ESDU Copyright material. For current status contact ESDU.

ESDU 95025

Issued November 1995
- With Amendments A and B
August 2007

Drag due to lift for plane swept wings,
alone or in combination with a body,
up to high angles of attack

at subsonic speeds

Endorsed by

The Royal Aeronautical Society Documents

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 fro
Full doc

m IHS
ument details: ESDU 95025 B 2007


http://www.avadocuments.com/doc/esdu-95025-b-2007
http://www.avadocuments.com/doc/esdu-95025-b-2007

ESDU 95025

ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.
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DRAG DUE TO LIFT FOR PLANE SWEPT WINGS, ALONE OR IN COMBINATION
WITH A BODY, UP TO HIGH ANGLES OF ATTACK AT SUBSONIC SPEEDS

1 NOTATION AND UNITS
S

A aspect ratio of grosswing

An aspect ratio of net wing, see Sketch 1.2
5 a, wing lift-curve slope, based on Sw: from Item No. 70011 rad 2t
% A gff effective wing lift-curve slope, based on 5, rad>
*§ V1N wing lift-curve slope of net wing, based on S, from Item radt
8 No. 70011
g Ca axial force coefficient, positive aft, based on S,
§ Cag body axial force coefficient, based on S,
g Cago body axial force coefficient at zero incidence, based on S,
_Té Caw wing axial force coefficient, based on S,
§ C AWV wing viscous axial force coefficient, based on Sw
é" CD drag coefficient, based on Sw
§ ACp error in predicted drag coefficient, experimental value minus
é predicted value
. Copmin minimum profile drag coefficient, based on S,

ACpyisc contribution to C, from lift-dependent viscous drag

Cow drag coefficient of wing in presence of body, based on S, see

Section 3.1.2

CL lift coefficient, based on S,

Cl max maximum lift coefficient, based on S,

Cliev contributionto C, from leading-edge vortex, see Section 3.1.1
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contribution to CL from side-edge vortex, see Section 3.1.1
and Section 3.3

lift coefficient of wing in presence of body, based on 5,
see Section 3.3.2,

normal force coefficient, based on Sw

augmentation in wing normal force coefficient, based on S,
see Section 3.3.1

normal force coefficient of body, based on Sw

correction to forebody-cylinder normal force coefficient to
alow for boat-tail, based on S,

cross-flow normal force coefficient of forebody-cylinder, based
on Sp

normal-force-curve slope of forebody-cylinder, based on Sg rad

contribution to Cy; from leading-edge vortices,
see Section 3.3.1

contribution to C; from side-edge vortices, see Section 3.3.1
normal force coefficient of gross wing, based on S,
pressure coefficient

limit on peak pressure coefficient used in prediction of o, see
Section 3.2.1

theoretical thin-wing leading-edge suction force coefficient
acting normal to leading edge in plane of wing, based on S,

theoretical thin-wing side-edge suction force coefficient acting
normal to tip chord in plane of wing, based on S, see
Section 3.3

chord m

normal-section chord, see Sections 3.2.2 and 3.2.4 m

local theoretical thin-wing suction force coefficient normal to
leading edge, based on c

theoretical thin-wing normal-section suction force coefficient,
based on c,,, see Sections 3.2.2 and 3.2.4

