv
Civy = (4.3)
* R;T,
and in the flame
Pir
Cip = (b.4)
if
Rin

Cir _ Pir Ty

Civ Piv Tr
As

Pir _ Fr

Piv Pv

Pe Ty
C. = C. . —= .2 (4.5)
if iv Pv Tf

D. DATA PROCESSING

Hydrocarbon concentration profiles were constructed in which the
ordinate represented the concentrations of the hydrocarbon species in the
flame in pounds per cubic feet and the abscissa the distance of the probe

tip from the plate in inches. To process the data for these profiles,
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the following procedure was used.

1.

5.

Temperatures from the thermocouple at different levels in the
flame were corrected for radiation losses.

These values were used to construct flame temperature profiles.

From calibration curves for the gas chromatograph, concentra-
tions corresponding to peak heights were obtained.

These hydrocarbon concentrations were converted to concentra-
tions in the flame by use of Ean. (4.5).

These values were used to construct the concentration profiles.

The area under each concentration profile was integrated to determine

the mass per unit of surface area for each hydrocarbon type. These masses

were added to obtain the total mass of hydrocarbons in the quench zone per

unit area of wall.



CHAPTER V

DATA AND RESULTS

The results are presented under the headings shown below.

A.

Flame Structure (Figures 12-35)

a. Temperature profiles
b. Hydrocarbon concentration profiles

Quench Distance (Figures 36-38)

Graphs showing effect of wall temperature and
equivalence ratio

Mass of Unburned Hydrocarbons

a. Tables for each hydrocarbon species and total
hydrocarbons at each condition (Tables II and III)

b. Graphs of total mass of hydrocarbons for each con-
dition (Figures 39 and LO)

Effect of Pressure, Temperature, and Fuel-Air Ratio

Tables and curves showing these effects (Tables IV,
V, and Fig. 41)

FLAME STRUCTURE

One of the objectives in the present work was to obtain the data

necessary to describe the distribution of the hydrocarbons in the

guench zone under various controlled flame and wall conditions,

The propane-air flame structure near the wall, as represented by

sures.

hydrocarbon concentration profiles and the temperature profile, is pre-

sented for various wall temperatures, mixture ratios, and chamber pres-

Chamber pressures of 1.0 and 2.0 atmospheres were used. At each

chamber pressure, four mixture ratios were used while the plate tempera-

29
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ture was varied with approximately 150°F increments from 200° to 600°F.

Table I gives the figure number corresponding to each set of conditions.

TABLE I

FIGURE NUMBERS CORRESPONDING TO EACH SET OF WALL AND FLAME CONDITIONS

Chamber Equivalence Plate .
. Figure
Pressure, Ratio, Temperature, Number
atm ;é Tp °F
600 12
1.185 490 13
265 14
585 15
1.105 482 16
255 17
1.0
530 18
1.025 L2o 19
225 20
L60 21
0.945 355 22
190 23
565 oL
1.26 460 25
240 26
580 27
1.185 435 28
260 29
2.0
570 30
1.105 kho 31
255 32
485 33
1.025 Lo5 3l

225 35
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The temperature profiles show that there was a sharp drop in flame
temperature near the wall. In the first few thousandths from the wall,
the temperature gradient was as high as 6.0 x lO5°F/inch (Fig. 2€), and
it decreased as the distance from the wall increased. The flame under
the test conditions was found to reach its maximum temperature, i.e.,
equilibrium temperature, at a point near the end of the luminous zone.
The equilibrium temperature varied with equivalence ratio; it reached
its maximum value of about 2550°F at ¢ = 1,105 and it was lower for both
lean and rich mixtures. Also the equilibrium flame temperature varied
with pressure; a drop of about 100°F was noticed as the chamber pressure
was increased from 1.0 to 2.0 atmospheres. 1In general, the wall tempera-

ture had a small effect on the equilibrium flame temperature.

The hydrocarbon concentration profiles show that there were five in-
termediate hydrocarbon compounds present near the wall, namely, ethylene,
propylene, acetylene, methane, and ethane. The order represents the rela-
tive magnitude of each with respect to the others. Changing the wall
temperature, equivalence ratio, and chamber pressure did not change the
number and the specific species of the intermediates. At a chamber pres-
sure of 2.0 atmospheres, tailing of the concentration profiles was noticed
rear the end of the quench zone.

From the measurements of the luminous zone thickess of the flame it
was noticed that the thickness varied with the equivalence ratio; it
reached its minimum value at ¢ = 1.105 and it increased for lean and

rich mixtures.
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B. QUENCH DISTANCE

The quench distances used in the accompanying graphs (Figs. 36-38),
were taken from the hydrocarbon concentration profiles. They are the
distances from the plate to a point in the flame which includes approxi-
mately 99% of the unburned hydrocarbons. This point was chosen because
of the difficulty of determining accurately the point at which all hydro-
carbons were completely burned, this point being somewhere between the
last gas sample containing detectable hydrocarbons and the first sample
containing none.

