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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 nized to evaluate design tools and experimental capabilities for providing the innovative design
concepts needed tu meet the ever demanding challenges for engine inlets of advanced air vehicle configurations.

Inrecognitionof t  *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 sumur:arized.

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

Preéface

Les enécifications de conception des futurs avions de combat exigent des prises dair quisoient it la fois de faible signature et
performantes sur une grande plage d'utilisation. Pour les ingénieurs d'études qui vont confrontés aux problemes de la
conception des prises dair, il y a lieu d'évaluer les outils de conception et les instatlations expérimentales afin d'apprécier feur
capacité A fournir ies concepts d'etude innovateurs nécessaires pour répondre aux specifications de plus en plus rigourcuses
des prises d'air adaptées aux configurations avancées des vehicules acriens.

En conséquence, le Panel AGARD de la Dynamique des Fluides a crsé le groupe de travail No. 13 pour rendre compte de Fétai
de I'art dans ce domaine et pour comparer les differents outils de calcul & partir des cas d'essai disponibles. Les résultais des cas
d'essais peuvent servir pour des comparaisons ultérieures et doivent étre considérés comme un premier pas pour lamélioration
des outils de calcul, Les techniques d'essai employées dans différentes souffleries pour la mesure de la distorsion dynamique a
I'aide d'un scui modéle de prise d'air ont déja été comparées. Des directives et des régles de conception ont €t¢ cxaminées ct
résumées.

Ce rapport présente les résultats obtenus par le groupe de travail No. 13, ainsi gue ses recommandations ey ses conclusions.

Wolfgany Scimidt
Chairm-, ¥ -

Richard G. Bradicy
Deputy Chairman, WG13




Abstract

This report presents the results of a study by Working Group 13 of the AGARD Fiuid Dynamics Panel
which was formed to investigate the state-of-the-art of methodologies for aerodynumic design of engine
intakes for high speed vehicles. The scope of the investigation included intake 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 anaiysis of both CFD predictions and experimental data. ‘This analysis was conducted for
eight different flow field test cases designed to produce critical features of air-intake flow fields. Flow
field results and comparisons are presented both in the report and in a miicrofiche appendix.

Air-inlet wind tunnel testing techniques and limitations were also invetigated 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 ait breathing ¢inglines 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. 1Intake 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,
1.e. damaue of the intake structure during engine surges, distortion-induced
intake engine incompatibility etc. required modifications at a very late stage of an
aircraft program. Problems that arose with highly integrated intake positions and complex
supersonic intake solutions led to a comprehensive experimental intakesairframe
integratior study in the USA {project Tailor Mate) in the late 1960’s. An AGARD lecture
series (L553) 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 deejper physical under.tanding has led to innovations such as the intake-airframe
integration on the Rafale aircraft and to the intake design on the European Tighter
Aircrait,

More vecent achievements in Euler and Navier-Stokes methods along with new mesh
genezztion cepah:iities are providing tools for detailed f£low field analysis and intake
optim!zation. F -n unsteady phenomena such as buzz have been analysed analytically.

A ‘arge amount of experimental data Lhas 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 tctal pressure distortion to the measuring of instantaneous
distortion with digital, analog and hy:rid 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 dynamic intake flow measurements by synthesizing dynamic
distortion parameters based on a limited number of turbulence measurements. One problem
however is that a wuniversally applicable distorlion parameter is not available. More
effort is required to achieve a better wunderstanding of the complex interaction cf
intake- and engine compressor flow,

Current goals in the intake design field include improved design concepts and rules,
development and 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.

Futtuie air vehicle concepts require air intakes with not only good perfo-mance
characteristics over an even wider operating range, but also require inlet designs with
iow observable characteristics. The thrust of this AGARD study is to evaluate existing
dejign tools and axperimental capabilities for providing the innovative design concents
that meet the ever demanding challenges for engine inlets of advanced vehicle
confiquraticas,

The present Working Group 13 was formed to investigate the subjects of intake
aevodynamics, intake/ engine compatibility and intake/airframe integration using results
from bo": 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 afrccaft and missiles (with air breathing engines) the group has compared critically
cesults 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
improvemsnt have been made.

kmphasis bas been placed on the testing technisjues for the assessment of intake flow
distortior, 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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CHAPTER 2 - INTAKE DESIGN AND PnRFORN\NCE
(E.L. Goldsaitha, UL.E. Surber, D. Welte, G. Laruelle,

CHAPTER 3 - NUMERICAi SIMULATION OTF INTAKES
(T.3. Benson, N.C. Bissinger, R.G. Bradley)

CHAPTER 4 - AIR INTAKE TESTING
(J. Leynaert, E.L. Goldsaith)
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sl INTROCRICT 1O

The importance of the intake and the exhaust
nozzle on tre perfarmance of the total propulsion
unit for any type of aircraft has been emphasised
on severs! occasions. Examples of this
importance for two .astly different aircraft
operating at either end of the speed range
¥,0-2.0 are shown In Figs.1.1 and 1.2, The first
tllustrates the distribution of thrust forces
throughout the nacelle of the Concorde afrcraft
and the second shows the importance of high
intake efficlency at static conditions for the
Harrier aircraft when taking off verticaily or
hovering.

DISTRIBUTION OF THRUST FORCES ON
CONCORDE NACELLE AT M,=2

ne ™~
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FIG . ASPECTS OF THE IMPCRTANCE OF THE
o ?’(%{ERPLANT NACELLE ON CONCORDE
CRUISE FLIGHT EFFICIENCY
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FIG 1.2_SENSITIVITY OF HARRIER INTAKE
EFFICIENCY UNDER STATIC CONDITIONS

Perhaps even more important than performance
asprcts are those of intake and engine
compat ibility. 1f a wrong choice is made in the
geometry of the intake (e.g. choice of lip
bluntness, auxiliary intake area, or perhaps
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 resasons of poor flow
distribution at the entry to the engine, ramjet
operation may never occur and flight will be
terminated at burn-out of the rocket boost motor.

It Is appropriate at this time to review
experience of {(ntske design and performance
gathered since the last major AGARD pubiications
that attempted anything similar - Airframe and
Engine Integration (AGARD LS$53 May 1972) and
Inlets and nozzles for Aerospace Engines (AGARD
CPS1 Sept. 1971). Since that time som» aspects
of intake operation and performance lave been
included {n:-

Aerodynamic interference (AGARD CP 71-1 Sopi.
1976) .

Atrpluse/Propulsion Interierence (AGARD CP-150
Sept. 1974)

Distortion Induced Engine Instability (AGARD LS
72 Nov. 1974}

Advanced Control Systems for Alrcraft powerplants
(ACARD CP.274 Oct. 1979)

Aerodynamics of FPower Plant Installation (AGARD
CP 301 May 1981

Improvement of Aerodynamic performance through
Boundary Layer Control and Migh 1ift Systesms
(AGARD CP365 May 1984).

Ramjets and Rocket Propulsion Systems for
MiZsiies (ACARD IS135 Sept. 1984)

Engine Response to Distorted Inflow Conditions
(ACARD LS136 Sept. 1986)

Special course in Missile Accodynamics (ACARD
R754 May 1987)

In addition over this time perfod one specialist
lecture series on intakes has been held at VKI
Brussels (Intaks Aerodynsmic-. Feb. 1988).

After three general Sections this review divides
broadly fnto Sections based on classes of vehicle
{.e. long range (eupersonic) cruise aircraft,
tactical fighter afrcraft, VSTOL aircraft and
missiles with airtreathing propulsion. The most
obvious omiscions are subsonic cruise transport
atrcraft und helicopters. The former has been
omitted because noariy all the propulsion
a¢rodynamice interest is ce' ‘rea on the problems
of external interterence between
nacelle/pylon/wing/body and is therefore almost
wholly a complete airframe subject. The latter
primerily because of the llmited range of the
subject and the scarcity of available data.

Again because of the quantity of data avallalle
(which reflects the scale of the activity over
the last fifteen or so years) the most
substantial sections are numbers $ & 7. It was
decided not to re-review the intense activity
devoted to the Intmkes of the B.70, Concorde and
the Boeing SST and other SST designs of the
1960's.  Thus Section 4 deals with the rather
more general aspects of design studies for a
future SST. that have appeared more recently and
whatever data s available for the SR-71
afrcraft. However interest in this class of
vehicle together with the associated area of air
breathing propulsion for hypersonic vehicles is
beginning to grow rapicly at this time.

In this area we return to the theme of importance
of the propulsion unit. For the high supersonic
and hypersonic speed range the whole lavout of
the airframe s dominated by the geowetry of the
intake and the exhaust nozzle as evidenced
clearly in Fig. 1.3.
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FIG 1.3 AIRFRAME INTEGRATED SUPERSONIC
COMBUSTION RAMJETS
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Fig 1.4 {llustrates in more detail the possible
geometries that emerge for a scramjet as a result
of integration of the intak¢ and the supersonic
combustor combined with need wherever possible to
keep all leading edges swept.
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FIG 1.4 SCRAMJET INTAKES

However for many app:ications flight from Mach
number zero to hypersonic speeds is necessary and
dual mode powerplants (usually a combination of
turbojet and ramjet) are needed. Fig.1.5 shows
some possible combination powerplants that show
the size and particularly the inevitable
complicatfon of variable geometry intakes and
ducts.
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THE MTU HYPERCRISP COMBINATION
TURBOFAN & RAMJET

RAM BURNER

EXPANSION

>4
INTAKE RAMP

TURBOFAN NOZZLE

FIG 1.5 POSSIBLE COMBINATION POWERPLANTS

Thus whatever form the powerplant takes - and the

choice is  wide - ramjet, turbo-ramjet,
wurborocket, ramrocket, vartable cycle turbojet,
scramjet and combinations of these - the {ntake

will always be a vital element of the propulsion
unit. Research and development of intakes must
therefore proceed, as fn the past, at all speeds
from zero to hypersonic velocities.
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AND DESCRIPTION OF INTAKE FLOWS
2.2.1 INTERNAL FLOW

There are six properties of the internal flow
that are usually measured by the intake
aerodynanicist and are of concern to the engine
manufacturar whose engine has to operate in the
flow delivered by the combination of intake and
following duct. These six quantities are
efficiency of ram compression, static and dynamic
distortfon and flow angularity, stability and
quantity.

2.2.1.1 Efficlency of Ram Compression

The most natural definition of effictency of the
ram compression process {s:-

Ve =
Kiretic energy available

which for compressible flow is:-

y-1
Py
v lFE T
Po

T ke

where station '0' i3 in the free stream and
statfon '2’ {g at the engine face (Fig. 2.1).

Capturad
streamtube  __ External flo~
v -\

!
lnter?ol flow

4 2 e

FIG. 21 NACELLE FLOW STATIONS

This equation can be made independent of the
engine face Mach number My by assuming that
further compression to zero velocity is achleved
isentropically so that M; = O and P = P, and

2

thus:-

N

LT
2

which for incompressible flow reduces to:-

Moy Tram = Pty = P,

9%

This quantity has been uged extensively to define
performance of subsonic intakes at low forward
speeds. However the definition cannot be used at
zero forward speed.

In this condition, ft fs usual to use a loss
coefficient defined as:-

Pe, - Fip

92

At high free stream speeds and particularly for
supersonic flow a more convenient measure of
efficiency than Mg 1s the simple ratio of mean
total pressure at the engine face to free stream
total pressure Ptz/’to which i{s widely known

as  pressure recovery. This is sometimes
designated as n or np but will be presented in
this report as the above total pressure ratio or
as PR.

It is impractical (and many times impossible) to
take measurements at the compressor face when the
engine is installed and operating. Consequently,
the engine and iIntake designers agree upon an
Aerodynamic Interface Plane (AIP)(which s
forward of the compressor face but sufficlently
close to the compressor face to have a similar
flow field) for the definition of P .

2

The various merfts of weighting individual pitot
pressure measurements xade at this position to
form & mean value have been discussed
exhaustivelv in ref.2.1. Area mean, mass flow
mean, mass derived and constant momentum derived,
and entropy flux mean are all optisns. Although
prossure recovery is usually measured by means of
a pitot rake, it can also be deduced from
measurements of mass fiow and static pre:sure.
Alr {ntakes for missile engines sometimes have to
be operated In conditions when large areas «of
separation can occur at the engine entry.
Fig.2.2 shows some curves of pressure recovery




for such a ceriivion calculated by conserving:-
1. mass flow - entropy

2. mass flow - momentum

3, static pressure - mo intum

4. static pressure - mass flow

and confirming the pressure recovery so
calcuiated with a mean obtained from a pitot
rake.

" CALCULATEQ AVERAGE F.OW CONSERVING =

MASS FLOW ~ ENTROPY
vt MASS FLOW ~ MOMENTUM
''''' STATIC PRESSURE — MOMENTUM

“* STATIC FRESSURE — MASS FLOW

FiG 2.2 PRESSURE RECOVERY DEFINITION

If the flow does not contain large areas of
separation, and this [s usually the case for
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 fis
the one mcst commonly used.

2.2.1.2 Flow 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
{nteraction on an adjacent aircraft surface or on
an intake compression surface can result in
separation behind the terminal shock (Fig.2.3a);
separation in a duct can result because of choice
of a too high rate of diffusfon and/or the
presence of sharp bends (Fig.2.3b); the absence
of auxiliary intakes combined with thin intake
lips can cause separation at take off (statlc)
conditions (Fig.2.3¢c).
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FIG 2.3(a)-{d) SOURCES OF FLOW SEPARATION

Total pressure distortfon can also appsar in an
otherwise distortion free geometry at design
conditions due to alrcraft attitude which leads
to lip separation (Fig.2.3d) at incidence or yaw
(again related to lip thickness) or to
mismatching between engine and intake airflows
which results in subcritical (Fig 2.3e) or
supercritical (Fig.2.3f) operation.
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FIG 23 (e)-(f) SOURCES OF FLOW SEPARATIOM

Flow velocity, Mach number and Reynolds number
are required at the compressor entry to determine
relative angle of Incidence. Mach number and
Reynolds number of the r'low on to the compressor
blades. If both static temperature and pressure
can be assumed constant and steady across the
compressor face then both velocity and Mach
number can be considered as a function only of
total pressure and the distribution of this
quantity is the only measurement that needs to be
made .

In order to obtain this type of flow distortion
information, total pressure measurements are
taken at the A.I.P, Total pressure probes arc
mounted in a series of equally spaced radial
rakes such that they form a series of concentric
rings (Fig.2.4).

4
FIG 2.4 PROBE ORIENTATION-
VIEW LOOKING FORWARD

Increased accuracy and convenisnce of data
reduction can be obtained {f the radius of each
ring {s set such that all probes are at the
centroids of equal compressor face areas. This
mesns that probe radial spacing decreases from
the innermost ring to the outermost ring.

22.1.2,1 t
Frobably the most widespread quantitative
distortion parameter available in the literature
because of its use in the earliest measurements
on intakes in the 1950s {s the simple:-

and this {s always a useful quantity to measure
for comparison purposes and to describe the
general 'health' of an intake flow irrespective
of the type of powerplant fturbojet, turbofan,
liquid or sotld fuelled ramjet or ramrocket) that
may be used.
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More advanced methods Introduced in the late ‘F.“"“mmm

1960s and 1970s take into account the A4P./P, 100
distortfon for each ring of total pressure .
measurements (with AP, now being between ring oo LATENT ¢

average and minimuz total pressures). These riny
distortions are weighted by clrcunferential
extent factors #-, (the sector angle of the ring
for which recovery is below face average). Other
improvements {inciude factors to quantifly the
relative {ifluence of the circumferential ana
racdial distortious.
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The effect of a circumferential distortion on
compressor surge margin is displayed in Fig.2.5.

-
o

Here, the 180 profile essentially drops the ey r S - = - -
maximun pressure ratio of a coastant corrected CORRLETLO AINFLOV %6 DE3IGH VALUL
speed line.

FIG 2.7 EFFECT OF EXTENT ANGLE

One of the simplest quoted indices of distortfon

m from Rolls Royce (Fig.2.8)
e o 871 -
] Overall mean total
UROISTORTLO BURGE LINE a 92 5
o7 o $6.2 pressure = sz
E B TORTED SUAGE LING A 1002
6 SCREEN ND.\ v
§ ’J / Mean total pressure
g in sector = P’o
s MOMSMAL OPELRATING LIN
= . FIG2.8  DEFINITION OF OC,
232 34 36 38 40 42 a4 S\0HC SEROL AN
CORRECTED AIRFLOW-LD SEC which relarn~s specificaliy to engine coupressor
surge margins is:-
FIG 2.5 Effect of Circumferential Distortion

The effect of a hub radial distottion on Dy = Peg= Puy

compessor performance fs displayed In Fig.2.6. 2
In this case the constant corrected speed lines 4
move to the left. That is, a given rotor speed

pumps less air flow so that surge is encountered where it(‘ is the mean total pressure {n the

again at « lower pressure ratifo. 'worst’ section of extent ¢ and

SORRECTED Pyyand qp are the mean total and dynamic
e UNCATORTLO SURGE g > 871 pressures respectively at the
O 90.2
o
a7 ISTORTED SuNGE ke 3’38 agreed engine Interface plane. Sflgnificant ¢
g & 999 values can vary with tne engine design and
« comnunly are 60, 90 and 120. For a bypass
ve SCREEN NO.14 engine DcocG where GG Indicates that the index is
§ N\ taken over the area of the gas generat.r can be
gs MOMIAL OPCRATING LiNE more signiffcant than taking the whole engine
face In relating to surge margin.
4 v — . . v - Ametican engine manufacturers use more complex
32 34 38 I8 40 42 44 i reanis . degeriptors of the flow which have been evolved
CORRECTED AIRFLOW 1.8/SEC to take account of  both  radial and
FIG 2 circumferential dfistortion. One relatively
6 Effect of Radial Distortion simple radially weighted circumferential index
is:-
Critical circumferential distortion extent amgles K 100 n Aptn' b Cn
(8-) are determined in current methods since it L4 or “Dp= Z - -
has been demonstrated that the blades do not have n=1UPy max n
time to react to narrow dips in the n
circunferential pressure profile. Above this Z ra/r
critical angle, extent factors are calculated to n
determine the effect of the low pressure region a1

on surge margin loss; however, Fig.2.7 {llus-

trates the fact that the bulk of surge margin  yhere AP, = (B, - P and By, P are

loss occurs with a 60 to 90 extent angle. tn \$ "“‘)" v tmin
respect ively the mean and lowest pressure in a
ring (n is often § or 6) and ¢ is aun extent
factor.
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A multiple per revolution factor may also be used
to determine the effect of more than cne low
pressure region in a circumferential
distribution.

Other distortion indices and comparisons between
them are given in refs. 2.2 and 2.3.

Using this type of parameter, the loss in surge
margin can be calculated directly with the
distortion value based on both the intake flow
field and the engine design (Fig.2.9).
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Correlations between predicted and calculated
loss in surge margin for each type of distortion
are displayed In Fig.2.10 for a turbo fan
compressor and a F-100 fan. These plots show
good prediction accuracy of these parameters for
a wide variety of flow conditfons and engine
components. An error band of plus and minus two
percent is indicated and the majority of the data
fatls well inside the two percent band (Ref.2.4).
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22.1,2.2
After initfal suspicions in the early 1960's that
time variant distortion could be responsible for
compressor surge it was shown in the late 1960's
that although compressor blades need a minimum
extent of circumferential distortion to react to,
compressor blades do also react If exposed 1o
this critical extent for a sufficient time. Thus
surge would follow if the critical steady state
distortion index was e:zceded fcr a time period
of the order of that for one ergine revolution,
typically about 5 milliseconds,

Fer example, during prototype flight tests of the
F-111A, it became apparent that the desired
flight envelope was restricted. Maneuvers of the
afrecraft at high subsonic and supersonic speeds
resulted in engine compressor stalls ac
steady-state distortion levels which engine tests
(using upstreams screens to create these
distortions) had shown to be accepteble. This
Inlet-engine  incompatibility gave rise to
comprehensive flight test and wind tunnel
investigations to identify and correct the causes
of the unexpiained compressor stails.

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

how the dynamic nature of intake pressure
fluctuations related to engine operational
stability. Steady state values of the flow

distortion were compared with values taken at 400
sps (samples per second). A typical comparison
is shown In Fig.2.11 for a Mach 1.6 case. This
data clearly shows that while the low response
data would not indicate the potential for stall,
the high response parameter measurements yield a
substant{al peak approximately 15 milliseconds
prior to surge.
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FIG 211 High and Low Response Kp, Comparison for
F-111A Flight Test; Mach 1.6
For a preliminary assessment of dynamic

distortion in a given intake, a rough rule of
thumb can be applied, based on turbulence of the
flow expressed as values of root-mean-square of
the fluctuations {in static pressure. f
(Ap)ms/—li‘ is not greater than one per cent, the
problem of dynamic distortion can confidently be
excluded: {f the same ractor is as high as four
or five per cent, then detailed distortion
measurements are advisable.

The  determination of dynamlc distortion,
requires, much additional instrumentation and
both experiment and analysis take on a different
order of complexity.

Unsteady pressures have to be measured at & large
number of points at the engine-face position, for
representative free-stream conditions In a wind
tunne!, The numberr of points necessary in a
development test has been variously recommended
as between 36 and 60. These pressures are
recorded on miniatue high-response
different {al-pressure transducers.

Details of the means of measuring and collecting
the very large amount data required and the

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




22.1.3 Flow Angularity

Angularity of the duct flow will either increase
or decrease incidence on to the compressor blades

und {is therefore obviously an important
measurement for compatiiLility of intake engine
airflows. If an engine is equipped with inlet

guide vanes that straighten the flow bofore the
first compressor stage then this Importance may
be somewhat diminished.

Flow angularity or swirl develops after a duct
bend and {s the result of an interaction between
the centrifugal pressure gradient and a low
energy region such as a boundary layer or a
reg‘on of separation. The centrifugnl pressure
gradient is proportional to pV? where V is

mainstream velocity and R lthhe bend radfus and
results in pressure at the outside of the bend
being greater than on the inside. [If there is a
boundary layer on the bottom of the duct with
reduced velocity V' the local centrifugal
gradient pV'? {s [nsufficient to balance the

R

pressure difference betweer the walls so that
the flow in this reglon i{s directed towards the

inside -all. If there is a similar boundary
layer on the top wall, flow is also directed
inwards in this regior. Both top and bottom

inward flows return to the ocutside wall in the
reglon of the centre of the duct and the result
is two cells of swirling flow (Fig.2.12a).

BULK
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FIG 212 GENERATION OF TWIN & BULK SWIRLS

If a large low energy region such as a separation
occuys on elther 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.
2.12b. The resulting swirl measured at the
engine face Is a combination of the bulk swirl
and twin swirl patterns (Fig.2.13).
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FIG 213  SUPERIMPOSNG OF BULK & TWIN SWIRLS

2.2,1.4 Flow Stabllity

One form of un«table Flow, compressor surge has
already been referred to, but this is a
phenomenon resulting from engine malfunction.
However when two intakes are closely coupled, the
possibility exists that a surge of one engine
causes the surge of the second engine. This is
due to disturbances that the hamsershock
overpressure originated by the surge of the first
engine 'uces on the adjacent intake, and occurs
primarily at supersonic speeds, when the adjacent
intake shock system iz a’fected.

If ft 1s not possible to completely separate the
intakes, the problem can be avoided or attenuated
by means of a suitable sxlitter plate dividing
the intakes, and/or cutback endplates to the
supersonic compressfon surfaces which will
attenuate the overpressure. There are in addition
two forms of flow finstability emanating solely
from the {intake. The first 1is confined to
supersonic speeds and is caused by oscillation of
the intake shock system (known colloquially as

'buzz'). The second occurs when two or more
intakes supply flow to a single duct and fis
usually known as twin (or multf) intake
instability.
221,41 Buzz

External and mixed compression Intakes operating
subcritically are subject to an unsteady flow
oscillation called "buzz". Unless the supersonic
freestream Mach number is very low 211 supersonic
intakes with external compression surfaces appear
to exhibit this instabili.y of the flow at some
point In the subcritical flow regime. The intake
flow states of supercritical, critfcal and
subcritical and the probable occurrence and form
of shock oscillations {n these flow states are
described in ref.2.5 and shown in Fig.2.14.
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The phenomenon normally occurs at mass flow
ratios below design and serves to limit the
operat ing range of the intake-engine combination.
Buzz can be responsible for structural damage to
the intake, compressor surge or ramjet flame out.
Buzz begins when the (Intake becomes choked
because of massive flow separation. The cause of
the separation may be associated with shock wave

boundary layer interaction, diffuser flow
separation, or shock wave interference ahead of
the inlet. Fig.2.15 {llustrates two suggested

mechanisms of buzz triggering resulting from
massive separat{on in the d!ffuser. In any
eventy the normal shock Is pushed far out on the
compression surfaces to spill the unpassed flow.
The flow sttuation which caused the separation is
altered dramatically, reestablishing attached
flow with a greatly reduced static pressure
created by tha starving engine. The normal shock

is consequently sucked Into the subsonic
diffuser. Az the system stabilizes, the flow
structure which caused the initial separation

reappears such that the oycle repeats itself.
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Buzz T:iggering Mechanisms

Fig.2.16 shows the shock cycie and corresponding
diffuser pressure. Buzz is characterized by low
frequency and high amplitude. Sustained buzz can
result in an engine corpressor stall.
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The coidition called “hammer-shock" alveady
mentioned may also result from =custained buzz
ind/or compressor stall. Transient overpressures
generated by a sudden engine surge can reach
values well above theoreticatl max imum
steady-state Py, Such a transtent fractured the
North American F-107 intake ramps during flight
test.

Normal shock oscillations can also occur at high
mass flcw ratios and supercrtical operation (Fig.
2.14). In this condition the normal shock may
oscillate in the subsonic diffuser due to the
basic instability of the strong shock wave
boundary layer interaction. These osciliations
are of higher frequenvy and lower amplitude than
buzz, but can still generate high turbulence and
distortion av the compressor face, possibly
surging the engine.

What usually matters to the {Intake designer and
the engine manufacturer is the definition of the

point on the suberitical characteristic of =n
intake at which ‘'buzz' s initiated i.e. the
stable fiow ran_e. The match point between

engine and intake flows can then always be made
to faly within this range Stable flow renge or
margin is usually characterised elther

as Ao] or as [Ao] [Ao]
;; min stable ; max Z; min stable
Ao]
l; max

The possible 'triggering' mechaa{sms thet could
cause the onzet of ‘'buzz' have already been
mentioned and are discussed in moie detmil In
ref.25. .ogether with measures that can be taken
in  fintake design to maximise ths stable
subcritical flow region.

2.2.1.4.2 Multi-intake Stapility

For aifrcraft this  phenomenon i{s usually
associated with twin {ntakes situated on elther
side of a fuselage feeding air to a single
engine. When {utake flow is reduced by controi
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
agaln while on the other it falls rapidly to zero
and can become negative. The net result on the
flow reaching the engine is that total pressure
recovery falls suddenly and total pressure
distribution deteriorates as this critical point
{3 passed. The critical point occurs when the
slope of the static pressure recovery versus flow
curve In the single duct changes from negative to
positive so that it is possible then to have two
flows, a high one and a low one that have the
same static prossure (Fig.2.17).
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Sor times the unequal distribution of [low
between the two intakes is time dependent. Again
as with intake Luzz the concern is to méasure the
flow at which the phenomenon occurs so that it
can be avoided. If the d.viding wall between the
two ducts is taken to the compressor entry the
pressure equalising process can be transferred to
the compressor exit and the instability may be
prevented from developing.

