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Nomenclature

area
drag 1b,
static enthalpy (prime denotes isentropiec
value, see Fig.6)
Btu
1b
fuel specific impulse lb sec . —
1b
mechanical equivalent of heat (J = 778 f£t.1b)
‘ Btu
process efficiency
weight 1b,
Mach number
total pressure ib
£t2
ideal static nmressure at station 2 1b
2
ft
static oressure 1b
s 2
£t
dynamic prcssure 1b
£t2
Reynolds number y
thrust 1b.,
temperature °K.
velocity ft.
kinetic energy effigiency \“\\\\\
density R}
£t
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Subscripts
0,2,3,4 Reference stations (Fig. 2).
b o fuel
t ; total conditions
;
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Really Migh Speed Propulsioa

E. T. Curran and J. Swithenbank

INTRODUCTION
A quiet revolution is currently taking olace in the

field of propulsion, as engineers begin to apprecliate the
remarkable capability of the scramjet. The scramjet, or
supersonic combustion ramjet, is a very simple device
consisting only of an intake, combustion chamber and nozzle.
It differs from the ramjct in that, at hypersonic speeds, the
air velocity is only decreased by a few percent in the inlet,
and the combustion heat release occurs at supersonic velocity.
Although its efficiency is small at low supersonic speeds,
Fig. 1 shows that it can achieve high efficiency over a very ™~
wide velocity spectrum, Marthermore, for much of this range,
a fixed geometry (2f'can be used with little loss in efficiency
(as indicated by the dashed line on Fig. 1), thus presenting
unparallelled capability for a simple engine unit.

In the same way as the subsonic-combustion (conventional)
romjet h2s been successfully combined with a turbojet in the
Yord Ariffon Murboramjct mower vlent, the scramjet can orobably
be combined with a turbo-engine to produce a unit equally suitabdle
for overation from pedestrian speeds to orbital speeds or above,

Such a oropulsion system could well vower a near ultimate vehicle

* Yumbers in brackets Indicate refercneccs at the cnd of p=ver.
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for atmospheric flight ~ a very real prospect which

must excite all aircraft engineers, Furthermore, this
propulsion system is no longer just a theoretical possibility,
but its feasibility has been confirmzd by extensive computer
studiés and exploratory experimental tests. The engine is
complementary to a ncw aircraft concept, in the historicai
series of classical swept and slender aircraft, which is
beginning to take shape iargely a8 é result of U.K. effort (1).
Their union would produce a new aeroplane - a fairly narrow
delta, lifting-propulsive body, in which the engine and the
airframe would be completely integrated. Interestingly enough
the low speed performance of the vehicle is also likely to be
acceptadble (1).

Such vehicles may be suitable for various hypersonic
missions, covering the range from high speed boost to long
range cruise. In the case of the boost mission, it may be
more advantageous to combine the scramjet with a rocket rather
than a turbo-machine. The rocket may be either a simple first
stage booster or a unit integrated with the main scramjet
system. At hypersonic}gpeeds, particularly in the case of
- boost missions, the engihe inlet capture crea must be almost
equal to the projected frontal area of the vehicle. The need

for integration of the airframe and engine, even from the
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earliest cdesign stage, thus becomes gpparent,
Despite the high promise of the vehiclc, thcre are

obviously many problems to be overcome in the following fislds:-

1. Lightweight airframe structures
2. External thermal protection and fuel tank insnlatinn
3. Aerodynamic problems, including boundary layers,

stability and control.
4. Reliable, lightweight, vehicle systems.
However such problems are beyond the scope of this paper
and attention will now be turned to the propulsion system.
To avoid duplicaticn of other articles contained in this
special lssue, the analysic ~f engine performance will be
directed to the high lLypersonic speed range in excess of kach 10.
To a grest extent, the incentive tu achieve air
breathing boosters accelerating Trom currertly ultainable
speeds (s=y V¥ech L) to Mach 7, depende on the votential
verformance above Mach 7, since the sten from Mach L to Mach 7
alone would barely justify intensive effort. However, the
prospect of a simple fixed geometry engine then operating frorm
Mach 8 to ¥ach 18 is most attractive,
ENGINE PERIFORMANCE

