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Navier–Stokes Computations for a Spinning Projectile
from Subsonic to Supersonic Speeds

S. I. Silton∗

U.S. Army Research Laboratory, Aberdeen Proving Ground, Maryland 21005

A computational study has been undertaken to predict the static-aerodynamic, Magnus-moment, and roll-
damping coefficients of a standard spinning projectile using a single, modern, unstructured Navier–Stokes flow
solver. Numerical results without engraving and semi-empirical results have been obtained for a wide range of
Mach numbers to include subsonic, transonic, and supersonic flight regimes. Effects of 0-, 2-, and 5-deg angles of
attack have been investigated. Flowfield characteristics of each flight regime are briefly explored. A comparison of
coefficients calculated from the computational fluid dynamics results are made to both experimental range data as
well as semi-empirical aeroprediction code results with some success. Good predictive capabilities are found for the
static aerodynamic coefficients throughout all of the flight regimes. Discrepancies arise between the computational
results and the experimental results for the Magnus moment and roll-damping coefficients due in part to the lack
of engraving on the computational model.

Nomenclature
CD = drag coefficient, D/ 1

2 ρV 2
∞S

CD0 = zero-yaw drag coefficient
CLα = lift-force-coefficient derivative, L/ 1

2 ρV 2
∞Sδ

Clp = roll-damping coefficient (roll-rate derivative),
roll damping moment/ 1

2 ρV 2
∞Sd(psd/V∞)

CMpα = Magnus moment coefficient derivative,
Magnus moment/ 1

2 ρV 2
∞Sd(psd/V∞)δ

CMα = overturning moment coefficient derivative,
static moment/ 1

2 ρV 2
∞Sdδ

CNpα = Magnus force coefficient derivative,
Magnus force/ 1

2 ρV 2
∞Sd(psd/V∞)δ

Cp = pressure coefficient, (p − p∞)/ 1
2 ρV 2

∞
D = drag force, N
d = reference diameter, m
L = lift force, N
M = Mach number
p = pressure, N/m2

ps = roll rate, rad/s
S = reference area, πd2/4
V∞ = freestream velocity, m/s
y+ = normal viscous sublayer spacing
α = angle of attack, deg
δ = sin α
δ2

e = effective square yaw
ρ = air density, kg/m3

Introduction

C OMPUTATIONAL fluid dynamics (CFD) has been used for
many years to determine the aerodynamic coefficients of

smooth, spinning projectiles.1−3 These early numerical studies have
produced favorable results when compared to data obtained from
smooth body wind-tunnel tests. However, many of the smaller-
caliber (cal.) Army projectiles are slender, spinning bodies that be-
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come engraved when fired from a rifled barrel. CFD models are
often constructed without engraving for ease of grid generation and
reduction of computation time. The lack of engraving on the mod-
els likely causes discrepancies in the computed aerodynamic coeffi-
cients. Limited experimental research4,5 has shown that the presence
of rifling grooves does, in fact, affect the aerodynamic coefficients.
As much research is now conducted using CFD, it is important to
understand the limitations of what is being modeled.

The 0.50-cal. projectile chosen for this study has been in use
for almost 60 years. Although a limited amount of aerodynamic
data was collected during the projectile’s development and testing,6

a relatively large amount of aerodynamic data has been obtained
over the years. Most of the data have been collected within the
past 15 years at the U.S. Army Ballistic Research Laboratory’s Free
Flight Aerodynamics Range.7 Parabolized Navier–Stokes numerical
aeroballistic data have also been obtained for a similarly shaped
0.50-cal. training round with fairly good results.8

The present study was undertaken in order to verify the ability
of one CFD package to predict the aeroballistic data for a spinning
projectile over the entire flight regime and to determine where the
deficiencies of modeling an engraved projectile as smooth body lie.
This particular CFD software has been previously used to calcu-
late the flowfield and resulting aeroballistic data on nonspinning
projectiles,9 but had not yet been benchmarked for spinning pro-
jectiles with the associated forces and moments. Prior to using this
software to determine aeroballistic data for new spinning projec-
tile designs, the software must be verified against existing data and
methods, such as a semi-empirical code, to determine its accuracy. A
similar study should be completed prior to any CFD package being
used to predict aeroballistic coefficients.

