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ABSTRACT

This report describes a theoretical study of the aerodynamic forces resulting
from winds acting on flat plate photovoltaic arrays. Local pressure distri-
butions and total aerodynamic forces on the arrays are shown. Design Toads
are presented to cover the conditions of array angles relative to the ground
from 20° to 60°, variable array: spacings,.a ground clearance gap up to

1.2 m (4 ft) and array slant heights of 2.4 m (8 ft) and 4.8 m (16 ft). .

Several means of alleviating the wind loads on the arrays are detailed. The
expected reduction of the steady state wind velocity with the use of fences
as a load alleviation device are indicafed to be in excess of a factor of
three for some conditions: This yields éfeady state wind Toad reductions

as much as a factor of ten compared-to the load incurred if no fence is used
to protect the arfays. This §teady state wind load reduction is offset by
"the increase in turbulence due to the fence but still an overa]]kload
reduction of 2.5 can be realized. Other load alleviation devices suggested
are the installation of air gaps in the arrays, blocking the flow under the
arrays and rounding the edges of the arkay.

Included is an o@tl%ne of a wind tunne]ftest‘plan to supplement the
theoretical study and to evaluate ‘the load alleviation devices.
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1.0  SUMMARY

This report describes a theoretical study of the aerodynamic forces resulting
from winds acting on flat plate photovoltaic arrays. Local pressure distribu-
tions and the total aerodyhamic forces on the arrays are shown. Recommended
aerodynamic design 16ads are presented for use in designing the photovoltaic
array local structure as well as the overall support structure. Design wind
Toads were calculated to cover the conditions of the array tilt angles of
from 20° to 60°, a ground clearance gab ub to 1.2 m (4 ft), various ar?ay
spacings, array slant height of 2.4m (8 ft) and 4.8 m (16 ft), and with and
without‘the benefit of protective wind barriers. Two wind environments were
considered; a uniform velocity and a 1/7 power law profile referenced to 40
meters/sec (90 mph) at 10 m (32.8 ft).

For flat plates positioned at tilt angles greater than 15°, the air flow
detaches from the plate and separated flow analysis theories must be used to
analyze the aerodynamic forces on the flat plates. Using a prototype separated
flow analysis program developed by the Boeing Commercial Airplane Company, the
aerodynami¢ forces were calculated for‘arrays positioned at several tilt angles
between 20° and 90° with the wind direction from both the front and rear. From
the results, it was determined that the aerodynamic loads on the arrays increase
with increasing tilt angle and decreasing ground clearance. It was also estimated
that a reduction of wind forces of as much as 60% can be attained by spacing

the arrays such that the downstream arrays are in the wake of upstream arrays.
Figure 1-1 summarizes the aerodynamic load sensitivity of arrays for key array

parameters.

Because the angle between the sun and the horizon varies, depending on time of
year and geographic location, the tilt angle of fixed arrays will vary depehding
on their location. Expected wind aerodynamic forces on the arrays in close

ground proximity were calculated using the normal force coefficients determined

by the separated flow analysis program and the design wind dynamic pressure on the
arrays.(The geometric position of the arrays with respect to the ground were con-
sidered when calcu]atfng the wind dynamic préssure). These forces, shown in
Figure 1-2, are recommended for use in designing the arrays for steady state wind
loads without the benefit of protective fences. '




. 10

0.8

Windward array

fArray spacing
e Tt ——
Domav;md === Ground clearance
| (estimated) ,

Angle of attack

0.6
F/F rnax
0.4f
0.2}
0 — 1 |
20 40 60 80
Angle of Attack ~ Degrees 1
0.25 0.5
Ground Clearancs ~ Fraction of Chord
L [ [ [ A
Array Spacing ~ Chords
10 ,
~ y
N, ',
\\ K
0-8 - \\\ : ’ll
N, /
\\ ‘I' .
0.6 \\ ,/
O N ;
F/Fmax | \\ ’,:‘X—Dvnamic pressure
o"\
0.4 I~ ',' \\
4 N Yaw angle
I’ \
\, \/_
0.2
i \
o \
P \
-~ \
0 rid cal \
0 45° 90°
Yaw Angle ~ Degrees
L | ‘
0 0.5

: 1.0
Wind Dynamic Pressure .
{Normalized)

Figure 1-1. Key Wind Loads Parameters and Their Sensitivity

in Separated Flow Analyses




2.4 m (8 f1) Chord

20760 300 . . Normal For
|
s} Drag :
|
waso} 20} |
Force/ l
orce
unit area 5| Lift !
kPa psf |
9020 . 0| |
|
5l- |
|
] i i I 4.
or 0 4
|
|
51- I
i
| I
-9,920 10} |
|
R LA i
|
|
36 - - 48m (6 1t) chord
//Nosmal Forcs
4
: |
- 30 Dreg I
|
- 26
2 |
|
19840} 20|- |
|
Force/ Lift
unit area 15}- |
KPa pat |
N :
8,920 10| : \ Normal Force
sl |
1
o o L i i L I i 1 J. ] - |
I i
]
sl- |
|
|
-9,920%- 10}~ | Lift
|
sl |
|
|
|
A '
L A 1 L A L i i —
0 - 20 40 60 80 100 120 140 160 180
«, degress .
{ 1 1 i 1 11 1 1 I —
0 20 40 60 80 80 80 60 40 . 20 [i]
Tilt angles , degrues
: Wind from rear | : . Wind from front

Figure 1-2. Envelope of Wind Forces per Unit Area on Arrays
(1/7 Power Law Wind Profile, No Protective Barriers,
. Single Array)




Protective fences can effect a considerable decrease in the wind velocity

behind the fence compared to the wind velocity windward of the fence. The

amount of reduction is dependent upon several pakameters, particularly the fence
porosity and the distance behind the fence. In general,. the largest decrease in wind
velocity is located close behind the fence. The wind velocity tends to

increase with ‘increasing distance to the freestream velocity at a distance

behind the fence of from 13 to 17 times the fence height. Isotachs (lines of
constant velocity) behind four different porosity fences are.présented. These
isotachs can be used to estimate the aerodynamic forces that photovoltaic

arrays may incur when positioned at various locations behind a fence.

Several other techniques were suggested asipossible means to reduce the wind
Toads. Incorporating porosity into the arrays at the perimeters of the solar
panels may reduce the wind forces on the arrays and may also tend to clean
the arrays by introducing swirling motions to the wind.. Other techniques .
that may reduce wind loads are blocking the flow of air under the arrays and
rounding the edges of the arrays. ' .

These wind load reduction techniques will be appraised in a recommended wind
tunnel test. In addition, the recommended wind tunnel test will also deter-
mine whether the estimated 60% reduction in wind loads on the arrays can be
attained when arrays are spaced such that arrays are in the wind wake of other

arrays.



2.0 INTRODUCTION

This report describes a theoretical analysis of the aerodynamic loading on
long flat plate photovoltaic arrays resulting from exposure to the wind
environment. The study was performed under contract number 954833 to the

- Jet Propulsion Laboratory as part of the Engineering Area analyses for the
‘Low-Cost Solar‘Array'(LSA) Project. This project is being managed by JPL
fof the Department of Energy, Division of Solar Technology.

2.1  Study Objectives -

The Department of Energy (DOE) photovo}taic brograﬁ*‘has the overall objec-
~ tive to ensure that phofovo]taic conversion systems will contribute signi-

ficantly (50 GWe) to the nation's energy supply by the year 2000. The DOE
has established specific price goals which are deemed necessary to achieve .
the desired industry growth and market penetration. These goals, i.e.,
producing energy at 50-80 mills/KW-h by'1986 (expressed in constant 1975
dollars), are recognized as very challenging, since to meet them industrx

- must reduce all aspects of costs related to the construction and maintenance
of the arrays. o

One such area where some'réduction~of costs may:be attained is in the
structural costs of the photovoltaic panels, panel and érray support struc-
ture and foundations of a photovoltaic power station. Any reduction in the
wind design loads will result in some reduction in Structural costs.
Previous studies have shown that the design wind loads on the photovoltaic
arrays can significantly affect structure costs. A design-study of flat
plate array support structure3 showed that the arrays (structural frame-
work and foundation) costs were of the same order of magnitude as the |
photovoltaic module costs. Furthermore, the array costs were strongly
dependent on-the assumed wind loading, for loads in the range of 35 to 75
psf. Another conceptual design study2 evaluated a photovoltaic array desfgn
using transparent inflated enclosures to protect the modules from wind loads."
The loading on the enclosures for this study were based on limited data
available in the literature, wind tunnel test results, and/or analysis.
Predicted wind Toadings on the enclosures were near the low end of the range
compared to those used in Reference 3, and showed significant cost savings.
compared to conventional arrays with similér wind loading criteria.
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This report avaluates the aerodynamic loading on very high aspect ratio (span/
chord length is very large) flat plate photovoltaic arrays located on or in
close proximity to the ground, in close proximity to each other, and exposed
to the wind environment. The obJect1ve of the study was to determ1ne wind
loading cr1ter1a for flat plate photovolta1c arrays w1th var1ous ‘configura-

tions in relation to chord lengths, array spacings, he1ght of the arrays from

' the ground, wind d1rect1ons, and array angles of attack.. A further objective
was to determine means of reducing the aeroedynamic loads on the arrays by using
protective fences, building porosity into the arrays, or any other techniques
considered feas1b1e as a load reduc1ng method

2.2 . _SfudyAGround_Rulesa

The bas1c approach to th1s study was to _use existing state of the art theo-
retical aerodynamic techniques to pred1ct the aerodynam1c 1oads and to inves-
tigate means of reducing the loads on flat plate arrays. Ex1st1ng published
experimantal results would be used (when possible) to va]idatg the results and
to'predict aerodynamic flow patterns and loads for conditions that cannot be
satisfactorily solved by existing theories.

2.3 Study‘Requirements

ThéArequirements of this study involves analysié»and test‘p1anning within
five specific areas. They are:
i) Wind Profiles
ii) Wind Loads on Flat Plates
jii) Key Wind Loads Parameters and Parameter Sensitivity
iv) Load Reduction Techniques ‘
v) Test Program Planning

Non-dimensional wind profiles were to{bé developed in the vicinity of flat-
plate array fields with and without protectire wind barriers, utilizing
existing theoretical techniques and data phb]ished in the literature. The
aerodynamic pressure loading and reSulting structural support forces are
strongly dependent on these wind profiles. The aerodynamic preséures and
for;es resulting from the wind environment was to be determined for specific



free stream wind profiles, wind angles, array heights, spacings, and tilt
angles and protective barriers. Figures 2.1 and 2.2 summarize these |
array configurations and working environment. Key parameter and the
parameter sensitivities affecting the aeroaynam1c loads and means of
reducing the aerodynam1c loads were to be determined from the ana]ys1s

A test program was then to be p1anned that would verify and augment the
analytical results. The following is a detailed summary of the statement
of work. '

o Ana]yt1ca11y develop non-dimensional wind profiles in the vicinity
of, and within flat-plate array fields utilizing existing data found
in the literature. The wind profiles developed in this study were
'to be normalized to the reference profile, a 1/7th power wind velo-
city profile associated with open terrain having a 40 meter/second
“wind velocity at an elevation of 10 meters with sea Tevel standard

atmospheric cond1t1ons ‘The f011owing represent areas for evalua-

tion: ' , | A o
i) Identify possible natural terrain features that would produce

a more severe profile than the reference, and depict their

associated velocity profiles. |

ii) Determine the effects on the reference profile of art1f1c1a1
" barriers. Determine and depict the profile downstream from ‘

the barrier and at specified horizontal distances in terms of

barrier heightsAand'at the point of optimum expected'reduction

in the velocity profile for fences 2.5 and 5.0 meters high for:

‘a) solid fences with incident wind angles of 0° (head-on) and
45°, ~ -

b) 50% geometr1ca11y porous fences with incident w1nd angles
of 0° (head-on) and 45°.

iii) Identify any variations of the barriers or other types of bar-
riers that would further reduce the veloc1ty prof11es and depict
their associated profiles.

iv) Determine the effects on the reference profile of array field
parameters at a horizontal distance of two meters upstream of
‘a single row array for:
a) Incident wind ang]es of 0 “(head-on), 45° ’ 90 1350, and
1ao° |
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Figure 2-1. Wind Environment on Study Arrays
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Figure 2-2. Array Variables Used to Study Aerodynamic Loads

8




b) No barrier, the optimum barrier, and an intermediate barrier.
c) Array field parameters including:

1) specified array slant heights.

2) specified array leading edge ground clearance heights.

3) specified array tilt angles.

v) Determine the effects on 'the reference profile of rows of arrays.
Determine and depict the profile at specified horizontal dis-
tances upstream of an array field and at horizonta] distances
halfway in between specified rows of an array field for:

a) A combination of array field parameters determined from iv).
b) Specified incident wind angles.

c¢) No barrier, and the optimum barrier wind profile.

d) . Specified array row spacings.

o Determine the resultant wind loads on the modules and panels that would
be transmitted to the array support structure and foundations for each .
of the following: .

i) The most severe wind profile found prev1ous]y at an 1nc1dent wind
~ angle of 0° (head-on), 45°, 90°, 135°, and 180°. |
ii) The optimum barrier wind profile at an incident wind angle of
0% (head-on), 45°, 90°, 135°%, and 180°.

e Interpret the resultant wind loads on the .nodules, panels, and support
structure to identify key parameters, and load sensitivities to those

parameters.

o Identify possible design configurations that would further reduce wind
loading on the arrays.

e Outline and describe a test programvthat would verify the analytical
results including an assessment of the level of confidence of the test

program results.




2.4 Report Organization

The remainder of this report presents the detailed study re;u]ts with
proposed design aerodynamic loads and conclusions. Section 3.0 presents
basic aerodynamic equations, definitions, and nomenclature used in the
analysis. Section 4.0 gives a brief synopsis of the existing literature
that is related to this study. A brief summary of the theoretical resu]té
for both potential and separated flow analysis on flat plat arrays is
presented and discussed in Section 5.0.4 Section 6.0 present§ proposed
design loads for flat plate arrays and potentia]lwind load reducing .devices
for the arrays. Proposed wind design pressure.distfibutions along the chord
of the arrays are presented in Section 7.0. In Section 8.0, -the purposes of
a proposed wind tunnel test plan and gains to be realized from a test are
given. Conclusions and recommendations are in Section 9.0.

Appendix I presents the detailed resu]ts for the theoretical aerodynamic

analysis'of the flat plat arrays in both the separated and potential flow
regimes. Appendix II details a comprehensive wind tunnel test plan.

