
JOURNAL OF PROPULSION AND POWER

Vol. 17, No. 3, May–June 2001

Thermal Choking Analyses in a Supersonic Combustor
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The heat-release ef� ciency and the dynamics of thermal choking of a hydrogen-fueled supersonic combustor
model have been evaluated in the low-speed � ight regime characterized by Mach 3.75 � ight enthalpy. The com-
bustion chamber entrance Mach number, stagnation temperature, and combustor entrance Reynolds number
were 1.56, 850 K and 1.2 million, respectively. The total equivalence ratio ranged to Á = 0.7. A step-� ameholding
geometry was chosen to explore the effects of supersonic � ow and high Reynolds number on normal bluff-body
� ame propagationand combustion ef� ciency using direct fuel injection from the base. The combustor was divided
into two zones: a constant-area duct and an expanding section. The fuel was distributed in 1) the subsonic region
formed in the base of the � ameholder and 2) parallel to the main air� ow in the core of streamwise vortices formed
by the presence of ramps. In terms of fuel distribution, the split between the base and the ramp injectors over
a range of total equivalence ratios indicated preference for the base injection at high total equivalence ratios. At
modest total equivalence ratios no preferential fuel distribution among the injectors was found. Signi� cant effects
of compressibility and Reynolds number were found when compared to a reference experiment at low speed and
low Reynolds number with the same step area ratio.

Nomenclature
A = area, mm2

Fc = nozzle stream thrust, N
H = step height, mm
M = Mach number
m = mass-� ow rate, kg/s
P = static pressure, Pa
Pr = pressure ratio
Ps = wall pressure at X / H 12.92, used for

normalization, Pa
P = theoretical choking pressure, Pa
Re = Reynolds number
V = velocity, m/s
X = streamwise location, mm
g = combustion ef� ciency

Subscripts

b = base
c = combustor
i = nr. of injection ports
n = normal
r = ramp

Introduction

E FFICIENT heat release in supersonic combustion chambers
requires fuel-injection schemes that offer rapid mixing with

minimal pressure losses. The problem of achieving a high degree
of fuel-air mixing in supersonic � ows and the required length of
mixing has received considerable attention with several mixing en-
hancingmechanismsstudiedto date.These includevariousinjection
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con� gurations and generation of � uid mechanics interactions that
enhance mixing, e.g., shocks,1 vorticity,2 and swirl motion.3

For high-speed applications parallel injection is preferred over
transverse injection because of reduced pressure losses and thrust.
In� ow-placed struts4,5 provide a good fuel distribution along the
entire air� ow cross section,but are intrusive,thus inducingpressure
losses6 and raisingcoolingproblemsat high-speed� ightconditions.
Among proposed mixing con� gurations straight or swept ramps
have shown good far-� eld mixing7 10 despite reduced near-� eld
mixing when compared with transverse injection. The ramp axial
vortexsheddingprovidesa mechanismthat lifts the fuel from a low-
injectionangle and promotes fuel penetrationinto the core airstream
thus enhancing mixing.

Often the suggestedcon� gurations feature a sudden expansionto
separate the upstream � ow from the pressure raise in the combus-
tion chamber. In these cases it has been shown that mixing is largely
dependenton the developmentand propagationof large-scalestruc-
tures and the convection of � ames initiated in the shear layers. In
this regard previous works reporting experimental studies11,12 of
premixed two-dimensional � ames formed the basis of the current
approach. References 11 and 12 used burners with sudden expan-
sions forming a rearward-facing step with an area ratio of 2 to 1
and an axial length of eight step heights, 8H . These experiments
used premixed gases with equivalence ratio u 0.57, subsonic en-
trance velocity, and Reynolds number based on step height ranging
between 2.2 104 –3.7 104 . The main emphasis was on analyses
of kinematic data and the development of large-scale structures.

