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Detailed Investigation of the Three-Dimensional Separation
About a 6:1 Prolate Spheroid

Christopher J. Chesnakasx
David Taylor Model Basin, U.S. Naval Surface Warfare Center, West Bethesda, Maryland 20817-5700

and

Roger L. Simpson’
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061-0203

The flow in the crossflow separationregion of a 6:1 prolate spheroid at 10-and 20-deg angle of attack, Rey, = 4.20
10, was investigated using a novel, miniature, three-dimensional, fiber-optic laser Doppler velocimeter (LDV). The
probe was used to measure three simultaneous, orthogonal velocity components from within the model, and these
measurements were simultaneous with wall-pressure measurements made just below the LDV probe volume. The
LDV measurements extend from approximately y* = 7 out to beyond the boundary-layer edge. The design and
operation of this LDV probe is summarized. Plots of velocity, skin friction, wall-flow angle, mean and fluctuating
pressures, turbulent Kkinetic energy, helicity density, and secondary streamlines are used to show the location of
separation and reattachment lines. These measurements are also used to show that a trough of fluid, which is quite
distinct from the rest of the flow, exists just downstream of the separation sheet. This trough has fluid of very low
mean and turbulent kinetic energy. Plots of the turbulence anisotropy show there to be little correlation between
the flow-gradient and the turbulent-shear-stress angles over large regions of the flow. This implies that turbulence
models employing the eddy viscosity concept cannot be adapted to three-dimensional separated flows such as this.

Nomenclature

= skin-friction coefficient,,/ (pU? / 2)

= pressure coefficient, (P _ Px)/(%) _P)

= helicity density, w U

= length of model, 1.37 m

= mean pressure

= tunnel static pressure

= tunnel total pressure

= fluctuating component of pressure

= tunnel head -

= fluctuating component of the velocity, u? + v + w?

= Reynolds number

= velocity component in a plane parallel to the wall, in the
axial direction

= velocity component in a plane parallel to the wall, in the
direction of the flow at the wall

= wind-tunnel freestream velocity

= velocity component normal to the wall

= velocity component in a plane parallel to the wall,
perpendicularto the axial direction (positive in the
direction of increasing ¢)

= axial distance from the nose of model

= perpendiculardistance from the model surface

= model angle of attack to incoming flow

= flow angle, in plane perpendicularto y, from the axial
direction (positive in the windward direction)

= flow gradientangle

= turbulent-shear-stressangle

= circumferential coordinate, from windward side

= vorticity
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Introduction

HE phenomenon of three-dimensionalseparation of the turbu-
lent flow abouta body, though quite common, is both difficult to
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model and poorly understood. Indeed, since—unlike in two-dimen-
sional flow separation—three-dimensionalflow separation s rarely
associated with the vanishing of the wall shear stress, it can of-
ten be difficult to even identify the presence or precise location of
three-dimensionalflow separation.

To better understand three-dimensional flow separation, several
groups have studied the flow about a 6:1 prolate spheroid at an-
gle of attack. This flow is a well-defined, relatively simple three-
dimensionalflow, which exhibits all of the fundamental phenomena
of three-dimensionalflow, and is shown schematically in Fig. 1. The
flow around the prolate spheroid separateson the lee side of the body
and forms a surface that rolls up into the primary vortex. At a point
aft of the primary separation, a secondary separation occurs, which
rolls up into the secondary vortex located underneath the primary
vortex. The actual existence of the secondary separation, or possi-
bly even a tertiary separation, depends on flow conditions. These
separations result in a highly skewed and, thus, three-dimensional
boundary layer.

Previous works by Meier et al.,!»? Kreplin et al.* and Vollmers
etal.* at the DFVLR (now the DLR, German Aerospace Research
Establishment)have documented the surface flow, surface pressure,
skin friction, and mean velocity around the prolate spheroid. Previ-
ous work at Virginia Polytechnic Institute (VPI) by Ahn® has doc-
umented the Reynolds number and angle-of-attack effects on the
boundary layer transition and separation phenomena for this flow.
Barber and Simpson® thoroughly documented the mean and tur-
bulent velocities in the crossflow separation region, but due to the
limitations of their instrumentation (five-hole pressure probes and
crossed hot wires) they obtained no data within the inner boundary
layer.

