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Ballistic Range Tests of Ablating and Nonablating Slender Cones

Perer F. InTrRIERL* Donn B. Kirg,* Gary T. Cuapman,t anp James E. TErRrYI
NASA Ames Research Center, Moffett Field, Calif.

The feasibility of using a ballistic range to study effects of ablation on the aerodynamic
characteristics of slender cones is discussed. Calculations indicate that with the proper
choice of test conditions, models made of realistic heat-shield type materials can achieve
near steady-state ablation over their entire conical surface early in the flight. A series of
ballistic range tests of ablating and nonablating 10° cones is described and experimental data
consisting of drag, static and dynamie stability, and lift are presented. The experimental data
show that ablation significantly reduces the drag and static stability but has little effect on
dynamie stability and lift. Calculations show that the measured reduction in drag coeffi-
cient can be attributed to the loss in skin friction due to ablation, but that this loss in skin
friction accounts for only about one third of the measured reduction in statie stability. Simi-
lar conclusions are obtained when the same calculations are applied to wind-tunnel ablation
data (paradichlorobenzene models). Finally, it is shown that the angular motions of the
ablating models are markedly different from and less regular than those of the nonablating

models.
Nomenclature e =cl'y+ L .
n,me = damping exponents in Eq. (3)
A = reference area (model base area) ] = angular displacement measured in the zz plane
Cp = drag coefficient, A = wavelength of pitching oscillation
Cra = lift~curve slope £ = dynamic stability parameter for unpowered 8ight
C10,Cyo = lift and side force coefficients at zero angle of at constant altitude
attack p = freestream air density
C, = quasi-linear pitching-moment curve slope Po = earth sea-level density
Chng, = pitching-moment curve slope due to longitudinal pm = material density
skin friction o = resultant angle of attack, tan=' (tan?a + tan?g)i/2
Cuny 4 Cumy = damping-in-pitch derivative, 0Cn/0(qd/V) -+ #m = average maximum resultant angle of attack
C,,/d(ad/V) oms = root~-mean-square resultant angle of attack,
c = specific heat L (2 oy 1z
d = reference length (model base diameter) z j:) oer
Iy = moment of inertia about a transverse axis through " = angular displacement measured in the y plane
the center of gravity wiwe = rates of rotation of vectors that describe the model
K = thermal conductivity oscillatory motion in Eq. (3)
L = latent heat of vaporization wd/V = reduced frequency parameter
l = model length
M = Mach number
mn = model mass Introduction
" = total mass loss rate
m/eVA = ablation parameter (steady state) T has been recognized for several years that ablation of the
p = ;‘;ﬂ élatre qlzo}?trlax1zlc;fcistymmetry of model heat shield could significantly affect the aerodynamic
%36 = Regyrn(?ldls)ln(;x;t;ge: basedy on freestream conditions chargcteristics of slender cones. A n umbe.r of experimen‘yal
and model length studies have been conducted in various wind tunnels to in-
. = model base radius vestigate this phenomenon. However, since the heating en-
P = nose radius vironment available in most wind tunnels is not sufficiently
T, = Tar — T severe to attain ablation of actual heat-shield materials, the
T ant = ablation temperature ablation process has been simulated either by injecting gas
T, = initial temperature through a porous skin of a model or by coating the model
Tinel = melting temperature with a low-temperature subliming material. These two simu-
¢ = time . lation techniques have not, for the most part, led to the same
14 = freestream velocity . L ol
M — distance fown conclusions. This is due b(?th to afzt‘ualtdlfferences betwgen
Tog — axial distance from model nose to center of gravity the_two processes, and to failure in identifying and matching
y = horizontal coordinate normal to the flight path all important parameters.
2 = coordinate normal to the flight path and y axis The first such investigation was conducted by Syvertson
a = angle of attack (in the vertical plane) and MeDevitt,'? who injected gas uniformly through the
a* = transpiration effectiveness parameter for laminar skin of a slender porous cone. They found decreases in both
boundary layer ) normal force and pitching moment that became more pro-
B = angle of sideslip (in the horizontal plane) nounced as they increased the mass injection. This signifi-
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cant result caused others to attempt a closer look at actual
ablation. Chrusciel and Chang® coated slender conical
models with subliming materials (paradichlorobenzene and
ammonium chloride) and tested the configurations in a wind
tunnel. For their range of conditions, normal force was un-
affected, but the moment curve slope decreased. Many other
investigations along these lines have been made (see, for
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example, Refs. 4-17). All have been in wind tunnels and
most have used either mass injection or materials that readily
ablate.

