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ABSTRACT

2~ This study, assuming stationary Gaussian turbulence
model, investigates the effect on the crossirg fregquency of
different spectral functions: von Karman, Kaimal and
Teunissen for the x and 2z directions with five filters:
ideal band-pass, ideal low-pass, '"quadratic-type", "sine-
type" and the Hanning. The filters have a much greater
effect than the spectral functicns. The estimated crossing
frequency variation is as much as 50 percent among the
quadratic-type, low-pass and sine-type filters. The Hanning
filtering predicts crossing, rates up to thkirty times, and
the ideal one decade wide band-pass filtering predicts rates
of eight tinmes, higher than the ideal low-pass filtering.
The variation, between the x and z direction, is less than

10 percent for the von Karman spectrum, and over 40 percent

for the Teunissern one. .o .. / A . )
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I. INTRODUCTION

o i e S i S S

Most flows occurring in nature and in engineering appli-
cations are turbulent. In the earth's boundary layer,
differential heating of the atmosphere produces pressure

e T
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gradients, which are subsequently modified by the rotation
of the earth, causing a complex velocity field. In this
boundary layer the wind speed decreases as the surface is
approached due to both the frictional drag of the surface
and the drag of all bodies protruding into the air flow.
These retarding forces are transmitted through the layer by
shear forces and by the exchange of momentum due to the
vertical movement of the air. The process of momentunm
exchange between layers is the mechanism leads to the gener-
ation and decay of eddies which are termed turbulence. The
resulting mixing of the air produces, alony all three
orthogonal axes, fluctuations ip wind speed, commonly called
gusts, which vary in size in both time and space.

The effects of this atmospheric turbulence has been of
continuing concern to the aircraft or structure designer.
Typical turbulence related prcblems are: the effects of
turbulence on the fatigue life of the structure; the
performance of contrcl systems in turbulence and the deter-
mination of ultimate structural strength reguired to accept

. . . ' ) ” o
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unsteady loads induced by turbulence. In an attempt to solve
these problems, a number of statistical models of turbu-
lence, which endeavour to describe the turbulence in terams b
of as few parameters as possible, have been proposed since '
early in this century. To analyze these problems, one needs
to know the crossing frequency, which is the frequency with
which a random function({ here the filtered wind speed)
crosses a prescribed value defined by a certain averaging

time, say the hourly mean.




The crossing freguency depends largely on whether or not

the random function is filtered, the type of filter and to a
lesser extent,the spectral density function. The effects of
type of filter used and spectral density exjression will be
discussed in detail later. The spectral density functions
have been proposed by Dryden [Ref. 1], von Karman [Ref. 2],
Kaimal [(Ref. 3] and Teunissen [ Ref. 4]. The Dryden expres-
sion makes mathematical analysis simple but is much 1less
accurate than the others. The von Karman spectral function
was recommended by the Engineering Sciences Data Unit
(E.S.D.U.) [Ref. 5] and this expressions was originally
postulated for isotropic turbulence. The effect of departure
from isotropic turbulence near the ground is allowed for by
the wvariation with height and surface roughness of the
approrriate variance 6 and length scale parameter L; since
they typify the intemnsity and size of eddies constituting
turbulence. The Kaimal expression, which is frequently
used, was obtained recently for the surface layer over flat,
unifornm, relatively featureless terrain in Kansas. The
Teunissen model, which is a modified Kaimal one, was
obtained for the generally rougher gross features of the
upstream terrain.

In the following discussion, we will review turbulence
models and spectral density functions. The spectral density
S{n), in non-dimensional form, is a function of the dimen-
sionless parameter nly/U, where n is frequency and I; is the
length scale of the turbulence and U is the mean houriy wind
speed. E.S.D.U. (Ref. 5] gives empirical expressions for -]
the length scale obtained by analysing its colliection of
world-wide turbulence data. Finally, for given values of
nL; /U0, we will estimate the crossing frequencies with von i

Rarman, Kaimal and Teunissen spectral expressions.
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A. DISCRETE GUSTS HMODEL

Powell and Connell [Ref. 6] defined gusts as constitu-
ting any series of discrete velccity-time events that can be
defined from a turbulence time series according to some
extrinsic criterion. There are two fundamentally different
treatments of gust time; one is that the gust time is arbi-
trarily fixed and the other is that the gust time varies.
Examples of this latter type of gust definition, shown in
Figure 2.1, represent a sample of wind fluctuation in the
form of a wind-component time series.

The GUST0 and GUST) models define gust events in terms
of gust amplitudes and characteristic times. Definitions of
ampiitudes and times differ for the two models. The GUSTO
model can be completely specified in terms of a positive
peak amplitude +aA,, and the time interval +T, between zero
crossings on either side. It can also be specified in terms
of a negative peak amplitude -A, and the corresponding time
interval -T, . Both definitions are expected to yield
similiar statistics. Powell and Connell combine both posi-

‘~e and negative values into one set for their analysis.

