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Boundary Layers and Separation on a Spheroid at Incidence

V.C. Patel* and J.H. Baekt
The University of lowa, lowa City, lowa

Three-dimensional boundary layers on a 6:1 spheroid at an incidence of 10 deg have been calculated at two
Reynolds numbers. At the lower Reynolds number, the boundary layer is predominantly laminar, but at the
higher Reynolds number it includes laminar, transitional, and turbulent-flow regions. Comparisons have been
made with the previously existing data. The results clearly deomonstrate the capabilities and limitations of first-

order boundarv-laver theory.

I. Introduction

HE three-dimensional incompressible boundary layer on

bodies of revolution has been the subject of many recent
investigations. Among the experimental studies are those of
Werle,! Wilson,? Peake et al.,®> Han and Patel,* Ramaprian
et al,’ Hayashita,® and Meier et al.””!” Most of the early
studies were restricted to flow visualization and, to date,
much of the available information is concerned with flow at
or close to the surface. Measurements within the boundary
layer are quite limited.>*® On the other hand, there is an
increasing number of numerical studies (see, e.g., Refs. 11-22)
in which different methods are used to solve the boundary-
layer equations for laminar as well as turbulent flows. These
are of course able to generate much more information than
can be extracted from even the most detailed experiments. In
a few instances where the results of the calculations have been
compared with experimental data (e.g., Refs 15,18,21,22), it
is found that some ot the observed features of the flow can be
reproduced quite successfully, whereas others remain
unexplained. In particular, experiments on bodies of
revolution as well as other shapes indicate different types of
flow separation resulting in a wide variety of flow patterns,
whereas most  calculations terminate at an ill-defined
separation point or line. Frequently, separation is said to
occur when the particular boundary-layer calculation method
meets with some numerical irregularity or catastrophe. Thus,
the problem of identifying the type and location of separation
of a three-dimensional boundary layer by numerical means
remains controversial. This paper attempts to address this
issue by means of detailed comparisons between boundary-
layer calculations and experimental data.

The calculation method employed here has been described
previously'*** in some detail. For the present purposes, it
suffices to note the major features. The method solves the
usual thin boundary-layer equations in the body-fitted or-
thogonal coordinates shown in Fig. 1 using an ADI (alter-
nating-direction-implicit) numerical scheme. The turbulence
model is based on the turbulent kinetic-energy equation, a
prescribed turbulence length-scale distribution, and the
assumption that the directions of the stress and rate-of-strain
vectors are coincident. The method is capable of calculating
laminar as well as turbulent boundary iayers, transition being
simulated by ‘‘switching on’’ the turbulence model along a
prescribed transition line. No attempt has been made to
tailor the model constants or functions for better represen-
tation of the development of turbulence over a finite tran-
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sition length. Finally, for turbulent as well as laminar flow,
the equations are solved numerically up to the wall without
using any wall functions.

In the following, we consider the flow over a prolate
spheroid of axes ratio 6:1 which has been used in the detailed
experimental investigations of Meier et al.”"'% Furthermore,
we shall confine our attention to a moderate incidence of 10
deg, Since it has been explored in greatest detail. The ex-
perimental information is tirst reviewed to point out the most
significant features. The results of the boundary-layer
calculations are then presented and compared with the data.

I. Review of Experiments

In the experiments of Meier et al.,”'" a 6:1 prolate
spheroid, 2.4 m long and 0.4 m maximum diameter, has been
tested over a range of incidences and at two Reynolds
numbers, namely Re= (U, L/»)=1.6x10% and 7.2x10°,
corresponding to the reference freestream velocities, Uy =10
and 45 m/s. For the case «=10 deg, the available
measurements include the distribution of the pressure
coefficient C,= (p—p.)/%pU% and the magnitude and
direction of the skin-friction vector C,=7,/"pU%, at both
Reynolds numbers. The longitudinal and circumferential
componéms of mean velocity, U and W, respectively, in the
notation of Fig. 1, were also measured across the boundary
layer at two axial positions at the higher Reynolds number.
Since a tripping device was not employed, the boundary layer
is initially laminar, and transition, when present, occurs
naturally.

