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Navier-Stokes Computations for Pointed, Spherical, and
Flat Tipped Shell at Mach 3
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A computational fluid dynamics study is described and results are shown for a tangent ogive-cylinder model
with pointed, spherical, and flat nosetips at Mach number 2.95. The flow conditions simulate wind-tunnel tests
conducted at the Princeton University Gas Dynamics Laboratory. The primary objective is to compare the com-
putational and experimental results and assess the accuracy of the computational approach. Two thin-layer
Navier-Stokes computational techniques are used in conjunction to compute the flowfields of interest. The first
method computes the flow in the vicinity of the blunt nosetip and provides inflow conditions for the second
method, which computes the flow over the remainder of the body, excluding the base region. Most of the com-
parisons of the nosetip flow structure, surface pressure distribution, and turbulent boundary-layer velocity pro-

files are within the measurement accuracy.

Nomenclature

a =speed of sound

d =reference diameter of model

D = pressure, normalized by p,a%.,

s =distance along body surface from nosetip vertex

u,v,w =Cartesian velocity components along x,y,z axes,
respectively, normalized by a,,

o =angle of attack

€or€; =explicit and implicit numerical smoothing parame-
ters, respectively

K, =transition intermittency factor

u = coefficient of molecular viscosity, normalized by

freestream value

Hefr = coefficient of effective viscosity, normalized by
freestream value

Ky = coefficient of effective turbulent viscosity, nor-
malized by freestream value

¢,m,¢ =transformed coordinates in the longitudinal, cir-
cumferential, and outward directions, respectively

o =density, normalized by freestream value

¢ =roll angle (circumferential position on the body
measured from windward side)

Subscript

o =freestream condition

Introduction

NTEREST in predicting nosetip bluntness effects on pro-

jectile aerodynamics at the U.S. Army Ballistic Research
Laboratory (BRL) stems from the fact that almost all Army
projectiles are blunt. Research has shown that nosetip blunt-
ness can alter the Magnus characteristics of spinning shell.!
The effects are manifested through detailed flow elements like
the three-dimensional boundary layer and bow shock entropy
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wake. With the computational power of the current genera-
tion of supercomputers, the flowfield can be simulated
through large-scale Navier-Stokes computations.

The importance of validating blunt-body simulations with
experimental measurements was demonstrated in Ref. 1. Pre-
dictions of the Magnus effect for models with pointed, spheri-
cal, and flat nosetips were compared to wind-tunnel measure-
ments at Mach 3. The comparisons between computation and
experiment for the sharp and spherical nosetip models were
good, whereas the comparison for the flat nosetip model was
poor. The findings were attributed to 1) the higher complexity
of the flow over the flat nosetip compared to the spherical
nosetip, and 2) the lack of sufficient size and speed of
available computational resources to accurately model the
flow over the flat nosetip.

Wind-tunnel tests were conducted to measure some of the
effects of bluntness on the flow over a body of revolution,
providing data for computational fluid dynamics (CFD) code
validation. The tests were done at the Princeton University
Gas Dynamics Laboratory for a tangent ogive-cylinder model
with several different nosetips.3-% Surface-pressure measure-
ments and boundary-layer pitot pressure surveys were made,
and shadowgraphs were obtained at a freestream Mach
number of 2.95.

More recently, a computational study was undertaken at
BRL using thin-layer Navier-Stokes techniques to simulate the
Princeton tests. Supercomputer resources not available for the
study of Ref. 1 were used. The major objective was to com-
pare the computational results with the wind-tunnel measure-
ments and assess the accuracy of the CFD approach. The ma-
jor results of the study are presented herein.

Wind-Tunnel Configurations and Flow Conditions

The computations simulate wind-tunnel tests conducted at
the Princeton University Gas Dynamics Laboratory 20 x 20-
cm Mach 3, high Reynolds number, blowdown tunnel. The
models, instrumentation, techniques, and data acquisition and
reduction are discussed in detail in the listed Refs 3-6. A brief
description is given here to provide a background for the ensu-
ing discussions.

