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Structure of Supersonic Flames Imaged Using OH/Acetone
Planar Laser-Induced Fluorescence

Rodney A. Bryant¤ and James F. Driscoll†

University of Michigan, Ann Arbor, Michigan 48109-2118

The general structure of a supersonic � ame was identi� ed by obtaining images of the laser-induced � uorescence
from hydroxyl (OH) radicals and from acetone, which was used to mark the hydrogen fuel in the low-temperature
region upstream of the lifted � ame base. Results are compared to the numerical simulations of Roy and Edwards
(Roy, C. J., and Edwards, J. R., “Numerical Simulation of a Three-Dimensional Flame/Shock Wave Interaction,”
AIAA Journal, Vol. 38, No. 5, 2000, pp. 745–754). The � ame properties are signi� cantly affected by the liftoff of the
� ame base and by the intense fuel/air mixing in the liftoff region, both of which are driven by the supersonic co� ow.
The lifted supersonic � ame has the following two features that are associated with premixed � ames: 1) there is
signi� cant mixing of air into the fuel stream upstream of the � ame base (as evidenced by the rapid decrease in the
fuel marker intensity in the low temperature liftoff region); 2) OH radicals (but not fuel) exist on the centerline
everywhere downstream of the � ame base. This condition is signi� cantly different from the conditions within
attached jet � ames, which typically contain fuel near the centerline from the � ame base to the � ame tip. The results
indicate that precautions should be taken in the attempt to model lifted � ames, so that the premixed nature of the
� ame base is simulated correctly.

Nomenclature
d = inner diameter of fuel injector tube, 0.70 cm
I = � uorescence intensity
Mc = convective Mach number
n = gas number density
r = radial coordinate
S¤

f = sensitivity factor of acetone � uorescence
T = gas temperature
x = axial coordinate

Subscripts

AC = acetone fuel marker
H2 = hydrogen fuel
0 = condition at exit of fuel injector tube

Introduction

O NE motivation for studying the structureof supersonic � ames
is that it is not practical to test scramjet combustors over the

entire range of expected conditions. Therefore, it is necessary to
rely on computationalmodels, such as those developedby Roy and
Edwards,1 Ecklund et al.,2 Villasenor et al.,3 Baurle et al.,4 and
Zheng and Bray.5 Unfortunately, little is known about the reaction
zone structure within supersonic � ames, and so the models must
rely on assumptions that have not been experimentallyveri� ed. For
example, certain models assume that if the fuel and the air enter the
supersonic combustor in separate streams, a two-stream conserved
scalar approach can be used that does not allow for any premixing
of the fuel and air except in a region very close to the reaction zone.
Such models also do not allow the � ame to propagate at its own
propagation speed, as would a premixed � ame.

To assess such assumptions,it is useful to image the structureof a
supersonic� ame that has a simple geometry.The goal of the present
work was to determine the general shape (and location) of the fuel
zone and the OH radical zone in a supersonic � ame. The results are
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compared to some recent simulations of Roy and Edwards,1 who
computed the OH and fuel concentrations for the same geometry
and run conditions as the present experiment. Previously, several
other quantities have been measured in this combustor, including
� ame lengths,6 blowout limits,7 pressuredistributions,8 shock wave
structure,9 and combustion ef� ciencies.10

An important factor that affects the � ame structure is the degree
of liftoff of the � ame base because intense fuel/air mixing can occur
in the liftoff region. Supersonic � ames are normally lifted because
some type of bluff body (such as a rear-facingstep or strut) normally
is used to produce a low-speed wake in which the � ame stabilizes.
Some examples of lifted supersonic� ames were reported by Cheng
et al.,11 Barlow et al.,12 Ortwerth et al.,13 and Guerra et al.,14 and also
include the � ames studied in our laboratory.6 10 Liftoff also occurs
in supersonic � ames that are stabilized in a cross� ow, as reported
by Hasselbrink and Mungal,15 Segal et al.,16 and Sabelnikov et al.17

Some images of reaction zones in supersonic reacting shear layers
were reported by Miller et al.,18 Barlow et al.,12 and Abbitt et al.19