The more « waplex multi-intake f{nteractions
typlcal of missile i:stallations feeding a single
ramjet combustion chamber are discussed in
Section 7.

All fmportant internal flow phenomena and the
external drag are quite ciitically dependent on
the relat{ve amount of flow through the intake.
At subsonic and low supersonic speeds the flow
quantity determines the severity cf the pre-entry

pressure rise and hence whether or rot the
boundary layer on the aircraft svrface
approaching the Intake will be attached or

separated (Fig.2.18).
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At supersonfc speeds for an external compression
intake ths flow determines the extent to which
the designed for shock pattern is deformed oy tho
upstream movement of tne final normal shock (Fig.
2.19).
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FIG 219 DISTORTION OF SHOCK WAVE PATTERN
DUE TO SUBCRITICAL OPERATION
For an {Intake with (nternal compression {t

determines whether or not the tntake shock system
remains in its efficient 'started' configuration
(Fig.2.20).

Critical point can be
approached only from
supercritical side

Subcritical operation
iz at level of inefficient
pitot intake

AO/AC 10

‘STARTED" INTAKE AT
(RITICAL FLOW

pian—

L=
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@w“
UNSTARTED" INTAY.E
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~EXPELLEG NORMAL SHOCK

rlG220 FLOW STATES FOR INTERNALLY
CONTRACTING INTAKF

As has been seen in the foregoing sections efther
the value of the performance parameter being
measured (such as pressure recovery or total
pressure distortion) is primarily a function of
flow or it is vital to define the flow at which
an undesirable flow phenomenon such as 'buzz'
occurs so that it can be avoided. In addition
the accurate measurement of flow enables other
quantfties such as supersonic sidespil! that are
difficult to measure directly to be deduced and
it enables one dimensional Mach number to be
evaluated at any duct station which is a useful
parameter for correlating subsonic diffuser
performance,

Flow measurement in a wind tunne! is usually done
either at the engine face, or in a venturi
section Just aft of the engine face or {f the
control valve that varies flow is choked, Jjust
upstream of this choked exit.

The mass flow or more accurately ths mass flow
rate (Kg/sec) lIs:-

W = pVA
-mp, /T
RT¢
&N
or alternatively = MAP
badl
Lyt MI] 1(y-1)
2

From the formula for sonic ares ratio:~

vl

A-1[2 flaqaam ] Tl

- |— _— y-1)
Ay L+1 [ 2 ]

13 "

v -/"T ] LALINPCI SN
mr, i) 200D
or the non c¢imeusional mass flow function

w, Tt = Cons:ant x A*

AP A

In intake work it fs usual to express measured
mass flow as a ratio of flow being ingested to
the flow that would be ingested at datum
conditions.

Thus the mass flow at the engine face:-
P2 V2 A2 = pg Vo A
and the flow ratio or capture area ratio is:~
Po Vo A = A,
Po Vo An Ac
It is evaiuated at the engine face or at a
venturf section 'v' just downstream of the engine
face wlere statlc pressure only {s measured:-
A, _ T2 [:*] Ay (A ]
=2 . =
Ag Pt‘, 2 Ac o

Each measurement of total pressure at the engine
face is associated with an adjacent static
pressure (or a mean of a small number of wall
statics) so that local Mach number (from PZ/Ptz)

is determined ard hence the local value of

A
[;_' ] Thus for n total pressure points:-
2

ool e gy

Py A
where AAj is the engine face area associated
with each total pressure tube,

*
For the venturi section,[}_] can be evaluated

from Pv/5t2& values of .P.‘Z/P‘o and A /A, are used

in the above equation.

If there is a choked exit:-

Ao_z" L]
™ =

For both equations it Is necessary to add a
calibration factor that is determined in a
separate test where flows that are known to a
highsr accuracy thar iz ragquired from the intake
mass flow evaluation, are measured, by the
engine face or choked exit instrumentation.

s )

Thus Ao ‘Z P‘Z A*

a - *o
nd% M2 [F]
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wher> Ky Is an engine face calfbraticn factor
and

. Aex
Cq (an exit discharge coefficient) effect ive

Aex geometric

22,1.6 Matching of !nteke and Engine Airflows

Beiore considering definitfons of external drag
it Is appropriate to consider the matching
between intake and engine airflows.

For a given flight condition and ramjet or gas
turbine throttle setting, the intake airflow
supply will catisfy the engine airflow demand at
one unique point on the intake pressure recovery
versus flow characteristic. The demand
characteristics of both ramjet and gas turbine
engines can be simulated by the characteristics
of a choked hole of variable area. This area is
a function of the fuel burnt in the engine. By
writing the equations for mass flow conservation
between entry and choked hole exit, the engins
demand appears on the intake characteristic as a
stralght line passing through the origin. The
stope of this line will vary with tntake eniiy
urea and engine throttle sctting. An opt imum
intake entry area can be chosen to ensure
‘mutched’ oreration at a desired location on the
intake characteristic. Tre most desirable
location will give a maximum thrust winus drag
and will be at or very vlose to the critical
operating point of the intake.

Fig. 2.21 shows the consequences of mismatching
engine and intake airflows due %o wrong cholce of
intake size and the effect of engine throttle
setting on the match point.
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FIG 2.21 EFFECT OF INTAKE SIZE & ENGINE THROTTLE
SETTING ON INTAXE/ENGINE MATCH POINT

Fig. 2.22 simitarl, shows the effect on the
match peint of altering stagnatfon temperature
(which can occur due to change of day temperature
or altitude) or of free stream Mach number) both
for a ramjet and (oppositely) for a turbojet
engine.
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The position of the match point 1x further
complicated fin practice by the change in the
shape of intake characteristics and maximum
values of ingested flow (particularly for intakes
with compression surfaces) as shown typically
when free stream Mach number (Fig 2.23) and
intake attitude (Fig 2.24) are varfied.
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2.2.2 _ EXTERNAL FLOW

All the .xternal forces on an engine nacelle
except drag at cruise incidence are usually
measured and calculated as part of the complete
afrcraft and are therefore outside the scope of
this review. External drag 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 i{mmediate
vicinity of the cowl lip and Is therefore an
important aspect of intake design  and
performance, External drag is usually only a
significant part of zero lift or cruise attitude
drag of the whole wvehicle and therefore
measurements on intakes are normally made at zero
or small positive incidence.

2,2.1 Pre- d e itot

A practical thrust definition acceptable to both
airframe and engl»c manufacturer {s known as net
standard thrust a.J fs the difference between
pressure and momentum furces at the physical exit
to the engine and the incoming streamtube to the
Intake at free stream conditions (Fig.2.1) l.e.

TN = [(Pex=Po) *+ Pex Vex®] Aey-fo Vo? Ao 9/

The use of the free stream value of the entering
momentum I{n the streamtube approacaing the intake
in this equation, implies the existence of a

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

Tpre = {(Pe-Po) + pc Vel Ac=pp Vo? Ay )




a~ts on the boundury of the pre-entry streamtube
(Fig.2.2%). Because the flow Loundary is a
ctreamline the pressure py,, acting on the
fnternal surface must be balanced by pressures
Pext 4cting on the cxternal surface and these
external p-cssures give rise to an equal and
opposite force to Tpgr ‘n the drag direction,
known as the pre-entry or in the USA, additive

drag (Dpgg or Dapp)-

(OWL PRESSURE DRAG Dggq

FRICTION DRAG O
| // ‘
[T

FIG2.25PRE - ENTRY & COWL PRESSURE FORCES
FOR PITOT INTAKE

When the flow ratio A, is unity the pre-entry

Ac
streamtube is undeflected upstream of the capture
area, P, - P, and p V. %A ~ PoVo?Ag so that Tpre

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

datum condition from which changes (either Ay >
or < A.) can be studied. From the datum
condition, the curved pre-entry flow induces

changes in the cowl pressure distribution from
the stagnation line position on the cowl lip
which divides external and internal flows. For

A,<1.0 these changes in pressure distribution on

A
<
the cowl constitute a thrust force which in
subsvnic  potential flow will be equal and

opposite to the pre-entry force. In a viscous
subsonic flow this cowl thrust is reduced below
the potentfal flow value by {a) the presence of
the boundary layer on the cowl and (b) the
appearance of shock waves on the furward facing
surfaces of the cowl if the flow over the cowl
becomes supercritical.

At the datum flow coniition when the external
flow is free of shocks the cowl drag is the
summation of friction &nd pressure drag. This is
known as profife drag and s often for
convenience priiented as a form factor \ in which
the drag coefficient is normalised by the mean
skin friction .rag coefiicient of a flat plate
with the same Reynolds number based oa total
tength of the cowl.

At supersonic speeds the pre-entry thrust and
drag forces are still equal and opposite but a
net drag forse is now associated with an increase
in wave drag as the attached cowl lip shock
changes to a detaches save ahead of the intake
capture plane when A, < Ag. As at subsonic
speeds, cowl pressure distribution changes from
the datum condition in » favourable sense but the
cowl thrust developed is now much smaller and
does not nearly offse: the pre-entry drag (as it
does at subsonic speeds when A, initially
decreases just below A, and viscous effects are
swall}).  Cow! drag in the datum conditiun is
again the summation of skin friction and pressur:
drag. Pressure drag [s now the result of the
shock wave emanating {zom ihe cowl lip and can be
calcula: " by linear theory or by the use of the
method of characteristics (ref 13 s mmarisey and
corrclates some results from these methods) or by
solving the Euler equations for th combined

external and internal flow,

For a pltot {ntake Tprg (= Dprp) can be
calculated from equation (2) or more conveniently
can be expressed in coefficient form in terms of
tabulated flow functions as:-

P P
Crpge = TeRe = [[Pc fe "ta - pgy
9oAc Pte Py q 9o
2q, Pro P‘o] -2 Ao
P, P aol AL
te t, %o e
where at subsonic speeds P‘c -1
pto
P P
and at supersonic speeds te tn the
Peo Pe,

stagnation pressure change across a normal shock;

or in terms of Mach numbers as:-

TMe? 4
[1+-y-l MCT]-y-l
c —
Tore™ 2. 2 J (1M ?)-1 | - 2a
Mo? oM Ac

[1-07—1 MO,]y-l
2

In sach calculations the assumption is made that
the stagnation line is at the cowl highlight
(cap’ure area) position and that the flow is one
dimensional. For a sharp lipped cowl errors due
to both these assumptions are probably reasonably
sm 11 until A, << Ac. For a thick lipped cowl
th: situatfon should be examined more carefully
(especially when correlating values for drag
obtained from experimental measurements and those
from computational methods) and is discussed
under the heading of spillage drag.

The calculation of CTPRE or CDPRE from

computational methods using full potential flew
at subsonic speeds or the Euler equatfons at
subsonic and supersonic specds cuan b done

directly by integrating surface pressures along
the stagration streamline. Yowever it is often
more convenient to use a similar approach to the
one dimensional calculation but now using a
station downstream of the capture plane for the
downstream momentum plane, where the flow can be
regarded »s truly uniform and axial.

With the pressure and exit
based on station '2' (Fig.2.1) the cowl internal
pressure force from the stagnation line to
station '2' has to be evaluated to obtain CTPRE'

momentum terms now

The iaternal thrust from upstream Infinity ‘o’ to
station '2' fg:-

T2 0 PaVohoV2 + (P2-Po) A2 - poVo %A,

ZA, V- A
R - S T . [2 1]+ pape) 22
he A Wy qoA¢
- 274
where _X__ - M[H’Y_lM]
HRT 2
and My is derived from- -




M- R Ak

A2 Pey/Pe,
Crp * Crpg* CTege

and as CTPRE- CDPRE

Copre™ CT2 7 CTine

where CT;“( fs the duct fnternal pressure force

coefficient integrated from the stagnaticn point
to station '2°. The stagnation point can be

found accurately by locating the point at waich

A
the su,face velocity changes sign, ;2 - 1&Cp=0

¢
{s & limiting condition at supersonic speeds.

At subsonic specds It can be regarded a. a
converfent datum condftion but it is not a
iimiting condition. This is obtained when the
intake flow is choked either at {ts capture piane
or at some throat plane "th' downstream of the
capture plane where Ay < Ac. Thus at low
subsonic speeds if the lip is not thin the flow
can increrse beyond A; = 1.0 up to the choking

Ac

flow A, or A, 2 A, and the one dimensional Cp
" ™ Ak
Ac Ath Ao
will increase agaln from zer.. At high subsonic
and low supersonic speeds Internal contraction to

Acp will create a choking condition (Mgp=1.0} at
a flow ratio Aj < 1.0

Ac

which then precludes the datum condition ever
being reached. It then has to be accepted that
the intake operates in a spilling condition A,

Ao
<
< 1.0 even at full flow and CDPRE will never
attain a zero value.

22,22 Pre-ent and cow orces
with a_compression surface

rn_intake

At supersonic speeds due to the presence of a
compressi~ snrface the datum condition of
Ao ~ 1.0 15 only ubtained at Mach numbers above

Ac

which the compression surface shock (or shocks)
impinge on or go within the cowl lip
(M » Mgop,,F1g.2.26).

(a)
L g
M

FIG 2.26 WEDGE INTAKE AT (a) M, = Mg
(b) My> Mgy Dpge,=0 FOR () & (b)

Below M, ~ M, the datum condition Is determined
by the position of the compression surface shocks
In front of the cow! lip and the maximum flow
ratio (Ay/A)pax 1S always less than unity. This
maximum flow ratio is associated with a pre-entry
drag and thrust corresponding to the fore
spillage of 1 - [AO] and this again is a

AC max

dunoted by tie suffix 'o'.

At both subsonic and supersonic speeds Tppp
(=Dpre ) can be obtained from application of the
mementun  equation 1o the {interral flow in a
manner simflar to the pitot intake evaluation of
Tprg- For a single wedge intake of angle
(Fig.2.27) this is

Aomax
My Po ]
FI62.27 WEDGE INTAKE AT My< MsOL'-DPREo*O

TpRE,~ PiVi?Af <05 & + (P{=Py) Aj cos &
+ (py=po) Ay=poVo?Aq
where A, is the projected areca of the wedge

py at supersonic speeds is the constant
wedge surlace pressure;

py 3t subsonic speeds is cither taken as
potPy or is obtained from

2

a corralation of pressures measured on
wedges In fsolation (ref 2.6).

At supersonic speeds it is often easier to
evaluate Dppp  directly by summing the pressures
on the external 1imiting streamline. For a
single wedge this is very simply:-

DpRE, = (Pu=Po) (Ac-Ag . )

The expression for the two wedge compression
surface is lengthier and {is given in ref.2.5.
For the single cone compression surface p, is not
constant but can be integrated numerically along
the limiting conical flow streamline. The second
shock on a double cone fs curves and the flew
field can be evaluated by the method of
characteristics.

At  subsonic speeds the choice of a datum
condition is more arbitrary than for the cases
considered hitherto., At low subsonic speeds the
value of A; due to the presence of the
compression surface may not bea suffictent to
cause throat choking before the condition Aj = 1

Ac

{s reached. In this case because of the presence
of the compressfon surface the entering
streamiine will not be undeflected and paralletl
to the free stream direction and thus Tppp wil
not necessarily be zero.




At moderate and high subsonic speeds and at
supersonic speeds when the wedge shock fs
detached the throat (or capture plane) choking
flow could be considered as an appropriate datum
condition and this will now be associated with
values of A, that arc less than unity. One other
Ac
datum condition is the flow such that the throat
velocity Vi cr Vi, is equal to the free stream
velocity V,.

Cowl pressures for the maximum flow condition at
supersonic speeds should be calculated using the
flow direction and Mach number at the cowl lip
that result from the compression surface flow at
that position. In practice two dimensional
calculations of cowl drag show that the values
obtalned by this procedure differ very little
from thcse obtained ignoring the compression
surface flowfield and assuming free stream Mach
number and direction at the cow! 1lip,

Ia  the absence of more comprehensive data
similarly it is often assumed that the decrease
in cowl drag when the intake operates

subcritically is the same as for a pitot intake
with the same geometry cowl.

22.2.3 Spjllage Drag

As already indicated, a reduction of flow ratio
beiow the datum or maximum flow value results in
an increase in pre-entry drag force and a
corresponding Increase In cowl forebody thrust
force (which ure equal and opposite in subsonic
potential flow) and therefore results in no net
axial force. In visceus subsonic flow If the
{'Tow over the cowl remains suberitical the change
in cowl pressure gradients result in a thickening
of the cowl boundary layer and ultimately, as
flow raclo decreases further, to separation of

the flow from the cowl lip. Under these
circumstances cow! thrust |s decreased trom the
potential flow value and a rapid rise in drag

from the datum or maximum flow value is measured
that is called splliage drag.

When the flow cver the cowl is supercritical this
spillage drag will occur as a result of both

boundary layer thickening and shock wave
formation. The wave drag component will probably
increase initially as flow ratio decreases or

free stream Mach number fincreases and then be
succeeded by a flow separation at the foo: of a
reduced strength lambda shock and finally vy a

complete collapse of the supercritical flow as
separation moves forward to the cowl Iip.
At supersonic speeds because of the increased

strength of the head shnck,
reduced below the datum
fncrease in pre-entry drag.

directly flow is
level there 1is an
This is not balanced

by a corresponding Increase in cowl thrust so
that splllage drag is positive when subsanic
forespillage occurs, Cowl drag ls reduced as

spillage increases and finitially cowl flow
remains attached. However at greater spillages,
flow can detach from the cowl lip and form a
small bubble separavion foilowed by a weak
reattachment shock (Fig.2.28). The size of the
bubble and the strength of the reattachment shock
grow as flow ratio decreases further,

FIG2.28 FLOW PATTERNS AROUND PITOT
INTAKE AT SUPERSONIC SPEEDS

Spillage drag cDSPlLL is calculated from:~

CosprLL = Cogxy - Dext_

where Cbexr = Copgglor Soapp’ * Cbeowt

and - Coger, = opre, * Cocowt,,

where again the
condition.

suffix 'o' denotes a datum

For spilling flows the stagnation line is on the
internal surface of the 1lip and not at the
capture plane position. Thus {f the one
dimensional value of CDPRE based on the capture

plane area CDPRE fs used this should be added
c
to cowl drag CDCOWL that is the summation
c

of the axial cowl pressure force components
downstream from the capture plane. If the true
external cowl drag CDCOWLt fs used {.e. the

summat fon of the axial cowl pressure force
components from the stagnation line position
forward to the capture plane and then back

externally to the maximum diameter position then

this should be added to a pre-entry drag

Cp which can be one dimensionally using the
PRE,

stagnation line area and not the capture plane
area.

i.e. either CDEXT - CDPREC + CDCOWLC

°f  Copxy = Copge, * Cbcou,

Unlike the evaluation of CDPRE the calculation
c

of CDPREt fs not simple in that the position of

the  stagnation line  has to  be found
experimentally by pressure plotting the lip in
fine detail or from potential flow theory or by
solving the Euler equations.

The variation of drag with flow ratio at
supersonic speeds for a pltot intake fs shown in
Fi1g.2.29a and the more complex situation for a

wedge or cone compression surface Intake in
Fig.2.29b,
Co
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This latter figure {llustirutes the potential
advantages of variable geowetry (by translating
or varying the compression surface angle)
available to the compiession surface intake but
not the pitot {intake. Flow can be spilled by
supersonic forespill at 1 much lower rate of drag
increase with flow reducifon than is obtained by
subsonic forespi!l only o~ by combined supersonic
and subsonic forespill.
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2.3.1  INTRODUCTION

Supersonic alrcraft design has evolved to the
point where even the earliest phases of design
can benefit many times from consideration of air
intake fntegration, component design and
performance analysis. Figure 3.1a (from Ref 3.1)
offers some insight into the rationale behind
this statement. In this Figure a trend can be
seen toward reduced range factor in fighter
aircraft which is associated with an increasing
ratio of intake capture area to aircraft wetted
area (Ag/Ag). Increased relative iIntake
size in advanced fighters 1is required to
accommodate the higher maximum mass flows
associated with increased thrust/weight ratio,
but it also generally means a wider range of
alrflows, leading to greater values of intake
flow spillage at cruise conditions and more

sophisticated {intake variable geometry. The
Figure suggests that the combination of increased
propulsion stream size and propulsion

installation complexity make i{ntegration more
difficutt. Also, It suggests that the levels of
intake ard wnozzle performance decrements are
significant in the determination of performance.
Therefore, in order to discriminate adequately
among competing supersonic afrcraft concepts, It
is useful In preliminary Jesign to show the
relative impact of different intake integrations
and/or the effect of significant perturbations in
an alr intake design. Any such analysis needs to
be simple and quick, but give a reasonably
accurate intake performance.
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A number of different intake {installation
prediction programs exist in industry but tend to
be guarded rather closely. The Level 1[I Inlet
Installation Program (IlP) analysis summarizad
here and described more at length in Ref.3.2 is
similar In concept to other methods but i< not
tied to any particular organisation's pcoprietory
data. 1t was developed for the USAF by Grumaan
Acrospace Corporation primarily to predict the
performance of well-defined existing intakes and
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assess che relative performance: of inlets and
their subsystems for studies of
airframe-propvision integration. The program was
Intended to be accurate and cimprehensive, with
improvement of the method as new data became
ave{lable.

Another object of IIP was rapid calzulation and
convenfent use for inexperienced users. The IIP
operates  Interactively, wusfng a blend of
theoretical analysis and empirical correlations
to model the flowfields about installed air
induction systems. No extensive (flowfield
solvers or boundary layer codes are employed, A
complete on-design analysis starting from an
interactive {input session can be completed in
approximately twenty minutes,

1IP is capable of analysing a broad range of
irlets and approach flowfielid condftions. The
program consists of six major software modules
capable of analysing both two-dimensional and
axisymmetric supersonic compression types
including pitot (normal shock), all external or

mixed external-internal. fnlet subsystems
including boundary layer bleed, bypass, and
auxiliary inlets can also be analysed. The

flight conditions may range from static operation
up to Mach 3.5 at any zltitude. The user can
also specify non-atmospheric freestreax
conditions, such as wind tunnel test conditions.
Angle-of-incidence effects can be analysed for
horizontai ramp two-dimensional inlets only (no
attempt was made at estimating the 3-I flowfields
of axisymmetric spikes or vertical 2-D ramps at
angle-of-incidence.

Performance output from IJP consists of internal
flow therrodynamic losses and external
aerodynamic drag. Total pressure recovery losses
are followed through the ({induction process
(oblfque shock losses, normal shock loss, cowl
1ip losses, and subsonic diffuser losses). A
complete drag component breakdown is given with
absolute values of drag components as well as Cp
changes relative to a specified reference
condftion. Flow characteristics such as onset of
buzz, oblique shock ingestion, and inlet
‘unstart’ are displayed. Also included are
massfiow ratfos for all of the inlet subsystems.

Although 1IP {is mainly for analysing existing
geometries, limited design assistance is =also
available, On-design values oi compraession
surface angles and lengths for maxtmum recovery
and specified mass flow ratio is available.
Also, bleed and bhypass sizing Sfor maximum
recovery can be determined. Auxiliary inlets can
be sized for a specified recovery (trading
auxiliary inlet mass flow ratio for reduced cowl
l1{p losses). At off-design conditions, variable
geometry camp schedules or translating spike
positions can be determined for a desired mass
flow ratio and an assumed throat Mach number of
0.7. This is done by varying compression ramp
angles lor 2-D inlets or translating the splke
for axisymmetric f{nlets while checking for
undesirable shock-shock iIntersections and/or
detached oblique shocks.

1P 1s capable of using scheduled of vartable
geometry and engine mess {low as [lunctlons of
Mach number and ungle-of-incideance. This option
fs used for «contlnuous calculation of inlet
performance throughout a v.''~le [light onvelope.
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Z.3.2  CENERALIZED JNLET MODEL AND CALCULATION
PROCEDURES

IIP models six basic elements of any inlet: 1)
compression system, 2) cowl lip, 3) subsonic
duct, 4) boundary layer removal systems, 5)
bypass system, and 6) auxilfary inlet system.
Figure 3.1b shows these basic elements in terms
of parametric influence.

The procedure for estimating inlet performance
involves first zalculating all portions of the
supersonic flowfield up to the normal shock. The
ftowfield results are then output since the
supersonic flow is not affected by engine

operating conditions. The procedure then
calculates an independent engine operating
parameter. ‘or pitot and external compression

fnlets, the throat Mach number {s treated as the
independent parameter and governs all subsonic
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FIG 3.1b IIP BASIC ELEMENTS (REF 3.2}

portions of the flowfield. Ceometry Is defined
such that throat Mach number may start at a
choked condition (Mach 1) and be incrementally
decreased, with intake performance cialculated and
printed out at each Increment. As throat Mach
number is reduced below 1.0, the resulting normal
shock moves upstrcam from the cowl lip onto the
compression surface(s) until a slipline ingestion
(and onset of buzz, see Section 2 of Chapter I)
is detected. At this point the calculation
terminates. For mixed compression {intakes,
normal  shock position s the Independent
parameter sinca the throat is still supersonic
and does not change with engine operation. All
downstream subsonic flowflelds are dependent on
this position. The normal shock is inftially
positioned at one third of the diffuser length or
at the downstream end of a diffuser bleed section
if there fs one. 1t is then moved incrementally
toward the throat until the verge of 'unstart',
at which point the calculation proceeds as for
external coanpression intakes. In this way, total
pressure recovery and drag are predicted for a
range of engine operating conditions.

Spocific prodiction methods are described below.
Yor subsonic operation, 1-D isentroplc flow is
assumed up to the cowl 1ip with a linear
variztion of static pressuro on the external
compression surfaces. For 2-D supersonic flow,
oblique shock thesry Is used. For axisymmetric

supersonic  flow, an  approximate empirical
analysis involving equivalent confcal wedges is
used. Internal supersonic flow s calculated

using an equivalent 2-D converging passage. MNass
flows for bleed and bypasy subsystems are
determined by the difference In local surface
pressure and smbient back pressure with assumed
internal loss factors. Supersonic surface bleed
is unaffected by thv independent parameter, but

D o N SR

subsonic surface bleed or bypxss mass flow does
change with engine mass flow. Bleed and bypass
drag is determined using momentum conservation
(taking loss factors fInto account) plus a
component for pressure drag on exit doors
protruding into the freestream. Cowl lip losses
are based on empirical correlations that depend
on a fairly detailed description of the lip
geometry. Subsonic duct friction losses are
based on an average Iriction factor and the
throat dynamic head. Duct divergence and offset
losses are derermined from empirical
correlations. Spillage drag, which is the sum of
pre-entry drag and cowl lip drag, §s based on the
previously mentioned reference condition. This
reference conditfon 1is specified as an engine
mass flow ratie. The pre-entry drag is
calculated by a sfisple pressure-area integration
of the spilled streamiube. Cowl lip drag effects
are calculated using the same empirical data for
cowl lip losses in conjunction with transonic
similarity theory.