The pressure distributions measured at the two Reynolds
numbers are compared with that predicted by potential-flow
theory in Fig. 2a and the corresponding longitudinal and
circumferertial pressure gradients are shown in Fig. 2b and
2¢, respectively. These are defined as follows:

8(2C,,)_

(vey =226
. h,06

h,6(X/L)’ (VED

where h,={1+(dr/dX)?}'2, hy=r/X), and r is the trans-
versc radius of the body. It should be noted that this is one of
a few experiments in three-dimensional boundary-layer flows
where the pressures have been measured at such closely spaced
intervals in both directions that the gradients can be evaluated
without much uncertainty.

Figure 2 indicates several interesting differences among the
three pressure distributions. Over the windward side of the
body the measured pressures resemble those in potential flow
but arc consistently higher. This may be due to a ‘‘negative
blockage’’ usually encountered in an open-jet wind tunnel or
to an uncertainty in the reference pressure. As shown in Figs.
2b and 2¢, however, the influence of these differences on the
pressure gradients that enter the boundary-layer equations are
quite small up to X/L =0.65.
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Fig.2 Potential-flow and measured pressure distributions and gradients: — - — potential flow;—Re=1.6 X 10 ,-—-Re=7.2 X 106.

At the lower Reynolds number, the measured pressure
distribution and gradients show marked departures from
potential fiow, starting at approximately X/L=0.25 in the
region 120 deg <8< 150 deg, and spreading to 80 deg < < 180
deg by X/L=0.75. The development of a short cir-
cumferential plateau of constant pressure at and beyond
X/L=0.35 is reflected in the positive (adverse) longitudinal
and circumferential pressure gradients. The plateau is
followed by a pressure rise toward the leeward side, and
associated with this are somewhat larger pressure gradients
than in potential flow,

At the higher Reynolds number, Fig. 2a shows that there is
no constant-pressure plateau but a gradual reduction in the
pressure coefficient on the leeward side, starting at = 180 deg
near X/L =0.40 and spreading to 105 deg <0< 180 deg by
X/L.=0.75. Significant. departures of the experimental
pressure gradients from potential flow are also not evident
until about X/L =0.65.

The measured wall shear-stress vectors at the two Reynolds
numbers shown in Figs. 3 and 4. At the lower Reynolds
number (Fig. 3), we can distinguish a narrow region, starting
at 0~ 125 deg at X/L=0.395 and extending to 6§ ~90 deg at
X/L =0.825, of rather small near-zero wall shear stress. Just
beyond the near-zero stress region, in the circumferential
direction, is a growing wedge of much larger stresses. This is
believed to be due to transition to turbulent flow. The wedge
grows from 140 deg<#<160 deg at X/L=0.395 to 105
deg <0< 180 deg at X/L =0.825. The lower stresses along the
leeward plane of symmetry (0=180 deg) up to X/L ~0.74

indicate that the flow continues to be laminar over a
diminishing region on the leeside up to that station.

The shear-stress measurements at the higher Reynolds
number, shown in Fig. 4, are quite different, since the flow
over a large part of the body is turbulent. The location of the
zone of transition from laminar to turbulent flow can be
inferred from the relative magnitudes of the stresses and is in
accordance with the observations of Meier and Kreplin’ on
the basis of the surface hot-film signals. For later reference,
the position of the transition line determined by Meier and
Kreplin at this Reynolds number is shown in Fig. 5b. Finally,
Fig. 4 indicates a zone of near-zero stress at X/ =0.936,
which is close to the sting used to support the model in the
wind tunnel.

The foregoing review of the available experimental in-
formation indicates the complexities of the flows to be ad-
dressed computationally. It is clear that the two cases provide
ample opportunities to explore the performance and
limitations of three-dimensional boundary-layer calculation
methods.

I11. Numerical Solutions

The calculations were started just downstream of the axial
position containing the potential-flow stagnation point, using
the procedure described in Ref. 15. There were 21 grid points
across the boundary layer. Some earlier solutions, reported in
Ref. 22, were obtained with a circumferential step size Af =15
deg. The results to be presented here were obtained with a step
size of 7.5 deg, primarily for better resolution of the flow in
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Fig. 3 Measured wail shear stress, Re= 1.6 x 109, Fig. 4 Measured wall shear stress, Re=7.2x 105,

certain key arcas. Detailed comparisons between the two sets
of calculations indicated grid dependence and lack of
numerical convergence in regions where the magnitude of the

wall shear stress became very small (typically 1C,1 <0.0001).

