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FOREWORD 

This paper is taken from Department of Transportation 
Report No. FAA-RD-74-206, December 1974, having the same 
title, authored by Neal M. Barr, Dagfinn Gangsaas, and 
Dwight R. Schaeffer. Substantiation of information pre- 
sented is provided in this report. 
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INTRODUCTION 

This paper reports an investigation performed to pro- 
vide the information for improved accuracy of low-altitude 
wind and turbulence models to be used for the certification 
by flight simulation of approach and landing guidance and 
control systems. 

recognize the requirement for a mathematical model and 
initially used only the discrete 1-cosine gust for the design 
limit case. As airplanes became lighter and more flexible, 
fatigue life became more critical and the need for a more 
accurate description became greater. This led to the appli- 
cation of the statistical power spectra. Attempts to fit a 
mathematical model to measured data began seriously in the 
late 1950s and has progressed to the point of "which model 
do I use?" 

Historically, the structural designers were first to 

Automatic controls were used initially to provide modest 
improvements of airplane stability and t:, provide guidance 
during noncritical flight phases (altitude, attitude, and 
heading hold). Automatic control authority tended to be low. 
Hence, the interaction of the control system with wind and 
turbulence was unimportant; it was not a concern for flight 
safety , 

qualities, ride qualities, and controllability, concern was 
for a qualitative, rather than quantitative, answer; that is, 
does a parameter variation (in the aircraft or control 
system) improve or degrade the particular output? A forced 
change in this philosophy occurred when the autoland systems 
began to appear in the early 1960s. The dependence upon an 
automatic landing system rather than the highly adaptive 
pilot required analytic proof that the landing would be 

For typical flight controls analysis, such as handling 
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performed with adequate safety. 
tative rather than qualitative and a gross error in the 
approach wind model could be very serious; parameters of the 
wind model have effects comparable to parameters of the air- 
craft and guidance system. 
is dependent upon demonstration of very low orders or risk 
of fatal accidents. 
validate remote probabilities of fatal accidents is 
impractical without heavy reliance upon simulation. 

The search for a low-altitude wind model, providing a 
better representation of low-altitude wind phenomena than 
provided by existing certification wind models, was princi- 
pally concerned with the region from the surface to about 
1000 feet. The model for this altitude region tends to be 
the most general and complex due to the strong dependence of 
wind characteristics upon altitude and surface terrain and 
the orientation dependence of turbulence characteristics. 
Additionally, the landing approach task is the most difficult 
and critical task for which relatively small changes of wind 
characteristics may result in large changes in maneuver 
performance. The low airspeed during approach tends to couple 
vertical motion with longitudinal wind components and longi- 
tudinal motion with vertical wind components, increases the 
nonlinearity of aircraft responses to winds, and increases 
the significance of the distribution of winds over the air- 
craft. Hence, the aerodynamic model incorporating the effects 
of winds tends also to be most general and complex. 

The main objective of the investigation was to define a 
model suitable for certification. A model for design must be 
simplified to reduce the wind model parameters to enable 
evaluation of a large number of aircraft and control system 
design parameters. 

The problem is now quanti- 

Certification of autoland systems 

Obtaining adequate statistical data to 



The studies were concerned with the "average" airport, 
although it is recognized that the "average" airport may not 
exist. 
unique characteristics of any particular airport for the 
certification of an aircraft that will land at many different 
airports. 
unique operating procedures and terrain features and does not 

It is both impractical and undesirable to represent 

"Average" airport is used in regard to possible 

imply 1 1  average" winds at the "average" airport. 

Consideration is not for the wind alone, but for air- 
craft responses in wind environments, so  the investigation 
included the representation of aerodynamic forces due to 
winds and a brief analysis of the effects of winds on air- 
craft motion. 

No original work on the description of low-altitude 
winds is intended. The wind model is a combination of the 
work of others. The structure of the model has been 
parameterized to enable incorporation of new material and 
updating of parts without discarding the entire model. 

are conflicting descriptions. Some descriptions are based 
on undocumented data collection, analysis techniques, and 
test conditions. Some general considerations used for 
selecting one among competition descriptions are: 

For virtually every aspect of low-altitude winds there 

Weight of evidence 
Physical and intuitive reasonableness 
Substantiation 
Existing specifications, when the choice appears 
arbitrary 
Compatibility with the description of other 
parameters 
Validity of the assumptions 
Avoidance of descriptions providing unreasonable 
discontinuities 
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Analytic descriptions of wind phenomena are presented. 
Where possible, a deterministic description is preferred in 
the presumption that all physical processes have cause-and- 
effect relationships. When relationships are too complex to 
permit quantitative understanding or when deterministic 
descriptions are impractical, probabilistic descriptions are 
used, with the statistical parameters defined deterministically 
as much as possible. 

For those parameters defying analytic description, 
probabilistic descriptions have been sought. Probabilistic 
descriptions were first sought from the literature. For 
those aspects not well defined by the literature, descriptions 
have been sought by reducing and evaluating tower data. 

motion has been conducted to gain an appreciation of what 
needs to be modeled. The axes transformations required 
between wind and turbulence components in their inherent axis 
system and in the airplane's axis system are shown. Tech- 
niques of providing a random process on computers for the 
representation of turbulence are presented. A simulation 
model is presented that combines all the foregoing components. 

A brief analysis of the effects of winds on aircraft 
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NOMENCLATURE 

b 

cP - 
C 

d 

e 

f 

GU , Gv , Gw 

H 

h 

hREF 

hI 

k 

L 

Wing span 

Specific heat at 'constant pressure 

Mean chord 

Atmospheric boundary layer thickness 

Exponential function 

Coriolis parameter, f = 2oE sin A 

Contribution of nonneutral atmospheric 
stability to the mean wind 

Fundamental longitudinal and transverse 
correlation functions for isotropic 
turbulence, respectively 

Filters for producing u, v, and w 
components of turbulence 

Acceleration due to gravity 

Contribution of atmospheric stability 
to mean wind caused by variation of 
shear stress 

Heat flux, positive upward 

A1 t i tude 

Reference altitude 

Altitude above which turbulence is 
isotropic 

von Karman constant, k = 0 . 4  

Longitudinal isotropic turbulence 
integral scale 
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LH’Lv 

LP pLN 

R , R ‘  

Ri’ Ri20 

Ri j 

Integral scales for horizontal and 
vertical turbulence components 

Longitudinal and transverse integral 
scales for turbulence components 
parallel and normal to the displacement 
vector, respectively 

Integral scales corresponding to the 
longitudinal, transverse, and vertical 
turbulence components, respectively 

Monin-Obukov scaling length and Monin- 
Obukov scaling length modified by ratio 
of eddy conductivity to eddy viscosity 

Distance from the wing-body aerodynamic 
center to the tail aerodynamic center 
along the x body axis, positive aft 

Frequency response amplitude 

Inertial body axis roll rate 

Effective roll rate of the air mass due 
to turbulence relative to the earth 

Inertial body axis pitch rate 

Dynamic pressure 

Effective body axis pitch rate due to 
turbulence with respect to the earth 

Richardson‘s number and that at 20-foot 
a1 t i tude 

Correlation for the i and j turbulence 
components 

r Inertial body axis yaw rate 
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+ r Displacement vector 

rA 

T r 

- 
rw)rw 

uA 

U 
A~~ 

'UN 

U~ ) U ~ T G  

UTT*IL 

Yaw ra te  re la t ive  t o  the a i r  mass 

Effective body axis yaw ra te  due t o  
turbulence re la t ive  t o  the earth 

Effective yaw ra t e  due to  the wind and 
mean wind re la t ive  t o  the earth 

Laplace transform variable 

Absolute temperature 

T i m e  

Ine r t i a l  l inear  velocity along the 
x body axis 

Friction velocity (shear stress/density 
density)'l2 and that a t  the surface 

Linear velocity w i t h  respect t o  the a i r  
mass along the x body axis 

Component of airspeed along the 
x turbulence generation axis 

Turbulence velocity paral lel  and normal 
t o  the displacement vector 

Linear turbulence velocity along the 
x body axis and the x turbulence 
generation axis re la t ive  to  the earth 

uT a t  the t a i l  

Linear velocity of the wind and mean 
wind with respect t o  the earth along 
the x body axis 
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V 

vA 

VT VTTG 

- 
vw Jw 

W 

wA 

WT 

ww ww 

zO 
a 

B 

Y 

e 

Mean wind speed and that  a t  20-foot 
a l t i t u d e  

Total a i r  speed 

I n e r t i a l  l inear  velocity along the 
y body axis r e l a t ive  t o  the ear th  

Linear velocity with respect t o  the 
a i r  mass along the y body axis 

Linear turbulence velocity along the 
y body axis and the y turbulence 
generation axis r e l a t ive  t o  the earth 
a t  the center of gravity 

Linear velocity of the wind and mean 
wind along the y body axis r e l a t ive  t o  
the ear th  

I n e r t i a l  l inear  velocity along the 
z body axis 

Linear velocity along the z body axis 
r e l a t ive  t o  the a i r  mass 

Linear turbulence velocity along the 
z body axis r e l a t ive  t o  the ear th  

Linear velocity of the wind and the 
mean wind along the z body axis 
r e l a t ive  t o  the ear th  

Surface roughness length 

Angle of a t tack 

Sideslip angle 

Glide slope 

Euler pi tch angle 
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x 

xl , x2 

-k 
5 J 5  

*i 

*H , *V 

2 
*i j 

T 

Three-dimensional spectrum function for 
the i and j turbulence components 

Latitude 

Turbulence wavelength along the x and 
y axis 

Position displacement vector and 
magn it ude 

Standard deviation for parameter i 

Standard deviation of horizontal and 
vertical turbulence 

Standard deviations of the u, v, and 
w components of turbulence 

Covariance between the i and j 
turbulence components 

Time displacement 

Shear stress and that measured at the 
surface 

Input and output power spectra 

One-dimensional power spectrum for 
parameter i 

One-dimensional spectrum function for 
the i and j turbulence components 

Random noise power spectrum 

Isotropic one-dimensional spectrum 
functions for uN and up 

One-dimensional power spectra for 
components of turbulence along the x, 
y, and z axis 
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One-dimensional cospectrum for 
components of turbulence along the 
x and z axPs 

Universal function of h/R' defining 
nondimensional wind shear : 

4 Euler bank angle 

LQ 

w 

Two-dimensional spectrum function for 
the i and j turbulence components 

Euler heading angle 

Heading to which the mean wind is 
blowing 

Spacial frequency vector and spacial 
frequency magnitude 

Component of spacial frequency along 
the x axis 

Temporal frequency, rad/sec 

Angular velocity of the earth 

Note: Dotted terms refer to derivatives with respect to time. 
Overbar indicates an average. Other terms defined 
where used. 
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W I N D  MODELS FOR FLIGHT SIMULATOR CERTIFICATION OF 
LANDING AND APPROACH GUIDANCE AND 

CONTROL SYSTEMS 

Mun wind 

Wind phenomena are  classed as being mean wind, turbu- 
lence, and d iscre te  gusts.  Mean wind and turbulence are  
s t a t i s t i c a l  parameters tha t  appear together with turbulence 
being a random deviation of wind velocity about the mean. 
Distinction between the mean wind, which eventually i s  
variable given enough time o r  space, i s  made on a frequency 
basis using the Van der Hoven bimodal wind speed spectrum 
(Fig. 1). 

