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Effects of Injector Geometry on Scramjet
Combustor Performance
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An experiment was conducted to investigate the effect of injector/combustor geometry on combustion-induced
peak wall pressure and associated upstream influence, as well as on mixing/combustion characteristics at an
entrance Mach number of 2.5. The length of the constant area section downstream of injection orifices had a
strong influence on the above-mentioned characteristics. However, the sweep of the rearward-facing steps on
both side walls had little effect on these characteristics, nor did reversing them have any effect. The peak wall
pressure and the length of the upstream influence agreed qualitatively with predictions of an analytical model
and an empirical formula developed at Johns Hopkins University. Fuel jets injected from the model with the
longest constant area section and the fuel equivalence ratio of unity, coalesced at a very early stage downstream
of the fuel injection orifices. This coalescence led to a decrease in mixing rate downstream, despite the higher
degree of mixing near the injection orifices. The combustion efficiencies were higher than those obtained at
NASA Langley in the upstream region due to the higher mixing rate near the injection orifices.

Nomenclature
A = cross-sectional area
C = mass concentration
H = combustor entrance height
h = rearward-facing step height
ht = total enthalpy
L = combustor length measured from the step
Lc = length of constant area section
\i — distance of the upstream influence
m = mass flow rate
p = pressure
pwa = wall pressure at the point where it diverges from

that of the noninjection case
T = temperature
u = velocity in x direction
W = molecular weight
x, y, z = Cartesian coordinates, (Fig. 1)
a = sweep angle of the step
y = specific heat ratio
8ht = increment of ht due to combustion
8Tt = increment of Tt due to combustion
jjc = combustion efficiency
T]m = mixing efficiency
p = density
<$> = Eqs. (4a) and (4b)
<X>' - Eqs. (3a) and (3b)
cf> = overall fuel equivalence ratio before burning
(/>' = local fuel equivalence ratio at the hypothetical

state before burning

Subscripts
a = air or vitiated air
b = fuel burnt
/ = fuel before burning
max = maximum

Received Oct. 31, 1991; revision received July 2, 1992; accepted
for publication July 29, 1992. Copyright © 1992 by the American
Institute of Aeronautics and Astronautics, Inc. All rights reserved.

*Head, Ramjet Performance Section, Kakuda Research Center.
tResearcher, Ramjet Performance Section, Kakuda Research

Center.
^Senior Researcher, Kakuda Research Center.
§Senior Researcher, Kakuda Research Center. Member AIAA.
HHead, Ramjet Structure Section, Kakuda Research Center.

t = total or stagnation
w = wall

Introduction

A MONG various components of the scram jet engines, the
combustor presents the most difficult problems. It is in

this component where fuel should be thoroughly mixed with
air and where reliable ignition and stable flame-holding should
be achieved in an extremely high velocity stream. Previous
experimental works in this field can be classified into three
categories: 1) ignition/flame-holding, 2) mixing/combustion,
and 3) combustion mode. Since the present study focuses on
the effect of injector/combustor geometry on mix-
ing/combustion performances, the research relevant to the
present study as reported in the literature is briefly reviewed
first.

Anderson et al.1 investigated the combustor behavior with
entrance Mach numbers of 1.3 and 1.7 by using a unique
model simulating the center strut of the NASA-Langley's air-
frame integrated scram jet. They observed that the swept-step
caused nonuniform mass flux distribution of the test gas and
also found that there were no significant disturbances ahead
of the step even with stoichiometric fuel injection, implying
a suppression effect of the swept-step. Diskin and Northam2

examined the effects of scale and geometric parameters on
the combustor performances with an entrance Mach number
of 2.0. The length of the constant area section downstream
of the fuel injector was found to have a strong effect on both
the combustion and the amount of fuel injected without re-
sulting in upstream interaction. The addition of the constant
area section acted also as a combustion stabilizer by causing
higher pressure.

