
Baroclinic vortex influence on wave drag
reduction induced by pulse energy deposition

著者 Ogino  Yousuke, Ohnishi  Naofumi, Taguchi 
Shinichi, Sawada  Keisuke

journal or
publication title

Physics of fluids

volume 21
number 6
page range 066102
year 2009
URL http://hdl.handle.net/10097/52861

doi: 10.1063/1.3147932

brought to you by COREView metadata, citation and similar papers at core.ac.uk

https://core.ac.uk/display/235799939?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Baroclinic vortex influence on wave drag reduction induced
by pulse energy deposition
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We present the results of numerical analysis of wave drag reduction by a single-pulse energy
deposition in a supersonic flow field around a sphere. The wave drag for the sphere was reduced as
a result of the interaction between a low-density core following the blast wave produced by the
energy deposition and the bow shock developed in front of the sphere. We investigated the drag
reduction mechanism in terms of the unsteady flow field induced by the interaction. The effects of
deposited energy and deposition location on energy reduction were examined by parametric study.
From the obtained results, we refined the parameters, utilizing the baroclinic source term that
produced vorticity in the vortex equation when the gradients of density and pressure were not
parallel. The baroclinic vortex driven by Richtmyer–Meshkov-like instability was strong enough to
contribute to the temporary low-entropy shock formation that caused low wave drag for the
supersonic object. We determined that the reduced energy had a linear dependence on the radius of
the low-density core formed in the blast wave and was proportional to the square of the freestream
Mach number. Such dependencies could be predicted with the assumption that the energy was
consumed by the baroclinic vortex generation and advected downward without thermalization in an
inviscid shock layer. © 2009 American Institute of Physics. �DOI: 10.1063/1.3147932�

I. INTRODUCTION

The bow shock developed in front of a blunt body in a
supersonic flow field is the origin of troublesome wave drag.
Reducing wave drag improves the fuel efficiency and oper-
ating flexibility of a supersonic vehicle. Many researchers
have studied wave drag reduction in supersonic vehicles by
using both structural and nonstructural methods to control
the flow field ahead of the vehicle. A typical structural
method involves attaching a physical spike to the body
nose.1–3 The spike forms a conical shock wave that changes
the flow direction outward, significantly reducing the drag of
the body. However, some problems occur in the practical
application of this method. The spike has to endure a large
heat flux at the apex, as well as the pitching moment gener-
ated in the flight with a finite angle of attack. In order to
avoid these problems, nonstructural methods of drag reduc-
tion have been investigated; these methods use energy depo-
sition instead of the physical spike.4–7 Continuously supply-
ing energy using a continuous wave laser ahead of the blunt
body forms a conical shock wave, and the drag of the body is
reduced as well as with the physical spike method.

In the past decade, a supersonic flow control method
using pulsed-laser deposition was proposed and investigated
experimentally and numerically.8–14 With this method, the
pulse energy supplied ahead of a bow shock formed over a
blunt body generates a blast wave, which interacts with the
bow shock �Fig. 1�. Adelgren et al.9 demonstrated the pos-
sible application of laser-induced energy deposition to con-

trol the flow over an isolated sphere. These experiments
demonstrated the effectiveness of laser-induced energy depo-
sition in reducing surface pressure: the peak value was re-
duced by 30%, compared to the value observed without en-
ergy deposition. Georgievsky and Levin12,13 and
Zheltovodov et al.14 performed numerical calculations in the
framework of the Euler equations, using quasisteady and pe-
riodic pulsed-energy depositions that stimulated drag reduc-
tion, in order to examine the possibility of control by the
normal bow shock and conical shock waves in the vicinity of
blunt and sharp bodies.

Kandala and Candler8 investigated blast wave generation
by laser absorption, and the interaction between the blast
wave and the bow shock over a sphere with three-
dimensional thermochemical nonequilibrium Navier–Stokes
computations. They confirmed that the peak of the surface
pressure was significantly reduced as a result of this interac-
tion. For practical purposes, it is still necessary to consider
the characteristic mechanisms under the disturbed unsteady
bow shock in order to predict quantitatively how much the
pulse energy deposition reduces the drag. Also, finding the
optimal condition for obtaining the most effective drag re-
duction will be useful.

