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be communicated concisely and accurately to the engineering community.
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DRAG AND PRESSURE RECOVERY CHARACTERISTICS OF AUXILIARY AIR

INLETSAT SUBSONIC SPEEDS

1. NOTATION AND UNITS (see Sketch 1.1)
A cross-sectional area of streamtube
A4 forward projected area of diverter
. Ag external surface area of scoop inlet
o)
[a)
o Ap forward projected area of scoop inlet outside highlight and
g excluding diverter, A — A
§ A throat plane area
5
E An maximum outer cross-sectional area of inlet excluding diverter
3 A, inlet highlight capture area
5
g Co drag coefficient, D/%p,V3A,
L
= Ch drag coefficient at zero inlet mass flow, excluding skin friction
oy and diverter drag
©
E Coy diverter drag coefficient
49
.90
§ Coe external skin friction drag coefficient of scoop inlet, CcA./A;
O
é CDSp spillage drag coefficient
w
ACp incremental correction to drag coefficient for flush inlet
Ce mean skin friction coefficient of flat plate based on surface area
dqg flush inlet highlight height measured in inlet plane relative to
ramp floor
dy scoop inlet lower highlight height relative to main surface
dise distance between upper and lower highlights for scoop inlet,
dlu - dll
dqy scoop inlet upper highlight height relative to main surface
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height of diverter measured from main surface to scoop lower
surface

maximum height of scoop inlet relative to main surface

maximum external height relative to ramp floor of flush inlet
measured in inlet plane

distance between upper and lower internal surfacesin throat
plane

drag
stream force, y +(p—pg)A
height aboveflat plate, see Figures 1 to 4

correction factor alowing for effect of profile of fairing
forebody on spillage drag of scoop inlet

correction factor allowing for effect of Mach number on
CQ for flushinlet

correction factor allowing for variation of AP,,,/P,,, with
Mach number for scoop inlet

correction factor allowing for effect of mass flow on spillage
drag

correction factor allowing for effect of ramp angleon C;j flush
inlet

factor applied to momentum flow to allow for ramp planform
and lip shape of flush inlet

momentum flow correction factor

overal length of fairing of scoop inlet
lip length, distance from entry plane to throat plane
forebody length from lip to maximum height of scoop inlet

length of ramp of flush inlet

mass flow in streamtube entering inlet

mass flow in free-stream streamtube of cross-sectional area A,
PoVoArL

mass flow in free-stream streamtube of cross-sectional area A,
PoVoA

Mach number
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NPF net propulsive force N | bf

p static pressure N/m? | bf /2
Py total pressure N/m? | bf /2
P total pressure in throat plane just aft of inlet lip N/m? |bf/ft2
AP, incremental correction to allow for variation of P, withmass ~ N/m? |bf/ft2

flow for scoop inlet

correction factor allowing for effect of massflow in calculation

mf
of ny,
= t lip thickness at throat plane m ft
[a)
it Y velocity of flow m/s ft/s
3]
© . . . .
g w highlight width of inlet m ft
@ Wy width of diverter m ft
=
©
:‘Z’ X,y coordinates of ramp planform m ft
c
(O]
:t; o ramp angle, see Sketch 1.1 degree degree
(&)
E d boundary layer thickness, where local velocity in boundary m ft
. layer is 0.999V,
&
E) AN incremental correctionto n to allow for mass flow for flush
g inlet with curved-divergent ramp
Eﬂ An,, incremental correctionto n to allow for inlet width for flush
% inlet with curved-divergent ramp
(@]
O An, incremental correctionto n to allow for ramp angle for flush
8 inlet with curved-divergent ramp
(%]
w
n ram pressure efficiency, (P, — Pg)/(Po — Po)
Mm maximum ram pressure efficiency of flush inlet with
curved-divergent ramp
n modified mass flow ratio for flush inlet with curved-divergent
ramp, md,;, /myd,
Um value of modified mass flow ratio for flush inlet with
curved-divergent ramp operating at maximum efficiency
0 boundary-layer momentum thickness m ft
p density kg/m® slug/ft
T forward component of pressure force on inside of streamtube N | bf
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rearward component of pressure force on outside of streamtube
momentum flow in streamtube entering inlet

momentum flow in free-stream streamtube of cross-sectional
area A, rhoVO

denotes free-stream conditions

denotes conditionsfar upstream on flat plate extending forward
of inlet entry plane

