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EXECUTIVE SUMMARY

This report presents data on wind characteristics obtained by
physical modeling in the Colorado State University environmental
boundary-layer wind tunnel using a 1:4,000 scale terrain model of
complex terrain on Oahu. The physical modeling was limited to the most

significant meteorological condition of strong, thermally neutral wind

approaching the island. Strong winds are wind speeds in excess of
10 knots (22 mph) at 10 m above ground or sea level for which mechanical
mixing due to turbulence is sufficient to make thermal effects on wind
characteristics insignificant within the boundary layer (layer above sea
or ground approximately 350 m in depth). Thermally driven mountain-
valley winds were not modeled in this study. Data were measured along
15 HECO transmission-line valley crossings, at four field anemometer
locations and at Honolulu International Airport (HIA) and Barbers Point
Naval Air Station (BPA) anemometer locations. The specific valley
crossings and the number of crossings for which data were measured are
as follows: Waiawa-two; Waimano-two; Waimalu-five; Kalauao-two; North
Halawa-two; South Halawa-one; and Moanalua-one (see Fig. 1-1 for
locations). The primary information presented is mean and turbulent
wind velocity data scaled with mean wind speed above the boundary layer

Uref for south (S), south southwest (SSW), southwest (SW), west
southwest (WSW), north northeast (NNE) and east northeast (ENE) winds
approaching Oahu. The tabulated data are presented in Appendix G of
this report and are presented graphically in Appendices D, E and F to
facilitate interpretation and use.

The data can be used to obtain predictions of prototype wind speeds
at transmission-line locations for engineering design. These predic~
tions for strong, thermally neutral winds are made by applying National

Weather Service (NWS) data collected at either HIA or BPA, or by

applying HECO field data collected at the four anemometer locations
included in this study.

Wind directions from the 45° sector SSW to WSW cause the highest
wind speeds perpendicular to the transmission-line spans. An extreme-
value analysis of gradient winds (one-hour mean wind above the boundary
layer) derived from NWS records taken at HIA and BPA revealed that the

highest wind speeds for Oahu occur for wind directions in the same 45°
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sector (SSW to WSW). Mean gradient wind speeds from the SE (not
modeled) are also high; however, wind speeds at the transmission-line
crossings for this direction are not expected to be larger than those
measured for the wind directions modeled.

An analysis of the data resulted in a predicted value of 73 mph as
the maximum expected one-hour, 100-year mean recurrence interval, hori-
zontal component perpendicular to the spans evaluated in this study.
This analysis was accomplished by combining the 100-year recurrence
extreme one-hour, mean gradient wind speed of 86 mph from the SSW with
the highest measured model data. The 86 mph wind speed was derived from
NWS data. The model wind speed used for this estimate was the SSW
perpendicular-to-span data at location B5 (Waiawa crossing). The total
expected one-hour, 100-year recurrence resultant wind speed at that same
location using the same NWS data and the three perpendicular wind compo-
nents measured in the model at B5 is 76 mph. In the case where the
design wind time average is different from the one-hour average as given
in this report, the one-hour average wind speed must be converted to the
required time average. As an example, the one-hour, 73 mph wind speed
becomes 105 mph for a 10-second wind average using data from Durst as
cited by Hollister (1970).

An additional comparison can be made between the wind speeds
measured at transmission-line locations and at HIA. In the case noted
above (location B5 for a SSW wind) the ratio is 1.8 for the
perpendicular~-to-span wind component at transmission-line height divided
by the equivalent HIA wind speed at 21 ft above ground level (current
NWS HIA anemometer height). In other words, the wind speed perpendicular
to the span at location B5 would be 1.8 times greater than the wind
speed measured at HIA during strong, thermally neutral wind conditions.
The same ratio for the other spans showed that 11 out of 15 spans
studied have a 1.5 or greater multiplier, and all the spans have a 1.3
or greater multiplier.

The model measurements made of wind characteristics at
transmission~line locations in the complex terrain of Oahu have shown
significant increases in wind speeds at the transmission-line sites
compared to wind speeds measured upwind over flat coastal sites such as
HIA. This information is important input for the design of transmission

lines or any other structure to be located in complex terrain.
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1. INTRODUCTION

1.1 Statement of Problem

As in other regions of the Southern Pacific, tropical cyclones
create a natural hazard in the State of Hawaii. In some cases, strong
winds have caused severe damage to power transmission lines across the
mountainous terrain on Oahu. Information on the wind characteristics
along transmission lines spanning valleys from ridge to ridge is a
prerequisite to mitigate such loss. Unfortunately,’ because of com-
plexity of the terrain,‘analytical and numerical methods for predicting
local velocities at different éoints along the transmission lines are
not available.

A wind-tunnel study for Hawaiian Electric Company (HECO) to provide
wind data for use in the design of cross-valley electric transmission
line supports and spans has been conducted in the Fluid Dynamics and
Diffusion Laboratory at Colorado State University (CSU). The valley
crossings of concern which comprise the central study area are located
as shown on Fig. 1-1. This study area is approximately 3.7 miles north
of Pearl Harbor, Hawaii. From Pearl Harbor the mountains rise from sea
level to 2,800 ft elevation toward the northeast to the crest of the
Koolau Range in a little over 7.5 miles horizontal distance. Valleys
are oriented northeast-southwest parallel to the general terrain
gradient. The terrain in the sampling area is very rugged.

Extended field measurement programs are invariably expensive and
time consuming while laboratory simulations are relatively inexpensive
and provide reliable data on wind chafacteristics over complex terrain.
Recent research has shown that wind-tunnel simulation can replicate the

~atmospheric boundary layer (Cermak, 1971, 1975, 1982). Physical modeling



can reproduce wind patterns produced by the near neutral atmospheric

shear layer flowing over complex terrain to within the inherent vari-

ability of the atmosphere to produce stationary results (Meroney, 1980).
This study had two main objectives:

(a) determination of wind characteristics including mean and
fluctuating speeds along transmission lines spanning valleys

on Oahu for use in wind load design; and

(b) correlation of wind characteristics at HECO transmission line
sampling locations with strong-wind data recorded at nearby
meteorological stations: Barbers Point, HECO field anemom-

eters and Honolulu International Airport.

Objective (a) was met by physical modeling of strong, thermally
neutral boundary-layer winds over a 1:4,000 scale model of the area in a
boundary-layer wind tunnel. Strong winds are those in which mechanical
mixing due to turbulence is sufficient to effectively destroy thermal
effects within the boundary layer. Winds above 22.4 miles per hour
(mph) usually satisfy this requirement.

Objective (b) was partially met by applying the data obtained in
Objective (a) to an extreme wind statistical analysis of the HIA and BPA
meteorological data. An analysis using HECO field anemometer data was
not made because HECO field data was not available. However, the model
data is now available for fifteen valley crossings and four HECO anemom-
eter sites to establish mean wind and turbulence characteristics for
several wind directions representative of northeasterly trade winds and

of southwesterly kona winds.

1.2 Study Procedure

The physical model boundary-layer study of wind characteristics for

HECO transmission lines on Oahu was divided into four phases: model



construction, data collection and flow visualization, data reduction and
interpretation, and a comparison analysis of available field data from
the National Climatic Center for Honolulu International Airport (HIA)
and for Barbers Point Naval Air Station (BPA). The rationale for
choosing the 1:4,000 model scale, material and construction technique is
discussed in Section 2.1 below and in detail in Appendix A: Model
Construction. A map of the model boundaries for each wind direction is
shown in Fig. 1~2.

In order to collect a complete, three-dimensional set of mean and
turbulent wind characteristic parameters, it was necessary to sample
each measurement location twice for each wind direction. The first data
sample was made with a standard (UV) cross-film anemometer in the hori-
zontal plane which was used to measure the local mean horizontal wind
direction and speed and the local horizontal turbulence intensities,
both parallel and perpendicular to the mean flow. The local wind direc-
tion is affected by terrain features and is often different from the
free-stream wind direction. Also the turbulent shear stress uv was
measured with the UV cross-film anemometer to enable the coordinate
rotation calculations for individual transmission line coordinates. The
second sample, taken at the same 1§catiou and height as the first
sample, was made with a boundary-layer (UW) cross-film anemometer in the
vertical plane. The UW anemometer was oriented into the local hori-
zontal mean flow direction as determined by the previous UV anemometer
measurement, and the local mean horizontal speed and turbulent intensity
were again measured along with the vertical mean speed and turbulent
intensity. Although a vertical turbulent shear stress uv measurement

was made, it was not used for a vertical coordinate transformation since



the mean-wind vector for strong winds never exceeded a 10-degree slope
above or below the horizontal plane. Ten degrees was considered the
limit for wvalid data acquisition for the UW cross-film anemometers.
Either the UV or the UW anemometers are also referred to as X-probes in
this report.

Two data-collection strategies were used: one for reference points
and/or anemometer locations and one for transmission-line measurements.
In all cases, the anemometer location data collection consisted of
vertical profiles of wind data measured from the surface to the free-
stream height. Profiles at either HIA or BPA were made for each wind
direction along with profiles for HECO anemometer locations AN21, AN37,
AN84, and AN86. Refer to Fig. 1-1 for the location of these points with
the exception of BPA, which lies approximately 12 miles west of HIA and
is off the map in Fig. 1-1. Two additional approach flow profiles were
taken: one at the Koolau ridge crest and one upwind of Oahu for the ENE
wind direction. The purpose of these profiles was to determine the
boundary-layer behavior over Oahu during an ENE wind.

The second strategy used to proﬁide wind information for
transmission-line wind loads, was directed at obtaining representative
wind data at the height of the transmission line. To accomplish this,
three~-dimensional mean and turbulent intensity wind data were sampled
for each span: at the end points of each span, which corresponded to
the ridge-top towers; at the two quarter points of each span; and at the
midpoint of each span.

Qualitative information on overall flow characteristics was
obtained by flow visualization using smoke as a tracer. Information
obtained in this manner was recorded on video tape as a supplement to

this report.



2. EXPERIMENTAL FACILITIES AND DATA ACQUISITION

2.1 Brief Summary of Oahu Terrain Model and Facilities

2.1.1 Oahu Terrain Model

The topographic model for this study was constructed to a 1:4,000
scale for both horizontal and vertical directions. This corresponds to
approximately 1/8-in. for each 40 ft in elevation. According to recent
studies by Neal (1983), the accurate simulation of complex terrain in a
wind tunnel requires close attention to the following:

a) type of model surface finish;

b) selection of a suitable model scale;

c) tunnel blockage effects; and

d) ' the approach flow characteristics.

All of the above factors were carefully considered for this study.

The choice of 1:4,000 for the length scale was dictated by the
spread of the actual sites for which data is required, the size of the
wind tunnel employed, and the desire to acquire meaningful wind data for
full-scale applications. All the span and HECO field anemometer loca-
tions of interest fall within a circle 9 miles in diameter. The CSU
Environmental Wind Tunnel has a cross section width of 12 ft which
scales to 9 miles at 1:4,000. The highest model terrain is about 9 in.
corresponding to 3,000 ft (actually 2,826 ft).

A detailed description of Oahu terrain model construction is given
in Appendix A. The completed model installed in the wind tunnel is
shown in Fig. 2-1.

2.1.2 Experimental Facilities:

The Environmental Wind Tunnel (EWT) which is located in the Fluid

Dynamics and Diffusion Laboratory at Colorado State University was used



for this neutral flow study. Plan and elevation views of the wind
tunnel are shown in Fig. 2-2.

The EWI was designed specifically to study atmospheric flow
phenomena. The tunnel is an open-circuit facility with a 2.25-to-1
contraction ratio driven by a 50 hp variable-pitch, variable-speed fan.
The test section is 52 ft in length and 12 ft x 8 ft in cross section.
The wind speed in the test section can be adjusted continuously from 0.2
to 50 ft/sec and the ceiling is adjustable in height for controi of the
pressure gradient. This wind tunnel is also equipped with transparent
side walls and rotating turntables.

A probe traversing mechanism was employed so that the vertical
displacement could be controlled independently from outside the tunnel.
The probe position was correlated with a digital voltmeter to give a

resolution of 0.15 mm.

