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Introduction

HIGH-SPEED flow over a blunt body generates a bow shock

wave in front of it, which causes a rather high surface pressure
and, as a result, high aerodynamic drag. The surface pressure on the
blunt body can be substantially reduced if a conical shock wave is
generated by attaching a forward-facing spike. Thus, the introduction
of the spike decreases the drag and increases the lift coefficient. The
spike produces a region of recirculating separated flow that shields
the blunt-nosed body from the incoming flow. The applicability of
the spike is limited due to the possible appearance of flow oscillations
in the separation region, which may reduce its positive effects and
may cause aerodynamic disturbances during the flight [1].

Many experimental studies focused their attention on the influence
of the spike’s length on the aerodynamic characteristics of blunt
bodies for various angles of attack at some transonic [2], supersonic
[3-5], or even hypersonic [6—8] speeds. This Note contributes to the
experimental study of the fluid flow structure and aerodynamic
characteristics of a spike attached to blunt body at Mach 6. This Note
analyzes the aerodynamic effects of the spike attached to the blunt
body by using schlieren flow visualization and measured aerody-
namic forces and moments.

This Note briefly describes the experimental results of the research
on a hemispherical blunt nose body with and without spike at L/D
ratio of 1.5 and 2 (where L is the spike length and D is cylinder
diameter), and angle of attack « from O to 8 deg, with a 1 deg step. An
in-depth description of the experiment conditions and results may be
found in [9].

Experimental Facilities and Model Geometry

The hypersonic wind tunnel used for this study is an axisymmetric
enclosed free-jet tunnel with a free-jet diameter of 0.254 m. This
facility is of the pressure-vacuum type. The wind-tunnel system
consists of high-pressure air supply, a pebble-bed heater, a contoured
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nozzle for delivering the flow at the required Mach number, a free-jet
test section, a fixed-geometry diffuser with scoop to collect the
nozzle flow, and the vacuum system. The facility is equipped with the
state-of-the-art instrumentation system and required sensors. The
hypersonic wind tunnel is designed for a Mach number range of 4-8.

Two force-measurement models were fabricated. The first one is
the blunt body with a hemispherical nose and a cylindrical body. The
diameter of the hemispherical cylinder D is 4.0 x 107> m and the
length of the cylinder body is 1.25D. The other model has a centrally
located hole of diameter 4.0 x 107> m for fixing the spike. The
dimensions of the hemisphere-spike body considered in the present
investigation are depicted in Fig. 1. The spike consists of a hemi-
spherical nose and a cylindrical part. The diameter of the cylindrical
spike is 0.1D. Spike lengths L of 1.5D and 2.0D were studied in the
present experimental study.

Normal and axial force measurements were carried out with a six-
component integral strain-gauge balance. Pressure measurements
were made using a Scanivalve-type differential pressure transducer.
The reference pressure was tunnel test-section plenum pressure,
where the pressure was constant during testing time. Force measure-
ments were made up to an 8 deg of angle of attack.

The freestream dynamic pressure of undisturbed flow, ¢, was
taken as the reference value of pressure, the reference area A was the
cross-sectional area of the cylindrical body of the model, and the
reference length was its diameter D. The drag coefficient Cj, and the
lift coefficient C; were calculated from the measured values of
normal and tangential forces for the model without spike and with
two different lengths of spikes. The pitching moment C,, was
measured about the nose of spike. The fluid flowfield around the
model was visualized using the schlieren technique. The fluid
velocity, density, Mach number, dynamic pressure, and dynamic
viscosity were calculated on the basis of stagnation pressure p,
stagnation temperature 7, static pressure p, and static temperature
T. The settling chamber pressure and temperature were 8.3 x 10° Pa
and 450 K, respectively. Reynolds number Re; = 0.5 x 10° was
based on spike length L = 6.0 x 107> m. Pressure measurement
model was identical to the model for force measurement. There were
12 pressure taps identified as 6 at an interval of 30 deg. In the
azimuthal direction, ¥ measurements were in the interval of about
10 deg. The angles 6 and y are depicted in Fig. 1, where the pressure
probes were located. Pressure measurements were carried out at zero
angle of attack.

