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ABSTRACT

Ward's tornado simulator has been modified to study the interaction

of tornadic flowfields with structures. Measurements with and without

swirl have been made of the pressure on the surface of a cylindrical model

and a rectangular model placed in the simulator. The cylindrical model,-

intended to represent the containment building of a nuclear reactor, is a

circular cylinder 17.1 cm high and 11.4 cm in diameter with a hemispherical

roof. The rectangular model, intended to represent the turbine building

of a nuclear power plant, is a rectangular prism 12.7 cm high with a

planform 14.6 cm by 25.4 cu.

Results are presented for the surface pressure coefficient and the total

force and moments coefficients for imposed swirl angles of 0 and 45 , with

the models placed at three locations within the simulator: 1) the conver-

gent zone, 2) the boundary of the convergent zone and convection zon\e,

3) the convection zone.

The measurements on the cylindrical model show that in the swirling

flow case, the nonuniform flow due to the tornado-like vortex induces a side-

force, reckoned with respect to the local wind direction, that increases

as the distance between the model and vortex decreases. The magnitude of

the force coefficient on the structure increases with swirl, especially as

the vortex and model come closer together. The horizontal force coefficient

has a value of ,1.01 or less under all conditions. The overturning moment
1

.

'

coefficie'nt od'th5 'model increases with swirl, the maximum value being 0.45

when the nbdel is in the convergent zone. These measurements show that in

the convergent zone and outer part of the convection zone, the pressure
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distribution on the model would 1 M to cause a structure of this shape to

failure by overturning. When the model's inner edge is tangent to the

undisturbed position of the vortex, the vortex attaches itself to the model

and the pressure coefficient on the model has a more symmetric distribution

around the model and has a relatively large negative values. Typical values

of the pressure coefficient on the cylindrical portion of the model are as

low as -2.78. Because of this high suction pressure force, another mode

of failure, referred to as the bursting mode, becomes possible when the vor-

tex attaches itself to the structure.

The data for the rectangular model shows that the effects of the im-

posed swirl can be dramatic and important. Increases in the horizontal

force coefficient and overturning moment coefficient by a factor of four

over the zero swirl valuescan occur when the model is at the boundary of

the convergent and convection zones. The vertical force on the roof can

more than double. In addition, extremely high suction pressure forces can

occur locally on the structure. Thus, in addition to the possibility of

failure by overturning, the structure can fail by a sequence which involves

a local bursting due to the high suction force that then allows the high

tornadic winds to tear away major parts of the structure.

These results show that the tornadic wind loads on structures cannot

always be accurately estimated from the loads caused b2 boundary-layer-type

winds.

.
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NOMENCLATURE

a cylinder radius

A referenca area

f force coefficient
f

&g moment coefficient ' (' b; *

C pressure coefficient
p

d cylinder diameter
*

f force per unit length

I force

h height 2f convergent zone

1 total height of cylindrical or rectangular model

L length scale

8 moment

il outward unit nonnal

p pressure

q volumetric flow rate per unit leng'th

Q v'ol et ic iow rate

r,n,z cylindrical polar coordinates

u,v velocity components in r,n directions, respectively

V velocity

W complex potential

x,y,z cartesian coordinates

z roughness height
r

Greek Letters

inverse of exponer.t in power law variation of velocity with heighta
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y,r circulation

c complex variable

e model orient?, tion angle

v kinematic viscosity

p density

i viscous stress tensor

4 imposed swirl angle

o velocity potential

Y streamfunction

Subscripts

c core

max maximum vlaue

model model value

IUoo evaluated at c =r eg g

ref reference value

s screen

u updraft radius 1746 016
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LABORATORY SIMULATION OF STEADY TORNADIC

WIND LOADS ON STRUCTURES

INTRODUCTION

Motivation

A growing concern for structural efficiency and safety has led

engineers and architects to devote increasing attention to the interaction

of the wind with structures. The resulting study of wind engineering includes

the disciplines of fluid dynamics, meteorology, aerodynamics, and structural

mechanics and is becoming an increasingly important part of the design of

vital structures. Structures housing nuclear reactors, for example, must be

able to withstand the forces of the most extreme wind conditions and be

impervious to the impact of wind-generated missiles.

The preponderance of research in this growing field of wind engineering

has been focused on the interaction of ordinary boundary-layer-type winds

with structures. Limited measurements on full-scale systems in the field

[see e.g. 1,2] along with morc extensive measurements on scaled models in

meteorological wind tunnels [see e.g. 3,4] provide most of the reliable data

in wind engineering. While many problems remain, particularly in the devel-

opment of analytical methods for calculating wind loads on realistic structorc

much progress has been made in understanding the effects of boundary-layer-

type winds and their interaction with structures.

However, examination of the range of possible wind conditions that

occur in the atmosphere quickly leads one to conclude that the most extreme

wind canditions are those associated with tornadoes [5]. Indeed tornadic

wind speeds approaching 400 kph have been reported in the literature [6].

1746 017s!
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In contrast to the usual boundary . layer-type flows where the ambient vorticity

is largely horizontal, tornadic winds contain significant vertical as well

as horizontal vorticity and thereby exhibit a greater complexity and richness.

In spite of their importance, littie information is available on the inter-

action of tornadic flows with structures. Estimates cf tornadic wind loads

are usually derived from boundary-layer-type wind results, completely ignoring

the vortical nature of tornadic flows.

Earlier Work

Huch of the existing information on naturally occurring tornadoes is

derived from meteorological field data and laboratory simulations in which

the focus of interest is on the tornado and the tornado-spawning storm system

rather than the interaction of the tornado with structures. Except for the

data given by Hoecker [7,8] on the 1957 Dallas tornado--which we shall dis-

cuss in more detail in Chapter II--the meteorological data available is

either of a qualitative nature or is on a scale that does not resolve the

structure of the tornadic windfield. Typical of the former are photographs

of the funnel and clouds accompanying the tornado-generating parent storm

system [9] and narratives by observe * [10] while the latter includes raw-

insonde data or radar-derived circulation for the parent storm system [11].

These data make clear that many tornadoes result from the low-level con-

vergence of ambient circulations as a consequence of atmospheric instabilities

Other mechanisms for converging ambient vorticity surely exist, although

supporting data for them is scarce. In addition, the details of the early

stages of tornado genesis and the final stages of tornado decay remain

*"'S***''io n M L 1746 018
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The apparent randomness of tornado occurrence in time and space as

well as the difficulty and danger associated with field measurements of

tornadic winds have led several investigators to attempt laboratory simu-

lations [12,13]. These simulat:ans have improved our understanding of the

nature of tornadic windfields and many of the observed features of natu-

rally-occurring tornadoes. A discussion of the laboratory simulation of

tornadoes will be covered in more detail in Chapter II.

Except for the work of Chang [14], the study of tornadic wind loads on

structures has involved field observations of structures that have been

damaged by tornadoes [15]. By estimating the wind loads required to cause

the observed damage, one can infer the magnitude of the windspeeds that

accompany tornadoes and also determine mechanisms for structural failure

[16]. These analyses suggest windspeeds from 190 kph to 350 kph and imply

that most buildings are destroyed as a consequence of the large dynamic ,

pressure forces that accompany the high tornadic windspeeds rather than the

internal overpressure due to the rapid decrease in the ambient pressure that

occurs with tornadoes. The limitations of these damage surveys are well

known. Uncertainity results from the assumptions that must be made about

the structural integrity of a building before it was damaged. Also, the

damage sequence must be inferred from the remaining debris. While providing

valuable information on tornadic winds, damage surveys are too uncertain to
ri

be used to det' Sine fbrnadic wind loads on vital structures.ie

Chang [14] has measured the surface pressure forces on a cubical model

in a laboratory simulation in which the model was rotated about a vortex

in order to simulate the relative motion between the structure and the tornado.y. ,

Astherelahid'. n'between tornadoes and structures is a translationalmo

1746 019
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one and not rotational, tne utility of these results is unclear. Also,

as we shall discuss in Chapter II, the simulator used in Chang's work does

not capture as many oT the features of naturally-occurring tornadoes as

does the simulator used in the present study.

These brief remarks suggest that the interaction of tornadoes and

structures requires further investigation. Systematic studies of the effects

of a structure's shape and location must be conducted if our understanding

of this aspect of wind engineering is to grow.

The Present Study

This report describes laboratory measurements of the steady wind loads

on model structures in the vicinity of a tornado-like vortex. Two different

models have been used. One is a circular cylinder with a hemispherical dome

roof and is intended to model a typical containment building for a nuclear

reactor. The second model is a rectangular prism that models a typical

turbine building in a nuclear power plant.
.

The chapters that follow discuss tornado characteristics and their

laboratory simulation, the scaling analysis that was used to design the

experiments, the results for the cylindrical mocial, the results for the

rectangular model, and ends with some remarks on the implications of these

measurements.

1746 020
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CHAPTER II

TORNADO CHARACTERISTICS AND THEIR LABORATORY SIMULATION

Tornado Characteristics

Tornadoes represent the most violent of nature's small-scale vortices.

