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I. INTRODUCTION

The aerodynamic drag associated with afterbody configurations is influ-
enced both by the afterbody geometry and by the interaction of the exhaust jet -
with the external flow. The exhaust jet has a large influence on the base
pressure and can influence the flow on the afterbody for large jet pressure.
The flow field for such cases is complex due to strong viscous/inviscid inter-
action and regions of flow recirculation. Because of the strong interaction
involved between flow regimes, it is advantageous to use the Navier-Stokes
computational technique since it considers the interactions in a fully-coupled 0
manner,

As part of a continued research effort at BRL, numerical computational
capabilities have been developed to predict the aerodynamic behavior of artil-
lery shell. References 1 and 2 have reported the development and application -
of the Azimuthal-Invariant Thin-Layer Navier-Stokes computational technique to S
predict the flow about slender bodies of revolution at transonic speeds.
These calculations, however, did not include the base region flow field and
modeled the wake as an extension of the afterbody. Recently, a new numerical
capability 3'4 has been developed for the simulation of the complete projectile
including the base region. This code has been used to predict the base pres-
sure of shell at transonic speeds both with and without base bleed. The S
objective of the present research work was to use this base flow code and
extend its capability to predict the effects of a centered propulsive jet on
the base region flow field. The same numerical technique has been used by
Deiwert s for a computational investigation of supersonic axisymmetric after-
bodies containing a centered propulsive jet. However, his method of solution

1. C. J. Nietubicz, T. H. Pulliam, and J. L. Steger, 'ume.icaZ Solution of
the Aximutha-Invariant Thin-Layer Navies-Stokes Equations," U.S. Avrm
Ballistic Research Laboratory, Aberdeen Proving Ground, Maryland, ARBRL-
TR-02227, March 1980. (AD A085?16)

2. C. J. Nietubicx, 'Wavier-Stokes Computations for Conventional and Hollow.
Projectile Shapes at Traneonic Velocities," U.S. Ariny Ballistic Research
Laboratory, Aberdeen Proving Ground, Maryland, ARBRL-MR-03184, July 1982.
(AD A116866) 0

3. J. Sahu, C. J. Nietubicx, and J. L. Steger, "Numerical Computation of Base
Flow for a Projectile at Transonic Speeds," U.S. Ary Ballistic Research
Laboratory, Aberdeen Proving Ground, Maryland, ARBRL-TR-02495, June 1983.
(AD A130293)

4. J. Sahu, C. J. Nietubica, and J. L. Stege, '"avier-Stokes Computations of
ProjectiZe Base FLZo with and without Base Injection," U.S. ArV' Ballistic
Research Laboratory, Aberdeen Proving Ground, Maryland, ARBRL-TR-02532,
November 1983. (AD A133684)

5. G. S. Deiwe't, "A Computational Investigation of Supersonic Axisymmetric
Flo Over BoattaiZe Containing a Centered Propulsive Jet," AIAA Paper No.
83-0462, January 1983.
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and treatment of the computational mesh differs substantially from our current
approach.

A brief description of the computational technique is given in Section
II. A novel flow field segmentation procedure, equivalent to using multiple
adjoining grids, is used and described in Section III. The model geometry and
test conditions are given in Section IV and the generation of the computation-
al grid is described in Section V. In Section VI, results are presented for
afterbody flow field computations for both jet-off and jet-on conditions. The
free stream Mach number is 1.343 and the jet exit Mach number is 2.7. The
exhaust jet static pressure is 2.15 times thefree stream pressure and the con-
ical nozzle half angle is 100. The Reynolds number of the external flow based
on maximum body diameter is 0.92 x 10 These computations correspond to the
experiments conducted by Walker 6 for the same configuration and flow condi-
tions. The fluid has been assumed to be air in both the external flow and the
exhaust, although nitrogen was used in the exhaust in the actual experiments.

