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Preface

Future fighter concepts require air intakes with not only good performance characteristics over an even wider operating range,
but also require inlet designs constrained by low signature requirements. For the engineers who have to deal with the problems
of intake design, there exists the need to evaluate design tools and experimental capabilities for providing the innovativ,. design
concepts needed to meet the ever demanding challenges for engine inlets of advanced air vehicle configurations.

In recognition of ti 'he AGARD Fluid Dynamics Panel established Working Group 13 to report on the state-of-the-art in the
field and compare different computational tools on the basis of available test cases. The test case results can be used for further
comparisons and are meant as a first step to improve computational tools. A comparison has been made of testing techniques
used in different wind tunnels for the measurement of intake dynamic distortion using one common intake model. Design
guidelines and rules have been reviewed and summarized.

The report presents the results of the Working Group study and its conclusions and recommendations.

Preface

Les •cpifications de conception des futurs avions de combat exigent dc prse, dl'ai qui soient :1 la fois de faible signature ct
performantes sur une grande plage d'utilisation. Pour les ingenieurs d&tudes qui %ont confront6s aux problkmes de la
conception des prises d'air, il y a lieu d'6valuer les outils de conception et les installations esxprimentales afin dapprt~cicr Icur
capacit6 ý fournir ics concepts d'ctude innovateurs necessaires pour repondre aux specifications tie plus en plus rigourcuses
des prises d'air adapt~es aux configurations avanc~es des v~hicules aricns.

En consequence, le Panel AGARD de la Dynamique des Fluides a cr,; le groupe de travail No. 13 pour rendre compte dc 'etai
de Fart dans ce domaint et pour comparer les differents outils de calcul h partir des cas d'essai disponibles. Les r6su!tais des cas
d'cssais peuvent servir pour des comparaisons ultlrieures et doivent ýtrc considtrds comme un premier pas pour lamlioration
des outils de calcul, Les techniques d'essai employdes dans diffdrentes soufflerics pour la mesure de la distorsion dynamique ii
l'aide dun scul module de prise d'air ont d~jh 6t6 comparnes. Des directives et des rýgles de conception ont et6 examinees ct
resumees.

Ce rapport pr6sente les resultat;i obtenus par le groupe de travail No. 13, ain.,i q..c ses recommandations et ses conclusions.

Wolfgan., Sc.'Midt
Chairm-, V ' .

Richard G. Bradley
Denuty Chairman, WG 13

v
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Abstract

This report presents the results of a study by Working Group 13 of the AGARD Fluid Dynamics Panel
which was formed to investigate the state-of-the-art of methodologies for aerodynamic design of engine
intakes for high speed vehicles. The scope of the investigation included intakt aerodynamics, intake/
engine compatibility, and intake/airframe integration for both aircraft and missiles.

The present capability of Computational Fluid Dynamics (CFD) methods was assessed through a
comparative anatysis of both CFD predictions and experimental data. 'l'is analysis was conducted for
eight different flow field test cases designed to produce critical feature, of air-intake flow fields. Flow
field results and comparisons are presented both in the report and in a nmicrofiche appendix.

Air-inlet wind tunnel testing techniques and limitations were also inve;tigated and reported. Results
from measurements of inlet performance from three European wind tunnels using a common
axisymmetric pitot intake are also presented.

The participants in Working Group 13 represented Belgium, France, Germany, Italy, the United
Kingdom, and the United States.
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CHAPTER 1

OBJECTIVES AND SCOPE OF THE WORKING GROUP 13

Intakes for aiE breathing engines represent a major and very Important component of high
speed air vehicles. Intake efficiency contributes significantly to the performance and
handling characteristics of modern aircraft. Intake design and integration exhibit
signif :ant interactions with the air vehicle configuration. Flow field structures are
essentially very complex.

Over the last two decades there has been a continuous evolution and improvement of
airframe-intake integration and intake design, mainly based on a wide set of wind tunnel
tests. P-oblems which were detected in a number of cases only after prototype flying,
i.e. damayi of the intake structure during engine surges, distortion-induced
intake,'engine incompatibility etc. required modifications at a very late stage of an
aircraft program. Froblems that arose with highly integrated intake positions and complex
supersonic intake solutions led to a comprehensive experimental intake/airframe
integratior study in the USA (project Tailor Mate) in the late 1960's. An AGARD lecture
series (LS53) was held in 1972 to review the state-of-the-art of airframe/engine
integration at that time.

Since then computational methods as well as windtunnel testing techniques have impro ed
and deeper physical undertanding has led to innovations such as the intake-airframe
integration on the Rafale aircraft and to the intake design on the European righter
Aircraft.

Mo,e :ecent achievements in Euler and Navier-Stokes methods along with new mesh
genezstion cipahbilties are providing tools for detailed flow field analysis and intake
optimization. F -n unsteady phenomena such as buzz have been analysed analytically.

A 'arge amount of experimental data has been collected at the various airframe- and
engine companies and development centres in the USA and in Europe. Besides collecting
data for the assessment of intake performance, increasing effort was placed on the
subject of intake/engine compatibility. This effort has progressed from simple
measurement of steady state total pressure distortion to the measuring of instantineous
distortion with digital, analog and hybrid data s'-reening and the measurement of flow
swirl at the engine face.

Efforts have also been made during the last few years with some success to reduce the
amount of complex and expensive iynamic intake flow measurements by synthesizing dynamic
distortion parameters based on a limited number of turbulence measurements. One problem
however is that a universally applicable distorion parameter is not available. More
effort is required to achieve a better understanding of the complex interaction o!
intaKe- and engine compressor flow.

Current goals in the intake design field include improved design concepts and rules,
development ane application of computational methods in the whole speed regime (subsonic
to hypersonic), prediction of intake duct flow, understanding of the interaction of the
intake- and engine compressor flow, development of techniques to reduce the complexity of
intake distortion measurement and improvement of intake test techniques.

FutuLe air vehicle concepts require air intakes with not only good performance
characteristics over an even wider operating range, but also require inlet designs with
.ow observable characteristics. The thrust of this AGARD study is to evaluate existing
dejign tools and experimental capabilities for providing the innovative design conceIts
that meet the ever demanding challenges for engine inlets of alvanced vehicle
conf'iratiois.

The present Working Group 13 was formed to investigate the subjects of intake
aerodynaxics, intake/ engine compatibility and intake/airframe integration using results
fron bob> experimental and computational techniques. Prediction of intake performance
(pressure recovery, distortion and swirl) and care free handling of engines are of utmost
importance to future military and civil aircraft projects.

After conducting a review of the state-of-the-art on intake design and performance for
both airceaft and missiles (with air breathing engines) the group has compared critically
results from the presently available methods for computing both external and internal
intake flow fields. The experimental methods used to measure intake internal performance,
drag and compatibility testing have also been critically compared and proposals for their
improvement have been made.

Zmphasis bes been placed on the testing techni'jues for the assessment of intake flow
distortion, the evaluation of relevant distortion parameters including swirl and the
inturaction of the intake flow with the engine compressor. Due to the high degree of this
interaction, cooperation between the FDP and the PEP was considered essential and a group
with PEP representation was formed.
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The Working Group was composed of the following members.

FDP PANEL MEMBERS

Dr. W. Schmidt (Chairman)
Miesserschmitt-Bblkow-Blohm GmbH, UF
Postfach 80 11 60
D-8000 Minchen 80 - Germany

Dr. R.C. Bradley (Deputy Chairman)
Gen6ral Dynamics
GD/FW-MZ 2888
P. 0. Box 748
Fort Worth, TX 76101 - USA

Mr. J. Leynaert
Direction Grands Moyen d'Essais
ONERA
B.P. 72
92322 Chatillon - France

NON-PANEL MEMBERS

Mr. T.J. Benson Mr. G. Laruelle
NASA Lewis Research Center ONERA
Internal Fluid Mechanics Division D.P. 72
Mail Stop 5-7 92322 C',atillon - France
Cleveland, OH 44135 - USA

Dr. N.C. Bissinger Dr. P.A. Mackrodt
Messerschmitt-Bd1kow-Blohm, UF DLR HAI-WK
Postfach 80 11 60 Bunsenstr. 10
D-8000 Minchen 80 - Germany 3400 Gdttingen - Germany

Mr. E. Farinazzo Mr. L.E. Surber
Internal Ae:,-ynamics - Propulsion Airframe Propulsion Integration
AERITALIA-C.'..",O . -LIVOLI DA COMBATTIMENTO Flight Dynamics Laboratory
C. MARCHE AFWAL/FIMM
TURIN - ITALf Wright-Patterson AFB, OH 45433 - USA

Mr, F.L. Goldsmith Mr. D. Welte
ARA Dornier Luftfahrt GmbH
Manton Lane Postfach 1420
Bedford MK41 7PF - GB 7990 Friedrichshafen - Germany

PEP PANEL MEMBER

Prof. Ch. Hirsch
Vr:Ije Universiteit BrUssel
Dienst Stromingsmechanica
Plainlaan 2
1030 Brdssel - Belgique

The term of the Working Group was three years, Sept. 1987 until Sept. 1990. Much of the
preparatory effort was however organized and carried out between the formal meetings by
the following three subcommittees for consideration and approval by the Working Group at
large:

Committee A (Chairman: S.L. Goldsmith)
Intake Design and rerformance

Committee B (Chairman: N.C. Bissinger)
Numerical Simulation of Air Intakes

Committee C (Chairman: J. Leynaert)
Air Intakes Testing Methods



The chapters were written by the authors noted in parenthesis and reflect the consensus
of the lWorking Group:

CHAPTER 2 - INTAKE DESIGN AND P&RFONRPLNCE
(E.L. Goldsaith, L.E. Surber, D. welte, G. Laruelle,

CHAPTER 3 - NUMERICAL SIMULATION 0? INTAKES
(T.J. Benson, N.C. BisSinger, R.G. Bradley)

CHAPTER 4 - AIR INTAKE TESTING
(J. Leynaert, E.L. Goldsmith)

The Working Group is grateful to all individuil contributors and their organizations for
contributing and supporting the Working Group and this report.

Finally we would like to thank NASA Langley, RAE Bedford. ONERA Modane and DLR Gattin-len
for hosting Working Group meetings and presenting their test facilities.
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Aerodynamic interference (AGAILD CP 71-1 Stpi.
tI[frIOcUrTiC 1970)

The Importanwe of the intake and the exhaust A-rpliate/Propulsion Interference (ACALD CP-IS0
nozzle on tim perfnrmance of the total propulsion Sept. 1974)
unit for any type of aircraft has been emphasised Distortion Induced Engine Instability (ACAR) LS
on several occasions. Examples of this 72 Nov. 174)

Importance for tmo -artly different aircraft Advanced Control Systems for Aircraft p~merplants
operating at either end of the speed range (A.A"D CP.274 Oct. 1979)

lIO0-2.0 are shown In FI&2.1.1 and 1.2. The first Aerodynamics of Power Plant Installation (ACARD
illustrates the distribution of thrust forces CP 301 May 1981)

throughout the nacelle of the Concorde aircraft Improvement Of erody)nsir performance through
and the second shows the importance of high Boundary Layer Control and Nigh lift Systems

intake efficiency at static conditions for the (AARD CP365 May 1984).
Harrier aircraft when taking off vertically or RemJets and Rocket Propulsion Systemts for
bvverlng. Mi.;slles (ACARD L5136 Sept. 1984)Engine Response to Distorted Inflow Conditions

(AARD LS136 Sept. 1986)

Special course in Missile Ae,'odynamics kAGAkD
,---'-?'," K:E__, R754 May 1987)

6GW In addition over this time period one specialist
S lecture series on intake% has been held at WKI

Brussels (Intak, Aerodynamic, Feb. 1988).

After three general Sections this review divides"broadly into Sections based on classes of vehicle"I.e. long range (.upersonic) cruise aircraft.
-tctical fighter aircraft. VSTOL air.raft and

- .. missiles with airbroathing propulsion. The most
obvious omissions ore s'tbsonic cruise transport

DISTRIBUTION OF THRUST FOCES ON aircraft and helicopters. The former has beenCONCORDE NACELLE AT 1427 omitted because nearly all the propulsion
a aerodynamics interest is cc, "rec on the problems
of external inter lorence between

Snacelle/pylon/wing/body and is therefore almost
• wholly a complete airframe subject. The latter

primarily because of the limited range of the
"" subject and the scarcity of available data.

mom 1 .4% m Am=" tal t; 15 saw • 0Cob Again because of the quantity of data available
WM 1 M A K 0% 11101 (which reflects the scale of the activity over

dma Win smM u s •the last fifteen or so years) the mostSW Zlam substantial sections are nuabers 5 6 7. It was
FIG 1l SOME ASPECTS OF THE IMPOITANCE OFTHE decided not to re*-review the intense activity

POWERPLAT NACELLE ON CONCORDE devoted to the Intakes of the B.70, Concorde and
CRUISE FLIGHT EFFICIENCY the Boeing SST and other SST designs of the

1960's. Thus Section 4 deals with the -ather
more general aspects of design studies for afuture SST. that have appeared more recently aridwhatever data is available for the SR-7I

aircraft. However Interest In this class of
"vehicle together with the associated area of air

.. breathing propulsion for hypersonic vehicles is
beginning to grow rapidly at this time.

..... . .. E a .t .sa .as .N11M r* a"* VtO mm't PKWAswlt• In this area we return to the theme of Importance

a W*S a Ist iti of the propulsion unit. For the high supersonic
FIG 1.2 SENSITIVITY OF HARRIER ~TAKE and hypersonic speed range the whole layout ofEFFICIENCY UNDER STATIC CONDITIONS he airframe is dominated by the geouetry of the

I intke and the exhaust nozzle as evidenced
Perhaps even more important than performance clearly in Fig. 1.3.
asFlcts are those of intake and engine
compatibility. If a wrong choice is made in the
geometry of the intake (e.g. choice of lip
bluntness, auxiliary intake area, or perhap-,
subsonic diffuser shape) then the aircraft's
engine may surge even before taxiing to the end
of the runway for take off. For a ramjet powered
missile, for similar reasons of poor flow
distribution at the entry to the engine, ramjet
operation may never occur and flight will be
terminated at burn-out vf the rocket boost motor.

It Is appropriate at this time to review INTAKE
experience of intake design and performance
gathered since the last major AGARD publications
that attempted anything similar - Airframe and
Engine Integration (AGARD LSS3 May 1972) and
Inlets and nozzles for Aerospace Engines (ACARD
CP91 Sept. 1971). Since that time soms aspects
of intake operation arid performance have been FIG 1.3 AIRFRAME INTEGRATED SUPERSONIC
included in:- COMBUSTION RAMJETS

-.....--- __.__
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Fig 1.4 Illustrates In more detail the possible
geometries that emerge for a scramjet as a result
of integration of the intakc and the supersonic DVIR-UXDIR TU-120JETlRAWAET
combustor combined with need wherever possible to
keep all leading edges swept. -. UZ7 

2 2
.1ZC1zm

MACH 0 T3

-< ISAC4 2.9

'WME, ONLY

MACH 3

MACHl 5

THE MTUJ HYPERCRISP COMBINATION
TURBOFAN & RAMJET

RAM BURNER

INTAKE RAMP
JURRSG AN NOZZLE

INLET-/ . FIG 1.5 POSSIBLE COMBINATION POWERPLANTS

COMBUSTOR Thus whatever form the powerplant takes - and the
choice Is wide -. ramjet, turbo-ramjet,
surborocket , ramrocket , variable cycle turbojet ,
scramjet and combinations of these - the Intake
will always be a vital element of the propulsion
unit. Research and development of Intakes must
therefore proceed, as in the past, at all speeds

COWL. NOZZLE from zero to hypersonic velocities.

FIG 1.4 SCRAMJET INTAKES

However far many app~fcations flight from Mach
number zero to hypersonic speeds is necessary and
dual mode powerplants (usually a combination of
turbojet and ramjet) are needed. Fig.1.S shows
some possibie combination powerplants that show
the size and particularly the inevitable
complication of variable geometry intakes and
ducts.
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?.-L-LINITION Of INTAKE PERFOI•WICE Capt•-.xd
& DESCRIPTIONI O INTAKE FLOWS strseoatbe Extrnal filc

CONTENTS Internal flow Exit

2.2.1 INTERNAL FLOW EntrI 1I I

2.2.1.1 Efficiency of ram compression 0 C 2 ex

2.2.1.2 Flow distortion at the engine face FIG. 2.1 NACELLE FLOW STATIONS
2.2.1.2.1 Steady state flow distortion

2.2.1.2.2 DymA=!c distort ion This equation can be made Independent of the

2.2.1.3 Flow angularity engine face Mach number M2 by assuming that

2.2.1.4 Flow stability further compression to zero velocity is achieved
isentropically so that M,- 0 and P 2 - Pt and2.2.1.4.1 Buzz 2

2.2.1.4.2 Multi-intake stability thus:-

2.2.1.5 Flow quantity 7"1

2.2.1.6 Matching of intake and engine airflows " [[Pt 2] - 11

2.2.2 .XERNAL FLOW -_-

1.2.2.1 Pre-en'ry and cowl forces for a pitot 2

intake which for Incompressible flow reduces to:-

2.2.2.2 Pre-entry and cowl forces for an

intake noi - gram - Pt2 - Pa

with a compression surface

2.2.2.3 Spillage drag
This quantity has been used extensively to define

REFERENCES performance of subsonic intakes at low forward
speeds. However the definition cannot be used at
zero forward speed.

In this condition, It is usual to use a loss
coefficient defined as:-

Pro - Pt2X -~

2 2 DEFINITIOt OF INTAKE PERFORMANCE PARAMETERS q 2
AND DESCRPTION OF INTAKE FLOWS At high free stream speeds and particularly for

supersonic flow a more convenient measure of
2 2.1 INTERNAL FLOW efficiency than 71 is the simple ratio of mean

There are six properties of the internal flow total pressure at the engine face to free stream
that are usually measured by the Intake total pressure P t 2 /Pto which is widely known
aerodynamicist and are of concern to the engine as pressure recovery. This is sometimes
manufacturnr whose engine has to operate in the designated as n or np but will be presented in
flow delivered by the combination of intake and this report as the above total pressure ratio or
following duct. These six quantities are as PR.
efficiency of ram compression, static and dynamic
distortion and flow angularity, stability and
quantity. It Is impractical (and many times impossible) to

take measurements at the compressor face when the
2 2.1.1 Efficiency of Ram Comoression engine Is installed and operating. Consequently,

the engine and Intake designers agree upon an
The most natural definition of efficiency of the Aerodynamic Interface Plane (AIP)(whlch is
ram compression process Is:- forward of the compressor face but sufficiently

close to the compressor face to have a similar

-o - Work done in comoression flow field) for the definition of Pt2
Ki"etic energy available

The various merits of weighting individual pitotwhich for compressible flow Is:- pressure measurements made at this position to
form a Ian value have been discussed

'Y-1 exhaustively in ref.2.1. Area mean, mass flow
o . [iP2] 1 ~ .mean, Mass derived and constant momentum derived,

Ut" J Iand entropy flux mean are all options, Although
pressure recovery is usually measuted by means of

y-l a pitot rake, it can also be deduced from
2 (M Mt] measurements of mass fiow and static pre'-ure.

Air intakes for missile engines sometimes have to

where station 0' is In the free stream and be operated In conditions when large areas cf
wherestation 2 Ois at teengine face (Fig.2.. separation can occur at the engine entry.station 12' is at the engine face (Fig. 2.1). Fig.2.2 shows some curves of pressure recovery



Total pressure distortion can also appear In an
for such a cnr,.ýtion calculated by conserving:- otherwise distortion free geometry at design

conditions due to aircraft attitude which leads

I. mass flow - entropy to lip separation (Fig.2.3d) at incidence or yaw

2. mass flow - momentum (again related to lip thickness) or to
mismatching between engine and intake airflows

3. static pressure - mo thrUm which results in subcritical (Fig 2.3e) or

4. static pressure - mass flow supercritical (Fig.2.3f) operation.

and confirming the pressure recovery so
calculated with a mean obtained from a pitot __-'"•' ZONE A •'K/]///
rake. "" -- ZE 5

"fl~- FLOW SHOCK FA TTE
2%a FO ) SHOCK INTAXE

..... FIG 23 (e)-(f} SOURCES OF FLOW SEPARATION

Flow velocity, Mach number and Reynolds number
are required at the compressor entry to determine

us •relative angle of Incidence. Mach number and

Reynolds number of the flow on to the compressor
"C'ALCULATEOAVERAGEL F.. CONSERVING: blades. If both static temperature and pressure

can be assumed constant and steady across the

- MS ass,teOW- MO, compressor face then both velocity and Mach

--. SFLOW-MOMENTUM number can be considered as a function only of

------- STACPRE URI-MOSIENT total pressure and the distribution of this

....$ATIC~nFrsnE U- `LOW quantity is the only measurement that needs to be
made.

STOTAL PRESSURE LALNCE In order to obtain this type of flow distortion

FIG 2.2 PRESSURE RECOVERY DEFINITION Information, total pressure measurements are
taken at the A.I.P. Total pressure probes arc
mounted In a series of equally spaced radial

If the flow does not contain large areas of rakes such that they form a series of concentric

separation, and this is usually the case for rings (Fig.2.4).

acceptable performance from turbojet and turbofan

engines then all the methods of weighting give

values which do not greatly differ from each
other. Area weighting Is the simplest and it is *.

the one mcst commonly used. /2

1,2.1.2 F•cw Distortion at the Engine Face

Sources of total pressure distortion can be

inherent In both the geometric and aerodynamic

design - intake shock and boundary layer ,

interaction on an adjacent aircraft surface or on Its

an Intake compression surface can result In W

separation behind the terminal shock (Fig.2.3a); FIG 2.4 PROBE ORIENTATION-
separation In a duct can result because of choice VIEW LOOKING FORWARD
of a too high rate of diffusion and/or the VIEW LOOKrNc F oRA d
presence of sharp bends (Fig.2.3b); the absence Increased accuracy and convenience of data

of auxiliary intakes combined with thin intake reduction can be obtained If the radius of each

lips can cause separation at take off" (static) ring is set such that all probes are at the
conditions (Fig.2.3c). centroids of equal compressor face areas. This

t means that probe radial spacing decreases from
the Innermost ring to the outermost ring.

2.2.1.2.1 Steady State Flow Distortion
Probably the most widespread quantitative

tes-l uF SEPSTOM DVCT distortion parameter available in the literature
FOW SEPAIIATION 'because of its use In the earliest measurements

on intakes in the 1950s Is the simple:-

M' LIP SEPARATION Pt - Pt
SDN D- At, _ 2 2 IiS Ilto , _.(.,dT-•- *• • At - max mmai

and this is always a useful quantity to measure

for comparison purposes and to describe the

ATtZERtOINCENCE, ATltNCEit general 'health' of an intake flow Irrespective

HIGSFLOW of the type of powerplant (turbojet, turbofan,

FIG 2.3(a)-(d) SOURCES OF FLOW SEPARATION liquid or solid fuelled ramjet or ramrocket) that

m bue
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More advanced methods introduced in the late
1960s and 1970s take into account the APt/Pt e*-aut nw

distortion for each ring of total pressure -.-

measurements (with APt now being between ring E 5k-.

average and minimum total pressures). These ring [to o

distortions are weighted by circumferential so P
extent factors 6-, (the sector angle of the ring 0s

for which recovery is below face average). Other
improvements Include factors to quantify the 1

relative l.fluence of the dfrc'uafe'ential ano 12..,-".
raeial distortions..

The effect of a circumf.rentlal distortion on
compressor surge margin Is displayed it, Fig.2.5.

Here, thý 180 profile essentially drops the 0o

raximum, pressure ratio of a constant corrected CCYCItOAJAtOW 1. o awU(
speed line. FIG 2.7 EFFECT OF EXTENT ANGLE

One of the simplest quoted indices of distortion
CSPEED0% from Rolls Royce (Fig.2.8)

0 067. * !13 9o0 Overall mean total

o Pt " . LIM 183.2 pressure - Pt
4 %--T -IiOti SeAL ISE 1002

Sa. SCREEN m i. I
a • Meon total pressure

in sector

NOSSSL *P(SAIS4 LIM % V

4s] FIG 2.8 DEFINITION OF Df,
CORRECTED AIRFLOW-La SEC SaLL WS which rela,-s specifically to engine coi.,pressor

surge margins is:-
FIG 2.5 Effect of Circumferential Distortion

The effect of a hub radial distoi t ion on DC - Pt2- Pt#
compessor performance is displayed in Fig.2.6. q2
in this case the constant corrected speed lines
move to the left. That is, a given rotor speed
pumps less air flow so that surge is encountered where Pte is the mean total pre3sure in the
again at a lower pressure ratio. 'worst jection of extent 0 and

VIRRECTED Pt2and q 2 are the mean totu. and dynamicUxiis01in0su. tin 0 IU 7.1.5 pressures respect ively at the

Wso2 7C su, 2 3.00 agreed engine Interface plane. Flgnlflcant 0
t. 99-9 values can vars with tne engine design and

E coimnunly are 60, 90 and 120". For a bypass
SCREEN NO.14 engine DCOCC where GG indicates that the index Is

' taken over the area of the gas generatir can be
S1 0 .

50
- 0A'•, LIMetlU more significant than taking the whole engine

face In relating to surge margin.

34 . ~ tLOS(5,S ,American engine manufacturers use more complex
3, 40 42 44 SYALL POtS descriptors of the flow which have been evolved

CORRECTED AIRFLOW L B/EC to take account of both radial and

circumferential distortion. One relativelyFIG 2,6 Effect of Radial Distortion simple radially weighted circumferential Index

Is:-

Critical circumferential distortion extent angles K 2 0n I[AP tn. . r2
(0-) are determined In current methods since It Dk or _-1-- - I
has been demonstrated that the blades do not have n

11
t max rn

time to react to narrow dips In the
circumferential pressure profile. Above this fn
critical angle, extent factors are calculated to rr
determine the effect of the low pressure region n-I
on surge margin loss; however, Fig.2.7 Illus-
trates the fact that the bulk of surge margin where 'tn- (Pt "twin)n and F Ptm, n are
loss occurs with a 60' to 90" extent angle.

respectively the mean and lowest pressure in a
ring (n is often 5 or 6) and i is an extent
factor.

Nr -
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A multiple per revolution factor may also be used 2.2.1.2.2 Dynamic Distortion
to determine the effect of more than cne low After initial suspicions in the early 1960's that
pressure region in a circumferential time variant distortion could be responsible for

distribution, compressor surge it was shown in the late 1960's
that although compressor blades need a minimum

Other distortion Indices and comparisons between extent of circumferential distortion to react to,
them are given in refs. 2.2 and 2.3. compressor blades do also react If exposed to

this critical extent for a sufficient time. Thus
Using this type of parameter, the loss in surge surge would follow if the critical steady state
margin can be calculated directly with the distortion index was e::.teded fct a time period
distortion value based on both the intake flow of the order of that for one engine revolution,
field and the engine design (Fig.2.9). typically about 5 milliseconds.

'c For example, during prototype flight tests of the
0 . /_ ,T,* SO ZLjj F-111A, it became apparent that the desired

e-1/ cflight envelope was restricted. Maneuvers of the
,e srnvir, aircraft at high subsonic and supersonic speeds

• . resulted in engine compressor stalls at
Cise...... steady-state distortion levels which engine tests

(using upstreams screens to create these
- .v,.,distortions) had shown to be atcceptable. This

inlet-engine incompatibility gave rise to

comprehensive flight test and wind tunnel

investigations to identify and correct the causes
me-ss .w-o..mszj.. "] . of the unexpialned compressor stails.

Flight tests of the F-111A were used to determine

tms f\ I-,. ' •-,,\ 1 how the dynamic nature of intake pressure
lo." o't - "' fluctuat ions related to engine operational

a-essa, ,•,IM, stability. Steady state values of the flow

distortion were compared with values taken at 400
-. ,,-.s,,.-- sps (samples per second). A typical comparison

oosowrbse is shown In Fig.2.1l for a Mach 1.6 case. This
data clearly shows that while the low response

FIG 2.9 CORRELATION OF COMPLEX DISTORTIONS/ data would not indicate the po
t
en

t
ial for stall,GENERAL FORMULATION the high response parameter mea-.urements yield a

substantial peak approximately 15 milliseconds

Correlations between predicted and calculated prior to surge.

loss in surge margin for each type of distortion Su s sfl\
are displayed In Fig.2.10 for a turbo fan I - --- ' ---
compressor and a F-100 fan. These plots show K, o
good prediction accuracy of these parameters for
a wide variety of flow conditions and engine av,
components. An error band of plus and minus two
percent is indicated and the majority of the data
falls well inside the two percent band (Ref.2.4). 'g m• A .0

to / SwRIGE " 6 WNIEO • .0 ,l .k I. . .$ .

•, IENSINt FIG 2.11Hgh and Low Response KDA Comparison for

•S .2•APRS .( F-IlIA Flight Test; Mach 1.60, , -LPRS R ESONkt
-2hAP RIG 0 For a preliminary assessment of dynamic.ENINEVt distortion in a given intake, a rough rule of

X- RIG thumb can be applied, based on turbulence of the

flow expressed as values of root-mean-square of
-1ENGINE the fluctuations in static pressure. If

" "-15 -10 -5 0 1 (A!4)rms./Pt Is not greater than one per cent , the
A OLATION OFS P FNproblem of dynamic distortion can confidently be

excluded: if the same factor is as high as four
t5o or five per cent, then detal led distort ion

0I /measurements are advisable.

0.10. 0' The determination of dynamic distortion,
"2hbAPRS-... . ( requires, much additional instrumentation and

" "/ 5 both experiment and analysit take on a different

0 ,/-2z.R order of complexity.
2 /, / Unsteady pressures have to be measured at a large
00 number of points at the engine-face position, for

- /, representative free-stream conditiona In a wind
/ I tunnel, The number of points necessary in a

-5 0 S it 1 development test ha: been variously recosmended
CALCULATED APRS as between 36 and 60. These pressures are

APRS CORRELATION OF TURBOFAN COMPRESSOR recorded on miniatute high-response

differentlal-pressure transducers.

FIG 2.10 PREDICTION/MEASUREMENT CORRELATION- Details of the moans of measuring and collecting

FANS, COMPRESSORS, CORES th, very large amount data required and the

subsequent editing and analysis to produce values
of dynamic distortion are given In Chapter 4.

S... IIII II. ... ....



Z2.1.3 Flow Anaularitv

Angularity of the duct flow will either Increase If it Is not possible to completely separate the

or decrease incidence on to the compressor blades Intakes, the problem can be avoided or attenuated

and is therefore obviously an important by means of a suitable selitter plate dividing

measurement for compatiLility of intake engine the intakes, and/or cutback endplates to the

airflows. If an engine Is equipped with inlet supersonic compression surfaces which will

guide vanes that straighten the flow before the attenuate the overpressure. Thore are in addition

first compressor stage then this importance may two forms of flow instability emanatig solely

be somewhat diminished. from the intake. The first is confined to
supersonic speeds and is caused by oscillation of

Flow angularity or swirl develops after a duct the intake shock system (known colloquially as

bend and is the result of an interaction between 'buzz'). The second occurs when two or more

the centrifugal pressure gradient and a low intakes supply flow to a single duct and is

energy region such as a boundary layer or a usually known as twin (or multi) intake
reglon of separation. The centrifugal pressure instability.

gradient is proportional to V2y where V is 2 2.1.4.1 Buzz

mainstream velocity and R is the bend radius and

results in pressure at the outside of the bend External and mixed compression intakes operating

being greater than on the inside. If thera Is a subcritically are subject to an unsteady flow

boundary layer on the bottom of the duct with oscillation called "buzz". Unless the supersonic

reduced velocity V' the local centrifugal freestream Mach number Is very low oli supersonic

gradient 01.2 Is insufficient to balance the intakes witL external compression surfaces appear

R to exhibit this instabili.y of the flow at some

pressure difference between the walls so that point In the subcritical flow regime. The intake

the flow in this region is directed towards the flow states of supercritical, critical and

inside -all. If there is a similar boundary subcritical and the probable occurrence and form

layer on the top wall, flow Is also directed of shock oscillations in these flow states are
inwards in this regior. Both top and bottom described In ref.2.5 and shown In Fig.2.14.

inward flows return to the outside wall in the

region of the centre of the duct and the result
is two cells of swirling flow (Fig.2.12a).

(al - ttoe , FoI.sla
TWIN STAttE SK nASC t I (a)

SWIR----, SL FLOW it omR SH1LAN•PCIT CITCA
' / S -/ mLAT"

Os, ,~ STABI

~ (bi S TKltAL

/SMAL `MS'IAL 
~ WSt 

5ILTt

FIG 2.12 BENERATION Lt TWIN & BULK SWIRLS - tR -- "-

LARG E SH tlOCK

if a large low energy region such as a separation 'JLTO

occucs on either the top or bottom wall of the

duct upstream of the bend then a single directed
or bulk swirl results as shown typically in Fig. F1 2.14 SHOCK OSCILLATION E THE INTAKE RIESSURE

2.12b. The resulting swirl meaSured at theOR LO ARA

engine face is a combination of the bulk swirl EVRwFLWHAATISI

and twin swirl patterns (Fig.2.13).

The phenomenon normaliy occurs at mass flow

,"u•,ratios below design and serves to limit the"doperating range of the intake-engine combination.

or bsBuzz can be responsible for strucTuraI damage to

2.b Tthe intake, compressor surge or ramjet flame out.

eng. in ecUn1tsNTsL FLtS Buzz be gins when the intake becomes choked
iS. 5 atO-A 5101 because of massive flow separati on. The cause of

the separation may be associated with shock wave

FIG 2.13 SiJPERIMPOSN3 OF BULK & TWIN SWIRLS boundary layer interact ion, diffuser flow
separation, or shock wave intererrence ahead of

the inlet. Fig.2,15 illustrates two suggested
2.2.1,4 Flow Stability mechanisma of buzz triggering resuiting from

massive separation in the dfffuser. in any

One form of unttable Flow, compressor surge has event the normal shock is pushed far out on the

already been referred to, but this is a compression surfaces to spiii the unpessed flow.

phenomenon resulting from engine malfunction. The flow situation which caused the separation is
However when two intakes are closely coupled, the altered dramatically, reestabeishh e attached

possibility exists that a surge of one engine flow with a greatly reduced static pressure

causes the surge of the second engine. This is created by thh starving engine. The normal shock

due to disturbances that the hm rshock is consequently sucked Into the subsonic

overprmsure originated by the surge of the first diffuser, As the system stabilizes, the flow

engino 'rest on the adjacent intake, and occurs structure which caused the initial separation

prmariliy at supersonic speedr, when the adjaent reappears such that the cycle repeats itself.

