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Three-dimensional simulations are employed to examine the effect of inlet distortion and model fidelity with

Reynolds averaged Navier–Stokes or large eddy simulation approaches for a generic circular cross-sectional

supersonic combustor at a flight condition of Mach 6 and an altitude of about 24.2 km. To examine inlet distortion

effects on combustion, frozen and finite rate chemistry simulations are performed on combustors connected to two

different types of streamline-traced inlets (denoted “Scoop” and “Jaws”) with theWilcox k–! turbulencemodel. For

comparison, uniform inflow boundary condition to the combustor is also simulated. The metrics employed include

qualitative assessments related toflow structure aswell as quantitative values of fuel combustion efficiency and thrust

ratios. The results indicate a complex overall effect of distortion due to inlet design. For Jaws, the increased pressure

loss associatedwith distortion ismitigated slightly by improved combustion efficiency andbetter thrust performance.

The Scoop inlet has lower distortion and better recovery, but the combustion coefficient is lower than Jaws. In the

second part of this study,finite rate chemistry results with unsteadyReynolds averagedNavier–Stokes are compared

with those from large eddy simulation with an uniform inflow profile. Differences in transient processes include the

manner in which large- and small-scale structures originate and evolve in the cavity recirculation and downstream

regions. The finer details observedwith the large eddy simulationmodel have significant consequences on the overall

field, including the unsteady position of the shock structure arising from the interaction of the incoming flowwith the

cavity shear layer, combustion processes, and injection jet interactions.

I. Introduction

H YPERSONIC air-breathing flight will enable rapid transport as
well as affordable access to space (see, e.g., [1]). Despite adv-

ances in high-speed propulsion analysis, adequate sustained thrust at
hypersonic speeds remains difficult to achieve. Some of the main
difficulties can be traced to aeropropulsive phenomena, including
transition to turbulence, shock–boundary-layer interactions, fuel
injection andmixing in a short residence time environment, and their
collective impact on heat load, inlet distortion, and adequate thrust
generation in a practical engine.

Recent advances have employed a spectrum of loosely coupled
approaches, including flight tests (e.g., [2]), analytical (e.g., [3]), and
simulation (e.g., [4–8]). Each approach has inherent strengths and
limitations. For example, in the computational approach,which is the
focus of this paper, the availability of 3-D unsteady data greatly
facilitates interrogation and trend detection. However, the multi-
physics nature of the phenomena introduces significant difficulties.
In addition to traditional verification issues associated with grid and
time-step-size spacing, the accuracy of chemical kinetics and
assumptions invoked in turbulence modeling are major sources of
uncertainties. The thrust of this paper is twofold. In the first part,

simulations are employed to explore the effect of inlet distortion for
discovery purposes, whereas, in the second part, the effect of
modeling fidelity is discussed.

The effect of inlet distortion on the combustion process down-
stream is examined in the context of two inlet designs depicted in
Figs. 1a and 1b. The Jaws inlet (Fig. 1a) consists of streamline-traced
surfaces to ensure planar shocks. This inlet has the potential to
mitigate some of the principal issues encountered in more conven-
tional configurations, including high thermomechanical loads
produced by cowl lip interactions, flow spillage, and distortions
created by flow separation and vortices [9]. The Scoop inlet (Fig. 1b)
is a Busemann inlet design. The surface is traced with streamlines
envisioned as solid surfaces, allowing the generation of inlets with
swept walls. These swept surfaces provide a mechanism for flow
spillage, which enlarges the self-starting envelope of the inlet [10].
Both inlets are designed for equalflight conditions (Mach 6, dynamic
pressure of 71.82 kPa) with the same contraction ratio and end in
circular cross sections, thus facilitating the common combustor
design described later [11].

Despite careful design, however, all practical inlets generate flow-
field distortions through complex shock–boundary-layer interac-
tions. Although these interactions result in increased losses and
potentially adversely impact isolator performance, they can also
engender a region of enhanced turbulence in the isolator, yielding
better mixing of air and fuel and, thus, potentially augmenting
chemical reactionsandoverallefficiencyof thesystem[12].Thus, two
principal issues that must be examined are 1) the three-dimensional
interplay betweenviscous and inviscid interactions including shock–
boundary-layer and shock–shock interactions in the inlet, and 2) the
effectsof these interactingwitha jetand thecombustionof the reacting
fuel–air mixture [13–15].

