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Laminar Boundary Layer near the Symmetry Plane of a
Prolate Spheroid

K. C WANG*
Martin Marietta Laboratories, Baltimore, Md.

The previous investigation of a three-dimensional boundary layer near the plane of symmetry of an inclined
spheroid has been extended to provide 1) wider range of solutions, 2) explanations to questions left un-
answered before, and 3) comparisons with experiments. Extended solutions provide more complete trends of the
boundary-layer behavior for incidences from 0°-90° and for thickness ratios ranging from unity for a sphere to
nearly zero for a long inclined cylinder. Among these trends is how the separation changes from one type to
another and then back again with increasing incidence. Explanations are given for a number of unconventional
features, including the reversal of the lateral derivative of the cross velocity profile and the flattening of the
longitudinal velocity profile. The latter has long been known as a two-dimensional turbulent boundary-layer
phenomenon, and it is seen here also to be a three-dimensional phenomenon. Agreement with Wilson's recent ex-
periments (designed specifically for partial check of the results obtained earlier) enhances the significance of the
results.
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Nomenclature
= semimajor axis
: regular boundary-layer region
= semiminor axis
= partially reversed region
= separated region
= skin friction
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p = pressure
h^ — metric coefficient
he = metric coefficient
R — vortex starting point
Re = Reynolds number
S — separation point
u = meridional velocity
U = freestream meridional velocity
v = circumferential velocity
dv/dO = circumferential derivative of v
8V/36 = freestream dv/dO
z = normal coordinate
a = incidence angle
H = meridional coordinate
9 — circumferential coordinate
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1. Introduction

THE incompressible laminar boundary layer near the sym-
metry plane of an inclined body of revolution (a prolate

spheroid) was exactly calculated by a finite-difference method in
Ref. 1. Figure 1 shows the flow geometry. Profiles of u, dv/dO,
and w were determined. The analysis introduced no restriction
on the incidence or the thickness ratio beyond requiring that the
pressure distribution be known. Several distinctive features were
found, especially for the leeside boundary layer.

a) Reversal of dv/dO-Profile
As illustrated in Figs. 2a and 2b, a monotonic profile at an

upstream point, gradually changes into a reversed profile at a
downstream point Q. The change-over point, R, moves forward
as the incidence increases. In contrast, reversal of the w-profile
does not occur until a point, 5, farther downstream, which is the
separation point following the usual definition of separation.
What is distinctive here is the existence of reversed profiles ahead
of point S.

b) Flattening of u-Profile at Moderate-to-High Incidence
Instead of the profiles at successive downstream stations, 1-4,

continuing to move up (Fig. 3a) as in low incidence as well as
in familiar two-dimensional and axisymmetric cases, they first
move up (1 -»2) and then down (2 -> 3 -»4), ending with a nearly
flat profile (Fig. 3b). The flattening of velocity profile is used to
be a two-dimensional turbulent boundary-layer phenomenon.
Here we see that it is also a three-dimensional laminar
phenomenon.

c) Forward and Rearward Movement of the Separation Point
As the incidence increases, the separation point S on the

leeside does not move forward continuously; rather, it moves
forward at low incidence and backward at higher incidence. This
is in contrast to the usual concept, where the pressure gradient
becomes more adverse as incidence increases, suggesting earlier
flow separation.

Distinctive features also were noted in other results such as the
skin friction and the displacement thickness, but these will not
be discussed here. Some of these features were reported earlier
in Ref. 1, and a preliminary discussion of the question of three-
dimensional separation was presented. Since then, the problem
has been elucidated gradually, and the implications of the earlier
results on the concepts of separation were explored further by the
author.2 A surface-flow experiment by Stetson3 was later found
to be in clear agreement with the flow reversal, feature (a). Also,
as a partial check of the calculations, experiments have been
carried out by Wilson.4 He investigated the leeside symmetry-
plane boundary layer over a spheroid identical in geometry to
that used in our calculation. The pressure and the w-velocity
profiles at a number of stations were measured at various in-
cidences. Smoke was injected from the rear to observe the sepa-
ration point. The main findings, to be discussed later, agree with
the foregoing cited features (b) and (c).

