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FOREWORD

This report w: s prepared by Sqn Ldr Edward T. Curran, RAF, and Mr, Frank D.
Stull, Ramjet Cemponents Branch, Ramjet Engine Division, of the AF Aero Propulsion
Laboratory, Rosearch and Technology Division, Wright-Patterson Air Force Base, Ohio,
The work described was accomplished under Advanced Technology Program 651E
‘‘Supersonic Combustion Ramjet,’’ This work was prepared specifically for presentation
at the AIAA Summer Meeting, Los Angeles, California, 17-20 June 1953.

The authors wish to acknowledge the substantial contribution of Mr. Roger R. Craig
who generated an appreciable amount of computer data for their use, and the valuable
overall assistance of Mr, M, Brian Bergsten, Mr, William E. Supp, Mr, John R, Smiti;,
and Mr, Kenneth Schwartzkopf of the Ramjet Components Brarnch,
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ABSTRACT

Some in-house studies carried out a. Al* Aero Propulsion Laboratory to Investigate
the low speed performance of the supersonic combustion ramjet engine is presented.
A discussion of the fundamental problems of low speed operation is followed by a review
of techniques of converting from supersonic to subsonic combustion. In concluding a new
engine concept, the ‘‘dual-mode’’ engine, is discussed, and its potential performance

outlined.

Coordination: Prepared by:
Gl e #oy 7 Crers

Robert E. Roy Sqn Ldr Edward T. Curran, RAF

ek D M)

Frank D, Stull

This technical documentary repor: has peen reviewed and is approved,

54/.4 ,.é/wgu/

EDWARD A. HAWKENS,
Colonel, USAF
Director, AF Aero Propulsion Laboratory
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INTRODUCTION

‘The supersonic combustion ramjut engine (Scramjet) has been shown, in Reference 1,
to posscss the potential of high performance in the speed range Mach 8-25. However,
operation of such engines at speeds substantially below Mach 8 has received little atten-
tion previously. Presumably this is because of two factors: (1) it is generally conceded
on the basis of current component efficiencies, rhat subsonic combustion engines yicld
better performance at the lower speeds; and (2) the extension of Scramjet operation to
lower speeds appears inherently difficult. However, acceleration of a Scramjet powered
vehicle to the region of Mach 8 is a formidable problem. Acceleration to this speed by a
turbo-accelerator engine is questionable unless a complex multi-mode operation is under-
taken. It foliows, therefore, that any significant reduction in the take-over speed of the
Scrammjet could provide a major simplification in the turbo-accelerator system with con-
siderable benefit to the overall vebicle performance. Even if supersonic combustion can-
not itself be sustained at low Mach numbers, every effort should be made to utilize the
main Scramjet duct for efficient propulsion at these lower specds. For example the Scram-
jet duct might be used either as a subsonic combustion ramjet or as a mixing chamber
for a ihrust augmentation devicc of the ram-rocker rype, Obviously such utilization must
not seriously degrade the Scramjet performance at the higher Mach numbers.

We aim in this report to stimulate thought about methods of utilizing the Scramjet duct
at low speeds to obtain efficient propulsion, As a possible end product, one can conceive
a fixed geometry propulsion system which would operate over a wide Mach number range,
say from 4 through 25, As an intermediate goal a fixed geometry system operating through
a more restricted Mach number range, say fram 2 to 12, would be an attractive engine for
hypersonic flight applications,

In this report we are concerned essentially with engine/vehicle operation in the Mach
number range of 3 to 10, A typical vehicle i tllustrated in Figure 1. The corresponding
stations used in cycle calculations ure shown in Figure 2. The trajectory considered is
gencerally limited to a dynamic pressure of 1250 psf,

DESIGN FEATURES OF A HIGH SPEED ENGINE

Before considering the problems of operating a Scramjet at low speeds it is necessary
to consider the design features of an engine designed for high Mach number operation,
Une of the major features is the shape of the combustor chamber and the associated inode
of heat addition. Mogst nroject work is at present based on cither constant area or constant
pressure heat addition processes. However, irrespective of the choice of constant area
or constant pressure processcs, there is very little difference in the performance levels
achieved at the higher hypersonic speeds.