The common combustor design for both inlet configurations uses
an open cavity with a length-to-depth ratio of 4. The cavity is the
circular equivalent of the rectangular variant commonly employed,
the principalflow features ofwhich are shown inFig. 2. The objective
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of the cavity is to help initiate and maintain stable combustion in an
efficient fashion. The large subsonic region generated by the cavity
alleviates problems arising from the short residence time and
enhances mixing [16–20]. Because the drag from flow separation is
much less over a cavity than a bluff body, a cavity within the
combustor region provides a stable flame holder and relatively small
total pressure losses. In this open cavity configuration, the rear wall is
angled and serves to suppress the unsteady nature of the free shear
layer [21–23]. The injector arrangement, described in greater detail
later, is based on parametric results with the rectangular as well as
circular configurations [18,24]. In examining inlet distortion effects,
the Reynolds averaged Navier–Stokes (RANS) approach with the
k–! model is employed [25]. Both nonreacting and reacting
conditions are considered and, for comparison purposes, an average
uniform inflow is also investigated as a baseline. The entrance
condition to the combustor is the mean steady inlet exit, distorted or
uniform profile. It is assumed that the device is boosted to cruise
conditions by other means.

TheRANSapproach is adopted almost exclusively for engineering
analyses because of the lower computational requirements. RANS

simulations provide a measure of qualitative insight into the various
processes, in addition to trend data for parametric studies, with a
closure model based on semi-empirical considerations that is
calibrated for relatively simple situations. The techniquemust thus be
evaluated carefully for each new situation. An understanding of the
physics must, however, resolve the fundamentally unsteady inter-
actions, including large regions of subsonic flow within the cavity,
shock–shock and shock–boundary-layer interactions, separated flow
regions, nonequilibrium transfer of turbulence energy, and inter-
actions between turbulence and chemical kinetics. The large eddy
simulation (LES) method is generally considered to yield higher-
fidelity results, because, in addition to a fundamentally different
filtering process, larger scales are resolved if the mesh is adequate
while closure modeling assumptions are invoked on a finer (subgrid)
scale, where some semblance of isotropy may be more appropriate.
Unlike typical steady-state turbulencemodels, the subgridmodels for
LES are a function of the local grid (or filter) size. Advanced
combustion models in this category have been described and
employed in [7,26,27].Evenwith theavailabilityofvery largeparallel
processing systems, the significantly higher computational expense
must, however, be factored in for each problem. To evaluate the effect
of the computational model, in the second part of this study, the
unsteady RANS (URANS) approach is compared with results from
LES for the transient flow established when fuel injection is initiated.
For this case, the inflow to the combustor is assumed to be uniform.

The paper is structured as follows. Section II outlines the theo-
retical and numerical model, delegating details to previous public-
ations. The results in Sec. III are divided into Secs. III.A and III.B
describing, respectively, the effect of inlet distortion and model
fidelity. Section III.A is further divided into a description of the inlet
distortion pattern with both Scoop and Jaws designs (Sec. III.A.1),
the rationale for the fuel injection strategy in the combustor
(Sec. III.A.2), and combustor performancewith frozen (Sec. III.A.3)
and finite rate (Sec. III.A.4) chemistry.

II. Theoretical and Computational Model

Complex phenomena typically encountered in supersonic com-
bustion include large regions of subsonic flow, shock–shock and
shock–boundary-layer interactions, separated flow, complex mixing
processes, nonequilibrium transfer of turbulence energy, and inter-
actions between turbulence and chemical kinetics. The code
employed in this work is HEAT-3D, a more advanced version of
GPACT. The code has previously been successfully applied to a
variety of supersonic and subsonic combustion problems. Extensive
validation for fully coupled, three-dimensional flows with finite rate
chemistry has been reported in several previous studies [13,28,29].

The RANS and URANS models require specification of the eddy
viscosity for closure. For this, the k–! variant described in [25] is
used together with laminar conservation species equations. For LES,
the general conservation equations formass,momentum, energy, and
chemical species are filtered to obtain equations for the large (energy
containing) scales. The unknown terms arising from the closure
problem appear as subgrid terms, which are detailed in [26] and
which must be modeled. Here the subgrid turbulence is approxi-
mated with the localized dynamic kinetic-energy model (LDKM)
[26]. The eddy viscosity is computed as a function of the local grid
size (�) and the subgrid turbulent kinetic energy (kSGS): �t�
Ct�k

0:5
SGS. A transport equation for kSGS is solved requiring terms that

are obtained from velocity gradients at a test filter level. The test filter
width is taken to be twice the grid filter width. The subgrid chemistry
is described with an assumed probability density function (PDF),
which is a two-dimensional function of the species fraction and
progress variable (change of the fuel mass fraction over time). These
variables are assumed to be independent of each other. Filtered
transport equations for the mean and variance of the mixture fraction
and reaction progress are solved. The subgrid reaction rate is
obtained by integrating the instantaneous fuel reaction rate over the
2-D PDF. Source terms in the transport equations for the mixture
fraction and progress variable variance are obtained from the subgrid
turbulent kinetic energy and dissipation rate (see [6,26]). Currently,

Fig. 1 Nonrectangular hypersonic inlet configurations coupled to

circular combustors.

