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A computational study of a scramjet combustor with swept ramp fuel injectors was conducted with
the SPARK Navier – Stokes computer code. Turbulence was modeled with a two-zone algebraic turbulence
model, while combustion was modeled with two � nite rate H2– air chemistry models. The calculated
reacting � ow� eld was mixing-limited. However, the extent of mixing was affected by the chemical reac-
tions. Heat release from the chemical reactions signi� cantly reduced the mixing between the fuel and
airstreams. Comparisons between the calculations and experimental measurements of the wall pressure,
surface heat � ux, in-stream pitot pressure, as well as Mie scattering � ow visualization were made and
good overall agreement was observed.

Nomenclature
bjA Tj = Arrhenius pre-exponential factor for the jth

reaction
cmT

= eddy viscosity constant
D = Damkohler number
F = force
G = gap, equals twice the duct height, 7.62 cm
kfj = reaction rate coef� cient for the jth reaction
M = Mach number
p = pressure
T = temperature
Taj

= activation temperature for the jth reaction
u = velocity component in the x direction
V̂ i = diffusion velocity of species i in the x direction
wÇ i = chemical production rate of species i
x, y, z = Cartesian coordinates

PY H O2
= mass fraction of water caused by combustion

IZ H = mass fraction of elemental hydrogen originating in
the fuel jet

Dt = time step
ri = density of species i

Introduction

E NHANCED mixing, and thus reduced combustor length,
is an important factor in the design of supersonic com-

bustion ramjet (scramjet) engines. A number of experimental,
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theoretical, and computational studies are being conducted to
explore techniques to enhance mixing and combustion in su-
personic and hypersonic reacting � ows. Ramp fuel injectors
are advantageous, in part, because they provide for nearly par-
allel injection of the fuel. Parallel injection is useful at high
speeds to extract additional thrust from regeneratively heated
fuel that has been used as a coolant for the vehicle and engine.
Techniques are being investigated to enhance the relatively
slow mixing usually associated with parallel injection.

Examples of mixing concepts being investigated include
low-angle injection,1 swirling fuel jets,2 nonaxisymmetric in-
ternal fuel injection nozzle geometries,3,4 tabs inside fuel in-
jection nozzles,5 shock interactions with the fuel jet,6 and ramp
injectors.7– 13 Earlier direct-connect scramjet tests at NASA
Langley Research Center with swept compression ramps were
conducted at Mach 2.0 and 3.0 in� ow test conditions.7 The
results suggested that rapid mixing and combustion, approach-
ing the performance of transverse injectors, could be accom-
plished while maintaining nearly parallel injection with respect
to the oncoming stream. In these previous tests, the combustor
model used two fuel-injector ramps. Later tests were con-
ducted with four wall-mounted ramp injectors, to partially
eliminate side wall effects. The four-ramp injector con� gura-
tion has been tested in a direct-connect vitiated heater facility
at the following inlet conditions: T0 = 1944 K, P = 1 atm, and
M = 2.7. The results of the experimental tests, which included
wall pressures, heat � uxes, Mie scattering � ow visualization,
and pitot pressure surveys, are presented in Ref. 12.

This paper presents calculations of the reacting � ow through
a supersonic combustor employing swept ramp fuel injectors.
Numerical issues of accuracy and ef� ciency are addressed, fea-
tures of the reacting � ow are examined, and detailed compar-
isons between the Navier – Stokes calculations and the experi-
mental measurements are made.

Experimental Technique
Injector Design

The injector block that was used in this investigation con-
sisted of four swept ramp fuel injectors. The ramp angle and
the sweep angle were both 10.3 deg. Four Mach 1.7 fuel in-
jection nozzles angled at 10 deg with respect to the main � ow
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Table 1 In� ow conditions

Parameter Vitiated stream Injector

Static pressure, kPa 104 222
Static temperature, K 932 190
Velocity, m /s 1710 1781
Mach number 2.7 1.7
H2 mass fraction 0.164E25 1
O2 mass fraction 0.256E0 0
H2O mass fraction 0.191E0 0
OH mass fraction 0.704E23 0
H mass fraction 0.365E27 0
O mass fraction 0.223E24 0
N2 mass fraction 0.552E0 0
Mass � ow rate, g /s 460 10.9

