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The results of a numerical investigation of the forebody strake effects on an air-launched rocket’s aerodynamic

characteristics at lowMachnumber andhigh angles of attack are presented. Forces andmoments on a generic rocket

that might be used in an air-launch system are predicted using a validated three-dimensional Navier–Stokes code.

Asymmetric aerodynamic side forces and yaw moments are observed to occur under certain conditions with 0-deg

sideslip, creating conditions of asymmetry. Forces such as these have been observed experimentally on a variety of

aerospace vehicles. The effects of forebody strakes on the aerodynamic side forces and yaw moments are presented

for 0-deg sideslip angle of attack. In addition, the sources of the aerodynamic characteristics are described. Results

show that the forebody strakes reduce side forces and yaw moments by decreasing the magnitude of the streamline

vortical interaction and therefore weakening the asymmetric vortical interactions that cause unstable aerodynamic

characteristics.

Nomenclature

A = cross-sectional area
CD = �Fx cos�� Fz sin�� cos� � Fy sin�, drag coefficient

CF = �F2
x � F2

y � F2
z �1=2, force coefficient

CL = Fx sin�� Fz cos�, lift coefficient
Cl = roll moment coefficient about X axis
CM = �C2

l � C2
m � C2

n�1=2, moment coefficient
Cm = pitch moment coefficient about Y axis
Cn = yaw moment coefficient about Z axis
CY = �Fx cos�� Fz sin�� sin�� Fy cos�, sideslip

coefficient
CP = CM=CF, center of pressure
c = speed of sound
d = diameter
Fx = force coefficient in X direction
Fy = force coefficient in Y direction
Fz = force coefficient in Z direction
L = rocket length
l = length of nose cone
M = Mach number
 = tan�1�CY=CL�, angle between resultant and normal

force

Subscripts

ref = reference conditions
1 = freestream conditions

I. Introduction

A SYMMETRIC aerodynamic side forces and yaw moments
often occur on a variety of aerospace vehicles even though

flight conditions are such that no side gusts or sideslip angles are
present. Asymmetric forces usually occur at low Mach number and
high angle of attack (AOA). The sources of asymmetry have often
been traced to the forebody region of the vehicle. Experiments on
military fighter aircraft [1], including the F-18 [2–5], F-16 [6,7], and
generic fighters [8–10] have previously been performed at lowMach
number and high angle-of-attack conditions to quantify side forces
and demonstrate various control devices that may be used to remove
or reduce the aerodynamic source of asymmetry.

Similar sources of aerodynamic side forces have also been
observed experimentally on ogive cylindrical bodies such as rocket
nose cones [11–13]. Different control strategies have been used on
these bodies to reduce or eliminate the flow asymmetries and
corresponding forces and moments. Reviews of various approaches
have been given by Malcolm [1], Williams [14], and Ericsson and
Reding [15]. Active unsteady bleed was demonstrated by Bernhardt
and Williams [16] for the control of asymmetric vortices on a
forebody configuration at a 45 deg angle of attack. Two modes of
instability were identified in their investigation as the source of the
flow asymmetries. These modes include a bistable global mode that
was insensitive to proportional control and a convective-type mode
in which proportional control reduced side forces. The mode type of
instability was a function of the angle of attack and the Reynolds
number. Most passive stability control investigations found in open
literature have focused on using fore- and/or aftbody strakes to
reduce or eliminate side forces due to vortex asymmetries and
breakdown. Passive and active control of the asymmetric vortices off
a forebody using a miniature nose-tip strake were described byMing
and Gu [17]. It was demonstrated in their investigation that bistable
(global) asymmetric flow could be changed from one stable mode to
the other through the use of a turbulence-generating rod upstream of
the forebody. They also demonstrated that the side forces and flow
asymmetries could be reduced to zero by using a miniature nose-tip
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strake that swung around the centerline at a high frequency. Aftbody
strakes and forebody fins were investigated by Lopera et al. [18] for
the passive control of flow asymmetries of a blunt-nose projectile at
high angles of attack. Their investigation showed that both leading-
edge and aftbody strakes were effective in controlling side forces.
The use of forebody strakes and a small geometrical perturbation
were numerically investigated by Kistan et al. [19] for the passive
control of asymmetric vortices generated at the nose of a blunt-ogive
forebody. In their investigation, four strakes with 0.06–1.2d height
and 0.4–1.0d chord were placed 0.5–1.7d from the nose tip at 45 deg
angles to help control the asymmetric vortices that existed at an angle
of attack of 40 deg.

