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Analysis of Dual-Mode Hydrocarbon Scramjet
Operation at Mach 4-6.5

R. A. Baurle* and D. R. Eklund*
Taitech, Inc., Beavercreek, Ohio 45430

Reynolds averaged Navier-Stokes calculations have been performed for a U.S. Air Force Research Laboratory/
Aerospace Propulsion Office scramjet combustor designed for Mach 4.0-6.5 flight. The combustor flowpath is
unique in that it is entirely free of flow obstructions with fuel injection from wall-mounted injection ports and
flameholding established by means of a recessed cavity. Calculations were performed at the minimum (Mach 4.0)
and maximum (Mach 6.5) flight design conditions. The combustor operated in dual mode at the Mach 4.0 condition.
The precombustion shock train formed a region of low-momentum/Aeparated flow adjacent to the combustor side
wall. This proved to be a primary source of flameholding, with the recessed cavity adding additional flameholding
support. The flow was not thermally choked at the Mach 6.5 condition, resulting in very little upstream interaction.
The mixing process at the Mach 4.0 flight condition was considerably more efficient than that seen at the Mach 6.5
condition, due primarily to the shock-induced flow distortion and larger residence time. Even with the reduced
mixing levels predicted at the Mach 6.5 condition, the combustion efficiency was comparable to that achieved
at the Mach 4.0 condition. The solutions obtained for dual-mode operation were particularly sensitive to choice
of turbulence model and values specified for the turbulent Prandtl and Schmidt numbers. Overall, the solution

sensitivity to grid resolution was small relative to the solution sensitivity to modeling uncertainties.

Introduction

HE current U.S. Air Force initiative supporting scramjet devel-

opment is the hypersonic technologies (HyTech) program, es-
tablishedin 1995.! The immediate applicationof these technologies
is aimed at high-speed air-launched missile development. Liquid
hydrocarbon fuels are preferred for this application over hydrogen-
based fuels due to their higher density (and corresponding reduced
fuel tank volume) and considerations such as ease of handling and
increased safety during military operations. As with other hyper-
sonic programs, the primary obstaclesin the design of these vehicles
center around the technologiesrequired for the developmentof the
propulsion system.

Researchers at the U.S. Air Force Research Laboratory/Aero-
space Propulsion Office (AFRL/PRA) have developed and tested a
scramjet combustor flowpath based on wall-mounted fuel injection
coupled with a cavity-based flameholder. The potential advantages
of this configuration over othercommon fuel injectionflameholding
strategies that introduce flow obstructions are considerable. The
placement of physical obstructionsin the combustor (such as ramps
or struts) enhance mixing by providing streamwise vortices that
“stretch” the fuel-to-air interface. These components, however, re-
quire cooling, a severe complexity in high-enthalpyflow. Moreover,
a significant portion of the hypersonic missile flight profile is at a
reducedenginethrustlevel during cruise,and any additionalinternal
drag caused by flow obstructionscan resultin substantialengine per-
formancelosses.In partbecauseof these considerations,researchers
at AFRL/PRA have focused their efforts on the use of nonintrusive
fuel injectors combined with recessed cavity flameholders. All tests
have been conducted at the supersonic combustion facility located
at AFRL/PRA. This facility is presently capable of simulating flight
Machnumbersbetween4 and 8, peak stagnationconditionsof 5 MPa
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and 2200 K, and air mass flow rates of up to 13.6 kg/s. A detailed
discussion of the facility may be found in Ref. 2. The variable-
geometry heat-sink combustordescribedin Ref. 2 has recently been
replaced with a fixed-geometry water-cooled combustor. The entire
rig is now water cooled, permitting longer test times that allow the
wall temperature (heat flux) to reach true steady-state conditions.

The prediction of scramjet operation at low hypersonic flight
Mach numbers (4 < Mach < 7) has proven to be a daunting task 3
Combustor operationat these Mach numbersis typically dual mode,
so that the heat release due to combustion forces a precombustion
shock train upstreamof the combustor. The shock system transitions
the flow from supersonic to subsonic conditions within the nearly
constant area duct (isolator) that separates the inlet from the com-
bustor. The heat release due to combustion eventually expands the
flow back to sonic conditions (thermally choked condition),and the
combustor area divergence continues the expansion to supersonic
conditions. The feedback mechanism between the precombustion
shock train and downstream combustion zone is quite sensitive to
small disturbancesin the flowfield, requiring the use of state-of-the-
art turbulence and combustion models. Moreover, the mixed super-
sonic and subsonic regions of the combustor require large sections
of the flow to be solved simultaneously, forcing the use of efficient
parallel algorithms and solution methodologies.

Pretest Reynolds averaged Navier—Stokes simulations have been
performed for the AFRL/PRA water-cooled combustor rig at true
Mach 4.0 and Mach 6.5 flight enthalpies. Calculations were also
performed at conditions that closely approximate those used in tests
of a similar heat-sink combustor described in earlier reports.2->:
These conditionsdo not preciselymatch a particularflight condition.
Instead, measurements at these conditions were used to calibrate
numericalmodel constants (turbulent Schmidt and Prandtl numbers)
and to determine the level of grid resolution required to capture the
relevant time-averaged dual-mode flow physics.

Combustor Configuration

A schematic of the combustorrig flowpath considered in this in-
vestigationis shownin Fig. 1. The testrig consistsof an interchange-
able water-cooled facility nozzle, two removable water-cooled iso-
lator sections, and a water-cooled fixed-geometry combustor. An
uncooled partial nozzle is used to transition the combustor exit ge-
ometry to the calorimeter section. Vitiated air is supplied to the
facility nozzle, providing high-enthalpy conditions for a variety of
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Fig. 1 Schematic of facility flowpath.
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Fig. 2 Area distribution of isolator and combustor.
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Fig. 3 Fuel injector arrangement relative to the cavity flameholder
(flow direction is top to bottom).

simulated flight Mach numbers. Each facility nozzleis instrumented
with an array of static pressure taps along the side wall, and each
isolator section is instrumented with 60 pressure taps along the up-
per and lower walls. The combustor top, bottom, and side walls are
instrumented with nearly 200 static pressure taps. All four walls of
the combustorhaveremovableinserts allowing optical access and/or
installation of additional instrumentation. The cross-sectional area
distribution from the isolator entrance to combustor exit is given
in Fig. 2. The total area ratio is 2.014. The “body-side” wall of
the isolator has a 0.75-deg divergence angle. The combustor has a
small constant area section upstream of fuel injection, followed by
a2.6-deg divergenceangle on the body-side surface. Further details
of the test facility may be found in Ref. 2.

