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A Mach 2, hydrogen-air combustor with an unswept 10-deg ramp fuel injector was experimentally and numer-
ically studied for a simulated flight Mach number near 5. Numerical modeling was performed using the Viscous
Upwind Algorithm for Complex Flow Analysis code, and results were compared against experimental wall-pressure
distributions, fuel plume images, and fuel plume velocity measurements. The model matched wall-pressure distri-
butions well for the case of fuel-off and fuel-air mixing. For a fuel-air reacting case, pressure was matched well
in the upstream third of the duct. Downstream, however, the pressure rise as a result of combustion was under-
predicted. Based on the fuel plume imaging and velocity measurements, fuel plume shape was matched well for
both the mixing and reacting cases. However, plume size, penetration, and centerplane axial growth were generally
underpredicted by the model. The full extent of the velocity reduction caused by thermal choking was also not
predicted. Despite these findings, the numerical model performed better than a previous model developed by the
investigators. It was proposed that differences between the present numerical model and experiment stemmed
from numerical underprediction of fuel-air turbulent mixing, and this resulted in underprediction of heat release.

Nomenclature
H = normal height of ramp fuel injector
P = pressure
Pr = Prandtl number
Sc = Schmidt number
T = temperature
X, Y, Z = Cartesian coordinates with origin at ramp base
y+ = inner-law variable
μ = viscosity
τ = turbulence intensity

Subscripts

L = laminar
pitot = pitot quantity
ref = reference quantity at nozzle exit
T = turbulent
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t = total
0 = stagnation quantity

Introduction

A LTHOUGH dual-mode scramjets continue to be at the core
of propulsion concepts for hypersonic access to space, dual-

mode combustor design tools currently lack the level of maturity
that has been achieved for other scramjet components such as in-
lets and exhaust nozzles.1 Even though the dual-mode combus-
tor of NASA’s X-43A flight-test vehicle, for example, saw exten-
sive ground-based testing and computational-fluid-dynamics (CFD)
analyses, full three-dimensional CFD played a secondary role in
combustor design, optimization, and performance prediction. Fur-
thermore, ground-based combustor tests suffered from the effects of
facility contaminants, such as heater vitiates, and these effects had to
be included in combustor design and analysis.2,3 Such effects further
hinder gains made towards improving CFD predictive capabilities.
To address these issues, an experimental and numerical study of a
dual-mode scramjet combustor has been undertaken. Using a sim-
plified three-dimensional combustor geometry, which simplifies the
numerical modeling, and an electrically heated supersonic combus-
tion facility, which provides a test gas free of contaminants, the study
aims to use CFD validation to improve the accuracy of numerical
predictions of the fuel-air mixing and combustion processes in a
dual-mode scramjet combustor.

The experimental component of the study is aimed at generating
a comprehensive benchmark data set through the use of conven-
tional instrumentation and multiple laser-based diagnostics.4−7 The
dual-mode scramjet under investigation is a direct-connect Mach 2
hydrogen-air combustor with a single 10-deg unswept-ramp fuel in-
jector. The configuration results in a mixing and combusting flow
that is highly three dimensional. Electrically heated air is supplied
via a unique continuous-flow facility and flow conditions simulate
operation of a scramjet at a flight Mach number near 5.

The numerical component of the study is part of a larger endeavor
aimed at the examination of the optimum combination of codes,
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grids, and turbulence and chemistry models for the simulation of
dual-mode scramjet combustors.8−10 The experimental and numer-
ical studies are being conducted in parallel, and this arrangement
has enabled rapid feedback between investigators. It is anticipated
that this in turn will facilitate rapid progress towards CFD accuracy
improvements.

The investigators have previously reported comparisons be-
tween experiment and CFD for the combustor. Wall-pressure
measurements and fuel-plume-imaging (FPI)6 and particle-image-
velocimetry (PIV)7 results were separately compared with a simu-
lation performed using the GASP code.11 The numerical model was
shown to be capable of approximating the pressure distribution in
the duct when combustion occurred. From the FPI measurements, it
was established that the model was able to approximately match the
fuel-air mixing if the combustion process were precluded. However,
when combustion occurred, the model was not able to accurately
predict the changes in the fuel plume size, penetration, shape, and
axial growth. In terms of the velocity distribution on the centerplane
of the combustor, the model was able to generally match velocity
magnitudes of the reacting flowfield. However, plume penetration
was again not adequately predicted.

The present contribution reports on the progress toward improv-
ing agreement between the experimental and numerical results.
Experimental effort has concentrated on quantifying the combus-
tor inflow boundary condition through total temperature and pitot-
pressure surveys at the exit of the Mach 2 nozzle. The numerical
component of the study has focussed on the adoption of a different
CFD code and the investigation of the effects of altering bound-
ary conditions. In particular, the Viscous Upwind Algorithm for
Complex Flow Analysis (VULCAN) code12 has been adopted, and
the effects of laminar and turbulent boundary layers in the Mach 2
nozzle have been examined.