A schematic arrangement of a scramjet is shown in Tig., 2,

and various stations are identified. The performance of such an
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engine in relation to other power plants can be presented
as a graph of fuel specific impulse vs, Mach number as shown
in Fig.‘3. This figﬁre also shows the relative performénce
of a scramjet operating On hydrogen and coﬁventional hydrocarb«
fuel. The superiority of hydrogeh fuel in the upper hyperson:
speed range is apparent, and for this reason hydrogen must be
used at-thé highest flight speeds. The scramjet specific
impulse band shown on Fig. 3 indicates the typical sensitivity
of performance to assumed component efficiencies.
| From Fig. 3, it can be seen that the scramjet

performance overtakes that of the ramjet at about kach 7,
although if necessary the scramjet could be used from about
Mach 4. This change-over arises because the intake diffuser
losses become prohibitive in a conventional ramjet at high Mac]
numbers, whilst the coubustor losses become prohibitive in a
scramjet at low Mach numbers.

An important parameter in the design of a scramjet is
the amount of diffusion carried out in the intake, This

amount is usually specified either by the velocity ratio

Xg or enthalpy ratio h2 across the intake. The effect of
Vo oo Ry

diffusion or performance is illustrated in Figs. L and § for a
scramjet engine operating at 16,000 ft./sec. If one consider

first Fig. L4, the variation of engine performance with diffusi
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is shown for constant valueaoanE- As the amount of
diffusion is increased (V2/Vo decreased) the engine impulse
steadily improves. This is because at a given value of nKE
the entropy rise across the inlet is fixed, and es V2/Vo
decreases, the associated combustion loss decreaces, Hence
an overall imvrovement in performance occurs,

However in the oractical diffusion orocess the entropy

rise across the inlet is a functioa of the amount of diffusion

performed, and thus nKE will decrease as the diffusion increases.
In early performance studies, before test results became
available, various empirical relationships were postulated
relating the inlet kinetic efficiency to the amount of diffusion.

Thus Dugger in reference 3 utilized

s = 0.94 + 0.06 gg
M,
In this expression, as M2 approaches low subsonic values,
qKE tended to the value 0.94, an acceptable value for subsonic

combustion ramjets. However, with zero diffusion, M, was

2
equal to Mo’ aud‘qKE became equal to unity. Another analysis

(4) introduced the impirical relationship

2
Myr = K + (1 = Kp) (V)
(7,)

where KD was constant at a given flight condition. It was
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subseénently realized that KD posséssed thermodynamic significance

- and waé of interest as a parameter of inlet efficiency. This

parameter is becoming increasingly popular both in cycle

analyses (5) aﬁd in intake studies (6,7); | It canvreadily be

| shown (8) that KD can'be‘éxpfessed as:- a o

Kp = By - by’
R, - n,

compared to

Fig. 6 i1llustrates the difference between these
definitions, The important pcint about KD is, however,’that
at constant KD, the entropy rise across the intzke increases
as the amount of diffusion is increased. Fortunately the
assumption of constant KD doés desc:ibe quite well the ovneration
of a given class of inlets at a specified flight condition.
Thus in Pig. 7 the variation of nKE with V2/Vo for a simple
two shock inlet is seen to follow approximately a constant KD
line. Improved KD.vnlues are to be expected from more
sophisticated inlet designs. It is thus more appropriate to

present the performance data shown in Fig. 4 in terms of KD

as shown in Fig. 5. It will be noted that for each value of
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K. an optimum amount of diffusion exists: also as KD increases,

D
the optimum amount of diffusion increascs,

The above performance illustration has been given for
constant-area comtustion: in an interesting approximate
analysis of constant pressure combustion, Builder (5) shows

that for this type of ecngine the optimum amount of diffusion is

given by the expression

where Q = heat energy input to the cycle (per unit weight flow
through the cycle)

and it is assumed that the nozzle efficiency is unity.
Thus for the concstant pressure cycle the optimum
amount of diffusion is approximately a simple function of
KD and flight speed. The corresponding variation cf velocity
ratio as a function cf flight velocity for various values of
h2/h° is shown in Fig. 8.
In the practical design of inlets to achieve high
KD values, the factors which mirimizs losses through the intake
must be considered.
1. Shock losses - strong shocks may be avoided by the use
of 2 slender svike inlet (with a small apex angle),

followed by an isentronic turning region to attain high
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pressure ratios.,
Boundary layers - at hypersonic speeds, viscous losses

