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ABSTRACT

This note focuses on details of the experimental tech-
nique used to obtain simultaneous velocity measurements
from two orthogonal arrays of X-wires and its potential
for capturing/extracting information on various aspects of
the organized motion. The experiments were carried out
in a rough wall turbulent boundary layer in an attempt to
obtain some insight into the 3-D nature of the large scale
motion.

INTRODUCTION

Simultaneous information on all three velocity compo-
nents throughout a three-dimensional flow region has been
provided by direct numerical simulation (e.g. Kim et al.
1987 for a turbulent channel flow, Spalart 1988 for a turbu-
lent boundary layer) for low Reynolds numbers and simple
boundary conditions (e.g. smooth walls). From an ex-
perimental perspective, particle image velocimetry or PIV
seems potentially attractive in terms of providing simulta-
neous information in the velocity field at multiple points in
space. Nishino and Kasagi (1989) showed that statistics of
the three velocity fluctuations measured by this technique
in a fully developed turbulent channel flow arve generally in
good agreement with the DNS data of Kim et al. (1987),
both data sets being at approximately the same Reynolds
number.

Another experimental approach which, like the DNS
and PIV, provides the opportunity of combining "com-
puter” flow visualization with quantitative data involves
using spatial arrays of X-probes, each measuring the two
velocity components in the plane of the probe. Such an
approach was used by Hussain and Hayakawa (1987) and
Bisset et al. (1990) to examine several aspects of the large
scale motion in the wake of a circular cylinder. It has also
been used in a boundary layer to provide topology details of
the organised motion in both the (x,y) and (x,z) planes, al-
though not at the same time. The main limitation of this
approach (vis & vis DNS and PIV) is the relatively poor
spatial resolution, due to the finite separation between the
X-probes. As a consequence, only aspects associated with
the large scale motion can be examined. Unlike PIV, the
method provides a countinuous time record and can be used
at significantly higher Reynolds numbers than is at present
possible with either DNS or PIV.
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EXPERIMENTAL SETUP

A rough surface, consisting of a woven stainless steel
mesh screen of 0.69 mm wires, was attached to one wall
of the test section in an open return wind tunnel. The
free stream velocity, U,, was 20 m/s. At the measure-
ment station, the friction velocity, u,, was 1.0 m/s and the
boundary layer thickness, 6, was 75 mm. The Reynolds
number Ry = U,0/v was 12800. Full details of the set-
up and the flow characteristics are given in Krogstad and
Browne (1991).

Sixteen slender X-wire probes were used, arranged in
two mutually orthogonal arrays, each containing 8 X-wires.
The X-wires in array 1 (Figure 1) were parallel to the y axis
while those in array 2 were parallel to z. The X-wires of
both arrays were located at the same streamwise position.
The nominal separation between probes in array 1 was 4.4
mm, so that the overall distance covered by the array was
0.41 6. This rake was mounted on a traverse which allowed
it to be positioned anywhere within the layer and moved
to the free stream for calibration. Array 2 was mounted on
a separate traverse mechanism. The design was such that
array 2 was divided into two almost identical halves. The
nominal probe separation in each half of this rake was 5
mm although, to make room for array 1, the central probes
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Figure | Sketch of the orthogonal X-wire rakes



were separated by 14 mm. The spanwise extent of array 2
was 0.59 é.

The wires of array 1 were arranged to measure u and
v (the velocities in the x and y direction) while the wires
of array 2 were arranged to measure u and w (w being the
velocity in the z direction). Array 1 was fixed with the
first probe as close to the wall as possible. Sets of data
were taken for various locations of array 2, each of which
corresponding to one of the probe locations of array 1.

In order to test the effect of rake blockage, array 1 was
kept at a fixed location with the first probe as close to
the wall as possible. Array 2 was then traversed to the
positions cooresponding to the various probes of rake 1
while the outputs of array 1 were monitored. The largest
change in the mean velocity, which was less than 0.7 %,
was found for the probe of array 1 closest to the wall when
array 2 was located at the same height.

