JOURNAL OF PROPULSION AND POWER
Vol. 20, No. 2, March-April 2004

Hypervelocity Fuel/Air Mixing in a Shcramjet Inlet

Jean P. Sislian* and Bernard Parent’
University of Toronto Institute for Aerospace Studies, Downsview, Ontario M3H 5T6, Canada

The mixing of fuel with air in the inlet of a shock-induced combustion ramjet (shcramjet) is presented. The
study is limited to nonreacting hydrogen/air mixing in an external-compression inlet at a flight Mach number of
11 and at a dynamic pressure of 1400 psf (67,032 Pa), with use of an array of cantilevered ramp injectors. Results
are obtained using the WARP code solving the Favre-averaged Navier-Stokes equations closed by the Wilcox
kw turbulence model and the Wilcox dilatational dissipation correction, discretized by the Yee—Roe flux-limited
scheme. Because of the fuel being injected at a very high speed, fuel injection in the inlet is found to increase the
thrust potential considerably, with a gain exceeding the losses by 40-120%. Losses due to skin friction are seen
to play a significant role in the inlet, because they are estimated to make up as much as 50-70% of the thrust
potential losses. The use of a turbulence model that can predict the wall shear stress accurately is, hence, crucial
in assessing the losses accurately in a shcramjet inlet. Substituting the second inlet shock by a Prandtl-Meyer
compression fan is encouraged because it decreases the thrust potential losses and reduces the risk of premature
ignition by reducing the static temperature, while decreasing the mixing efficiency by a mere 6%. One approach
that is observed to be successful at increasing the mixing efficiency in the inlet is alternating the injection angle
along the injector array. The use of two injection angles of 9 and 16 deg is seen to result in a 32 % increase in the
mixing efficiency at the expense of a 14 % increase in the losses when compared to a single injection angle of 10 deg.

When alternating injection angles are used, the mixing efficiency reaches as much as 0.47 at the inlet exit.

Nomenclature

c = species mass fraction
Cy = skin-friction coefficient, 27,/ pso qgo
D oy = injector array spacing
Dyyel = depth of the fuel jet

inlet = depth of the domain
Foot = thrust potential
Footref = reference thrust potential, normally calculated

at the engine inlet

Fintricion = body force vector due to skin friction

Hial = height of the fuel jet

Hinjer = height of the inlet

k = turbulencekinetic energy

kaiy = user-defined constantused in conjunction
with the kw model in WARP

L, = length of the injector

Liner = length of the inlet

M = Mach number

M., = convective Mach number, (¢, — g2)/(a, + a)

m = mass flow rate

= mass flow rate of air in the engine

Myir, engine
mass flow rate in the engine

m

engine
= pressure

Pr, = turbulent Prandtl number
q = magnitude of the velocity vector
r = mesh dimension factor
Sc, = turbulent Schmidt number
T = temperature
X, v,2 = Cartesian coordinates
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y* = nondimensional wall distance, (y/1)\/0 Ty
N = mixing efficiency
0, = first-injector compression angle
0, = second-injectorcompression angle
I = viscosity
&Everge = user-defined convergence criterion threshold
o = density
Tw = wall shear stress
¢ = equivalenceratio
o = global equivalenceratio
Prerge = user-defined streamwise ellipticity sensor
Subscripts
b = station of interest
c = engine outlet
t = turbulent
w = wall
00 = freestream
Superscripts
R = reacting
S = stoichiometric
* = sum of the molecular and turbulent counterparts
o = stagnation
Introduction

IRST proposed by Roy,! an alternate hypersonic propulsion

concept that aims at increasing the fuel efficiency and thrust of
the scramjet is the oblique detonation wave ramjet, also referred to
as the shock-induced combustion ramjet (shcramjet)?~* The mas-
sive combustion chamber of the scramjet is avoided by burning the
fuel/air mixture through a thin detonation wave, with the fuel in-
jected in the inlet near the leading edge of the vehicle (Fig. 1). This
reduces the weight of the engine and takes full advantage of the
typically long inlets found at hypervelocities.

Preliminary predictions of the performance of detonation wave
ramjets were performed through simplified one-dimensionalanaly-
ses (Sargeantand Gross® or Dunlap et al.%). More detailed analytical
models ensued by Townend,” Morrison > and Ostrander et al.!° to
assess the on-design and even off-design performance of the flight
vehicle. Inviscid simulations of planar and axisymmetric shcramjets
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Standard Atmo-
sphere,'> M = 11,
alt. = 34.5 km.

Fig. 1 External compression shcramjet schematic.

followed later by Sislian and Atamanchuk® and Atamanchuk et al.!!
using numerical methods based on exact and approximate Riemann
solvers also including the nonequilibrium chemical kinetics equa-
tions for hydrogen/air combustion (Dudebout et al.'?). The results
obtained through the numerical studies confirm the encouragingper-
formance of the shcramjet found in previous analytical work: 1) the
shcramjet is seen to perform better than a scramjet at a flight Mach
number above ~14 and 2) the shcramjet delivers a fuel specific im-
pulse superior to that of a rocketup to a flight Mach number of ~22
(Ref. 12).

Besides neglecting viscous effects, all of the mentioned studies
assume that the fuel and air are mixed in stoichiometric proportions
before entering the engine and that no premature ignition occurs
before the detonation wave. To the authors’ knowledge, the only
published work outlining the effect of incomplete fuel/air mixing
on the shcramjet performance is Ref. 13, where an assessment is
made of the impact of incomplete mixing on the net thrust by fixing
a nonuniform equivalence ratio distribution at the inlet entrance.
It is observed that an equivalence ratio distribution varying from
¢ ~2.4nearthe wall to ¢ &~ 0.02 in the freestream decreases the fuel
specific impulse by as much as 40% in the flight Mach numberrange
9 < Myjgn < 24. Because of the high sensitivity of the thrust of the
shcramjetto incomplete fuel/air mixing, achieving adequate fuel/air
mixing in the inlet while preventing premature ignition is one of the
main technical challenges that needs to be resolved to establish the
shcramjet as a viable hypersonic airbreathing flight vehicle.