10



3.0 BASIC AERODYNAMIC EQUATIONS AND DEFINITIONS

The analyses used in this rgpbrt required the use of aerodynamic'theoretical
methods and calch1ated resuTts in aerodynamic terms. Since most people
employed in the des1gn of photovolta1c arrays are not aerodynamicists, this
section exp1a1ns the basic aerodynamic terms and nomenclature and defines
basic aerodynamic equations such that any engineer may understand the results.
In addition, synonyms between aerodynamic and so]ér energy terms are given

where applicable.

3.1 Analysis Definition; and ‘Nomenclature

Aerodynamic coefficients: ' -non-dimensional coefficients.
pressure coefficient (Cp): - relates 1ifting surface pressure to
freestream dynamic pressure, C = p/q.
Cp ' ' s]ope of the pressure coefficient
o - ,

curve; re1ates pressure coeff1c1ent
to angle of attack Cp c a

0.
normal. force coefficient relates 1ifting surface force normal
(A CN): . ' to surface to freestream dynamic .

pressure, CN = Fn/qA.

CNa ' slope of the normal force coefficient
curve, relates normal force coefficient

to angle of attack,cN = CN-a,
a

1ift coefficient (C relates lifting surface force normal

):
L
to freestream velocity to freestream

dynamic pressure, CL = L/qA.

drag-coefficienf (CD): relates 1ifting surface force in
freestream velocity direction to
freestream dynamic pressure, CD = D/qA.

center of pressure (X): location of total force.on 1ifting
surface measured from the leading edge.

Angle of attack (« ): . angle measured from the wind vector
to the plane of the 1ifting surface.

11




Array:

Array field:
Array spacing:

Aspect ratio (R ):

Base pressure face:

Bluff body:

Chord (C):
Doublet:

Dynamic pressure (q):

Ground clearance (2):

Inviscid:
Leading edge:
Module:

Normal wash, downwash:

Panel:’

Plate:

Pressure (p):
Reynolds Number:

Span.(b):w

¥

a mechanically integrated assembly of

* panels together with support structure
- (including foundations).

the aggregate of all arrays..
horizontal distance measured from one
array to the identical location on the
next array. e e
aerodynamic geometric parameter (span/
chord for a rectangular array).

downwind side of 1ifting surface.

a nonstreamline body that causes

airflow about itself to become

~ separated and turbulent.

- distance of array between leading and

trailing edges and perpendicular to the
edges, i.e.: slant height of array.
source and sink located at the same
location, an analytical device used in
potential flow theory.

pressure'due to freestream velocity

(g = .50 V?).

distance between the ground and the
lowest point on the panels forming the
array.

frictionless flow.

windward edge of the array.

the smallest complete environmentally
protected assembly of solar cells.

flow of air perpendicular to the 1ifting
surface plane.

a collection of one or more modules fast-
ened together forming a field installable
unit.

‘thin rectangular shaped structure that acts
as a lifting surface.

force per unit area
indicates inertia effects of fluid,

re 24

distance of an array between the two
side edges i.e.: length of array,

12




3.2

(83
w

N I3 € £ O < o >

~ Solar Cell:

the basic photovoltaic device which
generates electricity when exposed to

~sunlight.

Tilt angle: .

Trailing edge:
Viscous:
Windward face:
Yaw angle:

angle measured from the horizbnta] to
the'plane of the array panels.
downwind edge of the array.

flow that has friction.

windward side of 1ifting surface.
angle measured from wind direction to

_the normal of the array leading edge.

.array surface area.

length.

wind velocity.

air density.

coefficient of viscosity.
kinematic viscosity.
fraction of span.

area of lifting surface.

Solar Energy - Aerodynamic Synonyms
Solar Energy Aerodynamics Comments
Tilt angle and wind Angle of attack Restricted to hori-
direction - : : zontal winds
Slant height . Chord
Wind angle Yaw angle Symbol is a.

Aerodynamic Sign Convention and Basic Equations

" Sign Convention:

wind
»

vector

pl? into surface
- out of surface (suction)

+ Lift Normal

T" - ", Force
4 &

l+Drag

13



Aerodynamic Equations:

Pressures and preSsure coefficients are related by:

=. qC -
’P q P

Nofmal forces and normal forceecoefficients are!ke]ated by: ‘

FN = q sc

When the pressure coeff1c1ents and normal force coeff1c1ents are Tinear
with respect to ang]e of attack the above express1ons can be changed to:

= C (s ]
p. q Pa

Fn = q SCﬁ;!
Normal force coefficient for chordwise strips can be obtained from
the pressure coefficients by 'integrating the pfeSsure‘cqefficient
along the chord and is expreésed by:

= C
_f,,
or for a surface as:

fc

Lift and drag cqefficiente are related to the normal force coefficient:
by the angle of attack as:

CL = Cn cos @

Cp C, sin G

" Lift and drag forces are givehfbyz

q SC, -

q SCD

L

D

14



4.0 HISTORICAL DEVELOPMENTS - AIR FLOW ABOUT BLUFF BODIES

Until recently, most research on the prediction of the aerodynamic forces
“on and air flow about bluff bodies has been concentrated mainly on the flow
over and around fences and buildings. The number of investigators and pa-
pers written on this subject is immense as illustrated by the review of the
puincations referenced by Van Eimern4, Frosts, and Cermake. ‘ance this
study is concerned with the wind flow about and aerodynamic forces on photo-
voltaic flat plate arrays, only publications that are applicable in some
respects to this problem are briefly reviewed.

4.1 Theoretical Developments Synopsis

The main features of air flow over bluff bodies in contact with the ground
is shown in Figure 4-1 and consists of the five zones7 shown in the figure.

——i—-—‘Zone4 —-}- Zone 5 —

S — Front stagnation point

— Zorie 1— —}—— Zane 2 -~——f=———— "Zone 3

Y SR SNy A ANy S B AN A A A Sy A G (N Auy SN AN A ANy S AR G SN (o Ay A8 S G A S O B G o |
“ 1317H -]

Zone 1: Zona of unaobstructed flow
Zone 2: Zone of pressure rise

Zone 3: Standing eddy zone

Zone 4: Zone of redaveiopment
Zone 8: Zone of redevelopad flow

Figure 4-1. Air Flow Concept About Bluff Bodies
Immersed in the Wind Boundary Layer
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In Zone 2, a standing vortex is located on the windward side‘of the barrier

in the corner between the ‘ground and the windward face; the vortex diameter
is approximately equal to the distance between the ground and front stagna-
tion point on the windward wall. At the barrier top edge the flow is'éc-
celerated and separates and then reattaches to the ground at the Zone 3 -
Zone 4 boundary downstream of the barrier at a distance of approximately
13-17H, where H is the height'of the barriere’g. The flow between the bar-
rier and the reattached flow and below the separated flow boundary consists
of a standing eddy zone of reduced steady state velocity and increased tur-

bulence indicated as Zone 3.

The exact theoretical representation of the boundary layer equations of
motion for incompressible flow are the Navier Stokes equations given as: -

Du -13p . yp2y
Rl C
v . -1 3p, vyly
Dt Py
Q!n‘l.a_g \)V?‘w
bt~ P 3z '
where
D . 9 ,ud ,vd _ wd
Dt 3't+—$(+§7+ z
and
vzn—a—-z- 23 +32
x2  3y2 = 3z2
and P = fluid density
V = kinematic viscosity
u,v,w = fluid velocity in the x, y, 2 directions, respectively

16
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Because of the complex boundary layer flow, these equations are difficult
to solve without simplifications even for flow over simple bluff-bodies.

Several authors have performed theoretical analyses of the flow over bluff-
bodies with ‘1imited success. Bittelo employed -several different theories
to predict the flow over a two dimensional solid fence perpendicular to

the free stream flow. One method émployed by Bitte and also Kiya]]’]zwas
the use of inviscid flow to develop the equations of motion. This method
produced results ‘that matched wind tunnel results fairly well as used by
“Sakamoto |3 for the flow on the windward side of a fence, the flow outside
of the standing .eddy zone, and for the windward face pressure distribution
on a fence. The flow in the standing eddy zone was not predicted using
this method. Predicting the flow in all of the zones does require empiri-
cal data usually obtained from wind tunnel results. The required empirical
data is the windward face stagnation point location and pressure, the se-
paration point Tocation and pressure and the downstream reattachment point
location. Sakamoto14 applied this method to include two-dimensional plates
perpendicular to the free stream flow. He showed good comparison of the
theoretically predicted pressures on the windward surface to those obtained
from a wind tunnel study. Bitte also applied the concepts of turbulent
boundary layer theory with the inviscid flow equations to predict the flow
in the wake. He related the eddy viscosity to the mean f1ow'through the
Prandt]l mixing length hypothesis and described the viscous turbulent atmos-
pheric motion upstream of the fence by a.logarithmic velocity distribution.

Taulbee!® used a rotational flow analysis, dubbed "frozen vorticity theory"
to predict the flow and pressure distribution in front of and on the wind-
ward surface of a forward facing step. Seg’inelr']6 proposed a method based
on the momentum equation and knowledge of the flow field to calculate drag
and moment on a two dimensional porous fence of porosity greater than ap-
proximately 40 percent. Seginer did not show any comparison of his method
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with experimental results. This method uses a logar1thm1c ve]oc1ty profile
and requires knowledge of the pressure and shear stress along the surface.
Parkmson]7 used two-dimensional compress1ble potential flow theory and
conformal mapping to predict the flow and wake geometry of a symmetr1ca1
bluff-body (flat plate) which is not in the turbu]ent boundary layer or
attached to the floor. Coumhan]8 employed a simple eddy viscosity theory
to describe the-wake geometry behind tWo-dimensional»surface obstacles in
turbulent boundary layers. This theory describes the mean velocity reason-
ably well. It also suggests that the velocity deficit is affected by the
roughness of the terrain. '

Most of these theoretical analyses require prior knowledge of the flow and
are only applicable to two-dimensional flows. The flow predictions from
these analyses on the windward side of a fence match results from wind
tunnel teéts fairly well. In most cases, the velocity profile in the
standing eddy zone behind the bluff-body is not predicted. '

4.2 Experimental Studies Synopsis

There have been numerous experimental wind tunnel studies and a few natural
wind studies on the air flow about fences. In contrast,‘sthdies of flat
plates inclined to the free stream velocity are relatively few in number.

One of the more referenced studies on airflow about fences was performed by
Good and Jouberts\uho performed a tunnel test of the flow over a fence with
the wind boundary layer profile simulated as a 1/7 power law. Good and Jou-
bert measured the velocity field windward and behind a two-dimensional solid
fence as well as the pressure distribution on the fence. Of considerable
importance 'in their findings is that the relative extent of upstream influence
of the bluff plate on the boundary layer is found to increase rapid]y as h/§
decreases where h is the height of the bluff plate and § is the boundary layer
thickness. Of significance in their study is that they did not correct their
results due to tunnel blockage effects. Tunnel blockage effects were studied
for the flow field and drag of a two-dimensional solid fence by Castv'o]9 nd
was shown to significantly affect the flow f1e1d and pressures
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woodruff'zoperformed both wind tunnel tests and natural full size tests
of from one to three fences pos1tioned 15 times their height behind each
other. From the tests, -it appears as if the flow behind one or all three
fenéeS»are not very different. Woodruff also performed full size tests
of three dimensional fences at an oblique angle of approximately 45° to
the air flow. The turbulent flow behind these fences also does not ap-
pear to be much‘different whether the flow s perpendicular or at an
oblique ang]e providing the flow is compared along the direction of air-
flow. This is also shown to be ‘true by Van Eimern 4prov1ded the flow
angles to the fence are less than 50°

The effect of fence porosity on the turbulent flow and fence drag is re-
ported by JénsenZ], Ba1taxe22, and Ra1ne23. Raine showed that a solid or
lTow permeable fence (0%-20% permeable) gives slightly better wind pro-
tection than a 34% or 50% permeable fence (Figure 4-2). Raine also showed
that local turbulence increases with detreasing perheability (Figure 4-3).
This turbulence spectrum close to the fence is dominated by the high fre-
quency turbulence shed by the fence elements (Figure 4-4). Farther aft
of the fence, this high frequen;y'turbulence decays and the turbulence
spect}um is dominated by the approach flow turbulent spectrum. Most
authors have assumed that Reynold's numbers do not affect the flow above

a given Reynold's number; Raine stated that this is true only if the ratio
of fence height to surface roughness remains constant. Raine's findings'
indicate that cr1ter1a related to the w1nd loading on panels behind a
fence must consider the free stream turbulence, fence induced turbulence,
and the reduction of the free stream velocity by the.fence.‘ ‘

Wind tunnel studies .of the air flow over flat plates inclined to the free

‘.stream velocity were performed by Sakamoto]4 24, and Modizs. Sakamoto
mounted the plate in the boundary layer profile with one edge on the ground
plane and varied the ihc]ination (angle of attack) of the plate from 302 to
150% to the free stream velocity. Windward and base pressure distributions
were presented for the various inclination angles. Modi mounted a plate in

the free stream air flow and varied the angle of attack from 0° to 90° to

, Raju
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obtain 1ift and dragAforce coefficients. The results from Modi's study'
were used in this contract to validate the theoretical results calculated
using a Boeing developed computer program for separated flow analysis.

4.3 Wind Velocity Profiles in Ground Proximity

Investigators have assumed a variety of shapes for the velocity profile
used in theoretical and experimenta11studies‘to match the natural boundary
layer velocity profile found in nature. There are essentially two analy-
tical fépresentations used consisting of either a logarithmic or power law.

The logarithmic Eebresentation was developed using Prandtl's mixing length
hypothesis. Prandtl 26assumed that £ (Tength) is proportional to y (boun-

dary layer thicknéss),~i,e.,
£ = ky

Then the change in ve]ocity (v) in the boundary layer is

v _ 1 4T/

dy ky
which on integration yields

V= i T/p 1n y + constant

k
where T = shear stress including Reynolds stress
p

= fluid .density

27 28

-‘Von Karman's~’ hypothesis and Squire
which differ from Prandtl's only in the value of the constant k. 1In
general,lthe logarithmic profile is found to be valid only in regions
close to the surface where viscous effects tend to dominate over turbu-
13,14 and Seg'inelr']6 used 1ogarithpic velocity

- dimensional theory yield results

lent mechanisms. Sakamoto
profiles in their studies.

