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FOREWORD

This 1is the final report ou the Low-Low Altitude CAT research work con-

ducted under Contract Number F33615-68-C-1468 (LO-LOCAT Phase I1I). The
report was prepared by The Boeing Company, Wichita Division, for the Air
Force Flight Dynamics Laboratory, Wright-Patterson Air Force Base, Ohio.

The LO-LOCAT Phase III project was part of Advanced Development Program
682E (ALLCAT) and was under the direction of ADP 682E Program Director,
Mr. E. Brazier, and the Technical Coordinator, Mr. Neal V. Loving.

Mr. Jan Garrison, FBE, was the Air Force Project Engineer.

The research effort was conducted under the Boeing supervision of Mr. F, K,
Atuip, Program Manager, Mr. C. F. Peterson was the Project Pilot. Mr,

L. B. Marshall was in charge of instrumentation, Mr. H. H. Depew directed
the data processing effort, Mr. J. D. Gault was in charge of data analysis,
and Mr. W. B. Moreland (Boeing-Seattle) directed the meteorological fore-
casts and analysis. Airplane maintenance and inspection were the respon-
sibility of Mr. J. Strain and Mr. J. Bonawitz, respectively.

Mr. Gerald A. Comstock piloted the observer airplane over the Peterson
Field, Colorado, high #ountain route and was also backup pilot for this
prograa. While acting in this latter capacity during a data gathering
flight over the Griffiss AFB, New York route, Mr. Comstock was fatally
injured in a forced landing following an engine flameout.

Authors of this report, other than those shown on the cover, were Messrs
D. E. Gunter and K. R. Monson.

The report was submitted by the authors 17 August 1970. It was reviewed
by Mz. Jen Garrison and Dr. T. Swaney (Boeing) who made many constructuve
comments and suggestions.

This technical report has been reviewed and is approved.
[ ]
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Chief, Design Criteria Branch
Structures Division
Air Force Flight pryoanics Laboratory
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ABSTRACT

This report presents procedures, analyais methods, and finai .sesults per-
taining to the LO-LOCAT Phase III program. Approximately 150 hours of low
altitude (100 - 1000 feet) turbulence and associated meteorological data
were recorded from 16 August 1968 through 30 June 1969. The original pro-
gxan was curtailed by approximately six weeks due to the crask of the T-33
research airplane, A model of the turbulence environment at low-level is
presented in terms of gust velocity primary peaks, level crossings, ampli-
© tude samples, rms values, and gust maxima, as well as derived equivalent
gusts, turbulence scale lengths, and power spectra. Mathematical expres-
sions for turbulence spectra, scale length and primary peak statistics are
shown. Correlations between atmospheric gust velocities and meteorological
and geophyaical phencmena are evaluated. It was found that gust velocity
magnitude at low altitude 1s most affected by atmospheric stability and
terrain. Gust velocity mms values asbove 1.5 fps mey be approximated by
truncated Gaussian distributions. For wavelengths less than 15,000 feet,
turbulence spectra are best represented by the von Karman mathematical
expressions. The turbulence, sampled for 4-1/2 minute intervals over a
distance of approximately 32 miles at absolute altitudes below 1,000 feet,
was found to be basically stationary, isotropic, and homogeneous. A high
percentage of Phase III data were recorded over high mountains since very
little high mountain data were recorded under contour flight conditions

at lov level during Phases I and II. Phase III data are compared with
data from Phases I and 1T and with data from other low altitude programs.

This report consists of two volumes with each volume divided into two parts,
Parts I and II of Volume I giva the techniques and results of data analysis.
Part I of Volume II provides the detalls pertaining to data acquisition, in-
strumentation, calibrations and checks, data processing, and data quality.
Data tabulations and plots and a log of pertinent information concerning the
program are also presented in Volume II Part I. Part II of Volume II con-
tains the power spectral density and other frequency data plots.

(Distribution of this abstract is wnlimited.)
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SYMBOLS

Infrequenly used symbols are defined after the eq@ration in which they are

used.

Synbols and Abbreviations:

A

A thru B, J, K

A' thru H', J', K
A(n)

~y

A(n)

c.ge

~ 814

Regression coefficient.

Angle of attack equation coefficients.

Angle of sideslip equation coefficients.

Complex finite transform.

Complex conjugate of A(n).

"Universal Constant” in the longitudinal gust velocity
component spectrum expression; shape parameter used in
spectra mathematical expressions; constant in gust ve-
locity rms distribution equation.

Air stability ratio.

Constant in gust velocity rms distribution equation.

Constants in the analytical expressions of the peak
count probability distributioms.

Constant in the Lumley-Panofsky equation.
Cloud cover (percent).

Central Daylight Time.

Adrplane 11t curve slope (radians).
Constant in the Busch-Panofsky equations.
Length of mean aerodynamic chord (feet).
Airplane ceater of gravity.

Cycles/foot.

Cycles/second,

Day of year.

Degrees of freedom; distance traveled (statute miles);
differential.
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SYMBOLS
' Symbols and Abbreviations:
E, Normalized standard error of a regression coefficient
E. Total crossings of the level a. ,
e -4 Bdse of natural logarithms (2,71828).
F F-ratio or P-test of significance in regression
analysis.
F(x) Cumilative probability durei;buuon function.
5 4 Frequency (cycles/second) ;t/\mction.
3 | £(x) Longitudinal correlation function.
b £ Frequency of occ\n'renee in band b.
Cutoff frequency of a low-pass filter (cycles/second).
b Ryquist or folding frequency (cycles/second).
| £s Sampling frequency (samples/second).
| M Greenvich Mean Time.
G, Ground speed (feet/second).
g Earth's gravitational constant at sea level (32.17h
feet/second)?. |
g(r) Lateral or veriical correlation function.
. Altitude above the earth's surface (feet); true alti-
s tude (feet).
- H, Calibrated pressure altitude (feet).
Filter transfer functica.
Symbol for the element mercury.
Indicated reading of tover altimeter (feet).
Indicated pressure altitude (feet).
Corstrained filter transfer function.
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Symbols and Abbreviations:

H, Pressure altitude (feet).
B, _Terrain elovation (feet).
h True heading (degrees).
| ha Magoetic headirg (degrees). 4
E ha Filter weights st time t £ n At. i
ha Constrained mm'm. /
, h(t,r) Time domain weighting function.
b Constant in empirical scals length equation.
; i . Counter; time series .Ph'
3 Square root of minus m\
Constanta, \
K8 Knots indicated airspeed.
 Gust alleviation factor. ‘3
K Ram recovery factor for OAT .

'ﬂ

Spatial frequency (cycles/foot); oxder of the derive-
tive of the trwnsfer function H(f); indicates nusber

of recoxds. !
k L WWM(M).
| ) 4 Constant in empirical scals lsngth equation.
m Mmximm lag (£3/0f); slope of & line; mmber of func-
tions of the input variables; and meters.
» Ml{bar,
m #ltimeter.
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SYMBO1S

Symbols and Abbreviations:

N Total nwber of conditions, data points, samples,
peaks, bands, or filter weights.

NBMM Farrov band frequency modulation.

Ko Cbaracteristic frequency from power spectral density
(cycles/foot).

: Nov Nuber of zero level crossings.

| N, Total mamber of peaks per mile obtained using extrap-

; olation technique (charecteristic frequency).

| M. Total mmber of pesks obtained using extrapolation
teclnique.

l R, Crossings per mile of the level a.

: n Acceleration in g wnits; counter; number of data
points; shape parsmeter in spectra mathematical

J expressions, -

‘ OAT Outside air temperature (degrees Pahrenheit).

Oan Run test ouservation of the mean,

0a Rua test observation of the mean square,

P8D Power spectral demsity.

PET Pacific Standard Time.

Pe Static pressure (inches of mercury).

¢ ) Indicated static pressure (inches of mercury).

P, Standard atmospheric pressure at sea level (29.921
inches of mexcury).

Py, Py Intexrcepts of the exponential curves for the spalyt-
ical expressions of the pesk count probebility dis-
tributions.

Q Buber of independent wvarisbles in the regression

" equation.
L Calibrated impact pressure (inches of mercury).
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SYMBCLS

M and Abbreviations:

qQ, Indi:ted impact pressure (inches of mercury).
R, Radar altitude (feet).
R Richardson mmber.
{R]) Rotation matrix vsed to transform measurements from
z.tirplmnrefermemstotheeammfermce
R, Nmotr-”tniocityataglmﬂndspeedu
read from least square line (feet/second).
R(1) Autocorrelation function.
R,, (1) Cruss curreiation function,
s Root msan square.
R(r) Gust velocity covariance function.
R(r)/R(0) Oust velocity sutocorrelation function vhere v = Q. .
..ot
r Distance (feet). ‘ -
b Value of r at vhich the autocorrelation function
CYOSSe8 R8I0,
8 Airplane planform wing area (feet?); horizontal
distance - xiles. -
Bex Sine of solar elevation.
T. Asdbient air temperature (degrees Rankine).
: JO Tlse vidth of filter weight function.
T Ground syurface tempersture (degrees Pahrenheit).
b O=1inreted outside air tespersture (degrees Rankins).
t R mwm standard conditions
Ts Alr tempersture st the swfece (degrees centigrede).
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Symbols and Abbreviations:

Tar
Ta2
Ta3

Tas

Temperature at 250 feet (degrees Fahrenheit).
Temperature at 750 feet,\(degmes Fahrenheit).
Temperature at 1000 feet (degrees Fahrenhcit).

Temperature at flight altitude plus 1000 fect (degrees
Fahrenheit).

Tempereture at flight talt_;:l}ude (degrees Fahrenheit),
Dev point at 750 feet {degrees Fahrenheit).
Dev point at 1000 feet (degrees Fahrenheit).

Dew point at flight altitude plus 1000 feet (degrees
Fahrenheit).

Dev point at 850mb (degrees centigrade). .

Time of day.

Time (seconds); standardized variable.

Derived equivalent gust velocity (feet/second).
Longitudinal gust, velocity (feet/second); positive-aft.
True airspeed or ground speed (feet/second).
Equivalent airspeed (feet /seco.nd) .

True airspeed (feet/second).

Represents the matrix of true airspeed components
corrected for pitch and yaw,

Lateral gust velocity (feet/second), positive to the
right.

Airplane weight (pounds); wind speed (feet/second).

Angle betwveen airplane ground track and wind vector

(degrees) positive - wind vector from the left, zero
dngrees - direct taii wind.

Wind direction at flight altitude plus 1000 feet
(degrees azimuith).
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SYMBOLS
Symbols and Abbreviations:
W . Wind direction (degrees azimuth).
¥ : Average casterly winds ‘(,reet/aeco@d);
W . ' Average northerly winds (fee'ﬁ/second).
W . Wind speed at the surface (knots).
W - Wind speed at 700mb (xnote).
v " Vertscal gust velocity (feet/second), positive -
x . Amplitude,
n Mid-band value.
x4 . 1 th value of x; predictors; coefficient of simple ;
’ . linear correlation; value of gust velocity rms at. ;
~ & given vind speed (feet/second).
‘Xq | ‘mel of gust velocity (feet/second). |
xx(ty) : Xt record includsd in the ensemble averaging
x(t) . Bmm value of tike series. ‘
Y \ . Dependent varisble; regreseion function. \
a p Angle of attack (degrees), positive - nose above

-relative ij; levels of gust velocity used in
\ level crossing procedures; confidence limit.,

] ' : Ang.l.e of sideslip (degrees), positive - nose left
of relative w:tnd. .

r Standard apee rete (0.003% degrees Fahrenheit/foot),
' positive . temperature uecrease with increasirg alti-

m- N )

fa Dry sdiahatic lapae rate (o 0055 degrees Fahrenheit/
foot).

v " . Ratio of specific heats for air (1.40).

v? (k) Coherency function. -
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Symbols and Abbreviations:

A Inecremental or difference.

Af Change in frequency (cycles/second); frequency range
spanned by filter roll-off; frequency interval be-
tween adjacent PSD data points.

AR Distance above or below reference point (feet);
: difference in terrain elevation (feet).
Ah | Static pressure error (feet).
Angeo Incremental load factor (acceleration units).
AP, Static pressure position error (inches of mercury).
AP, /a, Pressure coefficient {dimensionless).
AP, | Angle of attack differential pressure (inches of
mexcury).
| AF, ' Angle of sideslip differential pressure (inches of
| ‘ : mercury).
AT, Vertical temperature gradient (degrees Fahrenheit/
foot).
ATy Horizontal temperature gradient (degrees Fahrenheit/
mile).
; AT, Atmospheric stability (degrees Fahrenheit/1000 feet),
] positive - temperature increase with increasing alti-
, tude, «
At Time interval between data samples (seconds).
awy Vertical wind direction gradient (degrees/foot).
AV, Rorizoatal wind gyadient (feet/second/mile).
AWy, Horirontal east-west wind gradient (feet/second/
A ‘ mile).
AW, Vertical wind velocity gradient (feet/second/foot).
]
i
|
:
]
S —




SYMBOLS

Symbols and Abbreviations:

“2’“3
By(t)

Drift angle (degrees), positive to the right.

Viscous dissipation rate (1:‘ee'l:2 /second?); emissivity
factor; filter empirical error bounds (percent).

Kolmogorov microscale (feet).

Pitch angle (degrees), positive - nose up.

Rate of pitch (degrees/second), positive - nose
moving up.

Taylor turbulence microscale length (feet); character-
istic wavelength (feet); terrain wavelength (feet).

Air viscosity (pound second/feet®); mean value; air-
plane mass ratio.

Constaent in gust velocity rms distribution equation.
Ensemble average time fuqction.

Kinematic viscosity (feet’/second); degrees of freedom.
3.146. . . .

Alr density (slugs/foot3).

scangn)mi air density at sea level (0.002378 slugs/
foot?),

7

Standard deviation of a statistical sample; standard
deviation (fps) from gust velocity spectra between
0.0416 and 10 cps; Stefan-Boltzman constant.
Standard deviation about & least square'line.
Standard deviation of level crossing distribution.
Standard deviation of noise,

Standard deviation of primary peaks obtained using
extrapolated value of Ny, .

fitandard deviation of recorded data,
Standard deviation obtained from the truncated gust
velocity spectra (feet/second).
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Symbols and Abbreviations:
g, Standard deviation of the gust velocity time series
: (feet/second).
%, Standard deviation of terrain roughness (feet).
Oq. Standard deviation of angle of attack differential
pressure (inches of mercury).
op ‘ Standard deviation of sideslip differential pressure
(inches of mercury).
i v, Standard deviation (dispersion of the distribution)
of gust velocity rms (feet/second).
] LB . Standard deviation of the derivative of the time
function divided by 2#V (cps for gust velocity).
02,03 Constant used in me gust velocity distribution
equation. 1
T lag time for the weighting operation convolution
‘ (seconds).
® ' One-dimensional gust velocity power spectral density.
¢ (&) Power spectral estimates.
¢ (n) _ Rav estimate of power spectral density.
@' (n) Averagéd estimate of power spectral density.
®yy (n) Estimate of cross power spectral density.
¢9° Power spectra 90 per cent confidence intervaml.

¢ ‘ Roll engle (degrees), positive - right wind down.

Rate of roll (degrees/second), positive - right wing
moving down,

Chi statistic,

Yav angle (degrees), positive - nose right.