Billig and Dugger3 at the Johns Hopkins University, Ap-
plied Physics Laboratory (JHU-APL) developed an analytical
method to predict the strength of a precombustion shock ap-
pearing at the combustor entrance caused by phenomena oc-
curring in the combustor. The wall pressure distribution pre-
dicted by this method agreed with the experimental results
reasonably well. In relation to this method, the upstream
influence of the precombustion shock has long been one of
the primary concerns of the JHU-APL group. In their engine
tests, Billig et al.4 experienced forward recirculation of the
fuel-air mixture, leading to inlet unstart and, in the worst
case, to burning outside the inlet cowl. This was mitigated by
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adding an isolator duct between the inlet and the combustor.
The isolator, however, is a source of total pressure loss, es-
pecially in the supersonic flow. In order to determine the
optimum length of the isolator, they introduced a semiem-
pirical model describing wall pressure distribution. Waltrup
and Billig5 later modified this model by conducting tests on
a nonreacting cylindrical duct with downstream throttling to
simulate combustion-induced compression.6 The adequacy of
this model for a rectangular duct was confirmed by Bement
et al.7

Researchers in countries other than the United States have
also contributed to the field. Masuya et al.8 conducted an
experiment on the supersonic combustion mode in air breath-
ing rocket combustors with entrance Mach numbers of 1.7-
2.2. They observed that mixing and combustion performances
were much poorer in a supersonic combustor than in a sub-
sonic one. When a short constant area section was attached
at the entrance of the diverging combustor, mixing perfor-
mance was greatly improved, and dual-mode combustion was
attained, that is, the flow immediately downstream of the
entrance was subsonic, but soon became supersonic. Komuro
et al.9'10 conducted tests on a cylindrical combustor with an
entrance Mach number of 2.5. By increasing the fuel equiv-
alence ratio, the combustion mode changed from supersonic
to subsonic. They also observed a drastic difference between
sub- and supersonic combustions in fuel distribution over the
combustor exit cross section. Avrashkov et al.11 examined the
effect of combustor geometry with an entrance Mach number
of 2.5 by using kerosene as fuel. They found that the peak
pressure near the combustor entrance increased when the
divergence in that portion decreased, a result similar to that
by Diskin and Northam.2

Despite comprehensive studies described above, there still
remain important characteristics of the supersonic combustors
to be clarified. Some of them are as follows: 1) the effect of
the length of constant area section in detail; 2) mixing im-
provement by reversing the swept-step on the two side walls
due to nonuniform flow; 3) the effects of the sweep and the
constant area length on the extent of upstream propagation
of combustion-induced pressure waves; and 4) applicability
of the analytical method for calculating the precombustion
shock strength and the empirical formula for the upstream
influence proposed by the JHU-APL group for various con-
figurations.

The present experiment was conducted to clarify the above-
mentioned issues. Five types of injector/combustor models
were tested. By measuring wall pressure distributions, com-
bustion-induced peak wall pressure, and the associated up-
stream influence as well as on mixing/combustion character-
istics were examined and compared with the formula developed
at JHU-APL.3'5 The contours of the fuel equivalence ratio
over the cross section were obtained from Pitot pressure and
gas composition measurements. They were compared with
each other to identify the difference of mixing characteristics
and were integrated to obtain mixing/combustion efficiencies.
The mixing/combustion efficiencies obtained with the present
models are compared with those obtained at NASA-Lang-
ley.2'12

Experimental Apparatus

Air Heater and Nozzle
Most of the hardware used is the same as that used by Sato

et al.13'14 and by Masuya et al.15 in tests of auto- and forced
ignition. Figure 1 shows a typical experimental setup. A hy-
drogen vitiation air heater16 was used for simulating high tem-
perature air entering the supersonic combustor. The test gas
nominally contained the same volumetric fraction of 21%
unreacted oxygen as that of air. The maximum values of stag-
nation temperature and pressure of the test gas, Tta and pta,
were 2500 K and 1.0 MPa, respectively. The maximum total
temperature corresponds to a flight condition of Mach 7.5.

