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FOREWORD

This report was prepa red by Mr. Paul L. Hasty , Aerospace Engineer
in the Loads and Response Prediction Group, Structura l Integrity
Branch (FBE), of the Structura l Mechanics Division , Air Force Flight

Dynamics Laboratory at Wright -Patterson Air Force Base , Ohio. The work

was performed under Project 1367 “Structural Integrity for Milita ry

Aerospace Veh icl es” , Task 1 36701 “Structural Flight Loads Data” .

The Critical Atmospheric Turbulence (ALLCAT ) Program was authorized

and funded mostly under the Advanced Development Program 683E. The

research was conducted from April 1963 through December 1972.

This report presents a description of gust data obtained from

flight test programs . The results are presented in a form useful for the
design of aerospace vehicles. This report is a concise summary of the
individual projects conducted under the ALLCAT Program or programs

directly related to it.
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S E C T I O N  I

INTRODUCTION

The A ir Force Flight Dynamics Laboratory conducted a large scale

program , the Critical A ir Turbulence (ALLCAT ) Program , to develo p a
valid model for the description of the turbulen ce environment. Large

quantities of data have been obta i ned for develo pi ng ic~ ’oved gust

cr i ter i a , and updat ing turbul ence design criteria. This report presents

the significant results of this turbulence investigation and rel atcd

geophysical , meterolog i cal , and cli matic conditions. Values of suggested

basic turbulence parameters , required for desi gn , are pl esented. The

plan developed to define models of atillos pheric turbulence over a wide

range of altitudes was as follows:

Prog ram Altitude (1t) Above Ground

Take—Off and Land ing Critical Atmospheric
Tu rbulence (TOLCAT) 0 - 250

Low Level Crit ical Atmospheric
Turbulence (LO-LOCAT ) 250 - 1 000

Medium Alt itude Critical Atmospheric
Turbulence (MEDCAT ) 20,000 - 40,000

High Altitude Critical Atmosp her ic
Turbulence (HICAT ) 40,000 - 70,000

_ _ _ _ _ _ _  .~
__ i =  ~~~~~~~~~ . :~~~~
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SECTION II

PROJECT TOLCAT

Turbule nce encountered during take-off and landing C dn  present

serious hazards to aircraft. Both ter~pora l and spatial descriptions of

turbulence are required for design problems . The Take-Off and Landing

Cr itical Atm osphereic Turbulence Project (TOLCAT) was initiated to

develo p expe ri m e n t a l l y  the  necessary k nowled ge of tu rb u l e nce in the
atmos pheric boundary l ayer , i ts dependence  o n he i g h t , terra in f ea t ur es ,

meteorological cond itions , and to dete rmi ne the  i n t e r r e l a t i o n sh ip betwee n

temporal and spatial characteristics.

A n ex per im ental i nvest i gatio n was co nduc ted to develop op timum
methods and techn iques for data acquisitio n an d a na l ysi s requ ir ed to
define the atmospheric boundary layer turbulence environment. The

investigation was specifically designed for V/STOL aircraft flight

control and stability studies and to develop valid structural design

criter i a. Meas u rements of turbulence were made from va ri ous ar rays of

sensors mounted on towers to demonstrate methods of describing the

tempora l and spatial characteristics of turbulence. The towers were

located nea r Hanford , Wash ington. Measurement and data reduction

techni ques for sonic and three-propeller anemometers were optimized to

assure accurate measu rements of the vertical and two horizontal wind

components from the senso rs. Table 1 summarizes the experimental

a r rays .

Exper iments were conducted from a T-shaped array consisting of four

sensors mounted on booms to simulate two wing positions (9 meters apart).

fusela ge position , and tail pos ition (6 meters from wings) on an aircraft

and thereby compute correlations for various gust and shea r combinations

to which an a ircraft would respond.

On another tower , six senso rs were spaced logarithmically along

a vertical line . Son ic anemometers were installed at 60, 15, a nd 7.5

meters, and Gillane rnometers were installed at 30, 3.75, and 1. 88 meters

above the ground.

2
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TABLE 1

EXPERIMENTAL ARRAYS

Number
of He i ght

Nu mber Towers (Meters) Spacing

4 58 Hor i zon ta l , four sen sors , one on
each tower wh ich are equally spaced
(223 meters)

2 1 58 Ho ri zontal , T-sha ped , two senso rs
9 mete rs a par t  and two sensors
6 meters apart — simulate aircraft

3 8 4 H3r izon tal , ei ght senso rs, log space d
over total of 1023 meters

4 1 12 Horizontal , six sensors , 1.5 meters
apart

5 1 1.88 to 60 Vertical , Si;’ sensors . log space d

6 9 15 Hor i zont al , L—sha ped , seve n sensors
log spaced on princip a l leg (128
meters) and - ‘I;c~~ I -

~ at 12 and 60
meters shor t  le~

7 9 30 ~ d i ;e  as Array

8 1 131 Single sensor

3
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An L-shaped array included nine sensors horizontally dispersed. The

princ ipal leg of the L consisted of seven logarithmically spaced positions

w ith separation distances between consecutive sensors varying from 4 to

128 meters. The purpose of this line of sensors was to make possible

the com parison of time and space analyses when the wind blew from various

azi lll ut h angles to the principal line. The short leg of the L-array had

4 
two positions , 12 and 60 meters from the origin. The purpose of the

sho rt line of sensors was to make possible comparison of correlations

in two directions at 12 and 60 meters. The same tower locations were

used for both the 15-meter and the 30-meter L-arrays. The only d i f f e rence
was the he ights at which the sensors were mounted . The purpose was again

to obtd in spatial correlations and cross spec tra to compare with time

series analysis.