Figure 36 shows variations in quench distance at atmospheric pres-
sure for several equivalence ratios at plate temperatures varying between
200° and 600°F.

From this figure it can be seen that the plate temperature had a
greater effect on the quench distance at the lean mixture ratios than at
the rich. At an equivalence ratio of 0.945 the quench distance was in-
creased from 0.038 to 0.053 in., when the plate temperature was reduced
from 460° to 190°F, while at an equivalence ratio of 1.025, the quench
distance increased from 0.029 to 0.038 in. when the plate temperature
was reduced from 53%0° to 235°F. At ¢ = 1.185 only a very slight decrease

in the quench distance occurred with increasing plate temperature.

Figure 37 shows variations in quench distance at constant plate tem-
perature with equivalence ratios varying from 0.95 to 1.185. This figure
replots the data discussed above and shows that for the same mixture ratio

the effect of plate temperature on quench distance is not linear.
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Figure 38 is a three-dimensional representation of quench distance
at 1.0 atmosphere resulting from variations in both plate temperature
and equivalence ratio from which the quench distance can be read for any
combination of plate temperature and equivalence ratio when within the
ranges used in this test.

The measurement of the quench distance at a chamber pressure of 2.0
atmospheres was offset by tailing of the concentration profiles at the
end of the quench zone, which took place in a region of about 0.010 in.

(Fig. 35b).

C. MASS OF UNBURNED HYDROCARBONS

The amount of each unburned hydrocarbon in the quench zone is
presented in mass per unit area of plate surface. This wasobtained
by measuring the area under the concentration profile of each hydro-
carbon and converting to mass per unit area. The total mass of hydro-
carbons is the sum of the masses of the various species.

Hydrocarbon masses for different mixture ratios and plate temper-
atures are shown in Tables II and III at chamber pressures of 1.0 and
2.0 atmospheres, respectively.

From the data obtained and shown in the tables it was found that
there was no apparent consistent trend for the change of the mass of the
different intermediates (methane, ethane, ethylene, acetylene, and propy-
lene), due to change in plate temperature.

An increase in the mass of methane, propylene, and ethylene was
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noticed as the equivalence ratio increases, and rose sharply at ¢ >1.1.
For ethylene an increase of about 25% was noticed as the equivalence ratio
was increased from 0.945 to 1.185 at a chamber pressure of 1.0 atmosphere.
The mass of all the intermediates except ethane was fonnd to increuse
with increase in chamber pressure; for ethylene and propylene the mass

was almost doubled for the change from 1.0 to 2.0 atmospheres while for
methane and acetylene the mass was almost tripled.

Figures 39 and 40 show variations in total mass of hydrocarbons
for different mixture ratios and plate temperatures at chamber pressures
of 1.0 and 2.0 atmospheres, respectively. From these the total mass for
any combination of the above conditions can be read.

Tailing of the hydrocarbon concentration profiles at the end of the
quench zone did not affect the mass measurements appreciably; less than
2% of the mass was located in this region.

For the same plate temperature and chamber pressure the minimum mass
of hydrocarbons occurred at ¢ = 1.105 and increased for both lean and
rich mixtures. For the same mixture ratio and chamber pressure the mass
of the unburned hydrocarbons per unit surface area of the plate increased
as the plate temperature decreased. This effect varied from one mixture
ratio to another. A maximum increase in mass of about 22% occurred at
¢ = 1.105 as the plate temperature was decreased from 585° to 255°F,
while at ¢ = 1.185 no noticeable change in mass occurred with change in

plate temperature.



98

P =1.0 ATMOSPHERE

§
%,

/
A\

Fig. 39. Three-dimensional representation of mass of unburned hydrocar-
bons per unit surface area at different plate temperatures and mixture
ratios and chamber pressure of 1.0 atm,
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D. EFFECT OF PRESSURE, TEMPERATURE, AND MIXTURE RATIO ON THE MASS OF
THE UNBURNED HYDROCARBONS
The total masses of hydrocarbons at constant plate temperatures are
presented in Table IV for several equivalence ratio and two chamber pres-

sures.

TABLE IV

MASS OF UNBURNED HYDROCARBONS PER UNIT AREA OF WALL AT CONSTANT PLATE
TEMPERATURES AND VARIOUS MIXTURE RATIOS AND CHAMBER PRESSURES

(1bm/ft2)
F/A Plate Temperature, °F
é 200 300 400 500 600
Chamber Pressure: 2,0 atm
1.025 lHM.OxlO-8 144.0x10-8 lhh.OxlO_B 126.0x10'8 100.0x10'8
1.105 118.0 110.0 103.0 96.5 91.0
1.185 109.5 109.0 109.0 108.5 108.0
1.26 143.5 142.0 138.0 127.0 108.0
Chamber Pressure: 1.0 atm
-8 -8 -8 -8 -8
0.945 84.8x10 82.0x10 77.5x10 T1.7x10 64.0x10
1.025 63.0 62.5 61.5 57.0 48.0
1.105 62.0 61.0 57.7 54.0 50.0
1.185 57.7 57.7 5T.7 57.7 5T7.7

Figure 41 shows the effect of chamber Pressure on the masses of un-
burned hydrocarbons at different fuel-air ratios and plate temperatures.

