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A method for augmenting the mixing of transverse injection in a scramjet combustor is suggested, and its
effectiveness is checked by numerical methods. The intent was to promote streamwise vorticity by modifying
the injector geometry using a cavity to increase the mixing rate and penetration. A three-dimensional Navier–

Stokes code adopting the upwind method of Edwards’s low diffusion � ux splitting scheme was used. The k–! SST
turbulence model was used to calculate the turbulent viscosity. The injector models proposed showed remarkable
increases of streamwise vorticity and, as a result, signi� cant improvements in mixing characteristics such as
mixing rate and penetration. However, the proposed models also showed additional losses of stagnation pressure.
The mixing characteristics are strongly related to the jet-to-cross � ow momentum � ux ratio J. In the case of higher
values of J, slower mixing rates, higher penetration, and more losses of stagnation pressure are shown.

Nomenclature
D = diameter of injector nozzle
J = jet-to-cross-�ow momentum � ux ratio
Lmix = mixing length
M = Mach number
P0 = average stagnation pressure
p = static pressure
T = temperature
Ws = molecular weight of species
Y = mass-fraction
Z f = penetration distance of fuel jet normalized by D
0 = circulation normalized by u1=D
¹; º = viscosity and dynamic viscosity
½ = density

Subscripts

a = air
f = fuel jet
i = condition of air in� ow
j = condition of jet exit
s = species
w = wall
0 = stagnation

Introduction

T HE design of a supersonic combustion ramjet (scramjet) com-
bustor requires very ef� cient fuel–air mixing methods because
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of the short residence time of air� ow within the engine. The resi-
dence time of air� ow in scramjetengines is only about a millisecond
for typical � ight conditions. Therefore, rapid mixing between the
fuel and air is required, while the stagnation pressure loss and the
heat loads must be minimized.1¡5

One reliable method of fuel injection for a scramjet engine is
transverse injection into the air� ow because the transverse injection
provides rapid fuel–air mixing and rapid penetration of the jet into
theair� ow. Transverseinjectionintoa supersoniccross� ow hasbeen
the subject of many experimentaland computationalstudies includ-
ing mixing, combustion, ignition, and measuring technologies.3¡15

A schematicof a single transverseinjectionis shown in Fig. 1. There
is a three-dimensionalbow shock in front of the injection hole. The
� ow� eld of transverseinjectioninto the supersoniccross� ow is very
complex. There are many shock structures: the bow shock in front
of the jet � ow, the separation shock generated due to the interaction
between the bow shock and boundary layer, the barrel shock, the
Mach disk, etc. These shock waves produce signi� cant stagnation
pressurelosses.A vortexpair is formedalongthe jet � ow mainlydue
to the expansion � ows toward the wake region behind the injection
hole, and its evolution is a very complex process involving three
dimensional tilting and folding of vortical structures near the jet
exit and dominance of the in� uence of the cross� ow farther down-
stream. It is well known that this vortex pair has an important role
in the mixing process. Results of previous studies have shown that
the backpressure, pressure around the injection hole, has a close
relationship to the structure of shock waves and Mach disk.7;8;14;15

Therefore, as a result, the backpressure has a signi� cant in� uence
on the � ow structure such as the formation and evolution processes
of streamwise vorticity.

This study was conducted to � nd more ef� cient methods to aug-
ment the mixing characteristics of transverse injection. It is well
known that streamwisevorticityis one of the key parametersof mix-
ing characteristics such as mixing rate and penetration. Therefore,
increasing streamwise vorticity to augment mixing characteristics
is often tried with modi� cations of injector geometry. Based on
that one of the main factors controlling the characteristicsof the jet
� ow in transverse injection is the backpressure, attempts have been
made to modulate the distribution of the backpressurewith modi� -
cations of injector geometry to promote streamwise vorticity. This
study was motivated by the idea that a reduction of backpressure,
especially around the front hemisphere of the injection hole, would
be more favorable to increase streamwise vorticity in transverse
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Fig. 1 Perspective view of mean transverse injection � ow� eld.15

Fig. 2 Grid systems near injection hole and jet � ow� eld.

injection. To reduce the backpressure around the front hemisphere
of the injection hole, some modi� cations of injector geometry are
introduced with cavities around the injection hole. A cavity near
the injection hole would reduce the backpressure with the aid of
� ow expansions generated over the cavity, which would make the
cross� ow de� ect more easily toward the jet � ow and, as a result,
would favorably increase streamwise vorticity.This concept to aug-
ment mixing characteristics was tested with a three-dimensional

Navier–Stokes computational code with the k–! SST turbulence
model.