Model Geometry and Numerical Grid
Numerical Geometry and Grid

The computational model is a 0.50-cal. (1 cal. = 12.95 mm) pro-
jectile, 4.46 cal. in length, with a 0.16-cal.-long, 0.02-cal.-deep
groove, and a 9-deg filleted boattail7 (Fig. 1). A center of gravity
location of 2.68 cal. (34.706 mm) from the nose tip was utilized.

All grids used in this study were three-dimensional hexahedral
meshes created using GRIDGEN ver. 1310 (Pointwise). The grid is
created in a multiblock format in order to allow for a better quality
mesh and then written in an unstructured format. While GRIDGEN
ver. 13 does not output meshes in CFD++ format, Fluent ver. 511

output format is available, which CFD++ is able to import.
Three separate meshes were constructed over the course of this

study: one for the subsonic, transonic, and low supersonic cases and
two for the supersonic cases. Two different computational grids were
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a)

b)

Fig. 1 The 0.50-cal. projectile used for computational model: a) di-
mensional sketch, with all dimensions in calibers, and b) three-
dimensional model.

Fig. 2 Representative surface grid where sections are indicated by
different colors.

created for the supersonic cases in order to verify grid independence.
In each case, the far-field boundary was created so that it would
not interfere with the flowfield in all of the regimes investigated
(subsonic, transonic, and supersonic).

The mesh is composed of 10 structured blocks. The surface grid
(Fig. 2) was generated first and consists of four sections: two small
squares (black) projected on the nose and base to eliminate sin-
gularities on the symmetry axis, the groove (light gray), and the
remainder of the body (dark gray). After constructing a companion
far-field grid, radial planes were constructed between these two sur-
face grids in order to create three-dimensional blocks. Two of these
blocks are small rectangular blocks beginning at the small projected
squares on the nose and base of the body and extending to the outer
boundary (each 30 × 30 cells on the body), with the axial dimension
equal to the radial dimension of the remaining flowfield. The rest
of the body is divided into quadrants based on the corners of the
surface squares, with the groove blocked separately. Each quadrant
of the groove contains 30 radial cells, 30 circumferential cells, and
18 axial cells, while each quadrant for the remainder of the flowfield
varied with the position of the far-field boundary. To accurately cap-
ture the flow in the turbulent boundary layer, the first radial surface
spacing was always set to 1.07 µm.

For both supersonic grids, the outflow boundary was two body
lengths behind the base of the model, the inflow boundary was just
over one body length in front of the model, and the circumferential
boundary was also just over one body length away from the model
(Fig. 3). The medium-resolution grid contained 30 circumferential
cells, 80 radial cells (away from the body), and 279 cells along the
body surface and far-field boundary in one quadrant (2,737,658 cells
total) while the fine-resolution grid contained 30 circumferential
cells, 150 radial cells, and 296 cells along the body surface in one

Fig. 3 Grid used for medium-resolution supersonic CFD solutions.

Fig. 4 Grid used for subsonic, transonic, and low supersonic CFD
solutions.

quadrant (5,413,314 cells total). The additional radial cells were
added near the surface so that the boundary-layer cell thickness
grew more slowly. The additional axial cells were added in the nose
and base regions. The greater number of cells in the radial and axial
directions for the finer grid allowed finer details of the flowfield to
be studied.