Figure 3.2 shows a
calculation procedures.

schemat fc of these
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FIG 3.2 COMPUTATIONAL FLOW DIAGRAM (REF 3.2)

INSTALLAT{ON PROGRAM (IIP)

fhe IIP Program {s used by a number of USAF
organizations to snalyse potential or existing
intake configurations. Three examples are given
here to provide an indication of {ts accuracy and
show {ts use in evaluation,
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FIG 3.3z SIDE-MOUNTED INLET CONFIGURATION
AND INSTRUMENTATION (REF 3:4)

The first example, intake data from project
Tailor-Mate (Ref 3.3) were used to evaluate the
method's ability to predict total pressure
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,
side~mounted, overhead ramp configuration
designed for a Mach 2.5 fighter. ‘fhe intake has
three variable compression ramps, porous ramp
bleed, throat slot bleed/bypass, and a subsonic
diffuser with both vertical and horizental
offset. The intake was tested from Mach 0.9 to

2.5 and angles-of-incidence between -$ and 20
degrees. Test data fIncluded engine face total
pressure recovery and all subsystem mass flow
ratios, Unfortunately, no drag data were taken

to compare with IIP output. Several problems
were encountered {n modelling the A-1 geometry.
First, sideplate porous bleed was incorporated in
the A-1 test model but no provisions for
sideplate bleed are available in 1IP. Second,
1IP assumes duct geometry as shown In Figure
3.3b.
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FIG 3.3b IIP DUCT GEOMETRY {REF 3.2)

Offsot can be input for one direction only for a
constant area duct section, All diffusion is
assumed to take place in straight sections
upstream and downstream of the offset section.

The A-1 duct, however, has offset in two
directions and has continuously varying area
{which is typical of  advanced fighter

configurations). The approach taken was to input
s similar offset to length ratio into IIP using
the total diagonal offset distance of the A-1

diffuser. Third, the throat area as calculated
by 11P (not a direct f{nput) was always smaller
than the A-1 data indicated. The predicted

throat Mach numbers for a given engine mass flow
were generally higher than A-1 measured throat
Mach numbers. Several sample data comparisons
are shown in Figure 3.4, Recovery was predicted
reasonably well at moderste angles-of-incidence
despite the geometric discrepancies, but accuracy
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fell off at higher angles.
were excellent, except at -5

Transonic comparisons
Jogrees where 1IP

probably underest imated the soverfty of
separation at the intake sideplate leading edges.
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Next, several advanced short-take-off/vertical-
landing (ASTOVL) configurations were analysed in
support of an international project (Ref 3.5).
The intakes for all four configurations were
designed for Mach 1.8 cruise: two employed a
single fixed compression ramp, and two were
simple pitot intakes. All of the configurations
fnvolved some degree of shaping for reduced radar
signature, such that the intake apertures were
three-dimenstonal. Since IIP cannot model! such
feature differences, the approach taken was teo
maintain the correct intake capture area, throat
area, and compression ramp angles for an
equivalent 2-D intake. Recovery comparisons were
generally very good fFor all the configurations,
giving a reasonable degree of confidence in the
contractors' quoted performance. Spiilage drag
comparisons were mnot as promising, however
Trends with Mach nrumber compared well, but
absolute drag levels were different by as much as
fifty percent. USAF experience with I1P suggests
that its cowl 1lp drag predictions are
particularly sensitive to the input lip geometry,
requiring a high degree of detail, However,
engineering sketches rarely give the level of
detafl required to discern this geometry and it
must therefore be approximated. Also, the intake
drag 1is highly dependent on the degree of

intake-afrframe {ntegration. This effect also
cannot be modelled by IIP since [t assumes an
isolated iIntake. The combined effect of these

limitations is to reduce confidence in predicted
drag levels,

Finally, 1IP was employed recently to help
analyse an advanced supercruise fighter
forebody/intake test model. The !IP analysis
indfcated possible problems with oblique shock
detachment and the boundary layer removal system,
which after further detailed analysis resulted in
test model modifications.

.3.4 CONCLUSTONS AND REC! DATIONS

The LEVEL 11 Inlet Installation Program (1IP) has
been developed for fast, accurate analysis of

intake designs. It is also capable of limited
design and optimisation options, particularly for
of f-design operation. It has been used by a

number of USAF agencies and is similar in concept
and methods to US industry programs developed for
preliminary intake design. The 1P total
pressure recovery prediction accuracy is
considered relatively good. The drag prediction
accuracy must be taken with caution, however,
because of the sensitivity to input data and the
integration aspects. The format of the output
information is considered excellent., An entire
fntake performance envelope can he obtained In a
matter oi hours. The Interactive input sessions

can however become tedious due to the number of
responses required and {f the information asked
for {is not available, the process must be
prematurely terminated.

Several enhancements would ruke a program like
11P more usable as a desfgn tool. The unfamiliar
user would be helped by ‘menu’ driven Input
sessfons. Graphical afds would be invaluable in
defining parameters so that referral to a printer
manual {s not required. Also, graphical display
of the output would help the user interpret the
results of change of his design paramete:s.

Improvements of the method would be necessary to
increase the application to rmore advanced
designs. The ability to determine the effects of
3-D apertures (to first order at least) and
highly offset subsonic diffusers on recovery and
flow capture is desired. Sufficient data exists
to develop empirtcal correlations for these
concepts. Their 1inclusion would make IIP
applicable to highly survivable aircraflt designs.
The current maximum Mach number limit of [IP
Hmits the use of the mixed compression programs,
tut extending the empirical correlations up to
Mach No. 4 or 6 would allow application to many
evolving high speed ~ircraft.
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REFERENCES
2.4.1  FINDING A MISSION FOR HIGH SPEED

There was, for many years, a natural trend toward
higher speed for almost =2ll types of alrcraft,
but there seems to have beer. a more or less
natural Mach number celling for particular

functions/missions. In fighter aircraft this
Mach number cut off point appears to be in the
2.0 to 2.5 iaige. Supersonic strike/bomber

concepts have been explored for many years, but
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 Mig-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 TUl44 have demonstrated the
general technology necessary to cruise at Mach 2.

MODES OF OPERATION OF MX-1787 COMBINE
TURBOJET-RAMJET POWER PLANT

RAMJET
FIG 4.1 REPUBLIC XF-103 & POWERPLANT

In the US, other forerunners of high Mach number
technology can be seen in the B-70 and in two
Century ser{es intercepror designs, the F-103
(Fig 4.1) and F-108 (Fig 4.2). All  these
concepts employed eificient two-dimensional mixed
compression {intakes; but whereas the B-70 and
F-108 were turbojet powered, the F-103 was
designed for a dual mode turbo jet /ramjet
propulsion system. Engineers and scientists
involved in research and development in the 1960s
contirued beyond Mach 3 to Investigate ramjet
propulsion fntegration Into the high supersonic
and hypersonic regimes, The air intake was seen
to be a key factor in this development; therefore
considerable attenticn was glven to efficient
diffusion of propulsfon streams over a wide rungoe
of speeds.

FIG 4.2 NORTH AMERICAN XF 108

The earliest work above Mach 3 concentrated on
air intskes for subsonic combustion ramjets, but
when exploration of ever higher spaeds reached
about Mach 8, the potentfal for ramjet effective
specific impulse was dropping rapidly (Fig 4.3).
This observation brought consideration of
supsrsonic combustion to the forefront and
originated the idea in the US for an aerospace
plane. A number of different concepts for such a
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24 B
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 {mnediate nceds o 12-25 Air breathing single-stape-to-orbit

for propulsion {ntegration at lower speeds pulled (S§T0) vehicle

attention away from hypersonics. There was a It should be noted that the wvalue of these

strong tendency to concentra.c 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 altitude supersonic Some of them, however, suggest the need for

system that could be cenceived was perceived as continuing allied power vigilance and the

vulnerable to projected defenses. recognivion that there will continue to be global

"hot spots* which could require high speed

5000 intervention (Ref 4.1). Inherent In these

- TUNQUET

technologles is the potentizxl 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
increases. %hile there are many overlapping
requirements for Intake technology across thcse
regions, severa) key factors can bz considered.
The balance of this section will deal with
progress in technology and requirements for
future solutions.

24,2 INTAKES FOR MACH 2 ¢ + Uls
2.4,2,1 Characteristics of Iptake Design

Atr intakes designed for supersonic cruise have
’ . different priorities to those designed for
v [ 10 15 E) 3 gupersonic dash fligh:. In regard to dash
MATH NUMBER aircraft, intake designs such as those used on
F-15 and Tornado provide relatively high pressure

FIG 4.3
SPELIFIC IMPULSE OF HYDROGEN-FUELLED recovery and low flow distortion, even during

combat manoeuvres. They place relatively less
ENGINES emphasis on iow 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 tip 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), fntake and engine and stable operation. Intake
makes use of a dual-mode ramjet/scramjet engine bleed flow 1In particular must be exhausted
to achieve near orbital wvelocities. A related efficiently to minimize potent {al drag
misston 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 che need to reduce cowl
other intermediate speed applications, 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 {llustrated by their
regime, mission analysts were ahle to see utility implementation on current aircraft and in the
for systems operating frcm Mach 4 to 6 for design of advanced supersonic cruisv aircrqft.
intercept, reconnaissance or interdiction
purposes. Beyond that, in the Mach 6-8 range,
potential for a ramjet or ramjet-powered First 24,22 e 1o, Cyr t_Mach 2-3+
stage of a two-stage-to-orbit vehizle has been
examined in a number of places, e.g., the German
Singer vehicle. Also, suborbital Mach 8-12 The Concorde, operating at Mach 2.0, represents a
missfons have bheen postulated which hold unique intake employed at the lower edge of the
considerable promise in terms of bhoth reaction supercruise range (Ref 4.3). The Concorde

time and survivability (Ref 4.1 & 2). designers were able to employ a low drag external

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

been revived, and with fit, the need for high Wing sechion
speed afr intakes. Sovernl distinct areas of
interest can be Identified:
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Auxiliary wiet

Max Mach First camp
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b. 4-6 Trangport L'Avien 3 Grande Vitesse _
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interdiction aircraft 3
c. 6-8 First stage of two-stage-to-orbit
vehicle (Singer) or part of &
ramjot/rocket single-stage-to-orbit

FIG 4.4
(British Hotol) concept AERODYNAMIC FEATURES OF CONCORDE INTAKE
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te seen from the Figure, {s basically a
three~shock design, but adds some ({sentropic
compression on the second ramp and operates
between a complex field of expansions/shocks
internally near the ramp bleed gap, and the
standard normal shock at intake entry. By

allowing a small amount of duct contraction aft
of the entry plane the external cowl angle is
kept to a minimum consistent with shock
attachment at the lip and a self starting Intake.
The wide bleed slot behind the compression ramp
allows a free shear layer to accommodate changes
in mass flow. It automatically adjusts the bleed
stot streamline and the amount of flow removal
required for flow matching. From a purely
mechanical point of view, the Concorde intake fis
a model of simplicity. It uses a variable second
compression ramp and an auxillary {intake (for
takeoff) combined with a dump door for over-board
bypass. Transient controls activate the dump
door which is made easfer due to the fact that
the inlet operates stably from supercritical to
suberitical conditions. Its advantage is seen in
the combination of simplictty and relfablility
with performance adequate for Mach 2.0 operation.
With this type of design (ie without mixed
internal/external compression) at higher Mach
numbers it would be difficult to maintain high
total pressure without unacceptable increases in
drag and bleed {low quantity.

Although fn the US a prototype supersonic
transport was never built, its air intake was one
of the more fully developed designs in the
history of US research and development.
varfations on its axisymmetric mixed compression
design continued in NASA for several years after
abandonment of the SST fitself, exploring mixed
compression ranging from 40% to 60% internal
contraction, developing highly efficient boundary
layer control and refining means of achieving
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 commercfal cruise vehicle (Fig.4.5a).
This reference points out that in the development
of the intake design, a number of {mprovements in
intake design were required, especially in the
areas of boundary layer prediction and control,

fntake stability and intake/engine airflow
matching. It noted that, even with optimistic
pressure recovety and bleed estimates, an SST

with a 3500 mile range would experience cruise
range loss fn exces; of 12% due to total pressure
losses and bleed drags alone. As a consequence,

it was necessary to set very high performance and
stabllity objectives for the {ntake. For
example, the ‘started' intake at Mach 2.65
operated at a pressure recovery of 91% and was
designed to accept a step reduction of 5% in

engine corrected airflow without controller
action and remain ‘started'. Similarly,
operating on-design, the inlet was not to
‘unstart' when experiencing a Mach number

reduction up to 0.05. The overall system was
matched so that no cverboard bypass was required
for matching during ncrmal climb and cruise
operat ion. The complex Boeing  design
{ncorporated:

a. A transiating spike for matching and bleed
optimization

b. Four throat doors to obtain flow area
variation nceded from take-off to transonic
conditions,

c¢. Four overboard bypass doors (which in turn
incorporated sucik-in doors) to splll excess
airflow during descent or other conditions
{nvolving an inoperztive engine.

d.
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Distributed centerbody spike and cowl bleed
plus a spike shoulder scoop bleed for
boundary layer and shock wave boundary layer
interaction control (Fig 4.5b). An intricate
control  system blended these varfable
geometry features and an automatic vortex
valve (Fig 4.5c) to solve problems with:

Takeoff/landing performance
Takeoff noise abatement
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o Stable supersonic "started" operation It would have seemed incredible 25 years ago to
o Intake tuzz suppression predlct that the YF-12/SR-71 would persist as the
o Optimizing supersonic diffuser/bleed system stato-of~the-art for Mach 3+ manned cruise
operatfon flight, but even as It retired, it was the
o Minimization of bleed drag reigning example of hig’y supersonic cruise. A
o Normal shock system stability number of reports on this aircraft’s iniakes
(e.g., Ref 4.8-13) offer insfght to the flying
Even recent reports on NASA's investigation of an Mach 3+ crulse 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 compression {intal.e operates essentfally as an
temperature variable cycle engines. The intake isulated intake, only a slight downward cant and
could employ an expanding centerbody compression toe-in being provided to align the intake with
surface for nolse reduction features such as the forebody flow field (Fig 4.8). The

intake choking during landing or takeoff to block
noise from propagating outside the intakc (Ref
4.6). Simllarly, updated versions of the
Concorde (Ref 4.7) have 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, the
"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
efficlency intake and careful fintegration of all
aspects of engine and airframe degsign from the FIG 4.8 LOCKHEED SR-71A
outset of development.

compression spike translates for off-design
spillage operation and to provide inlet 'restart'
capability. Its bleed regions for boundary layer
control and shock stability are located on both
the spike and cowl. Spike bleed is by means of a
serfes of surface slots. Cowl bleed uses ¢
combination of flush slots and a ram scoof
referred to as the shock trap (Fig 4.9). The
INLET DETAILS
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FIG 4.6 COMPARISON OF L'AVION DE TRANSPORT

YF-12/SR-71 intake system has two bypuss systems,
SUPERSONIOUE DU FUTUR & CONCORDE using the forward bypass to position the normal {

- personn operalion shock and to dump large amounts of flow during a

Ciimb st acbstion ‘restart' cycle. The aft system provides for
Q_‘““;w M some sngine cooling, but Is also used for engine
matching below Mach 3.0 (Fig.4.10). A digital

"'l"'c- fnlet control developed later was able to
I_T attenuate disturbance induced shock excursions

for [frequencies of about lhertz and balow.
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SR-71 Inlet during fts
lifetime has dealt largely with terminal shock
stability problems. Solutions working with
existing flight vehicle actuation hardware met
with some success, but other systems which would
require more dras:;ic inlet modification showed
excellen. promise. In one case (Ref 4.10)) a
YF-12 aircraft inlet modified to provide a porous
cowl-bleed region just upstream of the intake's
shock trap and bleed flow was controlled by
relief-type mechanical valves (Fig 4.11),
designed for high Mach number (Mach 3+) flight,

Development of the
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FIG 411 YF-12 INLET WITH STABILITY SYSTEM

The valves provided their own reference pressure
and, hence, did not respond to the slow response
perturbations handled by the inlet's control
system. Such a system was shown to be able to
absorb diffuser-exit airflow disturbances that
are too fast for the inlet's production control
system. If the SR-71 were being developed today,
it appears that the level of technology would be
adequate to tacilitate synthesis of a more stable
Intake.

2.4.3 MACH 4 - 6 INTAKES

2.4,3.1 Requisite T ogie

For the most part, the difficulties of designing
inta* : at Mach 3 continue into the Mach 4 to 6
regime, but with revised priorities, Ma jor
changes {n emphasis stem from the off-design flow
matching problem and from the utilization of a
combined cycle iurba-ramjet engine (Fig 4.12).
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FI6 4.12 COMPARISON OF INLET DRAG (OMPONENTS

Maximum Mach number propulsion flow requirements
large intake capture area relative to
(Fig 4.13).

produce a

other afrcraft dimensions This

FIG &.13 SIZE OF CAPTURE AREA & INFLUENCE OF
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situation creates an acceleration problem because
the inlet sized for maximum Mach number {s unable
to pass the capture area Streamtube at transonic
and low supersonic flight conditions. Coupling
this sttuation with reduced englne demand at the
lower Mach numbers requires spillage bypass of up
to 90% of the approaching capture area streamtube
(Fig 4.14). Getting rid of the excess air, in
turn produces high spillage and bypass drags.
Consequentiy a critical need is {identiffed for
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
3 turbojet) is relaxed In a high Mach number
environment where a ramjet is ecither included
with the turbejet or takes over completely.
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FIG 4.16 COMPARISON OF INCFT SUPPLY &
ENGINE DEMAND =6 vs CURRENT
PROPULSION SYSTEM

A number of design {ssues can be identified for
air intakes operating in the Mach 4 to 6 range.
In the supersonic diffuser the compression ramps
are designed not only as to number and length of
ramps, but also whether to wuse hinged ramps
exclusfvely or include flexible ramp(s) to
approximate isentropic compression. Variable
geometry also helps to provide efficient
transonic spillage. An efficient . “ndary layer
control system for compression ramp(s) and
sidewalls is designed not only to maximize
pressure recovery, but also to maximize total
system performance with absolute relfability.
Intake throat deszign for tiese applications
considers the effect of throat Mach number on
performance and stability and It provides for
normal shock position contrel, whether by bleed,
shock trap mechanism or other device. Design of
the flight vehicle {tself also considers the
forebody boundary layer - whether to divert,
bleed or ingest some or all of {t. Because of
the high pressures and temperatures In the
intake, mechanical design takes on increased
importance for accurately controiled actuation,
for sealing of ramps against leakage and for

providing adequate thermal protection for
subsystems. Even the subsonic diffuser design is
critical. Care must be taken to mainiwin
attached flow with the high area ratios

associated with maximum Mach number, (a) to
provide for smooth transition from turbojet to
ramjet operation, (b) to use the ramjet duct
appropriastely for bypass in low speed (transonic)
flight and (c) to assure adequate diffuser wall
cooling.

The foregoing deals with air intake design as a
component, but in thiz Mach 4 to 6 regime the
integration of air intake with the airframe takes
on increased {mpartance. As  mentioned
previously, the Intake size at higher Mach
numbers increases with respsct to the rest of the
atrcraft. This forces the vehicle designer to
consider utilizing part of the airframe as inlet
comptession surface, thereby effectively reducing

PROPULSION SYSTEM GROWTH WITH SPEED sirframe wave drag and, potentially, wetted area.
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alrframe wave drag and, potentially. wetted area.
Air Intake deslgn - as well as the entire
propulsfon system - mist be accomplished
tntegrally with the flight vehicle from the
outset of preliminary design.

2.4.3.2 Specific Applications

Intakes may not var:’ greatly in general
appearance, but still provide dramaiically
different engine flow conditions., Reference 4.14
indicates that the fuselage forebody boundary
layer will be turbulent, and could be ingested at
least partially by the intake fn ar integrated
configuration. It notes the potential for
improved aircraft performance from forebody
precompression and offers experimental data from
four different compression surfaces at Mach 6.0
to show potential differences in boundary layer
progression (Fig 4.15). The four developed
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boundary layers ure quite different in height and
shape and can f{11 a significant portion of the
intake (Fig 4.16). The differences were seen to
be determined by parameters such as forebody
transverse curvature, transverse static pressure
gradient and the degree of Isolation of the
forebody compression from cross{low influence.

With this potential {Influence of forebody
boundary layer development In mind, a specific
study of Mach 4 to 6 airframe - propulsion system

fntegration is .onsidered (Ref 4.15), This
fnvestigatfon found intakes with low boundary
layer bleed requirements and good

angle-of-incidence characteristics to be highly
desirable. Such attributes were found to permit
efficient engine operation including manoeuvre at
hypersonic speeds. |If, as In many applicatlons,
g2 hypersunic manoeuvring requirement sizes the
intake capture area, this study showed it
possible to achieve a 20% to 50% reduction in
intake capture area by "sing horizontal ramp
intakes or shielded Intakes (Fig 4.17). In this
case, airframe {ntegration of the intake has been
used effectively to reduce flow spillage
requirements. Also, {f done properly integration
can lead to reduced vehicle weight, fuselage wave
and viscous drags (Fig 4.18). On the other hand,
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the study warns that non-optimum structural
designs can actually Increase weight in
Integrated concepts and that high drag boundaury
layer diverters may be required. In this design
task spccinl effort was extended to produce a
compact mixea compression Intake .esign which
cuployed {sentroplc compression in both ramp and
cowl, and internal shock cancellation in the

.'I \7~\ .',’ﬁllu
‘%Jw
~—
FIG 4.19

MACH 4-5 INLET DESIGN SHOCK STRUCTURE

throat region (Fig 4.19). Bleed on both ramp and
cowl sides of this shock cancellation cormer fir
used to prevent separatfon due to shock -
boundary layer Interactfon. This bleed also
provides a measure of stability by increasing
sharply wich forward movement of the shock. .
ic estimated that this type of inlet would
require only about 5% total bleed, Including 1%
on each of the sidewalls. ‘fhe idea behind this
is that any range decrement due to loss in total
pressure recovery would more than be made up by
the reduction In bleed drag. Experfence with the
conventiona! mixed compression NASA LERC Mach 5.0
inlet test demonstrates that high Mach nurber
inlets can demand h-~ amounts of hlecd flow to
produce stable, h.g. pe:formance operation. The
focused compression concept of the Ref 4.15 study
is inherently high in ris., but offers sizing and
Lleed drag reductions .-rthy of  further
exploration.

Acrorpatiale, as well as US cancerns, have been
examining commercial ap;lications of Mach 4 to &
flight. The French version, L'Avion a Crande

Vitesse (ACV;, would cruise at Mach 5&§(Fig 4.20).

(- I . LI

FIG 4.70 AEROSFATIALE HYPERSONIC
MRCRAFT (ONCEPT, AGV

fts designers were quoied (Reference 4.16) as
being confident that they possess the necessary
theoreticna! and experimental bases requived to
initiatr the design of _uch an aircraft, “hev
cite cxperience with rum-propulsion engines
(ramjet and ramroctet) in missile work wand
capability to deal with superseric flight on a
large atrcraft [From Concorde experience.  This
would presumably Include the ability to deal with
air intake problems, but based on receat US
experience tiere 15 a  considerable leap in
compinxity of {ntakes from Mach 2.0 to Mach 5.0,
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Judging from the results of investigations ard
developments over the past ‘hirty years siuce
Mach 4 to 6 propulsion integration work began in

earnest, there appears to he little doubt that
the toundatlon technology for manned Mach 4 to 6
afr breathing f{light exists, The question,
rather, is whether there is sufficient military
svpport or ¢ ivilian potential to pay for the
development and flight test of such a system.

24.4 MACH 6+ TO 8 AIR INTAKES FOR FIRST STAGE

This apptlcation fs represented most notably by
Germany's Sianger Vehicle, but pumerous versions
of this alternative to the NASP-type
single-stage-to-orb!t have been generated. It
offers lower risk in terms of propulsion system
development in general and, consequently, air
intake technology. In the casea of the Singer,
the large first stage launch platform accelerates
to about Mach 6.8 powered by turbojet-ramjet
engines (Fig 4.21). At this point It separates

Uidgye= 7((RU!§?{E;“{—'—; —
FIG 4.21 SANGER BLENDED BIDY/WING
CCNEIGURATION

from the smaller, top-mounted "Horus"™ second
stage which goes into orbit via a rocket (Ref
4.17). Another proposed system is Hotol, an
orbital wvechicle conceived vy British Aerospace
ard Roils Royce (Fig 4.22). While Hotol is not

FIG £.22 HOTOL CONFIGURATION

per se a staged vehicle, the air breathing
propulsion system operates only to about Mach
5.0, at which point ascent continues on rocket
power. Thus rany of the air Intake requirencnts
are the same as for the Sdnger, the primary
differeiice coming, apparently, from the sccondary
use of the Hotol {inlet during ascent to gather
atr for production of liquid oxyg'n used in Its
rocket phase (Ref 4.18). Alr Intakes for this
type of vehicis would vary from those of the
previous seetfon in that, as
accelerator-dedicated components. tney would not
he so heavily concerned with bleed drag nor
design point performance. They might thereflore

o~ .
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provide application. for the so-called oversved
intake, (Fig 4.23) somewhut undersized for the
maximum Mach mumber condition in order to reduce
spillage drag at the transonic condition. Mach 8
is given as the upper )}isit for this application
with the assumption thi* it would be feasible to

FIG 4.23 OVERSPED MIXED COMPRESSION UNIT

consider usirg subsonic combustion ramjets to
this speed. in any case, avoiding the jump in
technology requirement assocliated with scramjoet
operation would have a strong frfluence on the
maximum Mash number of staging or shifting to
rocket propulsion.

Some wvaluable measurements on research type
axisymmetric irzakes or perturbations on
axisymmetric fatares in this Mach number range (5
to 8.5) we-e done by NASA Langley in the 1970s
(Refs 4.19-21).

24.5  AIR_INTAKES FOR_SCRAMJET PR.IPULSION, MACH 8
10 254

A indicated previously there arc some mission
aifferences associated with various levels of
maximum scramjet powered flight Mach number.

Suborbital misslons have been defined for the
Mach 8 to 12 regime, but the greatest attention
by far recertly has been given to the development
of a single-stage-to-orbft flight wvehicle using
dual mode (ramjet-scramjet) propulsion. In
general the technology challenges are similar
across this regime, but obviously eccalate with
increasing Mach number.

Some of .he primary challenges of high Mach
number vehicles were well defined in 1986 (Ref
4.22). It was  pointed out that in
ramjet/scramjct-powered vehicles, Intakes and
exhaust nozzles would comprise the major part of
the entire vehicle so that intake performanc>
would be  directly related to forebody
precompression. At the same time this inlet
precompression creates a significant portion of
the vehicle's 1ift and pitching moment. Also,
intake, alrframe, combustor and exhaust nozzle
must be structurally integrated, While the
altframe and propulsion system are thus
inextricably lirnked, ithe aerodynamic Interface
varies with engine operating mode, complicating
the rcsponsibility for the design weight and
pevlormance, Ref 4.23 (1987) asserted that there
was sufficfent krovrledge to design and build
rocket -bousted scramjet-powered missiles for Mach
3 to T operation, but that extension to orbitat
speeds or integratfon with a wvehicle that
operates from take-off would require "additional
development.” This reference also mentfoned the
role of CFD ({computational fluid dynamics),
saring thut {t was still in o formative stage and
lacked fundamental process data to wvalidate a
number of the physical and chemical models being
used. Intake development, in particular, weuid
be affected by the need to understand turbulence,
especlally at supersonic and hypersonic Flight
speeds, and to be able to predict its effect on
will shear and heat transfer, boundary fayer
separatjon/reattachment, fuel injection and
mixing as well as chemical kinetics. Reference
4.24 (also {n 1987) echoed these basic thoughts,
pointing out that, in the area of boundary layer

trunsition and development, factors that had been
Insignificant at lower speeds would assume majot
roles at hypersonic speeds. For Instance, rapid
growth of high speed boundary layers effectively
changes surface chape and “entropy swullowing”
pulls energy from the stream that would otherwise
energize downstream boundary layers. Wind tunae!
verifi.aufon testing would be compromised by the
fact that wall noise interferes with transition.
Inlet development and analysis {s further
complicated by the significance of real gas
effects above ahout Mach 14.

