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RJTF Mach 8 Tests of a Scramjet Engine 

with Strut and Ramp Compression*

Takeshi Kanda,*1 Tohru Mitani,*1 Takashi Shimura,*2 Shigeru Satoh,*1 and Kenji Kudo*1

ABSTRACT
To improve combustion efficiency and the inlet start condition, a scramjet model with a ramp

combined with a single strut was tested under Mach 8 flight conditions at the Ramjet Engine Test Facility
of the Ramjet Propulsion Research Center. The attached ramp shielded some of the fuel injectors. The
fuel flow rate from the open injectors to the flow path was designated as the effective fuel flow rate. In the
tests, a combustion efficiency of 90% was attained with vertical injection of hydrogen fuel. The thrust
increase was 590 N at the effective equivalence ratio of 1.3. However, because the engine geometry was
not optimized, a sufficient increase in thrust was not attained. The high temperature and high pressure
necessary for ignition and combustion were achieved by the ramp. When the pressure in the isolator was
160 times that of the free-stream 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.

Key Words: scramjet, ramp

概　　　　要
ラムジェットエンジン試験設備（RJTF）におけるマッハ８条件での始動性および燃焼性能を改善するために、ストラ

ットに加えてランプを取り付けたスクラムジェットエンジン模型の試験を行った。燃料を垂直噴射した時に、エンジン

出口での燃焼効率は約90％であった。当量比1.3の条件時に、590Nの推力増加を測定した。しかしながら最適化されてい

ないエンジン形状であったために、十分な推力増加は得られなかった。着火および燃焼に必要な高い温度および圧力が、

ランプの装着によって達成された。燃焼器内圧が、エンジンに流入する気流圧力の160倍に達した場合にも、インレット

は始動状態を保つことができた。これはランプを用いてインレット内圧力を上昇させた効果による。

* received 20 June, 2003 （平成15年6月20日受付）

*1 Ramjet Propulsion Research Center （ラムジェット推進研究センター）

*2 Rocket Propulsion Research Center （ロケット推進研究センター）

Nomenclature
C.C. : constant duct part of the combustor
D.C. : divergent duct part of the combustor
ΔF : thrust increase from that with no-fuel

condition, N
h : height of the backward-facing step, mm
Is. : isolator
L.E. : leading edge
ΔL : lift increase from that with no-fuel

condition, N
mP : fuel injection parallel to the engine wall
mV : fuel injection vertical to the engine wall
P : pressure, Pa
sP : pilot fuel injected from sidewall

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

φ : equivalence ratio
Subscripts
e : effective
t : total
w : wall

∞ : free-stream condition
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Introduction

Studies of an aerospace plane are being
carried out to create a new transportation system
for use to and from a low earth orbit. One of the
engines being considered for use in this
aerospace plane, the scramjet engine, is being
studied at the National Aerospace Laboratory of
Japan, the Ramjet Propulsion Research Center. In
the Ramjet Engine Test Facility (RJTF) at the
center, sub-scale scramjet research engine
models have been tested under Mach 4, 6 and 8
flight conditions.1 Detailed results of sub-scale
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. 

In the first series of the tests conducted under
Mach 8 flight conditions, only a slight pressure
increase by fueling was observed.6 In this testing,
the air was compressed only by sidewall
compression, and the pressure in the combustor
was about 10 kPa. In the second series, an
increase in pressure by combustion was attained
by the addition of a strut, which resulted in a
contraction ratio of 5.7 However, a large amount
of fuel was necessary to attain this pressure
increase. In the third series, a thicker strut was
used, and a combustion efficiency of about 90%
was attained.8 However, the engine configuration
with the thicker strut induced an unstarted
condition for fuel flow rates above stoichiometric
one, and the combustion region was limited in
the divergent section far downstream of the fuel
injectors. The combustion induced a large
Rayleigh heating total pressure loss. To improve
the combustion conditions and startings, another
modification of geometry was applied in the
fourth series of the tests, specifically, ramp
compression, combined with the sidewall
compression and the strut compression, was
introduced in the inlet. 