Intake shock system is alfocted.

i.i
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.-�-•-� 2•2.1.4.2 Multi-intake Stolility

SFor aircraft this phenomenon Is usually
associated with twin intakes situated on either
side of a fuselage feeding air to a single

/777-7. engine. When i:itake flow is reduced by contra;
of the exit of the common duct a critical point
Is reached below which unequal flows develop in
the two intakes. On one side the flow increases

SEPAARA again while on the other it falls rapidly to zeroH D a and can become negative. The net result on the
flow reaching the engine is that total pressure

recovery falls suddenly and total pressure
disti ibution deteriorates as this critical point

FIG 2.15 Buzz T.iggering Mechanisms is passed. The critical point occurs when the
slope of the static pressure recovery versus flow

Fig.2.16 shows the shock cyc;e and corresponding curve In the single duct changes from negative to
dffuser1 showsute. shoc cy chaand corizespond lo positive so that it is possible then to have two

diffuser pressure. Buzz is characterized by low flows, a high one and a low one that have the
frequency and high amplitude. Sustained buzz can same static pressure (Fig,2.17).
result in an engine corrpressor stall. st _ g

4MT Tat 77:1to

FIB 2.16 'BUZZ' CYCLE
IG"hamer-shock" aleady FIG 2.17 TWIN DUCT INSTABILITY

mentioned may also result from dustalned buzz Sot times thie unequal distributiont of flow

mnd/or compressor stall. Transient overpressures between the two Intakes is time dependent. Again
generated by a sudden engine surge can reach as with intake iJZZ the concern is to a-4asure the
values well above theoretical maximum flow at which the phenomenon occurs so that it
steady-state Pt, Such a transient fractured the can be avoided. If the doviding wall between the
North American F-107 Intake ramps during flight two ducts is taken to the compressor entry the
test. pressure equalisilg process can be transferred to

tihe compressor exit and the instability may be
Normal shock oscillatiors can also occur at righ prevented from developing.
mass fliw ratios and supercrtlcal operation (Fig.
2.14). In this condition the normal shock may The more I nplex multi-intake interactions

oscillate In the subsonic diffrser duo to the typical of missile I stallations feeiing a single
basic instability of the strong shock wave ramjet combustion chamber are discussed In

boundary layer Interaction. These oscill.t ions Section 7.

are of higher frequenty and lower amplitude than
buzz, but can still generate high turbulence and 2.2.1.5 Flow Quantity
distortion at the compressor race, possibly All important internal flow phenomena and the

surging the engine, external drag are quite critically depeneent on
the relative amount of flow through the intake.
At subsonic and low supersonic speeds the flow

What usually matters to the Intake designer and quantity determines the severity cf the prz-entry

the engine manufac'urer Is the definition of the pressure rise and hence whether or rot the

point on the subcritical characteristic or -n boundary layer on the aircraft surface

intake at which 'buzz' is Initiated I.e. the approaching the Intake will be attached or

stable fnow rane. lhe match point between separated (Fig.2.18).

engine and intake flows can then always be made ,*tm.-.. - -
to fali within this range Stable flow range or
margin is usually characterised either o Itr--I--- . "

as oA[ oras-
[A n stable max A mmn stable '

Ao inx

IAomax--

The possible 'triggering' mechaalsms that could Pmtry f. awtw .
cause the onset of 'buzz' have already been s s" 14 11 4 toe
mentionei and are discussed in mote dtetail :n
ref.25. .ogether with measrces that cun be taken
In intake design to maxximise tsh stable FIG 2.18 VARIATION OF STATIC PRESSLUE IN ENTRY PANE
subcritical flow region. FOR INTAKE WITH FORWARO WETTED SURFACE
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At supersonic speeds for an external compression
intake th,' flow determines the extent to which W- -/ 2 'Y'

1 
A•' Pt.A

the designed for shock pattern is deformed uy the/ 1- 2-- .".P
upstream movement of tne final normal shock (Fig. A
2.19). or the non elmeisional mass flow function

IOT wTt - Consa'nt x A*
AP A

In intake work it Is usual to express measured

mass flow as a retio of f!ow being ingested to
the flow that would be ingested at datum

FIG 2.19 DISTORTION OF SHOCK WAVE PATTERN conditions.

DUE TO SUBCRITICAL OPERATION
For n itak wit Inernl copresio It Thus the mass flow at the engine face:-For an intake with internal compression it

determines whether or not the intake shock system
remains in its efficient 'started' configuration p2 V2 A2 - P0 Vo A,
(Fig.2.20). and the flow ratio or capture area ratio is:-

_,-. ritical point can be
a/,Ii opproached only from Po Vo Ao - AoPR supercritical side

- I . Pc Vo A,. A,

Si •-•Subcrifical operation
ic at level uf Lseffic:ent It is evaluated at the eng!ne face or at a

_____ pitot intake venturi section 'v' just downstream of the engine
AO/Ac 10 face w

t
.ere wtatic pressure only is measured:-

'STARTED* INTAKE AT pCRTIAL LW'N5(A A, . t2  A*

Ac pt,] 2 AcL* 0
'SWALLOWtD N~ORMAL

:S11K Each measurement of total pressure at the engine

face is associated with an adjacent static
AT S-•ERT.L FLOW pressure (or a mean of a small number of wall
-EXF2LLE.2O NOSL SHOCK statics) so that local Mach number (from P2/Pt 2 )is determined ari hence the local value of

CONTRACTING !NTAKF
As has been seen in the foregoing sections either [ Thus for n total pressure points:-
the value of the performance parameter being 2
measured (such as pressure recovery or total
pressure distortion:) Is primarily a function of t2 p * IA1 [
flow or it is vital to define the flow at which A

0 
. t2 fA AA2  A

an undesirable flow phenomenon such as 'buzz' Ac I Pt- [A 2  A, A*
occurs so that it can be avoided. In addition
the accurate measurement of flow enables other
quantities such as supersonic sidespill that are where AA2 is the engine face area associated
difficult to measure directly to be deduced and with each total pressure tube.
it enables one dimensional Mach number to be
evaluated at any duct station which is a useful For the venturi section, A can be evaluated
parameter for correlating subsonic diffuser Av
performance.v

from pv/Pt 2 & valueq of Pt 2 /Pto and Av/Ac are used

Flow measurement in a wind tunnel is usually done
either at the engine face, or In a venturl in the above equation.
section just aft of the engine face or if the If there is a choked exit:-
control valve that varies flow is choked, just
upstream of this choked exit.

A _ Pt2 Asx A
The mass flow or more accurately the mass flow A0  t A* A
rate (Kg/sec) is:- Ac Pt- AJo

For both equations it Is necessary to add a
- MAPt - calibration factor that is determined In a

separate test where flows that are known to a
higizr accuracy thar is required from the Intake
mass flow evaluation, are measured, by theS- engine face or choked exit Instrumentation.

or alternatively MAP iat

l T l,-- "(14Y-i M 2J 2(-Yl) Thus At, I n Pt2 ,A*1  dA21 L ] J
From the formula for sonic area ratio:- and iO p Pt 2 Atx (A C

A -[2 [1+ - 1 1  l MI PAc A0  N o Cd

2(*•-1)
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wher: K2 Is an engine face calibratiron factor The position of the match point is further

and complicated In practice by the change in the
shape of intake characteristics and maximum

A (values of ingested flow (particularly for intakes
Cd (an exit discharge coefficient)- ex effective with compression surfaces) as shown typically

- when free stream Mach number (Fig 2.23) and

Aex geometric intake attitude (Fig 2.24) are varied.

2,2.1.6 Matchlne of !ntakS-nd Engine Airflows M. so,.

Before considering definitions of external drag A- M.• -,.s
it is appropriate to consider the matching P"

between intake and engine airflows. A

For a given flight condition and ramjet or gas

turbine throttle setting, [he intake airflow
supply will -atisfy the engine airflow demand at

one unique point on the intake pressure recovery

versus flow characteristic. The demond
characteristics of both ramjet and gas turbine A'

engines can be simulated by the characteristics FIG 2.23 CHANGE OF TYPICAL CHARACTERISTIC WIT'
of a choked hole of variable area. This area is EREE STREAM MACH NO.
a function of the fuel burnt in the engine. By PEC'ANGULAR IN1-KE
writing the equations for mass flow conservation

between entry and choked hole exit, the engin, cfsua e

demand appears on the intake characteristic as astraight line pas•Ing through the origin. The "

slope of this line will vay with intak& enity
area and engine throttle setting. An optimum -
intake entry area can be chosen to ensure
's., tched' oreration at a desired location on tie A A/
intake characteris•ic. Tie most desirable

locat ion will give a maximum thrust .inus drag AXI$SYNETRIC mTAXF

and will be at or very close to the critical
operating point of the intake. PR

Fig. 2.21 shows the c.,nsequences of mismatching EASIN6
engine and intake airflows due .o wrong choice of / C0S

intake size and the effect of engine throttle
setting on the match point.

INTO(A5,00 LARGE
/ FIG 2.24 CHANGE OF TYPICAL INTAKE CHARACIERISTICS

,,,, ,llu I ,-1,, t.22tss,,F WITH INTAKE ATTITUDE
PR si ,nve .{ 0a¢ashn t~LSAt I+irs,

- / "" T 2.2.2 F"TEP.TOl FL

r / All the .xternal forces on an engine nacelle
except drag at crulie incidence are usually

K-1 / `"T7
measured and calculated as part of the complete

// 7 aircraft and are therefore outside the scope of
this review. External dra5 however is dependent

on the flow through the Intake, the strength and
disposition of compression surfaca shock waves

_ ______.- and the shape of the intake in the immediate
A, vicinity of the cowl lip and is therefore an

important aspect of intake design and

FIG 2.21 EFFECT OF INTAKE SIZE & ENGINE THROTTLE performance. External drag is usually only a

SETTING ON INTAKE/EN6INE MATCH POINT significant part of zero lift or cruise attitude

Fig. 2.22 similarl, shows the effect on the drag of the whole vehicle and therefore
match ps.irnt of altering stagnation temperature measurements on Intakes are normally made at zero

(which can occ-,r due to change of day temperature or small positive incidence.
or altitude) or of free stream Mach number) both
for a ramjet and (oppositely) for a turbojet Z.2.2.1 Pre-entry and Cowl Forces for a P!t .9.
engine. Intake

A practical thrust definition acceptable to both
airframe and engf-c manufacturer is known as net

standard thrust a..j is the difference between

PR t. .. t.5.5, pressure and momentum f,,rces at the physical exit

to the engine and the Incoming streamtube to the
//. ,.sss"........ Intake at free stream conditions (Fig.2.,) i.e.

/,/'/TN - [(Pex-Po) . Peax Vex'] Aex'po Vol A. (I)

The use of the free stream value of the entering
momentum In the streamtube approaciing the intake

L .in this equation, Implies the existence of a

Shpre-entry thrust force in the above equation,
where:

FIG 2.22 EFFECT OF CHANGE OF STAGNATION TEMPERATURE
ON ENGINE INTAKE MATCH POINT TPRg - I(Po-'o) + Pc Vc') Ac-Po Vo' Ao (2)
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acts on the boundary of t're pre-entry streamtube For a pitot intake TPRE (- DpRE) can be
(Fig.2.25). Because che flow Laundary Is a calculated from equation (2) or more conveniently
streamllne the pressure Pint acting on the be e ressed aioefficiertmorm inntermsnofcan b xrse ncefcetfr ntrso
internal surfnce must be balanced by pressures tabulated flow functions as:-

Pext acting on the xsternal surface and these

external p-,ssures give rise to an equal and P
opposite force to TpRP n the drag direction, (TPRE - TPRE- L Pc c Po P+

known as the pre-entry ,r in the USA, additive qoAo [P, Pto qo
drag (pRE or DADD).

COWL PRESSURE ORAG OcO 
2
qc . Ptc 0to] -2 Ao

J/FRICTION DRAG OF PtC PtO qo Ac

where at subsonic speeds Ptc

and at supersonic speeds Ptc Ptn the

FIG 2.25PRE- ENTRY & COWL PRESSURE FORCES rt° pto
stagnation pressure change across a normal shock;FOR PITOT INTAKE
or in terms of Mach numbers as:-

When the flow ratio Ao is unity the pre-entry

Ac [ l+yMe
2  

y

stre..tube is undeflected upstream of the capture fl+y-I Mc21 y
4
-

area, Pc - P, and pVcVc
2
AC- poVo

2
Ao so that TPRE CTpRE- 2 12

(-DPRE) is zero. This can be regarded as a P( M__

datum condition from which changes (either Ao > - A0
or< Ac) can be studied. From thle datum r'-'-"1 Mo'l
condition, the curved pre-entry flow induces 2
changes in the cowl pressure distribution from
the stagnation line position on the cowl lip
which divides external and internal flows. For In ..ch calculations the assumption is made that
Ao<l.O thece changes in pressure distribution on the stagnation line is at the cowl highlight

(cap'ure area) position and that the flow is one
A-c dimensional. For a sharp lipped cowl errors duethe cowl constitute a thrust force which in to both these assumptions are probably reasonably

subsonic potential flow will be equal and s. 1 until Ao << Ac. For a thick lipped cowl
opposite to the pre-entry force. in a viscous th! situation should be examined more carefully
subsonic flow this cowl thrust is reduced below (especially when correlating values for drag
the potential flow value by Ca) the presence of obtained from experimental measurements and those
the boundary layer on the cowl and (b) the from computational methods) and is discussed
appearanc, of shock waves on the irrward facing under the heading of spillage drag.
surfaces of the cowl if the flow over the cowl
becomes supercritical. The calculation of CTPRE or CDpRE from

computational methods using full potential flewAt the datum flow con~ition when the external at zubsonic speeds or the Euler equations at
flow is free of shocks the cowl drag is the subsonic and supersonic speeds c;,%c bc done
summation of friction hnd pressure drag. This is directly by integrating surface press!;res along
known as profile drag and Is often for the stagnation streamline. 4owever it is often
convenience prc.;ented as a form factor \ in which more convenient to use a similar approach to the
the drag coefficient is normalised by the mean one dimensional calculation but now using a
skin friction lrag coefficient of a flat plate station downstream of the capture plane for the
with the same Reynolds number based on total downstream momentum plane, where the flow can be
lengtr of tihe cowl, regarded cs truly uniform and axial.

At supersonic speeds the pre-entry thrust and With the pressure and exit motrentum terms nuw
drag forces are still equal and opposite but a based on station '2' (Flg.

2
.1) the cowl Internal

net drag force is now essociated with an increase pressure force from the stagnation line to
it, wave drag as the ettachod cowl lip shock station '2' has to be evaluated, to obtain CTPRE.
changes to a detached vcave ahead of the Intake
capture plane when A0 < Ac. As at subsonic The internal thrust from upstream infinity 'o' to
spee.s, cowl pressure distribution changes from station '2' Is:-
the datum condition in P favourable sense but the
cowl thrust developed is now much smaller and
dobs not nearly offset the pre-entry drag (as it T2 poVoAoV 2 + (P2-po) A2 - poVo

2
Ao

does at subsonic speeds when A0  initially
decrease& just below Ac and viscous effects are
satl). Covl drag in the datum condition is and T2 IA0  __ -1 + (P 2 -P A2
again the summation of skin friction and pressurs -T2 " - - Ac VL, qVA-
drag. Pressure drag Is now the result of the
shock wave emanating from the cowl lip and can be _-
calcula:' by linear theory or by the use of the where V il+-I M21
method of chraracteristics (ref 13 ,smamarises and I
correlates some results from these methods) or by ;yRT
solving the Euler equations for th combined
external and Internal flow, and M2 is derived from-
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NA Ao* Ac Below M. - Mw the datum condition is determined
2 •by the position of the compression surface shocks

A A0  A2  in front of the cowl lip and the maximum flow
A2  Pt2/Pto ratio (Ao/Ac).ax is always less than unity. This

maximum flow ratio is associated with a pre-entry

drag and thrust corresponding to the fore

CT2  CTI"T+ CTPRE spillage of I - [AoJ and this again is a

(A,cmax
and as CTpRE- CDPRE dvnoted by tiie suffix 'o'.

CDpRE- CT2 " CTint At both subsonic and supersonic speeds TpRE

(-DPRE ) can be obtained from application of the

where CTit is the duct internal pressure force mosrsotum equation ao the Internal flow in a

coefficient integrated from the stagnation point manner similar to the pitot intake evaluation of
to Station '2'. Thq stagnation point can be TPRE. For a single wedge intake of angle 6

t 2(Fig.2.27) this is

found accurately by locating the point at wusich

the suface velocity changes signA -" & CA-0
Ac

is a limiting condition at supersonic speeds. (Ao

Mo Po
At subsonic speeds It can be regarded a. a FIG2.27 WEDGE INTAKE AT M MO LDpREok0
convenient datum condition but it is not a -o

limiting condition. This is obtained when the

intake flow is choked either at its capture piane
or at some throat plane "th' downstream of the TPREo- PiVAi ' cs I + (Pi-Po) Ai cos

capture plane where Ath < Ac. Thus at low V
subsonic speeds if the lip is not thin the flow + (Pw-Po) AwPooAo

can Increese beyond A. - 1.0 up to the choking where Aw is the projected area of the wedge

Ac

flow A0 or A0  A0 and the one dimensional CD Pw at supersonic speeds is the constant
Ac Awedge s'irface preosuro;Ac Ath AO*

will Increase again from zer.. At high subsonic

and low supersonic speeds Internal contraction to p5 at subsonic speeds is cther taken as

Ath will create a choking condition (Mth-l.O) at po+pi or is obtained from
a flow ratio A. < 1.0 2

Ac
which then precludes the datum condition ever a correlation of pressures measured on

being reached. It then has to be accepted that wedges In Isolation (ref 2.6,.

the intake operates in a spilling condition A0  At supersonic speeds it is often easier to

A, evaluate DPRE directly by summing the pressures

< 1.0 even at full flow and CDpRE will never on the external limiting streamline. For a

attain a zero value, single wedge this is very simply:-

2.2,2,2 Pre-ettry and cowl forces for rn intake DPREo - (pw-po)(Ac-Aomax)

wiA compression surface

At supersonic speeds due to the presence of a The expression for the two wedge compression
comrressi-i surface the datum condition of surface is lengthier and is g;ver in ref.2.5.
Ao - 1.0 is only ýbtained at Mach numbers above For the single cone compression surface Pw Is not

constant but can be integrated numerically along
A, the limiting conical flow streamline. The second

shock on a double cone is curveu and the flc~w
which the compression surface shock (or shocks) field can be evaluated by the method of

impinge on or go within the cowl lip characteristics.

(Mo ) MSOL,.Flg.2.
2
6).

At subsonic speeds the choice of a datum
condition is more arbitrary than for the cases

((a)(b) considered hitherto. At low subsonic speeds the
value of Ai due to the presence of the

'0 ' compression surface may not be sufficient tocause throat choking before the condition Ao - I

Is reached. In this ca'ie because of the presence

FIC 2.26 WEDGE INTAKE AT (a) M0  MsoL of the compression surface the enteringstreamline will not be undeflected and parallel

(b) Me> MsoL DPREo=O FOR (a) & (b) to the free stream direction and thus TpRE will
not necessarily be zero.
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At moderate and high subsonic speeds and at Spillage drag CDSPILL is calculated from:-
supersonic speeds when the wedge sho,:k is
detached the throat (or capture plane) choking CDSPILL - CDEX- CDEXT
flow could be considered as an appropriate datum 0
condition and this will now be associated with where CDEXT- CDPRE(or
values of Ao that are less than unity. One other R DADD) + CDCOWL

and CDEXTo - CDRE° CDCOWIo
Ac

datum condition is the flow such that the throat where again the suffix o denotes a datum
velocity V, cr Vth is equal to the free stream condition.
velocity Vo.

For spilling flows the stagnation line is on theCowl pressures for the maximum flow condition at internal surface of the lip and not at the
supersonic speeds should be calculated using the capture plane 'position. Thus if the one
flow direction and Mach number at the cowl lip dimensional based on the capture
that result from the compression surface flow at value of CDpRE
that position. In practice two dimensional plane area CDpREc Is used this should be added
calculations of cowl drag show that the -alues to cowl drag CDcowLC that is the summation
obtained by this procedure differ very little
from those obtained ignoring the compression of the axial cowl pressure force components
sur'.Xce flowfield and assuming free stream Mach downstream from the capture plane. If the true
number and direction at the cowl lip. external cowl drag CCOWL t is used i.e. the

summation of the axial cowl pressure force
ia the absence of more comprehensive data components from the stagnation line position

similarly it Is often assumed that the decrease forward to the capture plane and then back
in cowl drag when the intake operate. externally to the maximum diameter position then
subcritically is the same as for a pitot intake this should be added to a pre-entry drag
with the same geometry cowl. CD which can be one dimensionally using the

2.2.2.3 Spillage Drac PREt

stagnation line area and not the capturE plane
As already indicated, a reduction of flow ratio area.
below the datum or maximum flow value results in
an increase in pro-entry drag force and a i.e. either CDEXT - CDPREc + CDCoWLc
corresponding increase in cowl forebody thrust
force (which are equal and opposite in subsonic or CDFo. - CDPREt + CDCOWLt
potential flow) and therefore results In no net
axial force. In viscous subsonic flow If the Unlike the evaluation the calculation
flow over the cowl remains subcritical the change Of CDpREc
in cowl pressure gradients result in a thickening
of the cowl boundary layer and ultimately, as of CDPREt is not simple in that the position of
flow ratio decreases further, to separation of
the flow from the cowl lip. Under these the stagnation line has to be found
circumstances cow! thrust is decreased from the experimentally by pressure plotting the lip In
potential flow value and a rapid rise in drag fine detail or from potential flow theory or by
from the datum or maximum flow value is measured solving the Euler equations.
that is called spillage drag.

The variation of drag with flow ratio at
When the flow o-er the cowl Is supercrltlcal this superson!c speeds for a pitot Intake Is shown In
spillage drag will occur as a result of both Fig.2.29a and the more complex situation for a
boundary layer thickening and shock wave wedge or cone compression surface Intake in
formation. The wave drag component will probably Fig.2.29b.
increase initially as flow ratio decreases or is) /
free stream Mach number Increases and then be
succeeded by a flow separation at the fooe of a -ti
reduced strength lambda shock and finally by a co
complete collapse of the supercrltical flow as
separation moves forward to the cowl lip.

At supersonic speeds because of the Increased
strength of the head shnck, directly flow is 7
reduced below the datum level there Is an---------_--------.....
increase in pre-entry drag. This is not balanced is
by a corresponding increase In cowl thrust so -

that spillage drag is positive when subsnnic A/i t
forespillage occurs, Cowl drag is reduced as , ib}
spillage Increases and Initially cowl flow ". /
remains attached. However at greater spillages, .. ,
flow can detach from the cowl lip and form a
small bubble separation followed by a weak to,
reattachmetnt shock (Fig.2.28). The size of the -
bubble and the strength of the reattachment shock ,et
grow as flow ratio decreases further.,4

FIG 2.28 FLOW PATTERNS AROUND PITOT AX. 0

INTAKE AT SUPERSONIC SPEEDS FIG.2.29 'LOW STATES & DRAG DEFINITIONS AT

SUPERSONIC SPEEDS FOR (a) PITOT &

lb) COMPRESSION SURFACE INTAKES
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'his latter figure illustL'ateA the potential
advantages of variable geobetry (by translating
or varying the compression surface angle)
available to the complession surface Intake but
not the pitot Intake. Flow can be spilled by
supersonic forespill at % much lower rate of drag
increase with flow reduction than i; obtained by
subsonic forespill only o, by combined supersonic
and subsonic foresplll.
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2.3 THE INITIAL iIi-N PROCESS assess the relative performance of inlets and
their subsystems for studies of

CONTNTS airframe-propulsion Integration. The program was
intended to be %ccurate and ctmprehensive, with

2.3.1 INTRIODUCION improvement of the method as new data became
available.

2.3.2 GEItALIZED INLET MODIEL & CALCULATION
PROCEDURES Another object of liP was rapid calkulation and

convenient use for Inexperienced users. The lip

2.3.3 SPECIFIC EXPERIENCE WITH THE LEVEL 11 operates Interactively, using a blend of
INLET INSTALLATION PROCRAM (lIP) theoretical analysis and empirical correlations

to model the flowfields about installed air
2.3.4 CONCLUSIONS & RECfWhJDATIONS induction systems. No extensive flowfleld

REFERENCES solvers or boundary layer codes are employel. A
complete on-design analysis starting from an

2.3.1 INTRODUCTION interactive input session can be completed in

Supersonic aircraft design has evolved to the approximately twenty minutes.

point where even the earliest phases of design liP is capable of analysing a broad range of
can benefit many times from consideration of air irlets and approach flowfield conditions. The
intake integration, component design and program consists of six major software modules
performance analysis. Figure 3.1a (from Ref 3.1) capable of analysing both two-dimensional and
offers some insight into the rationale behind axisymmetric supersonic compression types
this statement. In this Figure a trend can be including pftot (normal shock), all external or
seen toward reduced range factor in fighter mixed external-internal. Inlet subsystems
aL-craft which is associated with an increasing including boundary layer bleed, bypass, and
ratio of intake capture area to aircraft wetted auxiliary inlets can also be analysed. The
area (Ac/As). Increased relative intake flight conditions may range from static operation
size in advanced fighters is required to up to Mach 3.5 at any altitude. The user can
accommodate the higher maximum mass flows also specify non-atmospheric freestreot
associated with increased thrust/weight ratio, conditions, such as wind tunnel test conditions.
but it also generally moans a wider range of Angle-of-incidence effects can be analysed for
airflows, leading to greater values of intake horizontal ramp two-dimensional inlets only (no
flow spillage at cruise conditions and more attempt was made at estimating the 3-D flowfields
sophisticated intake variable geometry. The of axisymmetric spikes or vertical 2-D ramp, at
Figure suggests that the combination of increased angle-of-incidence.
propulsion stream size and propulsion
installation complexity make integration more Performance output from liP consists of internal
difficult. Also, It suggests that the levels of flow thermodynamic losses and external
intake and nozzle performance decrements are aerodynamic drag. Total pressure recovery losses
significant in the determination of performance, are followed through the induction process
Therefore, in order to discriminate adequately (oblique shock losses, normal shock loss, cowl
among competing supersonic aircraft concepts, it lip losses, and subsonic diffuser losses). A
is useful in preliminary design to show the complete drag component breakdown is given with
relative impact of different Intake integrations absolute values of drag components as well as CD
and/or the effect of significant perturbations in changes relative to a specified reference
an air Intake design. Any such analysis needs to condition. Flow characteristics such as onset of
be simple and quick, but give a reasonably buzz, oblique shock ingestion, and inlet
accurate intake performance. 'unstart' are displayed. Also included are

F' massflow ratios for all of the inlet subsystems.
12 ~A-n" .12 A/wP Although liP Is mainly for analysing existing

g• N.4Z. 1 66 1 geometries, limited desfgn assistance is s!ho
0"- available. On-design values oi compression

ýo < o" surface angles and lengths for maximum recovery
'o -,. and specified mass flow ratio is available.

, ,, , Also, bleed and bypass sizing for maximum
recovery can be determined. Auxiliary inlets can

c ...OA. be sized for a specified recovery (trading
'Ist•-.-A .a. C, auxiliary inlet mass flow ratio for reduced cowl

4 lip losses). At off-design conditions, variable
geometry ramp sched,'les or translating spike
positions can b- determined for a desired mass
2flow ratio and an assumed throat Mach number of

0,7. This Is done by varying compression ramp
2I* I I, I , angles for 2-D inlets or translating the spike

o .002 0.024 aDo Mwa 221 0.012 for axisymmetric Inlets while checking for
JmNLtIjT * A, undesirable shock-shock intersections and/or
J ---"W smb detached oblique shocks.

lip Is capable of using schedulcd or variable
FIG 3.1a SUBSONIC CRUISE PERFORMANCE (REi3.1) 'geometry and engine mass flow as functions of

Mach number and angle-of-incidence. This option
A number of different Intake installation is used for continuous calculation of inlet
prediction programs exist In Industry but tend to performance throughout a '.2 ',ie flight envelope.
be guarded rather closely. The Level I1 Inlet
Installation Program (liP) analysis sumarized
here and described more at length in kof.3.2 Is
similar In concept to other methods but is not
tied to any particular organisation's peoprietory
data. It was developed for the USAF by Gru..an
Aerospace Corporation primarily to predict the
performance of well-defined existing intakes and
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2.32 CR ALIzEn INLT MODEL AND CALCULATION subsonic surface bleed or bypass mass flow does
PROCEDURES change with engine mass flow. Bleed and bypass

drag is determined using momentum conservation

lip models six basic elements of any inlet: 1) (taking loss factors into account) plus a
compression system, 2) cowl lip, 3) subsonic component for pressure drag on exit doors
duct, 4) boundary layer removal systems, 5) protruding into the freestream, Cowl lip losses
bypass system, and 6) auxiliary inlet system. are based on empirical correlations that depend
Nigure 3.lb shows these basic elements in terms on a fairly detailed description of the lip
of parametric influence, geometry. Subsonic duct friction losses are

based on an average friction factor and the

The procedure for estimating inlet performance throat dynamic head. Duct divergence and offset

involves first •alculating all portions of the losses are determined from empirical
supersonic flowfield up to the normal shock. The correlations. Spillage drag, which Is the sum of
flowfield results are then output since the pre-entry drag and cowl lip drag, is based on the
supersonic flow is not affected by engine previously mentioned reference condition. This
operating condlItions. The procedure then reference condition is specified as an engine

calculates an independent engine operating mass flow ratio. The pre-entry drag is
parameter. 'or pitot and external compression calculated by a simple pressure-area integration
inlets, the Lhroat Mach number is treated as the of the spilled streamtube. Cowl lip drag effects
independelt parameter and governs all subsonic are calculated using the same empirical data for

cowl lip losses in conjunction with transonic"similarity theory.
Figure 3.2 shows a schemat ic of these

% .calculation procedures.

FIG 3.1b lIP BASIC ELEMENTS (REF 3.2)

portions or the flowfield. Geometry Is defined I.-
such that throat Mach number may start at a I
choked condition (Mach I) and be Incrementally .--, ,....

decreased, with Intake performance clculated and
printed out at each increment. As throat Mach

number is reduced below 1.0, the resulting normal
shock moves upstream from the cowl lip onto the F *5MTSIS

compression surface(s) until a slipline ingestion r ...... ,,,

(and onset of buzz, see Section 2 of Chapter I)
is detected. At this point the calculation
terminates. For mixed compression Intakes,
nurmal shock position Is the independent __-

parameter since the throat Is still supersonic

and does not change with engine operation. All 8 5L

downstream subsonic flowfields ore dependent on "
this position. The normal shock is initfally PT

positioned at one third of the diffuser length or • T.

at the downstream end of a diffuser bleed section L . . M <

If there is one. It is then moved incrementally MFR

toward the throat until the verge of 'unstart',
at which point the calculation proceeds as for
external co.npression intakes. In this way, total
pressure recovery and drag are predicttd for a __

range of engine operating conditions.

Specific prediction methods are described below.
For subsonic operation, 1-V Isentropic flow Is MFR

assumed up to the cowl lip with a linear FIG 3 COMPUTATIONAL FLOW DIAGRAM (REF3.2
vartation of static pressure on the external
compression surfaces. For 2-D supersonic flow,

oblique shock thenry Is used. For axisymmetric

supersonic flow, an approximate empirical

analysis involvhng equivalent conical wedges Is 2.3-3 SPECIFIC EXPERIENCE WITH THE LEVEL II INLET

used. Internal supersonic flow ýs calculated INSTALLATION PROGRAM UiP)

using an equivalent 2-D converging passage. Mass

flows for bleed and bypass subsystems are rhe lIP Program is used by a number of USAF

determl~ned by the difference in local surface organizations to analyse potential or existing

pressure and ambient back pressure with assumed intake configurationa. Three examples are given
internal Ios& factors. Supersonic surface bleed here to provide an Indication of Its accuracy and

Is inaffected by thu Independent parameter, but show Its use in evaluation.
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fell off at higher angles. Transonic comparisons
were excellent, except at -5 logrees where liP
probably underestimated the severity of
separation at the intake sideplate leading edges.

MACHi - 2.5

L EIVEL I
a - TRILDR-MATE

Pý W LPHA.-. ALPHA - 0.0
OWNS

FIG 3.3a SIDE-MOUNTED INLET CONFIGURATION .. . ,
AND INSTRUMENTATION (REF3W4) *1o PI 0 - . PHR - .O-

The first example, intake data from project
Tailor-Mate (Ref 3.3) were used to evaluate the
method's ability to predict total pressure C'-
recovery over a range of Mach numbers and pitch
angles. The Tailor-Mate A-1 intake (Fig 3.3a Ref
3.4) Is a two-dimensional external compression, d-,
side-mounted, overhead ramp configuration ,a 0.0 0'.5 00.0 00° 00

designed for a Mach 2.5 fighter. The intake has
three variable compression ramps, porous ramp - PPw-0. ~w-2.
bleed, throat slot bleed/bypass, and a subsonic
diffuser with both vertical and horizontal ,_..,

offset. The intake was tested from Mach 0.9 to I.
2.5 and angles-of-incidence between -5 and 20 %' * o-

degrees. Test data Included engine face total
pressure recovery and all subsystem mass flow
ratios. Unfortunately, no drag data were taken ,' .000.bJT00 0 0000 000.0

to compare with lip output. Several problems W
were encountered In modelling the A-I geometry. t

First, sideplate porous bleed was incorporated In
the A-1 test model but no provisions for
sideplate bleed are available in liP. Second, MACH 0.9
liP assumes duct geometry as shown In Figure LEGEND
3.3b. :LEVEL II

0 TRILDR-Mltr

AP --5.0 , APHA - 0.0

lilt MR 1A0DILY "IQ 'sI . Low LoF Lop II *. 0 "OT

pONOOT T
t 

•& TOLaos,@•

FIG 3.3b 11P DUCT GEOMETRY (REF 3.2) e'o

Offset can be input for one direction only for a
constant area duct section. All diffusion Is
assumed to take place In straht sections 00 . 0.0 000
upstream and downstream of the offset section, 0 MI 150

The A-i duct, however, has offset in two i -t

directions and has continuously varying area o ••-1. L•-2.

