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Numerical Study of the Skin Friction
on a Spheroid at Incidence

M. Rosenfeld,* M. Israeli, and M. Wolfshtein}
Technion, Israel Institute of Technology, Haifa, Israel

This paper is concerned with a numerical solution of the three-dimensional, incompressible, steady laminar
flowfield about a prolate spheroid at incidence. The governing equations were simplified by neglecting the
streamwise diffusion terms to yield the so-called parabolized Navier-Stokes equations. The number of equations
and the number of dependent variables are identical to those of the full Navier Stokes equations (although the
mathematical character of the equations becomes simpler). Therefore, the equations are valid in separated
regions whereas the parabolic boundary-layer equations are not. The three-dimensional case was solved using a
curvilinear orthogonal coordinate system and primitive variabies. An efficient numerical method particularly
suitable to the parabolized Navier-Stokes equations was used. The paper concentrates on the distribution of the
skin-friction lines for two test cases. In the first test case, the axes ratio of the spheroid was 4:1, with incidence of
6 deg and a Reynolds number (based on half the major axis) of 10°. In the second case the axes ratio was 6:1,
with incidence of 10 deg and a Reynolds number of 0.8.10%. Favorable agreement with experimental results was
obtained in the laminar regions. Some properties of the flowfield near the body are discussed on the basis of the
pattern of the skin-friction lines and the shape of the separation lines. Yet no definite conclusions on the flow
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pattern in the separated region can be drawn from the skin-friction results alone.

Introduction

HE analysis of incompressible three-dimensional flows

around slender bodies at incidence is very important in
modern aerodynamics and hydrodynamics. The flowfield is
characterized by crossflow reversal, local thickening of the
boundary layer, formation of longitudinal vortices, regions of
backward flow, and strong viscous-inviscid interaction.! This
complicated flowfield is of special importance to aerodynamic
designers who are interested in aerodynamic coefficients and
the stability of flight vehicles. In particular, the flow separa-
tion patterns become rather complicated. While in two-
dimensional flows the point of flow separation coincides with
the point at which the wall shear stress vanishes, in three-
dimensional flows such a unique criterion does not exist. In-
deed, the shear stress does not vanish on the separation line ex-
cept at a limited number of points called critical or singular
points. The phenomenon of flow separation over three-
dimensional bodies is still far from being completely
understood. Many of the studies rely on observations drawn
from the analysis of the flow pattern near the body. Par-
ticularly fruitful results were obtained by visualization with oil
streak techniques? of the limiting streamlines, the projection
of which coincides with the skin-friction lines on the surface of
wind tunnel models.

Lighthill®> showed that the number and type of singular
points on a closed body must satisfy certain topological laws.
These laws limit the number of possible topological patterns
of the skin-friction lines and enhance the theoretical study of
three-dimensional flowfields. Numerous studies!-*-° were con-
ducted to find the relationship between the pattern of the skin-
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friction lines and the flowfield around an aerodynamic body.
In particular it was often suggested that there is a correlation
between the skin-friction lines and the separation phenomena
that may be used to identify and classify the separation of the
flow from solid bodies. It is widely accepted now that a
necessary condition for flow separation in three-dimensional
flowfields is the convergence of many skin-friction lines into a
single line.! Yet it appears to be an insufficient condition!”?
for separation. '

A problem discussed in numerous articles'® is the
topological characteristics of separation lines. The issue is
whether the separation lines must originate from a singular
point and whether they are envelopes of limiting streamlines
or just limiting streamlines. It is usually accepted that a
separation line is a limiting streamline (skin-friction line)!$
and that in certain kinds of flow separation, the separation
lines originate from one or more singular points.*7? Yet it
has been shown®® that separated vortices may start at a line
that does not originate from a singular point on the body.
Classification of three-dimensional flow separation accor-
ding to the pattern of the singular points and of the skin-
friction lines on the body was attempted in several
studies.>®? However, a unique relationship between an
observed flow pattern near a body and the structure of the
flow does not necessarily exist, as was pointed out by
Dallman.’ '

