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As one of the most promising propulsion systems in the future, shock-induced combustion ramjet engine can remedy the disad-
vantages in the integrated design of scramjet engine and airframe. It can shorten the length of the combustor, lighten the structure
weight of the engine and keep better performance in a broad range of flight Mach number. The elementary principle of shock-
induced combustion ramjet engine is introduced. The key technologies of this kind of propulsion system are described, while their
research status is presented in detail. Suggestion on the development of shcramjet engine in China is put forward.
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1 Introduction

The mixing and diffusive combustion of fuel and air in
conventional scramjet engines take place simultaneously in
the combustor. However, the incoming supersonic flow can
stay in the combustor only for a very short time, which will
restrict the scramjet engine design. A much longer combus-
tor is required for the fuel and air to be mixed and com-
busted efficiently and completely, but will increase the
structure weights of the engine and the coolant system
sharply, and restrict the improvement of the vehicle per-
formance, especially when the flight Mach number in-
creases further.

Shock induced combustion ramjet (shcramjet) engine
organizes combustion by detonation, so the reactive dis-
tance is very short and the length of the combustor is short-
ened accordingly. Therefore, the structure weight of the
engine and the coolant system is reduced, as well as the loss
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brought by wall friction. At the same time, the range of the
flight Mach number of shcramjet engine will be expanded
to break through the upper limit of that of hydrocarbon fu-
eled scramjet engine while keeping a better performance.
The entropy production and total pressure loss will be re-
duced greatly by CJ oblique detonation, and the thrust per-
formance of the engine can be optimized. Results [1] ob-
tained with the flight Mach numbers 12<M.,<16 and a
flight dynamic pressure of 67032 Pa showed that the thrust
of a shcramjet is maximized when the temperature at the
entrance of the combustor is between 650 and 700 K, where
the combustion is entirely shock induced. Meanwhile,
compared with detonation wave ramjets, the thrust produc-
tion and fuel specific impulses of shcramjet can be im-
proved by 10% and 33.3%, respectively.

Couture et al. [2] studied the performance of scramjet
and shcramjet powered vehicles comparatively with the
same external aerodynamic envelope and the same combus-
tion efficiency. It was found that these two schemes have
approximately the same performance. However, the
shcramjet scheme has higher base drag and needs slightly
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more fuel to obtain the same force balance.

Only a few countries have done some researches in the
field of shcramjet engine so far, i.e., Canada and the United
States. The presented paper attempts to discuss the research
situation according to the oversea research status of the key
techniques of shcramjet engine, and provides guidance for
this technique in our country.

2 Basic principle

Shock-induced combustion ramjet engine is a new con-
ceptual propulsion system which is similar to conven- tional
scramjet engines using airframe/engine integrated design, as
shown in Figure 1. The oblique plane below the leading
portion of the airframe is designed as an external compres-
sion or mixing-compression inlet, where the inflow is com-
pressed. The combustor locates in the lower part of the
middle section, and the posterior segment is the nozzle. Fuel
is injected at the forebody/inlet, with methods to enhance
the mixing efficiency of fuel and air before their entry into
the combustor. Then a normal shock wave is generated by
the wedge or blunt body in the front of the combustor,
which ignites the supersonic mixture rapidly. This ignition
and combustion mode is called shock-induced combustion.
Within the external compression inlet, the first equal-
strength shock wave AC is generated by the first oblique
plane AB, while fuel is injected into the compressed super-
sonic flow in the inlet. Fuel and air are mixed behind the
first equal-strength shock AC, and the temperature of the
fuel/air mixture is maintained below 900 K (the auto-igni-
tion temperature for hydrogen). The second equal-strength
shock wave from B to C (lip of the cowl) is generated by
the second oblique plane BE. This shock enhances the mix-
ing of fuel and air, and compresses the flow further, which
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Figure 1 Hypersonic airbreathing vehicle schemes [3].
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raises the temperature of the flow to above 900 K. Then the
mixture is ignited, and a detonation wave EC is generated at
the entrance of the combustor, which ignites the mixture
across the wave immediately. The completely burnt gas
passes through section EF and exhausts by a diverging noz-
zle which provides the thrust, as shown in Figure 2.

The key point of shcramjet engine design is to make the
fuel/air mixed sufficiently before entering the combustor,
and the duration of combustion is only controlled by
chemical reactions. The shock wave used to ignite the mix-
ture will increase the temperature of the mixture and accel-
erate the reactions. Adequate radicles are generated with the
temperature rise and recombined into productions, which
releases a mass of heat. This process is defined as flame
front. The reaction time of shock induced combustion will
descend when the temperature rise of the shock wave in-
creases drastically, which will reduce the distance between
the shock wave and the flame front greatly. If the shock
wave is strong enough and the reaction proceeds more rap-
idly, the flame front will be coupled with the shock wave,
and the detonation wave is formed.

