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FOREWORD

This report wk 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, Rr.search and Technology Division, Wright-Patterson Air Force Base, Ohio.
The work deFcribed was accomplished under Advanced Technology Program 651E
"Supersonic Combustion Ramjet." This work was prepared specifically for presentation
ar the AIAA Summer Meeting. Los Angeles, California, 17-20 June 1963.

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. Smith,
and Mr. Kenneth Schwartzkopf of the Ramjet Components Brainch.
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ABSTRACT

Some in-house studies carried out it. Ake 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:

Robert E. Roy Sqn L.dr Edward T. Curran, RAF

Frank D. Stull

ThIs technical documentary report hai, been reviewed and is approved.

S.a.

EDWARD A. HAWKENS,
Colonel, USAF
Director, AF Aero Propulsion Laboratory
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INTRO)DUCTION

The supersonic combustion ramjt. engine (Scram jet) has been shown, in Reference 1,
to possess 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, that subsonic combtrition engines yield

better performance at the lower speeds; and (2ý the extension of Scranijet operation to

lower speeds appears inherently difficult. However, acceleration of a Scrlmjet powered
vehicle to the region of Mach 8 is a formidable problem. Acceleration to this speed by a

turbo-accelcrator cngine is questionable unless a complex ,nulti .mode operatinn ig undor-

taken. It foU:ws, therefore, that any siinificant reduction in the take-over speed of the
Scram jet could provide a major simplification in the turl×o-accelera!,.r 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 Scram jet duct for efficient propulsion at these lower speeds. For example the Scram-
jet duct might be used either as a subsonic combustion rainjet or as a mixing chamber
for a thrust augmentation device of the ram-rocki-t type. Obviously such utilization must
not seriously degrade the Scram jet 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 fri-mn 2 to 12, would be an attractive engine for
hypersonic flight applications.

In this report we are concerned ,'•entitlly with engine/vehicle operation in the Mach
number range of 3 to 10. A typical vehicle is illustt'ated in Figure 1. The corresponding
stations used in cycle calculations are shown in Figure 2. The trajectory considered is

generally limited to a dynamic prossur(, of 1950 psf.

DESIGN FEATURES OF A HIGH SPEED ENGINE

Before considering the problems of operating a Scr..n..jet at low speeds it is necessary
to consider the design features of an engine designed for high Mach number operation.
one of the major features Is the shape of the combustor cIaUilbet Mitid 01Ve associated ijiode
of heat addition. Mnot nrolecrt work is at nresent based on either constant area or constant
pressure heat addition processes. However, irrespective of the choice of constant area
or constant pressure processt.s, there is very little difference in the performance levels
achieved at the higher hypersonic speeds.

Manuscript rcleased by the authors 8 (October 1963 far publication as a RTD Technical
Docwnencary Report.
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:~I~r I lech;!rt for a Sera:m-j-t wi~th -i tatpetr ahar an j.p~~ing
at aiiiht :,11,-,d of 26,00 ft SVC I'S w ill Fi,"Ure 3. In F-igure 4 the correspondigae

a~r ;'o il. A kilL4Lti design are shown: the intake capta.rt. circa ratio ir4 of tile order
- A * i io hi-a oa rc. i-atil is ipo roximately 2:1. For the type of vehicle

¾ n~ ~........ ij fl '.le a rkca willI be ap proximiately equail to the inlet
aJ;)ta: Arc'!; th ai eI vserea ratio will he about 10-25:1.

.L) V ~ M NC. u SCRAMAANI '

A-, rlh- I lIIu'IL 5fl-'d tL ý ile CLA).Lll,' iS reLductet. efficient operation requires tialt more
11fu.iiil uerfrwe kv the, IWak. ThuS the Cumulative effects of reducing flight sped

Ad'L ;it rL-. ill ' L -af i,)I 3~~:~ a SL"1er, reduction in the Machi num h11er, at entry to the
to.This dvc rci-.,t- his st- ijotis Lonseohi'-11--t '' " In the1 Case