The lower portions of tornadoes are nearly always visible as funnels

pendant from cumulonimbus clouds or occasionally from shallow cloud shelves

or flanking lines of cumuli which are extensions of thunderstorm cloud

systems [17,18]. Although the flow within the parent cloud is obscured,

recent doppler radar data [11] suggests the typical tornado vortex has a

vertical extent which is considerably larger than the visible funnel, extending

perhaps to the tropopause (about 15 km in midlatitudes), and has a radial

extent (e.g. radius of maximum winds) of a fraction of a kilometer. This

narrow core of concentrated vorticity exists within an extended background

of weaker amtient vorticity. It is likely that the tornado vortex draws

upon the vorticity of the larger region (15 to 25 km in radius) for its

angular momentum and concentrated vorticity. Reliable estimates of the maxi-

mum windspeed in tornadoes do not exceed 400 kph, although unsubstantiated

claims of windspeeds in excess of 800 kph can be found. The pressure drop
0associated with 400 kph winds is approximately 1.2 x 10 N/m and roughly

suggests the magnitude of the wind loadings tornadoes place on structures.

Tornado occurrence in the atmosphere requires an ambient source of

vorticity and a mechanism to concentrate the associated angular momentum.

The vorticity source is believed to be mesoscale circulation of the parent

simn system) Thes'e' storms are thought to derive their circulation from the

rotation of the earth implying most of the tornadoes they spawn should be

1746 021
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cyclonic. However, there are enough examples of anticyclonic tornadoes to

indicate that the earth's rotation is not always the source of the tornado's

circulation. The mechanism by which the vorticity is concentrated appears

to be the intense, low-level convergence accompanying a strong conditional

convective instability that has gone unstable.

The life cycle of tornadoes is usually divided into three distinct

stages: genesis, mature stage, and decay -- the latter being the least well

understood. Typical tornado lifetimes are a quarter to a half of an hour

although examples of tornadoes and tornado-spawning storm systems lasting

several hours can be cited. Translational velocities of tornadoes are of

the order of 40 kph with some cases up to 125 kph. Damage paths range from

a few tens of meters wide and a half kilometer long to such extremes as two

kilometers wide and 500 kilometers long (see e.g. ref.19).

The maximum winds and damage appear to occur during the mature stage of

the life cycle. Thus, it is this mature stage that is to be simulated in the

laboratory. A schematic sketch of the structure of a mature stage tornado is

given in Figure 1 along with estimates of the dimensions of a worst case

intense tornado of the Midwest variety. The sketch has been exaggerated for

clarity and is not to scale.

The rapidly swirling region is in rough cyclostrophic balance and probabl

extends to the tropopause. The winds in this region are primarily aximuthal

and vary as r~" (1/2 < n < 1) with radius r. The updraft region is a region
s p ,

of swirling ascending flow in which air from the surface inflow layer rises,

eventually spreading horizontally near a neutrally, stable layer such as

the tropopause. Although the net mass flux is upward in this region, the

most intense tornaddes show evidence of a downflow along the axis of the
(W OP \ t
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Figure 1. Schematic of mature stage tornadic storm.
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tornado suggesting a recirculating core which may or may not extend to the

ground. The surface of maximum swirling wind lies close to the axis of the

tornado. Assuming axisymetry, the radius of this surface is typically of

the order of a hundred meters for intense, mature stage tornadoes.

The surface inflow layer is a region in which the horizontal convergence

occurs. The cyclostropic balance in the rapidly swirling region is not valid

in this surface layer because of the ground. The inflow layer thickness

increases from essentially zero far from the axis to a value of the order of
,

300 meters in the vicinity of the tornado axis. Most structures are embedded

in the surface inflow layer and it is these winds - especially near the core

which must be simulated in the l'aboratory. A sketch of the lower 1 km of

the tornadic storm is given in Figure 2 to illustrate the nature of the flow

to be simulated.

Remarkably little information is available on the distribution of wind-

speeds in naturally occurring tornadoes. The exceptions are the results

reported by Hoecker [7,8] for the 1957 Dallas tornado and those reported by

Goldman [20] for the 1963 Kankakee tornado. Hoecker was able te deduce

windspeeds from a movie of this tornado by tracking the motion of tornado-

generated debris, which included four by eight foot sheets of plywood that

were picked up by the tornadic winds while Goldman used photogammetry to

track cloud parcels on a movie of the Kankakee tornado. Figure 3 shows the

resulting distribution of tangential windspeeds obtained by Hoecker. The

maximum speed of 170 mph;(274 kph) occurs at a radius of 130 feet (40 m)
ti og 1

and an elevation of 225 feet (69 m). The isotachs have a roughly cylindrical

shape as would be expected in a strongly rotating flow. Figure 4 shows the

derived vertical velocity distribution. It is interesting to note that the

1746 024
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maximum vertical velocity of 152 mph is comparable to the maximum tangential

velocity and occurs at a somewhat smaller radius and height. Also, the

observed funnel does not coincide with the surface of maximum windspeed.

While some have criticized Hoecker's results as inaccurate and unrepresen-

tative, these results are the most complete directly-obtained velocity data

available for tornadic winds.

Laboratory Simulation of Tornadoes

Given the ease with which one can create a vortex in the laboratory,

care must be exercised t; ensure that the important features of natural

tornadoes are reproduced in a simulation if the simulation is to be a useful

one. Sources of rotation and convergence will lead to a vortex, although the

vortex may not be typical of tornadoes. Among the features believed to

be essential to a meaningful simulation are:

1. Independently controlled sources of rotation and convergence,

2. Restriction of the inflow dayer to " low-levels",

3. Means of adjusting the core pressure deficit.

In this way, one can accurately model the following important meteorological

variables in naturally-occurring tornadoes:

1. The ambient rotation of the tornado-spawning storm system,

2. The low-level cor. vergence that concentrates the ambient vorticity

into a vortex and which is driven by the pressure difference between

the moist, adiabatic ascension along the core boundary and the

ambient pressure profile far from the core,

3. The additional core pressure deficit that arises as a consequence

of dry-adiabatic descent along the axis of the vortex for the case

of the two-celled tornado vortex.

1746 029
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Additional features of a simulation which may have an effect on the modelling

of wind loads on structures are surface roughness and the linear translation

of the tornado vortex.

Among the tornado simulators that have been constructed, the design by

Ward [12], which was used by Jischke and Parang [21], is unique in its

ability to model tornadic winds and capture the essential features of tornado

vortices. It, for example, exhibits both vortex breakdown and the unusual

" core-splitting" phenomenon observed in naturally-occurring tornadoes.

Ground pressure distributions obtained in this simulator reproduce the

observed adverse pressure gradient near the edge of the updraft ragion.

Finally, appropriately scaled measurements of the radius of maximum winds

obtained with this simulator agree well with tSat observed by Hoecker for the

i957 Dallas tornado [7]. A sketch of the Ward design, modified for this

study, is given in Figure 5.

Briefly, the apparatus consists of a right circular cylinder of radius

122 cm with sides of meshwire which can be independently rotated about the

axis of the cylinder. A variable speed exhaust fan above a hole in the tap

of the apparatus creates an updraft and attendant converging horizontal flow

which enters the apparatus through the meshwire. Thus, the radial and tan-

gential components of velocity can be varied independently. This apparatus

is distinguished from that of others (e.g. Chang [14]) in that, first, there

is a honeycomb baffle which eliminates the direct effect of fan-induced vor-

ticity. Second, the extent of the circular updraft region Iroughly half

the radius of the apparatus) is much larger than that in other simulators.

. Third, the aspect ratio of the surface inflow layer convergent zone (typically

about 1/8) ~is smaller than that in other experiments. Fourth, the large con-

vection zone above the converging surface inflow layer reduces the effect of

es0 SMI 1746'030
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teacuplike secondary flows observed in other simulators. The simulator has

been modified for the present study by attaching a 46 cm entrance length to

eliminate cornereffects at the rotating screen. In addition, the porosity of

the rotating screen has been made noauniform so as to generate the vertically-

sheared velocity profile typical of naturally occurring winds. Except for

the simlator constructed by Church, Agee, and Snow [22], which in its

essential features is identical to the Ward design, no other simulator re-

produces as many of the observad features of naturally occurring tornadoes.

1746 032
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CHAPTER III

SCALING AN#1YSIS

Accurate simulation of tornadic wind loads required that the impnrtant

nondimensional parameters characterizing the laboratory simulation be the

same as those characterizing naturally-occurring tornadoes. Requiring equal

value of these parameters allows the scaling associated with the simulation

to be deduced. To proceed, the important parameters characterizing the

tornado flow field must first be determined.

Consider the fh w due to a tornado vortex near the planar surface (z=0).

Also, assume that the tornado vortex is axisymmetric with axis along r=0.

