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A Wind-Tunnel Study of Spinning Conical Disk Decelerators
at Mach 4

ANTONI K. JAKUBOWSKI *
Virginia Polytechnic Institute and State University, Blacksburg, Va.

An experimental investigation was made of the aerodynamic torque and drag characteristics of several con-
figurations of rotating conical disk models placed in a supersonic Mach 4 stream. A basic shape of 73° half angle
was used and solid surface configurations as well as “porous” ones were tested. Experiments seem to indicate that
at a given supersonic Mach number, the torque coefficient of a highly porous configuration can be approximately
expressed as a function of a single variable parameter (Reynolds number related to the peripheral velocity) and two
constants which depend on geometry of the disk. For a selected geometric configuration, torque coefficient is
inversely proportional to the porosity of the surface. For solid surface disks, torque increases rapidly when grooves
(or other “deformations™) are present which are oriented in the radial direction. Circumferential grooves or slots
produce only a relatively small torque increase. A suggestion is made about an aerodynamically ‘“‘optimal” network
of a spinning filamentary decelerator. Drag coefficient of rotating disks varies consistently with the degree of
porosity. Within the range of spin rates tested, C;, remained constant, independent of rotation.

Nomenclature

A = reference area (maximum cross-sectional area of disk) mR?

A, = open surface area of disk

A, = total surface of leading side of disk

Cp = drag force coefficient, D/q A

Cy; = aerodynamic drag torque coefficient, M,/( p,/2)w*R®

D = dragforce )

M = freestream Mach number

M ; = aerodynamic torque of conical disk (for porous configuration)
or friction torque on the leading side of disk (for solid
surface configuration)

q, = freestream dynamic pressure

r = radius

R = maximum radius of disk

Re = Reynolds number

s =spin rate parameter, ®R/U

U = freestream velocity )

v = circumferential velocity in boundary layer

z = distance perpendicular to surface
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A = geometric porosity
@ = viscosity

v = kinematic viscosity
p =density

p, = freestream density
v = shearing stress

¢ = half-angle of conical disk
o = angular velocity

Introduction

SPINNING flexible disk has been proposed™? as a
potential entry decelerator which offers many operational
advantages such as large drag area combined with low deceler-
ator weight fraction, effective radiation cooling, improved com-
munication throughout the descent, and a potential for
maneuvering. Such a decelerator can be formed, for instance,
by a rapidly spinning filamentary disk mounted at its center to a
hub on the nose of the capsule and maintained in an erected
position by the centrifugal forces. The energy for the initial
spin-up can be provided by small rocket motors mounted on the
rim of the disk. For missions requiring maneuvering, the
periphery of the disk may be equipped with a number of aero-
dynamic vanes to counteract the aerodynamic friction torque
of the disk.
Aerodynamic analysis of a spinning disk decelerator requires
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knowledge of aerodynamic torque at hypersonic and supersonic
speeds, the effects of porosity, heating distribution in nonaxial
flight and the performance characteristics of rim vanes for
driving torque and flutter suppression. Available literature on
the subject is scarce and deals mainly with the mechanics of the
filamentary disk and its flight dynamics."* The main purpose
of this investigation was to obtain basic characteristics of aero-
dynamic torque of spinning conical disks of several configura-
tions (including nonporous conical-disks) at a supersonic
forward speed. The tests were conducted in an axial flow at
Mach number of 4 and at test section Reynolds numbers around
13.6 x 105/ft. All models had a diameter of 2.75 in. and the
rotation was varied from 600 rpm to 14,500 rpm.

Apparatus

Wind Tunnel and Models

The investigation was performed in the VPI & SU 9x9 in.
supersonic wind tunnel. The tunnel is an intermittent blowdown-
type facility and can be operated at a maximum initial pressure
of about 150 psi. Geometry of the models tested is shown in
Fig. 1 and a view of a model in the test section is shown in
Fig. 2. All models started with a basic conical shape with half-
angle of 73°.1 The size of the smooth, conical nose portion of
the models was determined by design and fabrication con-

Fig. 2 View of a model
in the test section.

+ We assume that during a supersonic phase of deceleration the
half-angle of a flexible spinning disk would be between 70° and 80°.

6°25.7'

1403 dia.
1.263 dia.
1.578 dia.

Fig. 1 Geometry of the disk models
(dimensions are given in inches).

siderations and at the same time it may “simulate” the front
surface of a payload. The porous configurations tested included
a perforated surface and five variations of rotor net-type disks,
where the porosity was varied by varying the number and size
of the spokes. The solid configurations included a smooth
surface (for comparison purposes and to evaluate the effect of
drag force), surfaces with 4 and 8 concentric circular grooves,
and surfaces with 8, 16, and 32 evenly spaced radial grooves.