Table 2 Experimental
uncertainty

Measurement Uncertainty

Static pressure 64.1 kPa
Pitot pressure 68.8 kPa
Surface heat � ux 65.8%

Table 3 Dimensions of the computational domain

Feature Centimeters Gaps

Gap
Distance between the injector and the ex-

pansion corner

7.62
6.99

1.0
0.92

Distance between the injector and the end of
the � rst half of the combustor

47.7 6.26

Distance between the injector and the end of
the second half of the combustor

117.5 15.4

Duct height (downstream of the step) 3.81 0.50
Duct width 2.12 0.28
Injector diameter 0.71 0.093

were used. The injection nozzles were conical shaped with an
8-deg half-angle, and an exit diameter of 0.71 cm. The duct
height at the entrance of the combustor, upstream of the ramps,
was 3.81 cm or 0.5G. The dimensions of the ramp base were
1.52 cm wide by 1.27 cm high, creating a blockage of 12%
of the combustor area.

The combustor had a short (0.92G) constant area section
downstream of the injector, followed by 2.15-deg divergent top
and bottom combustor walls that extended from x/G = 0.92 to
15.4. The combustor was attached to a 22-deg divergent nozzle
connected to a vacuum exhaust system. The combustor walls
were uncooled and the run times were limited to 10 s to avoid
excessive wall temperatures.

The tests were conducted in the NASA Langley Research
Center’s Direct-Connect Supersonic Combustor Test Facility.
In the tests, the � ow from a scramjet inlet was simulated by
the facility nozzle. High-enthalpy air was provided by a
hydrogen – air vitiated heater with oxygen replenishment to
21% by volume. The hydrogen – oxygen– air burner exhausted
through a water-cooled Mach 2.7 nozzle. The � ow conditions
for the cases considered in this study are listed in Table 1.

Measurements
Wall pressures were measured at over 200 locations along

the combustor. Wall heat � uxes along the combustor walls
were obtained by direct measurement with Gardon gauges and
by calculation from time-dependent measurements of the inner
wall surface temperature. A tungsten pitot probe was used to
measure the pitot pressure distribution at the exit of the com-
bustor. The experimental uncertainty for the measurements are
listed in Table 2. Analysis of the uncertainty is given in Ref.
12. Also, Mie scattering from silica particles, generated by
silane that was added to the hydrogen fuel, was used to vi-
sualize the penetration of reacted fuel across the combustor.
Silane (SiH4), a pyrophoric gas, reacts when it encounters
air, forming small solid silica particles as a product. If the lo-
cal conditions in the combustor are mixing-limited, then
hydrogen – air reactions are not signi� cantly altered by the
presence of the silane; thus the silica particles generated may
be used to provide visualization of the location of the products
of the hydrogen – air reactions. The images that were acquired
during the test qualitatively represent the average penetration
of the reacted products across the combustor duct.

Numerical Technique
Computer Code

The low memory version of the three-dimensional SPARK
Navier– Stokes code developed at the NASA Langley Re-

search Center was used in this study. Details of the computer
code are given in Refs. 14 and 15. The algorithm used in
the calculations was the steady-state Cross – MacCormack
algorithm developed by Carpenter.15 The algorithm, while
formally second-order accurate in space and time, attains
fourth-order spatial accuracy at steady state. Fourth-order,
second-difference arti� cial viscosity based on gradients of
pressure and temperature is included in the solution algorithm
to suppress numerical oscillations in the vicinity of shock
waves and to enhance stability.

In a previous study,16 relatively large errors in mass conser-
vation were observed when employing a cold wall boundary
condition. This phenomenon was investigated by making a se-
ries of two-dimensional calculations over a rearward-facing
step. It was found that the contribution to the arti� cial viscosity
from the gradients of temperature signi� cantly impacts the
mass conservation when there is a large thermal boundary
layer as in the case of a cold wall. The conservation error
resulted from high levels of numerical dissipation generated in
the boundary layer throughout the computational domain.
Hence, the coef� cient of arti� cial viscosity associated with the
gradients of temperature is required to be zero, or small when
imposing a cold wall boundary condition.

Minor enhancements were made to the SPARK code to gen-
eralize the arti� cial viscosity and time-step calculations for
curvilinear coordinates and to further reduce the memory re-
quirements of the code. The enhancements are described in
Ref. 13.