The differencesin initialconditionsbetweenthe current studyand
the experiments in Ref. 12 are signi� cant. In particular, the Mach
number in the present work is 1.56 compared to 0.07 in Ref. 12 and
the Reynolds number Re 1.2 106 compared to 1.5 104 . The
equivalenceratio range in the current work overlaps the values used
in Ref. 12, but the current study involves nonpremixed systems in
contrastto thepremixed� owin Ref.12.The high-speedexperiments
presented herein have been designed to complement this low-speed
databaseat similar overall equivalenceratio. A large favorablepres-
sure gradient, expected in the current high-speed case near thermal
choking condition, adds another signi� cant difference. The accel-
eration caused by this pressure gradient is responsible for the prop-
agation of the shear layer � ame downstream of the reattachment.
The velocity data in Ref. 12 indicated no acceleration of the cold
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gas and only a moderate increase of gases � ame velocity with no
high-speed layer formation on the burned gas side. A discussion
of previous work and the contribution of the shear layers to the
development of the � ow structures in reacting � ows follows.

The main objective of the current study was to map the per-
formance of the combined injection scheme on the fuel modula-
tion between the two injection zones and overall fuel-air ratio with,
1) direct injection in the subsonic recirculation region to take ad-
vantageof the local low � ow speed to improve the uniformityof the
mixture in the � ame propagating from the step and to achieve fast
heat release at low � ight enthalpy and 2) from supersonic injectors
in the ramps that would bene� t from improved mixing via axial vor-
ticity from the supersonic side. Thus synergistic effects exist when
both injection zones are used simultaneously. Hydrogen has been
used as fuel with total equivalence rations to u 0.7. The experi-
mental conditions were � xed to correspond to � ight enthalpies of
Mach 3.5 at stagnation temperature of 850 K. The isolator entrance
Mach number was � xed at 1.56.

Background
References 11 and 12 used � ow visualization and laser Doppler

velocimetry in nonreacting and chemically reacting � ows to iden-
tify the effects of heat release on the velocity � elds, reattachment
length,and the � ame propagationrate. In these studies11,12 the outer
� ame boundary could be identi� ed close to the edge of the visual
thicknessof the shear layer � ames, and, therefore, the actual molec-
ular mixing thickness was estimated to be only one-half as thick
as the visual thickness.13 The combustion ef� ciency obtained in
these studies was uncertainand expected to lie in the range 0.5–1.0.
Therefore, to increase the combustion ef� ciency the combustor in
the presentwork has been lengthenedto 10H anticipatingthat com-
plete reactions would occur over this length, from considerationsof
� ame development and thermal choking.

Important compressibility effects are associated with the shear-
layer � ames. The step burner � ame has two � ame regionsconnected
by a presumably short transition zone. The � rst region is the shear
layer initiatedat the step between the separated,chemicallyreacting
region and the outer, high-speed,cold airstream.Downstream of the
reattachment, the favorable pressure gradient in a subsonic reacting
� ow acceleratesthehotgasespreferentiallyso that theburninggases
are on the high-speedside of the shear layer causingthe vortex roller
structures to reverse direction.14 Compressibility effects15 tend to
decrease the shear-layer growth rate by a factor of two in the fully
supersonic case described here, in the absence of upstream shock
interaction. This introduces an additional � ow structure coupling
into the experimental approach because, if the choking starts from
a subsonic � ow regime, the compressibility effects would be re-
duced. In � ight the combustor would likely approach choking from
supersonic conditions, and, therefore, in the present work, it was
chosen to start the thermal choking process from supersonic � ow.
Close to thermal-choking or full thermal backpressure conditions,
the compressibilityeffect is not large, and the effect on combustion
ef� ciency is expected to be similar in both cases.

An additional effect, separate from compressibility, is that of
shock impingement on the mixing layer or the separation region.
This interactionis expectedto bepresentwhenapproachingchoking
from supersonicconditions.Huh and Driscoll16 present � ow visual-
ization and quantitative results indicating combustionenhancement
caused by shock-mixing layers interactions induced by wedges.
Their data showed that the � ame propagationwas slow and the � ow
remained strati� ed into burned and unburned pockets over a long
distance.A goal of the presentwork is to � nd out if strongerheat ad-
dition at lower Mach number can enhance the � ame-spreadingrate.