Experimental Arrangement
Figure 1 shows a schematic of the experiment and a direct photo-

graphof the supersonic� ame.The facilityis describedin moredetail
by Driscoll et al.6 and Yoon et al.7;8 Air is expanded to Mach 2.5
through a two-dimensional converging–diverging nozzle that was
designed using the method of characteristics. The combustor sec-
tion was designed to diverge to eliminate thermal choking because
thermal chokingoccurred in all cases when a constant area combus-
tor sectionwas used. Two of the combustorsidewallsare parallel for
opticalaccesswhereastheother two sidewallsdivergeat a half-angle
of 4 deg. The combustor width is 5.8 cm at the fuel injection plane;
the width is 11.1 cm at the exit of the combustor. The 55.3-cm-long
diverging section is followed by a 50.0-cm-long constant area sec-
tion that is 11.1 cm in width. All componentsare stainless steel, and
the three windows in the combustor are fused silica.The trapezoidal
front window has a height of 30.4 cm; its width is 6.6 cm at the bot-
tom and 10.9 cm at the top. The two side windows are 1 cm wide
and 30.4 cm high. The diffuserwall is water cooled.The uniformity
of the � ow in the supersonic test section was measured using pitot
and wall pressure probes, as reported by Yoon et al.8

The bluff-body fuel injector is stainless steel tube having an out-
side diameter of 2.54 cm; fuel � ows through a central tube that has
an inside diameter d of 0.70 cm. Hydrogen is injectedat a sonic ve-
locity of 1191 m/s. The Mach number of the air at the injector plane
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Table 1 Flow conditions for the three � ames studied

Subsonic
Supersonic Supersonic � ame C with

Parameter � ame A � ame B co� ow air

Fuel � ow rate, g/s 0.95 1.4 0.83
Air� ow rate, kg/s 1.09 1.09 0.2
Air velocity, m/s 564 564 92.7
Air Mach number 2.5 2.5 0.27
Fuel velocity, m/s 1,105 1,087 224
Fuel Mach number 1.0 1.0 0.18
Fuel Reynolds number 81,000 82,000 16,000
Air stagnation temperature, K 285 285 289
Air stagnation pressure, atm 6.44 6.44 1.2
Acetone mole fraction 0.0058 0.0072 0.0053

Fig. 1 Schematic diagram of
the University of Michigan su-
personic � ame facility, includ-
ing a direct photograph of the
� ame luminosity.

is 2.5 and is uniform to within 10%, as determined from pitot and
static pressure measurements.The Mach number decreases by 30%
along the length of the test section.8 The fuel tube has a length of
94d, so that the fuel velocity pro� le can be assumed to correspond
to that of fully developedturbulentpipe � ow. Fuel and air mass � ow
rates are monitored using calibrated choked ori� ces. Table 1 lists
the values of the fuel and air properties. The two supersonic � ames
that were imaged correspond to fuel � ow rates of 0.95 and 1.4 g/s,
respectively.

Trace amounts of acetone were added to the hydrogen to achieve
an acetonemole fraction of 0.0072.A fraction of the hydrogen� ow
was bubbled through liquid acetone. It was veri� ed that the ace-
tone mole fraction in this stream of hydrogen was approximately
the known saturation mole fraction because the acetone mole frac-
tion [as monitored by the planar laser-induced � uorescence (PLIF)
system] did not change with the residence time of the gas in the
acetone chamber. This stream of saturated gas was mixed with the
remainingpure hydrogento achievethedesiredmole fractionof ace-
tone. The use of acetone as a � ow tracer is described by Lozano et
al.,20 Thurber et al.,21;22 Thurber and Hanson,23 Grossmann et al.,24

Bryant et al.,25 and Glawe et al.26

The acetone� uorescencewas excitedusingthequadrupledoutput
of a Spectra-Physics GCR-250 Nd-YAG laser at a wavelength of
266 nm. Fluorescence was detected at wavelengths between 330
and 550 nm; the BK7 glass lenses effectively blocked the laser
light at 266 nm so that no optical � lters were needed. Images of
the OH concentration � eld were obtained by doubling the output
of a Lumonics HD-500 Nd:YAG-pumped dye laser to 282.75 nm
to excite the Q1.5/ line of the (1, 0) band of the A26 Ã X 25

transition of the OH molecule. OH � uorescence was collected in
the wavelength range from 295 to 480 nm using a combination of
two Schott glass � lters (SWG 295 and a SBG-1) and a UV Nikor
lens.A cooled,slow-scan,intensi� ed charge-coupleddevice(ICCD)
array camera (Princeton Instruments ICCD 576) was used to image
a � eld of view of 7:6 £ 5:1 cm; the laser light sheet thickness was
300 mm. Calibration measurements indicated that the � uorescence
was not in the saturated regime but was a linear function of the laser
intensity. The laser pulse duration was 10 ns, and the � uorescence
was collected during the 180-ns gated exposure time of the ICCD
camera. There was no interference between the acetone and OH
PLIF signals because they were measured during different runs.

