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CHAPTER I 

INTRODUCTION 

Wind damage to single story, frame structures is a source of great 

financial loss each year. While it is not presently considered econo

mically feasible to design such structures to withstand extreme condi

tions in the eye of a tornado, it should be possible to find means to 

minimize, and perhaps eliminate, damage due to high strain winds. Such 

damaging winds can occur during severe non-tornadic storms, and even 

along the peripheries of the eye path of a tornado. 

Severe winds are known to create a pressure differential between 

inner and outer building surfaces--a pressure differential which is 

on some surfaces positive or inward, and on others negative or outward. 

In a tornado the sudden negative differential may even cause a structure 

to 11 explode 11 • More often, however, wind damage results from an 

ordinary high wind in which fastenings are over-stressed to the point 

that the roof is displaced sideways and/or 11 lifted 11 from the walls. 

The walls may instead be separated and raised from the foundation. 

Even if all these fastenings and members are adequate to withstand 

high wind loads, the sheeting or 11 clading 11 may not sustain the forces 

induced. 

Protection from Wind Damage 

One obvious solution to wind damage is well designed buildings. 

1 
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Proper wind design should be based upon Weather Bureau statistics as 

to the worst probable wind to occur during the design life of the 

structure at the given location. The well designed structure must 

then be properly constructed by conscientious laborers. This solution 

depends upon a 11 chain 11 of design and construction steps which results 

in !!Q weak links--perhaps easier said than done, due to the many 

opportunities for human error and inadequacies. 

Another approach to the problem could involve purposeful 

incorporation of a weak link into the chain--a link which might fail 

without endangering the whole structure. Such a method could utilize 

a pressure release device, reacting to a predetermined differential 

and set to activate under high stress, but before expensive structural 

damage ensued. Following release, the structure would become 

11 vented 11 • The "pop off11 valve of a pressure cooker is an example. 

The more familiar method of barrier protection from the wind has 

been studied by researchers and practiced by many who constructed, 

or more commonly planted, wind breaks. Nevertheless, wind breaks 

are either structures which must be designed and constructed at some 

expense, or grown with a long time delay. Also, wind breaks are 

susceptible to damage and the protection is then lost. 

A further approach might be to incorporate into the original 

construction a system of deflectors, an airfoil, or ducts to alter 

wind flow over the structure and thereby attempt to achieve a more 

favorable pressure distribution. 

Must of the past effort in wind research has been aimed toward 

the ability to accurately predict forces a building must sustain 

during its useful life--this for the obvious purpose of being able 



to adequately design for these predicted loads. To date relatively 

little has been accomplished toward lessening wind loads a building 

must sustain other than changing the roof pitch and placing 

windbreaks. 

This Investigation 

The main objective of this investigation is to develop an 

integral protective system which will favorably alter the air flow 

over a modeled single story structure in order to alleviate damaging 

forces induced by a severe wind. 

To accomplish this, both flow visualization techniques and tests 

on scaled models in a large low speed wind tunnel were planned for 

preliminary evaluation of several systems with potential to alleviate 

the usual wind force pattern. 

Using the most promising system, more extensive study of the 

relationship between the system components and the resulting wind 

force was planned in order to obtain a method of predicting the force 

coefficients on a full sized structure equipped with the system. 

3 



CHAPTER II 

LITERATURE REVIEW 

Wind Description 

The problem dealt with in this thesis concerns non-tornadic winds 

of high velocity but excludes the tornado. In a tornado, where a 

sudden pressure drop occurs, only the sturdiest of structures will 

survive. For most buildings the added expense of tornado proofing is 

not justified. The damages incurred in high velocity wind storms 

often occurring in the Great Plains area should be avoided, or at 

least alleviated, if at all possible. Sometimes this sort of wind 

occurs along the fringes of tornados and at other times these very 

high winds accompany weather fronts. 

Any description of the wind must take into account its random 

occurrence. The description must consider the randomness of velocity, 

of turbulence and place of occurrence, all subject to the whims of 

mother nature. While trends are observable and predictions can be 

made, these are necessarily based upon analysis of a statistical 

nature of past weather data recorded in a number of locations over a 

period of years. 

The major consideration in determining the wind forces a given 

shape of building will have to sustain, in a given region, is the 

velocity. The drag and lift forces are primarily dependent upon 

4 
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\'!ind velocity. 

Velocity Magnitude 

The measurement of wind velocity magnitude in the United States 

is based upon records of the Weather Bureau stations all across the 

nation. In the United States, the velocity observed is that of the 

"extreme - mile" wind, measured in miles per hour. The "extreme -

mile" wind is the maximum velocity determined from the least time 

required for one mile of air to pass a fixed point (la). It is 

customary to take the velocity observations at a distance of 30 feet 

(hereinafter referred to as 11111 ) above the ground surface. Where this 

is not the case, the data is normalized to that height usually assuming 

a wind velocity profile of 1/7 (discussed later). 

The storm recurrence frequency is statistically determined based 

upon the historical records of the United States Weather Bureau. If 

the 100 year period of time for which records had been kept for a 

given region, a storm of 90 miles per hour occurred only once, then 

the recurrence frequency expected would be once per 100 y1~ars. If 

no higher velocity storm occurred in the 100 year period, .then 90 miles 

per hour would be considered the 11 100 year storm" for the region. 

If a 60 miles per hour storm were the highest velocity storm 

which had occurred only 10 times in that same period, then its 

recurrence frequency would be 10 times per 100 years (or once per 

10 years) and it would be the 10 year storm. 

Since the 10 year storm occurred 10 times in 100 years the 

probability is that it can reoccur once each 10 years, however, it is 

possible to get two such storms only hours apart. 



The United States Weather Bureau data is available for various 

storm mean recurrence intervals in the form of isotach maps showing 
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the highest wind velocity which is expected to occur once, for example, 

over a 25 year period of time. The other recurrence intervals 

generally available are 10, 50 1 and 100 years (lb). 

In designing a given structure, the useful life of the building is 

taken in consideration, as well as the potential loss of life and pro

perty in order to choose the design storm mean recurrence interval for 

the structure. The design storm for a temporary poultry structure 

would be less than for a commercial poultry processing plant where 

building failure could result in considerable loss of human life and 

property. 

Velocity Variation with Height Above the Ground 

The velocity of moving air ordinarily diminishes near the ground 

level due to retardation by objects on the earth's surface--trees, 

rocks, buildings, etc. Theoretically the velocity of the air at the 

surface of the ground is zero. 

A number of fluid flow equations, both theoretical and empirical, 

exist for quantifying the variation of velocity with height above the 

surface. The most prominent of these are aptly discussed in detail 

by Nelson (2). Three of the more familiar forms are spiral, logarithmic 

and exponential profiles. Of these three, the most widely used is the 

exponential or power law profile. 

The simplified method to describe the velocity pattern of surface 

winds is based upon turbulent fluid flow across a flat roughened 

surface. To further simplify, the roughened surface can be 



considered smooth. The velocity distribution, or velocity profile of 

fluid flow over a flat smooth plate, is actually comparable to that in 

a closed smooth conduit or pipe where the radius of the pipe is equal 

to the thickness of the boundary layer over the flat plate. 

Referring to Figure 1 (from reference 3), the boundary layer can 

be described as the layer of fluid flow adjacent to a surface upon 

which that surface has a retarding effect. Its thickness is o; here 

it is the radius of the pipe, r 0 . Beyond the boundary layer, 

theoretically, there exists uniform mean flow with velocity, U. 

The nearer to the interior surface of the pipe a particular 

fluid element lies, the lower the horizontal velocity, u, of that 

element. Theoretically, there are fluid elements with zero velocity 

in contact with the pipe wall. Near to the surface of the pipe is a 

laminar sublayer within the otherwise turbulent boundary layer. It 

can be seen that the velocity distribution in the laminar sublayer 
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is essentially linear. Though in fact, this laminar sublayer probably 

exists, it is often ignored since it causes very little change in the 

theoretical velocity distribution. 

The equation used to characterize the velocity variation is known 

as Blasius• one-seventh-power law. 

Knowing U at the extremity of the boundary layer o, the velocity u 

can be found at any other height y. It is not necessary to know U and 

o. If the velocity is known at any height, it can be found at any 

other height. Indeed, the equation is most often used to find the 
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Figure 1. Turbulent Pipe Flow Used as a 
Model for Turbulent Boundary 
Layer Flow 
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velocity at some critical design height for a building, knowing the 

ve 1 o city at 30 ' . 

For air flow across the earth's surface, the thickness of the 

boundary layer, o, is open to debate, as is the value of 1/7--both 

mainly because there exists a multitude of different wind and surface 

combinations in which to apply the equation. 
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Davenport (4) suggests that the level above which the wind 

velocity ceases to vary due to ground surface friction is approximately 

1,000-2,000'. In open countryside of Michigan, Sherlock (5) indicates 

that 900' is a good average, which fact agrees with Pagon (6). 

Brunt (7) notes that either an increase in roughness or instability 

serves to increase the exponent above 33'. These two causes are 

generally acknowledged as the major causes of turbulent air. Stability 

refers to the lack of temperature variation with height. Storm winds 

of long duration are almost inevitably naturally stable near the 

ground because of the turbulent mixing of the air according to Sutton 

(8). Rudolf Geiger (9) stated that this condition is usually achieved 

with wind velocities of 13 miles per hour or greater. Severe local 

thunderstorms and frontal squalls are notably unstable where the air 

near the ground is warmer than the air aloft. Thermal interchange 

takes place between the lower air and the upper faster moving air 

which is unretarded by the earth's surface roughness. In extreme 

cases of instability, the value of the exponent in the power law can 

even approach zero as attested by Ali (10) who measured a value of 

1/50 and 0. G. Sutton (8) who suggests a value of 1/100. In such 

cases, the surface roughness has little effect on the velocity profile. 

Where, however, a large scale stable storm occurs, surface roughness 



is the dominant influence on the variation of velocity with height. 

The surface roughness does not refer to the mountainous terrain. 

Rather it is a function of the cumulative statistical drag effect on 

the wind of many obstructions determined by their size, density of 
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location and height--i.e., trees, buildings, crops, rocks, etc., accor-

ding to Davenport (4). Logic and experience show the surface roughness 

to be a minimum over the ocean and a maximum in a large city. 

Davenport further gathered data from all over the world and thoroughly 

analyzed it in a most extraordinary and extremely interesting fashion 

to arrive at the table in Figure 2 where l/a is the exponent to be used 

in the power law and ZG is the thickness of the boundary layer. 

Further, an effect of the magnitude of velocity itself upon the 

velocity profile is documented by G. F. Collins (11) wherein he finds 

that, after studying nine storms at Brookhaven Lab, Long Island, the 

exponent in the power law is increased by approximately 0.02 for every 

10 miles per hour increase in the surface velocity of the wind. 

However, it must be noted also that at least some feel the 1/7 

power law or some version of it is of little interest below 30 1 --namely 

Thom (12) and Brunt (7)--mainly because at those heights the wind 

forces are of little interest to structural engineers. 

Fluid Flow and the Building 

Any body immersed in a moving fluid experiences force exerted 

upon it by the fluid. The component of the force which is perpendicular 

to the motion of the undisturbed fluid is lift. 

to the motion of the undisturbed fluid is drag. 

FD = C A EJl:_ 
D 2 

The component parallel 

The equations are: 
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F =CAi:!._ 
L L 2 
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where c0 and CL are dimensionless coefficients, A is the projected 

area perpendicular to the flow for F0 and the projected area parallel 

to the flow for FL, p is the fluid density, and V is the uniform 

velocity of the fluid. The quantity P~2 is the dynamic pressure of 

the moving fluid. Usually c0 and CL are determined by experimental 

methods although it is possible to derive the quantities theoretically 

for some simple shapes. 

The forces induced, either upon the object by the fluid or upon 

the fluid by the object, depend upon the fluid density, the fluid 

viscosity, the velocity of flow and the shape of the object. If the 

fluid is compressible, the elasticity (and the Mach Number) of the 

fluid is important. Air at lower velocities--less than sonic--is 

virtually incompressible. The fluid viscosity is important in laminar 

flow where the predominate retardation of air flow over or around an 

object is due to layers of air 11 sliding 11 over adjacent layers. 

In such situations, the viscous forces are significant in relation 

to the inertia forces and must be considered. With turbulent flow, 

however, the viscosity and the viscous forces are no longer of any 

relative importance when compared to the magnitude of the inertial 

forces. 

The drag and lift forces can again be divided into two components-

one parallel to the object surface and one perpendicular to the object 

surface. For drag, the former is friction drag and the normal compo-

nent is pressure drag. 

The shape of the object determines whether the predominate 
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component of drag force induced is tangential or perpendicular to the 

object surface. For objects which are 11 streamlined 11 the pressure drag 

and the friction drag are small and of the same order of magnitude. 

For blunt or bluff objects (not streamlined) the friction drag is 

relatively unimportant and the pressure drag is quite significant. 

A building on the earth's surface is blunt object and the predomi

nate forces on the building are pressure forces. Surface or skin 

friction is relatively unimportant. A flat plate with wind moving 

across its surface is, on the other hand, subject to friction drag of 

relativel~ significant magnitude. Friction drag causes, in the case 

of air flow across the earth's surface, a considerable retardation 

effect near the surface as previously discussed. 

The building offers an example of another flow phenomenon--that of 

flow· separation and wakes. The flow lines of the fluid cannot conform 

to the building configuration due to the abrupt changes of geometry. 

The momentum of the air does not allow it to turn sharp corners. Flow 

separation occurs and the "separated region 11 is a wake area of turbulent 

rotational flow where lower pressure exists. Back flow and large scale 

eddies occur which indicate fully developed turbulent flow and an 

increase in energy dissipation (13). The size of the wake area can be 

used as a relative measure of energy dissipated under the same flow 

conditions (14). 

The building protrudes into and disrupts the air flow, forcing it 

out around and up over the obstruction. A common misconception is that 

air forced up over the roof must speed up in order to keep up with the 

relatively undisturbed irrotational air at slightly higher levels. 

In reality, a given quantity of air is crowded into a smaller area as 



the air above confines the disrupted flow below by resisting upward 

motion itself. The same sort of action takes place as in any pipe 
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when the flow area is reduced. The velocity increases and the pressure 

decreases or perhaps more accurately, the forced separation downstream 

beyond the ridge is an area of decreased pressure so the fluid particles 

are accelerated in that direction. Lift is created on the surface in 

the separated region. If the roof surface of the building slopes 

steeply upward, the angle may be such that the upper portion of the 

windward roof incurs inward pressure forces due to the increased 

deflection of the air flow. The ridge area near the roof acts as a 

point of stagnation. This is reflected in the coefficients of the 

American Society of Agricultural Engineers standards (lb) in the table 

of coefficients, Figure 3. 

For a gable type building the distinction of c0 or CL is usually 

disregarded. The coefficient is designated inward or outward normal 

to the actual surface area considered rather than related to some 

projected area either perpendicular or parallel to the undisturbed flow. 

Another air flow phenomenon can occur on the building's roof at 

the leading edge where turbulent air flow boundary layer is separated 

from the surface much as it does for flow around a blunt edged plate, 

only reattaching some distance further up the roof. The distance 

from the leading edge to the point of reattachment of the local boundary 

layer depends often upon slight changes in the angle of incidence with 

the impinging air flow, its turbulence and the surface roughness. 

Potential for extreme local and total load exists when a building 

encounters air flow at some angle other than perpendicular to the long 

dimension. This was illustrated by Thomann (15) as shown in Figure 4. 



TA.LE 1-SHAPE COEFFICIENTS, C, FOR EXTERNAL WIND LOADS ON SINGLE SPAN GABLE-TYPE 

BUILDINGS-TOTALLY ENCLOSED 

(For designing trusses, columns, rigid frames, and other main members) 

I 

Windward 
B/W Wall Coet. C1 

1.10 0.'10 
0.1' 0.'10 
0.20 0.'10 
0.26 0.'10 
0.30 0.70 
0.86 0.70 
0.40 0.70 
0.46 0.70 
0.60 0.'10 
0.60 0.72 
0.'10 0.'14 
0.80 0.76 
0.90 0.78 
1.01) or more 0.80 

Leeward roof: Ca = -0.'.50, for all values of H/W 
Leeward wall: C& = -0.40, for all values of H/W 

1:12 

-0.34 
-0.61 
-0.60 
-0.60 
-0.60 
-0.60 
-0.00 
-0.60 
-0.60 
-0.60 
--0.60 
-0.60 
-0.60 
-0.60 

Negative values indicate external suction on building surface. 

Windward Roof Coef. C. 

Roof Slope 

2:12 8:12 4:12 6:12 6:12 

-0.24 -0.13 -0.03 0.06 0.12 
-0.35 -0.20 -0.06 0.05 0.12 
-0.47 -0.27 -0.06 0.05 0.12 
-0.69 -0.34 -0.08 0.05 0.12 
-0.60 -0.41 -0.18 0.01 0.08 
-0.60 -0.47 -0.26 -0.07 0.06 
-0.60 -0.63 -0.33 -0.16 0.01 
-0.60 -0.67 -0.39 -0.22 -0.06 
-0.60 -0.60 -0.44 -0.29 -0.U 
-0.60 -0.60 -0.49 -0.34 -0.20 
-0.60 -0.60 -0.63 -0.39 -0.26 
-0.60 -0.60 -0.57 -0.43 -0.30 
-0.60 -0.60 -0.60 -0.47 -0.36 
-0.60 -0.60 -0.60 -0.61 -0.39 

Figure 3. ASAE Standards - Shape Coefficients 
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Figure 8. /,,,ft : The flow field parallel t.o the 
diagonal of a flat rnof is traced in a wind tun
nel by applying dots of white paint to the 
roof surface of the model. When the tunnel is 

in operation, the airtlow paints its •-n pic
ture h'.)' stl'f'tching the dots to Ii nes. Riglrt: 
The pressure distribution resu lti ng from the 
flow situation on the flat mo{ shown at the 
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The flow was parallel to the diagonal of a flat roofed structure. 

Streaks from white dots of paint reveal the resulting flow pattern and 

the multiples of pV2/2 below atmospheric pressure show that locally, 

the negative pressure was immense. 

Simulation and Modeling 

The most practical method of studying wind effects on buildings 

has involved subjecting scaled models in a wind tunnel to controlled 

simulated natural winds. The pressure forces developed on the surfaces 

of the model are measured. The pressure forces are assumed to have a 

constant ratio to the kinetic energy of the wind in the tunnel measured 

at some appropriate place. The resulting ratio is a form of drag 

coefficient. This ratio can then be used to compute the wind forces 

on other buildings or models of proportionally the same shape by 

multiplying it times the kinetic energy of that wind flow even though 

the wind velocity is different. 

The principles of similitude as explained by Murphy (16) are widely 

accepted as valid general modeling techniques. These principles indi

cate that similarity should exist in two ways for the study of wind 

forces on models of buildings; fluidic similarity and geometric 

similarity of the model to the prototype building. 

Fluidic Similarity 

Strict application of similarity of fluid flow would dictate that 

there are dimensionless parameters, called TI (or pi) terms, which 

should be the same for both the model and the prototype in order for the 

modeling results to be applicable to prototype structures. One such 
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parameter that could be included is known as the Reynolds number or 

the ratio of viscous forces to the inertia forces (L V/v). Lis a 

length characteristic~ V is the mean velocity, and v is the kinematic 

viscosity. If, indeed, the viscous forces are of significance in 

relation to the inertia forces, then similarity of Reynolds Number is 

essential. 

In most experiments, the prototype fluid must be modeled by a 

fluid with a different viscosity in order to achieve the same Reynolds 

number since the geometric dimensions of the prototype are necessarily 

scaled down in modeling. In wind tunnel investigations it is not 

usually feasible to utilize a fluid other than air, the same fluid 

causing forces on the prototype structure. In order to utilize air and, 

for example, a 1:50 scale model, supersonic air velocities would be 

required in the tunnel. At those velocities, the Mach Number must be 

considered also. 

This resulted in attempts to justify the disregard of the Reynolds 

Number by showing that in fully developed turbulent flow, the inertia 

forces are relatively much greater than the viscous forces. The 

overwhelming evidence seems to be that for "blunt objects" (not 

streamlined), it is reasonable not to require similarity of the 

Reynolds Number. The Reynolds Number is certainly important in laminar 

flow where viscous forces are not negligible. 

The magnitude of the Reynolds Number involves a length term which 

should be significant in insuring the turbulent character of the fluid 

flow in the boundary layer. For some objects suspended in a uniform 

fluid flow, the length term is reasonably obvious, the diameter of the 

sphere, for example. 
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For a building in natural circumstances, the identification of the 

length term is not simple. Some have used the height of a building. If 

the smaller boundary layer near the roof's surface were to be considered, 

then one might consider the roughness of the surface (thickness of a 

shingle) or the distance from the leading edge. Nelson (2) suggested 

that to relate the dimensions of the building to the character of 

flow in the boundary layer, a ratio of some gross building dimension, 

such as the height, to a thickness parameter for the boundary layer 

(h/o) seems appropriate. 

Similarity of the Wind Profile 

Wind profile similarity must include the horizontal velocity 

variation with vertical height above the ground. Irminger and 

Nkkentved (17) showed that differences in the roughness of the 

approach surface ahead of a building could cause large differences in 

the suction on the windward roof slope for gable roofed models with a 

roof slope of 20 degrees (hereinafter referred to as 11011 ). They sugges

ted that a ratio of o/h might be used as an indication of the Reynolds 

Number, where 6 is the thickness of the boundary layer in the wind 

tunnel and h is the front height of the building. 

This indicates that unless some method is used to accurately 

simulate to scale the wind's natural boundary layer, the tunnel 

boundary can distort the results obtained with the model. The ratio 

of forces on a freely exposed model to those on a model situated on a 

11 ground plate 11 were greater on the former by 1.47 to 2.00. 

Jensen (19) compared the results of wind tunnel studies of ground 

plane simulation and actual conditions with respect to vertical 
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variation of the horizontal velocity. He concluded that if care was 

used to scale the roughness conditions of the ground surface so that 

velocity gradients were similar, the wind tunnel studies were valid in 

predicting prototype behavior. 

Similarity of Building and Its Surroundings 

Murphy's application of the principles of similitude (16) calls 

for the use of scale factors for the pertinent length terms needed to 

describe the building. The length terms are reduced by the same scale 

factor unless the model is to be distorted in some direction. These 

length terms must be 1 imited to those which are independent, and, if 

needed, can be further divided into Lx, LY and L2 , according to 

Huntley (20), in order to better define the building by adding more 

identifiable pertinent quantities thus usually reducing the number of 

pi terms. 

The size of the ground plane upon which the model is placed also 

can affect the results according to Leutheusser and Baines (21). They 

attribute discrepancies in results of some wind studies to an insuffi-

cient ground plane length--it should be long enough downwind to 

encompass the entire wake area of the building. (If the floor of the 

tunnel is used, this should not pose a problem unless the fan is too 

close to the model.) 

Nelson (2) remarks that the end flow around buildings, especially 

those whose length is short in relation to width, may mask or confound 

the effect of other variables of building geometry on magnitude and 

distribution of wind pressures. He advises that the results of three 

dimensional flow experiments should not be applied to prototype 



buildings unless it is established that end flow effects are inconse

quential or that the end conditions are the same for the model and the 

prototype. 

Of particular interest is the roof slope. Irminger and Nkkentved 

(17) and others have established that for the windward roof surface, 
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there is a critical zone of roof slope in the range of 20°to 25°, where 

the suction forces on lesser slopes change to pressure forces. Beyond 

25°, the forces are inward rather than outward. 

Surprisingly, after reviewing many accounts (but by no means all) 

of wind force--model studies, no investigation found dealt with the 

effects of ignoring the eave overhang common for many gable roof 

structures. The overhang was simply omitted from the closed front 

studies--likely because of the complications it causes by adding to the 

analysis or because in some areas of Europe especially, eaves are not 

common. 

Buckingham Pi Theorem 

One important assumption underlies the experiment. The determina

tion of what quantities are to be measured, how they are to be analyzed 

as well as the applicability of the results of the model studies to 

full scale building are all based upon the principles of similitude 

and ultimately the Buckingham Pi theorem. 

Following a discussion of the principles of dimensional homogeneity, 

Buckingham (22, 376) says: 

11 As a consequence, any equation which describes completely a 
relation subsisting among a number of physical quantities, of 
an equal or smaller number of different kinds, is reducible 
to the form 

iJ; (TI1 , TI 2 , •••• , etc.) = o, 



where the TI terms are all the independent dimensionless products 
of the form Qf, ~, .... etc., that can be made by using the 
symbols of al1 th~ quantities Q. 11 
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Buckingham has shown that the number of dimensionless and indepen

dent terms that it is possible to form is equal to the number of perti

nent physical quantities needed to describe the system minus the number 

of fundamental dimensional units in which the physical quantities are 

expressed. 

Murphy (16} is credited with the development of the theory of 

similitude with regard to the application of the Buckingham Pi theorem 

to the design and analysis of experiments in many fields of engineering 

and physical sciences. 

Nelson (2) outlines the procedure of applying the Pi theorem to 

the planning and conduct of an experimental investigation as follows: 

1. Decision as to the physical quantities or variables that 

are pertinent to the behavior of the system based on insight 

and knowledge of the physical system involved. 

2. Combination of the pertinent variables into an appropriate 

set of dimensionless parameters (pi terms). 

3. Determination of the functional relationship among the pi 

terms by conducting and analyzing the results of experiments 

wherein the values of certain pi terms are controlled or held 

constant so that the variation in others can be studied. 

By combining the several pertinent variables into a smaller number 

of dimensionless pi terms, the number of tests to completely define a 

system's behavior should be reduced, subject to the limitation of the 

researcher to correctly select and combine the pertinent variables and 
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also subject to the limitations on the range of values of the pi terms 

through which tests can be made, according to Nelson. 

Once a valid functional relationship is determined for one 

physical system, it is valid for all other systems which are physically 

similar, i.e., the essential variables needed to completely define the 

one, are the same needed to define the other and the functional rela

tionship ~ (~, TI 2 , •••• TI;) = 0 has the same operator and the same 

value for each of the dimensionless pi terms. The individual variable 

values need not be the same but their ratio, as pi terms, will have the 

same value if the two systems are physically similar. 

Force Measuring Methods 

One early method of measuring forces on a model utilized a number 

of piezometer holes placed at the locations where pressure effects 

were needed. Wind pressure measurements were recorded using manometer 

techniques and pressure contours were plotted for the model's surfaces. 

From the evaluation of these pressure contours, the total force for 

a surface was obtained. This method was used by Irminger and Nkkentved 

(17) (18) and is documented by Ghaswala (23) in his historical develop-

ment of wind tunnel tests. 

Methods utilizing manometers have been refined by adding gang 

manometers and photographic means of recording the data. Others use 

double walled sections in the model and tape to cover all but one port, 

still recording essentially one point at a time. 

At best, the method requires much work to collect and process 

the data. Many ports are needed to get an accurate picture. In 

addition, due to the weight the column of liquid in the manometers, 



they are entirely insensitive to rapid pressure fluctuations and 

register only the mean pressure. 
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A similar method sometimes used employs pressure transducers at 

several places on each panel. As with gang manometers, some of the 

same problems are present with gang pressure transducers. Both the 

transducers and recording equipment are expensive to acquire in 

sufficient number but the electronic signals produced are easily 

recorded for interpretation by mapping techniques. Pressure fluctua

tions can be recorded and integrated electronically. 

A third method, more suitable for this study, employs strain gage 

instrumented cantilever beams attached to each corner of movable buil

ding panels. The panels are actually suspended on the beams and as 

they react to the wind forces, strain in the beams produces signals 

which can be recorded. Nelson (2) was among the first to employ such a 

method, in the course of studying two dimensional wind effects on open 

front livestock shelters. He utilized three panels in a U-shaped 

trough suspended on 12 such 11 weighing bars 11 • The trough was placed in 

a larger wind tunnel. The weighing bars were exposed to the wind in 

the tunnel as they were mounted on the outer sides of the trough. He 

found it necessary to shield them from the wind. His assessment of the 

beams was generally very favorable for open front buildings. This 

method can yield no information on localized pressures or forces but 

does give the corner reactions of the panels. 

Flow Visualization Techniques 

A number of methods to visually investigate flow phenomena have 

been used to gain insight on air flow patterns around buildings. Among 



these are two dimensional techniques using oil or visual particles 

floated on a water surface, dye injected into a liquid, smoke and 

vapor introduced into a gas, tufts of yarn mounted on a solid surface 

(a grid board or aircraft wing}, bubbles injected into an airstream, 

electromagnetic simulations, computer simulations, and schliern 

techniques. Some of these can also be used for three dimensional 

studies, permitting fluid flow investigations in any plane. 

Irminger and Nkkentved (17) in the 1930's used powdered metals 

floated on water to investigate wind flow patterns over small shed 

buildings. They moved models through the floating particles and 

recorded two dimensional flow patterns using time delay photography. 
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Nelson (2) in the 1950's used a two dimensional smoke tunnel, 

manufactured by Aerodynamic Model Builders, Washington, D. C., in his 

investigations of wind flow over and through open front buildings. The 

apparatus (no longer available) utilized vaporized kerosene streams 

for tracing the flow. 

Brown (24) in the 1960's developed a three dimensional high speed 

wind tunnel using coked straw to provide smoke tracers. By injecting 

the smoke into the slow moving air ahead of the contraction section he 

was able to achieve good results at wind speeds up to 220' per second. 

Goddard (25) investigated three visual indicators for representa

tion of supersonic air flow in a three dimensional wind tunnel; straw 

smoke, kerosene vapor and schlieren using nitrous oxide gas. Though 

all three tracing methods produced satisfactory results, kerosene was 

found to be the least expensive. 

Theakston (26) developed a system to investigate three dimensional 

effects of wind and snow accumulations around buildings on a farmstead. 
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He mounted a model of a farmstead in a water flume and used sugar sand 

to simulate snow. The results were striking in both appearance and in 

reproduction of actual snow accumulation. 



CHAPTER II I 

THE INVESTIGATION 

In an attempt to discover some means of favorably altering air 

flow over a building to reduce wind forces, it was decided to develop 

and test several potential protective systems using modeling techniques. 

Two methods of investigation seemed appropriate; a qualitative inves

tigation of flow patterns over models incorporating the proposed 

protective systems and further quantitative investigation of the most 

promising system. From the latter it was hoped there would result a 

means of predicting wind force coefficients on surfaces of a prototype 

structure thus altered. 

Objectives 

The following were the overall objectives of the investigation: 

1. To develop several wind protective systems which could 

change the characteristic air flow over a structure. 

2. To design and build a flow visualization chamber for 

qualitative evaluation of flow patterns resulting from 

the various alterations. 

3. To evaluate the alterations by examining visual flow 

pattern changes and differences in dynamic force patterns 

exhibited by the models in simulated wind of an 

open countryside. 
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4. To fonnul ate force coefficient pre diction equations for the 

best system, if it favorably alters the characteristic pattern, 

in order to detennine optimum size and arrangement of the 

system components (variables). 

Scope of the Investigation 

The investigation was limited to single story gable type struc

tures with a roof slope of 4/12. The primary effort included 

investigation of 1/50 scale models placed normal to the mean flow of 

the wind. Some tests were run on models oriented at 0°, 15° and 30° 

from the normal in the final stages of the study. 

Correlation of the results of the model study with prototype 

structures will be left for future study. 

In the course of the studY. a few unplanned structural variations 

were tested and results of these are briefly reported. 

Method 

The overall objectives of the investigation were met by the 

fo 11 owing steps: 

1. Qualitative preliminary evaluations were conducted upon 111 

cross-sections of models by flow visualization in a smoke 

chamber constructed for the investigation. The following 

four systems were evaluated: 

a. ducts venting the positive pressure on the 

windward wall into the suction area on the 

lee side (Figure 5a). 

b. an airfoil mounted above the roof ridge (Figure 5b) • 
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Figure (a) 

Duct System 

Air Flow~ 

Figure ( b) 
Airfoi I System 

Figure (c) Figure (d) 
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Venting System Windward Deflector System 

Figure 5. Four Systems Investigated 



c. pressure releases venting the model (Figure 5c). 

d. deflectors on the windward roof slope (Figure 5d). 

2. Preliminary quantitative evaluations of the most promising 

systems were carried out in a low speed wind tunnel. To 

evaluate the systems, the dynamic reactive forces--induced 

by the altered air flow--were measured normal to four model 

surfaces; the windward wall, the windward roof, the lee roof 

and the lee wall. Four corner reactions for each surface 

were determined--16 in all. For comparison an appropriate 

control mode 1 w,as tested. 

The principles of similitude were utilized to analyze the 

systems. Tests were carried out in simulated severe turbu

lent winds (non-tornadic). 

3. The best system was tested more extensively, quantitatively, 

in view of obtaininq the necessary data for developing the 

pre diction equations and dete·rmini ng the most favorable 

system characteristics. 
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Pi terms, as elaborated in the Buckingham Pi Theorem, \'lere 

derived, but usually only one variable was chanqed during the 

tests as indicated by the experimental design. 

4. Analysis of the data (relationships of the variables changed 

to the 16 reactions) provided a basis for the force coefficient 

prediction equations and also the means of system optimization 

desired. 

In presenting the stages of the study, as it developed, the quali

tative phase is discussed, followed by the quantitative phase. The 
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quantitative phase is divided into a preliminary investiqation and, 

finally, more extensive investigation of the one most promisinq system. 

The investigation. from start to finish 1 involved a progression of 

testing and rudimentary analysis as advantages and disadvantages of 

first one system, and then another, were evaluated in order to focus on 

the system which seemed to have the most merit. 

Qualitative Investigation 

Objectives 

Flow visualization studies were conducted on models of various 

building modifications as well as upon the unmodified building. 

It was hoped that resulting flow patterns would reveal which of 

the modifications in each system most altered the normal air pattern. 

In addition, it was hoped that it would be obvious some of the four 

systems did not favorably alter air flow and that these would thereby 

be eliminated. In reality neither objective proved quite so simple! 

Method 

The flow visualization method chosen utilized streams of kerosene 

vapor injected into an airstream ahead of scaled cardboard buildinq 

models. The air flow patterns around the models could be easily 

detected by deflection of the white kerosene vapor streams against a 

dark background. These were photographed for recording purposes. 

The length of the cardboard building model is distorted with 

respect to the height and width of the building. The scale of these 

latter two is 1/120 whereas the depth of the chamber limits the length 
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to 111 • The air flow depicted is thus two dimensional and representa-

tive of that over a section of the central portion of the structure. 

Equipment - Smoke Tunnel and Models 

The qualitative studies planned were similar to those conducted 

several years earlier by Nelson (2) on models of open front buildings. 

Certain portions of the present apparatus were patterned after 

Nelson's written description of the no longer available commercial unit 

which he used. 

The smoke tunnel, pictured in Figure 6, was constructed for the 

purposes of this study. It consists of three sections mounted on a 

plywood base: 

1. The entrance section 

2. The smoke visualization flow chamber 

3. The exhaust chamber 

These are detailed in Figures 7 and 8. 

Of the three sections, only the exhaust section is permanently 
I 

fixed to the plywood platform. The smoke chamber can be completely 

removed if necessary. For the purposes of changing mode ls or cleaning 

the plexiglass, the thumbscrews, which clamp the three sections 

together to seal the units during operation, can be loosened. The 

smoke chamber and entrance section are moved 3/811 away from the exhaust 

section enabling the hinged back of the smoke chamber to clear the 

groove in the exhaust section and be opened without removing the smoke 

chamber. This can be seen in the back view of the tunnel shown in 

Figure 9. 



Figure 6. Front View of the Two Dimensional Smoke 
Tunnel Showing a Building Model in 
the Flow Viewing Chamber 
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Figure 9. Back View of Smoke Tunnel 

Entrance Section. This section's main function is gradual 

contraction of the incoming air permitting smooth entrance without 

generation of turbulence. The top and floor are plywood whereas the 

side walls are sheet rretal. The entrance is covered with four layers 

of ordinary house screening, each separated by 1/811 • These dampen the 

room turbulence of the entering air. 

The entrance section also houses the smoke rake which forms and 

positions the streams of kerosene vapor. See Figure 10. The rake is 

located at the narrowest portion, or throat, of the entrance section, 

immediately ahead of the smoke chamber. The smoke rake is vertically 

positioned in the center of the 111 wide colurm of air moving from the 

entrance section and into the smoke chamber. The vapor is supplied to 



both the top and the bottom of the smoke rake to insure adequate and 

even vapor flow to all the jets. 

Figure 10. Smoke Rakes 

The smoke rake consists of a section of 3/411 copper tubing, 

approximately 1411 long, flattened to the shape of an air foil. The 

46 smoke jets are l/16 11 inside dirrension copper tubing, and are 
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soldered in the trailing edge of the smoke rake at a vertical spacing 

of 1/411 • The jets extend approximately 1/2 11 and are slightly tapered 

at the extremity to make them aeroc:tYnamically clean. 

Figure 10 pictures two smoke rakes -- the final version installed. 

for which only the jets are visible in the throat of the entrance sec

tion, and an earlier vers.ion which utilized hypodermic needle tubing. 

Smoke Chamber. Photos in Nelson's studies revealed only sorre 

details of the smoke charrber window of the apparatus. The size chosen 

for the window in this stuc:tY was 1811 long by 12 11 high. At 1/120 scale 

this size represents an area 180 1 by 120'. The 111 width simulates a 

10' wide section along the protot_ype building length. Since the 

prototype is 40 1 wide, the 180 1 alle111s for adequate upstream room to 

encompass the point of separation, and downstream to see much of the 

leeward wake. 

The smoke chamber. detailed in Figure 8 and pictured in Figure 11, 

is actually two plexiglass panels, the clear front window and the 

hinged back wall of the viewing chamber, mounted in a wood frame. The 

back is hinged the full length of the chamber at the bottom and the 

plexiglass is fixed to a hardboard door panel. Both pieces of plexi

glass extend approximately 1/411 beyond the frarre at the exit end and fit 

into the grooved entry of the exhaust chamber (Figure 12). This neces

sitates sliding the smoke chamber away from the exhaust chamber in 

order to open the door as explained earlier. The top of the chamber 

includes a 111 wide slot 12 11 long, covered top and bottom with plexi

glass, to allow top lighting of the smoke viewing charmer. 

The grid pattern (1/2 11 by 1/411 ) seen on the rearplexiglass 

pane 1 of the viewing charmer was made by scratching its back surface 



Figure 11. Smoke Chamber with Door Open and 
Model in Place 

Figure 12. Exhaust Chamber Showing Access Door 
Open and Entrance Groove for Smoke 
Chamber 
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with a grooving tool. The plexi glass is mounted on 1/411 hardboard 

covered with black velvet cloth. Small spacer washers were placed 

between the velvet and the plexiglass at each fastener to avoid 

crushing the velvet. The velvet gives high contrast with the white 

vapor streamlines and the grid furnishes orientation and dirrension to 

show the divergence of the streamlines and the length or spacing of 

vortices or other phenomena. 

Exhaust Section. The exhaust section is a 12 11 (inside dimension) 

plywood cube with the divergence portion fonned of sheet aluminum, as 

shown in Figures 7 and 12. A 40 cfm fan is mounted on the rear of the 

exhaust section and pulls the air through the smoke chamber (Fiqure 13). 

A daIT{)er provided on the exhaust part of the fan regulates air fl ow 

rate through the smoke chant>er within the range of 75 to 375' per 

minute. 

Smoke Generating Equipment. The most important part of the appa

ratus is the smoke generating equipment diagramrred in Figure 15. This 

equiprrent is mounted on the back of the plywood panel over the smoke 

chamber, as pictured in Figures 9 and 14. 

The mounting board for the smoke generating equipment is a 16 11 by 

36 11 plywood panel mounted on 111 by 411 supports and located 811 above 

the smoke tunnel. Relative positions of the equipment are shown on 

the flow diagram (Figure 15). 

The vapor generator is the critical component of the smoke tunnel. 

The unit, shown on the left in Figure 14, was constructed by a skilled 

glassblower. The generator consists of a flask formed from 311 ~lass 

tubing necked down to fit 10 rrm O.D. glass tubing at the bottom, 12 mm 



Figure 13. Exhaust Fan with Butterfly Control and 
Early Version of Air Supply for Smoke 
Generator. 

Figure 14. Vapor Generation Equipment 
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glass tubing at the top, with discharge ports of 10 mm glass tubing 

attached to each side. The glass tube at the bottom is 811 long and is 

inserted approximately 111 into the generator flask. This 111 long 

section is necked down to fonn a l/16" I. D. nozzle at its upper 

extremity. The supply tube is connected to the kerosene reservoir with 

Tygon tubing and the glass section irrmediately below the flask is 

wrapped with three turns of nichrome wire 811 long. This wire heating 

element vaporizes the kerosene in the glass tube and the vapor is 

discharged into the flask through the nozzle or jet. The incoming air 

at the top is mixed with the kerosene vapor and exits through the side 

ports of the fl.ask. Most uniform vapor generation is obtained when 

the kerosene level is kept at the elevation of the bottom heating coil. 

The kerosene reservoir, shown on the right in Figure 14, is adjust

able vertically to maintain optimum level in the generator tube. Heat 

control is obtained by regulating voltage with the Variac shown in 

Figures 9 and 15. Optimum voltage for the heating unit shown is 34 

volts. An indicator light is wired in parallel with the heating 

element. 

Earlier, part of the discharge from the smoke chamber main fan was 

recirculated to pressurize the generator flask and force the vapor 

through the flask and the smoke rake. This earlier equipment can be 

seen in Figures 9, 12 and 13. A separate smaller blower has been 

added since these pictures were made, a 15 cfm fan as detailed on the 

vapor flow chart (Figure 15). It was mounted underneath the base. The 

arrangement is shown in Figures li6 and 17. This has proved superior 

in providing a steady stream of vapor. 

A mixing valve, a small funnel with the air from the blower 



Figure 16. Exhaust Section, Exhaust Fan and 
Butterfly Control. Also Shows 
Variac Unit and Final Version of 
Air Supply for Smoke Generator. 

Figure 17. 15 cfm Fan for Final Version of Air 
Supply for Smoke Generator. 



directed into it across an adjustable gap, is used to control the air 

flow rate to the smoke generator and, subsequently, the intensity of 

the vapor streamlines. This valve is located in the line between the 

blower and the generator flask. It is pictured in Figures 9 and 18. 

Figure 18. Regulator Valve of Air Supply 
for Smoke Generator 
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Lighting. Three lights to illuminate the vapor streamlines are· 

positioned at the entrance section, over the smoke chamber, and inside 

the exhaust section. The top of the smoke chamber contains a trans

parent window to enable passage of light. 

A 100 watt light is mounted inside the exhaust chamber to provide 

illumination of the back side of the model. However, this light 

should be used sparingly, only while photographing, because the heat 

buildup in the exhaust chanter from the light can cause depression of 

the smoke streamlines in the smoke chamber. A door in the top of the 

exhaust chamber provides access to change or clean the light. A sheet 

metal shield is used between the mounting panel and the smoke tunnel, 

to shield the viewer and camera lens from the glare of the top light 

illuminating the smoke chamber. A hinged piece of plywood is also 

used near the entrance section to eliminate glare from the light. 

~.fQr. Models. The building models, made of white posterboard, 

were all fabricated by use of a wooden jig to insure uniformity. The 

jig is shown in Figure 19. All the cardboard pieces were cut to a 

uni form width of lu and to length as marked on the jig. A cardboard 

11 ground plate" was utilized for each model. The basic shape of the 

building was marked on a wooden block which was cut in two pieces, one 

of which was placed inside the building and one on top of the building 

during gluing. The upper wooden strip on the jig is sliqhtly 

inclined with respect to the bottom strip so that the pieces when slid 

into place for gluing were wedged in position. After the basic 

building and ground plate were fabricated the various modi fi cations 

were added. The resulting 20 models are pictured in Figures 20 and 21. 
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Figure 19. Jig for Building Models and a Finished Model 

Figure 20. Cardboard Models Tested 
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Figure 21. Cardboard Models Tested 



Procedure 

The procedures for use of the smoke tunnel developed are in 

Appendix A. 

Each of the models was placed in the smoke tunnel and tested at 

an approximate air flow of 100 fpm as determined by a portable hot 

wire anemometer. There was no attempt made to obtain exactly the 

same flow rates for each test but rather photos were taken when wel 1 

defined streamlines were obtained. 
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It was soon discovered that the models had to be placed in the 

smoke chamber at exactly the same distance from the floor of the smoke 

chamber in order to obtain good comparisons YE_stream of the buildin9. 

A prop underneath the ground plate and marks inside the chamber helped 

to assure uniform placement. 

Discussion of Results 

The apparatus designed was tested employing a number of conven

tional shapes, both suspended and mounted on ground plates. These 

included 111 sections of square and rectangular boxes, aircraft wings, 

cylinders and a half cylinder. The resulting flow patterns were 

comparable to those shown in many of the standard fluid textbooks. 

The apparatus also performed well for the building models and the 

intended pictures were obtained. At times the vapor stream, upon 

reaching the model, broke up into secondary streams and eddies which 

would flow in the boundary layer along the faces of the plexiglass 

panels. Too, if the models were not placed the same vertical distance 

from the floor of the chamber, the vapor stream closest to the ground 
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plate tended to become mixed with the slower air in the ground plate 

boundary layer. The air flow did not differ appreciably from picture 

to picture. If this precaution was not observed, however, the vapor 

stream path portrayed a slightly different element of air flow and 

the photographic results do differ somewhat. 

One factor tends to make the recorded 11 photographi c data11 

non-representative of the real situation. The high velocity wind flows 

encountered in a natural wind storm, even in a high, straight, 

non-tornadic storm, are certainly not laminar flow. The flow condi

tions in the smoke tunnel, however, were of necessity laminar flow. 

When turbulent flow was achieved at higher velocities, the vapor 

streams broke up completely making distinct flow patterns indis

tinguishable. Later, after the original photos were made, the appara

tus furnishing pressure into the vapor bottle was altered by adding a 

separate 15 cfm fan in place of capturing and recirculating a part of 

the exhaust air from the tunnel. This change enabled much higher air 

velocity through the tunnel without the diffusion of the vapor streams. 

Velocities of 300 fpm could be maintained without stream breakup. 

Still this must be considered essentially laminar flow. 

In spite of the laminar flow conditions, much was learned about 

the nature of the flow around the models through use of the smoke 

tunne 1. 

Conclusi ans 

The flow visualization studies were undertaken originally in 

order to ascertain which of the modifications in each system showed the 

most promise and which system seemed most worthy of further testing, 
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quantitatively, in the large wind tunnel. 

Actually, however, even with the flow visualization studies, it 

was virtually impossible to draw conclusions that would eliminate any 

of the systems and permit quantitative evaluations to be carried out 

on only one or two of those remaining. The flow studies did indicate 

that significant differences in air flow patterns would exist with 

certain of the modifications, but the exact nature and the quantity of 

the differences was still a mystery. It appeared that some of the 

modifications were apt to relieve the building wind stresses on one 

portion of the structure and increase them on another. 

Consequently the smoke tunnel studies were used in a different 

way than originally intended. The flow photos were studied to deter

mine which modification within each system seemed to produce the most 

extreme departure from the standard pattern. 

The photos labeled in Figure 22 represent the normal 1 unmodified 

or control structure. The two at first appear to be different, but a 

closer look will reveal unmistakable similarity of the air pattern. 

In test 15 the camera was closer than for test 1, but the main 

difference is in the placement of the model with respect to the jets. 

In test 1 a nozzle was at floor level and the vapor stream mixed with 

the boundary layer as mentioned earlier. In addition, the velocity of 

air was slower in test 1 than test 15 so that the two lower streams 

are actually turned down under the eave. They eddy and are diffused. 

This diffusion is apparent in the wake area also. Test 15, on the 

other hand, has no tracer stream close to the ground plate and the 

velocity is such that no stream intercepts the eave. 

Apart from the above differences, the air flow pattern is 
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Figure 22. Control Model with Normal Flow Pattern 
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essentially the same. 

Duct Systems. Figure 23 shows four types of ducts tested. All 

four show definite signs of air passage. This system was tested to 

attempt to "bleed off11 or vent some of the positive pressure upstream 

into the wake or suction regions beyond. It is evident that all the 

modifications considered would have some effect. 

The choice of the 11 best 11 one to test was admittedly influenced by 

practicality of being able to incorporate such a system into a real 

structure and into the larger wind tunnel model which utilized four 

movable panels, independently able to react to the wind forces. 

It appeared difficult to include either 9, 14A or 19 in either a 

real building or the wind tunnel model. Nurrber 18, on the other hand, 

had the best possibilities for both since a duct system could be 

utilized on a large building and, using an extremely flexible section 

between two rigid tubes, the wind tunnel model could at least be 

attempted. 

Unexpected results occurred. Test 9 was expected to vent from the 

upwind wal 1 to the downwind roof and the other tube was used primarily 

because of symmetry. It also spanned a pressure differential as 

shown by the exiting air in the downwind wall. Of the four, the main 

air stream over the roof on test 9 also bends back down the most. 

One and one-half inches behind the building, the main stream is only 

211 high (8 divisions) in place of the usual 2-3/411 (10 - 12 divisions) 

for the control model. 

For none of the three (9, 14A, 18) does the mainstream beyond the 

ridge rise 1-1/2 - 1-3/4 divisions as does the control. Only in 19, 
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where the protruding entrance of one duct breaks up and forces the 

streams further aloft, does the deflected mainstream appear to be 

higher. 

Airfoil Systems. The 11 Airfoil System" contains all the modifi

cations whichwere mounted above the roof ridge of the building. 

Figures 24, 25 and 26 show the 10 configurations tested in the 

smoke tunnel - they are numbers 6, 11, 12, 13; 7, 4, 8, 5; 3 and 10. 

Several seemingly absurd confi gurati ans were tested in the smoke 

tunnel. Though some of them had little chance to be practical or 

effective, they were nevertheless tested to obtain an understanding 

of how the air pattern could be altered. 
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Some interesting patterns are exhibited and again surprising 

results can be noted. In Figure 24, number 6, the air flow was 

definitely deflected into the wake region though some air was forced 

aloft by the airfoil. The air deflected downward shows an oscillating 

effect. Some secondary flow, along the surface of the glass, is seen 

in this photo. Number 11 is the same deflector mounted lower or closer 

to the roof. It can be seen that it is more effective in deflecting 

the air flow down the back roof surface. 

Number 12 has a rounded deflector and shows a similar pattern to 

6 and 11 but it would appear that the entire front roof surface is 

in a wake. After the initial separation at the leading edge of the 

roof it seems that the airstream does not reattach itself to the 

surface. The airfoil does force more air aloft but effectively turns 

a significant part of the flow (4 streams) down the back roof. 