(which Is typical of advanced fighter
configurations). The approach taken was to Input

a similar offset to length ratio into liP using •

the total diagonal offset distance of the A-1
diffuser. Third, the throat area as calculated
by O ip (not b direct input) was always smaller
than the A-1 data Indicated. The predicted i

throat Mach numbers for a given engine mass flow Alo'N .6 - 1 W 40

were generally higher than A-1 measured throat
Mach numberst Several a ample data comparisons
sre shoam In Figudo re o teofe t sedicted FIG 3.0 SAMPLE 1P COMPARISONS (REF 3.3)

reasonably weln at moderate anglys-of-Incidence
despite the geometrlc dscrepsancies, but accuracy

thotMc ubrTo _ienegn asfo -0N~s
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Next, several advanced short-take-off/vertical- can however become tedfout. due to the number of
landing (ASTOVL) configurations were analysed In responses required and If the information asked
support of an international project (Ref 3.5). for Is not available, the process must be
The Intakes for all four configurations were prematurely terminated.
designed for Mach 1.8 cruise: two employed a
single fixed compression ramp, and two were Several enhancements would rake a program like
simple piltot Intakes. All of the configurations liP more usable as a design tool. The unfamiliar
Involved some degree or shaping for reduced radar user would be helped by 'menu' driven Input
signature, such that the intake apertures were sessions. Graphical aids would be invaluable in
three-dimensional. Since lIP cannot model such defining parameters so that referral to a printer
feature differences, the approach taken was to manual is not required. Also, graphical display
maintain the correct intake capture area, throat of the output would help the user Interpret the
area, and compression ramp angles for an results of change of his design parametets.
equivalent 2-D intake. Recovery comparisons were
generally very good for all the configurations, Improvements of the method would be necessary to
giving a reasonable degree of confidence in the increase the application to more advanced
contractors' quoted performance. Spillage drag designs. The ability to determine the effects of
comparisons were not as promising, however. 3-D apertures (to first order at least) and
Trends with Mach number compared well, but highly offset subsonic diffusers on recovery and
absolute drag levels were different by as much as flow capture is desired. Sufficient data exists
fifty percent. USAF experience with liP suggests to develop empirical correlations for these
that its cowl lip drag predictions are concepts. Their Inclusion would make lip
particularly sensitive to the input lip geometry, applicable to highly survivable aircraft designs.
requiring a high degree of detail. However, The current maximum Mach number limit of lip
engineering sketches rarely give the level of limits the use of the mixed compression programs,
detail required to discern this geometry and it Lut extending the empirical correlations up to
must therefore be approximated. Also, the Intake Mach No. 4 or 6 would allow application to many
drag Is highly dependent on the degree of evolving high speed Pircraft.
intake--airframe integration. This effect also

cannot be modelled by lip since it assumes an
isolated intake. The combined effect of these
limitations is to reduce confidence in predicted
drag levels.

Finally, lip was employed recently to help
analyse an advanced supercrulse fighter
forebody/intake test model. The lIP analysis References:
Indicated possible problems with oblique shock
detachment and the boundary layer removal system, 3.1. Surber, L.E. & Robinson, C.P. Survey of
which after further detailed analysis resulted In Inlet Development for Supersonic Tactical
test model modifications. Aircraft AIAA 83-1164 June 1983

2.3.4 CONCLUSIONS AND RECOMMENDATIONS

3.2. Tindell, R., and Tamplin, G., "An Inlet

The LEVEL It Inlet Installation Program (lIP) has System Installed Performance Prediction
been developed for fast, accurate analysis of Program Using Simplified Modelling", AIAA
Intake designs. It is also capable of limited 83-0567, June 1983.
design and optimisation options, particularly for
off-design operation. It has been used by a
number of USAF agencies and is similar In concept 3.3 Numbers, K., "LEVEIII Inlet Installation
and methods to US industry programs developed for Program Validation Results", AFWAL/FIMM
preliminary intake design. The liP total Memo, September !986.
pressure recovery prediction accuracy is
considered relatively good. The drag prediction 3.4. Surber, Lewis E., "Effect of Forebody Shape
accuracy must be taken with caution, however, and Shielding Technique on 2-O Supersonic
because of the sensitivity to input data and the Inlet Performance". AIAA Paper No 75-1183.
integration aspects. The format of the output
information is considered excellent. An entIre 3.5. Bowers, D.. Hart, B., and Numbers, K.,
intake performance envelope can he obtained in a "Propulsion Integration Normalisation
matter of hours. The Interactive input sessions Team Report', AFWAL/FIMM Memo, May 1989.
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2.4 INTAKE DESIiN & PERFO&MANCE FOR
SUPESONIC CRUISEIIIPERSONICW

TURBOJET

2.4.1 FINDING A MISSION FOR HIGH SPEED (Wi

2.4.2 INTAKES FOR MACH NUMBER 2 ro 3+ CRUISE -

2.4.2.1 Characteristics of Intake design TURBOJET WITH AFTERBURNER

2.4.2.2 Intake technology in current Mach 2-3+ W

aircraft

2.4.3 MACH HNUMER 4-6 INTAKES
2.4.3.1 Requisite technologies RAMJET

FIG 4.1 REPUBLIC XF-103 & POWERPLANT
2.4.3.2 Specific applications

2.4.4 MACN NUMBER 6+ TO 8 AIR INTAKES FOR In the US, other forerunners of high Mach number
FIRST STAGE ACCELERATORS technology can be seen in thL B-70 and in two

Century series interceptor designs, the F-103

2.4.5 AIR IVrAKES FOR SCRAMJ.Ir PROPULSION (Fig 4.1) and F-l1g (Fig 4.2). All these
MACH NUNBER 8 TO 25+ concepts employed efficient two-dimensional mixedcompression intakes; but whereas the B-70 andREFERENCES F-lO were turbojet powered, the F-103 was

2.4.1 FINDING A MISSION FOR HIGH SPEED designed for a dual mode turbojet/ramjetpropulsion system. Engineers and scientists

There was, for many years, a natural trend toward !nvolved in research and development in the 1960s
higher speed for almost all types of aircraft, continued beyond Mach 3 to investigate ramjet
but there seems to have been a more or less propulsion integration Into the high supersonic
natural Mach number ceiling for particular and hypersonik regimes. The air intake was seen
functions/missions. In fighter aircraft this to be a key factor In this development; therefore
Mach number cut off point appears to be In the considerable attention was given to efficient
2.0 to 2.5 zit;:Ze. Supersonic strike/bomber diffusion of propulsion streams over a wide rungo
concepts have been explored for many years, but of speeds.
subsonic sea level flight remains the preferred
mode of penetration. Intercept/reconnaissance
missions have consistently excited interest In
high speed and in fact have provided the
motivation for the Mfg-25 (interceptor) and SR-71
(reconnaissance) aircraft, the best examples of
high speed (Mach 3+) air intake technology
available. Most commercial aircraft operate In
the high subsonic regime, but the Anglo-French
Concorde and Soviet TU144, have demonstrated the
general technology necessary to cruise at Mach 2.

FIG 4.2 NORTH AMERICAN XF 108
The earliest work above Mach 3 concentrated on
air intakes for subsonic combustion ranjets, but
when exploration of ever higher speeds reached
about Mach 8, the potential for ramjet effective
specific Impulse was dropping rapidly (Fig 4.3).
This observatIon broushs consideration of
supersonic combust Ion to the forefront andMODES OF OPERATION OF MX-1787 COMBINED originated the Idea in the US for an aerospace

TURBOJET-RAMJET POWER PLANT plane. A number of different concepts for such a
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vehicle were explored in the early 1960's, all d. 8-25
making use of scramjet propulsion above about
Mach 6-8. Unfortunately, the magnitude of o 8-12 Reconnaissance, fast-response
propulsion technology barriers, resistance from global interdiction aircraft

the rocket community and the more furiediate needs o 12-25 Air breathing single-stare-to-orbit

for propulsion integration at lower speeds pulled (SSTO) vehicle

attention away from hypersonics. There was a It should be noted that the value of these
strong tendency to concentra,e resources on possible flight vehicles does not hinge on the

transonic/supersonic intakes as opposed to very anticipation of a future major power conflict.

high speed flight. Any high atitude supersonic Some of them, however, suggest the need for

system that could be conceived was perceived as continuing allied power vigilance and the
vulnerable to projected defenses, recognition that there will continue to be global

"hot spots" which could require high speed
_ . intervention (Ref 4.1). Inherent in these

technologies is the potential for civilian
application. Interest has been revived in high
speed atmospheric flight, and the challenges for

high-speed air intakes are substantial,
increasing in difficulty as Mach number

_10.t1150"C inso LAMM Increases. While there are many overlapping
]1' '0 requirements for Intake technology across these

dlregions, several key factors can be considered.
The balance of this section will deal with

2M AeuMONC VskHP.,oLprogress In technology and requirements for
, ~ future solutions.

24.2 INTAKES FOR MACH 2 to 3+ CRUISE

Iao, 2.42.1 Characteristics of Intake Desitn

Air intakes designed for supersonic cruise have
different priorities to those designed for

lb l• 20 supersonic dash flight. In regard to dash
POACHUNROU aircraft, Intake designs such as those used on

FG 4.3 F-15 and Tornado provide relatively high pressure
recovery and low flow distortion, even during

SPELIFIC IMPULSE OF HYDROGEN-FUELLED combat manoeuvres. T5ey place relatively less
ENGINES emphasis on :ow drag. Supersonic cruise aircraft

on the other hand, spend the major portion of

When mission analysts began to look beyond Mach 3 their time at or near a supersonic design point;
significant levels of Interest in high speed consequently their intakes require reduced cowl
flight reemerged. In the US interest in high lip thickness, more efficient boundary layer
speed flight came about in the resurrection of bleed and relatively sophisticated bypass systems
the single-stage-to-orbit airbreathing aircraft to provide a precise mass flow match between
concept. The National Aero-Space Plane (NASP), Intake and enine and stable operation. Intake

makes use of a dual-mode ramjet/scramjet engine bleed flow In particular must be exhausted
to achieve near orbital velocities. A related efficiently to minimize potential drag
mission would be the so-called "orient express," contributions. As supersonic cruise takes place
a hypersonic passenger aircraft which would at higher and higher Mach numbers, the importance
provide quick trans-Pacific transport. The work grows of reducing contributions to bleed, bypass
on NASP, then, led naturally to examination of and spillage drag and the need to reduce cowl

other intermediate speed applicotions, both as drag leads to the use of mixed compression. The
new missions and as alternatives to NASP. technology currently available to accomplish

Starting from the lower end of this Mach 4 to 25 these tasks can best be illustrated by their
regime, mission analysts were able to see utility Implementation on current aircraft and in the
for systems operating frcm Mach 4 to 6 for design of advanced supersonic crutsv aircrrft.
intercept, reconnaissance or interdiction
purposes. Beyond that, in the Mach 6-8 range,

potential for a ramjet or rnamjet-poaered first 2"4.2,2 Intake Technoloev in Current Mach 2-3+
stage of a two-stage-to-orbit vehicle has been Aircraf

examined in a number of places, e.g., the Cerman
Sdnger vehicle. Also, suborbital Mach 8-12 The Concorde, operating at Mach 2.0, represents a

missions have been postulated which hold unique intake employed at the lower edge of the
considerable promise In terms of both reaction supercruise range (Ref 4.3). The Concorde
t'me and survivability (Ref 4.1 & 2). designers were able to employ a low drag external

Thus, the possibility of high :;peed flight has compression design (Fig 4.4). This intake, as can

been revived, and with It, the need for high Wing 4ecthon
speed air Intakes. Several distinct areas of ivrlor
interest ran be identif'led- .. . . . . . .

• Second ramp Bleed
S• vari~ablo) chamber

Max Mach
numbeE~r_ Eilt;tl Ainl icat Ions .-fBleed

a. 2-3+ High speed civil transport (HSCT) Auxiiary it
b. 4-6 Trantport L*Avion I Grande Vitesse

(•GY), Interc*pt, Reconnaissance &
'nterdlction aircraft

c. 6-8 First stage of two-stage-to-orbit or
vehicle (Singer) or part of a

raiejt/rocket single-stage-to-orbit FIG 4.4
(Hritish Netol) concept AERODYNAMIC FEATURES OF CONCORDE INTAKE
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be seen from the Figure, is basically a d. Distributed centerbody spike and cowl bleed
three-shock design, but adds some isentropic plus a spike shoulder scoop bleed for
compression on the second ramp and operates boundary layer and shock wave boundary layer
between a complex field of expansions/shocks interaction control (Fig 4.5b). An intricate
internally near the ramp bleed gap, and the control system blended these variable
standard normal shock at intake entry. By geometry features and an automatic vortex
allowing a small amount of duct contraction aft valve (Fig 

4
.5c) to solve problems with:

of the entry plane the external cowl angle is
kept to a minimum consistent with shock o Takeoff/landlng performance
attachment at the lip and a self starting Intake. o Takeoff noise abatement
The wide bleed slot behind the compression ramp
allows a free shear layer to accommodate changes
in mass flow. It automatically adjusts the bleed
slot streamline and the amount of flow removal
required for flow matching. From a purely ,.o., ''
mechanical point of view, the Concorde intake Is II~1IN~
a model of simplicity. It uses a variable second .' I_ /j0
compression ramp and an auxiliary intake (for
takeoff) combined with a dump door for over-board
bypass. Transient controls activate the dump
door which is made easier due to the fact that
the inlet operates stably from supercritical to

subcritical conditions. Its advantage is seen In
the combination of simplicity and reliability
with performance adequate for Mach 2.0 operation.. " J
With this type of design (ie without mixed f
internal/external compression) at higher Mach
numbers it would be difficult to maintain high
total pressure without unacceptable increases in -
drag and bleed flow quantity. ..

Altho- 6 h in the US a prototype supersonic FIG 4.Sa INTAKE GEOMETRY
transport was never built, Its air intake was one
of the more fully developed designs in the" "'='

history of US research and development.
Variations on its axisymmetric mixed compression
design continued In NASA for several years after
abandonment of the SST itself, exploring mixed
compression ranging from 40% to 60% Internal
contraction, developing highly efficient boundary
layer control and refining means of achieving - - 1......

Inlet stability. Tjonneland outlined some of the
chief design characteristics of the Boeing SST
intake design In Ref.4.4 as it applied to the
Mach 2.7 commercial cruise vehicle (Fig.4.5a).
This reference points out that in the development
of the Intake design, a number of improvements In
intake design were required, especially in the FIG 4.5b BOUNDARY LAYER BLEED SYSTEM
areas of boundary layer prediction and control,
intak, stability and Intake/engine airflow VORTEX VALVE
matching, It noted that, even with optimistic OmmWLI / W0,

pressure recovery and bleed estimates, an SST THROATSLOT O-00WLI 004Wlr
with a 3500 mile range would experience cruise -•--- - 0.0 AN ENTIAL FLOW

rn,,ge loss in exces:; of 12% due to total pressure UPERtONIC SUSONIC

losses and bleed drags alone. As a consequence, CCNTEeODY
It was necessary to set very high performance and 1% SUPENCeITICAL NORMAL SHOCK
stability objectives for the intake. For
example, the 'started' intake at Mach 2.65 0".0Wtm "0t4WLIp

operated at a pressure recovery of 91% and was 0 Q iGINTIAL FLOW

designed to accept a step reduction of 5% in SUPERSONIC S B TO--
engine corrected airflow without controller ----- CRITICAL
action and remain 'started'. Similarly, NORMAL SHOCK
operating on-design, the Inlet was not to PRIMARY FLO

'unstart' when experiencing a Mach number TANGENTIAL
reduction up to 0.05. The overall system was 0 ' ._ FLOW

matched so that no overboard bypass was required sxovteo~eo COMPNESOR
for matching during normal climb and cruise -My FACE STATION
oporat ion. The complex Boeing design FLO /
incorporated: "eo._aO

THROAT 0 /
SLOT 0

a. A translating spike for matching and bleed o
opt imizat ion"t0

b. Four throat doors to obtain flow area TANGENTIAL FLOW
variation needed from take-off to transonic
condlitions. FIG 4.5c VORTEX VALVE SCHEMATIC

c. Four overboard bypasa doors (which In turn FIG 4.5 BOEING SST INTAKE
incorporated suck-In doors) to spill excess
airflow during descent or other conditions
involving an inoperative enghti.
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"o Stable supersonic "started" operation It would have seemed incredible 25 years ago to
"o Intake tuzz suppression predict that the YF-12/SR-71 would persist as the

" oOpt imizing supersonic diffuser/bleed system state-*of.-tht-art for Mach 3+ manned cruise
operation flight, but even a,- it retired, it was the

"o Minimization of bleed drag reignin-3 example of highi supersonic cruise. A
"o Normal shock system stability number of reports on this aircrift's intakes

(e.g., Ref 4.8-13) offer Insight to the flylng

Even recent reports on NASA's Investigation of an Mach 3+ cruise state-*of-the-art for induction

advanced SST (Ref 4.5) feature a similar intake systems. This Mach 3+ axisymmetric mixed
design, but operating with advanced higher compre~.aion intal.e operqtes essentially as an
temperature variable cycle engines. The intake Isolated Intake, only a slight downward cant and

could employ on expanding centerbody compression toe-in being provided to align the Intake with

surface for noise reduction features such as the foreboody flow field (Fig 4.8). The

intake choking during landing or takeoff to block
noise from propagating outside the Intakc (R~ef
4.6). Similarly, updated versions of t he
Concorde (Ref 4.7) hiave been suggested (Fig 4.6).
The ATSF (Avion De Transport Supersonique du
Futur) would operate in the Mach 2.4 to 2.5
regime, possibly with a variable cycle engine
which would operate as a turbofan at take off ____

and as a turbojet for supersonic cruise, theJa
"flow multiplier" fan being driven by a secondary..
turbine for takeoff and subsonic cruise (Fig
4.7). With such a flight vehicle, crucial needs
Include a 'smart" control system, a high

efficiency intake and careful integration of all
aspects of engine and airframe design from the FIG b.8 LOCKHEED SR-71A
outset of development, compression spike translates for off-design

spillage operation and to provide Iniet 'restart'

CONCORDEcapability. Its bleed regions for boundary layer
control and shock stability are located on both

the spike arid cowl. Spike bleed Is by means of a
series of surface slots. Cowl bleed uses I
combination of flush slots and a ram scool:
referred to as the shock trap (Fig 4.9). The

INLET DETAILS

32 SHOCK Ito ECTOR

FORWARD BYPASS ITRAP TUEtS M Z.E IFLIASTI

SeOCK TRAP V ATVEeSL

C sLNE O T S (FULL SCALE)

FULL SCALE 1NLtTS BYPASS

8 SHOCKE III AITRAP TeUBESUN F~
NIMABLE

I/3 SCALE INLET

FIG 4.9 DETAILS OF THE SR-71A FULL SCALE
-- - AND 1/3 SCALE INLET SYSTEM

FIG 4.6 COMPARISON OF UAV ION DE TKANSPORT YF-12/SR-71 Intake system has two bypitss systems,
SUPERSONIOIE DU3 FLITUR &. CONCORDE using the forward bypass to position the normal

shock and to dump large .amounts of flow during a

saw.tee~ww. restart' cycle. The aft system provides for
c- ,,, . some engine cooling, but Is also used for engine

inlet control developed later was able to
____ attenuate disturbance induced shock excursions

for frequencies of about lhertz and below.

tEN 558(0Y BtEBO SUCX5-0SORAEN

E.EVIORFLAPSC.E5EO

C_ .. C_~ C,- ICe. O_. CA t(0S. outo PJSuEs CE51158(0DY 011EE

ca t 0,. 0-e CT. Oe 0- 0T" 5,lA N A" (050I aBftS$Ot~OF4UOSD 55511555 Vt5OM1.54

MOA4 FB*Am TO 10505505 &NOCK

FIG 4.10 AIR FLOW PATTERNS -STATIC AIRCRAFT (TOP)
FIG 4 7 SNECHA VARIABLE CYCLE EN6INE -HIGH SPEED (BOTTOM)
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Development of the SR-71 inlet during itslifetime has dealt largely with terminal shock situation creates an acceleration problem because

lifetime baaodealn with tthe Inlet sized for maximum Mach number is unable
stbility problems. Solutions working with to pass the capture area stteamtube at transonic
existing flight vehicle actuation hardware met
with some success, but other systems which would and low supersonic flight conditions. Coupling

require more drasd[c inlet modification showed this situation with reduced engine demand at the
excellen. promise. In one case (Ref 4.10)) a lower Macih numbers requires spillage bypass of up

YF-12 aircraft inlet modified to provide a porous to 9go of the approaching capture area streamtube
cowl-bleed region just upstream of the intake's (Fig 4.14). Getting rid of the excess air, in

shock trap and bleed flow was controlled by turn produces high spillage and bypass drags.

relief-type mechanical valves (Fig 4.11), Consequently a critical need is identified for

designed F.ir high Mah number (Mach 3+) flight. Mach 4 to 6 intakes which exhibit low off-design
""drag. On the other hand, the requirement to

maximize total pressure recovery (as with a Mach
4" A,-" 3 turbojet) is relaxed in a high Mach number

S-/.-- environment where a ramjet is either intluded
--T with the turhr, jet or takes over completely.

/Cuerent Intel wply (Tmasid)

Conte e inesos demand
-. - - - - -___ . ---- - - - - --- --5

Law twarnis 1A- inlet eaeaity

FIG 4.11 YF~-12 INLET WITH STABILITY SYSTEM 0 .sinn.is..o.m
The valves provided their own reference pressure u 2 3 4 S

and, hence, did not respond to the slow response

perturbations handled by the inlet's control FIG 4.14 COMPARISON OF IN:CT SUPPLY &
system. Such a system was shown to be able to ENGINE DEMAND Mo6 vs CURRENT
absorb diffuser-exit airflow disturbances thatPR ULINSSE
are Too fast for the inlet's production controlPR ULINSSE

system. If the SR-71 were being developed today,
it appears that the level of technology would be A number of design issues can be identified for

adequate to tacilitate synthesis of a mare stable air in~akes operating in the Mach 4 to 6 range.

intake. In the supersonic diffuser the compression ramps

are designed not only as to number and length of
ramps, but also whether to use hinged ramps

,2.,4,3 MACHl 4 - 6 INTAKES exclusively or include flexible ramp(s) to

2 . 3 1 e q i s t T c h o l easp p r ox i m a t e i s e n t r o p ic c o m p r e s s io n . V a r ia b le

2.•43.1 euuslteTecnoloiesgeometry also helps to provide efficient

transonic spillage. An efficient .. ",ndary layer
For the most part, the difficulties of designing control system for compression ramp(s) and

inta
t
" at Mach 3 continue into the Mach 4 to 6 sidewalls is designed not only to maximize

r'gime, but with revised priorIties. Major pressure recovery, but also to m~aximize total

changes in emphasis stem from the off-design flow system performance with absolute reliability.

matchi,,g problem and from the utilization of a Intake throat dest,•n for these applications

combined cycle turtut-ramjet engine (Fig 4.12). considers the effect of throat Mach number on

performance and stability and It provides for

01 - normal

0s ••.• ... o [ nrmlshock position control, whether by bleed,

....1__ -- 0. 5 0 .. m ano d, , o

I, j+• shock trap mechanism or other device. Design of

- forebody boundary layer - whether to divert,

,::[bleed or ingest some or all of it. Because..of

te high pressures and temperatures in the

The, vals pntake, mechanical design takes on incre as ed

p t i l' s o o importance for accurately controlF led actuation,

System Suh a sstem was sfor sealing of ramps against leakage and for

b subsystems. Even the subsonic diffuser design is

critical. Care must be taken to mainiainFIG 4.12 COMPARISON OF INLET DRAG COMPONENTS attached flow with the high area ratios

associated with maximum M7ach number, (a) to

Maximum Mach number propulsion flow requirements provide for smooth transition from turboJet to

produce a large intake capture area reinave to r smjet operation, (b) to use the ramjet duct

other aircraft dilmensions (Fig 4.13). This appropriately for bypass in low speed (transonic)
flight and (c) to assure adequate difflser wall

cool ing.

:2_i'•• / "\ ••The foregoing deals with air intake design as a
component, but in this Mach 4 to 6 regime the

M AC H 4 --- -- --- -inte g rati on o f a ir I n tak e w ith th i a irfram e takes

trat on increased import ance. As eean t loned

For.the mostpar t, previously, the Intake size at higher Mach

nuabera Increases with respect to the rest of the

changes4 ~ aircraft. This forces the vehicle designer to
cmie uce tt( consider utilieing part of the airfrace as inlet

FIG 4.13 SIZE OF CAPTURE AREA n INFLUENCE OF compteaion surface, thereby effectively reducing

PROPULSION SYSTEM GROWTH WITH SPEED airframe wave drag and, potentially, wetted ares.

a t

for--d bonaylyr -wehrt-iet
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:flrfrirse wave drag and, potentially, wetted area. boiundary layer; are quite different In height and

Air intake design - as well as the entire shape and can fill a significant portion of the

propulsion system - minst be accomplished intake (Fig 4.16). The differences were seen to

integrally with the flight vehicle from the be determined by parameters such as forebody

outset of preliminary design. transverse curvature, transverse static pressure

gradient and the degree of Isolation of the

L.4,3,2 Specific Aoolicatitons forebody compression from crossflow influence.

Intakes may not var' greatly in general With this potential Influence of forebody

appearance, but still provide dramatically boundary layer development In mind, a specific

diffetent en 3 ine flow conditions. Reference 4.14 study of Macih 4 to 6 airframe - propulsion system

Indicates that the fuselage forebody boundary integration is .onsidered (Ref 4.15). This

layer will be turbulent, and could be ingested at investigation found intakes with low boundary
least partially by the intake in an integrated layer bleed requirements and good

configuration. it notes the potential for angle-of-incidence characteristics to be highly
improved aircraft performance from forebody desirable. Such attributes were found to permit

precompression and offers experimental data from efficient engine operatfon including manoeuvre at
four different compression surfaces at Mach 6.0 hypersonic speeds. If, as in many applications,
to show potential differences in boundary layer a hypersunic manoeuvring requirement sizes the

progression (Fig 4.15). The four developed intake capture area, this study showed it
possible to achieve a 20% to 50% reduction in
intake capture area by ,tsing horizontal ramp

intakes or shielded Intakes (Fig 4.17). In this

case, airframe Integration of the intake has been
used effectively to reduce flow spillage

requirements. Also, if done properly integration
can lead to reduced vehicle weight, fuselage wave

and viscous drags (Fig 4.18). On the other hand,

THRUST SLS 134 89 KN EACH
Assp:1897.'ItCS

Z[ Ano.. L 24•80 .'/ENG

1.2 a. tuyor s O.a O TE INTAKES

IV

1.0 i

BOUNDARY .8 .CRUISE 20-
LAYER THRUST 304895K EACH

HEIGHT .6 -Acop 1 659 ,m ENG"

- --..-.- Anozzle i 344mt/ENG
INLET
HEIGHT

U~ L

0 4 G 12 1610,910 b. EL5C-V.~. HIOHLY lNtE.3RATED

FIG 4.15 SCRAMJET INLET VISCOUS EFFECTS FIG 4.17 MACH 6 RECONNAISSANCE AIRCRAFT

a+.0 =4' UH* M *IIO AEDA

5 CHAtS AEEARLIMINARtO

1' .........
SA-ECA-RIGIJRE5 FLOw OAST 9D

wWAVE DRAG

F IG 4 .16 FI "RI "
BOUNDARY-LAYER SHAPES FOR TWO ANGLES OF
INCIDENCE & FOUR FUSELAGE SHAPES, SCRAMJET FIG 4.18
ENGINE OF HEIGHT h AT THE ENGINE INLET STATION PERFORMANCE BENEFITS DUE TO INTEGRATION
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thfe Study warns t ha t non-opt Imum structural

designs can actuafly Increase weight in judlging from the results of Investigations ard

Integrated concepts and that high drag boundary developments over the past hiirty years sisice

layer diverters may be required. In this design !Aacit 4 ic, 6 pr,,pulslon Integrat'.on work began Iii

task apiccirrl effort was extended to produce a earnest, there appears to loe little doubt that

compact mi.*(*! compression Intake .iesign which the foundation technology for manned Mach 4 to 6

oazpioyed isentropic compression In both ramp and air breathing flight exists. The question,

cowl, and internai shock cance~llation in thle rather, Is whether there Is sufficient militrary
stepport or 4iv~llan potential to pay for the

/'*-.. u~,,development and flig'tt test of such a system,

~ 24.4 MACH 6+ To 8 AIR INTAKEL V.~P. FIRST STAGE
ACCELFRATORS

Ibis .pplication Is represented most notably by

I Germany's Shnger Vehicle, but numerous versions

/ of thitIs alternative to the NASP-type

1 'tuu singie-stage-to-orblt have been generated, It

cz-.Z K' ~ '1offers lower risk In terms of propulsion system
~wo~5s. !Z..- development In general and, consequently, air

S intake technology. In the case of the S~nger,
the large first stage launch platform accelerates

FIG 4.19 to about Mach 6.8 powered by turbojet.-ramjet

MACI -I15 INLET DESICGN SHOCK STRUCTURE engines (Fig 4.21). At this poifnt It separates

throat rugion (Fig 4.19). Bleed on both ramp and 77

cowi sides of this shuck cancellation cornier it ,.
used to prevenit separation due to rho..k-

boindary layer Interaction. This bleed also

provides a measure of stabilit) by increasing
shrarpiy wish forward stovemeot of the shock. :

iL estimated that this type of inlet wouid

require only about 5% total bleeA, Including 1%
on each of the sidewails. The Idea behind this
is that any range decrement due to loss in total tlj ~(l~l i
pressure recovery would more than be made up by
the reductiun In bleed drag. Experience with the FIG 4.21 SANGER BLEN~DED BOOY/WING
conventional, mixed compression NASA LFRC Macb 5.0 CONFIGURATION
Inlet tsst demonstrates that high Mach number

inlets can demand ý- amounts of i-lecd flow to from thle smaller, top-mounted "llorus" second

produce stable, l.,* pe: 'OrMarCe operation. The stage which goes into orbit via a rocket (Ref

focused compression concept of the Ref 4.15 study 4.17). Another proposed system is Hotel, an

is inherently high In r:,. , but offers sizing and orbitail vehicie conceivedi ny rint sir Aerospace

blieed drag reductions .- rthy of furth-r ard Roils Royce (rig 4.22). While fiotol is not

expilorat Ion.

Aeror-patiale, as well as US rcý-cerns, have been
examining commercial Or~licat ions of Machi 4 to 6

f]ilght . The FýEnch version, L'Avion 'a Grande
Vitesse (ACV"- would cruise at Mach S.,((Fig 4.20).

FIG 4.22 HOTOL CONFIGURATION
FIG 4 3AEROSPATIALE HYPERSONIC.prs ,aL eice h i rahn

AIRCAFTCONCPTAGVpropulsion system operates only to abort Machr
Its designers wvere quoted (iReerence 4.16) as 5.0, at which point ascen~t continues no rocket

""bein C'iifillcrt that tbeyý posseSs the necessary power. Thus r.any of the air Intake requi rei..ýnts

theoretical and exporrimental bases required to are the saxie as for the Slinger, the primary

Intlilatf the design nf .,uch an aircraft. TheY differecice coming, apparentlty, frem tire secondary

cite experience withi rain-propulsion engines rise of the Hotol inlet during ascent to gather

(ramjet and rrrcroc'.et) iii missile work and air for production of liquid oxyg'n used lit Its

capabililty to de.al with iupersvrlc flight on a rocket prhase (Ref 4.18). Al r Intakes for this

large aircraft frotm Cxncordi: experience. This type of velricio would vary from tho-e of stre

would prerumably Include the ability to deal with previous svct ion Ini that , ais
air Intaki probiems, but based on rveoet US acceleraotrr-redlcatrrl components, tucy would 1101

experience t .-e re is a corns;derable iclap in he so heavily concernedr with bleedi drag niio

complexity of fnta!ýns frrm Mach 2.0 to Macis 5.0. design point perforrrance. They might therefore
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provide applIcatIoni, for the so-called oversped transition and development, factors that had been
Intake, (Fig 4.23) .omewht undersized for the insignificant at lower speeds would assume major
mnximum Moch number condition in order to reduce roles at hypersonic speeds. For Instance, rapid
spillage drag at the transonic condition. Mach 8 growth of high speed boundary layers effectively
is giver' as the upper Himit for this application changes surface rhape and "entropy swallowing'
with the assumption th.! it would be feasible to pulls energy from the stream that would otherwise

energize downstream boundary layeri. Wind tun.el
.verlfla':ion testing would be compromised by the
"fact that wall noise interferes with transition.
Inlet development and analysis is further

1ý complicated by the mignlficance of real gas
effects above about iach 10.

With this backgrcund, it is rppropriate to review
some recent intake technology developments and

FIG 4.23 OVERSPEO MIXED COMPRESS;ON UNIT notice the advancement of capability in the
relatively short period of time from 1987 to

consider osirg subsonic combustion ramjets to 1989. First, Ref 4.25 reports development on
th~s speed. ;n any c':e, avoiding the jump in Intake boundary layei' control at the lower Mach
tthnology requirement associated with scramJct numbers. This work presents Navier-Stokes
operation would have a strong Irfluence on the solutions for strong shock interactions, incident
maximum Ma'h number of staging or shifting to oh!ique shocks, compression corners and shock
rocket propulsion. exparnsions associated with high speed air intakes

(Fig 4.24). Also, it presents results of
Some valuable measuremerts on research type
axisyneetric t':akes or perturbations on
axisynmoetric iitaees in this %ach number range (5
to 8.5) we.-e done by NASA Langley in the 1970s

(R~efs 4.19-21).

2 4_1 AIRINTAKES FOr SITRAMJF.T PR,IPIJLSION MACHl 8
TO 254

A." indicated previously there are some mission
aifferences associated with various levels of
maximum scramjct powered flight Mach number.

