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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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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,
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.

THE PREPARATION OF THIS DATA ITEM

>
g The work on this particular Data Item which supersedes Item Nos. 86029 and 88026, was monitored and guided
s by the Aerodynamics Committee. This Committee first met in 1942 and now has the following membership:
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b= Mr J.R.J. Dovey — Independent
= Mr L. Elmeland” — Saab-Scania, Linkdping, Sweden
2 Dr J.W. Flower — Independent
8 Mr P.G.C. Herring — Sowerby Research Centre, Bristol
8 Mr R. Jordan — Aircraft Research Association
7 Mr J.H. Kraus” — Northrop Corporation, Hawthorne, Calif., USA
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Mr N. Roberts — Rolls-Royce plc, Derby
Mr R. Sanderson — Messerschmitt-Bélkow-Blohm GmbH, Bremen, W. Germany
Mr A.E. Sewell” — McDonnell Douglas, Long Beach, Calif., USA
Mr M.R. Smith — British Aerospace (Commercial Aircraft) Ltd, Bristol
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The construction and subsequent development of the Data Item was undertaken by

Mr A.J. Clarke — Engineer.

The person with overall responsibility for the work in this subject area is Mr P.D. Chappell, Head of Aircraft
Aerodynamics Group.
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1 NOTATION AND UNITS
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mean skin-friction coefficient for turbulent boundary
layer

pitching moment coefficient about axisx = X, ,
(pitching moment)/ 1/sz2 S, D, positive nose up

pitching-moment-curve slope, dC,,/d o, at zero angle of
attack

pitching moment coefficient about nose (X, = 0)

pitching-moment-curve slope, d(C, | ) /oo, at zero
angle of attack

difference between [(Cm) ICy oc] for tangent-ogive
forebody and forebody of interest as calcul ated by
slender-body theory, see Section 3.

skin friction contribution to (Cm)O(x
boundary-layer displacement contributionto (C,,) o

normal force coefficient, (normal force)/¥2p V2 Sef

normal-force-curve slope, 9 Cy/ oo, a zero angle of
attack

normal-force-curve slope, CN o for long bodies with
boundary-layer effects removed, see Section 3

skin-friction contribution to C,
boundary-layer displacement contributionto C,

volume (sometimes called “prismatic”) coefficient of
forebody, volume/(1mD?/4)

body maximum diameter
diameter of spherical nose blunting

factor to alow for forebody shape
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k factor on Cy,, to account for length of cylindrical
section aft of tangent-ogive forebody

L body length m ft
I cylinder length m ft
l¢ forebody length m ft
M_ free-stream Mach number
R Reynolds number based on body length
S, of body maximum cross-sectional area, tD2/4 m? ft2
g A" free-stream velocity m/s ft/s
(%]
UJ - -
§ X axial distance along body m ft
g Xep axial distance along body of centre of pressure position m ft
é Xm axial distance from noseto pitching axis m ft
= o body angle of attack rad rad
(O]
§ o* boundary-layer displacement thickness at base of body m ft
E p tangent or secant ogive radius of curvature, m ft
= see Sketch 1.1
E) p' radius of curvature of tangent ogive having same length m ft
g and maximum diameter as a given secant ogive or other
b forebody, see Sketch 1.1
o
= o free-stream density kg/m3 Slug/ft®
Q.
(@]
O Subscripts
a
) i denotes inviscid flow
t denotes tangent-ogive forebody
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Blunted cone cylinder
Sketch 1.1 Body geometry

2. INTRODUCTION

This Item provides data on the normal-force-curve and pitching-moment-curve slopes of axisymmetric
forebody-cylinder combinations with tangent-ogive and other forebodies at zero angle of attack” . The data
are presented in graphical form in terms of forebody and cylinder fineness ratios, Mach number and
Reynolds number.

The data may be used in stability calculations, or for the prediction of normal force and pitching moment
at angle of attack when used in combination with the method of Item No. 89014 (Reference 13), which
accounts for cross-flow effects.

ESDU Copyright material. For current status contact ESDU.

The method, which was derived primarily for tangent-ogive cylinders, but has been extended to include
bodies with other forebody shapes, is presented in Section 3. A guide to the accuracy and applicability of
themethod of thisltemisgivenin Section 4, together with some remarks on the devel opment of the method.
The use of the Item isillustrated by means of two worked examplesin Section 6.

A prediction method for the effects of conical boat-tailing on normal force and pitching moment
characteristics of axisymmetric bodies is given in Item No. 87033 (Reference 12).

*

The method of this Item is incorporated in the listing of a computer program written by the Computer Products Group of ESDU
International (see Item No. 90034, Reference 14).
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3. METHOD

The method of this Item assumes that both normal-force-curve and pitching-moment-curve slopes of
forebody-cylinder combinations may be eval uated as the sum of three components. The major contribution
arises as the result of the inviscid flow over the forebody at angle of attack which generates a loading
distribution that may extend beyond the forebody onto the cylindrical section. The other two contributions
both arise from the devel opment of aviscous boundary layer along the length of the body. Thefirst of these
iscaused by themodified flow associated with the di splacement thickness of the boundary layer. The second
boundary-layer contribution arisesfrom thefrictional force acting over the surface of the body. The method
assumes that the boundary layer is fully turbulent along the length of the body. Section 3.1 presents the
method for tangent-ogive cylinders and Section 3.2 extends this method to enable estimates to be obtained
for other axisymmetric forebody-cylinder combinations.