Three kindsofmodel injectorswere tested.The � rstmodel shown
in Fig. 2 is thecanonicalmodel (model A) with no cavity.The second
model (model B) is designed to reduce backpressure, especially
around the front hemisphere of the injection hole with cavities near
the injection hole. The cavity geometry of model B is very simple;
there is an expansion ramp, base, and compression wedge in turn.
The injectionhole is located at the beginningpart of the cavity. The
last model (model C) is a modi� cationof model B. In a later section,
the geometry and grid systems will be discussed in detail. We will
show that mixing augmentation is strongly related with streamwise
vorticity and the distribution of backpressure around the injection
hole.We will also demonstrate that the models B and C improve the
mixing characteristics.

The main parameters investigatedin the present study are mixing
rate, penetrationdistance, and stagnationpressure loss. The goals of
mixing augmentation are a higher mixing rate, a higher penetration
distance, and a lower stagnation pressure loss. The mixing rate is
one of the most important parameters because an enhancement of
the mixing rate directly results in an enhancementof combustion in
a scramjet combustor. The penetration distance of the injectant is
also an important parameter because the fuel should be far enough
away from the combustor wall to enhance its mixing with air and
to avoid wall heating in scramjet combustors. An excessive loss of
stagnationpressure should be avoidedbecausethe loss of stagnation
pressure results in a loss of thrust.

Calculations
Governing Equations

Three-dimensional Navier–Stokes equations (see Ref. 16) were
used to solve mean � ow and the k–! SST turbulencemodel17;18 was
used to calculate turbulentviscosity.These governingequations are
expressed in vector form with tensor notations:
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where Q is the solution vector; E; F, and G are the convection
vectors; Ev; Fv , and Gv are viscous vectors; and St is a turbulent
source vector.The indices L and T denote the laminar and turbulent
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properties, respectively.The variables k and ! are turbulent kinetic
energy and turbulent dissipation variable, respectively. The turbu-
lence model coef� cients ¾ ¤, ¾ , ¾!2, ¯¤, ¯ , ®, and a1 are those of
the Menter’s k–! SST turbulencemodel.17;18 Ä is an absolute value
of vorticity, and F2 is a function of k, !, and distance from wall.
A model for the dilatation–dissipation term suggested by Wilcox19

is included to predict the compressibilityeffects.Diffusion velocity
of each species is calculated with the Fick’s law:
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where Ds is diffusivity of s species and s D a; f .
The formula and data of viscosity, thermal conductivity, and bi-

nary diffusivity are taken from Reid et al.20 The intermolecular po-
tential function is the Lennard–Jones 12–6 potential. The viscosity
of a pure gas is obtained from Chapman–Enskog equation, and the
viscosity of a gas mixture is calculated using the Wilke method.
The thermal conductivityof a pure gas is obtained from the Eucken
method, and the thermal conductivity of gas mixture is calculated
with Wassiljewa equation modi� ed by Mason and Saxena. The dif-
fusivity of a binary gas mixture is obtained from Chapman–Enskog
equation, and the diffusivity of a gas in the mixture is calculated
with Blanc’s law. The turbulent diffusivityand turbulent conductiv-
ity are obtained from the turbulent viscosity. The turbulent Prandtl
number and turbulent Schmidt number are both 0.9.

A � nite volume method is used to discretize the Navier–Stokes
equations.To theget � ux vectorat the surfaceof grid cell,Edwards’s
low diffusion� ux splitting(LDFS) scheme21 is adopted.The lower–
upper symmetric Gauss–Seidel (LU-SGS) scheme (see Ref. 22) is
used for time integration.