La v ,oa1i~ :rca::'bl ti ope ritin., with a given supe rson~ic ontry Mach number, the
.6111I Oi f h',! li¾bV. hlic cmlr h" added to the Nlow its liimiitt-d too th,. att-i nnent of sonic speed

i[ Lie *011iih('-rorl ,it. AMy further attcnilpt to add heat to this therma lly -choked flow will
ini shock wa,:ve forrri~tiona pstroean o th commistor and breakdownr (of the super-

`]je :1 :iL tht, entrv too tht. combustor. TIhus as the comnbustor entry Mlach number is
ed rx he aiiu 1urrt uif hc,17 which can he added to the flow is reduced. This lirnitat. 'n is

Sn i ll i5 for- thc coNiAhUStion of hydrogen and air. L7he allowabie equivalence ratio
'S 1114%. A.; a function of flieht speed and intake diffusion. Thus 1 rapid fall in equivalence

* cirs as birth Flight speed and velicity ratio decrease. T'his rvduction in equivalence
nak is re'fleCted ', ; ia,aidra hie loss in thlt. specific [hru!- of the engine.

'uirnin-., nowx to) the' CZ.M' tf the constant j'rý!SSLir( combuistor, which also operates at con-
~,atflow vl ivththe.rmial chokiing phienornenon does not occur. For a given supersonic

Mach number at erltry to the coumbustor the continuing addition of heat Will eventually re-
diuce thle flow Mach number to a subsonic value, the combustor area continuously ircreaslng
with Feat addition. However, it is considered that the attainment of sonic flow at thle comn-
hustor exit is still a practical iimuitatlon (in the amount of heat addition because, if rie flow
is a 1 lowed to go subsonic, then some form of convergent -divergent exit nozzle wi I tIhe
rceqiiired to expand the flow. The equivalence ratio required to produce a sonic condition at
tile exit of a constant pft..,utre ecombustor is shown In Figure 6. This limitation ii the
ecluivalenice ratio is not ais severe as for the constant-area case shown in ic-e5. It
should he noted rh;ir nlt the above limits are based on one dimensional considcrations and
include real gas, efforts. Vuel injection effects have been neglected.

Various supersonic 71:; adiiairor %vc~e~wre considered based on perfect gas re-
atiionships. The area ratios required for these are shown in Figure 7. Eixcept for the

c nasrant static temperature and constar, Mach number processes, both the Mach number
ait the com~buistor entrance and combustor exit were fixed at 6 and 1.1. respectively. Trhe
lines, rep~resenting these processes, end at a cotal temperature ratio. '10 3 /1 0 12 , Co(rsod
ing to the amount of heat required to reach Mach 1.1 at the comibuStor exit. Results are
indicated by the circles where tile combustor inlet Mach number was changed fromn 6.0 to
2.5, thereby. allowing for diffusion in the inlet at a flight kinch number of 6.0. Nore th-it thi.
polytropic processes with a positive exponent represent convergent ducts and can take very

CONFIDENTIAL
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little heat addition before reaching near sonic conditions. For the constant Mach number
process and the constant static temperature process, both the prescribed boundary con-
ditions cannot be fulfilled: the combustor entrance and exit MNach are by definition equal
in the constant Mach number process, and in the case of the constant static temperature
the exit Math number increases rather than decreases with heat addition. For a given
flight Mach number the approximate fuel equivalence ratio, 1P, may be related to the total
temperature- ratio as indicated in the figures. It is interesting that for reasonable corn-
bustor area ratios (less than 5) at an equivalence ratio of one, the cn'%stant pressure
process is very a.ttractive. Only the performance of the constant pressure combustion
Scramjet will be presented herein.

Cycle I'erform;nce ,at ILow Spee,.d

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

Intake kinetic energy efficiency " KE = 98, 99, & 10(1 percent

Combustion efficiency n = 100 percent

Nozzle velocity coefficient C 0= 0.99v

Nozzle area ratio AiAo = 1.00

Fuel injected normal to flow and at 370R

Equilibrium conditions

Specific impulse, at Mach 6.0 for 3 different V's, plotted against VW. /V- is presented in
Figure 8. Actually this form of presentation, while valuable for stoichioretric conditions,
is somewhat misleading when low values of 4 are encountered. Although I increasessp
with decreasing V'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 rKE of 0.08) are shown in Figures 9, 10, and it,

corresponding to Mach numbers of 4.0, 3.0. 6.0. In each figure the performance of thLc
engine is represented by the parameter, €1 Isp, which is shown as a ftrnction of 4 and

V2 /VO. By using the parameter, 4 Isp1 it is a simple matter to assess both the I and
sp. sp

specific thrust of the engine, as the latter is proportional to the product it and I sp. On

each chart the equivalence 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 eftect of fixed geometry inlet operation on the attainable
cycle performance.