With this backgrcund, {t is cppropriate to review
some recent intake technology developments and
notfce the advancement of capability In the
relatively short perfod of time from 1987 to
1989. First, Ref 4.25 reports development on
intake boundary layer control at the lower Mach
numbers. This work presents Navier-Stokes
solutiuns for strong shock interactions, incident
ohlique shocks, compression corners and shock
exparsions associated with high speed air intakes

(Fig 4.,24). Also, it presents resuits of
P /@
CORNE R FLOW W

COMPRE SSION SUrFACE SHOCY TORTAQ SURFALEGAPS

WA Ss
FIG 424 SHOCK INTERACTION FLOW FIELDS
tangential air injection to control

shockwave-houndary layer Interacticn in the Mach
3 to 5 region, showing the importance of proper
injector location in order to effect flow
control. Another source {Ref 4.26) ¢.scusses the
application of a 3-D Navier Stokes code to the
analysis of an intake module where flow |Is
compressed by swept, wedge-shaped sidewalls. The
combination of sidewall sweep and aft cowl
placement in this fixed geometry design
facllitates efficient splilage and good inlet
characteristics over a range of operating Mach
numbers, Three wedge-shaped fuel injection
struts double as additional compression surfaces
to complete the diffusirn process (Fig 4.25).
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Obviourly, the thraat flow is highly complex,
experiencing side wall lInteraction with strut
shocks and expansion waves, rowl shocks, ond
offect eoxpansion waves and separation induced
shockwaves. The author points to good agreemeut
oY this complex asnalysis with experimental data
in order tv claim good ablility to simulate the
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complex [lvw fields assocfated with sophisticated
hypersonic vehicle afr Intakes. The utility of
such analysis capabliliity {s particularly evident
feam the observatlion In Ref 4.27 of very
significant differences in NASP Intake cor -epts.
The propul«ion modules assoclated with the two

concef.s d:scribed will be testec. over the Mach O
te 8 range. Accurate iIntake omputational
simulation will be rrucial not only In the intake
designs, but also in assessing the influence of
differcnt combustor approach flow conditiuns and
extrapolation of propulsive performance to cover
the full range of scramjet operation (Fig 4.26).
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FIG 4.2% POSSIBLE CFD METHODS FOR
INTAKE ANALYSIS

Even the most optimistic plans for high speed
test facility investment (Refs 4.28 and 4.29)
will provide only spot checks of intake flow
development and intake flow effccts on propulsion
system performance. Thus for a
single-stage-to-orbit scramjet vehicle, much of
the intake development must be accomplisbed by
computat ional means and verilied insofar as
possibie by experimental test,

There cre some areas of interdisciplinary intake
cevelopment which as yet do not lend themselves
to any kind of exclusively computational

analysis. Actively cooled leading edges
applicable to intake cowl lips are an example of
such developmental work. The designs must be

analysed, fabriccted and tested in a hot gas
facility. Analysts techniques at this point are
only fair, but are still a useful adjunct to
cuatinuing experimentai development.

While there are many hurdles yet to clear, the
advances in knowledge pertaining to hypersonlc
afr-breathing flight have been {impressive,
Propulsion and propulsion integration have always
been regarded as key areas, but progress has been
made on a number of fronts, including {ntake
development . Rapic advances in areas such as
turbulence modelling, trausition  preciction,
teading edge cooling and combustion analysis are
helping researchers to define realistic intake
and ramJet and intake - ram/scramjet designs for
future hypersonic flight vehiclies. As in many
cases, increased  ¥nowledge brings Increased
uderstanding of the cost Involved. fn the
relatively near term the cost of development and
ownership of hyperscaic flight vehicles will be
sufficlently clear to determine where limited
resources should be concentrated.
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2.5.1_INTRODUCTION

tite design of fntakes for high performance over the
range of conditions experienced by an agile
strike-fighter alrcraft s not simple. The
Jifficulty in iIntake design is trying to achieve
good efficlency, low drag, and high margins of
stability at all operating conditlions together with
I:w wefght and cost. Compromises in all four
characteristics are usually made to maintain
acneptable performance levels at wvarfous flight
Mach numbers, angles of Incidence, sidestip and
power setting. The 1limits of speed and attitude
car. be highly variable depending on requirements
which become Increcasingly severe with the passage
of time, and, in particular. whether or not post
stall manoceuvring 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 variatfon of 210" - 20" and a range of
engine atrflows from maximum to flight idling may
be required. Under these conditions, separated
flow end complex shosk and boundary layer
interactions at or downstream of the Intake entry
plane will be present over an uppreciable part of
the flight envelope.

The major features of flow patterns around and
inside an air intake installed on the side of a
body are shown In Figs S-la-h. At zero and small
fncidence, internal lip separation can occur at
high engine afrflows and low forward speed (Fig
5-1a). At high forward speed with an {ingested
streamtube size smaller than the Intake at all
engine flows, separation can occur externally over
the cowl and In the rre-entry boundary layer on the
approach surface to the {ntake (Fig S5-~1b).
Separation may occur internally also, particularly
at high {ntake throat Mach number, {f the duct
shape bends and/or diffuses too rapidly. At high
incidence siparation occurs at the lower Iip
internally. Uprash around the body will often
lower the threshold of incidence at which this will
occur (Fig S-le¢).

A simflar situation occurs at yaw as depicted In
the port intake of Fig 5-1d. At supersonic speeds
the well known lambda shock formation (Fig S-le,
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starboard {ntake) occurs as tte intake normal shock
intersects the body boundary layer and the
resulting separated flow may be inyested Into the
intake.

Other Intake positions may suffer more or less
severe regions of flow separatfon. For any side
intake position there {s always the possibility of
ingestion of a vortex shed from the bottom 'corner'
of the body. 1If the intake is shielded from the
direct influence of aircraft incidence by
positioning it under a wing or wing root strake
(Fig 5-1f) then the risk of ingestion of a
'trapped' region of thickened body boundary layer
or a shed vortex from the bottum of the body Is
increased.

(f) —rig--b /—>\
. . e e
5, 46" t——

A dorsal position for the intake behind the cockpit
canopy may have the advantage of lower aircraft
radar signature (from ground based radar) and
reduced hot gas Ingestion for a VSTOL alrcraflt.
However, it has the disadvaintage of possible
ingestion of the canopy wake or a vertex from the
wing root or strake at sideslip and at supersonlc
speeds local Mach number in front of the iatake
will be in excess of the free stream value (Fig

5-1g).
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The underbody position has undoubted advantages at
incidence at beth subsonfc and supsrsonic speeds
(Fig 5-1h). The onset of 1ip separation will be
considerably delayed at subsonic speeds If the
Intake 1is well shielded by the body and at
supersonic speeds the reduced local Mach number

will Increase pressure recovery as inclidence s
increased
1
(h) i
= ' !
g =S
g -3
—

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

To understand and predict the performance of an
intake installed on an agile tactical fighter, It
{s necessary to bulld up the performance from
simpler component parts. In the next section,
first the characteristics of isolated pitot intakes
and then those with a compression surface are
examined. For {solated intakes, the build up is
illustrated from the duct alone, the duct plus the
intake at zero 1Incidence and finally, the
combination at incidence. This {s ther followed in
sectfon 5.3 by {llustrations of how the
character{stics of an Isolated intake and duct are
altered by their integration with the flcw fields
around a body or body and wing combination.

2.5.2 1SOLATED INTAKES

25.2.1 Interpal flow

(a) _Fiow in the sutsonic ¢iffusers

Fig 5-2 illustrates the pnasic duct loss due to skin
friction on duct walls as measured In a duct with a
bellmouth {ntake that is sucked to give 2 range of
throat Mach number. The small duct total pressure
loss of Fis 5-2 Increases ac (a) duct length s
{ncreased, (b) the duct becomes curved and changes
cross scetional shape.
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FIG 5.2 BASIC DUCT LOSS

Fox & Kllne (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 {s always attached except perhaps for
small separated flow areas near to the final area
Ay, 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 ares ratio Aj/A;
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 calculation (by a finite difference and by a
pane! method) of the onset of duct separation as
the basfc geometry f these ducts {s systematically
altered to vary area ratfo and average slope of the
inboard wall,
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COMPARISON OF THEORETICALLY DERIVED FAMILIES
OF VERGE-OQF- SEPARATION CHARACTERISTICS WITH

TRANSFORMED CORRELATION OF KLINE

With the advent of more advanced fighter designs,
tighter integration of the engine into the alrframe
sometimes requires highly offset diffusers (Fig
5-4) . New methods of avolding or controlling
boundary layer separation are needed to achieve
acdequate performance. One of the most fundamental
approachers is to provide a favourable area
distribution and centreline offset shape. Ref 5-2
shows a study of these parameters. Three
centreline shapes were chosen consisting of: 1)
modest turning, 2) rapid turning at the exit, and
3) rapid turning at the entrance (Fig 5-5). These
centreline shapes were analysed in conjunction with




three area distributions: 1) modest diffusion, 2)
high diffusion at the exit, and 3) high diffusion
at the entrance, The 3 x 3 matrix was analysed
using flow computation methods; results are shown
in Fig 5-6. Obviously, slow turning with high
diffusion at the entrance is more favourabie in
terms of low boundary layer blockage and high total
pressure recovery.
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The $ duct flow may Include some areas of separated
flow followed by reattachment and certainly by the
movement of the boundary fayer from the outside
wall of the first bend towards the {nside and the
generatfon of some swirl at the englne face. If
the rate of diffusion combined with the sharpness
of the bends becomes too high. massive separation
will occur downstream of the Ffirst bend with
consequent unacceptably high total pressure loss
and flow distortion at the engine face. The series
of ducts shown in Flg 5-7 have constant length, a
constant radlus final bend, and a common area
distribution. As the first bend is usually the
primary source of engine face total pressure loss
and distortion, the series of ducts successively
decreases the extent of the flrst bend by
decreasing {ts radius and canting the entry plane
with the consequent reductions in total pressure
loss that are shown.

For highly offset diffusers with separation in the
turns, Gerlach area shaping (Fig 5-8, Ref 5-3) has
been shown to minimise the extent of the
separation. In turning ducts, a pressure gradient
normally exists between the inner and outer walls
due to centrifugal forces. High pressures at the
outer walls often are the cause of large separated
regions, When the duct cross-section {s shaped
such that the velocity is increased at the outer
wall and decreased at the Inner wall, the pressure
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gradient between the walls can be reduced. Thus,
the extent of separation can also be reduced
without changing the average flow velocity.
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Small airfoil shaped vortex generators In the
diffuser upstream of a known separation point are
stil] one of the better ways to minimise separation
as shown In Flg 5-9. The diffuser separation
characteristics must be known a priori, however,
because the vortex generators are most effective
when piaced just ahead of the separated regions.
Therefore, adequate diffuser analysis methods must
be available to dqtermine the Jocation of separated
reglons before the vortex generators can be
installed,
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FIG 5.9 VORTEX GENERATOR DIFFUSER
PERFORMANCE ENHANCEMENT

Active boundary layer control in the form of
bleeding and blowing is often more effective than
passive control. However, the cost may be higher
in intake bleed drag or increased compressor
workload, The amount and distribution of bleed in
the diffuser is critical. Too 1{ttle bleed flow
does not contro! the separatfon while too much is
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not economical. The performance enhancement Is
seen to be most beneficial in Rel §-3 when bleed is
located upstream of the separation (Fig 5-10).
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5.10 BOUNDARY LAYER BLEED

Computat jonal methods are now coming into routine
use which can calculate the flow through S ducts.
Fig S5-11 shows a comparison between engine face
total pressure contours as calculated by a NASA
(Lewis) parabolised Navier Stokes program and
measurements at high throat Mach number for an §
bend duct with constant circular sections (Ref
5-4). Regions of sepur.ed flow occur upstream of
the engine face. Nevertheless, the general pattern
of total pressure loss at the engine face Is
reasonably well predicted.

Giisel/Lenglh = 0.45, M= 0.385, Re = 3,90 105

FIG 511 COMPARISON OF CALCULATED (NASA
& MEASURED (RAE 2129 S DUCT) E o E lE'Ew'S)
RECOVERY CONTOURS FOR CIRCULAR SECTION SDUCT

(b) Combination of intake and subsonic diffusers

The next element to consider {s the effect of
forward speed and replacement of the bellmouth by a
representative intake lip. The magnitude of total
pressure loss (other than skin friction) over the
full forward speed range from zero to transonic is
determined by the occurrence and resulting size of
the separation at the lip and the magnitude of
throat Mach number. In general at zero and low
forward speed (except at very low throat Mach
numbers) the {ngested stream tube will be larger
than the intake capture area (A /A, > 1.0) and
separation will occur on the inside of the lip If
the lip Is sharp (Fig 5-1a). The magnitude of the

loss due to mixing following separation rises
rapidly with increase in throat Mach number. As
forward speed Increases, the streamtube rapidly

decreases in size for a given throat Mach number
and when it becomes less than the capture area,
(Ag/Ac < 1.0), lip separation has disappeared and
losses rapidly return to the skin frictfon level of
the basic duct loss. In Fig 5-12 total pressure
loss Is shown plotted as a function of My, and of
inverse capture ratio A./A, rather than capture
ratio so that the important static case of A,/A. ~
@ (As/Ag, = 0) can be {ncluded.
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At Incidence, lip separation can occur at all
values of A /A; and not just at low values of A /A,
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
similar to that at zero incidence but the thickened
boundary layer downstream of the windward lip
results in higher losses that are still however
invariant with A /A, at A /A, > 0.7. For this
particular 1ip shape at the highest value of M,
the effect of a small area of lip separation s
Just evident as the losses no longer remain
constant at Ac/A, > 0.7. At an iIncidence of 30
1ip (Fig 5-12c) separation occurs at all values of
My}, and this pattern of Increasing loss is typical
at all values of A/A, above about 0.3.

There are two geometric parameters that can
markedly affect the magnitude of total pressure
toss due to lip separation. The first is 1lip
contraction ratio CR (= A /A,) and Flg 5-13a
{1lustrates the effect of changing CR from 1.078 to
1.25 at 20" Incidence and low forward speed
conditions. In this case, the differences in
performance between the contraction ratios are
principally the result of whether or not separation
has occurred. In the second illustration (Fig
5-13b) the streamtube size is smaller than the
capture area and separation will have occurred for
all contraction ratios; the differences In loss are
due to the decreasing size of the separation region
as contraction ratio decreases.
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EFFECT OF LIP CONTRACTION RATIO ON
TOTAL PRESSURE LOSS AT SUBSONIC SPEEDS

The second, which has an even larger effect on loss
due to lip separation, {s the effect of intake
scarfing or lip stagger. The upper lip turns the
flow from the free stream incidence so that the
lower lip is shielded and if the stagger angle is
high enough, lower 1ip separation 1is delayed
probably until incidences of $0° - 60" are reached.
Fig 5-14 shows the variation of loss with inverse
capture ratio and throat Mach number for a 50°
stagger angle at 30" incidence. Losses fall
continuously with increass in A./A; in contrast to
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the loss varfation of the unstaggered intake (Fig
5-12¢).
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At low forward speeds with A /A, < 1.0 for a
.aggered intake, more flow {is sucked over the
.ower lip than the upper one so the unstaggered
fntake with {ts symmetrical separation region
suffers less loss as shown in the comparison uf Fig
5-15. However, as forward speed Increases from
about M, 0.1 to 0.2-0.3 (inverse capture ratios of
0.3-0.6 approximately depending on throat Mach
number), a cross-over point occurs and at higher
increase capture ratios the favourable effect of
1ip stagger increases rapidly.
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FIG 5.15 EFFECT OF LIP STAGGER AT LOW
FORWARD SPEEDS

Thus, {n practice, the staggered {ntake 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.

The influence of other geometry variables that have
smaller effects on performance and .he effect of
active geometric variation that can result in large
changes fn performance are dealt with In section
5.4.

At supersonic speeds, as incidence [ncreases from
zero, the entry plane of a pitot ‘Intake
fncreasingly inclines away from the vertical but
the intake normal shock remains approximately
normal to the free stream direction. As flow ratio
{s reduced from unity, the shock becomes detached
from the lesward lip and moves upstream across the
inclined capture plane. At the windward lip the
flow remains unuffected until, with {ncreasing
spiilage, the normal shock finally becomes
som: "etely detached from the entry plane. When the
shock {s In this position (low values of M) the
variation of total pressure loss is then a function
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of capture ratio and throat Mach number us at zero 02 04 06 08 1~0A9/ 02 04 06 08 1.0,-.0/
incidence. When however the normal shock is 0 “, Ac S (%
impinging on the internal windward surface, the }//’ y
{ncrease in loss is at a higher rate than at .g.q5 a?

subsonic speeds. In these clrcumstances, the total '

pressure loss {s now not only a function of capture 010 00 % .0 s r

area ratio and throat Mach number but also free 0| 7 Moe0d b ool 08
stream Mach number because this determines the Pk Slding i !Q_____
strength of the adverse shock and boundary layer -0-15 S 2

interaction on the inside of the windward lip. (, .

Thus, total pressure loss and engine face _6%'6‘

distortion is correlated over the fult Mach number /

range from 0 to 2.0 by the use of the parameters R

M¢p and My/Mip as shown In Fig 5-16 rather than the ° 1.177} MEASURED

parameters My and A /A,. ® 3093

Ho
L o Subsenic
» Surersong

FIG 5.16 VARIATION OF LIP LOSS & ENGINE FACE
DISTORTION FOR AXiSYMMETRIC PITQT
INTAKE AT ((=20° FOR A MACH NUMBER
RANGE FROM 0 TO 2-0 (REF 5.5)

25.2.2 External cw

The basic definitions of components of intake drag
have been cutlined in Section Il - Definitlion of
intake performance parameters and description of

intake flows - for both pitot and compression
surface intakes, Evaluatfon o1 forces on pitot
fatake =owls, from full flow down to the flow at

which separation from the cowl lip Is initiated,
(Fig 5-1b), ts particularly amenable to calculation
by full potential flow or by Euler methods. Full
potential flow methods are wvery adequate to
calculate drag (or thrust) due to supercritical
flow development over the external surface of the
cowl up to local Mach numbers of 1.3 -~ 1.4 (despite
being {sentropic in concept) at subsonic free
stream Mach numbers and Euler (non tsentropic)
methods are equally valid at both subsonic and
supersonic free stream speeds. Fig 5-17 shows
compar{sons between forcvs meesured and calculated
on axisymmetric cowls by these two methods over the
Mach number range 0.4 to 1.8. The departure of
measured and calculated curves clearly indicates
the onset of cowi leading edge separation which is
confirmed by examination of cowl pressure
distributions.

Pre-entry drag can also be evaluated by full
potential flow or Euler mecthods and agroes well
with measured values (Fig 5-18), If the iutake lip

is sharp then the classic one dimensional momentum
evaluation of pre-entry drag (also shown on Fig
5-18) is sufficlently accurate for most purposes.
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Cowl

method of characteristics.

wave

{REF 5.6}

drag at supersonic speeds can be
calculated using the Euler equations or by the
A useful digest of

cowl wave darag based on

axisymmetric

characteristics calculations

and measurements s

shown in Fig S-19.
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2 Intakes wit
Subsoni¢c & Supersonic Speeds

The design and performance of fntakes for long
range supersonic cruise aircraft, whose compression
surfaces only operate over a small range of
incidence and :zideslip, is considered in Section IV
of this review, This focusses on both external and
combined compression intakes with complex varfable
geometry and multi-bleed systems. However, for
tactical fighter aircraft, the emphasis Is on
simpler designs having only one or two boundary
layer bleeds, external compression only and the
variatfon of probably only one hinged or
translating surface. Creater emphasfs is placed on
compromising the supersonic design to obtain good
performance over the full Mach number range from
zero upwards.

One of the more fundamental problems fn supers.nic
intake design is matching the Intake and engine
flow rates at off-design conditions. Aside from
the engine demand, the intake may have to provide
alr for an environmental control system (ECS),
bypass system, bleed systems, etc. Fig 5-20 shows
a typlcal flow rate breakdown as a function of Mach

number. Notice that the most spillage occurs at
transonic flight speeds. This transonic flow
migmatch is one of the primary factors which

complicate supersonic intake design.

BLEED &

10 —\ BYPASS
SPHLLAGE

=

ENGINE
‘

b3

HEAT EXCHANGE

% OF INLET MAX. AIRFLOW

b3

0 . )
1 ?
MACH NO.

FIG. 5.20 INLET/ENGINE AIRFLOW MATCHING

s

The range of manoeuvre, together with the extreme
range of hot and cold day operation required by

combat alrcraft, often Jeuds to the need for
matching inlet and engine airflows other than
solely by variation of the geometry of the
compressfon surface. Thus, aft spill from the

subsonic diffuser, efither direct to the free stream
or by bypassing atr around the engine to a base
area or ejector nozzle, is required and adds
further complication of operation and control of
moving surfaces (Fig 5-21).

SUPERSONIC FORESPILL
AFTERSPILL

BLLED AIR EMGINE BYPASS
x AR

FIG. 5.21 AFT SPILL & ENGINE BYPASS

2,3.1 u

One oi the purposes of variable compression surface
geometry {s to provide the enlarged throet area
required at subsonic speeds to pass the ergine flow
without throat choking. Ideally, this entails the
complete collapse of the wedge or axisymmetric
centrebody. In practice, this is most ccnvenientliy
approximated when employing a rectangular intake by
reducing the second wedge surface to the free
stream directfon or slightly below this {f the
actuating mechanism beneath this surface wiil allow
it (Fig 5-22). Although the data shown in 5.2.1 is

strictly for pitot Intakes, the flow states
discussed there will In general apply to intakes
with 'collapsed' compression surfaces. The inward

camber and sharper lips of a compression surface
intake will hovever increase losses and engine face
flow distortion at zero and low forward speeds and

there will olten be a need for large auxiliary
intakes to obtain the required engine flow at high
intake efficlency for take off and low speed
operation (Fig 5-23).
SUBSONIC
- == ~SUPERSONIC
INBOARG RAMP
SIDEWALL ACTUATOR  sygsonic
VARIABLE ¢ DIFFUSER RAMP
0 WEDG
SECON AUXILIARY
INTAKES

FIG.5.22TURNADGC INTAKE RAMPS IN SUBSONIC
& SUPERSONIC SPEED POSITIONS
I
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AUXILIARY INLET OPERATION

FIG 5.23
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Numbers of auxillary door arrangements for the BAe
Tornado {ntake are shown In Fig 5-24 without
fntrusive doors in Configurations A & D and with
Internally intrusive doors fn  the  other
configurations. Their performance under static
conditiors is summarised In the bar charts and
engine face distributlions of Fig 5-24.

FiG 5.24 EFFECT OF VARIOUS AUXILIARY INTAKE
GEOMETRIES ON PERFORMANCE OF A
COMPRESSION SURFACE INTAKE AT

STATIC CONDITIONS

The form of the rectangular {ntake, with a
collapsed second ramp and endwalls to the
compression surface that are swept from the front
ramp tip to the cowl lip, is then very akin to the
staggered pltot Intakes discussed in Sectlon 5.2.1.
Thus, {f the intake Ilp is not sharp, performance
of the wedge compression surface supersonic intake,

(when suitably orfentated with the first wedge
teading edge horizontal) at high incidence at
subsonic speeds, should be adeqguate.

No such happy cotncidence occurs when using
axisymmetric centrebody intakes. These pose larger
problems for cbtaining adequate throat area by
centrebody translation. Indeed, on the FI111

aircraft (Fig 5-25), the second cone angle consists

e
FUSELAGE

T\

. PodiTioNn
FIC.5.251/4 AXISYMMETRIC (F111) INTAKE
WITH TRANSLATING & COLLAPSING CENTREBODY

CURVED TRACK FOR (ENIREDBODY

- TRANSLATION
FUSELAGE

Mil 0USE

POSITION ™=~
F1G5.261/2 AXISYMMETRIC (MIRAGE ) INTAKE WITH
TRANSLATING CENTREBGDY ON CURVED TRACK

of interleaving elements that allow the centrebody
to collapse (it also translates) to obtain adequate
throat area. This would however be very difficult
ff not 1impossible {f the fntake was an fsolated
full axisymmetric nacelle, Another solvtion to
this problem, only possible with the installed half
axisymmetric centrebody Intake, is to translate the
half conical centrebody on a circular track to
obtain a larger throat area, as exempiific.! by the

well known 'mouse' {n the fntake of the Mirage
series of aircraft (Fig 5-26).
25,2,3.2 At supersonic speeds
As flight Mach number increases, multiple

compression surfaces and variable geometry may be
employed to improve performance, but the increase
in complexity also increases weight and cost. The
aircraft designer must look at the effect of intake
design on total aircraft performance before
selecting an ({ntake type. In some cases, the
designer may make a sacrifice fn recovery
performance in order to get the lower weight and
cost of a simpler design.

A family of curves depicting the maximum pressure
recovery attainable through a series of oblique or
conical shocks and a terminal normal shock is shown
in Fig 5-27 and reflects the ideal performance
poteatial  of axisymmetric supersonic intakes.
Tucreasing the number of shock waves yields higher
pressure recovery values. Thus, an isentropic
compression surface generating an Infinite number
of Mach waves ylelds the maximum recovery.

F-104

g
)

tseatropic Spike
Double Cone
Single Cone
Normal Shock

Total Inviscid Pressure Recovery,,

FIG 527 CONICAL SHOCK RECOVERY

Fig 5-27 also shows the performance of the Lockheed
F-104 Intake which has a single fixed geometry cone

designed for Mach 1.8. The recovery drops off
rapidly at off-design flight conditions.
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VARIABLE GEOMETRY INLET DEVELOPMENT [REF 5.8)




An  interesting trend in US varlable geometry
development {s illustrated in Fig 5-28. Attempts
at improving performance over the fixed geometry
F-104 were made in the F-105 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-111, F-14
and F-15 aircraft.
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FIG 529 COMPARISON OF ADVANCED 2-0 INLET

PERFORMANCE WiTH CURRENT .NLETS,
MATCHED AIRFLOW (=09 BR=0°

Some of the recent progression In intake design
efficiencies are illustrated in Fig 5-29. Although
these are for Installed intakes, at @ = 8 = 0, the
results should be very close to that of isolated
intakes.

