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Simulation of Flow About Rotating
Forebodies at High Angles of Attack
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A Reynolds-averaged Navier–Stokes flow solver is used to predict the forces and moments on forebody models
at high angle-of-attack rotary conditions. Cases simulated using either a circular or square ogive at an angle of
attack of 60 deg, freestream Mach number of 0.21, and Reynolds number based on body diameter of approximately
two million are presented and compared against wind-tunnel data from rotary testing on generic forebody models
conducted by NASA Langley Research Center and the Defence Research Agency in the United Kingdom. The
simulations provide insight into the flow characteristics at steady rotary conditions.

Nomenclature
b = reference body length (36 in.)
CA = axial-force coefficient in body axis,

axial-force/( 1
2 γ p∞ M2

∞S)

Cl = rolling-moment coefficient in body axis,
rolling-moment/( 1

2 γ p∞ M2
∞Sb)

Cm = pitching-moment coefficient in body axis,
pitching-moment/( 1

2 γ p∞ M2
∞SD)

CN = normal-force coefficient in body axis,
normal-force/( 1

2 γ p∞ M2
∞S)

Cn = yawing-moment coefficient in body axis,
yawing-moment/( 1

2 γ p∞ M2
∞Sb)

Cp = pressure coefficient in body axis,
(p − p∞)/( 1

2 γ p∞ M2
∞)

CY = side-force coefficient in body axis,
side-force/( 1

2 γ p∞ M2
∞S)

D = reference body diameter (6 in.)
M∞ = freestream Mach number (0.21)
p∞ = freestream static pressure
R = radius of curvature
ReD = Reynolds number based on body diameter
S = reference area, S = b × D (216 in.2)
V∞ = freestream velocity
α = angle of attack (60 deg)
γ = ratio of specific heats
θ = circumferential angle
� = angular velocity about spin axis
�b/2V∞ = spin coefficient, positive for clockwise spin
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Introduction

A CCURATE determination of the stability and control charac-
teristics of an aircraft is critical to the safety of that aircraft.

The flight envelope of some high-performance aircraft often pushes
the limits on angle of attack and rapid motion maneuvers. At these
flight conditions the flow about the aircraft tends to be unsteady
and separated, and the variations in the forces and moments with
angle of attack or motion rate are often nonlinear. During the devel-
opment process of these aircraft, numerous hours are spent testing
scaled models in wind tunnels to determine the stability and control
characteristics. Much of this testing is conducted using models of
simplified geometry at Reynolds numbers much lower than typical
flight Reynolds number. However, the sensitivity of the forces and
moments to Reynolds number makes these empirical approaches
to predict dynamic characteristics at full-scale high-angle-of-attack
conditions a challenging task. Both Haines1 and Polhamus2 pub-
lished reviews of Reynolds-number effects on flow over bodies.

Much of the wind-tunnel testing is conducted with special equip-
ment designed for this purpose and includes both oscillatory and
rotary test techniques. A critical examination of the rotary balance
technique for the analysis of high-angle-of-attack dynamic behav-
ior of aircraft was presented by the North Atlantic Treaty Organiza-
tion’s Advisory Group for Aerospace Research and Development.3

This wind-tunnel test technique involves a coning motion (a con-
tinuous rolling motion of the model about the freestream velocity
vector) as depicted in Fig. 1. It was developed to provide information
on the effects of angular rates on the aerodynamic forces and mo-
ments acting on the aircraft in flight. The rotary balance apparatus as
shown in Fig. 1 is complex because it must be capable of measuring
forces and moments for the range of rotation rates experienced by
high-performance aircraft. Major problems encountered in the ap-
plication of this test technique include test equipment interference,
wind-tunnel wall effects, equipment blockage ratio, and Reynolds-
number scaling effects in addition to the difficulty of conducting
detailed flow measurements such as surface pressures.