denotesinlet entry plane
denotesinlet exit plane
denotes forward suction force
denotes choked flow

denotes fairing of scoop inlet
denotes flush inlet

denotesinlet running full, so that the free-stream boundary of
the entering streamtube is unaffected by theinlet lip

denotes intrinsic net thrust

denotes pre-entry force

denotes ramp of flush inlet

denotes scoop inlet

denotes sharp lips

denotes spillage drag

denotes throat plane

denotes theoretical valuesin Figures 1 to 4

denotes theoretical valuesin Figures 1 to 4 with h=d;,

denotes theoretical valuesin Figures 1 to 4 withh=d,,
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Entry plane I
Im
Throat
plane
Fairing
A
dm < dlu dl SCy dt
d, ! N
) Oy
Main surface
Diverter

Scoop inlet

Entry plane

e I /Throat plane
Main surface Main surface

Entry plane Throat plane

Flush inlet
Sketch 1.1 Inlet geometries

INTRODUCTION

This Item provides data for the estimation of the drag and pressure recovery of small auxiliary air inlets
totally or partially immersed in the boundary layer. The prediction method given is applicable at subsonic
speeds and is semi-empirical. In the main, it uses a theoretical calculation of two-dimensional
boundary-layer characteristics as a basis and modifies thisin the light of the available experimental data.

A gualitative introduction to the drag characteristics of scoop and flush inlets is given in Section 3. The
drag quantities to be estimated are identified and the variation of overall drag with mass flow ratio is
considered.

The theoretical data that are of use in the prediction of inlet performance are contained in Derivation 13
which gives a two-dimensional analysis of the effect of boundary-layer thickness on the mass and
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momentum flows of a given streamtube along aflat plate. Derivation 13 also gives the pressure recovery
just aft of theinlet plane for athin-lipped inlet running full. Numerical values of the theoretical data have
been extracted from Derivation 13 and are reproduced herein, as described in Section 4.

Thedrag of ascoopinlet protruding from themain surface and having arectangular, circular or semi-circular
entry is considered in Section 5. The pressure recovery in the entry has been obtained from the theoretical
calculationsin Derivation 13 for full massflow. A semi-empirical correctionto allow for thelossin pressure
recovery at lower mass flows has been added from Derivation 19.

Thisltem provides ameans of estimating the pressure recovery and drag characteristics of flush inletswith
ramp anglesup to 11.5°". Thedrag of aflush inlet with arectangular entry and an inlet ramp planform that
isrectangular or of the NACA curved-divergent typeisconsideredin Section 6. A prediction of the pressure
recovery in the entry for arectangular planform ramp has been obtained by making empirical corrections
to the data from Derivation 13. A separate method is given for predicting the pressure recovery for inlets
withaNACA curved-divergent ramp pIanformT.

For both scoop and flush inlets the experimental data available are very restricted in their range of flow
conditions and inlet geometries, particularly in regard to lip profile, which is often sharp for the
configurations tested. This must be remembered when considering the empirica corrections made to the
basic theoretical predictions. Section 7 on accuracy and applicability discusses this point in more detail.
Section 8 lists the Derivation and References that have been used in producing this Item.

Section 9 gives worked examples which compare the drag characteristics of scoop and flush inlets.

3. QUALITATIVE CONSIDERATIONS OF DRAG CHARACTERISTICS

31 BascModd
This section makes a qualitative assessment along the lines set out in Derivation 18 in order to compare
the natures of the drag characteristics of scoop and flush inlets. Cross-sectional views of idealised,
two-dimensional, scoop and flush inlets are shown in Sketch 3.1. The entry and exit planes are denoted (1)
and (9), and station (Ofp) is assumed to be far upstream on aflat plate extending forward of the inlet.

@
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(0fp)

pre —» _ ©)

Scoopinlet - — ______%/4_ ¢f ‘

pre

(ofp)

i (1) ©)

Flushinlet - _‘ ____________ L O ‘

Tpre\<\_\ L q)c
— 0, ‘ ‘

Sketch 3.1 Idealised inlets

Item No. 03006 (Reference 32) extends the pressure recovery and drag prediction methods for rectangular planform flush inlets that turn
the flow through angles of up to 90° to the upstream flow direction.

