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PREFACE

The use of various configurations of concrete shells has rapidly been
accepted by the American public in. recent years, .The hyperbolic paraboloid
type of structure is becoming more common due to its versatility, ease of
construction, and relatively low cost. To have an efficient as well as func-
tional design, a knowledge of the wind forces which will be developed on
the structure is necessary.

The purpose of.this study is then to determine the wind forces acting
on one configuration of hyperbolic paraboloid shell and to defermine the
factors affecting these forces.

Indebtedness is acknowledged to Doctor G. L. Nelson for his guidance
and encouragement throughout the study; also to Oklahoma State University
and the Oklahoma Agricultural Experiment Station for the finaﬁcial support
which made the study possible.

The writer wishes to.recognize and thank the drafting department of
the Agricultural Engineering staff for their assistance in preparing the

tables and graphs presented.
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CHAPTER 1
INTRODUCTION

Forces due to dead loads and other gravity loads on structures may be
easily’éccounféd féf; bﬁf‘in general, wind forces may not.  Each year need-
less damage is dong;?o farm structures because of the lack of information
concerning wind 1oad$ or erfonéous information.

Extensive tests have been conducted on the more '"common' shapes of
structures and the résults have been used as a basis for building codes the
world over. 'Haddon (1960)_fqﬁnd that, in general, Codes of Practice are
getting more realistic with respect to wind loading, but with the exceptien

.of the Swiss Building Code, he found none which copsidered a-diagonal'wind
acting on the structure. In some of Haddon's investigations,bhe found the
greatest pressure on roofs occurred when the roofs wege subjected to diag-
ohal winds. These findingé point out the neéd for more complete investiga-
~tion .of the wind forCés.on structures, |

The use éf various épnfigﬁrétions of concrete shell structures has
rapidly"been accepted by the American public in recent years. The hyper-
boli;vparaboloid f&pe‘of éﬁructure‘ is highly desirable dué to its "eye
appeal", simplicity of structural action,,and,ecoﬁomical use of sfructu-
ral materials. FEase of construction and efficient deéign are inherent in
-that the formwork requires only straight generators and bending stresses
in the concrete are ﬁinimized. All these factors combine to give a rel-

atively low cost structure which is the reason for the rapid growth of
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interest in hyperbolic paraboloid shells for light structural applications.

Informationvregarding>the forces developed by wind loads on the shells
must be available to the design engineer if failures are to be prevented.
The nature of the hyperbolic paréboloid shell makes iﬁ possible for large
roof areas to be supported on,énly one'or two masts., Due to this fact, the
neéd for infoertion regarding the forces on.the supports due to the wind
isxextremely critical for proper design. Because hyperbolic paraboloid
shells are relativelyvnew,vlittle or no iﬁformation is available concgrning
the force; induced by the wind. |

| Information on.the effect of upwind barriers on wind flow character-

istics is needed for more efficient and effective struc£ura1 design.
Certain investigators have noted induced oscillations or buffetiﬁg effects
when upwind barriers were present. To date, most investigations involving
buffeting effects have been made on ‘two-dimensional bodies such as cylin-
ders, plates or bluff objects. Such objects have in their wake a double
row. vortex system. Vértical.sblid barriers on a ground plang are be-=
lieved to develop single row vortex‘syStems. Exact characteristics of
these systems are not known. Such‘vortex systems, when striking a struc-
ture, could cause failures due to overpressure on.the surface on which the
vortex acts.

This study was undertaken to determine the resultant forces and over-
turning moments acting on hyperbolic paraboloid shéll models subjected to
a one~dimensional flow pattern in a wind tunnel. In an attempt to conduct
a definitive study and to limit the time required, only one configuration
was tested and is illustrated in Figure.1l. The force system was studied

with the flow perpendicular to the two different sides of theisheli.
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Figure 1: The Type of Hyperbolic Paraboloid Shell Configuration Used
for the Experimental Investigation
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CHAPTER II
REVIEW OF LITERATURE

Structure of the Wind

"The wind may;ﬁ; defined as motion of the air caused by gravity, by
deflective forces due to the earth's rotation, and by centrifugal forces
due to the curvature of the wind path." (Biggs, 1961).

Wind speed varies with height above ground. Numerous investigations
have attempted to define this variation of profile. In general it has
.been found that the variation is dependent on a number of quantities, and
is not necessarily the same at a given geographic location at all times.
Also, there is a definite variation in the wind profile from one location
to another.

Prandtl's (1952) development .of a rational formula for the varia-
tion of velocity.with héight above a flat plane has been .the basis for
numerous investigations on this topic. Prandtl's development was based
on an analysis of viscous shearing stresses in the boundary layer, and
momentum transfer. It %s basea on .the conservation of momentuﬁ theorem
~and assumes a two-dimenéional flow, considered steady on the average.

The final result was a general expression for variétion of velocity with

distance from the plane, for air of uniform density, in the form:

U =V (1/K log AV*/y ] +C1)



where, U = velocity at height ¥,

v ;l/rﬁdii: = shearing stress velocity,

T = shgaring stress,

P = dénsity of fluid,

K = L/Y,

L = mixing length,

¢, = universal constant,

Ne = Ngwton's second law coefficient;
v = Kinematic visosity.

In regions of»low turbulence, Prandtl found that velocity wvaried as
the seventh root of the distance from the boundary if Reynolds' number was
less than 10°. ‘He also conclude& that the frictioﬁ 6r boundary layer
héighplfrom the surface increases as velocity increases. Prandtl's ex-

’preésion:fqr wind speed as a function of height when turbulent flow pre-
dominates- was:

U =Vv+ (5.75 log Z/K + C

2)
. where, U = wind velocity at height Z,
Z =»ﬁeight above the ground,
C, = univeréal constant which varies between 5.0 and 8.5,
K = height of irregularities‘such as houées and Vegetation,
VW = shearing stress velocity.

Several ihvestigators preFerred the use of a Yo called]”powét law"
expression.to describe the wind profile. The géneral form of the power
law equation is:

Vyp =V (2. a
2 = V1 (Z3/27)

[

where, Vy .= velocity at height %,
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v velocity at some reference height Zqs

1
a

an eprnent, to be determined from obﬁervations.

The value of "(Q'" has been investigated‘by many:résearchers and large
variations inﬂits value are noted. Most variations afe due to the char-
acteristicé of the site where observations werebrecorded. The presence
of natural barriers as well as other structures influences the flow pattern
and shape qf the velocity profile. |

Geiger (1950) found that Q decreased with increasing height. He found
that near the ground, (within 1-% meters), @ could be cbnéidered constant
but vafied with temperature. He concluded it was impossible to separate
the‘effec;s of teﬁperature and the effects!of wind gradient.

Suttén (1953) studied diurinal variations at heights from three to
thirteen meters and found (¢ = 0.13. He also presented Prandtl's equation
for éompletely rough flow as:

U/v% = 1/K In Z/ZO

where, v =,/?/p—N-e = friction velocity,
| Z, = roﬁéhness length,
K | = Karman's constant,
Ne = Newton's second law coefficient;
U = velocity at heiéht Z .

Sherlock (1952) studied wind velocities from 0 to 250 ft. elevations_
duringxgtorm; and found Q= 1/7.
| ‘Pagon (1953) concluded that @ = 0.167.
Brgoks (1959) concludéd from hisvinveéﬁigations that wind veloqity

profile expressions, such as the power law, are only time averages of

erratic instantaneous distributions whieh are too complicated to use.



From .this brief explanation of the structure of the wind and wiad
profile, it is evident that a person requiring exact knowledge of the
wind profile must investigate it at the location at which such informa-
tion is needed. Others may select one of the many exponents for the
power law equation, which have béen found, or use another method such
as Prandtl's rationéllderivation, or select a method of his own which he

feels will best describe the profile for his particular application.
The Use of Weather Data in Structural Design

Voluminous records of wind velocity have been taken by first order
stations of the United States Weather Bureau and compiled for use in
determining the maximumeind sfeed to be expecte& in practically all areas
of the United States. The data are not comparable due to the varying
location of recording stations. Attémpts to unify fhe data have;been
made by Thom (1960) Chief Climatologist of the United States Weather Bu-
reau. Thom's preSéntations consist of c;ntour maps showingvfhe fastest
mile of wind for a given probability of occurrence adjusted to a height
of 30 ft. Teter, Neubauer, and Pedersen {1963); in cooﬁeration with the
American Society of Civil Engineers, have developed maps for the 10 and
.25 year recurrence interval, extreme-mile winds similar. . to the 2, 50 and
100 year maps by Thom. They felt such;maps were necéssary in view of . the
rapid rate of obsolesence and low hazard to human life involved in farm
buildings. |

Wind forces on structures atre usually only of concern during storms.
The type of storm for which obserﬁations are taken .play an important role

in the interpretation of the observation, Extratropical storms, hurricanes



(both mature and decaying), and tornadoés all possess different wind pro-
file characteristics and should be analyzed differently.

Localized high wind velocities lasting for a short interval are known
as gusts and also possess characteristics which should be taken into con-
sideration in the selection of a design wind velocity. Durst (1959) states
that the critical time’dufing which a gust affects a member is usually of
the order of 15 seconds or less.

Sheriock suggested the use of a gust factor for determination of
design speed. The design wind speed would be equal to the highest "five-
minute velocity" multiplied by the gust factor. He-related gust factors
by the following equation: |

. .0625
FZ = F30 (30/2)

ti
]

where, gust factor at height z

F3p = gust factor at height of 30 ft.
The maximum wind épeed which a strycture will encounter during its
life is seen to be dependent on several factors and the methods vary for

determining this critical speed. Each engineer must satisfy himself with

.the results of some particular method and proceed on that basis,
Wind Force Coefficients

After selecting a design win& speed, the design engineer needs to be
able- to predict the forces on the structure which would result if the de-
sign wind speed occurred. To do this, coefficients have been defined to
predict the horizontal and vertical forces acting on an object due to air
flow about that object.