In an inviscid flow, the wave drag originates from only
the entropy production due to the shock wave; therefore, it
can be assumed that drag reduction comes from any mecha-
nism that effectively achieves a low-entropy bow shock.
Since a shock wave should satisfy the Rankine–Hugoniot
condition in a steady flow, an unsteady shock wave, includ-
ing vortices behind it, may suppress the entropy jump at the
�time-averaged� shock front. If any density perturbations are
supplied in front of the bow shock, the vortex must be gen-
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erated at the shock front, due to Richtmyer–Meshkov-like
instability15,16 �i.e., the baroclinic effect17�. In the blast wave
induced by pulse energy deposition, a low-density core cor-
responding to the contact surface of the plasma is developed
as the preceding shock wave expands and has a steep gradi-
ent at the surface. This may be a seed for the baroclinic
vortex and may consequently lead to the reduction of wave
drag by temporarily suppressing the entropy production of
the bow shock wave.

In this study, we numerically simulated of the interaction
between a blast wave generated by pulse energy deposition
and a bow shock developed in front of a sphere, in order to
analyze the drag reduction by energy deposition. We focused
on the purely hydrodynamic effect on drag reduction �i.e.,
the mechanism of the drag reduction by pulse energy depo-
sition in an ideal gas�. In addition, we performed parametric
studies of deposited energy, deposition location, and
freestream Mach number in an effort to find their dependen-
cies on reduced energy and to obtain a physical interpretation
from the perspective of baroclinic vortex generation.

II. NUMERICAL PROCEDURE

A. Governing equations and numerical methods

We considered a situation in which a bow shock is
formed around a sphere in an inviscid supersonic flow, and a
point source due to energy deposition generates a blast wave
in a uniform flow ahead of the bow shock. The flow field
around the sphere was computed by axisymmetric Euler
equations written as

�Q

�t
+

�E

�x
+

�F

�y
+

H

y
= 0, �1�

where Q is the vector of conservative variables, E and F are
the flux vectors, and H is the vector that comes from the
axisymmetric formulation given by

Q =�
�

�u

�v

e
�, E =�

�u

�u2 + P

�uv

�e + P�u
� ,

�2�

F =�
�v

�uv

�v2 + P

�e + P�v
�, H =�

�v

�uv

�v2

�e + P�v
� .

Here, � is density, u is velocity in the x-direction, v is veloc-
ity in the y-direction, e is total energy, and P is pressure.

Because laser energy is absorbed by a very small volume
of gas, a finer resolution was needed to capture the blast
wave propagation in the early stage after its generation.
Therefore, as a preprocess for the axisymmetric calculation,
the initial blast wave propagation was computed separately
by solving the spherically symmetric Euler equations written
as

�U

�t
+

�A

�r
+

B

r
= 0, �3�

where U is the vector of conservative variables, A is the flux
vector, and B is the vector from the spherical formulation
defined by

U = � �

�ur

e
�, A = � �ur

�ur
2 + P

�e + P�ur
�, B = � 2�ur

2�ur
2

2�e + P�ur
� , �4�

where ur is radial velocity.
The governing equations were discretized by the cell-

centered finite-volume method. Numerical flux was evalu-
ated by the AUSM-DV upwind scheme.18 Second-order
spatial accuracy was attained by using the MUSCL extrapo-
lation method.19 Time integration was implemented by a
second-order Runge–Kutta method.

B. Evaluation of drag reduction and efficiency

In order to assess the performance of the drag reduction
scheme, the drag D of the body was determined by integrat-
ing the pressure on the frontal area of the sphere. The amount
of impulse reduction was evaluated by I�t�:

�I�t� = �
0

t

�D0 − D����d� , �5�

Ep = u��I��� , �6�

where D0 is the drag in the steady state and u� is the
freestream velocity in the x-direction. The efficiency of the
drag reduction was evaluated by Ep /Q, where Ep is the re-
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FIG. 1. Schematics of pulse energy deposition �a� just after the energy
deposition and �b� before the interaction.

066102-2 Ogino et al. Phys. Fluids 21, 066102 �2009�

Downloaded 03 Aug 2011 to 130.34.134.250. Redistribution subject to AIP license or copyright; see http://pof.aip.org/about/rights_and_permissions



duced propulsion energy of the body defined by Eq. �6� and
Q is the deposited energy.