In-house anemometers, amplifiers and filters were used
for each of the 32 hot wires. Two NEC 386 computers were
used for data logging, one for each rake. The A/D systems
were 16 channel, 12 bits simultaneous sampling units. Data
sampling was synchronized by a common external trigger
pulse provided by a signal generator and it was established
that the data obtained by the two systems were simultane-
ous. Sampling was carried out at a frequency of 5 kHz per
channel while the anemometer filters were set at 2.5 kHz.
A sketch of the measurement system is shown in figure 2.
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Figure 2 The experimental set-up

Yaw calibrations to determine wire effective angles were
carried out external to the tunnel. Velocity calibrations
were carried out, with both rakes in place, in the free
stream immediately prior to collecting data.

DATA REDUCTION AND INTERPOLATION

The data from the arrays allowed the velocity vectors
to be constructed in the (x,y) and (x,z) planes. To im-
prove the sensitivity (but not the accuracy) interpolation
between the experimental values was carried out using cu-
bic splines. Following interpolation in space and time, the
velocity vector pattern in the (x,y) plane was built up as
follows. At each position and for each time step the ve-
locity vector was drawn so that U/ = - U7 - u 4+ U/, and V
= v. Here [7 is the local mean velocity in the x direction,
w and v are the fluctuating parts of the velocity and U, is
the constant. velocity of an observer moving in the same
direction as the flow. It was chosen to be equal to U7 at
the intersection between the two rakes. The local mean
velocity perpendicular 1o the wall was small enough to be
neglected without loss of accuracy. The same procedure
was used for the other plane, A typical set of velocity vec-
tors obtained by the above technique is shown in figure 3.
The flow is vight to left. The time axis has been converted
to a non-dimensional distance by means of the transforma-
tion X~ = —{l7./6 where { is the elapsed time.
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Figure 3 Instantaneous vector plots in the (x,y) plane
with a single interpolation in x (time) and y.

In this case the intersection between the two arrays was
located at y/& = 0.11, where U/ /U, = 0.53. Figure 3 shows
the results obtained in the (x,y) plane using one interpo-
lation in either direction. Figure 4 shows the set of veloc-
ity vectors in the (x,z) plane obtained simultaneously with
those of figure 3. The interpolated data was equispaced
in the z-direction, thus allowing the gap between the two
halves of the array to be filled. The data in this region may
be somewhat uncertain, but a comparison between results
before and after interpolation showed that the general flow
patterns have been preserved. Figures 3 and 4 intersect
along the lines marked A - A .
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Figure 4 Instantaneous vector plots in the (x,z) plane
with a single interpolation in x (time) and z.

RESULTS

The segments in figures 3 and 4 were selected arbitrar-
ily and show about 7.5 ms out of the 20 seconds of data
recorded. At X = -0.4 and 0 large scale activities in the
(x,y) plane may be observed which bring fluid across the
entire measurement domain. Similar é-scale motions may
be observed in the (x,z) plane. Closer inspection also re-
veals the presence of smaller structures.

Figure 5 shows sectional streamlines for the set of data
shown in figure 3 and 4 computed using the method of
Bisset et al. (1990). Near X= a2 0 in the (x,y) plane a
veriical displacement of fluid away from the wall may be
identified as a strong ejection. It is followed by a sweep




from Y~ & 0.3 which ends at the wall. In the (x,z) plane a
significant movement of fluid from the upper edge towards
the center may be observed. Also a number of smaller scale
structures in the two planes are seen fo exist.
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Figure 5 a. Sectional streamlines in the (x,y) plane.
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Figure 5 b. Sectional streamlines in the (x,z) plane.