In the present work, we shall first in Sec. 2 attempt to clarify
further the previously investigated incidence effects to the
symmetry-plane boundary layer. This includes extension of the
solutions to establish complete systematic trends of separation,
further explanations of previously unexplained features, and com-
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Fig. 2 Reversal of di;/d0-profile.

parisons with Wilson's experiment. Later in Sec. 3, we shall
present results of the thickness effects on the symmetry-plane
boundary layer over a spheroid at a fixed incidence. As the
thickness ratio varies from unity to zero, the body shape changes
from a sphere to a long cylinder, hence including a number of
configurations of common interest. The central question for the
latter investigation is how these aforementioned unconventional
features will change if the thickness ratio varies. The present paper
is based on a report5 where more details can be found.

2. Incidence Effects
Predictability of the Cross-Flow Reversal

Among the unexplained unconventional features, one example
is why and how the dt;/d0-profile reverses. This reversal was found
unexpectedly, but it can be predicted from the consideration of
the sign change of the circumferential pressure curvature. Near
the body surface (z -»0), as the inertia terms drop out, Eq. (5c)
in Ref. 1 becomes

hed92

which shows that the reversal of dt;/<30-profile will occur only
when the curvature d2p/d92 may become negative on the leeside
and positive on the windside meridian. Results of d2p/d92 from
the present extended calculation confirm that this is indeed the
case.

The circumferential pressure curvature calculated maintains a
consistent pattern with increasing incidence. In other words, it
changes only in degree, but not in character with incidence. Con-
sequently, flow features which depend strongly on this curvature
follow a consistent trend. Such features include the variation of
di;/d0-profile and the point at which dv/dO reverses sign (i.e.,
point R, see Fig. 6).

Extended Calculations
The range of incidence in our earlier calculation1 was from zero

to 32°. This has now been extended to 90°. The new windside
results continue to exhibit the trends established earlier,1 but the
new leeside results reveal additional significant features with
respect to the separation phenomenon. We shall describe here
only some highlights of the extended calculations to supplement
what have already been reported in Ref. 1.

For the windside, as the incidence further increases from 30°
to 90°, the pressure gradient continues to become favorable over
most or all of the surface. The point of maximum pressure (i.e.,

FLOW
e = o

a)
u/U

Fig. 1 Flow over a spheroid (b/a = i). Fig. 3 Flattening of u-profile.
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190°

Fig. 4a Windside skin fric-
tion.

1.0

-4.315 AT Ji = -0.9995

stagnation point) shifts very slowly downstream for incidences
between 0° and 60°, (for b/a = |), but extremely rapidly for values
between 60° and 90°. At a fixed //-station, the /^-velocity profile
becomes thinner; and from 45° incidence and up, it changes very
little. At low incidences (0° ~ 12°), the w-velocity profile grows
thicker in the downstream direction; at higher incidences
(45° ~ 90°), this trend is reversed. In the intermediate range (say

30°), the w-velocity profile first grows thicker in the downstream
direction, but stops growing and even becomes slightly thinner
until shortly before separation. The dv/d9-profi\e behaves much
the same as the w-profile. Such behavior of the basic profiles leads
to the following results at higher incidences: the skin friction
(Fig. 4a) continues to increase in the downstream direction (rather
than decrease as in the low incidence cases), the separation point

30°

Fig. 4b Leeside meridional
presure gradient.
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Fig. 4c Leeside skin fric-
tion.

-1.0 -0.8

continues to move downstream, and the displacement thickness
becomes smaller at a fixed /i-station. At lower incidences
(0° ~ 12°), the displacement thickness increases in the down-
stream direction; at the limiting high incidence (i.e., 90°), this
trend is reversed. In the intermediate range, the displacement
thickness first grows slowly and then shows little change or a
slight decrease. The differences in the displacement thickness for
incidences between 30° and 90° are very small. One is re-
minded that the displacement thickness referred to here is based
on the w-velocity profile only. It presents an interesting contrast
to the usual two-dimensional or axi-symmetrical case, but is not
the complete displacement thickness in a three-dimensional flow
involved here. This remark holds throughout this paper.