Ballistic range tests could offer some important advantages
in determining the aerodynamic characteristics of ablating
bodies. First, they could provide a good approximation of the
aerothermodynamic environment of ablating entry vehicles.
Models made of realistic heat-shield-type materials would
undergo ablation in very nearly the same way as in full-scale
flight; e.g., for a laminar boundary layer the imposed heating
rate and hence the local mass loss rate vary inversely with
the square root of distance from the nose. Secondly, with
the models in free flight, the aerodynamic coefficients could
be studied without support interference effects. And thirdly,
there would be complete freedom for effects of model osciila-
tion on the ablation processes to act.

The feasibility of using a ballistic range to study the effects
of ablation has been considered in Ref. 18. The theoretical
study presented therein shows that, by a proper choice of test
conditions and model material, near steady-state ablation
rates can be achieved over the entire conical surface of a
model early in its flight. In the present paper, the experi-
mental aerodynamic characteristics obtained from ballistic
range tests of both ablating and nonablating slender cones
are presented.

Predicted Test Conditions for Ablation

In the design of a ballistic range test of an ablating body,
the following factors must be considered. 1) The ablation
parameter (r/pV A) should be within the range where other
investigations indicate an effect of ablation on aerodynamic
characteristics in order that meaningful comparisons may be
made. This parameter is the ratio of the mass loss rate of
ablation products to the freestream mass flow through area A
(model base area). 2) Near steady-state ablation over the
entire model surface should be achieved early in the flight.
3) The geometry of the configuration should not change
significantly during the flight.

Each of these factors has been considered for cones, and
the methods of calculation, which assume a subliming abla-
tor, are described in Ref. 18. The caleulations were per-
formed for the plastics Delrin, Teflon, and Lexan. These
materials were chosen because they are representative of
realistic heat-shield-type materials, and they are sufficiently
strong to be considered for gun launching in a ballistic range.
The most reliable material properties the authors were able
to determine for these three materials are listed in Table 1.

The results of these calculations for a Delrin model (10°
half-angle cone, 2.54 ¢m long) after 15 m of flight are shown
in Fig. 1. In this figure, model velocity is plotted versus the
ratio of freestream density to earth sea level density, and lines
of constant m/pVA and percent of steady-state ablation
achieved at the most aft point on the cone are shown. A
curve showing constant Reynolds number conditions is also
indicated. To give an example of what is shown here, con-
sider tests at a velocity of 6 km/sec at a density ratio of 0.2.

Table 1 Material properties

Property Delrin Teflon Lexan
¢, cal/g °K 0.306 Ref. 27 0.3 Rei. 30 0.3 Ref. 29
K, cal/sec cm 6.62 X Ref. 29 5.79 X Ref. 29 4.55 X Ref. 29
°K 10— 10— 10-¢
L, cal/g 789 Ref. 27 382 Ref. 30 1110 Ref. 28
Tty °K 493 Ref. 27 760 Ref. 30 554 4
T °K 293 < 293 ¢ 293 c
Terr, °K 445 Ref. 27 Sublimes 528 Ref. 29
a* ND 0.34 Ref. 28 0.26 Ref. 19 0.40 Ref. 28
¢, cal/g 850 Ref. 27 522 Ref. 30 1190 Ref. 28
pm, g/CmB 1.43 a 2.15 Ref. 29 1.20 a

@ Value measured by authors.
5 5% above Tment (assumed).
¢ Assumed value,
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Fig. 1 Test conditions for ablation of a 10° Delrin coue;
l=254cm,x = 15m.

If the model flew at these test conditions for infinite time, it
would achieve an ablation rate, m/pV A, of 0.01. However,
it is seen that after only 15 m of flight it has achieved approxi-
mately 95% of this steady-state ablation rate.