3
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F' liii , U I1t:it. In f i:[:.tiIr,. 4 it i,- alpparent that at very high speeds the diffusion per-

6%, ral,ý iIL-* iý' Vc!v sinlai ý 0A0 < .i). The type of itilet ge!,metrv resulting

"", ieI' Sd .r lt.,l will usua ly ,:,resist of a lme angle raimp followed by additional
...tr,,ic, I ,In re..ion. H,)wcver, foi" purposes of illustrating inta<e characteristic at

h , .. c.• z sIitIt two shlOCk intake wi!l initially be considered in th:,• report.
lhk" 'c1. *',t f t i ch au itil.r -; "h',lwn in l'gtu'e 1, where 77K t.: and V,.i/Vo  a re

,h wn .,r4 func-rions of f!;ght Mach number and wedge angle.

I., iccepted that for a given Nla:lh numiber ai given inlet will ope.,iate at a
*'. t:.utiL, lly constant process efficiency (K as V,/iV0 varies, that is, "K E is r:elated

V. V'- hv tl,- relAtiin r1K KD D (I-KD However, for a given inlet configuration

,j)•)cL*rS that the" effect of reducing flight speeo it to increase the diffusion performed
01-,- iniet and simtlultaineously to increase kinetic energy efficiency. In fact for this inlet

;,.,' :lld is tow, rd ollcration at constant ik at te hl ower Mach numbers. 11he precise

vi r i' iil of ithe inlet parameters; such as 17 ,.. Vg ,,V, pre-entry drag, and spillage, can-

S1W hjI t'V.'2lhtLj, it, paramretric terms at this time due to the lack of inlet design info.nna-
,, f..- .4i , rant;v considered. Additionally, it is difficult to generalize such intorma-
1i,, !L,;.. ,s'.. Of t, close integration of engine and vehicle design. For example, the per-

t,,r Iancc r .r tow angle wedge inlet is considerably affected by the incidence schedule
i,,.vn 1%, Lire vehicle, which may be determined largely from engine considerations. An

,,iditimal complication concerns tht- changes in the interral shock rcflections within the
.Alet •tich aris,. as the flight speed is reduced. Exact cancellation of the reflected shocko

I, , Mlv Ill- .intin:lto. r rh:' cl,,sit'n condition. %\t off-design conditions the reflected shocks
nt" ,t coIiply with ztic necessary flow boundary conditions, and near-normal shocks may

he ravne',ted v..ith complete flow breakdown.

RVEturning to the simple two shock inlet considered in Figure 12, it is evident from the
pe-rformnance shown in Figures 9 to II that the diffusion provided by this simple int:a.ke i,4
IUilte inadequate for acceptable Low speed performance. T'lhtis for good performano. :it

low .*•p.eds it is necessary to design an inlet which will accomplish significantlV riore
diffusion than the simple two shock inlet. In the present state of the art only onte I.nown
cx.tinple. of a fixed geomnetry inlet yielding the diffusion characteristics remlmi, (.,A at low
SPeeds (Mach 6 in this case), yet maintaining good performance at high speeds (Mach 25),
h.,- appear.d. This inlet iis the one described in Reference 2.

In view of tho limited amount of inlet data it is essential to postulate some type of inlet
rformance. We assumed that the intaie performance is described by the following:

1. The intake operates at a constant velocity decrement, that is, V0 - V2 = constant.
[his assumption establishes the velocity ratio schedule as a function of V0 .

2. The inlet operates at a constant vahltie of nK E' this value being dependent on the

velocity decremrent* associated with the inlet.

'Sonic: interesting compultations using the velocity decrement paramuetric are given in

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

By way of illustration the velocity schlltlule- 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 KD with Mach number are shown in Figures 1 4

".nd 15.

