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Experimental Study of Three-Dimensional Separation
on a Large-Scale Model

D. Barberis* and P. Molton1^
ONERA, 92322 Chatillon Cedex, France

Three-dimensional separation was studied by analyzing the flow past a large-scale model consisting of a half-
prolate ellipsoid extended by a circular cylinder ending in a flat base at 45 deg with respect to the cylinder axis.
The flow past the model, including boundary layer and vortical structures, was investigated in great detail using
a three-component laser Doppler velocimetry system and three-hole pressure probes actuated by a displacement
system installed inside the model. This last device allowed probing of the separating three-dimensional boundary
layer very close to the surface. We observed how the boundary layer evolved as it gradually sheared into a vortex
roll-up and then into an organized vortex. When skewing of the boundary layer increased, the difference in direction
between the velocity gradient vector and the shear stress vector also increased. For this type of flow, turbulence
models based on the assumption of isotropic turbulent viscosity are inadequate for numerical analysis.

Nomenclature
Cp = static pressure coefficient
L = model length
Re = Reynolds number, (VQL/v)
V1 = velocity components
Vg = velocity components on the edge of the boundary

layer
Vq = upstream velocity at infinity
X1 = coordinates of a point on the surface
a = angle of attack of the model
v - kinematic viscosity
(p = circumferential angle

Subscripts
i = 1 and 2 = components located in a plane parallel to the

surface
i = 3 = component normal to the surface

Introduction

F LOW separation is a phenomenon of major importance for
a large number of applications. Because it nearly always has

detrimental effects, separation has been—and still is—the subject
of many studies, both experimental and theoretical.

More precisely, the aim of this work was to study three-
dimensional turbulent separation occurring on a regular surface
whose radius of curvature was large compared with the thickness of
the local boundary layer.

This problem has already been investigated in detail by focusing
on a prolate spheroid with a 1:6 semiaxis ratio. One of the first au-
thors to have studied the boundary layer developing on an ellipsoid
of this shape set at an angle of attack was Eichelbrenner,1 who pro-
posed a three-dimensional laminar boundary-layer method. These
calculations were validated by comparison with experiments carried
out by Werle2 in a water tunnel.

More recently, the experiments performed in air by Kreplin
et al.3'4 were extensively exploited. These experiments constituted
several particularly well-documented test cases, including wall pres-
sure and wall shear stress measurements as well as detailed flow
probings with a multihole pressure probe. These experiments were
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conducted for two incidences: 10 and 30 deg. Results were obtained
for both natural and forced transition; tests at high Reynolds num-
bers were made in a pressurized wind tunnel.5'6

These experiments were first used to validate boundary-layer cal-
culations executed in the classical (or direct) mode, which consists
in prescribing the outer velocity field.7"13

However, when separation occurs, some adjustment of the
boundary-layer calculation was found to be necessary to avoid
breakdown of the calculation in the immediate vicinity of separa-
tion. In this situation, the singularity in the boundary-layer equations
can be circumvented by adopting an inverse mode in which either
the displacement thicknesses or the skin-friction vector components
are prescribed.14"16 More recently, the prolate spheroid was used as
a test case by the AGARD/FDP Working Group 1017 created to
investigate the limits of boundary-layer methods for calculation of
three-dimensional turbulent separated flows.

Three-dimensional separation was also investigated on blunt
obstacles other than the 1:6 prolate spheroid. The results obtained
are specially interesting from a topological point of view with the
description of the separation lines associated with the development
of vortices for various model shapes.

At the end of the 1950s, experiments were performed on an
oblate spheroid at an incidence.18 Much later, Costis19 and Costis et
al.20 investigated a laminar flow past a 1:4 prolate spheroid. These
tests, which were carried out in a water tunnel, comprised flow vi-
sualizations and laser Doppler velocimetry (LDV) measurements.
Barber and Simpson21 published results obtained with a 1:6 prolate
spheroid, significantly smaller than the model studied by Kreplin
et al. They made their experiments for natural transition at an in-
cidence of 10 deg. A five-hole pressure probe was used to define
the mean velocity field in the vortex system and an X-wire probe to
measure mean velocity and turbulent shear stress components in the
boundary layer. Other important research, both experimental and
theoretical, was conducted on the flow past a hemisphere cylinder
set at an incidence.22"24

To conclude, Ramaprian et al.25 reported results obtained on a
model combining a hemispherical nose with a hemispheroidal rear
part. These experiments included boundary-layer measurements
with a three-hole pressure probe.

