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ABSTRACT

A complex atmospheric turbulence model developed by the RAE for use in
aircraft simulation is analyzed in terms of its temporal, spectral, and
statistical characteristics. First, a direct comparison is made between
cases of the RAE model and the more conventional Dryden turbulence model.
Next the control parameters of the RAE model are systematically wvaried and
the effects noted. The RAE model is found to possess a high degree of
flexibility in its characteristics, but the individual control parameters
are cross~coupled in terms of their effect on various measures of intensity,
bandwidth, and probability distribution. While a guide is given to the
setting of model control parameters, the resulting effect on pilot opinion
is not known, '

TR-1126~1 ii



Section
X
X

LS

LV

A

TABLE OF CONIENTS

TMRMODUCTION v v v v v v v v s v e v v e

L}

COMBARISON O} RAK AND DRYDEN MODRYL BABELINE

A Temparal Degepdplion o v v e v w0

B Spoctral Degaxplion v v v o v v e
€. Statlsbical Desexdptlon + « v v v v

1. Drobability Digtedbution Funetion

Dy Thnas-stationaadty « v o v v v 0
H. Birfective Wind Shear o+ ¢ o v v o

*

LY

BREHOTS OF VARVING TIH RAK TORBGLENCK NODPEG

. L) * L}

CASES

DARANBERRE
Randwidih tontirod, NAUSIS « « v v v v v v e e

B Drodbabidity Disteidubion Fanetion Contvol, ¥ .

G J)QQ{\\\‘ hatlo gonty \“\lg R oo v o v

Do Altitnda Condeoldy HGEE o v v v v 0

B Broametime Gontrod, P o« v v v v v v
Foo Intensity Gontrel, SN o0 v e s

P~

SUMMARY AND RECOMMENDATIONS « « v « v v

1}@\?&‘}'“}&}“@}3&!!\\\‘»ﬁt‘q\\\i‘.!wnntti

PR 11061

111

L] . . Al

[

.

*

»

*

.

»

Mge

2
th

"
10
10
13

Ohw oy T
c;—a'iﬁﬁ:?



No.

1

for

10

1"

135
1
15

16

TR~1126-1

LIST OF FIGURES

Comparative Tima Histories of u- and w-Gusts for RAE
and Dryden Model Baseline CaSES « v v v v v v ¢ e 0 o 6 s . .

Comparative Time Wstories for u-Gust and Albitude BExowslon
Due to u-~-Gust for RAE and Dryden Medel Bascline Cases . . . .

Powar Spectral Density and Coharence of u~ and w-Gusis
Resulting From the RAE and Dyyden Twarbulence Models . . . . .

Weighted Power Spectral Densibty of u- and w-Gusts
Resulting From the RAE and Dryden Turbulence Models . . . . .

Power IFroction of the w and w Varience Versus Frequency
for the Dryden and RAE Models « v v v v v v v v 6 ¢ 4 0 4 s

Probability Distribution Functions of u~ and w-Gust Tor
Baseling RAN and Dryden CaSES . ¢ ¢ v v v 4 o v o v o + o 4 o

Genaorxic Exemple of Sliding Window Coneapt . . o o « v ¢ o« .
RMS w~ and w-Gusts for the Dryden and RAR Turtmlencoe Models .

Kurtogis of u- and w-Gusts for the Dryden and RAR
Turbulenge Models « ¢« v v 6 4 v b et v e b e e e e e e e

Two Mothods of Exprossing Gust Valeeity Change Over
& Tinme Window « v v v ¢ 4 s e v e e e e e e s

RMS Veloedty Increments for the Dryden and RAR
Tarbulence Models « o v ¢ 0 v v 6 0 s

Bffects of NGUSTS on Temporal Charactordstics of the RAR
u- and w-Gust Turbulente v v v 6 v v v e e e e v e e e e e s

Effects of NGUSLS on muu(cu) of the RAR Twrbulence Model . . .

ufects of NGUSTS on ad  (w) of the RAR Twrbuwlence Model

u

Biffocks of NGUSTS on dhe Powar Fraction of the u-~Gust
Vaxlance Veorsus Freguency of the RAE Turbuleonce Model « . . .

Effects of NGUSTS on bhe Probability Distridbution Function
of w-Cust of the RAR Twrbwlence Modol « v ¢ ¢ ¢ o ¢ ¢ o o v @

iv

Page

N

12

14

17

19

a9



LIST OF FIGURES (Continued)

No.

17 Bffects of NGUSTS on the rms u-~Gust of the RAE Turbulence
Mcﬁel - L] . [ L3 . . L[] L] . L] . [ ] . . L] . L[] . . . v ] . . L] .

18 Effects of NGUSTS on the u-Gust Kurtosis of the RAR
Turbulence Modledl © ¢ v 6 v o v o v e e v s et e e e e e

19 Bffects of NGUSTS on the u-Gust Bffective Wind Sheax
Parameter of the RAR Twrbulence Model . . .« v « v v v « &

20 Effects of F on Temporal. Characteristles of the RAE u~ and

WAt TarbulelCe o v 6 v 6 b v e e v e e s s s s e e e e s s

21 Effects of T on u\m(m) of the RAE Turbulence Model . . . .

22 Effects of F on cuhuu(cb) of the RAE Turbulence Model . . . .

25 Bfffects of F on the Powexr Fraction of the u-Gust Variance
Versus Frequeney of the RAE Turbtlence Model . .« & . . .

2l Effacts of F on ‘the Probability Distribution Function of

u~-Gust of the RAL Turbulence Model .« ¢ v v ¢ v o o o o o = &

25 Iffects of I on the rms u-Gust of tha RAR Twbulence Model

26 Effects of I' on the u-Gust Kurtosis of the BAR Turbulence
hrbdiwl L] - - . L] " L] L ] - - - - - . » L] . - L] . [ ] L] - L] . L]

aT pffects of F on the w-Gust Effective Wind Shear Paramgter
of the RAE Twbwence Model v ¢ v v v o v o v v v o 0 o . s

28 Effects of R on Temporal Charvacberistios of the RAR
u- and w~GuSt TarbUlonee o v v 6 v s e e v b e e s e s e

29  Rffects of R on Q\m(m) of ‘the PAR Turbulence Model . . . .

30  Effects of R on od, (@) of the RAE Twrbuwlence Model . . . . .

uun
51 Effects of R on the Power Fractlion of the u-Gust Variance

Varsus Frequency of the RAR Turbulence Model . . . .+ ¢ o o &

32 Effects of R on the Probability Distridbution Funection

of u-Gust of the RAE Twrbuwlence Model . .« o o ¢ ¢ o o @ « &

33 Effects of R on the s u~Gust of the RAE Twrbulence Model

TR-11828-1 v

Pageo

o
H]

W
45
L6

Wt

48



No.
34

35

36
37
38

4o

LN |

ha

45

Ly

hs
46
bt
48
k9

LIST OF FIGURES (Concluded)

BEffects of R on the u-Gust Kurtosis of the RAE Tuwrbulence
Model L ] L » * . . L] L ] . L] - - . » . L ] - - L] - L] » . a . L] .