Rate of yaw (degrees/second), positive - airplane
nose moving right.

Frequency (radians/second).
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SYMBOLS

Subscripts and Swperscripts:
b . Band number,
D Based on the Dryden equation.
e Extrapolated value.
£11t. Filtered value,
H Horizontal.
i Sample number,
N Noise.
n Counter.
K Based on the von Karman equation,
max Indicates maximm value.
min ) Indicates minimm vuim.
P Peak count; based on the Lumley-Panofsky equation.
L Truncated; obtained from tover, |
t From the gust velocity time series.
“u From the longitudinal gust velocity component.
v From the lateral gust velccity component.
v From the vertical gust velocity component.
x Longitudinal,
y Iateral.
4 Vertical.
o Initial value.
I Pertaining to quadrent 1; indicates LO-LOCAT Phases I and II.
I Pertaining to quadrent 2.
III Pertaining to quacrant 3; indicates 10-IOCAT Phase ITI.
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BYMBOLS

Subacrigg_s and Sgperscrimz
v . Pertaining to quadrant 4.
Relsited to level crossing count.

Primes indicate Harned estimates wmless otherwise noted,
Overbars deplct time means.

2 Refers to starting point of leg.
3 Refers to ending point of leg.
32 Refers to difference between gtart and end.

Weather Chart Symbols

Surface Charts:

—— 1018 Sea level pressure (millibars)

----- 50 Temperature (* F.)

Cloud Cover:

Q Clear @ 6/10

Q< 1/10 @ 7/10 or 8/10

® 2/10 or 3/10 @ 95/10

@ 4/10 @ Overcast

® 5/10 . ® Sky obscured

Wind:

@C&lm \—0 10 Knots
—O < 2 Knots MO 15 Knots
>0 5 Knots A0 5 knots

Tail points in the direction from vhich the wind is bloving.
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Weather Chart Symbols (Contd.)

Surface Charts (C,Lntd. ):

Precipitatién:

.+ Rain

a» Snow
*? Drigzle

-/ Rain shower

¥ Snow shower

. Freezing rain

T{U Thunderstorm

——— 15L0 Height of pressure surface (meters)

--== 1530 Intermediate height values (meters)
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- SECTION I
INTRODUCTION

Knowledge of the characteristics, causes, and effects of atmospherig tur-
bulence has ‘become incmemsingly important during the last few years. In-
dications are that the need for this knowledge will continue to increase
in the future. This 18 due to several factors. Many economic and safety
considera.tiona are related to increased aircraft life tlu'ough decreased
fa.tig'ue fallure. The effecte of atmospheric turbulence: on the handling
and ride gualities of airplanes have become increasingly significant as
the demand for improved performance has increased. _

Older generation aircraft, duve to. their relatively slow speeds, operated
well into the inertial subrange of atmospheric turbulence. As a result,
they had to cope mainly with the low power, high frequencies of turbulence.
Requirements for high performance have brought about the use of highly flex-
ible structures in aircraft design. Increased speed has caused airplanes to
be responsive to the higher power long wavelength turbulence components while
increased flexibility has decreased structural response frequencies. As a’
result, alrcraft rigid body and structural response frequencies are coincl-
dent with frequencies of atmospheric turbulence which are capable of signif-
icant driving forces. It appearg that future eircraft may be responsive to
turbulence frequencies in the frequency range where atmospheric turbulence
power spectral density, in theory, remains at a large constant value with
further decreases in frequency. The detailed definition of turbulence char-
acteristics in this realm has, therefore, become increasingly pertinent.

Military missions include terrain contour flight at low altitude to avoid
radar detection. In this region of the atmosphe™e, near ground level, there

is a frequent occurrence of high magnitude turbulence. Therefore, detailed -
knowledge of the atmospheric environment at low altitudes has become partic-
wlarly important., The Air Force has long recognized this fact and in their
continuing efforts to design better aircraft, contracted The Boeing Company

to participate in an extensive investigation of low altitude turbulence. The
research program was designated 10-LOCAT (Low-Low Altitude Critical Atmospheric

T'I‘urbulence) 10-10CAT waas established as part of an overall program known as

ALICAT (Reference I.l). ALICAT wvas devised to define a model of atmospheric
turbulence over a wide range of altitudes as follows:

Program Altitule (Feet)
TOLCAT 0 - 250
LO~LOCAT 25 - 1,000
LOCAT 1,000 ~ 20,000
MEDCAT 20,000 - 40,000
HICAT k0,000 - 70,000
m‘mm : . m,(m - %‘n,m -
x
l,




Research of the lower atmosphere had been accomplished in the past. These
pmgmmsveremrthwhile contributions, but the data were limited in quan-
tity and/or resolution of long turbulence wvavelengths. Advances of instru-
ment technology and calibration techniques fon.oving these programs mede
the measurement of lower frequencies possible. Improved computers made

the accomplishment of a turbulence research program he.aed on statistical
analysis of large quantities of data feaaibls.

!mepm'poseofthewmcﬂrmgmmmtodeteminethetmnceenﬂ-
ronment belov 1,000 feet above the ground. This was done by utiliring
statistically represéntative samples of turbulence deta cbtained over a
wvide range of meteorological, topogrephical, seasomal, and time of -day
conditions. Basically, the following general items were studied:

@ Probabilities of encmmtering given levels of turbulm:ce intén- ‘
sity.

o Frequency amlynis of atmospheric turbulence utilizmg the power
spectral method. _

@ Corxelation of atmcpberic turbulence with meteorological and
geophysical conﬁtims, and asgociated forecasting techniques. ~

Them-chTPrognmconsistedofthreephaaea. PhuesIaml/l_vhich
are discussed in Reference 1.2, involved the use of Tour C-131B aircraft
as instrumentation platforms. Xach of these alrcraft was stationed st &
dﬂremtbaaevithmmﬂnited&abes,mdmﬂmoveraspeciﬁc
route 1aid out near the base. The routes were located in New York, Kancas,
Colorado, and California and were established to provide a vide range in
topographical and climatological conditions. Ikta.verega.theredrorap-
proxinstely 15 months. _

mc-mumrtumﬂnmatanavemgeairspeedoramwoﬁmteq

330 fpa. The Instrmentation bad adequate frequency response .down to .
qmﬁntelyoohcps,tbemfore,mvelengbhswtoaonofeetm' '
investigated. _

Phsemofthcm-lmmm&cconplishzdinordértoextend
the statistical definition of the turbulence enviromment and investigate
longer wavelengths. A T-33A airplane was utilized and wus flown at an
average sp2ed of approximately 630 fps. This higher speed, with the
same basic instrumentation used during Phases I and IT, mede possible
themasmwntoftmtulmcemelengbhauptoﬁﬁmfeet

mmﬁemdammmmcmﬁedmra@pmnmtelyam-mnthperiod.
mtaveregatheredattheeanegeogmyhieellocatimsasdlmingmwes
I and 11,

A specific route for the airplane to follow was laid out at each base.

Bach route ccnsisted of eight straight legs approximately 45 statute
miles long. Mlle@sweretravemedinthemdirectiomxoneachﬂight.

.Four and one-half minutes of date, mcordedvhileﬂyingameachleg,

constituted a turbulence sample. Prior to flying each leg, metedrological
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data were obtained at 100 and 1,000 feet above the terrain. These dats
were obtained in the same vertical air mass 'at the beginning of each leg,
and were used to compute vertical gradients of temperature, pressure, and
wind.

Flights were scheduled nearly every week day not regquired for routine main-
tenance of the airplane and instnmtation. Three missions were scheduled
each flight day; ocme at dawn, ‘one at mid-morning, and one-in’the afternoon.
The airplane was nm.ntaimd and flown by Boeing personnel. Two specific
altitudes, 250 feet and| 750 feet above the terrain, were used for the gust
data gathering portion of the flights. Only one altitude was flown on &
given day. The pilot follcwed the terrain contour, as closely as safety
allowed, using a radar altimter to maintain a constant absolute altitude,

This report primarily covers results of the research conducted under
Phase IIT of the program. Results from additional research of the long
wavelengths of turbulence and a comparison of Phase III data with the data
from Phases I and IT and other turbulence programs are also included. Vol-
ure I 18 divided into two parts and glves the techniques and results of
date apalysis. Volume II is also divided into two parts. Part I provides
the detalls pertaining to data acquisition, instrumentation, calibrations
and checks, data processing, and data quality. Data tabulations and plots,
and a log of pertinent informamtion concerning the program are also presented
in Volume II Part I. .Part II of Volume IT contains the power spectral den-
sity and other frequency data plots.

Pertinent data obtained during 10-IOCAT Phase ITI were recorded on mag-
netic tape. These tapes were delivered to the Air Force Flight Dynamics
Laboratory.

1. TNSTRUMENTATION

The T-~33A airplane was instrumented to measure meteorological and gust
_velocity data. A radar altimeter, Doppler radar system, radiometer, and
outside air temperature prcbe comprised the basic instrumentation used
to obtain meteorological data. Atmospheric turbulence was sensed by in-
strumentation contained in a- ‘Boeing-designed gust probe mounted on the
- end of a nose boom. Probe data were supplemented by airplene sttitude
and roll rate infermetiocn obtained at the boom base. Instrumentation

contained inside the gust probe sensed the following:

Sideslip and attack angles

Vertical, lateral, and longitudinal accelerations
Static and impact pressures

Pitch and yaw rates

Fine and coarse measurements were provided, in some instances, to improve
resolution. Also, the temperature of each transducer was maintained at
135° ¥ by tm.xm“taticm.:ly ccntrolled heaters,

Details of the instrumentation are presented in Appendix I. -

Lo



2. _ DATA CATEGORIZATION TECHNIQIE

All data were categorized vith respect to selected geophysical conditions
under vhich they were obtained. This forms a common basis for cosparison
of the data, points out specific effects of soms of the mcre importaat
category paramsters, und provides a systematic method of snalysis. At
mmumg—m?m-nmmmm
in an anticipated oxder of significance. These include type of terruin,
altitude sbove the terrain (absolute altitude), atmospheric stadility,
time of day, season of the year, and geogrephic locstion. These general
mmﬁu@mmmmmmmmumnm

Type of Tarrein

1. High dountain

2. Lov Mountain

'3. Desert .

ka Pmm '

5. Swamp (not used)
Water

Absolute Altitude

1. 250 Peet

2, TS50 Feet

Atmospheric Stability _

1. Very stadble &g > -2°F/1000 rt.

2, Stable -2°F7/1000 ft. = A > -5°F/1000 ft.

3.  HNeutral -5°27/1000 tt. =z &, > -6°F/1000 ft.

4, Unstable &,y < £°F/1000 £t,

Time of Day TAKEOFP TIMES - LOCAL TINE £ 30 NINOTES
Samer ~ Boring-Fall “Winter

1. Dawm Burise Sunrise

2, Mid-morning 0900 0930 1000

3. Md-afterncon 1500 1530 1800




The nuber beside each category component, or element, was used as a code
for that particular element. All data recorded during a turbulence sample
vere then categorized by the appropriate six-digit mmber. The following
example illustrutes this method:

Category No. k22324

4 - Terrain Feature, plains

2 - Altitude, T50 Peet

2 . Atmospheric Stability, Stable
3 - Time of Day, Afternoon

2 - Season, Summer

4 - Location, McComnell AFB

Some of the data within different categories were pooled when the data
showed like characteristics. This was done to impruve statistical anal-
yses by increasing sample sizes. For example, suppose that data within
category 422324 shows the same characteristics as data within categories
422124 apd 422224, 1.e., time of day showed no effect on the data. Then
all the datavei'ep\tttogethervithinthc category 42202l, where the 0
indicates that all times of day are included.

All category mumbers, except stability, were assigned prior to data pro-
cessing. The mmber for atmospheric stabllity vas assigned after the
vertical temperature gradient had been coeputed for each turbulence sam~

ple. !
3. DATA ABALYSIS

The I0-IO0CAT Phase 111 data were edited in a mmber of ways depending om
the statistic being analyred. The various methode of editing and analysis
are discussed in each section of this document along with the particular
type of d-ta inwlved. Time histories of individual parmmeters measured
during each test were evaluated to determine if instrumentation malfunc-
tior: occurred. Data involving mmlfimctions vere eliminated for all anal-
ynes, The time series standard deviations of angle of sideslip and angle
of attack measurements vere computed for each sample, When these values
indicated a lov signal to noise ratio for pariicular turbulence samples,
the turbulence samples were case handled to conserve computer time. They
vere not elixinated from statistical calculations.

A schemmtic shoving the primary steps involved in the data processing,
editing, and analysis functions ig presented in Figure 3.1.

Gurt velocity statistics vere determined based on primary peaks, amplitude,
and level croseing counts. The distributions of gust velocity peak and
asplituis values vere compared to normal distributions. The level cross-
ing data wvere compared to Rice's equation (Reference 3.1). Values of
characteristic frequency calculated from peek and level crossing count
data vere compered vith those calculated from the power spectral density.
Frequency of cxceedance and the pmhnbility of exceeding given levels of
gust velocity were determined.
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Gust velocity et _.ard deviations, determined from peak, amplitude, and
level crossings count data were compared. The cumulative probability of
these data was calculated.

Pover spectral densities of the gust velocity components were calculated
and plotted for those turbulence samples recorded over the even numbered
legs on the even numbered flights and for those recorded over the odd num-
bered, legs on the odd numbered flights.

Thezspectra were normelized by the gust velocity varlance vf and also by
Le;. Mathematical representation of the spectra was investigated by com-
paring ‘the experimental spectra with the commonly used mathematical expres-
sions as suggested by von Karman, Dryden, and others. The integral scale
of turbulence, essential to the representation ¢f the spectra by mathe-
matical expréssions, was anslyzed. Turbulence qualities such as homoge-
nelty and isotropy were also evaluated.

Although important parameters are included in the category components,
there were other possible parameters which might affect the turbulence
intengity. The turbulence, recorded during Phase IIT was compared to some
of these pavemeters., They included wind speed, wind directiocn, stability
ratie, Richardson number, air temperature, ground surface temperature, and.
other meteorblogical parameters obtained from rawinaonde equipment » ground
observers, a.nd * mopotic cha.rts. :

Analysis of the data by ca.tegory required a pooling of data showing like
characterigtics. Obviously, many combinations of the category components
were possible. If all pogsible combinations were used, only a small amownt
of .data would be in each coubination. Therefore, the data were pooled for
category nnm_po_‘lenfg which had the smallesat effects in order to determine

relisble’ star.istics of the data,

Peak count gust velocity power spectra, turbulence scale 1ength, and gust
velocity rme data obtained during Phase III were cowpared to correspond-
ing data obtained during Phases I and II. Corresponiing data from the

- varlous phases could not be irdiscriminately pooled together because of

differences in ttrxe conditions under umch they were obtained as discussed
in Section IX.

4. DATA cmps nc THE TURBULENCE MOIEL

10-10CA1 Phases I and II Jata cea be used to define & turbulence model for
all terrain types except high mount&in, for all times of day except night-
time, for various weather conditions except storms, for contour flight at
a.ltitudes of 250 and 7‘i0 teet, a.nd for at least four lqcations.

'I‘urbulence data were not recorded under contour: fl:lght conditions et low
level over the high mountain terrain at the Peterson route Curing Phases
I and II &s shown in Figure 4.1. Turbulence 'data were not recorded at
nightt:hm nor during periods of inclement weather. Although the data
were recorded at eack location during all seasons, the climatology for *
that particular year may not have been representative of the aversage.