Somewhat arbitrary decisions must now be made concern-
ing the minimum ablation rate that would yield meaningful
results. Other investigations have indicated that values of
m/pVA of about 0.01 or greater can significantly affect the
aerodynamic characteristics of slender cones. Therefore,
for useful ballistic range tests a value of m/pV A of about this
magnitude should be achieved early in the trajectory and
should not change greatly during the remainder of the flight.
With this in mind, it was stipulated that the steady-state
value of m/pVA must exceed 0.015; furthermore, the local
mass loss rate at the model base station must exceed 809,
of its steady-state value within the first 15 m of flight. Thus
the value of m/pVA actually attained is above 0.012 from
15m to the end of the range.

In order to obtain valid aerodynamic coefficients there
should be at least 14 cyeles of model motion observed. How-
ever, the frequency of oscillation should not be so high that
the motion is poorly defined. These two factors, in combina-
tion with the number of data stations in the particular range
to be used and the particular model design chosen, determine
the minimum and maximum freestream density for the tests.
The shaded region in Fig. 1 gives the test boundaries deter-
mined in this manner for the Ames Pressurized Ballistic
Range. Under these criteria, it is noted that velocities
greater than 4.9 km/sec are necessary to achieve the desired
results.

The test region shown in Fig. 1 also has an upper bound
dictated by too large a change in the model geometry. How-
ever, calculations of both nose and surface recession indicated
that this is not a significant consideration within the shaded
region. ‘

It was also shown!® that, of the three materials considered
(Teflon, Delrin, and Lexan), it is advantageous to use
Delrin as the model material since it achieves a given abla-
tion rate at the lowest velocity. The desirable testing regime
(with boundaries as defined previously) for each of these ma-
terials is compared in Fig. 2 and the decided advantage in
testing Delrin models is obvious.

Ballistic Range Tests
Facility

The tests were performed by launching models from a gun
into the Ames Pressurized Ballistic Range. This facility is a
cylindrical tank about 3 m in diameter which can be pres-
surized or evacuated. There are 24 orthogonal spark shadow-
graph stations irregularly spaced over the 62-m length of the-
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Fig. 2 Effect of model material on test conditions for
ablation; 10° comne, I = 2.54 cm, x = 15 m.

facility, providing shadowgraph pictures from which z, y,
z, 0, and ¥ coordinates were read (the roll angle, and hence
roll rate, could not be measured for these tests). The linear
coordinates were measured to within 0.007 em, and the angles
to within 0.5°. The orientation angles 6 and ¥ were read
relative to earth fixed axes. Corrections were made for the
angle between the resultant model velocity and the earth
fixed axes to give values of o and 8. Time of model flight
between stations was recorded with electronic chronographs
accurate to within 2 usec.

The tests described here are the highest speed tests (5.6
km/sec) ever made in this particular facility. For most con-
figurations at these speeds, radiation from the model shock
layer and wake is intense enough to completely fog the
photographic film. However, for the slender cones being
considered, this was not a serious problem, but a sabot stripper
was required to prevent the sabot fingers from entering the
range and badly fogging the film.

Gun

The models were launched from a deformable-piston light-
gas gun®® having a bore diameter of 1.27 em. Successful
launches were made at muzzle velocities between 5.0 and 5.6
km/sec into still air at a density ratio of 0.04. This is within
the desired testing region shown in Fig. 1, i.e., m/pVA =
0.02 and percent of steady-state ablation (at the model base
station ) ~ 80%. Because of the fairly heavy weights being
launched (model + sabot - pusher ~ 5 g), the gun was
operated near its maximum capability.

Models and Sabots

Sketches of the models and sabots used in the present tests
are shown in Fig. 3. The models were 10° half-angle cones
and were hollowed out at the base to make them aerodynami-
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Fig. 3 Sketches of models and sabots.
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cally stable. For the ablation tests, the models were made of
Delrin. Because these models were so fragile, it was neces-
sary to fully encapsulate them with the sabot fingers and to
fill the void in the model base, during launch, with a plug.
The four sabot fingers were made of Lexan because it is both
stronger and ligher than Delrin, although it radiates more in-
tensely in high-speed flight. Successful flights were also
made with nonablating metal models at the same conditions
as the ablation tests (i.e., V ~ 5 km/sec, p/py ~ 0.04). Since
it was known from previous experience that aluminum
burned at these conditions, the noses of these models were
made of tantalum, which prevented significant nose blunting.
The tantalum tips were 0.20] long and were threaded into
aluminum aftersections. These models had the same center
of gravity location as the Delrin models.