As for the design of a combined-cycle engine
with variable wall geometry, wedge-shaped
sidewalls 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 flight
conditions at Mach 8 with a flight dynamic
pressure of 26 kPa. The relatively low dynamic
pressure was 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 flow rates
of air, hydrogen and oxygen for the vitiation
heater were 6.16 kg･s-1, 0.181 kg･s-1 and 2.16
kg･s-1, respectively. The vitiated air contained
21% oxygen and 27% water in volume fraction.
The supersonic facility nozzle had a square exit
(51 cm by 51 cm). The nominal static pressure at
the exit of the nozzle, P∞, 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 in order to ingest the boundary layer,
simulating the entrance conditions of the engine
attached to the surface of the aerospace plane.  

Engine Model
Figure 1 shows a schematic diagram of the

water-cooled engine model. The engine height
was 250 mm. The top wall was at y = 0 mm and
the cowl inner surface was at y = 250 mm. The
engine width was 200 mm, and the leading edges
of the sidewalls were at z = ±100 mm. The
swept angles of the sidewall and the strut were
45°, and the backward-facing step on the sidewall
and the exit plane of the engine also had swept
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angles of 45°. 
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 larger contraction attained by
combination of the ramp and the sidewall was
required to attain a sufficient pressure level in the
combustor. The angles of the two-stage ramp
surface were 7°and 14°from the horizontal line
in the inlet. The first ramp started at x = 91.4
mm, and the second ramp at x = 445.6 mm and y
= 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°. 

Since it will be used for other tests at the
RJTF in the future, the basic original engine
model must be kept. If modification is necessary,
however, some parts can be replaced with new
ones, although replacable parts are limited. The
original engine was designed by employing a
combination of sidewall and strut compression.
So, 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 = 609.8 mm.
From the end of the convergent section of the
inlet to the combustor, an isolator section located.
The isolator prevented the pressure increase in
the combustor to propagate to the inlet and
avoided the inlet-combustor interaction. There
was a backward-facing step at the junction of the
isolator and the combustor for (1) assistance of
isolation of the pressure increase in the
combustor and (2) flame 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
= 709.8 mm, 100 mm downstream of the inlet. 

The model had no igniter. In the previous
testing, auto-ignition was attained under the
Mach 8 flight conditions because of the high
total temperature of the air.8 The fuel, hydrogen,

was injected vertically to the sidewalls through
12 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 diameter of the
parallel fuel injectors was 3.0 mm. The pilot fuel
was supplied through 52 holes on the sidewalls
upstream of the step under the sonic injection
condition. The hole diameter was 0.5 mm. There
were no fuel injection holes on the strut nor on
the ramp block. The total temperature of the fuel
was approximately 280 K, and the total pressure
of the fuel varied according to the fuel flow rate. 

These injection holes were open to the
airflow. 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 flow
conditions were confirmed by metering orifices
and pressure in the fuel injection manifolds. The
leaked fuel would not enter the combustor due to
the high dynamic pressure of the airflow, and was
supposed to flow out to the rear of the ramp
block. In the present paper, the flow rate of the
fuel from the injectors open to the airflow is
defined as the effective fuel flow rate, designated
with the subscript e. The total fuel flow rate is
the sum of the fuels from the open injectors and
from the shielded injectors. 

According to a 3-D viscous calculation on the
previous engine configuration with a strut and no
ramp block, the mass capture ratio was 0.85.10

The ramp configuration was designed so that the
shock waves impinged on the cowl inner surface
in the isolator, and the measured wall pressure in
the inlet was maintained at the same level as that
of the previous model, as will be mentioned later.
Therefore, the mass capture ratio of 0.85 was
also adopted for the present engine in estimation
of the equivalence ratio and for purposes of
discussion. Thus, the fuel flow rate under the
stoichiometric condition was 47 g･s-1. 

Eighteen tests, #29 to #46, were planned.
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Thirteen of these tests were successful. Each test
was divided in several stages, in each of which a
different kind of fuel supply condition was
employed. These stages are designated with a
single alphabet character. Together with the test
number, a specific fuel supply stage is referred
to, for example, as #37a, #37b, etc. 

