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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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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,
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be communicated concisely and accurately to the engineering community.
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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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AERODYNAMIC CHARACTERISTICS OF AEROFOILSIN COMPRESSIBLE
INVISCID AIRFLOW AT SUBCRITICAL MACH NUMBERS

1. NOTATION AND UNITS
S British
a, lift-curve slope at zero lift in compressible inviscid flow deg‘1 deg‘1
CL lift coefficient in compressible inviscid flow
= Cmo zero-lift pitching moment coefficient in compressible inviscid
=) flow, based on aerofoil chord length
wl
§ c aerofoil chord (see Section 2.1) m ft
§ Fi ordinatein Figure 1
5
§ F, ordinatein Figure 2 deg deg
g Fs ordinatein Figure 4
=
= F, ordinate in Figure 5
L
Té Fe ordinate in Figure 7
=
e h h+for h+>|h—|, m ft
b h—for h+<|h— |
.90
% h+ maximum positive camber line ordinate m ft
(@]
; h— maximum negative camber line ordinate m ft
&)
o M free-stream Mach number
t aerofoil maximum thickness m ft
X chordwise distance measured from leading edge of aerofoil m ft
X4 chordwise position of aerodynamic centre in compressible m ft
inviscid flow
Xp chordwise position of h m ft
X+ chordwise position of h+ m ft
X _ chordwise position of h— m ft
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chordwise position of maximum thickness

vertical coordinate at station x (see Section 2.2)

camber line ordinate at station x
thickness ordinate at station x

incidence
zero-lift incidence

- 2 12
compressibility parameter, (1-M")

ratio of specific heat capacity at constant pressure to specific
heat capacity at constant volume, taken as 1.4 for air

aerofoil leading-edge radius

aerofoil trailing-edge angle

denotes incompressible flow (M = 0)

The following suffixes relate to x and z only:—

pertaining to x = 0.005c
pertaining to x = 0.05¢
pertaining to x = 0.2c
pertaining to x = 0.5¢c
pertaining to x = 0.9c
pertaining to x = 0.92¢
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2. AEROFOIL GEOMETRICAL PARAMETERS

21 Definition of Aerofoil Chord
In the context of this Item the aerofoil chord is defined as the length of the line joining the trailing-edge
(assumed sharp) and that unique point at which a circle centred at the trailing-edge is tangential to the
aerofoil.

2.2 Definition of Aerofoil Geometry

The coordinate zis measured perpendicular to the chord line. If the upper and lower surfaces of the aerofail
are defined by

z=z,andz= zZ, respectively,
then the thickness and camber line ordinates are defined by
_1 _1 .
z = é(zu—z|) and z, = é(zu+z|), respectively.

2.3 Thickness Distribution
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24 Camber Distribution
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INTRODUCTION

This Item provides a means of estimating a number of aerodynamic characteristics for a wide range of
aerofoils in compressible inviscid airflow from a knowledge only of the thickness and camber line
parameters shown in Sections 2.3 and 2.4.

It is stressed that the data given herein apply only to non-viscous flow and that in areal (viscous) flow the
effects of viscosity must be taken into account . These effects can be large at al Mach numbers, and
increasingly so near thecritical valuewhere, for example, reductionsof 25 per cent or moreinlift coefficient
are possible at wind-tunnel Reynolds numbers.

The particul ar aerodynamic characteristicsconsidered arelift-curve slopeat zerolift, a;, zero-liftincidence,
o, zero-lift pitching moment coefficient, C, ., and chordwise position of the aerodynamic centre, x/c.
The geometrical parameters (see Sections 2.3 and 2.4) required to obtain estimates for the af orementioned
characteristicsfrom thisltem are given below, together with the numbers of the relevant Figuresto be used.

For camber lines outside the ranges of Figures 2 and 3 see Addendum A.

ESDU Copyright material. For current status contact ESDU.