The wind-tunnel model consists of a 3-caliber (cal) tangent
ogive nose and a 6-cal cylindrical section, shown in Fig. 1. The
reference diameter is that of the cylinder, 4.95 cm. For the
wind-tunnel tests, three spherical nosetips and three flat



306 GUIDOS, WEINACHT, AND DOLLING: NAVIER-STOKES COMPUTATIONS

nosetips were manufactured to screw into the basic configura-
tion in place of the pointed nosetip. The blunted nosetips were
machined as truncations of the pointed nosetip, using three
different bluntness ratios: 5, 12.5, and 25%. The bluntness
ratio is defined here as the ratio of nosetip diameter to refer-
ence diameter. In the case of a spherical nosetip, the nosetip
diameter is defined as twice the radial distance from the axis to
the juncture of the sphere and ogive. For a flat nosetip, the
nosetip diameter is defined as twice the radial distance from
the axis to the juncture of the flat face and ogive.

In the tests, the model was supported at the base by an axial
sting and held fixed relative to the freestream. Wall pressure
distributions, pitot pressure surveys, and shadowgraphs were
obtained. Longitudinal (streamwise) velocity profiles were
generated from the pitot surveys, which were taken at three
axial locations on the cylinder. The shadowgraphs provided a
means for locating the bow shock, the boundary-layer transi-
tion zone, and, in the case of a flat nosetip, the imbedded
recompression shock.

Conditions for the computations are taken as the average
over numerous wind-tunnel runs. The Mach number is 2.95,
with angles of attack of 0 and 2.9 deg. The nominal stagnation
temperature is 260 K, the nominal Reynolds number is
3.14x 105 based on model diameter, and the stagnation
pressure is 6.89 x 10° N/m? (6.8 atm). The wall temperatuire is
taken as adiabatic and the flow is assumed to be steady.
Boundary-layer transition occurred in the experiment without
the use of a tripping device and varied notably between the dif-
ferent nosetips. The computational simulation of transition is
briefly discussed in a separate section.

This paper focuses on three nosetips in particular: the
pointed nosetip (P), the spherical nosetip with 25% bluntness
(R3), and the flat nosetip with 25% bluntness (F3); see Fig. 1.
Nosetips R3 and F3 most clearly illustrate the effects of blunt-
ness due to their comparatively large scales. Nosetip P pro-
vides the reference case for discerning these effects. In addi-
tion, the flowfield of nosetip F3 is clearly the most challenging
case to model because of expected flow separation at the
abrupt corner of the flat face.

Computational Approach

The computational methodology consists of two relatively
well-known techniques applied in succession. An unsteady
Navier-Stokes (UNS) technique is used to compute the flow in
the vicinity of the blunt nosetips by numerically integrating the
governing equations toward a steady-state solution. This pro-
vides initial conditions for a parabolized Navier-Stokes (PNS)
technique, which computes the flow by integrating, or march-
ing, the governing equations in the streamwise direction. The
two approaches are briefly described. The reader is urged to
consult Refs. 7-18 for complete details of the numerical ap-
proaches.

3d I 6d

d=495cm

NOSETIP P - Leeside

j — A)\' Windside
<:::j~ ‘ oo

NOSETIP F3

Fig. 1 Wind-tunnel model and nosetip configurations.

Thin-Layer Unsteady Navier-Stokes

The flow over the blunted nosetips was accomplished using
the thin-layer UNS approach first reported by Pulliam and
Steger.” This technique integrates the transformed, time-
dependent, thin-layer, Reynolds-averaged, Navier-Stokes
equations in strong conservation law form. The solution is ad-
vanced toward a steady state by numerically integrating
through time using the approximately factored, implicit, delta
form, finite difference algorithm of Beam and Warming.®
Second-order central differencing is used in the three coor-
dinate directions. For the spherical tip case at nonzero inci-
dence, a directionally hybrid implicit/explicit algorithm was
applied to eliminate implicit sweeps in the 5 and £ directions in
favor of more efficient explicit sweeps.®

The outer boundary, which consists of the bow shock, is
shock fitted using an explicit procedure.!® At the body sur-
face, the no-slip velocity boundary condition is enforced and
the pressure is updated explicitly from the normal momentum
equation evaluated at the wall. The downstream (outflow)
boundary employs a linear (constant outflow gradient) extrap-
olation along outflow grid lines. For the cases at nonzero inci-
dence, bilateral symmetry conditions are imposed along the
pitch plane. For the cases at zero incidence (axisymmetric
flow), only one circumferential grid plane is used. The
flowfield initialization procedure is described in Ref. 11.