Fig. 2 Flowfield schematic in open cavity.
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the HEAT-3D code is limited to the LDKMmodel, but others will be
employed in the future. The PDF method is similar to the filtered
density function method, which is considered a general success in
simulating turbulent combustion (see [30–33]). This method has
been used in many situations to account for the effect of chemical
reactions in an exact manner regardless of the speed of the reaction
(such as flameless regimes and distributed reaction zones).

Both URANS and LES computations share other aspects of
HEAT-3D, including fully implicit time integration and strongly con-
servative finite volume formulation. Combustion is modeled using a
finite rate, ethene chemistry model and Gordon/McBride thermody-
namic curve fits. Thirteen gaseous chemical species are considered
(C2H4,C2H2,CO2, CO,OH,O2, O,H2, H,H2O, NO,N, andN2)with
20 chemical reactions representing a reduced reactionmechanism for
reactants and products for ethene fuel and air oxidizer (see Table 1).
The reduced mechanism, using the coefficients provided in [34], has
been validated against experimental data on premixed cases.

Structured body conforming meshes are employed with emphasis
on ease of generation. For the inlet distortion effect analysis, because
no angle of attack or sideslip is considered in this paper (see [9] for
results at off-design conditions), the Jaws simulation considers one-
quarter of the azimuthal direction (because it has both horizontal and
vertical symmetry) whereas Scoop,which has only a vertical plane of
symmetry, considers one-half of the configuration.TheScoopconfig-
uration employs roughly 8 � 106 points, whereas Jaws has 4 � 106.
Themesh is clustered toward the outer walls and around the injectors
to capture the proper flow physics. In the equilibrium boundary layer
just upstream of the first shock interaction, a y� of less than one is
obtained. Additional grid details may be found in [11].

In the second part of the study, URANS and LES calculations are
compared on a domain restricted to a one-eigth sector of the circum-
ference, as shown in Fig. 3. The computational grid consists of
7:8 � 106 grid points distributed to resolve the flow in the cavity and
around the fuel injector. The volume of the average grid size cell is
about 5 � 10�11 m3, with mean x and r spacings of 4 � 10�4 and
1 � 10�4 m, respectively. The time-step size is fixed at 1 � 10�6 s.
Symmetry boundary conditions are enforced at the azimuthal bound-
aries and a fixed uniform inflow condition is specified with primitive
variables, as described in Sec. III.A. This corresponds toMair � 2:2,
Ts � 960 K, and �air � 0:260 kg=m3 (no boundary layer was
assumed). For all cases, fuel injection conditions correspond to

�fuel � 2:90 kg=m3 and Ufuel � 400 m=s. The combustor and
injector walls are modeled with a no-slip, adiabatic boundary
condition. The outflow supersonic boundary condition is modeled
using first-order extrapolation. Both unsteady approaches (URANS
and LES) were initialized in the same manner with steady-state
solutionswithout injection. Subsequently, fuel was injected at 300K,
whereas, for ignition, the Arrhenius reaction rate was calculated at
1200 K for the first 1000 iterations and subsequently reset to the
proper values once reactions were initiated.

III. Results

Several calculations are now presented with the goal of examining
the effect of distortion and model fidelity. These are classified in
Table 2. Cases 1a and 1b correspond to a uniform inflow, with 1a
being the frozen case and 1b being the finite rate reacting case.
Similarly, cases 2a and 2b represent the Jaws case, whereas cases 3a
and 3b are the corresponding Scoop cases. Cases 4 and 5 employ
URANS and LES, respectively, with finite rate chemistry.

