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Boundary Layers in Planes of Symmetry,
Part I: Experiments in Turbulent Flow

V.C. Patel* and J.H. Baekf
University of Iowa, lowa City, Towa

Experiments were conducted in the turbulent boundary layer in the windward and leeward planes of symmetry
of an axisymmetric body at an incidence of 15 deg. The measurements include pressure distribution, mean veloc-
ities, and turbulence. The results are used to assess the influence of external-flow convergence and/or divergence
on the turbulence and the overall development of the boundary layer. These data, and the somewhat limited
information available from previous experiments, are utilized in Part II of this paper, which describes a com-
plementary computational study to explore further the effects of external-flow convergence and divergence in

laminar and turbulent boundary layers.

I. Introduction

HE boundary layer along a plane of symmetry is con-

sidered. For three-dimensional bodies, such as ship hulls
and aircraft fuselages, the flow in the plane of symmetry pro-
vides the boundary conditions to be satisfied by the flow on
either side of it and consequently dictates the behavior of the
boundary layer over the entire body. The complexity of the
plane-of-symmetry boundary layer is intermediate to that of
the idealized two-dimensional boundary layer, on the one
hand, and the fully three-dimensional boundary layer, on the
other. It differs from the former in the presence of lateral flow
convergence or divergence and from the latter in the absence
of a cross flow. It is of interest to study this rather special
boundary layer for several reasons. First, its development can
be calculated independently of the flow elsewhere on the body,
and therefore the results can be used to provide the boundary
conditions for the calculation of the three-dimensional bound-
ary layer on the body. Alternatively, the independent calcula-
tions can be used to provide a check on the performance of
methods which include the planes of symmetry in the solution
procedure. Second, the plane-of-symmetry boundary layer of-
fers the opportunity to isolate and study the influence of flow
convergence and divergence in the absence of a cross flow.
Divergence of flow out of a plane of symmetry retards the
boundary-layer growth and therefore delays transition. Cal-
culations and experiments, however, indicate that prolonged
convergence of the external streamlines leads to a zone of
divergent flow near the surface, and this provides a mechanism
for a vortex type of separation on the body. Third, the tur-
bulent boundary layer in a plane of symmetry provides a simple
but effective test of the ability of turbulence models to account
for the extra straining of turbulence due to mean-flow con-
vergence and divergence. Fourth, since measurements in
nominally two-dimensional boundary layers are usually made
in the plane of symmetry of models and ducts of finite, and
often small, aspect ratio, such data usually contain un-
documented influence of convergence or divergence.

Very few experimental or theoretical studies explicitly de-
voted to plane-of-symmetry boundary layers have been re-
ported. For laminar flow, Wang 23 carried out systematic
calculations of boundary-layer development in the symmetry
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plane of a prolate spheroid at various incidences and showed
that the solutions admit a variety of separation patterns on the
body although the issues of definition and prediction of
separation still remain unsettled. Similar calculations have
been reported recently by Schneider.* Experimental informa-
tion in laminar flow is rather limited and, as will be discussed
later, comes from the measurements of Meier, Kreplin, and
others *® on a spheroid at incidence. In turbulent flow, ex-
periments in three-dimensional boundary layers involving
planes of symmetry have been carried out by Hornung and
Joubert,® East and Hoxey,'® Dechow and Felsch,!! Krog-
stad,'? and Pierce and McAllister.!> All these considered the
boundary layer ahead of a symmetrical obstacle mounted on a
flat surface so that the flow in the plane of symmetry is
divergent throughout and separates (with zero skin friction) at
a saddle point in wall streamlines just ahead of the obstacle.
Measurements in the boundary layer along ship keels, and the
body of revolution experiments of Meier, Kreplin, and others,
and of Ramaprian, Patel, and Choi,'* also provide some data
in the plane of symmetry. However, turbulence measurements
were not made in these experiments, and therefore the infor-
mation necessary to validate turbulence models is not
available. Calculations of turbulent boundary layers using in-
tegral and differential methods have been reported by many
authors, but comparisons with experiments are limited to the
mean flow and, in most instances, to planes of symmetry with
flow divergence.

