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Abstract
The effect of off-axis energy deposition in front of a notional supersonic/hypersonic vehicle is studied

as a means of flight control. The off-axis energy discharge creates a side force and changes the drag force
and thus there is a change in the pitching moment. A parametric study is performed to examine the effect
of energy added to the heated region (dimensionless energy parameter), the size of heated region relative
to the body and freestream Mach number. The peak values of pitching moment coefficient due to energy
deposition vary from 3.2% to 6.4% of the value corresponding to a 20◦ deflection of a finset; however, the
time interval for the change in pitching moment coefficient due to the energy deposition is 44 to 88 times
faster than the expected actuation time (0.1 s) for the finset, thus indicating the possibility for flight control
using pulsed energy deposition.

1. Introduction

The interaction of an energy discharge (e.g., laser, microwave, DC) with the shock system generated by a hypersonic
vehicle causes momentary changes in the forces and moments acting on the vehicle.19, 20 Significant computational and
experimental studies have demonstrated momentary drag reduction for energy discharge on-axis. Examples include
Artemev et al,3 Tretyakov et al,31 Riggins et al,27 Wilkerson et al,34 Lashkov et al,24 Fomin et al,11 Adelgren et al,1

Kremeyer et al,22 Kuo,23 Knight et al,21 Schülein et al,29 Kim et al,17 Erdem et al,10 Kianvashrad et al,16 Desai et al,8

Kianvashrad et al15 and Kianvashrad and Knight.14 Knight20 summarizes the state-of-the-art of energy deposition for
flow control.

A more recent application of energy discharge is flight control. Pulsed energy discharge has the potential for
rapid maneuvering of supersonic and hypersonic vehicles. In this regard, rapid maneuvering is defined as the ability to
substantially change the forces and moments on a vehicle within the time required for the vehicle to travel a distance
equal to its length. Conventional methods for flight control utilize deflected surfaces (e.g., ailerons, fins) requiring on
the order of 0.1 sec or more for actuation.2 In this time interval a hypersonic vehicle travels a distance equal to many
times its length, and thus conventional methods for flight control cannot achieve rapid maneuvering.

There is little research on the effect of energy deposition for flight control. Girgis et al.12 studied the effect
of adding a continuous heated region in front of a cone cylinder at zero angle of attack at Mach 3 and showed the
existence of a maximum lift to drag ratio based on the location of the heated region. Azarova et al.4–6 examined the
effect of off-axis energy discharge on the flowfield structure and aerodynamic forces on simplified aerodynamic shapes.
Starikovskiy et al.30 examined the effect of pulsed laser discharge for flight control of a small rotating projectile at Mach
3 and reported a 1◦ change in the projectile angle of attack with only 2 mJ of energy per pulse for a 3.9 cm long model.
Kianvashrad et al.15 evaluated an off-axis laser discharge in front of a hemisphere cylinder at Mach 2 and showed
that the maximum instantaneous side force is comparable to the drag reduction. Elias et al.9 noted that a terawatt
femtosecond laser may be useful for steering a high speed vehicle.

This paper focuses on the effect of an off-axis energy discharge on the side force, drag reduction and pitching
moment of a notional supersonic/hypersonic vehicle at Mach 3 and 6. A parametric study is performed to examine the
effects of the energy discharge parameter ε = E/p∞V and relative volume of the discharge to the cube radius of the
body V/R3 where E and V are the energy and initial volume of the discharge and R is the radius of the body. The effect
of Mach number on the forces and pitching moment is also investigated.
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2. Description of Problem

An off-axis energy discharge is added in front of a notional supersonic/hypersonic vehicle at Mach 3 and 6. The
freestream condition is air in full equilibrium at sea level conditions. Table 1 presents the freestream conditions where
M∞ is freestream Mach number, Re/m is the freestream Reynolds number per length, YN2, YO2, and YNO are respec-
tively mass fractions of N2, O2, and NO, Tw and T∞ are respectively wall and freestream temperatures, and p∞ is
the freestream static pressure. The energy discharge is instantly added to the flow by increasing static and vibrational
temperatures to the level that energy added to the heated region be equal to the discharge energy. Figure 1 shows the
schematic of the off-axis energy discharge in front of the notional supersonic vehicle.

