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Design of Sub-Scale Rocket-Ramjet
Combined Cycle Engine Model

Takeshi Kanda,* Sadatake Tomioka,* Shuichi Ueda, and Kouichiro Tani"

Abstract

A sub-scale rocket-ramjet combined cycle engine model was designed and will be tested at the Ramjet
Engine Test Facility under sea-level static, Mach 4, 6 and 8 flight conditions. The engine operates in the ejector-jet,
ramjet, scramjet and rocket modes and this model has two H,-O, rockets in the duct. Fuel injectors for secondary
combustion have been installed in the downstream straight duct section. Each component of the engine was
_ examined experimentally and physical models were constructed. The engine model is 3 m long, 0.2 m high with a
width of 0.22 m at the inlet entrance. The pressure level in the rocket chamber is 3 MPa, and net thrust is 4 kN
under the sea-level static, design condition.
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Nomenclature

= reaction, rocket
= total

= wall

= Cross section

= impulse function
= force

= height = stagnation

= length = primary flow, region upstream of
= Mach number pseudo-shock

= mass flow rate 2 = secondary flow

= pressure

= distance

= equivalence ratio

—_ o 3 SN

SH WIS SEA

Subscript
a = air
c = rocket combustion chamber
ch = choking condition
div = divergent duct
e = outflow, exit
i = inflow
f = friction
p = pseudo-shock
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1. Introduction

The current space transportation system is based on
the rocket engine. Its performance, that is, its specific
impulse, has almost reached a theoretical limit. A new
transportation system with a new engine is required to
attain an increase of transportation ability, a decrease
of transportation cost, and an increase of reliability."
An oxygen mass ratio of most of launch rockets is
70%. Use of a suitable air-breathing engine will
reduce the ratio of the carrying oxidizer and increase a

mass ratio of payload or a ratio of the vehicle structure.

Since kinetic energy of a space vehicle is larger than
potential energy in an orbit, acceleration with the
air-breathing engine to supersonic or hypersonic speed
is effective to reduce the oxidizer mass ratio. The
ramjet engine is effective to accelerate in a hypersonic
speed range, but cannot operate in a subsonic or
transonic  speed Combined-cycle engines
including the rocket engine are effective to accelerate

range.

in the low speed range and in space. Thus the
rocket-ramjet combined-cycle engine is effective in
space transportation. This engine is known as the
Rocket Based Combined Cycle (RBCC) engine and
the most famous one is the strut jet.” The engine has
been studied for the advanced space transportation
system.”

The engine works in several operating modes. The
engine can be applied to a booster engine of the
traditional rocket, which increases specific impulse of
a booster stage. The combined-cycle engine will also
be used in a hypersonic observation vehicle or a
hypersonic test vehicle. The vehicle cruises in a
hypersonic speed, or flies-up to an altitude around 100
km by transforming kinetic energy to potential energy.

The Japan Aerospace Exploration Agency (JAXA)
has studied the rocket-ramjet combined-cycle engine.
The engine has rocket modules inside the engine duct,
and operates in an ejector-jet mode, also known as, an
air-breathing rocket mode, as well as ramjet, scramjet

and rocket modes.® The engine can fly a space
transportation vehicle from take-off to space, or
accelerate it from take-off to a hypersonic speed.
Figure 1 shows an image of the vehicle with the

combined-cycle engine.

Fig. 1 An image of vehicles with the combined-cycle engine.

A rocket-ramjet combined-cycle engine model is
designed and is now under construction to validate the
component research results, to demonstrate each
operating condition and to establish design
technologies of the rocket-ramjet combined-cycle
engine. The model will be tested under the sea-level
static, Mach 4, Mach 6 and Mach 8 conditions in the
Ramjet Engine Test Facility (RITF) of JAXA. Table 1
lists the test conditions. About 0.25 m x 0.25 m x 3 m
engine model can be installed in the test chamber with
a 0.5 m x 0.5 m facility nozzle. The facility has a gas
hydrogen supply system for combustion tests. During
an experiment, temperature of 60 points, pressure of
300 points and thrust force can be measured
RITF

temperature gas supply system and an ejector system.

simultaneously. is equipped with a high
High temperature gas is created by the storage air
heater with hot pebbles (SAH) and /or the vitiated air
heater which utilizes hydrogen and oxygen chemical
reaction (VAH). RJTF can supply water at 20x107
m’s" to cool the engine model. In the present paper,
reference research results and design procedure of this
engine model are described.