From the foregoing brief review, it is clear that data on
plane-of-symmetry boundary layers subjected to mean-flow
convergence, or simultaneous convergence and divergence, is
quite limited, and practically no information is available on
the influence of either convergence or divergence on the tur-
bulence. Extensive previous work in nominally two-dimen-
sional boundary layers has indicated a very strong influence of
extra rates of strain (in addition to the primary strain rate)
due, for example, to surface curvature, rotation, and buoy-
ancy (see Bradshaw!®) on the turbulence structure. Similar ex-
tra strain rates are present in the plane-of-symmetry boundary
layer due to the mean-flow convergence and divergence. Tur-
bulence measurements in these flows are therefore of fun-
damental interest in the study of turbulent shear flow, in
general, and three-dimensional boundary layers, in particular.

A body of revolution at incidence is perhaps the simplest
configuration that can be used to study all aspects of plane-of-
symmetry boundary layers. The potential-flow streamlines
(outside the boundary layer) diverge out of the windward
plane of symmetry and converge into the leeward plane. Thus,
the boundary layer on the windward plane is subjected to a
divergent external flow. The convergence of the external
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streamlines into the leward plane initially subjects the flow in
the entire boundary layer to convergence but, further
downstream, the boundary layer experiences divergence near
the wall and convergence in the outer part. The flow in the
plane of symmetry of bodies at incidence is therefore the focus
of the present study. However, the results and conclusions are
of more general interest.

Mean-flow and turbulence measurements have been made
in the boundary layer on the windward and leeward planes of
symmetry of a body of revolution that consists of a
hemispheric nose joined to a half-spheroid. This first part of
the paper is concerned with the experimental study. The
results of these experiments, together with those from some
previous experiments, are then used in Part II,! in conjunction
with a boundary-layer calculation method, to illustrate the in-
fluence of external-flow convergence and divergence on
laminar, transitional, and turbulent boundary layers.

II. Experimental Arrangement and Procedures

The experiments were conducted in the 5-ft octagonal-
section wind tunnel of the Iowa Institute of Hydraulic
Research with the same model as that used in the previous
three-dimensional mean-flow experiments of Ref. 14. The
model was mounted at a nominal incidence of 15 deg, and the
measurements were made at a tunnel speed Q,=21.4 m/s, so
that the Reynolds number based on model length L was
1.86x 109,

Figure 1 shows the model geometry and the notation used in
the presentation of the data. X is the distance measured along
the model axis from the nose. The measurements were made in
the orthogonal coordinates (x,y,0); x and y being along and
normal to the surface, respectively, and 8 =0 and 180 deg cor-
responding to the windward and leeward generators, respec-
tively. The mean and fluctuating velocity components in the
(x,y,0) directions are denoted by (U,V, W) and (u,v,w). All
data are normalized using L and Q,.

Since the surface pressure distribution and mean-velocity
profiles had been measured in the previous experiments, these
could have been supplemented simply by making the cor-
responding turbulence measurements. However, in order to
obtain a complete and self-consistent set of data, it was de-
cided to repeat the previous measurements. Small but
systematic differences between the new and previous data were
observed. Although the reasons for these are not entirely
clear, it is believed that they may be due to small differences in
the model alignment or the effectiveness of the trip wire
located at X/L=0.04, used to promote transition. Only the
new data are reported here.

The experimental procedures used for the measurement of
the pressure distribution on the body and the mean-velocity
profiles by pitot probes were similar to those described in Ref.
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14. Although a simple pitot tube would have sufficed for the
measurement of mean velocity in the plane of symmetry, a
three-hole yaw probe was used in order to ascertain the degree
of flow symmetry and to measure the variation of static
pressure across the boundary layer.