The power law for velocity distribution has its beginning in the older

lTiterature of aerpdynamics. The power law does lend itself to matching
experimental results. It has its origin in the early work (1913) of
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Blasjus. Prandtl proposed a'velocity profile of the form

[0

Y 8 .
where y = velocity‘at height y

Vo= reference velocity at 8

§ = boundary layer thickness

and found n to equal 1/7 using apbrobriate assumptions for T, (laminar shear
stress) based on steady flow considerations. The actual value used for n
varies considerably among 1nvest{gators. Taulbee]5 used a power deficiency
law with several different exponents. Counihan]s, Good8, and Raine23'used‘
a power law mean velocity profile with exponents of 1/8, 1/7, and 1/6, res-
pectively. Davenport29 matched theoretical power law velocity profiles to
measured profiles over a number of different terrains and reported the re-
sults in a table that shows the exppneht to vary from 1/2 to 1/10.5. He
recommended using 1/7 as the exponent for most open flatlands. Sturrock
also measured the wind profile over several types of flatland and growth.

Figure 4-5 shows his results compared to a 1/7 power law.

30

From the overall data and results presented by the numerous investigators,
it is concluded that a power law velocity profile with an exponent of 1/7
appears to match most of the velocity profiles found in nature and is a
satisfactory velocity profile to use for design purposes for use in open
country terrain. ‘ .
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5.0 AERODYNAMIC LOADS - FLAT PLATE ARRAYS

Wind aerodynamic forces on bluff bodies is an everyday occurrence and no
significance is placed onto its destructive potential until a strong wind
storm occurs. After such a storm, the damaging effects of wind caused
aerodynamic forces on bluff bodies are readily apparent by the number of
roofs torn off of buildings, windows blown out, and trees and fences
blown down. Of primary importance in the solar energy field is the wind
aerodynamic forces that the solar arrays may be expected to be subjected
to during the working life of the arrays. These solar arrays consist of
in essence flat plates with aspect ratios that vary from unity to very
large. The wind caused aerodynamic forces on these arrays are similar to
the aerodynamic forces on fences for large aspect ratio arrays and on sign
boards for small aspect ratio arrays. This study is directed at only the
wind generated forces on large aspect ratio arrays.

The normal force coefficients determined in aerodynamic experiments

on flat plates has a form depicted in Figure 5-1. When a plate is ex-
posed to the wind at a small angle of attack* (angle measured from the
wind vector to the plate), the pressure distribution is linear '

with the angle of attack. At small angles, the flow remains attached to
the plate and potential flow aerodynamic theories are valid (Figure 5-2).
As the angle of attack is increased, the flow begins to separate from the
plate and the total pressure decreases (Figure 5-3). The boundary of the
separated flow encompasses a region that is turbulent in nature and is
commonly known as the wake. With further increase in the angle of attack,
more of the flow separates from the plate, the total pressure decreases to
a minimum value and then gradually increases as the width of the wake
increases, creating a larger region of turbulent flow. Since the flow

is non-linear and turbulent at these larger angles of attack, more sophis-
ticated analysis techniques than potential flow theories must be used to
analyze the flow.

*The array tilt angle and the angle of attack (when less than 90°) are identical
in magn1tude for horizontal winds. However, the definitions and 1mp11cat1ons of
each is completely different and should be recognized. The tilt angle is
-defined as the ang]e from horizontal to the plane of the array, whereas the
angle of attack is defined as the angle measured from the wind vector to the
plane of the array. Consequently, the angle of attack varies as the direction
of wind varies and can vary from zero to 180°, whereas the tilt angle varies
from 0° to 90°. In addition, for angle of attack measurements the wind does
not need to be horizontal.
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Historically, aerodynamic theoretical methods and procedures have been
developed for use in aircraft and aerospace related projects. Most of
these methods and procedures were derived for operating in a constant
dynamic pressure, constant velocity profile environment. The theoretical
development and use of any aerodynamic method is much simpler if the wind
environment is a constant velocity profile rather than a varying profile.
Consequently, this section evaluates the aerodynamics on high

aspect ratio flat ‘plates exposed to a constant wind environment. The
effects of velocity profiles on the aerodynamics, specifically a 1/7 power
law velocity, is appraised in Section 6.0.

5.1 Theoretical Analysis - Constant Velocity Profile

For fixed photovoltaic arrays that have tilt-angles between 20° and 90°, the
wind angle of attack is sufficienf]y large that the air flow over the array

is in the separéted flow regime. A prototype computer program32 was used to
predict the wake behind the array and the pressure distributioﬁ on the array
surfaces. Figure 5-4 shows typical results from the computer program (the .
wake definition and wind velocity on the wake boundaries relative to the
freestream velocity for a flat plate array in close ground proximity). The
corresponding pressure coefficient distribution on the array is shown in
Figure 5-5. (The pressure coefficient distribution and wakes were calculated
for a number of different angles of attack and several ground clearances
including arrays in free air. The description of the analysis and the results
are presented in detail in Appendix A.) It can be seen in Figure 5-4 that the
width and length of the turbulent wake and the wake boundary velocity at the
array edges increases as the angle of attack (tilt angle) increases. This
causes the pressure coefficients to increase on the array surface as the angle
of attack increases as shown in Figure 5-5.

Figures 5-4 and 5-5 are for a single array. The computer program cannot
analyze the aerodynamic forces on arrays in the wake of other arrays; However,
from the literature it is estimated that an aerodynamic force reduction of as
much aé 2.5 will be attained on the arrays immersed in the wake of other
arrays. From the geometry of the arrays (assuming that one array should not

be in the shadow of another array with the sun perpendicular to the array face)
and that a minimum separation of arrays of 8 feet is required for maintenance
access, the location of downwind arrays weére determined and superimposed on
Figure 5-4 and shown in Figure 5-6. This shows that the arrays will

29

] 1 ' ' ' ' ' o ' P ] ' . | [l ' ' . f . ' ' ]



. 0¢

Ground clearance = .125C

1.40 = velocity relativa to noiminal wind velocity

140

////////////////////////////////////////////////////////////////

148 148

1.1

090

Distance from Array - Chords

Figure 5-4. Wake Definition and Velocity on Wake Boundaries
for Flat Plates in Close Ground Proximity and
at Large Angles of Attack



p

Wind
direction §
R .Z=.125C
A5 20
-1.0[ 1.6k
-6
C' _ cp
()
sH
= 63
1.0
auzoo ‘as= 400 Q= soo
Tilt angle = 20° Tilt angle = 40° Tilt angle = 60°

Figure 5-5. Effect of Angle of Attack on Two-Dimensional Theoretical Plate
Pressure Distribution in Close Ground Proximity



2z

Ground clearance = .126C

_1.40 = velocity relative to nominal wind velocity
1.0%
e .

—e

130 113

Wu\d’ 20°

direction ‘ 20 Iy 13 1.08

////////////////////////////////////////////////////////////

148 148

120

p—r = 0.8
1.15 1.04 :

1.69

///////////////////////////////////////////////////////////////'

c 2c . 3C : 4C
Distance from Array - Chords o

Figure 5-6. Concep tual Location of Downstream Arrays Relative to
_ the Upstream Arrays




be in the wake of each other (at least at minimum array spacing) and a reduction
in aerodynamic forces on the downwind arrays will be realized.

If the tilt angle of the fixed photovoltaic arrays are 1ess than 20°, the
aerodynamic forces on the arrays must be analyzed by potential flow theory.
Since these angles will seldom occur in the continental United States, the
results of the potential flow theoretical aerodynamic analysis is only high-
lighted in this section but is presented in detail in Append1x A together

with the separated flow analysis.

Figure 5-7 shows typical pressure coefficient per unit angle of attack
distributions along the chord when in close ground proximity. The large
Apreésure coefficients on the leading edge and with a center of pressure
.located at the quarter chord location are typical for flat plates at small
angles of attack. The normal force slope coefficients along the span shown
in Figure 5-8 are also typical for potential flow analyses. |
wnen the wind comes at an oblique angle, different than head-on to fhe array
(effectively, the array is yawed to the wind), the aerodynamic pfessures will
decrease. Figure 5-9 presents the results for a single array with the array
yawed at 45° to the wind. Figure 5-9 is a plot of the normal force slope
coefficient along the span with the array yawed at 45° to the wind compared '
_to the results for a head-on wind. The magnitude of the results for the yawed
" array are significantly lower. However, the shape of the force slope coefficient
" with the wind at 45 degrees is similar but slightly d1sp1aced compared to the

head on results.

The aerodynamic pressure coefficients are useful for determining the local
pressures on the panels of the photovoltaic arrays. To obtain the total
aerodynamic loads on the support structure, the pressures are integrated

over the chord to produce normal force coefficients on the panels. Using
these normal force coefficients, the area of the panels and the wind dynamic
-pressure, the total aerodynamic force normal to the array photovoltaic panels
can be calculated by the equation:

Fy =aSC

N N
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Figure 5-10 presents the normal force coefficient (CN) as a.function of the
array angles of attack for both the potential and separated flow regimes.
This figure shows that arrays with tilt ang1es of around 20°-25° wqu]d

experience the lowest aerodynamic loads. -
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Figure 5-7. Chordwise Pressure Coefficient Distribution at Small Angles of Attack
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6.0 AERODYNAMIC DESIGN LOADS AND -LOAD REDUCING PROCEDURES

Wind aerodyhamfc Toads on a structure will a]wéys_occur~in nature. However,
the design of the structure can significantly affect the magnitude of the
aerodynamic loads on the structure. _This section will present proposed wind
design forces for high aspect ratio arrays using the results from the analysis
technique defined in Section 5.0 and also identify several means of reducing
the wind aerodynamic loading on flat p]éte arrayé. The load alleviation
techniques are identified only as wind Toad reducing devices and are not
evaluated for their initial cost requirements and thus whether an actual cost
rccuction of the total structure is realized. ' ' '

6.1 - Appraisal of Theoretical Analysis for 1/7 Power Law Velocity Profile

In order- to develop wind design forces for high aspect ratio arrays, it is
necessary to determine the effect of velocity profiles on the aerodynamics of
the arrays. The results in Section 5.0 were derived for a constant profile
wind. -This section will appraise how the results would be affected by a wind
profile that varies as a 1/7 power law.

The fact that the éspect ratio of the arrays studied is large, that is, the
length to chord ratio is large, the flow around the side edges has no impact .
on the forces over. much of the structure. The side edges only affect the
pressures very close to the side. For separated flow on a high aspect ratio

. array, the base pressure is at least twice the windward-side pressures.

Also, the windward pressures are affected very lTittle by the velocity profile
and are only a function of the average dynamic pressure on the windward face.
As a result, only the base pressures need to be evaluated for wind profile
effects, and only the air flow over the top and bottom edges need to be
considered for determining the base pressure distribution.

‘For conditions where an array is placed in close proximity to the ground

but with a gap between the array and the ground, air will flow through this
ground clearance gap. Because the array is blocking the air flow, the volume
of blocked air must flow up oVer the top of the array or through the

ground clearance. Because of the deflection of air caused by this blockage,
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the air velocity must increase to allow the blocked volume of air to flow
over and under the array; The tendency is for the air velocity to adjust
itself to be equal at both the top and bottom edges of the array when the
flow over the array is separated flow. If the velocities are not equal,
there will be a pressure difference between the top and bottom on the base
pressure side and a flow of a1r from the higher to lower pressure area. In
practice, the pressures are found to be essentially constant across the rear
side of a plate for large angles of attack. . o

The difference in array aerodynamic forces resulting from a 1/7 power law
yelocity'prof11e compared to a constant velocity profile can be appraised
by examining the difference in the volume of air blocked (def]ected) by
arrays using these two profiles. This volume of blocked air can be ap-
proximated by the equation:

Vol/unit length = V X Zarray
where |
Zarray = height of the array
V = average wind velocity over the height of the array

Since the array height is equal for both velocity profiles, the volume of
air blocked (deflected) is only affected by the average freestream velocity
extending over the region of the array height (elevation from the bottom to
the top of the array). By examining Figure 6-1 (the velocity profile of a
1/7 power law), the difference in aVerage velocities between the two profiles
can be estimated. This is best done with an example as shown on Figure 6-1.

“Assume that a 2.4 m (8 ft) chord array with.a ground clearance of .6 m

(2 ft) and positioned at an angle of 90 to the ground is .to be studied,

the average velocity to use for the constant velocity prof11e wou]d be _
"that of the 1/7 power law velocity at the top of the array. This value is
33;7_meters/sec. Estimating the average velocity for the 1/7 power law
velocity profile from Figure 6-1 as 31 meters/sec., using the constant
velocity profile would be conservatiVe'by 8% for the average veTocity which
trans]ates into approximated 16% for pressures ‘and forces, since pressures
vary as the ve]oc1ty squared. In general, the wind yeIOCJty over the top

L~
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andlbottom‘edggs for.a constant wind pfofi]é and a 1/7 power law profile are
very nearly equal (8% difference using the example) with the velocity re-
sulting from a constant wind profile being slightly larger. . In calculating
désjgn aerodynamic loads, if the normal force and pressure coefficient data

is obtained using a constant wind prdfile éndifhe dynamic pressure of the
1/7 power law wind profile at the elevation of the top of the array is used
to calculate aerodynamic forces and pressures, the results would be fairly
accurate and ‘conservative. o "

5 r- - Rafarenca Condition
Zo 210m
Vo =40 m/sec
4 ‘ [~ .
Averaga velocity over
array haight (constant
velocity profile)
Elgvation I
~ Maters !
_ : 24m (8 ft) array with
2 - Averaga vaiocity over = .6 i (2 ft) ground clear-
array height (1/7 powsr \.[ unca and an angie of 30°
velocity profile) to tha yround
1}
0
"Q 20 40

