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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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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.
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g The work on this particular Data Item which supersedes ESDU 83039, 85025 and 86009, was monitored and guided
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NORMAL FORCE, PITCHING MOMENT AND SIDE FORCE OF
FOREBODY-CYLINDER COMBINATIONS FOR ANGLES OF ATTACK UP TO 90
DEGREES AND MACH NUMBERSUP TO 5

1 NOTATION AND UNITS

S| British

CeL centroid of planform area coefficient, 2xp/ L

Ch pitching moment coefficient about axis x,,, from body nose,
5 (pitching moment)/%2p V2 S, D
[a
o (Cp) 0 pitching moment coefficient about axisthrough x,, = 0,
S see Equation (7.2)
§ (Crog, pitching-moment-curve slope, 3(C,,) /9, a zero angle of rag—t radt
§ attack
§ Cy normal force coefficient, (normal force)/ 1/poOV§OSr of
c
(O]
:t, CN c cross-flow normal force coefficient,
o (cross-flow normal force)/ %pwvfosp
o
i Cho normal-force-curve slope, 0C\/0a, a zero angle of attack rad1 rad!
&
% CpL planform area coefficient, Sp/DL
S
Eﬂ Cy side-force coefficient, (side force)/ 1/zpoovgO Sef
>
= Cy local side force coefficient,
; (local side force per unit length)/%zp_ V2D sin%a.
[a
o Cymax maximum side force coefficient

Cymax maximum local side force coefficient

D body maximum diameter m ft

d diameter of spherical forebody blunting, see Sketch 1.1 m ft

L body length m ft

I cylinder length m ft

l¢ forebody length m ft
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M free-stream Mach number
Rp Reynolds number based on free-stream flow conditions and
body maximum diameter

S, body planform area m? 2

S, of body maximum cross-sectional area, tD2/4 m? ft2

V. free-stream velocity m/s ft/s

X axial distance from nose m ft

. Xep axial distance from nose to centre of pressure, m ft
é see Equation (7.3)
'J; Xm axia distance from nose to pitching axis m ft
©
§ Xy axia distance from nose to centroid of planform area m ft
5
E o body angle of attack deg deg
< P, free-stream density kg/m® slug/ft3
§ ) roll angle deg deg
b
®
o
g
i 4 4
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z
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Sketch 1.1 Body geometry
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2. INTRODUCTION

ThisItem provides asimple, semi-empirical means of estimating the normal force and pitching moment of
axisymmetric forebody-cylinder combinations at angles of attack up to 90 degrees and Mach numbers up
to 5. The method requires estimates for the normal-force-curve and pitching-moment-curve slopes at zero
angle of attack from Item No. 89008 (Derivation 39) and geometrical parameters from Item No. 77028
(Reference 46).

In subsonic and transonic flow at high angles of attack, asymmetric vortex flow may occur on the leeward
side of the body. This phenomenon, which isknown to depend on such minor factorsas small imperfections
at the nose, hasthe effect of producing an out-of-plane force distribution that can result in large side forces
and yawing moments. A qualitative description of the nature of asymmetric vortex flow is given in
Section 3 and an envel ope of resulting maximum overall side forceisgiven in Section 5.

Sections 4, 5 and 6 consider the effects of Reynolds number, Mach number and forebody blunting
respectively, based on thework covered in Derivations 18, 22, 26, 27, 32, 33, 35 and 38 and References 41
to 45 and 47 to 50. Section 7 describes the predictions of normal force and pitching moment, which are
illustrated by aworked example in Section 10. Section 8 provides aguide to the applicability and accuracy
of the prediction method.

The effects of conical boat-tailing on normal force and pitching moment are given in Item No. 87033
(Reference 51). The method of this Item, together with the effects of conical boat-tailing, is incorporated
in a computer program written by the Computer Products Group of ESDU International (see Item
No. 90034; Reference 52), available on diskette in the Aerodynamics Software Volume and on CD-Rom.

