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Abstract. Use of spike on a hemispherical body changes the ow eld and hence, the

1. Introduction

without and with a sharp spike is shown in Figure 1.
Presence of spike generates a weaker tip shock, leading
to formation of a separation zone on the spike stem
due to adverse pressure gradient, recirculation zone,
formation of shear layer separating the main ow and
recirculation zone, reattachment shock on the main
body, etc. These ow features depend on freestream
Mach number, Reynolds number, spike shape, length
and diameter of spike stem, etc. The ow ahead of
main body gets altered due to the presence of spike.
Signi cant drop in pressure is expected on the leading
edge of the main body and adjacent surface, which
could lead to reduction in the drag and heating values.
Systematic experiments by Crawford [1] on a
hemispherically blunt body at M = 6:8 with several
lengths of sharp spikes were reported, among the
few early research works on such concepts. A drag
reduction of the order 69% was reported in this study.
Similar experiments were also reported by Maull [2]
emphasizing the unsteady ows due to spike. Numerical simulations with emphasis on capturing unsteady
ows on cone frustum with spike were reported by
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aerodynamic drag. Computational studies have been carried out to obtain the ow eld
around a hemispherical body with spikes at a hypersonic Mach number of 6. The e ect
of shape of spike tip and length has been studied. Laminar computations have been made
adopting structured grid using commercial software FLUENT. It is observed that use of a
sharp spike itself reduces the drag signi cantly. However, the use of a hemispherical head
spike further reduces the drag. Contribution of di erent components towards drag indicates
that the increase in length of a spike does not change the spike contribution. However, the
ow eld on main body is altered, which leads to reduction in drag with change in length.
The estimated maximum drag is found to be highest among all reported drag values with
any spike shape and length in the literature.
© 2019 Sharif University of Technology. All rights reserved.

The majority of nose shapes of aerospace structures,
such as missiles, rockets, reentry vehicles, etc., are
blunt in nature, due to several considerations. Highspeed hypersonic ows over such blunt shaped bodies
generate a bow shock wave ahead of the body, which
leads to high wave drag and heating rates. The
consequence could be a poor performance and attrition
of body surface. Various methods have been adopted
in the past to minimize the adverse e ects of the drag
and high heating rates. Use of a spike at the tip of
blunt body is the simplest and an ecient technique
among other methods such as counterjet ow, energy
deposition, breathing nose, etc. A schematic showing
hypersonic ow over a typical hemispherical blunt body
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Figure 1. Schematic of ow eld around a blunt body
without and with a spike.

Panaras and Drikakis [3] at M = 6:0. Menezes et al. [4]
tested the e ectiveness of spikes on blunt faced cones
at M = 5:75, and could achieve a drag reduction of the
order 65% with a at faced aerodisc spike. Mach 6.0
experiments with variations in geometrical parameters
of spike and di erent shapes were tested by Kalimuthu
et al. [5], who reported that the aerodisc con guration
performed better than aerospikes. However, in the
same line, Kalimuthu and Rathakrishnan [6] reported
that with a hemispherical aerospike at L=D = 2:0,
there was a drag reduction of about 78%.
The mechanism of drag reduction with spikes
of di erent diameters and lengths at M = 6:0 using
extensive computations was reported by Ahmed and
Qin [7-9]. Numerical studies made by Gauer and
Paull [10] at Mach numbers from 5.0 to 10.0 with
various L=D's of spikes (1.0 to 4.0) indicated maximum
drag reduction of 30% with sharp spike, 50% with blunt
spike, and 62% with aerodome spike. Computation at
M = 6:0 with conical, hemispherical, and a at faced
aerodisk spikes achieved a maximum drag reduction of
60% in the reports by Tahani et al. [11]. Gerdroodbary and Hosseinalipour [12] reported computations
at M = 5:75 for a highly blunted cone and spikes of
di erent shapes. Hemispherically blunt spike exhibited
maximum drag reduction of 73%. A drag reduction
of 77% was reported by Humieres and Stollery [13]
for a reentry capsule shape with sharp spike at M =
8:2. Quanti cation of pressures and their reduction
with spiked blunt body at M = 6:0 was reported by
Sebastian et al. [14]. Drag reduction of the order
86 to 90% was reported at M = 6:0 by Eghlima
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and Mansour [15] through computations, adopting a
combination of spike and counter ow jet. Thermal
analysis of spikes at M = 5:0 with di erent shapes and
diameters was carried out by Qin et al. [16]. Numerical
simulations with series of aerospikes at M = 10:0
were performed by Yadav et al. [17], which reported
a maximum drag reduction of 44%.
It is observed that many combinations of spike
shape, diameter, length to diameter, etc. have already
been studied, which enhance the drag reduction capability up to 78%. It is also clear that only the combination of two drag reducing methods could produce a
drag reduction up to 90%. In the present investigation,
attempt is made to maximize the drag reduction by
using a suitable spike at M = 6:0 using computations.
Our recent experimental and computational work [18]
at supersonic Mach number on several spikes of di erent shapes has led to a drag reduction of around 46%.
However, the present work is an extension of the work
being carried out at supersonic Mach number [19] with
a typical spike of hemispherical tip with an aft faring
are. This typical spike experimentally exhibited a
drag reduction of 68%. The thrust of the present work
is anticipation of a better drag reducing capability of
this spike at hypersonic speed.

