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1. INTRODUCTION

The effects of atmospheric turbulence in both horizontal and
near-horizontal flight, during the return of the Space Shuttle, are important
for determininy design, control, and "pilot-in-the-loop" effects. A non-
recursive mode! (based on von Karman spectra) for atmospheric turbulence along
the flight path of the Shuttle Orbiter has been developed which provides for
simulation of instantaneous vertical and horizontal gusts at the vehicle center-
of-gravity, and also for simulation of instantaneous gust gradients. Based on
this model the time series for both gusts and gust gradients have been generated
and stored on a series of magnetic tapes which are entitled Shuttle Simulation
Turbulence Tapes (SSTT). The time series are designed to represent atmospheric
turbulence from ground level to an altitude of 10,000 meters.

A description of the turbulence generation procedure is provided in
Section 2. The results of validating the simulated turbulence are described
in Section 3. Conclusions and recommendations are presented in Section 4 with
Section 5 containing references cited. Appendix A contains the tabulated one-
dimensional von Karman spectra while Appendices B and C present the results of
spectral and statistical analyses of the SSTT. A more detailed description
of the proper use of the tapes is provided elsewhere [1].
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2. TURBULENCE GENERATION PROCEDURE

The non-recursive turbulence model used to generate the SSTT is
based on von Karman spectra with finite upper limits corresponding to the
dimensions of the Space Shuttle, relative to the scale of turbulence in the
atmosphere. Because the scale of turbulence increases with altitude while
the dimensions of the Space Shuttle are fixed, the finite upper limits of
the von Karman spectra increase with altitude. In order to take into account
the resulting spectral changes, the atmosphere, extending from grcund level
to 10,000 meters,was divided into four altitude bands. The subsections which
follow provide a description of the development and application of the tur-
bulence generation procedures.

2.1 SELECTION OF ATMOSPHERIC BANDS

The standard deviations (cl. Tos 03) and the scales (Ll' Lys L3)
of atmospheric turbulence are functions of altitude, increasing with increas-
ing altitude as shown in Table 2-1. Notice should be taken that the values
for 3; and L, presented in this table are designed for use with von Karman
spectral models and therefore differ somewhat from previously tabulated
values [2] which were designed for use with Dryden ~pectra. The von Karman
oF and Li have been computed based on the requirement for local isotropy,
which can be expressed as

02 02 02
: é/s "7 3/3 T 3/3 (2-1)
1 2 3

This method of computation is consistent with the established procedure (3].

Based on the variation of o5 and L presented in Table 2-1, the
atmosphere was divided into four altitude bands as presented in Table 2-2.
Within each band, as also indicated in Table 2-2, characteristic scales of
turbulence were selected for use in calculating the finite upper limit of
the turbulence spectral model discussed in subsection 2.2.
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TABLE 2-1. VARIATION OF VON KARMAN STANDARD DEVIATION
AND LENGTH SCALE WITH ALTITUDE
STANDARD DEVIAT [ON [NTEGRAL SCALES
ALT[TUOE OF TURBULENCE OF TURBULENCE
M Lo secPanssecatnsec) Y™ [ L(m | Lyim)
10 .79 | 1.49 | 1.12 19 10 5
20 2.15 | 1.80 | 1.48 34 20 i
30 2.39 | 2.06 | 1.74 a7 30 18
40 2.57 | 2.26 | 1.95 59 40 26
50 2.13 | 2.43 | 2.14 70 50 34
60 2.86 | 2.58 | 2.30 82 60 42
70 2.98 | 2.72 | 2.3a 92 70 51
30 3.09 | 2.8¢ | z.53 | 103 80 60
30 1.9 | 2.95 | 2.70 113 39 69
100 3.23 | 3.05 | 2.8 123 99 78
200 3.93 | 3.83 | 3.m 214 197 180
300 237 | ey | a3 | 29 | 2% 294
304.8
300
500 339 | 4.39 | 4.39 | 300 300 300
600
700
762 | :
800 5.7 5.7 5.7
900 ‘
1524 ' '
2000 5.79 | 5.79 | s.79
3048 ; ;
4000 5.52 | s.s2 | 5.52 | s33 533 533
5000 l ‘
6096 ' ' '
000 | 527 | s.27 | s.27
8000 ! ‘
9144 .
10000 ‘.122 4 .'22 4 ..2 2

2-2




TABLE 2-2. TURBULENCE PARAMETERS FOR

ALTITUDE BANDS

Finite Limit
Time Interval von Karman Length

Lower | Upper of Spectrum

B:rd L}m;t Lzm;t (dimensionless) (dimensionless) Scale (m)
m m
T “pmax | Comax| Famax | Y1 | t2 | s
1 0 30 .6018 §.22| 3.38] 7.22 47 30 18
2 30 100 .2300 13.66) 11.14} 31.271 123 99 78
3 100 762 .09431 33.31133.76] 120.27 | 300 300 300
4 762 | 10000 .05309 59.18]59.97] 213.68] 533 533 533
2.2 DEVELOPMENT OF VON KARMAN SPECTRA WITH FINITE UPPER LIMITS

As developed previously [4] the basic three-dimensional von Karman
relation to be integrated for the dimensionless gust spectra is,

,“” (321 0'422 0323)

55

2.2
(S. '-’-.i )