Because of the simple geometry and the extent of the experimen-
tal data, this flowfield has made an excellent test case for three-
dimensional computational models. A recent study by AGARD’
used the DFVLR data for comparisonto three-dimensionalcompu-
tations utilizing integral boundary-layer, algebraic mixing-length,
and eddy-viscosity turbulence models. The AGARD study found
that all of the computational models experienced difficulties in cal-
culating the flowfield in the crossflow separation region. Gee et al.®
were able to get somewhat better results calculating the flow about
the 6:1 prolate spheroid using versions of the Baldwin-Lomax and
Johnson—King turbulence models modified for three dimensions,
but stated that “more experimental data may be required before a
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Fig.1 Crossflow separation on the prolate spheroid.

better understanding of the effects of turbulence models on flow
parameters can be gained.”

The effects of the three dimensionality on the turbulence in the
boundary layer of the 6:1 prolate spheroid were investigated in de-
tail in Ref. 9. In that paper, all three velocity components, Reynolds
stresses, and velocity triple products were measured from the vis-
cous sublayer to beyond the boundary-layer edge near the separa-
tion line on the prolate spheroid. These measurements were used
to calculate all important terms in the turbulent kinetic energy
(TKE) equation and to show how the balance of turbulent con-
vection, diffusion, production, dissipation, and viscous diffusion
varied throughout the three-dimensional boundary layer. The pa-
per also showed how the assumptions of various turbulence models
were not supported by the measured flow conditions about the pro-
late spheroid. That study, however, focused on only one location
(x/ L=0.762, ¢=123 deg) at one angle of attack (10 deg).

The present work builds on the earlier works of Chesnakas and
Simpson®-!* and Chesnakas et al.'! and extends the knowledge of
this three-dimensional separated flow by presenting a fuller set of
the data obtained about the prolate spheroid, data at several axial
locations and at two angles of attack, and by explaining how the
separationdevelops. The aim of this paper, then, is to put the earlier
detailed investigation of the turbulence structure about the prolate
spheroid in perspective by showing how the vorticesassociated with
three-dimensional separation develop on the prolate spheroid and
howthe separationsand reattachmentsassociated with these vortices
effect the boundary layer. This will also lay the groundwork for
future interrogationsof this data set concerning the modeling of the
Reynolds stress transport equations and the modeling of velocity
triple products.

The present measurements were accomplished using a miniature,
three-dimensional, fiber-optic laser Doppler velocimeter (LDV) de-
signed specifically for this application. The probe was placed within
the model, and all beams passed through a plastic window molded
to the shape of the model so that the flow was virtually undisturbed
by the instrumentation. The probe was configured to measure three
simultaneous, orthogonal velocity components. In this way, the to-
tal velocity vector and Reynolds stress tensor were obtained with
maximum accuracy. A pressure tap was placed in the window al-
most directly below the measurement volume so that pressure mea-
surements could be made simultaneously with the velocity mea-
surements. The full set of velocity measurements about the prolate
spheroid is too voluminousto reporthere but can be found inRef. 11
and in the data bank contribution of Chesnakas and Simpson.’

Experimental Facility

Tests were performed in the VPI and State University stability
wind tunnel. This tunnelis a continuous, closed-test-section,single-
return, subsonic wind tunnel with a 7-m-long, 1.8-m square test
section. The 9:1 contractionratio and seven antiturbulence screens
provide for very low-turbulencelevels, on the order of 0.03%or less.
Temperature stabilization is provided by an air exchange tower.

The 6:1 prolate spheroid model used in this experimentis 1.37 m
(54 in.) in length and 0.229 m (9 in.) in diameter. The model has a

fiberglass skin bonded to an aluminum frame. Windows 30,150
0.75 mm thick were placed in the skin for optical access to the
flow. The windows were molded to the curvature of the model to
minimize flow disturbancesand were mounted flush with the model
surface within 0.1 mm. Wax was used to smooth any small steps
between the windows and model skin. The model was supported
with a rear-mounted, 0.75-m-long sting connected to a vertical post
coming through the wind tunnel floor.