I n the fi nal ex peri me nt , a single sensor was mounted atop the

125-mete r tower in order to obtain samples of da ta at elevations above

the su r f ace  l ayer , where the ex ist i ng t u r b u l e n c e  i s r e l a t ed  less to
the local w ind shear and more to convection and vertical transport of

turbulence from below.

Severa l tests were conducted with the sensors in each of the arrays

descr ibed above. A list of twelve data segments chosen for analysis

on the basis of the ir high quality is given in Table 2. In the first

colum n , the first digit gives the array number (from Table 1) and

second d i g i t  g ives  a se ri al  n umber i d e n t i f y ing the particular test

w ithin the series.

Both analo g and field digita l magnetic tape recording optio ns were

demons t rated to prov ide f l e x i b i l i t y  i n measu rement ar ra y co n f i g u rat i ons
and to optimize recording capabilities for a variety of measurement

requirements. Data red uction , processin q , and analys i s tec hn i ques

were developed . The det ailed results are presented in References 1

and 

2 . 4
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TAi~L L 2

3[~~F~ 73,AI Y Z [ D FO R TOLCAT

T,:’i t - Date T i e  Segment S t , i t ’f l  i t v  u r - ~~~~~~~~~ - ; ~ 
‘-~~r - -  -i ~~~~ — .r t -

15 681202 1 ~- ) 5 -1 426  S i l / l i t  IV t d l ) iC 2 12 -~

22 690925 1552-1647 Si i~~ t I , ~i ble ~~i- -~

51a 700 720 1537 — 1605 Unstable 320 9

511’, 7007 20 16 19-1647 H ,t , b le  3 1 4  10 i ’

% 700723 214 3 -2 :13  Stab le 301 12

58 700728 1910-2005 t I ve t r ’~ J 303 9

63 710 119 1323- 135 1 S l i i e t l y 3 t r b l e  300 1- 15

71 710303 1316-13 44 Unsta b le 24 14 30

73 710324 0945- 1013 1 r i s t , r b l e  303 7 30

74 7 103. 5 10 13- 1059 - r i ’ ; t i b l i  200 13 30

83 7 10507 11 43— 1 ,~~-i Unstab le 297 5 131

35 7 13 ’Z l  1059-1154 Unstab le 50 3 . 1- 131

i r e H / l  e r i c  i~~~I S L i / I ’~ ‘ i l l  w er e . r k , ’ n  i t  iwC I /’ i t t i t s

5
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Some ex perimenta l data were collected from tower arrays as

shown in Table I .

Only sotite general conclus ions can be stated as a result of the

TOLCAT investigation. In itial studies of Taylor ’ s hypothesis showed

that autoco rrelation functions scaled by the mea n wind speed to the

expected spatial functions agreed quite well with the measured spatia l

co rrelations. This hypothesis states that the space and time auto-

correlations (or equivalently spectra ) are equal (with the transformation

x. = lit). ii is the speed of the airplane with respect to the atmosphere ,

and x ,~ refers to the three space directions. The use of the hypothesis

allows one to obtain information by using one probe and doing ana l ys i s

in time, instead of using two probes and doing analysis in space. The

translation of time series spectra to that experienced by an aircraft

holds only for the case where the aircraft flies in the direction of

the wind.

Modeling of turbulence, appro priate to take-off and landing

problems , w ill require an extensive measurement and analysis effort to

follow this development phase.

I

6
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SECTION 111

PROJECT LO-LOCAT

The LO-LOCAT Prog ram was established to determine the turbulence

envi ronitient below 1 000 feet above the ground utilizing statisticall y

representative samples of turbulence data obtained over a wide range of

rneteo c’logical , topographical , seasona l , and time-of-day conditions.

The following major areas were studied : probabilities of encountering

given levels of turbulence intensity , frequency analysis of atmospher ic

turb ulence utilizing the power spectra method , correlat i on of atmospheric
turbulence with meteorological and geophysical conditions, and assoc iated
forecasting techniques. The basic information concerning the three

phases of the LO-LOCAT Program are presented in Table 3 from Reference 3.

The LO-LOCAT data consist exclusively of clear air data . No storm

flights are included . Dur ing the program , specif ic routes were flown

on a scheduled basis without regard to the amount of turbulence predicted .

The data sample can be considered a random sample of the gust environment

of the atmosphere during nonstorm conditions. The model used to

represent atmospheric turbul ence is considered to be made up of discrete

patches of turbulence of different intensity , where each patch is assumed

to be Gaussian and stationary. If a singl e stationary , Gaussian patch

is considered , the average number of gust peaks per unit distance which

exceed a given level of vert ical velocity is given by

2
( W )

N(w) = N0e 
202

(This is true for one particular turbulence spectrum). N0 
i s the

average number of times per unit dista nce that the gust veloc ity

func tion crosses the value zero with positive slope .

7
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TABLE 3

BASIC LO-LOCAT INFORMATION

Phases  I & II P hase I II

A ircraft used to obtain data 4 C-l3 1 ’ s 1 T-33

Fl ight period 9-15-66 - 12-20-67 8-16-68 - 6-30-69

N umbe r of tu r b i  ence da ta
flights 1 ,244 299

Low altitude t i bulence data
samples 8,871 1 ,938

BREN tower samp les 0 8

Thunderstorm tu bu lence
samp les 0 55

Wake turbu lence samples 0 46

Tu rbu le nce sample average
len gth 21 mi. 32 mi.