Wind Velocity ~ Meter/Sec

Figure 6-1. One—*Sévenm Power Law Velacity Profile

Figure 6-2 shows an application of this procedure to obtain the dynamic
pressure‘for use in the calculations. The variation of dynamic pressure
with respect to height for a 1/7 power law wind profile with a nominal wind
‘speed of 40 m/sec (90 mph) at a 10. meter (32.8 ft) elevation was calculated
and is shown in Figure 6-2. From the geometry of the array (the angle the
array makes with the gcpund, ground clearance, and array chord length), the
elevation at the top of the array can be calculated. Figure 6-2 shows the
elevation of an array top edge superimposed on the 1/7 power law velocity
plot for a 2.4 m (8 ft) chord array with a ground clearance of T,Z m (4 ft)
and for various angles that the arréy is positioned. The dynamic pressure
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to be used in the force and pressure calculations can be easily determined
from the specified wind velocity, Vo‘ and height Zo’ and plotted similar to
Figure 6-2 for the array at its design configuration with respect to the

ground by using the equations:
q=1/20V

where
q-= dynamié pressure
p = air density

V= "0<_Z_ii)”7
4

ZH = top edge elevation of arrays

Dynamic pressure for 1/7
powsr law velocity profile

4.8
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Figure 6-2. Effective Wind Dynemic Pressures for Diffarent Array Angles of Attack:
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6.2 Proposed Wind Design Forces for High Aspect Ratio Arrays

trom the results presented in Section 5.0 and Appendix A, and using the
" method in Section 6.1 to calculate the dynamic pressure, a set of recommended
wind design forces were developed that should provide conservative design
loads of array structural supports. Because of the angle of the sun over the
continental U.S.A., the angles that the arrays will be relative to the ground
are expected to vary from 20° to 60° depending on location. Using this range
of éngles and the results from Figure 5-10, normal forces, 1ift forces, and
drag forces were calculated for angles of attack from 20° to 60° and 120° to
160° and for ground separation of distances.up to 1.2 m (4 ft) but excluding
the condition of no ground separation. The dynamic pressures used in the
calculations were obtained using the velocity at the elevation of the top
_edge of the array from the 1/7 power law velocity profile. An interesting
result is obtained from the force calculations: although the aerodynamic
coefficients increase with decreasing ground clearance, the dynamic pressure
‘decreases with decreasing ground clearance because of a slightly lower
elevation at the array top edge. The net result is that the forces calculated
at different ground clearances are nearly equal and within the uncertainty
of the analysis. The values of the normal force,lift, andfdrag forces
(average forces on the array) are tabulated as a function of ground clearance
for-various angles of attack and for the 2.4 m (8 ft) and 4.8 m (16 ft) chords
and presented in-Table 6.1. The envelope of these forces are shown in
Figure 6-3 for both chord lengths. |

To facilitate the use of this table, the following example is presented as a
guide. For this example, assume an array positioned at a tilt angle of 40°
with a ground clearance of .6 m (2 ft), a slant height of 2.4 m (8 ft) and
subjected to a design wind of 40 m/sec at 10 meters that has a 1/7 power
velocity profile. A schematic of this configuration and the aerddynamic forces
are shown in Figure 6-4.
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Table 6-1. Recommended Wind Design Loads .
(1/7 Power Law Wind Profilg, No Protective Barriers, Single Array)

ARRAY CHORD LENGTH=8 ft

Ground Clearance=2 ft ‘ Ground Clearance=4 ft

WIND OYNAMIC C.' FN FD FL . WIND DYNAMIC CN FN Fa

ALPHA VELOCITY PRESSURE ! . ALPHA VELQCITY PRESSURE

DEGREES . FPS PSF . PSF PSF PSF DEGREES FPS PSF PSF PSF
20.0- - 99.5 11.7 1.18 13.8 a7 13.0 20.0 104.6 13.0 1.0 13.5 4.6
25.0 101.3 12.2 1.25 15.2 6.4 13.8 25.0 106.0 13.3 1.15 15.3 6.4
30.0 102.9 12.5 1.38 16.8 8.4 13.6 30.0 107.2 136 1.26 7.2 8.6
35.0 104.3 12.9 .44 1Bl6 106 5.2 35:0 108.3 13.9 1.3 1901 109
40.0 105.5 13.2 1.55 05 130 15 40.0 109.3 13.2 1.48 210 135
45.0 106.5 13.5 1.68 2.6 16.0 16.0 . 45.0 103 144 1.61 232 164
50.0 . - 107. 137 1.79 4.5 188 15.8 50.0 110.9 14.6 1.72 5.1 19.2
55.0 108.2 13.9 1.89 6.3 2.5 151 55.0 1.5 14.8 1.63 7.0 22
60.0 108.9 18,1 1.98 7.3 240 - 139 60.0 ‘1201 14.9 1.93 8.8 24.9
12010 108.9 - ILRE 1.70 239 0.7 -11.9 120.0 2.1 14.9 1.74 6.0  22.5
125.0 108.2 13.8 1.58 . 22.0  18.0  -32.6 125.0 1.5 14.8 1.62 23 19.6
130.0 107.5 137 1248 197 150 -127 130.0 110.9 14,6 1.49 2.7 16.6
135.0 106.5 13.5 131 16 12,5 -2 135.0 10.1 14.4 1.36 196  13.8
140.0 105.5 1302 - 1.8, 156 0.0  -11.9 130.0 109.3 4.2 1.22 73 N
145.0 104.3 12.9 1.06 1317 7.8 -2 148.0 108.3 13.9 Nl 15 8.8
150.0 102.9 12.5 .95 0.9 . &9 -10.3 . .150.0 107.2 12.6 1.00 13.6 6.8
155:0 101.3 12.2 .85 10.3 4.3« - 934 155.0 106.0 13.3 9 12.1 5.1
160.0 99.5 " 7 9.0 3 -85 160.0 106.6 13.0 8. 0.6 3.6

_ ARRAY CHORD LENGTH=16 ft
Ground Clearance=2 ft | . Ground Clearance=4 ft
WIND DYRAMIC . Cy Fy Fo F ©NIND oYRANIC oy Fy Fo

ALPHA  VELOCITY  PRESSURE ALPHA  VELOCITY  PRESSURE

DEGREES FeS PSF PSF pSF PSF DEGREES FPS PSF PSF PSF
20.0 106.2 13.4 1.34 17.9 6.1 16.8 20.0 109.8 14.3 1.18 16.9 5.7
25.0 108.6 18.0 1.40 19.6 8.3 17.8 25.0 119 14.8 1.25 1816 7.8
30.0 1027 .14.5 1.6 2.2 106 184 30.0 113.6 15.3 1.3¢ 205 102
35.0 12.5 15.0 1.54 2. 3.2 189 35.0 115.1 15.7 .4 227 13.0
4.0 114.0 15.4 1.63 25.1 6.1 193 0.0 . 116.5 16.1 1.5 25.0  16.0
45.0 115.3 15.8 1.75 276 195 19.5 45.0 117.6 16.4 1.68 7.6 19.5
50.0 116.4 16.1 1.86 000 229 192 50.0 na.? 16:7 1.79 299 22.9
55.0 7.8 16.3 1.96 20 263 184 55.0 119.5 16.9 1.8 3.1 263
60.0 118.2 16.6 2.08 39 29.3 169 60.0 120.3 7.2 188 4.0  29.4
120.0 n8.2 16.6 1.58 6,2 227 =13} 120.0 120.3 7.2 170  29.2  25.3
125.0 n7.4 16.3 1.46 29 196 -137 125.0 119.5 16.9 158 26.8  21.9
130.0 116.4 16.1 1.33 A8 164 2137 130.0 n8.7 6.7 . 1.48 240 18.8
135.0 115.3 15.3 1m0 e 135 138 135.0 117.6 16.4 1.31 a5 15.2
140.0 114.0 15.4 1.09 16,8 10,8 -12.9 140.0 116.5 16.1 1.18 190 12.2
145.0 12.5 15.0 .98 14.7 8.4 -12.0 145.0 ns.1 15,7 1.06 6.7 . 9.5
150.6 10.7 14.5 .88 12,8 6.4 -1} 150.0 13.6 15.3 .85 14.5 7.2
155.0 108.6 14.0 .80 n.2 &7 -0 155.0 1.9 14.8 85 12.6 5.3
160.0 106.2 12.4 9.6 33 -9.0 160.0 1098 14.3 K7 1n.0 37

J2

NOTE: THE FORCES,.Fy, F, AND Fj ARE NOT ADDITIVE, SEE FIGURE 6-4 BELOW.
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Figure 6-4. Array_Configuraiion and Aerodynamic Force Schematic
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The wind can approach the array from either the front or back so both
conditions must be considered. Figuré 6-4 shows the wind from the back

which will produce an aerodynamic force normal to the array and in an upward
direction. Conversely, a wind from the front will also produce.an aerodynamic
force normal to the array but in a downward direction, This normal force

can be resolved into a horizontal and vertical force (drag and 1ift, respectively
by the tilt angle geometric parameter and the direction of the wind. This is
already performed in Table 6-1 as FD and FL' Using Table 6-1, the average
normal force on the array is 20.5 psf and 15.6 psf for a wind angle-of 180°
and 0% respectively,and for a tilt angle of 40°. .For a slant height of 8',
the normal force per foot of span is:

8 x 20.5

FN 164 1bs/ft @ wind angle = 180°

8 x 15.6

122.4 1bs/ft @ wind angle 0°

If the aVerage normal force needs to be resolved into horizontal and vertical
components, FD and FL respectively, they can be obtained directly from the
table as: : '

F

13.1 psf @ wind angle = 180°

D
= 10.0 psf @ wind angle = 0°
F, = 15.7 psf @ wind angle = 180°
= -11.9 psf @ wind angle = 0°

From this, it is seen that the vertical force is up for a wind from the rear
and down for a wind from the front. The drag force is always in the direction
of the wind.

Although arrays positioned behind the windward front array WOu]d have reduced
aerodynamic forces, the‘theoretfca11y ca1cu1at¢d Eeduction (1imited to spacings
with arrays not in wakes) is not sufficient to affect the results by more .
than 10%. To obtain forces on'afrays in the wake of other arrays other than
an estimated reduction of 60% requires use of test methods. Consequently,

the forces shown in Figure 6-3 and-Table-6-1 would be satisfactory design

Toads at this time for all of the,arkays'with{thévforces.for the gfrays

bghind the front array being chsidérably mpre'cqnsérvative than the front
_array forces. - ' ' o L
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6.3 Array Key Load_Parameters,and Sensitivjties

- A déSigher can mjnfmize the loads on the basiC'SQTar arrays by optimizing
the position of the arrays with respect to the ground, themselves, and wind
directions. This section identifies the key paraméters on the basic array
and their sensifivity'to these parameters based on the results.ffom Section
5.0 and Appendix A. |

'Key paramefers affécting the aerodynamic loads on arrays when the arrays are
n”positioned'at tilt angles greater than 15° are: ' '

‘plate angle of attack
ground clearance

array spacing

array yaw angle to the wind

wind dynamic pressure (varies as the freestream wind velocity
squared which is dependent on the reference velocity, velocity
profile and elevation of the top of the array)..

Figure 6-5 shows the sensitivity of these parameters for typical ranges that
these parameters may encompass. The sensitivity is shown as a function of
the aerodynamic force for each parameter normalized to the maximum expected
value of the parameter. ' ‘

Of these parameters the array yaw angle must be selected.to give the
maximum force which occurs at zero yaw angle'for most locations since the
“wind direction usually can come from any direction. For other parameters the
aerodynamic forces increase with increasing angle of attack, wind dynamic
pressure, and decreasing ground clearance (until very close to the ground
where the flow Becomes significantly blocked from flowing through the ground
clearance gép). ’ '

The sehsitivity to array spacing is essenpja]]y constant when one array is
outside of the wake of another. The wake distance depends on the angle of
attack,and was calculated to be from 2 .to 5 array chords in length. \hen
the downwind array is positioned in the wake of the upstream array, the sen-
sitivity was estimated from the wake velocity profiles behind fences as
determined from the literature. A wind tunnel test would be required to
accurately determine the aerodynamic force sensitivity to this parameter.
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Of these parameters shown fn Figure 6-5, the largest aerodynamic for;e
reduction can be obtained by minimizing the wind angle of attack to the :
array and the wind dynamic pressure (wind ve]ocity).' The sensitivity of

the grbund clearance and array spacing is not nearly as great as these other
parameters. ' ‘

6.4 Protective Wind Barriers and Resulting Array Loads

The use of wind barriers such as fences can effect some reduction in the
steady state velocity of the wind by interrupting the air flow. Figure 4-]
of Section 4.0 shows conceptually the flow disruption that a fence will cause.

Based on published results in the literature and specifically from the paper
presented by Raine23, reduction in the steady state velocity behind a fence
and the resulting aerodynamic steady state loading on a structure behind ”
the fence can be estimated. The velocity isotachs (1fnes of equal velocity)
behind the fences of different porosity are shown in Figure 4-2. It should
be noted that these isotachs are for the condition that no barrier exists
downstream of the fences. Barriers downstream (such as photovoltaic arrays)
will affect the upstream flow depending on their location and shape. Never-
theless, these isotachs do give a quantitative idea of the flow field and
are useful in positioning the arrays behind a fence and in evaluating the
height and type of porosity df.a fence to realize the greatest reduction

in aerodynamic 1oa&2“on the arrays. ‘

The isotachs in Figure 4-2 were used to translate the effect that the fence

" has on the wind velocity behind a fence using a 1/7 power law for the free-
stream velocity profile. The wind velocity profiles are presented in Figuré
6-7 for five locations downstream shown in Figure 6-6 of a 2.5 m (8.2 ft)

' fencg of different fence porosity. It should be noted that because the iso-
tachs do not show flow directions, the velocity profiles derived from the
isotachs also cannot show flow direction. In fact, some of the velocities
shown in Figure 6-7 may be reversed. From Figure 6-7, the position close to
the fence yields the largest decreaée in steady state flow velocity. This is
partially offset because the turbulence level in the fTow is increased c1oser
to the fence especially at fence top elevations as indicéted by Figure 4-3.
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CONDITIONS:
o Freg stream velocity = 40 m/sec (90 mph) @
10 m(32.8 ft) elavation
o Fance height = 2.8 m
(8.21t)
o Staady stats wind
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Figure 6-7. Fence Blockage Effect or: Wind Velacity Frofile
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Nevertheless, the reduction in steady state flow behind a fence causes sig-
nificant reduction in wind dynamic pressures (as much as 90 percent) resulting
in a net load reduction of as much as 60% because of the increased turbulence.
This also indicates that if one array can be placed in the wake of andther
array, significént reduction of aerodynamic forces on downstream arrays could
be achieved. ’

Performance and cost studies should be made if a wind barrier is considered as
a device to reduce wind aerodynamic forces, Adjusting parameters of such
things as height of fences reﬁative'to array heights, closeness of the fence
to the array field and porosity of the fence may result in an overall cost
reduction for an array field. Figuré 6-8 is a cross plot of Figure 6-7 and
details the velocity profiles as a function of fence permeability derived
from the data presented from Raine23. This data shows that fences of 0% and
20% porosity give slightly better steady state wind protection than 35% and
50% porosity. However, from,FiguEesu4-3 and 4-4 the root mean squared
turbulence velocity (unsteady f16w)"isvhigher for the 0% porosity than the
50% porosity fence. The overall protection afforded by the fences appears
to be best for the 20% porosity fence although this is also dependent on the

. location (distance and elevation) behind the fence.