Because the data obtainedby Pitz and Daily in Ref. 12 were based
on premixed gases, other practical considerationsderive from local
fuel-injection distribution and the effects of a heterogeneous mix-
ture. The recent experimental study of the effect of direct injection
in bluff-body� ame holdersby Carrier et al.17 shows an improvedef-
� ciency for direct injection over premixing.Therefore an important
focus of the present work concerns the effects of fuel distribution
on � ame propagationand choking.Here, the fuel injectionhas been
modulated,asmentioned,in two zones:1) direct injectionin the sub-

sonic recirculation region to achieve fast heat release at low � ight
enthalpy and 2) from supersonic injectors in the ramps to improve
mixing via axial vorticity from the supersonic side.

This brief review of prior work indicates that Mach-number and
Reynolds-number differences were signi� cant in decreasing the
growth of the shear-layer � ame. The molecular mixing fraction of
the shear layer was dominant in reducing the expected combustion
ef� ciency. Direct injection, pressure gradient, and shock impinge-
ment had positive effects on the predicted combustion ef� ciency.

Experimental Facility
The facility at the University of Florida provides direct-connect

testswith a variablecombustionchamberentranceMach of 1.56–3.6
and stagnation temperatures corresponding to Mach 3.0–4.8 � ight.
All of the experiments presented here were performed with com-
bustion chamber entrance Mach 1.56 and a stagnation temperature
of 850 K, which represents conditions close to M 3.0. The fa-
cility, shown in Fig. 1, has been described in detail elsewhere.18

Brie� y, this continuously operating, blowdown facility contains
a vitiated heater based on hydrogen combustion with oxygen re-
plenishment, electronically controlled by a fuzzy logic controller
to maintain 1) constant 0.21 oxygen mole fraction at all condi-
tions and 2) constant stagnation temperature at the heater exit as
required by the experiment. A bellmouth with four-side contrac-
tion leads to the supersonic nozzle with compression on two sides,
which are interchangeablenozzleblocks,to cover the rangeofMach
1.56–3.6. A ceramic insulation layer added on the bellmouth en-
trance of the nozzle produces a larger vorticity layer in the test
section on the walls without compression, as shown by nozzle cal-
ibration total pressure contours in Fig. 2. The overall pressure dis-
tribution appears to be uniform. The increased thickness of the
boundary layer on the � at walls of the nozzle introduced more
three-dimensionality in the test than desired. The injection ports
were placed on the side with the thinner boundary layer, i.e., the

Fig. 1 Supersonic combustion facility.

Fig. 2 Normalized stagnation pressure at isolator entrance.
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nozzle contoured side. A constant-area isolator is placed between
the nozzlesand thecombustorsectionto protectthe nozzle� ow from
upstreampressureeffects inducedby combustion in the test section.
Wall pressure ports are placed in the isolator to measure the degree
of upstream interaction produced by combustion in the chamber.
Optical access is available to the isolator’s � ow from three sides.
The test section is symmetricwith ample opticalaccess throughside
windows. The cross section is 2.5 2.5 cm upstream of the step,
and the combustion chamber total length is 26H . A constant cross-
section duct follows for 10H and continues with a diverging duct
for the next 16H . The � ameholding and fuel-injection con� gura-
tion, derived from earlier work,19 is described in Fig. 3. The ramps
are part of the step, and the step is split into positive and negative
slopes to maintain a constant cross section. Gaseous-hydrogenfuel
is injected by separate and independently � ow-controlled systems
from both the ramps and the step base. The base injection provides
a method of fueling the recirculation region for � ameholding and
also provides the means for main heat addition.

On each side of the test section, base fuel is injected from nine
0.8-mm, sonic ori� ces. The ramp is fueled through two supersonic
nozzles with a throat diameter of 2.4 mm. The fuel mass � ow was
computed by using the measured total supply pressures and tem-
peraturesand the correctedsonic area of the fuel ori� ce via injector
discharge coef� cient determined from gaseous � ow.