This paper presents the results of a numerical investigation on the
effects of forebody strakes on an air-launched rocket at low Mach
number, high angles of attack, and 0 deg sideslip. At these
conditions, aerodynamic instabilities can occur as a result of side
forces generated from asymmetry in the flow vortical structure on the
downwind side of the rocket. The effect of forebody strakes on these
side forces and yaw moments is of particular interest in the current
investigation. The predicted effects of engine thrust on the
aerodynamic characteristics and flow/load asymmetries for the
rocket without strakes were previously described [20]. Validation of
the steady-flow Reynolds-averaged Navier–Stokes code against
experimental data for a nose cone configuration [21] under the same
Mach number and various high angle-of-attack conditions was
performed [20] to demonstrate the capability to accurately predict
these flows and regions of asymmetric aerodynamic side forces and
yaw moments.

The results in this paper were derived based on the assumption of
steady-state or time-independent flow. The current investigation
does not consider the aerodynamic effects while accelerating from
free fall. Consideration of dynamic effects would entail an unsteady
simulation with time-varying flight conditions requiring significant
computer resources that were not feasible in the current
investigation. For the same reason, detached-eddy and large-eddy
simulations of the flow at fixed freestream conditions were not
considered. The present study focuses on predicting the forces and
flow physics at the instants just before engine ignition with “steady”
Reynolds-averaged simulations. The current investigation focuses
on flow conditions with zero sideslip. Further investigation is
required to determine the effects of the current forebody strake
configurations in the presence of sideslip.

II. Numerical Approach

The current approach is to use a 3-D Reynolds-averaged Navier–
Stokes procedure, OVERFLOW [22], developed at the NASAAmes
Research Center, to determine the steady pressure loads on the rocket
at various angles of attack and freestream conditions. Steady-flow
simulations of the rocket with forebody strakes were performed at
low-speed freestream Mach number, a 60 deg angle of attack, and
0 deg sideslip to the oncoming flow.

Some previous numerical investigations [23] of rocket
aerodynamic pressure loads found in the open literature have been
performed using computationally efficient Euler (inviscid) solution
procedures. Because the Reynolds number of the flow is very high
(of the order of 5 � 107), the assumption of inviscid flow might be
reasonable and justifiable if flow separation is not present or the
location of flow separation is fixed. However, flow separation does
occur off various positions on the aft surfaces of the rocket, especially
at moderate to high angles of attack, significantly altering the
pressure loads on the rocket and introducing asymmetric side forces
and yaw moments. To eliminate any errors due to neglecting the
effects of separation and viscous shear (because the separation
location is unknown), the Reynolds-averaged Navier–Stokes
equations were solved in the current approach, and all viscous flow
layers and wakes were resolved. By using a Reynolds-averaged
Navier–Stokes solution procedure [12,19,24–26], the drag due to
viscous shear as well as the effects of the separated flow on the
pressure drag can be determined.Use of detached-eddy or large-eddy
simulations to investigate the vortex asymmetries and breakdown

was beyond the scope of the current investigation due to the lack of
computational resources and time.