Number 13, though not tested quantitatively in the study, might 
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be further investigated in the future. It is a swinging deflector to 

function for winds in either direction and appears very effective in 

diverting at least sane of the flow down the back roof. It is very 

simple and a series of tests would not be difficult to design -

altering the size, the weight, the gap between the deflector and 

the roof and perhaps even vents in the deflector. 

Numbers 7 and 4 in Figure 25 and 3 and 10 in Figure 26 are 

interesting but show no promise in the opinion of the investigator. 

Evidences of secondary flow can be seen in 10. 

Perhaps the most interesting of all the models tested in the 

smoke tunnel are numbers 8 and 5 in Figure 25. 

Number 8 is fascinating. The air literally tumbled down the back 

roof slope like a waterfall. Equally unusual is the oscillating flow 

from the higher horizontal piece spanning the gap between the inclined 

deflectors. This flow stays in the pattern until beyond the building 

it is drawn down. 

Number 5 was selected for further quantitative testing due to its 

simplicity and effectiveness of turning the flow down the back roof. 

Though not so dramatic as 8 it was much more practical. The possi

bility of simulating several conditions with the same equipment on 

the large wind tunnel model indicated that number 11 could also be 

in ves ti gated. 

Venting System. The venting system was based upon the concept 

that the pressure differential causing forces on the building surface 

could perhaps be relieved by opening certain portions of the struc

ture's cladding in an attempt to equalize the inner and outer pressure. 
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Some bui 1 dings in areas struck by tornados have been observed to 

survive if the openings in the cladding were sufficiently large. 

One notable example is an airplane hanger where the doors were open. 
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First thoughts were of metal sheeting with weaker fasteners which 

would pop off before the stresses in the framework of the structure 

became severe enough to destroy the building. Later ideas focused upon 

spring loaded panels which might open inward in response to a positive 

pressure buildlllp on the windward side. The speculation was that upon 

opening, the air would rush inside the building and open a second 

panel on the leeward side to enable the air to flow through the 

building. 

Models 17 and 17A in Figure 26 were tested in the smoke tunnel to 

simulate the above mentioned effects. Model 17 showed that the 

circulation inside the building diffused the vapor streams to such an 

extent that they were no longer very distinguishable. Figure 17A, 

which limited interior circulation to the 11 attic11 , was the result of 

attempting to overcome the diffusion of 17 in order to make the effects 

more visible. 

The dark blotches on 17A are reflections of the photographer due 

to mirror effect on the plexi9lass. These were later avoided by 

photographing behind a cardboard screen with only a hole for the camera 

lens. 

It is, of course, impossible to determine from the smoke tunnel 

photos to what extent the modifications affect the magnitudes and 

directions of the forces. For this reason, the modification shown in 

Test 17 was included in the tests carried out in the large wind 

tunnel. 



61 

As a result of the flow visualization studies, it was decided to 

conduct preliminary quantitative evaluations on building models 
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including: 

No. 18 of Figure 23 (duct system) 

No. 5 and 11 of Figure 25 (airfoil system) 

No. 17 of Figure 26 (venting system) 

No. l and 16 of Figure 27 (deflector system) 
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These were selected both because of their alteration (hopefully 

favorable) of the normal air flow pattern and because of their possi

bility of being incorporated into the model to be tested in the wind 

tunnel and into an actual prototype building. 

Quantitative Investigation 

Objectives 

After the qualitative investigation it became even more evident 

that it was necessary by some means to quantitatively evaluate the 

changes in forces occasioned by the various building modifications. 

Specifically, the objectives of the quantitative studies were: 

1. To examine the differences in the force patterns 

exhibited by the models in the simulated wind of 

an open countryside. 

2. To formulate force coefficient pre diction equations 

Method 

for the best system, if it favorably alters the charac

teristic air pattern, in order to determine the 

optimum size and arrangerrent of the system components. 

An investigation of scaled building models in a large, low speed 



wind tunnel was selected as the most feasible way to quantitatively 

study the effects of the modifications upon the typical wind force 

pattern. 
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A velocity profile near to that of open countryside was simulated 

in the wind tunnel by trial and error methods. Next, wind forces on 

the appropriate control model were recorded for comparison with the 

forces on the same model with various modifications. 

The scaled models incorporating the various modifications were 

subjected to limited preliminary testing and evaluation in order to 

select the one most promising modification. All preliminary testing 

took place at top wind tunnel velocity of approximately 40 miles per 

hour with the model perpendicular to the wind. The 11 best11 was then 

subjected to more extensive testing which included several wind velo

cities and the building oriented also at 15° and 30° to the wind. 

The scaled model building represented a prototype 40 1 by 100' 

rectangular building with walls 16 1 high and eave overhang of 31 • The 

roof slope of the gable type building was 4/12. The windward wall, 

the windward roof, the leeward roof and the leeward wall all contained 

movable panels suspended at all four panel corners on small cantilever 

beams -- 16 in a 11. The 16 can ti lever beams were instrumented, each 

with a pair of strain gages mounted so as to respond only to bending 

forces and not axial forces. The beams, thus instrumented, translated 

even the slightest movement into an electronic signal which could be 

recorded. The beams were calibrated, before and after the tests, by 

suspending known weights from each of them and recording the resulting 

signals from the strain gages. 

During the actual tests as the panels responded to the wind 
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pressures (either outward or inward), the slight, rapidly fluctuating 

moverrent was recorded continuously for a brief period of time. The 

same signals were simultaneously input into the analog computer where 

they were 11 averaged11 and reinput to the recorder alongside the corres

ponding 11 instantaneous 11 signals. 

Simultaneously, the horizontal and vertical wind velocities, 

their averages from the analog computer and the horizontal and vertical 

turbulences were docurrented on two other recorders. 

Experimental Design 

In planning the experirrent a prior effort was made to define the 

systems• behavior using the anticipated pertinent quantities and appro

priate pi terms. 

Pertinent Quantities. The pertinent quantities for the defini

tion of the physical system are listed in Table I. Certain of them 

are illustrated in Figure 28. These pertinent quantities, all in the 

force-length-time (FLT) system of dirrensions, are the components of the 

pi terms listed in Table II. Analysis of the 16 pertinent quantities 

for Alternative I shows 13 pi tenns are required to define the system 

since they are expressed by three dirrensions. The pi terms were 

evolved by inspection and tested for dependence. The pi terms must 

be independent. Independence does not, however, insure relevance. 

Many of the pi terms thus established for the system were not 

varied during the experiment - the pi terms to describe the basic 

building and the air flow are examples. One exception is to be noted; 

TI 5 was varied in one phase of the experirrent - specifically Ls was 



TABLE I 

LIST OF PERTINENT QUANTITIES 

~o. Syni>o l Quant1ty Units 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

Basic Shape of Building (Constant for This Experiment) 

e 

L 

n 

p 

x 

a 

b 

c 

a 

s 

d 

e 

height of building at eaves 

width of building across end walls 

angle between roof and horizo~tal, expressed as 
tangent or slope . 

length of building along side wall 

length of roof ridge 

length of roof slope 

Wind Description 

orientation of mean flow w.r,t. length of building 

horizontal velocity at eave height, above ground 
plane 

exponent which describes the velocity profile or 
distribution of·VH with elevation above ground 

air density - including variables of te~erature, 
pressure and relative humidity 

distance ahead of front wall to where horizontal 
velocity is measured 

Description of Alternative I - Deflector 

position, relative to the leading edge of roof, of 
pivot point on deflector 

open distance of deflector pivot pt from roof slope -
zero indicates no gap whereas positive value 
indicates the amount of gap 

deflector width 

angle of deflector with roof slope (Ls) 

Description of Alternative II - Airfoil 

angle of airfoil with roof slope (Ls) 

shortest distance between roof and ·airfoil 

width of airfoil - measured parallel to.Ls 

Description of Alternative III - Duct 

distance from ground to center of duct 

diameter of ducts 

number of ducts 

Force Description 

ft 

ft 

ft 

ft 

ft 

ft/sec 

lb-sec2 

ft4 
ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

Ri, reactions at corners of panels (normal to its 
= 1-B surface), lbs/ft of panel (measured along its length) lbs/ft 

Dimensions 

L 

L 

L 

L 

L 

L 

L 

L 

L 

L 

L 

L 

L 
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No. Quant'iti es 

2R1 
1T P( VHJ2 Ls l 

or 

2Ri 

p(VH)2 hf 

1T hf/W 
2 

1T 

0 

1T L/Lr 
4 

1T Lr Ls 
5 

1T L/W 
6 

117 4> 

1T n 
8 

1T x/w 
9 

1T a/Ls 
1 0 

1T b/hf 
!I 

1! c/hf 
1 2 

1T "' 1 3 

1T 6 
l 4 

1[ d/hf 
l 5 

1T e/Ls 
1 6 

1T hd/hf 
1 7 

1T d2 /h L 
1 8 d f 

1T N 
1 9 

TABLE 11 

PI TERMS 

Cescripti on 

dependent Pi term which is a form of lift coefficient for roof 
surfaces 

or 

drag coefficient for wall surfaces 

General for All Alternatives 

an aspect ratio 

roof slope parameter 

ratio of the length of the sidewall to the roof ridqe lenqth 

ratio of roof ridge length to roof slope length 

an aspect ratio 

wind orientation w.r.t. to building 

characterizes wind velocity profile 

ratio of distance to where velocity is rreasured to the end wall 

For Alternative I - Ceflectors 

position factor for deflector 

gap index 

deflector height index 

angle of deflector with the roof slope 

For Alternative II - Airfoils 

airfoil angle 

airfoil elevation index 

airfoil coverage index 

For Alternative II I - Ducts (Tubes) 

duct height index 

duct area index (when multiplied by N11/4 gives percent of total 
wall area in ducts) 

number of ducts 

For Alternative IV - Venting 

Only the height of opening will be varied 
and its physical location will be documented 

68 



69 

varied in a minor eave overhang test. 

Quantities 1-6 in Table I describe the basic building shape. 

These are the only quantities needed. Other useful quantities can be 

derived from these six, if necessary. (See Figure 29). Some examples 

are: 

h r = hf + ¥ tan e 

w ow = Ls case - 2 

Lo = L - W S ..,,..2 _C_,O~S-e 

0 = Lr - L 
L 

2 

Ridge height 

Horizontal projection of eave 

overhang along the side walls 

Roof overhang along side walls 

End overhang 

Quantities 7-11 define the wind effects at the eave height of the 

building with respect to a known velocity at a relative position ahead 

of the building. With the velocity known at 30 1 (7-1/411 for the model) 

above the ground, the n value is all that is required to specify the 

velocity profile. The air density, which includes variables of tempe

rature, barometric pressure and relative humidity, can change and must 

be included. The final quantity, angle of orientation (q,) of the wind 

to building, refers to the deviation of the wind from right angle 

impingement on the upwind side wall. 

Pi Terms. The general functional relationship for the pi terms is; 

TI : ~ (TI , •••t Tii) 
22 2 

where the operator ~ is to be determined by the analysis of the data 

from the investigation. Since in this case several of the general pi 
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Figure 29. Derived Quantities Dependent Upon the Basic Six 

Dimensions 
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terms ·are not to be varied, they have to be treated as potential 

constraints in the ability to categorically apply the experirrentally 

derived information to buildings of all shapes and sizes. Rather the 

information is strictly applicable .2!!ll to structures with 

hf/W = 16 1 /40' = 0.4 

e = Arc tan 4/12 = 18.44° 

x/W = 125.83'/40' = 3. 14575 

Lr/Ls= 106'/24.244' = 4.372 

L/W = 100'/40' = 2.5 

Lr/L = 106'/100' = 1.06 

found in a wind velocity profile, which when measured at a height of 

30' is characterized by an exponent of*= 0. 17445 in equation VH = 
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H 1 
VH30' ( "3QT) n· This gives N a value of 5. 732. H here has the value 

of hf or 16'. The (H/30') ratio is, of course, the same if the scaled 

values of the model are used. During the planned preliminary tests, 

'IT , 'IT , TI , 'IT , 'IT , 'IT , TI , and TI are held constant. 
2 3 4 5 6 7 8 9 

For Altemati ve I ·then 

TI = 'I' (TI , TI , 'IT , 'IT ) and 'IT are zero. 
l l 0 11 1 2 l 3 l 4-1 9 

For Alternative II 

'IT = 'I' ('IT , 'IT , TI ) and 'IT and TI are zero. 
1 1 4 1 5 1 6 1 0 -1 3 1 7-1 9 

For Alternative III 

TI = 'I' ('IT , TI ) and 'IT are zero while 'IT = 20 
i 17 18 io-15 19 

During Alternative IV (Venting) 

TI ='I' (opening), its location will be documented. 
l 

The range of values tested for each pi term (variable) is 
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docurrented for each alternative separately. 

The results of this experiment may be applicable to other similar 

systems, as defined by these pi terms, but it cannot be proved solely 

by the results of the tests to be carried out. 

The advantage of reducing the number of experimental quantities to 

be varied during experirrentation to define the system's behavior is 

not the goal of forming the pi terms in this investigation since, in all 

but one case. only one tenn in each wi 11 be varied. Rather, the goal was 

to better understand the system by analyzing the relationship of its 

components. It is hoped, of course, that the system is sufficiently 

defined and that the results will be generally applicable. 

fl Tenns Not In cl uded. 

1. The pi term a/hf is often considered. o is the thickness of 

the boundary layer. Where the profile is to be changed by 

various treatments of the tunnel floor and the resulting 

thickness of the boundary layer might not be representative 

of a scaled condition of natural wind, this would be an 

important variable. It represents the degree of boundary 

layer imrrersion. This is not the case in this investigation 

as the boundary layer is simulated to scale and o/h has not 

been included as such. 

2. The ratio of the surface roughness of the roof to some 

characteristic length. It is recognized that the roughness of 

an object in air flow influences the point of separation of 

the local boundary layer -- along the roof surface, for 

example. It is quite likely that the air flow separates at 
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the leading edge of the roof eave and reattaches somewhere 

before reaching the ridge. The surface roughness could affect 

the reactions to be rreasured but it was felt this would have 

but little effect in comparison to the alterations to be 

tested and has therefore been ignored. 

3. Reynold's Number. The viscious forces were not considered to 

be pertinent in this experiment because a preliminary effort 

was made to insure the establishment of fully developed 

Equipment 

turbulent flow in which the ratio of viscous forces to inertia 

forces would be insignificant. The assumption is that the 

force coefficients ( 1T ) would not be affected to any great 
1 

extent by the velocity of the air. 

The quantitative investigation required an extensive system of 

electronic and mechanical equipment. The major components included 

the wind tunnel, the model, the cantilever beam sensors, and the 

circuitries for the strain gages, for recording the wind characteris

tics and for partially analyzing the data with the analog computer. 

Wind Tunnel. The large wind tunnel, permanently installed in the 

Agricultural Engineering Laboratory, includes a 50' length, 4' by 4' 

in cross-section. (Figure 30). The 16 blade fan, located in the 

exhaust diffuser (Figure 31) has variable pitch blades and is driven 

by a 15 horsepower electrical motor. For a given blade pitch, fan 

speed can be regulated by a control which changes the effective di a-

meter of one of the drive pulleys. 
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Figure 30. Low Speed Wind Tunnel - Agricultural Engineering Laboratory - Viewed Fr9m the South 
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Figure 31. Exhaust Fan and Protective Screen. 

For the tests the propeller blades were set to maximize the air 

speed. This resulted in attainable wind velocities of 25 to 40 mph. 

To eliminate unusually high tunnel turbulence detected by the 

sens i tive hot wire, it was necessary to further dampen the air flow. 

A series of tests were performed, as a part of another study, with a 

variety of screens in different sections of the tunnel. Rectangular 

rreshes of several sizes were tried in front of the fan and at several 

places along the length of the 4' by 4' portion of the tunnel. Two 
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sizes of honeycomb screen were fabricated by utilizing tin cans 4-1/411 

and 6-1/411 in di arreter with both ends cut out. Due to the size of 

screen which would be necessary at the entrance of the contraction 

section, where the screen should be most effective, the tests were 

restricted to the smaller 4' by 4' section. Final choice of screens 

utilized a honeycomb material (Figure 32} used in aircraft construction 

at the position shC1Nn in Figures 33 and 34 in addition to the regular 

anti-turbulence screen. 

Figure 32. Honeycomb Material Used in 
Anti-Turbulence Screen. 



Figure 33. Honeycomb Screen Just Downwind 
from Contraction Section. 
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In addition to these precautions the wooden portion of the tunnel 

and the metallic diffusion section of the fan shroud were isolated 

from each other. Previously the protective screen for the fan 

(Figure 31) was bolted between the shroud and the wooden tunnel, 

fastening the latter two rigidly together. The screen was removed 

and fastened inside the metal shroud leaving a 1/411 !'.)ap between the 

tunnel and the shroud. It was then sealed with duct tape. The effect 

was to eliminate mechanical vibrations of the fan from the wooden 

walls of the tunnel. 

One further alteration of the tunnel was necessary. To facilitate 

entry into the tunnel the window at the model installation site was 

considerably enlarged by lowering the bottom sill to the level of the 

tunnel floor (Figure 34). 
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The Model. The plexiglass model was installed on the floor of 

the tunnel =- 20' upstream of the suction fan. Refer to Figures 34 and 

52. The building model was attached to an aluminum baseplate which 

was i nlet into a 27 11 diameter plywood disk cut from a special floor 

section of the tunnel ( Figure 35). A center pivot enabled rotation of 

the whole disk to attain orientations of 0-45° with respect to the 

wind flow. The 1/50 scale model represented a gable single story 

building of the t.,ype often used in agricultural and industrial service. 

The protot.,ype selected was 40' by 100' with 16' high walls, 4/12 roof 

slope and 36 11 overhang all around. 

Figure 35. Disk, Floor Plate, Fixed End Walls 
with Cantilever Beams in Place 
for One Wall Panel 
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The building model was comprised of eiqht plexiglass parts in addi

tion to the aluminum floorplate (Figure 36). Four movable panels, 

suspended on 16 cantilever beams, constituted the surfaces reacting to 

the tunnel wind forces -- one beam for each of the four corners of each 

panel (Figures 37 and 38). Each beam was instrumented with a pair of 

strain gages. (See Figure 40). The four panels were the front or 

upwind wall, the upwind roof, the downwind roof and the downwind wall. 

Two of the remaining building model parts were the fixed end walls upon 

which the cantilever beams were mounted (Figures 35 and 42). The final 

two model parts were the removable end wall covers which enclose and 

protect the cantilever beam mechanisms and wires from the wind and 

extraneous vibrations (Figures 36 and 37). 

Figure 36. Four Movable Panels and Removable 
End Wall Covers 



Figure 37. End Wall Covers and One Pair of Cantilever 
Beams with Wires Exiting Through Hollow 
Bolt. 

-
_ I-WINDWARD WALL 

Figure 38. Model with One of Four Movable Panels in 
Place. 

81 
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Plexiglass (3/16 11 thick) was chosen as the material for the model 

in order to allow easy visual inspection of the cantilever beams and 

linkages. Each of the plexiglass panels (20 19/32 11 long) had to be 

stiffened lengthwise. Eighteen inch aluminum strips 1/811 wide, 1/411 

and 5/16 11 deep for the walls and roof panels respectively, were inlet 

1/161 into the plexiglass and securely cemented. Two strips per panel 

were used. These can be seen in Figure 36. The 20 19/32 11 length of 

the movable panels represents 85' 10 11 of the 100 1 length of the 

prototype. 

The Cantilever Beams. The 16 cantilever beams are divided, for 

the purposes of identification, into two qroups, A and B. Each group 

contains eight beams, two corner beams for each of the four panels at 

one end of the model. The designations of the eight are shCJA1n in 

Figure 39. A5 is on the 11 A end11 (south) of the model at the leading 

coYTier of the back roof panel. For example, the beams supporting that 

back roof panel are, on the south end of the model, A5 and A6 while 

at the north end they are 85 and 86. 

Some of the construction details of the cantilever beam assemblies 

can be seen in Figure 40. They are assembled in pairs on a small plate 

used to mount them on the fixed end wall of the model (Figure 42). 

One such assembly is pictured in Figure 41. The actual beam is 

galvanized sheet steel while the mounting portion of the assembly is 

brass. Regular solder was used. 

Since the actions of some of the beams would necessarily overlap, 

certain beams were mounted at different distances from the mounting 

plates. This is denoted in Figure 39 by 11 hi 11 and 11 Lo 11 • 11 Hi 11 signifies 
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Figure 41. One Pair of Cantilever Beams Before Mounting 

Figure 42. All the 11 B11 Beams Mounted on One End Wall 
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that the distance between the mounting plate and the edge of the 

beams is 11/16 11 • 11 Lo 11 indicates a 3/16 11 distance. The mounting 

plate holes are elongated for placement adjustment on the building end 

walls. On one end the linkages are pin connected to the slotted 

beams and the other end fits through a ho le in the attach rods. The 

linkage distance is adjusted by means of a set screw tapped into the 

end of the attach rods. (See Figures 36 and 40). 

Strain Gage Circuitry. On each cantilever beam a pair of strain 

gages was mounted so as to null out any axial forces and at the same 

time double the bending forces. Refer to the wiring diagram in 

Figure 40. All the small wires for the strain gages on one end of 

the model exited through a hollow bolt in the floor of the mechanism 

cubicle. This can be seen in Figure 42. Figure 43 shows the complete 

block diagram of the strain gage conditioning and recording circuit. 

Figure 44 illustrates the equipment used. 

A full bridge circuit was set up by constructing the circuit 

board, the bridge unit and rewiring a Baldwin balancing unit as 

depicted in Figure 45. Resistance values are listed in Table III. For 

the sake of simplicity only the wires for one (Al) of 16 pairs of 

gages are shown. Actually all 16 are fed into the control box 

(Figures 46, 47 and 48} where, by means of cams, micro-switches and 

relays, the gages for one of the four building panels were connected 

to the Beckman recorder and EAI Analog Computer at any one time. 

The control box was constructed to record the forces on a given 

panel for approximately 13 seconds. This was followed by a null period 

of three seconds. Automatically the next panels were recorded 
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Figure 44. Equiprrent for Conditioning and Recording 
of the Strain Gages 
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To Gages A I 

Signal External Leg (-) (+) 

Etc For 8 Etc For 8 
(-) (+) 

~2 0 ~40 
A 8 ~ A 

Circuit Board 

Internal Leg 

(-) 

Etc For 16 

(+) 

Bridge Unit 

R6 16 In All 

Balancing Unit 

(-) 5 Volt D.C. +) 

Power Supply 

Int, A1 Connector To Control Box Labeled In I , (And 
Ext. Loter To Beckman 8 Analog) 

e, II 

A2 II 

82 II 

Figure 45. Wiring Diagram of Circuit Board, Bridge Unit, 
Balancing Unit and Power Supply 
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Figure 46. Left to Right, Top to Bottom: Power Supply 
for Control Box Motor and Relays, Power 
Supply for Bridge Circuit, Control Box, 
Margin Marker Control Unit, Bridge Unit 
and Baldwin Balancing Unit 

Figure 47. Control Box Showing, Left to Right, Motor 
and Clock Gears for Belt Drive of Cams -
Between the Relays 
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successively in the same fashion until power for the drive motor in the 

control box was interrupted. The sane relays control led the chart 

margin markers for the three recorders so as to synchronize the 

recordings of velocity, turbulence and forces. The control box also 

contained red indicator lights for each of the panel relays and a 

white light for the null period between to show which panel, if any, 

was being recorded. The white light indicated when no panel was 

connected to the recorders. 

TABLE III 

STRAIN GAGE CIRCUITRY RESIST ANGE VALUES 

Rl lOOOn (5%) Fixed Value 

~ lOOOn (5%) Fixed Value 

R3 l20n Strain Gage 

R4 120n Strain Gage 

R5 56n ( 5%) Fixed Value 

R5 2ooon Variable Resistor for Balancing 

On the Beckman eight channel recorder (Figure 49 and 51) the first 

four channels were utilized to register the instantaneous forces 

{actually strains which by neans of the calibration could be inter

preted as forces) of the given panel on the model. The second four 



92 

channels registered the averages of these forces. The latter were 

outputs from the EAI Analog Computer (Figure 50). The 11 EMP 11 averaging 

concept was used and is explained further in Appendix B and Analog 

Circuitry which fo 11 ows. 

rllli(le m-·-
! PROTEC1 1 .. a· "j' 1a· $ i .: 
JST BE WC I . .. . . . . . • • • 
I THIS R04 "' "' 41 .., 

l ~-~" ... ~~ 
., ""· ,.JI """ ""' ,., ~ .. -- .,.__ .. 

Figure 49. Beckman Eight Channel Recorder Used to 
Docurrent the Instantaneous and Average 
Strain Gage Readings 

•. 
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Readings of Turbulence 

93 

Eguiprrent and Circuitry for the Wind Characteristics. An x-wire 

probe (Figure 52) for a hot wire anemometer (Datarretric) provided 

the signals used to characterize the air flow in the tunnel. The 

telescoping support rrechanism for the hot wire probe extended down 

from the roof into the tunnel. The cable for the probe passed down 

through the tube. The device was rotatable and marked above the roof 

of the tunnel denoting location of the probe in inches above the floor 

of the tunnel. An indicator showed when the probe was perpendicular 

to the tunnel air flow. The device was 35 11 ahead of the model, as 



Cl) 

~ 
co 
~ 

.,_ 
co 

IO 
co 

~ I"") • 
~ co co 

rr====:=l---A._!1_,_A...!!/.3~,_A2!.5_, A-1_7 _____ c::::::::::::::::__---~-co=--~----------

r;----
1 EA I ANALOG i FOUR EMP 

I AVERAGING CIRCUITS 

! SEE APPENDIX B r-Li+----. 

INSTANTANEOUS AVG. 

SIGNALS SIGNALS 

FROM 
BECKMAN 

PRE-AMP 
OUTPUTS 
1, 2, 3,4 

TO 
BECKMAN 
AMP DIRECT 
INPUTS 
5, 6, 7,8 

+o 
_o 

PRE 
AMP 

I 2 

2 3 

INSTANTANEOUS 
SIGNALS OUT 
TO ANALOG 

4 

4 

BECKMAN 

5 6 7 8 

A2 AVG. B1AVG. B2 A G. 

AVERAGE 
SIGNALS IN FROM 

ANALOG 

Figure 51. Strain Gage Signal Conditioning and Recording Circuitry Using 
the Beckman Recorder and Analog Computer 



shown in Figure 34, and included a clamping feature which enabled 

the hot wire to be fixed at any height above the tunnel floor up to 

33". 

Figure 52. Model in Tunnel with the Hot Wire Probe 
in Position a Little in Front of Large 
Window. Velocity Profile Screen is in 
Front of Second Window. View is Up the 
Tunnel from Fan 
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The hot wire was employed first to establish the vertical wind 

profile characteristics of the tunnel for several air velocities by 

taking readings in vertical increrrents. It was then set at the height 

of 7-1/4" (30' full scale) above the floor of the tunnel, again 35" 

(145' 10") upstream from the centerline of the building model, for the 
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actual tests of the various modifications. 

The x-wire circuitry is illustrated in Figure 53. The signals 

produced (one from each of the two wires on the probe) are, when 

properly conditioned. a measure of the horizontal and vertical veloci

ties. From each of these two velocities, additional signal condi

tioning yields the turbulence in that particular direction. The hot 

wire unit (706A) produces a nonlinear signal which must be linearized 

in order to be conditioned by the Sum~Difference unit (900-6). This 

unit outputs the sum and the difference of the instantaneous signals 

from the two wires. These resulting signals are linearly proportional 

to the horizontal and vertical velocities respectively. These two 

velocities were recorded on two of the four channels on the Sanborn 

Recorder and also input to the EAI Analog Computer. The EAI further 

con di ti oned the two instantaneous vel oci ti es to produce the average 

velocities and the turbulences. The two average velocities were fed 

back to the 1!'1emaining two channels of the Sanborn Recorder. 

In Figure 53, the gains at each step are also noted. It was 

necessary to reduce the signal strength between the linearizer and the 

Sum-Difference unit by use of two operational amplifiers for each of 

the signals. The horizontal and vertical turbulence were docurrented on 

a two-channe 1 Brush Recorder. 

All the above rrentioned equiprrent is shown in Figure 54. From top 

to bottom on the right are the operational amplifiers, the Datarretrics 

anemometer controls, and the Sanborn Recorder. The Brush Recorder is 

on the left. 
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Figure 54. Four Channel Sanborn Recorder 
(Right), Hot Wire Signal 
Conditioning Unit (Top) and 
Two Channel Brush Recorder 
(Left). 

Analog Circuitry. The rrean or the "arithmetic average" of the 

instantaneous signals were determined electronically by use of the 

"Exponentially Mapped Past" concept described in Appendix B. 

Figure 55 illustrates the analog circuits necessary to determine the 

average velocity and the turbulence of an instantaneous velocity 

input. It can be seen that two such 11 EMP 11 circuits are employed to 
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Figure 55. Analog Circuit to Obtain the Average Velocity and Turbulence 
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obtain the turbulence, i.e., averager no. 1 and averager no. 2. The 

average velocity is monitored at the output of the first averager. 

Examples of the type of signals one might expect to monitor at 

each step along the circuit in Figure 55 are illustrated in Figure 56. 

The constantly varying instantaneous input is shown in Figure 56a. 

The same signal, averaged using the 11 EMP 11 circuit, is pictured in 56b. 

The curve or trace of the signal is no longer wildly fluctuating but 

still responds to changes in the general level of the instantaneous 

signal. With a time delay dependent upon the values of a.p the 

average magnitude responds to the instantaneous magnitude. In the 

actual circuit of Figure 55, the average signal produced by the 

averager is negative due to inversion by the integrator. 

The summer combines the original signal and the negative average 

signal to obtain a signal matching the original 1 but now displaced 

by the negative average to fluctuate about the zero voltage line. 

This can be seen in 56c. A gain of 10 and inversion result in 56d. 

In the actual circuit it is 56d and not 56c which would be monitored. 

The latter is included to clarify the meaning or significance of 56d. 

Next in Figure 55 is an operational amplifier which increases the 

signal. For a great many of the tests the gain of this amplifier 

(marked x) was one. Otherwise overload of the analog occurred. An 

inverter is next in the circuit and furnishes the negative input 

required for the squarer. The squarer requires both positive and 

negative values of a given signal in order to square that signal. 

In the process the squared signal is actually divided by a factor of 

10. 

Still referring to Figures 55 and 56, the 11 EMP 11 circuit is 
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utilized a second time to obtain the mean square. Figure 56e and f 

represent this step. 
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The remaining step requires taking the square root of the resul

ting signal in order to find the Root Mean Square, or RMS, which is 

the universally accepted measure of turbulence. 

·Signal inversion, or sign change, takes place each time the 

signal passes an integrator or operational amplifier. Also the analog 

circuit, which squares the signal, results in a 0.1 gain, whereas the 

circuit which takes the square root of the signal multiples the signal 

by 10. 

The alpha values in the two averaging circuits determine two 

characteristics of the resulting averaged si gna 1. First, the greater 

the alpha value, the longer the time period of averaging for the 

signal. Therefore, a highly fluctuating signal would be smoothed 

moreso by a longer averaging time. The resulting signal would be less 

susceptible to the individual fluctuations of the original signal. 

Second, a longer averaging time causes a greater lag time before the 

average signal responds to large changes in the level of magnitude of 

the original signal. In general, one may have to compromise in order 

to get an average signal which is smooth enough to be useful and yet 

does not lag too much in response to large changes in the general 

level of the original signal. 

Ca 1 ibrati ons 

Several pre-investigation calibrations and documentations were 

necessary to establish the operation standards for the equipment 

and conditions of air flow. 



Cantilever Beam Calibration. Each of the 16 cantilever beams 

instrurrented with strain gages were calibrated before and after the 

tests. The calibration consisted of fixing the beam mounting plate 

in a small vise and inserting a series of known weights in a small 
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tin can hung from the link point of the beams (Figure 57). The 

resulting strain signals were recorded. The normal range of weights 

for the initial calibration was 1-16 ounces. These were placed on the 

beams in one ounce increments. A3 and B3 were stronger beams and 

required approximately 20 ounces for full chart deflection with the 

Beckman recorder sensitivity set at 5 and X. 1. 

Figure 57. Cantilever Beam Calibration 
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Calibration initially included loading and unloading of the 

beams in both directions from the no load position. To accomplish 

this the weights were successively added and then removed. The beam 

was then turned over in the vise and the process repeated. This was 

necessary because initially it was not certain that some of the beams 

would always be loaded in only one direction. 

Several months later, for the final calibration, observations had 

proved that beams at some of the locations were always 1 oaded in the 

same sense. For example, the windward wall was, without exception, 

pushed inward. Therefore, the final calibration of these beams was 

checked in only that one direction. In addition, final calibration 

was carried out at a different recorder sensitivity (2 and X. l); 

again, because experience had shown the wind forces on the model did 

not approach the magnitude of the earlier calibration. The maximum 

final calibration weight used was eight ounces for A3 and B3 -- most 

of the other beams required six ounces. 

The calibrations were done under static load conditions since, 

upon changing the weights, any vibration was quickly dampened and a 

steady line resulted on the recorder. 

Comparisons.of Initial and Final.Calibrations 

The initial calibration, the final calibrations, and the majority 

of the tests run were all recorded in a slightly different manner. 

This made conversion to a common basis necessary for comparison. 

Most of the model tests were run at recorder amplifier settings 

of X. 1 and 2 with full chart deflection interpreted as a va1 ue of 200. 

The initial calibrations used X.1 and 5 and were interpreted on the 



basis of 200. The final calibrations were taken using amplifier 

settings of X. 1 and 2, but with full chart deflection being 

considered at a value of 40. 
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The calibration data in its original form, was analyzed using 

linear regression on a desk top Hewlett-Packard computer-plotter. 

The main object was to determine the slope of the curve representing 

the linear relationship of force applied at the link point to the 

resulting electronic strain readings in volts as recorded on the 

Beckman. Secondarily, the regression correlation coefficients gave 

indication of the 11 fit 11 of the straight line to the data points. 

As a result of the earlier mentioned inconsistencies of amplifier 

settings and the differences of value attributed to full chart width, 

the slopes from the 11 initial 11 regression were adjusted by using the 

ratio of initial sensitivity to the final sensitivity, i.e., 5/2. 

The slopes resulting from the analysis of the final calibration need 

only be multiplied by five to convert 40 full scale to the basis of 

200. 

Initial and final calibrations of all the beams are included in 

the Appendix in tabulated form. 

All the correlation coefficients prove to be very near to unity. 

The initial calibration contained only two curves with less than 

.9994 as a correlation coefficient. These were A7-IN (.9973) and 

A5-0lJT' (.9989). Final calibration showed no fit worse than .9995. 

The cantilever beams and the strain gage equipment produced signals 

which were very linear. 

A sample final calibration plot (that of Bl-IN) is shown in 

Figure 58. 
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The equation for the line is: 

Strain = 7.0079 X Force + 0.561 

where Strain is in chart units and Force is in ounces. The coeffi

cient 7.0079 represents the slope of the line in terms of chart units 

of strain per ounce of force. 

The curve for the same beam-direction combination for the initial 

calibration has the equation: 

Strain = 13.9479 X Force - 1.06 

Initi a1 
Slope Comparison 

Final 

5/2 x 13. 9479 = 34. 8698 5 x 7.0079 = 35.0395 

The difference between the Bl-IN slopes for initial and final 

calibrations is only 0.5%. However, the range of differences for 

the other beam-direction possibilities was from 0.1 - 7.6% (Table IV). 

Half of the 24 beam-direction possibilities had differences of 

less than 3% between the initial and final calibration slopes •. The 

other half, however, was between 3-8%. Eighteen of the 24 had 

differences of less than 5%. Refer to Table IV. 

The larger differences are disturbing. There are reasonable 

explanations, however. The initial calibrations were accomplished 

imrrediately following installation of the strain gages on the beams. 

The beams had been flexed only a few times manually. They had not 

yet been attached to the model nor functioned dynamically. In the 

succeeding months they were flexed continually during nurrerous tests. 

In retrospect it would have been advisable to subject the beams to 

some dynamic loading as 11 break-in 11 before initial calibration. 



TABLE IV 

CALIBRATION DIFFERENCES 

Differences Between Initial and Final 
Calibration Slopes 

> 1% 

1-2% 

2-3% 

3-4% 

4-5% 

5-6% 

6-7% 

7-f!'lo 

Number 
{Out of 24) 

5 

5 

2 

1 

5 

3 

1 

2 

In addition. the calibrations include the effects of the 

equiprrent used to condition and record the signals. Initially it 

was not realized that an hour or two was necessary for warmup before 

taking readings in order to stabilize the equiprrent. 

For these reasons, it is felt that the final calibrations are 
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more reliable. The most important tests were close {in time) to the 

final calibrations; their values will be used in quantitative evalua

tions of the data. The initial calibrations were certainly not without 

value as they corroborated the linearity of the beams at the outset 

and provide proof that no major changes in calibration could have 

occurred. 
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As a further check, for the tests with the model at 0° orienta

tion to the wind, the panels were subject to a "frame calibration 

procedure". An eyelet was placed in the center of each panel to which 

a line was attached. The line passed over a pully placed in an appro

priate position on the frame. !my weight attached to the other end 

of the line loaded the panel from its center point and normal to the 

panel plane. (Figure 59). Any gage malfunction or significant change 

in the calibration could thus be detected. 

Figure 59. Panel Calibration Using Loading Frame. 

This same 11 frame calibration" procedure was used in the final 

series of tests (discussed more later) in order to standardize the 



results as it was discovered when loosening the disk center bolt and 

reorienting the building, the gages were so sensitive that they 

reacted to the tension in the center bolt. 
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Calibration of the Hot Wire Anemometer. The hot wire anemometer 

was calibrated with the apparatus shown in Figure 60. The pitot tube 

and the hot wire were both placed in the same constant air velocity 

from the fan-tube arrangement shown. The unknown reading of the hot 

wire could then be related to the known velocit.Y reading of the pitot 

tube. 

The Establishment of the Velocity Profile. The goal was to achieve 

a vertical wind velocity distribution, which would simulate that of 

open countryside - i.e., with an n value of:::. 7 in the equation VH = 

VHl ( ~) l/n previously discussed in the literature review. 

While the main effort was to establish this vertical distribution 

(of the horizontal wind movement), the vertical velocity and the turbu

lences of the two directions were also documented - until one of the 

two hot wires in the probe became defective. 

For the 12 initial trials, readings were taken 811 to the south of 

the tunnel centerline (32 11 from the north wall). The probe was 35 11 

(representing 145 1 10 11 full scale) ahead of the center of the model. 

Starting at 111 above the floor the wind characteristics were recorded 

in 111 increments up to 911 • After that, 311 increments were used up to 

3311 • This represented a range of 4. 167 to 137. 5 1 full seal e. 

The horizontal and vertical velocities and their averages from 

the analog were a 11 recorded on the Sanborn 4 channe 1 recorder. 

Simultaneously, the turbulences, also from the analog, were documented 
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Figure 60. Calibration of Hot Wire Apparatus 
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on the 2 channel Brush recorder. 

Beginning with only the bare tunnel floor, the stainless steel 

screen over the entrance of the convergence section and the honeycomb 

screen at the entrance of the 4' by 4' portion of the tunnel 

(Figures 30 and 33), a series of trial and error tests were employed 

to finally establish the velocity distribution accepted (n ~ 6). The 

following steps were the most iJ11)ortant: 

1. Bare tunnel floor with no modification. The resulting 

velocity pattern (Figure 61:1) showed the lower 411 to 

correspond roughly to the desired 1/7 slope. Uniform 

velocity existed in the upper portion beyond, however. 

Since there was no way to further increase the upper 

levels of velocity, the lower levels of air had to be 

further retarded. 

2. A trip was installed intnediately behind the honeycomb 

screen and spanned the entire 4' width of the tunnel. 

This rretal rectangular bar, 411 high, initiated the ground 

plane effect by retarding the air near the floor. 

Also installed was an assortrrent of angle irons, both 

short and long pieces -- fastened with duct tape, along 

the ful 1 length of the tunne 1 fl oar up to 10 11 ahead of 

the probe. Figure 61 :2 shows the result. The effect 

was satisfactory but the velocity in the portion 9-1811 

above the floor was too high sti 11. Above 1811 the 

velocity was slightly slow. 

3. Utilizing supplerrental screens of varying rreshes, sizes 
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and combinations, an attempt was made to further retard 

the air in the 9-18" portion. The ends of the screens 

were stapled to two pieces of 1/4" plywood and the 

plywood pieces were pressed outward by an "expanding ,iack" 

made from a Volkswagen tie rod bar. The jack was placed 

horizontally across the tunnel, its ends pressing the 

plywood end pieces against the tunnel side walls thereby 

stretching the screening across the tunnel (Figure 34, 

Figure 54 just beyond the window ahead of the model and in 

the foreground of Figure 63). Results of an early attempt 

are shown in Figure 61 :3. The screen was too dense and 

over correction occurred. 
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4. The combination sh own in Figure 61 : 4 produced acceptable 

results;~ 1/6 slope. Having finally achieved a reasonable 

result in this fashion, a series of readings were taken 

rotating the hot wire probe as well as going through the 

previous height pattern. Readings were taken 811 either 

side of the centerline, ascending and then decending, 

rotating the hot wire probe at each height to get a 11 south 11 

and a 11 north 11 reading with respect to the centerline of the 

tunne 1. 

The severe difference (Figure 61:5) between these lateral 

readings (i.e., north and south) led to a check with the pi tot tube 

at the height of 911 traversing the tunnel. The differences were 

confirmed (Figure 62) and an exhaustive attempt was made to discover 

the cause - to no avai 1. 
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The triangular shaped loft, between the sloping roof and the 

ceiling of the room housing the tunnel, was suspect since it served 

as an air return. It was proved not to be the cause by opening the 

large outside doors at either end of the tunnel and closing the loft 

return. It is possible that, even with the outside doors open, the 

90° bend of the air flow through the room and out the door at the 

exhaust end caused the same effect as the triangular shaped loft. It 

would seem, however, that the bend (Figure 30) might cause the 

slowing of the air flow rather than its higher velocity on the north. 

Lacking any reasonable explanation that could be verified, an 

expedient solution was chosen. Adding more ground effect material on 

the floor along the north wall sloVJed the air and evened out the 

previous di·screpancy. Twenty-six bricks in an upright position were 

used (Figure 63). This undoubtedly altered the homogeniety of the 

turbulence but subsequent difficulty with one of the hot wires 

prevented verification. 

The result of the bricks was to eliminate much of the original 

difference (as great as 20%), though some remained (~ 5%). (See 

Figure 61 :6). 

The final velocity distribution accepted is shown on log-log 

paper in Figure 64 for three velocities and the profiles are plotted 

in Figure 65. They reflect the average readings of the horizontal 

velocity at each height for three fan speeds within the range of the 

tunnel 1 s operation; low (430 rpm) labeled LVPROF, rredium (510 rpm) 

labeled MVPROF and fast (610 rpm) called FVPROF. 

Stepwise linear regression of the horizontal wind velocity data 

collected during the final test for establishing the profile was 



Figure 63. Floor 11 Roughness 11 and Screens 
Producing Final Velocity 
Profile 
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analyzed by use of the IBM 370 Scientific Subroutine Package. A 

programrred logarithmic conversion of the data was necessary. 
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The general form of the wind equation selected to describe the 

profile is: 

V V ( RTH ) l/n H = Hl 

or in logarithmic form, 

log VH = log VHl + l/n (log H - log Hl). 

If H 1 = 1 • then, 

log Hl = 0, 

and the equation becomes: 

log VH = log VHl + l/n (log H). 

The log VHl is the intercept of the curve with 

the line Hl = 1 when plotted on log-log paper. 

And l/n is the slope of the curve when measured in 

non-logarithmic or linear units. 

From the computer analysis of the data plotted in Figure 64 the 

values in Table V were obtained for Log VHl and l/n in Equation 3. 

[l] 

[2] 

[3] 

Only the data between 1 and 2411 (equivalent of 100' above the 

ground) was included in the analysis. Above 24 11 , the screen (highest 

point, 29 11 ) 1 was not effective in simulating the desired horizontal 

velocity profile. The shapes of the three velocity profiles in 

rectangular coordinutes, shown in Figure 65, also i 11 ustrate the 

departure from the desired profile after the hei·ght of 2411 above the 

tunne 1 floor is exceeded. The desired profi 1e did exist in the 

bottom half of the tunnel and was considered sufficient when compared 

to mode 1 height of 5. 8411 • 



In ch es 
from 

Centerline 

8" South 

8" North 

Avg 

TABLE V 

VELOCITY PROFILE DATA 

FVPROF MVPROF 

Log VHl l/n Log VHl l/n 

1. 93706 0. 17464 1.87867 0. 18173 

1. 95399 0. 17316 1. 89642 0. 17152 

1. 94476 0. 17445 l. 88812 0. 17626 
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LVPROF 

Log VHl l/n 

1. 74913 0.18000 

1. 77574 0. 16688 

l. 76258 o. 17337 

The consistent small differences still remaining between the North 

and South curves in Figure 61 :6 show the previously discussed problem 

was not completely overcorre. 

Reynolds Number Investigations. A preliminary examination of the 

reaction values at various velocities was made to determine if fully 

developed turbulent fl aH did exist over the test range. 

Early portions of the experiment were carried out with "unsealed" 

models; "unsealed" signifying that the joints around the four panels 

were open ~ 1/3211 to allow movement. This procedure was continued on 

through preliminary elemination tests in searching for some modifica

tion which would effectively reduce the wind forces on the model. 

At one point, the discovery was made that taping 2 mil pl as tic 

material over the roof ridge joint caused considerable alteration of 

the force pattern recorded by the gages. The tape was placed so as to 
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allow freedom of movement and yet seal the joint in a fashion similar 

to roof ridging, some air being able to escape out small gaps at the 

very ends. Subsequently it was learned that leakage of air through 

the 1/3211 joints was anything but negligible, and the same sort of 

sealing was attempted for the remaining joints (to be described later). 

As a consequence of this later discovery, the Reynold's Number tests 

for independence from viscous effects were repeated for the sealed 

mode 1. 

Both tests are presented -- the first (unsealed) is the only one 

that clearly shows any dependence of the reactions upon the viscous 

forces. Both unsealed AB and BB exhibit a marked variation with 

respect to velocity. All the others, by contrast, show some variation 

which might seem very significant if it were not for the much more 

pronounced dependence of unsealed AB and BB. 

The two figures (66 and 67) show 16 terms of the form Ri/{VH 30 )2 

plotted against vH 30 • In reality, the terms expected would be 

Ri/plsVH2 versus, say, hrVH p/µ. For these tests, however, all the 

quantities other than those actually plotted were constant and would 

not relatively change the plots. Since hr would be an arbitrary 

choice of a length term. the plots would have no more meaning than 

those shown. Further, the plots are simply in chart divisions per 

volt2 for the reactions and in volts for velocity. The relationship 

between velocity in volts and velocity in feet per second is linear. 

Again using the unrefined data in this fashion changes only the 

scale not the re 1 ati onshi p. 

One further difference between the unsealed and sea led plots wi 11 

be noted. The velocity readings on the 11 unsealed tests 11 were obtained 
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Figure 66. Reynold's Number Tests - Unsealed Model. Horizontal 
Velocity, Single Hot Hire, in Volts Versus 
Reaction/Velocity2. 
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after one circuit of the x-wire probe had been malfunctioning. The hot 

wire for the remaining intact circuit was used in the ordinary single 

wire fashion. The 11 sealed tests 11 were obtained during normal operation 

of the x-wire probe. This makes comparison of the absolute magnitudes 

of the unreduced data futile. The relative magnitudes are interesting, 

however. 

The Reynold's Number tests cover the entire velocity range 

available without changing the pitch of the tunnel fan blades -- i.e., 

from approximately 20-45 mph. The upper end of the range (.92 - l.25v) 

was used in the later testing. It would have been desirable to run the 

fan at much slower speeds than the actual range of later tests in order 

to clearly establish for each reaction the same transition through the 

critical velocity that can be seen for A8 and 88 (unsealed). Were 

this to have been possible all the reactions would exhibit more typical 

behavior shown in Figure 68 ( ) . 

Conclusions 

Most of the tests run later were at top speed(~ l.25v). 

However, it seems a safe assumption that fully developed turbulent 

fl ow did exist for the en ti re range of velocities tested and for al 1 

the reactions except for A8 and 88 unsealed. These two reacti ans 

are the lower corners of the back wall where fully developed turbulent 

flow apparently did not exist at the lower velocity for the unsealed 

mode 1. 

Attention has been called to the interesting differences in the 

relative magnitude of the unsealed versus the sealed reactions. In 

retrospect, it can be easily observed that even with mi nor leakage, 
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R = Wind force reaction, lb,F/ft. of building length 

(J : Air mass density, lb.M/cu. ft. of air 

k = Newtonian constant, 1/32.2, lb.F-sec. 2/lb.M-ft. 
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Figure 68. Wind Force Reaction Number, NF, as a Function of 
Reynolds Number, NR, in Experiments with 
Building Models in a Wind Tunnel Testing 
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the forces to be dealt with in design are vastly different. Early 

conclusions from the unsealed tests were that B3 and A3 (leading 

edge of roof) were by far the greatest forces. As a result stiffer 

beams were employed at A3 and B3. The highest unsealed forces are 

A3, 83; A6, B6; A5, B5 (all roof forces), whereas for the sealed 

model Al, Bl and f<l., B2 (front wall) are higher forces than the 3's, 

even after allowing for the beams of greater stiffness (~ 150%). B4 

and A4 forces even changed directions since with the unsealed model 

they were outward, but are inward for the sealed model. 

Procedure. 

1. The electronic equiprrent was subjected to a two hour 

warmup period prior to running of tests. This avoided 

11 drift 11 of the strain gages. 

2. The Beckman recorder required a calibration check with 

an internal signal meant to result in 20 mm deflection 

on each channe 1. 

3. The model to be tested was outfitted as necessary. 

4. A "shake down 11 run up was performed before each test 

by vibrating the model panels, with modification 

completed, in the tunnel wind for a short time at 

the highest velocity. This accomplished two things: 

a. The first run after each major change determined 

the Beckman recorder scale which could be used 

and in which direction the loading would cause the 

recorder pens to move. 

b. Overcoming handling of the model, such as frame 



calibration or changing from one modification to 

another when the panels might not come back to 

rest in their normal no load static positions. 

5. Frame calibration as described earlier was next performed 

if needed. 

6. When frame calibration was used a second run up was needed 

afterward. 

