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ABSTRACT

The problem of attaining stable combustion in ramjet power planits and

in afterburners of turbojet engines has led Lo rather extensive studies of
the processes involved in stabilizing flames on bluff bodies. Ohe of the

results of these studies was to indicate that the flame stabilization
mechanism changes significantly at low Reynolds Numbers; the velocity at
which flames may be stabilized drops abruptly as the Reynolds Number is

decreased, and the mixture ratio for which maximum velocity of flame hold-
ing occurs shifts markedly from the stoichiometric value.

This abrupt change in the mechanism of flame stabilization is investi-
gated through photographic studies of the flame front near the flame holder.
A transition from a laminar to a turbulent surface of the flame front im-

mediately downstream from the flame holder is shown to account for the
change in flame stabilization characteristics. This transition was found

to occur independently of fuel type and flame holder geometry.

The behavior of the low Reynolds Number stabilization limits is at-
tributed to a diffusion process; in particular, the shift found for the
mixture ratio corresponding to the maximum blowoff velocity is explained
on\the basis of the difference in the diffusion rate of fuel and oxygen.
Detailed experiments including blowoff results, chemical analysis of gas
taken from the flame holder wake, and measurements of wake temperatures
" are shown to confirm the suggested diffusion mechanism;

Once the transition phenomenon is appreciated, re-examination of high
Reynolds Number blowoff data is found possible. The results of previous
experiments are found to show that the blowoff velocity depends on the square
root of the characteristic dimension if the transition Reynolds Number is

exceeded and if the flame holder is a bluff body of small fineness ratio.
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I. INTRODUCTION

In air breathing jet propuision devices it is necessary to maintain
a steady continuous combustion process in gas streams moving at speeds
greatly exceeding the normal burning velocity. Such a combustion process
may be achieved by stabilizing the flame through continuous ignition at
some point of the flow; the combustion front then propagates iﬁto the
high speed gas stream at an angle fixed by the ratio of flame speed to
gas speed. The fact that a flame may be stabilized or “held" in the wake
of a bluff body placed in a high speed gas stream is well knbwn; the present
interest in the phenomenon arises from the fact that bluff body flame
holders have been found useful in ramjet combustion chambers and in turbo-
jet afterburners.

Farly experiments showed that, for a particular shape and size of
bluff body, stabilization of a flame in the wake was possible over a
range of values of gas speed and mixture ratio. Outside:this range it
was impossible to stabilize the flame and the flame was said to "blow"
of f" from the flaﬁe holder. The vslues of gas speed and mixture ratio at
which the combustion process ceased were designated blowoff limits and -
the locus of such points the blowoff curve. In general, the maximum ve-
locity at which a flame could be maintained - the maximum blowoff velocity -
was found to occur very near the stoichiometric fuel-air mixture ratio.

Visual exploration of the flow field near the flame holder disclosed
that a zone existed, just downstream of the body, in which the hot com-
bustion products recirculated strongly. When viewed along the axis of a

cylindric flame holder, the stabilized flame appears to the eye similar



to the photograph shown in Figure 1. Here the recirculation zone in the
cylindric wake is clearly seen as a dark area separated from the combust-
ible main gas stream by a not too well defined burning region. Under
certain conditions this recirculation zone and attendent burning region
was found to exist even when the flame failed to prcpagate-déwns£ream.
Facts of particular engineering interest are the dependence of blow-
of f limits upon size and gecometry of the flame holder, in1e£ témperature
and pressure of the combustible mixture, and characteristics of the fuel.
For a variety of simple isolated flame holders in idealized approach
stream, this dependence has been investigated experimentally'by J. P.
Longwell(l) and A. C. Scurlock(z) at the Massachusetts Institute;bf"
Techﬁology, by A, Weir, R, E, Cullen, and D. Rogers(B) at the University
of Michigan, E.‘A. De Zubay(h) of the Westinghouse Research Laboratories,
G. H. Haddock(S) at the Jet Propulsion Laboratory, and 0, L. Olsen(é) at
the U. 5. Bureau of Standards. Although these resultis exhibiﬁed wide dif-
ferences, certain definite trends appear general, For high approach speeds
of the combustible mixture, an increase in flame holder size was always
accompanied by én‘increase in blowoff speed at any mixture ratio, while
thé opposite was true for rich mixtures at very low gas speeds;‘ For large
fiame holder sizes, the maximum blowoff velocities were always observed to
occur near the stoichiometric fuel-air ratio while for very small flame
" holders, the experiments of references 2, 3, 5, and 6 iﬁdicated that the
maximum blowoff velocity shifted shafply to rich mixtures. 4t any fuel=-
air ratio the blowoff velocities of cylindric flame holders was found to
increase at a rate proportional to some value between the square root and

first power of the cylinder diameter.



The resultis of Haddock and of Olsen on the effect of inlet gas
temperature are in close agreement while the variations of blowoff limits
with pressure, investigated by Weir et al and by De Zubay, agree remark-
ably well in spite of geometric differences. Scurlock's results indicate
a strong dependence of blowoff limits on the type of fuel employéd.

Although this great amount of work has been done to determine the
blowoff limits for various conditions little investigation §f ﬂhe nature
of the wake region itself has been carried out. H. M. Nicholas and J. P.
Fields7) and Longwell, et al,(l) have shown that a recirculation zone
existed in the wake region and Nicholas, et al, found that the gas speeds
in this region were an appreciable fraction of the inlet gas speed. Static
pressure surveys on the surface of ¢ylindric flame holders held perpendi-
cular to the gas stream show that while the pressure level of the down-
stream face of the cylinder was considerably higher under conditions of
burning, the general shape of the pressure distribution was uﬁchanged.

No information concerning the temperature and size of this region has
been reported.

The previoﬁs investigations of flame stabilization yield, however,
vefy little information concerning the mechanism of flame stabilization
itself, for the good reason that experimental investigations of the wake
are extremely difficult. However in view of the considerable uncertainty
"in proper interpretation to be given to various sets of.experimental re-
sults, it seems that a point has been reached at which this confusion can
be reduced only by undertaking the detailed investigation.despite its
experimental difficulties.

The present work begins with an investigation of flame stabilizing



characteristics of bluff bodies at low Reynolds Numbers. The cause for
the change in the flame stabilization mechanism which occurs as the
Reynolds Numbers was reduced was lirst investigated, and then a study

of the low Reynolds Number flame stabilization regime was made, _This.
study was undertaken not\pnly with the purpose of determining thé cause
of the anomalous behavior of the small diszmeter flame holders mentioned
above, but with the hope that the investigation would indicéte‘mechanisms,
perhaps hidden at higher Heynolds Numbers, which would be of help in
interpreting the high Reynolds Number flame stabilization‘results. Be-
cause any real understanding of the stabilization process reQuirea a
knowledge of the phenomena taking place in the recirculation region, a
series of experiments were carried out to determine as much as possible
concerning the temperature and the chemical composition of this region.
As a direct result of these two lines of investigation, it has been found
possible to reinterpret the available information obtained at-high Reynolds
Number and to clarify, in a large part, the inconsistencies noted by pre-

vious authors.



II. EXPERIMENTAL APPARATUS

A schematic diagram of the principal features of the flow systiems
used in the experimental work is given in Figure 2. A controlled quan-
tity of air was drawn from a well regulated supply and was heated to a
fixed temperature by a heat exchanger system. Fuel was injected into the
hot air stream some distance upstream from the plenum chamber to insure
that the mixture entering the combustion chamber was uniform and homo-
geneous. #A smoothly converging nozzle connected the plenum chamber to
the combustion chamber; the contraction ratio of this nozzle and the size
of the plenum chamber were sufficient to give a uniforn flow of low turbu-
lence level at the combustion chamber inlet. Thus the combustible mixture
at the entrance-to the combustion chamber was of uniform mixture strength,
velocity and temperature, and of low turbulence level.

The experiments were carried out in a rectangular comtustion chamber
with a 2" x 4" cross-section. Vycor glass windows were provided for all
four walls to allow visual and photographic observation of the flame front

for a distance 5 inches downstream from the flame holder.

"Air Supply and Control., The service air supply for this system was

furnished by two reciprocating pumps with a total capacity of 3.7 lbs/sec
.at a pressure of 100 1bs/in2. The mass flow rate of the air was regulated
through a remote controlled sonic-~throat valve located upstream from the
fuel injector and heat exchanger. This arrangement allowed the mass flow
of air to be held at a constant value despite changes in fuel injection
rates, mixture temperatures, and changes in combustion chamber static

pressure.



Air-Temperature Control. Unless otherwise specified, a mixture tempera-

ture of approximately 610°R was used in all experiments. This is the mini-
munm temperature which safely assures complete vaporization of all the com—
ponents of the gasoline fuel. The air was heated in a shell-and tube- type
heat exchanger whose hot air supply was furnished by a turbojet can burner.
Two butterfly valves operated by a commercial temperature cpntrol system
fixed the combustion chamber mixture temperature by shunting a fraction of
the air around the heat exchanger. The vapor bulb sensing element for the
control unit was located in the air supply line downstream of the fuel
injection point. This arrangement gave a quick response to fluctuations

in the gas mixture temperature caused by changes in the fuel-air ratio and

therefore changes in the heat necessary to vaporize the fuel.

Combustion Chamber, The combustion chamber was a 9 inch long rec-

tangular duct with a 2" x LM cross-section flow passage. The duct was
constructed (Cf. Figure 3 ) from cold rolled mild steel and was strongly
water cooled to prevent deformation due to heating effecté; the inside
surfaces of the duct walls were film cooledvover a 1.5 inch section at the
exit. Because this cooling was sufficient to keep the chamber at room
temperature even after prolonged operation, the temperature of the chamber
walls was not a variable of the experiments. Vycor glass walls were used
~on all four sides of the chamber and for most of the experiments, the
flame holders were mounted through 1/8 inch holes drilled in these glass
side walls, The glass windows allowed a view of the duct extending from
just upstream from the flame holder to a position 5 inches downstream from
the holder. The discontinmuities in the wall surface at the connection be-~

tween the combustion chamber and the nozzle, and between the glass walls



and the combustion chamber proper were kept less than 0.002 inches.

