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A numerical study on the combustion behavior of an inlet-fueled three-dimensional nonuniform-compression
scramjet is presented. This paper is an extension to previous work on the combustion processes in a premixed three-
dimensional nonuniform-compression scramjet, where thermal compression was shown to enhance combustion. This
paper demonstrates how thermal compression can be used in a generic scramjet configuration with a realistic fuel-
injection method to enhance performance at high flight Mach numbers. Such a scramjet offers an extra degree of
freedom in the design process of fixed-geometry scramjets that must operate over a range of flight Mach numbers. In
this study, how the combustion processes are affected is investigated, with the added realism of inlet porthole fuel
injection. Ignition is established from within a shock-induced boundary-layer separation at the entrance to the
combustor. Radicals that form upstream of the combustor within the inlet, from the injection method, enhance
combustion. Coupling of the inlet-induced spanwise gradients and thermal compression improves combustion. The
results highlight that, although the fuel-injection method imparts local changes to the flow structures, the global flow
behavior does not change compared to previous premixed results. This combustion behavior will be reproduced when

using other fueling methods that deliver partially premixed fuel and air to the combustor entrance.

Nomenclature

area, m?

pressure coefficient
diameter, m

height, m

gravity constant, m/s>
enthalpy, J/kg
specific impulse, /s
length, m

Mach number

mass flow rate, kg/s
pressure, Pa
compression ratio
Reynolds number
temperature, K
velocity, m/s

width, m
dimensionless wall distance
ratio of specific heats
heat addition constant
efficiency

ramp angle, deg
density, kg/m?
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Subscripts

combustion chamber
local flow properties upstream of injector
high-compression side of inlet
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I. Introduction

UPERSONIC combustion ramjets (scramjets) offer a higher

potential specific impulse over rockets between the flight Mach
numbers of 6 to 14, providing a more economical means of delivering
payloads into orbit [1,2]. A schematic is presented in the upper part of
Fig. 1, adapted from [3], of a typical scramjet engine that operates
using the thermodynamic cycle (which will be subsequently de-
tailed). The freestream is compressed by the inlet and delivered into
the combustion chamber, where the fuel is injected, mixed, and
burned. Combustion releases the chemical energy stored within the
fuel, which raises the local enthalpy of the flow. Thrust is generated
by expansion of the flow through a nozzle. Fuel can be injected either
upstream in the inlet or within the combustion chamber itself,
depending on the scramjet design. Shock waves generated from
compression surfaces within the inlet and from fuel injection into a
supersonic stream may also produce complex flow structures within
the flowpath. Efficient mixing and combustion becomes challenging
at high Mach numbers due to the low residence times, on the order of
milliseconds, within the combustor [4].

Fixed-geometry scramjets are traditionally designed with a one-
dimensional (1-D) approach in mind, where an inlet ideally delivers
uniform flow properties of a certain chosen compression ratio to the
combustor. In this discussion, we assume a constant dynamic
pressure trajectory. At high Mach numbers, scramjets are designed to
have high compression, or a high inlet contraction ratio (CR), to
maximize their thrust potential. This can be understood by examining
the ideal thermodynamic cycle efficiency of a scramjet engine. If we
constrain the discussion to a constant-pressure heat addition process,
we can see that the ideal cycle efficiency [Eq. (1)] is dependent on the
ratio of the operating pressure of the combustor and the ambient
atmosphere. The higher the operating pressure, the higher the cycle

Ssentropic compression and expansion are assumed in the inlet and nozzle,
respectively.
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Fig.1 Schematic of traditional one-stream scramjet and thermal compression two-stream scramjet, adapted from [3].
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Fig. 2 Potential I, of a single-stream and a dual-stream TC scramjet,
reproduced from [3], for CR of 4, 6 and 10.

efficiency, and therefore thrust potential. (The most efficient heat
addition process for a scramjet, from a thermodynamic standpoint, is
the constant area to Mach 1 and then a constant Mach number to the
exit of the combustor [3,5].) Combustion is often designed to take
place as a constant-pressure process to minimize the structural and
thermal loads on the walls of the combustor and to avoid high-
pressure rises that can lead to boundary-layer separation and engine
unstart [6,7]. There are practical constraints on the amount of
compression an inlet should perform. These include inlet starting
considerations, boundary-layer separation, excessive inlet total

Station 53.0

67.0

Note: Showing lower injectors only
Fig. 3 Schematic of IFTV TC engine [13].

pressure losses with increasing CR, and nonequilibrium flow losses

81.
Poo r=D/r
Neyele = 1- (7) (1
Pe

At lower Mach numbers where the flow has low compressibility, a
scramjet should have lower levels of compression, or a lower CR, to
prevent the engine from choking. Choking can be caused by
excessive compression of the flow within the inlet, reducing it to
subsonic speeds, or, thermally, from excessive heat addition that
drives down the local Mach number below unity. If the CR is too high
for a given Mach number, the scramjet will require a spillage mech-
anism or be operated at a lower equivalence ratio [5,6,9]. This will
ultimately lower the performance of the scramjet. Thermal choking at
low Mach numbers can also be controlled with the use of an isolator
to allow both subsonic and supersonic combustion to occur; however,
this increases the engine length, and therefore friction losses, es-
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Fig. 4 3-D engine configuration.

pecially at high Mach numbers where the flow is less likely to
thermally choke and the isolator is no longer required.y Thermal
choking can also be controlled by increasing the divergence of the
combustor; however, this may result in a poorer cycle efficiency at
higher Mach numbers [3].

An alternative design approach was proposed by Ferri that
deliberately seeks to use three-dimensional (3-D) geometries that
deliver nonuniform flow properties to the combustor [9]. Ferri
claimed that 3-D nonuniform-compression engines designed to take
advantage of thermal compression (TC) can provide superior per-
formance over a range of Mach numbers [9]. Thermal compression is
a heat-release/fluid-dynamic interaction where combustion that
initiates in a region of high compression is used to compress flow
within adjacent regions of low compression [10], thus lowering the
amount of compression required by the inlet while maintaining high
cycle efficiency. The TC effect is controlled by tailoring the fuel
injection with combustion-induced compression waves within the
combustor [10].