Table 1: Freestream condition

Variables Freestream condition 1 Freestream condition 2
M∞ 3 6
Re/m 7 × 107 1.4 × 108

YN2 0.76 0.76
YO2 0.23 0.23
YNO 0.01 0.01
Tw
T∞

1.0 1.0
T∞ 288.15 K 288.15 K
P∞ 101 325 Pa 101 325 Pa

pppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppp pppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppp

............................................................................................................................................................................................................................................................................................................................................................................................................

.......

........
...........

.............................................................................................
........
.......
..

...................................................

......................
......................

.......

....................

.......
.................

......................
......................

......................................................
.......

........
........
........
...

........
........
........
....

........
...............................................................................

.....

....................
....................

...................
.....

.......
.................

dl

x

z

zd

xd

Figure 1: Schematic of an off-axis energy discharge in front of a notional vehicle

Figure 2 shows the schematic of the notional vehicle used in this paper. The body is defined by the fineness
ratio f , cylindrical part radius R, cylinder length Lc, boattail length Lt, and the boattail radius Rt. The fineness ratio is
defined as

f =
L

2R
(1)

and the radius of the ogive is

Rc = 2R
(

f 2 +
1
4

)
(2)

Table 2 presents the geometric properties of the body used in this paper where Ltotal = L + Lc + Lt.

Table 2: Geometric properties and dimensions

f L/R Lc/R Lt/R Ltotal/R Rt/R R (m)
3.559 7.118 8.194 1.183 16.495 0.645 0.465

To better understand the effect of the off-axis energy discharge on side force, drag reduction and pitching moment
of a vehicle in supersonic and hypersonic flow, a parametric study is performed to examine the effects of the dimen-
sionless energy discharge parameter ε = E/p∞V , the relative size of the discharge to the body V/R3, and freestream
Mach number where E and V are the energy and initial volume of the discharge. The cases are summarized in Table 3
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Figure 2: Schematic of a notional vehicle geometry

where the energy E corresponding to flight at sea level conditions (p∞ = 101325 Pa) is indicated. Note that the energy
E is proportional to p∞, so that the energy required for a fixed value of ε decreases with flight altitude. Cases 1 to 4 are
used to study the effect of the energy added to the gas due to the energy discharge. The energy discharge size and the
location of the discharge is the same for all the four cases while the amount of the energy changes.

Table 3: Energy discharge initial conditions

Case No. M∞ ε E (kJ)a T vib

T∞
= T

T∞
V/R3 xd

R
zd
R

Case 1 3 50 2.1 10.925 0.004 0.485 0.250
Case 2 3 100 4.1 19.250 0.004 0.485 0.250
Case 3 3 200 8.2 34.794 0.004 0.485 0.250
Case 4 3 400 16.3 58.549 0.004 0.485 0.250
Case 5 3 200 65.2 38.833 0.032 0.485 0.250
Case 6 6 200 8.1 35.016 0.004 0.350 0.250
Case 7 6 400 16.3 58.876 0.004 0.350 0.250

aCorresponding to flight at sea level (p∞ = 101325 Pa)

To study the effect of the energy discharge size, Cases 3 and 5 shown in Table 3 are used. In this set, the
dimensionless energy deposition ε and the location of the discharge is the same while the size of the discharge varies.
To study the effect of Mach number, Cases 3,4, 6, and 7 are used. In this set, the freestream Mach number is changed
from 3 to 6 for two levels of ε while the size and the location of the heated region are the same1. In all cases the center
of the spherical discharge is located in the plane of symmetry. The energy deposition is assumed to be instantaneous,
and thus the initial density of the discharge region is equal to the freestream density and the initial velocity is also equal
to the freestream velocity.

