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TURBULENCE MEASUREMENTS IN THE BOUNDARY
LAYER OF A LOW-SPEED WIND TUNNEL

USING LASER VELOCIMEIRY

Edward T. Schairer

Ames Research Center
SUMMARY

This report describes laser velocimeter measurements in an incompressible,
turbulent boundary layer along the wall of a low-speed wind tunnel. The laser
data are compared with existing hot-wire anemometer measurements of a flat
plate, incompressible, turbulent, boundary layer with zero pressure gradient.
An argument is presented to explain why previous laser velocimeter measure-
ments in zero pressure gradient, turbulent boundary layers have shown an
unexpected decrease in turbulent shear stresses near the wall.

INTRODUCTION

Laser velocimeter measurements in zero pressure gradient, supersonic
boundary layers have consistently shown an unexpected decrease in the turbu-
lent shear stresses in the inner portion of the boundary layer (refs. 1--3).
Whether this decrease is an actual feature of these flows or is due to inher-
ent errors in the measurement technique has been debated in the literature
(refs. 4 and 5). Because of the difficulty of obtaining hot-wire measurements
in compressible flows, there are few hot-wire anemowmeter shear stress data
at supersonic conditions to compare with the laser data. There are, however,
reliable hot-wire measurements of incompressible, turbulent boundary layers
(ref. 6). Therefore, a comparison of laser velocimeter measurements of shear
stresses in an incompressible, turbulent boundary layer with existing hot-
wire data should provide information about the accuracy of laser velocimeter
shear stress measurements., Anomalies in the incompressible boundary-layer
data might help explain the supersonic data.

This report describes laser velocimeter measurements in an incompressible,
turbulent boundarv layer along the wall of a low~speed wind tunnel. Special
attention was given to obtaining shear stress measurements as close to the
wall as possible. The laser data are compared with hot-wire anemometer mea-
surements of a flat plate, incompressible, turbulent boundary layer with no
streamwise pressure gradient (ref. 6).

The experiment was conducted in the Ames 25- by 35-cm Subsonic Wind
Tunnel. A flat plste at zero incidence was approximated by the top wall of




the constant area rectangular test section., Conditions in the test section
were a stagnation temperature of nominally room temperature, Mach number of
0.20, and a unit Reynolds number of 4 x 105 per meter. Velocity data were
acquired at a single streamwise station where the boundary-layer thickness
was about 1.5 cm (0.59 in.). A single-component, dual scatter laser veloci-
meter was used in forward scatter.

EXPERIMENT

The Ames 25- by 35-cm Wind Tunnel (fig. 1) is an indraft, nonreturn wind
tunnel. Vacuum is supplied by the same compressors which evacuate and pres-
surize the transonic wind tunnels of the unitary plan wind~tunnel facilities.,
The tunnel Mach number is set by adjusting the area of a choked nozzle down~
stream of the test section.

The test section is illustrated in figure 2, The length/height ratio of
the constant area section is 2.6:1, The boundary-layer measurement location
was on the centerline of the top wall about 34 boundary-layer thicknesses
downstream of the beginning of the constant area section. Static pressures
were measured along the centerline of the top wall at 7.62 cm (3.0 in.) inter-
vals with water manometers. The static pressure gradient across the boundary
layer was assumed to be zero. Three-dimensional effects were assumed to be
negligible because the boundary layer was thin compared to the test section
width (a ratio of 16:1).

A pitot probe that could traverse normal to the wall (across the boundary
layer) was located at the boundary-layer measurement station on the centerline
of the upper wall. The position of the probe was measured with a dial indi~
cator to an accuracy of 0.051 mm (0.002 in.). The dynamic pressure in the
boundary layer was measured by connecting the pitot probe to one side and the
wall static orifice nearest the measurement station to the other side of a
precision water manometer. These measurements were accurate to within about
0.75 N/m2 (0.015 psf). Velocities were computed from the dynamic pressures
accounting for differences in temperature and atmospheric pressure from one
run to the next.