There has been a recent interest in premixing the fuel with the
air upstream of the combustor to improve the mixing and burning
performance of scramjets. Vasilev et al.'* numerically investigate
the fuel/air mixing in a Mach 8 inlet by means of an injector struc-
turally detached from the engine and placed well upstream of the
inlet. At theinletexit,a mixing completenessof as much as 0.6-0.7is
achieved without significant stagnation pressure losses. As a means
to improve the efficiency of the heatrelease in scramjet combustors,
Livingston et al.'> and Owens et al.'® consider liquid fuel preinjec-
tion in the inlet, upstream of the combustor. They experimentally
investigate on the normal injection of liquid fuel JP-10 behind thin
pylons in a Mach 1.6 and Mach 3.5 incoming airflow. The exper-
imental results are representative of fuel injection in the inlet of a
scramjet operating in the lower end of the hypersonic flight regime,
where the high-enthalpy incoming airflow interacts with the lower
speedfuel, hence, helping the process of liquid dropletbreakup. The
use of pylons to inject gaseous hydrocarbon in a Mach 6-8 scram-
jet inlet is further investigated numerically by Guoskov et al.,!”
who report a fuel-based mixing efficiency of 0.95-0.98 for a global
equivalence ratio varying between 0.3 and 0.7, respectively. Both
the experimental results by Livingston et al.’> and Owens et al.!6
and the numerical results by Guoskov et al.!” show that the pylons
contribute significantly to lift the liquid from the injection surface,
thus, avoiding fuel in the boundary layer and potential flashback.

In the presentinvestigation,the fuelisinjected throughan array of
cantilevered ramp injectors.'®=2! Specifically designed for fuel in-
jection in shcramjet inlets, the cantilevered ramp injector generates
axial vortices with a subsequentinterface stretching comparable or
superior to the one of ramp injectors,'’® while preventing the fuel
from entering the hot boundary layer in the near field.!* Further-
more, by injecting the fuel approximately in the same direction as
the surrounding freestream flow direction, the cantileveredramp in-
jector ensures that the momentum of the fuel injected is recovered
in the thrust balance, contrarily to the pylon injector, which injects
the fuel perpendicularto the incoming air.

The main contribution of this paper consists of solving, for the
first time in the literature, the important problem of fuel/air mixing
in a shcramjet inlet using ramplike injectors. This study is limited
to nonreacting hydrogen/air mixing in an external-compressionin-
let at a flight Mach number of 11 and at a dynamic pressure of
1400 psf (67,032 Pa), by use of an array of cantilevered ramp injec-
tors. From earlier work by the authors on the effect of the fuel inflow
conditions!® and the injector geometry®® on the mixing performance
of the cantilevered ramp injector, a near-optimal baseline configu-
ration is here considered in which 1) the convective Mach number
is 1.2, 2) the global equivalenceratio approaches 1, 3) the sweeping
angle is set to the minimum possible angle, and 4) the array spacing
is set to the injector height. As indicated in Ref. 20, the sweeping
angle correspondsto the angle between the sides of the injector and
the incoming flow. A high sweeping angle would, hence, make the
base of the injector wider than its tip, whereas a minimum sweeping
angle (such as used herein) reduces the base of the injectorto a min-
imal. The injector array is to be located between the first and second
inlet compression processes, which can be both shocks, or a shock
followed by a Prandtl-Meyer compression fan. For both cases, with
use of the baseline injector configuration, the effect of fuel injection
on the inlet performance is assessed. Then, the effort is focused on
maximizing the mixing efficiency and thrust potentialin the inlet by
fine tuning the injector geometry and fuel inflow conditions. Partic-
ular attention is given to prevent the fuel/air mixture from entering
the boundary layer, to avoid possible premature ignition.

The results are obtained using the WARP code,'*?? in which the
multispecies Favre-averagedNavier—Stokes equations closed by the
Wilcox ko turbulence model?* are discretizedby the Yee—Roe flux-
limited method (see Ref. 24). To account for the compressibility
effects occurring at high turbulent Mach number!® the Wilcox di-
latational dissipation correction® is used in conjunction with the
kw turbulence model. Convergenceto steady state is achieved using
block-implicit approximate factorization combined with local time
stepping and the marching window acceleration technique?? The
use of the marching window decreases the work by 10-20 times and
the memory required by 5 times for the inlet cases shown herein and
permits the solution of significantly finer meshes, hence, resulting
in a decreased numerical error.

Problem Setup

The inlet cases considered are shown in Table 1. In each case,
the letter C refers to a baseline cantileveredramp injector geometry,
as shown in Fig. 2, with the array spacing D,,, set to 2 cm, the
injection angle (6, 6) set to 10 deg, the fuel jet depth Dy, set to
1 cm, the fuel jet height Hy, set to 1 cm, the injector length set to
7.5 cm, and the sweeping angle set to the minimum possible value,
that is, —3.5 deg. The scale of the baseline injector is sufficiently
small that the injector does not protrude beyond the first inlet shock.
For the cases in which the letter C is immediately followed by w,
the fuel inflow plane is replaced by a wall, and hence, no fuel is
injected in the inlet. For cases containing the string F1, a shock—
fan inlet configuration is in effect, as shown in Fig. 3, with the
wedge angle set to 8 deg, followed by a compression surface with a

Fig. 2 Design of the cantilevered ramp injector for the inlet cases; all
dimensions in millimeters unless otherwise specified.
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Table 1 Test cases for the study of mixing optimizationin a shcramjet inlet