The change in the forces and pitching moment is compared with the result of Missile DATCOM (v97)7 for a
similar geometry with two sets of fins as shown in Figure 3. The larger (forward) fins are movable while the smaller
ones are assumed fixed.
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Figure 3: Schematic of a notional vehicle geometry used for Missile DATCOM (v97)

1There is a small change in the streamwise location xd/R from Mach 3 to Mach 6.
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3. Methodology

The governing equations for non-equilibrium laminar2 viscous flow are described below. We consider a mixture of
gases with density ρα for α = 1, . . . , n of which α = 1, . . . ,m constitute diatomic (or polyatomic) species and the
remainder (i = m + 1, . . . , n) represent monatomic species.

Conservation of Mass

The conservation of mass is

∂ρα
∂t

+
∂ραu j

∂x j
= ω̇spe

α +
∂

∂x j

[
ρD

∂Yα
∂x j

]
for α = 1, . . . , n (3)

where ρα is the density of species α, the mass-averaged velocity is u j, and ρ is the mixture density

ρ =

N∑
α=1

ρα (4)

The mass fraction is defined as
Yα =

ρα
ρ

(5)

The rate of production of species α is denoted as ω̇spe
α and defined as

ω̇spe
α =Mα

J∑
j=1

(
ν′′α, j − ν

′
α, j

)
k f , j

 n∏
l=1

(
ρl

Ml

)ν′l, j
−

1
ke, j

n∏
l=1

(
ρl

Ml

)ν′′l, j for α = 1, . . . , n (6)

for the general reaction expressions

ν′1, jX1 + . . . + ν′n, jXn 
 ν′′1, jX1 + . . . + ν′′n, jXn for j = 1, . . . , J (7)

where J is the number of reactions, and ν′α, j and ν′′α, j are the stoichiometric coefficients of the reactants and products Xα

in the jth reaction.

The diffusion of species is modeled by Fick’s Law assuming a uniform diffusivity D defined by

D =
k

ρcp f Le
(8)

where Le = 1.0 is the constant Lewis number, k is the mixture thermal conductivity, and cp f is the mixture specific heat
at constant pressure defined by

cp f =

n∑
α=1

Yα cpα (9)

Conservation of Momentum

The conservation of momentum is

∂ρui

∂t
+
∂ρuiu j

∂x j
= −

∂p
∂xi

+
∂τi j

∂x j
for i = 1, 2, 3 (10)

where τi j is the laminar viscous stress tensor defined by

τi j = − 2
3µ
∂uk

∂xk
δi j + µ

(
∂ui

∂x j
+
∂u j

∂xi

)
(11)

2The boundary layer on the notional vehicle is, of course, turbulent over nearly the entire vehicle length. The changes in lift, drag and moment
due to the interaction of the energy deposition with the vehicle shock system are expected to be principally inviscid effects (i.e., due to changes
in the surface pressure on the vehicle), and thus the presence of the boundary layer is expected to be a secondary effect. Future work will include
representation of the turbulent boundary layer using an eddy viscosity model.
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Conservation of Total Energy

The total energy per unit mass ε is the sum of the internal energy per unit mass e and the kinetic energy per unit
mass

ε = e + 1
2 u ju j (12)

The internal energy per unit mass e is the sum of the internal energies of each of the n species

e =

n∑
α=1

ρα
ρ

eα (13)

where the internal energy per unit mass of each species eα is the sum of an equilibrium internal energy eeq
α (T ) due to

random translational energy and rotational energy (in the case of molecules) at a bulk equilibrium temperature T and
an internal energy evib

α (T vib
α ) due to vibrational excitation (in the case of molecules)

eα = eeq
α (T ) + evib

α (T vib
α ) (14)

The equilibrium internal energy of species α is

eeq
α (T ) = ho

fα +

∫ T

Tref

cvα (T ) dT (15)

The conservation of total energy is

∂ρε

∂t
+

∂

∂x j
(ρε + p) u j =

∂τi jui

∂x j
−
∂q j

∂x j
(16)

where the heat transfer vector is defined by

q j = −k
∂T
∂x j
−

m∑
α=1

kvib
α

∂T vib
α

∂x j
−

n∑
α=1

ρhαD
∂Yα
∂x j

(17)

The static enthalpy per unit mass for species α is

hα = ho
fα +

∫ T

Tref

cpα (T ) dT (18)

where ho
fα

is the enthalpy of formation of species α at Tref.