From these data, the following relation between the mass of hydrocar-
bons per unit surface area and chamber pressure, wall temperature, and

mixture ratio was obtained.

m = KP? P (5.1)
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where
m = pounds/ft2
P = atmospheres
T = degrees Rankine

Table V presents the values of the exponents "a," "b," and constant

of proportionality "K" for three equivalence ratios.

TABLE V

VALUES OF CONSTANT OF PROPORTIONALITY
AND EXPONENTS USED IN EQN. (5.1)

é K a b
0.945 38,2 x 10'6 1.0 -0.58
1.0 13.8 x 10‘6 1.0 -0.85

1.105 21.0 x 10’6 0.93 -0.54




CHAPTER VI

DISCUSSION

A. DISCUSSION OF RESULTS OBTAINED WITH POROUS PLATE BURNER
The results show that the model was suitable for the study of the

mass of unburned hydrocarbons resulting from the quenching effect of the
plate in the model., Visual observations of the rapid propagation of the
flame towards the porous-plate, after the mixture was ignited at a point
several inches above the plate, and the readily apparent effect of the
plate in suppressing the flame as it approached the plate, demonstrated
the influence of the plate in retarding the chemical reaction. The in-
fluence of the wall was further demonstrated by the fact that the mass
of unburned hydrocarbons varied with changes in plate temperature at con-
stant chamber pressure and fuel-air ratio. It was also observed that the
maximum measured temperature of the flame near the wall was about 2550°F
(Figs. 15-17) while the adiabatic flame temperature5ozrtasimilar equiva-
lence ratio and chamber pressure is about 3600°F. This temperature dif-
ference indicates that as the flame approached the wall, heat was trans-
ferred to the wall at a rate higher than the rate of thermal energy gen-
eration in the flame. This loss of heat from the flame retarded the
chemical reactions and suppressed flame propagsation.

The first assumption that any reaction that would take place in the
porous plate are negligible, appears to be reasonable. The intermedi-

ates (methane, ethane, ethylene, acetylene, and propylene) found near the
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plate surface can be attributed to the propane-air reaction taking place
near the wall. The existence of these exothermal reactions is indicated
by the fact that the temperature profiles near the plate have a negative
second derivative %;g < 0. Also, the intermediates appeared near the
surface of the plate when the plate temperature was as low as 190°F
(Fig. 23), a temperature at which reactions in the plate are very unlikely
to occur. Although the slope of the concentration profiles of these in-
termediates near the plate surface may appear to indicate that they origi-
ated in the porous plate (Figs. 12—55), the effect is due to the density
variation through the flame. When the profiles were corrected to a common
density, the maximum concentrations appeared at some distance from the
wall as shown in Fig. 42, This indicates that the major source of these
intermediates is within the flame itself.

There is a possibility that some fraction of the concentration of
these intermediates was due to reactions within the sampling probe it-
self. This possibility was minimized by choosing a rapidly divergent
sampling probe which showed the largest amount of propane near the wall
surface, corresponding to samples taken without the flame. This compari-
son also served as a check on the agreement between the amount of hydro-
carbons in the fresh mixture and the amount of the unburned hydrocarbons
measured at thewall surface for the same mixture during combustion. Ap-
pendix E shows a slight drop in propane concentration when the flame 1is

present, a result of the reactions taking place near the wall.

The second assumption for the model was that the low mixture velocity
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used enabled the model to provide a degree of quenching comparable to
that for the transient case. The mass flow rate was held constant,
giving a mixture velocity of about 5 fpm, as measured by a hot wire ane-
mometer. The flame velocity in the range of conditions used was about

70-90 fpm, Y

With this 16:1 ratio of flame velocity to mixture velocity
the degree of quenching, as represented bypoint A in Fig. 1, approached
that for the transient case represented by point B. Furthermore, the
fact that the dead space measured in the porous plate model agreed
reasonably well with that measured by Kaskan52 in a model in which the
flow was parallel to the wall (Fig. 43), is additional support that the
porous plate model is operating in a region close to point B, the point
of complete quenching.

The first objective was to develop a method for measuring the
quantity and species of unburned hydrocarbons in the quench zone. In
Ref. 9 information on the amount of unburned hydrocarbons resulting from
wall quenching was obtained by a correlation of dead space to mass of
hydrocarbons in the engine exhaust. Measuring the mass from hydrocar-
bon profiles takes into account the entire hydrocarbton residue in the
quench zone whereas mass predictions based on observations of dead space
do not. From the measurements in this test it was found that the dead
space included only a small part of the total mass of unburned hydro-
carbons, e.g., 26% at an equivalence ratio of 1.185, wall temperature

of 600°F, and a pressure of 1.0 atmosphere.

The concentration profiles also show that the dead space is not
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108

really "dead." Figure 42 shows that the gas samples taken in the dead
space included intermediates and showed a drop in propane concentration
indicating that some reaction was taking place.