Manuscript relcased by the authors 8 October 1963 for publication as a RTD Technical
Documeniary Report,
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cerfariance chart for a Scramjor with 4 constant presgure combustor and opetating
ar rh cht specd of 26,000 {1 see s shown in Figure 3, In Figure 4 the corresponding area
ratios for a possible engine desien are shown the intake caprure area ratio is of the order
of 2e-Aos, cad the carsbuswor area ratio is approximately 2:1, For the type of vehicle
cder congidereaen the enaviroum nozzle arcae will be approximately equal to the inlet
capttre arca; thas the nozele area ratio will be about 10-25:1,

oo oD Y REFORNMANCLE OF SCRAMIET

b terren o dheag e e

As the thiont specd of the enaine is reduced, efficient operation requires tnat more
Giffusto n be perforned by rhe intake. Thus the cumulative effects of reducing flight speed
aad snereasinge diffosion resuit iaa severe reduction in the Mach number, at entry to the
somnbusitor, This Jecreise s sevious consediences for coinbastor gperation, In the case
S voastan arca conrhastor operating with a given supersonic entry Mach number, the
aineard of Beal which can be added to the flow is limited by the atravinment of sonic speed
1t the combustor exit, Any further attempt to add heat to this thermally-choked flow will
~esutlt in shock wave formation upstream of the combustor and breakdnwn of the super-
~onic Jlow at the entry to the combustor, Thus as the combusior entry Mach number is
roedaced the amount of heat which can be added to the flow is reduced. This limitat. *n is
shown 10 Fezaree 5 for the comsbustion of hydrogen and air. The allowabie equivalence ratio
15 plotzed ws a fuacrion of fliche speed and intake diffusion, Thus a rapid fall in equivalence
ctie sccurs as both fligir speed and velocity ratio decrease, This reduction in equivalence
ratio is reflected 1o v considerable loss in the gpecific thrus of the engine,

turnime now o the case of the constunt pressure combustor, which also operates at con-
stant flow velocity, the thermal choking phenomenon does not occur, For a given supersonic
Mach number at entry to the combustor the continuing addition of heat will eventually re-
duce the flow Mach number to a subsonic value, the combustor area continuously ircreasing
with hkeat addition. However, it is considered that the attainment of sonic flow at the com-
bustor exit is still a practical iimitation on the amount of heat addition because, if the flow
is allowed to go subsonic, then some form of convergent-divergent exit nozzle wiil be
required to expand the flow. The equivalence ratio required to produce a sonic condition at
the exir of a constant pressure combustor is shown in Figure 6, This limitation . the
cuivalence ratio is not as severe as for the constant-area case shown in Fivure 5, It
shiould be noted rhar all the above limits are based on one dimensional considerations and
include real was efforts, Fuel injection effects have been neglected.

Various supersonic hest addiiion dracasses were considered based on perfect gas re-
fattonships, The area ratios required for these are shown in Figure 7. Except for the
¢ onastant static temperature and constane Mach number processes, both the Mach number
at the combustor entrance and combustor exit were fixed at 6 and 1.1, respectively, The
lines, representing these processes, end at a cotal temperature ratin, Tos/T,,, correspond-
ing to the amount of heat required to reach Mach 1,1 at the combustor exit. Reaults are
mdm.n..cd by the circles where the combustor inlet Mach number was changed from 6.0 to
2.5, thereby allowing for diffusion in the inlet at a flight Moach number of 6.0, Nate that the
polyiropic processes with a positive exponent represent convergent ducts and can take very

"9
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little heat addition before reaching near sonic conditions. For the constant Mach number
process and the constant static temperiature process, both the prescribed boundary con-
ditions cannot be fulfilled; the combustor entrance and exit Mach are by definition equal
in the constant Mach number process, and iii the case of the constant static temperature
the exit Mach number increases rather than decrcases with heat addition. For a given
flight Mach number the approximate fuel equivalence ratio, ¢, may be related to the total
temperature ratio as indicated in the figures, It is interesting that for reasonable com-
bustor area ratios (less than S) at an equivalence ratio of one, the constant pressure
process is very ailractive, Only the performance of the constant pressure combustion
Scramjet will be presented herein,