Although we shall discuss the possible reasons for this, it ) Re=16x10°,
should be emphasized that such regions have been excluded

from the results presented in this section

In view of the differences noted carlier between the ‘
pt['lt‘lwcdcxp'wtlpcss ¢ distributio 1sad
pressure g ad nts al ilation ha been perfo rme od usin
be lI 5 ¢ the ; ¢ distr b 1ic n the

Ill pre

reg d td re scatter, tl calculatio thesc cases by Re=7.2x 100,

cre started at X/[ 0 127 usi_ng the solutions with [l l-g 5 Circumferential flow reversal lin caleulated 7 {res
potential-flow pressures and scaling the veloc lyp flCt point, ‘v exper mlI(l‘R— ||ld(l‘R(pll|H
the difterence belwccn the measured and th retic lp ure pressure distribution):— - —, experimental transition line.
coetticients. Note that the boundary layer is laminar at
X701 =0.127 at both -Reynolds numbers. The b equent
solutions utilized the experimental pressures an d radients along which the wall shear stress became very small and the
shown in Fig. 2. leeward plane of symmetry.

The main results of the calcu lat'o s, with pot ntial-flow

A, Re=1.6x10° and measured pressure distributio e shown in Figs. Sa, 6,

For this case, calculatio ere pct ned  ass g and 7. To facilitate comparison wth the pe ime tal wall
laminar flow. Although these sol t ons were ¢on t ued l st shear-stress data of Fig. 3, the same scales have been used in
up to the tail of the bodyw lll howth ltpma ily Fig. 6, and clculatos are shown at axial loatos
up to X/L=04, numerical pro blems were first en- corresponding to the measurement stations. Figure 7 shows
countered just downstream of this position over a wedge- the resultant of the circumferential (W) and normal (V)

shaped region on the body roughly coincident with a line components of the velocity vector. For clarity, these profiles
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a) Potential-flow pressure distribution.
Fig. 7 Velocity vectorsin t

are shown only in the region 75 <6 <180 deg, and the vertical
scale has been expanded by a factor of five.

Figure 7 shows the development of . a zone of cir-
cumferentially reversed flow starting on the leeward plane of
syminetry just downstream of X/[ =0.16 and spreading
outward from there until, at X/[ =0.4, it occupies 120
deg<#<180 deg in the calculations with potential-flow
pressure distribution, and 135 deg <6< 180 deg in those with
the experimental pressure distribution. The boundary layer in
this region is relatively thick. It is also possible to identify this
region in Fig. 6 from the changes in the direction of the wall
shear stress relative to the axis ot the body, and to define a
line on the body that demarcates circumferential flow reversal
(CFR line). The experimental and calculated positions of this
line are shown in Fig. 5a. Quite satisfactory agreement is
observed in this respect, in spite of the numerical difficulties
on the leeward side of this line. Note that such a line is
“‘geometric”’ insofar as it is defined with respect to the
geometry of the body and not that of the flow.

180.

o
o
&
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b) Experimental pressure distribution.

he y-0 plane, Re = 1.6 x 10¢,

Calculations with both pressure distributions indicate that
there exists a point at X/L=0.4 (=120 deg and 135 deg in
Figs. 6a and b, respectively) at which the direction of the wall
shear stress changes abruptly and its magnitude becomes very
small. Within the resolution of the numerical grid, this point
coincides with almost cxplosive growth in boundary-layer
thickness (see Fig. 7) and with the beginning of the numerical
difficulties noted earlier. ’

A comparison between the solutions obtained with the two
pressure distributions indicates that they are qualitatively
similar. The major difference lies in the extent of the cir-
cumferential flow reversal zone and the location of the point
of minimum wall shear stress and abrupt changes in its
direction. Both oceur closer to the leeward plane of symmetry
with the experimental pressure distribution.

Finally, a comparison can be made between the wall shear-
stress calculations shown in Fig. 6 and the corresponding
experimental data of Fig. 3. The following observations can

be made:
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1) In the laminar flow up to X/L=0.3, the calculations
with potential-flow pressure distribution agree well with the
data with respect to both magnitude and direction (see also
Fig. 11), except in a small region around the CFR line where
the predicted stresses are larger.