36ax

2 2)17/6

(14

The corresponding von Karman relation for dimensionless gust gradient

spectra is

T
%1733 fpeh) 1 73

a 2( 2

2

(1+26)17/

These three-dimensional spectral relations must be integrated over certain

ranges of values of 2, and 2, to obtain one-dimensional spectral models

01‘(91) and °11/jj(91)‘

2.2.1

Upper Limits of Integration

relation |

The upper limits of integration are calculated according to the

5]

(2-2)

(2-3)



Umax " L4/

where

a = 1.339

(2-4)

Li = scale of the ¢th component of atmospheric turbulence
b o= characteristic length of Space Shuttle in ’th direction

Values of L for the four bands are given in Table 2-2 while the characteristic

Tengths, Ly are presented in Table 2-3. The resulting values of

included in Table 2-7.

TABLE 2-3.

Characteristic
Length

{max are

CHARACTERISTIC DiMENSIONS
OF THE SPACE SHUTTLE (6]

Magnitude
(ft) (m) Explanation
39.56 12.06 mean Zerodynamic chord
39.05 11.9 1/2 wingspan
10.95 3.34 1/2 fuselage thickness

2.2.2 One-Dimensional Spectra

As indicated in Table 2-4, there are six spectra of primary
interest for turbulence simulation. Based on second-order numerical inte-
gration, the six corresponding three-dimensional gust an{ gust gradient spectral
relations were integrated over 93 and Qz (with the appropriate upper limits).
The resulting one-dimensional spectra for all altitude bands are presented in
Appendix A. These spectra are used in establishing the impulse response
functions associated with digital filter simulation processes described in

subsection 2.3.



TABLE 2-4. TYPES OF SIMULATED TURBULENCE

Corresponding
Type Spectrum Comments
U °ll longftudinal gust
Uy 022 transverse gust
Uq 933 vertical gust
3u2/3x1 ezlel yaw
3u3/3xl &33/11 pitch
du3/3x, ¥33/22 roll
2.2.3 Dimensicnless Energy Content

The total dimensionless energy content of each one-dimensional spectra
in each altitude band was established by integrating the corresponding snectra
over the appropriate finite limit, leax' indicated in Table 2-2. The res:it-
ing energy content is presented in Table 2-5. As might be expected the total
dimensionless energy content of each of the turtulent gust series is less than
unity. The dimensionless energy' content for each gust gradient, however, is
not limited in such a manner and range as high as 54.125. Fer both gusts and
gust radients the total energy content increases with altitude because of
similar increases in the limits of integration.

'Actuaily the term “energy"” is not precise when dealing with gust gradients,
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TABLE 2-5.

DIMENSIONLESS ENERGY CONTENT
FOR GUSTS AND GUST GRADIENTS

Spectrum Altitude Band
1 2 3 4
! .5388 .7841 .8956 .9298
%7 5772 .7942 .8952 .9296
933 .5225 .7646 .8809 .9197
%2/11 1.2832 6.6484 24.768 54.125
%3311 1.1321 5.9699 22.644 49.528
933/22 .7049 4.9954 22.893 50.057
2.3 DIGITAL FILTER SIMULATION

The simulated turbulence, Y(t), can be interpreted as the response
or output of a control system [7] with double-sided impulse response functions,
h(t), subject to an input consisting of Gaussian white noise I(t). This
response can be represented by the convolution integral

1 = & f a0 1 e (2-5)

Based on filter theory the double-sided spectrum, oDY(Q), of the simulated
turbulence satisfies the relation

ooy(9)) = H(aH (2))0n(0)) (2-6)

where
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H(nl) = Fh(t)]
@Dlhll) = double-sided power spectrum for white noise

]
Generally the standard deviation of any white signal has a value of unity .
Furthermore in most practical situations the white noise is defined to occur

over some interval extending from 'nlmax to *nlmax‘
For this case,
: 1
Sap (i) = gy
DIl S nax
-1
on (2'7)
where
T = time interval associated with generation
process (=u/u )
By substitution,
b T -
Sy b)) = HEH () 5o (2-8)
If H(Ql) is limited to real values,
: 2/ v T
Rearrangement of Eq (2-9) yields
H(n,) = T’P:—(_s“'{ (2-10)
1 Trort

'ln some derivations [7,8,9], the standard deviation of the white noise signal
has been set equal to Zﬂlmax' In this case the standard deviation of the input

1 as
becomes very large as Yimax* ®

r3
[}
~4



Then based on the definition of the inverse Fourier transform, the double-
sided impulse response function h(t) can be expressed as

h(t) = F‘llﬂ(ﬂl)l

f J—T-z" ‘bDY(Ql) cos(nlt) da,
2 i 21 Py (R )'cos(o t) do
oY Y 1 1

[ T'_‘é’m cos(sélt) ds‘.l

:’J;-[J@“Y'(\"D cos (1 t) di) (2-11)
0

]

4

]

where

single-sided spectrum of Y(t)

-
~<
——
"
9
—
S—
I

The single-sided spectra tabulated in Appendix A correspond to @Y(nl)

The discrete version of the convolution integral given in Eq (2-5) yields

+N

k) = 3 A Hk-g) T (2-12)
J=-N

where

Y(k) = discrete sampled turbulence output

h(j) = discrete double-sided impulse response
function h(jT)

I(k) = discrete sampled white noise input



Eq (2-12) represents the basic, non-recursive relation for the generation

of simulated turbulence*. The impulse response functions h(t) were evaluated
by means of second-order numerical integration of Eq (2-11) using the six
spectra from Appendix A. The values of dimensionless time increment, T, used
for the four altitude bands are included in Table 2-2 and are based on the
values of leax shown in the same table. Thus the Nyquist generation fre-
quencies VNG for the simulated turbulence correspond to the upper frequency
limits for 1y as computed by Eq (2-4) for each altitude band.