Geometry of Models and Grid Systems

Figure 2 shows the geometries and grid systemsnear the injection
hole of the model combustors.The length of the cavity is 4.0D, the
expansion angles of the front and rear ramps are both 30 deg. The
length of the cavity base is 1.0D. The jets are injected vertically
relative to the freestream.The diameterof the circularinjectionhole,
D, is 3.18 mm (same as that of the Gruber and Goss15 experiment).
The length of the combustor model is 28D (8D before and 20D
after the injectionhole), the width is 3.5D, and the height is 6D. The
center of the injection hole is located at the origin of the coordinate
system. The round jet was made with a numerical technique:
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:
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p
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±; R ¡ ± · r · R

0; r > R
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where w f;wall is the vertical velocityof the fuel the jet at wall, a j the
sonicspeedof the jet, r the distancefromcenterof the injectionhole,
R the radiusof the injectionhole, and ± thicknessof boundary layer.
In the present study, the boundary-layer thickness ± is set as 0.2D.
The grid points were clustered towards the position jx ¡ xc j D R
and jy ¡ ycj D R to make the cross-sectional shape of the jet be a
circular one.

Model A is the canonical injector model with no cavity. The
calculation results in model A were compared to the experimental
results of Gruber and Goss15 to validate the computation code used
in the present study.

In model B, there is a cavity near the injection hole to reduce the
backpressure, especially around the front hemisphere of the injec-
tion hole. The cavity geometry of model B is very simple, that is,
expansion ramp, base, and compression wedge, respectively. The
injection hole in model B is located in the front region of the cavity
because the mixing characteristics there were better than any other
position according to preliminary studies. The expansion angle of
the ramp is 30 deg, and the horizontal length of the expansion ramp
is 1.5D; hence, the depthof the cavity is 0.87D. The lengthof cavity

base is 1.0D. The compression angle of the wedge is 30 deg, and
the horizontal length of the compression ramp is 1.5D.

Model C is a modi� cation of model B and has almost the same
geometry as model B except in the region before and after the injec-
tion hole. The cavity only exists beside the injection hole. Hence,
there are no ramps in the front and rear regions of the injection hole
and there is a lateral step between the region of the injection hole
and the cavity. The injection hole in model C is located in the front
region of the step because the mixing characteristicsthere were bet-
ter than any other position as indicated in a preliminary study. The
geometry of the cavity is the same as model B.

The number of grid points of the primary grid system is
160[x] £ 45[y] £ 55[z] (D 396,000). All of the calculations were
conducted on the primary grid system. To check grid indepen-
dence, additional calculations on two different grid systems were
conducted. The number of grid points of the second grid system is
125[x] £ 34[y] £ 43[z] (D 182,750, 46% of the primary grid sys-
tem), and the number of grid points of the third grid system is
190[x] £ 56[y] £ 67[z] (D 712,880 (180% of the primary grid sys-
tem). The grid points are clustered near the walls and near the
injection hole and wall boundary.

Flow Conditions and Boundary Conditions

The calculationconditions are the same as the experimental con-
ditionsofGruberandGoss15 for thepurposeofcomparingthe results
of this study. In the experiment, the injectant was air. The in� ow air
and injectant are treated as ideal gases. The Mach numbers of the
air� ow and the jet � ow are 1.95 and 1.0, respectively. The jet is
injected vertically. The stagnation pressure and stagnation temper-
ature of the air in� ow are 317.7 kPa and 297 K, respectively. The
penetration and mixing rate of the jet are controlled by the jet-to-
cross � ow momentum � ux ratio J , de� ned as

J ´
.½V 2/ f

.½V 2/a
D

.° pM 2/ f

.° pM 2/a
(16)

In this paper, a parametric study was conducted with a variation of
the value of J from 0.5 to 2.0. The stagnation temperature of the
injectant is 297 K, and the static pressure and density at the nozzle
exit are determined according to the value of J .

Calculations were conducted on the half-domain divided by the
symmetric surface of the injection hole to reduce the computation
time. The top surface and right surface of computational domain
were treated as open boundaries. The boundary conditions of the
turbulencemodel for solid walls are

k D 0; ! D 10
6º

¯¤
1 .1y1/2

(17)

where 1y1 is the distancebetween wall and the � rst grid point away
from the wall. The turbulentviscositiesof the in� ow and the jet � ow
are both 0.01 times the laminar viscosity of the in� ow air.

Results
Code Validation

To validate the code used, the resultsof the presentstudy are com-
pared with the experimental results of Gruber and Goss.15 Also, the
calculationson two different grid systems were conducted to check
grid independence. Figure 3a shows a comparison of the distribu-
tions of the wall pressure along the centerline (y D 0). The center
of the injection hole is located at .x; y/ D (0, 0). Figure 3b shows a
comparisonof the distributionsof backpressurearoundthe injection
hole. The position ¡90 deg denotes the front of the injection hole,
and the position 90 deg denotes the rear end of the injection hole.
The radial distance between the measuring point and the boundary
of the injection hole is 0.2D.