The OVERFLOW code solves the Reynolds-averaged Navier–
Stokes equations using second-order accurate spatial central
differencing and the Spalart–Allmaras turbulence model. The
Spalart–Allmaras model [27] was chosen to model the turbulence
because of itswide use for strongly inviscid/viscous interactingflows
[28] and computational efficiency. A blended second- and fourth-
difference dissipation scheme is used to achieve monotonically
smooth solutions, to capture shocks, and to eliminate numerical
instabilities. A fully implicit lower/upper symmetric Gauss–Seidel
(LU-SGS) relaxation procedure is used to integrate the equations in
time. Typical solutions of the rocket in the current investigation
converged in 20,000–75,000 iterations depending on the freestream
conditions (primarily Mach number). As the Mach number
decreased, the region of separated flow on the downstream surfaces
of the rocket increased in size. At very lowMach numbers, the region
of separated flow became unsteady, and flow shedding was
encountered. An adiabatic, no-slip boundary condition was held at
all solid surfaces. The wall spacing (distance of first grid point away
from the wall) was held at approximately 2 � 10�4 mm. The steady
loading on the rocket was determined by considering a fixed
upstream Mach number, Reynolds number, angle of attack, and
sideslip angle.

III. OVERFLOW Validation

An experimental investigation was previously conducted at the
NASA Ames Research Center to measure side forces on forebodies
at high angles of attack and Mach numbers [21]. The trade study
proved that, for various nose cones, separation occurs at the nose
rather than the aftbody of the rocket. A single nose cone of similar
geometry to the air-launched rocket, the NB2 nose cone, was chosen
from the NASA investigation and modeled in OVERFLOW to
validate the software [20]. The NB2 nose cone has a length-to-
diameter ratio l=d of 2.84 with a 20 deg nose cone angle. The
Reynolds number andMach number in the wind-tunnel experiments
were 1 � 106 and 0.25, respectively. Under these conditions, theflow
over the NB2 nose cone separated before the end of the cone. Each
nose cone in the wind-tunnel investigation produced similar results.
NASA engineers concluded from these experiments that separation
off the rocket at high angles of attack occurs off the nose rather than
off the body.

This conclusion is consistent with the findings from the current
numerical investigation. The OVERFLOW predictions [20] showed
that the overall trends and absolute levels of side forces were in good
agreement with the experimental data, with a region of aerodynamic
instability (defined as a Mach number region in which asymmetric
side forces occur due to fluid dynamic instability under flight
conditions at 0 deg sideslip) existing at angles of attack between 40
and 80 deg, with the largest asymmetry at 75 deg angle of attack. The
differences between the predicted and the experimental side-force
coefficients varied at most by a factor of 0.2 for all angles of attack
between 0 and 90 deg. The good comparison between predicted side
forces and identification of the origin of the side forces with the NB2
nose cone configuration gave credence to the use of OVERFLOW
for rocket predictions of the same phenomena. Details of the
OVERFLOW validation for high angle-of-attack flow over the nose
cone are given in [20].

IV. Computational Model

In this section, a description of the grid generation process is
provided to describe how the rocketmodelwas generated in Chimera
Grid Tools. Similar to the process used for the NB2 nose cone, the
surface grid for the rocket was generated by concatenating and
equidistributing points. The grid is uniformly spaced in the
circumferential direction, stretched in the axial direction to achieve
the curvature of the rocket’s geometry, and clustered in the radial
direction to capture the viscous flow. The rocket surface grid
resolution is 121 � 195 � 93 (circumferential x axial x radial) grid
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points (see Fig. 1 and Table 1). For details of the rocket’s geometry,
refer to [29].

A. Forebody Strake Geometry and Surface Grid

The forebody strakes were modeled with simple rectangular sides
and a top cap. Two overlapping grids were used to mesh the strake to
the top cap and rocket. Grid spacing between the strakes, rocket, and
top caps was kept consistent. Four grids in total were generated for
each strake (see Tables 2 and 3).

Two forebody strake geometries were designed for this
investigation. The 0.04 (nondimensional value based on the height
of the strake divided by the reference radius of the rocket) cropped
forebody strakeswere designedwith awidth of 3.18mmand a height
of 44.5 mm, placed in the middle position or half the length of the
rocket nose cone (see Table 2). The second 0.15 cropped forebody
strakes examined the effect of increasing the size of the forebody
strakes. The 0.15 cropped forebody strakes were designed with a
width and height of 158.8 mm, also placed in the middle position of
the rocket nose cone (see Table 3). Smaller surface grid spacing was
required for the 0.04 cropped forebody strakes due to its smaller

width in comparison to the 0.15 strakes. Both strakes had a length of
1.73 m or one-half the rocket nose cone length. Both the 0.04 and
0.15 cropped forebody strakes were analyzed at three orientations
including 0, 45, and �45 deg relative to the rocket’s centerline (see
Fig. 2).