The laser velocimeter is illustrated schematically in figure 3. It is
a single~velocity component, fringe-mode system operated in forward scatter.
The laser was a 4-W argon-ion laser operating at a wavelength of 5145 A,

The interference fringe spacing (As) was about 21.5 pm. A Bragg cell
produced a 40-MHz frequency difference (Afg,.,oo) between the interfering beams,
causing the fringes to move normal to themselves at the rate

Vfringe = bs AfBragg

21.5 uym x 40 MHz = 860 m/s




The fringe motion eliminaced directional ambiguity and provided sensitivity
to particles with small flow angles relative to the fringe orientation,

The transmitting lens and two mirrors were mounted on a positioning
platform, allowing the laser measurement point to be changed by moving only
the lens and mirrors while the laser and the rest of the transmitting optics
remained fixed. The diameter of the volume of intersection of the two laser
beams, which determined the spatial resolution of the velocimeter, was esti-
mated to be about 300 uym (0.012 in.). This estimate was based on photographs
of a single particle burst on the display of an oscilloscope.

Light scattered by particles passing through the measuremert volume was
collected by a simple lens and focussed on the pinhole of a photodetector.
The lens and photodetector were mounted on a positioning platform on the
opposite side of the test section as the transmitting optics.

The output of the photodetector was a high-frequency voltage oscillation
of frequency given by

\

1
fsignal Y + AfBragg

where V| is the particle's velocity perpendicular to the fringe orientation.
The signal frequency was reduced to a value closer to the velocity-induced
frequency ('Doppler frequency' = V)/As) by mixing it (Hewlett-Packard passive
diode mixer) with the output of a sine-wave generator (fpix):

M

fsignal T Bs +Af

Bragg fmix

For typical streamwise velocity measurements (U = 63 m/s), the Doppler
frequency was 2.8 MHz, the Bragg cell frequency was 40 MHz, and the sine-
wave generator frequency was 32 MHz, yielding a signal frequency of 10.8 MHz.

A Macrodyne LDV signal processor was used to measure the period of the
mixed signal by counting the number of cycles of a 500-MHz clock which elapsed
in the course of eight cycles of the input signal. This number was output in
binary form to a Northern Tracor pulse height analyzer which constructed a
histogram of signal periods as the data were acquired. A Hewlett-Packard
9830 calculator was programmed to convert the pulse height analyzer histogram
into a particle velocity distribution.

Signals from about 1000 particles were used to produce a velocity dis-
tribution at each location. WNaturally occurring dust particles, many of which
probably were substantially larger than 1 um, were the light scattering sources.
Within about 0.7 mm (0.030 in.) of the wind-tunnel wall the signal/noise ratio
deteriorated because light scattered from the wall itself resulted in signif-
icantly lower data rates. Thus laser measurements within 0.7 mm of the wall
were sometimes based on as few as 100 particles. Measurements near the wall
were repeated at least once. No laser data could be obtained closer than
0.25 mm (0.0098 in.) from the wall.
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The mean and standard deviation were computed for every velocity distri-
bution:

- 1 .
v, = ¥ E v (Mean)
i i
= 2 =2
YV >=¥Yv -9 (Standard deviation)
i

.where N is the total number of measurements.

The position of the laser beams in the test section was set manually by
using the tip of the pitot probe as a target. The maximum position error of
the laser measurement point was about 0.4 mm (0.016 in.) or 2.6% of the
boundary-layer thickness., This is greater than the probe position uncertainty
because of the finite dimensions of the probe tip and the laser beam measure-
ment volume,

RESULTS

The streamwise static pressures along the centerline of the top wall of
the test section are illustrated in figure 4, As expected for a constant
area duct, there was a slightly favorable streamwise pressure gradient (about
-174 N/m2 per m) due to the displacement effect of the boundary layer., In
addition, the contraction at the npstream enc¢ of the test section produced an
adverse pressure gradient (about 3266 N/m? per m) at the beginning of the con-
stant area section. This was about 22 boundary-layer thicknesses upstream of
the measurement station. Thus the wind-tunnel wall only approximated a flat
plate at zero incidence.

