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ABSTRACT
The drag performance of truncated cones in a supersonic flow of Mach number 2 with
repetitive energy depositions is evaluated by using computational fluid dynamics. The
calculated result shows a quasisteady flowfield: a virtual spike, which is supported by an
axi-symmetric recirculation, is formed in front of the truncated cone. The recirculation is
generated due to baroclinic interaction between a bow shock wave and a heated bubble
produced by energy depositions. The reduction of the drag over the truncated cone is
attributed to the virtual spike so formed. The time averaged drag of the truncated cone
depends on the amount of deposited energy, repetition frequency and the area of a
truncation surface. The averaged drag can be smaller than that of a sharp cone with the
same apex angle, maintaining the energy savings due to drag reduction.

NOMENCLATURE
B blast wave
D instantaneous drag, N
D0 drag without energy deposition, N
D0_ffc D0 of flat-faced cylinder, N
D0_TM D0 of cone with 30 degree nose angle calculated from Taylor-Maccoll solution, N
Dav averaged drag, N
f repetitive frequency, Hz
L low density core
M Mach number
O oblique shock wave
Q deposited energy, J
q0 deposited power per unit volume, W/m3

r radial coordinate, m
r0 radius of absorbed energy volume, m3

s distance upstream of blunt body to energy deposition position, m
t time, s
V∞ freestream velocity, m/s
v volume, m3

v0 spherical volume for energy absorption, m3

x axial coordinate, m
x0 x coordinate value for energy deposition, m
φ diameter, m
φt diameter of a truncating plane, m
τ full width at half maximum of laser power peak, s

1. INTRODUCTION
Drag reduction technique with focused energy deposition into the flow ahead of a body in supersonic
or hypersonic flows has been paid much attention recently. [1-3] A number of past works have shown
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that the aerodynamic drag force on the body can be reduced by supplying the energy of a laser pulse.[4-
7] In the method, the drag decreases during the interaction of the low density and high temperature
region created by the energy deposition with the shock wave over the body, depending on the laser
parameters such as pulse repetition frequency, laser energy or duration time. Therefore, the effect of the
energy supply on the drag reduction should be better understood in order to apply this technique
practically.

Borzov et al. showed in their numerical study[8] that when a constant source of power is supplied
ahead of a blunt body in a hypersonic flow of M=10, the drag is reduced more effectively for the blunt
body with larger bluntness. For a lower Mach number, typically at M=2, such an effectiveness for a
blunt body needs to be evaluated more carefully, because the nonlinear effect of energy deposition into
flow on drag reduction becomes weaker. The drag for a blunt body obtained by energy deposition
should be lower than that for a sharp cone with the same reference area without energy deposition at
such supersonic speed from the standpoint of practical drag performance. In addition, the energy
savings due to drag reduction should be large for effective energy usage.

Although the drag reduction with energy deposition is more effective for a blunt body with larger
bluntness, the drag without energy deposition is relatively higher as bluntness is larger. The effective
time, for which the effect of the energy deposition on a blunt body lasts, is a key parameter to know
what shape of a body is better to obtain lower drag. In our recent study[9], the effective time is
evaluated during the interaction of the low density core created by a single laser pulse using an Nd:YAG
laser with the bow shock wave over a blunt body. The evaluated effective time for a flat-faced cylinder
is longer than that for a hemisphere under the same energy deposition condition. The longer effective
time for the flat-faced cylinder is due to the fact that the recirculation zone with vortices, which are
produced due to baroclinic interaction, keeps for longer time in the forebody region. This trend results
in the reduction of the drag for a longer period.[3] From our numerical study[10], however, it has shown
that the modulated drag for the flat-faced cylinder is nearly the same with that for the hemisphere and
that the drag value is higher than that for the sharp cone without energy deposition. Nevertheless, it is
believed that flat-faced geometry has a potential advantage to be used in the drag reduction with energy
deposition, because the energy savings for the flat-faced cylinder are higher than that for the
hemisphere under the same energy deposition condition.