A preliminary approach to the three-dimensional separation prob-
lem can be made by studying the flow in a plane of symmetry. This
situation is intermediate between a two-dimensional flow and a gen-
uine three-dimensional situation. The boundary-layer equations are
much simpler since the transverse velocity component V2 is zero
in a plane of symmetry; however, the problem still has a marked
three-dimensional character, the transverse derivative of V2 being
different from zero. The magnitude of this derivative measures the
degree of lateral convergence or divergence of the flow in the plane

2107



2108 BARBERIS AND MOLTON

of symmetry. To our knowledge, the first author to have considered
computation of a boundary layer in the plane of symmetry of a
spheroid is Wang.26 Other computations for the test case of Kreplin
et al. were performed.27"30

Measurements in the plane of symmetry of the model combining
a hemispherical nose with a hemispheroidal rear part were carried
out by Patel and Baek.31 These authors used their results in conjunc-
tion with a boundary-layer calculation employing the Cebeci-Smith
turbulence model to study the effect of outer flow convergence or
divergence on development of the boundary layer.30 The theoretical
prediction of this flow was improved by Sohn et al.32 by introducing
a modified (k, £) turbulence model in the boundary-layer code.

A detailed experimental investigation of vortex formation was
performed33 on a model consisting of a half-oblate ellipsoid fol-
lowed by a cylinder terminated by a slanted flat base. Surface flow
visualizations were made in conjunction with field measurements
by five-hole pressure probes and LDV techniques.

This paper reports on results obtained with an axisymmetric
model tested in a subsonic wind tunnel. In this study, attention was
focused on the boundary-layer evolution in the separation region and
the mechanism leading to formation of a clearly detached primary
vortex. The flow was investigated in detail using several experimen-
tal techniques: surface flow visualizations, surface pressure mea-
surements, field explorations by multihole pressure probes, and an
LDV system. The objectives of this investigation were to describe
the boundary-layer behavior during three-dimensional separation
and provide well-documented test cases to validate Navier-Stokes
codes.

Experimental Conditions
Wind 1\innel and Model Definition

The tests were conducted in a closed circuit atmospheric wind
tunnel driven by a fan with a constant blade angle and a variable
speed motor with a maximum power of 700 kW. The test section
is rectangular with a height of 1.8 m, a width of 1.4 m, and a
length of 5 m (see Fig. 1). The airspeed can be varied from 10
to 100 m/s, and the stagnation pressure is equal to atmospheric
pressure.34 The shape of the model investigated was defined from
preliminary tests executed in a water tunnel.35 As shown in Fig. 1,
the model consists of an axisymmetric half-prolate ellipsoid with
a cylindrical extension terminated by a flat base, inclined at 45
deg with respect to the model axis, to stabilize separation on the
rear part of the obstacle. The model length L from the nose to
the middle of the base was equal to 1600 mm. The ellipsoid ma-
jor axis Al was 800 mm, and its minor axis A3 = A2 — 200
mm. The model incidence was adjusted via linkage. The hori-
zontal sting was attached to a vertical mast crossing the test sec-
tion. The vertical position of the sting was adjustable to be able to
place the model in the center of the test section for different angles
of attack.

Tests were carried out for an upstream velocity of 50 m/s and an
incidence of 20 deg. All of the tests were conducted with natural
transition.

Two models with the same shape were built. One was used for
surface flow visualizations and LDV measurements and the other
for surface pressure measurements and probing with a three-hole
pressure probe. As shown in Fig. 2, the second model is in two parts.

Fig. 2 View of the three-hole pressure probe displacement system in-
stalled inside the model.

,10 45

Dimensions in mm

Fig. 1 Schematic representation of the model in the wind tunnel.