Table 1 Flow conditions of RJITF

Flight Mach No. Mach No. at entrance Air heater  Total temperature, K Total pressure, MPa
4 3.4 SAH 800 0.8
6 5.4 SAH 1500 5.0
6 5.2 VAH 1500 4.5
8 6.7 SAH+VAH 2400 10.0

This document is provided by JAXA.
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2. Rocket-Ramjet Combined-Cycle Engine
The operating conditions of the rocket-ramjet
combined-cycle engine are explained in this chapter.
Figure 2 shows a schematic of the operating
conditions, and Figure 3 shows a picture of a display
model.

ejectorjet mode
ejector rocket fuel

(primary) LT,-——
N S LS

choking (M=1)
fuel;

ir
(secondary)
ramjet mode

air oW MR

choking (M=1)

shock waves
scramjet mode

air g, -

rocket mode

combustion gas

Fig. 2 Schematic of operating conditions of
combined- cycle engine.

The engine operates in the ejector-jet mode from
take-off to about Mach 3. Under the ejector-jet mode,
air is breathed in by the ejector effect of the rocket.
Rocket exhaust and breathed airflow are decelerated to
subsonic speed through the pseudo-shock. Thrust is
produced not only by the rocket engine itself, but also
by the divergent section with the increased pressure of
a mixture of air and rocket exhaust. Further subsonic
combustion is attained by fuel injection from a second
fuel injector.

From about Mach 3 to 7, the engine operates in the
ramjet mode. In the ramjet mode, the rocket exhaust
decreases, and pressure recovery of the air is attained
in the divergent section through the pseudo-shock.
There are two kinds of the ramjet modes. One is the
downstream ramjet mode indicated in Fig. 2.” Another
is the upstream-combustion ramjet mode, which is a

ramjet mode of the dual-mode engine.*® In the
upstream-combustion ramjet mode, the inflow
supersonic airflow decelerates to subsonic speed in
the throat section downstream of the inlet. Fuel is
injected to the subsonic air. Combustion gas
accelerates to sonic speed and chokes at the exit of the
straight duct section. Combustion position and
pressure distribution are similar to those of the
scramjet mode.

From about Mach 7 to 12, the engine operates in
the scramjet mode. In the scramjet mode, the ejector
rockets work as a pre-burner to supply hot, fuel-rich
gas. When the vehicle cruises, the flow rate of rocket
exhaust is suppressed and specific impulse is
increased. When the vehicle accelerates, thrust of the
rocket and thrust of the engine are increased with a
large amount of rocket exhaust.'” When the engine
flies the aerospace plane to an orbit, the engine
operates in the rocket mode above about Mach 12.
When the engine is applied to a booster stage of the
two stage aerospace plane, the engine operates in the
rocket mode during pull-up flight prior to the staging.

Ejector rocket engines are mounted in the inlet
ramp. A propellant feed system with umbilical ducts
from the cryogenic propellant tanks is mounted in the
¢jector rocket section. This is the heaviest section of
the engine and is difficult to have a variable geometry.
In the display engine model of Fig. 3 and in the
conceptual study, % this section and the following
combustor section are fixed and the contraction of the
inlet is also fixed during operation. The inlet has a
ramp-compression system. The ramp is movable and
closes the inlet in the entry flight from an orbit when
applied to a single stage aerospace plane.ll

In the display engine model of Fig. 3 and in the
conceptual study, there is no second throat at the exit
of the engine. Subsonic combustion in the absence of a

second throat configuration with choking was attained

2nd fuel injector

=

combustor

Fig. 3 Display model of a rocket-ramjet combined-cycle engine.
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in the experiments of the ramjet mode operation.7’12

With no second throat, the engine can be simplified
and is lighter. However, high equivalence ratio is
required to attain the choking condition at the engine
exit with no throat.