A. Effect of Flow Distortion on Combustion

1. Flow Distortion Because of Inlet

Details of the distortion generated by Jaws and Scoop inlets are
described first, to set the stage for subsequent discussion. Figures 4a
and 4b depict the Mach number contours in the symmetry plane and
several crossflow stations, including the exit plane for each inlet. The
Jaws inlet generates planar shocks at the leading edges (despite its
curved surfaces) analogous to the rectangular configuration [11]. At
the downstream (exit of the inlet) plane, the Jaws profile exhibits two
regions of lowMach number (top and bottom surfaces, respectively;
see Fig. 4a). Previous analysis [11] has shown that these are
generated by the swept shock–boundary-layer interaction similar to
that observed in the double-fin configuration [35]. Essentially, the
incoming boundary layer on the inlet wall separates and fluid from
the sides is entrained to yield a mushroomlike feature. The Scoop
profile, on the other hand, is generated by a sequence of conical
shocks, yielding a relatively more uniform flow with a lower Mach

Table 1 Chemical mechanism for ethene–air mixture

Reaction 1 C2H4 $ C2H2 � H2 Reaction 11 H� OH�M$ H2O�M
Reaction 2 C2H2 � O2 $ 2CO� H2 Reaction 12 H� O�M$ OH�M
Reaction 3 CO� O�M$ CO2 �M Reaction 13 2O�M$ O2 �M
Reaction 4 CO� O2 $ CO2 � O Reaction 14 N� NO$ N2 � O
Reaction 5 CO� OH$ CO2 �H Reaction 15 N� O2 $ NO� O
Reaction 6 OH� H2 $ H2O� H Reaction 16 N� OH$ NO� H
Reaction 7 O� OH$ O2 � H Reaction 17 H2 � O2 $ 2OH
Reaction 8 O� H2 $ OH� H Reaction 18 2H� H2 $ 2H2

Reaction 9 2OH$ O� H2O Reaction 19 2H� H2O$ H2 � H2O
Reaction10 2H�M$ H2 �M Reaction 20 2H� CO2 $ H2 � CO2

Fig. 3 Computational grid for LES and URANS.

Table 2 Cases computed

Cases Inflow Time accuracy Chemistry

1a/b Uniform Steady a) Frozen / b) finite rate
2a/b Jaws Steady a) Frozen / b) finite rate
3a/b Scoop Steady a) Frozen / b) finite rate
4 Uniform Unsteady (RANS) Finite rate
5 Uniform Unsteady (LES) Finite -rate

Table 3 Exit/inlet force ratio and combustion

efficiency for cases 1–3b

Inlet profile Fe=Fi Combustion
efficiency %

Uniform 2.23 64
Jaws 2.63 67
Scoop 2.22 63
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region in the upper part of the plane. (Note that when inserted as an
upstream condition to the combustor, the profile has been reflected
about the horizontal symmetry plane. Thus, in subsequent figures,
such as Fig. 4b, the higherMach number region is on the upper side.)
These exit plane profiles are imposed as the inflow condition for the
circular cross-sectional combustor, as described next.

2. Injection Configuration Development

The injector locations were derived from parametric studies on
rectangular supersonic combustor configurations [18] and sub-
sequently extended to circular designs [24]. For completeness, these
studies are now summarized. Ten different configurations were
examined with fuel injectors placed at different points inside and
outside the cavity placed 1 diameter downstream of the combustor
entrance. The results showed that the fuel distributions differed
significantly from one another for the different injection strategies
even though the penetration rate was generally similar. Of the 10
cases considered, the three most promising cases (designated in [18]
as rectangular combustor cases 1, 4, and 9; see left column of Fig. 5a)
were generalized to the circular geometry case by revolution about its
axis [24]. To avoid confusion, these are redesignated as A, B, and C
(right column of Fig. 5a). These circular configurations had the same
entrance area, fuel momentum ratio, cavity length (L), and depth (D)
cavity as the rectangular counterpart.

The injection scheme, as well as mixing factor performance for
both rectangular and circular combustors, is shown in Fig. 5.

Fig. 4 Mach number contours at symmetry, crossflow, and exit planes

for Jaws and Scoop inlets.

Fig. 5 Configurations and mixing factor comparisons of combustors

with frozen flow assumptions.
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Although both frozen and finite rate chemistry are considered with
uniform and distorted inflow profiles, only the frozen uniform cases
are presented to illustrate the main points. Because it is difficult to
distinguish mixing factor based on qualitative features, especially in
nonchemically reacting flows, the mass fraction of C2H4 and O2

distribution was integrated at the end of the exit plane to find the
penetration or mixing factor for each case. The frozen mixing factor
was measured by integrating gradients of species resulting from the
fuel—air ratio over an ideal mixing value (premixed), as if these
species were homogeneously distributed over the exit plane. For
reacting cases, the combustion efficiency is defined by calculating
fuel and oxygen consumed at the exit plane. For both frozen and
reacting cases, fuel penetration distance was calculated at the closest
point along the combustor corewhere the lower flammability limit of
the fuel mass contours was obtained.