In the present work the mass per unit wall area for each species of
unburned hydrocarbon was determined. It was felt that reporting the dif-
ferent hydrocarbons separately would provide information of interest to
those working on the smog problem. Also, the location with respect to
the wall of Olifins (ethylene, propylene, and acetylene) and Paraffins
(methane, ethane, and propane), can be important in the study of swirl
effects on the scrubbing of combustion chamber walls in an engine.

For unit wall area, the total mass of unburned hydrocarbons is
equal to the sum of the masses of the various species. At a pressure of

8

1.0 atmosphere, this total mass ranged from 50 x 10~ lbm/féefor ¢ = 1.105

8 1bm/£t° for § = 0.945 and Tp = 190°F. The

and Tp = 585°F to 85x10°
minimum mass for a given plate temperature occurred at about ¢ = 1,105
and increased for both lean and rich mixtures. This was true for the
two chamber pressures studied. The mixture that produced the minimum
mass also developed the maximum equilibrium flame temperature (Figs.
15-17), and therefore the maximum flame speed. This relation between
the mass of the unburned hydrocarbons and flame speed was corroborated
by the comparison shown in Fig. UL between the quench distance, as
measured under the definition used in the present study, and the maxi-

mum velocities of propane-air flames measured at the same equivalence

ratio, chamber pressure, and initial mixture temperature. It can be
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seen that the points of maximum velocity have the opposite trend with mix-
ture ratio as that for the points of minimum quench distance.

Also, it has been found in the study of the effect of fuel type on
the quench distanceu7 that the quench distance decreases in the follow-

ing order.
Iso octane > n-heptane > propane > benzene

which is the same order as that for the increase in their burning veloc=-

ities. The comparison between the quench distance equation developed by

L9

Simon and Belles

a* = J= BP (6.1)

and the Tanford and Pease50 flame velocity equation

1/2

N ki P: Ds

Uf - FZ 1 1 1 (6.2)
PQ i Bi

both of which are based on the diffusion theory, shows that the guench
distance is inversely proportional to flame speed.

From the available evidence, then, it appears that the mass of the
unburned hydrocarbons is inversely proportional to the flame speed, and
we may conclude that the quench effect may be reduced if the flame speed
can be increased by inducing a higher reaction rate.

The results shown in Table II show that the total mass varied in-
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versely with the plate temperature. At ﬁ = 1,105 the mass increased from
50 x 108 to 62 x 1078 1bm/ftZ, sabout 24%, when the plate temperature was
decreased from 585° to 255°F. It is also shown in Fig. 41 that the cool-
ing effect varies with mixture ratio. The minimum effect of cooling oc-
curred for both pressures at $ = 1.185 and it increased for lean mixtures.
For flames at a pressure of 2.0 atmospheres the cooling effect also in-
creased for rich mixture.

The reduction of the mass with increase in wall temperature is due
to the fact that the higher the wall temperature the less the amount of
heat transferred from the flame. Thus reducing the heat transfer to the
wall would increase the rate of reaction and thereby reduce the amount
of the unburned hydrocarbons. The amount of heat transfer to the wall
could be decreased by using materials with lower coefficients of thermal
conductivity. Figure L5, taken from Ref. 42, shows that the heat trans-
fer to the wall was reduced by a layer of carbon deposits. It wonid
be expected in a case like this that the hydrocarbon emission from the
engine should decrease.

However, published data indicated the opposite. In fact, the ap-
parent increase in hydrocarbon emission can be attributed to factors
other than heat transfer to the wall, namely, increase in fuel concen-
tration near the wall due to the absorption of oxygen by the deposits2
and an increase in surface area due to the irregularity of the deposited
surface and also the existence of voids and pits on the surface.

The effect of pressure on the mass is also shown in Fig. 4l. It can
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be seen that the mass varies proportionaly with the pressure. Increase
in pressure increases the density. This effect might be partly counter-
acted by the change in reaction rate in the flame as a result of the
change in pressure. This effect is believed to be small since it was re-
portedLL that there was unnoticeable change in flame speed with increase
in pressure from 1.0 to 5.0 atmospheres.

Although the study of the total mass of unburned hydrocarbons under
various wall and flame conditions was of importance in this work, it was
believed that reporting the masses of the different hydrocarbon species
is of equal value especially to researchers in the area of air pollution.
The ethylene which is known to be one of the most reactive hydrocarbons
showed the highest concentration with respect to the other hydrocarbon
intermediates.

The highest percentage of ethylene with respect to total mass
amounted to 16% at § = 1.185. This percent decreased for the lean mix-
tures. Also, the percentage of ethylene decreased with increase in
pressure. At ¢$ = 1.185, it decreased from 16% to 11.6% as the pressure
increased from 1.0 to 2.0 atmospheres. There was no apparent change
due to change in wall temperature. The olefins, which have greater smog
forming potential than the other hydrocarbons, amount to an average
of about 25% of the total hydrocarbon mass. This amount reaches & mex-

imum of 28.4% at ¢ = 1.105 at P = 1.0 atmosphere and decreases for both

lean and rich mixtures.