3. Reference Results and Design of Model Engine

3.1. Design guide line

Figure 4 shows a schematic of the engine model
under construction. Cross section of the engine is
rectangular and the engine duct is constructed with
plates for convenience of changing each part to
another. The engine may not have a variable
configuration, then an actual engine will not have to
be constructed with flat plates except the inlet.

The contraction ratio of the inlet is a major
parameter of the engine, and is specified to 4.9. This
value is high from a viewpoint of an airflow rate in the
gjector-jet mode, since the throat area becomes rather
small. However, with smaller amount of air with this
ratio, the ejector effect will be attained with small
trouble. Such a high ratio of the contraction is
preferable to production of thrust in high Mach
numbers. There is base area due to the installment of
the rocket nozzles, so the area ratio of the engine
entrance to the upstream combustor section becomes
smaller than the inlet contraction ratio. Larger ratio to
the upstream combustor section is preferable to
produce larger thrust in the divergent section.

However, due to the size of the rocket, the current
model has a limit of the ratio which is rather small.

Rocket engines are mounted inside the inlet-ramp
housing. Two rockets are mounted in the engine. A
large number of small rocket engines with a square
nozzle are preferable to increase the divergent cross
section downstream of the rockets. However, small
rocket engine is difficult to be cooled, and the square
nozzle is difficult to be made and will be expensive. In
the present model, the number is reduced to two with a
round nozzle.

Propellants are gas hydrogen and gas oxygen, which
can be supplied in RJTF. Liquid oxygen cannot be
supplied now. Coolant of the engine model is water. In
the model, fuel injectors will be located in the
divergent section on the sidewalls and cowl, as well as
on the top wall in the downstream combustor. The fuel
injection position will be a parameter in tests."

The engine model under construction has a second
throat to attain the choking condition around the
stoichiometric fuel flow rate. Excessive fuel condition
is avoided for safety. In the tests of the
upstream-combustion ramjet mode, scramjet mode and
the rocket mode, the second throat is not adopted. The
model engine has a fixed-geometry inlet ramp, since
the model is not designed for flight. The inlet will be
designed in details and constructed in next financial
year.

280mm
—— — o
] |
_____________________ 180 vy
1 - ]
| _ : | ! I
{_ 220mm| G ———_ L z
ejector rocket
{ 162.9mm 2nd fuelinjector
20deg 5.4degy 14 deg 550 mm 6 degy 200mm
250mm>
80mm [
\ |
200mm
A 50mm 74keg Ieupstream throat and . , downstream
inlet 100mm |upstream combustor section divergent section combustor
1140mm 800mm 760mm ]l,GOOmm
3000mm
110mm
. . throat
220 mm = 26 mm

front view

. y
- G- (80mm)
70mm 50 mm

rearview 220mm

Fig. 4 Schematic of rocket-ramjet combined cycle engine model
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3.2 Inlet section

The compression of the incoming air is achieved
by the sidewall originated shock waves and the ramp
shock wave. Here, the compression by the sidewall
shock is referred as sidewall-compression, while that
by the ramp shock is called ramp-compression. The
reduction of the ratio of the sidewall-compression to
the ramp-compression has an effect to increase the air
capture ratio." It also results to decrease the ramp
angle. Larger ramp angle easily induces separation on

the top wall. Here, the two-stage-ramp inlet is adopted.

The angles of the first ramp and the second ramp from
the horizontal 14 deg,
respectively. The sidewall has just enough thickness to
contain ducts and tubes for cooling and measuring.
The cowl lip is turned up toward the top wall in 7
deg. Decreasing relative angle of the cowl inner

line are 5.4 deg. and

surface to the inlet ramp suppresses pressure ratios by
the shock wave from the cowl lip and by the reflected
shock on the ramp. This makes the inlet to start in
lower Mach numbers."’

