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Parametric Study of Heat Release Preceding
a Blunt Body in Hypersonic Flow

Ryoji Takaki¤ and Meng-Sing Liou†

NASA John H. Glenn Research Center at Lewis Field, Cleveland, Ohio 44135

A computational parametric study is presented illustrating the effects of upstream heat release on drag and
heating rate in hypersonic � ow over an axisymmetric blunt body. A chemical nonequilibrium viscous � ow is con-
sidered with seven species; Park’s two-temperature model is also used to take account of thermally nonequilibrium
phenomena.Three parameters that control the heat release are introduced, and their effects on the � ow structure,
speci� cally with respect to drag and heating rate, are quanti� ed. Results show that heat release upstream of the
body can reduce not only the aerodynamic drag but also the aerodynamic heating rate at the body surface. Com-
puted results achieved a reduction of 23% in drag and 74% in heating rate, relative to baseline values in the absence
of heat release. The reduction mechanism is discussed, and dynamic pressure is shown to play an important role
in the drag reduction mechanism.

Nomenclature
CD = drag coef� cient of the hemisphere [see Eq. (3)]
CD0 = CD without heat release
E = energy, J/m3

Ec = coef� cient to the amount of the heat
source [see Eq. (2)]

Fx = drag component of pressure and skin
friction [see Eq. (3)]

G.x; r/ = Gaussian function [see Eq. (1)]
L = characteristic length of the heat source,

m [see Eq. (1)]
M1 = freestream Mach number
p = pressure, Pa
pt = total pressure behind a normal shock,

Pa [see Eq. (9)]
pµ = pressure at the surface, indicated by µ ,

Pa [see Eq. (9)]
PQ = amount of the heating rate of the hemisphere,

MW [see Eq. (3)]
PQ in = energy supplied per unit volume per unit time,

J/m3/s [see Eq. (2)]
PQ0 = PQ without heat release
Pq = heat � ux, MW/m2 [see Eq. (4)]
q1 = freestream dynamic pressure, Pa
R = radius of the hemisphere (R D 1:0), m [see Eq. (2)]
Re = Reynolds number
S = surface of the hemisphere [see Eq. (3)]
S0 = cross-sectionarea of the hemisphere,

m2 [see Eq. (3)]
T = temperature (translational and rotational), K
TV = vibrational temperature (vibrational and electron

excitational), K
Twall = wall temperature (Twall D 1200), K
V1 = freestream velocity, m/s
x; r = cylindrical coordinates,m
xc , rc = position of the heat source, m [see Eq. (2)]

Received 25 July 2000; revision received 29 May 2001; accepted for
publication 7 September 2001. Copyright c° 2002 by Ryoji Takaki and
Meng-Sing Liou. Published by the American Institute of Aeronautics and
Astronautics, Inc., with permission. Copies of this paper may be made for
personal or internal use, on condition that the copier pay the $10.00per-copy
fee to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers,
MA 01923; include the code 0001-1452/02 $10.00 in correspondence with
the CCC.

¤Research Associate, Institute for Computational Mechanics in Propul-
sion; currently Senior Researcher, CFD Technology Center, National
Aerospace Laboratory, Tokyo 182-8522, Japan. Member AIAA.

†Senior Scientist, Turbomachinery and Propulsion Systems Division.
Associate Fellow AIAA.

° = ratio of speci� c heats
1 = difference between the value and the value

without heat release [see Eq. (6)]
µ = incidental angle between the freestream velocity

and the normal vector of the surface [see Eq. (9)]
¼ = circular constant
½ = density

Subscript

1 = freestream value

Introduction

O NE of the most important aspects of designing a hypersonic
� ight vehicle like a reentry vehicle is how to manage the ex-

