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Abstract

Hot-wire velocity measurements were made on
the leeside of a 61 prolate spheroid,
Re, = 4.2x10%, at 10° and 20° angles of attack, and
at xL = 0.600 and 0.772. The dominant feature of
each of these flowfields is the presence of a shed
vortex due to cross-flow separation. This is a
source of considerable noise and vibration. At
& = 10° the most turbulent fluid is confined to the
near wall region. At a = 20* the most turbulent
fluid appears away from the wall at locations
where the flow is Velocity spectra for
regions with weaker 3-D effects exhibit features
that are oheerved for equilibrium flows. Spectra in
strong vortical flow regions show unuvsual and
apparently non-equilibriom behavior.  This
behavior has some qualitative similarities with
surface pressure fluctuation spactra.

Nomenclature

Model length, 1.37 m.
Pressure fluctuation at the model surface

Dynamic pressure at boundary layer edge
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Distance from model surface along a line
perpendicular to the model axis
Reynolds number, UL/ v

Turbulent

directions of U, V, and W, respectively
Velocity component in a plane parallel to
the surface, in the axial direction

Total velocity at edge of shear layer
Wind tunnel free-stream velocity

Mean velocity component normal to the
loeal model surface

Mean velocity component in & plane
parallel to the local model surface and
perpendicular to the axial direction
{positive in -¢ direction)

Axial distance from the nose of the model

Angle of attack of model relative to




o Power gpectrum of surface pressure
fluctuations such that

¢ (w) do

&, Pﬂwer ipe:l:nlm of velocity fluctuations

j-dr {w) dw

@ Circular frequency, radians

Primes denote the root mean square value of
fluctuating quantities

Introduction

The flow about a 6:1 prolate spheroid exhibits
fundamental open separation phenomena of three-
dimensional flow (Figure 1). It is reflected by the
convergence of skin friction lines. The flow
peparating from the lee-side rolls up into a strong
vortex on each side of the body. This primary
vortex may be accompanied by one or more smaller
vortices, each of which iz associated with a
separation and reattachment line. The complex
interactions between vortices result in a highly
skewed  three-dimensional  shear  layer.
Simpson™® treats three dimensional turbulent
separation in detail.

The current study is part of an ongoing effort
to extensively measure this flowfield in order to
increase the understanding of the flow physics and
to provide an experimental data base for
comparison with computations. The effects of
Reynolds number and angle of attack on boundary
layer transition and separation were studied by
Ahn and Simpson®. Barber and Simpson®
documented the mean and fluctuating velocities in
the cross-flow separation region, but the use of
five-hole pressure probes and crossed hot wires
precluded them from obtaining data within the
inner layer.

Previous studies of a tripped flow for angles of
attack of 10" and 20° at a length Reynolds number
Re, = 4.2x10" by Chesnakas and Simpson*® did
not suffer this limitation. They thoroughly
documented the tarbulence structure, including all
Reynolds stresses and velocity triple products, to
¥" closer than 7. This was possible through the use
of the specially designed, miniature fiber-optic
LDV probe described in Chesnakas and Simpson®.
Their cxperimental data have shown that this
flowfield contains large regions in which the flow-

mdﬂutanllﬂandhuhulmt-ahmmdu

. This anisotropic condition
lmpﬁuthnpnpulnrtuﬂm]mumwmthn
isotropic eddy viscosity formulation canmot be
adapted to this flowfield while important
physical information. This has been confirmed in
work reported by AGARD' | Gee et al®™
Sung et al.* and Ramamurti et al.”".

Chesnakas and Simpson’ investigated the
effects of three dimensionality on the turbulence
structure of the 6:1 prolate sphervid. They focused
one location (xli = 0.762, ¢ = 123%) nesr
separation™ at one angle of attack (a = 10°). Data
were used to calculate important terms in the
turbulent kinetic energy transport equation from
the viscous sublayer to the boundary layer edge.
They showed that the assumptions of several
turbulence models were not supported by the
measured flow conditions.

Goody et al." measured surface pressure
fluctuations and pressure-velocity fluctuations at
10* and 20" angle of attack and x/L. = 0.600 and
wL = 0.772. They also observed significant
correlation between surface pressure and wall-

are near the wall. The p’ is a local minimum where
the flow separates and a local maximum where the
flow reattaches®.

Elsewhere Meier et al. ™%, Kreplin et al. "
tnd‘fnﬂmmﬂnL'nth-DF‘i’m{mDm
have documented the surface flow, mean surface
pressure, skin friction, and mean welocity at
several Reynolds numbers and angles of attack.

Four  sensor  hoi-wire  anemometer
measurements of the outer layer flow are
presented here to complement the near-wall, LDV
measurements of Chesnakas et al.** They serve to

unﬂnmmmﬂutmhﬂmmmnnhh
flow and can be used for future comparison with
large eddy simulations.

Apparatus and Techniques

Thnmmhwm made in the Virginia

with & 7 m long 1.8 m square test section. The
precissly regulated d.c. power source, & 571 area
contraction, and seven anti-turbulence screens
provide low free-stream turbulence levels - on the
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order of 0.03%. All measurements were conducted
at Re, = 4.20x10" and ambient temperature.