tend to be comparable with the shock losses, and the
boundary layers become comparatively‘thiék. | The
height of the narrow annular gap obtained wi?h an - “
axisymmetric design would be comparable with the bounda
layer thickness, and more complicated designs must

be used. These must have a small wetted surface area

~to minimise drag, and reduce the heat loading. Oon

high trajectories (i.e. low q) the intake boundary layer
is laminar and the adverse pressure gradients must not
be so large as to cause separation. The intefaction o1
cowl shocks wi*h the boundary layer can also cause
separation, and the possibility of "bleeding" the bound:
layer by lateral flow must be considered. |
Geometry - an external intake geometry is dictated by
the requirement for radiation cooling. Fortunately
such intakes can be started more readily than internal
compression designs, nevertheless starting can present
some problems. An important factor is the leading
edge design, which should be sharp to minimise drag,
and umust also be swept back if poééible to reduce drag
and heat transfer effects.

So far only the effect of inlet operation on overall
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performance has been discussed. In general, however, the cycle
performance of scramjets at a given flight condition depends
on many variables e.g.:~
Mode of heat addition (e.g. constant p, A, M, p)
Fuel type, injection conditions, equivalence ratio
Combustion efficiency
Nozzle efficiency including non-equilibrium effects

Overall ergine erea ratio (AU/AO)

If the intake is designed to give the optimum velocity
ratio, the static tempcrature at the entrance to the combustion
chamber is appboximately 5 times the ambient temperature (for
by > 10). This results in tempcratures in excess of 2000°R
at all altitudes, and the possibility of spontaneous ignition
of hot hydrogen when injected into szuch hot air is immediately
apparent. The time required to complete the bydrogen/air
reaction has been extensively studied (e.g. kofs. 7 and 24)
and in common with other chemical reactions, the time is a function
of pressure, temperaturc and fuel co.ucentration. For this
particular reaction, the effect of fuel concentration (or
mixture strength) is small, and for combustion chamber pressures

L

in excess of 12 psia, the time is always less than 10 ° seconds
(Fiz. 9). For the values of V2 given above, the maximum distance
necessary to complete combustion is only a few inches, and for

most practical cases in this spesd range, it is a tiny fraction of
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Thie reaction length is based on instantanecous mixing
of the fuel 2nd air, In practice, mixing and reaction occur
together, and realistically we must therefore consider the
length required by the combined process. The mixing of fuel
and air is broadly due to thrce wechanisms which act at success

levels of gas motion:

1. Molecular diffusion
2. Turbulent eddies
3. Macro-mixing by vortex effects

¥olecular diffusion - even for such a mobile species
as hydrogen - is much too slow to give signific-nt mixing
between hydrogen and a.r in the time available in passing
through a scramjet combustor.

Turbulent mixing of concentriec jets (or two dimensional
Jets) has been extensively studied for this avplic=tion (e.g.
Refs. 9, 10 and 11), snd it has been shown thst a length of abo
10C jet Aismeters are reauired to obtain significent mixing.
Nepending on the choice of injection geometry, this mechanism
may be adequate to achieve a}short combustion chamber,

Macro-mixing by vortex effects is encountered, for
instance, in a cross-stream injection system. In this case, th

Jet develops a double vortex structure, snd entrains air about

three times more rapidly than does a simple downstream injectio
system. Cross-stream injection into a supersonic =irstreanm
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introduces shock losses, and the vortices may be produced more
efficiently by a swirl system. Plate 1b shows the effect of
swirling a supersonic jet beforé injection into ambient air,
(Plate 1a is without swirl), and the increasecd penetration is
apparent. A promising technique is the injection of fuel into
the vortex sheets produced for example by a highly swept delta
aerofoil injector mounted at incidence in the enmbustion chamber.
The fuel would then be injected from the leading and/vr irailing
edges of the injector. In such a system, the vortex serves

to distribute the fuel through the air, whilst the turbulent
eddy viscosity effects would complete the mixing. The oowerful
effect of vortex mixing is illustrated by the mixing chambers on
by-pass engines in which mixing between two almost equal gas
streams is accomplishea in a length almost egual to the duct
diameter. The problems of wall cooling and wall friction must
also be considered, and these can both be alleviated by
injecting hydrogzen along the wall. furthermore, the additional
fuel specific imoulse cbtained by downstream injection becomes

ve.y significant at the higher hypersonic speeds. However,
expansion of the hydrogen to very high velocities would reduce

its temperature and could result in prohibitively slow combustion.

