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34004

ESTIMATION OF SPILLAGE DRAG FOR A WIDE RANGE OF AXISYMMETRIC

INTAKES AT M <1

1. NOTATION AND UNITS "
Sl British

A cross-sectional areafar upstream, of streamtube entering ~ m? ft2

cowl, see Sketch.1
A. intake capture area (A, for axisymmetric intake), see m? ft2

Sketchl.1
A, intake cross-sectional area at cowl lip (or highlight) m? ft2
[AJA.] mass flow ratiom/pA_.V
[A/Ac]d datum mass flow ratio, see Sectid (= 1.0 in this Item)

atum
[A/Ac]se separation mass flow ratio, see Ske&dchand Sectior3.2
P for definition
[AJA.] _ value of separation mass flow ratioMt= 0.6, = 0
sep,basic
Degi sp?llage drag c_:oefficienDSpi”/qAC(: DspiII/qu for

axisymmetric intake)
Ce mean skin friction coefficient (flat plate)
C(p pre-entry force coefficient for axisymmetric intake,

pre 0.../gA,, see Sectiob.2 (also known as additive drag
pre’ 1771

coefficient)
D; cowl forebody drag N Ibf
Dfdatum cowl forebody drag at datum mass flow rafia/A ] datum N Ibf
Dmax maximum diameter of axisymmetric cowl m ft
DSpiII spillage drag, per intake, see Sectohfor definition
D, intake diameter at lip (or highlight) of axisymmetric cowl m ft
L¢ length of cowl forebody, see Skettt? m ft
M Mach number

" No subscript is used when considering ambient, freestream or upstream infinity conditions.
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X/ X

yIY

A[AIA oy

AAIA

[ACD]spiII,att

[AC

D]spill,sep

A(D/q)

ADspill,att

mass airflow entering cowl, see Skefch kg/s
static pressure N/m?
kinetic pressure ypM2/2 N/m?

Reynolds number based on cowl forebody length,

initial radius of curvature of cowl forebody, see Skeitch m
and TableB.2

reference wing area M

true airspeed m/s

cowl longitudinal co-ordinate witk = 0  at cowl lip (or m
highlight), see Sketch.2

cowl non-dimensional longitudinal co-ordinate wiXh= L;

cowl co-ordinate normal t& direction, with=0 atcowl m
lip (or highlight), see Sketch.2

cowl non-dimensional co-ordinate with= (D D,)/2

max
ratio of specific heat capacity at constant pressure to that at
constant volume (taken as 1.4 for air)

correction to[A/AC]Sep for Mach numbers other than 0.6

correction to[A/AC]Sep for incidence angles other than
oc=0

contribution to aircraft drag coefficient due to spillage, per
intake, (= Dspi”/qS)

contribution to spillage drag coefficient associated with
increasing thickness attachedboundary layer and
evaluated afA/A ] oﬁA/AC]Sep , Whichever is the greater,
see Sketci3.1

contribution to spillage drag coefficient due to flow
separation when[A/A_] < [A/A_] sep’ see SketcB.1

increment in aircraft drag parameter due to spillage, per m?

intake, (= Dspi”/q)

contribution to spillage drag associated with increasing N
thickness ofttached boundary layer and evaluated at
[A/A,] or [A/AC]se , Whichever is the greater, see Sketch

3.1, (% [ACp] iy X 9A)

For footnote refer to end of Notation Section
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ADSp“LSelo contribution to spillage drag due to flagparationwhen N Ibf
[A/A] < [A/AC]se , see SketcB.1,
(= [ACD]spiII,sepx q

O cowl forebody angle, defined between statians 0.01D deg deg
andx = 0.09D, aft of the cowl lip, see Skettt? and
Table8.2

p density of air kg/m3 slug/ﬂ3

o incidence angld,e. angle between local flow direlction and deg deg
cowl axis of symmetry% simi[1 — cofa co§[3] 2
wherea = angle of attacl = angle of sideslip, see Item
No. 79018 for definitions)

Pore pre-entry stream force on outside of stream tube entering N Ibf
cowl, positive in downstream direction (also known as
additive drag), see Sectién2

Subscripts’

f denotes cowl forebody

o denotes value at incidence angte,

1 denotes value at cowl lip (or highlight)

No subscript is used when considering ambient, freestream or upstream infinity conditions.