It was the purpose of Phase III to extend the statistical definition
obtained during Phases:] and II and to define longer wavelengths.

T ®
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Segments of date significant to the normal atmospheric system, for which
adequate samples for a statistical model were not obtained are defined as
dats geps.

The best method to develop a turbulence model based on LO-I.OCM‘ data would
be to: -

. ® Evaluate the varistion of Phases I and IT data with season.
These statistics are shown in Table k4.1.

® Assume that corresponding seasonal. variations would have oc-
curred during Phase IIY and expand the data (with the excep-
tion of high mountain data) accordingly.

¢ Evaluate the relationship between high mownmtain data at
Peterson and pertinent climatology which existed at the time
it was gathered. The geophysical situation during Phase III
13 discussed in Section VI. - .

[ Estime.te the Peterson high mountain data in the gap based on
the climatology which normally would exist during the time
period of the gap. Records of normal climatology are avail-
able from the U.S. Weather Bureau.

Once the Phase III data have been applieq, other conslderations must-be
made. Tbese include:

® How well the geophysica.l‘ situations encountered during LO-LOCAT
metch those for the development of a particular model.

® The compatibility of the range of turbulence wavelengths mea-
sured with that of an airplane being designed.

® The effects of not gathering data under storm conditions dur-
ing LO-LOCAT,

Of the three other considerations mentioned, the f£irst is probably the
least significant. The I0-LOCAT Program was designed to cover a large
number of geophysical situations. Chances are, the geophysical condi-
tions under which it is desired to develop a turbulence model may be well
matched. Not a great amownt of data were obtained over water but from
all indications, low altitude atmospheric turbulence over water at wave-
lengths less than 15,000 feet is relatively insignificant.

'].‘Vﬁ;\dffférexice between the range of turbulence wavelengths measured and

the range to which an airplane being designed would respond is & highly
slgnificant consideration. It 1is necessary to extrapolate the data avail-
able in an attempt to arrive at an essimate for the range in question.

- Effects of shifting the wavelength window tharough which the turbulence

is viewed is discuseed throughout this report,




TABLE 4.1
STATISTICS OF QUST VELOCITY INTENSITY (e,) WITH

SEASON AND LOCATION DURING PHASES I AND II
ul 8 ' W 8

Category u(fps) | e 8 cifps! ‘
100011 33k | 0,93 | 3.38 | 0.95 | 3.60 | 1.0k
100021 3.2 1.32 3.59 | 1.53 3.13 1.09
100031 2.93 1.29 3.17 1.33 3.00 1.38
100041 2.78 1.31 3.05 1.37 2.7Th 1.28
200011 2,78 0.88 3.09 0.97 3.20 1.00
200021 2.Th 0.92 2.77 1.09 3.22 1.12
200041 2.69 1.14 3.07 1.28 2,72 1.17
300011 2.72. | 0.99 2.90 1.02 3.20 1.22
m’ 2.32 1001 2017 1.00 2092 1-28
300031 1.6k 0.8 1.90 0.92 1.91 1.11
300041 1.55 0.0 1.91 0.79 1.83 1.00
600011 # 0.93 0.l 1.00 0.30 0.82 0.31
600021 * 0.5% 0.18 0.72 0.23 0.65 0.27
. 600031 0.8 0.52 1.08 0.5 0.90 0.56
600041 %* 0.61 0.25 '0.82 0.2 0.59 0.2
200012 3.7 1.6 | 4.0 1.68 3.7 1.28
200022 3.03 1.07 3.22 1.17 3.21 1.11
200032 3.00 1.28 3.31 1.47 2,99 1.10
200042 3.21 1.32 3.59 1.53 3.13 1.09
hooo12 3.67 1.49 4.07 1.60 3.43 1.27
Looo22 2.78 0.93 2,82 0.92 2.7 0.94
400032 2.81 1.25 3.02 1.27 2.61 1.0k
Loook2 3.08 1.31 3.39 1.4 2.81 1.05
400013 2,46 1.05 2.95 1.23 2.7 1.33
m 2.1“ 0.%‘ 2.“8 1003 2."0 lom
400033 1.89 0.8 2.21 1.00 1.8k 0.91
hoools3 2.43 0.9% | 2.77 1.00 2.ko 1.00
Looo1Y 2,80 1.19 2,98 1.24 2.73 1.11
- hooo2l 2,08 0.8 | 2.05 1.05 2.15 0.91
Looo3k 2.30 1.02< | 2.49 1.0k 2.22 0.93
Loookk 2.7 1.08 3.02 | 1.15 2.48 0.97

‘ hat

* Less than 30 samples involved
NOTE: 4 = mean of the standard deviations

¢ = standard devie.tion of the gust velocity time series
standard deviations

10

te




{

The third consideration is also important. If a complete model is being
developed, the data must be adjusted to account for the fact that LO-LOCAT
data were not measured during adverse weather, The extent of the adjuste-
ment required is given in Tables 4,2 and 4.3, These data were taken from
Reference 4,1. Twrbulcace data used in the adjustment must come from pro-
grams other than 10-10CAT. Twc such 8 8 are References 4.2 and 4.3.

A muidtiplicity of types of data were qdfained snd analyzed during LO-LOCAT.
These data may be applied in numerous ways to the evaluation of atmospheric
turbulence at lov altitude, depending on the application. Examples of ap-
plications and adjustments that may be made are shown in Sections X and X
of this report. In these sections, the 10-IOCAT Phase III date are ane..
lyzed with data from Phases I and II and with data from other low altitude
turbulence programs. .

¢

TABLE 4,2
NUMBER OF IFR WEATHER DAYS

' Maximom

Spring Sunmer Fall Winter Yearly
Location Days Days Days Days Days (%)
McConnell <9 <9 <9 9 - 18 45 (12.3)
Edwards 9 -18 9 - 36 9 -18 9 - 27 99 (27.1)
Peterson <9 <9 <9 <9 36 (9.85)
Griffiss 9-18| " 9-27| 18 - 27 81 (22.2)

TABLE 4.3
NUMBER OF THUNDERSTORM DAYS

i Maxcinmm

Spring Summer Fall Winter Yearly
Location Days Days Days Days Days (%)
McConnell 100 | 20 10 | 1-5 L5 (12.3)

Edwards 1 1 1 1 b (1.1)
Peterson 10 30 5 0-1 46 (12.6)
21 (5.75)




SECTION II
~SUMMARY

\ ,

It was found, based on primary peak, amplitude, and level crossing counts
and rms values that gust velocity magnitude becomes larger as the terrain
becomes rougher, as altitude above th? terrain is decreased, and as the
atmosphere becomes less stable., Statistical distributions of gust veloc-
Aty primary peak, amplitude, and level crussing data were found to be in
reasonable agreement with each other. (See Figures 11,10 through 11.12).
The distributions of the primery peaks were found to be definable by an
equation using the component Geussian process. The distribution of the
gust velocity rms values was also defined by using the combination of two
Geussian equations (see Figures 13.35 'gzhmugh 13. 37)

Gust velocities in excess of TO feet pér second were encountered. The
maximum value for vertical gust velocity was Th.5 fps and occurred over
leg 3 of the Edwards route., The maximum gust velocity for longitudinal
and lateral components were 71.0 and 76.9 fps, respectively, and occurred
over leg 5 of the Peterson route. The probability distribution of the
maximm derived equivalent vertical gust velocity agreed well with that

of the meccimum true vertical gust velocity.

The nondimensionalized power spectral density of atmospheric turbulence
did not show any variationr “hich might be associated with different geo-
physical or meteorological phenomena. Good agreement between nondimen-
sionalized von Karman and measured gpectra was exhibited. The von Karman
spectra, however, did slightly wnderestimate the power of the measured
spectra at the low values of kL, the nondimensionalized spatial frequency.
The average value of the masurqd scale lengths was 600 feet; this average,
however, is more representative of the turbulence found around the high
mountains over the Peterson route in Colorado than of turbulence in general.

Forecagting of low altitude turbulence intensity was most successful when
based on vertical wind gradient and lapse rate, It was found that the
greatest chance of encountering significant turbulence exists when the
Richardson number is in the 0.2 rapge. As the Richardson number in-
creases, the chance of high intensity turbulence decreases rapidly. The
stability ratio was found to provide a good indication of turbulence ine
tersity, but did not, as suggested by other investigators, provide any
advantages over the Richarddon number.

Taylor and Kolmogorov microscales and viscous dissipation rates and sta-
bility ratios were evaluated. They were compared to values obtained by
other lnvestigators. '

LO-IDCAT Phases I, II, and III data were compared. Basic information con-
cerning tke three phases is shown in Teble II.1l. The Phase 1II data tended
to have higher turbulence magnitudes. This increased magnitude is attrib-
uted to the measurement of longer wavelength turbulence and measurement of
turbulence over high mountains. An example of meesuring longer wavelength
turbulence 1s shown in Figure 17.1 where the vertical gust velocity com-
ponent contains a wavelength of approximately 14,300 feet with a magnitude
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exceeding Th.0 fps. The wavelength appears at a frequency of approximately
.- countered during Phases I and II, would have a.ppeared at a frequency of 0.02

- consistent in that their shape can be approximated by the von Kairman math-

. During the course of this pmgram, three additional turbulence mvestiga-

oy
/
. ' ®

0.0k cps in the time history. This same long wavelength turbulence, if en-

cps due to the lower speed at which the C-131 eirplanes were flown. Fhases
I and II gust velocity measurements in this frequency realm would have been
attenuated approximately 80 per cent by the data filtering techniques used
to alleviate the effect of drift. This is illustrative of the fact that
there is turbulence, some of which is significantly high in intensity, that
contains wavelengths longer than T000 feet.

I0-LOCAT data were compared to that from other low altitude turbulence pro-
grams. Because of the variety of filtering techniques used, only those
samples vhich were most agreeable to Kolmogorov's theory were used. Based
on the method of selecting the spectra, it was concluded that the spectra
of turbulence at low altitudes from various independent researchers are

ematical expressions with 8ca.le lengths generally less than 1000 feet.

tions were accomplished, These were the BREN Tower Flyby, Thunderstorm
Turbulence Investigation, and the Wake Turbulence Investigation. The BREN
Tower Flyby investigation was accomplished to compare turbulence data re-
corded from an instrumentel airplane and an instrumented tower. Although
the turbulence.levels were slightly different, the normalized spectra were
in good agreement, The Thunderstorm Turbulence Investigation was accom-
plished to 1nvestigate turbulence near thunderstorms and convective clouds.
Unfortunately, no severe thunderstorms developed in the area during the
period of investigation. It was found that turbulence intensities near
convective clouds were low and that the power spectra of turbulence near
convective clouds exhibits a -5/3 logaritimic slupe relationship betwe:
power density and spatial frequency. Air temperature changes near cumulus
clouds occurred, in some instances, wien turbulence was encountered. The
Wake Turbulence Investigation consisted of flying the Phase IIT1 airplane
behind formations of C-1L4l airplanes in an effort to qualitatively evalu-
ate the wake turbulence environment generated by these airplanes. The
meximum gust velocity encoumtered was 63 fps and the estimated size of

the vortices varied from 19 to 41 feet in diameter. Although high gust
velocities were encountered, the time duration of the gusts were so short
that the T-33 airplahe did not respond to the turbulence and the pilot re-

“ported very little turbulence.

Since tne major findings of LO-IOGAT Phase III vere the significant influ-

ences on atmospheric turbulence statistics of the longer wavelengths of

turbulence and turbulence over high mountains in Coloredo, additional re-

gearch was accomplished. Gust accelerations and wind velocities were cal- M
culated and analyzed to determine if the longer wavelengths could be better

resolved. The most pertinent of extreme gust data obtained during the High

Intensity Gust Investigation was reprocessed using techniques developed dur-

ing the 10-LOCAT program to see if the new techniques would alter the results

originally obtained.

Spectra of longitudinal and lateral wind components showed indications of
isotropy for‘'the two components. Integral scale lengths were found to be

i3
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. on the order of 6000 feet. A technique was dsveloped vhereby the statistics

of gust velocities can be determined using gust accelerations., This tech-
nique proved to have two distinct sdvantages. The gust accelerations re-
quire less high-pass filtering due to their low power at low frequencies,
The technique also requires considersbly lesas camputer effort since filter-
ing may be performed in the frequency rather than the Time domain, Apalysis
of the reprocessed High Intensity Gust Investigation data showed that the

TABLE IX.l
BASIC LO-LOCAT INFORMATION g
_Phases I &I Phase ITT

| Atrcratt used to obtain data b C-131's i 733
Flight period - 9=15-66 - 12-20-67 8-16-68 - 6-30-69
Fumber of turbulence data L 1,2% 299

flights »

Lov altitude turbulence samples 8,871 1,938
BRRN tover sssples | : 0 8
Tmmderstorm turbulence ssaples | o 55
Wke turbulence semples 0 %




: TABLE II.1 (Contd.)’
! .
P BASIC 10-LOCA? INFORMATTIOF
! -
| Phases I & II Phase TII
,i Turbulence sample average ' 2l mi. 32 mi.
length |
i[ Turbulence aample average 5.5 min, k.5 min.
| time interval
| Average tu-bulence PSD wave- 33 - 7,990 feet 63 - 15,100 feet
- length band | ' | |
’ | Adrcraft average.ground speed 332 fps 630 fps
‘ ‘ ¢, bandwidth* 0 - wcps 0~ »cps
f s ¢y bandwidth - 0.33 - 10 cps 66 - 10 cps
L ‘ ,
¢ bandwidth ' 0.04% - 10 cps 0.0k - 10 cps
: Hot wire data bendwidth | 5 - 500 cps §/A
b . ’ . .
u time serics samples analyzed 6,553 1,730 .
| statistically | ,
v time series samples analyzed 6,270 1,709
statistically
v time series samples ann.lyzed 6,508 1,76
statistically

% non-contour samples 1,113 A 0

v non~contour sg.wles 1,091 0

W non-contour samples 1,118 ‘ ' 0
! u rms values apalyzed ? 7,670 1,762
: statistically

v rms values analyzed ' 6,621 1,740
| " Buatistically
g v rms values analyzed ‘ 7,630 1, 746
- statiatically -
] Gust velocity samples for which 1, TTS : 04

~ spectra vere calculated
] ~ # Influanced belov 0.046 and above 10.0 cps by high end lov pass filters.
. 15




TABLE II.1 (Concluded)
~ BASIC 10-LOCAT INFORMATION

Phases I & I1 Phase II]

u spectra eliminated due to 296 33
irregularities®*

v spectra eliminated due to 514 380
irregularities*

v spectra eliminated due to 306 ho8
irregularities#t

Homogenecus u spectra analyzed 1,272 591

Homogeneous v spectra analyzed 1,061 524

Homogeneous v spectra analyzed 1,259 ko6

u spectrs obtaipned during non- 07 0
contour flight )

v spectra cbtained during none- 200 0
contour fiight ’

v spectrs obtained during non- 210 o
contour flight

Qust velocity time series samples 33,000 27,000
per turbuience sample

Time interval - spectre 0.01 sec. 0.02 sec. .
calculations

Cust velocity samples in spectra 33,000 13,500
calculations

Frequancy interval - spectra 0.0hlé cps 0.0k]é cpe
calculations -

Ryquist frequency 50 cps 25 cps

Fumber of frequency estimates - 1,200 600

. 8D

Miles covered recording accept- 135,900 55, 750
able turbulence data

Hours of scceptable turbulence 600 130
data -

Spectrum degrees of freedom - 7 55 k5

Individual samples

** Lov signal/noise, high airplane motion effects, low turbulsnce homogeneity,
16

etc,




SECTION III

GUST VELOCITY TIME FUNCTION

'-‘ A%

2. RUN REST FOR STATIONARITY

One of the assumptions normally made in the analysis of turbulence data is
that it is stationary. Stationarity generally means that statistical pro-

, perties computed over a short interval of time do not vary more than would
be expected due to normal sampling variations.

