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Effect of Intermediate Aerodisk
Mounted Sharp Tip Spike on the Drag
Reduction over a Hemispherical Body
at Mach 2.0

Reduction of forebody drag in high speed flying vehicles such as rockets
and missiles are of high research interest in the present time. In the
present research, drag reduction obtained by using an intermediate
aerodisk mounted sharp tip spike has been investigated using
computational studies at Mach number of 2.0. The flowfield over a
hemispherical blunt body with an intermediate aerodisk mounted sharp tip
spike is investigated at zero degree angle of attack and the amount of drag
reduction obtained is then compared with that of a conventional sharp tip
spike mounted hemisphere. The presence of an intermediate aerodisk
changes the flow physics and shock system over the blunt body. The
change in the system of shock waves by mounting an intermediate aerodisk
results in a higher percentage (20% higher) of drag reduction generated
by the blunt spiked body moving at a supersonic speed of Mach 2.0. Use of
intermediate aerodisk proves to be benificial in terms of drag reduction for

spike lengths ranging beyond the critical length.

Keywords: Supersonic flow, Drag reduction, Spike, Aerodisk.

1. INTRODUCTION

The study of spike mounted blunt body moving at high-
speed has gained the interest of researchers since past
couple of decades. The major advantage of adding a
spike on a blunt body moving at supersonic speed is its
ability to change the flow physics and thereby reduce
the forebody drag [1]. By mounting the spike on the
stagnation point of a blunt body, the strong detached
bow shock wave formed ahead of the body is replaced
by a system of weaker shocks (leading edge shock, and
reattachment shock). Also, a recirculation region is
formed around the spike-forebody interface which is
separated from the external flow by a shear layer. Figure
1 shows the schematic of the change in flow physics
over a hemispherical body while mounting a typical
spike. As a consequence of formation of weaker oblique
shock waves, the pressure level over the blunt body
surface reduces. This decrease in the pressure level
thereby reduces the drag coefficient experienced by the
blunt forebody. Previous researchers have already
reported the reduction of drag force experienced by a
blunt body moving at high speed by mounting of spike
[2]. In addition, the recent review paper of Huang et al.
[3] gives a detailed list of different research carried out
over spike mounted blunt bodies moving at high speed.
Various parametric studies on spike mounted hemi-
spherical bodies related to drag reduction have also been
reported in the recent past [4-10]. With increasing the
spike length up to a critical length, the amount of drag
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reduction has been reported to increase [4]. As per Jones
[4], for a hemispherical body moving at a Mach number
of around 2.00, the spike length to main body diameter
ratio (L/D) of the critical spike length providing
maximum amount of drag reduction was reported to be
L/D=1.5 (where, L is the spike length and D is the main
body diameter). Later, researchers reported a further
increase in amount of drag reduction in comparison to
sharp tip spike by mounting an aerodisk at the spike tip
location [11-14]. On mounting the aerodisk, an increase
in the size of the recirculation zone is observed which
thereby reduces the reattachment shock strength. This
reduces the level of the surface pressure and hence a
reduction in drag coefficient in obtained. Recently,
Yadav et al. [15-16] using computational studies
reported an even further increase in the amount of drag
reduction at hypersonic flow by mounting a series of
aerodisk along the spike stem in comparison to a single
aerodisk mounted spiked body configuration. In
addition to the spiked blunt bodies, numerous studies
have also been conducted involving the investigation of
the aerodynamic forces over more streamlined bodies
(Cone and Ogive) without mounting any spike [17-19].
However, the focus of the present research is on spiked
blunt bodies and all the above mentioned studies
concentrating on the enhancement of the drag reduction
over spiked blunt bodies moving at high-speed are
conducted within the critical length of the spike.

In the present research, 2D axisymmetric compu-
tational studies have been conducted adopting k- tur-
bulence model, to acquire the steady-state flow field over
the hemispherical body mounted with sharp tip spikes of
various lengths at freestream supersonic flow of Mach 2
and zero degree angle of attack. The flowfield obtained
around the hemispherical body by mounting a sharp tip
spike of critical spike length is compared with the one ob-
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Figure 1 Schematic showing the flowfield over a clean and spiked hemisphere moving at supersonic speed.

tained by mounting a spike of length longer than the
critical limit. Furthermore, an attempt is made to inc-
rease the percentage of drag reduction on a spike length
beyond the critical limit by utilizing the information
provided by Jones [4] and Yadav et al. [15-16].

