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Preface to the Fourth Edition

The quarter of a century that elapsed since the publication of the third edition of Wind
Effects on Structures has seen a number of significant developments in micrometeo-
rology, extreme wind climatology, aerodynamic pressure measurement technology,
uncertainty quantification, the optimal integration of wind and structural engineering
tasks, and the use of “big data” for determining and combining effectively multiple
directionality-dependent time series of wind effects of interest. Also, following a 2004
landmark report by Skidmore Owings and Merrill LLP on large differences between
independent estimates of wind effects on the World Trade Center towers, it has
increasingly been recognized that transparency and traceability are essential to the
credibility of structural designs for wind. A main objective of the fourth edition of Wind
Effects on Structures is to reflect these developments and their consequences from a
design viewpoint. Progress in the developing Computational Wind Engineering field is
also reflected in the book.

Modern pressure measurements by scanners, and the recording and use of aerody-
namic pressure time series, have brought about a significant shift in the division of
tasks between wind and structural engineers. In particular, the practice of splitting the
dynamic analysis task between wind and structural engineers has become obsolete;
performing dynamic analyses is henceforth a task assigned exclusively to the structural
engineering analyst, as has long been the case in seismic design. This eliminates the
unwieldy, time-consuming back-and-forth between wind and structural engineers,
which typically discourages the beneficial practice of iterative design. The book provides
the full details of the wind and structural engineers’ tasks in the design process, and
up-to-date, user-friendly software developed for practical use in structural design
offices. In addition, new material in the book concerns the determination of wind
load factors, or of design mean recurrence intervals of wind effects, determined by
accounting for wind directionality.

The first author contributed Chapters 1-3; portions of Chapter 4; Chapters 5, 7,
and 8; Sections 9.1 and 9.3; Chapters 10—12 and 15; portions of Chapter 17 and Part
IIL; Part IV; and Appendices A, B, D, and E. The second author contributed Chapter 6;
Section 9.2; and Section 23.5. The authors jointly contributed Chapters 13, 14, 16,
and 18. They reviewed and are responsible for the entire book. Professor Robert
H. Scanlan contributed parts of Chapter 4 and of Part III. Appendix F, authored by
Skidmore Owings and Merrill LLP, is part of the National Institute of Standards and
Technology World Trade Center investigation. Chapter 17 is based on a doctoral
thesis by Dr. F. Habte supervised by the first author and Professor A. Gan Chowdhury.
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Preface to the Fourth Edition

Dr. Sejun Park made major contributions to Chapters 14 and 18 and developed the
attendant software. Appendix C is based on a paper by A. L. Pintar, D. Duthinh, and
E. Simiu.

We wish to pay a warm tribute to the memory of Professor Robert H. Scanlan
(1914-2001) and Dr. Richard D. Marshall (1934-2001), whose contributions to
aeroelasticity and building aerodynamics have profoundly influenced these fields.
The authors have learned much over the years from Dr. Nicholas Isyumov's work, an
example of competence and integrity. We are grateful to Professor B. Blocken of the
Eindhoven University of Technology and KU Leuven, Dr. A. Ricci of the Eindhoven
University of Technology, and Dr. T. Nandi of the National Institute of Standards
and Technology for their thorough and most helpful reviews of Chapter 6. We thank
Professor D. Zuo of Texas Tech University for useful comments on cable-stayed-bridge
cable vibrations. We are indebted to many other colleagues and institutions for their
permission to reproduce materials included in the book.

The references to the authors’ National Institute of Standards and Technology
affiliation are for purposes of identification only. The book is not a U.S. Government
publication, and the views expressed therein do not necessarily represent those of the
U.S. Government or any of its agencies.

Rockville, Maryland Emil Simiu
DongHun Yeo



Introduction

The design of buildings and structures for wind depends upon the wind environment,
the aerodynamic effects induced by the wind environment in the structural system, the
response of the structural system to those effects, and safety requirements based on
uncertainty analyses and expressed in terms of wind load factors or design mean recur-
rence intervals of the response. For certain types of flexible structure (slender structures,
suspended-span bridges) aeroelastic effects must be considered in design.

.1 The Wind Environment and Its Aerodynamic Effects

For structural design purposes the wind environment must be described: (i) in meteo-
rological terms, by specifying the type or types of storm in the region of interest (e.g.,
large-scale extratropical storms, hurricanes, thunderstorms, tornadoes); (ii) in microm-
eteorological terms (i.e., dependence of wind speeds upon averaging time, dependence
of wind speeds and turbulent flow fluctuations on surface roughness and height above
the surface); and in extreme wind climatological terms (directional extreme wind speed
data at the structure’s site, probabilistic modeling based on such data). Such descriptions
are provided in Chapters 1-3, respectively.

The description of the wind flows” micrometeorological features is needed for three
main reasons. First, those features directly affect the structure’s aerodynamic and
dynamic response. For example, the fact that wind speeds increase with height above
the surface means that wind loads are larger at higher elevations than near the ground.
Second, turbulent flow fluctuations strongly influence aerodynamic pressures, and
produce in flexible structures fluctuating motions that may be amplified by resonance
effects. Third, micrometeorological considerations are required to transform measured
or simulated wind speed data at meteorological stations or other reference sites into
wind speed data at the site of interest.

Micrometeorological features are explicitly considered by the structural designer if
wind pressures or forces acting on the structure are determined by formulas specified
in code provisions. However, for designs based on wind-tunnel testing this is no longer
the case. Rather, the structural designer makes use of records of non-dimensional aero-
dynamic pressure data and of measured or simulated directional extreme wind speeds
at the site of interest, in the development of which micrometeorological features were
taken into account by the wind engineer and are implicit in those records. However, the
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integrity of the design process requires that the relevant micrometeorological features
on which those records are based be fully documented and accounted for.

To perform a design based on aerodynamic data obtained in wind-tunnel tests (or in
numerical simulations) the structural engineer needs the following three products:

1) Time series of pressures at large numbers of taps, non-dimensionalized with respect
to the wind tunnel (or numerical simulation) mean wind speed at the reference height
(commonly the elevation of the building roof) (Chapters 4—6).

2) Matrices of directional mean wind speeds at the site of interest, at the prototype
reference height.

3) Estimates of uncertainties in items (1) and (2) (Chapter 7).

These products, and the supporting documentation consistent with Building Infor-
mation Modeling (BIM) requirements to allow effective scrutiny, must be delivered
by the wind engineering laboratory to the structural engineer in charge of the design.
The wind engineer’s involvement in the structural design process ends once those
products are delivered. The design is then fully controlled by the structural engineer. In
particular, as was noted in the Preface, dynamic analyses need no longer be performed
partly by the structural engineer and partly by the wind engineer, but are performed
solely, and more effectively, by the structural engineer. This eliminates unwieldy,
time-consuming back-and-forth between the wind engineering laboratory and the
structural design office, which typically discourages the beneficial practice of iterative
design. Chapters 1-7 constitute Part I of the book.

.2 Structural Response to Aerodynamic Excitation

The structural designer uses software that transforms the wind engineering data into
applied aerodynamic loads. This transformation entails simple weighted summations
performed automatically by using a software subroutine. Given a preliminary design, the
structural engineer performs the requisite dynamic analyses to obtain the inertial forces
produced by the applied aerodynamic loads. The effective wind loads (i.e., the sums of
applied aerodynamic and inertial loads) are then used to calculate demand-to-capacity
indexes (DClIs), inter-story drift, and building accelerations with specified mean recur-
rence intervals. This is achieved by accounting rigorously and transparently for (i) direc-
tionality effects, (ii) combinations of gravity effects and wind effects along the prin-
cipal axes of the structure and in torsion, and (iii) combinations of weighted bending
moments and axial forces inherent in DCI expressions. Typically, to yield a satisfactory
design (e.g., one in which the DCIs are not significantly different from unity), successive
iterations are required. All iterations use the same applied aerodynamic loads but differ-
ent structural members sizes. Part II of the book presents details on of the operations just
described, software for performing them, and examples of its use supported by a detailed
user’s manual and a tutorial. Also included in Part II is a critique of the high-frequency
force balance technique, commonly used in wind engineering laboratories before the
development of multi-channel pressure scanners, material on wind-induced discom-
fort in and around buildings, tuned mass dampers, and requisite wind load factors and
design mean recurrence intervals of wind effects.
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Part III presents fundamentals and applications related to aeroelastic phenomena:
vortex-induced vibrations, galloping, torsional divergence, flutter, and aeroelastic
response of slender towers, chimneys and suspended-span bridges. Part IV contains
material on trussed frameworks and plate girders, offshore structures, tensile mem-
brane structures, tornado wind and atmospheric pressure change effects, and tornado-
and hurricane-borne missile speeds.

Appendices A—E present elements of probability and statistics, elements of the the-
ory of random processes, the description of a modern peaks-over-threshold procedure
that yields estimates of stationary time series peaks and confidence bounds for those
estimates, elements of structural dynamics based on a frequency-domain approach still
used in suspended-span bridge applications, and elements of structural reliability that
provide an engineering perspective on the extent to which the theory is, or is not, useful
in practice. The final Appendix F is a highly instructive Skidmore Owings and Merrill
report on the estimation of the World Trade Center towers response to wind loads.
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Atmospheric Circulations

Wind, or the motion of air with respect to the surface of the Earth, is fundamentally
caused by variable solar heating of the Earth’s atmosphere. It is initiated, in a more
immediate sense, by differences of pressure between points of equal elevation. Such
differences may be brought about by thermodynamic and mechanical phenomena that
occur in the atmosphere both in time and space.

The energy required for the occurrence of these phenomena is provided by the sun in
the form of radiated heat. While the sun is the original source, the source of energy most
directly influential upon the atmosphere is the surface of the Earth. Indeed, the atmo-
sphere is to a large extent transparent to the solar radiation incident upon the Earth,
much in the same way as the glass roof of a greenhouse. That portion of the solar radi-
ation that is not reflected or scattered back into space may therefore be assumed to
be absorbed entirely by the Earth. The Earth, upon being heated, will emit energy in
the form of terrestrial radiation, the characteristic wavelengths of which are long (in the
order of 10 ) compared to those of heat radiated by the sun. The atmosphere, which is
largely transparent to solar but not to terrestrial radiation, absorbs the heat radiated by
the Earth and re-emits some of it toward the ground.

1.1 Atmospheric Thermodynamics

1.1.1 Temperature of the Atmosphere

To illustrate the role of the temperature distribution in the atmosphere in the production
of winds, a simplified version of model circulation will be presented. In this model the
vertical variation of air temperature, of the humidity of the air, of the rotation of the
Earth, and of friction are ignored, and the surface of the Earth is assumed to be uniform
and smooth.

The axis of rotation of the Earth is inclined at approximately 66° 30" to the plane of
its orbit around the sun. Therefore, the average annual intensity of solar radiation and,
consequently, the intensity of terrestrial radiation, is higher in the equatorial than in the
polar regions. To explain the circulation pattern as a result of this temperature differ-
ence, Humphreys [1] proposed the following ideal experiment (Figure 1.1).

Assume that the tanks A and B are filled with fluid of uniform temperature up to level
a, and that tubes 1 and 2 are closed. If the temperature of the fluid in A is raised while
the temperature in B is maintained constant, the fluid in A will expand and reach the

Wind Effects on Structures: Modern Structural Design for Wind, Fourth Edition. Emil Simiu and DongHun Yeo.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.



4| 1 Atmospheric Circulations

Figure 1.1 Circulation pattern due to temperature difference between two columns of fluid. Source:
From Ref. [1]. Copyright 1929, 1940 by W. J. Humphreys.

level b. The expansion entails no change in the total weight of the fluid contained in A.
The pressure at ¢ therefore remains unchanged, and if tube 2 were opened, there would
be no flow between A and B. If tube 1 is opened, however, fluid will flow from A to B,
on account of the difference of head (b — a). Consequently, at level ¢ the pressure in A
will decrease, while the pressure in B will increase. Upon opening tube 2, fluid will now
flow through it from B to A. The circulation thus developed will continue as long as the
temperature difference between A and B is maintained.

If tanks A and B are replaced conceptually by the column of air above the equator and
above the pole, in the absence of other effects an atmospheric circulation will develop
that could be represented as in Figure 1.2. In reality, the circulation of the atmosphere
is vastly complicated by the factors neglected in this model. The effect of these factors
will be discussed later in this chapter.

The temperature of the atmosphere is determined by the following processes:

Solar and terrestrial radiation, as discussed previously
Radiation in the atmosphere

Compression or expansion of the air

Molecular and eddy conduction

Evaporation and condensation of water vapor.

1.1.2 Radiation in the Atmosphere

As a conceptual aid, consider the action of the following model. The heat radiated by the
surface of the Earth is absorbed by the layer of air immediately above the ground (or the



1.1 Atmospheric Thermodynamics
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Figure 1.2 Simplified model of atmospheric circulation.
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surface of the ocean) and reradiated by this layer in two parts, one going downward and
one going upward. The latter is absorbed by the next higher layer of air and again reradi-
ated downward and upward. The transport of heat through radiation in the atmosphere,
according to this conceptual model, is represented in Figure 1.3.

1.1.3 Compression and Expansion. Atmospheric Stratification

Atmospheric pressure is produced by the weight of the overlying air. A small mass (or
particle) of dry air moving vertically thus experiences a change of pressure to which
there corresponds a change of temperature in accordance with the Poisson dry adiabatic
equation

0.288
I _ <£> (1.1)
T, Py

A familiar example of the effect of pressure on the temperature is the heating of com-
pressed air in tire pump.

If, in the atmosphere, the vertical motion of an air particle is sufficiently rapid, the heat
exchange of that parcel with its environment may be considered to be negligible, that is,
the process being considered is adiabatic. It then follows from Poisson’s equation that
since ascending air experiences a pressure decrease, its temperature will also decrease.

5



6 | 1 Atmospheric Circulations

le———— [ —————>
T2

| : Lapse rate prevailing
in the atmosphere

Il : Adiabatic lapse rate

Figure 1.4 Lapse rates.

The temperature drop of adiabatically ascending dry air is known as the dry adiabatic
lapse rate and is approximately 1°C/100 m in the Earth’s atmosphere.

Consider a small mass of dry air at position 1 (Figure 1.4). Its elevation and temper-
ature are denoted by 4, and T, respectively. If the particle moves vertically upward
sufficiently rapidly, its temperature change will effectively be adiabatic, regardless of
the lapse rate (temperature variation with height above ground) prevailing in the atmo-
sphere. At position 2, while the temperature of the ambient air is T, the temperature
of the element of air mass is 7, = T', — (h, — h,) y,, where y,, is the adiabatic lapse rate.
Since the pressure of the element and of the ambient air will be the same, it follows from
the equation of state that to the difference T) — T', there corresponds a difference of
density between the element of air and the ambient air. This generates a buoyancy force
that, if T, < T}, acts upwards and thus moves the element farther away from its initial
position (superadiabatic lapse rate, as in Figure 1.4), or, if T, > T, acts downwards, thus
tending to return the particle to its initial position. The stratification of the atmosphere
is said to be unstable in the first case and stable in the second. If T, = Tz’, that is, if
the lapse rate prevailing in the atmosphere is adiabatic, the stratification is said to be
neutral. A simple example of the stable stratification of fluids is provided by a layer of
water underlying a layer of oil, while the opposite (unstable) case would have the water
above the oil.

1.1.4 Molecular and Eddy Conduction

Molecular conduction is a diffusion process that effects a transfer of heat. It is achieved
through the motion of individual molecules and is negligible in atmospheric processes.
Eddy heat conduction involves the transfer of heat by actual movement of air in which
heat is stored.



1.2 Atmospheric Hydrodynamics

1.1.5 Condensation of Water Vapor

In the case of unsaturated moist air, as an element of air ascends and its temperature
decreases, at an elevation where the temperature is sufficiently low condensation will
occur and heat of condensation will be released. This is equal to the heat originally
required to change the phase of water from liquid to vapor, that is, the latent heat of
vaporization stored in the vapor. The temperature drop in the saturated adiabatically
ascending element is therefore slower than for dry air or moist unsaturated air.

1.2 Atmospheric Hydrodynamics

The motion of an elementary air mass is determined by forces that include a vertical
buoyancy force. Depending upon the temperature difference between the air mass and
the ambient air, the buoyancy force acts upwards (causing an updraft), downwards, or
is zero. These three cases correspond to unstable, stable, or neutral atmospheric strat-
ification, respectively. It is shown in Section 2.3.3 that, depending upon the absence or
a presence of a stably stratified air layer above the top of the atmospheric boundary
layer, called capping inversion, neutrally stratified flows can be classified into truly and
conventionally neutral flows.
The horizontal motion of air is determined by the following forces:

1) The horizontal pressure gradient force per unit of mass, which is due to the spatial
variation of the horizontal pressures. This force is normal to the lines of constant
pressure, called isobars, that is, it is directed from high-pressure to low-pressure
regions (Figure 1.5). Let the unit vector normal to the isobars be denoted by n, and
consider an elemental volume of air with dimensions dn, dy, dz, where the coordi-
nates #, y, z are mutually orthogonal. The net force per unit mass exerted by the
horizontal pressure gradient along the direction of the vector n is

[p_<p_z_id”>] _1dp

dyd =
y 4z (dndy dz p) pon

(1.2)

where p denotes the pressure, and p is the air density.

2) The deviating force due to the Earth’s rotation. If defined with respect to an absolute
frame of reference, the motion of a particle not subjected to the action of an external
force will follow a straight line. To an observer on the rotating Earth, however, the
path described by the particle will appear curved. The deviation of the particle with

Figure 1.5 Direction of pressure gradient force. High pressure
n

Direction of pressure
gradient force

Isobar

Low pressure
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Vr Figure 1.6 The atmospheric boundary layer.

f— Free atmosphere

Gradient wind level

& (Boundary layerdepth)

respect to a straight line fixed with respect to the rotating Earth may be attributed to
an apparent force, the Coriolis force

F.=mfv (1.3)

where m is the mass of the particle, f=2w sin ¢ is the Coriolis parameter,
@ = 0.7292x107* s7! is the angular velocity vector of the Earth, ¢ is the angle of
latitude, and v is the velocity vector of the particle referenced to a coordinate
system fixed with respect to the Earth. The force F, is normal to the direction of the
particle’s motion, and is directed according to the vector multiplication rule.

3) The friction force. The surface of the Earth exerts upon the moving air a horizontal
drag force that retards the flow. This force decreases with height and becomes neg-
ligible above a height 6 known as gradient height. The atmospheric layer between
the Earth’s surface and the gradient height is called the atmospheric boundary layer
(see Chapter 2). The wind velocity speed at height § is called the gradient velocity,!
and the atmosphere above this height is called the free atmosphere (Figure 1.6).

In the free atmosphere an elementary mass of air will initially move in the direction of
the pressure gradient force — the driving force for the air motion — in a direction normal
to the isobar. The Coriolis force will be normal to that incipient motion, that is, it will
be tangent to the isobar. The resultant of these two forces, and the consequent motion
of the particle, will no longer be normal to the isobar, so the Coriolis force, which is
perpendicular to the particle motion, will change direction, and will therefore no longer
be directed along the isobar. The change in the direction of motion will continue until
the particle will move steadily along the isobar, at which point the Coriolis force will be
in equilibrium with the pressure gradient force, as shown in Figure 1.7.

Within the atmospheric boundary layer the direction of the friction force, denoted
by S, coincides with the direction of motion of the particle. During the particle’s steady
motion the resultant of the mutually orthogonal Coriolis and friction forces will bal-
ance the pressure gradient force, that is, will be normal to the isobars, meaning that
the friction force — and therefore the motion of the particle — will cross the isobars
(Figure 1.8). Since the friction force, which retards the wind flow and vanishes at the gra-
dient height, decreases as the height above the surface increases, the velocity increases

1 For “straight winds” (i.e., winds whose isobars are approximately straight), the term “geostrophic” is
substituted in the meteorological literature for “gradient.”
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Figure 1.7 Frictionless wind balance in geostrophic flow.
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Figure 1.8 Balance of forces in the atmospheric boundary layer.

Figure 1.9 Wind velocity spiral in the atmospheric boundary
layer. v

with height (Figure 1.6). The Coriolis force, which is proportional to the velocity, also
increases with height. The combined effect of the Coriolis and friction forces causes the
angle between the isobars and the direction of motion within the ABL, shown as « in
Figures 1.8 and 1.9, to increase from zero at the gradient height to its largest value at the
Earth’s surface. The wind velocity in the boundary layer can therefore be represented by
a spiral, as in Figure 1.9. Under certain simplifying assumption regarding the effective
flow viscosity the spiral is called the Ekman spiral (see Section 2.3.1).
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If the isobars are curved, the horizontal pressure gradient force as well as the
centrifugal force associated with the motion on a curved path will act on the elemen-
tary mass of air in the direction normal to the isobars, and the resultant steady wind
will again flow along the isobars. Its velocity results from the relations

Voo Yo _dpldn

+ — = —
8" - P)
where r is the radius of curvature of the air trajectory. If the mass of air is in the North-
ern Hemisphere, the positive or the negative sign is used according as the circulation
is cyclonic (around a center of low pressure) or anticyclonic (around a center of high
pressure).

(1.4)

1.3 Windstorms

1.3.1 Large-Scale Storms

Large-scale wind flow fields of interest in structural engineering may be divided into
two main types of storm: extratropical (synoptic) storms, and tropical cyclones. Synop-
tic storms occur at and above mid-latitudes. Because their vortex structure is less well
defined than in tropical storms, their winds are loosely called “straight winds.”

Tropical cyclones, known as typhoons in the Far East, and cyclones in Australia and
the Indian Ocean, generally originate between 5° and 20° latitudes. Hurricanes are
defined as tropical cyclones with sustained surface wind speeds of 74 mph or larger.
Tropical cyclones are translating vortices with diameters of hundreds of miles and
counterclockwise (clockwise) rotation in the Northern (Southern) hemisphere. Their
translation speeds vary from about 3—30 mph. As in a stirred coffee cup, the column
of fluid is lower at the center than at the edges. The difference between edge and
center atmospheric pressures is called pressure defect. Rotational speeds increase as
the pressure defect increases, and as the radius of maximum wind speeds, which varies
from 5 to 60 miles, decreases.

The structure and flow pattern of a typical tropical cyclone is shown in Figure 1.10.
The eye of the storm (Region I) is a roughly circular, relatively dry core of calm or light
winds surrounded by the eye wall. Region II contains the storm’s most powerful winds.
Far enough from the eye, winds in Region V, which decrease in intensity as the distance
from the center increases, are parallel to the surface. Where Regions V and II intersect
the wind speed has a strong updraft component that alters the mean wind speed pro-
file and is currently not accounted for in structural engineering practice. The source of
energy that drives the storm winds is the warm water at the ocean surface. As the storm
makes landfall and continues its path over land, its energy is depleted and its wind speeds
gradually decrease. Figure 1.11 shows a satellite image of Hurricane Irma. In the United
States hurricanes are classified in accordance with the Saffir—Simpson scale (Table 1.1).2

1.3.2 Local Storms

Foehn winds (called chinook winds in the Rocky Mountains area) develop downwind
of mountain ridges. Cooling of air as it is pushed upwards on the windward side of a

2 See Commentary, ASCE 7-16 Standard [2].
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Figure 1.11 Satellite view of hurricane Irma. Source: National Oceanic and Atmospheric
Administration photo.

mountain ridge causes condensation and precipitation. The dry air flowing past the crest
warms as it is forced to descend, and is highly turbulent (Figure 1.12). A similar type
of wind is the bora, which occurs downwind of a plateau separated by a steep slope
from a warm plain.

Jet effect winds are produced by features such as gorges.

1
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Table 1.1 Saffir-Simpson scale and corresponding wind speeds?.

