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Abstract: Rocket-based combined-cycle (RBCC) engines are known as the most promising type of engine with the potential to
realize ‘single stage to orbit’ (SSTO). This will dramatically reduce the cost of space round trips and improve the physical expe-
rience of astronauts. However, sixty years after this concept was first proposed, no RBCC engine has completed a real flight. The
challenges in RBCC development include ejector, scramjet, mode transition, and thermal protection technologies. However, great
progress has been made in recent years, suggesting a bright future for these engines. In this paper, we review worldwide progress
in the overall layout of RBCC engines. The working process of RBCC engines is introduced to show their distinctiveness among
traditional engines. RBCC engines are classified as rectangular section or axisymmetric configuration engines and the develop-
ment of both types in different countries is reviewed. The engine-airframe integration design and mission planning of RBCC
powered aircraft systems are analyzed separately. Even though RBCC powered aircraft and their missions remain conceptual, the
design and planning processes are important for RBCC development and space round trips in the future. RBCC study is a typical
multi-disciplinary design process. Research addressing the problems encountered by RBCC studies will promote the development
of a range of disciplines relevant to aerospace science.

Key words: Rocket-based combined cycle (RBCC) engine; Single stage to orbit (SSTO); Space round trip; Engine-airframe
integration
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1 Introduction veloping full speed long-range aircraft, hoping to
realize the dream of regular space travel and faster air

It is no longer a dream to send vehicles into  transportation. Techniques for developing reusable,

space because human beings have mastered numerous
core techniques in the field of aerospace. The air
transport industry is pursuing future systems with
high speed, high efficiency, credible safety, and low
cost (Sziroczak and Smith, 2016). In recent years,
increasing effort and money has been spent in de-
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hypersonic, combined-cycle engines and full speed
range aircraft have attracted increasing attention
(Zhang JQ et al., 2017; Zhang TT et al., 2017; Li et al.,
2018; Zhao et al., 2018a, 2018b). The Defense Ad-
vanced Research Projects Agency (DARPA)’s in-
vestment budget for their advanced full range engine
(AFRE) project has increased from 13.5 million USD
in 2017 to 53.03 million USD in 2019 (OUSD, 2018).
This reflects the trend in the USA to develop full
speed range techniques to overcome the challenges
that aircraft encounter from launch to hypersonic
cruise.

As the heart of the aircraft, the engine directly
affects the ability to accomplish a mission and the
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quality of the mission. The Mach number of full speed
range aircraft during the execution of a task covers
subsonic, supersonic, and hypersonic speeds. Engines
with a single mode cannot work effectively in the full
speed range (Fig. 1) (Huang et al., 2014b). Although
rocket engines are currently the only engines with the
ability to launch an aircraft into orbit, their low im-
pulse performance limits their single stage to orbit
capability. In recent years, the Falcon rocket of the
SpaceX Corporation realized a recycle and re-launch
mission (Zhong et al., 2018). However, an additional
propulsion system is needed to implement orbit
change and the re-entry mission after load/rocket
separation. The cowling’s shape also limits the size
and configuration of the load. The space shuttle is
another option for space travel missions (Shayler,
2017). Its feasible propulsion system in space round
trips should be a combined-cycle engine that can
change its working mode to adapt to the changing
working environment.

There are three important combined-cycle en-
gine types: air turbo ramjets (ATRs) (Minato, 2016),
turbo-based combined cycle (TBCC) engines (Ma et
al., 2018), and rocket-based combined cycle (RBCC)
engines. RBCC engines are the best choice for single
stage to orbit (SSTO) aircraft. Unlike in TBCC en-
gines, the rocket and ramjet in an RBCC engine share
the same flow path, thus leaving out complex struc-
tures and reducing redundant weight. An RBCC en-
gine has a simple configuration and can be changed to
rocket propulsion mode outside the atmosphere.
Thus, RBCC engines have single stage to orbit capa-
bility (Williams, 2010). Rocket engines are known to
have a high thrust-to-weight ratio but low impulse
performance, while ramjet engines have high impulse
but low thrust-to-weight ratio performance. The
RBCC engine combines both engines in one flow
path, thereby effectively amplifying the strength of
both engines (Ye et al.,, 2018). Therefore, RBCC
engines can work efficiently at different altitudes and
Mach numbers using the appropriate engine mode.
This engine system combines high working efficiency
with good economic efficiency.

In this paper, we review the overall layout of
RBCC engines developed by different countries in
recent years. We discuss the development processes
of different RBCC engine systems and engine-
airframe integration. The trajectory design and opti-

mization of aircraft with RBCC engines is also in-
cluded. We aim to identify the future challenges and
their potential solutions in RBCC research.
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Fig. 1 A comparison of impulse performance among
different engines. Reprinted from (Huang et al., 2014b),
Copyright 2014, with permission from Elsevier