The engine wall was made of copper. The
following engine components were individually
cooled by water: (1) the leading edge of the inlet,
(2) the inlet, (3) the top wall of the isolator/the
constant duct part of the combustor, (4) the
sidewalls of the isolator/the constant duct part of
the combustor, (5) the cowl, (6) the divergent
duct part of the combustor, (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 machining and covered by
electroforming, except for that of the strut and
those of the ramp which were fabricated by
machining and brazing. 

Measurements
(1) Wall Pressure, Wall Temperature and Heat
Flux

Wall pressure and wall temperature at 1 mm
from the inner surface of the model were
measured. In the present paper, the wall pressure
is non-dimensionalized by the nominal static
pressure at the exit of the facility nozzle. The top
wall pressure at x1 = 1040 mm of the ramp
model was measured on the rear surface of the
ramp. The measurement error of the non-
dimensionalized 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 mentioned
above. 
(2) Forces and Moment

Thrust, lift, and pitching moment were
measured by a floating frame force measurement
system (FMS). The error for force measurements
was ±50 N. The center of pitching moment was
set at x = 741.43 mm and y = 135.8 mm. 

The drag, the lift and the pitching moment in

5

the no-fuel condition as measured by FMS were
980 N, 665 N and 236 N･m, respectively.The
forces measured by FMS contained drag which
should not be included in the net force
estimation. Therefore, the increases of the thrust
and the lift caused by fueling from those in the
no-fuel condition are shown in figures and are
listed in tables discussed below. 
(3) Gas Sampling

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

One-Dimensional Calculation
A 1-D calculation was conducted to estimate

the kinetic energy efficiency of the inlet and the
combustion efficiency. The supersonic nozzle
flow from the plenum chamber was also
simulated. The calculation procedure was as
follows.   

1) The temperature of the vitiated air and the
flow rates of the air, hydrogen and oxygen to the
vitiation heater were specified. The total pressure
was calculated from the choking condition at the
facility nozzle. The throat was square, 32.5 mm
by 32.5 mm. The calculated total 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.9 The vitiated
air was assumed to expand isentropically in 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 CFD.10

6) The specified part of the fuel reacted in a
stoichiometric condition at the specified location.
The ratio of the reacted fuel to the total fuel
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represented combustion efficiency here. The
residual fuel mixed with the residual air. The
combustion efficiency was estimated by
comparison of the calculated pressure and the
measured wall pressure. 

7) The pressure on the rear surface of the ramp
block in the combustor was calculated utilizing
2-D Prandtl-Meyer flow. The expanded flow
condition behind the ramp block was calculated
with the impulse function from the combustor
and the estimated 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 coefficient
was calculated using the formula of van Driest.12

10) The inviscid flow condition and the
inviscid thrust were calculated first. Next, the
friction drags were subtracted from the inviscid
thrust, and the net thrust was estimated. 

Experimental Results

Figure 2 shows the operating condition of the
engine model in RJTF. In this section, the
measured forces and moment are presented first
to clarify the characteristics of the engine
operations. Then, the detailed results, i.e., wall
pressure distributions, etc., are presented. 

Thrust, Lift and Pitching Moment
Figures 3 (a), (b) and (c) 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 injection was
combined with the mV condition, the test results
were included in the‘mV’in the figures, since
the flow rate of the sidewall pilot injection was
less than φe = 0.1. In the‘sP+mV’condition, the
sidewall pilot fuel more than φe = 0.1 and the
vertically-injected fuel more than φe = 1.0 were
injected. In the‘mP+(sP or mV)’condition, the
parallel injection 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
flow rate, the same as for the lift and the
moment. There were no abrupt changes due to
the fuel flow rate, in contrast with the changes
observed in the Mach 6 flight 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
φe = 1.3 in the #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 φe = 1. One-third of the thrust
increase at the parallel-fueled condition was
produced by this gas jet. When the fuel flow rate
from the pilot fuel injectors was large, the
measured thrust decreased and the lift increased.
However, there was no unstarted condition in the
wall pressure distribution, as will be shown. 