The location of transition on the prolate spheroid was found by
Meier etal.'? to be strongly dependenton freestreamturbulence,and
the stability of the separation on the prolate spheroid was found in
the particle image velocimetry studies of Fu et al.!® to be greatly en-
hanced by fixingthe positionof transitionwith a boundary layer-trip.
Therefore, a circumferentialtrip, consisting of posts 1.2 mm in di-
ameterand 0.7 mm high spaced 2.5 mm apart, was placed around the
nose of the modelat x/ L = 0.2 to stabilize the location of transition
and, consequently, the location of the separation. These posts were
carefully sized to the boundary-layer thickness so that, using the
analysisof Braslow and Knox,'* little or no drag increase will result.

A unique, three-component, fiber-optic LDV probe was used for
these measurements. It was designed specifically to measure the
complete velocity vector and full Reynolds stress tensor from the
viscoussublayerto the edge of the boundary layer on the 6:1 prolate
spheroid. The design of the probe is discussed in detail in Ref. 10.

The probe is a two-color, three-component, fiber-optic design.
Light for the probe comes from the blue and green lines of an argon-
ion laser with scattered light collected in off-axis backscatter. The
measured velocity components are mutually orthogonal, and the
probe volume is roughly spherical with a diameter of approximately
55 pum. The probe was positioned inside the model with all beams
passing through the window, as shown in Fig. 2. In this way the
flow is undisturbed by the presence of the probe. The probe was
mounted to the frame of the model on a two-component traverse,
which could be remotely positioned 4 2.5 cm in both the axial and
radial directions. Positioning in the circumferential, or ¢, direction
was accomplished by rotating the model about its primary axis. The
Doppler frequency of the LDV signals was analyzed using three
Macrodyne model FDP3100 frequency-domain signal processors
operating in coincidence mode.

Polystyrene latex spheres 0.7 um in diameter were used to seed
the flow. The seed was suspended in ethanol and introduced into
the flow using two air-atomizing paint spray nozzles placed just
downstreamof'the turbulence-reducingscreens. The arrangementof
thetwonozzlesproduceda localizedregionof seeded flow extending
a minimum of 10 cm on all sides of the model. This arrangement
causes some increase in the freestream turbulence; the increase,
however, is below the measurement resolution of this instrument
and has not been quantified.

In the window, approximately 1 mm to the windward (positive
¢) circumferential side of the measurement volume, is a 0.5-mm
pressure tap. An Endevco model 8507-C2 pressure transducer is
placedjustbehind and to the side of this pressuretap. The transducer
has a flat frequency response from 0 to 15 kHz. The short passage
connectingthe pressuretap to the transducerand the transducerdead
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Fig. 2 Three-dimensional, fiber-optic, boundary-layer LDV probe
placed inside the prolate spheroid.
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volume result in a system resonant frequency at 11 kHz. With each
particle velocity measurement, the pressure at the window pressure
tap was sampled and stored with 16-bit precision.

All tests were performed at a Reynolds number based on the
model length and freestream velocity of 4.20 y, 10°. Tests were per-
formed at a 10-deg angle of attack at x/ L "= 0.400, 0.600, and
0.772. Surface oil-flow visualizations by Ahn’ indicated that the
primary separation is incipient at x/ L = 0.600, oc = 10 deg and
is well developedat x/ L = 0.772. For x/ L = 0.772, convergence
of flow lines indicated the separation line to be at ¢ = 123 deg. At
20-deg angle of attack, measurements were made at x/ L = 0.600
and 0.772. The previous flow visualizations showed the separation
to be much more pronounced at this angle of attack, with the pri-
mary separation well establishedat x/ L = 0.600 and the secondary
separationincipient. At x/ L = 0.772, the secondaryseparation was
well developed.

At each axial location, boundary-layer profiles were measured
at from 10 to 14 circumferential locations from ¢= 90 to 180 deg.
Each boundary-layer profile consisted of from 17 to 19 radial lo-
cations, from approximately 0.007 cm from the model surface out
to 2.5-3.0 cm. At each of these locations, 16,384 coincident three-
dimensional velocity/pressure realizations were acquired.