The lessons learned from the past studies lead to an idea to make the most of each characteristics of
flat-faced cylindrical and conical geometry on the modulation of the drag with the energy addition: the
drag value is reduced on the frontal portion of a body by keeping a vortex flow feature with flat-faced
cylindrical geometry, while the drag on the base region is kept lower by using conical geometry. A
truncated cone, which is proposed in this study for supersonic drag reduction with energy deposition,
is expected to realize such performance.

In the present study, efforts are made to show better drag reduction performance using a truncated
cone with repetitively pulsed laser energy depositions. A computational fluid dynamic (CFD) method
is used to calculate the flow structure and the wave drag on the body for a set of the parameters such
as the truncation of a cone, the repetitive frequency of laser pulse, the energy deposition position, and
the amount of the energy supplied into flow. The issues on a system integration such as the weight
penalty of the laser device for energy deposition are not considered in the present study.

In addition, viscous effect is ignored in the present calculations. Therefore, the heat transfer rate to
the wall of the body, including detailed flow phenomena such as Edney IV interaction [5], is not
accounted for in the evaluation of the supersonic drag performance. Basically, heat deposition will
increase the heating rate to a body surface. In the present study, the drag for the sharp cone, the
truncated cones with different truncating surface, and the flatfaced cylinder for the same diameter of
the base are calculated. The sharper nosed body will increase the heating rate as compared with the
blunt nosed body through the interaction of the high temperature cores created with energy deposition.
This aspect needs to be estimated for the further details on drag performance. Such estimation is beyond
the scope of the present study, and remains to be made in the future.

2. NUMERICAL METHOD
The 2d-axisymmetric inviscid flow over a body is assumed to be a perfect gas with the constant specific
heat ratio of 1.4. Mass, momentum and energy conservation equations are discretized using a finite-
volume method. The numerical flux function is evaluated using the AUSM-DV scheme. The MUSCL
approach is employed with a minmod limiter, and computed flow properties are second-order accurate
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in space. The discretized equations are numerically integrated in time by using a second-order Runge-
Kutta method. It should be noted that the present CFD method can predict the time variation of the
stagnation point pressure very well.[9] Thus, the validity of the method is believed to be warranted.

The parameters used in the present calculations are summarized in Table 1. The diameter of the base
of the blunt body, φ, the diameter of the truncating plane, φt, and the distance upstream of a body to energy
deposition position, s, are schematically shown in Fig. 1. The geometrical shapes with different φt/φ values
are additionally shown in the same figure. The base diameter and the conical angle of the truncated cone
are set to be 20mm and 30 degrees, respectively. A slip condition is imposed at the wall of the body.

Table 1. Summary of the simulated parameters

Parameter Value
φ 20mm
f 10kHz, 50kHz, 100kHz
φt/φ 0, 0.25, 0.5, 0.75, 1
Q 3mJ, 4.5mJ, 6mJ
s/φt 2.0, 2.5, 2.667, 3.0, 3.5, 4.0

For all the cases analyzed in the present study, a steady-state solution is calculated for the case
without energy deposition at first, and the unsteady calculation with energy deposition is carried out
from the steady-state solution. The calculated drag value at its steady-state without energy deposition
is shown in Fig. 2. In the figure, each drag value is normalized by the one for the flat-faced cylinder.

The Mach number and the static pressure are set to be 2 and 12.7kPa, respectively. The set of the
values is taken from the condition for the specification of an indraft supersonic wind tunnel which will
be used in our experiment planned in future. The static temperature in the freestream is calculated
through an isentropic flow relation assuming that the total temperature of the freestream flow is taken
to be 300 K. All the computed results are presented by using a 201×201 computational grid. A time step
is set to be a constant value of 3ns. The sensitivity of the grid size and the time step to the calculated
results is believed to be small, as will be shown later.