2) As may be expected from the relief of the measured
pressure gradients in this region, the use of the experimental
pressure distribution leads to even higher stresses and
theretore somewhat poorer agreement with the data.

3) Beyond X/L =0.3, the two calculations agree over a
large region (#< 100 deg) on the windward side of the body
with the measured stress directions, but the predicted
magnitudes are higher. However, the corresponding data
indicate some irregularities in magnitude.

4) At X/L=0.4, the experiments indicate transition just
beyond the stress minimum and the CFR line. In this region
both calculations predict very small stresses. However, the
accompanying abrupt changes in the direction of the wall
shear stress are not observed in the experiment, due,
presumably, to transition.

5) The point of minimum stress in the experiment is located
at #=127 deg, whereas the calculations with potential-flow
and measured pressure distributions predict near-zero stress at
=122 deg and 136 deg, respectively.
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6) The calculated shear stress along the leeward plane of
symmetry, 0= 180 deg, continues to agree well with the data
up to X/L =0.4, indicating laminar flow along that line.

7) Figures 6, 7, and 2 show that the observed departures of
the pressure distribution from potential tflow are correlated
with the zone of small wall shear and rapid boundary-layer
growth.

B. Re=7.2x10%

For this case, the laminar boundary-layer calculations were
continued up to the experimentally observed transition line -
shown in Fig. 5b and the turbulence model was activated as
this line was crossed along each meridian. Thus, for example,
at X/L=0.3 (see Figs. 4 and 5b), the computational domain
includes faminar flow over the windward side, transitional
and turbulent flow over the middle, and laminar flow again
near the leeward plane of symmetry. The flow becomes
turbulent over the entire circumference only beyond
X/L =0.56, where the transition line crosses the windward
symmetry plane.

These calculations also indicated circumferential flow
reversal in the upstream laminar boundary layer (Fig. 5b) but,
due to transition to turbulent flow, numerical difficultics were
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Fig. 8 Calculated wall shear stress, Re=17.2X 10%.
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not encountered at X/L =0.4 as in the previous case. The
results of the calculations with the potential-flow and
measured pressure distributions are shown in Fig. 5b and 8-
10. As pointed out earlier in Fig. 2, the measured pressure
gradients at this higher Reynolds number are in substantial
agreement with those in potential flow over a large region on
the windward side of the body. Consequently, the two sets of
calculations are essentially the same in this region. The
calculated wall shear-stress plots of Fig. 8, the cross-stream
velocity vectors of Fig. 9, and the detailed axial and cir-
cumferential velocity-profiles of Fig. 10 indicate that
significant differences between the results with potential-flow
and measured pressure distributions are observed, as ex-
pected, on the leeward side. Also, as in the laminar case, the
region of circumferential-flow reversal is smaller with the
experimental pressure distribution.

Figure 5b shows a short CFR line in the laminar flow ahead
of transition on the leeside. This is essentially the same as that
calculated at the lower Reynolds number. It disappears after
transition but a new CFR line is predicted in the turbulent
flow further downstream. This line is of course closer to the
leeside than the corresponding line in purely laminar flow,
indicating the greater capability of turbulent flow to over-
come the adverse circumferential pressure gradient before
flow reversal. The experimentally observed CFR lines are
again in good agreement with the calculations.

Comparison of Fig. 8 with Fig. 4 shows that the cal-
culations reproduce the major features observed in the
experiments except in the neighborhood of transition. The
agreement in this region can be improved by incorporating a
damping or intermittency function in the turbulence model in
order to accomplish a more gradual change from laminar to
turbulent flow. The calculated shear stresses in the turbulent
flow just after transition tend to be lower than those
measured. This again may be due to the inadequacy of the
turbulence model for transitional flows. Further downstream,
where the flow has recovered from transition, both
calculations show good agreement with the data over a large
portion of the body on the windward side and over a
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somewhat smaller region near the leeward plane of symmetry.
However, substantial differences are observed in the region
where the experimental data show a stress minimum, the
calculated magnitudes being higher. Note that the data in-
dicate almost zero stress at X/L =0.883, 6~120 deg and at
X/L=0.936, 90 deg<f <130 deg, and the flow features are
somewhat similar to those observed in the lower Reynolds
number case. The present calculations indicated the first signs
of numerical difficulties just beyond X/L =0.88.