PHz 5 Linj 5 Darray 5

Dryels Htuel, 01, 02,

Case Inlet type kPa cm cm cm cm deg deg r Nodes, x 10°
S1_Cw Shock-shock —— 7.5 2 1 1 10 10 1 3.4
S1-Cl-gl Shock—shock 9.6 7.5 2 1 1 10 10 0.67 1.1
S1_C1 Shock—shock 9.6 7.5 2 1 1 10 10 1 3.6
S1-Cl-g3 Shock—shock 9.6 7.5 2 1 1 10 10 1.48 11.8
S1-C1d Shock—shock 9.6 7.5 4 1 1 10 10 1 7
S1-C2 Shock—shock 4.8 7.5 2 1 1 10 10 1 3.6
S1_Cla5 Shock—shock 9.6 7.5 2 1 1 16 16 1 3.6
S1_Cla3 Shock—shock 9.6 7.5 2 1 1 16 9 1 7.1
S1-Cla3ll Shock—shock 9.6 15. 2 1 1 16 9 1 7.2
S1-Cla3dhl  Shock-shock 9.6 15. 2 0.5 2 16 9 1 9.9
F1_Cw Shock—fan e 7.5 2 1 1 10 10 1 3.8
F1-C1 Shock—fan 9.6 7.5 2 1 1 10 10 1 4.3
F1_Cld Shock—fan 9.6 7.5 4 1 1 10 10 1 9
F1_Cla3hl  Shock—fan 9.6 15. 2 0.5 2 16 9 1 12.6
Lt 9600 Pa as a means to increase the global equivalence ratio. For all

Fig. 3 Design of a shock—fan inlet, with the Prandtl-Meyer surface
determined from initial Mach number of 7.575 and a focal point at
x=1000 mm and y =222 mm; all dimensions in millimeters unless
otherwise indicated.

L

inlet

1}'

Fig. 4 Design of a shock—shock inlet; all dimensions in millimeters
unless otherwise indicated.

flow turning angle of 12 deg and a focal point fixed to x =100 cm,
y=22.2 cm. The y value of the focal point is determined from the
y position of the first inlet shock at x = 1 m when a baseline injector
geometry is used with no fuel injected, that is, case F1_Cw. Cases
containing the string S1 are designed according to the shock—shock
configuration shown in Fig. 4, with a first wedge angle of 8 deg
followed by a second wedge angle of 12 deg locatedatx =73.7 cm.
The x positionof the secondinlet wedge is such that, for the baseline
injector geometry with no fuel injected, that is, case S1-Cw, the two
inlet shocks meet at x =1 m, hence, resulting in an inlet length of
1 m. For the cases in which the letter C is followed by numeral 2,
the hydrogen is injected at a pressure set approximately to that of
the surrounding air, that is, 4800 Pa, whereas for the cases where
letter C is followed by numeral 1, the fuel is injected at a pressure of

inlet cases, the fuel inflow stagnation temperature is set to 1200 K
and the convective Mach number is set to a beneficially high value
of 1.2, hence, resulting in a hydrogen inflow speed of 5257 m/s and
in an inflow static temperature of 243 K. For a fuel inflow pressure
specified to 4800 and 9600 Pa, the fuel inflow density corresponds
to 0.00479 and 0.00958 kg/m?, respectively. Cases with the letter d
use an injector array spacing set to 4 cm instead of 2 cm. The string
a5 refers to an injection angle of 16 deg, that is, 8, =6, =16 deg,
instead of 10 deg, whereas the string a3 refers to an injection angle
alternatingbetween9 and 16 deg, thatis, 6, = 16 degand 6, =9 deg.
The string 11 refers to a longer injector length L;,; =15 cm, and
the string h1 refers to an injector length L;,; =15 cm and a fuel
jet depth of Dge; =0.5 cm. The air inflow conditions for all cases
correspond to those of the U.S. standard atmosphere?® at an altitude
of 34.5km and ata flow Mach numberof 11, resultingin a shcramjet
flight dynamic pressure of 67,032 Pa. For those conditions, the air
pressure, temperature, density, and speed entering the shcramjet
inlet are found to correspondto 791 Pa, 237 K, 0.0115842 kg/m3,
and 3400 m/s, respectively.

Boundary Conditions

The temperature at the wall is set in all cases to 500 K. In the
cases where no fuel is injected, the fuel inflow boundary condition
isreplaced by a fixed temperature wall. Second-orderaccurate sym-
metry planes are imposed for the front- and back-boundary planes,
that is, at =0 and at z = D,,,/2 for the cases with only one in-
jection angle and at z=0 and at z= D,,, for the cases with two
injectionangles. A short 10-mm-long runway is imposed to the fuel
jetbeforebeing injected, to avoid a singularity in the turbulence and
other flow properties at the start of the mixing layer. The left and
top boundariesare set to supersonicinflow, with the right boundary
set to supersonic outflow.

Performance Parameters

The air-based mixing efficiency 7, at the station of interest (de-
noted by subscript b) is defined as the ratio between the mass flux
of oxygen that would react (if the flow temperature would be raised
beyond the ignition point) by the mass flux of oxygen entering the

engine:
Nn = /ng dm/0235 X mair. engine (1)
b

with 7, engine determined as the product between the air inflow
density, the air inflow speed, the height of the inlet, and the depth
of the domain, that is, 724, engine = 0.0115842 kg/m3 x 3400 m/s x
Hipee X Dy Note that the depth of the computationaldomain Dy
correspondsto half the array spacing for the cases where 8, = 6, and
to the array spacing for the other cases. The inlet length L, and
inlet height Hiy correspond to the x and y positions at which the
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Table 2 Tabulated performance parameters for the shcramjet inlet cases

Linlela Hinleta Nm

Frot gain,

Frot loss,  Fpopexit,

skin friction
Case cm cm on exit N -s/kg N-s/kg N -s/kg N -s/kg
S1Cw 100 223 0 0 0 80.2 —80.2 45.1
S1Cl-gl 108.4 26.7 0.813  0.30 129.8 67.9 61.8 40.6
S1C1 108.2 26.5 0.819 0.31 131.4 68.6 62.9 41.5
S1.Cl-g3 108.1 26.5 0.819 0.31 131.8 68.7 63.1 42.2
S1Cld 101.4 232 0473 030 75.1 71.5 3.6 43.5
S1.C2 105.4 24.9 0.441 0.31 68.7 72.8 —4.1 44.0
S1Clas 116.1 31.0 0.703 0.29 111.6 85.5 26.0 39.9
S1Cla3 110.5 28.1 0.774  0.41 123.6 78.3 45.3 42.4
S1-Cla3ll 116.3 312 0.698 045 110.9 96.1 14.9 42.4
S1-Cladhl  109.8 27.7 0.784 0.47 124.1 87.5 36.6 46.2
F1.Cw 100. 222 0 0 0 65.1 —65.1 48.9
FI1.C1 107.9 26.9 0.807  0.30 129.5 57.9 71.6 42.8
F1Cld 101.8 24.0 0457 025 72.6 59.6 13.0 43.4
F1Cla3hl 107.6 27.3 0.796  0.44 126.0 73.1 52.9 49.9

two inlet compressionprocessesmeet. The mass fractionof reacting
oxygen, ¢& , correspondsto