A plan-form view of the fuel injector/flameholder arrangementis
shown in Fig. 3. This design consists of four low-angle (15 deg rel-
ative to the combustor surface) flush wall injectors upstream of a re-
cessed cavity. The aft wall of the recessed cavity is angled (22.5 deg
relative to the cavity floor) to provide relief from the self-sustained
pressure oscillationsassociated with recessed cavity flows. All four
injectors are fed from a common manifold, and each injectorhas its
own static pressuretap to ensure that properfuel conditionsare being
simulated. The injector block was designed to permit geometrical

variations in cavity length-to-depthratio, cavity aft wall angle, and
distance downstream of fuel injection. Several ports are available
along the bottom wall of the cavity for ignition sources, pressure
taps, thermocouples, gas sampling devices, and fuel/air injection.

Modeling Approach
All computational results were obtained using the VULCAN

Navier-Stokes code.” The numerical algorithms and physical mod-
els available in this code are quite representative of the class of
solvers typically used for high-speed reacting flow computations.
The code solves the Reynolds averaged conservation equations
appropriate for calorically or thermally perfect gases with a cell-
centered finite volume scheme. A variety of one-equation and two-
equation turbulence models are available to describe the turbulent
velocity field. Chemical reactions are accounted for with finite rate
kinetics models based on the law of mass action. The code also
contains full multigrid capabilities, allowing rapid convergence for
steady-state problems. Recent additions to the code include arbi-
trary block to block non-C(0) continuous connectivity and block
level parallelizationusing a message passing interface. These recent
enhancements have greatly reduced the turnaround times required
for dual-mode flowfield calculations. Further details describing the
code may be found in Ref. 7.

All calculations were performed using the low-diffusionflux split
scheme of Edwards.! The MUSCL parameter k was chosen as one-
third to minimize truncation error and the Van Leer flux limiter was
employed to enforce total variation diminishing. The steady-state
solutions were advanced in time using a diagonalized approximate
factorizationscheme. These solutions were advancedin time with a
Courant-Friedrechs—Lewy number in the range of 1.5-2.5. Steady-
state solutions could not be found for some of the simulations con-
sidered in this effort. In these instances, the time integration was
performed in a time-accurate manner with a constant time step of
2.5 ws. In each time-accurate simulation, the unsteady behavior of
the flow was strictly periodic, a common feature when using diffu-
siveeddy-viscosity-basd turbulencemodels. The observed periodic
behaviorallowed the extraction of an effective steady-statesolution
through an ensemble average of the flowfield during one cycle of
the oscillation. A less diffusive simulation procedure, for example,
large-eddy simulation, would result in a chaotic unsteady behav-
ior, requiring a much larger time history to extract relevant flow
statistics.

The turbulence models chosen for this work were the Menter
baseline (BSL) and Menter shear stress transport (SST) models.’
The BSL version of the Menter model is essentially the standard
high Reynolds number Wilcox k—w model near solid surfaces and
smoothly switches to the standard Jones—Launder k—€ model near
the outer portion of the boundary layer and in regions of free shear.
This model attempts to take advantage of the robustness and accu-
racy of the k—w formulation for wall-boundedflows, while retaining
the somewhat more accurate k—e formulation for free shear flows.
The SST extension of this model addresses the tendency of most
two-equation turbulence models to underpredictthe level of separa-
tion for flows with adverse pressure gradient. This model accounts
for the transporteffects of the principal turbulentshear stress by lim-
iting the eddy viscosity. To relax the grid requirements near solid
surfaces, the wall-matching procedure developed by Wilcox!? was
used for all calculations. The compressibility correctionof Wilcox!!
was also employed to account for the reduced mixing levels associ-
ated with high convective Mach numbers.

All calculations employed constant values for the turbulent
Prandtl Pr, and Schmidt S¢, numbers, which control the turbulent

Data available online at http:/vulcan.cfd.larc.nasa.gov/awhite/.
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transportof energy and mass, respectively. Previous dual-mode cal-
culationsfora similarcombustor’ showeda highsensitivityto values
specified for these parameters (particularly the Schmidt number), so
a sensitivity study was repeated for the configuration analyzed in
this work. The baseline values for the turbulent Prandtl and Schmidt
numbers were chosen as 0.89 and 0.5, respectively. Other turbulent
Schmidt numbers in the range of 0.25 < Sc¢, <0.75 were considered
with Pr, fixed at 0.89. The turbulent Prandtl number was also varied
(0.45 < Sc, < 1.8) with the Sc, fixed at 0.5.

Chemical kinetics were modeled as finite rate using a 3-step, 6-
species reduced ethylene mechanism developed by Mawid (private
communication) (see Table 1). Following Eklund et al.,’ rate ad-
justments were made to this model to account for the presence of
hydroxylin the vitiated freestream. Hydroxyl has been found to re-
ducetheignitiondelay considerablyeven atconcentrationlevels less

Tablel Model: 3-step, 6-species ethylene kinetic

Reaction A? b T., K

CHy + 0, =2CO+2H,; 2.10E+14 0.0 18015.3
2CO + 0, = 2C0O, 3.48E+11 2.0 101349
2H; + O, =2H,0 3.00E+20 -1.0 0.0

#Units are a multiple of cm?/mole - s.