The mesh created for the subsonic, transonic, and low supersonic
cases was similar in structure to that created for the supersonic case.
The far-field boundary was moved further away from the projec-
tile body (Fig. 4) to accommodate the weaker shocks, expansions,
and longer recovery distances of flowfield features. The new in-
flow boundary was located just under three body lengths away, the
outflow boundary eight body lengths away, and the circumferential
boundary almost 10 body lengths away. While the circumferen-
tial dimension remained constant at 30 cells in one quadrant, the
radial dimension was increased to 109 cells, and the axial dimen-
sion to 289 cells in order to accommodate the new position of the
far-field boundary. The additional axial cells were added on the
nose and the base of the projectile. The complete mesh consisted of
4,041,120 cells.

Semi-Empirical Geometry
The assumptions within the semi-empirical solution all pertained

to the afterbody geometry because of limitations of the software.
First, the groove was eliminated, as the software could not han-
dle a decrease in body radius followed by a subsequent increase.
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Fig. 5 Geometry utilized in semi-empirical method (no groove,
straight boattail).

Additionally, the filleted boattail was eliminated and replace with
a standard 9-deg angle boattail. These modifications to the geome-
try produced a model with the cross section in Fig. 5 and allowed
for a solution to be calculated. The center of gravity for the semi-
empirical solution was assumed to be that of the experimental model
with the groove and filleted boattail. During geometry definition,
one must also specify the model (boundary-layer) type. The typical
flight option was utilized for consistency with the computational
model.

Solution Technique
Numerical Techniques

CFD++12 (Metacomp Technologies) ver. 3.5 was utilized for this
study. CFD++ solves the Reynolds-averaged Navier–Stokes equa-
tions with pointwise turbulence models. The equations are solved
within a finite volume framework using an unstructured grid topol-
ogy. Spatial discretization is accomplished using the cell face normal
at the cell face centroid, which is obtained by reconstructing the cell
centroid values. Both implicit and explicit time-integration schemes
are available. For the present study, the point-implicit integration
scheme was used to solve the steady-state simulation. Ramping of
the Courant number allowed for quicker solution convergence as
the flow progressed towards solution, and larger time steps had less
effect on the solution. The data to which the CFD is compared were
determined from the firing of actual test projectiles. These projec-
tiles are not necessarily smooth and could cause the boundary layer
to trip very near the nose tip. Unfortunately, there is no way to ac-
curately determine this from the available data. However, for the
study presented herein, the boundary layer is assumed to be fully
turbulent. The realizable k–ε turbulence model,13 available within
CFD + +, was utilized.

The flowfield domain is initialized using freestream conditions.
The far-field boundary (including inflow and outflow boundaries)
utilized the characteristic-based boundary condition. This allows
the software to determine the conditions (inflow, subsonic outflow,
or supersonic outflow) at the boundary and either explicitly set the
boundary conditions to freestream conditions (inflow, subsonic out-
flow) or extrapolates as necessary (supersonic outflow). Absorbing
layers were utilized at the far-field boundary for some Mach numbers
within the transonic regime (Mach 0.85 to 0.98) in order to prevent
wave reflections from the boundaries and encourage a converged
solution. Freestream pressure and temperature are set to 101,325 Pa
and 288 K, respectively. The software then uses the perfect gas as-
sumption to calculate density. Velocity is varied between Mach 0.60
and 2.7. For the projectile body, the boundary condition is set to be
a no-slip, isothermal wall (at 288 K) that is rotating about the x axis.
The projectile rotates at a speed corresponding to the rifling twist
rate of the experiments7 of one turn in 38.1 cm.

The simulations were performed in parallel using the double pre-
cision solver on either an IBM SMP P3 machine (SP3) with Power3
processors or an IBM SMP P4 machine (SP4) with Power4 pro-
cessors. The number of processors used to obtain the solutions de-
pended on the grid that was being used. The transonic grid was
used to obtain the CFD solution for all Mach numbers below 1.5.
The solution for Mach 1.5 was obtained on both the transonic and
supersonic grid with less than a 1.5% difference in the calculated
coefficients. The transonic grid was run on 32 processors as was
the fine supersonic grid while the medium-resolution grid was run
on 20 processors. The calculations took about 12 h of CPU time
on the SP4 and 38 h on the SP3 for the solutions obtained on the
transonic grid. Convergence was typically achieve in about 2000
iterations, depending on the Mach number. The solution was con-

sidered converged when the flow residual had either reduced at least
three orders of magnitude and were no longer changing or had re-
duced seven orders of magnitude. The aerodynamic coefficients also
needed to be changing, on average, less than 1% during the final
100 iterations.

