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Stabilization of Blunt Nose Cavity Flows
by Using Energy Deposition
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A computational investigation of the deposited energy per unit mass influence on the supersonic flow stabilization
and the change of aerodynamic drag of the hemisphere with cylindrical cavity is presented. The results obtained
suggest that pulsed sources of thermal flux would be an effective means of influencing the pulsating process during
flow around cavity bodies.

Nomenclature
a = sound velocity
C = average drag coefficient
C0 = drag coefficient without the energy deposition
e = total energy per unit mass
f = pulse frequency
K = safety factor (similar in meaning

to the Courant number)
k1, k2 = constants, which define thermal spot shape
L = constant, which defines thermal spot shape
lcav = depth of the cavity
M = Mach number
N = maximum pulse number
p = pressure
R = sphere radius
rcav = cavity radius
Sr = Strouhal number
s = axial distance from the cavity base to the mean

shock position
t = time
u, v = velocity vector components on the axes x and r
W = deposited energy per unit mass
W0 = constant, which defines deposited energy density
x , r = cylindrical coordinate system components
x0 = constant, which defines thermal spot shape
γ = ratio of specific heats
δ = Dirac delta function
ρ = density

Introduction

S UPERSONIC and hypersonic space vehicles are extremely sen-
sitive to aerodynamic resistance. The combination of the two

main rocket operation factors, low altitude and high velocity, pro-
duces considerable heat flows in the stagnation region of the nose.
For this reason, passive heat-transfer analysis under such conditions
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is very important for understanding and solving rocket operation
problems.

Recent analyses have shown that the nose-tip heat transfer can
be reduced using a forward-facing nose-tip cavity1−4 with minimal
drag penalties. Additionally, coaxially directed optical sensors can
be installed in the bottom of these cavities.1,5 Such a forward-facing
cavity concept has been the focus of some recent high-speed missile
programs, including the hollow-nosed active seeker program and the
hit-to-kill endoatmospheric strapdown seeker.6

It is well known that supersonic flow around bodies with cavities
located on the nose is accompanied by pulsation.7−9 A forward-
facing cavity can be regarded as a resonance tube. One of the charac-
teristics of a hollow-nosed missile at supersonic Mach number is an
oscillating bow shock that can significantly influence missile drag,
heat transfer, and optical signal propagation through the cavity.1 Sev-
eral methods of the bow shock stabilization have been considered.
For example, the cavity can be gas pressurized in order to maintain
a stable pressure and reduce the amplitude of shock oscillations in
front of the cavity produced by movement of the bow shock.10

Flow stabilization by jet injection from the cavity bottom is dis-
cussed in previous work.9 Control and manipulation of the pulsation
process by energy deposition caused by the influence of a pulse laser
is considered as well.11−13

The use of a laser to supply energy has been experimentally shown
to be a good approach for both general and local flow control. Ex-
perimental research11−12 shows that an extensive region of energy
supply is realized in the supersonic flow when a powerful optical
pulsating discharge is applied, with a thermal wake developing be-
hind the area where the energy is supplied.

A cone or hemisphere in the thermal wake, located from 1.0 to 4.0
distance diameters from the focal plane of irradiation from a CO2

laser, results in a reduction of aerodynamic drag of over a factor
of two when a 100-kHz pulse frequency12 is applied. The thermal
wake becomes continuous12 for 10–100-kHz radiation pulses.

Theoretical modeling results of the influence of a heat-release
pulsating source on the supersonic flowing around the hemisphere
are presented in Ref. 13. The explicit total-variation-diminishing
(TVD) method in Chakravarthy’s14,15 formulation is applied in these
calculations.13 In the case of M = 3, γ = 1.4, and a constant de-
posited energy per unit mass, the aerodynamic load upon the body
exhibited a decrease. A pulse repetition rate corresponded to a min-
imum drag was determined, and it was concluded that the use pul-
sating energy supply might be more effective than a constant energy
source.

Other results11−13,16 show that pulse repetition rate, the power
supplied to the flow, and the area into which this energy is sup-
plied all greatly influence both the pressure distribution and the
model surface and its flow regimes. However, these results only
considered hemispherical nose tips. The current work addresses the
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Fig. 1 Schematic of forward-facing cavity.

influence of the deposited energy per unit mass on the supersonic
flow stabilization and the aerodynamic resistance changes of the
hemisphere with a cylindrical cavity. The results from this work
show that a heat-release pulsating source can be used as an effective
supersonic flow control method for space vehicles with forward-
facing cavities.

