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Mach 8 Testing of a Scramjet Engine with Ramp Compression

Takeshi Kanda,¤ Kouichiro Tani,† Kan Kobayashi,‡ Toshihito Saito,§ and Tetsuji Sunami§

National Aerospace Laboratory, Miyagi 981-1525, Japan

To improve combustion ef� ciency and the inlet started condition, a scramjet model having a ramp combined
with a single strut was tested under Mach 8 � ight conditions at the Ramjet Engine Test Facility of the National
Aerospace Laboratory, Japan. The attached ramp shielded some of the fuel injectors. The fuel � ow rate from the
open injectors to the � ow path was designated as the effective fuel � ow rate. In the tests, a combustion ef� ciency of
90%was attained with vertical injection of hydrogenfuel. The thrust increase was 590N at the effective equivalence
ratio of 1.3. However, because the engine geometry was not optimized, a suf� cient increase of the thrust was not
attained. High temperature and high pressure necessary for ignition and combustion were achieved by the ramp.
When the pressure in the isolator was 160 times as high as that of the freestream air due to combustion, the inlet
was in the started condition despite the high pressure. This improved started condition was attained by using the
ramp to increase the pressure in the inlet.

Nomenclature
h = height of the backward-facingstep, mm
P = pressure, Pa
w = engine width at the exit, mm
x = horizontal distance from the leading edge

of the top wall, mm
x1 = horizontal distance from the leading edge

of the sidewall, mm
y = vertical distance from the top wall at the entrance

position, mm
z = spanwise distance from the engine symmetry plane, mm
1F = thrust increase from that with no-fuel condition, N
1L = lift increase from that with no-fuel condition, N
Á = equivalence ratio

Subscripts

e = effective
t = total
w = wall
1 = freestream condition

Introduction

S TUDIES of an aerospaceplane are being carried out to create a
new transportationsystem for use to and from a low Earth orbit.

One of the enginesbeing consideredfor use in this aerospaceplane,
the scramjet engine, is being studiedat the NationalAerospaceLab-
oratory,KakudaResearchCenter. In the Ramjet Engine Test Facility
(RJTF) at the center, subscalescramjet researchenginemodels have
been tested under Mach 4, 6, and 8 � ight conditions.1 Detailed re-
sults of subscale scramjet engine tests other than those obtained in
the RJTF2¡8 have not been open to the public, and thus the results
of the RJTF have greatly contributed to the progress of scramjet
engine research.
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In the � rst series of the tests conductedunder Mach 8 � ight con-
ditions, only a slight pressure increaseby fueling was observed.6 In
this testing, the air was compressed only by sidewall contraction,
and the pressure in the combustor was about 10 kPa. In the second
series, an increase in pressure by combustion was attained by the
additionof a strut, which resultedin a contractionratio of 5 (Ref. 7).
However, a large amount of fuel was necessaryto attain this pressure
increase. In the third series, a thicker strut was used, and a combus-
tion ef� ciency of about 90% was attained.8 However, the engine
con� guration with the thicker strut induced an unstarted condition
for fuel � ow rates above the stoichiometric one, and the combus-
tion region was limited in the divergent section far downstream of
the fuel injectors.The combustion induceda large Rayleigh heating
total pressure loss. To improve the combustionconditionsand start-
ings, another modi� cation of geometry was applied in the fourth
series of the tests, speci� cally, ramp compression combined with
the sidewall compressionand the strut compressionwas introduced
in the inlet.

As for the design of a combined-cycleengine with variable wall
geometry,wedge-shapedsidewalls are not suitable for such variable
geometry, and ramp compression achieved by a movable top wall
is more promising. Thus, the present test results with the ramp are
useful in understanding the characteristics of engines with ramp
compression. The results of the testing, as well as discussion and
analysis of the results, are presented in this paper.