T This method was previously issued in Item No. 66029. That Item has now been withdrawn since it is superseded by the present Item. A
description of the basic method in Item No. 66029 inits original form is available in Reference 27.

This page Amendment C Documents
6 Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 86002 D 2004


http://www.avadocuments.com/doc/esdu-86002-d-2004
http://www.avadocuments.com/doc/esdu-86002-d-2004

ESDU 86002

The streamtube passing through the inlet is bounded by the solid surfaces of the inlet and afree streamline,
as shown dashed in the sketchesfor inlets running less than full. The net force on each inlet arises from the
pressures acting internally and externally on the solid surfaces containing the streamtube.

Theintrinsic net thrust 7, of theinletsisequal to the difference in the stream force F that occurs between
theinlet entry and exit planes, so

Tint = Fo—F1 (3.1)
where the stream forceis given by

F=y+(p-pyA (3-2)
with constant velocity across the streamtube.

Thenet propulsiveforce, NPF , isequal to the difference between theintrinsic net thrust and the drag forces
acting either on the fairing of the scoop inlet, or on the ramp and lip of the flush inlet. Thus

NPFg. = Tjn—0¢ = Fg—F1 =05, (3.3
and
I\IPFfI = Tint_q)r_q)c = I:9_':1_q)r_q)0' (34

For the scoop inlet, ¢; is the externa pressure drag of the scoop fairing, including any lip or forebody
suction force (any skin friction drag is ignored at present). For the flush inlet, ¢, is the rearward force
associated with flow over the entry ramp and — ¢, represents the forward suction force on the lip.

3.2 Pre-entry Forces

It isconvenient and customary to work with the net thrust relative to a plane far upstream (0fp), rather than
the inlet entry plane (1). To achieve the necessary recasting of Equations (3.3) and (3.4), the change in
stream force between stations (0fp) and (1) is expressed in terms of forces acting forward of the entry plane.
This brings in the concept of the equal and opposing pre-entry forces 7., and ¢, that act on the free
streamline that defines the inlet streamtube. The force . acts on the inside of the streamtube and is
positive upstream, and ¢pre acts on the outside of the streamtube and is positive downstream. Therefore,

ESDU Copyright material. For current status contact ESDU.

(Fl_FOfp)sc = Tore = q)pre (3.5
and
(F1=Fotp)y = Tore=0r = Opre—0; - (3.6)

Thus Equations (3.3) and (3.4) become

NPFg. = I:9_|:Ofp_q)pre_(l)f (3.7)
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and
NIDl:fl = I:9_F0fp_¢pre_q)0' (3.8)
Thusapre-entry force q)pr o ispresent for both typesof inlet and thismust beincludedinthedrag calcul ation.

33 Drag Accounting

For the purposes of this Item it is assumed that all of the momentum of the air captured by theinlet islost
or is accounted for separately, so Fq can be set to zero.

(Derivation 16 givesan equation for the maximum possiblethrust recovery intermsof theinlet ram pressure
efficiency m . This can be written

ESDU Copyright material. For current status contact ESDU.

e
but in apractical system internal pressure losses greatly reduce the actual thrust recovered.)
By Equation (3.2), FOfp = Yopp» O that with Fg =0

NPFg. = = Worp—Opre—05 (3.10)
and

NPFq = - lIIOfp_q)pre_q)C' (3.11)
If the momentum flow — Yorp istaken as aram drag forming part of the total inlet drag, then

Dsc = WOfp + (I)pre + ¢f (312
and

Df = Worp+ dpre ™ Oc- (3.13)

Because of the presence of a boundary layer the ram drag in the entering streamtube is less than it would
be if free-stream conditions prevailed upstream of the entry. If afactor K represents this loss, then

Woip = K Vo, (3.14)

where m is the mass flow along the streamtube and V,; is the free-stream vel ocity.
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34 Spillage Drag
Scoop inlet

For the scoop inlet aforward suction force may develop on the lip or forepart of the fairing when the inlet
is not running full, see Item No. 81004 (Reference 28). This suction force can cause a total or partial
cancellation of the pre-entry force ¢ ... For inviscid flow over thefairing ¢; = — ¢, . For viscous flows,
boundary layer growth reduces the suction force and causes a corresponding rise in the net force q)pr ot 0.
Asthe mass flow isreduced from its full value the pressure gradients around the lip become more serious
until separation of the flow causes a very rapid decay of the suction force and a corresponding rise in
q>pr ot 0¢. The mass flow at which separation occurs depends on the lip geometry and Mach number, see
for example the data for free axisymmetric cowls in Item Nos 81024 and 84004 (Reference 29 and
Derivation 24) which give information on this, together with theoretical valuesof ¢, in coefficient form.
For ideal, sharp-lipinletstheflow is separated at all mass flows and thereisno cancellation of the pre-entry
force.