tremely severe thermal environment. To protect vehicles from the
severe thermal environment, designers use various thermal protec-
tion systems, such as cooling systems or nose shapes, to reduce the
aerodynamicheating rate. Carbon � bers or ceramic tiles have been
used as a thermalprotectionsystem,but the surface temperaturedue
to the aerodynamicheatingmight easily exceed the temperaturethat
these materialscan withstand.On the other hand, although the cool-
ing system can decrease the surface temperature easily, it requires
the release or emission of additional cold � uid, thereby increasing
the weight of the vehicles and consequentlydecreasing the amount
of payload. The adaptation of the blunt nose shape is the simplest
and the most effectivemethodandhas beenwidely used in designing
hypersonic � ight vehicles. Although a large-radiusnose can reduce
the aerodynamicheating, it also increases the aerodynamicdrag. As
a result, greater thrust power and more fuel are necessary, leading
to reduced payloads.Therefore, a great deal of researchhas focused
on how to reduce the aerodynamic drag for the blunt-body con� g-
uration. One innovative approach is to put a physical spike on the
nose, as conducted by several researchers.1¡4 Although the physi-
cal spike can reduce the aerodynamicdrag signi� cantly, it generates
severe thermal stress and requires cooling, thereby compromising
the advantages. Historically, engineering tradeoff has been prac-
ticed between reducing the aerodynamic heating and reducing the
aerodynamicdrag.

Recently, a new concept, as depicted in Fig. 1, has been proposed
to reduce the aerodynamicdrag of a blunt body in high-speed � ight
(not only hypersonic� ight but also supersonic� ight). A heat source
placed in front of the blunt body acts in the same way as a physical
spikenose.The heat releasemight be suppliedby electromagneticor
other means (lasers, microwaves, combustion, etc.). It can change
the shock shape or generate another shock in front of the body,
depending on where and how the energy input is distributed. This
nonstructuralenergy spike (energy release in front of the body) can
generate similar or greater drag reduction than that obtained by a
structural spike.
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Fig. 1 Flow with a heat release in front of the body.

The possibility of achieving drag reduction with a heat source in
front of a blunt body has been pioneered by Myrabo and Raizer5:
this particular experimental study used a protruding physical spike
with a plasma torch. They reported the effect of the heat source by
comparingthe � ow with the spikeand the � ow with theheatedspike.
They named this concept “laser-induced air spike” or “directed-
energyair spike.” They also proposedan advancedtransatmospheric
vehicle, and they have demonstrated light-craft � ight experiments
by utilizing an innovative propulsion system.

Computational studies for this concept have been performed by
a number of researchers by solving the Euler6;7 and Navier–Stokes
equations with a perfect gas model.8;9 However, two important is-
sues have not been addressed in these studies: 1) nonequilibrium
(thermal or chemical) effects in the high-temperatureregime (high-
temperatureeffects) and 2) the aerodynamicheatingrate. Therefore,
in this study we shall numerically investigate the hypersonic � ow
around a hemisphere with upstream heat release including high-
temperature effects, focusing on the � ow structure (especially the
shock con� guration) and understandingof these physical phenom-
ena. Moreover, we shall attempt to � nd optimum conditions to re-
duce aerodynamicdrag as well as heating rate.

Numerical Methods
We give a brief summary of the numerical method used for the

present study; details can be found in Refs. 10 and 11. Prior to a
systematic parametric study, validation and veri� cation of the com-
putational � uid dynamics (CFD) code has been conducted to deter-
mine appropriate grid spacings required for an accurate prediction
of heat transfer.

Physical Models
We will consider axisymmetric, steady, and laminar � ows

throughout this study. As a chemical reaction model, we consider
seven chemical species—O2, N2, N, O, NO, NOC , and e¡—and 18
� nite-rate chemical reactions. Park’s model is used to calculate for-
ward and backward reaction-rateconstants.As a thermal mode, we
consider Park’s two-temperature model.12;13 This model uses two
kinds of temperature, in other words, assuming two kinds of inter-
nal energy mode. The translationaland rotationalenergy modes are
considered to be in an equilibrium state, and they are represented
by translational temperature T or temperature in short. The vibra-
tional and electron excitational energy modes are considered to be
in another equilibriumstate, and they are representedby vibrational
temperature TV . As a relaxation model between the vibrational and
translational mode, we use Millikan and White’s semi-empirical
model,14 which is based on the Landau–Teller theory. However,
this model is known to underestimate the vibrational relaxation
time when the translationaltemperature is more than about 8000 K.
Therefore Park’s modi� ed model,15 which limits particle collisions
at high temperatures, is also used.