Suborbital missions have been defined for the
Mach 8 to 12 regime, but the greatest attention
by far recently has been given to the development
of a single-stage-to-orbit flight vehicle using
dual mode (ramJet-scramjet) propulsion. In FIG 4.24 SHOCK INTERACTION FLOW FIELDS
generI1 the technology challenges are similar
across this regime, but obviously e.calate with tangential air injection to control
ýncreaslng Mach number. shockwave-boundary layer Interaiction in the Mach

3 to 5 region, show!rng the importance of proper
injector location in order to effect flow

Some of Jhe primary challenges of high Mach control. Another source (Ref 4.26) e;s'usses the
number vehicles were well defined in 1986 (kef application of a 3-10 Navier Stokes code to the
4.22). it was pointed out that in analysis of an Intake module where flow is
ramjet/scramjct-powered vehicles, intakes and compressed by swept, wedge-shaped sidewalls. The
exhaust nozzles would comprise the major part of combination of sidewall sweep and aft cowl
the entire vehicle so that intake performanc? placement in this fixed geometry design
would be directly related to forebody facilitates efficient spillate and good inlet
precompression. At the same time this inlet characteristics over a range of operating Mach
precompression creates a significant portion of numbers. Three wedge-shaped fuel injection

the vehicle's lift and pitching moment. Also, struts double as additional compression surfaces
Intake, airframe, combustor and exhaust nozzle to complete the diffusion process (Fig 4.25).
must be structurally integrated. While the
aIir frame and propulsion system are thus F, LU iAuCION SIRUIS
inextricably linked, the aerodynamic interface
varies with engine operating made, complicating I
the rcsponsibility for the design weight and
peo'formance. Ref 4.23 (1987) asserted that there ABUSIm
was sufficient knowledge to design and build

rocket-bosasted scramJet-powered missiles for Mach
3 to 7 operation, but that extension to orbital
speeds or Integration, with a vehicle that -__._
operate, from take-off would require *additional
development." This reference also mentioned the NOZL
role of CFD (computational fluid dynamics),
sa:.'ing that It was still in n formative stage and GROSSSCTRSIaa'RIGOR
lacked fundamental process data to validate a
number of the physical and chemical models being FIG 4.25 SCRAMJET ENGINE MODULE
used. Intake development, In particular, would AND •'s CROSS sEe[ION
be affected by the need to understand turbulence,

especlalli at supersonic end hypersonic flight Obviourly, the thrsnt flow Is highly ,omplex,
speeds, and to be able to predict its effect on experiencing side wail Interaction with strut
wall shear and heat transfer, boundary layer shocks and expansion waves, cowl shocks, end
separation/reattachmcnt, fuel injection and effect expansion waves and separation induced
mixing as well as chemical kinetics. Reference shockwaves. The author points to good agreemeait
4.24 (also in 1987) echoed these basic thoughts, ,t this complex analysis with experimental data
pointing out that, in the area of boundary layer in order to claim good ability to simulate the
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hypersonic vehicle air Intakes. The utility of 12 - "Matching & Control" - he Concorde
such analysis capability Is particularly evident Intake, pp 329-333 - AIM Education Series.
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2.5 INTAKE IEcIlN & PERFORmANCE FOR AcILE starboard intake) occurs as tte intake ,iormeal shock
Th~kL.FIHTERS intersects the body boundary layer and the

S resulting separated flow may be Ingested into the

2.5.1 INTRODUCTION intake.
2.5.2 ISOLATED INTAKES
2.5.2.1 Internal flow

(a) Flow in the subsonic diffuser (
(b) Combination of Intake and

subsonic diffusers
2.5.2.2 External flow
2.5.2.3 Intakes with compression surfaces at

subsonic and supersonic speeds
2.5.3 INTAKE-A!RFRAME INTEGRATION
2.5.3.1 Fuselage flow fields for side mounted

inlets
2.5.3.2 Performance of a rectangular compression

surface :ntake on the side of a fuselage
2.5.3.3 Performance of half cone intakes on the

side of a fuselage
2.5.3.4 Performance of a pitot intake on Ina

side of a fuselage
2.5.3.5 Fuselage and wing flow fields for

shielded intake installations
2.5.3.6 Performance of shielded comp;-ession

surface intakes
(a) Rectingular intakes _____

(b) Half axisysmmetric intakes a
2.5.3.7 Comparlaon of performance of shielded

and unshielded rectangular and half
axisymmetric inle's

2.5.3.8 Performance of shieloed pitcst intakes
2.5.4 TECHNOLOGY IMPLEMENTATION IN CURRENT

AIRCRAFT
2.5.5 CONCLUDING REMARKS

2-.1) INTRODUCTiO__

The design of Intakes for high perforiance over the
range of conditions experienced by an agile/
strike-fighter aircraft is not simple. The
.!lifficult; in intake design Is trying to achieve
good efficiency, low drag, and high margins of
stability at all operating conditions together with
lIw w.fjht and cost. Compromises in all four
characteristics are usually made to maintain
ae.eptable performance levels at various flight (e) ---
Mach numbers, angles of incidence, sideslip and
power jetting. The limits of speed and attitude .
car, be highly variable depending on requirements
which become increasingly severe with the passage
of time, and, in particular, whether or not post
stall manoeuvring is :regarded as being necessary.
Typically, a Mach number range from zero to 2.0 or
3.0, a range of incidence (without post stall
manoeuvring capability) from -10" to +40", a
sideslip variation of 510' - 20' and a range of Other Intake positions may suffer more or iess

engine airflows from maximum to flight idling may severe rogions of flow separation. For any side
be required. Under these conditions, separated intake position there Is always. the possibility of

ingestion of a vortex shed from the bottom 'corner'
flow end complex shock and boundary layer of the body. If the intake is shieided from the
interactions at or downstream of the intake entry direct influence of aircraft incidence by
plane will be present over an .,ppreciable part of pit Itfunder ain or Iing r a
the flight envelope. positioning It under a wing or %Ing root strake

(Fig 5-1f) then the risk of ingestion of a
The major features of flow patterns around and 'trapped' region of thickened body boundary layer
inside an air intake installed on the side of a or a shed vortex from the bottom of the body is
body are shown in Figs 5-1a-h. At zero and small Increased.
incidence, internal lip separation can occur at
high engine airflows an'. low forward speed (Fig (f)_ M
5-1a). At high forward speed with an ingested
streamtube size smaller than the intake at all
engine flowa, separation can occur externally over
the cowl and In the 7re-entry boundary layer on the
approach surface to the intake (Fig 5-1b).
Separation may occur internally also, parttcularlf A dorsal position for the intake behind the cockpit
at high intake throat Mach number, If the duct canopy may have the advantage of lower aircraft
shape bends and/or diffuses too rapidly. At high radar signature (from ground based radar) and
incidence siparatlon occurs at the lower lfp reduced hot gas Ingestion for a VSTOL aircraft.
internally. Up-ash around the body will often However, it has the disadvantage of possible
lower the threshold of incidance at which this will ingestion of the canopy wake or a vortex from the
occur (Fig 5-1c). wing root or strake at sideslip and at supersonic
A similar situation occurs at yaw as depicted in speeds local Mach number in front of the intake
the port intake of Fig 5-1d. At supersonic speeds will be in excess of She free stream value (FIg
the well known lambda shock formation (Fig 5-le, 5-1g).
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ML¶Me Fox & Klilne (Ref 5-1) have defined boundaries of
flow states In two dimensional ducts. The lowest
boundary of 'first stall' defines an area in which
the flow is always attached except perhaps for
small separated flow areas near to the final area
A2. The next boundary of 'appreciable stall'
defines an area in which the flow experiences
transitory separation and the flow is no longer
steady at the engine face. Tindell in Ref 5-2 uses
an average wall slope and diffuser area ratio A2/AI
to relate more general diffuser shapes to Fox &

Kline's boundaries (Fig 5-3). Tindell also uses
the Himat and Grumman configurations as a basis for

The underbody position has undoubted advantages at the calculation (by a finite difference and by a
incidence at both subsonic and supersonic speeds panel method) of the onset of duct separation as
(Fig 5-1h). The onset of lip separation will be the basic geometry f these ducts is systematically
considerably delayed at subsonic speeds If the altered to vary area ratio and average slope of the
intake is well shielded by the body and at inboard wall.
supersonic speeds the reduced local Mach number
will Increase pressure recovery as Incidence is - - -
increa sed T- -. . . "T- l

(h)

A 0 '. 3 1LU A40 1-35 40 (77 1

!GRUM AN 1 05 0 30 0* 1 89

FIG 5.1(a)-(h) FLOW PATTERNS FOR BODY
MOUNTED INTAKES

TO understand and predict the performance of an All. . .0
Intake installed on an agile tactical fighter, it
is necessary to build up the performance from • SYMMETRICIKL:NE! • OF0ET
simpler component parts. In the next section,
first the characteristics of isolated pitot intakes PPRECIABLE STALL'
and then those with a compression surface are 30 -A I
examined. For isolated intakes, the build up is
illustrated from the duct alone, the duct plus the .0iR S0 STALL'
intake at zero Incidence and finally, the 20 GRUMMA0 N
combination at incidence. This is ther. followed in 091940
sect Ior. 5.3 by Illustrations of how the 10 A0- A

characteristics of an isolated intake and duct are 0 / 10 "0 AAVS-DESGEES
altered by their Integration with the flcw fields [NaIl-

aroond a body or body and wing combination.
THR0AT

2.5,2 ISOLATED INTAKE$

. 5.2.1 Internal flow 40 -APRECIAB. STALL"

(a, Fio In the su tso llc dsiffusers 30 1E00

Fig 5-2 illustrates ihe nasic duct loss due to skin 2001 AT CONFI iCOF1
friction on duct walls as measured in a duct wish a 20G" L OF AUN-CON0 FAMILY
bellmouth intake that is sucked to give P range of _(r
throat Mach number. The small duct total pressure 0 1 2 0loss of FIZ 5-2 Increases as (a) duct length Is FIG 5.3 v0F-otOtDEREES
Increased, (b) the duct becomes curved and changes
cross soctional shape. COMPARISON OF THEORETICALLY DERIVED FAMILIES

0 OoV/ L/oD OF VERGE-OF- SEPARATION CHARACTERISTICS WITHcoo L

3009107 ( Q• "0  " TRANSFORMED CORRELATION OF KLINE
PREISURl
LOSS 0 0,

With the advent of more advanced fighter designs,
t 05 tighter Integration of the engine into the. wlrframe

Apt sometimes requires highly offset diffusers (Fig
PIo 0051 5-4). New methods of avoiding or controlling

0/3 c •-- ~boundary layer separation are needed to achieve
aadequate performance. One of the most fundamental

0pproachos is to provide a favourable area0A2 , S distribition and centrelire offset shape. Ref 5-2

001 .,hows a study of these parameters. Three
centreline shapes were chosen consisting of: I)

03 / •- -- - modest turning, 2) rapid turning at the exit, and0 1 0.3 0"• 0" 0 ',5 0 08 M ACH NHOT
""0 tH oATO 3) rapid turning at the entrance (Fig 5-5). These

FIG 5.2 BASIC DUCT LOSS centrellne shapes were analysed in conjunction with



three are& distributions: 1) modest diffusion, 2) 
35H t0

high dIffusion at the exit, and 3) high diffusion 0 K
at the entrance. The 3 x 3 matrix was analysed 008 04 .58

using flow computation methods; results are shown
in Fig 5-6. obviously, slow turning with high TOTAL 0 07
diffusion at the entrance is more favourable in PRESSURE

terms of low boundary layer blockage and high total LOSS 006

pressure recovery. 0 05

Y11, n.6 Pt 0 04

00o

FIG 5.4 ADVANCED COMPACT DIFFUSER".
0

02 03 04. 05 06 0.7 08 M thTHROAT

O4NutR CF'ILAS 
MACH NO

'°I 'If' CEI.. . 4 FIG 5.7 BASIC DUCT LOSS FOR S BEND DUCT DUE
, , / f . .TO CHANGES IN FIRST BEND SHAPE

S O 'gradient between the walls can be reduced. Thus,
7Y 1. ,the extent of separation can also be reduced

without changing the average flow velocity.

°o os C

CII/k III ARA RATIQI. 1 7

FIG 5.5 DIFFUSER CENTRELINE/ I"..s
AREA DISTRIBUTION

IAOELIRE1

AREA DSETRIORTTOR M

AREA- LID- UERA', "., %% .% I,20
AECOVERY. 1tE CENTERLIWE 2 " 0 4 06 09 1.

P*l ,r 5 OStI•( MACH NUMBIR

2. FIG 5.8 GERLACH AREA SHAPING

A,. 150NOMAY LAYER DISPlACEMENT AREA
17 O 0

Eal is 0 02 2 0E, 026 Small airfoil shaped vortex generators In the
IKOCKAOE./A4 •,UlrI diffuser upstream of a known separation point are

FIG 5.6 EFFECT OF CENTRELINE/AREA still one of the better ways to minimise separation
DISTRIBUTION ON DIFFUSER RECOVERY as shown In Fig 5-9. The diffuser separation

characteristics must be known a priori, however,
because the vortex generators are most effective

The S duct .low may include some areas of separated when piaced just ahead "f the separated regions.
flow followed by reattachment and certainly by the Therefore, adequate diffuser analysis methods must
movement of the boundary layer from the outsIde be available to dqtermine the location of separated
wall of the first bend towards the Inside and the regions before the vortex generators can be
generation of some swirl at the engine face. If Installed.
the rate of diffusion combined with the sharpness
of the bends becomes too high. massive separation
will occur downstream of tie first bend with E-P4]- no
consequent unacceptably high total pressure loss
and flow distortion at the engine face. The series A

of ducts shown in Fig 5-7 have constant length, a 0, P .EM -*
constant radius final bend, and a common area T 0 BtselineI
distribution. As the first bend is usually the P'EEsuIR 0,, ( Y16* S -- EIRAJON

primary source of engine face total pressure loss OEY A "16-

and distortion, the series of ducts successively 0a2 0 ±16° FLO

decreases the extent of the first bend by DIRECTION

decreasing Its radius and canting the entry plane el a• o RR0 Eo Y TEK
with the consequent reductions in total pressure IUEMSJWCMACHMIuR CEtEtAtE
loss that are shown.

For highly offset diffusers with separation In the FIG 5.9 VORTEX GENERATOR DIFFUSER
turns, Gerlach area shaping (Fig 5-8, Ref 5-3) has PERFORMANCE ENHANCEMENT
been shown to minimise the extent of the
separation, in turning ducts, a pressure gradient Active boundary layer control in the form of
normally ex.sts between the inner and outer walls bleeding and blowing is often more effective than
due to centrifugal forces. High pressures at the passive control. However, the cost may be higher
outer walls often are the cause of large separated In Intake bleed drag or Increased compressor
regions, When the duct cross-section is shaped workload. The amount and distribution of bleed in
such that the velocity is Increased at the outer the diffuser is critical. Too little bleed flow
wall and decreased at the inner wall, the pressure does not control the separation while too much is
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not economical. The performance enhancement Is (b) Combination of intake and subsonic diffusers
seen to be most beneficial in Ref 5-3 when bleed is
located upstream of the separation (Fig 5-10). The next element to consider is the effect of

'0 forward speed and replacement of the bellmouth by a
representative intake lip. The magnitude of total

SEPARATIN pressure loss (other than skin friction) over the
S Ar full forward speed range from zero to transonic Is

determined by the occurrence and resulting size of
p, p, 016 the separation at the lip and the magnitude of
TOTAt throat Mach number. In general at zero and lowPAESSuRE

IWNWOv 0. Oa |ttloOAOSlT forward speed (except at very low throat Mach
dPATTIAN numbers) the ingested stream tube will be largerWleed location

0a2 0 Forwad D than the intake capture area (Ao/Ac > 1.0) and
KT~id separation will occur on the inside of the lip If

a Rear VIE- . FLOW the lip Is sharp (Fig 5-1a). The magnitude of the
01 5 2'0 30 04a 5,0 i.0t loss due to mixing following separation rises

IBLEDMASSFLOW•RATE-P IrailtNrlAACEFLOW rapidly with increase in throat Mach number. As
forward speed increases, the streamtube rapidly5.10 BOUNDARY LAYER BLEED decreases in size for a given throat Mach number
and when it becomes less than the capture area,

Computational methods are now coming into routine (Ao/Ac < 1.0), lip separation has disappeared and
use which can calculate the flow through S ducts, losses rapidly return to the skin friction level of
Fig 5-Il shows a comparison between engine face the basic duct loss. In Fig 5-12 total pressure
total pressure contours as calculated by a NASA loss Is shown plotted as a function of Mth and of
(Lewis) parabolised Navier Stokes program and inverse capture ratio Ac/Ao rather tian capture
measurements at high throat Mach number for an S ratio so that the Important static case of Ao/Ac -
bend duct with constant circular sections (Ref w (Ac/Ao - 0) can be Included.
5-4). Regions of sep•.'.ed flow occur upstream of
the engine face. Nevertheless, the general pattern 05
of total pressure loss at the engine face is . (=0 (a)
reasonably well predicted. Apt

0)f sel/Lenoih 0.45, Me 0.385 , Re = 3.90 x 106

a--)'4 SKIN FRICTION".0 1 T -
INVERSE CAPTURE RATIO A 5A

.0(=20° (b)

A, ipyss ( PO tIb) ?_perm-., TOTAL

PRESSUREO f s / ( , h = 0 S • • 0 . .-7 31, R e = 5 ,37 x 1 0 6 L O S S " IM f h ---•

_ __1 0...

00

INVERSE CAPTURE RATIO "•o
AO

Aoýsis (No iub) Experment,-l L^= 300 (c)

OFFSETOT 01. (C.R. = 1 -078)
PRESSURE --- MthLOSS 0*?-5

034

0.1

INVERSE CAPTURE RATIO A1
OIfset/Lamqlh 0.45

FIG 5.12 STRAIGHT DUCTS: VARIATION OF LOSS
WITH THROAT MACH NO. INVERSEFIG 5.11 COMPARISON OF CALCULATED (NASA LEWIS) CAPTURE RATIO & INCIDENCE

& MEASURED (RAE 2129 S DUCT) ENGINE FACE
RECOVERY CONTOURS FOR CIRCULAR SECTION S DUCT
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At Incidence, lip separation can occur at all the loss variation of the unstaggered intake (Fig
values of Ac/Ao and not just at low values of AC/AO 5-12c).
as at zero incidence. Fig 5-12 shows a progressive
change In loss pattern as incidence increases from
0 to 20" and 30 . At 20" the pattern of losses is C= 0-

similar to that at zero incidence but the thickened "8 (C.R.=l.078)
boundary layer downstream of the windward lip
results in higher losses that are still however
Invariant with Ac/Ao at Ac/Ao > 0.7. For this
particular lip shape at the highest value of Mth
the effect of a small area of lip separation is 02 ve

just evident as the losses no longer remain
constant at Ac/A 0 > 0.7. At an Incidence of 30"
lip (Fig 5-12c) separation occurs at all values of
Mth and this pattern of increasing loss i., typical
at all values of Ac/Ao above about 0.3. 0-1

There are two geometric parameters that can " .
markedly affect the magnitude of total pressure
loss due to lip separation. The first is lip 0 ,0

contract;on ratio CR (- Ac/Ath) and Fig 5-13a 0 1 A,
illustrates the effect of changing CR from 1.078 to FIG 5.14
1.25 at 20" Incidence and low forward speed VARIATION OF TOTAL PRESSURE LOSS ',''TH
conditions. In this case, the differences in

performance between the contraction ratios are INVERSE CAPTURE RATIO & THROAT MACH NO
principally the result of whether or not separation
has occurred. In the second illustration (Fig FOR INTAKE WITH 500 LIP STAGGER
5-13b) the streamtube size is smaller than the
capture area and separation will have occurred for At low forward speeds with Ac/Ao < 1.0 for a
all contraction ratios; the differences In loss are iaggered intake, more flow is sucked over the
due to the decreasing size of the separation region ower lip than the upper one so the unstaggered
as contraction ratio decreases. Intake with its syimmetrical separation region

suffers less loss as shoo,- in the comparison uf Fig
0-12 CR.=Ay 5-15. However, as forward speed Increases from

Ac 1.0-8 th about Mo 0.1 to 0.2-0.3 (inverse capture ratios of

i p010- A 0.3-0.6 approximately depending on throat Mach
P, -number), a cross-over point occurs and at higher

08- Cc=0increase capture ratios the favourable effect of

lip stagger increases rapidly.
004- -177

'00] Pic}{ - 0.6

0.2 0!3 04 0.5 0,6 0' 05 tý 0.1• ' .... 1 oMtA 0c5002 2 ... .. -0

1-07'8 -02 0-3
A0  1--4- SO*STA6GGER C. R,

02Y 1.5 0 U NSTA06GEREj 1.078
0 -2 - 1 o " -

A 0 (=o 300 1177 0 0 04 06 0 0 2 0 A .8Ap Y 1 .7v25 o •o•o o Ao

bt FIG 5.15 EFFECT OF LIP STAGGER AT LOW
FIGl (b) FORWARD SPEEDS

0 -- Thus, in practice, the staggered intake would

require slightly larger or more efficient auxiliary
Intakes to restore take off and low forward speed
performance to the level of the performance of the
unstaggered intake.

002 0'3 0"4 0-5 0-6 0-7 The influence of other geometry variables that have
2 3smaller effects on performance and .he effect of
Mth active geometric variation that can result in large

FIG 5.13 changes In performance are dealt with in section

EFFECT OF LIP CONTRACTION RATIO ON 5.4.
TOTAL PRESSURE LOSS AT SUBSONIC SPEEDS At supersonic speeds, as incidence increases from

zero, the entry plane of a pilot Intake
The second, which has an even larger effect on loss increasingly inclines away from the vertical but
due to lIp separation, is the effect of intake the Intake normal shock remains approximately
scarfing or lip stagger. The upper lip turns the normal to the free stream direction. As flow ratio
flow from the free stream Incidence so that the Is reduced from unity, the shock becomes detached
lower lip Is shielded and if the stagger angle is from the leeward lip and moves upstream across the
high enough, lower lip separation is delayed Inclined capture plane. At the windward lip the
probably until incidences of 50' - 60' are reached, flow remains unaffected until, with Increasing
Fig 5-14 shows the variation of loss with Inverse spillage, the normal shock finally becomes
capture ratio and throat Mach number for a 50" etely detached from the entry plane. When the
stagger angle at 30" incidence. Losses fall shock Is In this position (low values of Mth) the
continuously with increase in Ac/Ao In contrast to variation of total pressure loss is then a function
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of capture ratio and throat Mach number as at zero 02 04 0,6 0 :8 10A 0-2 0-4 0-6 0-8 1-0 AV
Incidence. When however the normal shock is 0 -A C 0 cImpinging on the internal windward surface, the 7
increase in loss is at a higher rate than at -0.0S 97
subsonic speeds. In these circumstances, the total
pressure loss Is now not only a function of capture a

0  
,

area ratio and throat Mach number but as free 0 o ~ Mo- 0 M0
stream Mach number because this determines the
strength of the adverse shock and boundary layer -0-15
interaction on the inside of the windward lip. Co
Thus, total pressure loss and engine face cowL-0
distortion is correlated over the full Mach number
range from 0 to 2.0 by the use of the parameters
Mth and Mo/Mth as shown In Fig ý-16 rather than the C.R.

parameters Mth and Ac/Ao. a ,-01NA MEASURED 1
EULERFULL POTENTIAL } CALCULATED, COWL

(~.?;~k~i ------- I EULER

AP '

o01 7 3 0 06 1

' -= o 2 ..... 06 '0-8 .... AA -002 O- 0.10o.

0 
65 0 1 -7 M5 1-

-0.10 -0-05...Mo15

---- • -,- - T-o- -01 --0 -= -8 -

.I I I 1-0 -2• co

~ /1 EIYI!]? -0-25
SFIG 5.17 COMPARISON OF MEASURED & CALCULATED

AXISYMMETRIC COWL PRESSURE FORCE
,,__,.... .AT SUB _ SUPERSONIC SPEEDSL(REF.5-6)

FIG 5.16 VARIATION OF LIP LOSS & ENGINE FACE 09T~
DISTORTION FOR AXISYMMETRIC PITOT L0.tINTAKE AT .. =20 FOR A MACH NUMBER0
RANGE FROM 0 TO 2-0 (REF 5._5) • .07 FUL-.OR •LUNT

-nA~ed x EULER LIPPED COWL

Si,2 .2 .... . - . . o .FA R N 0 6 M O NE A IM ENSCE AL CALCU LATiON

CC <---F--i--,-_ -

The basic definitions of components of Intake drag I0__ ' Jhave been rutlined in Section 11 - Definition of ',J
Intake performance parameters and description of 03-- L
Intake flows - for both pitot and compressionA0E
sur Face Intakes. Evaluation ox' iorces on pitot 02 I
liatake :owls, from full flow down to the flow at 0115
which separation from the cowl lip is Initiated,0
(Fig 5-1b), is particularly amenable to calculation 02 03 04 05 0-6 07 00 0-9 10A
by full potential flow or by Euler methods. Full
potential flow methods are very adequate to
calculate drag (or thrust) due to supercritical FIG 5.18flow development over the external surface of the COMPARISON OF MEASURED & CALCULATED
cowl up to local Mach numbers of 1.3 - 1.4 (despite
being Isentropic In concept) at subsonic free PRE- ENTRY DRAG FOR AXISYMMETRIC PITOT
stream Mach numbers and Euler (non isentropic)
methods are equally valid at both subsonic and INTAKES AT SUBSONIC & SUPERSUNIC SPEEDS
supersonic free stream sneeds. Fig 5-17 shows (REF 5.61
comparisons between meesured and ca.c..ated
on axisymmetric cowls by these two methods over the Cowl wave drag at supersonic speeds can teMach number range 0.4 to 1.8. The departure of calculated using the Euler equations or by the
measured and caiculated curves clearly indica tes method of characteristics. A useful digest ofthe onset of cowl leading edge separation whIch is axisyo setric cowl wave drag based on
conf Irmed by examination of cowl pressure characteristics calculations and measurements isdistributions, shown In FIE -19.

Pre-entry drag c..n also be evaluated by r ull
potential flow or Euler methods and agrees well
with measured values (vig 5-18). If the intako lip
is sharp then the classic one dimensional momentum
evaluation of pro-entry drag (also shown on Fig
5-18) is sufficiently ccurate. for most purposes.
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S- w The range of manoeuvre, together with the extreme
A 1P" ,A

0
. J0 . range of hot and cold day operation required by

* 5 0 -3086 0 551 Hl ChaS~i, ,ttIvalue

SO.0-31 , combat aircraft, often leads to the need for
_,3 .1OS ______ 10 i matching inlet and engine airflows othA'r than

065 ,3 solely by variation of the geometry o. the
I's .1" compression surface. Thus, aft spill from the

I-.2. A subsonic diffuser, either direct to the free stream; / Ar o 0s 07 0000
30 . . . . ... . - - -j - o 2 , or by bypassing air around khe engine to a base

0.5 11 1110 area or ejector nozzle, is required and adds
Mt......-1, further complication of operation and control of
I moving surfaces (Fig 5-21).

200 ..
SUPERSONIC FOO[SPILL

S AFTERSPILL

--- 1 M--7

AbBLE ED AIR ENGINE BYPASS

FIG 5.19 DRAG OF AXISYMMETRIC COWLSPEF5-7) AIR-• b. I 05-1p0,5--,-5

_ Intakes with Compression Surfaces at
Subsonic & Soersonic Speeds

The design and performance of i,,takes for long FIG. 5.21 AFT SPILL & ENGINE BYPASS
range supersonic cruise aircraft, whose compression
surfaces only operate over a sma!l range of
incidence and :ideslip, is considered in Section IV

of this review. This focusses on both external and 25.2.3,1 At subsonic speeds

combined compression intakes with complex variablegeometry and multi-bleed systems. However, for One po the purposes of variable compression surface
geometacticand mig teraircra, hempai Howev, on rgeometry is to provide the enlarged thrort area
tactical fighter aircraft, the emphasis Is on required at subsonic speeds to pass the ergine flow
simpler designs having only one or two boundary without throat choking. Ideally, this entails the
layer bleeds, external compression only and the complete collapse of the wedge or axisymmetric
variation of probably only one hinged or centrebody. In practice, this is most ccnvenienlly
translating surface. Greater emphasis is placed on approximated when employing a rectangular intake by
compromising the supersonic design to obtain good reducing the second wedge surface to the free
performance over the full Mach number range from stream direction or slightly below this If the
zero upwards. actuating mechanism beneath this surface will allow

it (Fig 5-22). Although the dita shown In 5.2.1 is
One of the more fundamental problems in supersnic strictly for pitot Intakes, the flow states
intake design is matching tlhe intake and engine discussed there will In general apply to intakes
flow rates at off-design conditions. Aside from with 'collapsed' compression surfaces. The inward
the engine demand, the intake may have to provide camber and sharper lips of a compression surface
air for an environmental control system (ECS), intake will however increase losses and engine face
bypass system, bleed systems, etc. Fig 5-20 shows flow distortion at zero and low forward speeds and
a typical flow rate breakdown as a function of Mach there will o.-ten be a need for large auxiliary
number, Notice that the most spillage occurs at intakes to obtain the required engine flow at high
transonic flight speeds. This transonic flow intake efficiency for take off and low speed
mismatch is one of the primary factors which operation (Fig 5-23).
complicate supersonic intake design. SUBSONIC

-..... . SUPERSONIC
ido .B LEED & IN80ARO RAMP

:o " BYPASS SIOEWALL ACTUATOR SUBe oNICVARIABLE / /-"OIEFU5SEIO RAP

SPILLAGE SECOND WEDGE

EINGANE

ID -SiNGeIN FIG.5.22TORNADO INTAKE RAMPS IN SUBSONIC

,,AT EXCHANG & SUPERSONIC SPEED POSITIONS

.' 00 ~±...
0 , ,

I 0

FIG. 5.20 INLET/ENGINE AIRFLOW MATCHING

FIG 5.23 AUXILIARY INLET OPERATION
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Numbers of auxiliary door arrangements for the BAe of interleaving elements that allow the centrebody
Tornado Intake are shown In Fig 5-24 without to collapse (it also translates) to obtain adequate
intrusive doors in Configurations A & D and with throat area. This would however be very difficult
Internally intrusive doors In the other If not Impossible if the Intake was an Isolated
configurations. Their performance under static full axisymmetric nacelle. Another solution to

conditiors is summarlsed in the bar charts and this problem, only possible with the installed half

engine face distributions of Fig 5-24. axlsyrmnetric centrebody Intake, is to translate the
half conical centrebody on a circular track to
obtain a larger throat area, as exemplifhel by the
well known 'mouse' In t-he intake of the Mirage

\t _ . series of aircraft (Fig 5-26).

2ý5.2,,32 At supersonic speeds

"" •' As flight Mach number increases, multiple

compression surfaces and variable geometry may be
.. . -"- , ."employed to improve performance, but the inc,-.ase

/ in complexity also increases weight and cost. The
/ " aircraft designer must look at the effect of Intake

i.................. , -. design on total aircraft performance before1 \ /selecting an intake type. In some cases, the
. . / designer may make a sacrifice !n recovery

"performance In order to get the lower weight and
SI , - - . cost of a simpler design.

II A family of curves depicting the maximum pressure
recovery attainable through a scries of oblique or".8" conical shocks and a terminal normal shock Is shown
In Fig 5-27 and reflects the ideal performance

soLpote '1L !al of axisymmetric supersonic Intakes.
T:,creasfttg the numb~er of shock waves yields higher

•.A 6 _pressure recovery values. Thus, an isentropic
. m opression surface generating an infinite number

- of Mach waves yields the maximum recovery.

F .. . ... -. ... :1.0 F-104

Isitlropic~ Spike
_.'Double Conej F.9~ S in g le C on *

FIG 5.24e EFFECT OF VARIOUS AUXILIARY INTAKE 8 . N- al ho\
GEOMETRIES ON PERFORMANCE OF A
COMPRESSION SURFACE INTAKE AT 7

STATIC CONDITIONS

The form of the rectangular Intake, with a
collapsed second ramp and endwalIs to the
compression surface that are swept from the front
ramp tip to the cowl lip, is then very akin to the
staggered pitot Intakes discussed in Section 5.2.1. I 3 4 5

Thus, If the intake lip is not sharp, performance
of the wedge compression surface supersonic intake,
(when suitably orientated with the first wedge FIG 5.27 CONICAL SHOCK RECOVERY
leading edge horizontal) at high Incidence at
subsonic speeds, should be adequate. Fig 5-27 also shows the performance of the Lockheed

F-104 intake which has a single fixed geometry cone
No such happy coincidence occurs when using designed for Mach 1.8. The recovery drops off
axisymmetric centrebody intakes. These pose larger rapidly at off-design flight conditions.
problems for ebtaining adequate throat area by
centrehody translation. Indeed, on t he FIll FIGHTER AIRCRAFT INLET TOTAL PRESSURE RECOVERY
aircraft (Fig 5-25), the second cone angle consists .(

FF•SLA E IT$ , ,IOS, 0 ITT

FIT 1RNSATN MUI COLPSN CNREOIiSM\''\ ).

1W A5

POSITIO _-_

FIL.5.251/4 AXISYMMETRIC (IF11) INTAKE
WITH TRANSLATING & COLLAPSING CENDTREBODY VRAL is INT I F5

CURVEDtTRACK FOe (tSI OtDsY Ilm
TR11111111If 0 16. USKIL 4X01611

L= ON 6100114. b #1

POSIT I5N ITIs i 1 , is 3

F1G5.261/2 AXISYMMETRIC (MIRAGE) INTAKE WITH FIG 5.28 WU MOI
TRANSLATING CENTREBODY ON CURVED TRACK VARIABLE GEOMETRY INLET DEVELOPMENT (RE F 5.8)
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An interesting trend in US variable geometry
development is illustrated in Fig 5-26. Attemopts
at improving performance over the fixed geometry
F-104 were made in the F-l05 and F-4. Acceptable
performance was obtained over a wider range of Mach
number, but the full benefit of variable ramps was
not realised until the advent of the F-I11, F-14

and F-15 aircraft.

0.950
PRo o Ot . d" '" '

085 ,igl ,- -2amp FIG 5.31 OBLIQUE SHOCK-BOUNNARY LAYER INTERACTION

080 1 Cowl drag associated w'th a given amount of

0.75 I external compression can be determined at an early
0.6 0.8 1-0 1-2 1-4 1-6 1-8 2-0 stage in the design process from the requirement of

MachNunber oblique shock attachment on the inside surface of
the cowl lip. The consequences of selecting an

FIG 5.29 COMPARISON OF ADVANCED 2-0 INLET internal 'ýowl angle (and hence external cowl angle
PERFORMANCE WITH CURRENT .NLETS, and thus external drag) to just give an attachedI undersurface shock on maximum shock pressure
MATCHED AIRFLOW 0(=O 0? B=0 0  

recovery that can possibly be attained (using an
ideallsed isentropic compression surface) is shown

Some of the recent progression In Intake design In Fig 5-32. Thus, at Mach number 3, a cylindricalefficoenctes are illustrated in Fig 5-29. Although undersurface that would be associated with a very
these are for installed intakes, at lt - - 0 tho low cowl drag is limited to a shock recovery of
theselaresforld instalycloed take at of - olthee 0.72, whereas a moderate cowl drag with an
results should be very close to that of isolated undersurface angle of 12" would have an upper limit
intakes.

to shock recovery of 0.83.

A successful bleed design is one that gives large
increases in pressure recovery for relatively small MO
bleed flows. When this is achieved, pressure 1.0
recovery values that differ from the theoretical 12.5
shock recovery by only the duct skin friction loss
are obtained (Fig 5-30) for bleed flows In the 3.0
region 4-6%4. -- e

/./• ,~~ 0.8--- .__

0 95 ... /' Pt----- 0.7 Mi

82 M0 = 2 216 X 1 .
0-900... '/.. Calculations for two--• -- /" %b- 0.6 dimensional isentropic

- compression with normal

085 /8 , -° • 0.5 -

(P) /7. 5 10 15 70qio 25

tcrit FIG 5.32 MAXIMUM SHOCK PRESSURE RECOVERY FOR
0 80 EXTERNAL COMPRESSION WITH A 631VEN

xLC COWL EXTERNAL ANGLE (REF5.7)
-- -CALCD
PLANE SHOCK The Increase In surface wetted area in front or the

0.7 RECOVERY capture plane can be linked to the Increasing
number of supersonic ramps or cones and henceIncreasing shock pressure retovery (Fig 5-33).