3 Key techniques

The application foreground of shcramjet engine, which can
accelerate the heat release, reduce the loss of the inlet, de-
crease the combustor dimensions, and thereby lighten the
integral weight of the engine and coolant system, is re-
markable in the level of performance estimation. However,
in the level of technique implementation, there are many
key technologies to be broken through, including experi-
mental validation of stable detonation, mixing, prevention
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Figure 2 Shcramjet model [4].
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of premature ignition in the upstream and the boundary
layer, prevention of boundary layer separation, and actual
performance estimation of the engine.

To validate the feasibility of shcramjet engine, re-
searches must seriously address the tasks: 1) achieving
adequate fuel/air mixing before the combustion, and 2) pre-
venting premature ignition of the premixed combustible
flow in the forebody/inlet [5].

At the same time, it is a key issue to carry out the direct
detonation initiation and keep stable combustion in the pre-
mixed hypersonic flow.

3.1 Fuel/air premixing

Usually, the fuel injected at the forebody/inlet of the vehicle
will change the wave structure, which will prevent the
leading shock waves from intersecting on the lip of the cowl,
and the performance of the propulsion system will be dete-
riorated. So the forebody/inlet configuration must be redes-
igned to satisfy the performance requirements of the pro-
pulsion system.

In order to improve the premixed performance, Sis- lian
and Schumacher [6] put forward an injector geometry, which
embodies the characteristics of both conventional ramp and
low angle wall injection techniques, referred to as a canti-
levered ramp injector, as shown in Figure 3. Numerical
results showed that the mixing performances of the cantile-
vered ramp injector are appreciably superior to those of the
conventional ramp injectors. On the flow conditions con-
sidered in ref. [6], its mixing efficiency is about 45% higher
than that of the conventional ramp at x=0.8 m downstream
of the injector exit with an approximately 20% penalty in
the total pressure loss.

Moreover, Parent and Sislian [8] investigated the turbu-
lent hypersonic fuel/air mixing characteristics of cantile-
vered ramp injectors by numerical simulations, which fo-
cused on the influences of convective Mach number. Re-
sults showed that the mixing efficiency varied by 31% for a
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Figure 3 Optimized cantilevered injector geometry [7].
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convective Mach number ranging from O to 1.5 while the
associated mass average stagnation pressure varied by only
10%. 1t is obviously advantageous to enhance the mixing of
fuel and air by increasing the convective Mach number. At
the same time, Parent and Sislian [9,10] investigated the
effects of the injector array spacing, injector angle and
sweeping angle on the mixing efficiency at a convective
Mach number of 1.5, and discussed the mixing enhance-
ment induced by the axial vortices of the cantilevered ramp
injectors. Results showed that an air cushion between the
wall and the hydrogen was sufficiently thick to prevent the
fuel from penetrating the boundary layer when 1) the
injection angle was no less than 10° 2) the array spacing
was no less than the height of the injectors used, and 3) a
swept ramp configuration was avoided.

Sislian et al. [11] and Redford [12] investigated the ef-
fects of incomplete fuel/air mixing and off-design flight
conditions on the performance of shcramjet engine. Results
showed that incomplete mixing led to a combination of
detonation and shock-induced combustion. The propulsive
properties of the engine were deteriorated when it was op-
erated at off-design conditions. Mixed-compression ramjets
were found to provide superior off-design performance to
external-compression ramjets which were more sensitive to
off-design operation. When operating at lower-than-design
Mach numbers, the degradation in thrust production is primar-
ily due to reduction of heat release in the nozzle for mixed-
compression ramjets. Whereas for external-compression
ramjets, it’s due to a high-pressure zone created in the
combustor by the impingement of the detonation wave on
the engine surface upstream the design point. At higher-
than-design Mach numbers, thrust production is reduced
slightly due to a modified nozzle.

In order to improve the premixed efficiency of fuel and
air further, Alexander et al. [13] investigated the effect of
relative array locations by moving the cantilevered ramp
injector to the forward section of the mixing duct and using
cantilevered ramp injector arrays on opposite inlet walls, as
shown in Figures 4-6. Results showed that the premixed
efficiency was improved obviously. Non-reactive mixing
efficiency up to 0.58-0.68 was achieved with thrust poten-
tial loss less than that gained from high-speed fuel injection.
Reactive mixing efficiency was up to 0.46-0.54, while an
air buffer created between the fuel and walls suppressed
premature ignition effectively.

