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Propulsion System for Hypersonic Space Planes
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Because of its simple construction and low weight, combined rocket, ramjet, pulse-jet engines, or detonation
engines instead of turbojets, were taken into considerationas propulsionfor hypersonicaircraft. Combinedpropul-
sion requires an active control system to change the propulsion operation mode and to sustain the high-ef� cient
pulse combustion. Therefore, the transient behavior of the combustor is investigated to show the bene� ts that can
be gained, especially from a pulse combustor with active control. Several experiments were performed to sur-
vey system performance and to � nd suitable control parameters and strategies. Propulsion installation, including
thrust augmentation, is considered to de� ne the tasks of the combustor controller.

Nomenclature
A = cross section
b = fuel consumption
c = sound velocity
D = pipe diameter
F = thrust
f = frequency
H = net calori� c value
L = tail pipe length
M = Mach number
Çm = mass � ow
n = rotational speed
P = pressure
Re = Reynolds number
T = temperature
t = time
u = velocity
X, Y = coordinates
a = angle of attack
D P = pressure amplitude
g = ef� ciency
j = ratio of speci� c heats
q = density

Subscripts and Superscripts

A = air
C = combustion chamber
E = settling chamber
F = fuel
H = high pressure (>100 kPa)
i = inlet
L = low pressure (<100 kPa)
N = nozzle
set = set value
th = thermal
V = propulsiveef� ciency
0 = stagnation
1 = ambient
0 = periodic perturbation
¯ = mean
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Introduction

A LTHOUGH during the last decade much effort has gone into
thedevelopmentofspaceplanes,generalinterestin spaceplane

technology is declining, and most projects have already stopped.
Nevertheless,thereare actualactivitiesthat concentrateon thedevel-
opmentof propulsionfor a futurespaceplane1 or hypersonicaircraft.
Although experimental and numerical results of research on com-
ponents and proposals for a possible steady � ow propulsion2,3 and
combined propulsion,4 including propulsion installation,5 are suf� -
ciently available in the open literature, there is minimal work that
deals with nonsteady � ow engines. Here, the feasibility of running
a single combustor as pulse, ram, or rocket propulsion is discussed.

The basic physics of pulse combustion are reported in contem-
porary literature.6,7 As current experiments show, pulse combustors
with an activecontrolsystemprovidesigni� canthigherperformance
than conventionalcombustorswith a � xed geometry.Therefore, this
paper deals with the design of combustor control devices and an in-
vestigation of the ef� ciency of several possible control strategies.
The investigation includes an analysis of the transient behavior of
the controldevices to accomplishthe requiredoperationmodes with
only one combustion chamber. How to sustain higher thermal ef-
� ciency of pulse combustion for high � ight velocities considering
propulsion installation is also discussed.

Propulsion Concept
With combinedpropulsion,the turbojet runs only during the start

and the acceleration phase; therefore, it is desirable to � nd suitable
start-capable propulsion without a turbojet. The weight of a turbo-
jet, for example, for a two stage to orbit system, is quite high and
amounts to one-third of the total takeoff weight. In addition, the de-
mand for undistorted� ow that has to be supplied to the compressor,
the installationintegrationinto a space plane, and the different cross
section of the two-dimensional inlet and the turbojet necessary for
the required operational � exibility complicate the construction of
an appropriate turbojet engine. The combination of a rocket, pulse,
and ram-/scramjetbecomesvery attractivebecauseof simplicityand
possible low-cost manufacturing.

Here combined propulsion means the parallel operation of dif-
ferent propulsion types, as well as the operation of one combustor
in different modes. The controller is not only required for changing
the operationmode, but is also necessaryto make full use of the per-
formance of pulse combustion. The basic control idea is shown in
Fig. 1. The controllerde� nes the most ef� cient operationmode, de-
pendingon the combustorstate and the power demandof propulsion
and aircraft,respectively.The set values for the � ow rateswere taken
from an experimentally obtained fuel-performance map governing
the nonlinearcharacteristicsof the combustor that are at present not
possible to calculate. The main purpose of present investigation is
to carry out the transient behavior of the combustor, especially the
fuel-performancemap.
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Fig. 1 Scheme of the control system.