Airflow through shock waves in the inlet increases

its dynamic pressure. Heat flux to the cowl leading

edge is largest in the airflow condition. Figure 5 shows

a temperature distribution of the cowl leading edge at
30 s from staring of heating under the RITF Mach 8
test condition.'® The cowl was made of copper and
cooled by water.

NT11
+7.9220+02

+3.790e+02

Fig. 5 Temperature distribution of the water-cooled
Cu cowl leading edge at 30 s.

3.3. Rocket section

Figure 6 shows a schematic of the rocket chamber
for validation tests. The rocket chamber and the rocket
nozzle are designed for the operating condition under
the ejector-jet mode. Maximum chamber pressure is
set to be 5 MPa from propellant supply capacity of the
RJTF and durability of the rocket. Mixture ratio of the
rocket, (O/F),, at this mode is 7 to reduce the excess

fuel in the plume and leave combustion in the
downstream straight section by the secondary fuel
injection. Thrust of 4 kN for each rocket chamber is
sufficient for parametric operation in the tests, so the
throat diameter is specified to be 26 mm. The exit
diameter of the rocket nozzle is 70 mm, and the height
of the rocket base is 80 mm. For the ejector-jet mode
operation, a chamber pressure of 3 MPa and a thrust of
2 kN per a rocket are specified as nominal design
conditions. Thus, the chamber pressure and the thrust
have room to be raised. The diameter of the
combustion chamber of the rocket is limited to be 50
mm due to the installation restriction. The upstream
curvature radius at the throat was 32 mm to suppress
the throat.'” The
downstream radius is 13 mm, relatively small due to
the restriction of the total length of the rocket.

An igniter is located at the center of the rocket,®

excessive heat flux around

and 8 injectors are located around the igniter. The
choking condition is applied in hydrogen and oxygen
injectors to control the flow rates of propellants in a
wide range of (O/F),. There is a diffuser section
downstream of the choking point to recover pressure.
Design Mach numbers of the propellants are 0.4."

This rocket chamber should operate in a wide range
of a mixture ratio to fulfill various mode operations.
When the mixture ratio is reduced to 0.5 to realize a
scramjet mode with high specific impulse, number of
the oxygen injectors is reduced half. Throttling of the
rocket thrust is also necessary to meet operation
requirements including the reduced pressure condition.

Coolant is water to suppress production cost and to
handle the chamber easily. The rocket chambers
consist of inner wall of copper alloy, SMC(MOEF-CZ),
and outer wall of stainless steel by brazing, expensive
process such as electro-forming being avoided. Fin is
shaped in the cooling channel to enhance the cooling
ability.”

Tests of the rocket chamber were conducted. Figure
7 shows plume in the ejector-jet mode operation.
Figure 8 shows the summary of the chamber
performance of C* at various operating modes.”" In all
cases, no oscillation associated with combustion was
observed, but melting of the oxygen posts and part of
the faceplate were experienced. New oxygen posts
made of nickel and modified nickel faceplate were
fabricated and melting was mitigated.

This document is provided by JAXA.
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Fig. 6 Schematic of rocket chamber.

Fig. 7 Operation of rocket model

3.4. Ejector section

In a low speed condition, air is breathed into the
engine by the ejector effect of the rockets. From a
viewpoint of the ejector effect, the section from the
upstream throat to the upstream combustor is termed
the ejector section here. The breathed air is used for
secondary combustion and augmentation of the rocket
thrust. The area ratio of the secondary flow to that of
the primary flow, the pressure of the rocket chamber,
and the nozzle area ratio of the rocket are primary
parameters on the ejector effect. The area ratio has a
relation to the contraction ratio of the inlet. The
contraction ratio or the area ratio should be selected to
attain sufficient airflow in lower Mach numbers, as
well as sufficient thrust in higher Mach numbers.

The flow conditions of the breathed air can be

categorized in three.