The GUST1 model can be specified 1in terms of a positive

amplitude +A, which is the peak-to-peak amplitude between

adjacent minima and maxima, and a time interval +T, between
the minima and the maxima; the positive sign indicates a
positive rate of change in the variable. A comparable defi-
nition can be made in terms of amplitude -A; and time -T;,
vhere the negative sign indicates a negative rate of change
in the variable.
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One «can find the impulse function of Equation (4.9) by

inverse Fourier transform, i.e., 1

—
- 7
. | 2 2 ./2_j2%xnt
h4(t{ 37F-_inc +n* ) e dn

=i (Ta2 23 o
2K Iinc +n® )“ccs2nntdn + e

_L_ “2 2-‘/2 4 5 B
S i:nc +n?)”2 (jsin2nnt) dn (4. 10) ]

The second term of above equaticn is zero, since, it is an j
odd function. Thus Equation(4.10) beconmes

[
-1
h, (t) =%il}n§ 4'112)'i cos2rntdn
or B, (t) =3 K, (o t) (4.11)

where K,is the modified Bessel function.

The functions h4(t) and Fgq (n) are shown in Figure 4.1
and Fiqure 4.2.

The cut-off frequencies are defined formally as the
frequencies at which the filters reach the first zero. But,
when a real filter is used, we nust find some equivalent

cut-off frequency, which is defined as the cut-off frequency

of an equivalent ideal filter whose area is equal to that of
the real filter. [Bef. 11] Greenway [Ref. 12] and Powell
and Connell (Ref. 6] have used the value at the half-
power (3db) point of the filter as the cut-off frejuency.
Vinnichenko et al. [Ref. 11] defined the equivalent cut-off
freguency as 1

[

n, = f[F(n)‘dn . (4. 12) 1
° S
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FILTER FUNCTION
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Pigure 4.2 Filter Function F, (n), F,(n), F, (n) and F4(n).

The corresponding transfer function F3(n) has the fornm

Fy (n) = ( simn:Tn)2 n* (4.8)
TTo (r2- terop]”

The advantage of Fy (n) over F,(n), is that it has much
spmaller side maxima.

Apnother commonly wused filter function is the guadratic
filter function given by

P*(n) = 1 4.9)

2 2
D, + n
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FPigure 4.1 Time Function hy (¥), hy(t), h(t) and hq(t).

The function h, (t) are shown in Figure 4.1 and
Figure 4.2 respectively. that F,(n) is a
wvith cut-off frequency n, =1/T. The

shows that frequencies above 1. are

and F, (n)
The figure shows
low-frequency filter

shape of this filter

transmitted nonuniformly are completely

and those below n.

suppressed. -
The impulse response function hy (L), called the smoothed

BmOVing average is:

ha(t) =(1+cos(2%/T)t when =-T/2 <t< T/2 (4.7)
T
0 when 1t} > T/2
23




A. FILTER FUNCTIONS

It is clear that the gquality of the crossing freguency
estimates obtained by means of Equation (4.2) will depend
strongly on the form of the filter function F(n) and, hence,
on the selection of the time function h(t). Thas we will
consider some examples of the function h(t) and filter func-

tion F(n) corresponding to then. Let the time function be
given by
hy(t) = 2 sin (2rt/T) (4.3)
T 21t/T

If we take Fourier transform, the Equation (4.3) becomes

Fl(n) =r 1 when |mo| < 1/T (4.4)
1/2 when in] =1/T
0 when {n{ >1/T.

Graphs of the functicns h, (t) and F; (n) are shown in Figure
4.1 and Fiqure 4.2 respectively and they represent an ideal
band-pass filter.

The simple impulse response function h, (t) is the ordi-
nary moving average:

h, (t) =¢W/T when =172 <t +1I/2 (4.5)
{0 vhen 1t} > T/2

The corresponding filter functicn Fz(n)(Fz(n)=H2(nf'), where
H, (n) is the Fourier transform of the function h,(t), has
the form

F,(n) = ( sinxTn )2 (4.6)
TTIn
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IV. CROSSING FREQUENCIES
The instantaneous horizontal wind speed is considered to
be composed of a mean longitudipal component U plus fluctu-
ating component v;, where the subscript i designates the x,
Y, or =z component in a coordinate system with x oriented
along the mean wind vector and =z upwards. Then the wind
speed as a function of time is given by

Vo(t) = U+ v;(t) (4.1)

The average frequency of [positive-slope level crossing
Noi, with which the wind speed fluctuations exceed their
zero value, for a Gaussian distribution of turbulence, is
given by

l/&

Nea Nea
No; =[ fn"F(n)Si (n)dn/fF(n)S{ (n) dn] (4.2)
n

cs Net

where n. is cut-off frequency, i is u,v,or w and F(n) is a
filter function.

The value of N,; depends on the mean wind speed U, L; and
turbulence intemsity ¢;/U, which is a measure of the magni-
tude of turbulence fluctuations and defined as the ratio of
the standard deviation of the instantaneous fluctuating
velocity component to the mean wind speed averaged over
arbitrary time, usually hourly, and depends only on the
height Z and the terrain roughness z, , in a stable
atmosphere.

21
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function of the gust velocity can be found by integration,
j.e.,

“p
P =fp(i)di (3.9)

In practice, atmospheric turbulence contains patches of
a significantly non-Gaussian pature (particularly in the
lower 30m) when larger gusts and longer lulls may occur more
frequently then indicated by the Gaussian distribution.
Kaimal et al. {Ref. 10] observed that the assumption of a
stationary Gaussian process has validity only for the
filtered data, not for the unfiltered time series.

20
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wvhere £=nl;/U and uy is friction velocity. These expres-
sions were derived from the data which were obtained from a
horizontal array of tower-mounted propeller anemone-
ters (z=11m) during a five-hour period for which the mean
wind direction was virtually perpendicular to the main sfan
of the array, in the city of Toronto} Canada.