Bent Probe Enlarged view of Probe Tip

Dimensions in mm

Fig. 3 Definition of the three-hole pressure probes.

The forward part, which can rotate along its longitudinal axis, con-
tains a row of 46 surface pressure holes distributed along a meridian
line. The traversing mechanism supporting the three-hole pressure
probe is installed inside this forward part. It can be set to any longi-
tudinal position in the range of 340 mm < XG1' < 900 mm (XG1'
denotes the distance along the model longitudinal axis measured
from the nose, as shown in Fig. 1). For the forward part, the travers-
ing mechanism can rotate in such a way that the probe displacement
remains normal to the surface at the measuring station (see Fig. 2).

The rear part of the model, with the flat base, is attached to the
sting holding the model in the test section.

The traversing mechanism can be accessed through a large aper-
ture in the model that is closed during operation (see Fig. 2).

Means of Investigation
For this study two types of investigation procedures were used.

First, oil flow visualizations and surface pressure measurements
were carried out to determine the flow structure on the wall. Second,
the flowfield organization was defined using three-hole pressure
probes and LDV.

The two three-hole pressure probes used to investigate the bound-
ary layer are shown in Fig. 3. The minimum thickness of these probes
is 0.2 mm and their width is 1.6 mm. Initial explorations were made
with the straight probe. Then, in regions where the angle between
the probe axis and the velocity vector was too high (>30 deg), the
bent probe was used.

By proper calibration, three-hole pressure probes allow deter-
mination of the local stagnation pressure and local velocity vector
(direction and magnitude). However, this determination is based on
a boundary-layer type assumption that considers the velocity com-
ponent normal to the surface to be negligible. Therefore, three-hole
probes can only be used in regions without vortices, which would
induce a normal velocity component. Some tests were conducted to
qualify the effects of incidence and Reynolds number on the probe
calibration curves.36 These effects were found to be negligible for
the range of parameters considered. A special study was also con-
ducted to determine the wall effects on the probe readings. It was
found that corrections were unnecessary when the distance to the
wall exceeded the probe thickness (0.2 mm in our case).37

To avoid possible disturbances due to the presence of the probe in a
region of vortex formation and also to determine the Reynolds tensor
components, measurements were made using a three-component
LDV system.

A schematic representation of the LDV system installed in the
wind tunnel is shown in Fig. 4. This is a three-component system that
can work in both the forward scatter and the backscatter modes of op-
eration. The sources are two identical argon lasers with a maximum
power of 15 W. The first laser produces the green (A, = 0.5145 jinn)
and blue (X = 0.488 jitm) emissions, the second giving the violet
(A = 0.4765 jitm) component. The three pairs of beams resulting
from crossing beam splitters are focused to form the probe volume
whose useful diameter is 0.35 mm. The fringe spacing, which is the
same for the three fringe patterns, is equal to 15 /zm.
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15 W Argon Laser operated
at 3 W on violet Line

Beam splitter and bragg cells
for violet beam

Receiving optics

Probe volume

Emitting optics

Beam splitters and bragg cells
for blue and green beams

15 W Argon Laser operated
at 8 W all lines

Fig. 4 General optical and mechanical disposal of the three component
LDV system (forward mode).

The directions of emission of the three colors are contained in
the same horizontal plane (see Fig. 4), the angle between the violet
beams and the green + blue beams being equal to 55.2 deg. The
system was equipped with Bragg cells to determine the direction of
the measured velocity component.

The scattered light was collected by two Cassegrain telescopes
and applied to three photomultipliers (one for each component). The
signals were processed by three DISA 55L counters. A dedicated
on-line computer was used for control of the complete system and
calculation of the statistical quantities (mean velocity and Reynolds
tensor components).