Body
Flame holders

, N el
Injectors —4,, >

Mixing duct |

Inlet Combustor Nozzle

Figure 4 Mixed-compression shcramjet engine [13].
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Figure 5 Injector arrays on opposing duct walls [13].
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Figure 6 Opposed injector array geometry changes [13].

Alexander and Sislian [14] investigated the three-dimen-
sional shcramjet flow field at flight Mach 11 and a flight
altitude of 34.5 km using this kind of fuel injector configu-
ration, and a fuel specific impulse of 683 s was obtained.

3.2 Premature ignition suppressing

The mixing process of the fuel and air in the hypersonic
flow in the forebody/inlet may cause premature ignition
easily for the mixtures in the hot boundary layer, as shown
in Figure 7. The cantilevered ramp injectors succeeded in
keeping the fuel/air mixture out of the boundary layer until
the last 15% of the inlet [15]. However, at the point where
the second inlet shock wave compresses the mixture into the
boundary layer, the mixture ignites and spreads quickly into
the core flow before the inlet exit, and premature ignition
arises.

Turcu [15] investigated the flow field in the immediate
vicinity of two configurations of cantilevered ramp injectors
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Figure 7 Baseline dual-spike shcramjet inlet [7].

by numerical simulation, and the probability of premature
ignition in the fuel/air mixing process was discussed. The
analysis of the numerical solutions showed that premature
ignition occurred for both configurations, where the fuel
was ignited by the hot air rising from the boundary layers.
Sussman [16] investigated the ignition of H, in air in the
boundary layers of high-enthalpy hypersonic flows by nu-
merical simulation, and the effects of the wall temperature
and the equivalence ratio of the ignition process were dis-
cussed with a Mach number range between 2 and 17.

Schwartzentruber et al. [17] ascertained the location of
premature ignition. Gaseous nitrogen and additional hydro-
gen were injected into the inlet flow field in an attempt to
suppress the flame. At the same time, he minimized the
amount of coolant gas necessary to prevent premature igni-
tion, while not deteriorating the performance of the inlet.

Results showed that among the schemes of suppressing
premature ignition in the inert flow filed, as shown in Figure 8,
the first scheme didn’t cool the boundary layer. On the con-
trary, the air with high temperature would spread into the
core flow from the boundary layer. In contrast, both the
post-shock and pre-shock slot injections succeeded in cool-
ing the boundary layer significantly. By injecting nitrogen
prior to the shock, it had a longer distance to mix the
fuel/air and cool the boundary layer. In addition, the
pre-shock strategy injected nitrogen at a much lower pres-
sure which corresponded to approximately 60% less nitro-
gen (by mass) than the post-shock strategy. Each strategy
was verified to have a negligible effect on both the mixing
efficiency and skin friction losses.

Although premature ignition was suppressed by inert
gases successfully, it was complex to carry a separate tank
of cryogenic nitrogen in applications. Then reactive flow
field was discussed. Although hydrogen injection would
create a new combustible flow region, premature ignition
would not occur as the temperature was below that required
for ignition. Moreover, Schwartzentruber used an array of
expansion ramp injectors, as depicted in Figure 9, instead of
a continuous slot injector to reduce the mass flow of addi-
tional hydrogen and it suppressed premature ignition.

In available literature, Sislian et al. [18] did the first proof
of the feasibility of this hypersonic propulsion concept in
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Figure 9 Expansion ramp injector [17].

realistic situations by numerical simulation. Gaseous hy-
drogen was injected in a two-oblique shock external com-
pression inlet via cantilevered ramp injectors and a wall slot,
as shown in Figure 10. It was found that the combustor
length, determined by the shock-induced combustion proc-
ess, was of the order of 25%—-30% of the inlet length. Due to
the incomplete mixing in the inlet, the fuel specific impulse
obtained was 573 s, which was relatively low.

3.3 Detonation initiation and stabilization

At present there are two methods employed in the direct
detonation initiation for propulsion systems, i.e. shock in-
duced direct detonation initiation and non-contact ignitions
such as high-energy laser [19]. The shcramjet engine em-
ploys the former one, a wedge or blunt body is placed in the
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supersonic flow to create an oblique shock wave that in-
duces detonation waves. The key problem to be solved is to
choose the wedge angle properly. If the angle of the wedge
is too small, the corresponding oblique shock wave will be
very weak, which will reduce the temperature and pressure
rise across the wave, and make the detonation wave fail to
initiate directly or difficult to sustain itself. On the contrary, if
the wedge angle is too large, a strong overdriven oblique
shock wave will be generated, which leads to a larger total
pressure loss and aerodynamic resistance. Figure 11 shows
the diagram of detonation wave generated by wedge.