As suggested by earlier discussion of the nature of tornadic wind fields,

consider the tornadic flow to consist of a low-level, converging, swirling

inflow region and a central region of updraft which are characterjzed by

the following seven parameters:

Q volume flow

r imposed circulation far from the tornado axis

h depth of the inflow layer

r radius of updraft region
u

r radius of tornado corec

r, radium of maximum swirling wind

v kinematic viscosity

The additional effects of heat transfer and thermodynamics are believed

to be unimportant. Also, the effects of relative motion between the tor-

nado and the structure are ignored. The effects of relative motion be-

tween the tornado and the structure will le the subject of a subsequent

(t ( \ ; {} [ \ |



18

report. In the laboratory simulation of the intense, mature-stage tornado,

r = r,, Dimensional analysis then implies that there are four nondimen-
c

sional parameters that character!ze the tornadic flow field. .These para-

' meters are written as

A r rh r, u , ,

'c T Q v
'

c

Note that the core radius r is taken to be the important length in
c

characterizing the flow. This is done because the swirling velocity is

roughly that of a combined Rankine vortex [22] and thus r determines the
c

distance over which the velocity (and therefore the pressure) changes

significantly.

Taking advantage of the analyses of Jischke and Parang (21] and

Davies-Joncs [24), the number of parameters characterizing the flow field

can be reduced t.y one. These analyses show that the ratio r /r sau c

function of the single parameter r r /Q -- the swirl ratio. Thus, only

three parameters are important in characterizing the tornadic flow field;

the parameters are written as h/r , tr /Q, r/v. Typical values of these
u u

parameters, derived from the Hoecker data for the 1957 Dallas tornado (7],

are shown in Table 1.

Table 1. Typical Parameter Values from 1957 Dallas Tornado [7]

Parameter h/r tr /Q r/v r /ru u c u

9Value 1.2 .8 2 x 10 0.4

UN\'i i n''
1746 034
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The parameter tr /Q is ften written in terms of the imposed swirl
u

angle 4, which is easily measured in the laboratory. For an axisymmetric

flow, the circulation r can be evaluated at the inlet screen as 2nr Ys s'
Here v is the azimuthal velocity and the subscript s refers to the screen.

The volumetric flow rate Q is similarly given by Q = 2nr hu where u is
s s

the radial velocity. Thus,

= tan $s
=

Thus, 4 is the imposed swirl angle at the screen. If one assumes axi-3

symetric inviscid, adiabatic flow in the convergent zone where the

vertical velocity w vanishes, then the tangential velocity v is that of a

potential vortex, r/2nr, and mass conservation requires that the radial

velocity u also vary inversely with radius r. The swirl angle then re-

mains constant in the convergent zone. For the value of rh/Q implied by

Table 1, then 4 : 450
s

In addition to requiring that the simulation correspond to typical

values of the nondimensional parameters given in Table 1, the boundaries

and velocity profiles imposed far from the tornado axis must be typical

of those experienced in naturally-occuring tornadoes. Simulations in-

volving boundary-layer-type winds have shown that the pressure loads

deduced from experiment compare well with field data only if the vertical

variations of the imposed velocities are typical of those occurring

naturally. The paucity of data on naturally-occurring tornadoes makes

it difficult to detennine which velocity profiles are most appropriate

for the case of tornadic winds. As a consequence, the data presented

o F u a, M I 1746 035
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by Cennak (25] for naturally-occurring, boundary-layer-type, turbulent

wind profiles for surface roughnesses typical of grasslands and forest-

type topographies (e.g. roughness heights of the order of 1 to 10 meters)

will be relied onc The associated tu-bulent velocity profile is assumed

to have a power law variation in the vertical direction,

1/a
y = [z I (I}
max max

with a ranging from 3 to 7. In view of the small size of our simulator,

it has been necessary to tailor the imposed velocity profile at the ro-

tating screen to match this assumed form. The vertical shear of the

imposed velocity at the rotating screen has been achieved by varying the

porosity of the screen with height, according to the empirical result

developed by Cockrell and Lee [26). The variable porosity is obtained

by affixing thin horizontal strips of masking tape to the rotating screen.

The vertical spacing between the strips is varied so as to yield various

power (1/a) in the power-law velocity variation given by Eq. (1). Figure

6 shows a typical experimental result for which a E 5.9. This screen was

used in the measurements to be described subsequently.

The surface roughness scale has been chosen to represent that of

grassland cad forest-type topographies. Thus if z denotes the roughness
r

height, it is required that

z z
tp -tp (2)
C C

model tornado

41 i 1746 036< <
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The roughness height typical of grassland topographies is 1 meter. In

the Dallas tornado of 1957 the core i > < - deduced by Hoecker to be

about 50 meters. Thus (z /r ) 4 expecteu to t,e approximately 0.02. For
r c

forest-type topographies for wh' ' is as large as 10 meters, (z f# }
r r c

approaches 0.2. By tailoring the velocity profile to represent that of

a typical naturally-occurring t,urbulent boundary layer and roughening

the simulator floor, the influence of the Reynolds number r/v on the

flow is believed to be small.

Thus, ignoring the Reyonids number r/v as unimportant, the four

essential parameters that characterize the tornadic wind fields are

written as: h/r '*s, a, z /r . Values for these four parameters
u r c

typical of naturally-occurring tornadoes can be duplicated in the Uni-

versity of Oklahoma tornado simulation facility. Having evaluated the

tornado flowfield scaling, the scaling for the structure then follows

from

Ikl = Ikl (3)
c c

model tornado

where L is a typical structure dimension.

The size or the simulator restricts the depth h of the inflow layer

than can be achieved. An inflow depth of 0.508 m was chosen so as to

obtain model sizes that will allow adequate visualization and resolution

without significant flow blockage. With this value of h, it is found that

the updraft radius r is 0.424 m and the smooth floor value of the vortex
u

core radius r is 0.170 m. Taking the relative roughness height for the
c

naturally occurring tornado to be 0.02 corresponding to grassland topo-

graphies, the simulator surface roughness height becomes 0.0034 m.

\[Odb!
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These results then define the geometry of the simulator.
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CHAPTER IV

CYLINDRICAL MODEL

The model used in these experiments is a circulz.r cylinder with a

hemispherical dome roof. This geometry is typical of containment buildings

used to house nuclear reactors. A typical containment building is 34 meters

in diameter and 65 meters high. With a typical tornado core radius of 50
' E. s i

meters corresponding to the simulated vortex radius, the dimensions of the

scaled containment building model then become 0.229 m high and 0.114 m in

diameter. A drawing of the model is shown in Figure 7. The location of the

63 pressure ports on the surface of the model are also shown in Figure 7.

The numbering scheme used to locate the ports is shown in Figure 8.

The 63 surface pressure ports are connected to a sir.gle pressure trans-

ducer by means of a Scanivalve switching system. The dynamic pressures to

be measured are of the order of a torr or less and thus require a sensitive

pressure transducer. A Datametrics 570 D 10 T-2Al-V3 capacitance type pres-
-4

sure sensor and ll74-A4A-5Al-A78 electronic manometer with resolution of 10

torr has been employed for this purpose. Because of the turbulent fluctuationa

in the flow, the output signal from the manometer is electronically

averaged to give the time-averaged surface pressure. The resulting data are

presented in the form of a pressure coefficient, C , where
p

'I
(4)C = 1 y2P 2p ref

Here P is the presst.re that would be measured on the ground (z=0) at theref
center of the model, in the absence of the model. The reference velocity

V is the vertically averaged velocity that would occt.r with purelyref

1746 040
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horizontal flow at the center of the model, in the absence of the model,

and is given at any station r in terms of the volume flow rate Q by Vref "

Q sec +/2nrh.

Measurements of the surface piessure have been made for three model

locations (r = 0.114 m, 0.457 m, and 0.762 m) and two different swirl angles

(& = 0, 45*). The three locations correspond to the convection zone (0.114 m),

the boundary between the convection zone and the convergent zone (0.457 m),

and the convergent zone (0.762 m). The data is presented graphically in

Figures 9-11 and in tabular form in Tables 2-4. These data and those that

follow have an uncertainty of the order of ten percent or less.

Pressure Coefficient

Figure 9a and Table 2a show the surface pressure coefficient with

zero imposed swirl and the model in the convergent zone where the vertical

velocity is zero. The measured pressure coefficient is symmetrical with

respect to the flow direction. The variation of C with angle e on the cir-p

cular cylinder portion of the model are-quite like those for an infir.ite

circular cylinder in a unifonn flow. The imposed vertical shear does cause

a slight vertical variation in the pressure coefficient along the line e = 0

suggesting a stagnation point near z = 0.162 m.

Figure 9b and Table 2b show the effect of swirl on the surface pres-

sure coefficient when the model is in the convergent zone. The pressure

distribution is highly asymmetric with respect to the local flow direction.

As a consequence, the force on the model has both drag and side force com-

ponents, reckoned with respect to the local wind direction. The maximum

pressure coefficient (CPmax = 1.05) does not change significantly with swirl

in this case. However, the pressure coefficient on the hemispherical roof

# ny. 1746 043
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.

is considerably reduced with swirl. The observed asymmetry in the pressure

distribution is due to the nonuniform velocity induced around the cylindrical

model by the tornado-like vortex at the center of the apparetus. It is a

direct consequence of the circulation present in the tornado-like vortical

flow.