This study is motivated by the need of industry to quickly and
inexpensively determine stability and control characteristics of new
aircraft configurations without solely having to resort to wind-tunnel
experiments. In particular, rotary balance testing at high Reynolds
numbers is complex because of the high structural loads imposed
on the model and the rotary test apparatus. The high loading is the
result of the combined effects of high dynamic pressure of the wind-
tunnel flow and the high angular velocities required to match the
flow velocities for a given spin coefficient. The potentially cheaper
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Fig. 1 Rotary apparatus setup and ogive model coordinate axes: yb
and y axes point into the page to form right-handed coordinate systems.

and faster aspects of computational fluid dynamics (CFD) make it
a valuable tool to supplement wind-tunnel experiments, if it can
be proven to be reliable under dynamic conditions. To that end, a
Reynolds-averaged Navier–Stokes (RANS) flow solver is applied
to predict the flow characteristics about circular and square cross-
section forebody models at high-angle-of-attack rotary conditions.

In the mid-1990s, rotary balance experiments were conducted on
isolated circular and square cross-section ogive models at angles of
attack of 60 and 90 deg over a range of Reynolds numbers from
0.08 × 106 to 2.25 × 106 based on the maximum body diameter.4,5

The purpose of these experiments was to determine the effects of
Reynolds number, spin coefficient, and forebody geometry on the
aerodynamic characteristics of the models. These tests were unique
in so far that this was the first time that surface-pressure distribu-
tions were measured under rotary conditions in a pressurized wind-
tunnel. A second objective of these experiments was to provide a
database for the development and validation of high-angle-of-attack
computational methods. This database forms the basis for the com-
putational investigations of this paper.

Numerical simulations of dynamic applications are only in their
infancy. Inviscid methods and viscous/inviscid interaction meth-
ods tend to be inapplicable because of the strong viscous effects
and the large regions of separated flow that occur at high-angle-
of-attack conditions. Also, methods based on the Euler equations
only predict vortex formation originating from flow separation at
sharp edges and ignore the vortices that originate from flow sepa-
ration on smooth surfaces such as the ogive forebodies considered
in this study. Currently, the only affordable approach for the pre-
diction of aircraft dynamics at high angles of attack is based on
the three-dimensional Reynolds-averaged Navier–Stokes equations.
Large eddy simulations (LES) and hybrid RANS/LES methods are
still under development and being advertised as possibly a more ac-
curate tool, but the computational costs are prohibitively expensive
and unaffordable by most for any type of design work.6 Most of the
developments in CFD have concentrated on static problems, such
as computation of lift and drag of aircraft at stationary conditions.
Relatively few researchers have explored the application of CFD
methods to dynamic aircraft problems.

Several recent studies provide novel approaches to deal with
body motion in CFD simulations. Chaderjian and Schiff7 analyzed
the wing-rock problem of delta wings at high angle of attack us-
ing a single grid technique. Sturek et al.,8 Weinacht and Sturek,9

Weinacht et al.,10 and Weinacht11 have analyzed the damping char-
acteristics of various motions (including coning motion) of projec-
tiles at supersonic conditions. Ludlow and Qin12 have computed
the pitch damping characteristics of blunt projectiles at high Mach
numbers. Ahmad and Duque13 analyzed the flow around a rotat-
ing helicopter rotor using OVERFLOW-Rotorcraft. Nygaard and
Meakin14 simulated a spinning missile with dithering canards with
OVERFLOW-D.

In the present study, both OVERFLOW-Rotorcraft and
OVERFLOW-D are used to numerically simulate several of the test

Fig. 2 Diagram of ogive models with planform and cross-sectional di-
mensions and axial location of pressure ports.

cases investigated by Pauley et al.5 In the next few sections, the
forebody models as well as the experimental setup used to generate
the database are discussed, followed by details of the computational
grids, flow solver, numerical results, and discussion.