For the leeside, as the incidence increases, the meridional
pressure gradient becomes more adverse, as expected. But what
has usually not been noticed is how this gradient becomes more
adverse (i.e., the effect of the meridional pressure curvature), and
this turns out to have a great bearing on the leeside boundary-
layer features. As shown in Fig. 4b, the meridional pressure
gradient gradually becomes adverse for low incidences (0° ~ 12°),
but at higher incidences it rises rapidly to a maximum in the
front and then falls off. This leads to the formation of a "hump"
or "barrier." Such behavior of the pressure gradient follows from
the curvature change near the front in the pressure distribution
(as shown in Fig. 7) case of 31.78° in Ref. 1. There, a large posi-
tive curvature changes quickly into a smaller negative one, im-
plying precisely that an adverse pressure gradient rises rapidly to
a maximum and then falls off thereafter.

When such a barrier is sufficiently high (e.g., 45° for b/a = i),
the meridional flow near the surface would be stopped and sepa-
ration occurs at the very front. When the "barrier" is not high
enough and is therefore surmountable (say 30°, 38° cases), the flow
may penetrate far back to the rear even after being severely
decelerated. The resulting boundary-layer characteristics and the
separation problem are quite altered (see later discussion on
separation). The formation of a "barrier" of the meridional pres-
sure gradient is also closely accompanied by a change of sign of
circumferential pressure cirvature; hence the interplay between
these two controlling factors over the symmetry-plane is evident.

Such meridional pressure gradient distribution gives rise to a

number of unusual boundary-layer characteristics. These include,
for example, the flattening of the u-velocity profile (which will be
discussed later), the skin friction, and the movement of the
separation point. The present extended calculation of skin friction
at higher incidence brings out an important feature about sepa-
ration. Although it was noted1 that at low incidences, the skin
friction (Fig. 4c) decreases from a maximum near the nose gradu-
ally andmonotonically to zero at the separation points; at large
incidence (say about 30°), the skin friction first drops rapidly to
a minimum and increases gradually before it finally resumes its
decline. Only after the calculation was extended to higher in-
cidence, it became clear that this minimum grows deeper at larger
incidence (38°), and finally the skin friction becomes zero near
the front when the incidence is 40°. This result is important in
developing a systematic separation picture. We shall return to
this question later.

Comparisons with Wilson's Experiments
Wilson4 carried out experiments to check specifically parts of

the results calculated earlier. The experiment included measure-
ments of the pressure, u- velocity profiles, and the separation point
on the leeside of a spheroid with a thickness ratio of 3.

Comparison ofu-velocity profile
Presented in Figs. 5a and 5b are the w-velocity profiles at two

leeside stations at different incidences. The experimental results

Fig. 5a Comparison of leeside w-velocity profile at \JL — - 0.833.
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Fig. 5b Comparison of leeside w-velocity profile at ju = 0.
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Fig. 5c Comparison of leeside pressure.

are taken directly from Wilson's thesis.4 The agreement between
theory and experiment is good. At an upstream station
ju = -0.833 (Fig. 5a), the profiles gradually move up (i.e., be-
come thicker) as the incidence increases. The experimental
boundary-layer thickness is somewhat greater than the calculated
value. The relative position of these curves for different incidences
is significant for our present purpose.

At the midstation, n = 0 (Fig. 5b), both the calculation and
experiment indicate that the profiles for lower incidences in-
cluding 0° grow thicker compared to their values in Fig. 5a; that
for 12°, the profile grows only slightly thicker, whereas the 31.8°
profile becomes much thinner and moves downward relative to
those of 0° and 12°. In fact, it becomes thinner than the cor-
responding profile for the preceding station (Fig. 5a).

Comparisons at other stations generally show that for higher
incidence, the profiles grow thinner at a faster rate according to
the experiment. The most heartening fact resulting from these
comparisons is Wilson's experimental confirmation of the theo-
retically predicted flattening trend of the w-profiles [feature (b) in
Sec. 1].

Comparison of the separation point
Smoke visualization was used by Wilson to determine the

separation point. Smoke was injected from the rear and the flow
carried it forward until the point of separation was reached.
Because of the limited precision of such a technique, the sig-
nificance of smoke studies rests mostly with the qualitative in-
dications of the relative movement of the separation point as the
incidence changes. The following table gives the comparisons.

Table 1 Comparisons of separation point as incidence angle changes

Incidence
(degrees)

0
3
6
9

12

Separation
Experiment

0.61
0.57
0.68
0.87

point (ju)
Calculation

0.7700
0.6600
0.7240
0.8070
0.8517

Both the experimental and calculated results display the same
trend of the movement of the separation point, i.e., moving for-
ward at low incidence and backward at higher incidence. Thus,
Wilson's experiment supports the third feature (c) noted in Sec. 1.

