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Experimental Investigations of Hypersonic Flow
over Highly Blunted Cones with Aerospikes
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Indian Institute of Science, Bangalore 560 012, India

Effectiveness of aerospikes/aerodisk assemblies as retractable drag-reduction devices for large-angle blunt cones
flying at hypersonic Mach numbersis investigated experimentally in hypersonic shock tunnel HST2 using a 120-deg
apex-angle blunt cone. An internally mounted accelerometer balance system has been used for measuring the
aerodynamic drag on the blunt cone with and without forward-facing aerospikes at various angles of attack. The
measurements indicate around 55% reduction in drag for the blunt cone with flat-disk spike at zero degree angle
of attack for a freestream Mach number of 5.75. Surface convective heat-transfer rate measurements have been
carried out on the blunt cone with a flat-disk tipped spike of varyinglength in order to locate the shock reattachment
point on the blunt-cone surface. The measured heat-transfer rates fluctuate by about +-20 % in the separated flow
region as well as near the reattachment point indicating the unsteady flowfield around the spiked blunt cone. The
shock structure around the 120-deg apex-angle blunt cone with a 12-mm-long flat-tipped aerospike has also been
visualized using the electric discharge technique. The visualized shock structure and the measured drag on the
blunt cone with aerospikes agree well with the axisymmetric numerical simulations.

Nomenclature

a,b = locations of the accelerometers
from center of gravity of the model

Cy = drag force coefficient

Cp = lift force coefficient

C(t) = axial force

D = model base diameter

g = accelerationdue to gravity, 9.81 m/s?
H, = initial wall enthalpy

H, = free stream total enthalpy

L = spike length

L/D = spike-length-to-modelbase-diameterratio
M; = primary shock Mach number

M, = freestream Mach number

N(t) = normal force

) = freestream total pressure

P, = freestream static pressure

q(t) = heat flux at time ¢

[/ = freestream dynamic pressure

R, = model base radius

Re, = freestream unit Reynolds number

S = distance along the surface from model nose
S, = blunt-cone base area

St = Stanton number

Ty = freestream total temperature

Ts = freestream static temperature

t = time

Voo = freestream velocity

w = body weight

o = angle of attack
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Introduction

EHICLES with high lift-to-dragratio in the usual paradigm are

not considered in the hypersonic flight corridors because the
convective heating to relatively sharp edges produces unacceptably
high heating loads. Hence, interplanetary space missions usually
employ blunt bodies with low lift-to-drag ratios. However, such
vehicles also require some lift and control features to respond to
uncertaintiesin atmospheric density and to achieve requisite accel-
erations. Therefore, it is very important to reduce the wave drag
during the ascent stage to reasonablelevels in practical missions by
expending minimum amount of energy. Various techniques such as
concentrated energy depositionalong the stagnation streamline, re-
tractableaerospikesahead of the bluntbody, forward-facingjetin the
stagnation zone of a bluntbody, and also supersonic projectilesfired
in the upstream direction from the stagnation zone are being evalu-
ated by many research groups around the world for keeping the drag
of the blunt body to acceptable levels during its atmospheric ascent.
Among all of these techniques, use of a retractable spike appears

to be the simplest yet an effective means of reducing drag on large-
angle blunt cones usually employed in aeroassisted space maneu-
vers. There have been many investigationsin the past on the use of
aerospikes as passive drag-reductiondevices at hypersonic speeds.
Some of the important research contributions are briefly discussed
here. Crawford' found that both the drag and heat-transferrates over
spiked hemispherical cylinders reduced with the increase in spike
length at Mach 6.8. Maull® characterized the unsteady shock oscil-
lations around different spiked bodies at hypersonic Mach number
by carrying out exhaustive experiments in the gun tunnel. Wood *
extended Maull’s investigation to spiked cone cylinders at Mach 10
and discoveredfive distincttypes of flows concerningspikedbodies.
Panaras* gave an insight into pulsating flows about axisymmetric
spiked bodies, whereas Hutt and Howe® described the coupled flow
effects of spiked bodies with different cross-section forebodies in
supersonic flow. Kubota et al.,° Huebner et al.,” Sakagoshi et al.,?
and Gnemmi et al.” have also studied the feasibility of using spikes
as drag and heat-transferrate reducingdevices on bluntbodiesat hy-
personic speeds. Besides these investigations, flows around spiked
bodies have been simulated numerically by several researchers !0~ 12
Other than use of spikes, techniques such as deposition of energy
in front of the body by focusing either laser or microwave beams.!?
directing gas jets from the nose of the body into the freestream,'*
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energy deposition using a plasma torch,'> arc discharge,'® and dc
coronadischarge!” have also been considered for aerodynamicdrag
reduction.