Effects of R on the u-Gust Effective Wind Shear Parametey
of the RAER Turbulence Model . « v v ¢ v o ¢ ¢ » o & « o = &

Effect of Altitude on the Temporal Characteristics . . . ,
Effects of HCG on &bw(a.)) of the RAE Turbulence Model . . .
Effects of HCG on m‘!www(m) of the RAE Turbulence Model . . .

Effects of HCG on the Power Fraction of the w-Gushk Variance
Versus Frequency of the RAE Twrbulence Model . . . . . . .

Effects of HCG on the Probability Distribution Function
of w-Gust of the RAE Turbulence Model . ¢« « « v & v o ¢ « &

Bffects of HCG on the rms w-Gust of the RAE Turbulence
hfudel - * L ] L] L] . L] L ] L] - - v L ] . - - - . L] » L] - L] . [ ] [ -

Effects of HCG on the w-Gust Kurtosis of ths RARE Turbulencs
Model - - . - . . L] L] . - L ] . - L] » L] L] . - . - . 1] . - L] L]

Effects of HCG on the w-Gust Effective Wind Shear Parametex

of the RAE Turbulence Model « ¢« ¢ ¢ ¢ ¢ ¢ @ &+ ¢ o « o o s o =«

Cohierence Between ue and wa of the RAER Twrbulence Model
at Three ALLILRAES & @ v 4 ¢ ¢ o o« o o o o ¢ = o s s o s

Comparison of the RAR and Dryden u2 and wa Coherences . . .
Effects of Frametime on the Temporal Characteristics . . .
Effects of DT on @u“(tu) of the RAE Turbulence Model . . . .
Bffects of DI on ad, u(m) of the RAE Turbulence Model . . .

Effects of DT on the Power Frachion of the u-Gust Variance
Versus Frequency of the RAR Turbulence Model .+ ¢ + « « o &

TR~1126~1 vi

Page

50

56

o7

61

62

65

66
67

68



LIST OF TABLES

No.

1 RAE Model Baseline Faramabors « o ¢« o o o o o o o s o & o o @
2 Dryden Modeld Baseline Paranelols o v ¢ ¢ v o ¢ o o o v o o
3 Baseling and Pervtwrbed Values of the RAR Model Paramcters . .

b Swmary of the Speetral and Statistical. Bifeots of the
RAE Tarbulence Model RMramabors o o ¢ o o ¢« ¢ ¢ o o o @ . s

TR-1126-1 vii



SYMBOLS .

DT Franetime

F Probability distribubion control. for the RAR model
g Gravitational specific force constant

HCG Altitude

h Altitude perturbation

'L“ u-Gust seale length

I\q w-Gust seale length

NGUSTS Bandwidth control for the RAE model
P(v/ 0,) u-Gust probability distribubion function
P(w/dw) w-Gust probability distribubtion function
R Dacay ratio conbrol. for the RAR nodel

SYIGMA Intensity control for the RAE modal

s Duration of a specifiad time window

Tru'n Total duwration of a given twrbuwlence sample

A Time

u Longitudinal (x-axis) gust component, i.e., u-gust

v True alrspeed

v Vertical (z-axis) gust component, i.e., w-gust

Y Mean value of X, i.e., 3x;/N for N samples

Zu Gust derivative for z-Torse due o u-gush

1 /‘l‘g1 Iovw freguency root of pitch abbtitude nuerator for elevator control
1 /‘1‘9Q High frequency root of pitch-atiitude numerator for elevator control
Q, Rurtosis, nu/ug

TR-1126~1 viii



o Oy

u

wWW

(O]

TR-1126-1

SYMBOLS  (Concluded)

Wi k
K central moment, (X - X, )/

Overall coherence

Cohexrence betweon u and w .

Coherence between ua and wa

u-Gust standard deviation

Average u-gust stondard deviation over a limited time window

Standard deviation of average uw-gust veloclty changa over a
specified time window

Standard deviation of net u-gust velocity change over a specified
time window .

RMS dispersion of w-gust standard deviwtion over a limibted
time window

w-Oust standard deviation
Average w-gust standard deviation over a limited time window

RMS dispersion of w-gust standard devistion over a limited
Line window
- 0
D \
./ Py @

N
w-Gust power spectral density, uff = v dw

0

]

"
u-Gust power spectbrsl density, o‘;

Fraquency



SECTION I
INTRODUCTION

A complex atmospheric turbulence model has been developed by the Royal
Aeronautical Establishment (RAE) for use in manned and wmanned aircraft
simulation. This model, which is described in Ref. 1, has been used to some
extent in this country and in Europe (e.g., Refs. 2 and 3), Unfortunately,
using the RAE model involves setting several parameters, the effects of which
are not well understood.

The purpose of the study reported here, therefore, was to improve our
understanding of the characteristics of atmospheric turbulence represented
by the RAE model and its parameters. This was accomplished by considering
the model in terms of its temporal, spectral, and statistical characteris-
tics. A variebty of metrics was applied. In addition, & direct comparison
vas made between one particular RAE model formulation and the widely used
Dryden turbulence model (Ref. 4).

The comparison between the RAR and Dryden turbulence models is presented
in Section IT with the RAE model parameters set to yield Gaussian-like
characteristics of the turbulence. In addition to considering the two models,
per se, this section also contains a discussion of the spectral and statis-

tical paraneters used to quantify the characteristics of the turbulence models.

Section III describes in great detail the effects of perturbing each of
the RAE nmodel input parameters in terms of temporal, spectral, and statis-
tical parameters used to quantify the characteristics of the turbulence models.
The perturbations of each of the RAE model input parameters are made with
respect Lo the baseline sebttings us-1 in Sechbion II.~ The reader who is pri-
mayrily interested in an overview of the effects of the RAE model inpubs may
omit Section ILT and proceed directly to Section IV.

Section IV gives a summary of the analyses reported sand recommendations
of how the RAE model should be used in a real-time simulation environment.
Recommendations for fubure analyses of atmospheric turbulence models are

also presented.

TR-1126-1 1



SECTION II
COMPARISON OF RAE AND DRYDEN MODEL BASELINE CASES

Baseline cases for the RAE and Dryden models are compared in this section.
The main objective is to call attention to major features of the RAE model
and to present the various means of quantifying those features. The Dryden
model is used as a point of comparison because it is a familiar standard

and is relatively simple to quantify.