ESDU Copyright material. For current status contact ESDU.
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Upstream infinity Intake lip or highlight

{no subscript used) (station ")
Spilling flow = pA.V[I-[A/A]] A
A Vv
A, \ Entry streamtube, m=pAV M'
M 1
P
P Spilling flow !
)
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T Sketch 1.1 lllustration of intake flow parameters for axisymmetric cowl
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Sketch 1.2 Forebody and lip geometries for axisymmetric cowl
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INTRODUCTION

This Item presents data for use in estimating values of spillage drag for axisymmetric intakes. The data are
applicable at subsonic freestream Mach numbers and incidence angles up to twenty degrees are considere
A wide range of axisymmetric intake configurations is considered and data are included for the whole range
of intake flow conditions at which spillage drag may be encounterzdnass flow ratios in the range
0<[A/A] <1.0.

The Item is suitable for use in aircraft project studies and one particular application is in providing spillage
drag data at low values of intake mass flow r&id.4, say) for use in conjunction with the “bare-engine”
windmilling drag and airflow data given in Iltem No. 81009. The combined usage of the windmilling drag
data of Item No. 81009 and the spillage drag data of the present Item to estimate the drag of an inoperative
turbo-jet or turbo-fan engine is described in Item No. 84005. A method for estimating the total drag of
cowls having NACA 1-series forebodies is given in Aerodynamics Item No. 81024.

Before using this Item it is important that particular attention should be paid to Sgatioich gives
definitions of spillage drag;)spi" , spillage drag coeﬁiciéﬁbs il and associated geometric and flow
parameters. The estimation method is described in Sectind Figured to 9 present values of the mass

flow ratio, [A/AC]S , for flow separation at or near the cowl lip and the associated vall§3$§S f .
Sections indicates low the method was derived, discusses the likely accuracy and, by the combined use
of Table8.1and the References of Sect@nndicates the range of data used. A more complete description

of the derivation is given in Referen8s.

As with all calculations associated with the propulsion system, the estimation method of this Item should
be used as part of a consistent system of thrust and drag accounting. This is particularly important where
drag components are dependent on the engine operating conditions — in the present case intake mass flo
ratio. The breakdown of the forces associated with a propulsion system into “thrust” and “drag” is to some
extent arbitrary and is introduced in Item No. 69006 (Refer2AcdRkeferenc&2 gives an example of a
comprehensive system of thrust and drag accounting avoiding inconsistencies in the definitions of forces.
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3. DEFINITIONS

3.1 Spillage Drag and Drag Coefficient

For values of mass flow ratipA/A;] , less than 1.0, intake spillage drag is defined as

Depin = D =Dy (3.1)
In Equation(3.1), D; is the cowl forebody dragyvhlle Ds is a datum value associated with a value of
mass flow ratio [A/A ] see Sketéhl For the ?ﬁ‘B@n -nose (or pitot) type axisymmetric mtakes
considered in this Iten[g? "]datum =1.0 sothat

Dspill = Ds- [Df]A/AC 10" (3.2)
The spillage drag coefficient is defined on the basis of intake capture area as

D_.

Co,, = qS—A'O(':" . (3.3)
For axisymmetric cowl#\, = A,
The estimation method of this Iltem subdivid!}ea)iII é:@gpi” into two contributions, corresponding to

flow conditions above and below the mass flow ratio at which flow separation occurs at or near the cowl
lip, see SectioB.2

ESDU Copyright material. For current status contact ESDU.

Y
Cowl Cowl
forebody spillage
drag drag
Df Dspill
ADspm, sep
ADs;‘oill, att
Dy du!um-mmu'[ﬂ%mmv T e 1 __ 1
]
! :
T 1
0 Mass flow ratio [A/A.] [AI/A ] lio
c) sep |
= [A/Ac] datum

for open-nose
or pitot intake

Sketch 3.1 Definition of spillage drag for open-nose (or pitot) intake

The precise meaning @; i.e. the drag of a part of the cowl, and its distinction from the forces acting on that part of the cowl, is not
considered here — see RefereB2e

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 84004 A 1984


http://www.avadocuments.com/doc/esdu-84004-a-1984
http://www.avadocuments.com/doc/esdu-84004-a-1984

5T 84004

3.2 Mass Flow Ratio for Flow Separation

The separation mass flow ratiod/A ] sep is the valu¢AfA ] below which a rapid increase in cowl
forebody drag, and hence spillage drag, occurs as a result of flow separation at or near the cowl lip. The
contribution to spillage drag corresponding to this flow condition is de il se. , see $Hetch

The more gradual increase in drag shown in Sk8téhn the rangel.0> [ /AC]Dz [A/AC]se is
associated with increasingly adverse pressure gradients and consequent thickening of the Cowl boundan
layer and is denoted D . The respective contributions to the spillage drag coefficient are denoted

spill,att - : . ) .
[ACD]_spiII,sep aqd [ACD]spiII,att and in this Item estimates of spillage drag coefficient are made by
summing these,d.
= + : .
CDspiII [ACD]SPHLSGP ACDspiu, att (34)

Values of[A/AC]S have been correlated here using two parameters to characterise the cowl forebody
(see Sketch.2 an§pSectior5.1.]).