Typical shadowgraphs of both an ablating and a nonablat-
ng model at the last observation station (no. 24) after 67 m
of flight are presented in Figs. 4a and 4b, respectively.
‘These shadowgraphs are not as clear as would be obtained at
lower velocities where the facility shadowgraph system was
designed to operate. Because of the high velocities, it can be
seen that the images of the models are somewhat blurred ;
also, the low contrast evident in these pictures is due to some
fogging of the film from model and flowfield radiation. The
pictures show that the flow over both the ablating and non-
ablating models is laminar well into the wake; the wake re-
mained laminar for the entire length observed in the original
shadowgraphs (about 16 model lengths). It can also be seen
in Fig. 4 that as a result of the mass addition into the
boundary layer, due to ablation, the diameter of the wake of
the ablating model is significantly greater than that of the non-
ablating model, by about 35% at a distance of 5 model
lengths behind the model base. Careful measurements made
from many of the best shadowgraphs obtained (similar to
those presented in Fig. 4) indicated no large or systematic
thickening of the flowfield around the model due to ablation.
At a given resultant angle of attack and with comparable
values of r,/r, any difference in the angle and/or standoff
distance of the bow shock wave between the ablating and
nonablating models was less than the reading accuracy. The
shock wave angle shown in Fig. 4a is greater than that in
Fig. 4b due to the larger resultant angle of attack. It should
also be noted in Fig. 4 that the amount of nose blunting ob-
tained during flight is tolerable and approximately the same
in both cases (the maximum nose bluntness, 7./, obtained
at the end of the flights was in the range of 0.04 to 0.07).

Reduction of Data

The data reduction techniques used to deduce the aerc-
dynamic coefficients of drag, lift, and static and dynamic

a) Ablating Delrin model; « B 5.65°)

b) Nonablating metal model; o« = 0.46° (3 = 1.32°)

Fig. 4 Shadowgraphs of models; V = 5 km/sec, p/py =
0.04, x = 67 m.
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stability from free-flight data at the Hypersonic Free-Flight
Branch of the Ames Research Center are presented in Ref. 20.
In this section it will be necessary to present only the basic
equations used and a brief description of these techniques.

Drag

Drag coefficients were obtained directly from the flight
time and distance measurements by the method presented in
Ref. 20, which assumes a constant drag coefficient.. The equa-
tion relating time and distance can be written®

t=1t, — (1/V.kCp) + (e¥p=/V,kCp) ey

where V, and ¢, are velocity and time at ¢ = 0 and k =
pA/2m. The parameters Cp, Vo, and t, are determined which
give the “best fit” to the measured values of x and ¢{. A
method applicable to cases where the drag coefficient varies
with angle of attack is presented in Ref. 22. It is shown
therein that if the drag coefficient varies with the resultant
angle of attack according to the relation

Cp = Cp, + Cpo? (2)

then the effective drag coefficient obtained from Eq. (1) is
the drag coefficient that would be obtained at a constant
angle of attack equal to the root-mean-square resultant angle
of attack of a given flight. The present results were found
to be represented adequately by Eq. (2), as will be shown.

Static and Dynamic Stability Derivatives

The stability derivatives were determined from analysis of
the pitching and yawing motions experienced by the models
during free flight. The analysis consisted in fitting the follow-
ing well known tricyeclic equation, derived by Nicolaides,? to
the measurements of « and 8 of each flight:

B -+ o = Ke (n1+4-twidy + KZe(nz—iwg)x + Kyeir= (3)

where 71,2 and w;.2 are functions of the aerodynamic stability
coeflicients and Kj,»,3 are functions of the initial conditions.
The most important assumptions inherent in this equation
are linear aerodynamics, small angles of attack, constant roll
rate, and small asymmetries. In the present analysis it was
further assumed that the Magnus moment was zero. A least
squares procedure using differential corrections was used to
determine optimum values of the constants.

The static and dynamic stability parameters are related to
the constants in Eq. (3) as follows. The wavelength of the
oscillation is given by

A = 21/ (e V2 “4)

The quasi-linear pitching-moment curve slope, C,, i3 com-
puted from the relation

Co, = —8mH,/NpAd (5)
The dynamie stability parameter, £, defined as
£E=0Cp — Cr, + (md*/1,) (Cmq + Cm&) (6)

is determined from the constants 7, and 7. by means of the
relation

&= (m+ n)/(pd/2m) @

It has been shown24% that £ is a measure of the dynamic
stability of a vehicle both in unpowered flight at constant
altitude and in ballistic entry.