Experimental Apparatus and Methods
Test Facility

The RJTF is equipped with a high-temperature, high-pressure
air supply system and a vacuum ejection system. For these tests,
the Mach number at the exit of the facility nozzle was 6.73. The
total temperature and the total pressure of the air were 2600 K and
10.0 MPa, respectively. These correspond to � ight conditions at
Mach 8 with a � ight dynamic pressureof 26 kPa. The relatively low
dynamic pressurewas due to the facility’s capacity.Compressed air
was heated by a ceramic storage heater and subsequently heated
by a vitiation air heater. At the nominal operation, the � ow rates
of air, hydrogen, and oxygen for the vitiation heater were 6.16,
0.181, and 2.16 kg ¢ s¡1, respectively.The vitiatedair contained21%
oxygen and 27% water in volume fraction. The supersonic facility
nozzle had a square exit (51£ 51 cm). The nominal static pressure
at the exit of the nozzle, P1 , was 1.6 kPa. The boundary-layer
thickness was 90 mm at the engine entrance, according to pitot
pressure measurements.9 The inner surface of the top wall of the
engine was level with that of the Mach 6.7 nozzle to ingest the
boundary layer, simulating the entrance conditions of the engine
attached to the surface of the aerospace plane.
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Fig. 1 Engine model.

Engine Model

Figure 1 shows a schematic diagram of the water-cooled en-
gine model. The engine height was 250 mm. The top wall was
at y D 0 mm, and the cowl inner surface was at y D 250 mm. The
engine width was 200 mm, and the leading edges of the sidewalls
were at z D §100 mm. The swept angles of the sidewall and the
strut were 45 deg, and the backward-facingstep on the sidewall and
the exit plane of the engine also had swept angles of 45 deg.

The hatched part is the ramp block, which was installed for the
present tests. The overall contraction ratio of the engine is 9.3. The
pressure at the exit of the facility nozzle is low in the RJTF, so that
larger contractionattainedby combinationof the ramp and the side-
wall was required to attain a suf� cient pressure level in the combus-
tor.The anglesof the two-stageramp surfacewere 7 and 14deg from
the horizontal line in the inlet. The � rst ramp started at x D 91:4 mm
and the second ramp at x D 445:6 mm and y D 45:4 mm. The height
of the ramp block was 115 mm at the end of the inlet. The parallel
part of the ramp block continued to the end of the combustor. The
angle of the rear face of the block was 45 deg.

Because it will be used for other tests at the RJTF in the future, the
basic original engine model must be kept. If modi� cation is neces-
sary, however, some parts can be replaced with new ones, although
replacable parts are limited. The original engine was designed by
employinga combinationof sidewall and strut compression.There-
fore, a new top-wall plate was fabricated to attach the ramp block to
the engine, and the ramp parts had to be located between the inlet
and the combustor. The steep rear surface of the ramp block was
unfavorable for production of thrust.

On the strut, as well as on the sidewall, the parallel geometry
commenced at x1 D 609:8 mm. There was a backward-facing step
at the junctionof the isolator (Is.) and the combustor for 1) isolation
of the pressure increase in the combustor and 2) � ame holding. Its
height was 4 mm on the sidewalls and on the strut and 2 mm on
the top wall. The steps were located at x1 D 709:8 mm, 100 mm
downstream of the inlet.

The model had no igniter. In previous testing, autoignition was
attainedunder the Mach 8 � ight conditionsbecauseof the high total
temperature of the air.8 The fuel, hydrogen, was injected vertically
to the sidewalls through12 holes, or parallel to the sidewalls through
14 holes on the steps. Their throat diameter was 1.5 mm. Fuel was
injected at sonic conditions in the vertical injectors. The exit diam-
eter of the parallel fuel injectors was 3.0 mm. The pilot fuel was
supplied through 52 holes on the sidewalls upstream of the step un-
der the sonic injection condition. The hole diameter was 0.5 mm.
There wereno fuel injectionholeson the strut nor on the ramp block.
The total temperature of the fuel was approximately280 K, and the
total pressure of the fuel varied according to the fuel � ow rate.

These injectionholes were open to the air� ow. The engine model
was originally designed with no ramp blocks. Therefore, the ramp
blocks shielded 12 vertical injection holes, 10 parallel injection
holes, and 42 pilot fuel holes on the sidewalls. These holes were
not completely closed, and the same amount of the fuel leaked out

from these shielded holes as under the no-ramp condition.The fuel
� ow conditions were con� rmed by metering ori� ces and pressure
in the fuel injection manifolds. The leaked fuel would not enter the
combustor due to the high dynamic pressure of the air� ow and was
supposed to � ow out to the rear of the ramp block. In the present
paper, the � ow rate of the fuel from the injectors open to the air-
� ow is de� ned as the effective fuel � ow rate, designated with the
subscript e. The total fuel � ow rate is the sum of the fuels from the
open injectors and from the shielded injectors.