It should also be noted, that & fixed geometry injector, which o

gives an exit stetic pressure equsl to the combustion chamber

pressure at one flight Mach number will be mismatched at other

Mach numbers. Thus although very rapid mixing can be obtained,
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the optimisation of an injector configuration is a careful
compromise between mixing length and impulse loss effects.
Turning now to the exit nozzle; 1ts.purpose is to
expand the gas towards the ambient pressure as efficiently as
possible. Reference to Figure 2 shows that there is no 'nozzle
in the conventional sense, as the diverging combustion chamber
blends directly into the 'nozzle' to form an integral unit,
The sbsence of a throat mesns that the uniform velocity orofile
usually oroduced by the throat is not generally present.
Thus the non-uniform profile likely to be praduccd by the combus
system will persist through most of the nozzle flow field. At
the higher altitudes the flow through the nozzle will be frozen,

The impulse loss due to frozen flow depends on the amount of
dissociation energy frozen into the exhaust gas. Thus in
addition to the altitude (pressure) effect, the static temperatt
at the end of combustion also effects the non-equilibrium loss.
The static temperature is very sensitive to the intake velocity
ratio, so it is to be expected that the non-equilibrium loss wi
increacse with decreasing intake velocity ratio,

Furthermore, there is a loss in impulse due to nozzle
wall friction and divergence of the exit stream, which will
depend on the nozzle geometry. For example a short conical
nozzle will give smaller fricbion‘lqss, but large divergence 1lo

whilst the converse holds for a .ong conical nozzle. The

~

compromise between these two losses has been treated in Refs, ¢
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14 for a Mach 15 engine. Both references show that the

minimum loss occurs for a nozzle wall angle between 10° and 15°,
The losses also depend strongly on the nozzle area ratio,

and as this is usually almoet egual to the intake area ratio, it
follows that the losses increase with decreasing intake velocity
ratlo.

For the example being considered here, the trend in overall
loss attributable to these three effects is plotted against V2/Vo
in Fig. 10. Two important conclusions can be drawn from this
figure.

1. Since the losses increase with decreasing velocity ratio,

the optimum V2/V° will be increased above the value previously

indicated.

2. The nozzle losses are generally large and must be csarefully
minimised. ror example, the friction loss can be reduced

by choosing a nozzle geometry with a2 small wetted surface

area, For certzin missions however, divergence of the

exhaust dewnwards (thrust deflection) gives & 1lift component,

which can increase the vehicle range (Ref. 13).

A ful ther requirement is that most of the nozzle surface
should be able to radiate heat away, and therefore must not be
enclosed. Such radiation cooled, semi-open nozzles can be
designed readily once the external flow field is wnown. However,
the interaction between the internal and external flow fields leads
to considerable difficulty in testing, since the engine 2nd airframe
cannot be evaluated independently as +<ith conventional test

technigues.
- 15 -




Despite the problems in defining tho exact compunent
performance, which can be achieved, reasonable estimates of
component efficiency give a band of overall engine capability
which is encouraging (Ref. 15). Furthermore, Jjudicious
integration of the components may avoid some 6f the problems
discussed above. For example:

1. Fuel injection along the wa.ils, near the diffuser exit,
will prevent excessive heat transfer, and may alleviate
shock boundary layer interaction protlems.

2. Careful design of the fuel injector system may avoid
undesirable flow profiles,

3. The exact geometry of shock generzting components,
such as the intake spike and cowl lip, can be arranged
to give the minimum boundary layer disturbance. In
narficular, lateral motion of the boundary layer can
orovide an effective boundary lsyer bleed system.

A major problem of the system ia cooling. Although
\lnrge sections of the intske and nozzle can be radiation
cooled, shielded sections and the combustion chember will
require regenerative cooling. Certain regions, such as leadin
edges, which should be sharp to minimise drag, will require
special ablative or transviration cooling. However, it is

encouraging to note that Ferri (Ref. 16) has shown that up

- 16 -
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to Mach 22, stoichiometric hydrogen fuel flow 1s sufficient

to cool the vehicle., Furthermore, 1little additional fuel

is required to cool at higher speeds, and significant increases in
airspecific impulse can be obtained by the mass addition effect

of this extra fuel.