ISOLATOR INJECTOR BLOCK
,\ ,_____/

AIR HEATER

AREA

( DIMENSIONS : mm )

Fig. 1 Typical experimental setup.

Table 1 Injector block models

Model
Nl
N2

N3
SI
S2

a, deg
(Sweep angle)

0
0

0
+ 45
+ 45 (left)
-45 (right)

Lc, mm
(Constant area section)

96
96 (left)
22 (right)
22
96a

96a

aFor the swept and re versed-swept step, the length of the con-
stant height section is measured along the line of y = 0.

Downstream of the heater, a two-dimensional Laval nozzle,
the design of which was based on the method of character-
istics, was attached to accelerate the test gas to supersonic
velocity. The nominal Mach number at the nozzle exit (i.e ,
at the combustor entrance) was 2.5. The nozzle exit had a
cross section 32-mm in height ( = H) by 147.3-mm in width.
The heater and the nozzle were cooled by a heat-sink. The
hardware was made of copper, except for the heater housing
which was made of carbon steel. In order to prevent the
combustion-induced pressure waves in the test section from
propagating upstream into the nozzle, a constant area isolator
duct 100-mm long was placed between the nozzle and the
combustor. The boundary-layer thickness at the isolator exit,
measured by a smaller Pitot probe rake to be described later,
was 10 mm on the average.

Combustor and Fuel Injectors
In order to identify the position inside the combustor in

the rest of this article, Cartesian coordinates with the x axis
parallel to the main stream, the y axis parallel to the side
plate, and the z axis normal to them are introduced as shown
in Fig. 1.

The combustor consisted of an injector block and down-
stream ducts. Its entrance had a rectangular cross section of
the same size as the nozzle exit and the isolator. The width
was kept constant all the way up to the combustor exit. Five
different pairs of replaceable injector blocks with a length of
250 mm were tested. In designing the injectors, major di-
mensions were determined by referring to a "recipe" rec-
ommended by NASA Langley.2 All of these injector blocks
had rearward-facing steps with a height, h, equal to H/1Q (3.2
mm) for flame-holding and suppressing upstream propagation
of combustion-induced pressure waves.

Differences in the injector blocks were the sweep angle a
of the step and the length of the constant area section Lc
behind it as shown in Table 1 and Fig. 2. The location of the
step at y = 0 on each side wall coincided at x = 0 for all the
models, except model N2 which had the steps on the two side
walls staggered in the x direction with each other. The ob-
jective in using the models Nl, N2, and N3 was to elucidate
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Fig. 2 Schematics of injector block models.

the effect of the length of the constant area section, while
models SI and S2 were used to reduce the combustion-induced
upstream influence as implied by Anderson et al.1 and to
examine the effect of swept-steps on mixing characteristics.

Gaseous hydrogen fuel was injected perpendicularly from
the side walls at sonic condition. The injection orifices were
located 4h downstream of the step in the direction parallel to
the x axis in all the cases. The spacing between them, mea-
sured perpendicularly to the x axis, was set equal to H for
the optimum mixing characteristics as suggested by Anderson
et al.17 Four injection orifices with a diameter of 4 mm were
drilled in one of the side walls and five orifices in the other
wall. The orifices on the two side walls were staggered with
each other in the y direction. The diameters of the latter
orifices were 4 mm for the three central orifices and 2.5 mm
for the orifices at either end in order to avoid too rich a
mixture of hydrogen near the top and the bottom walls, as
well as to allocate an equal amount of fuel to both walls.

The length downstream of the injector block could be varied
up to 918 mm in four steps as shown in Fig. 1. These lengths
corresponded to combustor lengths L defined as the distance
from the step to the exit along the x axis of 138, 336, 576,
and 1056 mm for models Nl, N2, SI, and S2. For model N3,
L were shorter than those of the other models by 74 mm,
because the step was located downstream. The side plates
diverged at the exit of the constant area section with a half-
angle of 1.7 deg. For the longest combustor, however, a pres-
sure rise due to boundary layer separation induced by over-
expansion of the exit stream which was discharged to the
atmosphere, was observed during the earlier runs. In the later
runs, therefore, the divergence angle of the end section with
a length of 480 mm was kept at zero to avoid such an un-
desirable phenomenon. The combustor and the injector blocks
were cooled by a heat-sink and made of stainless steel.

