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A computational capability has been developed for predicting the flowfield about projectiles, including the
recirculatory base flow at transonic speeds. In addition, the developed code allows mass injection at the projectile
base and hence is used to show the effects of base bleed on base drag. Computations have been made for a
secant-ogive-cylinder projectile for a series of Mach numbers in the transonic flow regime. Computed results show
the qualitative and quantitative nature of base flow with and without base bleed. Base drag is computed and
compared with the experimental data and semiempirical predictions. The reduction in base drag with base bleed is
clearly predicted for various mass injection rates. Results are also presented that show the variation of total
aerodynamic drag both with and without mass injection for Mach numbers of 0.9 < M < 1.2. The results obtained
indicate that, with further development, this computational technique may provide useful design guidance for

projectiles.

I. Imtroduction

MAIJOR area of concern in shell design is the accurate

prediction of the total aerodynamic drag. Both the range
and terminal velocity of a projectile (two critical factors in
shell design) are directly related to the total aerodynamic drag.
The total drag for projectiles can be divided into three compo-
nents: 1) pressure drag (excluding the base region), 2) viscous
(skin friction) drag, and 3) base drag. At transonic speeds,
base drag constitutes a major portion of the total drag. For a
typical shell at M =0.90, the relative magnitudes of the
aerodynamic drag components are: 20% pressure drag, 30%
viscous drag, and 50% base drag.

The critical aerodynamic behavior of projectiles, indicated
by rapid changes in the acrodynamic coefficients, occurs in the
transonic speed regime and can be attributed in part to the
complex shock structure existing on projectiles at transonic
speeds. Therefore, in order to predict the total drag for
projectiles, computation of the full flowfield (including the
base flow) must be made. There are few reliable semiempirical
procedures that can be used to predict shell drag; however,
these procedures cannot predict the effects of mass injection.
The objective of this research effort was to develop a numeri-
cal capability, using the Navier-Stokes computational tech-
nique, to compute the flowfield in the base region of pro-
jectiles at transonic speeds and thus to be able to compute the
total aerodynamic drag with and without mass injection.

The pressure and viscous components of drag generally
cannot be reduced significantly without adversely affecting the
stability of the shell. Therefore, recent attempts to reduce the
total drag have been directed toward reducing the base drag.
A number of studies have been made to examine the total
drag reduction due to the addition of a boattail.! Although this
is very effective in reducing the total drag, it has a negative
impact on the aerodynamic stability, especially at transonic
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velocities. An excellent review of the effect of boattailing on
total drag and base pressure is presented in Ref. 1.

Another effective means of reducing the base drag is that of
“base bleed” or “mass injection.” In this method, a small
amount of mass is injected into the base region to increase the
base pressure and thus reduce the base drag. Recent range and
precision tests” of a 155 mm projectile with and without base
bleed have been conducted and an 85% reduction in base drag
was obtained. Presently, the XM864 is an active projectile
design that uses the base bleed concept for increased range.
This concept of mass injection at the projectile base has been
widely studied for supersonic flows,>* while fewer data are
available in the transonic flow regime.’ Only very recently,
with the advent of laser Doppler velocimeter (LDV) instru-
mentation, are extensive base flow data becoming available.

Recently, Navier-Stokes solvers®’ have been used to com-
pute the aft end flowfield of axisymmetric bodies at supersonic
velocities. Limited computational work has also been reported
recently by Sullins et al.® on the numerical computations of
the base region flow of a supersonic combustion ramjet engine
using two-dimensional Navier-Stokes equations. At transonic
speeds, a limited study of the flow past a boattailed afterbody
has been performed by Chow et al.” using the coupled inviscid
and boundary-layer formulations. Recent papers'®!* have de-
scribed the development and application of a thin-layer
Navier-Stokes computational code to predict the transonic
flow about slender bodies of revolution. In Refs. 10 and 11,
the technique was shown to be a viable computational tool for
predicting both external and internal flows for spinning and
nonspinning projectiles of various geometric shapes. However,
these calculations modeled the base flow as an extended sting
and thus the base pressure and recirculatory base flow were
not computed.