Wind possesses kinetic energy because of the velocity and mass of

the moving air. Obstacles in the path of wind cause transformations from



kinetic energy to potential energy in the form of pressure. The intensity
of pressure is dependent on the shape of the obstacle, angle of incidence
of the wind, velocity and density of the air.

The horizontal force parallel to the wind is usually expressed by the
equation:

Drag = CD q A

vhere, Ch drag coefficient,

dynamic pressure, % p NéVz;

A horizontally projected area of the object.

Similarily the vertical lift coefficient is expressed:

Lift =€ q A

where, CL lift coefficient;

A

vertical projected area.

Values for the coefficients must be experimentally determined. The
magnitude of the coefficients has been found to depend on (1) the geomet-
rical shape, (2) orientation of the object in the wind stream, (3) rough-
ness of the surface, (4) the size of the object, and (5) the velocity of
the ﬁind stream.

Pressure coefficients are used to describe the local pressure at any

point on the surface of a building.

P =C
p ¢
where, P = local pressure,
Cp = pressure coefficinet, -
q . = dynamic pressure.

Pressure coefficients must be determined experimentally and are nec-

essarily dependent on the same variables which effect force coefficients.



Openings in structures cause large changes in the pressure coefficients by
causing the development of internal win& pressures which may be of con-
siderable magnitude if the openings are large.

Pressure coefficients for common building types and typical proportions
have been determined and arelgvailable for design use. Different sources
many times do ﬁot give the saﬁe values for similar shaped structures in-
dicating the complexity of the problem. Biggs, (1961) and the American
Society of Civil Engineers Committee on Wind Forces felt that the Swiss
Building Code was probably the most accurate source‘of information on pres-

sure coefficients.
Experimental Techniques

Haddon (1960) states that in the light of the discrepancies encoun-
tered from different sources of information regarding the results of
wind tunnel tests, it is necessary,to:determine a system of testing which
will give accurate results so that tests on scale models may be used to
determine the wind loading of the‘prototype structure. His list of sources
of error. in testing procedure includes:
1. Scale effect, i.e.; change in Reynolds' number,
2. Surface of the ground and velocity gradient.
3. Method of mounting model.
4. Relation of model size to tunnel size.
Reynolds' number was first used by‘Osborne Reynolds during his in-
vestigatibn of fluid motion in tubes and is defined as:

Reynolds' number = VL'.p Ne/}u'



where,

<
"

fluid velocity,

r.
]

linear dimension of the object,

density of fluid,

©
]

viscosity of fluid,

#

Ne Newton's second law coefficient.

-

Reynolds found that if the flow about geometrically similar objects was
to be similaf, the value of Re&nol&s' number must be the same. This
requirement has 1argely been ignored in applying thg.resuits from wind-
tunnel tests of sharp or‘bluff edged objects to full scale structures.
Attempts in which correlation with full scale models have been attempted
tend to confirm this practice. Irminger and Ngkkentved (1936) found Rey-
nolds' number did affect,ﬁﬁe pressure distribution on sharp edged bodies
in their tests and attribﬁted the-effect to the windward ground friction
which created a windwafd vortex.region.

Other investigators have differingiopinions as to the effect of Rey-
nolds' number. Van Erp (1950) refer; to. the work of Eiffel and concludes
there was no scale effect and that Reynolds' numﬁer was one when pressure
distributions were transferred to larger scale structures. Castleman and
_Mirsky (1951) feel‘the,absence of écalé effectvis equivalent to zero vis-
cosity. Thus, Réynolds' number would be-infinitely‘lérge. .The present
writer is not in agreement with either of these views. Reynolds' number
need nét take on any one particﬁlar value for scale-effect to be absent,
If scale-effect is absent, within a cerfain range Reynolds' number may
take on any value in that range and noﬁ changg‘the~drag or lift coeffi-
cient whiéﬁ is determinéd;lregardless of the size object involved. The
diversity of opinion.is latrge and it appéars that eachvparficular struc-

tural configuration warrants study concerning scale effect.
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Bridgman (1931) approached the problem of scale effect as follows.

For models tested in air, F)Nequ is essentially constant. Therefore, the
product of (V)(L) must be constant for model and prototype to conform to
the theories of similitude, Murphy (1950). It is impractical, if not
impossible, to achieve model studies of this nature, due to the high ve-
-locities which are required. Bridgman. found that by dividing the value
of the résistaﬁ¢es found for the model by Vsz/p , at high valués of wind
-velocity, the function will approach a constant value asymptotically.
Thus tests conducted Qi;h-wind??elocities near the éoﬁsfaﬁt value should
be valid for application to o;her‘geémetripaliy similar objects.

To have accufaté correlation_bétwéen model and fuiliscale buildings,

. the velocity gradiéqf in thé»ﬁ?nnel should bg'knoWn.and.ideally;would be
similar to that of natupe; taking in;o accouﬁt scale factors. Rice (1961)
obtained a velocity‘préfilélwhich,waé described by the power law equation-
.with value of ({ = 1/4. This waé accomplished by spacing réds ofL&if-
ferent &iameters at various heights above the wind tunnel floo;.

To obtaiﬂ correlation with prototype conditions, it is generally agreed
that models should be mounted on the floorjof an enclosed tunnel. Mounting
above the floor of the tunnel in an attempt to eliminate the veiocity gra-
dient is undesirable,'aé‘preyiously dgscuéséd,zand fends to give unreal-
istié results. |

Friesen (1962) states that models should npt take up more than five
or six percent of the wind tunnel area to prevent blockage effects. Haddon
(1960) lists thé'allowable height or width of a‘modgl a; 15% of tunnel
height or width to prevént the effect of tunnel inferfefence. Tunnel ef-

fects or blockage effects are due to the fact that the air-stream is
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deflected upwardsiby the model., The dgflection decreases with height for a
distance of about ten times the model height. Deflection of the air-stream
is then no longer evident.

Data concerned with wind effects on structures have usually been ob-
tained by measuring the static pressure at small peizometer holes at various
locations in the 5urface of the models being tested. This method is quite
slow and tedious and .does not yield feadily an expression for the total
férce on the structure. Nelson and Giese (1962) developed a load-weighing
system which enabled the determination of wind-force reactions direcfly on
the component surface. Each of the corners of the roof section or wall
surface was supported by special reaction weighing bars. The bars were
mounted on the outside of the testing channel and arranged to respond only
to reactions normal to.the plane of the roof or wall surface.

The ideal test procedure would be one sucﬁ that the investigator could
determine the total force system acting on the model for a given wind speed
and direction. A resultant force system, including horizontal and vertical

forces as well as the overturning moments, could then be determined,

Barriers, Oscillations and Buffeting Effects

The pressures of forces on a structure immersed in a wind stream re-
sult from changes in velocity around the structure. Detefﬁinafion of wind
forces is in reality a transient force problem. HoweVer‘for purposes of
structural design, in most cases it is sufficiéntly accufate to consider
that these fofces are steady. Even in using such an aﬁpfoach the engineer
should be cognizant of the transient forces involved. 1In instances where
unsteady velocities or alternating forces resulting from periodic vortex

formation are present, the time variation of force must be considered,.
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Horner (1958) states a "double-row vortex trail" or f'vortex street"
is found in the wake of two-dimensional bodies such as cylinders, plates
or bluff rods. The number of vortices formed at one side of the street

is presented by the so-called Strouhal number:

S = FH/V
whére, H = height or thickness of body producing the street,
-vF = frequency of vortex formation,
’V = flow speed between body and fluid.

Oscillations ofAcénsiderable magnitude can be excited by compara-
tively small aerodynamic forces'if the frequency of the vortex street and
lateral forces come into resonance with the natural bending frequency of
_the structure.

‘Wind excited oscillations of a 150 ft. high steel stack with a
diameter = 4 ft., aré reported by Scruton (1955) beginning at a speed
corresponding to a Strouhal number = 0.2. The oscillations continued up
fo.twice the speed at which they first started, dangerously shaking the
strﬁcture. Price (1956) investigated the effect of a shroud about a
circular cylindrical member. It was effective in suppressing vortex ex-
citation at subcritical, transitional, and supercritical values of Rey-
noids} number. The transitional Reynolds' number was defined as the
value at which a radical reduction .in the drag coefficient.occurred with
increasing Reynolds' number. |

-Haddon reports that a wall, 10 ft. high and 60 ft. windward from.a
20 ft. higp shed with 30 degree roof slope will, assuming normél.fléw,

. change the average wind pressure from approximately zero. to 0.3Pg, where
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P, = stagnation pressure. .The same wall with diagonal fiow was reported
to. increase suction to as much as 3.0PS.

Nelson (1957) and Rice (1961) also noted strong oscillatory forces
on structures in.the wake of. sharp-edged vertical barriers on a ground
plane.

The A,S.C,E, Task Committee, (Biggs,.1961), on wind forces states
that the buffeting action due to oscillations induced in.the wake of an
obstruction is generally irregular, resulting in short bursts of amplitude
and has rarely been catastrophic. This statement seems questionable in

the light of the above mentioned .observations and indicates. the need for

more research dealing with upwind-barriers and their effects.



CHAPTER III
THE EXPERIMENTAL . STUDY

Objectives

The objectives of this experimental investigation were:
1. To determine the horizontal, vertical, and overturning
forces acting on a.hyperbolic paraboloid shell structure

due to wind loads.

.2. To determine the effects of variation of Reynolds' number
on .the forces acting on the shell.

