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Introduction

THIS Note reports some calculated results of an in-
compressible laminar boundary layer along the leeside

symmetry plane of a wing-like flat ellipsoid. This is a follow-
up of earlier investigations1'2 for an ellipsoid of revolution or
a prolate spheroid. The latter problem was also repeated in
Ref. 3.

The emphasis here is on the "separation jump" phen-
omenon, which was first reported for the case of a body of
revolution.1'2 Accompanying such a discontinuous change of
the separation point on the leeside symmetry plane, there is a
corresponding change of the overall separation pattern on the
whole body from an open-type separation to a closed-type
separation.4"6

The present work also found a similar separation jump
phenomenon. This was somewhat unexpected because of the
wide differences between a body flow and a wing-like flow.
Although it has long been known that when a short separation
bubble on a two-dimensional airfoil bursts into a long bubble,
there results a sudden change of separation point. However,
the physical processes involved in the separation bubbles are
absent in our present problem. A short bubble appears first
near the leading edge and then extends rearward during the
changeover to a long bubble; the separation jump reported
here, on the contrary, results from a sudden movement of the
separation point from the rear to the front. Whereas the
separation bubble phenomenon involves turbulent re-
attachment, the present finding follows from straightforward
laminar boundary-layer calculations. Thus, even though the
phenomenon of stalling has been known for a long time, the
triggering mechanism could still be subject to different in-
terpretations.

Equations
We use the coordinates /*, 6, and z (Fig. 1) where \L is

normal to the symmetry plane, 6 is the angular coordinate, z is
normal to the body surface, and u, v, and w are the
corresponding velocities. 0 varies from 0 to 27r, whereas ^
becomes zero for the symmetry plane. \i and 6 are not or-
thogonal surface coordinates except near the symmetry-plane.
z is nondimensionalized by a/^fR where R ( = V00a/v, v being
the kinematic viscosity) is the Reynolds number, and w by
V/\[R. u, v are nondimensionalized with V^. The inviscid
velocities U and V are also nondimensionalized by V^, and
pressure by pV2^. Then the pertinent boundary-layer
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equations7'8 for three variables, u^ (= du/dfj), v, and w are

dv u,, dw
hedd h^ ' dz

vdv dv —dp d2v
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where rl = b/a and r2 = c/a.
The corresponding boundary conditions are

The metric coefficients /*M, he, nondimensionalized by a,
appear as
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The inviscid inputs are
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Fig. 1 Geometry and coordinates.
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The elliptical integrals /30, y0 can be explicitly evaluated.9
The skin friction c^ is given by

(6)

Results
The above equations were solved in the same way as

before,1'2 using the same method and computer program. The
skin-friction variations for three different cases are presented
here corresponding to three different axis ratios a:b:c, each at
various incidences. While calculations were made using the
eccentric angle 0, a chordwise coordinate defined by
t» = cos(270 deg-0) was, however, introduced in presenting
the results. Following the usual convention in the airfoil
theory, v= 1.0 at the trailing edge (0 = 270 deg) and - 1.0 at
the leading edge (6 = 90 deg).

Case 1: Typical Problem
The first case is for the ratios a:b:c=30:6:1. This cor-

responds to a typical situation for the conventional large
aspect ratio wing. Figure 2a shows the skin-friction variation.
When the incidence remains below 10.5 deg, c^ always drops
monotonically until it becomes zero, and the separation point
moves continually forward. At a =10.75 deg, the skin
friction decreases first to a minimum and rises somewhat
before finally falling to zero. At slightly higher incidence,
a= 10.85 deg, the minimum skin-friction point shifts further
downward, and the separation point moves backward instead
of forward. As this trend continues, the minimum skin
friction touches zero at a = l l deg, at which point the
separation point takes a discontinuous jump forward.

Case 2: Longer Chord
Case 2 is for a:b:c = 30:8:1, where a and c are kept constant

while b is increased from 6 to 8. The corresponding
distribution of the skin friction is shown in Fig. 2b. A longer
chord makes the wing more sensitive to an increase of in-
cidence. The nonmonotonic decrease of skin friction as a
characteristic of the separation jump phenomenon becomes
noticeable at smaller incidence, and the critical incidence for
the jump decreases to a = 8.7 deg. Comparing case 1, the
jump here is more pronounced and covers more than half of
the chord length. Hence, an increase of b with a and c fixed,
considerably enhances the "separation jump" phenomenon.

