
JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 31, No. 1, January-February 1994

Three-Dimensional Flow Calculations for a Projectile
with Standard and Dome Bases
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Test firings of the 155-mm XM825 artillery projectile have shown that its flight performance was affected by
configurational changes to the base cavity. This was an unexpected result, and a clear understanding of why these
changes affected the flight behavior did not exist. A computational study has been made for the two different
base-cavity configurations which were flight tested. Flowfield computations have been performed at 0.8 <M< 1.5 and
a = 4.0 deg using a recently developed three-dimensional Navier-Stokes code. The computed results show the qualita-
tive features of the base region flowfield for the two base cavities. The base changes are found to alter the recirculation
patterns in the wake, which in turn affect the expansion at the base corner. These changes in the flow structure
contribute to small changes in the base pressure. Aerodynamic force and moment coefficients have been obtained from
the computed pressures and are presented as a function of Mach number. Computed results show small differences in
normal force and pitching moment coefficients similar to that found in the range data.

Nomenclature
a = speed of sound
Cp = pressure coefficient
c0 = specific heat at constant pressure
D = projectile diameter
^ ^ ^ = total energy per unit volume
F, G, H = flux vectors in transformed coordinates
J = Jacobian
M - Mach number
Pr = Prandtl number
Prt - turbulent Prandtl number
q = vector of dependent variables
R = body radius
S - vector containing viscous terms
T = temperature
/ = time
U, V, W = contravariant velocities of the transformed

Navier-Stokes equations
u, v, w = axial, circumferential, and normal velocity

components of the Navier-Stokes equations
x, y, z = physical Cartesian coordinates
a = angle of attack
y = ratio of specific heats
K = molecular and turbulent thermal conductivity
ju = molecular and turbulent viscosity
£» *?» f = transformed coordinates
p = density
</> = circumferential angle
oo = freestream conditions

Introduction

T HE ability to compute the base region flowfield for pro-
jectile configurations using Navier-Stokes computational

techniques has been developed over the past few years.1'3 This
capability is very important for determining aerodynamic co-
efficient data, including the total aerodynamic drag. The ma-
jority of base flow calculations to date have modeled the base
region as a flat solid surface. Many of the actual configura-
tions have some form of base cavity. General opinion has been
that the inclusion of a base cavity or modifications to the
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interior cavity of a projectile base would have little or no
effect on the overall flight performance parameters.

The M825 projectile, under certain conditions, is expected
to be aeroballistically similar to its parent configuration, the
M483A1. The M825 has an aluminum/steel base which is
configured as a flat cavity (standard). A recent product im-
provement program (PIP), undertaken to reduce the produc-
tion costs and improve shell integrity, resulted in the design of
a new base configuration. This new PIP configuration has an
all steel base and contains a dome cavity. A series of aerobal-
listic tests4 were conducted in the Transonic Range Facility of
the U.S. Army Research Laboratory (ARL) to determine any
difference in the aeroballistics which may occur between the
standard- and dome-base configurations. As a result of these
tests, differences in aerodynamic performance were found to
exist between the two rounds. The most significant changes in
the aerodynamic data were in the lift and static moment coef-
ficients. The drag was found to differ by a few percent, with
the dome configuration having the lower drag at low transonic
speeds.

A computational study was undertaken to determine the
ability of the present Navier-Stokes codes to predict these
differences and to further understand the fluid dynamic be-
havior which can account for such small changes. The use of
Navier-Stokes codes can provide a detailed description of the
flowfield associated with the M825 configuration as well as the
integrated aerodynamic coefficients. The initial results for the
0-deg angle of attack case have been reported by Sahu et al.5
This was accomplished using an axisymmetric base flow code,
and the results showed the same effect as the range data; that
is, a small reduction in the total aerodynamic drag at low
transonic speeds (M<0.95) for the dome-base configuration.
The trend reversed at high transonic speeds (M>0.98). This
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Fig.l M825 projectile.
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paper describes an extension of that work into three dimen-
sions.

Numerical computations have been performed using a
three-dimensional zonal, implicit Navier-Stokes code. The
Mach number range was 0.8<M< 1.5 for an angle of attack
a. = 4.0 deg. Results presented include the qualitative features
of the base region flowfield for the two base cavities. Aerody-
namic force and moment coefficients have been obtained from
the computed solutions and are presented as a function of
Mach number. Computed results show small differences in
normal force and pitching moment coefficients similar to that
found in the range data.

Governing Equations and Solution Technique
The complete set of time-dependent, thin-layer Navier-

Stokes equations is solved numerically to obtain a solution to
this problem. The numerical technique used is an implicit
finite difference scheme. Although time-dependent calcula-
tions are made, the transient flow is not of primary interest at
the present time. The steady flow, which is the desired result,
is obtained in a time-asymptotic fashion.