The flow was seeded with incense smoke injected downstream
of the test section, so as not to disturb the upstream flow by the
injection device. To obtain the best signal-to-noise ratio, the system
was operated in forward scatter mode. In this mode, the collecting
optics are opposite the emitting part relative to the model. A good
wall approach can only be achieved in the plane of symmetry of the
model or its neighborhood. The backscatter mode of operation was
used for measurements outside the plane of symmetry, on the side
of the model. The collecting optics are then on the same side of the
flow as the emitting part. With backscattering, the light scattered by
the particles is 100-1000 times less intense than in forward scatter
mode, causing a significant degrading of the signal-to-noise ratio.
Furthermore, the light reflected by the surface when the laser beams
strike the model tends to dazzle the collecting optics, which prevents
measurements close to the surface. For this reason, the backscatter
mode was used only in the three most downstream planes, where the
vortex coming from separation is well detached from the surface.

Domains Investigated
Different domains were considered with respect to the physical

phenomenon and the means of investigation.
Forty-six pressure taps were installed along the same meridian

line between XG1' = 340 and 1150 mm. The detailed pressure
distributions were obtained by rotating the model around its roll
axis, with a step of 1 deg.

The domains considered for field measurements are shown in
Fig. 5. Since it is not possible to determine the normal velocity
component directly, with three-hole pressure probes their use was
restricted to the study of the boundary layer at the very first stage of
the vortex development.

Accuracy
The upstream flow velocity accuracy was estimated with a relative

error AVb/Vb = 1%. Accuracy of the geometrical incidence was
equal to 0.02 deg. The uncertainty on surface pressure was A/? = ±7
Pa leading to an accuracy &Kp of ±1% for Kp = —0.5.

For three-hole pressure probe measurements, the uncertainty on
pressure measurements on each hole was ±7 Pa, leading to an uncer-
tainty of ±0.4 deg on measurement of the direction of the velocity
vector. The accuracy of the LDV measurements was estimated as
±1 m/s for the value of the velocity and of ±1 deg for the direction
of the local velocity vector.

Dimensions in mm

: 3 - D LDV System (Forward Mode )

^^ : 3 - Hole Pressure Probes
[ : 3 - D LDV System ( Backward Mode )

Fig. 5 Domains investigated: field measurements.
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Fig. 6 Comparison between LDV and three-hole probe measurements.
ip = 170 deg, a = 20 deg, V0 = 50 m/s, Re = 5.6 X 106.

Measurement Comparisons
Figure 5 shows that part of the domain investigated with the three-

component LDV system in the forward mode was common with the
one investigated with three-hole pressure probes. Furthermore, two
three-hole pressure probes were used. Figure 6 shows a compari-
son between LDV and three-hole pressure probe measurements on
the mean velocity components for the boundary layer in two loca-
tions. For the first station situated at XG1' = 700 mm and <p = 170
deg, the agreement is good for the longitudinal component. For the
transverse component we can see that the three means of investi-
gations give the same results outside the boundary layer. Near the
wall, LDV gave values lower than the pressure probes. The second
station, situated at XG1' = 900 mm and <p = 170 deg, corresponds
to the beginning of the vortex. As in the previous section, the agree-
ment is good for the mean longitudinal component. However, for
the transverse component, LDV results gave an overestimated value
of V2 by comparison with the three-hole pressure probe. Two rea-
sons can explain the discrepancies on the LDV results. The first is
relative to the LDV procedure. An incense smoke injection device
located downstream of the test section to avoid disturbing the in-
coming flow does not allow a high particle rate for measurements
near the model surface. The second reason is relative to the location
of the probe volume, which was very close to the wall, where large
velocity gradients exist. Furthermore, near the wall, a difference ap-
pears between the bent probe and the straight probe. For the straight
probe, the angle between the flow direction and the probe is large
(>25 deg), whereas for the bent probe it is around zero. In this case,
the indications of the bent probe are better than those of the straight
probe.

Presentation of Results
Surface Flow Visualizations

Analysis of the surface flow was made using a mixture of paraffin
oil, titanium dioxide, and oleic acid.

Figure 7 presents side and leeward views of the surface flow pat-
tern obtained for a = 20 deg. Near the model nose, local separation
can be observed as an accumulation of the visualization product.
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X3= 0.51 0.91

400 600 800
---— Domain Investigated with the 3D LDV System x

(Forward Mode) XG Dimensions in mm

Fig. 7 Oil flow visualization, a = 20 deg, V0 = 50 m/s, Re = 5.6 X 106.
Fig. 9 Streamlines obtained from three hole pressure probe measure-
ments, a = 20 deg, V0 = 50 m/s, Re = 5.6 X 106.