Most of the reported investigations on spiked bodies have been
carried outusing slenderblunt-nosedmissile-shapedconfigurations,
and more importantly the drag coefficient in these cases is deduced
from the pressure measurements over the body surface. However
to the best of our knowledge, the aerodynamic drag around generic
spiked blunt bodies has not been measured directly at hypersonic
Mach numbers. Such an experimental database is essential for val-
idating numerical codes, which are used for optimizing the aero-
dynamic control features around large-angle blunt cones used in
aeroassisted space missions. This investigation focuses on direct
measurement of the drag force on a large-angle blunt cone fitted
with differentgenericaerospikesat anominal Mach numberof 5.75.
The drag force is measured using an internally mounted accelerom-
eter force balance system in the Indian Institute of Science (IISc)
hypersonic shock tunnel HST2 at a nominal stagnation enthalpy of
1.2 MJ/kg.

In the present investigations a 120-deg-apex-angle blunt cone
has been used as the fore body in all of the experiments. Drag force
measurements have been carried out using four types of aerospikes
attached to the blunt cone in the stagnation point. Theoretically
the flow separation resulting from a protruding aerospike can be
judiciously utilized to achieve substantial drag reduction over blunt
bodies. The macroscopic flow features around these four different
aerospikeconfigurationsattachedto thebluntcone are schematically
shown in Fig. 1. The shock stand-off distance ahead of the blunt
cone is enhanced by the flow separation induced by the aerospike,
thereby minimizing the stagnant flow region, which in turn reduces
the wave drag associated with the bow shock wave. From basic gas
dynamics point of view, for maximum drag reductionthe protruding
length and geometry of the spike should be suitably selected so as
to establish a large separation bubble on the face of the blunt cone,
which will shift the flow reattachment zone off the shoulder of the
body.

The main objectives of the present study are 1) visualization of
the shock structure around spiked blunt cones using electric dis-
charge technique, 2) design and fabrication of an internally mount-
able three-componentaccelerometerbalance system for measuring
the fundamental aerodynamic force coefficients for spiked blunt
cones, 3) evaluation of various aerospike configurations as possible
aerodynamic drag reduction devices for blunt-body configurations,
4) characterization of separation bubble on the blunt cone using
the measured convective heat-transferrates to the spiked blunt cone
using platinum thin-film sensors, and 5) performance of illustra-
tive numerical simulations using commercial computational-flid-
dynamics (CFD) code to complement the experiments. The details
of this study are discussed in the subsequent sections.

Experiments

Facility

The HST2 hypersonic shock tunnel is schematically shown in
Fig. 2. The shock-tube portion of HST2 consists of a 50-mm-
inner-diam stainless-steel driver and driven sections separated by a
metal diaphragm. Platinum thin-film sensors located toward the end
of the driven section monitor the shock-wave velocity. The pressure
jump across the shock wave is measured using a pressure trans-
ducer (PCB; Piezotronics) located at the end of the driven section.
The wind-tunnel portion of the HST2 comprises a truncated conical
nozzle terminating into a 30 x 30 cm size test section. The typical
test conditions of the experiments with their repeatability margins
are given in Table 1. The tunnel is capable of producing a reservoir
enthalpy of up to 5 MJ/kg and has an effective test time of about
800 us. Figure 3 shows a pressure history indicating the steady-
state test time in the tunnel test section, along with an accelerometer
recorded drag signal. A transient PC-based data-acquisitionsystem
with requisite software is used for recording and processing of the
data from the tunnel.