geometric mean chord of grosswing m
body maximum diameter m
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Dy, body base diameter m ft
e.e empirical correlating powers, see Section 3.2.4,
Equations (3.56) and (3.59) to (3.61)
€3, €4
F —pr“m , See Sections 3.2.2 and 3.2.4 and Figure 1
Ft factor used in evaluation of C, see Section 3.3.1 and Figure 2
Fvs factor limiting amount of leading-edge vortex lift that can be
realised, see Section 3.3.1, Figure 3 and Appendix C of Item
No. 96025 (Reference 47)
K empirical correlating factor, see Section 3.2.4
Kyise lift-dependent viscous drag factor, see Section 3.1.3
Ky constant in Equation (3.69), see Equation (3.70)
Kvt constant in Equation (3.73), see Equation (3.74)
I length of boat-tail m ft
I characteristic length in Equation (3.71), streamwise distance m ft
from leading-edge tip to trailing-edge apex, see Sketch 1.3
M free-stream Mach number
Mg effective local Mach number in calculation of o,
see Equations (3.30) and (3.40)
M, normal-section Mach number, McosA
p parameter in Equation (3.23)
Q empirical correlating factor, see Section 3.2.4, Equation (3.58)
R free-stream Reynolds number, based on T
Rn normal-section Reynolds number, based on Cp s
see Section 3.2.2and 3.2.4
r leading-edge radius index, see Section 3.2.4
Fin value of r; for normal section, see Section 3.2.4,
Equation (3.57)
Ss body maximum cross-sectional area m? 2
S, body planform area (neglecting reduction in area due to m? 2
boat-tail)
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N planform area of net wing, see Sketch 1.2
Sw planform area of grosswing
S semi-span of grosswing
t streamwise-section maximum thickness
t, normal -section maximum thickness, see Sections 3.2.2 and
324
X streamwise distance along chord line aft from leading edge
z distance normal to chord line
é o angle of attack of wing centre-line and body longitudinal axis
w
§ O initial angle of attack at which leading-edge suction is lost, see
= Section 3.3.1 and Sketch 3.12
3 oy
9 B compressibility parameter, (1-M<)”2
= 2.
% Be (1-M5H™
o 2\%2
= Br (1-M7)
(&)
=2 Y ratio of specific heat capacities of air
-‘_é’ d (1+9) islift-dependent drag factor due to trailing-vortex wake
(O]
e n spanwise distance from centre-line as fraction of semi-span
.’gﬂ Ng value of n at body side
>
Q.
S Ag leading-edge sweep angle
o)
&) -
) Ag transformed |eading-edge sweep, tan 1([?>—1tanAO)
Ay, quarter-chord sweep
Ay, half-chord sweep
Aq trailing-edge sweep
A taper ratio of grosswing, ratio of tip chord to centre-line chord
AN taper ratio of net wing, see Sketch 1.2
€ chordwise position of maximum thickness of streamwise
section as fraction of chord
P streamwise-section leading-edge radius
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P normal-section leading-edge radius, see Sections 3.2.2 and m ft
324

c local |eading-edge suction factor, Equation (3.39) and
Sketch 3.7

c mean |eading-edge suction factor, Equation (3.3)

T.Ta section trailing-edge angles, defined in Item No. Aero
W.01.01.05 (Reference 41)
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Sketch 1.1 Wing—body geometry
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Gross wing planform ‘
ACDFHI BIJ

Net wing planform

(L+2)(1-npg)A _ A

2

1-(1-Mmg+2 N 1-(1-M)mg’

(L-mp)[l-(1-M)ng+A]
1+ A '

£L12

Sketch 1.2 Definition of net wing
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al c negative b) | c positive

Sketch 1.3 Illustration of length |,
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2. INTRODUCTION

This Dataltem gives amethod for the prediction of drag due to lift for plane swept wings of straight taper,
alone or in combination with a body. The method applies at subsonic speeds and when boundary-layer
transition occurs near the wing leading edge. It uses an estimate of attainable wing leading-edge suction to
establish avalue for the wing lift-dependent drag between the limits appropriate full and zero leading-edge
suction. The resolved components of the wing viscous axial force and of body axial force and normal force
provide additional contributions to the total drag.

Theoverall model isdetailed in Section 3.1. Section 3.2 explains how the leading-edge suction is evaluated
for aerofoils and wings. The method incorporates a prediction of the variation of the wing lift coefficient
withangleof attack whichisdescribedin Section 3.3. Thelift predictionincludesthenon-linear contribution
from leading-edge vortex flow that is present for highly-swept wings, together with a side-edge vortex
contribution, but the method islimited to angles of attack wherethefull realisation of the predicted potential
flow contribution is not degraded by flow separation over the main part of the wing. The accuracy and
applicability areaddressed in Section 4. Section 5 liststhe Derivation and References. An extensiveworked
exampleis provided in Section 6.