Discrete gusts are  determinist ic phenomena caused by 
localized t e r ra in  o r  atmospheric inhomogeneities of which 
there a re  an i n f i n i t e  number of p o s s i b i l i t i e s .  So long as 
conditions of reasonably homogeneous t e r ra in  and atmospheric 
features o r  r e s t r i c t ions  on the proximity t o  homogeneities 
a re  j u s t i f i e d ,  consideration of d iscre te  gusts i s  unnecessary. 

Turbulence 

(Y E 

FIGURE 1 - SCHEMATICSPECTRUM OF WIND SPEED NEAR THE GR-OUND 
ESTIMATED FROM A STUDY OF VAN DER HOVEN 119571 
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MEAN WIND 

Analytic Description 

The mean wind is characterized by: 
0 Zero vertical component 
0 Zero wind speed at the surface 
0 Invariant with altitude above the atmospheric 

boundary layer 

The mean wind model having the greatest acceptance, 
both theoretically and empirically, is that developed from 
dimensional analysis. The parameters involved are: 

= mean wind shear auW 
ah 
T = shear stress 

p = atmospheric density 

C = specific heat at constant pressure 

h = altitude 
P 

g = gravitational acceleration 

H = heat flux 

T = absolute temperature 

= lapse rate aT xi 
This inclusive list assumes: 

0 Pressure gradients are invariant with altitude, at 

0 Viscous forces dominate pressure and Coriolis forces. 
0 The flow of air is fully rough so that molecular 

least over a sufficiently constrained region. 

viscosity is not a significant parameter. 
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The parameters appear in the combinations 

UJ; =v$ = friction velocity 

kh avW = nondimensional shear i i pw  
(k=0.4=von Karman's constant) 

Dimensional analysis then predicts 

where (P(h/R) is some specific function. 

density are invariant with altitude for a sufficiently con- 
strained altitude region. Then 

It is additionally assumed that shear stress and 

where 

zo = the altitude at which the mean wind speed 
formally goes to zero 
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The scal ing length ,  2 ,  i s  d i f f i c u l t  t o  measure due t o  
the  d i f f i c u l t y  of measuring the  heat  f l u x ,  so  an a l t e r n a t e  
scal ing length ,  A', i s  introduced: 

This a l t e r n a t e  scal ing length i s  equal to  the  dimensional 
analysis  scal ing length mul t ip l ied  by the  r a t i o  of eddy 
conductivity t o  eddy v i scos i ty  and i s  assumed t o  be a 
constant ,  implying tha t  there  is  a one-to-one re la t ionsh ip  
of the  wind and temperature shears independent of a l t i t u d e .  

The a l t e r n a t e  scal ing length can be r e l a t ed  t o  a more 
conventional and s t i l l  more e a s i l y  measured parameter 
r e f l ec t ing  atmospheric s t a b i l i t y ,  Richardson's number: 

Richardson's number i s  a nondimensional r a t i o  between the  
mechanical wind shear t h a t  tends t o  d isplace  a i r  and the  
buoyancy force ,  which may damp o r  amplify t h i s  tendency. 
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Richardson's number thus g ives  r ise  t o  t h e  no t ion  of atmos- 
pher ic  s t a b i l i t y ,  a dynamic concept: 

Ri,  h/R' > 0 -+ aT  > 25 ; s t a b l e  (weak lapse o r  invers ion)  
cP 

a T  = = -0.00536"R/ft; n e u t r a l  O + z  6- Ri, h/R' = 

( a d i a b a t i c  lapse)  

Given t h e  n a t u r e  of @ ( h / R ' ) ,  t h e  v a r i a t i o n  of  Ri i s  known 
wi th  a l t i t u d e  and Ri could be used i n  place of h /R ' .  How- 
ever, it i s  s i m p l e r  t o  use h/R' a s  i t  varies l i n e a r l y  with 
a l t i t u d e .  
an i n d i r e c t  means of computing R .  

The g r e a t e r  ease involved i n  measuring Ri provides 

I n v e s t i g a t o r s  have examined @(h/R')  f o r  d i f f e r e n t  
regions of s t a b i l i t y .  For n e u t r a l  s t a b i l i t y  @(h/R ' )  = 1 and 

o r ,  a f t e r  an axis system s h i f t  t o  provide vw = 0 a t  h = 0 ,  
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For n e u t r a l  s t a b i l i t y ,  t h e  shear  i s  inver se ly  propor t ional  
t o  a l t i t u d e  and t h e  mean wind i s  descr ibed by the  logar i thmic  
p r o f i l e .  
l a r g e r  f o r  g r e a t e r  roughness. zo = 0.15  f o o t ,  as provided by 
the  B r i t i s h  s p e c i f i c a t i o n ,  and i s  r e p r e s e n t a t i v e  f o r  autoland 
a p p l i c a t i o n s .  

hmF, the  f r i c t i o n  v e l o c i t y ,  u;ko, may be found from t h e  
equation f o r  t h e  mean wind p r o f i l e :  

The t e r m  zo r e f l e c t s  su r face  roughness and i s  

I f  t h e  mean wind, VmF, i s  known a t  some a l t i t u d e ,  

- kVREF 
UJ; - 

O lni REF+Zo zO 1 
For a given wind speed a t  hmF an inc rease  i n  roughness 
length ,  z o ,  i s  r e l a t e d  t o  an inc rease  i n  f r i c t i o n  v e l o c i t y ,  
which i n  t u r n  provides an inc rease  of t h e  shear  a t  every 
a l t i t u d e ,  a decrease i n  wind speed f o r  h < hmF, and an 
inc rease  i n  wind speed f o r  h > hmF. 

from t h e  f i r s t  two t e r m s  o f  a Taylor series expansion about 
n e u t r a l  s t a b i l i t y :  

For  near  n e u t r a l  s t a b i l i t y ,  4(h/R')  may be est imated 

a '  = cons tant  

Thus, 

which is  t h e  l o g- l i n e a r  mean wind p r o f i l e .  For s t a b l e  
condi t ions (h/R' > 0 ) ,  t h e  effect  of s t a b i l i t y  appears t o  
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cause an inc rease  i n  t h e  mean wind speed and shea r .  
condi t ions  appear  t o  cause a decrease i n  t h e  shear  and mean 
wind speed. 

For t h e  l o g- l i n e a r  p r o f i l e ,  f r i c t i o n  v e l o c i t y  can be  
determined from the  mean wind speed a t  a given a l t i t u d e  by 

Unstable 

S tab le  condi t ions r e s u l t  i n  a decrease and uns tab le  con- 
d i t i o n s  r e s u l t  i n  an inc rease  of  f r i c t i o n  v e l o c i t y .  

and t h e  nondimensional wind shear  gives 
Combining the  e f f e c t s  of s t a b i l i t y  on f r i c t i o n  v e l o c i t y  

S t a b l e  condi t ions cause t h e  shear  t o  be  g r e a t e r  than f o r  
n e u t r a l  condi t ions  above some a l t i t u d e ,  but  less than t h e  
n e u t r a l  s t a b i l i t y  shear  below t h a t  a l t i t u d e .  The reverse i s  
t r u e  f o r  uns table  condi t ions .  

For near  n e u t r a l  s t a b i l i t y ,  t h e  cons tant  R '  can be 
determined by knowing Richardson's number a t  some a l t i t u d e ,  

hREF ' 
h/R' =Ri@(h/R1) = R i ( l  + a ' h / R ' )  , h / R ' < < l  

R .  R, 
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The general form of the  mean wind p r o f i l e  may be 
reformulated t o  represent  the  contr ibution of neu t ra l  con- 
d i t ions  plus the increment due t o  nonneutral conditions : 

where 

Different  inves t igators  have developed expressions f o r  
the mean wind shear f o r  various regions of s t a b i l i t y .  For  
unstable conditions : 

+(h/R') = 1 2' , s m a l l  negative Ri 
1 - 6'Ri1' 

6 '  = constant 

- 
- 4 / 3  - h  aVw 

ah , s t rong i n s t a b i l i t y  

A form t h a t  matches the logarithmic, log- l inear ,  and 
the above t w o  expressions i s  the KEYPS equation: 

Y' = 2 6 '  = 4a' = constant 

This form has been adopted along with y '  = 1 8 ,  which i m p l i e s  
a' = 4 . 5 ,  values i n  good agreement with measurements. The 
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corresponding re  l a  t ions h i p  between nondimens i o n a l  a1 t i  tude 
and Richardson ' s number i s  

An e x p l i c i t  expression f o r  t h e  mean wind shea r  and, conse- 
quent ly ,  t h e  mean wind speed i n  t e r m s  of h/R' cannot be  
found, bu t  such a r e l a t i o n s h i p  can be  determined numerical ly .  

been found t o  hold f o r  s u r p r i s i n g l y  l a r g e  values of  h /R ' ;  
f o r  very s t a b l e  cond i t ions ,  knowledge i s  poor.  The b e s t  
expression found f o r  very s t a b l e  condi t ions  i s  

For s t a b l e  cond i t ions ,  t h e  l o g- l i n e a r  r e l a t i o n s h i p  has 

(P(h/R') = ( 1 + a ' )  

which once again r e s u l t s  i n  a shear  i n v e r s e l y  p ropor t iona l  
t o  a l t i t u d e .  The corresponding mean wind p r o f i l e  is  

For h/R' >1, Richardson's number and nondimensional a l t i t u d e  
are r e l a t e d  by 

h/R' = ( l + a ' ) R i  

Combining t h e  d e s c r i p t i o n s  of $(h/R')  adopted provides 
t h e  nondimensional shea r  as a func t ion  of h /R ' ,  as shown i n  
Figure 2 .  The corresponding func t ion  f ( h / R ' )  f o r  t h e  mean 
wind equat ion i s  shown i n  F igure  3 .  The combined r e l a t i o n-  
sh ips  between h/R' and Ki are shown i n  Figure 4 .  