Semi-Empirical Method
The semi-empirical solution was obtained using the Aeropredic-

tion code AP02 (Ref. 14). This code was originally developed by the
U.S. Navy in 1972 as a code to predict the aerodynamic performance
of spin-stabilized projectiles. AP02 combines a large database of
experimental results and well-verified numerical results with the-
oretical methods in order to obtain aerodynamic coefficients and
dynamic derivatives. The theoretical methods include second-order
van Dyke and second-order shock expansion theory as well as thin
wing theory and slender body assumptions. It allows coefficients to
be obtained in a relatively short period of time within engineering
accuracy, as no grid is needed.

Results and Discussion
A number of numerical cases were studied in order to cover the

range of experimental data available. The Mach numbers investi-
gated encompass three projectile flight regimes: 1) subsonic, 2) tran-
sonic, and 3) supersonic. The Mach numbers and corresponding roll
rates investigated can be found in Table 1. The small delta between
numbers between Mach 0.85 and 1.10 is due to the rapidly chang-
ing flow characteristics in the transonic regime. A CFD calculation
was completed for each Mach number at 0-, 2-, and 5-deg angles of
attack.

For the CFD, CD0 and Clp were obtained directly from the
α = 0 deg calculation. Solutions for the semi-empirical code were
obtained at α = 2 deg for the static coefficients and α = 5 deg for
the dynamic derivatives. All coefficient results are presented in the
convention put forth by Murphy.15

Grid-Resolution Study
A grid-resolution study was conducted for the supersonic, Mach

2.70 case at both 0- and 2-deg angles of attack. This study was com-
pleted with CFD++ ver. 3.4. The Mach 2.70 case has the thinnest
boundary layers and the most distinct flow physics for comparison.
The solutions on the 2.7-million-cell (medium) and 5.4-million-cell
(fine) grids were compared for differences in flow physics and aero-
dynamics coefficients, as well as for agreement with experimental
data. After an initially high y+ value at the nose tip, a peak y+

value of approximately 1.75 is observed at the front of the ogive
and steadily decreases along the length of the body (Fig. 6). The
exception to this is at the groove, where there is a spike in the y+

value (not shown in Fig. 6).
At α = 0 deg, the medium and fine grids gave nearly identical

results (less than 1%) for CD and Clp (Table 2). All other coefficients
had values very near zero as expected. The discrepancy between the
experimental and numerical results for Clp is believed to be caused
by the lack of engraving on the numerical modeling, as the numerical

Table 1 Mach numbers and resulting
roll rates utilized in CFD calculations

Mach no. Roll rate, rad/s

0.60 3,366.9
0.70 3,927.9
0.85 4,768.5
0.90 5,050.3
0.94 5,274.7
0.98 5,499.2
1.05 5,892.0
1.10 6,172.5
1.25 7,014.2
1.50 8,417.0
2.00 11,222.8
2.70 15,150.6
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Table 2 Grid-resolution study at Mach 2.7, α= 0 deg

Methodology CD Clp

Medium grid 0.2935 −0.00768
Fine grid 0.2964 −0.00766
M33 experiment7 0.279 −0.011

Fig. 6 The y+ variation axially along body. Nose is at x = 0 and groove
at x = −−0.039.