Figure 10 and Table 3 give the surface pressure coefficient for +=0 and

+=45* when the model is placed at 0.457 m from the center. The vertical

velocity in the convection zone has begun to substantially alter the pressure

coefficient and its variation with height z and angle e. The maximum pres-

sure coefficient for purely radial flow is reduced to 0.40 while the maximum

pressure coefficient with swirl, 0.92, is rather close to the corresponding

value in the convergent zone. The effect of the imposed swirl 4 remains

similar to that in the convergent zone in that the accelerating flow causes

an asymmetry (with respect to the undisturbed flow direction) in the dis-

tribution of C with angle e.
p

The pres sure distribution in the zero swirl case is quite sensitive to

the distribution of vertical velocity imposed by the exhaust system. This

is particularly true near the base of the model where separation is occurring

because of the imposed vertical velocity. Slight variations in the vertical

velocity with position will have a large effect on the location of separation

and will thereby cause significant asymmetries in the surface pressure

distribution.

Results for the surface ressure coefficient when the model is in the

convection zone are given in Figure 11 and Table 4. Figure lla shows the

pressure coefficient when the imposed swirl angle 4 is 0*. Note that the
'

values plotted in Figure lla are ten times the measured C . Thus, the
p

1746 044( . O b \ ,l
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",? Table 2a. Surface Pressure Coefficient on the Cylindrical fiodel in the
f Convergent Zone (r = 0.762 m) with Imposed Swirl Angle of O'

,

.I Port 1 2 3 4 5 6 7 8 9

L' C -1.09 -0.90 -0.89 -1.07 -1.16 -0.93 -1.16 -1.14 -0.90.

m P
.

~.

Port 10 11 12 13 14 15 16 17 18

C -0.89 -0.92 -1.00 -0.07 -0.97 -0.91 -0.91 -0.88 -1.23
p

Port 19 20 21 22 23 24 25 26 27

C -0.39 0.60 -0.36 -1.19 -0.88 -0.88 -0.91 -0.85 -1.16
p

ro
*

Port 28 29 30 31 32 33 34 35 36

C -0.18 0.89 -0.12 -1.16 -0.91 -0.90 -0.92 -1.13 -0.20
p

Port 37 38 39 40 41 42 43 44 45

N C 0.95 -0.23 -1.15 -0.91 -0.89 -0.91 -1.16 -0.18 0.90
h P

ch

k Port 46 47 48 49 50 51 52 53 54

ui
C -0.20 -1.17 -0.92 -0.87 -0.88 -1.09 -0.21 0.95 -0.20

p

Port 55 56 57 58 59 60 61 62 63

-1.08 -0.89 -0.83 -0.88 -0.93 -0.13 -0.93 -0.14 -0.94



Table 2b. Surface Pressure Coefficient on the Clyindrical Model in the
Convergent Zone (r = 0.762) with Imposed Swirl Angle of 45'

Port 1 2 3 4 5 6 7 8 9

C -1.02 -0.79 -0.91 -1.02 -0.85 -1.00 -1.11 -0.87 -0.85p

y
C '.

Port 10 11 12 13 14 15 16 17 18
3,

C -0.81 -1.18 -0.12 -0.64 -0.97 -0.82 -0.84 -1.07 -0.15p,

Port 19 20 21 22 23 24 25 26 27

C 0.76 -0.33 -1.11 -0.83 -0.89 -0.90 -0.G7 -1.12 0.17p

Port 28 29 30 31 32 33 34 35 36 $
C 0.98 -0.30 -1.02 -0.86 -0.88 -0.90 -1.15 0.30 1.05p

Port 37 38 39 40 41 42 43 44 45

C -0.50 -0.86 -0.84 -0.79 -0.80 -1.06 0.43 0.97 -0.59p

~ Port 46 47 4E 49 50 51 52 53 54N
#

C -0.80 -0.81 -0.74 -0.75 -1.02 0.38 0.87 -0.55 -0.753 p

0
n ..
CB Port 55 56 57 58 59 60 61 62 63

C -0.74 -0.70 -0.72 -0.80 0.39 0.65 -0.43 -0.75 -0.73g
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. _._. Table 4a. Surface Pressure Coefficient on the Cylindrical Model in the
. .': .. .. Convection Zone (r = 0.114 m) with Imposed Swirl Angle of 0*

'

. Port 1 2 3 4 5 6 7 8 9

C -0.08 -0.07 -0.07 -0.07 -0.06 -0.07 -0.07 -0.07 -0.07p

_.,

Port 10 11 12 13 14 15 16 17 18

C -0.07 -0.07 -0.07 .0.07 -0.07 -0.06 -0.05 -0.06 -0.07p

Port 19 20 21 22 23 24 25 26 27

C -0.06 -0.06 -0.06 -0.06 -0.05 -0.03 -0.03 -0.04 -0.04.p

Port 28 29 30 31 32 33 34 35 36 U

C -0.02 -0.02 -0.03 -0.04 -0.02 -0.02 -0.02 -0.01 -0.00p

Port 37 38 39 40 41 42 43 44 45

C 0.00 -0.01 -0.02 -0.01 -0.01 -0.01 -0.00 0.01 0.01p

-

2 Port 46 47 48 49 50 51 52 53 54
os

C 0.00 -0.01 -0.00 -0.01 -0.01 0.00 0.01 0.01 0.00p

.n
4

Port 55 56 57 58 59 60 61 62 63
.

C, -0.00 -0.00 -0.00 -0.00 0.00 0.01 0.01 - 0.00 0.00
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actual values of C are rather small. This occurs in the nonswirling case
p

because the flow near the ground plane in the convection zone is separated

and the velocities are rather low. However, with swirl, as shown in Figure

11b , the flow in the convection zone is not separated and the magnitude of

the pressure coefficient is relatively large, with absolute values as large

as 2.78. Also, in cor.trast to the results in the convergent zone and at

the boundary of the convergent and convection zones, the pressure distribution

in the convection zone is rather symmetric when i.here is an imposed swirl.

Flow visualization studies show that this symmetric pressure distribution

occurs because the vortex has attached itself to the model. That is, as the

model moves toward the vortex, a point is reached where the vortex itself

moves away from the center of the apparatus toward the model and attaches

itself to the model. The pressure distribution on the model then becomes

more symmetric than it was prior to attachment Flow visualization studies

show that vortex attachment occurs when the center of the model is at

r 0.17 m, corresponding to a radial location equal to about twice the

vortex radius -- e.g. the inner edge of the model is at the outer edge of

the vortex core.

Force and Moment Coefficients

These results for the pressure coefficient allow the total force 7 and

moment $tobeestimated. The total force 7 and moment M are given by
>> r-. .

F=- O p n d5 + < >n4r dS (5)
.

5 '$

$ = b pr x n dS + <_b r x (n. )dS (6)'''!' , n

'$ '$
sA r,

k kI \ j
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wherefistheviscousstresstensor,Sreferstothesurfaceareaofthe

model, and n is the outward unit normal to the surface S. For blunt bodies

such as the cylindrical structure considered here, the viscous stress

constribution is negligible.

We define the force and moment coefficients as
-,-

(7)& =

PY Aref

M (8)D =g j
PY Al

2 ef

where here A is the frontal area of the structure (A = dh + nd2/8 where

d is the diameter of the cylinder and h is the cylinder height) and 1

is the total height of the structure (l= h + d/2). Equations (5) and (6)

allow us to write expressions for the force and moment coefficients as

-fD C n dS (9)=
p p

D C ( ) x n d5 (10)= -
M p

These integrals have been evaluated numerically using the experi-

mentally determined values of C . The results are shown in Table 5 where
p

we have written the components of &p and f , referred to a right-handedg

cartesian coordinate system (x,y,z) where x and y are ncrizontal -- with

x in the direction of the local flow and thus at an angle 4 to the radius

vector -- and z is vertical (see Figure 12). The values of the drag

coefficient (Cp ) in the convergent zone are quite comparable to those

observed in boundary-layer-type winds. Forexample,Sachs[3]reportsa

1746 058
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Table 5. Force and Moment Coefficients for the Cylindrical Model
:n
..

-. ;.

Locition Swirl C C C C C C
F F F M M M_,

f. (r) Angle x y z x y z

-
;=

00 1.00 0.00 0.35 0.00 0.42 0-"

Oe762 m
450 1.00 -0.11 0.32 0.04 0.45 0

~~'

00 0.60 -0.05 0.35 0.01 0.28 00.457 m
450 0.82 -0.46 0.35 0.18 0.34 0

00 0.01 0.00 0.03 0.00 0.00 00.114 m
450 0.90 0.20 0.82 -0.15 0.33 0

A
G

CD
(J1
W
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drag coefficient of 1.2 for an infinite circular cylinder in a uniform

stream. The measured drag coefficient for the cylindrical portion of the

present model is 1.1 which compares quite favorably with Sachs' result.

The fact that the present measurements are carried out in a shear flow is

a likely explanation for the slightly lower value of the drag coefficient.

Also, the present results suggest that the side-force coefficient (Cp)
y

increases as the radial location of the model r decreases until vortex

attachment occurs. Also, as r decreases, the vertical force coefficient

(Cp ) increases while the overturning moment decreases.