Introducingan aerospike ahead of the blunt cone will induce pro-
nounced unsteady shock oscillations in the flowfield at hypersonic
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Fig. 1 Schematic representation of the flowfield features around the
blunt cone with a) flat disk-tipped spike: 1, disk bow shock; 2, flow sepa-
ration shock; 3, separation bubble; 4, reattachment shock; 5, blunt cone
model; 6, aerodisk assembly; and 7, expansion fan; b) hemispherical
disk-tipped spike: 1, disk bow shock; 2, flow separation shock; 3, sepa-
ration bubble; 4, reattachment shock; 5, blunt cone model; 6, aerodisk
assembly; and 7, expansion fan dimensions in millimeters; c) flat tipped
spike: 1, spike oblique shock; 2, separation bubble; 3, reattachment
shock; 4, blunt cone model; and 5, expansion fan and; d) sharp tipped
spike: 1, spike oblique shock; 2, separation bubble; 3, reattachment
shock; 4, blunt cone model; and 5, expansion fan.
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Fig. 2 Schematic diagram of the IISc hypersonic shock tunnel HST2: 1, driver section; 2, driven section; 3, Mach 5.75 conical nozzle; 4, test section;
5, dump tank; 6, accelerometer power supplies; 7, pressure transducer; 8, thermal sensor ports for shock speed; 9, pressure transducer power supply;
10, thermal sensor power supplies; 11, universal counter for shock speed; and 12, computer based data acquisition system.
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Fig. 3 Typical pitot signal (pressure history) obtained in the test section of HST 2 shock tunnel, indicating the steady flow time, super-

imposed on an accelerometer-measured drag signal for the model.

Table1 Test conditions achieved in HST2
hypersonic shock tunnel

Tunnel parameter Value
Driver gas Helium
Test gas Air @ STP
M; 3.1+£5%
Py, kPa 500+ 6%
To, K 1200+ 7%
Hy, Ml/kg 1.206+7%
Py, kPa 0.425+6%
T, K 140+ 7%
Poo» kg/m? 0.01+9%
Voo, m/s 1400+ 4%
Reos, /m 1.5x 10° £ 1%

Mach numbers. Before one tries to make quantitative measurements
on spiked blunt cones, it is essential to ensure that the shock struc-
ture from the spike does not interact with the test-sectionboundary
layer. Hence, in the present study the shock structure around the
spiked blunt cone is visualized before the drag measurements.

Flow-Visualization Experiments
The flowfield around the large-angle blunt cone with aerospike
is visualized using electrical discharge technique.!® The 70-mm-

base-diameter blunt-cone model used in this experiment is fabri-
cated using Bakelite hylem and fitted with a 2 (¢) x 12 mm (long)
flat-headed steel aerospike. An electric discharge of about 2-u.s du-
ration is created, after attaining the steady flow conditions in the
test section, between a point electrode suspended from the roof of
the test section and a line electrode flush mounted on the spiked
blunt cone. The spontaneous light emitted by the molecules in the
discharge path in the hypersonic flow is photographed through the
test-section window using either a digital camera or an ordinary
camera loaded with ASA 1600 film in the bulb exposure mode. The
visualized flowfields around the blunt cone with and without the
aerospike are shown in Figs. 4a and 4b, respectively. These pho-
tographs show a clear flow separation shock originatingat the tip of
the spike and impinging on the model shoulder where the flow gets
reattached. The experimentally measured flow separation shock an-
gle of 43 deg matches well with the numerically computed value of
45 deg. Although not reported here, exhaustive flow-visualization
experiments have been carried out on the blunt cone fitted with var-
ious spike geometries in order to understand the flowfield features
around spiked blunt cones. These studies are carried out at the ini-
tial stage so as to optimize both the size and geometry of the spike
as well as to design the model configurations for drag-reduction
experiments in the shock tunnel. The results shown in Fig. 4 are a
part of the experiment carried out to validate the commercial code
CFX-TASCflow thathas been used for numerical simulationsin this
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Fig. 4 Flowfields around a) the spiked blunt cone and b) the blunt cone
without spike, visualized using electrical discharge technique at Mach
5.75.

study. These results also ascertain the quality of the hypersonic flow
in the tunnel test section and demonstrate the applicability of this
flow-visualization technique to spiked-body flowfields.