Instrumentation and Procedure

The models were driven by a precision permanent magnet
d.c. motor made by Globe Industries (type GRP). Spin rate was
varied by regulating the supply voltage. The front and back
parts of the motor were completely redesigned and modified to
accommodate speed and drag measuring units. Speed measuring
unit consisted of an iron gear mounted on the shaft of the motor
and a miniature magnetic pick-up attached to the frame of the
motor. The voltage impulses produced by the rapidly varying
magnetic flux (as the motor is turned on) were amplified and
then counted by an analyzer and stored in its memory. After
each test the memorized data were automatically printed out
giving a very precise record of the angular frequency, w. The
drag force, D, was measured by means of a strain-gauge,
temperature compensated element installed behind the motor
shaft.

The following quantities were recorded continuously during
each run: stagnation pressure and temperature, motor supply
voltage, armature current, spin rate and drag force. Torque
values were obtained graphically by using motor performance
characteristics. The latter were determined experimentally and
were checked several times over the period of experimentation.
The torque required to overcome friction of the motor-balance
system itself, i.e., at no external load, was accounted for in the
calibration. Therefore, the torque values established from the
calibration curves represented the torque produced by the
aerodynamic friction of the model and a possible contribution
due to a drag force. This latter contribution, caused by the
friction in the thrust ball bearing at the aft end of the motor
shaft, was calculated for each run from the magnitude of the
measured drag force (using a “friction coefficient” assumed
equal to 0.0018%) and was found to be very small for most of the
tests (less than 1.5% of the measured aerodynamic torque). In
addition to force measurements, schlieren photographs of
spinning disks were made and used for qualitative examination
of the flowfield past the disks.
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Fig. 3 Torque coefficient vs spin rate parameter; porous surfaces.

Results and Discussion

The results are presented in terms of the following dimension-
less parameters: torque coefficient Cp, = M ,/(p,,/2)0*R>, spin
rate parameter s = wR/U, Reynolds number Re, = wR?/v, and
geometric porosity A = 4,/4,.

Porous Configurations

Figure 3 shows torque coefficient vs spin rate parameter for
porous configurations. As expected, the torque coefficient
changes very rapidly with the degree of porosity and the geo-
metry of the disk. For geometrically similar disks, the torque
coeflicient varies linearly with the porosity. This can be seen in
Fig. 4 where C), is plotted against A for the models with spokes.
The porosity was varied by using different numbers and two
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Fig. 4 Torque coefficient vs geometric porosity; disks with spokes.
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Fig. 5 Torque coefficient vs Reynolds number; porous configurations.

different sizes of the spokes. Geometrical pattern of the surface
has a very strong effect on Cy,. For instance, the perforated disk
and the disk with 24 thick spokes have nearly the same porosity
(0.478 and 0.475, respectively), yet Cy, of the perforated surface
is much larger than Cy, of the 24-spoke model. In the case of a
perforated surface, we may expect that C,, will depend on
factors like the thickness of the disk wall, size and direction of
the holes, etc. The turning moment of a porous disk may be
thought of as resulting from the two main contributions. The
first one, which is increasingly dominant with A, is due to the
momentum drag of the flow through the disk. The second
contribution, which is dominant at low 4, is the friction torque
due to the velocity gradient in the boundary layer on the leading
surface of the disk. The flow along the front surface is due to the
main flow which is identical with the case of a nonspinning
model and due to the centrifugal effects. The particles which
rotate with the boundary layer are thrown outwards owing to
the existence of centrifugal forces. Both abovementioned con-
tributions to the turning moment increase with the angular
velocity w resulting in a rapid increase of torque.

Plotting C,, vs Reynolds number related to penpheral
velocity of the disk, wR?/v, shows that with few exceptions, the
data collected for a particular configuration follow a straight
line on a log-log graph (Fig. 5). Few points that are considerably
off, correspond to low spin rates and may indicate that a linear
presentation breaks down for an extended Rejrange. They
might also indicate the presence of a kind of “fine dependence”
on spin rate parameter. That is that in addition to a dominant
dependence of Cy; on Rey, there may be some independent and
small variation of C, with the spin rate parameter (i.e., at
Re, = const), with an effect becoming significant at very low
rotations. To discuss this effect, the spin rate parameter should
be rather defined in terms of a velocity behind the shock, for
instance, the velocity behind the normal shock. Experimental
verification of this effect would require an independent variation
of w and Re,, which was not possible in this study. Neverthe-
less, at least over a fairly large range of spin rates,¥ a linear
dependence of log C,, vs log Re, can be approximately assumed
suggesting an empirical equation for C,, for any particular
configuration

Cy = b(Re,)*
where a and b are constants readily obtainable from Fig. 5.

1 Spin rates in excess of 0.1 seem to be unrealistic for a decelerator
application.
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Fig. 6 Drag coefficient vs geometric porosity.

This formula expresses the torque coefficient (at a given Mach
number) as a function of a single variable parameter, Reynolds
number of the disk. The constant “a” depends primarily on the
geometrical pattern of the disk while the constant “b” is deter-
mined mostly by the porosity 1. For the cases investigated here,
the approximate values of the constants 4 and b are given in
Table 1.