Conservation of Vibrational Energy

The conservation of vibrational energy is

∂ραevib
α

∂t
+
∂ραevib

α u j

∂x j
= −

∂qvib
α j

∂x j
+ ω̇vib

α for α = 1, . . . ,m (19)

The heat transfer vector is

qvib
α j

= −kvib
α

∂T vib
α

∂x j
− ρDevib

α

∂Yα
∂x j

(20)

The source term is
ω̇vib
α = ραė vib

α + ω̇spe
α evib

α (21)

where ė vib
α is the translational-vibrational energy transfer per unit mass of species α. We consider the classical Landau-

Teller model32

ė vib
α =

evib∗

α (T ) − evib
α (T vib

α )
τα

(22)

where evib∗

α is the equilibrium vibrational energy per unit mass of species α defined by

evib∗

α (T ) =
RαΘvib

α

exp(Θvib
α /T ) − 1

(23)

5
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and τα is the relaxation time25 of species α defined by

τα =

∑n
β=1 Mβ∑n

β=1 Mβτ
−1
αβ

(24)

where Mα = ρα/Mα is the molar concentration of species α and ταβ is the characteristic relaxation time of species α
resulting from collisions with species β defined by25

ταβ =
1
p

exp
[
Aαβ

(
T−

1
3 − Bαβ

)
− 18.42

]
(25)

where ταβ is in seconds and p is in atmospheres, and

Aαβ = 0.00116M
1
2
αβΘ

vib

4
3

α and Bαβ = 0.015M
1
4
αβ (26)

and the averaged molecular weight is defined by

Mαβ =
MαMβ

Mα +Mβ
(27)

whereMα is the molecular weight of species α. Note that the second term in the numerator in Eq. (20) is multiplied
by ρα in Eq. (19) and is thus ραevib

α . In the second term in Eq. (19), there are two possible choices for evib
α namely,

evib
α =

RαΘvib
α

exp(Θvib
α /T )−1 and evib

α =
RαΘvib

α

exp(Θvib
α /T vib

α )−1 .

Equation of State

The equation of state is

p = T
n∑
α=1

ραRα (28)

where the gas constant Rα for species α is

Rα =
R

Mα
(29)

where R is the Universal Gas Constant.

Thermodynamic Data and Transport Properties

The species thermodynamic data and species transport properties are obtained from the Gupta, Yos, Thompson,
and Lee13 (NASA-RP-1232) database. The mixture viscosity µ and thermal conductivity k are determined by Wilke’s
Rule.33 The vibrational thermal conductivity of species α is

kvib
α = µαRα (30)

where µα and Rα are the molecular viscosity and gas constant for species α, respectively.

Boundary Conditions

The computational domain is shown in Fig. 4. Since the problem has a plane of symmetry, only half of the
domain has been modeled. The computational domain consists of 19.6 M cells with the grid properties shown in
Table 4. The boundary conditions of the computational domain are defined using colored surfaces. The red surfaces are
fixed boundary condition at the freestream values. The green surface is the outflow zero-gradient boundary condition.
The blue surface is the symmetry plane with the symmetry boundary condition. The black surface of the notional
vehicle is non-catalytic (∂Yα/∂n = 0 where n is the normal distance to the boundary) no-slip isothermal wall.

To solve the problem, first the flowfield is converged to steady state before adding any discharge. Then a spherical
region of diameter dl with higher static and vibrational temperatures is added to the converged flowfield which is the
heated region due to the energy discharge.