Drag Measurements on Spiked Blunt Cones

The 120-deg blunt cone with a detachable forward-facing flat
aerodisk-tipped spike along with other types of spikes used in this
study is shown schematically in Fig. 5. The ratio of spike length to
model base diameteris fixed at one in all model configurationsin the
presentstudy. The drag force on the modelis measuredusing a three-
component accelerometer balance system,!® shown in Fig. 5. The
balance with two stainless-steelrings of 50-mm external diameter
is mounted in the hollow region bored in the model skirt. The two
metallic rings get fastened to the wall of the model skirt by means
of threaded screws. Each ring is internally fixed with a flexible
rubber bush that has a central hole. These bushes are adhesively
bonded through their external surfaces to the internal surfaces of the
metallic rings. A sting is glued to these bushes through their central
holes, which supports the model with the balancein the test section.
These two rubber bushes act as lift springs while in compression
or tension and both act as drag springs in shear, thus forming a
flexible suspensionsystem in conjunction with the central fastening
sting. The front lift and aft-lift accelerometers are mounted onto the
metallic arms of the balance that stretch out from the rings. The drag
accelerometer is screwed onto the inner surface of the blunt cone
along the axis of the model as shown in Fig. 5.

The rear skirt of the model is used only as a housing for the bal-
ance, and there exists a step between the 120-deg blunt-cone base
and the skirt, which brings about a flow separation behind the cone
and all over the skirt surface. During the short run times encoun-

_————

Fig. 5 Schematic diagram of the 120-deg-apex-angleblunt cone fitted
with a three-component accelerometer balance system along with dif-
ferent types of aerospikes: 1, aerospike assembly; 2, drag accelerometer;
3, front lift accelerometer; 4, aft. lift accelerometer; 5, steel housing for
the bush; 6, rubber bush; and 7, fastening sting all dimensions in mm.

tered in the shock tunnel, the model along with the accelerometers
moves as a free body, and the resulting accelerations in the axial
and vertical directions are measured from the outputs of the cor-
responding accelerometers. The PCB-piezotronics accelerometers,
with sensitivity and frequency range of 10 mV/g and 10 kHz, re-
spectively, have been used in the balance system. The axial force
C(t) and normal force N () on the model are calculated from the
following equations'’:

C(r) =[w/glés o))
N(t) =[(w/g)/(a + b)](b& + a&,) 2

The aerodynamic drag coefficient C, and lift coefficient C, are
computed from these values using the relations

Ca =[C(1)/ (@ Sp)]cos a + [N(1)/ (g Sp) ] sina (3)
Ca =[N®)/(GoeSp)]cos & — [C(1) /(4o Sp)] sin @ (4)

The measured drag coefficient for the blunt-cone model with and
without forward-facing aerospikes at various angles of attack is
showninFig. 6. Figure 7 indicatesthe variationof percentageof drag
reductionwith respectto angle of attack for the model with different
spikes. From these results it is clear that at lower angles of attack
(up to ~5 deg), about 40-55% drag reduction is measured with
flat and hemispherical faced aerodiscs. These two spike geometries
keep most of the area on the cone surface under their aerodynamic
shadow,? thereby creatinga large flow separationbubblein thatarea
and hence push the flow reattachment zone/shock towards the tip
of the cone shoulder at lower angles of attack. The flow separation
bubble is a region of low pressure and temperature. The flat-faced
aerospike without any disk results in ~20% drag reduction at 0-deg
angle of incidence while with the sharp-tippedaerospikean increase
in aerodynamic drag at all angles of attack other than O deg is ob-
served because these spike geometries are unable to provide any
aerodynamic shadow to the model forebody, and hence the flow
reattachmentzone in these two cases shifts very close to the nose of
the model creating larger surface pressures. As the angle of attack is
increased to 10 deg, the drag on the spiked body exceeds that of the
body without spike in all the cases as a result of the inward shift of
the flow reattachment point on the forebody of the blunt cone on the
windward side. Though the model used in this case is nonlifting in
nature, it generates sufficient aft lift at higher angles of attack when
the spike is attached to its nose, a characteristicthat might be helpful
during aeroassistedorbit transfer. This observation substantiatesthe
reattachmentphenomenon just explained.
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Fig. 6 Variation of drag coefficient with angle of attack for 120-deg blunt-nosed cone with and without a) disk-tipped spikes and b) disk-less spikes.

The drag curve for the body without spike droops downward as
the angle of attack increases, and this can be attributed to the fact
that the larger surface area of the blunt cone on the leeward side
is being engulfed by the expanding flow at higher angles of attack.
Theoretical values of drag coefficient for the blunt cone (rear skirt
not considered) without spike estimated using Newtonian theory?!
are also shown in Fig. 6. It is seen that the trend of variation of the
theoretical estimations with increasing angle of attack is identical
to the experimental values.