Cp

Fig. 8 Wall pressure distributions at various cross-sections. Model rear
part, OL = 20 deg, V0 = 50 m/s, Re = 5.6 X 106.

This separation caused a sudden transition of the flow from a lam-
inar to turbulent state. This phenomenon was confirmed by visu-
alizations made with a sublimating product.38 This technique used
the well-known property of acenaphthene to sublimate in the tur-
bulent zone. The remaining acenaphthene then reveals the laminar
region. On the rear part of the model, the skin-friction lines from
the windward plane of symmetry converge towards a first separation
line. A second separation line is present closer to the leeward plane
of symmetry. The skin-friction lines on one side of this separation
line come from the leeward plane of symmetry. The picture should
be completed by three attachment lines: two in the windward and
leeward planes of symmetry and one between the two separation
lines.

Surface Pressure Distributions
The possibility of rotating the model around its roll axis allowed

us to make extremely detailed surface pressure measurements along
circumferential directions.38 The rotation step for these measure-
ments was equal to 1 deg, the circumferential lines being spaced 18
mm apart. Figure 8 shows the pressure distributions obtained at a
20-deg incidence.

The variation of the pressure distributions from one section to an-
other is moderate. The maximum negative pressure peak occurred at
90 deg from the windward plane of symmetry, and then the pressure
increased steadily up to the leeward side. However, for the last sec-
tions a small increase in the negative peak magnitude was observed
just before the leeward plane of symmetry. Comparison between
oil flow visualization and surface pressure measurements showed
that for this incidence separation did not produce any substantial
fluctuation of the surface pressure measurements.

Flowfield Measurements with the Three-Hole Pressure Probes
During the exploration procedure, the probe was displaced normal

to the wall. The plane defined by the three holes of the probe was

parallel to the wall. Thus, only the velocity components contained
in a plane parallel to the local plane tangent to the surface were
determined directly.

Figure 9 shows the streamlines of this vector field measured in
portions of surface parallel to the obstacle surface and located at dif-
ferent heights. For the surfaces located at X3 = 11.11 and 16.11 mm
from the obstacle wall, the entire flow streams from the windward
to the leeward side.

When approaching the obstacle, part of the flow coming from
the leeward side tends towards a common direction defined by the
convergence of the streamlines. At the distance X3 = 6.11 mm, the
line of convergence is located in the plane of symmetry, the flow
being almost parallel to this plane.

For surfaces below X3 = 6.11 mm, the convergence line leaves
the plane of symmetry. Its distance from this plane increases in
exploration surfaces even closer to the model wall.

For the surface located at X3 = 0.51 mm, the closest to the
model, local convergence of the streamlines is observed for ^ the
roll position (p = 225 deg and the longitudinal abscissa XG1' =
400 mm. This convergence corresponds to the laminar separation
region mentioned earlier. A convergence line exists between this
region and the end of the investigated domain. This line can also
be observed on the oil flow visualizations shown in Fig. 7 where it
appears as a local accumulation of visualization product.

Comparisons between the surface located at X3 = 0.51 mm and
that located at X3 = 16.11 mm allow an evaluation of skewing of
the boundary layer. At XG1' = 900 mm, skewing reaches a value
of 60 deg.

As already mentioned, measurements with a three-hole pressure
probe have several restrictions: they give no information on the ve-
locity component normal to the model surface or on turbulent quan-
tities. Furthermore, indications very close to the wall are perturbed
by a probe displacement effect.

Boundary-Layer Measurements in the Vicinity of the Leeward Plane
of Symmetry with the Three-Component LDV System

For these measurements, the LDV system was operated in forward
scatter mode to give better access to the flow in the near-wall region.
The investigated domain is shown in Figs. 5 and 9. Eleven cross
sections were explored between XG1' = 600 and 1100 mm, each
containing five exploration lines normal to the model wall.