The potential /g, gains of TC scramjets were also investigated by
Billig et al. [3] using the gas-dynamic model, given schematically in
Fig. 1b. In this model, stream 1 is compressed by the inlet, whereas
stream 2 is compressed by combustion-induced compression waves
generated from heat release in stream 1. The main findings from
Billig et al.’s study are given in Fig. 2 for a constant dynamic pressure
trajectory of 240 kPa. For a given inlet CR, the uninstalled Iy, po-
tential of the two-stream TC scramjet is higher than a single-stream
scramjet (Fig. 1a), over a range of Mach flight numbers (5-12).= For
aCR of four, a TC engine has a theoretical performance gain of 38 and
13% at Mach 5 and 12, respectively. For a CR of 10, the gains in
performance potential of the TC engine reduce to 12 and 3%. The
results highlight that TC should be exploited for engines with low
CRs, where low geometric compression from the inlet is com-
pensated by TC within the combustor. The low CR feature of TC
scramjets, over traditional scramjets, suggests they have better inlet
starting behavior [11]. In addition, the performance gains at lower
Mach numbers indicate that the total amount of fuel required to
accelerate to hypervelocity speeds can be significantly reduced [3],
thereby lowering the total amount of fuel required for a given ac-
celeration trajectory.

The practicality of using TC within scramjet engines remains
unanswered. Work on TC scramjet engines was first undertaken in
the 1960s at General Applied Science Laboratories, where they were
built and tested. One of these engines is the scramjet incremental
flight test vehicle (IFTV) module, shown in Fig. 3. The engine has a
tailored injection scheme that takes advantage of the nonuniform
flow delivered to the combustor. The flight-test plan was to boost the
vehicle to 1.65 km/s (Mach 5.5) at 17 km altitude and to demonstrate
vehicle acceleration to at least 1.82 km/s (Mach 6) [12]. The flight-
test program was canceled in August 1967, due to problems en-

YAt high Mach numbers, the isolator may be used as a constant area
combustor if fuel is injected upstream or within the isolator itself.

**The heat addition process used in Billig et al.’s study [3] is optimized, and
therefore not constrained to constant pressure.

countered in the ground-test program [13] associated with the control
of inlet—combustor interactions [12]. Testing was performed at low
supersonic Mach numbers, where the low momentum of the flow and
large pressure increases associated with combustion conspired to
make control difficult [14]. Ground-testing experiments, however,
did achieve 80% of their thrust targets [13]. Further work on TC
scramjets has not been followed through due to progress made in
dual-mode engine technology, which traditionally employs uniform
entry combustor conditions [12]. The occurrence of TC was reported
from experiments in impulse facilities at high Mach numbers [14],
where conditions are far more favorable to its exploitation [14].
Previous numerical work performed by the authors in [15] also
reported that TC played a significant role in the combustion within a
3-D nonuniform-compression scramjet at Mach 10.

In addition to TC, Ferri and Agnone proposed using inlet fueling to
control the combustion behavior of scramjets [16]. Inlet fueling
reduces the combustor length while offering a means to control the
heat-release processes by varying the fuel distribution at the com-
bustor entrance [16]. Such a design could be used to increase the
performance at high Mach numbers without the need for variable
geometry. Inlet injection has shown promise in high-Mach-number
scramjets such as the radical farming scramjets [17-19] and the
rectangular-to-elliptical shape transition (REST) engine [20]. Radi-
cal farming scramjets typically employ nominally two-dimensional
(2-D) and axisymmetric inlet compression geometries, whereas the
REST engine has an inlet designed from stream tracing within an
axisymmetric flowfield. There are no known examples of scramjets
that combine a tailored inlet fueling method with a purposely
induced, spanwise nonuniform compression to take advantage of TC.

Table 1 3-D inlet dimensions

Parameter Value
0, 8.0 deg
0, 18.0 deg
6, 12.7 deg
X 37 mm
d. N
W, 100 mm
L, 122 mm
L. 328 mm
Zji 12.5 mm
Zj3 62.5 mm
dj 2.21 mm
dj3 1.95 mm
H, 12.5 mm
Hh 53 mm
H, 30 mm
Zj 37.5 mm
Zj4 87.5 mm
djp 2.08 mm
djy 1.78 mm
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Fig. 6 Schematic of the cross section of an injector within the inlet to
highlight the critical fuel penetration parameters used in Eq. (2).

The supersonic combustion processes in a premixed 3-D non-
uniform-compression scramjet were characterized by the authors in
[15]. That fundamental study used a premixed inflow to remove the
influence of any particular fuel-injection method on the combustion
processes. The 3-D inlet (Fig. 4) delivered a nonuniform-com-
pression profile to the combustor entrance due to the varying 2-D
geometric CR across the inlet. The high-contraction region located at
the centerline of the engine is referred to as the high-compression
side, whereas the sidewall is referred to as the low-compression side.
A 2-D engine based on the dimensions of the low-compression side
generates insufficient compression to ignite the flow. The high-
compression side generates compression sufficient for rapid com-
bustion [15]. That study isolated three sources of combustion
enhancement in the low-compression side of the engine:

1) The first source is the 3-D flow feature, which is a shock-
induced boundary-layer separation (SIBLS) that formed at the com-
bustor entrance and provided locally high temperatures that ignited
the flow.

2) The second source is radical transport, where the same SIBLS
transported radicals from the high- to the low-compression sides of
the engine.

3) The third source is TC, where combustion in the high com-
pression coupled with the spanwise flow gradients to compress the
flow in the low-compression region.

The premixed study is expanded upon here to investigate the
combustion behavior with the added realism of fuel injection. An
identical inlet geometry is used in this study with a porthole inlet
injection method. The combustion chamber length is increased by
85% to allow combustion to proceed to higher levels than the
premixed study. The purpose of the study is as follows:

1) Evaluate if and how TC can be used with a realistic fuel-
injection method in a generic scramjet configuration.

2) Evaluate if the combustion processes of the premixed study
persist, or to what extent are they were eroded or enhanced, with fuel
injection.

3) Evaluate if there are performance benefits from TC effects in the
generic 3-D nonuniform-compression TC-like engine relative to a
generic 2-D uniform-compression engine.