R (LS .S
Cp, = min (602, Cochz/CHz) 2)

with the stoichiometric mass fraction of hydrogen c;,, equal to
0.02876 and the stoichiometric mass fraction of oxygen ¢5_equal
to 0.22824. Note that the mixing efficiency here assessed reflects
the degree of bulk mixing, and not the degree of molecular mixing.
To the authors” knowledge, it is not possible to assess accurately the
degree of molecularmixing from numerical results obtained using a
turbulence model because molecular mixing occurs at the smallest
scales of turbulence, which are averaged in time and space by the
turbulence model. Note that this limitation does not originate from
the definition of the mixing efficiency [as pointed out in Eq. (1)],
but rather from the kw turbulence model used herein to obtain the
results.

The thrust potential at a certain station, for example, stationb, is
defined as? the thrust that would be obtained if the flow would be
reversibly expanded (withoutlosses or gains) downstream of station
b to a specified engine exit area:

*

3 5
pq; +Pr  dm

fpm = _\Fpol. ref +/ . (3)

b

Pcqc Myir, engine

where the propertiesassignedthe subscriptc arereversiblyexpanded
from station b to an iteratively determined backpressure, which is
such that the sum of the cross section of all streamtubes at station ¢
correspondsto the engine inlet area.?’ The referencethrustpotential,
Frot ref> 18 set to 3420.5 N - s/kg so that the thrust potential is zero
at the inlet entrance. The normalized friction force on the body

. L 5 .
in the x direction, F; ti.ion COrresponds to the ratio between the

S
skin-friction force experienced by the inlet in the x direction and
the sum of the mass flow rate in the engine. This is done such
that a comparison can be readily made between the thrust potential

gains/losses and the losses due to friction.

Numerical Considerations

Allinletcasesuse a grid dimensionfactorr = 1.0, exceptfor those
marked with the strings g1 and g3, which refer to a mesh dimension
factor r =0.674 and r = 1.484, respectively. Note that the number
of gridlines per meter is proportional to the mesh dimension factor
r, so that the relative grid-induced error is expected to be similar
for cases sharing the same mesh dimension factor. In Table 2, a
comparisonbetweencases S1-C1, S1-Cl_gl,and S1-C1_g3 reveals
that the mixing efficiency, the thrust potential gain, and the thrust
potentiallosses vary by approximately3, 3, and 1%, respectively,for
a mesh dimension factor increased from 0.674 to 1.484. The small
relative changes in the performance parameters is indicative of a
small grid-induced error for case S1_C1. From the numerical error
decay observed for a similar two-dimensional mixing problem, that
is, the change of the properties observed over several grid levels,

Fig. 5 Mesh used for case S1-Cla3ll, using a mesh dimension factor
r=0.32.

the numerical error is estimated to be 3—10% for the performance
parameters presented in Table 2.

The mesh used for the inlet case F1-Cla3h1 using a mesh dimen-
sion factor of r =0.32 is shown in Fig. 5. In the mixing region, the
mesh is uniformly spaced in the streamwise coordinate x and in the
spanwise coordinatez. Along y, the mesh exponentially grows from
a specified wall node spacing of 10 pm to a uniform spacing in the
mixing layer region. A wall node spacing of 10 um in the mixing
region is observedto resultin a value of y* at the wall ranging typ-
ically from 1 to 3 for case F1_C1, with the maximum y* observed
at the domain exit. Before the mixing region, the wall node spacing
is set to 30 wm, which translates into a y* value ranging from 1 to
3 on the 8-deg wedge and injector surfaces.

The turbulent Prandtl number and the turbulent Schmidt number
are set to 0.9 and 1.0, respectively, and are not altered in space. A
value of kg, of 3 x 10° m?/s? is used for all cases and is verified to be
below the recommended? 1/10th of the maximum value of k present
in theboundarylayer. The maximum value of k in the boundarylayer
is verified for case F1_C1 to be typically 6 x 10* m?/s2, and reaches
a minimum of 3 x 10* m?/s? at x =65 cm. No entropy correction
term is used along with the Roe scheme for the inlet cases to avoid
an excess of artificial dissipation, which would increase the grid-
induced error. The standalone Roe scheme performs satisfactorily
for a ramp injector mixing problem because the shock structure in
the inviscid region of the flowfield is found to be unaffected by
the inclusion of the entropy correction (see Ref. 19). Convergence
is reached when & < &, for all inner nodes, with the user-defined
CONVErgencecriterion&yer,. setto4 x 102 1/sforallinletcases, which
has beenshown to be sufficient for a similar problem.!® Details on the
definition of £ can be found in Ref. 22. The streamwise ellipticity
sensor threshold @yerge is set to 7 X 10* 1/s, and convergence to
steady-stateis reached typically in under 200 effective iterations by
using the marching window acceleration technique.
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Results and Discussion

Effect of Fuel Injection

In Table 2, the effect of fuel injection on the performance of
a shock—shock inlet configuration is assessed by comparing case
S1CwtocaseS1-Cl. Similarly,acomparisonbetweencases F1_-Cw
and F1-C1 reveals the impact of fuel injection on the performance
of a shock—fan configuration. Note again that, in each inlet case, the
strings C1 and Cw stand for a cantilevered ramp injector with and
without fuel injected, respectively.