Based on previous studies [18,24], Fig. 5b shows that, for the
rectangular arrangement, case 1 demonstrates the best performance,
but configuration C (circular equivalent of case 9) is the best for the
circular case. For the rectangular case 1, the fuel injector pattern helps
drive the vortex inside the cavity continuously in its natural direction.
Although the vertical penetration of the fuel in the rectangular case 4
was higher than the other two cases, its overall mixing factor was
lower because, when the injectors are positioned upstream of the
cavity (andangled at25deg),mixing in the spanwisedirection is poor.
Finally, resultswithC,which combines injection normal to the cavity
floor and ramp, are similar to those with A. Even though the fuel
penetration is similar to that with A, more dispersion in the crossflow
direction was observed with C, due to normal injection at the bottom

of the cavity. Overall, when comparing rectangular with circular
geometries, the former configuration has superior performance
(Fig. 5b). However, such a comparison should be qualified by the fact
that the cavity volume for the circular case is larger than that for the
rectangular case when assuming the same length and depth, rather
than a constant ratio of these two. Figure 6 shows geometrical details
for the study combustor configuration C.

Focusing now only on the circular cases, distortions due to shock–
boundary-layer interactions in the Jaws inlet increase the mixing
factor slightly, relative to the Scoop inlet. One possibility for the
small difference is that the injection strategy does not take advantage
of the vortical structure created by Jaws, and other arrangements may
be superior in this case. In the previous study [24], a comparison of
nonreacting cases showed that injection strategy C was the most
efficient, again due to the first pair of injectors located at the front-
bottom wall of the cavity and directed perpendicular to the air
upstream.

The reacting cases confirm that configuration C resulted in greater
fuel penetration than the other cases and stronger recirculation inside
the cavity. Temperature and pressure, together with an air–fuel ratio
at approximately ideal stoichiometric proportions in the cavity
region, resulted in autoignition in this configuration. Injection
strategies that drove the cavity vortex in its natural direction were
again seen to be particularly beneficial. Based on these results [24], C
was selected to further explore distortion effects of both inlets as well
as model fidelity comparisons.

3. Combustor Performance with Frozen Chemistry (Cases 1–3a)

The Mach number and temperature contours for the uniform
inflow case with frozen chemistry are shown in Figs. 7a and 7b,
respectively. Each quantity is plotted in a 3-Dview (top) to provide an
overview of the flow distortion, whereas details are more clearly
observed on the vertical (bottom, z-symmetry) plane. As noted
earlier, the first set of injectors is positioned perpendicular to the
airflow on the floor of the cavity. These jets affect the development of
the shear layer, creating a greater compression in the core while
expanding the recirculation region around the cavity. A small disk is
formed on the centerline through the convergence of two sets of
conical pressure waves. The first originates at the leading edge of the
combustor, whereas the second arises due to the displacement of the
cavity shear layer by the first injector set. The wave structure
subsequently interacts with the rear of the cavity ramp and other
locations downstream. The second set of injectors, positioned at the
cavity ramp and facing toward the front wall, is intended to aid fuel–
air mixture rotation in the natural counterclockwise direction. ThisFig. 6 Circular combustor for configuration C.

Fig. 7 Three-dimensional (top) and symmetry plane (bottom) contours in combustor for frozen uniform inflow (case 1a).

576 MALO-MOLINA ETAL.



second set is not very effective because it lies in the shadow of the
effects associated with the first set, consistent with previous
observation [24]. The mixing factor is estimated to be 57% and the
integrated� (equivalent fuel–air ratio) inside the cavity is about 1.0.
The volume-averaged temperature and pressure inside the cavity are
1150Kand0.15MPa, respectively.Here thevolume inside the cavity
is estimated from the leading edge of the step to the leading edge of
the ramp.

The Mach number and temperature contours (3-D view and at the
combustor z-symmetry plane), assuming the Jaws inlet profile and
frozen chemistry, are shown in Figs. 8a and 8b (case 2a). Again, the
first set of injectors, positioned perpendicular to the airflow on the
floor of the cavity, perturb the development of the shear layer. This
creates similar effects as the previous case, with a greater compres-
sion at the core and expansion around the cavity. The disk formed
on the centerline through the convergence of the shear layer dis-
placement induced pressure waves is much smaller. The averaged
�, temperature, and pressure inside the cavity volume reduce to 0.5,
970 K, and 0.09 MPa compared to the uniform inflow case. The
Jaws profile develops a higher pressure in front of and inside the
cavity where the first set of injectors are located. Although this

larger pressure below the step (relative to the uniform case 1a)
produces poorer fuel penetration and retains fuel closer to the walls
compared to case 1a, the mixing factor increases to approximately
63%.