Although the height of the fence used in Figures 6-7 and 6-8 is 2.5 m (8.2 ft)
high, any fence higher than this can be evaluated from these figures by

simply multiplying all scales of the figures by the ratio of new fence height
in meters divided by 2.5 meters. The error involved using this procedure is
minimal because the slope of the 1/7 power velocity profile curve at the fence
height of 2.5 m (8.2 ft) and above is small. As an example, using this method
for a 5 m (16.4 ft) high fence would result in an error less than 10% for the
velocity profiles. -

The results shown in Figures 6-7 and 6-8 can be used to estimate the reduction
in the wind dynamic pressures and the resulting aerodynamic forces on arrays
positioned behind a fence. This can be best shown by using an example of the
effect that a fence located a specified distance from an array has on the
forces in Table 6-1 for one ground clearance and array slant height. For this
-example, the conditions used are a 34% permeable 2.5 m (8.2 ft) fence with an
array located 4 meters behind the fénéé.ﬁ'The array is assumed to have a 2.4 m
(8 ft) slant height and a .6 m (2 ft) ground clearance.
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~ CONDITIONS:

¢ Fres stream valocity = 40m/sec (90 mph )
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~ The top of an array with a tilt ahg]e of 20°, ground clearancelpf .6 m (2 ft)
.and a slant height of 2.4 m:(8 ft)_would be located at:

8 sin 20° + 2" ,
4.75 ft. above the ground

z

Examining Figure 6-8 for a 34% permeab]é fence and a fence distance of 4 meters,
the velocity at a height of 4.75 ft. is approximately 34 ft/sec. The dynamic
pressure for a 34 ft/sec wind is calculated as:

q = 1/20V°
= .5 (.002378)(34)°
= 1.374 psf
Ra1'ne23 shows that the fence causes increased turbu]énce'which as an estimate

may increase the local velocity by 2 (local dynamic pressure by 4), If the local
turbulence correlation function on the panel is one (1.0), that is, the velocity
due to the turbulence affects all of the panél simu]tanéously (in phase and
magnitude), the steady state wind loads would have to be increased by 400% to
account for the unsteady wind loads due to fqrbu]ence} However, because
turbulence is random, the local turbulence correlation function is much less

than one, and the unsteady wind loads are only a fraction of the steady state
Toads varying from near zero to less than 50%36. It should be noted that although
the unsteady wind loads are less than 50% of the steady state loads, the local
unsteady pressures on any part of the panel may be several magnitudes larger than
the steady state pressures. Using 50% in the example,which is conservative

for the unsteady 1oads36, the calculated steady state dynamic pressure is in-
creased by 50% to account for the increased turbulence :

1.5 x 1.374
2.06 psf

L
n

The dynamic pressure is calculated to be 11.7 psf .without a fence. The normal
force, drag force, and 1ift forces are calculated for a wind from the rear as:

Py = 9l
= 2.06 x 1.18
= 2.44 psf

FD = .83 psf

F, = 2.29 psf
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Perfofming,these calcu]ations for all of the tilt angles presented in Table 6-1
and for an array.of dimensions detailed in this example, the normal.drag,and
1ift forces are obtained and presented in Table 6-2. Comparing Table-6-2
to the applicable portion of Table 6-1 for the large tilt angle of 60°, the
aerodynamic force on arrays behind the fence is 60% of those without a fence.
The reduction in wind loads at this tilt angle would be much greater if the

. top of the array was lower compared to the fence. In this example, the top
of the array is approximately three-quarter feet (3/4') above the top of

the fence. ‘For heights greater than the fence height, the wind velocity
profile rapidly increases to the undisturbed wind velocity profile (see
Figure 6.8) resulting in higher wind loads.

Table 6-2. Estimated Wind Loads Behind a Fence

Condmous
Array chord = 2.4 m (8 ft) )
Array ground clearance = 0.6 m (2 ft) Fence to array separation = 4m
Fence height = 2.5 m (8.2 ft) Fence porosity = 34%
. * ) * e i
:::lgtlé Alpha Wind.\ Dynamic Cn Fn Fo FL
degrees Adeg"”As :::ocntv g;:ssure psf psf pst psf
I 20 20 34 2.06 1.18 244 " .83 2.29
25 25 34 2.06 1.28 2.58 1.09 2.34
‘ 30 30 34 206 | 1.34 2.77 139 |. 240
Wind 35 35 36 2.31 1.44 3.33 1.9 2.72
from 40 40 42 3.14 1.5 4.87 3.13 3.73
rear 45 45 47 3.94 1.68 6.62 4.68 4.68
50 50 53 5.01 179 | 897 6.87 5.77
58 55 60 6.42 1.89 12.14 9.94 6.96
60 60 69 8.49 1.98 16.81 14.56 8.41
60 - 120 69. 8.49 1.70 l4-_43 12.50 57.22
55 125 60 6.42 1.68 10.14 8.30 -5.81
50 130 53 5.01 1.44 7.22 5.53 —4.64
Wind 45 135 47 3.94 1.31 5.16 .3.65 -3.65
from 40 140 42 314 1.18 an 2.39 —2.84
front 35 145 | 36 2.31 1.06 2.45 140 | —-2.00
30 v 150 35 2.06 .95 1.96 .98 —-1.70
25 155 34 2.06 .85° 1.76 .74 -1.59
20 160 34 2.06 77 1.59 .55 -1.49 -

*Wind velocity 4 meter behind the fence and at the height correspondmg to the top of the array.
**Includes a factor of 1.5 to account for turbulence geherated by the fence. :
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For more accurate results, a wind tunnel or natural wind study is required
since the air flow is influenced .by the shape of the arrays and the position
of the arrays relative to themselves and to the.-fence. The effect on array
steady state aerodynamic forces for a number of fence and array parameters will
be evaluated in a proposed wind tunnel test plan detailed in Appendix B if

the test is implemented. '

One condition that should be avoided or protected against when using fences
as wind protective barriers, is to.avoid changing fence direction with a
sharp corner.35 Sharp fence corners can generate a vortex from a wind yawed
to one side and can actually increase the wind velocity in a narrow region.
To avoid this, the fence should be built to go around the corner in a gentle
radius or if a sharp corner is required, to build another fence in front of
the corner and at an angle that is perpendicular-to the bisect line of the
corner.

6.5 Misce]]aneous Potential Load Alleviation Techniques

There are several potential load alleviation techniques that may reduce the
wind aerodynamic loading in a more cost effective manner than reducing the
~ freestream velocity with protective barriers. These techniques will be dis-
cussed in this section but without regard to detailing any values of expected
force reductions. Each of these techniques is dependent on the detailed geo-
metry and actual force reduction values can only be obtained by test methods.

One of the most promising potential'load alleviation techniques for high aspect
ratio arrays is to have built-in air gaps within the array. Air gaps
consisting of holes, slots, etc., will -allow air to flow through the arrays
and as such will cause decreaséd windward pressures as well as less

negative pressures on the base pressure side. The air will move from the

high pressure side through the air gaps to fill the air cavity on the base
pressure side and result in a total force that is reduced from that of an

array with no air gaps. Furthermore, this potential load alleviation tech-
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nique may help to keep the arrays clean because of the turbulence that will

be generated as the afir passes through the array. Dust and dirt may be
continually swirled and have a cleaning effect on the array when there is wind
and/or rain. The shape of the air gaps may also affect the self-cleaning
efficiency of the array.f In practice, the photovoltaic arrays will probably
be made up of a number of modules. Air gaps could be_insta]]ed on the
perimeter of these modules within the structure supporting the modules.

Another potential load alleviation technique when the arrays are at large
angles of attack is to have one édge of the array positioned bn the ground

to block the flow of air under the array and thus reduce the suction effect
on the base pressure side of the array. Unfortunately, this method of
positioning the arrays on the ground will cause dirt'to collect onto the
Tower part-of the array during winds and rain because of an increased
stagnation area on the windward side. As a result, an alternate technique
would be to position the array off the ground but block the ground c]eakance_"
gap around the perimeter of the array field. The advantage of this techhique
and of adding build-in air gaps within the arrays will be evaluated in a
proposed wind tunnel test, the proposed plan of which is detailed in

Appendix B .~

A third technique to reduce the aerodynamic loads that does not have the
potential of the preceding technidues but that might be incorporéted into
manufacturing techniques with 1ittle or.no additional cost, is rounding
the edges of the array as much as possib]e; The more gentle the curvature
- of the edges, the less-drag that the plate generates. The drag on flat
plates is reduced'uSing this procedure by causing flow separation from the
plate in a much smoother manner. Improving on this condition for the rear
side of the array, further drag reductions could be échieved with the use
of fairings that causes a slower transition of the flow from an attached
to a separated flow. Caution must be exercised in designing such a fairing
that an airfoil is not developed that reduces the drag but produces larger
Tift forces. ‘
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6.6 Unsteady Winds and Structural Dynamics Relationship

The previous discussions address only winds that are in a steady‘state condition.
(The previous section, Section 6.4, uses a dynamic factor on the steady state
condition which account§ for turbulence generated by other arrays or fences).

If the winds are gusty and turbulent, the winds have an unsteady component that
should also be considered in the design loads for solar arrays. To accurately
predict wind loads on an array due to the unsteady wind component is costly, time
consuming, and difficult to obtain. The reason for the difficulty in predicting
these loads is that the unsteady Wind will excite the structural modes of the
array resulting in structural vibrations of the array. These vibrations may
attenuate because of the internal damping in the structure or may build up and
can even destroy the structure for conditions where phasing of the structural
vibrations modes produce a flutter condition. To completely analyze the
structure for unsteady wind loads, a dynamic structural analysis must be per-
formed that considers both the wind bropefties (wind velocity magnitude and
frequency content) and the array structural and aerodynamic properties (array
aerodynamic shape and structural vibration mode shapes which is dependent on

the structural mass, stiffness and shape).

In lieu of a detailed structural dynamic analysis, some indication of the
unsteady wind loads can be obtained from basic structural dynamic considerations.
The root mean square (rms) turbulence ve]bcity 1eye1 and frequency content of
the wind should be obtained at the site where the solar arrays are to be located
since both the wind rms turbulence level and the frequency content is affected

by the local terrain. Once the determination of these wind unsteady parameters
are obtained, the unsteady wind load magnitude can be approximated by scaling

the steady state wind loads by the ratio of the rms turbulence velocity to steady
state wind velocity. This unsteady wind load needs to be combined with the
steady state wind loads for the total wind loads. In addition, the frequency

of the array panels and support structure must be determined and the lowest
frequency should be at least twice the frequency content of the wind turbu-
lence to prevent excitation of the structural model vibrations. (This should
also be considered for the turbulence generated be fences and other arrays).
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7.0 PROPOSED WIND BESIGN PRESSURE DISTRIBUTIONS
FOR HIGH ASPECT RATIO ARRAYS

The loads presented in Section 6.0 are useful in the design of the foundations
and supporting structure. However, to‘structura11y desfgn the photovoltaic
modu]es'and,pane1s for aerodynamic forces, it is necessary to know the aero-
dynamic pressureidistribution across the nodu1es'and panels. The pressure
coefficient distributions for the Windnard face and the base pressure face

of the array is presented in Table 7 1 and 7- 2, respectively, for various
angles of attack (tilt ang1es) and array ground clearances. In addition, the
total force coeff1c1ent and center of pressure as a funct1on of the chord length
and measured from the leading edge is also presented in the tables for both the

‘w1ndward and base pressure faces

An example 1s presented to show the use of these tables. An array is assumed
at 20° ;a slant height (chord) of 2. 4m (8 ft), ground clearance of .25c and

a wind from the rear of 40 meters/sec with a 1/7 1aw prof11e From this data,
,the actual ground clearance of the array ‘is: S

Z = .25 (8)

= 4 ft.

The top of the array is at a height:of:

pm o
"

4 ft. + 8 sin 20°

6.74 ft.

The dynam1c pressure at a he1ght of 6. 74 ft. and a 40 m/sec wind ve]oc1ty
at 10 meters and with a 1/7 power law 1s calcu]ated as:

.5 (.002378)(99.5)%

-9

11.77 psf
Note: the wind velocity at 6.74 ft. is 99.5 fps, assuming standard atmosphere
density at sea level.

The pressures can be calculated along the chord from the table using the
relationship that

P = qC
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Using a location of .88c for the fraction of the chord in this example‘
(€, -= -.0222), the pressure at this location is: |

1T.77 x -.0222

©
1]

-.261 psf

which is a suction pressure or a pressure vector away from the windward
face. This type of calculation can be performed for all locations on ’
the length of the chord.

The location of the center of pressure on the windward side is:

X 8 x .311

2.488 ft. from the leading edge

It should be noted that these calculations are only for the windward side.
The pressures on the base pressure side can be similarly calculated, and
must be algebraically added to the front surface pressures to obtain the
total pressure (assuming the mbdu]é is a single plate with no cavity).
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Table 7-1. Windward Face Pressure Coefficient Distribution
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Table 7-1. Windward Face Pressure Coefficient Distribution - Concluded

Angle of
Attack Wind from front
{tilt angle)
Fraction 120° (60°) 140° (40°) 160° (20°)
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Table 7-2. Flat Plate Aerodynamic Base Pressure Coefficients
in Close Ground Proximity

‘ Wind from rear

" Tilt angle 20°° a0° - 60°

Angle of attack 20° 40° o
Ground clearance o0 | 5C |.25C 1.126C| oo | .56C |.25C|.125C| o= | .5C |.25C {.125C
Base pressure Cy |—--65|-.62|-.67 (-.71}|-1.0|-.85 | -.86 |—.89 {—1.42|-1.30}-1.34|-1.37
face Xep| 5 5

_ Wind from the front

Tilt angle - 60® 40° 20°
" Angle of attack "120° 140° 160°

Ground clearance .5C |.25C|.125¢C| .5C | .25C|.125C .5C 1.25C|.125C

Base pressure Cn [-1-30}-1.34}-1.37|-.85| —-.86 |-.89 [—.62 |-.67 | —.71

face Xeo] 5 | ‘ 5
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8.0 WIND TUNNEL TEST PLAN

Theoretical analysis techniques of boundary layer air flow over bluff bodies
can at best analyze only very simple bodies and 1limited boundary conditions
and must usually be supplemented with wind tunnel test resuits. The potential
flow region (& = 10° - 152 for AR =) where the flow remains attached to the
airfoil is fairly well studied and the theoretical results in this region
match test results fairly well. Once the flow becomes separated, match-

ing of the analytical results of simple airfoils and boundary conditions to
test results is difficult. The matching of the results in this study for
single flat plates at large angles of attack to the wind tunnel results are
considered excellent for this type of flow even though the theoretically
calculated base pressures appear to be overpredicted by approximately 30%.
However, a theoretical analysis of the flow with arrays in the wake of other
arrays is presently unattainable.