Problem Definition
Consider the problem of constant, quasiperiodic, axisymmet-

ric flow around a hemisphere cylindrical cavity (rcav/R = 0.3;
lcav/R = 0.954; lcav/rcav = 3.18) with a uniform, ideal supersonic
gas flow. The forward-facing cavity scheme is depicted in Fig. 1.
Assume that at time t = 0, a pulsating power supply source is initi-
ated in front of the sphere.

The equations of gas dynamics in the cylindrical coordinates have
the form

∂ρr

∂t
+ ∂ρur

∂x
+ ∂ρvr

∂r
= 0 (1)

∂ρur

∂t
+ ∂(p + ρu2)r

∂x
+ ∂ρuvr

∂r
= 0 (2)

∂ρvr

∂t
+ ∂ρuvr

∂x
+ ∂(p + ρv2)r

∂r
= p (3)

∂ρer

∂t
+ ∂ρu(e + p/ρ)r

∂x
+ ∂ρv(e + p/ρ)r

∂r
= ρqr (4)

Equation (1–4) involves the system variables, where q is the energy
supplied from the external source per unit mass of the gas. The
preceding system of equations is closed by the equation of state of
the ideal gas

p = (γ − 1)ρe (5)

The energy supply q was described in a similar form as in Ref. 13:

q = W (x, r)

N∑

n = 1

1

f
δ(t − tn) (6)

where N is the maximum pulse number (N � 1) and W is the av-
erage deposited energy per unit mass, which was chosen with some
changes to model different thermal spot shapes

W = W0(p∞/ρ∞)
3
2 (1/R) exp

{−[
k1r 2 + k2(x − x0)

2
]/

L2
}

(7)

where W0, k1, k2, x0, and L are some constants, which define de-
posited energy density and thermal spot shape.

Numerical Method
Equation system (1–4) solution was conducted by Godunov’s

method17 on a 110 × 60 grid mesh, which was designed by densen-
ing the mesh point all around the body region, with the exception that
in the cavity the mesh points distribution were set to be uniform. The
calculations were performed using the same finite difference scheme
of the first-order approximation as that employed in Ref. 17.

Grids used in calculations are shown in Fig. 2.

Fig. 2 Computational grid: a) for hemisphere and b) for cavity
hemisphere.

The necessary and sufficient condition for stability is that the
permissible spacing in time τ must satisfy the inequality

τ/τx + τ/τy ≤ 1 (8)

that results from a stability study of Godunov’s difference scheme
realized on the system of nonstationary acoustic equations on a uni-
form rectangular (or parallelogram) grid. Here τx , τy are the time
spacing of the one-dimensional scheme. Physically τx and τy are
mean time intervals, in which waves that appear at the break decom-
position on the cell boundary reach the neighboring boundaries:

τx = �x

max(u + a, a − u)
, τy = �y

max(v + a, a − v)
(9)

The stability condition so given is extended to the quasilinear equa-
tions of gas dynamics. Calculations show that this condition (8)
provides the necessary stability. Nevertheless, this condition is usu-
ally used with a right-hand side less than one.

In the current work, the time step is chosen from cell to cell
according to the stability condition as follows:

τn − 1
2 , m − 1

2
= [τxτr/(τx + τr )]n − 1

2 , m − 1
2
, τ̄ = min

n.m
τn − 1

2 , m − 1
2

(10)

In k space its value with respect to time is calculated by using the
following spacing k + 1:

τ k + 1 = K τ̄ k (11)

To use dimensionless values, we make use of the following equali-
ties:

r = r̄ R, x = x̄ R, t = t̄ R/a∞, f = f̄ a∞/R

a = āa∞, u = ūa∞, v = v̄a∞, ρ = ρ̄ρ∞

p = p̄ρ∞a2
∞, W = W̄a3

∞
/

R (12)

where a∞ is the incident flow sound velocity. In the following text,
we have omitted bars above the dimensionless values r , x , t , f , a,
u, v, ρ, p, and W .

On the body surface and along the symmetry axis, solid-wall in-
viscid boundary conditions were applied. Along the external inflow
boundary, undisturbed freesteam conditions were utilized. On the
downstream outflow boundary, extrapolation of the flow quantities
from the adjacent internal boundary was performed.