Standard x-type (DISA 55P51) hot-wire probes were
employed for the turbulence measurements. The difficulty of
making reliable turbulence measurements in a three-
dimensional flow (by multiple probes, triple wires, or laser
anemometers) is well known. However, measurements in the
plane of symmetry can be made with some confidence using
conventional cross-wire probes due to the absence of a cross
flow. Thus, these data serve the additional purpose of pro-
viding a check on measurements made elsewhere on the body
by other means. The anemometer voltages were processed
digitally by using a Preston A-D converter and the HP-1000
computer. Measurements were made with the plane containing
the x wires normal to the body surface (u-v configuration) and
parallel to the surface (u-w configuration) to obtain all veloc-
ity components.

The experimental results consist of 1) pressure distributions
measured by surface taps and the yaw probe; 2) distributions
of the mean-velocity components U and W measured by the
yaw probe, and U,V, and W by hot wires; 3) the Reynolds
stresses u?, v?, w?, uv, and uw; and 4) the triple products #3,
uv?, utv, v3, w3, uw? and u?w. It should be mentioned that
some of these quantities should be zero in the plane of sym-
metry, and therefore the data can be used to ascertain the
degree of symmetry realized in the experiment. The yaw-probe
data were obtained at six stations labeled 1-6: X/L =0.169,
0.234, 0.326, 0.419, 0.530, and 0.641 but, because of the
limitations of the traverse mechanism inside the model and the
differences in probe lengths, hot-wire data could be obtained
at only four intermediate stations labeled 3H-6H:
X/L=0.291, 0.384, 0.495, and 0.606 (see Fig. 1). The uncer-
tainties in the data have been estimated to be as follows: 0.5%
of freestream dynamic head for surface pressures; 0.5 deg in
angle, 0.7% of dynamic head in velocity magnitude, and 1.5%
of dynamic head in local pressure for yaw-probe
measurements; and 0.6% of freestream velocity for all hot-
wire data, resulting in uncertainties of the order of 10% in the
Reynolds stresses.

III. Pressure Distribulion

Figure 2 shows the pressure distributions on the body along
the windward and leeward planes of symmetry. The pressure
coefficient C, is defined by

C,=(P=Py)/Vip O3

P
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Fig. 1 Model geometry, measurement stations (in mm), and coordinates.
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Fig. 2 Surface pressure distribution at 15-deg incidence. o, experiment; —, potential flow: a) windward and b) leeward.
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Fig. 3 Pressure profiles; o, yaw probe; x, surface tap: a) windward and b) leeward.
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where P is the local pressure; P, and @, are the pressure and
velocity, respectively, in the undisturbed stream in the tunnel;
and p is density. The measurements are compared with the
potential-flow distribution calculated by the method of Land-
weber and Macagno'® at an incidence of 15 deg. The general
agreement between the data and theory over the front of the
body suggests that tunnel blockage is negligible and that the
departures observed for X/L >0.8 on the windward side and
X/L>0.3 on the leeward side are due to viscous-inviscid

interaction.

The variations of pressure across the boundary layer
measured by the yaw probe at the six axial stations are shown
in Fig. 3. Also indicated, is the size of the probe, the local
boundary-layer thickness & determined from the total- -pressure
profiles, and the independently measured surface pressures.
The data point closest to the wall thus corresponds to the
reading at the probe center with the probe resting on the wall.
It is clear that the data-points within distances of the order of
one probe-height show rather peculiar trends, presumably
resulting from interference between the wall and the probe.
This is particularly noticeable on the windward side, where the
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boundary layer is rather thin. If these data are dlsregarded it
is seen that the pressures measured at the wall agree
reasonably well with extrapolations from those measured fur-
ther away within the boundary layer.