The reasons for the poor performance of the calculations in
the zone of the stress minimum are not entirely evident from
the wall shear stresses. The cross-stream velocity vectors
shown in Fig. 9 provide some explanation. It should be
pointed out that, unlike the corresponding plot of Fig. 7 for
laminar flow, the vertical and horizontal length scales are
nearly the same in Fig. 9 and therefore it provides a true
picture of the variation of the boundary-layer thickness in the
circumferential direction. Thus, for example, at X/L=0.75,
the ratio of the maximum boundary-layer thickness, which
occurs at #~157.5 deg, to the local body radius is ap-
proximately 0.67. The rapid thickening of the boundary layer
and the development of a vortical flow on the leeside is
associated with the convergence of near-wall streamlines from
both sides. The thick boundary layer implies a strong viscous-
inviscid interaction even in the absence of separation, and it is
not surprising that the use of the measured surface pressure
distribution does not guarantee improved agreement with
experiment in all respects. .

The detailed velocity-profile comparisons of Fig. 10 show
that there is little to choose between the two sets of
calculations except in the region of viscous-inviscid in-
teraction. At X/L=0.64, the calculations are in good
agreement with the data everywhere except in the zone 135
deg <0< 165 deg, where Fig. 2 first shows substantial dif-

ferences in the pressure gradients and where Fig. 9 indicates a
thickening of the boundary layer. However, the measured
boundary layer is thinner than that predicted by either
calculation. The situation at X/L =0.71 is quite similar, but
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with one important difference: The measured velocity

components at the edge of the boundary layer do not agree

with those calculated with either the potential-flow or ex-
perimental pressure distribution over a circumferential extent
much larger than that in which the boundary layer is thick. In
other words, the measured velocities and directions in the
external flow are not compatible with the pressure
distribution measured at the surface. If systematic ex-
perimental errors of this magnitude are discounted, the
differences imply not only a variation of pressure across the
thick boundary layer but also significant changes in the
direction of the external flow over regions quite remote from
that where the boundary layer is thick. Thus, the thick
boundary layer is responsible for a reorientation of the ex-
ternal tlow over the entire circumference. The observed
decrease in the measured transverse component of velocity on
the windward side is compatible with this explanation.

Two other aspects of the calculations are also noteworthy.
The first is that the boundary layer along the leeward plane of
symmetry is predicted quite well, especially with the measured
pressure distribution, almost up to X/L=0.71. Second, the
calculated axial or primary component of the mean velocity in
the wall region is in good agreement with measurements.
These suggest that the turbulence model employed here is not
a major source of the disagreements observed in the outer part
of the boundary layer.

1V. Separation

We shall now explore the reasons for, and the implications
of, the numerical problems encountered in the laminar
boundary-layer calculations at the lower Reynolds number.
Continuation of the present calculations downstream of
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X/L=0.4 showed grid-independent = solutions over a
diminishing domain on the windward side of the body, uptoa
line just to the leeside of the CFR line. As this line was ap-
proached, the magnitude of the wall shear stress became very
small and its direction changed rapidly, the angle between the
stress vector and the body axis changing from zero at the CFR
line to values so large ( ~ 75 deg) that the wall cross-flow angle
(i.e., the angle between the wall shear stress and the external
flow) became 90 deg. (Note that this criterion is often invoked
to pronounce separation, especially in integral calculation
methods.) Also, the boundary layer thickened very rapidly
and developed large values of the normal velocity component
(Fig. 7). Solution features similar to those noted above have
also been observed in previous calculations (see, e.g.,
Wang,'> ' Patel and Choi,"” Cebeci et al., ' and Ragab?!
and have been used to infer the imminence or occurrence of
separation.

It is generally agreed that the flow on the windward side, at
least up to the CFR line, can be calculated with some con-
fidence using a variety of numerical schemes since there is no
difficulty in identifying the corresponding zone of dependence
for this region. It is also acknowledged that the behavior of
the solutions in the neighborhood of the CFR line is related in
some way to the imminence of separation. Another point of
agreement is that the convergence of skin-friction lines, or the
limiting streamlines at the wall, from both sides is a symptom
of separation. However, there is little consensus among
researchers on the precise definition of separation or the
shape of the separation line.

