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for certain vertex angles minimum drag occurs in the case of n
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Introduction

Numerical simulations of the pressure drag in a su-
personic ow over a blunted circular cone of base ra-
dius, R, blunt face radius, r, and a range of semi-vertex
angles yield the results summarized in Figure 1. For
certain vertex angles, the drag exhibits a minimum for
a blunted, rather than sharp forebody geometry. This
result, obtained by Euler computations, is con rmed
by Navier-Stokes simulations at a Reynolds number of
270,000 performed in selected cases. The latter show
that the frictional drag contribution to the total drag
is negligible.

In general, this drag decrease phenomenon was
noted by Krasnov [1]. However, experimental valida-
tion was sought for a geometry with a 40 semi-vertex
angle and a 2.25 inch base diameter. The bluntness
ratio (de ned as r=R) was increased in increments of
0.1 starting with the sharp cone. The drag force was
measured in dry air with a Mach 2.3 freestream using
a Ludwieg Tube. The drag data were obtained using
a semiconductor load-cell balance and was recorded
during an 80 ms window of steady test section ow.
A drag minimum was observed at a bluntness ratio of
0.4.

Schlieren images of the ow show the progression
of the shock structure from an attached oblique bow
shock in the sharp con guration to a detached bow
shock with a locally normal region near the centerline
of the body in the blunted cases. Additionally, the
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appearance of a recompression shock is observed.
The experiment con rms the unusual behavior of
the drag. These results have potential applications in
the design of axisymmetric components of supersonic
and hypersonic ight and atmospheric reentry vehicles.

Theory

The drag D on a body in a gas ow may be conve-
niently separated into two components:

D = Dy + Dy;

whereD,, is the streamwise component of the resultant
of the normal or pressure forces, andD; of the tan-
gential or frictional forces on the body. Normalizing
the drag components by the dynamic pressure times
the reference aredS,es U 2=2, where S is a reference
area, and and U are freestream density and velocity,
this becomes

Cp = Cp, + Cpy;

where the C's are the total, pressure and frictional
drag coe cients. In the following S is taken to be
the base area of the sharp or blunted cone.

The results shown in Figure 1 were obtained by inte-
gration of the Euler equations, and the drag coe cient
plotted there is only the fore-body part of the pressure
drag coecient. In an experiment, a force balance
would, of course, measure the total drag. In order to
obtain an estimate of the frictional drag coe cient,

a few Navier-Stokes computations were made of cases
plotted in Figure 1 at the freestream conditions of the
experiment. The frictional drag coe cients in these
calculations were approximately 1% of the pressure
drag coe cient, so that, in view of the limited accu-
racy of experimental drag measurement, the frictional
drag can safely be treated as a small correction.
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A cone semi-vertex angle of 40 was chosen for the
experiment, because the Euler computations exhibit
the most pronounced minimum for this angle. It is in
the range where a sharp cone has an attached shock,
the cone semi-vertex angle at shock detachment being
approximately 44.5 at M =2:3 in air.

The sharp circular cone may be blunted by mak-
ing a planar cut aft of the vertex, creating a frontal
plane that is parallel to the base plane. For a blunted
cone, no attached bow shock con guration is possible
- the shock detaches regardless of the cone's subtended
angle. Furthermore, since the entropy generation in-
creases rapidly with the Mach number normal to the
shock front [2], the entropy jump across the mostly
normal detached shock is much higher than that for an
oblique shock. Consequently, as the strong shock area
increases with increasing bluntness, the unsuspecting
aerodynamicist would expect a rise in the pressure
drag on the body.

This, however, is not always the case. As early as
the 1960's Krasnov [1] showed that the pressure drag of
circular cones with certain vertex angles could exhibit
an initially decreasing trend with increasing bluntness.
This phenomenon is attributed to a tradeo between
the pressure drop across the expansion fan at the cor-
ners formed by the blunting plane, and the pressure
rise across the bow and recompression shocks (Fig.
2), with the expansion dominating for the conical ge-
ometry. This would not necessarily be the case for a
blunted wedge, for instance.

The recompression shock forms just aft of the cor-
ner formed by the blunting plane. The recompression
shock compensates for the overexpansion of the ow
around this corner. The source of the overexpansion
is the excessive local curvature of the bow shock wave.
The net eect is a pressure drag reduction on the
blunted conical body despite this recompression shock.