Fig. 7 Pressure coefficient contour comparison between a) medium-
and b) fine-resolution grids in the vertical symmetry plane at Mach 2.7,
α= 2 deg.

results seem to agree with the data presented by Guidos and Chung.8

The flowfields on both grids were very similar.
When the angle of attack is increased to 2 deg in the vertical

symmetry plane, the flow becomes more complicated as it is no
longer axisymmetric. The flow around the body was nearly identical
between the two grids (Figs. 7 and 8), although some of the flow
features were slightly better defined on the fine grid. Most of the
aerodynamic coefficients, including CMpα , differed by no more than
0.5% (Table 3). Only CD and CNpα , differed to a greater extent. CD

Table 3 Grid resolution study at Mach 2.7, α= 2 deg; experimental
data at closest data point

Methodology CD CLα CNpα CMpα CMα Clp

Medium grid 0.3027 2.23 0.0637 0.21 2.79 −0.00767
Fine grid 0.3062 2.23 0.0710 0.21 2.80 −0.00765
M33 experiment7 0.2813 2.21 —— 0.15 3.01 −0.011
M8 experiment7 0.2991 2.42 —— 0.24 2.85 −0.011

Fig. 8 Mach number contour comparison between a) medium- and
b) fine-resolution grids in the vertical symmetry plane at Mach 2.7,
α= 2 deg.

increased slightly more than 1% between the medium and fine grids,
and CNpα increased by ∼10%. As the Magnus force is so small, this
is not unexpected. For the coefficients compared in this study (i.e.,
not CNpα as there is no experimental data), the CFD error is expected
to be no more than approximately 1%.

Both sets of numerical results agreed quite well with the exper-
imental data, with the exception of Clp . The discrepancy is again
attributed to modeling a smooth projectile rather than an engraved
projectile. As the results are nearly identical using either grid, it was
not worth the nearly doubled computational time required in order
to obtain a converged solution on the fine grid as compared to that
for the medium grid. As such, the medium grid was utilized for the
remainder of the supersonic cases, and comparable grids were used
for the transonic and subsonic cases.

Flowfield Visualization
Within each flow regime investigated, there are certain flow fea-

tures that one would expect to see. The flowfields for three Mach
number cases, one in each flow regime, are shown in Figs. 9 and
10. Figure 9 shows a planar cut of the Mach number and Cp con-
tours for α = 0 deg. As expected the flow is axisymmetric for all
Mach numbers at α = 0 deg. The subsonic, M = 0.70 case (Figs. 9a
and 9b) clearly shows that no shocks are present anywhere along
the projectile indicating that the flow does indeed remain subsonic
along the entire length of the projectile. The standard stagnation
region and associated velocity decrease are present upstream of the
nose tip as the flow anticipates the presence of the projectile. Note
that the flow in the groove is nearly stagnant. The flow then ex-
pands and separates as it passes the boattail creating a low-velocity,
nominal-pressure region of base flow. The transonic, M = 0.98 case
(Figs. 9c and 9d) shows the subsonic stagnation region and associ-
ated velocity decrease upstream of the nose tip. One can also see
the the expansions fans and recompression shocks at the ogive-body
transition, the groove, the boattail-body transition, and the projectile
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a) b)

c) d)

e) f)

Fig. 9 Planar cut on symmetry plane of Mach number and Cp contours for a,b) M = 0.70, c,d) M = 0.98, and e,f) M = 2.0 at α= 0 deg.

base. Note the large expanse of the flow recovery distance typical of
a transonic flow. At Mach 2.0 (Figs. 9e and 9f) an oblique bow shock
exists, and the expansion fans and recompression shocks along the
projectile have become more well defined.

At angles of attack other than 0 deg, the flow becomes asymmet-
rical. Because of the rotation of the projectile, asymmetries occur in
both the pitch and yaw planes even though the initial flow over the
projectile is asymmetric in only the pitch plane. The small asymme-
tries in the yaw plane accounts for the nonzero, though extremely
small, side (Magnus) force and Magnus moment. As the asymme-
tries are much more apparent in the pitch plane, Fig. 10 shows
Mach-number and Cp contours on the vertical symmetry plane at
α = 5 deg. Note the differences in pressure contours in the base flow
region between the different Mach numbers.