Turbulence sample average
time interval 5.5 mi 4. 5 m m .

Average turbulence PSD wave-
length band 33 - 7,980 feet 63 - 15 ,100 feet

Aircraft average ground
speed 332 fps 630 fps

u ti me series sumples anal-
yzed statist ically 6,553 1 ,730

v time series samples anal-
yzed stat istically 6,270 1 ,709

w t i me series samples anal-
yzed statisticall y 6,508 1 ,716

u non— contour ‘ iti p les 1 ,11 3 0

v non— cont uu r samp les 1 ,09l 0

w non— cori t iii r s iin p l es 1 ,1l8 0

u ri’i’~ va lues 1 i -i l ‘.-zed
s t a t i s t i c a l l y  7 .670 1 ,762

8
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TABLE 3 (Contd )

Phases I & II Phase III

v rms values analyzed
s ta t i s t i ca l l y  6 ,621 1 ,740

w rnts values analyzed
statistically 7,630 1 ,746

Gust velocity samples for
which spectra were calculated 1 ,77 5 904

Homogeneous u spectra analyzed 1 ,272 591

Homogeneous v spectra analyzed 1 ,061 524

H omogen eou s w s pectra an al yz ed 1 ,259 496

u spectra obtained during non-
contour flight 207 0

v spectra obtained during non-
contour flight 200 0

w spectra obtained during non-
contour flight 210 0

Gust  veloc ity t ime seri es
samples per turbulence samp le 33,000 27,000

Time interval - spectra
calculations 0.01 sec . 0.02 sec .

Gust velocity samples in
spectra calculat ions 33 ,000 13 ,500

Frequency interval — spectra
calculat ions 0.0416 cps 0.0416 cps

Nyqu is t f r equen cy 50 cps 2 5 cps

Number of frequency estimates
PSD 1 ,200 600

Miles covered recording
acceptable turbulence data 135 ,900 55,750

Hours of acceptable turbu-
lence data 600 130

Spectrum degrees of freedom -

individual samples 55 41i

9
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For the comp lete model , the equat ions for N ( w ) become

r 2 2
2o 2n

N(w) = ~~
- d 1 M0e + d2 N0e +

2 2
I W W
I 2 

- 
2

I 201 2 2
= N0 LP1e + P

2e 
+ . . .

d is the total distance traveled by an aircraft in turbulence and d 1 is

the distance traveled in turbulence of intensity ‘l~ 
For the limiting

case of a continuous variation in the rms value -~~~, this equation becomes

N(w) = N0 JP(o)e 

- 

~~2

where p( ) = probability density of a

In a study performed by the Unive rsity of Dayton Research Institute

(Reference 4), it was found that the cumulat ive distribution of peak

count exceedance F(x)  is reasonably wel l  represented by

F(x)  = P1e + P2e

and the density function by

—x /b 1 -x/b
P1 ‘ P.,

f (x)  = . L e + ~~~~~ e
1 2

For the LO-LOCAT data , P 1 and P2 repr esent the percentage of total

flight time spent in nonsevere and severe turbulence. b 1 and b2

10
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are turbulence scale paraltl eter 3 for the individual probability di s—

tributions of ~ ,
. Using the equation

F(x) = = P1 e 
- - b 1 

+ P
2e

the LnF(x) was represented by a quadratic of the form

LnF( x ) = A + Bx + Cx 2

T h i s  trans fo rma ti on requ i res a representat i on of P 1 , P2, b 1 and b2 in

terms of A , B , and C. If C is negat ive this ind icates tha t the
cumulative probability function is concave down . The best fit tha t can

be iiade to such data is to define P 1 
= 1 and P2 

= 0. The LnF(x) reduces

to the forni : LnF(x) = A- inx , where iii = 1/b 1. When C is positive,

P1, P2, b 1 and b2 are determined from the  coeff i c i ents  of the  eq uat i on :

LnF(x) = A + Bx + Cx 2

b 1 is defined as the negative reciprocal of the slope of LnF(x ) =

B + 2 CX ; at x = 0, the slope = B and b 1 = 1 /B. To determine b2, the
negat ive reciprocal of the slope of LnF(x ) ,  the po i nt  of t r ans i t i on
between the inf luences of the f i rs t  and second terms of Equation

-x /b 1 —x /b 2F(x) = P 1 e + P2e

is c hosen as x c = xm/2 where x ,11 is  the m a x i m u m  g ust ve loc i ty enco unte red .

b 1 - 1
2 - 

B + 3 Cx c B + 3 Cx 1
2

-1 /b2 
= B + 3 Cx 111

2

1 1
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Recommendations, from Refere nce 4, are given for P1, P2, b 1 , b2 and the

von Karman L for the 0-1000 ft alt i tude region in nonstorm flight

cond i t i o ns

x
~ 

x
~ 2P

1 exp 
— ~— + P2exp — s--- = exp(Bx + Cx )

1 2 C c

The sect i on gives recommen dat i ons for P1. P2, b 1, b2 and the

von Ka rma n L for the 0-1000 ft alt itude region in nonstorm flight

conditions (Reference 4). Also , probabilit y of exceedance curves are

presented for various environmenta l conditions. Figure 1 shows the

cumulative exceedance curves for the Phases I and II and Phase III data .