The paper begins with a description of the facility, flow condi-
tions, and dual-mode combustor of the experiment. The technique
used to obtain the nozzle survey is then presented. Because the tech-
niques used by Refs. 6 and 7 for the FPI and PIV experiments have
implications on the data interpretation and comparison with CFD,
the FPI and PIV experiments are briefly described. The new nu-
merical model is then described before moving on to compare the
experimental and numerical results. As part of the comparison, the
Mach 2 nozzle profiles are first examined, and then the combus-
tor pressure and Mach-number distribution and fuel plume velocity
field and distribution are explored. As both the experiment and nu-
merical model presented the ability to preclude combustion when
fuel was introduced into the combustor, the effects of combustion on
the fuel-air mixing process are examined by comparing the results
in terms of mixing (nonreacting) fuel air and reacting fuel air. The
present study represents the first-time FPI, PIV, and pressure mea-
surements have been simultaneously compared with a numerical
simulation of a dual-mode scramjet combustor.

Experimental Technique
Facility, Flow Conditions, and Combustor

The experiments reported here were performed using the Uni-
versity of Virginia Supersonic Combustion Facility. The facility is
schematically presented in Fig. 1a and is fully described by Refs. 13
and 14. As can be seen in the figure, the facility was vertically
mounted. This facilitated unimpeded physical and optical access to
the dual-mode combustor portion of the facility. Compressed air was
supplied to the facility via an oil-free compressor and desiccant air
dryer system. This air was then heated in a pressurized heater tank
via a 300-kW, 14-stage electrical resistance heater. Cold supply air
entered the top of the heater tank and flowed down the outer portion
of an annular section. At the lower end of the tank, the air entered
a heater core that housed the resistance heaters. The air flowed up
through the core to exit from the last heater stage at a temperature
approaching 1200 K. In contrast to vitiated and arc-driven facilities,
the heater was able to supply a test gas that was free of contam-
inants such as water, NO, particles, and radical species.13,14 After
exiting the electrical resistance heater, the test air flowed through a
ceramic flow straightener. It then passed through the Mach 2 nozzle

a)

b)

Fig. 1 Schematic of a) University of Virginia Supersonic Combustion
Facility and b) dual-mode combustor.

and combustor assembly. The exit of the test section was open to the
laboratory, and exhaust gases were removed from the building via an
open-ended exhaust tube. A type K thermocouple probe, which was
located in a plenum between the flow straightener and dual-mode
combustor, served to monitor the facility’s stagnation temperature.
This temperature and other operating conditions are listed in Table 1.

A schematic of the dual-mode combustor, together with a defini-
tion of measurement axes, is presented in Fig. 1b. The combustor
basically consisted of a two-dimensional Mach 2 nozzle, a short
constant-area isolator, and a rectangular combustion duct. One of
the walls of the combustor, referred to herein as the injection wall,
included an unswept 10-deg compression ramp. Hydrogen fuel was
introduced from the base of the ramp via a Mach 1.7 conical nozzle.
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Table 1 Test conditions

Parameter Dual-mode combustor Nozzle survey Error

Gas Air H2 Air ——
Stag. pressure, kPa 330–390 930–1010 415 ±3%
Stag. temperature, K 1120 300 1030 ±3%
Mach numbera 2.07 1.7 2.07 ——
Static pressurea, kPa 39–47 190–210 48 ——
Static temperature,a K 650 190 600 ——
Velocity,a m/s 1030 1760 990 ——
Equivalence ratio —— 0.28 —— ±5%

aProperty at nozzle exit determined using nozzle area ratio and assuming isentropic
flow.

Fig. 2 Schematic of Mach 2 nozzle survey probe.

The centerline of the injection nozzle was parallel to the compres-
sion surface of the ramp. Using the normal height of the ramp
(H = 6.4 mm) to normalize linear dimensions, the isolator and com-
bustion duct inlet dimensions were 4H × 6H . From a distance of
10H downstream of the ramp base, the injection wall had a 2.9-deg
divergence. Flow exited the combustor at X/H = 58. The centerline
of the injection wall, through the isolator, ramp and combustion duct
sections were instrumented with pressure taps. One off-axis mea-
surement station, at 4H downstream of the fuel injector, consisted
of two taps, 1H each from the wall centerline. Fueling conditions
for the combustor are presented in Table 1. Once steady fuel flow
was established, the combustor could be ignited using a detonation-
driven igniter system. This igniter system consisted of a 1.5-m long,
25-mm i.d. stainless-steel tube with a spark plug at one end. Oxygen
and hydrogen were introduced into the tube and ignited using the
spark plug. The resulting combustion products were then fed into
the flow immediately downstream of the fuel injector. Combustion
was self-sustaining following ignition. More complete descriptions
of the combustor geometry, instrumentation, fueling, optical access,
and data acquisition are reported elsewhere.6,7