This paper begins with the design of the porthole inlet injection
method, based on a 1-D linearization of the capture area surrounding
each injector. The nonuniform mass capture across the 3-D inlet
requires a tailored fuel-injection scheme to ensure the fuel is uni-
formly distributed across the combustor. The uninstalled /g, potential
of the 3-D engine is compared to a nominally 2-D uniform-com-
pression engine of an equivalent compression and CR to show the
performance benefits of TC in the scramjet engine design. In this
comparison, the 3-D nonuniform-compression engine represents a
TC-like scramjet, whereas the 2-D uniform compression engine
represents a traditional scramjet engine. The combustion processes

Table2 Penetration calculations for each injector
within the 3-D engine using the Povinelli and Povinelli
correlation [26]

Property Injector 1 _Injector 2 Injector 3 Injector 4
0, deg 16.75 14.25 11.25 9.25
P1j» kPa 1000 1000 1000 1000
p local, kPa 23 18 13 10
M local 5 5.5 6.0 6.7
Peb> kPa 500 473 430 369
Xj, mm 90 89 88 87
d;, mm 2.20 2.10 1.94 1.78
¥;, MM 10.22 10.0 9.76 9.77
vi/he 0.81 0.79 0.78 0.78
Table 3

Freestream conditions

Parameter Value

M, 10

Uy 3000 m/s

Poo 1450 Pa

Te 227K

¢ 0.99

T 4767 K

Proo 61 MPa

Nt oo 4.5 MJ /kg
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Fig.7 Coarse mesh topology of nominally 2-D engine.

are then isolated within the flowfield by artificially suppressing
reactions in local regions in the combustor following the method used
in [15]. A second method to investigate the coupling behavior of the
spanwise flow gradients and combustion involves injecting
combinations of hydrogen and inert hydrogen (nonreacting) within
the high- and low-compression sides of the engine. The latter method
enables us to isolate how the combustion of fuel injected into the low-
compression side proceeds without the influence of combustion from
fuel injected in the high-compression side, or vice versa. As will be
shown, the ignition processes within the inlet-fueled 3-D engine are
more complex compared to those identified in the premixed study,
owing to the additional shock structures and mixing processes from

fuel injection. However, the global spanwise flow gradients/TC
combustion coupling behavior, which was also identified in the
premixed, persists.

II. CFD++

The CFD simulations presented in this paper were performed using
CFD++, developed by Metacomp Technologies [21]. CFD++ can
provide unsteady- and steady-state solutions to the Navier—Stokes
equations for compressible and incompressible flows with multi-
species and finite-rate chemistry modeling. CFD++ uses a multi-
domain unstructured solver capable of handling Cartesian, structured
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curvilinear and unstructured grids, including hybrids with various
cell topologies. The code uses a total variation diminishing dis-
cretization method based on a multidimensional interpolation
framework. The upwind Harten-Lax—van Leer—contact Riemann
solver provides proper signal propagation physics at flow dis-
continuities. For the near-wall turbulence closure, the solve-to-the-
wall method is used.

A variety of turbulence models are available in CFD++, ranging
from conventional Reynolds-averaged Navier—Stokes (RANS) one-
to seven-equation transport models to large-eddy simulation (LES)
models and hybrid RANS/LES models. The shear stress transport
(SST) model is used to simulate turbulence in all scramjet cal-
culations presented in this study [22]. The SST turbulence model has
been shown to accurately capture supersonic flow phenomena, such
as shock/boundary-layer interactions (SBLIs) and mixing processes
from injecting fuel into supersonic crossflows [23,24]. With all
calculations, turbulence production and dissipation terms are cor-
rected to include compressibility effects using the proprietary method
formulated for CFD++. Combustion is simulated using the 13-
species 33-reaction hydrogen-air finite-rate model of Jachimowski
[25] that was developed in the context of the U.S. National Aero-
Space Plane program. Turbulence-chemistry interactions are ex-
cluded in this work. A fully structured computational domain is used
for all scramjet simulations, taking advantage of symmetry planes in
each configuration. Time integration is performed using the implicit
Euler method using local time stepping, and the solution is run to
steady state.
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Fig.8 Pressure along combustor at midspan of computational domain,
z = 6.25 mm.

III. Engine Design

The 3-D engine geometry and dimensions are given in Fig. 4 and
Table 1. The geometry consists of a single-ramp planar symmetric
inlet with a rectangular constant cross-sectional area combustion
chamber. This geometry is selected to make the numerical solution
performed here easily applicable to experimental investigation, by
providing opportunity for flow visualization in ground-test facilities
such as the University of Queensland’s T4 hypersonic reflected shock
tunnel. The 3-D inlet geometry is based on the design detailed in [15].
The high- and low-compression profiles consist of 18 and 8 deg
single ramps with 2-D CRs of 2.37 and 4.18, respectively. The inlet
contains 16 evenly spaced injectors along the bottom and top walls at
30% of the inlet length downstream of the leading edge. The
nominally 2-D model used to compare the performance of the 3-D
model has a ramp angle of 13 deg and a CR of 3.28. The CRs of both
the 3-D and 2-D inlets are within 1%, and the mean compression
ratios are within 4%.

The injectors are tailored to deliver an equivalence ratio of one
across the engine. The plenum pressure and temperature are set to
1 MPa and 300 K for all injectors. Fueling is tailored based on the
capture area surrounding each injector and the injector diameter. This
is shown schematically in Fig. 5 for the 3-D engine. The injectors of
the 3-D engine, starting from the high- to low-compression sides,
have areas of 3.83, 3.40, 2.98, 2.51 mm? respectively. The 2-D
engine injectors have an area of 3.14 mm? evenly spaced across the
inlet. The injectors are aligned perpendicular to the local surface of
the inlet. Optimization of the arrangement to achieve better mixing
and lower total pressure losses is not pursued in this study.