Governing Equations
The complete set of three-dimensional, time-dependent,

generalized geometry, thin-layer Navier-Stokes equations for
general spatial coordinates £, rj, and f can be written as6

(1)

where

£ = £(*> y> z, t)
r) = r?(#, y, z, t)
f = fa, y, z, t)
T -t, time
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In Eq. (1), the thin-layer approximation is used, and the
viscous terms involving velocity gradients in both the longi-
tudinal and circumferential directions are neglected. The vis-
cous terms are retained, however, for velocity gradients in a
direction nearly normal to the surface where large flowfield
gradients exist. These viscous terms in f are collected into the
vector S.

For this computation, the diffusion coefficients \i and K
contain molecular and turbulent parts. The turbulent contri-
butions are supplied through an algebraic eddy-viscosity hy-
pothesis which has been developed by Baldwin and Lomax.7

The velocities in the £, 77, and f coordinate directions can be
written as

which represent the contravariant velocity components.
The Cartesian velocity components (u, v, w) are retained as

the dependent variables and are nondimensionalized with re-
spect to #00 (the freestream speed of sound). The local pressure
is determined using the relation

p = (y - i)[e - 0.5p(w2 + v2 + w2)] (4)

where y is the ratio of specific heats. Density p is referenced to
poo, and the total energy e to pw a^2. The transport coefficients
are also nondimensionalized with respect to the corresponding
freestream variables. Thus, the Prandtl number which appears
in Sis defined as Pr = CP^IJL^/K^.

In differencing these equations, it is often advantageous to
difference about a known base solution denoted by subscript
zero as

~ 60) + &t<F ~
- Re

(5)

where 6 indicates a general difference operator, and d is the
differential operator. If the base state can be properly chosen,
the differenced quantities can have smaller and smoother vari-
ation and, therefore, less differencing error.

Numerical Technique
The implicit approximately factored scheme for the thin-

layer Navier-Stokes equations that uses central differencing in
the r] and f directions and upwinding in £ is written in the form

" - hRe ~ rJ ~ 1M"J -

- Re - De(Qn - (6)

c^F^n
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Fig. 2 Computational model.
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where h = A/ or (A/)/2 and the freestream base solution is
used. Here 6 is typically a three-point second-order accurate
central-difference operator, 5 is a midpoint operator used with
the viscous terms, and the operators 5% and d^ are backward
and forward three-point difference operators. The flux F has
been eigensplit and the matrices A, &, C, and M result from
local linearization of the fluxes about the previous time level.
Here /denotes the Jacobian of the coordinate transformation.
Dissipation operators De and Df are used in the central space
differencing directions.

The smoothing terms used in the present study are of the
form

D, I, = (At)J-l(e45p(B)fd + 2.5e45p(B)~d] \,J

where 0 = I d2p I /1 (1 + d2)p I and where p(B) is the true spec-
tral radius of B. The idea here is that the fourth difference will
be tuned down near shocks; that is, as /3 gets large, the weight
on the fourth difference drops down whereas the second dif-
ference tunes up.

For simplicity, all of the boundary conditions have been
imposed explicitly. On the body surface, the no-slip boundary
condition is used and the wall temperature is specified.
Freestream boundary conditions are used at the computa-
tional outer boundary. A symmetry boundary condition is
imposed at the circumferential edges of the grid whereas a
simple extrapolation is used at the downstream boundary. The
flowfield is initially set to freestream conditions everywhere
and then advanced in time until a steady-state solution is
obtained. Atmospheric flight conditions were used.

Composite Grid Scheme
In the present work, a simple composite grid scheme8 has

been used where a large single grid is split into a number of
smaller grids so that computations can be performed on each
of these grids separately. These grids use the available core
memory one grid at a time, while the remaining grids are
stored on an external disk storage device such as the solid-state
disk device of the Cray X-MP/48 computer. The Cray-2 has a
large incore memory to fit the large single grid. However, for
accurate geometric modeling of complex projectile configura-
tions which include blunt noses, sharp corners, and base cavi-
ties, it is also desirable to split the large data base into a few
smaller zones on Cray-2 as well.

The use of a composite grid scheme requires special care in
storing and fetching the interface boundary data; i.e., the
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Fig. 3 Base cavity configurations.

Fig. 4 Computational grid: a) standard base and b) dome base.

communication between the various zones. In the present
scheme, there is a one-to-one mapping of the grid points at the
interface boundaries, and thus no interpolations are required.
Details of the data storage, data transfer, and other pertinent
information such as metric and differencing accuracy at the
interfaces can be found in Refs. 8 and 9. This scheme has been
successfully used by Sahu9 to compute three-dimensional tran-
sonic flow over two projectiles. The computed results clearly
showed the transonic critical aerodynamic behavior in pitch-
ing moment coefficient observed in free flights. The present
work is a further application of this technique to a more
complicated projectile with base cavities.