2. Geometry
The geometry adopted in the present study is a hemispherical blunt body of diameter D and length 1:5D.
Two di erent spike tip shapes (sharp and blunt) are
used with xed spike stem diameter of 0:1D. The sharp
spike has a tip with semi cone angle of 20 degrees,
while the blunt spike has a hemispherical tip with a
diameter of 0:2D and a are angle of 135 degrees,
as shown in Figure 2. Three di erent spike lengths
(L=D = 0:75, 1.0, 1.5) are used for both of the spikes.
The nomenclature of the spikes used is \XX Y Y Y ",
where XX denotes the shape of the spike and, in the
present case, it is either sharp (SS) or hemispherical
(HS) and Y Y Y represents length of spike (L=D), which
has the value of 0.75, 1.00, or 1.50.

3. Computation
To obtain the ow features of blunt body with and

Figure 2. Geometrical details of models.
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Figure 4. Grids for hemispherical models without and
with di erent spikes.

Figure 3. Computational domain and boundary
conditions.

Table 1. Operating conditions for present simulation.
Flow parameter
Value
M1
T1
P1
ReD
1
U1

6.0
221.6 K
2511 Pa
0:73  105
0.03947 kg/m3
1790 m/s

without spikes, numerical simulations were made using
FLUENT, which used a nite volume approach to
solve compressible Reynolds Averaged Navier Stokes
equations. In the present investigation, steady state
laminar axisymmetric computations were made adopting explicit coupled solver. Structured grids were made
with uniformly distributed quadrilateral cells having
minimum spacing near the wall of the order 10 2 mm.
The overall computational domain was obtained after
several iterations. Pressure far eld boundary condition was speci ed at the inlet. No slip wall boundary
conditions were enforced on the hemispherical body
and spike. Due to axisymmetry, only half domain with
axis boundary condition was applied at the centerline.
The overall grid, computational domain, and boundary
conditions adopted are shown in Figure 3. The
operating conditions applied in the present simulation
are listed in Table 1. Close view of typical grids used
in the present investigation for di erent con gurations
is presented in Figure 4. Necessary clustering of grids
was made to better capture of ow eld. Final grid
was obtained after making necessary grid sensitivity
tests, and performing proper comparison with the
experimental and numerical results reported in the
literature.
The residuals of continuity and energy along

Figure 5. Convergence history of drag for SS-0.75.
with mass ux between the in ow and out ow were
monitored. In addition, the convergence history for
drag was monitored during the entire solution period.
Results were analyzed only when it was ascertained
that the residuals had converged on the order of 10 3 .
A typical convergence history of drag for hemispherical
body with sharp spike is plotted in Figure 5.

4. Validation
To validate the present computations and to arrive at
a suitable grid as well, experimental results reported
in [1] have been used. One of the experimental cases
involves a hemispherical body with a sharp spike having
L=D = 2:0 at freestream condition of M = 6:8,
ReD = 0:15  106 . Similar conditions and geometry
were simulated using three di erent resolutions of grids
[coarse (26,250), medium (52,500), and ne (105,000)]
and the results obtained are presented in Figure 6 and
Table 2. Figure shows the similarity of pressures
on the hemispherical body for medium grid with the
results reported in the literature. It is also observed
that the di erence between the values of Cdf for coarse
to medium is of the order 0.19, while for medium to
ne grid, it is only 0.05. Comparison with the reported
value of Cd shows good agreement for medium grid.
Hence, further computations are made with medium
grids having cells of the order 52,500. Simulations are
also made for sharp spike having L=D = 1:0 and 2.0 to
compare the reported Schlieren and surface pressures
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Figure 6. Comparison of pressure distribution for the
tested grids.