This paper describes a unique flowfield segmentation proce-
dure'?!3 that has greatly simplified the development of the
computer code for the simulation of the complete projectile
with base. The code is used here to predict the base pressure
of the shell at transonic speeds, including the effect of base
bleed. Computed results show the quantitative and qualitative
details of the base flow structure. The technique used com-
putes the full flowfield over the projectile at transonic speeds;
therefore, all three components of the total drag (pressure,
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viscous, and base drag) are computed. This computational
technique is then applied to predict the effects of base bleed
on the base drag reduction at transonic speeds. However, the
combined effect of boattailing and base bleed is not consid-
ered here.

A brief description of the governing equations is given in
Sec. II. A novel flowfield segmentation procedure, equivalent
to using multiple adjoining grids, is used and described along
with the computational technique in Sec. III. In Sec. IV,
results are shown for transonic base pressure computations for
a 6-caliber secant-ogive-cylinder shape for 0.9 < M <1.2 and
a =0, with and without base bleed. The results show that the
computational technique can be used to predict the base flow
of projectiles with and without base bleed.

II. Formulation and Governing Equations

The objective is to compute the transonic flow over a
projectile shape with a blunt base. Although the entire pro-
jectile flow is computed, the emphasis here is on the flowfield
in the base region of the projectile. The present work deals
with the numerical computation of the base flow, both with
and without base bleed. Figure 1 shows a schematic illustra-
tion of the base region flowfield. The dividing streamline
separates the recirculary base flow from the primary external
flow. The flowfield is dominated by separation and mixed
regions of locally supersonic and subsonic flows. In the base
bleed case, a small amount of air is injected at the projectile
base in a direction parallel to the primary flow. The injection
at the base can be concentrated at the center of the base or
spread throughout the entire base. In the present work, the
injection takes place over 90% of the base.

The complete set of time-dependent generalized axisymmet-
ric 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 calculations are made, the transient flow is not of
primary interest at the present time. The steady flow is the
desired result, which is obtained in a time asymptotic fashion.

The azimuthal invariant (or generalized axisymmetric) thin-
layer Navier-Stokes equations for curvilinear coordinates £, 7,
and { can be written as®

09, 0 0G  p_ L 08
a¢+a§+8§+H Re 3% (1)

In Eq. (1), the thin-layer approximation is used and restric-
tions for axisymmetric flow (with or without spin) are im-

posed The vector § contams all of the dependent variables,.

ie, §=(p,pu,pv,pw,e)’. The transformed flux vectors E
and G are linear combinations of the Cartesian flux vectors,
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Fig. 1 Schematic of base region flowfield.
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eg., E=(§ E+£.G)/J, where J is the Jacobian of transfor-
mation. The source term H results from assuming invariance
in the azimuthal direction, while the viscous terms are con-
tained in the vector S.

While Eq. (1) contains only two spatial derivatives, it re-
tains all three momentum equations, thus allowing a degree of
generality over the standard axisymmetric equations. In par-
ticular, the circumferential velocity is not assumed to be zero,
thus allowing computations for spinning projectiles or swirl
flow to be accomplished.

HI. Numerical Method

Computational Algorithm

The azimuthal thin-layer Navier-Stokes equations are solved
using an implicit approximate factorization finite difference
scheme in delta form.!* An implicit method was chosen be-
cause, for viscous flow problems, it permits a time step much
greater than that allowed by explicit schemes. The Beam-
Warming implicit algorithm has been used in various applica-
tions®!%17 for the equations in general curvilinear coordinates.
The algorithm can be first- or second-order accurate in time
and second- or fourth-order accurate in space. The equations
are factored (spatially split), which reduces the solution pro-
cess to one-dimensional problems at a given time level. Central
difference operators are employed and the algorithm produces
block tridiagonal systems for each space coordinate. The main
computational work is contained in the solution of these block
tridiagonal systems of equations.

Finite Difference Equations

The resulting finite difference equations, written in delta
form, are

(1+h8,4" =€, 77 "9 AITNI+h8,C" e, T 1A
—hRe™ '8 JIMT) X (3" — §") = —At( 8B + 8,6

—~Re™18,8") —AtH" — e J !
X[(V£A5)2+(VrA§)2]J‘?" (2)

Here h= At, since only first-order accuracy in the time dif-
ferencing is needed for the steady-state flows considered here.
This choice corresponds to the Euler implicit time differenc-
ing. The & represent the central difference operators and A
and v the forward and backward difference operators, respec-
tively. The Jacobian matrices 4 = 3E/8q and C=9G/33,
along with the coefficient matrix M obtained from the local
time linearization of §, are described in detail in Ref. 15.
Fourth-order explicit €, and implicit €, numerical dissipation
terms are incorporated into the differencing scheme to damp
high-frequency growth and thus to control the nonlinear insta-
bilities.