Flame Holders, The cylindric flame holders were constructed from

stainlesé steel tubing, steel ball bearings were used for the spherical
holders, and the V-gutters, disks and flat plates were machined from mild
steel stock. The holderélwere mounted through 1/8 inch holes drilled in
the walls of the combustion chamber and were located 7 inchies upstream
from the exit of the combustion chamber on the center line of the L inch
wall. The spherical holders were held on 0.010 inch diameter nichrome
wire, and the disks were held on 1/8 inch struts. Figure L shows the type
of mounting used and the construction details for the large and small
cylindric holders, Water cooling was sufficient to keep the temperature
at the downstream stagnation point of the cooled flame holders well below

150°F,

Fuel Systems, The gasoline fuel used in the experiments was com-

mercial paint thinner (Thinner Number 1, Union 0il Company) whose chemical
properties have_been described in detail in Reference 5. The mean molecu-
lar weight of the fuel is 89 and it is composed of roughly 36% by volume
nabhthenes, 58% paraffins, and 6% aromatics. The gaseous fuels were com-—
mercial grade methane and hydrogen. The methane fuel was composed of 92%
by volume methane, 6% propane and 2% nitrogen. The gasoline fuel, Figure

| 2, was drawn from tanks pressurized to 100 1lbs with nitrogen and injected
through a constant pressure variable area nozzle 30 feet upstream from the
plenum chamber. The gaseous fuels were taken from sets of 40 high-pressure
gas cylinders; the gas, initially at 1500 lbs/in2 pressure, was regulated

by two Grove Dome Gas Regulators in series before being metered at 115 ].bss/.i.n2



pressure. The gaseous fuels were injected into the hot gas stream at the
same point as the liquid fuel. For the gaseous fuels, both temperature
and pressure measurements were obtained just downstream from the flow-

meters.

Ignition System. Ignition was obtained by producing a high voltage

spark between the back edge of the flame holder and a remotely positioned
ignitor rod. With a 10,000 volt power suppiy ignition was possible near
the stoichiometric fuel-air ratio for gas speeds up to 100 ft/sec; the
larger flame holders were easiest to ignite, and a spark gap.between

1/16 and 1/8 inch wide was found to give the best ignition results.,

Plenum Qhamber and Nozzle. The plenum chamber was a pipe section
15 inches in diameter and 5 feet long (Cf. Figures 2 and 5. An 8 inch
diameter perforated baffle was used at the upstream entrance of the chamber
to break up the high speed air stream entering the chamber ffothhe L, inch
air supply line and in addition, 6 stainless steel 200-mesh calming screens
were located at 6 inch intervals in the plenum chamber to reduce the turbu-
lence level of ihe gas stream. A 12 inch diameter ruplure diaphragm was
built into the upstream end of the chamber to allow a quick reduction of
plenﬁm chamber pressure in event of a blow-back.

The nozzle was 18 inches long and reduced the flow cross-section area
 from a 15 inch diameter circle to a 2% x " rectangular opening. This
gives a contraction ratio of about 22:1. Pressure surveys showed that this
nozzle furnished a flat velocity profile at the combustion chamber entrance
for all operating conditions. From these surveys it also appeared that the

boundary layer on the duct walls at the plane of the flame holder had begun



transition for gas speeds of 100 ft/sec or higher.

Pressure and Temperature Measurements. Plenum chamber pressure and

combustion chamber static pressure were measured by a water and mercury
manometer. The lines connecting these pressure sources were equipped
with remote controlled cu%off valves which allowed the pressure taps to
be blown clear of any trapped oil or water before readings were taken.
The plenum chamber pressure was obtained from an ordinary tobtal head tube
located on the center line of the plenum chamber downstream of the last
screen. The combustion chamber static pressure tap was locaﬁed on the
center line of one of the 2 inch wide walls of the combustion chamber
3-1/8 inches upstream from the location of the flame holder and 2 inches
downstream from the end of the converging section of the nozzle. The
gaseous fuel static pressure was measured with a 0 - 200 lb/in2 test gage
céliBrated before use. Temperatures were measured by use of chromel-

alumel thermocouples and a Brown Automatic Fotentiometer.

Sampling Apparatus. Sampling flame holders were constructed in a

similar mammer to the cooled flame holders, except that the cooling pass—
agés.were used in removing the gas sample rather than for cooling purposes.
For 0.125 and 0.0L49 inch diameter flame holders the sample was exhausted
through 20 -~ 0.010 diameter holes located at the downstream stagnatibn
‘point. A slit .003 x 0.600 inches was used as an inlet for the 0.031 inch
diameter flame holder. The holes were lbcated over a one inch length of
the flame holder and the ratio of hole diameter to cylinder diameter was

kept below 1/5.

Schlieren Equipment. The schlieren system was of the conventional
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double mirror type; a BH-6 lamp light source was used, and the focal length
of the two 6 inch diameter concave mirrors was 5l inches. Since the electri-
cal circuit and the physical layout of the optical system were conventional,
no diagrams will be given here. The spark and shutter, which was used to
keep the film from being fogged by the light from the flame, were syn—
chronized by use of several relays arranged in series to fu:pnish the proper
time delay between the firing of the shutter mechanism and the ‘schlieren
spark. OSuper XX film was used for all pictures and the duration of the

spark was shown to be less than 7 /u seconds.
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ITI. TRANSITION PHENOMENON IN STABILIZED FLAME

Existing Evidence of Transition. The large difference which exisis

in the stabilizing characteristics of flame holders operating at;high and
at low Reynolds Numbers is most clearly illustrated by the extensive set
of blowoff curves for circular cylinders cbtained by G. Haddock.{s) For
the larger cylinders, and hence for high Reynolds Numbers, the:blowoff
curves are geometrically similar, Cf. Figure 6; for a given rod size the
maximum bloweff velocity lies near the stoichiometric fuel-air ratio and
increases regularly with increasing flame holder size. The three smallest
flame holders however do not conform to this pattern; the maximum blowoff
velocities are relatively constant for large variations in flame holder
size and occur at mixture ratios above the stoichiometric value. This
behavior suggests that the Reynolds Numﬁers of these rods are sufficiently
low that they operate in a different flow regime. Some conformation of
this conjecture may be obtained by replotiing the data of ‘Haddock so as
to exhibit the variation with Reynolds Number of ths maximum blowoff ve-
locity and the fuel-air ratio at which it occurs. Figure 7 indicates
quite_distinctly that abrupt changes take place in both of these quanti-
ties for values of the Reynolds Number in the neighborhood of th. (The
Reynoids Number is based on gas properties of the approaching stream and
‘flame holder diameter.) Data obtained under comparable conditions by
Olsen,(a) have been included in this figure to indicate the generality of
the transition. These two sets of data cover a range of Reynolds Numbers

wide enough to indicate clearly the transition phenomenon; other experi-

mentors such as Scurlock,(Q) and Weir, Rogers and Cullen,(B) were able to
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observe only that the peaks of low Reynolds Number blowoff curves were
shifted from the stoichiometric fuel-air ratio,

Examination of spark schlieren photographs of the flame front stabi-
lized behind cylindric holders suggest that one difference between the
high and low Reynolds Number regimes may be connected with transition in
the flame front bounding the recirculation zone. Photographs of the flame
front taken by Scurlock,(z) Haddock,(S) and Shonerd,(9) give some indi-

cation that for Reynolds Numbers as high as th

» the flame front near the
flame holder is laminar while at higher Reynolds Numbers the flame front
appears to be turbulent. Such a deduction is hardly justifiéd, however,
since photographs of the flame edge may be very misleading due to non-
uniformity in the thin flame zone along the line of sight.

Consequently a detailed photographic investigation of the flame froﬂt
near the flame holder was undertaken with the purpose of determining de-
finitely whether the change observed in the blowoff characteristic resulted
from a transition from laminar to turbulent flame front. Further, the

dependence of the transition phenomenon on fuel type, mixture temperature,

and flame holder geometry, temperature and size was investigated.

Flame Schlieren Photographs and Their Interpretation. Spark schlieren

photographs were taken using the 2" x 4" combustion chamber, described pre-
Vviously, which was constructed so that it was possible to photograph the
flame front looking down on the plane of the flame holder axis and gas
flow direction, (Cf. Figure B), as well as from the conventional view

along the axis of the cylindric flame holder., Pictures taken in the former

view make possible an accurate determination of the magnitude of the three
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dimensional effect at the walls of the combustion chamber, and hence make
the determination of the true condition of the flame front more certain.

A schlieren system is sensitive 1o dénsity gradients, and for the pictures
shown here, the only visible gradients are caused by the sudden ghange in
density associated either with a flame front, or with mixing of hot and
cool gases without combustion taking place.

Interpretation of schlieren pictures of flames held on twd dimensional
flame holders is difficult because of the need to differentiate between the
two dimensional effects which are of interest, and the three dimensional
effects which arise from interaciion between the flame front.and the wall
boundary layer. A typical "side view", i.e., a view looking along the
flamé holaer axis, is given in Figure 9a . The direction of gas flow is
from left to right and the flame holder is just hidden from view by the
black area projecting from the left side of the picture. The wavy flame
surfaces are clearly defined but the detail showﬁ between the flame fronts
is caused by three dimensional effects. The schlieren system is sensitive
to density gradients parallel to the gas flow direction so that a dark
region indicates that the density decreases in the direction of flow. The
light_area at the right side of the photograph is caused by temperature
gradients in the glass side walls. A photograph taken from the same view
but with the schlieren system sensitive to gradients perpendicular to the
flow adirection is given in Figure 9b. The great apparent thickness of
the flame front shown in this picture is due to the fact that the flame
front is not completely two dimensional, The temperature gradients in

the glass darken the top of the picture and lighten the bottom.
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In Figure 9cis given a "top view" of the flame front, i.e. a view
looking down on the plane of the axis of the flame holder and the flow
direction. The flow is again from left to right and the flame holder is
visible as a black strip spanning the tunnel at the left edge of the picture,
In photographs taken from: this view the complete flame holder, or at least
the downstream edge of the flame holder, will always appear at the left hand
edge of the picture and the walls of the combustion chamber.will appear as
dark strips down either side. This view demonstrates that the wavy structure
of the flame front (Cf. Figures 9a and 9b) is two dimensional except near
the side walls where there is some interaction beﬁween the fiame front and
the boundary layer. The detail shown in the top view results from a simple
refraction of the light beam as it enters and leaves the hot layer of gas
enclosed between the flame fronts. Thus the top view pictures may be
interpreted as a contour map of the flame surface illuminated by a light
coming from the right hand side of the picture. This artificé is also
helpful in interpreting the photographs taken from the side view when the
flame front is strongly three dimensional., Figure 9d presents such a
photograph; the aetails shown here are almost entirely due to the re-
fraction of the light beam on entering and leaving the three dimensional
bursté of hot gas rather than to bending of the light rays by density