on the blunt body. Comparison of numerical and
experimental Schlieren, presented in Figure 7, indicates
that the overall ow features are well captured. The
comparison of surface pressure distributions on blunt
body without spike and with sharp spike having the
lengths L=D = 1:0 and 2.0 is presented in Figure 8,
which indicates fairly good agreement. The comparison
of forebody drag with the reported values for sharp
spike with various L=D is presented in Figure 9, which
also indicates good agreement. These results indicate
the adequacy of the grids, domain, and boundary

Figure 8. Comparison of pressure distribution at Mach
number of 6.8.

conditions and, hence, similar type of conditions has
been adopted in the present investigation.

5. Results
Computations have been made to investigate the overall ow eld over hemispherical body with and without
spike at Mach 6.0. The density gradient contours
obtained for hemispherical body without spike and

Table 2. Grid sensitivity test for hemispherical body with a sharp spike and L=D = 2:0.
Near wall C
Di erence from
Grid
Number of cells
df
cell height
experiments [1]
Coarse
Medium
Fine
Ahmed and Qin [8]
Crawford [1]

26,250
52,500
105,000
3,50,000
Experiments

6:5  10 3 D
10 3 D
6:5  10 4 D
10 4 D

0.41
0.22
0.17
0.21
0.21

0.2
0.01
0.04
0
|

Figure 7. Comparison of present computation with Schlieren for hemispherical body without spike and with di erent
lengths of sharp spike.
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Figure 9. Comparison of drag for di erent L=D's of
spike.

Figure 11. Density gradient contours over hemispherical
body with di erent shapes and lengths of spike.

Figure 10. Density gradient contours over hemispherical
body without spike.

with di erent spikes through computation are shown in
Figures 10 and 11, respectively. The ow eld around
hemispherical body without spike indicates a strong
detached bow shock wave in front of the hemispherical
body, which generates strong drag and heating load.
With adoption of sharp spike of L=D = 0:75 (SS0.75), a conical shock is observed, which emanates
from the spike tip (Figure 11(a)). In addition, it is
observed that a shear layer exists from the spike cone
cylinder junction to the blunt body, which could be
due to separation zone over the spike stem. The shear
layer envelops the recirculation region near the spike
stem. The body shock, which is the strong detached
bow shock, now gets altered and nearly attaches to the
surface of the blunt body. With increase in length of
spike (L=D = 1:0 and 1.5), the distance between the
spike shock and the shear layer increases (Figure 11(b)
and (c)). With increase in spike length, the body
shock curvature is also observed to move closer to the
blunt body. Similar qualitative features are obtained

with adoption of di erent lengths of hemispherical
head spike (Figure 11(d), (e), and (f)). The observed
di erences are in the locations of the start of shear
layer, spike shocks, and the blunt body shocks. In
all the cases of hemispherical head spike, the blunt
body shock curvature is more towards the body than
towards the sharp spike. Pressure contours presented
in Figure 12 show the detailed ow features for all
the spikes. The pressures, ahead of the blunt body
over the spike and on the blunt body near body shock,
decrease with increase in length of the spike for the
case of sharp spike of di erent lengths (Figure 12(a)
to (c)). Similar trends are also observed for the
hemispherical head spikes shown in Figure 12(d) to (f).
In addition, the pressures near the blunt body shock for
hemispherical head spike seem to be weaker than those
for the sharp spike, probably due to stronger spike tip
shock in case of hemispherical head spike. Velocity
vectors within the range of Mach numbers from 0 to
1.0, and streamline patterns near the spike and blunt
body junction for SS-1.50 and HS-1.50 are presented in
Figure 13. The vectors and streamlines are visible only
between the spike stem and the shear layer from spike
tip to the blunt body surface. It is also clearly visible
that the separation zone between the spike stem and
the shear layer is larger for the hemispherical head spike
than for the sharp spike, which could be responsible for
higher reduction in pressure and, hence, drag.
The pressure distribution on the spike and blunt
body for sharp spike of di erent lengths is presented
in Figure 14. Blunt body without spike indicates a
very high pressure at the tip of the hemispherical body
(S=D = 0), which is due to the strong bow shock ahead
of it; the pressure is subsequently reduced as we move
towards the shoulder of the body. With adoption of
sharp spike and L=D = 0:75, the pressure drastically
drops to a lower value on the spike and continues up to
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Figure 12. Pressure (kPa) contours with spikes of di erent shapes and lengths.