Fig. 2 Operation of the engine model in RJTF. The engine was
mounted upside down on the thrust stand. Air flowed to
the engine model form left-hand side. (#39b)
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(a) Thrust increase from no-fuel condition.

(b) Lift increase from no-fuel condition.

(c) Pitching moment.

Fig. 3 Forces and moment.

Combustion with Vertical Fuel Injection
(1) Wall Pressure Distribution

Figures 4(a) to (c) show the wall pressure
distributions with the vertical fuel injection from
the sidewalls. The fuel flow rates and the thrusts
are listed in Table 1. The pressure of the top wall
was measured along the center line 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 = 1300 mm, the shock wave
from the cowl impinged on the top wall. 

At y = 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 airflow condition around the open bottom of
the inlet was equivalent to that of the strut model
previously tested, and thus, as mentioned in the
previous chapter, the mass capture ratio of 0.85
of the previous engine model was also applicable
to the present model. 

As the fuel increased, the pressure increased
in the isolator and the combustor. At y = 125 mm
on the sidewall, the pressure did not increase in
the isolator. In the #39b test, there was the
maximum thrust increase without the parallel
fuel injection. Even at the φe = 1.3 vertical fuel
injection condition of #39b, there was no
pressure change in the inlet. This proves that the
engine was in the started condition.

The 1-D simulation result is plotted in Fig.
4(d) with the test results of #37c. The fuel of φe

= 1.1 was injected vertically in the calculation
and the experiment. In the calculation, the kinetic
energy efficiency was 0.99 and the combustion
efficiency was 0.9. The calculated result agreed
well with the experimental results. 
(2) Equivalence Ratio and Combustion Efficiency

Figures 5(a) and (b) are the local equivalence
ratios and the combustion efficiencies,
respectively, measured at the exit of the engine.
The fuel flow rate was φe = 1.1, and was the
same as that of #37b. z/w = 0 is the symmetry
plane, and z/w = 0.5 is the sidewall surface at the
exit of the engine. The fuel hydrogen from the
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(a) On top wall

(b) At y = 125 mm

(c) At y = 240/210 mm

(d) One-dimensional calculation result. Effective
equivalence ratio was 1.1 with vertical
injection. In the calculation, the kinetic
energy efficiency of the inlet was 0.99.

Fig. 4 Wall pressure distributions with vertical fuel injection.
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shielded injectors is injected with negligible
momentum. Therefore, hydrogen concentration
became high behind the ramp, i.e., near the top
wall. At the same time, because the air mass flux
was larger around the cowl, the measured
equivalence ratio became even lower near the
cowl than near the top wall. The combustion
efficiency was 0.8 to 1 near the cowl, while it
was as low as 0.5 near the top wall. 

The dynamic pressure of the airflow 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 concentration
around the center plane. 

Effect of the Sidewall Pilot Fuel Injection
Figures 6(a) and (b) show the effect of the

sidewall pilot fuel injection. The total fuel flow
rate of #38d was the same as that of #39b. The
pilot fuel injectors were located in the isolator
upstream of the backward facing step. They were
originally designed for flame 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 free-stream 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

Though the pressure in the isolator was higher
in #38d than that in #39b, the thrust increase was
smaller in #38d, as listed in Table 1. The pressure
at the end of the ramp on the inlet top wall
became higher in #38b as shown in Fig. 6 (a) and
this higher pressure could increase drag in the
inlet of 30 N. At the same time, the pressure at
the step of the sidewall was lower in #38b as
shown in Fig. 6(b) and this lower pressure could
suppress the thrust increase by 80 N. 

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

#41b and the #41d tests, the total fuel flow rates
were comparable, but the ratio of the fuel flow
rate by the parallel injection was different. The
thrust was 10 N smaller in the #41d condition
than in #41b. As was mentioned, the momentum
thrust of the parallel injection was 110 N at φe =
1.0, so 24 g･s-1 (φe = 0.5) should produce a 50 N
increment in thrust. However, the difference of
thrust between #41d and #41b was found to be
quite small. This result implied that the
momentum effect was virtually canceled by the
weaker combustion pressure rise in #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 first shock was designed
to impinge at y = 150 mm, and the second one at
the foot of the strut. The local intensive heat flux
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 flow rate of
0.25 kg･s-1. In the previous strut model with no
ramp, the temperature increased by 4.1 K at the
flow rate of 0.24 kg･s-1.8 Because the exposed
portion of the leading edge of the strut was
smaller in the present model than in the previous
model, the heat flux became larger and the total
amount of the transferred heat was similar. This
was caused by the ramp shock waves. 