Model Geometry and Test Setup
In the early to mid-1990s, wind-tunnel experiments were con-

ducted by the British Defence Research Agency (DRA) and NASA
Langley, which measured forces and moments as well as surface
pressure for forebody models at various angles of attack and rotary
conditions. The tests were conducted in the DRA’s 13 × 9 ft atmo-
spheric wind tunnel at Bedford and 8 × 6 ft pressurized wind tunnel
at Farnborough. These tunnels provided a freestream Mach number
range from 0.024 to 0.21 and a unit Reynolds number range from
0.15 to 4.5 × 106 per foot for these tests.

Several model geometries were wind-tunnel tested, but only two
are simulated for comparison. Both geometries have an ogive fore-
body, tubular midbody, and hemispherical aftbody. The difference
between the two models is their cross-sectional shape. One model
has a circular cross section, whereas the other model has a square
with rounded corners cross section. Figure 2 shows the models in-
cluding their dimensions.

The test models had six circumferential rows of surface-pressure
taps on the forebody and two rows near the aftbody with the rows
designated as stations 1, 2, 4, 6, 8, 11, 29, and 32.5. The station
locations are shown in Fig. 2.

The models were attached to the wind-tunnel’s rotary balance
apparatus via a sting at its lengthwise midpoint. More detailed in-
formation about the test models and experimental setup can be found
in Pauley et al.5

Flow Solver
OVERFLOW is a Reynolds-averaged Navier–Stokes flow solver

developed by Buning et al.15 for structured grids. The flow solver
itself is very robust and comprehensive in the sense that it provides
a wide selection of numerical schemes, boundary conditions, and
turbulence models in addition to its ability to solve a wide range of
flow conditions and geometry configurations. For this study, cen-
tral differencing is used for the spatial terms. To advance the solu-
tion in time, the lower-upper symmetric Gauss–Seidel (LU-SGS)16

scheme is used because it is very robust. An alternative to LU-SGS is
the Beam–Warming17 method, hereafter referred to as the ARC3D
scheme to be consistent with the name used in the OVERFLOW
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manual. The turbulence models that have been incorporated into
the solver include the algebraic Baldwin–Lomax18 model and the
one-equation Spalart–Allmaras19 model.

Like other software, numerous versions of the flow solver have
been created and are in use. Two versions of OVERFLOW were
used to obtain the results presented in this paper.

The Army/NASA Rotorcraft Division enhanced the basic OVER-
FLOW solver by adding rotorcraft-specific capabilities,20 which
include a source-term formulation to calculate steady rotary flow
problems.21 The source-term formulation allows for the simulation
of a body under constant rotation using a static grid in a noninertial
reference frame. This feature is effective in calculating steady-state
solutions for the present study’s dynamic forebody problems and
resulted in significant savings of computational time. The source-
term formulation has been investigated by others including Park and
Green22 and Zhong and Qin.23

The source-term capability in OVERFLOW-Rotorcraft is limited
to rotation about the z-axis only and therefore restricts the orienta-
tion of the computational coordinate system. However, the experi-
ments measured forces and moments with respect to the body-fixed
coordinate system shown in Fig. 1. The orientations of the compu-
tational and experimental coordinate systems are shown in Fig. 1.
The computational axis labels have no subscript while the experi-
mental axis labels have a subscript b. All computational results are
transformed to the body-fixed reference frame.

Recently, OVERFLOW and the derivative rotorcraft version have
been superceded by OVERFLOW-D, which has been significantly
and specifically enhanced to accommodate dynamic applications
with multiple bodies and six-degrees-of-freedom motion. Other im-
provements to the code include automatic off-body grid generation,
force and moment computations, hole cutting, and domain con-
nectivity between overset grids.14 OVERFLOW-D can be compiled
with Message Passing Interface∗ for parallel computing.

Computational Grid Topology
The computational grids for the ogive models are generated using

the Chimera Grid Tools24 grid-generation package. OVERGRID25 is
the graphical user interface for the various grid-generation modules
included in the Chimera Grid Tools package.