A correction was made to remove spatial variations in the inten-
sity of the laser sheet; each image was normalized by an image of
acetone vapor that was uniformly distributed in space. Shot-to-shot
variations in the laser energy/pulse were measured to be 10%, and
each image was normalizedby the measured laser energy.The mea-
sured background light due to window � uorescence was measured
to be 4% of the signal and was subtracted.In addition, the shot noise
was reduced by applying a spatial � lter that assigns the median of a
3 £ 3 pixel region to the central pixel.

Results
PLIF Images of the Structure of a Lifted Supersonic Flame

Figure 2a is a composite of instantaneous images of the � uores-
cence from OH and the acetone fuel marker in the lifted supersonic
� ame for a fuel mass � ow rate of 0.95 g/s. For comparison, Fig. 2b
is a composite of images of a subsonic hydrogen/air � ame that was
operated with a fuel � ow rate (0.83 g/s) that is similar to that of the
supersonic � ame. The co� ow air velocity of the subsonic � ame is
92.7 m/s. To obtain Fig. 2a, the entire � ame could not be imaged at
one instant; instead, the � ame zone was divided up into � ve regions
and instantaneous PLIF images of each region were recorded at
random times. Test conditions are listed in Table 1.

Fig. 2 Instantaneous images of the OH � uorescence intensity in a) the
lifted supersonic � ame and b) an attached subsonic � ame, with co� ow
air velocity of 92.7m/s; fuel ishydrogen,d is the fuel injector i.d.= 0.7cm;
also shown is the � uorescence intensity of the acetone fuel marker in the
supersonic case.
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There are two major differences between the lifted � ame and the
attached � ame shown in Fig. 2.

1) In the lifted � ame (Fig. 2a) there is evidence of signi� cant
premixing of fuel and air before combustion. When such fuel/air
premixing occurs, the combustion can no longer be considered to
be nonpremixed.

2) In the attached � ame (Fig. 2b) there is a continuous OH layer
that separates the fuel and the air, which is a characteristic of a
nonpremixed � ame. However, in the lifted � ame there is no OH
layer separating fuel and air; instead OH is observed everywhere
downstreamof the reactionzone,which is characteristicof premixed
combustion.

Evidence that fuel/air mixing occurs (before combustion) in the
� ame shown in Fig. 2a is the observationthat thenormalizedacetone
fuel marker � uorescence decreases rapidly along the centerline in
the relatively low-temperature liftoff region upstream of the � ame
base. This fuel marker intensity decreases from a value of 1.0 at
x D 0 to 0.1 at x=d D 7. In the next section, analysis is provided that
indicatesthatmost of thedecreasein fuelmarkeralongthecenterline
is due to fuel/air mixing, and no more than approximately 20% of
the decrease can be attributed to possible differential diffusion and
acetone decomposition.

Figure 2b shows that in the attached� ame the OH layers surround
a white region that exists near the centerline from x=d D 0 to 20.
Because this enclosed white region is directly above the fuel injec-
tor, it is believed that the white region contains fuel and products.
The OH layers are seen to form a boundary between this center-
line region and the surrounding air. Barlow et al.27 have shown that
in an attached nonpremixed � ame, the probability that oxygen can
penetrate through the OH reaction zone is small; a typical oxygen
concentration on the fuel side of their � ame is less than 1%. The
two fundamental differences between nonpremixed and premixed
� ames are that premixed � ames have air that is premixed with the
fuel and have a continuousregion of OH downstream,whereas non-
premixed � ames typically have no air premixed with the fuel and
have OH layers between the fuel and the air.