Case 3: Shorter Chord
Case 3 is for a:b:c = 20:5:1. In comparison with case 1, span

a is reduced from 30 to 20 and chord b is reduced from 6 to 5.
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Fig. 2 Leeside skin friction.

The resulting skin friction cfe is shown in Fig. 2c. Surpris-
ingly, for all incidences, c^ always decreases monotonically to
zero, the separation point moves forward continuously, and
the aforementioned separation jump was not found. In a
separate case not reported here, it was found that reduction of
a from 30 to 10 with b and c held constant does not affect the
separation jump; hence, the disappearance of the separation
jump for the present case must be due to the shortening of b
rather than a.
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The reason for the occurrence of separation jump with a
flat ellipsoid is the same as that for a body of revolution, that
is, the interplay between the pressure gradient dp/hdd6 and the
lateral pressure curvature d^/h^d^2 -U2^. Their effects on
the profiles of v and «M and hence the skin friction were ex-
plained in Ref. 2 and in more detail in Ref. 10. We shall omit
such discussion herein.
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Wall Shear Fluctuations
in a Turbulent Boundary Layer

tunnels at higher speeds and Reynolds numbers using hot-wire
signals for the analysis of the bursting phenomenon.

Using a selective filtering technique, Rao et al.3 found that
the occurrence rate of the intermittent signals was constant
across an entire given boundary layer, with the average time
interval T between two consecutive events scaling with the
freestream velocity U and the thickness of the boundary layer
5. The value of UT/5 was around 5.0. The time scales ob-
tained from autocorrelation measurements of the fluctuating
signals4'5 have also yielded the same values as those of Rao et
al.3 A further study of the instantaneous hot-wire records by
Badri Narayanan et al.6 indicated that T could also be ob-
tained from the zero crossings of the fluctuating signals.
Recent measurements of boundary layers over highly curved
walls by Ramaprian and Shivaprasad8 substantiate the above
view.

The fact that the same time scale T has been obtained by
different methods scaled with the other variables clearly
suggests that large-scale eddy-like structures exist in a
boundary layer and that they span the entire thickness of the
layer. A number of speculations have been made about the
shape of these eddies.6'7 However, a well-defined picture has
yet to emerge.

In the present investigation, the wall shear fluctuations are
examined. It is observed that, while the zero crossings do yield
the time scale for the large-scale motions, the average period
of the overall fluctuations is governed by the wall shear.

Experimental Setup
The experiments were conducted in the turbulent boundary

layer formed on the top wall of a low-speed wind tunnel
having a 30 cm2 test section. In the region where the
measurements were made, the thickness of the boundary layer
was about 25 mm and it remained nearly constant in the
fr.eestream velocity range of 5-30 m/s. A thin-film heat-
transfer gage (1 mm wide, 2 mm long), operated at constant
temperature and an overheat ratio of 1.05, was employed to
sense the fluctuating wall shear. The output signals from the
system were recorded on a film after filtering frequencies
beyond 5000 Hz.

Results and Discussion
The output signals from the thin-film heat-transfer gage

were directly analyzed for 1) an average period for the
fluctuations Tj and 2) the rate of zero crossings around the
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Introduction

IN the last two decades, the instantaneous structure of a
turbulent boundary layer has been examined by many in an

effort to understand the dynamics of the flow. Distinct and
well-defined flow patterns that seem to have great relevance to
the turbulence production mechanism have been observed in
the wall region.1'2 The flow near the wall is intermittent with
periodic eruptions of the fluid, a phenomenon generally
termed "bursting process." Earlier investigations in this field
were limited to liquid flows at low speeds and the entire flow
pattern was observed using flow visualization techniques.
Study was later extended to boundary-layer flows in wind
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Fig. 1 Sample trace of the wall shear fluctuations (this trace has 78
zero crossings and 90 shear fluctuations).
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Fig. 2 Scaling of Tl with friction velocity and T2 with boundary-
layer thickness.
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