The turbulence model used in this study combines the
Baldwin – Lomax model17 along the walls with a mixing length
model for the jets.18 The constant in the mixing length model
was = 0.00328, which is lower than the value originallycm t

recommended by Eggers,18 based on a study of coaxial jets.
The implementation of this model is described in detail in Ref.
19. The turbulent Schmidt and Prandtl numbers were set to
constant values of 0.5 and 0.9, respectively, whereas the tur-
bulent viscosity was limited to 1000 times the laminar viscos-
ity.

Two chemistry models were used in this work. The � rst
contains six reacting species: H2, O2, H2O, OH, H, and O, plus
an inert species N2 that interact through a seven-step reaction
mechanism.20 The second model includes two additional spe-
cies: HO2 and H2O2. The eight reacting species interact through
a 19-step mechanism.21 The reactions together with the con-
stants appearing in the Arrhenius expression for the forward
rate coef� cient kfj

bjk = A T exp[(2T ) /T ] (1)f j aj j

are listed Ref. 13. The chemical production terms are evaluated
from the reaction rates and the chemical composition of the
gas by using the law of mass action. The effect of turbulent
� uctuations on the chemical production terms was not mod-
eled.

Computational Domain and Grids

Characteristics of the computational domain are listed in Ta-
ble 3. The domain was divided into two sections. The � rst
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Fig. 2 Mass conservation of elemental hydrogen.

Fig. 1 Computational grid in the vicinity of the injector.

section extended in the streamwise direction from the begin-
ning of the ramp (x /G = 20.92) to x/G = 6.26. The second
half of the domain extended from x /G = 6.26 to 15.4. The
Mach number in the exit plane of the � rst section exceeded
1.35 outside of the boundary layer for each of the solutions.
Hence, dividing the domain should not signi� cantly affect the
solution.

In the spanwise direction, the computational domain ex-
tended from the centerline of one jet to the centerline of the
adjacent interstice. The domain extended in the normal direc-
tion from the bottom wall to the top wall of the duct. The
streamwise, spanwise, and normal directions were represented
by the x, y, and z coordinates, respectively, and the origin of
the coordinate system was located on the bottom wall of the
jet centerline at the base of the ramp.

Figure 1 shows the initial portion of the grid used for the
swept ramp calculations (only every other grid point is shown).
The grids used in this work were generated externally to the
SPARK code using the exponential stretching functions found
in Ref. 22. The grids were also passed through an elliptic
solver routine written by White23 to smooth the grid distribu-
tion. The dimension of the grid for the � rst half of the domain
was 163 3 39 3 75 (x, y, and z, respectively). Grid stretching
in the streamwise direction was employed at either end of the
ramp, at the beginning of the 2.15-deg divergence, and at the
out� ow boundary. In the spanwise direction, grid stretching
was employed at both the jet and interstice centerlines and
along the side of the ramp. Grid stretching was also employed
in the normal direction along the top and bottom walls and
along the top surface of the ramp. The minimum grid spac-
ing in the normal direction downstream of the ramp varied
from a maximum of 40 mm (z1 = 35) at the base of the ramp
to a minimum of 7.3 mm (z1 = 9). The injector was modeled
with 87 points that were distributed to approximate a circular
cross section. The injector is represented by the white region
in Fig. 1.

The dimensions of the grids used for the second half of the
combustor (6.26 # x/G # 15.4) were 77 3 20 3 75 and 77
3 20 3 101. The grid spacing in the normal direction at the
top and bottom walls varied from 14 mm at the in� ow plane
to 20 mm at the exit plane for the � rst grid, and equaled 1 mm
along the full extent of the domain for the second grid. The
corresponding values of z1 were approximately 13.5 and 8.0
for the top and bottom walls for the � rst grid, and approxi-
mately 0.9 and 0.4, respectively, for the second grid.

Boundary Conditions

A solution of the vitiated air� ow through the M = 2.7 facility
nozzle and the constant area section separating the exit of the
nozzle and ramp surface was obtained. Spline � ts of the cal-
culated pro� les of the � ow entering the combustor were used
to specify the velocity, pressure, and temperature values at the
in� ow boundary of the combustor. The calculated thickness of
the turbulent boundary layer at the entrance of the combustor
was approximately 5.6 mm or 0.44 ramp heights. The chemical
composition of the in� ow was obtained from an equilibrium
calculation at the stagnation conditions. The in� ow conditions
are summarized in Table 1. The in� ow conditions for the sec-

ond half of the combustor were obtained from a spline � t of
the solution at the exit plane of the � rst half of the domain.