gradients in a two dimensional flame,

Schlieren Study of the Flame Surface. Spark schlieren photographs

were taken of the flame front behind circular cylinders with Reynolds
Number, cylinder diameter and fuel-air ratio used as parameters. Top
view schlieren photographs illustrating the dependence of the flame front

geometry on Reynolds Number and fuel-air ratio for a 0.035 inch diameter
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cooled cylinder are givén in Figures 10 andll. For all values of the
Reynolds Number at which this flame holder could operate, the flame front,
(¢cf. Figure 10), is lamimar for at least 30 diameters downstream from the
holder. At very low Reynolds Numbers, the only disturbance of the laminar
flame front is a regular wave pattern. Although with an increase in
Reynolds Number these waves break up into cells some distance away from
the flame holder, the scale of the distortion is large and never takes

on a turbulent character. For the highest Reynolds Numbers, the flame

is residual, i.e., a flame exists near the flame holder but does not propa-
gate into the free stream gases and the nonburning flow downétream.from
the residual flame forms a turbulent wake which quickly develops into a
typical Karman vortex street. Time exposure photographs confirm the con-
clusion of visual observation that the luminous portion of the flame front
stops before the development of this turbulent asymmetric wake begins.

The photographs given in Figure 10 were taken for a value of the fuel-air
ratio approximately 1.l of stoichiometric. In Figurell is shown the de=~
pendence of the flame front geometry on fuel-air ratio at a Reynolds
Number wvalue of 830. Here again, for all the conditions observed, the
flame front appears to be laminar. BEven the asymmetric wake downstream
of the residual flame (fuel-air ratio 2.82 of stoichiometrie) is laminar
for this low Heynolds Number. The most important fact shown by these
‘pictures is that the flame front is always essentially iaminar in nature.
This general description of the flame front was found to be typical of
all flame holders with diameters less than 0,100 inch for both gasoline
and methane flames.

Similar sets of photographs for 1/8 inch and 1/2 inch cylindric flame
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holders are given in Figuresl?a, 12b, and1l3. These flame fronts are laminar
at only the lowest Reynolds Numbers. #s the Heynolds Numbers increase, the
surface structure shows a strong tendency to break down into smaller dis-
tortions although the original wave structure may still be discepned. The
photographs at the highest Reynolds Numbers show a complete transition to
what may reasonably be interpreted as a turbulent flame front. These
photographs were taken at very nearly the stoichiometric fuel-air ratio
and it is of interest to note that the approach mixture speeds at the
highest Reynolds Number are much less than the maximum blowoff velocity

at this fuel-air ratio. Photographs showing the dependence 6f the flame
front shape on fuelw-air ratio are given in Figure 1L for a 1/8 inch dia-
meter flame holder operating at a Re&nolds Number of 3.3 x 103. Photo-
graphs such as this show that for low enough Reynolds Number the flame
front is completely laminar even at the rich and lean blowoff limits. For
the richest mixture shown the flame is residual and the Kérméﬁ vortex
street is clearly seen.

Studies such as these were made of the flame fronts stabilized on
cylindric flame holders for diameters ranging from_0.0ZO.inches to 0.75
inches. The photographs of the flame surface in the vicinity of the re-
spective maximum blowoff velocities for various flame holders revealed
that the flame front was turbulent when the Reynolds Number exceeded th
‘and was laminar for Reynolds Numbers less than this value. This transi-
tion agrees, moreover, with that shown by the curves of Figure 7 and
hence it seems clear that the sharp change in the blowoff characteristics
observed in the direct result of transition in the flame front separating

the recirculation zone from the unburned gas stream.
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The effect of flamé front transition has been illustrated through its
influence on maximum blowoff velocity.only because this point of the blow-
off curves is unambiguously defined. However, if any other set of blowoff
velocities, say the set defined by some particular value of the fgel-air
ratio, is plotted as a function of the Reynolds Number, a characteristic
break is found in the curve similar to that shown in Figure 7. Schlieren
pictures likewise confirm that this break corresponds to the chénge from

laminar to turbulent flame front.

Fluid Mechanical Interaction of Flame Surface and Wake. The oc—~

currence of laminar flames for Reynolds Numbers as high as 104 appears to
contradict the fact that the isothermal wake of a cylinder is tufbulent at
these Reynolds Numbers. It is therefore of interest to review briefly the
important changes which occur in the isothermal wake of a cylinder with
increésing Reynolds Number and to try to determine if there is any con-
nection between the isothermal wake structure and the transition observed
in the flame front. At Reynolds Numbers between 1.0 and Qbout 30, a
stable vortex pair exists in the wake of the eylinder; the flow is com-—
pletely laminar, and no appreciable wake is produced. Fér Reynolds
Numbers between 30 and 150, the boundary layer and the sepéraﬁed boundary
layer, or vortex layers as they are usually called, are still laminar, but
the vortex layers now roll up to form the familiar Karman vortex street.
As the Reynolds Number is increased above 150, vortices are still shed
regularly from the cylinder, but a transition to turbulent flow in the
vortex layers now occurs some distance downstream from the cylinder. With
further increase of the Reynolds Numoer this transition region moves up-

stream toward the surface of the cylinder, and for Reynolds Numbers near
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10h, transition begins at the separation point itself. For Reynolds

Numbers greater than 2 x 105, the transition to turbulence precedes the

boundary layer separation. The nature of this
flow near the separation point is shown in the

sketch at right.ai» Muchimore detailed surveys

of the flow behind bluff bodies are given by { R
H. L. Dryden, D S, Goldstein, @ and A. Roshko.(13)

In general, this picture of the flow about circular cylinders fits
very well the behavior of flows about other bluff bodies of small fineness
ratio such as spheres and flat plates or disks heid perpindiéular to the
air stream. However, the values of the Reynolds Numbers at whidhrthé
various transitions occur are affected by the geometry of the body. For
instance; comparison of the\drag curves of cylinders and spheres indicates
that the Reynolds Numbers at which transition to turbulence in the vortex—
layers occurs at the separation point is about 1.50 x th for'Cylinders
and 3.0 x 10h for spheres.(lh)

In view of these facts concerning the isothermal wake flow, it is
rather more surpfiéing that a laminar flame front is found at all, than
that a transition between laminar and turbulent flames takes pléce. That
lahiﬁar flame fronts are observed for Reyndlds Numbers greater than 102,
strongly suggests that the process of combustion is responsible for pre—
‘venting the transition to turbulence in the vortex-layers. In attempting
to compare the isothermal wake charaéteristics with the diabatic character-
istics account must be taken of the fact, that due to conduction and mixing

effects at the interface between the hot recirculation zone gases and the
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gases of the vortex—layérs, the temperature of the vortex—-layer will in-
crease with distance from the separation point. An increase of tempera-
ture of the order to be expected from the combustion temperatures of the
fuels used in the present experiment could cause a change in local Reynolds
Number by a factor of from 10 to 20. Consequently, if the heating of the
vortex-layers is rapid enough to increase appreciably their{temperature
before transition occurs, the local Reynolds Number may be redubed suf-
ficiently to prevent transition. Thus, at low Reynolds Numbers the
transition to turbulence in an isothermal wake will occur several diameters
downstream from the flame holder; with sufficient heat transfer from the
wake, the vortex-layers may be stabilized for large distances downstream of
the cylinder. However, as the Reynolds Number is increased, the transi-
tion region of the vortex-layers will move toward the flame holder in
spite of the effects of heating. Furthermore, because of the quenching
action of the cooled cylinder, heating of the gases in the neighborhood
of the separation point will be small. Finally, therefore, when the
Reynolds Number is high enough to insure transition to turbulence near
the separation péint, the flame surface should be turbulent regardless
of fhe heating effects. Isothermal studies mentioned above indicate that
transition near the separation point occurs for Reynolds Numbers of the
order of th, which is precisely the Reynolds Number range for which
transition to turbulence is actually observed in the flame front, |

The fact that the flame front must, at some point downstiream of the
flame holder, burn through the vortex-layers suggests an alternative cause

for the onset of turbulence. When this vortex-layer is turbulent the flame
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front should exhibit a iurbulent structure as it passes through the layer.
The location of this intersection is influenced directly by the flame propa-
gation speed and consequently is strongly affected by the fuel-air ratio.
Photographs for both methane and gasoline fuels show conclusively that the
development of turbulence.is completely independent of fuel-air ratio.
Therefore, the transition in the flame front can not be attributed to the
passage of the flame front through the unstable vortex-layers.

The foregoing discussion implies that the transition to turbulence in
the flame front is influenced by the structure and the stability of the
boundary layer on the surface of the flame holder upstream of the point
of flame attachment. If this is true, one would expect that the flame
front would be turbulent when the boundary layer on the flame holder body
was turbulent. Experiments were carried out in which the flame holder
boundary layer was tripped by various means and it was found that in all
these experiments, the flame was turbulent whenever the bound#ry layer was
turbulent regardless of the Reynolds Number. This tripping of the boundary
layer was discovered to have a large effect on the general nature of the
blowoff curves. .If the boundary layer of the flamg holder normally operat-
ing completely in the low Reynolds Number regime were tripped, the maximm
blowoff velocity was found to be shifted from its normally rich value to
a point near the stoichiometric value, This result confirms the statement
‘made earlier that the advent of turbulence in the flame front is responsi-
ble for the change in the character of the blowoff curves shown in Figure
7. It was also found possible fo delay the transition to turbulence in

the flame front by increasing the boundary layer thickness on the cylindric
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holder., This result is.qnite reasonable since for isothermal flow, the
distance to-the transition point in the vortex-layers increases with the
thickness of the boundary layer at the separation point.