7. The velocity and turbulence recorders were zeroed. 

8. The strain gages were electronically balanced to set the 

recording pens for the channels at the chart position 
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desired (usually near zero). This was done under no wind 

load conditions using the Baldwin Balancing unit as modified, 

and using the control box to connect the panels one at a 

time to the Beckman. The panel being balanced was identified 

by illumination of its red light on the control box. 

9. Initial static readings were taken before the first replica

tion by running the control box through one complete cycle of 

four red lights while recording on the Beckman the zero load 

readings. 

10. Wind tunnel velocity was advanced (never decreased) to the 

desired leve 1. 

11. Data collection for one replication was completed with 

the controi box automatically determining the length of each 

panel run and switching to the next panel until all four had 

been recorded. Simultaneously the wind data was recorded. 

The control box motor was manually switched off when the 

white light came on. 



12. The fan was slowed to minimum speed and its power 

interrupted. 

13. When the fan came to rest, the. static readings were again 

taken under no wind conditions to determine the "tare" 

readings for the run just finished. 

14. Second and third replications were taken in the same 

fashion with no run up or initial static readings. 

15. Installation of the next building modification then 

fo 11 owed. 

Steps 4 to 15 were repeated; 5, 6 and 8 being done only when 

necessary. 

Modification identification and atmospheric conditions were 

recorded directly on charts along with the recorder scales employed. 
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Variations in the Standard Procedure. For the pre 1 imi nary tests 

only the top velocity attainable in the tunnel was used, but for the 

final tests the three velocities shown in Figure 65 were utilized. 

During the latter, a shim with three notches was inserted in the 

position cut off switch controlling the variable diameter of the fan 

drive. This insured use of the sarre velocities each time. The three 

different velocity settings were achieved during the same run always, 

in the same sequence; slow, medium, fast. This was necessary as 

randomizing the order often produced different velocities depending 

upon whether the fan speed was rising or descending to the desired 

value. 

Due to the time involved in changing the modifications on the 

model, it was decided to take three replications in the fashion 
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described above instead of randomizing the replications as well. This 

would have been unbiased, and preferable, but not practi ca 1. 

Sealing Tests. After completing the first series of preliminary 

tests on the Deflectors, the Airfoils and the Ducts. several attempts 

were made to di.scover the effects on the unaltered building model of 

sealing the 1/64-1/32" gaps or joints between the movable panels. 

The force changes which resulted from these attempts drove the 

front wall strain readings completely off the charts. so that a recor

der scale change from the setting of X. l and 2 to X. l and 5 became 

necessary. At the same time the forces on the front roof were greatly 

reduced. 

The initial discovery of the importance of leakage for even 

these small panel gaps was made while experimenting with sealing the 

roof ridge. It was sealed by taping a single strip of 2 mil plastic 

over the crack between the upper edges of the two roof panels while a 

metal welding rod lay under the plastic in the actual crack. Upon 

withdrawing the rod, the configuration of the sealing strip resembled 

the roof ridging normally used on corrugated metal roofs since it was 

open at the ends. The flexibility of the plastic and the 11 play11 left 

when the rod was removed enabled each roof panel to move independently 

of the other. Sealing was therefore along the length of the roof panel. 

By progressively adding similar sealing at each of the horizontal 

joints, the force pattern which evolved became entirely different 

than that for the unsealed model. Referring to Figure 69, the effects 

observed are listed in Table VI. 

The sealing of joint l was accomplished by taping a piece of 



w~ 
Flow 5 

Figure 69. Joint Designation 

TABLE VI 

CHANGE ft·L.STRAIN DUE TO SEALING JOINTS 
(RECORDED SYRAiN fN CHART DIVISIONS) 
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plastic on the floor of the tunnel and letting it lay loosely 

against the building. Later the panel was pushed in a bit and the 

plastic was spot taped to panel 1. Joint 4 was sealed by hanging a 

piece of plastic inside the model taped to the underside of panel 3 

near the top of the back wall. Suction outside the building pulled it 

up against joint 4. Joint 5 was taped similar to joint 1, except 

inside the building. 

Vertical cracks on the ends of the roof and wall panels were 

not sealed with the exception of those on the front wall. The plastic 

was taped only to the wall panel. The positive pressure on the front 

wall and air flow around the ends of the model held the plastic across 

the two vertical joints. 

The model was then considered to be 11 sealed11 • Frame calibration, 

as explained earlier, showed no interaction due to sealing the joints 

in this fashion. Once sealed, all tests for one alternative were run 

without changing the sealing conditions. 

Although sealing the building model in this fashion certainly 

did not make it completely air tight, the sealing drastically altered 

the reactions. Where previously the highest forces were on the two 

roof panels, and the forces were high on the back wall, the most 

serious force after sealing was seen to be on the front wall. The two 

back panels underwent a reduction of 400 recorded strain units. This 

drastic change can only be accounted for by the near complete closing 

off of the leakage which previously was adding internal outward 

pressure to the suction existing outside the model even though all 

the cracks were the sane size. 

The most severe change was due to closing joint 2 at the top of 



the front wall. The other joints assuredly had a pronounced effect, 

also. 
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The net forces on the model were altered from predominantly 

outward on the leaky model to predomanantly inward on the sealed model. 

The steady increase of the inward forces is accompanied by a steady 

decline in the outward forces. 

The conclusion of this aspect of the investigation was that 

leakage through the small gaps around the panels could not be ignored. 

Air leaked both into the model and out again through these small 

joints. When air flow velocity was increased, the width of the gaps 

increased to a certain extent, also. This ·was especially true for the 

joint at the top of the front wall where even a microscopic raising of 

the roof opened the gap and allowed air to be scooped into the model 

by the eave overhang. This introduced a variable into the investiga

tion which was neither accounted for nor controllable except by 

sealing the joints. All remaining tests were run with efforts to seal 

the building model except where noted later. 

The data suggests that controlling the sealing, or lack of it, 

at the five locations, might be the most effective way of controlling 

both the magnitude and distribution of the forces sustained by the 

structure. Some type of controlled leakage could well be a topic 

for future study. 

Cef1ectors 

Objective. The objective of this portion of the preliminary 

quantitative investigation was to determine the beneficial effects, if 

any, of forcing early separation of the roof surface's boundary layer 
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by disruption of the flow near the leading edge of the upper surface of 

the windward roof panel. This would, it was theorized, cause the front 

roof surface to be in a 11 wake 11 region, in addition to that wake 

normally existing for the two panels beyond the roof ridge. Normal 

boundary layer separation for moderate roof slopes first occurs at the 

leading edge but quickly reattaches un ti 1 the abrupt change of 

geometry at the roof ridge makes it impossible for the air flow to 

continue to follow building configuration. 

Method. Utilization of a series of different sized deflectors 

in several positions and orientations mounted along the full length of 

the upwind movable roof panel, provided the rreans of disruption of the 

usual flow. The downwind roof panel was not modified, though in 

natural circumstances the wind can blow from any direction. This was 

judged unnecessary as, in the wind tunnel, the lower portion of the 

roof on the backside would be in a wake area of non-direct flow. 

The preliminary stuct.Y encompassed limited evaluation of a portion 

of tests foreseen for a comprehensive investigation should the modi

fication look promising. 

Equipment Unique to the Deflector Investigation. The particular 

deflectors tested were based upon the flow visualization results 

showing the most disruption. 

The deflector confi gurati ans tested are shown in Figure 70. The 

symbols used are as fol lows: 

a - denotes position on the roof up from the lower edge of 

the roof. Three series of holes were tapped into the 

upwind roof panel (No. 2). The sets of holes could be 



used to place the deflector at any of four positions 

without overhanging the edge of the roof. A fifth 

position, with some overhang, was also possible. 

These positions are shown in Figure 71. Proceeding 

from higher to lower positions on the roof, the 

diatances from the edge of the roof to the deflector 

rotation point are: 

a = 2-7/16 11 , 121-7/811 full scale 
0 

a = 1-13/16 11 , 90-5/8 11 full scale 
1 

a = 1-3/16 11 , 59-3/8 11 full scale 
2 

a = 9/16 11 , 28-1/8 11 full scale 
3 

a = -1/16 11 , -3-1/8 11 full scale 
4 

b - denotes the gap between the bottom deflector and the base 

plate mounted on the roof. 

c -

Ct -

b = 0.0" 
1 

b = O. 125 11 , 6-1/4 11 full scale 
2 

denotes the height of the piece making up the deflector. 

c 
l 

= 5/16", 15-5/811 full scale 

c = 7/16 11 , 21-7/811 full scale (not tested) 
2 

c = 13/16 11 , 40-5/8 11 full scale 
3 

measures the angle between the deflector and the roof 

surface. 
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c, a; b1 a, 

Figure 70. Deflector Configurations 
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Figure 71. Deflector Positions and Construction Details 
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a = 45° 
1 

a = goo 
2 

a = 135° 
3 

a = oo 
4 

a , or 0°, signifies the control - i.e., no deflector, but rather a 
4 

flat metal strip, of equivalent weight fastened in the same 11 a11 

position as the deflector. In Figure 72, from left to right, are 

pictured c a.b a , 
3 1 1 4 

c a.b a -- i being 
1 1 1 2 

c a.b a , c a.b a , c a.b a , c a.b a and 
311~3 1114 1123 1122 

determined by location on the roof. Figure 73 

shows the model with ca b a in place. Figure 74 illustrates 
3 1 1 3 

cab a while its control is pictured in Figure 75. 
1 3 2 1 

Procedure. Utilizing the series listed in Table VII, the 

initial tests were run under 11 unsealed 11 conditions. No effort was 

made to seal either the clearance needed between the movable panel 
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and the fixed portion of the model or the clearance between the panels 

themselves. This clearance varied from 1/6411 to 1/32 11 • Later, after 

discovering the importance of leakage, certain of the tests were 

repeated under 11 sealed 11 conditions to ascertain the value of the 

modification under those circumstances. 

The tests were conducted in the normal manner described earlier 

for all the quantitative tests. Only top speed was used. The order 

resulted from random selection. 

Both a and a (45° and 135°) were achieved with the same 
1 3 

deflector reversed. 



Figure 72. Deflectors Tested and Their Controls 

Figure 73. Tall Deflector (13/16") with No Gap at 
Position a1 and 135° Orientation 
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Figure 74. Short Deflector (5/16 11 ) with Gap at 
Position a 3 and 45° Orientation 

Figure 75. Control in Place for Deflector Above 

l~ 
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Results-First Deflector Series, Unseal~d Model. The series 

listed in Table VII was carried out over a period of two days without 

de-energizing the electrical circuits. 

The data was analyzed and plotted without precise correction for 

calibrations and minor changes in velocity in order to quickly ascer

tain the size of effect due to the deflector modifications. One such 

plot (I-11, c a b a) is shown in Figure 76. The lines connect the 
1 1 2 1 

two recorded voltages in chart divisions, due to strain, for similar 

gage locations on the two ends of the building model, i.e., A and B. 

The dashed line is the control whereas the solid line is the modifi

cation. The sign indicates the modification raised the forces (+) or 

lowered the forces (-). Here it can be readily detected that all the 

wind force induced strains decreased except those at Al and Bl, A2 

and B2. 

The plot shown is one of the better results. The general pattern 

of all the tests showed sizable increases in all cases for panel 1 

(Al, Bl, A2, 82), often increases for panel 2 (A3, B3, A4, 84), always 

decreases in panel 3 (A5, BS, A6, B6) and usually decreases for panel 4 

(A7, 87, A8, B8). 

The relationship of the control force~ is typical for all the tests 

on the unsealed models. The forces on the front wall are inward while 

all the other panels experience outward forces. The highest outward 

forces by far are those at the leading edge of the roof (the 3's) 

followed closely by the forces on the back roof panel. The 4's at the 

1The results of the tests are commonly referred to hereafter in terms of 
how the forces were affected. More properly, the results should be 
discussed in terms of the effects on the strain readings caused by 
the wind induced forces on the model surfaces. 
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top of the leading roof panel are low as are the forces on the back 

wall. 
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It wi 11 be noted that the s 1 opes of the 1 i ne between two 

comparable gages can be partially accounted for by differences in 

stiffness of the beams. Exact comparison between the l 1s, for example, 

could be obtained only by eliminating the difference due to the cali

bration factors, etc., Table XXIV. The beams for the 31s are 

approximately one and one-half times as stiff as the others so their 

readings have been multiplied by 1.5 to give a better quick indication 

of the relative magnitudes of the forces without going to the effort 

of completely reducing all the data. 

It appears there is potential to reduce certain of the forces at 

the expense of increasing others. In order to assess the effect of 

deflector orientation, position on the roof and the presence of a 

gap between the deflector and the roof, the plots shown in Figures 77 

and 78 were prepared. 

For these tests, c is constant at value c , using the 5/16 11 

1 

deflector strip. The plotted X's are b 1s or 1/811 gap. The plotted 
2 ' 

dots are the b 1s, or no gap. 
l 

Three angles are plotted between a , or 
4 

0° 1 which is plotted at either extremity of one axis. The angle 

sequence is then 0°, 45°, 90°, 135°and180°, with the control 

represented on either end. The scales do !1.Q1 start at zero so only 

the top of the three dimensional 11 force column 11 is shown. On the 

figures, each of the vertical axes are labeled with the test identifi-

cation. 

Panel 1 - Some interesting results are noticeable. In Figure 77 

where panel 1 forces AVl (average of Al and Bl) and AV2 are represented 



::: * N "If~ ~Q ._,, 

'""' ~ CJ- : ! 

"' .. 

144 

Ch 
QJ .,... 
s.. 
~ 

I/) 
r-
QJ 
c: 
n:s 

0.. 

c: 
0 

VI 
O'l 
c: .,.... 
-0 
n:s 
QJ 
c:: 
c: .,.... 
n:s s.. 
+' 
(/) 

QJ 
O'l 
n:s s.. 
QJ 
> c:: 

,..... ,..... 
QJ s.. 
::s 
O'l .,.... 

LL. 



"' '" * '°•.,..JI b ,_,, 
> " 

H4u- f! 

N r ~ !!.' .r 
I;. .. 

,f ;-ff 
; ,f J' 

I '° 

"' "' ii .,....,, b'-lt "' "' > • 

f~ .. u 
H 

~ 

.# § P' 

I 'l ,ff 
;i"uf 

• .. • 'O 

.# § . 
r 

"' "' a: ... -.,JI "' "' > • 
H 

.. u 

• .. . 
'O 

. . , 
t, 

t~O, 
'• 'II \ 

"a R 9 J' 

145 

j .. . 
VI 'O 
Q) ...... 
s.. 
Q) 

I V) 

' I 

t~O, ....... 

'• oi::I-'t 
~'"a "'C 

.j' N ~ ,, c: ,. 
IC 

/,f/ ('I) 
,. Z' .. 

-~",{ VI ..-
Q) 
c: 
IC 
c.. 
c: 
0 

VI 

b '-II 
C'> 
c: 

f! . ..... 
"'C 

111 
ta 

~ M ~ '\ 
~ ltJ, ~ ... 0 

c: ..... 
ta 
s.. 
.µ 
V) 

• Q) .. C'> 

'-o IC 
s.. 
Q) 

> ex:: 
I 

' 
t~O, co ,..., 
'• 'II \ Q) 

s.. 
N " ., ., '+o ::I .. ~ " ~ C'> 

I;.., 
. .... 

,f ;-ff LL 

;tf£ 
I '° 



146 

very similar effects are seen. 

1. All the forces are increased for all tests but surprisingly 

the 90° modification forces are 1 ower than for either 45° or 

135° modification except at a . 
3 

2. The deflectors with gaps cause higher force changes, both 

increases and decreases. 

3. The controls vary due to position with the a position, 
1 

higher on the roof, resulting in lower control forces on 

the front wa 11. 

4. Similarity exists between the force patterns at deflector 

positions a and a . 
l 3 

5. The forces with the deflector at position a , high on the 
1 

roof, are more often greater than those with the deflector 

at a . 
3 

Panel 2 - In Figure 77, showing AV3 and AV4 forces, the following 

can be observed. The forces on the 31 s are highly dependent upon the 

modification, displaying very unusual behavior. That A3 and 83 are 

the most affected is not really surprising, as they are the roof reac

tion most directly under the deflector. The A3 and B3 forces were 

multiplied by a factor of 1.5 to give an approximate comparison with 

the other gages since the 3's are less flexible beams. 

For AV3: 

1. With some effort, a pattern showing 11 sine 11 wavelike response 

can be detected. The curve for the no gap modification in 

the a (low on roof) position resembles a distorted sine wave 
3 

going full cycle. The curve for the modification with a gap 

(X's) for position a resembles 1-1/2 cycles of a sine wave. 
l 



The gap curve at a looks like a normal distribution curve. 
3 

2. The gap curves and no gap reverse their relative positions 

between a and a at both go 0 and 135° orientation. 
1 3 
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3. The forces for position a (low on roof) are higher in general. 
3 

4. The forces are only reduced below the control values for a 
3 

(135°) at positions a and a and for modification a b a 
1 3 1 2 1 

(I-11 shown in another form, earlier, Figure 76). 

5. a , or go 0 orientation looks unfavorable in that the forces 
2 

are increased considerably. 

For AV4: 

1. The 41 s, at first glance, look to differ from the 3's, but upon 

further inspection very definite similarities exist. 

2. The slope of the control plane is reversed. 

3. The form of a b a. 1 s 1 oaks very much 1 i ke a 11 norma 1 
1 1 , 

distribution 11 curve. 

4. The same tendency for forces to be lower at a b a and 
3 1 3 

a b a is exhibited here, also. 
l 2 2 

5. Again a (90° orientation) causes high increases in. the 
2 

forces. 

6. The modifications with gaps (X's) cause higher forces than 

the no gap modifications (dots) except for I-11. 

Panel 3 - The behavior of panel 3, Figure 78, offers more 

interesting insight into th system behavior pattern. The tendencies 

of panel 3 are largely the inverse or mirror. patterns of panel 1. 

However, the forces are all reductions. 

1. The lowest forces are generally associated with a for AV5 
3 



AVl* 

AV2* 

AV3** 

AV4 

AV5 

AV6 

AV7 

AV8 

Panel l* 

Panel 2 

Panel 3 

Panel 4 

Inward* 

Outward 

Panel Total 
Abs. 

Panel Total 
Alg. 

*Inward 

1-14 
Control 

96. 33 

105.67 

191. 50 

24. 67 

109.67 

135. 33 

59.67 

38.84 

404.00 

432.33 

490.00 

197.00 

404.00 

1119.33 

1523.33 

715.33 

o0 & 180° 

** no;; multiplied by 1. 5 

TABLE VI II 

SUMMARY OF PARTIALLY REDUCED DATA, DEFLECTORS--UNSEALED MODEL 
(RECORDED STRAIN IN CHART DIVISIONS) 

Position a 3, 1/8" Gap Position a3 , 0 Gap 

I-12 

102.67 

111. 50 

201. 50 

25.83 

102.50 

122.50 

54. 34 

32.00 

428. 33 

454.67 

.\50.0<) 

172.67 

428.33 

1077. 33 

1505.67 

649.00 

% 
Change 

+ 6.6 

+ 5.5 

+ 5.2 

+ 4.7 

- 6.5 

- 9.5 

- 8.9 

-17. 6 

+ 6.0 

+ 5. 2 

- 8.2 

-12.4 

+ 6.0 

- 3.8 

- 1.2 

- 9.3 

I-9 

101. 84 

111.17 

215.75 

42.33 

105.33 

118.83 

50.17 

28.84 

426.00 

516.17 

448.00 

158.00 

426.00 

1122.17 

1548.17 

696.17 

% 
Change 

+ 5.7 

+ 5.2 

+12. 7 

+71.6 

- 4.0 

-12.2 

-15.9 

-25.8 

+ 5.5 

+19.4 

- 8.5 

-19.8 

+ 5.5 

+ 0.3 

+ 1. 6 

- 2.7 

I-8 

105.00 

113. 6 7 

194.75 

30.50 

99.50 

119.17 

so. 34 

29.17 

437.33 

450.50 

437.34 

159.00 

437.33 

1046.84 

1484.17 

609.51 

135° 

% 
Change I-10 

+ 9.0 101.00 

+ 7.6 109.17 

+ 1.7 202.75 

+23.6 26. 33 

- 9.3 106.50 

-11.9 126.50 

-15.6 55.17 

-24.9 32.00 

+ 8.3 420.33 

+ 4.2 458.17 

-10.8 466.00 

-19.3 174. 33 

+8.3 420.33 

- 6.5 1098.50 

2.6 1518.83 

-14.8 678.17 

% 
Change 

+ 4.9 

+ 3. 3 

+ 5.9 

+ 6.8 

- 2.9 

- 6.5 

- 7.6 

-17.6 

+ 4.1 

+ 6.0 

- 4.9 

-11. 5 

+ 4.0 

- 1. 9 

- 0.3 

- 5. 2 

1-5 

99.67 

108.67 

206.00 

29.17 

109.17 

128.50 

55.17 

38.33 

416.67 

4 70: 33 

475.33 

187. 00 

416.67 

1132. 67 

1549. 33 

716. 00 

% 
Change 

+ 3. 5 

+ 2.8 

+ 7. 6 

+18.2 

- o.s 
- 5.1 

- 7.6 

- 1. 3 

+ 3.1 

+ 8.8 

- 3.0 

- 5.1 

+ 3.1 

+ 1. 2 

+ 1. 7 

+ 0.1 

I-6 

101. 6 7 

109.67 

185.50 

21. 33 

106.00 

128.83 

57.33 

39.84 

422.67 

413. 6 7 

469.67 

194. 34 

422.67 

1077.67 

1500.-,J 

655.00 

135° 

% 
Change 

+ 5. 5 

+ 3. 8 

- 3.1 

-13. 5 

- 3.3 

- 4.8 

- 3.9 

- 2.6 

+ 4.6 

- 4. 3 

- 4.2 

- 1.4 

+ 4.6 

- 3.7 

- l. J 



AVl* 

AV2* 

AV3** 

AV4 

AV5 

AV6 

AV7 

AV8 

Panel l* 

Panel 2 

Panel 

Panel 4 

Inward* 

Outward 

Panel Total 
Abs. 

Panel Total 
Alg. 

*Inward 

1-1 
Control 

89. 75 

100.25 

187.50 

30.25 

117. 25 

143.25 

64. 50 

44.00 

380.00 

435. so 
521. 00 

217 .00 

380.00 

1173. 50 

1SS3. 50 

79 3. so 

**now multiplied by 1.5 

1-11 

103.83 

112 .17 

177. 50 

24. 59 

100.50 

122.00 

S3.SO 

31.00 

432.00 

404.17 

445.00 

169.00 

4 32. 00 

i018.17 

1450.17 

586.17 

TABLE VIII (Continued) 

Position o:1 , Gap 1/8" 

%. 
Change 

+15. 7 

+11.9 

- S.3 

-18.7 

-14.3 

-14.8 

-17.0 

-29.S 

+13. 7 

- 7.2 

-14.6 

-22.1 

+13. 7 

-13.2 

- 6.7 

-26.1 

1-3 

105.17 

112. 6 7 

190.SO 

41.17 

104.00 

119.67 

S4.67 

41.59 

435. 6 7 

463.33 

447.33 

192. 50 

43S.67 

1103.17 

1S38.83 

667.50 

% 
Change 

+17 .2 

+12.4 

+ 1.6 

+36.1 

-11.3 

-16.5 

-lS.3 

- s.s 

+14.7 

+ 6.4 

-14.1 

-11. 3 

+14.7 

- 6.0 

- 0.9 

-15.9 

I-7 

102.67 

111. 83 

181.2S 

34. 67 

103.67 

123.17 

S4.83 

37.33 

429.00 

4 31. 8 3 

4S3.67 

184.33 

429.00 

1069.83 

1498.83 

640.83 

% 
Change 

+14.4 

+11.6 

- 3.3 

+14.6 

-11. 6 

-14. 0 

-lS.O 

-15.1 

+12.9 

- 0.9 

-12.9 

-15.0 

+12.9 

8.8 

- 3. s 

-19.2 

1-4 

96.00 

lOS .17 

194.SO 

34.67 

116. 83 

137 .17 

62.SO 

48.33 

402.33 

458.33 

508.00 

221. 6 7 

402.33 

1188.00 

1S90.33 

785.67 

% 
Change 

+ 7.0 

+ 4.9 

+ 3.7 

+14.6 

- 0.4 

- 4.3 

- 3.1 

+ 9.8 

+ 5.9 

+ 5. 2 

- 2.5 

+ 2.2 

+ 5.9 

+ 1.2 

+ 2.4 

- 1.0 

Position ~1 ; Gap= 0 

1-13 

96.67 

106.33 

195.75 

39.67 

109.67 

130 .17 

57.00 

34 .17 

406.00 

470.84 

479.67 

l8L.33 

406.00 

1132.83 

1538.83 

726. 8 3 

% 
Change 

+ 7. 7 

+ 6.1 

+ 4.4 

+31.2 

- 6.S 

- 9.1 

-11. 6 

-22.4 

+ 6.8 

+ 8.1 

- 7. 9 

-16.0 

+6.8 

3.5 

- 0.9 

- 8.4 

1-2 

98.00 

106.84 

186.75 

34. 83 

109.33 

129.67 

58.67 

46.83 

409.67 

443.17 

478.00 

211. 00 

409.67 

1132.17 

1541. 8 3 

7 22. 50 

% 
Change 

+ 9.2 

+ 6.0 

- 0.4 

+15.2 

- 6.8 

- 9.S 

- 9.0 

+ 6.4 

+ 7.8 

+ 1.8 

- 8.2 

- 2.0 

+ 7.8 

- 3.5 

- 0.8 

- 9.0 



though for AV6 the a orientation results in the lowest 
2 

forces in two instances. 

2. The gap modifications• (b ) forces are lower than the b 's 
2 1 

(no gap). 
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3. The 5's show the a orientation to cause lesser reductions than 
2 

a or a in general. 
1 3 

4. For a and ab the forces are lowest for the 5's, I-11. 
1 1 2 

5. For a and a b the forces are lowest for the 6 1 s, I-8. 
3 . 3 2 

Panel 4 - Panel 4 forces (Figure 78) are somewhat erratic and the 

forces are lower than the other gages with the exception of the 41 s on 

panel 2. 

1. All forces represent reductions over the controls with some 

exceptions for AV8. 

2. Cyclic trends are seen in AVB at a , and opposite tendencies 
1 

exist for the gap modifications than those exhibited for 

those with no gap under the deflector. Gap modification 

forces show to be highest at a (go 0 ) for the a position 
2 1 

with the forces for a (45°) being the lowest. 
1 

3. In general gap curves are lower for all -- exception is noted 

for AV8 at a and go 0 orientation. 
1 

4. Some evidence can be seen at a a of greater reduction for 
3 1 

the no gap curves, I-11. 

5. Similarity exists to considerable extent between AV7 as the 

inverse of panel 1. 

Table VIII summarizes the partial reduction of the data showing the 

average strain readings in chart divisions for each of the monitoring 
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monitoring points and a tabulation of the percentage of change for 

each modification compared to its control for either position a (I-14) 
3 

or a (I-1). The highest inward control forces, all on panel 1, are 
l 

AV2 and AVl in order of severity. The highest outward control forces 

are AV3 1 AV6, AV5, AV7 1 AV8 and AV4, again in the order of severity 

of magnitude. 

Summary of Panel Forces - Panel l, inward forces. Figure 79, show 

the effects of the three variables. All the modifications caused the 

control forces to increase. The 1/811 gap caused higher increases to 

~sult on the front wall at both the high and low position on the 

roof. 

The magnitude of the increases (13% to 15%) is greater with the 

modification itself at the higher position on the roof, a . 
1 

The 

effect of a, the orientation of the deflector, is slight. At a the 
3 

increases (5.5%to 8.5%) are in an order from low to hiah of 90°-45°-

135°, though the differences are small. The modification causing 

the smallest force increases on panel 1 is I-5 (0.0 11 and 90°). 

Panel 2, all outward forces, show erratic effects as a combination 

of the 31 s and the 41 s. Here the panel on which the deflectors were 

mounted is the one most directly affected, largely by the angle a. 

There is no consistent pattern. At a the gap caused the higher 
3 

increases. 

the no gap 

did not. 

At a the opposite is true. There is some similarity in 
l 

pattern at a and a though I-6 caused a reduction where I-2 
3 1 

The only other reductions are found for I-11 and I-7, both 

with a gap at a (high on the roof). The extreme difference between 
1 

I-11 (gap) and I-4 (no gap) is noted but remains unexplained. The 

I-4 result resembles that of I-10 at a 3 but the result of I-11 does not 
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resemble that of I-12, also at a • Perhaps the differences involve 
3 

the reattachment of the boundary layer as affected by the location of 

the modification. The most favorable modification on panel 2 is I-11 

at a (high) with 1/811 gap and orientation of 45°. It reduces the 
1 

outward forces on the pane 1. 

Panel 3 outward forces show a surprising similarity to the inward 

forces on panel 1. Nearly every comment made for panel 1 is true of 

panel 3, except the force pattern there represents a universal reduc

tion with respect to the control forces. Where an increase was indi

cated for panel 1 the same pattern of decrease holds for panel 3, I-4 

being the only significant deviation. The range of decrease for 

position a (low) is 3% to 10.8% or ~8% average. The most favorable 
3 

modification at a is I-8 (l/8 11 and 135°). The range of reduction for 
3 

the high position on the roof (a ) is 2.5% to 14.6% or ~12%. The most 
1 

favorable modifications are I-11 (l/8 11 and 45°) and I-3 (l/8 11 and go 0 ). 

Panel 4 forces are outward and generally reduced. Only I-4 (0.0 11 

gap and 45°) at a represents an increase. Though the percentage of 
3 

reduction is high (20%) in some instances, all the panel 4 forces are 

the lowest on the building. The gap results in higher reductions with 

the exception of I-3 at a . 
1 

The inward forces (Figure 80) are all on panel 1 so the same 

remarks apply to both. It is not possible to reduce these forces. To 

the contrary, they increase. 

The outward forces (Figure 81) are reduced with the exceptions 

of I-4, in the high position with no gap and 45° orientation, and the 

two go 0 modifications at the low position. The highest outward panel 

forces, on panel 3, are reduced whereas those on panel 2 most often 
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are increased. I-11 results in the largest decrease, 13.2%, I-7 in 

8.8% and I-8 in 6.5%. a of 135°, in general, is best for all 
3 

situations, except for the II-11 (45°) improvement which is better 

th an I -7 ( l 35 ° ) • 

156 

The relative pattern of the ab so 1 ute tot a 1 forces, the outward 

forces (Figure 81) and the algebraic or net forces (Figure 80) is 

essentially the same since they are mathematically derived. The sum 

of the outward forces plus the inward forces results in the absolute 

total forces. Their difference results in the algebraic or net total 

forces. Since the inward forces show little variation, the pattern of 

the outward forces dominates both the algebraic and absolute totals. 

The inward forces serve to accent the extremes of the outward force 

pattern in the case of the algebraic or net force and diminish the 

totals with respect to the controls. From the standpoint of the net 

forces, (which are outward in nature) all the modification forces are 

less outward than those of the controls. This results from the control 

net forces being predominantly outward initially, from the outward 

forces being reduced by the modifications and from the increase in 

inward forces. While the extremes of the outward pattern are dimi

nished for the absolute totals, their position with respect to the 

controls is shifted down and they are the largest overall numbers 

considered. Again, only I-4 and the two 90° modifications at a 
3 

actually increase the absolute totals beyond the control level. 

Supplemental Tests - Deflectors, Unsealed Model. During later 

supplemental tests, attempts were made to verify previous findings for 

I-11 and I-8 with the results shown in Table IX. 



I-11 

Panel l 
Panel 2 
Panel 3 
Panel 4 
Panel Totals 
(Absolute) 

TABLE IX 

SUPPLEMENTAL TESTS - I-11 AND I-8 
PERCENT CHANGE WITH RESPECT TO 

CONTROL MODEL 

Original Later Fast Later Medi um 
Series Velocity . Velocity. 

+13. 7% +3. 1% +2.7% 
-7.2% +2. 7%* +4.0%* 

-14.6% -6.9% -10.6% 
-22. 1% -9.2% -8. 3% 
-6. 7% -2. 7% -3.0% 

157 

~~i th out 
Analog 

+10. 4% 
-4.8% 

-13.5% 
-11.0% 
-5.5% 

-------------------------------------------------------------~---------

I-8 

Panel l 
Panel 2 
Panel 3 
Panel 4 
Panel Totals 
(Absolute) 

+8. 3% 
+4.2% 

-10. 8% 
-19.3% 
-2.6% 

+10. 4% 
+4. 1% 

.-11. 7% 
-14.6% 
-2.9% 

+6.2% 
+6.2% 

-13.7% 
-16.0% 
-3.9% 

The results for I-11 are both disturbing and at the same time 

reinforce previous conclusions. The lack of reduction on panel 2 in 

the two cases (*) resulted from increases in the 3 1 s (toward leading 

edqe of roof). Still other later tests confirmed the earlier results. 

Obvious inability to reproduce the exact same results is une.xplained 

except for minor changes in equipment due to numerous dismantlings. 

Nevertheless the general pattern of the same kind of redistribu

tion of forces is confirmed by the later tests. 

I-8 shows much more consistency than does I-.11, reinforcing the 
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earlier results. 

Small Deflector at Highest Position - The 5/16 11 deflector with a 

1/811 gap was tested at the highest roof position, a , with deflector 
0 

orientations of 45° and 135°. 

The tests were I-28 and I-26, respectively. The results are shown 

in Figure 82 and Table X. Both produced similar results, but, of the 

two, I-26 (orientation of 135°) proved to be superior as it is the 

lower line in all instances except for the 1, 2, and 4 gages where it 

is the highest. It caused the greatest decreases and the greatest 

increases. The increases are s1ight but the decreases are significant. 

I-27 
Control 

Panel 1 381 

Panel 2 419.6 

Panel 3 547.7 

Panel 4 292.7 

Total 164 l 

TABLE X 

I-26 - I-28 - I-27 
PERCENT DIFFERENCE 

I-26 

411. 7 +8.0% 

411.5 -1.9%. 

485.3 -11. 3% 

252 -13.9% 

1560 -4.·9% 

I-28 

406. 7 +6.7% 

427.8 +2.0% 

508 -7.2% 

264.3 -9. 7% 

1606.7 -2.0% 
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Especially important to note is the redistribution of forces 

from locations of. highest values to the locations of lower values. 

The increase in the 4's is acceptable in view of the decreases of the 

3's, the S's, and 6's. The control forces are maldistributed whereas 

the modification forces show better distribution except perhaps on 

the front wall. It, however, is better able to sustain inward forces 

than is the roof to resist outward forces. 

The percentages of change on panel 2 mask the real benefit of 

relieving A3 and B3 by adding in a similar increase at A4 and B4 on 

the same panel. 

The increase in A4 and 84 is likely due to the deflector forcing 

the air aloft and creating more suction over the area most directly 

sensed by the 4's. 

Large Deflector at Highest Position - With the 13/16 11 deflector 

at angle 135° and no gap at position a , c a b a produced the 
0 3 0 1 3 

results shown in Figure 83. 

The overall reduction 3.5% is not high (though respectable) when 

compared to some other modifications. The most apparent fact is that 

tremendous redistribution took place. Front wall forces were 

increased as usual, though moreso due to the exaggerated height of the 

deflector. Reductions (sizable) took place for all other gages 

except the 4's where negative pressures increased 200%. 

This later phenomenon could be expected since previously the 

flow had apparently reattached before the ridge and held the roof down. 

Now a strong wake area is created behind the hi~h deflector (no gap) 

which is placed higher on the roof (nearer A4 and B4) than for previous 

tests. 
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One effect was greater reduction of the highest forces at A3 and 

B3, by 13.3%, and for the back panels. The 200% increase in the 41 s 

overshadows the 3's decrease and the panel shows a net increase of 

13. 7%. 

The 41 s were already the lowest forces and this change results 

in a better distribution. More inward force is transferred to the 

front wall, but the front wall is better able to withstand it. The 

high increase in the 41s still results in forces there lower than the 

other roof forces. 

The result is impressive. More study of position a is merited. 
0 

In the long series of I tests first run, a usually resulted in greater 
1 

force reductions than a . 
3 

Disadvantages would be encountered with such 

a high deflector. Shear forces would not be negligible and the lack of 

the deflector's mate on the downwind roof could distort the results, 

but more study would be worthwhile to determine if comparable or better 

results could be obtained with shorter deflectors and gaps. 

Deflector Mounting Plate Extended Beyond Normal Eave Overhang -

With the 5/16 11 deflector at angle 45°, with 1/811 gap and located at 

position a , overhanging the end of the roof, c a b a produced the 
4 1 4 2 1 

results shown in Figure 84. The percentages marked are changes from 

the control. 

The overall advantages are equal or better than several of the 

other modifications. The main disadvantage is that the highest forces 

(on panel 2) increased. The increase is very slight (2.8%). Other 

force reductions for the same modification are much greater (13% for 

panel 3) •. The A3-B3 forces for both the control and the modification 

on panel 3 are quite high because the upwind eave overhang was 
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increased by the position of the deflector mounting plate. 

Conclusions - This configuration resulted in 8-1/2% reduction of 

the total forces on the model. It should be investigated in a future 

study to determine the effect of deflectors suspended directly over the 

leading edge of the roof without the interference of the mounting plate. 

In this way only the deflector would affect the air flow and not the 

mounting plate as was the case for this test. Then the forces at A3 

and B3 would not be higher simply due to increased eave overhang. The 

deflectors should be tried at various angles and positions with respect 

to the edge to determine if it is possible to destroy the lift on the 

leading edge of the front roof without increasing the force on the 

front walls, yet maintaining the gains now present for the back 

surfaces. 

Conclusions--Deflectors, Unsealed Model. The evidence points to 

a definite relationship between the deflectors tested in the first 

series and the resulting forces. There are several arguments both 

against and in favor of such a definitive conclusion. 

In general, the deflectors increase forces on the upwind 

surfaces and decrease forces on the downwind surfaces. A similar 

pattern of change exists for panels 1, 3 and 4, though panel 1 forces 

are inward and the third and fourth panel forces are outward. 

Redistribution of forces does take place as reflected by the small 

changes in the absolute totals but larger decreases in the algebraic or 

net totals. Panel 3, which initially sustained the highest total 

forces, and panel 4 are reduced at the expense of increases on panel 1 

and 2. The panel 2 forces do not in general rise to the former high 
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level of panel 3. 

At several points in the results a pattern can be observed. This 

would appear to be related to the orientation (a) of the deflector with 

respect to the roof surface. The sine wave sometimes represents the 

pattern and the normal distribution curve better fits others. The a 
2 

(90°) position seems to cause the extremes for these curves. 

On the other hand, the plotting of a (control) on each end tends 
4 

to make the data appear 11 pattern-like 11 • Actually, with three points 

(here at a , a , and a), a pattern will evolve no matter how they are 
1 2 0 3 

arranged, i.e., 0 o,o0 o, 0 0 °, etc. Though this is true for any 

arrangement of three points, the apparent pattern must be due to more 

than this because the deflector tests were performed in random order. 

Too, the six points taken at the two positions in random order tend to 

show the same pattern at both the high and low deflector positions for 

several gages. 

The individual modifications most successful in the first series 

are those at 135° orientation, I-7, I-8, I-6, I-2. I-11 at 45° looks 

promising. However, the general favorability of the 45° orientation 

is jeopardized by the puzzling results of I-4 with no gap, the counter

part to I-11 at position a . The tests for I-4 may have been faulty 
1 

in some aspect but if so, the fault is not apparent. rt may be that 

with no gap underneath, the forces are simply that different, 

especially since the interaction of the deflector with the separation 

and reattachment of the air flow at the leadin~ edge of the roof 

remains a mystery. 

The orientation effects are not the only ones to show a decided 

influence. The position of the deflector on the roof surface (a.) also , 
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indicates a marked influence. In general, this series indicates higher 

force changes for deflectors mounted at a than for a , the 1 atter 
1 3 

being at the low position on the roof. At a ' 1 
even the goo orientation 

is advantageous; I-3 and I-13. 

Further, the presence of a gap under the deflector shows a defi

nite relationship to the resulting force pattern. In a number of 

instances the modifications with an 1/811 gap show more severe chan!=les 

(favorable and unfavorable) in the force pattern. 

Nevertheless, there was difficulty in repeating any one test later 

and obtaining quantitatively exactly the same results. I-11 

(cab a), one of the 5est tests,. for example, later showed increase 
1 1 2 1 

for panel 2 similar to its no gap counterpart, I-4, whereas earlier it 

had shown decreases. The tests were made over a period of two days 

when weather conditions were almost constant. Attempts to repeat the 

controls showed the same general pattern but the exact quantities 

varied somewhat. For this reason, on following tests, the control was 

run immediately after or before the test on the modification. 

Also, the percent of change in the first series is not drastic 

which could account for the difficulty in attempting to repeat the 

tests accurately. These smaller differences make doubtful any 

authoritative conclusions. 

The fact that the two controls gave different levels of forces 

raised some concern. 

In spite of this, the pattern of the modifications compared to 

the controls at a and a are often similar, reinforcing the existence 
1 3 

of a definite relationship. Almost without exception the modifications 

increase forces on panel 1 and 2 and decrease forces on panels 3 and 4. 
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Later tests on sealing the joints gave reason to suspect that shifting 

the control weight from one position to another might change slightly 

the gap at the top of the front wall thus causing differences in 

leakage. 

Leakage which did prove to be a dominant influence, could account 

for the similarity of the patterns on the upwind wall and the downwind 

roof and wall, though the former are increases and the latter are 

reductions. 

In summary, it seems a definite relationship exists in the first 

series between all the variables tested, i.e., a, b, and a. The 

differences do not result in universal relief for the structure. 

None of the changes are as dramatic as hoped. More comprehensive 

investigation is indicated wherein wider ranges and smaller increments 

of the variables should be tested. Each of the variables may prove 

influencial, especially in view of the deflector 1 s position with 

regard to the bubble of separation at the leading edge and the 

resulting air flow pattern. 

Further study should include a consideration of where a building 

is best able to sustain forces without damage. The front wall where 

the cladding is pushed into a strong framework is likely better able 

to withstand higher forces than can a roof which is ordinarily highly 

vulnerable to uplift. It may not be necessary to find a modification 

which reduces all the wind forces on a structure or even the total 

forces, if the force pattern can be easily redistributed to portions 

of the building more able to resist. 

It is possible to redistribute the forces on the building using 

the deflectors tested. It is not possible to reduce panel l forces, 
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though the use of certain deflectors do minimize the increase (I-5l for 

example), that same deflector causes the least reductions on the other 

panels. 

The key, it seems, is the ability to reduce panel 2 forces with 

some type of deflector since almost all configurations tested resulted 

in reduction on panels 3 and 4. Obviously certain deflectors resulted 

in larger increases on panel 1 and that should be considered alonq 

with the above. 

The evidence of the first series leads to the conclusion that 

some combination of gap defl~ctors near a probably at 135° orienta
l 

tion is most capable of producinq the desired effects. If 45° is used 

it should also be tested with the gap. 

It would, in retrospect, seem more appropriate to investigate 

deflectors in the 7/16 11 to 9/16 11 ranqe. A few supplemental tests 

were run at a (higher than a ) and at a (lower than a). They were 
0 1 4 3 

run using the c (5/16 11 ) and c (13/16 11 ) deflectors, the latter with 
l 3 

no gap. The supplemental tests were further random attempts at higher 

and lower positions on the roof to discover a combination which might 

be more effective. Indications are that both positions do indeed have 

merit. Again, the panel 1 forces increased, but the modification at 

the high position caused reduction of the forces for AV3, the highest 

of the outward forces. At the high position AV4's outward force was 

increased, but even then the forces are not high when compared to 

the other roof forces. Even the deflector in position a4 shows the 

ability to reduce the forces on all but the front wall. The slight 

increase for AV3 must be attributed to the extension of the normal 

overhang from the mounting plate for the deflector assembly. 
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Even a subtle change in the deflector might result in a relation

ship with the boundary layer separation and reattachment which could 

be effective in reducing the lift on the front roof and still reduce 

the forces for panels 3 and 4 while incurring only small increases on 

panel 1. 

The fact that net increases were small and other alternatives 

existed led to the abandonment of this alternative for, hopefully, 

bigger and better results. 

Deflectors, Sealed Model. After discovery of the dramatic sig

nificance of sealing the small cracks between the movable panels, a 

select group of the deflectors were further subjected to experimenta-

tion using the 11 sealed 11 model. 

Still utilizing the same nomenclature listed earlier the follo

wing tests diagrammed in Table XI were run: 

I-16 (ca b a ) 
3 3 l 3 

I-17 (ca b a ) 
3 3 l l 

I-8 ( c a b a ) 
1 3 2 3 

I-12 (c a b a ) 
1 3 2 l 

I-18 (c a b a ) 
3 0 1 3 

I-19 (c a b a ) 
3 0 1 1 

Controls 

I-23 { c a b a ) 
3 3 1 4 

I-14 (ca b a ) 
l 3 1 4 

I-24 ( c a b a ) 
3 0 1 4 

----------------------------------------------------
I-29 (c a b a ) 

3 2 1 3 
I-30 ( c a b a ) 

.3 2 1 4 

----------------------------------------------------



I-26 (c a b a ) 
1 0 2 3 

I-28 (c a b a ) 
1 0 2 1 

TABLE XI 

I-27 ( c a b a ) 
1 0 1 4 

TEST SERIES - ALTERNATIVE I, SEALED MODEL 

Description Tests 

Cl. I-19(s) 
a 1 

0 a I-18(s) 
c b 3 

3 l a a I-29(s) 
2 3 

a I-17{s) 
a l 

3 a I-16(s) 
3 

Cl. I-28(s) 
a l 

0 a I-26(s) 
c b 3 
l 2 a I-12(s) 

a 1 
3 a I-8( s) 

3 

Results - Deflectors. Sealed. Model 

170 

Controls 

I-24(s) 

I-30(s) 

I-23(s) 

I-27(s) 

I-14(s) 

Complete analysis of the results is futile because the tests run 

do not include the needed variations of all the deflectors which would 

permit total isolation of the various effects. Only one test was run 
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at the a position on the roof and none at a • The 13/16 11 deflector 
2 1 

was not tested with the 1/811 gap nor was the 5/16 11 deflector tested 

without the gap. The main comparison intended was between the two 

deflectors either at a or a with 45° and 135° deflector orientation. 
3 0 

The results of each test are plotted against the appropriate 

controls in Figures 85 through 89. 

A common control for all was not possible since the weight of the 

two deflectors differed and the location of the weight on the roof 

registered some minor differences in the control model readings. 

However, all the sealed controls varied but little among themselves. 

I-27(s) at A3-83 is the monitoring point which shows the greatest depar

ture within all the control forces. All the control patterns reveal the 

worst inward forces to be on the front wall; top and bottom, about 

equal. Gages A3 and 83 no longer experience the highest forces, but 

are now nearly equal those of A5, 85 1 A6 and 86 1 all about half the 

magnitude of the front wall forces. All the A3 and 83 readings have 

been increased by 1.5, the approximate relative difference due to 

increased stiffness of these two heavier beams. A4 and 84 are no longer 

outward, but are inward and about of the same severity as the 3's, 5's, 

and 61 s. The back wall forces are very much reduced over the unsealed 

tests, now being near zero but slightly outwar.d. 

Figures 85 through 89 indicate that tentative observations could 

be made, other than simple better or worse judgments, even on the basis 

of the incomplete information. 

Table XII shows a summary of the strains on the unmodified model, 

the results of the various deflectors and the perce.ntage of change. 

