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ABSTRACT

The small-scale horizontal gust structure of detailed wind
srofiles along the vertical in the first 20 km of the atmosphere is a
vertically nonhomogeneous process. A linear stochastic model is
developed for the process based on the process covariance function.
Phic model is formulated through the use of a scaling hypothesis
which transforms the nonhomogenenus gust process into a nondimen-
sional gust process which is homogeneour in a nondimensional height

coordinate, The velocity scaling parameter for the gust process is

the vust standard deviation, and the length scale used to nondimen-

sionalize the altitude is the vertical space lag associated with the

first zero of the gust covariance function. State space theory is used

.k b

*

4+

to derive a digital filter from the model, which can be readily used to

simulate gusts for space vehicle design applications.
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tion are linearized abaui a Ynominal'l flight trajectory. The
csnlting coefficients of the resulting linear diffe rential equations

are assigned values appropriate for a specific point in time on the

aominal vehicle trajectory, and a response analysis is conducted

=

locally about this selected time point f1]. The resulting linear,
constant coefficient, differential equations are Fourier transformed,
resulting in a system response function from which, in conjunction
with the design gust spectrum, the vehicle response spectra are

obtained. These results can then be used to make statistical design

judgments, To do this, a Gaussian gust process is assumed, To

1y

pply the design spectrum to nonlinear vehicles with nonconstant

y

(6]

.cefficients, the spectrum can be factored and back-Fourier transformed
to the vertical coordinate domain to yield a filter equation which has
Ganssian white noise as a forcing function. The filter provides a

series of random‘functions that have second moment statistics which
resemble the design gust spectrum, and these random functions are

uscd as a simulation of the design gust environment. These simulated
gust space histories are then used to 'drive" the nonlinear vehicle
equations. A major difficulty here is that the resultipg gust profiles

do not axhibit certain vertical nonhomogeneous features. More will be

said about this point later,






A

avre avetlable far Vandenbers Alr Force Base, sufficient to gencrate

%
i

the needed detailed wind profile sample,

A major criticism of the spectral models discussed previously

is the assumption of statistical hornogeneity along the vertical. It
iz o well-establis ed fact that the wind structure along the vertical
the troposphere and lower stratosphere is not etatistically homogeneous,
Poth experimental and theoretical evidence indicates this nonhomo-
senaous character. For example, on the .thcoretical side of the coin

the basic gravity-wave theory of Hines [&] shows that the Fourier
amplitudes of gravity-ware perturbations increase with altitude z as

exp (z/2H), where H is the atmospheric density scale height for an isothermal
atmosphere, On the experimental side, extensive wind profile data

=re available which show nonhomogeneous behavior. For example,

the eddy structure of the wind profile in the stratosphere and troposphere
is markedly different in the scnse that the amplitudes of the gusts are
senerally larger above the tropopause [9]. Nonhomogeneity of the wind
profile gust statistics, and hence spectra, should be the normal stote

of affairs in view of the obvious vertical nonhomogeneous structure of
atmospheric thermodynamic variables and associated synoptic (weather

nap) scale wind fields, Accordingly, the goal of the research reported

ierein is to provide a nonhomogeneous stochastic model of the

horizontal gusts on the vertical profile of the wind which have wavelengths

-

A S 2000



A5 noted previously, ibe motivation for the research reported
£ g

herein and the selection of the scales of motion to be a.na}yzed is the

*
Y

need for a nonnomogéncous gust model within the acrospace engineering
community for space vehicle design aPplicati’dns. The main approaci
iz to model the porreldtion funcfion. This will, by necessity, inval.ve‘
a transformation of the vertically nonhomogeneous random zo'r:alv and
meridional gust processes u{z) and v{z) into the homogeneous {we 'nopé‘)
processes u(z)/o (z) = £{2/L(z)] and v(z)/o, (z) = t[z/L(z)], where o _(2)
and cv(z) are the zonal and meridional gust standard deviations at
height z,  The quéntity L.(z) is a length scale which is defined ;uch that
upon siretching transformation of the gust altitude coordinate, the
random processes £(t) and {(t) are statistiéally homogeneous in the
nendimensicnal coordinate t = z/1(z). A spectrum function shall be

F

derived from the correlation functions of £(t) and {(t) in terms of a2
nendimensional wave number. Factorization of this spectrum fux;ction
will thea lead to a set of vﬁrst-order staée differential equa.tiorxsj for
£(t) and L{t) driven by white noise random processes. These s:tate
cguations facilitate the simulation of the homogeneous processes g‘(t)
and G(t) which, in turn, can be transformed to simulations of the

nonhomogeneous random processes u(z) and v(z). The simulations

of u{z} and v{z) can then be used for space vehicle design studies.