Nozzle Survey Probe
Total temperature and pitot-pressure surveys of the Mach 2 noz-

zle were performed using a purpose-built probe assembly that is
schematically presented in Fig. 2. For these measurements, the com-
bustion duct and isolator of Fig. 1b were removed from the Mach 2
nozzle, and the flow was interrogated on a measurement plane that
was 1.7 mm downstream of the exit of the nozzle. The nozzle ex-
hausted into the laboratory and, hence, had a backpressure near
1 atm. This level was approximately twice the nozzle backpressure
for combustion tests of the dual-mode scramjet. Therefore, in order
to ensure the nozzle flow was driven to a fully started condition, the
facility was operated with a higher stagnation pressure than used
for the scramjet tests. Operating conditions are listed in Table 1.
The nozzle survey probe was built in house and consisted of a total
temperature probe and a pitot tube. These components were con-
structed of 1.59-mm outer diameter Inconel tubing with a 0.13-mm
wall. The tubes were located via a stainless-steel cantilever arm that
had a 40-deg included angle sharp leading edge. The cantilever arm
was mounted on a Y -Z traverse assembly using a thermal insulating,
alumina silicate ceramic, and an aluminum mounting bracket. The
melting temperatures of the Inconel and stainless-steel components

were near 1600 K, and tests of the survey probe in the nozzle flow
demonstrated that these components did not require active cooling.
In addition, temperature rise of the aluminum bracket was minimal
during testing. The Y -Z traverse assembly was capable of traversing
the probe throughout the nozzle flow with a resolution of 1 μm at
an absolute positioning uncertainty of 0.2 mm.

The total temperature probe design was based on that of Ref. 15.
The design basically consisted of a radiation-shielded type R ther-
mocouple. The radiation shield was formed by the Inconel tubing.
The main difference between the present design and that of Ref. 15
was that the radiation shield was of constant diameter, rather than
having a flattened cross section at the inlet. In addition, the thermo-
couple wire diameter (0.2 mm) was 20% smaller in order to limit
conduction losses from the thermocouple bead (∼Ø 0.4 mm). A
two-hole alumina ceramic insulator and high-temperature cement
located and sealed the thermocouple wires in the radiation shield.
The radiation shield had a vent to inlet area ratio of 50%. The vent
consisted of two 0.66-mm holes that were located 180 deg apart and
were 3 mm downstream of the thermocouple bead.

Based on the estimates of Ref. 15, the 99% rise time of the total
temperature probe was expected to be less than 5 s with a recovery
factor near unity and a temperature measurement error of a few
percent. The latter analysis accounted for errors caused by flow
velocity over the thermocouple bead and conduction and radiation
losses.

Pitot-pressure levels were measured using a SetraTM type pressure
transducer. Output of this transducer, together with the output of the
total temperature thermocouple, was monitored via a Fluke Hydra
Data Logger. Including measurement errors of the data-acquisition
system and the transducers, experimental uncertainty in total tem-
perature and pitot pressure were estimated to be approximately ±3
and ±2%, respectively. In addition, measured levels of total tem-
perature and pitot pressure were typically steady to within ±2 and
±3%, respectively.

Previous FPI and PIV Experiments
The FPI and PIV experiments of Refs. 6 and 7, respectively, were

performed by seeding fine particles into the hydrogen fuel stream
prior to injection. The fuel-air mixing and combustion wake of the
injector was then visualized by illuminating the seeded particles via
a sheet of laser light. The laser sheet was oriented in the crossflow
plane (at X/H = 3, 5, and 7) for the FPI measurements. For the
PIV technique, the laser sheet was located on the centerplane of
the combustor. For the latter technique, velocity information was
obtained by pulsing the laser sheet twice, using a known temporal
separation, and digitally determining the particle displacement be-
tween pulses via an autocorrelation technique. As only the fuel was
seeded, velocity was measured only in the fuel plume.

The seed particles used for the FPI and PIV measurements con-
sisted of silicon dioxide (SiO2) and alumina (Al2O3) powder, respec-
tively, with manufacturer specified primary particle sizes of 7 nm
and 0.3 μm, respectively. The particles were introduced into the
fuel stream using a seeding apparatus that was developed within
the laboratory. The methods for FPI and PIV seeding, image ac-
quisition, and data processing are fully discussed in Refs. 6 and 7,
respectively. For the PIV measurements, the field of view of the
camera was smaller than the available measurement region, and
hence, data were obtained at a series of measurement stations. The
time-averaged centerplane velocity contours were then displayed as
a juxtaposition of the time-averaged velocity field at each station.
Thus, some discontinuities in velocity contours were evident at the
edges of the field of view of each measurement station. Excluding
flow tracking errors, which Ref. 7 estimated to be generally low,
uncertainty in measured instantaneous velocity was estimated to be
near 6%. RMS velocity fluctuations (or turbulence intensities) in the
fuel plume were close to 10% for the fuel-air mixing case, and for
the reacting case were generally in the range of 10 to 60%.

Numerical Technique
As already mentioned, the VULCAN code was adopted for the

present investigation. VULCAN is a general-purpose CFD code
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that can solve the Reynolds-averaged Navier–Stokes (RANS) equa-
tions. It includes a wide variety of physical, thermochemical, and
turbulence models. A full description of the code can be found
in the literature.12 Only the specifics of the present application are
described here. In a manner similar to Ref. 6, the Mach 2 nozzle
and scramjet combustor were solved separately and sequentially;
the exit conditions from the nozzle were used as inlet conditions
for the combustor. In addition to using a different CFD code, the
present numerical model incorporated a finer grid and a more accu-
rate turbulence model than the numerical model of Ref. 6. Because
the nozzle and combustor were solved using different approaches,
their solution procedure is described separately.

