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ABSTRACT

The results of an experimental investigation of 
the effects of combustion on the wake of a bluff body 
are presented.

Various sizes of cylindrical flameholders were 
constructed and tested. Particle track photographs were 
taken of the wake of these flameholders with variations 
in mixture velocity and air-fuel ratio.

The results of the investigation indicate that 
the wake tends toward alternate shedding as the air-fuel 
ratio or mixture speed is increased, while diameter of 
flameholder has little significance in this respect.
In the light of the experimental findings, a wake model 
is presented.
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CHAPTER 1

INTRODUCTION

1.1 Introductory Remarks
One of the major problems in the development of 

large rocket motors is "combustion instability." This 
term is applied to the undesirable fluctuations in combus
tion chamber pressure which occur for unknown reasons. 
Basic to the solution of this problem is a more complete 
understanding of the mechanism of combustion and its 
effects on fluid flow.

Analyzing the effects of combustion on fluid flow 
using a mathematical approach has proved exceedingly 
difficult, even when the presence of a flameholder is 
neglected. For this reason, it is hoped that an experi
mental investigation will yield fruitful results. This 
investigation is primarily directed toward determining the 
effects of combustion on the wake of a bluff body.

1.2 Statement of the Problem
The behavior of fluid flow in the wake of a bluff 

body has been the subject of intensive study by analytical 
and experimental means even before the publishing of

1



Von Karman1s classical theory in 1911. Yet even today the 
mechanism of the formation of the vortices in isothermal 
flow is not completely understood.

With the advent of jet engines came the need for a 
more complete understanding of the effects of combustion 
on fluid flow. One problem of particular interest is the 
stabilization of a flame front by means of a flameholder.
A review of the literature reveals that most of the work 
with flameholders has been toward this end. Particular 
emphasis has been given to determination of "blow off," 
using mixture velocities in the 200 feet per second range.

In addition to the paucity of experimental data, 
there appear to be contradictory statements as to the 
very basic question of vortex shedding in the presence 
of combustion. Scurlock (1)* advances several arguments 
for the case of steady standing vortices, while, in con
trast, Nicholson and Field (2) obtained indirect evidence 
of alternate shedding using sodium particles. Even 
recent publications, Williams (3), refer to the recircu
lation zone as steady and well-defined, unlike the alter
nate vortices shed from bluff bodies in cold flow.

* Numbers in parentheses refer to REFERENCES.
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It was felt that, with the use of particle track 

photography, an investigation of the wake would reveal 
the nature of flow behind bluff bodies in the presence of 
combustion. By using this approach, a more complete under
standing of all types of flow will be made possible.



CHAPTER 2

EXPERIMENTAL APPARATUS

2.1 The University of Arizona Combustion Tunnel
The equipment used in this investigation consisted 

primarily of the combustion tunnel and particle track sys
tem. Included in the latter are both photographic and 
lighting equipment.

The combustion tunnel (Figure 2.1) has an 18 
inch by 18 inch test section with heat resistant obser
vation windows on three sides. The air and propane ratio 
is controlled from the main panel, mixed, and emitted in 
a flat velocity profile from the primary nozzle in the 
test section. Secondary air flow is drawn from the room, 
and up around the primary flow at a matching speed by a 
variable speed fan on the roof of the laboratory. The 
low turbulence flat profile of the primary flow is 
attained by a series of screens prior to the 26 to 1 
area ratio converging nozzle.

2.2 Particle Track System
This system (Figure 2.2) is used to indicate the

flow pattern in the wake of the bluff body, which in this



Figure 2.1 The Combustion Tunnel
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case is a cylindrical flameholder. Particles of magnesium 
oxide are injected into the primary flow in the large 
mixing chamber upstream from the converging nozzle. By 
the time the flow has reached the nozzle exit in the 
test section, the particles are well distributed in the 
flow. An alternate method was tested, in which the par
ticles were injected directly into the wake through 
holes in the flameholder. The tendency to disturb the 
wake when this method was used made it unacceptable in 
this investigation.

