





3 3679 00059 0010

WAKE STRUCTURE MEASUREMENTS AT THE MOD-2
CLUSTER TEST FACILITY AT GOODNOE HILLS

P. B. S. Lissaman
T. G. Zambrano
G. W. Gyatt

AeroVironment Inc.
Pasadena, California 91107

March 1983

Prepared for
Pacific Northwest Laboratory
under Subcontract B-D5788-A-N

Pacific Northwest Laboratory
Richland, Washington 99352

PNL-4572
uc-60



ACKNOWLEDGEMENTS

AeroVironment Inc. acknowledges Simpson Weather Associates of Charlottesville,
Virginia, for their assistance in performing the wake measurements at Goodnoe Hills. We
also acknowledge Boeing Engineering and Construction Company and the Bonneville Power
Administration for their support and use of their on-site facilities and Battelle Pacific

Northwest Laboratory for help in providing free stream data.






SUMMARY

A field measurement program was carried out at the cluster of three MOD-2 wind
turbines located at Goodnoe Hills, Washington, to determine the rate of decay of wake
velocity deficit with downwind distance in various meteorological conditions. Measure-
ments were taken at hub height (200 ft) between July 12 and August 1, 1982. During this
period, winds of significant energy were westerly. Wind turbine No. 3 was selected as the
test unit, with free stream reference data provided by the nearby meteorological tower
No. 2. Wake wind speeds were measured using a radiosonde suspended from a tethered
balloon, its position being determined from a grid of ground stakes. Instantaneous
readings were recorded by each system every 2 seconds and averaged over 10-minute
periods. As a control experiment, the sonde was also operated next to the meteorological
tower to calibrate the instrumentation. Measurements were also made downwind of
Unit 3 with the turbine off to determine the magnitude of terrain-induced variations in

wind speed.

The balloon system used to measure downstream wind data proved to be reliable and
convenient. A total of 21 hours of simultaneous balloon and free stream data were
obtained. Downstream distances of 900, 1500, 2100, and 2700 ft from the turbine,
corresponding to 3, 5, 7, and 9 rotor diameters (D) were investigated. Differences
between the instrumentation systems required that corrections be made to the data.
After correction, averaged terrain-induced wind speed variations were regarded as
insignificant (<3%). There was considerable scatter in the observed 10-minute average
downstream to free stream velocity ratios. Turbine-on velocity ratios showed even
greater scatter, suggesting that only some measurements were, in fact, representative of
wake centerline velocities, and that others were made off centerline due to wake meander
or wind shift. Isolation of the high wind speed (30 to 45 mph) velocity ratios, however,
revealed velocity deficits of up to about 50% at 3D and 5% at 5D downstream.
Measurements at greater downstream distances showed no wake deficit within the limits
of resolution of the experiment, indicating that the wake had recovered to free stream
conditions. Comparison with the AeroVironment wake model using common values for
rotor drag coefficient and turbulence showed similar trends. A quantitative comparison
was not justified due to the data scatter.
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INTRODUCTION

BACKGROUND

The MOD-2 wind turbine project is the first in the Federal Wind Energy Program to
be dedicated to the design, installation and testing of large-scale wind turbine systems.
The three 2.5-megawatt machines clustered at a single site near Goldendale, Washington,
provide a unique opportunity for investigating the interactive effects of large-scale

machines integrated into a utility network.

Within the U.S. Department of Energy Federal Wind Energy Program, Pacific
Northwest Laboratory (PNL) is responsible for determining the performance of a turbine
operating in the wake of an upwind machine. PNL contracted AeroVironment Inc. (AV) to
design and implement field experiments to assist PNL in collecting and analyzing data on
the structure of the MOD-2 wake. Measurements taken during this program are the first
of their kind at the Goodnoe Hills test facility.

PRESENT RESEARCH PROBLEM

Wind turbines create wakes of low energy air with characteristics dependent upon
_ turbine, wind, and site parameters. In turbine arrays, the downwind units experience this
wake velocity deficit, resulting in loss of power. This degradation in performance is of
importance to the array efficiency. Because the region of primary interest for placement
of downstream units begins five rotor diameters downstream, wake structure studies must

concentrate on defining the wake in this region.