Procedures
Pressure taps were installed on the side walls at intervals

of 10-20 mm. Pitot pressure measurement and gas sampling
were conducted along a line parallel to the y axis by attaching
a water-cooled eleven-point probe rake. The measurement
was repeated several times by changing the probe rake lo-
cation in the z direction under the same experimental con-
ditions to obtain cross-sectional distributions. As stated be-
fore, the Pitot pressure profile in the boundary layer at the
exit of the nozzle was also measured by another smaller un-
cooled probe rake to obtain its thickness. The operating du-
ration of the vitiation air heater was 7 s, with the steady state
being established about 1.5 s after the initiation. Fuel was
injected mostly 3 s after the heater initiation, but at a Tta value
lower than around 1500 K, autoignition could not be ex-
pected.13 For such lower Tta cases, fuel was injected simul-
taneously with the heater initiation so that the transient high
temperature produced in the heater could ignite the fuel.948

Measurements of wall and Pitot pressures and gas sampling
were begun 4.2 and 4.8 s after heater initiation, respectively.

From analyses of gas sampled at each probing point over
the cross section, and from mass flow rate measurements of
air, oxygen, and hydrogen, cross-sectional distributions of
each species were obtained as follows:

In calculating these distributions, the vitiated air was as-
sumed to be uniformly mixed and completely reacted. The
validity of these assumptions was confirmed to be correct
within ±15% in the certification test of the heater.16 Thus,
the local concentration of air was determined from that of
nitrogen in the sampled gas. From this and the results of mass
flow rate measurements for air and oxygen injected into the
heater, the local concentration of oxygen at the hypothetical
state before burning was determined. From the difference
between the local concentration of oxygen before burning that
was determined and that residual in the sample, the concen-
tration of burnt hydrogen Cb was calculated. The local con-
centration of hydrogen at the hypothetical state before burn-
ing Cf was determined by adding those of the burnt hydrogen
and that residual in the sample.

The mixing and combustion efficiencies, j]m and j]c, are
defined as follows:

(1)

dA

<t>' = 1(0' < 1)
W s= 1)

$ = 1(0 < 1)

0(0 > 1)

(2)

(3a)

(3b)

(4a)

(4b)

Here, integrations are done over the combustor cross section.
The denominator in Eqs. (1) and (2) represents the amount
of fuel that would react if the mixture were uniform. The
numerators in these equations are the amount of fuel that
would react for r\m and that actually burnt for T/C, respectively.

Values of p and u in the integrals of Eqs. (1) and (2) are
calculated from measured Pitot pressure and static pressure
approximated by interpolation among wall pressures. The
specific heat ratio and molecular weight of the gas at each
point were calculated by assuming a uniform mixture con-
sisting of the unburnt deficient reactant and the rest, each of
which is under chemical equilibrium at the same pressure and
temperature. In carrying out the above integration, the dis-
tribution of the velocity from the wall to the nearest probing
points was approximated by the ?th power law.