B. Rocket Volume Grid

A volume grid for each zone was constructed in Chimera Grid
Tools by specifying the boundary conditions, number of points,
distance into the far field, initial and end spacing, and smoothing
parameters. An average wall spacing of 2 � 10�4 mm was used for
each zone of the multigrid rocket, corresponding to an average
Reynolds number of approximately 7:93 � 106 (value based on
reference diameter). The volume gridwas extended into the farfield a
distance of one rocket length in all directions. Beyond one rocket
length, OVERFLOW generated off-body grids [22] extending three
rocket lengths into the far field amounting to a total far-field distance
of four rocket lengths. Staying consistent with the surface grid
generation, a stretching ratio of 1.2 was used. For each zone, two
volume grids were created. The first grid represented the boundary
layer extending 10 points with an initial and end spacing of
2 � 10�4 mm. The second gridwas stretched a distance of one rocket
length in the radial direction from an initial spacing of 2 � 10�4 mm
to an end spacing of 1.68 m. The rocket grid was periodic in the
circumferential direction along the 360-deg single radial plane. The
grid spacing near the outer boundaries of the strake entities was
consistent to those of the local rocket grid.

The rocket computational grid size including the far-field grids for
strake-off conditions consists of 11 zones amounting to 3,789,030
grid points (see Table 1). The 19-zone multigrid rocket equipped
with the 0.04 cropped forebody strakes consists of 7,795,342 grid
points (see Tables 1 and 2). The 19-zone multigrid rocket, equipped
with the 0.15 cropped forebody strakes, requires 4,879,218 grid
points (see Tables 1 and 3). These computational grid dimensions
and wall spacing were consistent with previous numerical
simulations and grid-refinement investigations at the same Reynolds
number in which the solution was grid independent. In addition, the
grid dimensions and wall spacing were consistent with the
computational grid used in the OVERFLOW validation solution.

C. Flow Solution and Boundary Conditions

A fixed Courant–Friedrichs–Lewy (CFL) number (nondimen-
sionalized by the length and freestream speed of sound) of 5.0 was
used for the rocket without forebody strakes. Typical convergence
was 20,000–50,000 iterations, or 72–120 h, using eight CPUs of a
Linux cluster. Simulations with forebody strakes called for a fixed
CFL number as low as 2.0. Typical convergence with forebody
strakeswas 20,000–75,000 iterations, or 72–160 h, using eight CPUs
of a Linux cluster. Decreasing the time-step size increased the
computational time by increasing the number of iterations to reach
convergence. A viscous adiabatic wall was used for all solid surfaces
in all simulations. The rocket held a circumferential periodic
boundary condition along the single radial plane.

V. Results

A series of subsonic flow cases were run in OVERFLOW to
analyze the effects that forebody strakes have on the rocket’s
aerodynamic characteristics at high angles of attack. This analysis
was done by predicting the side forces and yaw moments about the
rocket for varying Mach numbers at an altitude of 2438.4 m and a
60 deg angle of attack. Mach numbers were varied by 0.05 from 0.05
to 0.60. Side- and yaw-force instabilities (regions in which

Fig. 1 Rocket surface computational grid.

Table 1 Zone grid dimensions of rocket

Zone Name Circumferential Axial Radial

1 Nose cap 24 24 93
2 Rocket 121 195 93
3 Tail cap 22 22 93
4 Strake 1 36 149 88
5 Strake 1 top cap 9 57 88
6 Strake 1 bottom overlap 14 149 75
7 Strake 1 top overlap 13 129 88
8 Strake 2 36 149 88
9 Strake 2 top cap 9 57 88
10 Strake 2 bottom overlap 14 149 75
11 Strake 2 top overlap 13 129 88