The two readings, on either end of the model, for a common monitoring 
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TABLE XII 

SUMMARY OF PARTIALLY REDUCED DATA, DEFLECTORS--SEALED MODEL 
(RECORDED STRAIN IN CHART DIVISIONS) 

I-27(s) I-28hs) % I-26~s) % I-14(s) I-12(s) % I-8(s) % 
Control 4S Change 135 Change Control 4S0 Change 13S0 Change 

AVl* 172.67 172.83 171. 6 7 - 0.6 167.lS 170.lS + 1.8 167.67 + 0.3 

AV2* 169.33 168.33 - 0.6 167.83 - 1.0 164.00 16S.OO + 0.6 164.83 + o.s 
AV3** 79.00 84. 25 + 6.7 8S.75 + 8.5 83.2S 108.25 +30.0 109.75 +31.8 

AV4* 58.83 43.00 -26.9 27.83 -S2.7 S9.33 41.SO -30.0 32.67 -4S.O 

AVS 53.00 so.so - 4.7 46.83 -11.6 S4.33 S3.70 - 1. 2 54.17 - 0.3 

AV6 67.67 60.SO -10.6 5S.OO -17.3 66.33 61. 20 - 7.8 63.83 - 3.8 

AV7 15.00 14.17 - 5.S 11. 33 -24.S 13.SO 11.SO -14.8 11.SO -14.8 

AV8 18.17 16.00 -11.9 lS.17 -16.S 18.33 lS.SO -lS.5 15.SO -15.S 

Panel l* 684. 00 682.33 - 0.2 679.00 - 0.7 662.30 670.33 + 1.2 66S.OO + 0.4 

Panel 2 27S.67 2S4.SO - 7.7 227.17 -17.6 285.20 299.50 + 5.0 284.80 - 0.1 

Alg. Panel 2 40.33 82. 50 +104.5 llS.83 +187 .2 47.83 133.SO +179. 0 1S4.17 +222.2 

Panel 3 241. 33 222. 00 - 8.0 20S.67 -14.8 241.40 229.80 - 4.8 236.10 - 2.2 

Panel 4 66.33 60.33 - 9.0 S3.00 -20.1 63.70 S4.00 -15.3 54.00 -lS.3 

Inward* 801. 6 7 768. 33 - 4.2 734.67 - 8.4 781. 00 7S3.33 - 3.5 730.33 - 6.S 

Outward 46S.67 450.83 - 3.2 430.17 - 7.6 4 71. 60 S00.33 + 6.1 509.50 + 8.1 

Panel Total 
Abs. 1267.33 1219.16 - 3.8 1164. 83 - 8.1 1252.60 1253.67 + 0.1 1239-. 83 - 1.0 

Panel Total 
Alg.:.t 336.00 317. 50 - 5.S 304.50 - 9.4 309.40 253.00 -18.2 220.83 -28.7 

--------·-·-·----- - --- - -- -- ---- -- -- --------- --------- -- ---- --- ----------------

*Inward 

** now multiplied by 1. 5 -....J 
c.n 



TABLE XII (Continued) 

% 
I-24 (s) I-18bs) % I-19&.s) % I-30 (s) I-29(s) Change 
Control 135 Change 45 Change Control 135° 

AVl* 167.85 165.85 - 1.2 165.50 - 1.4 166.75 160.83 - 3 .5 

AV2* 166.00 163.35 - 1. 6 164.70 - 0.8 166.00 159.17 - 4.1 

AV3** 75.75 103.50 +36.6 144.75 +91.l 67.83 136.50 +101. 2 

AV4 62.00* 49.50 -179.8 35.35 -157.0 64.75* 36.17 -155.9 

AV5 5Q.80 63.85 +25.7 63.50 +25.0 49.75 60.33 +21. 2 

AV6 67.65 55.85 -17.4 50.85 -24.8 68.50 51.00 -25.6 

AV7 15.15 1.15 -92.4 0.70 -95.4 15.50 3.2 -79.4 

AV8 17.15 2.35 -86.3 1.30 -92.4 17.50 3.8 -78.3 

Panel l* 667.70 658.40 - 1.4 660.40 - 1.1 665.00 640.00 - 3.8 

Panel 2 275.50 306.00 +11.l 360.20 +30.7 265.17 345. 3 3 +30.2 

Alg. Panel 2 27.50 306.00 +1012.7 360.20 +1209.8 6.17 345.33 +5496.~ 

Panel 3 236. 90 239.40 + 1.1 228.70 - 3.5 236.50 222.67 - 5.9 

Panel 4 64.60 9.00 -86.1 4.00 -93.8 66.00 14.00 -78.9 

Inward* 791. 70 658.40 -16.8 660.40 -16.6 794.50 640.00 -19.5 

Outward 453.00 552.40 +21.9 592.90 +30.9 438.17 582.00 +32.8 

Panel Total 
Abs. 1244.70 1210.80 - 2.7 1253.30 + o. 7 1232.67 1222.00 - 0.9 

Panel Total* 
Alg. 338.70 106.00 -68.7 67.50 -80.1 356.33 58.00 -83.7 
-·--------~---------------- --·-------------- ------· - ---·------- ---·· ·-----·--

*Inward 
~ 

** now multiplied by LS 
---! 
O"I 
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TABLE XII (Continued) 

I-23(s) I-16bs) % I-17~s) % 
Control 135 Change 45 Change 

AVl* 172.17 163.50 - 5.0 162.00 - 5.9 

AV2* 16.5.67 159.00 - 4.0 155.75 - 6.0 

AV3** 79.75 160.50 +101. 2 275.25 +24.5.1 

AV4 60.50* 29.17 -148.2 1. 75* • -97 .1 

AVS 52.67 71. 50 +35.B 82.00 +55.7 

AV6 67.83 56.17 -17.2 62.00 - 8.6 

AV7 13.50 3.20 -76.3 0.5 -96.3 

AV8 17.00 5.50 -67.7 0.5 -97.1 

Panel 1* 675.67 645.00 - 4.5 635.50 - 6.0 

Panel 2 280.50 379.33 +35.2 554.00 +97.5 

Alg. Panel 2 38.50 379.33 +885.8 547.00 +1320.8 

Panel 3 241. 00 255.33 + 6.0 288.00 +19.5 

Panel 4 61.00 17.40 -71. 5 2.00 -96. 7 

Inward~~ 796.67 645.00 -19.0 639.00 -19.8 

Outward 461.50 652.07 +41.3 840.50 +82.1 

Total Panel 
Abs. 1258.17 1297.07 + 3.1 1479.50 +17.6 

Total Panel 
Alg. 335.17* 7.07 -102.1 201. 50 -160.1 

*Inward 

** now multiplied by 1.5 
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point have been averaged. The two averages were then added together 

and doubled to obtain each of the four panel totals. Where outward 

forces and inward forces exist on a single panel, the absolute total 

and the net or algebraic total has been tallied. The building totals 

include the sum of all the outward forces and the sum of the inward 

forces. The total algebraic force for the building is their diffe

rence and the absolute total is the sum of inward and outward forces. 

In order to better compare the modifications and their five 

different controls» Figures 90 through 102 show the percent of change 

of each with respect to its own control. 

The predominate unmodified building forces are inward and consist 

of high forces on the front wall as well as lesser forces at the top 

of the leading roof panel--about 33% of the former. Reductions in 

the total inward forces are in the 4% to 8% range for the short deflec

tor and 16% to 20% range for the large deflector, as seen in Figure 100. 

Changes in inward force do occur, small increases or reductions, 

on the front wall. Behavior of AVl and AV2 are nearly identical 

(Figure 90) and panel l (Figure 91) reflects the same pattern. For 

the small deflector (5/16 11 ) with a 1/8 11 gap underneath, the maximum 

changes on the front wall are 1% to 2% increases with the deflector 

near to the leading edge of the rooL The larger deflector (13/16 11 ) 

results in a maximum of 4% to 6% decreases, again near the roof 1 s lea

ding edge. Both tend to lose their influence as they are positioned 

nearer to the ridge of the roof. As might be expected, the deflector 

leaning into the flow of wind (45°) causes the greatest changes. 

Outward forces existing on panel 2 (Figure 92) at AV3 are greatly 

affected by the modifications--moreso with positions nearer the 
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leading edge of the roo_f and the greater changes are associated with 

the higher deflector. All the chanqes are increases in outward forces 

ranging from 7% to 245%. From the one test at position a , it seems 
2 

a may be the more critical position but, with only one such obser-
2 

vation, it is difficult to be certain. Except in the case of the 

short deflector, 135° causes less increase than 45°. 

At AV4 the original inward forces are reduced even beyond 100% 

with the large deflector for any combination of orientation and posi

tion. This actually represents a change from inward to outward force. 

Except in the case of the short deflector oriented into the wind, the 

effect is greater for positions nearer the top of the roof and the 

point where AV4 is measured. The reductions range from 27% to 180%. 

The deflectors oriented at 135° 1 dr with the flow of the wind, create 

the largest changes. The changes at AV3 and AV4 combine (Figure 93) 

to decrease the absolute force on panel 2 for the 135° 1 5/16 11 deflector 

at all positions on the roof. The same is true for the 45°, 5/16 11 

deflector above position a • The tall deflector always resulted in 
2 

increases of the absolute force on panel 2. The changes caused by the 

135° orientation are more advantageous than those of 45°--135° causes 

less increase or greater decrease. 

From the standpoint of net forces on panel 2 (Figure 94) immense 

changes took place. This is not surprising since the net forces on 

panel 2 for the control nearly balance. Again, the drastic combinations 

are those of the tall deflector. Its ability to increase the absolute 

total and even change the direction of the forces at the top of the 

front roof panel from inward to outward are reflected by the net forces. 

Since only one test was run at position a , and since it caused a large 
2 
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imbalance in the net forces on panel 2 as shown in Figure 94, one can 

only speculate as to the validity of connecting by straight lines all 

the other points on this graph. 

AV5 and AV6, Figure 95, pose an interesting situation. All the 

modifications on the leading roof panel resulted in reductions (from 

4% to 26%) at 6 on the back panel. It appears that for the short 

deflector, 135° is best--i.e., produces the greatest reductions--above 

position a . 
2 

The tall deflector seems to favor positions below a 
l 

when oriented at 135°. AV5 on the other hand shows increases (21% to 

56%) for all combinations of the tall deflector. 45° orientation 

causes the greatest increase. The increases are also greater for the 

deflector position nearer to the front of the structure. The short 

deflector causes universal reduction (0% to 12%) for AV5. 135° 

causes the greatest declines. The points for both AV5 and AV6 at a 
2 

again arouse the suspicion that the straight lines may be questionable. 

The reductions are greater for deflector positions higher on the roof. 

The manner in which the changes in outward force on panel 3 combine 

leaves much to speculation (Figure 96). First impressions cause 

one to surmise that the high increases for the 45° tall deflector 

with no gap make it an unfortunate choice at all but the highest 

position on the other roof panel. Were its behavior defined at 

deflector positions a and a , however, that might not be true, since, 
1 2 

for 135° orientation, a shows reduction of the outward forces--the 
2 

increase in the 51s being cancelled by the decrease in the 6's. It 

would be very interesting, also, to know the actual behavior resulting 

from use of the short deflector at positions a and a . On the basis 
2 l 

of what is known, the best choice is 135° orientation for the short 
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deflector with the 1/811 gap on the model at the high position on the 

roof where 15% reduction is noted in the total outward forces of panel 

3. 

On panel 4, the changes are always reductions, sometimes nearly 

100%--meaning forces drop to near zero. Both AV7 and AV8 display 

similar behavior as seen in Figures 97 and 98. The large deflector, 

with no gap causes the greater reducti ans. Apparently the greater the 

deflection of flow on the front portion of the building, the greater the 

reduction on the back surfaces. Exception is noted at AV5 where the 

greater disruption caused higher increases. Similarity is noted for 

the behavior of the 45° orientation for both the tall and short 

deflectors. With the deflector at a position on the front roof, a 
3 

reduction occurs on the back wall but as the position is varied, the 

reduction is diminished. The 135° orientation, however, causes 

increasing reduction on the back wall as position changes from a to 
3 

a • Quite a difference in the patterns of the tall deflector with no 
l 

gap and the short one with a gap are noticed. Whereas for the latter, 

the 45° and 135° curves show the same reduction at the low position 

(a), they diverge as the deflector was moved up the roof; the 45° 
3 

curve gradually shows less reduction while the 135° shows more. The 

tall deflector with no gap· shows quite different results for the two 

orientations at the low position, but the results gradually converge 

as the deflector was moved up. The 135° orientation curve drops to 

meet the rising 45° orientation curve. The main difference is 

actually the relative positions of the 135° and 45° curves for the 

large deflector. Whether this difference is due to the height of the 

deflector or the presence of the gap, it is impossible to know. 
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However, it is easy to suspect that the difference in maqnitude of the 

changes plotted is due to the height of the deflector whereas the 

difference in relative position of the 45° and 135° changes is due to 

the gap. 

Panel 4 forces, in Figure 99, which are all outward, are reduced 

the most by the large deflector with no gap and 45° orientation. 

Almost 100% reduction is noted for the low position. All the positions 

and orientations of this deflector result in reductions of 70 to 100% . 

However, the forces are low and rather insignificant in maqnitude. 

Reductions of 10 to 20% are noted for the short deflector with a gap. 

The same behavior pattern of AV7 and AV8 is reflected here since the 

two were nearly identical to each other in magnitude and changes. 

The inward forces on the structure can always be reduced by both 

modifications as seen ;n· Figure 100. Small changes in panel 1 inward 

forces and the complete reversal of AV4 from inward to outward have 

both been previously discussed and are the causes. 

The outward forces initially at AV3, AV5, AV6, AV7 and AV8 

individually undergo great changes but combine in a surprising way 

(Figure 100). The large deflector advantages at AV6, AV7 and AVB are 

outweighted by the tremendous increases for AV3 and the inward to 

outward tendency of AV4. The 45° orientation causes the greatest 

increases. The short deflector with a gap caused less drastic changes 

at all the monitoring points, yet the .Q!!.!x.. reductions in total outward 

forces are shown for it--high on the roof, at least beyond a point 

between a and a • The 135° orientation is best where 8% reduction is 
2 1 

possible at a and 3% at a • It appears that tests with the deflector 
0 1 

at position a would alter but litt1e this conclusion. 
2 
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Total absolute forces, in Figure 101, show reductions for all the 

modifications except for the 45° orientation of the large deflector 

with no gap. The 135° orientation of the small deflector with a gap 

is universally the best, and moreso at the higher position on the roof, 

a , where an 8% reduction is possible. 
3 

Total algebraic or net forces show reduction for all modifications. 

Some show changes of over 100%, meaning that the net forces are changed 

from being initially inward to outward with the modifications. Figure 

102 shows the changes that do occur. The next to the lowest curve, 

I-16(s), will serve as a base to understand the others. With the 

large deflector, no gap, oriented at 135°, low on the roof, the inward 

and outward forces are nearly balanced. In fact, in that situation, 

the 100%+ change has made the balance on the outward side, instead of 

inward as with the controls. The way this has occurred, however, is 

by a large increase in outward forces 40% (mainly on panel 2) along 

with a 20% decrease in inward forces {again, mainly on panel 2 at AV4). 

This resulted in a better overall balance of forces for the building 

but an increase in the overall absolute force level of 3% and a 

drastic imbalance on panel 2. The 45° orientation is worse yet. 

Verification of this is also apparent in Figure 89 comparing I-16(s), 

I-17(s) and the control I-23(s). 

The real significance of the algebraic or net totals lies in its 

indication of redistribution of the forces. The absolute total may 

even remain constant for some modifications as forces change from 

outward to inward, but the presence of those changes will be reflected 

in the change of the algebraic total. I-12(s) is an example where the 

total absolute forces as indicated by the strain readings remain 
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1253.67 for the modification as compared to 1252.6 for the control. 

The initially very high inward forces drop from 781 to 753.3 (-3.5%) 

and the total outward forces change from 471.6 to 500.3 (+6.1%). The 

algebraic total reflects this immediately by a -18% change, a better 

balance. Still the location of these changes may be a detriment if 

critical forces were increased as was the case here where the worst 

outward force, AV3, increased some 25 units (30%). 

The algebraic totals reflect extreme redistribution of forces is 

possible with the deflectors. Only the 135° orientations are desirable. 

More extreme redistributions take place at lower positions on the roof 

and with the larger deflector. 45° causes the most extreme changes 

(-160%) for the large deflector--even complete reversal of the inward 

predominance. 135° orientation results in complete reversal only at 

a (-102%). Since only the small deflector achieves reduction of 
3 

the algebraic total forces by reducing the outward and inward forces, 

the large deflector cannot be considered beneficial. 

Conclusions - Deflectors, Sealed Model. It is regrettable that 

the increase universally caused at AV3 occur since they are often 

quite large and overshadow the gains elsewhere. AV3 is also 

originally the point of highest outward force. More complete testing 

is desirable at positions a and a . The large deflector, 13/16 11 tall, 
1 2 

differs radically in size from the small one, 5/16 11 tall. At least 

one size in between. and possibly three (7/16 11 , 9/16 11 and 11/16 11 ) would 

have documented the changes more completely. The presence or lack of 

a gap, with even the two sizes of deflector, would have been helpful. 

It is unlikely that discovery of what is actually occurring could be 



192 

determined without testing all the options, at each position with its 

own control, since the evidence indicates all the variables are not 

adequately defined by the similitude analysis--and would, indeed, be 

difficult to define. It is likely that the separated air flow at the 

leading edge of the roof reattaches itself back to the roof surface 

in a myriad of different ways as affected by the deflector. Even the 

most subtle change in position on the roof or orientation of the 

deflector could cause radical differences in the flow pattern. The 

effect of a gap under the deflector could have the same effect. A 

different shape of deflector or a vented deflector might cause 

discovery of a method to favorably alter the air flow also. 

The data, incomplete as it may be, shows evidence of certain trends 

which can guide any future effort. 

The 45° orientation (at least with no gap) is not beneficial in 

that it leans into the wind without being able to direct any air flow 

underneath it. That might aid its alteration of the air flow to be 

more favorable. 

The earlier the air flow is disrupted and the more it is disrupted, 

the greater are the inward reductions for AVl and AV2 and the greater 

are the outward increases for AV3. Beyond the deflector--i.e., at AV4, 

AV6, AV7 and AV8, the greater disruption of the taller deflector 

causes greater changes. Deflector positions nearer the ridge cause 

higher changes in general. AV5 is puzzling as the 13/16 11 deflector 

behavior falls into the 11 before 11 category of AV3 but the 5/16 11 deflec

tor with the gap behaves like the other 11 beyond 11 situations. 

The most promising of the deflectors tested is the 5/16 11 height 

with a 1/811 underneath and oriented at 135°--I-26(s). Its most 
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effective position is nearest to the ridge of the roof where it changed 

the levels of recorded strain as follows: 

AVl* -0.6% 

AV2* -1.0% 

AV3 +8.5% 

AV4 -52.7% 

AV5 -116.% 

AV6 -17.3% 

AV7 -24. 5% 

AVB -16.5% 

Panel l* -0. 7% 

Panel 2 -17.6% 

A 1 g. Panel 2 +187.2% 

Panel 3 -14.8% 

Panel 4 -20. l % 

Inward* -8.4% 

Outward -7.6% 

Panel Total 
Abs. -8. 1% 

Panel Total 
Alg. -9. 4% 

* Inward forces 

The only increase, that of AV3 (8.5%), was overcome by the 

reductions elsewhere--still it remains the critical outward force. 

The high increase for panel 2 algebraic forces results from being 

predominantely outward initially and the above mentioned outward 

increases at AV3 combined with a greater drop in inward forces at AV4. 

This results in the net being more outward than initially. 
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Much more needs to be known about this option. Tests in the 

vicinity of AV4 itself would seem very appropriate in addition to the 

previous suggestions. The deflector concept certainly has merit but 

was dropped from the final study because of the AV3 increases and the 

hope of a more promising alternative. 

Airfoils 

Objective. The primary objective of this group of modifications 

was to determine the potential beneficial effects of attempting to turn 

the air flow down the back side of the building. For an unmodified 

building of the same shape, the abrupt boundary change at the ridge 

of the roof makes it impossible for the air flow to follow the 

building geometry and separation occurs. It was hypothesized that 

perhaps the concentrated air flow at the ridge, upon diversion down 

the back roof into the normal wake area, might cause redistribution 

of forces which would result in reduction of all the forces or at 

least those most critical. 

Method. Limited trials of one type of airfoil showing the most 

effects in the smoke studies were undertaken as a preliminary investi

gation to see if the concept had merit. The roof ridge modifications 

were mounted along the upper edges of both roof panels. The tests 

were carried out at top velocity for the wind tunnel and only with 

the building model perpendicular to the main flow of the wind. The 

tests run were part of a larger series to be run should the modifica

tion look promising. The airfoil could be assembled several ways in 

order to incorporate different options. 
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Initial tests were run on the unsealed model as the dramatic 

importance of even a little leakage had not yet been discovered. 

Later select options were rerun under "sealed conditions". 

Equipment Unique to the Airfoil Investigation. The airfoil 

configurations tested are shown in Figure 103. The symbols used are: 

e - denotes the width of the airfoil down the roof slope. 

Two widths were used: 

e = 1-1/2 11 , 6.25' full scale 
l 

e = 2-1/411 , 9.375' full scale 
2 

d - is the least distance of the airfoil from the roof's 

surface, measured perpendicular to the surface of 

the roof. 

d = 7/16 11 , 21-7/811 full scale 
l 

d = 5/16 11 , 15-5/811 ful 1 scale 
2 

d = 011 

3 

S - indicates the angle of inclination of the airfoil with 

respect to the roof's surface. 

s = oo 
l 

s = 30 
2 

s = 60 
3 

A fourth angle was utilized in supplemental tests, that of -6°, 

again maintaining tne same values for d. 

simply -6°. 

It is designated -s , or 
3 

In Figure 104 half of e d (-s ) is shown on the left, whereas 
2 2 3 

half of e d s is shown on the right. During actual use, the modifi-
2 2 3 

cation was symetrical on both sides of the ridge. Figure 105 shows 
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Figure 105. Airfoil e d (-e ) on the Model 
2 2 3 

Figure 106. Airfoil Equipment Disassembled 



the model with e d s in place and in Figure 106 is displayed the 
2 2 1 

equipment described. The tall risers (7 /16 11 = d ) are shown with 
1 

e (2-1/4 11 ) and the short risers (d = 5/16 11 } with e1 (1-1/2 11 ), 

2 2 

however, both sets of risers were used for each of the two sets of 

strips. 

The control for the 1-1/211 airfoil is e d i3 , meaning tha.t the 
1 3 1 
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airfoil flat metal strip is fastened directly against the plexiglass 

roof using the same holes. Except for the influence of the weight of 

the airfoil, the building behavior should be exactly the same as that 

of the model with no modification. Likewises the 2-1/4 11 control is 

e d s and utilized the flat metal strips for the e tests. 
2 3 1 . 2 

When d (7/16 11 ) was used almost a l/8 11 gap existed between the 
1 

two strips at the highest point--i.e., directly over the ridge of the 

building. During the two later supplemental tests, II-9(A) and II-13 

(A), the angle of -6° produced nearly a quarter inch gap between the 

two airfoils at the highest point. The 5/16 11 riser (d ) produced no 
2. 

gap at thes~ points. 

Procedure. The test series listed in Figure 103 were run under 

11 unsealed 11 conditions. The order of tests was selected at random and 

the normal procedure described earlier for the quantitative i'nvesti

gation was used. 

To obtain the various angles, s, small shim blocks were used 

between the metal strips and the riser, either against the front screw 

or aaainst the back screw. One-eighth inch shims produced the 6° 

change and 1/16 11 resulted in 3° of change. All the data was taken 

using X.l and 5 settings of the recorder amplifiers. 
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Results - Airfoils, Unsealed Model. The data have again been 

plotted without reduction for calibrations and velocity so that a quick 

preliminary evaluation could be made. The only exception is that A3 

and B3 were multiplied by 1.5 since the stiffness of those beams was 

greater by approximately that amount. 

The general force pattern (Figure 107) on the unsealed control 

shows the hiqhest forces to be outward on the lower leading part of 

the front roof (A3 and B3). Next are A6 and B6, on the lower edge 

of the back roof, followed by the front and back wa11 forces. Lowest 

are the forces at the top of the front roof. All are outward except 

the forces on the front wall. 

The pattern for the alterations due to the II-8 modification 

(e d S ) shown in Figure 107 is typical of the 12 tested. It is safe 
1 1 1 

to characterize all by the following remarks. 

1. All at least maintain the control level of front wall 

forces (A , A , B , B ) or cause slight reduction. 
1 2 1 2 

2. All modifications cause forces of the 31 s, 4's, and 51 s 

to increase--the 51 s rather drastically. 

3. The forces of the 61 s, 71 s, and 81 s are reduced. 

4. All the forces on the controls and the modifications cause 

the front wall to be pushed inward and the other surfaces 

experience outward forces. 

5. Forces on 7!s and 81 s are very similar for all tests 

employing d and the d tests are similar to each other as 
2 1 

well--even thouqh the controls exhibited slight differences 

on panel 4. The forces at 7 and 8 are not large and no 

further attempt at analysis will be made. 
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6. Both d's fore (2-1/4 11 ) 13 (0°) caused virtually no change 
2 l 

in the A4-B4 forces. 

7. There is no discernable relationship between the e values 

tested and the resulting forces. 

The Two Additional Tests. Following the planned series two 

additional tests were added: 

II - 9(A), e d (-13 ) and 
l l 3 . 

II - 13(A), e d (-13) 
2 l 3 

Both involved maintaining d at 7/16 11 , however, the angle -a or 
l 3 

-6° was obtained by tilting the airfoil in .the opposite direction from 

the first series. 

The two special additions to the planned series provided some 

interesting and contrasting information, adding to certain of the 

general results in the first series, but projecting them into a new 

dimension for roof panels 2 and 3. Inspection of Figure 108 for 

II-9(A) shows panel 2 forces decrease while all others appear much 

the same as for II-8. The results for panels 2 and 3 for all 14 

of the tests are presented in Figures 109 and 110. The forces for 

II-9(A) and II-13(A) on panel 1 and 4 show no significant variation 

from all the other modifications. 

Fiqure 109 shows panel 2 (upwind roof) forces. Even though no 

data was taken for a = -3°, it is readily apparent that while all of 

the original series show the 3's to be higher than the control plane, 

the descending curves pass through the control plane somewhere between 

O and -3°. At -6° the forces for the 3' s are 1 ower than the control. 

The same thing is true of the 4's. 
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It may be questionable to plot the results in this way since the 

data is erratic, limited, and the curves were drawn by inspection. Too, 

it may not be entirely proper to join the points in this fashion since 

the pivot point for the airfoil with positive angles is at the ridge 

whereas the -6° angle was obtained by putting the large shim above the 

top screw with the pivot point at the front or lower positiOn of the 

airfoil. (Refer to Figure 104). The problem of the gap between the two 

halves of the airfoil mentioned earlier also introduced another variable. 

The trend favoring -6° is unmistakable, however, in spite of these 

differences. 

On panel 3 (Figure 110) the forces at the S's, though all are well 

above the control, do nevertheless become lower as the curves approach 

-6°, meaning there is less increase in the forces. Here the smaller d 

value (5/16 11 ) is seen to result in lesser increases at the monitoring 

point of the highest forces. The forces monitored for the 61 s are all 

below the control plane but are rising after the curve passes 0° and 

approaches -6°. This means, of course, that they show a reduction of 

forces throughout but tend to lose that advantage for as value of -6°. 

The forces on the other two panels show less pronounced changes 

without such a readily discernable pattern. 

The effect of the -6° modifications on the individual monitoring 

points, on panel forces and upon the model total forces is seen in 

Table XIII. 

Conclusions - Airfoils, Unsealed Model. The original series 



AVl* 

AV2* 

AV3** 

AV4 

AV5 

AV6 

AV7 

AV8 

TABLE XII I 

SUMMARY OF PARTIALLY REDUCED DATA, AIRFOILS--UNSEALED MODEL 
(RECORDED STRAIN IN CHART DIVISIONS) 

Control 
II-7 

36.33 

40. 75 

78.75 

15.67 

52.33 

61.67 

26.08 

18. 83 

II-9 (a) 

35.1 

39. 75 

70.50 

0.25 

78.83 

56.67 

23. 83 

11.50 

% 
Change 

- 3.4 

- 2.5 

-10.5 

-98.4 

+50.6 

- 8.1 

- 8.6 

-38.9 

Control 
II-14 

35.17 

39.42 

82.3P 

18 .17 

54.50 

64.67 

28.42 

15. 75 

II 13(a) 

37 .17 

39 .58 

70. ('() 

3.sn 
75.42 

62 .()f) 

26.08 

13.75 
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% 
Change 

+ 5. 7 

+ 0.4 

-15.0 

-80. 7 

+38.4 

- 4.1 

- 8.;> 

-15.9 

---------------------·-------·----------
Panel 1 ~' 

Panel 2 

Panel 3 

Panel 4 

Inward 

Outward 

Ahs. Panel 
Total 

Alg. Panel 
Total 

*Inward 

154.16 

188.83 

228.00 

89.83 

154.16 

506. 75 

660.91 

352.59 

**now multiplied hy 1.5 

Recorder Scale = 2 

149.67 

141.50 

271.00 

70.66 

1'19.67 

l183.16 

632.83 

334.00 

- 2.9 

-25.l 

+18.9 

-21.3 

- 2.9 

- 4. 7 

- 4.2 

- 5.3 

149 .17 

201.ns 

23P.33 

149.17 

6 7fi. 92 

3 7P. 58 

1.'53. 'JO 

1!17.00 

2 74. fl·~ 

78.f.7 

153.5(1 

500.50 

654 .no 

34 7 ,(>() 

+ 2. 9 

-26.9 

-ll.5.3 

·-10. () 

- 5.1 

- 8.3 



[i.e., without II-9(A) and II-13(A)] is not promising because of the 

increases on both the 3's (leading edge of roof) and the 51s (at the 

ridge on back roof panel). 

The cause for the increase in the 5 1s is evident--the air 

channeled underneath the airfoil has to be turned down by the 

section of the ai rfoi 1 mounted on the back side of the roof. It 

behaves like an inclined plate in the wind and is, in the process, 

lifted by the concentrated flow. Also, the air flow over the top of 

the airfoil is faster, creating lift, much as on an aircraft wing. 
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Still referring to the original series, though the increase of 

the 51 s is large it does notoccur at the buildinq's most vulnerable 

point. Even with the increase, the 51s are but little higher than 

the original 3's for the control. Equally serious is the universal 

tendency for increase on the already highest forces at A3 and B3. 

The angle 8 is the most influencial of the variables tested. The 

extra tests indicated that with -8 angles, the characteristic 

increase of the 31 s becomes a decrease and the increase for the 5's 

becomes less. The latter does not exceed the original control value of 

the previous highest force at A3-B3. In retrospect it is regrettable 

that more tests were not run using -8 angles. This could certainly be 

the subject of future study as this type of ridge airfoil is sometimes 

used with eave vents for natural ventilation. 

There is no conclusive evidence, from the inspection of the 

curves, that the range of e values tested greatly affect the results. 

The same is true of the d values except at A5-B5 where the lower value 

(5/16 11 ) resulted in considerably smaller force increases. The 

influence of the top gap is unknown as it did introduce a difference 



between the modifications that was unforeseen. It has simply been 

noted as existing. 
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The airfoils definitely can cause reduction of the overall force 

pattern as evidenced by the two (A) tests and all the tests caused 

redistribution of the building forces. 

For the purposes of this study on the unsealed building, 

alternative II was dropped in order to search for, hopefully, a more 

effective means of force reduction. 

Other airfoils might well be the subject of further investigation. 

Airfoils, Sealed Model. Subsequent to sealing the model, three 

modifications were rerun, one with two variations, in order to see 

the differences in the sealed and unsealed force patterhs. 

The tests run were: 

II - 7(s) control or e d f3 (1-1/2, 0.0 11 , 0°) 
1 3 1 

II - 9(A)(s) e d ( -e ) 
1 l 3 

(l-l/2 11 , 7 /16 11 t -60) 

II - 9(A)(s)(s) e d (-s ) (1-1/2 11 , 7/16 11 , -60) 
l l 3 

II - 8(s)(s) e d f3 
l l l 

(1-1/2 11 , 7 /16 11
' 

oo) 

II - 9(s)(s) e d e (1-1/2 11 , 7/16 11 , 6°) 
l l 3 

where the s codes in parenthesis are sealing symbols. The first (s) 

designates sealing of the building model. The second (s) signals 

that the gap of the airfoils at the ridge was also outfitted with a 

flexible plastic strip simulating a roof capping. The air was free 

to pass through the airfoil but could not escape between·the two parts 

of the airfoil at the highest point for the test II-9(A)(s)(s). 
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Results - Airfoils, Sealed Model. The first difference apparent 

(referring to Figure 111) is that this supplemental series was run at 

X. 1, and 2, the greater recorder sensitivity, as shown by the higher 

readings. Relative positions are being compared so this is not a 

hindrance. 

Next, the general force pattern for the control is quite diffe

rent for the sealed series. 

1. Panel l forces are now the highest, under sealed conditions, 

instead of A3 and 83 as with the unsealed model. 

2. The next highest control forces are now on gages 3, 6, and 

5 in that order. 

3. Third in force level are A4 and 84 but now they are inward. 

Previous tests on the unsealed model resulted in all forces 

being inward for the front wall and outward for.the other 

three panels. 

4. Lowest forces are on the back wall and they are naer zero. 

From Figure 111 the force patterns for each of the modifications 

can be seen. All the modifications have the same e and d values. 

The major difference therefore is s, the angle of the airfoil with 

respect to the roof. s varies from +6° to -6° in increments of 3°. 

By examining Figure 111 in the sequence 9(s)(s), 8(s)(s), and 

9{A)(s)(s) [ignoring for the moment 9(A){s)] all the effects of each 

variation in scan be seen on the entire sealed model. 

The data was further reduced to analyze the average strains 

(between the A end and the Bend of the model), the panel strains and 

the model total strains. These are shown in Figures 112, 113 and 114, 
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and Table XIV. 

Inward AVl and AV2 exhibit similar behavior on the front wall. 

The decrease is greatest at +6° and the forces, though rising, remain 

less than the control until _30 and -4°, respectively, as seen in 

Figure 112. Panel 1 forces reflect the same pattern, as shown in 

Figure 113. 

The outward AV3 on panel 2 is increased over the control at +6° 

and thereafter continually declines toward -6°, becoming less than 

the control at ~+4°. AV4 (inward at the top of the roof) shows an 

increase as a is varied from +6° to -6°, though it levels out at -6°. 

The +6° modification results in a decrease with respect to the control 

but the increase causes it to exceed the control after about +4.5°. 

Panel 2 forces are plotted in Figure 113, both absolute and 

algebraic, since AV3 is outward and AV4 inward. The absolute forces 

are lower than the control at +6°, but rise to a maximum at 0°, and 

then fall slightly to the -6° level. After ~+2°, they are greater than 

the control. This results from the drop in the outward AV3 being 

cancelled by the rise of the inward AV4 as a varies from +6° to -6°. 

The algebraic sum of AV3 and AV4 (Panel 2 Alg. in Figure 113) is 

higher than the control at +6°, due to the high value of AV3 and the 

low value for AV4. As the angle a was varied from +6° to -6°, the 

two, one inward and the other outward, approach the same value as 

seen in Figure 112. Consequently, the panel 2 algebraic forces, 

Figure 113, reach the zero level. 

The critical AV5 exhibits an entirely different pattern from 

its behavior for the unsealed model. It is higher at +6° and -6° 

with its low value corresponding to a= 0°. All throughout the range 



II 7(s) 
Control 

*AVl 175.00 

*AV2 167.50 

AV3 87.51) 

*AV4 51.00 

AV5 58.34 

AV6 67.50 

AV? 13.50 

AV8 18.50 

*Panel 1 685.00 

Panel 2 (Abs.) 277.00 

Panel 2 (Alg.) 73.00 

Panel 3 251.67 

Panel 4 64 .00 

*Inward 787.00 

Outward 490.67 

Abs. Panel 
Total 1277 .67 

*Alg. Panel 
Total 296. 33 

*Inward 

**now multiplied by 1.5 

TABLE XIV 

SUMMARY OF PARTIALLY REDUCED DATA, AIRFOILS--SEALED MODEL 
(RECORDED STRAIN IN CHART DIVISIONS) 

% % % 
II-9(s)(s) Change II-8(s) (s) Change II-9(a) (s) (s) Change 

170.00 - 2.9 172 •. 75 - 1.3 179.25 + 2.4 

161.50 - 3.6 163. 75 - 2.2 169. 25 + l."l 

97.50 +11.4 76.88 -12.1 68.63 -21.6 

35.00 -31.4 68.00 +33.3 71.25 +39.7 

126.50 +116.85 112.25 +92.4 123.00 +110.9 

'37.50 -44.4 44.50 -34.1 52. 75 -21.9 

7.50 -44.4 6.75 -50.0 5.25 -61.1 

12.00 -35.1 8.50 -54.0 9.75 -47.3 

663.00 - 3.2 673.00 - 1.8 697 .oo + 1. 75 

265.00 - 4.3 289. 75 + 4.6 279.75 + 1.0 

125.00 +71.2 17.75 -75.7 5.24* -107 .2 
-

328.00 +30.3 313.50 +24,.6 351.50 +39.7 

39.00 -39.1 30.50 -52.3 30.00 -53.1 

733.00 - 6.9 809.00 + 2.8 839. 50 + 6.7 

562.00 +14.5 497.75 + 1.4 518.75 + 5.7 

1295.00 + 1.4 1306.75 + 2.3 1358.25 + 6.3 

171.00 -43. 3 311.25 + 5.0 320. 75 + 8.4 

6 = +6° f3 = 00 s = -6° 

% 
II 9(a)(s) Change 

178.75 + 2.1 

168.25 + 0.5 

75.0() -14 .3 

81.50 +59.8 

lH.50 +103.1 

45.75 -32.2 

h.75 -64.8 

7.75 -58.1 

694.00 + 1.3 

113.00 +13.0 • 

13.00* -117.8 

328.50 +30.5 

25.00 -60.9 

857 .00 + 8.9 

503.50 + 2.6 

1360. 50 + 6.5 

353.50 +19.3 

13 = -6° N 
Ridge of ~edification ...... 

l1nsealed c.n 
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of values tested, its levels are greatly increased over the control. 

The 61 s, at the lower edge of the back roof and for all values of s, 

are considerably less than the control. Ass varies from +6° to -6°, 

AV6 tends to gradually lose, in a linear fashion, its advantage as 

seen in Figure 112. AV5 and AV6, both being outward forces, combine 

(panel 3), as seen in Figure 113, to result in a curve that is well 

above the control but which dips slightly at 0°, then rises to its 

highest value at -6°. This reflects the most serious fault of the 

modification--a significant increase in the worst outward panel 

forces; well beyond those of the unmodified building, due to the 

drastic increases in AV5 at the top of the back roof. This imposes a 

severe problem for the fastening tying the roof to the rest of the 

structure. 

AV7 and AVB {Figure 112) show an advantage but their magnitudes 

are low, and, though this is academically interesting, it is of no 

practical significance. Their values are always about one-half the 

magnitude of the control. 

From Figure 114, the absolute total forces are increased over 

the control for all values of s. An increasing gradual rise exists as 

Sis varied from +6° to -6°. The same gradual rise, though decreasing, 

is seen for the total inward forces, AVl, AV2 and AV4. However, 

from +6° to +4° the values are less than the control. These forces 

would collapse the st~ucture inward, downward and backward. 

The total outward forces are much higher than the control for 

+6°, nearly the same at 0°, and higher again at -6°. The 

influence of AV5 is dominant. It might be assumed from this curve alone 

that the 0° modification is favorable. It must be noted that, though 
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AV3 and AV6 are reduced, AV5 is greatly increased--now to the extent 

that it is the worst outward force and much higher than was AV3 

ori gi na lly. 

The algebraic panel total simply reflects that the total inward 

and outward forces are better balanced at +6° than any other s value 

tested. After ~+1° this is no longer true. In all cases the inward 

forces prevail, but less so at +6°. 

The effects of not sealing the gap at the top of the -6° airfoil, 

II-9(a}(s), is also plotted in Figures 111, 112, 113, and 114. There 

it can be compared to both the control and the same modification with 

the gap sealed, II-9(a)(s)(s). (For both of these the roof of the 

model was sealed.) Removing the sealing on the airfoil had virtually 

no effect upon AVl and AV2. Outward AV3 showed less decline while 

inward AV4 registered more increase on panel 2. No improvement 

resulted on either of these two panels. On panel 3, however, some 

gains are noted. AVS increases less and AV6 decreases more, resulting 

in lower outward force for the panel--still though, not enough to 

change the overall picture with respect to the unmodified structure. 

Conclusions - Airfoils, Sealed Model. A very significant modi

fication of the overall force pattern was exhibited. Reductions were 

achieved for the worst inward forces on the front wall for positive 

values of s, for the worst outward forces at AV3 as well as for the 

outward AV6, AV7 and AV8 on the back roof and wall for all values of 

s. None of these reductions offset the very high increase in AV5 at 

the top of the back roof. Here much additional lift was generated 

(nearly double), to the extent that AV5 replaced AV3 as the worst 



outward force, at levels higher by :::<33% than AV3 on the unmodified 

structure. Inward force at AV4 was increased also, though it should 

not be nearly as serious as the outward increase in AV5. 
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The d and e values were held constant (7/16 11 and 1-1/2 11 ) since 

their variation showed no significant results in the unsealed tests 

(except for d at AV5) and e was the dominant variable. (In retros~ect 

a d value of 5/16 11 may have had more favorable results on AV5 for 

the sealed model as well.) The s response was entirely different for 

the sealed model and there is no proof that some other e and d combi

nation would not be more successful. 

Though the variation of the angle e of the airfoil does show the 

ability to decrease the forces on the sealed model everywhere except 

at monitoring points 4 and 5, indications are that for any type of 

airfoil to be successful, the high lift increase experienced at the 

ridge of the back roof will have to be avoided. A s angle of 0° 

would seem best because of the smaller increases in outward forces at 

AV5 and total forces as well. The ridge of the modification should not 

be sealed. 

The results of the airfoil tests on both the unsealed and sealed 

model could be helpful indicat.ions of forces generated on structures 

utilizing similar natural ventilation methods, and perhaps for certain 

solar installations, but for the purposes of this investigation, the 

modification was dropped from further investigation. 

Ducts 

Objective. The objective of this phase of the preliminary inves

tigation was to determine if contained 11 leaking 11 of the pressure built 



up on the upwind wall into the wake area of the back wall could 

reduce the forces induced upon the various parts of the building. 

It was hypothesized that this should tend to equalize the 

pressures and would thus reduce both front and back wall surface 

pressures. In addition, it was speculated that the flow would be 

reduced over the top of the building; that this in turn would 

influence the pressures on the roof surfaces as well. 
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Smoke studies during the qualitative study indicated that 

several versions of ducts might accomplish this purpose. Several 

duct configurations were eliminated as impractical for both prototype 

and, especially, for the type of model used in this study since it 

utilized movable panels. 

Method. The same wind tunnel model used in the other investiga

tions was used for this study, also. Since the two walls had to move 

independently, the inlets and outlets could not be rigidly fastened 

together with the plastic tubes to be used in simulating the necessary 

duct work. Some means of providing the needed flexibility, and yet 

maintaining the integrity of flow in the tubes, had to be found. 

The tests were run only at the highest wind tunnel velocity 

achievable and were envisioned to be, again, a part of a larger series 

of tests to be run should the alternative look promising. 

Equipment Unique to the Ducts Investigatio~. Three sizes of 

ducts were prepared utilizing Tygon tubing: 

1. Small, 1/411 diameter, 12-1/2 11 full scale 

2. Medium, 3/811 diameter, 18-3/411 full scale 

3. Large, 1/2 11 diameter, 25 11 full scale 
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The original model incorporated removable sections (17-7/811 by 

13/16 11 ) in the upper portion of the two walls. These were closed by a 

slightly larger cover panel used when testing the roof modifications. 

During the tests on the ducts, the covers were removed and replaced 

with the apparatus shown in Figure 115. The dark strips are not a 

. part of the apparatus and serve only to support the Tygon tubes for 

photographing. Two sizes are shown in the photograph. On the left 

and bottom are the medium tubes and the right and top are the largest 

ones. The tubes are polyvinyl chloride and were fixed in place with 

epoxy glue. 

The center portion consisted of sections of ballons secured on 

each end by rubber bands. The centers of the tubes were 3-1 /8 11 from 

the floor at the wall. 

The open area of the 20 tubes, installed 7/8 11 on center along the 

17-7/811 length in the 20-19/32 11 long front wall panel, can be summarized 

as follows: 

Area Area 
Tube 1 Tube 20 Tu~es % Total Wall 

Diameter ( in2) (in ) Area % Panel Area 

1/411 0 .0491 0.982 1.066 1. 241 

3/811 0. 1005 2. 109 2.288 2.667 

1/2 11 0. 1964 3.929 4.263 4.968 

Procedure. The control was implemented by simply closing the 

holes, front and back, With a strip of masking tape. 

The tests were designated as follows: 

small tubes = small III 

medium tubes = medium III 

large tubes = big III 
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Figure 115. Duct Apparatus Medium III, Left 
and Bottom; Big III, Right and 
Top 

22 1 
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Tests were run both on unsealed and, later, sealed models. It 

was during the course of running Big III that the significant diffe

rences due to sealing the small building cracks was first discovered. 

Big III was run first. Procedures were as described earlier for 

all the preliminary tests. 

Results - Ducts, Unsealed Model. Analysis of the unreduced data, 

corrected only approximately for the increased stiffness of beams A3 

and B3 by a factor of 1.5, showed promise from a theoretical point of 

view. 

Figure 116 illustrates the result on the unsealed model. The 

control forces are inward on the front wall and outward elsewhere. 

All show reduction except the forces at the bottom of the front wall, 

Al and Bl, and those forces are the same for both Big III and the 

control. None show increase. 

The control pattern is typical of the unsealed model with the 

high forces being on the roof. 

With an open area of ::::4.25% of the en.tire front wall, the forces 

were reduced as shown in Table XV. 

Unsealed Big III was also used as a sample of how the forces would 

plot if reduced for the various calibration factors. Heretofore, only 

the ''raw data 11 has been plotted by strain readings in chart divisions, 

with the 31 s multiplied by 1.5 since they are stiffer beams. The 

comparison can also be seen in Figure 117 in terms of ounces of force. 

As noted in Table XVI and marked on the two drawings, in 

Figures 116 and 117, the r~sults are insignificantly different. Where 

comparison is the goal, instead of prediction, the more rapid approximate 
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TABLE XV 

SUMMARY OF PARTIALLY REDUCED DATA, DUCTS--UNSEALED MODEL 
(RECORDED STRAIN IN CHART DIVISIONS) 

Big III ·Control B:i.g II1 Chnnr.:e 

1\Vl* 85. 33 85.17 

AV2* 85.83 1:2 . 84 - '3 c; 

AV3 207.75 lti4.87 - f: . 2 

AV4 38. 83 32. 8 3 -lei.:) 

AV5 148.33 11.1. 50 - 4J 

/\V6 164.33 1"'6. iU -1n.7 

AV7 84.33 80.50 ·- (.~ . 5 

AV8 91.83 1.3 .on - 9. I) 

Panel l* 342. 33 336.on. - l.9 

Panel 2 493.17 455.40 - 7.7 

Panel 3 625.33 5 76. 6 7 - 7.8 

Panel L1 352.33 3~:7 .00 -· 7.2 

Inward+ 342. 33 3:\6 .00 , n 
_L • ·' 

Outward 1470.83 1359.07 - 7. ,·, 

Abs. Panel 
Total 1813.17 1695.07 - 6.5 

Alg. Panel 
To ta l 1128 .50 1023.07 - C) ' (., 

223 

·----
>'<Inward 



(/) 

z 
0 

240 -

200 -

Vi 160-

> 
Cl 

PANEL I 

-J.85% 

z ~ :::! 80 
0:: 
~ INWARD 
(/) 

40· 

A1 A2 81 82 

---CONTROL 
-fEST 

-------

PANEL 2 

-7.66% 

-==------

I I I 
A3 A4 83 84 

PANEL 3 
7. 78% 

ABSOLUTE TOTALI 
REDUCED BY 6.5l%i 

I ·-+-· 
As A6 B5 85 

MONITORING POINTS 

224 

20 I ARGE. T t.;BES 
0.5" ID COMPRISING 
4.2C.% OF FRONT 
WALL AREA a 
4 91% OF WALL 
Pf, NE L 

PA NE~ .. 4 

- 7.19% 

-------=-----=---
FORCES 

1--

A1 As 87 Ba 

Figure 116. Big III Versus Control--Strain in Chart Divisions 

5 

4 

"' 0 3 

~ 

IJJ 
u 
0:: 
0 
LL- 2 

+ MODIFIED 
INCREASE 

MODIFIED 
DECREASE 

PANEL I 
-1.01 % 

---::.--

INWARD 

- -- CONTROL 
--TEST 

_.-- -----
PANEL 2 
- 7. 56 % 

--- - --

PANEL ·3 
7, 65 ':', 

PAN ti_ 4 

ABSOLUTE TOTAL FORCES R[QUCED 8 6.36% 

MONITORING POl~ns 

Figure 117. Big Ill Versus Control--Force in Ounces 



225 

TABLE XVI 

COMPARISONS OF PARTIALLY AND FULLY CORRECTED 
DATA FOR BEAM CALIBRATION 

llncorrected Data Corrected Data 

Big III Rig III 
Calibration Factor Control Big III Control Big TII 

Divisions/oz. Ch. Div. Ch. Div. Oz. Oz. 

Al 32. 7355 80.33 80.flO 2.45 2.44 

A2 34.2445 81.67 79.00 2. 39 2.31 

Bl 35.0395 90. 33 90.33 2.5P 2.58 

B2 36.0015 90.00 86.67 2.50 2.41 

AJ 25.0515 136. 33 128.17 5. Lf4 5.12 

A4 33.8000 41. 33 34. 33 1.22 1.02 

B3 24.6685 140.67 131. 6 7 5.70 5.34 

B4 31. 7980 36.00 31.33 l.13 0.99 

AS 38. 8555 161.33 154.67 4.15 3.98 

A6 37.4195 169.67 15 2. 50 L<.53 !+. 08 

BS 38.0700 135.53 128.33 3.55 3.37 

B6 39.8130 159.00 141.17 3.99 3.55 

A7 34.2265 84.00 78.33 2.45 2.29 

AB 38.6667 88.07 79,r1n 2.29 2.0L< 

B7 39. 7555 84.67 82.67 2.13 2.08 

B8 37.4620 95.00 87.nO 2.54 2.32 



AVl* 

PV2* 

AV3 

AV4 

AV5 

AV6 

AV7 

AV8 

Panel l* 

Panel 2 

Panel 3 

Panel 4 

Inward* 

Outward 

Abs. Panel 
Total 

Alg. Panel 
Total 

* Inward 

PARTIALLY CORRECTED 

Big III 
Control 

Chart Div. 

85. 33 

85.83 

207.75** 

38.84 

148.33 

164.33 

8lf. 33 

91.83 

342.33 

493.17 

625.33 

35 2. 32 

342.33 

1470.83 

1813.17 

1128. so 

Big III 
Chart Div. 

85 .17 

P.2. 83 

194.88** 

32. 83 

141.50 

146.83 

80.50 

83.00 

336.00 

455.42 

576.66 

327.00 

336.00 

1359.08 

1695.08 

1023.08 

**now multiplied by 1.5 

TABLE XVI (Continued) 

% 
Change 

- 0.2 

- 3.5 

- 6.2 

-15.5 

- 4.6 

-10.7 

- 4.5 

- 9.6 

- 1.85 

- 7.66 

- 7.78 

- 7.19 

- 1.85 

- 7.60 

- 6.51 

- 9. 34 

CORRECTED 

Big III 
Control--o z. 

2.515 

2. 4lf5 

5.570 

1.175 

3. 850 

4.260 

2.290 

2.415 

9.92 

13.49 

16.22 

9.41 

9.92 

39 .12 

49.04 

29. 20 

Big III 
oz. 

2.510 

2.360 

5.230 

1.005 

3.675 

3.815 

2.185 

2.180 

9. 74 

12 .4 7 

14.98 

8.73 

9. 74 

36.18 

45.92 

26.44 

% 
Change 

- 0.2 

- 3.5 

- 6.1 

-14.5 

- 4.6 

-1n.s 

- 6.6 

- 9.7 

- 1.81 

- 7 .56 

- 7.65 

- 7.22 

- 1.81 

- 7. 52 

- 6.36 

- 9.45 

Difference 

1 0/ . ,. 

1.0% 

.2% 

.1% 

.1% 

.Ole% 

.10% 

.13% 

.03% 

. 04~'. 

.08% 

.15% 

.11% 

N 
N 
Q") 
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methods used cause no disadvantage. The only graph position to change 

appreciably due to the calibration factors is that of A7, and since 

it. always registers one of the smaller forces this hardly affects the 

judgments being made. Assumption of 1.5 as an adjustment factor for 

the stiffer gages in reality assumes all the others have calibration 

factors of approximately 37.2. While this is not the case for a few 

of them, the relative error thus introduced is slight and, by elimina

tion of the exact reduction of the data for preliminary analysis, much 

unnecessary work is avoided. 

Conclusions - Ducts, Unsealed Model. All of the average forces 

show reduction with the exception of AVl, at the bottom of the upwind 

wall. The two worst outward forces, AV3 and AV6 are alleviated 6.2% 

and 10.7%, respectively. The algebraic total forces are outward for 

the unsealed models, therefore, the 9.4% reduction, in this case, 

signifies that the outward forces drop more than the inward forces. 