Results and Discussion

Wall Pressure Distributions
The effect of 4> on the wall pressure distributions at the two

side walls along the x axis is shown in Fig. 3 for the injector
model Nl with L = 1056 mm and Tta = 2000 K. The wall
pressure pw is normalized by pta. There is no significant dif-
ference between the distributions on the two side walls (shown
as " + z" and " —z" in the figure, respectively). As the side
walls diverged up to the exit for these runs, pw rise abruptly
near the exit due to boundary-layer separation as described
earlier. The distributions show general trends common to all
the cases, i.e., a peak pressure appears near the injection
orifices caused by so-called "precombustion shock"11 fol-
lowed by a steep reduction. As (/> is increased, the level of
the distributions becomes higher due to the increase in heat
release, and its effect propagates upstream beyond the step
for $ greater than 0.6. The extent to which the upstream
region is influenced seems to depend on the magnitude of the
peak pressure. Similar behavior was observed when Tta was
decreased under constant (/>. The distributions of pw for L
shorter than those in the figure were also measured up to L
= 138 mm. The results were almost the same as those in
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Fig. 3 Effect of </> on pw distributions.
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Fig. 4 Effect of injector geometry on pw distributions.

Fig. 3, evidence of the occurrence of supersonic combustion
downstream of L = 138 mm.

The wall pressure distributions at (/> = 1.0 are shown in
Fig. 4 for the five injector blocks tested. Since the divergence
angle downstream of x = 576 mm for these runs were zero,
the exit stream did not separate as evidenced by the distri-
butions. Beyond x = 160 mm, there is no significant differ-
ence in the distributions among the models, showing almost
the same degree of heat release up to this region. In the
constant area section of x > 576 mm, pw gradually increases
downstream.

The peak pressure pmax9 normalized with the wall pressure
/?wa, at the point where pw diverged from the noninjection
case, is cross plotted from Figs. 3 and 4 against the relative
increment of total enthalpy 8ht/hta in Fig. 5. Figure 5a is for
model Nl at various <£ and Tta. Except for Tta = 1000 K, the
data correlate fairly well with 8ht/hta. A similar attempt was
made to correlate them with (f)ITta or 8Tt/Tta, which is rec-
ommended as governing parameters at NASA Langley12 and
JHU-APL,7 respectively. However, these parameters did not
show as good a correlation as the present one. In the figure,
pressures behind the step calculated by applying Billig's model3
are also shown as solid curves for comparison. They are con-
siderably lower than the present results, but the qualitative
tendency, i.e., a relatively higher pressure level at Tta = 1000
K compared with those at the other Tta, is similar. With the
same entrance Mach number and combustor geometry as in
the model presented here, a general expression for pmax/pwa
may be expressed as the following equation:

Therefore, the exceptional trend of the case with Tta = 1000
K may be due to the effects of differences in molecular weight
and specific heat ratio of vitiated air at the combustor en-
trance, which seems to be less sensitive at higher Tta.

Figure 5b compares/?max/pwa for the other models at Tta =
2000 K with the data in Fig. 5a. Model N3 has the lowest and
model Nl has the highest peak pressures among the injector
blocks tested. This shows the strong effect of the constant
area length on the combustor performance, as pointed out in

7-te(K) MODEL Nl

O 1000
A 1500
D 2000
V 2500 /1500>

—— Billig Model

Model

ta (K)=2000

0.5 1.0 1.5

b) 7to = 2000 K

Fig. 5 Pmaxvs8ht/hta.

250

200

150

100

50

0

Ref.8

teltrup and Billig'
te (K)=1000

1 2 3 4 5 6

Pmax /Paw

Fig. 6 Peak pressure and upstream influence.

previous investigations.2-8'11'19 The swept-step model SI shows
a slightly lower peak pressure compared with model Nl. How-
ever, the reversed swept-step model S2 exhibits almost the
same distribution as model Nl, i.e., there is no appreciable
peak pressure reductions from model Nl. It can be stated
from these results that the effect of the sweep of the step is
not significant compared with that due to reduction of the
length of constant area section such as in model N3, despite
our expectation implied by the data of Anderson et al.1

Although not shown here, similar tendencies were obtained
between dht/hta and the distance from the step to the point
where the effect of combustion reached the upstream area,
implying that the latter is correlated with /?max/pwa. Such a
correlation is shown in Fig. 6 for all the present data. The /r,
is defined as that along the x axis from the step to the point
where the wall pressure diverges from the noninjection case.
A fairly good correlation can be seen, irrespective of both Tta
and the injector geometry. Solid curves drawn in the figure
are based on an empirical correlation derived by Waltrup and
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Billig.5 This was taken from an experiment on supersonic flow
in a circular cross-section duct without step, and its validity
for a rectangular duct was also confirmed recently.7 In ap-
plying this empirical relation to the present experiment, the
momentum thickness of the boundary layer was set to be 0.1
mm based on the Pitot profile measurement as described ear-
lier.