Data Comparison
A data comparison of the AP02, CFD, and experimental results

is presented for all static aerodynamic coefficients Clp and CMpα .
The experimental data used in this comparison were obtained in the
U.S. Army Research Laboratory Aerodynamics Range.7 Although
experimental data were obtained for three different 0.50-cal. rounds,

only the data for the M33 ball projectile (M33 experiment) and the
M8 API projectile (M8 experiment) were used. The data from the
third round were not utilized as it contained a tracer, which can
change the aerodynamic characteristics. Each of these projectiles
have the same nominal external dimensions (Fig. 1) and differ only
in surface details, such as rolled versus machined cannelures.7

Plotted experimental data were limited to 1 deg < α ≤ 5 deg.
Smaller yaw angles (α < 1 deg) were unavailable, and although
larger yaw angles (α > 5 deg) were available, CFD results were ob-
tained for a maximum angle of 5 deg (Ref. 8). Although larger angles
were present in the experimental data, nonlinearities are often a fac-
tor in large yaw-angle analysis and cannot be accurately compared
to the smaller yaw-angle data for the static aerodynamic coefficients.
The error levels associated with experimentally obtained range data
are listed in Table 4 (Ref. 16). No comparison to pitch damping
moment is made in this study.

A comparison of zero-yaw drag CD0 was completed first. As ex-
pected, good agreement was obtained between the computational,
semi-empirical, and experimental results (Fig. 11). Although the nu-
merical solution overpredicts the experimental CD0 results slightly,
the semi-empirical solution underpredicts them. The overprediction
in the CFD is likely caused by a fully turbulent boundary layer
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being assumed and the free flight flow either being laminar or, more
likely, transitioning at some point along the projectile, rather than
fully turbulent.

CD was also compared (Fig. 12). Good agreement occurs at
both α = 0 and 2 deg. CD appeared to be a bit high at α = 5 deg.
The agreement of the semi-empirical solution (α = 2 deg) to the
α = 2 deg CFD solution and the range data was also quite good. The
agreement between the predicted (both CFD and semi-empirical)
and experimental data at α = 2 deg reflects the small angles of at-
tack used from the experimental data. Figure 12 clearly shows the

Table 4 Expected aerodynamic coefficient
aeroballistic range error16

Aerodynamic coefficient Percent error

Axial force 1–2
Normal force 5–10
Magnus force 25
Pitching moment 0–3
Pitch damping moment 10–20
Magnus moment 10–20
Roll damping moment 10

a) b)

c) d)

e) f)

Fig. 10 Mach number and Cp contours on vertical symmetry plane for a,b) M = 0.70, c,d) M = 0.98, and e,f) M = 2.0 at α= 5 deg.

Fig. 11 Zero-yaw drag coefficient vs Mach number.
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Fig. 12 Drag coefficient vs Mach number (predicted values at α
indicated).

Fig. 13 Lift-force-coefficient derivative vs Mach number.

nonlinear increase in CD with angle of attack even at these small
angles of attack.

CLα (Fig. 13) and CMα (Fig. 14) were also directly compared to
experimental data with much success. The CFD correctly predicted
the critical behavior of the pitching moment in the transonic regime,
which the semi-empirical code is not able to capture. Both the trends
of the data as well as the values were in good agreement. Although
CLα and CMα are often calculated these days, the critical behavior
in the transonic regime has not always been easy to capture. Earlier
CFD research17 also showed excellent agreement to experimental
data, but was more limited in scope. The CFD shows a variation in
CLα with angle of attack for M ≤0.85 and at Mach 2.0, although their
the variation with angle of attack for CMα occurs only for M ≤ 0.85.
This indicates that there are likely nonlinear variations in CLα and
CMα at these Mach numbers. A greater range of angle of attack is
necessary in order to determine if indeed a nonlinearity exists.