Several other differences between the lifted and attached � ames
that are observed, and that can be explained by the degree of pre-
mixing, include 1) the shapes of the OH radical region and the OH
pro� les, 2) the shape of the fuel concentrationpro� les, 3) the shape
of the � ame tip, and 4) the presence of OH layers and pockets of
entrained gas.

The OH region in the lifted � ame (Fig. 2a) is seen to have a
relativelyuniformconcentrationof radicals,whereas the OH region
in the attached � ame consists of entangledOH layers that surround
pockets that are devoid of OH. It is not known if these pockets
containfuel or air. In the lifted � ame, the OH exists on the centerline
at a relativelysmall value of x=d D 7, whereas in the attached � ame
the OH does not consistentlyappearon centerlineuntil x=d exceeds
20.Seitzman et al.28 have reportedOH images in jet � ames, and they
also did not observe OH on centerline upstream of x=d D 20.

Another observation is that the tip of the lifted supersonic � ame
in Fig. 2a is not pointed but has a V-shaped OH pattern near the
tip. This V-shaped pattern has been observed in the rod-stabilized
premixed � ames that were studied by Cheng.29 An attached non-
premixed � ame has a pointed tip because the mean radial location
of the stoichiometriccontour (and the chemical reactionzone) must
approach zero at the tip as all of the fuel is consumed. However,
if liftoff occurs and premixing occurs upstream of the � ame base,
there is no requirement that the reaction zone approach the center-
line near the tip. Although the tip region in Fig. 2a has a V shape
that is similar to the premixed � ame of Cheng, the two experiments
differ in several ways, so that a quantitative comparison cannot be
made.

One feature of the supersonic � ame in Fig. 2a is that the OH
boundary is relatively smooth and has no large-scale wrinkles,
whereas the OH boundaryof the subsonic � ame in Fig. 2b has large
wrinkles. The large wrinkles in the subsoniccase are an indicatorof
large-scaleengulfmentof air.Thereare severalpossiblereasonswhy
large-scalewrinkles and large-scaleengulfment are not observed in
the supersonic case. The jet Reynolds number of 7:6 £ 104 may be
so large that � ne-grained turbulencedominates the mixing process.

Fig. 3 Magni� ed view of the instantaneouscontours of the acetone fuel
marker � uorescence in the supersonic � ame.

Buoyancy forces are negligible in the supersonic case, and so the
contribution of buoyancy to the creation of large eddies near the
edge of the jet is negligible. Another possible reason is that eddies
are rapidly convected across the � ame due to the supersonic co� ow
velocity, and, therefore, eddies have insuf� cient residence time to
roll up the � ame and cause large wrinkles.

The fuel/air mixing in the supersonic � ame can be better un-
derstood by closely examining the liftoff region, which is shown
as contours in Fig. 3. The acetone fuel marker normalized inten-
sity is between 1.0 and 0.4 in the short central core jet region on
the centerline. The outer contour, where the normalized intensity
is 0.04, shows that acetone is entrained into the outer shear layer.
This contour outlines two peninsulas, created by the shear layer,
which can extend downstream farther than the centerline acetone.
There is evidence that recirculation behind the bluff-body fuel in-
jector forces some fuel to move in the radial direction; acetone is
observed at the location x=d D 0, r=d D 2, which is the outer corner
of the fuel injector. Because all of the fuel initially exits the injector
near the centerline region, recirculation is required to transport the
fuel upstream to locations far from centerline at x=d D 0.

Interpretation of the Fluorescence Signal
The acetone � uorescence decays rapidly in the axial direction

(Figs. 2a and 3), which can be due to three factors: the rapid mixing
of air into the fuel, possibledecompositionof acetone,and differen-
tial diffusion. The decomposition of acetone occurs as the acetone
temperatureapproaches1000 K (Refs. 21–23 ). A problemcan arise
in an attached jet � ame because the hydrogen fuel could exist for
several centimeters downstream of the location where the acetone
has disappeared.However, this problem cannot arise in the present
lifted � ame because OH radicals exist immediately downstream
of the location where acetone disappears (x=d D 7). The hydrogen
fuel jet cannot penetrate into the OH region and remain unreacted
because OH is a highly reactive oxidizer. Acetone decomposition
most likely does occur within the premixed reaction zone at the
� ame base; for hydrogen and air this reaction zone is typically less
than 1 mm in thickness.Thus, it is believed that the acetone � uores-
cence is an accurate marker of the fuel location in the lifted � ame,
except in the 1-mm region near the OH boundary.