If 0¢ ¢ 1S the pressure drag on the fairing at full mass flow, then the drag due to the flow that spills at
lower mass flows can be defined using this as a datum value,

Dsp = q)pre'l-(l)f = O - (319)

Variationsin DSp with mass flow will then represent the large changesin ¢pre+ O -

Therefore, by Equations (3.12), (3.14) and (3.15)
Dy = KVom+Dgy+dr gy - (3.16)

This can be expressed in coefficient form by dividing by 1/2p0V% A, oritsequivalent ¥myV,, where my
is the free-stream mass flow through the inlet capture area A, giving

— m
Cpsc = ZK(FH—O) + CDsp+ Cot fu - (3.17)

For an ideal, sharp-lip inlet Cp, o, will rise from zero for an inlet running full to a bluff-body value near
unity for zero mass flow. For around-lip inlet the value will not rise until the mass flow hasfallen to some
intermediate value and will not riseto so high avalue at zero massflow. Thevariation of C against mass
flow will change with Mach number. The datum coefficient Cp ¢ IS constant with mass flow.

ESDU Copyright material. For current status contact ESDU.

Flush inlet

For theflushinlet, Derivation 18 considersan external streamtubethat isdefined by the streamlinebounding
the flow entering the inlet, the aft surface of theinlet, and a streamline well above, as shown in Sketch 3.2.

Sketch 3.2 ldealised flush inlet
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If free-stream conditions exist at AA' and CC' and the flow between them is isentropic, then there is no
change in stream force and no net force on the streamtube. If the external streamline A'B'C' iswell out in
the free stream and at ambient pressure there is no force on it, and consequently no force on the lower
boundary of the streamtube, ABC. Since the inlet after-surface is flush with the main surface and parallel
to the free stream there is no force on the surface BC and so none on the surface AB.

Thusfor theflushinlet ¢, will besmall. For around-lipinlet asuction force ¢, may also exist to oppose
O,re» asdiscussed above for scoop inlets. Asthereis no force on theinlet after-surface the net drag due to
spillageflow is ¢pre+ 0 Whichiszero for full massflow. Using Equations (3.13) and (3.14) theflush inlet
drag can then be written in coefficient form as

Coq = 2K(mm0) +Cpep. (3.18)

where CDsp providesasmall positive contribution at zero massflow that decays asthe massflow increases.
35 Comparison of Drag Characteristics
Sketch 3.3 gives typical experimental drag characteristics from Derivation 16 for a sharp-lip scoop inlet

and a sharp-lip flush inlet of the same entrance area and a width to height ratio of 4. A tentative division
into component contributions, as suggested by Equations (3.17) and (3.18), is shown by dashed lines.

The scoop inlet has amuch higher drag at low and intermediate mass flows, mainly due to its spillage drag
component. But for the flush inlet the ram drag contribution 2K(m/m,) provides a reasonable first
approximation to the total drag coefficient for all mass flows.

ESDU Copyright material. For current status contact ESDU.
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Sketch 3.3 Examplesof typical drag characteristics of scoop and flush inlets
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4, TWO-DIMENSIONAL BOUNDARY LAYER DATA

The two-dimensional theoretical analysisin Derivation 13 provides datathat are required in the prediction
of inlet drag and pressure recovery to account for the effect of boundary-layer thickness, &, and velocity
profile ontheflow propertiesof astreamtube of given height, h, passing along aflat plate. Of special interest
for themethods of thisltem arethe effects on mass and momentum flows. These properties can be expressed
as a proportion of the valuesin streamtubes of equal thickness h with and without a boundary layer. For a
1/7th power-law velocity profile, Figures 1 and 2 present (my/my) and v/, asfunctions of & /h and
M. Thedatain Figure 1 are of usein making an estimate of the size of aninlet required to capture aspecified
mass flow when running full. The datain Figure 2 are used in estimating the ram drag.

