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A shock-induced combustion ramjet is considered wherein gaseous hydrogen is injected via cantilevered ramp

injectors located in a staggered manner on opposite walls of the internal duct of a mixed-compression inlet. The

nonhomogeneous combustible mixture thus formed at the exit of the duct is then ignited through a shock generated

by a wedge located on the lower wall of the duct. The products of the ensuing combustion process are then expanded

in a specifically designed nozzle. The numerical simulation of the three-dimensional shcramjet flowfield at Mach 11

and an altitude of 34.5 km is performed by the Window Allocatable Resolver for Propulsion code, in which the

multispecies Favre-averaged Navier–Stokes equations are closed by the k-! turbulence model and the Wilcox

dilatational dissipation correction, to account for compressibility effects at high convective Mach number. TheH2–

air chemical reactions aremodeled by a nine species, 20 reactionmodel based on that of Jachimowski.Magnitudes of

the thrust, fuel specific impulse, and frictional forces on the entire shcramjet configuration are numerically

determined. The moderate value of fuel specific impulse of 683 s is primarily due to the high equivalence ratio

adopted.

Nomenclature

ck = mass fraction of species k
cp = specific heat at constant pressure
Dk = mass diffusion coefficient of species k
dw = distance from wall to first inner node
E = total specific energy, e� k� 1=2q2

e = specific internal energy
Fi = convection flux vector in the i direction
F pot = specific thrust potential
Fp = pressure force
F friction = frictional force
F fuel = fuel thrust
G = vector of diffusion variables
hk = enthalpy of species k
Isp = specific impulse
J = metric Jacobian
Ki;j = diffusion matrix
k = turbulent kinetic energy
MT = turbulent Mach number,

�����
2k
p

=a
_m = mass flow rate
nd = number of dimensions
ns = number of species
Pk = production of turbulent kinetic energy
PrT = turbulent Prandtl number
p = pressure
p� = effective pressure, p� 2=3�k
Q = conserved variables
q = magnitude of velocity vector
R = residual
S = source terms
ScT = turbulent Schmidt number
T = temperature
Vi = contravariant velocity
vi = velocity component in the i direction

_Wk = chemical production rate of species k
Xi = curvilinear coordinate in the i direction
Xi;j = @Xi=@xj
xi = Cartesian coordinate in the i direction
y� = nondimensional wall distance, dw�
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p
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�r;si;j = �i;j�r;s � J�1Xi;sXj;r � 2=3J�1Xi;rXj;s
� = circulation
�ij = Kronecker delta
�Xi = discrete derivative with respect to Xi
�m = mixing efficiency
� = thermal conductivity
� = viscosity
�T = turbulent eddy viscosity
	 = convergence criterion
� = density

k = Wilcox turbulent closure coefficient

! = Wilcox turbulent closure coefficient
� = pseudotime
�w = wall shear stress
! = dissipation rate per unit of turbulent kinetic energy

Introduction

T HE practical implementation of the shock-induced combustion
ramjet (shcramjet) concept for hypersonic flight is contingent

upon the feasibility of quasi-homogeneous fuel/air mixing in the
high-velocity, high-temperature forebody (inlet) air flow of the
vehicle. Simultaneously premature ignition of the combustible
mixture everywhere upstream of the combustion-inducing shock
must be avoided. In [1,2], an attempt has been made to devise such
premixing in a generic, two shock, external-compression inlet.
Because the shcramjet concept is considered as an alternative to the
scramjet for very highflightMach numbers, the premixing task in the
inlet was considered at a flight Mach number of 11. Cantilevered
ramp fuel injectors located at the tip of the inlet were used to inject the
fuel (gaseous hydrogen). An air-based mixing efficiency of 0.41 was
obtained just before the combustion process, with premature ignition
of the combustible mixture in the boundary layer occurring in the last
15% of the inlet length. Subsequent ignition of the nonhomogeneous
combustible mixture by an oblique shock wave resulted in a fuel
specific impulse of approximately 573 s, based on the concept of
thrust potential. The relatively low values ofmixing efficiency and of
specific impulse, as well as the occurrence of premature ignition in
the inlet boundary layer, were attributed to the adverse effects of the
flowfield characteristics on the mixing process in the generic
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external-compression inlet model considered. It should be noted that
the concept of liquid-hydrocarbon fuel preinjection in the forebody
flow of a hypersonic engine has lately gained interest with a view to
improve the combustion efficiency of scramjets in the flight Mach
number range of 3.5–8. A complete review of this round of
investigations is given in [3].

To alleviate the aforementioned shortcomings of the shcramjet
model considered in [1,2], an alternative shcramjet model is
considered in the present paper wherein the fuel is injected by
cantilevered ramp injectors placed in a staggered manner on the
upper and lower walls at the upstream end of the internal duct of the
mixed-compression inlet, Fig. 1. A detailed numerical study of such
a fuel/air premixing configuration is given in [4,5], where it was
shown that for approximately the same order of magnitude of air and
fuel velocities in the duct as in [1], an air-based mixing efficiency of
0.68 can be obtained. Injector configurations were found such that
the combustible mixture was well away from the confining walls of
the duct and no premature ignition was present.