In the liftoff region where the acetone � uorescence is measured,
it can be argued that the gas temperature does not exceed 1000 K
because OH � uorescence is a good marker of � uid elements that
have a temperature above 1000 K, and OH is not observed in the
liftoff region. The primary way in which � uid is heated to 1000 K is
by turbulent or molecular diffusion of energy because OH diffuses
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at approximately the same rate as energy. It is unlikely that dif-
ferential diffusion effects are so large that gas temperature could
exceed 1000 K in the liftoff region where there is no OH present.
Radiative heating of the reactants is negligible in a hydrogen/air
� ame. Therefore, the axial decay of the acetone � uorescence in the
liftoff region is not believed to be signi� cantly affected by acetone
decomposition.

Additional errors due to differential diffusion are estimated to be
less than 6%, based on the measurements of Smith et al.30 They
de� ned the error that arises because different species diffuse at dif-
ferent rates to be the standard deviation of the difference between
³H and ³C , which are conserved scalars based on the mass fraction
of hydrogen atoms and carbon atoms, respectively.Their measure-
ments showed that the differential diffusion error decreases from
8% at a jet Reynolds number of 8 £ 103 to 7% at Re D 1:6 £ 104

to 6% at Re D 3 £ 104. The value for the present experiment is
Re D 7:6 £ 104 , and so the differential diffusion error is estimated
to be less than 6%.

It was not possible to determine quantitative values of the fuel
numberdensityfrom the acetonePLIF images shown in Figs. 2a and
3 because such an analysis requires that the gas temperaturebe mea-
sured. Temperatures were not measured using physical probes that
would disturb the sensitive recirculationzone. However, it is possi-
ble to estimate the fuel numberdensity if two assumptionsare made.

The intensityof the � uorescence from the acetone tracer that was
added to the fuel IAC is related to the number density of acetone nAC

by the following relation:

.IAC=IAC;0/ D .nAC=nAC;0/ ¢ S¤
f .¸; T / (1)

which was discussed by Thurber et al.21;22 and Thurber and
Hanson.23 The subscript 0 denotes conditions at the exit of the fuel
injector. Thurber et al. also report that the sensitivity factor S¤

f for a
laser wavelength of 266 nm is given by

S¤
f D 0:90 C 0:25.T=300 K/ 0:15.T=300 K/2 (2)

Equation (2) shows that acetone is not an acceptable fuel tracer at
gas temperatures exceeding 1000 K because S¤

f decreases to 0.07
at 1000 K. However, over the temperature range from 300 to 600 K
the value of S¤

f in Eq. (2) deviates from unity by less than 20%. In
Fig. 2a it is seen that the acetone fuel tracer exists only upstream of
the lifted � ame base. Although the temperature in this liftoff region
is not known, the numerical simulation of the present � ame by Roy
and Edwards1 shows good agreement with the present results (as
described in the next section); the simulationpredicts that nearly all
of the liftoff region has a temperaturebelow 600 K. This is expected
because Fig. 3 shows that there is mixing between the cold fuel and
the cold air in the liftoff region.

An estimate of the fuel number density in the liftoff region can
be made if two assumptions are made, that the gas temperature
in the liftoff region does not exceed 600 K and that differential
diffusion effects are negligible. If these assumptions are valid, one
can conclude, with a 20% uncertainty, that

.nH2=nH2;0/ D .IAC=IAC;0/ (3)

where nH2;0 is 2:2 £ 1019 cm 3 .

Some Comparisons to Numerical Simulations of Roy and Edwards1

Figure4a shows the contoursof theOH and theacetoneintensities
that were obtained by averaging100 PLIF images. For comparison,
the computed mean pro� les reported by Roy and Edwards1 are dis-
played in Fig. 4b. In their simulation, Roy and Edwards considered
a fuel injector geometry and a wind-tunnel side wall geometry that
were identicalto thatof thepresentexperiment.Their computational
domain was rectangular to match that of the wind-tunnel combust-
ing region. They also matched their inlet conditions and mass � ow
rates to the present experiment. It is seen that the base of the com-
puted � ame, de� ned as the band of maximum OH (YOH D 0:009)
and maximum temperature, is lifted to an x=d location of 6. This is
in agreement with the present experiment. The computed contours
of fuel mass fraction decrease rapidly from 1.0 to 0.2 in the short
distance upstream of x=d of 6, which is also in general agreement
with the experiment. The decrease of the fuel mass fraction along