The surface geometries are generated based on physical mea-
surements of the ogive test models by the Quality Assurance and
Inspection Branch at NASA Langley Research Center. Numerous
circumferential sets of coordinates were measured on the forebody
to obtain an accurate surface representation. Coordinates describ-
ing the midbody and aftbody cross sections are computed based
on analytical descriptions provided by Pauley et al.5 The measured
forebody and computed midbody and aftbody coordinates supplied
the information needed by various Chimera modules to generate the
computational surface grids for both the circular and square ogive
models.

The surface grid is defined by 181 equally spaced points in the cir-
cumferential direction and 130 stretched points in the axial direction.
Points 1 and 181 on the circumferential axis coincide to complete
the periodic closed surface. In the axial direction, the grid points are
concentrated near the very tip of the forebody and rear hemispherical
cap. The volume grids are generated with HYPGEN,26 a hyperbolic
volume grid generator within the Chimera package. The first four
points off the surface have a constant spacing of 3.33 × 10−4 di-
ameters. Starting at normal grid point number five, the normal grid
spacing is stretched with a stretching ratio of approximately 1.25
until the outer boundary is reached at 50 diameters, for a total of
54 points in the normal direction. Hence, the total number of grid
points is approximately 1.25 million.

Analysis Methodology
Although the experimental surface-pressure data are used as the

basis for all forebody flow comparisons, it was revealed that the
wind-tunnel experiments had an inaccurate reference pressure,27

∗Software available online at http://www-unix.mcs.anl.gov/mpi/mpich/.

which resulted in surface-pressure coefficients that were too high
including values greater than unity in the flow attachment region,
something that is physically impossible at low-Mach-number test
conditions. The reference pressure problem was not uncovered until
after the actual experiments were completed. The magnitude of the
error in the experimental data is not known, but the error is present
in all of the data, and hence the overall relative pressure distributions
are believed to be correct. Despite the reference pressure error, the
data sets still provide reasonable comparisons with computational
results. A more thorough discussion of this reference pressure prob-
lem is presented in Ref. 28.

For a more detailed comparison between the experimental and
computational results, the computed surface pressures over the fore-
body region are integrated to determine the force and moment con-
tributions of the forebody section. Similar integration of the ex-
perimental surface pressures over the exact region allow for a direct
comparison of the forebody forces and moments. All reported forces
and moments are in reference to the body-fixed axis system as shown
in Fig. 1. The forebody forces and moments are different than those
measured by the wind-tunnel balance. The balance measures the
total forces and moments acting on the entire model, whereas the
forebody forces and moments are just contributions from the fore-
body section. There is no way for the wind-tunnel balance to isolate
the forebody contributions, and so the surface-pressure integration
is necessary.

Convergence Criteria
Several criteria are used to determine the convergence of numer-

ical simulations. The solution residual in terms of the L2 norm is a
measure of the numerical error for the discretized system of equa-
tions and would ideally diminish to machine zero. As the resid-
ual is decreasing, the forces and moments should be approaching
steady-state values. Tandem tracking of the L2 norm, forces, and
moments reveals the development of the CFD solution. When the
forces and moments change by less than 5% after an additional 500
iterations and the residual is reduced by several orders of magni-
tude, the simulation is considered converged. In all instances, the
flow over the forebody region converges much more rapidly than
that of the complete configuration. In fact, the forebody region is
typically converged after only 30% of the total number of iterations.

Computational Results
The DRA wind-tunnel experiments included numerous test cases

with different angles of attack, Reynolds numbers, spin coefficients,
freestream Mach numbers, and model configurations. Select cases
are solved numerically with OVERFLOW and compared to exper-
imental results as the main objective of this study. The circular and
square ogives are simulated as fully turbulent at the highest Reynolds
number experimentally tested under several rotation rates. All cases
are at an angle of attack of 60 deg, and M∞ = 0.21. Results are
discussed next.