3. To dévelop a direct method of measuring the resultant wind
- force components acting on a model during wind tunnel tests.

.Experimental Design

8imilitude Requirements

The results of the experimental investigation were inﬁended to be
‘applicable to géometrically similar strﬁctufes;”therefore the. design of the
experiment was carried out according to the principles of similitude as de-
scribed by Murphy (1950). The quéntities which were felt to be pertinent
_to this investigation are listed and illustrated in Figure 2.'

The width and projected height of the shell were included as pertinent
quantities. because these factors completely define the.shape of the shell.
The shépé’of'an object determines the flow pattern about the object and
thus the forces acting on it. The height of the support is a measure of
. the-height of the shell above the ground pléne. If the shell were con-
“structed close to.the ground, interference of the flow beneath the ‘shell

would possibly occur.

16
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T

PERTINENT QUANTITIES
No. Symbol ~ Description Dimensional Symbol
| w Width & Length Of Shell _ L
2 H Projected Height Of Shell L
3 D Height Of Support L
4 Ry ' Resultant Force, X Direction - F
5 Ry Resultant Force , Y Direction F
6. Ry Resultant Vertical Force F
7 M Resultant Overturning Moment FL
8 v Wind Speed LT
9 3 Density Of Air B T
10 J Viscosity Of Air FTLS
1 N Newton's Second Law Coefficient Fi T2
12 0 Wind Direction |

Figure 2: Definition Sketch of the Shell Model
: and Pertinent Quantities



18

The velodity and physical properties of the air, i.e,, density and vis-
bosity, were also included, so that .the effect of Reynolds' number could be
evaluated. |

_Changing the direction of the impinging wind would alter the flow char-
acteristics about.the shell; therefore the wind direction, @, was included
as a pertinent variable. The designation of the tests with wind flow per-
‘pendicular to the horizontal edge Was,¢=0,vthﬁs tests with.flow perpendicular
to the V-ghaped edge were designated @=90.

».The pertinent quantities were then combined according to the Buckingham
Pi Theorém to form the dimensionless parameters listed in Table I:

The force system was evaluated-as influenced by the rise to width ratio
of thefsheil as well as the height of the shell above the ground plane. The
selection of the values to be used for tﬁe slope and height . parameters were
made  in accordance with the general practice in full-scale shells. For a
given shell width, W, . the strength increases with height, H. A value of
H/W = 1/8 gives an.efficient design for shells of about 40 ft. width. Be-
cause minihum.shell thickness is generally determined by the amount‘of con-
crete necessary for weather brotection.of the steel reinforcement, a shell
of 1eSSMWidfh might easily have an H/W ratio of less. than 1/8. 'The-values‘
selected for H/W were 1/6, 1/8, 1/10, and 1/12. The extreme values of the
height parameter, 6‘2 and 0.5, are equivalent to a 40 ft. wide shell at a

height of 8 ft. and a 20 ft. shell at 10 ft. height respectively.

Testing Schedule

The size of the models tested was selected to be -2 ft. square, . thus
- the height, H, was 4 in., 3 in., 2.4 in., and 2 in. corresponding tow77é

values of 1/6, 1/8, 1/10, apd 1/12 respectively. The height above-the
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DIMENS IONLESS PARAMETERS FORMED FROM THE PERTINENT QUANTITIES

No. _Term Description Symbol  Volues
R — . S
) f ——-’-‘-—; Drag Parameter, X Direction G,  Dependent
CONgHWRVE T | o
T, ——X—; Drag Parometer, Y Direction G,  Dependent
. NQHW?V , . : _
™, 5 Lift Parameter G, Dependent
) e Overturning Moment Parameter M, Dependent
¢ NgHwPev? g R |
| VWeN, . | o
My —-—-},3—3- Reynolds' Number R, ——
M, =—  Slope Porometer —  1/6,1/8,1/10,1/12
T, —\%— ‘Height Parameter — 0.2,0.3,04,0.5
M, 6  Wind Direction 6 0°,90°
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tunnel floor, D, ranged from 4.8 in. to 12.0 in. The schedule of tests
was set up to.vary each of the independent 77 terms through its selected
values while holding the other constant., The combination of the parameters

and values of the pertinent quantities for each of the tests are given in

Table II.
) TABLE II
" PARAMETER 'COMBINATIONS
Run H/W D/W H (in.) D (in.)
1 .1/6 R 4.0 - .
2. |..1/10 .30 2.4 7.2
i3 1/12 | 2.0
5 1/8 .20 3.0 4.8
6 .40 . 9.6
7 .50 o 12.0

This schedule of parametervcombinations'was carried out for both
. direétions of flow oveé the éhell,,i.e., @#=0 and $=90.

Anothér schedule of tests was set up fo‘determine the effects of a
solid ﬁpwind barrier of height B, at a distance S from.the shell. For
thesé tests B and S must be included as pertinent quantities thus two new
77'terms.areufequired._ They are 77} = B/D and 77é = 8/D. Since severe
oscillatory forces made it impossible for all the tests to be.completed,
the schedule is not presented here but:is discussed in-the chapter con-

-cerning test results,



CHAPTER IV

EQUIPMENT

Force Sensing Devices

The Theoretical System

The requirements of the supporf,system designed .to measure the forces
acting on the model were stability and staticalvdeterﬁinaéy;‘Aisystemw
.haviné»three supports was sSelected with two force components. at each support.
. The three supports were designated A, B, and C with the direction perpendic-
ular to 'the horizontal edge of the model and in a horizontal plane designated
X, the direétioh 90 degrees from X, designated Y and the vertical direction
Z. The resultant forces and moment were éxpressed acting at the top and
center of the shell. Figure 3 is a sketch of the éystemvshowiﬁg;the coor-
dinate éyétem_aﬁd location of the measured and resultant forces. The.result-
ant forcés are designated by "R" with a subscript denoting their direction
while the measurea forces are designated by an "F" with two sﬁbséripts. The
first subscript denotes the place of measurement, i.e., support.A, B, or C,
and £he second designates. their direction. |

Six equations of statics are available for the solution of the system.
.They. are: the summation of forces in each direction:equal zefd,and.the
summation” of moments in.each of the three planes equal zero. The overturning'
moment, M, is in the X, Z plane when. {@=0 and the Y, Z plane when $=90. Table
IIT lists the equations of statics used and the resultant force and moment

.equations.
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Figure 3: The Theoretical Force System

TABLE ITI1
SOLUTION OF THE RESULTANT FORCE SYSTEM

Equotioh Of Statics - ___Resultont Equahons
IR0 Re-F,
sF=0 R-=F~+F5
IR0 2= Fut By +F‘
}:M(x.zfo When@=0 “”*‘an Fu cm”w’ 2)

IMyz*0  When§:90 ~o~(cm,, Fya (W/2I-(Fyy+Fyh)



23

The Physical System

The three suppofts for the shell models were made of 5/8 inch outside
‘diameter steel tubing and 3/8 inch diameter tubing which could slide-within
the larger tubing giving a means for adjusting the height of the-model. To
fix the model at the-desired height two set screws were used running through
the larger tubing and clamping on.the smaller. Round supports were used to
reduce the éﬁoﬁnt of interference of the flow pattern beneath the shell.

The supports were 1ongvenougﬁ to pass through the“floor éfiﬁhe.wind tunnel
‘thus' eliminating force seﬁéing eﬁﬁipment from}the'wind f1ow;pétfern.

To measure‘the‘fofces at the lower end of the supﬁdrts-in only two
.directions required thé development . of a‘systemiof "weighing bars." The
weighing bars were designed.sb that - the £orces in . two perpendicular direc-
tions, onmé vertical and one’horizontai,vcould‘be.detgrmipéd; Egigureé 4 and
5 illustrate variou; characteristics. of one Qf the weighing;ba¥s, Two pairs
of electrical resistance,strain gages‘were,attached aé shown such that any
applied force in the ﬁlahe éf the»twdifofces to be determined would cause
strainiin one or’both’pf‘thé gage pairsldgpending,on.the difection.of’fhe
applied 1§ad.“ The conhécﬁion‘between the en&;pf the-wéiéhing-bar and . the
suppdft‘was‘a'béll joint to minimize‘forqﬁe transmission to the weighing |
‘bars. ‘ToréionalAresié;épce‘;t the épd‘of an§ of the.Fhfge‘bafé_woﬁld have ,
removed the.sta;ical deéérminacy‘ of the sysfém.. Alsé,,torsioﬁal loads |
woqla have indﬁced strain;in.thelvarious gagg pairs Whiph‘would‘havé been
interprefed és an.applied.load. The'longitudinal axis 0f{the'bér=waslperp;'
endicﬁiaf to tﬁe plane formed by the fprcéé to. be deterﬁined. :The base
end;bf'#hé bar was supported by;ball bushings-to minimiéé the'léngiﬁudinal

force being resisted simulating a frictionless condition, This prevented
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, Stroin Gage Pair To Ball Bushing
Ball Joint %«m Horizontal Force *" Sq. Tubing Mount -l
Connection \
—Jm [ SN
e I X hases
) y Strain Goge Pair To X" Dia. Stee
Vertical Plull—/ Horizontal Plote .
ik‘ Thick *. Thick Sense Vertical Force Shafting

Figure 4: Sketch of a Force Sensing Weighing Bar

Figure 5: Plan View of an Assembled Weighing Bar

\
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axial stresses from being developed which would have caused an unwanted
strain indication. The ball bushingé were mounted on a frame work fas-
tened to the floor beneath.the wind. tunnel. The frame work was pivoted
above a vertical axis passing through the center of the model thus
allowing rotation of the system to change the direction of the impinging
wind. Figure 6 shows the supports and force sensing equipment with the
shell model in place.