The penetration height of fuel into the supersonic stream for each
injector in the 3-D engine is checked using the correlation of Povinelli
and Povinelli [26], given in Eq. (2). This version of the correlation
neglects the effects of the boundary-layer thickness, which is
assumed to be approximately the same across the inlet. The pene-
tration height y at some downstream location x is calculated based on
the injector diameter d;, the ratio of the total pressure of the fuel p, ;,
and the “effective backpressure” py,, defined as two-thirds of the
total pressure behind a normal shock in the flow upstream of the
injector. M; corresponds to the exit jet exit Mach number, which is
one for choked flow. These parameters are shown schematically in
Fig. 6. The properties upstream from each injector are not constant,
due to the varying ramp angles in the spanwise direction of the inlet;
therefore, p,, must be calculated for each injector based on the local
flow properties.Z The 3-D engine calculations are summarized in
Table 2. The predicted fuel penetration height for each injector is
within 3% when normalized with the combustor height. The data
highlight that the injector sizing methodology used here is suitable
for this class of inlet geometry. As will be shown in the sections that
follow, this fueling arrangement delivers approximately the same
mixing efficiency, fuel penetration, and distribution for both the 3-D
and 2-D engines to the combustor entrance:

2\ 0.483 0.281
R 1.12(&) (M;)*149 (ﬁ + 0.5) @)
d; Peb ’ dj

IV. Boundary Conditions

The freestream inflow conditions given in Table 3 correspond to a
Mach 10 flight condition at an altitude of 30 km, with a freestream
dynamic pressure of 100 kPa. The freestream turbulence is set to 2%,
with a laminar-to-turbulent viscosity ratio of two. The outflow is set
to supersonic outflow. The short test times, in impulse facilities, are
insufficient to cause a significant rise in wall temperature. Therefore,
the walls are modeled as nonslip isothermal walls at 300 K. The
injector boundary conditions are set to an inflow of H, with a
stagnation pressure and temperature of 1 MPa and 300 K.

These values are taken from the fueloff computational fluid dynamics
solution presented in the sections that follow.
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V. Mesh Sensitivity Study with the Two-Dimensional
Scramjet Configuration

A mesh sensitivity study is performed to ensure the combustion
processes investigated in the sections that follow are mesh in-
dependent. The study is conducted on the nominally 2-D engine with
acompression ramp angle of 13 deg. Three meshes (coarse, medium,
and fine) are used with a refinement factor of 1.5 in each dimension.
The mesh topology is given in Fig. 7 and is generated using
GRIDPRO [27]. Cells are clustered to the walls to 0.75, 0.5, and
0.33 um with a growth factor of 1.2 for the coarse, medium, and fine
meshes. The coarse, medium, and fine meshes contain 1 million, 3.4
million, and 11.4 million cells, respectively. The y* values are below
0.8 over all wall surfaces. Cells are clustered around the injectors, as
shown in Fig. 7b, to ensure that the supersonic jet interaction flow
structures are resolved.

Both temporal and mesh convergences are addressed. Each
simulation reached temporal convergence after the mass, momentum,
and energy residuals reduced by five orders of magnitude. As will be
discussed in the sections that follow, a shock-induced boundary layer
separation at the entrance of the combustor plays an important role in
igniting the flow. The size of the separation was therefore used as a
metric for determining temporal convergence. In all simulations,
sufficient iterations were run so that the size of the separation
stabilized.

Mesh convergence is assessed by comparing the temporally
converged numerical solutions for the coarse, medium, and fine
meshes. Pressure data are extracted from the bottom wall at the
midspan of the computational domain in Fig. 8. The pressure data
show that the locations of the SBLIs do not vary significantly
between each mesh in both the frozen and reacting simulations. There

are differences in the peak pressure values between the meshes at the
SBLIs. The coarse and medium meshes consistently underresolve the
peak pressure value by about 5 and 2.5%, respectively, relative to
the fine mesh. Furthermore, the locations of the SBLIs are displaced
toward the exit of the combustor compared to the fine mesh.
The pressure data show that the flow is asymptoting to a mesh-
independent solution, with further mesh refinement unnecessary to
resolve the important flow physics. This indicates that heat-release
rates are not changing with mesh refinement.

Mixing processes within the inlet are also compared in the constant
H, contour profiles at the entrance of the combustor in Fig. 9. The
calculated mixing efficiencies, adopted from [28], at the entrance of
the combustor are 26, 24, and 23% for the coarse, medium, and fine
meshes, respectively. The reduced resolution of the fuel plume
transport through the inlet within the coarse and medium simu-
lation results in a higher mixing efficiency compared with the
fine grid.

The constant atomic H mass fraction and H,O combustion
efficiency contours at the entrance and exit of the combustor are given
in Figs. 10 and 11, respectively. (The definition of combustion ef-
ficiency used here is the ratio of the actual H,O mass fraction to the
stoichiometric H,O mass fraction, for an equivalence ratio of one.)
All meshes show intermediate combustion species (radicals) at the
entrance of the combustor. The atomic H plume given in Fig. 10
becomes more condensed with increasing cell density. The SIBLS at
the first SBLI immediately downstream from the combustor is
compared between each mesh in Fig. 12. The bottom wall has
been flooded with atomic H mass fraction contours and limiting
streamlines plotted on the surface using the shear stress vector, which
show the size of the recirculation bubble. All simulations show a
maximum H mass fraction of 0.0065 and the same separation length.
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Fig. 9 Constant equivalence ratio contours at entrance of combustor.
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Fig. 10 Constant atomic H mass fraction contours at entrance of combustor.

The ignition process within the first SBLI is therefore consistently
captured in each mesh.

The mesh sensitivity study shows that the pressure rise and
combustion processes do not change with mesh refinement. The
coarse mesh therefore sufficiently resolves the flow structures and
combustion processes necessary for this work. The solutions
presented in the sections that follow use the same mesh topology and
cell density as the coarse mesh.

VI. Two-Dimensional Results

The results for the 2-D engine are given in Figs. 13, 14, and 15. A
comparison of the pressure coefficient contours [Eq. (3)], given in
Fig. 13a for the frozen and reacting flow, shows there is a significant
pressure rise from combustion. The shock structure in the combustor
changes with reactions activated, as shown by the change in location
of the SBLIs in Fig. 13b. This is due to the influence of the reactions,
which lowers the Mach number, and therefore alters the shock
structure.

1
Cp = (p - poo)/(gpooUgo) (3)

The porthole injection method generates the typical flow structures
expected from sonic injection into a supersonic crossflow, detailed in
Fig. 14 at the symmetry plane, that serve to enhance the near-field
mixing. Far-field mixing is controlled by turbulent diffusion and is
enhanced when the flow passes through shock waves, owing to

baroclinic torque generated from the pressure and density gradients
of the plume and air. In the interest of brevity, the mixing processes
are not detailed further; however, further discussion on the mixing
processes in inlet-fueled scramjets can be found in [29,30].