Mach 2 Nozzle
The domain for the Mach 2 nozzle was three dimensional and

included the full Y dimension and half of the Z dimension. It ex-
tended from 6.23H upstream of the throat to the nozzle exit. The
grid dimensions were 201 × 61 × 49 (X × Y × Z ), with the entire
grid equally divided into 10 blocks. The wall spacing was such that
the maximum inner-law variable y+ was 11.0. To minimize simula-
tion run times, the comparison with the Mach 2 nozzle survey data
was performed using a two-dimensional domain. This allowed the
effects of boundary conditions, such as the laminar or turbulent state
of the boundary layer, to be easily explored. For the two-dimensional
domain, the nozzle centerplane was limited in the Y direction to the
centerline, and the nozzle grid dimensions were 221 × 61. In ad-
dition, a zone was added downstream of the nozzle exit, and this
extended past the nozzle survey measurement plane. This zone mod-
eled the overexpanded freejet region of the nozzle flow issuing into
the laboratory. The zone was discretized with grid of dimensions
41 × 93.

All solid walls were modeled as no slip and isothermal, with a
wall temperature of 400 K. Centerplane boundaries were modeled as
symmetry conditions. Inflow conditions for the nozzle were assumed
to be subsonic, with imposed stagnation conditions given in Table 1.
Values of turbulence intensity τ and turbulent-to-laminar viscosity
ratio μT /μL were assumed to be 0.01 and 1.0, respectively. For the
three-dimensional case, nozzle wall boundary layers were assumed
to be turbulent, and the nozzle outflow plane was modeled as an
extrapolation boundary. The boundaries for the freejet zone in the
two-dimensional case were modeled as subsonic inflow/outflow at
ambient stagnation conditions.

Space integration was performed with Edwards’s Low-
Dissipation Flux-Split Scheme (LDFSS),16 with Van Leer limiters
and third-order Monotone Upstream-Centered Schemes for Con-
servation Laws (MUSCL) interpolation. Time integration was
performed as fully elliptic using the diagonal-approximate-
factorization scheme.17 The turbulence model used was Wilcox’s
1998 k–ω model with wall-matching functions.18 A turbulent
Prandtl number PrT of 0.90 was adopted, and the flow was assumed
to be a single-specie calorically perfect gas.

The three-dimensional model was run on an SGI Origin 2000, us-
ing VULCAN’s message-passing-interface capability. Ten R10000,
250-MHz processors were used. A three-grid sequence was used
for convergence acceleration. The maximum Courant–Friedrichs–
Lewy (CFL) number was five, and the maximum residual of the
discretized equations was reduced by four orders of magnitude after
approximately 7000 iterations. The two-dimensional nozzle model
was run on a single-processor R10000.

Combustor
The three-dimensional domain of the scramjet combustor was dis-

cretized over half of the Z dimension by approximately two million
control volumes (CVs), nearly equally divided among 48 blocks.
Non-C(0) discontinuities (grid lines that are discontinuous across
interfaces) among the blocks allowed the grid to be clustered in
critical locations, while keeping the total number of CVs to a prac-
tical level. Between 68 to 132 CVs were used in the Y direction
and 48 to 128 in the Z direction. The maximum y+ at the walls
was approximately 100. The grid was finer than used previously by
Ref. 6.

Symmetry conditions were used on the symmetry centerplane.
Solid walls were again modeled as no slip, isothermal at 400 K
(of the order as that measured in the combustor walls). As al-
ready mentioned, the inflow conditions were provided by the three-
dimensional nozzle outflow solution. These outflow conditions were
set as extrapolation, that is, all variables in inside cells were extrap-
olated to the boundary cells. The conditions on the fuel-injector
nozzle outflow plane were assumed to be uniform, at the values of
Table 1, and τ and μT /μL were assumed to be 0.01 and 1.0, re-
spectively. Unlike the model of Ref. 6, the fuel-injection port was
modeled as being round, and an atmospheric exit condition was not
imposed at the downstream end of the combustor.

The space and time integration and turbulence model were the
same as adopted for the Mach 2 nozzle model. In addition, Wilcox’s
compressibility correction18 was used to account for Mach-number
effects in turbulent diffusion. The turbulent Schmidt number ScT

was 0.50, and PrT was 0.9.
The flow was modeled as a chemically reacting mixture of ther-

mally perfect gases. A 7-specie/7-reaction model19 was originally
intended to be used. However, because this reaction model did not
permit flame holding by the present combustor model, a 4-specie/1-
step model was implemented (i.e., O2, H2, H2O, and N2 with a very
high forward-rate constant and a zero-rate backward reaction). This
was also required for the model of Ref. 6. For comparison with the
fuel-air mixing case of the experiment, a frozen-flow model was
used with two thermally perfect species: H2 and a single-specie
model for air that was available in VULCAN.

The scramjet numerical model was run on 48 500-MHz proces-
sors. Grid sequencing was again used for convergence acceleration
and to obtain estimates of grid convergence. The maximum CFL
number was five. A total of 30,000 iterations were run (10,000 of
them in the fine sequence). It was found that it was not possible
to lower the residual by more than a couple orders of magnitude.
Therefore, convergence was considered to have been achieved when
the wall-pressure distribution in the combustor remained unchanged
after several hundred iterations.