The usefulness of the particle track technique 
depends to a great extent on the quality of the photo
graphs obtained of the particles. This quality is 
directly related to the light source intensity. The 
light source used in this investigation was a General 
Electric BH-6 mercury arc lamp. Initial efforts by 
Kaser (4) revealed that when the lamp was used in the 
normal operating mode, A.C. power under continuous oper
ation, the quality of photographs was so poor as to be 
of little value. A suggestion by Dr. R. E. Petersen 
led to operation of the lamp using D.C. power from two 
(42 microfarad) capacitors charged to 4500 volts, and 
connected in parallel. This system provides a flash of 
15 millisecond duration, with ah intensity 8 to 10 
times greater than the lamp produces when operated con
tinuously on A.C.
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The bulb is mounted in a fixture that uses a para

bolic mirror to gather and direct the maximum amount of 
light into the lens system. When the light is passed 
through the slot in the chopper wheel (Figure 2,3), it is 
converted into a rectangular beam 1^16 inch thick and 2 
inches long. This plane of light is directed through the 
center portion of the flame, In this manner, irregulari
ties at the ends of the flame will not appear, and only 
a “two-dimensional slice69 of the flame is studied. The 
chopper wheel interrupted the light at the rate of two 
thousand chops per second in this study, although the 
rate can be varied from 500 to 10,000, By knowing the 
scale of the photograph and the chopping rate, the speed 
of the particles can be measured directly from the photo
graph.

When the MgO particles enter the flame front, 
trace amounts of sodium impurities cause a bright yellow 
light emission which tends to obscure the particles, A 
didymium filter which blocks all light in the range of 
the Sodium wDm band, but which has good transmission 
characteristics in the range of emission of the mercury 
arc lamp, proved of value in increasing the quality of 
the photographs.

A check was made on the distribution of the size 
of the MgO particles. Results agree with the distribution
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Figure 2.3 Chopper Wheel and Light Source
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given by Petersen (5)? most of the particles are in the 5 
to 10 micron range, with approximately one out of one 
hundred particles of 30 micron size or larger.

2.3 Photographic System
The camera used for the particle track photographs 

was a 35 mm Nikon equipped with a 135 mm f2 telephoto 
lens. Kodak Tri X film with exposure setting of f/2 at 
1/60 second proved optimum with the 15 millisecond flash. 
Agfa "Rodinal" ultrafine developer was compared with 
'*Acufine,** with a gain in apparent film speed using the 
latter. The “Acufine" developer gives Tri X film a 
nominal ASA film speed of 1200. There appears to be 
little more to be gained by changing the photographic, 
equipment or processing technique. Any further improve
ment in picture quality will depend almost entirely on 
improving the light source.

The small size of the particles, coupled with 
the short exposure time, tends toward a condition or 
problem of photography called reciprocity failure. This 
is defined as the speed loss incurred by all photographic 
emulsions with exposures of extremely short or long dura
tion. Recommendations for solution of this problem are 
outlined in Chapter 5«
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2.4 Schlieren Optical System

The schlieren system makes density gradients vis
ible on a photographic plate. This system is useful in 
the investigation of flame fronts. In brief, the light 
source is an intense spark located in the focal plane of 
a parabolic mirror. The parallel rays of light leave the 
mirror and are passed through the test section to another 
parabolic mirror, which reflects them into a camera. By 
changing film holders, either 4 by 5 inch cut film or 
Poloroid Land film can be used.



CHAPTER 3

SCOPE OF THE INVESTIGATION

3o1 Splitter Plate Flameholder
It has been observed by Roshko (6) that the intro

duction of a splitter plate in the wake of a bluff body 
changes the conditions of flow. To quote from Roshko*s 
paper: "Periodic vortex formation is inhibited and the
base pressure* increases considerably." He also comments 
that: "It is possible that a kind of standing vortex is
formed on each side, but this point was not investigated 
further."