A successful bleed design is one that gives large
increases in pressure recovery for re'atively small
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FIG 531 OBLIQUE SHOCK- BOUNDARY LAYER INTERACTION

Cowl drag associated w'th a given amount of
external compression can be determined at an early
stage in the design process from the requirement of
oblique shock attachment on the inside surface of
the cowl lip. The consequences of selecting an
{nternal ~owl angle (and hence external cowl angle
and thus external drag) to Just give an attached
undersurface shock on maximum shock pressure
recovery that can possibly be attained (using an
idealised isentropic compression surface) is shown
fn Fig 5-32. Thus, at Mach number 3, a cylindrical
undersurface that would be associated with a very
low cow! drag is limited to a shock recovery of
0.72, whereas a moderate cowl drag with an
undersurface angle of 12° would have an upper limit
to shock recovery of 0.83.

bleed flows. When this s achieved, pressure 1.0 [——
recovery values that differ from the theoretical |
shock recovery by only the duct skin friction loss ]
are obtained (Fig 5-30) for bleed flows in the 0.9
re P
gion 4-6%. n
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Yot f x FiG 532 MAXIMUM SHOCK PRESSURE RECOVERY FOR
o801/ EXTERNAL COMPRESSION WITH A GIVEN
X COWL EXTERNAL ANGLE (REF5.7)
--~CAL('D
PLANE SHOCK The increase In surface wetted area in front of the
075 RECOVERY capture plane can be linked to the Increasing
number of supersonic ramps or cones and hence
increasing shock pressure recovery (Fig 5-33).
I o Rectangular ramp  {we = hel
0-70 + » Rectangular ramp 0o swept sidewalls Shock-on-lip
005 59) 0-10 —2 ] o Axisymmetric conical centrebody Mach No. Msot 2.5
Ac/augen # Halt axisymmetric conical centrebody . -

FiG 5.30 EFFECT OF VARIATION OF BLEED FLOW

ON PERFORMANCE OF A DOUBLE RAMP
SUPERSONIC INTAKE

The drawbacks inherent in using large amounts of
external compression at supersonic speeds are well
known. It results in high external drag due to
large flow turning from the free stream dirsction
and the development of long boundary layers on the

compression surface that are subject to high
adverse pressurs gradients which cause them to
thicken and/or separate, particularly at

multi-compression surface intersection points (Fig
5-31).

with swept endvalls
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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

axisymmetric 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 n¢ surprise that

rectangular iIntakes iInvariably feature boundary PR

layer control on the compression surfaces whereas H — J:
I P

single or even double cone centrebodies often do PRecge -!
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The realisation that cowl internal angles do no* .
need to be at the same Inclination as the fina. B 08
ramp of tithe compression surface, together with [VT

close integration of the design of thc bleed on the B -6 -k
compression surface just downstream of the entry

plane, with the shocks from the low angle cowl FIG 537 VARIATION OF PRESSURE RECOVERY WITH
und. "surfac:, has led to development of optimum low INCIGENCE. FOR TWO-RAMP INTAKE

drag exi..nal compression intakes. The resulting

wide slot bleed unchoked at its entry also has the |If the intake fis yawed, the variation of shock
advantage that matching lInitially 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
invalve conventional subsonic forespillage over the recovery.

cows (Fig 5-35) with {ts attendant high drag and
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FIG5.38 VARIATION OF PRESSURE RECOVERY WITH
SIDESLIP ANGLE FOR TWO-RAMP INTAKE

. In this case, performance s sensitive to changes
FIG 534 WIDE THROAT BLEED OPERATION in endwall shape and quite small changes in
configuration can result fn relatively large

Compression Surface Spiliage ~ superson:c forespili changes In pressure recovery (Fig $-39)

RECTANGULAR INTAKE
M5 =215
My=2-09

0-9

FIG 5.35 SUPERSONIC & SUBSONIC FORESPILL

At incidence, {F the ramp compression surface is
horizontal, then the variation of shock loss can be 085
calculated until the ramp shock(s) become detached.
Flg 5-36 shows a comparison between calculated and
mcasured pressure recovery for a two ramp {ntake
with a wide slot throat bleed.
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FIG 539 FFFECT OF SMALL CHANGES TN ENDWALL
SHAPE UN PERFORMANCE QF YAWED
RECTANGULAR INTAKE

Witk axisymmetric external compression intakes, the

e oo flow in detail at Incidence is compiex but the
] 1
IXIN R basic pattern of shock angle varlation {s akin to
2212 Jﬂl‘ that of a pitot iIntake. The conlcal "srebody can
Y ‘ be regarded as plvoting about {ts apex with shock
tacidence 2° angies changing much less than cone surface angles
D m———r relative to free stream direction. As Incidence
JE; increases, tie cone shock moves into the windward

Iip and the leewsrd !ip moves avay from it., When
this happens an increasing proportion of the flow
Is compressed through a normal shock only and the
esuit Is a sharp fali eoff in pressure recovery.

EFFEET OF INCIDENCE ON PRESSURE RECOVERY & ;hus, the change in pressure recovery with
SHOCK WAVE PATTERNS FOR A HORIZONTA! incldence s largely influenced by whether or not

the cone shock at zero incidence is on or well

OCUBLE"RAMP INTAKE (REF 57) outside the cowl lip, as [llustrated in Fig 5-40.
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AXISYMMETRIC FOREBODY INTAKES (REFST)

A second influence on pressure recovery c¢nmes from
the tendency for the bloundary layer on the
centrebody to be swept up to the leeward side.
Thus. a long centrebody with a high shock on lip
Much numbar Mgop wiil have a worse performance than
one with a iow Mgop (Fig 5-413. This trend in
principie is of course in the opposite sense to
that of Fig 5-40.

L
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INFLUENCE Cr FCREBODY LENGTH ON PRESSURE
RECOVERY AT INCIDENCT 0F DOUBLE- CONE
INTAKES (REF5.7)

There is no simple way of predicting maximm flow
racio for axisymmetric tntekes at incidence. Fig
5-42 shows some meacured values referred to the
zero incidence value for singie cone, double cone
and isentropic nentrebody intakes at M, 1 9.
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FIG 542
EFFECT OF INCIGENCE ON MAXIMUM FLOW OF
AXISYMMETRIC FOREBOOY INTAKES(REF57)

Z:2:3 Intake-airfiame {ntegration

it was discovered zarly in Jet aircraft design that
allowing the forebody boundary layer tc be Ingested
into the Intake impcssd 2 =erlous loss of recovery
at the compressor. The nub of the prcblem, as has
been seen (Fig 2-7 Section 2) is the interaction of
the boundary layer with the pre-entry pressure :lse
which is Incurred In the process of producing a
relative retardation cf airspeed from the flight
velocity towards that required at inlet to the
engine. Broadly speaking, the severity of the
problem {s greater the higher tha flight speed and
the presence of shock waves at supersonic speeds
adds a special dimension to it. (f the houndary
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layer sepatates or comes close to separation, the
effects are particularly adverse and generally not
res: *icted te 4 lowiring of “ean pressure recovery:
othe. adverse iestures {nclude total-pressure
distortion and flew instability (section 2).

Remroving the boundary layer at some stage from the
intake provides an escape from, or easement of, the
difficulties. This !s done by means of bleeds or
diverters. The term 'hleed' denotes a sepaiate
duct which leads away ¢h> boundary layer. The term
‘diverter’' fmplies that the intuke stands off from
a particular surface, allswing the boundary layer
on <hat surface to ec.iape down the int_rmediat:
channe!. In elther case the boundary layer remcved
from the Intake usuvally becomes a pari of the
aircraft system, that {s to say it represents ar
additional {tem in the aircra®t drag but the effect
of the increased pressure recovery Invariably
outweighs the drag perailty.

Common fourms of bieed and dliverter are jllustrated
in Fig 5-43. Diverters may be of the step iype (a)
or channel type (bj, (). A step diverter is a
useful form in the .ng root of a subsonic
aircraft, because the forward extension allows z
good wing-root profile to be preserved. Step
diverters are not generally recommend:d for
supersonic  airc aft, howsver, becayse fresh
boundary layer juitiated om the surface of the
iverter may Itself produce most of the interaction
luse of the original longer boundary layer.
Channel diverters sre suituble for both subsonic
and supersonic appllcation, provided t(ha: a
reasonably aerodynamic 'prow' shape can be sbtatned
berween the intake and the boundary-layer surface.
The recommended width for step diverters is abecut
one and a half times the thickness of the boundary
layer, when this is undisturbed by the presence of
the Inta*e, aad for channel diverters abosut one
such boundary layer thickress.

PR ~
l‘“"‘\\ {xample of %
i
T

——— st

— ~ ep (a)

/, v . te . i N .

@ Step giverter \/‘_/me of
bleed

MU e B

(b) Uhannel dwerter {¢) Channel diverter

- subsonic infake - supersonit intake

FIG 5.43 EXAMPLES OF STEP & CHANNEL DIVERTERS

Boundary layer bieced systems can become more
complex at supersonic speeds as on the F-1il
aircraft (Fig 5-44) and need more careful design to
ensure their successful operation over all engline
Tow rates and alceraft attitudes that will be
encountered
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Tactical. aircraft are required to he mandeuvrable location of beundary layer and cone probes used to
st -ubsonic, transonic and supersonic conditions define flow flelds approaching the intakes.
without giving up good subsonic cruise wfficiency.

Consequently, proper fntegration of the englne o DOWILS POTRTS 1N COnC- DAL

intake with the airirane s of paramcunt interest. vy Mt

The range of Incidence and sideslip, although — e e Lo s
reduced at supersonic spseds from the wvalues - DAL IS .\
outfined in tne Introduction, still remains wide = : !
compared with those required by the high altftuda B i l
supersonic crulse vehicle. Within these reduced B |

ranges, at supersonic speeds for the Installed L____. ‘

Intake, not only Mach number and flow direction

B .

will vary in the approach flow field to the !n;ake S s SIBL-MOMILD Contiguart on

but aise total pressure due to the preosence of an

upstream curved and In some cases detached sho~ FIG 5.46 FOREBODY FLOW FIELD MODEL
from the body nose. INSTRUMENTAT‘ON

Design for optimum alrframe-iniet {integration has

F1 t b
the following specific goals: ow fields are characterised by vector plots or by

lines of constant local angle-of-incidence, ap, or
local angle-of-videstip, B.. The vector plots give
an overall Impression of fiow angularity whereas
the o and f; contours provide more precise
definitions. low field variations for relatively
high manceuvre conditions at Mach 2.2 are examined
to afd understanding of the limits »f performance.

) Minimise approact flow angularity with repect
to inlet teading edges

2 Deliver uniform, high pressure recovery flow to
the {nlet entrance at veziocities equal to or
below free stream condltions

3 Prevent boundary layer ingestion by the inlet

4 Reduce the'prnhahili:y °flf°‘l'“5“ object or Lot Flg 5-47 shows a vector plot depicting combined o
gas ingestion to acceptab e‘_ eve:‘s and fj vectors around the BASELINE body shape at M,

5  Minimise the potential for flow .le!d' - 2.2 qp - 15", Flow angularity Is highest near
Interference from weapon carriage/fjlr:ng, the body and there is a significant sideslip flow
landing gear deplayment., fuel tanks, pods, condition In the regfon of the Inlet inboard
pressure probes etc. surface.

Similarly, the airframe-intake design should

minimise any deleterious effect ot the f

design/operation of lifting surfaces, landing gear st

and avionfcs and how they integrate with ailrcraft lw-mm //
| /,;

i

!

structures.

Because  of the many factors which influence

‘ ]
} |u°:15°
A

11
afirframe (low fieids, {t {s expedient to discuss a 4 7 /
set of coordinated data so that the effect of
isvlated par?mcler:‘ may be illustrated. To th!‘s F1G 5.47 BASELINE FORERCDY VECTOR FLOW FIELD:
end, the serijes cf Fighter configurations shown in M.=22 O.=15° B.=0°
flg 3-45 (Tallor-Mate Program, Ref 5-10 1o 5-i4) 0T Lt Vo= 10 g
will be used to isolate some of the primary efflects
of fuseiage shaping inlet location aud how the A morz careful examination (Figs 5-48 and 5-49)
inlet conflguratic. interacts with location in shows ltnes of conctant ¢ and B for the BASELINE
sections 5.3.1-5.5.5. shape and the SQUARED shape. There 1is little
difference in »y distributions, but the [low in the
reglon of the lower inboard sideplate at sideslip
conditions varies measurably between the shapes.
The maximum B; value in the reglon of the intakz
inboard sideplate iy least for the BASELINE shape
(B = 8.6") and greatest for the SQUARED shapa 1
- 9.2).
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43.3.1 Tusclage flow flelds for side mounted

intakes - ¢
ak ErL )
— L
Wind tunpel tests uider the Tatlor-Mate program = —— D
were  conducted tn  the Arnold  Engineering Q) (ONTCURS fs,  "NTOURS

Deveiopment Center (AEDC) Propulsion Wind Tunne! 16

foot test sections. FIG 5.49 SQUARED FOREBODY FLOW FIELD .
QULARITY MAPS; Mg= 2-2, (=152 Bp=0

Fig 5-406 depict« the forebody crass-section shapes AN ! Mo [Ig_ ﬁo-

Investigated for side-mounted intakes and shows the




Figs 5-50 and 5-51 show i contours assoclated with
a combinatisn of afrcraft pitch and yaw for
haseline and square bottom fuselages av M, - 2.2,
o, = 157, B - &',  The iceward (right) side £
plots for both fuzelage shapes at B, - 4 are
similar in appearance to the §, - 0 plots but with
approximately 2° tn 4" B added to each measurement
point. The flowfield differences may appear to be
minor but inlet data will show a significant effect
on performance.

» 4 o conowes ¥ ¢

FIG 5.50 BASELINE FOREBODY FLOW FIELD IN
SIDESLIP: My=22, O=15°, Bo=4°
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FIG 551 SQUARED FOREBODY FLOW FIELD iN
SIDESLIP; My=2:2. (o= 15° fg= 4°

25.3,2 Performance of a rectangular compression
surface intake on the s selage

The variable geometry vectangular intake shown in
Fig 5-52 was tested with both the baseline ana
squared orebody shanes. It featured a variable
first ramp ac well as variable second and third
ramps for compression at  xupersonic
conditions.
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FIG 5.52 SIDE-MOUNTED INLET LONFIGURATION
AND INSTRUMENTATION

[t had a long subsonic duct (L/D = 5.23) with a low
diffusion rate. Boundary layer control on the
ramps was provided by perforated bleed on the
compression ramps anl on the side plates, The
variable gap offset between the th'rd ramp and aft
ranp allowed a combination of flow bypass and
bouadary lay:r control at the throat region,
Throat bleed Tlow was measured with flow metering
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systens and bleed on the perforated sfde platss vas
estimated from planum and exlt static pressure
measurements.

Intake instrumntation was provided ar the
left-hand compressar fasC to measure totri pressurs

recovery and both steady state and dynamic lnlet
flow distortion by wuse of 40 combination
steacdy-state and high resjonse tcta' pressure

probes. Addftional {nstrumentation on the opposite
(right-hand} side of the doubls Intake system,
consi{sted of total prescure rakes and stalic
pressure measuremrnts through the duct as ncted in
the figure. In the following discussion, “positive
sideslip® is defined as that condition where the
fnlet under consideration is on the leeward side of
the fuselage.

Figure $-53a,b takes two {ntake data points for the
BASELINE forebody at M, = 2.2 (ay, - 0°, 20") and
depicts the progression of flow through the iIntake
fn order to shed srme light on the varlation in
levels of performance experienced with Increasing
0g. At o = 0" total pressures are all high at the
fnlet cowl 1lip and {intake throat or aft romp
station. Pressures farther down the duct indicate
that some low energy {low exists In the upper part
of the duct, but this situation shifts rapidly,
with the jow energy flow showing up only in the
lower portion of the compressor fave. 5ince no low
energy rlow {s {4 evidence in the lower part of the
duct at the first three data stutions, it must be
supprsed that the flow defect originated in the
region of the cft ramp leading edge (behind tie
throat slot) and that static pressure gradfents in
the duct wers sufficient tc muve this reglion to the
tower portion of the compressor face.

At o5 ~ 20, flow at the iInlet 1ip is relatively
uniform, but with a lower tatal pressure than in
the previous case. 1in the upper thruat reglon, low
pressures are measured, suggesting a greater {low
interference of the flow with the aft ramp leading
edge. More low energy Flow 2nd flow separation in
the upper part of the duct are in evidence midway
fn 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
quite evident,

LTI 1AL

FiG 5.53a BAEELINE INLET 7OTAL PRESSURE
MAPS ; Mo=2:2, 0o=0°, Bo= 0°

FIG 5.53b BASELINE INLET TOTAL PRESURE
APS ; Mg=2:2, (o=20° Bo=0°
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The next Figure (Fig §+34) shows an exaepic of the
efferc of sidesiip at ay ~ 15" e progression of
frow through s right-hand fntake integrated with
the baseline forebody. At f§, = 0, there is
evidence f{rom the lip rakes of fuboard sideplste
tusding edge flow interference.  This defect is
still fn evidence st the inlet thromt, and further
an sown the fuct the low energy [iow region exrends
ove~ an extensive porrion of the Inboard s'de of
the duci. Once again, ar the .ompressor face, the
fow energy air appears to have ¢migraled downwards,
but flow conditions are relatively uniform. With
the Intake experiencing 4° leeward sideslip, there
{s nuw extensive flow separatiun on the inboard
sideplate at the cowi 1ip. The separation and its
effects spread significantly at the throat. and
sontinue <o spread in the duct. As bofore. the
region of lowest energy alr rotates dowrward so
that, at the compressor face, the very lowest
prussures have woved to the bottom and the only
remmant of the high pressuce {luw from the lower
throat reg'on now exists fn the upper region of tie
compressor face.
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FIG 5.54 INLET TOTAL PRESSURE MAPS WIiTH
BASELINE FUSELAGE My=2-2, Mg=15°

{a) [30: Oo, (b) B(,= Lo

Figure 5-55 glves an exumple of tivoat
variations agcsociated with the different
influences.

{low
forebody
Infiuence of the forebody is seen in

al: three cf the integrated configuratiens, but is
by far the most prominent with the SQUARFD
forebody, where a substantial reglon of flow.
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FIG 555 SIDE-MOUNTED INLET THROAT PRESSURE
CONTGURS, Mg=2-2, 0= 15% Rg= 0°

separation dominates
the throat. Thus, it
differences between
fusslage shuapes do
intare perflormance.

thie lower {nboard reglon of
is seen that the flow field
the BASELINE aud SQUARED
izdesd maks 2 difference in

The previous discussion and examples centrsd or the
horizontsl ~amp intake. The chojce ef rectangular
versus axisysmeiric or vertical versus horizoncal
ramps depends wpon the Moch number range and
manceuvrability regufred. At low angles of
fncidence, axisymmetric incakes can provide better
prrssure recovery than rectangular Intakes  at
supersonic Mach uumbers because of the smaller
fundamental lossez ansocfated with conical shocks.
Also, axisymmetric intakes tend to be much lighter
bhecause of the high ioad carrying capability of
“hoop" tension. However, axisyvmetric Iniets and
vertical ramp intakes 2xhibit nonsywmetry of the
flow at high ang’es of incidence which result in
fower  pressure  recovery. The manotuvring
horfzontal ramp Intake is able te deflect the
cncoming flow ard retain its quasi two-dimensional
charactesr. In addftion, wvarlabie grometry to
control shock position, spillage, and recovery is
easfer to accomplish. Varfable geometry in
axisymmetric incakes s usually confired to spine
translation fn single or twin cone configurations.

The Ref 5-14 programme employed half-axisymmetric
intakes as well as rectangular i{ntakes, offering a
comparison of their relative perisrmance in the
side-movied {and wing-shielded} configurations.

Figure 5-56 shows the side mounted axisymmetric
intake with {its instrumentatijon. These Intakes
were tested with the forebody having the ROUNDED
lower shoulder shape (sece Fig 5-46) so the
flowfield approaching 1nis intake was at ieast as
good as that ahead of the BASELINE rectangular
intake.
.’c';‘_]
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SIDE-MOUNTED HALF-AXISYMMETRIC
INLET CONFIGURATION & INSTRUMENTATION

Flow progression through the side-mounted half-cone
intake ts shown in Fig 5-57 et oy = 10°. In this
case, a massive flow separatfon originates in the
upper part of the intake throat due to the vversped
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FIG 557 SIDE -MOUNTED HALF AXi-SYMMETRIC INLET

TOTAL PRESSURE CONTOURS; Mp=2-2, f3,=0°




condition and hence strong normal shock in that
regior.  Further 4own the duct the flow in this
upper reglon s still separated, but has been
joined by & separated flow regien in the lower par:
of the .hroat, adjacent to the spike. At the
conpressor face evidence of separsted flows is
obvious In the low pressure regions aud large
distortfon.

Based on this tast data, the side—wounted

half-axisymmetric intake wouid appear to be a poor
candidate for highly mancguvrable fighter aircraft.
Yet severai current aircraft systems empioy this
intake effectively, and it can be atiractive from
structure, sysiem drag and reduced observables
points of view, Design mod{fications to provide
optimum compression su-face angles, more efficient
boundary layer removal and/or better variable
geometry control can improve axi{symmetric intake
performance, possibly without giving up some of the
important advantiges noted. Care would also have
to be taken with this type of an intake to design
th. diverter/sideplutc carefully enough to avoid
sideplate leading edge separation.

25.3.4 Performance of a pi*ot intake on the side of
a fustlage (Ref $5-15)

Although detailed body flow field data is not
available in the following examples, the main
influence of the Increase in local angle of

incidence due primarily to upwash around the body,
partfcularly in the region of the upper shoulder,

shows up in the performance of pitot Irtakes. The
local variation of sidewash 1{s probably not
important for a pitot Intake with btunt lip.

Comparison of isolated pitot intake recovery with
recovery measured on an installed pitot intake
gives a relation between free stream Incldence ag
and local mean incidence G for equal values of
recovery and hence a derived upwash angle & -~ a,
as shown in Fig 5-58a at My 1.6 can be ohtained.
This derived upwash angle varies quite rapidly as
Mach number {ncreases above 0.9 (Fig 5-58b).
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FIG.558 3IDE BODY PITOT INTAKE PERFORMANCE

If corractions are wade for upwash argle and for
bLasic duct skin s(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 Isulated axisymmetric pitot
{ntake with the same lip contraction ratio (Fig
5-58¢).

The influence of stagger anglc on the performance
of & plitot intake {5 not orly beneficial at
inctdence but also in sideslip. Both at positive

and negative § a 50° staggered pitot intake has
iower loggses and better engine face distrioution
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than an unstsgg res intake (Fig 5-59). There is
also a small favourable effect under

conditjons of increasing diverter height.
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EFFECT OF STAGGER ANGLE & DIVERTER HEIGHT b
ON PERFORMANCE CF A SIDE BODY INIAKE
UNDER SIDESLIP CONDITIGNS

At supersonic speeds (Ref 5-16) there can be a
t:neficial effect on the pressure recovery of a
pitot fintake to be derived from allowing the intake
normal shocks to intersect wich the body boundary
layer provided the intake 1{s mounied on a
sufficiently high boun:ary layer diverter. The
well known lambda shock formed as a result of the
normal shock interaction with the boundary layer
can give a theoretical shock recovery equivalent to
a 107 ramp compression surface. Howevar, this
shock pattern only progressively encompasses the
whole of the intake flow as flow ratlo is reduced
fror the maximum velue and eventually the
theoretical advantage of the two shock pattern is
fncreasingly cvertaken (unless the boundary layer
diverter is Inordinately high) by the adverse
effect of body boundary layer ingestion. This is
if the flow pattern remains stable which Is not
always the case (depending on free stream Mach
number and amoun’ of flow spilluge). The measured
gain in recovery relative to normal shock recovery
fs shown in Fig 5-60 at M, 1.4 and 1.6 as a
function of throat Mach number (splllaye) compared
to the theoretical gain from the two shock
recovery. The measured gain is derived by adding a
dust and 1ip loss (obtained at subsonic speeds) to
the measured pressure recovery and subtracting the
thesretical noimal shock recovery. As can be seen
at My, 1.4 the two shock recovery appears te
fnfluence the whole of the intake flow even at the
smallest spillage cenditfon (higher Mgp).
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At M, 1.6 tne smaller shock wave angle of the 107
separated flow 'ramp' results in only a small part
of the ingested intake flow being influenced by the
iwo shock pattern at high My values but the effect
progresses rapidly as spillage increases until some

fng.stion of the separated body boundary layer
cowmences at values of Myp below 0.4-0.5.
For the staggered pitot Intake, the gain

progrrssively changes into a loss as stagger angle
increcses from 207 to 507. At 20  stagger angle
the majority of the intake and shock boundary laye:
intersection is upstream of the upper lip and swept
endwalls and 1s therefore still on the body
boundary layer. At 50° stagger this interaction {s
wholly on the surfaces of the Intake and hence the
fambida shock formation only results in wholly
delcterious Ingestion of separated flow Into the
inteke which completely overwhelms the small
favourable effect of the lambda shock pattern. Fig
5-61a,b show the progressive change in ‘gain' due
to lamoda shock formation as stagger angle changes
from 20" {similar to the unstaggered intake values
of Fig 5-60) to 50" and Fig %-6lc summarises the
che ‘ge with stagger angle on a basis of losses
other than the theoretical normal or two shock loss
which depend. vn angle of incidence and not on the
formation of a lambda shock).
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FIG5.61 EFFECT OF INTAKE STAGGER
AT SUPERSONIC SPEEDS

25.3.5 Fuselage/wing floy fields fo. shielded
intake installations

The concept of sustaining intake performance at
high angles of incidence by positioniag an Intake
baneath a body or a wing applies to both subsontc

and supersoni: aircraft and has been used on a
number of airzraft projects varying from Concorde
to F16. When  incidence is  varied, airflow

direction 1s controlled by the aircralt surface, so
to that extent, the intake is nut aware of a change
of alrcraft attitude. Additicnally, at supersonic

speeds, advantage can usually be taken ol a
reduction in local Mach number and hence a
reduction In shock loss occurs as  incidence
increases.

Afrcraft  configurations Incorporating shielded
intakes can be elther the "fuselage-shielded"

configuration or the "wing-shie 'ded"” configurations
depicted in Fig 5-62.

Flow fleld fnstrumentation for the shielded
configuratfons was essentially idemlcaé o that
for the side-nounted conflsuratlons (Fig 5-16).
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FIG 5.62 FOREBODY FLOW FIELD MODEL
INSTRUMENTATION

All three of the installation types are shown in
Tig 5-63. A comparison of vector flow fields for
the two of the shielded and th2 baselin: unshieided
configuration forebodies at My = 2.2 ard oy = 15
(Ref 5-10; shows the nature of two shielded flow
fields.
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FIG 5.63 COMPARISON OF VECTOR FLOW FIELDS
Mo—Z'Z (I =15, 130—0° FOR
BASEUNE AND SHIELDED CONFIGURATIONS

In Fig 5-64 average levels of local Mach number and
incidence M and of are shown for the same three
different airframe-intake Integrations at M, = 1.6
and 2.2, It is seen that there is a substantlal
reduction of average My ard o from iree stream
values associated with the shielded configurations
in supersonic flight at incidence.
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Fig 5-65 shows the changing nature of shielded flow
fields as 4° sidesiip is added to the o, = 15
condition. The leeward flow field on the wing-
shielded configuration now shows significantly
higher levels of adverse inboard sideslip.

