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Nomenclature
y = Magnus (side) force coefficient, F,/qS
= diameter of base of cone, 3.0625 in.
= side force
= model length, 8.68 in.
= spin rate, rad/sec
= dynamic pressure, pV'?/2
= Reynolds number, pVi/u
= reference area, base of cone, nD?/4
= freestream velocity
= angle of attack
= viscosity
= density
= azimuthal angle, see Fig. 1
spin rate, rpm
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Introduction
HE Magnus force and its associated moment are usually
small; however, their effects are important because they act
to undamp the projectile throughout the flight. Theoretical
analyses of the flow over a spinning body at angle of attack
are not sufficiently general in application to be useful for design
purposes. These analyses model the Magnus force as being caused
by spin induced distortion of a fully laminar or fully turbulent
boundary layer. The Magnus force calculated according to this
model is very small. It has been suggested that a more critical
case would be where transition of the boundary layer occurs on
the body. In this case, spin induced distortion would affect the
location of boundary-layer transition as well as the development
of the boundary layer; and would presumably result in a much
larger force. :
Reported here are experimental data that show: 1) the effect
of spin on boundary-layer transition, and 2) the effect of
boundary-layer configuration on the measured Magnus force.

Spin Distortion of Boundary-Layer Transition

Normally, the flow along a model mounted in a wind tunnel
is visible at only two locations on the model surface—the top
and the bottom. Using an offset strut and rolling the model
incrementally about the axis of the strut enables the entire surface
of the model to be viewed. This technique has been applied to
obtain spark shadowgraphs of the flow about the entire circum-
ference of a 10° half-angle cone model. Shadowgraphs were
taken at 15° increments in azimuth. Pictures were obtained both
as the model spun down from a high spin rate and while the
model was held at a constant spin rate. Figure 1 shows the
coordinate system and sign convention used.

The location of boundary-layer transition completely about
the circumference of the cone model was determined from the
spark shadowgraphs. The position of transition was identified as
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Fig. 1 Coordinate
system.
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Fig. 2 Profile of boundary-layer transition about circumference of 10°
cone, M =2, 0 =4°, Re, =597 x10°% o = 0.

the first indication of a change in the appearance of the laminar
boundary layer. This criteria was used because it was easier to
identify in the shadowgraphs than, say, the location of the
boundary layer becoming fully turbulent. No attempt has been
made to relate the location of boundary-layer transition deter-
mined as indicated above with that determined by other
Instrumentation.

An example of the transition data for zero spin, M = 2, o = 4°,
is shown in Fig. 2. The profile obtained with the model spinning
at 20,000 rpm 1s shown in Fig. 3. In these figures, the distance
from the center of the circle to the location of transition
represents the distance on the cone from the tip of the cone
along a ray to the location of boundary-layer transition. The
profile of transition is seen to be displaced in azimuth in the
same direction as the spin. The trends indicated are: 1) transition
is delayed where the spin velocity is in the same direction as the
cross-flow velocity, and 2) transition occurs sooner where the
spin velocity opposes the cross-flow velocity.
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Fig. 3 Profile of boundary-layer transition about circumference of 10°
cone, M =2, x = 4°, Re, = 5.97 x 10°, » = 20,000 rpm, pD/V = 0.31.
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Fig. 4 Magnus force coefficient vs spin rate for cone model comparing

measurements for transitional boundary layers:—M = 2.0, Re, = 1.80 x

10°, laminar boundary layer on wind side, turbulent boundary layer on

lee side - - M = 2.0, Re, = 6.0 x 10°, natural transition to turbulent
boundary layer on model surface.

Force Measurements

Measurements of Magnus force have been obtained using the
strain gage balance technique. Data have been obtained for
tunnel operating conditions duplicating those for the spark
shadowgraphs and, in addition, at lower values of tunnel total
pressure to yield significantly different boundary-layer configura-
tions on the model.

Data are compared in Fig. 4 for different boundary-layer con-
figurations. The solid line represents data obtained at a low value
of tunnel total pressure which resulted in the boundary layer on
the wind-side remaining laminar at the base of the cone while
transition to turbulence occurred on the lee-side near the tip of the
cone. This resulted in a large difference in thickness of the
boundary layer from the wind to the lee-side(d = 0.10 in.: lee;
6 = 0.02 in. : wind). The broken line represents data obtained at
a high value of tunnel total pressure for which natural transition
to turbulence occurred completely about the model surface. It is
seen that the configuration with the greatest difference in
boundary-layer thickness from the wind to the lee-side results in
the largest Magnus force. For the configurations shown, the
Magnus force is changed by a factor of eight by a change in
Reynolds number of only a factor of three.

In Fig. 5, a comparison similar to that in Fig. 4 is made.
The comparison in Fig. 5 is between a boundary-layer tripped
to turbulent by a sand strip placed 1 in. from the tip of the
cone and a boundary layer which remained laminar on the
wind-side. Again, the boundary-layer configuration resulting in
the greatest difference in boundary-layer thickness from the wind
to the lee-side results in the largest Magnus force.

In comparing the measured Magnus force coefficients obtained
in this experiment to those published in Ref. 1, no agreement
either in trend or magnitude is noted for the data at M =2,
Re, =~ 2 x 10°. However, the data from Ref. 1 are in reasonable
agreement with the data of this experiment for M =3,
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Fig. 5 Magnus force coefficient vs spin rate for cone model comparing
measurements for transitional and tripped turbulent boundary layers:—
M =20, Re,=180x10° laminar boundary-layer on wind side,
turbulent boundary-layer on lee side; —— M = 2.0, Re,= 6.1 x 108,
turbulent boundary-layer, boundary layer trip near tip of cone.

Re, = 2% 108. Close agreement for Magnus force between experi-
ments conducted at different test facilities, especially at tunnel
operating conditions which yield laminar or transitional
boundary-layer configurations, should not be expected due to the
extreme sensitivity of the Magnus force to boundary-layer
configuration.
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1. Introduction

HE earliest and simplest model of surface-particle interaction
was proposed by Maxwell.! It has been used extensively
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