For Phases I and II a maximum gust of 66 ft/sec in the vertical component

was observed during a noncontour flight. During Phase II the maximum

gust was 76 ft/sec over high mountains. The cumulative exceedance curves

for all Phases I and II fl ight legs at 250 ft and for all legs at 750 ft

are presented in Figure 2. Little difference is seen between the two

curves. The cumulative probability curves of each component of Phase I

and Phas e II data is shown in Figure 3. Similar results were obtained for

the Phase III data

The cum ulative probability exceedance curves for all Phase III

flight legs have been shown to be considerably larger than those of

Phases I and II. If one considers onl y those Phase III legs not flown

over h igh mountains, there is good agreement with Phases I and II.

Hence , it was decided to combine Phase III data , excl ud i n g h i gh mounta i n
data , with all of Phases I and II . Figure 4 shows the cumulative

probab i lity curve for all of Phases I , II and III, exclud ing high mountain

data . The corresponding P’ s and b’s are l i sted ; Phase III h ig h mounta in

data are also shown . A decomposition of the data of Figure 4 into legs

flown in very stable air and those not flown in very stable air is given

in Figure 5. Table 4 summarizes the recommended P’ s and b ’ s for the

0—1000 ft altitude range. The exceedance curves of Figure 4 have been

presented by longitudinal , late ral , and v e r t i c a l  components  in

Figures 6 and 7.

12
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Phases and I I

Al l  Fl ,g ht Leg s
Al l  Components Combined

( i n c ludes Pet erson Non co ntour )
0

P, ‘0 . 99989 b , 2 .822

\~ P2~~O.000l l b2 -  10.309

- 
Phase I l l

1 0 A l l  F l ight  Legs

P , 0. 932 b , 2 .866
P2 ‘0 . 068 b 2 6.840

Phase I l l

2
0

0

E Phases l and II
~

0 6

I 0~ ~1 I 1_ I I I I I _~___.I

2 6 0 4 18 22 26 30 34 38 42 46 50 54 58 62 66

Gist V e l o c , t y f t / S e c

Fi ii1 re I - - , r r ’ LI t i  ye  Probability 01 L y t r i t r i  e _ ‘ l r . , ;e s I t II
- I l i r s e  I l l
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Phas es I and 11
Al I Components Combined
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P2 ‘ 0 . 0 1 1  b 2 4 632

0

e 10 -

51

0

ç55 .

l0~ -

10~
1 -

I I I

2 6 10 14 lB 22 26 30 34 38 42 46 50 54 58
Gust velocity ft/sec

Figure 2. C u m u la t iv e  t’ ’ e h , l rj l i t y  0 VI c’ ’ t.rncp. 350 ft r d  750 ft
Al ti tude

1-I

. -~~~~~~~~~
_
~~~~~~ - . ‘ .

~~~~~~~~~~~~~~~~~~~~~~ —--- ..- . - - . _ _



- — — 

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~

A I L O L — T k - 7 7 — 4

Phases I ond 11

Long Itudinal

- 
P ‘0.945 b , 2.174

10 ‘ P2 =0 055 b 2 3 571

Lateral
Lateral  P, 0.974 b , 2 678

- 
P2 ‘0026  b 2 4 168

0 2 Lo ng ,tud , na l  v e r t , c a l

s 0 .99972 b , 2 463
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A l l  Components Combine d
Pha ses I and IL and Phase III Not High
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TABLE 4

RECOMMENDED P’ s AND b’ s FOR 0-1000 FOOT ALTITUDE
NONSTORM CONDITION

Data Includes All Phases I and II Legs
and Phase III Leg s Not Over High Mountains

All Components Com b i ned

P1 P2 b1 b2

All Legs 0.99986 0.00014 2.605 8.684

Very Stable 0.99750 0.00250 2.099 5.211

Not Very Stable 0.99978 0.00022 2.678 8.033

Data Includes Phase III H i gh Mounta i n Legs Only
A ll Components Combined

P
1 

P
2 

b1 b2

H igh Mountains 0.85 0.15 3.365 6.947

H i gh Mou n ta i ns
Very Stable 0.983 0.017 2.931 8.033

H i gh Mountains
Not Very Stable 0.88 0.12 3.387 7.165

1 8
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10 L a te ra l

1
La te ra l  P , =0 88 b , 3 995
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V e r t i cal
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The von Karina n L ’ s were o b t a i n e d  fo r a ll com ponents of the data  and

the r e s u l t s  are  presented in Table 5.

A complete record of the LO-LOCAT Program is presented in
References 3 throug h 7.

TABLE 5

MEAN VON KARMAN L ’ s

0hases I and II

C omponent A l t i tude
250 ft. 750 ft.

All Components 342 442

Longitud i nal Component 368 411

Latera l Component 361 465

Verti cal Component 302 449

Phase III

Com ponent Terrain
H ig h Mounta i ns Not H i gh Mo un tai n s

All Components 704 564

Longitudina l Component 813 687

Lateral Component 704 555

Vertical Component 579 430

21
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SECTION IV

PROJECT MEDCAT

The objective of the MEDCAT Project was to measure and cha racterize

the turbulence in the 20,000-40,000 ft regime . Flights were planned to

penetrate those reg ions predicted as being most likely to contain

turbulence. Hence the percentage of time in turbulence experienced

during th is program is not a valid estimate of an expected t u n e  in

turbulence dur i ng operat i onal missions .