(1) Airflow chokes and then becomes supersonic or
is supersonic at the exit of the throat section. The air
flows in the supersonic speed in the divergent section,

L Rl RS SEACE TLRCE Likis Mok Rakal Las

o Ramijet-mode test#1 1

* Ramjet-mode test#3 i ]

095 © Scramjet-mode test#7 § ]

7} A Ejector-rocket-mode test#2 : -

) i 5 F
= H

Q2 0.9k ]

3 00- ; ]

*CIJ ; )

O i % ]

0.85 —

T i ]

0 1 2 3 4 5 6 i’ 8
Mixture ratio (O/F)

Fig. 8 C* efficiency summary.

as well as the rocket exhaust. (Fig. 9 (a))

(2) Airflow is subsonic at the exit of the throat
section, and chokes in the upstream combustor section
due to aerodynamic interaction between the air and the
the
condition. The air and the rocket exhaust are

rocket exhaust, i.e., aerodynamic choking
supersonic in the divergent section. (Fig. 9 (b))

(3) Airflow is subsonic throughout the engine duct.

Though there are several models for the ejector
effect, a simple model was newly-constructed. Its
applicability was confirmed with comparison between
the calculated values and the experimentally measured
ones.” Exchange of momentum between the rocket
exhaust and the breathed air in the aerodynamic
choking condition was calculated with this simple
model, which is noted as Model (¢) in Figs. 10 (a) and
(b), in the design process. Figs. 10 (a) and (b) shows
the secondary mass flow rate normalized by the
maximum secondary flow rate under the choking

condition of the secondary flow at M; =2.4.
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Fig. 9 Schematic of interaction between rocket exhaust (primary flow) and air (secondary flow). (a) Air is
supersonic or chokes at entrance. (b) Aerodynamic choking condition. Subsonic air chokes

acrodynamically.
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Fig. 10 Comparison of calculated results to experimental ones. M1 is Mach number of primary flow. Al
iscross section of primary flow, and A2 is that of secondary flow. A expresses test condition with no
exit throat, and A does the condition with exit throat for a downstream pressure increase. (a) M;=2.4,

A2/A1=0.57. (b) M;=3.4, A2/A1=0.57.

The inlet contraction ratio is specified to be 4.9, as
mentioned in Section 3.1. The choking condition of air
due to the gjector effect will be attained even with P. =
2.5 MPa, based on calculation with Model (c). In the
calculation, rocket exhaust was presumed to flow
parallel to the top wall of the engine duct with no
thickness of split plate. Combustion efficiency of the
rocket chamber was presumed to be unity.

The ejector effect of the model was confirmed with
a small-sized, simplified-configuration model in a
transonic wind tunnel under Mach 0.3 to Mach 1.1.7
Figure 11 shows the model. At the mid of the model,
nitrogen gas was provided through tubes to simulate
rocket exhaust. Figure 12 shows sidewall pressure

distributions in the Mach 0.8 test. With the exhaust of
the rocket, at downstream of the rocket nozzle exit,
wall pressure became lower than the choking pressure
of air, which is denoted as a dotted horizontal line.
Wall pressure increased to the total pressure of air and
then the mixture choked at the exit.
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Fig. 12 Wall pressure distribution at Mach 0.8 condition.

3.5. Upstream combustor section

The upstream combustor consists of the rocket
base and the downstream straight duct. As the rocket
size and hence the rocket base size are fixed, the
design parameter to be determined is the length of the
straight duct. Two issues should be taken into account
for the determination; the interaction length
requirement for the ejector-jet mode operation, and the
combustor length requirement for the scramjet mode

operation in which the rocket engine is used as the fuel
injector.