a) Measurements b) Computations, Roy and Edwards

Fig. 4 Qualitative comparison of the experimental results to the com-
putations of Roy and Edwards.1 (Measurements in panel a are the av-
erage of 100 images.) The OH contours are shifted to the left for clarity
due to the overlap with the acetone contours in the axialdirection. Com-
putationsof mass fraction of OH and hydrogen are displayed in panel b.
(Figure 4b originally published in “Numerical Simulation of a Three-
Dimensional Flame/Shock Wave Interaction,” Roy, C. J., and Edwards,
J. R., AIAA Journal, Vol. 38, No. 5, 2000, pp. 745–754. Copyright c°
2000 by the American Institute of Aeronautics and Astronautics, Inc.
Reprinted with permission.)

Fig. 5 Axial pro� les of the mean � uorescence intensity of the acetone
fuel marker on the centerline in two supersonic � ames; conditions are
listed in Table 1.

the centerline is entirely due to rapid fuel/air mixing in the simula-
tion, and the computed gas temperatures in the liftoff zone are less
than 600 K.

One difference between the measurements and the simulation is
thatpeninsulasof fuel extenddownstreamin the shear layer in Fig. 3,
but they are not seen in the computationsof Roy and Edwards.1 An-
other difference is that the simulation underpredicts the length of
the OH reaction zone. However, a quantitative comparison of OH
mass fractions cannot be made; measurements of species concen-
trations and gas temperatures that are required to determine the OH
collisional quenching rate are not available.

Axial and Radial Pro� les of Supersonic Flame Properties
Figures 5 and 6 quantify the variation of the mean acetone and

OH � uorescence intensities along the centerline of the supersonic
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Fig. 6 Axial pro� les of the OH mean � uorescence intensity on the
centerline in two supersonic � ames and the subsonic � ame with co� ow
air.

Fig. 7 Radial pro� les of the mean � uorescence intensity of the acetone
fuel marker in two supersonic � ames; pro� les are normalized by the
local maximum.

� ames. Averages were determined from 100 instantaneousimages;
run conditions are listed in Table 1. Figure 5 shows that the acetone
intensity has decayed from 1.0 to 0.2 in the region between x=d D 0
and 7. At x=d D 7 the OH signal begins to increase in Fig. 6, so that
the mean position of the � ame base is x=d D 7.

The OH intensities along the centerline of the two supersonic
� ames appear in Fig. 6. The OH signal increasesrapidly at the � ame
base (x=d D 7) and then decreases downstream. This rapid rise in
the OH signal is characteristicof a premixed� ame.29 Figure6 shows
that the OH signal in the subsonic � ame gradually increases until it
reachesa maximumat x=d D 30.A gradualincreasein theOH signal
along the centerline is characteristicof nonpremixed jet � ames.27

Figures 7 and 8 show the radial pro� les of the mean acetone
and OH intensities in the supersonic � ames. The pro� les in Fig. 7

Fig. 8 Radial pro� les of the mean OH � uorescence intensities within
the two supersonic� amesandthesubsonic � amewith co� owair; pro� les
are normalized by the local maximum.

differ from pro� les measured in simple jets because of the presence
of a recirculation zone and an outer shear layer. At x=d D 0:5 the
acetonepro� le displaysdistinct steps, and at x=d D 7 there are three
local maxima to the pro� le. Two of the local maxima are due to the
peninsulasof acetonethat are observedto be entrainedinto the shear
layer in Figs. 2a and 3.

The radial pro� les of OH intensity are shown in Fig. 8. It is seen
that the OH intensities are relatively large on the centerline of the
supersonic � ames at all axial locations considered in Fig. 8, which
indicates that unburnedfuel is not present near the centerlineat x=d
locationsexceeding10. At downstream locations, x=d D 20 and 35,
the OH signal of the supersonic � ames reaches a maximum value at
r=d locationsof 1.0 and 1.4, respectively.The V-shapedappearance
of the � ame in the OH PLIF images is due to the presence of these
local maxima in the OH signal.