Fig. 2 Overlapped porous plates for � ow rate control.

The control method itself is a kind of � ow rate control with the
inlet as the actuator. The inlet area of the two-dimensional ver-
sion can be controlled with a movable ramp, and the inlet area of
the axisymmetriccombustor can be controlledwith two overlapped
porous plates, as shown in Fig. 2. Moving one plate against another
changes the inlet throat cross section and the � ow rate, respectively.
For example, a ram-/scramjet can be operated as a rocket engine
by fully closing the inlet and feeding oxygen from tanks into the
combustion chamber. However, the rocket run time should be re-
duced to a minimum because this operation mode requires carrying
an onboardoxidizerand increasesthe total weight.Throttled air� ow
through the inlet and the subsequent charge attenuation cause the
pulse combustion mode.

Consideringagain the systeminstallationinto a spaceplane, there
are multiple and sometimes con� icting requirements for an opti-
mization. Whereas a choked inlet � ow is necessary to sustain the
pulse combustion and to improve the thrust under high subsonic
� ight conditions, the installation losses might increase due to a
higher spillage rate than the one produced by a turbojet. The high

stagnation pressure at the inlet limited the operating range of past
pulse-jet engines without active control devices. Excessive air rates
entering the engine turned the pulse � ow in steady � ow (ram mode)
so that the net thrust decreased. Concerning proposals for thrust
augmentation,the reader is referred to Ref. 8 for a summary of sev-
eral methods, whose feasibility is not yet shown experimentally.A
version modi� ed for space plane applicationwith a boundary-layer
bleeding system and thrust vector control (for details see Ref. 9)
is shown in Fig. 3. The propulsion can be operated in the follow-
ing modes: 1) combined pulse/rocket mode during takeoff, 2) pulse
mode at subsonic� ight speeds,3) ram/rocketmode during transonic
� ight, 4) ram/scram mode during supersonic � ight, and 5) rocket
mode at high altitude or space � ight.

Experimental Setup
A parameter variation of the combustorgeometry has shown that

the � ow rates have the strongest in� uence on combustor opera-
tion and performance. Therefore, the � ow rates and the inlet cross
section, respectively, were chosen as control parameters. The two-
dimensionalversionof the combustorequippedwith a movable inlet
ramp to adjust the inletcrosssection is shownFig. 4a.The combustor
performancewas measured with an impulsive turbine located at the
nozzle exit for varying fuel � ow rates and inlet cross section. The
combustor characteristics comprise the fuel-performance map or
semiempiricalrelationships,for instance,higher-orderseries,whose
accuracy is fully suf� cient to design a controller algorithm.

The goal is a so-called closed-loop run, which operates the com-
bustor with an inlet cross section controlled by a motor sensing
pressures and energy demand. The energy demand is calculated
based on the actual rotational speed of the turbine. The turbine is
connectedto a generator,and the rotationalspeed is derivedfrom the
generated voltage signal. The pressure was measured with water-
cooled piezometric pressure transducer that has an accuracy of 2%
dependent on temperature effects. The inlet damping chamber, as
shown in Fig. 4a, is only used to measure the air� ow rate. It is not
a part of the propulsion.

The whole ejector system is installedin front of the inlet for better
ejector adjustment. Additional air ejection improves the vaporiza-
tion and mixing. Air ejection and ignition with a spark plug are
required for the start of the pulse-jet combustor.

Concerning propulsion installation, the external � ow around the
propulsion is simulated with the Eiffel-type wind tunnel of Saga
University (Fig. 4b) with an open test section.Start and takeoff con-
ditions can be simulated with a maximum freestream velocity of
u 1 =35 m/s. The velocities are calculated from measured pressure
data for incompressible � ow. The engine (length 80 cm, pipe diam-
eter 34 mm) was set in the wind tunnel with a pendulumsuspension
so that the forces can be obtained from the engine displacement.