2.1 Previous | ssue

The original issue of this Data Item incorporated only the correlation of aerofoil attainable |eading-edge
suction presented by Carlson et al. in Derivations 28 and 29, with some modification in the dependence on
Reynolds number and additional constraints on the magnitude of the limiting pressure coefficient. The
extension of the method to wings by means of a pseudo-symmetric normal section was based on the
recommendation of those reports. Later work by Carlson et al. incorporated extensions of the original
theoretical and experimental databases, which improved the suction correlation and gave a simpler
extension to wings, see Derivation 36. The later work, still with some modification, provides the basis of
the method now recommended in this Dataltem. Referenceis still madeto the earlier original work because
it introduces the ideas behind the correlation of attainable leading-edge suction.

A companion work, Item No. 96025 (Reference 47), extends the method of this Item to wings with camber

and twist. A computer program, ESDUpac A9625, accompanies that Item as the extended method is
unsuited to hand calculation.

3. METHOD

ESDU Copyright material. For current status contact ESDU.

31 Drag Model
311 Planewing

For a plane wing the axial force is the difference between the viscous axia force and the leading-edge
suction force acting in the axial direction. Therefore, with full leading-edge suction

If, as incidence increases, the flow over the wing begins to separate from the leading edge some suction
forceislost. A mean leading-edge suction factor ¢ isintroduced to represent the ratio of the suction force
that is actually achieved to the maximum possible value, and the axial force is written

The value of 6 for a wing is obtained by spanwise integration of the local normalised theoretical
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leading-edge suction distribution c.c/C ¢ for athin wing factored by thelocal correction factor ¢ that is
the ratio of the suction attainable on an actual wing section to the thin-wing value, so that

=MLy 33
G‘fo Ce (33

Item No. 94037 (Derivation 34) or the corresponding program in Item No. 94038 (Derivation 35) provides
amethod for obtaining c,c/C ¢ . Thefactor o dependson thelocal flow conditions, incidence and section
geometry and is determined by a semi-empirical method. Its prediction is described in Section 3.2.

With the axial force expressed in terms of resolved components of lift and drag,

Ca

Cpcosa — C, sina, (3.9

it follows that
Cp = Cpseca + C tana
= CppSeca — 6 C cosAgseca + C tana. (3.5
The lift coefficient can be expressed as

C . =qs noccoszoc —(Cpapy—0CscosAg)sina+Cp o, C ey s (3.6)

wherethefirst term followstherepresentation by Polhamus (Derivation 12) of theresolved potential normal
force coefficient in the absence of |leading-edge suction, Cy, = a;sina.cosa, with a; the magnitude of the
wing lift-curve slopein radians, as may be obtained from Item No. 70011 (Derivation 15). The second term
isthe resolved axial force coefficientand C |, and C, o, arethe contributions from any leading-edge or
side-edge vortices that form (see Section 3.3.1).

It is possible to rewrite Equation (3.5) in the form

Cp = CapwCosau—GC.cosApseca +(Cp + Cppg SN tana, (3.7

ESDU Copyright material. For current status contact ESDU.

where the first term is the sum of the terms C,,4,Secor and (—=Cx\as, Sina) tana:, algebraically simplified.

From Equation (3.6)
(CL+CppSha) = a;si noccoszoc +6C cosAgsina+C o+ Clgey - (3.8)

However, since CAWVsinoc issmall compared to C.C =(C. + CAWVsi no) so that

C =as noccoszoc +6C,cosAGSN0+C oyt Clgey s (3.9
see also Section 3.3.1, later.
With this simplification, Equation (3.7) becomes
Cp = CapCosa—6C.cosAyseca +C tana . (3.20)
This page Amendment B Documents
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The first term in Equation (3.7) is the resolved viscous axial force coefficient which can be written as the
sum of a component independent of lift, Cyp,,ip, » and alift-dependent component, ACp,iq. i-€.