Lift

An effective lift-curve slope, Cr,, was obtained for each
flight by analyzing the swerving motion of the model, in con-
junction with the oscillatory motion of the model given by
Eq. 3). A modified form of Nicolaides’ equation? is fitted
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Fig. 5 Drag data, M =~ 15, Re = 0.4 X 10°.

by the method of least squares to the measured displacement
data y and z. The equation used is

. A z .
y+iz=— ;)Tn {CLa fo fo (B + ta)dzdz + (C,, +

1+ ipx — e7*

iCz,) X < e )} + @l + iE + e + 2)

®)

The constants C, and Cr, are necessary to account for small
model asymmetries. For a body of revolution they should be
identically zero.

Experimental Results

Drag Characteristics

Experimental data were obtained at a nominal Mach num-
ber of 15 and a nominal Reynolds number based on model
length of 0.4 million. As stated previously, at these test
conditions the flow over the model was laminar. In Fig. 5,
the experimental values of drag coefficient are plotted versus
the mean-square resultant angle of attack (orms)? and it can
be seen that straight lines correlate the data, consistent with
Eq. (2). Comparison of the data from the ablating and non-
ablating models shows that for the angle-of-attack range in-
vestigated, ablation reduced the drag coefficient by about
0.03, approximately 25% at & = 0°, Calculated components
of the drag coeflicient shown in this figure (i.e., wave drag,
skin friction, base drag, viscous interaction) were made for
a = 0° assuming both zero ablation and steady-state abla-
tion. The required heat-transfer and skin-friction calcula-
tions depended heavily on the boundary-layer program de-
scribed in Ref. 26 modified to include blowing at the wall.
The important thing to note in Fig. 5 is that the calculated
drag coefficient assuming zero ablation was 0.115, while that
assuming steady-state ablation was 0.088. These values are
seen to be in excellent agreement with those obtained by
extrapolation of the experimental data to & = 0°. The dif-
ference in drag coefficient between the ablating and non-
ablating models is primarily attributable to the large reduc-
tion in skin frietion (about 75%) due to ablation. Since the
caleulation assuming steady-state ablation is nearly identical
with the experimental result, it seems likely that the test
conditions did result in a high fraction of steady-state abla-
tion, as predicted in Fig. 1.§ Another factor tending to sub-
stantiate the ablation rate calculations is that no significant
difference in drag coefficient could be detected between the
earliest portion and the final portion of the observed trajec-

§ Because of the high heating rates and relatively low model
surface pressure (approximately one-third of an atmosphere), it
is probable that sublimation accounted for most of the mass re-
moval in the present tests.
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b) Ablating models

Fig. 6 Typical angular motions of models.

tory; 1i.e., near steady-state ablation was achieved early in
the flight; hence no significant increase occurred with dis-
tance flown. The percent of steady-state ablation rate
achieved at the model base station was estimated!® to be
about 809 after 15 m of flight and about 909, at the end
of the flight (67 m), an increase of only about 109%,.

Model Motions

As previously discussed, lift and stability coefficients are
obtained from analysis of the oscillatory and swerving mo-
tions of models in free flight. One of the most interesting re-
sults of the present tests was the model motions themselves.
This is illustrated in Fig. 6, which shows some of the angular
orientation histories for both nonablating and ablating
models. In this figure the angle of attack, «, is plotted versus
the angle of sideslip, 8; the circles show the measured data
and the lines are hand fairings of these data. It can be seen
that about 24 cycles of model motion were obtained for each
flight of both the nonablating and ablating models and that
about 7 or 8 values of @ and 3 per cycle were obtained to de-
fine the motion. This number of cycles and data points per
cycle are usually sufficient to obtain reliable aerodynamic
coefficients.

2.0 -
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Fig. 7 Lift data, M =~ 15, Re = 0.4 X 10°%
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As indicated in Fig. 6a, all the motions obtained for the
nonablating models were similar in appearance. The mo-
tions are seen to be nearly planar with little roll, a type of
motion frequently obtained in ballistic ranges. Conversely,
some of the motions obtained for the ablating models (Fig.
6b) were very irregular. For these motions the character of
each cycle is not repeated and the excursions seem almost
random. The reasons for the marked effect of ablation on
some of the motions are not known. It is conceivable that
such factors as small imperfections in the plastic or un-
symmetrical tip blunting could, when coupled with ablation,
produce variable roll rates, trim angles, etc. which would af-
fect the motions. These effects would probably be more
pronounced for small models. .