Damage 1-min speed at 10 m 3-s gust speed at 10 m over N. Atlantic
Category  potential over open water (mph) open terrain exposure (mph) examples
1 Minimal 74-95 81-105 Agnes 1972
2 Moderate 96-110 106-121 Cleo 1974
3 Extensive 111-129 122-142 Betsy 1965
4 Extreme 130-156 143-172 David 1979
5 Catastrophic ~ >157 >173 Andrew 1992

a) For the definition of 1-minute and 3-second wind speeds see Section 2.1. Official speeds are in mph.

Figure 1.12 Foehn wind.

Thunderstorms occur as heavy rain drops, due to condensation of water vapor con-
tained in ascending warm, moist air, drag down the air through which they fall, causing
a downdraft that spreads on the earth’s surface (Figure 1.13). The edge of the spread-
ing cool air is the gust front. If the wind behind the gust front is strong, it is called
a downburst. Notable features of downbursts are the typical difference between the
profiles of their peak gusts near the ground and those of large-scale storms, and the dif-
ferences among the time histories of various thunderstorms [3] (Figure 1.14). According
to [5], the maximum winds (i.e., design level winds) rarely occur at the locations where
profiles differ markedly from the logarithmic law.

Microbursts were defined by Fujita [4] as slow-rotating small-diameter columns of
descending air which, upon reaching the ground, burst out violently (Figure 1.15). A
number of fatal aircraft accidents have been caused by microbursts. According to [5],
“because of the higher frequency and large individual area of a microburst, probabili-
ties of structural damage by microbursts with 50—100 mph wind speeds could be much
higher than those of tornadoes.”



1.3 Windstorms |13

—_—
Direction of movement

Figure 1.13 Section through a thunderstorm in the mature stage.

Tornadoes are small vortex-like storms, and can contain winds in excess of 100 m s~}
(Figure 1.16) [6, 7].

For unvented or partially unvented structures, the difference between atmospheric
pressure at the tornado periphery and the tornado center (i.e., the pressure defect)
typical of cyclostrophic storms is a significant design factor. For such structures, the dif-
ference between the larger atmospheric pressure that persists inside the structure and
the lower atmospheric pressure acting on the structure during the tornado passage
results in large, potentially destructive net pressures that must be accounted for in
design (see Chapter 27).

The National Weather Service and the U.S. Nuclear Regulatory Commission are
currently classifying tornado intensities in accordance with the Enhanced Fujita
Scale (EF-scale), agreed upon in a forum organized by Texas Tech University in
2001. The EF-scale, shown in Table 1.2, replaced the original Fuyjita scale following a
consensus opinion that the latter overestimated tornado wind speeds (see, e.g., [8]).
The EF scale is based on the highest 3-second wind speed estimated to have occurred
during the tornado’s life, and is shown in Table 1.2.

Asnoted in [9], “no tornado has been assigned an intensity of EF6 or greater, and there
is some question whether an EF6 or greater tornado would be identified if it did occur.”
For tornadoes that occur in areas containing no objects capable of resisting events with
intensity EFO (e.g., in a corn field), no intensity estimate is possible. An additional diffi-
culty is that intensity estimates depend upon quality of construction. Since there are no
measurements of tornado speeds at heights above ground comparable to typical build-
ing heights, it is necessary to rely on largely subjective estimates, based primarily on
observations of damage.

For additional material on tornadoes, see Sections 3.4 and 5.3, and Chapters 27
and 28.
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Figure 1.15 Andrews Air Force Base microburst on 1 August 1 1983. Its 149.7 mph peak speed was the
highest recorded in a microburst in the U.S [4].

Figure 1.16 Tornado funnel (Source: National Oceanic and Atmospheric Administration photo).
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Table 1.2 Tornado enhanced Fujita Scale.

Enhanced Fujita Scale

Intensity Description 3-s peak gust speed (mph)
EFO Light damage 65-85
EF1 Moderate damage 86-110
EF2 Considerable damage 111-135
EF3 Severe damage 136-165
EF4 Devastating damage 166-200
EF5 Incredible damage >200
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The Atmospheric Boundary Layer

As indicated in Chapter 1, the Earth’s surface exerts on the moving air a horizontal
drag force whose effect is to retard the flow. This effect is diffused by turbulent mix-
ing throughout a region called the atmospheric boundary layer (ABL). In strong winds
the depth of the ABL ranges from a few hundred meters to a few kilometers, depending
upon wind speed, roughness of terrain, angle of latitude, and the degree to which the
stratification of the free flow (i.e., the flow above the ABL) is stable. Within the ABL the
mean wind speed varies as a function of elevation.

This chapter is devoted to studying aspects of ABL flow of interest from a structural
engineering viewpoint. Section 2.1 is concerned with the dependence of the wind
speed on averaging time. Section 2.2 presents the equations of mean motion in the
ABL. Sections 2.3 and 2.4 pertain to horizontally homogeneous flows over flat uniform
surfaces, and contain, respectively, theoretical as well as empirical results on the
dependence of wind speeds on height above the Earth’s surface, and the structure of
atmospheric turbulence. Section 2.5 concerns horizontally non-homogeneous flows
(i.e., flows affected by changes of surface roughness or by topographic features, and
flows in tropical storms and thunderstorms). Since the structural engineer is concerned
primarily with the effect of strong winds, it will be assumed that the ABL flow is neutrally
stratified. Indeed, in strong winds turbulent transport dominates the heat convection
by far, so that thorough turbulent mixing tends to produce neutral stratification, just as
in a shallow layer of incompressible fluid mixing tends to produce an isothermal state.
In flows of interest in structural engineering, a layer of stably stratified flow, called
the capping inversion, is present above the ABL and significantly affects the ABL’s
height.

2.1 Wind Speeds and Averaging Times

If the flow were laminar wind speeds would be the same for all averaging times. However,
owing to turbulent fluctuations, such as those recorded in Figure 2.1, the definition of
wind speeds depends on averaging time.

The peak 3-second gust speed is the peak of a storm’s speeds averaged over 3 seconds.
In 1995 it was adopted in the ASCE Standard as a measure of wind speeds. Similarly,
the peak 5-second gust speed is the largest speed averaged over 5 seconds. The 5-second
speed is reported by the National Weather Service ASOS (Automated Service Observing

Wind Effects on Structures: Modern Structural Design for Wind, Fourth Edition. Emil Simiu and DongHun Yeo.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.
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Figure 2.1 Wind speed record.

System), and is about 2% less than the 3-second speed. The 28-mph peak of Figure 2.1
is, approximately, a 3-second speed.

The hourly wind speed is the speed averaged over 1 hour. It is commonly used as a
reference wind speed in wind tunnel simulations. Hence the need to estimate the hourly
speed corresponding to a 3-second (or a 1-minute, or a 10-minute) speed specified for
design purposes or recorded at weather stations. In Figure 2.1 the statistical features
of the record do not vary significantly (i.e., the record may be viewed as statistically
stationary, see Appendix B) over an interval of almost two hours; the hourly wind speed
is about 18.5 mph, or about 1/1.52 times the peak 3-second gust.

Sustained wind speeds, defined as wind speeds averaged over intervals in the order of
1 min, are used in both engineering and meteorological practice. The fastest 1-minute
wind speed or, for short, the 1-minute speed, is the storm’s largest 1-minute average wind
speed. The fastest-mile wind speed U, is the storm’s largest speed in mph averaged over
a time interval £, =3600/U,. For example, a 60 mph fastest-mile wind speed is averaged
over a 60-second time interval.

Ten-minute wind speeds are wind speeds averaged over 10 min, and are used in World
Meteorological Organization (WMO) practice as well as in some standards and codes.

The ratio between the peak gust speed and the mean wind speed is called the gust
factor. Expressions for the relation between wind speeds with different averaging times
are provided in Section 2.3.7 as functions of parameters defined subsequently in this
chapter.



2.2 Equations of Mean Motion in the ABL

2.2 Equations of Mean Motion in the ABL

The motion of the atmosphere is governed by the fundamental equations of contin-
uum mechanics, which include the equation of continuity — a consequence of the
principle of mass conservation, — and the equations of balance of momenta, that is,
the Navier—Stokes equations (see also Chapters 4 and 6). These equations must be
supplemented by phenomenological relations, that is, empirical relations that describe
the specific response to external effects of the medium being considered. (For example,
in the case of a linearly elastic material the phenomenological relations consist of the
so-called Hooke’s law.)

If the equations of continuity and the equations of balance of momenta are averaged
with respect to time, and if terms that can be shown to be negligible are dropped, the fol-
lowing equations describing the mean motion in the boundary layer of the atmosphere
are obtained:

ou U . oU 10p 107,

$+VW+WE+;£—]’V—;6Z—O (2.1)
%+v%—¥+w%—‘2+%%#u-%i—zzo (2.2)
%3—5+g=0 (23)
%+%+%’=o (24)

where U, V, and W are the mean velocity components along the axes %, y, and z of
a Cartesian system of coordinates whose z-axis is vertical; p, p, f, and g are the mean
pressure, the air density, the Coriolis parameter, and the acceleration of gravity, respec-
tively; and 7, 7, are shear stresses in the x and y directions, respectively. The x-axis is
selected, for convenience, to coincide with the direction of the shear stress at the surface,
denoted by 7, (Figure 2.2).

It can be seen, by differentiating Eq. (2.3) with respect to x or , that the vertical vari-
ation of the horizontal pressure gradient depends upon the horizontal density gradient.
For the purposes of this text it will be sufficient to consider only flows in which the hor-
izontal density gradient is negligible. The horizontal pressure gradient is then invariant

Figure 2.2 Coordinate axes.

Isobar

Oo
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with height and thus has, throughout the boundary layer, the same magnitude as at the
boundary layer’s top:

op Ve
R = 2.5
on g ( o r @5)

where V, is the gradient velocity, r is the radius of curvature of the isobars, and # is the
direction of the gradient wind (see Eq. [1.4]).

The geostrophic approximation corresponds to the case where the curvature of the
isobars can be neglected. The gradient velocity is then called the geostrophic velocity
and is denoted by G. Eq. (2.5) then becomes

10p _
p 0x =/Ve

» 0y = o (2.6a,b)
where U, and V, are the components of the geostrophic velocity G along the x- and
y-axes.

The boundary conditions for Egs. (2.1)—(2.4) may be stated as follows: at the ground
surface the velocity vanishes, while at the top of the ABL the shear stresses vanish and
the wind flows with the gradient velocity V,. In addition, an interaction between the
ABL and the capping inversion occurs (see Section 2.3.3).

2.3 Wind Speed Profiles in Horizontally Homogeneous Flow
Over Flat Surfaces

It may be assumed that in large-scale non-tropical storms, within a flat site of uniform
surface roughness with sufficiently long fetch, a region exists over which the flow is hor-
izontally homogeneous. The existence of horizontally homogeneous atmospheric flows
is supported by observations and distinguishes ABLs from two-dimensional boundary
layers such as occur along flat plates. In the latter case the flow in the boundary layer
is decelerated by the horizontal stresses, so that the boundary-layer thickness grows as
shown in Figure 2.3 [1]. In atmospheric boundary layers. In atmospheric boundary lay-
ers, however, the horizontal pressure gradient — which below the free atmosphere is only

Figure 2.3 Growth of a two-dimensional boundary layer along a flat plate.
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partly balanced by the Coriolis force (Figure 1.8) — re-energizes the flow and counteracts
the boundary-layer growth. Horizontal homogeneity of the flow is thus maintained [2].

Under equilibrium conditions, in horizontally homogeneous flow Egs. (2.1) and (2.2),
in which Eq. (2.6a,b) are used, become

vy = L%
£ pf oz
1 drt,
U, - U= P (2.7a,b)

The Ekman spiral was the first attempt to describe the ABL in mathematical terms, and
is presented in Section 2.3.1 for the sake of its historical interest. In the 1960s and 1970s
a major advance was achieved in the field of boundary-layer meteorology, based on an
asymptotic approach. As shown in Section 2.3.2, the asymptotic approach yields the
unphysical result that the mean speed component V vanishes throughout the boundary
layer’s depth, except at its top, where it has the value V. In addition, the 1960s and 1970s
work did not consider the important effect of the capping inversion on the ABL height.
Section 2.3.3 introduces the contemporary classification of neutrally stratified ABLs
as functions of the Brunt-Viisdla frequency. The latter characterizes the interaction
between the ABL and the capping inversion, and provides expressions for the height of
the ABL that account for that interaction. Section 2.3.4 presents the logarithmic descrip-
tion of the mean wind speed within the lower layer of the ABL, called the surface layer,
as well as estimates of the surface layer’s depth. Section 2.3.5 presents the power law rep-
resentation of the wind speed profile which, though obsolete, is still being used in some
codes and standards, including the ASCE 7-16 Standard [3]. Section 2.3.6 discusses the
relation between characteristics of the ABL flows in different surface roughness regimes.
Section 2.3.7 provides details on the relation between wind speeds with different aver-
aging times.

2.3.1 The Ekman Spiral

The Ekman spiral model is obtained if it is assumed in Eq. (2.7a,b) that the shear stresses
are proportional to a fictitious constant K, called eddy viscosity, such that

U
= k%Y
W=p 0z

o = k%Y (2.8a,b)
0z

Equations (2.7) and (2.8) then become a system of differential equations with constant
coefficients. With the boundary conditions U = V' =0 for height above the surface z=0,
and U = ng, V= Vg for z = o0, the solution of the system is

U= LG[l — e “(cosaz — sinaz)]

V2
V= LG[l — e *(cosaz + sinaz)) (2.9a,b)

V2

where a = [f/(2K)]'/2. Equations (2.9a,b), which describe the Ekman spiral, are repre-
sented schematically in Figure 1.9. Observations are in sharp disagreement with these
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equations. For example, while according to Eq. (2.9a,b) the angle a, between the surface
stress 7, and the geostrophic wind direction is 45°, observations indicate that this angle
may range approximately between approximately 5° and 30° (see Section 2.3.3). The
cause of the discrepancies is the assumption, mathematically convenient but physically
incorrect, that the eddy viscosity is independent of height.

2.3.2 Neutrally Stratified ABL: Asymptotic Approach

A vast literature is available on the numerical solution of the equations of motion of the
fluid. A different type of approach, based on similarity and asymptotic considerations,
was developed in [2]. The starting point of the asymptotic approach is the division of
neutral boundary layers into two regions, a surface layer and an outer layer. In the surface
layer the shear stress 7, induced by the boundary-layer flow at the Earth’s surface must
depend upon the flow velocity at a distance z from the surface, the roughness length z,
that characterizes the surface roughness, and the density p of the air, that is,

i=F (Ui+Vj, z, zy, p) (2.10)

where U and V are the components of the mean wind speed along the x and y directions
and i, j are unit vectors. Eq. (2.10) can be written in the non-dimensional form:

Ui+Vj z\. z\.
=y, <—> i+, <—>; (2.11)
u, 2, Z,

7 1/2
u, = <—> (2.12)
p

is the friction velocity and ¥, = y,i+y,j is a vector function to be determined.
Eq. (2.11), known as the law of the wall, is applicable in the surface layer, and can be
written in the form:

Ui+ Vij zHY\. zHY.
) =y, (—Z—>1+u/1y (—Z—>) (2.13)

where

where
H=cu,/f. (2.14)

H denotes the boundary-layer depth (i.e., the height to which the effect of the surface
shear stress has diffused in the flow), f is the Coriolis parameter, and on the basis of
data available in the 1960s it was assumed in [2] ¢~ 0.25. As indicated earlier, the mean
velocity components U(H) and V(H) are denoted by U ¢ and V, respectively, and their
resultant, denoted by G, is the geostrophic velocity.

In the outer layer it can be asserted that, at height z, the velocity reduction with
respect to G must depend upon the surface shear stress 7, and the air density p. The
non-dimensional expression for this dependence is the velocity defect law:

Ui+ Vj ngi+ng (z) z\.
u, u, V(g )1 TV 2 ) 2.15)

where W, is a vector function to be determined.
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Consider, in Egs. (2.13) and (2.15), the x components

Ui z H
= = 2.16
M* W <HZO> ( )
ui U ( z ) .

= + — 2.17
" u, Vox H 1 ( )

From the observation that a multiplying factor inside the function y,, must be
equivalent to an additive function outside the function vy, , the following equations are
obtained:

u 1 z H

—==-|In=+In— 2.18
u, k(nH+nzo> (218)
u 4 1< z

201 —) 2.19
u, u*+k "H 219)

for the surface and the outer layer, respectively. In Egs. (2.18) and (2.19), k ~0.40 is the
von Kdrmén constant, and the height z is measured from the elevation z, above the
surface.

From Eq. (2.18) it follows immediately

u_1 (m _) (2.20)
u, k z,

By equating Egs. (2.18) and (2.19) in the overlap region, there results
u
el <1n 11) (2.21)
u, k z,

The logarithmic law is seen to apply to the U component of the wind velocity through-
out the depth of the boundary layer.
Consider now the components

VJ zHY.

= 2.22
Vij V:g’ z
— = j 2.23
u, u, + ¥y <H>] 2.23)

It was assumed in [2, 4—6] that w1, =0. Then, Egs. (2.22) and (2.23) yield in the overlap
region

Vi
g z .
& Z)j=o0 2.24
. +u, () (2.24)
that is,
2\ Ve
¥y (17) T
z B
v, <17) =z (2.25a,b)

where, based on measurements available in the 1960s, it was assumed B/k ~ 4.8 (e.g.,
[6]). It follows from Egs. (2.23) and (2.25a,b) that

Vz)=0 (z<H). (2.26)
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Since, forz=H, V(H) = Vy Eq. (2.23) yields

¥, (H/H) =0 (2.27)
and, by virtue of Eq. (2.26),
V(z) = V,6(H), (2.28)

where 6 denotes the Dirac delta function. This physically unrealistic result is an
artifact of the asymptotic approach, which transforms the actual profile V(z) into the
non-physical profile represented by Eq. (2.28).

2.3.3 Brunt-Vaisala Frequency. Types of Neutrally Stratified ABLs

Brunt-Viisdla Frequency. In much of the theoretical work on ABL flow performed until
the 1990s or so, ABL flows for which the buoyancy flux at the surface, denoted by 4, is
u=0and u < 0Owere defined as neutral and stable, respectively. This classification did not
consider the interaction between the ABL and the free flow (i.e., the flow above the ABL)
that, when stably stratified, can have a significant effect on the height of the ABL [7-9].

The interaction between the ABL and the stably stratified free flow above the ABL
is characterized by the non-dimensional parameter p, = N/|f|, where N is the
Brunt-Viisila frequency. Consider an air particle with density p(z) at elevation z in
a stably stratified flow. If the particle is displaced by a small amount 2/, it will be
subjected to an incremental pressure g[p(z+z') — p(z)]. The motion of the particle will
be governed by the equation

0%z ,
p(Z)w =glp(z +2) — p(2)] (2.29)
0’2 _ & 0p(@ ,
37 = 5o 0z (2.30)
Let
__ 8 9@ _\p
D oz =N (2.31)

It follows from Egs. (2.30) and (2.31) that, for positive values of dp(z)/9z (i.e., for a sta-
ble stratification of the free flow), z’ is a harmonic function with frequency N, which
drives the interaction between the stably stratified free flow and the ABL. (See also
[10, p. 136].)

Truly Neutral and Conventionally Neutral ABL Flows. Based on the dependence of
the ABL flow upon both y and the non-dimensional parameter y,, = N/|f|, neutrally
stratified ABL flows are classified into two categories [7-9]:

1) Truly neutral flows (u~0, N = 0), “observed during comparatively short transition
periods after sunset on a background of residual layers of convective origin,” “often
treated as irrelevant because of their transitional nature, and usually excluded from
data analysis.”

2) Conventionally neutral flows (u~0, N >0) (i.e., neutrally stratified and interacting
with the stably stratified layer above the ABL), are characterized by negligible buoy-
ancy and a number p,, #0; typically 50 < u,, < 300. Recall that, in strong winds, the
buoyancy in the ABL may be assumed to be negligible owing to strong mechanical,
as opposed to thermal, turbulent mixing.
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Of these two categories it is the conventionally neutral flows that are of interest in
structural engineering applications.

Models of the ABL flow used in structural engineering applications have been based
on the assumption that the flow stratification is truly neutral. The failure of the asymp-
totic similarity approach to consider the effect of the capping inversion results in the
incorrect prediction of the ABL height, as is shown subsequently.

Integral Measures of the Conventionally Neutral ABL. The integral measures of the
ABL are the geostrophic drag coefficient, the cross-isobaric angle, and the ABL height.

For u, values typical of conventionally neutral flows (i.e., 50 < 415, < 300), the depen-
dence of the geostrophic drag coefficient

u

C, = 5 (2.32)
and of the cross-isobaric angle a, upon the Rossby number
G
Ro = (2.33)
| flzo
can be represented by the following expressions, based on measurements by Lettau [11]:
0.205
C,=—"—"7"——+— 2.34
¢ log,,(Ro) — 0.556 (2.34)
= 2328 303 (2.35)
log,,(Ro)
[12, 13, p. 338]. Also, for conventionally neutral ABLs,
2 N
% = lf—z + I2f| ] iz (2.36)
G Con ]
where C, = 0.6 and Cy =~ 1.36 [7-9]. Therefore the ABL height is
C
H= % (2.37)

where C, (uy) = (1/C + py /C%,)"'/*. Note the difference with the expression for H in
Eq. (2.14) For any given friction velocity u., Coriolis parameter f and surface roughness
length z,, the quantities G, &, and H are obtained by using Eqs. (2.32)—(2.36).

Example 2.1 ABL integral measures. Mean wind speed and veering angle profiles.
Consider the following parameters: f = 10™*s™!, N = 0.018s7!, so pu, = 180, and
z, = 0.3m (suburban terrain exposure), . = 1.5 m s7. It can be verified by using
Eq. (2.36) that C;, ~ 0.10, so H= 0.10 x 1.5/10~* = 1500 m. (According to Eq. (2.14),
H = 3750 m.) The trial value G= 41 ms™! yields log;,(Ro) = 6.14, u./G~ 0.037, to
which there corresponds G= 41 ms~! and a, ~ 25°. For z = 300 m, z/H = 0.20; for
z= 800m, z/H = 0.53. Figures 2.4 and 2.5 show the dependence on height z of the
speeds U(z) and V(z), their resultant, and the angle a,(z), as obtained in [14] by
Computational Fluid Dynamics techniques. Note that the component V(800 m) and, a
fortiori, the component V(300 m), have negligible contributions to the resultant mean
wind speed, and that the veering angles «,(300 m) and (800 m) are approximately 2
and 6°, respectively. Results for C;, = 0.19, based on [15, figure 7], are also included in
Figures 2.4 and 2.5.
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No mathematical expression that uses the parameters z, and u. is available for the
description of the wind profile throughout the depth of the ABL. However, Section 2.3.4
presents the relation between the friction velocity u. and the mean wind speed U(z)
in the lower portion of the ABL, and information on surface roughness lengths z, for
various types of surface.

2.3.4 The Logarithmic Mean Wind Profile

The Logarithmic Law. Within the lower layer of the ABL whose height is denoted by
z,, the component V(z) of the mean wind velocity is at least one order of magnitude
smaller than the component U/(z) and is therefore negligible in practice (see Figure 2.4).
The logarithmic law (Eq. [2.20]), renumbered here as Eq. (2.38),

U _1

z
==-Iln= 2.38
u, k rlz0 (2.38)

is valid for all heights z above the Earth’s surface within the region z, < z < z,. By virtue
of Eq. (2.38)
y = U(z)
* 7 2.51n(z/z,)
where z< z,.