II. COMPUTATIONAL TECHNIQUE

The Azimuthal Invariant (or Generalized Axisymmetric) thin-layer Navier-
Stokes equations for general spatial coordinates C, n, € can be written as2

aq + a E + a G + H =Reas (1)

where 4= t(x,y,z,t) is the longitudinal coordinate

in = n(y,z,t) is the circumferential coordinate

= c(x,y,z,t) is the near normal coordinate

= t is the time

and

p pU pW

pu puU+txp puW+ xp
q pv E J-1 pvU+typ G J-1 pvW+cyp

y y
pw pwU+ zp pwW+ zp

e (e+p)U-&tp (e+p)W-ctp

6. B. J. Waiker, "Ta cticoZ Miesion Base Fioto," Paper p'eeented at Symposium
on Rocket/PZ'w FZuid Dynamic Interactions, Huntevi Ze, A Zabaw, Apri
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= JI pV[R(U.t) + R (W_;t)]
-pVR(V-nt) - p/R

0

0
2 +2

2 + +2 + + (u/3)(Cxu + y + )4x y

{ 2 + 2 + + (p/ )(u + ;2) + ; )

S Pu + ~2 + C2w+ (P/3) (4 u + C v +C

2+ 2+ 2 2 2~ 2 1cr 1 2
{(C + + CI[(;/2 )(u + V+W +Kr (y 1)0 (a I

+ (p/3)(yxU + cyV + czW)(xU + CyV, +

The velocities

U= + U + v + Cwt x ly

V = nt + nxU + nyV + nzW (2)

W = Ct + ;xu + yv + ;zw

represent the contravariant velocity components.

The Cartesian velocity components (u, v, w) are nondimensionalized with
respect to a (free stream speed of sound). The density (p) is referenced
to p, and total energy (e) to p.a,2. The local pressure is determined using
the equation of state,

P = (y - 1)[e - 0.5p(u z + v2 + w2)] (3)

where y is the ratio of specific heats.

In Equation (1), axisymmetric flow assumptions have been made which

result in the source term, H. The details of how this is obtained can be
found in Reference 2 and are not discussed here. Equation (1) contains only
two spatial derivatives. However, it retains all three momentum equations and

9



allows a degree of generality over the standard axisymmetric equations. In
particular, the circumferential velocity is not assumed to be zero thus allow-
ing computations for spinning projectiles to be accomplished.

The numerical algorithm used is the Beam-Warming fully implicit, approxi-
mately factored finite difference scheme. The algorithm can be first or
second order accurate in time and second or fourth order accurate in space.
Since the interest is only in the steady-state solution, Equation (1) is
solved in a time asympotic fashion and first order accurate time differencing
is used. The spatial accuracy is fourth order. Details of the algorithm are
included in References 7-9.

For the computation of turbulent flows, a turbulence model must be
supplied. In the present calculations a two layer algebraic eddy viscosity
model by Baldwin and Lomax"° is used. In their two layer model the inner
region follows the Prandtl-Van Driest formulation. Their outer formulation
can be used in wakes as well as in attached and separated boundary layers. In
both the inner and outer formulations, the distribution of vorticity is used to
determine length scales,thereby avoiding the necessity of finding the outer
edge of the boundary layer (or wake). The magnitude of the local vorticity
for the axisymmetric formulation is given by

2= + ( - aw)2 + (aw- aU) 2  (4)

In determining the outer length scale a function1 O

F~y) yl'l [I -+ + .~"-

F(y) = l exp(-y /A )] (5)

7. J. L. Steger, "ImpZicit Finite Difference Simulation of Flow About
Arbitrary Geometriee with Application to Airf oile," AIAA Journal Vol.
16, No. 7, July 1978, pp. 679-686.

8. T. H. Pulliam, and J. L. Steger, "On Implicit Finite-Difference Simula-
tione of Three-DimensionaZ Flow," AIAA Journal Vol. 18, No. 2, February
1980, pp. 159-167.

9. R. Beam, and R. F. Waring, "An ImpZicit Factored Scheme for the Compres-
"ible Navier-Stokee Equations," AIAA Journal, VoZ. 16, No. 4, ApriZ 1978,
pp. 393-402.

10. B. S. BaZldin, and H. Lomax, "Thin-Layer Approximation and Algebraic

ModeZ for Separated TurbuZent FZowe," AIAA Paper No. 78-257, 1978.

10



is used where y+ and A+ are the conventional boundary layer terms. For the
base flow (or wake flow) the exponential term of Equation (5) is set equal to
zero.