Figure 10 shows the projections of the mean velocity vector in
planes normal to the longitudinal axis of the model. The origin of
boundary-layer shearing in the upstream part of the domain explored
is confined to the immediate vicinity of the surface and is thus
inaccessible to LDV. Further downstream, vortex development can
be observed as the vortex gradually detaches from the surface of the
obstacle. The dashed line indicates the boundary between the part
of the flow "leaving" the surface and the one "diving" towards the
surface.

In Fig. 11 are compared the crosswise variations of the longitudi-
nal mean velocity component V1 in some of the explored sections.
For the section at XG1 = 650 mm, the velocity profiles are similar
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Fig. 10 Projections of the mean velocity vector in the planes normal
to the longitudinal axis of the model, a = 20 deg, VQ = 50 m/s, Re =
5.6 X 106.

V (m/s)

Fig. 11 Longitudinal mean velocity component V1. a = 20 deg, VQ
50m/s,#e = 5.6 X 106.
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Fig. 12 Crosswise mean velocity component V2. a = 20 deg, V0 = 50
m/s,jRe = 5.6 X 106.

in appearance. For the other sections, the profile shapes along the
meridian lines (p = 180 and 175 deg are roughly the same; however,
the variations for the other (p lines are characterized by the existence
of an inflection point.

The profiles of the crosswise mean velocity component V2 are
plotted in Fig. 12. This component should be zero in the vertical
plane of symmetry. However, nonzero values are observed in some
sections due to measurement uncertainties. The maximum value of
V2 is less than 2 m/s, which corresponds approximately to 0.04 V^
(value of the longitudinal component at the boundary-layer edge).

By comparison with the longitudinal component V1, the cross-
wise component V2 varies more slowly. Except for the results in
the plane of symmetry, each profile exhibits two well-defined por-
tions: an outer part where the flow converges towards the plane
of symmetry and an inner part where it diverges from this plane.
This inner part of the profiles grows in size in the sections far-
thest downstream. In addition, the point where the flow is parallel
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Fig. 13 Normal mean velocity component F3. a = 20 deg, FQ = 50
m/s, Re = 5.6 X 106.
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Fig. 14 Reynolds shear stress component V^F3'. a = 20 deg, VQ = 50
m/s,/?e = 5.6 X 106.

to the plane of symmetry (V2 = 0), which is the limit between the
two preceding regions, moves from a position very close to the
wall at XG1' = 650 mm to a greater height for the downstream
sections.

As already indicated, the crosswise component V2 is zero in
the plane of symmetry, whereas its derivative (dV2/dX2) is dif-
ferent from zero (the derivative would be also zero for a purely
two-dimensional flow).

The profiles of the normal mean velocity component V3 are plot-
ted in Fig. 13. They also exhibit two well-defined regions. In the
outer region, V3 is positive, and the flow direction is accordingly
upwards. In the region near the wall, V3 is negative, and the flow
direction is downwards. For the first plane (XG1' = 650 mm), the
inner part is very thin, the magnitude of the negative values of V3

being small. For this section, we can consider the boundary-layer
flow to be practically parallel to the wall. For the three following
sections, and along the meridian line (p = 165 deg, V3 is nearly
equal to zero in the wall region. But for the three other meridian
lines, an inner region with negative values of V3 appears and grows
in size. In the last two sections, the profiles in the different meridian
lines all contain a region where V3 takes on negative values. But
for a given cross section (XG1' = constant plane), the height where
V3 = 0 differs for each meridian line, in contrast with the behavior
observed for V2. _____