2.2 Velocity Measurements and Model Boundary Layer

Prior to collecting velocity measurements, the tunnel-ceiling
height was adjustgd and tailored to the terrain variation of each wind
direction to cancel any longitudinal pressure gradient caused by the
presence of the model. A mean velocity profile for flow approaching
Oahu (the approach velocity profile) was taken prior to any turbulence
measurement. The approach flow boundary-layer conditions were set to
give a 15 cm model boundary-layer depth corresponding to a 2,000 ft
(600 m) prototype boundary-layer thickness for all wind directions. A
pitot-static tube was placed at the upper edge of the boundary layer to
continually monitor the reference velocity during data acquisition.

Mean velocity and turbulence intensity profiles were measured with

both UV and UW cross-film anemometer probes (X-probe). A discussion of



hot-film anemometry briefly introduced in Section 1.2 is presented
separately in Appendix B.

During data collection the X-probes were calibrated daily or more
frequently as required. The ambient air temperature within and sur-
rounding the EWT facility was maintained within a range of *1°C after
calibration. The error associated with temperature drift in this range
is 1less than 0.3 percent with respect to voltage output from the
anemometer.

In hot-film anemometry it is necessary for accurate measurements to
point the UW X-probe parallel to the mean flow within *10°. It was
observed from the flow visualization (and verified with measurements)
that the vertical angles between the mean flow and horizontal plane were
typically less than 10° for all preselected measurement locations.
Therefore, it was not necessary to adjust the probe for vertical angles
since %10° is within the tolerance of UW X-probe operation. As dis-
cussed in Section 1.2, for each measurement, the UV X-probe was first
employed to measure velocity components in the horizontal X-Y plane.
These UV velocity components were used to determine the local mean wind
direction (horizontal angle). The UW X-probe was then positioned at
that same location with the known horizontal angle to measure velocity
components in the vertical X-Z plane. A sampling problem associated
with taking near-surface wind data and profiles on this rough terrain
model was due to the sloping terrain. In some cases it was difficult to
position the "J" shaped UW X-probe close enough to the surface. It was
necessary to leave a safety clearance from the model surface to avoid
damage to the probe. Hence, a 0.20 cm (26.2 ft in prototype) height was

the closest distance to the ground allowed in the present study.



The approach velocity profile for the south wind was taken
12,000 ft south of the Honolulu International Airport (HIA). The result
is presented in Appendix D, Fig. D-1. The data in Fig. D-1 as well as
all the data in this report are normalized by a reference velocity
measured simultaneously above the boundary layer (see Section 2.4.3 and
Appendix C for further details). The approach velocity profile pre-
sented in Fig. D-1 almost matches with the velocity profiles taken at
the HIA as shown in Appendix D, Figs. D-2, D-7, D-12, and BPA shown in
Fig. D-17. These velocity profiles are equivalent to a 0.15 power law
velocity profile with boundary-layer thickness of 2,000 ft.

Turbulence intensities measured at HIA for the south wind are
presented in Appendix D, Fig. D-2. Figures D-7 and D-12 show the
velocity profile measured at HIA for south-southwest and southwest wind
directions. Upwind of the terrain, the approach velocity profile

remains the same for all wind directions.

2.3 Flow Visualization Techniques

Smoke was used for the flow visualization study. The smoke was
produced by exposing titanium setrachloride saturated cotton swabs to
the air flow. In order to visualize effectively the flow patiern, wind
speeds had to be reduced from 30 ft/sec to approximately 13 ft/sec. In
addition to the flow visualization still photos were téken with a Speed
Graphic camera utilizing Polaroid film. Additional still pictures were
obtained with a 35 mm single lens reflex (SLR) camera. A Panasonic
video camera was used with instantaneous playback on a color TV for the
flow visualization video. The video consists of close-ups of the flow
pattern at span and anemometer locations and general views of the flow

pattern over the model. The viewer must refer to the yellow letters and



numbers on the green model in order to determine location. A red arrow
is used to indicate free-stream wind direction. Figure 2-3 shows flow

down the valley for the east-northeast wind direction.

2.4 Data Reduction and Format

2.4.1 Wind Characteristics Data at Field Anemometer Locations

For the six wind directions as shown in Fig. 1-2, mean wind
velocity and turbulence intensity profiles were measured at the
following locations:

1. Barbers Point Naval Air Station (WSW and ENE directions only--

others not measurable)

2. Honolulu International Airport (except WSW and ENE--not

measurable)

3. HECO Anemometer locations AN21, AN37, AN84 and AN86.

Wind characteristics measured at these locations are reported using the
geographical coordinate system discussed in Appendix C. Not all airport
anemometer sites are represented with data for each wind direction
because one of the sites was either beyond the model for some wind
directions or because a site was so close to the EWT side wall boundary
that the flow was distorted and thus the measurement would have been
meaningless.

2.4.2 Vind Characteristics Data Along Transmission Lines at Valley
Crossings

Fifteen valley crossings (spans) were studied. These are identified
in Table 2.1. Locations of HECO anemometer sites and valley crossings
are shown in Fig. 1-1.

As discussed in Section 1.2 measurements of mean wind velocity and
turbulence intensity profiles at valley crossings were taken at the

following span locations:
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1. Both end supports,

2. Quarter-span points, and

3. Mid-span.
The vertical profile at each location consisted of up to five or more
points. The range in measurement height covered the range of transmis-
sion-line height above ground level resulting from field temperature
variations. Ideally, transmission-line point pfofiles were made as
follows:

Vertical Separation

Span Location No. of Data Points between Data Points
Mid-span 5 50 ft
Quarter-span 5 50 ft
End point 4 50 ft

(tower support)

At mid-span points and at quarter-span points, measurements at two
points above and two points below the transmission line were obtained in
addition to a point at the transmission-line elevation. At the end-
point towers, measurements at two points above and one point below the
transmission line were obtained in addition to a point at the
transmission-line elevation. Wind characteristics measured at these
locations are presented graphically in Appendix E and tabulated in
Appendix G using the transﬁission-line coordinate system discussed in
Appendix C. Table 2.2 identifies the code names used for the data and
Section 2.4.3 below describes the data listing in Appendix G.

The sampling points for each of the transmission-line spans were
named according to lettér names originally determined by HECO as given
in Table 2.1 and according to their location along the span relative to

North. For instance, the five sampling locations on span B are named Bl
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for the northern-most tower point, B2 for the first quarter location
south of Bl, B3 for mid-span,. B4 for the second quarter location, and B5
for the southern-most tower for span B. In the case where one span ends
and another starts, the end name of the northern-most span prevails.
For instance, span G is north of span J, therefore G5 is the same loca-
tion as Jl; in this case G5 is used and the name Jl1 is not used.
Table 2.2 gives the span and point name, span azimuth (measured clock-
wise from north), approximate terrain height beneath the measurement
location referred to mean sea level (msl), the approximate transmission
line height referred to msl, and approximate ground-to-transmission line
distance (i.e., location of the transmission line above ground level
(agl)).

Span azimuths, terrain heights and transmission-line heights were
extracted from HECO Plan and Profile Drawings. The HECO Plan and
Profile Drawings used assumed elevations for vertical transmission line
position of valley crossings. Some differences may exist in the
relative terrain heights between the USGS map (which was used for model
construction) and HECO Plan and Profile Drawings. Measurement
difficulties were minimized by using the following'procedures:

1. For "the support tower heights (both end supports) of the
transmission line, transmission-line height was adopted from
the HECO Plan and Profile Drawing. In the cases where no
height was given, 35 ft was used.

2. For the quarter-span and mid-span points, transmission-line
height was measured relative to the USGS map ridge height and
linearly scaled to the model using the HECO Plan and Profile

line catenary.
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The total number of wind data sets sampled for HECO transmission
lines on Oahu are summarized in Table 2.3. Data missing in this table
are discussed in Section 3.4.

Actual data collection was accomplished in the following order of
directions: S, SW, SSW, WSW, ENE and NNE. It was discovered early on
that there was little variation in wind speed with height immediately
above or below the transmission 1line height. For examples see
Figs. E-10, E-76, E-86, E-96, E-132 and E-133 for wind directions S,
SSW, SW, WSW, NNE and ENE respectively. Therefore, an attempt was made
to eliminate redundant sampling heights and locations for successive
wind directions.

2.4.3 Description of Wind Characteristics Data in Appendix G

The data are presented in eight columns which give (all velocities
and turbulence values are normalized by ﬁref): the data location code
name; height above prototype ground level; mean horizontal speed
perpendicular to the span; mean horizontal speed parallel to the span;
vertical mean speed; horizontal turbulence intensity perpendicular to
the span; horizontal turbulence intensity parallel to the span; and
-vertical turbulence intensity, respectively. The following is a

detailed description of the data in each column.

Column 1: Data code name: NAME

The data code name is a five-letter/digit code which identifies the
data location. Table 2.2 gives the data code name for each sampling
point. The locations of cable spans and HECO anemometers are presented
in Fig. 1-1. Figure 1-1 includes the HIA data reference location.

The second element in the code name is the wind direction

indicator: D=5 represents the south wind direction and D=1 represents
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the southwest wind direction. The last element in the name code
indicates the data point number for that particular location. This is
used to indicate different elevations. For instance, the lowest height

measurement is indicated by a zero, the next highest by a 1, and so on.

Column 2: Height above prototype ground level: ELEV

The height in feet above ground level (agl) of each data point is
presented in the second column. To identify the corresponding trans-

mission-line height above ground level refer to Table 2.2.

Column 3: Normalized mean horizontal wind speed perpendicular
to the span: U MEAN

This column presents the mean horizontal wind speed component
perpendicular to the span at the indicated location and height. It is
normalized by the free-stream reference wind speed; i.e. ﬁ/ﬁref (see

Appendix C). The span azimuths are listed in Table 2.2.

Column 4: Normalized mean horizontal wind speed parallel
to the span: V MEAN

This column presents the mean horizontal wind speed component at
the indicated location and height parallel to the span. It is normal-
ized by the free-stream reference wind speed; 1i.e. v/ﬁref (see

Appendix C).

Column 5: Normalized mean vertical wind speed: W MEAN

This column presents the mean vertical wind speed component at the
indicated location and height. It is normalized by the free-stream

reference wind speed; i.e. ﬁ/ﬁref (see Appendix C).

Column 6:; Horizontal turbulence intensity perpendicular
to the span: U TURB

This parameter is the horizontal turbulence component perpendicular

5 T 3
to the span; i.e. (uleief)é (see Appendix C).
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Column 7: Horizontal turbulence intensity parallel
to the span: V TURB

This parameter is the horizontal turbulence component parallel to

the span; i.e. (vz/Uref)lz (see Appendix C).

Column 8: Vertical turbulence intensity: W TURB

This parameter is the vertical turbulence intensity perpendicular

1
to the span; i.e. (WZ/Uief)'2 (see Appendix C).

3. RESULTS AND DISCUSSION

3.1 Similarity Criteria and Reynolds Number Independence Test

Similarity requirements for physical modeling of flow in the
atmospheric boundary layer have been discussed by Chuang and Cermak
(1967), Méry (1969), Cermak and Arya (1970) and Cermak (1971, 1975).
Generally speaking, the following criteria for modeling are derived from
the equations for conservation of mass, momentum and energy: (1) geo-
metric similarity, (2) thermic similarity, (3) dynamic similarity, and
(4) kinematic similarity.

Geometric similarity was achieved in the present study by using an
undistorted model with a scale of 1:4,000 for both horizontal and verti-
cal directions. Flow in the wind tunnel was uniform in temperature to
simulate thermal stability associated with strong winds.

Dynamic similarity is achieved in a strict sense if the Reynolds
number and Rossby number are the same in the model and prototype. The
Rossby number is a measure of the effect of Earth's Coriolis force
relative to the inertial forces on the flow field. In the wind tunnel
equal Rossby number between model and prototype cannot be achieved
unless the wind tunnel itself is rotated. However, local mean veloci-

ties in flow around and immediately above rough complex terrain are
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governed by shear stresses and local pressure gradient induced by the
geometry. These effects are strong compared to Coriolis effects.
Accordingly, relaxation of Rossby number equality is considered an
approximation that does not introduce significant error in simulation of
flow over complex terrain (Cermak, 1971, 1975, 1984). Kinematic simi-
larity requires the scaled equivalence of streamline patterns of air
flow over model and prototype. Therefore, the Reynolds number (Re)
criterion is a significant parameter in physical modeling of atmospheric
boundary-layer flow. The Reynolds number indicates the ratio of iner-
tial to viscous forces. Equal Reynolds numbers are not attainable in
the laboratory due to the large scale factor usually adopted. Fortu-
nately, this is not a serious limitation for higher wind speeds since
flow characteristics will be dynamically and kinematically similar when
the surface becomes aerodynamically rough regardless of increases in
Reynolds number (Schlichting, 1975); i.e., the local flow character-
istics become independent of Reynolds number if a lower limit of the
Reynolds number is exceeded (Cermak, 1975).