0] A cowl lip radius parameteRR;/D, , wheR is the initial radius of curvature at the cowl lip or
highlight.
(ii) A cowl forebody anglep; , defined between points at distarce$).01D xan@.05D, aft

of the cowl lip.

The values oR:/D; and; for cowls used in developing the estimation method are given i@.Table
and Figure 1methods of estimating;/D, ar§ are given in Tabk

3.3 Contribution of Spillage Drag to Total Airframe Drag
Values ofCp derived here may be treatéikle any other aerodynamic contribution to airframe drag

coefficient pFBi{'/ided only that the appropriate reference areas are used, see Equéliamsl (4.7)in
Section4.

ESDU Copyright material. For current status contact ESDU.
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ESTIMATION OF SPILLAGE DRAG COEFFICIENT AND DRAG

Cowl forebody geometric properties are given in Té&okand Figured to 3 while Figurest to 9 provide
data from which values g¢fA/A_] ard, .,  are estimated.
sep pi

The calculation sequence for given values of freestream Mach numb#&t, and incidence angleg
is as follows.

0] Calculate intake mass flow ratio either from known engine mass flow data,
A _m
—| = , (4.1)
[AC] PAV

or, when using Item No. 81009 for windmilling airflow data, the flow afeamay be obtained directly
from Figure3 and Equation (A4.12) of that Item.

(ii) For the cowl configuration of interest, estimate values for the lip radius paraiRgfer, , and the
cowl forebody angled; , using equations given in T8ukand/or data given in Figurédso 3.

(i) Use Figured to estimatg A/A ]Se baswl e. the mass flow ratio for flow separation at freestream
Mach numberM =0.6 , and |nC|dence angbesr O

(iv) Use Figure5 to estimate a value df[A/A, ] i.e. a correction to the “basic” value for Mach
numbers other than 0.6.

(V) Use Figurés to estimate a value &f A/A ] i.e. a correction to the “basic” value for incidence
angles otherthao = O

(vi) Using the values estimated in steps (iii) to (v), calculdteA ] sep from,
A A A A
A1 _TA +a[A NE= (4.2)
Ac]sep Ac} sep,basic [Ac sep,M [Ac]sepg
If the calculated value dfA/A ] is greater than one or less than zero then values of one and

zero respectively should be used) see Sectdn2and5.1.3

(vii)  Use Figuresrato 7eto estimate[ACD]SIOIII sep + the “separation” contribution to spillage drag
coefficient, using the value ¢AA/A ] calculated from Equatib@). For intermediate values
of M, values off ACp ] gpijsep Can be'estimated by linear mterpolatlon between Figutese. .
Note that for cases whefé/A_] > [A/A, ] [ACD] :

spill,sep v
(viii) Estimate [ACD]S i att’ the “attached-flow” contribution to spillage drag coefficient using?the
relationship P
[ACH].
_ spill,att
[ACD]spiII,att - [ Cr } x Cg. (4.3)
Values of the change in cowl form fact@[rACD]spi” at! Ce} » with mass flow ratio are given in
Figure8 and values of the mean skin friction coefficiedt,  , in Figuealues off AC ] iy att
should be calculated at whichever is the great¢AdA ] [AlhA ]sep — see SKetch
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(ix) Using the values obtained in steps (vii) and (viii) calculate,

ESDU Copyright material. For current status contact ESDU.

CDspm = [ACD]spiII,sep+ [ACD]spiII,att' (4.4)
x) Spillage drag is given by the relationship
2
D.,,y = C AL =C 0.70M™A... 4.5
spill Dspi"q C DSpiII p (o ( )
The contributionAC, , to aeroplane drag coefficient is,
AC
A =C — 4.6
CD Deoii S (4.6)
or, alternatively,
D
Al=| = C A.. 4.7
|:qi| DSpi” C ( )
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5. NOTES ON THE CORRELATIONS

Measured data for a wide range of axisymmetric cowls, obtained using different measurement techniques
and test facilities, were used to derive the estimation method of this Item 8Thglees geometric data

and details of the ranges of experimental conditions from those References in Gedtioh provided
numerical data while Figurdsto 3 give graphical presentations of cowl geometric properties. This section
describes the work done in producing the estimation method, with particular emphasis on those aspects
likely to influence the user’s interpretation of the data. Refer@8géves a more complete description of

the work and includes the data correlations.