Figure 15 shows the combustion efficiency and temperature
contours in the engine for the reacting simulation. The bottom wall is
flooded with the pressure coefficient, with the shear stress topology
superimposed. The high temperature, in excess of 1600 K, produced
in the mixing layer of the fuel and air causes the flow to react and form
radicals. This phenomena was reported in an experimental inves-
tigation of porthole fuel injection into supersonic flow [31]. An
inherent limitation of the turbulence modeling in RANS simulations
is its inability to capture the small-scale turbulent eddies, and
therefore the combustion process, within the free shear layer of the
jet. It will be shown in the sections that follow that the suppression of
reactions in the inlet does not alter the global combustion behavior.

The SIBLS at the first SBLI, shown in Fig. 12, ignites the flow
within the boundary layer. The recirculation region between the
injectors contains partially mixed fuel and air at temperatures in
excess of 1400 K, as shown in Fig. 15. Fuel and air entrained into
the separation react to produce radicals, which diffuse out of the
recirculation zone and into the boundary-layer reattachment region.
This flow feature acts as a flameholder, which ignites the flow around
the outer edge of the plume along the bottom wall. Radicals formed
within the inlet around the upper part of the H, plume ignite the flow
in that region after passing through the reflected shockwave off the
symmetry plane. Combustion that is initiated within the outer mixing
region of the plume propagates inward via a diffusion controlled heat-
conduction process [9], due to the partial mixing of fuel and air within
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the inlet. High levels of combustion (56%) are achieved at the exit of
the combustor.

VII. Three-Dimensional Results

The temperature and pressure in the 3-D engine for the fuel-on
frozen and reacting simulations are presented in Fig. 16. The cross-
stream slices are flooded with constant temperature contours,
whereas the bottom walls and high-compression symmetry plane
(z = 0) are flooded with the constant-pressure coefficient. Com-
bustion in the 3-D engine increases the temperature and pressure and
alters the shock structure. The nonuniform-compression flowfield
contains streamwise SBLIs (as in the 2-D results) and spanwise shock
reflections, detailed in Fig. 16. Unlike in the frozen simulation, the
spanwise shock reflection in the low-compression side traverses the
flowfield into the high-compression side with reactions enabled. This
highlights the coupling of combustion with the inlet-induced
spanwise flow gradients to be discussed in this section.

Figure 17a shows the cross-stream slices of H,O combustion
efficiency in the engine. Figure 17b shows the H,O combustion
efficiency and shear stress topology within the boundary layer. As in
the 2-D simulation, the flow is ignited around the fuel plumes at the
combustor entrance due to the combination of high temperatures
generated from the separation along the bottom wall and radicals
produced in the shear layer of the fuel and air in the inlet. Higher
levels of combustion are achieved immediately downstream from the
first SBLI within the high-compression side of the engine, owing to
the higher local pressure and temperature. Combustion in the low-
compression side is lower immediately downstream from the first
SBLI; however, high levels are produced after the second SBLI.

The 3-D inlet delivers the intended nonuniform inflow profile into
the combustor, as shown in a cross-stream slice taken upstream of the
combustor entrance in Fig. 18a. The constant equivalence ratio
contours at the entrance to the combustor (Fig. 18b) show that the
flow has been partially mixed within the inlet and the penetration
height of the fuel is about the same for each fuel plume. The influence
of the porthole injection method on the global flow behavior is shown
in Fig. 19, where the surface (or wall) shear stress topology and
constant-pressure contours of the fueloff and frozen fuel-on simu-
lations are compared. The SIBLS at the entrance of the combustor
changes from smooth, without fuel injection, as in the premixed study
in [15], to corrugated, with fuel injection. These changes are due to
the additional shock waves generated by the porthole injection
method (Fig. 18a) and associated mixing processes. The shocks
generated from the injectors merge with the inlet leading-edge shock,
as shown in the 2-D shock structure in Fig. 13b, and steepen the shock
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Fig. 16 3-D engine results.

wave that enters the combustor. This causes the SBLI at the entrance
of the combustor to move upstream relative to the fueloff case and
increases the number of streamwise SBLI. Two local high-com-
pression regions form along the bottom wall of the combustor. The
first is within the high-compression side of the combustor (z = 0) at
the first SBLI, which is expected owing to the inlet design. The
second is within the low-compression side of the scramjet at
x = 0.38 m, which is generated by the spanwise reflection. Com-
pression waves from the high-compression region at the entrance of
the combustor traverse the engine in the spanwise direction into the
low-compression region. The waves are terminated by a reflection off
the sidewall (spanwise reflection) between the second and third
SBLIs, as shown in Fig. 20a. This behavior is present in both the
frozen fuel-on and fueloff simulations, which indicates the inlet
fueling method does not change this spanwise flow behavior.

The influence of the combustion on the flowfield is illustrated in
Fig. 20a, where the shear stress topology and pressure contours along
the bottom wall of the engine are plotted for the fuel-on frozen and
reacting simulations. The pressure and shear stress data extracted
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Fig. 17 3-D results: reacting flow.

from the midspan of the computational domain are given in Fig. 20b
and 20c, respectively. The streamwise length of the SIBLS (indicated
by the negative x component of the shear stress in Fig. 20c) at the
entrance of the combustor increases by 20% when reactions are
enabled. The spanwise reflection at the low-compression side moves
further upstream, whereas unlike in the fuel-on frozen simulation, the
spanwise shock reflection at the sidewall rapidly traverses the
flowfield back into the high-compression region. The local pressure
coefficient increases from 0.55 to 0.98 (44%) over the spanwise
reflection shock wave, as shown in Fig. 20b. This results in an
incipient boundary-layer separation, as shown in Fig. 17b. These
changes can be explained by the increased adverse pressure gradient
from combustion downstream of the separation. The increase in
temperature also reduces the Mach number and steepens the shock
angles relative to the wall, thus inducing a larger pressure gradient,
and therefore larger separation. The decreased Mach number also
allows greater spanwise communication of pressure rise and in-
creases the spanwise reflection angle. If a constant pressure is
assumed through the boundary layer, the increased temperature
decreases the density, and hence the momentum of the incoming
boundary-layer, making it more susceptible to separation for a given

adverse pressure gradient. The increased boundary-layer temperature
also reduces the Mach number through the boundary layer, allowing
greater upstream communication.