Reynolds Number Independence Test

Figure 3-1 shows that the normalized mean velocity and normalized
turbulence intensity are essentially Reynolds number independent in this
case for Re exceeding 5x104 which is equivalent to a mean velocity of
16.5 ft/sec. All span and anemometer wind data measurements for this
study were acquired at a free-stream velocity of 30 ft/sec; therefore,
the modeled flow characteristics for Oahu are considered Reynolds number

independent and can be scaled for prototype predictions and comparisons.

3.2 Flow Visualization Results

Figure 3-2 shows the Oahu model and experimental instrumentation.

Flow visualization for all six wind directions were recorded on color
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slides and videotape. Detail information at each span location can be
observed on the videotape. Changes of wind direction versus height may
be observed at each location by viewing the videotape.

For the S and SSW wind directions, the valley orientations are
approximately 40 degrees to the mean wind flow. In these cases, flow
separations typically occur at the lee-side quarter-span points for the
deeper valleys. Due to the flow separation the wind data is erratic,
mean wind directions are unpredictable and turbulence intensities are
high for these quarter-span points. The near surface streamline
patterns (i.e. wind flow) are determined by ridge-line orientation such
that the local mean wind directions within valleys are identical with
the valley orientations. With height increases above ground level, the
local mean wind direction gradually returns to the free-stream wind
direction.

The Koolau Range created a large flow separation region for the NNE
and ENE wind directions that engulfed all of the transmission 1line
crossings. This flow condition resulted in uniformly lower wind speeds
and high turbulence intensity over the entire region of study.
Table 3.1 lists the maximum normalized mean horizontal perpendicular
wind speeds (U MEAN) by wind direction at transmission line height.
This table verifies that the NNE and ENE wind directions result in
relatively lower U MEAN values compared to the other wind directions.

For the WSW and SW wind directions, the surface flow tended to
follow the direction of the valley. Flow separation regions were
minimal or nonexistent for the WSW wind because the valley/ridge terrain

features are parallel to wind approaching the area.
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3.3 Anemometer Location Data

Appendix D contains the vertical profile plots of the anemometer
and reference points data. Profiles taken upwind of the model are all
very similar and simulate a thermally neutral boundary layer of 2,000 ft
quite well. The mean horizontal wind speed at any upwind reference
height, z, can be calculated using the power-law exponent o = 0.15 and

free-stream height Zof = 2,000 ft in the wind-profile equation

z o
ref zref

HECO anemometer location profiles within the complex terrain show the

‘Gl

i ]

terrain caused profile distortions (wind speed deficits) in the lower
boundary layer adjacent to the ground as seen in Appendix D, Figs. D-3,
b-4, b-5, D-8, D-9, D-19, D-20, D-21, and particularly Figs. D-22, D-23,
D-24, D-25, D-28, D-29, D~-30, D-31, and D-32 for the ENE and NNE direc-
tions. It should be noted that Fig. D-27, the BPA reference profile for
the ENE direction, appears normal since it is an additional 12 miles
downwind of the transmission line sampling area and does not represent
the boundary layer over the transmission line sampling area.

The power-law exponent, o, for HIA for the NNE and ENE cases with
the Koolau Range upwind is about 0.09 and Z_of about 4,600 ft; for the
other wind directions use 0.15 and 2,000 ft for o and

z
ref’

respectively.

3.4 Transmission~line Data

Transmission-line data are presented in tabular form in Appendix G.
Table 2.1 and Fig. 1-1 are required to locate individual data points.
Section 2.4.3 describes the data in Appendix G. Data comparisons between

points and spans can be made by either extracting the information from
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Appendix G or by comparing the transmission-line point profiles, plotted
and presented in Appendix E and by comparing the cross-span mean veloc-
ity plots plotted and presented in Appendix F. The latter figures are
useful for representation of total wind load across individual spans.

As observed during the flow visualization, when the Koolau Range
was positioned upstream of the sampling region for the NNE and ENE wind
directions, lower wind speeds and higher turbulence intensities over all
span locations were measured. F(;r these two directions, velocity
measurements were only made at a few representative span locations in
addition to the regular anemometer profiles. As discussed in
Section 3.3, Figs. D-22 through D-32 (Appendix D) show that the mean
wind speeds are lower than their counterparts for other wind directions
(e.g. SSW clockwise through WSW wind directions).

In some cases there are data points missing in Appendix G. The
data missing is either the mean vertical speed (i.e. Wﬁref listed as
W MEAN in Appendix G), the horizontal component of turbulence parallel
to span ((:é)lz/ﬁref listed as V TURB in Appendix G), or the vertical

— . L
component of turbulence ((wz)i/Ure listed as W TURB in Appendix G).

f
All the remaining data points: ﬁ/ﬁref (listed as U MEAN in Appendix G);
‘-’/ﬁref (listed as V MEAN in Appendix G); and (;E)lﬁ/ﬁref (listed as
U TURB in Appendix G) are complete in Appendix G. As discussed pre-
viously, data collection for each point was accomplished by taking two
separate measurements. In some cases either only one of the two
measurements were taken or the data were determined invalid. In these
cases there is no entry in either the W MEAN and W TURB, or in the
V TURB columns. In all cases, the mean horizontal data, which is the

most important for neutral flow correlations with National Weather

Service data, are tabulated in Appendix G.
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3.4.1 Vertical Profiles at Locations Along Transmission Lines

Mean velocity and turbulence intensity profiles at locations along
transmission lines are presented in Appendix E.

Appendix E does not include profiles with less than three data
points. One should refer to Appendix G for the complete data set which
includes transmission line data for sampling points where less than
three elevations were sampled.

3.4.2 Cross-span Plots of Wind Data

Mean wind speeds at transmission line height for span crossings are
plotted in Appendix F. A negative sign preceding a mean wind speed in-
dicates the wind comes from the negative direction of the transmission-
line coordinate which is based on the transmission-line azimuth. It
appears that the SSW clockwise through WSW winds result in strongest
impacts on transmission lines. The wind flow becomes more and more
complex as the wind azimuth approaches 180° (S wind) where the ridge and
valley systems are oriented between 40° to 70° to the approaching wind.
The mean wind speeds were significantly reduced for NNE and ENE wind
directions because the high Koolau Range mountain provides a barrier for
the region of study.

For any particular wind direction the transmission-line data
results plotted in Appendix F and tabulated in Appendix G show that the
perpendicular-to-span, U MEAN, results are highly correlated to the
valley orientation, vailey depth, and transmission-line azimuth. As an
example, compare the SW direction U MEAN plot of span H in Fig. F-36
with the SW direction U MEAN plot of span J in Fig. F-38. Span J is a
relatively shallow transmission-line crossing compared to span H. In

Fig. F-36 the U MEAN speed is higher at mid-span, while in Fig. F-38 the
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U MEAN speed is lower at mid-span. The valley orientation at H is SW
while the valley orientation at J is 15° more to the west.

Although it is not within the scope of this study to analyze the
measurements, some interesting implications and focii for future study
can be made after a cursory inspection of the normalized horizontal mean
flow perpendicular to the span (U MEAN). Maximum U MEAN values which
are dependent on transmission-line azimuth are listed in Table 3.1 for
transmission-line height data where U MEAN equaled or exceeded V MEAN.
When the free-stream wind flow was not near parallel to the valley
orientation (S, NNE and ENE), the maximum wind speed perpendicular to
the transmission line usually occurred at the span end points located at
the ridge tops. When the free-stream flow was nearly parallel to valley
orientation (SSW, SW and WSW), maximum perpendicular speeds usually
occurred at quarter- or mid-span locations. The maximum normalized
perpendicular wind speed for this study was 0.85 which occurred for the
SSW wind direction at location B5. This maximum value was followed by
values of 0.81 for points C5 and N3 during a WSW wind, and 0.80 for
points G3 and P2 for a SW wind. An application caution should be noted
here: the end points of each span would also be impacted by the par-
allel wind component. Since the end supports are vertical, wind loading

will be maximum for the resultant horizontal wind.

4. EXTREME WIND STATISTICS

Two wind-speed recording stations are available in the Homolulu
area which can be used to establish extreme wind statistics: Honolulu
International Airport and Barbers Point Naval Air Station (BPA). HIA is

marked on Fig. 1-1 and BPA is located approximately 12 mi west of HIA.
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Three sets of data are available from the National Climatic Data Center
in Asheville, North Carolina. The data available were:

1. HIA--Fastest mile wind speeds each year from 1951-1979 for 8
wind directions at anemometer heights ranging from 21 ft to
93 ft.

2. BPA--Peak gust wind speeds each year from 1949-1983 for 16

wind directions at anemometer heights of 12 or 84 ft.

3. HIA--29,215 hourly observations from 1965-1974 at 25 ft eleva-
tion in the form of a bivariate distribution of wind frequency
as a function of wind speed and 16 wind directions. Hourly
observations consist of one-minute means obtained once each

hour--assume these to be the one-hour mean.

Fastest mile or peak gust data (data sets 1 and 2) were first
translated to a common 10 m height. The wind data for each direction
were then fit to a Type I extreme value distribution to predict 10-,
50-and 100-year recurrence winds at 10 m. These values were converted
to one-hour mean winds and translated to gradient height. Tabulations
are shown in Table 4.1.

The hourly data at Honolulu (data set 3) were fit to a Weibull
probability distribution for each wind direction. The resulting distri-
butions were extrapolated to obtain predictions of 10-, 50- and 100-year
wind speeds. Data were translated to gradient level for comparison with
fastest-mile and gust-data predictions. Results are listed in Table 4.1.

The lengths of record for data sets 1 and 2 would indicate that
predictions at a 50-year recurrence interval might be within about
10 percent--this comparability was satisfied for data sets 1 and 2
except at the NE direction where upwind terrain is somewhat different
for the two sites. The shorter record for data set 3, which is also a

set of data from the parent distribution rather than data from an
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extreme distribution as in data sets 1 and 2, would imply larger
uncertainty at 50- and 100-year recurrence interval than would exist for
the longer records. Variability in predicted 100-year winds for data
set 3 does seem to be larger.

The extreme value distribution used for data sets 1 and 2 is known
to converge from above for short records (30-50 years is a short record
for these distributions). This means that the predicted wind speeds for
50- or 100-year winds are more likely to be higher than the true value
than to be lower. A tendency is evident in Table 4.1 for the extreme
value results (data sets 1 and 2) to be higher than the results from the
parent distribution (data set 3).

Several possibilities exist for selecting a design wind speed from
Table 4.1. The most conservative approach is to pick the largest wind
speed appearing at each wind direction for the recurrence interval
selected. Another possibility is to average the predictions at each
wind direction. A third possibility is to iénore the data of Table 4.1
in favor of wind speeds which might be expected from a hurricane.
Because hurricane winds occur at widely spaced intervals in time, they
are not well represented in the short records available. For many east
coast U.S. locations, hurricane wind speeds predicted from a hurricane
model are substantially larger for 50- and 100-year winds than those
predicted using analysis similar to that leading to Table 4.1. Whether
or not hurricane wind speeds dominate for 50- or 100-year winds on Oahu

is not known and is beyond the scope of this investigation.