A heating source term for a periodic laser energy deposition is calculated assuming that the energy
is deposited during the period of the order of the laser pulse duration at constant volume and that the
deposited energy distribution is given by a Gaussian profile. A well-known formulation[11] for the
energy deposition is used in the present study as follows:
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Figure 1. Simulation parameters and blunt bodies used in the present study.



where λ(t) denotes a step function with the full width of the half maximum τ,

(2)

The value of q0 is given by the following relation:

(3)

where Q is a laser energy absorbed into flow. Note that (x0, 0) is a center of the spherical region for the
energy deposition. The value of Q is set to be 3mJ, 4.5mJ, and 6mJ, respectively. These values in the
range from 30% to 60% of a maximum laser energy per pulse (10mJ) for an Nd:YLF laser with the
laser wavelength of 1,047nm[12]. The value of the absorbed energy volume, vo, is assumed to be the
same value of 3 mm3 used in the past work.[9] The full width of half maximum for a pulse, τ, is given
from the value for the Nd:YLF laser[12] and is taken to be 9 ns.

The volume value and the deposited energy used in the present study are believed to be reasonable.
In our past work[9], the interaction of the low density region created by an Nd:YAG laser with the laser
wavelength of 1,064 nm is simulated under the condition in which the Mach number and the static
pressure are set to be 3 and 3kPa, respectively. The same volume value is used in our previous study.
The amount of the energy deposited into the flow is estimated to be about 3.6mJ by fitting the measured
blast wave evolution. It should be noted that the static pressure in the freestream in the present study is
higher than that in the previous study. The laser energy deposited should be increased with pressure.
We will examine these properties in our planned experiment with the Nd:YLF laser.

3. RESULTS AND DISCUSSION
3.1. Asymptotic Drag Characteristics
The convergence histories of the wave drag on the frontal surface of the body are given in Fig.3 for the
three different repetitive frequencies of f=10kHz, 50kHz, and 100kHz, respectively. The drag is
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Figure 2. Comparison of the drag without energy deposition for the blunt bodies analyzed in
the present study. Each of the drag values is normalized by the one for the flat-faced cylinder
with φt/φ=1 .



calculated by integrating the pressure on the frontal surface. The energy deposited and the normalized
distance upstream of the body surface to energy deposited point are set to be Q=3mJ, and s/φt =2.5,
respectively.

As shown in Fig. 3, in each of the cases, the drag asymptotically approaches to a quasisteady state,
showing periodical fluctuations. The drag value averaged between t=1,400µs and t=1,500µs is 12.4 N,
8.7 N, and 6.5 N, for the case of f=10kHz, 50kHz, and 100kHz, respectively: the ratio of the reduced
drag to the one without energy deposition is about 96%, 67%, and 50%, respectively. For f=10kHz, the
fluctuations are relatively large: the standard deviation from the averaged value is about ± 3.7 × 10–1N.
For f=50kHz, the drag becomes a quasi-steady state value within 500µs. The standard deviation of the
periodical fluctuation is about ± 9.5 × 10–2N, which is smaller than that for f=10kHz. For the case of
f=100kHz, a similar trend for f=50kHz is seen, but the oscillation becomes weaker as compared with
that for f=50kHz: the standard deviation is about ± 2.6 × 10–3N. A similar tendency is seen in other
simulated conditions, though the results are not shown here.

In Fig.4, the averaged drag values for the three truncated cones are plotted against the normalized
energy deposition position, s/φt. The results are presented for the case of Q=4.5mJ. From the figure, the
difference of the averaged drag value between the three truncated cones is about 4% at most. Thus,
within the calculated results in the present study, the effect of the energy deposition position on the drag
is believed to be weak. As shown, because the lowest drag value is obtained for the case of s/φt=2.5,
the results will be shown mainly for s/φt=2.5 in later sections.