Numerical Schemes
A � nite volume formulation is used to approximate the Navier–

Stokes equation with the preceding physical and chemical mod-
els. The AUSMDV16;17 scheme, which is one of the AUSM family
schemes, is used to construct numerical � ux for inviscid terms at
cell faces. The MUSCL approach is used to achieve higher-order
evaluation of the numerical � ux, and the minmod limiter used to

a) Grid 1 (700 £ £ 102)

b) Grid 2 (300 £ £ 102)

Fig. 2 Computational grid.

avoid numerical oscillations around discontinuities. The second-
order central-differencing scheme is used for viscous terms. The
lower–upper alternative direction implicit (LU-ADI) method with
the local time-steppingmethod is used for time integration.Finally,
we use the point-implicit method to approximate the source terms
representingnonequilibriumeffects.

Heat Source
A Gaussian distribution

G.x; r/ D
¡
1
¯

2¼
p

2¼ L3
¢

exp[¡.x2 C r 2/=2L2] (1)

is used to give a mathematical representationof the heat source

PQ in D ¼ R2 E1V1 Ec £ G.x ¡ xc; r ¡ rc/ (2)

Three parameters are used to control heat release. The � rst is the
positionof theheat source,describedby (xc; rc). Because symmetric
� ow is considered in this investigation, the heat source is required
to be locatedon the symmetric axis. This leads to setting rc D 0. The
secondis the effectivelengthof theheat source,denotedby L , which
controls the size of the heat source. The last, denoted by Ec, is the
coef� cient to control the intensity of heat supplied. As a reference
to determine the amount of heat supplied, we shall use the amount
of freestream energy that passes through the hemisphere per unit
time (¼ R2 E1V1). Therefore, the parameter Ec is the coef� cient to
this reference energy.

Computational Grid
Figure 2 shows the computational grids for a symmetric � ow

around a hemisphere whose radius R is 1.0 m. Figure 2a shows the
grid for large values of the parameter xc , and Fig. 2b is the grid for
a moderate value of xc D 4:0. Both grids are denoted respectively
as grids 1 and 2. The number of grid points in the � ow direction
(x direction) is 700 for grid 1 and 300 for grid 2. The number of grid
points transverse to the � ow direction (r direction) of both grids
is 102. The computational grid in the upstream region (x < 2:0)
becomes a Cartesian grid in order to avoid grid distortion. As the
heat-� ux prediction is extremely sensitive to the grid resolution, a
grid convergencycheck should be carried out. For this purpose the
grid, with cell Reynolds number equal to about 21:0, is judged to
be adequate for our calculations.

Calculation Conditions
As a calculation condition, we select one point from a typical

trajectory of reentry vehicles.5 The altitude is 48 km, and Mach
number is about14, which yieldsReynoldsnumber about0:3 £ 106.
Details are listed in Table 1. The wall temperature Twall is � xed at
1200 K, and a noncatalytic wall is assumed. As described before,
we consider threeparameters to characterizethe energy release,and
each value is listed in Table 2. Because the three parameter xc , L ,
and Ec are independent, the parameter xc is examined separately in
this work. When we change the parameter xc , which is described in
group 1 of Table 2, the parameter Ec is � xed, but the parameter L
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varies, taking values of 0:1, 0:2, and 0:4. Grid 1 is used for this case.
When changing the parameters L and Ec , described in group 2 of
Table 2, the parameter xc is � xed to 4:0. Grid 2 is used for this case.
Table 3 shows the matrix of calculated cases for group 2, where
the parameter xc is � xed to 4:0. The symbol ° shows calculated
cases, and the symbol £ shows a condition, which was calculated
but experienced problems that will be described later.

Results
In this section computed results are shown. First, the structure of

the � owwith heatreleaseispresented.Then, aerodynamiccharacter-
istics, speci� cally aerodynamicdrag and aerodynamicheating,will
be presented, together with discussion on the effects on both char-
acteristics by the parameters associated with the input heat source.
Finally, the effects of high temperature relative to the perfect gas
assumption are studied.

Flow Structure
First, we show the general structuresof the � ow with heat release,

whose parameters are xc D 4:0, L D 0:2, and Ec D 0:05. Of course,
the � ow structure will be different with different values of each
parameter. We shall see contours of � ow variables, followed by the
distributions along the symmetric axis and along the surface.