Comparison of pressure distribution
Figure 5c, taken directly from Wilson's thesis, gives the com-

parison between experimental pressure and the pressure pre-
dicted by potential flow theory and used in our calculations. As

7] 90

Fig. 6 Variation of points
R and S with incidence.
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expected, the agreement becomes poorer in the afterbody as the
incidence increases. The rapid growth of the boundary-layer
thickness on the leeside at high incidence makes the "actual" body
fatter. The flow, therefore, becomes less decelerating and the
pressure distribution becomes less adverse. Early measurements
by Jones6 show a similar trend.

Thus, it may be stated that Wilson's experiment confirms the
new findings in our earlier work. We shall later comment on
why the agreement between experiment and calculation is reason-
ably good, even at high incidence, despite the large difference in
pressure distribution under these circumstances.

Systematic Separation Picture
Figure 6 summarizes the incidence effects on the location of

the reversed flow starting point R and the separation point S. On
the windside, both R and S gradually move rearward as the in-
cidence increases. Movement is confined to a small distance near
the rear. The leeside results are more complex and are important
in the context of the general subject of three-dimensional laminar
boundary-layer separation. As the incidence increases, point R
moves continuously forward. On the other hand, point S first
moves forward and later rearward, and then, at still higher
incidence (approximately 40° for a spheroid of b/a = i), it jumps
to the front end and moves slowly forward thereafter. Although
the forward and rearward movement of the separation point near
the rear end was noted earlier in Ref. 1 for incidences up to
roughly 30°, and although, at extremely high incidence, one in-
tuitively expects that the separation will occur on the forebody,
it was not clear just how the transition actually takes place.
Especially confusing was the aft shift of the separation point just
prior to such a change.

The present result reveals that the change occurs in the form
of a sudden jump rather than a gradual, smooth transition. This
implies a sudden change of one type of separation (free vortex
type) into another type (bubble type). The characteristics of these
distinct types of separation have been discussed before.2 In any
case, the present leeside results provide a more complete sepa-
ration picture for the whole range of incidence from zero to 90°.

Rearward Movement of the Leeside Separation Point
Another unconventional feature unexplained earlier1 is the

rearward movement of the leeside separation point. At high in-
cidence, the pressure gradient becomes more adverse on the lee-
side but the separation point moves rearward instead ol forward.
At first glance, the validity of the prediction seems to be question-
able.

In Wilson's experiment, the pressure gradient was found to be
slightly favorable on the afterbody and this was interpreted as
the cause of the rearward movement of the separation point. Al-
though this interpretation appears to be reasonable, there is left
unanswered the question of why the same behavior was first
discovered in our earlier calculation where the theoretical pres-
sure gradient was adverse. There is no doubt that favorable or
less adverse pressure gradient in the afterbody on the leeside
would tend to move the separation point rearward; but this is
not the main reason, because the same phenomenon occurs also
in an environment of adverse pressure gradient.

A more direct cause for the rearward movement may be the
flattening of the w-velocity profile. A flat near-uniform velocity
profile certainly carries larger momentum and, hence, can pene-
trate the adverse pressure gradient farther so that the separation
is postponed. Since the flattening of the w-velocity profile was
found in both Wilson's experiment and our calculations, this in-
terpretation is consistent with both observations.

One may then wonder how the flattening of the w-velocity
profile happens, especially where the pressure gradient is ad-
verse. Two-dimensional boundary-layer theory normally dictates
that an adverse pressure gradient tends to steepen the profile
rather than to flatten it, but this rule is not followed in the
present three-dimensional case. Here, the flattening of the
w-velocity profile results from the decrease of meridional pressure
gradient behind a peak and from the reversal of the di;/d0-profile

near the surface. Intuitively, it seems that when the fluid near the
surface flows away from (rather than toward) the symmetry
plane, the symmetry plane flow (again near the surface) will be
accelerated, so that the profile across the boundary layer will
become more uniform.

Validity of the Leeside Solution at High Incidence
In our first calculation,1 we noted that, since the boundary-

layer thickness is so large, 1) the basic concepts for a thin
boundary layer may no longer hold, and 2) the theoretical pres-
sure is bound to be inaccurate. These considerations are further
augmented by the unconventional nature of the results obtained
and raise a question of the validity of those results.