In general, the variation of pressure across the thin bound-
arylayer on the windward side is quite small (AC,<0.02), and
the pressure increase through the layer is consistent with the
convex streamwise curvature of the body surfacé. On the
leeside, the pressure is also seen to increase with distance from
the wall at all stations, with the largest increase (of the order
of 0.07 in C,) observed at the last measurement station, but
the convex surface curvature is not large enough to account
for this. Thus, the observed pressure variation on the leeside
must be attributed to viscous-inviscid interaction. It is in-

teresting to note that the differences between the pressures
measured at the wall and at the edge of the boundary layer are
almost identical to the differences between the measured and
potential-flow surface pressure distributions shown in Fig. 2.

Thus, it would appear that the potential-flow solution pro-

vides a good approximation to the flow outside the boundary

layer. This is confirmed by the velocity measurements pre-

sented later.
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Fig. 5 Velocity at the edge of the boundary layer: U, on symmetry plane; W, at 4 deg on either side of symmetry plane. o, o, experiment; —,

potential flow: a) windward and b) leeward.

IV. Mean Velocity Profiles

The component of velocity W in the circumferential direc-
tion should be zero in the plane of symmetry. The yaw-probe
measurements indicated that the angle between the velocity
vector and the geometric plane of symmetry of the body was
nowhere greater than 3 deg, i.e., W <0.05U. This was also
confirmed by the hot-wire measurements. Although W=0, its
circumferential gradient, dW/d8, is not zero. In fact, this
quantity is a measure of the rate of lateral convergence or
divergence of the mean flow from either side of the symmetry
plane. Initially, an effort was made to measure this by using
the yaw probe along body generators on either side of the sym-
metry plane. However, reliable data could not be obtained
because of the rather small cross-flow angles and the accuracy
with such data could be differentiated to obtain the required
gradient.

The velocity profiles measured by the yaw probe are shown
in Fig. 4. It is clear that the boundary layer on the windward
side remains thin (less than 8.2 mm in the region of
measurements) as a result of flow divergence out of this plane,
and indeed the thickness decreases beyond station 4. On the
other hand, the boundary layer on the leeside is much thicker,
due to the convergence of flow into this plane, and exhibits a
large growth rate. These features are of course the same as
those noted in Ref. 14,

The measured longitudinal variation of the velocity at the
edge of the boundary layer U, is compared with that deduced
from the potential-flow pressure distribution in Fig. 5. As
noted éarlier, the agreement is seen to be quite satisfactory.
Also shown in this figure are the measured circumferential
velocities W, along generators 4 deg on either side of the sym-
mietry planes. The scatter in the data and the magnitudes in-
volved clearly illustrate the difficulty of accurately measuring
the rates of convergence and divergence even in the external
flow. Nevertheless, these measurements confirm that the
experimental flow was reasonably symmetric along the wind-
ward and leeward sides. The comparisons with the potential-

flow solutions, however, indicate that the actual rates of
convergence and divergence are larger than those predicted by
potential theory, particularly on the leeside.

All three components of mean velocity, namely, U, V, and
W, were also measured with cross wires in two configurations
at the four axial stations indicated in Fig. 1. With regard to the
hot-wire measurements, we note that the thin boundary layer
on the windward side precluded measurements in the inner
half of the boundary layer. Also, at station 6H on the leeside,
the boundary layer was too thick to be measured in a single
traverse of the probe. These measurements were therefore car-
ried out in two parts after carefully realigning the probe and
ensuring a region of overlap between the two traverses. From
the data presented later, it will be seen that reasonable con-
tinuous profiles were obtained in spite of the separate
traverses.