Information for calculating the total pressure recovery and the associated ram pressure efficiency for an
inlet running full is also given in Derivation 13. Based on this, Figure 3 shows Pyt /P, and Figure 4
shows n asfunctionsof & /h and M for aninlet of height h.

Estimates of the boundary layer thickness & may be made using Item No. 68020 (Derivation 20).

5. SCOOP INLETS

Section 5.1 describes a general method for predicting the drag of scoop inlets, which has been devel oped
by using Equation (3.17) as a model. Experimental data for comparison are available for only a small
number of scoop geometries. Derivation 1 deals with inlets with a circular or a semicircular entry in
low-speed flow. Derivations 14 and 16 cover inlets with a high aspect-ratio, rectangular entry (W2/A1 >4)
or acircular entry, in high-speed subsonic flow, 0.55<M <0.9. All of these inlets have sharp lips and no
boundary-layer diverter. Sketches 5.1ato 5.1d illustrate typical geometries.

Thereis atentative extension of the method, partly based on data from Item No. 84004 (Derivation 24), to
deal with round-lip inletsfor arange of fairing forebody shapes that include elliptical, NACA-1 seriesand
linear profiles. The comparative sketchesin Item No. 84004 show that thefirst two profilesarefairly similar.
A definition of the NACA-1 series profiles and a description of their performance advantages for isolated,
axisymmetric cowlsaregivenin Reference 25. For auxiliary inletsthe simpler profilesmay often be chosen.

Many of the correlating parameters in the method are presented separately for the particular cases of
rectangular inletswith w2/A1 >4, circular or semicircular inlets. To provide guidancefor other entry shapes
such as rectangular inlets of low aspect-ratio a cross-plot against \/\/2/A1 isalso provided, but must be used
with more caution than the individual data.
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The method also covers the possible presence of awedge-shaped boundary-layer diverter which, asan aid
to pressure recovery, may be present to redirect all or the lower part of the boundary layer so that it is not
captured by the inlet. The drag of the diverter is estimated as suggested in Derivation 21.

Section 5.2 describesthe method for predicting the pressure recovery. Thisisbased on theoretical datafrom
Derivation 13 and a semi-empirical correction provided by Derivation 19.

Section 5.3 explains how the size of the inlet may be determined once the mass flow to be captured has
been specified.
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a Circular inlet c¢. Hooded semicircular inlet

ARy I —

b. Semicircular inlet d. Rectangular inlet

Sketch 5.1 Exampleof inlet typestested
51 Drag

In Equation (3.17) the drag of ascoop inlet is divided into aram drag, a spillage drag and adatum drag for
an inlet running full. To these must be added the skin friction drag of the external surface of the scoop and
the drag of any diverter.

The ram drag term is obtained by replacing K in the first term of Equation (3.17) by

Yy YT 1
Ke.={—4d,,, —— d; t—————, 51
sC { Vo 1u Vo ll}(dlu_dll) ( )

where the theoretical momentum flow ratios y, /vy and v+, /w are obtained from Figure 2 with
respective heights h = d,, and d;; corresponding to the upper and lower highlights of the entry.
Equation (5.1) is strictly valid only for rectangular inlets, but numerical checks have shown that it can be
used directly for circular and semicircular inlets without any significant loss of accuracy.

Thedatum drag coefficient at full massflow has been determined from the datain Derivations 1, 14 and 16.
Thisisshown as Cp ¢, in Figure 5. The datafor circular, semicircular and rectangular inlets areindicated
individually. For interpolation or extrapolation the data have been plotted against WZ/Al. In al cases a
smoothrear fairing isassumed withan overall fairinglength |, > 2.0d .. Theexperimental scatter shown
by the broken curves is large because the effects of Mach number and the detailed design of the fairing
have not been eliminated. Datain Derivation 16 show an apparently random variation with Mach number
between the limitsindicated. In the absence of additional data Cpy; | IS assumed to apply to both sharp-lip
and round-lip inlets.
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The spillage drag term in Equation (3.17) iswritten as

Cosep = K kep & (Cp —Cpt ruidsh » (5.2)

and has been derived from experimental resultsin Derivations 1 and 16.