9
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(a) On top wall (b) At y = 240/210 mm

Fig. 5 (b) Local combustion efficiency at the exit
of the engine model with φe= 1.1
injected vertically.

Fig. 5 (a) Local equivalence ratios at the exit of
the engine model with φe= 1.1 injected
vertically.

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

This document is provided by JAXA.



RJTF Mach 8 Tests of a Scramjet Engine with Strut and Ramp Compression 11

Discussion

Started Condition of Inlet
On the top wall, there was a thick boundary

layer from the Mach 6.7 supersonic nozzle and
the step height was lower than that on the
sidewall. The influence of the pressure increase
in the combustor propagated upstream of the step
on the top wall. However, the engine model
showed good starting characteristics. Due to 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 equation with the following
assumptions.17 The equation is for cylinder
ducts, so the hydraulic diameter at the isolator
(width 20 mm × height 135 mm) was used in
place of the duct diameter in the equation. The
height of the low-speed region was greatest on
the top wall, and the pressure increase due to
combustion propagated first 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 displacement thickness in the
isolator was estimated by using the ratio of the
height of the engine to the displacement
thickness, as follows. 

Multiplying the capture ratio of 0.85 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 estimated lengths of the shock train
on the top wall in the isolator were 39 mm and
180 mm for the ratios of the pressure increase of
3 and 5.5, respectively. The ratio of 3 was
recorded at the vertical fuel injection test of #39b
with φe = 1.3. The estimated length 39 mm was
shorter than the length of the isolator, i.e., 100
mm. In the test of #39b, the pressure on the top
wall of the isolator increased by combustion.
However, that in the inlet did not, as shown in
Fig. 4(a). When the pilot fuel injection was used
with the vertical fuel injection in #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, i.e., 180 mm
was about twice that of the isolator. However, the
inlet was not in the unstarted condition in #38d. 

The airflow conditions on the second ramp
were also estimated from the wall pressure of 38
kPa: a Mach number of 4.2 and a velocity of
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 #38d. The
decrease of the pressure ratio suppressed the
length of the shock train. In the experiments, the
thickness of 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 influence length, and suppress the
unstarted condition. 

Even when the pilot fuel was injected with the
vertically-injected fuel more than φe = 1, the
inlet was still in the started condition in spite of
the large pressure increase in the isolator.
However, the thrust decreased and the lift
increased as shown in Fig. 3. Spillage of 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 separation
on the cowl was enlarged by the pilot fuel
injection, and the separation reached the leading
edge of the cowl. The spillage increased the
wedge angle virtually and thus the pressure on
the cowl outer surface. The increased pressure
was presumed to induce the thrust decrease and
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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 airflow also decreased the thrust. 

Combustion in the Ramp Compression Model 
(1) Vertical Fuel Injection

Because the calculated wall pressure agreed
reasonably well with those in the experiment, it
is reasonable to assume that the kinetic energy
efficiency of the inlet and the combustion
efficiency for the effective fuel flow rate were
actually the specified values of 0.99 and 0.9,
respectively, in the experiments. Here, the reason
for such high combustion efficiency is discussed. 

By increasing the fuel flow rate, pressure in
the isolator and the combustor increased first on
the top wall, then on the y = 125 mm line, and
finally near the cowl (Figs. 4(a) to (c)). 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
downstream of the ramp in a preliminary test.19

This indicates 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
flow rate is small, the upstream-influence
distance of the fuel jet is short and the jet does
not interact with the reattached primary flow
downstream of the step. However, in the low-
speed region, the dynamic pressure was small,
and the penetration and the upstream-influence
distance of the fuel increased. At the same time,
the reattached point of the primary flow moves
downstream as the low-speed region thickens.20

In the low-speed region near the top wall, the
fuel injected from the sidewall would interact
with the primary flow. This interaction would

create a large separation region downstream of
the step. In this region, the recovery temperature
is sufficiently high for ignition of hydrogen. As
the fuel flow rate increased, the region of the
interaction would spread upstream and toward
the cowl. 