As for the reason for the .-higher spectral energies found
by Teunissen in the low-frequency rejion of the spectra in
comparison with the Kaimal values which was measured in
Kansas, this is not entirely okvious, apart from the rougher
terrain for Teunissen experiment. Teunissen has suggested
that the power spectra over a wide range of terrain types
may possiltly be represented by using above expressions with
appropriate values of such 'terrain scaling' parameters.

B. PROBABILITY DENSITY

In general, a knowledge of the spectral density of a
random process does not enable us to determine its prob-
ability density or distribution. However, a common assump-
tion which 1is reasonable in many applications is that
atmospheric turbulence is a *‘normal' or Gaussian process, as
discussed above, with a probability density function for

which
iy = 1 -.2. 2
pUi) == exp[-i* /261 (3.8)
where i=u(t), v(t) or w(t) are wind-speed fluctuations,

vhich have a zero mean. Note that Eguation (3.8) depends only
on the standard deviation of the gust velocity. Thus, if the
probability distribution of o is known, the distribution

19
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Another commonly used spectral expression is the Kaimal
one; [Ref. 3]

nsg(n) _ _0.164(f/f,) (3.4)
o 140,164 (£ /£, )°

where nS(n) logarithmic power spectral density

o7 = variance of i

2]
]

reduced frequency

Fh
o
1]

reduced frequency at the intercept of the
extrapolated inertial subrange slope with the nS; (n)/
df‘=1 line; or in our notation, fo; =0.041z/L;.

The Kaimal expression is mcre common in the meteorolo-
gical literature and was obtained as a best-fit to surface-
layer measurements over uniform, flat, relatively
featureless terrain.

Teunissen ([Ref. 4] observed that von Karman model
appears to e somewhat better than the Kaimal mnmodel at low

frequencies. The Kaimal model 1largely underestimates the

spectral content at these frequencies for all compo- "
nents(x,y,and 2z). On the other hand, the Kaimal model shape od
appears to be better than that cf the von Karman model. .

Teunissen has proposed wodified Kaimal spectral expres-
sions, given by

nSy(n) _ _ 105f (3.5)
uy? (0.4l +33£)7
OSy(n) . _~ 17f (3.6)
u, (0.384+9.50)72 T
nSw(n) _ 2f (3.7) 2
u,2 0.44+5.3£%

18
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Spectral functions of atmospheric turbulence provide
information on the frequency distribution of the kinetic
energy of the various fluctuating velocity components. Used
in conjunction with certain transfer functions, they provide
information about the dynamic loading oan, and response of,
building and aircraft structures in the atmospheric wind.

A considerable number of measurements of the power
spectra of gust velocities in the near-neutral atmosphere,
or strong wind conditions, at varying heights and for
different terrains are available. The von Karman spectral
expressions, which were exclusively used by E.S.D.U.
[Ref. 5], for each velocity compoment(x,y and z direction)
are given by

DSy (n) __ 4nu (3.1)
a2 (1+70.873)%
) DSy () _  BF, (1+755.252) (3.2)
o2 (14283.272)"%
nSw(n) _  4fw (14755. 2fa) (3.3)
a2 (1+4283.283)"%

where 0,= Lyn/U, n,= L,n/U, ®,= L,n/U0 and L; is integral
length scale which is a function only of the terrain rough-
ness and height above ground for the x and y directions; for
the z direction it is a function of elevation only. df is
the variance of the wind velocity fluctuations about the
hourly mean. These equations are in common use in the engi-
neering literature and have the advantage that the integral
length scale L; are treated as 'free' scaling parameters
which are chosen to match the estimated scales for a partic-
ular height and terrain type, while maintaining constant
spectral shape.
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III. SPECIRAL DENSITY AND PROBABILITY DENSITY

A. SPECTRAL DENSITY

In the field of mechanical and electrical oscillations,

2 large number of phenomena are governed by equations of the
fornm

mﬂ‘.cﬁ fky:f(t)

where, m, c¢ and k are constants; £f(t) 1is a given forcing
function and y(t) represents the response of the system as a
function of the time t.

If the above time dependent force f(t) is periodic, it
can be expressed in terms of a Fourier series; this series
represents the sum of a large number of forces of different
amplitudes and frequencies. All elastic bodies have natural
frequencies, and if this force is applied to an elastic
system, and the amplitudes of the components near a natural
frequency are not very small, then this force will drive the
body into resonance. The body will then go through a very
large number of stress cycles in a short period of time,
possibly leading to fatigue failure.

To have statiomary properties, a random signal must be
assumed to continue over an infinite time, and in such a
case neither the real nor the imaginary part of the Fourier
transform converges to a steady value. In this case, we use
the spectral density function, which has no convergence
difficulty and which is applicable to a whole class of
similarly generated functions.
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behave like exp(-x) rather thanp exp(-xz), as predicted by
the Gaussian distribution [Ref. 8)]. Recently Reeves, et al.

[Ref. 9] have discussed in great detail a non-Gaussian
model. On the other hand, References(6) and (10) indicate
that filtered wind speeds(particularly with a band-pass 5-50 :
Hz filter) is reasonably Gaussian in character. In the b;
present work, the Gaussian model is used exclusively.