Even the calculation on the second grid system (the number of
grid points is about 46% of the primary grid system) showed rea-
sonableagreementwith the resultsof Gruber and Goss15; the largest
difference occurs at x=D D ¡1:6 by 9.2% of the experimental da-
tum. The calculation on the third grid system (the number of grid
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Fig. 3 Validation results in model A (J = 1.0): a) centerline wall pres-
sure pro� le and b) distribution of backpressure.

points is about 180% of the primary grid system) showed almost
the same results as the primary grid system; the largest difference
occurs at x=D D ¡1:0 by 2.7% of the datum of primary grid sys-
tem. The wall pressures along the center axis in the present study
showedalmost the same resultsas theexperimentalresultsofGruber
and Goss15 except for a small region in front of the injection hole.
Backpressures around the injection hole in the present study have
slightly lower values beside the injection hole (between ¡45 and
30 deg) than that of the experimental results of Gruber and Goss15;
the largest differenceoccurs at the ¡42-deg positionby 9.5% of the
experimental datum.

Global View of Mixing Process

To compare the overall trends of the mixing process among the
three models, the mass fractions of injectant are plotted in Fig. 4.
Figure 4a shows the mixing process when the value of the jet-to-
cross� ow momentum � ux ratio J is 0.5, Figs. 4b and 4c show the
mixing processeswhen the values of J are 1.0 and 2.0, respectively.
The � rst part of Figs. 4a–4c shows the mixing process of the model
A, second and third parts show the mixing processes of models B
and C, respectively.

A comparison among Figs. 4 in each row illustrates that the mix-
ing rates and the penetrationdistances of injectants in models B and
C are higher than those of model A. As such, two models proposed
in this study show different trends of mixing enhancement. At the
near � elds, model B strongly enhances the mixing rate, whereas
model C only slightly enhances the mixing rate. However, at the far
� elds, model B slightly enhances the mixing rate, whereas model C
stronglyenhancesthe mixing rate. In a global sense,modelsB and C

both show an enhancementof penetration.In the following sections,
the reason and the measureof mixing enhancement in modelsB and
C will be discussed.

A comparison of Figs. 4a–4c illustrates that the mixing rate de-
creases and the penetrationdistance of the injectant increases as the
value of J increases. This suggests that the value of J should be
carefully selected for a scramjet combustor because the mixing rate
and penetration distance of the injectant show opposite trends from
each other with a variance in the value of J .

Flow� elds Near Injection Hole

The pressure � elds and velocity � elds in the x-directional cross
sections near the injection hole are plotted in Fig. 5 to understand
the formationand evolutionprocessesof streamwisevorticities.The
value of J is 1.0. In the pressure � elds, the dark region has high
pressure, and the bright region has low pressure. The highest value
of pressure is 1.4pi , and the lowest value is 0.1pi . In the velocity
� elds, the size of the velocityvector shown is the velocitymagnitude
of in� ow air.

At the planes x=D D 0:5, the pressure� elds of three models show
the existence of bow shocks. The bulk sizes of the high-pressure
regions of models A and C are nearly identical, whereas the bulk
size of the high-pressure region of model B is much smaller. This
is because there is an expansion ramp behind the injection hole in
model B unlike the other models. In the velocity � elds, models B
and C show much stronger expansion � ows in the lateral direction
than model A.

The successive parts of Fig. 5 from the planes x=D D 1:0 to the
planes x=D D 3:0 show the formation and evolution processes of
streamwise vorticities in the three models. Note that in models B
and C much larger and stronger vortex � ows are generated than in
model A between the planes x=D D 1:0 and the planes x=D D 3:0.
The pressure � elds show that these vortex � ows are generated due
to the pressuregradients formed in the cavity regions.The shapesof
the vortex � ows of models B and C are slightly different from each
other, which is due to the existence of a lateral step in model C.

At the planes x=D D 4:0, models B and C still have larger vortex
� ows and stronger vorticities than model A. These trends would
be maintained downstream because the strong pressure gradients
disappear downstream. From the preceding description, it may be
stated that models B and C have higher streamwise vorticities than
model A.