5. DATA APPLICATION GUIDANCE

This section presents a straightforward technique for the

application of model wind data with HIA or BPA meteorological data. To
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estimate a field mean wind speed comparison at any location the

corresponding normalized model data point representing ﬁ/ﬁref’ v/ﬁref
or W/Uref must be multiplied by a model conversion factor Uref/UHIA
(discussed in Appendix C) and by the HIA speed of interest:
= U
0. = 12— «x _ref x (HIA speed)
field ) g
ref HIA
(desired - (normalized X (model to field X (Nat.Weather
estimate) model data) * conversion factor) Serv. Data)

The (ﬁref/ﬁHIA) conversion factor for S, SSW, SW, and WSW winds is
2.0 corresponding to a power-law exponent of 0.15 and free-stream height
of 2,000 ft; and 1.6 for ENE and NNE winds corresponding to a power-law
exponent of 0.09 and free-stream height of 4,600 ft. These conversion
factors are based on the HIA anemometer height of 21 ft.

As an example consider the maximum modeled data point discussed in
Section 3.4.2: From Appendix G for location B5, U MEAN is 0.85, V MEAN
0.25, and W MEAN -0.01 for a SSW wind. If, for example, a wind speed of
interest measured at HIA (21 ft agl) for a SSW wind is 25 mph, the
estimated horizontal perpendicular-to-span wind at location B5 would be

43 mph:

UBS = 0.85x2x25 = 43 mph

Similarly, the estimated parallel and vertical components would be
13 mph and -0.5 mph (downward vertical direction) respectively. Com-
bining the three directions vectorially provides an estimated speed of
45 mph for the example case.

Care should be taken when making the above calculations to insure

that the synoptic meteorological conditions come close to those modeled
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in the tunnel; i.e., a strong wind, with thermally neutral
stratification, from the proper direction. It is advisable to seek the
guidance of a meteorologist familiar with such comparisons.

The extreme wind statistics provided in Section 4.0 can be applied
directly to the model wind data to predict expected extreme wind speeds.
Select the gradient wind speed statistic of interest from Table 4.1 and
multiply it by the model wind data in Appendix G for the location of
interest. For example, a prediction of the highest SSW 100-year wind
speed at 1location B5 under neutral atmospheric conditions can be
obtained as follows. Table 4.1 gives, for the the SSW direction, the

highest 100-year gradient wind speed as 86 mph (data set 2). This value

is then multiplied by the U/Uref’ V/Uref and W/Uref data for B5:
| u_ x (Extreme gradient wind speed)
field i
ref
(desired - (normalized < (Table 4.1 extreme
estimate) model data) gradient wind speed)
- UB5 = 0.85 x 86 = 73 mph

Similarly, VBS and WBS are 21 mph and -1 mph respectively, making
the total predicted 100-year vector speed at B5 76 mph. The above
calculation does not represent the maximum resultant 100-year

transmission-line wind speed during the thermally neutral strong wind

conditions modeled in this study but only the maximum perpendicular-to-

span value.

6. SUMMARY

This report presents wind characteristics data obtained using a

1:4,000 scale model of HECO transmission-line locations on Oahu for
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strong, thermally neutral winds approaching Oahu. Thermally driven
winds (up-slope, down-slope, anabatic, catabatic, sea-breeze, and land-
breeze) and winds occurring wiﬁh unstable and stable atmospheres Qere
" not modeled in this study. o . |

The data collected can be used to make engineering estimates of
correlations between HIA and BPA NWS‘data and HECO Oahu field data for

strong, thermally neutral winds. The model wind data shows that the SSW

clockwise through WSW directions.giVe the highest normalized wind speeds
perpendicular to the spans studied. vThe,extreme gradient wind statis-
tical analysis also showed the same SSW clockwise through WSW wind
directions as measured at HIA and BPA to have the highest predicted mean
gradient extreme winds. The SE direction which was not modeled also has
high prédicted mean gradieht extreme winds; however, winds at the
transmission~line crossings are not expected to be larger than those
measured for the wind directions studied basedlon data in Table 4.1.

Combining the SSW extreme mean gradient 100-year recurrence wind
statistics of 86 mph with the higﬁestvmeasured SSW perpendiculat-to—span
model data at location B5 gave a predicted value of 73 mph as the maxi-
mum> expected one-hour mean 100-year horizontal perpendicular-to-span
wind speed. The total expected 100-year recurrence vector wind speed at
that location was 76 mph. It was pointed out that although this value
may be the highest modeled perpendicular-to-span wind it is not
necessarily the highest total wind vector at span height.

The transmission-line data presented herein is highly depehdent
upon the model conditions stated above, the reference wind direction,
the orientation and depth of the valley the transmission line is

crossing, and on the span azimuths.
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GLOSSARY

Boundary layer - The layer of air adjacent to a surface which, when
flowing, experiences the frictional and thermal effects of the
surface.

Complex terrain - Rough and rugged surfaces of the earth with steep
elevation changes; usually refers to mountainous terrain. Complex
terrain contrasts to flat plains or gently rolling hills.

Coriolis force - An apparent force exerted on any object at or above the
earth's surface due to the earth's rotation. 2 x earth's angular
speed x sin (latitude) = Coriolis parameter.

Free stream - The layer of air flowing above a boundary layer which does
not experience the surface friction effects. Free-stream speeds
are used as reference speeds. In the atmosphere the free-stream
wind is also called the gradient wind.

Gradient wind - Free~-stream wind (described above) for the atmosphere.

Neutral atmosphere - The condition when the change in air temperature
with elevation (lapse rate) is adiabatic. That is, there is no
buoyant thermal energy in the air to cause an elevation change in
any air parcel. A neutral atmosphere is contrasted with a stable
or an unstable atmosphere.

Reynolds number (Re) - A nondimensional number which compares the scale
of inertial forces to viscous forces. Re = UL/v, where U is wind
speed, L is the characteristic length and v is the fluid
kinematic viscosity.

Rossby number - A nondimensional number which compares the scale of the
wind to the Coriolis parameter times a reference height.

Shear layer - A boundary layer or any other layer which has a change in
direction or speed.

Stationary - As in stationary turbulence: stationary measurements are
repeatable at any given location (the properties of the turbulence
do not change with time). An example would be the measurement of
turbulence downwind of a fixed object under similar approach wind
conditions. The results of such a measurement could produce wind
statistics which would be equal after a long enough measurement
time.

Strong wind - Wind in which mechanical mixing due to turbulence is
sufficient to effectively destroy thermal effects within the
boundary layer. Wind speeds exceeding 10 meters per second
(22.4 mph) at a height of 10 m usually satisfy this requirement.

Velocity profile - A representation of the change in wind speed with
change in elevation.
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Figure 1-2. - Map .of model boundaries for S, SSW, SW, WSW, NNE and ENE
wind directions.
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Figure 2-1. Oahu model for south southwest (SSW) wind direction.
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Figure 2-3. "Wind flow for Spans G and H for the north northeast (NNE)
wind direction. (The mean wind direction is indicated by
the upside-down "W'" arrow.)
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Figure 3-2. Photograph of experimental instrumentation with southwest
(SW) model in wind-tunnel background.



37

TABLES



38

Table 2.1. Identification of Valley Crossings and Span Names

Valley

Waiawa
Waimano
Waimalu
Kalauao
North Halawa
Moanalua

South Halawa

No. of Crossings

2

2

Span Names

A,
C,

G,

o v o=

B
F

H, I, J, K
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Table 2.2. Hawaiian Electric Company Span and Location Information

Prototype Model
Terrain Line Ground Ground

Span Height Height to Line to Line Data?
Location? Azimuth (ft-msl) (ft-msl) (ft-agl) (cm) Code Name
Al 139° 02! 855 940 85 0.65 AD11E
A2 440 756 316 2.40 AD12E
A3 400 718 318 2.42 AD13E
A4 480 768 288 2.19 AD14E
A5 (AN86) 880 955 75 0.57 AD15E
B1 121° 53.5' 635 695 60 0.46 BD16E
B2 315 620 305 2.32 BD17E
B3 260 610 350 2.67 BD18E
B4 380 635 255 1.94 BD19E
B5 660 725 65 0.50 BD20OE
C1 314° 31.7' 1040 1075 35 0.27 CD21E
c2 540 938 398 3.03 CD22E
C3 520 865 345 2.63 CD23E
C4 720 949 229 1.74 CD24E
C5 1070 1105 35 0.27 CD25E
F1 189° 34.57 945 1030 85 0.65 FD26E
F2 460 813 353 2.69 FD27E
F3 380 740 360 2.74 FD28E
F4 520 752 232 1.77 FD29E
F5 800 875 75 0.57 FD30E
Gl 320° 49.5' 1320 1355 35 0.27 GD31E
G2 880 1048 168 1.28 GD32E
G3 560 914 354 2.70 GD33E
G4 480 932 452 3.44 GD34E
G5 (J1) 1090 1125 35 0.27 GD35E
H1 135° 12.3'" 1070 1105 35 0.27 HD36E
H2 780 1035 255 1.94 HD37E
H3 360 950 590 4.50 HD38E
H4 480 962 482 3.67 HD39E
H5 (K1) 935 970 35 0.27 HD4OE
I1 298° 32! 680 730 35 0.27 ID41E
12 300 658 358 2.72 ID42E
I3 200 672 472 3.60 ID43E
14 560 766 206 1.57 ID44E
I5 (M1) 880 940 60 0.46 ID45SE
J2 320° 49.5' 760 1083 323 2.46 JD46E
J3 800 1090 290 2.21 JD47E
J4 - 1000 1140 140 1.07 JD4SE
Js (L1) 1200 1235 35 0.27 JD4AYE
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Table 2.2 (continued).

Prototype Model
Terrain Line Ground Ground

Span Height Height to Line to Line Data?
Location? Azimuth (ft-msl) (ft-msl) (ft-agl) (cm) Code Name
K2 135° 12.3! 680 940 260 1.98 KD50E
K3 540 950 410 3.12 KD51E
K4 760 997 . 237 1.81 KD52E
K5 1050 1085 35 0.27 KD53E
L2 309° 17.25' 930 1126 196 1.49 LD54E
L3 600 1099 499 3.80 LD55E
L4 900 1156 256 1.95 LD56E
L5 1260 1295 35 0.27 LD57E
M2 305° 35! 680 855 175 1.33 MD58E
M3 440 818 378 2.88 MD59E
M4 700 819 119 0.91 MD60OE
M5 824 869 45 0.34 MD61E
N1 329° 0.75' 1140 1175 35 0.27 ND62E
N2 670 1010 340 2.59 ND63E
N3 370 955 585 4.46 ND64E
N4 795 1018 223 1.70 ND65E
N5 1160 1195 35 0.27 ND66E
01 309° 11.5' 1015 1065 50 0.38 OD67E
02 540 877 337 2.57 OD68E
03 280 814 534 4.07 OD69E
04 620 877 257 1.96 OD70E
05 1005 1060 55 0.42 OD71E
P1 317° 04 1123 1168 45 0.34 PD72E
P2 520 990 470 3.58 PD73E
P3 480 961 481 3.67 PD74E
P4 720 1075 355 2.71 PD75E
P5 1290 1340 50 0.38 PD76E
Q1 241° 30.75' 1407 1442 35 0.27 QD77E
Q2 1010 1174 164 1.25 QD78E
Q3 780 962 182 1.39 QD79E
Q4 580 790 210 1.60 QD8OE
Q5 636 671 35 0.27 QD81E
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Prototype Model
Terrain Line Ground

Span Height Height to Line Data?
Location! Azimuth (ft-msl) (ft-msl) (ft-agl) Code Name
AN21 A921E
AN37 A937E
AN84 A984E
AN86 A986E
HIA A911E
BPA/or Approach A901E

lLocation is either the point on a given span; i.e. B-2 is the 2nd point

on Span B, a reference station or a HECO anemometer position.
lowing is a detailed description of Span A points:

Al is

the northernmost point on Span A

A2 is the first quarter point south of Al
A3 is the mid~span
A4 is the third quarter point south of Al
AS is the south end of A
2D = Wind direction indicator
D=1 : SW
2 : WSW
3 : NNE
4 : ENE
5:8
6 : SSW

The fol-

2E = Elevation number (used when more than one data point is taken at
the same location)

msl
agl :

: mean sea level

above ground level
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Table 2.3. Hawaiian Electric Company Oahu Transmission Line Wind
Study--Wind Data Sets (Number in table indicates number
of elevations for which valid data were collected at
each sampling location.)