The empirical curves predict higher peak pressure and show
strong dependency on Tta compared with the present data,
implying that a correction term accounting for the effect of
Tta needs to be incorporated into their model. It should be
noted, however, that their empirical curves are based on the
distance from the point of peak pressure, not from the step
as in the present data. As can be seen in Figs. 3 and 4, the
former point was located downstream of the latter by up to
20 mm. Even considering the difference in this distance, their
empirical curves lie still higher than the present data. Another
datum point from our experiment on a circular cross-section
combustor with fuel injected upstream of the step9 is also
shown in the figure. It shows a higher peak pressure than the
present data, too. These arguments indicate an important role
of backward-facing steps, i.e., suppression of combustion-
induced pressure waves. It should furthermore be noted that
the steps can act as a damper for the pressure waves by re-
ducing their magnitude. However, the step may cause inef-
ficient combustion by making static pressure lower,19 requir-
ing a sort of compromise.

Cross-Sectional Distributions
Contours of the local fuel equivalence ratio $' at the hy-

pothetical state before burning over the exit cross section of
various combustor lengths for model Nl are shown in Fig. 7.
Arrows along the boundaries of each cross section show the
corresponding locations of the fuel injection orifices located
upstream of the section presented. Although narrow regions
of high concentration of fuel near the top and bottom walls
can be seen in the shortest combustor, fuel jets seem to
coalesce quite early as evidenced by the disappearance of
traces of each fuel jet. A region of high fuel concentration in
the central part of the cross section still remains even in the
longest combustor, showing very slow mixing because of the
coalescence of the fuel jets.

The effects of Lc and </> on </>' contours are shown in Fig.
8. The combustor lengths L are 336 mm for model Nl and
262 mm for N3 (198-mm downstream of the exit of the injector
block in both cases). Fuel jet traces can be identified in model
Nl with 4> = 0.6 and in model N3 with </> = 1.0. For model
Nl, another experiment was also conducted with fuel injected
from only one of the side walls. In this run <£ was set equal
to 0.5 to match the injection condition with that in Fig. 7.
The results for this case at x = 336 mm (Fig. 9) exhibited
traces of the fuel jets clearly, and the fuel jets penetrated to
a point near the center of the duct.

It has been experimentally confirmed that penetration of
the perpendicular jet into a supersonic mainstream increases
with a decrease in its dynamic pressure20'21 and with an in-

Tte = 2000 K 0 = 1.0

Model N1

=0.6 Model N1 0=1.0

576mm

Fig. 7 Variation of local equivalence ratio contours for the model
Nl.

x=336 mm

0 = 0 . 6 M o d e l N3 0=1.0

Tta = 2000 K

Fig. 8 Effects of Lc and <f> on <f>' contours.

Tta = 2000 K

Model N1 0 = 0.5

Fig. 9 Contours of <f>' with injection from one wall only.

crease in boundary-layer thickness22 at the point of injection.
The value of the dynamic pressure behind a shock wave does
not necessarily increase with the shock strength, but rather
decreases when the latter is high. Therefore, it is quite pos-
sible that the dynamic pressure decreased with the increase
in shock strength in the present run, contrary to the conclusion
derived at NASA Langley.17'23'24 Furthermore, the boundary
layer is presumably disturbed and thickened by the precom-
bustion shock. In addition, it is anticipated from the experi-
mental results of supersonic mixing layers25 that the jet issuing
into a coflowing mainstream spreads more rapidly when the
Mach number of the latter is lowered by a shock wave as in
the present experiment.