(geostrophic wind) i s  t h a t  which remains i n v a r i a n t  wi th  
The wind above t h e  edge of  t h e  boundary l a y e r  

x 
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Nondimensional shear, 

- 
-2.0 -1.5 -1.0 - .5 0 0.5 1 .o 

Nondimensional altitude, h/P' 

FIGIJSE 2.- SELECTED NONDIMENSIONA L SHEAR DESCRIPTION 
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su r face  condi t ions  and atmospheric s t a b i l i t y  i n  t h e  boundary 
l a y e r .  
r e l a t i o n s h i p s  between winds near  t h e  su r face  and above t h e  
boundary l a y e r  are poor.  
wind condit ions t o  t h e  geos t rophic  wind, t h e  wind p r o f i l e  i s  
ex t rapo la ted  from low- al t i tude  winds. The American s tandard  
f o r  a i r p o r t  wind measurement i s  20 feet .  The e x t r a p o l a t i o n  
of winds and shears  based on wind speeds a t  20 feet  i s  per-  
formed through t h e  determinat ion of f r i c t i o n  v e l o c i t y :  

There are l i t t l e  d a t a  on geostrophic winds, and 

Rather than r e l a t i n g  low- a l t i tude  

Figure 5 shows f r i c t i o n  v e l o c i t y  t o  con t inua l ly  
decrease f o r  inc reas ing  s t a b i l i t y .  
Figure 2 ,  i s  cons tant  f o r  h/R' > 1. Thus, t h e  s h e a r ,  given 

The nondimensional s h e a r ,  

by 

must decrease f o r  h/R' > 1. 

Richardson's number measured a t  another  a l t i t u d e  d i f f e r e n t  
from 20 f e e t ,  bu t  s i n c e  t h e  choice appears a r b i t r a r y ,  1 / R '  

i s  determined from Figure 4 f o r  Richardson's number measured 
a t  20 f e e t .  The d e s c r i p t i o n  provided thus far  s t i l l  s u f f e r s  
from a r e s t r i c t i o n :  
are v a l i d  only over t h e  a l t i t u d e  region  f o r  which shea r  
stress d i f f e r s  i n s i g n i f i c a n t l y  from t h a t  a t  t h e  surface. 
I n s i g n i f i c a n t  v a r i a t i o n s  of t h e  shea r  stress have been 
va r ious ly  est imated t o  occur up t o  65 t o  650 f ee t ,  s i g n i f i -  

c a n t l y  less than t h e  o b j e c t i v e  of  1000 f e e t .  

The s c a l i n g  l eng th ,  R ' ,  may be determined f o r  

t h e  dimensional a n a l y s i s  d e s c r i p t i o n s  

A t  p rogress ive ly  
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FIGURE 5 - MEAN WIND PROPORTIONALITY CONSTANT 
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higher  a l t i t u d e s ,  a progress ive ly  g r e a t e r  overest imation of  
the  mean wind speed and shear  occur;  the  d e s c r i p t i o n  of t h e  
mean wind never does provide a cons tant  mean wind with 
a l t i t u d e  above t h e  boundary l a y e r .  A mechanism f o r  a d j u s t i n g  
t h e  d e s c r i p t i o n  has been found through desc r ip t ions  of  shear  
stress ( f r i c t i o n  v e l o c i t y )  v a r i a t i o n s  throughout t h e  boundary 
l a y e r .  

a t  t h e  boundary l a y e r  (where shea r  stress i s  zero) using a 
Taylor ser ies ,  expressions f o r  f r i c t i o n  v e l o c i t y  v a r i a t i o n s  
wi th  a l t i t u d e  and f o r  t h e  boundary l a y e r  depth,  d ,  a r e  
developed: 

By expanding shear  stress wi th  a l t i t u d e  about condi t ions  

ujr - - u7k (1 - h/d) 
0 

d = uj; /5 .35 f 
0 

where 

f = C o r i o l i s  parameter 

= 2 w E  s in  

wE = angular  v e l o c i t y  of t h e  e a r t h  

A = l a t i t u d e  

Most of t h e  United S t a t e s  and a major i ty  of  the  world 
a i r p o r t  a c t i v i t y  l ies  between 30" and 50" l a t i t u d e ,  so  a 
f i x e d  l a t i t u d e ,  A = 4 0 " ,  i s  adopted f o r  determining t h e  
boundary l a y e r  depth.  Then ~ 

d = 2000 u7k 
0 

To incorpora te  the  shear  stress v a r i a t i o n  i n t o  t h e  
mean wind d e s c r i p t i o n ,  t h e  assumption t h a t  the  shear  i s  
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propor t ional  t o  f r i c t i o n  v e l o c i t y  a t  t h e  su r face  i s  dropped, 
and it  i s  assumed t h a t  t h e  shear  i s  p ropor t iona l  t o  t h e  l o c a l  
level of f r i c t i o n  v e l o c i t y .  Then, 

The shear  now smoothly decreases  t o  zero a t  t h e  edge of t h e  
boundary l a y e r  wi th  inc reas ing  a l t i t u d e .  Near t h e  s u r f a c e ,  
where h /d  0 ,  t h e  cons tant  shear  stress model i s  unaffec ted .  

The corresponding expression f o r  t h e  mean wind speed i s  

The func t ion ,  g(h/R') ,  (Fig.  6) i s  der ived from 
f ( h / R ' ) .  It i s  always p o s i t i v e ,  i s  equal  t o  one f o r  n e u t r a l  
s t a b i l i t y ,  and inc reases  wi th  inc reas ing  s t a b i l i t y .  

P r o b a b i l i s t i c  Descript ion 

The a d d i t i o n a l  parameters r equ i red  t o  complete t h e  
d e s c r i p t i o n  of t h e  mean wind speed and mean wind shear  are 
s p e c i f i c a t i o n s  f o r  wind speed and Richardson's number a t  a 
20-foot a l t i t u d e .  

Based on Weather Service r e p o r t s  a t  U . S .  a i r p o r t s ,  a 
d e s c r i p t i o n  of a i r p o r t  wind speeds has  been developed t h a t  
descr ibes  10-minute averages measured each hour f o r  10  yea r s .  
The d a t a  w e r e  taken p r i o r  t o  e s t a b l i s h i n g  20 f e e t  as a 
s tandard  anemometer h e i g h t ,  so  anemometer he igh t s  v a r i e d  
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widely from a i r p o r t  t o  a i r p o r t .  From d a t a  f o r  132 U.S. a i r -  
p o r t s ,  d a t a  w e r e  s e l e c t e d  from 2 4  si tes  where anemometer 
he igh t s  v a r i e d  from 20 t o  35 f e e t  wi th  an average he igh t  of 
about 26 f e e t .  The remaining s i t e s  have anemometers 
loca ted  from above 35 t o  120 f e e t  above t h e  ground and w e r e  
considered t o  be too high t o  r ep resen t  wind speeds a t  20 
fee t .  I n  developing a composite d e s c r i p t i o n  f o r  a l l  24  air-  
p o r t s ,  t he  d i s t r i b u t i o n s  from each s i t e  w e r e  weighted 
equa l ly .  The r e s u l t i n g  d e s c r i p t i o n s ,  Figure 7 ,  provide f o r  
8 knots exceeded 50% of the  t i m e  and 2 2 . 7  knots  exceeded 1% 
of t h e  t i m e .  For 39 of t h e  s a m e  132 s i t e s ,  d a t a  f o r  t h e  wind 
speed d i s t r i b u t i o n  when v i s i b i l i t y  w a s  less than 0 .5  m i l e  
(prepared by t h e  Weather and F l i g h t  Service S t a t i o n  Branch of 
t h e  FAA) are presented .  For low v i s i b i l i t y ,  wind speeds are 
much lower than f o r  clear cond i t ions ;  f o r  low v i s i b i l i t y ,  
4 . 5  knots  i s  exceeded 50% of t h e  t i m e  and 14 knots  i s  
exceeded 1% of t h e  t i m e .  

From t h e  da ta  f o r  t h e  2 4  U.S. a i r p o r t s ,  d i s t r i b u t i o n  of 
wind components along and across  runways w a s  developed, 
assuming t h e  runway i s  a l igned t o  t h e  p r e v a i l i n g  wind. 
Crosswinds from t h e  l e f t  and r i g h t  w e r e  found t o  be  equal ly  
l i k e l y .  The d i s t r i b u t i o n  of crosswind magnitude, Figure 8 ,  
provides f o r  exceeding a 5-knot crosswind 50% of t h e  t i m e  and 
a 19-knot crosswind 1% of t h e  t i m e .  y e n  t h e  d i s t r i b u t i o n  of 
crosswinds i s  p l o t t e d  f o r  both p o s i t i v e  and negat ive  cross-  
winds, t h e  d i s t r i b u t i o n  i s  c l o s e l y  Gaussian (s tandard 
devia t ion  equal  t o  6 .5  k n o t s ) ,  wi th  devia t ions  from a 
Gaussian d i s t r i b u t i o n  occurr ing  i n  t h e  t a i l s  (1.65 s tandard 
devia t ions  from zero crosswind).  
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FIGURE a -TOTAL CROSSWIND INFORMATION COMPILED FROM 
24 US. AIRPORTS 

The distribution of down runway components is also 
closely Gaussian (Fig. 9) with a mean and standard deviation 
of 1 and 7 knots, respectively. 
component in the direction of the prevailing wind is 59%. 
The distribution for the magnitude of the component of mean 
wind aligned to the runway (Fig. 10) provides for 5 knots 
exceeded 50% of the time and 19 knots exceeded 1% of the time. 

The probability of a wind 
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D i s t r i b u t i o n  of mean wind shea r s  w a s  a l s o  inves t iga ted .  
Dis t r ibu t ions  w e r e  much broader near  t h e  s u r f a c e  than a t  

h igher  a l t i t u d e s ,  conforming t o  t h e  a n a l y t i c  d e s c r i p t i o n .  
The in t roduc t ion  of atmospheric s t a b i l i t y  i n t o  t h e  mean wind 
d e s c r i p t i o n  i n  such a way t h a t  wind shears  inc rease  wi th  
inc reas ing  s t a b i l i t y  (up t o  a p o i n t ) ,  as w e l l  as wi th  wind 
speed and t h e  f ind ing  t h a t  atmospheric s t a b i l i t y  i s  i n v e r s e l y  
r e l a t e d  t o  wind speed, in t roduce  confusion as t o  whether 
maximum shear s  occur a t  high wind speeds where s t a b i l i t y  i s  
c l o s e  t o  n e u t r a l  o r  a t  low wind speeds where s t a b i l i t y  i s  
high.  
occur a t  t h e  most s t a b l e  l a p s e  r a t e s  and a t  low wind speeds 
(both average and maximum wing shears  decrease monotonically 
wi th  inc reas ing  wind speeds a t  high wind speeds ) ,  c o n f l i c t i n g  
wi th  commonly employed wind models t h a t  assume n e u t r a l  
s t a b i l i t y  and increas ing  shears  wi th  wind speed, thus empha- 
s i z i n g  t h e  importance of atmospheric s t a b i l i t y  as a mean wind 
parameter. 