2 Basic characteristics of RBCC engines

2.1 Differences between RBCC and combined
engines

The RBCC is not the simple combination of a
rocket engine and a ramjet. The differences between
RBCC engines and other combined engine systems
are shown in Fig. 2 (Wood, 2009). Fig. 2a shows a
schematic of a ‘tandem solid booster with a canister
ramjet’ configuration. The solid rocket in this system
is installed behind the ramjet, working as a booster of
the whole engine system. When the engine reaches
the ramjet’s working condition, the booster is aban-
doned. Since the ramjet works in supersonic condi-
tions, this engine system’s working range covers
speeds below Mach 5. Fig. 2b shows the solid fuel
integral-rocket ramjet (IRR) configuration. The ram-
jet and rocket booster of this system share one flow
path and no separation occurs before the ramjet be-
gins to work. The liquid fuel IRR configuration
(Fig. 2c) operates in a similar way. The booster
chambers of both configurations can function as the
ramjets’ combustion chamber when the solid propel-
lants burn out. An air-ducted rocket configuration
(Fig. 2d) adopts a gas generator to generate fuel-rich
sustainer propellant when the ramjet is operating. The
sustainer propellant mixes and reacts with air in the
combustor, generating thrust for the whole system.
The four configurations in Figs. 2a—2d can collec-
tively be called a combined propulsion system. Their
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Fig. 2 Change from a combined propulsion system to a combined-cycle engine system (Wood, 2009)
(a) Tandem solid booster with a canister ramjet; (b) Solid fuel integral-rocket ramjet (IRR); (c) Liquid fuel IRR; (d) Air-ducted

rocket; (e) Central ejector RBCC; (f) Annular ejector RBCC

common characteristic is that different engines work
alone under different flight conditions. A solid rocket
is a disposable working engine and cannot be re-
started after burning out. Consequently, these engine
systems have only a one-way acceleration ability and
cannot be used as a reusable space round trip system.

Figs. 2e and 2f show the typical layouts of an
RBCC engine. Unlike in combined propulsion sys-
tems (Figs. 2a-2d), the RBCC’s rocket and ramjet/
scramjet work collaboratively. The engine system
changes working mode in response to the changing
environment.

An RBCC engine currently cannot produce
sufficient thrust at low flight speeds because of the
insufficient thrust gain of the ejector. Therefore, the
aircraft cannot accelerate effectively, seriously lim-
iting the development of RBCC technology. Zhang Q
etal. (2014) and Zhang F et al. (2016, 2018) proposed
a scheme involving a trade-off between RBCC and
combined propulsion systems, namely dual-rocket-
based-combined-cycle (DRBCC). The DRBCC sep-
arates the rocket into two parts (Fig. 3). One part is
installed in the flow path as the eject rocket, while the
other part is strapped to the outside of the main

engine’s flow path, acting as a booster. This design
can reduce the thrust pressure on the eject rocket and
improve the RBCC’s low speed performance. Alt-
hough this scheme is easy to achieve, it does not ad-
dress the RBCC’s main technical challenges.

2.2 Components of RBCC engines

A typical RBCC configuration consists of an
inlet, isolator, eject rocket, combustor, and nozzle. To
cover a full speed range, the inlet should regulate the
airflow rate to avoid the unstart phenomenon. A de-
formable inlet is the first choice because it can change
shape and sectional area to fit the changing environ-
ment (Riva et al., 2007; Choubey and Pandey, 2018;
Zhang ZZ et al., 2018). The isolator is a flow path
behind the inlet. It is an important part in scramjet
mode in that it affords a buffer between free flow and
the combustor, stabilizing the shock ring structure
(Wei et al., 2017). Hypersonic free flow remains
supersonic after passing through the shock train in the
isolator because the design of the isolator avoids the
generation of normal shock. Therefore, supersonic
combustion can be achieved in the combustor.
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Fig. 3 A comparison of the ramjet (a), RBCC (b), and DRBCC (c) systems. Reprinted from (Zhang Q et al., 2014),
Copyright 2014, with permission from China Articles on Demand

The eject rocket is the core component of an
RBCC that distinguishes it from a ramjet (Yang et al.,
2015; Cui et al.,, 2018). It generates high-speed
fuel-rich gas at low flight speed and carries sur-
rounding air into the engine. This portion of air,
known as the secondary flow, supplies oxygen to
maintain the burning of the fuel-rich gas and so a
heavy oxidizer tank is no longer required. The eject
rocket can also be the main propulsion module during
the pure rocket mode. During this period, the inlet is
closed and the rocket provides all the thrust. The
RBCC engine’s combustion chamber is where burn-
ing occurs and is stabilized. The chamber contains a
secondary injector. This injector is important for
adding fuel into the main flow and promoting fuel-air
mixing and reaction during the scramjet mode (Zhang
et al.,, 2013). The flow speed in the combustor is
subsonic in eject mode and ramjet mode. Normal
nozzles adopt a contraction-expansion configuration
to accelerate the flow to supersonic speed. However,
this kind of nozzle is inappropriate for scramjet mode
and pure rocket mode, during which the flow in the
combustor is supersonic. Deformable nozzles can be
used for RBCC engines (Wood, 2013). Another op-
tion is to control the heat release rate and distribution,
generating a thermo-throat in a nozzle with an ex-
pansion configuration. This design is feasible for all
working modes in an accelerating combustion flow
(Wang et al., 2017).