The 6:1 prolate sphercid used for these
measurements is 1.37 m long and is constructed of
a fiberglass skin bonded to an aluminum frame. A
circumferential trip, consisting of posts 1.2 mm in
dim.ﬂ.‘fmmhﬁhaadmudﬂ.ﬁmm
was placed around the model at ©L = 0.2. This
stabilized the location of transition. Windows
30 « 150 = 0.75 mm were placed in the skin for
optical (LDV) access to the flow. The windows
were molded to the curvature of the model and
mounted flush with the model surface in order to
minimize flow disturbances, Wax was used to fill
any small gaps in the model surface. The model
was supported with a rear-mounted, 0.75 m long
sting connecting to a vertical post extended
through the wind tunnel floor.

Even though no new LDV measurements are
reported here, a brief description of the previous
Lmutqrhmﬁnuthu-dlummmplﬂd
with the hot-wire measurements. Near-wall

55 pm. The probe was
mounted inside the model with all beams passing
through the window. [t ecould be
traversed 2.5 cm in both the axial direction and
normal to the major axis. Positioning in the
circumferential direction (§) was achieved by
rotating the model about its major axis.

The Doppler frequency of each of the LDV
signals was analyzed using 3 Macrodyne model
FDP3100 frequency domain signal processors
operating in coincidence mode. The flow was
seeded using polystyrene latex spheres 0.7 pm in
diameter. The particle velocity and the pressure at
the window pressure tap were sampled
simultanecusly and stored with 16-bit precision.
The sample rate varied from 40 samples/sec near
the purface to 250 samples/sec in the outer part of
the measurement region.

Boundary layer velocity profiles  were
measured with the LDV at 10-14 circumferential
locations from ¢ = 90° to ¢ = 180°. Each profile
congisted of 17-19 radial locations from 0.007 em
above the model surface out to 2.5-3.0 cm. At each

nfthmhﬂﬂnhlﬁ.ﬂﬂimhddmti-nﬂhdm-
pressure realizations were acquired.

In the new measurements reported here, a
miniature 4-sensor hot-wire probe consisting of
X-wire arrays (Auspex Corp.
AVOP-4-100) was used. It has 5 pm tungsten
sensors 0.8 mm in length and a measurement
volume of 0.6 mm?,

The hot-wire sensors were operated
separately, each using a Dantec 56C17/536001

computer through an
Analogic 12 bit HSDAS-12 A'D converter buffered
by four x10 buck-and-gain amplifiers. A
traversing gear mounted in the wind tunnsl
allowed the horizontal and vertical position of the
probe to be controlled from the computer. A probe
holder positioned the tip of the probe well
upstream of the traverse gear. The probe was held
parallel to the free-stream direction for all velocity
measurements. A detailed description of the hot-

spectra. Fifty records of 6144 samples were
acquired at 50 kHz at selected locations (see
Table 1). The period for each continuous record




U, V, W in the Body Surface coordinate system.
This is different than the Body Axis coordinate
system which uses x, r, § to define position. The
difference is shown in Figure 2. In the Body Axis
coordinate system x is the distance from the nose
of the model measured along the model axis. The
mdial:ﬁntma.r,&ﬂnmmﬁmdﬂamﬂlil
measured to the model axis. The
azimuthal position, ¢, is measured from the
windward side of the model. In the Body Surface
coordinate system U is tangent to the model
surface and points toward the tail of the model; V
is normal to the model surface, positive outward;
and W is tangent to the model surface, positive
windward, to form a right-handed coordinate
system. The transformation from the Body Axis
coordinate system to the Body Surface coordinate
system is a rotation about the ¢ axis. The
rotations required are 1.948° and 6.167" at

.ﬂLnﬂ.Eﬂﬂmﬂm"L 0.772, respectively.
This i serves to document outer

s&parat

= lw,ﬁnﬂﬁlﬁuﬂw.?b-&mm
lllﬂm thoge Bt @ = *
and o = 20°, L = 0.772 are presented here. The
flowfield at & = 10° »/L. = 0.600 is only starting to

mean flow separates at ¢

4

collapse at low frequencies when scaled on 8, U,
and q, (Figure 4). This collapse is also observed in
@, (wh,3" for 150° < ¢ < 170" (Figure 5). Thiais
to be expected since the weak separation was
found to have little effect on U and u' at the
locations where spectra were obtained. Figurea &
-nd'?ltmwnﬁghtmhi"tumﬁ'nd
D, (WU 4" at low frequencies from ¢ = 150° to
¢ul'1'ﬂ' Features of these spectra are observed in
turbulent flows.