Over the past five years, the array problem has been extensively studied analytically
and in wind tunnel tests. Data from full-scale turbines operating in the atmosphere that
could be compared with these models are quite limited, and this program therefore
presents a valuable opportunity for providing these data. The most recent technical
report on this topic (Lissaman et al., 1982) establishes that the wake has an approximately
Gaussian velocity deficit profile and that the magnitude of the centerline deficit is a
function of the free stream turbulence, the turbine drag coefficient, and the downstream
distance. The objective of the field measurements in this project was to obtain

experimental data on the sensitivity of the wake structure to these parameters.



OBJECTIVE OF THE RESEARCH

The main purpose of the field tests was to measure the centerline velocity deficit
and determine its downstream development as a function of ambient turbulence and
turbine drag coefficient.

As will be shown later, the wake deficits represent small perturbations upon what is
already a temporally and spatially varying flow field. In this first program, it was
therefore considered too ambitious to attempt to measure detailed wake structure in the
field. This decision was justified by the rather extensive scatter of the experimental data
obtained in this test.



TECHNICAL APPROACH

PARAMETERS THAT DETERMINE WAKE STRUCTURE

The wake of a wind turbine is the volume of air extending downstream from the
rotor disk that has been slowed relative to the free stream by the process of energy
extraction. This slower moving air is gradually re-energized by the surrounding air
through turbulent mixing so that, far downstream, the effect of the turbine on the flow
field cannot be detected. The rate of re-energization and, hence, the recovery rate of
wind speed with downstream distance, are the subjects of this study. Several numerical
models have been developed to simulate the wake of wind turbines. For this study, the
approaches of Lissaman and Bate (1977) and Lissaman et al. (1982) were used to identify

the parameters that determine the wake structure; these are discussed below.

Turbine Drag Coefficient

The initial condition of the wake can be taken as a uniform jet of slow-moving fluid,
the velocity of this jet being determined by the turbine drag coefficient (CD). Figure 1
shows the variation of the MOD-2 drag coefficient as a function of wind speed as
predicted by NASA. The test schedule was planned to cover a variety of wind speed
conditions so that the effect of the turbine drag coefficient on wake structure could be

determined.

Ambient Turbulence

From its initial condition as a uniform jet, the wake begins to expand due to
turbulent mixing with the surrounding free stream air. Since the growth of the wake is in
a radial direction as it progresses downstream, it is the transverse or crosswind turbulence
level that determines the wake growth rate. Two distinct length scales of turbulence
need to be distinguished. Eddies smaller than the wake diameter produce the mixing of
wake and free stream air that causes wake growth. Eddies larger than the wake, however,
cannot do this and merely cause the wake to meander. A sketch distinguishing these two
effects is shown in Figure 2. The velocity deficit profile in the wake can be expected to
be approximately Gaussian; since the total wake momentum deficit is constant, the

magnitude of the wake centerline velocity deficit is a function of the wake radius.
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high enough to resolve such small scale turbulence. A sampling rate of 0.5 Hz was the
maximum available. At this rate, eddies of length scale down to about 30 ft could be
resolved. Since the wake would be at least 300 ft in diameter, this sampling rate was
considered sufficient to provide turbulence data representative of wake growth rate. This

sampling rate was also used for the sonde.

Sampling Period

A sampling period was required that would provide a sufficient number of data
points for determining average wind speed and variance with a low uncertainty due to
random effects. A long sampling period was also desirable to achieve good correlation
between the two anemometer stations, which are separated by up to one-half mile.
However, in conflict with these requirements was the need for a short enough sampling
period to ensure a reasonably stationary mean value. A period of 10 minutes (300 data

points per period) was chosen as a first and lower bound estimate of the optimum time.

QUALITY ASSURANCE

A detailed quality assurance report on the sonde system is described by Zambrano
and Gyatt (1982) and includes discussion of wind tunnel calibration, data transmission and

reduction and error detection. Freestream reference data were provided by PNL.

As a control experiment, the balloon was flown over the BPA tower to position the
sonde next to (within about 100 ft) the UVW anemometer. Simultaneous 10-minute
average measurements of wind speed were recorded to compare the readings provided by
the two systems. The results of these comparison runs for both the UVW and propeller

anemometer systems on the BPA tower are given in Appendix A.