Results and Discussion

Figure 2a shows the schlieren picture for the blunt-nosed body
without spike at Mach 6. The bow shock wave in front of the blunt
body is very well captured, as seen in the figure. The shock standoff
distance A is measured from the schlieren picture and compared with
the theoretical results. The ratio of shock standoff distance [10,11]
with hemispherical diameter D is

ey

where ¢ is the density ratio across the normal shock and can be
calculated using the following expression [12]:

(y—DM% +2
(y + DM,

(@)

where subscript co represents the freestream condition. The value of
A/D is calculated using the above equations and found to be 0.189
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Fig. 1 Dimensions of the spiked blunt body.

and shows good agreement with the value obtained from the
schlieren picture value of about 0.18.

The schlieren photographs of the model with the two different
spike lengths are presented in Fig. 2 for « = 0 and 5 deg. A strong
influence of the spike on the fluid flowfield structure is evident in the
schlieren pictures. High pressure behind the shock wave provokes
boundary-layer separation. An approximately cone-shaped recircu-
lation region is noticed between the shock wave and the spike due to
the flow separation. There is a strong deflection of the flow in the zone
of the boundary-layer reattachment on the blunt-nosed body, which
depicts the appearance of a detached shock wave. As a result, the
interaction of the wave with the shock wave emanating from the
hemisphere cap of the spike can be visualized in the schlieren
photographs (Figs. 2b—2e). The remainder of the flow structure
appears identical to that for the body without a spike. The effect of
angle of attack has altered the flow patterns, as seen in the schlieren
pictures. The schlieren pictures reveal the flowfield behavior over the
spike. The drag-reduction mechanism is due to the formation of a
conical shock wave and the formation of a recirculating zone that
envelops the spike. The increase of L/D ratio increases the
recirculating zone in the windward side with the angle of attack.
Motoyama et al. [8] also experimentally observed through the flow
visualization technique at Mach 7 that a bow shock wave generated

a) Hemispherical blunt body
without spike, o = 0 deg

b) Spike with oe = 0 deg and
L/D=15

¢) Spike with o0 = 5 deg and
L/D=15

d) Spike with oe = 0 deg and
L/D =2.0

e) Spike with oe = 5 deg and
L/D=2.0
Fig. 2 Schlieren photographs with and without spike.

ahead of the spike and a large recirculating zone enveloped the spike.
In the case of L/D = 2.0, the extent of separated zone is higher than
with L/D = 1.5, and hence the drag reduction is higher. The general
characteristics of the flow patterns presented in Fig. 2 are also in
accordance with the results of Motoyama et al. [8].

It can be seen from Figs. 3 and 4 that both the drag coefficient Cp,
and lift coefficient C; increase with the angle of attack o with and
without spike. Five repeated tests [9] were conducted in order to get
the repeatability of the measured data. The repeatability test data
were analyzed and showed error bands of £2.4% in the lift and the
drag coefficients. Numerical simulations [13] were carried out to
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Fig. 3 Variation of drag coefficient with angle of attack.
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Fig. 4 Variation of lift coefficient with angle of attack.
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Fig. 5 Variation of lift to drag coefficient with angle of attack.