On the basis of the suggested mechanism of transition, the tempera-
ture of the flame holder should have a significant effect througﬁ its
influence on the quenching distance and also on the local value of the
Reynolds Number. Photographs demonstrating the behavior of the flame
front behind a 1/8 inch cylinder as a function of the temperature of the
flame holder are given in Figure 15. Such pictures in?icate, as would be
expected, that high flame holder temperatures can.cau;e the flame frent to
remain laminar for an appreciable distance downsiream from the flame holder,
but that even for the flame holder temperatures as high as 2000°F, the
transition Reynolds Number is increased by only 20%.

The chief characteristics of fuels which would be expected to affect
the transition phenomena are the quenching distance, the adiaﬁatic,flanm
temperature, and the flame speed. The effect of the flame speed will be
principally imporiant in fixing the time required for the flame to burn
through the vortéx—layers. It was shown earlier that, for the fuels
inﬁestigated, this interaction is of no importance in fixing thé point of
transition. Likewise, the small variation in the adiabatic flame btempera-
ture for these three fuels will have little influence on the transition
‘phenomenon. The quenching distances reported for hydrogen flames are
smaller by a factor of ten than those reported for methane and gasoline
flames and consequently, the transition phenomena for the hydrogen flame

would be expected to occur at slightly higher Reynolds Numbers than that
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for methane or gasoline flames. Comparison of schlieren photographs
illustrating the transition regime for these three fuels, (Cf. Figures

16, 17, and 13), completely corroborate this conjecture.

Investigation of Generality of the Phenomenon. To determine whether

the transition phenomenon‘observed'with circular cylinders occurs for flame
holders of other geometric shape, schlieren photographs of the flame sur-
faces were made for flames stabilized on spheres, circular disks, flat
plates and V-gutters. The effects of the flame holder shape are illus~-
trated in Figures 18 and 19 in which are shown the development of turbu-
lence in gasoline flames stabilized on 1/2 inch spheres, and disks. s
was found for the flame stabilized on cylindric flame holders, the low
Reynolds Number flame fronts for the various geometries are characterized
by a distinct wavy structure. As the Reynolds Number is increased, smaller
distortions are superimposed on these waves, and for the highest Reynolds
Numbers shown, the flame fronts are clearly turbulent. These pictures and
others for flat plates and V-gutters not shown demonstrate conclusively
that the general phenomena occurring in the transition regime are similar
regardless of the geomeiry of the flame holder.

In the following table are given the Reynolds Numbers for which the
transition to turbulence in the flame front is judged to be complete for
‘the various flame holder geometries studied. CIt should be thed that the
Judgment of “complete" is subjective, and that the gradual advent of turbu-
lence and the limited number of pictures taken for any flame holder geome—
try further restrict the accuracy of the results. Unless otherwise speci-

fied, gasoline is used as fuel,
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Flame Holder Geometry, Cross Section Inlet Gas Reynolds Number
Size and Mounting of Duct Temperature for Transition
3/  cylinder, cooled on x lin 610°R ho3 x 1oh
1/2" cylinder, cooled® 2n x o 610°R 2.8 x 10k
1/2" cylinder, cooled 2n x )" 860°R 2.7 x 1ol
1/l cylinder, cooled 2n x 610°R . 2.0 x 10k
1/L* cylinder, cooled 20 x Jjn 860°R 1.9 x 104
3/16" cylinder, cooled on x ) 610°R 1.8 x 104
1/8" cylinder, cooled on x 610°R 1.3 x 1ok
1/8" cylinder, uncooled 2n x L 610°R 1.4 x 1ok
1/8" cylinder, heated 2% x v 610°R 1.5 x 10l
to 2L00°R
1/10" cylinder, cooled o x Lt 610°R 1.25 x 10l
1/2"  sphere, wire 2" x Lo 610°R 6.0 x 104
supported, uncooled v x ) 610°R 6.0 x 10k
1/2% sphere, sting mounted i x in 610°R 5.0 x 10h
from downstream, :
uncooled
1/l" sphere, wire on x |y 610°R 3.5 x 104
supported,uncooled
1/2%  disk, sting mounted on x )y 610°R 6.0 x 108
from upstreanm,
uncooled
1/2% disk, sting mounted o x 610°R 6.5 x 1ok
from downstreamn, '
uncooled
1/2" flat plate, cooled on x 610°R 5.8 x 10l
3/kt  V-gutter, uncooled 2u x yn 610°R 6.8 x 104
3/8" V-gutter, uncooled 2% x jv 610°R 4.3 x 1ok

# Gasoline, hydrogen and methane fuels were used for these conditions.
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For cylinders and spheres sufficient data were obtained to show that
the transition to turbulence depends on the size of the flame holder. The
dependence is definitely of the form Ret»v D% for cylinders and appears
to be the same for spheres. Influence of the cylinder diameter independent
of the Reynolds Number is substantiated by the fact that the itransition
Reynolds Number obtained for 1/4 and 1/2 inch diameter cylinders was found
to be unchanged when the approach gas temperzture was increased by LO per
cent. This dependence on D% clearly indicates that some other character-
istic length associated with the phenomenon is of importance in fixing the
transition Reynold Number. The most important length, on thé basis of the
model suggested earlier, is the quenching distance., Because little is
understood about the quenching distance in general, and even less about the
distance pertinent to this particular problem, nothing can be said at this
time concerning the dependence of this distance on the characteristic dimension
of the flame holder,

-For cylinders and spheres, the Reynolds Number at which the transition
to turbulence takes place ranges between 1 to L x 10h, and L to 6 x 10k
respectively while the isothermal flow Reynolds Number for which turbulence
fifst appears in the vortex-—layers at the separation point are approximately
1.5 x 10h and 3 x th respectively. The agreement between the two “critical®
Reynolds Numbers, and the constant factor by which they differ, gives

'support to the ideas developed earlier concerning the cause of the transi-

tion in the flame front.

Conclusions. The results of schiieren studies of the surface of

flames stabilized by bluff bodies show conclusively that the flame front
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undergoes a transition from a laminar to a turbulent character for Reynolds
Numbers of the order of th. This transition was found to occur in the
same range of Reynolds Number in which the flame stabilizing characteristics
of bluff body flame holders change abruptly and experiﬁents showgd that the
appearance of turbulence din the flame front near the flame holder was the
phenomenon responsible for this change in blowoff characteristics.

The transition Reynolds Number was found to depend on theisize and
the geometry of the flame holder, but the transition phenomenon itself was
demonstrated to be independent of these quantities. The transition Reynolds
Number increases weakly with increasing flame holder temperafure and laminar
flame speed but was not affected by an increase in temperature of the ap—
proaching gas stream. The flow condition which influences the transition
Reynolds Number most strongly is the state of the boundary layer upstream
of the separation point. If this boundary layer is either naturally turbu-
lent or is artificially tripped, the flame front is always found io be

turbulent.
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FLAME STABILIZATION AT LOW REYNOLDS NUMBERS

Since it is clear that the abrupt changes observed in the blowoff
characteristics of flames stabilized on bluff bodies result from.tranéi—
tion in the flame front separating the fresh gas from the wake, it is now
proposed to examine more closely the detailed processes involved in flame
stabilization below transition. One of the most striking changés associ-
ated with transition is that, while the maximum blowoff velocity occurs
near the stoichiometric mixture ratio for high Reynolds Number, it shifts
to very rich values as the Reynolds Number is reduced below ihe transi-
tion point. The only exception to this behavior is reported by Scurlock(z)
who observed no shift at low Reynolds Numbers when “"Cambridge City Gas"
was employed as fuel,

It is to be expected that the high Reynolds Number blowoff curves
peak near the stoichiometric fuel-air ratio in view of the faét that the
maximum rate of heat release for a combustible mixture occurs near the
stoichiometric ratio. Since there is no reason to believe that changes
in the Reynolds ﬁumber will seriously alter this fact, it seems reasonable
to‘conjecture that near the maximum blowoff velocity for low Reynolds
Number conditions, some vital zone of the combustion process ic actually
operating near the stoichiometric ratio in spite of the rich free stream
‘gas mixture. The shift in maximum blowoff velocity is commonly attributed
to the fact that diffusion may become a significant influence at low values
of the Reynolds Number; the difference in diffusion velocities of oxygen
and hydrocarbon fuel may then produce the local change of mixture ratio

in the wake. However, this picture has necessarily remained quite nebulous
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since no flow details were known for any values of Reynolds Number.

Diffusion as Influenced by Transition. The information obtained in

the present investigation, concerning the nature of the transition between
high and low Reynolds Number regions, now allows a more nearly pfecise
picture to be formulated.\ Combustible material enters the recirculation
zone through some transfer process across the interface of the free stream
gases and the recirculation zone. For low Reynolds Numbers, it has been
shown that this interface is laminar and consequently molecular processes
will dominate the transfer phenomena. In particular, diffusiﬁn of fuel
and oxygen across the interface will contribute materially to the transfer
of combustible matter into the bturning zone. The diffusion velocity de-
pends strongly on the chemical species and is markedly larger for light
molecules than for heavy. Therefore, in a mixture of ordinary gasoline
with-air, oxygen (being of the order of one third the molecular weight of
the gasoline) will diffuse much more rapidly into the burning.zone than
will the gasoline. Hence, the effective fuel-air ratio of the burning
gases may be considerably smaller than that of the free stream. Since

the generation of a propagating flame is strongly dependént upon the
initiation of combustion near the flame holder, it may be expected that
the maximum blowoff velocity will occur when flame initiation takes place
“at the stoichiometric mixture. The fact that Scurlock's experiments with
Cambridge City Gas exhibit no shift may be explained on the basis of this
hypothesis. The mean diffusion velocity of this fuel is very close to
that of oxygenofg so that the differential diffusion effect, and therefore

the shift in the blowoff curves, would be expected to be negligible.
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The diffusion hypoihesis is further supported by some chemical sam-
pling of the recirculation zone gases carried out by Williams and Shipmangb)
Their work indicates that, as predicted on the basis of the differential
diffusion hypothesis, the carbon content of the gases in this zone is
appreciably lower than that which would be expected from complete combustion
of the free stream gases. Visual observation of the color of the interface
separating the recirculation zone from the free stream gases aiso suggests
that the fuel-air ratio at this interface is considerably leaner than that
of the free stream gases. Finally, observations of Scurlocé?)that an in-
crease in stream turbulence causes the peaks of low Reynolds.Number blow~
off curves to return toward stoichiometric, support the important role of
transition.