By comparisonof the pro� les in Figs. 7 and 8, it is concludedthat
increasing the fuel � ow rate causes a corresponding increase in the
width of the OH and acetone pro� les in the supersonic � ame. This
is consistentwith the earlier � nding that the length of the supersonic
� ame increases as the fuel � ow rate is increased.6 The � ame width
has practicalimportance;if the low-densityOH regionbecomessuf-
� cientlywide, the effectivearea of the supersonicco� ow is reduced,
and this blockage can promote thermal choking of the combustor.

Error Analysis and Effects of Compressibility
The 95% con� dence interval31 for each value of the mean OH

and acetone � uorescence that is presented in Figs. 4a and 5–8 is
the mean value reported plus or minus the margin of error, which is
1:96 ¾=N 1=2. The number of images used to determine the average
N was 100. The standard deviation of the � uorescence¾ , which in-
cludes the variationsdue to turbulenceand shot noise,was measured
to have a typical value of 30% of the mean signal. Therefore, the
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margin of error for the values in Figs. 4a and 5–8 is §6% of the mean
value.The uncertaintyin the fuel � ow rate is estimated to be2%; this
is the square root of the sum of the squares of the uncertaintiesof the
chokedori� ce area (1%) and the stagnationpressure(1.5%). The un-
certainty of the air� ow rate is 2%. The uncertainty of the measured
value of radial and axial position is 1%. The potential errors asso-
ciated with differential diffusion and acetone decomposition were
discussed earlier. The ability to resolve the � ne-grainedstructure in
the OH and acetone � uorescence images is limited by the spatial
resolution,which is equal to the laser sheet thickness of 300 ¹m.

Compressibilityeffectswere estimatedby computingthe convec-
tive Mach number Mc at the fuel injector (x=d D 0). Papamoschou
and Roshko32 showed that Mc is .U1 Uc/=a1, where the convec-
tive velocity Uc is .U1a2 CU2a1/=.a1 C a2/. At the fuel injector the
fuel velocity U1 is 1191 m/s, the air velocity U2 is 745 m/s, the
speed of sound a1 is 1191 m/s and a2 is 299 m/s. Mc is 0.3 at the
fuel injector, and it decreases in the downstream direction because
the air Mach number remains constant but the velocity in the fuel
jet decreases. Thus, Mc is less than 0.3 everywhere. Reference 33
indicatesthat for the present values of convectiveMach number, the
effects of compressibilityon the mixing are negligible. In addition,
Fig. 2 shows that the fuel/air mixing occurs in the subsonic region
downstream of the fuel injector, and so compressibility effects on
the present mixing process are believed to be negligible.

Conclusions
1) Images are obtained in a lifted supersonic hydrogen/air � ame

of the � uorescenceintensitiesof the OH radical and the acetonefuel
marker. The images show the relative locations, shapes, and sizes
of the zones where OH and fuel are present.

2) Signi� cant premixing of the fuel and the air occurs in the
liftoffregion(x=d < 7)becausethenormalizedacetone� uorescence
decays rapidly from 1.0 to 0.2 along the centerline in this region.
The acetone exists only in the relatively cold liftoff zone upstream
of the � ame, and so the variation in acetone intensity is believed
to be primarily due to fuel/air mixing and not due to differential
diffusion or the decompositionof acetone.

3) Because there is evidence that air is premixed into the fuel
prior to combustion, the base of the present � ame is expected to
have the nature of a premixed � ame. Precautions should be taken
in the modeling of such � ames to account for a � ame propagation
speed and to avoid the assumption that the � ame must be con� ned
to the stoichiometric contour.

4) The OH reactionzone in the lifted supersonic� ame is relatively
homogeneous. Unlike the subsonic case, the supersonic � ame has
no pockets of gas that are devoid of OH and has no OH layers. The
edge of the supersonic OH reaction zone is relatively smooth, with
wrinkles that are much smaller in amplitude than the subsonic case.
The subsonic � ame consists of thin OH layers that are intensely
wrinkled and tangled, forming gas pockets devoid of OH.

5) Some experimental results are compared to the computed pro-
� les of OH and fuel mass fraction that were reported by Roy and
Edwards1 for a geometry identical to the present experiment. The
qualitative agreement is encouraging, but the computation under-
predicts the length of the OH radical zone.
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