In order to verify that the stationarity assumption wes valid, it was nec-
essary to perform a test for stationarity on each turbulence sample. Dur-
ing 10-LOCAT Phase III, the run test procedure for stationarity, as described
in Reference 5.1, yms used. Two separate run tests, one on the gust velocity
‘mean values and one on the msan-square values, were performed for each turbu-
lence sample. The use of mean-square values was suggested in Refere@e 5.2.
Run test observations were obtained using the following equations:

K

(Mean) " (5.1)
. v

»
1

”

C -
ohx e ) i ~ (Mean-Square)  (5.2)

i"8

. here:

a = 1350 - 13k

ba 1350

n=1,3, 5 199

A

A total o7 100 observations were made for each run test. Each observation
(0, or 0p) ¥as compared with the observation mean and assigned a sign-

plus vhen above and minus vhen belov the mean. The number of runs is de-
fined as the number of sets with like signs. The number of rune and whether
or not the sample vas accepthdd as, stationary at the 0.02 level of sigaifi-
cance: for both run test methods wvas then determined. This was done by com-
paring the actual oumber of runs tc the expected number of rms at a given
level of significance.

-

The expected nmamber of runs at a level of significance of 0.0Z2 was determined
using Lhe following equations:

" W

é
J
|
|




]

SN)N,
Nl+ N,

» =

.1 (5.3)

1/2
2N, N (2N ,N,-N,-N,) (5.4)
(N, + K)2(N,+N,-1)

where:

N, = Total number of plus values (O, or Op)
N, = Total Number of minus values (O or Op)

Using the above information, the expected number of runs (E) was then cal-
culated:

E=(ut2.3%¢) -0.5
where 2.326 corresponds to the 0.02 level of significance.

When the actual number of runs fell between the two values of E, the sta-
tionarity hypothesis was accepted at the 0.02 level of signiricance,

Run test data were obtained for all turbulence samples recorded after Flight
Number 177. Due to a computer programming problem, run %. ts were cbtained
for only some of the flights prior to Number 178. Run tests were, however,

performed cn a total of 802 turbulence samples.

The results for both run tests performel during LO-IOCAT Phase III are
shown in Table 5.1. This table shows that over 80 per cent of the turbu-
lence samples tested by a run test of the means were accepted as stationary.
The mean-square test accepted from 60 to TO per cent of the samples depend-
ing upon the component of gust velocity being tested. This indicates that
the mean-square test is the more stringent. The average of these tes.s for
all components indicate that 77 per cent of the samples may be accepted as
statiopary. .

When a table such as the one in Reference 5.1 is used to determine the ex- :
pected nunber of runs corresponding to a given level of significance, the !
assumption that N; = M in Bquations 5.3 and 5.4 1s made. The results of :
making this agsumption are illustrated in Table 5.1. As shown, the per-
centage of turbulence samples accepted as statiopary is reduced by using
the K, = N, assumption. The mean-square test is affected much more than
the test of the means,

A number indicating the degree of stationarity for each turbulence sample
wvas not computed. However, since homogeneity is the property vhich in
spece corrdinates corresponds to the stationarity property in time coor-
dinates, these two properties may be considered similar. Mumerical valuves
indicating the degrees of homogeneity were computed for turbulence samples
for vhich power spectra wers computed and are presented in Section 21 and
in Appendix VTII.

v e e i e < 24
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TABLE 5.1

PERCENT OF TURBULENCE SAMPLES ACCEPTED AS STATIONARY
AT THE 0.02 LEVEL OF SIGNIFICANCE

Test of Means Test of Mean Squares
u v W u v W
Analytical
Method 85.1 80.7 88.3 TT.4 60.1 T70.7 '
Table
Method TT.0 TL.2 T9.0 k2,0 28.5 k5,5

6. ENSEMBLE AVERAGING

A random process may be classed as elther nonstationary, stationary, or
stationary and ergodic, Atmospheric turbulence, over long periods of time,
must be considered to be nonstationary. Stationarity implies that statis-
tical properties computed over short time intervals do not vary more than
would be expected due to normal sampling variations., The fact that turbu-
lence iz nonstationary 1s seen by comparing mean square values computed

from turbulence samples for different days. Also, in mountainous regions
vhere the terrain is not homogeneous and the wind currents vary considerably,
mean square valuee for adjacent 4.5 minute turbulence samples have been
found to vary from 3 to 75 (fps)f.

Over a small ares and a short time interval, turbulence can usually be con-
sldered to be statinnary. Atmospheric turbulence cannot be considered to
fall into the statiomary and ergodic class since ergodicity implies that
each record of an ensemble 18 ~tatistically equivalent to every other record
and that ensemble averages over a large number of records at fixed times may
be replaced by corresponding time avere~-s on a single representative record
of the ensemble.

Refurence 6,1 indicates that to obtain a well defined statistical represen-
tation of a rendom process that is nonstatiouary or stationary and not,
ergodic, ensemble aversges should be computed. Since atmospheric turbuf
lence could fall into either class, ensemble aversges were calculated for
several categories of data. This aversging of a number of sarples gave
high statistical confidence, as discussed in Section 20,

Ensesble uveraging was accomplished by taking an ensemble {group) of records
and averaging the ensemble at corresponding times. Individusl points of the
ensemble average time function s (t) were calculated by:

|
F.(ts)--ll;-z x, (ty) (6.1)

k=)
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Each of the 270-second’ records used were considered tu be self stationary.

Ensemble average time functions were computed for each of the eight fol-
lowing category combinations:

High mountain, 250 foot, stable (112000)
High mountain, 250 foot, neutral (113000)

High mountain, 250 foot, umstable (114000)

y -

High mountain, 750 foot, stable (122000)
! High mountain, 750 foot, neutral (123000)

High mountain, 750 foot, unsteble (124000)

Plains, 250 foot, wmstable (414000)

Plairs, 750 foot, unstable (b424000)

Power gspectra and coherency functions were calculated for the ensemble aver-
age time functions. Isotropy and homogeneity characteristics were evaluated
and the spectra were compared to the von Karman mathematical expressions.
These data are presented in Figures 6.1 through 6.8. Isotropy, homogeneity,
and coherency checks gave essentially the same results as those from the
principle analyses (Section y),\ The observed spectra agreed well with the
von Karman spectra. The scale lengths from the ensemble time function, with
the exception of two points, agreed fairly well with those representing the
average of the scale lengths for the individual samples. These data are pre-
sented in Figure 6.9. The ensemble average scale lengths varied with category
; in the same way that irdividw.l sample scale lengths varled. That is, gener-
: ally speaking, scale iengths increase with increasing terrain roughness, in-
f creasing altitude and decreasing stability.

It was concluded that short, relatively self-stationary segments of turbu-

lence data can be accurately evaluated statistically without resorting to
ensemble averaging techniques.
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{. _GAUSSIAN DISTRIBUTION CHECKS

Gust velocity arplitude vaiues computed for each turbulence sample were
checked for normelity using the chi-sguared goodness-of-fit test. This
test compares the actual distribution with a normal distribution.

A chi-squared test was performed on each four and ore~half minute turbu-
lence sample using 28 bands (N,) with widths of constant probability. The i
degrees of freedom for each sample were (N,-1). 'Iwo hundred (N) gust ve-
locity amplitude values were used in the calculations of ¥ values by equa-
tion T.1:

By
‘ x2 = E (£, - th (7.1)

J‘Q
!}

observed frequency

*rj
o
"

theoretical frequency

Since: o k]
' Yoa-1 Tres L,
b=1 !'_1 ’ .b’

28 '
x*=.14 3, fy - 200 (7.2)
bw]

A cumlative probability distributiom of the chi-.sq.are vulues for all [0~
LOCAT Phase I1II data 18 shown in Figure 7.1. Tewvela of significance based ]
on the number ¢f degrees of freedom for these data are shown., Inspecti-n

of this figure shows that approximetely 857 por cunt uf the vertical, 88 per
cent of the longitudinal, and 89 per cemt of the latewal guct relucivy sam-
plee were accepted as Caussian at the 0.02 level of significance. Approxi-
mately 10 pex cent more samples were accepted during Phases I and IT (Ref.
T,2). This 18 attributed to the fact that turbulence samrles were taken
over a 60 per cent longer distance (appooximeielry 32 wiles) auring Phase ITI.
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8. PRIMARY PEAK COUNT

In the peak count procedure each maximum positive or negative excursion of
a gust velocity time history, between adjacent crossings of the mean, is
defined as a primary peak. A graphical illustration of this procedure 1is
presented in Figure 8.1. As shown in this figure secondary peaks are not

considered, and only the primary peaks which fall within each 2 fps wide
band are counted.

In this procedure, high frequency, low amplitude data are counted as pri-
mary peaks in the lowest band., Figure 8.2 shows a peask count distribution
plotted on semi-logarithmic scales and illustrates how it was extrapolated
to obtair the peaks in the lowest band. The shaded points indicate the
cumdative number of peaks in the lowest band as they were oxriginally
counted. The unshaded points at zero gust velocity are the extrapolated
values, The extrapolation technique had the effect of compensating the
error ilnduced by not counting the secondary peaks and thereby adjusted

the cumulative probability of the peak count data to be more compatible
with that of the level crossings data.

The extrapolation wae performed by fitting a curve through the data points
using the least square method. The curve fitting was accomplished by com-

puter and consisted of fitting the general polynomial (Equation 8.1) to the
distribution.

Y, = A+ A, X,° (8.1)

The coefficients Ao' and A, were determined such that the following quantity
was & minimum:

2

L
Yoel=Y W, [Yi - Ay - A, xf] (8.2)

ie)

where:

>
{

= (x, + 20) in fps, where x, 18 the gust velocity

Il
[t}

. = log (F, 1)’ where F, is the cumulative number of peaks per
mile occurring in a given band

=
-
u

The weight applied to each Y,;. For this application the
following W, values were used:

W, =0 Wy =6




error or difference between observed and analytical vulues
of Y

o
1l

N Nunber of data points being fitted

Ay, A, = Constants

The foliowing equations were obtained by taking the partial derivatives of
£(x) with respect to each coefficient:

N ). | ). |
2
AoZV1+Azzwzxx-E“th=° (8.3)
1=2 1= 1=l
Ll 2 2 T
AOZW,xi»fAz‘z:w,xi-Zw,x,r,=o (8.4)
1s] =] is]l

Simultaneous solution of these equations ylelds values of the coefficients
for use in Equation 8.1. The coefficient A, is the extrepolated log(Fp.).
Details of the least squares curve fit are given in References 8.1 through
8- 3.

After positive and negative peaks were added for each band and accumulated,
cumlative peaks per mile were calculated by dividing the cumilative number
of peaks in each band by the miles traveled while obtaining the turbulence
sample., Cumilative bability was calculated by dividing the cumulative
number of peaks for band by the cumilative number of peaks for the
lowest band (for peak count, this is an extrapolated value). The proba-
bility density is the change in probebility from one band to the next higher
one divided by the band width.

Figure 8.2 is an example of & peak count cumulative distribution for a par-
ticular turbulence sample. The curves shown on this plot represent those
fitted by computer to the data points. The characteristic frequency of the
peak count data, N, is defined as the cumilative peak per mile value de-
termined by extrapolating the cumilative distribution curve to zero gust
velocity. Figures 8.3 and 8.4 are examples of peak count cumulative prob-
ability distribution and probability demnsity distribution for the same tur-
bulence sample as shown in Figure 8.2,

The turbulence safples on which the peak count was performed all had means
vhich had been set to zero. A standard deviation was calculated about this
mean for each gust velocity sample using the grouped data technique dis-
cussed in Reference 8.4. Standard deviation values, presented in Section 11,
were computed from the following equation:

12

‘e [ : r-(m*] (8.5)
pe N
be) Pe

The subscript e denotes that an extrapolated value for cumulative peaks, as
discussed previously, was used in this calculation.
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Those turbulence samples set aside from the normml data processing routine
because of low signal to noise ratic- [ ?1ecvesed in Appendix III, Section
I11.5) were included in the gust veloc.ty peak count distributions so that
the effects of low intensity turbulence would be present in the final anal-
ysis. Inclusion of these turbulence csamples was accomplished in the fol-
lowing manner. (1) The category number associated with each of these tur-
bulence samples was determined (Table 8.1 is a list of the number of samples
involved with respect to category number). (2) One low signal to noise

. sample was processed for each different category number to obtain peak count
data representativc of that category. (3) The representative data, multi-
plicd by a factor equal to the number of samples involved in each category
(Table 8.1), were added to the peak count distributions initially computed
in the normal data processing routine.

Figure 8.5 is a plot of the peak distribution for the overall. category.

The shaded points illustrate the effect of including low intensity turbu-
lence samples, Only the points at zero gust velocity were changed a no-
ticeable amount; all other points were essentially unchanged, Also, the
inclusion of the low intensity turbulence samples slightly lowered the
cumulative probability distribution curves of those data in the categoriles
involved, Figure 8.5 also compares the peak count distribution curves for
the gust velocity components for the overall category. Lateral gust veloc-
ity has the highest distribution curve and longitudinal the lowest with
vertical crossing over between them, <The relationship between components
of gust velocity for all categories analyzed is shown in Appendix VII.

Those categories which contain high mountain data show a relationship be-
tween components similar to that for the overall category. Categories which
do not ccrtain high mountain data gemerally show a closer comparison between
lateral and vertical distributions with longitudinal always slightly lower.
The reason lateral is higher for the high mountain data i1s probably due to
the effects of flying parallel to and on the leeward side of high mountain
ridges.

The distributions of the three components, for the categories other than
high mountain, agreed much more closely during Phase III than they did dur-
ing Phases I and II. High-pass filtering attenuates the long wuvelength
amplitudes of the longitudinal compo:.-t more than the vertical or lateral
because the longitudinal component contains higher power at the long wave-
lengths. The attenuation of these long wavelengths was less severe during
Phase III than during Phases I and II. This occurred because the Phase III
data were recorded using a higher speed airplane vhick made possible the
measurement of longer wavelengths as discussed elsewhere in this report.
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TABLE 8.1

NUMBER OF LOW INTENSITY TURBULENCE SAMPLES INCLUDED
IN EACH CATEGORY FOR STATISTICAL ARALYSIS OF
PEAK, AMPLITUIE, AND LEVEL CROSSINGS COURT

~ Category " Fumber ~Category ~ Number
Nunber of Samples Number of les
321131 1 61124 1
hrii2h 6 611331 5
k21113 1 611341 1
421104 15 62131 6
Lo313% 8 6211ln 2
421234 3 621231 5
4opo3) 1l 62124 3
hakiok 1 621331 L
6111l 2 621341 1

The peak count, amplitude count, and level crossings count distributions
obtained for each turhilence ssmple were compiled on a master computer
tape as they were processed. These distributions were recorded on the
master tape according to category number. For IQ-LOCAT Phase I1I, data
were stored in 260 out of a pos3ible 1920 different categories on this
tape. Some of these categories contained many samples, cthers had only
one. In order to obtain distributions which were statistically reliable,
it was necessary to combine categories so that none contained fewer than
30 samples.