C. Normalization of variables

Since all computations were performed in the framework
of the Euler calculations, the quantities could be normalized.
We defined the characteristic parameters as the diameter of
the sphere d, the freestream pressure P�, and the sound speed
c�, which are derived from dimensional analysis. The quan-
tities are normalized and redefined as

x =
x̄

d
, y =

ȳ

d
, r =

r̄

d
, t =

t̄

d/c�

, �7�

u =
ū

c�

, v =
v̄
c�

, ur =
ūr

c�

, �8�

� =
�̄

��

=
�̄

�P�/c�
2 , P =

P̄

�P�

, e =
ē

�P�

, �9�

D =
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�P�d2 , M� =
ū�

c�

, L =
L̄

d
, �10�

Q =
Q̄

�P�d3 , Ep =
Ēp

�P�d3 , R =
R̄

d
, � =

�̄

d
, �11�

Pbow =
P̄bow

P�

, �low =
�̄low

��

, �12�

�z =
�̄z

c�/d
, Ev =

Ēv

�P�d3 . �13�

Here, the overbar denotes dimensional variables, u� is the
freestream velocity, M� is the freestream Mach number, L is
the deposition location, R is the low-density radius, � is the
shock stand-off distance, Pbow is the pressure behind bow
shock, �low is the density at the radius R in the low-density
region, �z is the vorticity, and Ev is the vortex energy.

D. Simulation conditions

Pulse energy deposition was assumed to be absorbed in-
stantly by a spherical region with the radius of 10−2. The
initial energy distribution was given by a Gaussian distribu-
tion with a full width at half maximum of 10−2. Two-ninths
of the absorbed energy was assumed to turn into the kinetic
energy of the blast wave to reproduce an ideal self-similar
solution, even with the finite-volume energy deposition.20 An
ideal gas with �=1.4 was assumed in the present study. For
the parametric study, the values of the freestream Mach num-
ber M�, the deposited energy Q, and the deposition location
L were chosen as indicated in Table I. Typical computations
were carried out using 301�1025 grid points for the axi-
symmetric simulations and 4001 grid points for the spherical
simulations. This number of points for the axisymmetric
simulations was required to evaluate the drag of the object
over the entire simulation time. The large number of grid

points for the spherical simulations ensured the accurate re-
production of the blast wave, which grows rapidly, especially
in the early stage after the energy deposition.

III. RESULTS AND DISCUSSION

A. Interaction between the blast wave
and the bow shock

Pulse energy was deposited ahead of the bow shock and
made a spherical blast wave traveling toward the bow shock
along the freestream. For Secs. III A and III B, it was valu-
able to observe the flow field induced by the interaction be-
tween the blast wave and the bow shock from the morpho-
logical point of view. Figures 2–4 depict snapshots of the
pressure, the density, and the z-direction vorticity contours at
various time points, respectively. The simulation condition
was set with the parameters of M�=5, Q=4.29�10−3, and
L=0.5 �the reference condition�. The pressure was normal-
ized by the freestream value and the specific heat ratio, and
negative vorticity indicates a clockwise vortex. When the
front of the expanding shock wave arrived at the standing
bow shock, the interaction between the blast wave and the
bow shock started at t=0.055 �Figs. 2 and 3; �a��. The shell
of the blast wave was compressed when the blast wave im-
pinged on the bow shock and reflected at the wall at t
=0.089 �Figs. 2 and 3; �b��, where the peak of the surface
pressure appeared near the stagnation point. At the same
time, the low-density core of the blast wave reached the
shock layer, and the gas in the shock layer was pulled up-
stream. As a result, the bow shock wave near the stagnation
line was severely distorted; behind it, a low-pressure region
shrouded by the relatively high-pressure gas was formed.
This shock deformation led to a vortex sheet �Fig. 4�b��.
Meanwhile, the high-pressure region behind the distorted
shock grew in size and in absolute value �Fig. 2�c��. Concur-
rently, the low-density region approached the wall, and the
vortex sheet gradually transformed into a vortex ring �a point
in a two-dimensional view�. As time elapsed, the vortex re-
gion moved and attached to the wall in the downward flow,
as indicated at t=0.219 in Fig. 4�e�. Islands of high and low
pressure �also density� then appeared in the vicinity of the
vortex region �Figs. 2–4; �e��. The profile in the pressure and
density moved downstream, associated with the travel of the
vortex region �Figs. 2–4; �f� and �g��, and the flow field
gradually regained a steady state �Figs. 2–4; �h��. Since the
flow can be considered as almost incompressible in the shock
layer, the vortex ring should remain because of the Euler
computation, excluding any physical dissipations. In order to
capture the low-pressure bump originating from the vortex
ring, we focused on reducing the numerical dissipation by
increasing the grid points because it significantly affected the

TABLE I. Simulation conditions.