Uncertainty Estimates

Uncertainty estimates for the measurements presented are listed
in Table 1. Errors due to velocity bias were corrected by using an

Table1 Uncertainty estimates

Term Uncertainty
uv,w 0.005 IUI
u,2 2%

Jij 0.7 deg
B 1.5deg
Ye 1.1 deg
Yz 4 deg
Cy 4%

inverse-velocity weighting scheme when calculating statistical av-
erages, and uncertainties in the mean velocities due to finite sample
size were small due to the large (16,384 points) sample size. The
uncertainties in the mean velocities and the mean flow angles is
then primarily due to calibration limitations and, therefore, should
be considered bias uncertainties. Errors in the turbulence quanti-
ties due to gradient broadening were corrected using the scheme of
Durst et al.'> The primary source of uncertainty in these compo-
nents arises from the uncertainty of calculating these higher-order
statisticalterms with a finite sample size. These uncertainties,there-
fore, should be considered random uncertainties. Uncertainty in
the skin-friction coefficient arises primarily from uncertainties in
the distance of the probe volume from the wall and uncertainties
in the constants for a wall law fit of three-dimensional flows. Un-
certainty in the skin friction, therefore, should be considered to be
primarily a bias uncertainty. Turbulence quantitiesat the edge of the
boundary layer are limited by a minimum measurableturbulencein-
tensity of about 1.5%.

Motion in the radial direction was powered by a rotary-encoded
servomotor, and repeatability of the radial positioning was found to
be better than 4 0.008 mm. Positioning of the measurement volume
in the circumferentialdirection was measured with a sting-mounted
index and was accurate to within 0.1 deg.

Results
Mean Velocity and Pressure Measurements

Figures 3—5 show the measured contours of total velocity overlaid
with the secondary streamlines at o = 10 deg, x/ L = 0.772 and
o= 20deg, x/ L = 0.600 and 0.772 in planes perpendicularto the
model axis. Also shown are plots of the wall-pressure coefficient
measured at the same ¢ locations as the LDV profiles. The model
surface is at the inner arc of the contoured region.

The secondary streamlines were calculated by interpolating the
measured (V, W) vectors throughout the measured planes, and
tracing the paths of imaginary particles in the interpolated field.
These secondary streamlines clearly identify the separations, reat-
tachments, and vortices that exist in the flowfield.

Fig.3 Contours of total velocity with wall-pressure coefficient; X = 10 deg, x/L = 0.772.
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Fig.4 Contours of total velocity with wall-pressure coefficient; & = 20 deg, x/L = 0.600.

Fig.5 Contours of total velocity with wall-pressure coefficient; & = 20 deg, x/L = 0.772.
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In Fig. 3 (a=10 deg, x/ L=0.772), the streamlines reveal a
single separationat ¢ = 123 deg, accompanied by a vortex approx-
imately 1.5 cm above the surface at ¢ = 165 deg. Because this flow
is symmetric about a vertical plane, there also exists another sepa-
ration at ¢ = 237 deg, another vortex is centered above ¢ = 195
deg, and the point ¢ = 180 deg is a reattachment.

In Fig. 4 (= 20 deg, x/ L = 0.600), a single large vortex (the
primary vortex) is centered about 1.8 cm above the model surface
at ¢ = 158 deg. This primary vortex is associated with the primary
separation line, which is approximately at ¢ = 123 deg. No sec-
ondary vortex or separation is clearly evident; however, the kink
in the secondary streamlines just above the surface at ¢ = 140 deg
indicatesthata secondary vortex may be startingto format this loca-
tion. Previous flow visualizationshad, in fact, shown the secondary
separation to be incipientat this axial location.

In Fig. 5 (a=20 deg, x/ L=0.772), the secondary vortex is
clearly evidentat ¢ = 140 deg, and the associated secondary separa-
tion and reattachmentare seenat ¢= 147 and 135 deg, respectively.
The primary vortex has moved away from the surface of the model,
and the primary separation has moved down to ¢= 112 deg.

Plots of the secondary streamlines for &= 10 deg, x/ L= 0.600,
which are not shown here but are plotted later, reveal separation just
beginning with a very small primary vortex just above the surface
at ¢ = 162 deg. Plots of the secondary streamlines for ¢ = 10
deg, x/ L = 0.400 are not shown here at all because they reveal no
separations or vortices.

The plots of C,, in Figs. 3—5 show the pressure to be lowest at
¢ = 90 deg, where the flow has been acceleratedaround the model.
The pressure then rises past ¢ = 90 deg until separation is reached;
the pressure becomes almost flat past the separation. For the two
a = 20-deg cases, the influence of the primary vortex on the wall
pressure is quite strong. In both cases the wall pressure is at a local
minimum directly below the primary vortex. After the flow passes
under the primary vortex (moving in the __¢ direction), the pressure
rises. The rise in pressure past the primary vortex then leads to the
secondary separation.