The secondary flowfield at & = 20°, /'L = 0.772
is shown in Figures 8 and 9. There is a primary
separation at ¢ = 115°® and an associated primary
vortex at r = 3 em, ¢ = 165°. There is also &
secondary separation at ¢ = 145" ® and downflow
at ¢ = 135° which is associated with a secondary
vortex at approximately r = 0.6 cm, ¢ = 140°
Contours of the local mean ity magnitude are
shown in Figure 8. They show the low wvelocity
trough (first reported by Chesnakas et al')
between the separation location and assciated
vortex. This trough extends out a significant
distance from the wall Diminished mean flow
gradients and Reynolds shear stresses within this
trough cause THE to be low there, due to
diminished TEE production. However, at the
edges of the trough mean velocity gradients are
stresses increase THKE production. This is most
evident at the top of the low velocity trough
(= 140°, r = 2.75 cm, ¥ = 3993) where the highest
TKE (= 0.022pU7% was measured. The main
eontribution to this high TEE is w?® (= 0.022U %) as
compared to U¥ (= 0.012U_3) and v¥ (= 0.0081U %)
Also notable i that the Reynolds shear stresses
are maximum at this location.

Previously measured surfece pressure
fluctuation spectra® do not collapse at this
measurement station when scaled on 8", U, and q,
(Figure 10). 'Ihuitlhnmhthivllmt_r
spectra scaled on & and U, (Figures 11 - 13)
However, the velocity m show unusual
features that seem to follow the surface
fluctuations. Since the velocity spectra at a = 10°,
'L = 0.600 appear to demonstrate the validity of
the experimental methods, we have confidence in
the validity of theae latter data.

The locations r = 0.6 cm, ¢ = 1356°, 140°, and
145* traverse the secondary vortex. A hump is
observed in @y {w)UL at low and middle
frequencies. Although the about which
tﬂlhmphmmdﬂmnﬂﬂhmﬁ and U,
ﬂhmﬁuﬁh&umpﬂ.ﬂ:ﬁ#m <0.6. The
mﬂdnmmtrmﬁm:hﬁn{um,ﬁ appears to
correlate with the secondary separation
(at & = 145° ™) and downflow (at ¢ = 135°). The
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value of @,(wVUS decreases in the middle
&qmwujwﬁ?mﬂum

secondary location for all but the
highest . It is noted that Wetzel®
found p' to be a local minimum at separation. The
locations r = 3.0 cm, ¢ = 135°, 140°, 150° traverse
the region of highest THE. The spectral values of
all three velocity components increase (with the
TEE) over the entire frequency range.

The spectra of all three velocity components
contain some range that decays as w™ for all of
the measurement stations. This is most evident at
the @ = 20* stations, This relationship was
approached tangentially at = 10°. This power
law relationship is indicative of the inertial

which follows from Eolmogorev's second

is® of universal statistical equilibrium for
was not found to be the case here. Other
relationships resulting from universal statistical
-H]'ﬂﬂﬂlﬂm Hﬂh i 1] E.ﬂ:]]' = Eﬁ.} = ﬁ Eu&.}.
are not satisfied by this data.

The velocity spectra are presented here non-
dimensionalized using 4" and U,. It is evident from
Figures 5 - 7 and 11 - 13 that this does not collapse
the spectra. Unsuccessful attempts were made to
collapse the spectra. These included using the
following length scale and velocity scale
combinations: r, U,; &, local mean velocity; r, and
local mean velocity. It was found that &(w),
@ lw), and ®y(w) each need a different scaling in
order to collapse. This means that flow
parameters such as r, §', U, and y which are
independent of velocity component will not work
for all of the spectra. Additionally, the spectra
were analyzed expressed in a Local Streamline
coordinate system. This attempt to collapse the
spectra was also unsuccessful.

Conclusions

equilibrium flows. Spectra in strong vortical flow
regions show unusual and apparently non-
equilibrium behavior. This behavior has some
qualitative similarities with surface pressure
fluctuation spectra.
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Table 1- Velocity spectra measurement locations with some mean flow properties
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Figure 1 - Flowfield about a 8:1 prolate sphercid at Figure 2 . Helationship between Body Asis esordinate
a= 207 ol = 0600 and 0.TT2. Bolid lines system and Body Surface coordinate system
on model surface show separation lines from
oil-flow wisualization. Dashed lines show

minima in skin friction.
(From Wetzel et al.™)
6.0
4.0
r {cmj)
2.0
180°
165 2
i TKE i up:_
135 0.007
0.008
1207 0.005
0.004
: 0.003
105° L 0.002
- 0.001
0.000

Figure 3 - Sscondary streamlines with contours of TEE 7 pUU.2
i=10° =l = 0800
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Figure 4 - Power specira of wall pressure fluctuations Figure 8 - Power spectra of velocity fluctantions
scaled on &', U, and q.. {V component) scaled on 8°, U,.
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Figure § - Power spectra of velocity fluctoations Figure 7 - Power spectra of velocity fluctaations
(U} component) scaled on &°, U, (W component) scaled on 87, U,.
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Figure 8 - Secondary streamlines with contours of (local mean velocity magnitude) / U,
o= 20" o= 0772
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Figure 8 - Secondary streamlines with contours of (turbulent kinetic energy) / Ut
= 20" wl = 0.TT2
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Figure 11 - Power spectra of velocity fluctuations
(U component) scaled on 8, U,.
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Figure 12 - Power spectra of velocity fluctuations
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Figure 13 - Power spectra of velocity fluctuations
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