Unlike [2], where only the premixing process in the external-
compression inlet and the combustor flowfield were numerically
simulated, the present study reports results of a numerical simulation
of a complete, integrated, three-dimensional shcramjet flowfield.
The premixed combustible mixture in the mixed-compression inlet,
similar to those considered in [4], is ignited by a shock-inducing
wedge located on the lower body wall of the internal duct of the inlet
at a distance of 0.8m from the point of fuel injection. The products of
the ensuing shock-induced combustion process are expanded in a

specifically designed nozzle. Magnitudes of the thrust, fuel specific
impulse, and frictional forces acting on the entire shcramjet model
are numerically determined.

Governing Equations

The shcramjet flowfield is described by the Favre-averaged
Navier–Stokes equations, closed by the k-! turbulence model of
Wilcox [6] and the nine species, 20 reaction Jachimowski H2/air
chemical model [7] (nitrogen is assumed to be an inert gas). The
equations are expressed in generalized coordinates as @Q=@� ��R,
where minimization of the residual is sought.
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where

Vi �
Xnd
m�1

Xi;mvm

is the contravariant velocity. The total energy and effective pressure
include molecular and turbulent components, E� e� k� 1=2q2

and p? � p� 2=3�k. The internal energy, enthalpy, and specific
heat at constant pressure are determined from temperature dependent
polynomials from McBride and Reno [8], whereas p is found
through the ideal gas law from the temperature and density. With
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the diffusion matrix can be shown to be
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For the effective viscosity, thermal conductivity, mass diffusion, and
diffusion coefficients of the turbulent kinetic energy and length scale
determining equations, we have �? � �� �T , �? � ��
cp�T=PrT , D

?
k �Dk � �T=ScT , �?k � �� �T=
k, and �?! � ��

�T=
!. Based on dimensional analysis arguments, the turbulent
viscosity can be written as �T � 0:09�k=!. The turbulent Prandtl
number, 
k, and 
! are set to 0.9, 2.0, and 2.0, respectively, whereas
the turbulent Schmidt number is set to 1.0 and not altered in space.
The source term includes the chemical species production terms, the
baseline terms of the k-!model, as well as additional terms needed to
account for compressibility effects.
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Fig. 1 Mixed-compression inlet shcramjet schematic.
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The dilatational dissipation correction terms [that is, the ones
involving f�MT�] are necessary to account for the reduced growth of
shear layers when the convective Mach number is high [9,10]. The
Wilcox [11] dilatational dissipation model specifies
f�MT� � 3=2max�0;M2

T � 1=16�. This improves the baseline k-!
equations in solving high convective Mach number shear layers
without underpredicting the skin friction in high Mach number
boundary layers, at least up to a freestream Mach number of six.
More compressible corrections exist [12], but due to very little or no
empirical data to justify their presence, their effect is neglected in the
present study. From the exact form of the transport equation for k, the
turbulent kinetic energy production term can be written in
generalized coordinates as
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Numerical Method

The discretized governing equations together with the boundary
conditions are solved on a generalized structured mesh using the
Window Allocatable Resolver for Propulsion (WARP) code. A
detailed description of the computational technique employed in the
WARP code can be found in [13]. All partial derivatives are
discretized using second-order accurate, centered finite difference
stencils except for the convection derivative, which is discretized
using the approximate Riemann solver of Roe [14] andmade second-
order accurate through a symmetric minmod limiter by Yee et al.
[15]. The discretized residual is solved to steady state using a block-
implicit factorization algorithm [16] including the analytical
Jacobian derived from the chemical model and a linearization
strategy of the viscous terms by Chang and Merkle [17]:
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withB � @G=@Q the linearization Jacobian of the viscous terms and
C� � @S�=@Q the linearization Jacobian of the chemical and
negative turbulent source terms. Only the negative turbulent source
terms are linearized to ensure the stability of the implicit algorithm.
The term �Xi@Fi=@Q is determined by the linearization of the first-
order Roe scheme with the Roe Jacobian locally frozen [18,19].
Although more costly per iteration compared with a lower-upper
symmetric Gauss–Seidel inversion strategy, approximate factoriza-
tion is chosen here for its ability to solve the Roe scheme without the
need for introducing an explicit artificial dissipation term in the
residual (the entropy correction) to stabilize the iterative process. The
introduction of the entropy correction adds additional artificial
dissipation to the numerical scheme, which affects the accuracy of
the solution considerably [20].