The contours of total velocity in Figs. 3—5 show the highest ve-
locity fluid to be on the side of the prolate spheroid (¢ = 90 deg),
where the flow has accelerated around the model, and underneath
the primary vortex, particularly at = 20 deg, x/ L = 0.772. The
lowest velocities exist just downstream of the separation lines. For
the two a = 20-deg cases it is clear that a trough of low-velocity
fluid has formed between the two separation lines, corresponding
to the regions where C,, is approximately constant. The fluid in this
region is convecting out to the sides. Because this fluid is not be-
ing replaced from the fluid above (7 is not negative), continuity
demands that the streamwise component of velocity must decrease.
The same creation of a low-velocity zone appears in a less dramatic
fashion at o¢ = 10 deg, x/ L = 0.772, where there is only one
separation line.

Analternate, butnot conflicting, explanationfor the accumulation
of low-velocity fluid downstream of the separations is that the vor-
tices, which form past the separations,sweep up the low-momentum
fluid near the wall and that this fluid then accumulates between the
vortex and the separation line. When the vortex is strong, some of
the low-velocity fluid gets pulled out of the region near the wall and
into the vortex itself. This can be seen clearly in Fig. 4, where a fin-
ger of low-velocity fluid stretches from the wall out to the center of
the vortex, and also in Fig. 5, where the same phenomenonappears
to be present, but is somewhat obscured by the vortex moving out
of the measured region.

Skin Friction and Wall-Flow Angle
To calculate the skin friction, the velocity profiles were fitted to
a Spalding type wall law

N ot N (Iﬂ,{+)2 (1<u+)3
= — 1 _ku —_—
=t - =T
with the constants £ = 8.323 and Kk = 0.41 and with the substitu-
tions

(1

, A T,
= Ul gy e U S 2)

Nzs A AV

This equation satisfies the continuity equation requirements of
Rotta'¢ that u* _ y* vary as y+* nearest the wall while u* ap-
proaches a semilogarithmic form for large y*. Inthis way, the skin-
friction coefficient, and the term Ay, can be calculated from a least
squares fit of this equation to the measured U,,./ U, vs y/ L pairs.
(Ay is a term correcting for any small error in the traverse zero
point and was typically less than 30 pm.) This equation is, strictly,
only applicable to two-dimensional flows. However, in a study of
three-dimensional boundary layers, Olgmen and Simpson!’ found
that the region of flow below y* = 100 is dominated by laminar
wall flow and follows a two-dimensional wall law reasonably well.
For these three-dimensionalprofiles then, only the points measured
within the region below y* = 100 are used for the least squares fit.

The magnitude of the measured skin-friction coefficient C is
plotted in Fig. 6, and the direction of the flow at the wall relative to
theaxialdirection, 3, ,is plottedin Fig. 7. C ; has beennormalized by
the wind tunnel velocity U __to make comparisonsbetweendifferent
measurement locations more convenient.

The minima in skin friction in Fig. 6 do not occur exactly at the
separation locations, but rather occur some distance downstream of
the separation lines, in agreement with the hot-film prolate spheroid
measurements of Meier and Kreplin.!® The minima do correspond
very well, however, to the regions of low-velocity fluid near the wall
seen in Figs. 3-5. Although the minima in skin frictionroughly cor-
respondtothe separationlines, the flow at o= 20deg, x/ L = 0.772
has two minima and two separation lines, the flow at a = 20 deg,
x/ L = 0.600 has one pronounced minimum and one weak mini-
mum corresponding to a well-developed separation and an incipi-
ent separation, and the flows at o= 10 deg, x/ L = 0.600and 0.772
bothhave a single minimum and a single separation;the skin friction
minima are not precise indicatorsof separation location. The flow at
o= 10 deg, x/ L= 0.400, for example, has a weak local minimum
in skin friction at ¢= 150 deg but has no separation. Similarly,
the local maxima cannot be relied on to indicate reattachment. Al-
though there existsa local maxima in the skin frictionat o= 20 deg,
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Fig. 6 Skin friction on the prolate spheroid.
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x/ L=0.772 near the secondary reattachment point, for example,
therealsoexistsa largermaxima at ¢ = 160deg correspondingnotto
a reattachmentbut rather to the primary vortex. The reattachment at
¢ = 180 deg actually occurs at a minimum in skin friction. The skin
friction is then useful in determining the structure of the flow only
when combined with other information, such as the velocity field.
InFig. 7,the wall-flow angleat ¢ = 90 deg is approximately from
_l6to _19degforall casesat = 10 degand is about__35 deg for
the v = 20-degcases. For all cases, the flow angle is approximately
0degat ¢ = 180deg,as symmetry demands. On a plot of wall-flow
angle, the featurethat would distinguisha separationor reattachment
would be a discontinuity in the plot. In Fig. 7 there do appear to be
discontinuitiesin the plot near some of the separationand reattach-
ment points, particularly for = 20 deg, x/ L = 0.772. However,
detection of separation and reattachment lines by this method re-
quires very close spacing of the measurement locations in the cross-
streamdirection. The spacingof the measurementsin the ¢ direction
in these plots is not sufficient to identify the lines from f3, alone.