Freestream Mach number M� 1.6, 2.2, 2.8, 5.0, 7.3, 11.0

Deposition location L 0.3, 0.5, 0.7, 1.0

Deposited energy Q�10−3 1.43, 2.86, 4.29, 7.14, 14.3
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FIG. 2. �Color� Pressure P contours with the parameters of M�=5, Q=4.29�10−3, and L=0.5 at �a� t=0.055 �before interaction�, �b� t=0.089 �time of the
first maximum drag�, �c� t=0.120 �time of the first minimum drag�, �d� t=0.144 �time of the second maximum drag�, �e� t=0.219 �near the vortex attachment�,
�f� t=0.325, �g� t=0.513, and �h� t=0.684.

FIG. 3. �Color� Density � contours with the parameters of M�=5, Q=4.29�10−3, and L=0.5 at �a� t=0.055 �before interaction�, �b� t=0.089 �time of the first
maximum drag�, �c� t=0.120 �time of the first minimum drag�, �d� t=0.144 �time of the second maximum drag�, �e� t=0.219 �near the vortex attachment�, �f�
t=0.325, �g� t=0.513, and �h� t=0.684.
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FIG. 4. �Color� z-vorticity �z contours with the parameters of M�=5, Q=4.29�10−3, and L=0.5 at �a� t=0.055 �before interaction�, �b� t=0.089 �time of the
first maximum drag�, �c� t=0.120 �time of the first minimum drag�, �d� t=0.144 �time of the second maximum drag�, �e� t=0.219 �near the vortex attachment�,
�f� t=0.325, �g� t=0.513, and �h� t=0.684.
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wave drag of the object. Thus, the number of grids intro-
duced in Sec. II D was relatively large even though the flow
pattern was not complex.

B. Evaluation of the drag reduction

The time histories of the drag and reduced energy for the
reference condition are denoted by solid lines in Figs. 5�a�
and 5�b�. The drag exhibited large oscillations until t=0.3
after the interaction began �Fig. 5�a��. Large peaks of the
drag appeared at t=0.089 and 0.144 when the high-pressure
region stuck to the surface �Figs. 2�b� and 2�d��. In contrast,
when the low-pressure region stayed on the wall surface, the
drag time history displayed valleys at t=0.120 and 0.219.
The first valley at t=0.120 indicated that “lightweight gas”
moved to the blunt body and reduced the drag force indepen-
dently of the vortex generation. After the second valley at
t=0.219, the drag remained below the initial drag for a while
due to advection of the vortex region along the body surface.
These results revealed that most of the reduced energy �i.e.,
the time integration of drag� was obtained between t=0.2
and 0.8 �Fig. 5�b�� because the vortices lowered the pressure
and consequently reduced the wave drag over the object be-
hind the bow shock. Therefore, we concluded that the vortex
region formed by the interaction between the bow shock and
the laser-induced low-density core was the dominant con-
tributor to drag reduction.

C. Effect of the energy deposition conditions

Before referring to the quantitative estimate of the vortex
role in drag reduction, we summarized the parametric com-
putations. It was also helpful to determine whether optimal
conditions existed within the prepared parameters. Calcula-

tions were made for various energy deposition conditions.
We compared the density profiles of the blast wave just be-
fore the interaction with the bow shock began for several
conditions of Q �Fig. 5�c��. Note that the wave front of the
blast wave corresponds to the position of bow shock wave
surface in this figure. The low-density region extended as the
deposited energy Q increased. When the low-density region
was not large enough to distort the bow shock, the drag
reduction was relatively small �Figs. 5�a� and 5�b��. More-
over, it seemed that all interaction flow fields caused by dif-
ferent deposited energies developed in almost the same way.
Figure 5�d� presents the variations of Ep /Q at M�=5 when
the deposited energy Q was varied. It was expected that a
larger Q would trigger the stronger vortex formation; how-
ever, it seemed that an excessively large Q did not effectively
reduce the drag.