Results and Discussion
Wind-Tunnel Test

These experiments were performed to investigate the reason for
the limited operating range of past pulse-jet engines and to de� ne
the tasksof thecontrolsystem.The overallnet performancedepends
on thrust and spillage drag. Spilling air� ow at the inlet can be seen
from the � ow� eld shown in Fig. 5a for a pulse-jet engine with an
aerovalve.The freestreamvelocityof 24.8 m/s is reducedto 14.3m/s
in front of the inlet resulting in a spilling air rate D Çm 1 in the order
of magnitude of about 40% as estimated by the following equation
for incompressible steady � ow:

D Çm 1 / Çm 1 = (u ¡ u 1 ) / u 1 (1)

A reversal of the inlet � ow occurs if the combustion pressure
exceeds the inlet stagnation pressure. This discharge of � ue gas
through the inlet causes thrust and inlet nonuniformity losses that
can be calculated (after Busemann) with

g V = 1 ¡
1

Çmū2
N

Z
u 0 2

N dm N with uN = ūN + u 0
N (2)
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Fig. 3 Propulsion system installed into space plane.

a)

b)

Fig. 4 Experimental setup: a) two-dimensional combustor with control system; control parameters: fuel rate and inlet cross section; controlled
parameter: turbine speed; feedback parameters: pressures, � ow rates, rotational speed of the turbine, and cross section and b) wind tunnel, with
axisymmetric combustor.

and the thrust with

F = Çm N (ū N ¡ u 1 ) = Çm N

hq
g V

¡
2g th Çm F H + u2

1

¢
¡ u 1

i
(3)

The � ow rates and the exit velocity of the burned gases could not
be measured in the wind-tunnel experiment, but the mean velocity
was estimated to be about 200 m/s (Ref. 10). The thrust and drag
generated by the small-scale engine are shown in Fig. 5b. The drag
of the basic engine is quite high. By redesigning the nacelle, the
drag could be reduced by one-half. With a high integration into the
inlet ramp, as proposed in Fig. 3, further reduction of the drag can
be expected.

The thrust itself dependson the inlet valve system. The ram thrust
is causedby the fuel–air–ejector system (similar to an ejectorpump)
and is fully negligiblefor low-speed� ight. Higher thrust is obtained

for aerovalvedenginesby slightly increasingthe stagnationpressure
over that which occurs due to increasing air� ow rate. Engines with
reed valves generate the highest thrust, but the rising stagnation
pressuredifferencebetween inletandnozzle reducesthecombustion
pressure amplitudes due to the high air in� ow in the combustor,
shown in Fig. 6. The pressure acting on the valve is too high for a
rapid closing so that charge attenuation is too weak for a suf� cient
pressure drop in the combustor.As a result, the pressureamplitudes
decrease with increasing stagnation pressure, and the � ow through
the combustor gradually approaches the steady � ow (ram mode)
with a lower thermal ef� ciency(constantpressurecombustion). The
combustionmode depends stronglyon Ai / Vi and AN / VN due to its
strong impact on charge and discharge time.11 An active control of
the inlet cross sectionor an adjustmentof the nozzleexit pressureby
a secondaryjet preventsthe undesiredchangeof theoperationmode.
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a)

b)

Fig. 5 Pulse-jet engine: a) velocity distribution in front of the inlet (spillage) and b) drag and thrust depending on operation mode.

Fig. 6 Combustion pressure amplitude dependent on � ight velocity:
a) u1 = 33:44 m/s, b) u 1 = 29.02 m/s, c) u 1 = 24.51 m/s, and d) u1 =
19.42 m/s.

In a summary, it is the task of the controller to keep the combustion
pressure amplitude and � ow rates as high as possible.