From these forebody flow fields, it might be
anticipated that the shieclded configurations could
offer a considerable performance advantage at the
higher values of aircraft Incidence, but that this
advantage could be tempered by sensitivity to
sideslip for the wing-shielded concept.
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25.3.6_Performance of shielded compression surface

take

(a) Rectangular intakes

Fig 5-66 depicts shielded horfzontal ramp intakes
along with the locations of total and static
pressure instrumentatfon. Instrumentation in the
short (L/D = 2.92) Mach 2.5 design wing-shielded
intake is essentially the same as that used in the

side-mounted inlet (Fig 5-62). The longer (L/D =
5.8) Mach 2.2 design fuselage-shielded Iinlet,
however, {ncorporates no throat or duct total
pressure probes. Since this was a single
intake/single engine concept, throat total pressure
rakes could not be Included without disturbing [low
at the simulated compressor face.
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FIG 566 SHIELDED INLET CONFIGURATION
AND INSTRUMENTATION
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Values of intake pressure recovery, turbulence and
flow distortion are plotted as a function of
incidence for the three different installatfon
types in Fig 5-67 (Ref 5-12 and $5-13). The
BASELINE  forebody intake configuration from
previous illustratfons is used to represent the
side-mounted inlet Installation. The lower Mach
number design of the fuselage-shielded intake is
revealed in {ts relatively low pressure recovery at
low incidence (a, < S). On the other hand, its
pressure recovery continues to Increase with a,,
reaching a peak of PTZ/PT - 0.91 at ¢ ~ 20 . The
higher Mach numbar “design und slightly better
shielding of the wing-shielded inlet results in
higher perfor-ance at high incidence, reaching a
maximum Pp., Py = .97 at a5 = 207
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FIG 5.67 INLET PRESSURE RECOVERY, TURBULENCE
AND FLOW CISTORTION FOR THREE
INSTALLATIONS; Mg=22, o= 0°

Both shielded intakes significantly exceed the
performance of the side-mounted Inlet at high
Incidence although, in terms of compatibility, the
simple, fuselage-shielded 1intake 1Is the only
concept which consistently (-5' < a, € 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 &, = -5 where Its K/K[ peag = 2-3: and
the side-mounted intake (as noted previously)
exceeds the limit &t o, = 0" with K/KL pEak = 1-12.

Examination of throat flow fields in Fig 5-68 shows
that the wing-shielded Intake at My = 2.2, a, = 15
produces much more uniform throat flow than efther
the side-mounted or the Isolated Intake. At o -
-5', however, both flow Fleld and inlet data show
evidence of a strong vortex, possibly originating
at the wing Junction, lylng near the wing leading
edge and evidently intersecting the outboard
sideplate of the wing-shielded Intake to produce a
large fall in performance at that point.
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FIG 568 INLET THROAT TOTAL PRESSURES
(ONTOURS FOR DIFFERENT INLET
INSTALLATIONS. Mg=22, Mo=157 f3p=0°

The excellent performance of the wing-shieldel
fntake at higher o, 1is negat.d by extreme
sensitivity to sideslip. Values of pressure
recovery, turbulence and distortion index over the
sideslip range -8" < Bo < 8" at Mach 2.2, ag,= 15",
are shown in Fig 5-69 for the three fnsta'lations.
Here, the fuselage-shielded intake {s seen to be
essentially free from sideslip sensitivity while
both the side-mounted and wing-shielded intakes
exhibit extreme sensitivity in terms of all three
performance parameters, exceeding distortion index
limits at B, - 4.
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INLET PRESSURE RECOVERY, TURBULENCE AND
FLOW DISTORTION FOR THggE INSTALLATIONS

M0= 22, ﬁo:

Progression of fiow in the wing-shielded intake at
@, = 15", B, = 4" is shown In Fig 5-70 where
Inboard flow separation at the cowl lip and throat
{s seen to expand to produce a near-classic 180"
circumferential distortion pattern at the engine
face.
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FIG 570 WING SHIELDED INLET TOTAL PRESSURE
CONTOURS. Mg=22, Mg=15°

(b) Half sx{symmetric 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-layar bleed ,s provided
on the second cone of each of thise intakes,
spanning the region of the normal shock location.
Boundary layer bleed flow is routed through the
diverter, discharging through the sime secondary
flow metering systems used for the rectangular
intakes. Both intakes also employ I'p, throat and
duct rakes.

Ibestd | kakes Located In K.K. Nacelle Omly
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FIG 571 WING-SHIELDED HALF-AXISYMMETRIC
INTAKE AND INSTRUMENTATION

The two half-axisymmetric intakes have different
duct lengths; the side-mounted intake has an L/D of
2.99. As the shie'ded intake, "sees" less flow
angutarity than the side-mounted intake, it was
designed with sharper cow! lips and it has less
offset from intake to compressor face.

No flow fields are shown f. he wing-shielded
half-cone intake  because it exhibited no
significant sensitivity to manoeuvre conditions.
Its superior performance Is obvious in the summary
charts shown in the comparisons fn the following
section.

25.3,7 Comparison of performance of shielded and

unshielded rectangular and half-axisymmetric

inlets

This final section compares rectangutar and
haif-axisymmetric intake performance. At Mach 2.2
it is seen (Fig 5-72) that tutal pressure recovery
sensitivity to incidence a4 and sideslip ﬂo for the
Five configurations varies greatly. Wing-shielding
fs effective for both rectangular and axisymmetric
intakes, resulting in high pressure recovery from
a, - 0" to 25°. On the other hand, both side-
mounted intakes exhibit sensitivity to incidence,
with the performance of the half-axisymmetric
intake droppi~g off rapidly above ap = 0.
Fuselage shielding Is also effective at incidence.

At oy - 15°, the performance of all but the
fuselage-shielded Intake deteriorate rapidly with
fncrease In stdeslip angle. In particular, the
wing-shielded rectangular Intake wl.\lch produced the
highest recovery In the range 10 € a, & 25 s
extremely sensitive to sideslip.




& SIDE-MOUNTED RECTANGULAR INTAXE
{BASELINE} .

WING-SHK|
A FUSELAGE -SHIELDED - -
b SIDE-MOUNTED AXISYHMMETRK
% © WING-SHIELDED -

\ ’ 7\_ SIDESLIP
INCITRCE ™, ‘\‘Bu(deg.)
. COMPARISON OF RECTANGULAR AND
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The wing-shielded rectangular intake is also shown
to be much more sensitive to negative incidence
than the other intakes in Fig 5-73. Here, the peak
dynamic distortion parameter shows the seriousness
of this intake's performance deficiency at moderate
incidence and leeward (positive) sideslip.
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FIG 573 COMPARISON UF RECTANGULAR AND
HALF-AXISYMMETRIC INLET PEAK
FLOW DISTORTION ; My=2-2

Again, the side mounted half-ax{symmetric inlet
turbulence is much higher than other finlets at high
incidence. All  inlets except the fuselage-
shielded inlet show some sensitivity to leeward
sideslip.

Both steady state and dynamic distortion indices
show {(he same trends except the wing-shielded
half-axisymmetric Inlet and the fuselage~-shielded
infet which have low distortion. The importance of
high response distortfon Iis seen in that the
(K/K)ppag values highlight side mounted inlets ac
having manoeuvre problems which is not obvious from
steady state data.

1 rfo c ded t
(Ref 5.17)

The advantage of underbudy shielding at subsonic
speeds is shown in terms of both reduced losses
compared to fsolated pitot intake values (Fig §5-74a
& b) and reduced mean local incidence (Fig 5-74c)
. At supersonic speeds the increase in recovery
with Increase ... ..cidence is most marked at M, 1.8
(Flg 5-74d).

Shielding under a wing or strake for a side body
intake is more difficult because of the presence of
both body and wing boundary layers. Again, losses
are shown compared to those for an ltsolated intake
at M, 1.9 in Fig 5-75 and alao, the reduction in
effective {ncidence. In this case, the wing o1
strake reduces the mean local incidence but at the
expense of some {ncrease in sldewash angle.
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F16 5.7 EFFECT OF UNDERBODY SHIELDING FOR A
PITOT INTAKE AT SUBSONIC AND
SUPERSONIC SPEEDS
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FIG 575
EFFECT OF UNDERSTRAKE SHIELDING AT My=09

At supersonic speeds the lambda shock that forms on
both the bouy and wing undersurface becomes complex
in form where the two shock patterns intersect as
tllustrated in Fig 5-76. Recovery increases with
increase in incidence due to the reduced local Mach
number but engine face flow distortion Is worse
than for the isolated Intake as a result of the
complex shock ond boundary layer interaction on

body and wing andersusrface.
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Another example which shows a comparison of the two
pltot intake positions, underbody and underwing, at
subsonic speeds (Fig 5-77) again emphasises the
advantage of the underbody layout, particularly at

high incidence and low to moderate angles of
sides!ip.
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25.4 Technology implementation in curreut aircraft

Post-1965, the response to
increased manoeuvrability of supersonic fighter
alrcraft, had a major impact on the design and
development of many current aircraft. Whereas the
drive for {ncreased speed In earlier years had
caused afrcraft intakes tc becume more and more
complex with time, there has bheen a consclous
effort to keep complexity to a minfmum in current
alrcraft. In Fig 5-78 the trend of correspondence
between maximum Mach number and design complexity
of the intake system Is shown. Thls correspondence
is due, in part, to the fact that US alrcraft are
being compared. European and Soviet designers
sometimes tend to place greater value on simplicity
and/or light weight than upon high pressure
recovery and low drag,.

the requirement for
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FIG 578 TREND OF INCREASING COMPLEXITY WITH

INCREASE OF MAXIMUM MACH NUMBER

The F-111 airframe-intake (Fig 5-79) design
represented one of the earl{est attempts to improve
airframe intake Integration In a tactical alrcraft
and important lessons were learned (Ref 5.19). By
tucking the inlet under the wing in an “armpit"
location, the Intake was shortened (for lightes

welght) and the wing was used to shield the iInlet
low

and thus provide high pressure recovery and
distortion fn supersonic manoeuvring flight,

IHUET SIDEPLATE
SPUTIER mATE

FIG 579 F-111a 1ACTICAL FIGHTER

Unfortunately, there was insufficient information
at the time to alert the designers adequately
concerning (a) the shedding of low energy fuselage
air into the intake region at incidence, (b) the
tendency for flow separation to occ .r inside the
sharp cowl Iip at high incidence and (c) the
engine's response to time-varying distortion. The
original complicated fntake dc:ien also attempted
to use boundary layer passing thr~ugh upper and
Tower side-plate slots to act as engine ~~nling air
on its way to the exhaust nozzle ejector. The
tortuous flow path over the cugine resulted in low
cooling alr flows so that much of the boundary
layer air spilled into the intake. Eventually,
General Dynamics was forced to (a) move the intake
further outboard from the fr-elage to avoid
excessive ingestion of the low energy fuselage air,
(b) thicken the cowl lip to avoid high incidence
separation, (c) modily the conical compression
surface boundary layer bleed and (d) place
diverters in the side plate slots in place of the
engine cooling scheme. The lessons of the F-111
flight test experience led to a major revival of
research into airframe-propuision in the following
years.

The F-18 used a type of wing-shielding similar to
the F-111, but (in the prototype YF-17 version)
provided slots in the root of the wing leading edge
extensfon which aliowed the escape of fuselage
boundary layer. These slots however caused high
wing drag. McDonnell Douglas closed the siots and
provided additional boundary layer control as
necessary (Fig 5-80).

Air Indnction System
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—"> o
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Patous Bleed
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FIG 5.80 F-18 INTAK
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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 fIngestion design of intakes. The effect of iip contruction
while maintaining the positive aspects of ratio on the performance of isolated pitot Intates
shielding. at incidence has already been fllustrated in
sectfon 5.2.1. Shaping the lower lip by cambering
A unique approach has been {mplemented in the it outwards and iIncreasing 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 both the F-16 and a chosen overall contraction ratio as shown in the
F-18 shielding concepts. Rafale designers have  gide Intake performance at M; 0.9 of Fig  5-83.
avoided some of the subsystem interference problems
of most fuselage-shielding concepts with two -

engines while still retaining what appears to be a AR 016 jLzy _j‘_ :3
significant amount of fuselage shielding. The Wo' 012 .. 06 mro .
7'7/ Syemetncol Symoetrcal 40014 §7su-1 -Emnlnxhu]

unique fuselage shaping provides a considerabie

o
amount of boundary layar relief at high angles of :‘008 CRa1gp  CRet s R—lﬁ-ﬂ o t;r:n;b:-:dhmj
incidence, allowing low energy air from the il _‘J""'“P"""’“
underbody to flow through the diverter region and 006 010+— 7/{'
be spilled above the inlet rather than be shed as 004 ™ 008 o
vortices from the underbody into the intake region. 002 e Coneret 06 r’ ¥
e 0 :n;tr p l(n\-vrlg 004 /‘]V
< [RF31 Re12% had
P 03 04 05 06 07 08 My, porl B
/f /7/./
b o,y 02 v oy 11 T2
L0150 %1 Hspr
= 0 [\ +
0304 05 V607 08 My, 0304 050607 My,
CHANGE OF CONTRACTION RATID AXTYSTMMETRIC (OWL LIPS
(SYMMETRICAL) {(R=1-25}

FIG 5.83 EFFECT OF SYMMETRIC & ASSYMMETRIC LIP
THICKENING & OF LIP CAMBER (REF 5.15)

A small permanently open lower lip slot can also
improve pitot intake performance at incidence as
shown in Fig 5-84 at M, 0.9.

FIGS.81 RAFALE-INTAKE & FUSELAGE SHAPING

012 ’
The Northrop F-5 reduces maximum Mach number to 0-10 19:3° by SYHNETRIKALEK(‘%P:ESTSICAL
1.4-1.6 but puts a premium on high subsonic and - )i (R:=1.25
transonic manoeuvrability and simplicity. The AR 098 Pl % E
fntakes only require a diverter and side plate to Pfo 0-06 o ¥ 3 ¥ sl ~
ptavent boundary layer Ingestion and shock-boundary 004 L%
layer interaction. The F-20 version with Mach 1.9 R
capability uses fixed vertical compression ramps 0-02 atostotopen 0125
with distributed suction bleed. 0 ® Lip slot closed © 13%

0-3 0405 06 07 My,

The use of side-mounted semi-conical Intakes on
France's Mirage series of fighters and Israel's o -0-2 4 K/’%_
Kfir (Fig 5-82) shows an approach emphasising light JUVS, -
weight, low supersonic drag and simplicity. The “-0-1«% ( —
use of side-mounted semi-conical intakes in highly

0
manpeuvrable supersonic fighter afrcraft would 0-3 04 0506 07 My
fndicate high distortion levels, but both Mirage .
and Kfir are powered by turbojet engines witk F|G 584 EFFECT QF AN OPEN LOWER LiP SLOT (REF515)

rather large stall margins.
The retrofitting of a blunt leading edge to the

quarter circular centrebody intakes of the F-111
alrcraft (Fig 5-44) to improve performance under
subsonic manceuvre conditions has already been

noted.
%
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There can also be a favourable effect at supersonic
speeds on all internsi performance parameters by
changing from a sharp to a blunt 1ip but at the
expense of an increase in external drag as would be
expected (Fig 5-85).

Similar data was obtained fn the course of
designing the Tornado aflrcraft, A substantial
decrease in instantaneous distortion was achieved
in the Tornado fntakes by blunting ard decambering
the cowl lip at subsonic speeds as shown in Fig
5-86a. Again, however, at supersonlc speeds, the
change in cowl shape resulted In decreased maximum
mass flow and Increase in cowl lip shock stand off
distance (Fig 5-86o0) and hence, penalties in
external drag.
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FIG 586
EFFECT OF CHANGE OF COWL LIP SHAPE
ON PERFORMANCE OF TORNADO INTAKE(REF 5.20}

Grumman and McDonnei! Douglas both employed
side-mounted, horizontal ramp exteynal compression
intakes to provide the built-in adjustment to

manoeuvring flight on the F-14 and F-15. The
overhaad ramps help to align the flow with the
intakes at incidence in the same manner as the use
of entry plana stagger in pitot intakes noted in
section 5.2.1.

Further exampivs of the effect of stagger angle and
sidewall geometry at M. 0.9 and « 35° on side
it ke performance are shown in Fig 5-87. At 50
stagger angle because of the high shielding effect

cf vhe upper 1ip, this performance is virtually
invai;ant with capture ratio (and hence Mo)
provided A /A, < 1.0 but as stagger angle
decreazes, this independence reduces and becomes
simitar to the dependence on My and A /A,

tltustrated in Fig 5-58 for the unstaggered intake.

Much of the recent work iIn tuctical Intske variable
geometry research has centred around fncreasing the
manoeuvre/acceleration envelope of the alrcraft
This requires high pressure vrecovery and low
distortion over a wide range of flight conditions.

The most obvious active means of {increasing
performance at high incidence is to hinge the lower
tip of the cowl. The European Fighter Alreraft
(EFA) uses both underbody shieiding und a hinged
tower cowl lip (Fig 5-88). The favourable effect
on losses at subsonic speed snd high tncidence is
shown in Fig 5-89 and there [s also a favourable
effect of the hinged lip on intake erficiency at
take off conditions (Fig 5-90)

The hinged lip can also be oriented In the opposite
direction to affect drag in a favourable sense.
The effect on spill drag is twofold as shown in Fig

5-91. Firstly t(he decrease in captutre area as the
cowl lip {is “lugea upwards towards the fuselage
means that smaller amounts of flow need to be
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spilled. The shift of the curves to the left at 8., where it can be seen that the advanced intake gives
=« 12 is because the non-dimensionalising capture far superior performance at extrems manoeuvre
area Ap in the flow ratio Ay/A. is based on the 6. points.

-0 value Secondly, there is a decrease In slope

of the spill drag versus A,/A. curve resu}:tlng frorln -
the Increase in cowl pro_]ected area and hence cow T gk need Taled Oscept
suction force as 8, Increases from 0 to 12°. At ", Yv_—.: itk Droep Liy (2 Kanp}
supersonic speeds however there is an increase in b \k k e ris 3 reae)
wave drag at full flow from this same increase in "
cowl projected area (Fig 5-92). Pl o A Ql: 01402 N
. \ [T i
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FIG 591 EFFECT OF COWL LIP INCLINATION g.
ON SPILLAGE DRAG FIG 594 COMPARISON OF PERFORMANCE OF

CURRENT & ADVANCED INTAKES (REF 5.8)

+0-10
{:U? ‘SAET For ramp compression surface intakes at supersonic
EO- 5 speeds, adjustment of the second ramp angle {s made
FULL FLOW to compensate for the increased (or decreased)
FRom strength of the first oblique shock when incidence
9 +0° 1O . o R&g E'x8 is changed. This enables the intake to retain a
9 =12° LARA 9'x8 near optimum shock recovery but probably more
'0'056 i o i 08 N 12 r1.'(;72'_()”‘ 2‘,,. importantly, contributes to better englne-injet
o

matching. For added flexibility of operation at

incidence, the whole f d fon of the intak
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downwards .

Other variations to the lower cowl lip are possible
I* much the same vein as high i1ift devices on wing :
leading edges. Fig 5-93 shows a comparison of the ‘
internal performance of the simple hinged leading b
edge with a more complex cowl leading edge slot and
a blown leading edge. Blowing 1s geometrically

simple but uses high pressure air from the engine FIG 5.95 ROTATING FORWARD INTAKE (F-15)

compressor which results in an engine thrust

1

penalty. For an axiszymmetric centrebody intake, increases in
M=0-0 performance can be obtained by both staggering the
RECOV ASTORTION cowl lip so that the shock does not enter the Jower
ERY Y TA_LEM,%IQ tip and by pivoting the centrebody (Fig 5-36).
o C e RMs 2 Pivoting both centrebody and cowl however fis
X necessary to achieve maximum insensftivity teo
=] 0. 002y Z increase In Incidence.
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2.5.5Concluding remarks

e Int tio

The stream flow approaching a side-mounted intake
is significantly distorted by the forebody,
especially {n manoeuvring flight. Horizontal ramp
external compression Intake designs are shown to
have inherent advantages over vertical ramp or
semi-conical Intakes for aglle fighters, but it is

also shown that careful integration of the intake
to provide appropriate shielding can make an
enormous difierence in pressure recovery

performance and inlet-engine compatibility.

Intakes

The design of a tactical fighter air intake results
from a compromise of performance and stabillty
against complexity and weight, driven by overall
afrcraft mission requirements. [t is difficult to
separate this design  compromise from the
consideration of inlet-airframe integration, yet
there are a number of issues related directly to
the inlet design ftself.

It has been shown that the fnlet configuration can
reveal much about the Intended alrcraft missfon
application and the overall system desigr
philosophy.

Intake design requires a thorough understanding of
the various farets of inlet perfoimance and the
flow field phenomena which affect them. To this
and, the discussion has dJd.»'t with the basic
measures of performance and has outlined the
primary flow (field phenomena which must be
controlled, Specific design considerations
involved in maximising pressure recovery,
minimi,iug drag and controlling the Ffiow for
improved uniformity and steadiness have been
discussed.
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Over tha past W a1 so yeavs seversl approaches
co the design of V/STUL ajveraft have heen taken,
each with its own particular engine or fan air
intake problems, (Ref s} & 6.2), This section
cunsiders the various types of V/STOL aircraft
intakes, their design and performance experience
and sowe of the-r ancitlery problems <uch ax
auailiaty ai: intakes, (Kef 6.3).

there appears to he threce basic types of engine
air intakes assoctated with V/STOL aireraflt:

Viacdt, vertical axis inlets, twr 1ift only
thrust engines,

the inlet whoso axls rotates from vertlical
for lift to horizontal for cruise thrust, and

the finea horiventaj-axis inlet vhich lesds a
varsable ceafigurution engine for tift and

cruise thrust,

Section 6.2, discusses these general concep:

Con-bderation  of  the performance of  V/STOL

tntakes, with respect to their design jaravsters
{~ piven in Section 6 3.

wn
)

2.6.2 GERERAL CONCEPTS, SPECIFIC EXAMPLES OF

2

ELIGHT TES1ZD YEHICLES AND FUTURE
POSSIBILITIES

6.2.1 Fixed, Direct Lift vpgine Intakes

2

One of the [irst design approaches to V/STOL was
with fixed, Pirect fift engines, with engines
;ecated efther 'n the Uiselage or in wing mounted
vods or nacelies, (kef 5.4-6.6) s the podided
P77C eugines of the D 31 and the fuselage
weunted 11t engines of the VJI01. in this
approach, specially designed, short engines, are
wounted with their axes uear vertical or with a
smatl tilt forward to previde a small component
of thrust in the forward dlrection, 1hese
engnes operate only during 1ift-off ¢r Jonding
and are turned off during forward or cruise

Might. Separate, horizontally mounted thrust
engines, are used in cruise, which usuaily empioy
rnorma! conventional inlets. The fixed direct

Vitt engines must be carrfed as a nea-usefu! load
from point to point and subtract f{rom the maximum
uvseful foad that might be carricd otherwise

The inlets of the verticai lift engines will huve
an incidence angle ol sbout zere degrees at zero
and very low forward speeds to almost 90 degrees
incidence In transition to forward flight. These
cenditions must be met whife maximum thrust is
being demanded.  Tne design and performance of
the podded 1ift engines of the V/STOL rransport
Dorader 31 will be described fn para 6.3.1.

L.2.2__Rotat)n: Engine Intakes

2

6.2.2.1 State~ol-the-Ar: Experieng

9

The mnext counceptual step in the develepment of
the V/ST0L ai ave appears to be the attempt tao

the engines from a vertio ateitude to
horizantal that these engluzs N serve bash
for 1ifr  ar fer  forward prop n. This
approach  intrnduces  a  measure of mechanical
complexity and complivates aersdimmnic conirel in
trensition from vertica! to herizentai flight.
Hewever. in spite of the added mechanical ano
acerod de control complestry. this cenceptual
appreack allows the engine air ake to rotate
tnty  the wird 1o maximize perfoimuance during

votualte

tranyition.

The inlet must ope bath at zero spesd and
naximum thiust and at o a vhrest for cruise speed,
the ~ingle inlet mast be railored rte handls twe
ditferent design criteria and mass flow ratins.

che VASTOL experimental  [ighter aircirafc VI

from Messerschmitt-Eolkow-Blohm as an oximg of
this category will be do~ribed in para. 6.3.3.
0222 buture Posst . 1:6.9)

Fipg 6.7 shows - Grumman concept using rorating,
podded  turbo-fan  engines Ju=ing  rotetion  and
landing.  Cuch a design Tequires o very short or

ne indet duzt.

FI6 61 GRUMMAN ROTATNG TURBOFAN DESIGN
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The rotating aft-fuselage-with-engine rrncept ts
embudied tu the Grumman  “"utcracker"-V/STOL
concept for use on an alrcraft carrler Jdeck Fig.
6.2, Twe large turbofan englines are mounted on
e¢ither side of a hinged alt fuselage such that
when rotating the thrust wvector passes through
the centre of gravity »f che aireraft,

oo

D. NN i

FIG 6.2 GRUMMAN "NiJiCRALKEZR"

From the data avaiiahie on this design the podded
tusbefan engine ppear to have a normal nucelle
intak  with no ailowance Jor sypillage adjustment.

The ultimate in re'sting thrict vector design
appears te he to rotave the whole airarafy as in
the very v "taii  sittev" aircraflt. The
P ois the *

hanger”, a WS,

© use on a ¢ - deck, h.3
- Lwdong awce -
[
A R N e

F13 63 US NAVY "WIRE HANGER™ (ONCEPT

Han

H I voncept s based on a F-1R type
aircvaft with ar engine Jdecigred to have a
gimbatled nevele wh

bowould tilt piles and winus
direction. Tt is te take offF
in the comontional way kot woeuld back  down
vertivally te hoack cato the side of a ship as
shawn in Fig 6.3, v iw somewhat similar to the
Kyt X123 tatl sitter of (436-1957

ten degrees in any

-1 experience  suggests  that  the
inlets way vequire auxiliary doors to enlarge the
apenings  in prevemt  cross-llow stall of the
engire air iRef. 6.9y,

!

it

Sreontal bogines wich Viow

26.2.3.1 State-of-the-A1t Liperience

I the case of a fired horivewtal axis englne,
vertical [ift can be osbtained by deflecting al!
ar part of the engines' exhaust downswards by =

valve in the nozzle (Ref ¢.10-6.14). Alr
exhausting from the englne's compressor may also
bi bled to pruvide a 1ifting force. The Pegasus
engine in the Harrier uses this arrangement to
give two hot and *wo cold exhaust streams. rhe
perlormaince of the air intake of rhe Harrier will
he described in para. 6.3.2.

The major intake design problem in this case is
the great difference In the mass [low required
between the 1ift mode and the forward cruise
mode .

£.2.3.2 Fuwure Prsgibilities

A specially unique design, Roils-Ruyce, Fig 6.4,
{Rel .21} combines the exhaust from the two main
engines into a plenum which can be deflected from
a fuli-aft nouzle to a dcwnwards deflected 1ift
et Additicnatl far Lleed fr the two min
engiaes are ducted throvgh rota:ing nowzles from
an al't direction to 3 downwards lifting jet

|

e e
Lo 5

D EXHAUST

T indet

canes

2o intales with
Taxer divent

~haped
The concept
red around G twin

are -

ramps wnd 9 hoarsd

icoumque s
: s de

a0 of

2l VASTOL  concopts fag the
tream defléction of mounted  turhofan
sugines or tip aciven tan, have been proponed.

Fig. 0.5 illustrates a NASA ddewsgn usiep & pair
of tip driven fans with delleet

ing anzrles {or
verticat iife. A nose fan e uzsd to Batanes e
airevaft in hovering, 1ift-
turhine engines serve as

and fanding. The

gas acuerators to

the main and nose fans. The inlets far

engines are typical side mounted duct inlet:.
Tip dziven fans

ng NCLLie

Noge fan- !