As the
downstream of the rocket base position is required for

for former, an interaction region
sufficient interaction between the airflow and the

rocket plume in order to realize the suction
performance. Reflections of the expansion waves were
necessary for sufficient acceleration of air, and the
corresponding length was set for the straight duct.
Combustor tests in the scramjet mode conditions
were conducted to determine the necessary straight
duct length, as a certain ignition delay was expected in
this operation mode. Figure 13 shows the schematic of
the experimental model, and Figure 14 shows wall
pressure distributions.”* As results, it was found that
specified length of the straight duct, L/H larger than
6.3, was required to attain sufficient combustion
condition, i.e., onset of the pressure rise being at the
rocket base region. The required length of the straight
duct was reduced with auxiliary fuel injection from the
cowl side. Figure 15 shows the wall pressure

distributions with the auxiliary injection.”” In this test,
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L/H was 2.3, the shortest condition of the straight duct.
Even with such a short duct, a good combustion

condition was attained with the auxiliary fuel injection.

Taking these into account, the ratio of the length of the
upstream straight section to the height is specified to
be about 4 in the engine model, shorter than 6.3. Such
length of the duct would be required for sufficient
reflection of expansion waves in the ejector section

under the aerodynamic choking condition of the
gjector jet mode. In the aerodynamic acceleration
process of the breathed air, expansion waves are
reflected on the wall of the rocket side and next on the
dividing streamline between the rocket exhaust and
the breathed air. The simplified model abbreviates this
reflection of the waves in the aerodynamic choking
condition shown in Fig. 9 (b).

rocket side

|
rocket

wall pressure port

Q2 m—
| 2
" lol
e \ /
— I_ 14
rocket
496 <+
l .
<
- A R
1.4deg l
1 1 1 1 1 1 1 | 1 1 1l y’
— U
r.'ocket section straight duct divergent duct
unit: mm

Fig. 13 Schematic of combined cycle engine combustor model.
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Fig. 15 Wall pressure distributions with
auxiliary fuel injection from cowl
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The auxiliary injector or the rocket engine operating
as a fuel rich pre-burner can also be used in the
upstream-combustion ramjet mode. This combustion
condition is also expected as an operating mode of this
engine. With additional fuel injection within the
following  diverging  section, the  subsonic,
high-pressure region can be extended to further
downstream into the diverging section to attain a

higher thrust. 12

3.6. Divergent section
In the ejector-jet and the ramjet modes, supersonic
airflow and combustion gas decelerate and mix in this
section through the pseudo-shock to subsonic speed.
Increased pressure in the decelerating process
produces thrust. The pressure increase and the length
of the pseudo-shock were calculated with the
momentum balance model.” In the model, there is no
friction force in the pseudo-shock. The length is
calculated with force balance in the duct with the
pseudo-shock. Figure 16 shows a schematic of the
pseudo-shock in a divergent duct. Balance of forces is
described as follows;
F,=F+f,-fn D
F,, F;, f,, and f; are outflow impulse function, inflow
impulse function, reaction force from wall in L,, and
friction force upstream of the pseudo-shock in Ly. The
lengths of L, and Ly are determined to satisfy Eq. (1)
in the model.
Figure 17 shows a relation between calculated
lengths and the measured ones. Values larger than

reactionforce, fy . .

friction, f§1q

e

pseudo shock
L

Fig. 16 Schematic of flow with pseudo-shock.
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Fig. 17 Relation between calculated lengths of
pseudo-shock and measured ones in

divergent duct.

unity express that the starting position of the
pseudo-shock is in the straight section upstream of the
divergent section.

With the model, effect of the downstream throat
contraction ratio, CR,, and that of the rocket chamber
pressure on the pseudo-shock length in the divergent
duct section of the new engine model were predicted
in the ejector-jet mode (Figs. 18 and 19). The
calculated lengths dispersed due to convergence errors
in the flow conditions and the curves were drawn with
the method of least squares in the figures. Some points
disagree in the figures.