The effect of the truncating plane on the drag reduction is examined especially for the case of
f=100kHz by changing the deposited energy from Q=3mJ to 6mJ. The averaged drag values are
compared in Fig. 5 between the cases of φt/φ=0.25, 0.5, and 0.75. For reference, the sharp cone (φt/φ=0)
and the flat-faced cylinder (φt/φ=1) are also shown in Fig. 5. Each of the drag values is averaged
between the same time period mentioned earlier, respectively, except for the sharp cone: this case is
convergent to a quasi-steady state quickly as compared with other cases, and the drag value is averaged
between t=400µs and t=500µs. The energy deposited position is set to be s/φt=2.5 for all the cases. For
additional reference, an analytical drag of the sharp cone without energy deposition is shown also in
the figure: the drag value is evaluated based on the Taylor-Maccoll solution[13].

From Fig. 5 for the case of Q=3mJ, the drag value becomes lower as the truncation surface is
decreased: the difference of the drag value between φt/φ=0.25 and 0.75 is about 10%. The drag value
for φt/φ=0.25 is lower than the analytical drag for the sharp cone. Note that the ratio of the reduced drag
to the one without energy deposition is about 89%, 69%, and 50% for the case with φt/φ=0.25, 0.5, and
0.75, respectively.
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Figure 3. Convergence histories of the calculated drag on the frontal surface at f=10kHz,
50kHz, and 100kHz for the case of φt/φ=0.75, Q=3mJ, and s/φt =2.5.



One can see in Fig. 5 that by increasing the deposited energy up to Q=6mJ, the drag with the larger
truncation surface is reduced more strongly: the difference of the drag between with Q=3mJ and
Q=6mJ is about 10% for the case of φt/φ =0.75, and is about 3% for φt/φ=0.25. At Q=6mJ, the drag
values for all the truncated cones are smaller than the analytical value.

Calculation is made with a 201×401 computational grid for the case with φt/φ=0.75, Q=3mJ, and f=100
kHz. The calculated averaged drag value is increased by about 0.8% as compared with that obtained with
the 201×201 grid. In addition, calculation is performed with the time step size of 1ns. The difference of
the averaged drag value between the step size of 3ns and of 1ns is found to be less than 0.1%.

3.2. Quasi-Steady State Flowfield
The calculated quasi-steady flowfield will be presented in this subsection. The flowfield is qualitatively
different between the lower repetitive frequency at f=10kHz, and the higher frequencies at f=50kHz and
100kHz. For the purpose of the comparison of the flowfield, the emphasis is placed on the difference
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of the interaction pattern of the heated low density core with the bow shock wave. It should be noted
that the results are given mainly for the case of φt/φ=0.75, s/φt=2.5, and Q=3mJ, because the qualitative
nature of the flowfield is unchanged for other cases.

3.2.1. f=10kHz
Figures 6 shows the density contours and instantaneous streamlines between t=1,010µs and t=1,110µs,
respectively. In Fig. 6(a), a blast wave and a low density core are approaching to the truncated cone.
The blast wave and the low density core are produced during the energy deposition at t=1,000µs. The
temperature in the low density core is about a couple of thousands Kelvin, though the result is not
shown here. The low density core created at the previous energy deposition still stays near the corner
of the truncated surface. From the streamline shown in Fig. 6(a), one can see vortices near the frontal
surface of the body. The vortices are produced by the interaction of the bow shock wave and the low
density core, as will be seen next. The vortex flow feature in the forebody region keeps for about 60µs,
resulting in the reduction of the drag on the frontal surface of the body, as is shown in Fig.3.

One can see from the density contour in Fig. 6(b) at t=1,050µs that the blast wave reaches at the
frontal surface of the truncated cone. This feature is recognized as the sharp peak seen in Fig.3. The
low density core starts to interact with the bow shock wave. From the density contour at t=1,080µs
given in Fig.5(c), the core is deformed by passing through the bow shock wave. The shape of the bow
shock wave near the centerline is slightly distorted: the distortion is believed to be due to the decrease
of the local Mach number in the density core.[6]