Another feature of the 3-D flow is the spanwise movement of the
fuel plumes in the combustor, shown in Fig. 17a. The plumes within
the high-compression (injectors 1 and 2) region move toward the low-
compression side after the first streamwise SBLI as they follow the
local favorable pressure gradient generated from the inlet. At the
exit of the combustor, the combustion plumes are approximately
realigned with their original spanwise injector locations in the inlet.
Note that the H,O in the boundary layer (see Fig. 17b) does not
accurately represent the plume movement within the core flow. This
is because the low-momentum flow within the boundary layer is more
susceptible to pressure gradients.

Although RANS turbulence models can predict the mixing within
inlet-fueled scramjets [29], each turbulence model will predict
different levels of mixing and may require parameters such as the
turbulent Schmidt number to be calibrated (see [24], for example).
This variability is inherently due to the inability of RANS to capture
unsteady turbulent eddies. This also applies to capturing the unsteady
characteristics of SIBLSs. Caution must therefore be exercised when
using RANS to simulate mixing and combustion processes.

The engine is simulated using the Spalart—-Allmaras (SA) tur-
bulence model [32] to ensure the flow behavior is not dependent on
the selected SST model only. A comparison of the SST and SA simu-
lations is presented in Fig. 21, where the H,O combustion efficiency
within the boundary layer is shown with the shear stress topology.
The simulations show that the spanwise flow gradient/combustion
coupling behavior is unchanged, and is therefore not unique to the
SST turbulence model. Both simulations show about the same SIBLS
size at the first SBLI; however, the SA solution predicts fewer radicals
in the low-compression side of the scramjet. Furthermore, the
boundary-layer separation at the spanwise reflection within the high-
compression side of the combustor is not predicted in the SA solution.
Despite these differences, the physical processes that facilitate
ignition and combustion do not change when using either turbulence
model. Therefore, it is expected that the combustion behavior will be
reproduced when using other turbulence models.

VIII. Comparison of the Two-Dimensional Uniform and
Three-Dimensional Nonuniform-Compression Engine

The stream thrust average (STA) pressure coefficient and
combustion efficiency in the 2-D and 3-D engines are given in
Fig. 22. (The 3-D engine results presented in Table 22 and Figs. 22
and 23 have the low-compression sidewall modeled as an inviscid
slip wall. This is because the nominally 2-D engine does not contain
sidewalls. The drag introduced from the sidewall in the 3-D engine
must therefore be removed to make a fair comparison between the
two engines.) Details on the STA computations can be found in
[33,34]. The 3-D and 2-D geometries produce inlet pressure ratios of
22.5 and 23.5, respectively, which show they have approximately the
same compression ratio. The pressure rise, or rate of combustion,
within the 2-D engine proceeds quasi linearly. The pressure rise in the
3-D engine proceeds linearly at the start of the combustor between
0.123 and 0.25 m; however, between 0.25 and 0.3 m, there is an
increase in the rate of pressure rise. This increase occurs at the second
SBLI location (x = 0.25 m). After 0.3 m, the rate of pressure rise
reduces; however, it remains higher than that of the 2-D engine. The
same trend is given in the combustion efficiency, as shown in Fig. 23.

Figure 24 compares the uninstalled /g, of the 2-D and 3-D engines.
The uninstalled /g, is calculated using Eq. (4), using the STA pro-
perties at a given streamwise x cross section, shown schematically in
Fig. 25. Expressing the uninstalled /g, in this form enables the drag
within the inlet, injection method, and combustor to be compared.
The change in uninstalled [, in the combustor is approximately the
same for both engines, which indicates that the flow nonuniformity
does not increase the drag in the combustor:

Iy = [, U, = rigUyg) + Ac(px — po)l/1itu, 8 4
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Iy, = [(msUs —myUy) + As(ps — po)l/rmu, 8 )

The upper part of Fig. 24 provides the uninstalled 7, potential of
the scramjet, assuming an isentropic nozzle expansion ratio (ER) of
eight, calculated using Eq. (§), throughout the combustor. The
improved uninstalled [, potential reflects the performance benefits
of the increased pressure due to 3-D combustion phenomena in the
3-D engine. The performance enhancement occurs at the same
streamwise location to the increased pressure and combustion ef-
ficiency atx = 0.25-0.35 m. The flow nonuniformity delivered to the
exit of the combustor in the 3-D engine may degrade the performance
relative to the 2-D engine, owing to additional losses incurred during
the expansion process ([7] p. 388). To evaluate this, a nozzle with an
expansion of 12 deg is added to the configurations. (Angles other than

#The uninstalled +p Potential does not account for the pressure (wave) or
viscous drag generated on the external surface of the scramjet.

12 deg can be used. A 12 deg expansion did not result in any
boundary-layer separations, and is therefore considered sufficient to
quantify the losses associated with expansion.) The nozzle geometry
is given in Fig. 25. The bottom wall is modeled as an isothermal wall
at 300 K. The uninstalled I, through the 2-D and 3-D engines are
given in Fig. 25. The uninstalled /g, of the 3-D engine is 221 s, which
is higher compared to the 2-D engine of 121 s. Note that the
uninstalled Iy with a realistic nozzle is, naturally, lower than the
uninstalled /g, potential. The result highlights that the benefits from
the increased combustion from the 3-D inlet-induced spanwise
gradients outweigh the additional losses associated with the ex-
pansion process. Here, we have used a generic, nominally 2-D nozzle
geometry; however, in practice, the 3-D engine may be designed with
a 3-D nozzle that takes advantage of the nonuniformity. For example,
the expansion process could be initiated after the spanwise reflection
at the low-compression side. Such a concept will be the subject of
future investigations.

An overview of the engine parameters of both engines is given in
Table 4. The exit pressure coefficient c,, combustion efficiency 7.,
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Fig. 20 Fuel-on frozen and reacting flow, bottom wall shear stress topology, and pressure coefficient.

and uninstalled /¢, potential of the 3-D engine are greater than or
equal to the 2-D engine in each case. The gain in combustion per-
formance, pressure rise, and uninstalled /g, potential in the 3-D
engine is due to the TC, which is investigated in detail in the sections
that follow. The potential [, from the nozzle surface for the 2-D and
3-D engines is 1325 and 1525 s, respectively, which is an increase of
about 14%.