Facility Nozzle

than 1 ppm. The reduced model used in this work does not account
for the presence of OH. Other reduced models for ethylene!? allow
for the presence of OH, but only in the contextof the H,—O, kinetic
process that occurs after the ethylene fuel has been decomposed.
In the detailed kinetic mechanism,'? the effect of OH on ethylene
ignition occurs predominantly through the initial H-abstraction re-
action:

C,H, + OH = G,H; + H,0

and the subsequent generation of the radical pool. Therefore, many
of the reduced models that allow for the presence of OH can not
properly account for the reduced ignition delay. The adjustment to
the reaction rates is obtained by first assuming the flow to be in
chemical equilibrium at the entrance of the facility nozzle. A finite
rate (quasi-one-dimensimal) calculation is then performed using
the detailed kinetic mechanism through the facility nozzle to de-
termine an estimate for the hydroxyl levels entering the combustor.
The nozzle exit composition is then used as the initial composition
for an ignition delay study. Finally, a comparison of ignition delay
with the detailed kinetic mechanism and the reduced mechanism
(overarange of expected combustor conditions)is performed to de-
termine the rate adjustment. A detailed descriptionof this procedure
is outlined in Ref. 5.

Isolator

Combustor Near-field

Combustor Far-field

o

Fig. 4 Computational grid with every other grid point removed for clarity [non-C(0) patches present at the combustor near-field inflow and outflow

planes].
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Test Conditions and Grid Details

The computational domain for all simulations extended from the
facility nozzle plenum to the exit of the partial nozzle (entrance
of the calorimeter section). This computational domain, however,
was broken up into separate regions wherever possible to reduce
the computational costs. The subsonic portion of the facility nozzle
and a small region downstream of the nozzle throat were solved as
a separate domain. The remaining supersonic section of the nozzle
was solved using an efficient space-marchingalgorithm. Cold-flow
simulations allowed the isolator sections and far-field region of the
combustorto be solved using the space-marchingprocedureas well,
with an elliptical algorithm used only in the immediate vicinity
of the cavity flameholder and fuel injection sites. Most reacting
simulations,however, required that the entireisolatorand combustor
be solved as one entity with the fully elliptic algorithm due to large
regions of subsonic/separated flow resulting from precombustion
shock trains.

The grid generated for this computational domain consisted of
2.35 x 10° cells. Roughly 2 x 10° cells were placed in the isolator
and combustor, with the remaining cells placed in the facility nozzle.
Grid zones were generated for the interior of all fuel injector ports,
which were integrated into the solution domain. This practice obvi-
ates the need for ad hoc profiles at the combustor/injector interface.
The grid was clustered to all solid surfaces at a level appropriate for
the use of wall functions (y* < 50). The grid was also clusterednear
the fuel injection ports and at the leading and trailing edges of the
cavity flameholder. The grid generated for each facility component
is shown in Fig. 4. The grid was broken up into a total of 22 grid
zones. The 17 grid zones that comprised the isolator and combustor
sections yielded good load balance statistics for use with either 3,
5, or 9 processors. The ideal speed up, defined as

. total cell count
ideal speed up = €8
cell count of largest zone

was 2.98, 4.91, and 8.7 using 3, 5, and 9 processors, respectively.
Two non-C(0) patches that is, nonaligned grid zone interfaces, were
employed to remove unnecessary grid points in regions upstream
and downstream of the fuel injection sites. These patches removed
roughly 50% of the spanwise grid points required to resolve the
injector near field. A secondary benefit of non-C(0) patches was
that they permitted nearly isotropic cells in the core flow region
of the isolator, providing a more efficient grid structure for wave
propagation.

The nozzle inflow conditions were prescribed with a subsonic
boundary condition that maintained constant plenum stagnation
conditions. This boundary condition ensures that the desired mass
flow rate (with allowances for boundary-layer growth) is achieved
through the facility nozzle. The inflow conditions for the fuel injec-
tion ports were set in the same manner, allowing the injectant mass
flow rate to adjust based on local conditions within the combustor.
The combustor static pressure to injectant total pressure did not ex-
ceed the critical pressure ratio in any of the simulations performed
in this effort; hence, the injector ports operated under choked condi-
tions. The conditionsforeach case simulatedare givenin Tables2—4.
The vitiated inflow composition given in Tables 2—4 was obtained
based on an assumption of complete reaction within the vitiator. A
zero-gradientcondition was applied at the combustor outflow plane,
and flow symmetry was assumed at the spanwise centerplane of the
combustorrig. The nozzle and isolator surfaces were defined as no-
slip isothermal surfaces. The surface temperature was determined
iteratively by comparing the computed total heat loss with the mea-
sured values. Heat loss data were not available for the water-cooled
combustor section, so an adiabatic no-slip condition was applied to
all combustor surfaces. This approximation was partially realized
in the combustor rig by the application of a thermal barrier coating
to all water-cooled combustor surfaces. The thermal barrier coating
consisted of a nickel-chromium coating, followed by a 50-50 (by
weight) nickel-chromium/zirconia coating, followed by a top coat
of zirconia. The coating permits higher interior surface temperatures
and reduces the cooling requirements of the water channels.

Table2 Combustor conditions (M1.8 facility nozzle)

Nominal combustor conditions Inflow Fuel
Mach number 1.8 1.0
Total temperature, K 1187.0 300.0
Total pressure, kPa 574.5 1025.0
Equivalence ratio —_— 0.715
C,H4 mass fraction 0.0 1.0
O, mass fraction 0.2313 0.0
N> mass fraction 0.6601 0.0
H> O mass fraction 0.0303 0.0
CO, mass fraction 0.0783 0.0

Table 3 Combustor conditions (M2.2 facility nozzle)

Nominal combustor conditions Inflow Fuel

Mach number 2.2 1.0
Total temperature, K 902.2 425.0
Total pressure, kPa 689.5 1645.9
Equivalence ratio —_— 1.0
C,H4 mass fraction 0.0 1.0
O, mass fraction 0.2314 0.0
N> mass fraction 0.7117 0.0
H>O mass fraction 0.0159 0.0
CO, mass fraction 0.0410 0.0

Table4 Combustor conditions (M3.0 facility nozzle)

Nominal combustor conditions Inflow Fuel

Mach number 3.0 1.0
Total temperature, K 1826.7 425.0
Total pressure, kPa 2633.8 1692.4
Equivalence ratio —_— 1.0
C,H4 mass fraction 0.0 1.0
O, mass fraction 0.2283 0.0
N> mass fraction 0.5885 0.0
H> O mass fraction 0.0511 0.0
CO, mass fraction 0.1321 0.0