The numerical values of model parameters were chosen to make the temporal,
spectral, and statistical characteristics of both model baseline cases ap-
proximaetely eguivalent. Since the RAE model is fundamentally different from
the Dryden model in its mathematical form and involves more parameters, true
equivalence among all the above mentioned characteristics is difficult to

achieve. The following specific conditions were chosen:
Airspeed, 250 :t‘t/sec
Altitude, 800 ft
u-Gust intensity, 1 ft/sec rms
These numerical values were then used to pick the model parameters given in

Tables 1 and 2.

The baseline cases are analyzed in terms of their temporal, spectral,
and statistical characteristics. The results are presented in the following

subsections.

A, TEMPORAL DESCRIFTION

Two sets of time histories are given for each of the two baseline cases.
First, a complete time history of u- and w-gusts is given for the RAE and
Dryden models. This is followed by a plot which illustrates the effect of

one of the gust components on a simplified pilot-aircraft model.

TR-1126-1 2



TABIE 1

RAE MODEL BASELINE PARAMETERS*

Bandwidth control, NGUSTS' = 5 gusts/sec
Probability distribution controlf, F = 0.0
Decay ratio control, R = 0.7

Altitude, HCG = 800 ft

Frame time, DT = 0.1 sec

Intensity control, SIGMA = 1.0

* The model parameters given in this table are the subject of Section IIT
and are explained fully therein.

t A rule of thumb for setting NGUSTS is: NGUSTS = _ﬁz_éHo Felsec,
t The term "global intermittency” is applied to this parameter in Ref. 1,

but, based on our analysis, we consider "probability distribution control
to be more descriptive.

TABLE 2

DRYDEN MODEL BASELINE PARAMETERS

2

2 5
‘/1750 <800 = 1348.1 f%

800 £t

|

Scale lengths, Lu

and I
w

/L '
Intensities, g, =1 ft/sec and 9 = f¥ <o, = 0.770 ft/sec
33 u ‘

Spectral forms:

w2V 1
2 T xL 2 V \e
Ou uw +<-I-’"-)
u
2
2 1/V
o 4z [
Yo _ 3 ¥ > I’u)
o 2 T o= Lw 5 2
W \'i
w +(~i—)
W
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Complete tine hlstonles of the two baseline cases swe shown in Mg 1.
There 18 no oleasy dlatinction to ba made batwoen the bhasoling RAK and Dryden
modely in this flgwre, Magndbudes and apparent frequency content of w- and
weguats are comparable within each of tha modols as well as one moded agaloat
the other. That 8 to aay, It wonld be ALLLouwlt (o Alativgeish apectile
gaat components ax Alshinguiah the wodals thomsalvas Lran the tWae hlstoyios.
(Naturally this appddes only to tha baseling cases chovon hewe = {4 g nab
a genexal obgervatdion.) Uhe spectral, aud statistdoad denexdptlons to follow
WL datber Alatidl e ddatingudahing featuwean whiceh do dndead aslst,

In opder to abtadn o flyat exdor approxiuatlon of tha effest of w-pusis
oan an alreraft, the following procedure was spplled. e closod loop pllot-
alroraft combination was repregented by a pllch=atidtude=constrained transfow
Tanetion of the altltwie responge to & w-gusl, i.e,,

i H u
n 8 b vwlum § b ml!w
) Pau I i
Ul US)
Where A, 48 the partlial dexivative of g-force due to &

A ’
U weguat (approsinately =0wAV)

"i‘l" 48 the low feaquency attituds numepator zoyo
U (approximatoly equal o spoed danpdng)

A tha hlgh feaguency stbltode mmorator @oroe

o ,
:“‘O‘a (apprasimatoly equal to heave danpdng)

Por tha caves presented heve,

I?\u a =08/ 000

m.,\? s 0.1 pad/sec
\An»\
e n 0L vad/sao
axaﬁ

Mame & shows & tlwme history of w~gush and the conpesponding albitude
axouraion haged on the above methoad. Any dlfloyvences botwoomn the modols
are not Alacernible Drom thase tdue hlstondeon.
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3, BPEOTRAL DDSORIPTION

The turbulence resulting from the two models were spectrally analyzed
using a fast Fourier transfomm routine and the results presentod in a variety
of ways. Irom past experience (Ref. 5) we had found that plotbing Linear
w-d(w) versus log @ provided better insights to the spectral dilstridbution
than did the usual plot of log ®(w) versus log w. This was because the
formex way of plotting showad the true proportion of spectral pover versus
Trequency while, at the same btime, utilizing & log scale for frequency.
Finally, & thixd way of presenting spectral. information is presented here:

8 plot of cumulative power fraction (L.e., the fractlon of the total power)
versus frequency as defined below. Cumulative powsr fraction, PI':

a(1F)
£ a(w) dw

/ ) d(w) Qu
<0

This is perhaps the most precise way of describing spectral power distridbution.

o=

-

Figure 3 shows comparative power spectyal density plotas of log @\m(cu)/ Qﬁ
versus Jog @ for the baseline RAE and Dryden cases. Hoth cases exhibit the
features of a typical first order low-pass Lilter, as shown by the solid
line rvopresenting ideal Dryden medel power spectra. From this figure it
is ALfficult to observe any significant dlfference in amplitude or break
frequency between the two bageline cases. Some dlsparity appears in the
randammess of the estimated power spectra for u-gust.

The same observations apply to the w-gust and the coherence botween u-
and w-gusts (Fig. 3). Thera is no appavent daifference bebween the two
modals ~— only the normal amount of randommess in the lov frequency spectral
measuremants .

A better distinetion in spectral chavacteristics is showm by the plots
of w-d{a) versus frequency shown in Flg. h. Although the alspersion in
speotral. measurements is prominent, it is possible to see more spectral power
in the vieinity of 1 md/sec in the RAY w-gust basaline case. For w-gusts,

TR~1126-1 T
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the seme difference in paver spectral density between the twe models appears
with one exception at 1.69 xad/sec. ’

Our best resolution of measured spectral power distribution came abeub
from censideration of cumulative power fraction versus frequency (sea pra-
vious definition). The three fractions of the total power to be considercd
were 0.10, 0.5Q, and 0.90%. The resulting power fraction plots are presented
in Rlg. 5 for u~- and w-gusts. Ideallued Dryden model characteristics ave
shown by a solid lina.