The master tape data were processed through a computer program which had
the cepability of combining categories in any selected combinations.

Those samples not categorized with respect to atmospheric stability be-
cause of imralid outside air temperature data could not be handied by the
computer prcgram and therefore, were not included on the master tape, nor
included in the statistical analysis. The combined category distributions
obtained from this program were then plotted. Table 8.2 lists those cate-
gories which contained 30 or 'more samples. The total number of samples
included in each category, as well as the number of low intensity turbu-
lence samples included in the total are also included in Teble 8.2. Plots

and 1listings or peak count distributions and probabiYity distributions for
these categories are given in Appendices VII and VIII, respectively.

Analytical expressions of the peak count probability distributions were de-
termined for each of those categories involving individwal category compo-
nents as well as the all data category. These expressions were determined
using a technique similar to that described in References 8.5 and 8.6. This
technique involved the selection by least-squares fit techniques, of two ex-
ponential curves which, vhen added together, would result in a curve repre-
senting the distribution in question. This expression takes Lhe following
form:

F(x) = P, exp(- &) + P, exp(-~ £) (8.6)
1 2
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where:

7(x)

1t

Cumulative probability distribution function

P,, P, = Intercepts of the exponential curves

/o5 Lo,

X

Slopes of the exponential curves on semi-logarithmic paper

i

Gust velocity smplitude

Table 8.3 shows the values of P, P,, b,, and b, for the above mentioned
categories. The values are valid out to the maximum gust velocity value
measured for each category as given in Appendix VIII. Ea%)erimmt&l data
corresponding to the fitted curves is given in Appendix VII,

Confidence limits were computed for the categorized primary peak count
cumlative distribution functions. Since each distribution analyzed con-
tained many turbulence samples, each point on the distribution curve is
representative of the mean at that poirt of all samples contained in the
category. The central limit theorem states that for large samples, mean
values axe distributed normally without consideration of the underlying
distribution. The confidence limits were therefore calculated using the
procedure for a normal population with unlnown standard deviatiomn, as de-
scribed in Reference 8.4, Peak count distributions and their confidence
limits for all categories anmalyzed are given in Appendix IX. Figures 8.6
through 8.11 illustrate the relationship of the 99 and 95 per cent con-

. fidence limits to the distribution of all of Phase III data.

An analysis of the peak count data with respect to those categories involv-

ing individual category components as well as the all data category is con-

tained in Section 11. A comparison of the various counting techniques is
-also contained in that section.
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TABLE 8.2

TOTAL NUMBER OF TURBULENCE SAMPLES IN EACH COMBINED

CATEGORY DISTRIBUTION AND THE NUMBER OF LOW
INTENSITY TURBULENCE SAMPLES INCLUDED -
PEAK, AMPLTTUDE, AND LEVEL CROSSINGS COUNT

Total Number of
Number of Samples low Turbulence
Category u v W Samples
000000 1730 1709 1716 66
100000 846 841 846 0
200000 297 297 297 0
300000 1n5 115 115 1
LOO00C 3% 360 382 35
600000 T6 7% % 30
010000 899 887 891 15
020000 831 822 825 51
001000 561 558 560 6k
002000 49 k15 L7 1
003000 393 387 390 0
004000 297 289 289 1
000100 465 462 465 Lo
000200 64k 637 639 13
000300 621 610 612 11
000001 599 599 599 31
000002 135 134 135 0
000003 43 36 42 1
00000k 253 240 2ho 34
11100C 109 108 109 0
112000 140 140 140 0
1313000 129 128 129 0
114000 64 64 64 0
121000 112 112 12 0
122000 147 146 MY 0
123000 95 9k 95 0
124000 50 kg 50 0
211000 60 60 60 0
212000 31 31 31 0
213000 33 33 33 0
214000 33 33 33 0
221000 65 65 65 0
312000 31 31 31 o
411000 52 51 52 6
1112000 39 39 39 0
413000 57 5k 55 0
414000 50 Ly NN o]
421000 55 5k 54 27
422000 33 30 31 1
423000 39 38 38 0
424000 T 0 69 1
621000 32 32 32 21
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Bana Velocity
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\
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paN 2
O\ \__ Q_
Mean — /74 0
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v \ -6
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4
Q. ) -8
Gust Cumilative
Band|Velocity|{Plus Peaki{Minus Peak|Cumulative|Peaks per |Cumulative |Probability
No.| (fps) Ident. Ident. Peaks Mile* |Probability| Density
1] o D) 7 35 1.0000 L0714
21 2 ) ® 3 30 .85T1 .1428
3| 0) 4 20 .STL 0715
N GRS, 3 15 4285 2143

NTE: This 18 only an illustration and should not be condidered as typical of
turbulence data,

@ © = Secondary Peaks - Not Counted

# For this example , assume 0.2 statute miles is the length of the above record.

Flgure 8.1 Primary Peak Count Example
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CUMULATIVE PEAKS PER STATUTE MILE
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O Vertical 55310
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9. AMPLITULE COURT

The amplitude count technique of analysis was used or the time series of
the gust velocity components, Values for each component were computed by
the gust velocity progream (Appendix V) at 100 samples per second. In this
procedure, amplitude bands 2 fps wide were placed on either side of the
zero sean. The mmber of semples contained in each band was determined
and the sar_les in the corresponding positive and negative bands were
added together. This procedure is illustrated in Figure 9.1. Amplitude
data were used to compute cumlative distributions, cumulative probabil-
ity distributions and probability density distributiomns. The technique
used to calculate these distributions is also shown in Figure 9.1l. The
time geiles standard deviation (#,) for each gust velocity camponent was
camputed from the following equation:

z (x,-%) ] (9.2)

1e]l

Examples of amplitude count cumlative distribution, cumulative proba-
bility distribution, and probability demsity distribution for an indi-

vidual turbulence sample are shown in Figures 9.2, 9.3, and 9.4, respec-
tively.

Ampiitude data were combined for the same categories shown in Teble 8.2
and the data from turbulence samples of low intensity were accounted for
in the same mumner as described in Section 8.

Amplitude count cumulative probability distribution plots for the Phase
II1 data are shown in Figure 9.5. Plots for the 42 categories of Table
8.2 are shown in Appendix VII and listings of these data are presented
in Appendix VITI.

Comparisons of peek, amplitude, and level crossings count are made ir
Section 1l1.
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NOTE: This s cmly an illustration and should not be consifered as typical of
turbuleuce data.

Figure 9.1 ~mplitude Count Exarple
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10. LEVEL CROSSINGS COUNT

Another method of gust velocity amplitude analysis was the level crossing
technique. Levels of gust velocity were established at 2 fps intervals
from the zero mean. Crossings with a positive slope were counted. Figure
10.1 illustrates the level crossings technique. This figure shows how
crossings of corresponding positive and negative levels were combined.
Crossings of the zero level were a special case and were doubled to account
for crossings with both positive and negative slopes. The number of level
crossings per mile, probability of exceedance, and probability density dis-
tributions were calculated as shown in Figure 10,1. Detalled discussions

of the level crossings analysis technique can be found in References 10.1
and 10.2,

A level crossings standard deviation ('1.) was calculated using the follow-
ing equation:

KOE o2 1/2 ( )
x. 1001
v NowL
According to Rice {Reference 3.1), level crossings count provides a de-
scription of a stationary Gaussian process. The lewvel crossings distri-

butions obtained for each twrbulence sample were compared with a distri-
bution obtained from Equation 10.2 (Rice's equation).

N(x) = N, exp (-x:/2¢‘2) (10.2)
vhere:

N(x) = Expected mumber of crossings per mile of a given »
positive and negative level

N,. = Total number of zero crossings with positive and
negative slopes per mile
x, = Level of gust velocity in ft./sec.

¢, = Standard deviation of time series (Equation 9.1)

Figure 10.2 is an example level crogsing distribution plot. The curves
shown on these plots represent a distribution obtained from Rice's equa-
tion. Agreement between LO-IOCAT data and Rice's equation was found to
be best for the longitudinal component. Hice's equation underestimated
nearly every LO-LOCAT sample measured. For a further discussion of Rice's
equation, see Sectiom 51.

Figures 10.3 and 10.4 are level crossings probability distridbution and
probability density distributicn plots, respectively, of the same turbu-
lence sample as shown in Pigure 10.2. The probability distribution, Fig-
ure 10.3, shovs a higher probability of occurrence of the smaller gust
velocity values than the probability distributions obtained from either

56
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the peak count data (Figure 8.3) or the amplitude count data (Figure 9.3).
This is also shown in Figure 10.4 where the probability demsity is lower
at one than it is at nine feet squared per second squared.

Lov intensity turbulence samples were accounted for in the same uanner as
described in Section 8. Also, samples were categorized using the same
technique as discussed in Section 8.

Comparison of the peak, amplitude, and level crossings count are given in
Section 11. The distributions and probability distributions of the level
crossings count data for those categories shown in Table 8.2 are plotted

in Appendix VII and listed in Appendix VIII.

51

— “‘i‘ A“M - a X - e s i b

e

gL STy gl

FCTR R e L e




Gust Level ~ips
8

6

Gust Veloeity
4
2
Mean 0
-2 .

[Gust Folded Number of | Probability
Level | Mumber of FMmber of | Crossings of Probability
fps) | Cross Level | Crossings | per Milo* | Exceedance Density
8 0 0 8 o - 1.0000 .1250
6 1 2 6 30 . T500 .1250
4 2 L L 2 . 5000 .0625
2 3 6 3 15 3750 .1875
0 b
!
-2_ 3 ]
-4 -2
6 2
-8 (¢]
# For this example, assume 0.2 statute miles is length of above record.
i NOTE: This is only an example and should not be considered as typical of
turbulence data.

Figue 10.1 Level Crossings Count Example
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1l. COMPARISON OF COUNTING TECHNIQIES

The peak, amplitude, and level crossings count techniques used for analyz-
ing gust velocity time series date wvere compared. Data for an individual
turbulence sample and the all data category are shown here to 1llustrate

the relationship between counting techniques. This relationship is similar
for all categories so they will not be shown. Plots and listings for all
the categuri_ s investigated are availadble in Append’x VII and VIII, respec-
tively.

The cumlstive number of peaks in the first band should agree with the num~
ber of level crossings counted in the first band. This is because the peak
count technigqua counts the positive and negative peak excursions following a
crossing of the sero msanu snd the level crossings techniqus doubles the mm-
ber of crossings of thz sero meen vith a positive slope. Therefore, it should
be noted that the wnaxtrepolated peak count cumulative occurrences per mile
occurrences per mile at zern gust velocity. This
my be semn by ccaparing the unextrspolated peak count velues of Figure 8.2
cyossings count walves of Figure 10.2 at the zero gust ve-

a
§
;
E

Probabiliiies of encomtering a gust velocity equal to or greater than a
given v2lue for the three counting techmiques are shown in Figures 11.7
throvgh 11.12. Figures 11.7 through 11.9 show these comparisons for a sin-
gle twbulence sample. F.gwes 11.10 through 11.12 shov the cosparison.for
tis all data category.

The relationship betwvesn the counting tecimiques is very similar for both

the single sample and the all dxta category. Also, there is little varia-
tion from ons component of gust velocity to another. In generwl, the ampli-
tude comt distributions are lover and the level crossings are highest. The
peak count probability curve spproximates the amplitude count curve at the
lover guat velocity walues and approaches the level crossings curve at the
higher gust velocities.

Probalility density distridutions, obtained from a single turbulence sazple
using the three ocounting techr:igues, are showmn in Figures 11.13 througk 11.15
for the three gust velocity components. Pigures 11.16 through 11.18 shov
the ssme informsticn for the all data oategory. The amplitude count proba-
bility dmnsity distrilution curve is lower than for peak coumt for the
single twbulence semple, as shown in Pigures 11,13 through 11.15. The
level crusaings & nsity curve has 4 hump near sero gust velocity and a
slops somvwbat steecper them the cthars. This is representative of the
irwel croseings probability dersity curve for an individual esaple

E
§
g
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with a maximm gust less than approximstely 10 fps, the density curve is
shaped very much like the peak and amplitude count curves. The reason for
the difference in curve shape is due to the increased number of zero cross-
ings for those turbulence samples of low intensity. Figures 11.16 through
11.18 shov that generally level crosaings have the highest probability
density curve and amplitude cowmit the lowest with peak count in between.
The differences between the three curves are small and their shape is gen-
erally the sams, There is no hump in the level crosaings curve as there
was for some individual sampl~s. This is due to the combining of many
turbulence samples of both high and low intencity into this category.

Gust velocity standard deviations from amplitude count, peak count, and
level crossings were calculated as shown by Equations 8.5, 9.1, and 10.1l.
Figures 11.19 through 11.21 show comparisons of the cumulative distribu-
tions of these standard deviations for the three gust velocity components.
All LO-LOCAT Phase III data are included,

The level crossings standard deviations show a higher probability of oc-
currence than for peak count or amplitude count. This relationship is
gimilar for 1] three components of gust velocity, except the peak count
distribution is higher relatively for the vertical component.

It should be noted that the characteristic frequency, N, as referred to
in this report is not the actual characteristic frequency of the turl ce
but 18 equivalent to tae intercept of the peak count cumi'ative distribu-
tion function. Measurement of the actual characteristic frequency of the
tm-bulmce)uould require calculation out to very high frequencies (around
30,000 cps).

Values of the characteristic frequency were obtained by tnese different
methods. In tne first method, N, (in cycles per foot) was obtained from
PSD data using Equation 11.1.

N, =4, / #cycles per foou (11.1)

K, vas converted to cycles per mile and miltiplied by two to obtain oc-
currences per mile.

In the second method, N, (peaks per mile) vas determined by extrapolation
of the peak count distribution curve as previously described in Section 8.

A third characteristic frequency, N, (crossings per mile), was calculated
from level crossings data usaing Equation 11.2.

N, = 19.55 Ba
oL 1955v_. (11.2)

E_ = Total number of crossings cf zerc level vith both positive
and negative slope.

Y = Aversge speed during turbulence sample.
63
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Averrge values for each method are given in Table 11.1.