The initial data in calculations without energy deposition corre-
sponded to the dimensionless parameters of the incident stream:

p = p∞ = 1/γ, ρ = ρ∞ = 1

u = u∞ = M∞, v = 0 (13)
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Subsequent solutions of the cavity flow with energy deposition were
initialized using the cavity flow solution without energy deposition.
The solutions were advanced in time until the average flow condi-
tions were stabilized.

Preliminary supersonic flow calculations around the cavityless
hemisphere were conducted to confirm the adequacy our numerical
scheme. Data reported in Ref. 13, where the explicit TVD method
of Chakravarthy’s formulation14,15 was used, showed good corre-
spondence in all of the observed flow regimes.

Shown in Fig. 3 is the dependence on the dimensionless time at
pulse repetition rate f = 0.5, of the pressure at the stagnation point
while flowing around the hemisphere (for M∞ = 3, γ = 1.4). Results
are shown both from Ref. 13 (Fig. 3a) and from the present work
(Fig. 3b). One can see that the main pulsation parameters (period,
amplitude) and their character obtained in this work correspond well
to the data Ref. 13. The resolution of the numerical scheme used in
Ref. 13 is somewhat higher. However, the scheme used in the present
work allows us to obtain the quasi-stationary pulsation process.

Shown in Fig. 4a is the flow visualization near the hemisphere
under the influence of the pulsating thermal source (spherical heat
spot; W0 = 20, x0 = −3.5, L = 0.5). These results were obtained in
Ref. 13 and compared with the analogous data of the present work
(Fig. 4b). One can see from this figure that bow shock wave stand-
off distance, formed recirculation zones, and the flow in general,
reported in Ref. 13 and the present work, are in good agreement.

The grid-resolution study was also conducted. The test calcula-
tions of both hemisphere and cavity hemisphere were done on the
grid 219 × 119 for this purpose. The grid 219 × 119 was obtained
through twice grid 110 × 60 spacing reduction. Minimum surface
cell spacing was 0.024 for the grid 110 × 60 (reduced to the sphere
radius) and 0.012 for the grid 219 × 119.

Figure 3b demonstrates solution comparison obtained by use of
the grids 110 × 60 (the continuous line) and 219 × 119 (the dotted
line). Obviously, the grid 219 × 119 resolution is higher than the grid
110 × 60 one. The solution obtained on the grid 219 × 119 marked
out some peculiarities of pressure change on the compression stage.
These peculiarities correspond to the solution in Ref. 13 too, but
they were not seen through the grid applied. Solution difference
obtained on the grids 110 × 60 and 219 × 119 is rather small for the
hemisphere with energy deposition.

a)

b)

Fig. 3 Pressure dependence in the hemisphere stagnation point on the
dimensionless time at the pulse repetition rate f = 0.5 (spherical heat
spot; W0 = 20, x0 = −−3.5, L = 0.5): a) results of Ref. 13 and b) present
work (——, 110 ×× 60 grid; - - - -, 219 ×× 119 grid).

a)

b)

Fig. 4 Mach-number isolines while flowing around the hemisphere
with supersonic gas flow at pulse repetition rate f = 2 (t = 11.2): a) results
of Ref. 13 and b) present work.

a)

b)

Fig. 5 Pressure variation in the center of the cavity bottom without
energy deposition: a) 110 ×× 60 grid and b) 219 ×× 119 grid.

The cavity flow solution without energy deposition made using
the grid 110 × 60 is presented in Fig. 5a. This solution accords well
to the solution obtained using the grid 219 × 119 (Fig. 5b).

The details of the numerical scheme, along with test examples,
are given in Refs. 17 and 18.

Results and Discussion
Predictions of the flowfield about a hemisphere with a forward-

facing cavity were obtained for a freestream Mach number of 3 with
and without energy deposition. For the cases with energy deposi-
tion, the supplied energy was modeled using Eqs. (6) and (7) with
x0 = −3.5, L = 0.5, N = 100 f , and tn = n/ f for 1 ≤ f ≤ 5. Two
thermal spot shapes were considered: a spherical shape (k1 = k2 = 1)
and an ellipsoidal shape (k1 = 4, k2 = 1). The intensity of the energy
deposition was varied; 20 ≤ W0 ≤ 500.