According to a belief predating modern ABL research but still persisting among some
wind engineers [16], z, ~# 100 m. Also, according to the ASCE 7-16 Standard [3], the ABL
depth is independent of wind speed. In fact, the depth H of the ABL is proportional to
u. (see Eq. [2.37]). The relation
u*

f

where f is the Coriolis parameter (see Section 1.2) [2, 4-6], is a lower bound for the
height z_. Eq. (2.40) follows from the assumption that, in the region z, < z < z, the shear
stress 7, differs little from the surface stress 7, and the component V' of the velocity is
small. Integration of Eq. (2.7a,b) over the height z, yields

(2.39)

z, ~ 0.02 (2.40)

Z.&
T, =7+ pf/ (Ve = Vdz = 7y + pfV 2, (2.41)
or

|prng| ~ Nty (2'42)
where 7 is a small number. Since 7,=pu? (Eq. [2.12]) and Vg/u*=—B/kz4.8
(Eq. 2.25a,b),

2
iy _ nk e (2.43)

z, = )
Ve fB f
According to [6] the logarithmic law holds, for practical purposes, even beyond
heights at which # is in the order of 30%, meaning that b > 0.02.
Equations (2.39) and (2.40) show that the height z, over which the logarithmic law is
valid is approximately proportional to the wind speed U(z) (z, < z < z,).
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Example 2.2  Estimation of friction velocity u.. Assume z=10m, U(z) =30 ms~! and

z, = 0.03 m (open exposure). Eq. (2.39) yields u. =2.07 ms™.

1

Example 2.3 Estimation of surface layer depth z, Assume u. = 2.07ms™' and

f =10"*s71. According to Eq. (2.40) z, = 414 m.

Surface Roughness Lengths z, and Surface Drag Coefficients. Tables 2.1-2.3 list surface
roughness lengths z, based, respectively, on measurements included in the Commentary
to the ASCE 7-16 Standard [3], and specified in the Eurocode [21].

Table 2.1 Values of surface roughness length z, and surface drag
coefficients « for various types of terrain.

Type of Surface z, (cm) 1073 ¢
Sand? 0.01-0.1 1-2
Snow surface 0.1-0.6 2-3
Mown grass (x0.01 m) 0.1-1 2-3
Low grass, steppe 1-4 3-5
Fallow field 2-3 4-5
High grass 4-10 5-8
Palmetto 10-30 8-13
Pine forest (mean height of trees: 90-100 28-30
15 m; one tree per 10 m?; z, = 12mP)
Sparsely built-up suburbs® 20-40 11-15
Densely built-up suburbs, towns® 80-120 25-36
Centers of large cities 200-300 62-110

a) [17].

b) [18].

c) Values of z; to be used in conjunction with the assumption z, =0 [19].

Table 2.2 Surface roughness lengths z; as listed in ASCE 7-16 Commentary [3].

Type of surface z,, ft. (m)

Water? 0.016-0.033 (0.005-0.01)
Open terrain® 0.033-0.5 (0.01-0.15)
Urban and suburban terrain, wooded areas® 0.5-2.3 (0.15-0.7)

a) The larger values apply over shallow waters (e.g., near shore lines). Approximate
typical value corresponding to ASCE 7-16 Exposure D: 0.016 ft. (0.005 m) (ASCE
Commentary). According to [20], for strong hurricanes z; =~ 0.001-0.003 m.

b) Approximate typical value corresponding to ASCE 7-16 Exposure C: 0.066 ft.
(0.02 m) (ASCE Commentary).

c) Value corresponding approximately to ASCE 7-16 Exposure B: 0.5 ft. (0.15 m);
this value is smaller than the typical value for ASCE 7-16 Exposure B: 1 ft.

(0.3 m) (ASCE Commentary).
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Table 2.3 Roughness lengths z; as specified in Eurocode [21].

Type of surface z, (m)
Sea or coastal areas exposed to the open sea 0.003
Lakes or flat and horizontal area with negligible vegetation and no obstacles 0.01
Areas with low vegetation and isolated obstacles like trees or buildings with separations 0.05

of maximum 20 obstacle heights (e.g., villages, suburban terrain, permanent forest)

Areas with regular cover of vegetation or buildings or with isolated obstacles with 0.30
separations of maximum 20 obstacle heights (villages, suburban terrain, forests)

Areas in which at least 15% of the surface is covered with buildings whose average 1.0
height exceeds 15 m

The surface drag coeflicient is defined as

_ k
£ [ln<10/zo>] (249

where k = 0.4 is the von Karmdn constant, and z, is expressed in meters. Values of x
corresponding to various values of z, are given in Table 2.1.

The surface drag coefficient « for wind flow over water surfaces depends upon wind
speed. On the basis of a large number of measurements, the following empirical relations
were proposed for the range 4 < U(10) <20ms~! [22]:

k = 5.1 x 1074[U(10)]°4¢
k = 10747.5 + 0.67U/(10)] (2.45a,b)

where U/(10) is the mean wind speed in m s~ at 10 m above the mean water level [23].
According to [24], for wind speeds 1/(10) <40 m s,

_u@ao)-125

x = 0.0015 [1 + exp ( 156

-1
>] + 0.00104 (2.46)
For additional information on the wind flow over the ocean, see [20, 25-27].
The following relation proposed by Lettau [28] may be used to estimate z,, for built-up
terrain:

Sob
z, = 0.5H,

Zob 2.47
g (247)

where H , is the average height of the roughness elements in the upwind terrain, S,
is the average vertical frontal area presented by the obstacle to the wind, and A, is the
average area of ground occupied by each obstruction, including the open area surround-
ing it.

Example 2.4 Application of the Lettau formula. Check the Eurocode value z, = 1 m
indicated in Table 2.3 against Eq. (2.47), assuming the average building height is
H,, = 15m, the average dimensions in plan of the buildings are 16x16m, and
A,, = 1600 m%. We have S,, = 15 X 16 = 240m?, so the average area occupied by
buildings is 16 X 16/1600 = 16%. Eq. (2.47) yields z, = 1.125m.
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The surface roughness length z, is a conceptual rather than a physical entity, and
cannot therefore be measured directly. It can in principle be determined by measuring
the mean wind speeds U(z,) and U(z,) at the elevations z; and z,, respectively. However,
small errors in the measurement of the speeds can lead to large errors in the estimation
of the roughness length.

Example 2.5 Errors in roughness length estimates based on mean wind speed measure-
ments. Assume measurements of mean wind speeds U(z;) and U(z,) are available at ele-
vations z;, and z, above ground. Eq. (2.38) yields U(z,)/U(z,) =1y, = In(z,/2,)/In(z,/z,).
After some algebra it follows that

Z, = exp <M> (2.48)
7y —1
Let z, = 10, z, = 25 and 2z, = 0.026 m. Eq. (2.38) yields U(z,)/U(z;) = 1.154. It follows
then from Eq. (2.48) that, indeed, z, = 0.026 m. However, if measurement errors resulted
in a 5% error in ry;, that is, if in Eq. (2.46) the ratio r,; = 1.05 % 1.154 is used, the result
obtained is z, = 0.13 m, rather than 0.026 m.

For a more effective approach to estimating roughness length, based on measurements
of turbulence intensity, see [29] and Example 2.14.

Zero-plane Displacement. On account of the finite height of the roughness elements,
the following empirical modification of Eq. (2.38) is required. The quantity z, rather than
denoting height above ground, is defined as

z2=12z,-2, (2.49)
where z,, is the height above ground and z, is a length known as the zero-plane displace-
ment. The quantity z is called the effective height. It is suggested in [30] that reasonable
values of the zero plane displacement in cities may be obtained using the formula

2 :z_%o (2.50)

where / is the general roof-top level.

2.3.5 Power Law Description of ABL Wind Speed Profiles

The logarithmic law has long superseded the power law in meteorological practice.
Unlike the logarithmic law, the power law is strictly empirical. It was first proposed
about a century ago for open terrain in [31] and for built-up terrain in [32]. It is still
used in the United States [3], Canada [33], and Japan [34], primarily owing to the earlier
belief that the logarithmic law is only valid up to 50—100 m, even in strong winds.

The variation of wind speed with height can be expressed approximately as

1/a

U(z) = U(z,ef)<i> (2.51)
Zref

where z,,, is a reference height, for example 10m above ground in open terrain. In

Eq. (2.51) the exponent 1/a depends upon surface roughness and upon averaging time,

the profiles being flatter as the averaging time decreases. The power law applied to
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3-second peak gust wind profiles has the same form as Eq. (2.51), however, in the ASCE
7 Standard its exponent is denoted by 4 rather than by a. Five-second peak gusts may
in practice be assumed to differ negligibly from 3-second gusts. Eq. (2.51) is assumed in
the ASCE 7 Standard and the National Building Code (NBC) of Canada to be valid up
to a height z, purported to represent the geostrophic height and referred to therein as
the gradient speed. Table 2.4 lists power law exponents and gradient heights z, speci-
fied in the ASCE Standard and the NBC specified for four surface exposure categories:
A (centers of large cities), B (suburban terrain), C (open terrain), and D (open water).
Category A was excluded from later versions of the ASCE 7 Standard, on account of the
poor agreement of the power law with actual wind speeds over centers of large cities.
It is shown in [62] that the values of z, assumed in the power law model can result in
strongly unconservative estimates of wind effects on super-tall buildings designed in
accordance with ASCE 7-16 provisions.

Example 2.6 Application ofthe power law. Let z,; = 32.8 ft. (10 m), U ,(z,.;) = 55 mph,
& =1/9.5 (open terrain). From Eq. (2.51), at 100 ft. above ground U,,(100ft) = 55
(100/32.8)1/°® = 62 mph.

As noted by Panofsky and Dutton [35, p. 131], the power law can be fitted reasonably
well to the log law only over small height ranges.

2.3.6 ABL Flows in Different Surface Roughness Regimes

Wind speed maps are developed for structural engineering purposes for open terrain
exposure. Since most structures are not built in open terrain, it is necessary to deter-
mine wind speeds corresponding to the speeds specified in wind maps for exposures
other than open. This is done by using the fact that, in any given large-scale storm, the
geostrophic speed is independent of surface friction and therefore of terrain roughness
(Eq. [1.4]). We first consider the case in which wind profiles are described by the loga-
rithmic law. Next we consider the power law case.

Table 2.4 Power law exponents and gradient heights specified in the 1993-2016 versions of ASCE 7
Standard, and in the National Building Code of Canada (NBCC) [33].

Exposure A2 BY c DY
ASCE 7-93¢) 1/a 1/3 1/4.5 1/7 1/10

z, ft. (m) 1500 (457) 1200 (366) 900 (274) 700 (213)
NBCH 1/a 0.4 0.28 0.16 -

z, ft. (m) 1700 (520) 1300 (400) 900 (274) -
ASCE 79 1/a - 1/7 1/9.5 1/11.5
(1995-2016) z, ft. (m) - 1200 (366) 900 (274) 700 (213)

Centers of large cities.
Suburban terrain, towns.
Open terrain (e.g., airports).
Water surfaces.

Sustained speeds.

Mean hourly speeds.

Peak 3-second gust speeds.

g m 0o A0 T e
_———_—o 2
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Wind speeds described by the logarithmic law. Examples 2.7 and 2.8 consider,
respectively, the cases of suburban and ocean versus open exposure.

Example 2.7 Itcan be verified that, for f = 107* s7!, given a surface with open exposure
(z, = 0.03 m), to a storm that produces a friction velocity u. = 2.5 ms™! there corre-
sponds a geostrophic speed G ~ 83 ms™!. In accordance with the definition of Ro, for
suburban terrain exposure (z,, = 0.3m), to G = 83 ms! there corresponds Ro; = log
[83/(107* x 0.3)] = 6.44. From Eq. (2.34), C,; = 0.035, 50 #.; = 83 X 0.035~2.9ms™"
(Eq. [2.32]), and the cross-isobaric angle is a; ~ 24 ° (Eq. [2.35]). From Egs. (2.36) and
(2.37) there follows, for N = 0.01s7%, C;,; =0.13 and H; = 2.9 X 0.13/107* ~ 3800 m (i.e.,

about half the asymptotic estimate H, = 7250 m (Eq. [2.14]).

Example 2.8 For ocean surfaces, assuming G = 83ms™' and z, = 0.003m,
log,,Ro;, = log (83/[107* x 0.003]) = 8.44, and C,1 7 0.026, so u., =83 x 0.026 =
2.15ms7}, and ay; ~ 18°. Eq. (2.36) yields H, = 2800 m (vs. the asymptotic estimate
H, =5400m) and C;; = 0.13.

Results close to those obtained by the relatively elaborate procedure used in
Examples 2.7 and 2.8 can be obtained by Biétry’s equation, adopted with a minor
modification in the Eurocode [21]:

0.0706
2o <@> (2.52)

Ll* ZO

Example 2.9 Application of Eq. (2.52). Let z, = 0.03m. If z); = 0.3 m, u.,/u. =1.18,
versus 2.9/2.5 = 1.16 as shown in Example 2.7; if z,; = 0.003 m, then u., /u. = 0.86, versus
2.15/2.5 = 0.86 as shown in Example 2.8.

Wind speeds described by the power law. For strong winds, given the mean hourly
speed U(z,,,,) at the reference height z,,,,, above open terrain with power law exponent
1/a,,,,, the mean hourly wind speed at height z above built-up terrain with power law
exponent 1/a is

Zgopen 1/ @open 2 1/a
U(Z)=U(zo,,en)< Z’ > <—> (2.53)

open Zg

where the product of the first two terms in the right-hand side is the gradient speed
above open terrain, U(z,,,,,,). Since gradient speeds are not affected by surface rough-
ness, the gradient speed over built-up terrain, U(z,), is equal to U (z,,,,,,,)- The last factor
in Eq. (2.53) transforms U(z,) into U(z) at height z above built-up terrain. A relation
similar to Eq. (2.53) is also used (with the appropriate values of the parameters z, and &
from Table 2.4) for 3-second peak gust speeds, denoted here by U, (and in the ASCE 7
Standard by V), and for sustained wind speeds such as fastest-mile speeds or 1-minute

speeds. In the ASCE 7 Standard, U;,(z,,,, = 10 m) is the 3-second basic wind speed, and
the product of the last two terms in Eq. (2.53) is denoted in the Standard by /K.

Example 2.10 Relation between wind speeds in different roughness regimes, power
law description. Denote the 3-second peak gust speed by U ;.. Let U;(32.8 ft) = 86 mph
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above open terrain (4 =9.5, z,=274m, Table 2.4). Eq. (2.53) yields U ;. (45 m) =45m s~}
(open terrain). Using Table 2.4 and Eq. (2.53), above suburban terrain (4 =7.0 and
z, =366 m), U3(10m) = 33 and U, (45m) =40ms~".

2.3.7 Relation Between Wind Speeds with Different Averaging Times

The mean ratio r(t, z,, z) between the largest average t-second speed during a storm
with a 1-hour duration and that storm’s mean hourly (3600 s) speed is a function of
the averaging time ¢, the terrain roughness length z,, and the height above ground z
(Table 2.5). As noted in Section 2.1, the ratio U,,/U is called the gust factor.

Terrain with open exposure. For the particular case of open terrain exposure
(2, ~0.03—0.05 m) and a height above ground z = 10 m, the approximate ratio r is listed
for selected values of ¢ as follows [36]:

These values are applicable to large-scale, non-tropical storms, over open terrain with
open exposure, and at the standard (10 m) height above ground. These values are appli-
cable only at the standard reference height over terrain with open exposure.

Example 2.11 Conversion of fastest-mile wind speed to mean hourly speed and to peak
3-second gust for open terrain. For a fastest-mile wind speed at 10 m over open terrain of
90 mph, the averaging time is 3600/90 = 40's, and the corresponding hourly speed and
peak 3-second gust are 90/1.29 = 69.8 and 69.8 x 1.52 = 106 mph, respectively.

Example 2.12  Conversion of peak 3-second gust speed to mean hourly speed for open
terrain. Let the peak 3-second gust speed at 10 m above ground in open terrain be
30ms™!. For wind tunnel testing and structural purposes, winds characterized by that
gust speed are modeled by winds with a 30/1.52 = 20 m s~} mean hourly speed at 10 m
above ground in open terrain.

Terrain with Exposure Other than Open. The following approximate relation may be
used:

U,(z) = U(2) + c(t)[u2(z, z,)]?

VA z)0) Zo)c(t)] (2.54a,b)

U, (z) = U(z) ll 5 In(z/z)

where U,(z) is the peak speed averaged over ¢ s within a record of approximately one
hour, U(z) is the mean wind speed for that record over terrain with surface roughness
zy, B(z,), c(t) are given in Tables 2.6 and 2.7. Following [10, Eq. (18.25b)],

z
Plz.20) = Plzy) exp |15 %] (2.55)
where H is the ABL depth and z, z,, and H are in meters.

Table 2.5 Ratios r between t-s and mean hourly speeds at
10 m above open terrain.

t(s) 3 5 40 60 600 3600

1.52 1.49 1.29 1.25 1.1 1.0
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Table 2.6 Factor f (z,).

z,(m) 0.005 003 030 1.00

B(z,) 6.5 6.0 525 49

Table 2.7 Factor c(t).

t(s) 1 10 20 30 50 100 200 300 600 1000 3600

c(t)y 300 232 200 173 135 1.02 070 054 036 016 0

Note: coefficient c(¢) is an approximate empirical peak factor which increases as ¢ decreases.

Example 2.13  Conversion of Saffir-Simpson scale 1-minute speeds at 10 meters over
water to peak wind speeds at 10m above open terrain, Category 4 hurricane. From
Table 1.1, the 1-minute speeds at 10 m above open water that define the weakest and
strongest Category 4 hurricanes are 130 and 156 mph, respectively. The conversion
depends on the assumed values of the surface roughness lengths z, for open water and
open terrain. Relative large values of z, are applicable to wind flow over water near
shorelines where the water is shallow, as opposed to flow over open water. Assuming
that for hurricane winds over open water z, = 0.003m, Eq. (2.54a,b) yields, with
B(z,~0.003m) ~ 6.5, and ¢ (60s) = 1.29 (Tables 2.6 and 2.7):

2.55 x 1.29
U* (10 m) = U*(10 m) |1+ —=2 X129
oos(10 m) = U710 m) [ 25 ln(10/0.003)]
L*(10 m) = 0.8611, (10 m)

where the superscript w signifies “over open water.”

Assuming that over open terrain z, = 0.04m, Eqgs. (2.38) and (2.52) yield

0.003 199706 In(10/0.003)
0.04 In(10/0.04)

U(10 m) = 0.8161*(10 m)

L"(10 m) = U(10 m)[

where U(10 m) is the mean hourly wind speed over open terrain. It follows that

L(10 m) = 0.86 x 0.8161% (10 m)
= 0.7UY (10 m)

Therefore, the peak 3-second gust over open terrain is (Table 2.7):

U, (10 m) = 1.52 X 0.7 X U (10 m)

= 1.0611 (10 m).

To the speed U}, (10m) = 155mph there then corresponds a calculated peak
3-second gust at 10m over open terrain U;,(10m)~ 164mph. In the preceding
calculations it was assumed that relations that apply to horizontally homogeneous wind
flow (i.e., flow in synoptic storms) are also applicable to hurricanes, in which the isobars
are curved, rather than straight, and the flow is therefore horizontally inhomogeneous.



2.4 ABL Turbulence in Horizontally Homogeneous Flow Over Smooth Flat Surfaces

2.4 ABL Turbulence in Horizontally Homogeneous Flow Over
Smooth Flat Surfaces

Except for winds with relatively low speeds under special temperature conditions, the
wind flow is not laminar (smooth). Rather, it is turbulent — it fluctuates in time and
space; that is, at any one point in space, the wind speed is a random function of time
(Figure 2.1), and at any one moment in time the wind speed is a random function of
position in space.

Atmospheric flow turbulence characterization is of interest in structural engineer-
ing applications for the following reasons. First, turbulence affects the definition of
the wind speed specified in engineering calculations, as shown in Sections 2.1 and
2.3.7. Second, by transporting particles from flow regions with high momentum into
low-speed regions, turbulence can influence significantly the wind flow around a
structure and, therefore, the aerodynamic pressures acting on the structure (Chapters 4
and 5). Therefore, to simulate correctly full-scale aerodynamic effects in the laboratory;,
it is necessary to achieve laboratory flows that simulate the features of atmospheric
turbulence (Chapter 5). Third, turbulence produces resonant dynamic effects in flexible
structures that must be accounted for in structural design (Chapter 11).

Descriptors of the turbulence used in applications include the turbulence intensity
(Section 2.4.1), integral scales of turbulence (Section 2.4.2); and the spectra and the
cross-spectra of the turbulent velocity fluctuations (Sections 2.4.3 and 2.4.4).

2.4.1 Turbulence Intensities

The longitudinal turbulence intensity at a point with elevation z is defined as

1/2
_ u(z,2y)

I =
«(2) e
that is, as the ratio of the r.m.s. of the longitudinal wind speed fluctuations u(z, t) to the
mean speed U(z), u(z, t) being parallel to U(z). Since

(2.56a)

1/2
u2(z,zy) =\ Pz zp) u, (2.56b)
where approximate values of f(z, z,) are given by Eq. (2.55) and Table 2.6, and by virtue

of the log law,
V(2 2y)

L&)~ 2.5In(z/z,)

(2.56¢)

Example 2.14 Calculation of longitudinal turbulence intensity. For z, = 0.03m,
z=20m, Eq. (2.56¢) and Table 2.6 yield I, (z) ~ 0.15.

Equation (2.56¢) allows an approximate estimate of the roughness z, based on the
measurement of /, (z). Note that if the calculated roughness length z, were significantly
different from 0.03 m, then a corresponding value of § # 6.0 would be assumed on the
basis of Table 2.6, and z, would be obtained by successive approximations.

— 1
In the surface layer the decrease of u?(z,z,) / with height is relatively slow (see,
e.g., [35, p. 185]) and is, conservatively, typically neglected in structural engineering
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calculations. The averaging time in Eq. (2.56) should be equal to the duration of strong
winds in a storm. Typical durations being considered are 1 hour, and 10 minutes. The
turbulence intensity decreases as the height above the surface increases, and vanishes
near the top of the ABL. Definitions similar to Eq. (2.56) are applicable to the lateral and
vertical turbulence intensities /,(z) and /,,(z). In both these definitions the denominator
is U(z).

Measurements suggest that the turbulence intensity is typically higher by roughly 10%
in tropical cyclone than in extratropical storms [37, 38], see Section 2.5.3.

2.4.2 Integral Turbulence Scales

The velocity fluctuations in a flow passing a point are associated with an overall flow
disturbance consisting of a superposition of conceptual eddies transported by the mean
wind. Each eddy is viewed as causing at that point a periodic fluctuation with circular
frequency w = 2zn. The integral turbulence scales are measures of the spatial extent of
the overall flow disturbance.

In particular, the integral turbulence scale L¥ is a measure of the size of the longitudinal
velocity components of the turbulent eddies. In a structural engineering context, L? is
a measure of the extent to which the overall fluctuating disturbance associated with the
longitudinal wind speed fluctuation  will engulf a structure in the along-wind direction,
and will thus affect at the same time both its windward and leeward sides. If LY is large
in relation to the along-wind dimension of the structure, the gust will engulf both sides.
The scales L), and L? are measures of the transverse and vertical spatial extent of the
fluctuating longitudinal component u of the wind speed. The scale L, is a measure of
the longitudinal spatial extent of the vertical fluctuating component w. If the mean wind
is normal to a bridge span and L, is large in relation to the deck width, the vertical wind
speed fluctuation w will act at any given time on the whole width of the deck. If we
now consider a panel normal to the mean wind direction, small values of L), and L?
compared with the dimensions of the panel indicate that the effect of the longitudinal
velocity fluctuations upon the overall wind loading is small. However, if L, and L% are
large, the eddy will envelop the entire panel, and that effect will be significant.