These results suggest that the likely mode of structural failure changes

as the vortex moves closer to the model. Away from the convection zone, the

tornadic winds exert a net horizontal force and an overturning moment that

would cause an overturning, or " blown-over", mode of failure. However, if

the vortex is sufficiently close to the structure that vortex attachment

occcurs, the net force and moment on the structure remain approximately the

same. However, the local suction pressure forces become rather large when

vortex attachment occurs. This suction force could cause the structure to

fail in a " bursting" mode as a consequence of the large pressure difference

across the wall of the structure. The transition from the overturning mode

to the bursting mode should occur when vortex attachment takes place, that

is, when the cylindrical structure is at the edge of the vortex core.

A Potential Flow Model

The origins of the side force on the cylindrical model can be better

understood with a simple potential flow model. To this end, consider the

two-dimensional, inviscid, incompressible, irrotational flow past a circular

cylindersof radius a as a consequence of a potential vortex / sink at the

1746 061
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origin (seeFigure13). Let the complex location of the circular cylinaer
l

be given by c, (= r e "o). Then the complex potential W for this flow isg

given by
2 *

W=(h+h)lnc+(h-h)ln(a 9) (11)-

where here q and y are the strengths of the sink and vortex, respectively.
IUThe complex variable c = re and the notation ()* refers to the complex

conjugate. The complex potential W is related to the velocity potential o

and streamfunction y by

W=++iv (12)

We can rewrite Eq. (12), omitting an irrelevant constant,

W = (g + h)1n c + (h - h)ln (c - c, + a2)-( - )ln (c - c ) (13)g
- 0

This shows that the vortex of strength y at the origin induces a vortex

of strength -y at the point (c - a /c *) -- the inverse point of the2
g g

origin in the cylinder -- and a vortex of strength y at the center of

the cylinder.

Taking the real or imaginary part of the expression for W and differ-

entiating, we can calculate the velocity field and, using the Bernoulli

equation, the pressure. Figure 13 shows the resulting surface pressure co-

efficient for the case a/r = 0.075, corresponding to the cylinder being ing

the convergent zone, and two values of the swirl angle 4 (0 ,45 ). While

the experimental results in the leeward separated flow region are not

accurately reproduced by this ideal flow model, the forward region including

tite asymmetry due to the nonunifonn flow are reasonably reproduced by this

simple m.odel.

1746 062
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The methods of potential flow theory can be used to calculate the force

per unit length f on the cylinder. Blausius' theorem gives

- if, = f p f (f) dc (14)f

C

where f and f are the force per unit length in the x and y direction,
x j

respectively. Substituting Eq. (11) for W and using residue theory, we

obtain the following result for the complex force per unit length

a2r
f - if = 2x p V 2 e( "o) (15)zx y g r-a

o

where V, is the total velocity at the center of the cylinder, in the
absence of the cylinder. The total force per unit length is thus given by

2ar
, e ("+n ) (16)

i0f = 2x p V 2 og p ,_
o

and, as this result shows, is always directed toward the origin. Con-

sequently, we obtain a side force, f reckoned with respect to the local

flow direction 4 at the cylinder, which is given by

20r

f = 2n p V,2 sin 4 (17)zr-a
o

The side force coefficient then is

f

C =
f p Vz a (18)o

ar
= 2n sin 4 (19)r 2- az

o

which takes on the value 0.34 when a/r = 0.075 and 4 = 45' correspondingg

to experimental conditions in the convergent zone. This is to be compared

1746 064--
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with an experimental value of 0.11. When a/r = .125 and 4 = 45 , theg

theoretical value of 0.56 is to be compared with an experimental value of

0.46. While the numerical comparison is not particularly good, largely
*

because the actual flow is a separated one , the trend of increasing side

force coefficient with increasing a/r, is reproduced by the theory. More

importantly, this calculation shows that the side force arises from the

nonuniform pressure distribution on the cylinder which is a consequence of

the nonuniform velocity field induced by the sink / vortex at the origin.

*

It would be possible to change the strength of the image vortex at the
center of the cylinder in such a way as to force agreement between experi-
ment and theory and still have a potential flow which satisfies the inviscid
boundary conditions. However, this empiricism would add little to one's

' 1 basic understanding of the flow.
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CHAPTER V

RECTANGULAR MODEL

The model used for these experiments is a rectangular prism -- the

geometry typically used to house the power generating turbines employed in

nuclear power plants. A typical turbine building is 74 meters long, 42

meters wide, and 37 meters high. Again using a tornado core radius of

approximately 50 meters as a basis for the scaling, the dimensions of the

scaled turbine building model are 0.254 m long, .146 m wide, and .127 m

high. A drawing of the model is shown in Figure 14 along with the location

of the 60 surface pressure ports. The numbering scheme used to locate the

ports is shown in Figure 15.

Measurements of the time-averaged surface pressure have been made for

three model locations and two imposed swirl angles (4=0 ,45 ). With zero

imposed swirl, three different orientations (0=0 ,45 ,90 ) of the model with

respect to the ambient velocity direction were examined. Figure 16 illus-

trates the various orientations. When the imposed swiri angle is 45 , four

different orientations (0=0 ,45 ,90 ,135 ) of the model were used as illus-

trated in Figure 16. As a consequence, there are twenty-one different cases

depending upon model location, model orientation and imposed swirl. To

simplify the presentation of the data, these cases have been numbered 1-21.

Table 6 gives the conditions associated with each case. The pressure co-

efficient data is presented graphically in Figures 17-37 and in tabular form

in Tables 7-12.

'
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Table 6. Experimental conditions for rectangular model
mL_surement cases 1-21

Case Imposed Swirl Angle Model Location Model Orientation
4 (m) e

1 0* 0.762 0*
2 0* 0.762 45*
3 0* 0.762 90
4 0* 0.457 0*
5 0* 0.457 45
6 0* 0.457 90
7 0* 0.114 0*
8 0* 0.114 45
9 0* 0.114 90

10 45' O.762 0*
11 45* 0.762 45
12 45* 0.762 90*
13 45* 0.762 135*
14 45 0.457 0*
15 45* 0.457 45*
16 45 0.457 90*
17 45* 0.457 135*
18 45* 0.114 0
19 45* 0.114 45*
20 45* 0.114 90*
21 45* 0.11 1 135*

1746 07D
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Pressure Coefficient

Figure 17a and Table 7a show the pressure coefficient results for

zero imposed swirl (4=0 )in the convergent zone with the #1odel oriented

parallel to the flow (o=0") In this and the other figures that follow,

the experimental data, denoted by circles, have been joined by straight

lines to emphasize the distribution of the surface pressure. Also, these

data are presented for five vertical planes along the model (x/1=.10,.30,

.50,.70, and .90) and three horizontal planes (z/h=.167,.50, and .833). The

results in Figure 17 show good symmetry with respect to the flow direction.

Relatively high pressures are obtained on the upwind face. The lowest pres-

sures are achieved just downstream of the corners (see e.g. ports 1,2,3;

35,36,37; 47,48,49; 15,16,17; 18,19,20; 21,22,23). These results are not

unlike those obtained in the usual boundary-layer-type winds. Although the

flow past the model is accelerating, the gross features of the pressure dis-

tribution on the model is determined largely by the separaticn that takes

place at the sharp corners of the model.

Figure 17b and Table 7b give results for zero imposed swirl (4=0 )in

the convergent zone with the model oriented at 45* to the local radial direc-

tion. This quartering wind produces rather low pressures near the windward

corner of the roof. The pressure coefficient at port 4 is -1.85. Also,

relatively low pressures are obtained on the leeward side of the model

(ports 47-52).

The effect of orienting the model at right angles to the radial direc-

tion (o=90 ) with zero imposed swirl (4=0 )in the convergent zone is shown

in.Figurebl7c;andTable7c The measured pressure distribution is reason-

ably symmetric and not unlike that obtained with e=0 . The pressure coefficin

1746 071m a h. .i
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just downstream of the windward corners is somewhat lower in the present

case than in case 1 (e.g. at port 41, C = - 0.97 for case 3 while C =

p p

- 0.78 at port 47 for case 1).

Moving the model to the boundary of the convergent and convection zones

(r = 0.457 m) does not radically change the shape of the pressure coeffi-

cient distribution for the case of no imposed swirl. As Figures 18a -18c

and Tables 8a -8c show, however, the magnitude of the pressure coefficient

decreases as one moves from the convergent zone (r = 0.762 m) to the boundary

of the convergent and convection zones (r = 0.457 m). The updraft imposed

on the flow in the convection zone is largely responsible for this change.

Placing the model in the convection zone (r = 0.114 m) where,with zero

imposed swirl, it is then embedded in a separated flow region, reduces the

pressure coefficient further while the shape of the pressure distribution

remains similar to that in the convergent zone and at the boundary of the

convergent and convection zones. Figures 19a -19c and Tables 9a -9c show

the data for the cases of zero imposed swirl in the convection zone with

the model oriented at Oo,45 , and 90 to the radial direction, respectively.

Figures 20-23 and Tables 10-12 show the effects of swirl on the surface

pressure coefficient - in all cases, the imposed swirl angle e is 45*.