Considering now the overall performance of the engine,
the features which determine the design st a given Mach number
can be illustrated as shown in Fig. 11. .

1, The hatched lines indicate the limits imvosed by the
static temverature for spontaneous fuel ignition.

2. The maximum area ratio which gives reasonable combustion
chamber size (compared to the boundary layer), is indicated by the
dashed 1lines.,

3. The intake pressure ratio - which detc-mines the
structural loading is aiso plotted.

Fortunately the optimum intake velocity ratio required
for the maximum fuel specific impulse gives convenient values
of diffuser exit pressure, area and temperature. A similar
result is obtained throughout the speed range from sach 8 to
Mach 20, and frirthermore, the optimum angle for a two shock
inlet only varies slightly over this speed range. Thus, a3
illustrated in rRef., 2 and rig. 1, the off-design performance
is 80 clcse to the ideal over this speed range, that a fixed

gecmetry engine gives less than 107 loss in specific impulse,

- 17 -




The prospect for obtaining good performance above orbital
velocities, depends on reducing viscous friction losses, to
below the levels currently estimated.

- Although the impulse values depicted in this article
are comparatively high it must always be remembered that for boos
missions it is most important that a very high thrust:drag
ratic is maintained. Thus for a simple horizontal acceleration
the velocity increment iec related to the mass decrement as
follows: -

dV=Ir (1‘D)o gﬂ
T m

and thus the available impulse of the air breathing engine
~ is effectively reduced by the factor (1 - D).

T
Now as the thrust coefficient of the air breathing
engine decreases as the flight speed increasses, high thrusts
can only be obtained by flying either at high q trajectories

or by using engines of large frontal area: in either case a

weight veanlty may be incurred with a consequent degradation
in system periormance. Thus the comparative performance of
air-breathing engines for boost missions must only be based

on an over wll analysis of system performance, and neverion

comparative impulse values,
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More precise studies of performance require definition
of the engine/vehicle configuration so that thrust vector,
boundary layer, heat transfer, and frictional effects can be
evalueted. It will therefore be appreciated that for extensive
cycle performance studies a digital computor is required, and that
for refined performance estimates an actual project configuration
must be established. it follows that in an article of this
size the performance levels quoted must be regarded as
approxihate values only, to be trecated with many reservations.
The foregoing discussion shows that there sre many
detall oroblems to be solved before the hyversonic aircraft

is fully developed. ¥ost of the solutions will require
experimental verification and we must consider how such data

is to be obtained. In general, certain non-dimensional
parameters such as Mach number and Reynclds number define the
phenomena being studied. It is often more convenient to
carry out experiments at appropriate values of these parameters,
than to duplicate the full scale operating environment.

In the case of an integrated, scramjet nowered,
hypersonic vehicle, this approach poses many protlems. This can
be 1llustrated by considering some of the problem areas ané

noting some »f the parameters to be simulated.

- 19 -
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Problem Area Parsmeters
Inviscid hypersonic flow field | M
3 Dimensional boundary layers Re’ V, heat flow
Mixing | Vf/Vz, pfvf/pzv2
Combustion kinetics _ h2, V2, Pos t2
Nozzle flow | N3y Vas Vexternal® P3

Although the recuired Mach numbers, and to a lesser exten
Reynolds numbers, c?h be obtained in current hypersonic test
facilities, the enthalpy ard pressure levels which are necessary
to study the reacting flow reglons are wvery Aifficult tc attain,
The strgnation oressures and temperatures 2t a flight Mach
number of 20 af 170,000 ft. 2re 2,000,000 »si and 13,000°K
respectively. These .onditions @sre beyond the reach of any
existing eround test f=cility, aﬁd careful consideration must
be given to the merns for obtaining valid data. Assuming scale
models can be used, continuous test facilities using pebble or
arc heaters sre limited to about ¥zch 8 2t representative flight-
altitudes. Pulse type facilities such as shock tunnels can
achieve about Mach 17 but the testing'time is limited to a few
milliseconds (sce also Ref. 6). A shock tunnel which is in use
at Shefficld University for the study of superscnic combustion is
illustrated in Plate 2, and a concentric injector configurztion
for supersonic combustion research is shown in Plate 3. The