Figure 3 gives the contours of both temperatures (T and TV ),
pressure, and Mach number for the � ow with heat release. Figure 4
also shows the stream lines at the bow shock layer. Because of the
heat release and the associated change of gas states in the region,
an apparent body is seen by the incoming � ow, resulting in com-
pression waves around the heat release region. These compression
waves converge to a strong shock wave behind the heat source, and
it subsequentlypropagatesdownstream(Fig. 3c). We call this shock

Table 1 Freestream conditions

Parameter Value

Temperature T1 264.078 K
Pressure p1 68.47 Pa
Velocity V1 4550 m/s
Mach number M1 13.92
Reynolds number Re 2:65 £ 105

Wall temperature Twall 1200 K
Wall catalyticy Noncatalytic wall

Table 2 Parameters

Parameter Group 1 (xc ) Group 2 (L and Ec )

xc 2, 4, 6, 8, 10 4
12, 14, 16
18, 20, 22

L 0.1, 0.2, 0.4 0.03, 0.05, 0.07, 0.08
0.1, 0.12, 0.13, 0.15
0.2, 0.25, 0.3, 0.4

Ec 0.01 0.00001, 0.0001, 0.001
0.005, 0.01, 0.05

0.1, 0.2, 0.5, 1.0, 10

Table 3 Calculated conditions (group 2, xc = 4:0)

Ec

L 0.00001 0.0001 0.001 0.005 0.01 0.05 0.1 0.2 0.5 1.0 10.0

0.4 ° ° ° ° ° ° ° £
0.3 ° °
0.25 ° ° °
0.2 ° ° ° ° ° £ £ £ £
0.15 ° ° °
0.13 °
0.12 °
0.1 ° ° ° £ £ £
0.08 °
0.07 °
0.05 ° ° ° £
0.03 ° ° ° £

primary shock. This primary shock wave causes a shock-shock in-
teraction with the original bow shock, which exists in front of the
hemisphere, and we call it secondary shock or bow shock. As a
result of the shock-shock interaction, the shape of the bow shock
and the structure of the � ow in the bow shock layer are altered. A
contact surface can be seen between the bow shock and the body
surface (Fig. 3a). This contact surface is a boundaryof recirculation
regions shown in Fig. 4 (two recirculationregions can be seen in the
bow shock layer). Temperature layers, caused by the heat release
(mainly coming from the Gaussian distributionof the input energy),
can also be seen in the temperature contours (Figs. 3a and 3b). This

a) Temperature

b) Vibrational temperature

c) Pressure

d) Mach number

Fig. 3 Contours of a � ow with a heat release.
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temperature layer impingeson the bow shock and changesits shape.
As the � ow goes through these two shocks, a peak value in surface
pressure might appear, as seen in the results.

Figure 5 compares the effects of a heat release on the distribu-
tions of several variables along the symmetric axis. In these � gures
the horizontal scales are different. Regarding the � ow with the heat
release, both temperatures and pressure increase while Mach num-
ber decreases rapidly in the heat release region. Behind the heat
source both temperatures and pressure decrease, and Mach number
increases gradually until reaching the bow shock. The relaxation
process between the vibrational mode and the translational mode
can be seen in the heat release region in Fig. 5b. However, behind
the heat release region the relaxation process seems to terminate
because the distribution of vibrational temperature does not follow
that of the temperature. Moreover, the vibrational temperature be-
comes higher than the translational temperature in front of the bow
shock. Therefore, the � ow behind the heat release region becomes
a frozen � ow, similar to a strongly expanding � ow. This fact (the

Fig. 4 Streamlines of a � ow with a heat release.

a) Without Qin b) With Qin

Fig. 5 Distributions of several values along the symmetric line.

a) Without Qin b) With Qin

Fig. 6 Distributions of mole fractions along the symmetric line.

� ow becomes frozen behind the heat release region) will be further
mentioned in the following discussion about chemical reactions.
The values of all variables in front of the bow shock are different
from those without heat release. Therefore, the values behind the
bow shock are also different from those of the � ow without the heat
release.Also, the bow shock layer of the � ow without heat release is
thinner than that of the � ow with heat release, roughly 0:09 vs 0:4.

Figure 6 shows mole fraction distributions for the chemical
species along the symmetric axis (again, the horizontal scales are
different). Regarding the � ow with heat release, strong chemical
reactionsare seen, in Fig. 6b, to occur in the heat release region and
just behind the bow shock. Species O2 and N2 are partially dissoci-
ated, producingO and NO. The � ow behind the heat sourcebecomes
a frozen � ow (the mole fractions of each species remain constant).
This fact also can be seen in Fig. 5b, as mentioned before.