Since the potential of the use of orthogonal arrays lies in
detecting large structures, the data were analyzed using the
Quadrant method of Lu and Wilmarth (1973), set up to de-
tect strong events. Using the threshold I =| wv |, fu'v’ =
4, where n denotes the quadrant for which the detections
are made, the probe located in array | at the intersection
of the two arrays was examined for quadrant 2 and 4 events
(these may possibly be identified with strong ejections and
sweeps). Using these detections, the conditional averages
for all probes were constructed. In this way. spatial infor-
mation about the structures detected is obtained. Iigure 6
shows the conditionally averaged sectional streamlines for
the Q2 events based on 384 detections. X™ = 0 denotes
the commeon detection point. The mean time between the
ejections was found to be T = T, /6 = 0.70 and the mean
duration AT = AT,/ = 0.0040. Figure G (a) shows that
the averaged strong ejection extends from the wall to about
25 % of the layer thickness. Q2 events also show a strong
correlation in the lateral plane where an almost symmetric
pattern of vortical motion centered at Z* =~ (.25 may be
seen (figure 6 b).
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Figure 6 a. Conditionally averaged streamlines for strong
Q2 events in the (x,y) plane.
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Figure 6 b. Conditionally averaged streamlines in the
(x,2) plane based on detections of strong Q2 events in the

(x,y) plane.

It may be argued that the symmetry observed in figure
6 (b) is an artifact of the conditional averaging. In most
cases, the probe will not be at the center of the event. Since
the probability that the center is in the upper or lower half
of the array is the same, a symmetric pattern is expected.
In order to try to locate the center of the events a scheme
similar to the method used by Guezennec et al. (1989) in
the (y,z) plane for DNS calculations of a channel flow was
applied. The circulation, I' = § v-dr, close to the detection
locations was computed for the three paths shown in figure
4 for each half of the rake data. The calculations were done
on the measured data before interpolation and the sign
and strength of the averages for each hall was examined.
Defining the complex quantity

G = Fioues + ilupper

it was found that for weak Q2 events (H=0.844), the
probability that the (x,z) plane flow pattern consists of two
opposing large scale structures (quadrants 2 and 4 of G)
was 57 % (based on 3492 detections). Most of these (77 %)
were found in the second quadrant Gy. For each quadrant
the normalized average asymmetry in circulation, defined
as

AF/I‘ = { Fup;uﬁr | — | I‘fﬂwfr |/| ru.ppr"ﬂ‘ | + I Ffﬂwrv‘ I



was computed. This quantity, which was generally in
the range -0.17 to 0.14, was 0.01 for G, showing that the
most likely averaged pattern in fact consists of two oppos-
ing large scale structures of almost equal strength.

When the detection threshold was increased to f/=4,
the dominance of Gy increased further with a probability
of 62 % (based on 384 detections). Again the dominating
', events were almost symmetric with AI'/T" = 0.03. Fig-
ure 7 (a) shows the conditional streamline patterns in this
case. The probability of detecting structures rotating in
the opposite direction (G4) was, as expected, found to be
small (6 %).
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Figure 7 a. Conditionally averaged streamlines in the
(x,2) plane based on the dominating counter-rotating struc-
tures.
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Figure T b. Conditionally averaged streamlines in the
(x,z) plane based on co-rotating structures.

The probabilities for the co-rotating modes in quad-
rants 1 and 3 were found to be small and of about the
same magnitude (12 and 20 % respectively) for strong Q2
events, but the asymmetry was much stronger (AL/T = -
0.34 and AT'/T = 0.31 respectively) than for the counter-
rotating detections. Therefore the detection of co-rotating
flows is likely to occur when the probe intersects an event
well away from its center. The streamline pattern for the
(73 detections is shown in figure 7 (b). (For co-rolating
flows of opposite sign (G;) a mirror image about the hori-
zontal axis was obtained).
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The previous statistics indicate that for strong Q2 events
in the (x,y) plane the large scale symmetric pattern ob-
tained from conditionally averaged data in the (x,z) plane
is not an artifact of the averaging, but in fact the most
probable flow pattern. It would clearly be of interest to in-
fer the three-dimensional geometry of the large scale struc-
tures which give rise to strong ()2 events in the (x,y) plane.

CONCLUSIONS

An experimental method for obtaining velocities simul-
taneously from two orthogonal arrays of hot wires has been
described. Although the method cannot yield complete in-
formation on three-dimensional aspects of the large scale
motion, it provides some insight into the nature of this
motion.
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