Theoretical motions are obtained by fitting Eq. (3) to the
experimental «,3 data. The closeness of the theoretical mo-
tions to the experimental data is a measure of the reliability
of both the lift and stability results. The fitted curves for all
the flights of nonablating models and most of the flights of
ablating models analyzed in this investigation gave a stan-
dard deviation that was within the stated measuring aceuracy.
However, Eq. (3) could not provide a fit to the experimental
data of several flights of ablating models (instead of converg-
ing, the solution diverged). Hence, no experimental aero-
dynamic coefficients could be deduced from these flights. It
is believed that ablation so highly influenced these motions
that Eq. (3) was not applicable.

Lift Characteristics

The experimental values of the lift-curve slope, Crq, are
plotted in Fig. 7 vs the average maximum resultant angle of
attack. Comparison of the data with and without ablation
shows that ablation has only a small effect on lift. The non-
ablation data show that Cr, decreases slightly with increas-
ing angle of attack, and that the value of Cy obtained by
extrapolation of these experimental data to @ = 0° is in good
agreement with the value predicted by conical flow theory.
Since the experimental values of Cr, are plotted versus an
average angle of attack, comparison of these data with values
obtained from theory is not justified at angles of attack other
than zero; however, it should be noted that Newtonian theory
predicts a similar nonlinear variation of Cr, with angle of
attack. The data in Fig. 7 show that the ablating cones de-
veloped about 59, less lift, for the most part, than the non-
ablating cones. The ablation data also appear to be more
linear within the angle-of-attack range covered. It is noted
in this figure that the ablation data show relatively large
scatter. This might be expected considering some of the
uncommon motions (Fig. 6b) obtained for the ablating
models.

Dynamic Stability Characteristics

The experimental values of the dynamic-stability param-
eter, £, as defined by Eq. (6), are plotted in Fig. 8 vs the aver-
age maximum resultant angle of attack. These data show
that at the present test conditions both the nonablating and
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Fig. 8 Dynamic stability data (¢); M = 15, Re = 04 X
105, x,/1 = 0.662, wd/V =~ 0.003.
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ablating models are dynamically stable and that ablation
has no major effect on the dynamie stability; for most of the
angle-of-attack range covered, ablation appears to reduce the
dynamic stability a moderate amount.T It should be noted
here that a value of £ of —10 is equivalent to a convergence
of about 159, per cycle for the present test conditions. The
data in Fig. 8 also show that Newtonian theory predicts less
dynamic stability than is actually obtained. Careful exami-
nation of the data suggest the following additional observa-
tions.

1) The dynamic stability data obtained for the nonablat-
ing models at angles of attack above 6° show little scatter.
An error analysis of these data showed that the scatter in £
should be about =+0.5, approximately the scatter obtained.
It is indicated, therefore, that although only one value of £
was obtained below a &, of 6°, the dynamic stability of the
nonablating models is reduced in this low-angle-of-attack
range. Thisis in qualitative agreement with the experimental
results presented in Ref. 5.

2) The error analysis for the ablation data showed that the
scatter should be less than that for the nonablation data; it
can be seen, however, that this scatter is relatively large. It
is indicated then that this scatter is real and probably due to
varying effects of ablation from flight to flight and possibly
within each flight. These varying effects of ablation could be
caused by differences in model roll rate, initial orientation, and
initial tip geometry, among other things.

3) Finally, within the scatter it appears that the dynamic
stability of the ablating models is essentially independent of
- angle of attack for the angle-of-attack range covered by the
present tests.

The experimental values of the damping-in-pitch deriva-
tive (Cm, + Cng), calculated using Eq. (6), are presented in
Fig. 9. The experimental values of £ Cp, and Cr, obtained
in the present tests were used to perform the calculations.
These data lead to the same conclusions as those stated in
relation to Fig. 8.