Results
Experimental Conditions and Pressure Rise

Heat addition has been provided by fueling the base only or
throughcombinationsof base and ramp for total equivalenceratio to
0.7. Figure 4 shows the experimental points on a diagram that indi-
cates the equivalenceratios from each injectionsource.Next to each
experimental data point the maximum pressure rise in the constant
cross-sectionarea duct, normalized by the entrance static pressure,
is shown. The accuracyof the data was within 5–6% at total equiva-
lence ratios up to 0.4 and improving in the upper range. Up to a total
equivalence ratio of around 0.35, there is no preferential pressure
rise as a result of any combinationof ramp vs base ratios. This trend
is evident in Figs. 5a–5d, which show the normalized pressure rise

Fig. 3 Schematic of test section with injector block having nine
0.8-mm-diam sonic injectors and two 2.4-mm-diam supersonic injec-
tors.

Fig. 4 Effect of fuel-injection distribution mode (base/ramp) on (Pwall/Ps)max.

vs total equivalence ratio for sets of data in which extreme ratios
of U ramp / U base have been grouped. High mixing and combustion
ef� ciency are expected in the low, total equivalence ratio cases. At
large equivalence ratios the base injectors become more ef� cient.
This is caused, probably, by a longer residence time available to the
base-injectedfuel in a low-speed, high-temperatureenvironment in
comparisonwith the ramp-injectedfuel. The general trend indicates
a drop in mixing and combustion ef� ciency as the total equivalence
ratio increases.

Wall-Pressure Distribution

Figure 6 shows wall-pressuredistributionsnormalized by the en-
trancestaticpressurefor selectedcombinationsof fuel injectionwith
total equivalenceratios up to 0.6. The origin of the axial coordinate
has been placed at the step. Upstream pressure taps are located in
the isolatorduct.The plot shows higher pressurerise obtainedwhen
fuel injection from the base is preponderent.

The static-pressure distribution has a maximum value near the
center of the combustor constant-areasection and is associatedwith
the reattachment location of the � ow over the step. Downstream the
pressure drops quickly and continuously through the constant-area
combustor and into the expansion section until near the end where
separation shocks occur to match the local ambient pressure.

Accelerationof the air in both the second half of the constant-area
duct, i.e., beyond 5H , and the expansion duct indicates supersonic
expansion section � ow. The presence of low-speed, subsonic-
burning layers in the vicinity of the walls,20 as indicated schemat-
ically in the � gure, generates a convergent–divergent channel in
which the core � ow remains supersonic throughout the constant
area of the test section and then continues to expand in the diver-
gent section. As a result, the favorable pressure gradient tends to
decrease the shear-layergrowth in the fully supersoniccase of these
experiments,in which upstreamshockinteractionswerenotpresent.

The maximum isolator pressure rise caused by blockage in the
test section was obtained by physical blocking of the exit of the
expanding section in a nonreacting � ow. The axial pressure distri-
bution results for the blocking tests is shown in Fig. 7. The maxi-
mum pressure rise is 2.1 at the end of the constant-area section at
the onset of upstream interaction. This pressure is achieved before
further upstream interactions with the nozzle � ow occur. Based on
this pressure in the base, a one-dimensionalcalculation indicatesan
expected ideal choking equivalence ratio u 0.5.

Because the pressure distribution in the 18H long isolator, at
negative axial locations in Fig. 6, does not show any differences
from one case to the other with heat addition, it is estimated that the
isolator � ow was, probably, attached at the step.

Figure 8 shows the combustion ef� ciency calculated with a sim-
pli� ed, one-dimensionalanalysis that estimated the amount of heat
release required to produce the pressure rise measured at each axial
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a)

b)

c)

d)

Fig. 5 Normalized pressure rise vs U total with different fuel-injection distribution ratios ( U ramp/ U base).

Fig. 6 Streamwise test section pressure pro� le (normalized) for
U total = 0.60, showing � ow acceleration and absence of thermal choking.

Fig. 7 Test-section pressure pro� le with increasing backpressure for
a nonreacting � ow.