Symmetry boundary conditions were invoked at the two side
planes (injector and interstice centerline planes). Along solid
walls, the no slip-condition was imposed. Also, a zero normal
pressure gradient and constant wall temperature was imposed.
The wall temperature TWall was set equal to 670 K for the � rst
half of the combustor. In the second half of the combustor,
TWall was calculated from a linear � t of measured wall tem-
perature values.

The jet issued from a conical nozzle and the trajectory of
the jet was modeled as a point source. The points on the pe-
rimeter of the modeled injector were given a reduced velocity
to match the prescribed mass � ow rate. Finally, along the out-
� ow boundary, the primitive variables were extrapolated using
a � rst-order approximation.

Iteration Technique

The solutions were advanced in time using a local � uid time
step calculated by combining the convective and the diffusive
time scales. The Courant number was set equal to 0.5 for all
of the calculations. The coef� cient of arti� cial viscosity asso-
ciated with pressure gradients was set between values of 0.5
and 1.0, whereas the coef� cient of arti� cial viscosity associ-
ated with temperature gradients was set between values of 0.1
and 0.25. No ignition aids were introduced into the calcula-
tions.

A true steady-state solution was not attained for these � ow-
� elds. The residual, de� ned as the maximum change in the
nondimensional density between successive iterations, typi-
cally dropped and then hovered at 1023. The maximum resid-
ual often was located in the recirculating � ow region near the
base of the injector. Convergence was assessed by inspection
of the integrated values of the conserved variables, such as
conservation of mass, as well as plots of mixing and chemical
ef� ciency. Conservation of mass within 1% was attained. Fig-
ure 2 shows the mass conservation of elemental hydrogen for
one of the reacting � ow� eld solutions (case 4). The nonreact-
ing � ow cases required approximately 10,000 iterations to
achieve steady values for the integrated conserved quantities,
while approximately 70,000 iterations were required to attain
steady values for the integrated conserved quantities for the
reacting � ow cases.

Semi-Implicit and Explicit Chemistry

The species continuity equations that provide for the con-
vection, diffusion, and production of each chemical species can
be written for one coordinate direction as

­U ­E
1 = H (2)

­t ­x

where

ˆU = r , E = (r u 1 r V ), H = wÇ (3)i i i i i
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Table 4 Computational solutions

Case f
Turbulence
treatment

Species and
reactions

Domain
and grid

1 0.0 Baldwin – Lomax —— x /G # 6.26,
163 3 39 3 75

2 0.7 Laminar —— x /G # 6.26,
163 3 39 3 75

3 0.7 Two-zone algebraic —— x /G # 6.26,
163 3 39 3 75

4 0.7 Two-zone algebraic 7, 7 x /G # 6.26,
163 3 39 3 75

5 0.7 Two-zone algebraic 9, 19 x /G # 6.26,
163 3 39 3 75

6 0.7 Two-zone algebraic 7, 7 x /G $ 6.26,
77 3 20 3 75

7 0.7 Two-zone algebraic 7, 7 x /G $ 6.26,
77 3 20 3 101

Fig. 3 Contours of hydrogen mass fraction for nonreacting lam-
inar � ow.

Fig. 4 Contours of hydrogen mass fraction for nonreacting tur-
bulent � ow.

The chemical production terms appearing in the species con-
tinuity equations are typically associated with a wide range of
time scales, which renders them mathematically stiff. The
chemical production terms can be solved implicitly to coun-
teract the stiffness. That is,

n n­H ­Un1 1 n 2H = H 1 Dt 1 2(Dt ) (4)
­U ­t

which yields

n­H ­U ­E nI 2 Dt 1 = H (5)S D­U ­t ­x

The preconditioning matrix [I 2 (­H/­U )nDt] can be repre-
sented conceptually by the scalar expression 1 2 1/D, where
D is de� ned as

D = Dt /Dt (6)Chem Fluid

Here, DtFluid is the � uid time scale obtained by combining the
viscous and convective time constraints, and DtChem is the
smallest chemistry time scale, de� ned as