The thickness of the flat plates on which the strain gages were
mounted was selected to provide sensitivity to the 1ighéstAexpected load
yet limit the deflection to 1/2 inch in either direction for maximum ex-
pected load. The maximum and minimum.loadé were calculated by assuming
the lift and drag coefficients, CL and QD’ to vary from 1.0 to 0.1 for
the range of velocities at which the tests would be conducted.

A "Sanborn" Dual Channei Carrier-Amplifier Recorder was used as the
strain signal'aﬁplifying and recording device. This made it possible-for/
the load indication from both gage pairs of one particular weighing bar
to be recorded simultaneously.

The weighing bars were calibrated by loading them in each direction
with loads of known magnitude and recording the strain reading as units
of deflection on the recorder chart. The relationship between applied
load and units deflection was linear. The slope of the relationship was
determined by a linear regression analysis for each weighing bar in each
of the directions. All bars were checked carefully to be sure that applied
load in either direction did not cause a false strain indication, e.g.,. load
in . the horizqntal direction did not cause strain in. the gage pair. for

sensing the vertical force.



Figure 6: The Complete Force Sensing
System with Shell Model in Place
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She11>Models

To obtain a true hyperbolic paraboloid shell configuration, a material
for constructing the models was needed which could be easily formed. An-
other desirable characteristic for the model material was light weight yet
-adequate rigidity to prevent excessive deformation under action-of the wind.
Fiberglass was seleéted. "To form the fiberglass shell models, plaster of
paris molds were poured to generate the desired shape. Each of the four
quadrants was made by the use of the plywood box form illustrated in Figures
7 and 8. Thebmolds having the most slope were poured first. After the
quadrants were cast they were fastened together as shown in Figuré 9 and
the fiberglass applied. Fiberglass cloth and resin were used alternately

~until a shell about 3/32 inch thick was formed. .The model was then sanded
to smooth any roughness present on. the surface and edges. The sides of
the plywood box form were then changed to correspond to the model with the
next slope, the plaster of paris quadraﬁt placed in the box and a new
hyperbolic paraboloid quadrant formed. - Thié process was continued until

all four models were complete. Figure 10 shows one of the finished shell

models.
Wind Tunnel

General Characteristics

The agricultural engineering wind tunnel at Oklahoma State University
was used for the study. The tunnel was designed for low speed testing. It
is an open return, induced flow type,. 50 ft. in length having a four ft.
square cross-section. The axial flow blower is 60 inches in diameter and
consists of 16 adjustable pitch blades. The blower isypowered through a

variable speed belt drive connected to a 15 hp.. electric motor. A piezometer
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Figure 7: Sketch of Plywood Box Form Used for Making Plaster of
Paris Molds

Figure 8: Plywood Box Form with Plaster of Paris Mold
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Figure 9: liold Ready for the Application of Fiberglass

Figure 10: Hyperbolic Paraboloid Model
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ringiis located near.the,exhéust section of the>wind’tuﬁne1.to‘allow meas-
urement .of static pressures by the use of a precision manometer., The air
passing through the tunnel was recirculated to provide minimum changes in
the properties of tﬁé ait during testing.  Figure li shows.the arrangement
and dimensions of the-@ind Funnel.

Velocity Determination

" To detérmipe the variation of velocity in the wind tunnel a veldcity
traverse WAS'made‘with a pitot-static tube at 64 points on a.6 inéhdgrid
within the-tunnel. Traverses were made for four different wind speeds .
- The piezomeférvring géatiq pressure wés recorded for each,sﬁeed as well as
thewvélocity/head. hTﬁe‘vglocity was essentially,constanﬁ forlail,logations,
. with Fhe‘exception ofvreduqed velocity,in,thé corners and a slight:iﬁcrease
in.vgloqity,with hgight. |
To détermineifhé veipcity of the wind, acting on the model,. by reading
the piezometer riﬁg,staﬁié pressure, the follbwing-procedure'was‘used:
1. The‘qrea in thejtunne1 which the model would oqcuﬁy-was determined.
Eighf‘points from the velocity traverse were witﬁin:tﬁe éréa;
v2.,The 310pejof-ﬁhe Velocity‘Head,’hA, Q;; .Piezometer Static Pressure,
H; curve -was determined by a.linear regression analysié for each of
the eight points. The average value of thé~equation.for'the~lineér

relation was:

‘hy = 0.799 H
where, hy = velocity, head, (iﬁ. of methanol);
~H = static head, (in. of water)..
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3. Velocity = 2g H

where, =-32,2 ft/secz;

H, = velocity head, (ft. of air).
but, - Ha = hA_ pA/lz Pa = (.799 H). pA/lz Pa
where, pA: density of methanol, (49.38 16/f£t3);

-density of air. _

Pa

then, velocity

2(32.2)(.799 H)(49.38)/12 p,

14.55 H/ p,

A "Bristol" Thermo-Humidigraph was used to record. the laboratory temper-
ature and relatiQe'humidity during testing. . This instruﬁent‘was checked each .
day of testing by the use of a sling psychrometer t;.insﬁfe proper calibra-‘
tion, ‘During-the-Fests the temperature within the tunnei was recorded.  The
density of the aif was then determined by the :use of alpsychrbmetric chart

assuming the air at the same moisture content in the tunnel as in.the labora-

tory space.



CHAPTER V

PROCEDURE

The following procedure was followed in setting up and conducting the

experiments:

1.

The temperature and relative humidity recording device was cal-
ibrated by the use of. a sling psychrometer,

The correct shell.model was selected for' the run to be conducted
and - then mounted on.the supporting masts.

The height of the model. above the tunnel floor was set.

The force sénsing equipment was visually checked for proper
alignment; then lubricated to minimize friction effects.

The recorder was adjusted‘to give é zero load indication. for =
each of the six force components.

The "Run" was then conducted at a minimum of five different wind

speeds. The wind speed varied from approximately 24 to 45 miles

" per hour with some tests begun at. about .10 miles per hour. For

each wind speed, the static pressure at the piezometer ring was
recorded and traces from. the recorder were made for each of the
six strain gage pairs. The laboratory temperature, relative
humidity, tunnel temperature, and barometric pressure were: re-
corded at the beginning and end of the test run.

Steps 4~6 were then repeated twice to give. a miéimum:of thfee rep-

lications for. each test run.
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From the data obtained in the laboratory the magnitude of the measured
.forces was calculated. .The velocity was calculated by the use of the pro=
cedure déscribed in the previous section on velocity determination. The
‘resultant forces and ovefturning,moment'were determined. Values of the
.dePendent 77 terms were cal¢ﬁiated and recorded. The average value of the
deﬁendent 77 terms for the thfee<replications was éomputed for analysié

and discussion of results.

The values of the six measured forces and the relative velocity, R 2,

are shown in the appendix for tests conducted without an upwind barrier.



CHAPTER VI
PRESENTATION OF DATA
Interpretation of the Dependent Pi Terms

The dependent pi terms, 771 = Cx’ and 77é = Cy’ are drag coefficients.
Their relationship to the drag coefficient, Cps of the usual drag equation;
| Drag = Cp d A, may be determined as follows:

_ _ 2 _ 2
771 =C =R /NHWPV  or R_=CNHWpV

where, R, = drag when §=0,
q = dynamic pressure = %;fNeVZ
therefore s %CDNeA /0 v2 = CxN_eHW/o v2

A(Cy /2) = C.HW
The afea; A, projected horizontally onto a vertical plane for a hyper-
bolic paraboloid shell is HW/2.
%hen, Cx = Cb/4
A similar relationship may be developed between 773 =C,, and the
lift coefficient, Cy of the equation; Lift = Cp q A. In this case A is the
area of the shell projected vertically onto a horizontal plane. The solu-
tion then involves the use of 77% = H/W, and is:
C, =Cy/ 2 77%
77L =-MO, the dependent pi term involving the ovefturning moment is

then a moment coefficient.
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The objective of the étudy was then to determine thesé dimensionless
coefficients, which describe the force system acting on the shell struc-
ture as affected by changes in:

1. Reynolds' number, 77;
2. Slope parameter, 77%
3. Height parameter,‘77}

4. Direction of the-wind, 77é
Reynolds' Number Effects

For most sharp-edged dbjects it has been determined that. the drag and
1ift coefficients are not affected by changes in Reynolds' number. The
hyperbolic paraboloid was expected to exhibit such characteristics. To
determine if such was the case, graphs of the dependent 77 terms and Rey-
nolds' number were plotted and are presented in.Figures 12 through 18. In
some cases the coefficients were found to be dependent on Reynolds'. number,
RN’ for the range in which the tests were conducted. The range of’R&lfbf3
the tests varied from approximately 1.5 x 10°to 7.5.x. 102.

_Qég . ‘ .

The drag and lift coefficients were notably dependent on changes in

Reynélds' number. Thé-maximum.dbserved values were approximately 1.5 to
. 2.0 times greater than the minimﬁm. Both coefficients showed a peak value

at about R,, = 4 x 105 and then decreased with increasing Reynolds' number.

N

The positive value of the 1lift coefficient, C,, indicates the resultant
vertical force on the shell model was in a downward direction., The moment

coefficient, Mo’ was minimum at RN = 5.5 % 105 for one test. All other

runs showed the moment coefficient to be increasing with increasing Reynolds'

;

number. The range of observed coefficients was from 0.13 to 0.36;
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$=90

The drag and lift coefficients showed very little dependency on changes
in Reynolds' number above 4 x 105. The ratios of the maximum to minimum
observed values were all less‘thén 1,2, The negative value of szmeans the
resultant vertical force is upward. M, the moment coefficient was vari-
‘able with changes in Reynolds' number. No general trend was evident.. The
negative value of.Mo means the resultant moment is trying to twist the»shell
down on the windward side of the shell, i.e., into the-wind. The signs asso-
ciated with Cz andeo indicate that the resultant vertical forée and the
overturning moment Ere acting in opposite directions for #=90 than when @$=0.