The statistical guantities of most frequent interest are

{

the mean, variance, probability density, autocorrelation

function, power spectral density and crossing frequency. The
power spectral shapes usually assumed are those proposed by
von Karman, Kaimal and Teunissen. The crossing frequency
with these three spectral expressions will be studied in
more detail later.

15
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form characterized by three parameters, the gust vel-
ocity standard deviation (6), the scale length(L), and
the averaged sreed (V).

3) Each of the three gusts components is a Gaussian

process.

The assumptions of the Gaussian model make it possible
to calculate the statistics of any structure response for
each region of turbulence as functions of the parameters L
and ¢ of that region. Thus, the assumptions of structure
linearity and the Gaussian nature of turbulence permit their
evaluation with a minimum of difficulty. These results will
be dependent upon the assumed values of L and o along with
the characteristics of the structure dynamics.

The continuous model is used primarily to evaluate
response statistics for selected conditiomns in continuous
turbulence. For this application both the scale length and
standard deviation of the turbulence as well as the struc-
ture characteristics are fixed at values representative of
certain conditions which could reasonably be expected to
occur in service.

The three assumptions made above need some recomnsidera-
tions. The first assumption stated that the turbulence is
stationary and homogeneous and the dimensions of structures
are much smaller than the scale lengths of the gusts compo-
nents. These conditions are not always satisfied. The second
assumption of the power spectral model is valid at low alti-
tudes, but is not so certain at high altitudes, the problem
made being more difficult by a lack of data at the latter
altitudes. The third assumpticn stated that the turbulence
is a Gaussian process. However, some experimental data indi-
cate that the Gaussian turbulence model significantly under-
estimates the frequency of occurence of high gust velocities
[Ref. 7]. Furthermore, peak gust velocity cumulative prob-
atilities of exceedance observed in atmospheric :urbulence

14




sufficient damping, that each encounter with one of
these gusts results in a single significant respoase
peaks.

This model is typically sed to estimate ultimate
strength regquirements, however, it is not a satisfactory one
for all aspects of the design problem. For example, its
application in areas such as structural fatigue, control
systen performance, or even extreme responses which involve
lightly damped modes is highly gquestionable. In most
instances turbulence does not occur as discrete gusts but as
a continruous random disturbance. Furthermore, this model
neglects most of the dynamic characteristics of the vehicle.
Thus, although the necessity of evaluating the responses of
a proposed structure to discrete gusts is still recognized
as an important part of the design procedure, the use of the
discrete model to calculate most response statistics has
largely given way in recent years to the use of turbulence
models which attempt to take both the dynamic characteris-
tics of the structure and the continuous nature of turbu-
lence into consideration. This is known as the continuous
or power spectral model.

B. CONTINUOUS MODEL

The tasic idea of continuous model is that atmospheric
turbulence can be represented by a continuous stochastic
process which acts as a disturbing influence on the struc-
ture. The principal assumptions for this model are

1) Each encounter of an structure with continuous atmos-
pheric turbulence can be modeled as a deterministic
linear system perturbed by three independent stati-
onary stochastic processes, which represent the long-
itudinal, lateral and vertical gusts components.

2) The spectral density of each random process has a

13
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Pigure 2.1 Definitions of GUSTO and GOST1.

The discrete model treats turbulence as a series of
isolated gusts and the basic assumptions are
1) Atmospheric turbulence can be modeled as a collection

of isolated gqusts randamly distributed along the
structure.

2) Gusts have random magnitude but fixed shape.

3) The structure is a deterministic 1linear system with

12
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Figure 4.3 Effects of Cut-off Prequencies.

According to the Equation(4.12), the cut-off frequencies
depend on the filtering functicn. The effects of cut-off
frequency on the crossing frequencies are shown in Figure
4.3, which shows that the higher the cut-off frequency leads
to lover zero crossing rates.
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B. CALCULATION OF CROSSING FRECUENCIES

In this section the frequency of zero crossings are -
estimated using vor Karman, Kaimal and Teunissen spectral
density functions with various filter functions which we
have discussed albove.

1. Using the von Karman Spectral Demnsity Function

Introducing the von Karman spectral density function

for the x-directiom Sy {n) into Equation(4.2) yields

s 1
Nex = | [B?F (n)dn / "rman 172 (4.13)
J (1470, g2y (1+7o 852 1%

For numerical calculation, set y=n/n., and D=n., /10n¢, and -

Equation (4.13) transformed to

V -
~ ~ b ) 2 ..
Nox=Tic,| [ y*dy 10D (4.14) -

(1470887, ¥ 2yl (1+7o 853 y2 )% .

where i,x is the dimensionless frequency of positive-slope

level crossings for the x direction NoxLy/U. Equation (4. 14) =
is for the ideal band-pass filter function of D decades
filter width.