CAchosa = CDPmi nt ACDvi sc’ (3.11)
so that Equation (3.7) becomes

Theestimation of Cpp.i,, May be made through the application of aform factor to aflat-plate skinfriction
coefficient. For example, Item Nos Aero W.02.04.01 to 03 (Derivations 1 to 3) contain data for aerofoils.
For wings with sweep A,,<45° and section thicknessto chord ratio in therange 0.1<t/c<0.2, Cypin
may be estimated by using the more advanced method of ESDU 07002, Reference 48. Alternatively, an
empirical value may be used. Section 3.1.3 discusses the evaluation and form of ACp .-

For no loss of leading-edge suction (6 = 1) and no vortex lift contributions, a resolution of the wing lift
and trailing-vortex drag in inviscid flow gives

C,cosA, = C,sino - {(1 + a)cf/(nA)}cosa, (3.13)

and, with substitution for C cosA, Equation (3.12), becomes

2
Co = Cppmin + ACpyise + (1 + 8)CL/(TA). (3.14)

If al leading-edge suctionislost (G = 0), Equation (3.12) gives
Cbo = Cpopmin T ACpyisc + C tana. (3.15)
Plotted against C, , Equations (3.14) and (3.15) form minimum and maximum boundaries, respectively,

for Cp . Thepredicted Cp, will lie between those boundariesif thereisapartial lossof |eading-edge suction
(0<o<l).

ESDU Copyright material. For current status contact ESDU.

3.1.2 Planewingwith body
Theexpression for thedrag coefficient of awing-body combination requirestheintroduction of theresolved
components of the body axial and normal force coefficients, C g and Cy g , see below. Comparisons with
experimental data have shown that these can be simply added to the gross wing estimate, subject to some
modification of the wing viscous drag terms and the employment of an effective lift-curve slope for the
wing, Ay gff » SEC Section 3.3.2.

The drag coefficient for the wing-body combination is then
Cp = Cpow+ CppSina+Cygcosa, (3.16)

where, via Equation (3.10),

Cpow = CawCoso— 6C.cosAgseca + Cpyytana, (3.17)
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and, via Equation (3.9),
CLw = @S noccoszoc +6CcosASINO+C o+ Cl gey s (3.18)
asgivenin Section 3.3.2, later.

Reference to Equation (3.11) provides theterm C,,,,cosa in the form

CAWVCOS(X = CDPmin + ACDvisc(SN /S\N)’ (3.19)

so that Cow = Copmin T ACpvisc(S\/Sy) —6CcosAyseca + C \ytanar, (3.20)

where Chp i, 1S here to be estimated for the exposed wing, but based on the grosswing area S, A net
wing to gross wing area ratio correction, see Sketch 1.2, is applied as shown to the gross wing value of
ACp, s Obtained from Equation (3.26).

Methods to estimate Cyg for simple body shapes are available in the Aerodynamics Series. The normal
force coefficient for forebody—cylinder combinations can be obtained from Item No. 89014 (Derivation 31).
The reduction in normal force due to rear-body taper can be estimated for conical boat-tails of up to 2
calibresinlength and boat-tail angles up to 10° by the method in Item No. 87033 (Derivation 30), and those
resultsmay be used asan approximation for other tapering afterbodies. A program based on Item Nos 89014
and 87033 isavailablein Item No. 90034 (Derivation 32).

The body normal force coefficient isthen

Cng = Cnpa(Se/Sw)Snacosa + Cypc(Sy/Sy) + ACs(Sa/Sy) (3.21)

where the first two terms come from Item No. 89014 and the last from Item No. 87033.

For present purposes, for angles of attack up to 30°it is sufficient to take

5.376M r -1

Chpe = 2 + 0.001386e ad (3.22)

and, for M > 0.5,

Chge = 0.58sin“a + p[(o — 17.5)/125][0.02 + 0.008265¢> M ~ %)

NBC ] (323

ESDU Copyright material. For current status contact ESDU.

with Cy g taking thesign of o, and wherep = 1if oo > 17.5° and p = 0 otherwise.
Thevaluesof Cyge @ M = 0.5 holdfor 0<sM<0.5.

The boat-tail contributionis

ACyg = —2|1 E)21'0-6 i o (1 -2 gl 3.24
n = 2| 1-| 5] |[1-sin"Xo)]sinacosa— =| 1 - =°| sinalsinal (3.24)

The body axial force coefficient C,5 will typically take the form C,g cos’a , Where C, g isthevalue
at zero incidence. The value of C,p, may be estimated using Item Nos 68020, 76033, 77020 and 78019
(Derivations 14, 23, 25 and 27), for example, or an experimental value may be employed. No allowanceis
made for the effect of wing-body interference but Reference 45 contains some data on the subject. Any
axia forcearising on rear-facing body areas at high incidence as aresult of suction dueto trailing forebody
vorticesis also neglected.
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3.1.3 Representation of K ;.