F-l 06 and F-lOO aircraft flew a total of 284 flights which resulted

in 121 hours and 288 hours respectivel y, of flight time in search for

turbulence. A complete descri pt ion of this program and an analysis of

the data collected is given in Reference 8. The primary characterizations

of the tur bulence encountered are expressed in terms of power spectral

densities and counts of true gust velocities of the three turbulence

components. The wave lengths represented in the power spectral

densities have a l ower limit of lOG ft (approximately 8 cps) and a
maxi mum limit of 1/20 of the length of the processed run.

After the quality evaluat i on of the data , none of the F-l 06 flights

were processed . Only 25 flights were processed from the F-lOU data bank ,

those judged to conta i n turbulence intens i ty yi eld i ng rms values greater

tha n 1.5 ft/sec . Any conclusions concerning the character of turbulence

from the MEDCAT data sample must be made with reservations. Accuracy

limitat ions precluded the possibility of removing all aircraft motions

from the time gust computations, particularly that characteristic ratio

of the F-100 aircraft due to the short period longitudinal and dutch

roll modes. However , conclusions of a gene ral nature can be drawn .

Est imates of the following basic parameters are required froltl the

collecte d data to use the theoretical models which describe power spectra l

densities of atmospheric turbulence: the slope , m (of a lo g-log plot

o~ the power spectral density) in the short wave -lenqth t-egion , the

s((tle of turbulen ce, L ; and the mean square value of the true gust

ve1oc i t~es, 
,2 From 10 analysis of the MEDCAT data it was oni luded

22
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that the scale of tu rbulence L is - 2000 ft , m = -1.83 for the vertical

component, and the most probable -:~ values were 4.5 ft/sec . for the H

lateral component and 3.5 ft/sec . for the vertical.

I n the F-lOU data sample , less tha n 1% of the ti iit e was in turbulence

for which at least one component had an ruts value greater than 1.5 ft/sec .

The da ta also indicate that the turbulence is not isotropic.

Typical power spectral densities (PSO) for the latera l and vertical

components have shapes represented by the curves of Figure 8. The

aircraft motion distortions are not as pronounced in the Vertical

component as in the lateral but on some of the vertical spectra peaks

and valleys quite similar to that of the latera l component were present.

The plots of the power spectra l densities of true gust velocity

components on log-log paper typ ically exhibit a straight line portion

in the short wave length region of the curves. The slope of this straight

l ine portion provides an estimate of the exponent from assumed turbulence
models in this inertial subrange of the power spectra l density . There was

considerable variation in slope between the individua l runs. The slopes

of the latera l component ranged from -1.2 to -2.2 w ith a mean of -1.77,

wh ile those of the vertical component ranged from -1.0 to -1.9 with a

mean of -1.4 1 . Histograms of these slopes are presented in Figure 9.

In order to arrive at one spectrum for use in model development

and design criteria , average power spectra l densities were computed for

the lateral and vert ical components. Each power spectra l densit y was
first normalized by dividing the abscissa by ~~~~~~~~~~~~ 1

2000 is the rms

associated w ith cut-off wavelength of 2000 feet. A weighted average of

these norma l i zed spectra was then obtained , the weighting factors being

23

-—*

~ 

-
—a—--- ~~- -



A FFDL-T H-77--~

‘ \ Latera l
‘ _______

U V.-
3

~~ 10
(I)
0~ \
-D

~~ i0 2 
_________

10 1

I I—
10 2

Inverse Wave leng th

F i g u r e  8. Sketches of Typ ica l  Ve r t i ca l  and Latera l  Power Spect ra l
Densities of a Long Turbulence Run

24

-----—

~

-—--- - - -- -- -- —-- --— --- - -- - - - - ---- i.1i14



-- i-:: --

AFFDL-TR -77-4

Latera l  Component
V e r t I c a l  Component

17

I I
16

(5 -

4
i I

(3 - r~~~” I I
I I
I I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~ ri
4 -  I I

~ I
I I I I

3 i 
I 

‘~~~~“ -‘I i

~~ 

_ _

~~~~~~~~~~

iL

~~

ij.. ijj

~~

1.0 -N -1. 2 -1 . 3  - 1 4  - ( 5  - ( .6  - (. 7 - ( .8 -1 .9 -2.0 -2 . 1  -2.2 -2.3
Slo pe - m

Figure 9. Histogram of Spectral Slopes

25 

-- -- - I -  ~~~~~~~~~~~~~~~~~~~~~~~~~~ --~~~~~ — I--~~~~~~~~ -~~~~~~~~



__ - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

AFFDL-TR-77 -4

de pendent on the run length. The average spectrum was computed at

appro ’ilnatel y 25 equally spaced log k values by means of the formula

nj

~~ T~~ 1 (k~ )

i=l

~~~~
Ti

i= l

whe re

= value of average normalized power spectral density

T~ = length in seconds of run i

= value of nor iti alized power spectral density of run i at k~

n . = number of power spectral densities for which an estimate
~ i s ava i l a b le  at

Ave rages were com puted for all 
~ 

for which n~ 4. Figu re 10 presents

the average normalized spectra for all lateral and vertical runs which

met edit ing criteria.

Average spectra were also obta i ned for the two comp onen ts for the

three alt itude bands, h - 30,000, 30,000 < h < 35,000, an d h - - 35 ,000 feet.

Figures 11 and 12 present these average spectra for lateral and vertical

components respectively.

The peak count cumulative distribution for all runs fleeting the

ed iting criteria were processed into composite pea k count exceedance

rates for each component direction , u , v , and w. The resultant cuntu-

lat ive peak count ra tes are shown in Figure 13. From the cul nu lative

rate d istributions the following conclusions were made:

(a) Clea t - ai r turbulence is composed of wore th an one rms

intensity for each component.