Wind Direction

Location S SSW SW WSw NNE ENE
Al 4 5 2 4 2 2
A2 2 7 1 7
A3 2 6 3 6 3 3
Ab4 2 6 1 6
A5 3 3 10 3 3
B1 5 4 2 4
B2 1 1 1 1
B3 1 2 1 1
B4 1 1 1 1
BS 4 4 2 4
C1 4 3 2 3
c2 1 1 1 1
Cc3 1 1 1 1
C4 1 2 1 1
Cc5 4 3 2 3
F1 4 4 2 4
F2 1 1 1 1
F3 1 1 1 1
F4 1 1 1 1
F5 5 4 2 4
Gl 4 3 2 3
G2 8 1 1 1
G3 1 1 1 1
G4 1 1 1 1
G5 (J1) 4 3 2 3
H1 4 3 2 3
H2 1 1 1 1
H3 1 1 1 1
H4 1 1 1 1
H5 (K1) 4 3 2 3
11 4 2 2 3
I2 1 1 1 1
I3 1 1 1 1
14 1 1 1 1
I5 (M1) 4 2 2 3
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Table 2.3 (continued).

Wind Direction

SW

ENE

WSW

SSw

Location

= — N

— r - N

— =t - N

~
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[}
~—
NN TN
e Rar Bar Mo

L B B R e p ]
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Wind Direction

Location S SSwW Sw WSW NNE ENE
HECO Anemometer Locations

AN21 10 10 10 10 10 18

AN37 10 10 10 10 10 9

AN84 10 10 10 11 10 18

AN86 10 10 10 10 10 18

Airport Anemometers

HIA 10 9 9 * 10 *

BPA/Approach 10 * 10 10

Reynolds-number independence test was made for the S wind directions.

*Location Off Model
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Table 3.1. Maximum Mean Horizontal Perpendicular Normalized Wind

Speed (U MEAN) and Location (in parentheses) at Trans-
mission-line Height by Wind Direction

Span SSwW SW WSW NNE ENE

A |0.57 (A2) 0.70 (A2-A3-A5) 0.76 (A4) 0.66 (A4) 0.54 (A5) 0.39 (A1)
B [0.65 (B5) 0.85 (B5) 0.75 (B5)  0.65 (BS)

C |0.40 (C1) 0.60 (C3) 0.64 (C5-C2) 0.81 (C5)

F * 0k * % * 0k 0.61 (F3)

G * % 0.70 (G3) 0.80 (G3) 0.78 (G4)

H |0.42 (H2) 0.65 (H3) 0.78 (H3-H4) 0.72 (H4)

I |[0.61 (IS) 0.69 (12) 0.63 (12) 0.69 (I2)

J % 0.61 (J2) 0.77 (35) 0.75 (J32)

K (0.50 (KS) 0.53 (K2) 0.59 (X5) 0.68 (K2) 0.54 (K5) 0.50 (K3)
L |[0.52 (L5) 0.57 (L2) 0.62 (L2) 0.64 (L3)

M |0.52 (M5) 0.72 (M2) 0.75 (M3) 0.63 (M4)

N 0.47 (N5) 0.58 (N3) 0.75 (N3) 0.81 (N3) 0.30 (N3) 0.58 (N3)
0 |0.61 (02) 0.71 (02) 0.78 (03)  0.64 (04)

P k& 0.53 (P3) 0.80 (P2) 0.71 (P2) 0.24 (P3) 0.54 (P3)
Q [0.78 (Q1) * % % * Ok
*Parallel component greater than perpendicular component.
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Table 4.1. One-hour Mean Gradient Wind Speeds (mph) for
Three Recurrence Intervals
Recurrence Recurrence Recurrence

10 Years 50 Years 100 Years

Data Set Data Set Data Set
Direction 1 2 3 1 2 3 1 2 3
N 47 42 31 58 54 34 62 60 35
NNE 45 49 54 53 57 55
NE 58 46 55 67 54 58 72 57 59
ENE 47 50 54 53 57 54
E 51 45 49 58 54 52 62 58 53
ESE 41 47 51 52 55 54
SE 55 48 60 68 61 66 74 67 68
SSE 42 47 33 51 58 52
S 47 47 44 57 60 48 61 66 49
SSwW 56 62 77 69 86 72
SwW 55 59 * 71 63 * 78 69 *
WSw 51 54 68 61 75 63
W 53 52 40 66 67 45 72 74 47
WNW 48 26 63 28 69 29
NW 45 46 25 54 61 27 58 67 27
NNW 38 28 54 30 61 31
Data Set 1 = HIA Fastest Mile Winds
Data Set 2 = BPA Gust Winds
Data Set 3 = HIA Hourly Winds

*Insufficient data to provide adequate fit to distribution.
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APPENDIX A
MODEL CONSTRUCTION

Typically, terrain models are constructed by laminating contoured
plates at chosen thickness--usually dictated by available contour maps--
on top of each other. For this project, however, a terrain "model
carving" jig was employed. The jig consists of a vertically adjustable
electric router mounted on an XY-coordinate rail system. Each 40-ft
contour was projected onto a 4-in.-thick piece of ethafoam. The etha-
foam was then routed one contour level at a time from the sea level to
the highest level for that particular piece of ethafoam. The router bit
cutting traverse along contour lines was done manually. This method
proved to be more accurate than the lamination method since there is no
error due to plate orientation of contour layers nor due to glueing of
numerous contour plates. Also, the model is lightweight, which allowed
for easier handling. Since the time required to manually plot and route
each contour line was substantial, contour maps of the more complicated
terrain were photographed, enlarged to scale on nonshrink photographic
paper and glued to the top of the ethafoam surfaces. Figure A-1 shows
the model construction set up with the router jig in top right center.
After the ethafoam was routed it was smoothed, employing a combination
of sanding and surface heating (partial melting) with a hot air gun.
The ethafoam employed had 1/32-in. to 1/16-in. voids which, after
smoothing and painting, gave roughness elements on the order of 15 ft.
According to Neal (1983) it is very important to eliminate the contour

steps resulting from model construction.



Figure A-1. Model construction setup with router jig.
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APPENDIX B

HOT-FILM ANEMOMETRY

Two X-film anemometer probes were employed in the present study. A
standard X-probe (Fig. B-1), TSI Model 1241-20, for cross-flow measure-
ment was used to measure velocity components in the horizontal X-Y
plane. A boundary-layer X-probe, TSI Model 1243-20, for cross-flow
measurement was used to measure velocity components in the vertical X-Z
plane. The Model 1241-20 X-probe features two hot-film sensing elements
oriented 90° to each other and 90° to the probe axis. The two sensing
elements are mounted on two closely spaced vertical planes, 0.04 in. in
separation, parallel to the probe axis. The boundary-layer X-probe
features two hot-film sensors 90° to each other and 45° to probe axis
while the two sensing elements are mounted on two closely spaced planes,
0.04 in. in separation, parallel to probe axis. Each platinum hot-film
sensor is 0.002 in. in diameter and 0.065 in. long.

Two TSI Model 1053B constant-temperature hot-wire anemometers were
utilized in conjunction with the X-probes. These anemometers are essen-
tially the black box that converts the air flow sensed by the X-probe
into a voltage representative of the wind speed. Outputs from these
anemometers were sent to an HP-1000 mini-computer for on-line analysis.
Each X-probe was calibrated prior to the wind-tunnel data collection,
using a TSI Model 1125 calibrator and an MKS Type 77H-30 Baratron
pressure meter. Typical calibration curves are shown in Fig. B-2.
Since the X-probe was properly positioned at each measurement location
with both sensing elements 45° to the local mean flow, calibration was
performed with the same configuration so that any interference between

the sensing elements was the same during calibration and data
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collection. Calibration data were fitted to a variable exponent form of

King's Law,

2 _ 4 spud
i~ 8 T 5% o (B-1)

E
where Ei is the hot-film output voltage, UNi is the approaching mean
velocity, and Ai’ Bi’ and n, are calibration constants for sensing

element 1i.

The velocity components U and V are then read as

=1

U =3 Uy + Uy,

v=21 (. -u.) (B-2)
2 Uy - Uy

Equation (B-2) can be obtained from the classical operating principle of
a yawed wire, as discussed by Sandborn (1972), in conjunction with the
above described calibration technique. For further information refer to
Bradshaw (1971), Comte-Bellot (1977), Sandborn and Slogar (1955), and
Bienkiewicz (1981) for the operating principle of X-film probe
measurements.

The X-probes are primarily designed for two-dimensional turbulence
measurements. For three-dimensional turbulence measurements, a complete
set of data for each selected 1location is then composed of u-v
measurements and u-w measurements using the standard UV X-probe and the
boundary-layer UW X-probe, respectively. Angular sensitivity of the
standard X-probe is presented in Fig. B-3 where the true mean flow
direction was observed from the balancing between the two sensing
element anemometers output. Figure B-3 also shows that the mean
velocity measurement is within 1 percent error for a wind angle measured
within *7° of the mean flow direction. The technique of locating the

local mean flow direction by balancing two anemometer outputs was
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employed in conjunction with flow visualization to yield the true local
mean flow direction. The UW X-probe is rather insensitive to an attack
angle with respect to the measuring plane. Figure B-4 shows that only
1 percent of error resulted from the misalignment of the boundary-layer

X-probe by 110°.



B-5

1 UNZ 4 UN2
1

NY 1459 Uni a3
! V2

450 ! v
|

Yni Unz

J2 V2

| Ug

Figure B-1. Film orientation for standard X-film probe (us
is the total measured mean plus turbulent wind
speed).
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APPENDIX C

COORDINATE SYSTEMS AND TRANSFORMATIONS

Several coordinate transformations were required for data reduction

in this study. The data is presented in local rectangular coordinates

for the transmission line data and im geographical coordinates or

National Weather Service format for the anemometer data.

1.0

2.0

Reference mean velocity U .:
ref

This quantity, used to scale local mean velocity components (@, V,
W) and root-mean-square (rms) turbulence components [(uz)%, (vz)%,

T 1
(wz)é], is measured above the wind-tunnel boundary layer in flow

approaching the island as shown in Fig. C-1. ﬁref is the free-

stream velocity.

Conversion for scaling by mean velocity at airport UHIA or UBPA:
In order to relate local mean velocity and rms turbulence data
measured in the wind tunnel for strong wind conditions to mean wind
velocities measured in the field, these data can be scaled with
mean wind velocity measured by an anemometer at the Honolulu

International Airport or at Barbers Point Naval Air Station

Uy1a

UBPA (see Fig. C-1). Measurements of U or U were

ref’ UHIA BPA
obtained in the wind tunnel for each wind direction studied.

Uret/Un1a °F Ures/Uppa

the physical model. Conversion of velocity data scaled with ﬁref

Therefore, the ratio is determined by

to data scaled with UHIA or UBPA is accomplished by multiplica-

tion with the appropriate ratio of reference velocities as follows

(using the local mean velocity ﬁ, for example):

Ulyga = (U/Upeg) (Ve g/Uyrp)
or  U/lgp, = (ﬁ/ﬁref)(ﬁref/ﬁBPA)



The typical Uref/UHIA

study were similar and fairly constant: 2.0 for S, SSW, SW and WSW

and Uref/UBPA conversion ratios for this

winds; and 1.6 for ENE and NNE winds.

3.0 Reference coordinate systems:
Two rectangular coordinate systems (x, y, z) are used to specify
wind velocity and rms turbulence components. In both systems, the

transmission line system and the geographical system, the z-

coordinate is the vertical component (positive upward) and the
x,y-coordinates are in a horizontal plane.

3.1 Transmission line system--This system is used to specify wind

components measured at points along the various transmission
line spans. As shown in Fig. C-2(a), x is perpendicular to
the transmission line and y is parallel to the line. The
y-component is typically positive in the northerly direction
for the S, SSW, SW and WSW directions.