According to a three-dimensionalviscous calculationon the pre-
vious engine con� gurationwith a strut and no ramp block, the mass
capture ratio was 0.85 (Ref. 10). The ramp con� guration was de-
signedso that the shockwaves impingedon thecowl inner surface in
the isolator, and the measured wall pressure in the inlet was main-
tained at the same level as that of the previous model, as will be
discussed later. Therefore, the mass capture ratio of 0.85 was also
adopted for the presentengine in estimationof the equivalenceratio
and for purposes of discussion. Thus, the fuel � ow rate under the
stoichiometric condition was 47 g ¢ s¡1 .

Eighteen tests, 29–46, were planned. Of these, 13 tests were suc-
cessful. Each test was divided in several stages, where a different
kind of fuel supply condition was employed in each. These stages
are designated with a single alphabet character. Together with the
test number, a speci� c fuel supply stage is referred to, for example,
as stage 37a, stage 37b, etc.

The engine wall was made of copper. The following engine com-
ponentswere individuallycooledby water:1) the leadingedgeof the
inlet, 2) the inlet, 3) the top wall of the isolator/the constantduct part
of the combustor, 4) the sidewalls of the isolator/the constant duct
part of the combustor(C.C.) 5) the cowl, 6) the divergentduct part of
the combustor (D.C.) 7) the nozzle, 8) the leading edge of the strut,
and 9) the ramp block.The strut, except for its leading edge,was not
cooled. The water passages for cooling were fabricated by machin-
ing and covered by electroforming, except for that of the strut and
those of the ramp, which were fabricatedby machiningand brazing.

Measurements

Wall Pressure, Wall Temperature, and Heat Flux

Wall pressureand wall temperatureat 1 mm fromthe innersurface
of the model were measured. In the present paper, the wall pressure
is nondimensionalizedby the nominal static pressure at the exit of
the facility nozzle. The top-wall pressure at x1 D 1040 mm of the
ramp model was measured on the rear surface of the ramp. The
measurement error of the nondimensionalized wall pressure was
§0.06 in the nozzle and the inlet and §0.3 in the isolator and the
combustor. Temperature of the coolant water was measured at the
entrance manifold and at the exit for each engine component listed.

Forces and Moment

Thrust, lift, and pitching moment were measured by a � oat-
ing frame force measurement system (FMS). The error for force
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measurements was §50 N. The center of pitching moment was set
at x D 741:43 mm and y D 135:8 mm.

The drag, the lift,and thepitchingmoment in theno-fuelcondition
asmeasuredbyFMS were 980 N, 665N, and236 N ¢ m, respectively.
The forces measured by FMS contained drag, which should not be
included in the net force estimation. The increases of the thrust and
the lift caused by fueling from those in the no-fuel conditionwill be
shown and discussed subsequently.

Gas Sampling

Gas sampling was carried out at 14 locations at the exit of the
engine model using probes, each with a � ne sampling ori� ce of
0.3 mm, after probe calibration.11

One-Dimensional Calculation

A one-dimensional calculation was conducted to estimate the
kinetic energy ef� ciency of the inlet and the combustion ef� ciency.
The supersonic nozzle � ow from the plenum chamber was also
simulated. The calculation procedure was as follows:

1) The temperatureof the vitiated air and the � ow rates of the air,
hydrogenandoxygento the vitiationheaterwere speci� ed. The total
pressure was calculated from the choking condition at the facility
nozzle.The throat was square,32.5 £ 32.5 mm. The calculatedtotal
pressure agreed with the nominal value.

2) The exit size of the facility nozzle was corrected with the
measured average displacement thickness of 25 mm (Ref. 9). The
vitiated air was assumed to expand isentropicallyin the nozzle. The
calculated Mach number and the static pressure at the nozzle exit
agreed with the nominal values.

3) The effect of the swept angle of the engine was ignored, and
the distance from the leading edge was used when the calculated
results were compared with the experimental data.

4) The air and the combustion gas were assumed to be in the
equilibrium condition throughout the engine.