Figure 11 shows the magnitude of the wall shear stress
according to present calculations with the potential-flow
pressure distribution. This is the same information as in Fig.
4a, except that typical solutions beyond X/L = 0.4 have been
added and it is now possible to make a direct comparison with
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the data. In order to explore the detailed behavior of the
calculations, Fig. 12a shows the variation of C;. The recent
results of Cebeci et al.'® for a 4:1 spheroid at o= 6 deg are
presented in the same format in Fig. 12b to show the
remarkable similarity between the two sets of calculations for
different spheroids and incidences.

It is evident from Figs. 11 and 12a that, in the present case,
the resultant wall shear stress approaches zero, within the
uncertainties of numerical analysis, at X/L=0.4 and 6~ 122
deg. In fact, Fig. 12a shows that C, vanishes as the square
root of the distance from this point from both sides but at
different rates, suggesting the presence of a Goldstein type of
singularity (see Ref. 18). Thus, it is not surprising that
numerical difficulties are first cncountered there. It is
reasonable to infer that this is the most upstream point on the
scparation line as predicted by boundary-layer theory,
regardless of how that line is defined or the shape it takes
turther downstream.

The solutions downstream of X/L=0.4 are quitc well
behaved, are grid-independent on the windward side, and
show a very rapid decrease in the wall shear-stress magnitude
to the leeside of the CFR line. [t is tempting to infer, by very
short extrapolations from the windward side, that the
predicted shear stress vanishes along some line lying a short
distance 1o the lee of the CFR line. Although this would
provide an unambiguous definition of separation, the
numerical evidence is not conclusive sinee grid-independent
solutions could not be obtained beyond the CFR line. Fur-
thermore, such a definition also would not be general cnough
Lo encompass certain special cases, such as the separation on
an infinite swept wing. However, the present solutions, like
those of Cebeci ¢t al.' and others, indicate a singular
behavior in the boundary-layer equations; conscquently we
conclude that it is not possible to determine the flow
properties along the line of separation from boundary-layer
cquations alone, regardless of the numerical scheme used to
approach the secparation line. Sccond, the present con-
troversy™* concerning the shape of the scparation line, i.e.,
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whether it is closed or open, can not be settled on the basis of
boundary-layer calculations.

V. Conclusions

The calculations of the laminar boundary layer on a 6:1
spheroid at an incidence of 10 deg reproduce many of the
features observed in the low Reynolds number experiments of
Meier et al.”!Y The experiments indicate a limited region of
transitional or turbulent flow, but no attempt has been made
here to model this part of the flow.

The taminar-flow calculations break down in a wedge-
shaped region that starts at a point where the predicted wall
shear stress vanishes. This region coincides roughly with the
observed zone of transitional and turbulent flow. The
solution features indicate a singular behavior of the boun-
dary-layer equations along a line that emanates from the point
of zero predicted stress and coincides with the line along
which the measured stress became very small. This line lies a
short distance to the leeward side of the line of cir-
cumferential flow reversal, which is well defined and can be
predicted with accuracy. The singularity in the equations
precludes any conclusions concerning the location, origin,
and shape of the separation line on the basis of boundary-
layer theory. Solutions with higher order equations and strong
viscous-inviscid interactions are therefore required to resolve
the controversy regarding the occurrence of closed or open
separation lines on bodies at different incidences.

The solutions at the higher Reynolds number indicate that
they are quite successful in predicting the observed charac-
teristics of the boundary layer over a large part of the body
where the boundary layer is thin. Some modifications of the
turbulence model are needed to improve the representation of
the flow in the neighborhood of transition. The calculations
fail to provide an adequate description of the flow in the
region on the leeside where the boundary layer becomes thick.
This region is quite extensive and well removed from
separation.

The calculations using the potential-flow as well as ex-
perimental pressure distributions clearly demonstrate the
limitations of first-order boundary-layer theory. In par-
ticular, it is shown that knowlege of the experimental pressure
distribution on the surface does not lead to a dramatic im-
provement in the prediction of cither separation or thick
boundary layers. The latter observation is of considerable
practical significance since extensive regimes of thick
boundary layers may be present on bodies such as aircraft
fuselages and ships (Patel?®) without encountering separation.
Once again, the results presented here suggest that such flows
can be calculated only by recourse to higher order equations
that allow for the viscous-inviscid interaction through the
relaxation of the pressure field.
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