The l i t e ra tu re  w a s  n o t  product ive f o r  descr ib ing  
d i s t r i b u t i o n s  of atmospheric s t a b i l i t y ,  so  p r o b a b i l i t y  
d i s t r i b u t i o n s  were generated by reducing d a t a  from towers 
loca ted  a t  Cedar H i l l s ,  Texas, and Cape Kennedy, F l o r i d a .  
The d i s t r i b u t i o n s  f o r  the  two s i tes  d i f f e r e d  s u b s t a n t i a l l y  
(Fig .  11) , with t h e  Cedar H i l l s  d a t a  being more s t a b l e .  
Evaluat ion of t h e  climatology and wind c h a r a c t e r i s t i c s  of t h e  
two s i tes  l e d  t o  t h e  conclusion t h a t  t h e  Cape Kennedy 
s t a b i l i t y  d a t a  w e r e  more r e p r e s e n t a t i v e  of average a i r p o r t  
condi t ions .  Consequently, t h e  Cape Kennedy d a t a  w e r e  
s e l e c t e d  f o r  use  wi th  t h e  model. Although t h e  Cape Kennedy 
d a t a  r e f l e c t e d  t h e  lesser s t a b i l i t y ,  over 70% of t h e  cases a t  
t h e  s i t e  were s t a b l e  (versus 90% of t h e  cases a t  Cedar H i l l s ) .  

atmospheric s t a b i l i t y  and near- surface  wind speed can be seen 

Data from t h e  l i t e r a t u r e  show t h e  g r e a t e s t  shears  

Tne s t rong  interdependence between t h e  d i s t r i b u t i o n  of 

22 1 



f1.5 

f l  .o 

f 0.8 

*O.E 

f 0.4 

0 
cy .- 
a *O.i 
2- 
5 fO.lE 
C 

c 
Y) 

f O . l [  E 
.- 5 
= lto.01 

m 

f 0.a 

f0.Q 

f 0.0: 

*Q.Ol! 

*o.o 

FJGURE 11 -PROBABILITY OF EXCEEDANCE OF Ri FOR ALL WIND SPEEDS 

222 
1 

! 



i n  Figure 1 2 .  Although t h e  atmospheric s t a b i l i t y  d i s t r i -  
but ion  narrows s u b s t a n t i a l l y  about n e u t r a l  condi t ions  a t  
inc reas ing  wind speeds,  t h e  d i s t r i b u t i o n  remains s i g n i f i -  
c a n t l y  broad a t  high wind speeds.  The d a t a  i n  Figure 1 2  
w e r e  f a i r e d  and ex t rapo la ted  t o  account f o r  t h e  r e l a t i v e l y  
s m a l l  da ta  sample (one s i t e  f o r  t h r e e  years  wi th  near-calm 
wind speed condit ions excluded) and have been cross  p l o t t e d  
a t  cons tant  20- foo t- a l t i tude  wind speeds i n  Figures  13 ,  14 ,  
and 15.  

The mean wind speed and atmospheric s t a b i l i t y  d i s t r i -  
but ion  curves may be used by (1) def in ing  wind speed/ 
s t a b i l i t y  regions and ass igning  average va lues  of wind speed 
and Richardson's number t o  each region;  (2) by s imula t ing  
t h e  a i r c r a f t  f o r  each wind speed/Richardson's number combi- 
n a t i o n ;  and (3) by combining t h e  r e s u l t s  of t h e  s imula t ion  
according t o  t h e  joint ;  p r o b a b i l i t i e s  of each region .  
A l t e r n a t e l y ,  t h e  s imula t ion  may be used t o  de f ine  random 
combinations of mean wind speed and Richardson's number. 
A random number genera to r ,  providing a uniform d i s t r i b u t i o n  
between zero and one, i s  used t o  determine two random 
numbers. 
equal  t o  one of the  random number genera tors  i s  found. The 
Richardson's number a s soc ia ted  wi th  t h e  exceedance proba- 
b i l i t y  f o r  the  mean wind speed determined equal  t o  t h e  second 
random number i s  found. The Richardson's number and mean 

A mean wind speed a t  an exceedance p r o b a b i l i t y  

wind speed then determine t h e  mean wind speed and shea r  
p r o f i l e s .  When t h i s  process  i s  repeated ,  t h e  j o i n t  d i s t r i -  
but ion  of wind speed and Richardson's number i s  reproduced. 

Applicat ion t o  Aerodynamics 

In o rde r  t o  determine t h e  aerodynamic fo rces  and 
moments, t h e  mean wind m u s t  be  r e so lved  i n t o  body a x i s  com- 

ponents,  an a x i s  system a t t ached  t o  t h e  a i r p l a n e .  The 
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t ransformation requ i red  i s  presented  i n  Figure 16  and depends 
on t h e  o r i e n t a t i o n  of t h e  a i r p l a n e ' s  body a x i s  wi th  respect 
t o  the  wind, def ined by t h e  Euler  yaw, p i t c h ,  and r o l l  
angles  and t h e  d i r e c t i o n  t o  which t h e  wind i s  blowing 
(negat ive of  conventional wind heading) .  
wind heading presents  an a d d i t i o n a l  mean wind parameter t h a t  
must be known a t  each a l t i t u d e .  A v a r i a t i o n  of wind heading 
wi th  a l t i t u d e  (heading shear )  has an e f f e c t  on t h e  shear  t h a t  
t h e  a i r p l a n e  sees t h a t  i s  added t o  t h e  mean wind speed shear  
e f f e c t .  

The in t roduc t ion  of 

Analyt ic  desc r ip t ions  f o r  t h e  v a r i a t i o n  of wind heading 
wi th  a l t i t u d e  have been i n v e s t i g a t e d ,  but  these  desc r ip t ions  
lack  empir ica l  suppor t .  A small  amount of heading shear  
p r o b a b i l i t y  d i s t r i b u t i o n  da ta  was found i n  t h e  l i t e r a t u r e .  
The d a t a  i n d i c a t e  a major i ty  of heading shears  are wi th in  
+3"/100 f e e t  and a g r e a t e r  tendency t o  r o t a t e  counter-  
clockwise whi le  approaching t h e  su r face .  The tower d a t a  
used t o  determine t h e  atmospheric s t a b i l i t y  d i s t r i b u t i o n  
w e r e  a l s o  evaluated f o r  heading shea r  information. D i s t r i -  
but ions  tended t o  be l a r g e r  near  t h e  su r face  but  constant  
above about 150 f e e t .  No c o n s i s t e n t  t r end  of t h e  p r o f i l e  
shapes could be found. Heading shear  w a s  found t o  be 
uncorre la ted  wi th  both wind speed and atmospheric s t a b i l i t y .  
I n  order  f o r  t h e  heading shear  t o  be  s i g n i f i c a n t ,  t he  wind 
speed must a l s o  be l a r g e  (body a x i s  shear  components involve 
t h e  combination vw dvw/dh on ly ) .  
a l a r g e  heading shear  and wind speed shear  i s  s u f f i c i e n t l y  
remote and t h e  information f o r  spec i fy ing  t h e  v a r i a t i o n  of 
wind heading wi th  a l t i t u d e  i s  s u f f i c i e n t l y  poor so t h a t  a 
r e p r e s e n t a t i o n  of wind heading dependence upon a l t i t u d e  i s  
n o t  a t tempted;  t h e  wind heading i s  assumed t o  remain constant  
and equal  t o  t h a t  a t  t h e  su r face .  

The p r o b a b i l i t y  of having 

The d i s t r i b u t i o n  of wind 
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heading a t  t h e  su r face  w a s  developed from wind roses  f o r  t h e  
same 24 s i tes  used t o  determine t h e  wind speed d i s t r i b u t i o n  
and i s  presented i n  Figure 1 7 .  

d i spers ions  are a t t r i b u t e d  i s  t h e  long i tud ina l  wind shear  
component. Considerable l i t e r a t u r e  has been w r i t t e n  on the  
s u b j e c t ,  but  c o n f l i c t i n g  conclusions are provided. Some 
p r e d i c t  a headwind shear  w i l l  cause an overshoot ,  whi le  
o t h e r s  p r e d i c t  an undershoot. Some of  t h e  d i f f e rences  o f  
opinion can be a t t r i b u t e d  t o  d i f f e r e n t  t r i m  and opera t ion  
procedures.  However, i t  i s  concluded t h a t  one of two a i r -  
planes can overshoot while  t h e  o t h e r  undershoots due t o  a 
wind s h e a r ,  even i f  both are operated i n  the  s a m e  manner. 

a t t i t u d e  ( 0 )  a t  which t o  t r i m  t o  hold a given g l ides lope  ( y ) :  

A major f a c t o r  t o  which long i tud ina l  touchdown 

The e f f e c t  of a s teady wind i s  t o  a l t e r  t h e  p i t c h  

where Tw = 0 i s  a ta i lwind.  
g l ides lope ,  t h e  p i t c h  a t t i t u d e  must be increased  by 
(vw/V,)y from t h a t  f o r  s t i l l  a i r  and t h e  t h r u s t  increased  by 
A(thrust)  = W A 0 ,  o r  t h e  a i r p l a n e  w i l l  touch down s h o r t .  

a l t i t u d e  and the  headwind decreases  wi th  a l t i t u d e ,  t h e  p i t c h  
a t t i t u d e  must be decreased throughout t h e  approach and t h r u s t  
correspondingly decreased,  o r  else t h e  a i r p l a n e  w i l l  touch 
down long due t o  t h e  a t t i t u d e  e f f e c t .  

There i s  a l s o  a second e f f e c t  of a wind shea r .  If t h e  
approach i s  t o  be  performed a t  cons tant  a i r speed ,  changes i n  
the  wind speed must be matched wi th  changes i n  t h e  i n e r t i a l  
speed. To provide i n e r t i a l  a c c e l e r a t i o n ,  t h r u s t  must be 
changed by 

For a headwind and a negat ive  

If  the  a i r p l a n e  i s  trimmed f o r  a headwind a t  a high 
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W(VA+vw) dTw 
dh 
- A(thrus t )  5 

g 

For a headwind t h a t  diminishes during an approach 

and t h r u s t  must be  increased  o r  t h e  touchdown w i l l  be s h o r t .  
The combination of t h e  a t t i t u d e  and a c c e l e r a t i o n  

e f f e c t s  i s  

- 
AT Avw + (VA + Vw) dVw 
w ? Y -  vA g -ai 

So long as  the  magnitude of t h e  wind inc reases  with a l t i t u d e  
and t h e  a i r p l a n e  i s  trimmed f o r  t h e  high a t t i t u d e  wind, t h e  
two terms have oppos i te  s i g n s .  For a i rp lanes  wi th  low a i r -  
speeds,  t h e  a t t i t u d e  e f f e c t  tends t o  dominate. For a given 
a i r p l a n e ,  t h e  a c c e l e r a t i o n  effect  w i l l  be  s t ronger  a t  lower 
a l t i t u d e s  where t h e  shear  i s  r e l a t i v e l y  s t rong  compared t o  
t h e  t o t a l  change of wind speed. This eva lua t ion  presumes 
t h e  a i r p l a n e  i s  con t ro l l ed  i n  an open-loop manner. The 
a b i l i t y  t o  a t t a i n  closed- loop c o n t r o l ,  e i t h e r  by t h e  p i l o t  
o r  t h e  autoland system, depends i n  p a r t  upon t h e  open-loop 
s t a b i l i t y  of t h e  a i r c r a f t - a u t o l a n d  system. 