A reduction of 11% is noted at § = 1.105 as the pressure increased
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from 1.0 to 2.0 atmospheres. Only 4% reduction is noted at @ = 1.025.

B. COMPARISON OF RESULTS WITH ENGINE DATA

To obtain an indication of the degree of correspondence between the
results obtained from this study and those obtained from engine studies,
a rough comparison was made. Although admittedly extrapolating the con-
cept of the model and the burner data beyond the point of reasonable con-
fidence, it was felt that an order of magnitude analysis would neverthe-
less be of interest. The comparison with emission from a single cylinder
engine and a multi-cylinder engine is presented in this section.

These amounts were predicted from the test results by using the
relation in Eqn. (5.1). To do this it was necessary to have the follow-
ing data for the engine:

Area of the wall swept by the flame

Wall temperature

Chamber pressure

Mixture equivalence ratio

The area of the wall swept by the flame is taken to be twice the
bore area plus the area of the side wall above the piston at top dead
center; this assumes that the motion of the piston during combustion is
negligible. The wall temperature used is the surface temperature at the
instant it is swept by the flame and is taken to be uniform over all
Parts of the surface. An average chamber pressure for the duration of
the combustion process is used. The mixture equivalence ratio is as-

sumed to be constant.
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Some essential differences between the test model and an engine can
be accounted for. Existing data on the amount of unburned hydrocarbons
from an engine are taken from emission measurements; that is, the hydro-
carbon content of the exhaust gases was measured. According to Daniel}o
an estimated 2/5 of the unburned hydrocarbons leave the engine with the
other exhaust gases. This gives us a loss factor, but does not account
for the possibility that in the engine there are sources of unburned
hydrocarbons other than wall quenching. Also, in the existing data, the
hydrocarbon concentrations were measured by an infrared analyzer and
based on N-hexane. Since these concentrations were roughly half of the
concentrations, a correction factor of 2 was used to make them compar-
able to the concentrations measured by the flame ionization detector.io

It should be noted, however, that the pressures used in deriving
the relation equation were much lower than those in an engine so that
the comparisons between the test model and engines reflects considerable
extrapolation.

There may also be other differences between the engine and the
model which could affect the quenching process. The difference in wail
material could be important, particularly in destroying the chain car-
riers as described in the diffusion theory. The geometry of the wall
and the presence of deposits on its surface could also be factors.

Using the relation equation, the hydrocarbon concentrations found

in the present test were compared with those reported in two other tests.
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1. Single Cylinder

In a test by Daniefu)a one=-cylinder research engine was used under
laboratory conditions. The hydrocarbon concentrations reported were
made comparable to those of the present test as follows:

Engine Specifications

CFR Engine

Bore 3.25 in.
Stroke L.50 in.
Compression Ratio 8:1

Operating Conditions

Speed 1000 rpm
Air Flow Rate 0.765 1b/min
Fuel-Air Ratio 15.4:1

Fuel Used Propane

Intake Manifold Pressure 4 in. Hg Gage
The average hydrocarbon concentration reported as measured under

the above-mentioned operating conditionswas 130 ppm. From the data

given the exhaust emis__.on in pounds per hour was computed as follows:

Mixture Flow Rate = 0.765 (1 + 1-5}_5> = 0.8145 1b/min

Air Flow Rate
Fuel-Air Ratio

Propane Flow Rate

_0.765 .
55 = 0.052 1lb/min

From the ideal gas law, assuming exhaust gas temperature of 2000°R

ft 1bf

Ton°R ,the exhaust flow rate on a volume base
m

and a gas constant of 53.0

was computed

0.81L5 x 53 x 2000
15 x 1hb

<o

LO cu ft/min
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Corrected hydrocarbons concentration

= 2 x 13 = 260 ppm
Hydrocarbons flow rate in the exhaust manifold

= hydrocarbon concentration x mixture flow rate
= 260 x 40 x lO-6
= 10.k x 1072 cu ft/min
= 0.625 cu ft/hr

Hydrocarbons mass flow rate, assuming propane only

o _ E
RT

15 x 144 x 0.625
35 x 2000

0.0193 lbm/hr

Prediction of mass rate of hydrocarbons from the quench zone data

was computed as follows:

Average chamber pressure 15.0 atm (Ref. 9)
Wall temperature 6T75°F (Ref. 9)
Equivalence ratio 0.98

Area of wall swept by flame

A 2 x bore area + area of side wall

0.115 + 0.042

0.157 ft°
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From relation Egn. (5.1)

K p2 7P

m

13.8 x 1070 (15)1-0 (1135)-0+85
6

5.2 x 1077 1b/ft°

1

Total mass of hydrocarbons in the quench zone in one firing cycle

M =mxA

5.2 x 0.157 x 10'6

8.15 x 1072 1b
Rate of hydrocarbon production from the quench zone

o
M

M x number of firing cycles per hour

x 60 x 102

B.15 x 2000

0.024 1bm/hr

1

Hydrocarbon méss fiow rate in the exhaust pipe

2/3 x 0.024

0.016 lbm/hr

2, Multicylinder Engine

The hydrocarbon emission from a V-8 production engine under simu-
lated highway conditions was measursd in a test conducted by an automo-
tive research center and was obtained by a private communication.