5) The mass capture ratio was 0.85, according to the previous
estimation by computational � uid dynamics (CFD).10

6) The speci� ed part of the fuel reacted in a stoichiometric con-
dition at the speci� ed location. The ratio of the reacted fuel to the
total fuel represented combustion ef� ciency here. The residual fuel
mixed with the residual air. The combustion ef� ciency was esti-
mated by comparison of the calculated pressure and the measured
wall pressure.

7) The pressure on the rear surface of the ramp block in the
combustorwas calculatedutilizingtwo-dimensionalPrandtl–Meyer
� ow. The expanded � ow condition behind the ramp block was cal-
culated with the impulse function from the combustor and the esti-
mated rear-surface pressure of the ramp.

8) The combustion gas expanded isentropically downstream of
the ramp to the exit of the nozzle.

9) The boundary layer was turbulent throughout the engine. The
friction coef� cient was calculated using the formula of van Driest
(see Ref. 12).

10) The inviscid� ow conditionand the inviscidthrustwere calcu-
lated � rst. Next, the frictiondrags were subtractedfrom the inviscid
thrust, and the net thrust was estimated.

Experimental Results
In this section,themeasuredforcesand moment arepresented� rst

to clarify the characteristicsof the engine operations.Then, the de-
tailed results, that is, wall pressure distributions,etc., are presented.

Thrust, Lift, and Pitching Moment

Figures 2a–2c show the increments of the thrust and the lift and
the pitching moment. They were measured by FMS. In the mV
condition, fuel was injected vertically. When the sidewall pilot fuel
injectionwas combinedwith the mV condition, the test results were
included in the mV in Figs. 2, because the � ow rate of the sidewall
pilot injectionwas less than Áe D 0:1. In the sP C mV condition, the
sidewall pilot fuel (sP)more than Áe D 0:1 and theverticallyinjected
fuel more than Áe D 1:0 were injected. In the mP C (sP or mV)

a) Thrust increase from no-fuel condition

b) Lift increase from no-fuel condition

c) Pitching moment

Fig. 2 Forces and moment.

condition, the parallel injection (mP) was used with the pilot fuel
injection or the vertical fuel injection.

When the vertical fuel injection was used, the increase of thrust
was proportional to the fuel � ow rate, the same as for the lift and
the moment. There were no abrupt changes due to the fuel � ow
rate, in contrast with the changes observed in the Mach 6 � ight
condition tests.3;13 Proportionality was observed in the previous
Mach 8 condition testing with the strut model.8 The net drag in
the no-fuel condition was estimated to be 660 N, according to
the force measurement in the supplementary testing.14 At Áe D 1:3
in the stage 39b test condition, the net thrust was estimated to
be ¡70 N.

The momentum contribution to the thrust increase by the parallel
fuel jet was estimated to be 110 N at Áe D 1. One-third of the thrust
increase at the parallel-fueled condition was produced by this gas
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jet. When the fuel � ow rate from the pilot fuel injectors was large,
the measuredthrust decreased,and the lift increased.However, there
was no unstarted condition in the wall pressure distribution,as will
be shown.

Combustion with Vertical Fuel Injection

Wall Pressure Distribution

Figures 3a–3c show the wall pressure distributionswith the ver-
tical fuel injection from the sidewalls. The fuel � ow rates and the
thrusts are listed in Table 1. The pressure of the top wall was mea-
sured along the centerline of the channel. In the isolator and the
constant duct part of the combustor, the wall pressure was obtained
on the ramp block surface. On the top wall, the pressure level in
the inlet was high due to the shock waves from the ramp even in the
no-fuel condition. Around x D 1300 mm, the shock wave from the
cowl impinged on the top wall.

At y D 240/210 mm, the pressure distribution in the inlet was
the same as that of the strut model in the started condition.7;8 It
suggested that the air� ow condition around the open bottom of the

Table 1 Fuel � ow rates and thrust increases at vertical fuel injection/sidewall pilot fuel injection

Effective fuel � ow rate, g ¢ s¡1
Effective Total fuel Total Thrust

Test Vertical Sidewall pilot equivalence ratio � ow rate, g ¢ s¡1 Equivalence ratio increase, N

36b 9 3 0.2 23 0.5 107
36d 29 3 0.7 64 1.4 311
37b 50 4 1.1 107 2.3 534
37c 50 0 1.1 100 2.1 488
39b 62 0 1.3 123 2.6 589
42c 63 3 1.4 131 2.8 526
38d 51 11 1.3 120 2.6 489
39d 62 23 1.8 164 3.5 386

a) On top wall

b) At y = 125 mm

c) At y = 240/210 mm

d) One-dimensional calculation result

Fig. 3 Wall pressure distributions with vertical fuel injection.

inlet was equivalent to that of the strut model previously tested, and
thus, as mentioned in the earlier, the mass capture ratio of 0.85 of
the previousengine model was also applicable to the presentmodel.