Since the purpose of this investigation is to 
study the effects of combustion on the wake of bluff 
bodies, a flameholder (Figure 3.1) was constructed to hold 
a splitter plate. A 1-inch steel rod was slotted .40 
inches in depth to accommodate a plate l/8 inch thick and 
4 inches long. This allowed the use of ordinary double

* Base pressure is defined as Pg = ̂  ^s  ̂4- P^
2where Pg = base pressure

Pea = free stream pressure 
P - density
Ugg = free stream velocity
Us = velocity on free streamline at separation

12
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strength window glass to be used as the splitter plate.
The glass plate allowed particle track photographs of 
conditions on both sides of the plate. By keeping the 
burning time to a minimum, breakage of the glass plate 
was not a problem.

3.2 Test Program
The purpose of this investigation was to determine 

the effect of combustion on the wake of bluff bodies.
This has been accomplished by particle track photographs 
of the flow in the wake of flameholders under a variety 
of conditions.

In all cases, the bluff body was a cylindrical 
rod. Variations in the diameter of the flameholder 
ranged from 1/4 inch to 1 inch. The 1/4 inch rod proved 
of limited value, as the area of the wake was too small 
for accurate particle track photographs with present equip
ment. An upper limit of 1 inch was chosen to give a good 
range of diameters without running into possible wall 
effects from the tunnel. The air-fuel ratio by weight,
A/F, was varied from 16.5 to 22.5 in increments of 2.
The stoichiometric A/F for propane-air is 15.6. All 
data were on the lean side in an effort to prevent 
damage to the tunnel from excessive heating. The mix
ture speed was varied from 5 to 25 feet per second in



5 foot per second increments. The lower limit speed with 
rich A/p ratios approached the condition of "flash back" 
into the primary nozzle. At the other extreme, high mix
ture speed coupled with a lean A/p ratio presented the 
problem of "blow off" from the flameholder. The large 
number of possible combinations of the above parameters, 
coupled with a limited flash life of the BH-6 mercury 
arc bulb, also restricted the scope of investigation.



CHAPTER 4

DISCUSSION OF RESULTS

4.1 Particle Track Data Reduction
The results of the reduction of a large quantity 

of particle track data are incorporated in Figures 4.1, 
4.2, and 4-3. Before discussing the data, it seems 
reasonable to explain in detail the method of data reduc
tion. After the film had been processed as described in 
Paragraph 2.3, the image was projected at a magnification 
of approximately 2OX onto white paper by means of a 500 
watt projector and a special lens system. Exact magni
fication was determined by use of a scale factor. Each 
series of photographs was initiated by taking a picture 
of a ruler. By matching the magnified image of 1 inch 
on the ruler to 5.54 inches on the paper, the following 
relationship holds: 4 tracks of a particle (3 spaces)
exactly one inch apart on the paper corresponds to an 
average speed of 10 feet per second. Computation of this 
magnification ratio follows:

16
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4 tracks = 3 spaces at 2000 chops/sec = 2000 seconds

(magnification ratio) X ^second^ ^ 12 inches Y 3 seconds) 
1 foot A 2000

= 1 inch on the paper
magnification ratio = — = 5.54

e 18
This relationship allows direct reading of the speed of 
particle tracks. Care must be exercised in selecting par
ticle tracks for analysis, as occasionally a very large 
particle is photographed as illustrated in Figures 4.4(d) 
and 4.5(a). Such particles do not follow the flow and 
will not yield valid quantitative data.

image included the particle tracks, flame front outline, 
outline of flameholder, location of the center of any 
vortices, the downstream stagnation point, and related 
information as to rod diameter, mixture speed, and A/F 
ratio. The distance of the center of vortices downstream 
of the flameholder (measured in diameters) was selected 
as a means of comparing the effects of variations of A/F 
ratio, mixture speed, and rod diameter. Ease in locating 
this point and responsiveness of this to changes in the 
above parameters prompted the selection of this as a 
criterion. A detailed discussion of this appears in the 
next section.