2.3 Working process of a typical RBCC engine

A typical RBCC engine is designed to work in
four modes, namely the eject, ramjet, scramjet, and
pure rocket modes. Some RBCC-powered aircraft are
designed to take off on a runway while others are
designed to launch from a carrier. The take-off speed
is normally below Mach 0.8. During the period before
Mach 2, the engine works in eject mode. The eject
rocket is ignited and the fuel-rich plume mixes and
reacts with the secondary flow in the main combustor.
When the speed is high enough, normally between
Mach 2 and Mach 5, the engine works in ramjet mode.
During this period, the free flow is compressed and
slowed down after a normal shock wave in the inlet,
before mixing and reacting with the fuel in the com-
bustor. The eject rocket is shut down, but can also
supply fuel to the combustor. When the aircraft’s
speed exceeds Mach 5, the free flow’s total enthalpy
is too high to maintain an effective reaction in sub-
sonic conditions. Therefore, the engine works in
scramjet mode. The inlet and isolator may still slow
down the free flow by generating a series of shock
waves, but the flow in the combustor remains super-
sonic. The eject rocket is closed and the fuel is sup-
plied by a transverse jet in the combustor so that the
fuel can mix effectively with the airflow before or
during reaction. As the altitude of the aircraft con-
tinues to increase, the atmosphere becomes thinner.
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When the inlet fails to capture enough airflow to
maintain combustion, the eject rocket is re-ignited
and the inlet is closed. This marks the transition from
scramjet mode to pure rocket mode. The rocket pro-
vides all the thrust in this mode and no secondary
flow passes into the flow path. All the four modes
work and transition smoothly in one flow path by
adjusting the condition of the inlet, eject rocket, and
the fuel injector. Therefore, every mode is essential
for the entire process to work. The overall layout of
the engine should be carefully designed to ensure
successful transitions during the cycle.

Since dual-mode ramjet/scramjet technology
has emerged (Huang et al., 2018; Zhang CL et al.,
2018a, 2018b), the main obstacles to RBCC tech-
nology now are the low thrust gain in eject mode and
the design of the full speed range inlet/exhaust system,
propulsion/airframe integration, and RBCC ground
test system. Consequently, RBCC technology still has
a long way to go from conception to engineering.

3 Two main conceptual layouts of RBCC
engines and progress in their development

Currently, rectangular section and axisymmet-
ric are the main configurations of RBCCs. The rec-
tangular section configuration is a transverse exten-
sion of the longitudinal section, and the flow has
obvious 2D characteristics. This kind of engine
should be highly integrated with the airframe. This
configuration can be further divided into back-
forward step and strut-rocket configurations, ac-
cording to the eject rocket’s install location.

The back-forward step configuration has a
back-forward step behind the isolator, where the eject
rocket is mounted. Typical examples of this config-
uration are the two-stage to orbit (TSTO) system from
the USA and the E3 engine from Japan. The strut-
rocket configuration has many struts standing verti-
cally in the isolator. The eject rockets are installed in
these struts. The Strutjet system from the USA and the
RBCC design from the Chinese Northwestern Poly-
technic University (NWPU) are typical examples of
this configuration. An axisymmetric configuration
has an axisymmetric flow path and the eject rocket is
typically installed in the central axis as a conical
rocket, or surrounds the central axis as a conical

rocket. RBCC engines with an axisymmetric config-
uration have a long history of study and are still at-
tractive in the conceptual design stage. For example,
quasi-1D analysis of RBCC engines is normally
based on axisymmetric configurations (Pastrone and
Sentinella, 2008, 2009)

3.1 Rectangular section RBCC engine

Rectangular section RBCC engines are similar to
typical scramjet engines known worldwide. For ex-
ample, the X-43 and X-51 engines are of this type and
are normally installed in the lower part of an aircraft
(Peebles, 2008; Mutzman and Murphy, 2011). The
inlet of this type of RBCC engine can be integrated
with the aircraft’s forebody and both are used to com-
press and capture free flow. The nozzle of a rectangular
section RBCC can also be integrated with the aircraft’s
aftbody, thereby letting the gas from the combustor
expand and generating thrust (Butuk et al., 1998).

3.1.1 Strutjet

One of the most famous rectangular section
RBCCs is the Strutjet, proposed by the American
Aerojet General Corporation in 1995. This configu-
ration resulted from cooperation among the Lewis
company, the US Air Force, Aerojet, the General
Applied Science Laboratory (GASL), and the
Lockheed-Martin Company (Debonis and Yungster,
1996). Strutjet has a rectangular section eject-ramjet/
scramjet combined cycle (Fig. 4) (Thomas et al.,
1997). Typically, it combines inlet/secondary com-
bustor/nozzle integration design and modular design
technology. The four modes can transition smoothly
based on the strut in one flow path. This configuration
has a changeable mechanical inlet and nozzle. With
the change of Mach number and the transition of the
working mode, the inlet’s configuration and the noz-
zle’s expansion ratio can be altered. This is important
in improving the inlet’s starting performance and free
flow capture ability. It can also enhance the nozzle’s
thrust output ability so that the engine can adapt to the
full speed range. During the eject mode, the strut
rocket inside the engine is one of the main
thrust-generating components. It is also used for
ejecting secondary flow. When the inlet is closed, the
engine works in pure rocket mode and the strut rocket
is the only part providing thrust (Siebenhaar et al.,
1994; Olds and Bradford, 1997; Muller et al., 2001).
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Fig. 4 A schematic of a Strutjet engine (Thomas et al., 1997)

As shown in Fig. 5, the eject rocket performs as
a fuel jet slot in ramjet mode. The fuel-rich gas
ejected from the strut’s rear reacts with the secondary
flow, producing further energy. In scramjet mode, the
eject rocket is shut down and the transverse jet is
adopted. The jet from both sides of the strut has
proved helpful in shortening the mixing length and
enhancing mixing efficiency. Transverse jets have
often been used in scramjet engines (Huang et al.,
2012, 2014a; Yan et al., 2014; Huang, 2015;
Gerdroodbary et al., 2016, 2017a, 2017b; Anaza-
dehsayed et al., 2017). The strut itself is a very bene-
ficial structure. It can bond both sides of the engine
and enhance the structural strength. During the
scramjet mode, the strut can enhance the fuel/air
mixing property. Its cross range configuration can
help compress free flow. Strutjet engines are robust,
making them easy to operate and maintain (Perkins et
al., 1997, 1998).