On the basis of the results of Big III a definite very desirable 

pattern was found. During the course of the tests the very significant 

results of sealing the model were discovered. The validity of using 

the raw data, with only AV3 multiplied by 1.5, for rapid analysis was 

confirmed. Since no larger benefits could reasonably be expected from 

testing the smaller ducts, the tests were concluded prematurely. It 

was obvious that this option was one to be pursued further so a series 

of tests on sealed versions of Big III and Medium III followed. 

Results - Ducts, Sealed Model. Of the four tests run, two 

utilized Big III(s) and the other two Medium III(s). Individual 

comparisons for each monitoring point are shown in Figures 118 and 119. 
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Typical of the controls for the other sealed models, gages A4 

and B4 show inward forces rather than the outward forces of the 

unsealed model. The highest of the control forces are those inward 

on the front wall. The highest outward forces are at A3 and B3 on 

the front roof. 
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Atypical is the fact that the taped control forces for Al and Bl, 

at the lower corners of the front wall, differ significantly from 

those of A2 and 82 at the top. The lower corners of the wall 

experience the highest forces. The same sort of atypical result is 

noted for AS and BB where, at the bottom of the back wall, the forces 

are lower than A7 and 87 at the top. 

There is no apparent reason for these differences except perhaps 

for the effects of the tubing apparatus. It was difficult to intro

duce the flexibility needed to allow the front wall to move indepen

dently of the back wall. The solution of using the ballon sections 

was not ideal, but was the best manner found. 

The additional weight of the tubing apparatus would certainly 

exert some initial moment on the cantilever beams registering the 

forces at the corners of the wall panels. 

Either of the above mentioned problems should have exerted the 

same influence on the previous unsealed tests for Big III, also. The 

effects are absent. Any pre-stressing of the gages due to weight of 

the apparatus could have affected inward A2 and 82 and outward A7 

and B7. This was not the case. Interaction of the front wall and 

back could mask the results. 

Not only is there a difference between these controls and those 

of the other sealed models, there is a difference between the taped 
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controls for the two sizes of tubes used. 

Overall, the absolute totals were not greatly different; 1264.33 

for Medium III(s) and 1255.00 for Big III(s). On the other hand, AV2 

for Medium III(s) was 140.17 and for Big III(s) was 114.83. Several 

others were in the range of 5 to 10 chart divisions apart. With 

the holes taped on both controls, these differences were not expected. 

It was discovered early, however, that for the various modifications, 

differences in.the control readings sometimes resulted. For that 

reason, each time a new modification was implemented which involved 

altering the apparatus in any way, or shutting down the equipment, a 

new control test was performed in order to obtain good comparisons. 

These two modifications are good examples of that difficulty in that 

the roof of the model had to be completely removed in order to change 

from Big III(s) to Medium III(s) by installing the tubes in the 

interior of the model between the two walls. The gages were so 

sensitive that even the weight difference of the two sets of tubes 

makes a single control for the two tests impossible. The two tests 

were eight days apart as well. Reinstallation of the sealing strips 

introduced another potential difference as well. 

At this stage of the tests, the panel calibration procedure, 

to test for interaction, was not yet devised and the presence or 

absence of such is unknown. 

A better way to test the option might have been to use very large 

tubes and tape closed part of the 40 tubes in order to attain at least 

four percentage variations of the front wall area. In this way, a 

single control would have been valid. 

Ignoring the above, and comparing the trend exhibited by the 
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data, undisputable patterns can be observed. 

The results are summarized in Table XVII and plotted in 

Figures 120, 121 and 122. Where a given change takes place for Medium 

III, the same change consistently takes place for Big III, only 

moreso. The sole exception is on the front wall at AV2 where the 

negative changes registered for Medium III(s) are very small, if they 

do indeed exist at all. 

Only inward forces are slightly increased; outward forces are all 

reduced. The only inward .forces which become significantly increased 

are the inward 4's at the ridge of the leading roof panel. AV3, the 

largest outward force, is decreased significantly. Several of the 

other forces show quite large decreases, percentage-wise, but the 

effect is not large due to the small magnitude of the forces. The 

large increase of the inward algebraic totals is due to the large 

decreases of the outward forces combined with small increases of the 

inward forces. 

Conclusions - Ducts, Sealed Model. All the outward forces are 

decreased even with a small proportion of the area of the front wall 

open. The inward forces are not increased significantly except at 

the top of the ridge on the leading roof panel. The building should 

easily sustain such forces there. 

This modification deserved further investigation and was, indeed, 

the basis for selecting the final modification for more extensive 

study. It was considerably modified in an attempt to increase the 

open area. As a result of some of the problems discovered an attempt 

was made in the final tests to document any interaction between the 
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TABLE XVII 

SUMMARY OF PARTIALLY REDUCED DATA, DUCTS - SEALED MODEL 
(RECORDED STRAIN IN CHART DIVISIONS) 

Med III(s) % Big III(s) % 
Control Med III(s) Change Control Big III (s) Change 

AVl* 179.50 180.17 + .4 171.00 172 .67 + 1. () 

AV2* 140.17 139.00 .8 114.83 119.00 + 3.6 

AV3** 87. 75 84.00 - 4.3 95.00 84.00 - 11.6 

AV4* 45 .33 51.00 +12.5 40.83 l1 7 .17 + ::.5.5 

AV5 49.33 46.83 - 5.1 59.33 53.83 - 9.3 

AV6 68.41 56.75 -17.1 74. 6 7 5!1.00 - 27.7 

AV7 48.83 48.33 56.83 54.17 - 4.7 

AV8 12.83 9.75 -24.0 15.00 12.67 - 15.5 

Panel l* 639.33 638.33 .1 5 71. 67 5R3.33 + 2 J1 

Panel 2 
Absolute 266.17 270.00 + 1.4 271. 67 262.33 - 3. lt 

Panel 2 
Algebraic 84. 83 66.00 -22.2 108.13 73.67 - 32.0 

Panel 3 235.50 20 7 .17 -12.0 268. ()() 215.67 - 19.3 

Panel 4 123. 33 116.17 - 5.8 143. 67 133.67 - 0.0 

Inward* 730.00 740.33 + 1.4 653 .. 13 677.67 + 3 7 

Outward 534. 33 491. 33 - 8.1 601. 67 517.33 - Jl\.,O 

Abs. Panel 
Total 1264.33 1231.67 - 2.6 1255.00 1195.00 - 4.8 

Alg. Panel* 
Total 195.67 249.00 +27.3 51. 67 160.31 +102.l 

*Inward 

** now multiplied by 1.5 
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panels which might result from the joint sealing and/or any 

deficiencies in the flexible section between the portion of the 

ducts on the front wall and the back wall. 

Eave Overhangt Sealed Model 
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Objective. Several unplanned attempts were made to determine the 

potential beneficial effects of eave overhang modifications. As a 

result, some very interesting information was obtained. 

Method. The normal sealed model was used for all the tests 

performed at high velocity only. The modifications were installed 

only on the upwind roof panel (No. 2). 

Equipment Unique to the Eave Overhan9 Investigation. The equip

ment used consisted of metal strips - 1/16 11 shorter than the length 

of the movable panel. Some of the equipment is pictured on the model 

in Figure 123. 

The eave overhang option with venting holes [EOHi(s)] and the 

bent eave overhang modification [EOB(s)] are shown. All the modifi

cations are drawn in Figure 124. 

The EOHi(s) strip was drilled with 40 9/32 11 holes spaced 1/2 11 on 

center and centered 1/2 11 from the outer edge. It was 2-1/4 11 wide and 

20-17/32" long. The metal strip had a series of mounting holes used to 

install it in two positions. 

The metal strip used for the EOB(s) modification was the same size 

with a 33.7° bend 3/4" from the outer edge. This resulted in the bent 

portion being at an angle of 45° with the ground plane and 1-3/16 11 out 

from the wall. 



Figure 123. Eave Overhang Apparatus Installed on Model: 
Top, Bent Overhang--EOB(s); Bottom, 
Overhang with Holes--EOHi(s) 

2~ 
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Figure 124. Eave Overhang Equipment 
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EOi(s), the third option tested, used a flat metal strip extended 

beyond the normal leading edge of the model's upwind roof panel. Four 

positions were possible, one being the control with only the normal 

overhang. Zero overhang was not possible without rebuilding the 

mode 1. 

Procedure. The EOHi (s) tests used overhangs of 3/411 and 1-3/811 

beyond the leading edge of the regular roof panel versus its control in 

the same positions with the holes taped. 

The positions are described as fol1ows: 

EOH3(s), with vent holes centered 3/411 from the edge of 

the regular roof 

EOH4(s), same with holes centered 1-3/811 from roof edge 

The controls were called EOH3(s) taped and EOH4(s) taped. 

EOB(s) was a single test plotted against the same control as the 

EOi(s} series below. The bend was ~ 33° with respect to the strip 

itself and ~ounted on the roof was inclined at ~ 45° with respect to 

the ground in position 3. 

The four positions utilized for EOi(s} were: 

EOl(s}, control strip of the same size mounted on the top 

of the roof panel, at the leading edge, with no 

overhang 

E02(s), 5/811 overhang beyond the ordinary leading edge 

of the roof 

E03(s), 1-1/411 beyond 

E04(s), 1-7/811 beyond 
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Results - Eave Overhang. The results of the end overhang tests, 

EOi(s), are plotted in Figures 125, 126, 127 and labeled by position 1, 

2, 3, and 4. In Figure 125, the average individual forces are shown. 

Since the control pattern (position 1) is typical of the other sealed 

models, AV4, i.e., (A + B )/2, is inward as is panel 1. The panel 1 
4 4 

inward forces are the highest of all the forces. The next highest are 

the outward forces on panel 2 at the point of overhang (AV3). They are 

followed closely by the other roof forces. Lowest of all are AV7 and 

AV8 on the back wall (panel 4). The forces plotted are the absolute 

values. 

1. The decreases on the front wall, panel 1, were not expected 

though it is very possible that the further out the overhang 

(and thus lower to the ground), the less abruptly the air 

flow is changed. 

2. The large increase on panel 2 for the 31 s outward force could 

be expected due to the additional eave area with suction 

over it and pressure under it. From the data taken, the rise 

of AV3 appears to reach a summit at position 4. The behavior 

of the 41 s shows large linear increases in the inward force 

at the top of the leading roof panel as the overhang is 

increased. 

3. If the back roof, panel 3, had also been extended for 

symmetry of overhang, the results would obviously change 

some - most certainly for the back roof and perhaps also 

for the back wall. It can be anticipated that the increases 

would have been still more as compared to the control on 

these back surfaces. 
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4. Panel 4, the back wall, also shows increase though rather 

insignificant in view of the small changes and the low 

magnitudes of the forces themselves. 

5. Inward forces (combination of AVl, AV2, and AV4) show a 

linear, though slight, increase. 

6. Outward forces appear to peak between positions 3 and 4. 

7. The absolute force total for the building - simply the 

absolute sum of inward and outward forces - exhibits the 

same behavior as the outward forces, though the curve is 

somewhat more steep. 

8. The algebraic total - being the difference between inward 

and outward forces - is in this case inward and almost a 

mirror image of the absolute forces. The decrease simply 

reflects the more rapid increase of the inward forces as 

opposed to the outward forces. 
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To summarize from Figures 125, 126 and 127, the actual percentages 

of change for each modification with respect to EOl(s) are: 

E02(s) E03( s) E04( s) 

* Panel 1 -2. 7% -2. 4% -4.5% 

Panel 2 (Abs) +31. 4 +48.8 +62.2 

* Panel 2 (Alg) +52.3 +70. 1 +29.3 

Panel 3 +2.8 +10.6 +3.0 

Panel 4 +5.8 +24.0 +20.2 

Absolute 
Panel Total +6.2 +12.6 +12.6 

Inward +1. 1 +3. 7 +5.8 



Outward 

* Algebraic 
Panel Total 

* Inward 

E02(s) 

+14.6 

-20.5 
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E03(s) E04(s) 

+27.2 +23.9 

-33.7 -23.0 

Conclusions - Eave Overhang. In every case for the eave overhang 

tests: 

1. The front wall forces represent decreases over the control. 

2. The other surfaces all show increases. 

The decreases on the front wall are significant, yet eave over-

hang is certainly not beneficial in view of the much higher increases 

in the leading roof panel forces. The building is especially vulnerable 

to the outward forces at the eave. 

It is very difficult to justify the practice of ignoring the 

significance of eave overhang in calculating the wind loads incurred 

by a building. More study on this matter would seem to be imperative 

since the eave overhang is a dominant factor in determining the force 

patterns on all the model surfaces. It would be especially interesting 

to set up similar experiments with a model where zero overhang is 

possible and to further verify the apparent imminent peak of AV3 and 

the recorded peaks of AV6 and AV5 by extending the overhang farther. 

Results - Eave Overhang With Holes. The two tests run were 

identified as EOH3(s) and EOH4(s), both with 9/32 11 (1411 full scale) 

holes 1/2 11 on center, 1/2 11 in from the leading edge of the strip 

which was 1-1/411 and 1-7/811 out, respectively, from the edge of the 

roof. This adds 5.2' and 10.8' to the already existing overhang of 
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the normal full scale building. 

They resulted in the following changes, first with respect to the 

controls having the holes taped closed and, second, with respect to a 

repeat of EOl(s) with the metal strip of equivalent weight fastened 

on top of panel 2 at the roof's leading edge (no overhang other than 

normal). 

EOH3( s) EOH4(s) 
[with respect [with respect 

to holes taped] to EOl(s)] 

* Panel 1 +0.5% + 1. 5% -1. 4% -1.9% 

Panel 2 (Abs) -15.5% -9.2% +20.6% +35.9% 

* Panel 2 (A 1 g) -10. 2% +28.3% +21.6% +25.5% 

Panel 3 -4. 1% -4.2% -2.4% -4.8% 

Panel 4 -5.0% -4.9% +8. 1% +11. 4% 

Absolute 
Panel Total -5. 3% -3. 1% +3.9% +6.8% 

* Inward -3.0% -2. 2% +l. 8% +4. 1% 

Outward -8.8% -4.6% +7.2% +11. 2% 

* Algebraic 
Panel Total +10. 1% +3.4% -7.0% -7.4% 

* Inward 

As would be expected, the two taped controls themselves varied 

only slightly from E03(s) and E04(s) previously discussed. Control 

forces for EOH4{s) wel"e reduced 1.5% on the front wall when compared 

to the control for EOH3(s). The control front roof 3's increased by 

a small percentage (~ 2.5%) and the 4's by~ 12%. The panel 3 forces 

decreased by 2.S% and the back wall forces were about the same, all 

conforming with the forces found in the E03(s) and E04(s) tests. 



The only real inaccuracy in making a comparison of EOH3(s) and 

EOH4(s) with control EOl(s) is that the latter was also the control 

for EOB and thus did not actually have holes drilled in it. There 

would thus be a slight weight difference as a result of the metal 

drilled out to make the holes. 
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The plots in Figures 128 and 129 reveal some interesting facts. 

l. The front panel forces, though showing very slight gains for 

the EOH tests over their respective taped controls, reveal 

that the front wall forces with the EOH modification are still 

less than the front wall forces with only the regular eave 

overhang. This same air flow effect due to the longer 

overhang was noted in the EOi(s) series. 

2. Panel 2 forces for EOH are between those of the taped 

controls and the dashed control line representing only the 

normal overhang, EOl(s). With the EOH modification, the 

overhang increases are not so severe - i.e., for A3 and B3, 

the EOH outward forces are lower than the taped controls but 

still higher than for the ordinary building overhang; and for 

A4 and 84 the EOH inward forces are less than the taped 

controls' and more than the.forces on the ordinary model. 

3. Panel 3 shows EOH to cause, in general, lower forces than 

either the taped controls or the unmodified model overhang. 

4. Panel 4 forces are small and the changes are insignificant. 

5. Inward forces (Figure 130) on the entire building are 

increased with respect to EOl(s), moreso at position 4 than 

at EOH3(s), indicating that the same tests at position 2 could 

have resulted in lower inward forces than the control. 
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Comparison of EOHi(s) with the taped controls at the same 

position shows EOHi(s) to be lower inward forces. 
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6. Outward forces are again greater than the EOl(s) control but 

less than for the two taped controls at the same position. 

Reductions are greater at position 3 than at position 4. 

7. Absolute total forces reflect the same pattern - i.e., the 

forces are greater than the EOl(s) control but show decided 

improvement over the two taped controls. There is more 

reduction at 3 than at 4 and conjecture indicates position 2 

to be even more favorable. 

8. The algebraic force totals for EOHi(s) is a level line, indi

cating the same rate of increase for both inward and outward 

forces. Its location beneath the control EOl(s) signifies 

that the inward forces did not increase as much as the 

outward forces when compared to EOl(s). The test curve's 

location above the taped control's shows the inward forces 

did not drop as much as did the outward forces in comparison 

to those controls. 

Conclusions - Eave Overhang with Holes. It has already been 

determined that the presence of an eave overhang causes lower forces 

on panel 1, but higher forces elsewhere - especially on panel 2. 

If an overhang is already present, the venting holes, as tested in 

this series, will reduce all the forces at each of the monitoring 

points except those of panel 1 which show a very slight increase of 

~ 1%. 

The holes cause air flow changes which tend to null out part of 
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the only advantage of overhang - a small reduction of the front wall 

forces. However, the leakage of air through the holes from under the 

overhang reduces the uplift on the eave, causes the air flow at the 

top of the upwind roof to induce less inward pressure on the roof, 

and reduces the outward pressure on the back roof and wall. This is 

especially significant at AV3, the highest outward force and a 

vulnerable point of the structure. 

The concept shows ability to reduce the forces ~ when overhang 

is already present. Judging from the plots and the percentages, the 

vented holes closer to the wall (i.e., further from the overhanging 

roof's edge) seem to be more effective. This seems logical and it is 

regrettable a closer position was not tested. 

The concept of venting holes in the overhang should be studied 

further to see if some practical means of achieving even better results 

could be attained. Only one size of hole and two positions were tested 

in this study. Smaller and larger holes at several positions should 

be tested to document more accurately the relationships. Intermittent 

slots could be included as well. It should be possible to maintain 

the contruction advantage of the overhang and yet vent it so as to 

reduce the increases in wind forces caused by overhang. 

Results - Eave Overhang, Bent. The single test identification was 

EOB(s). The main control chosen for comparison was EOl(s) which was 

rerun at the same time as EOB(s). Other controls could have been 

chosen - an unbent strip with the same horizontal or vertical projec

tion, for example. Since this was not the case, here the primary 

comparison is with EOl(s), i.e., no overhang beyond that of the 
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regular model. Also, EOH3(s) taped, the additional overhang 

without a bend (i.e .• having the same overhang surface area) is used 

as a comparison. It was used due to minor changes in equipment since 

the testing of the more logical control, E03(s). EOl(s) utilized a 

metal strip of the same weight fastened on top the upwind panel (2) and 

its leading edge with no additional overhang. 

The EOB(s) results are plotted as single points with the EOHi(s) 

series in Figures 128, 129 and 130. 

The percentages of change are as follows: 

*Panel l 

Panel 2 (abs) 

*Panel 2 (alg) 

Panel 3 

Panel 4 

Absolute 
Panel Total 

*Inward 

Outward 

*Algebraic 
Panel Total 

* Inward 

EOB(s) with Respect 
to EOl(s) 

-0.4% 

+0.4% 

-144.6% 

-7.6% 

+35.7% 

+0.2% 

+5.2% 

-7.7% 

+26.0% 

EOB(s) with Respect 
to EOH3(s) 

+l.6% 

-29. 4% 

-132.9% 

-9.2% 

+19.3% 

-8.6% 

+0.2% 

-21. 4% 

+49.2% 

Comparing the extended bent overhang to the ordinary model with 

the shorter normal straight overhang, some surprising facts emerge. 

l. The forces on the front wall do not increase. 

2. The front roof panel outward forces at AV3 drop as much as 
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the inward AV4 rises. Here the most drastic changes take 

place. The bent extension significantly alters the air flow 

pattern and the most severe and critical outward forces on 

the building are greatly reduced (22-1/2%). 

3. Panel 3 forces are reduced. 

4. Panel 4 forces, though the smallest, do experience 35.7% 

increase but remain at an insignificant level. 

5. Inward forces on the whole building increase 5.2% as a 

result of the AV4 increase. 

6. Outward forces are reduced 7.7% overall due to the high 

decrease of AV3 and lesser decreases at AV5 and AV6. AV7 

and AV8 experience some increase which offsets the other 

decreases. 

7. Absolute forces are about the same. 

8. Algebraic forces show 26% increase, meaning the inward forces 

increase but little while the outward forces are reduced a 

greater amount. The net effect is to increase the balance 

toward the inward forces. 

If the modification is compared to that of the taped control at 

the same position the following is noted: 

1. Front wall inward forces increase an insignificant amount. 

2. The bend in the overhang causes significant reductions in 

both the outward AV3 (46%) and inward AV4 (5%). Absolute 

panel forces are reduced 29.4%. 

3. Panel 3 forces drop 9.2% due to equal decreases in AV5 and 

AV6. 

4. Panel 4 forces increase 19.3% though their magnitude makes 
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this charge rather insignificant. 

5. Inward forces on the whole building experience offsetting 

changes as the reduction of AV4 is balanced by the increases 

at AVl. 

6. The most important change is seen in a 21.4% reduction of 

outward forces on the building, mainly due to decrease in AV3 

and some decrease at AV5 and AV6. 

7. Absolute total decreases 8.6%. 

8. Algebraic total increases, becoming more inward. This results 

from essentially no net decrease in the inward forces whereas 

outward forces were decreased. 

Conclusions - Eave Overhang, Bent. The bent overhang has 

potential based upon the test. Even judging the bent extension against 

no extension of the normal overhang results in favorable redistribution 

of the forces. The most severe outward forces at the leading edge of 

the roof and the other back roof forces are traded for increases in 

outward force on the back wall and increases in the inward force at 

the ridge of the front roof surface. These changes are beneficial 

both from the standpoint of decrease of critical forces and change to 

force patterns which the building can more easily sustain. 

In comparing the forces of the bent overhang to those of the unbent 

overhang of the same length, the changes are even more striking. All 

surfaces show either no increase or favorable changes except for the 

outward increases of the forces of insignificant magnitude on the 

backwall. Overall, the inward forces are not reduced, but the outward 

forces greatly decline and thus reduce the absolute total, also. Again, 
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the most serious outward forces are reduced in magnitude. 

Further testing is indicated since only one extended position was 

tested with one angle of bend. It may well be that such gains could 

be amplified by changing the length of the bend as well. 

Conclusions for the Complete Eave Overhang Series. The eave 

overhang of the model was influential on the wind force pattern of 

the entire structure. The area most affected is the leading roof 

surface where the outward force at AV3 increased and the inward 

force atAV4 likewise was greatly increased. 

Venting the existing eave overhang with holes reduces the forces 

on all surfaces except the front wall where minimal increases occur. 

The holes are more effective when located nearer to the front wall. 

The effects are most pronounced on the front roof panel where the 

vents are located, but the other surfaces are also affected. 

The bent overhang has potential to overcome the AV3 force 

increase due to overhang. Other outward roof forces at AV5 and AV6 

are also reduced by the bend in the extended overhang. 

Several interesting phenomena were discovered and merit further 

investigation. Nevertheless, more effort will not be devoted to the 

option during this study. 

Venting 

Obje,ctive. The fourth major alternative of the preliminary 

investigation involved venting the building itself. For the unsealed 

model inward forces are incurred on the front wall while suction 

exists on all other panels. The 4's (top of panel 2) become inward 
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when the model is sealed. It was felt that dangerously high wind 

pressure patterns might be sufficiently relieved by venting or opening 

the building, allowing air to pass through rather than to lose the 

structure altogether. The effort of this phase of the study is to 

determine the force changes on the building under these circumstances. 

Method. Originally some method of synthesizing a prototype buil

ding with pop off panels was considered. The panels were to be less 

securely fastened to the structure so as to come loose and relieve the 

pressures before the whole structure failed. More practical would be 

a panel allowed to swing either inward or outward according to direc

tion of the wind. The panels would not fly across the countryside 

when opened by the wind. To prevent activation except in extreme 

cases of loading a tripping mechanism was foreseen, perhaps utilizing 

springs. Due to the impracticality of installing such on the small 

model to be tested, a simplification, simulating a panel already open, 

was accepted as a compromise. It was tested at high velocity only. 

Equipment Unique to the Venting Investigation. The regular model 

was equipped with an open section in the front and back wall panels. 

The section was 27/32 11 high and 17-7/8" long. It was centered 

lengthwise in the 20-19/32" movable panels and down 43/64" from the 

top. This left 1/4" above the opening and 2-5/811 below. 

Cover panels extended approximately 1/811 beyond the opening in 

all directions. The cover panels were closed in order to obtain the 

control. The same cover panels were dropped downward on both front 

and back walls to achieve the following openings: 

1/4 open = .211 11 or 27/12811 , 10.55 11 full scale 



1/2 open = .422 11 or 27/64 11 , 21.10 11 full scale 

3/4 open = .633 11 or 81/12811
1 31.64 11 full scale 

full open= .844 11 or 27/32 11 1 42.19 11 full scale 

A 11 we re 7 4. 51 long, fu 11 s ca 1 e. 

Procedure. For the unsealed tests .Q.QJ1.. three tests were run: 

1. Fully closed. 

2. 1/4 11 (slight deviation from 1/4 open= .211 11 ). 

3. Fully open or . 844 11 • 
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Sealed tests utilized the standard openings. These tests 

included a 11 completely 11 sealed control (with the exceptions noted 

earlier in the discussion of sealing), though it was found to be 

impossible to seal the crack at the top of the front wall during tests 

of the openings themselves. This was not a disadvantage as the panel 

was open just 1/411 below the crack in question, and all the standard 

openings were much greater in comparison to the very small crack. 

The net effect could have been very little different, if at all, had 

the crack at the very top of the front wall been sealed. 

Results - Venting, Unsealed Model. The control force pattern 

conforms with earlier unsealed controls - all forces on the roof and 

backwall are outward and the front wall forces are inward. 

Examination of Figure 131, showing the strain changes that 

occurred, reveals surprisingly dissimilar results for the two degrees 

of opening. From the figure and the curves in Figure 132, on the 

basis of three data tests, tentative observations can be made. 

1. Forces Al and Bl decrease 12% with. the .25 11 opening but 

increase 3.8% with .844 11 • The break even point is shown as a 



+20.4°4 +23.1% 

-12% + 3.0°4 

0.2511 OPENINGS 

0.844" OPENINGS 

Figure 131. Unsealed Vented Model-Strain Changes with Respect 
to No Opening 
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dashed line at about .7711 on the drawing. A2 and B2 decrease 

20. 6% for . 25 11 and 30. 2% for • 84411 , 1 i ke ly due to decreased 

wall area in the immediate vicinity. 

2. At the leading edge of the roof, the opening causes a slight 

decrease (1.4%) in A3 and B3 forces, for the .25 11 opening but 

a decrease of 34. 3%, with respect to the cont ro 1 forces, for 

.84411 • Much of this is due to decreased uplift under the 

eave and less air flow over the structure. A4 and B4, at the 

upper edge of the same panel, first show a 20.4% rise with 

the .25 11 opening and then decline after~ .5311 opening, 

considerably below the control level (-46.7%) for .84411 • 

This is likely due to added pressure inside, and then a 

relief of this, as the building is opened up due to more 

direct air flow through the structure and reduced flow over 

the ridge. 

3. On the back roof AS and B5 rise 23% for . 25 11 and then s 1 owly 

decline as the opening increased - still 16.3% higher than 

the control. A6 and B6 show the same trend, rising 19.5% 

for the 1/411 opening but then fallin~ 11.6% below the control 

va 1 ue for . 84411 • The 11 break even 11 opening is about • 7". 

The air flow through the building impacts most directly upon 

the back roof interior so the rise is not a lll.YStery, but the 

failure of AG and B5 forces to fall below the control as do 

the 61 s when the opening is increased, remains unexplained. 

4. The back wall forces at 7 continually decline to 61.6% of 

the original control values. At 8, bottom of the back wall, 

a slight rise (3.0%) is noted for .25 11 but after about .3711 



opening, the forces are less than the control and drop to 

76.5% of the control for the .84411 opening. 
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Brief inspection of the results indicate different flow patterns 

for the two degrees of opening tested. This was not anticipated. It 

was expected that the forces would progressively rise or decline as the 

opening was increased. Overall, the .25 11 opening results in a 3.8% 

increase over the control forces where.as the .84411 opening shows a 

decline of total forces of 17.7%. 

The small opening, even though it existed on both walls of the 

model, apparently caused reactions similar to those of leakage, 

adding inside pressure to outside suction. Forces were relieved at 

the upwind eave, at the sensors nearest the openings in the two walls 

where the area was reduced, and even at the bottom of the front wall. 

Other sensors, mainly those of the roof (Figure 131) show increase as 

if absorbing the energy of deflecting the air flow or from additional 

pressure inside the building. 

It is possible in the case of the larger opening (.844 11 ), more 

direct air flow existed, which reduced the forces on all the surfaces 

except at 5 and 1. The AS and 85 forces are diminished some, but 

still are higher than the control. 

The slight increase in force at 1 for the larger opening is more 

a mystery. Separate tests on the front wall alone (other panels com

pletely removed) revealed decreases of 18.4% at 1 and 23.3% at 2 for 

the largest opening, .84411 • 

From the left-hand curves of Figure 132, the values of strain for 

openings of .422 11 and .63311 at each of the monitoring points were 

predicted. Refer to Table XVIII. Using these, and the values 



TABLE XVI II 

SUMMARY OF PARTIALLY REDUCED DATA VENTING TESTS--UNSEALED MODEL 
(RECORDED STRAIN IN CHART DIVISIONS} 

Openings (in.) 

0.0 11*** 0. 25"*'"* 0.422" 0.633" 0.844"*** 

AVl* 88.Q 77 .5 76.0 82.0 Ol. 3 

AV2* 9 7 .o 77 .o 73.0 7n. o n .7 

AV3** 192 .5 180 .9 181.0 161.0 126.5 

AV4 32.2 38.7 35.0 28.0 17.1 

AVS 132.8 163.5 166.0 162.Q 154.5 

AV6 156.6 187.2 181.0 163 .o 138.5 

AV7 75.0 70 .1 64.0 56.0 L..6. 2 

AV8 82.8 85.4 80.0 72.0 63.4 
Panel l* 370.0 309.0 298.0 304.0 318.0 

Panel 2 449.4 45 7. 2 432.0 378.0 287.2 

Panel 3 578.9 701.4 694.Q 650.0 58f..O 

Panel 4 315.6 3ll.O 288.0 256.0 210.2· 

Inward* 370.0 309 .o 298 .o 304.0 318.0 

Outward 1343.8 1469.6 1414.0 128<'..Q 1092. 3 

Panel Total 973. 8 ll60 .6 1116.0 980.0 774.4 
(Out) 

Total 1713.8 1778. 6 1712.0 1588.Cl 1410.4 

*Im.;ard 
.;,*~ow multiplied by 

N 
1.5 O'I 

***By experimental test 
0 
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measured for .25" and .84411 , the total absolute forces for the building 

over the entire range of opening were calculated. These are also 

plotted on the right on Figure 132. 

It can be seen that the first reduction in the absolute total 

forces is probable only after an opening of .422 11 is exceeded. The 

opening at .25 11 is presumed to result in the highest total forces 

(+3.8%) in an absolute sense - i.e., without regard to the inward or 

outward direction of the forces. Opening of .84411 results in th.e 

least (-17.7%). 

From Figure 133, the average strain readings at each point, indi

cation is that AV5, at least, does not peak at the .25 11 opening. 

(The comparable results for the sealed model appear on the same figure 

and will be discussed later.) 

Figure 134 shows the panel totals with all but panel l indicating 

outward forces. 

1. The combined results of AVl and AV2 on panel l show total 

inward forces are a minimum with an opening of about .422" 

and are always less than the inward forces on the control 

with zero opening. Panel l forces do show a slight upward 

rise as the opening is increased from .422". This is due to 

the influence of AVl. · 

2. The outward forces are on panels 2, 3 and 4. Panel 2 forces 

quickly peak at .25 11 of opening and then steadily fall, 

continually lower than the control after about .311 of opening. 

Panel 3 forces rise sharply (mainly due to AV5), peaking 

(+22%) at about .3 11 and never drop below the control until 

the end of the range, .84411 of opening. Panel 4 forces 
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seem to maintain the control level until .25 11 and then 

gradually fall to 66% of original value. 

Figure 135 reflects the way the forces combine to obtain the 

total forces on the structure. Each of the two middle curves 

actually represent successive vector subtractions of the lower 

263 

curve (panel 1 =inward) from the upper curve (total absolute forces). 

In all cases the most desirable opening is .844'' except for the 

inward forces at the base of the upwind wall which increase beyond 

the control value. This rise is reflected by the inward forces. 

Their magnitude is not critical and the structure is best able to 

sustain inward forces. The absolute forces show reduction after 

.422 11 as noted earlier. The outward forces indicate reduction below 

control values after "' .55" of opening. These would tend to explode 

the structure or its cladding. The combination of panel 2 and 3 tend 

to raise the roof with the vertical components and displace it backward 

with the difference of their horizontal components. The components of 

the algebraic forces, which tend to move the building off its founda

tion, drop below the control only after "' .633" of opening. 

If individual and panel forces are considered, the roof forces 

are the most serious. Only AV5 never falls below the force level of 

the control. This would indicate that the fastening at the ridge of 

the back roof needs the most attention if venting a leaky building 

is attempted. The leading edge roof force at AV3 is originally 

the highest value but does decline. The force level, AV6, at the 

back edge, was initially lower but rapidly rose to the magnitude of 

AV3 at .25" and then declined at the same rate as AV3. 

The worst original force (AV3) is therefore steadily diminished. 
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The counterpart on the back roof (AV6) rises but never exceeding the 

declining AV3. Since the wind can blow from either direction, both 

points on the building would have to be designed to equal strength 

and the individual rise of AV6 is therefore not a limitation. AVS is 

critical, as is its combination with AV6 seen for panel 3 in Figure 134. 

Conclusions - Venting, Unsealed Model. Venting an unsealed model 

profoundly affected the force pattern. 

The opening with 0.25 11 height did not beneficially alter the 

forces. 

At an opening height of 0.422 11 (1.75' on the prototype) the 

predicted total forces would be practically the same as for the 

control. The distribution would differ, however, panel 3 forces 

would be higher whereas the other four panels would be lower. The 

worst original force, at 31 would be S% less and would equal the 6's. 

The predicted forces for an opening of 0.633 11 would combine 

for a total of 7.4% below the control forces. Again, all forces would 

be less than the control except for panel 3. The worst forces (3's, 

S's, and 61 s) would be all about the same magnitude with the 3's"" 16% 

less than originally. 

The largest opening, 0.844 11
1 shows the first instance of panel 3 

forces being nearly the same as.for the control - then only because the 

increased S's are cancelled by the decreased 6 1 s. 

The 11 best 11 opening depends upon which forces or combination of 

forces are considered the most objectionable. At least an opening of 

.633 11 should be used (2.625 1 on prototype). It represents an open 

area of 14.4% of the movable panel and 12.4% of the entire wall. An 
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opening of .84411 is more effective (3.50 1 on the prototype, 19.2% of 

the movable panel area and 16.5% of the area of the front wall). 

This modification shows ability to reduce all the forces except 

those at the ridge of the back roof panel and might be pursued 

further. More tests shou1d be run to verify the interpreted readings 

of 0.422 11 and 0.633 11 • · Further tests on the sealed model seem in order 

also. Too, it would seem beneficial to investigate the possibility of 

eliminating the addition of upwind pressure inside the building by· 

containing the flow in ducts as it is conducted through the structure. 

Results - Venting, Sealed Model. The control forces conform to 

the pattern determined earlier for other sealed models - forces are 

inward on the front wall and outward on the front roof and the back 

surfaces except for A4 and B4 which are inward. 

Where the results of the unsealed model were difficult to 

assess as to the exact benefits of venting, the vented sealed model 

presents results clearly detrimental in almost every aspect. Tests 

were run at all the planned openings. 

Examination of Figure 133, where the averages are plotted alongside 

of those of the unsealed model, reveals large increases over the 

control at .211 11 followed by a drop in the forces as the openings 

become larger for most of the monitoring points; the magnitudes are 

generally greater than the control for the largest opening. The 5's 

and 61 s deviate slightly from this pattern as the drop after the 0.211 11 

opening is missing. 

AV3, after the large increase, falls to a level quite near that of 

the control. This would indicate an opening larger than 0.844 11 could 



result in the sought for reduction. The 4' s show the same trend as 

the others except the control forces being negative (inward), the 

subsequent rise and drop leave the forces for the largest opening 

near zero. 
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Panel l' forces also deviate from the above pattern by steadily 

dropping at both l and 2 as the openings are increased. This would be 

very important, since panel forces were originally the most severe, 

if the 3's and especially the S's and 6 1 s were not increased to levels 

beyond those of the l's and 2's originally. 

The net results is more clearly seen in the plots of the panel 

forces (Figure 134). Panel 1 forces decline considerably(~ 40%) due 

to the steady drop in the l's and the 2's. Panel 2 also declines 

(~ 20%) due to the rapid fall in the 3's (after the large increase) 

and the effect of the absolute level of the 4's. Panel 4 increases 

would not be serious but the large increase of panel 3 forces 

overshadows all potential gains. This increase in lift forces for the 

back roof is due to internal positive pressure added to the normal 

suction existing above the back roof. Further, in contrast to the 

situation for the unsealed model, it shows no promise of decreasing 

even if the openings were increased. 

The total forces (Figure 135) reflect also the dominance of 

panel 3 effects. For all openings tested, the overall forces increase 

when compared to the control. The only potential benefit is the 

reduction of inward forces on the front wall - not an especially 

vulnerable part of the structure. 

Conclusions - Venting, Sealed Model. Contrary to popular belief, 
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openings in the front and back walls of a well sealed building show 

no promise for saving the structure from high straight winds. ~~hile 

true that openings will relieve the front wall, and even the front 

roof section if the openings are large enough, the added outward 

pressure on inside of the back surfaces cause the forces to exceed 

those formerly considered most critical. This occurs even though the 

back wall is also opened the same amount as the front wall. 

Only in the case of the unsealed structure do openings show 

potential for relief. In the case of the sealed structure, the 

building would be more secure if it remained entirely sealed. 

Though the models tested are not suitable to draw widely appli

cable conclusions for housing in that the models contained no ceiling, 

application of this prediction to buildings with no ceiling or 

cathedral ceilings seems in order. 

It seems in retrospect that an interesting attempt for both 

options would have been to vent the roof - perhaps simulating spring 

loaded panels as in Figure 136. 

For the sealed model on those portions of the roof under suction 

(AV3, AVS, AV6), the vents would open allowing suction to add to the 

outside inward forces on the front wall, but it could relieve the 

roof and back wall surfaces. At 4 where the force at the top of the 

front roof is inward, the forces would hold the vent shut. The back 

roof vents would add additional suction inside that would increase 

the inward magnitude of the AV4 forces. 

For the unsealed model, the same spring loaded vents might be 

opened from the inside due to positive pressure inside and negative 

pressure outside. The lower roof portion should be vented in the 
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Figure 136. Spring Loaded Roof Vent Panels 
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area closest to the leading edge, but still inside the building, if 
I 

this method is the subject of future investigation. 

Ducts - Final Investigation 

Based upon the favorable preliminary results of the ducts in 

the form of tubes, and upon the venting results. the concept of a 

single long duct was pursued in this final phase of the investigation. 

A flow visualization of the concept is shown in Figure 137. The air· 

flow must be contained as it is conducted through the structure to 

avoid the additional positive pressure released into the building by 

the opening in the front wall - pressure which adds to the outward 

force already existing on the downwind exterior surfaces due to 

negative pressures outside the building. 

Method. The same methods as used for the other preliminary tests 

were employed - the flow visualization tunnel and wind tunnel tests 

on the scaled model. 

Equipment. The apparatus used to simulate the necessary ductwork 

is shown in Figures 138 through 141. The front and back wall were 

modified so as to permit attachment of two cardboard sections - one to 

each wall panel. The center portion was completed with a flexible 

section made from 2 mil plastic material taped into place so as to 

allow inward movement of the front panel without outward movement of 

the back wall panel. 

For the first time. the 27 11 disc (Figure 140 and 141) upon which 

the model is constructed was utilized to rotate it around the center 

bolt. 



Figure 137. Air Flow Visualization for Building 
with Duct 
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Figure 138. Cardboard Duct with Flexible 
Plastic Section 

Figure 139. Modified Wall Panels 
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Figure 140. Model Without Roof Showing Assembled Duct 
Mounted Inside Model 

Figure 141. Completely Assembled Model with Ducts 

272 



273 

Procedure. The procedure, as previously outlined for the full 

tests, was employed. The major differences from that followed for the 

preliminary tests were: 

1. Tests were run at three velocities of air flow ranging from 

25 miles per hour to 40 miles per hour at 0° orientation. 

(Results are not included here except for brief mention.) 

2. The building was rotated with respect to the air flow in the 

tunnel to determine the effects of 15 and 30° orientation 

to the wind. 

3. Only the 11 sealed 11 model was tested. 

The same openings were used as for the vent tests, i.e., 0.0 11 , 

.211 11 , .422 11 , .63311 and .84411 • The rear opening of the duct was 

sealed only for the "no opening" controls. For the remainder of the 

tests, it was wide open with the cover still attached to the wall in the 

dropped position to achieve the same back wall weight for all tests. 

The front cover was dropped vertically to achieve the various openings 

and maintain the weight. Neither the size of the duct itself nor its 

exit were varied - only the size of the entrance opening. If the rear 

panel cover had not been fully open for all the tests except the 

controls, it would have protruded up into the air flow through the duct 

and caused distortion of the forces on the back wall. 

The tests were run in a semi-randomized order, Table XIV, 

attempting not to complicate the results by loosening the center bolt 

an unnecessary number of times. Within a given position, 0°, for 

example, the order of tests was randomized as the 8, 12, 9, 11, 10 

sequence indicates. The replications (three each) were not randomized 

as the effort to change the modification and perform the needed shake 
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down run explained previously required excessive time lapse and labor. 

For the tests at the three velocities, the three replications required 

at each speed were taken in the same order - i.e., the order Slow, 

Medium, Fast was employed. 

TABLE XIX 

IDENTIFICATION ORDER OF TESTS--ANGOPNG 

0 
-c VI 0 7 14 c: 0 Q) M 
•r- +.> OJ 
3 s... 

E s... C"l 
4- 0 ltl Q) 
0 s... ...... Cl 

4- ~ I 
c: u I 0 6 15 0 Q) •r- ...... LO 

.,.... r-- -0 r- ...... 
+.> C"l c: ltl 
ltl c: OJ ::;: 

•r- c:i::: 0.. 
> s... -c 
Q) OJ c: 0 
Cl c... •r-

3 
0 8 12 9 11 

0.. 
::::> 

-
0. 0 11 . 211 11 .422 11 .633 11 

Opening--In. 

Sample Calculations. For 0° orientation and the no opening 

control, the data obtained for panels 3 and 4 is: 

Strain in Chart Divisions 

13 

16 

10 

. 84411 

A A B B A A B B A A B B A A B B 

Rep 1 
(of 3) 

1 2 1 2 3 4 3 4 5 5 5 5 7 8 7 8 

154 151 181 168 23 17 10 11 
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-rnteraction Correction, Between 1st and 4th Panels Only-

Averages: 

AVl = (Al + Bl)/2 = (154 + 181)/2 = 167.50 

AV2 = (A2 + 82)/2 = (151 + 168)/2 = 159.50 

AV7 = (A7 + 87)/2 = (23 + 10)/2 = 16.50 

AV8 = (A8 + 88)/2 = (17 + 11)/2 = 14.00 

Panel Totals: 

PANl = 2(AV1 + AV2) = 2(167.50 + 159.50) = 654.00 

PAN4 = 2(AV7 + AV8) = 2(16.50 + 14.00) = 61.00 

·Indivfdual Strain Interactions in Chatt Divisions on Panels l and 4-

IAl = 7; IA2 = 10; IBl = l; IB2 = 5; 

IA7 = 5; IA8 = l; IB7 = 2; 188 = O; 

-rotal Panel Strain in Chart Divisions Causing Interactions, 
from Frame Calibration· 

FPANl = 493. 14 

FPAN4 = 528.67 

RAl = PAN1/FPAN1 = 654/493.14 = 1.32620 

RA4 = PAN4/FPAN4 = 61/528.67 = 0. 115384 

-corrected Individual Strains in Chart Divisions· 

Al= Al - (IAl x RA4) = 154. - (7.0 x 0.115384) = 153. 192 

A2 = A2 - ( I A2 x RA4) = 1 51 • - ( 5. 0 x 0. 115 384) = 1 49 . 846 

Bl = Bl - (IBl x RA4) = 181. - (1.0 x 0. 115384) = 180.885 

B2 = B2 - (IB2 x RA4) = 168. - (10.0 x 0. 115384) = 167.423 

A7 = A7 - (IA7 x RAl) = 23. - (5.0 x 1.32620) = 16.3690 

A8 = A8 - (IA8 x RAl) = 17. - (l.O x 1.32620) = 15.6738 

B7 = 87 - (IB7 x RAl) = 10. - ( 2.0 x 1.32620) = 7.3476 

BB= BB - (IB8 x RAl) = 11. - (0 x 1.32620) = 11.000 



-Reduction of Data for Velocity Squared

Vl = 1.300 (1st Replication Velocity) 

VSl = Vl x Vl 

-Adjustment of the v2 Term to the Eave Height of Building Using 
the "Fast" Velocity Profile-

Eave Height = 3.8411 (equivalent of 16 1 ) 

Anemometer Height= 7.25 11 (equivalent of 30 1 ) 

2EV 2x. 17445 
K = ( H 2 ) = ( 3 · 84 ) = . 801127 

f[" 7.25 
1 

Al= Al/(VSl x K) = 153.192/(1.69 x .801127) = 113.149 

A2 = A2/(VS1 x K} = 149.846/(1.69 x .801127) 110.677 

Bl= Bl/(l.69 x .801127) = 180.885/1.3539 = 133.602 

B2 = B2/(l.3539) = 123.659 

-Linear Cantilever Beam Calibration Constants in Chart Divisions 
Per Oz. of Static Force -- Direction of Loading Considered-

CAl = 32.7355 

CA2 = 34.2445 

CBl = 35.0395 

CB2 = 36.0115 

-calibration of the Observations for Each Opening

Al = Al/CAl = 113.149/32.7355 = 3.4565 oz./volt2 
. 2 

A2 = A2/CA2 = 110.677/34.2445 = 3.2320 oz./volt 

Bl = Bl/CBl = 133.602/35.0395 = 3.8129 oz./volt2 

B2 = B2/CB2 = 123.659/36.0115 = 3.4339 oz./volt2 

-Adjustments for Frame Calibration-
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Usual ly the response of the gages was checked before loosening the 

center bolt to rotate the model in the tunnel and after the bolt was 

retightened with the model in the new position. The response of the 

gages was sensitive to the pressure due to the tightened bolt. In the 

case of this illustration for the control. all five tests were taken 



before the model was moved. There were, however, three calibration 

checks performed with the special loading frame. 

Al Response 

Tests 

Time Sequence of Data - Frame Calibration 

Before 

FAlB = 
125.25 

1 #8 #9 

Inter
Medi ate 

FAlI = 
124.0 

[#10 #11 #12 

A 

I 
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The standard performance for Al for all the tests was set at the average 

of FAlB and FAlA, etc. 

AVFAl = (FAlB + FAlA)/2 = (125.25 + 125.00)/2 = 125.125 

and for the other three gages: 

Before 

F A2B = 112. 50 

FB 1 B = 1 41 • 2 5 

FB2B = 119. 75 

After 

FA2A = 109. 67 

FB 1 A = 1 39 • 00 

FB2A = 117 .00 

Intermediate 

FA2I = 109.00 

FBlI = 140.00 

FB2I = 117.00 

AVFA2 = (FA2B + FA2A)/2 = (112.50 + 109.67)/2 = 111.085 

AVFBl = (FBlB + FBlA}/2 = (141.25 + 139.00)/2 = 140.125 

AVFB2 = (FB2B + FB2A)/2 = (119.75 + 117.0)/2 = 118.375 

Al and the other readings for the control (Test #8) were then adjusted 

each to their own standard. 

Al = Al (AVFAl/FAlB) = 3.4565 (125. 125/125.25) = 3.4530 

A2 = A2 (AVFA2/FA2B) = 3.2320 (111.085/112.50) = 3. 19135 

Bl =Bl (AVFBl/FBlB) = 3.8129 (140. 125/141.25) = 3.78253 

B2 = 82 (AVFB2/FB2B) = 3.4339 (118.375/119.75) = 3.33945 



278 

All the Al's for tests 9, 10, 11 and 12 were adjusted as follows. 

The intermediate frame calibration after test 9 was assumed to 

represent it before adjustment to the standard. The same assumption 

was made for Test 12 and the frame calibration after. The difference 

between the two was divided into thirds [(125-124)/3 = .333]. This 

amount was added to the 124.0 to get a distributed frame calibration 

value after the tenth test and twice that amount was added to 124.0 

to get the value for frame calibration after the eleventh test. These 

numbers: 

#9 124. 000 

#lO 124. 333 

#11 124. 667 

#12 125.00 

were then used to bring all the Al readings to the common standard 

of AVFAl (125.125) exactly as was done for test #8 in the previous 

example. 

i.e., Al (for test 11) =Al (AVFAl/124.667) 

= Al (125.215/124.667) 

a very slight increase. The examples used show slight changes because 

the bolt was not loosened. The other frame calibration differences 

(tests 6, 7, 13, 14, 15, 16) are more significant and all were 

normalized to remove the 11 bolt effect11 as was Al for test #8. 

All readings now being to a common standard, two further adjust

ments are necessary. 

-Adjustment for Difference in Length of Opening and Movable Pane1-

Length of panel = 20-19/32 11 

Length of opening = 1811 



L = (20-19/32)/18 = 20.59375/18 = 1. 1441 

Al = 3.4530 x 1. 1441 = 3.95056 

A2 = 3.19135 x 1.1441 = 3.65125 

Bl = 3.78253x1.1441 = 4.32759 

B2 = 3.33945x1.1441 = 3.88361 
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-Readings Adjusted for Recorder Channel Calibration Constants (Ri) 
Reflecting Deviation from Standard of 20 -- Higher 

than 20 Indicates a Higher Force than Reality-

R5 = 20.0 for A 
1 

R6 = 20.0 for A 
2 

R7 = 19.9 for B 
1 

R8 = 20.0 for B 
2 

Here only Bl required any correction. 