As a result of this theoretical study, a wind tunnel test plan was developed
(the detailed test specifications are presented in Appendix B). This test
plan is arranged to validate the theoretical results and obtain

results for conditions not suitable for theoretical analysis. The test plan
is intended to confirm that for large aspect ratio arrays, the aerodynamic
force coefficients on arrays from studies with constant velocity profiles
and 1/7 power law velocity profiles are essentially identical for arrays
with chords of 2.4 m (8 ft) or greater. If this is confirmed, tests could
be performed at most wind tunnel facilities rathér than at those few facili-
ties that have environmental wind tunnels. The test plan is also intended
to confirm that aerodynamic loads are only affected in a secondary way ffom
~ the ground clearance gap for gaps not approaching zero. Other parameters
varied in the test plan for conditions not suitable for theoretical analysis
are corner effects frbm yawed wind, array spacing, fence to array spacings
and fence height to array height. Other potential load alleviation devices
will be tested to determine their effectiveness in reducing the aerodynamic
forces. These devices will consist of air gaps built into the arrays and
the blockage of air. flow beneath the arrays..
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From the proposed wind tunnel test plan results and the analytical results
from this study, a detailed set of design aerodynamic force and pressure
loads will be presented for detailed module and panel structural design as
well as array structural support design. The detailed set of design aero-
dynamic force and pressure loads will encompass most design conditions for
an array field.
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9.0 CONCLUSIONS AND RECOMMENDATIONS

A number of conclusions can be der1ved by examining the ana]yt1ca1 resu]ts in
Sections 5.0 through 7.0 and from the results rev1ewed in the literature and
discussed in Section 4.0. Important conc]us1ons regard1ng the w1nd aerodynam1c

loads on photovoltaic arrays are:

o. Winds perpendicular to the array's long horizontal axis produce the
largest aerodynamic loads on the structure;

] Winds from the sideways directions to the arrays produce jnsignificant
aerodynamic loads~resu1ting only from the skin friction;

® Aerodynamic loads increase as array tilt angles increase and are
a maximum at a tilt angle of 90°;

9 Aerodynamic loads increase with decreasing ground clearance;
Arrays positioned in the wake of other arrays or behind fences
will experience a reduction in aerodynamic loads.

Wind aerodynamic loads peak at two tilt angles for high aspect ratio arrays
(10°-15° and 90°). The wind loads can be the highest depending on configura-
tion-at tilt angles of 10°-15° for the wind from the front or the rear.

Below 10°-15°, the arrays act as an efficient airfoil and can generate
significant 1ift forces. Above 20°, the arrays are bluff bodies resulting

in separated flow and high drag forces with the aerodynamic force being a
maximum at array tilt angles of 90°. Fortunately, in the continental U.S.A.,
fixed arrays will never be at tilt angles of 10°-15° or 90°. Consequently,
the angles of attack of highest aerodynamic forces can be avoided. For the
practical range of array tilt angles (20°-60°), the wind loads increase as
tilt angle increases. | '

The effect of ground clearance greater than zero causes wind load coefficients
to increase with decreasing clearance. This is offset by ‘the wind dynamic
pressure that decreases with decreasing elevation above the ground such that

the effect of ground clearance on wind load increases only slightly for
decreasing ground clearance. This trend is only. true for tilt angles between
20° and 90°. Between 0-15°, wind loads increase significantly with decreasing
ground clearance for ground clearances greater than zero. For a ground
clearance of zero where the wind cannot flow under the array, the resu]t1ng wind
loads are less than for arrays with ground clearances.
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Array spacing has minimal effect on wind loads provided the arrays are
not in the wake of another. For arrays in the wake of other arrays, the
array spacing effect can only be estimated. The wind loads are esti-
mated to decrease with decreasing array'spating to a minimum value of 40
‘percent of the array wind loads out of the wake effect.

Fences can significantly reduce the wind aerodynamic loads on arrays by

as much as 60 percent. Fence heights greater than the array heighfs

produce no significant benefits in inéreased load reductions than for a fence as
high as the arrays. Based on Raine's results, a fence of 20% geometric porosity
appears to produce the highest overall wind aerodynamic load reduction

on the arrays when considering both steady and unsteady wind effects.

Because of unsteady wind loads, the array natural frequencies must be
significantly higher than the frequency content of the turbulence. This
is required to minimize wind loads and structural response that may occur
from structural dynamics. If the frequencies of the array and.turbulence
are similar, large structure response may occur and needs to be calcu-
lated using structural dynamic techniques that are structural config-
uration dependent, both in shape and~physica] properties.

The theoretically derived design wind aerodynamic forces and pressures
can be used for design purposes since they are conservative. A wind
tunnel test plan is proposed that will augment the theoretically derived
forces by developing design wind aerodynamic forces and pressures that
currently cannot be analyzed theoretically. The test program will also
investigate and appraise load alleviation devices such as building
porosity into the array. It is recommended that the proposed test plan
be implemented in order to remove some of the conservatism from the
analytical design forces and also include forces from load alleviation
devices for design purposes.
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10.0  NEW TECHNOLOGY

No reportable items of new techﬁo]ogy have been identified by Boeing during

the contract of this work.
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APPENDIX A

THEORETICAL AERODYNAMIC ANALYSIS OF
FLAT PLATE ARRAYS IN THE
SEPARATED AND POTENTIAL FLOW REGIME

Section 5.0 presents a brief description and discussion of the theoretical

results. For completeness, this section presents in detail the theoretical

aerodynamic results calculated by both potential flow and separated flow
analysis theories.

A.1. Small Angles of Attack - Attached Flow

When flat plates are positioned at small angles of attack (angles less
than 10%) to the freestream velocity, potential flow theory aerodynamic
methods are valid. - One such method extensively used in the aircraft in-
dustry is the Doublet Lattice Aerodynamic Program (a three dimensional
finite element concept method that evaluates the integral equations re-
lating pressure and normal wash on 1ifting surfaces) described in refer-
ence'31. Briefly, thé 1ifting surface (p1ate) {s paneled'into a large
number of quadilateral boxes of which two sjdes are paraliel to the
freestream direction. Doublets are located along the quarter chord of
each box and used to calculate the aerodynamic pressures over the total
plate surface. The aerodynamic pressures are assumed constant over each
box and acting at the geometric center of the box.

Potential flow theories use a linear relationship between pressures and
ndrmél wash. Consequently, the Doublet Lattice Program can be exercised
using a unit angle of attack and a unit dynamic pressure so that the
pressures calculated over the surface are, in fact, pressure coefficients
per unit angle of attack.
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From these pressure coefficients per un1t angle, pressures can be readi]y
calculated for any condition using the relationsh1p that:

P=aCp~
where:
= pressure
q = dynamic pressure
, Cqu pressure coefficient

« = angle of attack (radians) .
In addition, because the program calculates pressure coefficients on boxes
that are located on chordwise strips with the box boundaries parallel to
the freestream velocity,normal force curve slope coefficients can be obtained
for each chordwise strip or for the ;Ota] surface by the equations:

respectively,
where: : ‘
Cn¢= normal force curve slope coefficient .
C = chord length
S = surface area : .
Using this relationship with the actual environmental conditions for dyna-
mic pressure and the angle of attack. The normal force coefficient and to-
tal normal force on the plate surface can be calculated by:
F. =qS (%1;= .

n
=qS Cn
where: ;e _
Cn = normal force coefficient for the total surface
F. = total normal force on the surface

It should be noted that using the preceding equations the pressures and the .
normal force can be calculated for any angle of attack because the theory is
a linear idealization. However, since flow separation begins to occur bet-
ween 10° and 159 angle of attack on large aspect ratio flat plates, the pres-
sures and normal force calculations using these equations are only valid up
to an angle of. attack where separation begins. Above thése angles the pres-
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sures and normal forces are non-linear with respect to angle of attack
and potential flow theory analyses. are not valid.

Figure A--1 shows -the paneling scheme modeled in the Doublet Lattice Pro-
gram and the spanwise locations where results are displayed for the

2.4m (8 ft) and 4.8 m (16 ft) chord flat plate arrays. Because each

box fs a constant pressure box in this technique, the density of the

boxes should be more dense near the leading edge where the pressures vary
rapidly if the pressure d1stribut10n 1n this region needs to be defined
reasonably accurate'ly

.08?56-1 F—. -lc |f?25c ! .01248

C=24m (8 ft) and 4.8m (16 ft)
- B=span®

°For program conveniancs, 8 = 36m (120 ft)

Figure A-1. Flat Plate Paneling Used in Doublet Lattice Program
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A.1.1  Single Array, Head-On Wind

Figures A -2 to. A-7 presents the results for a single array at various
" heights above the ground and for a hgad-on wind (a wind at 1802 will pro-
duce identical results). Figures A -2 and A--3 shows the pressure coeffi-
cients along the chord at three spanwise stations: one station at the mid
span location and two stations near . the tip for chord lengths of 2.5 m
(8 ft) and 4.8 m (16 ft) respectively. From these figures, the pressure
coefficients are seen to vary from & large pressure on the leading edge to
lower pressures towards the trailing edge. The center.of pressure is lo-
cated at the quarter chord location. The shape of the pressures at all
three stations are similar with only the magnitude of the pressufes de- -
creasing towards the tip load stations compared to the mid span load sta-
tion. These pressure coefficient distributions are typical for any high
aspect ratio lifting surfé&e before the onset of separated flow. Figures
A -4 and A -5 depict the normal force slope coefficient at the three span-
wise stations as it varies with ground clearance. Figures A -6 and A-7 are
crossplots of Figures A.-4 and A -5 and show the normal force slope céefficient
along the span for ground clearances of .6 m (2 ft) and 1.2 m (4 ft) for the
2.4 m (8 ft) chord plate and 1.2 m (4 ft) for the 4.8 m (16 ft) chord plate.
The theory will produce results for ground clearance very close to the ground
but the results begin to become questionable. This is because the theory is
based on inviscid (frictionless) flow and the viscous flow éffects become
more important when the ground clearance becomes small. The level where the
confidence in the results deteriorates is below the non-dimensional value of
ground clearance/chord length (Z/C) = .25 that corresponds to the plate
ground clearance of .6 m (2 ft) and 1 2 m (4 ft) for the 2.4 m (8 ft) and
4.8 m (16 ft) chords, respectively. '

A .1.2 Single Array; Wind at ObTlique Angles
When the wind comes at an oblique angle different than head-on to the

array (effectively, the array is yawed to the wind), the aerodynamic pres-
sures will decrease. Figures A8 gnd A -9 present the results for a
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Z=.6m(2ft)
20

=5 (mid span)

"Chord = 24m (8 fr)
Wind @ 0°, 1800

Z=1.2m (4 f1)

20

/- n =.5 (mid span)

15 15f-
cpu n=.0825 Cpa. /_n = 0625 |
10 n=.0125 ‘OT n=.0125

1/rad 1rad -

St sk

0 I ' ) : :

ST 2 4 6 s 1o O ;S 8

% Chord/100 % Chord/100

- Figure A-2. Chordwise Pressure Coefficient Distribution at Srnall Angles of Attack

20,

Chord = 4.8m (16 ft)
Wind @ 0%, 180°
Z=12m (4 )

/- n = .5 {mid span)
n =.0625

n=.0125

1.0

% Chard/100

Figure A-3. Chordwise Pressure Coefficient Distribution at Small Angles-of A ttack
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Chord = 2.4m (8 ft)

12r Wind @ 0°, 180°
Angle of attack >10°
- 0k /-na.s (mid span)
- ¥ o
Cng
s p
1/rad
, , n°.06256
o \\
2} /n-.mzs
0 | | ] ]
0 .6 12 1.8 24
Z~m
(. 1 L ) ]
0 2 4 [ 8
Z~ft

Figure A4, Effect of Ground Clearance on Normal Farce Slope Coefficient

Chord = 48m (18 ft)
Wind @ 0°, 180°
Angle of atiack < 109

10 r= ' :
/f- 7 = .5 (mid span)
ak .
(-] of n=.0625
Cng /
1/rad 4 -
\_[— n=.0125
2
0+ I\ . 5 L. .' 1
0 1.2 Z2~m 24 3.6
1 1 ] ' } A } .
4 Z~ft 8 12

Figure A -5, Effect of Ground Clearance on Normal Force Slope Coefficient
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0r Chord = 2.4 m (8 f)

Wind @ 0°, 180°
8r 8r
8k 6}
Ciig Za.8m(2H) cy
®
1/rad .
4 e 4 Z=12m@4 )
2+ 24
0 ' ' 0 . ; ' '
5 4 3 2 .5 4 3 2 A

n ~ % span/100 : n, % span/100

Figure A 6‘ Spanwise Force Slope Coefficient Distribution for a Flat Plate
at Small Angles of Attack

10¢

Chord = 4.8m (16 ft)
Wind @ 0°,180°

CNee Z=1.2m (4 1t)

e 1

.5 4 i | 2 .1 0
' n~ % span/100

(=]

Figure A-7. Spanwise Force Slope Coefficient Distribution for a Flat Plate
at Smafl Angles of Attack
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single array with the array yawed at 45° to the wind (135° wind angle will
pfoduce ident1c61‘resu1ts). Figure A -8 is a plot of the normal force
slope coefficient along the span with the array yawed at 459 to the wind
compared to the results for a head-on wind. The magn{tude of the results"
for the yawed array are significantly lower. However, the shape of the
force slope coefficient with the wind at 45 degrees is similar but slight-
1y displaced compared to the head-on results. The peak loading and pres-
sures occur sIfghtly downwind of the mid span location. Figure Aiég shows
the préssure coefficient along the chord for three §panw1;e stations, one
station near each tip and one station at the span location of maximum pres-
sure. The shape of the pressure distribution is typical of flat plates at
small angles of attack: large leading edge pressures decreasing towards the
trailing edge and the center of pressure at the quarter chord 1océtion.~

The condition of an array yawed 90° to the wind was not analyzed because no
aerodynamic forces result from this condition except for the forces result-
ing‘frbm skin drag. Skin drag is of many orders smaller than the lift for-
ces generated by a plate even at very small angles of attgck for a head-on

wind. ' '

A .1.3 Array Fields

When two arrays are placed in close proximity to each other, the downwash
from the forward array will cause the pressure on the downstream array to
decrease. Also, the downstream array will cause an induced pressure rise
on the upstream array. Figures A-10 to A -17 presents the results for two
arrays positioned in close proximity to each other and with the wind di-
rection as head-on. Figures A-10 to A-13 are for 2.4 m (8 ft) chord arrays
and Figures A-14 to A-i?are for 4.8 m (16 ft) chord arrays. Figure A-10
shows the effect that ground clearance has on the arfay aerodynamics. The
results are very simi]ar'to»the results for a single array with the aero-
dynamics forces increasing with dé;reasing ground clearance. The effect of
varying the distances between the arféys is shown in Figure A-11, If the
arrays are spaced at intervals gréater‘than three times the chord (3C), the
effect of one array on the other is minimal and varies very little. With
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gk  Chord=2.4m (81
2=1.2m (4 ft) o co-

CN“ 4+
1/rad
3 =
2F
1+ . .
o I )1 1 L N -l L ] 1 1
0 - 1 .2 3 4 5 .6 7 .8 9 1.0
‘ '~ %¥pan /100 '
'Figure A-8. Effect of Yawed Wind on Spanwise Force Slope Coefficient Distribution
for a Flat Plate ‘
20¢
18}
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Virat 'O
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? 0 - .
o . .2 4 8 8 10
% Chord /100

. Figum A-9 Flat PlamChordwise Pressure Distribution for Yawed Wind
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Multiple arrays

Chord=24m (8f) - - Legend -
Wind €.0°, 180° _ Front array —
Resr array ===
10
s-
Chg
6-
1/rad
4L
2-
‘0
L
0

Figure A -10. Effect of Ground Clearance on Normal Force Curve Slope Coefficients.