Aerodynamic . . Figure
Characteristic Geometrical Parameters Required NUMbErs
2
a, t T, “42 , h+ land5

c t c
Zc3 Zce Zca
0 —_—, —, — 2
Zcq Zeq ©
zZ., Z
Cro 2 5 ht 3and 6
h+ h+ ¢
X 2 X
—a t T 1 ! 4dand 7
C c t c

INCOMPRESSIBLE FLOW

Figures 1 to 4 present data by means of which the lift-curve slope at zero lift, zero-lift incidence, zero-lift
pitching moment coefficient and the chordwise position of the aerodynamic centre of an aerofoil in
incompressible (M = 0) inviscid flow may be estimated. The Figures were obtained by correlating
(Derivation 2) these particular aerodynamic characteristics for alarge number of aerofoils designed using
the nominally-exact method for incompressible flow dueto Lighthill (Reference 4). These aerofoi Is" were
designed (Derivation 1) to have low-drag characteristics at low speeds by virtue of the attainment of a
roof-top pressuredistribution on the upper and lower surfacesat the extremes of aspecifiedincidencerange.

Subsequent calculations for a number of standard aerofoils (including some from the NACA 6 and 6A
series®, the RAE 100 to 104 series®) and others of more recent design'?, using the nominally-exact method
of Reference 10 further substantiate the correlations. '

" See Item Nos 97020 (Reference 13) and 98011 (Reference 14), if the flow is wholly subsonic.

T Details of the ordinates, pressure distributions and aerodynamic characteristics of any of the aerofoils tabulated in Derivati on1 may be

obtained from ESDU.
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The data used to establish Figure 1 relate to the zero-lift condition. The lift coefficient is obtained, using
values of a4; from Figure 1, viathe expression

C_j = 57.29 ay; sin(a. — o) - 4.1)
However, the error in using the approximation
CLi = ag(a - ag) (4.2)

is small at low incidences, amounting, for example, to about +0.5 per cent at (o.—0y;) = 10 degrees.

Inview of their empirical natureit isadvisablethat the correl ations shoul d not be applied outside the ranges
of the relevant aerofoil geometrical parameters for which they were derived. These parameters are given
in Tables 10.1a and 10.1b for the symmetrical and cambered aerofoils, respectively. Caution should be
exercised in using Figures 1 to 4 for any aerofoil with ageometry that lies outside the ranges given in those
Tables.

Figures 1 and 4 for lift-curve slope and aerodynamic centre involve only parameters due to thickness
distribution since no significant effect of camber wasfound. Figures 2 and 3 werederived from datarelating
to the two basic camber line shapes shown in Section 2.4 and designated Types | and I1. On the basis of
some cal culationsfor five aerofoils™1? with “ double-hump” camber lines” and two aerofoils'® with Type |
camber lines giving values of z.¢/z.,>0.5, atentative extension to Figure 2 is given. Caution would be
necessary should Figures 2 and 3 be used for any other camber line shape. For such cases, and for camber
lines outside the ranges of Figures 2 and 3, see Addendum A.

The accuracy to be expected from Figures 1 to 4 is tabulated in Section 7. With regard to Figure 4, the

accuracy quoted in Section 7 appliesto therange 0< 1t < 30° using linear interpolation and extrapolation.
5. COMPRESSIBLE FLOW

Figures 5 to 7 present data for estimating the effect of air compressibility on, respectively, the lift-curve ‘:

slopeat zerolift, zero-lift pitching moment coefficient and the chordwise position of the aerodynamic centre -
of an aerofoil ininviscid flow. These Figures must be used in conjunction with Figures 1, 3 and 4.

ESDU Copyright material. For current status contact ESDU.