Flowfield Segmentation

In order to simulate a projectile including the base, we have
used two adjoining grids. However, this has been accom-
plished by a unique flowfield segmentation procedure that has
greatly simplified the development of the computer code for
the simulation of a complete projectile with a base. As
described below, our segmentation process allows the existing
implicit finite difference algorithm to be applied to two grids
by making modifications only in the treatment of the boundary
conditions and the internal structure of the block tridiagonal
matrix.

Figure 2 is a schematic illustration of the flowfield segmen-
tation used to compute the entire projectile flowfield that
includes the base flow. It shows how the two grids ABCD and
AEFG in the physical plane are transformed into a single
segmented grid in the computational domain. An important
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advantage of this segmentanon procedure lies in the preservation of the sharp corner at the base, which allows easy blendmg of the
computational meshes between the reglons ABCD and AEFG. No approximation of the actual sharp corner at the base is made.
Thus, realistic representation of the base is inherent in the current procedure. The cross-hatched region represents the projectile.
The line BC is the projectile base and the region ABCD is the base or wake region. The line AB is a computational cut through the
physical base region that acts as a repetitive boundary in the computational domain.

W;th the computational domain so segmented, implicit integration of Eq. (2) is carried out in both the £ and ¢ directions (see
Fig. 2 by solving the block tridiagonal matrices first in ¢ and then in ¢. Note the presence of the lines BC (the base) and EF (nose
axis) in the computatlonal domain. Both lines act as boundaries in the computat10na1 domain and thus must be imposed upon the
block tridiagonal matrix in the £ direction. This is readily accomplished by initially i ignoring these boundaries and then overwriting
the tridiagonal elements. If these boundaries are ignored, the block tridiagonal matrix in the ¢ direction (after setting ¢, =0 to
simplify the illustration) is as follows:

I A; W [ Ag, 1" | RHS, W
—A, I A, Ag; RHS;
~Ap_; 1 Asp
—Amp-; I Ay Aq g = RHS g
3)
—Ayp I Ay Aqp., RHS,p.,
— Ay I Ajpes
| — A max-2 I 3 LAqJMAXAI_ LRHSJMAx—u

where 4 denotes the quantity At/ 2A8)A and T a 5 X 5 identity matrix. As a result of the flowfield segmentation procedure the
block tridiagonal matrix in the ¢ direction has elements at J=JB,JB+ 1 that are treated as internal boundaries in the
computauonal domain (J = JB represents the projectile base, line BC, and J =JB + 1 is the nose axis, line EF). Thus, the block
tridiagonal matrix in the £ direction given by Eq. (3) must be changed to take the following form:

i I A 17 ag, 1* [ RHS, ]
—A, I Ay Ag; RHS;
A I Ajp
0 4 0 Aqp = 0 )
0 1 0 AGygy 0
—Ap,, 1 Apes
L ~AsMAX -2 I 118, max-s | L RHS; max -1 ]

Note the appearance of two uncoupled block tridiagonals. At rows JB and JB+ 1, the variables Ag" =g""! —¢" are left
unaltered and are later updated explicitly at the end of the inversions. These changes were easily implemented into an existing code
in a modular fashion. One simply fills the block tridiagonal matrix, ignoring the base JB and the nose axis JB + 1. The elements in
these rows are then overloaded as shown above. The flowfield segmentation does not affect the block tridiagonal matrix in the {
direction.

Implementation of Boundary Conditions _
The no slip boundary condition for viscous flow is enforced by setting the contravariant velocities to zero, i.e.,

_ U=V=W=0 (5)
on the projectile surface. The flowfield in the immediate near-wake region has been considered to be weakly viscous and inviscid
boundary conditions are used at the base. The viscous terms near the projectile surface and across the shear layer are considered to
be the most dominant and have been retained within the thin-layer approximation used here. This approximation neglects the
viscous terms normal to the base that are believed to be less significant. The recirculation region, which has a predominant effect on
the base pressure, is in part set up by the viscously dominated shear layer.