2.4 EFFECTS OF DIGITIZATION

The effects of digitization in turbulence simulation have been
considered by a number of investigators [7-10]. As a result of these studies
two basic digitization effects have been generally identified.

The first effect results from the assumption of a white noise
spectrum with unit covovce’ instead of unit ;ower, noted in subsection 2.3.
To correct for such an "effect" the proposed procedure is to divide the series
approximation of the convolution integral by .T. This "effect" disappears
when the white noise spectrum has unit power.

The second effect involves the ::rcr’v; of the spectrum of simulated
white noise, ¢{ » in the vicinity of the Nyquist generation freguency, QNG' Some
investigators [8,10] have considered it necessary, because of the tapering
effect, to generate the simulated turbulence time series at a rate from four
to ten times the rate at which the series will be sampled.

The second effect arises from the discrete processes associated
with both the generation and sampling of the simulated turbulence. In the
case of discrete white noise with unit variance, the time series involved is
basically a train of step functions as shown in Figure 2-1. The autocorre-
lation function of the train of step functions depicted in Figure 2-1 can

*

In certain references [7.9] to correct for the “"effect of digitizing", the series
represented by Eq (2-12) has been divided by .T. This process can be seen to be
dimensionally incorrect and actually results from the use of a white noise
spectrum with unit strength instead of a strength of T/2n.

2-9
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Figure 2-1. Discrete White Noise Series
be shown to be
1|
RDI(T) = { (2-13)
0 (IL. > TG)
The corresponding double-sided power spectrum by definition is
or(®) = FlRpp()]
T sin‘(ary/2)
7 (ary/2)?
| sin(an/an,)
‘NG (Qw/ZQNG)

The single-sided version of this power spectrum is shown in Figure 2-2.
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Theoretical white noise, be definition, is characterized by a uniform
power spectral distribution. In order to avoid infinite power, such a spectral
distribution is normally restricted to the finite frequency band (-DNG <0< “NG)
for a double-sided spectrum. For a signal with unit power the spectral density
function for such white noise is

1

o o) {E; (=246 < 9 < Oy6)
L) o= 2-15)
bt 0 (g < 18]) (

Such a theoretical distribution in single-sided form is also shown in Figure 2-2.

It is important to note that the two power spectra shown in Figure 2-2
are both normalized and thus

J NI N (2-16)

-0 -0
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The theoretical spectrum is basically a rectangular pulse function while the
discrete spectrum is characterized by tapering. The difference between these

two spectra is generally considered the basis for the second digitization
effect.

The preceding descriptions of the two spectra @I(Q)and °DI(Q) are
based purely on mathematical theory. To observe such spectra in reality the
corresponding time series would have to be sampled with an infinitesimal
sampling interval. Actually, finite sampling intervals, TS‘ must be used but
this finite (or discrete) sampling process results in alZ{as?nz. The aliased
spectrum, o*(Q), based on the finite sampling process, is related to the
original spectrum according to the relation (11}

) = L d(aek ns) (2-17)

where

g G Nyquist sampling frequency (=n/TS)

For the case of the discrete white noise

0

i+ 0 - t N
? Dl( ) = Z vbDI(Q‘.‘ZkLNS)
k==
= sinz[(“+2k‘ ) 1/2004)
= 1 ) = ‘NG
QQNG k=-co [(Q+ZRQN<)1/ZQNG] (2-18)

Numerical evaluation of this series has been carried out for QNG = 100 with
various ratios of QNS/QNG' including .5, 1, 2, and 4. The resulting aliased

spectra are presented in Figure2-3. It is important to note that the figure
indicates that

\\"(\‘\

(-2 < NG

o'+ (@) (g = Tys! (2-19)
oI 0 (g < 12D
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In this case, by comparison with @DI(Q).

ot () = apl® (G4 = fyg) (2-20)

Thus for white noise tie alfasing Jue to Jdis rete sampling exactly offscts the

tupering Jue to dfaovete gomeration wWiem the campling frequency equals the

generation Sroquemen.  Based on this fundamental point, it is clear that in the

simulation of white noise no tapering of the spectrum occurs as long as the
sampling rate equals the generation rate. Under most conditions this equality
is automatically satisfied.