3. THE NATURE OF FLOW AROUND AXISYMMETRIC BODIES

31 Types of Flow
In afull range of angle of attack from zero to 90 degrees a dlender axisymmetric body may encounter four
main flow regimes. These are briefly summarised below together with the approximate angles of attack at

which they may occur.

() Attached flow. For angles of attack up to just afew degreesthe flow around the whole body Iength
remains attached.

ESDU Copyright material. For current status contact ESDU.

(i) Symmetric vortex formation. With increasing angle of attack the flow around the body breaks away
and rolls up on the leeward side to form a pair of symmetric vortices.

(iii)  Asymmetric vortex formation. At higher angles of attack, typically 20 to 30 degrees, the symmetric
vortex flow becomes inherently unstable. The vortices then begin to develop asymmetrically and
may detach alternately down the length of the body. As aresult of this asymmetry a steady side
force distribution can be developed along the body, the magnitude of which has been known to
exceed that of the normal force at subsonic speeds.

(iv) Unsteady wake flow. At around 60 to 70 degrees the asymmetric vortex flow starts to become
increasingly unsteady and to weaken until the mean side force drops to zero before the angle of
attack reaches 90 degrees.
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3.2 Asymmetric Vortex Flow, Side Force and Normal Force

The side force distribution that develops on axisymmetric bodies as a result of asymmetric vortex flow
alternatesin sign along thelength of the body. A typical axial distribution of thissideforceand anillustration
of idealised asymmetric vortex flow are shown in Sketches 3.1 and 3.2.

O -
\/ x/D

o)
A
Section through AA
Sketch 3.1 Typical axial distribution of local Sketch 3.2 Idealised asymmetric vortex flow
side force coefficient due to asymmetric
vortex flow

Themagnitude, distribution and sense of thelocal sideforceareall highly dependent on minuteasymmetries
near the front of the forebody. Thus for a given angle of attack a wide range of distributions can be found
astheroll angle, ¢, isvaried, asillustrated in Sketch 3.3. In varying roll angle the distributions fluctuate
between two equal and opposite extreme states which may occur more than once in a 360 degree roll
traverse. However, thereis evidence (Derivations 27 and 32) that the distribution of local side forcefor the
extreme statesis similar for different forebodies of the same nominal geometry, and the steady peak values
through a complete roll traverse are shown for two such forebodies in Sketch 3.4.
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¢ /D = 3 (tangent ogive),
o= 50°, R, = 7.7x 10*, M_ <02

Symbol | ¢
3r O 0 | /D = 3 (tangent ogive),
A 60° . 50°, Ry =7.7x 104 M_<0.2
o 90° 3.

2}
-3t -3-
Sketch 3.3 Local sideforcedistribution at Sketch 3.4 Maximum local side force
different roll angles (Derivation 27) variation with roll angle for two nominally

identical forebodies (Derivation 27)

The extreme states correspond to the presence of greatest vortex flow asymmetry and consequently the
greatest local side force. They also correspond to the maximum number of cycles or part-cycles occurring
within agiven length of the body and, in particular, they give the foremost location of the maximum local
sideforce peak. At the higher angles of attack, up to around 55 degrees, the flowstend to be more polarised
towards the extreme states with fewer occurrences of intermediate flows; aso, the local side force peaks
increase in number and generally become more compressed towards the front of the body. At angles of
attack that are higher still, the vortex pattern becomes increasingly unsteady and the time-averaged side
force eventually decreases to zero.

With asymmetric flow the high suctions producing the side force extend to the leeward side of the body
and thus produce an increased local normal force. Thisimplies that the normal force also has a variability
that shows as a roll angle dependence and this is borne out by test data as illustrated in Sketch 3.5. The
highest normal forces occur where the flow asymmetry is greatest and the lowest with symmetric vortices.
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/D= 2(tangentog|ve) L/D=6

8 o= 55°, R, =3x10%, M_=0.25
6 W
Cy 4r
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Sketch 3.5 Normal force variation with roll angle (Derivation 26)
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