As the fuel increased, the pressure increased in the isolator and
the combustor. At y D 125 mm on the sidewall, the pressure did
not increase in the isolator. In the stage 39b test, there was the
maximum thrust increase without the parallel fuel injection. Even
at the Áe D 1:3 vertical fuel injection condition of stage 39b, there
was no pressure change in the inlet. This proves that the engine was
in the started condition.

The one-dimensional simulation result is plotted in Fig. 3d with
the test results of stage 37c. The fuel of Áe D 1:1 was injected ver-
tically in the calculation and the experiment. In the calculation, the
kinetic energy ef� ciency was 0.99, and the combustion ef� ciency
was 0.9. The calculated result agreed well with the experimental
results.

Equivalence Ratio and Combustion Ef� ciency

Figures 4 and 5 are the local equivalence ratios and the combus-
tionef� ciencies,respectively,measuredat the exitof the engine.The
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Table 2 Fuel � ow rates and thrust increases at parallel fuel injection/vertical fuel injection

Effective fuel � ow rate, g ¢ s¡1
Effective Total fuel Total Thrust

Test Vertical Parallel Sidewall pilot equivalence ratio � ow rate, g ¢ s¡1 Equivalence ratio increase, N

40b 0 11 3 0.3 24 0.5 64
42b 0 64 3 1.4 115 2.4 417
41b 47 12 3 1.3 120 2.6 579
41d 29 36 3 1.4 125 2.7 569

Fig. 4 Local equivalence ratios at the exit of the engine model with
Á;e = 1.1 injected vertically.

Fig. 5 Local combustion ef� ciency at the exit of the engine model with
Á;e = 1.1 injected vertically.

fuel � ow rate was Áe D 1:1 and was the same as that of stage 37b.
Here, z=w D 0 is the symmetry plane, and z=w D 0:5 is the side-
wall surface at the exit of the engine. The fuel hydrogen from the
shielded injectorsis injectedwith negligiblemomentum. Therefore,
hydrogen concentrationbecame high behind the ramp, that is, near
the top wall. At the same time, because the air mass � ux was larger
around the cowl, the measuredequivalenceratio became even lower
near the cowl than near the top wall. The combustionef� ciency was
0.8–1 near the cowl, whereas it was as low as 0.5 near the top wall.

The dynamic pressure of the air� ow was high near the cowl and
was estimated to be 500 kPa, which was calculated with the wall
pressure and the assumption of isentropic change. The penetration
of the fuel was estimated to be 3 mm with the empirical equation,15

which was smaller than the width between the sidewall and the strut
of 20 mm. This caused the low fuel concentrationaround the center
plane.

Effect of the Sidewall Pilot Fuel Injection

Figures 6a and 6b show the effect of the sidewall pilot fuel injec-
tion. The total fuel � ow rate of stage 38d was the same as that of
stage 39b. The pilot fuel injectors were located in the isolator up-
stream of the backward-facingstep. They were originally designed
for � ame holding at the step. When the pilot fuel injection was
adopted, the pressure in the isolator was higher than that at the exit
of the inlet and was 160 times as high as that of the freestream air.
During the previous tests of the Mach 8 condition at the RJTF, the
highest pressure was caused by the shock waves in the inlet, not by
combustion or fuel injection.8

a) On top wall

b) At y = 240
210

mm

Fig. 6 Effect of sidewall pilot fuel injection on wall pressure.