Since the report of this test was not yet published, as of this
writing, only the information necessary for this comparison is shown
here:

Engine specifications and operating conditions were as follows:
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Engine Specifications

Bore 3.50 in.
Stroke 2.80
Compression Ratio 10.25:1

Operating Conditions

Average engine speed 2000 rpm
Fuel-air ratio. 135:1
Fuel used Indolene 30

Reported hydrocarbons emission: 0.31 lbm/hr (based on N-hexane)
0.62 1bm/hr (corrected)

Predicted mass rate of hydrocarbons from the gquench zone data:

Average chamber pressure 240 psi
Wall temperature 600°F
Equivalence ratio 1.1

Area swept by the flame

z(é-_‘i_gg

2
*T\ 12

A

2

0.13%2 ft

From the relation Egqn. (5.1)

m = Kpa& b
0.93
- 21 x 1070 <f§59 7 (1060)70 54
4.7
= 6.5 x 1070 1p/£t2

Total mass of hydrocarbons in the quench zone in one firing
cycle
M = mxA

8.6 x 1071 1b

1
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Rate of hydrocarbon production from the quench zone in one

cylinder
& = M x number of firing cycles per hour
- 2
= 8.6 x 10" x 2?0 x 60

0.051 1bm/hr
Predicted hydrocarbon mass flow rate in the exhaust pipe

= M x2/3x8 = 0.275 lbm/hr

3. Summary of Correlations
The amount of hydrocarbons for the two engines as predicted from
the results of the present test are shown below in comparison with the

amounts actually measured.

Predicted, Measured,
lbm/hr 1bm/hr
Single cylinder engine 0.016 0.019
Multicylinder engine 0.275 0.62

No doubt the close agreement between the predicted and measured
hydrocarbon emission rates is fortuitous and should not be used for pre-
dicting emissions from engines without additional experimental support.
Nevertheless, the fact that the res'lts are of the same order of mag-
nitude indicates some degree of confidence in these results and lends

encouragement to further investigations along these lines.



CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

From the results the following conclusions may be made:

The quenching effect extends beyond the dead space.
Some reaction takes place in the dead space.

The model provides a means of measuring the mass of unburned
hydrocarbons.

The mass increases with increase in chamber pressure. Doubling
the pressure nearly doubles the mass.

The mass decreases with increase in wall temperature.

The minimum mass for a given chamber pressure and wall
temperature occurred at an equivalence ratio of 1.105.

From conclusions 5 and 6, it is clear that the quenching
effect is a function of the amount of heat from the flame
available to maintain the reaction; therefore, it follows
that the quenching effect can be reduced either by reducing
the amount of heat lost to the wall or by optimizing flame
conditions to give increased heat of reaction, or both.

The relation in Eqn. (5.1) can be used to predict the change
in mass per unit area for changes in pressure, temperature,
and mixture ratio, within the range of conditions used in
the model.

B. RECOMMENDATIONS

The results of this work indicate a number of channels for further

study of wall quenching and for putting into effect some of the findings

of this study.

It is therefore recommended that:
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The equipment for this work be used to measure the gquench
effect at pressures comparable to those in an engine.

High-speed pictures should be taken to find the difference
between the dead space under steady and transient con-
ditions.

A study be conducted of the effect of diluent concentrations
and reaction promoters on gquenching effect.

Tests be conducted with other wall materials to determine
the effect of materials.

That flames having simple reaction mechanisms te studied
analytically and the results justified experimentally to
gain information on the relative importance of the thermal
and diffusion theories.

Studies be conducted to find the effect of applying a high-
refractory material to reduce the instantaneous heat trans-
fer to the wall on hydrocarbon emission.

The effect of increased flame speed on the hydrocarbon
emission from engines being studied.



APPENDIX A

CALIBRATION OF GAS CHROMATOGRAPH

1. STANDARD SAMPLE

To get the relation between the concentration of the different hy-
drocarbon constituents and their corresponding peak heights, a standard
sample was prepared in the laboratory.

This standard sample was kept under pressure in a stainless steel
tank and was used in calibrating the gas chromatograph before every
test.

The concentrationsof the different hydrocarbons in the standard

sample are in proportion to those sampled from the flame.

a. Method Used in Preparing the Sample

The standard sample consisted of six different gases: nitrogen,
methane, ethane, ethylene, propane, and propylene.

The diagram in Fig. 46 shows the system used in preparing this
sample.

First, valves (2), (3), and (4) were opened and the system was
evacuated (manometer reading was zero).

Second, valve (2) was closed, nitrogen was introduced through valve
(l) to the system until a certain pressure on the manometer was main-

tained. After that the system was left for 15 min in order to be in ther-

mal equilibrium with the surroundings before reading the manometer head.