Airplane s t a b i l i t y  i s  a f f e c t e d  by the  wind shea r :  
aerodynamic fo rces  and moments are dependent on t h e  
components of  wind speed, motion i s  dependent on aerodynamic 
fo rces  and moments, and the  components of wind speed are 
dependent on a i r p l a n e  motion. I f  t h e  aerodynamic charac- 
t e r i s t i c s  can be considered t o  be  concentrated a t  t h e  cen te r  
of g r a v i t y ,  only long i tud ina l  s t a b i l i t y ,  p r i n c i p a l l y  phugoid 
o r  long per iod  s t a b i l i t y ,  i s  a f f e c t e d  by wind shea r s .  
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A headwind shea r  can e i t h e r  s t a b i l i z e  o r  d e s t a b i l i z e  t h e  
phugoid, depending on t h e  c h a r a c t e r i s t i c s  o f  t h e  a i r p l a n e ' s  

s t a b i l i t y  d e r i v a t i v e s .  I f  a headwind shear  has s t a b i l i z i n g  
e f f e c t s ,  a t a i lwind  has d e s t a b i l i z i n g  e f f e c t s ,  and vice 
versa. 

The effects of  a wind shea r  may no t  be  adequately 
represented  by considering t h e  aerodynamic c h a r a c t e r i s t i c s  
t o  be concentrated a t  t h e  c e n t e r  of g r a v i t y .  
change of  wind speed wi th  a l t i t u d e ,  t h e r e  i s  a d i s t r i b u t i o n  
of wind speed over t h e  ver t ica l  t a i l  t h a t  introduces a 
r o l l i n g  moment. When t h e  a i r p l a n e  i s  d is turbed  from zero 
p i t c h  a t t i t u d e  and wings l e v e l ,  t h e  d i f f e r e n t  p a r t s  of t h e  
a i r p l a n e  i n  t h e  plane of t h e  wings w i l l  5e a t  d i f f e r e n t  
a l t i t u d e s  and t h e r e  w i l l  be a d i s t r i b u t i o n  of wind speed 
about t h e  a i r p l a n e  and a corresponding change i n  the  d i s t r i -  
but ion  of l i f t .  

Due t o  t h e  

The d i s t r i b u t i o n  of wind about t h e  a i r p l a n e  may w e l l  
be represented  as being l i n e a r  i n  t h r e e  dimensions. 
components of wind a t  some poin t  ( x , y , z )  are represented  by 

Then t h e  

- - avw avw avw + -  x +- y +-  Z ax a Y  az vw = v 
' C G  

aFw a i w  a i  
x +- y +-  w Z  

- - 
a Y  az w = w  + -  

'CG ax W 

The d e r i v a t i v e  of body a x i s  wind components are 
express ib le  i n  terms of t h e  mean wind shear  and can b e  
i n t e r p r e t e d  as e f f e c t i v e  angular  components of wind. For 
example, t h e  d i s t r i b u t i o n  of t h e  l a te ra l  component of wind 
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about the v e r t i c a l  dimensions of the f i n  appears as a r o l l  
r a t e ,  which generates a ro l l ing  moment proportional t o  the 
f i n ' s  contribution t o  the r o l l  r a t e  derivative of ro l l ing  
moment . 

Linear analysis predicts  tha t  the dis t r ibuted l i f t  
e f fec ts  of the mean wind shear appear primarily for  l a t e r a l -  
di rect ional  motion. These e f fec ts  are  due t o  the headwind- 
tailwind component o f  the shear. The wind shear a l t e r s  a l l  
of the la te ra l- d i rec t iona l  s t a b i l i t y  charac ter i s t ics ,  but 
the sens i t iv i ty  of the charac ter i s t ic  roo t s  t o  
a re  configuration dependent. 

Representation of the dis t r ibuted l i f t  e 
only reason for  computing the mean wind shear 
a l t i t u d e .  I f  the dis t r ibuted l i f t  e f fec ts  can 

wind she 

f f ec t s  i s  
a t  each 
. be shown 

a r  

the 

t o  
be ins igni f icant ,  the computation of the shear can be l e f t  
out of the simulation. 

TURBULENCE 

Analytic Description 

For unstable atmospheric conditions, amplified d i s -  
placement of a i r  par t ic les  from t h e i r  i n i t i a l  positions due 
t o  buoyancy forces cannot increase without bound. Turbulence 
i s  the mechanism.by which the e f fec ts  of i n s t a b i l i t y  a re  
constrained through the mixing of hot ,and cold a i r  pa r t i c l e s ,  
which produces equilibrium local ly .  
disappearance of turbulence with changing atmospheric 
s t a b i l i t y  involves a hysteresis  e f f e c t ,  but i t  i s  predicted 
to  occur a t  the c r i t i c a l  Richardson's number, re la ted  t o  the 
log- linear mean. wind p ro f i l e  constant: 

The appearance and 

- - - -  I - 0.222 for  a '  = 4.5 a '  Ri CRIT 
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The equations of motion for turbulence have been 
developed from the Navier-Stokes equations, but the severe 
nonlinearity of these equations has prevented their solution. 
Even if they could be solved, it is questionable as to 
whether they could be practically applied. 
vations relating to these equations, some characteristics 
have been determined: 

From obser- 

0 

0 

0 

0 

0 

0 

Turbulence transports energy from large eddies, 
where it is generated mechanically and thermally to 
smaller eddies until it is finally dissipated 
viscously. 
Turbulence can only occur nonlinearly in three 
dimensions. 
Turbulence is diffusive and far more efficient for 
the transport of mass, momentum, and heat 
properties than molecular motion. 
Turbulence is a continuum having a smallest 
dynamically significant scale much larger than 
molecular or intermolecular dimensions. 
Turbulence is approximately an equilibrium 
phenomenon for homogeneous terrain having very low 
rates of change of kinetic energy. 
The diffusive, continuous, and equilibrium charac- 
teristics tend to produce homogeneity for turbulence 
in a horizontal plane, 

Using these properties of turbulence, a statistical 
The basic statisti- description of turbulence is developed. 

cal function is the average product of two turbulence 
components measured at two points of time and space, the 
correlation function: 
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+ + When rl = r2 (measured at the same point in space) and 
tl = t2 (measured at the same time), the correlation function 
becomes the covariance. When, in addition, i = j , the 
correlation function is the variance. 

By invoking homogeneity (turbulence properties 
independent of absolute position in space) and stationarity 
(turbulence properties independent of absolute time), the 
parameters reduce to just the displacements in position and 
time between the measured components: 

T = t2 - tl 

By additionally applying Taylor's hypothesis (frozen 
field concept), which assumes airplanes fly at speeds large 
compared to turbulent velocities arid their rates of change, 
the time displacement can be related to a component of the 
position displacement, leaving statistical turbulence 
properties defined only in terms of space. 

three-dimensional spectrum function by applying the Fourier 
integral : 

The correlation function can be transformed into the 

+ 
The parameter R is the spacial frequency vector having 

units of rad/ft and is related to distance as temporal 
frequency in rad/sec is to time. 
reversed by the inversion formula: 

The transformation can be 
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-co 

-?- 

When E = 0 ,  the correla t ion function becomes the 
covariance and the spectrum function can be seen t o  be the 
d is t r ibut ion  of the covariance with spacial  frequency: 

-co 

Simulation of turbulence can be performed only by a 
temporal process, but only one component of spacial  
frequency ( tha t  i n  the direct ion of f l i g h t )  can be re la ted  
t o  time o r  temporal frequency through Taylor's hypothesis, 
w = QIV*. 
component associated with the coordinate i n  the direction of 
f l i g h t  (@(a,>)  integration of the spectrum function over the 
other t w o  Components i s  performed. Then 

To obtain a spectrum function i n  terms of the 

-aJ 

Important charac ter i s t ics  of the one-dimensional 
spectrum function, Q i j  ( i l l ) ,  have been derived by Batchelor 
for  the special  case of isotropic  turbulence, f o r  which the 
s t a t i s t i c a l  properties of turbulence are  invariant  with 
coordinate system rotat ion o r  t ranslat ion.  
tha t  there were but two  one-dimensional spectrum functions: 
one f o r  t w o  pa ra l l e l  longitudinal turbulence components 
(components aligned t o  the vector separating them), Qpp(Q1), 
and one for  pa ra l l e l  transverse components (components 

Batch'elor showed 
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normal to the vector separating them), Q, (52 ) .  A l l  spectra 
for orthogonal components are zero. The variances for all 
components are equal. The two spectra are related by 

NN 1 

Determination of one of 
provides the other. 

the isotropic spectrum functions 

Corresponding to the two spectrum functions are two 
nondimensional (divided by variance) scalar correlation 
functions: one, f(<), for two parallel longitudinal 
components, and the other, g(E), for two parallel transverse 
components, which are also interrelated: 

The fundamental correlation functions are analogous to serial 
correlation functions. 

A measure of the average eddy size, the integral scale 
may be determined from the fundamental correlation functions: 

m 
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For a separation distance, 5 ,  equal to the integral 
scale, the area under the corresponding correlation function 
is divided into equal parts. 
between the fundamental correlation functions, it can be 
shown 

Through the relationship 

Lp = 2 L N  

The integral scales provide means for normalizing 
distance. 
are universal functions. The one-dimensional spectrum 
functions must correspondingly have the form 

It is then postulated that f(</Lp) and g(</LN) 

Qii(R1) = 0 ii G ( L ~ , L ~  fill , 

That is, spacial frequency appears only in combination with 
the integral scales. 

Theory and empirical investigation have led to 
additional requirements for the isotropic one-dimensional 
spectra: 

0 The high frequency asymptotes (excluding viscous 
dissipation) of the spectra are of the form 
Qii("l> .., fi - 5 / 3  
transverse-to-longitudinal spectrum equal to 4 / 3  at 
high frequencies. 

This leads to a ratio of the transverse-to- 
longitudinal spectrum equal to 1 / 2 .  

0 Isotropic spectra must be symmetric about fil = 0 .  

A number of isotropic spectra forms have been- proposed. 
The best-known forms for aeronautical applications are the 
Dryden and von Karman forms, presented with related functions 
in Figure 18. 

This leads to a ratio of the 

0 The low-frequency asymptotes are frequency invariant. 
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Van Karman 

Longitudinal correlation function: 

Transverse correlation functions: 

Longitudinal onedi mensional power spectr um : 

Transverse onedimensional power spectrum: 

Energy spectrum: 

Drf initions : 

a *  1.339 

FIGURE 18 - VON KARMAN AND DRYDEN CORRELA7ION AND SPECTRA FUNCTIONS 
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The Dryden form is simpler and is based on an expo- 
nential shape of the fundamental correlation functions. The 
Dryden function fails to meet the high-frequency requirement. 

The von Karman forms result from a curve fitting 
expression for the energy spectrum and satisfy a l l  isotropic 
requirements. In numerous investigations the von Karman 
forms have been shown to be superior to the Dryden forms. 
The von Karman one-dimensional spectra are those accepted for 
the model. 