The process of convolving the white noise with the appropriate impulse
response function iz also carried out in a discrete manner. The process involves
selecting (or sampling) values of the white noise signal and the impulse response
function at equal intervals in time and then approximating the convolution inte-
gral by a summation of products. It is important to note that the discrete sampling
of both the white noise and the impulse response function normally occurs at the
same rate as the generation rate for the white noise. Thus the resulting spectra
for the sampled discrete white noise, as previously shown, will be uniform.
According to the convolution theorem, the spectrum of the output signal equals
the spectrum of the input white noise multiplied by the product of the Fourier
transform of the inpulse response function and its complex conjugate. Thus, as
previously noted in subsection 2.3, for a continuous signal,

QDY(Q) = ODI(Q)H(Q)H*(Q) (2'6)
The Fourier transform H(Q) for the contirucus impulse function, h(t), is
H(Q) = F(h(t)]
. 4 2T’
=¥ T pr(9) (2-10)
The corresponding output spectrum for a discrete signal would be

@‘DY(Q) = o'DI(n)H'(n)H'*(n) (2-21)

2-14
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The FouriertransformH'(Q) of the Jiscrete impulse response function, h'(t),
is
H'(Q) = F(h'(t)] (2-22)

Based on the preceding development, for cases in which the sampling
frequency equals the generation frequency, any difference between the discrete
turbulence spectrum and the continuous spectrum apparently originates because
of some difference between H(Q) and H'(R).



3. SIMULATED TURBULENCE TAPES

The turbulence generation procedure described in Section 2 has been
used to generate six dimensionless simulated turbulence time series which are
stored on magnetic tapes as summarized in Table 3-1. The appropriate procedu: :s
for using the tapes are described elsewhere [1]. Subsection 3.1 provides a
description of the results of validating the tapes while subsection 3.2 presents
an explanation of the process for converting from dimensionless to dimensional
values.

TABLE 3-1. INDEX OF SHUTTLE SIMULATED
TURBULENCE TAPES (SSTT)

__Tape Time Series Comments
SSTT-1 uy - gust longitudinal gust
SSTT-2 u, - gust transverse gust
SSTT-3 uy - gust vertical qust
SSTT-4 3u2/3x1 - gust gradient yaw

SSTT-5 3u3/ax1 - gust gradient pitch

SSTT-6 3u3/ax2 - gust gradient roll

3.1 VALDIATION OF SIMULATED TURBULENCE

A spectral analysis of each of the dimensionless time series has been
carried out by means of a Fast Fourier TransformFFT4 [12]). The results, which
are presented in Appendix B, demonstrate that the simulated turbulence possesses
the proper von Karman spectral characteristics.

A1l of the dimensionless time series have also been analyzed statis-
tically to determine the gust and gust gradient probability density functions.
As shown in Appendix C the results of these analyses indicate that both the
simulated gusts and gust gradients are normally distributed, with near-zero
means and standard deviations consistent with the energy content presented
in Table 2-5.
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3.2 CONVERSION TO DIMENSIONAL VALUES

The dimensionless time series on each tape must be converted to
dimensional form before actual use in a simulation exercise. The conversion
process generally involves multiplication and/or division by the appropriate
turbulence parameters. For dimensionless gusts, Uy the corresponding standard
deviation, Ty should be used. Thus

*
vy

"

where

u. = dimersional gust

[IH

1
rul the parareters v and Lj are used.

For dimensionless gust gradient,
Thus

Sooaug
i iV
-+ T = — (3-2)
L. *x,

J )

where

* *
au‘/axj = dimensional gust gradient

In the case of dimensionless time it is necessary to develop the
procedures for converting both from dimensionless to dimensional form and also
to dimensionless from dimensional. In proceeding from dimensionless to dimen-
sional time the dirensionless time step represents the basic unit to be
converted. The conversion involves the vehicle velocity, V, and the xl-component
of turbulence scale, Ll. Thus

et s oaL TV (3-3)

l

where

»*
At = dimensional time step
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It is important to note that because bgth Ll and V vary with altitude,

the resulting dimensional time step At 1{s not a constant. To obtain dimensional
]

time, t , & sumiation process is involved as follows:

N

[ ] »
t, ° ngl at’, (3-4)

N
al '§l Lin/Vn

where
Lin = 482,
vn = v(Zn)
Zn = altitude at »th step

In converting to dimensionless from dimensional time the basic
*
unit, the dimensional time step, &t , will normally be a constant. The
corresponding dimensionless time interval, Tm' will be

™ -
Tm * al (3 5)

ms] ) (3-6)
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The dimensional time, t". corresponds to some M' dimensionless time intervals, T,
plus some fractional interval, T', as follows:

g" s MT+ T (3-7)

where
057'51

Thus the number of intervals (of dimensionless time),M', can be computed
as

M = tnt(t"/T)

s *
. ‘"“fr,,g% Vo/lim) (3-8)

where
Int( ) = f{nteger value of ( )

The fractional interval,T',can be computed by the relation
;" s t" - "'T (3'9)

The interpolation process will involve interpolating between ty. and tM‘*l

at the point tM as shoun in Figure 3-1.

F ]
re
‘1 l Dimc??ionless
tue -y ty: I twiey ne
t"

Figure 3-1. Relationship Between t,, t,., on. In's]
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The variation of the turbulence standard deviation, Tis with altitude
was presented in Table 2-1. The same table contains the turbulence scale, Li’
as a function of altitude. The vehicle speed, V, is a function of altitude but

also may vary from one trajectory to another. Table 3-2 provides representative
values of V as a function of altitude.