Numerical Algorithm

A block structured finite volume C++ code developed by the authors solves the governing equations. The code
is parallelized using Message Passing Interface (MPI). The Roe’s method28 with the second-order Monotone Upstream
Scheme for Conservation Laws18 (MUSCL) reconstruction are used to discretize the inviscid fluxes. A second-order
central differencing method discretizes the viscous fluxes. The Data Parallel Line Relaxation (DPLR) time integration
of Wright et al35 is incorporated to achieve high computational efficiency.

6
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Figure 4: Computational domain

Table 4: Grid properties

∆ξ (mm) ∆ηmin (mm) ∆ζ (degree)

2.26 1.86 9
NOTE:

∆ξ is spacing along the wall
∆η is spacing normal to the wall
∆ζ is the axial spacing

4. Results

In this section, the effect of the energy added to the flow, the size of the heated region, and Mach number on the side
force, drag reduction, and pitching moment are examined. Table 3 presents the cases used for studying these effects.
The drag, side force, and pitching moment coefficients are defined as3

CD =
Fx

1
2ρ∞U2

∞πR2
(31)

CZ =
Fz

1
2ρ∞U2

∞πR2
(32)

Cm =
My

1
2ρ∞U2

∞πR2Ltotal
(33)

where Fx and Fz are respectively drag and side forces, My is the pitching moment, ρ∞ is the freestream density, and
U∞ is the freestream velocity. Forces and pitching moment are calculated over the entire surface of the body (not on
the half of the body is used in the simulations). The pitching moment is calculated about the middle of the body. The
dimensionless time is defined as

τ =
tU∞

R
(34)

where t is dimensional time.

4.1 Effect of Energy Level

To study the effect of the energy added to the gas on the produced side force, drag reduction, and pitching moment,
the dimensionless energy parameter ε = E/p∞V is varied while the location and size of the energy deposition remains
constant. Cases 1 to 4 of Table 3 are the four cases used for this study. Figure 5 shows the variation of drag reduction,

3Note that the definition for Cm is identical to its definition in Missile DATCOM (v97). See p. 59 in Blake.7
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side force and pitching moment coefficient versus time for all four cases. The interaction of the blast wave of the heated
region and the shock created by the body creates a transmitted shock. This transmitted shock interacts with the body
and increases the surface pressure and therefore increases the drag force to a maximum value while creating a negative
side force. The interaction of the heated region with the shock forms an expansion wave which reduces the pressure on
the body and thus reduces the drag while increasing the side force to a maximum with a positive sign. A vortex forms
as a result of the Richtmyer-Meshkov instability of the interaction of heated region and the shock. This vortex moves
along the body and changes the drag force while its effect on the side force is negligible especially for the lower energy
levels. The interaction of this vortex with the expansion wave at the tail of the body and the wake of the body produces
a sudden drag reduction. At the same time, a peak in the side force forms in the negative direction. It can be seen from
Figure 5 that increasing the dimensionless energy of the heated region makes stronger interactions and thus causes a
higher peaks and troughs in the force and pitching moment coefficients.

(a) Drag reduction (b) Side force

(c) Pitching moment

Figure 5: Effect of dimensionless energy on drag reduction, side force, and pitching moment for M∞ = 3 and
V/R3 = 0.004

The maximum pitching moment due to the interaction of the energy discharge with the vehicle varies from 0.0024
to 0.0048 for ε = 50 to 400. Note that the peak value does not scale linearly with ε. An eightfold increase in ε results
in a doubling of the maximum pitching moment, and the change in peak value from ε = 200 to 400 is negligible. The
interaction dimensionless time interval corresponding to the changes in Cm is ∆τ ≈ 5 which corresponds to the vehicle
traveling a distance of approximately 0.3 times its length (∆tU∞/Ltotal = 0.3).
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The pitching moment coefficient of the vehicle shown in Figure 3 is calculated using Missile DATCOM (v97) at
Mach 3. The dimensions of the body are the same for the simulations and the Missile DATCOM results. The magnitude
of the pitching moment about the midpoint of the vehicle resulting from a 20◦ deflection of the first finset at zero angle
of attack is 0.075 and the corresponding dimensionless time for a 0.1 s actuation is ∆τ = 220 (∆tU∞/Ltotal = 13.3).
Thus, the energy deposition achieves a peak pitching moment of 3.2% to 6.4% of the deflected fins pitching moment;
however, the effect is 44 times faster. Consequently, multiple energy pulses may have the potential to achieve substantial
change in the vehicle direction.