21n­H
Dt = min (7)Chem SU U D­U

Equation (7) was evaluated for one solution (case 4), and the
Damkohler number was found to range between 1.E21 < D
< 1.E3. Hence, the smallest chemical time scale was not sig-
ni� cantly smaller than the � uid time scale and explicit solution
of the chemistry, which does not require the inversion of a n
3 n matrix at each point of the domain (where n is the number
of species equations that are solved) was employed. A time-
step constraint was added to the convective and viscous time-
step constraints to facilitate explicit solution of the species
equations. The chemical time-step constraint limited both rel-
ative and absolute changes in the species mass fractions. That
is,

CFL
Dt = min (8)Chem S DilChem

where

uwÇ 1 d ui «il = (9)Chem
r[min(d , d Y ) 1 d ]abs rel i «

and where d« = 1.E26, dabs = 1.E22, and drel = 1.E21. CFL
is Courant– Friedrichs – Lewy.

De� nition of Ef� ciency

The mixing ef� ciency hm for fuel lean conditions is the ratio
of H2 fuel that would react if complete combustion occurred
to the total H2 fuel injected. Two measures of chemical ef� -
ciency were employed. The � rst de� nition, , is based onhc(H O)2

the amount of H2O that is produced, and the second de� nition
, is based upon the fraction of the chemical energy of thehc(Dq)

fuel that is released into the combustor. See Ref. 16 for details
of the de� nitions of mixing and chemical ef� ciency.

Results and Discussion
The cases considered in this study are listed in Table 4.

Figures 3 and 4 contrast the solutions obtained for laminar
(case 2) and turbulent (case 3) nonreacting � ow in the � rst
half of the combustor. Figures 3 and 4 show contours of hy-
drogen mass fraction at cross� ow planes at intervals of 0.5G.
The swept ramp and duct dimensions are outlined. The com-
putational solution has been re� ected about the z axis for vi-

sualization. The kidney-shaped structure of the jet plume re-
mained compact and coherent in the laminar � ow compared
to the more diffuse jet plume observed in the turbulent � ow.
In addition to enhancing mixing between the jet and surround-
ing airstream, turbulence weakened the ramp generated vortex.
The weakened vortex resulted in reduced jet penetration for
turbulent � ow. Differences in mixing between the calculated
laminar and turbulent � ow� elds were signi� cant, even in the
near � eld of the injectors.

Features of the turbulent, reacting � ow in the � rst half of
the combustor (case 4) are illustrated in Figs. 5 and 6. Figure
5 displays contours of hydroxyl mass fraction at cross� ow
planes at intervals of 0.5G. Elevated levels of OH demarcate
the reaction zone. The presence of OH in the exit plane of the
injector (x/G = 0.0) illustrates that the reaction zone extended
upstream of the injector. The reaction zone was found to
roughly correspond to the stoichiometric surface. The equiv-
alence ratio f within the reaction zone was approximately
0.90 < f # 1.20. The reaction zone at x /G = 0.5 was inter-
rogated, and levels of OH mass fraction were found to exceed
the equilibrium values by between 50 and 250%. The corre-
sponding mass fraction of H2O was found to be 10 – 15% less
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Fig. 5 Contours of OH mass fraction in the near � eld of the
injector.

Fig. 6 Contours of temperature (K) in the near � eld of the in-
jector.

Fig. 7 Contours of injected elemental hydrogen for reacting � ow.

Fig. 8 Pressure contours (kPa) and velocity vectors at the exit
plane of the ramp injector.

Fig. 9 Effect of reactions upon mixing and chemical ef� ciencies.

than its equilibrium value. On the fuel-rich side of the reaction
zone (f $ 1.0), the mass fraction of H2O was found to be
within 1% of its equilibrium value. Two counter-rotating vor-
tices forced reacted products from the periphery of the jet
plume into the center of the plume, which is most clearly ob-
served at x /G = 1.0. The center of the jet plume was fuel rich,
and the hydroxyl pulled into the plume by the action of the
vortices decayed gradually downstream of x /G = 1.0. Figure
6 shows contours of temperatures at the respective cross� ow
planes. The oblique shock generated by the wedge increases
the static temperature of the airstream along the jet centerline
from 932 K to approximately 1060 K. The cold hydrogen jet
(represented by the blue regions in Fig. 6) mixes with the
airstream and reacts. The hot products from the reactions that
were drawn into the center of the jet plume by the two vortices
elevated the temperature within the center of the plume. The
elevated temperatures within the plume also decayed down-
stream of x /G = 1.0, but not as rapidly as hydroxyl.