Experimental Setup
GALCIT Ludwieg Tube

The experiment was performed in the GALCIT Lud-
wieg Tube. The Ludwieg Tube consists of two sections:
a 17 m supply tube and a dump tank, initially at
di erent pressures, isolated by a diaphragm. When
the diaphragm is suddenly ruptured a shock wave
propagates into the low pressure dump tank, and an
unsteady expansion wave propagates into the high-
pressure test section, nozzle and supply tube, thus
setting up a supersonic ow in the test section, which
is steady until the unsteady expansion returns to the
test section after re ection from the far end of the sup-
ply tube. The steady ow lasts for 80 ms, during which
time experiments can be conducted. The nozzle was
designed to produce Mach 2.3 ow in the 8 inch square
test section.

Model and Instrumentation

A cone with a 40 semi-vertex angle and a 2.25 inch
base diameter was chosen for testing. This particular
size and shape cone was selected for two reasons. First,
at a 40 semi-vertex angle CFD suggests a measur-
able drag decrease at certain bluntnesses. Second, the
2.25 inch base diameter was the maximum diameter at
which a 40 semi-vertex angle cone would not choke
the ow in the test section. The aluminum model was
constructed in two pieces. The forebody, which at-
taches to the base, was incrementally blunted creating
a at face. The base attaches directly to the sting bal-
ance. Figure 3 shows the assembly of the sting mount,
balance, and blunted cone model.

A six-component semiconductor strain-gauge sting
balance was acquired from the Technical University
of Aachen, Germany, where it had been designed for
use in pulsed facilities with as little as 5 ms of test
time [3]. Due to the symmetry of the con guration,
only an axial force was expected; therefore, only the
drag component of the balance output was recorded.
The sting balance was equipped with an accelerom-
eter, which was not needed because of the low mass
of the model and because of the relatively long test
time. The strain gauge bridges were balanced using
Measurements Group ampli ers and the signals were
sampled at 75 kHz for a total time of 200 ms us-
ing National Instruments' data acquisition hardware
and software. The original data contained large am-
plitude, high frequency noise. To lter the data, the
Fast Fourier Transform (FFT) of each set of data was
computed, to which a low-pass lter was applied. The
inverse FFT of each data set was then calculated. Each
Itered data set contained 2,000 data points (reduced
from an original 15,000 points).

To visualize the shock structure around the cone, a
schlieren system was set up. The knife edge was placed
in an orientation that facilitated the visualization of
the rst derivative of the density in the streamwise
direction. Schlieren images, which were recorded on
Polaroid Im, were taken for each test, and the shock
wave structures were analyzed and related to the drag
measurements.

The model and sting support were mounted to the
bottom of the test section, and a custom-made 28-
conductor cable was fed through a pressure-tight con-
nection plate. The model was aligned with the axis of
the tunnel so as to produce only a drag force. Refer to
Figure 4 for the setup of the model inside the Ludwieg
Tube.

Experimental Procedure

The test section and supply tube were initially pres-
surized to 98 kPa. This initial pressure produced a 6.4
kPa static pressure in the test section. The Reynolds
number based on the diameter of the cone was there-
fore 270,000. The Ludwieg Tube was operated for a
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total of 13 shots, three for the sharp con guration and
two at each bluntness ratio. Prior to testing, the sting
balance was warmed up for approximately two hours
in order to avoid strain gauge drift due to tempera-
ture changes. Subsequently, each Wheatstone bridge
was balanced. A 16 mil aluminum diaphragm was
installed, and the dump tank and supply tube were
evacuated to less than 1 kPa. The supply tube was
then re-pressurized to atmospheric pressure with dry
air. To commence testing, the diaphragm was forcibly
ruptured, at which time data collection was begun and
a schlieren image was recorded.

Results and Analysis

The results of the drag measurements from the Lud-
wieg Tube force balance, normalized by the freestream
dynamic pressure and cone base area, are summarized
in Table 1. The pressure drag component of the to-
tal drag was calculated by subtracting the frictional
drag estimate, as previously described. The results are
plotted in Figure 5. Note that the exceptional repeata-
bility of the data (at most 2.5%, but generally less than
1% discrepancy between shots at each condition) ob-
scures multiple data points at some bluntnesses in the
gures.

It is also noteworthy that the drag readings exhib-
ited a monotonic rise throughout the 80 ms test time.
This e ect is attributed to the gradual equalization of
pressure in the intricate geometry of the balance fol-
lowing the diaphragm burst. To mitigate this e ect, a
functional representation of the data of the form:

f()=A Be ¥

was assumed, where the constantd, B, and were
estimated using a least-squares algorithm. The asymp-
totic value of f was taken as the drag measurement. A
sample t for one of the 0.5-bluntness shots is shown
in Figure 6.