The upper integral of Eg. (4.13) will not converge as
De, goes to infinity because the empirical expression for
the turbulence spectrum employed does not account for the
high-frequency range where viscous dissipation damps out
turbulence fluctuations. One can achieve convergence by use
of a suitable filter function. Introducing Equation (4.9)
into Equation (4.13) yields

Y

~ ~ 0 'j
Nox =0 Jf y? dy (4.15)
J(1470.857y ’)’/‘(1*}' )/ J1+70.882 v fR 14 y7) -
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If we take Fz(n), here called the sine filter function,
instead of guadratic filter, with the cut-off <£frequency
n =0.44/T which Greenway [Ref. 12] has used, and substitute
into Equation{4.6), we find

F, (n)=sin®(0.441n/n,) /(0.44 1w n/n, . (4. 16)

Introducing Equation (4.16) into Eyuation (4.13) and setting
y=0.44xn/n, yields

o 2 1/2
sin” (y)dy

~ 5/
Nox = e [1+70.8(F. ,0.4um)? y3]"° (4.17)
0. 44T f“ {sin? (y)/y?] dy
JO+70.8(F: /0. 4um? y?] ’

If we use Fy (n), which is the Hanning frequency
window, and equate cut-off freguency n =0.375/T as derived
by Vinnichenko et al. [Ref. 11], then substitution into
Equation (4.8) gives

2 4

F. (n)= (sin(0.3751[nl\ T (4. 18)

3 - —
0.375kn | [~ (0.375xn)*]

Substituting Equation(4.18) intc Equation(4.13) and setting
y=0.375un/n, and ¥, =%, /0.375L yields

1
[° sin*(y)ay 7
Vo =7, { £1+70.8%2 y*)% (x*-y2)? (4. 19)
["(sin?(y) /y?) dy
J(1+70.8%2 y2 /% (w2 -y2)?

% masedad

v
ot T
b a.a'a'a'a a_a_ s
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TABLE I
Crossing Frequencies (von Karman x-direction)

o IDBP QUAD SINE HANNING
0.100 0.3972 0. 121¢% 0.0865 17.4480
0. 125 0.4838 0.1116 0.0955 21.8074
0. 150 0.5709 0.125¢C 0.1117 26.1670
0. 175 0.6585 0.1381 0.1232 30.5267
0.220 0.8172 0.1604 0.1424 38.3741
0.500 1.8193 0.2737 0.2391 87.2049
1.000 3.6235 0.4298 0.3699 174.4062
2.000 7.2394 0.6765% 0.5744 348.8093
5.000 18.0931 1. 2365 1.0383 872.0234
10.000 36.1847 1.9555 1.6267 1744.0481
15.000 54.2766 2.5585 2.1230 2616.0669
22.000 79.6055 3.2989 2.7307 3836.9021
50.000 180.9212 5.6928 4.6950 8720.2461
100.000 361.8425 9.0288 7.4326 -———
150.000 542.7637 11.82¢€8 9.7292 -—-
175.000 633.2241 13.1054 10.7287 -——
200.000 723.6853 14.3243 11.7794 ———
225.000 814. 1465 11.4933 12.9392 ——
250.000 904.6067 16.6196 13.6641 —-——-

Nc=cut-off freguency
IDBP=ideal b -rass filter
UAD-"guadratlc- pe" filter
INE="Sine- t{g ilter
HANNI NG=HANNING filter
IDLP=ideal low~pass filter

The results of numerical calculations of Egs. (4.14), (4.15),
{4.17) and (4.19) are given in table I. The plots for above
equations are shown in Figure 4.4. The plots showing how
well these crossing frequencies co-incide depend on the
length scale, mean wind speed and filter functions.

The von Karman spectral density function for the
z-direction is given by Equation(3.3). The egquation of the
crossing frequency for the ideal band-pass filter function
can be obtained by substituting Equation (3.3) into
Equation(4.2) and is given by
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15.0 18.0

CROSSING FREQUENCY(No %)

12.0

9.0

6.0

(

VON KARMAN(X-DIRECTION)

124

f(1+755.23¢? 1) y*dy
' (1+283. 283 3278

J

3 ~ 2
(1+755.20¢,° 7°) dy

(14283. 282 y*)"e

d

L

Y

(4. 20)

71

LEGEND

[ANNINGX
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n_l.. ...................
o | ‘ ;.
© —— T ——— —
10° 10" 10° 1¢ 16°
CUT-OFF FREQUENCY(ne)
Pigure 4.4 Crossing Freguencies with von Karman

Spectral Expression for the x-direction.
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Using the same procedure as for the x-direction, the
z-direction crossing frequency for the quadratic filter

function is found to be

o0 ~2. 2 - 1/2 =
(1+755. 20 y?) y* dy

Wog=B, | o (1+283.287y* 16 (1+y%) (4. 21)
®(1+755. 28%y2) dy

| (1+283.252y2 )% (1+472) | .

and, for the sine filter function, if one defines
ﬁ;/o.uun,=ﬁ; the crossing frequency for the z-direction
becomes

L ~ V2
(1+4755.2 (7, yi]sin® (y) dy
¥oe=7 b (1+4283.272y%)" (4. 22) :
(1+755. 2 (R y)’) (sin® (y) /¥4y
(1+283.272y2)'"%

Introducing filter function F3 (n) into Equation(4.20) and
setting y=0.375wn/n, and . /0.375r=V, yields

oo 1/ 2
(1+4755.2(W.y)'] sin? (y) dy

Nog =T °_ (1+283. 272y%)% (n*-y2)? (4.23)
(1+755.2(Fc NI sin? (y) /ylay :
(1+283. 272y 2K n*-y2)? '