Discussion

The effect of the intake ditftus,,n characteristics on ScraittjCt perforillanCce is Shlowlt ill
FigurL. 16. For at given inlet velocity decrement, stoichioIHL'tric opera,:ion is maintained
as flight speed is reduced until the sonic exit condition i, reached. With further reduction
in flight speed the equivalence ratio is rtducetd with a consequent reduction in speclfic
thrust and an initial rise in specific impulse..

With higher amounts of diffusion, for example, V0 - V, = 2000u, the overall performance
of the engine is improved; but, the sonic exit limit is encountered at higher flight speeds
than it is with low,:r amounts of diffusion. In general, however, the cycle performance
deteriorates quite rapidly below abolut Mach 5.0. If more restrictive assUlmptions, con-
cerning pre-entry drag or fixed nozzle iierformanc,0 were incorporated into this analysis
then the performance would deteriorate even more at the lower spvoids.

The degree oll inlet diffusion also exerts an influence on tIl. :irta ratlos uif the constant -
I)renhul, c011 1O HNIbs. This effect Is shlown, In I .l'gtn.' 17 ritr all evqlilva lenct ratio oi oll',
Wiith low amounts of diffusion the tempcrature, ratio across the lik cilw or Is high and the
area ratio is correspondingly large. With increasing flight speed the. area ratio decreases;
htwevetr, thiS should not be taken to imply that a variable area combustor is required.
M,,st probably a comlbustuo couid be designied for the highest area ratio required at the
lower speeds, and an inefficient but acceptable expansion process be alloweo to commence
in the chamber at the higher flight speeds. An attractive, alternate to avoid variable area
would be to schedule the fuel flow as a function of flight speCed. Typical fuel Scheduhls are
shown in Figure 18 for an intake &.V of 1500.

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 vime required for the overall reac-
tion of hydrogen and air are shown in Figure 11). The re'iction time has been calculated
from the empirical equations of iteference 4. For shorc reaction times temperatures in
ixcrss of 2000OR and pressures greater than about 5 vsia "ire required. In low speed
operation comparatively low temperatures are obtained, and despite the lower flow velocities
the overall reaction times are generally excessive. This siuation is illustrated in Figure
20 where the static temperature at entry to the combustor is shown for various levels of
diffusion. It is prý,b:able that supersonic combustion will not h'. sustained at local static
temperatures much below 18000R. It can be seen that the intakes with the highest diffusion
will yield acceptable condition:, down to about Mach 6.0. However, it is anticipated that
chemical kinetic conditions will be marginal during low speed operation ai.d additional
flame stab.lizing devizes will be required. Such devices should not adversely affect the
high sieed operation of the engine. Some suggested piloting devices are shown in Figure 21.

5CON FIDE NTIAl.
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lb.:~ i~.-~art, LIa i'Iv self expllanltl~rv amitougli the induiced shutck pi lot deserves
c 'Zsnn Hi-it. In this scheiL-11 OW lesi Oek ill thLe annulakr dulct IS hWa U1owud At thu luglicr

M-l1ii nut iiers: at I iwer Spei'i' S the' shock "ipope' cre-iting a boca! region oif Lxexn.-.ve
MIAV Xni fli at levted p ressutrL andI temfperaturte. T'he wall reoessed pilot may assume

l"%11111Iiflan [11,111 in Elhe p~ast sinCL' hvdroý,en will be available to :'i'tivelv cool this
~ ii~', at n. Iti''- V.a riO isSChemes ma ;~ well tivercunle thie cheumical k-inetic probilems

iss )cimA at ith Ni w sj ced p( 'ration. A itcrnat iveye the chemnicalI kinetic problems associ -
aiiki x'. ilihvro' and .6t, mav lit. avOide.d I-,% utinlizintg pyrophoric ftiels. NO atit ipt has
lt'01i 1ii,1LIy t I-: 1-i1Ch p)Oteti'adlti'ile (if usingt much highly rkeictivi' fuels. The'

a1ýjl IC Ib Ie iik aIS di.scussed a i'e stin uiii ia ii ied below.