5.1 Mass Flow Ratio for Flow Separation at Cowl Lip

The use of A/A, ] to analyse spillage drag data is usually associated with the “round-lip” cowls of
subsonic alrcraft 8o Referen@®s21 and28. Here, however, this approach has been adopted to analyse
data for all types of axisymmetric cowls, including those with sharp lips — the last-mentioned application
finding theoretical support, for incompressible flow, in Refer&1csee Sectioh.3.1 Advantages of this
approach are:

0] all available data are used in a single correlation — so lending support to one another,

(ii) effects of changes ikl ando can be taken into account as incremental effe¢ta/ax.] .
sep,basic

5.1.1 Effect of cowl geometry

Cowl geometry is taken into account primarily through the valugshoA ] e [A/A/]

M =0.6, o = 0) which were correlated in terms of the cowl lip radius pal%m éE) andpforebody
angle,d; . The result of the correlation is presented as Figare the extent to WhICh it represents the
original data is illustrated in Sketéhl The two parameter®; /D, add , were used to define forebody
geometry so as to permit the widest possible range of cowl shapes to be incorporated in one correlation
For limited groups or families of cowl shapes, correlations can be obtained using only one or other of these
(or related) parameters. For example, Figurehows that for NACA 1-series cowls there is a close
relationship betweemR; /D, andl  so that either the former (Refer@ic@8 and36), or the latter
(Referencel9), can be used as a basis of correlation. On the other hand, in Refdfenoe®5, where

cowls of nominally constant but small forebody angle were tested with different lip radii, little or no effect

of R; /D, was found except at low valuesMf In the case of Referencésl5 and34, where different lip
geometries were applied to given forebody shapes, the rearwards extent of the (usually circular-arc) lip was
often enough to affect the value®f - see SediBr2regarding the use of Refererie

ESDU Copyright material. For current status contact ESDU.
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—O—i Range of values needed to correlate spillage drag data for sharp lip cowls

(see Section 5.3.! and Sketch 5.1 )

<—>— |ndicates case where only an upper limit to the actual value is known

Estimated value of [A/Ac]

sep, basic
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Actual value of [A/A]

sep, basic

Sketch 5.1 Comparison of actual and estimated values of mass flow ratio for separation at

M =060 =0
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5.1.2 Effect of freestream Mach number

The effects of changes in freestream Mach number on the mass flow ratio for separation were examined in

terms ofA[A/AC]se v i-€- the difference between the valueApA/A ] o, at a specified value & and

the value aM = 0.60’ . Best results were obtained by plottsi[ﬁ@;/Ac]Se v againstd;  although there was

considerable scatter in the data so that the curves presented ina%arbetter regarded as a plausible

interpretation of the data than a precise correlation. One result of the simple form of presentation used in

Figure5 is that Equatiorf4.2) can give values dfA/A ] greater than 1.0 or less than 0. In such cases
sep

the value 1.0 or O should be used.

For M < 0.4, relatively few data were available and so the curves in this region were drawn in a
conservative fashion and account taken of the data in Refe3dénsee Section 5.4n constructing the

curves in Figuré for M > 0.6 it was decided to ignore those instances where an increls&dto a
suppression of the flow separation and a temporary reductipA/iA] e . This suppression of flow
separation occurs due to a change in the form of the pressure distribution just downstream of the cowl lip
as the local Mach number becomes greater than 1.0 and shock waves form. With further increase in
freestream mach numbgA/A ] resumes its upward trend but the “spillage” drag then includes at least
an element of wave drag and Y3t some combinations of Mach number and mass flow ratio may consist
almost wholly of wave drag. In this Item, no attempt is made to distinguish between the contributions to
spillage drag due to flow separation and shock waves and no simple parametric approach could deal with
their mutual interaction. By ignoring the temporary suppression of separation the method gives
overestimates of spillage drag although the implications are unlikely to be significant in the context of
project performance work.