The mean streamwise velocity in the boundary layer was independently com-
puted at each point from the dynamic pressure data and the laser velocimeter
data, The resulting velocity profiles are compared in figure 5. The pressure
data were based on between 4 and 15 independent measurements at each location
and were typically repeatable to within 2.5%. The laser data points were
based on between 1 and 3 measurements at each station (each measurement based
on about 1000 particles) and were repeatable to within 1%. The pressure data
have not been adjusted for displacement effects, nor have the laser data been
corrected for velocity biasing (ref. 7).

In the free stream, the laser velocity measurements were about 1.87 lower
than the pitot tube measurements. This difference is akhout the same as the
uncertainty of the interference fringe spacing measurement and thus was not
unexpected, The laser data were corrected for this error by forcing the laser
data to agree with the pressure data at one point in the free stream.

The corrected laser mean velocity measurements were consistently lower
than the pressure measurements in the inner portion of the boundary layer
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(fig. 5). In a study by Dimotakis (ref, 5), good agreement was obtained
between velocity profiles measured with a laser velocimeter and with a pitot
probe for M = 0,11. However, for M > 0.8 the velocities measured with the
laser velocimeter were consistently lower than those obtained with a pitot
probe, similar to the present results. Dimotakis also found that, forM=0.11,
a correction for velocity biasing (ref. 7) produced a negligible change in the
laser mean velocity data.

A possible explanation for the low laser mean velocity measurements near
the wall was the decrease in sig: 1/noise ratio due to "flare." As the noise
increased close to the wall, only rglatively large particles scattered enough
light to produce measurable siznals. Ii the smallest particles that produced
a meagurable signal became too large, tiiey would not accurately follow the
flow. Since naturally occurring room dust served as scattering sources, there
is little doubt that large particles (10 x 1 um) were present.

Normal velocities were measured directly by aligning the interference
fringes parallel to the streamwise axis of the tunnel. The measured mean
normal velocity distribution across the boundary layer fell within a band *17%
of the free-stream streamwise velocity. This measurement uncertainty was
larger than the maximum expected normal velocity for a Flat-plate boundary
layer. A net flow toward the wall as reported by Dimotakis (ref. 5) was not
evident,

For a flow in which mean velocities are independent of time, streamwise
and normal turbulent fluctuations are given by

u' =u, - u
i i

and

v =v, - v
i i

respectively, where uj and v4{ are instantaneous velocities and u and v are
time averages. The streamwise and normal turbulence intensities <u'> and
<v'> are defined as the root mean square (RMS) or standard deviations of the
turbulent fluctuations as given by

<u'> ==\/I:§-= \1215— Gg

<v'> ==‘J:;§-= \[j;?— 2

Both velcuity fluctuations and measurement uncertainty due to noise con-
tributed to the measured deviations from the mean., If the noise and velocity
(Doppler) signals are assumed to be statistically independent and to have
Gaussian distributions, then the variance (standard deviation squared) of the
signal frequency is given by




02 = 02 + 02

fsignal fDoppler fnoise

where and

ofDoppler Ofioige &Y€ the standard deviations of the signal

frequency due to velocity variations and noise, respectively._ If the RMS

noise level (cfnoise) relative to the mean signal frequency (fsignal) were

known, then the turbulence intensity could be corrected for noise by

<v'> = o‘f X As
Doppler
o 2 o 2
f fsignal fnoise
signal = B X As (L
t £,
signal signal,

The free~stream turbulence intensity of the 25~ by 35-cm wind tunnel was
previously measured with a hot-wire anemometer and found to be 0.083% of the
free~stream velocity (58 m/s) (ref. 8). Turbulence levels as low as this are
beyond the resolution of the present laser velocimeter because the signal
broadening due to nolse was at least as great as the turbulence. Uncorrected
measurements in the free stream with the laser velocimeter consistently pro-
duced streamwise turbulence intensities <u'>/U, of about 3% where Us, 1is
the free-stream velocity. By assuming a minimum RMS noise level relative to

the mean signal frequency of 0,57% (ofnoise/fSignal = 0,005), and "correcting"

the turbulence intensity for this noise according to equatien (1), the free-
stream streamwise turbulence intensity became zero. Uncorrected normal free-
stream turbulence intensities <v'>/U, measured with the laser were only
slightly higher than 3% but, when corrected for 0.5% signal noise, they were
still about 1.5%.