3.2 Geographical (National Weather Service) system--This system is

used to specify winds measured at anemometer locations - the
HIA and BPA airports and HECO anemometers. In order to
facilitate use of full-scale airport data given by the
National Weather Service, the x- and y-components are combined
to give the resultant and taken positive in the mean wind
direction. The w-component 1is positive in the wupward
direction. This system is shown in Fig. C-2(b).
4.0 Transformation of Coordinates:
In order to specify wind velocity and rms turbulence component
acting on the transmission line, wind characteristics are transformed
from the as-measured local coordinate system to the desired reference

coordinate system determined by the transmission line azimuth.
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Consider coordinate systems XYZ and X'Y'Z', as shown in
Fig. C-3, the unit velocity vectors in both coordinates may be related

to each other as follows:

u’ cosfcosh -cos¢sin® sin¢ U
V'| = |sin® cosb6 0 \Y
W' -sinBcosB singsind cos W

Notice that the coordinate system is rotated in a clockwise direction
from XY to X'Y' about Z and then from XZ to X'Z' about Y'. A

reverse relationship is obtained through matrix manipulation as follows:

U cosBcos¢ sin® -cosBsin¢| | U’
V] = | -sinBcos¢ cos® sinOsind v
W sin¢ 0 cos¢ W'

If the velocity components are decomposed as mean and fluctuating part

such as
U=0+u ,
V=V+v , and
W=W+w

the following relationships are obtained through Reynolds analogy:

U' = cosBcos¢ U - sinbcosp V + sin¢ W
V' = sin® U + cosb V
W' = -cosBsing U + sinBsing V + cos¢ W
;Ti = cos26cosz¢ ;E + sin26c0s2¢.;§ + sin2¢ ;i
- 2cosesin6cosz¢ uv - 2sinBsin¢cos¢ vw + 2cosBcosdsing uw .
;Ti = sin26 ;i + cos26 ;i + 2sinBcos® uv
;Ti = coszesin2¢ ;5 + sin26s1n2¢ ;E + cosz¢ ;E

2sin2¢cosﬂsine uv - 2cosOsingcosd uw + 2sinBsindcosd wo.
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The standard X-probe measurement provides information for U, V, uz, v2
and uv while the boundary-layer X-probe measurement provides informa-
tion for U, W, ;Z, ;i and uw. The vw term is generally negligible
in comparison with other shear stress terms in a turbulent boundary-
layer flow as demonstrated in Marsh (1977). In the present study, ¢ = 0

was used for all measurements so that the wvw term is not important in

the transformation.
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Figure C-1. Definition of reference wind speeds.
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PLAN VIEW
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Figure C-2. Definition of coordinate systems.



Figure C-3. Coordinate rotation diagram.
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APPENDIX D

VELOCITY PROFILES AT ANEMOMETER LOCATIONS
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Figure D-1. Normalized mean velocities and turbulence intensity for
approach flow for the south (S) wind direction.
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Figure D-2. Normalized mean velocities and turbulence intensity for
HIA for the south (S) wind direction.
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Figure D-3. Normalized mean velocities and turbulence intensity
at location AN21 for the south (S) wind directon.
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Figure D-4. Normalized mean velocities and turbulence intensity

at location AN37 for the south (S) wind direction.
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Figure D-5. Normalized mean velocities and turbulence intensity
at location AN84 for the south (S) wind direction.
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Figure D-6. Normalized mean velocities and turbulence intensity

at location AN86 for the south (S) wind direction.
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Figure D-7. Normalized mean velocities and turbulence intensity
for HIA for the south southwest (SSW) wind direction.
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Figure D-8. Normalized mean velocities and turbulence intensity at
location AN21 for the south southwest (SSW) wind direction.
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Figure D-9. Normalized mean velocities and turbulence intensity at
location AN37 for the south southwest (SSW) wind direction.
MEAN VELOCITY PROFILE TURBULENCE PROFILE
3600.9 e S R g 3600.0 S B A— S A E——_
o LR " 4
au coMpP
380.8 ¢ 4 3000.8} owCcoMP |
[ J J
2480.8 |- 4 2420.8+ 4
[ b ! J
q ¢
1808.8 4 18098.0¢4 .
b E r
L e 0
1200.0 4 1200.0¢ e
e =
600.9 |- 4 e608.8} . 4
p - [ ]
3 1 r s ®
8 — E 1 -.'u 1 K a1 . i 1:' .n"‘l
-.8 -.4 .9 4 .8 1.2 -.25 -.i§ -.05 .85 .18 .25
MEAN VELOCITY / Uper RMS TURBULENCE / Uer
Figure D-10. Normalized mean velocities and turbulence intensity at

location AN84 for the south southwest (SSW) wind direction.



FIELD HEIGHT (ft-AGLD

MEAN VELOCITY PROFILE

D-7

TURBULENCE PROFILE

FIELD HEIGHT (ft—~AGL)>

3600.0 ' — 3600.0 . . . :
L 1 o0 1
au coMp
3000.8 | 4 3008.8} oW CcoMP
2400.8 4 2400.9¢ p
1 1 1
o (3]
1800.8 | 4 1888.8} -
4 -y 2 -
L *rn
1200.8 4 1200.0} .
- L] -}
-4 r -
600.0 |- h {4 e600.0} s = -
o o a
L . 4 1 ¢« u h
.B e d B 1 .B . 1 P | nz ‘; 1
-.8 -4 .8 .4 . 1.2 -.258 ~.15§ -.BS .B5 .15 .25
MEAN VELOCITY / Uper RMS TURBULENCE / Uper
Figure D-11. Normalized mean velocities and turbulence intensity at
location AN86 for the south southwest (SSW) wind direction.
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Figure D-12. Normalized mean velocities and turbulence intensity for

HIA for the southwest (SW) wind direction.



FIELD HEIGHT (ft-AGL)

FIELD HEIGHT (ft—-AGLD

D-8

MEAN VELOCITY PROFILE TURBULENCE PROFILE
3600.0 . . 3600.0 —————— S —
b 4 [} 4 g on
auy coMP
3000.08 | 4 3080.8+ O W COMP
r 4
2400.0 ¢+ 4 2400.8¢
P -
] ] { e u
1808.0 |- 4 1800.8}
b p b
b a [ ) o
1200.0 + 4 1200.9F
o - L ] a
4 L 3
608.0 } * ° {1 600.8} e =
[ ] o L] o
[ . e h { ° u
* L ] [ ] o
.8 R | P . w5 1 . 8 — —— 2 o %)
-.8 -.4 .8 .4 .8 1.2 -25 -.15§ -.85 .85 .15
MEAN VELOCITY / Uger RMS TURBULENCE / Uper

Figure D-13. Normalized mean velocities and turbulence intensity
at location AN21 for the southwest (SW) wind direction.
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Figure D-14. Normalized mean velocities and turbulence intensity at
location AN37 for the southwest (SW) wind direction.
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Figure D-15. Normalized mean velocities and turbulence intensity at
location AN84 for the southwest (SW) wind direction.
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FIELD HEIGHT <(ft-AGL)D

FIELD HEIGHT (ft-AGLD

3608.0

3000.8

2400.8

1800.9

1200.8

608.8

MEAN VELOCITY PROFILE

D-10

L]

hd L]

-.4

MEAN VELOCITY / Uper

Figure D-17.
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Normalized mean velocities and turbulence intensity for
BPA for the west southwest (WSW) wind direction.
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Normalized mean velocities and turbulence intensity at

location AN21 for the west southwest (WSW) wind direction.
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Figure D-19. Normalized mean velocities and turbulence intensity at

location AN37 for the west southwest (WSW) wind direction.
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Figure D-20. Normalized mean velocities and turbulence intensity at

location AN84 for the west southwest (WSW) wind direction.
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Figure D-21. Normalized mean velocities and turbulence intensity at
location AN86 for the west southwest (WSW) wind direction.
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Figure D-22. Normalized mean velocities and turbulence intensity for

HIA for the north northeast (NNE) wind direction.
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Figure D-23. Normalized mean velocities and turbulence intensity at
location AN21 for the north northeast (NNE) wind direction.
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Figure D-24. Normalized mean velocities and turbulence intensity at
location AN37 for the north northeast (NNE) wind direction.
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Normalized mean velocities and turbulence intensity at
location AN84 for the north northeast (NMNE) wind direction.

Figure D-25.
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Figure D-26. Normalized mean velocities and turbulence intensity at

location AN86 for the north northeast (NNE) wind direction.
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Figure D-27. Normalized mean velocities and turbulence intensity for
BPA for the east northeast (ENE) wind direction.

MEAN VELOCITY PROFILE TURBULENCE PROFILE
3608.0 ————— — 3600. 8 ——————g ——y
= r a
Oy coMP
3000.0 4 3008.0+
b e 4
2408.8 } 4 2400.0}
a n
1808.0 | { 18es.8}
a
1200.0 } { 1200.0} *
+ = L r a
608.8} ] e6@0.8f
o o
[ s h { s
-} a
] N 1 - . L g 1 N 2 1 1 L 8 . 1
-8 -.4 .8 .4 .8 1.2 -25 -.15 -.85 .BS .1S
MEAN VELOCITY / Uger RMS TURBULENCE / Uger

Figure D-28. Normalized mean velocities and turbulence intensity for
HIA for the east northeast (ENE) wind direction.
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Figure D-31. Normalized mean velocities and turbulence intensity at

location AN84 for the east northeast (ENE) wind direction.
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Normalized mean velocities and turbulence intensity at

location AN86 for the east northeast (ENE) wind direction.
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Figure D-33. Normalized mean velocities and turbulence intensity at the
top of Koolau Range for the east northeast (ENE) wind

direction.
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Figure D-34. Normalized mean velocities and turbulence intensity over
shoreline, upwind of Koolau Range for the east northeast
(ENE) wind direction.
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APPENDIX E

VELOCITY AND TURBULENCE INTENSITY PROFILES
AT TRANSMISSION LINE POINTS

- Profiles are only plotted for locations with data for three or more
elevations. Data for the locations with less than three elevations are
tabulated in Appendix G.

Velocity components are plotted according to the transmission-line
coordinate system (refer to Fig. C-2a). In some cases the u and v
components overlap and are superpositioned in the figures of this

appendix.
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Figure E-3. Normalized mean velocities and turbulence intensity at
location Bl for the south (S) wind direction.
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Figure E-4. Normalized mean velocities and turbulence intensity at

location B5 for the south (S) wind direction.



FIELD HEIGHT (ft-AGLD

FIELD HEIGHT <(ft-AGLD

MEAN VELOCITY PROFILE

E-4

TURBULENCE PROFILE

608.0 T Y r 600.0 T T T T
oy comp
5e0.0 { seo.o} oV comp
A v cowp
400.0 - 400.0 1+
b -
300.0¢+ 4 300.0p
r -
200.0 - E 2080.8
4 [ 3 au
108.0} N . { tes.8} . e
' g “ e
.a A 1 A 1 1 A .a PR 1 A1 e 1
-i.8 -.6 -.2 .2 .8 -25 ~-.16§ -85 .85 .15
MEAN VELOCITY / Umer RMS TURBULENCE / User
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Figure E-6. Normalized mean velocities and turbulence intensity at

location C5 for the south (S) wind direction.
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Figure E-7. Normalized mean velocities and turbulence intensity at
location F1 for the south (S) wind direction.
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Figure E-8. Normalized mean velocities and turbulence intensity at

location F5 for the south (S) wind direction.
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Figure E-11. Normalized mean velocities and turbulence intensity at
location G5 for the south (S) wind direction.
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Figure E-12. Normalized mean velocities and turbulence intensity at

location Hl1 for the south (S) wind direction.
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Figure E-15. Normalized mean velocities and turbulence intensity at
location I5 for the south (S) wind direction.
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Figure E-16. Normalized mean velocities and turbulence intensity at

location J4 for the south (S) wind direction.
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Normalized mean velocities and turbulence intensity at
location K2 for the south (S) wind direction.
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Figure E-19. Normalized mean velocities and turbulence intensity at
location K3 for the south (S) wind direction.
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Figure E-23. Normalized mean velocities and turbulence intensity at
location L3 for the south (S) wind direction.
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Figure E-24. Normalized mean velocities and turbulence intensity at

location L4 for the south (S) wind direction.
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Figure E-27. Normalized mean velocities and turbulence intensity at
location M3 for the south (S) wind direction.
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Figure E-28. Normalized mean velocities and turbulence intensity at

location M4 for the south (S) wind direction.
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Figure E-29. Normalized mean velocities and turbulence intensity at
location M5 for the south (S) wind direction.
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Figure E-30. Normalized mean velocities and turbulence intensity at

location N1 for the south (S) wind direction.
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Figure E-31. Normalized mean velocities and turbulence intensity at
location N2 for the south (S) wind direction.
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Figure E-32. Normalized mean velocities and turbulence intensity at
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location N3 for the south (S) wind direction.
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Figure E-33. Normalized mean velocities and turbulence intensity at
location N4 for the south (S) wind direction.
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Figure E-34. Normalized mean velocities and turbulence intensity at

location N5 for the south (S) wind direction.
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Figure E-37. Normalized mean velocities and turbulence intensity at
location 03 for the south (S) wind direction.
MEAN VELOCITY PROFILE TURBULENCE PROFILE
608.8 v r T r -y 600.9 v T 1 T .
oy CoMP
500.0 | { see.e} oV coMP
] Ay comp
409.8 | p 400.8 ¢+ .
I o L Ao
388.8 b 4 3g0.8f ‘- |
A] & Aon
200.90 4 : 200.9 edo <
r Al eAu
10@.0 ¢ { 108.0} 4
‘0 - i A l’ i A i 'a A i i i i i A
-1.8 -6 -.2 2 .6 1.8 -.25 =-.{s -85 .85 .15 .25

Figure E-38.