Fig. 8 Combustion ef� ciency based on wall pressures with one-
dimensional analysis.

location, under assumptionsof 100% mixing. The combustion ef� -
ciency has been estimated in this plot at the end of the constant-area
duct.As noted,under the assumptionsof completemixing and com-
bustion this pressure rise would be achieved with an equivalence
ratio close to 0.5. As the ef� ciency dropped with increased total
equivalenceratio, operationwith u 0.7 resulted in stable and con-
trollable combustion without thermal choking. The analysis shows
a de� nite transitionfroma relativelyhigh level of performanceup to
an equivalenceratio of 0.1 to a lower level at U 0.5. The estimated
combustion ef� ciency, which incorporated both chemical kinetics
and mixing effects, was about 60% at u 0.5, further dropping as
the total equivalence ratio increased. This reduction in combustion
ef� ciency was attributed to reduced mixing and is not expected for
normally propagating � ames for which � ame spreading should in-
crease as heating decelerates the entering air.

An additional measure of combustion ef� ciency is given by the
pressure rise in the base normalized by the entrance static pres-
sure, shown in Fig. 9 along with the theoretical pressure rise if
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Fig. 9 Pressure rise in the step base vs predicted ideal ef� ciency curve.

Fig. 10 Maximumpressure rise normalizedby required chokingpres-
sure indicating unchoked � ow.

combustion were complete with 100% mixing and burning. The
same degradation of combustion ef� ciency as the equivalenceratio
increases is observed.

A nozzle stream thrust calculation based on the total air� ow and
the pressure at the nozzle entrance, which accounts for the fuel
thrust and the thrust generated on the base, can be estimated on the
assumption of uniform conditions as

Fc mair Vn Pn An Pbase Abase

i

m fueli Vfueli

where mair and m i represent the air and fuel � ow rates, respectively;
Vn and Vi represent the velocities of the air at the entrance into the
combustion chamber and the fuel velocities, respectively; An is the
entrance area, and Abase is the base frontal area. This stream thrust
can, then, be used to determine a theoretical choking pressure, as
follows:

P Fc / Ac(1 c )

where Ac is the area at the exit of the combustor and c is the ratio
of the speci� c heats, estimated in this calculation based on equiva-
lence ratio. Figure 10 shows the ratio of the pressure at the exit of
the constant-area duct normalized by the calculated choking pres-
sure indicating that for the current experimental conditionsthe � ow
was supersonic at the combustor exit. The � gure shows that only
about 80% of this pressure was attained at u 0.5. Above u 0.5
only small increments in the pressure rise were noted with further
fuel additioncaused, largely, by decreasedmixing ef� ciency for the
ramp injectors and chemical kinetics effects for the base injectors.
The measuredexit pressureswere convertedto Mach number shown
in Fig. 11. This Mach number indicates the proximity to choking
and the combustion ef� ciency and is an important parameter for
estimating the compressibilityeffects on the � ame propagationrate
at the exit.

The combustionef� ciencyestimated from the measureddata was
lower than expected, based on the results of Ref. 12. However, the

Fig. 11 Combustor exit Mach number indicates unchoked � ow at
maximum U total attained (temp. limited).

combustion ef� ciency falls at the low end of the prediction based
on the analysis of the normal shear-layer � ame compressibilityand
Reynolds-number effects. The basic assumption of short mixing
length for the hydrogen fuel jets in this analysis, namely complete
mixing, can cause the differences. At large equivalence ratios the
large fuel molar fraction and dynamic pressure ratio at the injection
station can cause the fuel jets to penetrate through the recirculation
region. Mixing will occur, then, at signi� cant closer gases-fuel ve-
locities, i.e., from 0 in the recirculation region to 0.8 beyond,
thus reducing the development of the shear layer and resulting in
an estimated reduction of the mixing rate to 25% of the combustion
ef� ciency analysis already presented. Thus a combination of fuel
strati� cation and compressibilityeffects accounts for the difference
between the expected and measured combustion ef� ciencies. This
estimate is corroborated by � ame extinction experiments and was
found to correlate with gas dynamics rather than chemical kinetics
effects,21 when at an equivalence ratio of 0.1 a sudden transition
takes place as a result of gas dynamics effects.