Since the chief function of a flame stabilizer is that of igniting
the free stream gases, it is of interest to inquire whether results of
experiments on spark ignition of combustible mixtures exhibit some of the
phenomena observed in the flame stabilization process. Although the maxi-
mum rate of heat release for a combustible mixture occurs near the stoichio-
metric fuel-air ratio, Lewis and von Exbe®”) found that for heavy hydro~-
cafbon fuels the minimum spark ignition energy occurred for fuel-air ratios
considerably above the stoichiometric values, and that for methane, a fuel
which is slightly lighter than oxygen, the minimum point occurred below
‘the stoichiometric value. Lewis and von Elbe suggested that some dif=-
ferential diffusion mechanism accounts for this behavior. To investigate
more thoroughly this conjecture, diffusion coefficients of fuels employed
by Lewis and von Elbe were calculated from the tables and numerical values

giﬁen in Reference 17. In Figure 20 is given a plot of the fuel-air ratio
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for the minimum spark ignition energy as a function of the ratio of the
diffusion coefficients of the fuel and oxygen in air. The good correlation
of the data shown here, together with the fact that the ignition of the
free stream gases by the hot gases of the recirculation zone is sgimilar

to this spark ignition process, strengthens the belief that diffﬁsion is
important in the flame stabilization at low Reynolds Numbers. It should
be noted that the mixture ratio for minimum ignition energy is.not shifted
for hydrogen in spite of the fact that the diffusion coefficient for this
fuel is much greater than that of oxygen. This result suggésts that the
differential diffusion phenomenon is not the only significant process but
that other influences, such as, for example, the very large thermal con-
ductivity of hydrogen, are important.

Itiis now clear how specific experiments may be constructed to determine
definitely whether the diffusion mechanism is indeed the governing process.
For example, the blowoff curves for some low molecular weightifuel should
show a shift toward lean mixtures at low Reynolds Numbersf Also, sys£e-
matic chemical sampling in the wake close to the flame holder should dis-—
close a trend taﬁard stoichiometric mixture ratios at the maximum blowoff
veiocity ragardless of the free stream mixture ratio. Consequeﬁtly, a
detailed experimental program was carried out to determine definitely the
validity of the diffusion hypothesis. These experiments were:

1, Determination of blowoff curves for fuels with diffusion welocities

greater and less than that of-oxygen.

2. Examination of spark schlieren photographs to determine the effect

of fuel characteristics on the flame front geometry.
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3. Chemical sampling of the wake gas over a range of Reynolds
Numbers wide enocugh to allow a detailed comparison with the re-
sults of the blowoff measurements.

. Determination of wake gas temperatures for a range of Reynolds
Numbers wide enough to allow a detailed comparison withnthe re~

sults of the blowoff measurements,

Determination of Flame Blowoff. The limiting values of the mixture

velocity and the fraction of the stoichiometric fuel-air ratio for which

a flame could be stabilized behind circular cylindric flame hélders were
determined for diameters ranging between 0.020 to 0.250 inches. The fuels
used were gasoline, methane, and hydrogen, and the flame holders were water
cooled, Similar curves were also obtained for 0.125, 0.049, 0.031 and
0,020 inch diameter uncooled flame holders. The flame holder sizes were
pickéd to give a complete ?icture of the low speed regime and hence only
two large flame holders are included in this study. The smallest cylinders
used were the smallest flame holders on which a flame couid,be ignited at
gas speeds exceeding 50 ft/sec.

The flame stability limit was usually determined by first setting the
air flow at a fixed value and then slowly reducing or increasing the fuel
flow until the flame was blown off. For the points near the peaks of the

“blowoff curves, this method was not possible and it was necessary to blow
of f the flame by slowly increasing the gas speed.

The accuracy of the determination of the values of fuel flow at blowoff
was determined by the steps in which the fuel flow was increased or de-

creased as well as the errors in the meter calibrations. For the work
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reported in this paper, the percentage change in fuel reading at blowoff
was usually less than 2 per cent, so that the estimate of the meter read-
ing at the flame blowoff was of the‘order of 1 per cent. It was possible
to increase the total pressure of the plenum chamber by steps of only
0.4 cm of water; for gas speeds greater than 150 ft/sec this corresponds
to errors in gas speeds at blowoff of 1 per cent or less. Then the nei
error .in measurement of gas speed and fﬁel flow rate due to the fact that
the blowoff point was approached in steps and not by a continuous change
in gas speed or fuel-air ratio was of the order of 1 per cent or less.

Errors due to inaccuracies in meter readings and to inaécuracies in
the meters themselves were estimated at 1 per cent for both the ligquid fuel
and air mass measurements. Further errors due to gas temperature measure-
ments were of the order of 1/2 per cent or less. This leads to total
maximum errors of 2.5 per cent in air measurements and 2 per cent in fuel
flow measurements at the blowoff point. The maximam error, then, in calcu-~
lation of gas speed is of the order of 2.5 per cent while that for the fuel-
air ratio is L.5 per cent.

The meters used to measure the gaseous fuel flows were calibrated
wifh air, and corrections were applied to these calibrations to correct
the curves for the two gaseous fuels. Because the errors introduced by
this procedure may be appreciable the error in the reported values of the
fuel-air ratios for the methane and hydrogen experiments may be greater
than 4.5 per cent.

Residual flames, i.e., flames which did not propagate into the high

speed mixture, were included within these blowoff curves. Such residual
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flames are commonly fouhd near the blowoff limits for holder diameters
less than 0.100 inches and less frequently for larger flame holders at very
low speeds near the rich or lean blowoff limits. The extent of the resi~
dual flame for small flame holders is indicated by the curves of .Figure 21
The outer curve in this figure is the extinction limit for the résidual
flame, while the inner curve represents an estimate of the point at which
continuous flame propagation from the recirculation zone into the unburned
gas stopped. Because this point was very difficult to determine consistently
extinction of the residual flame was defined as the blowoff limit.
Examination of the blowoff curves (Figure 22) obtained with gasoline
fuel shows that as the flame holder diameter is increased, the curves shift
toward smaller values of the fuel-air ratio and that for diameters of 1/8
inch or larger, the peaks of the curves lie approximately at the stoichio-
metric fuel-air ratio. In contrast to this behavior, the curves obtained
using methane as fuel, Figure23;'shcw a shift toward larger fuel-air ratios
as the diameter of the flame holders is increased. It isjagain of interest
to examine these trends by plotting the values of the maximum blowoff ve-
locity and the fuel-air ratio at which it occurs as a function of the
Reﬁnqlds Number. (This value of the fuel-air ratio will, in the future,
be referred to as @p.) Figures 2l and 25 give plots of the data obtained
in the present experimental program as well as the data'of Haddock, discussed
'earlier; for the purpose of comparison with the gasoline data, the values
of ¢m for methane have been normalized by dividing by the value of ¢m for
the 1/8 inch diameter flame holder. While there is a consistent difference
between the values of the maximum blowoff velocity obtained by Haddock(s)

and those of the present experiments, the general shape of the three curves
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is quite similar, and the transition Reynolds Numbers indicated by the
curves are the same. Except for the change from a 1" x L' to a 2% x Lt
combustion chamber the conditions employed in the experiments of Haddock
and in the present experiments were identical. Since the flame front near
the blowoff point is not completely two dimensional, it is felt that the
differences in the level of the blowoff velocities for the two sets of
data may be atiributed to the difference in the importance of ihis three
dimensional effect for the two duct geometries. The conclusions drawn
here are in no way based on the level of the blowoff velocities; therefore,
for present purposes these three dimensicnal effects can be heglected.
This is particularly true in view of the fact that the values of @, on
which conclusions are based agree very closely for the two sets of data,
The effects of flame holder cooling, also illustrated in Figure2l, is to
reduce the level of the blowoff velocity at low Reynolds Numbers. The
values found for ¢m are not affected by cooling the flame holders.
The most interesting fact shown in Figure 25 is the difference in

the behavior of the values of @, for the blowoff curves obtained using
methane and the gésoline fuels. For methane fuel, the shift in the value
of\¢m with decreasing Reynolds Number, though small, is definitely toward
lean values of the fuel-air ratio; in direct contrast with this behavior
is the large shift in ¢m toward rich values of the fuel-air ratio observed
‘with gasoline fuel. No values of ¢m were obtained when hydrogen was used
as fuel because with this fuel the maximum blowoff velocity for even a
0.010 inch diameter flame holder occurred at supersonic speeds. However,
examination of the lean blowoff limits obtained with hydrogen (Cf. Figure
26) shows that the curves corresponding to the small diameter flame holders

(and hence the curves corresponding to the flame holders operating at low
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Reynolds Number) are stfongly shifted toward lean fuel-air ratios. But
this behavior is precisely that predicted by the diffusion hypothesis
suggested earlier. Even the magnitudes of the shifts of the blowoff
curves are easily understood on the basis of this hypothesis. The dif=-
fusion coefficients of hydrogen and gasoline differ greatly from that of
oxygen and hence the blowoff curves in the laminar regime should be
strongly affected by the diffusion process., However, because the dif-
fusion coefficient of methane differs only slightly from that of oxygen,
the methane curves will be affected only slightly by the diffusion me-
chanism., A comparison of the values of ¢m obtained for methane and gas-
oline fuels shows that the difference in the magnitude of the shift from
the stoichiometric value is roughly proportional to the difference between
the diffusion coefficients for these two fuels and oxygen. It is also of
interest to note that the relative magnitudes of the shifts from the stoiclio~
metric fuele-air ratio of the values of @y for methane and gas&line fuels
are in good agreement with the shifts found by Lewis and von Elve (Cf.
Figure 20) for the shifts in the fuel-air ratio corresponding to the
smallest value of the minimum spark ignition energy.

Therefore, the observed results are in complete agreement with the

corresponding predictions based on the diffusion hypothesis.