Figure 20a and Table 10a show the data obtained for case 10 when the model

is in the convergent zone (r = 0.762 m) and is parallel to the local radial

direction (0=0 ). These results for 0=0 and 4=45 are rather similar to thos

obtained in case 2 where o=45* and +=0 . However, the base pressure in case

10 is lower than in case 2. Also, the pressure on the shorter windward face,

which includes ports 38-46, is less in the swirling flow (case 10) than the

non-swirling flow (case 2). Finally, in the swirling flow case, there is

I\i. dh\i
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evidence of flow reattachment and a pressure recovery on the leeward face

(see port 57). Smoke visualiz3 tion studies also suggest that the stream-

line curvature in the swirling flows can cause reattachment downstream of

a sharp corner.

Pressure coefficient data for the case where there is imposed swirl

(4=45)andthemodelisorientedat45 to the radial direction is shown

in Figure 20b and Table 10b Here the effects of swirl become more pro-

nounced. Comparing Figure 17c (case 3, e=90*,4=0o)and Figure 20b (case 11,

e=45*,4=45 ), where in both cases the model is normal to the flow, we see

that the imposed swirl causes significant asymmetries. The leeward face

(ports 47-60) has a much lower pressure in the swirlfr.g flow case thereby

inducing a higher drag force reckoned with respect to the local wind direc-

tion. Also, the lower pressure on the leeward short face (ports 35-46)

causes a side force. The relatively low pressure coefficients just down-

stream of the upstream corner of this face (see e.g. port 38) make this

location a likely point at which the cladding of a structure can come loose.

Figure 20c and Table 10c show data for case 12 in which the imposed

swirl angle 4 is 45 and the model is oriented at 90 to the local radial

direction. The results are quite similar to those obtained for case 10

(4=45*, e=(P)except that the pressure on the windward short face is somewhat

higher in case 12.

Figure 20d and Table 10d show the results obtained in case 13 with the

model oriented at 135* relative to the radial direction and the imposed

swirl angle 4 equal to 45*. These results are to be compared with those in

Figure 17a in which the model is similarly aligned with the flow (case 1;

0=0*,4=0*); This comparison shows the results to be rather similar althougF,

' 'M- 1746 073
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the windward face has a somewhat higher pressure coefficient in case 13

than in case 1 while the base pressure is lower in case 13 than in case 1.

As a consequence, the drag force in case 13 is higher than that in case 1

by about 25%. Also, the imposed swirl in case 13 introduces a slight

asymetry in the pressure distribution which leads to a small side force.

Figures 21a 21d and Tables lla lid give the pressure coefficient

distributions with the model at the boundary between the convergent and

convection zones (r = 0.457 m) and with the imposed swirl & set at 45*.

The results for case 14 ($=45, e=0 )are shown in Figure 21a and Table

lla Comparing these results with those obtained under the same conditions

in the convergent zone (case 10, Figure 20a ) shows that, with three ex-

ceptions, the pressure distributions are rather similar. First, the pres-

sure coefficients obtained at ports 38, 41, and 44 in case 14 are negative

whereas in case 10 they are positive. We believe this is due to the in-

tensification of the vorticity created at the sharp corner upstream of these

ports in case 14 as a consequence of the imposed vertical velocity at the

edge of the updraft region. Second, the base pressure in case 14 (see ports

15-23) is lower than in case 10 by almost forty percent. Finally, the mini-

mum pressure coefficient on the roof of the model is -3.47 at port 4 in case

14 while the minimum value in case 10, which also occurs at port 4, is -2.69.

This is a twenty-nine percent decrease in the pressure coefficient and

suggests that a very strong. suction force occurs around port 4. In this

quartering wind condition, the Iair of counter-rotating vortices which are

shed off the windward corner of the building are further intensified by the

vertical velocity imposed in the updraft region. This vortex stretching

mechanism intensifies the corner vortices and, while present in the convergent

.
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radius vector. These results are similar to those obtained in case 10

(e=0*,4=45 ) except that the magnitude of the suction on pressures obtained

on the roof and on the leeward sides of the model are lower in case 16 than

in case 10.

Surface pressure coefficients for case 17 (e=135 , 4=45*) are given in

Figure 21d and Table lid. Except for the slight asymmetry due to the

imposed swirl and the somewhat lower base pressure, these results are quite

like those of case 4 (6=0 ,e=0 ).

Figure 22a-22d and Tables 12a-12d give the data obtained in the

convection zone (r = 0.114 m) with swirl (4=45 ). The effect of swirl in

these cases is rather dramatic. The n.odel is no longer embedded in a low

velocity, separated flow region but is in a swirling, higher speed flow

region. Consequently, the m. iitude of the surface pressure coefficient

increases substantially, although the maximum values are still well below

those experienced at the boundary between the convection and convergent

zones. Figures 22a-22d and Tables 12a-12d give results for 4=45 and

e=0*,45*, 90 , and 135 , respectively. The pressure distributions shown

in these figures are not unusual or dramatic and thus we shall not discuss

them in detail.

Force and Moment Coefficients

The force and moment coefficients for the twenty-one cases have been

computed using Eqs. (9) and (10). In this case, the reference area A has

been taken to be the frontal area when e=4=0*(e.g. the area of the smallest

vertical face). The reference length is taken to be the height of the model.

Table 13 gives the force and moment coefficients calculated from the

n . a, _\ 1746 075,
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.

zone, is enhanced as the model is moved into the convection zone. This is
.

another manifestation of the differences between the usual boundary-layer-

type wind results and results obtained in a vortical, tornado-like flowfield.

Figure 21b and Table llb give results for case 15 corresponding to

0=45*,4=45* at the boundary of the convergent and convection zones. The

corresponding case in the convergent zone is case ll. As these results show,

the pressure distribution is rather different. In particular, the peak

suction pressures which occur on the leeward face are extremely low. The

pressure coefficient at port 53 in case 15 is -6.00, which is almost a

factor of three lower than the minimum pressure coefficient of -2.20 in

case 11 (which occurs at port 48). Thus, extremely low suction pressures

occur in this case on the leeward side of the model. In fact, the value

-6.00 at port 53 is the most extreme condition we have observM in our

steady-state measurements. Other relatively high suction gressures also

occur at ports 13 (-2.89), 47 (-3.58), 48 (-3.35), and 55 (-3.71). Thus, a

structure placed near the edge of the updraft of a tornadic storm will ex-

perience local suction pressure forces which could cause a wall or roof to

come loose and, once loosened, the high tornadic winds would then tend to

tear the wall or roof loose from the structure. As these measurements show,

the vortical nature of the tornadic winds makes the initiating phenomenon

for this failure mode more intense than it would be in a non-vortical flow.

These results also imply that a tornado's capacity for damage is characterizea

by more than the maximum windspeea. Location with respect to the tornado

vortex and orientation are also important factors.

Figure 21c and Table 11c give results for case 16 in which the imposed

swirl angle is 45* and the model orientation is 90 with respect to the local

3Mi 1746 076.
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Table 13, Force and moment coefficients for rectangular model

C, C C CCASE C C
Fx py p Mx My Mz

1 1.54 0.02 0.95 0.00 0.80 0.02

2 3.19 -1.08 2.00 0.61 1.65 0.35

3 2.53 0.00 1.93 -0.01 1.40 0.03

4 0.59 0.01 0.93 -0.01 0.42 0.01

5 1.32 -0.45 1.48 0.23 0.74 0.22

6 1.46 -0.01 1.51 0.00 0.77 0.00

7 0.01 0.00 0.08 0.00 0.01 0.00

8 0.03 -0.02 0.10 0.01 0.02 0.01

9 0.03 0.00 0.09 0.00 0.02 0.00

10 3.55 -1.30 2.37 1.14 1.79 0.42

11 4.08 -0.93 2.40 0.53 2.40 0.32

12 3.44 0.48 1.40 -0.20 1.73 0.10

13 1.91 -0.26 0.95 0.16 1.11 0.27

14 3.85 -1.26 3.31 1.39 1.88 0.29

15 5.90 -1.33 3.65 0.93 3.45 0.60

16 3.04 0.36 1.81 0.05 1.67 0.01

17 1.96 -0.53 1.36 0.41 0.99 0.47

18 0.75 0.18 1.03 0.42 0.06 0.30

19 1.02 1.35 1.15 0.55 0.52 0.37

20 0.85 0.25 1.10 0.10 0.45 0.55

21 0.87 0.14 1.02 0.15 0.01 0.50

1746 077
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measured pressure coefficients. The axes to which these coefficients refer

are shown in Figure 16. Briefly, the x-axis is in the direction of the on-

coming flow and thus C gives the drag force. The y-axis is normal to thisp

direction and parallel to the ground; C is thus the side force. The z-p
y

axis is nomal to the ground and C gives the vertical force on the roof.p

The results for cases 1-3, in the convergent zone without swirl, can be

compared with other published values. Table 14 gives a comparison of the

results presented by Sachs [27] for ordinary boundary-layer-type winds.