One of the important observations from the results presented in
Figs. 6 and 7 is that the aerospike with flat aerodisk reduces the
drag on the blunt cone substantially compared to all of the other
configurations?? We have investigated the effect of the length of
the aerospike on the drag reduction for this configuration. These
results are presented in Fig. 8, which show the variation of C; with
the length of the spike fitted with the flat aerodisk. As the length
of the spike is reduced, the angle of inclination of the separation
zone increases, which in turn would increase the angle of the flow
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Fig. 7 Variation of percentage of reduced drag with angle of attack for the spiked 120-deg blunt cone at Mach 5.75.
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Fig. 8 Variation of drag coefficient for the 120-deg blunt cone with flat aerodisk-tipped spike at different L/D.

separation shock,* increasing the pressure and density behind the
shock within the separation bubble. Hence the drag on the forebody
increases with the decrease in spike length.

The geometry and the size of the aerospike for maximum drag
reduction should be such that the flow reattachmentpoint is moved
off of the vehicle forebody and the entire front face of the vehicle
is submerged in the separated flow. To precisely locate the reat-
tachment point on the blunt-cone surface, convective heat-transfer
measurements are carried out using platinum thin-film sensors.

Heat-Transfer Measurements

For understanding the fluid-dynamic implications of adding a
spike to the blunt body, it is important to quantify accurately the
separation bubble on the blunt cone. The decrease and increase
of the surface heat-transfer rates during separation and reattach-
ment, respectively, will be an accurate measure of the size of the
separation bubble on the blunt cone. Platinum thin-film sensors de-
posited on the ceramic glass (Macor) inserts, which are embed-
ded in the metallic blunt-cone model, are used to measure the
surface convective heat-transfer rates. Thin film sensors are de-
posited on the Macor using platinum 05-X metallo-organic ink

(M/s Englehard-Clal, United Kingdom). The sensors are powered
through constant current (~20 mA) sources and connected to the
PC-based data-acquisition system. The initial resistance of these
passive gaugesis maintained at around 50 2. The changein the volt-
age across the gauge with respectto time gives the temperature time
history at the gauge location on the model surface. These tempera-
ture time-history signals are then numerically integrated®* in order
to get the convective surface heat-transfer rates. The details of the
instrumentation used in heat-transfer measurements along with the
detaileddata-reductionmethodologyhavebeendiscussedin Ref. 24.

Figure 9 gives the variation of Stanton number with respect to
the nondimensional gauge locations (S/R,) on the model surface
at 0-deg angle of attack. The surface heat-transfer rates have been
nondimensionalized in the form of Stanton number based on the
tunnel freestream conditions, given by the expression

q(t)

St = ——

®)

The separation region on the body surface is indicated by low
and fluctuating heat-transfer rates because of the low-temperature
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Fig. 9 Distribution of measured Stanton number along the surface of 120-deg blunt cone at 0-deg angle of incidence.
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Fig. 10 Steady temperature-time history signal obtained from a platinum thin-film sensor mounted on the model without spike.

unsteady flow in thatregion.2’ The flow separatesin the wake of the
aerodisk on the spike as a result of the combined effects of friction
offered by the spike/disk surface as well as the adverse pressure gra-
dients created by the aerodisk shock wave and the body geometry.
This separated flow, in the form of a large bubble comprising flow
reversals on the spike and the blunt-body surface, is unsteady and
oscillating in nature.

Figure 10 shows a typical temperature-time history recorded by
a platinum thin-film sensor on the model without any spike. In this
case the flow is attached and has attained steady state over the
model surface, which is exhibited by the parabolic shape of the
temperature-time history signal. Figure 11 shows a temperature-
time history signal recorded by a platinum thin-film gauge in the
flow separationzone on the spiked model. Unlike the previous case,
the signal in Fig. 11 is not of a perfect parabolic shape, which is a
clear indication of the flow being unsteady in that region. For all of
the shots taken over the model without spike, the temperature-time
history on the model surface has been of parabolic shape as shown
in Fig. 10, and for the model with spikes the recorded temperature-
time history has been unsteady as in Fig. 11.