Schlieren Photographs. Visual observation of the flame demonstrated

that there was a considerable difference in the shape of the flame front
at the two blowoff limits. This difference was most obvious at very low
Reynolds Numbers for gasoline flames; for these conditions the rich flame

front was always a very stable two dimensional residual flame while the
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lean flame front was muéh less stable and was usually three dimensional

in character. Spark schlieren photographs taken of the flame front behind
1/32 inch and 1/8 inch flame holders (Cf. Figuresll and 1l )clearly sub-
stantiate this conclusion. In these figures the dependence of the flame
front geometry for gasoline on the fuel-air ratio is given for a.constant
gas speed of approximately 70 ft/sec., For both cylinder sizes the flame
near the rich blowoff limit is residual; bthe hot wake dischérgéd from the
residual flame quickly forms a turbulent Ké%méh vortex street and no sign
of combustion is found downstream from the residual flame. On the other
hand, the flame front near the lean blowoff limit is characterized by a
discharge of gas from the recirculation zone in discrete three dimensional
bursts. Because these bursts have a sharply defined boundary and- because
they continue to grow in size as they move downstream, it is clear that
they are still burning.

On the basis of the diffusion hypothesis this difference-in the shape
of the flame front at the rich and lean blowoff limit is quite reasonable.
Consider the effect of diffusion in the immediate neighborhood of the
flame front neaf the flame holder. Due to differences in diffusion rates,
thé fuel-air ratio at the interface separating the recirculation zone from
the unburned gas is lower than that in the free stream. Because the dif-
fusion phenomena will be of less importance as we move downstream from
the flame holder, it would be expected that the fuel-aif ratio at the
flame front would increase in a downstream direction., A situation then
arises which is asymmetrié with respect to the stoichiometric fuel-air
ratio, since an increase in fuel-air ratio for a lean mixture corresponds

to an increase in the ease of ignition, in heat release and in flame speed,
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and for a rich mixture,.to a decrease in these quantities. Now, if near
the rich blowoff limit, the recirculation zone is not able to ignite the
unburned gas, the hot gases discharged from this zone will be even less
able to do so because of the increase in fuel-air ratio of the unburned
gases as they move downstream. However, near the lean blowoff limits,
the hot gases discharged from the recirculation zone may be able to cause
ignition even when the recirculation zone is not able to do so because of
this increase in fuel-air ratio.

If this explanation is at all correct, the behavior of the flame
front at the blowoff limits when methane fuel is used should be just the
reverse of that found when gasoline fuel is used. This follows from the
fact that for methane-air mixtures, the oxygen diffuses less rapidly than
the fuel and hence the conditions at the biowoff limits aré reversed. &
comparison of schlieren pictures (Figure 27) showing the dependence on the
fuel-air ratio of the flame front geometry for both gasoline énd methane
fuels shows conclusively that this reversal actually does take place. A
similar comparison of pictures obtained with turbulent flame fronts shows,
as would be expeéted, no difference between the shape of the flame front
at lean and rich mixtures.

Some indication of the distance downstream from the flame holder over
which diffusion effects are important can be gained by examining the rate
‘at which the flame front propagates into the unburned medium. Since this
rate is governed by the laminar flame speed, some indication of the local
value of the fuel-air ratio at the flame front can be found by comparing
the inlet fuel-air ratio for maximum flame spreading with the known value

of the fuel-air ratio corresponding to the maximum flame speed. (For
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gasoline fuels, the maximum flame speed occurs for fuel-air ratios ap-
proximately 10 per cent above the stoichiometric value.) Photographs,
such as those given in Figure 1, indicate that the maximum spreading rate
occurs near the stoichiometric fuel-air ratio and hence show that, though
diffusion may have a large influence in fixing the conditions in and about

the recirculation zone, this influence is small further downstream.

Chemical Sampling. Perhaps the most critical examination of the dif-

fusion hypothesis is furnished by chemical sampling experiments. In these
experiments, the ratio of the number of carbon atoms to nitrogen atoms is
determined for a gas sample taken from the recirculation zone in the im=-
mediate neighborhood of the flame holder and at the same time a similar
ratio is determined for the unvurned gas. Comparison of these raﬁios

gives a direct indication of the importance of diffusion, because a dif-
fusion process is the only mechanism which could cause a difference between
the ratios.

Chemical samples of the wake gas were obtained by apﬁlying suction to
openings at the downstrezm stagnation point of several sizes of flame
holders. The suction was obtained by slowly draining mercury from a col-
lecting bottle which was attached to the flame holder by plastic tubing.
The sampling system was operated with a collecting rate less than 100 ce/
'minute of cooled gas and a comparison of blowoff limits determined under
the conditions of no sampling and sampling at the rate of 1000 cc/minute
of cooled gas indicated that the sampling process had no measurable effect
on the blowoff point. Schlieren photographs taken under these two con-

ditions also showed no noticeable difference.
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The sampling system was carefully checked for leaks and before each
sample was obtained, 500 cc of gas was flushed through the system. This
volume of gas was about ten times the total volume of the system ex-
clusive of the colliecting botile.

The gas was passed through a copper oxide furnace before being col-
lected to insure that no unoxidized hydrocarbons were present in the
sample. The furnace consisted of an 8 inch long tungsten heatihg element,
and a Vycor glass tube 1 cm in diameter packed with cupric and cuprous
oxide. Under normal operating conditions the temperature of the tube was
held at 600°C or higher, and the total time required for thé.gas sample
to pass through the furnace was approximately 10 seconds. Chemical analy-
sis éhowed that these conditions were sufficient to cause complete oxi~
dation of the gés samples.

Analysis of the sample for the COp, Op, and Np content was made by
use of a commercial Orsagt Gas Analyzer. The quantity'reported in this
paper is the ratio of the number of carbon atoms to nitrogen atoms which
is just twice the ratio of the percentage of carbon dioxide to nitrogen
for the gas samples, i.e., 2(% C05)/(% Nz) . The carbon dioxide content
of‘a_typical sample might be as low as 8 cc for a 100 cc sample; since the
inaccuracies of the Orsat system were of the order of + 0.1 ce, this makes
the error in calculating the ratio 2 per cent or less.

In Figure 28, the carbon to nitrogen ratio for the wake gas is plotted
against the ratio for the unburned gas for a typical group of samples and,

in Figure 29, the quotient of the ratios, i.e., the guantity:

A =[(%)freegﬁxeam1/ (ﬁ)wakel is given as a function of the Reynolds

Number for data obtained for three sampling flame holders with 0.125,
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0.049, and 0.031 inch diameters. At most points, data taken at more than
one value of the approach gas fuel-air ratio are given. With no further
analysis, these data when compared with the values of ¢m obtained for a
similar Reynolds Number (Cf. Figure 29) show that the range of Reynolds
Number in which diffusion: is of importance in fixing the chemicai compo=
sition of the wake gases is the same as that in which the values of'¢m
become significantly different from the stoichiometric values. Further-
more, although Z/\ depends strongly on the approach gas mixture ratio, the
dependence of A\ and ¢m on the Reynolds Numbers are quantitatively similar.
It is also of inﬂerest to note that the dependence of AN onlthe Reynolds
Number is not greatly influenced by the flame holder size.

If the assumption is made that the chemical composition of the gas
entering the recirculation zone is the same as that of the.gases in the
burning zone separating the recirculation zone from the unburned gases,
then it is possible to make a more direct comparison of the résults of the
chemical sampling experiments with the results of the blowoff studies.
Given the chemical composition of the fuel and the experimentaily determin-
ed values of the. (C/N) ratio, it is possible to calculate the fuel-air
ratio of the gases entering the recirculation zone. Then from plots of
this.wake gas fuel-air ratié as a function of the corresponding approach
gas fuel-air ratio, a determination can be made of the approach gas fuel-
"air ratio furnishing a stoichiometric wake mixture. (Call this value of
the approach gas fuel-air ratio @.) However, it was noted previously that
the maximum blowoff velocity would be expected when the fuel-air ratio of
the burning zone was near the stoichiometric value; hence, the values of

¢m and ¢c determined for the same Reynolds Number should be equal. That
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this is true for the léﬁ Reynolds Number regime is indicated by a com-
parison of the values of ¢m and ¢c given in Figure 30. The qualitative
agreement shown for the chemical data and the curve obtained from the
blowoff data is excellent, and the quantitative agreement is quite good
for Reynolds Numbers below L x 107, | »

For Reynolds Numbers above L x 103, the values of ¢c determined for
the 0.049 inch holder drop rapidly to the stoichiometric vaiue.. This
change occurs at the same value of the gas speed at which the flame front
firsﬁ takes on a residual character. For the highest Reynolds Number at
which samples were obtained for the 0.049 inch hoidef, the figme front
was a steady residual flame and #. was very nearly unity. In spite»bf
these facts, the maximum blowoff velocity was found to occur at 1.30 of
the stoichiométric fuel-air ratio. This behavior suggests that the criti-
cal region for the flame stabilization process is not the entire recircu-
lation region, but just the burning zone separating the reciréulation
region from the unburned gas. That this result is not restricted to
residual flames is shown by the behavior of the values of.¢c obtained‘for
the 1/8 inch flaﬁe‘holder. Examination of schlieren photographs (Cf.
Figﬁre 12) shows that as the turbulence in the flame front»becoﬁes more
prbndﬁnéed with increasing Reynolds Numbers, ¢c decreases quickly to unity.
However, the transition Reynolds Number defined by the chemiéal data is
‘considerably lower than that defined by either the blowéff data or the
schlieren pictures. This result is éasily understood if the important
region to the flame stabilization mechanism is the burning region and not
the entire recirculation zone. As long as some criticai length of the

burning zone is laminar, the ignition process will be strongly influenced



by differential diffusién effects, but because some of the gas entering
the recirculation zone must come from further downstream (a region less
effected by diffusion effects) the chemical composition of the récircu—
lation zone gases will be considerably closer to that of therfreg'stream
than will be the gases of' the burning zone itself. Hence, the transition
as defined by the chemical sampling data will occur at lower Reynolds
Numbers than it will for the blowoff data. These results indicéte that
the chemical cgmposition of the recirculation region, and hence any

. chemical reaction taking place in this region, is not of governing im-—
portance in the stabilization mechanism.