Engme ol

FIG 6.5 NASA TIP DRIVEN FAN D ESIGN WiTH
DEFLECTING NOZZieS
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The Dornier "LSK" PROJECT, (Ref 6.16), a light ANGLE OF AIRFLOW TURN

hover{ng combat afrplane, as shown in Fig. 6.6, 32 T

has a similar configuration except that the K 90/1'

single engine, cperating as a gas generator |s —v-v—\72— I

supplied by an inlet at the base of the vertica’ 2,8 — .

tai! and instead of using a dellecting nozzle {t 90 / i

uses turning vanes in the slipstream. |
24 2

- _ 2:0 /‘?// / |
:\" 16 +— //////?/ //
12 4 ;IP

s 4
//

Thrust deflecting siats

fan nocelles

Gas driven nose fan

Fis 6.6 DORNIER 'LSK" PROJECT

I

2.6,3 PERFORMANCE OF V/STO. JNTAKES IN STATIC l
AND TRANSIFNT_ CONDITIONS 1 T

The Dornier Do 31 (Ref 6.17) the MBB VI-101C,
{Re

s 6.15 & 19) and the Ha-rier, (Ruf 6.20) have V0/V2
been  chosen for purposes of performance
cansiderations as representative of the three FiG 6.8 FORCE RAT:O TG TURN AIRFLOW
e categories of J/STOL intake design. THROUGH & DEGREES

28,31 The Vertical Axis Inlet

Z.06.3.1.1  Inler Physics

S R e el =T
The prekfem of intake design is unique for the T ~—"

L
fised, wvertical 1ift engine in that in forward v |
flight the :nlet air must turn through a large a i | [
angie inear 90 degrees) from the free stream : o VoVL =20
B P . A A 0,5 b ~— H ov2" 4
ction {nio the engine inlet duct. Such a
uirer a large turning force per air mass [
B Fig. 6.7 shows a schematic diagiam | o
turning flow, L ]1
v
0 i |l :
—— \’0 y | ’ |
overpressure —_ "y i I I —
18 12 |¥ 12 %
8 h s
’ 4
ungerpressure & vy
0 )
Statien of the contowr !

FIG 65 VARIATION GF FLOw VELOCUITY l

e "o 7 \ ON SURFACE OF INLET

oo {P e P
wiyiPy PO)XFZ K 26.3.1.2 The Lifting Engines_Intakes of the Do
momentum 31_VSTOL Transport
triangle i
Tig. 6.10 shows the ajrcraft conflguration with
Fili 67 SCHEMATIC DIAGRAM OF AIRFLOW pods for tac UIft engine at the wing tips. Wind
TURNING INTOQ INLET DUCT tunnel tests were carriad out on the Dornier Do

31, four-engine-vertical 1{ft nacelle in earty
1960 (Ref 6.17), A schematic dilagram of the
A suction force on the near corner aml a positive
presaure force on the far corner {s :equired to
cure the flow through the angle 8. A force

dingrs

ustng momentun theory, is shown on this
faigure lrem which the horizontal and vertical
: wots of foree can be determined.  fhese two

cempal care then be used to Find the resultant
furve, e resault fs shown plotted in Flg. 6.8
the aic wvelecfty on the near and far surfaces of
inlet witl wvary as shown in Flg. 6.9 for

. > 5
Lo i
, PR U

FIG 6.10 YTOL TRANSPORT AIRCRAFT "Do 31"
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nacel 2 fs shown in Fig. 6.11. Tests were made
with and without a cascade of turning vanes in
front of the flrst engine fntake and with and
without a spoiler at the engine exit.

Spatler

FIG 611
SCHEMATIC OF THE VERTICAL LIFT NACELLE

Figs. 6.12 (a) and (b) compare the total pressure
tecovery measurements P z/Plo without and with a

cascade, at low inlet speeds, V,/V, = o,
corresponding to engine start at the beginning of
transition for a vertical landing. The cascade
improves the performance of the first intake but
seemingly has little effect on the rearward
engines.

0 2 “ L] o 2 4 6
19 T L T T Ty T T al
P.. L Withast With
= Gascade Cascade
P L
L vy ?’
098 v, "
- 2 Engine
Infat Nr. 1
Engine Engine
InleiNr 1 Inlel Ni. 2
Y
8
oaTk Nr 4
inlets 3 and 4 not measuied
(a) ()

FIG 612 TOTAL PRESSURE RECOVERY VERSUS
ANGLE OF INCIDENCE

A problem in the design ol vertical lift engine
aircraft is that of in-[light start of the
engines prior to landing. For engine start-up in
flight it is necessary to have a positive total
peessure drop across the engine to provide air
flow to windmill it up to starting rpm. That is,
(I’(z- PE.\’/pln must be greater than zero where Ppy

is the static pressure at the exit of the engine.

latet Nv 1 -

[JUNS \
>

o= etk = gvath spotter
O 00 spOT

\—“‘&a\ %
m v

FIG 613 TOTAL PRESSURE DROP THROUGH ENGINE

FOR STARTING VERSUS ANGLE OF INCIDENCE FIG 615

~

Fig. 6.13 shows test results for the engine
Intake model tested, both without and with
speiler for the cascade equipped nacelle,

The spoiler, used to create a suction on the
under-side of the nacelles, has a large effect on
the first engine (about 40 percent). However,
fts influence decreases on engines 2 and 3 and
give a negative efiect on engine number 4 for an
angls of incidence greater than 4'.

The row of intakes must finally be investigated
for distortion at the engine face. Fig 6.14
presents the test results for the i~ distortion
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
incidence. The presence of the cascade gives a
marked  improvement at 6, decreasing the
distortion from ~1.1 to -0.6 for engine nc.! and
ﬁ'?mS-OJ to ~0.3 for engine no. 2, both at Vo Ve

The measurement of a distortion figure below the
limit curve for the configuration without a
cascade, o « 6 and 3° yaw, as shown in Fig.
G.14, demonstrates the need for a cascade. The
addition of a cascade brings the point upwards,
into the operational range, even with a yaw angle
of 5.

VoVa Yoy
002 04,06 08 10 12 14 0 02 0: 0
00 gz AT Ty 102, 0L 08 °r‘,j_‘° A2 14
6 \
T wlk catcade ~ -3
N
0z} Ponr a3 / ~
0aE”, 50 yaw a6t N aw
with caxcade Wl cascade AT W
DCe0{7 77777 a8 with 3
ouscade - o=
o4 Umiosve 2 aso
for 70 s o=
| Engoe staxs
O pony
86, 1 yaw
L ocincane e
PO S
o8
10 - } -
Engine Ni 1 { Engie Nr. 2

----- W cascade
——— woutcascade

FIG 6.14 DC60 DISTORTION PARAMETER VERSUS
VELOCITY RATIO AND ANGLE OF
INCIDENCE, INFLUENCE OF CASCADE

6,1.2 The fixed Horizontal Axis

~

Intake-Harrier-Type (Ref. 6.20}

6.3.2.1 Design Problems

Fig. 6,15 shows the general ecanfiguration of the
Harrier. The special problems of herizontal
V/STOL intakes arise from the mutnally
contradictory design requirements for cruise
flight and vertical 1ift off conditions.

large mass {low at very low forward speeds
comparatively low mass flow at high forward
speed over a large range of incidence.

N o

-5 >

V/STOL LIGHT ATTACK AIRCRAFT "HARRIER"




Yhe reguirements are difficult to achieve with a
{ixed geometry inlet but can be obtained by mears
of var{able geometry.

The large mass fl.w required at low specds needs
a large entry area for the intake. Thus, during
high-speed crufse tow altitude the airflow
s-iliage Is large which leads to large preentry
drag, which may be 4s great as 50 tv 8C percent
of the drag of the rest of the «ireraft. Hence,
for low asititude cruise, the cow! must bhe
designed to achieve a large thrust to minimize
this spillage drag. At high altitvds che problem
is nuch less important, although still
significant. Finally, ODecause the intakes are
large, the forces on the Intake are important for
stability as well as the usuul stress force- on
the cewl.

EL

6 3.2.32

et

Total opressure Recovery

The tots! opressure vecovery in an intake with
rounded entry ilips varies with the mean ertry
Mach number as illustrated in Fig 6.16. A sharp

lip intake at M, - 0 and 0,2 is also showa.

100 - [
" \\\
10 S SN E—
Sherp Lips 47 \
& Mg =02~ NN
. - //‘/ \
Sharp Lips . | '
Atk K [
\ag = =) \ 130
H

1 T T
0.2 a4 (XS
Throa! mach number Mth

F16 6.16 THEORETICAL EFFICIENCY OF ROUND-LIPPED
AIR INLETS AT ZERQ FLIGHT SPEED
VERSUS THROAT MACH NUMBER AND
AREA RATI)

Tne equation for pressure recovery is obtalned
from stream force and momentum cousiderations
with zere onset velocity. These curves show

cirectly that for a glven pressure recovery, the
suction intensity on the bellmouth is inverssly
proportionsl to tuc bellmouth area.

Since entry losses arise from the thickening or
separatfon ol the boundary layers on the
belimouth or near it, they vary with the suction,
and therefore low losses reguire large bellmouth
arci Ag, and adequate throat area Arn-

Fig. 6.17 illusirates the vrelevant bellmouth
areas  for the auxiliary Intakes which are
projected in the directizn of the appropriate
threat fiows and therefore do no. add to the

thickness of the cowl at the maln entry.
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Belrrouth arwa lof
aurhary intaken Ay,

Debmouth 3193 Ay
ol ma: D

A B

FIG 6.17 RELEVANT BELLMOUTH AREAS FOR
THE AUXILIARY INTAKES

26.3.2.3  Spilipge Drag

Whern the strsaw force
forward speeds,

thecrem Is applied for
xhen ‘he splilage drag is low,
the mean Intensity of suction on the cowl s
inversely propertional to the projected cowl
areq. Thus, low wupillage drag requires both
large couw! area and good shape.

{ Shocxwave vould
occw 3t high spreds.
On & por Cowi shage

D'scv?an'sod fow
woid Qauso arag

A
!
1
ll«,w N
t 7
=S N
L R S e 7,
’ COGV’_'&.W i
bob Dinng ¢
Poundary layer |
from luselage Er;;wh;;& ;agy:« -
Cenire Ine of aiccrall
FIG 6.18 SOURCES OF SPILLAGE DRAG AT
HIGH SUBSONIC SPEEDS
Fig. A 18 shows an intake with spillage with

auxiliary intake doors closed and its sources of
drag. For typical rounded cowls the spiifage
drag varies roughly as shown in Fig. 6.19.

16 e mm— r . - —
Cpni - PRE-enky or additve drag
OpRE = Fembe
1 s et Mt I" T
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02—
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otioivo cowt ama)
© ~heo cowl aread « Kx (Amaa - Astag)

¥ e, 4 e luncbion of gowl sechons sweep, Mach no | ek
(Typua ity ~0 5 for roundad-Itp cowls)

FIG 6.1 SPILLAGE DRAG AT HIGH SUBSONIC SPEEDS
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Initially, the main inlets consisted of two side
mounted irlets of "D" shape and a single row of
six suck-in doors of 0.5854? and &« throat area of
0.855n? and emplcying baundary layer bleed doors
on the side of the fuselage. For the advanced
version, the AV-8B, the throat area was increased
to U.90Im? sq.ft. The iniet cross-section was
chauged from a half-rovnd to a 2:1 ellipse with a
double row of elzht suck-in doors of 0.780m?
sq.ft area to eliminate splllage (Ref 6.21).

Thus under vertical flight conditions a large
belimouth area und adequate throat area are
required, while during low altitude cruise large
cow! area and small throat area are necessary.
Both conditions are vital so that some form of
variable geometry is worthwhile in order to
improve the efficlency in either condition.

At V/STOL, bellmouth area is more effective than

throat area in luproving efficiency, sc it is
usuaily possible to choose the minimum throat
area suitable for coaventional flight, then

provide sufficieat bellmouth area to achieve the
target effictency, preferably in such a way that
the cowl area is not restricted at high speeds,

26.3.2.4 Velocity Distribution

The problem of velocity distribution and total
pressure distribution at the engine face are
similar to thoce of conventional intakes, except
that they are increased by the larger area and
smaller length to diameter ratio. Adequate
des~ription of the distributions {s sometimes
complicated by varfatfon of static pressure
across the compressor face entry and

uncertainties regarding the effect of the engine

on this variation when measured on models
(without an engine present) and the converse
effact on the engine.

The worst wvelocity distributions are due to
boundary layer separations caused by adverse
pressure gradivnts in extreme conditions of
flight. For example, in the case of a fuselage

Installation, #f the flow is very much reduced,
the adverse pressure gradient wupstream of the
entry ac*s on the boundary layer on the side of
the fuselage and could cause separation forward
of the intake entry plane. At extreme incldences
particularly =2t high mass flow, the boundary
layer may sepc ate on the inside of the jower lip
of the entry and on the adjacent fuselage wall,

26.3.2.5 Low-Nrag Cowl Section

The maximum area of the cowl tends to be
determined by the aircraft's layout, so that the
cowl area is glven when this area has been
chosen. This cowl area is unlikely to be
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 an axisymmetric model are shown in Figs.
G.20a and b. Flig. 6.20a shows almost isentroplic
recompression {rom a peak local Mach number of
about 1.9. Fig. 6.20b shows a typlcal curve of
spillage drag for this cowl for My =~ 0.9,  Lower
spillage drag will be obtained at lower Mach
numbers .
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FIG 620 CIRCULAR COWL WITH 3 TYPES OF
PEAKY PRESSURE DISTRIBUTION,
a) PRESSURE DISTRIBUTION M=0-9
b) SPILLAGE DRAG, My=0-9

26.3.3 _Rotating Axis Intake of the VJ-101 (Ref
6.18)

Fig 6.21 shows the general configuration of the

vJ 101, Fig. 6.22 shows the design ol the

VI-101C 1ift/cruise engine intake installed on

the tilting engine prds at the wing tips.

FIG 6.21 VTOL FIGHTER AIRCRAFT™VJ 101"
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FIG 6.22 “VJ 101" LIFT/CRUISE ENGINE INTAKE

The inherently bad performance of an intake of
this kind in the low speed range and at high
intake incidence conditions {s compensated in
this case by the use of an auxiliary intake in
the form of a circumferential opening around the
nacelle about 15 cm wide. This opening fis
created by moving the forward part of the intake
forward by mcans of four hydraulic actuators.
Fig. 6.22 shows this auxiliary intake in the open
position. This inlet was tested under various
conditions.

Figs. 6.23 and 6.24 show the pressure loss factor
vs. Vo /V, and pressure recovery Pt,/P!DVS' Mach

number My for various inlet incidence angles, a +
g.

ik rripes 1o
o arpTne v

FIG 6.23 PRESSURE LOSS FACTOR VERSUS
VELOCITY RATIO AND ANGLE OF
INCIDENCE, INFLUENCE OF AUXILIARY

INTAKE

B on 0% v ERS

FIG 6 24 TOTAL PRESSURE RECOVERY VERSUS
FLIGHT MACH NUMBER AND ANGLE OF
INC!DENCE, INFLUENCE OF AUXILIARY

INTAKE

Total pressure recevery oo o sharp-tip intake is
shown to be a function af throat Mach number and
forward Flight Mach number
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For the auxilfiary inlet closed, pressure loss is
high for low forward speeds, a + ¢ = 0 or 60
and pressure recovery is quite low for low flight
Mach numbers, even with o + 0 = 0.

However, with the auxiliary slot open, losses
drop markedly even for high o + ¢ and total
pressure recovery Increases for 0 £ a + ¢ £ 60°
up to M = 0.30.

These figures show clearly the advantage of
changing the inlet geometry (opening the intake
slot) with fncreasing aircraft forward speed and
also the neec to keep duct incidence, a + o, low,
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2.7 INTAKE DESIGN AND PERFORMANCE FOR MISSILES
WITH AIRBREATHING PROPULSION
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2.71 INTRODVCTION
2711 The relevapce of air-breathing engines for
nissiles

For short ranges (%30~40Km), the solid propellant
rocket is the best means of propulsion because of
its technological simplicity.

For medium to long ranges, alr-breathing
propulsfon becomec increasingly advantageous
because It is unnecessary to provide oxidant in
the missile; intakes are then necessary to
capture the external air.

Air-breathing propulsion has certain drawbacks:

-~ Intakes are necessary;

-~ missile geometry is more complex;

- engine development time is longer;

- if the missile has an expendable turbojet it
will be more c¢xpensive
(this will not be so {f it has a ramjet)

- but an additional propulsion means may be
necessary for a ramjet (boost rocket).

On the other hand it has the advantage that:

- for a given range, th missile is lighter and
fts overall dimensions are smaller;

- it can fly at low and constant altitule to
ensure best ;enetration;

- its missions can be easily diversified.

2712 Types of air-breathing propulsion

Two kinds ol engine are possible for missile
propu.sion (Fig.7.1). The turbojet has advantages
which increase with range because of the mass and
cost of the expendable engine. It is very well
suited to subsonic missiles (e.g. Cruise missiles
such as OTMAT, HARPOON...) and in some cases to
low supersonic speed missiles My<1.8). The
ramjet is a very simple engine, without revolving
parts and it is well sulted to medium or long

ranges but only for supersonic missiles. With
subsonic combustfon, flights from Mach 1.8 to
about 6 are possible; above, supersonic
combust ion is more advantageous. The

disadvantage of this engine is {ts very low
thrust at low Mach numbers. An additional means
of propulsion is therefore recessary to boost the
missile up to Mach 1.8-2. A rocket heaster
provides this fast acceleration that, also
reduces missile response time.

TURBOJET

FIG 7.1 AR BREATHING FROP" SION

- 3

ENTHALPY ,.\"”"/’\
o e
A} \

FIG7.2 "URBOJET CYCLE

Fig 7.2 shows an enthalpy-entropy diagram for a
turbojet: both «ntake an! compressor contrlbute
tn the total ¢ - nressfon of the cycle. For a
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ramjet however the whole of the compression
process takes place in the intake and the
following duct. The intake has also to dellver
the correct quantity and quality of flow to the
engine throughout the Flight envelope.

2713 Specific problems of missile intakes

For a transport aircraft, the payload {s in the
fuselage, the wings provide 1ift and the engines
in the nacelles give thrust; interactions exist
but are limited in extent. For a fighter
aircraft, there Is a higher level of integration
and fuselage and nacelles are often amalgamated
but wings are still separate entities. For
missile configuratfons, integration is carried a
stage further and consequently, intakes perform

their primary function of capturing the alr flow
large share of the external
drag) as

but also produce a
aerodynamic forces
Fig.7.3.
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FIG 7.3 UIFT COMPONENTS ON A TYPICAL

HALF AXI-SYMMETRIC INTAKE CONFIGURATION

The very high manceuvrability required

involves
large loading factors which occur at high
incidence and sideslip angles. The constraints
imposed by a human presence for fighter aircraflt
disappears for missiles. For these very
difficutt situations intakes must still correctly
perform thelr primary function. The missions
being diverse, the flight envelope {s wide and
the intakes must supply the engine under ali
conditions of Mach number, altitude and attitude
with the correct alr quantity at high pressure
recovery and with low distortion of the airflow.

Although there are no landing and take-off phases
so that larpe mass [lows at low speed are not a

problem for missiles, some dilficulties can

appear during the boosted poase with the intakes
closed either at the Intake or at the engine
face. However, wmissile intakes arc required to

perform for a single flight, possibly after a
tong storage time and therefore low cost and high
reflability are essential.

21Z ConbIGURATION EVOLUTION AND CONSTRAINTS

2721 Eurly configuraitivns

The firse air breathing missiles were
experimental vehicles for testing ramjets, and
therefore without operational size constraints.

Flgure 7.4 shows a sketch of such a missile with
separated functions (fuselage, wings, nacelles).

The payload {s in the body and there {s low
interference between the fuselage flow field and
the air flow captured by the I{ntakes. The
intakes have good performance, but on the other
hand, the missile is heavy and bulky and its drag
is high. Such missiles were developed: e.g.
BOMARC (USA), BLOODHOUND (G.B.), SIRIUS CT 41
(Fr.)(Fig.7.5) in the 1950s.

ENGINE (108 2}

DETECTION

DEVICE I BOOSTER

FIG 74 AIR BREATHING MISSILE
WITH SEPARATED FUNCTIONS

WAR HEAD FUEL

CIRCULAR SUBSONIC
DIFFUSER

1
ANNUL ARnSly;Bg?EOH(

T
¥ ! 1 t
WAR HEAD  FUEL AAMJLT BOOSTFR
CHAMBER

FIG 7.6 FIRST INTEGRATION FOR AIR BREATHING
MISSILE

After that, a first integration appeared with an
intake in the nose ol the missile (Fig.7.6) and a
jettisonable rocket hooster located at the other
end. 1his ennfiguration has several advantages:

- commactness,

- good intake performanie (without interferenve
from wing or fuselage).

- low drag, and

- possible skid-to-turn steering, (see
27511) but also various drawbacks:

- poor diffuser fintegration (circular annular
diffuser),

- lower warhead efficiency,

- difficulties lor homing device integration, and

tendency for missilte configurations to have

excessive length

Such missiles have been built e.g. TALOS ('iSA)
Fig.?7.7, SEA DART (G.B.) Fig.7.8, VECA (F".)
Fig.7.9 and STATALTEX (¥r.) Fig.7.10. The
Russian missite SA4 CANEF (Fig.7.11) > unique
in having an annular intake locited uafter the
payload
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FIG 7.7 TALOS {U3)
e =i |1, )

FIG 7.8 SEA DART (UK}
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FIG 7.9 VEGA({Fr) FIG7.10 STATALTEX(Fr)

FIG 71 Sk GANEF (USSR}

2722 Operational Constralnts

For medium to long range missiles, air-breathing
propuisfon {s appropriate but the internal
missile arrangement must take into account
various constraints, which were solved withuut
difficulties with a rocket engine.

A high degree of compactness 1Is essential for
aircraft carriage (especially by small European
fighters) or contalner storage.

A modular design is the best means of separating
the various functions:

- detection (hom!ng head).

- attack (warhead),

- propuision (fue) tank, engine,
boos:er)

Low visibflity from electromagnetic, infrared,

and optical detection and shapes and mate:ials to

give this are essentlal. Missiies mus: be

increasingly manoeuvrable; two kinds of steering

are possible: bank-to-turn or skid-to-turn

(772).

Longer ranges impose new ml!ssile geometries with
high 1ift-to-drag ratios and flight envelopes
become wider.

For missiles, reliubilicty, simplicity and low

cost are cssentlal and conventional industrial
experience cun sometimes be a handicap.

2723 More recent developments

Confi,  1tions have changed to respond to these
operat lonal constraints Alr flow captured by the
Intoke depends strongly on the [low [leld around
the fuselage: thls can be an advantage or a
disadvantage according to the location. Missiles
have been built SA 422 (Fr.) Flg.7.12, with one
tntake, or sich as SCORPION (a French study)

BOOST PHASE

ACCELERATION
AND CRUISE PHASE
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Fig.7.13, with four side intakes.

In a second step, compactness has been Improved
by integration of the rocket booster with the
ramjet combustion chambar, which was left vold in
previous configurations (Fig.7.14),

N ]

FIG7.13 SCORPION PROJECT (Fr)

JETTISONABLE
DOORS AND NOZZLE

—-—PAYLOAD— FUEL

P

RAMJET CHAMBER
FIG 7.14 MISSILE WITH INTEGRATED BOOSTER

Two drawbacks appear with this integration:

PROPELLANT

=S

~ During the carriage and boust phases, the
intake may be closed at the downstream end of the
diffuser, this causes drag and can induce intake
Instabilfties such as huzz (see Section 2 ol
Chapter 2 }.

- at the end o] the boost phase, It is necessary
to Jettison beth the booster noz:le and the
diffuser doors and then to fgnite *he ramjet in a
very short time to minimise deceleration.

Some varlants of integration are possible.
Figure 7.15 shows a missile configuration with)ut

Jettisonable parts. The booster nozzle s
located at the end ol an axial extenslon tube
connected to the booster. During the Dooit

phase, the air flow captured by the intakes [lows
through the annular engine chamber ana t is
possible to fgnite the ramjet during .hrust decay
to avoid any deceleration. During the cruise
phase, the thro~at [Is annular and a separation
appears at the base of the boaster nozzle: pocd
performance {s obtained with such a nwozzle but
thrust alignmen: 1< difficult. Another drawbach
ol this configuration Is the limitcd compactness.

ANNULAR RAMJET CHAMBER

BOOST PHASE

CAUISE PHASE

FIG 7.15 MISSILE WITHOUT JETTISONABL: PARTS




68

Another varjant has been proposed In France by
ONERA: the unsophisticated or "rustic" missile
that does not have a jettisonable bocster nozzle
and fur which only one lgniter i3 necessary
during the missfon. This missile conftguration,
Fig.”.16, Is ~ompact and simple. The solid fuel
grain located in the ramjet chamber has a conical
opening at its aft end, shaping the nozzle.
Booster performance is lower and thrust alignment

fs more difficult but results in a lower cost
missite. At the end of the boost phase, solid
fuel is ignited and supplies gas which burns with
the air captured by the intakes. Flight tests
ccrried out in France have demonstrated the

feasibility of such a concept.

BOOST PHASE

AN W

_ PAYLOAD - SOLID g
: FUEL

RAMJET CHAMBER
AR B——
FIG 7.16 "RUSTIC" MISSILE

CRUISE PHASE

213 1SOLATFD INTAKES

Before imstalling intakes on a fluselage, it is
necessary to male a survey of different intake
types and evaluate their advantages ant
disadvantages and performance.

2731 intakes for subsonic or_low supersonic

speed missjles

27311 Pitot intakes

Th. Pitot intake is a slightly divergent tube
located in the freestream (Fig.7.17). When
designed for subsonic or low supersonic Mach
numbers, the lips are blunt and in a svpersonic
flow, a normal shock wave appears in fre ¢ of the
intake. At critical flowx conditions, th:s shock
is located in the inta’ entry plane. The
pressure recovery obuained 1. fust lower than the
efficiency of the normal shoct we (Fig.”7.18),

the difference resulting from viscous effec :

, N o=0
PR SO\ BCRMAL 3n0CK
il x\‘ 'mo_!m'-\xs
o b LPURUSER L Aengine \
] i Q
FIG 717 PITOT INTAKE
“{_ e ,,__1___<,__"',5‘,,

“I6 718 PITOT INTAKE
PRESSURE RECOVERY

This type of intake has rotakle advantages:
high siwplicity with consequences on
cost, design. ..
goed Integration with any possible tront shape,

miass,

- low sensitivity to changes in incidence wnd
sideslip angle.

L4302 Flush fntakes
The definition  and  working principle  are
described in Figure 1. These iIntakes can be

wholly integrated in a fusclage, without external

/ .L.j
EXTERNAL FLOW

2 13.2

protrusion; some advantages are:
- low drag,

- small overall dimensions,

- small Radar cross-section.