Owing to the generic (nonoptimized) scramjet configurations used
in this study, the resulting combustion efficiencies of 57 and 66% in
the 2-D and 3-D engines, respectively, are modest, even with the
benefits of the thermal compression effect in the 3-D engine. The
increase in combustion of 9% may therefore not be representative of
properly configured (optimized) engines for this flight condition. The
result, however, shows the combustion in the generic 3-D engine
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Fig. 21 SA and SST simulations, shear stress topology, and H,O combustion efficiency.
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improves relative to the 2-D engine and suggests that TC is a useful
mechanism to consider in the design of a practical scramjet engine at
high Mach numbers. A study into the application of this work to
practical scramjet configurations will be the subject of future
investigations.

IX. Isolating Combustion Processes

The combustion processes discussed in the previous sections are
now investigated in isolation. Further numerical simulations are
conducted to determine how they influence the overall combustion
behavior of the 3-D engine. Three fluid-dynamic/combustion
interactions that facilitate ignition and combustion within the 3-D
engine are identified as 1) 3-D flow features within the combustor:
in particular, the influence of the SIBLS at the first SBLI and the
spanwise reflections at the sidewall, 2) radical production from the
injection method within the inlet, and 3) thermal compression, in
the form of coupling of the spanwise flow gradients with combustion-
induced compression waves.

The same interactions were identified in [15], excluding the radical
production from the injection method. That paper showed TC-en-
hanced combustion within the low-compression side of the engine. In
addition, a 3-D SIBLS ignited the flow in locally high-temperature
regions in the boundary layer and transported radicals from the high-
to low-compression sides of the engine.

Each interaction will be isolated by 1) comparing fuel-on frozen
and reacting simulations, 2) injecting combinations of inert and
reacting hydrogen within the high- and low-compression sides of the
scramjet, and 3) artificially suppressing heat release in local regions.
The results from these simulations are presented in Figs. 26 and 27.
The pressure contours and shear stress topology show how the heat
release influences the spanwise shock structures. The H,O contours
show where the flow ignites from within the boundary layer by 3-D
flow features. Injecting reacting fuel into only the high- or low-
compression side of the engine enables us to isolate how the fuel
injected in each side burns without the influence of combustion from
the other side. Injecting inert H, within the nonreacting side of the
engine preserves the 3-D flow structures generated by the injection
method.¥ The injection method introduces additional shock
structures into the engine, which in turn influence the behavior of the
SIBLS, and therefore the combustion. Moreover, the injection
method increases the effective compression ratio of the inlet. This
compression needs to be conserved when comparing the pressure rise
relative to the fuel-on frozen solutions, as shown in Fig. 26. The final
method used to decouple the combustion processes is to artificially
suppress reactions in local regions. This technique was used suc-
cessfully in the premixed investigation [15]. This technique is useful
here to remove the influence of radicals that form within the inlet
and to isolate the combustion enhancement from TC within the low-
compression side of the engine.

A. Three-Dimensional Flow Features

The influence of the SIBLS and spanwise flow reflection on
combustion is isolated by injecting inert hydrogen and reacting
hydrogen in only the low-compression (injectors 3 and 4) and high-
compression (injectors 1 and 2) sides of the engine. These simu-
lations are given in Figs. 26b, 26¢, 27a, and 27b.

The high-compression-fueled simulation in Fig. 27b shows how
the fuel injected in the high-compression side ignites without the
influence of combustion of fuel injected in the low-compression side.
The combustion between the first and second SBLIs in the high-
compression side is unchanged relative to the fully fueled simulation.
This indicates combustion in the high-compression side is not
affected by the combustion of fuel injected in the low-compression
side. There is H,O present within the SIBLS in the low-compression
side of the combustor, where only inert H, fuel is injected. Moreover,
the second SBLI interaction transports the flow within the boundary
layer further into the low-compression side where H,O is present at
the spanwise location z = 0.095 m at x = 0.28-0.33 m.

The low-compression-fueled result in Fig. 27a shows how the fuel
injected in the low-compression side ignites without the influence of
combustion from fuel injected in the high-compression side. The
amount of H,O in the boundary layer between the first and second
SBLIs in the low-compression side is lower compared to the fully

3In practice, an inert species with properties similar to hydrogen, such as
helium, can be used to conduct experiments.
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Fig.25 Schematic of scramjet showing the expansion processes used to calculate uninstalled I, potential and actual uninstalled I, of the engine with an

ER of eight.

fueled simulation. This indicates there is combustion enhancement in
the low-compression side from combustion of fuel injected in the
high-compression side. The enhancement is caused by radicals being
transported within the SIBLS from the high- to the low-compression
sides. This can be visualized in Fig. 28, where streamlines are
entrained in and expelled out of the SIBLS. A similar combustion
process was identified in the premixed investigation [15] and termed
“radical transport,” where it was also shown to enhance combustion
in the low-compression side. The low-compression-fueled result
shows significant combustion after the spanwise flow reflection at the
sidewall, regardless of combustion in the high-compression region.
This is due to a local high-pressure region that forms from the
spanwise reflection. There is coupling of combustion-induced com-
pression waves and the spanwise shock structure after the second
SBLI, as shown by the change in the pressure contours and reflected
shock structure angle in Figs. 26a and 26b.

The H,O combustion contours and shear stress topology within the
boundary between the premixed [15] and fully fueled simulation is
given in Fig. 29 to highlight the affect of fuel injection on the ignition
process within the SIBLS. The combustor length of the premixed
simulation has been extended here from 0.3 to 0.45 m. Both simu-
lations show that the flow along the bottom wall ignites from within
the first SBLI. There are local changes to the SIBLS characteristics
with injection caused by the additional shock structures and mixing
processes. Higher levels of H,O are produced in SIBLS with
injection, due to the longer residence time of flow within the re-
circulation zones that result from the corrugated shape of the
separation. Both simulations show coupling between the spanwise
gradients and combustion. Unlike the injection simulation, however,
the spanwise shock reflection in the premixed simulation does not
traverse the entire width of the engine.

B. Radical Production from Injection Method

The influence of the radical production from the injection method
is isolated by suppressing reactions in the inlet (Figs. 26e and 27d).