The blunt-body solutions were generated using second-
order-implicit and fourth-order-explicit smoothing terms,
which are controlled by the parameters ¢; and ¢, respectively.'?
In the early stages of the computation, values of ¢; and ¢, were
set at 0.3 and 0.1, respectively; these parameters were reduced,
as the solution progressed, to the final values of 0.03 and 0.01,
respectively.

Thin-Layer Parabolized Navier-Stokes

Computational modeling of the flow over the ogive and
cylinder (and the pointed nosetip) was accomplished using the
thin-layer PNS technique first reported by Schiff and Steger.!3
This technique spatially integrates the transformed, steady,
thin-layer, Reynolds-averaged, Navier-Stokes equations in
strong conservation law form. The solution is advanced down-
stream by numerically integrating in the streamwise direction
using the approximately factored, implicit, delta form, finite
difference algorithm of Beam and Warming.® Second-order
central differencing is used in the circumferential and radial
directions, and first-order one-sided differencing is used in the
marching direction. Fourth-order-explicit smoothing is added
to suppress high-frequency oscillations in the solution.

The outer boundary, which consists of the bow shock, is
shock fitted using an implicit procedure.'* At the body sur-
face, the no-slip condition is enforced and the pressure is ob-
tained from the subsonic sublayer approximation; that is, the
pressure across the subsonic portion of the viscous layer is
held constant. Bilateral symmetry conditions are imposed
along the pitch plane. Initial conditions for the pointed
nosetip configuration are generated using the PNS method in
step-back mode.!*-'¢ The step-back procedure assumes conical
flow conditions near the tip of the projectile and iteratively
refines the solution to satisfy this assumption.

Code Coupling

The PNS procedure requires initial conditions for down-
stream marching. Initial conditions for marching consist of
two adjacent £ grid planes where the vector of dependent vari-
ables is known. For the blunt nosetip cases, the converged
UNS solutions provide initial marching conditions. Each
nosetip solution was nonconservatively interpolated onto a
PNS grid at two adjacent axial stations. The circumferential
grid distribution was retained exactly, and the dependent flow
variables were linearly interpolated in the radial direction.

The location of initial conditions for the PNS computations
was selected far enough downstream to avoid large streamwise
gradients and, in the case of the F3 nosetip, flow separation
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around the corner of the flat face. The initial data location
was also selected far enough upstream from the UNS outflow
boundary to avoid inaccuracies associated with the constant
gradient outflow boundary condition. Trial and error in the
early stages of the study revealed anomalies in the PNS solu-
tions in either extreme. The PNS solutions that used blunt-
body initial conditions for marching required no more explicit
numerical smoothing than the PNS solutions that utilized the
PNS conical step-back procedure.

Numerical Grids

Figures 2 and 3 show the computational grids for nosetips
R3 and F3, respectively, on a constant circumferential plane.
The computational grids were generated algebraically. For
nosetip R3, a grid with dimensions 50 x 30 (that is, longitudi-
nal X near normal) was used; for nosetip F3, a grid with
dimensions 119 x 60 was used. As usual for viscous flow com-
putations, grid points were clustered near the body to ensure
resolution of the boundary layer. For the axisymmetric flow
cases, a single circumferential plane was used. For the nonzero
angle-of-attack cases, where bilateral symmetry exists, 21 grid
planes were distributed circumferentially from ¢ = — 10 to 190
deg at 10-deg increments.

The F3 geometry was arrived at during the computation by
truncating a small portion of the (initially) spherical nosetip,
regenerating the grid, and allowing the solution to relax (about
500 time steps) several times during the solution procedure.
This approach inherently required more computer time to ob-
tain a converged solution, but was necessitated by the need to
avoid numerical instabilities in the UNS solution.

The PNS computations were performed using cylindrical
grids. In the radial direction, 45 grid points were used with ex-
ponential clustering near the body. For the nonzero angle-of-
attack cases, grid planes were distributed circumferentially
from ¢ =0 to 180 deg at 10-deg increments. For axisymmetric
solutions, three circumferential planes were used at ¢ =0, 90,
and 180 deg in order to employ a tested cylingrical coordinate
formulation of the PNS equations.!4!¢ The grid density in the
marching direction varied from 300 to 500 marching steps over
a length of approximately 8 cal.