An intermediate aerodisk is mounted over the spike
stem of the sharp tip spike longer than the critical spike
length and the flowfield generated over the spiked blunt
body is captured and analyzed. The effect of the above
mentioned spike on the amount of drag reduction is
obtained and compared with that obtained by a con-
ventional sharp tip spike.

2. GEOMETRY
A blunt hemispherical body with a main body diameter

(D) of 15 mm and length of 1.5D has been used in the
present study. All the spikes adopted have a sharp tip

L/D=1.5and 2.0

d/D=0.12

W

L/D

W
A

with half-cone angle of 10 degrees and a basic spike
stem diameter of 2 mm (0.12D). Two different spike
lengths (critical length, L/D=1.5 and beyond critical
length, L/D=2.0) have been adopted to obtain the effect
in the flowfield by increasing the spike length beyond
critical length.

Further, in order to reduce the amount of drag reduction
for the spiked body configuration with a spike of length
beyond the critical length (L/D=2.0), an intermediate
aerodisk is mounted on the spike stem. The geometry of
the intermediate aerodisk used in the present
investigation is adopted with reference to the aerodisk
used by Yadav et al. [15-16]. The point of flow
separation over the spike length for longest spike
(L/D=2.0) has been considered as the location of
mounting the intermediate aerodisk. The details of the
spike and blunt body configurations adopted in the
present study can be seen in Figure 2.

O =15 mm

>
15D

{a) Hemispherical body configuration with sharp spike
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10° \’}f’ /—
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(b} Hemispherical body configuration with shamp spike and intermediate aerodisk

Figure 2 Geometry of the models adopted in the present study
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{a} Grid for s harp spike without intermediate aerodisk

{b} Grid of sharp spike with intermediate aerodisk

Figure 3 Grids used in the present study for steady 2D axisymmetric computations

3. COMPUTATIONAL METHODOLOGY

In the present study, 2D axisymmetric steady-state
computations have been performed at a freestream
Mach Number of 2.0 and Reynolds Number of 3.5 x 10°
(based on forebody diameter, D). The computations are
carried out using the commercial CFD tool ANSYS-
FLUENT, which uses a finite volume approach to solve
the compressible Reynolds-Averaged Navier—Stokes
(RANS) equations. The computations have been
conducted adopting explicit coupled solver and using
“k-0” turbulence model. The use of this turbulence
model has been decided by referring to the turbulence
modeling exercise performed by Sahoo et al. [8] which
reported “k-m” turbulence model to be suitable for flow
analysis over spiked bodies. A typical domain and mesh
was finalized after making essential grid sensitivity
tests, and obtaining a good match with the results
reported in literature which is reported in the subsequent
solver validation section.

Structured grids with uniform quadrilateral cells
have been adopted having a first cell distance of the
order of 1.0x10° mm. Based on the fine mesh near the
wall, the y* value throughout the spiked body was of the
order of 1.0. Photograph of the grids used in the current
study are shown in Figure 3. The grids near the wall
have been provided with necessary clustering for
capturing the flow field precisely. The general grid size
for present 2D axisymmetric computations is taken to be
of the order of 90000 cells. The inlet has been specified
by the pressure farfield boundary condition whereas no
slip wall boundary conditions have been imposed on the
main body and spike. The computational domain,
overall grid and the boundary conditions adopted in the
present research is shown over the validation spiked
body model reported in [20] and can be seen in Figure
4. The purpose of preparing the grid and conducting
simulation over the model reported by White [20] is to
validate the mesh and the solver used in the present
investigation. The details of the validation results is
discussed in the next section. Furthermore, during the
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simulations, the residuals of the continuity and turbulent
kinetic energy were monitored and the results were
analyzed only once the residuals were converged to an
order of 10°.

Pressure far field
«— Pressure Outlet

N wall

Axis wall

Figure 4 Flow domain and boundary types used in the
present study

4. SOLVER VALIDATION

The result reported in [20] on a blunt body with spike
having a spike length of L/D=0.875 at M=2.23 has been
utilized for solver validation and to get a suitable grid.
The blunt body is hemispherical in shape and the spike
is having a flat tip. The geometrical detail of the model
used for validation is shown in Figure 5. The compu-
tational domain and grid adopted for conducting com-
putations over the validation model has been already
presented in the previous section (Figure 4). The flow-
field over the validation model has been simulated by
using “k-o” turbulence model and the result has been
obtained in order to validate the solver. The time-avera-
ged surface pressure distribution computed over the
hemisphere has been compared with the measured time-
averaged surface pressure distribution reported in White
[20]. The comparison is presented in Figure 6. It can be
clearly observed that the time-averaged pressure distri-
bution derived from the present steady-state compu-
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tation matches fairly with the reported experimental
results, thus validates the grid and simulating tool.
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Figure 5 Geometrical detail of the reference model adopted
for validation. [White, 1992]