Data transferred to the paper from projected
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ifi
(a) 3/8 - 5 - 18.5 (b) 3/8 - 10 - 18.5

(c) 3/8 - 15 - 18.5 (d) 3/8 - 20 - 18.5
Figure 4.4 Effect of Variation of Mixture Speed
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(a ) 1 - 25 “ 
(no flame) (b) 1 - 25 - 

(no flame)

( 0 ) 1/4 -  23.7 -  20.5

Figure 4.5 Flow at High Speed

(d) 1 - 25 - (no flame)
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4.2 Effect of Variation of Mixture Speed

The effect of increasing the mixture speed is shown 
graphically in Figure 4.1 as well as pictorially in Figure 
4-4 where only the mixture speed is varied. In Figure 4.1 
the top row of numbers below the horizontal axis (5, 10, 
and 15) represent the mixture speed in feet per second.
The second row indicates the air-propane mass flow ratio 
and the third row indicates the flameholder diameter in 
inches. The number in parenthesis on the top of each 
block indicates the number of data points analyzed. In 
all cases but one the data are represented in the form of 
blocks indicating the range of the scatter. Note that 
only one point was obtained at a mixture speed of 5 feet/ 
second, A/f 18.5, flameholder diameter 3 /8 inches. In 
Figures 4.4 through 4.17 the figures under each photo
graph indicate the diameter of rod in inches, the mixture 
speed in ft/sec and the A/F ratio by weight, in that 
order. It is clear that the vortices are moved farther 
downstream as the speed of mixture is increased. Further 
evidence at other rod diameters and A/F ratios is pre
sented by a comparison of Figures 4.6(b), 4.7, 4.8(a) 
and 4.8(c). In Figure 4.8(c) the center of the vortices 
is outside the view of the camera when the flameholder 
is in the picture. The view in Figure 4.8(a) is indexed 
by a mark on the upper right-hand side of the picture



(a) 5Z8 - 5 - I8.5 (b) 5/8 - 5 - 20.5

(0) 3/8 - 4.8 - 18.5 (d) 3/8 - 4.78 - 20.5
Figure 4.6 Diameter and Air/Fuel Effects at Low Mixture Speed
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F7 7 *  /

(c) 5/8 - 10 - 20.5 (d) 5/8 - 10 - 20.5
Figure 4.7 Start of Alternate Shedding
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I i
(a) 5/8 - 15 - 20.5 (b) 5/8 - 15 - 22.5

(c) 5/8 - 15 - 20.5 (d) 5/8 - 15 - 22.5
Figure 4-8 A/F Ratio Effect Approaching "Blow Off"
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which is 3 inches above the flameholder. This mark corre
sponds to 5.3 diameters from the center of the rod. Photo
graphs of isothermal flow (i.e., no flame present) at the 
maximum speed achieved in this investigation, 25 feet per 
second, are illustrated in Figure 4.5(a) and (b). Note 
that in isothermal flow the wake is turbulent as would be 
expected, as the Reynolds number is approximately 12,000.
In Figure 4.5(d) is shown the effect on the wake of a 
splitter plate. Roshko®s (6) studies using a splitter 
plate were at a Reynolds number of 14,500. He indicated 
the possibility of standing vortices in the wake from 
pressure measurements with a probe along the centerline, 
but certainly there is no indication from the present 
photographs that such vortices exist. Figure 4.9 illu
strates the effect of combustion on the wake of a splitter 
plate flameholder. Note in Figure 4.9(c) and (d) that 
when the flame is attached on only one side of the split
ter plate there exists a sharp contrast in the appearance 
of the wake.,

It is also demonstrated that further increasing 
the speed of mixture flow moves the vortices downstream 
away from a stable attached pair configuration toward an 
unstable situation in which alternate shedding occurs.
An example of this is shown clearly in Figure 4.5(c).



(a) No flame 
1 - 10 -CTO

(b) No flame
1 - 10 - oO

(c) Flame on left side (d) Flame on right side
1 - 1 0 - 2 0 . 5  1 - 1 0 - 2 0 . 5

Figure 4*9 Flow in Wake of Splitter Plate Flameholder
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4«3 Effect of Variation of the A/F Ratio

An overall indication of the effect of changing 
the A/F ratio is clearly evident from Figure 4.2. Note 
that for all rod diameters and mixture speeds, when the 
A/P is changed toward a leaner mixture the vortices move 
downstream toward the unstable shedding situation. This 
same effect was noted for an increase in mixture speed 
in Figure 4.2,

Photographic representation of this effect is 
noted by comparing (a) with (b) and (c) with (d) on Fig
ures 4.6, 4.8, 4.10, and 4.11. The index marks on those 
photographs which do not include the flameholder represent 
a distance of 3 inches above the top of the flameholder.