Cycle Performance at |.ow Speeds

For the purposes of estimating performance at low speeds the following engine conditions
were assumeq:

Intake kinetic energy efficiency W T 98, Y9, & 100 perecent
Combustion efficiency nc = 100 percent

Nozzle velocity coefficient (Jv = (.9

Nozzle area ratio ANy = 1,00

Fuel injected normal to flow and at 37°R
Equilibrium conditions
Specific impulse, at Mach 6.0 for 3 different ¢'s, plotted against V.. /V. is presented in

Figure 8, Actually this form of presentation, while valuable for stoichiometric conditions,
is somewhat misleading when low values of ® are cncountered. Although [sp increases

with decreasing @'s, the thrust coefficient falls off rapidly thereby giving poor overall
performance, As a result a new form of presentation is adopted herein,

Some representative results (for an ™E of 0,98) are shown in Figures 9, 10, and 11,
corresponding to Mach numbers of 4.0, 3.0, 6.0. In ecach ficure the performance of the
engine is represented by the parameter, ¢ lsp. which is shown as a function of ¢ and
V2/Ve. By using the parameter, ¢ lsp' it is a simple matter to assess both the lgp and
sipecific thrust of the engine, as the latter is proportional to the product ¢ and lsp. On
cach chart the cquivalence ratio limitation, due to the sonic exit condition, is indicated.
‘This limitation is not significant at Mach 6.0 but becomes very restrictive at Mach 4.0,

As presented, these performance curves relate to variable geometry engines. It is
pertinent to illustrate next the etiect of fixed yeometry inlet operation on the attainable
cycle performance.

3
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From exanination of Fizare 4 it is apparent that at very high speeds the diffusion per-
. : <.V - . .
forme b by e indlet is very small ¢ 093 < T,’ < 1). The type of tnlet yesmetry resulting
bl

sronn auch consrderation will usually consist of a lew angle ramp followed by additional
Ssefitrope commression, However, for purposes of illustrating intaxe chm‘m:tcristict at
the sy soceds, a sitanle two shock intake wi'l initially be constdered in thic repott.

Phe pertrenance of suach agninler 15 shown in Figure 12, where ”th and V. /Vs are

~hown as functions of {light Mach number and wedge angle,

Yo cieradly aceepted that for a given Mazh nuinber a given inlet will operate at a
sabstaaticdly constant process efficiency (K) as V., /V, varies, that is, KL is related

7
o Voo VL by the relation My, KL) (l-KD) (V: " . However, for a given inlet configuration

teappears that the effect of reducing flight speed is to increase the diffusion performed
boothe inlet and simulianeously to increase kinetic energy efficiency, In fact for this inlet
Gootrend is towerd operation at constant NS at the lower Mach numbers, The precisc

varietton of the tnlet parameters; such as M V. /V,, pre-entry drag, and spillage, can-

i be prescuecd o parametric terms at this time due to the lack of inlet design informa-
Deew for the spocd range considered. Additionally, it is difficult to generalize such intorma-
teon because of the close integration of engine and vehicle design, For example, the per-
furmance of -t iow amgle wedge inlet is considerably affected by the incidence schedule
tlown by the vehicle, which may be determined largely from cngine considerations, An
additional complication concerns the changes in the interral shock rcflections within the
alet which arise as the flight speed is reduced. Exact cancellation of the reflected shocks
ey oonly be anticipared ar the design condition, At off-design conditions the reflected shocks
muy aot comply with the necessary flow boundary conditions, and near-normal shocks may
be venerated with complete flow breakdown,

Returning to the simple two shock inlet considered in Figure 12, it is evident from the

quite inadequate for acceptable low speed performance, Thus for good performanc.- ot
low speeds it is necessary to design an inlet which will accomplish significantly more
diffusion than the simple two shock inlet, In the present state of the art only one known
example of a fixed geometry inlet yielding the diffusion characteristics requiv e at low
speeds (Mach 6 in this case), yet maintaining good performance at higch speeds (Mach 23),
Has appedred, This inlet is the one described in Reference 2,

In view of rhe limited amount of inlet data it is essential to postulate some type of inlet
¢ orformance, We assumed that the intake performance is described by the following:

!, The intake operates at a constanc velocity decrement, that is, Vo - V, = constant,
This assumption establishes the velocity ratio schedule as a function of V,.