For comparison, Euler CFD simulation results were
produced for a geometry that was similar albeit not an
exact replica, to the experimental specimen. Addition-
ally, several cases were validated with a Navier-Stokes
CFD code. The results of the Euler simulation for a
40 semi-vertex angle circular cone are presented in
Figure 1. As the gure shows, the minimum drag
occurs around a bluntness ratio of 0.3, and corre-
sponds to a 1% decrease in drag as compared to the
sharp cone. Although the decreasing-increasing drag
behavior drag behavior with increasing bluntness is
qualitatively similar to the experimental results, the
drag coe cients have a signi cant numeric discrep-
ancy. This is attributed to the great sensitivity of the
pressure drag to the back pressure on the base of the
cone. The exact geometry of the aft section was highly
intricate and complex in the experimental setup, and
hence was not accurately reproduced in the CFD sim-
ulation.

The schlieren imaging system, which recorded the
gradient of the density eld in the ow direction during
the steady- ow period of each Ludwieg Tube shot, pro-
duced a visualization of the shock wave and expansion
fan geometries around the test specimens. These are
reproduced in Figure 7. Figure 8 shows quasi-schlieren
images, in which the greyshading is a monotonic func-
tion of the magnitude of the gradient of the density
eld, from an Euler computation. Both experimen-
tal and computational results yield very similar shock
structures. For nonzero bluntness there are clear in-
ections in the oblique shock, which are due to the
intersection of the bow shock and the recompression
shock. These local perturbations in the curvature of
the bow shock clearly become more pronounced with
increasing bluntness, suggesting a stronger recompres-
sion shock. Figure 7f clearly shows the recompression
shock just aft of the cone face, and its in uence on the
bow shock.

Conclusions

CFD calculations initially indicated that for certain
vertex angles, cone bluntness may actually decrease
drag. This is con rmed by experiments conducted in
the GALCIT Ludwieg Tube. The tests show that for
a semi-vertex angle of 40 and a Mach number of 2.3,
there is a maximum drag decrease of approximately
18% with respect to the fully sharp case, corresponding
to a bluntness ratio of 0.4. This signi cant decrease
indicates that for certain drag-sensitive applications
blunted rather than sharp cones should be considered.
A blunted cone also o ers the bene t of a smaller vol-
ume (thereby suggesting potential savings in weight),
improved heat dissipation, and better damage resis-
tance. Further work needs to be undertaken in order to
determine the full range of cone angles, Mach numbers,
bluntness ratios and corresponding e ects on aerody-
namic drag.
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Fig. 1 Forebody drag coe cient of blunted cones in supersoni c

owat M =2:3

= 1:4 as obtained by Euler computations. The
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Each point is the pressure-drag integral

over the front face and the conical surface normalized by the
freestream dynamic pressure and cone base area.

Table 1 Summary of experimental results for 13 Ludwieg Tube

shots with conical specimens of 40

semi-vertex angle

ing bluntness ratio in dry air at Mach 2.3.

with vary-

Shot | Bluntness Ratio | Drag Ratio (Cp =Cp,,,, )
77 0 1.0062
78 0 0.9971
79 0 0.9967
80 0.1 0.9551
81 0.1 0.9318
83 0.2 0.9101
84 0.2 0.9032
85 0.3 0.8665
86 0.3 0.8535
87 0.4 0.8206
88 0.4 0.8200
93 0.5 0.8271
94 0.5 0.8272

5 of 10

American Institute of Aeronautics and Astronautics Paper 20

03-1269



Y

»
»

Fig. 2 Notional shock structure around a sharp cone (left)
and a blunted cone (right) with representative coe cient of
pressure, Cp, plots.
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Fig. 3 Assembly of sting mount, balance, and blunted cone
model.
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Fig. 4 Sting mount, balance, and blunted cone model placed
inside the Ludwieg Tube test section and aligned with the ow
direction.
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Fig. 5 Drag ratio of a 40 semi-vertex angle cone versus blunt-
ness ratio, r=R.
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Fig. 6 Time history of drag, normalized by the dynamic pres-
sure during the steady-state period and the cone base area
for Ludwieg Tube Shot #94, with a superimposed least-square
curve t.
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Fig. 7 Schlieren images for bluntness ratios between 0 and 0.

Note that the Mach lines visible in the freestream ow eld ar
from an unrelated experiment.
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Fig. 8 Quasi-schlieren images, from Euler computations, fo r
bluntness ratios between 0.05 and 0.5.
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