5.1.3 Effect of angle of incidence

The effect of changes in the local angle of incideoce, , on the mass flow ratio for separation was examined
in terms of A[A/A_] sepa’ i.e. the difference between the value[@f/A ] at a particular valwe of
and the value ab = 0 . The results of this correlation are presented in'Eig\sén Sectiorb.1.2 one
result of this simple form of presentation is that Equafib8) can give values d[fA/AC] greater than
sep
1.0. In such cases the value 1.0 should be used.

Data showing the effects of changesiin  were available in Refere®)@is22 and26 (o up to 6°, wide

range ofM) and Referenca (o up to 8°, lomM). The extrapolation shown in Figuavas obtained by
inference from data in Referen&4.2, 14 and39 on the angles of incidence for flow separation on cowls
operating afA/A.] =1 . For each of the cowls in these references, the following procedure was adopted:

ESDU Copyright material. For current status contact ESDU.

0] the value ofo for flow separation §&/A.] =1.0 was deduced from curves of lift coefficient
againsto .

(i) a value of[A/A ] i.e.ato =0, was estimated from Figuand>,

sepo =0’

(i)  avalue of A[A/A ] was calculated from
sepao

A{——A—} = 1- {ﬂ} . (5.1)
Ac sepo Ac sepo =0
The resulting values di[A/A ] were plotted against their respective valuesof  (from step (i)) to

provide the basis of the extrapsoeigﬁon shown in Fidgure
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5.1.4 Effect of changes in Reynolds number

As with other separation-onset conditions, the valuBAgfA ] is likely to be sensitive to changes in
Reynolds number. The values of Reynolds number (based “oh cowl forebody length) for the various sets of
test data are included in Taldel. However, the available data do not permit a Reynolds number effect to

be quantified. Full-scale Reynolds numbers will, in most cases, be greater than those of the model tests, ir
which case the values pA/A, ] (and hencegf ) are likely to be lower than those predicted using
the method of this Item. il

5.2 Use of Pre-Entry Force as Upper limit to Spillage Drag
In analysing the spillage drag data, considerable use was made of the pre-entgy force, , and especially

its coefficient formC , to provide limiting values @f i Values©$ <1 are given by
the following expressio Wns (taken from RefereBBavith y = 1.4), bre

213.5
Co = 1 2“5 * MZ} (1+ 1.4m%) - 1} - Z[A] (5.2)
e 0.7M%LL5 + M3 A1
M 273
ek 6
1 5+ M2

The concept arises from the need to separate thrust and drag forces and from the conventional definitior
of thrust. Sectiod of Item No. 69006 (Referen@d) shows the definition of standard net thrust to include

a “pre-entry thrust”j.e. the force acting on the inner surface of the entry streamtube between stations far
upstream and at the intake plane. This force acts in the direction of the true airspeed vector and is zero whe
[A/A;] = [A/JA;] = 1.0. A consistent system of thrust and drag accounting must then consider the
“pre-entry force”, @, , which acts on the outer surface of the entry stream-tube in the opposite dlrectlon
to the pre-entry thrust.

When the external flow is considered in isolation,ifiwiscid flow the pressure distribution on the cowl
forebody gives rise to a suction force that exactly canggls . Howeveisdous flow boundary layer

growth reduces the cowl suction force from that appropriate to inviscid flow and this loss increases
progressively as mass flow ratio decreases and pressure gradients around the cowl lip become more sevel
Eventually the boundary layer separates and there is a rapid increqiﬁl% in ( — cowl suction).

ESDU Copyright material. For current status contact ESDU.

Consequently, from Equati@8.2), and noting thap ore = =0 whefA/A] =1.0 ,the pre-entry force must
represent the maximum possible value of splllage drag at any chosen VMLmadjWA ] , see Sections
5.3and5.3.1

5.3 Contribution to Spillage Drag Coefficient Due to Flow Separation

From each set of measured data, valug¢Aaf; ] sep were derived using the same Yallik&s ]of

as the correlations described in Section 5.1. gharts such as those shown i Sketch constructecf)ln
which all available values c{fACD]SIOIII sep Were plotted againstA ] for fixed valuds afd
[A/A.]. Separate charts were constructed for all combinations ofe the valadg/A ]<0.9 and
0.2< M £ 0.9, in steps of 0.1 (see Refere®8p. Mean lines were faired through the data and subsequently
adjusted to obtain consistent carpet plots across the whole range of vdlaes gf M. Thiglprocess

was made easier by use of the following two “end points” (see Skefich

0] at [A/A ]gep = 1.0 the maximum value diAC, ] il sep is defined by the value of the pre-entry
force coefflcient,C(p , at the specified value and[A/A ] , see Sectidn2
pre
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