Results and Discussion
Mach 2 Nozzle Study

Results of the Mach 2 nozzle survey investigation are presented
in Fig. 3. Figure 3a presents a schlieren image of the survey probe
while in the nozzle flow. The shadows of the probe cantilever arm
and the total temperature probe (left) and pitot tube (right) are clearly
evident. The vent holes of the total temperature probe are also visi-
ble. The horizontal shadow across the lower boundary of the image
shows the exit plane of the Mach 2 nozzle. Three lines have been
overlaid over the image to mark the nozzle centerline and walls.

Bow shocks from the total temperature probe and pitot tube are
clearly evident in the image. A lack of interaction between these
shocks confirms that the two tubes are sufficiently separated. The
nozzle flow displays the characteristics of a rectangular overex-
panded jet. An oblique shock and shear layer on either side of the
jet are clearly defined. The oblique shocks exhibit a small amount of
upstream interaction as they emanate from a point slightly upstream
of the nozzle-exit plane. Extrapolation of these shocks to the nozzle
walls indicates a distance of upstream interaction of 0.2H.

A Mach-number contour plot, generated using the two-
dimensional nozzle model, is presented in Fig. 3c. The plot is dis-
played using the same dimensional scale as Fig. 3a, and the measure-
ment plane is depicted. The simulation was performed assuming a
turbulent nozzle wall boundary layer. The numerical model predicts
an exit Mach number in the range of 2.04 to 2.07, and this compares
favorably with the inviscid, area-ratio based estimate in Table 1. The
Mach-number plot also shows shock angles and an upstream inter-
action extent (0.35H ) that are similar to the experimental results.
When the numerical model was run using a laminar boundary layer
in the nozzle, upstream interaction extended four times further up
into the nozzle. Thus, given the similarity between experiment and
the model using a turbulent boundary layer, the boundary layer in
the experiment is most likely turbulent. This result alleviates previ-
ous uncertainty as to the state of the nozzle boundary layer. Prior to
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a)

b)

c)

Fig. 3 Mach 2 nozzle experimental and numerical investigation at
Z/H = 0: a) schlieren of flow and survey probe; b) total temperature
and pitot-pressure survey, T0 = 1030 K and P0 = 415 kPa; and c) numer-
ically predicted Mach-number distribution (figures share same horizon-
tal scale).

shock interaction near the exit of the nozzle, the numerical model
predicts a boundary-layer thickness on the order of 1 mm.

Experimental and numerical profiles of total temperature Tt and
pitot pressure Ppitot are presented in Fig. 3b for the Z/H = 0 plane.
Temperature and pressure have been normalized by the measured
facility stagnation temperature T0 and stagnation pressure P0, re-
spectively. The pitot-pressure measurements and CFD show very
good agreement. Across the center of the jet, both experiment and
CFD show a pressure ratio Ppitot/P0 near 0.7. To within experimen-
tal uncertainty, this is equal to the theoretical level predicted using
one-dimensional normal shock theory and the conditions of Table 1.
There is also very good agreement between experimental and nu-
merical pitot-pressure levels at the edges of the jet. The peaks in
pitot pressure that are evident at the edges of the jet reflect the in-
tersection of the measurement plane with the oblique shocks. Thus,
the strength and position of the shocks are captured well by the nu-
merical simulation. The agreement between the experimental and

numerical pitot-pressure profiles serves to confirm the choice of a
turbulent boundary layer on the nozzle walls in the numerical mod-
eling. Pitot pressure was also measured on other Z planes. These
measurements showed that the pitot-pressure profile of the nozzle
was two dimensional within the region bounded by the oblique shock
waves.

Experimental and numerical profiles of the flow total temperature
are also presented in Fig. 3b. In contrast to the CFD, an asymmetri-
cal feature is evident in the experimental results. It was confirmed
that this feature was not induced by the asymmetrical nature of the
survey probe by obtaining a series of measurements with the probe
mounted on the opposite side of the nozzle. In this case, total tem-
perature measurements generally agreed with those in Fig. 3b to
within experimental uncertainty. It is proposed that the observed
asymmetry reflects an asymmetric temperature profile generated
by the facility heater. Such a profile could be produced by a cold-
air intrusion in the heater tank, between the cold-air outer annu-
lar section and the slightly lower pressure, high-temperature heater
core. Experimental levels of Tt/T0 reach levels above unity. This
is consistent with a cold-air intrusion reducing the air temperature
in the heater tank at the location of facility stagnation temperature
measurement.

Experimental measurements of total temperature on other
Z planes exhibited that, neglecting wall effects, the total temperature
profile of the nozzle was approximately two dimensional. However,
a decrease in total temperature, on the order of that observed in
Fig. 3b at low Y , was evident in the nozzle corner at low Y and
negative Z . Thus, this corner may also be affected by a cold-air in-
trusion. Given the maximum differences between experimental and
numerical profiles in Fig. 3b are on the order of 5%, the asymmetri-
cal profile in temperature is not expected to significantly affect the
experimental and numerical comparisons that follow herein.