Mathematically, the integral turbulence scale L¥ (also called integral turbulence
length) is defined as follows:

L, = / ) éRul,,z(cf)dﬁ (2.57)
0 y?

where the overbar denotes mean value. The function R, . (&)is defined as the autocor-
relation function of the longitudinal velocity components u (x,, y;, z;, t) and u (x; + &,
¥, 21, £) Eq. (2.57) may be interpreted as follows. At any given time ¢, the fluctuation
u(x+ &, y, z) differs from u(x, y, z). The difference increases as the distance £ increases.
If £ = 0, the autocorrelation function is unity; if £ is small the two fluctuations are nearly
the same, so in Eq. (2.57) the autocorrelation function is close to unity and its product
by the elemental length d¢ is therefore close to d£. On the other hand, if £ is large, the
fluctuations u(x, y, z) and u(x + &, y, z) differ randomly from each other, and their prod-
ucts are positive for some values of ¢ and negative for others, so that their mean values
tend to be vanishingly small and contribute negligibly to L%. This interpretation is equiv-
alent to stating that L? is a measure of the size of the largest turbulent eddies of the flow,
that is, of the eddies characterized by large autocorrelation functions.
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Taylor Hypothesis. Frequency Space and Wavenumber Space. According to the Taylor
hypothesis it may be assumed, approximately, that the flow disturbance is “frozen” as it
travels with the mean velocity U(z), that is,

u(x, v+ = ulx, —x/U, 1) (2.58)

where x = Ut, T = time, and ¢ is a finite time increment. This assumption implies that
every frequency component of the disturbance also travels essentially unchanged with
the mean velocity U. During a period T, an eddy whose harmonic motion at fixed x
has circular frequency w = 2z/T = 2zn, where n = 1/T denotes the frequency, travels
with velocity U a distance UT = A, where A = U/n is the wavelength. The wavenumber
is defined as k = 27/4 = 22n/U = w/U. The motion is defined by a cosine function with
argument wt — kx or, equivalently, k (Ut — x), meaning that for fixed ¢ it is a harmonic
wave in the wavenumber space, and for fixed x it is harmonic function in the frequency
space.

By virtue of Taylor’s hypothesis, the integral turbulence length L¥, defined in Eq. (2.57)
by following a particle’s path (i.e., in Lagrangian terms) can alternatively be defined at a
fixed point (i.e., in Eulerian terms) as

=u / LR (0)dr (2.59)
0o y?
where the autocorrelation function is defined by Eq. (B.21).
Measurements of L:. Measurements show that L% increases with height above ground
and as the terrain roughness decreases. The following strictly empirical expression was
proposed in [39] for L:

LF~ CZ" (2.60)

where the constants C and m are obtained from Figure 2.6.

Table 2.8 lists measured values of L? and estimates based on Eq. (2.60).

The uncertainties in the value of L are seen to be significant.

On the basis of recent measurements at elevations z of up to about 95 m in open sea
exposure at mean speeds U(z) = 10 to 25 ms™1, it was suggested in [40], on a strictly

1000 T T TT] T T TT] T T TT] T III1O

100 1.0

10 0.1

1
0.001 0.01 0.1 1.0 10

z, (meters)

Figure 2.6 Values of C and m as functions of z,. Source: Reprinted from [39], with permission from
Elsevier.
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Table 2.8 Measurements of integral turbulence scales LY (m).

Exposure z z, Range Avg. Eq. (2.60)
Open? 31 0.03 60-460 200 180
Open? 51 0.03 130-450 200 200
Open? 81 0.03 60—650 300 230
Open? 110 0.03 110-690 350 240
Open? 151 0.03 120-630 400 250
Open® 15 0.01 82 220
Open® 17 0.04-0.10 55 120-160
Sub.b 16 1.00 36 70

a) Measurements reported in [61].
b) Measurements reported in [39].

empirical basis, that L% (z) ~ 3.3 U(z) + 30, where L? is in meters and U is in ms™!, and

it was noted that L¥ increased in the intervals 5-10, 10-20, 20—40, 40-60, and 60—80 m

elevation by approximately 7, 10, 10, 8 and 5%, respectively. The dependence of the inte-

gral length scale on the velocity at all elevations is not supported by theory, however.
According to [39], it may be assumed

L) ~033L; L:~05L% L, ~04z (2.61a,b,c)

Section 2.4.3 presents the derivation of the integral turbulence length L} from an
expression for the spectrum of the longitudinal velocity fluctuations, based on theory
and validated by measurements reported in [41] (see Eq. [2.77]).

2.4.3 Spectra of Turbulent Wind Speed Fluctuations

Asindicated in Section 2.4.2, integral turbulence scales are measures of the average size
of the largest turbulent eddies of the flow. In some applications a more detailed descrip-
tion of the turbulent fluctuations is needed. For example, the resonant response of a
flexible structure is induced by velocity fluctuation components with frequencies equal
or close to the structure’s natural frequencies of vibration. To calculate that response,
measures are needed of the size of the turbulent eddies as a function of frequency, and
of the degree to which the turbulent fluctuations differ from each other as functions of
their relative position in space. These measures are provided by the spectral density and
the cross-spectral density functions.

The Energy Cascade. Turbulent velocity fluctuations in a flow with mean velocity U
may be viewed as a result of a superposition of eddies, each characterized by a periodic
motion with circular frequency @ = 2zn (or of wavenumbers k). From the equations of
balance of momenta for the mean motion, the following equation may be derived:

o (¢ o (¢ o (¢ T, U T,V
U= = J+vE( S )+wE (&) - |2+ 252
l ax<2> ()y<2> 0z<2 p 0z p 0z

/ 2
+9 lw<1i+q_>] te=0 (2.62)
0z p 2
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where the bars indicate averaging with respect to time,
q= @’ +v*+wH)'? (2.63)

is the resultant fluctuating velocity, #, v, and w are turbulent velocity fluctuations in
the x, y, and z directions, respectively, p’ is the fluctuating pressure, and ¢ is the rate of
energy dissipation per unit mass. Eq. (2.62) is the turbulent kinetic energy equation, and
expresses the balance of turbulent energy advection (the terms in the first bracket), pro-
duction (the terms in the second bracket), diffusion (the terms in the third bracket), and
dissipation.

It can be shown that the inertial terms in these equations are associated with transfer
of energy from larger eddies to smaller ones, while the viscous terms account for
energy dissipation [42]. The latter is effected mostly by the smallest eddies in which
the shear deformations, and therefore the viscous stresses, are large. In the absence
of sources of energy, the kinetic energy of the turbulent motion will decrease, that is,
the turbulence will decay. If the viscosity effects are small, the decay time is long if
compared with the periods of the eddies in the high wavenumber range. The energy
of these eddies may therefore be considered to be approximately steady. This can only
be the case if the energy fed into them through inertial transfer from the larger eddies
is balanced by the energy dissipated through viscous effects. The small eddy motion is
then determined by the rate of energy transfer (or, equivalently, by the rate of energy
dissipation, denoted by ¢), and by the viscosity. The assumption that this is the case is
known as Kolmogorov’s first hypothesis. It follows from this assumption that, since small
eddy motion depends only upon the internal parameters of the flow, it is independent of
external conditions such as boundaries and that, therefore, local isotropy — the absence
of preferred directions of small eddy motion — obtains.

It may further be assumed that the energy dissipation is produced almost in its entirety
by the smallest eddies of the flow. Thus, at the lower end of the wavenumber subrange
to which Kolmogorov’s first hypothesis applies, the influence of the viscosity is small.
In this subrange, known as the inertial subrange, the eddy motion may be assumed
to be independent of viscosity, and thus determined solely by the rate of energy trans-
fer, £, which is equal to the rate of energy dissipation. This assumption is known as the
Kolmogorov second hypothesis.

The total kinetic energy of the turbulent motion may, correspondingly, be regarded as
a sum of contributions by each of the eddies of the flow. The function E(x) representing
the dependence upon wavenumber x of these energy contributions is defined as the
energy spectrum of the turbulent motion.

It follows that, for sufficiently high x

F[E(x), k, €] =0 (2.64)

The dimensions of the quantities within brackets in Eq. (2.64) are [L3*T~2], [L7'], and
[L2T~3], respectively. From dimensional considerations it follows that

Ex) = a162/3K—5/3 (2.65)

in which 4, is a universal constant. On account of the isotropy, the expression for the
spectral density of the longitudinal velocity fluctuations,! denoted by E,,(x), is to within

1 A mathematical definition of spectra is presented in Appendix B.
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a constant similar to the constant in Eq. (2.65). Thus,
E, (k) = ag*3x ™5/ (2.66)

in which it has been established by measurements that a ~ 0.5.
If expressed in terms of the frequency #, the spectral density is denoted by S, (»). Its
expression is determined by noting that

/ E, (K)dx = / S, (nydn = u? (2.67)
0 0
(see Eq. [B.15]), and x = 2zn/U. Therefore,

S, (mdn = E, (k)dx (2.68)

Mathematically, the ordinates of a spectral density function are counterparts of the
squares of the amplitudes of a Fourier series. In a Fourier series the frequencies are dis-
crete, and the contribution of each harmonic component to the signal’s variance is finite.
In a spectral density plot the frequencies are continuous, and given a signal g(¢), each
component S, () has an infinitesimal contribution to the variance of g(¢). Spectral den-
sity plots thus have to plots of squares of Fourier series harmonic components a relation
similar to the relation of a probability density function to a discrete probability plot.

Spectra in the Inertial Subrange. Measurements performed in the surface layer of the
atmosphere confirm the assumption that in horizontally homogeneous, neutrally strat-
ified flow the energy production is approximately balanced by the energy dissipation. It
then follows from Eq. (2.62) that the expression for this balance is, approximately,

EdU(z)

_ 2.69
=k (2.69)
where
Ue _ 1, <3> (2.38)
u, k z,
If Egs. (2.12), (2.67), and (2.38) are used,
3
u,
= — 2.70
€=, (2.70)

For the inertial subrange, we substitute Eq. (2.70) in Eq. (2.66). Since x = 2zn/U(z),
there results

nS,(n)

~ -2/3
s 0.26 f~ (2.71)
The left-hand side of Eq. (2.71) and the variable
nz
= 2.72
f= s (272)

are called, respectively, the reduced spectrum of the longitudinal velocity fluctuations
and, in honor of Kolmogorov’s student who developed Eq. (2.72), the Monin similar-
ity coordinate. Equation (2.71) was validated by extensive measurements, for example,
[43]. Its dependence on height above ground is significant for structural engineering
purposes since spectral ordinates within the inertial subrange typically cause the reso-
nant response of tall structures to wind loads. As is the case for the logarithmic law, for
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mean wind speeds at 10 m above ground greater than, say, 15ms™., it is reasonable to
apply Eq. (2.71) throughout the height range of interest to the structural engineer.

Spectra in the Lower-Frequency Range. The lower-frequency range, also called the
energy containing range, is defined between # = 0 and the lower end of the inertial sub-
range, #,. Velocities in this range contribute the bulk of the quasi-static along-wind fluc-
tuating loading on structures. According to theoretical and numerical results reported
in [44] and [45], and to measurements reported in [41], for 0< n <n;, where #, is small
(i-e., in the order of 0.02 Hz or less), the spectral density may be assumed to be constant.
In particular, it follows from Eq. (2.59) and (B.25) that
4purl*(z)

UG (2.73)

For frequencies n; <n < n, S,(z, n) = a(z)/n, where a(z) is determined from the con-
dition that, for n = n,, S,(z, n) is continuous, that is, satisfies Eq. (2.71).
Expressions for the Spectrum Proposed in the 1960s and 1970s. Kaimal’s spectrum has

the form [46]:
nS,(z,n) 105f
w2 (1+33f)3

*

S$,(z,0) =

(2.74)

where f is the Monin coordinate (Eq. [2.72]).

For open terrain, Eq. (2.74) does not satisfy the widely accepted requirement that the
area under the spectral curve should be approximately 6z2. To satisfy this requirement
the coefficients 105 and 33 are replaced in Eq. (2.74) by the coefficients 200 and 50,
respectively:

nsS,(z,n) 200f
w2 (145003

*

(2.75)

An expression for the spectrum proposed by Davenport [47] is no longer in use
because (i) it does not account for the dependence of the spectrum on height, and (ii) it
implies = 0. The ASCE 49-12 Standard has adopted the following expression, referred
to as the von Kdrmdn spectrum [16, 48, 49]:

nS,(z.n) 4p(nL*(z)/ U(z))
W2 [1470.8(nl*(z)/U(z))*)%/0

Equation (2.76) was developed for aeronautical applications in conjunction with a value
L¥ =760 m [48] at mid to high altitudes. It yields the correct expression for the spectrum
at n = 0, and reflects correctly the decay of the spectrum as a function of # in the iner-
tial subrange. However, it is universally accepted in the boundary-layer meteorological
community that spectral ordinates in that subrange are well represented by Eq. (2.71).
For Eq. (2.76) to be consistent with Eq. (2.71) it would be necessary that

¥ = 0.3z (2.77)

(2.76)

According to Eq. (2.77), for open terrain at 10 m above ground (f = 6.0, see Table 2.6),
L? = 44 m, whereas according to ASCE 49-12 [16] L} =110 m.

Reference [35, p. 176] states: “We recommend that integral scales be avoided in
applications to atmospheric data. Many investigators have computed integral scales
from atmospheric data, but the results are badly scattered and cannot be organized.”

a1
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For this reason it has been proposed to base the estimation of the integral scale L? on the
frequency n,,,, for which the curve #nS,(n) is a maximum. “Unfortunately, the curves
nS,(n) tend to be quite flat and sufficiently variable that #,_,, is not well defined” [35].
Reference [50] also warns against the use of this approach, and notes that it likely
underestimates L? by a factor of 2 or 3.

Spectral Density S, (z, n) and Integral Scale [63]. A model of the spectrum S, (n) was
recently developed on the basis of theoretical studies (e.g., [44, 45]) and measurements
reported in [41]. Based on [41, figures 6 and 7], the spectral density of the longitudinal
velocity fluctuations can be written as

a(z,z
u O<n<mn
n;
a(z,zy)
S, (z,zy,n) =3 ——— n, <n<mn (2.78a,b,c)
n -2/3
0.26u2 z n=>/3 n <n
U(z, zy)
Equation (2.78c) was obtained from Egs. (2.72) and (2.73). Using the notation
nz
= 2.79
s = (279)
where, according to the measurements of [41, figure 8], f, ~ 0.125, For n = n, Eq. (2.78¢)
becomes
~2/3
S,z 2y, 1) = 0.261> o/ 2.80
(2. 29, 1) ”*<U(z,z0)> 1 (2.80)

The condition that the functions defined by Egs. (2.78b) and (2.78c) be continuous at
n = n, then yields
a(z) = 0.26u%f /3 (2.81)

The areas under the spectral curve in the intervals 0 < n < n, is [a(z)/n,]n,;. The areas
under the spectral curve in the intervals n; < n < n, and n > n, are, respectively,

ns . _ ns
/ 026023V — 02602 1n (2.82)
n n n
n . -2/3
02612 | ——|  nBdn~039u>f? (2.83)
ns * U(z) *J S

where 1, is the very large frequency corresponding to the onset of dissipation by molec-
ular friction.
The total area under the spectral curve is f(z,)u?. Therefore
_ _ Hg _
Pzo)u? = 0.261> £ + 02662 7% In = + 0.39u2f/* (2.84)
ny
Equation (2.84) yields
B(zy) — 0.26f. 7> — 0.39£.7
0.26f, 7/
_p U@ o | P =065
T2 7P 0.26f,7%/°

n; = ngexp l—

(2.85)
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Figure 2.7 Spectral density plot,z=10m, U(10m) =30ms~',z, =0.03m, f, =0.125.

Equations (2.78a,b,c) are plotted in Figure 2.7 for z =10m, U(10m) = 30ms™},
Z,=0.03m, f, = 0.125.
The integral turbulence scale is

S,(0, 2)U(z)

L*(2) = 2.86
Y R (286
-5/3 _ -2
L’,;(z) = % ex M z (2.87)
46(z,) 0.26f:

The expression for the integral scale is based on values of g that are well established
and on validated models of the spectrum for both the inertial subrange and the low
frequency ranges. For sufficiently low values of z, § is assumed to be constant and L7 (z)
is independent of wind speed.

Example 2.15 Let z =10m, U(10m) = 5.39ms™}, z, =0.04m. Therefore f~6.0
and #. =0.39 ms™!. According to measurements reported in [41], f; =0.125. Then
n, = 0.0674 Hz (Eq. [2.79]), n, = 2.56 x 10~ Hz (Eq. [2.85]), a(10 m) = 0.158 (Eq. [2.81]),
S,(n,10m) =61.7m?s! =S (n =0, 10m) (Egs. [2.77ab] and [2.77b]). The calculated
integral length is 9.11z =91.1 m (Eq. [2.86]). The value provided in the ASCE 49-12
Standard is 110 m.

The measurements of [41] have consistently yielded the value f, = 0.125 at all six eleva-
tions for which data were obtained. Note, however, that the calculated length is sensitive
to the value of the frequency f.. In Example 2.15, assuming f, = 0.1, 0.125, and, as sug-
gested in [44], f, = 0.16, for z, = 0.04 m and f =6, Eq. (2.87) yields (10 m) = 56.5, 91, and
171 m, respectively. This suggests that the recommendation by Panofsky and Dutton
[35] quoted earlier is indeed warranted. In addition, the finding that the curve S, (n) is
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flatin the range n; < n < n, confirms the statement in [35] and [50] that the frequency for
which that curve attains a maximum yields no useful information on the integral length.

Dependence of L} on wind speed at higher elevations, z. It was noted that, throughout
the sublayer within which the parameter f is approximately constant, the integral tur-
bulence length is independent of wind speed. However, this appears to be no longer the
case for higher elevations z.

Let the height of the ABL be denoted by H. Since H is proportional to the friction
velocity u. (Eq. [2.37]), for given z the ratio z/H is lower for higher winds, mean-
ing that f(z, z,) decreases with height (Eq. [2.55]). Consider for example, the case
zy =0.04m, z =55m, and U(z= 55m) = 6.78ms™! (as in [41]). The logarithmic
law yields u.= 0.38 ms~L. If the order of magnitude of the boundary layer depth is
H=~ 0.1u./f, where f is the Coriolis parameter (see, e.g., Examples 2.7 and 2.8), to
f= 10"* s7! there corresponds H~ 380m. Assuming the validity of Eq. (2.55),
B(z, z,) = 6.0 exp (—1.5%55/380) =4.8. On the other hand, if U(z =55m) = 68 ms™},
u. =3.8ms™, H= 3800m, and f(z, z,) = 6.0 exp(—1.5x55/3800) = 5.9. It follows
from Eq. (2.87) with f, =0.125 that the calculated value of the integral scale is 230 m if
U(z=55m)=6.78ms ™!, and 463 m if L/(z=55m) =68 ms~L.

This example suggests that estimates of the integral scale at higher elevations depend
upon the wind speed at which the measured data were obtained, and that the measure-
ment reports should therefore include that speed.

Spectra of Vertical and Lateral Velocity Fluctuations. According to [51], up to an ele-
vation of about 50 m, the expression for the vertical velocity fluctuations, which may be
required for the design of some types of bridges, is

nS,(z, n) 336 f
W2 1+105/3

*

(2.88)

Equation (2.88) can be used for suspended-span bridge design. The expression for the
spectrum of the lateral turbulent fluctuations proposed in [46] is

ns,(z, n) 15 f
w2 (1+10f)/8
In Eqgs. (2.88) and (2.89) the variable f is defined as in Eq. (2.72).

(2.89)

2.4.4 Cross-spectral Density Functions

The cross-spectral density function of turbulent fluctuations occurring at two different
points in space indicates the extent to which harmonic fluctuation components with
frequencies z at those points are in tune with each other or evolve at cross-purposes
(i.e., are or are not mutually cokerent). For components with high frequencies, the dis-
tance in space over which wind speed fluctuations are mutually coherent is small. For
low-frequency components that distance is relatively large — in the order of integral
turbulence scales. An eddy corresponding to a component with frequency # is said to
envelop a structure if the distance over which the fluctuations with frequency # are rel-
atively coherent is comparable to the relevant dimension of the structure.

The expression for the cross-spectral density of two signals %, and u, is

S (rom) =SS, (rom) +iS3, (r.m) (2.90)
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in which i = v/—1, r is the distance between the points M, and M, at which the signals
occur, and the subscripts C and Q identify the co-spectrum and the quadrature spec-
trum of the two signals, respectively. The coherence function is defined as

Coh(r,n) = ciluz(r, n) + qiluz(r, n) (2.91)
where
[SS ., (r, m)]? [, (r )2
2 s 2 ()= — 2.92a,b
a7 T 1) = S S (2920.0)

Sz, m)S(zy, 1)’
In Egs. (2.91) and (2.92a,b), S(z,, ), and S(z,, ) are the spectra of the signals at points
M, and M,. To larger integral turbulence scales there correspond increased values of
the coherence.
For ABL applications it is typically assumed that the quadrature spectrum is negligible.
The following expression for the cospectrum is used in applications:

S5, (rsm) = §'2(2,, SV (25, m) exp(=f) (293
where
. n[cg(zlf -23)+ CX2} - ) (2.94)
s[Uz) + Uzy)]

¥, z; are the coordinates of point M, (i= 1, 2), and according to wind tunnel mea-
surements the values of the exponential decay coefficients may be assumed to be, very
approximately, C, 10, C, ~ 16 [52]. Egs. (2.93) and (2.94) reflect the intuitively obvious
fact that the cross-spectrum decreases as (i) the frequency # increases (since, for given
distance between the points M, and M,, the mutual coherence is lower for small eddies
than for larger eddies), and/or (ii) the distance between the points increases. For lat-
eral fluctuations the expression for the cospectrum is similar, except that values C, = 7,
C, ~ 11 have been proposed [53]. For two points with the same elevation, the expres-
sion for the co-spectrum of the vertical fluctuations is also assumed to be similar, with
C, ~ 8 [53]. The exponential decay coefficients are in fact dependent upon surface rough-
ness and upon wind speed; these dependences are typically not accounted for in practice.

2.5 Horizontally Non-Homogeneous Flows

Horizontal non-homogeneities of atmospheric flows are due either to conditions at
the Earth’s surface (e.g., changes in surface roughness, topographic features) or to the
meteorological nature of the flow (as in the case of tropical cyclones, thunderstorms or
downbursts). While the structure of horizontally homogeneous flows is basically well
understood, the modeling of horizontally non-homogeneous flows is to a large extent
still incomplete or tentative. Computational Fluid Dynamics methods are increasingly
being used for a variety of surface roughness and topographic configurations. This
section contains information of interest for structural engineering purposes.

2.5.1 Flow Near a Change in Surface Roughness. Fetch and Terrain Exposure

Sites with uniform surface roughness are limited in size; the flows near their bound-
aries are therefore affected by the surface roughness of adjoining sites. Therefore, the
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surface roughness is not the sole factor that determines the wind profile at a site. The
profile also depends upon the distance (the fetch) over which that surface roughness
prevails upwind of the site. The terminology used in the ASCE 7 Standard therefore
distinguishes between surface roughness and exposure. For example, a site is defined as
having Exposure B if it has surface roughness B and surface roughness B prevails over a
sufficiently long fetch; for design purposes the wind profile at a site with Exposure B may
be described by the power law with parameters corresponding to surface roughness B.
Sections 2.3 and 2.4 consider only the case of long fetch. The ASCE 7 Standard provides
criteria on the fetch required to assume a given exposure.