Figure 14 shows the profiles of the turbulent shear stress V1' V3>

for the six cross sections and the four values of the meridian angle
p. For (p = 170 and 165 deg from abscissa XG1' = 950 mm, a
second extremum appears some distance from the surface of the
model. The amplitude of this second extremum increases as we
go downstream. From the oil flow visualization we observed that
this extremum corresponded to development of the separation lines
and therefore the vortex. The center of the vortex is situated on
the meridian line (p = 165 deg at X3 = 10 mm (see also Fig. 10
for section XG1' = 950 mm). The same observation can be made
for the results relative to the shear stress component V2' V3' (see
Fig. 15).
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Fig. 15 Reynolds shear stress component V2' V3'. a = 20 deg, VQ = 50
m/s,Re = 5.6 X 106.
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Fig. 17 Streamlines projections in the planes normal to the model lon-
gitudinal axis (from 3D LDV measurements), ex. = 20 deg, VQ = 50 m/s,
Re = 5.6 X 106.
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Figure 16 shows a comparison between the direction of the shear
stress vector (components V2'Vy and Vl'Vy) and the direction
of the mean velocity gradient vector (components 3Vl/dX3 and
3V2/9X3). The results concern the meridian line (p = 170 deg.
Down to section XG1 = 800 mm, the two vectors are nearly aligned
(taking into consideration measurement uncertainties). Downstream
of this section, and with the exception of a thin layer in contact with
the wall, a difference in direction between the two vectors appears
and increases with the downstream distance. For these experiments,
the shear stress vector lags behind the velocity gradient vector. Sim-
ilar behavior was observed by Bradshaw and Pontikos.39

It is clear that in this part of the flow a turbulence model based on
an isotropic eddy viscosity model should not be used, since such an
assumption implies that the shear stress and the mean velocity gra-
dient vectors are aligned. This anisotropic effect must be taken into
account in turbulence models, for example by using the adaptation
proposed by Abid et al.40

External Flowfield Measurements with the Three-Component
LDV System

At large circumferential angles from the plane of symmetry, the
LDV system must be used in backscatter mode because of the ob-
struction caused by the model. Under these conditions, measure-
ments close to the model wall are difficult because of the large
amount of stray light emitted by the surface.

Because of these difficulties, it was decided to investigate only
downstream cross planes, where the vortex is well detached from
the wall. The first section thus considered was located at XG1' =
900 mm and coincided with the last section studied with the three-
hole pressure probes. The last section, at XG1' = 1300 mm, contains
a well-organized vortex flow.

Figure 17 shows the streamlines obtained from the mean velocity
components V2 and V3 in planes normal to the model longitudinal
axis. For the first section, V3 is small and vortex development occurs

near the leeward plane of symmetry and close to the wall. For the
other two planes further downstream, the vortex moves away from
the leeward plane of symmetry, and its core is at a greater distance
from the model wall.

Conclusions
Mean velocity and turbulent shear stress measurements were

made in the region of the leeward plane of symmetry of an ellipsoid
cylinder set at incidence of 20 deg in a 50-m/s uniform flow.

Several means of investigation were used according to the region
of the flow to be studied. The most accurate results are relative to
the boundary layer in the leeward plane of symmetry. There, the
flow was probed using a three-component LDV system operating in
forward scatter mode. Information was obtained on both the mean
and the fluctuating flow properties. However, in the forward scatter
mode of operation, it was only possible to make measurements near
the model surface in meridian planes close to the plane of symmetry.
Thus, to study the flow in a more extended region, the LDV system
was also used in backscatter mode. Unfortunately, in this configura-
tion, the quality of the signal tends to become significantly degraded,
especially in near-wall regions.

The description of the flowfield was completed by measure-
ments made from 0.5 mm of the model surface using three-hole
pressure probes. These measurements gave information on the
boundary-layer behavior in the region of formation of the sepa-
ration lines. However, this type of probe does not allow turbulence
measurements.

Also, surface pressure measurements and surface flow visualiza-
tions were made. They showed that for a 20-deg incidence, separa-
tion had no appreciable effects on surface pressure.

The preceding series of tests allowed a detailed description of the
flow in the region where separation giving rise to the formation of
a vortical structure takes place. It was observed how the boundary
layer gradually evolved from a shear flow confined in a thin layer
in contact with the wall into a vortical structure formed by curling
of the separated dissipative flow. At the same time, when skewing
of the boundary layer induced by the separation process increased,
the difference in direction between the velocity gradient and the
shear stress vector also increased. It is clear that for this type of flow
turbulence models should take these observations into account.
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