Multiple arrays
Chord = 2.4m (8 ft) Lagond
Wind @ 0°, 180° —
2r 2= .6m(2f) o . Roas arrey, —oe
: Single array  x
/ n=.5 (mid span)
10F o ’ 10
—— X Z=1.2m (4 ft)
. N= 5(mid span)
8 8k / .
Crg X Cn
' n=.0625 =
61+ 6F
1/vad et e 1/rad
4F x 4
'>n- 0126
2} —=-TET T 2t
ol i i A J I 1 1 i J
05RE 2 3 ) 5 045 3 5
X, chords X, chords

Figure A.-11. .Effect of Array Separation on Normal Force Curve Slope Coefficients
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arrays spaced at closer intervals than three chords, the effect of one
array on the other becomes more pronounced The upstream array aero-
dynamic forces increase while the downstream array forces decrease with
decreasing array spacings. As the spacing between arrays become very

close (less than .5C) the flow affected by the gap causes potential flow
theory to be questionable to its validity for solar array configurations.
The theory is valid when the leading edge of the downstream array and

the trailing edge'of the upstream array are at the same height. In the
theory, when the plates become close the trailing edge vortex of the up-
wind plate significantly affects the:pressures on the downwind plate and
vice versa: This effect would be significantly reduced for solar arrays
because the: 1eading edge of the arrays are at different heights than the
trailing edges with the difference depending on the tilt angle of the arrays
and the chord length. Consequently, no results are shown for arrays spaced
at intervals closer than 1.5C (.5C separation distance between arrays).

The normal force slope distribution along the array span and the pressure
coefficient distribution along the chord are presented in Figures A-12 and
A-13, respectively. These results are as expected and typical of flat
plates at small angles of attack and are very similar to the results for

a single array. The center of presspre for Figure A-T13 is located at the
quarter chord (C/4) measured from the plate leading edge which is also typi-
cal of flat plates in potential flow. The discussion for Figures A -10to
A-13 on the 2.4 m (8 ft) arrays is also valid for the corresponding Figures
A-14to A-170n the 4.8 m (16 ft) chord arrays.

Because the results for two arrays are similar tofthe,resu1ts for a sinéle
array, no analysis was performed for the effect on the aerodynamic forces
of array fie1ds yawed to the wind. The results for the yawed arrays would
produce pressures and forces of lesser magnitude than a head-on w1nd con-
dition and as such would not be a design cond1tion
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Multiple arrays .o
Chord = 2.4m (8 ft)
Z=6m(2ft)

ob—xt L [ 3 0 L 1 J
b5 4 3 2 A 0 S5 4 3 2 .1 0
n. % span /100 n, % span/100

Figure A-12. Effect of Array Separation on Spanwise Normal Force Curve Slope Coefficients

‘ Legend
Chord = 2.4 m (8 ft) Front arrgy e
. Rear array «~aee=
25 25 , '
Z=.6m (2 ft) Z2=1.2m (4 ft)
X=2C X =4C
20k
15}
Cp n=_5 {mid span)
a
10F N= .9825
1/rad n=_.0125
L]
N 0 R et - YT T S S i a
2 4 6 8 10 =26 38 10
% chord /100 % chord /100

Figure A-13, Chordwise Pressure Distl_'ibution for Multiple Flat Plate Arrays
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Muitiple arrays Legend
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Figure A -15, Effgct of Array Separation on Normal Force Curve Slope Coefficients
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Multiple arrays

Chord = 4.8m (16 ft)
. - Z=1.2m{4ft)
Front array Rear array
12} 124

ol— ) - L - ! 0 ol 1 el L caed
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n~ % Span/100 : " n~ % Span/100

Figure A-18. Effect of Array Separation on Spanwise Normal Force Curve Slope Coeeficients
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Figure A-17. Chordwise Pressure Distribution for Multiple Flat.Plate Arrays
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A .2 Large Angles of Attack -_Separated Flow

Beyond angles of attack of 15° linear attached flow theory analysis must

be replaced with separated flow theory techniques to predict the wind aero-
dynamic forces. A prototype program has been developed by the Boeing Com-
mercial Airplane Cdmpany for use in computing the iift of two-dimensional
multi-element airfoils in incompressible flow32. The: procedure emp1oys
repeated application of a panel method to solve for the separated wake dis-
placement surf§ce'using entirely inviscid bounqéry cqnditions.A This pro-
cgdd}e'alloys for the calculation of 1ift on aﬁ airfoil (f1ai plate) for -
ény angle of attack. Ground effects can be included in the ana]ysié by
applying appropriate boundary conditions; the ground plane is modeled by a
string of douyblets that allow no flow through the string. Conditions that
this analysis presently cannot solve is for lifting surfaces in contact

with the ground or when one 1ifting surface is immersed in the wake of other
surfaces. This precludes the analysis of an array field with arrays spaced
sufficiently close such that downstream arrays are in the wake of the up-
stream arrays. Because this analysis technique is time consuming and costly
to exercise, the angles of attack selected for analysis were limited to . -
20°, 40°%, 60°, 120°, 140°, and 160° and with only a head-on wind direction. .

The procedure.Employed in using this analysis technique to obtain aerody-
namic forces on flat plates at large angles of attack was to:

e analyze the flow outside of the ground pléne.
e compare the results with existing published experimental results in
the literature for identical conditions.
e obtain a correction factor for the theoretical results by comparing
them to the published experimental results. - ;
e analyze theoretically the plate aerodynamic forces at large angles
and in close proximity to the ground and apply correction factors
if deemed necessary.- '
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A .2.1 Single Array in Free Air

Figure A -18depicts a flat plate positioned at three different angles of
attack to the freestream wind velocity and outside of any ground effects.
The separated flow program calculated the boundary of the wake and the

‘velocity on the wake boundary relative to the freestream velocity. The

pressures on the front (windward) and rear (base pressure) surfaces for
the cdrreéponding angles. of attack are shown in Figure A-19. The pressures
are integrated over the chord to produce normal force coefficients for the
front and rear surfaces and the location of the center of pressure measured
from the leading edte. This data is tabulated and presented in Table A-1.
Using the geometric relationship between 1ift, drag and normal force as:

CL = CN cos &
‘ CD = CN sinQX
where
CL = 1ift coefficient

O
n

D - drag coefficient

the 1ift and drag coefficients were calculated including the potential flow
results from 0° to 10° and compared to the results published by Modi25 and
shown in Figure A-20. The theoretical results calculated using the separated
£1ow program were approximately 30% higher than those published by Modi.
Examining the pressure distributions in Figure A-19, the windward pressures
appeared reasonable with a stagnation point (Cp = 1.0) lying between the mid
chord and leading edge position. These pressures also compare favorably
with those presented by Sachs in a text on wind forces33'. By examination
and comparison to the results presented by Sachs, the base pressures were
suspected as being overpredicted. Consequently, the base pressure was ad-
Jjusted at the angle of attack'of 60° to match the base pressures published

by‘Modizs. This adjustment ratio of .73 was then used to adjust the cal-

culated base pressures for the other angles of attack. With the base pres-

sures modified, the 1ift and drag forces match those published by Modi quite
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1.37 = velocity relative to nominal wind velocity
—

37
13 18

Distance from Array -.Chords

Figure A -18, Wake Definition and Velocity on Wake Boundaries
for Flat Plates at Large Angles of Attack in Free Air

= Windward side average pressure

a=20° a=40° o= 60°

Figure A-19. Theoretical Separated Flow Analysis Pressure Distribution on Two-Dimensional
Flat Plates in Free Air
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Table A-1. Flat Plate Aerodynamic.Coefficients in Free Air

Angle of attack « 20° 40° . 60°
Windward Cn .32 .83 .66
Face Xep* 17 32 43
Basa pressure Cn -89 1.37. -1.94
Face Xcp 5 .5 5.
Total Cn 1.21 1.90 260
Xcp 41 45 .48
Corrected base pressure ** CM -. 65 -1.0 -1.42
Total corrected CN .97 1.63 .98
Coefficiants Xcp .39 44 48
) Lift coefficient CL 91" 1.17 99
Drag coefficient . Cp 33 98 LI

*Center of pressure measured as faction of chord msasured

from plate leading edge

**Correction factor =.732 bhased on theoretical pressure
coefficients compared to test results shown by Modi




well, being slightly higher; when extrapolated to 90°, the predicted drag
coefficient is at the upper range of the drag coefficients published in

the literature and also shown in Figure A -20. The comparison obtained
between Modi's results, other results in the literature and the separated
flow program results was considered excellent. Based on these results, the
separated flow analysis program was used to predict aerodynamic forces for
flat plates located at close proximity to the ground and at large angles of
attack.

o R KT B
Sep. flow program P Literature 7
P progr -\ . Gy range
25}  rang o ‘
Separated ," 1
flow program FE g I
20}  (modified / /e .
Cp base pressures) / "', . c,
1.5} ',"
1o \-MODI =
yA (experimental)
5¢- /7
oLt ‘l i 1 L1 0 1 § \ N
0 20 40 60 80 90 0 20 40 60 80 90
a ~ degrees o~ degress

Figure A:-20. Theoretical - Experimental Aerodynamic Force Comparison
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A .2.2 Single Array in Ground Proximity

The ground clearance'between the flat plate array and the ground was de-

fined as a function of the plate chord. Figure A-21 pictures the wake boun-
dary for the conditions of & = 20° and 160° and a ground clearance of .125C.
"Of interest in Figure A-211is that the wake for a = 160° is sucked down towards
the ground and flows parallel to the ground until it is past the plate. An
analogous phenomenon happens in nature when wind flows through a gorge that
opens up to a valley with hills on one side. The wind tends to be sucked to
the hills and flow parallel to the hills. This phenomenon (the Coanda effect)
is reported in papers in meteorology journa1s34. The pressure distribution for
the conditions shown in Figure -A-21and also the other four angles calculated
(40°, 60°, 120°, and 140°) are shown in Figure A-22. The normal force coef-
ficients and the center of pressure locations for the six angles of attack (20°,
40°, 60%, 120°, 140° and 160%) and the three ground clearances (.125C, .25C,

and .50C) are tabulated in Table A-2. The wake boundaries and velocities on
the wake for the three ground clearances and for three angles of attack

(20°, 40° and 60°) are shown in Figure A -23.

The base pressures on the plate for the above conditions are overpredicted
as they were for the free air condition. For angles of attack less than
90° it is reasonable to believe that the base pressures are overpredicted

R
iraction U ]
‘ ’ ‘ “5200 c\wakobomda,y / — .
PR ,
Z=,126C
TT 777 7T T AT 7 7 7T 777 7777 7 77 777777777
Wind «a160® S
direction Mo boundary 4 --,_:_:-:::::..“
o Mekebowdy T
Z=.125C

‘IIIIIIIIIIIIIII/IIII7IITIIII7II

Figure A-21. Wake Boundary of Separated Flow Analysis
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Figure A-22. Effect of Angle of Attack on Two-Dimensional Theoretical Plate
Pressure Distribution in Close Ground Proximity
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Table A -2 Flat Plate Aerodynamic Coefficients in Close Ground Proximity

Angle of attack 20° «0° o0° 120° 14 160°
Gsound clearance | . 126C} .26C] BC ].126C] .26C | .6C ].126C] .26C] .6C ].1256C] .26C] .BC }.126C] .26C| .SC |.126C].286C] 6C
) Cn .63 .61 421 74| 69 | 63 ) 67 ] .64 | .82 2 361 4] .2 24§ .37 o A 2
Windward face
7‘:" 37 3 28] 47 43 ) 9] 65| 62| 47 ] .47 0] 26]-351-03} .14 [-103]-768]) .00
. CN -87 -9 -86 | -.20 |-0.17 ]-1.18]-1.87}-4.83]-0.27 | -6.18] -28 |-3.06]-212].2.60) -211]-2.26 | -1.62]-1.21
Base pressuse face :
Xep) 6 —_ 5
CN 160 |1.42(1 1271196166 |165]264]247] 2401 6.2 4.|6 3491332 200] 248] 227} 1.72] 160
Total
ia' 45 ] 43| 42)| 49] 47 | 46 ] .61 60] 49| 48] 46) 47] 45 4561 45 A5 | 43| @
Corrected hase pwessure CN' *|-7]-67] -62| -89]-86 | -85 }-0.37|-.34]-1.30}-1.37]-0.34|-0.30]| -89 | -86) -65]| -71] -67] .62
Total corrected Cpl 134 fr18] 104 | 182|066 | 1.48| 204] 1.08] 103] 168) 1.70] 124} 100 ] 18] 022] 22| .77 ] 82
Coellicients 'X_u 44| 421 40] 48] @ 48] 62] 5 40] .37) .92 44) 4] 38) 9] .35] .34 ] 38
Lt coelficient CL 126 i1 098] 1.26| 119 113 102} .88} 97| -70] -85} -87} -83| -8 -93) -68)-72¢% .77
Diag coefficient Cp, 468 |1 40 6] o8] 10 861 0771 v} 167] 1.37) 147] 161) 7 76y 781 2] .26 | .28
'dmtu of pr ed as faction of chonl d .
from plate learling cdye :

**Correction factor = 732 basedt on theoretical pressuro
coulficients
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Ground clearance = . 125C

1.40 = velocity relative to nominal wind velocity

= M0 13 409

" Wind o

1.15
)

wina  §
direction 40°

>— 123 -

—

Wind direction

c 2C 3C 4c
Distance from Array - Chords .