For a planar wing with full leading-edge suction the lift-dependent viscous drag coefficient can be
represented, to a good approximation, as
2

ACDvis,c = KviscCL’ (3-25)
where K, . isindependent of C, , see Item No. 66031 (Reference 44). Comparisons with experimental
drag polars showed that at high C, , when leading-edge suction was being lost, the contribution from
Equation (3.25) became too large. As a modification to counter this, G~ was introduced to provide a
necessary and sufficient reduction factor and

AC 57K jo(3,0/180)° (3.26)

Dvisc
is the representation adopted in the method, the linear representation of C, being consistent with the
empirical vauesof K|, . to be enployed.

For wings with sweep A,, <45° and thicknessto chord ratio 0.1<t/c<0.2, the method of ESDU 07002
(Reference 48) provides K| .. Otherwise an estimate may be obtained by th*e method described in
Appendix B of Item No. 96025, as illustrated in the worked example in Section 6.

32 Calculation of Leading-edge Suction Factor ¢

The method of Derivations 28 and 29 for the calculation of o is described below. Section 3.2.1 coversthe {ig
original development for aerofoilsand Section 3.2.2 the extension to wings. The subsequent improvements :
in these methods, see Derivation 36, are given in Section 3.2.4.

3.2.1 Derivation of o for aerofoils

In Derivations 28 and 29, the factor o was constructed by first running parametrically a theoretical
two-dimensional aerofoil program (Reference 45) in order to define the dependence of |eading-edge suction
on aerofoil geometry and the theoretical lower limit on pressure coefficient. Comparisons of predicted axial
force with experimental data were then used to define an empirical lower limit on pressure coefficient in
terms of local Mach number and Reynolds number.

ESDU Copyright material. For current status contact ESDU.

Following the arguments and results of Derivations 28 and 29, a typica pressure distribution for a
symmetrical aerofoil at amoderate angle of attack isillustrated in Sketch 3.1(a). The pressure distribution
can be plotted as a function of chordwise distance and also as a function of distance normal to the chord
line, Sketches 3.1(b) and 3.1(c). Clockwise contour integration of the former (with respect to x) givesthe
section normal force and similar integration of the latter (with respect to 2) gives the leading-edge suction
force. The salient feature of the theoretical pressure distribution is the large negative pressure coefficient
near the aerofoil nose. Asindicated in Sketch 3.1, thisvalue can greatly exceed the vacuum limit, —2/yM?2.
Imposition of that theoretical limit resultsin asignificant decrease in | eading-edge suction force with little
change in normal force.

* Initsearliest form, Item No. 95025 took a constant value of 0.018 for K in the absence of reliable prediction methods.

visc !
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_—-—Vacuum limit

Cy = —1/c§ CIO dx C = —1/c§ Cp dz

1 © 1
—Cp —Cp
7 r—fplim:Vacuum limit V;Crplim:Vacuum limit
2 3
— 4
N 4 ‘T - 3 .
0 xic 1A 221t 1
(b) (c)

Sketch 3.1 Aerofoil pressures

Aninitial estimate of the suction factor o was established as the ratio of integrals of computer-generated
pressuredistributionsof thetypeillustrated in Sketch 3.1(c), with and without alimiting pressure coefficient
set equal to thevacuum limit. Sketch 3.2 illustratesthe family of symmetrical aerofoils studied, each having
maximum thickness at mid-chord.

For a given Mach number o was found to correlate well with the parameter cB/[(t/c)(p/c)%4], see
Sketch 3.3, to which there isa curvefit

2 0.4-0.6
_ 2% [(t/C)((:péC) } , (3.27)
S

but values of ¢ greater than unity arereplacedby 6 = 1.
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t/c=0.06 t/c=0.12 t/c=0.18
= _ = < > pt=002

_ _ Q plt=0.04

—_— - = < > plt=008

—— S—— < > oph=016

Sketch 3.2 Aerofoil geometries of parametric study in original method

1.0

o o a Vv Program data (sample)
Equation (3.25)

ESDU Copyright material. For current status contact ESDU.