Useful information on the flow in transition zones can be obtained by considering the
simple case of an abrupt roughness change along a line perpendicular to the direction
of the mean flow. Upwind of the discontinuity the flow is horizontally homogeneous
and, near the ground, is governed by the parameter z,;,. Downwind of the discontinu-
ity the flow will be affected by the surface roughness z,, over a height 4(x), where x is
the downwind distance from the discontinuity. This height, known as the height of the
internal boundary layer, increases with x until the entire flow adjusts to the roughness
length z,,. A well-accepted model of the internal boundary layer, which holds for both
smooth-to-rough and rough-to smooth transitions, is

0.8

h(x) ~ 0.28 z,, <i> (2.95)
Zor

[53], where z,, is the largest of the roughness lengths z,, and z,,. The validity of Eq. (2.95)

is limited to /2 < 0.2 H, where H is the ABL height for very large x. Within the internal

boundary layer the flow adjusts to the new surface roughness as shown in Figure 2.8.

Example 2.16 Consider a zone with roughness length z,, = 0.30 m downwind of a
zone with roughness length z,, = 0.03 m. The estimated height of the internal boundary
layer at a distance x = 10000 m downwind of the line of separation between the two
zones is (10 000 m) = 350 m. The same result is valid if the zone with roughness length
zy; = 0.03 m is downwind of the zone with z;, = 0.30 m.

2.5.2 Wind Profiles over Escarpments

Topographic features alter the local wind environment and create wind speed increases
(speed-up effects), since more air has to flow through an area decreased, with respect
to the case of flat land, by the presence of the topographical feature. The procedure that
follows is specified in the ASCE 7-16 Standard [3] for the calculation of speed-up effects
on 2- or 3-D (two- or three-dimensional) isolated hills and 2-D ridges and escarpments.

b Figure 2.8 Internal boundary layer

z h(x). Mean wind speed profile within
the internal boundary layer is adjusted
to the terrain roughness z, > z,,;.

Zp1 / h(x) Zor = Zg2
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Figure 2.9 Two-dimensional escarpment.

The increase in the wind speeds due to the topography is reflected in the
exposure-dependent factor K,. The Standard provides speed-up models applica-
ble to 2-D ridges, 3-D isolated hills, and 2-D escarpments, provided that all the
following conditions are satisfied (see Figure 2.9 for notations):

1) No topographic features of comparable height exist for a horizontal distance of 100
times the height of the hill H or 3.2 km, whichever is less, from the point at which
the height H is determined.

2) The topographic feature protrudes above the height of upwind terrain features within
a 3.2 km radius by a factor of two or more in any quadrant.

3) The structure is located in the upper half of a hill or ridge or near the crest of an
escarpment.

4) H/L,>0.2.

5) The height of the hill H exceeds 5.25m for Exposures C and D, and 21 m for
Exposure B.

If any of the conditions 1-5 above is not satisfied, K, = 1.

The topographic factor is defined as K ,, = [V (z, x)/ V (2)]%, where V(z) = 3-second peak
gust speed at height z above ground in horizontal terrain with no topographic feature.
The expression for K, is:

K, = (1 + K K,K;)* (2.96)

where the factor K, accounts for the shape of the topographic feature, K, accounts for
the variation of the speed-up as a function of distance from the crest, and K; accounts for
the variation of the speed-up as a function of height above the surface of the topographic
feature. Values of and expressions for K, K,, Kjare given in ASCE 7-16. For example,
for H/L, < 0.5,
aH || < yz)
K, ==, K=1-—, Ky=exp|-— (2.97a,b,c)
17, 2 UL, 3 I,

where for 2-D escarpments, y = 2.5; u = 1.5 (upwind of crest), u = 4.0 (downwind of
crest); a = 0.75 (Exposure B), a = 0.85 (Exposure C), and a = 0.95 (Exposure D).
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Example 2.17  Topographic factor for a 2-D escarpment. The escarpment is assumed to
have Exposure B and dimensions H = 30.5m, L;, = 122 m. The topography upwind of the
escarpment is assumed to satisfy conditions 1 and 2. The building is located at the top of
the escarpment, and the downwind distance (see Figure 2.9) between the crest and the
building’s windward face isx = 12.2 m. (In Figure 2.9 the building would be located to
the right of the crest.) We seek the quantity K, for elevation z = 7.6 m above ground at
x=122m.

Condition 4 is satisfied, since H/L, = 30.5/122 = 0.25> 0.2, as is condition 5, since
H=30.5m>21m.
Since H/L, < 0.5, Egs. (2.97a,b,c) yield:

K, =0.75x%30.5/122 = 0.1875,
K,=1-12.2/(4.0 x 122) = 0.975,
K, =exp.(—2.5 X 7.6/122 = 0.855.

The topographic factor is
K,, = (140.1875 % 0.975 X 0.855)? = 1.16> = 1.35.

This result implies that at x = 12.2m downwind of the crest and z = 7.6 m above
ground, the increased peak 3-second gust is 1.16 times larger than the peak 3-second
gust at 7.6 m above ground upwind of the escarpment, and the corresponding pressures
are (1.16)%2 = 1.35 times larger than upwind of the escarpment.

2.5.3 Hurricane and Thunderstorm Winds

In current structural engineering practice it is assumed that flow models used for syn-
optic storms are acceptable for hurricanes and thunderstorms as well. Although they
are not yet sufficient for codification purposes, a number of research results on these
two types of storm have been obtained in recent years, of which the most significant are
briefly summarized or cited herein.

Hurricanes. Geophysical Positioning System (GPS) dropwindsonde (or dropsonde)
measurements of hurricane wind speed profiles yielded the following results: (i) On
average, in the storm’s outer vortex, wind speeds increase monotonically up to an ele-
vation of about 1 km, where they attain about 1.4 times their strength at 10 m; they then
decrease monotonically between 1 and 3 km, where they attain about 1.3 times their
strength at 10 m. (ii) On average, in the storm’s eyewall, wind speeds increase monoton-
ically up to an elevation of about 400 m, where they attain about 1.3 times their value at
10 m, after which they decrease monotonically between 400 and 3 km, where they attain
about 1.1 times their value at 10 m [54].

The turbulence intensity in hurricane winds was found to be larger by about 10% in
hurricanes than in synoptic storms [37, 38, 55]. Values of the longitudinal integral tur-
bulence scale L% measured at 10 m elevation in hurricane Bonnie varied from 40 to
370 m [37]. Table 2.9 [37] lists measured values of L? based on 10- and 60-min long
records at 5 and 10m above ground, as well as values specified in the ASCE 49-12
Standard [16].

As expected, LY decreases as the roughness length increases; it increases, in most
cases modestly, as the height z increases from 5 to 10 m. It is seen in Table 2.9 that the
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Table 2.9 Longitudinal integral length scales at 5 and 10 m elevations (m).

Record (length) [54]
ASCE
z 10min. 60 min. Eq.(2.60) 49-12[16] Eq.(2.87)?

Hurricane Zyin Zymax

Isidore 0.0011  0.0060 5 98 310 210-400

10 140 450 220-420 190 150
Gordon 0.0002 0.0014 10 176 365 370-450 190 165
Ivan 0.0080 0.0551 5 126 197 120-180

10 154 240 140-190 110 100
Ivan 0.0116 0.0497 5 105 314 120-130

10 123 366 130-140 110 100
Lili 0.0082  0.0589 5 82 189 90-180

10 94 226 110-190 110 100

a) Values obtained by using Eq. (2.87) were multiplied by 1.1 to account for the fact that fluctuations are
stronger in hurricanes than in extratropical storms.

ASCE 49-12 Standard [16] values are considerably smaller than the reported 60-min
measurements. It may be assumed that measurements of integral length scales are
affected by significant uncertainties, as was noted also in Section 2.4.2.

A hurricane wind speed record that clearly reflects the passage of the eye is shown in
Figure 2.10. The record was obtained at 15 m above ground by an ultrasonic anemome-
ter unit with a wind speed range of 0—65 m s~! with a resolution of 0.01 m s, capable of
measuring instantaneous #, v, and w wind velocity components with a maximum sam-
pling rate of 32 Hz. The traces shown are 10-minute and 3-second moving averages of
data with a 10 Hz sampling rate. Note its non-stationary character, which contrasts with
the stationarity of Figure 2.1.

Thunderstorms. The cold air downdraft that, in a thunderstorm, spreads horizontally
over the ground, can be compared to a wall jet. Just as in a wall jet, the surface friction
retards the spreading flow.

Of particular interest is the first gust (or gust front) (Figures 1.14-and 2.11), that is, the
thunderstorm wind that can exhibit a considerable and relatively rapid change of speed
and direction. The wind speed increase and the time interval during which it occurs have
been called by some authors the gust size AV and the gust length At, respectively [55].
Depending upon thunderstorm intensity, the gust size may vary approximately from 3
to 30 ms~!, while the gust length may range from approximately less than 1-10 min.

According to numerical and laboratory simulations [56—58], as well as full-scale mea-
surements [59], near the ground the wind speed profiles along a thunderstorm gust front
can be quite different from a log-law profile. However, in current design practice it is
assumed that thunderstorm characteristics may for practical purposes be assumed to be
the same as those of large-scale storms. This assumption may be warranted, given that,
according to [60], the maximum winds (i.e., design level winds) within the thunderstorm
are rarely due to storms in which significant deviations from the log law occur. Defini-
tive statements on the micrometeorological and statistical characterization of thunder-
storms appear to be unwarranted at this time owing to the lack of sufficient full-scale
high-speed data.
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Figure 2.10 Hurricane wind speed traces. Source: Courtesy of Professor F. J. Masters, University of Florida.
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Figure 2.11 Thunderstorm wind speed records at six elevations above ground near Oklahoma City.
Source: Courtesy of National Severe Storms Laboratory, National Oceanic and Atmospheric Laboratory.
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3

Extreme Wind Speeds

Structures are designed to be safe and serviceable, meaning that their probabilities of
exceeding specified strength and serviceability limit states must be acceptably small.
These probabilities are functions of the wind speeds to which the structures are exposed.
The present chapter is concerned with the probabilistic estimation of extreme wind
speeds. Uncertainties in such estimates are discussed in Chapter 7. Materials that com-
plement this chapter are provided in Appendices A and C.

Section 3.1 provides simple, intuitive definitions of exceedance probabilities and mean
recurrence intervals (MRIs), and extends those definitions to wind speeds in mixed wind
climates (e.g., climates with both hurricane and non-hurricane winds, or with large-scale
extratropical storm and thunderstorm winds). Section 3.2 defines non-directional and
directional wind speed data in non-hurricane and hurricane-prone regions, and reviews
main sources of such data for the conterminous United States. Section 3.3 describes and
illustrates methods for estimating extreme wind speeds with specified MRIs. Section 3.4
is devoted to tornado climatology.

3.1 Cumulative Distributions, Exceedance Probabilities,
Mean Recurrence Intervals

Section 3.1.1 introduces these topics intuitively by using the example of a fair die,
and shows its relevance to the probabilistic characterization of extreme wind speeds.
Section 3.1.2 considers the case of mixed wind climates, in regions with, for example,
hurricane winds and significant non-hurricane winds, or large-scale extratropical
storm and thunderstorm winds.

3.1.1 Probability of Exceedance and Mean Recurrence Intervals

3.1.1.1 A Case Study: The Fair Die

We denote the outcome of throwing a fair die once by O. The probability, denoted by
P(O<n)(n=1,2, ... 6), that the outcome (i.e., the event) O is less than or equal to
n is called the cumulative distribution function (CDF) of the event O. The CDF of the
outcome O < n is P(O <n) = n/6. The probability of exceedance of the outcome 7 is
P(O>n)=1-P(O<n)=1-n/6.The MRI of the event O > n is defined as the inverse of
the probability of exceedance of that event, and is the average number of trials (throws)
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required for O > n. Therefore MRI (O > n) = 1/(1 — n/6). The MRI is also called the mean
return period (see also Section A.5.1).

Example 3.1 Mean recurrence interval of the outcome of throwing a die. For a fair die
the probability of exceedance P(O>5) =1 — P(O<5) =1 — 5/6 = 1/6. The MRI of the
event O > 5is 1/(1/6) = 6 trials, that is, the outcome “six” occurs, on average, once in six
trials.

The probability of exceedance of an outcome # increases as the number of trials
increases. If the probability of non-exceedance of the outcome # in one trial is
P(O < n), owing to the independence of the outcomes (Section A.2.5), the probability
of non-exceedance of the outcome # in m trials is [P(O <n)]”. The probability of
exceedance of the outcome # in m trials is 1 — [P(O < n)]™. For example, the probability
of non-exceedance of the outcome “five” in two throws of a die is (5/6)> = 25/36, and
the probability of exceedance of that outcome is 1 — 25/36 = 11/36.

3.1.1.2 Extension to Extreme Wind Speeds

Conceptually, the difference between the statement “the outcome of throwing a die
once exceeds #” and the statement “the largest wind speed V occurring in any one year
exceeds v,” is that the CDF of the largest speed in a year, P(V < v), is continuous, whereas
P(O < n) is discrete. For any given n, P(O < n) is the same for any one trial (throw of a
die), and is independent of the outcomes of other trials. Similarly, except for, say, possi-
ble global warming effects, P(V <v) is the same for any one trial (any one year), and is
independent of speeds occurring in other years.

The speed v with an ﬁ—year MRI is called the ﬁ—year speed. The MR], in years, is

— 1
N() = -V < (3.1)

Example 3.2 Probability of exceedance of the largest wind speed in a given data sam-
ple. Consider the sample of size nine of the largest measured yearly wind speeds 20,
18, 21, 25, 17, 24, 22, 20, 15 (in ms™!; the largest speed in the sample is shown in
bold type). There are n= 9 outcomes for which V' <25 mph, out of n+1 = 10 possi-
ble outcomes (the 10th outcome being V > 25 ms™). Hence the estimated probability
P(V <25ms71) = 9/10 = 0.9. The probability of exceedance of a 25 m s™! largest yearly
speed is 1 — 0.9 = 0.1. The MRI of the event that the 25 m s~ wind speed is exceeded in
any one year is 1/0.1 = 10 years. The probability of the event V <25 ms™! in 30 years is
equal to the probability that V <25ms™! in the first year, and in the second year, and
in the 30th year, that is 0.9%° = 0.04. The probability that V > 25ms~! in 30 years is then
1 -0.04 = 0.96.

3.1.2 Mixed Wind Climates

We now consider wind speeds in regions exposed to both non-hurricane and hurricane
winds. We are interested in the probability that, in any one year, wind speeds regardless
of their meteorological nature are less than or equal to a specified speed, v.



3.2 Wind Speed Data

Let the random variables V', and V,,;, denote, respectively, the largest hurricane
wind speed and the largest non-hurricane wind speed in any one year. Further, let the
probability that V;; <v and the probability that V;; <v be denoted, respectively, by
P(V <v)and P(V;; <v). The random variable of interest is the maximum yearly speed
regardless of whether it is a hurricane or a non-hurricane wind speed, and is denoted by
max(Vy, Vyy). The statement “max(V,,, V) <v” and the statement “V,, <v and
Vo <V are equivalent. Therefore, P[max(Vy, Vyy) <vl = P(Vy <vand V,, <v). If
it assumed that V; and V, are independent random variables, it follows (see Section
A.2.5) that

Plmax(V},, Vayy) < vl = P(V,; < WP(Vyyy < V) (3.2)

The probability distributions P(V ;; <v) and P(V; <v) can be obtained as shown in
Section 3.1.1. With an appropriate change of notation, Eq. (3.2) is also applicable to
non-thunderstorm and thunderstorm wind speeds.

The probability of occurrence of the event V,; > v or V,,, > vis (Section A.2.1):

P(Vy >vor Vyy >v)=P(Vy >v)+P(Vyy >v)
=1-P(Vy S vV)P(Vyy V) (3.3a,b)

Example 3.3 Mean recurrence interval of the event V; > v and V,, > v. Assume that
the MRI of the event that non-hurricane wind speeds exceed 45 ms™" is Ny, = 120
years, and that the MRI of the event that hurricane wind speeds exceed 45ms™!
is ﬁH =50 years. The respective CDFs are P(Vy; <45 ms!)=1- l/ﬁNH =
0.99167, and P(V,; <45 ms™!)=1- 1/NH =0.98. By Eq. (3.2) the CDF of the
45ms~! wind speed due to non-hurricane and hurricane winds is P(V,, <45 and
Van $45ms™) = P(V,; <45ms™!) P(Vyy <45ms™!) = 0.99167 X 0.98 = 0.972. By
Eq. (3.1) the MRI of the 45 m s~ wind speed at the site is 1/(1 — 0.972) = 35.7 years.

Example 3.4 Probability of occurrence of the event V,; > v or V ;; > v. Assuming again
Ny = 120years, N;; = 50 years, Eq. (3.3a,b) yields P(V; >vor Vi >v)=P(Vy>v) +
P(V > v) = (1 —0.98) + (1 — 0.99167) = 0.028/year (Eq. A.1).

3.2 Wind Speed Data

3.2.1 Meteorological and Micrometeorological Homogeneity of the Data

Extreme wind speed distributions differ depending upon the meteorological nature of
the storms being considered. For this reason, hurricane, synoptic storm, and thunder-
storm data should be analyzed separately. In addition, wind speed data within a data
sample must be micrometeorologically homogeneous, meaning that all the data in a set
must correspond to the same (i) height above the surface, (ii) surface exposure (e.g.,
open terrain), and (iii) averaging time (e.g., 3 s for peak wind gust speeds, 1 min, 10 min,
or 1h). Wind speeds at 10 m above terrain with open exposure, and with the specified
averaging time (typically 3 seconds in the United States) are referred to as standardized
wind speeds. If data do not satisfy the micrometeorological homogeneity requirement,
they have to be transformed so that the requirement is satisfied (see Sections 2.3.4-2.3.7,
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Section 2.4.1, and Ref. [1], which show that as far as the surface exposure is concerned,
this task can be far from trivial).

3.2.2 Directional and Non-Directional Wind Speeds

Standard provisions for wind loads are based primarily on the use of non-directional
extreme wind speeds, that is, largest wind speeds in any one year or storm event, regard-
less of their direction. Directional extreme wind speeds, that is, largest wind speeds in
any one year or storm event for each of the directional sectors being considered, are
used to estimate wind effects on special structures at sites for which aerodynamic data
are available for a sufficient number of wind directions.

Denote the directional wind speeds by L[l.]- (eg,i=1,2;j=1,2, .., 8), where the
subscript i indicates the year or the storm event, and the subscript j indicates the wind
direction. For fixed i the corresponding non-directional wind speed is U; = max;(U ;).

Example 3.5 Directional and non-directional wind speeds. To illustrate the definitions
of directional and non-directional wind speeds we consider the following largest peak
3-second gusts in ms™! recorded in two consecutive 1-year periods:!

Non-directional

Directional speed Uij speed maxi(Uij)
j 1(NE) 2(E) 3(SE) 4(S) 5(SW) 6(W) 7(NW) 8(N)
i=1 45 50 41 48 43 44 47 39 50
i=2 39 47 43 54 40 42 36 38 54

The non-directional speeds are also shown (in bold type) in the list of directional
speeds.

3.2.3 Wind Speed Data Sets

3.2.3.1 Datain the Public Domain
Peak Directional Gust Speeds at 10 m Above Open Terrain (Standardized Wind Speeds).
Standardized peak gust speeds averaged over five seconds extracted from Automated
Surface Observing Systems (ASOS) records and transformed to correspond to a 10 m
elevation over terrain with open exposure are listed on the site https://www.nist.gov/
wind. The difference between 5-second peak gusts and the 3-second peak gusts specified
in the ASCE 7-16 Standard [2] is, in practice, negligibly small. The standardized data
are separated into thunderstorm and large-scale extratropical wind speeds. This was
accomplished using a procedure described in [3] and software available on https://www
.nist.gov/wind.

Simulated (Synthetic) Directional Tropical Storm/Hurricane Wind Speeds. Direc-
tional wind speeds are available for 55 coastline locations (“milestones”) along the

1 In the statistical literature a fixed time period is called an epoch.



3.2 Wind Speed Data

Figure 3.1 Locator map with coastal distance marked, in nautical miles. Source: National Oceanic and
Atmospheric Administration.

Gulf and Atlantic coasts, shown in Figure 3.1 (see [4, 5]). The speeds were obtained
by Monte Carlo simulation (see Section A.8) from approximately 100-year records of
hurricane climatological data (pressure defects, radii of maximum wind speeds, and
translation speeds and directions; see Section 1.3.1). Probabilistic descriptions of those
data were developed and used in conjunction with the physical model described by Eq.
(1.4) to obtain probabilistic models of the gradient speeds and directions. These models
were then transformed via empirical expressions into probabilistic models of surface
wind speeds and directions, and used for the Monte Carlo simulation of directional
speed data at each of the milestones. The simulated data based on [4] are listed on
https://www.nist.gov/wind. They consist of (i) estimated hurricane mean arrival rates,
and (ii) sets of 999 1-min coastline wind speeds in knots at 10 m above open terrain
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for 16 directions at 22.5° intervals (1 knot~ 1.15 mph; 1 mph = 0.447 ms~!; nominal
ratios between 3-second speeds and 1-minute speeds and between 1-minute speeds
and 1-hour speeds are 1.22 and 1.25, respectively, see Table 2.5). At any given site, as
many of 20—40% of the total number of simulated hurricane wind speeds are negligibly
small. Such small or vanishing wind speeds occur, for example, where the hurricane
translation velocity counteracts the rotational velocity. For each of the 55 milestones
shown in Figure 3.1, the respective 999 simulated data can be used to obtain, by Monte
Carlo simulation, datasets of any desired size, see Section 3.3.7.

Non-directional hurricane wind speeds based on more recent simulations than those
described in [5] can be obtained, both for the coastline and for regions adjacent to the
coastline, from wind maps in ASCE 7-16 [2] for MRIs of up to 3000 years, and from wind
maps in [6] for MRIs of up to 107 years.

3.2.3.2 Data Available Commercially
Peak Directional Gust Speeds for Each of 36 Directions at 10° Intervals, recorded at
ASOS stations for periods of about 20 years or less (www.ncdc.noaa.gov/oa/ncdc.html).
Simulated Hurricane Directional Wind Speed Data. The methodology for obtaining
directional hurricane wind speeds described in [7] is similar to the methodology used
in [4], except that the various climatological and probabilistic models used therein have
been refined and are based on a larger number of data. Unlike the data based on [4], the
data based on [7] cover both coastlines and regions adjacent thereto.
Figure 3.2 shows approximate estimates of 2000-year (or 1700-year) mean hourly
hurricane wind speeds at 10 m above open terrain as estimated in [4], the ASCE 7-10

60
— ASCE 7-10 (MRI = 1700 yrs)
m/s
7N --- Georgiou, Davenport, and B. Vickery,
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] 2000 yrs)
-- Batts et al., 1980 (MRI =2000 yrs)
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Figure 3.2 Approximate estimates of mean hourly hurricane wind speeds at 10 m above ground over
terrain with open exposure. Source: After Refs. [4, 8-10].
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Standard [8] and Refs. [9, 10]. Note that there are no major differences among the various
estimates, except for: milestones 1100 and 2600, where speeds are likely overestimated
in [10]; milestones 700 and 1400, where speeds are likely underestimated in [4]; and
milestones 2300—2600, where wind speeds are likely underestimated in the ASCE 7-10
Standard.

33 N-year Speed Estimation from Measured Wind Speeds

Estimates of extreme wind speeds based on sets of measured wind speeds can be per-
formed by using two types of datasets. In the traditional epochal approach the dataset
being analyzed consists of the largest wind speeds recorded at the site of interest in each
of a number of consecutive fixed epochs. To avoid seasonality effects, the epoch most
commonly chosen is 1 year. The dataset then consists of the largest yearly wind speed
for each year of the period of record. In the more modern peaks-over-threshold (POT)
approach, the dataset considered in the analysis consists of wind speeds that exceed an
optimal threshold.