Chemical reactions were observed in the exit plane of the
injector (x /G = 0). The onset of the reactions occurred at ap-
proximately x/G = 20.16. A strong streamwise recirculation
zone was observed in the interstice region and extended down-
stream of the injector. The recirculation zone spanned the re-
gion 20.20 # x /G # 0.85. Velocities in the upstream direction
in excess of 500 m/s were observed. At x/G = 0.0, the maxi-
mum velocity in the upstream direction was ’350 ms. In con-
trast, the streamwise recirculation zone in the solution for non-
reacting � ow was limited to a small region in the base of the
ramp.

Heat release dramatically reduced the mixing. Figure 7
shows contours of elemental hydrogen from the jet, , atIZH

cross� ow planes at intervals of 0.5G. is analagous to theIZ H

hydrogen mass fraction for the nonreacting � ows displayed in
Figs. 3 and 4. It was obtained by subtracting the elemental
hydrogen of the vitiated stream from the elemental hydrogen
mass fraction. That is,

IZ = Z 2 c 3 Y (10)H H H N2

where cH is the ratio of elemental hydrogen to nitrogen by
mass in the vitiated stream, is the mass fraction of nitrogen,YN2

and ZH is the elemental mass fraction of hydrogen. The reduc-

tion in the mixing occurred primarily in the near � eld of the
injector (x /G # 2). The reactions in addition to reducing the
density, altered the � ow� eld surrounding the injector in two
signi� cant ways (Fig. 8). Every other vector at the exit plane
of the injector along with contours of pressure is shown in the
Fig. 8. First, the chemical reactions pressurized the near � eld
of the injector so that the jet was nearly pressure matched
rather than highly underexpanded in the case without reactions.
Consequently, the initial expansion of the jet was reduced. Sec-
ondly, the streamwise vorticity as illustrated by the velocity
vectors in the cross� ow plane was reduced for the reacting
case. The reduced vorticity resulted in reduced mixing. The
reduction in streamwise vorticity as a result of heat release
was observed by Riggins.8 The effect of heat release in reduc-
ing mixing resulted in lower mixing ef� ciency values for the
reacting � ow compared to the nonreacting � ow (Fig. 9). Figure
9 displays measures of chemical ef� ciency for the reacting
� ow. The two chemical ef� ciency curves lie close to the mix-
ing ef� ciency curve; thus the � ow� eld was mixing-limited.
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Fig. 10 Calculated integrated stream thrust.

Fig. 11 Comparisons between a) Mie scattering image and b)
calculated H2O product mass fraction at x /G = 3.0.

Fig. 12 Comparisons between the calculated and measured wall
pressures (kPa) for the interstice centerline along the a) fuel in-
jector wall and b) the opposite wall.

The amount of OH, H, and O produced was relatively low
compared with a previous study of the reacting � ow from the
normal injection of H2 fuel into a Mach 2 vitiated airstream.16

However, the � ow� elds in the previous study did not possess
a large combustion-induced streamwise recirculation zone,
which increased the residence time within the reaction zone.

Figure 10 shows the integrated stream thrust Fx, which for
planes perpendicular to the x axis is simply

2F = (p 1 ru ) dA (11)x E
The initial decrease in stream thrust (x/G # 0.0) re� ected the
drag generated by the inclined ramp. The small increase in Fx

at x /G = 0.0 for the � ow� eld without injection (807 – 810 N)
was because of the force exerted on the � uid by the back side
of the ramp. The corresponding increases for the injection
� ow� elds without reactions (807 – 833 N) and with reactions
(810 – 849 N) re� ected the increase in stream thrust caused by
the momentum of the jet and the pressurizing of the back sur-

face of the ramp for the reacting � ow case. The loss in mo-
mentum because of friction is illustrated in the decrease in Fx

for the constant area section of the duct (0.0 # x/G # 0.9).
The pressure acting on the angled wall surfaces for x /G > 0.9
caused an increase in Fx. The increment in Fx between the two
nonreacting � ows remained relatively constant downstream of
the injector. Heat release caused a gradual increase in stream
thrust for the reacting � ow� eld relative to the nonreacting
� ows in the expanding region of the combustor.