The U components measured with the two configurations of
cross wires were found to be in excellent agreement. Also,
when interpolated, these data showed excellent agreement
with the yaw-probe results. The measurements of the W com-
ponent confirmed the earlier observation that the maximum
deviation of the velocity vector from the plane of symmetry
was less than 3 deg. The normal velocity component V was
found to be small and negative everywhere on the windward
side, as would be expected in a thin boundary layer with a
laterally divergent flow. In view of these observations, most of
the mean-flow data from the hot wires are not presented here.
However, the measurements of the normal velocity on the
leeside are particularly interesting and are shown in Fig. 6. It is
seen that V'is positive at the first station (3H), as would be ex-
pected from the flow convergence into this plane. Further
downstream, beyond station 4H, there is a growing region of
negative V near the surface and a region of positive V in the
outer part. The former is associated with the development of
divergent flow in the inner part of the boundary layer. Thus,
the boundary layer along the leeside is initially subjected to
convergence, but it experiences simultaneous convergence and
divergence further downstream.
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V. Turbulence Measurements

Although the hot-wire data were obtained at four
longitudinal stations along each plane of symmetry, for the
purposes of the present discussion, it is sufficient to show the
results at the most upstream (3H) and the most downstream
(6H) stations since they contain all the important effects of
convergence and divergence. Readers interested in the com-
plete data set should consult Ref. 17. Tabulated data are also
available form the authors.

The rms turbulence intensities u’, v’, and w’, defined by
u’ =(u?", etc., are shown in Fig. 7. It is seen that the value of
u’ measured with the two configurations of the cross wire are
in very good agreement, especially in the region where the
boundary layer is thick enough for probe-size effects to be
negligible. On the windward side, v’ and w’ are nearly equal
and somewhat smaller than u’. It is not clear whether this is
significant since data in the important wall region could not be
obtained. On the leeside, the relative magnitudes of the three
components and the shapes of the distributions at the
upstream station are similar to those observed in a two-
dimensional boundary layer. However, at the downstream sta-
tion (6H), major changes appear, both in the shape and
relative magnitudes of the three components, and the absolute
values are greatly decreased.

The two shear stresses (vv and uw) that were measured are
shown in Fig. 8. Note that uw should be zero on the plane of
symmetry. The third stress, vw, which was not measured,
should also be zero. It is seen that uw does not vanish
everywhere. The values on the windward side are quite signi-
ficant although they are all much smaller than the primary
stress uv in the region of the measurements. The results indi-
cate that uw decreases toward the wall whereas uv increases
continuously. Although the lack of data over a large region in
the inner part of the boundary layer precludes any definitive
conclusion, the most probable reasons for the nonzero values
of uw are the effects of probe interference and alignment
rather than lack of flow symmetry. On the leeward side, the
boundary layer is much thicker, and therefore the same probe
enabled measurements to be made closer to the wall, in terms
of boundary-layer thickness. In this case, the decrease in uw in
the near-wall region is clearly seen and, at station 6H, it is
practically zero throughout the boundary layer.

The distributions of the primary shear stress uv suffer from
similar defects on the windward side but are much more com-
plete on the leeside. The values of the wall shear stress, deter-
mined independently from the mean-velocity profiles and the
law of the wall, are also indicated. It is seen that the measured
distributions of uv can be extrapolated smoothly (with some
uncertainty on the windward side) to the wall shear-stress

values, and the resulting slopes of the stress distribution in the
wall region are compatible with the local pressure gradients,
which can be seen from Fig. 2. Thus, for example, on the
leeside, the increase in the Reynolds stress with wall distance at
station 3H is indicative of the adverse pressure gradient seen in
Fig. 2 at that station, while the nearly constant values at sta-
tion 6H reflect the small local pressure gradients.

Finally, from Figs. 7 and 8, we note that the general shapes
of all Reynolds stress profiles are similar to those expected in
two-dimensional boundary layers everywhere except at station
6H on the leeside. The profiles at these stations indicate inflec-
tion points in the outer part of the boundary layer that are not
observed in two-dimensional flows.