N VI ST R S M)
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TABLE 11

Crossing Fregquencies(von Karman z-direction)
Be IDBP QUAD SINE HANNING
0. 100 0.3812 0.121 0.0816 17.4448
0. 125 0.4686 0. 136 0.0934 21.8044
0.150 0.5567 0.150 0.1044 26.1641
0.175 0.6454 0.163 0.1144 30.5238
0.220 0.8059 0.185 0.1320 38.3716
0.500 1.8137 0.297 0.2188 87.2036
1.000 3.6207 0.452 0.3375 174.4053
2.000 7.2380 0.696 0.5238 348.8093
5.000 18.0925 1.248 0.9458 872.0229
10.000 36.1844 1.951 1.4870 1744.0461
15.000 54.2764 2.535 1.9407 2616.0693
22.000 79.6054 3.246 2.4978 3836.8989
50.000 180.9214 5.493 4.2994 8720.2266
75.000 271.3823 7.127 5.6256 -—-
100.000 361.8430 8.627 6.8094 ---
150.000 542.7634 11.129 8.9150 -—-
175.000 633.2231 12.330 9.,8773 -
200.000 723.6838 13.474 10.7948  ---
225.000 814.1440 14.572 11.6748 ---
250.000 904.6057 15.63¢C 12.5228 ---

The results of numerical evaluations of Egs. (4.20),
(4.21) ,(4.22) and (4.23) are listed in the Table II. The
Plots for above equations are shown in Figure 4.5.

For comparison, the crossing frequencies with von
Karman spectral expression for the x and z directions are
plotted in Figure 4.6. The crossing frequency for the z
direction is less than the x direction except ideal band-
pass filter case, in which the frequencies are identical for
both directions.

The crossing frequency plots presented in Figures
4.4 - 4.6 offer a detailed view of how the crossing
frequency depends on the filter function. Thus, in designing
a system, the type of the filter has to be chosen carefully
to match the behavior of the particular systen.
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Figure 4.5 Crossing Freguencies with von Karman
Spectral Expression for the z-direction.

2. Using the Kaimal Spectral Density Function .
From Equation(3.4), the asymptotic spectral behavior ﬁ

can be written as R
-2/3 1

nS; (n) _{ (£/£,) ; D>F, (4.24a) )

a:? 0.164 (£/£,) ; £<<f, (4.24b)
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Pigure 4.6 Crossing Prequencies with von Karman

pectral Expression for the x and z-direction.

The expression for the low frequency behavior of the o
spectrum is given

=(4L:/z)f

represents
Equation{4.25) and Equation (4.24b) becomes

L; = 0.0812/ (£, )

(4. 25) ) ,

Equating

(4. 26) v
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For the x-direction only
or fox= 0.081z /Ly (4.27)

Substituting Equation(4.27) into (3.4) yields

nSu(n) _ 0.164 (£/0.0412/Ly)

a2 140,164 (£/0. 041z /L,)
or nSu(n) _ un

o2 1+33. 6417 /3 (4. 28)
vhere 1 = nl, /0. Then the crossing frequency for the

X-direction becones

1
- " s © /2
Nox = F(n)n*dn f F(n)dn
[ (14336418 %) JU1+33.6415%,) (4.29)
Substituting the quadratic filter function into
Equation (4.29) yields
Y
f“ n*dn z
Nox = | %(1+33.6418%) (p2 +n?) (4. 30)

(-
f dn
J(1433.6417%3) (n2 +n?)

Replacing n/n, by y in Equation (4.30) leads to

1
f’ y2dy 2
Nox =t { %[1+33. 641 (8 v)72] (1+32)

f‘” 1y (4.31)
[1+33. 601 (5, 1) (1432

-
.'_.1
1
1
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Setting y=e’x in Equation (4.31) gives

Y.
o0
f eI ax 2
Nox =Be{ 4 [1+33.641(f e*)] (1+e2%) (4. 32)
» e*dx
) [1+33.641 (5, e*)¥8] (1+e2%)
If ve introduce the sinpe filter function into

Equation (4.29), the crossing frequency becomes

© ., 2 Y
sin” (0.44xn/ne ) n*dn
\[(14'33.6413’/3) (0.44w/n.)* n? (4.33)
sin? (0.44nn/n. ) dn
A (1+33.6415%8) (0.44w/n,)? n?

ox -

Substituting O.44xn/n, for y in Equation(4%4.33), and define
e /0. 4uM=N., yields

00 1
f sin®(y) dy & !
=N | % 1433681 (F v (4. 34)
®(sin2(y) /y?] dy
/ 1+33.641(7 y)7s

=

ox

- C .-
. et e
VAT ISR IS CIPY W SR WSSLI

For the Hanning filter, substituting Equation(4.18) into SR
Equation (4.28), setting ¥y=0.375gn/n¢ and define -_A:I-i
'iic /0. 3751l=7fc , Yields ]

36

...........................................................
........................
.......................




T Ty

v Lan 4 Ty ...’.Jw{
P AR Y
)
]
.
=
o~
-~
e
2) 2)
o~ o~
> >
I [}
o o
F |
St St
El M...
~ ~ N ~—
Ll el B e e
~l o N (v}
o i) i
(=3 Bt Bl Baad
wd | =] ] -
| ||
O] S| O
of - .
m| | m
M| ™M
+ +
R LS
[

Wc{.
Crossing Frequencies (Kaimal x-direction)

Nox =

Ty

TABLE III

O~ M

O TOOMO

NOOWODNANNIOOX

MANN™ONROT=NOOOYN

N=BMNOIO0O ¢ v 0 e

OO ¢ ¢ 1 TOO0O
¢ % o o 0 aXONT=MAN| ) 4 | I
[admdVolelool o Yo ¥us d N ealVoTo o) o N T NN TN BN |
NN eMOT™—CNMO | § 1 )|

oM~
W OM™UINT=M OO MOONWO M
WONZIF T3 O0OIFTONOTTOVOMNMO
WO NI O~ NNNNOD WO Nt~
Or= e (N NMUNOW=OOMNINCG ¢ o ¢ o
S 0 0 8 0 0 s 8 P 2 g s OONM
[elelalelaolololal of  Jotle B dVelp ol od ol o g