The first apparent effect of fuel injection is the increased length
and height of the inlet, as shown by the parameters Ly, and Hye
in Table 2. This effect can be explained as follows. When no fuel
is injected, a zone of low pressure is formed in the wake of the
injector array and initiates an expansion fan that catches up with
the first inlet shock (Fig. 6a). The shock strength and the shock
angle are then reduced. By the injection of fuel, the formation of
a low-pressure zone in the wake of the injector array is avoided,
whichresults in a higher first inlet shock angle, as shown in Fig. 6b.
A longer distance is then required for the second inlet shock (or
the compression fan) to reach the first inlet shock, hence, resulting
in an increase of approximately 8 and 19% in the inlet length and
height, respectively, for either the shock—shock or the shock—fan
inlet configurations.

A second marked effect of fuel injection on the performance of
the inlet is the considerable gain in thrust potential due to the fuel
being injected at a high speed (Fig. 7). As shown in Table 2, the
gains in thrust potential are seen to be higher than the losses, with
a gain/loss ratio of 1.9 and 2.2 for cases S1-C1 and F1_C1, respec-
tively. Note that the small differencein thrustpotential gain between
case S1-C1 and case F1_C1 is due to the small difference in inlet
height (and, therefore, of engine exit area) because the fuel inflow
conditions and inflow cross-sectional area are identical for both
configurations. Furthermore, note that the angle at which the fuel
is injected does not influence the thrust potential gains. This might
seem counterintuitiveat first because one may expect fuel injection
to contribute to the thrust of the vehicle only when injected paral-
lel to the surrounding freestream direction. However, recall that the
thrust potential corresponds, by definition, to the thrust of the en-
gine obtained when the flow at one particularx station is reversibly

expanded to the exit engine area with a velocity vector parallel to
the surrounding freestreamdirection. Therefore, the thrust potential
gains are independent of the injection angle because they are mea-
sured immediately downstream of the point of injection where the
fuel has not yet undergone any irreversible process. However, note
that fuel injected at a high injection angle is more likely to interact
with the surrounding air inducing irreversibilities downstream of
the point of injection, where thrust potential losses due to a high
fuel injection angle would appear.

A third effect of fuel injection on the performance of the inlet is
a net decrease in the thrust potential losses. For the shock—shock
configuration, the thrust potential losses are seen to be decreased
by 14%, whereas for the shock—fan configuration the decrease is
slightly less pronounced at 11%. The decrease in thrust potential
losses due to fuel injection is postulated to be partly due to the
lack of a recirculation region inside the cantilevered ramp injector
present when no fuel is injected and partly due to the reduction in
skin friction in the mixing region. The reduction in skin friction
due to fuel injection is found to be of 8% for the shock-shock
configuration and of 12% for the shock—fan configuration (Table 2)
and is due to a smaller wall shear stress in the high-pressureregion
after the second compression process. The reductionin shear stress
in that region is attributed to the lower density of the flow at the
wall because it is composed of a mixture of hydrogen and air, as
opposed to pure air, as shown by the density contours at the domain
exit in Fig. 8. Note that the wall shear stress for flow over a flat
plate is directly proportional to the freestream density for constant
freestream speed, Mach number, and Reynolds number, that is,

Tw ™~ C/'pooqgo

with C the skin-friction coefficient being a function of the flow
Reynolds number and Mach number.

A fourth effect of fuel injection on the inlet performance is the
decrease of the compression fan efficiency. Because of differences
between the Mach number of the fuel jet and the adjacentair in the
inlet, the compression process is not fully isentropic. Several small
local shocks are observed throughout the compression fan (Fig. 6)
caused by this difference in flow Mach number. These additional
irreversible processes due to the presence of fuel are accounted for

30
T 20
S
>
10
0

a) Inlet case F1_CW (without fuel injected)

60 70 80 90 100 110

x [cm]

30
T 20
S
>
10
0

b) Inlet case F1_C1 (with fuel injected)

60 70 80 90 100 110

x [cm]

Fig. 6 Effective pressure contours of the baseline shock—fan inlet configuration in the plane z =0 with and without fuel injected; 15 contours levels

exponentially distributed between 800 and 32,000 Pa.
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in the thrust potential losses, which, as can be seen in Table 2,
show a smaller decrease for the shock—fan configuration, that is,
a decrease of 11%, than for the shock—shock configuration, that
is, a decrease of 14%, when fuel is injected. The reduction of the
efficiency of the compression fan due to the presence of the fuel is
further confirmed by the net 22% decrease in the mass flux averaged
stagnation pressure between cases F1-Cw and F1-C1, as shown in
Table 3.

Effect of Inlet Geometry

The replacement of the second inlet shock by a Prandtl-Meyer
compression fan is expected to reduce the thrust potential losses
considerably. In fact, on solving an inviscid two-shock inlet with
a similar geometry as the shock—shock configuration but without
the array of cantilevered ramp injectors, it is noticed that the thrust
potential losses through the first shock are 12 N - s/kg and the thrust
potential losses through the second shock are 30 N - s/kg. It might
seem peculiar that the thrust potential losses are higher through the
second inlet shock because the inlet is designed according to the
Oswatitch condition with both oblique shocks at the same strength.
It is reminded that this is due to the thrust potential not exhibiting

Table3 Normalized® mass flux averaged flow properties
at the inlet exit

Mass flux averaged

Case plpo PP, T/Te  qlqe  P°/Py,  T°/Tg
SILCw 858 35.5 415 0917 0233 0.983
S1.C1 7.82 34.1 3.65 0929 0219 0.874
Fl.Cw  10.11 37.9 3.85 0925  0.352 0.984
F1.C1 8.31 34.5 347 0935 0275 0.874