The quantity (C — Cp¢ 1,1)sn 1S the difference between the drag coefficients at full and zero mass flow
for sharp-lip inlets and depends on Mach number. It is defined by the solid curvesin Figure 6afor circular
and for semicircular or rectangular inlets, with broken lines indicating the experimental scatter. The
generalised trend with w2/A1 and M is shown in Figure 6b.
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Thefactor kg, .. alowsfor the variation of the spillage drag with massflow ratio. Figure 7agiveskg, .. for
circular inlets and Figure 7b gives kg, o for semicircular or rectangular inlets. In both cases solid curves
define the factor and broken lines indicate the experimental scatter. The scatter includes the effect of
variationswith Mach number for M < 0.9, for which no systematic behaviour could beidentified. Figure 7c
gives the generaised trend of kg o with W2/A1 and (m/mg) . In view of the small data base available for
defining ksp « the precise shape of these curvesis tentative but they show typical experimental behaviour.

The factor k; in Equation (5.2) models the significant reduction in spillage drag to be expected for inlets
with afairing forebody that has a smoothly shaped profilethat allowsthe devel opment of aforward suction
force. The only experimental data for auxiliary inlets that permit this matter to be examined directly are
those in Derivation 1 for semicircular inlets with hooded forebodies and sharp lips, see Sketch 5.1c.
Therefore, supplementary information at zero mass flow has been inferred from Item No. 84004 which
predicts the spillage drag for free, axisymmetric cowls. Figure 8 gives values of k; that correspond to the
reduction in spillage drag at zero mass flow for typical types of forebody. The factor depends on the
parameters A /A, and I”/w, where An is the maximum cross-sectional area of theinlet, A = A=A Im
isthe forebody length from the lip to the maximum height and w is the highlight width. Figures 8a and 8b
deal with elliptical and NACA-1 series forebody profiles for M>0.6 and M = 0.2, respectively, and
Figure 8c deals with sharp-lip inlets where the forebody profile is linear. These data are a simple
approximation to those in Item No. 84004 and they should be quite accurate for circular auxiliary inlets.
The experimental dataof Derivation 1 suggest that they al so provide agood estimate for semicircular inlets.
There are no datato verify the values of k; for rectangular or other inlet shapes but Figure 8 should give a
reasonabl e guide to the benefits of shaping the fairing forebody and rounding theinlet lips.

The skin friction drag of the scoop fairing is given by
Cor=CrAJA, (5.3

where C.- is the mean skin friction coefficient of aflat plate based on surface area, and may be obtained
from Item No. 68020 (Derivation 20) as afunction of Reynolds number based on the fairing length |; .

Following the suggestion of Derivation 21 for two-dimensional wedge-shaped divertersit is assumed that
the diverter drag coefficient is 0.25 based on its forward projected area, A, so that

Cpg=0-25Ag/A, . (5.4)
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In some cases, for example circular inlets, the diverter may not be two-dimensional because of the lower
surface curvature of the fairing. For calculation purposesit is then sufficient to take Ay = w, d; -

The overall drag coefficient is thus
- m ,
Cpsc = 2Ksc(‘m’0) Kt Ksp se(Cp ~Cpt fuidsn* Cot fun * Cor * Cpa- (5.9)

where K Isfrom Equation (5.1),
kf isfrom Figure 8,
ksp « isfromFigure7,
(CH —Cp¢ full)sp isfrom Figure 6,
Cot ull isfrom Figure 5,
Cpg isfrom Equation (5.3)
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and Cpq isfrom Equation (5.4).

5.2 Pressure Recovery

For a scoop inlet that is running full or nearly full, with no boundary-layer diverter, the pressure recovery
ratio and the ram pressure efficiency in athroat plane just aft of the lip can be obtained from Figure 3 as

(h} _ Prery 56)

P P
HO ¢ full HO

and from Figure 4 as
Nse full = NTue (5.7)
wherein each case h = d,, , the height of the upper highlight of the entry.

If adiverter is present, so that the height of the entry lower highlight d;, >0, the total pressure recovery at
full mass flow is obtained by using the datain Figure 3 and the equation

(P_H[j ={PHt Tuy _ Phit 11 d } 1 (5.8)
PH sc full PHO 1 PHO U (dlu_dll)

wherethetheoretical pressureratios Py, 1, /Py ad Py, 1y /Py @€ obtained from Figure 3 with respective
heightsh=d,,and d;, .