Figure 7 shows the pressure and heat-� ux distributions along
the hemisphere surface. The horizontal axis represents the angle
measured from the stagnation point. In the case of the � ow without
heat release, both pressure and heat � ux show the similar behavior,
having the maximum values at the stagnation point and decreasing
monotonicallyaway from it. However, in the case of � ow with heat
release (Fig. 7) the peak in both variables shifts to the outer region,
and their values become smaller than that in the � ow without heat
release. Also both values have almost a � at distribution around the
stagnation region. From these facts a reduction in pressure drag
and surface heating rate can be expected. In particular, the pressure
drag will decrease dramatically as a result of a combination of the
following two factors: 1) signi� cant decrease in pressure on most
of the surface and 2) shift of the peak position to the outer region.
The second factor means that the pressure component in the � ow
direction, which works as the drag, decreases because the angle
between the normal direction of the surface and the direction of the
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a) Without Qin b) With Qin

Fig. 7 Distributions of pressure and heat � ux along the hemisphere surface.

drag becomes large in the outer region. Therefore, the case that has
a peak at the outer region will show smaller drag than the case that
has a peak close to the stagnation point even if the magnitudes of
the peak pressure for both cases are the same. As a result of these
factors, signi� cant drag reduction can be realized.

Aerodynamic Characteristics
The results for the aerodynamic characteristics, drag, and the

aerodynamic heating are presented here. CD and PQ indicate the
drag coef� cient and the heating rate, respectively, and are de� ned
as follows:

CD D

R
S

Fx ds
1
2 ½1 V 2

1 S0

; S0 D ¼ R2 (3)

PQ D
Z

s

Pq ds (4)

where
R

S
means integration along the surface of the hemisphere.

To measure the bene� ts of using heat release, we will use ratios of
parameters to those without heat release. First, we de� ne

CD=CD0; PQ= PQ0 (5)

where subscript 0 means the case without heat release. Also the
ef� ciency of reduction for both parameters is considered:

1CD=CD0 Ec; 1 PQ= PQ0 Ec (6)

where

1CD D CD0 ¡ CD; 1 PQ D PQ0 ¡ PQ (7)

Because the purpose of adding heat release to the � ow is to gain
aerodynamic improvement, the cases where 1CD < 0 or 1 PQ < 0
show degradation from the baseline and thus are not considered.
We also use a simple combination rule

1
2
.1CD=CD0 C 1 PQ= PQ0/ (8)

as an evaluation criterion for the total aerodynamic characteristics.
Different (or more complex) formulationsmight be used, depending
on design objectives for the high-speed vehicles. However, we will
use this simple formulation in this work.

Unsteadiness
We obtainedsteady-statesolutionsin almostall cases.Some cases

were in anunsteadyor a periodicstate.Here “unsteady”means that a
solutionhas periodicperturbation,and it canbe describedas a quasi-
steady state. In this calculation time accuracy was not considered
because a local time-steppingmethod was used. Therefore instanta-
neous results did not have a time-accurate meaning. However, grid
cell size does not changeappreciablyin the inviscid � ow region,and
time-averaged values of aerodynamic characteristics were thought
to be worth evaluating. For this reason time-averaged values were

used to discuss the results for such nonsteady state cases. In the fol-
lowing � gures a symbol with an error bar will be used to describe
this unsteadyperturbation.An unsteadyresultwhose perturbationis
larger than 1% of its own value is plotted with an error bar. The error
bar shows a maximum and minimum value of the periodic state.

In what follows we will discuss the effects of three parameters,
xc, Ec , and L , which are used to describe the heat source, on the
aerodynamicdrag and heating rate.

Parameter xc

Figure 8 shows the correlationbetween the aerodynamic charac-
teristics and the parameter xc , the distancebetween the center of the
heat source, and the stagnation point of the hemisphere. There are
three sets of calculationsgeneratedby varying the parameter L : 0:1,
0:2, and 0:4. In all sets Ec is � xed at 0:01. The dotted line in Fig. 8
indicates the baseline result in which no heat release is present. As
for the dragcoef� cient, all casesappearingin Fig. 8a showreduction
of the drag.But the heating rate for some cases is not reduced.How-
ever, both the drag coef� cient and the heating rate decrease as the
parameter xc increases, or the heat source moves further away from
the body. This tendency of reduction stops, reaching an asymptotic
value, when xc roughly exceeds the value of 14:0. This indicates
that no further aerodynamic bene� ts can be drawn by moving the
heat source farther away from the body.