The hot-wire data were processed to determine some com-
monly used quantities in turbulence models. The distributions
of the turbulent kinetic energy k= (¥? + v? + w?)/2 are shown
in Fig. 9. Since the normal stresses were measured at different
physical locations in the boundary layer by separate traverses,
and u? was measured twice, k was determined by taking an
average value for ¥? and interpolations in the other data. Lit-
tle can be said about these distributions except to note that the
turbulence levels at station 6H on the leeside are considerably
smaller than those expected in a two-dimensional boundary
layer under similar pressure-gradient conditions. These data
are presented here to facilitate comparison with calculations
by means of turbulence models that use the turbulent kinetic-
energy equation. .

The so-called structure parameter @, = —uv/k, which is
known to demonstrate a degree of universality in turbulent
shear flows, was also calculated. A commonly accepted value
for a; is 0.3. It was found that the data on the windward side
indicated values somewhat larger than 0.3, while those on the
leeside indicated smaller values. In both cases, the values
decreased with downstream distance, but a clear correlation
with the mean-flow divergence on the windward side, and con-
vergence followed by near-wall divergence on the leeside, was
not evident.

The distributions of the eddy viscosity »,, and the mixing
length 4 defined by —uv=y,(8U/3y)=02(3U/3y)?, respec-
tively, were also calculated. Cebeci’s two-layer eddy-viscosity
model, based on a correlation of data in two-dimensional
boundary layers, indicates that the maximum value of
v,/U,8,, where 6, is the displacement thickness, is constant
and equal to 0.0168. From the eddy-viscosity data shown in
Fig. 10, it is clear that the measurements in the outer part of
the boundary layer on the windward side are scattered around
this value. The lack of data close to the surface is, however,
unfortunate although there is some evidence that the max-
imum eddy viscosity may be larger than 0.0168. On the other
hand, the data on the leeside plane of symmetry indicate



556 V. C. PATEL AND J. H. BAEK

AIAA JOURNAL
.8 .8 Trorton -
(a) o (a) ¢
k-]
L o]
2 L3
3
2 o)
eha ol
a %
3 3
S L+
= 2 r8
3 3 2
® ﬁo, :!?8
2 A o 4L Y,
> Q. 7%
& s oy
e “= 2
L 4 %0 | =. o
] L%
“on P g0 o5
e o e 8&’
2k 2k
0.0 . i N ) : 1 N I . 0.0 S B . S Fie. 7 Turbul .
0.00 .02 .04 06 .08 10 0.00 .02 .04 .06 .08 10 Ig. 7 Turbulence lfltenSltles, )
o, u’ (u—v); o, u’ (u—w) a, v’
5 Tooren 5 rprpre ot o, w': a) windward and b) leeward.
(b) 183 (b) 182
L K3
x*
L]
-4
4t 42>
=0
=0
| s
r A0 @
A D OO
o
o 5}
S 3 3r %\ 2
A I
X 4
g F r 4 %3
> 2GS
” & B
2 2 % ?é,
A 5Ch
L L L 33
?:ono ® 5 B
1L EAD:D °OO 1t % ;:v
AAA%% oy, QAH
A% R
s n 2 4 I § Ly, %%i:;
& g A%
& & & )
0 PR AN VRS N R 0 P SIS S R B
0.00 .02 .04 .06 .08 .10 0.00 .02 .04 06 .08 .10
T , 1] . wl
u'/Qqs v'/Q, /9, w/Q . VR, W/Q
markedly smaller

maximum values (of the order of

0.006-0.008). The mixing-length distributions (not shown) in-

dicated trends that are similar and consistent with those of the
eddy viscosity. The generally accepted value for /6 in the
outer part of a two-dimensional boundary layer is 0.09. The
data on the windward side were again scattered about this
value, but those on the leeside indicated a substantial reduc-
tion (£/8~0.04-0.05).

In spite of the limitations of the data on the windward side,
it appears that there is a significant and consistent effect of
mean-flow convergence and divergence on the turbulence-
transport properties. The decrease in », and { on the leeside
may be attributed to the mean-flow convergence prevailing in
the boundary layer over most of the development length up to
station 6. Similarly, the divergence of the flow out of the
windward plane appears to lead to an increase in these
quantities.