Bl = Bl ( ~; ) = 4.33144 ( ~~:~ ) 

= 4.32759 x 1.0050 = 4.349337 

Each of the replications of the other individual strain readings 

were treated in a like manner to obtain three adjusted values in ounces 

of load/volt2 for the eight monitoring points on both ends of the model. 

One further step was needed. 

-obtain Averages of A's and B's for 0° Orientation-

At 0° orientation where Al and Bl, for example, could be expected 

to be the same, the average of the two was obtained for each replica

tion in order to obtain a single curve. Since, when the model is 

rotated with respect to the wind, the one end is not in the same wind 

loading situation as the other end, the readings at the two ends of 

the building can only legitimately be averaged for the 0° orientation 

where it is symmetrically situated. These readings were averaged for 

the purposes of finding a common standard from which to judge the 



resulting loading at the two ends of the model as the angle of 

orientation was changed. 

(Al+ Bl)/2 = (3.95056 + 4.34934)/2 = 4.149950 

(A2 + 82)/2 = (3.65125 + 3.88361)/2 = 3.767384 

280 

The cause of the differences in the two readings at either end of 

the model is unknown since all the adjustment factors have been 

accounted for. It may be the remaining velocity differences across 

the tunnel, never completely resolved, differences in turbulence level 

due to the 26 additional bricks on one side or even sealing problems 

still lingering somewhere on the model. In any case, whatever the 

cause of the difference, by averaging the two readings, it is elimi

nated mathematically. 

-Normalize the Readings at 15° and 30°-

The quantity required to bring Al, for example, at 0° orientation 

to the value of AVl was next added to all the other Al readings at 

other orientations. Bl was treated in the same fashion. This, in 

effect, normalized all the Ai and Bi readings for the orientations of 

15° and 30° to those readings at 0°. 

The Al's .at 15° and 30° were too low by 4.149950 - 3.95056 = 

O. 199390. This amount was added to these readings. The Bl's at 15° 

and 30° were too high by the same amount (4. 149950 - 4.34934), 

therefore it was added to these readings. The resulting readings 

indicate the true dHferences in loading at the two ends of the 

structure, the deviation between the ends at 0° orientation having 

been eliminated. 

The total panel forces, the inward and outward forces, the 

building absolute and algebraic totals are in no way affected by this 
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normalization as the values at the B end of the building decrease by 

the same amount as the A's increase. 

Each of the three replications for each individual monitoring 

point was treated in basically the same fashion. (It was not necessary 

to consider interactions for the roof panels.} The mathematically 

derived quantities of panel forces, inward and outward total forces, 

etc., were maintained as individual replications for statistical 

analysis. The calculations explained above were written in SAS 

computer language in order to link the data set with SAS statistical 

analysis programs. 

Discussion of Results. The results of the analysis of variance 

are listed in Table XX. The most important variable affecting the 

response surface is marked with an asterisk. 

The experimental results are plotted in Figures 142 through 158. 

The A end of the model is upwind when the prevailing wind strikes 

the building at an angle. The B end is downwind. 

In Figure 142, at 0° with no modification, inward Bl has its 

highest value. Al does not, but increases to a high at 15° and falls 

off a little at 30°, still higher than at 0°. The modification serves 

to decrease the forces in all cases--quickly at first and then steadily, 

as the opening is progressively increased. In general, with the excep

tion noted, the forces at the bottom of the upwind wall progressively 

decline as the wind changes away from perpendicular impingement. For 

both, the influence of the opening is greater than that of the wind 

orientation. The wind angle is more influential at B than at A. 

Figure 143, where A2 and 82 are shown, reveals very similar 
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TABLE XX 

ANALYSIS OF VARIANCE-~F VALUES 

OPENING ANGLE OPENING x ANGLE 

Al 851.2* 61.0 36.6 

Bl 765.S* 511.9 8.6 

A2 2191.4* 59.3 48.4 

B2 1982.8* 750.7 36.6 

Panel 1 1773.4* 335.S 35.0 

A3 2972.5* 758.8 76.5 

B3 3501.6* 621.0 94.9 

A4 165.3 1250.4* 9.2 

B4 260.5 1487.4* 12.4 

Panel 2 3614.6* 77.8 188.0 
Absolute 

Panel 2 4097.4* 2416.l 104.6 
Algebraic 

AS 249.6 4389.2* 46.0 

BS 207.9 1597.4i< 42.8 

A6 1336. 2 2686.8* 144.0 

B6 1156.9 1497.6"' 168.4 

Panel 3 835.9 4065. 8>'< 122.4 

A7 1603.4* 568.6 564.3 

B7 682.6* 118. 8 44.4 

A8 591. 9* 148.1 35.4 

B8 655. 9>~ 200.1 53.9 

Panel 4 2025.2* 775.9 290.7 

Outward 4132. 5* 4478.3"' 224.6 

Inward 1157.5* 928.4 56.0 

Panel Total 1079.0 10390. 9;, 95.6 
Algebraic 

Panel Total 3056.6* 402.3 150.7 
Absolute 
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behavior at the top of the upwind wall where the opening to the modifi

cation is located. The forces are again inward and somewhat lower than 

those at 1. The effects of the modification are more pronounced; the 

effects of the orientation for A2 are about the same or less, but for 

82 are greater than for the l's. The 82 response surface is curved 

the opposite direction from that of Bl, with respect to the modifica

tion in the interval, from 15° to 30° orientation. B2 is rapidly falling 

at 30 ° and .844" opening. 

Figure 144 shows the accumulation of inward forces for panel 1. 

Interestingly, the combination shows increasing decline of force for 

the model with modification as the opening is increased and as the wind 

moves toward 30°. The forces on the front panel comprise the major 

portion of the inward building forces of the four panels. The opening 

is the most influential variable. 

In Figure 145, A3 and B3, even though they are located at different 

ends of the building, display virtually identical behavior. The orien

tation scale on the plot is now reversed so that 0° with no opening is 

on the left. Here the rise of forces incurred at the front part of the 

leading roof panel is overwhelming as the wind switches toward 30°. 

With no modification, even downwind, it appears the forces nearly double 

(from 2.0 to 3.4 oz./volt2). With even an opening of .211 11 , however, 

much of this rise is averted. An opening of 0.844 11 resulted in the 

least increase due to increasing the angle of orientation. The greater 

the wind angle, the greater the effectiveness of the modification. 

Opening is the dominant factor of the two. 

A4 and B4 are shown together in Figure 146 where negative values 

are inward forces and positive are outward. The two. again, are very 
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similar and are also found on the front roof panel, now at the ridge. 

The general level of forces is quite low and this is not considered 

to be a critical portion of the structure by any standard. If the 

forces are inward, uplift is no problem, and if outward, they are 

still small in magnitude. It is interesting to note, however, that 

the forces on the downwind portion of the building (B) are more outward 

than at the upwind (A). The changing wind orientation from 0° to 30° 

causes the forces to become almost linearly more outward. Too, the 

modification shows to increase inward forces slightly as the opening 

is increased. The wind orientation is the variable most affecting 

the response surface. 

The absolute forces on panel 2 (Figure 147) indicate that overall 

force levels increase linearly on the unmodified structure as the 

angle of wind moves from (f to 30°. This is decreasingly true as the 

size of opening is increased, until with .84411 , the orientation has no 

effect on the absolute forces. Another inspection of A3-B3 and A4-B4 

shows the reason--at .84411 the outward increase of A3-B3 from Cf to 30° 

is the same as the inward decrease of A4-B4. ABSPAN2 does show the 

modification to be effective in reducing the forces though--somewhat 

moreso at 30° than at 0°. At 0°, the decrease is almost linear whereas 

at 30° there is a rapid drop from 0.0 11 to .211 11 • Opening is the dominant 

variable and the F value of the cross products is higher than that of 

11 Angle 11 • 

Panel 2 algebraic or net forces (Figure 148) mirror the pattern 

of A3 and B3, diminished by the nullification of some of these outward 

forces by the inward A4 and B4. The net forces increase as the wind 

orientation increases and decreases with opening. At 0° and .84411 
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the net forces are nearly zero because the outward value of A3 and B3 

is matched by the inward value of A4 and 84. Elsewhere the net forces 

are outward. Opening most affects the response surface though the 

wind angle is nearly as important. 

A5 and 85 (top of back roof panel) are outward in nature. 

Figure 149 revea 1 s the great dependence of the response surface upon 

the angle of wind orientation, greater than any other monitoring point 

on the model. Here the forces more than double with an increase of 

the angle from 0° to 30° with no modification. The upwind 11 A11 end of 

the building shows to be especially susceptible to higher forces as 

the A curve becomes much higher than B for all values of orientation 

greater than 0°. While the 8 forces also increase greatly with orien

tation, they do not approach the level of A. The differences between 

the A5 and 85 curves is also greater than for any other monitoring 

point. The modification appears to be of maximum value in reducing the 

forces at .844 11 only for 30°. The forces for the .844 11 opening are 

everywhere less than those for no opening. At 7-1/2° and 0° the .844 11 

opening force values are the same as for no opening, however. For 

most of the 0° - 22-1/2° range, either an opening of .211 11 or .422 11 is 

best. 

At the lower edge of the back roof, the A6 and 86 curves are very 

much alike (Figure 150), though again, the upwind A is higher than 8 1 

its counterpart away from the wind. Aside from the upward turn of A 

at .84411 , the modification does reduce these outward forces throughout. 

The effect of opening is more pronounced at 30° than at 0° and in most 

cases . 633 11 is as benefi ci a 1 as • 844 11 --more beneficial in fact for the 

A end of the building. Here again, the angle of the wind is the most 
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influential variable, though only slightly moreso than opening. 

Panel 3 forces are all outward and Figure 151 pictures the 

combined effects of A5 and 85, A6 and 86. There is a slight upward 

turn of the forces over most of the range for the .84411 opening, after 

a sizable drop down to . 422 11 , most of it from no opening to . 211 11 • The 

forces are more dependent upon orientation than opening. For each ope

ning the increases from C1' to 30° are almost linear. At 30° the forces 

steadily drop with increased opening. On the back roof panel the 

opening effect is overshadowed by the angle of the wind. In view of 

the effectiveness of the . 84411 opening at 30°, it must sti 11 be 

considered the most advantageous modification. 

A7 and 87 in Figure 152 are erratic and not large. The two 

curves are dissimilar and show mostly outward, sometimes inward 

forces with no discernable pattern. 

A8 and 88 (Figure 153) are outward except for an opening of .84411 

at O" to 7-1/2°. They, too, are of low magnitude, somewhat higher at 

30° than 0°. The modifications continually reduce the forces at A but 

not at the Bend of the model, except at 0° orientation. 

Panel 4 (Figure 154) is perhaps a better indication of what is 

happening on the back wall, being a combination of A7 and B7, A8 and 88. 

The angle increase does increase the outward forces and the modification, 

in general, serves to decrease those same forces. The latter 1 s effect 

is more pronounced. 

The total outward forces (derived mathematically) shown in 

Figure 155 reveal great dependence upon the angle of orientation. The 

increases are virtually linear from Qoto 30° for all stages of opening. 

The increase is much more severe when no opening exists and less 
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drastic with the .84411 opening. The opening does help at all orienta

ti ans,, but the decrease in force is more pronounced from 0 to . 422 11 • 

The angle effects are slightly greater than those of the opening. 

The total inward forces (again mathematically derived) in 

Figure 156 reflect largely panel 1 and A4-B4 on panel 2. That this 

is true is difficult to visualize because the two are oriented diffe

rently on the graphs, panel 1 being 30' to 0°, and A4 and B4 being 

CJ> to 30°. Inward forces are at a maximum at 0° and no opening. They 

are, in general, reduced as the wind changed toward 30°. They are 

reduced, likewise, as the opening increases, for all values of wind 

orientation. Opening is the more influential of the two variables. 

The net forces for the four panels tested were summed and shown 

as PANTOTA in Figure 157. It is derived mathematically from the 

difference of total inward and total outward forces. The orientation 

scale is reversed in the plot (30° to 0°). Originally the predominate 

forces were inward (above the zero plane). The surface is somewhat 

unusual in nature but reveals that the situation at 0° and 30° differs 

considerably. 

At 0° and no opening (control point) the net forces are inward. 

As the opening increases to .84411 , the inward and outward forces. are 

dropping; moreso for the outward totals than for the inward totals, 

so a slight rise in net inward force is exhibited. For each opening 

the change from inward toward outward is nearly linear as the wind 

changes from 0°to 30°. At 30° orientation the net forces, over the 

range of openings tested, are entirely outward. Now the effect of the 

modification is to cause a sudden decrease in those forces to about 

.422 11 after which a slight rise is registered. The angle is by far the 
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dominant variable. 

The absolute totals of all the panels are plotted in Figure 158. 

It can be seen that the opening was more effective in reducing these 

forces at 30° orientation. Wind angle response is almost linear as at 

each opening the forces increase as the angle increases. While 

increasing the angle with no opening increases the forces drama:tically, 

there is little effect with an opening of .84411 • Interestingly, the 0° 

and no opening force level is about the same as 30° with .211 11 opening. 

Every other opening results in forces below the level of the original 

control inspite of the increases due to orientation. Overall, the 

effects of the opening prevail over the angle effects. 

The exact mathematical description of the response of the scaled 

model to the variables of angle and opening usually involves the first 

variable squared , the square root of the othe~ and their cross products. 

In some cases, the importance of two or three terms is not significant 

statistically, but their elimination loses the subtleties of the curves 

in one way or another. Many attempts to simplify the models were made, 

often cutting the terms to four or five, with R values still in the 

0.97 range and F values remaining high. Almost inevitably some 

meaningful tendency of behavior was lost, however, and there was no 

uniformity of pattern in the terms that could be eliminated. Often 

the second degree terms would be necessary,as well as a first order 

cross product of that same variable, but the simple term would have 

been eliminated. Therefore, the entire equations, as determined by 

regression using the Statistical Analysis System (SAS), are presented. 

Several mathematical models were attempted, including power series and 

logarithmic. The most suitable was parabolic, though the cross products 
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are essential. The earlier similitude analysis employed in the experi

mental design was helpful, but failed to define all the variables 

involved in determining the forces on the structure when rotated with 

respect to the prevailing wind. A very complex force pattern exists 

on the structure when one corner is aimed into the wind. Boundary 

layer separation and the ensuing reattachment make the entire situation 

more complex than a simple trigonometric function of the wind angle. 

The cosine function was not even entirely suitable for the front wall, 

probably because of the effects of ·eave overhang for the control, and 

the effects of overhang combined with the opening for the modifications. 

It is also apparent that a simple percentage of open area on the front 

wall does not simplify the description of the behavior displayed. 

Rather than continue an exhaustive search for a better manner of 

explaining the results in terms of trigometric functions, etc., the 

angle itself in degree~ and the opening in inches were selected as being 

the simplist terms, in spite of the necessity to utilize the parabolic 

forms as well as the cross products. 

Some of the surfaces~-namely A4-B4, A -861 A7-B7, A8-B8, panel 4 

and the inward totals--were best matched by an equation utilizing the 

opening and the opening squared, whereas the rest resulted in a better 

fit using the opening and its square root as the defining terms. 

Inasmuch as the eight terms were used to fit nine points, the fit 

is exact. Table XXI contains the equations and their coefficients for 

those surfaces utilizing the opening and its square foot. They are 

labeled in the captions of the figures as ROPl. Table XXII contains 

the coefficients for the models utilizing the opening and the opening 

squared. These surfaces are labeled OPl in the captions. 
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It is possible to fit exactly either the ROPl or the OPl equations 

for the nine points. The judg~ent as to which is most appropriate was 

made by inspection of several other data runs which included all five 

openings at 0°, i.e., 0.0 11 , .211 11 , .422 11 , .63311 and .84411 • The main 

difference in the two models is the OPl upturn, or downturn, at .84411 , 

and the greater drop near .211 11 for ROPl. The latter also gradually 

declines near .84411 • 

The plots show two extra points at .211 11 and .63311 opening for 

0° orientation. These were analyzed as a separate series along with 

the other 0° orientation points of 0.0 11 , .422 11 and .84411 • In the 

case of Al-Bl, for example, each of these extra points show the average 

of six replications--three for Al and three for Bl. They are eliminated 

from the final analysis, since those extra points at .211 11 and .63311 

were taken only at 0° orientation, in order to eliminate SAS programming 

difficulty with an unbalanced matrix. The curve thus derived, however, 

matched quite well with the zero degree portion of the analysis of the 

three replications for each of the other nine points. It differs 

slightly, naturally, due to the influence of the two extra points. 

They are plotted in Figures 142 through 158 only for corroboration 

of the behavior at the two intermediate stages of opening, .211 11 and 

• 633 11 • 

The additional series of tests (FMSDTS) were run at three 

decidedly different velocities on the five openings at 0° orientation. 

The results corroborate the general results of the Angopng series. 

Some difficulties were encountered during the run with the control and 

though many portions of the results correspond quite closely, there 

are differences, most of which can be resolved--the explanation of 



which would be lengthy. 

Sample Calculation to Obtain Drag Q!.. Lift Coefficient. In the 

experimental design the Drag or Lift Coefficient has the form: 

CD = 2Ri/p(V) 2hf (for walls) 

or 

CL = 2Ri/pV2Ls (for roof) 

where: 

Ri indicates the panel corner reaction in terms of lbs/ft of 

panel length. 

p 

v 
is the air density in lb-sec2/ft4 

is the i,mpinging air velocity adjusted to eave height of 

the building in ft/sec. 

hf is the height of the wall 

or 

Ls is the slope length of the roof, 

both in feet. 

The values plotted and the numbers for which the equations are 

derived are all in terms of oz/volt2, where the voltage squared is 

actually a measure of velocity squared. 
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Using the predicted value of 4.08 oz/volts2 for AVl on the front 

wall at 0° orientation and no opening 

= 4.08 oz lb l x 12 in 
Ri (volts)2 x 1"6 oz x 20.59375 in ft 

= 0. 1486 lb/ft volt2 

hf= 3.84 in x 2 f~ = .32 ft. 
l in. 



At 87° dry bulb and 76° wet bulb temperature, 

P = 1.017 lb x sec2 = •002231 
14. 156 ft3 32•2 ft 

O. 1486 lb x 1.414 volts c0 = 2 x 2 ft volt 60 ft/sec 

lb-sec2 
ft4 

x 1.414 volts 
60 ft/sec 

x .3~ ft x (.002~~;)lb-sec2 = .2312 INWARD 

Some abnormalities in calibration of the hot wire for the last 
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tests were discovered, long after the data was taken, making the 

precise values of c0 impossible to derive. For the purpose of illus

tration, the approximate calibration value of 1.414 was assumed. 

A similar calculation for the front roof is included for illus-

tration also. 

At AV3, 0° orientation with no opening 

R· = 1.99 oz x lb x 1 x l~tin = 0.07247 lb/ft-volts 
1 (volt)2 16 oz 20.59375 in 

ft 
Ls = 5.8125 in x 12 in = .484375 ft 

CL= 2 x .07247 x (1.414) 2/60 x 60 x .484375 x .002231 

= .07449 OUTWARD 

The overall c0 or CL for the panel would be the sum of the four 

corner coefficient~ or the coefficient for panel l, panel 2 algebraic, 

panel 3 and panel 4, found in the same fashion. 

The dimensional constant employed for the walls is: 

0.056663 volts2/oz 

and for the roof; 

0.0374344 volts2/oz. 



These resulting panel coefficients are summarized in Table XXIII. 

Certain difficulties during the tests had to be overcome or 

tolerated. 
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The changing of the gage readings due to the tension on the 

central pivot bolt was not anticipated. The 27 11 diameter, 3/811 thick 

plywood disk had been varnished only on the top side--a mistake because 

it became slightly concave on the bottom side requiring tension to pull 

it down into place. The gages, mounted on the permanently fixed por

tion of the endwalls, experience a very slight shift due to pulling 

the disk down tight. A torque wrench was not used to obtain the same 

tension each time the bolt was tightened. That may have helped,but 

the gages are much more sensitive than any torque wrench. The frame 

calibration apparatus had been previously built, and was being used 

during the tests, in order to determine if the gages were consistent 

in their response to given loads. Fortunately,its use allowed the 

changes that did occur to be removed by the normalization procedure 

discussed in the sample calculations. In general, the changes were not 

severe, however, the problem could have been avoided or at least mini

mized. The frame calibration method of adjustment did load the panels 

in the direction of wind loading, but always at the panel center. The 

wind's resultant forces were rarely ever applied at the centers of the 

pane 1 s. The method did serve to norma 1 i ze the gage response dif• 

ferences. 

The testing of the duct finally resolved to testing a large 

passage with varying restrictions of opening, rather than testing 

ducts of several sizes. It was not practical to do otherwise, given 

the time frame and the kind of model employed. Instead of testing 
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TABLE XXII I 

PREDICTED VALUES OF DIMENSIONLESS FORCE 
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Dimensionless Force 
Coefficients 
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Point 

Predicted Values 

Oz./Vol t 2 

15° 
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an entire duct 0.211 11 high, 1811 long and the full width of the opening, 

the duct was .84411 high with the bottom .63311 of that height being 

closed off by the front cover plate to leave .211 11 gap at the top. 

The necessity to leave the back cover plate al1 the way down for the 

tests reduced the area of the back wall by the following: 

(18.0 11 x .211 11 )/(3.8411 x 20.59375 11 ) = 3.8 in2/79 in2 = 4.8% 

for the .211 11 opening 

7.6 in2/79.0 in2 = 9.6% for the .422 11 opening 

and 

11.4 in2/79.0 in2 = 14.4% for the .633 11 opening. 

This effect would largely have been sensed by the A7-B7 gages, 

but the readings were not adjusted for it at those openings. It could 

easily be done. This means the 0.0 11 and the .84411 opening on the 

plots do actually reflect its behavio~ but the intermediate point of 

.422" for Angopng and the extra points plotted at .211 11 and .633 11 are 

reduced. This would not, however, greatly affect the overall results, 

as the forces incurred on the back wall are quite low in magnitude. 

Conclusions. It is obvious that the wind forces induced upon a 

building are affected significantly by the orientation of the building 

with respect to the prevailing wind direction and by the wall opening. 

In general, the inward forces on the front wall drop as the wind 

direction switches toward 15° and 30°. Exception was noted at 15° 

for Al. The opening serves to reduce the forces. The opening is 

dominant at the upwind end 1 moreso than the downwind where the angle 

is quite influential also. At the top of the wall where the opening 

is located, the effects of the opening are more pronounced than at 

the bottom of the wall. Forces are always higher at the upwind end 
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when the prevailing wind is not perpendicular to the structure. 

The highest outward forces are at positions 3, 5 and 6, all of 

which show enormous increase as the angle of the wind changes from 0°. 

The 31 s surprisingly show virtually the same loading at either end of 

the building at all angles. As great as is the effect of the angle 

on the 31 s, the ability of the opening to reduce the forces is greater. 

At 5 and 6 the reverse is true--the angle of the wind is most important. 

The opening does reduce the forces at • 211 11 at a 11 angles, but increa

sing it to .84411 is effective really only at 30°. This monitoring 

point, at the top of the downwind roof panel, shows the greatest 

differences between A and B ends of the model--upwind forces on the A 

end are much more severe. At 6 the upwind forces are greater than at 

the Bend, but the difference is much less pronounced. Angle is still 

the dominant variable. The openings were effective throughout the range 

for B but .63311 is the most effective for the A end. 

Panel 2 forces show the dominance of the opening with respect to 

reducing the absolute forces, in opposition to the angle's tendency 

to cause increase. 

A redistribution on panel 2, toward a balance of outward and 

inward forces, takes place as the opening is increased, but rotation 

of the wind toward 30° opposes this. 

On panel 3, the opening is least helpful though still effective. 

The angle change serves to increase the outward forces while opening 

overcomes these increases. 

The lesser forces at 4, 7 and 8 all fluctuate near the breakpoint 

between being inward and outward and are of no great concern for the 

sealed structure. The opening. in general. produces desirable changes in 



all. At 4 the orientation angle is dominant while at 7 and 8 the 

opening most influences the forces. At point 4, the inward forces 

decline with an increase of angle and increase with opening. 

The building total forces perhaps reflect best of all that the 

critical angle of wind loading, at least for the outward forces, is 
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not 0° and that the opening is beneficial. The outward increases due 

to angle change are largely overcome by the increased opening. The 

inward forces drop with a change of angle and, further still, with 

increased opening. The best balance of inward and outward forces is 

at about. 1s~ orientation; less than that the balante is inward and 

beyond it,.outward. The absolute total forces are increased by the 

angle significantly only for the unmodified building--the opening nulls 

out the tendency to increase. 

The openings are very definitely indicated by this experiment to 

be effective in reducing the significant building forces. Some redis

tribution from inward to outward also takes place. While the angle 

serves to increase all the outward forces and decrease the inward 

forces, the opening, in general, alleviates much of the increase and· 

heightens the decreases. 

Some caution is justified in applying the exact results to a full 

scale building. The size of the duct was not varied--only the entrance 

to it. The back wall closure was always wide open except for the 

control. The model was not completely air tight though "nearly so 11 • 

The practicality of implementing a prototype with such a system can be 

called into question. More study could, however, be based upon the 

method as it does accomplish the intended purpose. 



CHAPTER IV 

SUMMARY 

Method, Procedure and Equipment Critique 

The flow visualization studies could have resulted in limited 

quantitative information had they been conducted in a slightly diffe

rent fashion. After the 15 cfm fan addition had been added to the 

smoke tunnel, it would have been advantageous to rerun all the tests 

utilizing the same velocity and smaller models. This would have 

permitted comparisons of the length and height of the wake downstream 

of the model and made the visualization studies more useful. 

Sealing the wind tunnel model was an annoying affair. The model 

was excellently suited to open front studies but less suited to model 

closed buildings since it was necessary to allow the panels freedom 

to move. For the closed front sealed building, a series of pressure 

transducers might have been told the story in spite of all the diffi

culties in completely defining the pressure pattern. 

The end wall covers eliminated .the sensing of any wind effects 

on the ends of the building as well as end edge effects on the four 

panels tested. 

It is obvious that the similitude analysis did not include all 

the pertinent physical quantities needed to define the behavior for 

all the systems. To be successful, such an analysis has to be 
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based upon a complete knowledge of such and, however logical the 

analysis seems, the relationships anticipated did not always neatly 

fall into place--the deflector series is a good example of this. The 

venting Serie~ is another. One undefined variable that had to be 

continually battled was the "sealing" of the model. Another factor 

which often made the use of a single control impossible was the neces

sity to move the flat control strip about on the roof to avoid 

differences in the readings simply due to weight location of the 

modification--the deflectors and airfoils are also examples of this. 

The hot wire circuitry was very difficult to cope with as several 

wires were burnt out and replaced, making accurate reflections of 

minor differences of airflow very difficult to eliminate for the 

preliminary tests. A backup pitot tube system would have been helpful. 

The strain gage circuits functioned welli though some gages 

showed seven percent differences in final and initial calibrations, 

it is likely the differences occurred during the early 11 break in" 

period of the trial runs for which data was not seriously collected 

nor analyzed. Hours and hours of flexing in the wind produced no 

failures and excellent performance. 

The rotation of the model to obtain the various wind orientations 

in the final series of tests on the large duct was complicated by the 

slightly warped disk on which the model was mounted. This resulted 

in minor differences of the strain gage readings due to variations in 

tightening of the center bolt. 

At times restrictions in ideally testing a specific system 

were imposed by the single scaled model which of necessity was used 

for all the tests. It would have been desirable to have removed the 



eave overhang which existed on the model during the other tests in 

order to expand the limited range of variables investigated during 

the eave overhang tests. 

Findings and Conclusions 
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Of the four systems for which tests were planned and the one 

unplanned series, two show greater promise for accomplishing the 

desired alteration of air flow and diminishing the forces the building 

must sustain; the eave overhang modifications and the duct systems. 

The others--the deflectors on the edge of the upwind roof, the 

airfoils at the roof ridge and the venting systems--all have disadvan

tages that limit their effectiveness though indi ca ti ans are present 

that they may be successful in some situations. The knowledge gained 

about these systems which l~d to their abandonment is intriguing and 

should be useful if further attempts are made to utilize them. 

Versions of the venting modification and the airfoil modification are 

often seen incorporated into ventilation systems. Their effect on the 

air flow over a structure needs to be considered by those employing 

them for that purpose. 

Briefly, the conclusions of each option tested are summarized 

below. More complete discussion on each is found in chapter III. 

Deflectors, Unsealed.Model 

The evidence obtained points to redistribution of the forces 

rather than drastic reduction of the overall totals. The forces 

upwind of the modification are increased whereas downwind, reduction 

occurs. 135° orientation with a gap, high on the roof, is indicated 
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as the most favorable. ·Deflectors, sized in the 7/16 11 to 9/16 11 range, 

should be tested nearer to the roof ridge to attempt reduction of 

downwind forces without increasing those on the leading roof panel. 

A slight increase must be anticipated for panel 1 at best. There 

likely exists a delicate local boundary layer separation and reattach

ment relationship at the leading edge of the front roof upon which the 

deflector's effect is difficult to predict. 

Deflectors, Sealed Model 

Total force reduction of 10 percent is possible. The most 

successful modification was the 5/16 11 deflector, oriented at 135° 

with a gap. The only increase was at the leading edge of the roof 

(8-1/2 percent). The higher positions tested were the most effective 

in reducing the forces. Even the front wall forces were reduced. 

Potential for reduction of forces obviously exists, but more complete 

testing is needed to define precisely the most advantageous combina

tion of components as some of the limited evidence is confusing. 

Airfoils, Unsealed Model 

The planned modifications with positive s angles caused great 

increases at the top of the back roof (AVS) due to reaction of turning 

the air flow down the back slope - and caused increases at the leading 

edge of the front roof (AV3). The latter were al ready the critical 

forces. Changing the angle s to negative values alleviated the AV3 

forces but still raised AVS to a level slightly higher than the 

value of AV3 before modification. Any future work should include, 

therefore, negative angles for s, the tilt of the airfoil. Reduction 
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of some forces and redistribution of others takes place with negative 

values of rs. 

Airfoils, Sealed Model 

The forces were greatly modified with advantages being recorded 

for the front wall, the front roof and the back wall. Panel 3 showed 

large increases which were the least at 0° tilt of the airfoil. 

Panel 1 favored +6° tilt and panel 2 showed the greatest decrease at 

-6°. The worst outward force originally was decreased,but that at 

the top of the ridge for the back roof panel was greatly increased. 

The inward force at the ridge of the leading roof panel also increased. 

The ridge of the modification should not be sealed. 

Ducts, Unsealed Model 

The modification shows promise. Reduction occurs (with the 

exception of the inward forces at the bottom of the front wall) as well 

as redistribution of some of the forces. The reduction includes the 

worst forces, at AV3 (six percent) 'and AV6 (10 percent), the lower 

downwind roof force. Desirable results having been attained, the 

modification was used as a basis for selection of the final investiga

tion. 

Ducts, Sealed Model 

Again the modification achieved desirable results. Critical 

outward forces were reduced and favorable redistribution occurred, 

to areas better able to sustain the forces. This further indicated 

the option as the one for more ~nvestigation during the final phase 
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of the study. 

Eave Overhang, Sealed Model 

This unplanned series is very interesting, showing increased 

eave overhang results in slight reduction of the inward forces on the . 

front wall and universal increases elsewhere. The increases in outward 

force are high at the leading edge of the front roof where the struc

ture is vulnerable. The addition of holes to vent the overhang creates 

reductions everywhere except for the nullification of the slight 

decreases previously noted for the front wall. The holes are naturally 

more effective closer to the front wall. The addition of a bend, at 

45° to the ground plane, in the eave overhang on the basis of one 

test, seems very advantageous. Reduction and redistribution takes 

place - all favorable. The ehtire eave overhang series is fertile 

for future study. It is suggested the studies start with a model 

having no overhang and that all the modifications be pursued. This 

was not possible without seriously modifying the model used in this 

study. 

Venting, Unsealed Model 

Simply progressively opening up the vents in the walls did not 

favorably affect the force pattern. To the contrary, it creates 

problems unless the vent openings become fairly large. Large redistri

butions occur as the front wall is ~elieved and the inward pressu~e on 

it is transferred to the interior of the building with the back roof 

showing the most increase percentage wise.' The phenomenon seems to 

be more involved than just a simple addition of inward pressure to 
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the inside surfaces, however, no detailed analysis was made since the 

sought for reductions obviously do not occur. 

Venting, Sealed Model 

The venting of the sealed structure clearly shows detrimental 

universal increases. The addition of in~ard pressure, from the 

front wall, to the interior surfaces is the cause. Letting the air 

on through does not help. 

Ducts 2 Final Option 

For the sealed model the duct modification, as tested in the 

final phase of the study, is effective in reducing the forces on the 

structure at all of the critical monitoring points and at all the 

wind orientations tested, 0° to 30°. The inward wind forces on the 

front wall decrease as the wind angle of impingement changes away 

from perpendicular to the front wall. The outward forces increase 

on the other surfaces proving that for the modified, and the unmodified 

structure, 0° is not the critical wind angle except for the front wall. 

The single duct system, tested by varying the upwind opening, served 

to reduce the building forces at 0° and to offset the increases 

incurred by rotation of the model. The most advantageous is the largest 

(.84411 }, however, much benefit of the modification is obtained even with 

the half open position (.422 11 ). 
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The force prediction coefficients obtained are: 

Model 
Opening Orientation 
Inches oo 15° 30° 

Upwind 0 .89 . 89 .84 
Wall . 422 .76 .73 .66 
(Inward) .844 • 71 .64 .54 

Upwind 0 • 11 . 21 .27 
Roof . 422 .02 .06 . 13 
(Outward) .844 .01 .04 . 10 

Downwind 0 .24 .34 .48 
Roof .422 .20 .27 . 37 
(Outward) .844 .22 . 29 . 34 

Downwind 0 .06 .07 • 12 
Wall .422 .05 .04 .04 
.(Outward) .844 -.03* . 01 .06 

*Inward 

where .422 11 opening on the model (l.75 1 on the prototype) resulted in 

8.25 percent of the front wall area being open and .84411 in 16.5 percent 

open. 

While some doubt exists as to the practicality of the method, it is 

certainly effective. 

Future Study 

The effect of eave overhang and the modifications employing vents 

and/or bends in it would seem, on the basis of this investigation, to 

be the option to pursue first in any further study. The tests could 

be easily implemented in botm the smoke tunnel and the wind tunnel. 

This investigation shows that the air flow pattern on the entire 

structure is affected by the overhang configuration. 
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APPENDIX A 

SMOKE TUNNEL OPERATION 
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Preparation of Equipment 

NO SMOKING! Both kerosene and its vapor, especially, are 

flammable. 

Fill kerosene supply until fluid level corresponds with 11 Best 

Level" indicator. (This should bring fluid to middle of bottom 

heater coil). Do not spill kerosene into transformer below supply! 

Set up in room where no air currents exist. 

Operating Instructiuns 

a. Model Requirements 

1. Both cardboard and plexiglass models have been used. 

2. 111 wide-can use foam to take up s·1 ack and make mode 1 

31/32" wide for some purposes. 

3. Some way to hold model in place is needed while door 

is closed. 
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b. To Place Model -- Loosen five thumbscrews at least 3/8 11 • 

Slide flow chamber and contraction section to left 1/411 and 

turn catch to release door which will then drop down. Place 

model. Reassemble by first closing door. This should just 

barely squeeze model. Shut door catch and slide flow 

chamber in place to right. Next, tighten top thumbscrew near 

the Variac. At inlet end, push chamber forward to the front 

stop strip and tighten bottom thumbscrews front and back. 

Last, tighten top thumbscrews front and back. DO NOT OVER 

TIGHTEN--snug is sufficient. 

c. Vapor 

REMEMBER WARNING AGAINST SMOKING. 
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Turn on Variac. (It should be set to 35v max.) Idiot light 

will come on when heating coil is energized. When kerosene 

begins to vaporize in bottle, turn on both fans. 

d. Lights 

Turn on lights as master control. 

1. Low, if used for demonstration only. 

2. High, if used for photographs. 

Lights can be switched on individually or all together as 

master control. Hi-Low control is possible only at master 

control. Light in box can cause drawdown at exit section of 

visualization chamber by the heat buildup in the upper portion 

of the box. The hot air simply forces the cooler smoke down 

and upsets the pattern. To avoid this, leave light in box 

off except when photograph is being made or when its contri

bution to visualization is essential, after which, turn it 

off. 

e. Flow Regulation 

Inlet adjustment of air for vapor bottle is best set for maxi

mum circulation, and adjustment made only with the top air 

gap regulator. Butterfly flow regulator sets air speed 

through the visualization chamber. Flow settings of 75 fpm 

through 375 fprn are available. Best laminar flow is at the 

minimum flow (75 fpm). 

Top hole stopped with cork on top of visualization chamber is 

for insertion of pitot tube or portable hot wire probe for 

velocity detennination. 

Should streamlines waver back and forth crossing over each 
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other, too many air currents exist ih the room air. Should 

smoke rake jets plug up, as they seem to do on some days, the 

11 inline 11 valve on top of the condensation bottle can be 

closed, the 11 outside 11 valve opened and air pressure may be 

applied to the outside valve inlet. Even blowing by mouth 

suffices to clear jets. Reverse valve procedure after 

clearing. 

If smoke flow is decidedly uneven: 

1. Check to see that kerosene is not too high in heating 

coil--too high produces 11 gusty 11 smoke and too low makes 

smoke too 11 thin 11 • Supply bottle is adjustable. 

2. Check air gap regulator 

11 In 11 - causes smoke to get thicker and more uneven. 

11 0ut11 - causes thinner more even smoke. 

3. Voltage higher than 35 causes too much uneven vaporization 

(pressure spurts). 

f. Photographing 

1. It is best to use a room with no windows due to glare and 

reflections. 

2. To avoid 11 mirror effect11 on the front glass of smoke 

chamber, hide the camera and photographer behind a large 

cardboard shield. Cut a hole in it for the camera lens. 

3. Use the hinged wooden panel to keep light from shining 

into camera lens. 

g. Shut Down 

Do not simply turn everything off. 

1. Turn off the power to the Variac which will soon stop 
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the vaporization. 

2. When all traces of kerosene vapor are cleared out by the 

fans, then turn off lights and fans. 

h. Cleaning 

1. Cleaning windows - use a plexiglass cleaner with anti

static additive to reduce line and dust. 

2. Cleaning vapor bottle of carbon buildup. Can be put in 

OSU glassblowers oven overnight and carbon burns out. 
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The need for some simple and quick method for evaluation of rapidly 

fluctuating signals generated by strain gaae transducers led to consi

deration of the analog computer for integration of the signals. The 

11 mean" or "arithmetic average" is defined by: 

N 

I: f. 
1 

f == __ i=_I __ _ 

N 

Specifically, it was desired to compute the average or mean value, f, 

of a signal, f;, varying with time, or f(t), over the interval T1 <t<T2. 

For example, it was necessary that a rapidly varying signal representing 

the force on any one of the monitoring strain gage transducers be 

compared to that same force after making the scheduled building modi

fications. The sensing devices generate signals proportional to the 

wind forces on the building. 

The ~ost obvious method of determining the arithmetic average 

can be represented by the following equation. 

I 
t (t) = --

Ti - Tl 



This value can be computed with the circuit shown below. 

Tz 
+ f(tl I f(t) =- --- 1 flt)dt 

u0----1()~----; -----T~'------<O 
T2 -T1 IT> T2 -T 1 

Analog Circuit for Calculation of E,.timot<> of th<> 
M1>on for o Fix1>d Tim<> lnt1>rvol 
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At time T1, the integrator begins to function and at time T2, its output 

is noted. The integrator must then be discharged and another average 

can be taken. 

An improvement of this circuit would enable the time also to be 

determined electronically by incorporating a division circuit. The 

determination of the average could be accomplished entirely by the 

computer thus eliminating any possibility of error due to timing. 

To determine the time, a constant voltage could be integrated. A 

constant voltage of l~would accumulate x volts in x seconds. Such 

a circuit is shown below. 

+ f(t) 

I f I f (t)=- f(t)dt 
t 0 

- l~(t)dt 
0 

Analog Circuit for Col cu lotion of o Continuous 
Estimate of the Mean for a fixed Tim,. lnt,.rval 



The upper limit, T2• is then a variable, t, depending upon how long 

the circuit is active. The lower limit, T1, is zero. The major 

disadvantage of this circuit is that it is necessary to choose in 

advance the operating time since the integrator will eventually 

overload. In the case of the equipment available, an EAI TR-20 

Analog'Computer, the integrator capacity is lOv. and the operating 
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limit under the convenient condition of using a lv. signal is 10 seconds. 

After 10 seconds, the integrator must be discharged or reset. Working 

within the limits as outlined above, the average value is dependent 

only upon the behavior of f(t) during the preceeding 10 seconds. The 

information older than 10 seconds is obsolete. When the integrator is 

reset, the values of f(t) are lost. 

A third method is possible. It avoids the resetting needed for 

the two previous circuits. The circuit is much simpler and eliminates 

worry about overloads and the complexity of division circuits. The 

secret to this more simple circuit lies in the fashion with which it 

is able to continuously 11 forget 11 values in the distant 11 past11 while 

determining the average mainly from the values in its most recent 

"past". Past values of f(t) continuously become obsolete. Since the 

basic signal, f(t), can easily be continuously monitored, it is 

advantageous to let past information become continuously and gradually 

obsolete, rather than abruptly as it does in a series of runs. 

F(t) must be defined so that recent values count much more 

heavily than earlier values. The behavior of f(t) in the remote past 

must have but little effect upon the value of f(t). This can be accom-

plished by use of a wejghted average. 

The following development of the Exponentially Mapped Past Method, 



which will hereafter be referred to as the 11 EMP 11 concept, utilizes a 

weighted average and was obtained from the manufacturers of the EAI 

Analog TR-20 Computer used in the experiment (27). 
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"The weighted-average f(t) of a function, f(t), over T.::.. t.::. T 
(with weight function •(t) is defined by (1) where ¢(t) ~ 0 in t~e 
interval T1 .::._ t .::._ T2). Thus 

I 

T2 .4 f(t) ti> (t) dt 

f (t) = --1------JT 2 
"'(t) dt 

(3) 

Tl 

The integral in the denominator serves to 11 normalize 11 the 
expression. The function ¢ (t) can be chosen arbitrarily 
to emphasize or de-emphasize various parts of the interval 
from T1 to T2. 

Remembering the requirements that the recent past must be empha
sized and the remote past de-emphasized, it follows that we 
should choose a weighting function, ¢(t), which is increasing 
and such that lim ¢ (t) = 0. Many functions have this property 

t ~ -oo 

but the exponential function is a natural one and leads to a 
simple compu~er circuit. Picking an exponential wei9hting 
function, ea (a> 0), Equation 3 becomes 

eat f(t) dt 

(4) 

T2 Ir eat f(t) dt 

f (t) = a --1---=---
aT 2 aT1 

(5) 

e - e 



This can be simplified by letting r1 .... -00 , or 

f(t) dt (G) 

The minus infinity in the lower limit serves to indicate that 
the average has been generated for such a long time that the 
effect of what happened before T1 is negligible. In other 
words, since the exponential weighting function, eat, approaches 
zero as t --00 , the importance of events prior to T1 is negli
gible if T1 is suitably chosen. 

Dropping the subscripts, Equation 6 can be written as 

T 

f (T) =a e -aT f f(t) eat dt (7) 

-oo 

Re-arranging 

T 

. f (T) = a f f(t) e -a(T - t) dt (8) 

-00 

Otterman (2) defines this to be the 11 Exponentia1ly Mapped 
Past 11 or EMP of f(t) over a time interval defined by a. 

Implementation of the analog circuit for solving this equation 
is reasonably straightforward. Differentiating Equation 7 
with respect to machine time, T, (tis a dummy variable) gives 

T 

d f (T) ~ -orT J at dT = or)(-ae ) e f(t) dt 

-ex> +e -aT [eorT f(T)]t 

(9) 

df(1) = a[-f(T) + f(T)] = af(T) -af(T) (lO) 
dT 
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Equation 10 is implemented by the simple circuit of Figure 4, 
which is recognized easily as the circuit for a simple filter 
or first order lag. Note that the input and output signals 

a +f(-t) 

0---10 
-f (t) e--1 -o 

Analog Circuit for Obtaining the EMP Estimate of 
the Mean 

Figure 4. 

have been written in terms of the more familiar notation 
for time, t, which is not to be confused with the dummy 
variable of Equation 7. 

The value of the constant, a, determines how fast past infor
mation becomes obsolete. It is chosen arbitrarily to be large 
enough to filter out non-essential random fluctuations and 
small enough not to obscure long term trends. A useful rule 
of thumb can be developed by examining the response of the 
.£ircuit of Figure 4. If f(t) changes abruptly (step input), 
f(t) will follow gradually, making 95% of the change in 
3 time constants or a time interval of 3/a. In other words, 
as shown in Figure 5, after three time constants, the 

t-+ 

FUNCTION TO BE 
/AVERAGED 

The EMP Mean of a Continuous Variable Provides 
a Measure of the Average of the Variable for a Continuously 
Updated Fixed Time Interval. Hate the 95% decrease in the 
value of the weighting function over a period of 1.,ngth 3/.,. 
This means that the weighted overage at time, t, is virtually 
independent of values that occurr.,d· prior to time t - 3/u. 

Figure 5. 
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integrator has forgotten 95% of the information it had before 
the step change. Consequently, the EMP average defined by 
Equation 8 is an estimate* of the mean over a time interval 
approximately equal to 3/a. 

In the circuit of Figure 4 it is obvious that an initial 
condition applied to the integrator will improve the 
computed average at the beginning. This value should represent 
a good guess as to the nominal or expected mean value of f(t). 
One normally would have such an estimate available. If it is a 
g6od estimate, the computed average will be reasonable from 
the start; if it is a bad one, it will not make any difference 
after about three to five time constants. 11 

*If a 99% criterion were used, the time interval would be 
approximately 5/a. 
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CIRCUIT 
COMPUTER SYMBOL DESCRIPTION 

DUAL 

·-iC>--·· INTEGRATOR 

NETWORK 

12.1116 

I 

e 0 -l(e)dt 
0 0 

CIRCUIT COMPUTER SYMBOL 
DESCRIPTION 

OUARTER-

SQUARE 

MULTIPLIER 

USED 
AS 

SQUARER -1ovsx:s+1ov 
-IOVSY ~ +1ov 

WHEN x ' v TKEN 

CIRCUIT 
COMPUTER SYMBOL OESCRIPTION 

QUARTER-

SQUARE 

MULTIPLIER 

USED +x 
TO TAKE 

SQ.ROOT 

PATCHING COMMENTS 

BASIC INTE-
CRATOR CIR-
CUIT 

PATCHING COMMENTS 

X·Y 

IO 

to: 
-XY 

l<i 

e0 , - x2/10 

··-----
PATCHING COMMENTS 

..rx 
POSITIVE •• INPUT 

CIRCUIT 
~E'3CO•O"'f!':.'"I 

INVERTER 

ADDITION 

COMPUTER SYMBOL 

·{>--· 

PATCHING 

• , --1-'-<llk.-.A 

•2--+-'-"""' 

-· 

.. 

COMMENTS 

STANDARD 
CIROJIT 

lOOK·INPUT 
IMPEDANCE 

TYPICAL 
SU.w.ll.TIOH 
CiROMT 
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INITIAL CANTILEVER BEAM CALIBRATIONS FINAL CANTILEVER BEAM~CALIBRATIONS 

Beckman Amplifier Settings of X.l & s Beckman Amplifier Settings of X.l & 2 

Full Scale Chart Deflection Considered 200 Full Scale Chart Deflection Considered 40 

As Recorded Converted As Recorded Converted Initial - Final 
Initial 

In Out In S/2 Out · S/2 In Out In • S Out· 5 % Difference 

Al 13.30SO 33.262S 6. S4 71 32.735S 1.6 

A2 13.7Sl4 34.3785 6.8489 34.244S 0.4 

Bl 13. 94 79 34.8698 7.0079 3S.039S -0.5 

B2 14.4305 36.0763 7.2023 36.0115 0.2 

AJ 10.3S07 10.4381 25.8768 26.0953 S.0828 S.0103 25.4140 25.0SlS 1.8 4.2 

A4 13.9836 14. 2872 34.9S90 35.7180 6.7864 6. 7600 33.9320 33.8000 2.9 '5.4 

BJ 10.4S07 10.67S6 26.1268 26.6890 4.9678 4.9337 24. 8390 24.668S 4.9 7.6 

B4 12.6798 13.2870 31. 6995 33.2175 6.3828 6.3596 31.9140 31.7980 -0.7 4.3 

AS lS.2093 38.0233 7. 7711 38.SSSO -1.4 

A6 lS.2022 38.00SS 7.4839 37.419S l.S 

BS 16.1023 40.2SS8 7.6140 38.0700 S.4 

B6 15.94SO 39.862S 7.9626 39. 8130 0.1 

A7 13. 9S92 14.6164 34.8980 36.5410 6.7395 6.8453 33. 6975 34.2265 3.4 6.3 

A8 15.7308 16.2166 39.3270 40.S41S 7.7311 7.7340 38.6SS5 38.6700 1. 7 4.6 

B7 16.8094 16.2666 42.023S 40.6665 7.9483 7.9511 39.7415 39.7555 5.4 2.2 

B8 lS.9880 16.1880 39.9700 40.4700 7.6225 7.4924 38.1125 37.4620 4.6 7. Lf w 
w 
l.O 
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Re.al"ks: Scale 2 Position "" ei.3 Clow) 

Control, 1-14 

*Inward 

*Inward 

§3 93 
102 100 

99 100 

109 112 

125 124 

3S 34 

129 130 

14 15 

Ill 107 

133 !JO 

108; 108 

137 13.7 

63 63 

50 49 

55 56 

28 27 

•1 

100 

105 

105 

115 

1)4 

J6 

!34 

17 

107 

lO~ 

lJO 

58 

53 

27 

I-10 

•2 
97 

103 

104 

115 

137 

16 

134 

I5 

109 

123 

!03 

L''f 

58 

41 

S3 

23 

91 

101 

102 

llO 

128 

JS 

uo 
I5 

112 

l33 

112 

142 

65 

Sl 

56 

28 

Avg. 

92.33 

101.00 

100.33 

no. 33 

125.67 ~ 1.5 = 188.5 

34.67 

129.67 x 1.5 = 194.5 

14 .67 

110.00 

132.00 

109.JJ 

138.67 

63.67 

50.00 

55.67 

27.67 

Total 1523. 33 

., 
97 

!OJ 

103 

114 

!35 

36 

137 

18 

lll 

124 

104 

129 

59 

J9 

50 

20 

Avg. 