2. The inlet operates at a constant value of ™ L this value being dependent on the

velocity decrement® assoclated with the inlet.

*Some interesting computations using the velocity decrement parametric are given in
Reference B,

4
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3. The spillage characteristic of the inlet is consistent with the above two postulates,
and thus inlet choking is avoided.

Bv way of illustration the velocity schedules corresponding to various assumed values
of the velocity decrement are shown in Figure 13 together with some available inlet data,
The variations of inlet enthalpy ratio and KL) with Mach number are shown in Figures 14

wnd 15,
Discussion

The cffect of the intake ditfuston characteristics on Scramjet performance is shown in
Figure 16, For a given inlet velocity decrement, stoichiometric operation is maintained
as flight speed is reduced until the sonic exit condition is reached, With further reduction
in flight speed the equivalence ratio is reduced with a consequent reduction in specific
thrust and an initial rise in specific impulse.

With higher amounts of diffusion, for example, Vo - V, = 2000, the overall performance
of the engine is improved; but, the sonic exir limit is encountered at higher flight speeds
than it is with lower amounts of diffusion, In general, however, the cycle performance
deteriorates quite rapidly below about Mach 5,0, If more restrictive assumptions, con-
cerning pre-entry drag or fixed noszle performance, were incorporated into this analysis
then the performance would deteriorate even more at the lower speeds,

The degree of inlet diffusion also exeres an influence on the arca ratfos of the constant -
pressure combustor, This effect I8 shown in Figure 17 for an cquivislence ratio of one,
With low amounts of diffusion the temperature ratlo across the combe or I8 high and the
area ratio is correspondingly lnrge, With increasing fiight speed the area ratio decreases;
however, thic should not be taken to imply that a variable area combustor is required.
Most probably a combustor couid be desigined for the highest area ratio required at the
lower specds, and an inefficient but acceptable expansion process be allowed to commence
in the chamber at the higher flight speeds. An auractive alternate to avoid variable area
would be to schedule the fuel flow as a function of flight speed. Typical fuel schedules are
shown in Figure 18 for an intake &V of 1300,

Up to this stage one major problem of low speed operation has been purposely avoided,
namely the effect of low speed operation on the chemical kinetics of the combustion process.
The effects of static pressure and temperature on the rime required for the overall reac-
tion of hydrogen and air arc shown in Figure 19, The reaction time has been calculated
from the empirical equations of Reference 4. For shore reaction times temperatures in
excess of 2000°R and pressures greater than abous S psia are required. In low speed
operation comparatively low temperatures are obtained, and despite the lower flow velocities
the overall reaction rimes are generally excessive, This situation is illustrated in Figure
20 where the static temperature at entry to the combustor is shown for various levels of
diffusion. 1t is prubable that supersonic combustion will not b sustained at local static
temperatures much below 1800°R, It can be szen that ihe intakes with the highest diffusion
will yield acceptable conditions down to about Mach 6.0. However, it is anticipated that
chemical kinetic conditions will be marginal during low speed operation and additional
flame stabilizing devizes will be required. Such devices should not adversely affect the
high s3ecd operation of the engine, Some suggested piloting devices are shown in Figure 21,

5
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Phewo scbemes are larpely self explanatory althouzh the induced shock pilot deserves
sotie comment, In this scheme the shiock in the annubiay duct 1= swaliowed at the lugher
AMach numbers; at iower speces the shock “pops’” ereating a loca! reglon of extensive
subsome flow at elevated pressure and tomperature, The wall recessed pilot may assume
more prodominance than in the past since hydrogen will be available to setivelv cool this
configtivation, These various schemes may well overcome the chemucal Sinetic problems
assoctated with low speed operation, Alternatively the chemical kinetic problems associ-
ated wirh hvdroven and aiv may be avoided by utilizing pyvrophoric fuels, No atte apt has
heen iade to ainess the potentiai advantages of using such highly reactive fuels, The
aajor problem arcas discussed are summarized below,

ooWarde Mach number aperation of fixed geometry componeiis

2. Limitations on heat addition in constant area and constant pressure ducts

Phe importance of obraining adequate diffusion at the lower speeds

1. Choemical kinetic probloms of combustion

frappears to be difficult ro achieve adequate performance at very low spoeds such as
Maeh 2o, Furrhermore, sinee the subsouic burning rannget provides better overali
porTformance at these lower speeds it is worth iovestigating the possibility of converting
the Scramjet 1o the subsonie burning mode, The rest of this report wili be concerned with
thin problem,