MEAN VELOCITY / Upgr RMS TURBULENCE / Uppr

Normalized mean velocities and turbulence intensity at
location 04 for the south (S) wind direction.
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Figure E-41. Normalized mean velocities and turbulence intensity at
location for P2 for the south (S) wind direction.
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E-43. Normalized mean velocities and turbulence intensity at
location P4 for the south (S) wind direction.
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E-44. Normalized mean velocities and turbulence intensity at

location P5 for the south (S) wind direction.
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Figure E-45. Normalized mean velocities and turbulence intensity at
location Q1 for the south (S) wind direction.
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Normalized mean velocities and turbulence intensity at
location Q2 for the south (S) wind direction.
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Figure E-48. Normalized mean velocities and turbulence intensity at

location Q4 for the south (S) wind direction.
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Normalized mean velocities and turbulence intensity at
location Al for the south southwest (SSW) wind direction.
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Figure E-51.
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Normalized mean velocities and turbulence intensity at
location A2 for the south southwest (SSW) wind direction.
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Figure E-52.
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Normalized mean velocities and turbulence intensity at
location A3 for the south southwest (SSW) wind direction.
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Figure E-53. Normalized mean velocities and turbulence intensity at
location A4 for the south southwest {SSW) wind direction.
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Normalized mean velocities and turbulence intensity at

Figure E-54. i :
location A5 for the south southwest (SSW) wind direction.
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Figure E-55. Normalized mean velocities and turbulence intensity at

location Bl for the south southwest (SSW) wind direction.
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Normalized mean velocities and turbulence intensity at

Figure E-56. i ;
location B5 for the south southwest (SSW) wind direction.
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Figure E-57. Normalized mean velocities and turbulence intensity at

location C1 for the south southwest (SSW) wind direction.
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Figure E-58. Normalized mean velocities and turbulence intensity at

location CS5 for the south southwest (SSW) wind direction.
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Figure E-59. Normalized mean velocities and turbulence intensity at

location F1 for the south southwest (SSW) wind direction.
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Normalized mean velocities and turbulence intensity at
location F5 for the south southwest (SSW) wind direction.

Figure E-60.
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Figure‘ E-61. Normalized mean velocities and turbulence intensity at
‘ location Gl for the south southwest (SSW) wind direction.
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Figure E-62. Normalized mean velocities and turbulence intensity at

location G5 for the south southwest (SSW) wind direction.
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Figure E-64. Normalized mean velocities and turbulence intensity at

location H5 for the south southwest (SSW) wind direction.
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location J5 for the south southwest (SSW) wind direction.
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Figure E-66. Normalized mean velocities and turbulence intensity at

location K5 for the south southwest (SSW) wind direction.
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E-67. Normalized mean velocities and turbulence intensity at
location L5 for the south southwest (SSW) wind direction.
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E-68. Normalized mean velocities and turbulence intensity at

location N1 for the south southwest (SSW) wind direction.
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Figure E-69. Normalized mean velocities and turbulence intensity at
location N2 for the south southwest (SSW) wind direction.
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Figure E-70. Normalized mean velocities and turbulence intensity at

location N3 for the south southwest (SSW) wind direction.



FIELD HEIGHT <(ft-AGL>

FIELD HEIGHT <ft-AGL)>

600.0

508.0

408.9 |

308.8}

208.8}

1

A i 1

i

Figure E-71.

-2

MEAN VELOCITY PROFILE

.2 .6
MEAN VELOCITY / Uner

§00.8

400.8 |

200.0+

o

L) v L]

-.6

Figure E-72.

-.2 .
MEAN VELOCITY / Uner

6008.2

560.9

400.9

3080.9

200.8

180.8

680.8

508.98

400.8

388.8

200.8

100.0

]

TURBULENCE PROFILE

A

L A !

au coMp
O V coMP
A u coMP

1 i ] .

-.25

-.18

TURBULENCE PROFILE

-.86 .85 .15
RMS TURBULENCE / Uper

Normalized mean velocities and turbulence intensity at
location N4 for the south southwest (SSW) wind direction.

L

A

Ll

o u comp
0V coMP
A w comp

-.25

~.15

~-.05

.85 .15
RMS TURBULENCE / Uger

Normalized mean velocities and turbulence intensity at
location N5 for the south southwest (SSW) wind direction.




FIELD HEIGHT <(ft-AGLD

MEAN VELOCITY PROFILE

E-38

TURBULENCE PROFILE

FIELD HEIGHT <ft-AGL>

6090.90 T - — 600.9 Y T T Y
au compP
500.8} {1 See.gf Q vV CoMP
A v coMP
409.0 | 4 4080.0
308.8} { 308.8}
P
200.0} { 208.8}
I 1 .
i88.0} - 108.8 + Aen
a o
.a " L i i L A .0 A L A 1 L A 1 A
-1.8 -.6 -2 .2 .6 1.8 -25 -.1§ -.85 .BS .18 .25
MEAN VELOCITY / Uper RMS TURBULENCE / Uper
Figure E-73. Normalized mean velocities and turbulence intensity at
location 01 for the south southwest (SSW) wind direction.
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Figure E-74. Normalized mean velocities and turbulence intensity at

location 05 for the south southwest (SSW) wind direction.
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Figure E-75. Normalized mean velocities and turbulence intensity at
location P1 for the south southwest (SSW) wind direction.
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Figure E-76. Normalized mean velocities and turbulence intensity at

location P2 for the south southwest (SSW) wind direction.
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Figure E-77. Normalized mean velocities and turbulence intensity at

location P3 for the south southwest (SSW) wind direction.
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Figure E~-79. Normalized mean velocities and turbulence intensity at
location P5 for the south southwest (SSW) wind direction.
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Normalized mean velocities and turbulence intensity at

location Q1 for the south southwest (SSW) wind direction.
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Normalized mean velocities and turbulence intensity at
location A3 for the southwest (SW) wind direction.

Figure E-82.
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Figure E-83. Normalized mean velocities and turbulence intensity at
location AS for the southwest (SW) wind direction.

MEAN VELOCITY PROFILE TURBULENCE PROFILE
600, 8 ey B 608. 8 (e N—
1
L O U coMP
500.9 { ses.e} 0 v o
L d A w comp
408.0 41 4en.0f
300.8 | 4 ses.ef
200.0} 1 200.8f
180.0} . = 4 198.9} ° u
[y - A a
L I 4
»n L ] r . ] Q
.a 4 1 Y 1 l i L 1 i 'a Y i 4 L ] Y I
-1.8 -8 -.2 .2 .6 1.8 -2 -.16 -85 .85 1§
MEAN VELOCITY / Uper RMS TURBULENCE / U ger

Figure E-84. Normalized mean velocities and turbulence intensity at
v location K5 for the southwest (SW) wind direction.
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Figure E-85. Normalized mean velocities and turbulence intensity at
location N1 for the southwest (SW) wind direction.
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Normalized mean velocities and turbulence intensity at
location N2 for the southwest (SW) wind direction.
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Figure E-87. Normalized mean velocities and turbulence intensity at

location N3 for the southwest (SW) wind direction.
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Figure E-88. Normalized mean velocities and turbulence intensity at

location N4 for the southwest (SW) wind direction.
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Figure E-89. Normalized mean velocities and turbulence intensity at
' location N5 for the southwest (SW) wind direction.
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Normalized mean velocities and turbulence intensity at

Figure E-90. . :
location P1 for the southwest (SW) wind direction.
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Figure E-91. Normalized mean velocities and turbulence intensity at

location P3 for the southwest (SW) wind direction.
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location P5 for the southwest (SW) wind direction.
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Normalized mean velocities and turbulence intensity at
location Al for the west southwest (WSW) wind direction.
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Figure E-94. Normalized mean velocities and turbulence intensity at
location A2 for the west southwest (WSW) wind direction.
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Figure E-95. Normalized mean velocities and turbulence intensity at
location A3 for the west southwest (WSW) wind direction.
MEAN VELOCITY PROFILE TURBULENCE PROFILE
600. 8 ——————r— S 680 8 ety M—
i 1 S ' )
a u coMp
s¢0.8 } {1 See.g¢ oV coMp
X | Ay comp
400.9 | . 400.0 }
L ] A8 u
L ] ] A As 8
308.0 L 300.0}
o A e ®u
r
oA - ~» u
2e0.0} .- {1 @ee.ep PO
b r b
[ 1Y A L]
188.8} e {00.8
.B A 1 Py 1 1 1 'a " i i i L i
-1.8 -.6 -2 .2 .8 1.8 -25 -.1§ -.858 .05 .15
MEAN VELOCITY / Uper RMS TURBULENCE / U per
Figure E-96. Normalized mean velocities and turbulence intensity at

location A4 for the west southwest (WSW) wind direction.
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Normalized mean velocities and turbulence intensity at
location A5 for the west southwest (WSW) wind direction.

Figure E-97.
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Normalized mean velocities and turbulence intensity at
location Bl for the west southwest (WSW) wind direction.

Figure E-98.
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Figure E-99.
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Normalized mean velocities and turbulence intensity at
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Normalized mean velocities and turbulence intensity at

location C1 for the west southwest (WSW) wind direction.
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Normalized mean velocities and turbulence intensity at
location C5 for the west southwest (WSW) wind direction.

Figure E-101.
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Normalized mean velocities and turbulence intensity at
location F1 for the west southwest (WSW) wind direction.

Figure E-102.
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location F5 for the west southwest (WSW) wind direction.

MEAN VELOCITY PROFILE

TURBULENCE PROFILE

600.8 . . : —— 600.0 . ' . .
au comp
508.8 } {1 See.8f oV CoMP ]
4 A v coMp
4900.9 | { a4ee.0} -1
300.8+ e 300.8 4
3 4 4
. 200.0 4 208.0¢ <
J
[ ] r'y » u
102.0} ' 1 ies.0} 1
[ [y &
o - -
[ ] AN ] A o9
.a N 1 i L L i L A .a A 1 A [l 3 A 1 A
-1.8 -.6 =.2 .2 6 1.0 -2 -.15 -8 .85 .15 .25

MEAN VELOCITY / Uper RMS TURBULENCE / Uger

Figure E-104. Normalized mean velocities and turbulence intensity at

location Gl for the west southwest (WSW) wind direction.
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Figure E-105. Normalized mean velocities and turbulence intensity at

location G5 for the west southwest (WSW) wind direction:

MEAN VELOCITY PROFILE TURBULENCE PROFILE

6808 e — 600 0 - —
p L 4 -
O u comp
580.8 ¢+ 41 Ses.ep oV cop
: 4 ; Avcowp
400.0 4 408.8}F 4
300.0+ { ses.0} .
200.8 + 41 280.8}F -
i (T3 L 1 [ [ 3 - 1
180.8 + 4 {g8.8¢ E
a A0 u
4 L d -
[ I8 ] o -
.a A 1 & 'l 1 M ) .o i L wdhen L. 1 Py 1 "
-1.8 -.6 -.2 .2 .6 1.8 -2 -6 -85 .05 .15 .25

MEAN VELOCITY / Uner RMS TURBULENCE / Uper

Normalized mean velocities and turbulence intensity at

Figure E-106.
location Hl for the west southwest (WSW) wind direction.
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Normalized mean velocities and turbulence intensity at
location H5 for the west southwest (WSW) wind direction.
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Normalized mean velocities and turbulence intensity at
location I1 for the west southwest (WSW) wind direction.
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Figure E-109. Normalized mean velocities and turbulence intensity at
location 15 for the west southwest (WSW) wind direction.
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Figure E-110.
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Normalized mean velocities and turbulence intensity at
location J5 for the west southwest (WSW) wind direction.
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Figure E-111. Normalized mean velocities and turbulence intensity at

location K5 for the west southwest (WSW) wind direction.
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Figure E-112. Normalized mean velocities and turbulence intensity at

location L5 for the west southwest (WSW) wind direction.
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Figure E-113. Normalized mean velocities and turbulence intensity at

location M5 for the west southwest (WSW) wind direction.
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Normalized mean velocities and turbulence intensity at
location N1 for the west southwest (WSW) wind direction.