The number of points used for this calculation resulted in a rather coarse grid in the near-wake region. However, the no-slip
boundary conditions were tried on the coarse grid and the resulting changes in the flowfield were insignificant. Imposing these
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Fig. 2 Schematic of flowfield segmentation.

boundary conditions should have resulted in a large effect on
the solution if the flowfield in the base region was viscously
dominated. This lends support for the flowfield to be consid-
ered weakly viscous in the immediate near wake; thus, the
inviscid boundary conditions at the base are justified. Ad-
ditionally, at the corner of the base, the boundary conditions
are double valued and depend on the direction from which the
corner is approached. Approaching it in the streamwise direc-
tion (EB), the no-slip boundary condition is used; approach-
ing it in the radial direction (along the base, CB), the inviscid
boundary condition procedure is used.

Along the computational cut (line AB), the flow variables
above and below the cut were simply averaged to determine
the boundary conditions on the cut. On the centerline of the
wake region (line CD), a symmetry condition is imposed.
Freestream conditions are used at the outer boundary (FG of
Fig. 2). Simple extrapolation for all of the flow variables is
used at the downstream boundary (lines AD and AG) be-
cause, for transient calculations, use of a specified outflow
pressure can give rise to numerical oscillations and even
instability. A combination of extrapolation and symmetry is
used on the nose axis (line EF).

Finally, to impose mass at the projectile base, u, v, and p
are specified and dw/dx is set to zero. The amount of air
injected into the base region is specified by the mass fiow rate
;. Since p;, and A; are known, u; can be calculated for any
given mass flow rate. Rather than specifying s, however, it is
customary to specify a mass injection parameter I, where
I=1,/p,u,A. In the next section, most of the results with
base bleed are presented in terms of this parameter.

Turbulence Model

For the computation of turbulent flows, a turbulence model
must be supplied. In the present calculations, a two-layer
algebraic eddy viscosity model due to Baldwin and Lomax'’ is
used. In their two-layer model, the inner region follows the
Prandtl-Van Driest formulation. The outer formulation can be
used in attached and separated boundary layers and with

In determining the outer length scale the function,'’

F(y)=ylo[1—-exp(~y*'/47)] (7

is used where y* and A" are the conventional boundary-layer
terms. For the base or wake flow, a few minor modifications
are made in the model. The exponential term of Eq. (7) is set
to zero. In other words, the Van Driest damping term is not
applicable and is thus neglected. The outer formulation also
requires the computation of the Klebanoff intermittency func-
tion and a velocity scale Uy, given by

i L
l]ciif=(u2+vz+wz)r.’nax_(u2+vz+W2)r2nin (8

Both of the terms on the right-hand side of Eq. (8) are
evaluated via the velocity profiles. For wall-bounded flows, the
minimum term in Uy, is usually set to zero. For wakes, the
Klebanoff intermittency factor is determined by measuring the
distance from the centerline of symmetry. The outer length
scales were arbitrarily increased or decreased by a factor of
two and the base flow results were found to be insensitive to
these changes. However, the algebraic eddy viscosity model
may not be strictly valid for all of the wake flow situations.
More realistic or complex turbulence models must be consid-
ered a subject left for future study.

Computational Grid

The finite difference grid used for the numerical computa-
tions was obtained from a grid generator described in Ref. 18.
This program allows arbitrary grid point clustering, thus en-
abling the grid points of the projectile shapes to be clustered
in the vicinity of the body surface. The grid consists of 108
points in the longitudinal direction and 50 points in the radial
direction. Figure 3 shows an expanded view of the grid in the
vicinity of the projectile. The computational domain extended
to four body lengths in front, four body lengths in the radial
direction, and four body lengths behind the base of the
projectile. The grid points in the normal direction were ex-
ponentially stretched away from the surface with the mini-
mum spacing at the wall of 0.00002 D. This spacing locates at
least two points within the laminar sublayer.
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Fig. 4 Grid adapted to the shear layer.

