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Introduction

IN recent years, the side force acting on slender bodies of
revolution at high incidence has received a great deal of

attention because it often causes rockets and aircraft to
become uncontrollable. Drop tests of sounding rocket head
models showed that, after some initial tumbling motions,
most of them dropped, rotating in a plane parallel to the sea
surface like propellers (flat spin).1'2 If the rotation rate is
high, the motion might damage the body or its payload.
Although much work concerning the side force acting on a
body at incidence has been published,3 there are few
theoretical or semiempirical methods available to estimate the
aerodynamic coefficients for such rotating slender bodies at
high incidence.

The present paper presents a simple method used to predict
the aerodynamic coefficients of a slender body rotating by the
side force near the critical Reynolds number at an angle of
attack of 90 deg. From the results, the steady rotation rate of
the flat spin is estimated and compared with experimental
data of other authors.

Analysis
Alien and Perkins4 and Jorgensen5 have given methods to

predict the aerodynamic coefficients for a nonrotating body
at incidence. The present method is based on the experimental
observation that crossflow is predominant on the fore side of
a slender body at high incidence3'4 and distinct lift (side force
CL — 1) acts within a narrow range of Reynolds number.6'7
The present calculations employ a method similar to the
simple blade element theory of propellers. The translational
motion of the body is not considered.

Figure 1 is the sketch of a slender body of length / at in-
cidence 90 deg and of its small element on which the drag and
the lift act. It is assumed that the body is rotating at the rate of
(/>' around an axis passing through the center of gravity at xg.
Since the element at station x has the circumferential velocity
0' \x—xg\ owing to the rotation, the flow past the element
has the net velocity V, the vector sum of freestream velocity
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V^ and (/>' \x—xg\. The elemental lift and drag force are
taken to be perpendicular and parallel, respectively, to the
velocity vector V. The elemental normal force d/V, the
elemental side force d7, and the elemental yawing moment
dn, caused by d Y around the center of gravity, are as follows

d7V= 1/2pV2D(x) (CLsin7 + CDcos7)djt (1)

dY=1/2pV2D(x) (CLcosy~CDsiny)dx (2)

dn=1/2pV2D(x) \x-xg\(CLcosy-CDsiny)dx (3)

where CL and CD are the lift and drag coefficients for a two-
dimensional circular cylinder, p the density of air, D(x) the
body diameter, and y the angle defined by

= tan~ 7 \x-xe\<l>' (4)

Integrating Eqs. (1-3) from 0 to / yields the net normal force
TV, the side force Y, and the yawing moment n. Introducing
nondimensional coefficients, length and angular velocity by

C -C ~
c =

D ( x ) = D(x)

where S= (ir/4)D2
0 and D0 is the maximum diameter, we get

the nondimensional expressions as
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Fig. 1 Schematic description of elemental flowfield and coordinates
system.
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where 77 is the correction factor for the body of finite length. 4
Dividing Cn by Cy, a nondimensional distance between the
center of gravity and the center of side force is obtained. In
this calculation, the direction of the lift force on both sides of
the axis is selected so as to give the same direction of moment.

To calculate integrals in the above equations numerically,
CL and CD at each element of the body must be given as
functions of the local Reynolds number. Experimental results
on a circular cylinder near the critical Reynolds number show
that there are two critical Reynolds numbers, the lower one
Recl and the higher one Rec2 when the freestream velocity
increases. At these Reynolds numbers, the drag and lift
coefficients vary stepwise since bubble formation occurs
abruptly at these values.7 The fact that lift acts between the
two critical Reynolds numbers is the key to calculating the
coefficients. In the present calculation, the following values
based on experimental results5'7 were used

Re<ReCI, CL=Q, CD = l

Recl<Re<Rec2, CL = 1, CD = OA

Rec2<Re<Re3, CL=0, CD = 0.2

Re3<Re CL=0 CD = 0. 332 \og}0Re- 1.80

Recl=3.1x\05 (3.5X105) , Rec2 = 1.9xW5 (3 .7xl0 5 )

When the total rotating moment due to the lift balances with
the total impeding moment due to the drag, the body rotates
at a constant angular velocity (steady rotation). To calculate
the constant angular velocity at a given freestream velocity,
the value of 0 for which Cn = 0 must be found. Substituting </>
into Eqs. (5) and (6), the normal force and side force coef-
ficients for the condition are obtained.

Results and Discussion
Figure 2 shows the variation of the steady rotation rate Nr

as functions of freestream velocity for a circular cylinder of
finite length and also for a blunted cone cylinder. It also
includes the experimental data recently obtained by Kubota et
al. 8 for the same bodies.
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Fig. 2 Steady flat spin rotation rates for bodies as functions of
freestream velocity (present theory, —— blunted cone cylinder, nose
angle 30 deg, RecJ=3.1xW5, Rec2 = 3.9x 105; ---- cylinder,
/tec/=3.7x!05, Rec2=3.9xW5; --- cylinder, Rec] =3.5X 105,
Rec2=3.1xW5).