TABLE 3-2. TYPICAL VARIATION OF SHUTTLE VELOCITY
WITH ALTITUDE (10]

ALTITUDE v
(m) (m/sec)
100 152
300 156
500 158

2000 170
4000 188
6000 200
8000 240
10000 300
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4. CONCLUSIONS AND RECOMMENDATIONS

By means of a non-recursive discrete generation process, based on
a von Karman spectral model with finite upper limits,dimensionless simulated
turbulence time series - .+e been developed and stored on six magnetic tapes.
Longitudinal, transvers. , «nd vertical gusts are simulated as well as the
gust gradients associated with yaw, pitch, and roll. For each gust or gust
gradient four separate time series (corresponding to the four altitude bands
extending from ground level to 10,000 meters) have been stored on each tape.

The results of spectral analyses of each tape reveals that the
simulated turbulence possesses the appropriate von Karman spectral character-
istics., Statistical analyses of the tapes indicate that both the simulated
gust and qust gradients are normally distributed with near-zero means. Further-
more the standard deviation of each series is consistent with the theoretical
energy content.

The Shuttle Simulated Turbulence Tapes (SSTT) are now ready for
actual use for simulating turbulence at altitudes below 10,000 meters. Ap-
propriate steps should be taken to incorporate the SSTT inty existing simu-
lation systems. [n addition, simulated turbulence should be generated for
altitudes between 10,000 and 100,000 meters.
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APPENDIX A

DIMENSIONLESS VON KARMAN SPECTRA
WITH FINITE UPPER LIMITS

For each altitude band, the three-dimensional spectral model

for gusts, as given by Eq (2-2), and the three-dimensional model for gust
gradients, as given by Eq (2-3), have been integrated with respect to Ry

and Qy over the finite limits indicated in Table 2-2. The six resulting
one-dimensional spectra are presented in Tables A-1 through A-4, corres-
ponding to Altitude Bands #1 through 4 respectively. These spectra were
used in the numerical evaluation of the impulse response functions described
in subsection 2.3
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TABLE A-1. DIMENSIONLESS SPLCTRUM FOR ALTITUDE BAND #1
Dimensionless
Wave Number Dimensionless Spectrum
D I %22 ¥ Y22/11 ¥33/11 33722
0.000 .41284 .21593 .19626 .0000 0.0000 .28145
.010 .41280 .21600 . 19688 .12047E-04 .10981E~04 .28144
.020 .41265 .21606 . 19694 .48203E-04 .43938E-04 .28143
.030 .41249 .21616 . 19704 .10851E-03 .98910E-04 .28141
.040 .41222 .21630 .19718 .19302E-03 .17597€-03 .28138
.050 .41186 .21647 .197% .30184£-03 .27519E-03 .28135
.060 .41144 .21669 .19758 .43509E-03 .39672E-03 .28131
.070 .41093 .21694 .19783 .59289E-03 .54067€E-03 .28126
.080 .41035 .21723 .19812 .77542€-03 .70722€E-03 .28120
.n9n .40969 21755 . 19845 .98286E-03 .89656E-03 .28114
.100 .40896 .21791 .19281 .12154E-02 .11089€E-02 .28106
.190 .39915 .22248 .20343 .44796E-02 .40959E-02 .28004
.280 .38420 .22858 .20959 .99952E-02 .91651£-02 .27831
.370 .36523 .23431 .21592 .17929E-01 .16487E-01 .27582
.460 .34349 .23939 .22112 .28311€-01 .26097E-01 .27250
.550 . 32020 .24290 .22429 .40982E-01 .37842E-01 .26834
.640 .29636 .24339 .22496 .55604E-01 .51394E-01 .26337
.730 .27220 .28132 .22310 .71726E-01 .66311E-01 .25765
.820 .25008 .23691 .21894 .88850€-01 .82109E-01 .25127
Qin .22859 .23058 .7217883 . 10650 .98325E-01 .24433
1.000 .20854 .22217 .20538 . 12425 .11455 .23696
1.422 . 13461 .17733 .16235 . 20068 .18310 .19973
1.244 .87928E-01 .13588 .12241 .25770 .23216 .16375
2.266 .58772E-01 .10319 .91862€-01 .29552 .26308 .13268
2.688 .40239E-01 .78984E-01 .69627E-01 .31230 .28060 .10721
3.110 .28163E-01 .61179€-01 .53547E-01 .33004 .28886 .86805E-01
3.522 .20114E-01 .47931E-01 .41804E-01 .33385 .29087 .70622E~-01
3.954 .14617E-01 .38082E-01 .33107e-01 .33207 .28869 .57810€-01
4.376 .10789E-01 . 30562E-01 .26566E-01 .32642 .28374 .47641E-01
4,798 .80741E-02 .24779E-01 .21571E-01 .31816 .27696 .39532€-01
5.220 .61177E-02 .20380E-01 .17702E-01 .30821 .26904 .33026E-01
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TABLE A-2. DIMENSIONLESS SPECTRUM FOR ALTITUDE BAND #2
Dimensionless
Wave Number Dimensionless Spectrum
2 " %22 %33 Y2211 33/11 33722
0.000 .46500 .23421 .23079 .0000 0.0000 .92864
.010 .46496 .23423 .23081 .13064E-04 .12873E-04 .92864
.020 .46484 .23429 .23087 .52269E-04 .51507E-04 .92862
.030 .46464 .23439 .23097 .11766E-03 .11594E-03 .92859
.040 .46436 .23453 .23111 .20929E-03 .20625E-03 .92855
.050 .46400 .23471 .23129 .32727€-03 .32251E-03 .92849
.060 .46356 .23493 .23151 .47172E-03 .46486€E-03 .92843
.070 .46304 .23519 .23177 .64277€-03 .63343E-03 .92835
.080 .46245 .23549 .23207 .34059E-03 .82839€-03 . 92825
.090 .46178 .23582 .23240 .10654E-02 .10499¢-02 .92R15
.100 .46103 .23619 .23277 .13173E-02 .12983t-02 .92803
.190 .45102 .240%6 .23745 .48497E-02 .47809E-02 .92642
.280 .43575 .24711 .24370 .10806E-01 .10656E-01 .92373
.370 .41640 .25352 .25011 .19357E-01 .19097e-01 .91590
.460 . 39425 .25876 .25535 .30539€-01 .30137e-01 .91488
.350 .37050 .26192 .25851 .44191E-01 .43616E-01 .90866
.640 .34623 . 26252 .25912 .59973t-01 .59196E-01 .90125
.730 .32222 .26051 .25712 .77430E-01 .76421E-01 .89274
.820 .29906 .25614 .25275 .96061€-01 .94790E-01 .88323
.910 .27712 .24982 .24644 .11539 .11382 .87283
1.000 .25660 .24201 .23863 .13498 .13310 .86169
1.900 .12447 . 15040 .14713 .30283 .29623 .73268
2.800 .69125E-01 .93005€-01 .89880E-01 .40669 .39302 .60944
3.700 .42724E-01 .61869E-01 .583936E-01 .47241 .45001 .50614
4.600 .28382€-01 .43779€-01 .41064E-01 .51667 .48463 .42166
5.500 .19816E-01 .32441E-01 .29958t-01 .54734 .50545 .35279
6.400 .14344€-01 .24881E-01 .22633E-01 .56841 .51706 .29658
7.300 .10673E-01 .19588E-01 .17570E-01 .58221 .52223 . 25056
8.200 .81170€E-02 .15740E-01 .13940£-01 .59028 .52278 .21275
9.i00 .62859E-02 .12856E-01 .11258¢-01 .59378 .51999 .18157
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TABLE A-2. DIMENSIONLESS SPECTRUM FOR ALTITUDE BAND #2 (Continued)
Dimensionless
Wave Number Dimensionless Spectrum
2 1 %22 433 Y22/11 ®33/11 33722