98.00 

103.67 

104.00 

1111. 67 

135.JJ x 1.5 = 203.00 

16.00 

135.00 x LS =- 202. 50 

16.67 

109.00 

123.67 

IOli.00 

129. 33 

JB. J3 

40.67 

S2.00 

23. )J 

Tot.al l518. 83 

95 

104 

106 

118 

132 

34 

13S 

17 

104 

120 

100 

124 

57 

39 

48 

20 

•1 
97 

!OS 

101 

112 

139 

40 

137 

Z2 

111 

125 

105 

132 

60 

46 

S4 

35 

TABLE XXV 

DEFLECTORS, UNSEALED MODEL, I-SERIES 

Date: 

1-12 

98 

103 

lU 

121 

135 

3S 

110 

17 

108 

124 

101 

124 

59 

40 

50 

25 

I-5 

., 
97 

105 

104 

114 

133 

38 

117 

18 

ll5 

I:; 

Hl8 

I 33 

57 

so 
JI 

98 

106 

108 

117 

133 

37 

135 

15 

102 

llB 

100 

125 

57 

43 

55 

25 

Total 

., 
99 

104 

100 

112 

139 

39 

1)9 

18 

1 ll 

] 24 

105 

130 

SB 

43 

52 

JO 

Total 

Avg. 

97.00 

10'1.33 

108.33 

118.67 

133. 33 x l.5 ., 200.00 

35.33 

135.33 x 1.5 = 203.00 

16.JJ 

104.67 

120.67 

100. 33 

124. 33 

57 .67 

40.67 

51.00 

23.33 

1505.67 

Avg. 

97.67 

104.67 

101. 67 

112. 67 

137.00 x LS= 205.50 

39.00 

137.67 x 1. 5 = 206.50 

19. 3J 

112. 13 

125. 13 

106.00 

131.67 

58. 33 

4!i .67 

52 .00 

32.00 

IS49. 33 

95 

104 

105 

116 

137 

53 

144 

31 

108 

us 
103 

122 

55 

37 

46 

21 

•1 

100 

106 

108 

118 

125 

128 

14 

l.10 

124 

101 

129 

65 

" 49 

32 

100 

105 

108 

120 

144 

SS 

148 

30 

108 

119 

104 

122 

54 

37 

46 

18 

•2 

99 

103 

103 

115 

122 

29 

123 

IQ 

110 

128 

104 

132 

61 

47 

54 

33 

I-9 

99 98.00 

105 104.67 

104 105.67 

117 117.67 

144 141.67· x 1.5., 212.50 

55 S!i.33 

146 146.00 x 1.5 = 219.00 

30 30. 33 

107 107.67 

115 116.33 

102 103.00 

120 121. 33 

53 54.00 

36 36.67 

47 46.33 

24 21.00 

Total 1548.17 

1-6 

RJ 

98 

102 

102 

ll4 

121 

30 

123 

l J 

108 

128 

!OJ 

l)! 

62 

47 

51 

33 

Total 

Avg • 

99.00 

103.67 

104. J3 

115.67 

122.fl7 x 1.5 " 1R4.0fl 

30. J) 

124.67 x LS = un.nn 

12. 33 

109. 33 

12b.6i 

102.67 

131.00 

62.67 

47.00 

52.00 

32.07 

l 500. 33 

104 

108 

108 

121 

129 

39 

I JO 

23 

!OJ 

115 

99 

125. 

56 

40 

47 

23 

100 

107 

109 

121 

113 

41 

132 

21 

103 

117 

95 

121 

SJ 

)5 

45 

20 

I-8 

101 

106 

108 

119 

128 

37 

121 

22 

100 

ll5 

97 

122 

SS 

36 

46 

21 

Avg. 

101.67 

107.00 

108. 33 

120. 33 

130.0 x 1.5 = 195.00 

39.00 

129.67 x 1.5 = 194.:'0 

22.00 

102.00 

115.67 

97.00 

122.67 

54.67 

37.00 

46.00 

21. 33 

l'otal 1484. I 7 



Resarls: Scale 2 

*!m.:::!n! 

SJ 

92 

94 

106 

127 .. 
12:8 

20 

115 

139 

118 

!46 

68 

52 

61 

36 

•1 

93 

100 

99 

lll 

124 

40 

128 

25 

121 

IJJ 

111 

JJ8 

65 

56 

g; 

95 

95 

108 

119 ., 
126 

l1 

119 

142 

l17 

146 

70 

55 

59 

)] 

1-4 ., 
95 

101 

99 

Ill 

129 

41 

132 

25 

121 

135 

us 
142 

63 

SJ 

60 

41 

Position "' a 1 (high) 

Contrnl 1 I-1 

Avg. 

B'.5.00 10'.5 
93_50 109 

94.50 109 

107 .00 120 

123.00 x 1.5"' 184.50 117 

42.00 ~ 

127.00 x I. 5 .. 190. 50 118 

18.50 15 

117.00 103 

140.SO 117 

117.50 98 

lli6.00 124 

69.00 58 

53. 50 38 

60.00 50 

34.50 19 

Total 1553. 50 

•, 
92 

98 

98 

108 

131 

46 

134 

25 

118 

113 

115 

142 

66 

54 

Avg. 

93.JJ 

99.67 

9$.67 

110.67 

128 1t 1.5 .. 192.00 

44. 33 

131. 33 ;r I. 5 "' tH.00 

25.00 

120.00 

lJJ.67 

111.67 

140.67 

64.67 

~-13 

61 60.33 

4q 42. JJ 

1.J.t.:d 1:.90.·_n 

93 

100 

99 

110 

126 

52 

133 

28 

HO 

126 

109 

134 

>9 

52 

25 

TABLE XXV (Continued) 

Date: 

I-11 

97 106 
IOii 106 

107 105 

117 117 

llB 114 

36 32 

123 120 

17l;i 17 

102 102 

120 122 

100 98 

126 123 

58 58 

42 47 

49 48 

22 18 

·Total 

1-13 

R2 

92 

102 

102 

112 

126 

50 

1)2 

29 

1oa 

107 

131 

62 

45 

., 
94 

101 

100 

11) 

1]1 

>O 

l35 

29 

111 

1~9 

113 

131 

63 

46 

Avg. 

100.67 
106.33 

107.00 

ll8.00 

ll6.33 x l.S .. 174.50 

32.67 

120.33" 1.5 • 180.SO 

16.50 

102. 33 

119.67 

98.67 

124.33 

58.00 

42. 33 

49.00 

19.67 

1450.17 

Avg. 

93.00 

101.00 

100. 33 

Ul.67 

127.67 x 1.5 - 191.50 

50.67 

133.33 x 1.5 .. 200.00 

28.67 

109.67 

126.. 33 

109.67 

134.00 

61.33 

45.00 

55 51 ')2.67 

23 22 23. 33 

103 

106 

107 

118 

125 

•• 
127 

33 

102 

l15 

100 

119 

56 

46 

52 

J4 

•1 

92 

102 

100 

111 

124 

44 

130 

30 

111 

128 

111 

135 

62 

53 

63 

48 

I-3 ., 
105 

no 
109 

l18 

125 

50 

128 

31 

108 

118 

105 

125 

56 

47 

53 

36 

Avg. 

100 102.67 

106 107.33 

107 107.67 

118 118.00 

127 125.67 x 1.5 "" 188.50 

50 49.67 

!JO 128. J3 I 1.5"' J92.50 

34 32.67 

107 105.67 

119 ll7.JJ 

102 102.33 

122 122.00 

59 S7.00 

46', 46. 50 

.52 52.JJ 

40 36.67 

Total 1538.83 

•2 

95 

100 

100 

110 

122 

43 

125 

25 

lM 

123 

106 

130 

60 

51 

56 

42 

., 

., 
103 

104 

115 

121 

42 

"' 25 

111 

ns 
lOB 

134 

56 

48 

I-2 

Avg. 

94.67 

101.67 

101. n 
112.00 

122; 33 x 1. 5 .. 183. 50 

43.00 

126.67 x 1.5"" 190.00 

26.67 

110.13 

126. 33 

108. 13 

133.00 

59.33 

50.67 

55 58.00 

39 43.00 

1ot.:l:!. 1541.83 

. 99 

101 

105 

116 

123 

42 

126 
28 

107 

121 

104 

128 

60 

44 

50 

30 

99 

106 

106 

ll8 

117 

43 

120 

28 

104 

117 

98 

125 

59 

46 

50 

31 

101 

107 

106 

117 

ll9 

42 

120 

25. 

107 

121 

102 

127 

60 

44 

50 

29 

Avg. 

99. 67 

106.67 

105.67 

117 

119.67 x LS" 179.50 

42. 33 

122.{10 x l. 5 "' 183.00 

27.00 

106-.00 

119.67. 

101.33 

126.67 

59.67 

44.67 

so.oo 
30·,oo 

Total 1498. 83 



TABLE XXVI 

DEFLECTORS, UNSEALED MODEL, I-SERIES (RECORDED 
STRAIN IN CHART DIVIS IONS) 

Remarks: "1 a0b2ct3 Remarks: c1a0b2a1 Remarks: 

I-26(s) I-28(s) 

Rl R2 R3 Avg. Rl F2 R3 Avg. 

Al* 162 1S7 161 160.0 Al* 162 160 161 161.0 A* 1 
A2* 1S6 156 160 157.3 A2* 159 1S6 157 1S7.3 A2* 
Bl* 182 182 186 183.3 B * 186 185 183 184. 7 Bl* 1 
B2* 177 177 181 178.3 B * 180 IBO 178 179.3 Bz'• 2 
A3 SB SS 55 S6.0 x l.S = 84.0 A3 S7 S5 S5 SS.7 x 1.5 = 83.SS A3 
A4* 26 24 27 2S.7 A* 4 38 41 46 41. 7 A4* 

B3 S9 S7 59 SB.3 x l.S = 87.4S B3 57 S6 S7 S6.7 x l.S = 8S.OS B3 
B4* 31 28 31 30.0 B4* 43 46 44 44. 3 B * 4 
AS so 49 48 49.0 AS S4 S4 S6 S4. 7 AS 

A6 57 56 So 56.3 A6 61 62 59 60.7 A6 
BS 42 46 46 44.7 BS 47 46 46 46.3 BS 
B6 54 S6 57 5S.7 B6 60 61 60 60.3 Bfi 

A7 13 12 12 12.3 A7 13 14 14 13. 7 A7 
AB 18 20 17 18.3 AB 17 19 19 lB.3 Ag 

B7 11 11 9 10.3 B7 17 16 11 14.7 B7 

BB 13 13 10 12.0 BB 14 14 13 13.7 BB 

*Inward Total 1164. 83 *Inward Total 1219.16 *Inward 

cl a0blct4 

Rl R2 

lSB 161 

157 1S8 

18S 18S 

180 lBl 

S4 S3 

S9 SB 

S2 S2 

60 60 

S6 Sfi 

67 67 

so 49 

67 6B 

17 16 

21 21 

14 14 

16 17 

Date: May 19, 1973 

Control 
I-27 ( s) 

R3 Avg. 

160 1S9.7 

160 1S8.3 

187 18S.7 

IBO lB0.3 

SS S4.0 x l.S = 81.00 

S6 57.7 

so SL 3 x 1. s = 76."S 

60 60.0 

S7 S6.3 

69 67. 7 

so 49.7 

68 67. 7 

16 16.3 

20 20.7 

13 13. 7 

14 15.7 

Total 1267.33 

w 
.f!> 
w 



*Inward 

160 

155 

174 

174 

55 

57 

59 

58 

59 

67 

51 

63 

14 

22 

13 

14 

158 

153 

174 

173 

53 

59 

57 

62 

58 

69 

50 

66 

14 

21 

13 

16 

Control 
I-14(s) 

162 

157 

175 

172 

52 

58 

57 

62 

59 

67 

49 

66 

15 

23 

12 

14 

Avg. 

160 

155 

174.3 

173 

53. 3 x 1. 5 = 80 

58 

57.7 x 1.5 = 86.5 

60.7 

58.7 

67.7 

50 

65 

14.3 

22.0 

12.7 

14.7 

Total 1252. 6 

TABLE XXVI (Continued) 

*Inward 

164 

156 

177 

173 

68 

42 

73 

45 

61 

63 

51 

60 

14 

22 

10 

11 

163 

156 

177 

175 

69 

36 

75 

43 

55 

63 

49 

60 

12 

18 

10 

13 

162 

155 

178 

175 

71 

39 

77 

44 

57 

62 

49 

59 

13 

19 

10 

10 

I-12(s) 

Avg. 

163 

155.7 

177. 3 

174.3 

69.3 x 1.5 = 104 

39 

75 x 1.5 = 112.5 

44 

57.7 

62.7 

49.7 

59.7 

13 

19.7 

10 

11. 3 

Total 1253.67 *Inward 

158 

157 

176 

174 

73 

28 

78 

34 

60 

66 

53 

64 

14 

21 

10 

12 

160 

155 

174 

173 

69 

31 

74 

37 

59 

66 

47 

59 

12 

19 

10 

11 

Date: May 17, 1973 

160 

155 

178 

175 

71 

29 

76 

37 

57 

66 

49 

62 

12 

19 

11 

11 

I-8(s) 

Avg. 

159.3 

155.7 

176 

174 

71 x 1.5 = 105.5 

29. 3 

76 x 1. 5 = 114 

36 

58.7 

66 

49.7 

61. 7 

12.7 

19. 7 

10. 3 

11. 3 

Total 1239.83 



TABLE XXVI (Continued} 

Remarks: c3a0bl Cl4 Remarks: c3a0bl().3 Remarks: c3a0b1Cll Date: May 17, 1973 Control 
I-24(s) I-l8(s) I-19(s) 

Rl R2 R3 Avg. 
~ R2 R3 Avg. Rl R2 R3 Avg. 

'\ * 160 155 158 157.7 '\ * 152 155 155 154.0 A * l5S lS2 lSS 154.0 l A2* 156 153 157 155.3 A2* 151 152 152 lSl. 7 A* 154 152 152 1S2. 7 2 8 * 178 177 179 178.0 8 * 178 178 177 177. 7 8 * 177 178 176 177.0 1 l l 8 * 177 175 178 176.7 Bz* 175 175 175 175.0 8 * 179 177 174 176.7 2 
2 A3 48 48 49 48.3 x 1.S = 72.50 A3 66 63 65 64.7 x 1.5 c 97.0 A3 91 91 91 91.0 x 1.5 = 136.S 

A* S9 58 57 S8.0 A4 57 55 57 S6.3 A4 40 40 45 41. 7 4 

83 53 so 5S 52.7 x 1.5 = 79.0 B3 7S 72 73 73.3 x l.S c 110.0 B3 101 103 102 102.0 x 1. s = 1S3.0 
B4* 67 66 6S 66.0 B4 43 43 42 42.7 84 2B 29 30 29.0 
AS S5 so 52 52 • .1 AS 66 62 64 64.0 AS 64 60 S9 61.0 
A6 71 68 71 70.0 A6 S8 58 58 58.0 A6 S4 53 52 53.0 
BS Sl 45 52 49.3 BS 6S 61 6S 63.7 BS 67 66 6S 66.0 
p,6 68 64 64 6S.3 B6 56 53 S2 53. 7 B6 so 49 47 48.7 
A7 18 13 17 16.0 A7 1 l 1 1.0 Al 0 0 - l* - 0. 3* 
AB 23 19 22 21. 3 AB 6 4 S.7 AS 4 3. 3 
B7 16 lS 12 14.3 B7 1 1 1. 3 B7 0 1 1. 7 
BB 13 14 12 13.0 BB - l* - l*· - l* - 1.0* BB - 2* - l* - 0.7* 

*Inward Total 1244. 70 *Inward Total 1210. 80 *Inward Total 12S3.30 



TABLE XXVI (Continued) 

l'a te · ~'«.1y 18, 1973 

Remarks: c3a2b{1.3 Remarks: c3a2bla4 
Control 

I-29(s) I-30(s) 

Rl R2 R3 Avg. H ·1 R,, R Avg. ,_ 3 

A* 1 148 148 153 149.7 A * 1 156 154 155.0 
A* 149 ll16 149 148.0 A * 155 154 154.5 2 2 
B * 176 168 172 172.0 B * 180 177 178.S 1 1 
B * 173 166 172 170.3 B * 180 175 177.5 2 2 
A3 P7 811 88 87.0 x LS l'.10. s A3 43 44 43.5 x l.S 65.2 

f\.4 44 44 4S 44.3 A * 62 60 61.0 4 
B3 96 94 95 95.0 x 1.5 ll;2. 5 B3 46 48 47 .0 x 1. 5 = 7(1. 5 

B t, 28 28 28 28.0 B * 69 68 68.-" ·4 

AS 57 59 59 S8.3 AS 53 49 51.0 

16 55 53 51 53.0 '\ 72 71 71.5 

B5 64 61 62 62 •. '3 B5 4Cl 48 l.8.5 
I' 50 t, (j 48 49.0 B6 65 fi!i 65.5 '6 

A7 2 l 2 1. 7 A7 16 16 16.0 

AR (, r, 7 6.3 f\8 22 20 21.(J v 

B_ 5 5 4 4.7 B7 !L1 16 15.0 I 

B8 1 2 1 1.3 BB 13 15 14.0 
--------

*Inward Total 1222.00 *Inward Tctal 1232.67 
w 
~ 
O"I 



TABLE XXVI (Continued) 

Remarks: c3a3bl "3 Remarks: c3a3a3hl Remarks: c3a 3b1a1 Control 
I-23(s) r-i6 (s) I-i7(s) 

~ R2 R3 Avg. Ri R2 R3 Avg. 
R R Avg. 

~* i63 i63 i6s i63.7 ~* 1S4 iss 1S4 is4.3 
Ai* 1S6 iso 153.0 

A * 1S6 i5S is7 is6.0 A* i48 i48 iso 148.7 
A * 146 i46 i46.0 2 2 

2 
Bl* 181 179 182 180.7 B * in i7S 172 172. 7 

Bi* i69 i73 i71.0 i 
B2* 178 172 i76 17S.3 B * i69 i71 i6B i69.3 

B2* i64 167 i65.S 2 
A3 so 53 5i si.3 x 1.S - 77.0 A3 104 io4 105 104.3 x i.s = is6.S 

A3 i79 i71 i75.0 x 1.S = 262.S 
A4 * 56 59 59 S8.0 A4 36 34 36 3S.3 

A4 4 4 4.0 
B3 S6 52 S7 55.0 x i.5 - 82.5 B3 io8 io9 112 io9. 7 x l.S = i64.S 

B3 i9S i89 i92.0 x 1.S = 288.0 
B * 63 64 62 63.0 B4 23 23 23 23.0 

B4* - 8 - 7 - 7. s 4 
AS 54 5S S4 54.3 AS 74 72 73 73.0 

AS 8i 80 80.5 
A6 69 71 71 70.3 A6 S9 S7 S8 58.0 

A6 6S SS 61.S 
BS si 52 50 Sl.O BS 69 70 71 70.0 

BS BS 82 83.S 
B6 65 67 65 6S.7 R6 S4 S3 S6 54.3 

B6 64 61 62.5 

A7 i4 i4 i3 13. 7 A7 3 3 2.7 
A/ - 2 - 2 - 2,0 

AS 20 20 20 20.0 AB 8 7 s 7. 7 
AS i 1. 5 

B7 14 12 14 13.J B7 4 4 J. 7 
B7 i 1.0 

BS i6 i3 13 14.0 ES 3 3 4 3.3 
Bs* - 2 - 3 - 2.S 

*Inward Total l2S8.17 *Inward Total i297.07 
*Inward Total i4 79. 50 



348 

TABLE XXVII 

AIRFOILS, UNSEALED MODEL II-SERIES (RECORDED 
STRAIN IN CHART DIVISIONS) 

Remarks: Scale 5 

Control, 11-7 

*Inward 

37 

40 

36 

43 

51 

20 

53 

13 

55 

62 

51 

65 

27 

20 

26 

17 

37 

40 

35 

41 

52 

20 

53 

11 

54 

59 

50 

63 

28 

22 

20 

17 

Control, II-14 

*Inward 

34 

36 

35 

40 

54 

20 

53 

13 

54 

62 

51 

67 

32 

20 

25 

9 

R2 

35 

39.5 

39 

43 

55.5 

23 

57 

17 

60 

66 

54 

69 

33 

23 

25.5 

11 

38 

38 

35 

42.5 

52 

18 

54 

12 

55 

58 

49 

63 

29 

21 

26.5 

16 

Avg. 

37.33 

39.33 

35.33 

42.17 

51.67 X 1.5 a 77.50 

19.33 

53.33 x 1.5 ~ 80.00 

12.00 

54.67 

:S9.67 

50.00 

63.67 

28.00 

21.00 

24.17. 

16.67 

Total ~ 660.91 

R3 

32 

37 

36 

41 

22 

56 

14 

53 

61 

55 

63 

31 

21.5 

24 

10 

Avg. 

33.67 

37.50 

36.67 

41. 33 

54.5 x 1.5 - 81.75 

21.67 

55.33 x 1.5 - 83.00 

14.67 

55.67 

63.00 

53,33 

66.33 

32.00 

21.50 

24.83 

10.00 

Total 676.92 

34 

38 

36 

42 

45 

2.5 

48 

l* 

81 

56 

78 

59 

26 

18 

21 

8 

Rl 

39 

41.5 

42 

41 

45 

7 

48 

2 

74 

61 

76 

65 

28 

15.5 

26 

10 

34.5 

38 

36 

42 

47 

3 

47 

3* 

80 

55 

76 

57 

25 

15 

22 

II-9 (a) 

35 

37.5 

3'i 

41 

3 

50 

3* 

80 

56 

78 

57 

27 

15 

22 

6 

Avg. 

34.50 

37.A3 

35.67 

41.67 

45.67 x 1.5 = 68.50 

2.83 

48.33 x 1.5 = 72.50 

2.33* 

80.33 

55.67 

77 .33 

57 .67 

26.00 

16~00 

21.67 

7.00 

Total = 632.fl3 

II-13{a) 

R2 

33 

36 

36 

40 

46 

6 

48 

0 

77 

59 

74 

63 

27 .5 

17.5 

24 

9 

R3 

37 

38 
3f; 

41 

46 

5 

47 

l 

77 .5 

62 

74 

62 

27 

17.5 

24 

10 

Avg. 

36. 33 

38.50 

38.00 

40.67 

45.67 x 1.5 = 68.50 

6.00 

47.67 x 1.5 = 71.50 

1.00 

71i.17 

60.6']. 

74 .67 

li3. 33 

27 .50 

16.83 

24 .67 

9.67 

Total 654 .00 



TABLE XXVIII 

DUCTS, UNSEALED MODEL~ III-SERIES (RECORDED 
STRAIN rn CHART DIVISIONS) 

RENARKS: Scale = 2 Date: 

Control Big III 

Rl R2 R3 Avg. Rl R2 R3 Avg. 

A * 1 79 80 82 80.33 80 79 81 80.00 

A * 2 
80 82 83 81. 67 76 80 81 79.00 

B * 1 90 89 92 90.33 90 91 90 90.33 

B * 2 
89 89 92 90.00 85 87 ?8 86.67 

A" 138 136 135 136. 33 x l.S = 204.S 124.S 126 134 128.17 x 1.5 = 192.25 
..) 

A4 43 44 38 41.67 32 34 37 34. 33 

B3 140 140 142 140.67 x 1.5 = 211.0 129 129 137 131.67 x 1.5 = 197.S 

B4 35 35 38 36.00 31 30 33 11. 33 

AS 161 151' 165 161.33 153 153 158 15lf. 6 7 

A6 172 169 168 169.67 153 151.5 153 152.5f1 

BS 137 132 137 135.33 128 127 130 128.33 

B6 159 158 160 159.00 lf.2 139.S 142 141.17 

A7 83 84 85 84.00 78 79 78 78 .33 

AS 87 89 90 83. 6 7 78 80 79 79.00 

B7 84 85 85 84. 6 7 83 83 82 82.67 

BS 93 95 97 95.0fl 87 88 86 87.00 --- ---
1695.07 

w 
Tote] 18Ll.17 Total ~ 

l.O 
•'<Inward 



TABLE X-XIX 

DUCTS, SEALED MODEL, III(s)-SERIES (RECORDED 
STRAIN IN CHART DIVISIONS) 

REMARKS: DATE: May 22, 1973 
Control Big III(s) 

Rl R2 R3 Avg. Rl R2 R3 ·Avg. 

A * 1 
156 151 152 153.00 158 1S6 1S3 lSS.67 

A * 2 106 lOS llO 107.00 111 111 110 110.67 

B * 1 
lql 18S 191 189.00 190 190 189 189.67 

B * 2 
123 120 12S 122.67 126 130 126 127.33 

A3 62 62 66 63. 33 x 1.5 = 9S.OO S7 S6 S2 SS.00 x l.S = 82.SO 

A4* 41 42 38 40.33 47 49 49 48.33 

B3 62 -63 &S 63.33 x l.S = 9S.OO S7 58 Sf, 57.00 x l.S = 85.SO 

B * 4 
41 41 42 41.33 4S 48 4S 46.00 

AS 6S 69 66 66.67 61 S9 S7 S9.00 
. I 

A6 76 74 7S 75 .1)0 S4 S6 SS SS.00 

BS so S3 S3 S2.00 47 so 49 48.fi7 

B6 72 7S 76 74. 33 S2 S4 S3 S3.00 

A7 S2 S4 S4 53.33 so so so S0.1)0 

AB lS lS lS lS.00 14 12 12 12.67 

B7 61 61 S9 60.33 58 S8 S9 S8.33 

. B8 lS 15 lS lS.00 14 12 12 12.67 

Total 12SS.OO Total l19S.00 
w *Inward Ul 
0 



TABLE XXIX (Continued) 

REMARKS: Control Hed III(s) DATE: May 10. 1973 

Rl R2 R3 Avg. R, R2 p3 Avg. 
J. 

A * 1 171 173 165 169.67 170 168 171 169.67 

A * 2 140 lliO 135 1313. 31 139 137 1313 1311. 011 

B * 1 190 191 187 189.33 lRll 1G9 195 190.f7 

B * ~ 143 It. 3 140 142.00 1110 140 140 ltd). 0n 
~ 

A3 64 63 64 63.67 x 1.5 95.5 57 61 60 59.33 x 1.S R9.00 

A * 4 l16 45 4S 45.33 54 49 54 52.33 

B3 52 54 54 53. 33 x 1.5 80.0 S2 S3 S3 S2.fi7 x l.S 79.00 

B4 * 4S 48 l13 45.33 1,9 48 52 49.67 

As so so S3 Sl.00 so 51 so S0.31 

A6 65 6S.S 68 f,(.,. 1 7 55.S 55 55 55.l(i 

BS 46 46 51 47.67 43 43 44 43.33 

B6 70 71 71 70.67 60 SR 57 SR.33 

A7 49 50 47 48.67 !17 !1 7 !, 7 1, 7. no 

AB 15 12 11 12.67 10 9 1 () 9 .(17 

B7 47 so 50 49.00 4f 52 49 &9.67 

BS 12 15 12 13.00 9.5 lJ 9 9.P1 

Total 1264.33 Total 1231.67 

w 
(.J"I 

*Inward 
__, 



Closed Control 

Rl R2 R3 Avg. 

Al* 8S 87 87 86.3 

A * 2 
93 94 93 93. 3 

B * 
1 

88 93 88 89.7 

B * 
2 

100 102 100 100.7 

A3 127 128 127 127.3 x l.S = 191.0 

A4 36 37 36 36.3 

B3 130 130 128 129.3 x l.S = lq4.0 

B4 28 27 29 28 .0 

AS 142 141 144 142.3 

A6 1S6 1S4 lSS lSS.O 

BS 12S 122 123 123.3 

B6 160 1S7 158 1S8.3 

A7 74 76 77 7S .6 

A8 82 83 83 8:>. 7 

87 71 7S 77 74.3 

BB Bl 83 B5 83.0 

Total 1713.8 

TABLE XXX 

VENTING, UNSEALED MODEL (RECORDED 
STRAHl Ifl CHART DIVISIONS 

~" slot in walls 

RI R2 R3 Avg. 

Al* 73 74 77 74. 7 

A * 
2 72 74 7S 73. 7 

B * 1 
79 81 81 80.3 

B * 2 78 81 B2 80. :f 

A3 123 130 122~ 125.2 x 1.5 = 1B7.8 

A4 42 4S 44 43. 7 

B3 12S 132 127 128.0 x 1.S = 192.0 

B4 33 36 32 33. 7 

AS 174 170 173 172. 3 

A6 182 182 18S 183.0 

BS 15S IS4 1S5 1S4.7 

B6 190 191 193 191. 3 

A7 69 71 71 70. 3 

AS B4 8S BS 84. 7 

87 70 71 69 70.0 

BB B6 87 BS 86.0 

Total 1778.S 

* Inward 

Ai* 
A2 * 

Bl • 
B2 * 
A3 

A4 

B3 

B4 

AS 

A6 

BS 

B6 

A7 

AB 

B7 

BB 

27/32" slot in walls (.84l1") 

1 
vg. 

91 88 90 89.7 

66 64 66 65.3 

94 92 93 Q3.0 

70 70 70 70.0 • 
8S B4 B3 84.0 x"T.S = 126.0 

21 21 21 21.0 

86 8S 83 84. 7 x 1. s = 127.0 

13 lS 12 13.3 

160 16S 160 161.7 

134 139 134 13S. 7 

14B 149 145 14 7. 3 

139 14S 140 141. 3 

47 47 46 46.7 

63 63 63 63.0 

4S t.7 45 45.7 

63 6S 63 63.7 

Total 1410. 35 

w 
m 
N 
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~ODEL ~!ND TUNNEL TESTS 17:59 l'RI!lAT, APRIL 1, 1977 

OBS OENG 

1 0 
2 0 
~ 0 
4 0 
s 0 
6 0 
7 (} 

8 0 
9 

10 422 
11 422 
12 422 
13 422 
14 422 
15 422 
15 422 
11 422 
18 844 
19 ~44 

20 844 
21 844 
22 844 
23 844 
24 944 
25 844 
26 844 

TITLE 'HCDEL W!ND ~ONHEL TESTS'; 
DATA WINtA: 
INPUT OPNG 1•4 VEL ! ~ ANGLE 6 ttOtIF $ 7-9 OBS 11-12 A1 14-17 A2 18-21 
B1 22~25 B2 26-29 Al 31-34 A4 35-!8 B3 39-42 B4 43-46 AS 48-S1 A6 52-S5 
BS S6-59 B6 60-63 A7 65•6e AS 69•72 B7 73-76 BS 77-80; 
IF OPNG=OOOO lND ANGLE=1 THEN C0=1; 
!F OPNG=OOOr AND ABGLE=2 THEN D0=2; 
IF OPNG=COOO AND !NGL!=3 THEN D0=3; 
IP OPNG=0422 AND ANGLE=1 !HEN D0=4; 
IF OPNG=0422 AND ABGLF=2 TBEN D0=5; 
IF CPNG=0422 AND ANGLF=3 THEN D0=6; 
IF OPNG=0844 AND INGLE=1 THEN D0=7; 
IF OPNG=0844 ARD ARGLE=2 THEN DOs8; 
IF OPNG=0844 IND ANGLE=3 THEM D0=9; 
CARDS 

26 OBSERVATIONS IN tAT! SET W!NtA 22 VARUBLl!S 

FROC P~!NT DATA=WifftA; 

l!ODEL WillD TUllNEL TESTS 

V!L ANGLE ~ODii' OBS 11 12 B1 B2 A3 A4 B3 E4 AS !6 

F 1 DTS 1 154 151 181 168 67 -20 53 -2s 7B 78 
:' 1 DTS 2 1SO 151 178 167 68 -1s 56 -26 Jq A1 
F 1 D'l:S 3 1 S1 149 179 168 70 -1e 57 -25 75 79 
F 2 DTS 1 157 1S7 174 158 83 -7 78 -9 126 110 
F 2 DTS 2 156 1S8 174 1S8 83 -7 79 -9 128 112 
F 2 DTS 3 1 S6 156 173 1S7 au -7 79 -7 12? 111 
F 3 DTS 142 143 14 4 128 96 12 77 9 163 124 
F 3 DTS 143 146 14 6 129 96 11 79 9 169 124 
F 3 OTS 1 42 143 142 12 9 98 10 81 7 164 123 

1 DTS 1 147 131 16 7 145 39 -34 30 -34 67 67 
F 1 DTS 2 147 130 16S 143 38 -33 32 -34 67 66 
F 1 DTS 3 146 132 166 14S 39 -13 28 -33 66 ~7 

F 2 DTS 1 144 13"1 16 2 H7 46 -27 33 -18 99 8€ 
F 2 DTS 2 140 135 16 2 147 43 -25 33 -21 99 BS 
F 2 DTS 3 143 13S 162 148 44 -26 33 -19 101 8S 
F 3 DTS 1 138 127 136 123 S7 -1 44 0 164 102 
F 3 DTS 2 136 12B 136 122 60 4 47 2 166 108 
F 1 DTS 1 137 113 16 3 142 27 ~Jo 23 -29 77 55 
F 1 DTS 2 136 113 159 139 28 - 32 20 -31 78 66 
F 1 DTS 3 135 112 16 3 142 28 -30 21 -32 78 69 
F 2 DTS 1 129 109 1S s 124 34 -26 31 -19 114 90 
F 2 DTS 2 132 110 1S 1 125 32 -26 28 -18 113 q1 
F 2 DTS 3 1311 111 154 124 31 -26 2'i -19 116 q, 
F 3 D'!'S 1 114 97 128 98 4S -4 38 -1 1i;o 1CO 
F 3 DTS 2 1111 98 126 97 44 -s 36 -1 16S 1 01 
F 3 DTS 3 116 100 127 99 46 -2 37 -2 163 102 

BS B6 A7 AB B7 B8 

57 73 23 17 10 11 
57 74 22 18 10 10 
SS 72 19 17 9 10 
78 94 29 211 9 13 
79 95 27 21 8 14 
8C: 97 28 23 8 12 

110 117 43 28 13 13 
109 117 42 29 13 14 
105 116 42 29 13 14 

S7 66 17 12 9 11 
S8 67 16 12 9 12 
58 68 16 11 10 11 
71 86 2 15 13 21 
70 B5 3 1S 14 21 
71 Bf 3 15 14 22 

104 100 1 14 13 22 
104 101 1 14 13 21 

73 73 -n -8 5 0 
71 72 -14 -8 s 0 
73 74 -14 -10 6 0 
82 89 2 1 11 , 
80 88 , 1 10 6 
82 89 1 0 10 7 

102 9S 14 s 21 18 
104 9S 111 7 22 18 
107 98 1S 8 21 17 

00 

1 
1 
1 
2 
2 
2 
3 
3 
3 
4 
4 
4 
5 
5 

i 
6 
7 
7 
7 
8 
8 
8 
9 
9 
9 w 

U1 
..i:=. 



AV1=AVG(A1,E1); 
AV2=AVG(A2,n2); 
AV3=0; 194=~; AV5=0; AV6•C; 
AV7=1'VS(.l.7,~"T): 

H8=AVG(l8,B8); 
P!N1=(!V1+AV2)*2.; 
AESPAN 1=0; FAN2=0; HSPAN2=0; nN3=0; ABSPAN3=0; 
PAN4•(!V7+AV8)*2.; 
ABSPAN4=0; 
IF ~NG1!=1 THEN GO TO Fl; 
IF ANGLE=2 THEN GO TO !'2; 
IF !NG1E=3 THEN GC TC F3; 
F 1:: 
!A1= 7; IA2= 10; 
IA7= 5; IA8= 1; 
FPB1= 4QJ.14; 
FPlY4= 52B.61; 
GO TO NULL; 
F2:: 

IB1= 1; 
IEh 2; 

!B2= 5 • 
IBS= 0; 

!51=1.5; IE2=5.5; If7=3.5; IB8•2; 
IA1=7.5; U2=11; U7=5; Il8=2; 
FP!N1=509.25; l'PAN4=526.75; 
GC !C NUlt; 
FJ:: 
IA1=7; IA2=9.5; IA7=5.5; !18=3; 
IB1=0; IB2=5; IE~=3.5; IB8=2: 
FPA~1=496.67; PPAN4=523.0; 
llUil:; 
RA 1=PAN1/FPA!111; 
RA4=PAN4/FPAN4; 
J.1=A1·H1*RA4; 
l2=A2·U2•RA4; 
B1=e1-IB1*U4; 
B2=e2-IB2*RA4; 
A7=A7•U7*P.l1; 
i.9=A8-:A8•H1; 
ff7:r.7-!E''1•~!1.,; 

Bi>=E5-IB8*RA 1: 

26 OES~FVAT!0N5 :» CAT~ S~T WINDB 

fRGC ~FIN?; 

50 VARIABL~S 

D~CP iv3 AVU AV~ ~vr 'e~PAN1 p~~2 !BSPAN2 ~?SPAN] PASJ AES?ANQ; 

17:59 !'9:!:~J.Y, AP?I! 1, 1977 

w 
(Jl 
(Jl 



KO DEL 11:sn TU!l!IEL TES"'S 

CBS OFNG vn ANGLE MOD cf OBS A1 A2 B1 B2 A3 A4 E3 84 AS A6 B5 B6 A7 AB B7 

1 0 F c::: 1 153.132 14j.846 180.885 167.423 67 -20 53 -25 78 78 '07 73 16.JE>O 15.6738 7. J 47 6 
2 0 F DTS 2 1Q9.206 149.865 177 .887 16€.433 68 -15 56 -26 74 81 57 74 15.4501 16.6900 1.1eo1 
3 0 F DTS 3 150.272 147. 960 178. 896 161.4qo 70 -18 57 -25 75 79 55 72 12.4400 15.6880 E. 3760 
4 0 F 2 D'l'S 1 155.932 155. 434 173. 786 157.217 83 -7 78 -9 126 110 78 94 22.E573 21.4620 4. ~601 
5 c F 2 DTS 2 155.003 156.536 173.601 157. 269 83 -7 79 -9 128 112 79 95 20.6573 18.4629 3 .. s 6"11 
5 0 F 2 DTS 3 154.989 154. ~17 112. '7<18 156.259 84 _., "'9 -7 129 111 80 9·7 21.6966 20. 4736 3.5876 
7 0 F 3 D'!'S 1 140.702 141.236 144.000 127.073 96 12 "'7 9 168 124 110 117 36.8567 24.6491 9. c 90€ 
8 0 F 3 D'!'S 2 141.688 14'4. 220 146.000 128.063 96 11 "19 9 169 124 109 117 35.7795 25.6070 9.·1415 
9 0 ~ 3 DTS 3 140.68~ 141.220 142.000 128.063 98 10 81 7 164 123 ·105 116 35.867'7 25.6551 9. 0976 

10 422 F 1 D'l'S 1 H6.351 130. 073 166. 907 144.537 39 .3q 30 -34 67 67 57 66 11.0179 10.8036 6.6072 
11 422 F 1 D'l'S 2 146.351 129.073 164.907 H2.537 38 -33 32 -34 67 66 58 67 10.0686 10.8137 ~. h 274 
12 422 f 1 DTS 3 1QS.364 131.092 165. 909 144. 546 39 -33 28 -33 66 67 58 68 10.0281 9.8056 7. 6112 
13 422 F 2 DTS 1 143.274 135. 935 161 .855 146.467 46 -27 33 -18 99 86 71 86 -3. 7928 12.6829 8. 9 450 
14 422 F 2 D'!'S 2 139.245 133.893 161.849 146.447 43 -25 33 -21 99 85 7C 85 -2. 7339 12.7064 9. 9863 
15 422 f 2 DTS 3 142.231 133. 872 161.846 147.43~ 44 -26 33 -19 101 85 71 86 -2. 7732 12.6907 9.9588 
16 422 l 3 D'!'S 1 137.331 126.092 136.000 122.522 57 -1 44 0 164 102 104 100 -4. 7794 10.8476 9.3222 
17 422 F 3 DTS 2 135. 344 127.110 136.000 121.532 60 4 U7 _ 2 166 108 1 C4 101 -4.7573 10.8596 9. 3 363 
18 &44 F 1 !lTS 1 137. 265 113. 378 163.038 142.189 27 -30 23 -29 77 66 73 73 -22.6272 -9.1254 2. 7 491 
19 844 F 1 o:::s 2 136.225 113.322 159.032 139.161 28 -32 20 -31 78 66 71 72 -19.5461 -9.1092 2. 7 81E 
20 844 F 1 DTS 3 135. 238 112.340 163.034 142.170 28 -30 21 -32 78 68 73 74 -19.5968 -11 .1194 3. "1613 
21 844 F 2 DTS 1 128.701 108. 561 154.940 123.781 34 -26 31 -19 114 90 82 89 -3.1)761 -1.031)4 7.4467 
22 844 F 2 DTS 2 131.744 109.6211 150.949 124.812 32 -26 28 -18 113 91 80 88 -4.0859 -1.0344 6. 4 399 
23 844 F 2 DT5 3 133.744 110.624 153.949 123.812 31 -26 25 -19 116 91 82 89 -4.1350 -2.0540 6. 4 055 
24 844 F 3 DTS 1 113. 2211 95. 9116 128.000 97.446 45 -4 3ij -1 160 100 102 95 9.1P02 2. 3710 1 "?. Q °?2P 
25 ~44 F 3 DTS 2 113.104 96. 892 126.000 96.417 .44 -5 3£ -1 165 101 104 95 9.2022 4. 38 30 1A. a :..1:., 
26 344 F D~o 3 115.184 38.892 121 ,GIJC :98.416 46 -2 37 -2 163 102 107 q9 10. 1250 5.3409 1"'. ti'-t"".'"' 

OBS Er DO AV1 AV2 AV7 ua Plll1 PAii! IA1 IA2 IB1 Ii!2 IA7 UB IB7 IB8 !PAN1 FPA'l!4 RA 1 !:ft[l 

1 11.0000 1 167. 5 159. 5 16.5 14.0 654 61 7.0 10.0 1. 0 s.o ~- 0 1 2.0 0 493.14 528. 67 1. 32620 .11 5384 
2 10. 0000 1 164.0 159. 0 16.0 14.0 646 60 7.0 10.0 1.0 5.0 5.C 1 2.0 493.14 5 28. 6 7 1. 3 r997 .1134~~ 

3 10.0000 1 165. 0 158.5 14. 0 13. 5 647 55 7. 0 10.0 1.0 5.C 5.0 1 2.0 4q3. 14 528.67 1. 31200 • io4n5 
4 10.4629 2 165.5 157. 5 19.0 18.5 646 75 7.5 11.0 1. 5 5.5 ~- c 2 3.5 2 5~9.25 526."15 1.2~853 .142383 
5 11.116n 2 165.0 15P.O 17. 5 17. 5 646 70 7.5 11. 0 1.5 5.5 5.0 2 3.5 2 509. 2"i 526. 75 1.26853 .1l28YO 

6 ~.4786 2 16 4. 5 156.5 18.0 17. 5 642 71 7.5 11. 0 1. 5 5.5 5.0 2 3.5 2 509.25 526. 75 1.260~8 .1347ij9 
7 10. 7661 3 143.0 135. 5 28.0 20.5 557 97 1.0 9.5 o.o 5.0 5. 5 3 3.5 2 498.q 523.0~ 1.11697 • 185U68 
8 11.7380 3 144.5 137. 5 2-r. 5 21.5 564 98 7.0 9.5 o.o 5.0 i:.s 1 3.5 2 498.Ei 523. 0 0 1.13101 • 1P.7380 
9 11. 7701 3 142.0 136. 0 27. 5 21.5 556 98 7.0 9.5 o.o 5.0 5.5 3.5 2 496.67 523.00 1.11497 • fg7 380 

10 11.0000 4 157.0 138.0 13.0 11.5 590 49 7.0 10.0 1. 0 5.0 5.0 1 2.0 0 4 93. 14 528.67 1. 19641 .092685 
11 12. 0000 4 156.0 136.5 12.5 12.0 585 49 7.0 10.0 1. 0 5.0 5.C 1 2.0 0 4q3.14 528.67 1.18628 .092685 
12 11.0000 u 156.0 138 .5 13.0 11. 0 589 118 7.0 10.0 1.0 5.0 5.0 1 2.0 0 493.1U 528.67 1.19439 .o90n4 
1 3 18.6829 1~3.0 142. c 7.5 18. c 590 51 7.5 11. 0 1. 5 5.5 5. IJ 2 3.5 2 SQ9.2~ 526.75 1.15857 .09682"' 

14 18.7064 151. 0 141. 0 8.5 18.0 584 53 7.5 11.0 1.5 5.5 ~-('I 2 3.5 2 50°.25 526 • ., 5 1. 1467e • 1 00617 
15 19. 6907 152.S 141.5 8.5 18.5 588 ~4 7.5 11. 0 1. 5 5.5 5.0 2 3.5 2 r:,(H). 25 526. 75 1.1546U . 10 2 ~ 1 t:, 

16 19.8984 E 137.0 125.0 7. 0 18.0 524 50 7.0 9.5 o.o 5.0 5. 5 3 3.5 2 498.57 523.nO 1.05080 .095602 
17 18. 9064 E 136.0 125.0 7.0 17. 5 522 49 7.0 9.5 o.o 5.0 5.5 3 3.5 2 498.n 523.~0 1.04678 . 09 369ry 
18 0.0000 7 150. 0 127 .5 -6.0 -4.0 555 -20 7.0 10.0 1. 0 5.0 5.0 1 2.0 0 493. 14 s2q. 6~ 1.12544 -.037831 
19 0.0000 7 147. 5 126.0 -4.5 -4.0 547 -17 7.0 10.0 1.0 5.0 5.0 1 2.0 0 493.14 528.67 1. 10922 -.032156 
20 0.0000 7 149.0 127 .0 -4.0 -s.o 552 -18 7.0 10.0 1. 0 5.0 5.0 1 2.0 0 493.14 528.67 1.11936 -.034048 
21 4. 9 596 8 142.0 116. 5 6.5 4.0 517 21 7.5 11.0 1. 5 5.5 5.0 2 3.5 2 509. 25 526. 75 . 1.01522 .63o~i;7 

22 3.9656 8 141. 5 117. 5 5.5 3.5 518 18 7.5 11 .o 1. 5 5.5 5. 0 2 3.5 2 509.25 526.75 1.~1718 ;034172 

23 4.9460 e 144.0 117.5 5.5 3.5 523 18 7.5 11.0 1. 5 5.5 5.0 2 3.5 2 'i09.25 526.75 1.02700 • 0311172 
24 16. 247 J 9 121.0 97. 5 17. 5 11. 5 437 58 7. 0 9.5 o.o 5.0 5.5 3 3.5 2 498.67 523. on 0.87633 .110890 
25 16.2554 9 120.0 97.5 18.0 12.5 435 61 7.0 9.5 o.o 5.0 5.5 3 3.5 2 498.67 523.00 r.01232 .116635 
26 15.2273 9 121.5 99.5 18 12.5 442 61 7 9.5 0 5 5.5 3 ~. 5 2 498. 67 523 .886358 .11F635 

w 
CJ1 
C"I 



~ODEl WIND TUN~!L !FS~S 

~A:~ w:1:Jc; s~:; 

IF ANGtE=1 rnP.EN GO TO VEL1 
IF ANGLE=2 '!"B!N GC TC VEL2 
IF ANG1E=3 THEN GO TC VEL3 
VEL1:; 
V1• 1.300; V2= 1.300; V3= 1.310 
V4= 1.350; Y5= 1.3EO; V6= 1.350 
V7= 1.370; VS= 1.360; T9= 1.355 
GC TO CVF!l; 
VEL2:; 
V1=1.290; V2=1.300; V3=1.300; 
V4=1.355; V5=1.360; V6=1.355; 
V7=1.360; V8=1.365; V9=1.370; 
GC '!"C CVER; 
V!LJ:; 
V1~1.240; V2=1.230; V3=1.240; 
V4=1.355; V5=1.370; V6=0; 
v7=1.375; ve=1.110; V9=1.375; 
OVER:; 
V1S=V1**2; V2S•V2**2; V3S=V3••2; V4S=V4*•2; V5S=V5**2; Y6S=V6**2; 
V7S=V7**2; V8S=V8**2; V9S=V9**2; 
IF OBS=1. AND OPNG=OOOO !HEN VS=V1S; 
IF OES=2. AND OPNG=COOO THEN VS=V2S; 
IF QBS=3. AND OPNG=OOOO THEN VS=V3S; 
IF 085=1. AND OPMG=0422 THEN VS=V45; 
IF ~ES=2. ANt OPMG=0422 THEN VS=VSS; 
IF OBS=3. AND OPNG=C422 THEN VS=V6S; 
IF OES=1. A~D OPRG=0844 THEN VS=V7S; 
If 085=2. AND OPNG=0844 THE~ VS=V8S; 
IP 0!5=3. AND CPNG=0844 ~AEI VS=V9S; 
:F vrt=• S' '!'HFN GC TO :E'V1: 
!F ~!L;'M' ~HE~ GO TO !Y2; 
IF V~l='F' THEN GC !O EVJ; 
EV1: EV=.17337; 
GO ~O AHEAD; 
FV2: ~V=.17626; 

GC "!'C AE!AD; 
~V3: !V=.17445; 
AP1:AD: ~=(3.A4/7.2e:) •*{2*!'V): 
NEY.::U=~.1/(V!'*K); A2=12/(VS*K); A3=13/(VS*~); A4=A4/(VS*K); 
A~=A~/!VS*K); A6=A6/(VS*K); A7=A7/(VS*K); A8=A8/(VS*K); 
E1=B1/(VS*F.}; E2=E2/(VS*K); 83=83/(VS*K); B4=f4/(VS*K); 
E5=B5/ (VS*K): B6=86/ (VS*K); B7=E.7/ !VS*Kl; B8=E8/ (VS*Kl; 

26 OESERH:IONS IN ~A~A SO:! WitlDC 71 VAFIABLZS 

F~2C P~IN~ DA!~=WI~DC; 
DF0? V1 V2 V3 VII VS VF, V7 V8 vq: 
DFCP VI~ V2S V3S VIS VSS VlS V7S V8S V9S; 