The values of the coefficients below RN =4 x 10° were erratic. This
was probably due to friction in the force sensing equipment.

For values of Reynolds' number investigated above the lower limit (cf.
>Table IV) the plots of the drag and lift coefficients appeared to be a
straight line on log-log paper. The general form of such a reIationship
may be-expressed:

Coefficient = a(RN)b

Tables IV and V give the wvalues of the cbnsfant, a, and the. exponent,
b,’determined.by a linear regression analysis. The-analysis was carried
out for all observed points above the value of RN given in the tables as
the "lower limit." The true value of RN»is the - tabulated value multiplied
by lps. Also Fabulated are the maximum and minimum values of the coeffi-

cient observed for the range in which the-equation was determined.



TABLE IV

DRAG COEFFICIENT EQUATION CONSTANTS FOR (=0 AND @}=90
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Test Conditions | Drag Coef., Ck,'¢=0' Drag Coef., C,, #=90
. Range of | Lower ange of |Lower
Run | H/W |D/W a b Coef. | Limit a b | Coef. |Limit
‘ | : Observed | of Ry il - Observed |of Ry
3 1/12 | .30 10.89 .265 | .43-.29 1.9 {25.67|-.327 .36-.32] 4.8
2 1/10 | .30 1225 .649 | .36-.18 4.2 ||5.148|-.216 .32-.27] 4.9
5 1/8 .20 .00820| .240 1821 4.8 .6019|~-.042 .36-.32| 3.5
4 11/8 .30 .7737 .084 |'.27-.22 3.5 .7208 |-.118 .34-.37]| 4.8
6 1/8 40 .2463 .005 | .31-.27 3.5 4336 [-.018 .35-.331! 4.8
7 1/8 .50 11.61 .266 | .38-.32 4.2 .63451-.031 .45~.40} 4.1
1 1/6 .30 15.06 .308 | .32-.25 | 2.7 L2047 | .078 .54-.64| 3.4
TABLE V
LIFT COEFFICIENT EQUATION CONSTANTS FOR @#=0 AND @=90
Test Conditions|| Lift Coef., C_, @=0 Lift Coef., C,, $=90

Range of | Lower Range of |Lower

Run | H/W |D/W a b Coef. | Limit a b Coef. |Limit
o Observed | of Ry Observed |of Ry

3 1/12 | .30 5045 .668 | .84-.59 4.2 | V15747 1311 .82-.96 | 3.4
2 1/10 | .30 227.7 | -.463 | .61-.41 4.2 | 4534 .047| .83-.88 | 3.4
5 1/8 .20 111183400 |-1.106 | .62-.37 | 4.8 2,044 .055(1,06-.97 | 1.9
4.11/8 .30 947.7| -.572 | .56-.39 4.2 .6536| .026{ .87-.98 | 3.4°
6 | 1/8 | .40 || 1388 .595 | .65-.41 4.2 ] .2062| .115| .89-.97 | 3.4
7 1/8 .50 1231480 .978 | .73-.41 4,2 2.703 .084| .97-.85 | 3.4
1 1/6 .30 || 2521 .651 | ,63-.41 3.5 | .4984] .0911.55-1.66| 3.4




46

Slope Parameter Effects

Graphs of the force and moment coefficients were plotted against

the slope parameter, 77, = H/W, and are presented in.Figure 19. Since

7
Reynolds' number was effective for most of the tests, the value of each
coefficient was determined for four different values of RN'

=0

The maximum value of the drag coefficient, Cx’ was 0.36 correspond~
ing to RN =4 x 105 and was observed with H/W = 1/12, the flattest shell
slope tested, For Ry = 7 X 10° the maximum value of Cy was 0.30. C,
decreased as the slope ratio increased to 1/10.for all values of Rﬁ. The
minimum value was 0.19 correspoﬁding to RN =7 x 10° compared to 0.28
for By = &4 x 105. .For the steeper slopes of 1/8 and 1/6, C, was approx-
imately constant at a value of 0.25 for all values of RN.

The lift coefficient, C,, was also maximum for H/W = 1/12. The
maximum observed values were 0.92 and 0.62 corresponding to Ry = 4 x 105
and 0.44 for Ry = 7 x 105, at a slope ratio of 1/10. C, then remained about
constant for the steeper slope ratios of 1/8 and 1/6. The maximum pbserved
values were approximately 1.6 times greater than minimum observed values
for a constant shell slope ratio due to Reynolds' number effects.

The moment coefficient increased with increasing shell slope. The
maximum valué was 0.36 corresponding to an H/W ratip of 1/6 and a Reynolde'
number of 7x 10°. The minimum value of 0.14 was observed for’RN = 4 x 10°
at a slope of 1/12; |
2329

As the slope increased from H/W = 1/12 the drag coefficient Cy’ first
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decreased from 0.38 to a minimum of about 0.32 for H/W = 1/10 and a value of
Reynolds' number equal to 4 x 10°. Cy then increased to a maximum value of
around 0.58 for H/W = 1/6, the steepest slope tested.

The lift coefficlent, C,, also firsﬁ declined with increasing shell

slope to a minimum value at about H/W = 1/10. C, then increased with in-

z
creasing shell slope to its maximum for H/W = 1/6. The maximum and minimum
values were 1,68 and 0.85.

The moment coefficient was also maximum for H/W = 1/6, the steepest

shell slope. For a Reynolds' number of 7 x 10° the minimum value was 0.14

for B/W = 1/12, Mo then increased to 0.49 for a slope ratio of 1/6.
-Height Parameter Effects

Graphs of the variation of the force coefficients for changes in.the

height parameter, 77, = D/W, are presented in Figure 20. For most tests,

7
variation of the height of the shell above the tunnel floor did not cause
asflarge a change in the observed force coefficients as did the variation
of the shell slope.
$=0

The incrgaée of the drag coefficient, C4», was approximately linear
with increasing height. The range of observed values was from 0.18 to
0.38, corresponding to 77} values of 0.20 and 0.50 respectively.

Cy, the 1lift coefficient was very dependent on Reynolds' number.

Variation of the height of the shell caused different effects on C, for .

- each value of RN' For the largest value of Reynolds' number, RN =7 x 105,
the 1ift coefficient increased with increasing height. As D/W varied from

0.2 to 0.4, C, increased from 0.41 to 0.51. The value of C, then decreased

to 0.49 for a 77, value of 0.50. For Ry = 4 x 10°, C, declined from 0.75
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to 0.56 as the height parameter varied from 0.20 to 0.30. c, then in-
creased with increasing shell height to a value of 0.76 for D/W = 0,50,

‘M the moment coefficient was maximum for D/W = 0.20 correspond-

o’
ing to the minimum test height. As D/W increased, M, decreased, The
range of observed values was 0.30 to 0,13,

2=90

Variation of the height of tﬁe'model had litfle effect on any of
the coefficients with @=90. The difference between maximum and minimum
observed values was usually limited to about 0.10,.

The drag coefficient, Cy,}was constént at approximately 0.34 from
D/W = 0.20 to 0.40. Cy then rose to a maximum value of 0.42 for D/W
= 0.50.

The lift coefficient, Cz, varied from 1.0 to 0.85. The maximum
value occurred at the lowest height of the shell, i.e., D/W = 0.20.

M decreased with increasing height up to a:value iof D/W = 0.40
corresponding to an Mo value of about 0.28. Then the momenﬁ coefficient
increased to the maximum observed value of 0.36 for D/W = 0.50.

The maximum and minimum observed values of the coefficients for all
shell slope and height parameter éombinations are tabulated in Table VI.
TABLE VI

MAXIMUM AND MINIMUM OBSERVED VALUES OF THE FORCE
COEFFICIENTS FOR ALL TEST CONDITIONS

Test Conditions Coefficients for ¢=Q Coefficients for =90

Run| H/W | D/W Cy C, M, Gy C, o

Max.[Min.|Max.|Min.| Max.|Min.||Max. Min; Max. ?Min.ZZMax.' Min.

1/12 | .30 | .43 | .29 |.84 | .38 | .27 | .15 .36 | .30| -.97| -.82 | -.18
1/10 | .30 .36 |.18 | .60 | .42 | .33 | .19 ||.32 | .24| -.88 | -.84 | -.20

1/8 .20 | .21 | .14 | .63 | .37 | .31 |.27 | .38 | .30|-1.06| -.97 | -.35
1/8 .30 .27 | .22 | .56 | .39 | .27 | .20 .37 | .11|-1.08| -.83 | -.33
1/8 40 f .31 ] .26 | .63 | .41 .27 | .21 .38 |.25] -.98| -.89 | -.33
1/8 .50 || .38 | .26 | .73 | .41 | .25 |.,11| .45 | .39 -.97| -.86 | -.39

R~ W

1/6 .30 || .50 | .25 | .61 | .40 | .33 | .24 || .62 | .54 |-1.73 |-1.54 | -,52

.12
.14
.29
.19
.26
.33
b4
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Barrier Effects

The following schedule of tests was set up to determine the effects of
a solid barrier of height B placed at a distance S upwind from the shell '
model.
TABLE VII

PARAMETER COMBINATIONS TO STUDY
BARRIER EFFECTS

Run 77% = H/W 775 = D/W 77; = B/D. 7710 = S/D
8 1/6 0.30
9 1/10
10 1/12
11 1/2
12 0.20 4
13 0.40
14 0.50
15 1/8 1/4
16 3/4
17 0.30 1.0
18 , 6
19 1/2 8
20 10

Runs 8, 9, 14, 15, 16, and 17 were the only tests completed. Severe
oscillations of the models caused such large variation in the amplitude of
the oscillograph traces that the data obtained for the forces acting on the
shell models was unreliable. If the sensitivity of the recofder was re-
duced enough to minimize the amplitqdé of the traces, the deflection from
the null position was very small because of the small forces involved.