WAKE MEASUREMENTS

Locating the Sonde

At all times during data recording it was necessary to know the position of the sonde
relative to the test turbine, No. 3 (WTG-3). Energetic winds were expected from the west
or west-southwest. A grid of stakes was therefore set up to the east of WTG-3 every 5°

at 3, 5, 7 and 9 rotor diameters downstream. This angular interval was considered small



enough to allow determination of the sonde position to within 1°. As an example, at a
turbulence level of 10% and a free stream wind speed of 22 mph, the AV model predicts a
wake radius of 660 ft at 7 diameters downstream. The velocity profile in the wake can be
modeled by the equation

where RW is the wake radius, Au is the velocity deficit at distance r from the wake

centerline, and is Aum the centerline velocity deficit.

At7D,a 1° angle at the turbine subtends an arc of 37 ft. If, therefore, the balloon
was off centerline by 1°, the measurement of local wake deficit would be only about 3%

lower than the centerline wake deficit.

Locating the Wake Centerline

Estimating the angular position of the wake centerline to 1° was not possible
because of the low resolution in wind turbine yaw angle measurement (recorded on-site by
strip chart) and the inconsistency of yaw angle compared to wind direction measured at
the reference tower. It was discovered in the field, however, that the nacelle angle could
be determined by visual observations from the grid of stakes to within about 3°, This

visual method was used to estimate the location of the wake centerline.

Background (Turbine-OQff) Measurements

Figure 6 shows a contour map of the Goodnoe Hills site. It can be seen that the
terrain slopes gently upwards from west to east and there is a steep gully in the northwest
that may have a significant influence on the wind field both in terms of speed and
direction. Measurements were therefore made at various downstream distances with the

turbine off in order to determine orographic (terrain-induced) speed changes.

Wake Measurement Strategy

The test schedule planned for wake measurements was based on site wind data from

previous years, which suggested that mornings could be expected to be calm while
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evenings would probably be the period of the most energetic winds. The schedule was

designed to cover a full range of meteorological conditions (wind speed and turbulence).

With the turbine on line, the balloon was positioned on the estimated wake
centerline at the selected downstream distance. Sonde data were then recorded for at
least 30 minutes before a re-evaluation of the wake centerline position was made. If a
significant shift in wind direction (>5°) had occurred, the balloon would be moved to the
new centerline and data recording would restart. Using this approach, a compromise was
made between taking data off centerline and continually repositioning the balloon to

follow every shift in wind direction.
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RESULTS

DATA RECOVERY

Sonde Data Recovery

During the two-week test period, almost 30 hours of useful data were obtained from
the sonde, representing a data recovery of over 95% with respect to measurements
attempted. Any data loss was a result of normal transmission and reception difficulties

between the balloon and ground station rather than hardware failures.

Freestream Data Recovery

Freestream data were recovered for 70% (~21 hrs) of the time that the sonde was
operating. The main cause of the data loss was hardware problems during the first part of
the field program involving the data recording equipment for the UVW anemometer.
Because of this, a backup cassette system was installed to supply 10-second average UVW
data. There were also problems with the UVW recorder during the second part of the
experiment; two-minute average wind speed and direction data measured by the propeller
anemometer were used to cover these periods. Of the 21 hours of free stream data, 24%
(~5 hr) were the preferred UVW component data measured every two seconds, 50% (~10
hr) were 10-second average UVW data, and the remaining 26% (~5 hr) were two-minute
average propeller anemometer wind speed and direction data. The latter two types,
representing 76% of the free stream data, were not suitable for determining turbulence
intensity since they were average values and of too low a resolution to record eddies of a

size which would cause wake growth.

Distribution Summary of Collected Data

The 21 hours of simultaneous balloon and free stream data recovered can be divided
into three types: 27% comparing the sonde and tower readings, 23% taken with the
turbine off to investigate background or terrain-induced effects, and 50% dedicated to
turbine-on wake measurements. Figure 7 shows the number of 10-minute periods
recorded at each downstream distance and the stake positions at which the sonde was

operated. Although the objective of the program was to concentrate on the region from 5
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rotor diameters downstream, experience in the field suggested measurements at extreme
downwind distances might be excessive at this early stage in the development of wake
measurement techniques. Expected velocity deficits at 7D and 9D were of the order of
only a few percent. Most measurements were therefore taken at 5D but an investigation
of the wake at 3D was also made where significant deficits of up to 50% are theoretically

possible.