The circular ogive configuration is simulated at three differ-
ent spin coefficients of �b/(2V∞) = −0.2, −0.1, or 0.0 and
ReD = 2.08 × 106 with the Baldwin–Lomax18 turbulence model.
Figure 3 shows the convergence characteristics of the three sim-
ulations in terms of L2 norm, side-force coefficient, and yawing-
moment coefficient for the entire body. After 9000 iterations, the
residuals are reduced by approximately three orders of magnitude,
and the forces and moments, including the other components not
shown, have converged. Table 1 shows the force and moment coef-
ficients for the forebody section. Except for the side force and yaw-
ing moment, all of the other components have less than a 5% error
relative to the experimental results. The errors in the side forces are
generally smaller than errors in yawing moments as expected. Mo-
ments are more difficult to predict as they are more sensitive to vari-
ations in surface pressure far from the moment center. It should be
emphasized that Fig. 3 and Table 1 depict different results. Figure 3
shows the side force and yawing moment acting on the whole model,
whereas Table 1 lists the force and moment contributions from the
forebody section only. The forebody section is labeled in Fig. 2.
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Table 1 Comparison of forebody (see Fig. 2 for forebody definition) force and moment
coefficients for the circular ogive at α = 60 deg, M∞ = 0.21, and ReD = 2.08 ×× 106

CFD Experiment

�b/2V∞ −0.2 −0.1 0.0 −0.2 −0.1 0.0

CN −0.1404 −0.1400 −0.1404 −0.1419 −0.1411 −0.1414
CA −3.9468 −3.9478 −3.9480 −4.0730 −4.0717 −4.0710
CY 0.0269 0.0166 0.0089 0.0248 0.0193 0.0139
Cl 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002
Cm 0.2619 0.2612 0.2618 0.2636 0.2624 0.2625
Cn 0.0065 0.0035 0.0011 0.0054 0.0037 0.0020

Fig. 3 Residual, side force, and yawing moment for the circular ogive
at α = 60 deg, M∞ = 0.21, ReD = 2.08 ×× 106, and a) Ωb/(2V∞) = −−0.20,
b) Ωb/(2V∞) = −−0.10, and c) Ωb/(2V∞) = 0.0.

The axial-force coefficients are relatively large compared to all
other force components, but that is because it is only the forebody
contribution. The forebody section is not a closed surface in the
axial direction, and all of the axial force contributions from the
forebody act in the negative xb direction. For the complete config-
uration including the midbody and aftbody sections (as defined in
Fig. 2), the large negative axial force generated by the forebody will
be mostly offset by a large positive axial force generated by the
aftbody.

Figure 4 compares the surface-pressure distributions at stations
1, 4, 8, and 11. The general trend agreement between the measured
and computed values is apparent. However, the computed pressures
are slightly but noticeably shifted upwards when compared to the
measured values. This small shift can be attributed primarily to the
reference pressure error in the experimental data discussed earlier.

The square ogive configuration is also simulated with a spin co-
efficient of �b/(2V∞) = −0.2, −0.1, or 0.0 and a slightly higher
Reynolds number of ReD = 2.09 × 106. Forebody force and mo-
ment coefficients for all three square ogive cases are compared to
experimental data in Table 2. The error in the side-force, pitching-
moment, and yawing-moment coefficients is greater than 10%, but
all other components are within a 10% range. Figure 5 compares
the computed and measured forebody pressure distribution at four
forebody stations for the �b/(2V∞) = −0.2 case. Similar to the pre-
ceding case, the general trend agreement is present along with the
shift in the experimental pressure coefficients, although the compu-
tations seem to overpredict the suction peaks and slightly shift their
location.