As the phenomenon considered is so complicated, much of
the research on incompressible flow was restricted to simpler
geometries. One such geometry is the prolate spheroid,
which has been studied relatively extensively experimental-
ly®!1® and numerically.!"2* In most of the numerical calcula-
tions, the boundary-layer approximation was used. For in-
stance, Wang!! solved the degenerate case of the boundary-
layer equations at the windward and leeward symmetry
planes. Later Wang!? computed the flowfield around a
spheroid of major to minor axis ratio of 4:1 at 6 deg in-
cidence. A solution was obtained over a significant portion
of the body. No solution could be found at the rear part of
the spheroid because of numerical instabilities. Wang con-
cluded that flow separation occurred there. Cebeci et al.!?
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obtained very similar results for the same case and calculated
the flow at other angles of attack as well. Hirsch and
Cebeci'* and Patel and Choi solved the momentum equa-
tions by marching with an ADI method, which was expected
to be more stable in circumferentially reversed flow regions
than the usual boundary-layer schemes. In addition, Hirsch
and Cebeci!* also solved what they call the ‘‘Parabolic-
Elliptic Boundary Layer’ equations in which the pressure
field is imposed but the circumferential diffusion terms are
retained. No significant change in the results was reported.

Solutions of the boundary-layer equations for a 6:1
spheroid at incidence were reported by Schoenauer'® and
Patel and Baek,!” among others. Schoenauer’s code!$ is for
general configurations and uses adaptive high-order methods
with control on the truncation error bounds. Unfortunately,
no easily comparable results are presented. Stock!® solved
the integral boundary-layer equations for a variety of cases.
Reasonable agreement with experiments was obtained only
for those regions of the flowfield in which the flow direction
does not deviate significantly from that of the main outer
flow. In all boundary-layer calculations, flowfields without
flow reversal can be readily caiculated. These methods may
handle weak circumferential flow reversals as well, although
some special numerical procedures are required. However,
they cannot resolve separated flows.

In general, application of the boundary-layer approxima-
tion requires the specification of the pressure, say by a
potential flow solution. In such calculations, the separation
line cannot be reached, and the beginning of numerical in-
stabilities are usually interpreted as the onset of separation.
This numerical difficulty may be overcome by ‘‘inverse
boundary-layer methods.”” Van Dalsem and Steger!® solved
the unsteady boundary-layer equations for the flow around a
spheroid 6:1 at an incidence of 30 deg by specifying the wall
shear instead of the pressure in separated zones. No singular
behavior near the separation lines was reported. Yet the
validity of the “‘regular’’ as well as the ‘“inverse’’ boundary-
layer method near and at flow-separated regions is still
questionable.

With this background, the success of the thin-layer ap-
proximation in the calculation of compressible (usually
supersonic) separated flows on slender bodies at incidence
should be noted. This success is usually attributed to the fact
that the pressure is not prescribed a priori. Pan and
Pulliam? solved the compressible thin-layer equations for a
spheroid with an axes ratio of 6:1, 10 deg incidence, and a
Mach number of 0.029. They used a very fine grid of more
than 280,000 points. The numerical performance of the com-
pressible code was relatively inefficient for this very low
Mach number.

A solution of the full three-dimensional laminar and in-
compressible Navier-Stokes equations was reported by
Haase.2! He solved the equations for a flow over a spheroid
at low Reynolds numbers using vorticity/velocity formula-
tion and a Cartesian coordinate system. Because the coor-
dinates were not body-fitted, special techniques were used
near the wall. The results appear to suffer from too low a
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Fig. 1 The coordinate system.
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resolution, and the agreement obtained with other results
was poor.

In this paper, the laminar, steady, and incompressible
flowfield about a prolate spheroid at incidence is investigated
using numerical solutions of the parabolized Navier-Stokes
equations. The equations are not singular at separation lines,
and separated flow regions are included in the solution do-
main. Solutions of the full flowfield were obtained. Yet this
paper is only concerned with a study of the pattern of the
skin-friction lines. Particular attention is given to the separa-
tion lines.