3.1.2 Northwestern Polytechnic University research
program

The NWPU has a continuous history in studying
strut based rectangular section RBCC engines, and
the program has now entered the ground test phase
(Wang et al., 2007; Shi et al., 2013; Lin et al., 2014;
Jing et al., 2018; Shi et al., 2018; Yan et al., 2018;
Zhang et al., 2018). Fig. 6 shows a schematic of the
RBCC ground test system at NWPU (Shi et al., 2016).
This system is used to test the wide-speed range
working ability of the engine. Xue et al. (2017) con-
ducted a direct-linked test for this system to study the

Normal shock

(b)
Fig. 5 Different fuel jet approaches in different working
modes
(a) Backward fuel jet in Strutjet’s ramjet mode; (b) Trans-
verse fuel jet in Strutjet’s scramjet mode

transition between the ramjet and scramjet modes
(Xue et al., 2017). In this system a central strut is used
to compress the free flow. The eject rocket is mounted
in this strut and ejects fuel as the first stage supply.
Two smaller struts are placed behind the main strut
which act as a vortex generation device to promote
fuel/air mixing. The cavities behind the struts act as
flame holders to stabilize the combustion flame
(Huang et al., 2016).

3.1.3 E3 engine

Japan began exploring a single stage to orbit
reusable aircraft system in the 1990s (Lentsch et al.,
2001). In 2003, the Japan Aerospace Exploration
Agency (JAXA) tested the combustion mode of a
combined cycle engine. Two rockets were adopted to
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generate fuel-rich gas (Kanda et al., 2003). The very
beginning of JAXA’s first RBCC configuration was
based on this test. In 2005, JAXA designed a rec-
tangular section RBCC engine, namely the E3 engine
(Fig. 7) (Kanda et al., 2005). This model adopts two
parallel H,-O, rockets and the eject rockets are
mounted in the backward stage at the end of the inlet.
The fuel supply system is located in the airframe on
top of the engine. The inlet is a movable slope which
can be closed during re-entry. There is no second
throat at the exit of the engine since fuel acceleration
can be realized using the thermal throat technique.
The secondary jet is arranged in the expansion area of
the combustor so that the fuel added to the combustor
can enhance the heat release performance and thrust
of the engine. JAXA also experimentally studied the
performance of every independent component and
established their physical model. The E3 engine is
designed to work in the eject, ramjet, scramjet, and
pure rocket modes at Mach numbers 0-3, 3-7, 7-12,
and above 12, respectively (Kanda et al., 2005). Fig. 8
shows the draft dimensions of the E3. The engine is
3 m long and 0.28 m wide. The inlet is 1.14 m long,
occupying more than one third of the total length. The
backward rockets, with a diameter of 0.08 m, are

Gas passage

Central strut !

mounted in the middle of the engine and their exits
are 1.61 m away from the exit of the engine (Kodera
et al., 2012).

To support the design of E3, JAXA designed
and experimentally tested the gaseous H,/O, com-
bustor, which suffered serious thermal damage
(Takegoshi et al., 2005, 2006, 2012). The influence of
the shape of the engine’s inlet and outlet, the length of
the combustor, the location of the secondary jet, and
the working condition of the rocket were all studied to
test the eject performance of E3 (Kanda et al., 20006).
In 2006, JAXA studied the operation feathers of sin-
gle stage to orbit RBCC engines in different modes.
The researchers encountered insufficient thrust gain
at low Mach numbers (Kouchi et al., 2006).

3.2 Axisymmetric RBCC engines

3.2.1 Supercharged ejector ramjet (SERJ) and
scramjet liquid air cycle engine (ScramLACE)

Research on axisymmetric RBCC engines be-
gan in the USA in 1958. Between 1965 and 1967, an
industrial group comprising the Marquardt, Rock-
etdyne, and Lockheed-California corporations iden-
tified the importance of developing combined-cycle
engines. This group also pointed out the technical
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requirements for developing such engines. There
were 36 options initially all of which were assessed as
the primary thrust system of a double-stage horizontal
take-off and landing system (Chojnacki and Hawk,
1993). Through a series of considerations about the
load, manipulation, technical requirements, and cost,
two options were recognized by Marquardt as the
most suitable, namely SERJ and ScramLACE (Cho-
jnacki and Hawk, 1993; Daines and Segal, 1998).
SERJ has a fan to increase the pressure, but it does not
have a scram system. Fig. 9 shows a diagram of SERJ
(Olds and Lee, 1996). The fan was adopted to increase
pressure under low speed conditions, but it would be an
obstacle under high-speed conditions. To tackle this
problem, the engine adopted a rotatable device so that
the axis of the fan can be set vertical to the free flow
direction, thus clearing the intake flow path. Scram-
LACE has a scram engine system and an air liquidizer
system so that the oxygen in the air can be separated
and used for combustion (Oike et al., 1999).