Tables 1 and 2 depict nonzero side-force, rolling-moment, and
yawing-moment coefficients for the cases with no rotation. There
are several reasons why they should not be zero as confirmed by
the nonzero values measured in the wind-tunnels. Neither of the
two wind-tunnel models was perfectly symmetric, and whatever
asymmetry was present in the wind-tunnel models was reproduced
in the surface grids. This is the reason why the forebody section of
the test models was extensively measured to obtain actual surface
coordinates in lieu of using simple analytical descriptions. Even for
nominally symmetric bodies the flow tends to become asymmetric in
the angle-of-attack range from approximately 20 to 70 deg. At lower
angles of attack, the flow remains symmetric, whereas at higher
angles unsteady vortex shedding occurs. Hence, it is not unexpected
that the side force, rolling moment, and yawing moment are nonzero
at the stationary, α = 60 deg condition for the bodies considered
here.

Figure 6 compares the leeside vortex field at station 8 for both
geometries at two spin coefficients. Rotation-rate effect is seen
through the skewness of the vortices, with the �b/(2V∞) = −0.2
cases showing more skewness than the �b/(2V∞) = −0.1 cases as
expected.

Discussion
The computational results presented show reasonable agreement

with the experimental results in terms of forebody pressure distri-
butions. Integration of the forebody surface pressures allows for the
direct comparison of the forebody force and moment contributions.
For the cases studied, the side force and yawing moment tended to
have largest errors, which in some instances were as large as 40%.
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Table 2 Comparison of forebody (see Fig. 2 for forebody definition) force and moment coefficients
for the square ogive at α = 60 deg, M∞ = 0.21, and ReD = 2.09 ×× 106

CFD Experiment

�b/2V∞ −0.2 −0.1 0.0 −0.2 −0.1 0.0

CN −0.1904 −0.1913 −0.1917 −0.2166 −0.2142 −0.2134
CA −4.7448 −4.7460 −4.7462 −4.7797 −4.7701 −4.7569
CY 0.0786 0.0411 0.0040 0.0564 0.0302 0.0039
Cl −0.0002 −0.0001 0.0000 −0.0001 0.0000 0.0000
Cm 0.3568 0.3578 0.3585 0.4078 0.4019 0.3998
Cn 0.0219 0.0113 0.0009 0.0156 0.0080 0.0007

Fig. 4 Line plots of forebody pressure distribution for the circular ogive at α = 60 deg, M∞ = 0.21, ReD = 2.08 ×× 106, and Ωb/(2V∞) = −−0.20. θ = 0
deg is the top or leeside of the model. (See Fig. 2 for station locations and theta orientation.)

The accuracy of CFD solutions depends on many factors, some of
which include geometry representation, grid size, turbulence model,
and transition prediction. Each of these issues will be addressed sep-
arately in the following.

The surface grids are believed to be fairly accurate in representing
the geometry of the wind-tunnel models. As mentioned earlier, they
are constructed based on detailed measurements of the forebody
section of the actual wind-tunnel models and on analytical data for
the mid and aft sections. For this study, neither the sting nor rotary
balance apparatus is modeled. The sting and rotary rig can cause the
vortices shed from the forebody to burst prematurely, thus affecting
the forebody flow development. Flow in the immediate vicinity and
downstream of the sting is certainly affected by the sting. Ericsson29

showed that the sting on a wind-tunnel model has significant ef-

fects on the side force for high angles of attack. The presence of
the sting alone can more than double the magnitude of side-force
coefficient.

Grid size is always an issue for computational simulations. To
ensure that the numerical solutions are not mesh dependent, sev-
eral cases with smaller grid spacings are simulated and the forces
and moments compared. The circumferential points that define the
ogive surface collapsed into a single point at tip of the forebody
and aftbody. As a result of the two collapsed points, singular axis
poles emanate outwards from the two points in the volume grid. Re-
fining the grid with this particular grid topology caused numerical
instabilities in steady simulations with the rotational source term.
To keep the single grid topology but avoid the numerical instability
problem, it was necessary to switch to OVERFLOW-D to conduct
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Fig. 5 Line plots of forebody pressure distribution for the square ogive at α = 60 deg, ReD = 2.09 ×× 106, M∞ = 0.21, and Ωb/(2V∞) = −−0.20. θ =
0 deg is the top or leeside of the model. (See Fig. 2 for station locations and theta orientation.)

the grid-refinement study in an unsteady mode with a dynamically
rotating grid.