Mathematical Model and Numerical Solution

The flow is approximated by the steady and incompres-
sible Parabolized Navier-Stokes (PNS) equations obtained
from the full Navier-Stokes equations by neglecting the
streamwise diffusion terms in the momentum equations.
These equations do not suffer from any singularity near
separation because the pressure is retained as one of the
dependent variables.

The governing equations are formulated in a general ax-
isymmetric curvilinear orthogonal coordinate system using
primitive variables. The three orthogonal coordinates p, 6, ¢
(see Fig. 1) run in the normal, circumferential, and the
mainstream directions, approximately. These coordinates are
redistributed by one-dimensional stretching functions into
another orthogonal coordinate system q, s, Z, respectively.
The corresponding velocity components are u, v, w, in the
directions g, s, ¢, respectively. They are scaled by

u=h,v, (la)
v=hV, (1b)
w=h,V, (1o

where V,, V,, V, are velocity components in the coordinates’
direction. The resulting equations are the continuity equation

3 a
(ou) + (1v) + a(6w) _0
aq as at
the g-component momentum equation

1 1 0 1 a
—M(—u—)+—a i Vb —— gL w2
h, h, 2 oq 2 g

1 _ da ap 1 {a [ a(au)]
——— 86 —uv=—o t— |
2 ot dg Reliaq dg
4 — (6 —w
5 09s2  9g \ & aq ot
the s-component momentum equation
1 v 1 aB 1 as
1 M(_) 1%
h U\ T2 P T T2 Y g

(2a)

as

s s

ap 1 [ v ] ( 1 v )
=—7——4—| ——+—— —
s  Re s> g \& dg

5 B Iw B 6u]

at  ods aq ds
the #-component momentum equation

1 w 1
h—M<—)+——6 9B u2+L5 da u?
t

(20)

h, 2 ot 2 o
1 8
[p—" ¥ uvz_é_ap +L{i<i_aw
2 4q ot  Relag\ 7 dq

+_1_32w+6[6(1)] a(1)au}
o o2 aglar\7 /) e\ )y @



FEBRUARY 1988 SKIN FRICTION ON A SPHEROID AT INCIDENCE 131
9 3 9 a Nuemann-type boundary condition for th :
M=oy —+70 —+ 6w — (3a) Y T e pressure
aq ds ot ap ( ap
1 s \ar ). 68)
= o=aoJ (3b) where “‘pot” stands for the potential value.
q The outer boundary is supposed to be in the potential flow
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and J is the Jacobian:
J=h,h.h, (3e)

The scale factors #,, h, and h, are given by

E (G @

where (X,X,,X;) are the Cartesian coordinates.
In the present study, a prolate spheroidal coordinate
system was chosen with the following scale factors:

do(q)
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a =—;— VT2 -1 (5d)

p(q), 0(s), and {(f) are one-dimensional stretching func-
tions, and T is the axes ratio.

The computed flowfield did not cover the entire prolate
spheroid. The upstream boundary was placed some distance
downstream of the forward stagnation point at a region
where the boundary-layer approximation can still be justified
and can provide the upstream boundary conditions for the
PNS equations

w (6a)

v w

Il

u=1u v

up? up> up

where the subscript ‘‘up’’ stands for upstream conditions.

The downstream boundary was placed ahead of the rear
stagnation point in order to minimize the usage of computa-
tional resources. It should be emphasized once again that the
PNS equations are not singular at reversed-flow regions, yet
the separation at the rear part, which usually has backward
flow regions and strong viscous-inviscid interaction, can be
accurately computed only if the downstream boundary is
moved far enough into the wake. Moreover, the calculation
near the rear stagnation point was found to increase the
number of iterations required for the solution of the dif-
ference equations. As a result, the total demand of computer
resources became too high (for the computer we used) when
the region was extended to the rear of the body.