The spectral power in the RAE medel, clearly is centered about & highex
frequency for both gust components. The implication is that & le of thumb
for setting the dbandwidth control, NGUSTS, i.a., NGUSLS = 5%, does not
provide a half-power point equivalent to the Dryden model under the same
conditions. In fact, the rule of thumb ylelds a half-pover frequancy fox
u-gust which was higher than that fox the Dryden model by o factor of two
in this case. Most important, this is not cleaxly visible in the traditional
plot of log ¢ versus log « (Fig. 3).

¢, BSTATISTICAL DESCRIPTION

The most interesting comparisans bhetween the RAE and Dryden nodels wexe
found in the vaxious stabtistical desexiptions which were considered.

1. Probability Diatridution Munotion

The basic u~ and w-gust probability dlstribublons Lov bhoth models are
shown in Fig. 6. The scale of the probability axls was chesen such that a
noxmal Aistridution would plot as a stralght line. It is seen feonm Flg. 6
that the Dryden medel uwsed here is not porfectly Gaussian, although it should
be. The RAR model deviates further from a Gaussian distribution, but net
dramabically. We shall see a greatexr deviation from a Gavssian probabllity
distridbution foxr other RAE medel parametors considered in Sectien IXX.

* Due to the courseness of the spectral. estimates, it was not always possible
to obtain the frequency exactly at these values of the powex fractions (e.5.,
the frequency at a pover fraction of 0.15 instead of Q.10 would be obtained) .

TR-1126-1 10
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2., Time-Stationarity

v

One method used to examine statistical characteristics was to apply a
"sliding temporal window" to the turbulence samples considered. Thus over
e windovw having a duration of T seconds,various stetistical relationships
vere measured and expressed as functions of T.

The sliding window was considered to be one device for measuring the
essential features connected with wind shear. Wiandows much shortei or much
longer than predominant pilobt-vehicle response time constants should be of
lesser consequence than windows which are approximately equal to those time
constants. Naturally, the precise range of important pilot-vehicle response
time constants (or frequencies) depends upon the specific aircraft, its
configuration and flight condition, and, most importantly, upon the pilot's
closed loop structure and degree of tightness. If normal landing approach
flight path and airspeed regulation is involved, the respective crossover
frequencies will be about 0.l rad/sec and 0.3 rad/éec. The corresponding
significant window length, therefore, would presumably be about 3 to 10 sec

in duration.

Another way of interpreting window duration is its relationship to the
average duration of an approach. Suppose a landing approach normally takes
one to two minutes. We could therefore concern ourselves with statistical

properties over that pericd. The above concepts are illustrated in Fig. 7.

We shall see that such properties can vary appreciably from "steady-
state" values. Furthermore, measures of stationarity are provided by the
mean and dispersion of various statistical measurements (e.g., the variance,
kurtosis, etc.) due to sampling the turbulence via different window durations.
Convergence of the mean of the statistical measurements to a limit 1s one
‘ indication 6f stationarity. In addition, a low dispersion of the ststistical
" measurements is another indication of stationarity. Referen:e 6 contains a
more detailed discussion of conditions for stationarity of stochastic

processes.

a. Standérd Deviation. Standard deviation was the most elementary

_statistical property measured as & function of window duration. Figure 8

TR-1126-1 15
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shows rms u-gust in terms of its own average (Eﬁ) and stendard deviation (og,)
relative to the overall rms (au) for varying window duration, T. Note that

as T approaches the totel sample duration, 204.8 sec):

Trun (

-——-—)‘l

=l

O'o'u
and - —> O

u

The sample size limi%ation causes oy —> 0 as T —>1T  (e.g., the variance
of one sample is zero). If Trun were doubled then T would approach zerc as
m . - =m - .

T —>2 Trun’ but would be non-zero at T 1run' Cn the other hand, for

‘1'<:<:Trun the rms is smaller and the variability is larger. For example:

u Jon
iy qu Uu

RAE | Dryden | RAE | Dryden

8 sec | 0.7 0.6 |0.25 0.20

64 sec | 1.0 0.9 [0.20 0.15

We note that the Dryden rms ratio is somewhat smaller (i.e., Eﬁ/ou is

smaller) than the RAE rms ratio for any given window length. This is con-
sistent with the difference in half-power points noted earlier. Also, Tog
for the RAE u-gust is consistently greater than that for the Dryden u~gust,
which indicates that the RAB turbulence is less stationary than the Dryden

turbulence.

Figure 8 shows the rms dependence on window length for w-gust, and we
can observe less difference between the models than for the u~-gust. Again,

this is consistent with the spectral differences noted earlier.

b. Kurtosis. Kurtosis, a measure of the fourth order central moment,
was calculated in terms of the sliding window and was more sensitive to some

model differences than variance. Figure 9 shows comparative kurtosis for

TR-1126-1 16
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wegust and w=gust. Katoslis for a nomally dlstziovhed randam variable
should be three, and this ig the case for w- and w—gu'a'l; as 1 becomes Jlarge
for the Dryden turbulence. (Kurtosis for tbe entive Dryden medel sampl.es
wera measurad as 3.1 and 2,9 for w- and w-gusts, respoctively.) '"he mean
kwrtosis of the RAE medel was found te be larger than that of the Deyden
modod for longer duration windows bub net for shorter durations, say, less
than 16 sec. In the labber case, the mean kuwtosis was about equal. As a
result we might expect to filnd Little evidenco of so-called non-Gaussian
off'ects In the shovt texm comparved to the very long tewm or stoady state.

Another feature plotted in Mg. 9 s the variation of kurvtosis as a glven
window ls moved along the finlte duration sanples. This featwre is shown by
the vertieal bars extending from tha mean kurtosis. The variatlion in w-gust
kurtiosds bocomas vory Jdarge for short windows in the case of the RAR model.
Vo find it adlfficult to relate this stablstical festure to o specifiec time
donadn feature but belleve that Lt moy reflect the large smplitude rates
of ehange in u~gust whleh ocouwr from time to time in the NAN medel. It mey
also ralnte to the featura to be dlscussed next.

¥, Effective Wind Shear

Wind sheax was one charnctexistie of particular intorest in this study.
In previously unpublished work (Ref. T) we had dexived analybicol relation-
ghips for the Dreyden modeld to chavactorine the effeetlve change in gust
amplitnde over a glven Gime intewval (window). Kwo ways of expressing this
festure ave JLlustrated dn Flg. 10. The fivst way invelves o least squaves
36 of w(t) over a given time interval sud thus ropresents an offective rate
of change of w~gust. The second mobyie takes tho simple inexement in u over
& glven time inbarval. Bolh motries ave averaged over o finite dwration run

WR-1126-1 18
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using the sliding window ddea. Forx an infinitely long sanple of & Dryden
modeld u-gust the following relationships can be derdved:

1. TFox aL\u1 =3 g%-m .

2]
Ell. 0‘“‘- f' j ~ " _ " -

°25u1 el B A3 {h-g) -3+ e
| L
vt

A
where 3 = T
A\l

2. Tor Au, w u(tHl) - u(t)

2 2 -
\ = D -
cm)'a 0, (1 - o™

Figure 11 shows the Dirst and second paramebers plotted as o funetion of
1 foxr the RAR and Dryden turbulence modals. Breopt at small values of 1,
nelthex plot shows auy consistent differences bebweon the bwo tuwbulence
nodals .