4.2 Effect of the Heated Region Size

To study the effect of the size of the heated region relative to the body V/R3 on the side force, drag reduction and
pitching moment, two different values of V/R3 are considered as indicated in Table 3 by Cases 3 and 5, while the
dimensionless energy ε and location of the heated regions are the same. Figure 6 shows the variation of drag reduction,
side force and pitching moment coefficient versus time for the three cases. From Figure 6, it can be seen that the larger
size of the heated region relative to the body produces a higher side force and pitching moment coefficients in both
positive and negative direction. However, the increase in the maximum pitching moment does not scale linearly with
V/R3. An increase in V/R3 by a factor of 800% results in an increase in the peak pitching moment coefficient of 60%.
The drag reduction increases dramatically by increasing the size.

4.3 Effect of Mach Number

To study the effect of Mach number on the drag reduction, side force and pitching moment, Cases 3, 4, 6 and 7 of
Table 3 are used. In Cases 3 and 4, the Mach number is 3 while for Cases 7 and 8 the Mach number is 6. Two
levels of dimensionless energy deposition (ε = 200 and 400) are considered while the vertical location of the discharge
(zd/R) is constant and there is a little change in horizontal distance from the vehicle tip (xd/R). Figure 6 shows the
change in drag, side force and pitching moment coefficients versus time. From this figure, it is visible that the drag
force coefficients are smaller at Mach 6 in comparison with Mach 3 while they have relatively the same side force
coefficient. Therefore, the resultant pitching moment about the mid-length of the vehicle is also small for Mach 6.
Missile DATACOM (v97) calculates a pitching moment coefficient of 0.043 for a 20◦ deflection of the first finset at
zero angle of attack. The corresponding dimensionless time for a 0.1 s actuation is ∆τ = 440 (∆tU∞/Ltotal = 26.6). The
energy deposition at Mach 6 achieves a peak pitching moment of 3.7% of the deflected fins pitching moment; however,
the effect is 88 times faster. Consequently, multiple energy pulses may have the potential to achieve substantial change
in the vehicle direction.

5. Conclusion

The effect of off-axis energy discharge in front of a notional supersonic/hypersonic vehicle at Mach 3 and 6 is examined.
The off-axis energy discharge changes the force distribution over the body and thus creates a side force and changes
the drag force. As a result, there is a change in the pitching moment acting on the body. The effect of the dimensionless
energy deposition ε, the relative size of the heated region V/R3 and the freestream Mach number M∞ on the forces
and pitching moment are examined. The peak pitching moment coefficient increases with increasing ε at fixed V/R3;
however, the increase is not linear in ε and a saturation effect eventually occurs whereby increasing ε does not result in
a significant change in the peak pitching moment coefficient. The peak pitching moment increases with V/R3 for fixed
ε; however, the increase is sublinear. The peak pitching moment coefficient decreases with Mach number for fixed ε
and V/R3. Energy deposition achieves a peak pitching moment coefficient from 3.2% to 6.4% of the value predicted
by Missile DATCOM (v97) for the same vehicle with a 20◦ finset deflection. However, the duration of the pitching
moment change is 44 to 88 times faster than the actuation time for the finset deflection, thus indicating the possibility
of energy deposition for flight control.
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(a) Drag reduction (b) Side force

(c) Side force

Figure 6: Effect of the size of heated region on drag reduction, side force, and pitching moment for M∞ = 3 and
ε = 200
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