limitations of these test techniques suggest that it would be
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‘oolhzrdy to proceed to a full scale aircraft on the basis of
sjuch results alone., The range of variables which can be
investigated is so wide that it is easy to be distructed at the
research phase and accumulate data which is outside the realm of
angineering application. For example the chemical kinetics

need only be studied fcr the particular fuel of interest at the
pressures and temperstures to be encountered., Thus integration
of the rese~rch and development aspects is particularly important
in this field, if significant progress is to be made for reasonable
investment, For this regzson it is essential that both research
and development work, and project studies, proceed in close
harmony. Thus a research programme of this nature must be

oriented towards a givin vehicle system, In view of the
indetermincte nature of future cruise and boost missions, a

most suitable project would be the development of a hypersonic
flight test vehicle to explore the hyversonic flight range.
Such a vehicle, apart from providing data essential for
the design of flying prdpulsive bodies, would have a wide
technological 'fall-out' in a variety of related activities,
such as the ti1acking of high-speed vehicles, radar/radio
phenomena, and re-entiry problems. Two approaches can be
contemplated, the first is typified in recent reports (Ref. 17)
from ti.e U.S.A., that a Mach 12 hypersonic research aircraft
is being considered as a follow on to the X-15, It should also
- 2] -
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be noted that already a stretched version of the X-15, the
X-15-A2, will subsequently be flying as a hypersonic ramjet
test vehicle. A hypersonic research aeroplane and its support
facilities are probably beyond European funding or objectives -
nevertheless an alternative approach, that of using small free
flighﬁ test vehicles is well within U.K. experience and funding.
Such a vehicle, possibly of approximately 8"-12" diameter,
could be boosted to speeds in the Mach 7-10 region, and
subseguently accelerate over a limited speed range to provide
relevant test data. The speed iange would be limited aé the

quantity of low density hydrogen fuel carried would be
severely restricted. The size and weight of the vehicles would
have to be kept to a minimum as even amall wvehicles would requir

quite substantial first stage rocket boosters - for this reason
it is well worth exploring alternative launch techniques.
Certainly the cheapest alternative is the gun 1aunch1ng‘techniqu
and it is interesting to note that Ref. 18 quotes launch and
range costs at approximately £1500 per shot. It is considered
that an experimental and analytical programme constructed around
s scramjet flight test vehicle could act as a focus for European
studies in the scranrjet area,

It is noteworthy that scramjet research is already‘
proceeding epace at NVL in Germany (Ref. 19), and NNERA in
®rance (Ref. 20), and indeed Italy (Ref. 21), Spain (Ref. 22),
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and Russia (Ref. 23) have contributed to this field. It would
be a great pité, if the original ideas of British Aerodynamicists,
for a new class of aircreft, were to lack the support of an
advanced propulsion technology - especially since such a
technology could be founded on a relatively inexpensive
experimental programme. |

CONCLUSIONS

1. The scramjet has high performance potential over a

remarkebly wide speced range, extending possibly to about orbital
velocity. I

2. The scramlet may be readily integrated with the waverigder
hypersonic vehicle which hss been concieved largely in the U.K.
3. The scramjet/w~verider can also be integrated with a
turbcjet or rocket to yield a vehicle having acceptable low
speed performance, and thus becomes a near ultimate aircraft.

L. Hydrogen fueliis the obvious choice in the upper
nypersonic speed range.

5. One of the main factors influencing engine optimisation
is inlet velocity ratio. However, even a fixed geometry engine
can te expected to give good performance from Mach 8 to 18,

6. Drag forces can become more significant with increasing
flight speed, and care must be taken to minimise the vehicle

surface area. Laminar, transition and turbulent boundary

layers are all expected to cuver significant portions of the
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surface,

T Combustion kinetics are unlikely to present a problem
on most flight trajectories,

8. Optimisation of fuel/air mixing techniques may depend on
further studies of vortex mixing, Nevertheless very short

combustion chambers are possible.

9. The nozzle is generally integral with the combustion
chamber, and integral with the body. Testing of engine and
airframe cannot be readily separated. ‘

10. It appears that overail cooling of the vehicle can be
accomplished with the engine fuel flow,

11. Ground testing alone will not give adequate information
for the confident design of a hypersonic aircraft.

12. A scramjet flight test programme, based on an 8"-12"
diameter vehicle, would be an incxpensive method of advancing

British technology in this field.
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Fig. 1.