The two grid-refinement cases have nominally two and four mil-
lion points, corresponding to double and quadruple the number of
points of the original grid. The original grid has an initial normal
cell spacing corresponding to y+ ≈ 40. Although it is recommended
that the initial normal cell spacing should correspond to y+ ≈ 1, such
small spacing is not necessary when using an algebraic turbulence
model like Baldwin–Lomax.30 The grid with two million points has
the same surface definition with more points in the normal direc-
tion corresponding to y+ ≈ 1. The grid with four million points has
a more refined surface definition and maintains the refined normal
spacing corresponding to y+ ≈ 1.

The original and two refined grids for the circular ogive ge-
ometry were simulated with OVERFLOW-D in a time-accurate
mode with no rotational source term. In this mode the grid is no
longer static, but rotates with an angular velocity corresponding to
�b/(2V∞) = −0.1. A nondimensional time step corresponding to a
grid rotation of 0.01 deg is used for the time-accurate simulations.
The forces and moments for the forebody region for the different
grid sizes are compared in Table 3. The normal-force, axial-force,
rolling-moment, and pitching-moment coefficients changed by less
than 10% when using the refined grids. The side-force and yawing-
moment coefficients both increased by roughly 30–40% relative to
the values of the original grid, but changed by less than 10% be-
tween the two refined grid cases. Given the changes in the side-force
and yawing-moment coefficients, the original grid might be slightly
too coarse, but nonetheless, given the still relatively good agree-

ment with experiments and limited computational resources, it is
sufficient to demonstrate the capabilities of the flow solver. In many
instances, the coarser baseline grid unexpectedly produced better
results in terms of forces and moments. Some of the differences
might be caused by the fact that the baseline simulations were com-
puted in a static mode with source terms and the refined grid cases
were computed in a dynamic mode without source terms. In the-
ory, the two approaches should produce the same results; however,
Potsdam and Strawn31 have also noticed small differences in their
CFD results between the two approaches.

OVERFLOW has several options for turbulence model. Among
them are the Baldwin–Lomax algebraic model, Baldwin–Barth
or Spalart–Allmaras one-equation model, and k-ω two-equation
model.32 Each model has its own advantages and disadvantages.
For this study, the algebraic Baldwin–Lomax turbulence model
with Degani–Schiff cutoff33 is selected because its simplicity trans-
lates into significantly less computing time and resources. Two
case studies were conducted to examine the effect of turbulence
model on the forebody forces and moments. The circular ogive at
�b/(2V∞) = −0.1 and square ogive at �b/(2V∞) = −0.2 cases are
simulated using both the Baldwin–Lomax18 and Spalart–Allmaras19

turbulence models. The results are compared in Table 4. For the
circular ogive case, the forebody side force and yawing-moment
computed with Spalart–Allmaras are twice the magnitude of the
Baldwin–Lomax results. For both cases, the Baldwin–Lomax tur-
bulence model predicted forces and moments that more accurately
matched experimental results. For these vortex-dominated flow con-
ditions, the Baldwin–Lomax turbulence model with Degani–Schiff
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Table 3 Comparison of forebody (see Fig. 2 for forebody definition) force and moment coefficients for the circular
ogive at α = 60 deg, M∞ = 0.21, ReD = 2.08 ×× 106, and Ωb/(2V∞) = −−0.10 with different grid sizes

Force/moment Original grid Refined grid Refined grid
coefficients 1,270,000 points 2,450,000 points 4,310,000 points Experiment

CN −0.1333 −0.1216 −0.1222 −0.1411
CA −4.0528 −4.0534 −4.0532 −4.0717
CY 0.0166 0.0221 0.0209 0.0193
Cl 0.0002 0.0002 0.0002 0.0002
Cm 0.2524 0.2328 0.2337 0.2624
Cn 0.0035 0.0050 0.0046 0.0037