For a given spike length and shoulder bluntness on a spiked body,
if the flow just outside the separated shear layer approaching the
body’s shoulder can be turned by an attached conical shock, then

the shock structure is stable because an equilibrium condition is
reached between escaping and recirculating flows in the separated
region, and no oscillations occur. If the turning angle of the flow
is too large to be accomplished by an attached conical shock, a de-
tached strong shock is generated, which pumps high-pressure flow
from the reattachment region at the body’s face into the recircu-
lating region of the separated shear layer. This high-pressure flow
that gets into the separated flow region inflates the separation bub-
ble, and the shock structure is pushed upstream. This gives rise to
self-excited shock oscillations during which the conical foreshock
and the accompanying shear layer oscillate laterally and their shape
changes periodically from concave to convex. This type of flowfield
is unsteady in nature. The separated shear layer with an inflection
point in the velocity profile is inherently unstable 26 and when this
hits the body at the reattachment point selective amplification of
the disturbancestakes place, and this would cause the surface heat-
transfer rates to fluctuate at the point of reattachment. The point of
reattachment could be shifting to and fro along the body surface
because of these shock oscillations.

Because of this unsteady oscillationof the separationbubble, pro-
nounced variations in the locations of separation shock, body shock
ahead of the blunt cone, and the reattachment point on the blunt-
cone surface are observedin differentruns with identical freestream
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—— Unsteady temperature-time history signal
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Fig. 11 Unsteady temperature-time trace of a thin-film gauge from a flow separation zone on the spiked blunt cone.
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Fig. 12 Distribution of measured Stanton number along the surface of 120-deg blunt cone at 7-deg angle of incidence.

conditions. This is indicated by the scatter in the measured heat-
transferrates on the cone, especiallyin the separatedregion, as seen
in Fig. 9. Also, the sudden jump in the measured heat-transferrates
towards the edge of the spiked cone is not very high when com-
pared to the stagnation point heat-transfer rate on the blunt cone
without spike. This indicates that the flow reattachment zone is
somewhere very near the edge of the cone but is off of the body.
This shows that the deployed aerospike assembly has been success-
ful in pushing the flow reattachment point just off of the edge of
the cone. Figures 12 and 13 give the Stanton-number distribution
on the preceding spiked model surface at 7- and 12-deg angle of
incidence, respectively. The inward shift in the point of flow reat-
tachment on the windward side of the model can clearly be seen in
these figures in the form of inward-shifting enhanced heat-transfer
rates.

To investigate the effect of the model size on the unsteady oscil-
latory behavior of the spiked-body flowfield, further heat-transfer
measurements are carried out on a blunt-cone model with flat-disk
spike, reduced by 50% in size, retaining the geometrical similarity.

The heat-transfer measurements are also carried out with varying
spike length for the preceding spike geometry. The results of this
experimentare shownin Fig. 14. The measured heat-transferratesin
this case exhibitless scatter near the nose of the model indicating re-
duced flow unsteadinessin thatregionand also the signal quality has
beenimproved (in comparisonwith the larger size model) because of
an increased flow density within the separationbubble. But the scat-
ter persists at or in the vicinity of flow reattachmentpointat the outer
edge.”® More scatterin the data has been observedat the model outer
edge for reduced spike lengths. However, with decrease in spike
length the flow reattachment zone on the model surface does not
exhibit any major shift in its position, as indicated by the enhanced
heat-transferrates at the last gauge location towards the edge of the
model, as shown in Fig. 14. So even ata L /D of 0.2, this particular
spike geometryis capable of keepingalmostthe complete bluntbody
in the aerodynamicshadow region, causing substantial surface heat-
transferrate reduction near the nose portion. The numerically simu-
lated flowfield pictures in Fig. 15 give an insightinto the preceding
statement.
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Fig. 13 Distribution of measured Stanton number along the surface of 120-deg blunt cone at 12-deg angle of incidence.

© Model with flat aerodisk @ L/D=1 (runl)
A L/D=0.7 (runl)
X L/D=0.5 (runl)
+ L/D=0.2 (runl)

O L/D=1 (run2)

X L/D=0.7 (run2)
O L/D=0.5 (run2)
=L/D=0.2 (run2)

0.12 -
0.1 - o
0.08 - X
4 0.06 4 +
X
0.04 - + A
(o]
0.02 - X
+ a]
+ o
0 . . — : . . . : : .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

SR,

Fig. 14 Distribution of measured Stanton number along the surface of 120-degblunt cone (scaled-down) model with flat disk-tipped spike at different
L/D, at 0-deg angle of incidence.