Section 3.3.1 explains the advantages of the peaks-over-threshold (POT) over the
epochal approach. Sections 3.3.2 discusses the probability distributions of the largest
values and their use in structural engineering. Section 3.3.3 presents methods for
estimating extreme speeds with any specified MRI N, based on the epochal approach.
Section 3.3.4 provides information on sampling errors in the estimation of extreme
wind speeds modeled by the Type I Extreme Value distribution. Section 3.3.5 concerns
the POT approach. Section 3.3.6 briefly discusses the spatial smoothing of extreme
wind speed estimates performed at multiple stations within meteorologically homo-
geneous areas. Section 3.3.7 concerns the development of large extreme wind speed
databases from relatively short records. Non-parametric estimation methods applicable
to extreme wind speeds are presented in Section A.9.

3.3.1 Epochal Versus Peaks-Over-Threshold Approach to Estimation
of Extremes

One advantage of the POT approach is that it allows the use of larger data samples than
the epochal approach, since speeds other than the largest annual speeds can also be
included in the data sample. This is illustrated in the following example.

Example 3.6 Sample sizes in epochal and POT approaches. Assume that in Year 1 the
largest speed is 36 ms~! and the second largest speed is 34 ms~!, and that in Year 2
the largest speed is 43 ms™' and the second and third largest speeds are 35ms™ and
31 ms™!, respectively. If a threshold of 32 m s™! is chosen, the speeds during Years 1 and
2 included in the sample are 43 ms~!, 36 ms~!, 35 ms™!, and 34 m s~ (four speeds). In
the epochal approach only two speeds are included in the sample: 36 ms™! (Year 1) and
43ms! (Year 2). If the threshold is very high, the advantage of a larger sample size is
lost. For example, if the threshold were 40 ms~!, only one speed — 43 ms~! — would
be included in the two-year sample. If the threshold were very low, the sample would
include non-extreme wind speeds; this would result in incorrect — biased — estimates of
the extreme wind speeds.
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An additional advantage of the POT approach is that it allows an optimal selection of
the dataset being analyzed, by (i) excluding from the analysis data lower than an optimal
threshold that would result in biased estimates of the extremes, and (ii) ensuring that
the size of the dataset is sufficiently large to minimize sampling errors.

3.3.2 Extreme Value Distributions and Their Use in Wind Climatology

As indicated in Section A.6, a theoretical and empirical basis exists for the assumption
that probability distributions of the largest values are adequate for describing extreme
wind speeds probabilistically. It has been proven mathematically that three types of
such distributions exist, characterized by the length of the distribution tail: the Gumbel
distribution (also known as the Fisher-Tippett Extreme Value Type I or EV I distribu-
tion), the Fréchet (Fisher-Tippett EV II) distribution, and the reverse Weibull distribution
(Fisher-Tippett EV III distribution of the largest values).

The EV I and the EV II distributions have infinitely long distribution tails. This
means that their use can lead to estimates of large extremes, whose probabilities
of being exceeded depend upon the thickness of the distribution upper tails. The
EV I distributions tails are less thick than the tails of the EV II distributions, and
entail negligibly small probabilities of exceedance of very large extremes. However,
for EV II distributions, the distribution tails are thicker, and may result in estimates
of unrealistically high extreme wind speeds. The EV III distribution has finite tails,
meaning that, for wind speeds larger than the finite value of the distribution tail, the
probabilities of exceedance are zero.

Uncertainties inherent in the estimation process can result in extreme wind speed
data samples being spuriously best fitted by an EV II distribution when in fact an EV I
distribution would be appropriate. For this reason, the assumption that extreme wind
speeds are best fitted by an EV II distribution, used in the 1970s for the development
of the extreme wind speed maps of the American National Standard A58.1, was aban-
doned by consensus of the ASCE 7 Standard Committee on Loads in favor of the EV I
distribution.

Statistical estimates suggested that the EV III distribution may fit extreme wind
speed data samples better than the EV I distribution; on the basis of such estimates the
Australian/New Zealand Standard [11, Commentary C3.2] adopted the assumption
that the EV III distribution is representative of the behavior of extreme wind speeds.
However, estimates of the tail length of the EV III distribution are in practice prone to
large errors, and to avoid the underestimation of extreme wind speeds due to spurious
best fits, the ASCE 7 Standards Committee on Loads also decided against the use of the
EV III distribution. Unless otherwise indicated, it will be assumed in this chapter that
the EV I distribution is an appropriate probabilistic model of the extreme wind speeds.

The CDF of the EV I distribution is

F(x) = exp [—exp(—uﬂ (—o<x<00; —0o<u<o; 0<o< )
o
(3.4)

where p and o, called the location and scale parameter, respectively, are related to the
mean value E(X) and standard deviation SD(X) of X by the expressions

EX) = u+0.57726 (3.5)
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SDX) = X6 (3.5b)
Ve
Inversion of Eq. (3.4) yields
x(F;) = y — o In(~InF) (3.6)

or, by virtue of Eq. (3.1),

x(ﬁ) =u—ocln [—ln <1 - é)]
N

~u+oclnN (3.7a,b)

for large N.

3.3.3 Wind Speed Estimation by the Epochal Approach

This section presents two of the methods for estimating ]Tl-year wind speeds under
the assumption that the EV I distribution is appropriate: the method of moments and
Lieblein’s BLUE (Best Linear Unbiased Estimator) method.

3.3.3.1 Method of Moments

This method relies on calculated sample means E(V) and standard deviations SD(V') of
the sample of # wind speeds. The wind speed corresponding to an MRI N is obtained
from Egs. (3.7) in which the parameters u and o are obtained from Egs. (3.5).

Example 3.7 EV I Extreme Wind Estimation, Epochal Approach

Method of Moments. Assume that in a n = 14-year record at a site, the non-directional
largest yearly peak 3-second gust speeds from any direction (in ms™!) are: 36, 34,
35, 37, 33, 36, 40, 39, 41, 43, 33, 31, 28, 34. The epochal approach makes use of
the mean E(V) = 35.71ms~! and standard deviation SD(V) = 4.07ms™! of the
n largest annual speeds. From Egs. (3.5) we obtain ¢ = 3.17 and y = 33.90 (in

ms™'). Equations (3.7a,b) yield V(N =50 years) = 46.27 ms™' and 46.30ms™!,

V(N = 3000 years) = 59.28 ms~! and 59.28 ms~}, respectively.

BLUE Method. In the BLUE method the data are arranged in ascending order, that is,
VISV, S-S,

The estimated parameters of the EV I distribution are then given by the expressions

U= z”: av;, o= Zn: by, (3.8)
i=1 i=1

where the vectors a,, b; are listed for n<16 in [12, p. 20], and for n<100 in the MATLAB
implementation of the BLUE method, which includes a user’s manual and an example
https://www.nist.gov/wind.

Example 3.8 EV I Extreme Wind Estimation, Epochal Approach, BLUE Method.
Consider the dataset of Example 3.7. The rank-ordered data are
28, 31, 33, 33, 34, 34, 35, 36, 36, 37, 39, 40, 41, 43.



64 | 3 Extreme Wind Speeds

For the sake of clarity we follow in this example the BLUE method as presented in [12].
Using the coefficients a; (i =1, 2, ..., 14) [12, p. 20]:
U =28x0.163309 + 31 x 0.125966 + 33 x 0.108230 + 33 x 0.095233
+ 34 % 0.084619 + 34 % 0.075484 + 35 X 0.067331 + 36 x 0.059866
+ 36 X 0.052891 + 37 x 0.046260 + 39 x 0.039847 + 40 x 0.033526
+ 41 x0.027131 + 43 x 0.020317 = 33.64
o = 28 X (—0.285316) + 31 x (—0.098775) + 33 X (—0.045120)
+ 33 %X 0.013039 + 34 x 0.008690 + 34 x 0.024282 + 35 x 0.035768
+ 36 X 0.044262 + 36 X 0.050418 + 37 X 0.054624 + 39 x 0.057083
+ 40 % 0.057829 + 41 X 0.056652 + 43 x 0.052642 = 3.96

Equation (3.7a) then yields
V(N = 50years) = 49.09 ms™,  v(N = 3000 years) = 65.33 ms™"

The reader can verify that the same result is obtained by using the MATLAB software
referenced in this section. The method of moments, which is less efficient than the BLUE
method, produces in this case estimates of the 50 and 3000-year wind speeds lower than
the BLUE estimates by approximately 6 and 9%, respectively.

3.3.4 Sampling Errors in the Estimation of Extreme Speeds

The standard deviation of the errors in the estimation of extreme wind speeds with a
MRI N may be obtained from the following expression [13]:

SD(vy) ~ 0.78[1.64 + 1.46(In N — 0.577) + 1.1(In N — 0.577)2]"/2 == (3.9)
n
where s is the sample standard deviation of the largest yearly wind speeds for the period
of record, and # is the sample size.

Example 3.9 At Great Falls, Montana, the largest yearly sustained fastest-mile wind
speeds in the period 1944-1977 (sample size n = 34) were
57, 65, 62, 58, 64, 65, 59, 65, 59, 60, 64, 65, 73, 60, 67, 50, 74,
60, 66, 55, 51, 60, 55, 60, 51, 51, 62, 51, 54, 52, 59, 56, 52, 49 (mph).

The sample mean and the standard deviation of for these data are V = 59.1 mph and
SD(V) = 6.41 mph. From Egs. (3.5), (3.7) and (3.9) it follows that for N =50 years and
N=1000 years,

V5o ® 75.8 mph  SD(v5,) = 3.71 mph
Viooo & 90.8 mph  SD(v,4y,) & 6.36 mph.

The probabilities that vg is contained in the intervals vy + SD(vg) and vy + 2 SD(vy)
are approximately 68 and 95%, respectively. These intervals are called the 68 and 95%
confidence intervals for v (see Section A.7.1).
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3.3.5 Wind Speed Estimation by the Peaks-Over-Threshold Approach

Among the methods available for estimating extreme wind speeds by the POT
approach we mention the method of moments and the de Haan method, both of
which are described in Section A.7.2, and the POT Poisson-processes methods used
in [14], which provide information on the uncertainty in the estimates. The plots of
Figure 3.3 show estimates by the de Haan method of 100, 1000, and 100,000-year
fastest-mile wind speeds at 6.1 m above ground in terrain with open exposure at
Green Bay, Wisconsin. The estimates are functions of threshold speeds (in mph). The
data consisted of the maximum wind speed for each of the successive 8-day intervals
within a 15-year record, and included no wind speed separated by less than 5 days. For
thresholds between about 38 and 32 mph (sample sizes of about 35-127), the estimated
100-year speeds are stable around 60 mph. The reliability of the estimate is poorer as
the MRI increases (this is clearly seen for the 100,000-year estimates). For thresholds
higher than 38 mph, the estimates are less stable for all three MRIs; that is, they vary
fairly strongly as a function of threshold. For thresholds lower than about 32 mph,
the estimates of the 100-yr speed are increasingly biased with respect to the 60 mph
estimate, owing to the presence in the data sample of low speeds unrepresentative of
the extremes. Including low speeds in a sample used for inferences on extreme speeds
can result in biased estimates, as would be the case if the heights of children were
included in a sample used to estimate the height of adults. For example, estimates of
extreme wind speeds based on wind speed data recorded every hour, the vast majority
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Figure 3.3 Estimated wind speeds with 100-, 1000-, and 100,000-year mean recurrence interval at
Green Bay, Wisconsin, as functions of threshold (mph).
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of which are low and meteorologically unrelated to the extreme wind speeds, would
be unrealistic. Modern extreme value statistics recognizes that to obtain dependable
estimates of extreme values it is necessary to “let the tails speak for themselves,” instead
of allowing estimates to be biased by data with small values, as is the case in Figure 3.3
for wind speeds below about 32 mph.

3.3.6 Spatial Smoothing

In developing wind maps results it is appropriate to apply spatial smoothing techniques
to reduce discrepancies among results obtained for stations contained in a meteoro-
logically homogeneous area of appropriate size. Such a technique was applied to the
development of wind speed maps specified in the ASCE 7-16 Standard, see Section 3.2
of [14].

A technique used for the development of U.S. maps specified in the ASCE 7-10 maps
consisted of considering groups of stations called “superstations,” and including identi-
cal subgroups of stations in more than one “superstation.” The application of this tech-
nique led to the demonstrably incorrect result that extreme wind speeds are uniform
throughout most of the contiguous United States.

3.3.7 Development of Large Wind Speed Datasets

A number of structural engineering applications require the use of large wind speed
datasets for use in non-parametric estimates of wind effects with long MRIs. A detailed
procedure for generating such data, including directional data, is presented in [15].
For material on Monte Carlo methods used for the development of large wind speed
databases, see Section A.8.

3.4 Tornado Characterization and Climatology

Tornado climatology studies and design criteria on tornado action on structures require
the characterization of tornadoes from the point of view of their flow modeling and their
intensities. Section 3.4.1 discusses tornado flow modeling based on atmospheric science
considerations, laboratory testing, numerical methods, and observations of tornadoes.
Section 3.4.2 is devoted to the use of tornado models, observations of tornadoes and
their effects, and statistical methods, for the estimation of wind speeds and associated
atmospheric pressure defects. Section 3.4.3 summarizes simplified, conservative models
of tornado structure that the U.S. Nuclear Regulatory Commission Office of Nuclear
Regulatory Research considers acceptable for the design of nuclear power plants.

3.4.1 Tornado Flow Modeling

Tornadoes are translating cyclostrophic flows that develop within severe thunder-
storms. Because their horizontal dimensions are relatively small (typically in the order
of 300m), the probability that their maximum speeds at heights above ground in
the order of a few tens of meters or less will be measured by a sufficiently strong
instrument with fixed location, or any other instrument, is small. For his reason reliable
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measurements of such wind speeds are not available to date. Laboratory measurements
(see Chapters 5 and 27) have shed useful light on tornado flow structure, but are only
the beginning of efforts to improve current knowledge in this area of research.

A highly readable generic guide on tornado climatology is available in [16]. An anal-
ysis of information on more than 46 000 tornado segments (i.e., portions of or entire
tornadoes) reported in the contiguous United States from January 1950 through August
2003 was performed in [17] with a view to determining tornado strike probabilities and
maximum wind speeds for use in the development of design criteria for nuclear power
plants.

Section 3.4.2 briefly summarizes salient features of [17]. Section 3.4.3 summarizes U.S.
Nuclear Regulatory Commission (NRC) requirements on atmospheric pressure defects
and tornado wind speeds based on the recommendations of [17].

3.4.2 Summary of NUREG/CR-4461, Rev. 2 Report [17]

Of the 46 000 segments, more than 39 600 had sufficient information on location, inten-
sity, length and width to be used in the analysis. Estimates of and confidence intervals
for expected values are based in [17] on the assumption, first suggested in 1963 [18], that
lognormal distributions are appropriate. As in [16], it is noted in [17] that, even though
the number of reported tornadoes has been increasing since 1950 owing to improved
tornado observation techniques (Figure 3.4), the increase was limited to the least intense
tornadoes; however, the missing information on weaker tornadoes appears not to affect
significantly estimates of strike probabilities or maximum wind speeds.
Comprehensive estimates of tornado characteristics are presented in [17] for the
entire contiguous United States, for regions thereof, and for 1°, 2°, and 4° latitude and
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Figure 3.4 Number of EF0 tornadoes and total number of EF1 through EF5 tornadoes by year since
1950 [19].
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longitude boxes. The effect of the variation of the wind speed along and across the
tornado footprint was modeled by using results of studies summarized in [19].

Methods for estimating (i) tornado strike probabilities and (ii) conditional probabil-
ities that the maximum wind speed will exceed a specified value given that a tornado
strike has occurred, differ for point and finite-sized structures. For point structures only
estimates of tornado impact areas are necessary. For finite-size structures, in addition to
estimates of tornado impact areas, estimates of lengths of tornado paths associated with
various wind speeds are needed. These were based on [20]. For example, while for EFO
tornadoes 100% of the length of the tornado path has EF0 speeds, for an EF5 tornado
it was estimated that on average 0.135, 0.100, 0.190, 0.240, 0.185, and 0.150 of the total
path length have EF0, EF1, EF2, EF3, EF4, and EF5 wind speeds, respectively.

For point structures, the annual probability of exceedance of the speed #, at a point is
defined as the probability that a tornado will strike that point times the annual proba-
bility that the speed u will exceed the speed #, given that a tornado strike has occurred,
that is,

P,(u>u,) =P, xP,u2=u,l|s) (3.10)
The annual strike probability is
P = A, (3.11)
o NA,

A, is the total area in square miles impacted in N years by tornadoes in the region A,
of interest, that is, the product of the expected area of a tornado in the region A, by the
total number of tornado events that occurred in that region in N years, and N is the
number of years of record.

The probability of exceeding a speed u, given that a tornado has occurred is

u>u,
A[
where A ., is the total area impacted by wind speeds greater than u; see also [18]. It is
assumed in°[17] that P,(u > u, |s) is described by a Weibull distribution.

For the probability of exceedance of a speed u, within a finite-size structure, see [17].

Uncertainties in the estimation of the tornado strike probabilities and conditional
probabilities of tornado wind speeds are due to errors in the tornado footprint mod-
eling as a rectangle and in the estimation of the length, width and area of the tornado
footprint, the assumption that the structure’s characteristic dimension is 200 ft, and the
assignment of an incorrect EF (enhanced Fujita) scale to tornadoes in the database being
used. Adjustments for those errors are discussed in [19].

Recommendations in [17] of tornado design wind speeds with 10°-, 10°-, and 107-year
MRIs for the three regions defined in Figure 3.5 are based on the spatially averaged
estimated speeds for 2° longitude/latitude boxes and are shown in Table 3.1.

The American Nuclear Society ANSI/ANS-2.3-2011; R2016 Standard’s regionaliza-
tion of tornado wind speeds [22] differs somewhat from the regionalization of Figure 3.5.

P,(uzu,|s)= (3.12)

3.4.3 Design-Basis Tornado for Nuclear Power Plants

The NRC Regulatory Guide 1.76 (Revision 1 March 2007) [21] provides guidance on
design-basis tornado and design-basis tornado-generated missiles for nuclear power
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Table 3.1 Recommended tornado design wind speeds.
Wind Speed (mph)
Mean Recurrence
Interval (years) Region | Region Il Region llI
10° 160 140 100
100 200 170 130
107 230 200 160

Table 3.2 Design-basis tornado wind field characteristics [21].

Radius of
Maximum Maximum
Maximum Translational Rotational Rotational Pressure Pressure
Wind Speed Speed Speed Speed Drop Drop Rate
Region ms~' (mph) ms™" (mph) ms~! (mph)  m(ft) mb (psi) mbs™ (psis™)
I 103 (230) 21 (46) 82 (184) 45.7 (150) 83(1.2) 37 (0.5)
11 89 (200) 18 (40) 72 (160) 45.7 (150) 63 (0.9) 25 (0.4)
111 72 (160) 14 (32) 57 (128) 45.7 (150) 40 (0.6) 13 (0.2)

plants in the contiguous United States. For the regions shown in Figure 3.5, Table 3.2
reproduces the characteristics of the design-basis tornadoes provided in [21] and based
on the Rankine model combined with a translational velocity (Chapter 27). Design-basis
tornado-generated missiles are considered in Chapter 28.

For tornado vertical wind speeds, see Chapter 27. Wind field characterization of tor-
nadoes in the ANSI/ANS-2.3-2011; R2016 Standard [22] differs in some respects to that
of [21].
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Bluff Body Aerodynamics

Aerodynamics is the study of air flows that interact with solid bodies. Streamlined bodies
have shapes that help to reduce drag forces. Bodies that are not streamlined are called
bluff.

Bluff body aerodynamics of interest in structural engineering applications is asso-
ciated with atmospheric flows, which are incompressible owing to their relatively low
speeds. With rare exceptions associated with stably stratified flows (see Section 1.1.3),
atmospheric flows of interest in structural design are turbulent. In addition to the turbu-
lence present in atmospheric flows, “signature turbulence” is generated by the presence
of the body in the flow. Turbulence significantly complicates the study of bluff body
aerodynamics.

Certain types of engineering structures can be subjected to aerodynamic forces gener-
ated by structural motions. These motions, called self-excited, are in turn affected by the
aerodynamic forces they generate. The structural behavior associated with self-excited
motions is termed aeroelastic, and is considered in Part IIT of the book.

As pointed out by Roshko, “the problem of bluft-body flow remains almost entirely
in the empirical, descriptive realm of knowledge” [1]. Although much progress is
being made in Computational Fluid Dynamics (CFD) and its application to wind
engineering (Computational Wind Engineering, or CWE), its application in structural
engineering practice remains limited [2]. Indeed, the simulation of flows over bluff bod-
ies in turbulent shear flows is a formidable problem, and the approximations required in
modeling the flow numerically can produce results that differ significantly and unpre-
dictably from each other depending upon those approximations. To follow Schuster [3],
conservative CFD applications are based on the paradigm “Develop, Validate, Apply,”
wherein end-users apply validated software to problems that fall within or at least not
too far from its range of validation. As pointed out in [3], a modified paradigm “Develop,
Apply, Validate” may be required under certain circumstances. This paradigm entails
large uncertainties that must be accounted for; how CFD methods may be applied and
ultimately developed and validated under those circumstances is discussed in [3] in the
context of NASA applications. In a civil engineering context, an informal “Develop,
Apply, Validate” approach has been implicit in low-risk CFD applications wherein
the effect of relatively large uncertainties is tolerable: for example, the prediction
of wind flows that cause easily remediable pedestrian discomfort around buildings
(see Chapter 15).

Section 4.1 reviews fundamental fluid dynamics equations. Section 4.2 considers
flows in a curved path and vortex flows. Section 4.3 discusses boundary layers and flow
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separation. Section 4.4 is devoted to wake and vortex formations in two-dimensional
(2-D) flow. Section 4.5 concerns pressure, lift, drag and moment effects on 2-D bodies.
Section 4.6 presents information on flow effects in three dimensions.

4.1 Governing Equations

4.1.1 Equations of Motion and Continuity
Consider a fixed elemental volume dV in a fluid. The velocity vector is expressed as
u =y i; + u,yiy, + Ui, (4.1)

where i, i,, i; are unit vectors along the usual three fixed orthogonal axes.

The force acting on the fluid contained in the volume dV consists of two parts. The
first part is the body force caused by gravity, and is denoted by FpdV/, where p is the fluid
density. The second part is due to the net action on the fluid of the internal stresses o;
(5, j=1, 2, 3). For example, the contribution to this action of the normal stress o,, (see
Figure 4.1) is

doy, doy,
—0,dx,dx, + <6H + 0_xldx1> dx,dx; = 0_xldx1dx2dx3
do
= —dV (4.2)
0x,
It can be similarly shown that the net force component in the i direction due to the action

of all stresses o, is

D —’fdv (4.3)

Denoting the components of F by F; (i=1, 2, 3), the force balance equations, given by
Newton’s second law, are

Du; J Fod > ao_ijd
—pdV =F. V+ —dV (i=12,3 4.4
54V =FEp ; oY ¢ ) (4.4)
: dxy
| —_— dors ax, | dx,dx.
1 — + —
0110Xo0Xg €t vevnnnnnn | 11 0X4 1772573
// dx,
dxy

Figure 4.1 Forces along the i direction on an elementary volume of fluid.
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where the operator D/Dt, known as the substantial or material derivative, is defined as
follows:

3
D _ 0 0 dx;
—_— ==+ - !
Dt ot ; ox; dt
3
0 0
=2 g 4.5
ot ; “iox, (45)
Since Eq. (4.4) is true for all volume elements, it may be divided by the factor dV, and
the equations of motion of a fluid particle can be written in component form as

Du; 3 aO'ij
— L = pF. + _7
PDr TP Z‘ 0%,

(4.6)

We now consider the principle of mass conservation, which states that the rate at which
mass enters a system is equal to the rate at which mass leaves the system. If p is constant,
mass conservation can be shown to imply

3
ou,;
— =0 (4.7)
p— 0x;

Equation (4.7) is called the equation of continuity.