Streamwise Vorticity

It is well known that streamwise vorticity can greatly in� uence
the mixing process in high-speed � ows.23¡27 Streamwise vortic-
ity produces a large convection � ow in the plane perpendicular to
the streamwise direction and promotes mixing between air and in-
jectants. The transverse injection across the supersonic � ow also
produces a strong vortex along the jet � ow. Therefore, there must
be strong in� uences of streamwise vorticity on mixing characteris-
tics. To understandthe in� uences of streamwise vorticityon mixing
rate, penetrationand changes of circulation in the y–z plane are an-
alyzed. The de� nition of normalized circulation is expressed in the
following form:

0.x/ D
Z Z

y;z

­­­­
@v

@z
¡ @w

@y

­­­­½u dy dz (18)

The histories of circulation of all models are plotted in Fig. 6. The
streamwise vorticities produced using models B and C are higher,
in general, than what is produced using model A. These higher cir-
culations in models B and C are due to the vorticities generated
by the cavity regions x=D D 1:0 and 2:0. As already, mentioned, in
models B and C much larger and stronger vortex � ows are gener-
ated between the planes x=D D 1:0 and the planes x=D D 3:0 due to
the pressure gradients formed in the cavity region. The higher sec-
ond peak of circulation in model C is believed to be due to vortex
stretching with the aid of the lateral step of model C (Fig. 5).
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a) J = 0.5

b) J = 1.0

c) J = 2.0

Fig. 4 Overall view of mixing process: injectant mass fraction of model A in the � rst column, of model B in the second column, and of model C in
the third column; darker region has higher mass fraction, and highest value of mass fraction is 1.0.

The strengthof circulationis closely related to the value of J (jet-
to-cross�ow momentum � ux ratio). In the case of a higher value of
J , there is stronger streamwise vorticity than that with a lower value
of J . This is believed to be because a jet � ow with a higher value of
J more strongly interacts with the air� ow. Another possible reason
is that an injectantwith a larger value of J has larger density,which
produces stronger baroclinic sources.23¡25

Backpressure

It is believed that backpressurestrongly in� uences the character-
istics of jet � ows. The trends of backpressure in our three models
are plotted in Fig. 7 to obtain information about the relationshipbe-
tween pressuredistributionand streamwisevorticity.The measuring
points are 0.2D away from the boundary of the injection hole. The
¡90-deg position is the front of the hole and the 90-deg position
is the rear end of the hole. Backpressures are normalized by the
pressure p2 , which is the pressure of air� ow behind a normal shock
wave.15

Models B and C have lower backpressuresaround the front hemi-
sphere and higher backpressuresaround the rear hemisphere of the
injection hole than model A at all values of J . As shown in Fig. 5,
these lower backpressuresaround the front hemisphere in models B
and C are the result of � ow expansions toward the cavities. The
Higher backpressuresaround the rear hemisphere of models B and
C of the injection hole are because the vortex � ows induced in the
cavities supplement � ows toward the wake regions behind the in-
jection hole. A comparison between models B and C shows that
model C has lower backpressurearound the front hemisphereof the
injection hole than model B, which means that the � ow expansion
toward the cavity in model C is stronger than that in model B. This
is consistent with results shown in Fig. 6 that model C has higher
streamwise vorticity than model B.

Note that an effectivebackpressure7;8;14;15 is not thekeyparameter
to explain mixing augmentation. For instance, among the cases
whose values of J are 0.5 (Fig. 7a), models B and C whose ef-
fective backpressuresare higher that that of model A have a higher

mixing rate and higher penetration.This means that the distribution
of backpressure is not directly related to the mixing characteristics,
but, rather, is strongly related with a formation of streamwise vor-
ticity. Therefore, it can be stated that lower backpressurearound the
front hemisphere and higher backpressures around the rear hemi-
sphere of the injection hole is more favorable to the generation of
streamwise vorticity and, as a result, to the mixing process.