The present theory shows that the circular cylinder can
rotate at a freestream velocity that is less than that given by
the lower critical Reynolds number Recl, because somewhere
on the cylinder the local resultant velocity exceeds the critical
velocity, causing the yawing moment to act. There are two
values of rotation rate at which the yawing moment Cn
becomes zero. This means that if the cylindrical body is
rotated up to the rate of the lower curve by some mechanism,
the rotation is accelerated up to the higher curve, because
between the two values the total yawing moment n is positive.
The experimental data show that the body begins to rotate at a
freestream velocity somewhat lower than that predicted by the
present theory. Probably this is the result of the three-
dimensional effect of the flow about the cylinder. The abrupt
increase in the rotation rate up to about 9 rps at the freestream
velocity of 24 m/s, seems to correspond to the theoretical
results mentioned above. The maximum rotation rate
predicted by the present theory agrees well with the results of
the experiments. The theory predicts that as the freestream
Reynolds number Re^ ( = D0V00/v) approaches the higher
critical value Rec2, the rotation rate decreases and the value
becomes zero at Rec2. In the experiment, on the other hand,
the model continues to rotate at Reynolds number higher than
Rec2. In the case of a cylinder, the integrals in Eqs. (5-7) are
obtained analytically.

Next, the present method is applied to a cone cylinder. The
theory predicts that the model continues to rotate at a
Reynolds number lower than the critical value by the same
reason as that for a cylinder of finite length. However, dif-
fering from the cylinder, the calculation shows that the cone
cylinder continues to rotate even beyond the critical Reynolds
number based on maximum body diameter, since somewhere
on the nose section the local Reynolds number, based on the
local diameter, is within the critical range of the Reynolds
number. Experimental results show that near the critical
Reynolds number, the body whose center of gravity is about
0.55 m from the nose rotates at the approximate maximum
rotation rate predicted by the theory. At the Reynolds number
exceeding the critical value, the theoretical rotation rates are
far less than the experimental results. Recently, Kamiya et
al.9 have shown that another side force acting near the
shoulder of a cone cylinder appears beyond the critical
Reynolds number and have attributed such a high rotation
rate to it.

Although calculated results are not shown here, the steady
rotation rate decreases remarkably for a longer body, because
the impeding moment due to the drag force becomes greater
for a longer body.

Finally, a cylinder forced to rotate at constant rates at fixed
freestream velocities is considered. In Fig. 3, drag coefficients
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Fig. 3 Normal force coefficients of a circular cylinder of finite length
(diam 0.2 m, length 1 m, r/ = 0.63 in Eq. (5); for ^=30 m/s,
Re00~4.2xW5>Rec2).
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for a rotating cylinder evaluated by Eq. (5) are depicted as
functions of rotation rate. When Re00>Rec2, normal force
(or drag) coefficient CN increases monotonically as the
Reynolds number increases. (Figure 3 shows the case for
VQO = 30 m/s.) This will explain why the drag force on a
rotating body in the drop test is greater than that on the model
at rest in the wind tunnel test.2

In view of the rough approximate analysis, qualitative
agreement with the experimental data is encouraging as a
method to predict the maximum rotation rates near critical
Reynolds number.

From the practical point of view, the flat spin will be
prevented by making the boundary layer on the whole surface
of the body turbulent with artificial roughness elements such
as tripping wires.10
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Nomenclature
C, = rolling moment/g^ Sd, rolling moment coefficient
Clp = 3C,/d (pd/2 V^), roll damping coefficient
d = body diameter
M^ = freestream Mach number
p —roll rate, rad/s
q^ = freestream dynamic pressure

Red = Reynolds number based on body diameter
S = ird2 /4, reference area
V^ = freestream velocity

Introduction

DEVELOPMENT of new test techniques and prediction
methods for aerodynamic coefficient estimation to meet

the increasing needs of industry is a well-known feature of
aerospace research and development. It is general practice to
validate these new methods by generating data and comparing
them with other available results on a widely accepted con-
figuration—the so-called calibration model. It is reported1

that the Basic Finner (Fig. 1) has been selected as a standard
configuration for this purpose by the Supersonic Tunnel
Association and AGARD. Consequent to this, experimental
results of aerodynamic coefficients on this configuration is
obviously of general interest. To fulfill this need, Ref. 1
presented wind-tunnel measured pitch damping and stiffness
coefficients on the Basic Finner at M^ = 1.5.

Measurements of roll damping coefficient on the Basic
Finner are reported in Refs. 2-4. These measurements covered
the supersonic speed range. Excepting M(X=0.22 and 0.77,
there does not seem to be any published test data on this
configuration at subsonic and transonic speeds. This Note
presents wind-tunnel roll damping data on the Basic Finner in
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Fig. 1 Basic Finner model.
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