Combustor Study
Pressure and Mach-Number Distributions

Figure 4 presents the experimental and numerical pressure dis-
tributions, along the injection wall, for the cases of fuel-off, fuel-
air mixing, and fuel-air reacting. Pressure is normalized using the
measured nozzle-exit pressure for fuel off (Pref = 48 kPa) and is
plotted as a function of the normalized distance from the base of
the ramp fuel injector. For the fuel-off case in Fig. 4a, the presence
of ramp-generated shocks and expansion waves leads to significant
fluctuations in the streamwise pressure distribution. It can be seen
that there is good agreement between the experimental and numer-
ical results for this case. As the numerical model did not include an
atmospheric exit condition at the downstream end of the combustor,
the model does not capture the pressure rise to 1 atm, which occurs
downstream of 40H in the measurements. However, this does not
affect interpretation and comparison of the results upstream of 40H .

Referring to Fig. 4b, when fuel is introduced into the combustor,
but not ignited, the pressure distribution is similar to the fuel-off
case. The pressure levels in the combustor, for both cases, are con-
sistent with supersonic flow. As for the fuel-off case, the numerical
model generally captures the ramp-generated shock and expansion
waves. Comparisons of the experimental and numerical pressure
distributions for the fuel-off and mixing cases were not considered
in the previous study of Ref. 6.

Once fuel is ignited, there is a significant pressure rise in the
combustor. This is depicted in Fig. 4c. Referring to the experimental
results, the pressure levels at the nozzle exit (−7H ) and on the ramp
face (−5H ) are the same as for the fuel-off and mixing cases; hence,
the inflow to the combustor is supersonic. Numerical predictions of
the streamwise pressure distribution are also presented in Fig. 4c
for two of the three grid levels used for the grid sequencing. The
fact that the distributions are very close to each other suggests that
the calculations are close to being grid converged. Comparing the
fine-grid results with the experimental measurements, it can be seen
that the model accurately predicts the wall pressure between −7 and
12 ramp heights from the base of the fuel injector. The agreement
in this region is an improvement over the previous simulation of
Ref. 6. Downstream of 12H , the numerical model overpredicts the
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a)

b)

c)

Fig. 4 Experimental and numerical wall-pressure distribution for
a) fuel-off, b) fuel-air mixing, and c) fuel-air reacting, Pref = 48 kPa;
experimental uncertainty is ±2%.

level of expansion, or acceleration, that occurs along the 2.9-deg
diverging section of the wall. The numerical model of Ref. 6 also
overpredicted expansion in this region.

The numerically predicted centerplane Mach-number contours,
presented in Fig. 5 for the cases of fuel-air mixing and reacting,
support the findings drawn from the pressure distributions. For the
mixing case in Fig. 5a, the flow remains supersonic, except for
the low-pressure, recirculation region immediately downstream of
the ramp base. The underexpanded nature of the hydrogen fuel jet,
which results in a barrel shock and Mach disk, is also evident. For
the fuel-air reacting case in Fig. 5b, the heat release of combustion
leads to a large subsonic, or thermally choked, region along the in-
jection wall. The inflow to the combustor and the region along the
upper portion of the duct, however, remains supersonic. This was
also observed by Ref. 6. Crossflow contours of Mach number (not
shown) predicted that the supersonic region also extended along the
side walls of the duct. The expansion downstream of 12H , which
was observed in the numerical pressure distribution in Fig. 4c, is
consistent with the flow near the injection wall accelerating from
Mach 0.6 to Mach 1.2. The hydrogen fuel jet Mach-number pro-
file for the reacting case again reflects that of an underexpanded
jet. However, as the jet is now issuing into a higher pressure field,
compared to the mixing case, less jet expansion and lower Mach
numbers are evident. Interestingly, for the reacting case, the high-
Mach-number region of the hydrogen jet exhibits greater penetra-
tion into the freestream than for the mixing case, despite the fact

a)

b)

Fig. 5 Numerically predicted Mach-number distribution on the cen-
terplane. Full domain and ramp base region displayed for a) fuel-air
mixing and b) fuel-air reacting.

that the mixing case jet expands into a lower pressure, higher Mach
number freestream, and expands to higher Mach numbers. This issue
is addressed in the following discussion.

Fuel Plume Velocity Field and Distribution
The time-averaged fuel plume velocity field, for the cases of fuel-

air mixing and reacting as measured by Ref. 7 using PIV, are pre-
sented in Figs. 6a and 6c, respectively. As identified by Ref. 7, the
fuel plume exhibits a near-field high-speed core that extends approx-
imately four and six ramp heights downstream of the fuel injector
for the mixing and reacting cases, respectively. For the mixing case,
this core penetrates to a distance of approximately 1.3H from the
injection wall at X/H ≈ 4. Downstream of this point, in the far field
of the fuel plume the velocity approaches the calculated freestream
velocity in Table 1 of 1030 m/s. Compared to the mixing case, the
high-speed core of the reacting fuel jet exhibits higher velocity mag-
nitudes and penetrates further into the flow-reaching Y/H = 1.8 at
X/H ≈ 6. Based on the work of Ref. 20 with subsonic combusting
jets, Ref. 7 postulated that the higher velocity of the reacting jet was
caused by heat-release-induced expansion in the jet. This process
has the effect of maintaining streamwise velocities and reducing en-
trainment of the lower speed freestream into the fuel jet. A similar
effect might be at work in the present supersonic case. Downstream
of X/H = 6, velocity magnitudes are lower than measured for the
mixing case. This is because of the heat release of combustion lead-
ing to thermal choking.