V, \ ii, N\11ij I111t nuii l it'lperaio1 oIf fiXe'd '0111CIiNe~ COM ui MI-Ilezu

I ainilti,1. am si hat ;iddi tion in constlit:l a rea antil constant p~ressure1' duct':

H 'it impii ricrane of obta tniili adequate ditfIuSiOn at the lower- speeds

1. lkiiiieal kinetic prObhL.- of~( conibtt~ion

1ipe r too he diffiCUlt IthiediVe adeqUate performance a, very low Spi eds suich as
MA il ci2 Zo 1. "U rrherm o re, sillci' the ubUs~onic burnhii; iai iij,,t liot-vidt-'s bettert o'efdi I

* -V a Ot. t the~se lower speveds it is wocrh inavestigating the possibility (if converting
t~ >;c ra mjd (I lie subsonic burning mode. Flie rest of this r~oLwl ecnendwt

SLIIISr INIC -SUPERiJSONIC C )NVI-ISIO)N

tit ' i~i.,dciiiu, aj it., tVp1... A heat addWition. 1tiod for the lower spceŽis, a preliminary -urvev
wais conuducted of vflgifles emiploying both oblique and strong detonation waves (Piguire 2-11
I lecIuse of the Uncertain and limited performance of stuch engines it was decided to rc'stri,'c
this xork to cons;iderations oif only thc conventional sitbsonlc burning ramj .n engine. A
t Vpia il pi'tfornianCi' i'hart for such an engine is shown In Figure 23. Vor a high thrt~st

nt'1121 SLC1 such as rquired for acceleration missions, acceptabli' performance is obta ir~t I with
k'rl Ii 0valence ratios approa_0.ching 1.0) and with smnall degrees oif no,.zli ng. that IS, A*~= )'
t-Vtn t 1o100.dt a1 S1111a II penltv' is encounvered in I

sp

It 110:!pp'a s tha1t one of tEle( first requi rements in conver ing to the subsonic mode is to
IVil Vide' A SituI ilegr0e Of eunltr1Ct~iOn followinig the coml'ustor. Various iterhods of pro'-

I cthis cont taction mav bie cons:Idered als shown In IFii~ur 'v

!I iav bie pi ssihi tle provide a Smal i p ;mancilt degree, of cont raction withouit seriously
1111)r li lit'. the supe i'IsonliC -e' mubuiist ioni performance of the engine. However. the requ i renltent

f ill I C nvergi'ent nozz~le sect ion may' not be stringent from the performance viewpoint since
i'7'etaleengine pe rformuanc'e can bie obtained with a stt'alghtilipe comnbustor. A rather

Iwtior Imiupo rtant reItL 1revi'nen is to redace the divergent a rea ratio at lower speeds to pre-
Vent1 41e rexpa usll IonI sse'.4; iwoi simple 2 -pi sitiori schenics a "e skethelkd in Figure 24.
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The most central Jproblefi i.-. that Or achieving a corttroctlle co~nversio n l)Ctwci'i, thet sub-
soliii antd supersonic imo des with a ContlOinouIs thirust. iutpr. ()nc method of achiuvingl suceh
conve.rsion is by nieans of a mi xed-fhm iW ngine S'Stt_'ill In it-. n cchiani cal form such an
engine is HiluStrated in FigUrt. 25. D~urinug hlighI SpeedA 0cperation thet pilot z~one operatesi with
SUpersonic flow; ;it a lower sp .- d aI normia shock i.; disgorgcd a head r if Ilhe pilot c're~itt i

anl extensive subsonic flow region. Such effects miay al.iso lit. obtAifll' b aerodynala ica liv%
- reating mixed flows. Natura lly the whole transition process could hie controlled byv usingy
aI variable geometry system if :I v'aria bIle gemtyComlbuStor prov.'. practicable~. Fe'
it imust bie noted that regardless oif how thle r ransit ion f-oin sujpersonic to subsonic conver-
sionl is aCccmlplished, provisions mllst hie mmde for matching the inlet to tile combuLstor.
This problem is illustrated in Figure 26 where thet reurdcapt 'ire .1t rea ratios for tvpica I
supersonic and subsonic-combumstion conditioin,; arc, shc iw. If transition froml Onte i~odide f
ecombustion to another is made at any given MlaclI nIumberL' then someI method of ad~usting
the inlet capture area ratio is reqluired. T'he miost efficiLnt mecans oif changing thle capture
area, ratio is by utilizing variable geometry. Another niiithod proposed is the duILaI-m1odeC
combustor" and is illustrated in Figuro 27; in this case thle inlet i: designed for thle supler-
6onic mIt (I® ut is a Iloiv,Ced to oplerate in the: subsonic mod., as a s upcrcritica I conventional
intake. The special feature of this cngine system is that two ec'imustors are provided, one,
for supersonic combustion and the other for suibsoni c operation. The suplersonic coimbust ion
precedes the subsonic one and acts ý-:S thle Subs.onic diffuIser of thle intake durinig suibsonic -
combustion. The transition from one nw.de to another is illucstrated scheniatica llv inl Figure
28.