The results of each 10-minute measurement period are given in detail in

Appendix A.

BACKGROUND MEASUREMENTS

The background velocity ratios measured with the turbine off are shown in Figure 8.
It can be seen that there is considerable scatter in this data. When the measured ratios at
each location are averaged, however, it becomes apparent that background effects
account for only a few percent change in wind speed. Figure 9 shows these average values

together with the associated standard deviations.

WAKE VELOCITY RATIOS

The velocity ratios measured with the turbine on are presented in Figure 10. Again,
the scatter is considerable even though each point represents a 10-minute average value.
Before further analysis, points with a velocity ratio above 1.3 (one at 5D and one at 9D)
were discarded; such points were suspected to be in error due to spurious signals

undetected in the quality assurance plan.

As a first attempt at determining gross effects, the remaining data were averaged
for each downstream distance. The results of this operation are shown in Figure 11,
together with predictions from the AV wake model using common values of turbine drag
coefficient and turbulence. While a significant decrease in wind speed at 3D can be seen,
results beyond this are inconclusive. Each 10-minute period was therefore scrutinized
carefully to determine whether there were grounds to be more selective in the averaging

process.

Sorting by turbulence level was not possible due to the relatively short time for

which two-second free stream data were available, and most of these data were collected

15
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either with the turbine off or with the sonde positioned next to the BPA tower. The next
step was to sort by wind speed. The wake measurements were divided into two
categories, for free stream wind speeds above and below 30 mph. It appeared that the
greatest wake deficit generally corresponded to high wind speed conditions. The high
wind speed data points were therefore averaged and a new graph plotted (Figure 12). A
dramatic deficit at 3D and a significant effect at 5D were now visible. The figure again

shows typical predictions using the AV wake model for comparison.

The wind direction data and their relation to the balloon azimuthal position were
next scrutinized. Although no obvious trends could be seen, it was apparent from the
large variation in the difference between balloon position and wind direction (up to ~20°)
that the objective of measuring on the wake centerline is very difficult to achieve in the
existing field conditions. This was at least partly due to the lack of a real-time display of

wind direction.

Table 1 gives the sensitivity of the velocity ratio to off-centerline measurements as
predicted by the AV wake model. The table shows that corrections for balloon position
errors of 5° (or even 10° at small downstream distances) could be significant. However,
this is not consistent with test accuracy of the existing data for several reasons. First,
the wind direction data from the BPA tower cannot be validated and an offset of a few
degrees would significantly change the correction factors. Second (and more important),
the complexity of the site topography could cause a flow field such that the wake
centerline does not follow a straight path downstream from the turbine in the direction of
the free stream direction. While it was possible to position the balloon to within about 1°
of the nacelle direction, the wake may have been swept sideways by veering winds which
varied slowly over the site. Such an effect would have had the largest consequences for
measurements at extreme downstream distances where the velocity deficit is already the
smallest. Third, the free stream wind direction was not constant with time, causing wake
meander. Thus, even if the balloon were positioned on the mean wake centerline during a
measurement period, the observed average wake velocity deficit would be lower than the
corresponding instantaneous centerline value due to wake meander. As shown in Figure 2,
as far as time average values are concerned, wake meander is equivalent to an increased
wake growth rate. This effect, therefore, reduces the observed velocity wake deficit,

further complicating far wake measurements.
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TABLE 1.

Downstream
Distance
3D
5D
7D
9D

a=10%

CD = 0.56

Predicted Wake Velocity Ratio as a Function of Balloon
Position Error

00

0.74
0.90
0.94

0.96

Azimuthal Error in Balloon Position

50

0.80
0.92
0.9

0.97

22

10°

0.88
0.96
0.98

0.99

15°

0.96
0.99
1.00

1.00

20°

1.00
1.00
1.00

1.00



In view of these reasons, it was not considered that there were sufficient data for

meaningful direction corrections to be made to the observed wake velocity ratios.

It is possible that the reason for observing the largest velocity deficits at high wind
speeds was related to the above considerations. For example, at high wind speeds, the
flow field at the site may have been more uniform than at low wind speeds, resulting in a
smaller error of the balloon position from the true wake centerline. The relative effects
of wake meander may also have been of a lower level so that the actual measured wake
velocity deficits were larger.