Computer Resources

The blunt-nosetip computations were performed on Cray
X-MP/48 and Cray 2 computers located at BRL. The comput-
ing times, memory usage, and approximate number of itera-
tions for nosetips R3 and F3 are shown in Table 1. For nosetip
F3, computational efficiency was compromised considerably
in favor of obtaining a stable, accurate benchmark solution.
The computational times shown in Table 1 are not intended to
represent the CPU requirements of this computational ap-
proach in general.

The PNS computing times are given here for solutions that
were marched a distance of 8 cal downstream. For the axisym-
metric cases, the CPU time was about 30 s on a Cray X-MP.
For the nonaxisymmetric cases, the CPU time was about 3 min
on a Cray X-MP.

Boundary-Layer Transition

Boundary-layer transition occurred in the experiment
without the use of a tripping device. In all cases, the flow ap-
peared to be laminar near the nosetip. Transition can be seen
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Fig. 2 Computational grid for nosetip R3, o =0 deg.
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Fig. 3 Computational grid for nosetip F3, o =0 deg.

function of nosetip geometry, angle of attack, and roll angle.
As discussed in Ref. 6, the shadowgraphs provide additional
insight into the phenomenon of transition for these tests. For
purposes of computational validation, however, the presence
of natural transition contributes uncertainties into the compu-
tational modeling of the flow. To establish consistency in the
comparisons between computation and experiment, transition
was prescribed a priori in all of the PNS computations to
begin near the initial data plane and extend downstream ap-
proximately 1 cal. This simple approach of simulating transi-
tion is described as follows.

Following the shadowgraphs, all of the nosetip computa-
tions were performed using laminar flow conditions. In the
PNS code, the effective viscosity p,z, usually defined as

in the shadowgraphs to occur on the ogive, but to vary as a Begr =1+ iy (1)
Table 1 Computer resources

Mesh size, Number
o, long. X norm. Memory, CPU of

Tip  deg. X circ Computer Mwords time iterations
R3 0 50x30x1 Cray X-MP/48 0.15 10 min 2,500
R3 2.9 50x30x%x21 Cray X-MP/48 0.55 3h 3,000
F3 0 119X 60x 1 Cray 2 0.30 7.0 h 18,000
F3 2.9 119x60x21  Cray 2 2.50 40 h 5,000
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was redefined as

Mer =M+ K py )

where u is the laminar (molecular) viscosity and g, the turbu-
lent viscosity obtained from the Baldwin-Lomax turbulence
model.!” The transition intermittency factor «, is defined to be
0.0 for laminar flow and 1.0 for turbulent flow. Using distri-
butions of intermittency based on the discussions in Ref. 18, «,
was specified to vary continuously from 0.0 to 1.0 as a func-
tion of x along the ogive portion of the model. The sensitivity
of the numerical results was investigated by varying the loca-
tion and length of the transition region in the PNS code. The
effect on the computed surface pressure was found to be negli-
gible. However, the effect on the computed velocity profiles,
especially at nonzero angle of attack, was sometimes as large
as the effect due to bluntness itself. For this reason, the a
priori specification of transition intermittency is considered
important for ensuring that unbiased comparisons are made
between computation and experiment.
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Fig. 4 Computed shocks and Mach contours (0.1-2.4 at 0.1 incre-
ments) and comparison with measured shocks, tip F3, o =2.9 deg,
wind side.
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Fig. 5 Computed shocks and Mach contours (0.1-2.4 at 0.1 incre-
ments) and comparison with measured shocks, tip F3, o =2.9 deg, lee
side.
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Fig. 6 Computed velocity vectors showing flow separation, tip F3,
a=0 deg.

Results
Nosetip Flow Structure

The locations of the bow and recompression shocks of the
various nosetips were determined using transparencies of the
shadowgraphs. The uncertainty in the measured distance be-
tween any two points is approximately +0.002 cal. The uncer-
tainty in the absolute radial location of the measured points is
approximately +0.002 cal. The uncertainty in the absolute ax-
ial location of the measured points is approximately +0.0025
cal for nosetip R3 and 0.006 cal for nosetip F3. Details of
the procedure that was used to determine the shock locations
as well as measurement uncertainties are given in Ref. 19.