0 701 aRectangular romp (w€ = hc}
0 0 0-5( oa01 s aRectangular ramp no swept sidewalls I Shock-on-lipS0-0 I~o 010As o Axisymmetric conical tentrebody0A7t0 A- Halt axisymme0ric conical centr (body 0 Mach No. MSOL 2.5

FIG 5.30 EFFECT OF VARIATION OF BLEED FLOW S uith p e-dwiubl
ON PERFORMANCE OF A DOUBLE RAMP 4 o

SUPERSONIC INTAKE 3-'
The drawbacks inherent in using large amounts of 2 j. Sin• - I . .... ...5Iwglg .

external compression at supersonic speeds are well 2[ . .

known, It results in high external drag due to Singl metric
large flow turning from the free stream direction 1 cono -. Axisymmetric
and the development of long boundary layers on the ,_,I_ It_,_____
compression surface that are subject to high 0.5 0.6 0.7 0.8 0.9 Mail axlsymmericc
adverse pressure gradients which cause them to Shock pressure recovery with swept andwall
thicken and/or separate, particularly at FIG. VARIATION OF WETTED SURFACE AREA
mul ti-compression surface intersection points (Fig . FOR EXTERNAL COMPRESSION INTAKESREF.57
5-31)., .3 FRETRA OPESO NAE(ES7
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This diagram also emphasises the large differences Other purely measured values of pressurc recovery
In approach surface area between square and referenced to pressure recovery at zero incidence
axisy•mnetric Intakes and the increase due to for a wider range of conditions are shown in
enclosing the shock system of the square intake Fig 5-37.
between swept endwalls. It is nc surprise that
rectangular Intakes invariably feature boundary
layer control on the compression surfaces whereas - -r--

single or even double cone centrebodies often do
0~ SOL 55

n. T 2-0 2-45 RAE

The realisatlon that cowl internal angles do no- 7 202"7 ONERA

need to be at the same Inclination as the fin a. v 24 2.45 RAE

ramp of the compression surface, together with
close integration of the design Vf thc bleed nn the 8 -6 *4 -? 4 6 a '15 t1
compression surface Just downstream of the entry
plane, with the shocks from the low angle cowl FIG 5.37 VARIATION OF PRESSURE RECOVERY WITH
und, "urfac.,, has led to development of optimum low INCIDENCE. FOR TWO-RAMP INTAKE
drag exL,.nal compression intakes. The resulting
wide slot bleed unchoKed at its entry also has the If the intake is yawed, the variation of shock
advantage that matching initially occurs by recovery Is no longer readily predictable and again
spillage through the bleed (Fig 5-34) and does not Fig 5-38 shows measured variation of pressure
involve conventional subsonic forespillage over the recovery.
cow, (Fig 5-35) with its attendant high drag asnd
possible shock instability. 1"

--- 9 ,'." . I- , M0  hi6MSOL"PRPe.°6 O .ML..-' - 2 -5 RAE
S- ---. -I - i - a 2.0 2-7 ONERA

s- \: -. 4 v 2.4 2.45 RAE
______ ',oi 2-7 2.7 aNRnA

_______________ 2 6 0 2 1 16 1'

"FIG 5.38 VARIATION OF PRESSURE RECOVERY WITH
SIDESLIP ANGLE FOR TWO- RAMP INTAKE

In this case, performance is sensitive to changes
FIG 534 WIDE THROAT BLEED OPERATION in endwall shape and quite small changes in

configuration can result in relatively largeCompression Surface Spil-ge - supersooc forespilt changes In pressure recovery (Fig 5-39).

Subsonic *
fares iI -

M. F RECTANGULAR INTAKE'5
0.9 PR (s°:2" "

M 2-09 0 OL
FIG 5.35 SUPERSONIC &. SUBSONIC FORESPILL

At incidence, if the ramp compression surface Is
horizontal, then the variation of shock loss can be 0"85
calculated until the ramp shock(s) become detached.
Fig 5-36 shows a comparison between calculated and
mecasured pressure recovery for a two ramp Intake
with a wide slot throat bleed. _,

0 2no 8
CL=O*

FIG 539 EFFECT OF SMALL CHANGES TN ENOWALL
"SH4WE ON PERFORMANCE OF YAWED

-- -- -~ .~j/RECTANGULAR INTAKE

PR ~ " / With axisyssectric external compression Intakes, the

/F'F'Ti / flow In detail at incidence is complex but the
hasc pattern of shock angle variation Is akin to
that of a pitot Intake. The conical '¾robody car,

0 s ~be regarded as pivoting about Its apex with shock
angles changing much less than cone surface angles

_____relative to free stream direction. As Incidence
Increases, tie cone shock moves Into the windward

Slip and the leeward lip moves a-say from It. When
,o /' / this happens an Increasing proportion of the flow

Is compressed zhrou•ih a normal shock only and the
FIG 5.36 result Is a sharp fali eff In pressure recovery.
EFFECT OF INCIDENCE ON PRESSURE RECOVERY & Thus, the change in pressur-e recovery with

Incidence Is largely Inflnuenced by whether or notSHOCK WAVE PATTERNS FOR A HORIZONT."' ti,I cone shock ast zero Incidence is on or well

DOUBLE-RAMP INTAKE (REF 5.7) outside the cowl lip, as Illustrated in Fig 5-40.
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layer separates '7r comes close to separationt, tie

CRITICAOeffects are particularly adverse and generally not
tPR2~,j "-.nres; -Icted I,' a lowcring of -ean pressure recovery:

atsct ote'. adverse ieatures irnclIude total-pressure
I ~ Y~tjStO~O~t distortioneand flo-w insitability (section 2).

~K ~"'- ~ Rerroving the boundary layer at some stage from the

intake provides ant escape frots, or easemanrt of, the

hT~?d~~,'difficultIes This is done by means of bleeds or
COWL SHýttO' dietes The term 'bleed' denotes a sepai'ate
05 INSIDE COWL duct which leads away oiiý boundary layer. The term
LIP,- A'az diverter' itaplits that the Intake stands off from

iONAL AN('[ OF tutNTeOPIC SURFACE apart icu~lar surface. allI ,wing the boundary layer
054 02 4 60 10 Lt.. 12 14 on chat surface to e,ýape down the intcýrrnediat

FIG .40channe:. I,) either case the boundary layer removed
EFFECT OF INCIDENCE ON PRESSURE RECOVERY OF 1front the Intake usually becomes a part of trie

"AXFYMMETRIC FOREBOGY INTAKEE(RFSF.7) aircraft system, that 1s to say it represer t s ar
additional Item in the ai-craft drag but the effect

A second Influence on pressure recovery c-nores fr om of the increa sed pressure recovery invariably

the tendency for thle IboundarY ieyer on t ite outweighs the drag penalty.

centrebody to be swept up to thre. leeward side.

Tihus. a long contrebody with a high shock on lip Common forms of bleed and dlve:ter are Iliustrated

Ms.ch ttumb-tr MSOL will have a worse performance than in Fig 5-0,3. fliverters may be of the step type (a)

one with a iow MS01 . (rltg 5-41). This trend In or channel type (b), (c). A step diverter Is a

principle is of cruts( in the opposite sense to useful form in the ng root of a subsonic

that of Fig 5-40. aircraft, because the forward extension allows a
gotod wing-root profile to be preserved. Step
cliverters are not geneiRally recoonsended for

CRtI I (Al - - supersonic airc ift, how-ýver, because fresh~ ~ boundary layer Inritiated on the surface oi- the
Pir Iat- d..'erter msay Itself produce most of the interaction

l-ss of the orIgfinal longer bovndary layer.
K21722 'u---Channel diverters cre suitable for both subsonic

and supersonic application, provided khaz a
G=l0' reasonably aerodynamic 'prow' shape coo, be obtained

between the Intake and the boundary-layer surface.

6 18 20 2 2 1 2 t tsin 2 8 Th)e recormmended width for step diverters is abcut
FI~n.4/1 "one and a half times the thi ckness of the boundany

INFLUENCE CF FICREBODY LENGTH ON PRESSURE layer, when this is undisturbed by the presence of

RECOVERY AT INCIDENCE OF DOUBLE- ONE the Inta
t~e, antd for channel diverters abottt one

INTAKES (REF 5.7) such boundary layer thickness.

There is no simple way of predicting maximima flow - Csmeof-
ra~io for a>:is:,neetric intckes at incidence. Fig ~ -,,, step (a) 4

5-42 shows some rneatured values referred to the.
zero incidence value for singie cone, double cone /o Stop aiotder
and isentropic 'tentrebody Intakes at Mo 1 9. ,- Exormple of

bleed

1.90 860 }'
t. IA 1.90 . -ý (h) Channel deverter (Vi Channel diverter

1.9 subsonic sla~ke - SupertOnit intake
F1- 5.43, EAPLES OF STEP & CHANNEL 01VERTERS

Boundary layer bleed systems can become more

08, como'ex at supersonic speeds as or. the F-Ill

FI34 10 15( aircraft (Fig 5-44) and need more careful design to
FIG 5 42ensure" their successful operation over all engine

EFFECT OF INCIDENCE ON MAXIMUM. FLOIW' OF flow rates and aircraft att itudes that will he

AX SYMMETRIC FOREBODY INTAKES (REF5.7) encountered

/ O P lSU R F 0C

It was discovered aarly in jet aircraft design that EEO S~t

allowing the forebody boundary layer tc- be Ingested
Into the intake imnpcsod a serious loss of recovery
at the compressor. The nub of the preblem, as taoi St'urtta

been seen (Fig 2-7 Sectiton 2) Is the Interact ion of PLA~TE 0

the boundary layer with tha pro-entry pressure else
which i s incurred Itnt the process of producing a

relative retardation ef airspeed from the flI Ight
FUStAtuE

velocity towards that required at Inlet to t he bLE /
eng Ine . Broadly speaking, the severity of theE
problem Is greater the higher tlv' flight speed and teITTe

the presence of shock waves at supersonic speeds FIG 5.44 PLAft

adds a apeeial dimension to it. If tire boundary F-ill INTAKE
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Tactical. aircraft are required to he mansieuvrabie location of boulidaiy layer and cone probes used to
a-, tubsonIc, transonic and supersonic conditions define flow Fields apptroaching thle intakes.
without givin8 up good subsonic cruise e~fficiency.
Consequently, prrper integration of the engine a~ KI 1.
Intake with the airframe Is of paramount interest . 0 ti

IThe ran~e of incidesce and sideslip, although - ~i~.~
reduced a! supcorson Ic. speeds from the values Ii oi -
outlined In tnie Introduction, still remainsi wide . .
compatred with those required by the high liusF...
supersonic cruise vehicle. Within these reduced .. *
ranges, at supersonic speeds for the InstalledL....'Lxj ', I I ":
Intake, not only xach number attd flow direction .

*ill v<ary In the approach flow field to the !ntake slx.ý110 ewi-h.- ~e
but also total pressure true to the, prosence of anl
upstream curved and In some cases detached sho,'-. FIG 5.46 FOREBOIJY FLOW FIELD MODEL
from the body nose. INSTRUMENTATION

Design for optimutt airframe-inlet integration has Flow fields are characterised by vector plots or by
thle following specific goals: lines of constant local angle-of- Incidence, oL, or

I 1,1nilseappracl Flw anulait\ wit reect locai angle-of-,ideslip. 1
3
L. The vector plots give

I Miiole aproci:flo anglars~.wit reect an overall Impression of fiocv angularity whereas
to inlet leading edges the oL and OL contours provide more precise

2 Deliver uniform, high pressure recovery flow to definitions. Flow field variations for relatively
the Irlet entrance at vailocities equal to or high manoeuvre conditions at Mach 2.2 are examined
bolos, free stream conditions to aid understancrig of the limits of performance.

3 Prevent boundary layer Ingest ion by the inlet
4 Reduce the probability of foreign obj~ect or Lot Fig 5-47 shows a vector plot depicting combined aL

ga Ingestion t oe potentiable fo lewvfeld and OL vector's around the BASELINE body shape at M5 Militie te poentil fr flw fild- 2. 2, no - IS'. Flow angularity Is highest near
Interference from weapon carriage/firing, the body and there is a significant sideslip flow
landing gear deployment, fuel tanks, pods, coriditirni In the region of the Inlet Inboard
pressure probes etc. surface.

Similarly, the airframe-intake design should
minimise any deleterious effect ass the i~~
design/operation of lil'ting surfaces, landing gear
and avionics and how they integratss with aircraft P

structures.

lli-cause of thle m~any factors which Influence/ ///
airframe flow fieido4, it Is expedient to discuss a , /
sot of coorditiateti data so that the eff'ect of
Isolated p.,ramteters may be illustrated. To this FFIG 5.47 BASELINE FOREBODY VECTOR FLOW FIELD;
end, tilc series of fighter configurations showti ittM-2
Fig 5-45 (Tailor-M-te Progam, Ref 5-10 In 5-14) M=2 C0=150 '000
will be used to isolate- somie of the primary effects
0of fuselage shaping inle~t location aid flom the A mor"? careful examination (Figs S-48 and 5-49)
inlet configuratio.i interacts with location ill slowst lines of conttant al. and OL for the BASELINE
sýct ions 5.3.1-5-5.. shape and the S'?UARED shape. There Is little

difl'erencc ill "'L distribut ions, but the flaw in the
I., region of the lower, Inboard sideplate at sideslip

condit Ions varies menuorably between the shapes.
The maximum 13L value in the regiont of tire intakz

C,, Inboard sideplate is leaist for the BASELINE shucpe
DO .~K' ~ $z (15L -. 8.6) and greatest for the SQUARED shape(L

ýIx ýJp ~~FIG 5.48 BASELINE FOPEBODY FLOWIEL ANUART
MAPS o z 1, 0(=isa, 00= on

FIG 5 45 TAILOR-MATE AIR FRAME !NLET
ONFIGUJRATIONS (REF 5.1r. -514I )o~

-3.1 -LrOS91age flo fied i.ljoL side mountted /k

WI iod tunnel tssýie te alot-Miate program '.
were conducted in t le Arnold Eng: neer Ing a, CONTOURS fi, 'NTOUSI

Ileveior-plent Center (AEDC.) Propulsion Wind Tuitne! 16
foot test sectiotis. FIG 5.49 SQUARED FOREEBODY FLOW FIELD

FIg 5-46 depict, tile foreitody ,ross-sect ion shapes ANGULARITY MAPS; Moz 22 B1 ~1 o-0

Investigated for side-moutited intakes and shows the
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Figs 5-50 and 5-51 show IIL contours associated with systems and bleed orn the perforated side plates was
a combination of aircraft pitch and yaw for estimated from plenum and exit static pressure
baseline and square bottom fuselages at Mo - 2.2. measuremer;ts.
0o - 15", 19 - 4". The leeward (right) side OL Intake instrumetntation was provided at the
plots for both fu;:elage shapes at 1o - 4" are left-hand compressor face to measure total preseure
similar in appearance to the -'o - 0 plots but with recovery and both steady state and dynamic Ifflet
approximately 2' to 4' OLadded to each measurement flow distortion by use of 40 combination
point. The flowfield differences may appear to be steady-state and high resl.onse total pressure
minor but inlet data will show a significant effect probes. Additional instrumtentation on the opposite
on performance. (right-hand) side of the double intake system.

consisted of total presrure rakes and sta:lic
e pressure measureme-nts through the dUot As noted In

,*, . - _the figure. In the following discussion, *positive
e +, sideslip" is defined as that condition where the

inlet under consideration is on the leeward side of
the fuselage.

Figure 5-53a,b takes two Intalke data points for the
CONTOURS III BASELINE forebody at .o - 2.2 (oo - G'. 20') and

depicts the progression of flow through the Intahe
FIG 5.50 BASELINE FOREBODY FLOW FIELD IN in order to shed s-me light on the varlat;on in

SIDESLIP; M,=2-2, %0o=15, %3o4
0  

levels of performance experienced ,ith increasing
00. At 0o - 0' total pressures are all high at the

- inlet cowl lip and Intake throat or aft rzmp"station. Pressures farther down the duct indicate
I" that some low energy flow exists In the upper part

S I .- '- of the duct, but this situation shifts rapidly,
with the low energy fiow showing up only in the
lower portion of the compressor face. Since no low
energy flow is i-% evidence In the lower part of the

'1" duct at the first three data stations, It must be
k.CONTOUS , supposed that the flow defect originated in the

region of the r.ft ramp leading edge (behind ti.e
FIG 5.51 SQUARED FOREBODY FLOW FIELD IN throat slot) and that static pressure gradients in

SIDESLIP; M= 2"2. ao= 15, f 0=°40  
the duct were sufficient te move th's region to the
lower portion of the compressor face.

25.3,2 Performance of a rectangular compression
._mcfac ijntake on the side of a fuselage At CIO - 20 . flow at the Inlet lip is relatively

uniform, but with a lower total pressure than in
The va:-iable geometry ý'ectangular intake shown ;n the previous case. In the upper thrust region, l]ow
Fig 5-52 was tested with both the baseline ano pressures are measured, suggesting a greater ltow
squared rorebody shaes. It featured a variable Interference of the flow with the aft ramp leading
first raip au well as variable second and third edge. More low energy flow P.d flow separation in
ramps for efficient compression at supersonic the upper part of the duct are in evidence midway
conditions. in the duct. In this case, rotation of the low

energy flow through the duct to the Inboard and
lower part of the compressor face appears to be

kI-5 -ts quite evident.

II L< .

FIG 5.53a BASELINE INLET TOTAL PRESSURE

FIG 5.52 SIDE-MOUNTEO INLET CONFIGURATION

AND INSTRUMENTATION 15 k I
it had a long subsonic duct (L/D - 5.23) with a low -.
diffusion rate. Boundary layer control on the
ramps was provided by perforrted bleed on the
compression ramps an! on the side plates. The Yli
variable gap offset between the th'rd ramp and aft
ranp allowed a combination of flow bypass and
bou.idary layor control at the throat region. FIG 5.53b BASELINE INLET TOTAL PRESJURE
"lhroat bleed flow was measured with flow metering MAPS; Mo=2-2, o[=200, n. 0=0 0
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Tha next F#xur* (Fig 5-5441 shýows an exae-jpk of the separation dominAtes tie le(aver inboard re~lon or

effees of sideslip at art 1 o' cit 0T poesion f the throat . Thus, it Is seen that the flow field
flow th1raugh a right-hand Initake intrt~rated wit% differences between the liASELIliE an~d SQtIAZED

the baiel ine fortbody'. At 60- 0* there Is Nseealtv sijpvs do injdeed maite a diffrernce In

evidenct fromt tte lip rakes of finboterd s~diplote Intake performance.

lviodimig edge flow interference. This defec t Is

itill fit evidence sit the inlet throat, and further 23ýAftfrac xs~gtJ-

on nsown the luct tire low energy Now region extend3 nakso
ovo" an extensive por' ion o0' the inboard side or

th~e ducl. Once again, at the .-ompre.ssor face, the The previou& 'liscusslon. and extampies centrid or, the

ice ener-gy air appears to have emigrated downwards, horlmontal -amp intake. The choice of" rectangular

but flow conditions are relativvly uniform. Willh versus axisyermetrl~c or vertical versus lrnriztoncal

the Intake ex,'eriencine. A* leeward sideslip. there ramps depends vpon ti'e Mach number range and

is n,&, extensive flow separation on the inboard manoeuvrability requoired. At low angles of

sidepla~e at the cow; lip. The separation and its Incidonrce. annity-mrttrlc inzai'es can provide better

efforts spread sig~n~fi-.antly at the throat, and pressure recovery tiswn roctarigularIn inakes a.t

,Žontinue :o spread In the duct. As Itfre the supersonic Mach niumbers beus of the s iler

region of loweSt energy air rotates downward so fundamental losses ni;sociated with conical shocks.

th'at, at the compressor face, the very lowest Also. axisynumetric Intakes eond to be much lighter

prkssures ha~ve :roved to the bottom and t.e only because of the high load carrying capability of

remnant 0 f the high pressu.e fl.,w from the lower "hoop' tension. However, axisynsoetric Inlets and

throat region now exists in the upper region of t;,e vertical ramp intakes exhibit nor'syutoetry of the

compressor face, flow at h~glt on,,jes of Incidence whiich re~sult in

lo0er pressure r-~vr. The manotuvring(a) 13; 0. horizontal ramp Ilntal.e is able to deflect t '..
13-0 cncortlng flow ard retain its quiisi two-kilmenslot~alL A caractcr. In additior., variable g.'ooetry to

control sihock position, spillage. ond recovery is
easier to PicomtplIlIsh. Variable geometry in

axisymmetric intakes !s usuially confined4 to spiýe
translation in single or twin cone configurations.

'~J intakes as well as rectangular intakes, offering a

comarl~onofther rlat~eperf'rmance in the
side-souiied (and wing-silelded, con.figurations.

Figure 5-56 shows the side-mounted axlsyotuetric

CUCTintake -with its instrursentatio-i. These intakes

wer e t ested with the forebody having the ROUNDED

(b) lower shoulder shape (see Fig 5-46) so the

floefield approaching silis intake was at toas, as
good as that ahead of thu BASFlIINE rectangular

9o 4'Intake.

C~flt~a 4

FG5.54 INLET TOTAL PRESSURE MAPS WITH
BASEtINE FUSELAGE Mo 2-2, (OClo=1'- 7

(11 ~o=Oý (b) IBott4o
rl gure 5-55 gives an ox topIv of t ii,-uat flow ~---
variationis aisoclated with the different forebody FIG 5.S6" . 0
influences. influence of the forobody Is seen In

a); three, of the integrated configurations, but Is SIDE-MOUNTED HALF -AX:SYMMETRIC
by far tine most prominent with the SQUARED INLET CONFIGURATION & INSTRUMENTATION
forebody, where a substantial region of flow-

Flow progression through the side-mounted heli'-cone

itake Is shown In Fig 5-57 Pt oro - 10'. In this
case, a massive flow separation originates in the

1 upper part of the Intake ihroat due to the oversped

0 990'-,-. '

CONOUR , Mo= - , 4= 15M 0'TTLPESR OTOR;M:22 or
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condition and hence strong normal shock in that than an unst.,$ rel intake (Fig 5-59). There is

region. Further Iown the duct the flow in this also a small favourable effect undztr these

upper region is still separated. but has been conditlions of increas;ing diverter height.

joined by a separated flow regien in the lower par.

or the .hroat. adjacent t.o the spike. At the 1 . 1`0 9

cospressor face evidence of separated flows is C$,--. 'A- -

obvious in the low pressure regions 4,,d large .I" P- .12

distort ion. co" 6% 1

Based on this t-st data. the side-•ounted M- .

half-axisyametric intake wouid appear to be a poor V,
candidate for highly man,,uvtrble fighter aircraft.Yet severa i current aircraft systems employ this .0 J0 0) , I 0•. V0 ) 1, 65 .1 K.. . ."a -

intake efc+ctively. and it can be at:ract've from

structure. syst.em drag and reduced observables

points of view. Design modifications to provide

opt Imum compression su-face angles, more efficient • 0. 5s 07 *3 o 640! ,

boundary layer removal and/or better variable

geometry control can Improve axisymametric intake FIG 5.59'
periormance, possibly without giving up soiue of the E-FECT OF STAGGER ANGLE • D[VERTER HEIGHT h
Important advantuges noted. Care would also have ONF PERFORMA NCE O ANG IE BOD Y I GHT F

to be taken with this type of an intake to design ON PERFORMANCE OF A SIDE BODY INIKE

th. diverter/ieideplutc carefully enougl. to avoid UNDER SIDESLIP CONDITIONS
sideplate leading edge separat ion.

At supersonic speeds (Ref 5-16) there can be a

25 3-4 Performance 9,f .a i. -Lntake on the side of" Enefic!al effect on the pressure recovery of a
a a tLa (Ref 5-15) pitot intake to be derived from allowing the hitake

normal shocks to intersect wjih the body boundary

Although detailed body flow field data Is not layer provided the Intake is mounted on a

available in the following examples, the main sufficiently high bou.-:ary layer diverter. The

Influence of the Increase in local angle of well known lambda shock formed as a result of the

Incidence due primarily to upwash around the body, normal shock Interaction with the boundary layer

particularly in the region of the upper shoulder, can give a theoretical shock recovery equivalent to

shows up In the performance of pilot intakes. The a 10' ramp compression surface. Howevar, this

local variateon of sidewash is probably not shock pattern only progressively encompasses the

Important for a pitot intake with blunt lip. whole of the intake flow as flow ratio is reduced

Comparison of isolated pitot Intake recovery with frome the maximum velue and eventually the

recovery measured on an Installed pitot Intake theoretical advantage of the two shock pattern Is

gives a relation between free stream Incidence no Increasingly cvvertaken (unless the boundary layer

and local mean incidence k for equal values of diverter Is Inordinately high) by the adverse

recovery and hence a derived upwash angle k - " o effect of body boundary layer ingestion. This Is

as shown in Fig 5-58a at Mo 1.6 can be obtnined. if the flow pattern remains stable which Is not

This derived upwash angle varies quite rapidly as always the case (depending on free stream Mach

Mach number Increases above 0.9 (Fig 5-58b). number and amoun of flow spillage). The measured

lo) .gain in recovery relative to normal shock recovery

__ is shown in Fig 5-60 at MO 1.4 and 1.6 as a
o..' 0 function of throat Mach number (spillA6,a) compared

so 4t.o to the theoretical gain from the two shock

- recovery. The measured gain Is derived by adding a

rE FI,,CL duct and lip loss (obtained at subsonic speeds) to

0 2o0 .0. the measured pressure recovery and subtracting the

75-•'•• .. J21 theoretical normal shock recovery. As can be seen

0 jjj a at Mo 1.4 the two shock recovhry appears to

S0 influenoe the whole of the intake flow even at the

1t 15 20 2S 30 "15 iQ .Tit 06 0,7 0S 09 10 11M,1.2 smallest spillage ctndition (higher Mth) .

,(A° I 0 0

0IW -0•, -E "M RW As E I

S~Hih

0 T 0 ' 3 • 0 ; 1 , 01 - .7
0 0 5 10 15 2"0 2". A¢ -0 02

SIDE- 4a,0
Fk.5 58 SIEBODY PITOT INTAKE PERFORMANCE

If corrections are wade for upwash argle and for
basic duct sk~n o'riction loss, then the derived lip

loss associated with a long rectangular installed
pitot Intake at high incidence agrees quite well

with that for a short lsulated axleyrcmetric pitot

intake with the same lip contract'on ratio (Fig
5-S8c),

The influence of stagger angi" on the performance FIG 5.60 INCREASE IN PRESSURE RECOVERY DUE TO
of a pitot intake i.tj not orly beneficial at INTERACTION BETWEEN SIDE INTAKE
incidence but also in sideslip. Both at positive NORMAL SHOCK & FUSELAGE BOUNDARY
and negative • a 50" stngered pitot Intake has LAYER
Gower losses and better engine face distrioution
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At Mo 1.6 tne smaller shock wave angle of the 10
separated flow 'raosim' results In only .a small part
of the Ingested Intake flow being influenced by the

toshock pattern at high MthI values but the effect09
progresses rapidly as spillage increases uotil some D

ing-.stion of the separated body boundary layer ............ vw........ " . ...
cotamences at ve!ues of Mth below 0.4-0.5.

For tite staggered pitot Intake, the gain Q I " "-.
progr.ssively changes into a loss as stagger angle *:" ' .

increises from 20' to 50'. At 20" stagger angle .

the majority of the intake and shock boundary layet "
Intersection Is upstream of the upper lip and swept
endwalls and is therefore still on the body

boundary layer. At 50" stagger this interaction Is FIG 5.62 FOREBODY FLOW FIELD MODEL
wholly on the surfaces of the intake and hence the INSTRUMENTATION
lambda shock formation only results in wholly All three of the installation types are shown in
del-terlous Ingestion of separated flow Into the
intoke which completely overwhelms the small .'ig 5-63. A comparison of vector flow fields for

favourable effect of the lambda shock pattern. Fig the two of the shielded and thi baselina unshielded

5-61a,b show the progressive change In dgan' configuration forebodies at - 2.2 and a.

to lamoda shock formation as stagger angle changes (Ref 5-10. shows the nature of two shielded flMw

from 20" (similar to the unstagered intake values fields.

of" Fig 5-60) to 50' and Fig !-61c sutrmarises the
cht ge with stagger angle on a basis of losses
other than the theoretical noroosi or taoshc los vz. k
%which depend, vs angle of incidence and not on the e----l

forsation of a lambda shock). . . ..;-

03 1..1.• ,-.
p•[s •oro 1(00o3 0

00 ..± I...i • 1 0. . o/S./ I I / I oS. ... /

-30 0 30 FIG 5.63 COMPARISON OF VECTOR FLOW FIELDS
AT Mo=2.2, 0(o=150 900 FOR
BASELINE AND SHIELDED CONFIGURATIONS

Son0: / r .•--. In Fig 5-64 average levels of local Mach number and

~0 33 ./'¢ 0 ;•--• • incidence ML and oal are snown for the same three

'3 W0"O-0- 0 fo different airframe-intake Integrations at Ni - 1.6

•ngie and 2.2. It is seen that there is a substantial

reduction of average ML and oL from Free stream

values associated with the shielded configurations

in supersonic flight at inc;dence.

FIG 5.61 EFFECT OF INTAKE STAGGER
A T S U P E R S O N IC S P E E D S S ,oE . . .."WING 94tJ1 00L00

1.6- 3.) 0 - .
"1 1 24

25,3.5 Fusdake/wIng fins fields fl.- shieldei ,k..0

I nt aUg.Jn*_aLlat Ions 0

The concept of sustaining intake performance at 1
high angles of Incidence by positionihg an Intake 0

baneath a body or a wing applies to both subsoric lo ...tAJ
ind supersoni - aircraft and has bten used on a 0 10 20 0(1 0 Ir, 0 0Y'
number of air.raft projects varying from Concorde
to FI6. When incidence is varied, airflow
direction is controlled by the aircraft surfaco?, sn

to that extent , the intake is not aware of a chanige
of aircraft attitude. Additic.nally, at supero..oic N-
speeds, advantage can usually be taken of a
reduction In local Mach number mnd henc.? a 30lo lo0
reduction in shock loss occurs a s- incidence n'....
Increases. ....... ,o0

Aircraft conflguratin.on. Incorporat Iog shielded lo 10 20 1 . 0 10 20 .10

Intakes can be either the "fuselage-shielded" ANGLE OF INC01EN0E (legrees 0
configurat ion or the "wing-shie 'ded" configurations
depicted in Fig 5-62. FIG 5.64 COMPARISON OF SHIELDED & UNSHIELDED
Flow field Instrumentat Ion for the shielded CONFIGURATION FLOW FIELDS
configurations was essentially Identical "o that M0o2-2, ao=15,l Ro500
for the side-rounted configurations (Fig ,'-16).

E -
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Fig 5-65 shows the changing nature of shielded flow Values of Intake pressure recovery, turbulence and
fields as 4" sideslip is added to the no - 15" flow distortion are plotted as a function of
condition. The leeward flow field on the wing- incidence for the three different installation
shielded configuration now shows significantly types In Fig 5-67 (Ref 5-12 and 5-13). The
higher levels of adverse inboard sideslip. BASELINE forebody intake configuration from

previous illustrations Is used to represent the
From these forebody flow fields, it might be side-mounted inlet Installation. The lower Mach
anticipated that the shielded configurations could number design of the fuselage-shielded intake is
offer a considerable performance advantage at the revealed in Its relatively low pressure recovery at
higher values of aircraft Incidence, but that this low !ncidence (oo 4 5"). On the other hand, its
advantage could be tempered by sensitivity to pressure recovery continues to increase wsith c0o,
sideslip for the wing-shielded concept, reaching a peak of PT2/PTn - 0.91 at U - 20'. The

higher Mach numb*r design und slightly better
shielding of the wing-shielded inlet results in

higher perfor-,ance at high incidence, reaching a
, maximum pTfro- .97 at ao - 20".

iam-

WINDI •e Sim t SI $W

1- 
* 

I I // 
tOJ.u.

liiij LM

I r / / /

'G 5.65 SHIELDED CONFIGURATION VECTOR FLOW o"
FIELDS; Mo=2"2, ao0=15 o =l=4'

2.5.3,6 Performance of shielded comoresslon surface , , a

intaekes

(a) Rectangular Intakes t 0.1

Fig 5-66 depicts shielded horizontal ramp intakes
along with the locations of total and static
pressure Instrumentation. Instrumentation in the ,..,

short (L[D - 2.92) Mach 2.5 design wing-shielded _ "..... -
Intake is essentially the same as that used In the 5€. "1"0tt

side-mounted Inlet (Fig 5-62). The longer (L/D - ANGI.E OF INCIENCE
5.8) Mach 2.2 design fuselage-shielded Inlet,
however, Incorporates no throat or duct total FIG 5.67 INLET PRESSURE RECOVERY, TURBULENCE
pressure probes. Since this was a single AND FLOW DISTORTION FOR THREE
Intake/single engine concept, throat total pressure INSTALLATIONS; M= 2-2, f3o= 00
rakes could not be Included without disturbing flow
at the simulated compressor face.

Both shielded intakes significantly exceed the
performance of the side-mounted Inlet at high
Incidence although, In terms of compatibility, the"simple, fuselage-shielded Intake Is the only

QD concept which consistently (-5' < a~ 0 25')
exhibits acceptably low levels of turbulence and

"dynamic distortion index. The dynamic distortion
Index of the wing-shielded Intake exceeds the limit

__ level at ot - -5' %here Its IK/L PEAK - 2.3; and
the side-mounted Intake (as noted previously)
exceeds the limit at 0o - 0" with K/L,PEAM- 1.12.

Examination of throat flow fields in Fig 5-68 shows
that the wing-shielded Intake at Mo - 2.2, a, - 15"
produces much more uniform throat flow than either5m, the side-mounted or the isolated intake. At 0o -

-5', however, both flow field and Inlet data show
evidence of a strong vortex, possibly originating
at the wing junction, lying near the wing leading

FIG 5.66 SHIELDED INLET CONFIGUIATION edge and evidently intersecting the outboard
sideplate of the wing-shielded Intake to produce a

AND INSTRUMENTATION large fall In performance at that point.
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(b) Half axisv)metric Intakes

In Fig 5-71 wing-shielded half axisymmetrIc intakes
from Ref 5-14 are depicted. This Intake and the
one in Fig 5-56 share a common semi-conical
compression surface with a fixed first cone angle
of 18'. A porous boundary-layer bleed ,s provided
on the second cone of euch of th•.se Intakes,

,low., ,. olm al, M. . F spanning the region of the normal shock location.