For mass flows less than full there is an adverse interaction between the pre-entry pressure gradient and
the boundary layer. This distorts the boundary-layer profile and may cause separation. As a consequence,
the pressure recovery in the throat is decreased by an amount —AP,,,. More importantly, the disturbed
nature of the entry flow reduces the efficiency of any diffuser downstream of the throat.

It is not possible to give a general quantitative prediction of these effects but for inlets without a
boundary-layer diverter a limited amount of information is contained in Derivation 19. That Derivation
reports aseries of testsin which sharp-lip inlets, with d,; = 0, were mounted on aflat plate and the pressure
loss due to the boundary-layer disturbance was measured at the end of diffusers of differing contours and
lengths. Included inthetest programmewasarectangular inlet followed by astraight, constant cross-section
duct of length 4.5d, ,. Derivation 19 contains a semi-empirical prediction for the pressure loss at the
downstream end of that duct andif itisassumed that theloss AP, hasthe sameform but alower magnitude,
then
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AP

Ht 0 mo)a}
—e g I ()7L (5.9)
Pho P dlu{ (m |

where 0 is the boundary-layer momentum thickness, which can be estimated from Item No. 68020
(Derivation 20), and kp isafunction of Mach number given in Figure 9.
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If aboundary-layer diverter is present the interaction between the pressure gradient and the boundary layer
becomes unimportant and

AP
Ht _ g

(5.10)

Pho
The total pressure recovery ratio is

P P AP

(Eﬂzj _ (Eﬂ‘j - Lo (5.1

HO g HO s¢ full HO
Thisis converted to aram pressure efficiency through the equation
(1+0.2M2) 2P 1P, ) —1
Mg = L Hose T (5.12)

(1+0.2M2)72_1

The data available to verify these equations from pressure measurements made in the inlet throat are very
limited. In Derivation 18 afew data are collected for rectangular inlets, without diverters, operating at full
mass flow. Those data are in good agreement with the predictions of Equation (5.6).

53 Captured Mass Flow

The mass flow ratios in Figure 1 allow the effect of boundary-layer thickness to be considered when
estimating the size of aninlet that at full mass flow captures air at a specified mass flow.

For a scoop inlet running full

Mry 4 1 513
mg My (dy,—dyp) (519

m= poVoAl{mrUI - T dll} !

where my,, /My and my, /M, are caculated for h = d,, and d,; respectively. Although strictly valid only
for rectangular inlets numerical checks have shown that Equation (5.13) can be used for circular and
semicircular inlets without any significant loss of accuracy.
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Equation (5.13) is used to calculate d;,, once m and the free-stream conditions are known, the
cross-sectional shape of the entry specified, and d,; chosen, say, asafixed proportion of the boundary-layer
thickness. This is accomplished by first setting A; = m/p,V,, and obtaining afirst estimate of d, , in the
implied absence of aboundary layer. Equation (5.13) can then be used to establish the shortfall in captured
mass flow that will be occasioned by the boundary layer. The necessary increasein A, and henced, , , that
isneeded to offset thiscan then be estimated. Thisprocedureisdemonstrated in Section 9.1.1 of theexample
for acircular scoop.

Assuming the cross-sectional area of the inlet isleast in the throat plane just aft of the lip, Derivation 22
with Reference 28 gives the theoretical mass flow for a choked inlet,

m m P
ch _ ch  _ 0.579(P_Ht] (1+ 0.2|\/|2)3 . (5.19)

(M), (AdApM M (Pyo)
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6. FLUSH INLETS

Section 6.1 describes how ageneral method for predicting the drag of certain types of flush inlets has been
developed by taking Equation (3.18) as an initial model. Empirical corrections are based on the available
experimental data, but it has only been possibleto produce amethod for alimited range of inlet geometries.
The method in Section 6.1 is applicable for ramp angles o< 11.5°. Item No. 03006 (Reference 32) may
be used to predict the drag of rectangular planform flush inlets with geometries that turn the flow through
larger angles (up to 90° to the upstream flow direction).