In the early design stage, a central conical rocket
is often adopted as the main thrust generation device.
However, the flow ejected from the rocket cannot mix
sufficiently with the secondary flow from the inlet.
This results in congestion in scramjet mode. Lehman
et al. (2000) studied the mixing performance using a
2D central rocket ejector. They found that the mixing
length can be 39 times the rocket exit’s diameter,
or five times the suction’s diameter. Therefore,
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distributed rockets are thought to be effective in re-
ducing the mixing length because of the contact area
between the rocket’s fume and the secondary flow.
When the distributed rockets connect, an annular
rocket can be derived (Fig. 10) (Escher and
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Annular primary
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)
Turbofan
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Fig. 9 SERJ RBCC engine (Olds and Lee, 1996)
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Schnurstein, 1993; Waung, 2010). An annular rocket
has a more uniform annular fume, but fewer redundant
wall structures than distributed rockets (Olds, 1996).
Fig. 11 is a diagram of an annular rocket.

3.2.2 Exchange inlet

In 2006, the Carlton University of Canada
proposed a new design approach, the asymmetric
RBCC inlet. This approach can increase the shear
area between the rocket fume and the secondary flow,
thereby reducing the mixing length and the size of the
eject section. The overall weight of the aircraft pow-
ered by this engine can also be reduced. The exchange
inlet is not only the entrance of the air, but also an
annular rocket nozzle (Fig. 12) (Etele et al., 2012).
This configuration has a center body, a cowl and
several fairings. The combustion chamber of the
rocket is located inside the center body and the nozzle
is divided into several parts. Each part of the nozzle
changes its cross section shape and expands in the
fairing. Each of the rocket exits is transformed into a
quarter of an annular shape and they connect on the
inside wall of the cowl, forming an annular rocket
exhaust. The space between the fairings is used to
compress the free flow and the secondary flow is
generated after the compression in the center body
and the fairing.

Parametric models of the inner and external
configurations of the exchange inlet were established
around 2010 (Etele et al., 2005; Waung and Etele,
2009; Yuen and Etele, 2011; Yuen, 2012). Murzionak
and Etele (2014) developed a program to quickly
assess the performance of exchange inlets. Chorkawy
and Etele (2017) optimized the configuration of the
exchange inlet based on the work described above.

Fuel supply system

Dual Concentratic Annular Rockket

Fig. 11 A diagram of an annular rocket device (Escher,
1995; Olds and Bradford, 1997)

Faring

Centre body Cowl Rocket outlet
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Side view
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Rocket
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Rocket
exhaust

Rocket outlet
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Fig. 12 Configuration of an exchange inlet
(a) External view of exchange inlet; (b) Internal view of
exchange inlet (Etele et al., 2012)

To validate the strength of the exchange inlet
compared to that of traditional conical rockets, Etele
et al. (2014) experimentally studied the performance
of an annular rocket. The experiment adopted two
rockets with different expansion nozzles. One nozzle
was a traditional conical nozzle and the other an an-
nular nozzle based the exchange inlet (Fig. 13).

The results showed that the annular nozzle
could improve the air entrainment ratio by 28%,
compared with the normal conical nozzle (Fig. 14).
The annular nozzle could effectively separate the
downstream flow condition from the inlet and pro-
duced a more uniform entrained air inflow across the
width of the engine. Fig. 15 shows the Mach number
distribution contours in the exit planes of both rockets.
The figure on the left shows the ability of the annular
rocket configuration in mixing and transferring its
momentum to the entrained airflow. However, in the



172 Zhang et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2019 20(3):163-183

exit of the conical rocket (the figure on the right), a
large area of low Mach number distribution suggests
that the secondary flow did not mix well with the
rocket exhaust. Both Canadian and Japanese re-
searchers carried out this experiment, so the config-
uration was designed based on the E3 engine.

Flow direction_.—7

Rocket exhaust—"

Symmetry plane

(b)

Fig. 13 Rocket configurations adopted by Etele et al.
(2014)
(a) Conical rocket nozzle; (b) Annular rocket nozzle
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Fig. 14 Entrainment ratio versus rocket chamber pres-
sure of rockets with annular or conical nozzles (Etele et
al., 2014)
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Fig. 15 The Mach number distribution in the exit plane of
both rockets (left: annular nozzle, right: conical nozzle)
(Etele et al., 2014)

323 GTX

Another RBCC designed to limit the length of
the combustion chamber is the one designed for the
GTX aircraft in the USA (Fig. 16) (Yungster and
Trefny, 1999). The Glenn Research Center at the
National Aeronautics and Space Administration
(NASA) carried out the research for this aircraft and
engine.

Three half-axisymmetric RBCC engines are
integrated within an axisymmetric airframe. The
GTX’s engines have the ability to work in a wide
speed range. The effective working condition covers
the whole mission stage from launch to orbit entry.
Each engine has a conical spike inlet and the central
cone containing the rocket can move back and forth.
This makes it possible to adjust inlet performance in
accordance with the changing working environment
(Thomas et al., 2001; Trefny and Roche, 2002).