Figure 6�d� depicts variations of Ep /Q with various val-
ues of the energy deposition location L. The profiles of Ep /Q
had no optimal values for any deposition location. Regard-
less of whether the deposition location was close to or far
from the body, the low-density region inside the blast wave
shell was still a comparable size because only a short time
elapsed after the energy deposition for all cases �Figs.
6�a�–6�c��. If a blast wave propagated for a certain time, the
low-density region inside the blast wave stopped growing
and gradually shrank with further propagation.20 Thus, the
reduced energy Ep had no maximum value when the deposi-
tion location was varied. As indicated above, the deposition
location contributed less to the reduced energy because the
low-density region was still a comparable size. In addition,
we found that the shock speed of the blast wave front con-
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tributed less to the interaction mechanism causing drag re-
duction, although the shock speed became high as the depo-
sition location approached the body surface.

Figure 7�b� presents the obtained values of Ep for the
various freestream Mach numbers under constant energy
deposition conditions. Reduced energy Ep was found to be
proportional to the square of the freestream Mach number,
whereas the low-density region was almost the same size as
that presented in Fig. 7�a�.

D. Parameter refinement for reduced energy Ep

Parametric study results indicated that the drag was re-
duced more if the low-density vortex region moving along
the wall surface was larger or the Mach number was higher.
Thereafter, we focused on the baroclinic source term of
vorticity, in order to refine the parameters for the reduced
energy Ep. The baroclinic term is a well-known source of
the vorticity frequently induced by hydrodynamic instabili-
ties related to the shock wave �i.e., Richtmyer–Meshkov
instability�.

By taking the curl of the equation of motion for a perfect
fluid

�u

�t
+ u · ��u� = −

1

�
� P , �14�

we obtain the well-known vorticity equation

��

�t
+ u · ���� = �� · ��u − ��� · u� +

1

�2 � � � �P , �15�

for the vorticity vector �=��u. The left-hand side of Eq.
�15� is the advective derivative of �. The right-hand side
contains the terms playing roles in vorticity transport. The
first term represents the stretching and warping of the vortic-
ity tubes �it vanishes in the two-dimensional case�, the sec-
ond term accounts for the compressibility effect and the last
term describes the baroclinic effects that generate the vortic-
ity when a density gradient vector is not aligned parallel to a
pressure gradient. Since compressibility may not become
large in the shock layer, we concentrated on the baroclinic
effect to estimate the absolute value of vorticity formed by
the interaction between the bow shock layer and the laser-
induced low-density core.

D�

Dt
�

1

�2 � � � �P . �16�

If we used a rough estimate for these terms and assume that
the gradient of density is determined by only the low-density
core and that the gradient of pressure depends on the bow
shock strength and the scale length of the core, we could
write this equation as

�z

�t
=

1 − �low

R

Pbow − 1/�
R

. �17�

We then obtain an estimated nondimensional vorticity that
may be produced by the baroclinic term through the interac-
tion of the bow shock and the low-density core:

�z =
�

M�

�1 − �low��Pbow − 1/��
R2 , �18�

where the subscript low is the low-density region inside the
blast wave, bow is the bow shock layer, and � is the
freestream. Figure 8 presents a schematic of the flow field
around the sphere �a� before the interaction and �b� during
vorticity generation. Although the shock wave preceding the
low-density core first met with the bow shock, we assumed
that the resulting vortex was mainly created by the following
low-density core �Fig. 8�b��, in which the preceding shock
wave had already spread out. The low-density radius R was
determined by the position corresponding to the maximum
value of 1 /�2��. We also estimated the characteristic inter-
action time �t as � /M�. Figure 9 depicts the relationship
among vorticity-generating time �a computed time interval
between the beginning of the interaction of the low-density
core with the bow shock and the time of the maximum cir-
culation integrated in all computational domains�, shock
stand-off distance �, and low-density radius R with various
Mach numbers. Because the vorticity-generating time is
nearly independent of the low-density radius R, the charac-
teristic time scale �t was assumed to be � /M�. We opted
to estimate the density gradient as the difference between
ambient gas density ���=1� and density at the radius R,
�low�=��R�� over the radius R; we estimated the pressure as
the difference between the pressure behind bow shock Pbow

and ambient pressure P��=1 /�� over the radius R �Fig. 8�b��.
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For comparison with the reduced energy Ep, as a practi-
cal convenience we defined vortex energy Ev as