Figure E-114.
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Normalized mean velocities and turbulence intensity at
location N2 for

the west southwest (WSW) wind direction.

Figure E-116.
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Normalized mean velocities and turbulence intensity at

location N3 for the west southwest (WSW) wind direction.
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Figure E-117. Normalized mean velocities and turbulence intensity at
location N4 for the west southwest (WSW) wind direction.
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Normalized mean velocities and turbulence intensity at

Figure E-118.
location N5 for the west southwest (WSW) wind direction.
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Figure E-119. Normalized mean velocities and turbulence intensity at
location 01 for the west southwest (WSW) wind direction.
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Figure E-120.
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Normalized mean velocities and turbulence intensity at
location 05 for the west southwest (WSW) wind direction.
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Normalized mean velocities and turbulence intensity at

Figure E-121.
location P1 for the west southwest (WSW) wind direction.
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Normalized mean velocities and turbulence intensity at

Figure E-122.
location P2 for the west southwest (WSW) wind :direction.
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Figure E-123. Normalized mean velocities and turbulence intensity at
location P3 for the west southwest (WSW) wind direction.
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Figure E-124. Normalized mean velocities and turbulence intensity at
location P4 for the west southwest (WSW) wind direction.
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Figure E-125. Normalized mean velocities and turbulence intensity at

‘location P5 for the west southwest (WSW) wind direction.
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Figure E-126. Normalized mean velocities and turbulence intensity at

location Q1 for the west southwest (WSW) wind direction.
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Figure E-127. Normalized mean velocities and turbulence intensity at

location Q5 for the west southwest (WSW) wind direction.

FIELD HEIGHT <ft-AGLD

MEAN VELOCITY PROFILE

TURBULENCE PROFILE

609.9 T 1 T T 600.0 7 Y 7
au comp
see.8 | | see.of ov come
Ay comp
400.8 | L 4080.0 + <
a e u a
‘ s 4
A o - A
300.8 | ! E 300.8+ -
A L A n
200.0 + L 200.0+ B
100.0 ¢+ e 188.0}+ <
4 4
8 —ta 1 i — B —t a1 4 1
-1.8 -.6 -2 2 .6 1.0 -25 ~-.18 -~-.85 .BS .18 .25

MEAN VELOCITY / Uper RMS TURBULENCE / Uper

Normalized mean velocities and turbulence intensity at
location A3 for the north northeast (NNE) wind direction.

Figure E-128.



FIELD HEIGHT Cft~AGL>

FIELD HEIGHT <(fi-AGL>

600.0

500.8

4008.8

308.8

208.8

.8

MEAN VELOCITY PROFILE

E-66

he

1

1

-1.8

-.8

-.2

.6 1.8

TURBULENCE PROFILE

6908.8 Y T T -1
[
auy comp
$508.0¢+ oV coMp
Ay cowp
400.9 4
300.8 F 4
b
208.8+ J
[ 40 u ]
188.8+ -
4 om
A = |
.B . 1 I A P 1 A
-2 -.1§ -85 .05 .15

MEAN VELOCITY / Uper RMS TURBULENCE / Uper

Normalized mean velocities and turbulence intensity at
location A5 for the north northeast (NNE)} wind direction.

MEAN VELOCITY PROFILE TURBULENCE PROFILE

Figure E-129.

680.8 —r——a——— PR 6060.0 — S
} b r E

ou coMpP
500.0} 4 se0.8} oV cowp

L Al o a ] ! AA uw
498.0 | ol s 1 4pe.8} s 0w .
ae - A A -3 J
300.8} 4 300.8¢ 4
200.2} { 2008} i
4 L
100.0 } 4 100.8} -

!
.3 4 i P i = N i i i ‘a i i 2 1 i i A A
-1.8 -6 -2 .2 .6 1.8 -25 -.15 -8 .5 .15 .25

MEAN VELOCITY / Uwer

Figure E-130. Normalized mean velocities and turbulence intensity at
location K3 for the north northeast (NNE) wind direction.

RMS TURBULENCE / Uper



FIELD HEIGHT C(ft~AGL>

FIELD HEIGHT <(ft~AGLD

MEAN VELOCITY PROFILE

E-67

TURBULENCE PROFILE

609. 8 —— . : . 600.9 . ; S
A L] : - L3
al o u * d'u comp
500.8 | | see.0f ovcomp
3 A v coMp
40a.0} 1 4ee.af !
300.8} { 3ee.a} .
> J 4
200.8} 1 2e0.0} ]
9
108.8 | 1 1ea.a} ]
'a i 1 . L 1 L .e i 1 i i '] A
4.8 -6 -2 .2 .6 1.8 -25 -.15§ -8 .8 .15 .25

MEAN VELOCYTY /7 Uner

RMS TURBULENCE / Uper

Figure E-131. Normalized mean velocities and turbulence intensity at

location N3 for the north northeast (NNE) wind direction.
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Figure E-134. Normalized mean velocities and turbulence intensity at

location K3 for the east northeast (ENE) wind direction.
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NORMALIZED WIND MEASUREMENTS - TRANSMISSION LINE COORDINATES
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Figure F-1. Transmission line height mean speeds

for Span A for the south (S) wind
direction.
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direction.
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Figure F-3. Transmission line height mean speeds
for Span C for the south (S) wind
direction.
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Transmission line height mean speeds
for Span F for the south (S) wind
direction.
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Transmission line height mean speeds
for Span I for the south (S) wind
direction.
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Figure F-9.

Transmission line height mean speeds
for Span K for the south (S) wind
direction.
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Transmission line height mean speeds
for Span M for the south (S) wind
direction.
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Transmission line height mean speeds
for Span N for the south (S) wind
direction.
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Figure F-13.

Transmission line height mean speeds
for Span O for the south (S) wind
direction.
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Figure F-14. Transmission line height mean speeds

for Span P for the south (S) wind
direction.
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Transmission line height mean speeds
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(SSW) wind direction.
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Transmission line height mean speeds
for Span B for the south southwest

(SSW) wind direction.
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(SSW) wind direction.
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Figure F-21. Transmission line height mean speeds
for Span H for the south southwest
(SSW) wind direction.
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Figure F-63. Transmission line height mean speeds Figure F-64. Transmission line height mean speeds
for Span N for the north northeast for Span P for the north northeast
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Figure F-65. Transmission line height mean speeds Figure F-66. Transmission line height mean speeds
for Span A for the east northeast for Span K for the east northeast
(ENE) wind direction. (ENE) wind direction.
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Figure F-67. Transmission line height mean speeds Figure F-68. Transmission line height mean speeds
for Span N for the east northeast for Span P for the east northeast
(ENE) wind direction. (ENE) wind direction.
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APPENDIX G
DATA FOR SIX WIND DIRECTIONS

(See Table 2.2 and Fig. 1.1)

South . . . . . . . . .. ... ... G=2

South southwest . . . . . . . . . . . G-10
Southwest . . . . . . ., . ... . . G-16
West southwest . . . . . . . . . . . G~21
North northeast . . . . . . . . . . . G=27
East northeast . . . . . . . . . . . G-30

The span data are presented in eight columns which give (all
velocities and turbulence values are normalized by ﬁref): the data
location code name; height above prototype ground level; mean horizontal
speed perpendicular to the span; mean horizontal speed parallel to the
span; vertical mean speed; horizontal turbulence intensity perpendiculat
to the span; horizontal turbulence intensity parallel to the span; and
vertical turbulence intensity, respectively.

The anemometer data is presenteq as stated above except columns
three and four list the azimuth (AZIMUTH-North = 0° and 360°) and total

horizontal speed (SPEED), respectively, in place of U MEAN and V MEAN.
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SOUTH WIND DIRECTION
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SOUTH SOUTHWEST WIND DRIRECTION

NAME ELEV. U MEAN vV MEAN W MEAN U TURE V TURE W TURE
F&260 35.4 -.2349 -.8754 10206 11942

F&261 85.3 00722 -.92012 + 0979 .06243 .11445 05337
Fe262 135.2 +0056 ~,.8835 +0785  ,05710 10630 .04314
Fo263 185.0 ~.2342 ~.8723 07042 .10296

F6270 3532.0 -.2887 -.3840 +0781  ,06042 09487 .04473
F&6280 359.6 ~.1BE53 -.5545 ~-.,067%9 ,03919 ,10263 ,03538%
F&290 232.3 -.2095 ~.4509 +0335  ,0328%9 .08700 ,06480
F6300 35.4 + 0547 ~,5375 06544 ,083464

F&301 74.8 + 0378 -,6313 0358 .,04012 .103501 .04458
F6302 124.7 0159 -.7207 +0288 ,04042 ,1060% ,03937
F&6302 174.5 ~-,1351 -.,7521 + 05821 .09213

66310 35.4 + 3498 3681 +0370  L08659 08371 064679
G&I11 85.3 4772 4172 +0262  ,05804 093464 L00BSS
66312 135.2 + 6051 +4028 0229  ,09324 ,07999 .04911
G&320 168.0 + 3520 +3186 ~-.,0331 13377 .11047 .0%37¢
56330 354.3 + 7048 +1826 -.,05466 .11185 .08509 .07263
G&6340 451.4 + 3390 +139€ +0208 ,09367 L0785 ,0B2046
56350 35.4 + 6077 +4747 L0094 11577 ,10127 ,05335
66351 85.3 16213 +4454 -.0000 09412 .0922057 05822
56352 1335.2 6836 + 4197 -.013% .0%771 .08985 .05937
H&3E0 35.4 +5259 +1532 +1156  L11570  .0B714 L05289
H6361 85.3 +» 5546 + 1879 .1098 09916 07612 ,08551
H&6262 135.2 13764 + 2205 +1029  L0F9%7 06974 . 05B34
H&370 254,46 6402 +1198 0022 09529 .07685 L,05532
H&3EB0 990.46 + 63501 «1742 -,0543 121468 .0B634 07261
H63%90 481.46 4975 .1818 +0116 .,1143% .08425 ,083521
H6400 35.4 «2384 « 3167 0111 .1108%  ,12492 ,0574%
H6401 85,3 + 37277 + 3048 0178  .13406 ,11530 .,07011
H&402 135.2 4248 2774 0162 L1292 +10354 07420
16410 35.4 ¢ 3490 -.2441 -,0174 ,L15009 11659 ,0D5B&E
16411 85, + 3351 -,2434 -.0178  L12227 12116 . 07284
16420 357.0 6905 -, 0966 ~-.1573 .144%4 ,0%9740 09334
16430 472.4 +3004 ~.05%91 +0733  ,11585% .08830 .,078%3
16440 206.0 + 3868 - .3237 +0603 411213 .,11928 ,10727
I6450 60.4 + 64732 1174 +0517  ,13845 077046 . 05429
146451 110.2 + 7000 +09217 +0680 11336 06950 ,03810
J6460 322.8 + 6089 2476 ~,0101 09954 07028 .04245
J&470 2%0.0 + 4528 1397 0817 .,092435 ,07098 .07608
J6480 140.4 +4316 +1069 +1152  .0%468 .0568B8 .07059
J6490 35.4 + 4911 2666 «0713 .11283 ,10237 .04840
J6491 85.3 +95235 + 2689 +0704 .1081¢ .098%8 .05%1E
Jb6492 135.2 9377 + 3140 0704 10637 09905 .06242
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SOUTHWEST WIND DIRECTION
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