The quantity 	 is defined as the maximum between the sum of the
discretized continuity residuals and the energy conservation residual
divided by Q:
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For all cases considered, 	 decreases through at least five orders of
magnitude and convergence is reached when 	 for all nodes falls
below 	converge � 400 s�1. The pseudo-time-step �� is fixed to the
geometric average between the minimum and maximum Courant–
Friedrichs–Lewy (CFL) conditions, which is found to give faster
convergence than the minimum CFL condition for cases involving
high mesh aspect ratios.

The WARP code uses a “marching window” technique that
detects, without user interference, the hyperbolic or elliptic character
of the considered flow using an “ellipticity sensor” that is based on
the eigenvalue signs of the streamwise convective flux Jacobian, and
unlike other similar techniques used so far, is valid for viscous
streamwise separated flows. The algorithm performs localized
pseudo-time-stepping on a subdomain composed of a sequence of
streamwise planes that advances in the streamwise direction when
the residual of the upstream boundary of the subdomain falls below
the convergence threshold. The width of the marching window
decreases to only a few planes in regions of quasi-hyperbolic flow
and increases to the size of the streamwise-elliptic region when
encountered. The marching window is strictly a convergence
acceleration technique, as it guarantees the nodes upstream of the
window are below the convergence threshold by updating the
residual upstream of the window at all pseudo-time-steps. This
method captures all upstream propagating waves significantly
affecting the residual. Compared with the standard pseudo-time-
marching approach, the marching window decreases the time
required for convergence by up to 25 times for flows with little
streamwise ellipticity and up to eight times for flows with large
streamwise separated regions. Storage is reduced by up to six times
by not allocating memory to the nodes not included in the considered
computational subdomain. A full description of this method, its
implementation in WARP, and validation of its ability to capture
elliptical phenomena can be found in [13].

The WARP code has been validated against the following
experimental data obtained for a number of hypervelocity flows
similar to those simulated herein: Settles et al. [21] shock wave/
turbulent boundary-layer interaction at M � 2:84, Burrows and
Kurkov’s [22] wall fuel injection mixing and combusting flowfield,
Waitz et al. [23]Mach 6 fuel/air mixing by a ramp injector, Donohue
et al. [24] Mach 2 swept ramp injector mixing problem, Mao et al.
[25] Mach 3 wall fuel injection at a 15 deg angle, and Lehr’s [26]
blunt-body detonation and shock-induced combustion in a Mach 5
stoichiometricH2=air flow. In all cases considered, agreement of the
numerical predictions were well within limits acceptable in the
hypersonic propulsion research community. For more details on the
validation effort and the various levels of agreement, see [4,27].

A three-dimensional domain is used for the internal engine flow,
which is subdivided into the internal duct portion of the inlet, the
combustor, and the nozzle regions. The use of the marching window
technique allows the three-dimensional domain to be solved on
streamwise subdomains that yield a solution of the entire engine
flowfield, which is physically the same as solving the entire domain,
as long as the subdomain grids overlap and no significant phenomena
that increase the residual are observed to be traveling upstream to the
start of the computational subdomains. The structured grid in all
regions is body-fitted and clustered to appropriately capture the
boundary layers and sharp corners, including that of the injectors and
aerodynamic wedge. The grid cross section maintains the same
dimensions throughout the engine, with 248 cells in the vertical x2
direction and 105 cells in the spanwise x3 direction. Theflowover the
flat top of the entire engine, the external-compression inlet surface,
and the initial portion of the external surface of the cowl are treated as
two-dimensional.

Boundary Conditions

The assumption is made that infinite spanwise fuel injector arrays
are representative of the fuel/air mixing process away from the
sidewalls of the engine. Hence, second-order symmetry conditions
were imposed on the spanwise sides of the computational domain
that lie along the centerline of adjacent staggered injectors on
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opposite walls, at x3 � 0:00 and x3 � 0:03 m. Subsequent
combustor and nozzle domains retain the same computational span.
The initial x1 boundary plane of the subdomains were specified as
supersonic inflow and the end boundary plane as a zeroth order
supersonic outflow. All wall surfaces in the propulsive duct are
assumed to be no-slip, noncatalytic, and cooled to an arbitrarily
chosen constant 500 K with values at the walls determined by a
second-order extrapolation from the interior flow. At the wall, k� 0,
whereas the specific dissipation rate !� 36�=5�d2w, as given by
Wilcox [6]. Tomaintain practical grid sizes, node spacing at the wall
surfaces is dw � 10 �m. For integration through the laminar
sublayer, Wilcox has suggested y� should be less than one [28].