Ev 	
1

2
�z

2SlowVlow =
2

3

 	�

M�
�2

�1 − �low�2�Pbow − 1/��2R ,

�19�

where Slow represents the cross-section area and Vlow repre-
sents the volume of the low-density core. As indicated in Eq.
�19�, the vortex energy Ev is proportional to the low-density
radius R. Figures 10�a� and 10�b� illustrate the relationship
between the obtained results of the low-density radius imme-
diately before the interaction and deposition conditions at the
constant Mach number M�=5. According to the blast wave

theory with counterpressure, the large deposited energy Q
leads to a more extensive low-density region, whereas it is
less affected by deposition location L. A comparison of re-
duced energy and vortex energy is presented in Fig. 11. The
crosses indicate the computational results of the reduced en-
ergy for each deposition condition, and the circles indicate
the value of 
Ev, where 
=14.5 is the estimated factor ob-
tained from our computations. From the results, we may
roughly represent the value of Ep by
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FIG. 8. �Color online� Schematics of flow field around the sphere �a� before
the interaction and �b� during vorticity generation.
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Ep � 14.5Ev = 10.0R , �20�

while the fitted curve estimated from scattered reduced ener-
gies is slightly different from the above expression.

On the other hand, with the condition of Q=4.29
�10−3 and L=0.5, we also clarified the dependence of re-
duced energies on the freestream Mach number. By substi-
tuting the Rankine–Hugoniot relation for the pressure-jump
condition,

�Pbow =
P̄bow

P�

= 1 +
2�

� + 1
�M�

2 − 1� , �21�

for Eq. �18�, we used

�z =
2�

� + 1
�1 − �low�
M� −

1

M�
� 1

R2 . �22�

The vortex energy Ev was then expressed by

Ev =
8

3

 	

� + 1
�2

�1 − �low�2R
M� −
1

M�
�2

�2. �23�

Figure 12 plots the relationship between low-density radius
and Mach number in a constant deposition condition. Note
that the time intervals between the energy deposition and the
beginning of interaction differ depending on the freestream
velocity. Since the low-density radius R weakly depended on
Mach number M�, we can assume the radius R was constant

over variations of Mach number. Figure 13 compares the
computed shock stand-off distance � with Billig’s values of
�.21,22 A simple correlation for the shock stand-off distance
of sphere-cone bodies proposed by Billig is given by
�=7.15�10−2 exp�3.24 /M�

2 �. Therefore, we employed this
formula for Eq. �23�. Figure 14 indicates the results of re-
duced energy Ep and vortex energy 
Ev with various Mach
numbers. We found very good agreement between them with

=14.5. From this result, the other forms of Ep explicitly
written as a function of Mach number could be expressed
using Billig’s formula:

Ep � 14.5Ev = 2.2
M� −
1

M�
�2

�2

= 1.13 � 10−2
M� −
1

M�
�2

exp
6.48

M�
2 � . �24�

In particular, when the Mach number exceeds 3, they almost
all correspond because of the “Mach independence” �Fig.
13�. If the shock stand-off distance is not changed over the
Mach number �which is true for high Mach number� �Fig.
13�, the reduced energy Ep is proportional to the square of
the Mach number from Eq. �24�.

Considering the analysis by means of the baroclinic
source term of vorticity mentioned above, we found a strong
relationship between reduced energy Ep and vortex energy
Ev. The vortex energy was proportional to the low-density
radius R and the square of the freestream Mach number M�

�Eq. �23��. These dependencies were clearly observed in the
computational results of the reduced energy. These results
suggested that the reduced energy must be predictable from
the vortex energy estimated by the baroclinic term of Eq.
�16�, while the unknown constant 
 should be determined
empirically.

E. Wave drag reduction with low-entropy shock

Finally, we attempted to arrive at another interpretation
of the physical mechanism of the drag reduction due to the
unsteady hydrodynamic interaction phenomena between a
bow shock wave over a blunt body and a low-density core
produced by pulse energy deposition from the aspect of en-
tropy reduction.
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Wave drag is attributed to entropy generation at the
shock front. According to energy conservation, the ratio of
the total pressure in front of shock wave Pt,� to that behind it
�Pt,bow� becomes Pt,bow / Pt,��1 on the same stream line.23

Here, the total pressure loss directly led to wave drag, and
the entropy production was a counterpart of it:

Sbow − S�

Rair
= ln
 Pt,�

Pt,bow
� , �25�

where S denotes the entropy, and Rair is the gas constant of
air.