5. RESULTS AND DISCUSSION

Computations have been performed at freestream Mach
2.0 flow to capture the flowfield over the spike mounted
hemispherical blunt body. Sharp tip spike of L/D ratio
1.5 and 2.0 are adopted and the results are compared.
The change in the amount of drag reduction by
increasing the spike length beyond the critical length is
found to be consistent with the previous reports. As
reported by Jones [4], the amount of drag reduction is
observed to be reducing if the spike length is increased
from L/D=1.5 (critical length for Mach 2.0) to L/D=2.0.
The comparison is shown at the later stage of this
section. To accomplish the objective of enhancing the
amount of drag reduction for spike with a length beyond
the critical length, an intermediate aerodisk is mounted
on the spike stem. The location for mounting the
intermediate aerodisk is obtained from the com-
putational result obtained for the case a hemispherical
blunt body mounted with a conventional sharp tip spike
of L/D=2.0. The location on the spike stem where the
flow separates is considered to be the location for
mounting the intermediate aerodisk. The idea of
mounting the aerodisk at the point of separation is
adopted from the basic concept of rising the separation
point and increasing the size of recirculation region
thereby reducing the drag value [11-14].

5
= Present Computation
4 r O White, 1992 [Exp.}
8 3
&
o 2
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ﬂ | 1 1 |
0 1 2 3 4 5
5 (inches)

Figure 6 Comparison of time-averaged surface pressure
distribution over the spiked hemisphere
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The results of the computation performed over a
sharp tip spike of L/D=2.0 mounted on a blunt
hemisphere has been presented in Figure 7. It shows the
density gradient contour overlapped with the time-
averaged surface pressure distribution over the spike
and the hemispherical blunt body.

From the density gradient contour shown in Figure
7, the flow features developed over the sharp tip spike
can be clearly observed. The weak leading edge shock
and the separation shock can be seen to generate from
the spike tip and the spike stem, respectively. The
expansion fan is also seen to generate at the spike tip
shoulder location. In addition, the reattachment shock
formed over the hemispherical body at the point of flow
reattachment is also observed. The computed time-
averaged surface pressure distribution is overlapped
over the density gradient contour in order to justify our
qualitative results. From the pressure distribution plot, it
can be clearly seen that pressure rise occurs at three
different locations which exactly corresponds to the
locations where the three different shock waves are
generated (leading edge, separation and reattachment
shock). From Figure 7, the location of flow separation
point over the spike stem is observed to be 17 mm from
the spike tip. This location is then considered to mount
the intermediate aerodisk to accomplish the objective of
the present research.

Further 2D axisymmetric computations are
conducted at Mach 2.0 over the blunt body mounted
with a spike having a sharp tip with and without
intermediate aerodisk and the results obtained are
analyzed and compared. Density contours obtained
from the present computations carried out over the
different spiked body geometries are presented in
Figure 8. The flowfield developed by increasing the
spike length beyond the critical length and by
mounting an intermediate aerodisk are compared in
Figure 8.

On comparison of the density contours obtained over
the hemisphere mounted with sharp tip spike of
L/D=1.5 (Figure 8a) and L/D=2.0 (Figure8b), it can be
clearly seen that the point of reattachment location does
not change which change in the spike length beyond the
critical length (L/D=1.5). As a result the reattachment
shock strength remains same for these two cases
(Figure8a and 8b). This is clearly observed from the
color map of the density contours.

On adding an intermediate aerodisk at the flow
separation point of the longer spike (L/D=2.0), the flow
physics is observed to be changed (Figure 8c). It is
observed that on mounting of an intermediate aerodisk,
the separation point raises vertically upward thereby
shifting the reattachment point downstream. The
downstream shift in the reattachment point is shown in
Figure 8 by vertical dashed line. This shift in the point
of reattachment thus reduces the local flow turn angle at
the reattachment point thereby reducing the strength of
the reattachment shock. The reduction of the
reattachment shock strength can also be observed
clearly on comparing the shock wave through the color
map of the density contours.
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Figure 7 Computed density gradient contour overlapped with the computed time-averaged surface pressure distribution over

the spiked hemisphere (L/D=2.0). Flow is from left to right.