Figure 9 shows frozen chemistry results for the Scoop inflow (case
3a). As opposed to Jaws, the temperature is higher and pressure is
lower near the end of the cavity ramp, allowing the fuel to travel
further away from the walls. The Scoop profile generates a larger
low-velocity region near the cavity (see bottom of Fig. 4b). The large
deficit of momentum in the Scoop distorted profile also reflects
higher temperatures near the lower surface. In this region (as opposed
to the upper region), an augmented fuel penetration pattern is
observed. Similarly, the uneven interactions of the shear and pressure
waves yield an asymmetric contour map of the fuel dispersion inside
the cavity. The mixing factor is estimated to be 60% whereas the
averaged �, temperature, and pressure inside the cavity are 0.7,
971 K, and 0.1 MPa, respectively.

Figure 10 shows static pressure along the centerline of the
combustor with frozen chemistry for the three inflow profiles (cases
1–3a). The uniform inflow shows a higher pressure spike because of
the 3-D oblique shock interaction from the cavity leading edge. The

Fig. 8 Three-dimensional (top) and symmetry plane (bottom) contours in combustor for frozen Jaws inflow (case 2a).

Fig. 9 Three-dimensional (top) and symmetry plane (bottom) contours in combustor for frozen Scoop inflow (case 3a).
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Jaws and Scoop profiles produce higher pressure variation further
downstream of the cavity ramp. Together with Figs. 8 and 9, the
variation of inflow profile yields significantly different contraction
and expansion patterns. The line plot and corresponding Mach
number contours for the uniform case (Fig. 7) show that the flow
across the cavity produces a series of pressure wave interactions in a
diamond shape through the core. As the flow develops further
downstream from the step, the pressure oscillations lessen and the
field becomesmore uniform.However, when comparing the pressure
variations for the nonuniform cases (Jaws and Scoop), these
nondesirable interactions increase past the cavity toward the exit of
the combustor.

Thus, the comparison of Jaws and Scoop shows different flow
patterns due to the characteristic distortion of each inlet with the
cavity and subsequent interaction with the jets. The aforementioned
variations in performance parameters suggest that further injection
strategies need to be developed and explored to enhance the fuel
penetration and exploit the incoming vortical structure in conjunc-
tion with modifications to cavity circulation.

4. Combustor Performance with Chemistry (Cases 1–3b)

The results obtained with finite rate chemistry for the uniform
inflow conditions are shown in Fig. 11 (case 1b). Several conclusions
are readily apparent when these figures are compared to equivalent
results in the frozen cases. Both Mach number and temperature
contours on the z-symmetry plane of the reacting case reveal a more
pronounced high-compression disk-shaped area upstream of the

cavity, which is absent in the frozen simulation. The results also
indicate that chemical reactions are initiated upstream of the cavity,
with fuel traveling upstream of the injector. The injection on the
cavity floor and associated combustion pressure rise result in an
earlier detachment of the cavity shear layer, even before the step. The
reversed flow carries fuel and reaction products upstream of the
cavity. In contrast to the nonreacting uniform case, the fuel mass
fraction (Fig. 11, bottom left) shows enhanced diffusion within the
cavity region, resulting in a combustion efficiency of about 64%. As
previously anticipated from case 1a, this indicates a possibility of
relatively rapid reactions due to the existence of high temperatures.

Figure 12 shows Mach number and temperature results obtained
for the chemically reacting flowwith the Jaws inflow condition (case
2b). In this case also, chemical reactions are observed upstream of the
cavity. Considering the frozen (Fig. 8) versus reactive (Fig. 12)
models for the Jaws inflow profile, the latter shows larger compres-
sion toward the center of the combustor due to the bowed shock. The
shear-layer separation shows small upstream movement but is
detached further from the wall. The variation in the boundary-layer
profile upstream of the cavity indicates that the combustion pressure
rise is positioned on the edge of the step, in front of the cavity. A
larger region of low Mach number is observed inside the cavity,
caused by the higher temperature and pressure produced by chemical
reactions. The distorted incoming profile (see Fig. 4a) contains
entrained high-speed fluid near the surface. This higher Mach
number and distortion produced at the inlet mitigates further
upstream fuel displacement and/or flashback effect relative to the
uniform case (case 1b). Case 2b shows slightly superior fuel
penetration and thicker shear-layer development near the cavity than
case 2a. The average combustion efficiency calculated under this
steady-state assumption reaches about 67%, marginally higher than
the other circular cases. As computed from the inlet (see Fig. 12),
stronger vortical structures are observed on the upper and lower
regions with diminished shear on the sides. In addition, this inter-
action further disperses fuel from the cavity and aids combustion, as
evident on the z-symmetry plane (seeMach number and temperature,
Fig. 12 bottom left and right, respectively).