The time variation of the pressure at the center of the cavity
bottom is presented in Fig. 6. The pulsation character (curve 1)
and the Strouhal number Sr = 0.245 are close to the computational
data9 (Sr = s/a0t0, t0 is the oscillation period and a0 sound velocity
at the stagnation temperature). The pressure variation in the center
of the cavity bottom is also observed in the experiments,2,4, where
the flow around a hemispherically blunted body with a variable-
depth streamwise nose cavity is considered in a Mach 5 airflow.
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Fig. 6 Pressure variation in the center of the cavity bottom: 1, without
energy deposition, 2, W0 = 20, f = 2.5, spherical thermal spot; 3, W0 = 20,
f = 2.5, ellipsoid thermal spot; 4, W0 = 40, f = 2.5, ellipsoid thermal spot;
and 5, W0 = 80, f = 2.5, ellipsoid thermal spot.

Fig. 7 Mach-number isolines for forward-facing cavity sphere.

The fluctuations for deeper cavities (lcav/R > 1.4) become nearly
sinusoidal in the experiments.4

Figure 7 shows the flow visualization near the sphere with the in-
fluence of the pulsating thermal source. The considerable increase
of the bow shock standoff and the formation of recirculation zones
in the shock layer correspond well with the data of Ref. 12. Ther-
mal wake formations behind the energy deposition region lead to
a reduction in gas density. The flow behind the energy deposition
region remains supersonic (experimentally12 verified).

The time-averaged drag coefficient was computed from the flow-
filed data by using Eq. (14):

C = 1

T

∫ t.

t. − T

Cx dt (14)

where T = 10/ f and Cx is the instantaneous drag coefficient defined
by Eq. (15):

Cx (t) = 4

γ M2∞

∫ 1

0

(γ ps − 1)r dr (15)

Figure 8 shows the ratio of the drag coefficient for the pulsed energy
deposition to the drag coefficient without energy deposition. Sim-
ilar to the case of hemispherical flow (no cavity),13 a minimum of
the cavity hemisphere drag coefficient is observed at the frequency
change about f ≈ 2 (Fig. 8). The effect of the parameter W0 on
the drag behavior was more significant as compare the influence
of the thermal spot shape (Fig. 8) (C/C0 ≈ 0.58, W0 = 40, ellip-
soidal thermal spot; C/C0 ≈ 0.59, W0 = 20, spherical thermal spot;
C/C0 ≈ 0.75, W0 = 20, ellipsoidal thermal spot; C0 is the body drag
without the energy supply). Further increasing W0 results in the drag
coefficient approaching as asymptote (C/C0 ≈ 0.28 takes place for
the ellipsoidal spot at f = 2.5 and W0 = 500, Fig. 9).

The cavity pressure pulsation magnitude is defined by both ther-
mal spot dimensions and W0. One can see (Fig. 6, curves 2–5) that

Fig. 8 Dependence of the drag coefficient C/C0 with frequency changes
f : 1, W0 = 20, ellipsoid thermal spot; 2, W0 = 20, spherical thermal spot;
3, W0 = 40, ellipsoid thermal spot.

Fig. 9 Drag coefficient dependence on the parameter W0: ellipsoidal
thermal, f = 2.5.

transition from the spherical spot (curve 2) to the ellipsoidal one
(curve 3) for the same parameter W0 = 20 leads to larger attenua-
tion of the pressure fluctuation in the cavity. When W0 = 40 for the
ellipsoidal spot (curve 4), one can observe a minimum pulsation
amplitude pressure in the quasi-periodic state. Further increasing
W0 (curve 5) with stronger pressure pulsation attenuation leads to a
rise in the pressure pulsation amplitude in the quasiperiodic state.

Conclusions
Our numerical simulation results in the following conclusions:
1) Thermal wake formation with nonuniform parameter distribu-

tion in the supersonic flow greatly influences the flow structure and
the aerodynamic body drag.

2) Thermal spot configuration and power supply intensity define
the magnitude of the pressure pulsation amplitude in the cavity.

3) A saturation effect is observed. This is based on our observation
that the pulsation amplitude is not reduced (W0 = 40, ellipsoidal
thermal spot) for certain values of the W0 parameter.

4) The drag coefficient change approaches an asymptote when
the magnitude of the energy deposition increases.

5) Our results indicate that a pulsating heat source can be used as
an effective method for supersonic spacecraft flow control.
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