Comparisons between the experimentally measured data and
the data from the Navier– Stokes calculations are displayed in
Figs. 11 – 14. A Mie scattering image at x /G = 3.0, formed by
averaging the images for the two interior ramps, along with
the calculated H2O product, is shown in Fig. 11. The calculated
H2O product mass fraction was obtained by subtractingPY H O2

the water of the vitiated stream from the water mass fraction.
That is,

PY = Y 2 c 3 Y (12)H H O v NO2 2 2

where cv is the ratio of water to nitrogen by mass in the vitiated
stream, and is the mass fraction of water. The Mie scat-YH O2

tering images are qualitative. However, the images indicated
that the calculated penetration of the plumes of water product
were in fair agreement with the penetration indicated by the
Mie scattering images.

Figure 12 displays comparisons with measured wall pres-
sures. Figure 12a shows comparisons along the fuel side of
the interstice centerline. The agreement was excellent for the
� ow� eld without injection (f = 0.0). The solution for the re-
acting � ow exhibited a jagged pressure distribution along the
interstice centerline in the near � eld of the injector. The up-
stream extent of the combustion-induced pressure rise agreed
well with that observed in the measurements. The effect of
including HO2 and H2O2 was negligible. The pressure traces
for the two solutions with the 7-species 7-reaction and the 9-
species 19-reaction chemistry models were indistinguishable.
The solution with the 7-reaction model was continued in the
second half of the combustor, and excellent agreement was
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Fig. 13 Comparisons between the calculated and measured surface heat transfer (W/mm2) for the interstice centerline along the a) fuel
injector wall and b) the opposite wall.

Fig. 14 Comparisons between the calculated and measured in-
stream pitot pressures (kPa).

observed with the pressure measurements. Figure 12b shows
comparisons along the opposite wall of the interstice center-
line. Trends similar to those found along the fuel side were
observed. The agreement was excellent for the no-fuel case.
The calculated pressures were greater than the measured pres-
sures at the � rst location downstream of the injector, x/G =
0.56. Again, the pressure traces for the solutions with the 7-
and 19-reaction models were indistinguishable, and excellent
agreement with the pressure measurements was observed in
the second half of the combustor.

The calculated heat transfer obtained from the solution to
the second half of the combustor is compared to heat transfer
measurements in Fig. 13. Solutions were obtained on two com-
putational grids. The heat transfer predictions on the � ne grid
were approximately 25% lower than the measured values on
the fuel side of the interstice centerline, but the predictions
from the � ne grid solution were very close to the measure-
ments on the opposite wall of the interstice centerline. The
heat � ux was greater on the fuel side of the wall, as expected.
Finally, Fig. 14 shows a comparison of the calculated and mea-
sured pitot pressures along the interstice centerline at the exit
of the combustor. The pitot pressures were lower on the fuel
injector side of the combustor because of the decrease in total
pressure associated with combustion. The combustion zone did
not extend to the opposite wall, and this was re� ected in the
higher pitot pressures on the top wall. The comparison between
the experimental and computational pitot pro� les was encour-
aging. The maximum deviation was approximately 15%.

Summary and Conclusions
A computational study of a scramjet combustor with swept

ramp fuel injectors was conducted with the SPARK Navier –

Stokes computer code. Turbulence was modeled in the calcu-
lations with a two-zone algebraic turbulence model, while
combustion was modeled with two � nite rate H2– air chemistry
models.

The � ow� eld in the vicinity of the injector was found to be
strongly affected by combustion. The mixing ef� ciency was
observed to decrease by approximately 25% with combustion.
In addition to decreasing the density, combustion was found
to reduce the streamwise vorticity and pressurize the injector
region so that the jet exhausted at nearly pressure-matched
conditions. The reacting � ow� eld was mixing limited, and the
combustion ef� ciency was within approximately 5% of the
mixing ef� ciency.

Comparisons between the calculations and experimental
measurements of the wall pressure, surface heat � ux, in-stream
pitot pressure, as well as Mie scattering � ow visualization,
indicated good overall agreement. The worst agreement for the
wall pressures was in the immediate vicinity of the ramp in-
jectors. Agreement with the instream pitot pressure measure-
ments was particularly encouraging.
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