.The drag and 1lift coefficients were calculated for each of the tests
with barriers. The range of observéd values is tabulated in Table VIII
~along ﬁith the range of observed valueé for test runs which had the same
 values of 77% and 77; but with no barrier. The ratios of the coefficients
for tests with barriers to the coefficients for tests without barriers were

calculated. The maximum and minimum values are tabulated in Table VIII.
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" TABLE VIII
COMPARISON OF FORCE COEFFICIENTS FOR TEST
WITH AND WITHOUT BARRIERS

With Barrier Without Barrier Ratio Barrier/
Test Test ‘ No Barrier
Run| Drag, C, , Lift, C,) Run| Drag, C, | Lift C, Drag 4 Lift
8 [.070-.087 | 1.02-1.13 1 .25-.32 41-.63 .22-.35 1.6-2.8
9 1.030-.120 | .932-1.08 2 .18-.36 - | .41-.61 .084-.67 1.5-2.6
14 |.065-.100 { 1.31-1.52 7 .32-.38 - | .41-.73 .17-.31 1.8-3.6
15 ¢.157-.219 | .670-.770 4 .22-.27 .39-.56 || .58-.99 1.2-2.0
16 {.011-.089 | .418-.562 4 .22-.27 .39-.56 L041-.40 .75-1.4
17 }.027-.163 | .111-.247 4 .22-.27 .39-.56 .10-.74 .20-.63

The drag coefficients for test. runs witﬁ barriers were always less
than for tests without barriers. Howevep, the lift coefficient was as
much as 3.6 times greater fpr tests with a bdrrier present equal to 1/2
the height of the shell height, i.e., 77§ = 1/2. For 77; values of 3/4
and 1.0, both the drag and 1lift coefficients were reduced. Runs 15, 16,
and 17 with barriers pfesent compared to Run 4 without a barrier shows that
as barrier height increases from a height equal to 1/2 the shell height,

the 1lift coefficient decreases.



CHAPTER VII
DISCUSSION AND INTERPRETATION OF RESULTS

Prandtl: and Tietjens (1934) state that for each particular body there
belongs a characteristic fﬁnctibn , ¢ = f (RN); where ¢ is the‘drag coef-
ficient of the body. The lift and overturning moment coefficients may also
Be expressed as functions of Reynolds' number. These functions can be as-
certained only by experiment and for each shape and position of the body
ﬁhe experiment must be reéeated.

The flow pattern of a fluid about an object may also depend on Rey-

" nolds' number. Geometricallyﬂsimilar flow about geometrically similar
objects is assured if the values of Reynolds' number are equal. However,
it has been observed that for some objects, the variation of Reynolds'
number through a certain range does not cause a change in the flow pattern.
.For that range of Reynolds' number the shape of the flow pattern is then
independent of Reynolds' number effects.

The coefficients determined for the shell models wéfe in most cases
dependent on Reynolds' number, therefore the flow pattern about the shells
was changing with increasing velocity. The function, f (RN) for the drag
"and lift coefficients was approximated by a linear relation on log-log
paper for values of Reynolds' number between 4 x 10° and 8 x 10°.

A common effect on the flow pattern with changing Reynolds' number is
the variation of the location at which the boundary layer of flow separates

from.the object. For a thin flat platé with the flow perpendicular to the
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plane of the plate, separation would occur at the edges. As the plate isg
rotated and the flow becomes parallél to its plane the boundary layer

would cling to the surface for some leﬁgth along the plate before sépara-
tion would occur. This length necessary for sufficient.energy dissipation
to cause separation would depend on. the angle of the plate with respect to
the wind and the velocity of the wind, i.e., Reynolds number. 1In the light
of the foregoing explanation, it appears that the slopes of thé shells .
tested were of such a value' that the force coefficients were dependent on
‘Reynolds' number. | |

Changing the direction of the wind flow impinging on the shell model
from @=0 to =90 caused a reversal in the direction of the resultant ver-
tical force, Rz’ and the overturning moment, M.

Variation of the slope of the sheil, H/W ratio, caused significant
changes in the force coefficients observed. The effect of increasiﬁg the
slope was opposite for ¢=0 and @=90, i.e., the largest values of the liff
and dfag coefficients were observed with the least shell slopé with @=0 and
with the greatest sheli élope with $=90. | | | |

The following hypothetical explanation of the action of the wind forces
on tpe shell is presented in an attempt to qualitatively explain some of
the observed wind force characteristics. Consider the two sections of the
:shell shown in Figure 2l to be the critical sections, i.e.; the sections of
the shell whiéh"most affect the magnitude and_diféction of the wind forcés
aéting on the shelinl For =0 the flow beneath the shell probably governs
the forces acting on the shell sincé the upper surface of tﬁe shell at“the
critical section is not in direct contact with the air flow. The opposite
wo&id'tﬂen be fhe case for ¢=90 and flow abo?e the éhell would be the more

important. As the air passes over the shell, the forces would be developed
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on the front and rear portions of the shell in the directions shown
causing the resultant force system shown at a point in the center of
the: shell. As the slope increases for =0, the air stream beneath the
shell would tend to move toward the center portion of the shell. This
means less air is passing over the '"critical" sections causing a re-
duction in the drag and lift components for shells with steep sloﬁes.
For =90 the wind flow above the shell is also moved toward the center
of the shell as the slope intreases. This causes a larger amount of
air to flow over the "critical" section of the shell increasing the
drag and lift forces developed. |

Changing the height of the shell model above the tunnel floor caus-
ed only small variations of thebforce coefficients. This was expected
due to the nearly constant wind vglocity profile present in the wind
tunnel. The effects which were<n9ted were probably due to interference
of the wind flow beneath the model.

Although Reynolds' numbe; in many cases was effective, the observed
values of the force coefficients can be used as.a guide in the design of
full scale structures. Most of the coeffiéients wére approximétély‘con;
stant or decreasing with increasing Reynolds' number;thérefore the direct
application of the observed coeffiéients should result in a conservative
design. For tests such as Runs 1,4,5,6, and 7 with $=90, the drag and
1ift»coefficiénts were nearly independent of Reynolds' number effects
and the observed coefficients could be directly applied for the design of

full scale structures.



CHAPTER VIII
SUMMARY AND CONCLUSIONS

A model study of the wind forces acting on saddle-shaped hyperbolic
paraboloid shell models was conducted, (cf. Figure 1, page 3). The models
were tested in a low speed wind tunnel. The experimental inﬁestigation
was organized and conducted according to the principles of similitude.

Equipment was developed and a method devised for the direct deter-
mination of‘the_force components acting on the shell models.  The resultant
force systém.was described in terms of three components; the hofizontal
drag, vertical 1lift, and overfﬁrning moment acting on the structural model.

The-wind forces acting on the hyperbolic paraboloid shell models were
dependent on Reynolds' nﬁmber for one direction of‘wind flow over the shell,
i.e., P=0, (cf., Figure 2, page 17). For some of the shell configurations
with @#=90 the drag and 1lift coefficients were found to be independent of
Reynolds' number effects.

The directions of the vertical force and overturning moment acting on
the shell were dependent on:the direction of the impinging wind. The re-
sultant vertical force was down for (=0 and upward for @#=90. The direction
of the overturning moment was also reversed when the direction of the wind
changed fromk¢=0 to $=90.

The slope of the shell was a more important factor in determining the

force coefficients than was the height of the shell above the tunnel floor.
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Solid upwind barriers caused oscillatory forces on the shell models.
For all conditions tested the barriers reduced the drag coefficient. The
1lift coefficient was increased for barrier heights equal to 1/2 the shell
height or less. For barrier heights equal to 3/4 the shell height or
more- the lift’coefficient was reduced.

The maximum observed values of the drag; 1ift and overturning moment
-coefficients for the entire series of tests occurred for test Run 1 with
#=90. Run 1 corresponds to a shell slope parameter of 1/6, which is the
ratio of the rise to width of the shell. The shell height parameter for
Run 1 was 0.30, which is .the ratio of the height of the shell above the
tunnel floor to the width of the shell.' The maximum values of the co-
efficients were:

0.62

i

Drag, Cy

Lift, C_ = 1.73
Z

Overturning Moment, M, = 0.52
Suggestions for Future Investigations

Because Reynolds' number effects were evident in the tests conducted,
a more complete investigation of the forces acting on hyperbolic paraboloid
structures is needed. Such a study should be condﬁcted with facilities
capable of varying the velocity over a wide range so that the effects of
Reynolds' number could be determined.

A study of'thé resultant wind forces for diagonal wind flow over the
shells is needed to completely define the resultant forceé on the shell
under wind loads.