In Figs. 4 and 5, the computed Mach contours and shock
patterns are shown for nosetip F3, «=2.9 deg. For compari-
son, the measured shock patterns are plotted as points. The
strong expansion at the corner is visible in the Mach contours,
but the recompression shock is less obvious due to its weak-
ness and obliqueness. The computed imbedded shocks are in-
stead visualized in the plot as thickened solid lines. These lines
represent surfaces where the velocity component in the direc-
tion of the pressure gradient is equal to the local sound speed,
and the Mach number in that direction is decreasing.?’ This
particular shock pattern visualization algorithm also yields
several extraneous, disconnected patches near the body.

The comparison of the computed and measured shock pat-
terns is approximately within the accuracy of the measurement
in each case. The trends with respect to incidence are well pre-
dicted along the pitch plane, with the bow shock moving closer
to the body on the wind side and farther from the body on the
lee side. The recompression shock is located farther upstream
on the wind side than on the lee side. In Fig. 4, the slight bend
in the recompression shock is apparent in both computation
and experiment.

Whether flow separation occurs around the shoulder of the
flat nosetip is difficult, if not impossible, to determine from
the shadowgraphs. Figure 6 shows a close-up view of the com-
puted velocity vectors for nosetip F3, « =0 deg. The computa-
tion shows that the flow separates downstream of the corner
and reattaches approximately 0.1 cal downstream, illustrating
the need for high grid resolution near the corner to adequately
resolve the separation region. This was a computational aspect
that was not achieved in the study of Ref. 1, where separation
was not captured in the numerical solution of flow over a flat
nosetip and the Magnus force was not well predicted. Addi-
tionally, since the flow is assumed to be laminar at the nosetip,
turbulence modeling is not a factor in the computation of the
separated flow region.
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Fig. 8 Surface pressure comparison, tip F3, o =2.9 deg, wind side.

Surface Pressure

The accuracy of the surface pressure measurements is re-
ported in Ref. 5 to be typically +1.0% of the freestream static
pressure. Larger variations in the data, due to changing stag-
nation conditions over the duration of the experiments, are in-
dicated by the actual data. The measured stagnation point
pressure varies by about +3%. Farther downstream, where
different transducers were used, the largest variation is as
large as +5%.

Figure 7 shows the comparison of the computed and
measured surface pressure for nosetip R3, «=2.9 deg, wind
and lee sides. The agreement between computation and experi-
ment is within the experimental accuracy. The flow does not
overexpand. Some minor wavering of the computed
pressure—a slowly damping numerical oscillation—is shown
near the nosetip vertex.

Figures 8 and 9 show the comparison of the computed and
measured surface pressure for nosetip F3, «=2.9 deg, wind
and lee sides. Near the stagnation point, the pressure agrees to
within the experimental accuracy. The third pressure tap,
located on the flat face of the nosetip, shows that the locally
subsonic flow is already expanding before it reaches the cor-
ner. Whereas the computation shows its maximum disagree-
ment with experiment at the third tap, the severe expansion
appears to be qualitatively captured in the numerical solution.
A closer examination of the grid and the Mach contours
reveals that much of this expansion is captured near the body
surface between two adjacent grid points. The tail end of the
computed expansion shows a slight overshoot before recover-
ing to a pressure level more comparable to that of the first tap
downstream of the corner. Downstream of the corner, the
flow overexpands and recompresses similarly in both the com-
putation and the experiment. The computed pressures in the
overexpanded region compare with the fifth pressure tap to
within the measurement accuracy on the wind side. On the lee
side, the computed pressure at the fifth tap is slightly lower

than the measured pressure. In each case, the computed sur-
face pressure recovery level agrees with the experiment to
within the measurement accuracy.

The pressure distribution and flow structure at the nosetip
are important indicators of the localized effects of bluntness.
Farther downstream, as reported in Refs. 4-6, the surface
pressure shows a variation of only +1.5% between the dif-
ferent nosetips. The velocity profiles, which are a more sensi-
tive downstream indicator of bluntness, must be utilized for
further computational validation.