Mixing Rate

The mixing rate is one of the most important parameters of mix-
ing characteristicsbecausethe combustionprocessstronglydepends
on the mixing process. Figure 8 shows the trends of mixing rates
in the models A, B, and C with a variation of the value of J . The
de� nition of mixing rate is the decay rate of maximum injectant
mass fraction. The decay rate of the maximum mass fraction of the
injectant jet was changed to be almost linear on a log–log scale at
the far � eld (after about x=D D 8 in model A). This is believed to be
because the mixing process largely depends not on the convection
but on mass diffusion at the far � elds. Therefore, there is a tran-
sition of mixing regime from a convection-dominatedregime to a
diffusion-dominatedregime because there are no � ow-acceleration
mechanisms at the far � eld.23;24

Models B and C show a higher mixing rate than model A at all
values of J . Model B shows the highest mixing rate at the near
� eld, whereas model C shows the highest mixing rate downstream.
When it is considered that the streamwise vorticities of models B
and C are higher than that of modelA (Fig. 6), a strongerstreamwise
vorticity seems to be the main reason for the enhancement of the
mixing rate. This result is consistent with the results of previous
studies.23¡27 As mentioned earlier, in Fig. 5 stronger streamwise
vorticities in models B and C are believed to be due to additional
vorticity generated with the aid of the cavities. The � ows expand
toward the cavity and turn back to the jet � ow, which help the jet to
mix with air and to penetrate into the cross� ow. From this, it can be
statedthatmodelsB andC may be more favorablethan thecanonical
model for the mixing process in a real scramjet combustor.
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Fig. 5 Comparisons of pressure � elds and velocity � elds among models A, B, and C at near � elds; darker region has higher pressure, and highest
pressure is about 3.8pi.

Mixing rates are closely related to the value of J . In cases of a
higher value of J , slower mixing than that with lower values of J
are shown,which because, in caseswith a small valueof J , there is a
weak inertia forceof the jet � ow. The air� ow can disturbor stir more
easily the jet � ow with a lower value of J than that with a higher
value of J . When the variations of streamwise vorticity due to the
change of the value of J (Fig. 6) are considered, the streamwise
vorticity is not the only parameter for mixing rate; the case with
higher value of J has a higher circulation but a lower mixing rate
than that with a small value of J . The mixing rate is determined by

the streamwise vorticity and the inertia force of the jet � ow relative
to that of cross� ow simultaneously.

The concept of mixing length has been adopted to quantify the
mixing capabilities of the three models. The mixing length is eval-
uated by the downstream distance at which the maximum mass
fraction has decayed to 0.5. Figure 9 shows the comparison of the
mixing length in the three models. Models B and C have shorter
mixing lengths than that of model A, which means that models B
and C have higher mixing capabilities than model A. The mixing
lengths of all models increased almost linearly with an increase in
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Fig. 6 Comparison of circulation normalized by diameter of injection
hole and velocity of in� ow air.

the value of J . The increased rates of mixing length of models A
and C accordingto an increase in the value of J are almost the same
as each other, whereas the increased rates of the mixing length of
model B is higher than those of both models A and C. Therefore,
it can be stated that model C would enhance mixing irrespectiveof
the value of J , even if the value of J is up slightly higher than 2.0.

Penetration

The injected fuel must penetrate high enough into the cross� ow
to minimize wall heating and to maximize combustion ef� ciency.
The penetrationdistance is estimated with the center of mass of the
fuel from the lower wall, which is de� ned in the following form:

Z f .x/ D
Z Z

y;z

½ f z dy dz

,Z Z

y;z

½ f dy dz (19)

Figure 10 shows the trajectory of penetration distances of the com-
bustor models. The reference location z D 0 is the lower wall of the
combustor, not the injection hole, and is the same for all geome-
tries. In every case, the penetration distance increases rapidly right

Fig. 7 Distribution of backpressure around injection hole.

after the injection, but the increasing rate of penetration decreases
gradually and � nally becomes a constant at the far � eld.

Models B and C show higher penetrationdistances than model A
at all values of J . The lower penetration of models B and C at
the near � elds are due to the portions of injectant in the cavity
transported by the expansion � ows toward the cavities. The rate of
penetration increase downstream in model C is almost the same as
that in model A, and the rate of penetration increase in model B
is slightly higher than that in the other models. The reason why
the penetration in model B is lower than that of model C is that
the position of the injection hole is lower than that of model C.
From this, it can be stated that models B and C are more fa-
vorable than the canonical model for combustion in real scramjet
combustors.