FIG 568 INLET THROAT TOTAL PRESSURES Boundary layer bleed flow is routed through the
diverter, discharging through the s..me secondaryCONTOURS FOR DIFFERENT INLET flow metering systems used for th, rectangular

INSTALLATIONS. Mo=2"2, a(o=15,* Be:00 intakes. Both intakes also employ lip. throat and
duct rakes.

The excellent performance of the wing-shieldel
Intake at higher •o is negat •d by extreme

sensitivity to sideslip. Values of pressure
recovery, turbulence and distortion index over the

sideslip range -8' < Oo < 8" at Mach 2.2, aor- 15',
are shown In Fig 5-69 for the three insta'lations.
Here, the fuselage-shielded intake is seen to be
essentially free from sideslip sensitivity while I -
bo.h the side-mounted and wing-shielded intakes
exhibit extreme sensitivity in terms of all three
performance parameters, exceeding distortion index . ,,. ,.,

l imits at i~ 4 L.

0*0 DISICRG

i-i.mi ohiFIG 5.71 WING-SHIELDED HALF-AXISYMMETRIC

ol . . 'l INTAKE AND INSTRUMENTATION
The two half-axisymmetric intakes have different

I1•7 !/duct lengths; the side-mo.unted intake ha an. L./D of

2.99. As the shie'ded intake, "sees" less flow
angularity than the side-mounted intake, it was4t designed with sharper cowl lips and it has less

i•lla offset from intake to compressor face.

" .uow -No flow fields are shown 1, the wing-shieldedr' half-cone i ntake because I t exiiibited no• "significant sensitivity to manoeuvre conditions.

-4 [-• _:.'p Its superior performance Is obvious in the summary
R.- lisli. charts shown in the comparisons in the following

0 i -I sect ion.

FIG 5-69 ........ 'I .................
INLET PRESSURE RECOVERY TURBULENCE AND 25.3.7 Comparison of oerformanc. of shielded asd
FLOW DISTORTION FOR THREE INSTALLATIONS unshielded rectangular and hal f-axisymmetric

Me= 2"2, fo:O° ie

Progression of flow in the wing-shielded intake at This final section compares rectangular and
,to - 15", 0, - 4' is shown In Fig 5-70 where half-axisymmeetric Intake performanct.. At Mach 2.2

Inboard flow separation at the cowl lip and throat it Is seen (Fig 5-72) that tMtal pressure recovery
Is seen to expand to produce a near-classic 180" sensitivity to incidence no and sideslip 13. for the
circumferential distortion pattern at the engine five configurations varies greatly. Wing-shielding
face. is effective for both rectangular and axisymmetric

Intakeg, resulting in high pressure recovery from

Au1 0 O - 0' to 25'. On the other hand, both side-
mounted intakes exhibit sensitivity to incidence,
with the performance of the hal f-axisymmetric

,, Intake droppi -g off rapidly above no - 0'.

Fuselage shielding Is also effective at Incidence.

At no - 15*, the performance of all but the

fuse lage-shleIelded Intake deteriorate rapidly with
Increase In sideslip angle. In particular, the

' wing-shielded rectangular Intake which produced the

highest recovery In the range 10 4 a0o < 25" Is
,extremely sensitive to sideslip.

FIG 570 WING SHIELDED INLET TOTAL PRESSURE
CONTOURS. Me= 2'2, 0(o=150



51

Dr. 15. SIDE-M"UNTLD REC YAXGUL iM IN /AXE ;APr•
R.0 (aSELO8~W50MIULS 1085't5 z 0 {o=15 os$tuoll -

AFUSELACE-SHIFDELDED01
o'.-l.. D SIDE1-MOUNITED AiX'LSIY Tl 1 09

uWING-2SW~EILE si0: -

A' -. 006 -0 .1

.I -* - I0-2€•

I,° 5,.8 , I

0 0'. ,"0 004 0

IN CiONE Sdieg-) 00 0 s 00 15 20 2 0 i
0:..50 Zd D

FIG 5.72 COMPARISON OF RECTANGULAR AND 0 10 , , o
HALF-AXISYMMETRIC iNTAKE 20 I = 1 0-o
PRESSURE RECOVERY AT Mo--22 61 -,r1 /A, =0,79

The wing-shielded rectangular intake is also shown (0d
to be much more sensitive to negative Incidence 0 I (C Id)

than the other Intakes in Fig 5-73. Here, the peak

dynamic distortion parameter shows the seriousness I -u ~ - I0 0 5 s 0 2
of this intake's performance deficiency at moderate, -0a
incidence and leeward (positive) sideslip. 0 , 10 i0 a25

FI6 5.74 EFFECT OF UNDERBODY SHIELOING FORA
0" Ot-o.,sa tt•o0100 ....01 PITOT INTAKE AT SUBSONIC AND

HAL-A 'SYME ISUPERSONIC SPEEDS

F ; o2"20 'o0LOU

Jurbuenceis uhhghrtaithrIlt at high EFET FUNESRAESH0DN/ T 00

HALF-AXYMMETRI INLE PEAK

incidence. All Inlets except the fuselage-

shielded inlet show some sensitivity to leeward At super'sonitc speeds the lambda shock that0 forms on
sidesliip, both the bonoy and wing undersurface becomes complex

in form ,#here the two shock patterns Intersect as

Both steady state and dynamic distortion indices illustrated in Fig 5-76. Recovery increases with
show the some trends except the wing-shielded increase in incidence due to the reduced local Mach
half-axisyssoetric inlet and the fuselage-shielded number but engine face flow dis~tortion is worse
inlet which have low distortion. The importance of than for the Isolated intake as a result of the

high response distortion Is seen in that the complex shock riod boundary laoyor interaction on
(K/KL)PEAI values highlight side mounted inlets ac body and wing ,ootdersulrfacc.
having manooeuvre problems which is not obvious from
steady state data. SI, I 'I, I I1

253. eromaceoosilddeititaes____-•I .III 7 -

The advantage of underbody shielding at subsonic ),• .. tI, i. /.........
speeds is shown in terms of both reduced losses •

compared to isolated pitot intake values (Fig 5-74a aa.1
& b) and reduced mean local incidence (Fig 5-74c) ,. • Core. Shoo *it

ff'At supersonic speeds the Increase in recovery o.,*=,-••- • .. ,,•,, ... ,••. -. ...

Shilelding under a wing o, strako for a side body ,o ..... '•. ••i-.
intake is more difficult because of thoe presence of _______ ""•* m,*,
both body and wing boundary layers. Again, losses ,
are shown compared to those for an Isolated intake r)-'f'-l- / Eg.g .....
at Mo 1.9 in Fig 5-75 and also, the reduction in , ,4L.
effective incidence. In this case, the wing 08

strake reduces the mean local incidence but at the FIG 5,76
expense of soome increase In sldewtalil angle.

PRESSURE RECOVERY AND FLOW DISTORTION AT

INCIDENCE FOR AN INTAKE UNDERNEATH
A STRAKE AT M0,18 (REF 5.7)

_~~ ~~ ~~d 0J , 1.... ,, ......
0 0 0

"Ir - ... ..



52

Another example which shows a comparison of the two The F-ill airframe-intake (Fig 5-79) design
pitot intake positions, underbody and underwing, at represented one of the earliest attempts to improve
subsonic speeds (Fig 5-77) again emphasises the airframe intake Integration In a tactical aircraft
advantage of the underbody layout, particularly at and important lessons were learned (Ref 5.19). By
high incidence and low to moderate angles of tucking the inlet under the wing in an "armpit"
sideslip. IocatIon, the intake was shortened (for lightei

weight) and the win& was used to shield the Inlet
<-_.z " and thus provide high pressure recovery and low.L [ distortion in supersonic manoeusring flight.

09* EM-I UNDERBOM' INTAKE
-*- tM-2 SIDE BODY,

""9 UNDERWING INTAKE

Lew SB~(S0

00 ' - 60 70 )"1011

"Ut OF550 N09001-

' SPLIT111 eýn

4-0GI OF tio=(
" -". FIG 5.79 F-li IA CACTICAL FIGHTER

Unfortunately, there was Insufficient information
aL the time to alert the designers adequately

concerning (a) the shedding of low energy fuselage-U L L" I'! Iair into the Intake region at incide..... (b) the
(REF .18) tendency for flow separation to ocre- inside the

2 .1" (REF 5.18) sharp cowl Ilip at high Incide......nd (c) thle

Min •engine's response to time-varying distortion. The-0 I original complicated Intake dt: iin also attempted
_21_ /to use boundary layer passing tin ugh upper and" • lower side-plate slots to act as engine --,ling air

on its way to the exhaust nozzle ejector. TheFIG 5.77 COMPARISON OF UNDERBODY tortuous flow path over the engine resulted in low
SIDEBODYIUNDERWING INTAKE PERFORMANCE cooling air flows so that much of the boundary

layer air spilled Into the intake. Eventually,
General Dynamics was forced to (a) move the intake?5.4 technology Implementation in current aircraft further outboard from the fr-lage to avoid
excessive ingestion of the low energy fuselage air,Post-1965, the response to the requirement for (b) thicken the cowl lip to avoid high incidence

Increased manoeuvrability of supersonic fighter separation, (c) modify the conical compression
aircraft, had a major Impact on the design and surface boundary layer bleed and (d) placedevelopment of many current aircraft. Whereas the diverters In the side plate slots in place of the
drive for Increased speed In earlier years had engine cooling scheme. The lessons of the F-Illcaused aircraft intakes tc become more and more flight test experience led to a major revival ofcomplex with time, there has been a conscious research into airframe-propulsion in the following
effort to keep complexity to a minimum In current years.
aircraft. In Fig 5-78 the trend of correspondence
between maximum Mach number and design complexity The F-18 used a type of wing-shielding similar toof the intake system Is shown. This correspondence the F-111, but (in the prototype YF-17 version)
is due, in part, to the Cact that US aircraft are provided slots in the ront of the wing leading edgebeing compared. European and Soviet designers extension which al lowed the escape of fuselagesometimes tend to place greater value on simplicity boundary layer. These slots however Caused high
and/or light weight than upon high pressure wing drag. McDonnell Douglas closed the slots and
recovery and low drag, provided additional boundary layer control as

11G951K ,•' -&- - • ..-l•,,.e--,-t necessary (Fig 5-80).

Allll / ____ S¥_ r- I 2 MAC

T~g .~ / CIASS 7-.

TI/ L _ __ _ L_ L _ k _ _k _ ________ i ......... _,°,.Iu ,, ......

it 

.... 
/ 

t

"Il l I I IIAI Co I I I -I II E,
-~ 7 ~2.0 -2.2

,' / MACH~ 251majd E- 0-1

FIG 5.78 TREND OF INCREASING COMPLEXITY WITH
INCREASE OF MAXIMUM MACH NUMBER

-1 INTAKEmFIG 5.80 F 18INAK ia-
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The F-16 employed fuselage-shielding and avoided Simple design measures can be taken in tho detail

the problem of fuselage boundary layer Ingestion design of intakes. The effect of ilp contraction
while maintaining the positive aspects of ratio on the performance of isolated pitot Inta-es
shielding. at incidence has already been illustrated in

section 5.2.1. Shaping the lower lip by cambering

A unique approach has been implemented in the it outwards and increasing the thickness (with

French Rafale fighter aircraft (Fig 5-81) which respect to the upper lip) can enhance the effect of
would appear to share aspects of beth the F-16 and a choscn overall contraction ratio as shown' in the
F-18 shielding concepts. Rafale designers have sfde intake performance at Mo 0.9 of Fig 5-83.
avoided some of the subsystem interference problems
of most fuselage-shielding concepts with two - 19
engines while still retaining woat appears to be a Ap 0.14 -
significant amount of fuselage shielding. The N0 0-12! - 1 0. 0.16
unique fuselage shaping provides a considerable ~ ,o~aos'A
amount of boundary layer relief at high angles of 000 GO.,5 -nCo ,,O

incidence, allowing low energy air from the 0o-1 t J
underbody to flow through the diverter region and 006 R, 010

be spilled above the inlet rather than be shed as 004 0 08

vortices from the underbody into the intake region. 0 02,, 00 -, -

0 , s 004.
S03 04 05 06 07 0Ml~h 002

: •DE-0, %',-02 g-
0. 04

0304 0.5 U-607 0- OH5h 03 04 0-5 06 07 I1h
CHANGE OF CONTRACTION RATIO AXfSYMMETRIC COWL LIPS

(SYMMETRICAL) (C.4=1-75)

D5ASS010TRAFALEA FIG 5.83 EFFECT OF SYMMETRIC & ASSYMMETRIC LIP

THICKENING & OF LIP CAMBER (REF 5.15)

X jA small permanently open lower lip slot can also
improve pitot intake performance at incidence as

shown in Fig 5-84 at Mo 0.9.

FIG 5.81 RAFALE- INTAKE & FUSELAGE SHAPING

The Northrop F-5 reduces maximum Mach number to 0-1 SYMMETRICAL SYMMETRICAL
1.4-1.6 but puts a premium on high subsonic and 0R=1.2S CR=1.35

transonic manoeuvrability and simplicity. The AE1 0ý08
Intakes only require a diverter and side plate to Pt0 0-06 --
pievent boundary layer Ingestion and shock-boundary 0.04.
layer Interaction. The F-20 version w.ith Mach 1.9

capability uses fixed vertical compression ramps 0-02 125
with distributed suction bleed, 0 d t tosed 1 35

0"3 -"44 05 0"6 .7 Mtfh

The use of side-mounted semi-conical Intakes on
France's Mirage series of fighters and Israel's -0.2 --
Kfir (Fig 5-82) shows an approach emphasising light .C, - _ -
weight, low supersonic drag and simplicity. The 0

use of side-mounted seai-conical intakes in highly 0 3 I 0 0 0
manpeuvrable supersonic fighter aircraft would 0304 0506 01 Mt
indicate high distortion levels, but both Mirage

and Kfir are powered by turbojet engines with FIG 5.84 EFFECT 9F AN OPEN LOWER L;P SLOT (REF515)
rather large stall margins.

The retrofitting of a blunt leading edge to the

Mquarter circular centrebody Intakes of the F-111
aircraft (Fig 5-44) to improve pzrformance under
subsonic manoeuvre condittois has already been
noted.

•DESIN OW -D"SURFACt S T 5 6, 4.- '... A IT- NAE LIP

V3 6 . Iil

, URD{Y ULINC E wj "DISTORTION

O 0 20 0 e5 20 - 0 IA10

ANGLE OF INCIDENCE aoc deg

00070

0006
BASIC 0C0 0 0005 0 H 0

06 $-rboard Air 10t-.. 0 001
, , tOS• 5.1:-Co.1 Oyamiung Jack Mo 00ODFIE 0000
98 b.mdun toy.r Nct6s0 0062 0- . . 0 o 00017 ca" wal Bat shield

0 rentake Wt0 01 07 0I 09
,01 ... .. .FI 5.85 INLET MASS FLOW RATIO-AolA,

FIG 5.82 MIRAGE & KFIR FIGHTERS EFFECT OF LIP GEOMETRY ON INLET PERFORMANCE
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There can also be a favourable effect at supersonic CR= .-I
speeds on all Internal performance parameters by
changing from a sharp to a blunt tip but at the
expense of an increase in external arag as would be ý \4SI0EWAL1
expected (Fig 5-85). STGER• ANGLE

z0° 30' SO*
Similar data was obtained In the course of
designing the Tornado aircraft. A substantial
decrease In Instantaneous distortion was achieved
in the Tornado intakes by blunting and decambering 0 3$ , 

0 9
C, "O3;

the cowl lip at subsonic speeds as shown in Fig .30. as
5-86a. Again, however, at supersonic speeds, the J,, 0 *0
chann~e In cowl shape resulted In decreased maximum 0 2
mass flow and Increase in cowl lip shock stand off Yt 35V
distance (Fig 5-86o) and hence, penalties In
external drag. 1 0,e 0

0 00s0 1-
CC03 01 00 o1 07 m 0 01 .s a, 07 :0

ýCý2o COW 1o,3 PEMTICý 11•
hOEK 0 00 E I0

oos' - FIG 5.87 EFFECT OF INTAKE STAGGER AT M,=0.9
........... (Ao;Ac< 1.0)(REF 5.15)

FIG 5.86
EFFECT OF CHANGE OF COWL LIP SHAPE
ON PERFORMANCE OF TORNADO INTAKE(REF 5.20)

Grumman and MeDonne I Douglas both employed
side-mounted, ihorizontal ramp external compression LIP

Intakes to provide the built-in adjustment to
manoeuvring flight on the F-14 and F-15. The FIG 588
overhead ramps help to align the flow with the
intakers at incidence in the same manner as the use BRITISH AEROSPACE EAP AIRCRAFT
of entry plane stagger' in pitot intakes noted in WITH HINGED COWL LIP
section 5.2.1.

Further exadpis of the effect of stagger angle andwn
sidewall geometry at Mc 0.9 and c 35 on side Pta / 5, SO- 1531010
.. :-,Ke performance are shown in Fig 5-87. At 50 // .1 n

stagger angle because of the high shielding effect 1 3/
cf the upper lip, this performance i; virtually TOIAL / // 0" 0 z
inwal ;ant with capture ratio (and hence Me) ptS sTi./t. C/WI LP

prov!ded Ao/Ac < 1.0 but as stagger angle o 00' 3:
decreaoes, this Independence reduces and becomes
similar to thie dependence on Mth and Ac/Ao 03 05 07 09 Mlh
illustratei In Fig 5-58 for the unstaggered intake. FIG 5.89

PERFORMANCE OF INTAKE WITH HINGED COWL LIP
Much of thr, reccunt work In tuctical Intake variable AT SUPERSONIC SPEEDS (REF5.7)
geometry research has centred around inoreasing the
manoeuvre/acceleration envelope of the aircraft
This requires high pressure recovery and low
distortion over a wide range of flight conditions.

The most obvious act ivE means of increasing PR I

performance at high incidenc, is to hinge the lower
lip of the cowl. The European Fighter Aircraft

(EFA) uses both underbody shie~ding and a hinged
lower cowl lip (Fig 5-88). The favourable effect

on losses at subsonic speed iond high incidence Is 9 -

shown In Fig 5-89 and there Is also a favourable
effect of the hinged lip on intake eificiency at
take off conditions (Fig 5-90) 0.9" A

WAT 13
The hinged lip can also be oriented in the opposite
direction to affect drag in a favourable sense.
The effect on spill drag is taofold as shown in Fig FIG 5.9 0 rnCFORMANC OF SUPERSONI INTAKE
5-91. Firstly the decrease in capture area as the FIG 0 "ERFORMANCE OF SUPERN IC INTAK
cowl lip is lioigeo upwards towards the fuselage WITH HINGED COWL LIP AT STATIC
means that smaller amounts of flow need to b* (TAKE-OFF) CONDITIONS



spilIled. The shift of the curves to the left at Oc where It can be seen that the advanced intake gives

- 12* is because the non-dimensionalisiflg capture far superior performance at extreme manoeuvre

area Ac In the flow ratio Ad.Ac is based on the 
0
c points.

- 0 value. Secondly, there is a decrease In slope

of the spill drag versus Ao/Ac curve resulting from

the Increase in cowl projected area and hence cowl A,."o-o'

suct ion force as 
0
, increases from 0' to 12'. At \o.. .rUp( )

supersonic speeds however there is an increase In

wave drag at full flow from this same increax~e in _

cowl projected area (Fig 5-92). FIB~ r~*?hItbP

DRAG0.'

C toP[LLo1 ANGLE OF IN CIDENCE -deg.

N0  01
20 00 PEAK - T -- -

ISbCRTO .1-4.
14. 0 K tA

S 095 00'-

06 0'
60.2 04 0-6 0-6 10 12

0 I a a a -

FIG 5.91 EFFECT OF COWL LIP ICNA ONANGLE OF INCIDENCE - deg.
ON SPILLAGE DRAG FIG 5.94 COMPARISON OF PERFORMANCE OF

CURRENT & ADVANCED INTAKES (REF 5.8)

IN I ,, ASTE For ramp compression surface intakes at supersonic

0005- speeds, adjustment of the second ramp angle is made
FULL FLOW 0to compensate for the increased (or decreased)

0, ' 0 strength of the first oblique shock when incidence

00 Rto"0i changed. This enables the Intake to retain a
0, .12. AR 95 .P near optimum shock recovery bu~t probably more

-0 5 0 0:468 '2 '6 2'M '1, '4important ly, contributes to better engine-inlet

matching. For added flexibility of operation at

FIG 5.92 CHANGE IN COWL DRAG AT FULL FLOW Incidence, he whole forward portion of the intake
on the F15 aircraft (Fig 5-95) can Incline

DUE TO COWL LIP INCLINATION downwards.

Other variations to the lower cowl lip are possible '1-2

V much the same vein as high lift devices on wing 2
leading eiges. Fig 5-93 shows a comparison of the
internal performance of the simple hinged leading -

edge with a more complex cowl leading edge slot and

a blown leading edge. Blowing is geometrically
simple but uses high pressure air from the engine FIG 5.95 ROTATING FORWARD INTAKE IF-15)
compressor which results In an engine thrust

penaty.For an axl~yssoetric centrebody Intake, increases in
M=0-0 performance can be obtained by both staggering the

KUER MSCIiE0.J TUBU cowl lip so that the shock does not enter the lower
PIZ/ IF li5, ~ P I At i p and by pivoting the centrebody (Fig 5-96).

-- M I pivoting both centrebody and cowi however Is
,0 necessary to achieve maximum insensitivity to

BONLE 00 \_02 04 Oj Increase In Incidence.

BAS I( (OWL L E BLOWING

IJmoa 09, 00

COWL FLAP 08 P 0

00 06 521 5 00050

FIG E_.93 COWL LIP LEADINC EDGE DEVICES 22.

The benefits of opt imising airflow maching.

boundary layer control and variable geometry In a
complex design at subsonic speeds can be seen in FIG 5.96 EFFECT OF CENTREDODY PIVOTING & COWL
Fig 5-94 A rectangular advanced intake Is compared RAKING & PIVOTING ON AXISYMMETRIC
with current fighter intakes at various conditions INTAKE PERFORMANCE AT INCIDENCE (REF 5.71
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Concluding remarks 5-6 Goldsmith, E L, 'Forces and pressure

distributions at subsonic and supersonic speeds

Intake Integration on circular section pitot Intakes', ARA Report
75, Jan 1990.

The stream flow approaching a side-mounted intake
Is significantly disiorted by the forebody, 5-7 Seddon, J & Goldsmith, E L, 'Intake

especially In manoeuvring flight. Horizontal ramp aerodynamics', Collins, 1985.
external compression Intake designs are shown to

have inherent advantages over vertical ramp or 5-8 Richey, C k, Surber, 1. E & Berier, B L,
semi-conical intakes for agile fighters, but it is 'Airframe propulsion integration for fighter

also shown that careful Integration of the intake aircraft', 7th International Symposium on Air

to provide appropriate shielding can make an Breathing Engines, Sept 1985.

enormous difference In pressure recovery

performance and inlet-engine compatibility. 5-9 Brown, C S & Goldsmith, E L, 'Measurement of
the internal performance of a rectangular air

lotakes intake xith variable geometry at Mach numbers
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The design of a tactical fighter air intake results
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against complexity and weight, driven by overall 5-10 Surber, ! E & Stavy, D J, 'Supersonic inlet

aircraft mission requirements. It is difficult to performance and distortion during maneuvering
separate this design compromise from the flight', ACARD CP-91-71, Inlets and Nozzles for

consideration of inlet-airframe integration, yet Aerospace Eni.ies, December 1971.

there are a number of issues related directly to

the Inlet design itself. 5-11 Antonatos, P P, Surber, L E & Stavy, D J,
'Inlet/airplane interference and integration',

It has been shown that the inlet configuration can AGARD LS-43, A_.rfj:lA ije g.jno _lnLkration, May

reveal much about the intended aircraft mission 1972.
application and the overall system desigi'
philosophy. 5-12 Richey, U K, Surber, L E & Laughrey, J A,

'Airframe/propulsion system flow field

Intake design requires a thorough understanding of interference and the effect on air Intake and
the various fa-ets of inlet perfoimance and the exhaust nozzle perrormance', AGARD CP-150,
flow field phenomena which affect them. To this Airframe/Propulsion Interference, March 1975
?nd, the discussion has d,:,It with the basic
measures of performance and has outlined the 5-13 Surber, L E, 'Effect of forebody shape and
primary flow field phenomena which must be shielding technique on 2-1) supersonic inlet
controlled. Specific design considerations performance', AIAA-75-1183, September 1975.
involved In maximising pressure recovery,

minimi.tig drag and controlling the flow for 5-14 Surber, L E & Sedlock, D, 'Effects of
improved uniformity and steadiness have been Airframe-inlet Integration on half-axisymmotric
discussed, and two-dimensional supersonic inlet

performance', AIAA-78-960, July 1978.

5.-15 Goldsmith, E L., McGregor, 1, 'The etfect of

intake geometry changes on the internal
performance of a rectangular pitot intake on

the side of a fuselage. Part 1: Subsonic and
Transonlc Speeds', PAE rR 88070, November 1988.
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5-2 Tindell, R H, 'HIlghl compact minlt diffuser 5-17 Goldsmith, E L, McGregor, I. 'The effect of
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tj6 VSTQhL ARCAEU INTAKElS, fL ESQ 2 6.2 GENERA! SQ1WEPIS. SPEC!FCEAML$O

PERFO~c ILIJQITEIU-il VEHICLES ANj FUTIEg

2.61 ItETRODUCTION One of' the fitrst ioilgit approachtes to V/SIC!. was

2.6.2 CENERAL CONCEPTrS. SPECIFIC EXAM.PIZ:S OF with fived, ?itect lift engines, Wilt engines
FLIGHT TESTED VEHICLES AND EPTURE ccated either n the t~eaeor In wifr moutntted
POSSIBILITIES pods or nacelies, (tcf' 6.4-ti,6) is t hi- pttellcil

ift ettglttex of' the ft. 31 attd the fuse lage
2.o.2.l1 Fixed, Dit-ect Lift Engitte intakes :itititted t ift engines of tile 62W1. itt this

approach, specially desitiled, shtort engines, are
2.6.2 2 Rotating Engine local~es evatsted with their axes near ve-rtical or with 4

small tilt forward to p-ervide a snail component
2.6 2.2.1 State-of-tbe-\rt Experience of thrust in the forward direction. 1these

tttgties operate only duiring IfI t -off cc londing
2.6 2.2.2 Futuro Possibilit'es inod are tarned off dluring forward or cruise

Ylight Separate, hor iz~ntttally xou,sricti hrs
6.2.3 fixed Hlorizontal Enigite with Fli-a engine~s, ace used in cruise, whihch 1sunilly emvloy

[liiverte- sc-real conventional inlets. The fixed direct
lilt. engines must llto carriedl as a nc-it-useful loadc

2.6.2.3.1 State-of-the-Art Espet lence irsis poiint to pohitt and subtract frosti the miaxinow.
xoflload lthat stiptit be cart lcd tttherwi on

2.67.3 .2 future lossuilitties
The inlets of the certwhal lift enigitis toil fit-

2.o.3 PERPORIAANCP OF VSTOL INTAKES :N STATIC attt iticidence angle of about z.ero degrees at zero
A1ID TEAXSIEXI CONDITIOS and), %cry low; forward speeds to almost 90 degrees

inlcidetice In t runsit inn to forward Fl igiti. These
2.63.1 The Vertical Axis Inlet cotahit ons mo~st hr ne~t while onoixiom thrust is

beoittg demanded. Toe design and performan-ce of
2.6.3.1.! Inlet Physics the. podded lift engine~s of the 9/STLot transport.

P-rtlJer 31I will he deuct-ihed in pars 6.1.ý1 .
2-b.7 1.2 The Llft Engines intakes of the IDo 51

VSTOL Transpocrt Aircesit 24J. - r E IZ tx~ap Intakes

2.6.3.2 The Fixed Horizontal Aoli Intake - o2lState--ofk-the n Exuericoce~
Harrier fype 1c oletalseli "h ec-lmn f2 ithe next01 cincpltt: al seai;i tt lbe dhe I osttet tr.

2.6.3.21.1 Dicsrie Proble-ms h /, ipaente~ oKteatmtI
rotatc the engines aro :tuitieol attituide to

2.6.3.2.2 Tolci Preu.;ure Recovers h-,-i 1x. that thesev eng tn~s -:n .;ervv ho~t
for 1i It, a-l. fr., titrate rd p rtii.pol 1sioiti. Ibhi s

2L6.3.2.3 Spillage Drag appr oach lot inldujces a meias ure. of meehiti irca 1
en0ei.si tL otind c.otlplI cit;aes teci:tt;,!*,,ut,ir cxiii cc- is

.n324Vel~oxlty Distribut ion transit ton fecrn '-sri icti tot ?liorh a fI i glt
However, to spite of t:c addetd meccanicnal ari,

2.6-3.2-5 Los-Drag Cowl Section pcii.ioi r\t~ro roiIct A. fiscstic-ptiialI
apprc-ac- al lows tie enginie air- du;ke In, rotate

o.6.3-3 The- Rotalting Axis in-take V- 6-101 ito tie sic-il. i-iailr orextc cn

fix illte totbo-t..iothi at zero spent t-i
it. I iNI~!,()(inN va ui~etiiituast otnd ;tt ;i sittast Pot- sittiv speetd.

t il .1 crnIet -eign Ixr t tu eIaýc an mas I o xr ratc Ilos.
Over theý post IT -i so sea~s severe' I approacithes ( feetdsiStc e n asfIn a s
- a the design of' V/ST61 a i riraft have ices taken. Itic V'/S10t1. esci-o I fghter sit-ctiait VJW Il
each wsith its on-a particular engine or fan air frost ie sc, tt t i ~-w-lIos its ot, evictl In~F
Intake problews. (11sf 1) & 6.2). This sect Inn this-category a-ill beo l-.---tbed In para. 6.3.3.

citllrs the various types of V/STOL ircif tiePsub tc 5 -
lot ikes - tle i r design atol pertecciatice experi ence 21-222ltr ~sli~iR )2
atti som-i of the- r atn i I xcv problems, ouch Ps

tuilat> at: ittlaics, (Eof 6.3). Iige 6i. t hunts t Grtumman lniceiii tisitij; ct-tat itg.
p-li-t torh -lfant -tg itt di.,I n ox ; cot in -1uitd

tic-re p-tr to he ihltCe haste typesý ofi etigitic kttitdip c- wi t t. ig. .itl ettol vsv 1t '-ry s hortI
L ir ti takrs -socoelat ei Ai I tI V/Sý fol- arcrafrt: no, ,I t -lo .i-

-'u -,O Ncrt ti-al asi s inle ts I- I lift ottlyv

-thrust engitte -.t
the islet altos.- axi s rotates frost sort lea!
for l ifIt to hoiztrtontal for craliso thrust , atid '7

thle float% ltitr I-etttai sslax ittlet svitti fch -tits a '
'airisd vti-ifigiteut iott ettgite frl IfI t atnd ~ i
Crulise thlrUit -

Sec.t l Ott 6. 2. iii s-ives t icte genecralI cottcep..v

lon - lit-eati I oui ti theit per f,-nicatii-e of V-S vsiii. '
Inttikcs, uith tcsptecl to thteit udesignt-rt-tr
i-. given lit, Section t0 1 FIG 6.1 GRUMMAN ROTATN'-i 1URBOFAN IDE&iGN



file rotat Ing aft -f-mtmelage--el ith-engine emmnceitt is val1ve I itt the mmozzmIe (Ref u.10-6. 14). Air
emmilmd ied it;i the Cruimismmm inhttcrackerin-V/STOL exhaust Ing fromo the engine's compressor may also
concept for use ott all air-craft cart-ier deck Fig. be bled to prucide a lift ing force. Thle Pegasus
6 ý2. Two large turbofama engimmes ire mounted on engiocn in the Harrier uses this arrangement to
eim her s ide of a tinged aft jos~e lige sutch thmat give two tot amid twvo cold exhaust st reams. m ite
"'heie1 rztam t 111' tmime thItrus t vec t or mosses titroogh performommmc- of tihe air Intake of time Harrier will
tile m-tntre of gravity lf time aircraft bie describemi in para. 6.3.2.

'ime major intmake design problem Itmt this case is
i [/Jjtime gm-eat differencee In the mass flaw requoired

/ ~ ~ bictweemt time lift mode and time forward croise

~ ~ 1  ii232 fe-minu Pesmibilities

~~.A 3iecimmily unimque d1osigtt, Roiis-kmmycc. Fig 6.4,
\mjm(tif 6.21) comnbines time eximammo from time two ma in

etmgilmmc int ma mmlenon wmic~h cam; be deflecte-d fromn
a folIi --aft oc,--zie toa a dc wmmarmlx mie FIected lift
j~mi Admti t i ona I far- Lleed fmomim time two ma imm
eigitmes mra dutin-td throm-ghm rota-. ing tmomzlo_ frame

tiqi & ;ý:C__atm aft direct immn to idownwards ifrt immg ict

FIG 6.2 GRUMMAN "NijEiRA[KER"

1,em roim :e tbi~ia aval ai mje oni this desigmm time podded
mm bin-i an engi ness ppeom to imave a internal nacelitt *.

nmmmi-ý ithm no mmi lowacce for si-il lage md justsment. / 7
imr mmltimate in m 'z mine., timrmxm, vector design ~ 4Ij

itppltcm mmo he mis m-omae time whmole mmir-sroft, as Int
tle mecrm- eurls tm m simmter" a imtraft Time

in-* 11 Li n stl - s Ei "'r ol~r , a US

mmi~ comi-i gm Use Omxc ema m- r rdc-mI. Fig 6.3.