Later in Ref. 2, it was suggested that flow in the leeside region
under the circumstances considered is indeed in an un-
conventional "separated" state. By "unconventional" it is meant
here that 1) the separated region originates from the same front
stagnation point, as does the unseparated region, and 2) the
separation line does not pass through singular points of the
limiting streamlines.

We contend that the leeside symmetry-plane boundary layer
can be calculated up to the point S; the results check well in the
front portion and agree at least qualitatively in the after-portion
with Wilson's experiment. We take this as evidence in supporting
our calculated solutions. It is true that this meridional pressure
distribution is seriously inaccurate on the afterbody, but the
symmetry-plane flow is not determined by this pressure gradient
alone. In fact, the circumferential pressure curvature for a body
of revolution, as shown before, changes for all cases only in
degree but not in character. This property will persist to a large
extent even when the change in body shape due to the boundary-
layer thickness is taken into account; the resulting cross section
will still be a smooth symmetrical one.

3. Thickness Effects
Previous investigations of the thickness effects on the boundary

layer over elliptical cylinders and spheroids have been presented
by Pretsch7 and Schlichting8 for zero incidence using the momen-
tum integral method. Here, we consider the thickness effects
(Fig. 7) on the symmetry-plane boundary layer at a fixed
moderate incidence. We shall see that a change of thickness
affects the windside and the leeside symmetry-plane boundary
layers in rather different ways and that, if the axisymmetric case
were chosen to study the thickness effects, one then would obtain
a picture similar to that for the windside only while other more
interesting features on the leeside will not be uncovered.

Windside Results
Figure 8a gives the windside pressure distribution. As the thick-

ness ratio decreases, this distribution generally becomes linear
(except near the ends), and its magnitude becomes rather small.
The distribution changes from one which is favorable at the front
and adverse at the rear to one slightly favorable throughout most
of the windside.

Fig. 7 Spheroid of different thickness ratios.
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12°

Fig. 8a Windside pressure.

As the thickness ratio decreases, the circumferential pressure
curvature (Fig. 8b) increases in magnitude, and the point where
its sign changes from positive to negative moves aft. Change of
thickness merely shifts the distribution curve downward with
little change in character. This property also was noted in con-
nection with the incidence effects. So far as this pressure
curvature is concerned, a decrease in thickness ratio at a fixed
incidence has an effect similar to that of an increase in incidence
for a fixed body. Hence, flow features mainly influenced by this
pressure curvature will be expected to exhibit the same trend.

At a fixed /^-station, the w-profile generally becomes thinner as
the thickness decreases, and this pattern is maintained through-
out the windside. For fixed higher thickness ratios (say, b/a > 0.5),
the profile continues to grow thicker in the downstream direction
(i.e., steepen up as depicted in Fig. 3a); whereas for fixed lower
thickness ratios (say b/a = 0.125), the profile grows only a little
thicker in the front and remains almost unchanged thereafter.
It is noted that decrease of thickness at fixed incidence and in-
crease of incidence for fixed body also have generally similar
effects on the windside w-velocity profile even though the meri-
dional pressure gradient behaves quite differently in the two cases.

The dt;/d0-prof]le behaves very much the same as the w-velocity
profile just described. A reversed shape appears only a short
distance ahead of the separation near the rear end for higher
thickness ratios. The point, R, where the reversed profile starts,
is shown later in Fig. 10 together with the separation point.

Figure 8c gives the skin friction along the windside symmetry
plane. As the thickness decreases, the skin friction generally be-
comes larger and the separation point gradually moves down-
stream.

Figure 8d gives the displacement thickness distribution. With
decrease of the thickness ratio, the displacement thickness de-
creases as the skin friction increases. For fixed larger thickness
ratios (b/a > 0.25), AM* remains nearly constant. Figure 8d bears
a strong resemblance to Fig. 6f of Ref. 1, with the correspondence
between decrease in thickness ratios and increase in incidence.

Leeside Results
The leeside pressure distribution can be seen from Fig. 8a by

a reflection about the vertical axis. For example, in the case of
b/a = 0.125, the pressure distribution will become slightly adverse

a = 12°
0.50

Fig. 8b Windside circumferential
pressure curvature.

0.8
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Fig. 8c Windside skin fric-
tion.