Table 2 Zone grid dimensions of 0.04 cropped forebody strakes

Zone Name Circumferential Axial Radial

12 Forebody strake 1 177 38 79
13 Top cap 1 85 5 79
14 Rocket strake overlap 1 177 12 79
15 Strake top-cap overlap 1 177 10 79
16 Forebody strake 2 177 38 79
17 Top cap 2 85 5 79
18 Rocket strake overlap 2 177 12 79
19 Strake top-cap overlap 2 177 10 79

Table 3 Zone grid dimensions of 0.15 cropped forebody strakes

Zone Name Circumferential Axial Radial

12 Forebody strake 1 93 13 84
13 Top cap 1 41 7 84
14 Rocket strake overlap 1 93 13 84
15 Strake top-cap overlap 1 93 9 84
16 Forebody strake 2 93 13 84
17 Top cap 2 41 7 84
18 Rocket strake overlap 2 93 13 84
19 Strake top-cap overlap 2 93 9 84

LOGAN ET AL. 693



asymmetric side forces and yaw moments due to fluid dynamic
instability were predicted under flight conditions at 0 deg sideslip)
were determined for the rocket without forebody strakes in twoMach
number regions: 0.08–0.15 and 0.40–0.50 [20]. The first velocity
flow regime (Mach 0.8–0.15) represents the flow just after launch
from the aircraft. The second velocity flow regime (Mach 0.40–0.50)
is representative of the flow just before engine ignition. In these flow
regions, figures of the surface pressure, velocity, vorticity, and
streamlines were generated to determine what triggers these existing
asymmetric side forces and yawmoments. It was determined that the
greatest point of asymmetry within each of the two Mach number
regions exists at Mach 0.10 and 0.40 [20]. The rocket was then
analyzed at each point of asymmetry with forebody strakes at three
orientations (0, 45, and �45 deg) relative to the centerline to
investigate the forebody strakes effect on the aerodynamic
characteristics. The current investigation analyzed these effects at a
0 deg sideslip angle of attack. Further investigation is required to
determine the effects of the forebody strake configurations in the
presence of sideslip.

A. No Forebody Strakes

Details of the OVERFLOW simulation results of the rocket at a
60 deg angle of attackwithout forebody strakeswere shown as part of
a separate investigation of engine thrust effects on the side forces and
yawmoments [20]. Some results without forebody strakes are shown
here to make comparison with the forebody strake results
straightforward.

The nondimensional forces in the X, Y, and Z directions were
illustrated for a 60 deg angle of attack vs the Mach number for the
rocket without forebody strakes [20]. The largest force coefficient in
the Y direction in the low Mach number region of instability was
1.207 (2436.1N) occurring at aMach number of 0.10. Themaximum
force coefficient in the Y direction for the smaller highMach number
region of instability equaled 0.135 (4353.6 N) occurring at a Mach
number of 0.40.

Asymmetric aerodynamic characteristics were determined based
on the magnitude of the moments about the leading-edge point of the
rocket. The center of gravity of the rocket is located 11.68 m in the
axial direction from the nose. The nondimensional moments (roll,
pitch, and yaw) were shown for 60 deg angle of attack vs the Mach
number for cases without forebody strakes [20]. The yaw moment,
acting around the Z axis, was analyzed at bothMach number regions
determined from the force coefficient in the Y direction. The largest
force in the Y direction occurred at Mach 0.10, where the yaw
moment coefficient equaled 0.586 (23; 751:0 N �m). At the higher
Mach number region of instability, the largest yaw moment
coefficient of 0.104 (67; 580:2 N �m) occurred at a Mach number of
0.40, as suggested by the force coefficient in the Y direction.

Streamlines were analyzed to investigate the unstable vortex
structures that cause the asymmetric aerodynamic side forces and
yaw moments on the rocket [20]. At the low Mach number region, a
large force coefficient in the Y direction occurred at a Mach number
of 0.10, resulting in a large yaw moment. According to NASA
Langley Research Center’s report [21] and the nose cone study [20],
large forces in the Y direction caused asymmetric separation of the

streamlines off the nose and an asymmetric vortex breakdown. The
streamlines validated NASA’s conclusion, separating asymmetri-
cally off the nose, creating an asymmetric after-body vortex
interaction.