EMPIRICAL GUST STATISTICS

To vevelop a stochastic model of horizontal wind gusts suitable

w

for simulation of wind proifiles ilong the vertical for gust wavc}cnf_jth
A < 2000 1, a sampie of detalled wind profile observations measured
at-25-m-intervals with the FPS-lleimspher»e wind measurement
system [b} was selecteci for axuaiysis. Each wind profile observation
consisted of a zenal and a meridional wind profile in the 1 to 18 km
-
aliitude band, The total sample consisted of approximately 150 wind
nrofile observations each for the months of January, February, and
March, The zcnal and meridional wind profiles for each observation
were digitallyfiltered with M§rtin-éra}':m filters specially developed
by DeMandel and Krivo [10] for detailed wind profile analysis with a
cutoff at A = 2000 m characterized by a very sharp "roll-off,' so that
essentially all information associated with A = 2000 m was retaihcd
with & minimum of extrangous information associated with A > 2000 m
cetained in the gust profiles. The '"DC components’ of the gust p... 28
were removed by averaging the ensemble ol zonal and meridional-
{iltered profiles separately at each altitude and subtracting the resulting
cnsemble average zonal and meridional profiles irom each of the
respective profiles in the ensemble, The DC components revealed no

cotectable nonzero trend along the vertical and were statistically equal

tc zoro. We denote the short wavelength (XA = 2000 m) zonal and

o ®
o B
03«3“’330% s
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and D are nondimension

vely, and
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=
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1evelopment that follows.

i

ovariances can be approxim&ted in functional

o
os (BiT]) - = sin
\ ' ',7) b i

al constan

b > {9a}

(BIT}), Chy

¢s equal to 1,122 and 0.539,

A cormparison of the empirical and functional forms of the autocovariance

-

Fourier trans {format

1

(5); and since

R{7) is 2n even function,

in Figure 5 shows good agreement between the two.

ion of the autocovariance yiclds a speetrum

slw) = 2 f R(7) cos v dr

where w

is a nondimens ion

al wave number,

12

the spectrum can be writien as
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L TE STATE SPACE SYSTEM

~

DISC

R

freses

'or use on digita} somputers, the state €quations must be

converted to a discreate time system, Che Procedure for achicving;

thig poal is to BPass the signal through a zerg order holding device

Witieh samples at unit intervalsg of time and holds the signal value

constant botween samples {12],

(e}

The sulution to 59, {14):is given by

St g fo:-..('--z.';d.z.'.»(t:';dt'
: i J

f

S T P = f4 T8 e e E3aT PPYYs
waere x . (t ) isan ‘nltial condition, he

-
2]
1

fundamental Matrix H131 - Nae since w(t)

4

[

the interval T, Eg. (19) can be ¢valuated a

Lot

t=(K+ 1)T, where X is

A AT = fy‘,,.(t’)d,dt'
i IJ J

."accu-rding to the theory of discrete random Processes, it is readily

shown that the matrixy. (t) is given by
i
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»rem was dagxtiz,ed at 25~m mter\rals rzlang tht, vcrtical. and theﬂ—w

Sata processmq procedures used to derwe thc wmd preﬁles from f.he

FPS-16 tracking data were destgned so that nea.rly au { ~90 percent)

af the spcctral energy of the gust process exxsted at wavelength

A = 100 m with zero spectral energy atA = 50 m [16} Thzs means the

Nvguist wavelength is 50 m, which corresponds to a vertical digiti-
sation interval Az ™ 25 nilin z-space. Since the typmrtl valtue ai

S 400 m (see E‘igure 5), then the digitational interval of the input
noice process in t-space should be no larger than T = Az/L = 0. 06,

Figure 5 gives the results of a 1000-point simulation with T = 0.06

and is in good agreement with the desired autocorrelation.

CONCLUDING COMMENTS
The statistical model reported in this paper was developed by
assuming the gust process could be rendered nondimensional by scaling
it with the gust standard deviation O’(Z.) and nondimensionalizing the
altitude with a length scale L{z). However, classical theory of con-
tinvous media and dimensional analysis concepts demands that
additional parameters exist by which to scale o(z) and L{z). This is

a crucial point because to apply the model to locations other than the

Kennedy Space Center, the parameters o(z) and L{z) must be determined.

Nondimensional functions for o{z) and L{z) would permit this objective

o

et
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