MFPOHNIDO
IONNFOOONITIOrTOVT 2 NMO Y™
MO = NM I MO ONMS™ 3O
NI ¢ o 0 0 0 0
P P et 8V s e g8 ey OMIOND
COOOOCOOO™NANMWOM™ ™ r v

~MMIIONOON
OMNOONMNNMM XN

WO NN ™ OO OSSN T ONDOTO
MO OO~ OONMO OO ™
OO~ ONMMFOT™ONWD v o 06 o 0 ¢ 9 0
TUNODOOWON ¢ ¢ ¢ tDe=r=(NMMr2
0 8 g0 8 s DOITODVNPOIFMETO
OO MM ONMMNO I~

[elelelolole]

[e]elelololalelolelols]
[e]slelllelolololalolalelelolololeololel o)
OMNNINOOOOOOOOO ¢ s s ¢ o 8
eererONNOOO 1 8 ¢ ¢ OONONO
e 9 0 0 8 8 0 0 IDUNANONOINTONN
OQOOOCO™ANNT NN~ NN

The results of numerical calculations of Egs.(4.29),

in Table III and the

and (4.35) are given
plots for above equations are shown in Figure 4.7.

(4.30)

(4.32),

that,

the difference in

and Eq. (4.26)

Eg. (3.4)

It is clear from the
for the Kaimal spectral density function,

and z directions is only

crossing freguencies tetween the x

Thus the plots for the z-direction

in the length scale L;.

are exactly same as the x-direction.

.....
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Pigure 4.7 Crossing Frequencies with Kaimal
Spectral Expression fcr the x-direction.

3. Using the Teunissen Spectral Density Function ]

The modified Kaimal srpectral density expressions,
which were derived by Teunissen, are given 1imn Egs. (3.5),
(3.6) and (3.7). These eguations were derived by adding a
scaling parameter to each of the Kaimal spectral equationms
and evaluating these parameters from the observed data.

These eguations are function of friction velocity Uy -« In
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order to estimate the <crossing frejuency as we have done
earlier, we need to change that equations as a function of
variance. In E.S.D.U. (Ref. 5], the relations between o3y

and u, are defired as
0.40% /u,=(0; /U) Llog (Z/2,) (4.36)

Teunissen derived the average values of o;/u,, given by

g, /ux = 2.84 (4.37a)
o, /up = 1.92 (4.37b)
6,/ ug = 1.27 (4.37¢)

From Egquation(4.36) and Equation(4.37), one can dget

uj (u-component) = 0.124 o) (4.38a)
u; (v-component) = 0.271 o} (4.38b)
ug (w-component) = 0.620 s (4.38¢c)

and substituting Eq. (4.38) into Eys. (3.5), (3.6) and (3.7)
yields

nSu(n) _ 135 (4.39)
o2 (0.44+33%)%3
DSy (n) _ 4.610 (4.40)
o, (0.38+9.5%)7
nSw(n) _ 1.24% (4.041)
o  0.44+5.377
w - - n

Using methods similar to the akove, the crossing frequency
for the x-direction, with the 1ideal band pass filter,

beconmes
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As a consequence of the results studied herein, it is
suggested that, in future work, careful consideration should
Le given to the type of filtering used to model structural
behavior and determine more accurately the fatigue life of a
systen.
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V. CONCLUSIONS

This study has estimated the crossing frequency based on
the three spectral density functions, which assumes turbu-
lence to be a homogeneous, statiornary Gaussian process, with
five different filter functions for the x and z directions.

This estimation has shown, for the x direction, that the
Kaimal spectral function gives about one percent higher
crossing fregquency than the von Karman, and forty percent
higher than the Teunissen one, at 1.=100 for guadratic-type
filtering; for the ideal low-pass and sine-type filters, the
difference between the Kaimal and von Karman spectral func-
tion is only a few percent, tut for the Teunissen ore is
more than forty percent than for the other spectruams.

For the 2z directionmn, the Teunissen spectral function
gives about ten percent higher crossing freguency than the
Kaimal one and about twenty fpercent higher than the von
Karman one, at §,.=100 for the gquadratic-type, sine-type and
low-pass filtering. However, this difference becomes to zero
as non-dimensional cut-off frequency goes to zero.

The crossing frequencies for band-pass and Hanning
filtering are only a fraction of a percent different for the
three spectral functionms.

The present study shows that Hanning and band-pass
filtering predicts higher crossing frequencies than low-pass
filtering. This difference is greatly amplified with the
higher frequency.