Due to parabolization, it is necessary to specify only one
condition at the downstream boundary. We chose to specify

The normal velocity u is not prescribed at this boundary.
Therefore, the displacement near the wall due to the no-slip
condition could be accounted for. On the body, the usual
no-slip and no-injection conditions were used:

u=v=w=0 (6d)

Because of the symmetry of the flow, the solution was ob-
tained for half of the field only. On the leeward and wind-
ward symmetry planes, symmetry conditions were used.

The finite-difference equations written over a staggered
grid were solved iteratively by marching in the streamwise
direction. The procedure is consistent and stable without any
further approximations or splitting errors. Additional details
on the numerical method were reported by Rosenfeld and
Israeli?? for the two-dimensional case and by Rosenfeld et
al.? for the three-dimensional case.

A typical grid consisted of 15,000-20,000 points: 25 in the
normal and circumferential direction and 25-33 points along
the spheroid. Full convergence was obtained in 10-20
iterative sweeps. About 1-2 hr of CPU time were needed for
a solution on an IBM 3081D computer, depending on the
number of grid points and the angle of attack. No standard
convergence tests could be performed by systematically in-
creasing the number of grid points because of the excessive
computational cost. Nevertheless, some partial accuracy tests
were conducted by varying the location of the outer and
downstream boundaries while keeping the total number of
mesh points constant?>. No significant differences were re-
corded for the cases reported in this paper.

Results

The laminar flowfield was solved about two slender pro-
late spheroids of major to minor axes ratios of 4:1 and 6:1
and for several angles of attack. For the sake of brevity, the
results of only two cases will be reported here, one for each
axes ratio. The Reynolds numbers chosen are such that
laminar flow may be expected to prevail over most of the
flowfield (except at separated zones). The streamwise coor-
dinate Z is the normalized axial distance along the spheroid
(see Fig. 1) where Z= —1 and Z=1 correspond to the nose
and rear ends of the spheroid, respectively, and § =0 and 180
deg correspond to the windward and leeward symmetry
planes, respectively.

A 4:1 Spheroid at 6-deg Incidence

Several numerical solutions of this case using the bound-
ary-layer equations are reported in the literature.!'-> '# No
satisfactory experimental results are available for comparison
with the numerical calculations. Yet comparison with
previous boundary-layer solutions is useful because at such a
low incidence the extent of the separated regions is very
limited, and therefore, the boundary-layer solutions may be
expected to be quite similar to the parabolized Navier-Stokes
results over a significant part of the spheroid. The Reynolds
number based on half the length of the major axis of the
spheroid and on the uniform velocity upstream of the body
was set to 10%. The upstream and downstream boundaries
were placed at Z= —0.8 and Z=0.8, respectively. The
upstream conditions were approximated from the boundary-
layer solution of Wang.!!
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Fig. 2 The distribution of the normalized skin-friction coefficient
on the symmetry planes of the 4:1 spheroid at 6-deg incidence.
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Fig. 3 Comparison of the skin-friction components with the results
of Patel and Choil® for the 4:1 spheroid at 6-deg incidence.

The distributions of the skin-friction coefficients are com-
pared to the boundary-layer equation results of Wang!! and
Patel and Choi'® in Figs. 2 and 3. The skin friction is de-
fined as

7
=" 7
Cr Vip U2 Re ™)

where Re is the Reynolds number, 7, is the shear stress on
the wall, p is the density, and U is the freestream velocity.
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Fig. 4 Skin-friction vector plot for the unwrapped 4:1 spheroid at
6-deg incidence.

Figures 2a and 2b show the distributions of the skin-friction
coefficient on the windward and leeward symmetry planes,
respectively. Examination of the results shows that the two
boundary-layer solutions are not identical. The difference
between the two solutions in both the windward side and the
upstream part of the leeward side is fairly uniform. Our
results generally lie between the two boundary-layer solu-
tions, although we used Wang’s solution as the upstream
boundary condition. However, in the downstream part of
the leeward side, the two boundary-layer solutions approach
one another, whereas the present value of the skin friction is
somewhat higher. This region is characterized by the thicken-
ing of the boundary layer and its ultimate separation. The
interaction between the separated flow and the pressure field
is expected to lead to quite substantial departures from the
potential pressure field specified for the boundary-layer
calculations, and consequently, the disagreement between the
present and the boundary-layer results might have been
expected.