26 
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ib i- L u r r f ’  r ILe f - at r Tf the l r r n t i  tudi nal components appears

• f t  C - fl ’ - . - r  ~~~~~ I P ot the ve r t i ca l  component except at the
i ‘ i , - ~- ~~r r-t - - ‘ ‘ m e  i ( ~1 i t u lt scale.

Ii) It ( 1~~- t .r , l w  amplitude regions , 2 feet per second , it

s t r t l t  •~~~~
,- r i se  e x i s t s .  These data were not a l tered to cor t - e I

t ( h  f’t l S t r r l i - ,e .

The u( u J l d t i V P  dist ributions of the observed peaks are compared

t I  the d is t r i b ut i o n  of peaks as specified in Specification M IL—A—

- : - ~E- 6 (USAF) in Figure 14. The average of the two sets of values

and b 1 for the altitude bands which span the MEDCAT regime were used .

Th u s , the MIL-A-8866 (USAF) cumulative distrib ution was determined by

means of the formula:

1 -x/b 1 -x/b
2F(x) = 

~i
—

~
:---p--- P 1e + P2e

= ~~~~~~~ [o.0625e
x/3.45 

f O.OOO9e 1l
~ l5]

Figure 14 indicates that the MIL-A-8866 (USAF) spectr ut is si qnifi ~~t t t 1 y

more severe than that obtained front the MEDCAT data t r r  all three
compo nents.

The commonly used theoretical results of Rice predict the distri —

but ion of level crossings of a stat-ionary Gaussian r In i do ul l  i r ’ rcr ~~s .

Howeve r, level crossing data are not of prime interest in desi gn c titeria.

Th us, it is of interest to conlpare the results of  level c r o s s i n n i

analys is with the results obtained by peak counti n i l and ~1n litude

count ing . In order to make compar ison of results el ninq ful , ‘ he  re - u l t s
were converted i nto the to t - r u t  t of cumula t ive  Ir roh i  hi i i t y  vers us 

- •

l t
~~

l i tude . P lo ts  ar e presented for r Ich  c i t the gus t voloc it v comp o ne nts
usi nr~ the r e sult s t r o t  the three c o u n t i r c t  method - - - in Fi~ o r i - - 15

thro ugh 17.
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A d i f f icul ty ar ises in the evaluat ion of observed rms values to
that present in the evaluation of the scale of turbulence. The rms

values desired from the time histories were not comparable since the

individual runs were high pass filtered at different cutoff frequencies.

It was necessary to use truncated rms values . The distribution of these
va lues did not adequately describe the parameter of the turbulence
model s as t hes e were s tated i n  terms o f ~

2 ( not ~~ The trunca te d rms
v alues must be transformed into tota l rmns values by accepting a family
of theoretic al models and determining the ratio of tota l rms to t r unca t ed
rms a s a function of the model . The invest igators used the Tay lor—Bu l len
theoret ical models to represent the spectra rather than the Dryden or
v on Karman models. For the Taylor-Bul len Transverse Family, t his can be

accompl i shed by:

= o2 f ° ;* (k~L~m) ~I
2 (L ,m,k ,)

and

= 
2 [1 + 2 (n + 1) b

2 
(2n kL)2J

[1 + b (2~ kL) ~ 
n

whe re

- 1’2 1 d b - ~( ri)n — , —rn— an — 

~~ fn ~
- 

~1 ,‘~~)

The use of these equations f i rs t  implies knowledge of m and L. These
par ameters displayed considerable var iat ion between individual t urb u l e n c e
runs in the MEDCAT data . However , for the purposes of pres enting the
rms data , it was assumed tha t L = 3000 f e e t  a n d  m = -1.83 for the latera l
component and m = - 1.33 for the ver t ica l colilponent.

Histograms of the est imates of r 2 are presented in Figure 111 . In
interpret ing these higtogra m s it is import ant to realize tha t the

edi t ing c r i te r ia  for the turbulence r u n s  of this figure I ntiuded the

36 
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re qu ir ements  th a t 
~t 

- 1.5. Further , i n c o l l e c t i o n  of the da ta , the p i lo t

sought the atmospheric regions predicted as being most likely to contain

clear air tu rbulence. Thus, this histogram cannot be interpreted as a

random sample  of rms v a l u e s  s i nce the dat a base is not a random sa mp le

and the truncation point of the o distribut ion was variabl e.
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SECTION V

PROJECT HICAT

The HICAT program results are based upon flight neasurel uents of

aircraft cg acceleration response and the true gust veloc i ty components

together with measurements of the related aerodynamic and meteorological

va riables. HICAT tests involve deliberate flights into regions of

turbule nce or sus pected tu rbulence. A major objective was to determine

gust veloc ity spectra for turbulence ranging from 100 feet to 50,000 feet

in wave length. These flights were designed to sample the variety of

atttios pheric phenomena associated with turbulence in the 40,000 to 70,000 f t

alt itude region. This program provides the basic data for the development

of a statistical model of world—wide high-altitude clear-air turbulence.

The fol lowing tabu lat ion from Reference 9 summarizes all the HICAT flight

ex pe ri ence i ncluding that f rom the i n i t i al and red i recte d HICAT p rogram s :

Tests
HICAT Encou ntering Flight HICAT

Program Test Period Tests HICAT Hours Hours

In itial Feb 64 - Oct 64 33 17 94.5 7.4

Red irected Oct 65 - Feb 67 146 84 649.5 29.?