SURBRSONIC -SUPERSONIC CONVERSION

I coiialde g the type of heat addition imode for the lower speeds, a preliminary survey
wits condueted of engines employing both oblique and strong detonation waves (Figure 22y,
Because of the uncertain and limited performance of such engines it was decided to restrict
this work 10 considerations of only the conventional subsonic burning ramjat engine, A
tvpical performance chart for such an engine is shown in Figure 23, For a high thrust
cnpine such as required for acceleration missions, acceptable performance is obtaind.t with
ceptivatlence ratios approaching 1,0 and with small degrees of nozzling, that is, A* . = 00
cven thoagh o small penalty is encountered in lsp.

[t appears that one of te first requirements in conver:ing to the subsonic mode is to
provide a small depree of contraction following the combustor, Various merhods of pro-
viding this contraction mav be considered as shown in Ficure 24,

Somay be possible to provide a small pesmanent degree of contraction without seriously
tpatring the supersonic-combustion perforinance of the engine, However, the requirement
for o convergent nozzle section may not be stringent from the performance viewpoint since
acceptable engine performance can be obtained with a storatghtpipe combustor, A rather
more importane requirement s to redace the divergent avea ratio at lower speeds to pre-
vent overexpansion losses; two sinmple 2-position schemes arve sketched in Figure 24,

G
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The most central problem is that of achicving a controlled conversion between the sub-
sonic and supersonic modes with a continuous thrust output, One method of achicvving such
conversion is by means of a mixed-flow engine system. In its miechanical form such an
engine is illustrated in Figure 23, During high specd eperation the pilot zone operates with
supersonic flow; at a lower speed a normal shock is disgorged ahead of the pilot creating
an extensive subsonic flow region, Such effects may also he obtained by acrodynamically
Sreating mixed flows, Narurally the whole transition process could be controlied by using
a variable geometry system if a variable geometry combustor prove-: practicable, However,
it must be noted that regardless of how the transition from supersonic to subsonic conver-
sion is accomplished, provisions must he made for matching the inlet to the combustor,
This problem is illustrated in Figure 26 where the requiced captore area ratios for tvpical
supersonic and subsonic-combustion conditions are shown, If transition from one ade of
combustion to another is made at anv given Mach number then some method of adjusring
the inlet caprure area ratio is required. The most efficiont means of changing the capture
area ratio is by utilizing variable geometry. Another method proposed is the “dual-mode
combustor’’ and is illustrated in Figure 27; in this case the inlet ia designed for the super-
sonic mode but is allowed to operate in the subsonic mode as a supercritical conventional
intake, The special feature of this cngine system is that two combustors are provided, one
for supersonic combustion and the other for subsonic operation, The supersonic combustion
precedes the subsonic one and acts o8 the subsonic diffuser of the intake during snlwonic-
combustion, The transition from one made to another is illustrated schemarically in Figure
28,

It will be seen that in the subsonic mode fuel is injected intooonly the subsonic combustor,
the flame being stubilized on recessed flamcholders, The intake operates supercritically,
T'o make the transition to supersonic combustion, fuel is injected upstream of the swallowed
shock, and at the same time, the fuel flow to the subsonic combustor - reduced. Thus the
shock moves downstream and is cjected from the engine, Finally all the fuel is injected
into the supersonic combustor and full transition is achicved, The process deseribed ahove
vields o steady transition from subsonice to supersonic combuction in a fixed eometry
system, Although separate combustors and injectors have been shown in this diustration
it is probably that an intearaced engine system using one set of injectors could be developea.
This “‘dual-made’’ engine scheime may be one practical solution to the problem of efficient
lowspeed operation,