In the present work, separation in the leeward plane starts
at Z=0.75 (see Fig. 2b). The corresponding singular points
computed by the boundary-layer approximation are quite
close to one another: Z=0.724, Z=0.72, and Z=0.73 for
Wang,!! Cebeci et al.,'* and Patel and Choi,!’ respectively.
The difference between the boundary-layer results and the
present one may be attributed to the viscous-inviscid interac-
tion, which is neglected in the boundary-layer approxi-
mation.

The circumferential distribution of the mainstream and the
circumferential components of the skin-friction coefficient
(Cr,; and Cg,) are shown in Fig. 3 at three axial locations
and compared with the data of Patel and Choi.!’ The agree-
ment of the present skin-friction coefficient on the planes of
symmetry with Patel and Choi’s results is not very good (see
Fig. 2), so it is not surprising that the present axial compo-
nent of the skin friction in the upstream parts of the
spheroid differs from the boundary-layer one by a fairly
uniform value. Another source of the disagreement can be
found in the coarse circumferential resolution used by Patel
and Choi: intervals of 20 deg in contrast to 7.5 deg in the
present calculation. Still, the circumferential component of
the skin friction is in good agreement. The situation is dif-
ferent in the rear part of the spheroid, where the skin-
friction lines suggest a circumferentially reversed flow.

The distribution of the calculated skin-friction coefficient
vectors on the surface of the spheroid is shown in Fig. 4. The
horizontal axis is in the circumferential direction, whereas
the vertical axis is in the axial direction. Near the spheroid
surface, three different flow regions can be observed. Near
the upstream and windward boundaries, the vectors point to-
ward the back and leeward sides of the spheroid. Further
downstream and on the leeward side, the directions of the
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vectors are shifted in the windward direction, suggesting the
onset of a circumferential reversed flow. At the very end of
the spheroid, the vectors point toward the nose, indicating
the formation of a separation with reverse velocity in the ax-
ial direction. The solid line marks the location where the cir-
cumferential components of the shear stress reverses its
direction—the zero circumferential shear stress line.

The skin-friction lines are tangent to the shear stress vector
on the surface and can be computed from!

hsds CF s

= : 8
h,dt Cr, ®

In steady flows, the skin-friction lines are the projections of
the limiting streamlines near the body.! Therefore, their pat-
tern may be instructive of the flowfield in the vicinity of the
body. Lighthill> has shown that in the three-dimensional
case, flow separation from a solid body may be connected
with either vanishing skin friction [Czl—0 (at singular
points) and/or the convergence of the skin-friction lines into
one particular line.

In the present work, the skin-friction lines were computed
by solving Eq. (8) with a second-order Runge-Kutta method.
The components of the skin friction are interpolated using a
bilinear spline approximation. The skin-friction lines for the
4:1 spheroid at 6-deg incidence are shown in Figs. S. Figure
Sa shows the pattern on the coordinate plane Z-8, while the
side, bottom, and upper views of the skin-friction lines on
the spheroid are shown in Fig. 5b. Two types of skin friction
lines convergence are evident: a very short swept line and a
second line that appears to encircle the spheroid at about
Z=0.70. The second line of convergence is obviously a
separation line that passes through singular points and
divides the flow into two regions: a region that is accessible
to the flow from the forward stagnation point and a region
that is not accessible. Figure 6 compares the zero cir-
cumferential shear stress line and the closed separation line
with the boundary-layer results of Wang!?> and Cebeci et
al.1* The qualitative shape of the closed separation line is
similar to these computations although the ‘“tongue’’ of the
separation line in our results is less pronounced and closer to
the windward side. The agreement of the zero circumferen-
tial shear stress line is much better, indicating that the
boundary-layer approximation is valid in regions far from a
flow separation. Although there is circumferential flow
reversal from about Z= —0.1, the skin-friction lines con-
verge only at Z=0.45, and about 15 deg further in the
leeward direction to the zero circumferential shear stress line
(see Fig. 5a). However, the pattern of the skin-friction lines
is not sufficient to conclude whether a vortex-type separation
has occured. The definite identification of a flow separation
should be based on the analysis of the whole flowfield.”-8