This asymmetric vortex behavior is caused by the incoming
freestream flow expanding around the nose of the rocket, causing the
velocity to increase to a maximum. The pressure, in contrast to the
velocity, decreases to a minimum point. As the flow expands beyond
the nose and the relativeminimumpressure point, the pressure begins
to increase, creating an adverse pressure gradient. The flow due to
this adverse pressure gradient initially separates symmetrically off
the nose with a core vortex that revolves clockwise on the left side
and counterclockwise on the right side (as viewed in the �X
direction). This opposite-direction rotation leads to an interaction
between the left-side and right-side vortices. A strong vortex
interaction resulting from counter-rotating vortices causes
asymmetric flow on the aftbody of the rocket, leading to an
asymmetric adverse pressure gradient on the nose. The asymmetric
adverse pressure gradient causes the streamlines to separate
asymmetrically and an asymmetric vortex interaction. The
asymmetric vortex interaction would likely manifest itself as vortex
(Strouhal) shedding in an unsteady simulation. In the current steady-
flow simulations, the asymmetric vortex interaction converges to a
fixed, stable state. Aerodynamic side- and yaw-force instabilities are
a result of an asymmetric vortex interaction often referred to as a
vortex breakdown.

The alternating asymmetric vortex behavior on the upper surface
of the rocket originates from the boundary layers underneath and to
each side of the rocket. As the flow separates on the aft side of the
rocket, the vorticity reaches a critical strength, moves circum-
ferentially in the direction of rotation, and then sheds from the
surface. The vortices on each side of the rocket alternate with this
pattern along the length of the rocket.

A vortex breakdown is precisely what occurs at Mach 0.10 for the
rocket without forebody strakes. As the simulation converges, the
streamlines separate asymmetrically, causing the side forces and yaw
moments atMach 0.10. A force coefficient in the positive Y direction
of 1.207 (2436.1 N) acts at the rocket’s center of pressure, 10.02m in
the axial direction, relative to the rocket’s center of gravity 11.68m in
the axial direction (see Table 4). The rocket experiences a yaw
moment in the positive direction of 0.586 (23; 751:0 N �m), which,
in a transient solution, would cause the nose of the rocket from the
front view to rotate to the left about the center of gravity. A time-
independent � rotation angle (see Nomenclature) was calculated to
introduce a measure of sideslip or yaw angle of attack that the rocket
would experience in a transient solution. The rocket at Mach 0.10,
due to the side and yaw asymmetries, would encounter a 24.4-deg,
time-independent rotation angle.

At the high Mach number point of instability (Mach 0.40), the
rocket experiences smaller-scale asymmetries in comparison to those
at Mach 0.10. At steady-state equilibrium, a side force of 0.135
(4353.6 N) acting at the center of pressure 8.33 m from the nose
causes a yaw moment of 0.104 (67; 580:2 N �m) (see Table 4). The
yaw moment leads to a resulting time-independent rotation angle of
3.14 deg, a more realistic and controllable instability. Further details
of the results at Mach 0.40 can be found in [20].

Fig. 2 Orientations of forebody strakes in simulation (front and side views of rocket).
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B. Forebody Strakes

The forebody strake effects on the air-launched rocket are
presented in this section. The 0.04 cropped forebody strakes were
analyzed at both Mach number points of aerodynamic instability to
determine whether forebody strakes would alter the side- and yaw-
force asymmetries. The side forces and yawmoments were analyzed
at three orientations (see Fig. 2) relative to the centerline on the rocket
nose.