LL -F. CTC EXHAImtm

ii. - ~~~FOG 6 4 R01 IS - ROYCEfELE-OEXAS

IIT -~ :iime m
1
t--1m; m1t; I -t. -

.------ mmmii oa c-mmit miými

F i, 6 3 U. S NAV Y W IR E HANGER CONCEPT
V/S-i; mSmcinl ro-mmm--1 t- mmx- , of-

M 1e girl *e im inn--- Cm mm --pm i mmem 11 m int mm F-I-R m Vile mm I I -mint mef; u...i- i: emmimi c ii t mmtmilmmm
ftm;:~ I i Lm1mto, mmc mgimw mie-im-em mc,-d t lmha,. a t~gm~ 11 mint mmmo mt;1 h -- c l- pmmT--

imInml c-m mm-mi-mli muld tmli -ho, andi -mintt
I'lm megro inx mm mmy dm mct mm min I m is mm mak,-iF
i qt ihe .~I.(tmmmmt mmxa i;av ;t wou mld lmmo-k d-wmm Fig. o1 i Il-ts ;m NASAl k-;i;o-:0

vet i;ttmm mli I;' mm;;; qIi i t-1 ite 'mrt in t mm it:~ asO of tip ;lm scm; ;- wiimh lt1- mici ' l--/ !e, fi-
mm o i -i ii , Hi i. . 1t m soimewhmat s imiim mut mt o t-h o s ti j,- m1 Ifj A mm--si fmmim i- t m om I. ~z,- t1%.,

kv nN- I I \ t a m i xI ii s It t t 1 )57. mmmmcmmmafti mm I mmcc- int1.. IilF[ ;mm i d ,it mm~ i m g mImmm i1mm
mmrblmte c ;fI mmcx serve in;;; gams t"-mt tim;-. mm

time lilim mm d mm llmmmx fammls. Time ii v s 1i ý---m
\-13 emqmmrmetmcc umggem. tihatm t time etcrigin- .mrc typicaml sice moutedmttm duc;t ;mmEt

-lie mi1ing% om mml evetmt c ros s --fl1ow S tamI I of time
"cm t min'. ief6t

2 6' 2 1 p,, SaemfI Amim:,mŽ Immc

Notela

Iv timt, case mmf a fly-min imrivmmtttll axis enginme, cmmmm' m -- mLm
cx-c rim I aIfII t mutt lie -itta immem imy mci flem-t I mmg a[ FIG 6.5 NASA rIP DRIVEN FAN DESIGN WITH
mitr lart of time enmginmes' exhmaumst dowmmswards by a DEFFLECTING NOZZL ES
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The Dornier "LSK' PROJECT. (Ref 6.16), a lightANLOFARLWUN
hovering combat airplane, as shown In Fig, 6.6, 3,2 ANGL OF AIFO -UR

has a simi lar configurat ion except that the K_ E)/i
s Ingl e eng Ine, ,pe rat ing as a gas genet at or I s V
supplied by an inlet at the base of the vertical V 2,E
tail and instead of using a diie.Žeting nozzle It 90
uses turning vanes In the slipstream.2,

2,0

1,66

/45/

1rhrost doailecting silas 1.2 3

Gat dtriven nose lair - --

FI, 6-6 DORNIER 'LSK" PROJECT 0,4 0

2.6,3 -__ .fERORMANC ' OF V STOL INTAkESq IN STATIC
AND TrRAtjSIF.NT CONDMTONS

,he D~ornlrr Don 31 (Ref 6.17) the MOB VJ-1OIC,04 08 12 1, 20
tRu:'s GAS & 19) artd the ia'-rier, (Ruf 6.20) have VOfV 2
boes chosien fo r purposes of performance
'rcr-siderat ions as representative of the three FIG 6.8 FORCE RAT;O TO TURN AIRFLOW

.ncategutr en of .1/STr)L intake design. THROUGH 9- DEGREES

26.3 TheVertical ANis Inlet

Tihe probhlem of' intake design Is unique For the 
I1fise.d, vorticali lift engine in that in forward v

fli ita rue roilet air must turn througir a large i
arigle faienr '90 degrees) from the free stream I1Vnrv 2 2.0
diror: iii litte the engine inlet duct. Such a JI
'err re~q;1 re at large turning forre per air mass I/

fl;wV: Fig- 6-7, shows a scirentatie ci a gien [.I

th I tenit i fg I Iou..F

o.. verpre'ssure --. -I
K K16 12

S. C 4

attdenijressste V2 \ kV

Staone xf the cxst.,r

%vVO IG 6.S VARIATION OF FLOw VELOCITY~ o 7 \ON SURFACE OF INLET
vvV2yii' 2 .- PD)ixF 2  K 2 6.3.1.2 The 1A rT ingEgnes Intakes of tIfe DonV momrentumn 31 VSqTOLTrattsuort

Fig. 6.101 shows the aircrift configuration with

ilu 6 7 SCHEMATIC DIAGRAM OF AIRI'LOW Pod, fat tn.L lift engine at the witng tips. W ind
TURNINGi INTO INLET DIiCT I irtittl tests were carried ont ott the Donroer Do

31.- foetr-engine-vert ical I Ift naee Ic Ite t early

.a Frcý)it he eat ornr anI aposiive 10601 (Ref 6.17i. A schemnat ic diagrain of the

:.ieor,,'... forrce oni tite far ranier Is :equired to
aurt xh floe; thrtotugh iho tingle ii. A fo~rce

I g iUsing ronnleritt in thieory , is shownt onf this
iifene tri ultich tire horizontatl arid vert iral

!o1'-,e -an) be determined. rhese tar
r-'pu'' artr thirei ie usqed to tird thre resultant Z

f,- t" 1i, result Is shiteot plot ted int Fig. 6.8.
ih- ,,i r vevrfity nitl tite near atel For sutrfa~ces of

tie itnlct illi v-ary as shown in Fig. 6.9 F~rt

FIG 6.10 VTOL TRANSPORT AIRCRAFT 'Do 31"
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nacel - is shown in Fig. 6.11. Tests were made Fig. 6.13 shows test results for the engine
with and without a cascade of turning vanes in Intake model tested, both without and with
front of the first engine intake and with and spoiler for the cascade equipped nacelie.
without a spoiler at the ergine exit. Tihe spoiler, used to create a suction on tile

under-side of the nacelles, has a large effect on
Z7 the first engine (about 40 percent). However,

its influence decreases on engines 2 and 3 and
give a negative effect on engine number 4 for an

angle. of inc!dence greater than 4".

The row of intakes must finally be investigated
for distortion at the engine face. Fig 6.14

P N Cascade!cosarodos, presents the test results for the b-Zuu distortion

. i. a 'factor for engines 1 and 2 without a cascade.
The dashed line shows the comparison of

distortion level with a cascade for a 6" angle of
2 2. 3 4, incidence. The presence of tihe cascade gives a

marked improvement at 6', decreasing the

j PEý distortion from -1.1 to -0.6 for engine nc.
1 

and
from -0.7 to -0.3 for engine no. 2, both at Vo/V,

FIG 6.11 - 1.5.

SCHEMATIC OF THE VERTICAL LIFT NACELLE The measurement of a distortion figure below the
limit curve for the configuration without a

Figs. 6.12 (a) and (b) compare the total pressure cascade, o - 6 and 3' yaw, as shown in Fig.
iecovery measurements Pt,/Pt0 without and with a ,.!4, demonstrates the need for a cascade. The

cascade, at low inlet speeds, V0/V2  - .. addition of a cascade brings the point upwards,

corresponding to engine start at the beginning of into, the operational range, even with a yaw angle

transition for a vertical landing. The cascade of 5

improves the performance of the first intake but

seemingly has little effect vn the rearward v20 0806 2 02 04 08 08 0 120000,02.ad -4 o s 1 • • 0 o •0 a 1 • t

o 2 4 6 0 2 4 002 O.0"

p. . iO ,h~. ~.2. . ..
Svo = ,,oo.- Pl.,

I. 0202nle Nr. 1 .60 ,

InEnt NN,. 2

020,0s 3 a004 s02 n~easo~ed
Ca) (b) , ,• ,.,

FIG 6.12 TOTAL PRESSURE RECOVERY VERSUS FIG 6.14, DC60 DISTORTION PARAMETER VERSUS
ANGLE OF INCIDENCE VELOCITY RATIO AND ANGLE OF

A pr-oblem in the• design of vertical lift engine INCIDENCE, INFLUENCE OF CASCADE
aircraft is that of in-flight start of the .32 Tefsd oronl'xi
engines prior to landing. For engine start-up in tkttr'e • .i2)

flight it is necessary to have a positive total
l):essutre drop across the engitne to provide air 6 .3.2. rlesigen Proiblecs
flow to windmill it up to starting rpom. Thlat is,

(P7 P~x.
1Fto 0mst he greater than zero witere PEX Fig. ih.15 shmoos thic generil co~iifigiurat i,, o tile

is tiue stat i pressure at the exit of the engine. HParr icr. The slperiaI prohilcmos of hori zonial
2

,-C It , 1e N, ViSTOL li tt abes arise from 2tIte munit a i yL C-e -
_.2. F----_--- - runt radiIcitory des igtn requl remueft .s for rru ise

'• 'fllglt and vertical lift off 7o0dii ons.

'solarge mass flow at very Ilow forward speeds
• .comparatively uloa mass flow at hoighi forward

/speed over a large rantge of ioe dence.

0 , N, I

N , 2 
E -9 N ,

FIG b 13 TOTAL PRESSURE DROP THROUGH ENGINE I
FOR STARTING VERSUS ANGLE OF INCIDENCE FIG 6 15 V/STOL LIGHT ATTACK AIRCRAFT"HARRIER

air raf is.. tI I ba rln I I Ih st r of. . .. .th 6 .3 . 2 The fi\ d l r z- Al
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7isa requirements are difficult to achieve with aW
fixed geometry Inlet but car) be obtained by mears
of variable geometry.

The large mass fi a required at low spekds needs
a large entry arta for the intake. Tflu3, during

hligh-speed :ruise ar low altitude the airflow
s* iliage Is large which 1lrads to large preentry A.~ ~
drag, which may he .cs great as 50 to 80 phrcent

of thre drag of' the reint of the .ire.raft. Hence.
for l ow altitude cruise, the cowl must be
designed to achieve a large thrust to minimize

this spillage drag. At high alt itude the problem
Is oiuc h less Import ant , alIt houtgh still F
s ign i flo-,ant . Finally, :)ecatise tOe intakes are -

large, ti;.c for-e~s onl thp intake are important for ,6.
stabilit i as well as the usual stress force- on
thbe "ow.I.

2*6 .2 2 Total ilressur .Qove. e

The total pressure recovery in an intake with FIG 6.17 RELEVANT BELLMOUTH AREAS FOR
rounded ent .ry I lps varies with the mean er~try THE AUXILIARY INTAKES
Mach number as ilIlustrated in Fig 6. 16. A sharp

lip intake at V. -0 and 0,2 is also shout. 2 6.3. 2 S2 soj-pge rae

0.0
100 , -- - -'j When, the stream force theorem Is applied for

1.0foý"ward speeds, ;t'sen 'he spillage drag is low,
t. he means Intensity of suction on the cowl is

95 12.01 invers5ely proportional to the projected cowl

I ~h arec.. Thus, low cýpillage drag requires both
Id,~ large co-ol area and good shape.

9.0

8-Sharp Lips > 1
C A e

si k0 -0 20 8.L ~ . .0_I 1"Auco

eoZZr y

08.5. 00 08 10 -ec~lu yy,0

S Tharp L ach Aubrl~utwg
FIG .16 HEORTICL EFICIECY F ROND-LPPE

AI INESA EOFLGTSEDFG6.8SUCSO SILG RGA

wi5l zeooXtX o y heecre hw t

-lV.

hel mutho near h it.mteyary wIthtV: ~ c o

FIG. 6.16 THOEICA EFFICIEtCs OFe relvat bL IttEutt

areas for the. at) ill shry Intne Inak wit citlag arwit..h
protecauxliar Inak doote direet and.,- iit. approriat of 2

Tlteeqa tftion itr ps Iressure deovr t so btin.drg add- topca thee cowls th spilag

frhmckitess of I le olatd limet. n cma idr n ira varte ry.hl a shoI~uu~wn ]i Fi. 6.1.osa

with zeo onse velocty. Thse cures show 1I0 1- -- -A--- ---- ' -directly~~ ..a fo a~OC give prewur 500005 swoop thet 03.5RE0 &,

ýuct~FI 6.19 SPILLAGE DRA AT HIG SUhONI SPEEDShIs nv ,I
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initially, the main Inlets consisted of two side
mounted inlets of "D" shape and a single row of ..
six suck-in doors of 0.585m2 and & throat area of 0 02 04 06 08 .0o 10 14

0.
8
55u.. and employing boundary layer bleed doors ,0-- -

on the side of 'he fuselale. For the advanced
version, the AV-88, the throat area was increased 0 2 j,---Mt-1-
to 0.9Oma' sq.ft. The inlet cross-section wos, MLS5 Al

changed from a half-round to a 2:1 ellipse with a P-
double row of eiaht suck-in doors of O.780m2 0.4- - -- 0, -
sq.ft area to eliminate spillage (Ref 6.21). M- ..

0.0-

Thus under vertical flight *:onditions a large
belimouth area and adequate throat area are 0o
required, while during low altitude cruise large
cowl area and smai I throat area are necessary.
Both conifItions are vital so that some form of 10 --
variable geometry is worthwhile in order to
improve the efficiency In either condition. _____.__'__\__\\\\\\__

At V/STOL, bellmouth area is more effective than P&alleata c
throat area in Ilproving efficiency, sc it is A,
usually possible to choose the minimum throat
area suitable for conventional flight, then - --.
provide sufficient bellmouth area to achieve the
target efficiency, preferably In such a way that
the cowl area is not restricted at high speeds. 1.0-

_ _ _ _I _

2.6.3.2.4 Velocity Dint ribut fon Dpre - Pre-entryi aa tive drag

The problem of velocity distribution and total ____..

pressure distribution at the engine face are DSo
similar to those of conventional intakes, except On,.
that they are increased by the larger area and no --smaller length to diameter ratio. Adequate
des-ription of the distributions is sometimes
complicated by variation of static pressure
across the compressor face entry and 0,4
uncertainties regarding the effect of the engine
on this variation when measured on models D
(wit hout an engine present) and the converse
erfect on the engine. 01 -

The worst velocity distributions are due to
boundary layer separations caused by adverse
pressure gradients in extreme condit ions of I _".

flight. For example, in the case of a fuselage o U2 0.4 06 08 10
Installation, If the flow is very much reduced, Fto wra!k, A.
the adverse pressure gradient upstream of the (b
entry ac's on the boundary layer on the side of FIG 620 CIRCULAR COWL WITH 3 TYPES OF
the fuselage and could cause separation forward PEAKY PRESSURE DISTRIBUTION,
of the Intake entry plane. At extreme incidences
particularly 't high mass flow, the boundary Q) PRESSURE DISTRIBUTION M=0.9
layer may sept ate on the Inside of the lower lip b) SPILLAGE DRAG, M0=0m9
or the entry and on the adjacent fuselage wall.

2 6.3,3__RotatLn&_Axls intake of the VJ-101 (Rer
26.3,2.5 Low-nLre ýCowl Sestjon 6.18)

The maximum area of the cowl tends to be Fig 6.21 shows the general configuration of tile
determined by the aircraft's layout, so that the VJ 101. Fig. 6.22 shows the design of the
cowl area is given when this area has been VJ-IOIC iift/cruise engine Intake instal led on
chosen. This cowl area Is unlikely to be the tilting engine p,.ls at the wing tips.
generous, so the maximum velocities at low
altitude may be supersonic. Cowl sections, .
therefore, have been developed which lead to
largely isentropic recompressions ^rom highly
supersonic peak velocities. Some results of
tests on aOt axssyommetric model are shown In Figs.6

.
2
0a and b. Fig. 

6
.

2
0a shows almost isentropIc

recompression from a peak local Mach number of
about 1.9. Fig. 6.20b shows a typical curve of
spillage drag for this cowl for M. - 0.9. Lower
spillage drag will be obtained at lower Mach

iunbe r s.

FIG 6.21 VTOL FIGHTER AIRCRAFT"VJ 101"
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For the auxiliary inlet closed, pressure loss Is
.rri" high for low forward speeds, ot + a - 0 or 60"

and pressure recovery Is quite low for low flight

- *. K4 Mach numbers, even with or + a - 0.

However, with the auxiliary slot open, losses

drop markedly even for high o + a and total.• /'• pressure recovery Increases for 0' 6 at + ar _ 60"
up to M - 0.30.

These figures show clearly the advantage of

changing the inlet geometry (opening the intake
slot) with increasing aircraft forward speed and

FIG 6.22 "VJ 101" LIFT/CRUISE ENGINE INTAKE also the neet: to keep duct incidence, o + a, low.

The inherently bad performance of an Intake of REFERrNCES
this kind in the low speed range and at high
Intake incidence conditions is compensated in 6.1 Book - Aerodynamics of V/STOL Flight by
this case by the use of an auxiliary intake in Mc.Cormick, Acadmic Press, New York, 1967,
the form of a circumferential opening around the 328 pages
nacelle about 15 cm wide. This opening Is
created by moving the forward part of the intake 6.2 Book - Supersonic and Subsonic, CTOL &
forward by means of four hydraulic actuators. VTOL Airplane Design by Gerald Cornign,
Fig. 6.22 shows this auxiliary intake in the open 4th ed., College Park, Md., 1976, 852

position. This inlet was tested under various pages.
conditions. (See especially Chapt. XIII, VTOL Aircraft

Design, pages 13-1 to 13-51)

Figs. 6.23 and 6.24 show the pressure loss factor
vs. V0/V2 and pressure recovery Pt /Pt'vs. Mach 6.3 "V/STOL - Fluzg7euge Entwicklung", MBB

number M. for various inlet incidence angles, a + Information Luftfahrttechnlk, BT 007 Nr.
4/82

6.4 "Jet Lift by Rolls-Royce", The Aeroplane

Astronautics, Jan. 25, 1962, pages 93 - 96

S m'• 6.5 "Short SC-I Cut-away Drawing", The
Aeronlane, 10. June 1960

6.u Advanced Aeronautical Concepts - Committee
on Aeronautical and Space Sciences, United
States Senate, 93rd Congress, July 16 and
18, 1974.

6.7 "Supersonic Vectored-Thrust Fighter Design
, .Tested", Aviation Week , Space Technology,

, ~ December 8, 1980, page 51

(.8 "Navy Unit to Demonstrate Vertical
12 Attitude Landing", Aviation Week & Space

FIG 6.23 PRESSURE LOSS FACTOR VERSUS Technology, December 15, 1980, page 69
VELOCITY RATIO AND ANGLE OF (the "Wire Hanger")
INCIDENCE, INFLUENCE OF AUXILIARY

INTAKE 6.9 Robinson Jr., C.L. "Navy Plans Emphasis
on V/STOL", Aviation Week and Space

"1 .]Technolog.y, March I, 1976, pages 12 - 16.

6.10 Harrier - Modern Combat Aircraft 13, Bill
i '•" Cunston, Ian Allann L~td. l.ondoii, 1901. See

especially pages 40 and 100.
Ptz

6.11 Harrier: British Aerospace and Mco'nnell-

Douglas AV-SA/B.
Win. It qiuru, Jr., Aero Series No.31, Aero
Publishers, Inc. Fallbrook, Cal., 1985.

6.12 "British Design Ultra-Short Take-off andi' --..'•" . Landing Air'raft", Aviation Week 6 Space
,. .. Technology, September 22, 1980. page 23

"6.13 "McDonnell-Douglas AV-81B Advanced
Harrier". Jane's All the Worlds Aircraft,

F!G 6 24 TOTAL PRESSURE RECOVERY VERSUS prges 346 -
FLIGHT MACH NUMBER AND ANGLE OF
INCIDENCE, INFLUENCE OF AUXILIARY 6.14 "Hawker P. 1127". El liht internatl ona[.

INTAKE June 6, 1963. page 846.

Total pr essure re-, e -ry . , .fiarp-lip Intake is 6.15 Zahinsky and Butnham, "Design

shown to be a funct ;,i of throat Mach number and Consilerat 'cu For a V!STOI. Technology

lorward flight Mach numiv,'t Airplane", Jo.Lr .or olfr,.LL Oc-tober 1976,
page 745
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6.16 "Dornier LSV", FLUG REVUE, December 1972, 6.19 AGARD Conf. Papers No. 135, Septemberpage 6. 17-21, 1973, paper 28 "Propulsion System
of the VJ-l1l C VTOL Aircraft' by W.Blehl

6.17 "Modellversuche zur Gestaltung des
Hubtriebwerks-einlaufs elnes VTOL- 6.20 Clark and Vasta, "Development of the AV--8B
Trinsportflugzeuges", Molleius and Uhrig, Propulsion System", &IAA-84-242_,
Deutsche Luft- und Raumfahrt Mitteilung; October 31 - November 2, 1984.65-14 (1Do 31")

6.21 "Rolls Royce to Test Propulsion System for6 18 Hans Redemann, "V/STOL-Waffensytesi Supersonic VTOLS", Aviation Week Spac,.
VJ-101". FLUC REVU, January 1972 " ,echnolog January 3, 1983, page 22
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2.7 INTAKE DESIGN AND PERFORMANCE FOR MISSILES 2.71 INTRODi-mJ.
WITH AIRBREATHING PROPULSION 2-71-1 The relevance of air-breathina eneines for

CONTENTSmissiles

For short ranges (430401Km), the solid propellant
2.7.1 INTRODUCTION rocket is the best means of propulsion because of

2.7.1.1 The relevance of air breathing engines its technological simplicity.
for missiles

For medium to long ranges, air-breathing
2.7.1.2 Types of air breathing propulsion propulsion become2 increasingly advantageous
2.7.1.3 Specific problems of missile intakes because It is unnecessary to provide oxidant in

2.7.2 CONFIGURATION EVOLUTION AND CONSTRAINTS the missile; intakes are then necessary to
capture the external air.

2.7.2.1 Early configurations
Air-breathing propulsion has certain drawbacks:

2.7.2.2 Operationa costraints - Intakes are necessary;

2.7.2.3 More recent developments - missile geometry Is more complex;

2.7.3 ISOLATED INTAKES - engine development time is longer;
- If the missile has an expendable turbojet It

2.7.3.1 Intakes for subsonic or low supersonic will be more expensive
speed missiles (this will not be so if It has a ramjet)

- but an additional propulsion means may be
2.'.3.1.l Pitot Intakes necessary for a ramjet (boost rocket).
2.7.3.1.2 Flush Intakes

On the other hand it has the advantage that:
2.7.3.2 Supersonic intakes for a given range, th missile is lighter and

2.7.3.2.1 Axtsyrmretric and derived intakes its overall dimensions are smaller;

2.7.3.2.2 Rectangular and derived intakes - it can fly at low and constant altitu.le to
ensure best :.enetration;

2.7.3.2.3 Design Mach number - its missions can be easily diversified.

2.7.3.2.4 intake size 27 12 Types of air-breathine orpoulslon

2.7.3.2.5 Three dimensional intakes
2.7.4 FUSELAGE FLOW FIELD Two kinds of engine are possible for missile

propu.slon (Fig.7.1). The turbojet has advantages
2.7.4.1 Fuselage with circular cross sections which increase with range because of the mass and

cost of the expendable engine. It is very well
2.7.4.1.1 Zero incidence suited to subsonic missiles (e.g. Cruise missiles
2.7.4.1.2 Non zero Incidence such as OT')MAT, HARPOON...) and in some cases to

low supersonic speed missiles Ml<1 .8). The
2.2 5 MISSILE CONFIGUR,,.,,tNS ramjet is a very simple engine, without revolving
2.7.5.1 Electromagnetic detection parts and it is well suited to medium or long
2.7.5.2 Types of steering ranges but only for supersonic missiles. With

subsonic combustion, flights from Mach 1.8 to
2.7.5.2.1 Skid to turn steering about 6 are possible; above, supersonic

combustion is more advantageous. The
2.7.5.2.2 Bark to trn sturtng disndvantage of this engine is Its ver) low
2.7.5.3 Pcsslble configurations witl' circular thrust at low Mach numbers. An additional means

fuselages of propulsion is therefore necessary to boost the

2.7.5.3.1 One Intake missile up to Mach 1.8-2. A rocket he;,ster
provides this fast acceleration that. also

2.7.. 3.2 Single intake at subsonic speeds reduces missile response time.

2.7.5.3.3 Twin intakes

1.7.5.3.4 Three intakes

2.7.5.3.5 Four intakes

2.7.5.3.6 More than four Intakes

2.7.5.4 Fuselages with wings or strakes

2 75.4.1 Wings ahuts
TURBOET

2.7.5.4.2 Strakes FIG 7.1 AIR BREATHING FROP, .SION

2.7.5.5 Fuselages with non circular cross

sections ENTCALPY o•

2 7.6 PERFORMANCE PREDICTION ETAP 4ý
2.7.6.1 Isolated Intakes "0' V

2 7.6.2 Flow field around the fuselage.- .,, ..-

2.7.6.3 Mounted intakes W

2.7.6.3. 1 One Intake . -.

2 ',.3.2 Several intakes

2.7.7 AIR BREATHING MISSILE DESIGN

2.7 8 CONCLUSIONS FIG 7.2 'URBOJET CYM LE
REFERFNCFS Fig 7.2 shous ait enthalpy-entropy diagram for a

turbojet: both ,ntake ;it,! compreqs.sr contribute
ts the total . ,--resslon of the cycle. For a
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ramlet however the whole of the compression The payload Is in the body and there Is low

process takes place In the intake and the interference between the fuselage flow field and
following duct. The Intake has also to deliver the air flow captured by the intakes. The

the correct quantity and quality of flow to the intakes have good performance, but on the other

engine throughout the flight envelope, hand, the missile is heavy and bulky and Its drag
is high. Such missiles were developed: e.g.

27._! 3 Specific problems of missile Intakes BOMARC (USA), BLOODHOUND (G.B.), SIRIUS CT 41
(Fr.)(Fig.1.5) in thle 1950s.

For a transport aircraft, the payload is I.5) int------0s ENGINEs(02

fuselage, the wings provide lift and the engines
In the nacelles give thrust; interactions exist
but are limited in extent. For a fighter DEI

aircraft, there Is a higher level of integration REctFU

and fuselage and nacelles are often amalgamated

but wings are still separate entities. For FIG 7.4 AIR BREATHING MISSILE
missile configurations, integration Is carried a WITH SEPARATED FUNCTIONS
stage further and consequently, intakes perform
their primary function of capturing the air flow
but also produce a large share of the external
aerodynamic forces (lift, drag) as shown in
Fig.7.3.

..... 
AS .... 

-I I/!

C6 1 . 100 - ,. C ~FIG 7.5 SIRIUS CT41Fr.)

5 _CIRCULAR SUSONC

ZDIF FUSE:R- \

0: I.... ANNULAR SUeSmi/C

2. - I - FIG 7.6 FIRST INTEGRATION FOR AIR BREATHING
"1_MISSILE

0 - -i I I I After that, a first integratilon. appeared with a,,

0 8 12 16 20 intake In the nose of the missile (Fig.7.6) and a
INCIDENCE jettisonable rocket booster located at the other

FIG 7.3 LIFT COMPONENTS ON A TYPICAL end. ]his c.nfiguration has several advantages:

HALF AXI-SYMMETRIC INTAKE CONFIGURATION - comnactness,
- good intake performane (without interferen/co

The very high manoeuvrability required involves from wing or fuselage).
large loading factors which occur at high - low drag, and

Incidence and sideslip angles. The constraints - possible skid-to-turn steering, (see
imposed by a human presence for fighter aircraft 27521) but also various drawbacks:
disappears for missiles. For these very - poor, diffuser Integration (circular annular
difficult situ6tions intakes must still correctly diffuser),
perform their primary function. The missions - lower warhead efficiency,
being diverse, the flIght envelope Is wide and - difficulties for homing device integration, and
the intakes must supply the engine under all - tendency for missile sonfigurations to have
conditions of Mach number, altitude and attitude excessive length
with the orrect air quant Ity at high pressure
recovery and with low distortion of the airflow. Such missi les have been built e.g. TAIOS (1ISA)

Fig.
7

.
7

, SEA DART (G.B.) Fig.7.8, VEGA (F[ .)
Although there are no landing and take-off phases Fig.7.9 and STATALTEX (Fr.) Fig.7.10. The
so that large mass flows at low speed are not a Russian missile SA4 GANEF (Fig.7.11) s- unique
problem For missiles, some difficulties can In having an annular intake bocted alter the
appear during the boosted poiase with the intakes payload
closed either at the Intake or at the engine
fac,-. However, missile Intakes are required to
perform for a single flight, possibly after a
101g storage time and therefore low cost and high
re'iability are essential.-

JJJ "_I ?PURAT ION LVoLUT ION ..Ml C .NSTRA ITS

i221 Early co BFIutt!.;,, FIG 7.7 TALOS (U0)

The first alt breathing missiles were
experimental vehicls for testing ramjets. and
therefore without operational size constraints.

Figure 7.4 shows a sketcih of such a missile with FIG 7.8 SEA DART (UK)
separated functions (fuselage, wIo14.. nacelles).
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t •! Fig.7.13, with four side intakes.

STATALTEX ONERA In a second step. compactness has been improved

by integration of the rocket booster with the
ramjet combus'ioti chambtr, which was left void in
previous configurations (Fig.7.14).

FI1 7.12 S.A.422

FIG 7.9 VEGA(Fr.) FIG .10 STATALTEX(Fr.)

FIG 7.13 SCORPION PROJECT (Fr)

JE'TISONABLE
DOORS AND NOZZLE

BOOST PHASE

-- • -PAYLOAD--
4

-PU-

FIG 711 S4 GANEF (USSR) PROPELLANT
ACCELERATION --

AND CRUISE PHASE RAMJET CHAMBER
2 7.22 Operatiunasl Constraints FIG 7.14 MISSILE WITH INTEGRATED BOOSTER

For medium to long range missiles, air-breathing
propulsion Is appropriate but thie internal Two drawbacks appear with this Integration:
missile arrangement must take into account
various constraints, which were solved withuot - During the carriage and boost phases, the
difficulties with a rookit engine. Intake ma2y he closed at the downstream end of the

diffuser, this causes drag and can induce intake
A high degree of compactness Is essential for Instabilities such as buzz (see Section 2 of
aircraft carriage (especially by small European Chapter 2).
fighters) or container storage.

- at the end o. the boost phase, It is necessary
A modular design is the best means of separating to Jettlson both thie booster noz.:Ie and the
the various functions: dTif fuser doors and then to Ignite the ramjet in a

very short time to minimise deceleration.
- detection (hom'ng head).
- attack (warhead), Some variants of Integration are possible.
- propulsion (fuel tank, engine, Figure 7.15 shows a missile configuration with)ut

booster) Jettisonable parts. The booster nozzle is
located at the end of an axial extension tube

Low visibility from electromagnetic, infrared, connected to the booster. During-p. t he ")oo;t
and optical detection and sh;apes and mate iials to phase, the air flow captured by the intakes flows
give this are essential. Missiles must be through the annular engine charmber an. it is
increasingly manoeuvrahle; two kinds of steering possible to Ignite tile ramjet during bhrust d~ecay

are possible: bank-to-turn or skid-to-turn to avoid any docelerat icn,. During the cruise
(272). phase, the thir,'at Is annular anvu a separat Ion

appears at the base of tile hooster nozzle: gircd
Longer ranges Impose new missile geometries with performance Is obtained with such a nozzle but
high lift-to-drag ratios and flight envelopes thrust alignment In difficult. A:t,ither drawback-
become wider. of this configurat Ion is the I iml trd ciompactness.

For missiles, reliability, simplicity and law
cost are essential and conventional industrial RANOLARRAAMJETiCHMIE5R
experience can sometimes be a handicap. SLIuat PeaE "?1i

Z7 2.3 More recent deve lopmentsn FUL-

Confi, ,t ions have changed to respond to these CRUIAo ;ILa
operational constraints Air flow captured by the
intake depends strongly on the flow field around FIG 7.15 MISSILE WITHOUT JET I-SONABLL PARTS
!he fuselage: this catt be all advantage or a
disadvartage according to the location. Missiles
have been built SA 422 (Fr.) Fig.7.12, w!th one
Intake, or scch as SCORPI(O (a French study)
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Another variant has been proposed In France by protrusion; some advantages are:
ONERA: the unsophisticated or 'rustic" missile -low drag,
that does not have a jettluonable booster nozzle -small overall dimensions,
and for which only one Igniter l:; necessary -small Radar cross-section.
during the mission. This missile configuration,
Fig.'.16, Is '-ompact and simple. The solid fuel The working principle Is based onl the formation
grain located In the ramjet chamber has a conical of two count er-rotat Ing vortices along tine sharp
opening at Its aft end, shaping the nozzle, leading edges of the surfaces leading up to the
Booster performance Is lower and thrust alignment entry plane. These vortices deflect the fuselage
Is inure difficult but results In a lower cost houndary layer out of tine intake but drag tine
missile. At the end of thle boost phase, sol id external flow Into the Intake by their rotation.
fuel Is ignited and supplies gas which burns with Tinese Intakes aisc, have some drawbacks:
tine air captured by the intakes. Flighnt tests - high attitude sensitivity (particularly at
ccrried out in France htave demonstrated ttine negative Incidence),
feasibil ity of such a concept. - limited pressure recoveries, especially if the

upstream Mach number esceeds unity,
BOOST PHASE - large Internal volume requirement (tine intakes

are long)

=111 S.-- OLID "0 STER/
- . PAYOAD-- FEL RAMJET CHAMBER

CRUISE PHASE ~
FIG 7.16 "RUSTIC" MISSILE nusirs-

FUSE- I VRTCE

7 7 3 ISOLATFD) INTAKES LAnYs

Before installing intakes on a Fuselage, it i-s FG71 LS NAEDFNTO N
necessary to mal.e a srnrvey of different intake FG71 LS NAEDFNTO N
types annd evaluate tineir advantages anAi WORKING PRINCIPLE
disadvantages and performancc.

2 I13 I intAkes for su sonic or low suliersonic It is possible to increase thle pnerformance of
speed missiles suchn initakes by moving -it t ine lip giving a1

cominiined Flushn and Pitot nitak~e; thle Americann
2 7.311 Piton intakes HIARP'OON missile is equipped with suthn as intake.

Tin. Pilot intake is a slightlv nilvergent tuLbe '73.2i Supersonlic intakes
located in t ine freestream (Fig.'. 17). Whnen
dlesigned for subsonic or low supersonic Miach tn this sectIorn, we consider -issi es Flying at
numbers, tine l ips are bianit and In a -,personic Mach onumbe rs habve abnout 1 8-2 for whichn Piloto
flow, a tnormal shodl was c appiears itn Frr' of tine i int akes are itt' longer . !'t'i c l ent .
intake. At critical floný nondit ions, tli!n shtock
is located itl the ITEitnt enttry nlate. Tite At tine end of W.7-cld War 11, OSWIATITCH propased
pjressure recovery o,.,. eci i . io-t tower thiatt tine new Supersonic caspressi 

5
nn concepts whtose

efficientcy oF tile nornial sho,! ise (Fg".8, priniciples are recal led Iinn Figure 7.20.
tile difference resulting fron s'isc.".is offer'. Tincoretically .1 compressiont ramp ca n

prof osively deflect the ntpstre;cn flow. nnnt iI
0 0 seinic :- 'a is obtainied; after that, a subsonnic

BLUNT~~- IP -- 'I f fuiser I. onnt innues tine docel cratI ott. This

Tus e nsItn111 r 1 ,i comp res s l oin Is re a In ed w ithouIt shonck
11.n - sT.- I tI arid only tine, Frictinn tint t ite wallIs

i ziýreases tite cot rIncy. Thnree variatnts exist a,:
-Nslni'wn itt Figure 7.20: tine compress int an lie

-- ~~V. c 'tot omp let ely extPrtnaI, -mwplletc Iy IinternalI or a

mixture of' tile two.