Freestream Conditions

In theWilcox k-!model [6], the turbulent kinetic energy is set to a
small value in the freestream to prevent division by zero in the
dissipation rate source term, Eq. (4). However, in the present study,

in the freestream, k� 0 and ~k is defined as

~k�max
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�
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�
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with kdiv a user-specified constant that is generally set lower than one-
tenth of the maximum value of k throughout the boundary layer [13].
This is verified numerically not to affect the laminar sublayer, but to
improve the robustness and efficiency of the integration
significantly. The minimum between kdiv and !�=� is taken so
that a clipping occurs only in nonturbulent flow regions in which an
accurate representation of ! does not affect the accuracy of the
flowfield. A value of kdiv of 1000 m2=s2 is used for all cases and is
verified to be below the maximum value of k in the boundary layer,
which for the present case is between 40,000 and 70; 000 m2=s2. The
freestream ! is set to 10 m�1 times the freestream velocity as
suggested by Wilcox, which is 100–1000 times smaller than the
maximum ! value present at all x1 planes.

Global Performance Parameters

A measure of the intensity of vortices generated by the
cantilevered ramp fuel injectors and their subsequent variation along
the engine, which reflect the extent of fuel/air mixing, is provided by
the concept of circulation, expressed as the integral of the vorticity
field over any x1 plane of interest (subscript b). Because vorticesmay
have opposite rotations and hence reduce the circulation, the absolute
circulation is used to provide an estimate of the total vorticity in the
cross section.
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where Ab is the area of the cross-sectional plane b.
The concept of mixing efficiency quantifies the fuel/air mixing

process. The air-basedmixing efficiency�m, at a streamwise plane of
interest (denoted by subscript b), is defined as the ratio of the oxygen
that would burn in the plane to the mass flux of oxygen entering the
engine.
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The mass fraction of reacting oxygen cRO2
is given as

cRO2
�min

�
cO2
; cSO2
� cH2

=cSH2

�
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with the stoichiometric mass fraction of oxygen cSO2
equal to 0.2284,

and the stoichiometric mass fraction of hydrogen cSH2
equal to

0.02876. Note that this formulation does not take into account the
flammability limits of hydrogen in air, which are 0:1< � < 7:0 at
standard pressure and have been shown to lie above�� 0:8 for cases
similar to the ones studied here [29].

Because the propulsive flow is subject to significant total
temperature variations, the conventional measure of loss assessment
by the mass flux averaged total pressure is not indicative of the real
losses incurred in various components of the engine and, therefore,
cannot be directly related to the effectiveness of thrust generation.
The concept of thrust potential, used in the present study to evaluate
the propulsive effectiveness of the components of the shcramjet
model, addresses this issue by determining how much thrust the
engine would develop by taking the difference in momentum
between the engine outlet and inlet stations. The outlet momentum is
found from a reversible expansion of the flow at the stationwhere the
thrust potential is to be assessed (subscript b) to an iteratively
determined backpressure at the nozzle exit area of the shcramjet
(subscript c) [30]. All irreversible losses occurring ahead of station b
in the propulsive flow path, due to shocks, mixing processes, and
friction, are reflected in the numerically determinedmagnitude of the
flow momentum at that station. Thrust potential F pot is thus defined
as

F pot ��F pot;ref �
Z
b

�cq
2
c � p?c
�cqc

d _m= _mair;engine (12)

The reference thrust potential is the negative of the oncoming airflow
momentum at the initial cross section of the engine per unit mass of
the airflow entering the engine, i.e. F pot;ref � ��0v20 � p0�A0=
_mair;engine � 3411 N � s=kg. The initial thrust potential at the initial
engine cross section is thus zero.

The propulsive characteristics, such as overall thrust and specific
impulse, as well as themagnitudes of the total frictional forces acting
on the entire, finite span, engine from tip to tail, were quantified as
follows. The thrust of the shcramjet is here determined by the forces
acting on its surfaces. The force on the engine walls due to the
pressure is taken as the negative of the inviscid momentum terms on
the wall surfaces.

F p;i �
X
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�Xi
�Fi� (13)

where the sum is taken over all surfaces with wall boundary
conditions. The term�Xi is a directional variable that corresponds to
�1 or �1 depending whether the normal to the surface is in the
positive or negative Xi direction. The skin friction is found as the
negative of the viscous momentum on the wall surfaces.
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where in both Eqs. (13) and (14) only the momentum components of
the vectors on the right side are used. The thrust generated by the fuel
entering the engine is determined from its momentum:

F fuel;i ���Xi��v2i � p�fuelAfuel (15)

where Afuel is the fuel injection cross-sectional area. The total thrust
and lift, which are positive in the�x1 and x2 directions, respectively,
are the sum of the pressure, friction, and fuel thrust forces. The
specific impulse Isp can be used for comparison of the performance of
different engines.

Isp �
��Fp;1 � F friction;1 � F fuel;1�

g _mfuel

(16)

where g is gravitational acceleration. The thrust potential can
likewise be converted to an impulse value bymultiplying by themass
flow rate of air entering the engine.