The results obtained for the Scoop inflow conditions assuming
finite rate chemistry are shown in Fig. 13 (case 3b). An examination
reveals significant differences from the Jaws solution. The Mach
number and temperature contours on the z-symmetry plane of this
reacting case indicate a three-dimensional oblique compression area
upstream of the cavity. Its conical shape is distorted by the reduced-
velocity region on the lower part (recall that the Scoop profile does
not display symmetry about the horizontal plane), which positions
the shock further upstream from the step than in the frozen Scoop

Fig. 10 Pressure along centerline for frozen flow with different inflow

conditions (cases 1–3a).

Fig. 11 Three-dimensional (top) and symmetry plane (bottom) contours in combustor for reacting uniform inflow (case 1b).
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case (compare Figs. 9–13). The mechanism is similar to that
observed for the uniform inflow cases previously studied [24], but
specifics of the pattern are different because of the variation in the
entrance profile. Scoop exhibits a larger circulation region ahead of
the jet, further allowing the fuel to travel forward, affecting the area
near the inflow boundary condition This indicates the potential for
unstart and requires further analysis with a full tip-to-tail simulation.
The average combustion efficiency for Scoop was about 63%.

The effect of reactions on centerline pressure is shown in Fig. 14
(cases 1–3b). Jaws results in a much higher combustion pressure,
with peaks at the core of the combustor before the cavity ramp twice
as high aswith the uniform and the Scoop inflow. This is produced by
a conical shock interaction that is stronger than in the other two cases
(see Fig. 12a). When the Jaws inflow profile is simulated with
chemistry, the pressurewaves interacting across the cavity decay past
the cavity and show smaller values downstream, in contrast to the
frozen assumption (case 2a, shown in Fig. 10). On the other hand, the
Scoop profile does not showmuch difference at the center relative to
the uniform inflow case (see Fig. 13a). In this case, the lower
momentum region at the bottom half of the Scoop inflow induces
centerline pressure oscillations upstream.

A comparison of the effect of each inflow profile on reactive cases
is summarized in Fig. 15, which shows CO radical mass fraction

contours. These solutions indicate that the Jaws inlet profile can
significantly lower the fuel–air ratio levels inside the cavity, helping
push the fuel toward the core. In addition to fuel–air mixing, which
correlates with combustion, the normalized integrated thrust per unit
area ratio was also computed:

Fig. 12 Three-dimensional (top) and symmetry plane (bottom) contours in combustor for reacting Jaws inflow (case 2b).

Fig. 13 Three-dimensional (top) and symmetry plane (bottom) contours in combustor for reacting Scoop inflow (case 3b).

Fig. 14 Pressure along centerline for reacting flowwith different inflow

conditions (cases 1–3b).
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= �
Z � _mi � _mf�ue=Ai � Pe

_miui=Ai � Pi
@Ai (1)

where A is the cross-sectional area, P is the static pressure, and _m is
the mass flow rate. The subscripts f, i, and e refer to fuel, inlet
(entrance), and exit boundary planes, respectively. The values for
uniform Jaws and Scoop inflow profiles are 2.23, 2.63, and 2.22,
respectively (see Table 3). These results are consistent with the
expectation that fuel–air combustion efficiency increases correlate
with thrust generation.

Although the motivation for these simulations is to understand the
primaryflowphysics in the device, these configurations are relatively
short and extend only a few cavity lengths downstream. For practical
devices, the effects of combustor length (which is much larger) and
associated flow and chemical time scales must be factored into the
analysis.

B. Large Eddy Simulation versus Unsteady Reynolds Averaged

Navier–Stokes: Averaged Inflow and Finite Rate Chemistry

As mentioned in Sec. II, these unsteady cases assume the uniform
inflow condition and compute only a one-eighth circumferential

Fig. 15 Mass fraction CO contours at symmetry planes (cases 1–3b).