Table 4 Comparison of forebody (see Fig. 2 for forebody definition) force and moment coefficients for simulations with either the
Baldwin–Lomax or Spalart–Allmaras turbulence model

Circular ogive, �b/2V∞ = −0.1 Square ogive, �b/2V∞ = −0.2
Force/moment
coefficients Spalart–Allmaras Baldwin–Lomax Experiment Spalart–Allmaras Baldwin–Lomax Experiment

CN −0.1980 −0.1400 −0.1411 −0.2177 −0.1904 −0.2166
CA −3.9391 −3.9478 −4.0717 −4.7419 −4.7448 −4.7797
CY 0.0309 0.0166 0.0193 0.0999 0.0786 0.0564
Cl 0.0002 0.0002 0.0002 −0.0002 −0.0002 −0.0001
Cm 0.3597 0.2612 0.2624 0.4069 0.3568 0.4078
Cn 0.0073 0.0035 0.0037 0.0277 0.0219 0.0156

Fig. 6 Vorticity magnitudes at station 8 on the forebody (see Fig. 2 for
station 8 location): left, Ωb/(2V∞) = −−0.20; right, Ωb/(2V∞) = −−0.10.

cutoff performs just as well if not better than the Spalart–Allmaras
one-equation model.

In addition to choosing an appropriate turbulence model, the
choice of numerical scheme can affect the CFD solution as well.
The LU-SGS16 and ARC3D17 schemes were compared in this study.
Table 5 indicates that the forces and moments are generally insen-
sitive between these two numerical schemes. The largest difference
between the two sets of results is that the side-force coefficient com-
puted with the ARC3D scheme is 5% smaller.

Table 5 Comparison of forebody (see Fig. 2 for forebody definition)
force and moment coefficients for the circular ogive at α = 60 deg,

M∞ = 0.21, and ReD = 2.08 ×× 106, and Ωb/(2V∞) = −−0.20 simulated
with either the LU-SGS or ARC3D numerical scheme

Force/moment
coefficients LU-SGS ARC3D Experiment

CN −0.1404 −0.1376 −0.1419
CA −3.9468 −3.9478 −4.0730
CY 0.0269 0.0257 0.0248
Cl 0.0002 0.0002 0.0002
Cm 0.2619 0.2578 0.2636
Cn 0.0065 0.0063 0.0054

All cases simulated are at Reynolds number above two million
based on the diameter and freestream conditions. At that Reynolds
number the flow is mostly turbulent, but small regions of laminar
flow tend to remain, particularly near the nose tip, and might influ-
ence the global flow development. The prediction of transition in
conjunction with a three-dimensional Reynolds-averaged Navier–
Stokes flow solver remains difficult at this time. Without a transition
model available, all cases are assumed to be fully turbulent at the
2 × 106 Reynolds-number flow condition.

Reasonable comparisons of computational results to experimental
data suggest that the fully turbulent assumption is acceptable for the
geometries and flow conditions studied here.

Conclusions
This study was motivated by the need of industry to quickly and

inexpensively determine stability and control characteristics of new
aircraft without solely having to resort to wind-tunnel experiments,
which are difficult and expensive to conduct, especially if the tests
are dynamic in nature. The potentially cheaper and faster aspects of
computational fluid dynamics make it a helpful addition to experi-
ments, if it can be proven to be reliable under dynamic conditions. To
that end, a Reynolds-averaged Navier–Stokes flow solver, OVER-
FLOW, is applied to predict the flow characteristics about circular
and square forebody models under rotary conditions.

Several cases are simulated at Reynolds numbers of approxi-
mately 2 × 106 and different rotation rates for two model geome-
tries. The forebody results compared reasonably to the experimental
pressure data in most cases. Additional study is needed to more ac-
curately compute the flow in the mid and aft regions of the ogive.
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