23






CONCLUSIONS AND RECOMMENDATIONS

The following summarizes the conclusions drawn from this project:

The tethered sonde method of measuring wind speed is convenient and
accurate, The sonde can be positioned to within about 30 ft of a desired

location. The system was stable in turbulence and high wind.

Data from both the BPA tower and the sonde, when operated near the tower
supported PNL's findings that there are significant terrain-induced effects on

the flow at the tower site.

There was considerable scatter between successive 10-minute average velo-
city ratios with a standard deviation on the order of 15%. This was greater

than anticipated but not unusual, given the terrain variability.

A distinct wake with a velocity deficit of 50% was measured at 900 ft (3D)
downwind of the wind turbine disk; however, at greater distances -- 1500 ft
(5D) and 2100 ft (7D) -- the measured deficit is on the order of 5% and
sometimes negative (a speed-up), indicating that to the order of experimental

accuracy the deficit cannot be defined.

Terrain-induced nonuniformities in the wind field probably accounted for some
of the scatter observed, even though terrain-induced effects on the back-

ground flow field were shown to be small over a long period.

An anomalous behavior of the wake at lower speeds (less than 35 mph) was
observed in which the measured velocity deficits were much smaller than
theory would predict. This may have been due to extensive flow meander at

low wind speeds.

Considerable effort was made to quantify experimental accuracy and error.
At present, there is no defined optimum averaging period and sampling rate.

A high frequency of sampling is necessary in order to sense the small-scale

25



turbulence (eddies of scale smaller than the wake) that diffuses the wake. The
spatial correlation between the tower and sonde over a short period of time
was poor; as longer time periods were used, this correlation improved.
However, wake meander probably accounted for the difficulty in resolving an
already weak wake from the background flow field. The method used for this
experiment showed an acceptable trade-off between quality of data and

complexity of instrumentation.

o Exercising the AV analytical wake model gave results consistent with experi-
mental measurements but there was insufficient structure in the experimental

data to validate the model.
On the basis of these conclusions, the following recommendations are made:

o Further wake measurement programs are required to obtain a larger data base
for wake analysis. These should be conducted with the goal of determining the

energy capture at downwind positions rather than detailed wake properties.

o Analysis of the data obtained in this experiment indicated that a more detailed
measurement scheme is not appropriate now, and that future emphasis should
be devoted to experimental accuracy, and to proper methods of statistically
processing data. It may prove advantageous to take data for long periods at
fixed downwind positions regardless of changes in wind direction rather than
trying to chase the wake centerline. For example, after taking, say, three
hours of data at 7D along the prevailing wind direction radial, the sonde would
be moved first to one side by 3D for three hours and then to the other for a

futher three hours.

o At least two tethered sonde systems should be used in a future program, one
directly upstream of the turbine and one or more downstream. This will
ensure that the free stream reference anemometer gives a true picture of the
winds seen by the rotor. In addition, this method will avoid differences in up-
and downstream measurement systems in terms of response, sampling rate,
etc. Multiple downstream sondes would give a more reliable indication of
wake velocity recovery and/or velocity profile by providing simultaneous data
from various positions in the wake.

26



If a future program were to be performed at Goodnoe Hills, further examina-
tion of the background (turbine-off) flow fields at the site is recommended.
The topography of the site is sufficiently complex that wake effects could be
masked (or exaggerated) by terrain-induced nonuniformities in the wind field.
Alternatively, a measurement program should be considered at a site with
flatter terrain and a uniform background wind field, such as Medicine Bow,
Wyoming or San Gorgonio Pass, California.
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APPENDIX A



2

RESULTS FROM UVW AND
PROPELLER ANEMOMETER SYSTEMS

Figures A-1 and A-2 show 10-minute average measurements of wind speed recorded when
the balloon was flown next to the reference meteorological tower. The differences
between the readings are probably due to calibration errors. Each graph also shows the
"least squares fit" straight line used to correct the data from the tower; the sonde
calibration was assumed to be correct on the basis of SWA documentation.