123



124

MANOMETER
VACUUM 26" LONG
PUMP
(2)
N, -BOTTLE (1) f}* (
: 3)
f- 0—1—F
VALVES
[H@)

TANK

22 CU.FT

Fig. 46. Schematic diagram showing system for

standard sample

preparation,
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Third, valves (3) and (L4) were closed and the nitrogen bottle was re-
placed by the methane bottle.

Fourth, valve (2) was opened to the vacuum pump and the methane
bottle was opened slightly to pass some gas through the pipes.

Fifth, valve (1) was closed, then valve (2).

Sixth, valve (4) was opened and methane was introduced under pres-
sure through valve (1) to the tank.

The system was left for 15 min then valve (3) was opened.

The increasee in the mamometer reading was taken as equal to the
partial pressure of methane,

The same procedure was used for the other constituents.

b. Accuracy

The accuracy in determining the concentration of the different con-
stituents in the sample depends on the time allowed for mixing in the
tank before reading the pressure on the manometer.

The following example shows that due to the fact that the volume of
the lines are very small compared to the volume of the tank, this effect
can be negligible.

For the worst case, let us assume that when the methane was intro-
duced in the tank, nitrogen only left the tank to the manometer.

Volume of the Tank 1.22 cu ft
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Volume of the Line to the Tank

1}
Fla
foY
=

(5 X112>2 x (5)

= 1.1 x 1072 cu ft

I
Fla

Mass of Nitrogen in .the Tank

54.85 x 0.49 x 14L4 x 1.22

My, = 55 x 530

= 0.161 1b

_0.45 x 0.49 x 1hk x 1.22
Yem, = 9% x 530

0.76 x 10™2 1b

Mass Fraction of Methane

0.76 x 10~
0.1617

1]

h.7 x 1072

Mass of Nitrogen that Left the Tank

W . 945 x 0.9 x b x 1 x 1070
No 55 x 530

1.09 x 10'6 1b

Mass of Nitrogen in the Tank

!

-1 -6

1}

1.609999 1b
From that it can be seen that the change in the mass fraction due to

incomplete mixing in the tank can be neglected without inducing any major
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error.,

1S

55.3"
5h.85"

N2 N2 + CHu
54.85 55.3

IR 1K1

5. RELATION BETWEEN THE PEAK HEIGHT AND THE CONCENTRATION OF THE DIFFERENT
HYDROCARBON SPECIES

A standard sample was prepared in a stainless steel tank of volume
1.22 cu ft.

The composition as well as the mass fractionsof the different species
in the sample are presented in Table VI.

The mass of the sample introduced in the gas chromatograph sampling
valve is proportional to the pressure in this valve which can be read
in centimeters on a mercury manometer.

The sampling valve was kept at room temperature.
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CONDITIONS
N2 FLOW RATE = 30 CC/MM

Ne PRESSURE = 30 PS.IG.
AIR PRESSURE = 30 PS..G.
- Hz PRESSURE = 17.6 PS.I.G.

ATTENUATION 1O

—°—— PROPANE

'l 1 1 |

0 4 8 12 16 20 24

PEAK AREA - SQ.INCH

Fig. 47. Relation between peak height and peak area
for different hydrocarbon species.
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TABLE VI

SPECIES AND THEIR MASS FRACTIONS IN THE STANDARD SAMPLE

Partial Molecular Molecular Mass
Species Pressure, Fraction, Weight, MpxMy Fraction
in, Hg Mp My
Ny 54.85 0.937 28.0 26.20 0.915
CH), 0.45 0.0076 16.0 0.125 0.004k4
CoHg 0.60 0.0102 30.0 0.308 0.0107
CoH), 0.45 0.0076 28.0 0.215 0.0075
CzHg 1.85 0.0316 LLk.o 1.390 0.0485
C3Hg 0.k0 0.0068 k2.0 0.287 0.010
58.60 1.0008 28.520 0.99%0

The concentrations of the different species as a function of the

sample pressure is calculated as follows:

PV
M = =
+ R;T
PV
=Y RT (A-1)

Mi Mass of species "i" 1bm

"nenn

Mp, Mass fraction of species "1
P Pressure in the valve lbf/ft2

\s Volume of sampling valve, 0.88 x 1072 £t)

1bf ft

Gas constant, 54.2
» 2 1lbm °R

T Valve temperature, 535°R
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From Eqn. (A-l), the masses of the different species in the sampling
valve as a function of the valve pressure are:

, 27.75 x 0.881 x 1077
, = 0915 x 54,3 x 535

8p

1]

My

0.915 x 0.84 x 10~ 1b

P is the valve pressure in cm of Hg and the mass in pounds

8 8

Mcg, = 0.004k x 0.84 x 10" P = 0.0037 x 10™° P 1bm
Mg mg = 0.0107 x 0.84 x 10°%p = 0.009 x10%  1tm
Mo g, = 0-0075 x 0.8+ x 1092 = 0.0063 x 108 P 1bm

-8 -8
Mooug = 0.0485 x 0.8k x 10" P = 0.0kl x 10" P 1lbm
Mo, rg = 0-01 x 0.8+ x 1070 P = 0.0084 x 10° P 1om

The relation between the concentration (mass per unit volume) of the
different hydrocarbon species in the standard sample and their corres-
ponding peak heights was made by introducing different amounts of samples
to the sampling valve and recording the peaks corresponding to the dif-
ferent hydrocarbon species.