(¢
M
3
.5
v
9
0 40 80 120 160 200
cPh
(Ue)(p/c)®*
Sketch 3.3 Correlation of 6 ascalculated with CIDIim = —2/yM?2

Equation (3.27) applies specifically to datawhere C | ., isequal to the theoretical limit. To enableit to be
used for ageneral value, 0<-C . < 2/yMZ2 , an equivalent Mach number M, isintroduced. It isafeature
of thetheoretically calculated pressure distributionsthat at any point on the aerofoil the pressure coefficient
will vary with Mach number according to the Prandtl-Glauert rule that BCp is constant. If it is assumed

This page Amendment B Documents
13 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 95025 B 2007


http://www.avadocuments.com/doc/esdu-95025-b-2007
http://www.avadocuments.com/doc/esdu-95025-b-2007

ESDU 95025

that the limiting pressure coefficient behavesin the same way it is possible to associate an arbitrary Cplim
at Mach number M with avacuum limit at Mach number M, higher than M. Equation (3.27) can then be
used in the form

_BeTio)pio®"
c = 2M—e|:————C-;B—-—:| , (3.28)

where ¢ isevaluated at Mach number M; as before values of ¢ greater than unity arereplacedby ¢ = 1.

The equivalent Mach number is obtained from the equation

__2_2 _ éiecplim’ (3.29)
e

which is solved to give

Y

1 17 2
Me = 2%([1+ (1Cum)1 =1} /(=CpyinB). (330

e

where C isto be determined empirically.

plim
The original theoretical correlations made in Derivations 28 and 29 were confined to aset of aerofoilswith
maximum thickness at mid-chord in order to limit the number of geometric variables. To apply the method
more generally, it was presumed that the leading-edge suction characteristics were determined amost
entirely by the nose section and were little affected by geometry changes aft of the maximum thickness.
An effective chord for an aerofoil with maximum thickness at £c is therefore taken as 2&c, and
Equation (3.28) is evaluated with ¢ replaced by 2&c and ¢, by c/2E. Empirical values of Cplim asa
function of Mach number and modified Reynolds number, 2ER, can then be found by comparing the
predicted axial force coefficient due to suction —ocg with experimentally deduced values, see Sketch 3.4.

0.04r

o Experiment

ESDU Copyright material. For current status contact ESDU.

—oc, (fitted to data through choice OLIQH)

—0.04f - -

CAS N
AY
-0.08r \\\ — ¢, (full theoretical suction)
\\

-0.12f \

\
\

_O. 16 1 1 1 1
0 2 4 6 8

o (deg)

Sketch 3.4 Axial force dueto suction
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In Derivations 28 and 29 the term 1/zyM2Cp”m was correlated in terms of M and 2R, but it was
acknowledged that the Reynol ds number range was restricted, 5 x 10°<2ER< 6 x 106. Sketch 3.5 shows
the original data, with —CIDIim plotted against log,;,2ER for fixed values of M. Extrapolation to higher
Reynolds number and lower Mach numbersis discussed in Section 3.2.2. With C established, o can
be evaluated for any plain aerofail, given M, R, t/c, p/c, & and c,.

plim

4 —
Symbol M
o 0.3
x 0.4
o 0.5
v 0.6
3r A 0.7
+ 0.8
—CIOIim o 0.9
2 -
1 1 ]
5 6 7

log, 2ER

Sketch 3.5 Deduced valuesof C

plim
3.22 Adaptation towings

The method is extended for use at a spanwise station on awing of any aerofoil section by the use of simple :
sweep theory and the construction of a fictitious chord normal to the wing leading edge that satisfies the -
requirement of having maximum thickness at mid-chord. The construction of that chord is peculiar to the
method of Derivations 28 and 29 and does not correspond to atrue normal chord. For agiven planform the
length of thenormal chord isdetermined by the position of maximum thickness of thetrue streamwisewing
section. Sketch 3.6 demonstrates how the normal chord is constructed.

ESDU Copyright material. For current status contact ESDU.