Fig. 16 Mach number contours with finite rate chemistry: URANS (left side) versus LES (right side).
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sector to minimize the computational effort. URANS (case 4) and
LES (case 5) results for reacting chemistry at five time frames are
compared in Fig. 16, at the azimuthal plane of the simulation that cuts
through the fuel ports. An immediate and expected observation is that
the LES result shows the development of small scales, whereas the
URANS result does not. URANS shows a larger combusting region
upstream of the cavity backstep. The initial conical shock arising
from the reaction terminates in a normal (unsteady) shock, similar to
that observed in an irregular reflection. However, with reactive
URANS, the normal upstream shock results in the entire subsequent
region being subsonic, and though some small scale structures are
evident in the initial development (see frame for 0.6ms), these details
subsequently diminish. Solution evolution can eventually result in
essentially an unstartlike scenario, in which the disturbance reaches
the upstream boundary. In contrast, the LES result shows a consid-
erably smaller upstream reaction region and a series of weak oblique
shocks. These results are consistent with lower fuel mixing and
combustion in the cavity than for URANS.

LES predicts higher fuel-air mixing and combustion in the cavity
than URANS, confirming that the resolution of the details of the
different processes inside the cavity have a significant impact on the
overallflowdevelopment andpromotionofchemical reactions.These
observations are reinforced by examination of the CO2 contours
shown in Fig. 17. The combustion regions with the two models are
vastly different, withURANS being considerably smeared relative to
the LES case. Note in this context, to highlight differences and
elucidate the structure, the scales for the two cases are different for the
CO2 contours, with the LES scale spanning twice the range of the
URANS. The fuel path is evident in both sets of calculations. How-
ever, the LES jet shows amore detailed structure in which the air fuel
interaction is initiated much earlier; note the large differences in
product formed even at 0.6 ms. In this context, the two approaches
(LES and URANS) are obtained from very different theoretical
considerations (Reynolds averaging versus spatial filtering). Thus,

caution must be exercised in making direct comparisons of structure
size. Whereas the URANS simulation shows a demarcation between
the reactants formedby thefirst and second sets of fuel injectors along
the cavity wall, the LES combustion domain shows flow fluctuations
along the cavity and main duct stream. The effect of the lifting of the
shear layer, associatedwith thefirst setof injectors, facilitates agreater
region of combustion associated with the second set. At the last time
frame plotted, the URANS result shows a relatively constant
combustion regionheight from the cavitywalls,whereas the products
in theLES simulation showflowfluctuations along the transverse and
vertical directions, due to cavity separation. This leads to more fuel
penetration at the combustor exit and a larger recirculation zone in the
cavity region with a low Mach number, as shown in Fig. 16. By
comparing theaverage injected fuel to theburnedmole fractionvalues
at theexitover theselected time(2msfromtheassumedignition time),
the combustion efficiency is higher for LES by approximately 8%
compared to URANS.

IV. Conclusions

The effect of a uniform or actual distorted inflow profile (either by
a Jaws or a Scoop inlet) on a supersonic combustor has been explored
with frozen as well as finite rate kinetics under steady and unsteady
state assumptions. The results show strong sensitivity in terms of
performance characteristics and flow structures. Overall, the Jaws
inflow profile demonstrates higher values of mixing, combustion
efficiency, and thrust ratio because of its greater distortion pattern.
The results suggest that the fuel injection strategy may be further
optimized to take advantage of the features present at the exit of each
inlet. Chemical reactions do not affect the trends but do yield differ-
ent efficiencies and strengths offlow features. Unlike at frozen condi-
tions, a high-compression region appears upstream of the cavity,
which impacts the development of the shear layers and downstream
combustion. URANS and LES calculations are used to study both

Fig. 17 Mass fraction product of CO2 with finite rate chemistry: URANS (left side) versus LES (right side).
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turbulent approaches and determine directions for further detailed
analysis for cavity stability and volume effects. Comparing URANS
with LES, the former does not resolve the small structures and
displays overall higher diffusion, which translates into large scale
differences in flow structure. For example, the reacting shock
structure propagates significantly more upstream with URANS. The
chemical reaction time is observed to be lower in URANS than LES,
possibly due to the higher diffusion in RANS. This reduces the
ignition time and, therefore, results in a higher Damköhler number.
Although the LES results in a larger recirculation region in the cavity,
the transient shock structure is weaker. This work is currently being
extended to full tip-to-tail analyses, to explore the effect of upstream
influence of the combustor on inlet performance.
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