Although high-altitude turbulence is well represented 
by isotropy, low-altitude turbulence is clearly nonisotropic. 
Specifically: 

0 The statistical functions describing the field of 
turbulence are not invariant with coordinate 
rotation; variances of turbulence components are not 
equal and the longitudinal and transverse integral 
scales vary with coordinate rotations. 

geneity with altitude; the variances and integral 
scales of turbulence vary with altitude. 

0 Low-altitude turbulence exhibits a lack of homo- 

0 A non-zero correlation between turbulence in the 
direction of the mean wind and vertical turbulence 
has been found. Isotropic turbulence requires zero 
correlation between orthogonal components. 

There are, however, limited conditions of isotropy found 

0 At sufficiently high spacial frequencies (short 
to hold for low-altitude turbulence: 

separation distances), low-altitude turbulence is 
isotropic. This is referred to as "local isotropy" 
and requires the high-frequency spectrum asymptotes 
to be invariant with coordinate rotations. 
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e The ex i s t ence  of a s i n g l e  non-zero c o r r e l a t i o n  
func t ion  between the downwind and vert ical  compo- 
nents  of  turbulence i s  compatible wi th  h o r i z o n t a l  
i so t ropy  ( invar iance  of t h e  h o r i z o n t a l  s t a t i s t i ca l  
funct ions  wi th  r o t a t i o n s  of t h e  a x i s  system i n  t h e  
h o r i z o n t a l  p lane ) .  Horizontal  i so t ropy  must be 
viewed as an approximate c h a r a c t e r i s t i c  f o r  low- 
a l t i t u d e  turbulence ,  f o r  t h e  var iance  of h o r i z o n t a l  
turbulence perpendicular  t o  t h e  mean wind i s  
f r equen t ly  r epor ted  as being somewhat g r e a t e r  than 
t h e  var iance  of t h e  component i n  t h e  d i r e c t i o n  of  
t h e  mean wind. 

The s p e c t r a  t h a t  have been developed s p e c i f i c a l l y  f o r  
l o w  a l t i t u d e  tend t o  be f o r  s m a l l  reg ions  of  a l t i t u d e  near  
t h e  su r face  and do n o t  tend t o  f u l l  i so t ropy  a t  h igher  a l t i -  
tudes .  A f r equen t ly  employed technique t h a t  i s  employed i n  
t h i s  r e p o r t  i s  t o  adopt i s o t r o p i c  s p e c t r a  f o r  low a l t i t u d e  
by permi t t ing  t h e  var iances and i n t e g r a l  scales t o  be 
d i f f e r e n t  f o r  each component. The von Karman spectra are 
used. These low- al t i tude  forms become: 

2 
OU Lu 1 

1 + (1.339 Lufil) 

1+8 /3 (1 .339  Lvfil) 

1 + (1.339 Lvbll) 

2 

QU(fil) = 

5 2L 
Qv(fil) = 2T 

v v  

2 1 + 8/3(1.339 Lwfil) 2 
Ow 4, 

1 + (1.339 LW") 
Qw(") = 2* 
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These spec t ra  were o r ig ina l ly  wr i t t en  i n  t e r m s  of the  longi-  
tudinal  i n t e g r a l  s c a l e ,  which i s  t w i c e  the  transverse 
i n t e g r a l  s ca l e  f o r  i sot ropy,  so  Lv and \ must be redefined 
as twice the  area under the  corresponding cor re la t ion  
functions,  

Although a cross spectrum, Quw, has been found t o  e x i s t ,  
i t  has been concluded t h a t  the  cross spectrum has a s i g n i f i -  
cant magnitude only a t  frequencies too low t o  be important. 

Simulator Representation of Turbulence Spectra 

The spec t ra  i n  terms of temporal  frequency a r e  obtained 
by subs t i t u t i ng  Ql = w/VA (Taylor 's hypothesis) and by 
requir ing the  variance t o  be the  same i n  e i t h e r  domain: 

Then 

Qi(w> = - 1 Qi [ Ql = +- ) 
vA 

When a random var iab le  i s  modified by a t r ans fe r  function,  
the output spectrum i s  given by 

where : 

Qo(w) = output spectrum 

M(w)  = amplitude frequency response of the  t r ans fe r  
function 

@,(w) = power spectrum of the  random function o r  noise 
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Turbulence i s  represented by finding a t ransfer  function such 
that  

where the output frequency response i s  equal t o  tha t  desired. 
When white noise i s  used, (PN = 1 by def ini t ion.  
match a desired power spectrum, i t  i s  only necessary t o  f ind - 

a t ransfer  function with a frequency response equal t o  the 
square root of the spectrum. 

spectra with l inear  t ransfer  functions ( f i l t e r s )  due t o  
exponents of frequency tha t  are noneven integers ,  s o  an 
approximation i s  sought. 

mation t o  a power spectra i s  t o  require the contribution of 
each incremental frequency range t o  the variance t o  be 
correct fo r  the frequency range i n  which the a i rplane 's  
response i s  important. Directly p lo t t ing  @(w)  versus w 

lacks resolution over the en t i r e  frequency range. P l o t s  of 
w @ ( w )  versus log (w) provide the necessary resolution and the 
area under such a curve i s  also equal t o  the contribution t o  
the variance : 

Then t o  

It i s  not possible t o  exactly reproduce the von Karman 

The s igni f icant  c r i t e r i a  fo r  evaluating an approxi- 

L- 

The va l id i ty  of t ransfer  functions representing spectra may 
be assessed by comparing plots  of t h i s  type for  the t ransfer  
function frequency response squared and the power spectrum. 
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Filters exactly duplicating the Dryden spectra are 
often assumed to match the von Karman spectra well for rigid 
airplane responses even though it is conceded the Dryden 
spectra are not substantiated by theory and empirical 
evidence. This is seen not to be true in Figure 19, for the 
Dryden spectra provide greater contributions to the variance 
than the von Karman spectra by as much as 25% at frequencies 
where contributions to the variance are greatest. 
mate filters that do a much better job of matching the 
von Karman spectra are presented in Figure 20 (where the 
corresponding mechanization is also shown). Comparisons of 
the filters in Figure 20 with the von Karman spectra are 
shown in Figures 21 and 22. 

software (digitally), There are several methods available, 
each with different shortcomings. 

approximately random and the noise spectrum is only approxi- 
mately flat and equal to one. 
white noise consists of three main steps: 

Approxi- 

The white noise may be generated by either hardware or 

When the noise is generated digitally, it is only 

The digital generation of 

Random numbers having a uniform distribution between 
0 and 1 are generated. 
From the uniform distribution, the distribution 
assumed to hold for turbulence is generated. 
The noise thus far produced will have a unit vari- 
ance and a spectrum amplitude of At/27~ (At = frame 
time or sampling interval) no matter what distri- 
bution is used in 2). To provide white noise for 
which the spectrum amplitude is one, the output 
from 2) is multiplied by ~~. 

Turbulence velocities within a single patch of turbu- 
lence are assumed to form a Gaussian distribution. Although 
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the distribution of turbulence velocities for the sum of all 
turbulence patches have been shown to be non-Gaussian, this 
is not inconsistent with a Gaussian distribution for a single 
patch of turbulence. 

Turbulence Scale and Magnitude 

The simulator model for turbulence in Figure 20 lacks 
definition of the variances and integral scales. 
measurements and theory for these statistical parameters of 
turbulence are measured in an axis system aligned to the 
mean wind. 

Dimensional analysis leads to a description of the 

The 

vertical turbulence standard deviation for unstable 
conditions 

D and C are constants 

For neutral conditions where the nondimensional shear 
at the surface (kh/u,) /3vw/2h), is 1, 

is well accepted. For extremely unstable conditions, the 
nondimensional shear is negligible and the equation reduces 
to 
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The cons tan t ,  D ,  i s  w e l l  represented  by 1 . 7 ,  hence 

- 
- -  O

w 
- 13[j "' - 2.236 

UJ: -K) 

kh 

The nondimensional shea r  has  been descr ibed as a 
funct ion  of h/R' on ly ,  so aw/uJ; i s  a l s o  completely descr ibed 
by h /R ' .  For near  n e u t r a l  condi t ions  and s l i g h t l y  s t a b l e  
condi t ions ,  t h e  shape of oW/u* versus  h/R' has  been made t o  
match t h a t  of measured da ta .  The s tandard  dev ia t ion  of 
ver t ica l  turbulence i s  reduced abrup t ly  beginning a t  
h/R' = 1, above which t h e  nondimensional shea r  i s  cons tan t ,  
t o  a w / ~ 7 k  = 0 a t  h/R' = 1 . 2 2 ,  which corresponds t o  t h e  
c r i t i c a l  Richardson's number (RiCRIT = 0.222).  
d e s c r i p t i o n  f o r  ow/uJc i s  presented  i n  F igure  23. 
cedure f o r  computing t h e  ms level of turbulence ve r t i ca l  t o  
t h e  e a r t h  i s :  

The combined 
The pro- 

L 

UJ; /k 

'20 

0 - 

determined f o r  t h e  mean wind model U - 
'20 

UJr 

0 
UJC 
- = 1 - !I, as determined from t h e  mean wind model 

d 

d = 2000 u* , a s  determined f o r  the mean wind model 
0 

J 
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Nondimensional altitude, h/P' 

FIGURE 23 - O J U .  VARIATION WITHSTABILITY 

The s tandard  dev ia t ion  f o r  ver t ica l  turbulence i s  
descr ibed as being propor t ional  t o  the  mean wind speed a t  
20 f e e t ,  as  decreasing and f i n a l l y  disappearing wi th  
inc reas ing  atmospheric s t a b i l i t y ,  and as tending toward zero 
as  a l t i t u d e  approaches t h e  boundary l a y e r .  The v a r i a t i o n  of 
0 

s t a b i l i t y  condi t ions i s  shown i n  Figure 24. 

of h o r i z o n t a l  components of turbulence have n o t  had good 
empir ica l  support .  A t  t h e  s u r f a c e ,  t h e  magnitudes of the  
h o r i z o n t a l  components are s i g n i f i c a n t l y  g r e a t e r  than magni- 
tude of t h e  v e r t i c a l  component wi th  t h e  component i n  t h e  
d i r e c t i o n  of t h e  mean wind f requen t ly  r epor ted  as g r e a t e r  
than the  hor izon ta l  component normal t o  t h e  mean wind. The 

wi th  a l t i t u d e  f o r  d i f f e r e n t  su r face  wind and atmospheric 
W 

Dimensional ana lys i s  r e l a t i o n s h i p s  f o r  t h e  var iances 
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da ta  do n o t  i n d i c a t e  any c l e a r  r e l a t i o n s h i p  between t h e  
var iances  f o r  the  h o r i z o n t a l  turbulence components bu t  do 
show them t o  be approximately equa l ,  so  h o r i z o n t a l  i so t ropy  

(ou = o 
turbulence c h a r a c t e r i s t i c s  according t o  whether turbulence 
components are v e r t i c a l  o r  h o r i z o n t a l .  
change of nomenclature i s  adopted: 
% replaces Lw, oH r ep laces  ou and ov, and LH rep laces  
Lu and L, ( subsc r ip t s  H and V refer t o  h o r i z o n t a l  and 
v e r t i c a l  components). 

between turbulence components a-ligned t o  the  mean wind and 
turbulence components a l igned t o  o t h e r  a x i s  systems. 