The leading and trailing edges at D and E of the streamwise section of interest are extended to a supposed
wing tip a A. Theline AB is constructed to connect the tip A and the point of maximum thickness B of the
streamwise section, and is extended to meet at C the line drawn normal to the wing leading edge from D.
The distance DC then defines /2, the half-chord Iength of the normal section. Thisis equivalent to the
assumption made in Section 3.2.1 for aerofoils with maximum thickness not at mid-chord.
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Streamwise section on DE

Sketch 3.6 Construction for c,

eguations developed in Derivations 28 and 29 are given for all necessary quantities.

parameters are calcul ated.

The normal -section Mach number is

ESDU Copyright material. For current status contact ESDU.

M, = McosA,
and the Reynolds number is

R, = R(c,/Tt)cosA, = R(c,/c)(c/C)cosA,
with c/C = 2{1—-m(1-A)}/(1+N).

The ratio of the normal-section chord to the streamwise-section chord is

c/c = 2E{sinAy[(1-E)tanAy + EtanA ] + cosAo}_l.
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From the free-stream Mach number, Reynolds number based on ¢, and the wing geometry the following

(3.31)

(3.32)
(3.33)

(3.34)
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The thickness to chord ratio of the normal sectionis

t/c, = O5(t/C)E "secA,, (3.35)

n -n

and the ratio of the leading-edge radius to chord for the normal sectionis
p/c, = 05(plc)E  se?A,. (3.36)

The normal-section suction coefficient Cen based on C, is needed for use with the two-dimensional results
of Section 3.2.1. Itisrelated to the theoretical thin-wing value of c.c/ C calculated for the true planform by

Cyy = (cllc,)secA, = C(cC/CE)(Elc)(c/c,)secA, (337)

where c,c/CC isobtainable from Item No. 94037 (or the program in Item No. 94038) and, from the results
of linearised theory,

a2(1+8)) SCALECA, o 2
C, = Bla; - (—

S TA [52+ tanZAO]l/z 18
a a SeCASECA 2
SO-GEESEE e

with a;/A from Item No. 70011 (Derivation 15).

Substitution of normal-section properties for aerofoil propertiesin Equations (3.28), (3.30) and arevision
of Sketch 3.5 gives the data necessary for evaluating the local suction factor o for the wing.

Equation (3.28) becomes

0.6
2 0.4
2B (t,/c)(p,/Cy)
G = — (3.39)
Me CSHBH

ESDU Copyright material. For current status contact ESDU.

where B, = (1-M_")”* and againwithvaluesof & greater than unity replaced by o = 1. Thisisillustrated
in Sketch 3.7.
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Sketch 3.7 Local leading-edge suction factor
Equation (3.30) becomes

Y, 2. % 2
My = 27%([1+ (FB)?] -1} IFB, (3.40)

e
2 1 . ..
where B, = (1-M,") " and, for simplicity, F replaces —pr”m.

Based on the original aerofoil data shown in Sketch 3.5, which were limited to the ranges
5x 10°<R <8 x 10° and 0.3<M, <0.9, Derivation 28 gave the empirical correlation

2
_2 R <107 0.05+0.35(1-M,)
F== 6, (4-3M,) _ @i
Mn Rnxlo +10

The original issue of Item No. 95025 used a modified form of that correlation, with some tentative
extrgpolation to higher R, and to low M,,, with amaximum value of 14 imposed on F to correspond to
an approximate practical lower bound of —10 on pressure coefficient. Thisis, however, now superseded by
the improved correlation introduced in Section 3.2.4.
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3.2.3

Illustration of leading-edge suction variation

Asanillustration of patterns of behaviour, Sketch 3.8 showsthe spanwise variation of oc c/CC at various
incidences for a straight-tapered swept wing of low aspect ratio with a constant streamwise section. The
sketch indicates that the loss of leading-edge suction begins at 4° incidence and spreads progressively
inboard from the tip as incidence increases. The integrated value, &, as a function of o is shown in
Sketch 3.9.

1.6~
o
— &
|
—
rom
0 1
0 | | | |
0 0.2 04 0.6 0.8 1.0
n
Sketch 3.8 Normalised leading-edge suction distributions
1.00
0.75
¢ 0.50F
0.25—
0 | | | | |
0 5 10 15 20 25
o (deg)
Sketch 3.9 Variation of 6 with o
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