The dynamic derivative coefficients Clp and CMpα were computed
as part of the current study. The M33 and M8 data have recently been
rereduced using the newer range reduction software, ARFDAS.18

The dynamic derivative coefficients obtained using multiple data
fit option of ARFDAS are compared. The data obtained from the
ARFDAS reduction are so indicated.

Clp does not seem to be much affected by angle of attack, as
the value of this coefficient varies by only a few percent over the

Fig. 14 Overturning moment coefficient derivative vs Mach number.

Fig. 15 Roll damping moment coefficient vs Mach number.

angles of attack investigated. The Clp predicted by both CFD and
the semi-empirical code are of the same magnitude as the experi-
mental results but do not show the same trends with Mach number
(Fig. 15). The semi-empirical code predicts a nearly constant Clp

for M ≥ 1, although it is smaller than seen in the range analysis.
In the subsonic regime, the semi-empirical code overpredicts the
value and completely misses the trend. CFD fares a lot better. In the
subsonic regime, CFD has the same trend as the range analysis, but
overpredicts Clp . For M ≥ 1, CFD predicts a linear decrease with
Mach number.

The agreement at Mach 1.5 seems to be purely coincidental. How-
ever, the trends of the CFD at supersonic Mach numbers (Mach 1.5,
2.0, 2.7) do agree with those calculated from a PNS flow solver8

suggesting that the presence of engraving causes the roll damping
to asymptote at supersonic Mach numbers, while the roll damping
would continue to decrease without the grooves present. It is likely
that the presence of the engraving has a large influence on the roll
damping, and thus CFD would be unable to accurately predict Clp

unless engraving is included is the model.
As a range of angle of attack was investigated experimentally, it

was important to extrapolate the experimental data to the angle of
attack investigated numerically when comparing CMpα . CMpα was
plotted vs effective square yaw by McCoy7 for a given Mach number
range for the combined M33 and M8 data. Within each flow regime,
these plots show a bicubic variation of Magnus moment (Fig. 16).
This means that CMpα has a cubic variation with angle of attack
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Fig. 16 Magnus moment coefficient derivative vs effective square yaw
for 0.6 < M < 0.90 (Ref. 7).

Fig. 17 Magnus moment coefficient derivative vs effective square yaw
for 1.0 < M < 1.25 (Ref. 7).

Fig. 18 Magnus moment coefficient derivative vs Mach number for
α= 2 deg.

at small angle and is linear at high angles of attack. For example,
at α = 2 deg (δ2

e = 0.001), CMpα has a cubic variation for all Mach
numbers investigated. Atα = 5 deg (δ2

e = 0.0076), CMpα still appears
to have a cubic variation for Mach numbers less than 0.90, while
it is linear for Mach numbers greater than 1 (Fig. 17). Therefore,
because of the way in which CMpα was calculated for the CFD results
(assuming linear variation), Magnus moment coefficient derivatives
could be expected to agree better at α = 5 deg than at α = 2 deg.
The exception at α = 5 deg would be for Mach numbers less than
approximately 0.9, as CMpα is likely to still have a cubic term.

At α = 2 deg (Fig. 18), neither the semi-empirical code nor the
CFD does very well in predicting CMpα

. In the supersonic regime,

Fig. 19 The 155-mm artillery round a) photo and b) Magnus moment
coefficient vs Mach number for various angles of attack.19

the range analysis show that CMpα remains approximately constant.
Both the CFD and semi-empirical code predict this supersonic trend,
although the value is large. In the subsonic regime, both predictive
methods expect negative coefficients, which is confirmed by the
range data. The magnitude of the coefficients, however, is in ques-
tion. The error in the range data is quite large, as well as scattered,
so that it is unclear as to what the trends actually are. In the transonic
regime, there is no agreement between the predicted values and the
range data. Even agreement between the different experimental data
sets is not very good in this flow regime.