Isp;pot �
F pot _mair;engine

g _mfuel

(17)
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Fuel/Air Premixing in the Inlet

The turbulent mixing process resulting from fuel (hydrogen)
injection into the generic mixed-compression inlet airflows by
cantilevered ramp injectors has been investigated in detail and
reported in [1,4]. In these references, as well as the present paper, the
study is limited to a flight Mach number of 11 in the U.S. standard
atmosphere [31] at an altitude of 34:5 km. The inflow conditions for
the mixed-compression inlet shcramjet, Fig. 1, are thus a pressure of
601 Pa, a temperature of 235K, and an air velocity of 3391 m=s. The
configuration of the cantilevered injector arrays used in the present
study is shown in Fig. 2. The arrays are placed on opposite, upper and
lower, walls of the internal duct of the mixed-compression inlet in a
staggered manner, with a 0.01 m spanwise array displacement and
0.02 m vertical array separation. Details of the inlet geometry and
fuel inflow properties are given in Table 1. To maintain consistency
with [4], the same restraints on fuel injection conditions are used: a
fuel stagnation temperature below 1700K, static pressurematched to
the surrounding air, and a desired convective Mach number greater
than one. This necessitates the use of a relatively high global
equivalence ratio of 2.7.

The three-dimensional computational domain is 1.26m long, has a
0.10 m duct height, a 0.03 m width, and has a grid size of
406 	 248 	 105� 10:6 million cells. A 10-mm-long runway is
used inside the fuel injectors before the plane of injection to reduce
the solution’s sensitivity to the freestream value of!, which is known
to cause difficulties in k-! schemes. Node spacing at the wall
surfaces of 10 �m results in maximum y� values of 0.90–3.30.
Comparison of similar cases with 10 and 30 �m wall spacing
showed a negligible difference in the boundary-layer height or wall
shear stress [20]. For the fuel injection flowfields, a limited grid
convergence study and subsequent validation of hypervelocity fuel/
air mixing processes obtained by the present numerical simulation
technique are reported in [4]. Grid-induced errors in integrated
properties were estimated to be 10%, with a 14% overestimation of
mixing efficiency.

The resulting hydrogen mass fraction distributions are shown in
Fig. 3 for x1 planes through the length of the mixing duct. H2 mass
fraction contours extend exponentially from 0.01 to 1.0, with the

stoichiometric mass fraction lying at 0.02876. The corresponding
variations in mixing efficiency and thrust potential are depicted in
Fig. 4. A detailed analysis of the mixing flow structure in such inlets
is reported in [4].

Shcramjet Combustor

The manner in which the oblique detonation wave or shock-
induced combustion is generated in a shcramjet combustor can
determine whether a shcramjet is viable or not. Shcramjet
combustors may use either a turning of the wall or a series of
aerodynamic wedges to form standing oblique shock waves that
initiate combustion of the premixed fuel and air.

Most studies of shock-induced combustion over aerodynamic
wedges assume a homogeneously premixed flow before the
combustion-inducing wedge, whereas a few studies, such as that of
Cambier et al. [32], assume a more realistic fuel distribution. The
realistic flow parameter distribution used in the initial combustor
plane of the present work is shown in Fig. 5, which illustrates the
temperature and vertical velocity contour plots. The flow illustrated
at x1 � 0:8 m (x1 � 0:0 m corresponds to the fuel injection plane in
the inlet duct) results from the fuel/air mixing in the internal duct of
the inlet by staggered opposed wall cantilevered injectors, for which
theH2 fuelmass fraction is illustrated in Fig. 3e. The fuel is located in
the vertical center of the duct, away from the boundary layers along
the cowl wall (located at x2 ��0:02 m) and the body wall (located
at x2 � 0:08 m). One significant feature of the three-dimensional
fuel profile that is not found in prior two-dimensional studies is the
fact that there exists an overall streamwise vorticity. This creates a
downward velocity of approximately 580 m=s on the right side of
Fig. 5b and an upward velocity of approximately 540 m=s on the left
side. As such, therewill be a variance in strength of any shock created
by wedges that span the computational domain.

The use of a single wedge or a deflection of the combustor duct
wall is the simplest combustor configuration. Although this results in
the “longest” possible combustor configuration, because the
combustion-inducing shock must travel the entire height of the duct,
it lends itself to mitigation of the recirculation zone, resulting from
the shock-induced combustion wave/duct wall boundary-layer
interaction. As such, this configuration has been adopted for the
present mixed-compression inlet shcramjet model. The wedge angle
is 15 degwith a vertical height of 0.04m resulting in a 0.1493-m-long
wedge. The computational grid employed for the combustor is
shown in Fig. 6 in which the combustor region extends from
x1 � 0:80–0:95 m. At a distance 0.12 m upstream of the start of the
combustor, the grid matches that of the inlet mixing duct. In the
streamwise direction, 179 cells are used, resulting in 4.7 million
nodes. The distance to the first grid point from the wall dw is 10 �m,
resulting in a maximum y� that varied from 0.73–6.67.