4.1.2 The Navier-Stokes Equation

Unlike a solid, under static conditions a fluid cannot support any stresses other
than normal pressures. However, in dynamic situations, it may support shear in
a time-dependent manner. In most fluid-mechanical applications it is adequate to
assume that the stresses involved are normal pressures or ascribable to viscosity. Fluids
with internal shear stress proportional to the rate of change of velocity with distance
normal to that velocity are termed viscous or Newtonian. For example, the shear stress
01, in a simple 2-D flow is expressed as
ou,

O1p = H5—

o, (4.8)

where the proportionality factor is defined as the fluid viscosity.
The units of viscosity are

_ force 9 length  force x time mass
area  velocity 1ength2 length X time

Typical values of y for air and water at 15°C are
Uy = 1.783x 10 kgm ™ s,y por = 1.138 x 103 kgm ™" 57!

By distinguishing in the stress tensor o ; at a fluid point the normal stress p (i.e., pressure)
and the deviatoric stress, defined as

1
dij = 2[,[ <eij - géi}'

3

ekk> (i,j=1,2,3) (4.9)

k=1
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where
_L(m % (4.10)
%= 2\ ox, " ox, '
and
L iz
=1 77 (411)
/ 0, i#j

The following expression for the stress o;; can be obtained:

3
1
0 =—pP6;+2u (eij - §5i]’ Z ekk) (4.12)
k=1

Using the expressions for stress in a Newtonian fluid results in the equations of motion,
known as Navier—Stokes equations:

3

duy,
Du, op 0’u, 1 i=
Por TP T o TH zax]z 3 ox,

0x;

(4.13)

For an incompressible fluid (Eq. [4.7]), Eq. (4.13) can be written as

ou;  Ou; 10p 2\ 0%,

e IR ced RN S/ SR R 4.14
o " Yax T pox, &g (14

where v = u/p is called the kinematic viscosity.

For air and water, at 15°C

Vi, = 1455 X 107> m?s7™!, v, = 1.139x 102 m?s7* (4.15)

water

4.1.3 Bernoulli’s Equation

Consider an incompressible, inviscid flow experiencing negligible body forces. If the
flow is steady, the fluid element of Figure 4.2 is subjected in the direction of the stream-
line (i.e., along the tangent at any instant to the flow velocity) to the force p dy dz, the
force — (p + dp) dy dz, and the inertial force

au dax
pdxdydzz = pEdydsz
=pdydzUdU (4.16)

where dx/dt = U. The equation of equilibrium among those three forces yields —dp = p
U dU and, upon integration,

%puz + p = const (4.17)

Equation (4.17) is known as Bernoulli’s equation. The quantity 1/2pl? has the dimen-
sions of pressure and is called dynamic pressure. The quantity dp/dx is called the pressure
gradient in the x direction.
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(p+dp)dy dz

dy dz
pay —p dx dy dz dU/dt

Figure 4.2 Flow-induced pressures and inertial force on an elemental volume of a fluid in motion.

Consider the streamline between two points, one of which is the stagnation point on
the windward face of a body immersed in the flow where U = 0, while the other is located
in the undisturbed flow far upstream of the body where the static pressure is p, and the
velocity is U,,. The pressure at the stagnation point (i.e., the stagnation pressure) is
1
2

Bernoulli’s equation is widely used to interpret the relation between pressure and
velocity in atmospheric and wind tunnel flows. Detailed comments on Bernoulli’s
equation and its applicability, including to viscous flows, are provided in section 3.5
of [4].

Py =Dy + =pU; (4.18)

4.2 Flow in a Curved Path: Vortex Flow

Consider a 2-D flow between two locally concentric streamlines with radii of curvature
rand r + dr (Figure 4.3). For the flow to maintain its curved path with tangential velocity
U at radius r, it must experience an acceleration U?/r toward the center of curvature.
Let the pressure acting on the fluid element under consideration be denoted by p. The
pressure differential between the streamlines at radii » and r + dr, which is responsible
for this acceleration, is dp. The equation of motion for a fluid element shown in Figure 4.3
is then

u2
dpdA = pdr dA— (4.19)
r
where dA is the area of the element in a plan normal to the plan of Figure 4.3. Therefore
dp = p 124" (4.20)
r

Bernoulli’s equation allows the calculation of the pressure along a curved path of the
flow. In particular, one may consider the case wherein the flow is circular and the value of
pinEq. (4.17) is the same on all streamlines. This is the case of vortex flow. Differentiation
of Eq. (4.17) yields

du _dp
o L F 4.21
puU—+— (421)
From Egs. (4.20) and (4.21) there follows
da _ _dr (4.22)

u r
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Figure 4.3 Flow in a curved path.

Integration of Eq. (4.22) yields
Ur = const. (4.23)

This law states, for an incompressible and inviscid fluid, the theoretical hyperbolic rela-
tion between radius r and tangential velocity U in a free vortex. In an actual free vortex,
however, the effects of viscosity are present as well. Viscosity “locks” together a portion
of the fluid near the center and causes it to rotate as a rigid body, instead of as an inviscid
fluid described by Eq. (4.23). Thus, at the center of a free vortex the velocity increases
with radius, whereas according to Eq. (4.23) it decreases with increasing . This decrease
actually occurs outward from a transition region in which U attains its maximum value.
The value of U in this region depends upon the fluid viscosity and the total angular
momentum of the vortex. Figure 4.4 illustrates qualitatively the pressure and velocity
dependence on radius in a free vortex occurring in a real fluid.

The free vortex is of interest in many flows that occur in engineering applications.
For example, atmospheric flows along curved isobars are described by generalizations
of Eq. (4.20). These have been described in Chapter 1, where additional Coriolis forces
have been included.

4.3 Boundary Layers and Separation

The viscosity of air at normal atmospheric pressures and temperatures has a relatively
small value. Nonetheless, in some circumstances this small viscosity plays an important
role. In particular, a consequential effect of the viscosity is the formation of boundary
layers.
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Figure 4.4 Pressure and velocity dependence upon radius in a vortex flow.

Figure 4.5 Typical boundary-layer velocity profile. Height 4

»
»

Velocity

Consider an air flow over and along a stationary smooth surface. It is an experimental
fact that the air in contact with the surface adheres to it. This “no slip” condition causes a
retardation of the air motion in a layer near the surface called the boundary layer. Within
the boundary layer the velocity of the air increases from zero at the surface to its value
in the outer flow (as opposed to the boundary-layer flow). A boundary-layer velocity
profile is shown in Figure 4.5.

Since air has mass, its motion exhibits inertial effects, in accordance with Newton’s
second law and its application to fluids, the Navier—Stokes equations. Viscous flows are
therefore subjected to both inertial and viscous effects. The relation between these two
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effects is an index of the type of flow phenomena that may be expected to occur. The
non-dimensional parameter Re called the Reynolds number is a measure of the ratio of
inertial to viscous forces. For example, consider a volume of fluid with a typical dimen-
sion L. By Bernoulli’s theorem, the net pressure p — p, caused by the fluid velocity U is
in the order of 1/2pU?, and creates inertial forces on the fluid element enclosed by that
volume in the order of pl/?L?. The viscous stresses on the element are in the order of
ull/L, so viscosity-related forces are in the order of (uU//L)L? = uUL. The ratio of inertial
to viscous forces is then in the order of

pUL*> _ pUL _ UL
ulL u %

A useful approximate value of the Reynolds number in air at about 20°C and 760 mm
atmospheric pressure is 67,000 UL. If Re is large, inertial effects are predominant; if Re
is small, viscous effects predominate. L is a representative dimension of the body being
considered.

Boundary-layer separation occurs if the kinetic energy of the fluid particles in the
lower region of the boundary layer are no longer sufficient to overcome the pressures
that increase in the direction of the flow and thus produce adverse pressure gradients.
The flow in that region then becomes reversed, that is, separation is taking place
(Figure 4.6). Shear layers generate discrete vortices that are shed into the wake flow
behind the bluff body (Figure 4.7). Such vortices can cause high suctions near separation
points such as corners or eaves. A flow around a building with sharp edges is shown
schematically in Figure 4.8. The injection by turbulent fluctuations of high-momentum
particles from the outer layer into the zone of separated flow can produce flow reat-
tachment. Figure 4.9 shows an age-old streamlining measure aimed at reducing flow
separation and strong local roof suctions near the ridge under winds normal to the
end wall.

A visualization of flow separation for a bluff shape, and of the turbulent flow in the
separation zone, is shown in Figure 4.10a, in which the separation zone starts close to
windward edge. If the shape of the deck is streamlined, as opposed to being bluff, the
separation zone is narrower, and the turbulent flow about the upper face of the deck
almost disappears (Figure 4.10b).

Figure 4.11a shows the visualization of flow around a counterclockwise spinning base-
ball moving from left to right. Figure 4.11b is a schematic of the forces acting on the
baseball with velocity U and angular velocity w. The relative velocity of the flow with
respect to the ball is directed from right to left. Entrainment of fluid due to friction at
the surface of the spinning body increases the relative flow velocities with respect to the

Re =

(4.24)

z Outer flow

Shear layer

ﬁou“daw
vaye'

Reverse flow

Body surface
(flow boundary)

Figure 4.6 Velocity profile in the boundary layer and in the separation zone of a flow near a curved
body surface. Source: After [5].
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Figure 4.7 Flow separation at corner of obstacle.
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Figure 4.8 Flow about a building with sharp edges. Source: After [5].

= 1986,

Figure 4.9 Three thatched cottages by a road, Rembrandt van Rijn (1606-1669), photo
Nationalmuseum, Sweden. Source: Count Kessin collection.
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Figure 4.10 Visualization of water flow over (a) a model bridge deck section and (b) a partially
streamlined model bridge deck section. Flow velocity is oriented from left to right. Source: Courtesy of
the National Aeronautical Establishment, National Research Council of Canada.

body near its top and decreases them near the bottom. By virtue of Bernoulli’s equation,
the static pressures are therefore lower near the top and higher near the bottom. The
flow asymmetry induced by spinning therefore results in a net lift force denoted by F,
in Figure 4.11b, called the Magnus force. In different aerodynamic contexts, flow asym-
metries due to body motions can under certain conditions be the cause of galloping and
other aeroelastic motions.

4.4 Wake and Vortex Formations in Two-Dimensional Flow

In the following discussion, the flow is assumed to be smooth (laminar) and 2-D, that is,
independent of the coordinate normal to the cross section of the body.
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Fa

(b)

Figure 4.11 (a) Flow around a spinning baseball. Source: Courtesy of the National Institute of

Standards and Technology. (b) Schematic showing forces acting on baseball with velocityU and
angular velocity w. Source: Reproduced from [6], with the permission of the American Association of
Physics Teachers.
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Re=0.3

gL {_

(© (d)

Figure 4.12 (a) Flow past a sharp-edged plate, Re = 0.3. (b) Flow past a sharp-edged plate, Re 2 10.
(c) Flow past a sharp-edged plate, Re 2 250. (d) Flow past a sharp-edged plate, Re > 1000.

Consider a sharp-edged flat plate shown in Figure 4.12a. At a very low Reynolds num-
ber (e.g., Re 2 0.3, based on the characteristic length L shown in Figure 4.12a), the flow
turns the sharp corner and follows both front and rear contours of the plate. At Re 2 10,
obtained by increasing the flow velocity over the same plate, the flow separates at the
corners and creates two large, symmetric vortices that remain attached to the back of
the plate (Figure 4.12b). At Re = 50, the symmetrical vortices are broken, and replaced by
cyclically alternating vortices that form by turns at the top and at the bottom of the plate
and are swept downstream (Figure 4.12c). A full cycle of this phenomenon is defined as
the activity between the occurrence of some instantaneous flow configuration about the
body and the next identical configuration. At Re > 1000 (Figure 4.12d), the inertia forces
predominate; large distinct vortices have little possibility of forming and, instead, a gen-
erally turbulent wake is formed behind the plate, its two outer edges forming each a shear
layer consisting of a long series of smaller vortices that accommodate the wake region
to the adjacent smooth flow regions. These results dramatically illustrate the changes
in the flow with Reynolds number, proceeding from predominantly viscous effects to
predominantly inertial effects.

Next, the renowned case of 2-D flow about a circular cylinder (Figure 4.13) is briefly
examined. At extremely low Reynolds number based on the diameter of the cylinder
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\‘¥/ VON KARMAN VORTEX TRAIL

30 <Re <5000

WAKE (narrower)

5000 < Re < 200000 Re >200000
(d) (e)

Figure 4.13 Flow past a circular cylinder. (a) Re 2 1; (b) Re 2 20; (c) 30 < Re < 5000;
(d) 5000 < Re < 200 000; (e) Re > 200 000. Source: From [6], by permission of the author and the
American Journal of Physics.

(Re 2 1) the flow, assumed laminar as it approaches, remains attached to the cylinder
throughout its complete periphery, as shown in Figure 4.13a. At Re = 20, the flow form
remains symmetrical but flow separation occurs and large wake eddies are formed that
reside near the downstream surface of the cylinder, as suggested in Figure 4.13b. For
30 < Re < 5000, alternating vortices are shed from the cylinder and form a clear “vor-
tex street” downstream. This phenomenon was first reported by Bénard in 1908 [7];
in the English-speaking world its discovery is attributed to von Karman, who reported
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it in 1911 [8] — the alternating vortices are universally referred to as a von Kdarman
street, although some facetious aerodynamicists use the term boulevard Bénard. The
finer details of this striking occurrence are still not fully understood, and have been the
object of both experimental and theoretical studies (e.g., [9]). For 30 < Re < 5000. say,
there is established behind the cylinder a staggered, stable arrangement of vortices that
moves off downstream at a velocity somewhat less than that of the surrounding fluid.

As the Reynolds number increases into the range 5000 < Re <200 000, the attached
flow upstream of the separation flow is laminar. In the separated flow, 3-D patterns are
observed, and transition to turbulent flow occurs in the wake — farther downstream
from the cylinder for the lower Reynolds numbers, and nearer the cylinder surface as
the Reynolds numbers increase. For the larger Reynolds numbers in this range, the
cylinder wake undergoes transition immediately after separation, and a turbulent wake
is produced between the separated shear layers (Figure 4.13d). Beyond Re= 200 000
(Figure 4.13e) the wake narrows appreciably, resulting in less drag.

Other bluffbodies, notably prisms with triangular, square, rectangular, and other cross
sections, give rise to analogous vortex-shedding phenomena (Figure 4.14).

The pronounced regularity of such wake effects was first reported by Strouhal [11],
who pointed out that the vortex shedding phenomenon can be described in terms of a
non-dimensional number, the Strouhal number:

_ND
T u

where N, is the frequency of full cycles of vortex shedding, D is a characteristic
dimension projected on a plane, typically, normal to the wind velocity, and U is the

St

(4.25)

Figure 4.14 Flow around a rectangular cylinder (Re = 200). Source: Reprinted from [10], with
permission from Elsevier.
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Figure 4.15 Relation between the Strouhal number and the Reynolds number for circular cylinder.
Source: Reprinted from [12], with permission from Elsevier.

velocity of the oncoming flow, assumed laminar. The Strouhal number depends upon
the cross-sectional shape of the cylindrical body enveloped by the flow.

Figure 4.15 shows the relation of St to Re for a circular cylinder in the range
10° < Re< 107. Coherent vortex shedding was noted to disappear at Reynolds numbers
beyond 4x10°, and contrary to results reported by some observers and summarized in
[13], there was no significant increase of the Strouhal number.

Table 4.1 lists values of St for different cross-sectional shapes for Reynolds numbers
in the clear vortex-shedding range, the approach flow being laminar.

Figure 4.16 shows a vortex trail made visible by clouds over Jan Mayen Island (Arctic
Ocean). For additional material on vortex trails over oceans, see also [15].

As pointed out in [16], the establishment of a vortex trail can be inhibited by a split-
ter plate, as shown in Figure 4.17. The action of the plate is to prevent flow cross-over
between the two rows of vortices aft of the cylinder and thus to quiet the entire wake
flow. Qualitatively, the presence of the plate has the same type of effect as lengthening
the body in the stream direction and causing it to approach the form of a symmetric air-
foil. Following this type of approach, it can be seen that elongated bodies, oriented with
their long dimension parallel to the main flow, tend to elicit relatively narrow wakes.

If flows about square and rectangular prisms at high Reynolds numbers are compared
(Figure 4.18), the square is seen to produce flow separation followed by a wide, turbu-
lent wake, whereas the more elongated shapes may exhibit separation at leading corners
followed downstream by flow reattachment and, finally, once more, by flow separation
at the trailing edge. In contrast to the case of Figure 4.18b, if the rectangle is placed
with its long dimension normal to the flow, the wake exhibits a strong vortex-shedding
characteristic, followed at higher Re by a turbulent wake similar to that produced by the
sharp-edged plate (Figures 4.12¢ and d).
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Table 4.1 Strouhal number for a variety of shapes.
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Figure 4.16 Satellite photo of Jan Mayen Island (Arctic Ocean). Source: Credits: NASA/CSFC/LaRC/JPL,
MISR Team.

Figure 4.17 Effect of splinter plate on flow behind a circular cylinder. Source: After [16].

4.5 Pressure, Lift, Drag, and Moment Effects
on Two-Dimensional Structural Forms

Figure 4.19 shows a section of a bluff body immersed in a flow of velocity U. The flow
will develop local pressures p over the body in accordance with the Bernoulli equation:

% pU? + p = const (4.26)

where the constant holds along a streamline and U is the velocity on the streamline
immediately outside the boundary layer that forms on the body’s surface. The integration
of the pressures over the body results in a net force and moment. The components of the
force in the along-wind and across-wind directions are called drag and [ift, respectively.
The drag, lift, and moment are affected by the shape of the body, the Reynolds number,
and the incoming flow turbulence.

The body may be designed with the purpose of minimizing drag and maximizing lift,
resulting in an airfoil-like shape. In many civil engineering applications the shape of
the body is typically fixed by other design objectives than purely aerodynamic ones.
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Figure 4.18 Flow separation and wake regions, square and rectangular cylinders.
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Figure 4.19 Lift and drag on an arbitrary bluff body.

Nevertheless, the lift, drag, and moment induced by the fluid flows will remain of strong
interest because these are effects that must be designed against.

It is usual to refer to all pressures measured on a structural surface to the mean
dynamic pressure % plI? of the far upstream wind or the free stream wind at a distance
from the structure. Thus, non-dimensional pressure coefficients, C  are defined as

b — Py

»= GTalE (4.27)
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where U is the mean value of the reference wind speed and p — p, is the pressure
difference between local and far upstream pressure p,. Such non-dimensional forms
enable the transfer of model experimental results to full scale, and the establishment of
reference values for cataloging the aerodynamic properties of given geometric forms.

Similarly, the net aerodynamic lift and drag forces per unit span F, and Fp, in the
across-wind and along-wind direction, respectively, can be rendered dimensionless and
expressed in terms of [ift and drag coefficients, C; and C:

C = _h (4.28)
(1/2)pU?B
Fp (4.29)

o = (1/2)pU%B

where B is some typical reference dimension of the structure. For the net flow-induced
moment M about the elastic center the corresponding coefficient is

. M
M (1/2)pU2B?

Figure 4.20 shows the dependence of the mean drag coefficient C, of circular cylin-
ders immersed in smooth flow. C}, drops sharply in the range 2 X 10°< Re< 5% 10°. This
is called the critical region and corresponds to the transition from laminar to turbulent
flow in the boundary layer that forms on the surface of the cylinder. The turbulent mix-
ing that takes place in the boundary layer helps transport fluid with higher momentum
toward the surface of the cylinder. Separation then occurs much farther back and the
wake consequently narrows, producing a time averaged C, that is only about one third
of its highest value. As Re increases into the supercritical and then the transcritical range
(Re > 4x10°%), C,, increases once more but remains much lower than its subcritical val-
ues. According to [12], drag coefficients in the transcritical range are about 25% lower
than those indicated in Figure 4.20.

Figure 4.21 depicts a typical distribution of the mean pressure coefficient about the
circular cylinder in smooth flow as a function of angular position. The pressures corre-
sponding to #=0" and # =180 are referred as the stagnation point and the base pres-
sure, respectively.

(4.30)
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Figure 4.20 Evolution of the mean drag coefficient with Reynolds number for a circular cylinder.
Source: After [13]. Courtesy of National Physical Laboratory, UK.
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Figure 4.21 Influence of Reynolds number on pressure distribution over a circular cylinder. Source:
After [17].

Figure 4.22 illustrates the evolution with Reynolds number of the mean drag coef-
ficient of a square cylinder in smooth flow during successive modifications of its cor-
ners. Only the sharp-cornered square exhibits practically unchanging drag with change
of Reynolds number. This is accounted for by the early separation of the flow at the
upstream corners and the shortness of the afterbody that practically prevents flow reat-
tachment. Squares with rounded corners tend to possess the same kind of critical region
as the circular cylinder. Note also, for the circular cylinder, the dependence of the drag
upon the roughness of the cylinder surface — see [19].

Because of such effects, certain features of the flow in tests of wind tunnel models can
be assumed to be independent of the Reynolds number. This will be the case in some
situations in which the flow breaks cleanly away at some identifiable flows past a curved
body (e.g., a circular cylinder), this assumption is not warranted.

Table 4.2 shows mean values of Cj, and C; obtained in smooth flow for sectional
shapes used in construction. Experiments have shown that for the shapes of Table 4.2
the effects of turbulence are small.

The r.m.s. value of the fluctuating normal force coefficient C,;,,, on a square cylinder
with side B is shown in Figure 4.23 as a function of angle of attack @ with respect to the
mean wind direction. Here, the turbulence (with longitudinal integral scale 1.4B, lateral
integral scale 0.4B, and 10% turbulence intensity) lowers the highest normal force below,
and raises the lowest normal force slightly above, the respective values in laminar flow.
For the effects of turbulence on the aerodynamics of a square prism, see also [21]. For a
study of unsteady forces acting on rigid circular cylinders, see [22].
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Figure 4.22 Influence of Reynolds number, corner radius, and surface roughness on drag coefficient,
square to circular cylinders (r is the corner radius; k is the grain size of sand). Source: After [18].

For members with rectangular cross section the drag force depends upon (i) the ratio
b/h between the sides of the cross section and (ii) the turbulence in the oncoming flow.
If the ratio b/k is small, no flow reattachment occurs. Depending upon its intensity, the
turbulence can enhance the flow entrainment in the wake and, therefore, cause stronger
suctions and larger drag (Figure 4.24a). If the ratio b/h is sufficiently large, the turbulence
can cause flow reattachment that could not have occurred in smooth flow, and thus
results in lower drag (Figure 4.24b).

The dependence of the drag coefficient upon along-wind turbulence intensity in flow
with homogeneous turbulence is shown for two ratios b/h in Figure 4.25.

The effect of turbulence in the case of bodies with rounded shapes is, essentially, to
reduce the Reynolds number at which the critical region sets in. (The roughness of
the body surface (Figure 4.22) has a similar effect, since it promotes turbulence in the
boundary layer that forms on the body surface.) Fluid particle moments with higher
momentum are thus transported into the lower regions of the boundary layer and help
to overcome the adverse pressure gradient responsible for flow separation.

4.6 Representative Flow Effects in Three Dimensions

Most flows have a 3-D character. For example, if a hypothetical laminar flow consist-
ing of an air mass displaced uniformly as a single unit encounters an object, it will be
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Table 4.2 Two-dimensional drag and lift coefficients.