If some site statistics are available, as for the
example calculation, then the number oi crossings that the
vind-speed fluctuaticns exceed their zero value per a
certain period can be computed and an estimation of fatigue
life can be obtained.
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TABLE VI
Example Calculations of the Crossing Freguency
von Karman(x-direction)
REMARK ILEE IDLP QUAD SINE
Nox 75.0 10.2 14.6 12.0
Nox 17.857 2. 428 3,476 2.857
(Tcu=210.0, U/Lu=0.238)
von Karman (z-direction)
REMARK ICBP IDIP QUAD SINE
Noz 4.70 1.50 2.40 1. 80
Noz 18.076 5.769 g.231 6.923
(few=13, U/Lw=3.846)
Kaimal (x and z-direction)
REMARK ICEP IDLP QUAD SINE
Nox 75.0 10.9 16.50 12.2
ox 17.857 2. 595 3.928 2.905
oz 4.70 1. 70 2.65 2.05
Noz 18.076 6. 538 10. 192 7.885
Teunissen(x and z-direction)
REMARK ICBP IDLP QUAD SINE
Nox 75.0 6.08 9.30 6.50
ox 17.857 1.448 2.214 1.548
oz 4.70 2.10 3.30 2.40
Noz 18.076 8.076 12.692 9.230
-
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2=0.001. The length scale parameters are given in Figure
4.12, and are given as Ly=105, 1,=36 and L,=6.5.

The next step is calculation of the dimensionless
cut-off frequencies, i.e.,

Tey= nLy/U = 210 (4. 50)
Tey= nly/U0 = 72
O.p= DLly/U = 13

The crossing frequencies are calculated by the use of
the given crossing frequency vs cut-off frequency graphs,
vith dimensionless cut-off frequencies which are given in
Eq. (4.50).

The final step is to convert the dimensionless crossing
frequency to a dimensional frequency by multiplying the
factor U/1;, i.e.,

Nox = Nox U/Ly (4.51)
Noz = Nox U/Ly

' The results of calculation cf the crossing frequency for

a given turbulence condition are given in Table VI.
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Suppose we have a site for which

Z = 20 ]

n.= 50Bz 3

U0 = 25m/sec and the +turbulence condition 4is that _ ijf‘

for apn off-sea wind in a coastal area. o
" With this choice of turbulence condition, the surface g g

roughness parameter z, can be found in Figure 4.13, and is -j}ij]




e
@
e
2-
g
Z3 DBEX |-t e
5 VKQUADX | S
Z "o _VKSINX___ |3
=) ® VKIDBPX
gl = PX
e ®
[ T R ST IR Y JUS IO DU UL AT 57 PUNTUUTU SUTRUTSON S TUE R 457 3 S O A &
(< T OUCUUUUUOT SUUUOE SOUU L JOL SO0 NOUPRUORE; SUUUR T SO S I AN OSSO o
E [UUTTRR SRR SOR NPy S A1 | I/ 4 i
m ...................
[ 75 3o PSSR SUUUUL IR SUC SO U003 IRRINY St SUUUNE SURNUN SOL S IR 2 SORPUPORE N
10

CUT-OFF FREQUENCY(ng)

Pigure 4.10 Comparison of von Karman, Kaimal and Teunissen
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The dimensionless crossing freguency, ﬁ;[, is a function
of T (=nl; /U). The length scale parameter 1; and surface
roughness parameter z, are given by E.S.D.U. [Ref. 5]. For
convenience these data are included here as Figure 4.12 for
length scale parameters,
roughness parameters.

and Figure 4.13 for the surface
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C. EXAMPLE CALCULATIORS

In the previous section of this study, we derived equa-
tions for the crossing freguency. The purpose of this
section is to illustrate the application of these eguations "1
to a given turbulence condition, and to estimate the
crossing frequencies for a low-pass filter.
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If one introduces the sine filter function, the egquation for

the crossing freguency becomes

- o Y
- f sin? (0.44un/nc)n?dn 2

b (0.44+5.35%) (0.44nn/nc ) (4.47)

j" sin? (0. 44nn/nc) dn
°(o.au+5.3ﬁ"/3)(o.aaun/nc)z

Nog

v-

3
r.

f sin2 {y)dy

L 0.44+5.3 (R )72 (4.48)
(sin? (y) vy*] ay

[ 0.44+5.3 (7, 772

or Nog = 'lc

. If one introduces the quadratic filter function, the egua-

tion for the crossing frequency becomes

1
w 1

y*dy

Nog = Be b (0. 44+5.3 (F, y)] (1+472) (4.49)

[[O-uMS-B (T )7 ] (1+472)

- The results of numerical calculations of Egs. (4.46),

(4.48) and (4.49) are given in Table V. The plots for above

equations are shown in Figure 4.9.
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| Y

: Nox = "2 pgp J{“cz dn
f LR 4u+333)2 y (0.44+33n)"
T (1]
T s

~ 72
‘ or Nox = 'ﬁq Neca zdj[ Ne2 dy {(4.42)
» (0. 44+33nc,y) (0 44+33nc,y)
Ney nec

If one uses the sine filter function, with cut-off
frequency n =0.44,/T, the crossing frequency becones

1/2

00
f sin? (0.44xn/n.) 0% dn
L (0. 84+33%)" (0.84nn/nc)? (G.43)
.jf” sin? (0.44wn/ne) dn
) (0.44+338)” (0.44nn/ne)?

ox =

Setting y=0.44wn/n, into Eg. (4.43), and define T, /0.44n=T,
yields

() 2 by ‘/2
. j‘ sin® (y)dy [sin? (y) /y3)dy
Te | (0-84e337 N2 [ L (0.48e337 )% [ (4.4

For the quadratic filter fupction, ﬁ;x becones

%

1/1

y*dy
?{ox = T “/:(0‘““’33‘?: N% (1+y?) {4.45)
dy
) (0. 44+337, 773 (1+72)
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