Figure A-23. Wake Definition and Velocity on Wake Boundaries for Flat Plates
in Close Ground Proximity and at Large Angles of Attack
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Ground clearance = ,26C .

0.70
=

direction 138 = - 1 01

147
e L,

1 47‘ 102> -

////////////////////////////////////////////////}///////////////

.. Distance from Array - Chords .

Figure A -23. Wake Definition and Velocity on Wake Boundaries for Flat Plates
in Close Ground Proximity and at Large Angles of Attack — Continued
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Figure A-23. Wake Definition and Velocity on Wake Boundarles for Flat Plates
in Close Ground Proximity and at Large Angles of Attack — Concluded
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by the same amount as those in free air. For angles of attack greater than
90°, the base pressures are greatly overpredicted and are considered invalid.
These overprediction of the base pressures is believed to be caused by the
use of inviscid flow techniques which result in larger flow velocities over:
the edges, and larger suction forces than for viscous flow, especially for
angles greater than 90%, With angles greater than,90°, more volume of air
splits in front of the plate and passes through the ground clearance gap than
would occur if the flow was viscous. For this volume of air to pass through
the ground clearance gap it must increase sighificantly in velocity. This
increased velocity causes larger suction forces to be developed on the base
pressure side than would occur if the flow was viscous. It is expected that
the base pressures for @ and 180° - & would be very similar in magnitude,
based on the results presented by Sakamota'd (Figure A -24). Sakamota per-
formed a wind tunnel study of a flat plate in contact with the ground and for
angles of attack of 30°, 60°, 90°, 120°, and 150°. Comparing his results
shown in Figure A-24 for @ and 180° - a , the base pressures are equal or
slightly higher in magnitude for @ compared to 180° - a . Thus, if the
base pressures calculated by the separated flow analysis program for @ are -
used in place of the results for 180° - a , the results would be fairly ac-
curate and conservative. Table A-2 shows the base pressures with this correc-
tion and with the.correction factor determined from the free air analysis as
well as the uncorrected results. |

Another noteworthy result that can be seen from Table A -2and Figure A-22 is
that the plate windward side pressures and normal force coefficients increase
as the angle of attack approaches 90%. 1In addition, the total normal force
coefficient on the plate also increases as the ground clearance decreases.
This will approach a maximum prior to a ground clearance of zero. As stated
in a text book33 on wind forces and also demonstrated by comparing

Figures A -24 and A-22, the normal force coefficient for the conditfon

where one edge of the plate is in contact with the ground is less than

when off of the ground. This is because of the suction effect of the .

flow passing over each edge. If one edge is in contact with the ground,

no flow and thus no suction is effected at this edge and so the base pres-
sures are a minimum for these conditions. Again examining Figure A-22, .
the center of pressure for the base pressures are always at the mid chord
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location while the center of pressure on the windward side moves in the
direction from the leading edge to the mid chord as the angle of attacks
approaches'90°. The center of pressure locations are also tabulated in

Table A -2.

0
7
. Wind A/\u. sl a-0®
© dirsction ’ o y
' %0 o0 -0
c,/Cp
1.0 : 1.0
vic : : vic . ‘
5 a=120° a=160°
L S 075 0 10
c"l c"mlx » ' c"/c"mex
1.0 ' 1.0 )
el e | e
L — =Y 2% 0 1.0
¢ Plc"mnx cplcpmax

et e oe"

Figure A-24, Experimental Normalized Préssure Distribution for a Two-Dimensional
Plate in Contact with the Ground
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A .2.3 Array Fields

Only a few conditions were studied to evaluate the effect of one array on
another because the analysis program was incapable of analyzing the flow when’
one array was in the wake of another. From the separated flow analysis, im-
mersion in the wake of the upwind array occurs when Spacingléhord.ratios are
less than 3C for @ = 20° an& 5C for @& = '60°. Table A-3presents the normal
force coefficient results for two arrays spaced at intervals of three chords
and five chords compared to one array by itself for the two angles of attack
(20° and 60°) respectively. From the results, the upwind array normal force
coefficients increase slightly whereas the downwind array force coefficients
decrease slightly However, because of the program 11m1tations, the benefit
of the reduced loads from positioning arrays in the wake of another array
cannot be evaluated analytically. One can only speculate on the load reduc-
tion afforded by immersing an array in the wake of another array from the
wind velocity reduction behind fences. Using Raine's result$3 as a basis,
a steady state dynamic pressure reduction factor of as much as 10 and an un-
- steady state dynamic pressure increase factor of at most 4 can be obtained
~assuming no dynamic response of the structure. This would produce a net
aerodynamic load reduction factor of 2.5 compared to an array not in a wake.
This aerodynamic Toad reduction of 60 percent appears to be a reasonable
factor to expect for arrays positioned in the wake of other arrays.

A.3 Summary of Results

Using the results in Section A.1 and ‘A.2 for one array and the geometric
relationship between the normal force, 1ift, and drag coefficients and angle
of attack, corrected normal force, 1ift and drag coefficients were calculated.
The base pressure corrections as discussed in Section A .2 were applied.
Briefly, for angles of attack between 20° and 160° the base pressures for 180°
.~ @ were replaced by the base pressures ca1cu1ated at @ and also the base

pressures were modified by the factor .73 that was found to be required in match-
ing wind tunnel test results. Figures A -25 to A-27 summarize the results in
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Table A-3. Mutti-Array Flat Plate Asrodynamic Coefficients

Angle of Attack = 60°, array spacing = 5C

o Two Airays
« |- One Array -
‘ Upwind Dovmwind

Ground clearance = free air

Windward face Cn .56 57 .81

'Basa pressure face Cn -1.94 -1.93 -1.72

Total Cn 250 2.50 2.33
Ground clearance = .125C

Windward face Cn ) .68 71

Base pressure face CN -1.87 -1.90 -1.54

Total Cn 254 2.56 2.25
Ghund clearance = .SCl .

Windward face Cn .63 59 .64

Base pressure face Cn -1.77. 2.0 -1.73

Total CN - 240 2.59 237

Angla of Attack = 20°, array spacing = 3C

Ground clearance = .125C _

Windward face Cn .63 .63 .69

Base pressure facs Cn -87 -99 -.81

Total Cn 1.60 1.62 1.50
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Sections A .l and A.2. From the summary results shown ‘ :
in these figures, it can be seen that the arrays should not be positioned
at angles of attack where the flow remains attached (10 to 15 ). At
these small angles, the arrays act as an efficient airfoil. The lowest
aerodynamic loads on the structure occur at angles §1ight1y greater than
10° - 15° where the flow has separated but the aerodynamic force from the
separated flow is at a minimum. This occurs near @ = 20°,

At angles greater than 152 to 20°, the difference between the force coef-
ficients for ground clearances of .125C to .5C is minimai. The results for
array fields are not presented because w1th the limitations of the theore-
tical analysis, the results for the w1ndward array for all practical pur-
poses is identical to the single array results° The results for the down- -
stream array (not immersed in upstream array wake) are slightly reduced
from the single array and thus using single array results would be slightly
conservative. Experimental results are required for more closely spaced
array fields. The yawed wind condition to the drrays was also not pre-
sented since it produces lower loads than the head-on condition and, as a
result, is not a critical design condi tion.

a8

a0
G
1.8
1.0
4
13 =
B N BC
.128C
o} 1 1 1 1 Il i L L )
0 20 40 60 80 100 - 120 140 180 180
: - m,deqrm i . :

Figure A -25, Two-Dimensional Plate Theoretlcal Normal Force Coeff/cvent :
in Free Air and in Close Graund Proximity
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Figure A -26. Two-Dimensibna[ Plate Theoretical Drag Coefficient
in Free Air and in Close Ground Proximity

3 Legend
2-0 o 2
| / \ L
. \ ——— 50
/"1 }«.\;. —_—— .25C
1.0 -‘ N ——— 126C
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o | 1
20 40 69
10}
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Figure A-27. Two-Dimensional Plate Theoretical Lift Coefficient
_in Free Air and.in Close Ground Proximity
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APPENDIX B
PHOTOVOLTAIC ARRAY WIND TUMNNEL TEST PLAN

The specifications for a wind tunnel test of photovoltaic arrays to deter-
mine detailed aerodynamic pressures and loads for various key array para-

meters and load reducing techniques follows:

‘I. Photovoltaic Array Model Requirements:

1) 10 flat plate models sized to span the tunnel when at 90° to airflow
consisting of: '

a) 8 flat plate dummy models sized to 8 ft. and 16 ft. chords;

b) 1 test flat plate model with pressure taps located at the mid-
span location and 15% of chord from the end of the span and 2
test flat plate models with pressure taps located only at the
midspan location. Pressure taps are required on both front and
rear surfaces and épaced in the chordwise direction such as to
adequately define the pressure distribution on both surfaces.
The pressube-taps at the mid-span station will be used and
assumed to represent the pressures over all of the individual
plates of the array when the flow is 90° to the array. The
pressure taps at 15% of the chord from the span edge will be
used to evaluate the pressure loading near the array edges caused
by flow disturbance from forward plate edges when the plates are
at small yaw angles to the airflow.

2) The array model is required to be raised from the ground plane to ¢/2
above the ground plane.

3) The afray pfates are required to be rotated about "y" from 20° to 60°
and 120° to 160° with the test angles being 20°, 30°, 45°, 60°, 120°,
135°, 150°, and 160°.

4) The array plafe spacing needs to be varied from dense to sparse spacing.
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8 To study the edge effects, the array is required to rotate approximately
' 20% into the wind about the z axis and the array edge pos1t1oned near
the center of the tunne] to prevent wa11 effects. '
II. Load Alleviation Model Requirements .
1) Fences of 20% and 35% porosity and s}zedrfor actual height of 6 ft.,
8.2 ft. and 16.4 ft. high and 1ength;that spans the tunnel.
2)  Plate porosity to be located at the boundary of each module.
3) Panels to be attached to the array plates to block the flow from
flowing under the plates.
ITII. Wind Tunnel Test Requirements - Steady State Test
.A. Constant wind profile - design wind ve1ocity = 40 m/s
1) one plate
ground Angles of Attack ( a ')
clearance (z) 20° 30° 45° 60° | 120° 135° 160° 170°
0 v v v v
.25¢ s v v v v v v v
5 ¢ v v v e
o P
ii) multiple plates - measure pressures on plates 1, 2 and 5.
ground clearance is .125¢
separation ~Angles of Attack (a )
distance (x) 20° 30° 45° | 60° | 120° 135° 150° 160°
1.5¢ v v v . X X X
1 .7SC v . v v ./ ‘/-** /** ./*.‘* /**
3.0 ¢ v - v 7 X X X X

Repeat for ground clearance 25c"‘

"~ **Qnly do x's 1f the normal force for these angles are greater than for

the correspond1ng acute angle forces
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B. 1/7 power wind profile - design wind ve1oc1ty of 40 m/s at 10 m
Plate chord = 8 ft. '

i) one plate T

Ground : ' Angles of Attack (@)

Clearance (z) 20° 30° ‘45° 60°| 120° 135° 160° 170°
0 ft : v’ v |, v v
2 ft v v | v’ v v v e

ii) multiple plates - measure pressures on plates 1, 2 and §
ground clearance is 2 ft.. .-

Separation : .- Angles of Attack (a )

Distance (x) 20° 30° 45° 60° | 120° 135° 150° 160°
12 ft — | X X X
16 ft v v v v AT ol el el
24 ft. v v s v X X X X

Repeat for ground clearance = 4 ft.

**Opnly do x's if the normal force for these angles are greater than for
the corresponding acute angle” fbrces

1i1) repeat (ii) for ground c1e§rance'of 2 ft. only and with fence 10 ft.

in front of array for: : JRRE |
a) 6 ft. fence of porosity 20% and 35%
b) 8.2 ft. fence of porosity 20% and 35% .

iv) repeat (i1) for ground clearance of 2 ft. only and with fence 20 ft.
in front of array for:
a) 8.2 ft. fence of porosity 35%

v) repeat (iv) with fence 40-ft. in front of array.

Pressures on the plates need only be recorded for plates 1, 2 and 5.
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C. 1/7 power wind profile - Optional
Plate chord = 16 ft. .
i) multiple plates - measure pressures-on plates 1, 2 and 5.
" ground clearance is 2 ft.

Separation _ Angles of Attack (&)
Distance (x) 20° 30° 45° 60°t 120° 135° 150° 160°
24 t % v v | x | x X
£33
32 ft v v v v’ /** Wiakd A e

Repeat for ground clearance = 4 ft.
**See note from B

ii) repeat (i) for ground clearance of 2 ft. and with fence 20 ft. in
front of array and porosity producing min. loads in (B(ifi).

a) 8.2 ft. high fence
b) 16.4 ft. high fence

D. Edge effects _
Repeat B(ii) for ground clearance of 2 ft. and with array rotated into
flow for: ' ’

a) 10°
b) 20°
c) o0°

The pressure need only to be recorded from the pressure taps located
near the array side edge. The array should be repositioned such that
the wall of the tunnel does not affect the edge pressures.

E. Other Toad alleviation devices

a) Repeat B(i1) with flow b]ocked from flowing under the array plates
b) Repeaf B(ii) for ground clearance of 2 ft. only and with porosity
built into the plates for the following combination of module sizes.
v . o : . ,
, 2" 4' 8"
1l ]no

. :
z 8 In|.|.

16'1 no |no |,
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F. Movie

Smoke visualization should be performed for each test and motion
pictures taken so that’a movie can be made of the test.

I11.  Wind Tunnel Test Requirements - Unsteady Test
A. 1/7 power wind profile
i) multiple plates - measure-unsteady pressures on plates for one
condition of test III B(iii) that is multiple plates with a

fence positioned in front of the array.

Nafe:'Besides'pfeSsure measurements along the chord, force results -
are desired by integrating the pressures over the chord.
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