Figure 7 shows temperature andH2Omass fraction contours in the
spanwise x3 � 0:0, 0.015, and 0.03 m planes, due to ignition and
combustion with a single wedge at a distance of 0.80 m from the fuel
injection plane. Themixing efficiency in this plane is 0.737. Because
the flow contains pure air near the cowl wall, the wedge initially
produces a shock that raises the flow temperature to 1200–1500 K.
As the shock reaches a vertical location containing premixedH2 and
air, combustion is initiated via a detonation wave (starting at x1 �
0:84 m and x2 � 0 m in Fig. 7).Variation in the initialflowangle and
mixture composition produces a variation in the angle of the
detonation wave and determine the distance from the start of the
wedge to the combustion front. The hot initial flow produces
detonation waves at all cross-sectional locations containing an
appropriate fuel/air mixture. The fuel rich flow results in diffusive
combustion fronts that propagate downstream as the fuel in the center
of the duct burnswith the air near thewall surfaces, as observed in the
high-temperature bands in Fig. 7.

In an effort to assess the grid-induced error in the shcramjet
combustor, a similar combustor configuration and nonhomogeneous
inflow is solved with a standard grid density of
201 	 280 	 105� 5:9 million grid cells. The grid density is
similar to that used for the combustor results presented, but on a

Air 0.02 m

5 deg

0.03 m

0.04 m
H2

0.02 m

Upper Duct Wall

Lower Duct Wall0.226 m

0.01 m
0.02 m

0.0025 m

0.02 m

Fig. 2 Cantilevered ramp injector array geometry.

Table 1 Injector geometry, fuel injector parameters,

and mixing efficiency

Inlet wedge angle, deg 8.0
Injector compression angle, deg 5.0
Injector expansion angle, deg 5.0
Spanwise array displacement, m 0.01
Vertical array separation, m 0.02
Fuel velocity, m=s 5594
Fuel temperature, K 300
Fuel pressure, Pa 15,000
Fuel density, kg=m3 0.01202
Convective Mach number 1.24
Global equivalence ratio 2.70
Mixing efficiency, x1 � 0:8 m 0.737
Thrust potential, N � s=kg, x1 � 0:8 m 344
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slightly different streamwise domain. The solution was also
determined on a coarse grid with half the number of nodes in each
dimension (0.7 million) and on a fine grid with double the number of
nodes in each dimension (47.2 million). Figure 8 illustrates the
temperature variation along a streamline in the x3 � 0:0 m plane
originating at x1 � 0:55 m and x2 � 0:0 m for each of the three grid
densities. The greater the grid density, the farther downstream the
shock and detonation wave are initiated. For the streamline shown in
Fig. 8, there is a maximum difference in temperature between the
coarse and standard grid of 11% (195 K) and between the standard
and fine grid of 4% (81 K). The maximum temperature reached
through the detonation wave is within 0.3% (6 K) for all grid
densities. Similar trends are found in the rest of the flowfield.
Integrated values are influenced by the slight delay in the combustion
process on the finer grid densities, with the thrust potential increase
occurring slightly downstream. The regular grid density provides a
0.6% greater maximum thrust potential than the fine and coarse grid
density cases that have the same value.

The general behavior of the flow generated by the wedge-induced
shock confined in a duct is shown in the pressure contourfield around
a wedge in Fig. 9. A flow recirculation region is found on the upper
duct wall where the bow shock impinges and reflects from the wall.
In the present case, the three-dimensional nature of the flow with
variations in the detonation wave strength across the combustor span
results in a detonation wave/boundary-layer interaction generated
recirculation zone of varying intensity and flow angles behind the
wave ranging from 14 to 19 deg. To eliminate the detrimental effects
of the recirculation region on the combustor and engine performance
as awhole, twomethodswere used to reduce the recirculation region.
The first was to expand the combustor flow into the nozzle as the
detonation wave reaches the body wall. The second was to inject air
parallel to the x1 axis through a 0.004-m-high slot in the combustor
upper wall at x1 � 0:93 m. The air had a temperature of 500 K
(matching the prescribed wall temperature), a pressure of 5000 Pa
(approximately a quarter that of the surrounding combustible
mixture), and a velocity of 2000 m=s, resulting in an air mass flow
rate of 0:084 kg=s. An additional 44 grid cells were added in the x2
direction for the simulation of the air injection and subsequent
downstream flow. Because the strength of the detonation wave/wall
boundary-layer interaction varies in the computational span, this
injectant mass flow rate does not entirely eliminate the recirculation
region. The resulting small recirculation zone varies in size across the
computational domain, with length along the wall ranging between
0.0052–0.007 m and height perpendicular to the wall ranging from
0.0011–0.0019 m, Fig. 10. The recirculation zone does not create
flow blockage in the combustor, but acts to compress the injected air
flow.