The GTX’s engine can work in four modes. The
unique mode, namely the independent ramjet stream
(IRS), as shown in Fig. 17, works from launch to
Mach 2.5. During IRS mode, hydrogen fuel is in-
jected directly into the airstream in the expansion part
of the inlet, and premixes with the airstream before it
is ignited by the rocket plume. Premixing allows for a
single large rocket instead of several smaller ones,
and its required combustor length is smaller than that
of a traditional ejector ramjet (ER) design. As a result,
this type of engine is lighter and simpler in structure
(Bond and Edwards, 2003, 2004).
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Fig. 16 Configuration and three views of the GTX aircraft
and engine. Reprinted from (Yungster and Trefny, 1999),
Copyright 1999, with permission from AIAA

Fuel injection and
premixing (M;>0)

Flame Front Thermal Throat

Rocket exhaust

Fig. 17 Engine of a GTX aircraft working in IRS mode
(Bond and Edwards, 2003)

To facilitate visualization of RBCC develop-
ments in different countries, Table Al in Appendix A
lists the engines in different projects and their re-
search status. Many of the engines have been tested in

wind tunnels while others are only conceptual designs.

Table A1 also lists the propellant used or to be used in
different projects. It is clear that most projects
planned to use LH,/O; as the fuel at the beginning.
This fuel combination is typical in the aerospace field
and is commonly adopted for large thrust rocket and
demonstration vehicles like the X-43A. Other engines
planned to use hydrocarbon fuel because it is cheaper
and occupies less volume. Since there have been few
full-cycle ground tests, the optimum choice of pro-
pellant for RBCC engines remains uncertain.

4 Integration design of RBCC powered
aircraft

Research related to RBCC has so far focused
mainly on the early demonstration and ground ex-
periment stages. No aircraft with an RBCC engine has
been successfully launched. Many key issues in
RBCC design remain unsolved. As a result, the study
of RBCC-airframe integration is mainly conceptual.
Nevertheless, the design processes in different coun-
tries can reflect the future demand and developing
trends for RBCC engines. Conceptual studies can also
reflect the feasibility of RBCC engines in aero flight.

The Georgia Tech Corporation studied a two
stage to orbit vehicle powered by an RBCC engine
based on the configuration of Sanger in Germany
(Fig. 18). This configuration has two parts: a carrier
for the RBCC engine and an orbiter powered by
rockets. The carrier has five parallel SERJ RBCC
engines. These engines can work in four modes,
namely ER, fan-ramjet, ramjet, and “pure” rocket
modes. The carrier’s mission is to send the orbiter to a
predetermined height and speed before returning to
the ground. Thus, this part of the vehicle is reusable
(Flornes and Escher, 1966; Koelle and Kuczera, 1989;
Olds and Lee, 1996).

Orbitor

RBCC engine Carrier

Fig. 18 Conceptual configuration of the Sanger two-stage
to orbit vehicle. Reprinted from (Olds and Lee, 1996),
Copyright 1996, with permission from the author

As mentioned above, the RBCC’s unique
strength is that it has the potential to orbit with a sin-
gle stage. The airframe-engine integration of single
stage to orbit vehicles has long been a high-
profile research area in aerospace science. At the
beginning of this century, NASA together with
United States Air Force (USAF) exploited and de-
veloped the Reusable Combined Cycle Flight De-
monstrator (RCCFD) project to demonstrate and
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validate the propulsion technique. The main part of
this project was testing the engine named ISTAR
(Integrated System Test of an Air Breathing Rocket)
(Bian, 2014). The design of ISTAR was based on the
Strutjet RBCC engine, but also incorporated the ker-
osene cracking technology of Hewlett-Packard
Company. The engine has a deformable inlet and
stationary combustion chamber. A multi-stage fuel jet
system is used to adjust the performance of the
thermal throat (Lee and Krivanek, 2005). The fuel
stored for this engine is JP27/H,0,, and the design
working speed of the engine ranges from Mach 0.7 to
Mach 7. By 2003, planning had reached the stage of
developing a model for ground testing. Fig. 19 shows
the flight profile of ISTAR. The vehicle is designed to
launch from a B-52 airplane and climb, cruise and
re-enter using its own engine system. Therefore, this
vehicle has the potential to work at high altitudes and
high speeds. However, no progress with ISTAR has
been reported since 2003 (Faulkner, 2001; Quinn,
2002, 2003).

Mode 1: Air Augmented Rocket (AAR)
Rocket Thrusters on
Fuel injection o match incoming alr

Altitude
100,000 ft

W 2 &

)7
I Engineoff

Mode 2;: Ramjet
Rocket Thrusters off
Fulel infection only; Subsontc Combustion

Mode 3: Scramjet
Rocket Thruster off
Fuel injection only; Supersonic Combustion

&

-
Mode 4: Rocket Mode pe
Not demonstrated by ISTAR

4T Glide back, fuel cooled

Fig. 19 Flight profile of ISTAR (Quinn, 2002)

A vertical take-off and horizontal landing
(VTHL) vehicle has been developed through cooper-
ation between Aerojet and Boeing. This vehicle is
powered by a Strutjet engine distributed annularly
around the airframe. This aircraft is assumed to be a
SSTO reusable carrier (Stemler et al., 1999). The
RBCC engine can work in air augmented rocket mode
at speeds below Mach 2.5, and in ramjet mode in the
speed range between Mach numbers 2.5 and 6. The

working mode between Mach numbers 6 and 10 is
scramjet, and the engine changes to pure rocket mode
in the low dynamic pressure stage. The configuration
of this vehicle (Fig. 20) shows that the wings and
landing gear are arranged according to landing re-
quirements. The expected dimensions of this vehicle
are also shown in Fig. 20.