Static Stability Characteristics

The experimental values of the pitching-moment curve
slope, C,.«, are plotted in Fig. 10 vs the average maximum re-
sultant angle of attack. Comparison of the data with and
without ablation shows that ablation reduces the static sta-
bility appreciably, by about 35%. Since the experimental
data presented in Fig. 7 showed little effect of ablation on
lift, the difference in static stability must be due to a dif-
ference in center-of-pressure location between the ablating
and nonablating models. It is most interesting, however, to
note in Fig. 10 that the static stability of the ablating models
is in good agreement with that predicted by conical flow
theory (also Newtonian theory) at zero angle of attack, and
that the static stability of the nonablating models is greater

T Other investigations have shown high sensitivity in the
dynamic stability of slender cones depending on test conditions;
both large increases®® and large decreases®” in the dynamic sta-
bility due to simulated ablation have been noted.

AVERAGE MAXIMUM RESULTANT ANGLE OF ATTACK, de

@«

Fig. 10 Static stability data; M = 15, Re =~ 0.4 X 105,
x59/1 = 0.662,

than that predicted by theory by about 509.** This
important result is strong experimental evidence that a siza-
ble moment producing mechanism(s) which is not adequately
accounted for in conical low or Newtonian theory is present
in the nonablation data; furthermore, this mechanism is
either removed or its effect on static stability is greatly
diminished when the model surface ablates. One such
mechanism is skin friction.

A relatively simple estimate of the moment contribution
due to longitudinal skin friction was made by caleulating the
skin friction on the top and bottom rays of a cone at a small
angle of attack. A cosine variation was assumed between
these rays and the skin-friction results of Ref. 26 were used
in the calculations. The results of these calculations for a
10° half-angle cone at M = 15, Re = 0.4 X 108 and a wall
temperature of 300°K showed that the restoring moment due
to longitudinal skin friction, Cry,, was about —0.025 (stati-
cally stabilizing). It can be seen by comparison with the data
presented in Fig. 10 that this constitutes only about one-
third of the difference between the experimental nonablation
data and conical flow theory.tt The remainder might be
accounted for by the crossflow skin-friction effects that would
also diminish with ablation; however, these calculations must
account for the complete three-dimensionality of the flow
and have not been performed. Further research is warranted
in this area.

It should be noted in relation to Fig. 10 that the large per-
centage difference in C., between the nonablation data and
conical flow theory it due to the small static margin of the
models tested (about 0.0250). Tests with models having large
static margins (such as those generally used in wind-tunnel
tests) would obscure this difference and indicate that the
static stability of slender cones is more closely predicted by
conical flow (or Newtonian) theory.

As in the case of the lift and dynamic stability data for the
ablating models (Figs. 7-9), the static stability data with
ablation in Fig. 10 also show relatively large scatter, which
again is not expected. As stated earlier, this scatter is proba-
bly due to varying effects of ablation from flight to flight.

Concluding Remarks

Results of ablation rate calculations have shown the test
conditions considered likely to yield aerodynamic data on
ablating plastic models in a ballistic range. A series of ballis-
tic range tests of ablating Delrin cones (#2/pVA = 0.02) and

** Results presented in Ref. 3 for a 9° cone coated with para-
dichlorobenzene show these same two effects, although com-
parison with either conical flow or Newtonian theory is not
made.

11 A similar calculation was made for the model and test condi-
tions of Ref. 3, namely, a 9° half angle cone at M = 10, Re =
0.15 X 108, and a wall temperature of 300°K. The results
showed that the value of Cp,, for this case was —0.036, which is
again about one-third of the difference between the value of
C g measured in Ref. 3 for a nonablating model (—0.39) and the
value of C, predicted by conical flow theory (—0.27).
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nonablating metal cones was described. It was found that
for the angle-of-attack range investigated, ablation reduced
the drag coeflicient by about 0.03 (approximately 25% at zero
angle of attack), which is in excellent agreement with calcula-
tions assuming steady-state ablation. This difference 1is
attributable to a 759, decrease in skin friction due to ablation.
It was also found that ablation reduced the static stability by
about 35% at angles of attack up to about 10°; calculations
indicate that the loss of skin friction accounts for only about
one-third of this measured reduction. Conical flow theory
(also Newtonian theory) underpredicts the static stability of
the nonablating cones by about 35%); hence this estimate is
in good agreement with the static stability measured for the
ablating cones. The experimental data show further that
both the nonablating and ablating models are statically and
dynamically stable at the present test coditions and that
ablation has little effect on the dynamic stability and Iift.
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