“Freestream properties correspond to P} =791 Pa, T, =237 K, goc =3400 m/s,
Poo =0.0115842kg/m?, P =154.2 MPa, and T2, = 4856 K.
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a linear relationship with the stagnation pressure2° It follows that
the use of a compression fan in lieu of the second inlet shock could
reduce the thrust potential losses by as much as 30 N - s/kg. For the
shock—fan inlet configuration, the compression fan is expected to
be less efficient 1) due to the presence of an array of injectors in
the inlet that creates some Mach number disturbances in the flow
entering the compressionfanand2) due to the presence of a fuel at a
different Mach number from the adjacentair. As already mentioned,
variations in the flow Mach number are particularly detrimental to
the performance of the compression fan due to the creation of small
local shocks. Nonetheless, the use of a compression fan is seen
to decrease the thrust potential losses other than those due to skin
friction by 18.9 N -s/kg when no fuel is injected (hence, between
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Fig. 8 Density contours in kilograms per cubic meter at the inlet exit
for cases F1_-Cw, S1-Cw, and S1-C1.
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cases F1_.Cw and S1_Cw) and by 12.0 N - s’kg when fuel is injected
(hence, between cases F1_C1 and S1-C1). As expected, the use of
the compression fan is here seen to result in a decrease in the thrust
potential losses short of the theoretical maximum of 30 N - s/kg,
with a higher decrease in losses attainable when no fuel is injected.
Whereas the use of a compression fan in lieu of the second inlet
shock is seen to decrease significantly the thrust potential losses
related to the second compression process in the inlet, note that its
use generally translatesinto a higher skin friction. This is attributed
to the compression fan inducing a higher flow density (Fig. 8 and
Table 3), which, as mentioned earlier, translates into a higher wall
shear stress. Such is believed to be the cause of the 3-9% higher
skin-friction force typically observed between the shock—fan con-
figurations and the shock—shock inlet configurations. One notable
exception to this trend, however, is in the case of a higher injector
array spacing. As Table 2 attests, the skin-friction force is almost
identical between the shock—shock and the shock—fan configura-
tions at an array spacing of 4 cm, that is, between cases S1-Cld
and F1-C1d. The fact that the skin-friction force is not altered be-
tween the two cases is peculiarbecause the shock—fan configuration
is expected to exhibit a higher skin friction due to its higher flow
density. The reason for this apparent contradiction is postulated
to be the increased shear stress at the wall induced by axial vor-
tices, which are known to be more pronounced for the shock—shock
configuration?’ The axial vortices are seen to entrain continuously
a significant amount of the upper region of the boundary layer up-
ward in the mixing region, effectively sustaining a high shear at
the wall throughoutthe high-density mixing region. This effect can
be seen through the temperature contours for the shock—shock inlet
case S1-C1d in Fig. 9. The reason this effect is of less importance
for the cases at an array spacing of 2 cm is due to the strength of the
axial vortices being increased by a higher array spacing.2’
Through a separate study of the effect of a shock and a compres-
sion fan on a freejet mixing layer,”” it is observed that a compression
fan results in a higher change in mixing efficiency growth for the
same flow turning angle, despite clearly exhibiting weaker axial vor-
tices induced through baroclinic torque. This was attributed to the
higher density increase typical of an isentropic compression pro-
cess. Note, however, that although the change in mixing efficiency
growth is higher through the compression fan the resulting mixing
efficiency at the domain exit was seen to be higher for the oblique
shock configuration. This is a possible explanation to the observed
slightly higher mixing efficiency for the shock-shock configura-
tions than the shock—fan configurations, as seen in Table 2. There
is, however, a second possible explanation for the observed higher
mixing efficiency of the shock—shock inlet configuration. We note
that the axial vortices generated by the compression process help
the mixing in two ways in the inlet: first, by stretching the fuel/air
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Fig. 9 Temperature contours in degrees Kelvin for several x stations
downstream of the second inlet shock of case S1_C1d.
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Fig. 10 Temperature contours in degrees Kelvin at the domain exit for
cases S1-C1d and F1-C1d.

contactsurfacethroughaxial vorticesand, second, by enhancingthe
fuel penetration in the incoming air by entraining some air under
the fuel jet. One importantdifferencebetween the inlet cases and the
cases presentedin Ref. 27 is that, in the latter, the fuel jet is distanced
sufficiently from the wall to prevent the mixing layer from reaching
the wall boundary at any point downstream. Therefore, the greater
penetration of the fuel in the incoming air due to stronger axial vor-
tices does not enhance the mixing for the mixing configurations of
Ref. 27. Such is not the case in the shcramjet inlet, where the fuel
is seen to be relatively close to the wall and where good penetration
induced by strong axial vortices help the mixing significantly by
entraining some air under the fuel jet, hence, delaying the instant
when the fuel/air interface reaches the wall boundary. Because the
axial vortices induced by baroclinic torque are seen to be stronger
in Ref. 27 when the mixing layer traverses an oblique shock than
a compression fan, this could be a cause of the higher mixing ef-
ficiency exhibited by the shock—shock configurations compared to
the shock—fan configurations, especially at increased array spacing.

A noteworthy feature of the shock—fan configurations is the re-
duced flow temperature increase through the second inlet compres-
sion process. A comparisonbetween the temperature contoursat the
inlet exit of the shock—fan case F1_C1d and the shock-shock case
S1-C1d in Fig. 10 reveals the static temperature of the shock—fan
configuration to be, on average, approximately 70-80 K lower than
the one of the shock—shock configuration. This is confirmed by the
mass flux averaged temperature at the inlet exit between the base-
line shock—shock and shock—fan configurations in Table 3. Besides
decreasingthe risk of prematureignition, a temperaturereductionin
the inletimproves the propulsiveperformance of the shcramje®® due
to a more efficient heat release in the combustor. Nevertheless, note
that the temperature decrease is less pronounced at a smaller array
spacing, which s believedto be due to the higher globalequivalence
ratio affecting the efficiency of the compression fan.

Risk of Premature Ignition

A major concern when mixing in the inlet at hypersonicspeedsis
the high chance of premature ignition occurringin the hot boundary
layer. By the distancing of the fuel jet from the wall at the point
of injection, the cantilevered ramp injector design prevents the fuel
from entering the boundary layer in the near-field mixing region.
However, through the second inlet compression process, the flow
is converged significantly in the y coordinate, which effectively
decreases the height of the air buffer between the fuel and the wall
by 3-4 times. Because the growth of the turbulent shear layer at
a high convective Mach number is not altered significantly by the
compression process,?’ it then follows that the air buffer separating
the fuel from the wall gets completely eroded more rapidly in the
high-pressure region. The convergence along y of the air buffer



270 SISLIAN AND PARENT

x=70 8

0
1
14 7 24
20
13 6 23
19
12 5 22
18
11 4 N 21
17%
10 3 20
16
9 o4 2 331 [~
1 1 1
1

90 100 cm

—

y [cm]

—_

7=

0
Z [em]
a) Inlet case S1-C1

x=170 80 90 100 em

24

23

22

¥ [em]

.