Trble 14. Comparison of the present results with
Sachs (ref. 27)

Case 1 Case 2 Case 3
(e =0 ,4 =0 ) (o=45 ,4=0 ) (e=90 ,4=0 )__

C (Present) 1.54 3.19 2.53p

C (ref. 27) .90 1.68 2.52p

C (Present) .02 1.08 0p
y

C (ref. 27) 0 .84 0p

The comparison of the present results with those reported by Sachs are

remarkably good when 0=90 corresponding to the case where the long side of

the rectangular prism is nomal to the flow. However, when the orientation

angle is decreased to 45* or 0 , the comparison becomes rather poor, with the

present measurements giving values for the drag coefficient (Cp ) that are
high b 1% for 0,=0* and 90% for 0=45*. These differences are likely to be

1746 078
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due to the nonuniformity of the flow in which the model is embedded. That

is, in the absence of the model, the velocity in the convergent zone is

inversely proportional to distance. Thus, in contrast to the uniform flow

conditions in the measurements reported by Sachs [27], the flow in the

present n'easurements is lower on the windward face and higher on the lee-

ward face, relative to the value that occurs at the center of the model,

in the absence of the model. The lowered velocity on the windward face

will increase the pressure there whereas the higher velocity on the lee-

ward face will decrease the pressure. Consequently, the nonunifonn flow

conditions should act to increase the drag, as has been observed, and should

become more important as the orientation of the model is decreased from 90 .

As the orientation of the model decreases from 90 , the effect of the non-

uniform velocity field in the convergent zone should be most pronounced

when the diagonal of the rectangular planform is in the radial direction

(here when e = tan (.146/.254) = 30 ) corresponding to the case where the
~

radial distance from the closest to the furthest point on the model is a

maximum. This would explain why the differences between the present results

and those of Sachs are largest when e=45 .

Comparing the present results for the force coefficients in cases 1-3

with those ,in, cases 10-13 shows that the effect of swirl in the convergent
4p;

zone'is to in}rease all three components of the force. For example, looking
,;; . 1

c

at cases 1 and 13, we see an incrnse in the drag coefficient of twenty-

four percent. The horizontal force coefficient for case 2 is 3.19 while that

,qg(;for,pa.se10is3.55,anincreaseofelevenpercent. The horizontal force

coefficient for case 3 is 2.53 while that for case 11 is 4.18, a sixty-five

percent increase. Clearly, the effect of swirl is to make the net force on

1746 079
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the structure larger. Similarly, the effect of swirl is to increase the

moment coefficients. Comparing cases 3 and 10, we see that the horizontal

overturning moment increases by fifty-two percent.

A similar, but more striking, trend oc' curs at the. boundary of the

convergent and convection zones. Cases 4-6 give the zero swirl results

while cases 12-15 give the force and moment coefficients with swirl. For

example, comparing case 15, for which the drag coefficient has its largest

value of 5.90, with case 6, we see that the horizontal force coefficient

increases by a factor of 4.04 while the overturning moment coefficient C
My

increases by a factor of 4.48. The vertical force coefficient increases

from 1.51 to 3.65, a factor of 2.42,with the addition of swirl. Also, the

effect of swirl is to increase the vertical twisting moment, although in

no case was this moment the largest acting on the structure. Clearly, the

effect of swirl is to significantly alter the pressure distribution on the

model and thereby dramatically increasing the forces and moments on the

structure.

This trend of increased force and moment coefficient with swirl also

occurs in the convection zone (compare cases 7-9 and 18-21). However, the

resulting coefficients are all smaller than those at the boundary of the

convergent and convection zones.

1746 080
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Table 7a. Surface pressure coefficient on the rectangular model in the convergent zone
(r = 0.762m) with imposed swirl angle of 00 (Case 1, orientation angle of 00).

Port 1 2 3 4 5 6 7 8 9 10

SC -0.84 -0.81 -0.81 -0.25 -0.38 -0.30 -0.20 -0.23 -0.44 -0.38
P.m

_-

%

Port 11 12 13 14 15 16 17 18 19 20

C -0.42 -0.65 -0.58 -0.64 -0.75 -0.74 -0.75 -0.77 -0.74 -0.78p

Port 21 22 23 24 25 26 27 28 29 30

C -0.76 -0.78 -0.78 -0.48 -0.42 -0.44 -0.28 -0.23 -0.24 -0.13p

E.

Port 31 32 33 34 35 36 37 38 39 40

C -0.08 -0.22 -0.23 -0.32 -0.71 -0.68 -0.67 0.73 0.77 0.72p

Port 41 42 43 44 45 46 47 48 49 50

C 0.78 0.83 0.80 0.81 0.82 0.78 -0.78 -0.71 -0.70 -0.20p

N Port 51 52 53 54 55 56 57 58 59 60
4
* C -0.22 -0.24 -0.14 -0.08 -0.22 -0.20 -0.17 -0.42 -0.44 -0.40p
c3
Co
-
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Table 8r. Surface pressure coefficient on the rectangular model at the boundary of the convergent and
convection zones (r =- 0.457m) with imposed swirl angle of 00 (Case 4, orientation angle of 00).

cw
r
6 Port 1 2 3 4 5 6 7 8 9 10

& C -0.61 -0.64 -0.64 -0.58 -0.56 -0.57 -0.40 -0.39 -0.46 -0.28
P.p

-
-,

Port il 12 13 14 15 16 17 18 19 20

C -0.45 -0.33 -0.27 -0.34 -0.30 -0.24 -0.30 -0.28 -0.22 -0.28p

Port 21 22 23 24 25 26 27 28 29 30

C -0.34 -0.15 -0.30 -0.15 0.09 -0.10 -0.13 -0.05 -0.03 -0.08p

E

Port 31 32 33 34 35 36 37 38 39 40

C -0.01 -0.17 -0.12 -0.07 -0.52 -0.42 -0.43 0.28 0.28 0.28p

Port 41 42 43 44 45 46 47 48 49 50

C 0.34 0.38 0.34 0.33 0.26 0.32 -0.51 -0.42 -0.41 -0.17p

-

N
A Port 51 52 53 54 55 56 57 58 59 60
cb

C -0.14 -0.09 -0.07 -0.02 -0.12 -0.04 -0.02 -0.12 -0.09 -0.08a p
oo
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Table 10a. Surface pressure coefficient on the rectangular model in the convergent zone
(r = 0.762m) with imposed swirl angle of 450 (Case 10, orientation angle of 00).