Figures 5 to 7 were obtained from correlations (Derivation 3) of the aerodynamic characteristics of 14
symmetrical and 18 cambered aerofoils using the nominally-exact method of Reference 7 in which air is
assumed to behave asaperfect gas (y = 1.4) . The calculationswere made using a60 x 10 mesh, in general,
for incidencesto cover the design range; e.g. inthe case of “roof-top” aerofoilsthe incidence range spanned
those incidences for which a substantially flat pressure distribution over part of the upper and/or lower
surface is obtained. The actual incidences for which the calculations were made al fell within the range
(a—0y) < 8 degrees, and over thisrangethelift curve, for agiven Mach number, wasfoundto beessentially
linear. The Mach number range of the calculations extended to, or near to, the critical value (i.e. that for
which the maximum local Mach number is unity) in each case. No calculations were made at incidences
sufficiently high to establish whether the departure from linearity differs in compressible flow from the
sine relationship of Equation (4.1). Thisis not, however, a point of any great practical importance because
as the Mach number is increased the range of incidence above the zero-lift value for which the flow over
the aerofail is shock-free decreases rapidly, and this Item is not applicable to cases in which shock waves
are present (see Section 7). Hence, within the practical range of application of this Item, the lift coefficient

" See sketch on Figure 2.
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may be written in aform equivalent to Equation (4.2), namely,

It will be noted from Figure 5 that, in direct contrast to the incompressible flow case, camber is shown to
influence the lift-curve slope in compressible flow. The bulk of the data used to establish the effect of
camber in Figure 5 were for aerofoils with camber lines of Type | illustrated in Section 2.4. Data derived
from three aerofoil swith “ double-hump” camber lines (of lessthan 2 per cent maximum camber) fitted the
correlation well. Datafrom two aerofoils with reflex camber lines of Type Il illustrated in Section 2.4 (for
which h(= h+)<0.01c) aso correlated well. With these comparisonsin mindit isanticipated that Figure 5,
in addition to being generally applicable to aerofoils with the Type | camber line, will also be applicable
to any aerofoil having small maximum camber, less than about 1 per cent, say.

The calculations for the cambered aerofoils showed that zero-lift incidence varied from itsincompressible
flow value by lessthan 3 per cent in the most extreme case (Derivation 3), so that Figure 2 may be assumed
to apply also to compressible flow.

The zero-lift pitching moment coefficient in incompressible flow (Figure 3) requires a correction factor in
compressible flow dependent on Mach number only. This correction factor is 1/, and may be obtained
either from Figure 6 or by means of Table 10.3.

The effect of camber on the ratio C,,o/C,,,0i and on the aerodynamic centre position in compressible flow
(Figure 7) was found to be negligible, provided that t/c< 2/h/c| (see later). The calculations showed that
the movements of the aerodynamic centre with increase in Mach number up to the critical were quite small
(less than about 0.02c in the most extreme case) for the particular aerofoils considered in Derivation 3, so
that for many purposes the influence of F5 in Figure 7 would be considered negligible.

Again, sincethecorrelationsused to derive Figures5to 7 areempirical innature, itisappropriateto tabulate
therangesof therelevant geometrical parametersof theaerofoilsfromwhichthe correl ationswere obtained.
These are given in Tables 10.2a and 10.2b for the symmetrical and cambered aerofoils, respectively. The
warning in Section 4 with regard to the use of the datafor aerofoils outside the tabul ated ranges al so applies
here.

Calculations for aerofoils with low thickness and high camber indicate that Figures 5 to 7 fail to correlate
data for aerofoils with thickness less than about twice the maximum camber ordinate. Caution should
therefore be exercised in using Figures 5 to 7 for any aerofoil for which t/c<2Jh/d.

ESDU Copyright material. For current status contact ESDU.

Three functions of Mach number used in Figures 5to 7 are 1/, M° and M8, and values of these functions
aregivenin Table 10.3 for Mach numbers up to 0.95.

A tabulation of the accuracy to be expected from the use of Figures 5to 7, and Figure 2 for compressible
flow, isgiven in Section 7.

6. DERIVATION OF AEROFOIL GEOMETRICAL PARAMETERS

Use of this Item is dependent solely on the knowledge of the geometry of the aerofoil whose aerodynamic
characteristics are required. Many tabulations of aerofoil ordinateswill include most of the values required
here. Those ordinates that are often not tabulated, e.g. those for 0.92c, may generally be satisfactorily
estimated by plotting out the profile to alarge scale, or even by linear interpolation. This procedure is not
satisfactory for ordinates very close to the leading edge and the determination of 2z4/t may prove difficult.
Many tabulations do, however, often include a value for the leading-edge radius, and where this is known
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