11. METHOD OF SOLUTION

A. Base Region Flow with Jet-Off

The procedure used to compute t... base flow without jet for projectile
configuration has been described in Reference 3; however, limited details will
be repeated here for clarity. The code computes the full flow field (includ-
ing the base region) of a projectile. Figure 1 shows a schematic illustration
of the flow field segmentation used in this study for computational purposes.
It shows the transformation of the physical domain into the computational
domain and the details of the flow field segmentation procedure in both
domains. This flow field segmentation procedure is equivalent to using multi-
ple adjoining grids. An important advantage of this procedure lies in the

preservation of the sharp corner at the base and allows easy blending of the
computational meshes between the regions 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. 0

The cross hatched region represents the model. The line BC is the base
and the region ABCD is the base region or the wake. The line AB is a computa-
tional cut through the physical wake region which acts as a repetitive bound-
ary in the computational domain. Implicit integration is carried out in both
t and 4 directions (see Figure 1). Note the presence of the lines BC (base) -

and EF (nose axis) in the computational domain. They both act as boundaries
in the computational domain and special care must be taken in inverting the
block tridiagonal matrix in the 4 direction. The details of these can be
found in References 3 and 4 and are not included here.

The no slip boundary condition for viscous flow is enforced by setting

u = V = w = 0 (6)

on the body surface. At the base boundary, inviscid boundary condition has 5
been used. Additionally, 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 direction (EB), the no-slip
boundary condition is used;while approaching in the radial direction (along
the base, CB), inviscid boundary condition is used. Along the computational
cut (AB), the flow variables above and below the cut are simply averaged to
determine the boundary conditions on the cut. On the centerline of the wake
region, a symmetry condition is imposed and free stream conditions are used on
the outer boundary. First order extrapolation for all flow variables is used
at the downstream boundary.

~~ ' . .-.....



B. Base Region Flow with Jet-On

The method of solution for the case with a centered propulsive jet remains
essentially the same as described in Section III A. The boundary conditions
on the body surface, the cutand the downstream boundary also remain the same
as previously described. Along that part of the base boundary which does not
contain the nozzle, same conditions described earlier are used. For the
remaining part of the base boundary (i.e., the nozzle exit), boundary condi-
tions are used based on the nozzle exit Mach number, stagnation temperature,
and pressure. The velocity components are linearly interpolated from the
center line of symmetry to the nozzle height at the exit i.e., conical flow at
the jet exit has been assumed.

IV. MODEL AND TEST CONDITIONS

The model geometry used in this study is shown in Figure 2. It consists
of a 4 caliber tangent-ogive nose and a 5 caliber cylindrical afterbody.
The base diameter is 1 caliber and the nozzle exit diameter is 0.2 caliber.

The experimental model was side-wall mounted in AEDC Wind Tunnel 6 1-T as
shown in Figure 2a; additional details of the nozzle and base are shown in
Figure 2b. The wind tunnel and nozzle test conditions are summarized below.

Free Stream Flow

Gas: Air
Stagnation Temperature: 190 F
Static Pressure: 6.14 psia
Free Stream Mach Number: 1.343

Nozzle Flow

Gas: Nitrogen
Stagnation Temperature: 207*F
Stagnation Pressure: 307.7 psia
Exit Design Mach Number: 2.7

Detailed experimental measurements of the base region flow field have been
made by Walker. 6  The data were obtained using a two-component LDV system.

. Figure 3 is a sketch of the aft end of the model and shows the regions for
which the data is presented. The test results have not been released. A
"sealed envelope" comparison between computational models and experimental
results for the MICOM model with a centered propulsive jet is being carried
out by the U.S. Army Missile Command. Various groups are performing computa-
tions and MICOM will make the comparison. At this point, limited experimental
data is available in the form of velocity components and Mach number at two
boundary stations (see Figure 4). The available experimental data at a
station 1.6 caliber upstream of the base has been used as an upstream boundary
condition in some of the numerical calculations. The fluid has been assumed

,. to be air for bothfree stream and nozzle flows in the present computations.

12
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V. COMPUTATIONAL GRID

Figure 5 shows the computational grid used for the numerical computations.
This grid was obtained in two segments consistent with the flow field segmen-
tation procedure described earlier in Section III A. The first segment of the
computational mesh is for region AEFG (see Figure 1) and was obtained from a
grid generation program developed by Steger et al. 11  ThE grid for the second
segment, region ABCD, was obtained by another procedure to be described later
In this section. The grid generation program by Steger et alll allows arbi-
trary grid point clustering, thus enabling grid points for the projectiles to
be clustered in the vicinity of the body surface. The grid consists of 109
points in the longitudinal direction with 25 points in the base region and 40
points in the radial direction. The computational domain extended to little
more than a body length in front, about 3 body lengths in the radial direction
and about 2 body lengths behind the base of the missile. The grid points in
the normal direction were exponentially stretched away from the surface with a
minimum spacing at the wall of .00002D. This spacing locates at least two
points within the laminar sublayer.