The topology of the skin-friction lines found in our
calculations is notably similar to that conceived by Han and
Patel® from their flowfield visualizations of the flow over a
4.3:1 spheroid at 10-deg incidence and a Reynolds number of
4.10* (see Fig. 10 in Han and Patel®). Although neither
shown nor computed, two nodes of attachment exist at the
upstream and downstream stagnation points. The pattern of
the skin-friction lines reveals the existence of a saddle point
at the rear part of the leeward symmetry plane, with two
separatrixes® (separation lines that emanate from the saddle
point) encircling the body. The short swept convergence line
bends into the separatrix. Cebeci et al.!* suggest three
possibilities for the shape of the swept convergence line near
the closed convergence line. The present results seem to con-
firm their second option (Fig. 10 in Cebeci et al.!*). The
point where the two convergence lines blend together is
necessarily a node-type singular point. Because another node
exists at the other side of the spheroid, an additional saddle
point should exist to satisfy the topological rule stated by
Lighthill.? This saddle point is at the windward symmetry
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Fig. 7 Comparison of the absolutc magnitude

of the normalized skin-friction coefficient with
other results for the 6:1 spheroid at 10-deg
incidence.

plane. However, it is not discovered in the present calcula-
tion because the it is located outside the domain of solution.

A 6:1 Spheroid at 10-deg Incidence

In this higher-incidence case, the separated flowfield has a
more complicated form. Some boundary-layer solutions were
reported for this case,'®!® as well as a thin-layer computa-
tion.?® The experimental data available are reported by
Kreplin et al.,'® who measured the shear stress on a 6:1
spheroid at a Reynolds number of 8.10° (based on half of
the main axis). The same Reynolds number was used in the
present calculations. The upstream and downstream bound-
aries were located at Z= —0.9 and Z=0.7, respectively.

The absolute magnitude of the shear stress in several axial
stations is compared in Fig. 7 with experimental values!® and
with the computed boundary-layer results of Patel and
Baek.!” The agreement at small distances from the upstream
boundary is not good, possibly due to poor specification of
the upstream boundary conditions in the present calculations
(they were approximated from Stock’s integral boundary-
layer solution'®). Further downstream, the agreement of our
calculation with the experimental results improves, while the
results of Han and Baek get worse. The poor agreement with
experiments on the leeward side is probably related to the
transition of the separated flow to turbulent flow, as noted
by Kreplin et al.!® In our laminar calculation, this phe-
nomenon cannot be reproduced.

Figure 8 shows the shear stress vector plot on the
spheroid. The existence of a minimum in the shear stress
along the circumferential direction is clearly seen. It is in-
teresting to note that due to three-dimensional effects, this
minimum does not occur along the leeward side, where the
potential circumferential adverse pressure gradient is max-
imal. Figure 9a shows a comparison of the shear stress vec-
tor plot interpolated from our computations with the ex-
perimental results of Kreplin et al.!° In the laminar region of
the flowfield, the agreement is usually good, bearing in mind
the complexity of the flowfield and the difficulties in
measuring the stress in the laminar regions, as reported by
Kreplin et al. However, the agreement at the upstream sta-
tions near the leeward side is not as good. This is attributed
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Fig. 8 Skin-friction vector plot for the unwrapped 6:1 spheroid at
10-deg incidence.

to the poor upstream boundary conditions used in the pres-
ent calculation at the upstream boundary. Figure 9b shows
the same comparison with the high-accuracy boundary-layer
results of Schoenauer.'® A boundary-layer solution was not '
obtained for significant parts of the flowfield, although these
are the most interesting regions in which separation may oc-
cur. In'the other regions, agreement with our results is even
better than with the experimental results.