Effect of the Parallel Fuel Injection

Table 2 details the effect of the parallel fuel injection in the form
of a thrust increment. In the stage 41b and the stage 41d tests, the to-
tal fuel � ow rates were comparable,but the ratio of the fuel � ow rate
by the parallel injection was different. The thrust was 10 N smaller
in the stage 41d condition than in stage 41b. As was mentioned, the
momentumthrustof theparallelinjectionwas 110 N at Áe D 1:0, and
so 24 g ¢ s¡1 (Áe D 0:5) should produce a 50-N increment in thrust.
However, the difference of thrust between stages 41d and 41b was
foundto bequitesmall.This resultimpliedthat themomentumeffect
was virtually canceled by the weaker combustion pressure rise in
stage 41d. This leads to the conclusion that the thrust increment
due to the combustion by the parallel injection of the fuel was
small.

Heat Flux

Two shock waves from the ramp corners impinged on the leading
edge of the strut at different locations.The � rst shock was designed
to impinge at y D 150 mm and the second one at the foot of the strut.
The local intensive heat � ux by the shock–shock interaction had
been expected.16 However, no notable local heat mark was observed
on the strut surface. There was no mark on the leading edge of the
cowl, either. The material of the strut and the cowl was copper, and
the heat was conducted quickly.

In the no-fuel condition of the present model, the temperature
of the coolant water of the strut leading edge increased by 4.2 K
at the exit of the cooling channel at the cooling water � ow rate of
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0.25 kg ¢ s¡1. In the previous strut model with no ramp, the temper-
ature increased by 4.1 K at the � ow rate of 0.24 kg ¢ s¡1 (Ref. 8).
Because the exposed portion of the leading edge of the strut was
smaller in the present model than in the previous model, the heat
� ux became larger and the total amount of the transferredheat was
similar. This was caused by the ramp shock waves.

Discussion
Started Condition of Inlet

On the top wall, there was a thick boundary layer from the
Mach 6.7 supersonicnozzle and the step height was lower than that
on the sidewall. The in� uence of the pressure increase in the com-
bustor propagated upstream of the step on the top wall. However,
the engine model showed good startability.Because of the pressure
increase resulting from combustion,a shock train was created in the
isolator, which eventually reached the entrance of the isolator.

The length of the shock train was estimated by an empirical equa-
tion with the following assumptions.17 The equation is for cylinder
ducts, and so the hydraulicdiameter at the isolator (width 20 mm £
height 135 mm) was used in place of the duct diameter in the equa-
tion. The height of the low-speed region was greatest on the top
wall, and the pressure increase due to combustion propagated � rst
on the top wall. Thus, the properties of the boundary layer on the
top wall were adopted in applying the equation.

Around the top wall in the no-fuel condition, the Mach number
and velocity at the entrance of the isolator were estimated to be
5.4 and 2100 m ¢ s¡1 , respectively, from the wall pressure and the
assumption of the isentropic change. The displacement thickness
was used in place of the momentum thickness in the equation. The
displacement thickness at the engine entrance was 33 mm. The dis-
placement thickness in the isolatorwas estimated by using the ratio
of the height of the engine to the displacementthickness,as follows.

When the capture ratio of 0.85 was multiplied by the engine
height of 250 mm, the effective engine height at the entrance was
213 mm. The ratio of the displacement thickness of 33 mm to the
height of 213 mm was 0.15 at the engine entrance. In the isolator,
the displacement thickness was supposed to have a similar ratio to
the engine height, and so the displacement thickness in the isolator
was estimated to be 20 mm.

When the displacement thickness of 20 mm was used, the esti-
mated lengths of the shock train on the top wall in the isolator were
39 and 180 mm for the ratios of the pressure increase of 3 and 5.5,
respectively.The ratio of 3 was recordedat the vertical fuel injection
test of stage 39b with Áe D 1:3. The estimated length 39 mm was
shorter than the length of the isolator, that is, 100 mm. In the test of
stage 39b, the pressure on the top wall of the isolator increased by
combustion.However, that in the inlet did not, as shown in Fig. 3a.
When the pilot fuel injection was used with the vertical fuel injec-
tion in stage 38d, the pressure ratio was 5.5, and the pressure on the
top wall increased at the exit of the inlet. The estimated length of
the shock train, that is, 180 mm, was about twice that of the isolator.
However, the inlet was not in the unstarted condition in stage 38d.