FIG 7.17 PITOT INTAKE EXtERNAL nneIglsnON N Atie14A. CitOMPRSSICINi

96 718 PITOT INTAKE i0b"".l
PRESSURE RECOVERY

Fliqtypwe of Init ake bas itot ail e aidvaintages.
1t1gi, sii-ilnl icity 'witht cutnsequence~s ott matss,

gd IIntegral Ion with atny possible I'rotnt Shtape. I,2 YE FSPROI OPESO
lOin sensit iVity to chtatges III inticietteeL~l

sidlesl pt atngle. 'line press,,. .ý rectiverles theniret ceal ly possible
willt' tln~se Il'ttnakes, are ver-y 11tigi, but itt

1-F4'th I tjjgkg. 
1nrat Ice, some mod If loot Itotns are necessary. For
several reasonts. tite I senitropie ramtps are oiften

tine niefittit lonn aitu strk Itig pnr iti-ci 1,l1e are rctantged It[Ito moltI l--tndge ramps because (a) the
ilesir~~~ liIQtFiue '. lItese liitakcs cant lie leading edge is too slenniler, attd (b) tine ranip is

winol Is% initegratel ;-I a rus-lage. witlioust esnerttsl lung andt Is tono nif l'fct.t to m~anunfaciure.. line
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compression profile is also only curreect for one Some variants are possible:
Mach number and incidence and a continuous - a complete axisymmetric incake,
compression cannot be achieved in practice with - a halr Intake,
small Intakes. Thus compression is often - a partial Intake, which can be located under
obtalned by successive flow deflections initiated a wing/body Junction.
by a succession of Inclined shock waves.

Figure 7.23 presents some axisymmetric intake
Another restriction is that In practice the Mach geometries studied in France, with different
number at the end of supersonic compression must compression profiles. Pressure recoveries
be greater than one (generally aLout 1.4). For obtained are compared In Figure 7.24; the
external supersonic compression, this results advantage of an Internal boundary layer bleed and
from conditions at the focus point of the oblique of a progressive compression central body is
compression waves which Imposes a limited overall highlighted. Figure 7.25 shows that the best
deflection. For internal compression, the intake at zero incidence (isentropic profile) is
minimum section must be larger than the sonic more sensitive to the angle of incidence and a
throat area to allow flow starting. compromise must therefore be established. It is

also necessary that the cone shock is outside the
A mixed internal and external supersonic cowl lip at a - 0 to obtain the best performance
compression is a good compromise for upstream at incidence, but additional drag will result
Mach nurbers over about 2.5; the relative "merit" from the consequent flow spillage at a - 0'
i.e. a combination of both Internal efficiency
and external drag for the various compression 90a

t

concepts is shown in Figure 7.21. This Figure
also indicates the potential benefits on
performance that can be available by 0
incorporating variable geometry Into an intake.
By adapting the compression geometry, cowl angle -- --
or aft spill system to suit the flight
conditions, increased performance and flow
stability become available for the price of LO
complexity. ,eight and cost. 140 10o

v~i~aae tioi2• • ..... " I

/ 0 0 c 0 D

( ,/'O.. -in

(LEYNAER05

_...._FIG 7 .23 AXISYMMETRIC I ITAKE GEOMETRIES

N-2. atX

FIG 7.21 APPLICABIL'TY OF INTAKE TYPES i,.
OVER A RANGE OF MACH NUMBERS./ ....- _.-

For the design of compression ramps, It is muchi
easier to choose two-dimensional flows; thils
leads to two main types of Intake: axisymmetric o
and rectang ilar.

2 7 3 2: Axi~sygmuetrl c and derived intakes FIG 7.24 AXISYMMETRIC INTAKE PERFORMANCE

A sect ional view of an axisymmetric intake is
given in Figure 7.22. It is possible to provide -.2 _o/_.1 l.]
an internal boundary layer bleed at the end of i'rlw-o C.0s-oot s 1UC,, t a S'NOLE
the central body; the flow thus capture, cart, be ' CE -
sucked out thl•,ugh llo I s truts t "'Ll\ S.

INM -L 1Q ,.,

LANE: ~ I' t6~s''

lIAr~hi V C:cONoO Stl

FIG 725 INCIDENCE EFFECT ON AXISYMMETRIC
..... . . .. I.LIN. AIlI I ' I IN TA KES

FIG 7.22 AXISYMMETRIC AND DERIVED INTAKES

-Nr
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Other data on pressure recovery and flow capture Rectangular intakes a re very sensitive to0
for asisymmetric intakes are given In Section 5 sideslip angle (rig.7.28). This effect can be
of Chapter 1. reduced by cutting out some parts of the sidewall

as sho- tin Figure 7.29 but pressure recovery
Axisyomnetric intakes have a number of advantages: Increases are accompanied by mass fiow losses.

- good structural rigidity, (and lience lower RECTANGULA~R INTAKE A~mass),Fs-. M56o=? 77 ~
- possible high performance,Cc0
- no roll effects,
- medium incidence sensitivity,
- possihility of variable geometry by cent ral M.-2 -

body translation. 'A-.

They must he compared with the drawbacks: 0.1~Z
-maximum performance at zero Incidence,
-difficulty of closing the intake during the ... a,,

aircraft carriage phase.
aN, -3 q.

For tl.. derived intakes, the .incorporat inn of L :

sidewalls Iea to lower performance: Ithle
attitude sensitivity (incidence and sideslip FIG 7.28 SIDESLIP ANGLE EFFECT ON
angle) is higher, (which may or tiay not be RECTANGULAR INTAKE PERFORMANCE
favourable) ; and the Integrat ion with diverters
i s more d Irf iculIt.

/...2Rectangul ar and der ived int akes

A sectional view of a rectangular intake is shown
in Figure 7.26. It is possible to modify this --s: -

geometry by wrapping the intake partially or

cospletely around the fuselage. The latter case
lea.!s to an annular intake where its low height
compared with the bodiy radius leads to quasi
two-dimensional flow locally.

FIG 7.29 SIDEWALL SHAPE CHANGES
c1rlssNRoA- \INTERNlAL BOUNDARY LAE LE mlrltrna i boundary lawyer bIleeds I,, e Vee nwmr.-

necessary than for axisymmetric intakes in obtain
high presser,, recovery. One locatc-oi at the end

-D-VI* INAKESof the compression ramp is practically eatianatory
and others a,-e useful: sidewalis canl he
perforated at thie loeat ion of the shock wave, thle

-aM~ CALLS g2 -. 0l~A~cowl can he also perforated also or equipped with
S nntna lacrge slot as shown in Figure 7.30. Thle

ANNULAR INAKE advantage of boundary layer cont rol increases
whell MO>MS-OL. arid the intake is 'overadapted'

FIG 7. 26 RECTANGULAR AND DERIVED INTAKES or opterat ing aliovc its design Mach number (see
2.3.2.3). It !.liould he nioted that interiial

OlZAGOLR~l~t I.
01 

:c outch::v layer bileeds increase pressure recovery,
,NcO~CEL~,it I xpenise of mass flow losses, and( imp1 rove

inteLr-r, r..o stabil ity if tilie raaijet ecae
tao/A, low frequency IITiStoti: I lit I-LS.

-~~~~~~ - t.- ,,<l 0.

M~~ilU L10 BL C E 1 V

AIT"

FIG 7 27 INCIDENCE EFFECT ON RECTANGULAR ~ ...

INTAKE PERFORMANCE FIG 7.30 COWL BOUNDARY LAYER BLEED EFFECT
Len.tt racy t o ax Isymmettri I intaLkes for wh Ich ON RECTANGULAR INTIAKE
inasimam pressure recovery is obtained at zero Correct difiuser geometry Is also soty Iimportanti

Ilhide~nce , the performatce of rectangtular linaktos fir achles imp htigh pressure recocery Fegs 7.31
krsre recovery attd mas f -aw rat io) call to 7.33 showt somte resutt t withi alt overtidapt ed

i treasie witih hwr,se51 itt ltciletice (VIS.7-27) . ret'tatteular Ilittake Illt this case. tile situ,)
A limi1t appears lien the I inclined shtock waves cav'es from t lie s upe rsottI c conipres s mupi ramp
ite e S t rotig. The lI,, lýetict ei'eci Is 1),eletItte tile initake attd Impaclt t he 'Intertna I alI
.Ittl SC' tated for upst ram tm-l tuolters I- titharn ,t t le cowl Ttid large separat tolls generVall1Y
the sitctck-ott-I ill valiue (lies igtt Macit niutber) apilear. Wit h a fixed geomtet ry, very common01 fitr
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missile Intakes. thase cases cannot be avoided. necessary to chose a design Maclh number MD which
For such configurat ions, Figure 7.33 shows tlhat Is the result of a compromise. It Is
large diffusion ratea should be avoided, generally taken to be the Mach number at which It

is first possible to operate the Intake with all

Rectangular intakea have thle following the compression system ahocks focussed on the lip
adventnrges: 00. MO-AIS.OL). At and above this deaign Mach

number, the capture flow rat~ may be unity If
possible high performance, the engine demand Is such as to match eithivr at a
possibilities of variable geometry, critical cr supercritical condition, without a
possibilities of closing the intake by spilled Flow drag corntribution. In pressure
Increasing the front ramp angle, recovery terms, an increased rate of redu,:t ion of
ftvc-urable incili'nce effect. pressura recover:p with Mach number results than

is jsua, fot, critical type point operation. This
Their disadvantages are:- follows from the increasingly swept back lihock

structure entering the Intake which Induces large
-s~ructural rigidity ?robiems. leading to boundaiy layer - shock wave Interactions. (See
increased mass, Section 2 of Chapter 1).

-the necessity For Internal boundary layer
bleed(s) to obtain acceptable pressure Below the design Mach number, the standing off of
recovery, any shocks from the lip leads to. a spilled flow

-high sensitivity to sides'lp angle. drag component. Irrespective of engine demand.
Such an operation Is mire likely to entail

PA INTERNIALBOUNIDARY LAYER (I EO subcritical operation, thus requiring anl

IS-s.Mz - assessment of finew stability margins, whilit at
Me1 Mh numbers above design the maitching dictates a

62 progressively ;upercritical regime and hence
increasing flow distort ion pro~lews.

If the design Mach number Is low (Case I In
Figure 7 34). the pre-entry drag is low below
this Ilach number, but above a thrust loss
appeats. For the opposite condition. (Case 2),
with a high design Mach number the missile
develops high thrust but acceleration is reduced

___________when the high pre entry drag is taken Into
55 I 1.1account.

FIG 7.3 DIFFUSER 'PROFIl E EFFECT ON
RECTANGULAR INT~AKE . ____

5&CiANGUi.A5 STAiA a11

_PA- /,,~ ~I MC i

LIFIG 7.34 IMPLICATIONS OF DESIGN M4ACH NUMBER
OIOFIAADesign Mach number choice is more difficult If

the Mach number range is wide and If transonic
flight Is necessery (eg if a turboje. enigin~e

- ~ ~,without rocket b,.oster is used). For a large

Mach number range, variable geometry for in',.1 e
(nd/cr nozzle throat) has to be contea;p':'ed but

FIG 7.32 DIFFUSER SHAPE EFFECT thils has to be weighed against the lot .- cr ease
A1CT54QULtlA~iTK5U~..i2N zmIn complexity.

tg~, o-e 2 13 2 k Intake size

The selection of the size of an Intake Is an
PR important opt imisat ion procedure with

Implications for both crcssle performance and
- :6. manoeuvre capability.nA

FiG 7.33 EFFECT OF CHANGE OF SUBSONIC
DIFFUSER SHAPEN

ifery generally. missiles are equipped with fixed AN
geor.*trs intakes for r*Asons of cost and ________________

reliability bu~t often they have to S'ly over a Sii0 i

iarAw Mach numb~er range. Consequeon ly. it as FIG 7.35 RAMJE~i INTAKE SIZIN6
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It s necessary to obtain a comthpromi se between CHIN INTAKE iMS O.L.Ylth
IntHernal perfvrniao,_e and external drag. (witihout
Forget tlog -.ne jre-enttry dr~ig penal ties at low SIDESLIP ANGLE i. .O)

Match nusibers). Tite InTIEake must operate in a
stable regime and ow. engine flow distortion isA/,
necessat y if the enigi ne is a t urbsisachi ne; For a w/
ramjet, tlie sensitivity to distortaon is lower.
Some aspects of r aijet Intake sizing are
ill Iust rated InII the Figure 7 .35 for .n des ign Macit 1 ~.8 .

,lumber of 2.5. It sh~ould be toted that a good 2 M ý

citolse for intake size Is :out eas~y. 2ý3

1273.25 Thre-doesinj intakes 2.3 012

Wi.lt three-dialens':nnal intakes there arc many
possible ge.mneiries. There are however
difficaittes lssociatcdl with: 2 .-the theonretical up' iisisat ion of the 2 .

-ompress Ion ramp, L... __L~.- ...
-manutfacture of the ciode I and %windl tunnel 0 4 *1, 0 4 8 1.

tet ITo1&. FIG 7.38 SIDESLIP ANGLE EFFECT ON CHIN INLET

l[iii Itails t o more 1\tn ye resetireli and () "Swedis, nae o oritk
devlopent The,-typi o' treedimnsinil missiles, side mo un te d intakes niust exhibit

Intake arc prescnted biteot. satisfactory perforniance at a sideslip angle;
this led Rosaide- to piropose three-dimens iota

(a) Chiin in: ,ike- These i nt.,kos use the sintdwilrd intakes. 1he first one is obtained by
upstrepcm part of tlie sissile ogival nose .i- a 1Ustaposit ion of two rectangular intakes.
Su~perSorite compression ramp. The nose -3n be Týherefore, In a side positi!on. o-le of ithe two
inclin-td to inecrease the windward compressiotn for inla:.es vjrks at a posit lye incidence flfivourable
the intake and to decrease the external drag ir efcriet) wilt I ver~y limited sitlesl in angles.
the leeward surface (Fig.7_36). The diffuser 'lnfortunately, the second one is then. at a
follows thie hoitoic. of the ogivol nose, tlie duct ntegative incidence and conseqocitlIy its
cross-sect ian Changinig from an annular seg-ment Zo perrormance is iow. The Mixture of both captsred
a kidney-shaped duct. It is possilel to add flues leads* to a pressure recovery essent ial ly
wedges just lit, f',iit of the intake eiitry tro impcsed by the worst intAke, whicit meains that the
mintease the extcernal compression. final result is not good, as is sli'wiiu iniFgr

CONE wo 39.

S fThe soco; d t ypeo if t ir, e-di loeis I Otto I lIii tak,
33D 14 pr0 -2'tposei liy kosander is also a .iuxtaposii ion of-7i w I 1 wi -h xl glti Iy rol eI d compress Oiol

.. ramps . As above thle re it t. atre not vr

VIEWv A VIW8 sol igfactoty Ilig.73)

POSSIBIITY OF MUiLTI WEDGEm Rais 0.N

FIG 7.36 CHIN INTAKE GEOMETRIES

FIG 7 39 SIDESLIP ANG~L[ EFFECT ON' SWEDISH" INTAKES

i~~~Hye~o Ii cc iug:oag.I ntaks qit-~c' xI ii es ;ItIc

hte i ig iarl.Itet out sit lty1 :e r-1-oiIn !, i I05s1It' lihe
-IA. Fiue74 shows Ott example oritf apossibtle

r USEtiANN - TYPE INTAKE

0 Ert. L

PIG 7.37 INCIDENCE EFFECT ON CHIN INLET SCR AMitI

T -ca t ed it ittlr thle fo eliody. t liese intakes are
,,I, I lye t' oI TIr Idetie ais sititwi l it Fl igre 

7
.3u.

hot oily sligh gy to sidesi iii angle (Fig. 3.38).
These s ets I t lv I t ie s are a c ce it tiuat etd at MaclihIL~
tiumtibers abhove mst .- FIG 740 HYPERSONIC INTAKES
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to IkI, a j or stuc h a mInIS IIe powered( by a scvatije tat0t 1 A~.

(Sup~ersncttl Coetlaust ion Ramjet ). I t It. bised on 0 - i
IUt Cton I sUpetsm5o.i c cootorv ss 00 bu ht htas had I

!have lArgU amounts of the c-wl cut away to atlo~w raR
sz.ott tsp 'It the inttertta Iflow. .

tOPCrat ott..
1  

oorts t ra i111 .. 1ead to I tort IITIE t li
inttakel~s) dolisttstrearn 5.r thte ml ta rN payload and
thterefote itt the htoe ,age Clow Field. Study oF st.I - sosatua 1ots..ý t EN sa ýa
this !'low fiel1d , ec~e5Ssat¾ to 1 d t Er1:11Itte t~*'--. PARABOLICOGIVE .-.- I Lo-

fasmurable I tIo kCe locat ions. To obt ai It ,i gh 0.

pe rfo rmancee, low -velo city fields are Sought and L_ Lt..t....Lt
low energy fieldsý (itoottdmry layers antd vor: ices) 0 1 9 TI tt 3 4 * 123
-ire avoitied. FIG 743 EFFECT OF OGIVE NOSE SHAPE

2 7 4 1 Fuselage witlcirctular cross-sct ittts 4 EaC,.uIacoAt~R tEaRstED NAKrEMISL

At tite present t ime, thtis Fuselage geometry is A
atmoat aitays c',osen fo r reason, of ease of A,2
manufacture, simtplicity, structural stiffness and P
Ilia h It. Tt e relCo re ,it' is useful to analyse its 0t .3 23,

esterttai Clow' field- 0.\\

2 7L1. '1 Zero incidence 0 .. Vt

Z erIo and very low incidences are typical of o-t,,
truise at low altitude attd the inviscid flow can
be analysed relak ively eastilv. a... Z9 a.,

A blunt ncose causes a deta-lted bow shock wave 1 4 Kw0 2 3 4 Xo
getterat Ing a loss in1 total pressure and

Iasqun ly, itttakes located downs ream htave 'OIV WonD-3), 4
Iimi teti performance (Fig.7.41). Tti s effect Oto to3

itncreases with increase in flight Much number. FIG 7.44 INTAKES AROUND THE OGIVAL NOSE
a fuselage htas two parts: on og~vai nose and a
cylintder. A break in thte curvature appears at Viscouts effects most he atdded to define thle
tite junt-tiot. and produces ato over velocity region fuselIage flow Field completely. Along t ite
(Fig.7.

4 2
) that is unfavourable for tite I .,tiott surface, friction generates a boundary layer and

of intakes. According to the ogive shape, titis diverters are necessary to spill thtis low energy
discontinuity is more or less pt mooed attd air flow out of the ittakes, thtereby captutring 0.
therefore the effect on Intake performance htigher energy air flow. Figure 7.45 shtows two
varies, as is shown in figure 7.43. On the other examples of differintg boundary layer thticknoess on
hard actually on the ogive, there Is an a Fuselage; whtetn the itttakes are saved
tutderveluoity Urea favoutrable for intake location downstream, higher diverters are req1u red and
(Flg.7.4d). cause a higher drag.

MP 18 / Z 2U

0 

0 0
toIlteatttto I!

FIG 141 EFFECT OF NOSE BLUNTNESS 1G74 UBLN ONAYLYR
For cttttettt ottal misst les, Reytnoltds tttmbers ar
suifficient to tbtaint turbulent btoutttary lavet;
that -sat isfactoriliv withstand thle posit i-

or essuro gradientts, t hat are createdtI if
'N. ; example) by diverters ttr Intcitdettt shontk wovc

For missilies Fliyntg at htight Macit numbers. I

theriefoire at high alt itude, it is; possible taI
htave I amitoa r botutdary layers ot t tite fuse I ge
stH Fare just i n front of side-toouttted iota es
(Fig. 7.4hl. 11t this case, tite bouttdary layer is
sery Setnsi tive to positive pressture gradientts Ind
separatiott catt be gutoerated nodi fylttg the low

W. Ir "GN thu& tiouu~ctc wt r lei , Fitt frintt of thIe intakes Att xampl I is
gIsett itt Figutre 7.47 w~tl untleradapted lot. , s

-2,o ~ o It is necessary to provide forward con-e .Iott

FIG 7 42 OGIVAL NOSE / CYLINCER COMBINATION ramp s %Sf
t , 

IIi ii.t thle IfuselIage bttuntdary syer
ups ( ream ..f( ttte Intake:; to limit InttIer ac totons-SURFACE MACH NO DISTRIBUTION I, I t hshock, wave% from the i nt akle comptre' s (iott
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rairps; without these additional elements, Is very transverse overvelocities with the longitudinal

peyrformance much lower, velocity leads to the two unfoivourable effects

ALOTITUDE.aa for Intakes of h Ighe r total velocity and

K,, incidence.

On the other hand, missile Incidence Induces an
:I:ý o4Io ndervelocity in the windward area (FIg.7.49),.

It should be not~d that on the leeward side thereITURBULENT Is a small reduction In velocity downstream of
ý o040000 the ogival nose-cylinder juontlli Fg7S)

FIG 7.46 BOUNDARY LAYERS M - 2.01

4 RECTANOUILO INVERTED INTAKE; KID0 3.6

at Mach 6 WIHU BEEDf~

® .,,,, jj7~ long PR MJ__9
d I erte r I2ý2 SIDE13

romp .
4
15 2 -

b Ie)o 2 i i 8 t
C ompression IROSEL -LANKSFORD -ROBINS]

TET3fltI bloteed) FIb 7. 49 TRANSVERSAL FLOW EFF-ECTS
FIG 7.47 BOUNDARY LAYER/ SHOCK WAVE

INTERACTIONS M.7 2 a

Tli~s analysis shows there are two Interesting 241
locations for intakes: jto

-around the ogival nose, upst roam of the LINewflAD

-. around the cylindrical body two or three

diameters downstream of the junction. M__________

1 2 2 4 N 6 a 4

For the first location, some drawbacks appeal: o. -- -Olo OETO.N

a long diffuser,
mass and friction drag increases, 14IL_

-forward locatiton of the cent re of pressure,-

- omitinat ion of funct ions. FIG 7.50 LONGITUDINAL MACH NO. DISTRIBUTION
IN FLDWFIELD AT rf=D

For thle second. locat Ion, t here is a hiigh
ýenoit ivty to Incidence and sideslip angie that
is penerally hut not always unfavourable- With the fuselage at incidence, the boundary

4.1 onzeo I- ll~celayer moves from. the windward side to the leeward
2~ i? onzroJ~nLlo~cside. Consequently, at the bottom. ithe bouneary

layer i~s thinner and therefore favoorahin for
This attitude is commono to flights at high In~take location (Flg.7.51). At the top, it
alltitde anld I.i manoeuvres. Figitro 7.48 shows becomes thicker and then under the posit lye
tie nature of tite issiscid transverse flow aroun~d pressure f~radient effect , separates from the

3 yI i nder body at Itrci detce. SlIende r body suirface to generate vort ices (Fig 7 52). Figure
tior., in..dicates that there are lateral 751 sperifies t ile I olg It tid Inal lIocat ion of

i krseloIity areas. Tile combinat Ion of these vortex separationt position versus Incidence for

I various fuselages and Figure 7.54. the location
of vortex cores.

7.wo.o I r

'f'0". LA1. .hoe
FIG 48INVICIOTRANVER,ý,FLOWFIG 7.5' BUNDAY LYER



M,,-2 Re 0  2.3.104 seen no nFigure 7.55 wh Ich synt tis I zs Ithlese
result s.

FIG 7.55 FLOýWFIELD VARIA"TION AROUND'MISSILE BODY

2 1.5 MISSILE CONFIGURATIONS

12 The location of intakes on a fuselage is the
resul t o f a trade-off between different

XJ) FIG 7.52 VORTEX GENERATION constraints:

-high internal performance (pressure recovery
L-2-S IN GNand mass flow rate) depending on fuselage Flow

field and type of Intake:
-external aerodynamic characteristics (drag,

-- ifrt--to-drag ratio, cruise angle of attack,
maximum lift ... ) often depending on the use of
inta.kes with their diffuser as lifting
surfaces;

-operational '-nstraints:
t.~ ~p -overal dimensions (aircraft carriage )

L~o4 Il 6 "1'. separation of Fntos~~ I. s . fuIct ions,

and, the steering chosen depending oii possible
S mi ss inons.

There are a large inumher of parameters arid
-ji aru therefore many ~rssible configurations.

2 7 51 E Iecitroma yne IS ic c pt ;ott

In spite of the ciiffic.ilty, a compro.aise oust beFIG 7.53 LONGITUDINAL LOCATION OF made between per.,ormarxie and detect ion. Intakes
VORTEX SEPARATION POSITION contribute largely to oveomll I adar

Cross-Section, by themselves and by their
cewEwALIOIseOINI interactions with the body (Fig.7.56). The

INCIDENCE D R C.S. value differs according to the form of i.'e

intake- The presence of appropripte materials.

it- -3--intake is very effective for decreasing thle
V VR.17 S. Reflections of electromagnetic waves from

1 A itie intake/body Interface can also be reduced by
geemetricai moelfications aiid appropriate

14 materials.

1-A i[COOPEIi .00 HASE I. *ISOLBATDINTAKES
8 hiTNLING ALLEN! SCATTERING CENTRE S:

0 2 4 6 B i0 i2 14
IMOU EUNItttAKiS

FIG 7 54 LOCATION OF VORTEX CORES put~i(ItONOFt. THuE

I le foregtIIIig atIaIl.is 0l1-s t wo ctlTsI i ýIllr'.1il h
iialI~cat tis:n,

lie leeward slie with It% thic. houtotiv :avers FIG 7 56 RADAR REFFLUrTION
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For manoeuvres, response times are very short. - there Is no fuselage boundary layer bleed and

Nevertheless, limits appear at high Incidence very low performance Is obtained (Fig.7.58),

with alt-mounted Intakes and configurations are even if a small compression ramp is located

not optimal because of the large wetted surfaces just In front of the intake;

giving h~gh friction drag.
- the intake Is Isolated from the fuselage by a

bleed and, in this case, difficulties appear In
sucking away the boundary layer.

S-J=For both Solutions , the Intake is very close to
the fuselage and the Incidence effect is then

very unfavourable. The Russians have reduced this
S. -difficulty with their "SA4 GANEF" missile by
I! wusing movable wings which give lift while keeping

the body at very low incidence (Fig. 7.59). It

FIG 7.57 TYPES OF MiSSILES STEERING should be noted that Integration Is better than

for nose intakes but performance is poor.

27 5 2 2 Bank-to-turn steering

in this case, load factors are essentially in the o
pitch plane which imposes missile ....................

configurations with a plane of symmetry Fig.7.57. 0.2 PRR
This type of control has advantages: PA M.-Is M ° .

- possible high load factors, 0u.

- better lift-to-drag ratios, V .
- favourable incidence effects at high altitude

ar.d high Mach number cruise flight. 0, e-"

Obviously, some drawbases appear:
- sensitivity to sideslip angle, A oAmaO 37
- some limitations of negative incidence angle C.2 Re D-0.5.106

and , .- 51
- longer response times, but these may be amply 1 2 0 is

compensated for by the higher load factors. 1-a-0 o1F1

2_ 7753 Possible configurations with circular FIG 7.58 ANNULAR INTAKES
fuselages

2 2 One intake

Jc) Nose intake.

The nose intake is axisymmetric; its performance
is described in 273.2,1. It i!; a suitable
location for skid-to-turn siteering. High

pressure recoveries are possible with low FIG 7.59 SA4 GANEF (USSR)
incidence sensitivity and without roll effects.
In practice, these intakes are no longer used for
militaiy applications because all the functions (d) Bottom-mounted intakes

are combined; it has the worst possible
integration. Locating the Intakes at the bottom of the missile

(windward side) is an excellent solution, well

It) Chin intake, suited to bank-to-turn steering. Performance Is

high and it is possible to use the favourable
This type of Intake Is described in 2 73.2.5. incidence effect, especially for high Mach number

cruise at high altitude.
It Is suited to bank-to-turn steering with high

performance, low drag at zero incidence and very Functions, such as detect ion, attack and

oimsted overall dimensions. propuision, are well separated and a high degree

or compactness Is obtained.
Unfortunately, functions are partially combined;
compatibility of the electromagnetic homing Different types of intake can be ado1pte.l rut thiis

device and the intake is difficult to achieve, location (Jig 7.b0):
From the structuial stdaidpoilnt. the difrfuser must

h.ve two fixed attachmont points on the fuselage .,IA0,F AISvMIIC .RlcOtuL"e

( Intake and ramjet comhust ion chamber) creat Ing
problems of thermal expansion. - I I

The I ntake provides no 1ift and consetdently the \ .....
normal force slope CNo Is limited. Without added

wings, this leads to hgher cruise Incidence and -ayeto

thereby to higher I educed drag. Incidence .-.. . _

limltat Ions can also appear. ,oelIc

The annular Intake Is wrapped around the entire I ---- I
fuselage. For an entry section determined by the " -)

ramjet (AI/A 2 . 0. i), very' small heights are

necessary (R,1D/8). Consequently. two options are o5 tlO

posibl,: FIG7 60 BOTTOM MOUNTED INTAKES

S. ...... , i .. lI II 1
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- half akisymmetrlc, 
2 AXISYMMETRIC INTAKE7

- aXisymMetric, MP-2 XfD- 4.

- rectangular, partially wrapped or not. 0.0- 1

For the last type, two options are possible: - -.
- the classical position with the compression 0.8-

,ramp close to the body,
- the Inverted position in which the flow is o•140

deflected towards the body. -Ia

The second solution allows a gain in performance 0.6-
if negative Ir.cidence Is required.

I.) Top-mounted intakes "s 3

From the results of the :,,selage flow field FIG 7.63 ROLL POSITION EFFECT
study, it can be seen that there are few benefits
to be gained from locating Intakes at the top of SINGLERECTANGUL.ARINVERTaoINTAKE
the missile (leeward side), except for missiles Xo=-a8 -0.05
with low manoeuvrability whose Incidence
variations are small. A, 2 At - 2

Nevertheless, certain advantages are possible: Q - --*

low electromagnetic detection (the intake is _ ... _,

hidden from ground based radars by the body), 0., 0.*

-optimum overall dimensions. 0CI

The ALCM for instance is more easily stored In

the Boeing B52 bomb bays (Fig.7.61), 0 0,t /

FIG 7.64 ROLL POSITION EFFECT

SINGLE HALF AXISYMIAFTRIC IrIAKE~

.7...0 0.6O

FIG 7.61 A.L.C.M. IN B52 BOMBING BAY 11.
. 0.4

The following Figures shoi some results o- 9 #o 0.*

concerning single Intake performance. Pressure _ _ S 10 10 fu 0 4 0 1 0 o

recovery differences between windward and leeward
sides increases with Incidence (Fig.7.62). This
effect can be put to advantage by moving Intakes
from the sides to the bottom (Fig.7.63). On the IVALEHINO. PENNINGTON. VARGOI

other hand, when the Intakes are located near the

top, and consequently in the vortices, this FIG 7.65ROLL POSITION EFFECT
configuration Is unfavourable (fig.7.64). This
effect Is Increased iF the dlverter height Is
sma;I because the Intakes capture the fuselage j75 - 1 Single Intake at subsonic sPeedm
boundary layer (Fig.7.65).

SINGLERECTANGULARINTAKE Pitot Intakes have increasingly poor pressure

M.-2 Xo-75 recovery at Mach numbers above 1.5. However at
_. __ subsonic speeds they are used universally on

missiles wl'h air breathing engines and are
usually placed well to the rear of long bodies

and feed air to a turbojet via a short S bend

*.. WINDWAao IKREMZIERMCAMPSE!L duct. Figure 7.66 shows such an example witlh
some details of the SEA EAGLE missile developed

0ý • ,by British Aerospace.

27

Subsonic missile Intake studies have highlighted

some particular points. Correct design of short
""S bend duct Is very important to reduce the total

06- LEEWARD pressure losses. The main parameters are throat
•X 0. Mach number, offset divergence, length and entry

0 4 2 plane cant (See sect ion 5 of Chapter 2)

FIG 762 INCIDENCE EFFECT The role of entry plane stagger or cant in

reducing the sensitivity of aircraft fuselage



78

FRONT VIEWS. . .a- I 0LtS• CNArLf

-- r 1 . i

FUSELAGE SIO - . . FIG 7.69 TWIN INTAKES: ROLL POSITION EFFECT
ON INCREMENTAL NORMAL FORCE

0 51 ... SDWALI- TD-BOOY A

FIG 766 SEA EAGLE MISSILE tI',.l---. OY
/ •.•\ • •INKI SIDEALL

side intakes to thb effects of incidence have 0.7 -. - _-.- N.\ U[MOVEt
been fully discussed in Sect ion 5. Cant however PRtME
can be used In a differ .... way for an underbody PR I .
intake. In this case ,o Initial bend of the S 0T ---....

duct is reduced In extent so naturally Inclining
the entry plane from its usual position at right INVE-TEIJ
angles to the free stream direction. Movement 2. ow"-
forward of the ouoer lip then staggers the intake

and rest ores the entry pl'e to Its original ,.._I ......
position. The effect of stagger is advantageous . cswt
at both o 0 and 20 (Fi 7.67) but the best no L

rerformance is .:chieved by a combination of a 0.3 .- M-[I.--S-•---. S-EWALL-TO.o.

smaIll initial bend and a moderate amount of -• 0- S 10a- 2a
stagger (Fig 7.68).

oI i%)-. Q,0.o FIG 7.70 TWIN RECTANGULAR INTAKES EFFECT OF
Ms ROLL POSITION AND INTAKE ORIENTATION

M--SGL2 15 MO= 2 x5/= 45

,, ., Z m ~ c- ,

FIG 7.67 PERFORMANCE OF INSTALLED CANTED
INTAKE WITH (M2) & WITHOUT (Ml) STAGGER FIG 7.71 TWiN INTAKES ROL' POSITION EFFECT

FOR DIFFERENT INTAKE TYPES

. l .. ~ On the other hand, if the Intakes are moved
towards the bottom, the internal performance

1I increases (Fig.7,70) and this effect is increased

S "..7.••.._ I t "z--... 0'.0410 ,-th incidence, more or less according to the
,.--.. --. -- type of Intake (Fig 7.71).

MSOL -216 --2 X,-. - 'S-0ý4 -'0

FIG 7.68 PERFORMANCE OF INSTALLED
SEMI-CANTED INTAKE WITH STAGGER

.-- 
- -

-
2753 Twin Intakes -1

-3 a 4 12 1 i Is"
With twin intakes, bank-to-turn steering Is a
natural choice. Generally, intakes are located
In the windward flow field. The roll location : ---- 1 - ---- ---.

results from a compromise: *. --J.-...

If the Intakes are diametrically opposed (-y - 0) 0 _

-i . 7 69), nacelle Incremental normal force Is aa
ma: I mum and rectangular intakes are inure -30 a t o 0 If 05

ravourable than axl syrtvet ric ones. This
configuration is atso best for supplying air to
the ramjet chamber. FIG 7.72 TWIN INTAKES : FRONTAL SHAPE EFFECT