TABLE 11.1 ‘
I ’
COMPARTSON OF CHARACTERTSTIC FREQUENCIES CALCULATED FROM
POWER SPECTRA, PEAX COUNT, AND LEVEL CROSSINGS DATA

Characteristic Frequency Tongitudinal Tateral |  Vertical

'-No ‘(occurrences/mile) 25.09 ‘ ' 30.19 35,08
N, (pesks/mile) | 25.34 I 3L | 14585
N, (crossings/mile) _ 55,79 : h‘?’.i& ‘63.31

These averages represent Phase III data. Power spectra and N, values were
calculated for approximately 50 per cent of the data processed. In aldi-
tion, characteristic frequency values were not calculated for irregulsrly
shaped spectra (i.e. norhomogeneous turbulence or turbulence samples having
low signal-to-noise ratios). N, and N,; values were calculated for all tur-
bulence. samples processed. Extraneous R’ and No; values defined as those
which deviated more than four standmd dzviat:lons from the mean were removed
before averaging

The characteristic frequency of the longitudinal component is the smallest
and vertical is the largest. This is true for both N, and N,. Comparison
of corresponding N, and N, values shows reasonable agreanent between the
two methods of computa‘ion, except for vertical vhere N, is significantly
less than NP. This is believed to be due to the removal from analysis of
8 higher proportion of ‘the N, than N, data. These N, values were removed
primaxily because of custortion of the spectra at higher frequencies.

values of characteristic frequency obtained using level crossings data
considerably larger thar those obiained from peak count. This is be-
cause the leve)l crossings vaiues .orrespond to what the peak count values
would have been had they not been extrapolated. The reason for extrapolat-
ing to cbtain the cha.racterfs’%ic frequencies from pesk count data is ex-
plained in Sect 8.

It should be noted that the charmacteristic frequencies obtalned using the
peak count and level crossings method are dependent upon the frequency
range of twbulence being investigated. Duning LO-IOCAT Phases I and II,
the C-131B test airplanes ver= flown at an average speed of approximately
330 feet per second while gathering gust velocity data. These gust velocity
data were filtered so that only the frequency band from approximately v.Ok
to 1C cns was cetained. This frequency band corresponds to a range of gust
velocity wavelengths ranging from 7980 to 33 feet. During LO-LOCAT Plase .
I, the T-33A test airpiane wes flovn at an Average speed of spproximately
630 feet per. second. The same tand of frequencies was passed during data
processing as for Phases I and II. With the higher airplane speed and the
same filtering bends, the new renge of gust velocity wavelengths obtained
ranged from 15,100 to 63 feet. The segment of turbulence spectrm
investigated during LO-IOCAT Phase III waz ‘herefore shifteu *oward longer
wavelengths froo that of Phaseg I and&II.




M

The average values of N, obtained dwring Phases I and II were 50 peaks

per mile for the longitudinal components and 60 for lateral and vertical
components. Comparison of these values with those obtained during Phase
ITI shows the difference between them to be a factor of approximately 2.
This difference is due to the high frequemcy of occurrence per mile of

the 33+63 foot wavelength gusts which were measured during Phases I and II.
Wavelengths less than 60 feet were not measured during Phase III.
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Peak, emplitude, mdlmlmuim count distributions are very similar
mmwmymﬂthdifhmtmimlm Therefore, only
the peak count distributions are used in this document to fllustrate these
variations. Ploss and listings of data from all three counting techniques
mpreuntedinhppeudicelmmdvm )

Figures 12.1 through 12.3 ahov the terrain effects on peak count distribu-
tions of the three gust velocity components, These plots shov that the mm-
ber of peaks per mile exceeding given values are, in general, lirger for
high mountain data and decrease for]nvmbains, plains, desert, and vater
inthatorder.

Peak probabu}ties of the plains data are higher than that of the desert
data, even though the average desert terrain was rougher than that of the
plains. This vas probably caused by the fact that higher wind vglocities’
were recorded over the plains resulting in & higher percentage of mechan-
ically generated {turbulence, —

A distinct change wvas seen in the distribution cuives for terrain effects
betwaen the Phase ITI Interim Report (Reference 12.1) and this report.
Theremnochangeinuteranddesert distridution curves sincé no addi-
tional data vere obtained for these categories. The plains, lov mountain,
and high mountain distribution curves were raised considerably. This was
due primarily to the effects of’the more turbulent air encountered over the
Peterson route. These effects were not included in Reference 12.1.

Pigures 12.4 through 12.6 presert the altitude effects on peak coumt dis-
tributions. These figures shov greater frequenciea of occiurrence of gust
velocity peaks at 250 feet than at T50 feet.

T{gures 12.7 through 12.9 show the effect of atmospheric stability on peak
cownt ddstributions. In gensral, very stable air has the lowest distribu-~
tion, vhereas, the distributions of data obtained in stable, neutral, and
mmstable air are nearly the same. This wvas not the case for the Fhase 1II
Interim Report data vhere the difference between distributions for the very
stable and other stabilities was not so distinct. The distribution curves
for all ‘Tour stabilities were raised above vhat they were for the interim
analysis. But, the curves for stadble, neutrel, and unstadble were raised
considérably more than the very stable curve, This wés probably due to thc
fact that a much smaller percentage of the very stadle data, as compered to

.the other three stabilities, came from the Peterscn route,

Figures 12.10 through 12.12 shov the effect of time of day on peak count
distributions. These plots shov that the distributions dc mot vary signif-
fcantly with time of day. The only disctinguishable characteristic is that
the distribution for dawn starts out belov the others at small gust veloc-
ities, bdut crosses over at about 30 fps and generally is higher from there
an. This is probadbly due to the effects of the high percentage of the low
intenaity twbulance samplas that were included in the dawn category. Forty-
two of the 66 lov intensity turbulence samples (Table B.2) were obtained at
dawvn. - Also, tha effects of very stable ssmples should be considercd, since

3. . X

LU




68 per cent of the dawn data was very stable. The curve for dawn data was
lover at the smaller guet wvi:locities, however, due to the effects of the
higher intensity turbulence samples obtained at Peterson, the curve is
higher at the larger gust veloclties.

Figures 12,13 through 12.15 show the variation of peak count distributions
with geographical lccation. The distribution for the Peterson route was
the highest. This is due to the high mountain terrain and the season of
the year during which this route was flown. The Edwards distribution is
the lowest at the smaller gust velocities due to the effects of the water
and desert legs, but increases rapidly with increasing velocity due to the
effects of the mountain legs. The distribution for the Griffiss route is
scmewhat higher than for the McConnell route due to the effects of low
mountain legs at Griffiss.

It will be noted that the lateral component for the Peterson route exhibits

e higher dlstribution than that of the vertical component, while, for the
Edwards route, the vertical componcnt is higher than the l‘ateral. This is
due to location of those legs with respect to the more rugged terrain char-
veterigstics. The legs at Peterson paralleed the ridge lines vhile at Edwards
the legs crossed over the yldge lines. Thus, higher lateral than vertical
gust velocities would be experjenced over the Petersor. route and higher ver-
tical than lateral gus* velocitles would be experienced over the Edwards
route.

The variation of peak count distributions with season was not dctermined
during Phase III, since the airplane wug not flown over each route for a

full year.
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SECTION IV

GUST VEI 27TTY TNTENSITY

The time series standard deviation (¢,) of each of the three gust velocity
components was calculated by the following equation:

| /2
’t'[%z(xi-i)z]. = ms (with X = 0) - (9.1)

{w] -

The values for x4y were taken from the time histories of gust velocities which
were computed at the rate of 100 samples per second giving 27,000 values

for each four and one-half minute turbulence sample. Therefore, for this ~
perticular calculation, N = 27,000, The mean gust velocity value is indi-
cated by X.

Since the mean value, X, is made essentially equal to zero by high-pass

filtering, the standard deviation is actually equal to the root-mean-square
(rms) value as shown. The two terms are used interchangeably in this report.

13, GUST VELOCITY RMS STATISTICAL ANALYSIS

The rus values were grouped intc amplitude bands of 0.5 fps and the cumu-
lative probability distribution (CPD) was calculated. These CPD values
give the prchbabilities of a gust veloclty rms value being equal to or
greater than a given value., The cumulative probabilities determined for
all data recorded during the Phase III program are shown in Figure 13.1.

The cumulative probability distribution curve for lateral rms gust velocity
is higher than for longitudinal since a high percentage of the turbulence
data were obtained while flying parallel to mountain ridge lines. The curve
for vertical rms gust velocit: was lower than for longitudinal due to the
compression of the vertical edui:s near the ground,

For categories which did not contain any high mountain data the cumulative
probability distribution curves for longitudinal and lateral rms gust veloc-
ity were in general nearly the same.

The CPD of rms values for various geophysical categorles was calculated.
In order to assure a good statistical sampling, & minimum of 30 data sam-
ples per category was established as the criteria necessary for a valid
analysis.

The gust velocity rms distributions are shown as functions of terrain type,
absolute altitude, atmospheric stability, time of day, and geographic loca-
tion in Figures 13.2 through 13.6. As can be seen, the results are similar
for all three gust veloclty ccmponents.
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The highest gust velocity rms values were recorded over the high mountain
legs and the lowest over the water (Figure 13.2). In general, the gust
velocity rms cumilative probabilitles are larger at a given rms value for
data recorded over the rougher terrain. The only exception occurs for
data recorded over the plains and desert. Larger gust velocity rms values
were recorded over the plains, even though the desert terrain was some-
what rougher (see Section 32). This is attributed to the fact that the
winds were significantly greater over the plains (Section 33).

The data were recorded at the two nominal altitudes of 250 znd 750 feet
above the terrain. Resultant gust velocity rms probabilities are shown
in Figure 13.3, and, as can be seen, the rms values are greater at the
lover altitude.

The effect of atmospheric stability on gust velocity rms values is shown
in Figure 13.4k. The lowest rms values were recorded when the atmospheric
stability was classified as very stable. The cumiative probability in-
creases with decreasing atmospheric stability, although the differences
between these values for the stability classifications of stable, neutral,
and unstable are very small.

As the time of day during which the data were recorded varies from dawn
to mid-morning, to mid-afternoon, the cumulative probability of encounter-
ing a gust rms of a given magnitude increases. This is shown in Figure
130 5-

Gust velocity rms CPDs are shown as a function of the four geographic loca-
tions. The greatest gust velocity rms values are associated with the
Peterson and Griffiss routes, as shown in Figure 13.6. As mentioned pre-
viously, Peterson was the only location where data were obtained over more
than one season. These winter and spring data are shown in Figure 13.7.
The cumulative probability is greater for a given gust velocity rms value
during the winter season.

Based on thne findings of Phases I and II and on the data in Figures 13.2
through 13.6, it appears tLat combinations of terrain, altitude, and sta-
bility are primary factors in the determination of gust velocity rmms cum-
lative probability distributions., The distributions for the combinations
of the three category components are shown in Figures 13.6 through 13.27.

In each of these figures, only one of these category ccmponents is varied,
while the other two are held constant. Only data obtained over high moun-
tains and plains are analyzed in this meaner. Combinatiocns of these three
category components involving date obtained over the other types of terrain
did not generally contain & sufficient number of turbulence samples. Like-
wise, the data obtained over the plains, at 750 feet, during the condition of
very staile atmospheric stability did not contain the necessary 30 samples
and is ot shown in Figures 13.8 through 13.27. However, these figures show
the effects of varlations in the geophysical parameters for rough and smooth
types of terrain.

The data in Figures 13.8 through 13.27 indicate approxim:tely the same re-
sults as were indicated in Figures 13.2 through 13.6. Gust velocity rms
values are greater over the rougher terrain, at the lower altitude, and for
atmospheric stability conditions other than very stable,
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The data obtained over the lew mountairs, desert, and water were not suffi-
clent to permit an extensive investigation of geophysical effects. However.
these data were analyzed as a function of altitude and type of terrain (Fig-
ures 13.28 through 13.33). The high mountain and plains data are alsc shown
for comparative purposes. In general, it was found that for the various com-
binations of terrain, altitude, and atmospheric stability, gust velocity rms
cumulative probability becomes greater, for a given rms value, as terraln
becomes rougher, altitude decreases, and atmospheric stability becomes more
unstable,

It has been found that the effects of noilse are significant at the smaller
gust velocity rms magnitudes. According to theory for normal distributions:

2 2 2 (13.1)
oL = 9, + 0
where:
¢, = standard deviation of the turbulence

standard deviation of the noise

=
t

standard deviation of the recorded data

o«
It

If o4 is assumed constent for a given category, this value becomes a greeter
and greater percentage of ¢y as ¢, becomes smeller and smaller. Therefore,
at lower turbulence intensities the distribution is distorted by the high
percentage of nolse content in the data where the nolse has a greater effect
on the distribution than does the turbulence,

During the LO-LOCAT Phase III Program, gust velocitiss were not computed
for turbulence samples when the level of turbulence and hence, the rignal-
to-noise ratic, was xown to be small. The criteria used to determine the
level of turbulence were the values of tke angles of attack and sideslip
differentiai pressgures as sensed by the gust probe pressure perts. Gust
velocities were calculsted cnly for turbulence samples where the standard
deviation of both the angle of attack differential pressure (¢,) and angle
of sideslip differential pressure (o, were greater than 0.07 and 0.05

inches of Hg, respectively., This 18 discussed turther in Appendix III,
Section III.5.

Because of the low signal-to-noise ratio of some turbulence samples, the
cunulative probability distributions have not been plotted telow a gust
velocity rms value of 1.5 fps, since this is the lowest band limit which
is greater than the minimum velid gust velocity rms value of 1.4 fps. The
number of turbulence samples having rms values below 1.5 feet per second
were used to compute the probabilities for the data above 1.5 fps, The
number of turbulence samples not processed due to the e, and ¢4 criterie
were assumed to nave gust velocity rms values below 1.5 fps and were in-
cluded in the cimulative probability distribution calculations by being
added into the total number of turbulenc< samples within the category
being investigated., For example, - ...  the following distribution
which excludes those samples not .. se o, and g5 ~riterie but in-

cludes those having a ¢, less than ... ;. and meeting the o, and g4 critoria,
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No. of Cumulative Cumilative

Band 8 Samples Distribution Prohability

0-0.5 0 200 2 = 1.000
0.5 - 1.0 10 200 % = 1.000
1.0 - 1.5 20 " 190 22 = 0.950
1.5 - 2.0 40 170 25 = 0.850
2,0 - 2.5 8¢ 130 28 = 0.650
2.5 - 3.0 %0 50 e = 0.250
3.0 = 3.5 10 10 28 = 0.0%0

Suppose that, because of the ¢, and ¢ , criteria, 50 samples were not pro=-
cessed. Then the following tabulation illustrates the method used to ac-
count for these 50 samples when calculating the gust velocity rms proba-
bility distributicns.

No. of Cumlative Cumulative

Band 8 Sampies Distribution rrobability

0 - 0.5 0+ * 250 %:1.000
0.5 - 1.0 10 + * - -
1.0 -~ 1.5 20 + * - -
1.5 - 2.0 Lo 17 1575% = 0.680
2,0 - 2.5 80 130 %:o 520
2.5 - 3.0 4o 50 5%05 = 0.0
3.0 - 3.5 10 10 é%% = 0,040

* Unimown parts of 50 107




It should be pointed out that this procadure was only necessary for cate-
gories which included data obtained over plaina, desert, and water legs.

It was over thece types of terrain vwheie the data having low signal-to-
noise ratios was gathered., Categories consisting exclusively of data ob-
tained over high or low mountains were not invoived. The number of low
turbulence samples within the categories pertaining to the peak count,
amplitude count, and level crossing data analysis are shown in Tables

8.1 and 8.2. The number of samples included in those tables is not entirely
applicable to the gust velocity rms value analysis because of the following
reasons.

. Peak count, amplitude count, and level crossings data were
put on a masier tape, as explained in Saction III. The pro-
gram by which this was accomplished was designed to put t.e
data on tape in the order of the six-digit category. The
atmospheric stability category component was not defined for
some of these low turbulence samples because of instrumenta-
tion malfunctions. Therefore, these particular samples couid
not be used in the peak count, amplitude count, and level
crossings data. The gust velocity rms values were not con-
straiped by this six-digit category pumber. Thus, even though
stability wae not defined for some low tirbulence samples,
tnese samplea were still included in category combinations
including components other than stability.