Considering these experimental evidences and arguments,
the above results can be explained as follows: The fuel in-
jected in model Nl with </> = 1.0 (Fig. 7) may have penetrated
much deeper than those with <j> = 0.6 (upper left in Fig. 8),
that injected from only one wall (Fig. 9), and that in model
N3, because of stronger precombustion shock and a thicker
boundary layer. As described earlier with regard to the wall
pressure distributions, the length of the constant area section
has a strong effect on the strength of the precombustion shock.
This may have been responsible for the difference in mixing
pattern between models Nl and N3 seen in Fig. 8. The deeper
penetration and faster spreading of the fuel jets in model Nl
with $ = 1.0 show there was rapid mixing very near the
injection orifices, followed, however, by its suppression
downstream due to coalescence of the fuel jets. On the other
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hand, for model N3 with </> = 1.0 and model Nl with <f> =
0.6, the precombustion shock was weakened by a shorter
constant area section in the former, and by lower heat release
in the latter, causing the traces of the fuel jets to survive for
a longer distance. For </> = 0.6 with model N3 (lower left in
Fig. 8), the injected fuel is stratified because of much weaker
penetration of fuel jets. It should be noted from Figs. 7 and
8 that the mixing performance is very sensitive to both Lc
and </>.

In the experimental results at NASA Langley,17'23'24 there
are clearly identifiable traces of the fuel jets. This is due to
their shorter constant area section (LJH = 0.65 and 1.22
compared with the present value of 3.0 of model Nl) and the
larger divergence angle (half-angle of 2.0-6.6 deg compared
with the present 1.7 deg) of the combustor. It seems probable
that the strength of the precombustion shock may depend not
only on the magnitude of the combustion-induced heat re-
lease, but also its gradient. Therefore, the fact that the fuel
injection orifices on the walls opposing each other were axially
staggered in their experiments as in the present N2 model,
also accounts for this difference, because such staggering can
relax the heat release gradient in the x direction. The peak
pressure ratio pmax/pwa in their experiment was 2.0 at the high-
est, compared with the present 4.5 in model Nl, supporting
the above reasoning.

The </>' contours for model N2 shows just the intermediate
characteristics between models Nl and N3, and those of models
SI and S2 have a pattern similar to that of model Nl with
partial evidence of fuel jet traces. These results are not shown
here.

Combustor Performances
Figure 10 shows variations of rjc with L/H for all the models

with <£ = 1.0 and Tta = 2000 K. Combustion efficiencies over
70% are attained for L less than 5H, but their growth rate
with L is so small that they do not seem to exceed 90%, even
with a combustor longer than those in the present test. Though
the difference is slight, model Nl shows the worst efficiency,
whereas models N2 and N3 attained the best performances
for the range of combustor lengths tested. The lowest rjc in
model Nl may be due to the aforementioned coalescence of
the fuel jets, which prevented further progress of fuel-air
mixing. In this case, however, it should be noted again that
the fuel penetration and mixing rate may be higher, and there-
fore, higher mixing and combustion efficiencies may have
been attained at a very early stage after fuel injection, as
mentioned previously. The highest r\c in models N2 and N3
may be primarily due to a shorter constant area section, lead-
ing to survival of the fuel jet traces, which allows further
mixing. Contrary to the case with model Nl, however, fuel
penetration and mixing rate may be lower near the fuel in-
jection orifices. These phenomena can be regarded as evi-
dence of the important role of the injector geometry, espe-
cially the length of the constant area section, in supersonic
combustion.

The swept-step models, SI and S2, show a slightly better
7yc than the unswept model Nl. However, there is no clear
difference in r\c between models SI and S2. Again, despite
our expectation, reversing the opposing swept-steps with each
other is found to have no advantage over the nonreversed

0.8

0.6

0.4

0.2
2000 K 0 =1.0 O S2

20 30
L/H

Fig. 10 Combustion efficiencies.

case with regard to wall pressure distributions. The mixing
efficiency, though not shown here, had similar characteristics
and almost the same magnitude as r\c.