A -

L/D=15

2.00e+00
1.93e+00
1.87e+00
1.80e+00
1.73e+00
1.67e+00
1.60e+00
1.53e+00
1.47e+00
1.40e+00
1.33e+00

o 1.27e+00
(b) 1.20e+00
1.13e+00
1.07e+00
1.00e+00
9.33e-01

) 8.67e-01
Displacement 8.00e-01

of Reattachment . 7.33e-01
point > i(_ 6.67e-01
§.00e-01
1 5.33e-01
i 4 67e-01
E . 4.00e-01
i 3.33e-01
2.67e-01
2.00e-01
1.33e-01
6.67e-02
0.00e+00

L/D=2.0

(c)

i L/D=2.0
! {aerodisk)

Contours of Density (kg/m3)

Figure 8 Density contour obtained over blunt hemisphere
mounted with spike of various length and spike with
intermediate aerodisk at supersonic flow of Mach 2.0. Flow
is from left to right.

A detailed qualitative flow comparison using the
computed density contours over the sharp tip spike
cases of L/D=2.0 with and without intermediate
aerodisk is shown in Figure 9a and 9b. As discussed in
the previous paragraph, the increase in the size of
recirculation region by mounting an intermediate
aerodisk can be clearly observed in Figure 9b. In
addition, the reduction in the flow turn angle (from ~
44° to ~ 34°) and decreased reattachment shock strength
can also be observed from the comparison of the density
contour shown in Figure 9a and 9b.

As a result of the reduction in the reattachment
shock strength by mounting of an intermediate aerodisk,
the level of time-averaged surface pressure distribution
can be expected to reduce. This reduction in the
pressure level will thereby result in a further reduction
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on the value of drag coefficient by mounting an
intermediate spike and hence an improved drag
reduction can be achieved beyond the critical spike
length.

To complete the hypothesis made in the previous
paragraph with the help of the qualitative results, a
detailed quantitative result analysis is also required. For
that purpose the computed time-averaged surface
pressure distribution of the forebody geometry for all
the cases investigated in the present research are
obtained and compared. The comparison is presented in
Figure 10. From the comparison of the surface pressure
distribution shown in Figure 10, the shift in the
reattachment point location can be clearly observed.
This shift in the reattachment point reduces the shock
strength as already discussed and hence a decrease in
the level of the pressure peak value is observed as
expected from the qualitative analysis.

Resttachment
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Figure 9 Comparison of computed density contour between

sharp tip spike without and with intermediate aerodisk at
supersonic flow of Mach 2.0. Flow is from left to right.
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Figure 10 Comparison of the computed time-averaged surface pressure distribution over hemispherical forebody for different
spiked body geometries investigated at supersonic flow of Mach 2.0.
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Figure 11 Computed drag coefficient values (skin friction drag and pressure drag) experienced by different spiked body

configurations investigated in the present research.

Table 1 Computed total forebody drag coefficient values for different geometries considered in the present investigation.

Body Cd Cd Cd
(Pressure) (Skin Friction) (Total)
Clean 0.778 0.015 0.79
L/D=1.5 0.47 0.02 0.49
L/D=2.0 (Without Aerodisk) 0.49 0.02 0.51
L/D=2.0 (With Aerodisk) 0.38 0.02 0.40

This reduction in the level of pressure value is also
clearly observed from the pressure plot for the case of
sharp tip spike with intermediate aerodisk (green line).
Also on comparison of the pressure distribution
obtained for spike of L/D=1.5 and 2.0 (red and purple
line, respectively), the change in the pressure level is
observed to be minimal which is consistent with the
previous reports [4]. From the analysis of the computed
pressure distribution for the different cases under
consideration, it can be expected that the amount of drag
reduction marginally decreases on extending the spike
length beyond the critical length to L/D=2.0. However,
if an intermediate aerodisk is mounted at a suitable
location over the spike stem, the amount of drag
reduction can be expected to be enhanced even on the
spike length beyond the critical limit.