The working principle is based on the formation

of two counter-rotating vortices along the sharp

leading ecges of the surfaces leading up to the

entry plane, These vortices deflect the fuselage

boundary 1layer out of the fintake but drag the

external flow into the intake by their rotation

These intakes alsc have some drawbacks:

~ high attitude sensitivity (particularly at
negative incidence),

- limited pressure recoveries, especially if the
upstream Mach number exceeds unity,

- large Internal volume requirement (the intakes
are long)

x

VORTICES

FUSELAGE e fj
FIG 7.19 FLUSH INTAKE DEFINITION AND
WORKING PRINCIPLE

LAYER

[t is possible to increase the performance of
such intakes by moving -ut the lip giving a
comhined flush and Pitot intake; the American

HARPOON missile is equipped with such an intake.

Supersonic intakes

in this section, we consider =issiles flying at

Mach numbers above about 1 8-2 for which Pitot
intakes are no longer . TFicient.

At the end of W¥erld War I, OSWATITCH proposed
new supersonic compressisn  concepts whose
principles are recalled in Figure 7.20.
Theoretically a compression ramp can
progv-ssively deflect the upstrenm flow, until
sonic 'w is obtained; after that, a subsonic
diffuser continues the deceleration. This
isentrepic compression Is realised without shock
waves and  omly the friction on  the walls
tucreases the entropy. Three variants exist aw
shown in Figure 7.20: the compression an he
completely external. completely internal or a
mixture of the two.

EXTERNAL © QMraESSION

INTLRNAL (OMPRESSION

10SWAT Lo

FiG 720 TYPES OF SUPERSONIC COMPRESSION

The pressu. -~ recoveries
with thrse iIntakes are
practfce, some modilicitions are necessary. For
several reasons, the isentropic ramps are often
changed Into multi-wedge ramps because (a) the

theorstically possibie
very high, but in

leading edge is too slender, and (b) the ramp 1s
long and

Is too difficuit to manufaciure. the




compression profile {s also only curreect for one
Mach number and incidence and a continuous
compression cannot be achieved in practice with
small intakes. Thus compression s often
obtoined by successive flow deflections Inftiated
by a succession of inclined shock waves.

Another restriction is that in practice the Mach
number at the end of supersonic compression must
be greater than one (generally alLout 1.4), For
external supersonic compression, this results
from conditions at the focus point of the oblique
compression waves which Imposes a !imited overall
defiection. For internal compression, the
minimum section must be {arger than the sonic
throat area to allow flow starting.

A  mixed {internal and external supersonic
compression is a good compromise for upstream
Mach nurbers over about 2.5; the relative "merit™
i.e. a combination of both internal efficiency
and external drag for the various compression
concepts is shown in Figure 7.21. This Figure
also indicates the potential benefits on
performance that can be available by
fncorporating variable geometry into an intake.
By adapting the compression geometry, cowl angle

or aft spill system to suit the flight
conditions, fncreased performance and flow
stability become available for the price of

complexity, weight and cost.

FIG 7.21 APPLICABIL'TY OF INTAKE TYPES
OVER A RANGE OF MACH NUMBERS

For the design of compression ramps, ft is much
easler to choose t(wo-dimensional flows; this
teads to two main types of intake: axisymmetric
and rectangular.

27320 Axisymmetrlc and derived intakes

A sectional view of an axisymmetric intake is
given in Figure 7.22. 1t is possible to provide
an internal boundary layer bleed at the end of
the central body; the Flow thus captured can be

suched out threugh hollow struts.

PR 2 O
- \ :E},__  INTERNAL BOUNUARY
SR LAYERBLEED

DIVERIEA

MALF INTAKE

LUMPLETT INTaRE

PARTIAL INTARE - ) &)

FIG 7.22 AXISYMMETRIC AND DERIVED INTAKES

{LEYNAERT]
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Some variants are possible:

- 2 complete axisymmetric iniake,

& halfl intake,

- u partial intake, which can be tocated under
a wing/body junction,

Figure 7,23 presents some axisymmetric {ntake
geometries studied in France, with different
compression profiles. Pressure recoverles
obtalned are compared In Figure 7.24; the
advantage of an internal boundary layer bleed and
of a progressive compression central body is
hightighted. Figure 7.25 shows that the best
intake at zero incidence {Isentropic profile) is
more sensitive to the angle of Ircidence and a
compromise must therefore be established. [t s
also necessary that the cone shoch is outside the
cow! lip at @ = 0 to obtain the best performance
at incidence, but additional drag will result

from the consequent flow spillage at o = 0

FI6 7.23 AXISYMMETRIC | ITAKE GEOMETRIES
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Other data on pressure recovery and flow capture
for asxisymmetric intakes are given in Section §
of Chapter I.

Axisymmetric intakes have a number of advantages:

good structural rigidity, (and hence lower
mass)l

possible high performance,

no roll effects,

medium incldence sensitivity,

possibility of variable geometry by central
body translation,

1

They must be compared with the drawbacks:

- maximum performance at zero incidence,

- difffculty of closing the intake during the
aircraft carriage phase.

For th: derived intakes, the _incorporation of
sidewalls leud. to lower performance: the
attitude sensitivity (incidence and sideslip

(which may or may not be
integration with diverters

angle) is higher,
favourable); and the
is more difficult.

27522 Rectangular and derjved_intakes

A sectional view of a rectangular intake is shown
in Figure 7.26. It is possible to modify this
geometry by wrapping the intake partially or
completely around the fusetage. The latter case
leals to an annular intake where its low height

compared with the body radius leads to quast
two-dimensional flow locally.
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Contrary to  axisymmetric intskes for which
manimum  pressure recovery is obtained at zevo
incidence, the performance of rectangular intakes
(pressure  recovery and mas. flow ratie) can
increase with increase in incidence (Fig.7.27).
A limit appears when the inclined shock waves
become  strong. The Incdence  effect is
atter uated for upstriam Mach numbers 1c.oer than
the shock-on-11p value (design Mach number)

Rectangular iutakes are very sensitive to
sideslip angle (Fig.7.28). This effect can be
reduced by cutting out some parts of the sidewall
as shown in Figure 7.29 but pressure recovery
increase< are accompanied by mass flow losses.

Pa RECTANGULAR INTAKE
Meg = 27 Ao
1 w=0°
-\ .
N

N

0.1 \M‘_“ ~.

FIG 7.28 SIDESLIP ANGLE EFFECT ON
RECTANGULAR INTAKE PERFORMANCE

FIG 7.29 SIDEWALL SHAPE CHANGES

Internai  boundary layer bleeds are oven mure
necessary than for axisymmetric intakes to obtain
high pressure recovery. One located at ihe end
of the compression ramp is practically mandatory
and others are wuseful: sidewalis can be
perforated at the location of the shock wave, the
cowl can be also perforated also or equipprd with
a large slot as shown in Figure 7.30. The
advantage of boundary layer control increases
when My>Mg g . und the intake is ‘overadapted’
or operating above {ts design Mach number (see
2.3.2.3). It should be noted that internal
boundi:y fayer bleeds increase pressure recovery,
at ¢ ~xpense of mass [low losses, and improve
internae Tiuw stability if the ramjet
low frequency instabilitics.
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FIG 7.30 COWL BOUNDARY LAYER BLEED EFFECT
ON RECTANGULAR INTAKE
Correct ditfuser geometry is alse very important
tor achieving high pressure recovery Figs 7.3
to 7.3} show some results with an overadapted
rectangular intake In this case, the shocl
waves from the supersonic compression ramp
penetrate the intake and fmpact the internal wall
of the vcowl and large separations generally
With a fixed geometry, very common for

appear.
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missile Intakes, these cases cannot be avoided.
For such conflgurations, Figure 7.33 shows that
large diffusion rates should be avoided.

intakes have the

Rectangular following

advantnges:

~ possible high performance,

- possibilities of variable geometry,

- possiblitties of closing the intake by
increasing the front ramp angle,

-~ feveurable fncidence effect,

Their disadvantages are:-

- siructural rigidity sroblems, leading to
{ncreased mass,

- the necessity for internal boundary layer
bleed(s) to obtain acceptable pressure
recovery,

- high senasitivity to sides'ip angle.
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21323 Design Mash Number

very generally, misstles are equipped with fixed
geurmtr,; fintakes for reasons of cost and
reliability but often they have to fly over a
large Mach number range. Consequen:ily, it is

7

necessary to chose a design Mach number Mp which
ls the result of a compromise. It s
generally taken to be the Mach number at which it
Is first possible o operate the intake with all
the compression system shocks focussed on the lip
(le Mp=Mg g 1). At and above this design Mach
number, the capture flow ratio> may be unity if
the engine demand is such as to match efther at a
critical cr supercritical conditfon, without a
spilled Fflow drag contribution. In pressure
recovery terms, an increased rate of redu:tion of
pressure recovery with Mach number results than
{s usual for critical type point operation. This
follows from the iIncreasingly swept back shock
structure entering the intake which (nduces large
bounda;'y layer - shock wave interactions. (See
Section 2 of Chapter 1).

Below the design Mach number, the standing off of
any shocks from the lip leads tc a spilled flow
drag component, irrespective of engine demand.
Such an operation s more tikely to entail
subcritical operation, thus requiring an
assessment of flow stability margins, whilst at
Mach numbers above design the matching dictates a
progressively supercritical regime and hence
increasing [low distortion problems.

If the design Mach number is low (Case 1 |in

Figure 7 34), the pre-entry drag is low below
this Mach number, but above a thrust loss
appears. For the opposite condition. (Case 2),
with a high design Mach number the uissile

develops high thrust but acceleration is reduced
when the high pre entry drag is taken into
account .

| MACH MO
Mo, o, “p “o.

FIG 7.34 IMPLICATIONS OF DESIGN MACH NUMBER

UDesign Mach number cholce is more difficult I(F
the Mach number range is wide and ([ transonic
flight s necessary (eg if a turboje. engine
without rocket buoster {s used). For a large
Mach number range, variable geometry for int.le
(and/cr nozzle throat) has to be conteny’'zted but

this has to be weighed against the lar ‘uerease
in complexivy.

27324 intake slze
The selection of the size of an intake is an
{mportant optimisation procedure with

implicatiors for both r!ssile performance and
manceuvre capability.

t )

Fl?i 7.35 RAMJET INTAKE SIZING
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It is mecessary to obtain a compromise between
internal perfurmance and external drag, (without
forgetting the pre-entry drag penalties at low
Mazh numbers). The Intake must operate in a
stable regime and lcw engine [low distortion is
necessary if the engine is a turbomachine; for a
ramjet, the sensitivity to distortion is lower,
Some aspects of ramjet intake sizing are
illustrated in the Figure 7.35 for . design Mach
number of 2.5. It should be noted that a good
choice for intake size is not easy.

27325 Three-dimensional intakes

Wi.h three-dilmensional intakes there arc many

possible  geumetrics. There are however

difficuities asseciated with:

- tie theoretical oprimisation of the
‘ompression ramp,

- manufacture of the rodel and wind tunnel
tesTing.

This lcads to more expenuive research  and
development . Three« types of three-dimensional
intake ars: preserted beliow.

{a) Chin invgke These intubes use the windward
upstrerm part of the wmissile ogival nose @5 a
supersonic compression ramp. The nose .an be
inclined to inerease the windward compression for
the intake and to decrease the external drag »f
the jeeward surface (Fig.7.36). The diffuser
fallows the bottom of the ogival nose, the duct
cross-section changing from an annular segment to
a kidney-shaped duct. It is possible to add
wedges just in f-ont ol the intake entry to
intrease the external compression.

CONE AX'S

FIG7.36 CHIN INTAKE GEOMETRIES
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FIG 7.37 INCIDENCE EFFECT ON CHIN iNLET

Tcated under the fo.ebody, these intakes are
sensivive to incldence as shown fn Flgure 7.37
hut only stightly to sideslip angle (Fig.7.38).
These sensitivities are accentuated at Mach
numbers above Mgop -
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FIG 7.38 SIDESLIP ANGLE EFFECT ON CHIN INLET

(b) "swedish” intakes. For four-intake
missiles, side nmounted intakes must exhibit
satisfactory performance at a sideslip angle;
this led Rosande- to propose three-dimensional
intakes. The first one is obtained by
Jjuxtapusition of two rectangular intakes.
Therefore, in a side position, one of the two
intales works at a positive incidence avourable
effeet)  with very limited sideslip angles.
Infortunately, the second one fis then at a
negative incidence and consequantly its
performance is tow. The mixture of both captured
flows leads to a pressure recovery eossentially
impcsed by the worst intake, which means that the
final result is not good, as is shown in Figure
739,

The secoid type of three-dimensional intake
proposed hy Rosander is also a juxtaposition of
two intahes with slightly rolled compression
ramps. As above the result~ are rot very
satisfactory (Fig.7.39). ’

{ROSANDER]
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| L
PO T RN AR PR T}

FIG 739 SIDESLIP ANGLC EFFECT ON™ SWEDISH" INTAKES

(<) Hypersonic fntakes Advanced studies are
being carried out on hypersonic sites in the
USA.  Figure 7.40 shows an cxample of a possihle

BUSEAANN ~ TYPE INTAKE

COWE LEADING EDGE
pAL AN

COWL CROTCH
SCRAMIKT

(BILLIGL —, {r

FIG 740 HYPERSONIC INTAKES

Lo}



intuke {or coch a wlssile powered by a scvamjet
(Supersonic Combustion Ramjet). It {s based om
tntcrnal supersonic compression but hasz had to

tave large amounts of the cowl cut away to allew
starting of the internail fiow.

£ 4 FUSELAGE FLOW FIFLE

iecad to locating the
he military payload and
flow Field. Study ef

Dperatiens]  constrainte

intake(s) downstrean uf t
therefere {n the fuselage
this flow field is necessary to deterwine
favourable intake locations. Te obtain high
performance, low weiocity Fields are sought and
low energy fields (voundsry layers and voriices)
are avoicGed.

2741

Fuselage with_circular cross-secctions

At the present time, this fuselage geometry is
aimost alvays chosen for reasons of ecase of
manufacture, simplicity, structural stiffness and

habit. Therefore, it is useful to analyse its
extermal flow field.

2741% Zero_incidence
Zero and very low incidences are typical of
vruise at low altitude and the inviscid Clow can

be analysed relatively easily.

nese causes a detoached bow shock wave
generating a loss in total pressure and
~onsequently, intakes located downs ream have
Iimited performance (Fig.7.41). Tnis effect
increases with increase in flight Mach number.

A blunt

» fuselage has two parts: an og.val nose and a
cylinder. A break in the curvature appears at
the junctior. and produces an over velocity region
(Fig.7.42) that is unfavourable for the ' :tion
of intakes. According to the ogive =hape, this
discontinuity is more or less pt unced and
therefore the effect on Intake performance
varies, as is shown in Figure 7.43. On the other
hard actually on the ogive, there 1{s an
undervelocity area flavourable for intake Incation
(Fig.7.44),
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FIG 764 INTAKES AROUND THE OGIVAL NOSE

Viscous effects must be added to define the
fuselage flow Tfield compietely. Along the
surface, fricticn generates a boundary layer and

diverters are necessary to spill this low energy
air flow out of the ivtakes, thereby capturing a
higher energy air flow. Figure 7.45 shaxrs two
examples of differing boundary layer thickness on
a  fuselage; when the intakes are ioved
downstream, higher diverters are reyuired and
cause a higher drag.

FICKNESS

U-uvdm

IMICHERY
IFQTTER WHITFIELD}

4G 7.45 TURBULENT BOUNDARY LAYERS

For conventional missiles, Reynolds numbers ar:

sufffcient to obtain turbulent boundary layers
that satisfactoriiy withstand the positive
pressure  gradlents, that  are created (I v
example) by diverters or fncident shock wave..
For missiles flying at high Mach numbers,
therefore at high altitude, 1t {s possiltle to

have luminar boundary layers on the fusel ge
surface just in front of side-mounted inta es
(Fig. 7.46). In this case, the boundary layer is

very sensitive to positive pressure gradients ind
separation can be generated modifying the low

ficld in front of the intakes An oxample s
given in Figure 7.47 with underadapted int: ex
It is necessary 1o provide forward connre -ion
ramps  sprlling  the  fuselage boundary iyer
upstream of tne intakes to {imft interactlons
with shock waves from the intake compre-sion
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ramps; without these additional elements, is very
performance much lower.
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FIG 747 BOUNDARY LAYER/SHOCK WAVE
INTERACTIONS

This analysis shows there are two interesting
locations for intakes:

- around the ogival nose. upstream of the
junction,

- around the cylindrical body t(wo cr three
diameters downstream of the junctien,

For the first location, some drawbacks appeat:

- a long diffuser,
mass and [riction drag increases,
- forward location of the centre of pressure,

- combination of functions.

For the second location. there is a high
<ensitivity to Incidence and sideslip angle that
is generally but not always unfavourable.
27 412 Nonzerg_incidence

this attitude is commen to flights at high
altitude and {0 manceuvres. Figure 7.48 shows
the nature al the inviscid transverse flow around
a cylinder body at incidence. Slendeir body
theory  indicates  that there  are lateral
overvelecity areas. The combination of these

.- STMODAKE W1

SLENDER 80DY
THEOAY

FIG 748 INVISCID TRANSVERTAL FLOW

transverse overvelocitles with the longitudinal
velocity leads to the two unfavourable effects
for intakes of higher total wvelocity and
incidence.

On the other hand, missile incidence induces an
undervelocity fn the windward area (Flg.7.49).
It should be notsd that on the leeward side there
is a small reduction in velocity downstream of
the ogival nose-cylinder junctisn (Fig.7.50).
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With the fuselage at incidence, the boundary
layer moves from the windward side to the leeward
side. Consequently, at the bottom. the bouncary
tayer Is thinner and therefore favourable for

intake location (Fi1g.7.51). Al the top, it
becomes thicker and then under the positive
pressure gradient effect. separates from the
surface to generate vortices (Fig 7 52). Figure

7.53 specifies the longitudinal location of
vortex separation position versus incldence far
various fuselages and Figure 7.%4. the location
of vortex cores.
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the foregoing analysis  shows  twa  unfavourable
intakes locations:

the teeward sife with 1ty thick boundary iayers
and vortices,

the sides with their overcelocitios and high
local incidences

tt should be noted that at high 1w idite e where
the voriices are wel!l formed, an a.r ipntake can
be wupplied efficiently 1f it s Jocated Just
between  hem. on the leeward side. this can be
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seen on Figure 7.55 which synihiesizes these
results.
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FIG 7.55 FLOWFIELD VARIATION AROUND MISSILE BODY

2 1.5 MISSILE FIGURATIONS

The location of intakes on a fuselage is the
resuit of a trade-off between different
constraints:

- high internal performance (pressure recovery
and mass {low rate) depending on fuselage flow
field and type of intake;

- external aerodynamic characteristics (drag,
fift-to-drag ratio, crulse angle of attack,
maximum 1ift...) often depending on the use of
intakes with their diffuser as lifting
surfaces;

- operational c~onstraints:

overall dimensions (aircraft carriage ),
separation of functions,
visibiliiy

- and the steering chosen depending on possible

wissions.

There are a large number of parameters and
therefore many ressible configurations.

2751 Electromagnetic detect:ion

In spite of the difficalty, a comproaise must be

made between per’ormance and detection. Intakes
contribute largely to overall Kadar
Cross-Section, by themselves and by their
interactions with the body (Fig.7.56). The
R C.S. value dilfers according to the form of tie
intake. The presence of approprizte materials.
suitably located both inside and outside the

intake is wvery effective for decreasing the
R.C §S. Reflections of electromagnetic waves from
the intake/body interface can also be reduced by
geometrical modifications and appropriate
materials.
#ISOLATED INTAKES
SCATTERING CENTRES:
- POMINT
-CowLue
- DIFFUSER

# MOUNTED INTAKES
REFL2CTION OF THE

ELECTROMAGNETIC WAVES *
i\

FIG 756 RADAR REFLECTION
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L. Shid-losturn steering

With th.s type of sieering, load tactors are
possibie in any rell direction, missiles with
avial symmetry (cruciform) arc perfectly suited
to tals control mode (Fig.7 73
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For manoeuvres, response times are very short,
Neverthetless, limits appear at hlgh incidence
with aft-mounted intakes and configuratlions are
not optimal because of the large wetted surfaces

giving high friction drag.
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FIG 7.57 TYPES OF MISSILES STEERING

271522 _Bank-to-turn steering

In this case, load factors are essentially in the
pitch plane which imposes missile

configurations with a plane of symmetry Fig.7.57.
This type of control has advantages:

- possible high load factors,

- better lift-to-drag ratlos,

- favourable incidence effects at high altitude
ard high Mach number crulse fiight.
Obviously, sowe drawba:.ks appear:

- sensitivity to sidesVip angle,

- some limitations of negative incidence angle
and

- longer response times, but these may be amply
compensated for by the higher load factors.

2753 Possible configuratijons with circular
fuselages

27531  One intake
{ch Nose intake.
The nose intake is axisymmetric; its performance
is described in 7321, It is a suitable
locatfon for skid-to-turn steering. High
pressure recoveries are possible with low
incidence sensitivity and without roll effects.

In practice, these intakes are no longer used for
military applications because all the functions

are combined; it has the worst possihle
integration.

i) Chin intake.

This type of Intake is described in 27.3.2.5.

It is suited to bank-to-turn steering with high
performance, low drag at zero fincidence and very
limited overall dlmensions.

Unfortunately, functicns are partially combined;
compatibility of the electromagnetic homing
device and the intake is difficult to achieve.
Frem the structural statwdpoint, the diffuser must
k.ve two fixed attachment points on the fuselage
(intake and ramjet combustion chamber) creating
problems of thermal expansion.

The Intake provides no [ift and consequently the
normal force slope Cy, s limlted. Without added
wings, this leads to h.gher cruilse inclidence and
thereby to higher Iaduced drag. Incidence
limitations can also appear.

il Annular intak:

The annular f{ntake |s wrapped around the entlre
fuselage. Far an eniry section determined by the
ramjer (Ay/Ay o 0.3y, very' small heights are
necessary (HD/B). (onsequently. two options are
possible:

- there Is no fuselage boundary layer bleed and
very low performance is obtained (Fig.7.58),
even if a small compression ramp is located
Just in front of the intake;

the intake is Isclated from the fuselage by a
bleed and, in this case, difficulties appear in
sucking away the boundary layer.

For both solutions, the iIntake is very close to
the fuselage and the fincidence effect is then
very unfavourable. The Russians have reduced this
diffifculty with thefr ©"SA4 CANEF" missile by
using movabie wings which give lift while keeping
the body at very low incidence (Fig. 7.59). It
should be noted that integration is better than
for nose intakes but performance is poor.
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FIG 7.58 ANNULAR INTAKES
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FIG 7.59 SA4L GANEF (USSR)

tg} Bottom-mounted jntakes

Locating the intakes at the bottom of the missile
(windward side) fis an excellent solution, well
suited to bank-to-turn steering. Performance is
high and it s possible to use the favourable
incidence effect, especially for high Mach number
cruise at high altitude.

Functions, such as detection, attack and
propulsion, are well separated and a high degree
of compactness is obtafned.

Different types of intake can be adopted [or thies
location (Fig 7.60):
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- half akisymmetric, 2 AXISYMMETRIC  INTAKES
- axisymmetric, My=2  XD=45
- rectangular, partially wrapped or not, 091
PR a=0
For the last type, two optlons are possible: _'/"?
- the classical position with the compression 01'___,_,,/‘"“"
ramp close to the body, .-m:
- the {nverted position in which the flow is 074 an i
deflected towards the body. o =18
The second solution allows a gain in performance 061
if negative irncidence {s required.
051
7
(e] Top-mounted intakes 7‘.—_12_35__75——-
From the results of the Iuselage flow T[ield FiG 763 ROLL POSITION EFFECT
study, it can be seen that there are few benefits
to be gained from locating intakes at the top of SINGLE RECTANGULAR INVERTED INTAKE
the missile (leeward slde), except for missfles X/D=g WD = 0.053

with low  manoeuvrability whose incidence
variations are small.
Nevertheless. certain advantages are possible:

- low electromagnetic detection (the intake is
hidden from ground based radars by the body),

- optimum overall dimensions.

The ALCM for instance is more easily stored in
the Boeing BS52 bomb bays (Fig.7.61).

FIG 7.64 ROLL POSITION EFFECT

SINGLE HALF AXISYMMETRIC INTAKE

My=199 WD=7%

FIG 7.61 AL.C.M. IN B52 BOMBING BAY

The following Figures show some results
concerning single intake performance. Pressure
recovery differences between windward and leeward

sides increases with incidence (Fig.7.62). This _a_

effect can be put to advantage by moving intakes

from the stdes to the bottom (Fig.7.63). On the {VALERING, PENNING TOK, VARGO]
other hand, when the Intakes are located near the
top, and consequently in the vortices, this FIG 765ROLL POSI“ON EFFECT

configuration is unfavourable (Fig.7.64). This
effect s Increased if the diverter height s
smail because the (ntakes capture the Cfuselage

275 %3 L h
boundary layer (Fig.7.65). 12 Sipgle {ntake at subsopic speeds

Pitot Intakes have ({ncveasingly poor pressure

recovery at Mach numbers above 1.5. However at

—_— subsonic speeds they are used universally on

e s missiles with air breathing engines and are

usually placed well to the rear of long bodies

~ WINOWARD [KREMZIER CAMPBE: and feed air to a turbojet via a short S bend

08 g L duct . Flgure 7.66 shows such an example with

T some detalls of the SEA EAGLY missile developed
- by British Aerospace.

SINGLE RECTANGULAR INTAKE
M,#2 XDw15

074
Subsonic missile intake studies have highlighted
some particular points. Correct design of short

\ s bend Jduct Is very important to reduce the total

NL LEEwARD pressure losses. The main parameters are throat

B! ae Mach number, offset divergence, length and entry
° i H 2 plane cant (Seze section $ of Chapter?)

FIG 762 INCIDENCE EFFECT The role of entry plane stagger or cant ia

reducing the sensitivity of aircraft fuselage
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N FRORT VIEW

FiG 766 SEA EAGLE MISSILE

side intakes to the effects of incidence have
been fully discussed in Section 5. Cant however
can be used in a differc... way for an underbody
intake. In this case the initial bend of the §
duct is reduced in extent so naturally inclining
the entry plane from fts usual position at right
angles to the free stream direction. Movement
forward of the outer lip then staggers the intake
and restores the entry ples~ to its original
position. The effect of stagger is advantageous
at both a 0 and 20 (Fig 7.67) but the best
rerformance is wchieved by a combination of a
small initial bend and a moderate amount of
stagger (Flg 7.68).
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27533 Twin intakes

with twin intakes, bank-to-turn steering is a
natural choice. Generally, intakes are located
in the windward flow fileld. The roll location

results from a compromise:

If the fntakes are dlametricaliy opposed (y = 0)
Fiv. 7 69), nacelie Incremental normal force is a
maximum and rectangular intakes are more
favourable than axisymmetric ones. This
configuration is a.so best for supplying air to
the ramjet chamber.
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FIG769 TWIN INTAKES : ROLL POSITION EFFECT
ON INCREMENTAL NORMAL FORCE
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FIG 770 TWIN RECTANGULAR INTAKES : EFFECT OF
ROLL POSITION AND INTAKE ORIENTATION
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FIG 771 TWIN INTAKES : ROL. POSITION EFFECT
FOR DIFFERENT INTAKE TYPES
On the other hand, if the {ntakes are moved

towards the bottom, the Iinternal performance
increases (Fig.7.79) and this effect is increased
z{th incidence, more or less according to the
type of imake (Fig 7.71).
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FIG 772 TWIN INTAKES : FRONTAL SHAPE EFFECT