It will be seen that in the subisonic mode fl tel is i njeC~tL'(.! ntn- only thle subsoniccobut,
the flamne being staibilized oil re'ce;ssed flanieholders. The intake operates suipercrit ical ly.
To make thle transition to supersonic' c''mibustii'n, fuLel is injecited up11streamli of tile swallowe'd
shock, and at the same time, thle fuel flow to thle sublsonic cotmbustor ceue.Thus thle
shock moves downstream and is ejected from the ongi no. Finally all the fuel is injected

tfto thle supersonic coin~bustor and full transitionisahed.Feprcsteerid bv
yields aI steadv transition from subsonic to suipersonic cmutinin a f:Nted tceorietry
system. Although sepa rate coIn huLStor-S and i ntecto rs l~it ye been shown in this ciiust rat ion
it is probably thatt an i nttegcacCd trgiti SVSeICti ulsing 011 icset Of il nict.Cors, cotild bet devolopeti.
[his dcaI-mdsengitie schemie miay bie one practic-al sotlution to thle prob let (iif efficient
lowspeedc Operation.

It is interesting_ that P e rcbontik (Reference ýii hIas denion0stralted a cointrolla ble and stablel.
tra nsition from supersonic to subisonic comin stion, aIndl vice- ye rsa, in aI constant a rea duct.

To assess thet cycle jperfoirnance tof, the duaol -inido engine in the subsonic burring mtodt,
toutr tvpicid ooi nfigt trati' 'n; werc investi-ate.d corresponding to, intakec veltoc ity d.c remnem.s
of I 00 It and 1500 andl conibtastor aI(~ (c rtI sof 3 anld 41. The reLsu~lts are shown in V"igur 20).
Ini gene iiil thet engine pe rfor:11u tico. mla xi iiiizes at about Macli 4.0. Bel1ow Mach 4.0 thet over-
expansion losses Ini the nozi.Ic ;I ~: sharp, loss !n pe rforinanoe. Above Mach 4.0t'ilte
Increasingly supercri tiva I operotion tif the inlet also brinngs aboiut a detcrio rat ion in per -
fo rma nee(7 its thle Maich niuinber I Ie rease.W.

It is emp~ hasliei.d that thet pt-lrfortii11mnet shlown in F u e~'is he1L ev c prfrane.N
a Ilow~aneve ha:s bee'iviimdt. for' theV pre'-ctrvt dr'al IS80kitAI~ed With tile inlet Or tor the et.ects
Of thet subtan-t~lial Sp1ilIl)g'V Which iccutrs at li1t lowerl Spvetl:;. IHowever, for thet low an,,!c
ramps assoelatt-l with this class oif hin-I thit' pre-ent t'v drag is (Itlito "llall. CalIt-iLitiu'ns
Iim-luultng thti. elfcct of sp! iiage hiMaVk not bi-cim ittate due to1C1 tihe lackk i 1 ll t-prSentatt dataQ.
itn this a1 1,0A.
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.,1ii1ii ild1 tRf thic ntr ofa rb, i a tloprf'armantcv rtesklltr, 1biffle~~d
rl~l~mW p~ativ4un .- itisj ui:r'tin,, to consider Fit~r 3,hre the per-

II~!1i.'iicph~ldill to1'I iii odes (if' opera! ion is shown for two values of inlet diffuISion.