Measurement Uncertainties

The estimated uncertainties in the measured data are AC,; =
+0.09C;, Ago =10.072¢, and ASt==0.108S,. The uncer-
tainty analysis is carried out based on Ref. 27. Uncertainties in
the sensor sensitivities, setting of angle of attack, output of the data-
acquisition systems, and the restraint offered by the rubber bushes
to the free flight of the model during test time are some of the factors
that contribute to the uncertaintiesin C,;. The uncertainties in the
tunnel freestream pressure and freestream Mach number give rise
to the uncertainty in ¢, just mentioned. Based on the uncertainties
associated with the gauge characteristics, data-acquisition system,
data-reduction techniques and calibration, the measured values of
heat-transferrates are believed to be accurate to £5% with helium
as driver gas. Various factors such as uncertainty in angle of at-

tack, misalignment of Macor inserts, discontinuity in substrate and
model properties, and departure from one-dimensional heat con-
duction during the run time contribute to the uncertainties in the
measured Stanton number.

Numerical Study

To complement the experiments, illustrative numerical simula-
tions are carried out using commercial CFD code CFX TASCflow.?8
Steady-state flowfields around the large-angle spiked blunt cone at
0-deg angle of attack are simulated using the two-dimensional ax-
isymmetric compressible laminar CFX-TASCflow code. The code
is a complete Navier-Stokes (N-S) solverthat is capable of handling
both incompressible and compressible flow problems for steady as
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Fig. 15 Simulated flowfields around the 120-deg blunt cone fitted with a flat aerodisk at an L/D of a) 1,b) 0.7, ¢) 0.5, and d) 0.2.

well as unsteady flow domains. It has good grid-generating capa-
bilities like nonorthogonal, curvilinear, and multiblock grids with
embedded grid-refinement utilities. The discretization techniquein
this code consists of pressure-based formulation with conservative
finite element based finite control volume method. The upwind-
differencingdiscretizationschemehas beenusedin the presentstudy
with a physical advection correction to increase the accuracy of the
computation.

The boundary conditions used in this simulation are based on the
experimental freestream conditionsin the shock-tunneltest section,
which are as follows:

1) Inlet: At this boundary of the computational domain, the ve-
locity, static pressure, and static temperature of the flow have been
specified. Typical values used in here are velocity V = 1400 m/s,
pressure P =425 Pa, and temperature 7' =140 K. These are the
flow properties obtained in the test section (freestream) of the shock
tunnel for an enthalpy level of 1.2 MJ/kg.

2) Outlet: At the outlet of the computational domain, all variables
are extrapolated from the interiordomain, thatis, a supersonicoutlet
is used at the nodes of the outlet region.

3) Wall: The wall boundary condition is used at the blunt-cone
model surfaces, and the fluid at these surfaces is assumed to have a
no-slip condition. A constant temperature of 300 K is specified at
the walls.

4) Symmetry: Other bounds of the computational domain,
excluding inlet and outlet, are specified as symmetry planes. The
fluid velocity is assumed to be tangential at these symmetry planes.

A typical grid used for the computations of flowfields around
the spiked blunt cone is shown in Fig. 16. The multiblock, struc-
tured grid used for the computations has a total number of around
25,836 nodes (grid points). The computation domain is reduced to
one-half of the complete domain because of the symmetry of the
problem. The grid cell height near the wall is around 8 x 105 m,

L \ |

I

Fig. 16 Typical grid used in numerical computations for the large-
angle spiked blunt cone.

and the computation is focused only on the model forebody. An
upwind-differencing scheme has been used for the computations
with a local time step of 0.9. The target residuals to terminate the
simulation have been set at 1.0 x 10~#, which allow obtaining a sta-
tionary converged solution of the problem. About 1500 iterations
(time steps) have been used for the convergence. Approximately
3 h of CPU time were required for the simulation on an Intel Pen-
tium 4, 1.4-GHz processor. The program was run on a Windows NT
platform.