The contraction ratio due to the sidewalls is 1.22,
and the duct length upstream of the pseudo-shock is
plotted from the ratio of 1.22. As the contraction ratio
increases, impulse function and pressure in the
downstream combustor section upstream of the
downstream throat increase, and the starting position
of the pseudo-shock moves upstream. As the rocket
chamber pressure increases, the impulse function from
the rocket increases and reaction force from the
divergent wall should be decreased to meet the
outflow impulse function under the choking condition.
Then the starting position moves downstream.
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3.7. Downstream combustor

In the downstream combustion ramjet mode,
decelerated subsonic air reacts with fuel injected in the
downstream combustor. Rocket exhaust works as pilot
flame. This mode was confirmed with combustor
tests.'>”’ Figure 20 shows schematic of the
experimental model and Figure 21 shows wall
pressure and estimated Mach number distributions.
The downstream straight duct section was required to

/(Length of divergent duct)

attain sufficient combustion efficiency.
In Fig. 4, there is fuel injector only on the top wall
of the downstream combustor. In the engine model,

(Duct length upstream of pseudo-shock)

I R B
125 13 135 14 145 15

Contraction ratio at engine exit

there will be several fuel injection positions in the
divergent section and on the sidewalls and the cowl.

io. hroat i i
Fig. 18 Effect of the downstream throat contraction In the tests, there was no throat at the exit of the

ratio on pseudo-shock length. model. Even with no throat, combustion gas chokes

thermally. This configuration of the divergent section

is suitable to the scramjet and the rocket modes. In the
new engine model, however, there is a throat at the
exit of the model in the ejector-jet and the ramjet

o
e

modes. Excessive hydrogen fuel is necessary to attain
the thermal choking with no throat. This combustion

e
)

gas with large amount of residual hydrogen fuel is
avoided for safety.
Combustor tests were also conducted in the

o
IS

o
N

gjector-jet mode.”® Figure 22 shows the experimental

(Duct length upstream of pseudo-shock)
/(Length of divergent duct)

| 1 | setup. The tests were conducted under the sea-level

3 R E’f " b4 4.5MP 5 static air condition. The reference rocket chamber
ocKet chamber pressure, a . .
P pressure was 3 MPa. Air was breathed into the
Fig. 19 Effect of rocket chamber pressure on combustor model by the ejector effect, and wall

pseudo-shock length.
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Fig. 20 Schematic of experimental model of downstream-combustion ramjet mode.

This document is provided by JAXA.



12

0.3
0.25|

021

Pw/Pt

0.15 -
0.1

0.05-

Oirier[x

] L [O
-500 250 0 250 500 750
X {(mm)

Fig. 21 Wall pressure and estimated Mach number
distributions in the downstream combustion

ramjet mode.

pressure at the throat section decreased to choking
pressure. The rocket exhaust and airflow mixed and
the mixture was decelerated in the divergent section.
The pressure in the downstream combustor was higher
than an atmosphere. Fuel hydrogen was injected to the
mixture and the combustion gas choked at the exit
throat.
demonstrated with this model.

Operation of the ejector-jet mode was

JAXA Research and Development Report JAXA-RR-06-009E

3.8. Design of the engine

With the above-mentioned results and works, the
duct configuration of the new engine model is
designed as shown in Fig. 4. Reference engine
configurations are listed in Table 2. The operating
conditions are predicted as listed in Table 3. They are
calculated with a one-dimensional model with
equilibrium condition of gases. EJ is ejector-jet mode,
RM is ramjet mode, SC is scramjet mode, and UR is
upstream-combustion ramjet mode. In the ejector-jet
and ramjet modes, primary combustion of fuel and air
progresses in the downstream combustor. In the
scramjet and upstream-combustion ramjet modes, it
progresses in the upstream combustor. Figure 23
shows maximum pressures and maximum heat fluxes
throughout the tests

conditions and different operating modes. Number and

in different Mach number

configuration of the cooling channels and flow rates of
cooling water will be specified with the estimated heat
fluxes. Thermally equilibrium condition is not

. designed in cooling, but the engine model is designed

to hold for 30 s duration of each test.