Thetwo basictypesof inlet considered areshownin Sketch 6.1. Thefirst hasaramp of rectangular planform,
which has the advantage of ease of manufacture. The second has a NACA curved-divergent ramp with a
highly swept planform that causes strong vorticesto develop along the ramp sides. These thin the boundary
layer in the centre of the ramp and so reduce the pressure loss due to the boundary layer. Although there
are additional losses due to the vortices themsel ves, the net result is a pressure recovery superior to that of
other flush inlets and which exceeds the theoretical two-dimensional pressure recovery. See Derivations 2
to 9, 11, 12, 17 and 23 and References 26 and 30. For best pressure recovery an inlet width to depth ratio
of about 4 and aramp angle o. of 7° are desirable.

Rectangular planform A

. A
Plan views —
/ ,
B B w
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A
Y

Section A-A

Ramp coordinates for NACA curved-divergent planform
X/ 00 | 01 | 02| 03| 04| 05|06 | 07| 08| 09|10
2y/lw | 1.0 [0.996 | 0.916 | 0.766 | 0.614 | 0.466 | 0.388 | 0.312 | 0.236 | 0.158 | 0.085

Sketch 6.1 Flush inlets

Equation (3.18) has been used to analyse the two sets of data that are provided by the parametric test
programmesreported in Derivations 3 and 16. Derivation 3treatsinl ets of aspect ratio 2, 4 or 6 with rounded
lipsin low-speed flow with || /t=1 and d, /t=2, and Derivation 16 treats inlets of aspect ratio 4 with
sharp lips in high-speed subsonic flows, 0.55<M<0.9. No other collections of systematic data are
available, although there are a few isolated data from particular tests.
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Section 6.2 describes how the pressure recovery is caculated for the two types of flush inlet. For the
rectangular ramp inlet pressure recovery is obtained to a first approximation. The method uses the
theoretical predictions of Derivation 13 together with an empirical correction to allow for the variation with
mass flow based on datafrom Derivation 3. For the curved-divergent ramp inlet a separate method is given
(seefootnote in Section 2).

Section 6.3 presents a comparison of the drag and pressure recovery characteristics of inlets with differing
ramp planforms.

Section 6.4 describes how the size of aflush inlet is designed to accommodate a specified mass flow. A
special method is given for inlets with a curved-divergent ramp operating at maximum efficiency.

6.1 Drag

Following Equation (3.18) the drag of aflushinlet isdivided into aram drag term and a spillage drag term,
the former dominating at moderate to high mass flows.

The ram drag term is obtained by replacing K in the first term in Equation (3.18) by

Ky = k\u[:%j ! (6.1)

where 1/, isthe theoretical momentum flow ratio from Figure 2 for aheight h =d, 4 , corresponding
to the inlet highlight height.

Thefactor k isanempirical constant that has been deduced from the experimental datafor inletsrunning
full or near to their maximum mass flow. For inletswith round lips, and regardless of ramp profile, the data
in Derivation 3 suggest that for low-speed flow and ramp angles o, < 9°

K, = 1, (6.2)

but there is evidence that Ku decreases by about 10 per cent for oo = 11.5°. The data in Derivation 16
suggest that for sharp-lip inlets with rectangular ramps, with o = 7°, Equation (6.2) isvalid for M<0.9.
Figure 10a summarises the general behaviour of that has been inferred by combining these data. For
sharp lip inlets with a curved-divergent ramp, however, datain Derivation 16 show that k increaseswith
Mach number from avalue of 0.8 at M = 0.55 to avalue of 1.0 at M = 0.9, as shown in Figure 10b. For
high ramp angles a reduction in kw similar to that shown in Figure 10a has been applied. Although
determined at high mass flows, these values of klu should provide a good approximation to the
boundary-layer loss for all mass flows.
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The spillage drag coefficient has been determined empirically from data in Derivations 3 and 16 by
correlating adrag coefficient, Cf , at zero mass flow and low Mach number in terms of lip shape for a7°
ramp, as shown in Figure 11. Because there is only one set of experimental data available for inlets with
round lips, the parameter defining the lip shape, (d,.; —dyq)/1;, is simple and carries the assumption that
the profile is approximately elliptical. An interpolation between the experimental results for round-lip and
sharp-lipinletsand an extrapolation to circular-profilelips are shown dashed. Twofactors, k, andky, given
in Figures 12 and 13, are applied to Cjy; , to allow for ramp angles o> 7° and Mach numbers M>0.55.
Thefactors k, and ky, have been derived solely from data on round-lip and sharp-lip inlets, respectively.
Moreover, only datafor curved-divergent ramp planforms are available for defining k , . ‘
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