Parameter Ec

Figure 9 shows the effects of the heating rate on the aerodynamic
characteristics. The horizontal axis shows the parameter Ec, the
amount of energy supplied. Again, the dotted line in Fig. 9 shows
the value corresponding to the � ow without heat release. In these
calculationsthe parameter L is varyingbut the parameter xc is � xed
to4:0. We see that thedragcoef� cientinall casesappearingin Fig.9a
has been reduced. The drag decreases as the heat release increases,
and the tendency of the reduction ratio seems to be independent
of the parameter L. Some calculations with larger values of heat
release like Ec D 10 are conducted;these results show that excessive
heat release may in fact have an adverse effect on the heating rate
PQ= PQ0 and might even increase the drag (not included in Fig. 9a).

Nevertheless,this large amountof heat release results in a maximum
temperaturewell above30,000K, makingthevalidityof thephysical
models questionable. These cases are denoted by the symbol £ in
Table 3.

Regarding the heating rate, reductionfrom the baseline value has
been achieved in some cases. It is obvious that when heat release is
directly added to the free stream enthalpy the hemisphere can ex-
perience high heating unless the � ow structure is altered. Figure 9
demonstrates that an excessive amount of heat release increases the
heating rate. On the other hand, if an appropriateamount of heat re-
leaseoccurs in front of the body then the heatingratecanbe reduced.

Figure 9 also shows the correlation between the ef� ciency of
both the aerodynamicparameters and the parameter Ec. An obvious
reduction is found for the ef� ciency of drag coef� cient, and
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a) Drag coef� cient b) Heating rate

Fig. 8 Correlation to the parameter xc.

a) Drag coef� cient

b) Heating rate

c) Drag coef� cient (ef� ciency)

d) Heating rate (ef� ciency)

Fig. 9 Correlation to the parameter Ec.

interestingly it appears to have two distinct rates of dependence
on Ec .

The ef� ciency for a relatively small heat release decreases grad-
ually as the parameter Ec increases. But with a greater heat release
the ef� ciency not only decreases rapidly, but also appears to be
independent of the parameter L because all cases collapse onto a
single line. When analyzing the heating rate in Fig. 9d, we also see
a general trend in that the ef� ciency decreases as the parameter Ec

increases, nearly at the same rate for different values of L.

Parameter L
Figure 10 shows the in� uences of the parameter L , a measure

of the size (length scale) of the heat source. In Fig. 10a all cases

show a reduction in the drag. For L ¸ 0:15 the drag increases as
L increased. On the other hand, when L is under 0.15 (suggest-
ing a more focused heat source) the effect of L seems rather mild.
As the heat source becomes smaller, it makes the primary shock
wave stronger, resulting in a greater change (higher pressure than
that without heat release) in the � ow behind the heat release re-
gion. For example, Fig. 11 shows the dynamic pressure distribution
along the plane of x D 2:5. Near the center (where the distance is
small) the dynamic pressure is smaller than its freestreamvalue and
moreover decreases with L , i.e., the more de� cit of dynamic pres-
sure it becomes. As this high-pressure stream � ows onto the body,
the pressure at the forward portion of the body gets higher and
thus reverses the trend of reduction as L decreases. Nevertheless,



TAKAKI AND LIOU 507

a) Drag coef� cient

b) Heating rate

c) Drag coef� cient (ef� ciency)

d) Heating rate (ef� ciency)

Fig. 10 Correlation to the parameter L.

Fig. 11 Distributions of the dynamic pressure along the r direction at
x = 2:5 as changing L.

an optimum value of L seems to exist for each Ec , at least for
Ec < 5:0 £ 10¡2.

As for the heating rate, there is a range of values of L for which
a reduction in heating rate can be realized and an optimum value
of L for a given Ec clearly exists. The cases with smaller values of
the parameter L show an increase of the heating rate, even beyond
the baseline value (without the heat release). The larger value of L
indicates that heat release is dispersed and has less in� uence on the
freestream state.