rocket ¥ FA rocktlst (throat: g‘IS) ‘fueI(H2)
block ™. ! ! nozzle \exit 918
T [ B ——
1 '4 o ;I Q5'4‘/ﬂ ‘‘‘‘‘‘ 1
§zo.5 L T 30 des 83.3 h2
air g R R 50.5 . .. . . e
[’ kA LJ\_]L
0 X wall pressure port unit:mm
Fig. 22 Schematic of a combustor model of ejector-jet mode.
Table 2 Engine configuration
Upstream  Contraction  Contraction ratio  Rocket Rocket
Widthat Heightat Widthin 0 ; nozzle
Length . combustor ratio of of upstream throat )
entrance  entrance engine ! . . exit
ength inlet combustor diameter diameter
3m 0.22 m 02m 0.18 m 0.55m 4.9 1.9 26 mm 70 mm
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Table 3 Operating conditions

13

Rocket

Airﬂqw Operating Inlet condition chamber Rocket qu.livalem.:e Thrust, kKN
condition mode O/F ratio for air
Pressure, MPa

Static air EJ — 3.0 7.0 0.8 3.8

Static air EJ — 4.0 7.0 1.0 54
M4 EJ Unstart 3.0 7.0 1.0 0.7
M4 EJ Srart 3.0 7.0 1.0 6.6
M4 RM Srart 0.5 5.0 0.4 1.7
M4 UR Srart 3.0 5.0 1.0 5.8
M6 RM Srart 0.5 5.0 1.0 1.5
M6 SC Srart 3.0 5.0 1.1 5.3
M SC Srart 1.5 5.0 1.1 2.5

EJ is ejector-jet mode, RM is ramjet mode, SC is scramjet mode, and UR is upstream-combustion ramjet mode.

upstream combustor

downstream combustor

P=180 kPa P=200kPa
Tt=3000K Tt=3000K
M4, DM, combustion gas M4, EJ, start,
divergent duct end combustion gas

throat P=230 kPa

P=10 3 kPa Tt=2700K

Tt=800K M4, EJ. start,

M4, EJ, unstart, air mixed gas

P=101kPa (MO)
T=288K
(P=1A 7kPa (M8) )
T=230K
(@
upstream combustor downstream combustor
7.0 MW.”m?Z (M4.UR) 6.8 MW./m?2
9.7 MW m? (M8,8C)  divergent duct end zﬂoﬁﬁjs’tsi;z”és
throat combustion gas 4.2 MW/m2 &
0.7 MW,/ m? M4, EJ. start,
M4, EJ, unstart, air mixed gas i
AN
\ N b
D }/ y
£~ : |
b sowl L.E-Z - rocket exh;ust divergent duct
8 MW, m rocket exhaust 2
(b) M8, §C.air 7.9 MW m?2 S MW.”m

M4, EJ, unstart

M4, EJ,unstart, mixed gas
M8, SC, start, combustion gas

Fig. 23 Maximum pressures and heat fluxes of the engine model throughout operations.

(a) Pressure. (b) Heat flux.

In the tests, rocket chamber pressure and the
contraction ratio at the engine exit will be parameters,
as well as the fuel injection position. Parts and
components of the engine will be manufactured to
conduct these parametric studies. The leading edge
part of the cowl will be changeable.

4. CLOSING REMARKS
Reference investigation results and design process
of the new model of the rocket-ramjet combined cycle
engine are presented. The ejector rockets, the upstream

throat and upstream combustor section, and the
divergent section are now under construction. The
inlet section and the downstream combustor section
will be constructed in next year. RITF is also now
under modification; adding oxygen feed-line for the
rockets, installing a new force measurement system,
and adjusting control system. The first objective of the
tests is to evaluate its performance in the ejector-jet
mode at sea-level static conditions scheduled in
FY2006. With the tests at various conditions in RJTF
with this engine model, our group will establish design
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technologies of the rocket-ramjet combined-cycle
engine to realize a future transportation system.

Recent combustion tests and CFD investigation on
the ejector effect indicate reduction of the ejector
effect from the ability due to high
temperature of the primary flow. Our succeeding
papers and reports on the ejector mode operation
should be referred when an engine is designed.

designed
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