Simulation Details and Convergence

All simulations were initiated on coarse grids (cell count reduc-
tion was a factor of either 8 or 64) to allow a rapid means of ini-
tializing the reacting flowfield. First, a cold-flow (mixing-only) so-
lution was obtained on the coarsest grid considered. Ignition was
then achieved by invoking a modified version of the kinetic model,
where the Arrhenius activation temperature of each kinetic step was
reduced by a factor of two. This approach was found to be more
robust than adding ignition point sources or linearly scaling the
reaction rates. Ignition point sources require that the user specify
local energy sources with just enough energy (and at an appropri-
ate location) to ignite the mainstream fuel. If the ignition source
is too intense, stability problems can develop. A linear increase of
the reaction rates, that is, increasing the preexponential Arrhenius
constants, can also degrade numerical stability because this proce-
dure amplifies the nonlinear nature of the reaction rates. Reducing
the activation temperature, on the other hand, raises the magnitude
of the reaction rates in a manner that reduces the exponential de-
pendence on temperature. After ignition had been established, the
activation temperatures were set back to their proper values. The fi-
nal converged coarse grid reacting solutions were used as the initial
guess (vialinearinterpolation)foreach successivefine grid solution.
Convergence was ascertained by monitoring the global and species
mass flow rates, as well as mass-flux weighted one-dimensional
variables of interest. A mass-flux weighted variable ¢ at a given
streamwise station x is defined by

_ Jap(v-n)dA

90 = [p-n)dA

@

where p, v, n, and dA are the mixture density, velocity, cell face
unit normal, and cell face area. The integration is performed over
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all cell faces at a given cross section of the flowpath. When the one-
dimensional properties failed to converge to a steady-state value, a
time-accurate simulation was performed until a periodic state was
established. A steady-stateresult was then extracted by performing
an ensemble average of the flow properties during one period of the
oscillation cycle.

Results

The first set of conditions simulated were the conditions given
in Table 2 using the Mach 1.8 facility nozzle. This condition was
chosen because measurements were available at these conditions
for a similar combustor geometry2® The primary geometrical dif-
ference between the original and current configuration is that the
original combustor section had multiple divergenceangles, whereas
the current combustor has a constant divergence angle. The overall
area ratio is the same for both configurations. A thorough grid-
dependence study was performed at this condition to determine
the minimum level of grid resolution required for adequate reso-
lution of the dual-mode flow physics. Finally, rough comparisons
with isolator wall pressure measurements were made to determine
the appropriateness of chosen values for the turbulent Prandtl and
Schmidt numbers.

The influence of grid resolutionis consideredfirst. Figure 5 com-
pares the mass-flux weighted total pressure recovery, mixing effi-
ciency, and static temperature on different grid densities. Compar-
isons are made on four different grid systems. Three of the grids
were coarsened in only one coordinate direction to assess the rel-
ative importance of grid resolution in each coordinate direction
independently.The fourth grid was coarsenedin all three coordinate
directions. The total pressure recovery was defined as

f Pyp(v-n)dA
Urec = ref (3)
[PEp(v-n)dA
where the reference total pressure PU‘ef, was taken to be the facility

nozzle plenum pressure. The mixing efficiency was defined in the
manner described by Mao et al.!*:

_ fY,,o(v~n) dA

Mm fY,O(V ] n) dA (4)
where Y is the fuel mass fraction (for globally fuel lean cases) or the
oxidant mass fraction (for globally fuel rich cases). Y, is defined as
the mass fraction of the least available reactant (based on the global
equivalence ratio) that would react if complete reaction took place
without further mixing, that is,

v {Y, Y <Y,

T nla-v/a-vL o Yy, )
The definition of perfect mixing implied by this measure requires
that the least available reactant Y be less than or equal to the stoi-
chiometric value Y; at every point of a given streamwise plane. All

03F [ o1 T |

S Crs-J
0.2E _________ Crs-K
0.1;— N — Crs-lJK
0_03..,.|.,..|...‘|.... PN RREE SUWWS FENEE PR

g 1200.0
[

2 -8 -4 0 4 8 12 16 20 24

simulations were performed at globally stoichiometric or fuel lean
conditions; therefore, Y was chosen as the mass fraction of fuel.

The change in slope of the total pressure drop at x /H ~ —7 cor-
responds to the onset of the precombustion shock train. Apart from
a shiftin the onset of the shock train location, all four grids yielded
comparablelevels of total pressure loss. The solution was more sen-
sitive to coarsening of the J-direction than the / and K directions.
As will be shown later, the precombustion shock train results in
a stronger distortion of the side-wall (J/-direction) boundary layer
than the body and cowl surface boundary layers, which would ex-
plain the larger sensitivity to J-direction resolution. The mixing
efficiency comparison shows a similar trend. One interesting fea-
ture is that the coarsest grid resulted in the lowest mixing efficiency.
A cold-flow simulation that is nearly grid resolved will in general
yield higher mixing efficiencies as the grid is coarsened due to in-
creased numericaldiffusion.The mixing is strongly coupled with the
precombustion shock train strength for dual-mode reacting calcula-
tions, complicating the prediction of trends as the grid is resolved
or coarsened. The mass-flux weighted static temperature distribu-
tion also shows a negligible sensitivity to coarsening in the / and
K directions. The precombustion shock train is initiated approx-
imately 1.75 duct heights farther downstream (a shift of roughly
20 grid cells) when the grid is coarsened in all three coordinate
directions, resulting in a somewhat weaker shock structure and re-
duced combustion levels farther downstream. Figure 5 again shows
the solution is most sensitive to grid resolution in the spanwise J
direction.