An expanded view of the grid in the vicinity of the model is shown in
Figure 6. As stated earlier, the grid shown in Figures 5 and 6 was generated
in two segments. First, the grid in the outer region AEFG is obtained using
an elliptic solver"1 for the ogive portion. Straight-line rays are used for
the remaining portion which runs all the way to the downstream boundary.
Second, the grid in the base region ABCD is obtained simply by extending the
straight lines perpendicular to line AB down to the line of symmetry (line
CD). In other words, same grid stretching is used in the longitudinal direc-
tion in both the regions above and below the line AB. It remains then to
generate the grid spacings in the normal direction in the base region ABCD.
For base flow computations with a centered propulsive jet, it is desirable to
cluster grid points near the cut to resolve the flow gradients in the shear
layer as well as near the line of symmetry where jet is present. A 1-D ellip-
tic equation solver was used to generate the grid spacings in the normal
direction in the base region ABCD. This technique enables the desired minimum
spacing to be specified at both ends. It should be noted that the same mini-
mum spacing .00002D 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 (40 points). As can be seen in Figure 6, the grid points
are clustered near the nose-cylinder junction and at the projectile base where
appreciable changes in flow variables are expected.

When computations over the entire model are made, only a limited number of
grid points can be used in the base region. One way to eliminate this
restriction is to use known data given by experiment or otherwise at a station
upstream of the base and then compute the flow field in the isolated base

11. J. L. Steger, C. J. Nietubicz, and K. R. Heavey, "A General Curvilinear.
Grid Generation Program fo' Projectile Configuration ," U.S. Army
Ballistic Research Laboratory, Aberdeen Proving Ground, Maryland, ARBRL-
MR-03142, October' 1981. (AD A1073 4)

13
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region only. This, of course, allows a large number of grid points to be used
in the base region and can be used to determine grid dependancy on the compu-
ted solution in the base region. This capability was initially developed by
the current authors for the numerical computations of base region flow field
at supersonic velocities. Solutions were obtained for a cone-cylinder config-
uration with the space-marching PNS (Parabolized Navier-Stokes) code. This
generated a solution at a station upstream of the base, and this solution was
then used as the upstream boundary condition for the computation of the base
region flow field by the unsteady base flow code. In the present computa-
tions, experimental data is known at a station upstream of the base,,and is
thus used as the upstream boundary condition in the numerical computations
when full grid is not used.

VI. RESULTS

Results are now presented for both jet-off and jet-on cases. Figure 7
shows the velocity vectors in the base region when there is no jet present.
Each vector shows the magnitude and direction of the velocity at that point.
The recirculatory flow in the base region is clearly evident. Figure 8 shows
the effect of the centered jet on the near wake flow field. The near wake
flow field has changed considerably and the recirculation region has been
reduced. This figure has been stretched in the vertical direction to show the
qualitative features as clearly as possible. A scaled result is shown in
Figure 9, and is a more realistic representation of the near wake flow field
with jet-on.

Figures 10 and 11 show the stream function contours in the base region.
Figure 10 is for the jet-off case and clearly shows the separation bubble.
The reattachment point is about two calibers down from the base. The effect
of the jet is shown in Figure 11. The separation bubble has been considerably
reduced in size.

Quantitatively, one is interested in how the complex flow field in the
base region affects the base pressure. Figure 12 shows the variation of base

.. pressure along the base for jet-off conditions. When there is no jet present,
base pressure is high near the corner of the base. It decreases gradually and
then recovers to almost the free stream static pressure near the center line
of symmetry. This variation of base pressure along the base is substantiated
by other experimental observations. 1  The cone model for the experimental
measurements of Reference 12 is shown in Figure 13a. The model was supported
by a sting attached to the base. Figure 13b shows the typical base pressure
variation along the base for various Reynolds numbers and M = 1.75. There is
some effect of the sting on these variations; however, the experimental base
pressure profiles have the same qualitative variations as predicted by the
present computations (Figure 12).