Z [em]

&y

b) Inlet case S1-C1d

Fig. 11 Equivalence ratio contours of the shock—shock inlet configu-
rations S1-C1 and S1-C1d; contours levels at ¢ =0.1,0.3,1, 2,...,6,7.

caused by compression, hence, is seen to be the reason the fuel/air
mixture enters the boundary layer between an x station of 80 and
90 cm for most of the inlet cases presented in Table 2. For the cases
shown herein, the only way this could be avoidedis by increasingthe
injector array spacing. Whereas increasing the array spacing does
not prevent the air buffer between the fuel and the wall from being
compressed by the compression process, a higher array spacing
induces stronger axial vortices that entrain some air fromin between
the fuel jet to under the fuel jet, hence, preventing the air buffer
from eroding completely in the high-pressureregion (Fig. 11). Note
however, that generating strong axial vortices is not sufficient to
prevent fuel from entering the boundary layer. At the point where
the axial vortices are created, there must also be a significantamount
of pure air in between the fuel jets, which gets entrained under the
fuel by the axial vortices. For the inlet cases at a low array spacing,
there is no such region of air-only flow in between the fuel jets,
and the axial vortices induced by baroclinic torque only serve the
purpose of replacing the air buffer between the fuel and the wall
by a combustible fuel/air mixture, further increasing the risk of
premature ignition. Note that whereas the increased array spacing
prevents, to some extent, fuel from entering the boundary layer,
it generates axial vortices that entrain the hot air of the boundary
layer in the mixing layer. Comparing the temperature contours of
Fig. 10to the equivalenceratio contoursof Fig. 11, itis apparentthat,
for case S1-C1d, a fuel/air mixture is exposed to an above-ignition
temperature in the plane z =0 approximately 2 cm above the wall.
The use of a high array spacing, hence, is seen not to prevententirely
the risk of premature ignition.

Mixing Efficiency Optimization

From Table 2, it is seen that a large portion of the thrust potential
losses are due to skin friction, especially for the shock—fan config-
uration where the skin-friction force is seen to compose 68-75%
of the losses for all shock—fan cases considered, with or without
fuel injected. The remaining losses are estimated to be due mostly
to flow irreversibilities associated with the first inlet shock. It fol-
lows that irreversibilitiesassociated with the diffusion of hydrogen
in the air are small by comparison and that a much higher amount

of mixing occurring in the inlet is not expected to affect the thrust
potential losses significantly. Furthermore, note that only small in-
creases in the mixing efficiency in the inlet can result in very large
thrust potential gains farther downstream in the combustor because
the burning of a stoichiometric mixture of hydrogen and air is ex-
pected to induce a gain of as much as 400 N - s/kg for a shcramjet,
that is, a fuel specific impulse gain of 1400 1/s (Ref. 12). Clearly,
an additional 17% in the mixing efficiency could compensate for
the entire thrust potential losses in the inlet of case F1-C1, for in-
stance. Hence, in this subsection, we aim at increasing significantly
the mixing efficiency with an improved injector geometry, while not
being concerned about small increases in the losses.

The relatively low mixing efficiency obtained for the baseline
shock—shock case S1_-C1 (n,, =0.31) and the baseline shock—fan
fan F1_C1 (n,, = 0.30) is attributed mostly to the lack of penetration
of the fuel in the incoming air. Although the hydrogen/air mixtureis
seen to be quite uniformin the bottom-halfof the inletexit (Fig. 11),
no fuel is present in the upper-half. This clear lack of penetrationis
postulated to be due partly to the too short injector array distance,
whichreducesthe air in between the fuel jets. Recall thata reduction
in the amount of air in between the fuel jets prevents the axial
vortices generated by the second inlet compression process from
entraining air from above to under the fuel, which would result in
better penetration. This is confirmed by comparing the hydrogen
mass fraction profiles for a low and high array spacing in Fig. 11.
Unfortunately, the use of an array spacing greater than the injector
height decreases the mixing efficiency,? at least for a ramp injector
mixing problem over a flat plate. This is confirmed for both the
shock—shock and shock—fan inlet configurationsbecause the mixing
efficiency is not improved by an increased array spacing despite
clearly showing better penetration.

A better fuel penetration can also be achieved through the use of
a higher injection angle.’ The impact of a higher injection angle
is assessed by comparing case S1_C1 to case S1-Cla5, where the
injectionangle correspondsto 10 and 16 deg, respectively. Whereas
the fuel-based mixing efficiency is seen to increase by 9% for the
higherinjection angle, the air-based mixing efficiency 7,, decreases
by 6%. This contradiction in trends between the air-based and the
fuel-based mixing efficiencies originates from the 17% increase in
inlet height for the higher injection angle. The increased height of
the inlet is attributed to the stronger shock atop the injector array
contributing to a stronger first inlet shock. The increased strength
of the first inlet shock delays its meeting point with the second
inlet shock, resultingin a higher inlet length and height. Therefore,
althougha greater amountof fuelis mixed with the air for the 16-deg
injection angle case, this is not sufficient to increase the air-based
mixing efficiency because the mass flow rate of oxygen entering the
inlet also increases. This shows one of the difficulties of enhancing
the mixing efficiency in an external compressioninlet: The heightof
the inlet and, hence, the mass flow rate of oxygen entering the inlet
are dependent on the mixing process itself. To increase the mixing
efficiency, it follows that the inlet height must not be disturbed
significantly by the increased fuel penetration.