It is interesting that Porchonok (Reference 5 has demonstrated a controllable il stable
transition from supersonic to subsonic combustion, and vice-versa, ina constant area duct,

To assess the cyele performance of the dual-mode engine in the subsonic burring mode
four tyvpical configneations were investigated corresponding to intake velocitye decrements
of 1000 and 1500 and combustor area ratios of 3 and 4, The resulrs are shown in Figure 29,
In general the engine performance maximizes at about Mach 4.0, Below Mach 4.0 the over-
expansion losses inthe nazzle cause o sharp loss In performance, Above Mach 4.0 tiee
increasingly supercritical operation of the inlet also brings about a deterioration in per-
formance as the Mach number ncreasies,

It is emphasized that the performance shown in Fhoore 29 s the evele performanee, No
altowance has been made for the pre-entrv drag associated with the inlet or for the effects
of the substantlat spilliyre which occurs at the lower specds, However, for the low angele
rimps assoclated with this class of inlet the pre-entey deme is quite satl, Catenlations
incladbmg the effect of spillinre lave not been e dae 1o the ek of representative data
in this arva,
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Pt ie faaiid theil Bic soiticwhat o f erformance results obluined
for rhe subsonic operating mo ke, it is interesting to consider Figure 30, where the per-
tormanee correspondin o both maodes of operation is shown for two values of inlet diffusion.
Foorthoindo with the Lo amounr of diffusion the overall evel of performance is higher
forrceds i oo of Nach 270 lower inlet diffusion is accented then the performance
At the pgher speeds is fipaiced, but the low speed performancs 1s improved. In either
Sree s appears thar this bl mode epeine vields good evele pestoirmance at Mack 3 and,

Sl

Wil conversica to stuper=onie consbusrion in the regton Mach 6 to 7, will continue .o yield
aeceptable pesformance oot to very higl hypersonic Mach numbers.

icwil e apparent thae f 2echan engine sysiem ix specifically designed for wide Mach
nwbor operation many Jesion parameters, such as the intike and combustor area ratios,
can bie chosen t optimize averall engine performance, Inlet spillage characteristics will
he of particular impostonee and mast be carcefully considered. Such an engine system
Aacabd appaar e be verv attractve for hypeesonice flight applications such as pure boost/

Ui e Drissions,

A particulars  ttractive by -product of this concept would be to use such an engine in
a4 hvpersonic tese vebicle for exploration of [Light at speeds in excess of Mach 8. The
Crcane irself ol its conversion process could be investigated in available ground test
frcdhivtes so that o reasonable level of confidence could he pained before flight test. One
ttial clivht testing at the lower speeds, using subsonic combustion, was completed,
exploratory investigations of the region beyond Mach 8 could be undertaken with the engine
operating in the supersonic combustion mode, In this manner a sound technological base
for hvpersonic flight could be established. Such a program would not have to await the
Jdevelopment of hypersonic turboramjets or turbo-acceierators since the low take-over
NMach nuimber associated with the duat mode engine should be within the capability of current
techimology,

CONCLLUSIONS

This wvestigation of the low speed performance of supersonic combustion ramijet engines
has shown that such performance is Lirgely limited by the following factors:

1. the dittusion schedule of the intake

2 I'he limited amount ot heat which can be added to a one-dimensional supersonic

stream without encountering choking or a sonic exit condition

S0 e Chicmical kinctic limiwations imposed by the low temperature environment
Sihongh the Yimitationss imposed by the above factors can be overcome to some degree
by vartous desiion features, it is anticipated that conversion to subsonic burning will ve
required for operation at iow supersonic Mach numbers, Two possible schemes have been
briefly mentionxd, namely the mixed-flow engine and the dual-mode combustion engine,
Ihe latter engire has been shown to possess good eycle performance over a wide spoeed
ramie: but much further work is necessiary to assess the perfermance of typicatl fixed

weotnetry design,

e s finally concluded that the further study of such convertible subsonic-supersonic
scheimes is highly desirable, sinee therve are many intepesting applications to hypoersonic
vehicles,
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