The grid shown in Fig. 3 was generated in two segments.
First, the grid in the outer region is obtained using an elliptic
solver!® for the ogive portion and straight-line rays for the
remaining portion, which runs all the way to downstream
boundary. Second, the grid in the base region is obtained
simply by extending the straight lines perpendicular to line
AB down to the centerline of symmetry (line CD). An ex-
ponential stretching with the minimum spacing of 0.00002 D
at line AB is used. It should be noted that the same minimum
spacing 0.00002 D is specified on both sides of the cut, thus
maintaining a smooth variation of grid across the cut. This
spacing could, of course, be increased downstream of the base.
The number of grid points above and below line AB is the
same (50 points), which ensures an adequate number of points
in the base region. As can be seen in Fig. 3, the grid points are
clustered near the nose-cylinder junction and at the projectile
base where appreciable changes in flow variables are expected.

As indicated in Fig. 3, the fine viscous grid follows the cut
labeled as AB in Fig. 2. Insofar as the viscous shear layer
begins to neck-down shortly behind the base, much of this fine
grid resolution is wasted. As a consequence, logic has been
implemented to adjust the grid cut AB to the viscous shear
layer. Such a grid is shown in Fig. 4 in which the height of the
cut is weighted between a moment of shear and the standard
nonadaptive grids. Specifically, the cut height z; at each j
location is determined by the relation

5 = 2 (8.uy) z;+eD/2
T 2
Z(Szuﬂ) +e

where the / summation is carried out only for those points
within an interval 02D <z, <D/2. Here D is the base
diameter, 8, a central difference operator, and € a positive
parameter that ensures a standard grid if all 8. u;, are zero or
if € is very large. Additional averaging is used in the x
direction (longitudinal direction).

9

1V. Results

The model geometry used in the present study is shown in
Fig. 5. The model consists of a 3-caliber secant-ogive nose and
a 3-caliber cylinder.

A series of computations have been made for this projectile
at Mach numbers 0.9 <M <1.2 and a=0. Limited base
pressure measurements were made by Kayser!® for this pro-
jectile and are compared with the computed results. The
projectile was supported by a base-mounted sting and mea-
surements of base pressure were made at only one location
along the base. These experiments were conducted at the
Langley Research Center 8 ft Transonic Pressure Tunnel?°
Computational base pressure results are also compared with
available semiempirical data®® and the results obtained from
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Fig. 6 Longitudinal surface pressure distribution, M =09, a=0,
I = 0 (without base bleed).

the data base on afterbody drag.*? The results are presented
in the form of surface pressure distributions, contour plots,
and velocity vector plots.

The freestream Reynolds number for the series of computa-
tions was fixed at 4.5 X 10° based on the total model length.
The computations were started from freestream conditions
and marched in time to obtain the steady-state solution. The
initial calculation was made for M = 0.9. Previous converged
solutions were then used as starting conditions for additional
Mach number runs to achieve faster convergence. The numeri-
cal solutions were converged when changes in the flowfield
variables at all grid points were insignificant between pre-
scribed time intervals. Additionally, the solution residuals
were required to decrease by several orders of magnitude.
After the solutions converged, the time step was reduced by an
order of magnitude and additional runs were made. These
runs showed no appreciable changes, which indicates that the
flowfield in the base region was steady. The results are now
presented for both cases: 1) base flow without injection and 2)
base flow with injection.

Figures 6 and 7 show the distribution of the surface pres-
sure coefficient C, as a function of axial position without and
with mass injection at the base, respectively. The value of C,
beyond X/D =6 is the value of pressure coefficient along the
line extending from the cylinder portion straight to the down-
stream boundary. In Fig. 6 there is no mass injection at the
base. The pressure distribution reflects the shock pattern that
typically occurs on shell at transonic velocities, the rapid
expansion that occurs at the blunt base, and the recompres-
sion that occurs downstream of the base. The pressure coeffi-
cient distribution for a case with large mass addition is shown
in Fig. 7. The previous rapid expansion at the base and
recompression downstream of the base are seen to be virtually
eliminated.
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Fig. 9 Velocity vector field, M =09, a=0, I =0.13.