The tables which follow Figures A-1 and A-2 summarize the data collected.
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Start time:

Stop time:

Vhat

Thal

Stk

Vuvws

Vvan:

Dir:

Tiz

Th:

DEFINITIONS OF COLUMN HEADINGS

The date (month/day) & time (hrsiminstsecs) at the start
of the 10 minute recording period,

The date (month/day) & time (hrsimins:secs) at the end
of the 10 minute recording period.

The average horizontal wind speed recorded by the sonde
over the 10 minute recording period.

The hcrizontal! turbulence {(standard deviation of
horizontal wind speed/mean horizontal wind speed)
recorded by the sonde over the 10 minute recording period.

The azimuthal position of the sonde measured from the
grid of stakes downstream of the turbine.

The average horizontal wind speed recorded by the uvw
anemometer system at the !95ft leve! of the BPA towar
over the 10 minute recording period.

The average horizontal wind speed recorded by the single
propellor anemometer at the 195ft level! of the BPA tower
over the 10 minute recording period.

The corrected average horizontal wind speed recorded at
the 195 ft level of the BPA tower over the 10 minute
recording period.

The mean wind direction recorded at the 195ft level of
the BPA tower over the 10 minute recording period.

The horizontal tongitudina)l (windwise) turbulence
(standard deviation of horizonta! longitudinal (windwise)
wind speed/mean horizontal wind speed) recorded at the
195ft leve! of the BPA tower over the 10 minute recordin,
Jeriod.

The horizontal crosswind turbulence (standard deviation
of horizontal crosswind wind speed/mean horizontal wind
speed) recorded at the 195ft tevel of the BPA tower over
the 10 minute recording period.

The vertical turbulence (standard deviation cf vertical
wind speed/mean horizontal wind speed) recorded at the
195ft level of the EPA tower over the !0 minute recording
neriod.
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/16
7/le
/16
T/16e
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13: 0:59
18:10:59
18:20:59
18:30:59
18:56: 0
19: S5:59
18:195:59
22 S5 8
22:15: 8
22:36: 0
22:55:59
23: 9:59
23119159
1727y 7
17143 0
17152153
18: 2:59
18:12:59
19:22: 0
19:50:10
29y Q0: 8

O WUWwwwwLw

Stop time

7/16
716
7/16
7/16
7/16
/18
LAY
7/1€
F/16
7/186
7/16
7/16
7/16
7/18
7/16
7/18
716
7/16
7/16
7/28

7/28 2

7128
7/28
7F/28
7/28
7/30
77130
7130
7 /30
7/30
7/30
7/30
7/20

00w o

Vbai

12,0
13,9
13.9
t3.6
12,3
12.2
14.1
16.1
15,0
16,1
16.6
1405
16.3
16,1
14.1
13.4
12.5
3.0

904

3.6

7.8

6.7

607

6.9
7.5
28.0
29.8
30.6
30.4
30.4
30.9
31.1

CALIBRATION

Thal

0.21
0.24
0.63
0.18
0.22
0.36
0.21
0.24
0,29
00 19
0.09
0.15
0.19
0.13
0.10
0.15
0.10
0.14
0007
0.38
0.33
0.14
0.13
0.07
0.06
0.18

.22
0.23
0.18
0.17
0.21
0.12
0.186

DATA

Vuvw

11.1
13,0
11.6
11.4
11.5
12,2
1301
14,0
13'1
14,1
15,0
14,0
14,4
14.8
13.0
12,6
13'1
12.1
12,8

5.0

S.7

6.9

2309
23.7
24'6
25.6
2%.7
26,3
23.6
24,1

Dir

146
147
152
144
135
146
146
142
141
148
140
142
143
138
142
138
137
144
146
337
323
315
284
281

2

260
261
261
263
263
263
268
267



Start time

7/14
7/14
7/1%5
7/15%
7/15
7/13
7719
7/19
T/15
7/31
7/31
7/31
T/31
7/31
/31
7431
7/31
713t
T/3
T/31

21:2%5:30
21:35:29
19:28:10
19:38: 9
21: 6310
21:16: 9
21:26: 9
21:36: 9
21:46: 9
{7e1%: 0
17:24:39
17134159
17:44:39
17154159
18: 4:59
19:31: 0
19:40:59
19:50:59
20: 0:59
20:10:59