Expansion System

The shock-induced combustion products are expanded in the
nozzle. For purposes of configuring the nozzle surfaces, the three-
dimensional reacting exhaust flow is assumed to be chemically
frozen and inviscid, and the two-dimensional method of character-
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Fig. 5 Flow properties at the combustor entrance of the mixed-

compression inlet shcramjet, x1 � 0:80 m.
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istics (MOC) for rotational flows is used to construct the upper and
lower contours of the nozzle in a plane. The MOC is subject to the
following conditions: the exhaust gases are directed parallel to the
flight direction, to recover maximum thrust, and the exit pressure is
determined (iteratively) to terminate the nozzle upper wall at the top
surface of the shcramjet to avoid unnecessary drag. The initial data
line for theMOC is located longitudinally at the end of the combustor
and spanwise at the x3 � 0:03 m computational symmetry plane.
The dual wall technique [33–36]was used for determining the nozzle
walls. Because the resulting nozzle wall contours were exceedingly
long, they were truncated to provide 95–98% of their maximum
thrust, to reduce frictional drag and weight, resulting in a nozzle that
was 30% the length of the MOC generated contour. To account for
the development of the turbulent boundary layers on the nozzle

Fig. 7 Temperature and H2Omass fraction contours at different spanwise x3 planes.
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walls, Edenfield’s [37] experimental correlations were used to
determine the displacement thickness, which was then used to adjust
the MOC-obtained contours by a vertical distance, such that the
viscous flowmatches the inviscid contourmass flow rate. The nozzle
and cowlwall contours thus generated in the x3 � 0:03 m planewere
assumed to prevail over the entire lateral span of the three-
dimensional computational domain. The outer surface of the cowl
was contoured by a third-degree polynomial passing through the
cowl leading and trailing edges, forming at these points inclusion
angles of 5 deg.

The entire three-dimensional reacting nozzle flowfield continuing
that from the combustor, as well as the flow around the outer cowl
surface, were then numerically simulated using theWARP code. The
flow outside the cowl was determined by two-dimensional
simulation up to a distance of 0.30 m before the trailing edge of the
cowl, thereafter the interaction with the inner reacting flow and the
flow past the cowl trailing edge was treated as three-dimensional and
solved simultaneously with the inner nozzle flow.

The dimensions of the computational domain and the grid used for
the expansion flow simulation are as follows. The nozzle begins at
x1 � 0:95 m and extends vertically from x2 � 0:02 to 0.08 m. The
three-dimensional flow region outside the cowl begins at x1 �
1:329 m and extends vertically from x2 ��0:30 to �0:11 m. The
inner and outer flows combine at the trailing edge of the cowl,
x1 � 1:363 m, and, by the end of the nozzle at x1 � 1:69 m, the

flowfield covers a vertical distance of x2 ��0:30 to 0.36 m. The
computational grid was matched to that of the combustor with 292
cells in the x2 direction and 105 cells in the x3 direction at the initial
plane of the inner reacting flow. An additional 90 cells are used in the
x2 direction for the grid of the outer cold flow region. In the x1
direction, 178 cells were used from the beginning of the nozzle to its
end. The entire three-dimensional computational grid contained both
the combustor and nozzle and thus contained 9:3 	 106 cells. The
grid in the nozzle is shown in Fig. 11.

The start of the nozzle expansion is located at the x1 station near
where the thrust potential in a straight duct reaches its maximum due
to the combustion process. Figure 12 depicts the variations of the
flow variables in this plane. For dw � 10 �m, the maximum y� is
0.91–4.52 on the upper nozzle wall, 1.00–1.82 at the lower nozzle
wall, and 0.11–1.15 at the outer cowl wall.

The obtained nozzle configuration, as well as the behavior of the
three-dimensional reacting flowfield resulting from the expansion of
the shock-induced combustion products, are depicted in Fig. 13. The
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Fig. 12 Flow properties at the nozzle entrance, x1 � 0:95 m.
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Mach number at the nozzle exit is approximately four, as compared
with the flight Mach number of 11, and the average nozzle exit
velocity is 3423 m=s for a flight velocity of 3391 m=s. Because the
nozzle was truncated in length, the exit plane flow is not parallel to
the x1 axis, but expands outward with angles ranging from �10:4 to
17.8 deg. Because of significant pressure differences between the
inner flow and the flow outside the cowl, a shock is formed at the
trailing edge of the cowl. Figure 14 illustrates the average H2O, O,
OH, H, andO2 mass fraction variations. The bulk of the combustion
takes place in the combustor, however, additional diffusive burning
occurs in the nozzle at the fuel/air interfaces near both the upper and
lower nozzle walls, and through recombination processes, as is
evident from the decrease in cO and cH . These additional combustion
processes increase theH2Omass fraction by 15% from the end of the
combustor to the nozzle exit, contributing to the thrust of the engine.