Table 1 Constants ¢ and b for the tested disks

a b
Perforated disk -1.77 1.2x 10%°
Disks with thick spokes —1.13 1.8 x 10%-1.1 x 107
Disks with thin spokes —1.08 3.3x10°

Drag measurements are presented in Fig. 6 as a function of
porosity A In a broad sense, the same geometric factors which
increase the turning moment, also increase the drag for a
configuration of not a very low porosity; hence, some general
similarity can be observed between the trends shown in Figs. 4
and 6. However, when the moment coefficient depends strongly
on rotation, the drag coefficient was found to be nearly constant,
independent of w. The drag coefficient was dominated by the
geometric porosity A. The perforated disk and the one with
24 thick spokes differed radically in geometrical arrangement of
the surface, yet the difference in Cj, is relatively small, as both
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Fig. 7 Torque coefficient vs spin rate parameter; solid wall disks.
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Fig. 8 “Optimal” network of the filamentary disk.

configurations have almost identical A. If we take into account
that the effective porosity of the perforated model was actually
lower due to limited effectiveness of the small holes close to the
center of the model, then the difference in Cp, becomes even less
significant. .

Solid Configurations

Figure 7 presents Cy, vs @R/U for the solid disk models. For
a solid configuration, the flow separation occurs at the edge of
the disk and the “‘stagnant™ gas behind the disk partly rotates
with the disk and contributes very little to the torque. Any such
contribution may be, at least to the first approximation,
omitted. The torque of a rotating disk is closely related to
parameters of the boundary layer on the leading surface. These
parameters depend strongly on the rotation @ and, of course,
on the facial configuration of the surface. The torque can be
written as

M, = —(Qn/sing) f; v,or*dr,

where 7,4 = u(dv/0z2), denotes the circumferential component of
the shearing stress. With circumferential grooves, (dv/0z), is
affected only indirectly, through an influence of the grooves on
the radial flow of the boundary layer. This results in a relatively
small increase of the friction torque when compared with a
smooth surface. Conversely, radial grooves, which are per-
pendicular to v, affect the velocity gradient (dv/9z), directly (and
very strongly). Therefore, the corresponding values of C,, in-
crease rapidly, approximately in proportion to the number of
grooves. It is reasonable to expect that any facial deformations
arranged in the circumferential direction (radial slots, channels,
grooves, etc.) will result in a higher increase of the torque than
that obtained with similar perturbations oriented radially.
Since the same trend must take place for porous surfaces, we
may formulate some suggestions concerning an aerodynamically
desirable network configuration of a spinning filamentary
decelerator. As the contribution to the torque of a ring element
increases with a distance from the center, hence an optimal
network should consist of fiber paths becoming increasingly
circumferential oriented as they approach the outer diameter
(Fig. 8).

In this investigation the measurements taken for solid
grooved disks were carried out over a relatively narrow range
of spin rate. Consequently, not enough data were collected
to present torque coefficient as a function of Reynolds number.
The drag coefficient of solid surface disks was constant, in-
dependent of rotation. This result is connected with the fact that
separation occurs at the edge of the disk and is unaffected by the
rotary motion. At very high spin rates, however, a small drag
increase may be expected due to an increase of skin friction and
possibly due to a slight decrease in base pressure (as a result of
the centrifugal effects).
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Conclusions

A wind-tunnel investigation of the flowfield and torque
characteristics of several spinning disk models at M =4 in-
dicated conclusions as follows:

1) The torque coefficient for porous configurations decreases
parabolically with angular velocity at rates depending on the
geometry of the surface. For a given Mach number and over a
fairly large range of angular velocity, Cy, can be approximately
expressed as a function of a single variable parameter, Reynolds
number related to the peripheral velocity of the disk. This
dependence takes the form Cy = b(Re,)?, where a and b are
constants which depend on the geometry of the disk. For a
selected geometric configuration, C,, is inversely proportional
to the surface porosity.

2) For solid wall disks, torque increases rapidly due to any
facial deformations (deformations from a smooth surface)
arranged in the circumferential direction (for instance radial
grooves, slots, etc.) and is roughly proportional to the total
number of these deformations on the surface (assuming the
deformations are of the same shape). Radially oriented per-
turbations (i.e., circumferential grooves, slots, etc.) produce
relatively low torque increase. Since the same trend must take
place for porous surfaces, hence a low-torque configuration of a
spinning filamentary decelerator should consist of fibers whose
paths become increasingly circumferential oriented as they
approach the outer diameter. A disk with such a network may
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have a relatively low torque, while retaining high drag and
radiation cooling capabilities. At the same time, this pattern
appears to be compatible with the uniform stress requirements
for the disk (isotensoid disk). It may also provide a good
support for components and objects to be mounted around the
periphery of the disk (small rocket motors, vanes, etc.).

3) Drag measurements indicate that for a given cone angle
of a porous disk, Cp, depends mainly on the geometric porosity
and only to a small degree on the geometric pattern of the sur-
face (at least as long as the “‘mesh size” is of the same order).
The drag coefficient of any given configuration remained
approximately constant, independent of rotation employed in
these experiments.
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