The relation between the sample pressure and concentration does not
change as long as the pressure in the tank is above atmospheric, but the
relation between the sample pressure and the peak height depends on the
gas chromatograph condition.

A relation between the concentration and the peak height which is

based on attenuation (A-1) is presented in Table VII.



132

TABLE VII
RELATION BETWEEN HYDROCARBON CONCENTRATIONS AND PEAK HEIGHTS

Experimental Data Conditions:
Nitrogen Pressures 31.0 psig
Hydrogen Pressure: 17.0 psig
Air Pressure: %0.0 psig
Nitrogen Flow Rate: 30.0 cc/min

Sample Methane Ethane Ethylene Propane Propylene
Presls)ure Peak Concen- Peak Concen=- Peak Concen- Peak Concen=- Peak Concen=-
’ Height tration, Height, tration, Height, tration, Height, tration, Height, tration
cm Hg F 5 2
in, 1b/£t2 in. 1b/ft in. 1b/rt2 in. 1b/ft3 in. 1b/£t
10.4 15.2  L.36x1077 24,25 10.6x107° 11.75 T.1x10™2  43.75 4.85x10%  6.25  9.5x107D
8.0 1.1 3.35 17.75  8.15 8.80 5.k 2.5 3.72 L.70 7.3
6.2 8.7 2.6 13.70 6.3 6.82 k4,2 25.0 2.88 3.5 5.65
k.5 6.1 1.89 9.70 4.6 L. 70 3.05 10.0 2.10 1.90 L.l
2.6 2.85 1.09 L.ko 2.7 2.30 1.88 8.0 1.21 - 2.36

L, CALIBRATION CURVES

This section includes all the calibration curves that had been made

for the gas chromatograph during the test period.

The calibration for acetylene was made separately by a technique sim-

ilar to that used for the other hydrocarbons. This was done because of the

slight interference between its peak and the peak corresponding to propane.

The gas chromatograph was checked before every test.

Calibration curves and the corresponding flame condition are given

in the following figures.

Calibration Curve Flame Condition
Figure No. Figure No.

L9 ek, 27, 30
50 33, 12
51 15, 18, 21
52 13, 16, 19, 22
53 14, 17, 20, 23
5l 26, 29, 22, 35

55 25, 31, 28, 34
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APPENDIX B

FLOW RATE MEASUREMENTS AND CALIBRATION OF ORIFICES

Air and propane flow measurements were obtained by using square
edged orifices and U-tube manometers. The orifices used throughout the
tests had diameters of 0.046 and 0.0135 in. for air and propane, res-
pectively.

Calibrations were made experimentally to compute the discharge co-
efficient shown in the equation below. By measuring the flow rate with

a soap bubble flow meter

P AP12
Mass flow rate = Cp ——TF—_

where
Cp = OQOrifice discharge coefficient
P = Upstream pressure, psia
T = Upstream temperature, °R

Results obtained are shown in the following tables and figures.
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APPENDIX C

CALIBRATION CURVES FOR PRESSURE GAGES, IRON-CONSTANTAN THERMOCOUPLE,
AND ROTAMETER
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APPENDIX D

LOCATION OF SAMPLING REGION WITH RESPECT TO PROBE TIP

vl, Al,
Ty, Py
[\t
x(m)  t(sec) Vy/Vy Py/P, T ' d—-l L
0 0 300 1 To ’ Ay
X P T A
"y
v
v (o)

o

By assuming that the gas sample is collected from a sphere around
the probe tip, the relative location of the sampling region can be de-
termined by the use of the values obtained by Fristrom55 for the veloc-
ity, pressure and temperature in this region and tabulated above.

From the continuity equation
pVA = constant
and the gas law
P = pRT

The area of the sphere will be equal to

159



Since Tq = Tgp,

hpp? = 20 T 42
r L L
r £ 24

As 4 < 0.001 in.
then, r is about 0.002 in.
This shows .that the sample taken by the probe is from a region within

a distance of about 0.002 in. from the probe tip.



APPENDIX E

CHOICE OF SAMPLING PROBE

A sampling probe which showed the highest propane concentration
near the plate, for a fixed mixture ratio, compared to a sample without
the flame was rated best.

For such a test the results are shown below.

Propane Peak Plate

Height, in. Temperature, °R
No flame 10.2 680
With flame 8.55 805

Since the probe tip was located approximately 0.001 in. from the
wall surface, the difference between the peak heights is largely the re-
sult of the drop in propane concentration due to the presence of the

flame reactions, as indicated in Figs. 12=35.
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