) When the gust velocity mms values were being individually re-
vieved it was noticed that a number of values obtained over
the water leg at Edwards were loss than 1.0 fps. These data,
questionable because of their low signal-to-noise ratios, were
treated as low irtensity turbulence samples in Lhe gust veloc-
ity rms analysis.

Table 13.1 shows the number of low lntensity turbulence samples and the
corresponding total number of samples included in the category cambina-
tions utilized in the gust velocity rms analysis. A tabulation of all
valid ¢ valuer 1s presented in Appendix VI. The number of low intensity
turbulence samples consists of those not processed due tu ¢ and g4 cri-
teria and those low intemnsity samples recorded ovar the water legs as
mentioned above,

According to the theory of isctroplc turbulence, ¢ = = ., = %ye Refer-

ence 13.1 suggests that this relationship does not hold true for turbulence
up to about 1000 feet above the terrain. This reference proposes that the
relationship between the rms values of the three components is a function
of atmospheric stability and absolute altitude.

For very stable, stable, and neutral atmospheric conditions:

'tl .tv
—
‘tv 'tv

= 1.2 - 0.00017 H (13.2)
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TABLE 13.

1

TOTAL NUMBER OF SAMPLES ANL NUMBER OF LOW INTENSITY
TURBULENCE SAMPLES INCLUDED IN GUST VELOCITY RMS ANALYSIS

Total Number of
Number of Swmnples Low Intensity
Category B v W Turbulence Samples
o000 1762 1740 1746 113
100700 853 851 853 0
200000 297 297 297 0
300000 115 115 115 1
LO0000 L1s 395 Lol 50
630000 83 83 81 6o
01C00C K9 894 900 37
020000 853 846 8ho e
001000 570 564 568 35
002000 450 L77 478 7
003000 394 389 391 ¢
004000 296 28a 288 0
000100 491 485 ey 67
000200 648 6Ll ke 2L
000300 623 61l A1k 22
000001 601 607 005 62
000002 135 134 135 0
000003 751 T 750 i
000004 270 253 257 50
000043 397 395 3% G
000013 354 352 354 1
111000 114 113 114 0
112000 140 1-0 1 0
113000 129 129 129 0
115000 6k &4 o ¢
121000 114 114 114 0
122000 147 147 147 ¢
123000 95 9 95 0
125000 50 50 5G 0
411000 51 %6 51 o
L12000 Lo 40 Lo 0
413000 58 25 56 o
L14000 50 4 Wy G
421000 % 5 50 28
422000 33 3C 31
423000 39 38 34 O
L24000 L e 09
110000 W7 EHTS hatf 0
120000 40 405 SO0 Q
21C000 157 157 157 0
220000 150 150 1H0
310000 b Bl 5 o
320000 1 51 51 1
410000 199 135 191 6
420000 214 X8 ol
£10000 Lo 42 41 31
620000 4% 4l 4 2
109

—_—




For wnstsble atmospheric conditions:

‘tn 'tv
—— = l. - 0. 8 .
e, " s, = 13- 0.00058 (13.3)

Values from Equations 13.2 and 13.3 are compared to LO-LOCAT Phase III
data in Table 13.2.

TABLE 13.2

10-LOCAT ‘GUST VELOCITY RMS RATIOS COMPARED TO THOSE
RECOMMENTED EY REFERENCE 13.1

\

Values I0~LOCAT
Absoliute Predicted Phace III Data
Altitude Atmospheric by Equations ., ‘o,
(H) ~ Ft Stability 13.2 and 13.3 —2 L
: v Ov
250 Very Stable, 1.16 1.07 1.13
Stable, and
Neutral
250 Unstable 1.15 1.11 1.1h -
750 { Very Stable, 1.07 1.05 1.15
Stsble, and
Beutral
750 Unstable 0.8 0.99 1.06 “fF.

The data showv approximately the same magnitudes as predicted by the equa-
tions., At the T50 foot altitude, smmller ratios occur for unstable than ]
for very stable, neutral, and unstable conditions. '

. Reference 3.1 also presents the vertical gust velocity rms cumulstive
probebliity distributions from several different turbulence xssearch pro-
grams, as well as a distribution <recommended for date at an absolute alti-
tude of 500 feet. The data from the LO-IOCAT Phase IIIProgv'amare compared
to those distributions in Figure 13.34.

The gust velocity rms cumulative probabilityt distributions for all three
components can be closely represented by portions of two normal distribu-
tions, il.e.: b

| 4 - 1 1
i [‘z

ie1.5 2 3 Re .y

: VAL PN x5 - 43\
exp. --2-(--‘:--’-) dx ’TIW"%‘( . ’)u] (13.4)
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L el

A

where:

x=.".

[

n

M

dispersion of the distributions

mean of the dlstributions

and: subscript 2 refers to that portion of the probability distribution
between rms values from 1.5 to a, and subscript 3 refers to that portion
of the distribution btetween rms values from a to b,

The constants for Equation 13.4 are shown in Table 13.3 for each component.
The agreement between the distribution of the recorded data and the distri-
butions represented by the equation is shown in Figures 13.35, 13.36, and

]3-370

TABLE 13.3

GUST VELOCITY RMS DISTRIBUTION CONSTANTS

Gust Velocity Component
Constant u v w
a k.79 b5 5.30
Ko 3.35 3.46 3.23
o, 1.70 1.65 1.'m
. 1.79 0.98 0.65
o 3.59 k.79 3.79
b 14,00 17.00 14.00
13
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14, GUST VELOCITY RMS VERSUS INFLIGHT MEASURED WIND VELOCITY

The relationship between gust velocity rms values and recorded inllight
wind velocity was investigated with respect to type of terrain and alti-
tude above the terrain. The terrain and wind involved during LO-LOCAT
Phage III are discussed in Section VI.

An analysis of rms values as a function of wind speed was accomplished by
two different methods. The first method involved plovting the gust veloc-
ity rms values versus wind speed. The slopes and intercepts of first-order
least square lines (Equation 14.1) which best fit the data were computeds:

9, =y, + uW (1%.2)
vhere:
m = slope of line
¥, = ¥ intercept

'The standard deviation of the data sbout the least-square line was calcu-
lated as follows:

¥ 1/2 |
¢'D = [ %E (x1 -‘Ri)a] (]_)4.,2)

1]

vhere:
x, = value of gust velocity rms at a glven wind speed
R 4 = value of least square line at the given wind speed

The standard deviation of the data about the least square line Indicates
the degree of data scatter. The results of this method are shown In Fig-
ureg 1k.1 through 14.8. The applicable least square line and * one stan-
dard deviation lines for the data are shown on each plot.

The slope of the least-square line indicates the effect of wind speed on

gust velocity rms values; the greater the slope, the greater the effect.

The wind speed-turbulenc2 relationships of Figures 1k.1 through 14.8 are

sumerized in Figure 14.4 by showing the slopes of the least square lines
plotted as a fuuction of terrain and altitude.

For the second method of analysis, the gust velocity nns values were sep-
arated into several different groups. The particular group within which
the rms valve for a ziven data sample was placed was dependent upon the
corregpanding wind velocity for the sample. Each group covered a wind
speed band of 10 fps. The cumlative protability of gust velocity rms
was then calculated for each group. Probability plots were constructed
and are shown in Pigures 14,10 through 14.13. Not all bands contained
enough data for statisticsl reliability (30 samples), therefore, all
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combinations of terrain and altitude could not be statistically anslyzed.
A greater change in the wind versus gust mms relationship with terrain
than vith altitude was indicated (Figure 115.9) Eﬂmre.fon, the data were
categorized on the besis of terrain type culy. Figures 14,10 through
14,13 show tae cumulative probability distributions of gust velocity rme
values as a func’ion of wind speed for glwm types of terrain, The ver-
tical and longitudinal gust velocity rms values exhibit approximately the
same relationship with respect to wind speed for both the high and low
mouvntain date. The lateral component showe a greater relationship with
vind speed over the high mountain terrain than either the longitulinal or
vertical components, while over the lov mountain terrain the opposite is
true. This may be due, in part, to tne wind direction effects discussed
later, ‘

The effect of altitude on the wind speed versus ms value relationship
seems to be small. For all data, except those recorded over low mountain
terrain, gust velocity rms values showed slightly more correlation with
wind speed at the 250-foot altitude.

Cust velocity rms values from legs within tbe proximity of predominant
mountain ridges were studied with respect to wind direction. In order _
to study the effects of being on the leeward or windward side of & ridge,
only legs vhich were completely on one side or the other were chosen.,
Also considered was the wind direction with respect to the ridge (perpen-
dicular, diagonal, or parallel) when the turbulence was being recorded on
the leewurd side. The data from lsgs 5, 6, 7, and 8 of the Peterson route
arethemstspplieabletothiatn-ofuﬂysu. The McConnell route, of
course, consisted mt‘lrely of smooth terrain. Although the Edwards and
Griffiss routes did include rough terrain there were no close predominant
ridges completely on one side of a leg. -

The layout of the Peterson legs is shown in Figure IV.3 of Appendix IV.

The same ridge line was used for a vind directlom reference on both legs
5 and 6 and was assuned to run in a north-south direction. The predomi-
nant ridge vas assumed to run in a 340° direction for leg 7. For leg 8,
the vind direction was referenced to the same ridge line as for leg 7,

except that effects of wind blowing from the direction of the mountains
near Colorado Springs were also taken into account. Therefore, the ridge
line was assumed to curve and rn from 340° to 360° for leg 8 data. The
data vere categorized by vind direction, as shown in Table 1k.1.

The plotted data are shown in Figures 14.1h through 14.29. Gust velocity
e values were plotted versus wind speed for wind direction category. In
Flgures 14,14 through 14.25, the data for different categories were plotted
separstely and approxirate mean lines verz drawn through the data. These
mean lines for each lsg are shown in Figures 14,26 through 14.29. Certain
trends can e seen although the data are widely scattered.
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The most significant differences between the gust rms values recorded when
wind direction was perpendicular to a mountain ridge and thoee recorded

- for a diagonal wind direction occur for the leg 7 data. The reason for

thie may be the fact that the first part of leg 7 does not run along any
predominant mountain ridge. The airplane required only approximately 32
statute miles to record a 4.5 minute turbulence sample although the legs
vere laid out to be approximately 45 statute miles long. Therefore, ap-
proximately one-halt of the data recorded on leg 7 were recorded prior to
vhen the aircraft reached the beginning of the ridge. Some effects of the
ridge would probably be included vhen the wind direction was perpendicular
to the ridge or diagonal from 272,5° to 317.5° (see Table 1k.1). Less
effects should bhave been present when the wind blew diagonally from 182,5°
to 227.5°. Only approximately 8 per cent of the wind directions that were
classified as diagonal were between 182.5° and 227.5°., Thus, diagonally
categorized data of leg 7 are probably more related to what could be ex-
pected from parallel or windward wind direction data.

TABLE 1k4.1

WIND DIRECTION CATEGORIZATION

- Airplane on Leeward Alrplane on

8ide of Ridge Windward
- Wind Direction | Side of

Wind Direction | Wind IMrection When Categorized Ridge

When Categorized | When Categorized Perpendicular Wind
Leg No. | Parallel to Ridge! Diagonal to Ridge to Ridge Direction

5 and 6 | 157.5° to 202.5° | 202.5° to 247.5° | 247.5° to 292.5° | 0° to 180°
and and .
337.5° to 22.5° | 292.5° to 337.7°

T 137.5° to 182.5° | 182.5° to 227.5° | 227.5° to 272.5° | 0° to 180°
and and
317.5° to  2.5° | 272.5° to 31T7.5°

8 | 137.5° to 182.5° | 182,5° to 227.5" | 227.5° to 272.5° | 0° to 160°
and and
337.5° to 22.5° | 272.5° to 337.5°

Unfortunately only a small amount of da’.a were recorded when the wind
direction vas either parallel to the ridge or the alrplane was on the
wvindvard side of the ridge. The preveiling wind direction over all legs
was such that the airplane was usually on the leeward sides of the ridges.

This is probably one reason for the nigher gust velocity rms values re-

corded at Peterson than at the other three locations. Only approximetely
17 per cent of the wind direction Jata recorded uver legs 5, 6, 7, and 8
at Peterson were classified as parallel or vindward. Although these data
are fev, there are enough to indicate that lower gust velocity rms values
were raccrded during these wind conditions oa legs 5 and 7 than during
conditions vhen the wind direction was categorized as perpendicular or
diagonal. Also, the correlation between gust velocity rms values and wind
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speed was less for data recorded on the windward sides of the mountain
ridges. This agrees with the results shown in Figure 14.9 regarding the
effects of terrain on the relationship between gust velocity rme and wind
speed. The windward and parallel data recorded on leg 6 ars moatly clus-
tered at the low wind speeds and are inconclusive.

Leg 8 18 classified as a plains iug but data were eveluated with respect
to wind direction bechuse of its proximity to a predominant mountain ridge
and rough ter~ain. The gust velocity rms values show a different correla-
tion with wind speed, depeading upon how the wind direction was categorized.
The gust rms values for the perpendicular =n” diagonal grouping generally
increased slightly with .ncreasing wind speed. An opposite trend is noted
for the parsllel and wiudward data, and these date contain greater gust
velocity rms values a% the lower wind speeds.

For data recorded on legs 5, 6, and T, the gust velocity rms values, and
their relationships to perpendicular and diagonal wind speeds, are signif-
icantly larger for the lateral component than for either the vertical or
the longitudinal components of turbulence, This is probably because the
airplane was flown parallel to the ridges on these legs and, therefore,
the predominant winds blowing across these ridges were side winds with
respect to the airplane, The peaks and openings along these ridges would

. cause an intermittent side wind, or lateral wind component, and increase

the lateral gust velocity rms values.

Relationships between vertical gust velocity rme values and wind speed
were investigated in Reference 14,1, This reference suggests that for
flight over smooth terrain, the rms gust-wind speed relstionship varies
primarily as a function of atmospheric svability, while over mountainous
terrain, the effects of stability do not appear to be significant. The
LO-LOCAT Phage III dats were also investigated with respect tc tcrrain
and stability. These data are shown in Figure 14.30 where the slope of
the least-square lines of wind versus gust velocity rms data are plotted.
The data were plotted for all three components of turbulence. The only
significant variation with stability occurs for data obtained over the low
mountains, TIor these data, the relationship between wind and rmus gusis
becomes less av the atmosphere becomes more unstable, The relationship
over high mountains is slightly less during very stable conditions than
during conditions of stable, neutral, and unstable atmospheric stability.
Stability seens to have very little effect on the relationship of data
obtained over the plains,
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15, MAXTMUM DERIVED EQUIVALENT GUST VELOCITIES

An approximate maximum and/or minimum value of derived equivalent gust
velocity was calculated for each turbulence sample. These values were
wied to establish the approximate turbulence level encountered and as
an immediate guldeline in determining if gust encounters were of & mag-
nitude to warrant an airplane structural inspection. Maximum incremen-
tal acceleration from & one g mean was determined from "quick-look"
strip charts of vertical acceleration at the alrplane center of gravity.
Computation of the derived equivalent gust velocity was accomplished
vsing the equation:

2
Uge = [ u ]ANzcc (15.1)

Cu, Po SV, Kg

.