Two problems must be solved for combustion organiza-
tion in the combustor of shcramjet engine. First, the direct
detonation initiation and self-sustaining must be imple-
mented in pre-compressed high temperature mixture. Sec-
ondly, the total pressure loss must be reduced as much as
possible. The later one can be realized by decreasing the
angle of oblique shock wave, which, however, will reduce
the pressure and temperature at the wave rear and bring dis-
advantages to the detonation initiation and self-sustaining.
So, there must be a trade-off to solve these two problems.
The combustion should be organized by CJ oblique detona-
tion, when the total pressure loss and aerodynamic resistance
can be reduced effectively [21].

Ess et al. [22] studied the heat release of detonation
waves induced by blunt bodies embedded into a constant
area channel flow by numerical simulation, which is shown
in Figure 12. Channel blockage ratios (CBR), defined as the
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Figure 12 Scramjet with blunt-body generated combustion [22].
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Figure 13 Blunt body generated detonation wave [20].

ratio of blunt-body diameter over channel height, in the
range from 1/18 to 1/3, were examined for typical inflow
conditions. For all CBRs examined detonation waves were
found to be successfully initiated and sustained. The range
of CBRs that produced positive thrust and the highest thrust
were obtained, as well as the corresponding location where
the highest thrust was achieved. The research validated the
heat release and propulsion performance of shcramjet en-
gine on the one hand, and provided gist for the design of the
combustor components, inflow boundaries and nozzle on
the other hand. Figure 13 shows the detonation wave gener-
ated by blunt body.

4 Ground test researches

According to published reports, only Washington Univer-
sity has done some ground test on shock-induced supersonic
combustion accelerating vehicle so far [23,24].

The shock-induced projectile was made by titanium al-
loy [24], and the experiment was carried out in the 38 mm
bore ram accelerator facility at the University of Wash-
ington. The projectiles were launched into reactive pro-
pellants at Mach numbers greater than 5.5 to determine if
the combustion process could be shock initiated and stabi-
lized, what levels of thrust can be generated, the reactivity
of the projectile material in hypersonic flow, and to evalu-
ate the efficacy of investigating the operating characteris-
tics of hypersonic propulsive cycles using gun-launched
projectiles. Four different projectile configurations were
employed in methane- and ethane-based propellants with
and without carbon dioxide diluent. Positive acceleration
was observed in CH4/O,/CO, and C,H4/O, propellants in
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Figure 14 Experimental projectile [24].

the range of Mach 5.5-7 for distances up to 6 m. In most
cases, the acceleration process was terminated by unstart,
cruise at constant velocity, or wave fall off. Sustained ac-
celerations greater that 9000 g and average specific thrust
150 N-s/kg were achieved in these experiments. The hy-
personic projectile drag coefficient in the Mach range of
5-6 was found to be Cp=0.09 from experiments in which
the propellant did not ignite. Figure 14 shows the configu-
ration of a shock-induced combustion projectile.

5 Conclusion

As a new conceptual hypersonic propulsion system,
shock-induced combustion ramjet engine will further satisfy
the extreme requirements of airbreathing hypersonic vehi-
cles to improve the integral performance. It is essential to
aim at the international research front, follow the interna-
tional research steps and promote its research process in our
country.

1) The key techniques of shock-induced combustion
ramjet engine are premixed efficiency of fuel/air, premature
ignition suppressing, detonation initiation and stabilization.
In order to make the engine feasible, the fuel and air must
be premixed adequately at the entrance of the combustor,
while premature ignition phenomenon must be prevented.

2) Shock-induced combustion ramjet engine is easy to be
integrated with the airframe, which will improve the inte-
grated design level and the flight performance of the vehi-
cle.

3) It will make a great difference to break through the
bottleneck of the scramjet engine development and promote
the space and military application of hypersonic propulsion
in the future by quickening the research step of shcramjet
and carrying out experimental examination of ground pro-
totypes and technique engineering as soon as possible.

This work was supported by the National Natural Science Foundation of
China (Grant No. 90816016), the Excellent Student Innovative Project of
National University of Defense Technology (Grant No. B070101), and the
Hunan Provincial Innovation Foundation for Postgraduate (Grant No. 3206).
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