Thrust Augmentation and Nozzle Integration

The experimentswere performed at an atmospheric pressure that
is very low for propulsion application. However, high combustion
pressure amplitudes and thrust augmentation gained with symmet-
ric nozzlesare also obtained for asymmetric externalnozzles,which
are necessary to reduce the base drag.The historyof the combustion

pressure shows that not only higher pressure amplitudes were ob-
tained for asymmetric nozzles, but also detrimental high-frequency
pressure oscillations (Fig. 7a) as they occur in conical nozzles are
avoided (Fig. 7b). These oscillations might have their origin in jet
instabilities,overexpansion,and separationwithin the internal noz-
zle. The possible entrainment of ambient air in the external nozzle
� ow enables a natural damping of these oscillations.

Experiments have also shown that the total performance of the
engine depends on the nozzle inclination. If the asymmetric nozzle
is inclined so that the upper wall is aligned to the pipe (Fig. 7c),
the thrust decreases to the same value as an engine with a straight
tailpipe. It is fortunate that the nozzle type suitablefor an integration
with lowest base drag delivers the highest thrust. The mean pressure
increases from 107 to 112 kPa and results in a considerable thrust
augmentation for atmospheric combustion.

Engine in Parallel

Several parallel engines have to be installed into a space plane.
The functionality of a twin system is explained here in detail be-
cause the twin pulse combustor as gas generator can possibly re-
place conventionalcombustionchambers in a turbojet to gain higher
thermal ef� ciency. As shown in Fig. 8, the gas column oscillating
with a frequency of about 300 Hz compresses the mixture that is
charged through the inlet. The excess gas from combustor B that
cannot enter the pipe leaves the combustor through the silencer
chamber. The combustion further raises the pressure in chamber A
(Fig. 8a), and the subsequent pressure waves propagating through
the pipes compress the mixture in combustorB (Fig. 8b). The inertia
of the burned gases in the tailpipe lowers the pressure in combus-
tor A, so that fresh air can enter the combustor, and the next cycle
starts.

Coupled engines with a common inlet and nozzle operated in
antiphase (Figs. 8c) enable a constant volume combustion (pulse
mode) and a steady � ow leaving the engine, as shown in Fig. 8d. To
keep the nonuniformity losses as low as possible, the � ow should
leave the nozzle with a constant velocity. The thrust of a combined
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a)

b)

c)

Fig. 7 Installation of asymmetric nozzles, operated in pulse mode: a)
conical nozzle, b) asymmetric, nozzle lower side wall aligned to center-
line, and c) asymmetric nozzle, upper side wall aligned to centerline.

a) b)

c)

d)

Fig. 8 Working principle of twin combustor: a) raising pressure in chamber A, b) compressing mixture in chamber B, c) history of the combustion
pressure, and d) history of the settling pressure.

engine is slightly lower than the sum of the thrust that each engine
would generate individually due to a reduced air rate leaving the
combustor. A certain amount of the gas accelerated by one com-
bustor is used for the compression of the fresh mixture in the sec-
ond combustor. The excess gas that cannot enter the second pipe is
leaving the propulsion.Therefore, Çm N represents the effective � ow
through the combustor. The tailpipe length is the related parameter
governing friction losses and compression capacity due to the in-
ertia of the accelerated gas. The reduced total pumping capacity12

Çm N (Fig. 9a) for a short tailpipe (L / D = 4.8) causes thrust losses or
a reduction of the kinetic energy of the burned gas, as can be seen
from Figs. 9b and 9c, compared to combustors with a long tailpipe
(L / D =10.4) if the gas cannot be accelerated to higher speeds u N .
On the other hand, friction losses within the tailpipereduce the pres-
sure amplitude and the velocity for L / D =10.4. An optimum could
be found for a tailpipe with a length to diameter ratio of 7.6.

The rotational speed for the transferred energy shown in Fig. 9
for differentpipe lengths shows the superiorityof pulse combustion
over steady combustion. Pulse combustion offers an enormous ca-
pacity for fuel savings. The rotational speed of the turbine shows
that the energy output does not increase signi� cantly with the fuel
rate. Therefore, the highest ef� ciency is obtained for low fuel rates
(E in Fig. 9c) and maximum power (M in Fig. 9c). As a result, the
controllermust optimize the � ow rate ratio ÇmC / Çm N for a high total
ef� ciency and guarantee a stable antiphase run of both combustors.