validate the experimentally measured drag coefficient at zero angle
of attack at Mach 6. The maximum drag-coefficient difference
between the experimental and the numerical results is found to be
about 7%. Up to o = 6 deg, L/D = 2.0 shows a higher drag reduc-
tion, and when o > 6 deg, L/D = 1.5 shows a marginally higher
drag reduction. When a spike is attached on the nose of a
hemispherical-nosed body, a significant reduction of the C, is found,
as observed in Fig. 3. The influence of the spike length-to-diameter
ratio can also be seen in the measured lift and drag coefficients. It is
seen that the introduction of spike leads to reduction in the Cj, as
compared with the parental body. The Cp variation shows
nonlinearity with respect to angle of attack. The maximum drag
reduction for L/D = 1.5is62% atoe =0 deg, and for L/D =2.01it
is 78%. Drag-coefficient variation is not large beyond o = 6 deg.
Within the measurement range of angle of attack, the minimum drag
reductionseenata = 8 degforL/D = 1.5is26.7% and for L/D =
2.01is 23%.

Figure 4 shows the lift-force-coefficient variation with angle of
attack for hemisphere spikes of L/D = 1.5 and 2. For the blunt-
nosed body without the spike, the lift coefficient shows almost a
linear variation with respect to the angle of attack. Introduction of a
spike at the nose of the blunt body leads to an increase of lift
coefficient. This is due to the increased surface area of flow separ-
ation and higher pressure behind the shock wave of the spike on the
configuration. The increase in lift coefficient C, for L/D = 1.5 at
a =8 deg is around 275% and for L/D = 2.0 is around 300%.
Variations of the lift to drag coefficient with angle of attack for the
parental body and hemispherical spike of L/D = 1.5 and 2.0 are
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Fig. 6 Variation of pitching-moment coefficient with angle of attack.

ENGINEERING NOTES 221

0.6

0.5 - —— WD=20
—— up=15 \
0.4

& o3

/
AN

0.1
S \

0 10 20 30 40 50 60 70 80 90
v, deg
Fig. 7 Variation of pressure coefficient over the spike blunt-nosed body
at zero angle of attack.

compared in Fig. 5. Within the measurement range of angle of attack
the C; /Cp, has minimal variation beyond a 6 deg angle of attack. The
maximum C; /Cp is 0.78 at = 3 deg for L/D = 2.0.

Figure 6 shows the pitching-moment coefficient C;, with respect
to angle of attack for the basic configuration and hemisphere spike. In
the case of the blunt body without spike, the pitching-moment
coefficient shows a linear variation with respect to the angle of attack.
Cy, variation is found to be nonlinear with the angle of attack for a
hemisphere-spike configuration. The pitching-moment coefficient
increases with the increasing L /D. The pitching-moment coefficient
increase for L/D = 1.5 is about 275% and for L/D = 2.0 is 383%.
Introduction of the spike shows the increasing trend of the pitching-
moment coefficient. Thus, it shows that the model is going to become
more stable. Therefore, more control force is needed to trim the
vehicle.

The measured pressures are nondimensionalized with respect to
dynamic pressure. The pressure coefficients are shown with spine
curve fitin Fig. 7 for L/ D = 1.5 and 2.0. The reduction of pressure is
higher for L/D =2.0. At ¥ =50 deg, the pressure rise is the
maximum, which is attributed to the reattachment point of the flow.
The pressure coefficient is less in the case of L/ D = 2.0 as compared
with the L/D = 1.5. It shows the influence of the spike length on the
flow structure, as also observed in the schlieren pictures.

Conclusions

Flow visualization, force measurements, and pressure measure-
ments on a blunt body with a hemispherical spike are carried out at
Mach 6 in a hypersonic wind tunnel. The effects of the spike geo-
metrical parameters on the drag, lift, pitching moment, and pressure
measurements are studied experimentally. A forward-facing hemi-
spherical spike attached to a hemispherical nose body significantly
alters the structure of the flowfield and serves to reduce the drag
coefficient by forming a recirculation region around the stagnation
point of the blunt body. The drag coefficient is reduced to 62% for
L/D = 1.5 and to 78% for L/D = 2.0. Consideration for compen-
sation of increased pitching moment is needed. The surface pressure
over the blunt-body in the presence of spike gives the maximum
pressure at about 50 deg.
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