The sensitivity of the wake to changes in A/F 
ratio appears to be rather critical under certain condi
tions, as noted on Figure 4.2 for 5^8 inch rod at 10 feet 
per second. A change from A/p 18.5 to 20.5 indicates 
almost no response, whereas, the opposite is noted on 
comparing 20.5 with 22.5 for the same velocity and rod 
diameter. Figures 4.7 and 4.12 indicate that a change 
from attached steady pairs to alternate shedding occurs 
in this range. The same situation is noted for the 
1-inch rod at 5 feet per second.



(c) 3/8 - 10 - 20.5 (d) 3/8 - 10 - 22.5
Figure 4.10 A/F Ratio Effect at Medium Mixture Speed
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(c) 3/8 - 15 - 20.5 (d) 3/8 - 15 - 22.5
Figure 4.11 A/F Ratio Effect at Higher Mixture Speed
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(c) 5/8 - 10 - 22.5 (d) 5/8 - 10 - 22.5
Figure 4.12 Effect of Lean A/F Ratio



4*4 Effect of Variation of Rod Diameter
Careful study of Figure 4-3 indicates little, if 

any, response of the wake to changes in rod size.. The 
importance of this to further study of this problem is 
clear, in that one less parameter need be varied, so long 
as the data are compared on an L/D basis. Photographic 
evidence of the above is noted in comparing (a) with (c) 
and (b) with (d) on Figure 4*6.

4.5 Conditions for Alternate Shedding
Assuming that the strong asymmetric positioning 

of vortices indicates a situation of alternate shedding, 
then from Figures 4*7, 4*12, and 4.13 it is noted that 
this condition occurs at $/8 - 5 - 21.9, 5^8 - 10 - 22.5, 
and 3/8 - 10 - 20.5 where the numbers indicate rod 
diameter, mixture speed, and A/F ratio in that order. 
Noting the above parameters on Figure 4.2, it appears 
that the transition from the stable to the shedding con
dition takes place when the center of the vortex is 
driven downstream more than approximately two diameters. 
As mentioned earlier, this can be accomplished either by 
increasing mixture speed or by leaning the A/F ratio.

4.6 Velocity Profile
The work done on flame stabilization by Scurlock 

(1) included the calculation of a velocity profile for
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(a) 5/8 - 5 - 21.9

(c) 5/8 - 5 - 21.9
Figure 4.13 Variations with 

Mixture Speed

(b) 5/8 - 5 - 2.19

(d) 5/8 - 5 - 21.9
Constant Parameters at Low
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flame propagation in a duct of constant cross-section.
The profile took on the shape of a t8Vee88 pointed down
stream, indicating maximum velocity in the center of the 
duct, with a sharp falling off of velocity on both sides 
until the edge of the flame is reached, outside of which 
there is no velocity gradient.

In order to verify that such a profile exists, 
the particle track photograph in Figure 4.14 was used to 
determine the velocity profiles shown in Figures 4.15 
and 4.16, The first step in plotting the profile was to 
magnify the image to the proper scale, as noted in Para
graph 4.1. A line drawn through the center of the flame- 
holder downstream to the stagnation point was selected 
as the centerline. Lines 1 and 2 were drawn normal to 
the centerline at distances of 3 and 5i diameter respec
tively downstream of the stagnation point. Particle 
tracks crossing these lines were measured to determine 
both speed and direction. These data were converted to 
velocity components normal to lines 1 and 2. Results of 
plotted data in Figures 4.15 and 4.16 clearly verify the 
computed profiles by Scurlock (1). The profile is 
skewed to the left, as the centerline chosen did not 
bilaterally divide the flow.
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Line 2

Figure 4.14 (1/4” rod - 5 ft /sec - 22.5 A/F)
Photograph Used for Velocity Profile
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4.7 Variations with Constant Parameters

Figures 4-13 and 4*17 illustrate the variations
that exist even when all parameters are kept constant. In
the first figure ($/8 - 5 - 21,9)# there is no doubt that 
unsteady conditions exist, and that there is alternate 
shedding of vortices, This is not the case in Figure 
4,17 (5/8 - 10 - 18,5), Here the variations are in the
form of "pumping” of the vortex pair. Medium speed movie
pictures indicate a frequency of approximately 8 cps.