Figure 6 illustrates the turbulence intensities in the boundary layer in
the streamwise direction <u'> and normal to the wall <v'>., All the data
were corrected for a minimum RMS noise level relative to the signal frequency
of 0.5% according to equation (1l). This correction, however, becomes negli-
gible as the velocity fluctuation levels become large. The turbulence levels
are shown normalized with respect to the free-stream velocity U, as well as .
the wall skin-friction velocity wu. = (shear stress at the wall/density)l 2,
Also illustrated in figure 6 are the hot~wire measurements of Klebanoff
(ref. 6). PFortuitously, the skin-friction coefficient from reference 6 and
the skin-friction coefficient measured in this experiment were nearly identi-
cal (cf = 0.00275). Thus there was no shift of the data reported here rela-
tive to Klebanoff's between turbulence intensities normalized with respect to .
U, and u.

It is not clear why the apparent normal turbulence intensity <v'> was
greater than the streamwise turbulence near the edge of the boundary layer.
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The noise correction affected the streamwise turbulence measurements more
than the normal turbulence measurements because the mean signal frequency was
higher for the streamwise measurements than for the normal measurements,
whereas the standard deviations of the signals were about equal (see eq. (1)).

The turbulent shear stress at each point in the boundary layer was deter-
mined by independently measuring velocity components oriented *45° to the
free-stream direction and forming half the difference of the respective
velocity distribution variances:

(02, - o2,
%'= T = +45 . 45 (2a)
2 2
2wl ooy
45 7 tulv! 4+ (2b)
2 2
2 _u' TV v! 2
0_45 =5 - u'v + 5 (2¢)

Since the velocity variances were independently measured several times at each
station, a matrix of shear stresses was produced using equation (2a) and all
combinations of *45° measurements. This matrix served as a statistical sample
from which the mean shear stress and standard deviation of the shear stress
measurements were computed at each point. The resulting shear stresses, normal-
ized with respect to the shear stress at the wall, are illustrated in figure 7.
The shear stress coefficient at the wall (cfwall = 0.00275) was estimated from
a law-of-the-wall fit of the mean streamwise velocity profile (ref. 9).

Noise should not bilas shear stress measurements as it does turbulence
intensities if the noise and turbulence levels are statistically independent
and if the mean squared noise for *45° velocity component measurements are
equal at a given boundary-layer station., Therefore, no noise correction was
applied to the shear stress measurements.,

The uncertainty in the shear stress measurements increased at locations
close to the wall both because of the increase in noise due to flare and the
increase in turbulence intensities close to the wall (fig. 6). The variances
of the *45° velocity distributions included contributions due to streamwise
and normal turbulence intensities as well as noise (eqs. (2b) and (2c)). As
these contributions increased relative to the cross-correlation u'v', the
uncertainty in the shear stress contribution increased (fig. 7).

Figure 7 also includes Klebanoff's hot-wire measurements of an incom-
pressible, turbulent, flat-plate boundary layer with zero streamwise pressure
gradient (3p/38x = 0 )(ref. 6). The shear stress (t) approaches the wall shear
stress with zero slope (8t/8y = 0), consistent with the relationship
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y 9%

which follows from the momentum equation near the wall where the convection
terms are negligible. The dashed line in figure 7 represents the expected
slope of the shear stress distribution at the wall for the present experiment
in which the streamwise pressure gradient was -174 N/m? per m. The scatter
in the shear stress data preclndes defining 9t/9y at the wall; however it is
significant that the measured shear stresses do not decrease near the wall.

The correlation coefficient u'v'/<u'> <v'> is a measure of the correla-
tion between u and v velocity fluctuations., With a single-component
velocimeter, its value at any point is found from at least four independent
measurements: two to find u'v' and one each to find <u'> and <v'>, In
reality, all of these quantities were measured several times at each measure-
ment location. Thus, the correlation coefficient at each point was computed
from all possible combinations of <u'>, <v'>, and u'v' measurements at that
point; <u'> and <v'> were adjusted for a minimum noise RMS of 0,5% of the
signal frequency. The mean value and the standard deviation of the resulting
distribution of values of the correlation coefficient at each measurement
station are illustrated in figure 8., Also shown for comparison are Klebanoff's
results (ref. 6).