Table 2 shows both the experimental and the numerically com-
puted values of drag coefficients for the blunt cone with and without
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Table2 Experimental and computed values of drag coefficient C; at 0-deg angle of attack for 120-deg
blunt cone model at a L/D of 1

Blunt cone with

Blunt  Blunt cone with flat hemispherical Blunt cone with ~ Blunt cone with
Cy cone aerodisk-tipped spike aerodisk-tipped spike  flat-faced spike  sharp tipped spike
Experimental 1.462 0.6734 0.757 1.12 1.45
Numerical 1.374 0.49 0.74 0.95 1.14
—¢— Model with spikc @ tlat acrodisk (Computed)
O Model with spike @ flat aerodisk (Experimental, Run 1)
A [lat aerodisk (Experimental, Run 2)
X flat aerodisk (Experimental, Run 3)
0025
0.02 A
a
0.015 A
A A
. X X
w
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Fig. 17 Experimental and computed Stanton-number distribution for 120-deg blunt cone model with flat aerodisk at 0-deg angle of incidence.
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Fig. 18 Computed density field around the 120-deg blunt cone with
12-mm-long flat aerospike at Mach 5.75.

various spike geometries at 0-deg angle of attack and for a L/D
of 1. Figure 17 shows the distribution of experimental and com-
puted heat-transfer rates over the blunt cone surface with a flat
aerodisk spike. Considerable differences can be seen between the
experimental and the computed values of heat-transferrates for the
spiked body. The unsteady oscillations of separationbubble and the
assumption of laminar flow boundary conditions are some of the
important factors for the observed differences between experiments
and the simulations.

The numerically simulated density field around the blunt cone
with 12-mm-long, flat-faced aerospike is shown in Fig. 18. The
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Fig. 19 Computed density field around the 120-deg blunt cone with
flat aerodisk at Mach 5.75.

simulated shock structure around the spiked body matches well
with the visualization results shown in Fig. 4a. The simulated
density distribution around the blunt cone with a flat aerodisk
tipped spike is shown in Fig. 19. The reattachment point shifts
toward the edge of the blunt cone for aerodisk-tipped spike, as
seen in Fig. 19. This is also confirmed by the sudden jump ob-
served in the measured heat-transfer rates near the edge of the
blunt cone. The separation zone and the flow reattachment point
can more clearly be seen in Fig. 20, which gives the computed
Mach contours around the blunt cone with the flat aerodisk-tipped
spike.
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Fig. 20 Computed Mach contours around the 120-degblunt cone with
flat aerodisk.

Conclusions

The experimental results highlight the effectiveness of differ-
ent types of forward-facing aerospikes as drag-reducing devices
on large-angle blunt cones flying at hypersonic Mach number. For
the 120-deg-apex-angleblunt cone with forward-facingdisk-tipped
aerospikes, a drag reduction of ~40-55% has been measured for
small angles of attack at a nominal Mach number of 5.75. Spikes
without aerodisks do not result in noticeable reduction in drag. At
higher angles of attack, the drag on all spiked bodies increases as
a result of the inward shift in the point of flow reattachmenton the
windward side of the cone. The drag on the body increases with
decrease in the spike length because of an increase in the pres-
sure within the separation bubble. Heat-transfer measurements on
the body with a flat disk-tipped aerospike at 0-deg angle of attack
show that the separationbubble completely engulfs the bluntcone in
the aerodynamic shadow. This is clear from the substantially lower
(~10 W/cm?) values of heat-transfer rates measured on the blunt
cone in that region. The flow reattachment zone is characterized
by the sudden jump in the measured heat-transfer rates toward the
outeredge of the cone. The fluctuationsin the measured heat-transfer
ratesindicatethe oscillatorybehaviorof the separationbubble. Heat-
transfermeasurementsat 7- and 12-deg angles of attack show a clear
inward shift in the point of flow reattachmenton the windward side
of the model in terms of measured enhanced surface heat-transfer
rates. Measured surface heat-transferrates with varying spike length
indicate that most of the vehicle forebody could be kept under the
aerodynamicshadow of the spike while retracting the spike. The sur-
face heat-transferrate measurements on scaled-down spiked model
indicate a reduction in the magnitude of flow unsteadiness within
the separation bubble near the nose of the model. Further experi-
ments are underway to resolve the effect of dissociated flow on the
effectivenessof aerospikesas drag-reductiondevices at hyperveloc-
ity flows and also to study the hypersonic buzz phenomenon on the
spiked blunt cones.
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