17: 59 FRIDH, APRH 1, 1977 

D&Of AV1 AV2 AV7 \VS PAS1 PAN4 FPAH1 !PAN4 IA1 112 IA7 IAB I~1 182 !E7 !38; 
r.FCF ?ri ?A4; 
DAOP AV3 AV4 AV5 AV6 AESPAS1 PAN2 ABSPIB2 IESPIN3 PIN3 ABSPl~4; 

w 
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!10D!l W!Nli TTJNNEL TESTS 

cas CFNG VEL ANGLE "ODIF css 11 A2 ~1 E2 13 A4 B3 134 

1 c ' 1 s:.s , 113. 14 9 11J.677 133. 60 2 123.659 49. 48 65 -14.7721 39.146~ -18.4651 
2 c F 1 DTS 2 110.204 110.691 131.388 122.92€ 50.2251 -11.0791 41.3619 -19.2037 
3 0 l' 1 DTS 3 109.303 10"1.622 130.124 121. 820 50.9160 -13. 09:27 41.4602 -18.1843 
4 0 F 2 DTS 1 116.965 116.~91 130. 357 117.928 62. 2583 -5.2507 58.5078 -6.7509 
5 0 F 2 M'S 2 1H.486 115.620 128.370 116.160 61.3042 -5.1702 58.3498 -6.6474 
6 c l' 2 DTS 3 114.476 114.127 127.629 115.413 62.0428 -5.171)2 58.3498 -5.1702 
7 0 F 3 DT~ 1 114.223 114.€ 59 116.901 103.159 77. 9339 9. 7417 62.5095 7. 306 3 
8 c F 3 OTS 2 116.902 118.991 120.460 105.660 79.2063 9. 0757 65.1802 7.4256 
9 c ! 3 DTS 3 1111.212 114.644 115.277 103.963 79.5576 8.1181 65. 7568 5. 6827 

10 422 l' 1 DTS 1 100.237 89. ~88 114. 3.16 99.994 26. 7113 -23.2868 20.5472 -23.2868 
11 422 l' 1 DTS 2 98.768 87. 108 111.291 96.194 25. 6451 -22. 2708 21.5959 -22.9456 
12 422 r 1 DTS 3 99. 561 89. 78€ 113.632 99.001 26.7113 -22.6019 19. 1774 -22. 6(• 19 
13 422 F 2 DTS 1 97.406 92,417 110.039 99. 578 31. 27 36 -18. 3562 22.4354 -12.2375 
14 422 1' DTS 2 93.973 90.361 109.227 98.833 29. 0195 -16.871~ 22.2708 -14.1723 
15 422 " ~ DTS 3 96.597 91.015 110.033 100.236 29. 9139 -P.6764 22. 4354 -12.9174 
16 42? 3 D~S 1 93.366 85. 725 92.461 83. 298 38.7521 -~.6799 29.9139 0.0000 
11 422 ~ 3 DTS 2 90.011 84. 535 90.447 80.825 39. 9033 2.6602 31.2576 1.3301 
18 844 F 1 DTS 1 91 .289 75.403 108.429 94.564 17.9565 -19.9517 15. 2963 -13.2866 
19 ~44 F 1 D'!'5 2 91.9J4 76.471 107. ~26 93.916 18.8964 -21.5959 13. 4974 •20.9210 
20 844 F 1 DTS 3 91.943 76. 3 76 110.841 96.656 19.0361 -20.3958 14. 2.771 -21.7556 
21 844 F 2 DT~ 1 86, 857 73.265 104.565 83.536 22. 9456 -17.5467 20. 9210 -12.8226 
22 844 1' 2 DTS 2 88.260 73.441 101. 126 8 3. 616 21.ueo -17.4183 18,7582 -12.0589 
23 844 F 2 DTS 3 88.947 73,571 102.384 82.342 20.6167 -1"'.2914 16.n264 -12.'d60 
24 844 l' 3 D~S 1 74.753 63.346 84. 5 09 6 4. 33 6 29.7102 -2.6409 25.0AB6 -0.6602 
25 844 ~ 3 DTS 2 75.273 64 .U38 83. 797 64. 1?' 29.2624 -1.3253 23.9420 • o &:,~"!'" • 

26 844 F 3 DTS 3 71! .• 047 ~5. 291 83.848. 64. ~71 3~.3704 -1.3204 24.U2PU -1.~2rw 
OBS AS A6 BS ~6 A7 AB B1 BB DO vs EV. K 

1 57.611 57.611 42.1005 53.9181 12.0902 11.5767 5. 4270 8.1247 1 1.69000 .17445 • an1127 
2 5q. 65 7 59.827 42. 100 5 54. 6567 11.4115 12.3273 5,q509 7 .3860 1 1. 69000 • 1-ruqs ,801127 
3 54.553 57.462 uo.005q 52.3707 9.0485 11.4110 4. 6377 7.2737 1 1.71610 • 17445 • BO 1127 
4 94.513 82.511 58.5078• 70.5094 16 .9953 16.0994 1.U206 7 .8 q9 3 2 1.66410 • 1"'445 • 801127 
5 94.541 82 .• 7 24 58.3498 70.1674 15.2576 13.6368 2.6295 8 .4 666 2 1. 690CO • 17445 .801127 
6 9'i. 28C €1. 985 59.0884 71.6447 16.0252 15. 1256 2. E498 1.0010 2 1. 690'::0 • nu 4.5 • !?:') 112' 

1Jt..384 100.665 89.,!933 94.9820 29.9207 .!0.0104 7. 37g9 8.7400 1.537f0 .17445 • 2:: 1127 
H 139. 4 36 102.308 . 89.9322 96.5327 29.52n4 21.1274 1.q590 'l.f\846 3 1.51290 • 17445 .801127 
9 133.137 99,853 85.2402 94 .1702 29.1178 20.8271 7. 3R56 9. 5551 3 1,53760 • 17•45 .80112 7 

10 •5.889 •5.989 39.0397 45. 2038 7.5462 7.H'lu q,52'i3 7. 5 34 s 1. A2250 • 174 45 • 801127 
11 45.2H 44.542 39. 1425 45. nE4 6. nso 1. 2979 4.4727 8.0985 q 1.84%0 • P445 • 8~1127 
12 45.204 45.8H9 39. 7246 4E.'i736 6.8683 f\,7159 'i. 2130 7. 9140 4 1.82251 • 17445 .9~·1127 

13 67.306 58.468 48. 2701 58.4601 -2. 5786 8.6226 6.oe14 12.7Me 5 1,'l36C2 • 17445 • 801127 
14 66.812 57. 364 q7.2410 ':7.3641 -1.8450 8. 5752 6. "'?JOU 12.62"• 1.84C":o62 . 17445 .8C1127 
15 66.666 57.788 48.2701 58.4681 -1.8854 8.6279 6. '70f. 11.387·} 5 1.83602 .17•~5 • 801127 
16 111.49"7 69.346 70.7056 67.Q861 -3.2493 7, 374q f,. 33?8 13.' 2~2 6 1.83602 • 174 45 .801127 
17 110.399 71.S26 69. 1f57 67.17% -}.1639 1.2223 6. 2c~1 12.571~ 6 1.87690 • 174 45 .8C1127 
18 51.?0~ 41.894 48. S U9!) 46.5490 -15.0483 -6.0689 1.P2P·3 0.0000 7 1.87690 .17445 • eo 1121 
19 52.64C 44. 5•12 47.9159 48.59C7 -13.1911 -6. 1475 1. e772 o.ooory 1 1,e4960 • 17445 .801127 
20 53.029 46.231 49.6299 so. 30 97 -13.3231 -7.559E 2.5572 0.0000 i 1.83602 • 17445 • 13') 1, 27 
21 7~.935 60.738 55.3394 60.0635 -2.0760 -0.6954 5.0256 3.3538 8 1.84960 .17445 • 801127 
22 75.703 60. 964 53.5949 58.9544 -2.7373 -0.6930 4. 314 3 2 .656"7 8 1,86322 • 17445 • Gt' i 12'"1 

23 77 .146 60.520 SU.5345 59.1899 -2. 7500 -1.3660 4. 26% 3 .2P,94 B 1. 87690 • 17445 .801127 
24 105.636 66.023 67.3432 62. 7216 6.0610 1. 5654 11.9397 10.7269 'I 1.A906~ • 174 4 5 ,M1127 
25 109.730 f7.171 69. 1657 ti~- 1RO? 6. 1200 2.Q1~0 12.6007 10.8107 9 1.87690 . 174 45 • 8'" 1, 2"7 

26 107.617 67. 34 3 "70.6443 (iU,7023 6.68UB l. 521S 2 11.8166 10~ r-.:;3~ 9 1,P0~6~ .17U45 .P 0 1127 

w 
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!IODEL WIND TUN!ll'L '!ISTS 17: 59 !'RID!Y, APRIL 1, 1977 

D~TA WINCE; SET; 
PI=J.141592654: 
IF D0=1 C~ DC=4 OR DC=7 THEN C=COS(O); 
Ir D0=2 03 DC=S CR BO=S THEN C=COS(P!/12.); 
IF ~0=3 CR D0=6 OR D0=9 THEN C=COS (PI/6.); 
CC~ftE''!' 

LINEAR CANTILEVER BEAM CALIBRATION CONS~l!ITS I!I CHA!'? DIVISIC!IS 
PER 02. OF STATIC !'ORC!. DIR!'C~ION CF LOADING CONSIDERED 

CA1=32.7355; CB1=35.0395; CA2=34.2445; CB2=36.0115; 
CA3=25.0515; CB3=24.668S; Cl4=33.932C: CB4=31.9140; 
CA5=38.8555; CB5=38.0700; Cl6=37.4195; CB6=39.813C; 
CA7=34.2265; CB7=39.7555; CA8=38.6700; CB8=37.4620; 
CC MME NT 

CALIERA~ION OF AVG OBS~FVATICllS FOR EACH OPENING 

A1=A1/CA1; A2=A2/CA2; A3=Al/CA3; A4=A4/CA4; 
A5=!5/CA5; A6=A6/CA6; A7=A7/CA7; A8=A8/C!8; 
B1=B1/CB1; 92=!!2/Cl!2; E3=E3/CE3; B4=E4/CBQ; 
B5=E5/CB5; B6=B6/CB6; Bi=B7/CB7; B8=B8/CB8; 
FA1B=125.25; F!1A=125.00; FA1I=i24.00; FB1B=141.25 
FA2B=112.50; 1'A2A=109.67; FA2I=109.00; 1'B2B=119.75 
FA1B=119.00; FA3A=105.67; FA3I=108.33; FB3Bs115.50 
FA4B=078.50; PA4A=082.00; PA4I=077.33; FB4E=076.33 
FA5B=120.i5; FA5A=131.00; FA5I=124.33; FB5B=108.75 
FA6B=153.25; 1'!6!=152.33; FA6Ic151.0C; F96Bs160.75 
FA79=118.33; FA7A=126.33; FA7~=122.33; FB7B=121.6i 
FA8B=138.67; FABA=131.00; PA8I=138.67; FBBB=148.00 
llrA1•AVG(PA1E,FA1A): AVFB1=!YGIFB1E,FB1A); 
AVFA2=AYGIFA2B,FA2A); AVFB2=AYGIFB2B,FB2A); 
AVFA3=AVG(FA3B,FA3A); AlFB3=AYG(fB3E,PB3A); 
AVPA4•AVG(FA4B,FA4A); AVFB4•AVG(FB4B,PB4A); 
AVFAS~AVG (FA5B, FASA); AYFB5=ATG (FBSB, FBSA); 
AVPA6=AVG (FA6B, l'A6A); AVFB6=AYG (l'B6B,FB6A); 
AYFi7=AVG(fA7B,FA7A); IVFB7=AVGIFB7B,FB7A); 
AVPA8=AVG(FA8B,FA8A); AVFB8=AVG(FB8B,FB8A); 
STA1=AVPA1; STE1=AVFB1; 
S:A2=AVFA2; STB2=AVFB2; 
ST~3=lVFA3; S!Bl=AVFE3; 
STA4=AVFA4; S!B4=AYFB4; 
STA~=AVFA5; STE5=AVPB5; 
STA6=AVFA6; ST86=AVFB6; 
STA7=AVFA~; ST87=AVF87; 
S'!A8•AVFAB; STE8=AVFB8; 
IF OPNG=OOOO AND ANGLE=2 THEN ORD=6; 
IF OPNG=OOOO AND ANGL!=l THEN OP.D=7: 
IF OPNG=OOOO AND ANGLE=1 THEN CRD=8; 
IF CPDG=0422 AND A'GLE=1 !H~N OFD=9; 
IF OPNo=0844 AND ANGLE=1 THEN CRD=10; 
IF OFNG•0844 AND ANGLE=) THEN CFD=13; 
IF CfNG=0422 AND ANG1!=3 !HE~ OPD=14; 
IF OPNG=0422 AND ANGLE=2 THEN ORD=15; 
!F CPNG=0844 AND ANGL!=2 TH~N OFD=16; 
IP ANG1E=1 THEN GC TC ANG1; 
!F ANGL~=2 TF.EN GO ~C ANG2; 
IF INGlE=3 THEN GC TC ANG3; 
ANGl:; 
DA1=!FA1I-PA1A)/3.; DB1=(FB1!-FE1A)/3.; 

FB1A=139. 00 
FB2A=117. CO 
FBH=105.33 
FBllA=08~.67 
FB5A=125.67 
FB6 ls162. 00 
F!!7A=130.00 
FB8A=139. 6i 

FE1I=140.00 
FB2I=117.00 
PE3!=107.00 
FB4I=078. 67 
FB5I=112.50 
FP6I.= 161.50 
FE71=124. 33 
FB8I=1117.00 

w 
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Cl2=!FA2I-FA2A)/3.; 
OA3= (FA3I-FAjA) 13.; 
DA4=(F!4I-FA4A)/3.; 
LA5=(FA5I-FA~A)/3.; 
n16=(FIET-PAfl)/J.; 
DA7=(FA7I-FA7A)/3.; 
DAB={FA8I-PA8A)/3.; 
!? trD=8 T~EN GC :o !58; 
GC ::c G'!'8i 
IS8:A1=A1*AVFA1/FA1B; 

A2=A2•AVFA2/PA2E; 
AJ=A3*AVFA3/FA3E; 
A4=A4*AVFA4/fl4B; 
A5=A5•AVFA5/PA5F; 
A6=A6*AVFA6/FA6B; 
A7=A7•AVFA7/FA7B; 
A8=18*AVPA~/FA8F; 

GO TC CAR; 

ta2=(FB2l-PB21)/3. 
~E1=(FB3:-FE3A)/3. 
DE4"(FB4I-FE4A)/3. 
DB5=(FBSI-PE5A)/3. 
DB6=1FB6I-fE6!)/3. 
DB7= (PB7 I-FE7 A) /3. 
Dll8= (!'B8!•FB81) /3. 

B1=B1*AVFB1/fB1B; 
E2=E2*AVFE2/FB2B; 
B3=E3•AVFE3/FB3E; 
B4~B4*!VFB4/FB4B; 
E5=!5*AVPE5/FB5B; 
B6=B6*!VPE6/FB6E; 
B7=B7*lVFB7/FB7B; 
E8=B8*AVFl!8/FB8B; · 

G°"8: A 1=A 1* (AVf'A 1/ (PA 11- (OR0-9) *Dl 11) ; 
l2=A2*(AVFA2/!FA2!-fORD-9)*DA2))! 
13=13• (AVFA3/ (FA3I· (OBD-9) *DA3)) ; 
14=A4* (AVFA4/ (FA4I· (OBD-9) *DA4)); 
A5=15*(1VFA5/(Fl5I-(0RD-9)*DA5)); 
A6=A6* (AVF!6/ (FA6I· (0RD·9) *DA6)) ; 
A7=A7* (AVFA7/ (PA 7I· (OBD-9) *DA 7)) ; 
A8=18*1AVFAB/(FA8I-(ORD-9)*DA8)); 

B1=B1*(AYFBl/(PB1J-(CBD·9)*DE1}) 
B2=B2•(AVFB2/(FB2I-(CRD-9)*DB2}) 
B3=B3•(AVPB3/(FB3I-(CFD·9)*D83}) 
B4=B4*CAVFB4/(PB4I-(CBD-9)*Dll4)) 
BS=BS* (lVFllS/ (FBSI- (OBD-9) *DBS) I 
B6=B6•(AVFB6/(FB6I-(CRD·9)*DB6)) 
B7=B7*(AVFE7/(Fll7!-(CBD-9)*Dll7)) 
B8=B8*(1VFB8/(FB9!-(CPD-9)*DE8)) 

GO TO CAR; 
ANG2:; 
!F CRD=6 THFN GC !O H06; 
IF CRD=15 OF. CFD=16 THEN GO TO N015_16; 
N06:; 
Al=Al*STAl/124.25; 
A2=A2*STA2/111.25; 
!3=A3*S!A3/103.50; 
A4=!4*STA4/103.25; 
A~=A5*STA5/127.0C; 
A6=A6*STA6/151.00: 
17=!7*STA7/122.25; 
A8=AB•ST!6/132.00; 
GC ":O CAil; 
N015 16:: 
Al=Al*STAl/126.75; 
A2=A2*STA2/113.50; 
A3=A3*STA3/103.33; 
A4=A4*S~A4/89.00; 
A5=A5•STA5/122.75; 
A6=A6*STA6/147.75; 
A1=A7*STA7/119.75; 
AB=AB*S~AB/137.75; 

GO TO CAF; 
AllG3:; 

E1=B1•STB1/142.00; 
B2=B2*STB2/119.75; 
E3=E3•STB3/1C4.75; 
B4=B4•STB4/96.25; 
BS=BS•s-aS/119.50; 
E6=B6.•STB6/15S .67; 
B7=B7•S~B7/127.75; 
B8=B8*STBE/141.00; 

E1=E1•STB1/145.75; 
E2=E2*5TB2/123.25; 
a3=B3•STB 3/1OC.00; 
E4=E4*STB4/88.33; 
B5=B5•STB5/111.25; 
E6=B6•STB6/159.50; 
E7=B7*STB7/123.00; 
B8=S8•S7B8/14E.25; 

IF OBD=7 THEN GO TO N07; 
IF OFD=13 OF OBD=14 TREN GO TC N013_14; 
NC7:; 
A1=A1*STA1/126.0; 
A2=~2*STA</113.61; 
A3=A3*ST!3/112.17; 
A4=A4*STA4/78.33: 
A5=A5*STA5/120.0; 

B1=B1*STB1/144.0: 
E2=P2•~TB2/120.0; 
E3=B3*STB3/111.S; 
B4=B4*5TB4/72.5; 
ES=E5*ST95/118.33; 

A6=Ai•STA6/147.33; E6=E6*STB6/159.67; 
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A7=A7*STA7/115.33; 
Ae=A8•STA6/14C.33: 
GO TC CAR; 
N013_ 14:; 
Al•Al*S7A1/126.33; 
12=!2*STA2/113.67; 
13=B*ST13/103. 33; 
A4=~4*STA4/86.33; 

AS=AS*STAS/119.75; 
A6=A6*STA6/148.75; 
17=Al*STA7/118.00; 
A8=AB*~~A8/137,33; 

CAR:; 
COMM ENT 

1=(20+19132)/18.; 

~7=B7•5TB7/118.33; 

E8=38*STB8/1ij9.E7; 

E1=B1*ST31/140.67 
E2=B2*STB2/118.00 
E3=!3*STB3/1C4.00 
E4=B4*STB4/84.67; 
E5=B5•STB5/110.75; 
E6=B6*STB6/161.7S; 
81=B7•ST87/121.33; 
se=sB•STBB/146.33; 

ADJOST"ENT FOR DIFFERENCE IN LENGTH OF 
OF~NING AND MOVEABLE FANE! 

Al=Al*L; A2=A2*L: A3=A3•L; !4aA4*L; 
A5=A5•1; A6=A6*l; !7=17*L; A8=AB*L; 
El=El*L; B2=B2*L; B3=B3•L; B4=E4*1; B5=B5*L; 
B6=B6*1; E7•87•l; B8=B8*L; 
COKMENT 

FECCFDER CHANNEL CALIBRATION CONSTANTS FOR TESTS AND STANDARD 

R5= 20 ;R6= 20.00;F7= 19.9 ;RS= 20.0 ; 
S'r=20.; 
CO KMENT 

CHANMEl CALIBRATION ADJUST9EKTS,H!GHER THll STANDlRt INtICATES 
A H!GH READING POR THAT CHANNEL (CO~MON TO 4 MONITCRING POINTS) 

A1=A1*ST/R5; B1=81*ST/R7; 
12=A2*ST/R6; B2=B2*S?/F8; 
A3=A3*ST/R5; E3=E3•S~/R7; 
A4=14*ST/R6; B4•B4*ST/R8; 
A5=AS*ST/Ro; ES=E5•ST/R7; 
A6=A6*ST/R6; B6=B6*ST/R8; 
A7=A7*ST/R5; E7=E7•ST/R7; 
A8=!8*ST/R6; B8zB8*ST/R8; 
AV1=(A1+El)/2.0; 
AV2=(A2+B2)/2.0; 
AV~=(!3+E3)/2.~; 
AV4=(A4+B4)/2.0; 
AVS=(A5+E5)/2.0; 
AV6=(A6+E6)/2.0; 
AV7=(A7+B7)/2.0; 
AV8=(A8+E8)/2.0; 
PAN1=(AV1+AV2)*2.; AESPAN1=(AES(AV1)+ABS(AV2))*2. 
PAN2= I AV3+AV4) *2.; HSPAM2= (AES(AV3) +ABS (AV4)) *2. 
PAN 3= (AV ':+AV6) *2.: ABSPAN3= (AES (AV5) +ABS (AV6)) •2. 
PAN4=(AV7+AV8)*2.; AESPAN4=(AES(AV7)+ABS(AV8))*2. 
PANTCT=(EAH1 + PAN2 + FAN3 t PAM4); 
AESPANTO=AESPAN1+ABSPAN2+ABSPAN3+ABSfAN4; 

26 OBSERVATIONS IN CATA SET ~INDE 
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!IODEL WIND TUllHF!. '!"ESTS 

OBS OPWG Y!L lllGl:E !IODIF 11 !2 1!1 !'2 A3 !4 B3 ll4 AS A6 BS 

1 0 F 1 DTS 3.87154 3. 61773 11.28756 3.85668 2.16462 -.111171+52 l. !!1162 -.695152 1.70684 1. 71711 1. 311177 
2 0 ;; 2 D'!'S 11.051'!40 3.85129 •• 17039 3.65876 3. 06671 -.136196 2.869•7 -.183276 2.76601 2.5119411 , • 73745 
3 0 F 3 D'l'S 3.99522 3.79058 3. 75355 3.26755 3.60862 .310153 2. 97 639 • 267504 4. 21042 3.20066 2.63745 
4 422 F 1 n·rs 3. 50983 3.01878 3.71411 3.15210 1.2•817 -. 7911979 0. 9R316 -.R31235 1. 35449 1. 40578 1. 236"16 
5 422 F 2 !>'!'S l.~1304 2.981122 3.116305 3.03760 1. 49292 -.536141 1.15185 -.422972 2.04099 1. 82983 1.52512 -\;·; 

OBS 1!6 17 18 !7 BB ro 1'1 11'2 H3 llll AVS AV6 AY7 AVB 

1 1. S06e o. ~7 .. 95 .338647 .1511707 • 225ti 19 1 11.07955 3. 73720 1.98812 -.571302 1.52730 1.66243 • 2648 28 .282033 
2 2.05553 0.53829 .451932 .082619 .242129 2 4. 111139 3. 75503 2. 96809 -. 159736 2. 25173 2.30249 .310453 • 347030 
3 2. 76578 1.04665 .5A7173 .227863 .273731 3 3. 871139 3. 52906 3.29250 • 288828 3. 42394 2.98322 • 637257 • 430452 

" 1.311211 0.23633 .205338 .138666 .230758 4 3.61197 3.08544 1.11567 -.813107 1.29563 1.35851 .187496 .218048 
5 1.689211 -0.01181 .249305 .1932311 • 387595 5 3.38804 3.01091 1.32238 -.47955"1 1.78305 1.75953 • 060711 .318450 

095 ~AN1 ~J;:;PAN1 HN2 A5SPA112 i'AM3 1BSP!N3 PA!l4 ABSPA114 OR!) P!ll"'.'OT AESFA!l'!'C 

1 15.6335 2. 833M 5.11684 6. 3795 1.09372 8 25.91103 ~8. 2255 
2 15. 7388 s. 61E71 ~.25566 9.10811 1.31497 6 31. 7789 32. 4179 
3 14. 8069 7.16266 12. 91113 2 .135112 7 36.9193 
4 13. 39118 O. E0512 3.85755 s. 3083 0.81109 9 20 .1193 23.3717 
5 12.7979 1. EB 566 3.60388 7.0852 o.7SBJ2 15 22.3271 24.2453 

llODEL W!MD TO!l!IEL ~ESTS 

OBS OPllG YEL l!IGL! llODIP &1 A2 81 e2 i3 All B3 Bii AS !6 BS 

6 1122 F 3 D'!'S 3.17393 2.779118 2.98~51 2. 61541 1.95261 .03103'5 1.51360 .022386 3. 43395 2. 21677 2.23551 
7 8114 F 1 DTS 3.22606 2.58531 3.58422 3.05510 0.118955 -.708220 o. 69411 -.735789 1.53150 1.38467 , .1171198 
8 8411 F 2 DTS 3.03688 2.40093 3.23985 2.53766 1.07575 -.529574 0. 96595 -. 403508 2.31275 1.92050 1.73395 
9 g114 p 3 !lTS 2.60862 2. 10130 2. 74 753 2.05502 1.4"1862 -.tj1612e 1.21176 - • ~2%'l6 3. 3 3226 2.09q30 2.20723 

OB<; 86 !7 AB B7 BB DC AV1 Af2 J'3 AV4 AV~ H6 AV" AVA 

6 1.93748 -.111121 .2120111 .188184 • 3917 SQ 6 3.08172 2.69745 1.73311 • 026710 2. 83473 2.07713 .(•l6532 .301g99 
1 1.110986 -. 4581111 -.193201 .0601911 .000000 7 3.40515 2.82021 0.79186 -.722005 1.50319 1.39726 -.198960 -. 0961\0 1 
8 1.72711 -.086089 -.026589 .134138 .093110 8 3.13835 2.46930 1.02085 -. 466541 2.02335 1.82380 .024025 .033261 
9 1.S2155 • 217924 • ()77527 .362533 .316116 9 2.67807 2.07816 1.34519 - • os 29 n1 ;. 76975 1. 960U 3 • 290228 • 1%822 

OBS HN1 AB SPAR 1 PA'iZ Al!S!'6N2 P!N3 !'lSPA 'J3 PANU llBSP~N4 ORD ?lN"!'OT AESPAllTO 

6 11.5583 3.51963 3.54C94 9.62372 .680861 111 25.5625 25. 60 )q 

" l2.q507 o. 13971 3. 02773 5.80091 -.591121 • 591121 10 17 .8002 21.8705 
e 11.2153 1. 108€2 2.9747q 1. 691129 • 1111571 16 20.1328 21. 9990 
9 9.5125 2.56457 2. 79619 9.46034 • 974100 13 22.5315 22.7431 



DA7A II; S!~ iINDE; 

26 OESFRVATIONS IH tA~A SET iI 1911 VARIABLES 

DATA SUPP; 
INPUT CPWG 1-4 YEL S 5 AHGLF 6 ~OtIF S 7-9 OBS 11-12; 
IF ANGLE=3 AND OPNG=0422 TB!R GC TO DEF; 
DEF:; 
OBS=3; 
A1=3. 173926110; 
!2=2.77948487; 
B1=2.98951144; 
B2=2.61Sq1 
13:1.95261372; 
All=.031031193; 
B3,.1.51359895; 
Bll=.02238602; 
A5=3. 113395485; 
l6"'2. 21677087; 
85=2.23550923; 
B6=1.937118117; 
A7=-.11112077; 
AB=. 212013511; 
B7=0.1881811381i; 
BB=.391783835; 
PA!11=11.5583 
PAR2=3.51963362; 
ABSPAW2=3.51i0911232; 
PlN3=9.8237161; 
PANll=0.68086098; 
PANTOT=25.5825 
ABSPAHT0=25.6039 
CARDS 

OESFRVATIONS IH DATA SET SUPP 

DATA iISUPP; SE! W! ; S!'!' SOPP; 

27 OBSERVATIONS IN CATA SET VISOPP 

D!TA VIN; SFT WISOPP; 

27 OES!PVAT!OHS IR CATA S~T WIN 

PROC SORT DlTl=III; 
BY ANGLE OPWG; 

28 VAF!ABLFS 

1911 VARIABLES 

1911 V!R!ABL!:'S 

w 
O"I 
w 



= - - c 

1 £A~A S~I'; SE- il'; 
~ ANGL~>1 ~HF' ~o ~c p~~; 
!? ~!~G=C ~EE6 ~C !C ~FZ!FO; 
!: ~PNG=U22 !?.EN GO 7C OPFOU?.: 
:! ~~~G=a~~ :P.!~ GO ~o 0PAT~; 
CPZ!FO: 
:: O~S=1 ~3!S ~C !O P~P1 
:~ OES=2 ~H!N GC ~O FOF2 
~= CE5=3 ~HES GC TO F~F3 
FCP1: 
CD'.':11=11-((Al+El)/2); 
ODI12=!2-((A2+B2!/2); 
CD:l3=A3-Cll3+~3)/2J; 
C~!10=J4-((IQ+B~)/2); 
CDI15=A5-((A5+E5)/2); 
OD!16=H- I (A6+E6) /2); 
O~Il7=!7-((A7+P7)/2); 
ODI16=18-((AE+B8)/2): 
GC TO E!':: 
FCF2: 
CDI21=l1- (IA 1+~1) /2); 
cn:22= 12-11A2+e21121: 
CD!Z3=A3-((A3+!3)/2); 
ODI2•=1Q-((U+E4)/2): 
CD!25=15• f n=•ESI /2); 
Ot!26=A6·((l6+!6)/2); 
ODI27=A1·((A7+P7)/2); 
ODI28=A8-l!Ae+EB)/2); 
GC ~O F!':'; 
POF3: 
CDI31=A1-I (11+51)/2); 
cr1J2=12-!!•2•~~121: 
CD!33=l3-((A3+33)/2); 
CD!3U=10-((AU+!4)/2): 
Ct!35= A5- ( (!!:+~51 /2); 
ODI36=16·Cf~6+E6) /2); 
r;;:17=A7-((~7+E7)/2J: 

co:Je=1a-111~+ea1121: 
GC'!'O P!':': 
C~?CUF.: 

!? GPS=1 =~~~ GC ~O PDP~ 

:? SE~=~ ~!f!~ GC ~O FCP5 
:~ C!S=J ~H!~ SC ~~ f~f~ 

P0?4: 
FD!11=A1-((Al+E1)/21 
H: 12=!2- 1(!2+!2) /2) 
rn: 13= H- I (A3+B3) /2) 
FD!11•!4-((A4+!•)/2) 
FD!15=!5-( (!5+95) /2) 
fD:l!=AE·l!A6+B6)/2) 
FD:1"1=1'-! (A7+E7)/2) 
F~!18•! 0 -((i8+!•J/2) 
GC '!'0 F!~; 

Ft:F~: 
Fe 21=~1-((U+!l)/21 
fD 22= !2- ! IA2+ E2) /2) 
FD :<3=13· ( (l3+E3) /2) 
FD 24=A•·l(A4+!4)/2l 
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FD!25=!5-!!!5+E5)/2) 
f~:26=!6-!IA6+96)/2) 
FCI27=!7- I U7+91) /21 
FD!28=18-(IAS+E€)/2) 
GC :r: f!':'; 
F~F6: 
Hl!31=A1- 111. 1+91) /2); 
FDI32=A2•(!A2+E2)/2); 
Ft!33=A3-((l.3+B3)/2); 
FDI34=!4·( (h4+!4)/2); 
FD!35==J.5- ( (Ji.5+'S5) /2): 
H!36=A6-( (A6+!€) /21; 
FDI37=A7· (l!i+E7) 121: 
!D!3~=!6-(fA!+~~)/2); 
GC !C; E::::'!; 
CP1.~F: 

I: ~sss1 7H!S GC TC Fer~ 

If ~!5=2 THEN GC !O FCF8 
!F 0!S=~ ~HEN ~o ~o ?OP9 
FCP7: 
ECI11=!1-(fA1+E11/2); 
ED I 12= A2- ( ( A2+92) /2) : 
UI13=13·((!3+B3)/2); 
EDI14=A4-( (l4+E4) /2) : 
EDI15=!5-(!A5+E5)/2); 
EtI16=16· (116+86! /2); 
ED!17=17-CfA7+B7)/2); 
E9!18=18-C(A8+E~/2); 
GC '.:'C E;'.'!'; 
POPS: 
ED!21=A1-((!1+E1)/2); 
EDI22=A2·CIA2+B21/2); 
E0!23=A3- ( (A3+63) /2); 
~r.:24-=AU-- t {.!.W.•?~1 /~); 
!tI25=A5-((l5+95)/2); 
EDI2f=A6-f(A6+B6)/2): 
ED!27=A7- ( IA7+E7.) /2); 
!~I28=A8-((l8+98)/2); 
G':: '!"':' F'.!":'; 
F".:f 9: 
:C:!::31=A1-(0.1+=1}/2): 
:'.'~:32=A2-( (A2+P2}/2); 
ErI!3=A3-((A3+~3)/2); 
F.tI34=A4-( {A~+!!4) /2); 
!DI35=1:':- ( CA~+e5)/2): 
E~!36=A6- ( (Ae+;>E); 2) : 
::r;r37=A""-( (Ai+97)/2); 
EDI3e=A!-l!A8+!~/2); 
F:!: 
!~ 0PNG=~ TP.!N G0 ~~ ~!!Z!F0; 
:~ Cf~G~422 !H~~ GC ~C D:F01R; 
!! ~F~G=2U~ :e!' GO :~ c:FA!~; 
~:!7'f:::!C: 
I: t;ES=1 
rr oe~=2 
:: t::ES=--1 
FCC!1: 
A1:::Ji.1-fi!:':l1; 
!:1=::1+Ct.'!11: 

J.2=14:-t:'.'.1!12: 

tt:o:1 G0 :o 
H!N G0 'IC 
H!N GO ':C 

OCF1 
':I)~ 2 
CCf 3 
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4 AJ::::13-~D~13 5 AEl=ALI- !~:1 Li: 

3 E2=2.2+C!:I12 B3=E3+~DI13 E4=!!U+ED!1U; 
A3=.0-CD!13 !4=!4-FC!14 A~=!~-It!l S; 
E3=!3+0CI13 f'l=E4+Ftl1Q e5=~5+E~:1s: 
All::A4-0DI1Q !5=A5-FDI15 .tE=~E-:t:1'5: 
E:Q=91J+CDI1Q f~:::S':•Ftl15 EE=!:E+Er=!16; 
l~=A5-0t!15 l6=1€-f!l!1~ J.1=A7-!D!17; 
BS=BS+ CD!15 e6=e6+1'DI16 E7=~7+EDI17: 
lt=!€-ODI16 A7=A7-FCI17 A6=A6-'E~I1~; 
El)=!!f+Ct!l~ B7=E7+FD!17 ES=~~+!D!ll'.!; 
A7=J.7-CD!17 A~=Afi-Ft!18 r,o :c '!IP; 
E1=~7+0D! 17 E8=S6+ EDI 18 t:cc~e: 
Ae:J.8-CD!13 GC TC "!'! E; A1=A1-EDI21; 
E8='E?+co11e PCO !~! E1=~1+!D!21: 
GO 'IO '!!P; A1~l1-FD!21 A2=A2- H 122; 
FOOP2: E1=~1+FtI21 E2=E2+!I:122; 
A1=A 1-0DI21 A2=A2-F!H22 l,3=A3-!DI23; 
Bl=~1+0DI21 B2=!!2+FD:22 E3=E3+!!:I23; 
A2=A2-CDI22 l3•l3-!DI23 A4=!4-~0:24; 
B2=~2+0DI22 E3=B3+fD!23 Eti=Eq+fCI24; 
&3=A3-CDI23 A4=14-Ft:!24 A==A~-E!:!2~: 
El=gl+D~I23 E4=Ell+FD!24 E!5=~5+?D!25; 
A•=A4-0DI24 A5=A5-!DI25 A6=A6-!t!26; 
B4=B4+ CDI24 E5=E~+fDI25 E6=!!6+ :ED!2~; 
A5=A5-0DI25 16=!6-fDI26 A7=A7-E:!H2"1; 
B5=55•CDI25 86=36+ltI26 E7=e7+!D!27; 
A6=A6-0DI26 A7•A7-!DI27 A8:ii.A8-~D!29; 
E-6=~6+0DI26 E:1zS7+FDI27 Be=sB+:::r.:~i::!: 
A 7=l1-CDI27 A~=A 8- FD!29' G0 Tn ':'!P: 
C7=B7+0DI27 El3=E8+ !DI2 8 PCCF9: 
A8=!6-CDI28 Gt ?O '!!F; A1=!1-EDI31; 
B8=B8+0DI2B POOH: ~1=~1+EDI31; 
GC '!'O '!IF; A 1=! 1-PDI31 A2=A<-HI32; 
~C':~3: E1==E1+FDI31 :-'.?=~2+ ::::?2; 
11=A1-DDI31 12=A2-P'DI32 A3=A3-ED!33i 
E1=!!:1+0D!31 B2•B2+FDI32 !3=!3+!0!33: 
A2=A2-CDI32 A3• A3-FDI33 All=A4-!D!34; 
E2=B2+0DI32 £!3=!!3+FDI33 EU=9ll+!t!34; 
A3=A 3-CD!ll A4=A4-FtI34 !5=!5 ... It!V); 
El=E3+0DI33 Ell=~11+!!:!34 85=!:!5+!DI35; 
A4=A4-0DI34 l5=A5-PDI35 Af=At.- H::3E: 
B4=94+CDI34 e~=e~+:Ftl3'5 EIS=EE+ ::::3'5: 
A5=A5-0DI35 A6=A6-FDc36 A7=!:ii-Et!3'"1: 
B5=95•CDI35 Bf:=E6+FDI36 f7=E7+E~I37; 
Jl)=A6-CDI3~ l.7=A7-H:;37 A8=A6-!:I3C; 
E6=EE+ODI36 e7=e7+F!:II3"1 ee=!!B+!D!3P.; 
A7=A 7-CD! l"' A8=A8-f£!39 
E7=~7•CDI37 E8=E8+ fDI38 
A8=A8-CDI38 GC TC '!!£; 27 03SE?V l T :c?:s '~ !A':.l. 5" sw:~ 
E8=96+ CDI 38 D!FITE: 
GO to TIP; I! tBS=1 TH':!~ GO '!C POOF? 2t:€ VA?:A3:"'=~ 

D!FCUR: IF CES=2 !f.!:N GO !C P00!?8 T!P: 
IF OES=! !REI GO TC PCCPQ I!' O!S=l '!_ti~N GO TC PCCF9 PPCC PFI!f'!': 
IF OBS•2 Tff!N GO 0:0 POOPS FCOf?: VAR CBS op~r, ANGLE 11 ;:1 A2 B2 
I~ OBS=l TRER GO TC P00!6 Al•A 1-Hil 1 A3 E3 
POOFU: E1=!!1+!Di11 A4 B4 
A 1=11-FDrl 1 A2=A<-!Dl12 AS BS 
El=El+fDl 11 E2=E2+!DI12 A6 eE 
A2=!2-PDI12 Al=A3-!DI13 A1 !7 w 
E2=!!2+fDI12 E3=~'.:!+!0I13 .a.I? 38 en 

0'1 



s '! A '! I s '!' I c A L A !I A!. ! s I S s y s '.!.' ~ !! 

03S 035 CF!lG A.~iGl! !1 E1 A2 l!2 Id B3 Aq !Ill AS BS 16 86 

1 1 (\ 4. 111995 4. 111995 3. 767 38 3.76738 1. 93690 1. 93890 -.599317 -. 599317 1.S6943 1.SE943 1.65S81 1 .65581 
2 2 () 4. 06250 11.06250 3.7S613 3.75613 2. flOll 19 2.00111Q -. 5119459 -.5119459 1.5211C9 1.52409 1.71)024 1.70024 
J 3 0 11. C2 E20 11. C262 C 3.68810 3.6&810 2.n12., 2.0212"' -.565130 -.56513'> 1.4&839 1. 48839 1.631::2 1.63122 
4 , 1122 3.611487 3. 6111187 3. 10768 3.10768 1.1266F 1.1266~ -.829222 -. ~2 9222 1.29824 1.29824 1.35884 1.35884 
5 2 1122 3.5693C 3.S693C 3.l2897 3.C2€<;7 1.12663 1. 126.'53 -.81)5265 -.S05265 1.28984 1.289811 1.33918 1.3381€ 

~ 3 422 1 3.62173 3.62173 3. 11967 3. 119E7 1.~9371 1.09371 -.eQu833 -. g(\4833 1.29881 1.29881 1.37851 1.37851 
1 1 "144 1 3. 39C34 3.390311 2.~ooe1 2.eryl)01 0.79850 ll.79850 -.6~5703 -.'l85703 1.48507 1 .118507 1.37330 1.3733Q 
8 2 e1111 1 3.38354 3.38354 2.80872 2.00872 ('.777115 0.777115 -.7113013 -.7113013 1.1196113 1.1196113 1.38369 1.38389 
9 3 e1111 1 3. 44155 3.1111155 2.35103 2.85103 I). 79963 0.10953 -.737297 -. 737297 1.52808 1.S261)8 1. 434€0 1.ll3116C 

1'.l , 0 2 11.31€06 u.~219C 11.00569 3.58740 2.891119 3.%921 -.227740 -.109761 2.559311 1.93220 2. 115232 2.14~21 

11 2 0 2 Ii. 24419 3.911218 3.96158 3.511357 2. 37763 3.028CO -.303068 -. 029261 2.60S52 1. 98218 2.113578 2.1E139 
12 3 0 2 11.23896 3. 92305 . 3. 911502 3.118E90 2. 9C'154 3.04070 -. 249332 -.0392S6 2.591157 1.93655 2.41599 2.2C123 
13 1 1122 2 3.117C52 3.3618C 3. 09627 2.961113 1.41438 1. 29 302 -.572479 -.380447 1.962511 1.60577 1.78780 1.7~";77 ,. 2 1122 2 3.32820 3.35998 3. 017711 2.95269 1.35293 1.231108 -. 5389113 -.1131279 1. 95927 1.5€ 13~ 1. 77391 1.7076S 
15 3 422 2 3. 44E75 3.36093 3. n0eu 2.19600 1. 31393 1. 32 5% -.551386 -. 402807 2.c211se 1.581179 1.78597 1.711110 

16 1 81111 2 3. 17621 3. 119112 2.63443 2.31C21i 1. 080 311 1. 135611 -.5311821 -.1112368 2.3003~ 1.71C:59 1.939711 1. "'2700 ,, 2 1!114 2 3. 19511 3. Cll0115 2.61152 2.311136 0.93956 1.09026 -.S31834 -. 306S 111 2.2UQ57 1.15C?2 1.93749 1.7Qij14 
18 3 8114 2 3.27651 3. 022115 2.66153 2.25671 0.911129 I). 96S'l2 -.563421 -.31';9991 2.3CU41 1.76C36 1.92205 1.71239 
19 1 c 3 11.163711 3.53357 3_q59so 3.11€81 3.36990 3.1)7990 .211~3eo • 37;354 4.01351 2.e7CC:5 3.09152 2.8589P 
2() 2 0 3 Ii. 27207 3.63185 3.98953 3.2%<;2 3.46155 3.11i972 • 145936 .11591179 4. 15311 2.eu4111 3.12051 2.92713 

21 3 0 3 4.17387 3.117122 3.880811 3.120119 3. 1161191 3. 2091)4 .166592 .337229 3.92605 2.'73627 3. 011573 2.8~5115 

2= 1 422 3 3.3t182 2. s125·;, L .. ~7325 2.!:8C~E , • 7€51)0 1.618"!11 -.C35713 • ~144011 3. 38 1 21 2. 32'.)«6 2.11699 2. c 1c~1 
23 2 li22 3 3. 20193 2.871:54 2.82312 2. 512911 1. 89332 1.63472 .C51379 .070772 3.35886 2. 2.;9or 2. 215 so 1. 91)56C; 
2q 3 422 3 3. 281145 2.87899 2.q11206 2.55284 1. 7£: 1 32 1. 594pq .C17Q55 .':36366 3.38S2C 2. 2E426 2.l75E' 1.37•t5 
25 1 844 3 2. 76720 2.58297 2.30701 1.81173 1. ~ 1620 1.3C0i.i7 -.')1!1;133 -. '.i208611 3.2sug5 2 •. 1E134 2.G9279 1."71891 

25 2 81111 3 2.75569 2. 5892 2.31399 1. E33S9 , • 328 011 1. 30965 -.106U97 -.0:;0112 :>. 35, 14 2.25~14 2.11944 1.!!014~ 
27 3 !!411 3 2. 84010 2.5332 2.30760 1.31507 1. 398 57 1. 31821 -.C7910€ -.0CE729 3.3CS87 2.2831~ 2. 12347 1. 84649 



'JBS A7 B7 A8 B8 

1 .290071 .290071 .287092 .287092 
2 • 278703 .278703 • 286928 • 286928 
3 .225709 .225709 .27208:} • 272080 
4 .192360 .192360 .219001 .219001 
5 .179034 .17%34 • 225974 .225974 

6 • 191094 .191094 • 209169 .209169 
7 -.222441 -.222441 -.088935 -.088935 
8 -. 1Cl1030 -. 191030 -.090087 -.090087 
9 -.183409 -.183409 -.110780 -.110780 

10 .440743 • 225183 .440602 .290453 

11 • 394705 .190562 .344422 .331474 
12 .449048 .162474 .400930 • 274301 
13 -.147943 .239836 • 255845 .375375 
14 -.1i1109 .247522 .264368 .363157 
15 -. 102Pl5 .238833 • 26583 1 .386123 

16 .204271 -.126455 .068796 .011800 
17 .151686 -.117500 • Cl70019 -.C10290 
18 .163238 -. 131092 .:P122C -.011981 
19 • 933137 .354719 .5229C2 .302462 
21) .931030 .345092 • 532899 . 351943 

21 .945423 .314142 • 5 3587 5 .?36628 
22 -.172492 .250005 .22036U • 399974 
23 -.1577115 .234359 .225826 • 361430 
24 -. 140615 .226678 .227979 .375818 
25 .485197 .079995 .134408 • 233082 

26 .457239 • 132 824 .174763 • 2344115 
27 .488798 .097317 .213212 .191C20 
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DA'!! '!'If; S:'!; 
15GL=(l~~LE-1}*1S; 
'.:~1-=cf?;G; 

fA~:~!A=f2.*fA~1)-PAN!~~: 
!S=(~ESPAN~O+PlliTC~A)/2.; 
CO~=!AESfA~~C-FANTOTA)/2.; 

27 OBS!~VAT!C~S :~ ~A~A S!T ~!P 271 7A!!IAS1 ::s 

D~~A llillJ.;SE'!'; KEPP A1 A2 A3 A4 A5 1.6 A7 A9 31 E2 E3 E4 25 .E-~ E7 ;;3 
FA~1 PAN2 ABSFAH2 FAN3 FAN4 PANTO!! :5 OUT JESPANTO AN~L OF1; 

27 VAP. !ABLES 

D::":.Po CC!f; S!~: 

C!=C:f1/1000; 
l1=ANGL; 
AQ=Al*AL; 
OC=CL*OL: 
At;CL=A<;*Cl; 
ALOl=Al*C1; 
ALC';=t.:•ct;: 
AC:OJ=AC*OQ: 

?FOC P.!r,P, DA~A=C0~P; 
~D CFl 1'.!'G!.; 
~cc=L A1=Al A~ OL 
~CD~! E1=At !C ~· 

MC~El A2=Al h~ ~~ 
~CtEl E2=Al AQ 01 
~~~£1 A3=~1 ~C Cl 
~CD!L E3=A~ AC ~L 
~~~!L AU=Al ~~ ~L 

~CD~: =4=A~ ~~ CL 

cc 
cc 
Ol; 
·ac 
cc 
c; 
oc 
cc 

HCL 
,il(!.. 
~lt:L 

UCL 
ALCL 
ALCL 
ALCL 
~lr:'t 

A'.)01 HCC 
AQOL AT,.. .... 

A:!C~ AL'.)C 
AQOl ALCC 
A:!Cl hLC-'; 
AjOL ,.Ls:; 
AlO L A LC~ 
}. :;irJt A~c: 

n:c·;/? 
AQCr;/? 
A-~0\;/P 

AQCt;/P 
AQOQ/? 
A~O~/P 
~QCC./P 

~")t:";1r 

Cl~; 

Cl~; 

CL~; 

CL~: 
CL~; 

en; 

!C~!i A5=AL A~ 0L CL~; 'lQ UCL AJ:Jl /oLC~ A ~C':/? 
~CD~L ~S=!l AC ~~ c:~; cc .!LC:l ;,..2::n ~.::~ -~CCC/? 
~Ct~l ~6=Al nc Cl Cl~; cc E.'::L J.QCl A!.01;;; A:C:"1? 
~0r!:L E6=AL 1:') 01 CL~: ':'Q ALC:4. A2~l Alt::; A';CC/P 
~CJ~l A7=11 A~ r1 c:M; C<; J!LS:L A'J':L A:oc P.·jG~/~ 

~0~=L ?l=A: A~ fL CL~; -JC: .\!.t:"l A~Ct ;.:.c:, ,.QOC/P 
rcD~l At=AI AQ CL c~ AlCL CL~; A:IC,l ALCC AQCV? 
"CD!l ee=&l AC CL cc AlCL AQOI &L0~ AJC~/? CL~; 
~~t~l F&il~Al !~ CL CC AL~L A;c: ~L~C A~O~/F ~l~; 
~G:!L ;1~2=&1 !J ~L C~ ~LCI h~CL AL:; A':~~/F :~~: 
~CJ!l AB$fAS2=A! AC Cl ~C AL0L A:~: A:~~ iQ~~/? CL~; 

~C~!L P~~3:A! 1~ OL CQ AL~l ACCL 'LGt ACO~/E CL~: 
"".(i!;!:I F;.!l'l::AL J..") o: c~ i.tCL A~c:. AlCC A;~·'J/~ CI.~; 

~CD::'.l :?I =Al A CL cc ALCl r.ccL ALCi:. A':;0-';/F C!.~; 

~GSEL OU':' =AL A ~~ CQ ALCl ~-·~l'.:L :..LC~ ~.~:".:.~/; rr •· 
~r:9~.:, EA~:-.-~':'\ ~H_ 

~cJ:r ~~~F~·:-~~~: 
"' 
r::. 

c.-,: 
( -. 

A:.t:!. 

-~I. (.!. 

? ~-:! ' -r 

; ~( ' .!.LG 

; .!. :c ./ ' Ct~ : 
; : ': ;1 F Cl ., ; 
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