Extended Mar 67 - Feb 68 106 72 4,7.5 1 8 3

All  Feb 64 - Feb 68 285 173 1221.6 54.9

A n extensive analysis of the meteorological and geophysical conditions

wi th  high a l t i tude c lear  air turbulence was conducted and reported in

Reference 10. The d istributions of the number of observat ions by season
and la t i tude  are shown in Figure 19. The ratio of flight miles in

turbulence to the total flight miles was analyzed as a function of topo graphy .

Four cati r l in r i es were defined as follows :

1~Jater
Flat land ( loca l  re l ie f  d i f ferences -

~ 3000 ft.)
Low mounta ins ( local  rel ie f  d i f ferences 3000 to 7000 f t  -

High mountains (local r e li e f differences 7000 ft.)

39
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Figure 20 shows the distribution of the number of observations by topography

and by season. HICAT data indicate that the percentage of turbulence is

related to the topography i mmediately below the aircraft. F ig ure 21
presents the distr ibution of to ta l  f l i ght  m i les a nd tu rb u l e n t  fl i ght
miles by terrain for ferry flights and all fl ights.

An important objective of the HICAT program was to derive gust —

ve loci ty spectra for turbule nce waves rang i ng from 100 feet to as much
as 50,000 feet in length. To achieve uniform statistical reliability it

is required tha t sa mp le  l e n g t h s  i nc rease in propo rt i on to the l a rges t
wavelen gth of interest in the spectrum. The square root of the integral

of the spectra l curve front the short wavelength limit to the longest
wavelen gth of interest for the design and operation of aircraft is an

important quantity, but one that is rarely obtainable from direct measure-

ments. A metho d was presented, i n Refe rences 9 and 11 fo r com par ing

spectra w i th  d i f ferent  l imi ts  using the root mean square ( rms ) va lues  for

the follow ing wave length limits: 1 000, 2000, 4000, 10 ,000, 20,000, and
40,000 feet. The short wavelength limit was established at 140 feet.

The envelopes of minimun l waveleng ths and maximum wavelengths for turbulence

i nvestigations are presented in Figures 22 and 23 from Reference 12.

The ratios of the rms at A = 2000 ft , A = 4000 ft, A = 10 ,000 ft ,

a nd A = 20, 000 ft to rms at = 1000 ft were used as quantitative

measure s of the sha pe of the spectra . Table 6a presents the averaqe

va lues of these rat ios for two categor ies  of topography and for three

values of the maximum wavelength of the spectra . Table 6b also I ncludes

the ca lculated ratios for the ‘ mil d knee ” equation w ith the slo pe m of the
sh irt wavele ngth equa l to -5/3.

The “m i ld  k nee ” equation is

y (  - )  
( O t l s t d t t t

1 + ( L )
_m

vI F rt rr :- ( ) is the power spec tr~ l function , ~i is t hr reduced frequen c y

( 2 - - /  \ ) and L is the sca le  of t in - t I l l  ~ • This equation appeared to best

fit the HICAT sp tr i data 1 or the three i I r r n I r r r n i r t n t c  of the gust velocity

p ~ f 5  fi t i d  in Table 6a .
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TABLE 6a

AV E RAG E VALUES OF THE RATIO OF U~,, U F. AND UL
AT l~ 1~ (2000) ,  RMS (4000 ) , RMS (10,000), \N[i RMS (20,000) TO FINS (1000 )

— 
l Water ,  Flat land Mounta ins

____________ ________________ 

0V 0F UL U~ UF UL

Sattl ples (13) (31 ) (44) (40) (54) (L5)
- - 

\ max RM 
1.2 3 126 1.25 1.29 1.32 1.30

4000 ft 
~~~~~~~~~~~~~~~~~~ 1.48 1.57 1.55 1.65 1.69 1.77

Samples (8) (14) (16)  (1-) (19)  (20)

1.19 1.25 1 .2 5 1.29 1.32 1 .28

F max

• 10,000 t t  RM5 ( OO 
1.37 1.52 1. 54 1.63 1.67 1.75

~
- -~~~-~PQ~

) 1.65 1.95 1.91 2.06 2.31 2 Y l

Samples (2)  (4) (4) (4) (5) (5 )

1.21 1. 29 1.H 1.31 1.34 1.29

nla x ~~5 
1. 36 153 1.50 1.72 1.75 1 . 7e

20,000 ft RM 11 0
RMS (1000) 

1.54 1.80 1.71 2.25 2.51 2.50

~~ 
1 o7 2.01 1.~ h 2.65 3.1J 3.11

A total of 732 - iutpl es f i r  oli ich t he  fl i r ~ht. path was l v i  and t O

t j n t i i i l e r o i was indicated to be vi r-~ 1 iqht wer e l4~ed t o  t i - t e n - m i -  t ii

r f

~~

5 f  t ib ution l l n r l t h s  of the tu rir ulent i-on ions. Th e i n  ‘i t n e c  ni t  i - i —

ceedances W i l i ’  computed ho- t lii’ t o t  ii slnilple t (rr cases (i t i ’inid i o1t t i ~ or

t r i ter t i i r t n i i l - rni  e (111 i ce’ ) lnd severe t u r t n u l e t i r  e ( i i  ca - - c - -). 
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TABLE 6b

TH EORET ICAL VALUES OF THE RATIOS OF FINS (2000),
FINS (4000), FINS (1 0,000) AND FINS (20,000) TO FINS (1000)
FOR VARIOUS L’S OF THE MILD KNEE EQUAT ION WITH m

Sca le Length in Feet

500 1000 2000 4000 6000 8000

1. 23 l.~ h 1.30 1 .32  1 .33 1.33