\ liIi . f l0owr inleit kiijffil,ýiul is aIC~ellled then the pertformance
.1 h ~l~'rsyccked is- i 11,1'0 d, hutl thelo 1WSliced porforniancQ, is, improved. In either

11:1 tli i 4 11:1 . 1 i li'.1 ,Pi W vi nlI5JdS t CVC Ic pe'-fo rmancu at Lk~icl 3 and,
lb cov~K i) Ikn ai 'l+ilt' C0 libt~i-dni tii Elt ireion Mach 0 to 17, wvill continuie ~o yiild

- ptlahlr 1'rý-frl'M1ncc nut t:1 cVL'', llija 'rsn MachI numb1er-s.

iue Sill teIf suc!Lh an1 Clllinl_ sysI.eM is ý;,wcijfically designedI for wide Mach
!ItJt!ý I- (WIperitin iuaiv eLf pa rauictcrs-, suich ais the intake mnd combustor area ratios;,

atll I,. chl~ isci [") ipjt im ~ic'e rW-1ail cn~i.ne performance. In let spillage chiaraictcrist .- s will
V I.ir:i.tii r'i.1..ic1td !]olst bte ca rc-fuIl'1 lv onsidere~d. SuICh Lit, eng~ine ýVSystem

.~i.i lhlc W ti.-h c '.%'tr~u Vo wcroi flit.1ht ;rpplica1tion1s such aIs ))ure bt 'ost,"

a~rt ic'i li rl mt active liv-pr-oduct of this, ,on1c'Lpj Wi Uld be to use', such an engine in
*uliv1j e rSonic te'st vhicle] for exp-loration of flight at speekds in excc5ss of Mkach S. Trhe

*,nir•.*clr -ill its ci 'nversi in proces;s could he investi-.tted in alvailiable groIund test
I Iim S0 that ;I rLahonablc' le2Vel oIf COnflfdeiiCe could hie gained before flight test. Oine
iiwi' a1 Sii lit restin n, at the lOWe~r S11e-ds, Us ing subsonic combustion, was completed,

1\pI)1.i~irein~st j-umiiins 4 i the region beyond Mlach 8 could be undertaken with the engine
,npcrataintt in the SupeILrsonic coiibuistion moltde. Ini this manner a Sound technological base
li'l hyper~sonic flight could Vestablished. Suich a program would not have to await thc
Aleelhililent of hypersonic tu~rhoranI1jtts or tU11l11-acce~erators since the low take-over
M\Icli nuuilier.-t aa;uc(ia~cd \vi!i1c i. dui! nudc c.ngirie should be within tie capability of current

0l )NII Sh )NS

Hij - invi.-tigtiitof oif the low speedo. pi, rformuance of supersonic combustion ram let eilgines
Ims slu in that. such performance is L-Irgevl limited hy the following factors:

I . l'IC' diffluSion Schedu'llel- of the intake

23. liii limlited amoun11t 'It heat which can be added to a one-dimensional SLlt.i sonic
St rVA IIiI %%tlouit eniiou ilte rm i i, chokim -t o a sonic exit condition

div'c'Ci-iti~cal kini.tic limiitarion3 ii poac,'d by the low temperature env'rronimen

ghcl the 'Iinli tations i nipose'd by the ii .VC~ factors can het overcomie to some degree
I IV V,11 oiMS deLSi n feat ures, it is ;ianticlipa Ld that conveVrSh on to s~ubsonic burning, will ve
I%1qu~il% foat ' op.' ratiotl at '1oW supersonic Mach numbhers. T'wo possible schemes have be~en
britA ef Vient ion .-d, na mme ly the minixed -flow engine and thc' dual .1-modeL combuist ion engine.
File latter engirC M has ben showni toI purOSSCS good 0 cylepeformance ov'er a wide speed

i-a ut'; but mu itic fu tithe r woi 'i is nectessa 1W to assess the 1c rfu'vriminci. of typical fixedl
ceooliketry de-sigui.

11 is- fiall~k 01 CI included that thle futhe'1r studyl~ Of SuIC1 conver101tible subsonic-supersonic
scumsIs tmhl'jl IY 1,11C rable, s~intce thereL ý1%'11101 inman mrest ng aplpl loat Ions to ImyII. ers-onie

Vellitit-Hr.
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Figure 22. Stihaonic Modes of fleat Addition
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Figure 24. Nozzle Geometry
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