PV

Comparison of Scramjet Efficiency with the Efficiency
of Conventional Power ?Plants,

Key. A Variadble Geometry Scramjet Hydrogen Fuel Inlet
Process &fficiency KD = 0.9

B, PFixed Geometry_Scramget
MDESIGN = 15 (Ref., 2

C. Conventional Ranmjet.

D. Turbojet with Reheat

Fig. 2. Schematic Arrangement of a Scramjet.

Fig. 3. Comparison of Scremjet Performance (If) with that of

Fig. L.

Fig. 5.

other power plants and ideal impulse,

Key. A. Maximum posesible =pecific impulse - hydrogen

fuel,
B. Hydrogen fuel Scramjet specific impulse band.
C. Turbojet with reheat - kerosene fuel.
D. Ramjet -~ kerosene fuel.
E. Scramjet - kerosene tfuel (Ref. 18).

P. Rocket

Variation of Engine Performance (If) with intake
Diffusion (V,/V ).

V_ = 16000 ft./sec.

¢)

Constant area comnbustion exit area = inlet area.

Stoichiometric hydrogen air

Normal fuel injection
Equilibrium nozzle flow

Variation of Engine Performance (If) with intake
Diffusion for constant values of KD'

vo = 15000 ft./sec.
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6. Supersonic Combuetion Remjet Inlet Process,

7. Variation of Intake Efficiency with velocity ratio.

8. Variation of Intake Velocity Ratio (for various values
of hy/h ) with fliaeht velocity.

9. Time required to complete reaction.

10, Diagram to illustrate effect of nozzle losses on
optimum V2/Vo.

11, Variation of Intake Area ratio, pressure ratio and

temperature ratio with process efficiency and velocity
ratio.

- 29 -




]

=y

s
-
wall
-
o
Y

L

'R

GRAPHIC NOT REPRODUCIBLE: -

e

D I SR

e




———— - .

B

-

—eawmsw o

GRAPLIC NOT RePEODUCIBLE

o

L.

® . — "

.A- P

!
i SRS

—

‘.
’

i

i b

¢ ———

v




;.
B
-
- -
LI
- »
N
.
. Tl
'
LK
-~ R
»
P

m
*.m ‘

2

B

S

m .

R

o

&)

— Sy e

[P

e —

Eadl el I e STV VA S

[

.. -~

P e

B S e

“




Security Classification

- 0258

DOCUMENT CONTROL DATA - R&D

(Security classification of title, body of abstract and indexing annctation must be entered when the overs!l report is cleasified,;

1. ORIGINATIN G ACTIVITY (Comporate author) ,/ 26 REPORT SECURITY C LASSIFICATION
Uatversity of Sheffield T__Mg
Fual Techmology Department 35 gamrour

3. REPORT TITLE

REALLY NICH SPXRD PRCPULSION BY SCRAMIETS

8. DESCRIPTIVE NOTES (Type of report and inclueive dates)

1 in

$. AUTHOR(S) (Lasot name. first name, initial)

Be T. Curran
Jo Switheabank

6. REPORT DATE 79. TOTAL NO. OF PAGES 75 NO. OF REPS

Octcher 1943 32 : 24

a8 CONTRACT OR GRANT NO. 98 ORIGINATOR'S REPOART NUMBER(S)

AF-E0AR-635-23
b 'no".c‘frl_ol loxoco 67

i e. ‘lmol‘ 9b. OTHER REPORT NO(S) (Any other numbers that may be sesigned

[ qarn AFGSR 66-15¢

10. AVAILABILITY/LIMITATION NOTICES

1. Distribution of this document is walimited

11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

AY Office of Sciemtific Regnsmsh (SCEF)
1400 Wilsoa Boulevard

Arlimgton, Virginia 22209
13. ABSTRACT

The high overall efficisncy of the scramjet engime is poteatislly meintaimed
over the speed ramge from Mach S to 20. At higher speeds, Rydroges fuel is
essential snd a fixed geometry appears feasible. Optimization of the imtake
diffusion cam be carried ocut most easily {a terns of the iamtake process
efficiency and velocity ratio. The optimwn amoumt of diffusion is reduced when
realistic nossle losses are imcluded. The development of a hypersomic flight
test vehicle is recommended.