Cutside the boundary layer the correlation coefficient is very small
because the turbulent shear stress is near zero. Within the boundary layer,
as the wall is approached, the shear stress increases as do the velocity
fluctuations <u'> and <v'>, Accerding to Klebanoff, the correlation coef-
ficient reaches a constant level of about -0,49. The presence of noise should
reduce the level of the correlation coefficient from its actual level since
noise increases <u'> and <v'> (denominator) but, in the ideal case, does not
bias shear stress measurements (numerator). Figure 8 shows that near the wall
the correlation coefficlent increased slightly, an indication that the shear
stress measurements near the wall are high,

DISCUSSION

Unlike the findings of Johnson and Rose (ref., 1), Yanta and Lee (ref. 2),
Abbis (ref. 3), and Dimotakis et al. (ref. 5), the turbulent shear stress
measurements illustrated in figure 7 do not decrease close to the wall.
However, the scatter of the shear stress measurements near the wall is roughly
20% of the mean shear stress at the wall and makes conclusions based on these
data highly speculative.

Dimotakis (ref. 5) measured a consistent falloff in shear stresses near
the wall even in an incompressible boundary layer. This is particularly dis-
turbing because it is in conflict with the hot-wire measurements of Klebanoff
(ref. 6) and thus suggests a laser velocimeter measurement error. Dimotakis'
conclusion was that near the wall there is a net flow of particles toward the
wall which produces low laser velocimeter measurements of shear stress.
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One important difference between the present experiment and the work of
those reporting a dropoff in turbulent shear stresses near the wall was the
use of a Bragg cell in this experiment. Data acquired using stationary
fringes (no Bragg cell) are biased against particles whose directions make
small angles relative to the fringe direction because, beyond some angle,
these particles will not cross the required eight fringes needed to produce a
processable signal. Fringe motion perpendicular to the fringe directicn
eliminates this bias.

The following heuristic argument, suggested by D. A. Johnson of Ames
Research Center (private communication, 1979), is offered to explain how
stationary fringes might produce shear stress measurements lower than the
actual shear stress, Consider a point in a turbulent boundary layer at which
the mear flow velocity is parallel to the wall and where there are turbulent
fluctuations u' and v' (fig. 9). The velocity distribution variances mea-
sured by fringes oriented *45° to the streamwise direction are given by equa-
tions (2b) and (2¢). If turbulent fluctuations u' and v' are large enough,
particles with the combination of -u' and -v' will be underrepresented by
measurements with fringes oriented at +45° because the flow angles of these
particles are more nearly -urallel to the fringes than for other combinations
of u' and v' (fig. 9). Thus measurements with +45° fringe orientation will
be biased against positive values for u'v', Similarly, velocity measurements
with -45° fringe orientation will be biased against negative values for u'y'
since particles with the combination of -u' and +v' will be underrepresented.

If u'v' = 0, then the probability of a particle having -u' usnd -v'
equals the probability of a particle having -u' and +v'. Thus the bias of
the +45° fringe measurement would be exactly offset by the bias of the -45°
fringe measurement, and an accurate value for u'v' would result.

In an_incompressible, zero-pressure-gradient, turbulent boundary layer
we know u'v' < 0 since u'v'/<u'><v'> < 0 (fig. 8) and <u'> and <v'> must
be greater than zero. Therefore, the probability of a particle having the
combination of -u' and +v' (u'v' < 0) is greater than for the combination of
-u' and -v' (u'v' > 0). Thus, the bias of the -45° measurement toward less
negative values of u'v' is not completely offset by the opposite bias of the
+45° measurement. The result is a value for u'v' which is less negative
than the true value. Since t/p = -u'v', this means that if u' and v' are
large enough, the measured shear stress using stationary *45° fringe orienta-
tions will be lower than the actual shear stress.