10.000 .49428E-02 .10642E-01 .92297E-02 .59357 .51478 .15575
10.366 .44998E-02 .98878E-02 -85453E-02 .59260 .51214 .14654
10.732 -41049E-02 -92028E-02 -79273E-02 .59118 -50024 .13799
11.098 .37519€-02 .85792E-02 .73678E-02 .58936 .50614 -13004
11.464 -34356E-02 -80102E-02 .68599E - 02 .58716 -50284 -12266
11.830 -31515E-02 .74897E-02 .63978E-02 -58462 -49939 .11578
12.196 .28957E-02 .70127E-02 .59763E-02 .58178 .49580 -10937
12.562 .26649E-02 .65745E-02 .55910E-02 57866 .49209 -10340
12.928 .24562E-02 -61714€-02 .52381E-02 .57528 .48829 .97832E-01
13.294 .22671E -02 .57997E-02 -49142-02 .57169 .48440 .92631E-01
13.660 -20954£-02 .54566E-02 -46164E-02 .56789 -48045 .87771E-01



TABLE A-3. DIMENSIONLESS SPECTRUM FOR ALTITUDE BAND #3
Dimensionless
. Wave Number Dimensionless Spectrum
2y 1 ®22 ¢33 Y22/11 %33/11 33722
0.000 .47307 .23698 .23610 0.0000 0.0000 1.8736
010 .47303 .23700 .23612 .13218E-04 .13169E-04 1.8736
.020 .47291 .23706 .23618 .52887E-04 .52691E-04 1.8736
.030 .47271 .23716 .23628 .11905£-03 .11861E-03 1.8736
.040 .47243 .23730 .23642 .21177E-03 .21098E-03 1.8735
.050 .47207 .23748 .23660 .33114E-03 .32991E-03 1.8735
.060 .47164 .23770 .23682 .47728£-03 .47551E-03 1.8734
.070 47112 .23796 .23708 .65034E-03 .64793E-03 1.8733
.080 .47052 .23826 .23737 .B5047E-03 .84733E-03 1.8732
.090 .46985 .23859 23771 .10779E-02 .10739E-02 1.8731
.100 .46911 .23896 .23807 .13328€-02 .13279E-02 1.8730
.190 .45909 .24363 .24275 .49055E-02 .48878E-02 1.8713
.280 .44 382 .24988 .24900 .10927E-01 .10888E-01 1.8684
.370 .42447 .25629 .25541 .19569£-01 .19502E-01 1.8644
.460 .40230 .26153 .26066 .30866E-01 .30762E-01 1.8591
.550 .37855 .26469 .26381 .44658E£-01 .44510E-01 1.852%
.640 . 35426 .26529 .26441 .60606E-01 .60406E-01 1.8447
.730 . 33025 .2632R .26241 .78253E-01 .77995E-01 1.8357
.830 .30707 .25891 .25804 .97099£-01 .96774E-01 1.8257
.910 .28512 .25259 .25172 .11666 .11626 1.8147
1.000 .26458 .24477 .24391 .13652 .13604 1.8029
1.900 .13222 .15316 .15235 .30838 .30675 1.6641
2.800 .76534E-01 .95746E-01 .95000E-01 41867 .41541 1.5255
3.700 .49712t-01 .64591E-01 .63915E-01 49319 .48803 1.4020
4.600 .34906E-01 .46476E-01 .45867E-01 54851 .54132 1.2931
5.500 .25860€E-01 .35110€E-01 .34555E-01 59238 .58301 1.1966
6.400 .19915E-01 .27517€-01 .27002€-01 62864 .61688 1.1102
7.300 .15792€-01 .22187E-01 .21700E-01 65945 .64496 1.0324
8.200 .12812E-01 .18295€-01 .17825E-01 68613 .66848 .96184
S.100 .10588€-01 .15363€-01 .14902E-01 70956 .68828 .89757
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TABLE A-3. DIMENSIONLESS SPECTRUM FOR ALTITUDE LAND #3 (Continued)
Dimensionless
Wave Number Dimensionless Spectrum
2 1 %22 "33 Y2211 $33/m1 $33/22