This voneludes the comparison of the Dryden and RAE turbulence models
and the desexdiption of the speebral end statistical messures used to quantify
the choavacteristics of the turbulence models. The next soction deseribes
the effoots of porturbing euech of the RAR model input parameters in btewms
of the spockral and statisbical nmassures alyeady described.

TR-1126-1 20



0 »AE Reseline
A Dryden Raseline
A
1.5 0 A O
G A a
A
u‘:m‘ o 0
o, A
1.0
A
0.5k A
0.0 1 1 A
1.0 10-0 100.0 T
1 (sac)
2.0 -
[ RAE Basaline
i A Drydan Brsaline 0 A
1.5 0 A 0
A A
0&‘9 ") Am
o,
M a
1.0 F 0 A .
A
0.5
0.0 L 1 AT
1.0 10.0 100.0 Yiun
T (sec)

Figure 11. RMS Velocity Increments for the
Dryden and RAD Turbulence Models

TR-1126-1 21



SECTION III
EFFECTS OF VARYING THE RAE TURBULENCE MODEL PARAMETERS

The effects of individually perturbing each of the RAR model parameters
on the temporal, spectral, and statistical properties of the turbulence are
presented and discugsed in the following subsections. The pexturbations are
made with respect to the baseline setbings defined in Section I, which were
inbentionally chosen to yield Gausslan-like characteristics of the RAR
turbulence. Thus by perturbing the RAR model parameters with respect to
these noninael settings the non-Gaugsian characteristics of the RAE twrbulence
will be demonsbrabed and quanbified. The nominal. and perturbed values of ‘the
six RAE model. parameters ave shown in Table 3.

TABLE 3
BASELTNE AND PERTURBED VALURES OF THE RAE MODEL PARAMETERS

Parameter Baseline Value Perturbed Values
NGUSIS 5 gusts/sec . 2, 8 gusts/sce

ro 0.0 0.4, 0.8

R 0.7 .0.5, Q.9

HoG 800 1% 200, 2%00 Tt

oo 0.10 sec 0.05, 0.15, 0.20 sec
SIGMA 1.0 —

% The RAE parameber SIGMA is used only to set the variances of the
turbulence components. Therefore, perturbations were not analyzed.
(See Subsection LI.F.)

TR-1126~1 2a



A brief desexiption of how caclh parameter is ubilized within the RAR model
is given at the beginning of each of the following subsections, In addition,
whenever 1t s appropriste, esch parameter is quantitatively deseribed in
torms of its major impact on the attwibutes of the RAR turbulence. For exoemple,
the parametor NGUSTS primorily affects the frequoncy conbent of the twbulence
and we have therefore dubbed it the "bandwidth control." NOUSES docs, however,
have secondaxy efffcets on the stabistictld chayacteristics of the turbulenca.

Ixegpt for the subscetlon on the effects of altitude, UCE, the speckyral
and stabistical properties of the turbulence are deseribed only for the u-gust
component. This is sufficlent becaunse above DH00 £ the statistical. proper-
ties ol all three components of the RAR twrbulence ave aguivalont. Yho only
intevesting property of the RAE tuwrhulonce we discovered by oxamining the
other tuwdulence compenents is their wmsually bhigh cohevence (high with
raspoet to the Dryden model in whieh the turbulence compononts are inbention-
ally designed 4o be independent). This high coherence property is prosented
and discussed in Swseation IXL.D.

When generabting the RAR burdulence time histordes, which wore subsaguantly
spectrally and statisticnlly analyzed, the turbulence was dlways sanpleod ab
the same point in btime and, even though only M0 see time histories are shown,
the length of the sanples was always 204.8 see (2048 date points with a frawe
time of 0.10 sea). Slightly different sbsolube valuas of the speetural n,nd,/ur
statistleal chavactoristics would be obtained i the »un langbh ov the sampling
points were changed, bubt the trends in the turbulence attribubes cenneated
with the RAE model parameters xaported below showld not chanpe.

A. DANDWIDTH CONTROL, NGUSTS

The awount of high frequency power, or "bandwidih," of the RAE turbulence
is primacily controlled by the NGUSLS poroametar. NGUSES pexlounms many
Panetions within the RAE turbwlence model; hawever, its purdwmory function is
to control the numbar of new low-, mid-, and high-fregquency gusts gencratoed
each second. Thasa gusts sxe inpubs te speclal-purpose filters, and the
oubputs of the Lilbters sre then used to form the three turbulence components:
w-gust, v-gust, and w-gust. NOUSLES can take on only integor values and is

PR-1126-1 25



limited to

1 < Neusms < 1/pn

where DI is the frame time. The effects of NGUSIS on the temporal, spectral,
and statistical properties of the RAL turbulence are presented and discussed
below.

n and w-gust time histories for NGUSTS = 2, 5, and 8 gusts/sec are presented
in Fig, 12. These show that increasing NGUSTS does indeed increase the band-~
width of the turbulence., This observation is confirmed by examining the plobs
of power spectra and power fraction plotted versus frequency. An increase in
the power ab iaigher frequencies is discernidle from the power spectral density
plots, ¢ () / oﬁ and cubuu/ qi versus ®, in Figs. 13 and 14. UThe effect on spectral
pover distribubtion is best deplcted by the power fraction plot in Fig. 15.

Note thet the frequency at a power fraction of 0.90 of the total variance,
©(0.90), monotonically increases from 1.1 to 4.0 rad/sec as NGUSTS is increased
I‘rbm 2 to 8 gusts/ sec. The shift in the power fraction is not as dramatic

or consistent at lower frequencies (w(0.15) incrcased from 0.06 to 0.12 rad/
sec for NGUSTS = 5 to 8 gusbs/sec, bubt remained at 0.06 rad/sec for NGUSTS =

2 gusts/ sec). 'his indicates that increasing NGUSTS only extends the band-
widbth of the twrbulence, rather than shifting bthe entire spectrum to a higher
frequency (i.e., the low frequency power remains falrly constant as NGUSTS

is increased).

Figure 16 shows that NGUSTS did not affect the probability distribution
function (PDF) in a counsistent mammer. That is, the tails of the PN weve
altiered by NOUSTS, but the low probability tail was not changed in the sanme
mammeyr as the high probability tail. Also, neither tail was changed mono-
tonically by NGUSTS. Thus it appears that WGUSYS has an effect on the
probability distribution functions, and hence will have an effect on the
higher order moments.