The differences in experimental data in the subsonic and tran-
sonic regimes can most probably be attributed to the differences
that occur in the engraving of the rounds as the rounds are made of
different materials. Therefore, it is also possible that in addition to
the nonlinearity at α = 2 deg the lack of engraving on the CFD model
could contribute to the disagreement with the experimental results.
In fact, if one compares the shape of the Magnus moment coefficient
curve obtained experimentally for the 155-mm artillery round19 at
α = 2 deg (Fig. 19, as indicated) to that obtained numerically for the
0.50-cal. round at α = 2 deg (Fig. 18), they are nearly identical. Per-
haps a future CFD analysis can be performed on an artillery round
in order to determine just how much effect the engraving has.

At α = 5 deg, the data trends in the CFD solution, the semi-
empirical solution, and experimental analysis appear to agree rather
well (Fig. 20). This could be expected as the CMpα is no longer
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Fig. 20 Magnus moment coefficient derivative vs Mach number for
α= 5 deg.

nonlinear at this angle of attack for most Mach numbers. CFD
agreement with the experimental data in the supersonic regime is
quite good, accurately predicting both trend and magnitude. The
semi-empirical code does not do as well as the CFD in this regime
because, although the data trend is correct, the actual coefficient
values are not.

The CFD accurately predicted the critical behavior in the tran-
sonic regime. However, as Mach 1 is approached, CFD appears to
underpredict CMpα , although if one considers the error level of the
experimental, CFD does alright. The semi-empirical code underpre-
dicted the peak value in the transonic regime and did not capture the
critical behavior very well.

In the subsonic regime, the semi-empirical code does a better job
predicting the magnitude of CMpα than the CFD. CFD significantly
overpredicts CMpα in the subsonic regime although the trend is sim-
ilar to that of the semi-empirical prediction. The overprediction at
the subsonic Mach numbers might be caused, in part, by the con-
tinuing nonlinearity of CMpα at the higher angle of attack (Fig. 16).
As both the α = 2 and 5 deg subsonic cases were significantly over-
predicted by the CFD, it is also possible that the assumptions made
in the CFD are not appropriate at these Mach number in order to
accurately predict CMpα . With the current assumptions, CFD can be
used to predict CMpα in the transonic and supersonic regimes for
angles of attack thought to be in the linear regime of this coefficient
with bicubic variation.

Summary
A computational study has been undertaken to predict the aero-

dynamic coefficients of a standard spinning projectile using a mod-
ern unstructured Navier–Stokes flow solver. Numerical results have
been obtained for a wide range of Mach numbers covering the sub-
sonic, transonic, and supersonic flight regimes. Effects of 0-, 2-,
and 5-deg angles of attack have been investigated. There is a signif-
icant amount of experimental range data available for comparison
in these cases. A comparison of aerodynamic coefficients obtained
from CFD, a semi-empirical code (AP02), and aeroballistic range
data was completed. This comparison showed that CFD modeling
a smooth projectile body is able to provide reasonably good pre-
diction of static aerodynamic coefficients for a rifled projectile. The
drag coefficient atα = 2 deg, the lift-force-coefficient derivative, and
overturning moment coefficient derivative are well matched. The
dynamic derivative coefficients for spinning projectiles are more
sensitive to the rifling, and the agreement is not as good. The roll-
damping moment cannot be accurately predicted without modeling
the rifling, though CFD predictions are no worse than the semi-
empirical predictions. Discrepancies in Magnus moment occur in
the subsonic regime at all angles of attack and for all Mach numbers

at α = 2 deg. These discrepancies are possibly a result of a known
nonlinearity in Magnus moment coefficient derivatives. CFD on a
rifled projectile ought to be investigated with this software as well
as other software to more fully understand the effects of the en-
graving as well as the extent to which the software can be utilized.
Therefore, although one should question the roll-damping moment
obtained from the CFD if rifling is neglected and Magnus moment
coefficients must be carefully analyzed to determine if nonlinearities
are present, the overall results can be utilized for design purposes.
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