It should also be pointed out that diffusion of CO, and CO‘from the
recifculation\zone will tend to reduce the carbon content of this region
and therefore will cause an increase in the value of ¢c. While a correction
- for this effect might substantially reduce the value found for ¢c, no
qualitative change in the dependence of @, on the Reynolds Number is to be

expected,

Temperature Measurements. Another indication of the correctness of
the diffusion hypothesis is offered by measurements of the temperature of
the wake gases. The suggestion was made previously that ¢h and ¢c‘cor-
respond to the values of the approach stream mixture ratio which furnishes
‘a stoichiometric fuel-air ratio to the gas in the burning zone. If we
again assume that the materiai in the wake near the flame holder comes
exclusively from the burning zone, then because the adiabatic flame tempera-
ture is a maximum near the stoichiometric fuel-air ratio, the maximum

temperature of the wake gas should occur at approach stream mixture ratios
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roughly equal to @, or ¢c'

Temperature measurements were made to determine the temperature of
the wake gases as a function of fuel-air ratio with the approach gas speed
used as a parameter. DBecause the results were only to be used to,obtéin
the fuel-air ratio corres@onding to the maximum.temperature,rit w;s not
necessary to accurately determine the gas temperature so long as the errors
neglected were not functions of the fuel-air ratio. The errors‘due to us-—
ing unshielded thermocouples in low speed wake gas streams are connected
‘with the fact that due to heat loss from the junction by conduction and
radiation, the thermocouple téﬂperature will be c§nsiderably'below the gas
temperature, The heat losses from the thermocouple will increasermoﬁo—
toniéally with the junction temperature and so may be neglected. -However,
convecti&e heat transfer to the junction will depend strongly on the gas
speed in the wake; because visual observation indicated that the recircu-
lation pattern in the wake region and hence the gas speed was'a function
of the fuel-air ratio, it was necessary to take account of this effect.
This was done by locating the thermocouple inside the flame holder, and
by maintaining aAcbnstant flow of the wake gas over the thermocouple
junﬁtion. Apparatus similar to that used in the chemical sampling experi-
meﬁts was used to furnish this gas flow., Using this type of instrumentation -
it was possible to obtain reproducible data for a 0.0L49 and O.125 inch dia-
‘meter cylindric flame holders. However, the data obtained with the smaller
flame holder were not reliable due tovthe fact that the fuel-air ratio for
maximum temperature is very poorly defined,

Typical temperature versus fuel-air ratio plots for various gas speeds

are given in Figure 31 for temperatures measured in the wake of a‘l/8 inch
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uncooled flame holder by the technique defined above; gasoline was used

as fuel. The peaks of the temperature curves all lie to the rich side of
the stoichiometric mixture ratio even for the highest gas speeds, but the
shift from the stoichiometric ratio increases strongly for the lower |
Reynolds Numbers. The bebavior for the higher values of the Reynolds
Number is to be expected, since, due to disassociation effects, the maxi-
mum adiabatic flame temperature occurs for fuel-air ratios ﬁetween 1.05
and 1.10 of stoichiometric. Comparison of the dependence of the fuel-air
ratio corresponding to the maximum wake gas temperature with the dependence
of @, on the Reynolds Number for the data obtained with the 0,125 and the
0.049 inch flame holders is given in #igure 32. In comparing the data to
the curve, it»should be kept in mind that ¢t = 1,05 for the adiabatic

flame temperature. The two sets of data agree well in general shape and
also in the relative magnitudes of the deviation from the "normal" high
Reynolds Number values., 4s was found to be the case for the chemical data,
the transition Reynolds Number defined by the temperature data occurs at
slightly lower values of the Reynolds Number than that defined by the

values of @p.

‘Conclusions. The results of the four experiments reported here
demonstrate clearly that diffusion processes are of governing importance
~in the flame stabilization mechanism at low Reynolds Numbers. In particu-
lar, it has been shown that differences in the diffusion rates of oxygen
and fuel satisfactorily account for the shift of maximum blowoff velocity
from the stoichiometric value.

Comparison of the results obtained from the blowoff experiments with
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those obtained in the chemical sampling and temperature measurements
indicates that the important region to the flame stabilization process

is the burning zone and not the recirculation zone itself.
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V . HIGH REYNOLDS NUMBER FILAME STABILIZATION

The present interest in a theorétical attack on the problem of flame
stabilization by bluff bodies emphasizes a need for re-examination of
experimental information which can serve as a check on the gross behavior
of the results deduced from an assumed model, Of particular importance
is the dependence of stability limits upon flame holder size, aﬁd tempera-
ture and pressure of the approach stream. Although this situation has
recently been reviewed by J. P, Longwell in his survey paper for the Fourth
(International) Symposium on Combustion,(ls) sufficient advaﬁce in under-
standing the problem has been made during the interim to merit é\feﬁdnsider«
atioh. It is appropriate, therefore, to discuss such reliable‘experimental
results as pertéin to the problem and to observe 1) What Behavior or trends
can be substantiated with sufficient cerbtainty to guide analytical investi-
gations, and 2) What relation do these investigations of flame holding
bear to thé engineering problem of ramjets and afterburhers.

It is intended to examine the available experimental results, which
are applicable to ﬂhe blowoff problem, for the followingibehavipr:

‘>>(l) Variation of flame blowoff velocity with size of flame holder
at stoichiometric mixture ratio (approximately the maximum
blowoff velocity) for constant values of temperature énd pressure
of the approach stream.

(2) Variation of flame blowoffvvelocity with size of flame holder

at mixture ratios differing from stoichiometric for constant

values of temperature and pressure of the approach stfeam.
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(3) Variation of flame blowoff velocity with pressure and tempera-
ture of the approach stream for constant values of flame holder
- s8ize at stoichiometric mixture ratio.
The information examined in the review is that of A. C. Scurlock§2 )
J. P. Longwell, et a1'Y ).E. A, De zubay,(" ) ¢. H. Haddock,(5) and L. O.
Olsen.(6 ) Although this selection is by no means exhaustive, it contains
most of the available information obtained under conditions related to the
blowoff problem, and contains all data which have previocusly been citedﬂla)

as leading to divergent results or being actually inconsistent.

Blowoff Velocity vs Flame Holder Size, Stoichiometric Mixture Ratioc.

It will be convenient to re-examine the experimental results of Haddock(S )
and the low Reynolds Number results reported earlier in the present paper.
Examination of the blowoff curves reported by this author, Figure 6,
indicétes that the maximum blowoff velocity for a given flame‘holder dia-
meter increased with the square root of the holder diameter when the
Reynolds Number was sufficiently high. However, when fla@e holder dia-
meters were used which operated below some "eritical" Reynolds Number, the
dependence of the maximum blowoff speed on the diameter of the flame holder
was greatly weakened. In Section I it was shown that this change in the
flame stabilizing mechanism was associated with a change from a laminar to
turbulent flame front and further that this change definitely occurred for
the flame holder geometries used in the experiments to be discussed here.
With these facts in mind, it is interesting to compare the results
of experiments from the various Laboratories. Figure 33 gives the data

published by Olsen of the National Bureau of Standards'® ) and Haddock{ ®)
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and shows the two resulﬁs to be in essential agreement. These experiments
of Olsen were carried out with flame holder sizes having blowoff velocities
which occurred at values of the Reynolds Number exceeding the critical.
Consequently the transition is not in evidence. Other experimental data
are reported by the National Bureau of Standards group, but the blﬁwoff
speeds involved were sc¢ high that the critical Mach Number for the flame
holders was exceeded. The resulting blowoff curves were severeiy altered
by this fact and hence are not comparable with the resulis reported here.
Also data obtained by this group showing the transition regime have been
discussed previously in Section IDand is illustrated in Figure 7. It is
of pariticular interest to examine the rather extensive data of E. A.

De Zubay for circular disk flame holders since these data are often citedcls)
as indicating inconsistency of other results. This information is plotted
in Figure 33 for the four pressure levels used by De Zubay. It is clear
that the general shape of the curves defined by these data agrées well
with that of the other investigators cited. The transition from laminar
to turbulent flame front is distinctly shown by data taken at a pressure
of 0.47 atmosphefe and occurs in the same range of Reynolds Number as it
does for the data obtained using circular rods. Furthermore a study of
this plot resolves the previous confusion surrounding values of the slope
of the blowoff curve reported by different experimenters. A portion of
‘the previous apparent inconsistency arose from the fact that the transi-
tion region in De Zubay's data was impossible to recognize because there
were so few points in this range. Consequently the reasonable attempt to

correlate all data by a single straight line led to an excessive value of
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the slope; it is only when this information is viewed in conjuncticn with
further experiments covering the transition range that the true consistency
of the data appears. Therefore it may be stated that, without exception,
all available blowoff data at the stoichiometric mixture and Reynolds
Numbers above the transition regime indicate that the blowoff velocity
vary approximtiely as the square root of the characteristic dimension

of the flame holder. It may be inferred from the appearance of. D%, that
laminar processes play a significant role in some phase of the flame stabi-
‘lization process,

The disagreement in absolute values of the blowoff velocities observed
by various experimenters may be atiributed to the differences in.tempera-—
ture and pressure of the approach mixture, and the type of fuel employed.
Furthermore, the geometric configurations of both flame holder and com=-
bustion chamber will exert a strong influence upon the blowoff limits as
is indicated by the observations from References 2, 5 and 6 which are sume-

marized in Figure 3l.

Blowoff Velocity vs Flame Holder Size, below Stoichiometric Mixture

Ratios. Several investigators have suggested that the dépendence of blow-
off velocity upon flame holder size changes as the mixture rafio deviates
from the stoichiometric. This trend was due in part, to the fact that some
'of the experimental measurements( 3 )were carried out at such low values

of the Reynolds Number that the results lie, at best, in the transition

(18) after examination of the blowoff data of Haddock

region. Longwell,
at the stoichiometric and seven tenths of the stoichiometric fuel-air
ratio, also concluded that the exponent . in the correlation U~ o+

varied as the mixture ratio was changed. Although this conclusion was in
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part, based on data which were in error (the 3 inch flame blowoff data re-
ported in Reference 5 were slightly in error due to lezks in an ignition
system) a detailed examination of the value of d as a function of the
fuel-air ratio suggests that the exponent does increase as the fuel-air
ratio is reduced from the:stoichiometric value. This behavior indicated
by Haddock's data is clearly shown in Figures 35a and 35bin which the de~
pendence of blowoff velocity on flame holder diameter is given for various
constant values of the fuel-air ratio.
Figure 35 shows that as the fuel-air ratio departs from the stoichio-

metric value the data become more scattered, and that for lérge departure
.from stoichiometric the character of the curve seems to change completely.
A break appears in these curves for fuel-air ratios far from the stoichio-
metric value becéuse, for these mixture ratios, the blowoff veloéity is
greatly reduced and hence the flame holders operate in the laminar flow
regime, To a great extent the scatter appears to be due to the fact that
for fuel-air ratios far from the stoichiometric value a very_small change
in fuel-air ratio produces a large change in blowoff velocity and this
sensitivity makes the determination of slopes extremely difficult. In
view of these facts it seems unjustifiable, on the basis of Haddock's

data alone, to determine whether or not the observed increase of o , as
the fuel-air ratio is reduced from the stoichiometric value, is a real
‘effect. Moreover, examination of the data from Reference 6 , analyzed
similarly in Figure 36, indicates that for these experiments L was
constant.