The air� ow conditions on the second ramp were also estimated
from thewall pressureof 38kPa: Mach numberof 4.2andvelocityof
2000 m ¢ s¡1. The shock train length was estimated again with these
values as the entrance conditions of the shock train. The estimated
shock train length was 15 mm for the same downstream pressure
increase of stage 38d. The decrease of the pressure ratio suppressed
the length of the shock train. In the experiments, the thicknessof the
boundary layer on the inlet ramp would be smaller than that at the
entrance of the isolator due to the higher pressure. It could also
shorten the in� uence length and suppress the unstarted condition.

Even when the pilot fuel was injected with the vertically injected
fuel more than Áe D 1, the inlet was still in the started condition
in spite of the large pressure increase in the isolator. However, the
thrustdecreased,and the lift increasedas shownin Fig. 2. Spillageof
the combustion gas over the leading edge of the cowl was observed
from still photographs (not shown here). Thus, it can be assumed
that the separationon the cowl was enlarged by the pilot fuel injec-
tion, and the separation reached the leading edge of the cowl. The

spillage virtually increased the wedge angle and, thus, the pressure
on the cowl outer surface. The increased pressure was presumed to
induce the thrust decreaseand the lift increase.At the same time, the
pitching moment decreased because the leading edge of the cowl
was located below and downstream of the moment center (Fig. 1).
The decrease of the captured air� ow also decreased the thrust.

Combustion in the Ramp Compression Model

Vertical Fuel Injection

Because the calculatedwall pressureagreed reasonablywell with
those in the experiment, it is reasonable to assume that the kinetic
energy ef� ciency of the inlet and the combustion ef� ciency for the
effective fuel � ow rate were actually the speci� ed values of 0.99
and 0.9, respectively, in the experiments. Here, the reason for such
high combustion ef� ciency is discussed.

By increasing the fuel � ow rate, pressure in the isolator and the
combustor increased � rst on the top wall, then on the y D 125 mm
line, and � nally near the cowl (Figs. 3a–3d). In the present model,
the combustion was supposed to start around the top wall, then
propagate toward the cowl.

Ignition requires high temperature.18 It is attained in the low-
speed region where the temperature is recovered.The displacement
thickness of the boundary layer was estimated to be about 20 mm
on the top wall of the isolator. In addition, a separation region was
observed downstreamof the ramp in a preliminary test.19 This indi-
cates the existence of a thick low-speed region on the top wall.

In the present engine, the vertical fuel injectors were located far
downstream of the backward-facing step. When the injected fuel
� ow rate is small, the upstream-in�uence distance of the fuel jet
is short, and the jet does not interact with the reattached primary
� ow downstreamof the step. However, in the low-speed region, the
dynamic pressure was small, and the penetrationand the upstream-
in� uence distance of the fuel increased.At the same time, the reat-
tachedpointof theprimary� owmovesdownstreamas the low-speed
region thickens.20 In the low-speed region near the top wall, the fuel
injectedfrom the sidewallwould interactwith the primary � ow. This
interactionwould create a large separationregiondownstreamof the
step. In this region, the recovery temperature is suf� ciently high for
ignition of hydrogen. As the fuel � ow rate increased, the region of
the interaction would spread upstream and toward the cowl.

The succeedingcombustionrequireshigh pressure.18 In the com-
bustion region, the pressure was 20–120 kPa, the average being
70 kPa. It was higher than the pressure predicted using simple
models for combustion at half-atmosphere pressure.21 The present
engine con� guration enabled suf� cient recoveries of temperature
and pressure, attaining the high combustion ef� ciency as shown in
Fig. 5.

The results of the gas sampling conducted at the exit of the en-
gine showed the existence of the low combustion ef� ciency around
the top wall region. The gas from the combustor turns upward to
the top wall due to the swept angle of the sidewall in the divergent
section, as well as expands behind the ramp block. The nonreacted
air� ow around the centerplane also � owed toward the top wall. The
hydrogen from the shielded injectors would mix with the nonre-
acted air behind the ramp block, where the pressure and the tem-
perature levels were low for combustion. As a result, the mixture
would reduce the combustion ef� ciency measured at the exit of the
engine.

Even though the high combustion ef� ciency was attained, the
produced thrust was not suf� cient. The low-thrust level was caused
by the geometrical penalty of the rear angle of the ramp block. The
pressure on the rear surface was low due to the quick expansion.
According to the one-dimensional simulation, the net thrust will
become 300 N with isentropic expansion in the divergent section.