Stop time

7/14
7/14
7/13
7/18
7/15
7/18
/15
7/13
7/15
7/
7131
7/31
7/31
7/31
7/31
7/31
7/31
7/31
7/31
)}

21:35:28
21:45:28
19:38:
19:48:
211162
21:126:
21:136:
21:46:
21:56:
17:124:58
{7:34:58
17:44:38
17:54:58
18: 4:38
18:14:58
19:40:58
19:30:38
20: 0:S8
20:10:538
20:20:38

0 (0 ©owmwo

3-D WAKE MEASUREMENTS

Vbal

-
koo udlo
ONE—~UNO N~

WY

22. 4

Thatl

1.23
1,44
0.72
6.33
0'24
0.99
0.24
0.81
0.29
.30
0,26
0.31
0,22
0.20
0.39
0.33
0032
0.33
0,18
0.28

Stk

265
265
265
265
255
235
253
255
235
257
257
257
257
257
257
272
272
272

272

272

Vcal

18.3
1407
17.7
2008
17'5
20.2
2102
235.2
26.0
23,0
23.6
19.6
20.4
22,8
24,3
37.3
42,0
4304
4307
44,6



Start time

714
/14
7/31
7/31
7731
7731
7/31
7731
7/31
7/31
7/31

21:45:29
21:55:29
2: 0: O
2y 9:59
2:19:59
2:29:59
2:39:39
3: 0: O
18:20: 0
18:29:39
19: 0: O

Stop time

7/14
7/14
7/31
7/31
7/31
7/31
7/31
7/31
7/31
7131
7/31

21:59:28
22: 3:28
2: 9138
2:19:58
2:29:38
2:39:358
2:149:38
3: 9:38
18:29:358
18:39:58
19: 9:58

3-D BACKGROUND MEASUREMENTS

Vbal

16.3
12,3
32,2
31.1
28,9
29.35
30.9
30.0
22,4
22.1
23'0

Thal

0.49
0.62
0.11
0.18
0.12
0.10
0.12
0.08
0.20
0,14
0.17

Stk

263
265
260
260
260
260
260
260
257
257

250

Vecal

14,3
10.1
30.1
29,3
30.0
29.5
30.3
29.5
28.2
28.0
30.4

Dir

243
225
261
262
260
261
260
260
266



H

Start time

7/18
7/15
7/15
7/135
7/15
715
7/15
7/15
7/19
7/16
7/18
7/16
7/16
7/16
7/16
7/186
7/16
7/30
7/31
7731
7/31
7/31
7/31
7/31
EACH
7/31
7/31

22:10:
22:20:
22:30:
22:40:
22:50:
23: 0:
23:10:
23:24:
23:154:
0: 4:
0:14:
0:43:
0:53:
1: 3:
1:13:
1:23:
11432
20:50:
20:40:
20:149:
20:59:
21:18:
22:24:
22:34:
23112
23:21:

23:31:

10

100 W W WW

10
10

OO WVWVWWWOoOWY

39
59

0
59
59

0
39
S9

Stop time

7/19
7/13
7/19
7/13
7/195
7/1S
7/13
7/13
7/16
7/16
7/16
7/16
7/16
7/16
7/16
7/16
7/16
7/30
7/31
7131
7/31
7/31
731
7/31
7/31
7/31
7131

22:20:
22:30:
22:40:
22:350:
23 0:
23:10:
23:20:
23:34:
0: 4:
0:14:
0:24:
0:153:
1y 3t
1:13:
1:123:
1:33:
1:52:58
20:99:38
20:49:58
20:59:58
217 9:38
21:27:38
22:34:58
22:144:58
23:21:58
23:31:38
23:141:58

00 o o (o (0000 0momomooobDo

9-D WAKE MEASUREMENTS

Vbal

23.9
24.6
27.