The streamline at t=1,050µs shown in Fig. 6(b) indicates that the vortices observed at t=1,010µs
shown in Fig. 6(a) break down. By judging with the density contour in Fig. 6(b), one can find that the
vortex flow structure cannot keep in the frontal region over the body until the low density core
produced at the next deposition reaches near the bow shock wave under this repetitive frequency
condition. As shown in Fig. 6(c), new vortices are produced in the region where the low density core
passes through the shock wave. The vortices are generated due to the baroclinic effect followed by the
interaction of the shock wave with the high temperature region.[14]

The deformed low density core moves downstream by spreading in the radially outward direction,
as shown in Fig. 6(d). The shape of the bow shock wave is returns to its steady-state one. From the
streamline given in Fig. 6(d), the flow velocity in the forebody region becomes opposite to the direction
of the freestream flow. This reversal flow is mainly due to the fact that the pressure near the wall region
is instantaneously higher than the one behind the bow shock: such a flow state is a result of the
penetration of the low density core into the shock layer and the reflection of the blast wave at the wall.
The reversal flow weakens in the next 30µs from t=1,080µs. The flow structure at t=1,110µs shown in
Fig. 6(e) is almost the same with the one at t=1,010µs given in Fig. 6(a), as expected.

3.2.2. f=50kHz
Figures 7 shows the density contours and the instantaneous streamlines between t=1,005µs and
t=1,025µs, respectively. From the density contour at t=1,005µs given in Fig. 7(a), one can see an
oblique shock wave in the frontal region of the truncated cone. The oblique shock wave is formed
through the interaction of the low density core with the bow shock wave, as seen in the case at f=10kHz.
In contrast to the lower repetitive frequency, the bow shock wave is strongly distorted at f=50kHz due
to the multiple density cores incoming into the forebody region of the body, as can be seen in Fig. 7(a).
The shape of the oblique shock wave is nearly constant even if the low density core interacts with the
shock wave successively, as shown in Figs. 7(a) to 7(e).

A relatively large vortex flow region is produced due to the baroclinic effect through the successive
interaction of the low density cores with the shock wave. The resultant flowfield shows a recirculation
zone. As shown in the streamlines in Figs. 7(a) to 7(e), the recirculation zone is maintained in the
frontal region of the body. The observed streamline shows a strong similarity with the one over a pure
cone in supersonic flow: the recirculation zone serves as virtual conical geometry in the flowfield,
blocking the supersonic flow incoming to the body.[1] Because the low density core flows through the
recirculation zone in the forebody region, the pressure on the truncated surface is kept lower as
compared with the case at f=10kHz. However, as shown in Fig. 7(b), the blast wave collides with the
truncated surface. The collision represents the increase in the time history of the drag shown in Fig. 3.
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Figure 6. Flowfield structure between t=1,010µs and t=1,110µs at f=10kHz, s/φt=2.5, Q=3mJ,
and φt/φ=0.75, left side: density contour, and right side: instantaneous streamline.
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Figure 7. Flowfield structure between t=1,005µs and t=1,025µs at f=50kHz, s/φt =2.5, Q=3mJ,
and φt/φ=0.75, left side: density contour, and right side: instantaneous streamline.



3.2.3. f=100kHz
The density contour and the streamline at t=1,010µs is shown for the case of φt/φ=0.75, 0.5, and 0.25
in Figs. 8(a), 8(b), and 8(c), respectively. From the comparison of the results, the recirculation zone is
formed similarly in the frontal region of the body for each of the cases. The size of the recirculation
zone becomes smaller as the truncated surface is reduced. The apex of the recirculation zone is
estimated from the obtained solution by searching the position where the sign of the axial flow velocity
on the centerline is changed. The position of the apex is about 20mm, 12mm, and 3mm upstream of the
body surface for φt/φ=0.75, 0.5, and 0.25, respectively. It should be noted that the effect of the drag
reduction between with and without energy deposition becomes stronger as the truncated surface is
increased. Thus, the recirculation zone due to baroclinic interaction is a key phenomenon to obtain the
reduced drag for the case with larger truncating surface.