Referring to the numerical results for the mixing case, in Fig. 6b,
it can be seen that the numerically predicted velocity magnitude in
the jet far field (X/H > 4) is similar to that measured, particularly
at high X/H . However, the numerically predicted velocity is higher
in the near field. In addition, the numerical fuel jet velocity field,
immediately downstream of X/H = 1, reflects the jet barrel shock
and Mach disk identified in Fig. 5a. A thin section of the high-
speed core persists downstream to X/H ≈ 3.8 and Y/H ≈ 1.3. This
feature is a remnant of the shear layer associated with the barrel
shock of the underexpanded jet. Interestingly, the lower portion of
the shear layer, which is just visible at X/H = 2, Y/H = 0.7, is very
weak. Such features may be reflected in the experimental measure-
ments of Fig. 6a. However, it is not clear if differences are caused by
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a)

b)

c)

d)

Fig. 6 Centerplane streamwise velocity and interpolated streamlines:
a) measured and b) numerically predicted for fuel-air mixing, and
c) measured and d) numerically predicted for fuel-air reacting (Note:
X:Y scale ratio not 1:1).

particle tracking errors in the measurements or inadequacies of the
numerical model. The former reach a maximum in regions of high
fluid acceleration or deceleration.7 In any case, penetration and axial
streamwise extent of the upper portion of the shear layer are consis-
tent with that for experiment in Fig. 6a. Comparing the streamlines
that have been overlaid onto Figs. 6a and 6b, it can be seen that
the numerically predicted streamlines do not match those experi-
mentally observed for the mixing case. In the experimental velocity
field, streamlines initially lift off the injection wall and then turn
to match the freestream direction. The streamlines then turn back
away from the wall and continue to diverge. The numerically pre-
dicted streamlines take a similar course. However, they can be seen
to converge in a manner that would seem unrealistic. The source of
the observed convergence is uncertain.

Figure 6d presents the numerically predicted contours for the fuel-
air reacting case. Comparing this with the measurements in Fig. 6c, it
can be seen that the overall velocity fields are similar, but the numer-
ical magnitudes are generally higher. In the near field, high-speed
core streamwise extent, penetration distance, and angle are almost
the same. Importantly, the magnitude of each of these parameters
that is numerically predicted for the mixing case is lower than for
the numerical reacting case. Thus, the CFD model is capturing the
same effects observed in the experimental measurements, namely, a
slower streamwise decay in the fuel-jet velocity and higher penetra-
tion when combustion takes place. The numerical model indicated
that the static temperature of the fuel jet, and hence the speed of
sound, was relatively uniform and was approximately the same for
the mixing and reacting cases. Therefore, the velocity field effects
just identified are reflected in the Mach-number contours of Fig. 5.

Comparing the far field of the numerical reacting fuel plume
velocity (X/H > 6) in Fig. 6d with that of experiment in Fig. 6c, it

can be seen that the model does not predict the extent of velocity
reduction that results because of thermal choking. This suggests
that the CFD is not able to adequately match the amount of heat
release. The reduced heat release might also be manifested in the
stream traces of Fig. 6d, which tend to converge, rather than diverge
(as in the measurements of Fig. 6c). However, as for the numerical
mixing streamline comparison, the cause of the discrepancy with
experiment is not fully understood.

Based on the velocity comparison in Ref. 7, the present numeri-
cal model performs better than the model of Ref. 6 when predicting
the reacting flowfield. This finding is based largely on the fact that
the penetration of the jet high-speed core now matches experiment.
However, the level of velocity magnitude overprediction and stream-
trace divergence underprediction is still similar.

The experimental and numerical fuel plume distribution is now
examined. Time-averaged crossflow fuel plume images, measured
for the case of fuel-air mixing, are presented in Fig. 7. The ramp-
induced counter-rotating vortices can be clearly seen to be imparting
a “kidney”-shaped cross section on the fuel plume. As is expected,
the location of the fuel plume along Z/H = 0 is consistent with the
location of the PIV measurements of Fig. 6. From Fig. 7, it can be
seen that the fuel plume size and penetration increases with distance
from the fuel injector. On the centerplane, this is consistent with the
streamline divergence and lift observed in Fig. 6.

In a manner similar to Ref. 6, Fig. 7 also presents numerically pre-
dicted contours of total hydrogen atom mass fraction. This includes
all hydrogen in the form of H2 and H2O that, in the experiment, is
effectively tagged by the seed particles. It can be seen that the numer-
ically predicted plume shape is similar to, but is generally smaller
than experiment. On the centerplane, the plume axial growth and
penetration are also underpredicted at each plane. This is consistent
with the differences already observed in the streamlines of Figs. 6a
and 6b. Given that the plume shape is approximately matched by the
CFD, it would appear that the mixing caused by the ramp-induced
vortices is qualitatively matched. Given that the plume size and pen-
etration is underpredicted, turbulent mixing of the numerical model
may also be underpredicted.