Figures 15�a� and 15�b� present snapshots of the entropy
distribution measured from the freestream state with M�=5
�upper panel� and the extracted entropy profile along stream
trace lines A, B, and C �lower panel�, �a� without pulse en-
ergy deposition and �b� with the reference condition at
t=0.325, corresponding to Figs. 2–4; �f�. Comparison of
these figures reveals that entropy increases because of vor-
ticity existence, as described by the Crocco theorem in the
low-density vortex region. However, the entropy was re-
duced more than that without interaction around the low-
density vortex region �stream traces A and B� and the down-
stream region beginning from a kink in the distorted bow
shock �stream trace C�.

In the flow around the low-density core, the vortex pro-
duced by the interaction phenomena converted a part of the
internal energy into kinetic energy of a fluid element. It was
assumed that the converted energy corresponded to vortex
energy 
Ev generated by the baroclinic effect. Therefore, the
total pressure Pt,bow locally became high, and the total pres-
sure loss was suppressed. For the duration of the vortex ad-

vection in the bow shock layer, the entropy was kept at a
lower value than that without energy deposition. In other
words, the low-entropy shock, which was realized instanta-
neously, was the physical essence of the drag reduction
mechanism based on purely hydrodynamic phenomena.

IV. CONCLUSION

The interaction flow field between a bow shock devel-
oped in front of a blunt body and a blast wave was numeri-
cally simulated in order to study the drag reduction effect of
the blunt body by pulse energy deposition. The obtained re-
sults clarified that the vortex region generated by the un-
steady hydrodynamic phenomena contributed significantly to
drag reduction, and that the obtained reduced energy Ep con-
siderably exceeded the deposited energy Q obtained in many
previous studies.

The effects of deposited energy Q, deposition location L,
and freestream Mach number M� on energy reduction were
examined in this parametric study. According to the compu-
tational results, the reduced energy Ep was proportional to
the deposited energy. The deposition location contributed
less to reduced energy because the low-density core induced
by the energy deposition was still comparable in size to that
just before the interaction in the parameter space considered
in the present study. Additionally, the reduced energy Ep was
proportional to the square of the relatively high freestream
Mach number.

The drag was reduced more when the vortex region
moving along the wall surface was larger or the freestream
Mach number was higher. We focused on the baroclinic

FIG. 15. �Color� Snapshots of the entropy distribution at M�=5 measured from the freestream state �upper panel� and the extracted entropy profile along three
stream traces A, B, and C �lower panel�, �a� without pulse energy deposition and �b� with parameters Q=4.29�10−3 and L=0.5 at t=0.325.
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source term of vorticity and refined the parameters for the
reduced energy Ep. Computational results indicate the re-
duced energy linearly depends on vortex energy Ev, which
can be theoretically predicted from the baroclinic effect. We
then observed the linear dependence on the low-density ra-
dius R of the blast wave before interaction and proportional
to the square of the freestream Mach number M�, as well as
the computational results. Therefore, we could roughly esti-
mate the value of the reduced energy from the size of the
blast wave before interaction and the freestream Mach num-
ber. We have suggested that the obtained theoretical expres-
sion and knowledge from the baroclinic effect provide ben-
eficial information on drag reduction by a pulse energy
deposition. The proportionality factor 
=14.5 was found
through the use of numerical simulations with the character-
istic parameters, while it was not as easy to estimate its spe-
cific value from only the simple evaluation that we con-
ducted. Thus, estimating the factor 
 concretely will require
more careful treatment of the pressure gradient �P in the
baroclinic term and the volume of the low-density vortex
core. The applicable parameter space of the relation between
Ep and Ev is the situation wherein the diameter of sphere d

exceeds the low-density radius �R= R̄ /d�10−1�.
We have presented a qualitative discussion of the rela-

tionship between vortex formation and entropy production
described by the Crocco theorem. From the perspective of
entropy suppression at the shock front due to vorticity gen-
eration, it was assumed that pulse energy deposition was a
technique of low-entropy shock formation using the unsteady
fluid motion driven by hydrodynamic instability. If we used
the blast wave as a seed of the perturbation with the deposi-
tion of low energy, large reduced energy was assured in this
sense. Actually, some experimental results suggested that the
enhancement of the instability in the stagnation region led to
efficient drag reduction.11
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