Turbulent Kinetic Energy and Wall-Pressure Fluctuations

Figures 8 and 9 show the measured contours of twice the TKE
¢ overlaid with the secondary streamlines at a = 20 deg, x/ L =
0.600 and 0.772 along with plots of the measured wall-pressure
fluctuations, p. The plotsof p/ Q include both acousticand turbulent
pressurefluctuationsbecause with these datano spectralinformation
was available. The subtractionof acousticpressure fluctuationsfrom
this data should only reduce the magnitude of p/ Q slightly and
should do so approximately evenly for all locations. Therefore, the
shape of the p/ Q plots should not be influenced by the acoustic
pressure fluctuations.

The contoursof TKE showthatthe lifting of the secondarystream-
lines at separation is accompanied by the lifting of a sheet of very
turbulentfluid. This sheet appearsto be drawn by the primary vortex
from the boundary layer into the vortex core.

Downstreamofthe separationlines, the fluid nearthe wall exhibits
extremely low-turbulencelevels. For the case of o= 20deg, x/ L =
0.772, the primary separation line is approximatelyat ¢ = 112 deg.
The TKE just downstream of the separation at ¢ = 115 deg is

lower at y* = 10 (normally the location of the peak turbulence)
than the TKE just upstream of the separationat ¢ = 110 deg is
at y* = 500. The turbulence near the wall increases again at the
reattachment (¢ = 135 deg), but is nearly as low at ¢ = 145 deg,
just downstream of the secondary separation.

This low TKE just downstream of the separation lines is echoed
in the measurements of the fluctuating component of the wall pres-
sure p. For a=20 deg, x/ L=0.772, p reaches a minimum at
¢ =120deg, very near the location of the minimum in TKE. The
fluctuating pressure level rises at the secondary reattachment point,
but thenreaches another minimum at ¢ = 145 deg, just downstream
of the secondary separation.

A similar phenomenonis exhibited in Fig. 8, which shows at a =
20deg, x/ L = 0.600 thatthe TKE behindthe separationline reaches
aminimumat ¢ = 130deg,asdoesthe fluctuatingpressurelevel. At
o= 10deg, x/ L = 0.772, a location with only a single separation,
the velocity and pressure fluctuationsreach a minimum downstream
of the separation line as well. There, the TKE reaches a local min-
imum at ¢ = 135 deg, and p reaches a minimum at 140 deg.

The separations then generate regions just downstream that are
quite distinct from the rest of the flow. They have both low mean
kineticenergy (low UJ) and low fluctuatingkineticenergy (low ¢2).
This trough of relatively quiescent fluid is, in the case of a single
separation, wedged between the separation line and the primary
vortex or, in the case of two separation lines, contained between the
two separation sheets.

Helicity Density

The vorticity in a flow can be divided into two components:
the streamwise vorticity characteristic of three-dimensional flow
structures and the cross-stream vorticity characteristic of two-
dimensional shear layers. The helicity /, which is the dot product
of the vorticity and the velocity, can be used as a means of identi-
fying streamwise vorticity and, thus, can be used to locate vortices.
As will presently be shown, it can also be used to identify a three-
dimensional separation.