784 = VOL. 48, No 4, 2020

The computed drag coefficient experienced by the
different spiked body geometries investigated in the
present research are obtained and presented in Table 1.
It can be clearly observed from the table that the amount
of drag reduction is further increased on mounting of
the intermediate aerodisk on a sharp tip spike of length
longer than the critical length

Furthermore, as it can be observed from Table 1, the
total forebody drag coefficient values are a combination
of the drag values contributed from the skin friction
drag and the pressure drag. In order to find the
individual contribution of both the major types of drag,
the skin friction drag is calculated by integrating the
wall shear stress distribution on the spiked blunt body
and the pressure drag is calculated by integrating the
pressure forces on the spiked blunt body. The whole

FME Transactions



matrix of drag coefficient values experienced from the
pressure drag as well as skin friction drag has been
plotted in Figure 11 to have a better understanding. It
can be clearly seen from Figure 11 that the skin friction
drag remains almost unchanged with the change in the
spike geometry. The major contribution in the change in
the overall drag coefficient due to the change in spike
geometry is by the pressure drag. This further justifies
our findings which states the change in the pressure
distribution is basically due to the change in the strength
of the reattachment shock.

6. CONCLUSION

Computational study has been carried out at Mach
number of 2.0 over hemispherical blunt body with sharp
tip spike of various lengths. The flowfield and amount
of drag reduction are found to remain unchanged on
increasing the length of the sharp tip spike beyond the
critical spike length. However, on mounting an
intermediate aerodisk at the flow separation location
over the spike stem for the case of spike length longer
than the critical length, the flowfield is observed to
change significantly. In the present investigation, the
amount of drag reduction is observed to increase by
almost 20% for the longer spike length (L/D=2.0) by
mounting an intermediate aerodisk on the spike stem. It
is observed that by mounting of an intermediate
aerodisk on a longer spike (beyond critical spike
length), the recirculation size increases thereby shifting
the flow reattachment location downstream. This
downward shift in the flow reattachment location
reduces the local flow turn angle and hence results in a
decrease in the reattachment shock strength. The
reduction in the reattachment shock strength there by
leads to a decrease in the pressure level and hence the
fore body drag value is found to be further reduced. It
has also been observed that the reduction is the overall
drag is majorly from the pressure drag which is a result
of the reduction in the reattachment shock strength on
addition of the intermediate aerodisk. A detailed
parametric study on the effect of the intermediate
aerodisk geometry on the amount of drag reduction can
be taken into future scope of research. The effect
location of the intermediate aerodisk can also be
considered for research in future.
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YTUHAJ MEBYAEPOIUCKA CA
MOHTUPAHUM OITPUM HINJBACTUM
BPXOM HA CMABEBE OTIHOPA IO
MNOBPHINHU MOJYJONTACTOI TEJIA IIPU
MAXOBOM BPOJY 2.0

I1.B. Tem0ypuukap, A.T. Jagas, /I. Caxo

786 = VOL. 48, No 4, 2020

Hanac ce Beimku Opoj McTpakuBada 0aBU MpoOIEMOM
CMambemha OTIIOpa Npelber Aelia JeTelIra Kao ITo Cy
paKeTe U MPOjeKTHIIN. Y OBOM Pajly je CMambEmhe OTIOpa
NOCTUTHYTO KopHihemeM Meljyaeponucka ca MOHTH-
paHUM OIITPHM INUJBACTHM BPXOM, KOMIIJYTEPCKUM
npopauyHoM 1pu MaxoBoMm 6pojy 2.0. CtpyjHO mOJbE
MO MOBPIIMHU TOJYJIONTACTOT TYIOr Teia ca Mely-
AepOJMCKOM j€ WCIUTUBAHO NPU HYJITOM CTEIeHY
HamagHOT yria M pe3yjiTaT CMamemka oTIopa je
ynopeh)eH ca pe3ydararoM IOOHjeHHM KOJ KOHBEH-
LHOHATHOT OLITPOTI LIMJBACTOT BPXa MOHTHPAHOT Ha
TIOJTYJIONTH.

IpucycrBo mehyaepoancka Mema (GHU3UKY HMPOTOKA H
CUCTEM YyJiapa [0 HOBPLIMHU Tynor tena. IIpomena y
CHCTEMY yJapHHX Tajaca MOHTHUpameM Meljyaepoucka
cMmamwyje otrop (3a 20%) Koju cTBapa TyHO Tello ca
[IMJbACTUM BPXOM IIPH CyNEpPCOHWYHO] Op3uuu o 2.0
Maxa. Jloxasano je ma xopumheme Melyaepoancka
JOBOJM JI0 cMamema oTnopa Beher onx KpuruuHe
Iy>)KUHE [IHJBbKA.
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