The succeeding combustion requires high
pressure.18 In the combustion region, the pressure
was 20 kPa to 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 configuration
enabled sufficient recoveries of temperature and
pressure, attaining the high combustion
efficiency as shown in Fig. 5. 

The results of the gas sampling conducted at
the exit of the engine showed the existence of the
low combustion efficiency 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
expanding behind the ramp block. The non-
reacted airflow around the center plane also
flowed toward the top wall. The hydrogen from
the shielded injectors would mix with the non-
reacted air behind the ramp block, where the
pressure and the temperature levels were low for
combustion. As a result, the mixture would
reduce the combustion efficiency measured at the
exit of the engine. 

Even though the high combustion efficiency
was attained, the produced thrust was not
sufficient. 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 1-D
simulation, the net thrust will become 300 N with
isentropic expansion in the divergent section.
(2) Pilot Fuel Injection upstream of the Step

When the vertically-injected fuel flow rate
was larger than unity, the pilot fuel injection
increased the pressure in the isolator (Figs. 6(a)
and (b)). The distance from the wall to the Mach
disk and the length of the upstream influence of
the pilot fuel jet were estimated by an empirical
equation.15 The inflow condition of #37c was
adopted, in which only the vertical injection with
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leading edge, 100 mm of which were
downstream of the first ramp shock wave, 10 mm
of the latter also being behind the second shock
wave. The average heat fluxes 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 flux on the
stagnation line of the strut model with no ramp
compression was 10 MW･m-2. The average heat
flux around the channel was 2.9 MW･m-2 with
no ramp shock effect, whereas the heat transfer
to cooling water was 62 kW. 

The obtained compatibility of the amount of
heat agreed with the experimental value for in the
increases of the coolant temperature at the exit
manifold. The heat flux on the leading edge of
the strut became about twice that when there was
no ramp shock. As explained, the strut should be
used to increase the low pressure level of the
incoming airflow in the present tests. However,
generally, the strut should not be used with the
ramp compression due to the higher heat flux. 

Concluding Remarks

A scramjet engine model with ramp
compression was tested under the Mach 8 flight
condition in the RJTF to improve the combustion
performance and started condition of the inlet.
The engine contraction ratio was 9.3. The
following points were clarified. 

1) A combustion efficiency of 80% to 90% was
attained with the vertical fuel injection. The
thrust increase was 590 N at the φe = 1.3
condition. Because the ramp block was a
temporary element and the engine geometry was
not optimized, a sufficient 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
attained by the compression of the ramp in the
combustor. They contributed to the high
combustion efficiency. 

3) When the pressure in the isolator was 160
times as high as that of the free-stream air due to
combustion, the inlet was in the started condition

φe = 1.1 was used. When the kinetic energy
efficiency was 0.99, i.e., the total pressure
efficiency was 0.74, the Mach numbers became
3.2 around the cowl, and 4.7 around the top wall,
according to the measured wall 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 corresponded to the fuel conditions of
the #38d test. The upstream influence distances
were 4 mm and 7 mm, respectively. 

These small values were caused by the small
diameter of the pilot fuel injector. There would
be no intensive effect on the airflow by the pilot
fuel jet with no combustion. The observed
pressure increase with the pilot fuel injection was
caused by the combustion of the pilot 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 flow rate became
about φe = 1. 

Heat Flux on the Leading Edge of the Strut
Due to the higher pressure caused by the ramp

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

The heat fluxes on the stagnation line of the
leading edge were 16 MW･m-2 behind the first
ramp shock wave, and 22 MW･m-2 behind 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 flux estimation, the average fluxes
around the cooling channel were 5.0 MW･m-2

and 7.6 MW･m-2, respectively. The portion of the
strut exposed to the airflow was 180 mm at the
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despite the high pressure. This was caused by the
high pressure on the ramp of the inlet. 
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