Statistical High-Equivalence-Ratio Prediction

Using optimization techniquesbased on analysis of variance,22 a
two-dimensional function has been � tted to the measured pressure
rise data to predict the pressure rise for higher equivalence ratios at
conditionsthat impose severe thermal stress on the device.Based on
a largenumberof resultsobtainedwith relativelylow equivalencera-
tios and only a few resultswith high equivalenceratios, this function
offers a � rst order predictive tool for conditionsof high equivalence
ratios, thus providingguidance for the experiment. This function is
given by the following equation:

Pr A
a1

(0.01 U b )3

a2

(0.01 U b )2

a3

0.01 U b

b1

(0.01 U r )3

b2

(0.01 U r )2

b3

0.01 U r

c1

(0.01 U b )(0.01 U r )2

c2

(0.01 U b )2(0.01 U r )

c3

(0.01 U b )(0.01 U r )

1

where Pr is the constant-area exit pressure rise normalized by the
entrance pressure, U b and U r are the equivalenceratios for the base
and the ramp, respectively;and the coef� cients resulted from � tting
the equation to the data base, as follows:

A 0.382876, a1 2.63963 10 6

a2 4.28383 10 4 , a3 1.64088 10 2

b1 1.58438 10 5 , b2 2.01042 10 3

b3 4.27530 10 2 , c1 4.36712 10 6

c2 6.22650 10 6 , c3 1.27155 10 3
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Fig. 12 Predicted pressure rise with fuel-injection distribution show-
ing effective base injection mode.

Using this expression, the pressure-rise prediction is given in
Fig. 12, indicating that thermal choking at the end of the constant-
areaductwouldbeobtainedin this con� gurationatnear stoichiomet-
ric conditions. The predicted base-pressure rise would, then, reach
a value of about 2.1, which in the nonreacting, backpressurizing
experiments was the highest pressure rise attained before upstream
nozzle interactionswere noted. The statisticalanalysis is consistent
with one-dimensionalgas dynamics analysis.

Summary
A combined fuel-injectionscheme with gaseous-hydrogenmod-

ulation between two injection zones in supersonic � ow, indicated
the following:

1) When the total equivalence ratio remained under moderate
values, i.e., u 0.35, no preferential injection mode was noticed to
producea higher combustionef� ciency, as re� ected by the combus-
tion chamberpressurerise. At large, total equivalenceratio injection
through the base produced a larger pressure rise as a result of an in-
creased residence time in comparison with the ramp-injected fuel.

2) Within the duct’s constant-areasection the slow-speed,burning
layer originating in the base of the � ameholder creates a combustor
blockage that takes the shape of a convergent–divergent channel.
As a result, the maximum pressure rise is close to the middle of the
constant-area duct, and the core � ow accelerates in the divergent
part. The presence of an expanding section following the constant-
area duct further accelerates the � ow and reduces the pressure in
the axial direction. Thus, the favorable pressure gradient tends to
decrease the shear-layergrowth in the fully supersoniccase of these
experiments,in which upstreamshockinteractionswere notpresent.

3) Gradual blockage of a nonreacting � ow resulted in a pressure
rise in the constant-areasection of the duct, with a pressure ratio of
2.1 noted at the onset of upstream interaction.

4) Under the assumptions of complete mixing and combustion,
this pressure rise would be achieved with an equivalenceratio close
to 0.5. As the ef� ciency dropped with increased total equivalence
ratio,operationwith u 0.7 resultedin stableand controllablecom-
bustion without thermal choking.

5) The transition from near complete combustion to lower com-
bustion ef� ciency occurred within the range of u 0.1 0.5 with
further drop of ef� ciency for higher equivalence ratio.

6) From estimates of stream thrust, a theoreticalchokingpressure
has been calculated, indicating that only about 80% of this pressure
was attainedat u 0.5. Above u 0.5 only small increments in the
pressure rise were noted with further fuel addition caused, largely,
by decreasedmixing ef� ciency for the ramp injectors and chemical
kinetics effects for the base injectors.

7) As a result, the estimated combustion ef� ciency, which incor-
porated both chemical kinetics and mixing effects, was about 60%
at u 0.5, further dropping as the total equivalenceratio increased.
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