10.000 .88842€E-02 .13095E-01 .12639E-01 .73036 .70497 .83878
12.331 .59522E-02 .91366E-02 .86902E-02 .77486 .73700 .70777
14.662 .42188E-02 .67483E-02 .63162E-02 .80914 .75733 .60132
16.993 .31087E-02 .51878E-02 .47783€-02 .83552 .76958 .51383
19.324 .23566E-02 .41067E-02 .37254E-02 .85532 .77590 .44133
21.655 . 18260E-02 .33242E-02 .29732E-02 .86945 .717765 .38084
23.986 .14401E-02 .27382E-02 .24176E-02 .87866 .77578 .33011
26.317 .11528E-02 .22874E-02 .19961E£-02 .88361 .77105 .28735
28.648 .93461£-03 .19332E-02 .16692E-02 .88491] .76407 .25117
30.979 .76625E-03 .16499E-02 .14112E-02 .88312 .75537 .22043
33.310 .63449¢€-03 .14199E-02 .12044€-02 .87872 .74537 .19421



TABLE A-4. DIMENSIONLESS SPECTRUM FOR ALTITUDE BAND #4
Dimensionless
. Wave Number Dimensionless Spectrum

% n Y22 Y43 22111 33711 Y3322
0.000 .47403 .23725 .23678 0.0000 0.0000 2.5188
.010 .47399 .23727 .23680 .13234€-04 .13207€-04 2.5188
.020 .47387 .23733 .23686 .52949€-04 .52843E-04 2.5188
.030 .47367 .23744 .23696 .11919E-03 .11895£-03 2.5188
.040 .47339 .23758 .23710 .21201€-03 .21159€-03 2.5187
.050 .47303 .23776 .23728 .33152€-03 .33086E-03 2.5187
.060 .47259 .23798 .23750 .47784€-03 .47688E-03 2.5186
.070 .47208 .23824 .23776 .65109€-03 .64979£-03 2.5185
.080 .47148 .23853 .23805 .85146E-03 .B4976E-03 2.5184
.090 .470¢1 .23886 .23839 .10791£-02 .10770€-02 2.5183
.100 .47006 .23923 .23875 .13343E-02 .13317e-02 2.5182
.190 .46005 .24391 .24343 .49111E-02 .49014E-02 2.5164
.280 .44478 .25016 .24968 .10939E-01 .10918€-0? 2.5136
.370 .42542 .25656 .25609 .19590€-01 .19554E-01 2.5095
.460 .40326 .26181 .26133 . 30899E-01 .30843€-01 2.5041
.550 .37951 .26496 .26449 .44704€-01 .44625E-01 2.4975
.640 .35522 .26556 .26509 .60669E-01 .60561E-01 2.4897
.730 .33120 .26356 .26309 .78336€-01 .78196E-01 2.4806
.820 .30803 .25919 .25872 .97204E-01 .97028E-01 2.4705
.910 .28607 .25287 .25240 .11679 .11658 2.4594
1.000 .26553 .24505 .24459 .13668 .13642 2.4476
1.900 .13316 .15344 .15301 .30895 .30809 2.3075
2.800 . 77440€E-01 .96030E-01 .95655E-01 .41992 .41827 2.1669
3.700 .50590E-01 .64876E-01 .64556E-01 .49537 .49292 2.0407
4.600 .35757€-01 .46762E-01 .46492E-01 .55188 .54870 1.9285
5.500 .26687E-01 .35394€-01 .35166E-01 .59716 .59331 1.8280
6.400 .20721E-01 .27797€-01 .27599E-01 .63503 .63052 1.73711
7.300 .16579E-01 .22463€-01 .22284E-01 .66765 .66234 1.6542
8.200 .13584E-01 .18567E-01 .18398E-01 .69632 .68999 1.5781
9.100 -11346E-01 .15631E-01 .15465E-01 .74519 .73587 1.4422
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TABLE A-4. ODIMENSIONLESS SPECTRUM FOR ALTITUDE BAND #4 (Continued)
Dimensionless
. Mave Number Dimensionless Spectrum