Figure 13. Flow patterns over spikes of di erent shapes and L=D = 1:50.

Figure 14. Computed pressure distribution with sharp

Figure 15. Computed pressure distribution with

S=D = 0:25; then, it rises on the blunt body to match
up with the isolated blunt body pressure. With change
in length of the sharp spike, there seems to be a spatial
delay in catching up with the blunt body pressure.
Maximum pressure on the blunt body and its location
change with length of the spike. Figure 15 presents
the pressure distribution on the spike and blunt body
for hemispherical head spike having di erent lengths.
The maximum peak pressure on the blunt body due

to spike drastically drops compared to sharp spike.
The length of the spike is also seen to be marginally
in uencing the peak pressure. This gives a clear
indication of lower pressures on the blunt body surface
due to hemispherical head spike compared to sharp
spike. The estimated values of forebody drag coecient
for the hemispherical body with and without di erent
spikes of various lengths are presented in Figure 16.
Isolated hemispherical body shows a drag coecient

spike.

hemispherical head spike.
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Table 3. Drag coecients for sharp and hemispherical head spikes with di erent lengths.
Con guration Cdf Reduction (%) Drag component Drag component Drag component
spike tip
spike stem
main body
Without Spike
SS-0.75
SS-1.00
SS-1.50
HS-0.75
HS-1.00
HS-1.50

0.92
0.57
0.42
0.28
0.31
0.25
0.17

|
38.04
54.34
69.56
66.30
72.82
81.52

|
0.0035
0.0035
0.0035
0.0381
0.0382
0.0383

|
-0.0000018
0.00009
0.00028
-0.00003
-0.00008
-0.00013

0.92
0.569
0.419
0.273
0.274
0.219
0.136

Figure 16. Forebody drag coecient for di erent spikes.

Figure 17. Forebody drag reduction for di erent spikes.

of 0.92, which on adoption of sharp spike indicates a
reduction from 0.57 to 0.28. It is also observed from the
gure that with increase in length of the spike, the drag
drops linearly. With adoption of the hemispherical
head spike, the drag decreases from 0.31 to 0.17 for
di erent lengths of the spike. The details of the drag
values for all the cases segregating component-wise
and percentage reduction for each case are tabulated
in Table 3. This clearly indicates the advantage
of the hemispherical head spike, which also shows
its advantage in terms of large separating region in
velocity vectors and drop in maximum pressure on the
blunt body through pressure distribution. Moreover,
Figure 16 shows that the spike's L=D in uences the
reduction in drag and this reduction is also a function of
spike tip ow eld. The drag reduction percentages for
blunt body with sharp and hemispherical head spikes,
with various L=D0 s, are presented in Figure 17. Sharp
spike exhibits a maximum drag reduction of 69.5%,
while the hemispherical head spike has a maximum
drag reduction of 81.5%. The drag reduction of 81.5%
is only due to change of the shape of spike tip. This
seems to be more than the value of 78% at hypersonic
speed reported in the literature so far.

6. Conclusion
Computations were made to obtain the ow eld on a
hemispherical main body at a hypersonic Mach number
of 6, in the presence of a sharp spike and hemispherical
head spike of di erent lengths. Overall ow features
were captured and changes in spike length and shape
were obtained. It was observed that use of hemispherical head spike having length of 1.5 times the base
diameter led to maximum reduction in drag (81.5%).
The component-wise drag estimation indicated that the
major contribution to the overall drag reduction was
only by the main body, which was altered due to spike
ow eld. Hence, spike tip design was important in the
overall drag reduction of the body.

Nomenclature
Cdf
d
D
HS
L

Coecient of forebody drag
Diameter of stem of spike
Hemispherical body diameter
Hemispherical head spike
Length of spike
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M
P
P1
P0
Re
S
SS
X

Mach number
Pressure (Pa)
Freestream pressure
Total pressure
Reynolds number
Curve length along the surface
measured from hemispherical body tip
Sharp Spike
Length along the axis of symmetry
measured from hemispherical body tip
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