Table 4 Reacting flow
combustor entrance and exit
conditions of 2-D and 3-D engine

configurations
STA property 2-D 3-D
¢, entrance 0.34 0.36
p, inlet 225 235
cp, exit 0.74 0.87
7, exit 0.57 0.66
1y entrance, % 26 26

I, potential [Eq. (3)] 240 382
I, 12 deg expansion 121 221
¢ 0.99 0.99

The reactions that take place in the inlet increase the pressure of the
flow by 10% at the combustor entrance, as shown by the difference
between the frozen and reacting STA pressure data in Fig. 22. The
reactions-suppressed simulation (Fig. 27d) shows that the spanwise/
combustion coupling behavior remains unchanged relative to the
fully reacting simulation (Fig. 27¢c). The spanwise reflections at the
sidewall and centerline move downstream 0.03 m relative to the fully
reacting simulation. This is because suppressing radical production
hinders the ignition of the flow in the combustor, and therefore the
rate of heat release and pressure rise. Less pressure rise results in
weaker coupling of the combustion-induced pressure waves with
the spanwise flow gradients. The result highlights that the 3-D
combustion/spanwise coupling behavior is independent of the radical
production from the injection method. This indicates that the same
flow behavior will most likely persist for other injection schemes that
deliver a partially premixed flow to the combustor entrance.

C. Thermal Compression

The 3-D engine experiences an increase in the rate of pressure rise
around the second SBLI and spanwise reflection, x = 0.25-0.33 m,
as shown in Fig. 22. This increased rate of pressure rise is largely due
to TC where combustion within the high-compression side com-
presses the flow in the low-compression side, thereby enhancing
combustion. The presence of H,O (and therefore radicals) at the
second SBLI in the low-compression side enhances combustion [15].
The low-compression-fueled simulation (Fig. 27a) shows that
combustion (and therefore radical production) takes place in the
low-compression side upstream of the second SBLI. The high-
compression-fueled simulation (Fig. 27b) shows that combustion
products are transported into the low-compression side from fuel
injected into the high-compression side. The influence of these
radicals on the combustion at the second SBLI must be removed if we
are to isolate the combustion enhancement from only TC. This is
achieved using two reaction suppression regions, specified in
Table 5: region 1 is used to suppress radicals forming upstream of the
second SBLI in the low-compression side. Region 2 is used to
suppress the production of the radicals that are transported within the
boundary layer from the high- to the low-compression sides. TC can
now be isolated by comparing the results of the low-compression,
high-compression, and fully fueled simulations with the reaction
suppression regions, given in Fig. 30.

The low-compression-fueled simulation (Fig. 30a) shows the fuel
injected in the low-compression side (injectors 3 and 4) ignites at the
spanwise reflection at x ~ 0.33 m, given by the bottom-wall H,O
combustion contours. The high-compression-fueled simulation
(Fig. 30b) shows the region in the low-compression side where no
H,O is transported from fuel injected in the high-compression side.
(By comparing the high-compression fueled with (Fig. 30b) and
without (Fig. 27b) reaction suppression in region 2, we see that
the area without radicals increases. This enables us to isolate the
influence of TC on combustion on a greater portion of the flow in the
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low-compression side.) The fully fueled simulation (Fig. 30c) shows
combustion in the low-compression side is achieved at x ~ 0.25 m,
further upstream compared to the low-compression-fueled simu-
lation, and in the region where no H,O transport from fuel injected in
the high-compression side is possible (see Fig. 30b.) This result
shows that TC from combustion in the high-compression side
between the first and second SBLIs enhances combustion of the fuel
injected in the low-compression side of the engine.

The cross-stream slices of H,O combustion efficiency in Fig. 31
show how the core flow is ignited in both the low-compression and
fully fueled simulations. Figure 31a shows the fuel plumes in the low-

compression side ignite at x = 0.38 m, as opposed to Fig. 31a (with
TC), which ignites upstream at x = 0.32 m. The heat release in the
low-compression region (with TC) occurs at a higher pressure and
temperature, as well as a lower Mach number, and therefore at a
higher thermodynamic efficiency. (For a given amount of heat
release, the lower the local Mach number, the higher the thermal
efficiency. This is explained by Rayleigh losses (see, for example, [7]
p- 77).) We have not investigated the effects that TC and flow
nonuniformity have on the mixing processes in the combustor.
Another aspect not investigated in this work is the relative unstart
behavior and engine operability between an optimized TC and an
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Table 5 Reaction suppression regions optimized 2-D engine, which remains an open question. For example,

Position Region | Region 2 it is annown at thi§ time_ whether the coupling !Jetween the

nonuniform compression with combustion waves will lead to a

jmf" (? 205 %.12253 degradation of the isolator—inlet-combustor operability compared

y::‘: 0 0.39 with the 2-D engine. Assessment of the unstart characteristics of this

. 0.52 043 class of engine will be an important aspect for future studies that seek

Zmin 0.05 0.05 to develop an operational scramjet concept using the TC effects
Zimax 0.1 0.06 uncovered here.

I
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Fig.29 Comparison of fully fueled simulation (present study) and premixed study [15]: bottom wall flooded with H, O combustion contours and shear
stress topology.
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Fig. 31 Isolating TC within the low-compression side of 3-D engine.

X. Conclusions

This paper is an extension of a fundamental study of a premixed
three-dimensional nonuniform-compression scramjet that showed
thermal compression and 3-D flow features-enhanced combustion.
The paper demonstrates that TC can be used in a realistic inlet-fueled
3-D nonuniform-compression scramjet configuration. Such a
scramjet offers an additional degree of freedom in the design process
of fixed-geometry scramjets that must operate over a range of flight
Mach numbers. The uninstalled Iy, of the 3-D engine improves
compared to a nominally two-dimensional engine of about the same
contraction and compression ratios. The 3-D combustion processes
become more complex compared to those identified in the premixed
study due to the additional shock structures introduced from the
injection method and associated mixing processes. Although these
effects impart local changes to the flow, they do not affect the global
combustion behavior. As in the previous premixed study, the flow in
the boundary layer ignites from within the shock-induced boundary-
layer separation that forms at the entrance to the combustor. The TC
effect from the coupling of combustion-induced compression waves
with the inlet-induced spanwise flow gradients enhances com-
bustion. Radicals that form upstream from the combustor within the
free shear layer of the injector plume and air enhance combustion.
Suppressing the production of radicals in the inlet does not change the
global combustion behavior. The findings demonstrate that the global
3-D combustion behavior is not unique to this injection scheme. The
technique is expected to be applicable to other inlet-fueling injection
schemes that deliver partially mixed fuel and air to the combustor.
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