Pilot Fuel Injection Upstream of the Step

When the vertically injected fuel � ow rate was larger than unity,
the pilot fuel injectionincreased the pressurein the isolator (Figs. 6a
and 6b). The distance from the wall to the Mach disk and the length
of the upstream in� uence of the pilot fuel jet were estimated by an
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empiricalequation.15 The in� ow conditionof stage37cwas adopted,
in which only the vertical injection with Áe D 1:1 was used. When
the kinetic energy ef� ciency was 0.99, that is, the total pressure
ef� ciency was 0.74, the Mach numbers became 3.2 around the cowl
and4.7aroundthe topwall, accordingto themeasuredwall pressure.
The distances to the Mach disk were 0.5 mm around the cowl and
0.9 mm around the top wall with the effective equivalence ratio of
the pilot fuel of 0.2, which correspondedto the fuel conditionsof the
stage 38d test. The upstream in� uence distances were 4 and 7 mm,
respectively.

These small values were caused by the small diameter of the pilot
fuel injector.There would be no intensiveeffecton the air� ow by the
pilot fuel jet with no combustion. The observed pressure increase
with thepilot fuel injectionwas causedby thecombustionof thepilot
fuel injected into the low-speed region. If the pressure increase in
the isolator had been caused by the separation shock due to the pilot
fuel jet with no combustion, the effect would have appeared in any
vertical-fuel-injection conditions. In the experiments, no pressure
increase was observed with the pilot fuel injection in the isolator
until the vertically injected fuel � ow rate became about Áe D 1.

Heat Flux on the Leading Edge of the Strut

Because of the higher pressure caused by the ramp shock wave,
the mean heat � ux to the strut became larger than that in the strut
model with no ramp. The heat � ux on the leading edge of the strut
was estimated by the method of Beckwith and Gallagher.22 The
in� ow conditions were calculated using the shock wave relations.
The nose radius of the leading edge of the strut was 1 mm.

The heat � uxes on the stagnation line of the leading edge were
16 MW ¢ m¡2 behindthe � rst rampshockwave and22 MW ¢ m¡2 be-
hind the second ramp shock wave. When both 30-mm strut surfaces
from the leading edge, which were the sides of the cooling channel,
were included in the heat � ux estimation, the average � uxes around
the cooling channel were 5.0 and 7.6 MW ¢ m¡2, respectively.The
portion of the strut exposed to the air� ow was 180 mm at the lead-
ing edge, 100 mm of which was downstreamof the � rst ramp shock
wave, 10 mm of the latter also being behind the second shock wave.
The average heat � uxes around the channel were 4.2 MW ¢ m¡2

based on geometrical averaging. The heat transfer to the cooling
water was 64 kW.

On the other hand, the heat � ux on the stagnation line of the strut
model with no ramp compression was 10 MW ¢ m¡2 . The average
heat � ux around the channelwas 2.9 MW ¢ m¡2 with no ramp shock
effect, whereas the heat transfer to cooling water was 62 kW.

The obtainedcompatibilityof the amount of heat agreed with the
experimental value for in the increases of the coolant temperature
at the exit manifold. The heat � ux on the leading edge of the strut
became about twice that when there was no ramp shock. As ex-
plained, the strut should be used to increase the low-pressure level
of the incoming air� ow in the present tests. However, generally, the
strut shouldnotbe used with the ramp compressiondue to the higher
heat � ux.

Conclusions
A scramjetenginemodelwith rampcompressionwas testedunder

the Mach 8 � ight condition in the RJTF to improve the combustion
performance and started condition of the inlet. The engine contrac-
tion ratio was 9.3. The following points were clari� ed:

1) A combustion ef� ciency of 80–90% was attained with the
vertical fuel injection.The thrust increasewas 590 N at the Áe D 1:3
condition. Because the ramp block was a temporary element and
the engine geometry was not optimized, a suf� cient increase of the
thrust was not attained.

2) High temperature for ignition would be attained in the low-
speed region in the combustor. High pressure for burning was at-
tained by the compression of the ramp in the combustor. They
contributed to the high combustion ef� ciency.

3) When the pressure in the isolatorwas 160 times as high as that
of the freestream air due to combustion, the inlet was in the started
condition despite the high pressure. This was caused by the high
pressure on the ramp of the inlet.
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