Previous dual-mode calculations’ have shown a strong depen-
denceofthe solutionto the values specified for the turbulentSchmidt
and Prandtl numbers. Thus, existingisolator pressure measurements
(at three conditions close to the simulated conditions) were used to
assess the adequacy of the chosen values of 0.5 for Sc, and 0.89
for Pr,. A comparison of the measured and computed (coarsened
I-direction grid) pressure distributions are shown in Fig. 6. The
measured pressure profiles along the body and cowl surfaces are

3.5
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5 2.0 -
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Fig. 6 Comparison of measured and computed isolator pressure dis-
tributions.
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Fig. 5 Sensitivity of mass-flux weighted properties to grid resolution.
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Fig. 7 Isolator Mach contours at the Mach 4.0 flight condition.

practically identical and monotonically increase through the isola-
tor. The computed body and cowl surface pressures are not quite
symmetric and show peaks and valleys that result from the compli-
cated three-dimensional precombustion shock structure within the
isolator. An increase or decrease of the Schmidt number (reduction
or increase of turbulent mixing) tends to shift the shock structure
rather than change the three-dimensional nature of the shock train
itself. Calculations that neglect the side-wall effects® have resulted
in monotonic surface pressure distributions similar to that observed
in the measurements. This suggests an overpredictionof the corner
shock influence when the side wall is accounted for, but further re-
searchis needed to determine the cause of the discrepancy.Based on
the current comparisons, the chosen default values for the turbulent
Schmidt and Prandtl numbers appear to be appropriate.

The grid-dependencestudy performed at the Mach 1.8 combustor
entrance condition showed that all of the relevant flow physics were
captured with the fully coarsened grid, although some nonnegligi-
ble differences were noted. However, as will be shown throughout
this paper, the sensitivity of the solution to modeling uncertainties
(turbulence model, Schmidt number Sc,, Prandtl number Pr,, etc.)
overwhelmed the solution sensitivity between the grids employed.
Thus, only one set of fine grid results were obtained at each of the re-
maining flight Mach conditions using the default turbulence model
(Menter BSL) and the baseline values chosen for Schmidt number
Sc, and Prandtl number Pr,. The fully coarsened grid was used for
all parametric studies to permit relatively rapid turnaround times.

The Mach 2.2 condition (Table 3) is considerednext. Based on es-
timated levelsof OH in the vitiate (less than 0.0025 ppm), the kinetic
ratesatthis conditiondid notrequire any adjustments. This condition
corresponds to the lowest design flight Mach number (Mach 4.0)
considered for the HyTech scramjet propulsion system. The total
temperature entering the combustor will never be lower than what
is encountered at this flight condition; hence, this case represents
the most demanding condition from a flameholding perspective.
This condition also drives the isolator length because the total tem-
perature jump due to heat release is a maximum at this condition.

The flowfield in the isolator is dominated by shock/boundary-layer
interactions, which are notoriously difficult to predict in turbulent
flows. The Menter SST model is better suited for certain classes
of adverse pressure gradient flows; thus, computations were per-
formed with this model for comparison with results obtained with
the Menter BSL model. A steady-state solution could not be found
with the SST model; hence all results presented from this simula-
tion were ensemble averaged over one oscillation cycle. The shock
movement during one oscillationcycle was on the order of 1-2 duct
heights.

The predicted Mach number distribution within the isolator for
each turbulencemodel is shownin Fig. 7. The flow directionin these
images (and all othercontourimages)is fromleft toright. Regions of
streamwise flow separationare outlined with a white contour. These
images show that the precombustionshock train initiates at the side-
wall/body-side juncture, causing flow separation in the vicinity of
the corner on both the side-wall and body surface. Farther down-
stream, the combustion-induced adverse pressure gradient forms a
diamond shock/expansion pattern in the spanwise x—z planes. The
expansion process downstreamof the initial shocks forces flow back
toward the body and cowl surfaces, energizing the boundary layer
and discouraging further separation from the initial corner shock
along the body-side surface. The spanwise width of the combustor
is three times the height; hence, a similar wave structure does not
form in the spanwise direction. Without any mechanism present to
reenergize the side-wall boundary layer, the separation caused by
the incipient corner shock continues to spread along the side wall.
As aresult, the flow is highly distorted at the combustor entrance.

Both the BSL and SST variants of the Menter’ turbulence model
predict the shock system to initiate at roughly the same location in
the isolator, but the shock structure predicted by the SST model is
considerably more oblique (weaker) with fewer shock reflections.
The SST results, however, show a larger extent of streamwise sep-
aration within the low-momentum region. The ramifications of this
feature are shown in Fig. 8. The large recirculation zone predicted
by the SST model provides a flameholding region in the corner that
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Fig. 8 Combustor temperature contours at the Mach 4.0 flight condition.
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Fig. 9 Combustor equivalence ratio contours at the Mach 4.0 flight condition.
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convects hot reaction products well upstream of the fuel injection
sites and into the isolator. Both calculations show that the low-
momentum region near the corner of the side-wall and body-side
surfaces supports combustion, with the flame tending to spread lat-
erally rather than vertically. The pronouncedinfluence of this corner
distortionon mixingis clearly seen by examiningthe equivalencera-
tio (based on elemental O, and C,H,) distributions.The equivalence
ratio is plotted for the injector near field in Fig. 9. The fuel exiting
the injector closest to the side wall spreads much more rapidly into
the cavity flameholder and across the duct toward the cowl surface
than the fuel plume adjacent to the symmetry plane. This results in
a stratification of the flame within the cavity flameholder with poor
flame spreading into the core flow near the symmetry plane.

Comparisons between turbulence models of mass-flux weighted
properties are considered next. The one-dimensional pressure and
Machdistribution(Fig. 10) illustrate the typical trends of dual-mode
combustion. The heat release of combustioncauses a thermal choke,
which forces a shock system upstream into the isolator. The shock
train transitions the flow from supersonic to subsonic conditions.
The heat release then expands the subsonic flow smoothly to sonic
conditions within the divergent duct. The divergent surface of the
combustor then continues the expansion process to fully supersonic
conditions. The thermal throat based on the mass-flux weighted
Mach number occurred at an x /H of 15.5 and 8.5 for the BSL and
SST models, respectively. Another interesting point relates to the
onset of the precombustion shock train. Both turbulence models
predicted the same shock train initiation point with quite different
peak pressure rises. This trend can be explained through an under-
standing of the behavior of each turbulence model. The SST model
was designed to encourage flow separation in the presence of an
adverse pressure gradientby limiting the eddy viscosity. Thus, for a
given level of flow separation, a larger pressure gradientis required
when the BSL model is employed. To date, our computational fluid
dynamics (CFD) datahas consistentlyunderpredictedthe peak pres-
sure rise within the isolator when the shock train initiation point is
predicted accurately. Based on this observation, the Menter BSL
model® was chosen as the baseline turbulence model for all remain-
ing parametric evaluations.