9 Y Y22 Y33 Y22/11 *33/11 33722
10.000 .96272E-02 .13361E-01 .13194¢-01 .74519 .73587 1.4422
14.918 .47318E-02 .68100£-02 .66211E-02 .84529 .82184 1.1505
19.836 .27883E-02 .41832€-02 .39941E-02 .91802 .87652 .93466
24.754 .18075E-02 .28453E-02 .26686E-02 .97244 .91203 .76798
29.672 .12439E-02 .20619E-02 .19002E-02 1.0125 .93313 .63634
34.590 .89249€-03 .15597E-02 .14134E-02 1.0408 .94317 .53100
39.508 .66058E-03 .12169£-02 .10853E-02 1.0594 .94487 .44596
44.426 .50103E-03 .97193€-03 .85425E-03 1.0699 .94037 .37685
49.344 .38768E-03 .79063E-03 .68580E-03 1.0737 .93133 .32035
54.262 .30505€-03 .65273E-03 .55962E€-03 1.0719 .91902 .27389
59.180 .24352E-03 .54553E-03 .46299€E-03 1.0656 .90441 .23549



APPENDIX 8

SPECTRAL ANALYSIS OF SIMULATED TURBULENCE

By means of a Fast Fourier Transform [12] spectral analyses of all
simulated turbulence have been performed. The results are prasented in
dimensionless form in Figures B-1 through B-24. Table B-1 provides a summary
of these figures. Also included in each figure is the theoretical von Karman
spectra. The agreement between the theoretical spectra and the computed spectra
is quite satisfactory.

TABLE B-1. MATRIX OF SPECTRAL ANALYSIS FIGURES

SERIES ALTITUDE BAND
TYPE ] . - -
uy B-1 B-2 | 83 | B4
u, 8-5 | 86 | B-7 | 88
U3 B-9 | B8-10 | B-11 | B-12

dup/ax, | B-13 | B-14 | B-15 | B-16
dug/dx, | B-17 | 8-18 | 8-19 | B-20
dug/ax, | 8-21 | 8-22 | B-23 | B-2
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APPENDIX C

STATISTICAL ANALYSIS OF SIMULATED TURBULENCE

By means of standard statistical analysis procedures each of the
SSTi has been analyzed to determine its mean value, standard deviation, and
probability density distribution. The resulting mean values are presented
in Table C-1 while Table C-2 contains the resulting standard deviations.
As expected, all mean values were near zero. The standard deviations
represent the square root of the energy content. The ratio of the square
root of each theoretical energy content (from Table 2-5) to the corresponding
standard deviation (from Table C-2) is presented in Table C-3.
appears quite satisfactory.

The agreement

The gust and gust gradient probability density distributions are
presented in Figures C-1 through C-24 in accordance with Table C-4. In each
figure the corresponding normal distribution is also presented. The results

indicate that both the gust and gust gradient time series are very close to
normal distribution.

TABLE C-1. MEAN VALUE OF GUST AND GUST GRADIENTS
SERIES ALTITUDE SAND
TYPE ! 2 3 4
u,  |-.006109 |-.009637 |-.015505 | -.020793
u, |-.005858 |-.010306 ] -.015392 | -.018100
uy  |-.005597 |-.010238 | -.015364 | -.018100
du,/3x, | -.000015 | -.000269 | -.002197 | -.006183
dug/dx, | -.000014 |-.00027 | -.002198 | -.c06188
duy/3x, | -.006585 |-.019388 | -.043538 | -.064540

c-1




TABLE C-2. STANDARD DEVIATION OF GUST AND GUST GRADIENTS
SERIES ALTITUDE BAND
TYPE 1 2 3 4
u 724352 | .868642 | .927039 | .946672
vy 756057 | .884176 | .936133 | .947373
s 719277 | .me7329 | .928437 | .942133
aup/3x, | 1.139887 | 2.591114 | 4.999053 | 7.387333
duy/ax, 11.670899 | 2.45426 | 4.777666 | 7.063241
duy/3x, | .836263 |2.225938 | 4.766939 | 7.049476
TABLE C-3. RATIO OF SQUARE ROOT OF THEORETICAL
ENERGY CONTENT™ TO THE OBSERVED STANDARD
DEVIATION
SERIES ALTITUDE BAND
™ 1.013¢ | 1.0194 1.0208 | 1.0186
u, 1.0048 | 1.0079 1.0107 | 1.0177
ug 1.0050 | 1.0082 1.0109 | 1.0179
du,/ax, .9938 .9951 .9955 .9959
Juz/ax, .9939 .9955 .9960 .9964
dug/ax, | 1.0039 | 1.0081 1.0037 | 1.0036

*
Theoretical energy content taken from Table 2-5.

*Observed standard deviation taken from Table C-2.

¢-2




TABLE C-4. MATRIX OF STATISTICAL ANALYSIS FIGURES

SERIES ALTITUDE BAND
TYPE 1 ” 3 , B
U C-1 c-2 c-3 c-4
up C-5 c-6 c-? c-8
ug C-9 c-10 c-11 c-12

3&12/31(l c-13 c-14 C-1% C-16
3&!3/3)(l c-17 c-18 c-19 €-20
303/3)(2 c-21 c-22 €-23 c-23

-3
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