12. L. D. Kayser, "ExerimentaZ Study of Separation from the Base of a Cone
at Supereonio Speeds," U.S. ArrV Balistic Research Laboratory, Aberdeen
Proving Ground, Maryand, BRL Report No. 1737, August 1974. (AD A005015)
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The primary objective of this research was to compute the base flow in the
presence of a centered propulsive jet. For the jet-on computations, the full
grid shown in Figure 6 was used. Additionally, to determine grid dependancy
on the solution, a large number of grid points were used in the base region
and solutions were obtained for another grid shown in Figure 14. In this
case, calculations were not performed on the full model. The given experi-
mental data was used as an upstream boundary condition and computations were
made for the isolated base region only. This allowed a large number of grid
points to be used in the base region. The results of jet-on calculations for
both grids are shown in Figure 15. Both of these jet-on calculations give
practically the same base pressure variation along the base. At the nozzle
exit plane, the base pressure shown is the specified jet pressure. For the
remaining portion of the base, the effect of the jet has been to reduce the
base pressure. The small oscillations in the base pressure distribution along
the base are located near the two corners: one at the base, and the other
formed by the base boundary and the nozzle. These oscillations are not physi-
cal and are believed to be due to the numerical difficulties associated with
the boundary conditions at these corners. The base pressure distribution in
general however, is a realistic representation associated with the base region
flow field.

Additional qualitative features of the base region flow field are shown in
Figures 16, 17 and 18 for the refined grid. Figure 16 shows the pressure dis-
tribution along the surface of the model and at Z/D = .5 downstream of the
base corner as a function of axial position. The pressure distribution shows
the rapid expansion which occurs at the base corner and the recompression that
occurs downstream of the base. Figure 17 is a pressure contour plot in the
wake region and clearly shows the expansion at the base and recompression
shock downstream of the base. Figure 18 shows the Mach contours in the near
wake flow field. The strong shear layer as well as the jet boundary in the
base region are apparent. It also seems to indicate the presence of a Mach
disk at X/D a 9.75. The grid spacings in that vicinity are however, not as
fine. Thus, a sharp picture of the Mach disk is not seen.

VII. SUMMARY

A recently developed numerical capability has been used to compute the
missile base flow in the presence of a centered propulsive jet. The thin-
layer, compressible, Navier-Stokes equations are solved using a time-depend-
ent, implicit numerical algorithm.

Numerical computations have been made to predict the flow field over a
missile afterbody for both jet-off and jet-on conditions. The free stream
Mach number is 1.343 and the jet exit Mach number is 2.7. The exhaust jet
static pressure is 2.15 times the free stream pressure and the conical nozzle
half angle is 100 . Qualitative features of the near wake flow field have been
shown in the form of velocity vector and contour plots of stream function,
Mach number and pressure. Quantitatively, the effect of the jet has been
shown to reduce the base pressure.

The experimental results are not available pending a sealed envelope com-
parison with computations by various groups. Comparison with the experimental
measurements for the same model and same conditions will be made by MICOM.
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LIST OF SYMBOLS

a speed of sound

a. free stream speed of sound

A cross sectional area at the base

Cp specific heat at constant pressure

Cp pressure coefficient, 2(p - p.)/p.u2

D body diameter (57.15mm)

e total energy per unit volume/pma.2,

q vector of dependent variables

E, F flux vector of transformed Navier-Stokes equations

H n-invariant source vector

I identity matrix

J Jacobian of transformation

M Mach number

M. free stream Mach number
p pressure/pma"

P. free stream pressure

Pr Prandtl number, j.ic /'c-
-p

R body radius

Re Reynolds number, pma.D/u.

S viscous flux vector

t physical time

u,v,w Cartesian velocity components/a,,

u4, free stream velocity

U,V,W Contravariant velocity components/am"

x,y,z physical Cartesian coordinates

angle of attack
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LIST OF SYMBOLS (continued)

y ratio of specific heats

coefficient of thermal conductivity/K-.

K., coefficient of thermal conductivity at free stream conditions

i ' coefficient of viscosity/up

coefficient of viscosity at free stream conditions

tn, transformed coordinates in axial, circumferential and radial
directions

p density/p,

P. free stream density

transformed time

Icircumferential angle

Superscript

* critical value

Subscript

b base
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