The forebody strakes placed at 0 or 180 deg apart on the Y axis
weremost successful at reducing the aerodynamic side force and yaw
moment asymmetries to 0 at a 0 deg sideslip angle of attack (see
Fig. 3). AtMach 0.10, the rocket experiences a force coefficient in the
Y direction of 0.082 (165.16 N) and a yaw moment coefficient of
0.052 (2110:9 N �m), leading to a time-independent � rotation
angle of �3:70 deg. These results show reduced side-force and
moment magnitudes compared with the rocket without strakes, in
which a force in the Y direction of 1.207 (2436.1 N) and a yaw
moment of 0.586 (23; 751:0 N �m) lead to a time-independent �
rotation angle of 24.4 deg. At Mach 0.40, the 0.04 cropped forebody
strakes reduced the force in the Y direction from 0.135 (4,353.6 N) to
0.041 (1322.1 N) and the yawmoment from 0.104 (67; 580:2 N �m)
to 0.016 (10; 580:1 N �m). The time-independent � rotation angle
was reduced from3.14 to 0.90 deg. The strakes alsomoved the center
of pressure forward from 10.02 to 7.85 m from the nose. Increasing
the distance between the center of gravity and the center of pressure,
or rather static margin, increases the static stability and
controllability of the rocket during flight (see Fig. 3 and Table 4).

The 0.04 cropped forebody strakes were also investigated at 45
and �45 deg relative to the centerline on the rocket nose. The
forebody strakes at 45 deg decreased the time-independent �
rotation angle from 24.43 to �4:86 deg at Mach 0.10 and 3.14 to
�1:47 deg at Mach 0.40. The forebody strakes at�45 deg reduced
the time-independent � rotation angle to 0.82 and 3.09 deg,
respectively. The forebody strakes placed at 0 deg relative to the
centerline were more successful at reducing the aerodynamic

asymmetries on the rocket compared with the rocket without strakes
(see Fig. 4 and Table 4).

The rocket equipped with the 0.04 cropped forebody strakes at the
0 deg position experiences relatively zero side- and yaw-force
asymmetries, as shown in Fig. 3. Based on the results and the
previous analysis for the rocket without forebody strakes, the strakes
should reduce the vortex interaction between the left-side and right-
side streamlines. The streamlines and pressure contours shown in
Figs. 5 and 6 illustrate that the 0.04 cropped forebody strakes reduce
the vortex interaction and corresponding surface pressure, as well as
generate symmetric pressure contours.

The rocket equipped with the 0.04 cropped forebody strakes at the
45 and�45 deg orientations experiences larger side- and yaw-force
asymmetries compared with the 0 deg position (see Fig. 4). The
streamlines with forebody strakes at the 45 and �45 deg positions
should verify these results with larger more asymmetric vortex

Table 4 Force and moment summary

No forebody
strakes (fbs)

0.04 cropped fbs
at 0 deg

0.04 cropped fbs at
�45 deg

0.04 cropped fbs at
�45 deg

0.15 cropped fbs
at 0 deg

0.15 cropped fbs at
�45 deg

0.15 cropped fbs at
�45 deg

M, no. 0.10

Fy, N 2,436.10 165.20 �375:80 92.00 156.20 302.60 413.50
CP, m 10.02 7.85 9.55 8.36 7.91 9.06 8.93
Cn, N �m 23,751.00 2,110.90 �6; 150:00 �2; 959:00 �420:30 925.90 2,131.70
�, deg 24.40 �3:70 �4:86 0.82 1.40 3.15 3.70

M, no. 0.40

Fy, N 4,353.60 1,322.10 �2; 108:00 4,594.00 294.30 5,965.00 �2; 790:00
CP, m 8.33 8.15 8.74 8.80 7.93 8.25 8.47
Cn, N �m 67,580.20 10,580.10 54,283.00 52,806.00 �2272:00 98,107.00 �36; 807:00
�, deg 3.14 0.90 �1:47 3.09 0.18 4.03 �1:87
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Fig. 3 Nondimensional forces and moments vs Mach number: 0:04c
forebody strakes at 0 deg.
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Fig. 5 Mach 0.10 streamlines in X direction and surface pressure

contours.
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interactions between the left-side and right-side vortices. The slight
asymmetries in the vortex interactions complimented with the larger
surface pressure and more asymmetric pressure contours (see Figs. 7
and 8) reiterate that the 0 deg strake position reduces the vortex
interaction and corresponding side- and yaw-force asymmetries at a
0 deg sideslip angle of attack more effectively than at the 45 and
�45 deg orientations.