The severe oscillatory forces which were developed when solid upwind
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barriers were present point out the need for an investigation of the effect
of such barriers on the wind stream characteristics. Such information

could then be used for the design of other structural configurations.
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APPENDIX

ORIGINAL DATA FOR TESTS CONDUCTED
WITHOUT A BARRIER
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RELATIVE
VELOCITY

o pve

70405
102431
139.34
176693
224457

69e42
104469
137.21
178435
227469

Tle62
103.50
142.94
178492
226¢41

RELATIVE
VELOGCITY
- PVS |
98495
(137637
. 180e42
22109

270437
320465

100.02
138457
17870
220447
256429
312.31

98422
140.93
180.97
222.03

- 272400
323405

MEASURED FORCES - (grams)

'HORIZONTAL
Fxa Fyz Py

186~ 111- 088
265~ 182~ 201
297~ 182- 188
424~ 243= 264
446~ 202~ 200
206- 116~ 151
276- 167- 226
350~ 192- 232
382~ 182- 226
615- 192- 251
223- 111~ 106
276~ 132- 138
361~ 152- 138
446- 192- 138
573= 253

226

F

ZC

112~
157~
225-
225-

450~

112~
180~
225~
360~
360~

135-
180~

225-

360~
540~

MEASURED FORCES - (grams)

HORIZONTAL
Fea Fyp  Fye
111- 055~ 085
093~ 049~ 045
212~ 101~ 085
286=- 132- 076
403~ 192- 214
334='101- '188
170~ 101- 126
154= 081~ 126
191- 081~ 126
228- 099~ 126
- 265= 111~ 189
308~ 121~ 189
223- 132~ 182
239=- 121~ 182
297+ 137- 182
318~ 172~ 251
340- 152~ 182
350~ 182~ 251

RUN 1. @=0

~ VERTICAL
Fon  Fap
142- 0606
204- 0910
306~ 1172
407- 1536
509- 1941
122- 0606
224- 0930
367= 1213
407~ 1536
733= 1860
142= 0667
224~ 0930
326=- 1294
448~ 1577
652- 2022

RUN 2 @=0

VERTICAL

Fza  Fzp
081~ 0465
163~ 0627
163~ 0768
244~ 0970
402- 1213
530~ 1415
102- 0465
122~ 0647

- 204~ 0788
244~ 0930
285- 1132
407- 1375
102~ 0455
122- 0627
204~ 0788
285- 1011
326~ 1213
407~

1455

Foc
067-
090~

135-

157~
225~
270~

090~
135~
112~
225~

225~ -

360~

056-

090~
090~
157~
225~
360~

027~

63

RESULTANT

% R

111~
093~
212~
286~
403~
,334~

170~

154~
191-
228~
265~
308-

223~
239~
297-
318~
340~
350~

030
004~
016~
056=
022
087

025
045
045

027

078
o068

050
061
045
079
030
069

0317
0374
0470
0569
0581
0615

0273
0390
0472
0461
0622
0608

0297
0415
0494
0569
0662
0688



64

RUN 3 @=0

RELATIVE MEASURED FORCES - (grams) :
VELOCITY HORIZONTAL ~ VERTICAL _ RESULTANT

PV Fea Fyz Ty Foa Fzg - Fyg R R,
100486 149~ 132- 065 041- 0485 O01l1- 149~ 067- 0433
137.43 223- 121~ 050 081- 0647 067- 223= 071~ 0499
174479 260- 126- 055 081- 0829 067- 260~ 071- 0681
222451 224~ 081- 058 244- 1011 180- 224~ 023~ 0587
23492 ~ 350- 162~ 065 163- 1051 090- 350- 097- 0798
305460 403- 202- 163 204- 1375 225- 403~ 136- 0946
100428 233~ 121- 058  041- 0465 067- 233~ 087- 0425
13775 244- 111- 055 061- 0606 090- 244- 056= 0455
177485 318- 152- 075 061- 0809 090- 318- 077- 0658
220002 424- 238=- 201 122~ 1011 135=-  424=- 037~ 0754
259 ¢46 403=- 182- 201 204- 1213 225- 403~ 019 0784
328615 467- 213- 151 285~ 1455 315~ 467~ 062- 0855
10176 149- 075- 050 - 061- 0465 067~ 149- 025- 0337
136486 164= 061= 045 081~ 0627 090- 164- 016~ 0456
168467 286= 101- 085 - 081- 0788 067- 286- 016~ 0640
224432  286- 111~ 125 143~ 1011 135- 286- 014 0733
273073 382~ 152~ 138 244~ 1213 180- 382- 014~ 0789
327.08 446- 192- 188 407- 1455 180~ 446- 004~ 0868

. : RUN 4 @=0

RELATIVE ' - MEASURED FORCES - (grams) :
VELOCTTY HORIZONTAL ~ VERTICAL RESULTANT

PY Faa Fyg Ty Fon Fag o Fpo B B K

99447 164~ 234= 132 092- 0566 090~ 164- 102~ 0384
128455 . 223= 244~ 121 143- 0748 135- 223- 123- 0470
178020 382- 458~ 170 163~ 1011 202~ 382- 288- 0646
223477 393- 458~ 176 326~ 1253 225- 393~ 282- 0702
268466 414~ 448- 163 407~ 1536 292- 414~ 285~ 0837
327033 448~ 489- 188 - 407~ 1779 450- 448- 301~ 0922
100454 180- 085- 170 122- 0606 067- ~ 180- 085 0417
138670 233- 121- 176 122- 0809 157- 233~ 054 0530
181476 297= 152- 201 143~ 1051 180- 297~ 049 0728
223459 . 414- 182- 226 244~ 1294 270- 414- 044 0780
268459 477~ 243~ 2176 367~ 1536 360- 477- 033 0809
326440 488- 243- 239 489- 1860 450- 488- 004- 0921
104400  175- 061- 048 143~ 0606 112- 175~ 013= 0351
139.65 307- 121- 126 081- 0829 135- 307- 005 0613
182.71 = 328- 152- 126 244~ 1011 180~ = 328~ 026= 0587
224482 381- 172- 176 285~ 1253 225- 381~ 004 0743
275401 499- 248=- 195 - 407- 1577 360- 499~ 053= 0810

328460 520- 243- 201 407~ 1738 450- 520- 042- 0881

"
H
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RUN 5 @=0
RELATIVE MEASURED FORCES - (grams)
VELOCTTY HORIZONTAL T VERTICAL RESULTANT
_ PY Fya . Py Fyo Faa Tz Fyc % B Rz
102484 111- 012= 020 081- 0586 090- 111~ 008 0415
132675  175= 055- 063 081~ 0768 135- ~ 175~ 008 ' 0552
180421 255~ 086~ 113 204~ 0970 225- 255- 027 0541
220447  255- 081~ 063 285~ 1213 270- 255~ 018- 0658
271484 403~ 172~ 176 326~ 1496 360- 403- 004 0810
331460 552- 172- 188 407- 1819 450~ 552- 016 0962
100¢56  149= 042- 078 081~ 0586 090~ 149- 036 0415
135424 202- 077- 093 ~ 102- 0809 140~ 202- 016 0567
17768 265- 096= 100 163- 0970 180~ 265- 004 0627
220414 308~ 116- 126 204- 1212 270- 308- 010 0738
266871 382- 162~ 188 326~ 1496 &415-  382= 026 0755
310491 456- 192- 226 407~ 1657 450- 456- 034 0800
96456 091~ 042- 050 061~ 0566 067- 091~ 008 0438
137413 '143=- 055~ 050 122~ 0788 135-  143- 005~ 0531
177435 260- 132~ 138 170~ 1051 180~ 260~ 006 0701
217438 361- 197- 157 204- 1253 225~ 361- 040~ 0824
248463 382- 182- 163 326~ 1415 270~ 382- 019~ 0819
325417 382- 172~ 176 509- 1738 450~ 382- 004 0779
RUN 6 @=0
RELATIVE | " MEASURED FORCES - (grams)
VELOCITY 'HORIZONTAL VERTICAL RESULTANT
PV oo T3 By Foa Tz T - X Ry R,
97421 223~ 095- 138 143=- 0667 090- 223~ 043 0434
133,97  340- 167- 188 244- 0890 180- 340~ 021 0466
17781 382~ 162- 188 285- 1172 225~ 382~ 026 0662
211408 403~ 132- 138 285~ 1375 315~ 403= 006 07715
270646 594w 304= 327 326~ 1738 225= 594~ 023 1187
317094 679~ 263= 201 509~ 2022 450~ 679~ 062- 1063
101492 180= 079- 138 122- 0667 090- 180- 059 0455
13149 249- 116~ 144 163- 0849 135- 249- 028 0551
180471 350~ 172~ 182 204- 1132 225- 350~ 010 0703
223490 414~ 192~ 182 367- 1415 270- 414- 010~ 0778
267490 509- 243- 188 407- 1698 337- 509- 055- 0954
333440 657~ 304- 226 509- 2022 562- 657~ 078~ 0951
100607 228- 111- 055 143~ 0667 090~ 228~ 056= 0434
13775 286- 137- 090 204- 0889 135- 286~ 047~ 0550
178492 382- 197- 130 244= 1213 225- 382~ 067~ 0744
215456 = 446- 202~ 151 407- 1415 360- 446- 051- 0648
269489 509~ 273- 176 407- 1698 450- 509- 097- 0841

32731 552~ 283~ 176 611~ 2022 562- 552- 107- 0849
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RUN 7 @=0

RELATIVE MEASURED FORCES - (grams) .
VELOCTTY HORIZONTAL VERTICAL RESULTANT

PV Fea 'FYB Fee  Fza Fzg  Fype KR kKR
100494 265- 157- 121 122- 0748 112- 265~ 036« 0514
135.86 340= 172- 157 204- 0991 157-  340- 015- 0630
179497 435~ 228- 182 285~ 1253 270~ 435~ 046- 0698
221648 594= 324~ 283 - 367- 1577 359-  594= 041~ 0851
267467 615- 334- 276 509- 1637 450~ 615~ 058« 0678
32930 743=- 354° 301 . 611~ 2224 562~ 743~ 053~ 1051

97462 276- 147- 214 122- 0667 067-  276- 067 0478
134489 1350- 172- 214 204= 0970 180~ 350- 042 0586
173644 467~ 253- 264 204- 1213 180- 467- 011 0829
22164 = 594= 263~ 257 306~ 1577 315- 594- 006- 0956
254410 637= 273-= 251 448~ 1819 337- 637-~ 022=~ 1034
327469 T64= 344= 327 713~ 2224 675= 764~ 017- 0836