With the two hot-wire configurations used, it was possible
to measure only seven triple velocity products, namely, u°, v,
w3, uv?, u?v, uw?, and u?w. Note that the last of these should
be zero by virtue of symmetry. Of the remaining products,
i.e., vw?, v*w, and uvw, the last two are zero. Thus, all but

one (vw?) of the nonzero triple products were measured in
these experiments.

The data at the two stations on the windward and leeward
sides are shown in Figs. 11 and 12. First of all, we note that the
distributions of u?® measured separately with the two con-
figurations of the probe are in good agreement with each
other. This consistency provides some confidence in the data.
Second, from Fig. 12 we see that the correlation #?w, which
should be zero, is not precisely zero everywhere and shows
trends similar to those of uw discussed earlier. However, it is
small relative to the other correlations and, in the thick bound-

ary layer at the leeside station 6H, it is scattered around a
zero mean throughout _the boundary layer.

Gradients of triple velocity correlations enter the equations
controlling the dynamics of the Reynolds stresses through the
turbulence diffusion terms, and therefore the data provide
information that is of some value in the modeling of tur-
bulence. Diffusion is known to be of important in the inner
part of the boundary layer. Unfortunately, the data on the
windward side do not extend sufficiently close to the surface
to be of more qualitative value. The most that can be said
about these data is that the three largest correlations, in the
order of decreasing magnitude, are «*, #?v, and ut?. This is

not particularly surprising in view of the relative magnitudes
of the turbulence components #’ and v’. Although #3 is large,
its longitudinal derivative, which represents the diffusion of
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u?, is usually neglected within boundary-layer approx-
imations. The normal derivatives of «?v and uv? account for
the diffusion of u? and uv, respectively, which are the two
primary Reynolds stresses. In spite of their obvious limita-
tions, the data on the windward side have been presented here
for completeness.

On the leeside, the relative magnitudes of the triple correla-
tions are similar to those on the windward side. At the
upstream station, the trends in the outer part of the boundary
layer are in fact the same as those on the windward side. The
large negative gradients of #?v and uv? observed in the wall
region at this station indicate a loss of u? and uv, respectively,
due to turbulent diffusion. This is in accordance with
measurements in two-dimensional boundary layers. However,
these gradients become quite small downstream and, at station
6H, their sign is reversed, indicating quite a different behavior
of turbulent diffusion. The data at station 6H are particularly
noteworthy since we see a large region in the outer part of the
boundary layer where all triple correlations are very small and
an inner region whete their gradients are significant but oppo-
site to those seen further upstream and in two-dimensional
boundary layers. This is presumably due to the development
of the local region of mean-flow divergence which, as shown
in Fig. 6, leads to a large negative normal component of mean
velocity. Although the evidence is rather limited, the data sug-
gest a significant influence of the extra strain rates due to
mean-flow divergence on the diffusive mechanism. The lack
of similar data in the wall region of the windward boundary
layer, which experiences continuous flow divergence, is unfor-
tunate since such data would have provided confirmation of
this conclusion.

VI. Conclusions

Mean-flow and turbuleénce measurements in the boundary
layer in the planes of symmetry of a body of revolution at in-
cidence have been described. Although the rather thin bound-
ary layer on the windward side precluded detailed turbulence
measurements in the wall region, the data indicate a direct ef-
fect of flow divergence and convergence on the turbulence
structure. The available evidence suggests that prolonged con-
vergence leads to a region of flow divergence in the inner part
of the boundary layer and a reduction in the turbulence level.
The latter feature is also reflected in a significant decrease in
the eddy viscosity and mixing length.

The data presented here are used, along with some previous
results, in a parallel computational study to clarify further the
effects of convergence and divergence on the mean flow and
turbulence. This is reported in Part I1.!
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