- c, -

2 Port 1 2 3 4 5 6 7 8 9 10
=

C -0.21 -0.21 -0.97 -2.69 -0.34 -0.67 -2.17 -0.52 -1.76 -1.97
p

,,
s.
~~~

Port 11 12 13 14 15 16 17 18 19 20

C -0.71 -1.57 -1.58 -1.08 -1.28 -1.47 -1.44 -1.48 -1.48 -1.45
p

Port 21 22 23 24 25 26 27 28 29 30

C -1.68 -1.41 -1.47 0.41 0.51 0.23 0.61 0.85 0.68 0.78
p

5

Port 31 32 33 34 35 36 37 38 39 40

C 0.87 0.80 1.00 0.93 0.96 1.07 1.05 0.16 0.33 0.03
p

Port 41 42 43 44 45 46 47 48 49 50

C 0.13 0.29 -0.09 0.16 0.27 -0.12 -1.47 -1.55 -1.34 -1.61___. p
N
-C:=
m

Port 51 52 53 54 55 56 57 58 59 60
c3

yC -1.67 -1.39 -1.63 -0.89 -1.51 -1.53 -0.09 -1.31 -1.37 -0.27
p
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Table 10b. Surface pressure coefficient on the rectangular model in the convergent zone

(r = 0.762m) with imposed swirl angle of 450 (Case 11, orientation angle of 450).

E
. Port 1 2 3 4 5 6 7 8 9 10
,y
3-
x C -1.52 -0.87 -0.50 -1.44 -1.25 -1.02 -1.56 -1.14 -1.83 -0.93

P_

Port 11 12 13 14 15 16 17 18 19 20

C -0.66 -2.25 -0.71 -0.87 -0.39 -0.21 -0.42 -0.25 -0.06 -0.25
p

Port 21 22 23 24 25 26 27 28 29 30

C -0.25 -0.18 -0.43 0.85 1.07 0.95 0.82 1.03 1.01 0.90
p

Port 31 32 33 34 35 36 37 38 39 40

C 0.92 0.78 0.90 0.83 0.64 0.61 0.53 -1.68 -1.01 -0.69
p

Port 41 42 43 44 45 46 47 48 49 50

C -1.53 -1.41 -0.80 -1.44 -1.35 -1.11 -2.02 -2.20 -1.89 -2.12
PN

r
os

Port 51 52 53 54 55 56 57 58 59 60
g

3 C -1.46 -1.08 -2.18 -1.28 -1.90 -1.68 -0.82 -0.99 -0.80 -0.64
p

. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Table 11c. Surface pressure coefficient on the rectangular model at- the boundary of the convergent and
0

convection zones (r = 0.457m) with imposed swirl angle of-450 (Case 16, orientation angle of 90 ).

[ Port 1 2 3 4 5 6 7 8 9 10

C -1.24 -0.45 -0.71 -1.30 -0.46 -0.68 -0.32 -0.51 -0.48 -0.67
:. , P.,

.

Port 11 12 13 14 15 16 17 18 19 20_

C -1.51 -1.31 -1.91 -1.57 0.68 0.72 0.75 0.84 0.95 0.88
p

Port 21 22 23 24 25 26 27 28 29 30

C 0.68 0.83 0.88 -0.47 -0.49 0.22 0.33 0.39 0.37 0.27
p E

Port 31 32 33 34 35 36 37 38 39 40

C 0.35 0.14 0.24 0.32 -0.04 -0.04 0.06 -1.18 -1.22 -1.21
p

Port 41 42 43 44 45 46 47 48 49 50

Q C -1.21 -1.12 -1.09 -1.12 -1.07 -0.80 -1.14 -1.21 -1.25 -1.18
p

4
m
CD Port 51 52 53 54 55 56 57 58 59 60

o
* C -1.20 -1.04 -1.29 -1.29 -1.26 -1.30 -1.3G -1.38 -1.30 -1.28

p



Table lid. Surface pressure coefficient on the rectangular model at the boundary ef the convergent and
convection zones (r = 0.457m) with imposed swirl angle of 450 (Case 17, orientation angle of 1350).

'.
~

Port 1 2 3 4 5 6 7 8 9 10
r,.

.;- 7 C -0.46 -0.69 -1.28 -0.20 -0.41 -1.46 -0.20 -0.49 -0.52 -0.551
p

a-

$ Port 11 12 13 14 15 16 17 18 19 20
.

C -0.92 -0.70 -0.89 -0.99 0.69 0.60 0.46 0.86 0.74 0.54p

Port 21 22 23 24 25 26 27 28 29 30

C U.85 0.79 0.56 -0.63 -0.64 -0. 51 -0.64 -0.62 -0.54 -0.28p

E
Port 31 32 33 34 35 36 37 38 39 40

C -0.45 -0.08 -0.10 -0.19 -0.30 -0.25 -0.28 -1.32 -1.42 -1.35p
-

N
4
cys Port 41 42 43 44 45 46 47 48 49 50

c:) C -1.38 -1.40 -1.09 -1.37 -1.49 -0.80 -0.73 -0.61 -0.61 -0.31sa) P
N

Port 51 52 53 54 55 56 57 58 59 60

C -0.24 -0.31 -0.01 0.01 0.08 0.26 0.22 0.29 0.46 0.36p



Table 12a. Surface pressure coefficient on the rectangular model in the convection zone
0(r = 0.114m) with imposed swirl angle of 450 (Case 18, orientation angle of 0 ).

Port 1 2 3 4 5 6 7 8 9 10

p 0.29 0.31 0.31 -1.05 0.23 0.18 -0.53 -0.13 -1.83 -0.92C

-

-

(; -

Port 11 12 13 14 15 16 17 18 19 20
r,

C -0.45 -1.17 -1.72 -0.89 -0.64 -0.74 0.11 -0.76 -0.30 0.33
p

_.

Port 21 22 23 24 25 26 27 28 29 30

C -0.84 0.36 0.53 -0.08 0.20 0.45 0.12 0.43 0.54 0.49 ,
p m

Port 31 32 33 34 35 36 37 38 39 40

C 0.61 0.52 0.62 0.64 0.57 0.60 0.63 0.35 0.50 0.47
p

Y Port 41 42 43 44 45 46 47 48 49 50

%
m C 0.29 0.50 0.45 0.45 0.50 0.49 0.20 0.17 0.21 0.16

p

CD
. .o

Port 51 52 E3 54 55 56 57 58 59 60D

C 0.23 0.22 0.30 0.30 0.16 0.31 0.34 0.08 0.14 0.23
p



Table 12b. Surface pressure coefficient on the rectangular model in the convection zone:2

5 (r = 0.114m) with imposed swirl angle of 450 (Case 19,orientationangleof450).
-m
T5 Port 1 2 3 4 5 6 7 8 9 10
&
rr1 C 0.37 0.31 0.19 -0.82 0.18 -0.06 -0.62 -0.45 -0.62 -0.73
- P

..

Port 11 12 13 14 15 16 17 18 19 20

C -0.91 -0.45 -2.76 -1.74 -0.64 -0.27 0.32 -0.33 0.24 0.55p

Port 21 22 23 24 25 26 27 28 29 30

C 0.05 0.45 0.63 0.15 0.42 0.50 0.36 0.46 0.54 0.46p

Port 31 32 33 34 35 36 37 38 39 40

C 0.55 0.46 0.54 0.59 0.49 0.51 0.56 0.17 0.21 0.34p
-

N

h Port 41 42 43 44 45 46 47 48 49 50

o C 0.19 0.22 0.27 0.20 0.22 0.29 -0.47 -0.25 -0.32 -0.63
% P

m

Port 51 52 53 54 55 56 57 58 59 60

C -0.07 -0.10 -0.35 0.16 -0.32 0.11 0.36 -0.06 0.16 0.34p



Table 12c. Surface pressure coefficient on the rectan9ular model in the convection zone
(r = 0.114m) with imposed swirl angle of 450 (Case 20, orientation angle of 900).

Port 1 2 3 4 5 6 7 8 9 10

C -0.20 -0.14 -0.35 -0.27 -0.39 -0.65 -0.19 -1.07 0.01 -0.31
p

L-

;, Port 11 12 13 14 15 16 17 18 19 20
..,

-C -1.59 0.07 -1.27 -1.25 0.21 0.33 0.43. 0.40 0.48 0.50
p

Port 21 22 23 24 25 26 27 28 29 30

C 0.54 0.56 0.56 0.18 0.10 0.10 0.36 0.42 0.42 0.45
p

Port 31 32 33 34 35 36 37 38 39 40

C 0.51 0.45 0.49 0.54 0.41 0.42 0.45 -0.11 0.10 0.13
p

Port 41 42 43 44 45 46 47 48 49 50

C -0.04 -0.04 0.11 -0.05 0.01 0.08 -0.69 -0.64 -0.73 -0.93
p

-

N

$ Port 51 52 53 54 55 56 57 58 59 60

C -0.53 0.07 -0.13 0.38 0.08 0.39 0.49 0.24 0.45 0.57-

o P

o



Table 12d. Surface pressure coefficient on the rectangular model in the convection zone
~ (r = 0.ll4m) with imposed swirl angle of 450 (Case 21, orientation angle of 1350).

Port 1 2 3 4 5 6 7 8 9 10
,

[.C -0.32 -0.96 -1.36 -0.10 -0.74 -2.15 -0.03 -0.96 0.24 0.14p
. . - ,
% .-

' Port 11 12 13 14 15 16 17 18 19 20

C -1.16 0.15 0.10 0.11 0.27 0.48 0.46 0.44 0.50 0.46p

Port 21 22 23 24 25 26 27 28 29 30

C 0.53 0.53 0.51 0.21 0.22 0.22 0.22 0.22 0.23 0.31p
E

Port 31 32 33 34 35 36 37 38 39 40

C 0.28 0.34 0.35 0.38 0.24 0.25 0.30 -0.51 -0.72 -0.34p

Port 41 42 43 44 45 46 47 48 49 50

N C -0.61 -0.52 -0.02 -0.76 -0.38 0.20 -0.58 -0.46 -0.11 -0.63
Ps

ch

] Port 51 52 53 54 55 56 57 58 59 60
~

C -0.11 0.01 0.37 0.53 0.44 0.61 0.61 0.54 0.61 0.64p
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CHAPTER VI

CONCLUDING REMARKS

These measurements indicate that the swirling winds induced by a

tornado vortex can change the forces and moments experienced by both

cylindrical and rectangular structures when compared with ordinary

boundary-layer-type wind loads. The effects are most dramatic for the

rectangular structure. In the case of the cylindrical model, the vor-

tical tornadic flow induces a side force on the model and increases the

vertical force on the model. The change in the horizontal force coeffi-

cient, however, is small. Ifs the model tis tangent to the edge of the un-
D) OP\l

disturbed vortex, vortex attachment occurs, the pressure distribution be-

comes more symmetric and the pressure coefficient becomes large and negative.

This suggests a change in the fai, lure mode from a " blown-over" mode to a

" bursting" mode as the distance possible between the model and vortex

decreases.

The critical location of the rectangular structure in the tornadic

flow appears to be at the boundary between the convergent and convection

zones where the imposed updraft alters the flow about the structure. in a

fashion so as to increase the forces and moments significantly. The origins

of these increases appear to lie in the interaction of the flow about the

building with the vorticity created at the sharp corners of the structure.

The resulting vortex intensification due to vortex stretching lowers the

local pressure creating large suction forces. Thus, not only must one

design structures for the total force due to tornadic winds, but one must

ensure that the structure can withstand the large local forces measured in

these experiments. If this is not the case, it then becomes possible for

,
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a structure to first fail locally with, for example, a corner of a roof

lifting off after which the changing geometry of the structure allows a

large scale failure to occur. The failure sequence suggested by this

example has, in fact, been observed in naturally occurring tornadoes.
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