'’

DD .©2%. 1473

-~ ‘e Lol IEUPARUEY S L




Security Classification

18 LINK A LINK B LINK C
KEY WORODS < AoL K& wT moLE wT | moLk wT
<
ljouenle Canbustion Ramjet
Seramjet; Air-breathing Combustion
Supersonic Combustion
Rypersomnic Flight
Piffusiomal-type Sgpersonic Combustioca
* INSTRUCTIONS

1. ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor, grantee, Department of De-
fenge activity or other organization (corporate author) issuing
the report.

2a. REPORT SECUHNTY CLASSIFICATION: Enter the over-
all security classification of the report. Indicate whether
“Restricted Data’’ is included. Marking is to be in accord-
ance with appropriate security regulations.

2b. GROUP: Automatic downgrading is specified in DoD Di-
rective 5200. 10 and Armed Forces Industrial Manual, Enter
the group number. Also, when applicable, show that optional
markings have been used for Group 3 and Group 4 as author-
ized.

3. REPORT TITLE: Enter the complete report title in all
capital letters. Titles in all cases should be unclassified.
If a meaningful title cannot be selected without classifice-
tion, show title classification in all capitals in parenthesis
immediately following the title.

4. DESCRIPTIVE NOTES: If appropriate, enter the type of
teport, e.g., interim, progress, summary, annual, or final.
Give the inclusive dates when a specific reporting period is
covered.

S. AUTHOR(S): Enter the name(s) of author(s) as shown on
or in the report. Ente:r last name, first name, middle initial.
If xili* .ry, show rank snd branch of service. The name of
the p.incipal aisthor is an absolute minimum requirement.

6. REPORT DATZ:. Enter the date of the report as day,
month, year;, or month, year. If more :han one date sppears
on the report, use date of publication.

7a. TOTAL NUMBER OF PAGES: The total page count
shouid follow normal pagination procedures, i.e., enter the
number of pages containing information.

7b. NUMBER OF REFERENCES: Enter the total number of
references cited in the report.

8a. CONTRACT OR GRANT NUMBER: If sppropriste, enter
the applicable number of the contract or grant under which
the report was written

8b, 8¢c, & 8d. PROJECT NUMBER: Enter the appropriate
military department identification, such as project number,
subproject number, system numbers, task number, etc.

9a. ORIGINATOR’S REPORT NUMBER(S): Enter the offi-
cial report number by which the document will be identified
and controlled by the originating activity. This aumber must
be unique to this report.

9b. OTHER REPORT NUMBER(S): If the report has been
assigned any other report numbers (either by the originator
or by the sponsor), also enter this number(s).

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-
itations on further dissemination of the report, other than those,

imposed by security classification, using standard statements
such as:

(1) **Qualified requesters may obtsin copies of this
report from DDC."’

(2) ‘“Foreign snnouncement and dissemination of this

- report by DDC is not authorized.’*

(3) *“U. S. Government agencies may obtain copies of
this report directly from DDC. Other qualified DDC
users shall request through

”

(49 ‘U. S. military ageticiel may obtain copies of this
report directly from DDC. Other qualified users
shall request through

.Dl

(S) **All distribution of this report is controlled Qual-

ified DDC users shall request tiarough

If the report has been furnished tc the Office of Technical
Services, Department of Commerce, for sale to the public, indi
cate this fact and enter the price, if known

1L SUPPLEMENTARY NOTES: Use for additior.al explans-
tory notes.

12, SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or laboratory sponsoring (pay-
ing for) the research and development. Include address.

13. ABSTRACT: Enter an abstract giving a brief and factual
summary of the document indicative of the report, even though
it may also appesr eisewhere in the body of the technical re-
port. If additional spece is required, a continuation sheet she
be attached.

It is highly desirable that the abstract of classified repor
be }mclrssxﬁed. Each paragraph of the abstract shall end witl
an indication of the military security classification of the in-
formation in the paragraph, represented as (TS). (S). (C), or (U

There is no limitation cn the length of the abstract. How-
ever, the suggested length is from 150 to 225 words.

14. KEY WORDS: Key words are technically meaningful term;
or short phrases that characterize a report and may be used as
index entriec for cataloging the report. Key words must be
selected so that no security classification is required. Identi.
her.s, such as equipment model designation, trade name, milita
project code name, geographic location, may be used as key
words but will be followed by an indication of technical con-
text. The assignment of links, rules, and weights is optional.

GPO 886-551