The contours of / are shown for o = 20 deg, x/ L = 0.772
in Fig. 10. The white line marks the contour of zero helicity. The

q’ /U2
(x1000)
17
15
13
1

9

Fig. 8 Contours of TKE with wall-pressure fluctuations; X = 20 deg, x/L = 0.600.
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Fig.9 Contours of TKE with wall-pressure fluctuations; X = 20 deg, x/L = 0.772.

Fig. 10 Contours of helicity density; & = 20 deg, x/L = 0.772.
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contours show a region of large positive helicity, where the sec-
ondary streamlines show the secondary vortex to be, and a large
negative helicity near the center of the primary vortex. There is a
sheet of high-helicity fluid emanating from the surface at ¢ = 110
deg, just upstream of the primary separation, which extends toward
the primary vortex, and a sheet of high negative helicity fluid em-
anating from the surface at ¢ = 150 deg, just upstream of the
secondary separation, which extends toward the secondary vortex.
Near the surface of the model, the helicity changes sign very close
to the separation lines.

Turbulence Anisotropy

Currently, the great majority of turbulentflow codes in use employ
turbulence models that assume an isotropic eddy viscosity; that is,
they assume that the turbulent-shear-stress vector is some scalar
multiple of the flow-gradient vector. In mathematical notation this

is expressed as
(v oU/dy
N‘(ﬁ) (m)sl @)

or, identically, that the turbulent-shear-stressangle ¥, is equalto the
flow-gradientangle y,, where

_ ow/dy _ W
Ye=a tan( m) Yr=a tan( ﬁ) (4)

Two general types of turbulence models exist that do not assume
that the eddy viscosity is isotropic. The first of these are the models
that solve a separate partial differential equation for each of the
Reynolds stresses. The most notable of these Reynolds stress, or
second-moment closure, models is that of Gibson and Launder,"
but several other variations of the scheme exist. These models make
no assumptionaboutthe value of N, becausethey make no use of an
eddy viscosity concept. They are very little in use, however, due to
their computationalcomplexity and cost. The second type of models
that do not use an isotropic eddy viscosity are models that utilize an
eddy viscosity,but allow N to vary fromthe isotropicvalueof 1. The

most notable of these is the Rotta-T model.?’ In the Rotta-T model,
T, which is identicalto N when defined relative to the streamwise
direction, is assumed to be a constant not equal to 1.

To judge the applicability of these models to three-dimensional,
separating flows, the quantity P/g _ 7¢| is plotted for a= 10 deg,
x/ L=0.600and o= 20deg, x/'L=0.600and 0.772inFigs. 11-13.
This quantity can be relatedto N (or T') by

1
tan y,

N=1_tan(y, — ) [ + tan %] (%)
and has the benefits that 1) unlike N it is coordinate system in-
variant and 2) unlike both 7" and N it does not blow up when the
flow-gradientangle is zero. As |, — yfl moves away from zero, the
eddy viscosity becomes less isotropic.

In Fig. 11, it can be seen that for ot= 10 deg, x/ L = 0.600, the
shear-stress angle and the flow-gradient angle are closely aligned
throughout the boundary layer. (Outside of the boundary layer,
where the turbulence is very low, the uncertainty on y; is very
high, and the fluctuations in the contours should be ignored.) At this
station, the three dimensionality of the flow is very mild and has
not much affected the turbulence structure. In Fig. 12, a= 20 deg,
x/ L = 0.600, the shear-stressangle and the flow-gradientangle are
aligned over most of the boundary layer, but it is clear that in some
regions, most notably underneath the primary vortex, near where the
secondary vortex is forming, and alongthe primary separationsheet,
7. and y; are becoming significantly misaligned. In Fig. 13, ot = 20
deg, x/ L = 0.772, the shear-stress angle and the flow-gradient an-
gle have become severely misaligned over much of the flow. Over
large regions, 7, and ¥ differ by more than 90 deg indicating that
there is no relation between the streamwise and cross-stream eddy
viscosities.

It is clear then that for mildly three-dimensionalflows, suchas the
flow at = 10 deg, x/ L= 0.600, isotropic eddy viscosity models
will describe the flow adequately. As the flow becomes increasingly
dominated by three-dimensional structures, the isotropic eddy vis-
cosity models will perform increasingly poorly. The results here for

Fig. 11 Contours of turbulence anisotropy; & = 10 deg, x/L = 0.600.
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Fig. 12 Contours of turbulence anisotropy; & = 20 deg, x/L = 0.600.