The mass-flux weighted static temperature comparisonsare given
in Fig. 11. The SST model predicts a lower static temperature rise
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with combustion, as one would expect based on the pressure and
Mach distributions shown earlier. The reason for the reduced com-
bustion levels is the lower turbulent mixing levels associated with
the SST model. A comparison of the turbulent to molecular vis-
cosity ratio (Fig. 11) shows that the turbulent viscosity coefficient
of the SST simulation is roughly two-thirds of that predicted by
the BSL model. These lower values also explain why a steady-
state solution was not found when the Menter SST model’ was
employed. A full appreciation of the magnitude and extent of the
high-viscosity levels associated with these dual-mode simulations
canberealizedby visualizingthe growth of the eddy mass diffusivity
v, /Sc, through the precombustion shock train and into the combus-
tor (Fig. 12). The high-viscosity values are initiated at the incipient
location of the precombustion shock system (side-wall/body sur-
face corner). The production term of the turbulence kinetic energy
equation responds instantaneously to mean shear, rapidly elevating
the turbulence kinetic energy (and eddy viscosity) through the in-
teraction of the precombustion shock system with the viscous wall
regions. The end result is large-eddy viscosities (orders of mag-
nitude larger than values present in the approach boundary layer)
across the entire cross section of the combustor entrance. Note that
the combustion process and the precombustionshock train are inher-
ently strongly coupled. Small changes in either the upstream or the
downstream conditions can alter the entire flow structure, resulting
in a highly unstable flowfield. There exists no direct scaling mecha-
nism within eddy-viscosity-basedturbulence models to distinguish
between large-scale unsteadiness and unsteady scales associated
with the turbulence that are being modeled. Thus, although an un-
steady solution was found with the Menter SST model,’ the eddy
viscosity was still quite high. This resulted in what is essentially a
bulk (periodic) motion of the shock train from left to right, rather
than the more dynamic motion observed during actual combustor
operation.

The effect of turbulent Schmidt and Prandtl numbers is consid-
ered next. Simulations were performed with the turbulent Prandtl
number held fixed at 0.89, and the turbulent Schmidt number off-
set (increased and decreased) by a factor of 0.25. Similarly, the
turbulent Schmidt number was held fixed at 0.5, and the turbulent
Prandtlnumber was increased and decreasedby a factorof two. Each
simulation employed the Menter BSL turbulence model,” with the
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Fig. 13 Combustor surface temperature contours at the Mach 4.0 flight condition.

default Schmidt number Sc¢, and Prandtl number Pr, solution used
as the initial condition. A steady-state solution was not found for the
reduced turbulent Schmidt number simulation. Thus, an ensemble
average was taken over one period of the oscillation cycle. Two of
the remaining simulations (reduced Prandtl number and increased
Schmidt number) resulted in flame blowout, including the flame
within the cavity flameholder. The trend of reduced combustion
with increased Schmidt number Sc, is to be expected because this
parameterdirectly controls the extentof turbulentmixing. The trend
of reduced combustion levels with decreased Prandtl number Pr, is
less obvious. One might expect enhanced thermal diffusion to aid
in flame spreading, leading to more robust combustion. In some cir-
cumstances this scenariois likely to occur. However, at the Mach 4.0
flight condition, flameholding s critical. The enhanced thermal dif-

fusionassociated with lowering the turbulent Prandtl number forced
too much heat away from the flameholdingregions and into the core
flow, extinguishing the flame in these regions. This effect is best
visualized by comparing the combustor near-field surface tempera-
tures (Fig. 13) at the two turbulent Prandtl numbers that resultedin a
stable flame. Note that the combustor walls were assumed adiabatic,
so that the heat loss from wall-bounded flameholding regions can
only occur along the interface between the core flow and the flame-
holding zones. As Figs. 13 indicate, the higher turbulent Prandtl
number, that is, reduced thermal diffusion, limits the heat exchange
between the flameholding zones and the core flow, resulting in a
much hotter flame stabilizationzone. Turbulent Prandtl numbers as
high as 10 were also considered, and the same monotonic trend was
observed.
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The sensitivity of combustor performance to Schmidt number
Sc, and Prandtl number Pr, variations are shown in Fig. 14. Results
from the increased turbulent Schmidt number and reduced turbulent
Prandtl number simulations are not shown because combustion was
not maintained. The enhanced mixing associated with the reduced
turbulent Schmidt number resulted in more intense combustion,
which strengthenedthe precombustionshock train considerably and
increased the static temperature rise due to reaction. In fact, the su-
personic portion of the facility nozzle had to be included as part of
the elliptical domain to hold the resulting shock structure. Note that
the pressure rise normalized by the theoretical normal shock pres-
sure rise was approximately 0.8 for each case. The normal shock
pressure rise was based on the mass-flux weighted Mach number
just upstream of the shock train. The Mach number upstream of the
shock train was 1.96 for the reduced Schmidt number Sc, simulation
and 2.18 for the baseline and Pr, = 1.8 simulations. The combus-
tor performance at both Prandtl numbers were similar, with slightly
lower static pressure and temperature values noted for the Pr, = 1.8
case. Althoughthe temperaturecontoursof Fig. 13 show highertem-
peratures in regions of intense combustion when thermal diffusion
is inhibited, the largest fraction of mass flow is within the cold-core
region of the combustor. Heat release into the core flow is limited
with reduced thermal diffusion, resulting in the slightly reduced
mass-flux weighted static temperature levels shown in Fig. 14. As a
final note, the combustor exit mixing efficiency (not shown) of the
Sc, =0.25 simulation was 7-8 % higher than the value obtained with
Sc, =0.5. Increasing the turbulent Prandtl number had a negligible
impact on the mixing efficiency.