26.2
23.3
23.9
23.0
20.8
23.7
23,3
22,1
12,0
16.8
16.8
14,1
14.1
14,8
32.4
37.1
38.3
38.5
38.7
34.0
36.0
36.7
35'1
35.1

Thal

1.96
0.36
0.03
0.03
0.09
0.07
0.17
1,33
0012
0,10
0.10
0.13
0.35
0.24
0.22
0.11
0.13
0.14
0.11
0.03
0.06
0.08
0.15

0.22

v 21
0.10
0.11

Stk

269
265
269
265
265
2635
265
265
260
260
260
265
265
269
265
269
265
257
2635
265
265
265
270
270
235
233
293

Vcal

22,2
24,95
24,9
25.9
25.3
23,4
21.6
1908
22.9
22,9
21.0
18.3
18,7
16.4
14,5
14,8
16.0
22,7
38.3
29.6
37.9
3501
41,8
40,4
43,3
41,1
34,8



Start time

7/30
7/30
7/30
7/30
7/30
7/30
7/31
7/31
7/at
7/31
7/31

22:30: 0
22:39:59
22:49:59
22:59:59
23: 9:99
23:19:59

11122 0
21:30: 0
21:39:58
21:95: 0
22: 4:59

Stop time

7/30
7/30
7/30
7/30

22:39:58
22:49:58
22:59:58
23: 9:58
23:119:58
23:29:58

1:21:58
21:39:58
21:49:58
22: 4:58
22:14:58

5-D BACKGROUND MEASUREMENTS

Ybal

2.7
32.4
30.2
30.6
33,6
32,0
30.6
36.5
32,0
33.3
31.8

Thal

0.03
0.0S
0.06
.11
0.11
0.10
0.13
0.15
0.15
g.11
0,17

Stk

257
237
257
257
257
257
260
265
285
27

270

Vecal

3t.s
30.4
28,2
28.2
28.8
25.9
27.8
35.9
40,2
40.2
38.8

Dir

252
261
264
266
267
268
269
2952
251
254
257

Ti

0.101
0.116
0.121
0.1035
0.110
0,145
0.096
0.122
0.070
0,085
0.051

Th

0.096
0.082
0.105
0.096
0.085
0,119
0.085
0.089
0.031
0.047
0.064

Tv

0.066
0.064
0,065
0.080
0.051
0.082
0.050
0,055
0,039
0,039
0.032



Start time

7714
7/14
7/14
7/14
7/14
7714
8/ 1

15:56:20
163 6:29
16:16:29
16:26:29
16:26:29
16:46:29
0: 0: 0

Stop time

7/14
7/14
7/14
7/14
7/14
AT
8/ 1

16: 6:28
16:16:28
16:26:28
16:136:28
16:46:28
16:56:28
0: 9:58

Vhal

25,1
26.6
24.2
23,3
25.3
28.0
34,4

Thal

0.26
0.26
0.2%
0.19
0.30
0.25
0.15

Stk

235
2355
235
235
255
235
233

7-D WAKE MEASUREMENTS

Veatl

25.0
28.0
22.6
20.2
22,9
2407
36,95

-----



Start time

7/31
7/31
7/31
7/31
7/31
7731

3:45: 0
3:54:59
4: 4:39
4:114:59
4:124:39
4:34:99

Stop time

7/31
7/31
7/31
7/31
7/31
7731

3:154:38
4: 4:58
4:14:38
4:24:38
4:34:58
4:44:358

7-D BACKGRQUND MEASUREMENTS

Vbal

3105
32.2
32,4
31.5
32.4
2.7

Thal

0,11
0,08
0.03
0,12
0,10
0.03

A-10

Stk

263
263
263
263
263
263

Veal

31.7
31.5
30.6
31.3
30.7
31.8

Dir

238
251

Ti

Th



]

Start time

7/14
7/14
7/14
7/14
7/14
7/14
T/14
7/14
714

17:35:30
17:57: 0
18: 6:59
18:16:39
18:26:59
19:20:30
19:40:29
19:50:29
20: 0:29

Stop time

7/14
7/14
7/14
7/14
7/14
7/14
714
T/14
T/14

17:45:28
18: 6:38
18:16:38
18:26:38
18:36:58
19:40:28
19:50:28
20 0:28
20:10:28

9-D WAKE MEASUREMENTS

Vbhal

23.95
24,8
23,9
23.5
26.2
23.7
24.4
26.4
22,6

P

Tha)

0.37
0,34
0.23
0.18
0.25
0.35
o' 18
0.22
0.22

A-11

Stk

260
260
260
260
260
2790
2790
270
270

Veal

25.6
22,5
22.0
22.2
27.3
23.0
22.2
24,8
17,3

Dir

274
272
270
271
276
268
268
278
2790
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