Figure 8 shows the velocity vector field in the base region
for M=0.9, a =0, and I=0. Each vector shows the magni-
tude and the direction of the velocity at that point. The figure
shows the velocity field when there is no base bleed and the
recirculatory flow in the base region is clearly evident. The
velocity vector plot in Fig. 9 shows the effect of base bleed on
the near-wake flowfield for a mass injection parameter, [ =
0.13. The flowfield in the base region has now been dramati-
cally altered. The recirculation pattern has been totally swept
downstream.

Figures 10 and 11 are stream function contour plots in the
wake region, again for M =0.9 and « =0. These figures are
deliberately stretched in the y direction (not drawn to the
same scale in x and y) to show the flow pattern in the base
region as clearly as possible. Figure 10 is for the case of base
flow with no mass injection at the base. It clearly shows the
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Fig. 12 Variation of base drag coefficient with Mach number, a = 0.

recirculation region and the position of the dividing streamline
that separates the recirculatory base flow from the main flow.
The reattachment point is about 2 calibers down from the
base. Note the strong shear layer in the base region. Figure 11
shows the flow pattern in the base region with mass injection
allowed at the base. For a mass injection parameter /= 0.13,
its effect on the flowfield in the base region is apparent. The
figure shows that dramatic change in the flowfield. The recir-
culation region has been eliminated and the shear layer has
been displaced markedly.

A more critical check of the computational results is pre-
sented in Fig. 12 where the base drag is plotted as a function
of Mach number. Computational results are indicated by
circles, experimental results'® by triangles, data base results®
by diamonds, and the results obtained using a semiempirical
technique developed by McCoy?! by squares. The results from
the data base are based on correlation of the base pressures
obtained from a number of experiments and other analytical
techniques. As expected, the base drag increases as the Mach
number increases from 0.9 to 1.2. The semiempirical technique
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shows generally higher base drag when compared with compu-
tational and experimental results. The computational results
predict the expected drag rise that occurs at 0.9 < M <1.2.
The computational results, however, indicate a greater in-
crease in drag than predicted by either the semiempirical code
or the experimental measurements. The discrepancy between
the numerical and the experimental results can partly be
attributed to the fact that the experimental data was obtained
with a sting attached to the base. The sting has an effect of
weakening the recirculatory flow in the base region and leads
to higher base pressure and hence lower base drag. The
agreement between the computational and data base results is
very satisfactory.

Since the entire projectile flowfield, including the base fiow,
has been computed, all three drag components have been
computed and thus the total drag determined. Figure 13 shows
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the variation of the total aerodynamic drag with Mach num-
ber. As expected, the total drag increases as the Mach number
increases from 0.9 to 1.2. The computational results are com-
pared with the results obtained by semiempirical technique
and are in satisfactory agreement.

Another critical look at the computational results is pre-
sented in Figs. 14 and 15. These figures show the quantitative
details of projectile flowfield. Figure 14 shows the variation of
base drag with mass injection rates for M =0.9 and a=0.
The reduction in base drag with base injection can be seen
clearly. The percent reduction in base drag increases with the
increase in the injection rate.

Figure 15 shows the variation of base drag with Mach
number, with and without base injection. In this figure, the
computational results without injection at the base are shown
by the solid line, whereas the dotted line represents the
computational results obtained with injection at the base. The
reduction in base drag with base injection can be seen clearly.
Figure 15 indicates that the percent reduction in base drag has
increased with an increase in Mach number from 0.9 to 0.98.
Additionally, the expected drag rise in the transonic speed
regime is well predicted for 0.9 < M < 1.2 and the reduction in
base drag due to base bleed has been clearly demonstrated.

V. Summary

A promising computational capability has been developed
that computes the full projectile flowfield, including the re-
circulatory base flow at transonic speeds both with and without
mass injection.

Numerical computations have been made for Mach num-
bers 0.9 < M < 1.2 to predict the base drag and the total drag
with and without base bleed. Computed results show the
qualitative features of the flowfield in the near wake for both
cases. The calculations predict the expected drag rise that
occurs from 0.9 < M < 1.2. Quantitative comparisons of base
drag and the total drag are in good agreement with experimen-
tal data and semiempirical predictions. For M =0.9 and a =0,
the percent reduction in base drag up to 60% was found with
the increase in the injection rate. For a large mass injection
rate, the reduction in base drag between 40-80% was observed
for the entire range of transonic speeds, 0.9 < M < 1.2,
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