The Mach 3.0 combustor entrance condition (Table 4) corre-
sponds to a flight Mach number of 6.5. The estimated vitiate OH
levels at this condition were on the order of 40 ppm. The Wang
and Laskin'> mechanism predicts roughly a factor of 3 decrease in
ignition delay with these levels of OH; thus, the default rates of
the reduced model used in this effort (Table 1) were increased by a
factor of 3. The combustor at this condition is expected to operate
in true scramjet mode (fully supersonic flow throughout the com-
bustor) or in a very weak dual mode. The total temperature at the
combustor entrance is relatively high at this condition, resulting in
a static temperature that is nearly high enough to support reaction,
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provided that the fuel and air are adequately mixed. The flow ve-
locity is also higher at this condition (particularly in the absence
of a precombustion shock train), which limits the flow residence
time for efficient fuel and air mixing. Thus, the primary difficulty
at this flight condition is centered around achieving sufficiently fast
mixing within the supersonic flow environment.

Figure 15 shows a fence plot of the temperature contours at
the Mach 6.5 flight condition using the default modeling constants
(S¢; = 0.5 and Pr, =0.89). The flame distribution within the cavity
is quite uniform, and in the absence of a strong precombustionshock
train, most of the flameholding is established by the recessed cavity.
The heat release in the vicinity of the cavity has forced an oblique
shock system to anchor near the fuel injection site, which raises the
static temperature of the inflow air and enhances the flame propaga-
tion. The propagation of the flame is more uniform over the entire
spanwiseextentof the cavity than what was observedat the Mach 4.0
flight condition. The combustion-induced oblique shock structure
has separated the flow near the body surface/side-wall juncture just
upstream of the fuel injectors, which aids in anchoring the flame.

Figure 16 shows the mass-flux weighted pressure and tempera-
ture distribution at the Mach 6.5 flight conditions for a variety of
turbulent Schmidt and Prandtl number combinations. Based on the
mass-flux weighted Mach number (not shown), the operation of the
combustor at this condition was not dual mode because the Mach
number never dropped below one. Although the mass-flux weighted
Machnumberneverdroppedbelow one, an interrogationof the flow-
field revealed that the flow was locally subsonic in the combusting
regions during the rapid temperature rise (high heat release) section
shown in Fig. 16. The pressurerise due to combustionis at the same
level seen at the Mach 4.0 condition. However, the total temperature
increaseresulting from chemicalreactionis a smaller fraction of the
incoming total temperature. This together with a higher approach
Mach number prevents the flow from thermally choking and limits
the amount of upstreaminteraction. The onset of the precombustion
pressure rise varies by as much as two duct heights depending on
the turbulent Prandtl and Schmidt number combination employed,
and the peak pressure (temperature) varies by as much as 50 kPa
(240 K). Note that, although this variation is certainly not negligi-
ble, the combustor operation has not been fundamentally altered, as
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Fig. 16 Sensitivity of mass-flux weighted pressure and temperature at the Mach 6.5 flight condition to variations in Prandtl and Schmidt numbers.

was the case when these parameters were varied at the Mach 4.0
condition.

There are two interesting differences that should be noted when
comparing the combustor performance at Mach 4.0 and Mach 6.5
as related to variations in turbulent Prandtl and Schmidt numbers.
First the effects of varying turbulent Prandtl number are consid-
ered Fig. 16 shows that combustion was enhanced as the turbulent
Prandtl number was reduced at the Mach 6.5 condition. Data ex-
tracted at the Mach 4.0 condition with the turbulent Prandtl number
set to 0.45 showed complete flame blowout, a result caused by heat
diffusing out of the flameholding regions at a rate that could not be
sustained. At Mach 6.5, combustion of the core flow fuel/air mix-
ture does not require as much flameholding support as that required
at the colder Mach 4.0 condition. At the Mach 6.5 condition, en-
hancementof thermal diffusion allowed heat to be transferred more
efficiently through the combustor withoutstarving the flameholding
regions. The second observationis that the combustor performance
did not vary monotonically with turbulent Schmidt number at the
Mach 6.5 condition. Lower turbulent Schmidt numbers imply en-
hanced species diffusionrates; thus, one would expectmore efficient
combustion (due to better mixing) as the turbulent Schmidt number
is reduced. Figure 16, however, shows a higher peak pressure and
temperature when Sc, was increased from 0.5 to 0.75. No plausible
explanation was found for this behavior, which prompted the con-
sideration of a hysteresis effect. The converged baseline reacting
solution (Pr, =0.89 and Sc¢, =0.5) was used as the initial condi-
tion for all solutions involving variations of turbulent Prandtl and
Schmidt numbers. To determine the influence of the path taken to a
converged steady-state solution, a solution was obtained with a tur-
bulent Schmidt number of 0.5, but with the initial condition taken
as the final convergedSc, = 0.75 solution. The result was compared
(Fig. 17) with the original S¢, = 0.5 solution that was obtained us-
ing the ignition process outlined earlier. The difference in the final
converged solutions indeed points to a hysteresis effect. This effect
occurs due to the formation of recirculation (flameholding) zones
that form as the solution is integrated in time. Different solution
paths, in general, develop differentrecirculationzones, which in the
current situation implies a different distribution of hot flamehold-
ing zones. Once these zones develop, they influence the path taken
in the temporal integration of the governing equations. Note that
this behavior has also been observed in some of our simulations of
nonreacting, backpressured internal flows. Similar path-dependent
effects have been noted by other similar works as well.!”

The mixing efficiency and two measures of the combustion effi-
ciency at both the Mach 4.0 and Mach 6.5 conditions (Pr, =0.89
and Sc, =0.5) are shown in Fig. 18. These results were extracted
from solutions that were initialized in a similar fashion. The first
measure of combustion efficiency is simply a measure of the level
of fuel decomposition:
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where the reference fuel mass flow rate is taken to be the total mass
flow rate of the fuel injected into the combustor. This measure is
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Fig. 17 Sensitivity of mass-flux weighted pressure at the Mach 6.5
flight condition to variations in initial condition.

not an accurate representationof the efficiency of the chemical pro-
cesses, but it is a good indicator of whether or not the fuel is being
well mixed in regions where the temperature is high enough to sup-
port reaction. The second measure of combustion efficiency com-
pares the mass-flux weighted total temperatureat a given streamwise
station with some ideal value, that is,

Ty — T3

= ideal __ 7ref
TU TU

ey @)

In this effort, the reference total temperature was taken to be the
mass-flux weighted total temperature entering the isolator, and the
ideal total temperature was defined as the total temperature that
would be achieved at a given streamwise station if the reactions
were allowed to reach equilibrium. The equilibrium state at each
streamwise station was based on the mass-flux weighted total en-
thalpy and total pressure taken from the CFD simulation. This mea-
sure of combustion efficiency will always be less than or equal to
the measure based on fuel depletion.