In addition to variations caused by the flame 
itself, some difficulty was experienced in maintaining 
constant A/F ratio at 5 feet per second. Additional 
smaller flowmeters are needed to allow full scale read
ings in order to eliminate this uncertainty.

Also worthy of comment is the effect of intro
ducing the MgO particles into the flame front. This is 
significant in that the particles appear to roughen the 
flame more strongly, when alternate shedding is taking 
place. With improved lighting, the number of particles 
can be reduced with a subsequent reduction in disturbance.

4.8 A Wake Model
A model of the mechanism operating in the wake of

the flameholder during combustion was suggested by the data
observed in this investigation. Noting that the variation
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(c) 5/8 - 10 - 18.5 (d) 5/8 - 10 - 18.5
Figure 4 17 Pumping of Vortex Pair
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in rod diameter had little effect on the length of the 
recirculation zone (zone of influence of the vortex), 
suggested that other than purely fluid dynamic conditions 
control this phenomenon. Indeed, if a model is construc
ted in which the significant parameter is the length of 
time of preparation of air/fuel mixture for reaction, 
then the observed effects appear logical.

Consider the following model/ Flow is laminar 
along the outer boundary of the recirculation zone from 
the point of attachment on the flameholder to the end of 
the recirculation zone. Transfer across this bounding 
streamline is restricted to flame propagating radicals 
and heat. Note that in the photographs in Figure 4.4 
no dust particles appear to cross into the recirculation 
zone in this interval.

Since the preparation time under constant temper
ature and pressure is a function only of the composition, 
then the effect of increasing the mixture speed will be 
to lengthen the recirculation zone. This agrees with 
observed variation of mixture speed in Figure 4«1«

It is also known that the preparation time is 
reduced as the A/F ratio approaches stoichiometric from 
the lean side. In the model this would reduce the 
recirculation zone. Again this agrees with, observed 
variation in A/F ratio in Figure 4.2.
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Variations in rod diameter in this model would not 

directly influence the preparation time, unless the size 
is increased to the point where the heat transfer might be 
significant. This is also borne out by the experimental 
evidence by Scurlock (1) using water-cooled rods.

Projecting this model toward "blow off" by either 
increasing the mixture speed or by increasing the A/F 
ratio would increase the length of the recirculation zone 
to the point where alternate shedding occurs. At this 
condition the transfer of flame propagating radicals and 
heat to the unburned air-fuel mixture would be drasti
cally reduced.

If the transfer of heat and radicals to the mix
ture is insufficient to achieve self-sustaining combustion 
by the time flow reaches the end of the recirculation 
zone, then the condition of "blow off" occurs and the 
flame is no longer stabilized on the flameholder.



CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions
Particle track photographs clearly indicate the 

occurrence of alternate shedding of vortices at lean air- 
fuel ratios and/or high mixture speeds. There is also 
direct evidence that for richer mixtures and/or slow mix
ture speeds, there is an attached pair of vortices. There 
is no evidence of a standing vortex in isothermal flow 
when flow is divided by a splitter plate at Reynolds 
number 12,000.

More data are necessary before any phenomenologi
cal theory can be proposed and supported.

5.2 Recommendations
In order to correct some of the problems associa

ted with the collection of particle track data, consider
ation should be given to the following suggestions t

1. The light source intensity must be increased 
at least ten fold to obtain usable photographs with a 
smaller number of particles at the richer A/F ratios.
This will aid in overcoming reciprocity failure.
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2. A non-reflecting surface on the flameholder 

would allow improved tracking of particles closer to the 
boundary layer.

3. The area illuminated should be increased so 
that the flow field of the wake can be described in depth.

4. Particle track movies would aid in the study 
of unsteady flow.
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