The temperature contours in the center symmetry plane,
x3 � 0:015m, for the entire shcramjet flowfield, are presented in
Fig. 15. The mass flow through the engine resides above the
streamline and shear layer originating from the end of the cowl, and
can be seen to cover an exit plane height of 0.544 m, which is 53%
larger than the inlet airflow capture height. Similar expansion is
observed in all spanwise planes, with exit plane heights of 0.542–
0.546 m. Figure 16 depicts the variation of the thrust potential and of
the frictional forces on the walls of the nozzle. The thrust potential
initially increases due to continued combustion processes at the start
of the nozzle expansion and subsequently decreases, due to frictional
forces, to 3% above the level at the start of the nozzle. The sum total
of the frictional forces acting on the nozzle walls is 13.8 N. No
attempt has beenmade to assess the effect of nozzle wall temperature
on its performance.

Figure 17 presents the variation of the absolute value of circulation
along the streamwise x1 direction. The significant vorticity is initially
generated by cross-stream shear and baroclinic torque around the
fuel injector structures. This vorticity subsequently declines through
the inlet mixing duct with undulating variations of vorticity caused
by intersection of the fuel carrying vortices and shock waves
reflected from the walls of the duct. The shock generated by the
aerodynamic wedge increases the streamwise vorticity in the flow.
The combustion-inducing shock starts at x1 � 0:8 m and generates a
35% increase in the absolute value of the circulation. The expansion
process through the nozzle destroys most of the vortical behavior of
the flow with the absolute value of the circulation declining sharply
through the nozzle.

Propulsive Performance

Pressure and frictional forces are considered on all wetted surfaces
of the hypersonic engine (between the two lateral boundaries of the
computational domain of the infinite span engine considered). The
frictional forces are most significant in the combustor and constitute
approximately 15% of the frictional drag, whereas the combustor
length is only 4% of the total engine length. Moreover, the shock-
inducingwedge generates 71% of the drag due to pressure forces and
48% of the total drag. Thrust potential losses in the inlet and mixing
duct are�152 N � s=kg, not counting the 502 N � s=kg gain from the
thrust of the fuel injection, whereas the combustor and nozzle system
provide a thrust potential gain of 219 N � s=kg.

Fig. 15 Temperature contours in the mixed-compression inlet shcramjet, x3 � 0:015 m.

Fig. 16 Variation of thrust potential and frictional forces in the x1

direction through the nozzle.
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Table 2 Geometrical dimensions and shcramjet

performance parameters

Length, m 4.170 F friction;1, N 65.77
Height, m 0.465 F thrust, N 197.59
Span, m 0.03 Isp, s 683
_mair, kg=s 0.319 Isp (engine), s 803
_mfuel, kg=s 0.02690 Isp; pot (engine), s 783
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Table 2 summarizes the geometrical dimensions, global fuel/air
injection parameters used, and the propulsive performances
characteristics of the considered shcramjet. Actual overall thrust
and fuel specific impulse, as well as the “potential” specific impulse,
calculated from the thrust potential, are presented. The fuel specific
impulse Isp is determined for the entire vehicle, whereas the “engine”
value stands for the fuel specific impulse due solely to the internal
flow path in the engine and is comparable to the Isp;pot value. The Isp
value does not include the thrust generated via the air slot injection in
the combustor as it is assumed that the air flow is reversibly routed
from the inlet air flow.

In [38], where an inviscid reacting flow simulation was employed
to study the effects of incomplete fuel/air mixing on the propulsive
performance of a two-dimensional mixed-compression inlet
shcramjet at different flight Mach numbers, it was estimated that
the fuel specific impulse for a flight Mach number of 11 would lie
between approximately 830 s for a highly inhomogeneous fuel/air
mixture and 1130 s in the case of a homogeneous mixture, Fig. 18.
Although the shcramjet configuration considered in the present study
is not exactly the same as that in [38], the fuel specific impulse of
683 s found in the current study, with the added complexities of a
realistic solution, is in keeping with those given in [38].

Conclusions

A shock-induced combustion ramjet was considered with
gaseous hydrogen injected by cantilevered ramp injectors mounted
in a staggered manner on the upper and lower walls at the upstream
end of the internal mixing duct of a generic mixed-compression
inlet of the engine. It was shown, by numerical simulation of the
three-dimensional turbulent fuel/air mixing flowfield, that the
combustible mixture was well away from the confining upper and
lower duct walls. A relatively high value of 0.737 for the mixing
efficiency was obtained for a fuel equivalence ratio of 2.7,
considering the very high air and fuel velocities prevailing in the
mixing duct (3391 and 5596 m=s, respectively). The products of
the shock-induced combustion wave generated by a wedge located
downstream on the lower wall of the mixing duct were expanded in
a specifically designed nozzle. Magnitudes of the thrust, fuel
specific impulse, and frictional forces acting on the entire shcramjet
were determined by numerical simulation of the complete three-
dimensional shcramjet flowfield. The obtained value of the specific
impulse of 683 s is moderate due to the high equivalence ratio
employed. Further optimization of the fuel/air mixing strategy
should further improve the fuel specific impulse of the considered
shcramjet engine model.
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