~~~~~~

- 
~~~~~~~~~~~~ 1.42 1.48 1 .60 1 .67 1. 72 1 .72

~~~~~~~~~~~~~~~~~~~~~~~~~~ 1.60 1. 78 1.~ h 2 .17  2 .25  2.29

~~~~~~ 
~~~~~~~~~~~~~~~~~~ 1 - 68 1 - 92 2 .22 2. 55 2. 58 2 - 66

The mean lengths of the tu rbu l en t r e]iun ~ by altitude interval and ~ea s r rt I

are given in Tabl es 7 and 8. The data f t - n i  t hes e  tables i nd ic a te  t ea t
the lengths of the turbulent regions dec rease w i t h  i ncreas i  nq a l t i  dc
and that the lenqths of the turbu lent re l i ons  are greater in w i n t e r  t 5 i f l

in the other three seasons.

TABLE 7

MEAN LENGTHS OF TURBULENT REG 1n ’~ AS A F L I N I T J Q N  1W A LTITUDE

Al t i tude Ran ge No . o f  Ca s es  M i - i n  I

45 ,100 — 50 ,000 tt. 71 - -4 .’ nlnl

50, 100 - 55 ,000 ft. 2q14 nt

- 

- 

55 ,1 00 - 60 ,000 f t .  234 22. 0 rilll

60 ,100 - 65 ,000 f t .  128 17 . 0  to --

- 11

~ 
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TABLE 8

• MEAN LENGTHS OF TURBULENT REGIONS AS A FUNCTION OF SEASON

Sea son No. of Cases Mean Length

~ Winter 2 19 29.5 nni

Spring 196 22.5 nm

Summer 81 22.5 nm

Autumn 236 21 .5 nut

In Reference 13, the  n umer i cal va l ue s fo r t he sta nda rd dev iation o~
the ruts gust ve loc i t ies (b 1 ), the sc a le lenqths and slo pes of the power
spectra l dens ity curves, and the ratio of turbulent ~iiqht ti tile c to total

fl ight miles were determined. These nurnlerica l vd lueS are qi v e t i in Table 9.

The values of b 1 are shown to increase sign i ficantly with roughness of

terrain for all three components. Nutn ieric al values are 0.9 to 3.4 t eet

per second for the vertical component. 1.5 to 4.6 feet per second ton the

latera l component, and 1. 2 and 4.6 feet per second for the longitudina l

component. Ta ble 10 li s t s  the ratios of the turbulent f l i 1h t miles to

total fl i ght m i les that a re recommended for use i n the des ig n a nd opera ti on

of advanced a i r c ra f t .  The rati os obtained from an anal ys is of the H ICA T

data were judged to be high mainl y because of the search procedures used.

I
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TABLE 10

RECOMMENDED RATIOS OF TURBULENT FLIGHT MILES TO TOTAL FLIGHT MILES

Categ ory Ratio Turbulent

65 ,000-70,000 Ft 0.010

60,000-65,000 0.010

55 ,000-60,000 0.020

50,000-55,000 0.030

45,000-50,000 0.030

45,000-70,000 0.020

Water 0.0 18

Flatland 0.018

Low Mountains 0.022

High Mounta ins 0.030

W i nter 0.024

Spring 0.024

Summer 0.01 4

Autumn 0.018

.1
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SECTION V I

CONCLUSIONS

The turbulence data obtained from the ALLCAT Proqram have been

integrated wi th  data from a ll other a v a i l a b l e  sources to develop improved

gust design criteri a . Gust desi qn proced ures , based on power spectra l

ittethods of general ized hal-tt lonic ana lys is , require nnode l inq of the
atmospheric turbulence environment in terms of: a spect ru l l shape , a
root—mean-square gust in tensi ty  ( ‘), a sca le  of turbulence (L ), and the

parameter (P) depict inq the proportion of f l ight tinle spent in tut - bu lence
(see References 14 and 15) .  Updated P and - ‘ values are presented in

Figures 24 and 25. The a i r c ra f t  response to turbulence is treated in
the frequency plane as shown by the equation

~~ 
- )  = H

~
() 2i _ ( )

wh ic h re la t e s  the ou tpu t  spect rum of the res pon se va ri a b l e  x to t he inp ut

spec t rum of gus t  ve loc i t ies th roug h the  f reque ncy res pon se f unc ti on H
~
(s),

defined as the response x that results from a sinusoidal gust encounter

of unit amplitude. This response equation leads to the two basic stru n: -

tura l response quant i t i es A and N0, where A relates the root-mean-square

out pu t value o~ to the root—me an-s quare gust input 
~~~ 

value throu oh t He

r e l a t i on

= A :

an d N defines the number of zero crossinqs of x with positive slope nm

second.

Es tim ates for the turbu lence scal e L have ranned from 200 f t to

over 5,000 ft. The effective scale of turbu lence b r  all alt it ci d i ’ s is

recommende d as L = 750 f t  (see Reference 14) .  The t n  onnn :ended sj n e ~ truttl

for the ve rtical turbulence is the von Kat - n -ic n sp ’n t nnc n~i .

Load exceedance r u t - v ms h iv e  been i’ct ibi i s t u b f i n n  dcc ion based on

mission con s ide r a t ions .  These updated n d r y  s t i r  ~i c i ~ t n t i n l  in F la u n t ’  2n .

H
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F igure 26. Updated Generalized Exceedance Curves
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