This biasing would only be expected when the turbulent fluctuations
became large enough relative to the mean local flow velocity to produce sig-
nificant instantaneous flow angles. This is most likely to occur very close
to the wall where turbulence levels are highest. Figure 6 shows that in the
present experiment at y/§ = 0,02:
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wif> = 0,10 x U
[+

0.10 %x 63 m/s = 6.3 m/s

\'4
1

0.04 x U,

0.04 % 63 m/s = 2.5 m/s

It

The local mean velocity at y/8 = 0.02 was (fig. 5):

U oeal = 0.55 x U

0.55 ¥ 63 m/s = 34,6 m/s

Thus the instantaneous flow angle relative to the streamwise direction cor-~
responding to -<u'> and +<v'> was

" -1 <v'>
- <Y'>
Y1ocal

Q
I

= 5,1°

The limiting flow angle that could occur can be estimated by taking u' to be
-3,0 standard deviations from u'(=0) and v' to be +3.0 standard deviations

from v'(=0):
= tan~t 3<v!>
%limit = " T - 3<u'>
local

oA 3(2.5)
= tan (34.6 Z 3(6.3))

= 25,7° relative to streamwise direction

= 19.3° relative to -45° fringe direction

A crude estimate of the critical angle relative to the fringe direction
below which there would be insufficient fringe crossings to produce a usable
signal is given by

_ -1l nA s
Bcritical = tan d

—
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where n is the required number of fringe crossings (8 crossings), As 1s the
fringe spacing (21.5 um), d is the diameter of the measurement volume (300 um),
and N = d/As 1s the number of fringes in the measurement volume (13.9). 1In
the present experim-nt, this angle was

_ -1 (8 x 21L.5 um
Bcritical = tan ( 300 um )

IS
= ta 13.9

29.8°

I

Above we found that it was probable that some particles had f{low angles as
small as 19.3° relative to the fringes; thus, had the fringes been stationary,
it is likely the data would have been biased.

The question of low shear stress measurements near a wall could best be
resolved by making measurements with a two-velocity component laser velocimeter.
Such a system has been successfully used to measure the boundary layer of an
airfoll in transonic flows (ref. 10). The advantage of a two-component
velocimeter is that it measures the u and v components of each particle

simultaneously., The turbulent shear stress can then be computed from the
statistical sample:

R -(uv - U V)

p

Simultaneous measurement of u and v ensures that both measurements are made
at the same point in the boundary layer and that the test section conditions
are identical for both measurements; it also improves the probability that
signal noise will not bias the shear stress measurement. Conversely, mea-
surements made with no correlation in time, as is required with a single-~
component velocimeter, are subject to position error, changes in tunnel
conditions, and changes in signal noise between one measurement and the next,

The disadvantages of a two-component laser velocimeter are the increased
expense and the complication. In acdition, positioning a matrix of four con-
verging laser beams at a point near a surface might compromise the ideal

incidence angle of each pair of beams pesitioned independently resulting in
increased noise due to flare.

SUMMARY

An experiment was conducted to measure turbulent fluctuations and shear
stresses in the boundary layer of a low-speed wind tunnel using a one-component
laser velocimeter. Measurements in the portion of the boundary layer closest
to the free stream were made without difficulty and compared well with the
results of other investigators. Measurements very near the wall were hampered

11
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by signal noise and were typified by low data rates and high scatter of the

data. The measurements, however, gave no indication of a dropoff in shear
stress near the wall.

[y

Unlike the measurements of those reporting a dropoff in shear stress near
the wall, the measurements reported here were made with a laser velocimeter
that produced moving interference fringes. An argument is presented suggest-
ing that, if u'v' is negative and turbulence intensities are high enough,

measurements of shear stress near the wall made with stationary fringes will
be lower fthan the actual shear stress,
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Figure 7. Turbulent shear stresses.

20




T
STANDARD
DEVIATION H MEAN
6 — REF.6
5 —<
A A4H i
- ~> E
5]V 1
1 {\ i
-
v 37
2K
Rl=
| | | |
0 2 4 6 8 ij1.0 1.2
y/é

Figure 8. Correlation coefficilent.

21

~ .




+ 45°

_v")
FRINGE ,
ORIENTATION -’ -v)
|
GREATEST BIAS
AGAINST
THESE PARTICLES
-45° e
FRINGE -vitv)
ORIENTATION -7 @ )
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