0.5-

-1.0 0.4 0.6 0.8 1.0

(rather than favorable as on the windside) throughout most of
the leeside. The leeside circumferential pressure curvature can be
similarly seen from Fig. 8b.

On the leeside, the boundary layer is always much thicker and
also more complex. At a fixed front /^-station, the u-profile
becomes thinner as the thickness ratio decreases. This pattern is
the same as on the windside. However unlike in the windside
case, this pattern is not maintained at fixed downstream stations.
This results from the fact that w-profile grows faster over more
slender (smaller thickness ratio) shapes at a fixed incidence. The
latter, in turn, reflects the fact that a more slender shape is more
sensitive to the incidence effect. Consequently, at downstream
stations, the w-profile for smaller thickness ratios may become

thicker (rather than thinner as on the windside) than that for
larger thickness ratios.

Furthermore, the leeside w-profile for a given larger thickness
ratio at fixed incidence continues to steepen up in the down-
stream stations (as the pattern depicted in Fig. 3a); but that for
a smaller thickness ratio first steepens up and then flattens down,
corresponding to the pattern depicted in Fig. 3b. This, again,
suggests a correspondence between the decrease of thickness ratio
at a fixed incidence and the increase of incidence for a fixed body.

The dt;/d0-profile on the leeside differs from the w-profile mainly
in the occurrence of flow reversal. The earlier the reversal of
di;/d0-profile starts, the smaller is the thickness ratio. The cor-
respondence between increase of incidences for a fixed body and

2.5

2.0 -

A*̂  1.5

1.0

0.5

a = 12°
8 = 0

Fig. 8d Windside displacement
thickness.

-1.0 -0.8 •0.6 -0.4 -0.2 0.2 0.4 0.8 1.C
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Fig. 9a Leeside skin fric-
tion.

decrease of thickness ratios at a fixed incidence is noted to be
even more complete in the di;/d0-profiles. This is apparently due
to the correspondence in their respective circumferential pressure
curvature distributions, as pointed out before.

Figure 9a presents the skin-friction distributions on the leeside.
It displays clearly the gradual change from the familiar half-oval
shape distribution for a sphere to the distribution for a long
cylinder. Compared to Fig. 8c for the windside, the leeside skin
friction for smaller thickness ratios becomes smaller (rather than
larger, as in the windside), because the pressure is less adverse.

Figure 9b gives the displacement thickness distribution on the
leeside. For larger thickness ratios, the displacement thickness
increases continuously in the downstream direction, whereas for

smaller thickness ratios, it increases first and then falls off. This
follows from the fact that the w-velocity profiles continue to
grow thicker in the former, but the w-profiles grow thicker first
and then thinner in the latter. A close resemblance between the
present Fig. 9b and Fig. 7f of our earlier work1 is noted, and
there is a definite correspondence between increase in incidence
and decrease in thickness ratio.

Conclusions
In several aspects, it is seen that decreasing the thickness at

a fixed incidence has an effect similar to that of increasing the
incidence for a fixed body.

2.5 r

Fig. 9b Leeside displacement
thickness.
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•1 0.6 -

0.8 -

1.0
-1.0

Fig. 10 Variation of R and S
with thickness.
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The systematic variation of the thickness effects on the location
of the reversed flow starting point R and the separation point S
is summed up in Fig. 10. On the windside, both R and S gradually
move rearward as the thickness decreases. On the leeside, while
point .R moves continuously forward, point S moves first forward
and then rearward. It is very likely that point S would jump to
the front end as the thickness continues to decrease in analog to
the same jump shown in Fig. 6. Compared to Fig. 6, the afore-
mentioned correspondence between decreasing the thickness at a
fixed incidence and increasing the incidence for a fixed body
generally prevails.

In response to our opening question in the Introduction,
namely, how features of the incidence effects will change if the
thickness changes, we would like to conclude by reiterating the
following two points: 1) these features, and especially the sepa-
ration phenomena regarding points R and S for a fixed body
at different incidences, prevail for other bodies also; and 2) the
incidence effects are more pronounced for a more slender body.
The leeside symmetry-plane boundary layer of b/a equal to 0.125
at 12° incidence has all the characteristics of the boundary layer
associated with a b/a equal to 0.25 at incidence slightly below
30°. The abrupt change in type of separation that occurs for b/a
equal to 0.25 at about 40° incidence may be assumed to take place
at considerably lower incidence for b/a equal to 0.125.
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