It i s  assumed t h a t  t h e  h o r i z o n t a l  components of turbu- 
l e n c e  have variances €hat change i d e n t i c a l l y  wi th  s t a b i l i t y .  
Q u a l i t a t i v e l y ,  t h i s  i s  n o t  c o r r e c t ,  b u t  any o t h e r  quant i-  
ta t ive  desc r ip t ions  based on t h e  information i n  hand would 
be j u s t  as a r b i t r a r y  but  more complex. 
s tandard dev ia t ion  f o r  h o r i z o n t a l  turbulence may be  descr ibed 

Lu = Lv) is  assumed. This enables descr ib ing  

A corresponding 

V’ 

aV replaces  ow, 

The change i n  nomenclature a i d s  i n  d i f f e r e n t i a t i n g  

- -- 

A s  a r e s u l t ,  t h e  

by 

A t  t he  su r face  oH/oV = 2 i s  a good compromise of the  
Above a s u f f i c i e n t l y  h igh  a l t i t u d e  where complete d a t a .  

i so t ropy  begins ,  hI ,  oH/oV = 1. 
t o  descr ibe  t h e  v a r i a t i o n  of oH/oV wi th  a l t i t u d e ,  so an 
i n t e r p o l a t i o n  equat ion ,  

There is  l i t t l e  information 

1 , h > h  - I  
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1 
0.177 + 0.823 * h' hl 

- - ( 1.0 ,hAhl  
OU, O" 5 [ 
Ow O w  

FIGURE 25 - SELECTED DESCRIPTION FOR VARIANCES OF 
HORIZONTAL TURBULENCE COMPONENTS 
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w a s  developed t h a t  is  q u a l i t a t i v e l y  s i m i l a r  t o  o t h e r  v a r i -  
a t i o n s  proposed. 

e x i s t s  (hI) range from 300 t o  2500 feet .  
i s  an extreme. 
adequately suppor table ,  and provides i n t e g r a l  scales 
comparable wi th  o t h e r  models. 

by dimensional ana lys i s  t o  have t h e  form 

Implied estimates f o r  the  a l t i t u d e  above which i so t ropy  
The l a t t e r  number 

A value of  hI = 1000 feet  i s  chosen, i s  

The i n t e g r a l  scale f o r  v e r t i c a l  turbulence i s  p red ic ted  

That i s ,  t h e  vert ical  turbulence i n t e g r a l  scale i s  l i n e a r l y  
r e l a t e d  t o  a l t i t u d e  with the  p r o p o r t i o n a l i t y  cons tant  
dependent upon s t a b i l i t y .  

t i o n a l i t y  constant  i s  apparent ly weak, a t  l e a s t  f o r  a wide 
range of s t a b i l i t y  condi t ions ,  and i s  assumed t o  be cons tant .  
E s t i m a t e s  f o r  B range from 0.125 t o  g r e a t e r  than 4 ,  with  
most estimates centered about 0 . 5  and 1. Unit proport ion-  
a l i t y  i s  assumed. 
l i t e r a l  d e f i n i t i o n  of i n t e g r a l  scale equal t o  t h e  i n t e g r a l  
of t h e  c o r r e l a t i o n  funct ion  r a t h e r  than t h e  r e d e f i n i t i o n  of 
twice t h a t  a r e a .  
s i s t e n t  wi th  t h e  u n i t  p r o p o r t i o n a l i t y  assumed f o r  t h e  
r e d e f i n i t i o n .  
Lv = 1000 feet f o r  h > 1000 feet .  

parameter f o r  which knowledge i s  poores t .  It may b e  der ived 

from the  condi t ion  of  l o c a l  i so t ropy  a t  low a l t i t u d e s ,  which 
can be shown t o  r e q u i r e :  

The atmospheric s t a b i l i t y  dependence of t h e  propor- 

The estimates about 0 .5  may be f o r  the  

Hence, t h e  estimates of 0 . 5  may be con- 

In keeping wi th  i so t ropy  about 1000 f e e t ,  

- 
The i n t e g r a l  scale f o r  h o r i z o n t a l  turbulence i s  t h e  

3 

LH = (:) I+ 
(Fig.  26) 
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h [ '," (.";-)3 [0.177+0.823h/hl]l.2 ,h<h, 
Lu - 

h l h ,  

hPL" 

h, .= Altitude above which turbulence is isotropic 

L /hi, Lu/hl = LJhl 

FIGURE 26 - SELECTED INTEGRAL SCALE DESCRIPTION 
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This description provides a horizontal turbulence integral 
scale greater or equal to that vertical turbulence. At the 
surface, LH = 8 Lv. Above 1000 feet, where isotropy is 
assumed to exist, the integral scales are equal. These 
characteristics are in agreement with observations. 

Turbulence Axis Systems 

There is an inconsistency in the turbulence model 
developed: 
aligned to the airplane's velocity with respect to the air 
mass and the standard deviations and integral scales are for 
turbulence components aligned with respect to the plane of 
the earth and the mean wind heading. Both sets of components 
can, in general, coincide only for an observer whose position 
with respect to the earth is fixed. 

axis systems consists of transforming the variances and 
integral scales from the mean wind axis system to the axis 
system attached to the relative wind where the spectra shapes 
are known. 
the relative wind axis and transformed to the body axis. 
Transformations for the integral scales and variances have 
been developed, but are quite complex. Complete tensor 
transformations have been developed and reveal that when the 
airplane's relative velocity is not aligned to the mean wind 
and when wings are nonlevel, nonnegligible cospectra exist 
in the body axis (components of body axis turbulence are 
correlated). Since the power spectra shapes are in general 
not known in the mean wind axis system and the cospectra 
forms are not known for a body axis system, the exact method 
cannot be performed. 

Errors from approximate methods were examined. It was 
revealed that for low-altitude turbulence, it is much more 

the power spectra are for turbulence components 

One exact approach for resolving the differences in 

Turbulence components would then be generated in 
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important t o  have the correct  alignment for  the variances 
and in tegra l  scales than fo r  the spectra shapes. The 
greates t  e r ror  i n  the spectra magnitude a t  any frequency fo r  
turbulence normal t o  the airplane tha t  can occur due t o  
misalignment of the spectra shape i s  a factor  of 2 ,  while 
the greates t  e r ro r  possible due t o  misalignment of the 
s t a t i s t i c a l  parameters i s  a fac tor  of 64. The best  compro- 
mise found was t o  generate turbulence i n  an axis system 
tha t  i s  in  the plane of the ear th  but aligned t o  the heading 
of the  a i rplane 's  r e l a t ive  velocity vector with the f i l t e r s  
i n  Figure 20 and the specified r m s  levels and integral  
scales.  The components of turbulence are  then transformed 
t o  the body axis system. The transformation required i s  
presented i n  Figure 1 6 .  

Amlication t o  Aerodynamics 

When the a i r c r a f t  can be  adequately represented as 
though the aerodynamic forces and moments were concentrated 
a t  the center of gravi ty ,  turbulence af fec ts  forces and 
moments through the computation of body axis ve loc i t ies  
r e l a t ive  t o  the a i r  mass: 

vA 
- 

= v - v w , v w = v  +VT W 
- 

= w - ww,ww = ww + W T  WA 
2 2 2 

= UA +VA +WA 

u,v,w = i n e r t i a l  velocity components along the 
x ,  y ,  and z body axis coordinates 

= components of airplane velocity r e l a t ive  uA VA WA 
t o  the a i r  mass 
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% vw ww = components of wind relative to the earth 

uw vw ww = components of mean wind relative to the - - -  

earth 

uT vT wT = components of turbulence velocities relative 
relative to the earth 

The relative velocity components are used to determine 
the parameters, which in turn determine the aerodynamics 
forces and moments: 

a = tan-' 2 = angle of attack 
uA 

f3 = sin vA - - - sideslip angle 
vA 

- 1  2 
q = 2 pVA = dynamic pressure 

. . UAW -wAu 
2 2 

a =  
uA +WA 

Note that for the point representation, $=Gw=$w=O. 

The attenuation of the high-frequency response of 
forces and moments due to the fact that lift cannot respond 
instantaneously to changes in angle of attack (unsteady 
aerodynamics) can be handled approximately through use of 
the Kussner and Wagner lift growth functions, 

dynamics may be represented by a point for the purpose of 
In general, it is not adequate to assume the aero- 
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s imula t ing  the  effects  of turbulence;  t h e r e  i s  a d i s t r i b u t i o n  
of  turbulence about t h e  a i r p l a n e  t h a t  causes a change i n  t h e  
d i s t r i b u t i o n  of l i f t .  
es t imated t o  be accura te  only up t o :  

The po in t  r ep resen ta t ion  has been 

x1 > 120RT 

w < 60c f o r  ta i l less  a i rc ra f t  o r  f o r  t h e  wing only 
o r  

vA < 0.05  - f o r  t a i l less  a i r c r a f t  o r  f o r  t h e  wing - 
C 

only 

where : 

A L I A 2  = wavelengths i n  t h e  long i tud ina l  and l a te ra l  
d i r e c t i o n s ,  r e s p e c t i v e l y  

= t a i l  length  RT 
b = wing span 

C = mean chord 
- 

Only one method of r ep resen t ing  a l l  t h e  d i s t r i b u t e d  
l i f t  e f f e c t s  s u i t a b l e  f o r  s imula t ion  has been found. This 
method represen t s  t h e  d i s t r i b u t i o n  of turbulence l i n e a r l y ,  
j u s t  as w a s  done f o r  t h e  d i s t r i b u t e d  l i f t  effects of t h e  
mean wind. The d e r i v a t i v e s  of turbulence wi th  respect t o  
t h e  coordinates  are r e l a t e d  t o  e f f e c t i v e  angular  components 
of  turbulence : 
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Effective Turbulence Angular Velocities 

Wing T a i l  

r = -  aUT 
T a Y  

pT,qT,rT = ef fec t ive  body axis r o l l ,  
p i tch ,  and yaw ra tes  due t o  
turbulence with respect t o  
the ear th  

The effect ive angular ve loc i t ies  a re  generated through 
matching the spectra for  the turbulence derivatives and 
t h e i r  cospectra with the l inear  ve loc i t ies  of turbulence in  
a manner similar  t o  that  used f o r  generating l inear  
components of turbulence. 

forces and moments i n  the same way as d id  the l inear  com- 
ponents of turbulence. For  example, the yaw ra te s  of the 
airplane with respect t o  the a i r  mass are  computed by 

The effect ive angular ve loc i t ies  a f fec t  body axis 

- 
-I- rT 

- r A = r  - r W ’  r w  - r w  

Separate yaw ra tes  for  wing and t a i l  are  computed as 
the effect ive yaw ra t e s  of the wind are  d i f fe rent .  A t o t a l  
force o r  moment due t o  yaw r a t e  i s  the sum of the contri-  
bution of the wing force o r  moment derivative with respect 
t o  yaw rate times the wing yaw r a t e  with respect t o  the a i r  
m a s s  and the contribution of the t a i l  t o  the force o r  moment 
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derivative with respect to yaw rate times the tail yaw rate 
with respect to the air mass. 

representation of the distribution becomes exact. The 
linear distribution becomes poor at high frequencies; 
relating effective angular velocities to turbulence 
derivatives produces infinite variances of angular velocities 
due to the error of the representation at high frequencies. 
The spectra for the angular velocities must be attenuated 
at high frequencies or truncated. 