Pigure 37gives a summary of the values of Ol as a function of the
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fuel=air ratio for all experimental results reported in References 1 , 2 ,
h s 5 and 6. As was found from Haddock's results, the data of De Zubéy
are badly scattered on the lean side and the value of Ol shows a tendency
to inerease. The few points taken from the results of Scurlock show little
scatter and indicate a constant value of the slope.
Except for the results of Longwell, the data of Figure37 indicate that

is approximately one-half and that the increase in OL is slight as the
fuel-air ratio is reduced below stoichiometric. The results obtained by
Longwell do not agree with those of the other éxperiments discussed in this
paper since the values of Ol determined by his data are gréater by nearly
a factor of two. Because this difference is well within the accuracy of
combuétion experiments, a physical basis for this discrepancy must be
sought. Results of some recent experiments indicate that the blowoff
phenomena may be strongly affected when the boundary layer on the flame
holder becomes turbulent upstream from separation., It is probable that
this turbulent boundary layer exists for Longwell's experimental conditions
in contrast with those of the other experiments discussed here. If this
boundary layer transition proves to be of the importance indicated, then
a third significant region of flame stabilization exists in addition to

the two described here.

Depehdence of Flame Blowoff Velocity with Pressure and Temperature.

In Reference )y De Zubay has investigated the dependence on pressure of
the flame blowoff velocities for Reynolds Numbers greater than the transi-

tion value. As is indicated by his published data, this relation, Figure

50.8 £0.6

38, varies from U~ at stoichiometric fuel-air ratios to U-+
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for lean fuel-air ratios. This exponent of P 1is slighily lower than
that reported by De Zubay because his determinations included all the data
rather than only that part having Reynolds Number above the transition
value. This dependence does not seem to be entirely consistent for dif-
ferent diameters of disk-shaped flame holder .

Haddock and Olsen investigated the dependence of blcwoff velocity on
inlet temperature of the combustible mixture, The data of Olseh were ob-
tained for a 1/h inch cylindric flame holder with inlet temperatures of
200, 300, 40O, and 500°F. Although the dependence on temperature was in-
fluenced slightly by changes in the fuel-air ratio, a good cdrrelation of
the complete blowoff curve was obtained by use of the relation U-Ale'h .
Similar curves obtained by Haddock gave U ﬂle'z and again the exponent
for best correlation of the data was found to depend slightly on the fuel-

air ratio.

Concluding Hemarks. The foregoing examination of the available experi-

mental information concerning the flame blowoff limits from bluff bodies
show predominantly the results that, near the stoichiometric mixture ratio,
the blowoff velociby varies approximately as the square root of the flame
holder is sufficiently high. In the range of engineering such behavior is
well substantiated for a variety of flame holder geometries. This feature
implies that a laminar, (i.e., a molecular), transfer process is of con-
'trolling importance at some stage of the fluid mechanics or chemistry of
the process., The sole exception to a behavior of Ua»-D% is the result
obtained by J. P. Longwell. It can not be clearly ascertained whether

this difference is attributable to the gross difference in the physical
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configuration of the fléme holder or to the approach conditions employed
in his experiment.

It should be observed further that there is a very real gquestion
regarding what‘may be inferred from the data concerning the direqt in~
fluence of flame holder dimension upon the blowoff limits in actual turbo-
Jjet afterburners and ramjet engines. This doubt arises, in part, from the
strong influence of duct length and size on the observed blowoff limits
and the probable infleunce on these limits of non—uniformaties of flow and
fuel distribution. From both experimental and analytical viewpoints caution
should be exercised to insure that future refinement in studies of “isolated"
flame holders contribute significantly to solutions of the enginéering

problem.
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VI. CONCLUDING REMARKS

The experiments which have been described demonstrate that the
available results concerning flame stabilization on bluff bodies may be
differentiated into low and high Reynolds Number regimes. The physical
difference between the two lies in the fact that the thin burning region
separating the zone of recirculation from the combustible main Stream is
laminar at low values of Reynolds Number and turbulent at high values.
The laminar flow at low Reynolds Numbers allows the different diffusion
rates of fhel and oxygen to displace the mixture fatio at maiimum blowoff
velocity from the stoichiometric value. The fact that for normal stabi-
lized flames the maximum blowoff velocity occurs when the recirculation
zone operates at nearly a stoichiometric mixture ratio, irrespective of
the corresponding free stream mixture, was conclusively demonstrated by
chemical analysis of the wake material. The behavior of stabilized flames
at Reynolds Numbers above transition has definitely been clarified by
recognizing the existence of transition. In particular, the dependence
of blowoff velocity on flame holder size is now a matter of agreement for
all‘applicable experimental information.

These results permit a greatly clarified picture of structure of the
recirculation zone. The importance of diffusion at 1ow_Reynolds Nunbers
‘confirms the belief that the reaction takes place largely in the thin
mixing zone separating the recirculating wake gases from the main stream.
These products of combustion then constitute the material of the recircu-
lation zone. Although this fact is shown definitely only for low

Reynolds Number, it is certainly the case also for high Reynolds Number
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since the residence timg in the mixing zone is changed by a factor of

not exceeding ten. The only element now that obstructs a complete picture
of the stabilization zone is lack of factual evidence on the length of
this region and factors which lead to its determination. This question

is now under investigation at the Jet Propulsion Laboratory by thé present
author,

There are strong indications, and some experimental evidenée, that a
third regime of flame stabilization exists at Reynolds Numbers higher than
those investigated with circular cylinders. The transition observed takes
place in the free vortex-layer and the transition moves to the point of
boundary layer separation and remains relatively fixed for a considerable
range of Reynolds Number. However if the Reynolds Number is increased
sufficiently the boundary layer of the flame holder itself will become
turbulent before separation and strong modifications of the flame stabi-
lization characteriétics are to be expected., This is particuiarly the
case for flame holders with long forebodies on which the boundary layer
may develop. In this regime it seems possible that strict turbulent con-
sideration will ébtain, that is, that only one characteristic length exists,
the\flame holder dimension, and therefore the blowoff velocity will be
directly proportional to this length. The validity of this conjecture is

alsec under investigation,
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FIGURE 3. SIDE AND THREE-QUARTER VIEWS OF COMBUSTION
CHAMBER
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FIGURE li. SOME EXAMPLES OF WATER COOLED FLAME HOLDERS
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FIGURE 8, SCHEMATIC DIAGRAM ILLUSTRATING THE TWO CAMERA VIEWS
OF A FLAME STABILIZED ON A CYLINDRIC HOLDER




65

Figure q. Examples of Schlieren Pictures of Flame Fronts
Stabilized on Circular Cylinders



Reynolds Number =

0.72 x 103

1.27 x 103

1.90 x 103

Figure I0.  Schlieren Photographs of Flame Front Stabilized on a
1/32-Inch Diameter, Cylindric Flame Holder.
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FIGURE 1l. Variation of Flame Front Gecmetry with Changing Fuel-Air
Ratio for a Flame Stabilized on a 0,031 Inch Diameter
Cylindric Flame Holder at a Reynolds Number of 820,
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Reynolds Number = 0.77 x 10

Figure \€a. Development of lurbulence in the Flame Front Stabilized
on a 1/8-Inch Diameter, Cylindric Flame Holder
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Reynolds Number = 1,70 x 10

Figure i12b Development of Turbulence in the Flame Front (Continued)
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Reynolds number = 2,9 x th

Schlieren Photographs of Flame Front Stabilized on

1/2-Inch Diameter, Cylindric Flame Holder.

Figure |13.
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‘Fuel-Air Ratio,
Fraction of
Stoichicmetric
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Figure [4. Dependence of the Flame Front Geometry on the Fuel-Air
Ratio for a Gasoline Flame Stabilized on a 1/8-Inch
Diameter, Cylindric Flame Holder.
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Reynolds Number = 3,2 x 10h

Figure 16. Schlieren Photographs of Hydrogen Flame Front Stabilized
on a 1/2-Inch Diameter, Cylindric Flame Holder
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Reynolds Number = 6.7 x lOu

Figure 18. Schlieren Photographs of Flame Front Stabilized on
1/2-Inch Diameter Sphere
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FIGURE (9. The Development of Turbulence with Increasing Reynolds
Number in the Flame Front Held Behind a 1/2 Inch
Uncooled Disk,
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FIGURE 26

 FUEL-AIR RATIO, FRACTION OF STOICHIOMETRIC

- BLOWOFF CURVES FOR HYDROGEN FUEL
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JRED TEMPERATURE OF THE WAKE GAS, °F
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BLOWOFF VELOCITY (ft/sec)
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FOR VARIOUS FUEL-AIR RATIOS
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FIGURE 353. CROSSPLOT OF BLOWOFF VELOCITY VS FLA&E HOLDER DIAMETER



BLOWOFF VELOCITY ( f£t/sec )

93

1000
|0 o =0.54 ¢ =1.00
a = 0, = 0,
aoo | O & =054 #=0.95
vV oa =062 @=0.,90 ‘
| 0 a=0.8 ¢=0.8 4
| A a=0,7 {=0.8 /8;L
600 //
v o =0,8 §=0,75 /04 /o/

N

DATA FROM REFERENCE 5

100
0,10 0420 0,30 0.40 0,50
DIAMETER ( in. )
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b FOR VARIOUS FUEL~AIR RATIOS
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