Figure 10 also shows the correlation between the ef� ciency of
both parameters and the parameter L . As for the drag coef� cient,
the trend in ef� ciency is similar to that of the parameter Ec ; we again
see two distinct rates of dependence on L . For smaller L the ef� -
ciency is essentially independentof L; but for larger L the ef� ciency

Table 4 Remarkable values

xc (� xed) L Ec CD=CD 0 PQ= PQ0
1
2 . PQ= PQ0 C CD=CD 0/

4.0 0.4 1.0 0.22598 (23%) 2.12083 1.173405
4.0 0.25 0.05 0.45512 0.74094 (74%) 0.598035
4.0 0.2 0.05 0.37196 0.79623 0.584095 (58%)

decreases nearly linearly as L increases.Moreover, the results for a
group of small values of Ec appear to collapse onto a single line as
L ¸ 0:25. If the parameter L becomes large, the primary shock and
temperature layer become weak, and they does not affect the aero-
dynamic characteristics of the hemisphere. In other words, a great
amount of heat release is necessary in such large value of L , and
it means that the primary shock and temperature layer are located
far from the symmetric axis. Therefore the outer part of the heat
source does not affect the aerodynamiccharacteristicsof the hemi-
sphere,and the ef� ciency of heat release can be expected to decline.
Concerning the heating rate, L yields an optimum ef� ciency, which
varies accordingto the values of Ec. These optimum values of L are
similar to the optimum values of the heating rate.

Remarkable Values
Some resultsobtainedwith a � xed valueof the parameter xc D 4:0

are listed in Table 4. For example, the conditionwith the parameters
L D 0:4 and Ec D 1:0 gives a remarkable drag reduction, attaining
a value of 23% of CD 0. Similarly, we � nd that the heating rate
is reduced to 74% by choosing L D 0:25 and Ec D 0:05, and the
combined parameter reduced to 58% if L D 0:2 and Ec D 0:05.

Reduction Mechanism
The � ow� elds altered by heat release can become very complex

becauseof the shock-shockor shock-temperaturelayer interactions,
and it is not straightforwardto delineatethe in� uencesof the param-
eters involved. However, we will attempt to suggest a mechanism
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that appears to be uniformly dominant for the range of parameters
studied. We will mainly focus on the drag reduction mechanism
and its correlation to the parameter xc in this paper. The reduction
mechanism of the heating rate or the role of other parameters will
be discussed in separate papers.

The modi� ed Newtonian theory can accurately predict pressure
distributionson the hemisphere when the � ow is supersonic or hy-
personic and is described as follows:

pµ D .pt ¡ p1/ cos2 µ C p1 (9)

Moreover, the stagnationpressureon the hemisphere is nearly equal
to the total pressure behind the normal shock pt :

pstagnation » pt (10)

And pt comes from an alternativeexpression for the Rayleigh pitot
formulation with perfect gas assumption,

pt D p1

³
° C 1

2
M2

1

´° =.° ¡1/µ
° C 1

2° M2
1 ¡ .° ¡ 1/

¶1=.° ¡1/

(11)

» 1:29p1 M2
1 .° D 1:4; M1 À 1/

» q1 .D dynamic pressure) (12)

Fig. 12 Distributions of the static and dynamicpressure alongthe sym-
metric line (xc = 20, L = 0:2, and Ec = 0:01).

a) With high-temperature effects b) With perfect gas assumption

Fig. 13 Temperature contours for parameters xc = 4:0, L = 0:2, and
Ec = 0:05.

a) With high-temperature effects b) With perfect gas assumption

Fig. 14 Distributions of pressure and heat � ux along the hemisphere surface for parameters xc = 4:0, L = 0:02, and Ec = 0:05.

which says that the surface pressure is a function of the dynamic
pressureq1 in front of the bow shock. Figure 12 shows the distribu-
tion of dynamic pressurealong the symmetric axis for a typical � ow
with heat release, showing a dynamic pressure decrease behind the
heat release region. This occurs because the � ow behind the heat
release region undergoes an expansionlike process, resulting in a
drop in dynamic pressure, which is further reduced by the bow
shock. Consequently, the surface pressure on the body is reduced,
thus resulting in drag reduction. The longer the distance between
the heat source and the hemisphere or the larger the parameter xc

is, the more the dynamic pressure before the bow shock decreases,
resulting in greater drag reduction.The dynamic pressuredecreases
rapidly around the heat release region and then saturates, coinciding
with saturation of the drag reduction for large values of xc.