Fig. 13 Contours of turbulence anisotropy; & = 20 deg, x/L = 0.772.
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o= 20 deg, x/ L = 0.772 show that for highly three-dimensional
flows, isotropic eddy viscosity models are inappropriate. The
Rotta-T model is inappropriateas well because for large regions of
the flow there isnorelationbetweenthe streamwiseand cross-stream
eddy viscosity. The only models that are appropriate for strongly
three-dimensional flows are those that solve for the Reynolds
stresses.

Summary and Conclusions

A miniature, three-dimensional, fiber-optic LDV was used to sur-
vey the separating flowfield about an inclined 6: 1 prolate spheroid at
a Reynolds number based on model length of 4.2 y, 10°. Measure-
ments were made on the leeward side of the modél'at a= 10 deg,
x/ L=0.400, 0.600, and 0.772, and at o= 20 deg, x/ L= 0.600
and 0.772. These measurements extended from less than 0.007 cm
from the model surface out to beyond the boundary-layeredge. Si-
multaneous with the three-dimensional LDV measurements were
measurements of the surface pressure just below the measurement
volume.

The measurements revealed several techniques for finding the
separation and reattachment points on the model. The clearest of
these was the generation of secondary streamlines from the mea-
sured velocity field. The secondary streamlines reveal not only the
separationsand reattachments,but also revealthe vortical structures
in the flow. Unfortunately,to generate the secondary streamlines re-
quires a great number of accurate velocity measurements.

Measurements of the skin friction were shown to be somewhat
imprecise indicatorsof the separation. Minima in skin friction gener-
ally occur some distancedownstreamof the separationline, but may
sometimes occur even when no separation is present. Skin-friction
maxima are a poor indicators of reattachment. Maxima can occur
for other reasons, such as underneath a vortical structure, and reat-
tachment often occurs without the presence of a local skin-friction
maximum.

Measurements of the wall-flow angle can be used to find the
separation and reattachment points in flows such as this, but, in
practice, it is time-consumingand tedious. At the three-dimensional
separation and reattachment lines, there should be a discontinuity
in the flow angle. Because these discontinuitiescan be small, to find
them requires very closely spaced, accurate measurements of the
wall flow angle. This can be achieved much more simply by use of
an oil-flow technique.

Other measurements that can reveal the location of separation
are turbulent kinetic energy, which drops significantly across the
separation but may take some distance to do so if the separation
is not strong; helicity; density, which changes sign very near the
separation point but may be difficult to measure; and wall-pressure
coefficient, plots of which will become almost flat past the separation
line. It is clear that none of these techniques is completely reliable
in revealing the separation topology and that multiple techniques
may need to be employed.

Investigation of the flow structure in the vicinity of the three-
dimensionalseparationsrevealeda regionjust behind the separation
lines that is quite distinct from the rest of the flow. A trough of
fluid exists, which is located between the primary vortex and the
separation sheet in the case of a single separation, and between the
two separationsheets in the case of two separations, that is relatively
quiescent. The fluid has relatively low velocity and low turbulence.
The flow near the wall at o = 20 deg, x/ L = 0.772 was found
to have turbulence levels just behind the primary separation one-
third of those just ahead of separation. The vortex formed by the
separation, if strong, may pull some of the fluid away from the
surface and in toward its core.

Measurements of the flow-gradient angle 7, and the turbulent-
shear-stressangle y; reveal that, for mildly three-dimensionalflows,
the two angles are nearly equal, and models that assume an isotropic
eddy viscosity should be sufficient. In highly three-dimensional
flows with multiple three-dimensionalseparations, large regions of
the flow have 7, and y; strongly misaligned. This implies that mod-
els that use an isotropic eddy viscosity are incapable of adequately
describing these flows. Models that use an anisotropic eddy vis-
cosity model, such as the Rotta-T model, are insufficient as well,
because large regions of the flow have no correlation between the
flow-gradientand the turbulent-shear-stressangles. For highly three-

dimensional flows, the eddy viscosity concept is simply inappropri-
ate. The best hopes for modeling these flows are models that solve a
partial differential equation for each of the turbulent shear stresses.
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