Profile and wind direction Cp C,
G
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2.01
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Figure 4.25 Dependence of drag coefficient on turbulence intensity. Source: After [23].

diverted in several directions. Also, the passage of such a flow along a surface sets up
boundary-velocity gradients. And three-dimensionality is clearly inherent in turbulent
flows. Although the general equations for fluid flow remain available for application,
in structural engineering practice most aerodynamic studies rely partially or fully on
experiment.

4.6.1 Cases Retaining Two-Dimensional Features

The success of the 2-D flow models discussed in the previous section has in a few cases
been considerable because some actual flows retain certain 2-D features, at least to
a first approximation. Consider, for example, the case of a long rod of square cross
section in an air flow with uniform mean velocity normal to one face. Except near the
ends of the rod, the mean flow may, in some cases, be considered for practical pur-
poses as 2-D. However, the effects associated with flow fluctuations are not identical in
different strips, the differences between events that take place at any given time increas-
ing with separation distance. This is shown in Figure 4.26 for the pressure difference
between centerlines of top and bottom faces of the rod under both laminar and turbu-
lent approaching flow. It is observed that the three-dimensionality of the flow manifests
itself through spanwise loss of correlation r,; between pressure differences (measured
respectively between point A’ at section A and point B’ of section B), this correlation loss
being accentuated when turbulence is present in the oncoming flow. From this example
one may infer that fluctuating phenomena, including vortex shedding, cannot normally
be expected to be altogether uniform along the entire length of a cylindrical body, even if
the flow has uniform mean speed and the body is geometrically uniform. The animation
of Figure 4.27, based on wind tunnel measurements in turbulent boundary-layer flow,
clearly demonstrates the imperfect spatial coherence of pressures on a low-rise struc-
ture. Investigations reported in [24] were among the first to account explicitly for the
imperfect spatial coherence of aerodynamic pressures on low-rise structures.
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Model S32: Cp(t)
Wind angle 0°
Scale 1 : 100 in suburban

Wind direction 100 0

Figure 4.27 Fluctuating wind pressure model for 100 ft x 200 ft x 32 ft building in suburban terrain;
gable roof with 1/24 slope. Source: Based on 1 : 100 model scale boundary-layer wind tunnel
simulation, University of Western Ontario; animation created by Dr. A. Grazini. Mean wind speed
normal to end walls. Note asymmetry of pressures with respect to vertical plane containing ridge line.
(Video available at https://www.nist.gov/wind).
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4.6 Representative Flow Effects in Three Dimensions

In practice, mean flow conditions upwind of tall slender structures are usually not
uniform; indeed, in the atmospheric boundary layer the mean flow velocity increases
with height. Also, certain structures (e.g., stacks) are not geometrically uniform. These
important features — in addition to the incident turbulence — further decrease the coher-
ence of vortices shed in the wake of structures.

4.6.2 Structures in Three-Dimensional Flows: Case Studies

The complexities of wind flow introduced by the geometries of typical structures and by
the characteristics of the terrain and obstacles upstream emphasize the need to carry
out detailed studies of wind pressures experimentally using wind tunnel models and
simulation. Wind flows around buildings are prime examples of 3-D flows that cannot
be described acceptably by 2-D models. In order to give some idea of the type of results
so obtained and to emphasize the important roles of the boundary-layer velocity profile
and of the turbulence in such results, a few examples are cited below.

The existence of significant differences between drag or pressure coefficients mea-
sured in uniform and boundary-layer flow was first pointed out by Flachsbart in 1932
[25]. Figure 4.28b and c show the respective mean wind speed profiles, and Figure 4.28d
and e show pressure coefficient measurement results for wind normal to a building face
(Figure 4.28a). As shown in Chapter 5, a large number of large- and full-scale measure-
ments have been made in the intervening years, owing to the need to assess uncertainties
in data obtained in conventional wind tunnels.

Figures 4.29 and 4.30 are classic representations by Baines [26] of pressure distribu-
tions for structures under laminar and shear flows. Far more detailed measurement
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Figure 4.29 (a) Pressure distributions on the faces of a cube in a constant velocity field. Source:
From [26]. (b) Pressure distributions on the faces of a cube in a boundary-layer velocity field.
Source: From [26].
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Figure 4.30 (a) Pressure distributions over the sides and top of a tall building in a constant velocity
field. Source: From [26]. (b) Pressure distributions over the sides and top of a tall building in a
boundary-layer velocity field. Source: From [26].

results, including data on fluctuating pressures, are available in modern databases
containing results of wind tunnel measurements (NIST/UWO [27], TPU [28]), as well
as in reports on large- and full-scale measurements (e.g., [29-32]).

Load on secondary structural members (e.g., joists) are determined by the algebraic
sums of external and internal pressures acting on them. Figure 4.31 depicts the ideal
case in which (a) the building is hermetically sealed, so that the internal pressure is
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not affected by the external wind flow, (b) the building has openings on the windward
side only, in which case wind induces positive internal pressures, (c) the building has
openings on the leeward side, in which case wind induces internal suctions, and (d) the
building has openings on both the windward and leeward sides, in which case induces
internal pressures that may be either positive or negative. Wind-tunnel data on internal
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Figure 4.31 Mean internal pressures in buildings with various opening distributions. Source: From
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pressures are reported in [34-38]. Recent measurements of internal pressures on a
large-scale model of an industrial building, and comparisons with values specified in
the ASCE 7-16 Standard [39], are reported in [40].
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5

Aerodynamic Testing

5.1 Introduction

To date, testing remains the predominant means of obtaining aerodynamic data usable
for the design of engineering structures. It is well established that, for most applications,
the testing has to be performed in flows simulating the main features of atmospheric
flows.

A rigorous simulation of atmospheric flows would require that the non-dimensional
form of the equations of fluid motion and their attendant boundary conditions be the
same in the prototype and at model scale. This is not possible in practice, owing primarily
to the violation of the Reynolds number similarity requirement and the impossibility
of rigorously simulating turbulent atmospheric flows. Wind tunnel testing is therefore
an art that requires consideration of the errors inherent in imperfect simulations (see
Chapters 7 and 12). Attempts to quantify such errors are made by, among other means,
performing full-scale aerodynamic measurements, a difficult endeavor owing to large
uncertainties in the prototype wind flow that are often encountered in practice.

The purpose of this chapter is to discuss similarity requirements (Section 5.2),
describe aerodynamic testing facilities used for civil engineering purposes (Section 5.3),
consider the dependence of the aerodynamic response of wind tunnel models upon
Reynolds number and the turbulence characteristics of simulated atmospheric bound-
ary layer flows (Section 5.4), discuss blockage effects (Section 5.5), and describe and
comment on wind effects based on High Frequency Force Balance (HFFB) measure-
ments (Section 5.6) and on pressure measurements (Section 5.7). Aeroelastic testing,
including testing of suspended-span bridges, is discussed in Part III of the book. For a
rich source of useful information see [1].

5.2 Basic Similarity Requirements

5.2.1 Dimensional Analysis

Basic similarity requirements can be determined from dimensional analysis. For engi-
neering structures, it may be assumed that the aerodynamic force F on a body is a
function of flow density p, flow velocity U, a characteristic dimension D, a characteristic

Wind Effects on Structures: Modern Structural Design for Wind, Fourth Edition. Emil Simiu and DongHun Yeo.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.
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frequency 7, and the flow viscosity u. The following relation governing dimensional
consistency then holds:

d
F = p*UPD'n’ e (5.1)

where «, B, v, 6, € are exponents to be determined. Each of the quantities p, U, D, n, u
can be expressed dimensionally in terms of the three fundamental quantities: mass M,
length L, and time 7, so Eq. (5.1) can be written as

ML 4 (M\*( L\’ 1\ M\*
a2 (1) (o (3 (24
T2 (L3> <T>() T LT (62
(for the dimensions of the viscosity follow see Section 4.1.2). Dimensional consistency
requires that

M : l=a+e¢
L: l1=-3a+p+y—c¢
T : —2=—-f—-6—-¢ (5.3)

from which there follows, for example, that

a=1-—¢
p=2—€e—-0
y=2—-¢+6 (54)

Substitution of these relations in Eq. (5.1) yields

d
F= pl—s u2—£—5D2—e+5n5M5 (55)

or

F] I3
rs pUZDZ(@) (L> (5.6)
u pUD
meaning that the dimensionless force coefficient F/(pU*D?) is a function of the dimen-
sionless ratios Dn/U and u/(pUD) (or of their reciprocals).

Generally, an equation involving #n physical variables can be written in terms of
p=n — k dimensionless parameters constructed from those original variables, where k
is the number of physical dimensions involved in the equation. This statement is a form
of the Buckingham # theorem. In the preceding example, n =5 (Eq. [5.1]), k =3 (i.e.,
M, L, and T) and, as indicated following Eq. (5.6), p= 2.

In some wind engineering problems (e.g., the vibrations of suspended bridges) the
aerodynamic forces are also functions of the acceleration of gravity, g. By introduc-
ing g¢ into Eq. (5.1) it can easily be shown that the force is also a function of the
non-dimensional ratio U/?/Dg, called the Froude number. The non-dimensional ratio
pUD/u=UDyv is the well-known Reynolds number and v = u/p is the kinematic vis-
cosity of the fluid (Section 4.1.2). The parameter nD/U is called the reduced frequency,
and its reciprocal is the reduced velocity. If the frequency # being considered is the
vortex shedding frequency, the reduced frequency is the Strouhal number (Section 4.4).
If n is replaced by the Coriolis parameter (Section 1.2), the reduced velocity is called
the Rossby number.



5.2 Basic Similarity Requirements

5.2.2 Basic Scaling Considerations

Similarity requires that the reduced frequencies and the Reynolds numbers be the same
in the laboratory and in the prototype. This is true regardless of the nature of the fre-
quencies involved (e.g., vortex shedding frequencies, natural frequencies of vibration,
frequencies of the turbulent components of the flow), or of the densities being consid-
ered (e.g., fluid density, density of the structure). For example, if the reduced frequency
is the same in the prototype and in the laboratory (i.e., at model scale), applying this
requirement to the vortex shedding frequency #, and to the fundamental frequency of
vibration of the structure 7, we have

n,D n,D
() ()
P m
nD nD
() -(2
V4 m

where the indexes m and p stand for model and prototype, respectively.
It follows from Egs. (5.7) and (5.8) that

), () &
v/ p v m

This is also true of the ratios of all other relevant quantities (lengths, densities, veloc-
ities). Thus, for the density of the structure and the density of the fluid it must be the
case that

(2)-)
Pair p pf m

where p, is the density of the fluid in the laboratory. For the same reason

U(z U(z
<_( 1)> = <_( 1)> (5.11)
Uzy), \U@)/,
where z; and z, are heights above the surface. In particular, if in the prototype the veloc-
ities conform to a power law with exponent a, it follows from Eq. (5.11) that in the

laboratory the velocities must conform to the power law with the same exponent a. To
see this, Eq. (5.11) is re-written as follows:

z\" U<z1>>
A o (22 5.12
<Zz >p <U(zz) m 612

Since (z,/z,), = (z,/z,),, by virtue of geometric similarity, it follows from the preceding
equation that similarity is satisfied if

<i>a - <U(Zl)> (5.13)
z/,, Uzy) ), ’

Since there are three fundamental requirements concerning mass, length, and time,
three fixed choices of scale can be made. This choice determines all other scales. For

and
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example, let the length scale, the velocity scale, and the density scale be denoted by
4, =D,,/D,, Ay =U,/U, and A, =p,,/p,. The reduced frequency requirement

(%),, - (%D)m (5.14)

controls the frequency scale, 4,, for all pertinent test frequencies. From Eq. (5.14) it fol-
lows immediately that A, = A;;/ ;. The time scale 4, is the reciprocal of 4,.

In principle, for similarity between prototype (i.e., full-scale) and laboratory flows
to be achieved, the respective Reynolds numbers Re = U/D/v must be the same. This
requirement is referred to as Reynolds number similarity. In aerodynamic facilities for
testing models of structures the fluid being used is air at atmospheric pressure, and
Reynolds number similarity is unavoidably violated.

5.3 Aerodynamic Testing Facilities

To achieve similarity between the model and the prototype, it is in principle necessary
to reproduce at the requisite scale the characteristics of atmospheric flows, that is, (i)
the variation of the mean wind speed with height, and (ii) the turbulence characteristics.
The purpose of this section is to describe facilities intended to do so, including facilities
designed to simulate thunderstorm and tornado winds. Also described in this section
are facilities used for full- or large-scale tests of special structures such as lamp posts,
and for providing data on wind-driven rain intrusion and on snow deposition.

In long wind tunnels, a boundary layer with a depth of 0.5-1 m develops natu-
rally over a rough floor in test sections with lengths of the order of 20m in length
(Figures 5.1-5.3). In such tunnels, as well as in tunnels with considerably shorter test
sections (e.g., 5-10 m), the depth of the boundary layer is increased above these values
by placing at the test section entrance passive devices such as spires (e.g., Figure 5.3),
grids, barriers, fences, singly or in combination, some of which are illustrated subse-
quently. The height of long tunnels may be adjusted to achieve a zero-pressure gradient
streamwise, which owing to energy losses associated with flow friction at the walls and
internal friction due to turbulence would otherwise not occur.

The following procedure for the design of spires with the configuration of Figure 5.5
was proposed in [4]!:

1) Select the desired boundary-layer depth, é.

2) Select the desired shape of the mean velocity profile defined by the power law
exponent, a.

3) Obtain the height / of the spires from the relation.

_ _139%
1+a/2

4) Obtain the width b of the spire base from Figure 5.6, in which H is the height of the

tunnel test section.

(5.15)

1 The base dimension of the triangular splitter plate in Figure 5.5 is /1/4; the lateral dimension is /2/4. The
lateral spacing between the spires is //2. The width of the tunnel need not be an integral multiple of /2.
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Figure 5.2 Development of boundary layer in a long wind tunnel. Source: After [3].

Figure 5.3 Wind tunnel, Colorado State University. Model and turntable are in the foreground and
spires are in the background. Source: Courtesy of Professor B. Bienkiewicz.

The desired mean wind profile occurs at a distance 6/ downstream from the spires.
According to [4, 5], the wind tunnel floor downwind of the spires should be covered with
roughness elements, for example, cubes with height k such that

1/2
K _ exp lg In (9> - o.1161<3 n 2.05> l (5.16)
5 3 \5 C
where D is the spacing of the roughness elements,
2
¢, =036( ) (5.17)

and « is the exponent of the power law describing the mean wind speed profile.
According to [4, 5], Egs. (5.16) and (5.17) are valid in the range 30 < §D?/k3 <2000.
Some laboratories have adopted the system proposed in [4], others have used other
methods for designing their flow management system (see, e.g., Figure 5.4).
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Figure 5.4 Boundary-layer wind tunnel, University of Florence, Prato, Italy. Source: Courtesy of
Professor Claudio Borri.

Figure 5.5 A proposed spire configuration. [
Source: Reprinted from [4], with permission from
Elsevier.
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Various aerodynamic testing facilities are described in the following.

National Aeronautical Establishment, National Research Council of Canada. A short
wind tunnel with 9 m X 9 m cross section, designed for aeronautical applications, has
occasionally been used for civil engineering purposes, and is shown in Figure 5.7. The
drawback of this facility from a civil engineering point of view is that the test section is
too short to allow the flow to develop features with an acceptable resemblance to those
of the atmospheric boundary layer.

Figure 5.7 Spire and roughness arrays in a short wind tunnel. Source: Courtesy of the National
Aeronautical Establishment, National Research Council of Canada.
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Figure 5.8 Interior view of IBHS Research Center with full-scale specimens, placed on the 16.8 m
diameter turntable with a surface area of 220 m?. The 105-fan array with 300 hp motors is located on
the left side of the picture. Source: Courtesy of the Institute for Business & Home Safety.

IBHS Research Center. Figure 5.8 shows an outside and inside view of the Institute
for Business & Home Safety (IBHS) Research Center in South Carolina, a multi-peril
facility capable of testing structures subjected to realistic Category 1, 2, and 3 hurricanes,
extra-tropical windstorms, thunderstorm frontal winds, wildfires, and hailstorms. One
purpose of the test performed on the two buildings shown in Figure 5.8 was to offer a
vivid illustration of the benefits of robust construction by contrasting, in a video, the
good performance of the stronger of the two buildings and the collapse of the weaker
building.

Florida International University Wall of Wind Experimental Facility. The Wall of
Wind (WoW) is powered by twelve 4.9 m diameter fans and is capable of testing
in up to 70ms™! (157 mph) wind speeds (Figures 5.9 and 5.10). The test section is
6.1 m X 4.3 m, and the turntable diameter is 4.9 m. Testing can be performed at scales
approximately twice as large, and Reynolds numbers approximately five times as large,
as in facilities such as, for example, the wind tunnel in Figure 5.1. As can be seen in
Figure 5.10, the spires and floor roughness elements for the simulation are similar to
those used in typical wind tunnels. The facility can be used for destructive testing and
for the simulation of water intrusion due to wind-driven rain.

University of Florida (UF) Boundary Layer Wind Tunnel. The University of Florida’s
major aerodynamic testing facility is its boundary layer wind tunnel, with a 6 m wide, 3 m
high, and 40 m long test section, and a 16 m s~} maximum flow speed (Figure 5.11). The
floor roughness elements, which help to simulate various surface exposures, are auto-
mated and individually controlled. This feature allows fine tuning of the boundary layer
at the test section, and rapid reconfiguring for efficient testing using multiple exposures.

Tornado Simulator, lowa State University (ISU). Basic ideas on facilities for tornado
simulation were developed in [6] and [7], among others. The ISU tornado simulator
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Figure 5.9 Twelve-fan wall of wind, Florida International University. Source: Courtesy of Professor A.
Gan Chowdhury.

Figure 5.10 Twelve-fan wall of wind, Florida International University: view of test section. Source:
Courtesy of Professor A. Gan Chowdhury.
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Figure 5.11 University of Florida boundary-layer wind tunnel. Source: Courtesy of Professor K. R.
Gurley.

is a modern version of the facility described in [6], and is shown schematically in
Figure 5.12 [8].

WindEEE Dome. The Wind Engineering, Energy and Environment (WindEEE) Dome
[9, 10] is an innovative hexagonal wind tunnel that allows for atmospheric boundary
layer simulations over extended areas and complex terrain, and of tornadoes, down-
bursts, and microbursts (Figures 5.13 and 5.14).

For the atmospheric boundary layer simulation mode (Figures 5.13a and 5.14), the
test section is 14 m wide, 3.8 m high, and 25 m long, and the maximum flow velocity
is 35 ms~!. The tornado simulation mode (Figures 5.13b) allows the modeling of cate-
gory FO-F3 tornado flows with vortex diameters of up to 4.5 m, translation speeds of up
to 2ms~!, and flow velocities of up to 25 ms~!. The downburst/microburst simulation
mode (Figure 5.13c) can achieve flows with up to 2 m s~! translation speeds and 30 m s~!
velocities.

One of the six walls shown in Figure 5.13 has four rows of 15 independently adjustable
fans each, used to simulate the atmospheric boundary layer flow. The other five walls
have each eight fans at their base. For the tornado simulation mode, directional vanes
are placed in front of each of those fans. The angle of orientation of the vanes can be
adjusted to impart the desired swirl ratio to the flow (i.e., the ratio between the tangential
velocity and the radial velocity in the vortex). Six large fans placed in the upper chamber
(Figure 5.13) produce an updraft shown schematically in Figure 5.13b. For details on
various capabilities of the WindEEE facility, including measurement capabilities,
see [9, 10].
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Figure 5.12 lowa State University tornado simulator. Source: Courtesy of Professor P. Sarkar.
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Figure 5.13 Schematic cross section: (a) Atmospheric boundary-layer simulation mode; (b) tornado
flow simulation mode; (c) downburst/microburst simulation mode. Source: Courtesy Professor H.
Hangan.
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Figure 5.14 View of test section. Source: Courtesy Professor H. M. Hangan.

Politecnico di Milano, Milan, Italy. The test section of its large-scale aerodynamic test-
ing facility is 13.85 m wide, 3.85 m high, and 35 m long, and the maximum wind speed
is16ms™1.2

Centre Scientifique et Technique du Bdtiment (CSTB), Nantes, France. The test
section of its large-scale boundary-layer wind tunnel (Figures 5.15 and 5.16) is 4m
wide, 1.7-3.5m high, and 15 m long, and the maximum wind speed is 30 ms™. Note
in Figures 5.15 and 5.16 that the passive flow management devices being used are

different depending upon type of application. Like other prominent laboratories, CSTB

Figure 5.15 Test section of boundary-layer wind tunnel. Source: Photo Florence Joubert; courtesy of
CSTB.

2 No picture available at the time of printing.
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Figure 5.16 Test section of boundary-layer wind tunnel. Source: Courtesy of CSTB. Note that for this
application the flow management devices placed at the entrance to the test section are radically
different from the typical spires.

operates large facilities for testing: wind-driven rain intrusion (Figure 5.17); roofing
(Figure 5.18); snow deposition (Figure 5.19); and other applications.

Technical University Eindhoven (TUE). The TUE boundary-layer wind tunnel test
section is 27 m long, 3 m wide, and 2 m high. Wind speeds can be as high as 30 m s™. The
wind tunnel is designed for build environment, maritime, sports, vehicle aerodynamics,
air quality, and wind energy applications. Both open and closed circuit modes are feasi-
ble (Figure 5.20). Measurement equipment includes 3-D Laser Doppler Anemometry.

Figure 5.17 Wind-driven rain intrusion test. Source: Courtesy of CSTB.
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Figure 5.18 Roofing test. Source: Courtesy of CSTB.

Figure 5.19 Snow deposition test. Source: Courtesy of CSTB.
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Figure 5.20 TUE boundary layer wind tunnel. Source: Courtesy of Professor B. Blocken.

5.4 Wind Tunnel Simulation of Atmospheric Boundary Layers

5.4.1 Effect of Type of Spires and Floor Roughness Elements

Figure 5.21 [11] shows the mean velocity and the longitudinal and vertical turbulence
intensity profiles at (i) 6.1 m and (ii) 18.3 m downwind of the test section entrance, for
flows obtained by using three different types of spires, the wind floor being covered by
staggered 12.7 mm cubes spaced 50.8 mm apart. In Figure 5.21 the boundary-layer thick-
ness 6, the mean wind speed at elevation 6, and the power law exponent « are denoted
by delta, Uinf, and EXP, respectively. It was assumed in the study that the mean flow
with power law exponent @ =0.16 at station x = 6.1 m and @ =0.29 at station x=18.3 m
are approximately representative of open terrain and suburban terrain, respectively.

Some modelers adopt a geometric scale equal to the ratio between the boundary-layer
thickness measured in the laboratory and values z, of Table 2.4, even though the
latter are nominal, rather than physically significant. The use of this geometric
scaling criterion for the simulations of Figure 5.21 yielded the geometric scales
6/ z,=0.75/274=1/365 for the flow with open exposure (¢ =0.16), and 1/400 for the
flow with built-up terrain exposure (@ =0.29). The respective measured longitudinal
turbulence intensities at 50 m above ground are 0.07 and 0.15, versus about 0.15 and
0.225, estimated using Eq. (2.56) for atmospheric boundary-layer flows. As expected,
the discrepancy between the longitudinal turbulence intensity in the wind tunnel and
the target value in the atmosphere is more severe at the station x = 6.1 m, which would
correspond to the fetch available in a typical short wind tunnel.

Figure 5.22 [11] shows spectra of the longitudinal velocity fluctuations measured at
station x = 18.3 m, and elevation z/6 = 0.05 in the three flows described in Figure 5.21.
For nz/U(z) = 1.0, the spectra corresponding to two of the three types of spires differ
from each other by a factor greater than two.
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