Combustor Operation

Pulse combustion can also be seen as a kind of choked � ow
through the combustor or a � ow with attenuated charge7 of fresh
combustible mixture. This attenuation causes an oscillation of the
gas column in the tailpipe that raises the burning rate and the com-
bustion pressure due to the inertia of the � ue gas in the tailpipe.
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a)

b)

c)

Fig. 9 Dependence on fuel rate and pipelength of: a) air rate, b) am-
plitude, and c) rotational speed of the turbine (kinetic energy of � ue
gas).

Fig. 10 Pressure history of a two-dimensionalengine in inlet, combus-
tor, and nozzle.

The combustion ef� ciency approaches that of the constant volume
mode.

A characteristicpressurehistory of the two-dimensionalcombus-
tor running in a pulse mode is shown in Fig. 10. After igniting, the
pressure amplitude rises with increasing fuel rate within a small
transitionrange to values of 15 kPa until the pulse combustion is es-
tablished. Steady combustion is sustained for fuel rates higher than
1.5 g/s, and it is extinguishedfor fuel rates higher than 2.7 g/s. Aside
from the fuel rate and ejection pressure, the combustor can also be
controlled with the air rate and the inlet cross section, respectively.
A simpli� ed law for the combustor control can be linearized for a
combustor run close to the design point in a � rst approach as

dn =

³
@n

@ Çm F

´
d Çm F +

³
@n

@ Çm A

´
d Çm A with

(4)

d Çm A =

³
@ Çm A

@( Ai / AC )

´
d

³
Ai

AC

´

a)

b)

Fig. 11 Twin combustor: a) turbine performance dependent on ÇmF
and b) air rate, amplitude,performancedependent on inlet cross section
(overlapped porous plates).

The derivativesare obtained from experimental results, shown in
Fig. 11. Unfortunately, fuel and air rate are not fully independent.
Higher amplitudes for higher fuel rates reduces the air� ow rate
through the combustor. Assuming a nearly harmonic nozzle exit
pressure, the nozzle exit velocity scales with the amplitude as

ūN = (2/ p )umax = (2/ p )(c D P / P0 j ) (5)

so that thrust and energy can be written as

F = Çm A(uN ¡ u 1 ) » Çm A D PC (6a)

n » Çm A D P2
C (6b)

Because the pressureamplitudedependson fuel- and air� ow rate,
it is recommended to use the amplitude as basic parameter within
the control system. The air� ow rate can be calculatedwith the mass
� ow equation and the nozzle exit pressure P ,

Çm A = q Au = A
p

2PC q C

vuut j

j ¡ 1

"³
P

PC

2́/ j

¡

³
P

PC

(́ j + 1)/ j
#

(7)

Basic featuresof pulse/steadycombustionare reportedin Ref. 13.
Enhancing the fuel rate or opening the inlet turns a pulse � ow into
a steady one. In the application here, it is necessary to sustain the
pulse combustioneven forhigher inlet stagnationpressures.Regard-
ing Eq. (7), the air rate can be kept constant by reducing the inlet
area.

The dependenceof the kinetic energy of the burned gases on the
inlet opening ratio and fuel rate is shown in Fig. 11a for a twin
combustorwith axisymmetric pipes. The fuel derivative @n / @ Çm F is
� tted into a higher-order series for constant inlet cross section

@n

@ Çm F
= an Çmn

F + ¢ ¢ ¢ + a2 Çm2
F + a1 Çm F + a0 (8)

and must be determined for different cross sections. A simpler
method to comprise the combustor characteristic is the mapping
shown in Fig. 2 for a full-size combustor run. For the small-scale
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test version, the power series is suf� cient for a basic control al-
gorithm design. The relation between the inlet opening ratio and
turbine speed, the air rate, and the pressure amplitude is presented
in Fig. 11b. The characteristic derivatives needed for control law
Eq. (4) are