Experimental and computational fuel plume distributions for the
case of fuel-air reacting are presented in Fig. 8 for the same mea-
surement planes. Comparing the reacting and mixing experimental
plumes, the heat release of combustion generally leads to a larger
fuel plume and increased plume penetration, with a distinct dif-
ference in size at X/H = 3 that is not as apparent. On the duct
centerplane, this is consistent with the behavior of the streamlines
of Figs. 6a and 6c, namely, more penetration of the high-speed core
of the jet, and more divergence of the streamlines when combus-
tion takes place. These differences are greater as the flow proceeds
downstream. Referring again to Fig. 8, comparison of the numeri-
cally predicted reacting plumes with experiment yields conclusions
similar to the mixing results. The experimental plume shapes are
approximated, and the plume size, penetration, and centerplane ax-
ial growth are generally underpredicted by the model (although,
at X/H = 3, the numerical plume does appear larger). Reference 6
similarly obtained underprediction using the preceding numerical
model. Again, on the centerplane the fuel plume traits are reflected
in the differences in the streamlines of Figs. 6c and 6d, that is, con-
vergence and reduced penetration of the numerical streamtraces,
with greater deviation from experiment in the streamwise direction.
Comparing the numerical results in Figs. 7 and 8, the model pre-
dicts a larger fuel plume and increased penetration when combustion
takes place, which is similar to experiment. This is in contrast to the
deficiency of the model examined in Ref. 6.

Referring again to Figs. 7 and 8, both the experimental and nu-
merical fuel plumes display less of a distinct kidney shape when
combustion takes place. Based on experimental results, Ref. 6 pro-
posed that this indicated that the effects of the ramp-induced vortices
are diminished when combustion takes place. Thus, it would appear
that this is an effect which the present numerical model is able to
capture, and this is in contrast to the numerical model examined
by Ref. 6. Although the effects of the ramp-induced vortices would
appear to be simulated by the numerical model for both the mixing
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Fig. 7 Experimental and numerical crossflow fuel plume distribution for fuel-air mixing.

Fig. 8 Experimental and numerical crossflow fuel plume distribution for fuel-air reacting.

and reacting cases, the general smaller size, reduced penetration,
and retarded centerplane axial growth of the numerically predicted
reacting plume indicates less predicted heat release.

Conclusions
A study of a direct-connect Mach 2 hydrogen-air combustor with

a 10-deg unswept-ramp fuel injector has been performed. Both the
experimental and numerical aspects of the study enabled exami-

nation of the cases of fuel-air mixing and fuel-air reacting. Thus,
the effect of heat release of combustion on the fuel-air mixing pro-
cess could be isolated. The investigation of the fuel-air mixing and
combustion processes incorporated experimental data that included
combustor wall-pressure distributions and FPI and PIV measure-
ments. Based on the FPI and PIV data, the numerical model pre-
dicted the fuel plume shape well for both the mixing and reacting
cases. The model also predicted a larger fuel plume and increased
penetration for the reacting case than for the mixing case, which was
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in general agreement with experiment. In addition, the penetration
of the fuel jet’s high-speed core was matched for the reacting (and
mixing) case. Agreement in the upstream third of the combustor
pressure distribution was also better than previously obtained. The
preceding results are an improvement over the previous modeling
of the investigators.

Two main findings can be drawn from the present investigation.
First, the numerical model underpredicts the level of turbulent mix-
ing, and second the model underpredicts the level of heat release of
combustion. Evidence of underprediction of turbulent mixing stems
from the fuel-air mixing results. When combustion was precluded,
the model generally underpredicted the fuel plume size and penetra-
tion. In addition, the numerically predicted streamlines of the plume
did not diverge, providing further evidence of reduced entrainment
of the freestream through turbulent mixing. As the numerical fuel
plume shape approximated that of experiment for the mixing case,
the model was able to qualitatively capture the level of mixing gen-
erated by the ramp-induced vortices. Thus, the level of mixing en-
hancement of large-scale structures in the flow, unlike mixing in-
duced through smaller-scale turbulence, was qualitatively matched.

The fuel-air reacting comparisons yielded evidence of numerical
underprediction of heat release. The numerical model predicted a
reduced pressure rise throughout much of the combustor, less ther-
mal choking in the velocity far field of the fuel plume, no divergence
of plume streamlines, and less penetration of streamlines, despite
higher predicted velocities of the plume. Reduced plume size and
penetration were also generally numerically predicted for the react-
ing case. In addition, only a one-step chemistry model, rather than a
more realistic seven-reaction model, was able to numerically flame
hold.

Numerical underprediction of turbulent mixing and heat-release
points to inadequacies in the adopted turbulence model and chem-
istry model and the turbulence/chemistry interaction. The amount
of heat released by a one-step chemistry model would be expected
to be more than the actual complex, higher-order combustion pro-
cess of the experiment. Thus, reduced, heat release of the numerical
model can be attributed to reduced turbulent mixing or inadequa-
cies of the turbulence model and not to the chemistry model. Such
a strong coupling between heat release and turbulent mixing might
largely be the result of the one-step chemistry model. However, fac-
tors such as 1) combustor inlet enthalpies below that required for
fuel autoignition and 2) relatively low fueling equivalence ratios
might also play a role.

Accuracy of the present numerical model can therefore be im-
proved through developmental work on the turbulence modeling.
This not only includes a detailed examination of the appropriate-
ness and implementation of the Wilcox turbulence model and com-
pressibility correction adopted herein, but also the effect freestream
and injected fuel turbulence levels, for example, have on the fuel-air
mixing process. This level can be quantified through further exper-
imental investigation, particularly using techniques, such as PIV,
which enable turbulence intensity levels to be quantified.
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