3.1 Tangent-ogive Forebody-cylinders
Normal-force-curve slope

The normal-force-curve slope of atangent-ogive cylinder combination may be expressed as

In Equation (3.1) Cy,, isthevalue of theinviscid contribution to normal force generated by the forebody
when the cylindrical section of the body is sufficiently long to contain all of the carry-over load. Data for
Cnoy e presented in Figure 1 in terms of forebody fineness ratio and Mach number. This Figure was
obtained by removing the estimated contributions of the boundary layer from the data of Derivations 1
and 3 for long bodies. The factor kis applied to Cy,, to alow for cases where the cylindrical section is
too short to contain all of the carry-over load. The results of second-order shock-expansion theory (as
presented in Derivation 2) were used to generate theoretical estimates of k which were then modified
empirically to give a better representation of the parametric sets of test data that show effects of cylinder
length (Derivations 2 and 3) with | /D decreasing to zero. Figures 2ato 2d present k as a function of body
geometry at Mach numbers of 2, 3, 4 and 5. Values of k at intermediate Mach numbers may be found by
linear interpolation. Note that the value of k may exceed unity because at supersonic speeds the carry-over
load onto the cylindrical section isfollowed by aregion of negative loading, see Sketch 3.1. At speeds up
to M_, = 1 thevalue of k may be taken as unity.
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Local normal force
'

AN i

Sketch 3.1 Axial distribution of normal force at super sonic speeds

The second term of Equation (3.1) allowsfor aninviscid contribution arising from an apparent enlargement
of the body cross-section as a result of boundary-layer displacement effect and may be estimated
approximately by using slender-body theory.
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Slender-body theory indicates that the normal-force-curve slope of a forebody-cylinder combination is
given by

Cng = 2 (3.2

o

where the reference areaisthat of the body base (S.). If it isassumed that in the presence of the boundary
layer the radius of the base is effectively increased by the displacement thickness, &* , then with reference
to the true base area

_ 2mDR+8) 1, 45e/D) + 45 ID)2 33
Nt n(D/2)? (1+4(5*/D) +4(5*/D)*) . (33)

If thesmall term 4(8* /D)2 isneglected, the contribution to Cno, Of theboundary-layer displacement effect
isgiven by

6*

ACN s+ = 85’ (3.4)

where 6* isabtained from Figure 3, which istaken from Derivation 10.

Thethird term of Equation (3.1) alowsfor a skin-friction contribution to normal-force-curve slopeand is
derived on the basis of Derivation 10. The resulting contribution is

L
D 1
where Cr is the mean flat-plate skin-friction coefficient. Figure 4, which is taken from Item No. 68020
(Derivation 6), gives C interms of R for afully turbulent boundary layer.

Pitching-moment-curve slope

The pitching-moment-curve slope of atangent-ogive-cylinder combination may be expressed as
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(Cy
(Crdog = kCNocl{ cr:l Oa} FACH) g + A Cmgr - (36)
i t

o

In Equation (3.6) theratio [(C )Oa/CNa] is the limiting centre of pressure position as oo — 0 in the
absence of boundary-layer effectsand is glven in Figure 5. This Figure was derived on the basis that the
load on the forebody acts at the point given by slender-body theory (x, " = 0.46l;) and that the effect of the
presence of the cylindrical body is consistent with the distribution of normal force aft of the
forebody/cylinder junction implied by Figure 2. Therefore, for all bodies at Mach numbers up to unity and
for forebodies alone at all Mach numbers, the value of [(C,,) 0L/CNO(]I . 1s—0.461¢/D, and in all other
cases [(C,, ) /CN I; ; may be obtained from Figure 5, WhIC presents a series of carpet plots at Mach

numbers of 2 3 4 and 5 Values at intermediate Mach numbers may be found by linear interpolation.
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Theterm in Equation (3.6) arising from the boundary-layer displacement effect may be estimated with the
simple assumption that ACy s+ acts at the body mid-point and is thus given by

o* L
ACrogs = 4D D (3.7)

where &* isobtained from Figure 3.

The term in Equation (3.6) arising from the skin-friction forces is obtained by assuming ACy,c aso acts
at the body mid-point and is thus given by

ACour = —ZCF(%)Z, (3.8)

where Cr is obtained from Figure 4.

The pitching-moment-curve slope about an axis located at x = X, may be calculated from

X, (—C”‘)OO‘} _ 39)

Crno. = CN(X|:B Cra

3.2 Forebody-cylinders of Other Shapes
Normal-force-curve slope

In order to extend the method of Section 3.1 to other forebody shapes comparisons were made between
data for tangent-ogive bodies and bodies with cone, secant ogive, blunted tangent-ogive and blunted cone
forebodies(Derivations 1to 5, 7 and 9). The comparisons showed that thevaluesfor Cy, werevery similar
except for the cone and blunted cone bodies with little or zero cylindrical section. In those casesthe values
of Cy,, were lessthan that of the tangent-ogive forebody-cylinders of the same length. In order to extend
Equation (3.1) to allow for this effect an additional factor, G, has been introduced to cater for short bodies
with adiscontinuity in slope at the forebody-cylinder junction so that the expression for normal-force-curve
slope becomes
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Experimentally derived values of G have been calculated from the cone test data which show that, within
the scatter of thetest data, G isafunction only of cylindrical section finenessratio. Asno datawereavailable
for secant-ogive bodies with zero or small cylinder lengths asimple linear interpolation in terms of radius
ratio, p'/p, (see Sketch 1.1) is suggested between the value of G for the cone (p'/p = 0) and the tangent
ogive (p'/p =1). Vauesfor G may befoundin Figure 6. For forebody shapes other than those mentioned
above, see Section 4.2.

The boundary-layer terms in Equation (3.10) are the same as those in Section 3.1 and are thus given by
Equations (3.4) and (3.5).
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