At lower and lower turbulence frequencies, the linear 

A comparison of representing the distribution of 
turbulence in this manner with the point representation has 
been made and it is concluded that a factor of 10 improve- 
ment in the maximum frequency to which the representation is 
valid occurs for representing the longitudinal distributions. 
This does not mean that the lateral and vertical distri- 
butions of turbulence are insignificant, just that they 
cannot be accurately modeled. However, from a simpler 
analysis, it is concluded that the rolling moment due to 
turbulence roll rate will generally be insignificant compared 
to the roll rate caused by the lateral component of turbulence. 

pitch and yaw rates that provide longitudinal distributions 
of turbulence are represented by simply filtering the 
vertical and lateral components of turbulence by 

The power spectra and cross spectra for turbulence 
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- 1 S 
q T - - -  WT 

1 +-  4RT S 
vA 

TvA 

1 S 
VT 

.__ - 

1 +-  4RT S 
vA 

'T - 

TvA 

The terms l / V A  s wT and l / V A  s vT represent the derivatives 
of turbulence with respect t o  the longitudinal coordinate: 

s = Laplace transform operator 

The addit ional  f i l t e r  

1 

1 +-  4RT S 
TVA 

attenuates the effect ive angular velocity a t  the maximum 
frequency t o  which the representation i s  va l id  assuming 
eight s t r a igh t  l ine  segments a re  the,minimum number that  can 
adequately represent a s ine wave. That i s ,  the effect ive 
angular veloci t ies  a re  attenuated a t  a frequency corre- 
sponding t o  a wavelength that  i s  eight times the distance 
over which the d is t r ibut ion  of turbulence i s  provided. The 
power spectra tha t  r e su l t  are  shown i n  Figure 2 7 .  
also body axis accelerations due t o  dis t r ibuted l i f t :  

There are  
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FIGURE 27 - TURBULENCE PITCH AN0 YAW RATE SPECTRA 
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1 UT S 

1 +-  4RT s J 
+JA 

S --  

1 +-  

. - aw'i' dx - S 
WT---- ax dt 

To accommodate the linear accelerations due to turbu- 
lence, the equations for & and are revised to 

. . 
u ~ w ~  - w ~ u ~  

a =  
UA2 wA2 

where : 

For the representation of the longitudinal distri- 
bution of turbulence only (gust penetration), there is an 
alternate technique based on the frozen field hypothesis. 
The turbulence velocities may be considered to be frozen 
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wi th  respec t  t o  t h e  a i r  m a s s  as rates of  change of  turbu-  
lence  v e l o c i t i e s  are s m a l l  compared t o  t h e  speed and 
dimensions of  an a i rc ra f t .  The turbulence v e l o c i t i e s  t h a t  
s t r i k e  t h e  a i r p l a n e  a t  i t s  c e n t e r  of g r a v i t y  w i l l  occur a t  
t h e  t a i l  a t i m e  A t  = RT/VA l a t e r .  
t a i l  may be represented  on a d i g i t a l  s imula tor  by s t o r i n g  
turbulence v e l o c i t i e s  occurr ing  a t  the  cg f o r  t h e  
appropr ia t e  t i m e  l a g ,  then us ing  them f o r  turbulence 
v e l o c i t i e s  a t  t h e  t a i l .  I f  d i g i t a l  no i se  genera t ion  i s  used,  
two i d e n t i c a l  random number sequences d isp laced  i n  t i m e  by 
A t  = RT/VA may be used. A l t e r n a t e l y ,  l i n e a r  f i l t e r  repre- 
s e n t a t i o n s  f o r  a t r a n s p o r t  l a g  may be used. 
bui ldups of angle  of a t t a c k ,  s i d e s l i p  ang le ,  and dynamic 
p ressu re  are provided f o r  t h e  t a i l ,  and t h e  fo rces  and 
moments due t o  t h e  t a i l  are b u i l t  up s e p a r a t e l y  from those  
due t o  t h e  wing-body. 

accura te  us ing  t h e  t r a n s p o r t  l a g  method i s  

The turbulence a t  t h e  

S e p a r a t e  

The h ighes t  frequency t o  which gus t  pene t ra t ion  i s  

vA 
cr) < 0 . 1  - - 

C 

which may n o t  be as good as t h e  r e s t r i c t i o n  f o r  t h e  l i n e a r  
d i s t r i b u t i o n  method of  

vA 
RT 

w < 0 . 5  - 

The two methods may be combined by separate wing and t a i l  
r ep resen ta t ions  using t h e  t r a n s p o r t  l a g  p lus  a l i n e a r  
d i s t r i b u t i o n  rep resen ta t ion  f o r  t h e  wing. 
frequency then inc reases  t o  

The maximum 
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The need t o  provide more and more accura te  repre- 
s e n t a t i o n s ,  o r  r a t h e r  t h e  s u f f i c i e n c y  of any approximation, 
depends on whether t h e  var iance  of a i r p l a n e  motion 
parameters a r e  s i g n i f i c a n t l y  a l t e r e d .  Approximations t h a t  
can be shown t o  be conservat ive may b e  acceptable  f o r  
c e r t i f i c a t i o n  bu t  provide economic p e n a l t i e s  due t o  over- 
design.  
of assumptions. A s  t h e  a i r p l a n e  descends, the  frequency a t  
which t h e  g r e a t e s t  tu rbu len t  energy occurs changes by a 
f a c t o r  of 50,  d r a s t i c a l l y  a l t e r i n g  t h e  response of  t h e  a i r -  
p lane .  Generally,  t h e  lower t h e  speed of an a i r p l a n e ,  t h e  
more accura te  t h e  r ep resen ta t ion  requi red  and t h e  g r e a t e r  
t h e  coupling between fo rces  and moments along one coordina te  
with wind and turbulence components along another  coordina te .  

Care must be taken t o  demonstrate t h e  s u i t a b i l i t y  

W I N D  MODEL FOR AUTOMATIC LANDING 
SYSTEM CERTIFICATION 

The app l i can t  should account f o r  t h e  aerodynamics of 
t h e  a i r p l a n e  being evaluated including a e r o e l a s t i c i t y ,  p lus  
the  d i s t r i b u t e d  l i f t  effects of s teady winds and t h e  longi-  
t u d i n a l  d i s t r i b u t i o n  of l i f t  due t o  turbulence ,  unless  i t  
can be shown t h a t  these  e f f e c t s  are i n s i g n i f i c a n t .  

The su r face  mean wind i s  def ined as t h a t  a t  20 feet 
above t h e  ground. The automatic landing system need n o t  b e  
c e r t i f i e d  f o r  su r face  wind speeds exceeding 25 knots nor  f o r  
ta i lwind components exceeding 10 knots .  The p r o b a b i l i t y  
d i s t r i b u t i o n  of  su r face  wind speeds (720) i s  presented  i n  
Figure 7 .  The p r o b a b i l i t y  d i s t r i b u t i o n  f o r  t h e  d i r e c t i o n  t o  
which t h e  wind i s  blowing, (Tw), i s  presented i n  Figure 1 7  
and i s  uncorre la ted  with t h e  su r face  wind speed. The 
p r o b a b i l i t y  d i s t r i b u t i o n  of atmospheric s t a b i l i t y  as def ined  
i n  t e r m s  of Richardson's number, (Ri20) ,  i s  c o r r e l a t e d  wi th  
wind speed and i s  presented i n  Figures 13 and 14. The 
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s t o c h a s t i c  combinations of su r face  wind speed and heading 
and atmospheric s t a b i l i t y  may be  generated by t h e  model i n  
Figure 28 .  

Wind 
hoading 
probability 

samples 
R ichardwn'r 
numb- 
probability 

FIGURE 28 - PROBABILITY MODEL SCHEAJATIC 

The mean wind a t  any a l t i t u d e  i s  computed from t h e  
equat ion : 
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where 

U* /k 
0 -  

v20 d = 800 - 
v20 

h < d no matter what the actual  a l t i t ude  

1 / R '  i s  given i n  Figure 29 as a function of Ri 

f (h /R ' ) ,  g(h/R') a re  described i n  Figures 3 and 8 ,  

- 

20 

respectively.  

The mean wind shear a t  any a l t i tude ,  needed only t o  
define the dis t r ibuted l i f t  e f fec ts  of the mean wind, i s  
given by 

where @(h/R') i s  described i n  Figure 2 and where, once again, 
h - < d no matter what the actual  a l t i t ude .  

The power spectra fo r  uncorrelated components of 
turbulence i n  an axis system para l l e l  t o  the ear th  but 
aligned t o  the direct ion of the a i rplane 's  airspeed vector 
a re  given by 
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( f t / sec)  2 ... 1 
rad/sec 'I 5'6 

1 + ( 1 . 3 3 9  LHu/VA) 

1 + 8/3(1-330  $u/VA)~ ( f t / sec>  
rad/sec 

.., 

2 2 
'I 1 + (1.339 LHw/VA) 

(f t / sec)  
rad/sec 

1 +8/3(1 .339  Lvu/VA) ... 
[ 13 (1.339 %w/VA) 

where the spectra a re  defined such t h a t  

U -w 

= variance 

W n 

-w " 

of a horizontal component of turbulence 

= variance of the v e r t i c a l  component of turbulence 

and where 

- defined on Figure 23 i s  a function of h/R' 
u* 

H 0 
- given as function of a l t i t u d e  on Figure 25.  
OV 
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FIGURE 29 - SCALING LENGTH 
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Lv=[h 

, h < 1000 ft 

1000 ft , h > 1000 ft - 

LH = %(GH/0V)3 

The spectra are well represented by generating 
turbulence components equal to passing uncorrelated 
Gaussian white noise through the filters in Figure 20. 

and turbulence are found by means of the transformations in 
Figure 16. 

wind model and the other elements of the simulation are 
described in Figure 30. 

Body axis components of mean wind, mean wind shear, 

The interrelationships between the components of the 
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aerodynamics, 
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FIGURE 30 -COMPUTATICN FLOW DIAGRAM 
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