High-Temperature Effects
Two cases are considered to demonstrate high-temperature ef-

fects in this study. In each case results calculated without high-
temperatureeffects(with perfectgas assumption) are comparedwith
those including the high-temperatureeffects.Consider the case that
has been mentioned before whose parameters are xc D 4:0, L D 0:2,
and Ec D 0:05. The temperature contours of Fig. 13 clearly illus-
trate different shock con� gurations for the two � ow cases. In the
absence of high-temperature effects, the bow shock is located fur-
ther upstream, and the primary shock resides slightly farther away
from the symmetric line. Corresponding surface pressure and heat-
� ux distributions shown in Fig. 14 indicate a signi� cant reduction
in the heat � ux peak as a result of high-temperatureeffects, with a
consequent reduction in surface heating by a factor of 2:5. On the
contrary, drag is slightly increased by the high-temperature effects
by approximately 15%.

For the next parameter set with smaller L and Ec, xc D 4:0,
L D 0:05, Ec D 0:001, differences between the two � ow cases are
more pronounced than that of preceding set of parameters. Bow
shock behavior is qualitatively similar to that observed earlier, as
shown in the temperaturecontoursof Fig. 15; however, surfacepres-
sure and heat-� ux distributionsshow very different trends in shape,
peak locations, and values, as shown in Fig. 16. These differences
mainly come from the difference in primary shock con� guration.
This result clearly demonstrates that high-temperature effects can
causeconsiderablechangesin shockcon� guration,surfaceheat � ux
and surfacepressure,and thusshouldnotbe ignoredin theprediction
of drag and heating rate.

a) With high-temperature effects b) With perfect gas assumption

Fig. 15 Temperature contours for parameters xc = 4:0, L = 0:05, and
Ec = 0:001.
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a) With high-temperature effects b) With perfect gas assumption

Fig. 16 Distributions of pressure and heat � ux along the hemisphere surface for parameters xc = 4:0, L = 0:05, and Ec = 0:001.

Conclusions
This paper provides a parametric study of hypersonic � ows

around a hemisphere with heat release.The � ows were numerically
analyzed with the high-temperatureeffects, including chemical and
thermal nonequilibrium effects. This investigation has shown that
heat release in front of the hemisphere can reduce both drag and
surface heating rate. Three parameters—the location of the heat
source, the characteristic length of the heat source, and the amount
of the heat supplied—are introduced to characterize and evaluate
the feasibility of this new concept. Two important aerodynamicpa-
rameters for hypersonic � ight, drag coef� cient and heating rate, are
used as criteria to systematically evaluate the effects of these three
parameters.

An increase of the distance of the heat source from the hemi-
sphere makes the aerodynamic drag and the aerodynamic heating
rate decrease monotonically. This reduction, however, saturates if
the distance between the heat source and the hemisphere becomes
longer than 14 times the length of the radius of the hemisphere.
Increasingof the amount of the heat release makes the aerodynamic
drag decrease monotonically in the range of the parameters stud-
ied. As for the aerodynamic heating rate, an appropriate amount of
input energycan reduce the heatingrate. Increasingof the character-
istic length of the heat source makes the aerodynamicdrag increase
in general and the aerodynamic heating rate decrease at � rst then
increase. Hence, an optimum length exists for both parameters.

The aerodynamic drag can be reduced down to 23% of its value
without heat release, whereas the aerodynamic heating rate can be
reduced to 74% of the base value. These values can be reduced to
37 and 80%, respectively,at the same time. These results have been
obtainedwithout any optimizationmethods,and better resultsmight
be possible with the optimization methods.

The dynamic pressure plays an important role in the drag-
reduction mechanism. The surface pressure is a function of the
dynamic pressure in the freestream, and the heat release in the up-
stream region makes the dynamic pressure decrease.Consequently,
the heat release can result in a reduction of the aerodynamic drag
on the body.

There seems to exist optimum conditions for simultaneously
achievingminimumaerodynamicdrag and heatingrate. Hence,cou-
pling the CFD calculation with an optimization method might be
useful for a future investigation.
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