As discussed above, the motivation of Japan in
studying RBCC engines is to realize single stage to
orbit missions. The SSTO project plans to use the
vehicle shown in Fig. 21. The expected take-off mass
is 460 t. The RBCC engine used for this vehicle is
30 m long, occupying 37.5% of the vehicle’s total
length. The angle between the upwind surface of the
forebody and the axis of the airframe is 3°. The engine
has five units mounted on the belly of the airframe.
The sharp leading edge is beneficial in reducing drag
and improving air capturing capacity. The associated
thermal ablation problem can be solved using active
cooling techniques (Kanda et al., 2007).

Fig. 20 A 3D model of a VTHL vehicle powered by an
annular Strutjet engine

Fig. 21 Diagram of a Japanese single stage to orbit vehicle
(Kanda et al., 2007)
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5 Mission planning and multidisciplinary
design and optimization (MDO) of an RBCC
powered vehicle

The 3D motion equation of an aircraft without
considering the flatness of the earth is given as
follows:

7 =vsiny,
g veosysiny
7Ccos @
b= VCOS ¥ COSY/
_—7

B
. Tcosa—D .
V=—————gsiny

m
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The equation of motion can be greatly simpli-
fied without considering the earth’s rotation and the
aircraft’s sideslip (Zhang TT et al., 2017):

v=(T/m)cosa—D/m—gsiny,
y=(Tsina+ L—-mgcosy)/(mv),

X =vcosy, (2)
y=vsiny,
m=-m,_.

C

In these equations, 7, v, 6, @, y, v, 0, a, and w stand for
geocentric distance, aircraft speed, longitude, latitude,
track angle, course angle, sideslip angle, attack angle,
and earth rotation angular velocity, respectively. T, D,
and L are the thrust, the drag force, and the lift force,
respectively. m is the mass of the vehicle and m, is the
mass flow rate in the fuel combustion. g is the gravi-
tational constant. [, is the specific impulse of the
engine and the thrust equals the specific impulse
multiplied by the mass change ratio, namely 7=/, 7.
I, is relative to the working mode of the RBCC and is

also a function of the attack angle, Mach number,
flight height, and fuel equivalent ratio. The function
of I, is shown as follows:
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where I, o( ), Lsp( ), and I, () stand for the specific
impulses in the working modes of ER, ramjet, and
scramjet, respectively. H is the flight altitude and ¢ is
the fuel equivalent ratio. Ma., Ma,, and Ma, stand for
the Mach numbers in the eject mode, the ramjet mode,
and the scramjet mode, respectively, while the sub-
scripts max and min stand for the maximum and the
minimum values of them. The relationship between
the engine’s specific impulse and relative parameters
in different modes can be acquired through analysis of
the RBCC’s performance. In addition, an interpola-
tion approach using available experimental data can
be used to obtain the impulse profile.

The expressions of the aircraft’s lift and drag are
shown below:

L=C ¢S,
{ L 4)

D=CyqS,

where S is the reference area of the vehicle. ¢ is the
dynamic pressure. Cp, and Cp stand for the lift coef-
ficient and drag coefficient, respectively, and both are
functions of the angle of attack and Mach number for
a fixed configuration. In the overall design process,
the relationship between the lift coefficient and drag
coefficient and the angle of attack and Mach number
can be obtained through experiment, simulation or
engineering estimation. Interpolation using experi-
mental data is also an option for acquiring the rela-
tionship profile.
The dynamic pressure is determined by

q:lpvz :%kaT-Maz :%Maz, (5)

2

where £ is the specific heat ratio, and P, is the static
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pressure. R and p are the specific gas constant and the
density of the free flow, respectively.
The stagnation heat flux is calculated by

P

_131884.2[ j"'s( v )“5
Jr, \1.225) \7900) °

where Ry is the radius of curvature at the stagnation
point. This equation tells that a sharp leading edge
does negative impact on heat protection.

Egs. (1)—(4) show that when the flight condition
of the aircraft is fixed, the design variables of the
trajectory equations are the angle of attack a and the
fuel’s flow rate r1. The objective variable of the tra-
jectory differs depending on the aims of the project.
Zhan et al. (2008) applied a numerical integration
method and compared the flight trajectories of three
vehicles. The differences among these vehicles were
the engine systems and the manner of take-off. The
results showed that an RBCC engine can effectively
reduce the fuel consumption of a vehicle compared
with a rocket engine. However, the thermal envi-
ronment that the RBCC powered vehicle encountered
during flight was more severe. Therefore, thermal
protection measures need special attention in aircraft
design.

Normally, the objectives commonly adopted in
trajectory design are to maximize the cross range,
minimize take-off weight, and maximize separation
velocity. The optimization process can achieve an
optimal controlling scheme for the attack angle and
the fuel’s mass flow rate. The optimization algorithms

(6)
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commonly used in RBCC trajectory design are the
Gauss pseudo method, particle swarm optimization
algorithm, and genetic algorithm (Pastrone and Sen-
tinella, 2008; Gong and Han, 2012; Xue et al., 2013;
Gong et al., 2014).