The cause of the reduction in the aerodynamic side- and yaw-force
asymmetries by the forebody strake at the 0 deg orientation was
investigated. Forebody strakes alter the vortex interaction by
reducing the velocity and increasing the relative pressure of the
freestream flow. This interaction reduces the adverse pressure
gradient, causing the streamlines to separate symmetrically at a
different position on the nose. The corresponding vortices from the
nose are weaker, reducing the vortex interaction. The forebody
strakes alter the vortex interaction by changing the position of
separation and weakening the magnitude of the vortices.

Results show that the larger 0.15 cropped forebody strakes were
more effective in reducing the aerodynamic side force and yaw
moment asymmetries to 0 compared with the 0.04 cropped forebody
strakes. The 0.15 cropped strake placed at the 0 deg orientation
reduced the side-force coefficient in the Y direction compared with
156.2 N at Mach 0.10 and 294.3 N at Mach 0.40. The yaw moment
was reduced �420:3 and �22; 720:0 N �m at Mach 0.10 and 0.40,
respectively. The time-independent � rotation angles were reduced
at Mach 0.10 and 0.40 to 1.40 and 0.18 deg, respectively, compared
with�3:70 and 0.90 deg for the 0.04 cropped forebody strakes (refer
to Table 4). The vortex cores (see Figs. 9 and 10) confirm these
results, as the vortices are tighter with greater spin compared with the
vortices for the 0.04 cropped strakes.

Though the 0.15 cropped forebody strakes at the 0 deg position
were more effective in reducing the asymmetries (the greatest
deviation at Mach 0.40), the larger strakes also increased the drag.
The larger 0.15 cropped forebody strakes increased the drag
compared with the rocket without strakes by an average of 7.9% at
Mach 0.10 and 30.9% at Mach 0.40. This drag increase is in
comparison to the 0.04 cropped forebody strakes, which decreased
the drag at Mach 0.10 by 17.6% while increasing by 18.6% at
Mach 0.40. This trend leads to a tradeoff between aerodynamic
stability and efficiency. As the size of the strake increases, the
stability of the rocket improves; however, the aerodynamic
efficiency of the rocket decreases.

The 0.15 cropped forebody strakes positioned at 45 and�45 deg
relative to the centerline were slightly more effective than the 0.04
cropped counterparts, except at Mach 0.40, where the 0.15 cropped
forebody strakes at the 45 deg position performed worse. The
forebody strakes at 45 deg decreased the time-independent �
rotation angles to �3:15 deg at Mach 0.10 and 4.03 deg at
Mach 0.40 (see Table 4). The forebody strakes at �45 deg reduced
the time-independent � rotation angles to 3.70 and �1:87 deg,

Fig. 6 Mach 0.40 streamlines in X direction and surface pressure
contours.

Fig. 7 Mach 0.10 streamlines in X direction and surface pressure

contours: 0:04c forebody strakes.

Fig. 8 Mach 0.40 streamlines in X direction and surface pressure

contours: 0:04c forebody strakes.

Fig. 9 Mach 0.10 streamlines in X direction and surface pressure

contours: strakes at 0 deg.

Fig. 10 Mach 0.40 streamlines in X direction and surface pressure

contours: strakes at 0 deg.
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respectively (see Table 4). Though the larger 0.15 cropped strakes
effectively reduced the aerodynamic asymmetries, the drag
coefficient of the rocket increased.

VI. Conclusions

Results from a numerical investigation of the forebody strake
effects on the aerodynamic characteristics of an air-launched rocket
at high angle of attack have been presented. Regions of asymmetry
due to side forces and yawmoments are predicted to occur on the air-
launched rocket in certain Mach number regimes. These
asymmetries have been found to result from strong vortical
interactions, which cause asymmetries in the flow structure and
surface pressure. Forebody strakes are determined to significantly
reduce side- and yaw-force asymmetries for high angle-of-attack
flow by inducing symmetric separation off the nose and thereby
decreasing the magnitude of the streamline vortical interaction. The
0.04 cropped forebody strakes at the 0 deg strake position on the
rocket effectively reduced the aerodynamic side force and yaw
moment asymmetries without severely increasing the drag.
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