Figure 10 shows the skin-friction lines on the surface. In
the present domain of solution, neither singular points nor a
closed separation line is found. However, a long and swept
convergence line is present, with skin-friction lines merging
into it from both sides. The precise origin of the convergence
line cannot be defined with certainty, and no singular points
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Fig. 92 Computed skin-friction coefficient compared to Kreplin
et al." experiments.
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Fig. 9b Computed skin-friction coefficient compared to boundary-
layer results of Schoenauer.'
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Fig. 10b Skin-friction lines on the 6:1 spheroid at 10-deg incidence.

can be detected on the upstream part of the swept con-
vergence line, at least with the present resolution of the com-
putation. Now the zero circumferential shear stress line is
only a small distance in the windward direction from the
convergence line. Again, it is impossible to predict the loca-
tion of the onset of a separation based on the properties of
the flowfield in the vicinity of the surface. Numerous
results®!7-1920 ag well as further study by the present authors
(not detailed here) suggest that a vortex-type!” separation
exists in this case.

Kreplin et al. obtained the skin-friction lines from the
measured distribution of the shear stresses (Fig. 5 in Ref.
10). The main separation line appears to be placed further in
the leeward direction than the line we have computed. The
differences may be explained by the transition to turbulent
flow that occurred in the experiment because turbulent flow
can withstand higher adverse circumferential pressure drop
before separation. Kreplin et al.'® observed a second separa-
tion line very close to the leeward side. We have not found
this line, although there is a tendency to create a second con-
vergence line in the rear part of the spheroid. Pan and
Pulliam,? who used the thin-layer equations, obtained better
agreement in the laminar case with the experimental skin-
friction lines of Kreplin et al., although the separation in the
real flow is turbulent.

Conclusions

The incompressible, steady, and laminar parabolized
Navier-Stokes equations were used to simulate the flowfield
around a prolate spheroid. Solutions were obtained in the
entire flowfield, including regions of attached flow as well as
regions of separated flow. The computer resources required
for the calculations were not prohibitive, although such cal-
culations would be better performed on a supercomputer.

In the parabolized Navier-Stokes approximation, as used
in the present work, all the equations (the continuity plus the
three momentum equations) should be solved for the full set
of primitive variables (the pressure plus the three velocity
components). Consequently, it may be expected that the ap-
proximation will be superior to the parabolic boundary-layer
approximation. This is fully supported by the present results,
which did not show any abnormal or singular behavior of
the solution near separation lines, as is found in boundary-
layer solutions. Indeed, the method was capable of yielding
solutions in all flow regions, demonstrating that the
parabolized approach is a suitable candidate for the calcula-
tion of three-dimensional viscous flowfields on slender
bodies.

In the present paper, we report the distribution of the skin
friction on the surface of the spheroid only. Even with this
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limitation, the information is useful because it shows some
features of the flowfield and allows comparisons with
available experimental and numerical data. It should be
remembered that most of the available data are confined to
the skin friction anyhow. Comparison of the results with
previous experimental data and numerical solutions of the
boundary-layer approximation reveals good agreement in the
attached-flow regions. However, in the separated flow region
the calculated skin friction is too low compared to the ex-
perimental data, presumably due to transition to turbulent
flow. The zero circumferential skin-friction line lies wind-
ward of the line to which the skin-friction lines converge.
The distance between them decreases as the incidence in-
creases. As no unique relationship exists between the skin-
friction lines and the flowfield, it is impossible to draw any
conclusions from the results shown on the structure of three-
dimensional flow separation.

Finally, some conclusions on the need for future work are
in order. It is necessary to perform a turbulent calculation in
order to cater to the turbulent regions near and downstream
of separation. The analysis must be extended to the entire
flowfield. Such a study requires the use of supercomputers
for the computations and graphic workstations for analyz-
ing, visualizing, and understanding the results.
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