In 2014, JAXA applied multi-objective opti-
mization to their RBCC powered two stage to orbit
vehicle (Kodera et al., 2014). The engine system was
still the commonly studied E3 engine discussed above.
The engine’s performance was tested using a system
analysis process. The thrust and impulse ratio are
functions of the flight Mach number, attack angle, and
dynamic pressure in all the working modes. Fig. 22
illustrates the engine performance versus the attack
angle and Mach number in the dynamic pressure
condition of 50 kPa.

The aerodynamic performance of the aircraft
was tested by CFD simulation, an engineering method
and interpolation among available experimental data.
Multi-objective optimization design of the optimiza-
tion objectives was then carried out taking into ac-
count the constraints of the vehicle configuration
parameters, mass ratio, modal transformation
boundary, and other factors. JAXA’s results show
that three objectives namely, separation Mach num-
ber, separation altitude, and fuel consumption, cannot
be optimized simultaneously in the given condition.
The real engineering application of the result should
consider the actual demand and make trade-offs
among objectives (Steffen et al., 1997; Kodera, et al.,

2014; Ogawa et al., 2014; Fujikawa et al., 2015).
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Fig. 22 An RBCC engine’s performance contours versus Mach number and attack angle in the dynamic pressure con-
dition of 50 kPa: (a) thrust; (b) impulse ratio. Reprinted from (Kodera et al., 2014), Copyright 2014, with permission

from ATAA
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6 Discussion

This review considers the current situation of
RBCC engine research around the world from the
perspective of overall design. The design ideas of
different conceptual RBCC engines are discussed and
analyzed. The mission planning of future space planes
is outlined from the aspect of airframe-engine inte-
gration design.

Current research processes for RBCC engines in
different countries are at a similar stage. Primarily, a
feasible RBCC conceptual configuration that fits the
design specifications well should be proposed and
carefully demonstrated. The choice and layout of each
part of the RBCC engine should be clear and the
working condition should be defined beforehand.
Then the conceptual configuration should be adjusted
and optimized through the study of each component
or working mode. This includes the study of the en-
gine’s working mechanism in each mode and its mode
conversion mechanism. At the same time, it involves
the parametric design and optimization of compo-
nents and the study of engine performance calculation
methods. After that, according to the overall layout of
the RBCC engine, the aircraft body configuration is
selected and integrated. When the feasibility of the
engine is ensured and the feasible working range is
clear, mission planning and trajectory optimization
can be implemented. During this process, data analy-
sis of the airframe’s aerodynamic performance and
the engine’s working performance in different modes
is essential. At last, to make the flight mission more
practical in engineering application, multi-discipline
constraints should be considered such as aerody-
namic, propulsion, thermal protection, structure, and
mass distribution constraints. Based on the mission,
multi-disciplinary design and optimization can be
conducted on the RBCC powered aircraft to achieve
an optimal scheme that satisfies all the constraints in
each discipline.

The project of making RBCC engines a practical
reality faces several difficult obstacles such as in-
creasing thrust gain in eject mode, realizing smooth
transition among working modes, propulsion/
airframe integration design, and thermal protection
design. Therefore, it is not easy to generate a practical
RBCC engine powered aircraft. However, research on
RBCC engine techniques will greatly benefit the

related disciplines and the payoff for future
space round trips makes work on RBCC engines
worthwhile.
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Appendix A: Development of RBCC engines in different countries

Table A1 Development of RBCC engines in different countries

Nation Research unit Project Schematic Fuel Development

LH,/O,, Subscale engine ground test;

SERJ JP/H,0, Terminated during late 1960s
Marquardt Co.,
Rocketdyne Co.,
Lockheed-
California Co.
Conceptual design;
Scram-LACE LH,/O, Testbed system available;
Terminated during late 1960s
Aerojet Co.,
{dJeSW:irC]:c;rce Ground test;
GASL ’ Strutjet LH,/O, Modular test;
USA Lockhée & Proved feasibility of Strutjet
Martin Co.
Vertical Tail
Forebody
Green Research GTX Afttody e LH,/0, Quasi-%D analysis;
Centre engine Numerical analysis
Wing
’ Mission planed;
S ez Direct-connect combustor experi-
ment (full scale thruster injector
NASA, ISTAR JP27/ test, fuel characterization, and
American Air Force H,0, subscale inlet test);
Mission terminated around 2003;
X-43B developed based on ISTAR
Numerical simulation;
Modular design;
Ground test (ejector configuration,
Japan JAXA E3 LH,/0, combustor);
MDO of RBCC powered TSTO
vehicle

Parametric design;

Carlton . ) Performance analysis coding, con-
Canada . Exchange inlet - . LT .
University figuration optimization analysis;

Eject performance validation

Combustor

Politecnico Ejector-ram- i e Kioag Quasi-1D analysis;
Ttaly di Torino rocket (ERR) <:‘< ' LH/O; Multi-objective optimization

Combustor

Quasi-1D analysis;
Numerical investigation;
Ejector, ramjet/scramjet ground test

Northwestern .
direct t bust -
China  Polytechnical ~NWPU RBCC : jp.jo  (direct connect combustor ex
: . KN periment, free-jet tests)
University Shrouding

MDO of RBCC powered TSTO
vehicle
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