The mixing efficiency curves show that roughly 85% of the fuel
has been mixed out to stoichiometric proportions or less by the end
of the combustor at the Mach 4.0 condition compared with only
65% at the Mach 6.5 condition. This result was expected because
the residence time is considerably shorter at the Mach 6.5 condi-
tion. The flow distortion caused by the precombustion shock train
at the Mach 4.0 condition also tends to enhance the mixing process.
The combustion efficiencies, however, are comparable at both flight
Mach conditions. The combustor exit values for 7., and 7., were
0.74 and 0.65 at the Mach 4.0 condition, compared with 0.78 and
0.62 at the Mach 6.5 condition. This indicates that, for a given level
of mixing, a larger fraction of the fuel/air mixture will combust at
the higher flight Mach condition. Intuitively, this is the trend one
would expect because the incoming total enthalpy (temperature) is
higher at the Mach 6.5 condition. However, as shown in Figs. 14
and 16, the precombustion shock system at the Mach 4.0 condi-
tion has raised the static temperature to a level close to that of the
Mach 6.5 core flow. A comparison of the temperature distribution
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Fig. 19 Sensitivity of mass-flux weighted mixing efficiency and temperature to grid resolution: a) Mach 4.0 and b) Mach 6.5.

(Figs. 8 and 15) is required to explainthe enhanced combustion pro-
cess at the Mach 6.5 condition. The flame at the Mach 4.0 condi-
tion is anchored near the side wall of the combustor, providing a
flameholding source for the fuel plume closest to the side wall. The
combustion of the fuel plume near the symmetry plane was delayed
because this fuel, although reasonably well mixed, has little con-
tact with hot gases until the side-wall fuel plume is fully ignited.
Also, whereas the core flow temperature upstream of injection at
the Mach 6.5 condition was similar to that of the Mach 4.0 con-
dition, the adiabatic surface temperature was considerably higher,
uniformly heating the fuel/air mixture in the approach boundary
layer upstream of the cavity flameholder. Moreover, the heat re-
lease due to combustion at the Mach 6.5 condition forms an oblique
shock wave near the fuel injection point, elevating the core flow
temperature downstream of injection. As a result, higher static tem-
peratures are present in the core flow in the vicinity of the cavity
flameholder, allowingboth fuel plumes to ignite once the fuel and air
are sufficiently mixed. Althoughnot shown, the rate of total pressure
loss in regions of high heat release was significantly larger at the
Mach 6.5 conditiondue to Rayleighlosses that scale with the square
of Mach number. The total pressure recovery at the exit of the com-
bustor was 0.39 and 0.24 for the Mach 4.0 and Mach 6.5 conditions,
respectively.

Additional simulations were performed at both the Mach 4.0 and
Mach 6.5 conditions using the baseline turbulence modeling pa-
rameters (Menter BSL model’ with S¢, =0.5 and Pr, = 0.89) using
the fine grid, which contains twice as many grid cells in each co-
ordinate direction (factor of eight increase in grid density). The
mass-flux weighted static temperature and combustion efficiency
1., distributionsobtained from both grids are shown in Fig. 19. The
solution variation with grid density at the Mach 4.0 flight condition
is quite similar to what was observed for the dual-mode calculations
using the Mach 1.8 facility nozzle (Fig. 5). The shock train forms
approximately one duct height farther downstream on the coarse
grid, and the combustor exit temperature and combustion efficiency
differ by approximately 3%. The grid convergence observed at the
Mach 6.5 conditionis considerably more favorable. The combustor

exit temperature and combustion efficiency at this condition differ
by only 0.3%.

Conclusions

Reynolds averaged Navier-Stokes calculations have been com-
pleted for an AFRL/PRA scramjet combustor designed for
Mach 4.0-6.5 flight. Initial calculations were performed at con-
ditions that closely matched those used in previous tests of a similar
combustorconfiguration. These calculationswere used to determine
approximate values for the turbulent Schmidt and Prandtl numbers
for use in the pretest calculations that were performed at the mini-
mum (Mach 4.0) and maximum (Mach 6.5) flight design conditions.
The combustor operated in dual mode as expected at the Mach 4.0
condition. The precombustion shock train at this condition formed
a large region of low-momentum/separated flow near the combus-
tor side wall. This proved to be a primary source for flameholding
with the recessed cavity adding additional flameholding support.
The flame propagation at this condition spread laterally from the
combustor side wall. These solutions were extremely sensitive to
the modeled levels of turbulent mass and heat transfer. Turbulent
Schmidt number variations between 0.25 and 0.75 resulted in solu-
tions that covered the entire spectrum from flame blowout to com-
bustor unstart. Clearly this sensitivity is unsettling, placing severe
limits on the predictive capabilities of CFD models currently used
to simulate these flows. The higher inflow total temperature (and
Mach number) associated with the Mach 6.5 condition limited the
extent of upstream interaction at this condition. The temperature in
the approach boundary layer was considerably higher at this flight
condition, resulting in more efficient flame spreading from the re-
cessed cavity into the core flow. The mixing process at the Mach 4.0
flight condition was more efficient than that seen at the Mach 6.5
condition, due primarily to the shock-induced flow distortion and
largerresidencetime. Even with the reducedmixing levels predicted
at the Mach 6.5 condition, the combustion efficiency was compara-
ble to that achieved at the Mach 4.0 condition. The grid-resolution
study performed in this effort failed to prove the solutions to be
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completely grid resolved. However, the fundamental flow features
were not altered with a change in grid density by a factor of eight.
Moreover, flowfield variationsrelated to modeling uncertainty were
far greater than the variations observed with a substantial change in
grid resolution. Finally, the initial condition used for some of the
simulations was found to influence the final converged steady-state
solution. This disturbing observationis a result of the hysteresisin-
volved with the developmentof flameholding (recirculation)zones.
This may suggest a need for time-accurate advancement of the so-
lution starting from a known preignition state.
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