Model Geometry and Computational Grid
The external configuration of the M825, excluding the base,

is similar to the M483A1 shown in Fig. 1. The features of this
projectile, which have not been modeled exactly, are the
meplat on the fuze and the rotating band near the base. The
rotating band was eliminated for simplicity, and the meplat
was modeled as a hemisphere cap. The computational model is
shown in Fig. 2 and consists of a 2.84-caliber nose, a 2.7-cal-
iber cylindrical section, and a 0.26-caliber 8-deg boattail. The
ogive contour as well as the undercut on the cylindrical section
were matched.

The current problem of interest is the effect of the different
base geometries on the overall projectile aerodynamics. Figure
3 shows the standard- and dome-base configurations. The
standard base is a combination of aluminum and steel and
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a) a)

b)

Fig. 5 Base region grid: a) standard base and b) dome base.

b)

Fig. 6 Velocity vectors, M = 0.98, a = 0.0 deg: a) standard base and
b) dome base.

contains a base cavity which is characterized as a flat surface.
The PIP configuration is an all steel base and is characterized
as a dome surface. The cavity volume is also significantly
larger for the dome configuration.

The solution technique requires the discretization of the
entire flow region of interest into a suitable computational
grid. The grid outer boundary has been placed at 2.5 body
lengths upstream and surrounding the projectile. The down-
stream boundary was placed at 2 body lengths. Since the
calculations are in the subsonic/transonic regime, the compu-
tational boundaries must extend out beyond the influence of
the body. This insures that the boundary conditions specified
in the flow code are satisfied.

Figures 4a and 4b show the grids generated for the standard-
base and dome-base configurations, respectively. Each of
these grids consists of 225 points in the streamwise direction
and 50 points in the normal direction. This is broken down
into two sections: a body region and a base region. The
surface points for each region are selected using an interactive
design program. Each grid section is then computed separately
using a hyperbolic grid generation program.10 Longitudinally,
there are 106 points along the projectile surface and 60 points
in the base region downstream of the base corner. The normal
distribution of points in the base region consists of 50 points
along the base cavity. An expanded three-dimensional view of
the base grid is shown in Fig. 5a. This grid has 33 points in the

circumferential direction. The generally flat sections on the
standard base enabled a grid to be routinely generated. How-
ever, due to the extreme concavity of the dome configuration,
this grid (Fig. 5b) required an increase in the smoothing values
used by the hyperbolic grid generator, as well as the addition
of a grid averaging technique.

Results
Numerical computations have been made for both the stan-

dard- and the dome-base configurations for a range of Mach
numbers from M = 0.80 to 1.5 and at 4-deg angle of attack.
Computed results obtained at 0-deg angle of attack are also
included for comparison purposes.

A few qualitative results are presented next. Figures 6a and
6b show the velocity vectors in the base region for both base
configurations at M^ = 0.98 and a. - 0.0 deg. The recircula-
tory flow in the base region is evident and as expected, is
symmetric.

As shown in Fig. 6a, the recirculation region for the stan-
dard base extends to about 1.5 caliber downstream of the base
corner. The back flow, on reaching the cavity, follows the
contour of the cavity and leaves the cavity, pushing the flow
upward. The shear layer leaving the base corner is displaced
upward, weakening the expansion at the base. Figure 6b for
the dome configuration shows a weak secondary bubble inside
the cavity in addition to the primary bubble. The flow again
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follows the contour of the cavity and, on leaving the dome
cavity, is almost parallel to the stream wise direction. Thus,
this flow has less effect on the free shear layer and does not
weaken the expansion at the base corner as much as it does the
standard base. The net effect is that the size of the primary
bubble for the dome base is slightly smaller than that for the
standard base. The reattachment point, therefore, is closer to
the base and results in lower base pressure or higher base drag
at this Mach number.5 Figures 7a and 7b show the velocity
vectors in the base region for the base configurations at Mw =
0.98 and a. = 4.0 deg for both windside (bottom half) and
leeside (top half). Again, the recirculatory flow in the base
region is evident and, as expected, the flow in the wake is
asymmetric. As shown in these figures, the separation bubbles
on windside and leeside in the wake differ in size and shape
(the one on windside being thin and more elongated). In
addition, a number of secondary separation bubbles can be
seen to form inside the cavity for both base configurations.
These changes in the flow structure contribute to small
changes in the base pressure and thus, to the aerodynamic
forces and moments.