The penetration distances are closely related with the value of
J (jet-to-cross�ow momentum � ux ratio). In the case of a higher
value of J higher penetration distance than that with a lower value
of J is shown. This is because jet � ow with a higher value of J
has a stronger inertia force relative to the cross� ow than that with a
lower value of J . When only the penetrationof the jet is considered,
the cases with a higher value of J are more favorable. However, as
alreadymentioned,the tradeoffof mixing rate shouldbe considered.
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Fig. 8 Comparison of mixing rate expressed by decay rate of maxi-
mum mass fraction of injectant (plotted on log– log scale).

Fig. 9 Comparison of mixing length normalized by diameter of injec-
tion hole; mixing length evaluated by downstream distance at which the
maximum mass fraction has decayed to 0.5.

Fig. 10 Comparison of penetration distance normalized by diameter
of injection hole.

Stagnation Pressure Loss

Generally, the mixing process producesa loss of stagnationpres-
sure that results in a loss of thrust. Therefore, it should be checked
whether or not there are additional losses of stagnation pressure
due to mixing augmentation. The de� nition of average stagnation
pressure in the y–z plane is expressed in the following form:

P0.x/ D
Z Z

y;z

p0½u dy dz

,Z Z

y;z

½u dy dz (20)

The stagnation pressure and stagnation temperature are calculated
with the thermodynamic relationship:

³
p0

p

´
D 1

R

Z T0

T

cp

T
dT

Z T0

0

cp dT D
Z T

0

cp dT C 1

2
.u2 C v2 C w2/ (21)

where cp is the constant pressure speci� c heat and R is the gas
constant.
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Fig. 11 Comparison of stagnation pressure normalized by stagnation
pressure of in� ow air.

Figure11 shows the historiesof averagestagnationpressurealong
the streamwise direction in models A, B, and C normalized by the
stagnationpressureat in� ow. All models show very similar histories
of stagnationpressures; there are slow decreases of stagnationpres-
sure in the regionbefore the injectionhole (x D 0), but the stagnation
pressuresbegin to decreasevery steeplyfrom the region right before
the injection hole. These rapid decreases of stagnation pressure are
believed to be due to bow shock and separation shock formed in
front of the jet � ows. The decreases of stagnation pressure after the
injection are believed to be because of streamwise vortex pair and
dissipation.The ratesof stagnationpressurelossare reducedafter in-
jectiondue to the supplementsof stagnationpressureby the jet � ows.

ModelsB and C showmore stagnationpressurelossesthan model
A. These additional losses of stagnation pressures in models B and
C occurduringthepromotionsof streamwisevorticity,which agrees
well with the Crocco’s theorem; in models B and C, the additional
streamwise vorticity (shown in Fig. 5) coincideswith the additional
stagnation pressure loss. When only the stagnation pressure loss is
considered,models B and C are unfavorable.However, an enhance-
ment of the mixing rate would enhance the burning rate in a real
scramjet combustorand, as a result, increasethrust.Therefore,stud-

ies including the burning process should be conducted determine
whether or not the mixing augmentation is favorable to the thrust.

Stagnation pressure losses are strongly related to the value of
J . The case of a higher value of J shows more loss of stagnation
pressure. An increase of stagnation pressure loss with the increase
of the value of J is due to two reasons: 1) The case of a higher value
of J produces stronger shock waves and, as a result, shows more
stagnation pressure loss (compare the decay rates right before the
injectionhole). 2) The case of a higher value of J producesstronger
streamwise vorticity, which was mentioned earlier in the preceding
paragraph.

Conclusions
In the present study, a method for the mixing augmentationof the

transverse injection in a scramjet combustor was proposed, and its
effectivenesswas studied using numericalmethods. It was intended
to promote streamwise vorticity by a modi� cation of the injector
geometry with a cavity to increase the mixing rate and penetration.

The injector models proposed in the present study, especially
model C, showed signi� cant improvements in the mixing charac-
teristics, such as mixing rate and penetrationof the jet. We have also
shownthat thesemixingaugmentationsare a resultof additionalpro-
ductions of streamwise vorticity induced by a cavity. However, the
mixing augmentations resulted in an additional loss of stagnation
pressure. Therefore, studies including the burning process should
be conducted to determine whether or not the mixing augmentation
is favorable to the thrust.

Mixing characteristicsare strongly related to the jet-to-cross�ow
momentum � ux ratio J . In the case of a higher value of J , a slower
mixing rate, higher penetration,and more losses of stagnationpres-
sure are shown.
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