Figure 17 shows that the mean Limited window standard deviation of w-gust,
T, due to NGUSTS
could be compensated for by using the intensity control parameter, SIGMA,

T, monotonically increases with NGUSTS. /The change in

as discussed in Subsection ITI.F.) The dispersion of the limited window

standard deviation of uw-gust, Iay? increases slightly as NGUSTS is increased

TR~1126~1 2
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from 2 to 5 gusts/bec, bubt L8 not noticeably altered as NGUSTS is furthex
increased from 5 to 8 gusts/sec. Thus there appeavs to be an upper bound on
the level of limited sample dispersion in % due to NGUSTS.

The mean and standard deviation of the kurtosis, Eu and Tay s Were not
consistently or significantly altered by NGUSTS, as is demonstrated in Fig. 18.

The standord deviation of the effective wind shear, 9y is presented
in FMg. 19. It is seen that Upyy WoS congistently increased as NGUSTS was
inexcased from 2 to 5 gusts/sec, but thab ayy ¢id not change consistently
as NGUSIS wos incrcased from 5 to 8 gusts/sec (un1 was inecreased at some
values of T and decwreased ab obhers).

B, PROBABILITY DISWRIBﬁfION FUNCTION CONIROL, F

The purpese of the RAE model parvamebex B is to alber the shape of the
probability distribution function (PDF) (although it is dubbed the "global
intewmittency parameter" in Ref. 1). As F is increased from its lower limit
of 0.0 to its upper limit of 1.0 the shape of the PDF changes from nearly-
Gaussian to highly non-Gaussian. The effect is to attenuabe the magnitudes
of ‘the high probability regions of the FDF and amplify the magnitudes of the
low probebility regions (i.e., the tails). ¥ also affects, to a cerbain
degrec, some of the other charvacteristics of the turbulence, which are dis-
cussed below.

Pipure 20 contains time histories of uw-gust and w-gust for three different
values of F: 0.0, 0.k, and 0.8. The time histories show that the major
effect of T is Yo eliminate many of the low-amplitude gusts and increase the
large-amplitude ones, which is the intended purpose of the ¥ parameter.

F appears to have somé small and subtle effects on the spectral charac-
teristics a8 evidenced by the power spectra and power fraction plots presented
in Figs. 21, 20, and 25. It is difficult to discern trends from the plobs
of muu(m)/wﬁ o mmuu(m)/ﬁi versus o, however, the power fraction plot of
Fig. 25 shows a consistent trend, albelt small, for the low-frequency pawer
to decrease as F is increased. Moxr example, the frequency at a power fraction
of 0.50 of the total variance, w(0.50), is decreased from 0.4 to 0.25 rad/
sec as F is increased from 0.0 to 0.8. The high freguency power, as reflected
by o{0.90), is unaffected by F.

TR~1126~1 1
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Figure 24 shows that F affects the PDF as expected; that is, increasing

F causes Lhe PDF to hecome less Gaussian~like, as evidenced by comparing the
PDFs shown in Fig. 24 to a straight line. The probability distribution
functions show that as F is increased the high probebility gusts are reduced
and the low probablility gusts are increased. This is consistent with the
observations made of the u-gust time histories shown in Fig. 20. Because

of these non-Goussian characteristics the higher order moments (e.gz., the
kurtogis) should also be non-Gaussian, '

Figure 25 shows that the limited window sbandard deviation of u-gust,
Eh, is virtually unaffected by P, but that the dispersion of the limited
window stoandard deviastion of u-gust, T’ is monotonically increased ag F
is increased from 0.0 to 0.8. Furthermore, note that %gu Tor any one value

of I is unchanged for values of T between 4 and 64 sec.

Figure 26 shows that the limited window mean kurtosis of u-gust, 6%) and
the standard deviation of ‘the kurtosis of u-gust, Oqjy s BYe only slightly
increased as F is increased from 0.0 to 0.4, but arc dramatically increased
as F is increased from 0. to 0.8. Thus F is & highly non-linear control
with respect to the kurtosis. It is seen that @, will vary between about 2.4
and 9.0 for F = 0.8, but only between about 2.2 and 4.% for F = 0.0 or 0.k

for a window length of 32 sec.

F has virtually no affect on the effective wind shear parameter, Ay »
as shown in Fig. 27.

C. DHCAY RATIO CONTROL, R

The decay ratio, R, is a parameter in the filber of the RAE model, and
is used recursively to restore the high-, mid-, and low-freguency components
of u-gust, v-gust, and w-gust to zero (refer to Ref. 1 for a more detailed
discussion). As will be demonstrated below, R affects not only the temporal
and spectral characteristics bub also the statistical characteristics.
Because of its multi-~dimensional effects on the turbulence characteristics,
it is not recommended that R be varied unless the desired spectral and sta-
tistical characteristics camnnot be obtained with a combination of NGUSTS

and P. R is limited to values greater than 0.0 and less than 1.0.
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Figure 28 contains time histories of u~gust and w-gust for three different
values of R: 0.5, 0.7, and 0.9, We see that R has a significant effect on
the magnitude of the turbulence; however, it is difficult to ascertain any
changes in the spectral or statistical properties of the turbulence solely
from time histories. The effects of R on the spectral characteristics of
u-gust are presented in Figs. 29, 30, and 31. Note that increasing R has
the effect of reducing the amount of high-frequency power. This is best
demonstrated in the power fraction plots of Fig. 31. While the effect of
R on the powver fraction of the u variance appears to be non-linear with fre-
quency, this is not the case. If, for example, the frequency at a power
fraction of 0.90, »(0.90), is plotted versus R using linear scales, it can
be seen that w(0.90) is directly proportional to R. The point is that fre-
quency content, as reflected by the power fractions, can be nearly linearly
conbrolled via the decay ratio R. However, as mentioned before, R will also

affect the statistical properties of the turbulence.

The effects of R on the probability density function (PDF) are depicted
in Fig. 32. Changing R from 0.7 to 0.5 does not have a very noticeable
effect on the PDF, but going from 0.7 to 0.9 does have a definite effect on
the low probability regions of the PDF (i.e., the "tails"). Thus we can
expect R to have an effect on the higher order moments of the turbulence.

The effects of R on the limited window standard deviation, Eﬁ, and the
dispersion of the standard deviation, Toy? of u~gust are shown in Fig. 33.
Both Bﬁ and 9oy, monotonically increase with increasing R, with the biggest
increment in both parameters occurring for R = 0.7 to 0.9. The parameter
Eﬁ can be linearly altered with the intensity control parameter, SIGMA
(see Section III.F), which as no effect on oy .