Figures 8a and 8b show the Mach number contours in the
base region for both base configurations at M* = 0.98 and
a = 0.0 deg. These figures show the flow expansion at the
ogive corner, boattail corner, and the base corner. One can
also see a shock wave on the cylinder portion of the projectile
as well as a recompression shock system which exists down-

stream of the base corner. The flowfield is symmetric for this
condition. As angle of attack is increased to 4 deg, the flow-
field becomes asymmetric (see Figs. 9a and 9b). A small asym-
metry can be observed in the location of the shock wave on the
cylinder. The windside shock is farther aft than the corre-
sponding one on the leeside. The asymmetry can be clearly
seen in the wake flow and its associated shock system. As can
be seen in these figures, the wake flowfield changes for the
different base configurations.

The entire flowfield over the projectile, including the base
region, is computed. Therefore, the computed results include
any upstream influence the base region flow may have on the
boattail flowfield. Surface pressures, including the base pres-
sure and the viscous stresses, are known from the computed
flowfield and can be integrated to give the aerodynamic forces
and moments. Comparison of the zero yaw drag coefficient is
shown in Fig. 10. As seen in this figure, the difference in the
computed drag is small near Mw = 0.97. The computed results
show higher drag for the dome base a t l . l < M < 1 . 5 and
lower drag for M < 0.92. Also shown on this plot is the
available range data for both configurations. The overall com-
parison of the computed drag with the range data is fair. As
seen in the range data, the dome base has a higher drag,
especially at higher transonic Mach numbers, and this trend is
seen in the computed results as well. Figure 11 shows the
computed base pressure distribution for the dome-base config-
uration at Moo =1.1 and a = 4.0 deg for windside and leeside.
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Fig. 7 Velocity vectors, M = 0.98, a = 4.0 deg: a) standard base and
b) dome base.

b)

Fig. 8 Mach contours, M = 0.98, a = 0.0 deg: a) standard base and
b) dome base.
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Fig. 11 Base pressure, M =1.1, a = 4.0 deg, dome base.
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Fig. 9 Mach contours, M = 0.98, a = 4.0 deg: a) standard base and
b) dome base.
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Fig. 10 Total drag vs Mach number.
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Fig. 14 Pitching moment slope, standard base and dome base.

As seen in this figure, the pressure on the windside (Z/
D - - 0.5) is higher than the pressure on leeside. Since this
pressure acts normal to the inside surface of the cavity, it
produces a downward force (see Fig. 12). Figure 12 shows the
normal force coefficient for the dome base as a function of
Mach number. The dotted line represents the normal force
coefficient CN for the dome-base projectile where the base
region is excluded in the force and moment calculations. The
solid line is for the entire projectile, including the contribution
from the base region. As mentioned earlier, the base region
produces a negative contribution, and thus, the normal force
is reduced somewhat for high transonic Mach numbers (M >
0.90). The reverse is true for low transonic speeds (M < 0.85).
Figure 13 shows the normal force coefficient comparison for
both base configurations as a function of Mach number. The
dotted line represents the dome-base result, whereas the solid
line shows the result for the standard base. As seen in this
figure, the dome base has a higher normal force coefficient at
transonic speeds compared to the standard base. The differ-
ence is small, of the order of a few percent, at higher transonic
speeds (M > 0.90) and gets as large as 10-12% at low tran-
sonic speeds (M < 0.90).

An aerodynamic coefficient which is of primary concern is
the pitching moment coefficient Cma. Figure 14 shows the Cma
comparison for both base configurations. The computed Cma
is also compared with the range data4 for both base configura-
tions. Here, Cma is referenced to the center of gravity of the
projectile. The computed result clearly shows a sharp rise in
Cma between M = 0.80 and 0.88, which is followed by a sharp
drop as Mach number is increased to M = 0.95. As the Mach
number is increased further, Cmoi rises gradually again, which
is unlike the behavior of other projectiles, such as the M549.9
This critical behavior in Cma observed in the data is clearly
predicted in the numerical computations. The overall compar-
ison of the computed result with the range data is fair. As seen
in the range data, the dome-base configuration has lower Cma
at transonic speeds than the standard-base configuration, and
this trend is also seen in the computed results.

Conclusions
Three-dimensional numerical computations have been made

for a projectile with two base-cavity configurations at tran-
sonic speeds. Computed results show differences in the quali-
tative features of the base-region flowfield between the two
base cavities. Changes in the base-cavity configuration have
been found to affect the normal force and pitching moment
coefficient. Differences in these coefficients of between 0 and
12% have been predicted and are compared with the range
data. The dome-base configuration produces a higher normal
force and a lower pitching moment than the standard base at
these transonic speeds and shows the same trend observed in
the range data.

The use of computational fluid dynamics in this study has
provided new insight into the fluid dynamic behavior responsi-
ble for small but important changes in the aerodynamics of the
M825 projectile. This insight would have been impractical, if
not impossible, to obtain through conventional testing means.
The developed capability has proven to be very useful. Most
importantly, it is available for design of future weapon sys-
tems and is currently being used to provide valuable design
guidance in the development of an advanced multisegment
projectile system.
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