@n

@( Ai / AC )
= 15,300 (9a)

@ Çm A

@( Ai / AC )
= 0.256 (9b)

These derivatives are only valid for one combustor geometry,
which has a characteristic length ratio of L / D =5. Maximum per-
formance is obtained for the pulse mode with almost stoichiometric
combustion, i.e., Çm A / Çm F = 14.7. Several possible control methods
are shown in Fig. 11a. Constant area control (CA), i.e., only the
fuel � ow rate is controlled, is recommended for small deviations
from the design operation. In general, for changes of combustor
operating conditions, an adjustment of the inlet cross section must
be included to sustain the pulse combustion.Maximum power (MP)
and the most attractivelowest fuel consumption(LF) control include
adjustmentof air and fuel � ow rate, as well. These operation condi-
tions were derived from the CA-control data by just connecting the
extrema.

The two-dimensional combustor shows similar characteristics
of pumping capacity, with amplitude and turbine speed shown in
Figs. 12a–12c. For low area ratios, the relation between turbine
speed and fuel rate has a parabolic character. For higher ratios, the
turbine speed remains almost constant due to the high air� ow rate
through the combustor. Figure 12c demonstrates the utility of a
variable inlet for control and design of pulse combustors. The fuel
consumptionis reducedby half that of steady combustion.Whereas
a low area ratio is bene� cial for highly ef� cient combustion (E in
Fig. 12c), it cannot be used for a mode change in a propulsionappli-
cationby only controllingthe fuel rate. The subsequentdifferencein
thekineticenergyis toohigh.For a smoothedchangeof theoperation
mode from pulse to steady combustion (ramjet), it is recommended
� rst to enhance the inlet area until the steadymode is almost reached

a)

b)

c)

Fig. 12 Two-dimensional combustor dependency on fuel rate, with E
highest ef� ciency and M maximum performance: a) air rate, b) ampli-
tude, and c) turbine speed.

Fig. 13 Hysteresis of thepressure amplitude;arrows indicatedirection
for increasing and decreasing fuel rate, with D target operating range.

and then gradually to enhance the fuel rate. The energy pro� le is
� at for higher cross sections. The propulsion can be switched to
the rocket mode by closing the inlet and supplying oxygen from
tanks to the combustor. Whereas the actual experiments still are
used for parameter identi� cation, it is planned for the future to real-
ize a closed-loopcontrol system, i.e., an automaticadjustmentof the
inlet cross section to the demands of the � ight mission. Therefore,
the dynamic behavior of a possible continuously working control
system was investigated by enhancing and decreasing the fuel � ow
rate (CA control). A hysteresis effect in the pressure amplitude was
found, as shown in Fig. 13. The reason for this hysteresis might be
the � ame position and the location of the combustion zone within
the conical diffuser/engine that depends principally on the air� ow
rate and the velocity. It is not yet clear whether further bene� ts can
be gained from an unsteadyfuel supply by making use of hysteresis
effects. The desired operating range is indicated by the D in
Fig. 13.

Conclusions
A combined rocket, pulse-jet, and ramjet engine is preferred to

propel a space plane due to considerableweight reduction and high
thermal ef� ciency. Present experiments indicate surprisingly high
fuel savings can be gained if combustorsare operated in transientor
pulse mode. Therefore, the transient behavior of an active control
system for the combustorwas investigatedexperimentally,and sev-
eral control strategieswith fuel- and air� ow rate (inlet cross section)
as control parameters for conventional and twin pulse combustors
are proposed. The control is used not only for the change of oper-
ation mode, but also to optimize the ef� ciency of the pulse jet run.
Hysteresis effects, possibly useful for further combustor improve-
ment, were found. Although several details are not yet clear, the
principalmethod of how to operate one combustor in ramjet, pulse-
jet, and rocket modes was shown. It is a fact that the thrust produced
by a turbojet is higher and more ef� cient for sustained � ight at low
� ight velocities. Because of the short-term application of such an
engine, it does not seem bene� cial to select a turbojet that is used
only for the takeoff.
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