The effects of R on *th.; mean limited window kurtosis, ah, and the standard
deviation of the limited window kurtosis, ) of u-gust are shown in Fig. 34,
Eh is monotonically decreased with increasing R at low values of T Giu = 2.7
to 1.7 for R = 0.5 to 0.9, respectively at T = 4.0 sec), but is not discern-
ibly affected by R at high values of T (e.g., g, =3.5 to 31A at T = 64 sec).
Ty is not noticeably or consistently altered by R.
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R has a large effect on the standard deviation of the effective wind shear,
Pys 88 is demonstrated in Fig. 35. The effect is non-linear because the
change in Ay at all values of T was much larger for changing R from 0.7 to
0.9 than it was for changing R from 0.7 to 0.5.

D. ALTITUDD CONTROL, HOG

The albtitude parameter, HCG, affects only the w-gust component. The
low-, mid~, and high-frequency components of w-gust are linearly decreased to
zero as HCG goes from 2500 £t to 800 ft, from 800 £t to 200 ft, and from
200 £t to 50 £t above ground level, respectively. Thus w-gust is unaffected
by HCG above 2500 ft, and is zero when HCG is below 50 ft. The temporal
effects of HCG on w-gust are demonstrated in Fig. 36. The time history of
u-gust is included in Fig. 36 for comparison with the w~gust time history for
HCG above 2500 f£t. More about the comparison between these two time histories

will be said later.

From the time histories of Fig. 36, one can see that the main effect of
decreasing HCG is to reduce the amount of J.ow-frequenc;} power contained in
w-gust. This is confirmed by the power spectral density plots of Figs. 37
and 38 and the power fraction plots of w-gust versus frequency shown in
Fig. 39.

Figure 4O shows that decreasing altitude tends to increase the normalized
amplitude of low probabllity gusts. Thus w-gust will become less Gaussian
with decreasing altitude (in contradistinetion to Dryden model turbulence

where w-gust is Gaussian at all altitudes).

Decreasing HCG also decreases the total amount of power in w-gust, which
is demonstrated in the plot of the mean limited window standard deviation,
'Exw, and the dispersion of the limited window standard deviation, Oy of
w-gust shown in Fig. W1.

Figure 42 shows that the mean limited window kurtosis, EM s and the
standard deviation of the limited window kurtosis, Tty 2 of w-gust generally
increase with decreasing altitude. This is true only for T much less than the

total run length.
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Figure b3 shows that altitude hos & large and consistent effect on the
effective wind shear parameter of w-gust, N Note that g i1s monotonically
decreased with decreasing altitude.

A close comparison of the u~ and w-gust time histories shown in Fig. 36
reveals a strange feature of the RAE tuwrbulence model. There appears to be
very high correlation bebyeen u-gust and w-gust, especially for HCG > 2500 ft.
Notice that many of the large u-~- and w-gusts occur at the same point in
time, have the same shape, but occasionally are of opposite polarity (i.e.,
simply 180 degrees out of phase). We say that this feature 15 strange because
such high correlation between the turbulence components are very rare in the
Dryden model where the components are.intentionally designed to be independent.

In order to quantify the correlation described above the coherence
function between u2 and we was calculated.®

, la‘o(Jm),
%22 Yol

2 [T e
{ puawg(a)) dw

overall coherence

1t

2
[4\]
puawe( )

o
1

[

The results for HOG = 2500, 800, and 200 £t are plotted in Fig. 4. The
plots of piawg(m) versus © contain a lot of scalbter, but generally show an
increase in the coherence as altitude is incressed. The best meavure of the
uw~ and w-gust correlation is reflected by the overall coherence, pj? ; which

nonotonically increases with increasing altitude.

As a basis for comparison the coherence for a high albitude Dryden model
turbulence run was calculated (i.e., above 1750 £ so that the rms of u- and
v-gust would be about egual). The results are presented and compared to the

* The coherence of u and w did not demonstrate the high correlation because
of the occasional 180 degree phase shift between u and w noted above.
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RAE coherence in Fig. I5. Note that pi for the RAE model is much higher than for
the Dryden model. ’

The reason that so much has been said aboult the coherence is because it
is generally overlooked as a turbulence feature (as mentioned before, the
coherence of the u~ and w-gust of the Dryden model is theoretically Zero),
yet could be an important parameter when evaluating a computer-generated
turbulence model or analyzing real-world turbulence. TFor example, the
aircraft excursions resulbting from highly coherent turbulence should dbe
larger than those resulting from highly inccherent turbulence because the
aircraft is being disturbed in all three axes at the same time.

E. FRAMETIME CONTROL, DT

The frametime, DT, has strange and totally unexpected effects on the
temporal and spectral characteristics of the RAE turbulence. Unlike the
Dryden turbulence model (where the frametime will not affect the turbulence
characteristics until the break frequency of the shaping filters approaches
the Nyquist frequency), the frametime in the RAE turbulence model will affect
the characteristics of the gust characteristics if 1/DT is not an integer.
This phenomenon is demonstrated in the time historiesc and power spectral plots
shown in Fig. 46.

Visual inspection of Fig. 46 shows that the time histories for DT = 0.10,
0.20, and 0.05 seconds are virtually identical. But the time history for
DT = 0.15 seconds appears to be shifted in time and there is more high-
frequency content. This effect is difficult to see from the power spectral
plots shown in Figs. 47 and 48, but is confirmed by the power fraction
versus frequency plot shown in Fig. 49. Note that the frequency at a power
fraction of 0.90 was increased by about 1.0 rad/sec for DT = 0.15 sec but was
virtually unchanged for DT = 0.05 or 0.20 sec as compared with DT = 0.10 sec.
The low~-frequency end of the power fraction curve is about the same for all
the frametimes. The frametime did not have a noticeable effect on any of
the statistical properties of the twrbulence.