One strategy investigated herein that is found to be successful
at enhancing the fuel penetration without altering significantly the
inlet height is the use of alternating injection angles, that is, giv-
ing 0, and 6, different values (Fig. 2). The high-angle injectors are
responsiblefor the increased penetration, whereas the low-angle in-
jectors help to reduce the flow blockage. A reduced flow blockage
decreases the inlet height and also increases the mass flow rate of
air in between injectors, hence, being particularly beneficial to the
mixing efficiency. Shown in Table 2, an injection angle alternating
between 9 and 16 deg (case S1.Cla3) is seen to resultin a mixing
efficiency increase of more than 32% when compared to a single
injectionangle of either 10 or 16 deg. Whereas the mixing efficiency
is enhanced significantly, the associated thrust potential losses are
seen to increaseby amere 9.7 N - s/kg. The success of an alternating
injection angle configuration is partly attributed to the fuel jets em-
anating from the high-angle injectors distancing themselves from
the fuel jets emanating from the low-angle injectors. This clearly
results in two separate levels of fuel jets (Fig. 12) which translates
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into a much increased mass flow rate of air between the jets on each
level. The axial vortices created by the compression process then
increase the penetration by entraining the air from in between the
fuel jets to under the jets, which eventually results in better mixing
performance.

As a means to further enhance the mixing efficiency, we now
consider a second fuel penetration strategy based on an increased
injector length. If all of the other geometric parameters are kept
constant,a longerinjector translatesinto a greater distance between
the fuel and the wall at injection and, hence, increases the mass
flow rate of air under the fuel jet. Recall that an increase of air
mass flow rate under the fuel is beneficial to the mixing efficiency
by retarding the point at which the mixing layer reaches the wall.?°
Thus, we considercase S1-Cla311,whichdiffersfromcase S1_-Cla3
by a doubled injector length. Whereas the increased injector length
provides better penetration, as is attested by the 10% increase in
mixing efficiency in Table 2, the thrust potentiallosses are increased
byasmuchas 17.8N - s/kg. This relativelyhighincreasein the losses
is due to the greater flow blockage induced by the higher injectors.
To reduce the amount of flow blockage while maintaining a high
penetration, a new configuration is considered in which the injector
lengthis doubled, while the depth of the fuel jets is reduced twofold.
Furthermore, to maintain the same fuel inflow cross-sectionalarea,
the fuel jet height is increased in the same proportion as the fuel
jet depth is decreased. Such an inlet configuration is referred to as
case S1_Cla3hl.Itdiffers from case S1_Cla3 by a doubled injector
length, a doubled fuel jet height, and a halved fuel jet depth, and
it exhibits a mixing efficiency increase of 15% with an associated
thrustpotentialloss increaseof only 9.2 N - s/kg. Again, note thatby
reducingthe thrust potentiallosses due to flow blockage,a betterair-
based mixing efficiency is obtained due to the reduced inlet height
and increased oxygen mass flow rate in between injectors.

Conclusions

Because of the fuel beinginjectedata very high speed, fuel injec-
tionin the inletis found to increase considerably the thrust potential,
with a thrust potential gain typically exceeding the thrust potential
loss by 40-120%. Another beneficial effect of fuel injection on the
inlet performance is the observed decrease of approximately 10%
in the skin-friction force. The decrease in skin-frictionis attributed
to fuel being present in the boundary layer after the second inlet
compression process: The low density of hydrogen decreases the
density of the boundary layer, thereby resulting in a reduced wall
shear stress. However, the presence of fuel in the inlet is not all
beneficial: Because the Mach number of the hydrogen stream is
significantly lower than the Mach number of the airstream, the per-
formance of the compression fan is reduced, with an associated
increase in the thrust potential losses estimated to be of 8% for the
shock—fan configurations.

Typically,itis estimated that 50-70% of the thrustpotentiallosses
in the inlet are due to skin friction. The large importance of the
skin friction in the shcramjet inlet is seen to be partly due to the
axial vortices generated by the second inlet compression process
continuouslyentrainingupward the upper part of the boundarylayer,

which results in a substantial thinning of the boundary layer, hence,
increasing the wall shear stress.

The relativelylow mixing efficiency of 0.30 obtained for the base-
line inlet cases is attributed to the lack of adequate fuel penetration,
partly due to the absence of a sufficient amount of air separating the
fuel jets on entering the second inlet compression process. Further-
more, a major difficulty encountered while mixing in an external
compression inlet is that the height of the inlet, and, hence, the
amount of air entering the inlet, is strongly dependent on the fuel
injectionprocess.One novel approachthatis shownhereinto be suc-
cessful at increasing the fuel penetration is alternating the injection
angle from one injector to another. The use of alternating injection
angles of 9 and 16 deg is seen to result in a 32% increase in the
mixing efficiency and a 14% increase in the thrust potential losses
when compared to injecting the fuel at a single injection angle of
10 deg. With use of an alternating injection angle, the mixing effi-
ciency reaches 0.47 and 0.44 for the shock—shock and the shock—fan
inlet configurations, respectively.

Premature ignitionin the inletis a high possibility for the baseline
inlet configurations because a fuel/air mixture is seen to penetrate
the hotboundarylayer after the secondinlet compressionwave. One
strategy that is shown here to prevent, to a large extent, the fuel from
entering the boundary layer is the use of an increased injector array
spacing. Unfortunately, although a higher array spacing prevents
the fuel from entering the boundary layer, it results in stronger axial
vortices that entrain the hot flow upward from the boundary layer to
the mixing layer, which increases the risk of premature ignition in
thatregion. The use of a shock—fan configurationreduces the risk of
premature ignition by reducing the flow temperature in the mixing
layer by as much as 80 K compared to the shock—shock configura-
tion. Hence, the use of a Prandtl-Meyer compression surface in a
shcramjet inlet is strongly recommended because it decreases the
thrust potential losses and reduces the risk of premature ignition,
while resulting in a small 6% diminution of the mixing efficiency
for the optimal injector configuration considered.

Finally note that streamwise flow separation caused by shock
wave-boundary-layerinteractions did not occur in the inlet, either
under the fuel at the point of injection or on the second inlet wedge.
The lack of streamwise separationis attributed to the high resistance
of the turbulent boundary layer to separate when the Mach number
is high.
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