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to Ablation
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Introduction

HE injection of gases by ablation or transpiration into
the boundary layers of bodies traveling at high speeds can
influence aerodynamic forces by altering both the skin
friction and the induced pressure due to boundary-layer
displacement effects. Data from flight tests of re-entry
vehicles have indicated the possibility of significant
Magnuslike  side forces due to the combined effects of
ablation, spin, and angle of attack.' There does appear to be
a definite mechanism for such a force. Due to thermal lag, the
rate of ablation on a spinning body at angle of attack would
be higher on one side of the body than on the other. The
difference in the ablation rate on opposite sides of the body
would lead to a difference in the boundary-layer induced
pressure and produce a side force and moment. The side force
in this case would act in a direction opposite to that of a
classical Magnus force,? as illustrated in Fig. 1. Recent in-
terest in the possible effects of ablation-induced side forces on
- re-entry vehicle stability led to an experimental investigation
in the wind-tunnel facilities of the Naval Surface Weapons
Center, White Oak Laboratory. The results of this test
program provide insight into the influence of several im-
portant variables, in addition to establishing the magnitude of
the side force under the chosen set of test conditions.

Experiment

Ablating and nonablating spherically blunted cone models
were tested at Mach 18 in the Naval Surface Weapons Center
Hypervelocity Research Tunnel. Details of the configuration
tested are shown in Fig. 2. Camphor was used as an ablating
material and thin steel model shells were fabricated with a
0.32-cm layer of camphor covering 86.9% of the body length,
as shown in Fig. 2. An aluminum shell was fabricated for the
nonablating model. A steel nosetip was used for the ablating
models as well as the nonablating model to avoid shape
change effects in the region of highest aerodynamic heating.
The static force measurements were made with a 4-component
strain gage force balance which was designed for the test
program and incorporated a mechanism for spinning the
models.

The test procedure used was to spin the model to the desired
rate while bringing the wind-tunnel supply pressure and
temperature to the run condition. During this start-up period,
the model was kept in a retracted position in the test cell of the
open jet wind tunnel. When the run conditions were achieved,
the model was injected into the tunnel flow and force data
were recorded, while the angle of attack was swept at a rate of
roughly 1.5 deg/s up to a maximum value which depended on
the tunnel supply pressure. During most of the ablating model
tests the sweep was halted for a few seconds at 10 and 25 deg
angle of attack to look for possible transient effects. After
completing the data sweep, it was necessary to return the
model to a small angle of attack before retracting it from the
tunnel flow. As a result, the amount of camphor ablated
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Fig.1 Side force due to ablation and spin.

J 31.03

| 24.91
f 21.64

4

STING 2.64 7.62
SUPPORT T

CAMPHOR COATED SHELL/

:

ALL DIMENSIONS IN CM
Fig.2 Sketch of spinning cone model.
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Fig. 3 Comparison of side force data with and without ablation.

during the data sweep could not be determined. Usually, all
the camphor was ablated during the wind-tunnel run and
shutdown process. Observation via a television monitor in-
dicated that the camphor-coated portion of the models
remained fully coated throughout the data sweep. Models
examined after two aborted runs indicated that roughly 20-
30% of the camphor could have ablated prior to the data
sweep as a result of exposure to the low-pressure test cell
environment.

Results and Discussion
The side force data obtained from the wind-tunnel tests are
shown in Figs. 3-5, as plots of yaw force coefficient, Cy (ref.
area = initial base area) vs angle of attack. Data taken during
the pauses in the angle-of-attack sweep at 10 and 25 deg are
indicated by flagged symbols.
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Fig. 4 Comparison of side force data with ablation at different spin
rates.
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Fig. 5 Comparison of side force data with ablation at different
Reynolds numbers.

A comparison of data from the nonablating model tests
with data from one of the ablating model tests is shown in Fig.
3 and a significant side force due to ablation is clearly in-
dicated. The ablating model data also indicate that the side
force is a strong function of the angle of attack—nonlinear up
to about 10 deg and linear at higher angles. In Fig. 4, data
from three tests made with ablating models at different spin
rates are compared. No significant effect of spin rate is seen
over most of the angle-of-attack range; although above 25 deg
angle of attack the side force data for spin rates between 1 and
2.3 rps are significantly lower than the data taken at higher
spin rates. Thus, for camphor ablation at the test conditions
reported here, the side force due to ablation was independent
of spin rate at speeds greater than 1-2 rps for angles of attack
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up to 25 deg. In Fig. 5, data from two tests made at different
Reynolds numbers are compared and show no significant
effect of Reynolds number over the range investigated. It
should be noted that completely laminar boundary layers are
expected over the entire range of test conditions available in
the Hypervelocity Research Tunnel.

The data show the angle-of-attack behavior ot the side
force due to ablation to be very similar to that of the normal
force, and the magnitude of the side force to be roughly 1% of
the normal force. The response of the camphor ablation to
changes in angle of attack was evidently quite rapid since the
data taken at fixed angles of attack do not indicate any large
lag effects. The data for spin rates of 1-2.3 rps definitely
follow a different trend beyond 25 deg but it is not clear
whether this indicates a lag effect or is due to the low spin
rate.

In the wind tunnel, positive angle of attack was nose-up and
the direction of spin was clockwise, looking upstream. The
direction of the observed side force was to the right, looking
upstream, which is in agreement with the qualitative
mechanism for the ablation-induced side force previously
mentioned.

The center of pressure of the side force was also measured
but due to the fact that the force was very small, accurate
results were not obtained. In general, the experimental data
indicate the side force center of pressure to be located 50-60%
of the body length from the nosetip and independent of the
angle of attack.

Normal force and pitch center of pressure measurements
were also made and the results for the ablating models were in
good agreement with those for the nonablating models. The
normal force data were in good agreement with classical
Newtonian flow theory. The center of pressure data for the
ablating models showed small shifts (< 1/2% of body length),
while the angle of attack was held constant at 10 and 25 deg.
These shifts are believed to be due to the effect of shape
change.
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Nomenclature
¢,y =mass and molar concentration, respectively
¢y =fraction of injectant within v, ellipse
g =ratio of x and y dimensions of vy, ellipse
M =ratio of molecular weights of injectant to freestream
M;  =molecular weight of injectant
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