9786 255- 121- 126 081- 0728 112~ 255= Q005 0535
13419 329= 152= 176 143- 0930 157- 329- 024 0630
154496 403~ 137- 132 285= 1213 225~ 403~ 005= 0703
218442 509~ 213~ 226 367~ 1577 337~ 509- 013 O0R873
268414 615= 273~ 251 407-.1819 562~ 615- 022= 0850

322459 700~ 314~ 276 611- 2123 562~ 700~ 038=- 0950



RUN 1 $=90
RELATIVE | MEASURED FORCES - (grams)
VELOCITY HORIZONTAL  VERTTCAL
PV" Fxa Fyp Ty Faa Fzz - Fyg
98479 034- 111 163 224~ 0389- 112~
135467 017- 162 264 306= 0544- 157~
178496 = 013- 202 276 407- 0778- 202-
206497 000 243 301 489~ 0993- 247-
273413 021~ 323 402 652- 1167~ 337-
1100034 021- 121 060 264= 0428- 112-
136426 000 192 201  306- 0583~ 135- .
180433 000 232 251 407~ 0778~ 202-
217444 010 303 377  448- 0856~ 270-
266435 020 364 402 .  652- 1167- 360-
95474 000 111 182 204~ 0389~ 108-
133443 000 162 201 = 306~ 0467- 135-
179,00 030 243 214 . 407- 0778- 225-
212457 040 283 251 489- 0972- 247~
270470 020 364 352 713- 1167~ 360-
RUN 2 =90
RELATIVE MEASURED FORCES - (grams)’
VELOGITY HORIZONTAL VERTICAL
Pve Faa Fyp Ty Faa Fap - Fyg
101.88 006 077 048 143~ 0292- 072-
137.31 . 020 111 138 183- 0389~ 112-
17932 . 000 141 176  285- 0506~ 135-
219474 010 172 188 367- 0622- 157-
272413 010 202 251 407- 0778 225-
102420 030~ 077 065 163~ 0253- 072-
137438 000 121 176 163- 0350~ 090-
180449 021- 141 126 285- 0467- 112-
219438 000 182 188 367- 0544~ 157-
273416 042- 202 151 407~ 0778- 202-
100402 015- 097 050 143~ 0272~ 063-
135474 021~ 111 075 204~ 0369- 090-
180486 021- 152 100 285~ 0467- 112-
224489 021- 183 126 367- 0544- 157-

272672 011=- 232 226 407- 0778~ 180-

67

BOR

034= 274 0725~
017~ 426 1007-
013~ 478 1387~
000 544 1729~
021~ 725 2156~
021- 181 0784~
000 393 1024~
000 483 1387~
010 680 1574~
020 766 2179-
000 293 0701~
000 363 0908~
030 457 1410~
040 534 1708~
020 716 2240~

RESULTANT
KR K R

006 125 0507~
020 249 0684~
000 317 0926~
010 360 1146-
010 453 1267~
030- 142 0448~
000 297 0603-
021- 267 0864~
000 370 1068~
042~ 353 1387~
015- 147 0478~
021- 186 0663~
021- 252 0B864-
021- 309 1068-
0ll- 458 1365~



RELATIVE
VELOGITY

pv

98426
130467
178414
222449
270470

99¢56
133492
176405
21932
270649

1010112
136484
17197
215416
273431

RELATIVE
VELOGITY

P

99.96
136¢74
183.18
232401
273403

99425
132439
175464
221032
26989

101e12 -

136485
179+¢14
20840
27470

. F

051

RUN 3

F

. F

ic

000
000
000
000
000

000

000
000
000
000

000
000
000
000
000

ZC

112~
157~
225-
270~
360+

124~
157~
225-
270~
360~

117-

180-
225~
270-
405-

#=90
MEASURED FORCES = (g;ams)
HORIZONTAL VERTICAL
Fra Fyp  Fye Fon  Fzp
020 073 163 163~ 0233~
009 091 163 204~ 0350-
040 141 176 285~ 0467~
020 182 226 367~ 0544~
040 202 251 489~ 0856~
034=- 049 050 183- 0214~
016 111 100 244- 0331~
008 121 113 285- 0467~
011~ 141 126 367- 0544~
000 182 163 407- 0778~
004 057 095 143~ 0214-
004 081 138 224- 0311~
006 101 176 285- 0389~
004 152 214 407~ 0428-
010 182 251 489- 0700~
RUN 4 @=90
'MEASURED FORCES - (grams)
HORIZONTAL VERTICAL
xxa "3 Fye Foa  Fgp
013- 106 100 153- 0331-
042- 258 239 204~ 0486-
074=- 263 201 306~ 0622~
053- 303 402 367~ 0778=
051 344 427 448~ 0875~
072~ 040 070 183- 0369~
. 064= 081 151 204~ 0428-
025~ 152 188 244- 0661-
021- 212 251 326~ 0778~
000 303 276 489- 1089-
015- 077 085 162~ 0331~
021- 111 182 202- 0467~
051 202 188 243- 0583~
000 242 251 324~ 0778-
283 377 445~ 0972-

68

RESULTANT
R Ry K,
020 236 0396-
009 254 0554~
040 317 0752~
020 408 0911~
040 453 1345~-
 034= 099 0397-
016 211 0575~
008 234 0752~
011- 267 0911~
000 345 1185~
004 152 0357-
‘004 219 0535-
006 277 0674~
004 366 0835~
010 433 1189~
RESULTANT
e R,
013- 206 0596-
042~ 497 0847-
074~ 464 1153-
053- 705 1415~
051 <771 1683~
072- 110 0676-
064~ 232 0789~
025~ 340 .1130-
021~ 463 1374~
000 579 1938-
015- 162 0610-
021- 293 0849~
051 390 1051-
000 493 1372-
051 610 1822-



RELATIVE
VELOGITY:
=
70429
9890
135.24%

17349
222069

6T7e45

9610
133469
173.21
218495

67069
10035
131422
170.86
222406
27034

RELATIVE
VELOCITY

pve.
101462
134434
177498

220438
269420

98485
13355
17339
211.08
27147

9980
133497
176437
21824
26987

RUN 5 @=90
MEASURED FORCES - (grams)
HORIZONTAL VERTICAL
Fsa Fyz Py Foo Fap - Fye
040 085 176 101- 0272- 112-
016 111 188 162~ 0350~ 157~
020 141 221 202~ 0506~ 225-
011=- 202 226 324~ 0700- 315~
000 243 377 364~ 0779- 405~
008 093 060 112~ 0253= 112~
040~ 093 163 143~ 0350~ 157~
021- 141 188 204~ 0544= 225-
012 192 227 244= 0622~ 270~
000 232 301 326~ 0778~ 360-
006 057 095 101~ 0292- 112~
004- 089 038 163~ 0350~ 180-
004 111 176 . 224~ 0506= 225-
008 152 251 285- 0622~ 292-
020 202 327 367- 0856~ 360~
020 283 1352 448~ 1011- 450~
RUN 6 @=90
MEASURED FORCES - (grams)
HORIZONTAL VERTICAL
& Fyz Ty oo Fap Ty
000 091 138 204~ 0389- 079-
028 152. 214 285- 0506~ 112~
026 192 226 367= 0700~- 135-
040 243 251 489- 0856- 157~
051 323 1352 652~ 1011- 225~
016 111 126 204- 0350~ 090-
012 152 232 285~ 0467- 090-
000 182 276 407= 0700- 112-
000 243 276 489- 0778- 135-
000 283 364 570~ 1011- 180~
017- 073 176 204~ 0389-" 067~
000 152 188 265- 0428- 090-
000 192 276 367- 0622- 135-
000 222 327 611- 0778- 180~
010 283 402 652- 1011~ 225-

69

- RESULTANT
R Ry R
040 261 0485-
016 299 0669-
020 362 0933~
011- 428 1339-
000 620 1548-
008 153 0477-
040~ 256 0650~
021~ 329 0973-
012 419 1136~
000 533 1464-
006 152 0505~
004~ 127 0693~
004 287 0955=
008 403 1199-
020 529 1583~
020 635 1509~
RESULTANT
% B R
000 229 0672~
028 366 0903~
024 418 1202-
040 494 1502~
051 675 1888~
016 237 0644~
012 384 0842~
000 458 1219-
000 519 1402-
000 547 1761~
017~ 249 0660~
000 340 0783~
000 418 1124-
000 549 1569~
010 685 1888~



RELATIVE
VELOCITY

pv?

10104
134456
176473
214492
27104

99426
132.94
175049
21978
272450

10153
135405
166471
213498
269469

HORIZONTAL
FXA FYB FYC
017- 101 201
000 152 239
004 182 427
000 243 490
000 303 528
008 101 201
004~ 162 214 -
004 202 352
020 243 389
010 303 452
017- 152 151
013- 202 176
004~ 222 276
000 263 339
010 303 427

MEASURED FORCES - (grams)

RUN 7 @=90
VERTICAL

Fon Fgp
285~ 0350~
326= 0467-
448~ 0700~
489~ 0817-
693~ 0933-
265~ 0369~
326~ 0467-
448~ 0583~
570- 0700~
733=- 0972~
244~ 0350~=
326- 0467~
407~ 0467-
570~ 0778~
652~ 1069~

Fac

009-
022~
034-
045-
067-

013-
009-
022-
045-
045-

018-
022-
036~-
045~
067~

70

RESULTANT
SRR
017- 302 0644~
000 391 0815~
004 609 1182-
000 733 1351-
000 831 1693~
008 302 0647-
004- 376 0802~
004 554 1053~
020 632 1315-
010 755 1750~
017- 303 0612~
013- 378 0815~
004~ 498 0910~
000 602 1393~
010 730 1788~
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