Longitudinal Velocity Profiles

Figures 10 and 11 show the velocity profile comparisons for
nosetips P and R3, «=2.9 deg. Throughout most of the
boundary layer, the absolute agreement between computation
and experiment is within 5%. The exception is at the second
station on the lee side, where the agreement is within only
about 8-9%. At each station, however, the comparisons
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Fig. 9 Surface pressure comparison, tip ¥3, o =2.9 deg, lee side.
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worsen within about 0.05 cm from the wall, but with no clear
trend. The comparisons of the R3 profiles relative to the P
profiles show more favorable agreement. There is also close
agreement with the recovery that the R3 profile exhibits over
the three axial stations. On the wind side, both computation
and experiment show the velocity deficit of the R3 profile
relative to the P profile to be minimal. On the lee side, both
show the boundary-layer edge of the spherical nosetip profiles
to extend outward beyond the edge of the pointed nosetip pro-
files. There is also agreement in the outward migration of the
merging of the profiles as x/d increases. The slight bulge in the
measured wind side profiles at x/d=46.33, 0.05 cm from the
wall occurred for all nosetips.

Figures 12 and 13 show the velocity profile comparisons for
nosetips P and F3, o=2.9 deg. Throughout most of the
boundary layer, the absolute agreement between computation
and experiment is within about 3%. As in the R3 nosetip case,
the exception is at the second station on the lee side, where the
agreement is only within about 8-9%. And again, the compar-
isons worsen within 0.05 cm from the wall, but with no clear
trend. Both computation and experiment show the velocity
deficit for the flat nosetip to be greater than for the spherical
nosetip. Similar to the R3 profiles, the comparisons of the F3
profiles relative to the P profiles clearly show more favorable
agreement than the absolute comparisons. There is also
favorable agreement in the location where the P and F3 pro-
files merge. On the lee side, the effects of the flat nosetip on
the profiles are most drastic; both computation and experi-
ment show the lack of recovery of the F3 profile relative to the
P profile.

Concluding Remarks

A thin-layer Navier-Stokes computational study has been
made to simulate the effects of nosetip bluntness on a body of
revolution at Mach 2.95. Two thin-layer Navier-Stokes codes
that use an implicit Beam and Warming central-differencing
algorithm were used to compute the viscous flow over the

model excluding the base region. Computational results were
presented for pointed, spherical, and flat nosetip configura-
tions.

Most of the comparisons of bow shock location, recompres-
sion shock location, and surface-pressure distribution were
within the measurement accuracy. One exception was at the
severe expansion at the abrupt corner of the flat nosetip,
where the expansion was slightly smeared. Another exception
was in the lee side flow region of the flat nosetip case, where
the pressure was slightly underpredicted at one pressure tap
just downstream of the corner. The flat nosetip computations
did, however, show flow separation to exist downstream of
the corner of the flat nosetip, a flow detail that is difficult, if
not impossible, to detect from the shadowgraphs. The compu-
tational results provide evidence that a skewed grid that wraps
around the corner of the flat nosetip is a viable approach for
modeling the flowfield.

The comparisons of turbulent velocity profiles on the
cylinder agreed to within 5% except close to the wall, where
the agreement was slightly worse. It was determined that the
velocity profiles were sensitive to boundary-layer transition,
and so the computations were performed using the same tran-
sition intermittency distribution for all cases. In this regard,
the effects of bluntness on the velocity profiles were found to
be consistent between computation and experiment relative to
the pointed nosetip case.

The computations presented here demonstrate a capability
to predict some important flow details of pointed, spherical,
and flat tipped (nonspinning) shell to a high degree of ac-
curacy. Within the limitations of boundary-layer transition as
encountered in this study, the computations serve as a bench-
mark for future CFD efforts in the modeling of supersonic
flow over both spinning and nonspinning bodies of revolu-
tion. The accurate prediction of bluntness effects on Magnus
characteristics of shell is an immediate goal in this research ef-
fort. Lastly, it is noted that one of the ongoing challenges is to
reduce the computational intensiveness of the problem while
ensuring that the accuracy of the flow details is not com-
promised.
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