The reason for the strange effect noted above is found in the way the RAE

model is implemented. The "rise time" of the high-frequency gust component
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is expressed as an integer number of samples of the frametime,

MRT3 = (5/NGUSTS)/DT

Because of truncation, the true rise time, TRTD = MRT? ¢ DT, is incorrect
for non-integer values of 1/DT. For example, for NGUSTS = 5 and DT = 0.10,
0-20, and 0.15 sec TRT3 is;

1.0 sec for DT = 0.10 sec

]

TRTS = 1.0 sec for DT = 0.20 sec

0.90 sec for DT = 0.15 sec

F. INTENSITY CONTROL, SIGMA

The overall intensity is conbtrolled by the parameter SIGMA. The
variances of the three gusts components, u-gust, v-gust, and w-gust, all
scale linearly with SIGMA, regardless of the values of NGUSTS, F, R, HCG,
or DT. None of the other statistical, témporal, or spectral properties of
the turbulence are affected by SIGMA. It should be emphasized that, unlike
the Dryden model, the standard deviation of the RAE model turbulence is
not equal but only proportional to SIGMA.
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GECTION IV
SUMMARY AND RECOMMENDATIONS

The characteristics of the complex RAE atmospheric turbulence model have
been analyzed and presented in the foregoing sections with two main objectives.
The first was to compare the RAE model with a relatively well known form,
the Dryden model. The second objective was then to vary systematically the
RAE model parameters in order to observe their overall effect on temporal,
spectral, and statistical properties. It is important to recognize, however,
that although the numerical properties are analyzed in detail, we still do
not have a clear definition of how they impact pilot opinion.

The results of comparing the Dryden and RAE models reveal that the
spectral and statistical properties of the individuwal turbulence componeﬁ%s
can be made to appear similar if the input parameters_of the RAE model are
properly chosen. One striking difference between the two models is the high
coherence among the turbulence components of the RAE model. The high co-
herence is visible by examining the time histories of u~ and w-gust (or u-
and v-gust) and is best quantified by computing the coherence between u2 and
w2. This feature of the RAE turbulence is emphasized because the individual
components of Dryden turbulence are intentionally designed to lack coherence.
The high coherence among the components of the RAE model turbulence could

be an important feature when using it in aircraft simulation investigations.

The qualitative effect of each of the six RAE model parameters on
spectral and statistical characteristics are summarized in Table 4. Quanti-

tative effects are given in Section III.

The four most influential RAE model parameters are SIGMA, NGUSTS, F,
and R. SICGMA varies intensity directly but affects no other property of the
turbulence. NGUSTS varies bandwidth directly and ¥ veries the probability
distribution directly. R is a parameter which has strong bﬁt diverse effects

on a number of properties and should be adjusted with considerable caution,
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TABLE &

SUMMARY OF THE SPECTRAL AND STATISTICAIL EFFECTS
OF THE RAE TURBULENCE MODEL PARAMETERS

RAE Model Paremeter

Turbulence Property Bendwidth .PrObf'bll:.L“y Decay Intensity Albitude Frametime
Distribution Ratio - N
Control Control Conkrol Control Control Control
KGUSTS 7 l‘i‘ SIGMA HCG T
Remerks: Primery determinant | Primary determinant | Affects many Varies cnly the Affects w-gust No effect
of bandwidth but o, probability properties invensity but its only but impects on turbulence
also has a distribution but simultanecusly | numericel velue meny of its properties
noticeable effect has en indirect end should be does not necessarily | properties. unless integer
on intensity. effect on spectrel varied with correspond to condition is
properties. great caution. | actual rms. not met (1).
Spectral:
High Frequency Power Increase(?) No change Decrease No change Decrease Conditional
Low Frequency Power No change Decrease Decrease No change Decrease No change
Statistical:
Variance Increase No change Increase Increase Increase No change
Kurtosis No change Increase Decrease No change Decrease No chenge
Ste.ticna.rity(3) No change Decrease Decrease No change Increase Ne chenge
(1) The frametime should be set such thet 1/DT is an integer, otherwise the high frequency spectral characteristics ere affected.

properties.

Stationarity 1s reflected by the dispersion of the statistics in sampling over a limited window.

The word "increese" refers to the effects of incressing the magnitude of the indiceted RAE model perameter on spectral znd statistical
Numerical values for the smount of change cen be obtained from Section III.

Small dispersion implies high stationarity.




Porameters having effeets of lesser importance are HCG and DT. HCG,
the altitude parameter, mainly varies the intensity and frequency content of
w-gust, DI sets the turbulence frametime and & number of parameters internal
to the RAE model.

Practically speaking, we should point out that the values of RAE model
parameters are, in reality, restricted. For example, HCG is determined by
the particular aircraft altitude. Frametime, DT, must not only be compabible
with the simulation computer frametime but must also be set such that 1/DT is
an integer., From our study, the decay ratio, R, affects all turbulence
properties; therefore, we recommend that it be set at a fixed value (gbout
0.7) and not be used as a "control." NGUSTS, the bandwidth control, should
be set according to airspeed in order Lo provide a desired scale length.

(As in the Dryden model, scale length, hence NGUSTS, could also te varied
as a function of altitude.)

In view of the above parameter constraints, we are left with two primary
controls for the RAE model, SIGMA and F. SIGMA, the intensity control, is
perhaps the most fundamental determinant of turbulence effects. Certainly
for the Dryden model its influence has been shown to be paramount (Ref. 5).
The probability distribution control, F, adjusts the non-Gaussian qualities ——
the relative freguency of occurrence of large magnitude gusts. It too has
been judged important (Ref. 8), but its desired numerical value is less
well defined. BSeveral research studies have shown that the non-Gaussian
characteristics of turbulence can be guite important in a piloted simulation
(Refs. 8, 9, 10, and 11).

With only two input variables to be concerned with, an experiment could
be carried out to evaluate the RAE turbulence model in a piloted simulator.
We recommend that such an experiment be designed to compare the RAE model
with some of the other so-called non-Geussian turbulence models (Refs. 3, 3,
9, 10, and 11) in addition to comparing it with the Dryden model. As an
alternative to using a real-time piloted simulation, an experiment could be
performed using a realistic pilot model in a non-real-time environment similar
to that described in Ref. 12. This wuiald be cheaper than a real-time pilobed

simulation, and it would permit a researcher to isolate better the effects
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of the turbulence model without having to cope with unintentlional changes
in piloting techniques.

One addilbional recommendation is Lo decouple the effecets of the RAE
parameters on the turbulence characteristics, especially those of NGUSTS.
Note from TaLle 4 that changing NGUSTS increases the high-frequency power
and incrcases Lhe varleance of the turbulence. Using the results of Sec-
tlon IIT, the RAE model could be programmed in such a way that the variance
would be unaffeched by changes in NGUSTS. Also note from Lable U that I
affects the low Lrequency povwer as well as the kwrtosis and stationarity of
the turbuwlence. Howeaver, the megnitude of the low-frequency power changes
due to changing ¥ are fairly small (see Section III), and hence we do not
recommend thot any model changes be made in order to eliminate ‘this effect.
Tt is not known if it is possible (or indeed even desirable) to separate
the simullaneous changes in kurtosls and sbetlonaxity, although further
rascarch of these characteristics of abnospheric turbulence should be per-
formed. As mentioned before, the intensity control parameter, SIGMA, is
indeed an independent control in that it affecls only the turbulence

component variances.
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