Also shown in Fig. 10 are NASA-Langley's data of an ex-
perimentally obtained combustion efficiency2 as a dotted curve
and of an empirical correlation for the mixing efficiency12 as
a dot-dashed curve. Note that their mixing correlation was
obtained from a nonreacting experiment. They are quite lower
than the present results for L < 10//, but the mixing corre-
lation overcomes the present results at x = 30-40/f, where
the growth rate of r\c in the present results is very small. As
explained previously, these differences are due to a smaller
Lc, a larger divergence angle, and axially staggered fuel in-
jectors in the combustor model used at Langley as compared
with those in the present one. These differences may have
resulted in the strengths of precombustion shocks being dif-
ferent from each other.

Summarizing the effect of the length of the constant area
section on the combustor performance again, it can be stated
that a larger Lc is very effective for enhancing mixing between
air and the fuel, but care must be taken to avoid coalescence
of fuel jets, which suppresses further mixing. Therefore, there
must be an optimum value of Lc giving the best mixing per-
formances. Further insight into the best way to adjust di-
ameter, axial, or transversal locations, spacing of fuel injec-
tion orifices, injection conditions, and the geometry of the
injector is required for optimization of combustor design.

Conclusions
Results of an experiment on the effect of fuel injector ge-

ometry on scramjet combustor performance with an entrance
Mach number of 2.5 were presented. The following obser-
vations can be made:

1) The injector model with the shortest constant area sec-
tion had the lowest peak pressures while that with the longest
one had the highest.

2) The swept-step model showed a slightly lower peak pres-
sure compared with that of the unswept model with the same
effective constant area section.

3) The reversed swept-step model exhibited almost the same
wall pressure distribution as the unswept model.

4) The peak wall pressure and the distance of upstream
influence measured from the step correlated well irrespective
of both the air total temperature and the injector geometry.

5) An empirical model derived by Waltrup and Billig5 pre-
dicted a longer upstream influence than the present data at
the same peak pressure. This, together with the authors' pre-
vious experimental results, accounts for the suppression of
the upstream propagation of combustion-induced pressure
waves by the rearward-facing step.

6) The injector model with the longest constant area section
at the fuel equivalence ratio of unity caused coalescence of
fuel jets at a very early stage downstream of the injection.
Such a coalescence did not occur when the fuel equivalence
ratio was decreased to 0.6 or when models with a shorter
constant area section were used. This high sensitivity of fuel
mixing to the length of the constant area section is due to
pressure and Mach number changes.

7) The combustion efficiency is the highest for the injector
model with the shortest constant area section, whereas that
with the longest one has the lowest, depending on whether
coalescence of fuel jets occurs or not.

8) The swept-step and reversed swept-step models show a
slightly higher combustion efficiency compared with the un-
swept model of the same effective constant area section.

9) Reversing the steps opposing each other did not show
any advantage in the mixing and combustion efficiencies.

10) The present injectors showed much higher combustion
efficiencies than those obtained at NASA Langley near the
injection orifices, owing to the shorter constant area section,
smaller divergence angle, and axially nonstaggered arrange-
ment of the injection orifices. Downstream of the combustor,
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however, the growth rate of mixing becomes decreased and
the present data were overcome by the Langley's mixing cor-
relation.

Other important results not directly concerned with the
effect of the injector geometry are as follows:

11) Values of the peak wall pressure and the distance of
the upstream influence correlate well with the relative incre-
ment of the total enthalpy caused by combustion, except at
the vitiated air total temperature of 1000 K, where effects of
molecular weight and specific heat ratio become significant.
Similar correlation utilizing the fuel equivalence ratio divided
by total temperature or relative increment of total tempera-
ture instead of the relative enthalpy was less successful.

12) Billig's one-step model3 agreed qualitatively well with
the effect of vitiated air total temperature on the peak pres-
sure, but predicted relatively lower values.
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