From the comparison of the density contours with φt/φ=0.75 between f=100kHz and f=50kHz, as
shown in Figs 8(a), and Fig. 7, respectively, the angle of the oblique shock wave for f=100kHz is
shallower than that for f=50kHz. This trend is due to the fact that the size of the recirculation zone is
larger for f=100kHz as compared with the one for f=50kHz. As a result, the forebody region over the
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truncated cone is maintained at a lower pressure level, and the collision of the blast wave contributes
to the increase of the drag only slightly. Such a feature can be related to the smaller oscillation at
f=100kHz shown in Fig. 3, as compared with those for the lower repetitive frequencies.

3.3. Trade-off Between Energy Savings and Drag
Figure 9 shows that the time history of an energy saving efficiency, which is given by the ratio of the
energy savings due to drag reduction to the sum of the repetitively supplied energy:

(4)

The efficiency value is plotted against the time for the case of φt/φ=0.75, s/φt=2.5 and Q=3mJ at
f=10kHz, 50kHz, and 100kHz, respectively.

One can see from the figure that each of the efficiency values increases gradually and reaches its
asymptotes nearly up to t=1,500µs. The efficiency values averaged between t=1,400µs and t=1,500µs are in
the range of from 10 to 15. When the deposition energy is increased up to Q=6mJ at f=100kHz, the obtained
efficiency is about 6, which is still higher than 1, though the result is not shown here. It should be noted that
the efficiency values for the other cases calculated in the present study asymptote similarly as in Fig. 9.

In Fig. 10, the averaged efficiency is plotted against the averaged drag value for the cases of
φt/φ=0.25, 0.5, and 0.75 with s/φt=2.5, respectively. The results are presented for Q=3mJ, 4.5mJ, and
6mJ, respectively. For the purpose of comparison, two dashed lines are given to show the analytical
drag value for the sharp cone without energy deposition, and the efficiency value of 1, respectively. For
reference, the calculated results for the sharp cone (φt/φ=0) and the flatfaced cylinder (φt/φ=1) are given
in the same figure.

From the figure, for the flat-faced cylinder (φt/φ=1), the efficiency value is higher as compared with
the other cases, while the averaged drag value is typically higher than the analytical drag for the sharp
cone. For the cases of the truncated cone with φt/φ=0.5 and 0.75, the drag values can be lower than the
analytical one for Q=4.5mJ, and 6mJ, respectively, keeping the efficiency values higher than 1. In
contrast, although the drag values for the truncated cone with φt/φ=0.25 are consistently lower than the
analytical one, the efficiencies are nearly equal to or is lower than 1. One can see that the efficiency
value for the sharp cone (φt/φ=0) is lower than 1; the drag values are lower than the analytical one under
the conditions analyzed in the present study. Thus, it is believed that the truncated cone with larger flat
surface shows good trade off performance between the energy savings and the modulated drag.
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4. CONCLUSIONS
The present numerical study demonstrates the functions of a truncated nose of a supersonic flying body
with repetitive energy depositions. The wave drag over the truncated cone can be reduced effectively
by setting the parameters on the energy deposition appropriately: by increasing the repetitive frequency,
the drag is reduced, and the oscillation of the drag is decreased; however, the efficiency decreases by
increasing the energy deposited into flow. The drag for a truncated cone can be smaller than that for a
sharp cone with the same apex angle. The present result shows that the drag reduces as the truncating
surface area is decreased; in contrast, the efficiency is higher as the surface area increases. Based on
the obtained trend in the present study, the truncated cone with a moderate frontal surface could be a
better choice for the drag reduction technique with energy deposition.

A quasi-steady state flowfield over truncated conical geometry is established with the higher
repetitive frequency of pulse energy, typically higher than f=50kHz for the body with φ=20mm. The
quasi-steady state flowfield shows the recirculation zone over the truncated body surface. The
formation of the conical recirculation zone serves as a virtual spike over the body. The size of the
recirculation zone gives the overall pressure level in the forebody region of the truncated cone. The
production of the vortices due to baroclinic effect governs the stabilization of the recirculation zone.
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