~

vhere Kgs the gust alleviation factor, is expressed as:

.88 &

5.3+ 4 (15.2)

Ka'

and u, the dimensionless alrplane mass ratio, is defined by:

2w
T (15-3)

Using the equation of state, p (air density) may be expressed as:

. P To Py L0412 P, '
| Pt TR (T‘-) - OMe ey (15.4)
| The values of U,, equation constants for the T-33A airplane are defined
velow:
; ¢ = mean aerodynamic chord = 6.72 feet
- g = gravitational conetant = 32.2 feet/sec’

p, = standard day air density = .002378 slug/feet>

S = wing area = 238 feet?

Constant values were determined for the equation variables to facilitate
calculations in the field. This was accomplished by using an average gross
weight for the airplane over the route (12,500 pounds), an equivalent air-
speed approximated by target airspeed (591.15 feet per second), and the
slope of the 1lift coefficient versus angle of attack curve at a Mach num-
ber equivalent to target airspeed and average altitude (5,91/rmdian). The
ratic of static pressure to ambient temperature was estimated from data
obtained during Phases I and II. This ratio was calculated by averaging
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these data over a corresponding seasonal time period for each similar
route leg. The values for this ratio and the simplified Use equation
derived by substitution of the assigned constants into Equation 15.1
are given in Table 15.1. :

Cumilative probability distributions of Uize values calculated during
Phase III are shown in Figures 15.1 through 15.%. A comparison of the
Uge cumuletive probebility distributions to those of the maximm recorded
gust velocities 1s discussed in the next section,

The absolute values of the maximm derived equivalent gust velocitles are
tabulated in Appendix VI for each turbulence sample,

TABLE 15.1

Uge EQUATIONS AND EQUATION .CONSTANTS

v /. Uae — | P_M, Uee
Route | Leg |dn Hg/°R) (ft/sec) Route | Leg |(In Hg/°R)| (£t/sec)
McConmell| 1 | .053% |16.31AN,., ||Peterson | 1 | .0439 | 15.954,c,
2 N — 2 S —————————
3 3
b L
2 5
6 6
T ¥ Y T
8 8 0499 16.17N7cq
Edwards | 1 | .0500 |16.18ANyc ||Griffiss | 1 | 0477 | 16.09AN,:
2 | .0550 (16.37~7~ 2 | JOuTT | 16.09=7
3 | 0500 |16.18 3 | .okk5 | 16.00
L | .0550 |16.37 Lt .05 | 15.85
5 | .0500 |16.18 5 | .ok15 |15.85
6 | .0528" |16.29 6 | .ok5 ]15.85
7 '0528 16029 {L 7 .0“1—5 16000 v
8 | .0500 |16.18 8 | .ok77 |16.09
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16, MAXIMUM GUST VELOCITY DURING FACH SAMPLE

The maximum absolute values of each gust velocity component for each tur-
bulence sample were obtained. Absolute values not calculated because of
low signal-to-noise ratios were represented by average values estimated
from typical low sigma turbulence samples, The cumulative probability
distributions of these 4ata, as well as of the maxiimm absolute derived
equivalent gust velocities were calculated and are shown in Figures 15.1
through 15.%, Figure 15.1 shows the overall cumulative probability as
obtained from all categories; Figure 15.2, the probability with respect

- to terrain; Figure 15.3, the probability with respect to altitude; and

Figure 15.4, the probability with respect to time of day. Comparison of
the vertical gust velocity component with the maximm derived equivalent
gust velocity indicates fairly good agreement in practically all cases.
Comparison of the three calculated gust velocity components shows that

the cumulative probavility distributions of the vertical and longitudinal
components are very similar for all the categories presented. The lateral
component, however, shows probabilities higher than the other components
for the overall category, the high mountain category, the time of day
category, and the altitude category. The high mountain data is included
in these categories and it appears that the cumiative probability dis-
tribution of the lateral component is higher than that of the longitudi-
nal or vertical because of flylng parallel to the high mountain ridge lines.

Other \facf.ors to be considered when comparing gust velocity components are:

] High-pass filtering of the gust velocity components attenuates
the magnitude of the long wavelength amplitudes of the longl-
tudinal component slightly more than the vertical or lateral
corponents because the amplitudes of the longitudinal compo-
nent are higher at the long wavelengths, as discussed in Sec-
tion V .

® The long wavelength amplitudes of the vertical commonent are
smaller than those of the lateral or longitudinal components
because of the alrplane's close proximity to the ground,
allowing measurement of the compressed wavelength vercical
eddys.

) Incomplete removal of the effects of airplane motion from the
gust velocity components tends to increase the level of the
lateral component during flight over plains, water, aud desert
and would also tend to increase the level of both the vertical
and lateral components during contour flight over the high and
low mountain legs. This effect is believed to be the major
source of error in true gust velocity calculations. The mag-
nitudes of these errors are small and are discussed in Appen-
dix III, ’ ;
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17. SEVERE AND EXTREME TURBULENCE SAMPLES

Time histories of the longitudinal, lateral, and vertical gust velocity
components were plotted for turbulence samples during which the maximum
value of one or more of the components equaled or exceeded +50 feet per
second,

Samples meeting the above criteria were not encountered over the McConnell
or Griffiss routes., One turbulence sample meeting these criteria was en-
countered over che Edwards route vhile seventy scparate occurrences were
encountered during flight over the Peterson route. The criteria were ex-
ceeded only on those samples flown over terrain classified as high mowm-
tain, Time histories of the gust velocity components for the single
Edwards encounter are presented in Figure 17.1 and those for the Peterson
occurrences are shown in Figures 17.2 through 17.7l. A data block included
on each figure identifies the test mumber and the leg over which these data
were obtained, Also tabulated ir the data block are the maximm and mini-
mun gust velocities, turbulence time series standard deviation, and, 1if
available, the average wind direction and velocity, average ambient air
temperature, average true airspeed, average radar altitude, and category
number.

The wertical gust velocity compconent in Figure 17.l1 should be particularly
noted. These data show a turbulence wavelength of approximately 1k,300

feet with peak magnitudes of Th.5 and -65.0 feet per second. The long
wavelength component appears at a frequency of approximately 0.0k cycles

yver second in the time history. This same turbulence, if encountered dur-
ing Phases I and II testing, would have appeared as 0.02 cycles per second
data due to the lcwer speed at which the C-131 aircraft were flown. Phases

I and II gust velocity measurements in this frequency regime would have been
attenuated approximately 80 per cemt due to the low frequency data filtering
techniques utilized to alleviate the effects of instrumentation drift, This
is a cogent example of the fact that there is turbulence at low altitude con-
tzining wavelengths loager than 7,000 feet and is the reason why, in campar-
ing Phase III results with Phases I and II for equivalent categories, that:
(1) the probebility distributions of gust velocity peaks are higher, (2) the
probability distributions of gust velocity rms values are higher, (3) integral
scale lengths are longer, (4) Taylor's microscales are longer, and (5) the
viscous dissipation rates are less.

The number of Peterson turbulence samples and the number of samples during
which a particular gust velocity component met the 50 feet per second cri-
teria are tabulated, with respect to leg nmumber, in Table 17.1. This tabu-
lation shows that the tota. number of severe turtulence encounters over leg
five exceeded that of the other legs by a factor greater than two. As
shown in Appendix IV, leg five srocedes south along the eastern slope of
the Sangre de Cristo Culebra Range. The wind direction at the time of
these encounters varied from 254 to 319 degrees; therefore, the airplane
wvas on the lee side of the range vhere the most severe turbulence would
most likely occur. Also, on leg five, the lateral component exceeded 50
feet per second during more turbulcace ssmples than did the longitudinal
or vertical components.
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TABLE 17.1

TABULATION OF SAMPLES AND @OMPONENTS
EQUAL TO OR EXCEEDING 50 FPS

s
/ Number of Number of Gust Velocity

Peterson Leg Turbulence Samples Coiponents 2 50 fps
Number 2 5 fps u v W
1 8 1 8 0
2 9 5 3 1
3 0 - - -
L 7 2 6 2
5 25 12 23 1
6 n 3 10 L
T 10 L 10 3
8 0 - - -

*

Total T0 27 60 21

The above set of conditions for leg 5 were analogous to those encountered
on legs 1, 4, 6, and 7, viz; for turbulence samples gathered on the lee
side of a mountain range, the lateral component exceedrd 50 fps during
more samples than did the vertical or longitudinal component. It should
be noted that aimost slways the lateral component exhibited higher posi-
tive than negative excursions when the airplane was flying south (legs 4
and 5) and higher negative than positive excursions when the airplane was
flying north (legs 1, 6, and 7). The lateral component is defined as pos-
itive for gusts from the left of the airplane.

The longitudinal component for leg 2, Figures 17.10 through 17.18, exceeded
50 feet per second during more severe turbulence samples than did either

the lateral or vertical components. This again 1s probably due to the south-
westerly direction of the leg with respect to the wind direction. The wind
direction for the time histories shown varied from 24l to 306 degrees with
one sample showing winds from 47 degrees.

The striking similarity of the gust velocity co}nponents depicted in Figures
17.1%, 17.12, and 17.13 should also be noted. These turbulence samples
were gathered over leg 2 of the Peterson route on three separate flights
conducted on the same day. The elapsed time between the first turbulence
sample gathered during the dawn flight and the last turbulence sample gath-
ered during the mid-afternoon flight is approximately seven hours, Time
histories having the severe turbulence characteristics similar to the th:ee
mentioned above were also obtained 19 and 23 days later as shown in Figures
17.14 and 17.18.

Th= most severe continuous turbulence encountered occurred over leg 5 and
18 shown in Figure 17.38. The time series standard deviations were 15.45
fps, 19.05 fps, and 15.04 fps for the longitudinal, lateral, and vertical
gust velocity components, respectively. None of the maximum excureions
occurred during thie particular turbulence sampie. These maximm values
occurred as shown in Figures 17.1 for the vertical component, in Figure

17.35 longitudinal component, and in Figure 17.34 for the lateral component.
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18. GUST VELOCITY MAGNITULE VERSUS TEMPERATURE CORRELATZONS

Since the advent of high altitude commercial and military flight activiiy,
at least one program (Reference 18.1) has been accomplished to relate tur-
bulence to air temperatures. The objective in determining this relation-
sulp was to predict the occurrence of CAT so that evasive action could be
implemented. The feasibility of determining a correlation of turbulence
with both air and ground surface temperatures was evaluated during the
LO0-LOCAT Program. Throughout the program, air and surface temperatures
were recorded.,

The coherency function belwsen indicated OAT and vertical gust velocity
and GST and vertical gust velocity was calculated as shown by Equation
18.1. This function indicates the degree of statistical correlstion be-
tween two variables. A value of 1.0 would indicate perfect correlation
and a value of zero would Indicate no correlatior,

2
["’xy(")] (18.1)
¢, (k) ¢,(k)

Four turbulence samples; one in each stability class recorded at 250 feet
were chosen for this analysis. The coherency function for OAT and GST
with respect to the vertical gust velocity component is shown in Figures
18,1 thrcugh 18.4. The degree of correlation is very low for GST and only
slightly higher for CAT at frequencies between 10-* and 103 cpf. '.

v, (k) =

It is concluded that QAT and GST values recorded durirg this program are
not correlated with gust velocity rms values, This may nave been due to
certain limitations in this data. Poor frequency response characteristics
of the transducers would adversely effect any correlation of temperature
with gust velocity.

The frequency input to the radiometer used to measure ground surface tem-
perature could be altered by the speed of the airplane when flying above
a terrain whose features vary significantly. If the radiometer has rela-
tively slow response characteristics, the speed can have considerable
effect on surtace temperature measurements. Figure 18.5 shows thz change
of the PSD slope of GST with respect to ground speed for several data
samples recorded over various "plains like" terrain segments. The slopes
shown in this figure werc obtained over that portion of the PSD freguency
range where the power spectra decreased in an approximate logarithmic
fashion., This terraln type was chosen because of the sharp contrasts in
surface features which gave temperature changes. This figure shows that
as the ground speed increases, the _lope of the ground surface tempera-
ture PSD also increases. This indicates a frequency response problem
since increasing speed and hence increasing fraquency increases the amount
of attenuation of the higher frequencies.

The PSD of indicated ambient air temperature out to 0.0065 cpf in Figure
18.6 shows that the response is near a ~5/3 logarithmic slope, which is
wvhat would be expected fReference 18.2). The low frequency true airspeed
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variations are evident in the'higher power deviations above the -5/3 slope
since this parameter has the temperature effects due to ram rise included.
Because of these variations Sue to airspeed, it 1s probable that true

ambient temperature could provide a more meaningful correlation with gust
velocity.

Standard deviations of ground surface temperature (GST) and vertical gust
velocity for the plains leg at Peterson Field are compared in Figure 18.7.
This figure indicates that there 18 no direct reluilonship between the
standard deviations. It dces show the increase in gust veloclity rms with
decreasing stability noted throughout the analysis of LO-LOCAT data, A
similaxr comgarison of QAT standard deviation versus gust velocity rms
values showed a greater degree of scattey.

It is apparent that the radiometer and the OAT dats should be corrected

for frequency response before any valid correlation to gust velocitles
can be determined.
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LOGARITHMIC SLOPE OF GST SPE

-5¢F
O~ Cal31
Plains { 0 - T-33
-4}
-3L
-
-2 k
-
- l r-
0 2 1 [l 't 3 ] 1 1 'l 1 2 1 1
0 100 200 300 400 500 600 700

Figure 18.5 Slope of GST Spectra versus Ground Speed
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Normalized PSD .

Test 188 Feb 22, 1969
\ Leg 8 (Plains)
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Pigure 18.6 Power Spectrum of Total Air Tempersture
Measurement over Flains Leg

270

Y T S e — P e -




UOT3BTAS(Q PIBPUBYS A3TOOTIA 38T
fMBISA UOTIETAS(] PIRPUB,YS aaniexadmsy 20vlimg punoxy Lot ami3ty

3, - (I59%0) NOTIVIAET QuVaNVIS Iso

ot 6 g L 9 $ € g !
I T L T T Ll 1 ! Al
. 9
|
° » .
joj (]
0] 10/
» A
jai Jo) Jo)
P £
R B o o
(suteid) g Be1 © o4 &
‘PTOTS uosIayad Woxg eIeq TTV

3994 05L ‘pafPeTd joN
3324 062 ‘Pefdwig
snosuadowoquoy ‘sToquAs PaTTTI
snosuadowoy ‘sToquAs uadp
aTawssun QO
TexnaN O SS%Ts
aTqe3ss O | £3TTTQe3s
aTqe3s Lxap O

sdy - (M¥0) NOIIVIAII QUVONVIS AIIDOTIA ISND TYOTIMIA




SECTION V

GUST VELOCITY SPECTRA

Powe 8 2ctra were calculated for 904 of the 1938 total four and one-hslf
minute turbulence samples recorded during this program.

0f the 904 samples, 185 were discarded because the data from all three
components exhibited low signal-to-noise retios, instrumentation anommlies,
or high coherency and an additional 98 were discarded because all three
components shoved non-nomogeneity characteristics. This resulted in a
total of 621 samples remaining for enalysis of the above characteristics
for each gust velocity component; 455 of these samples were considered to
exhibit valid data ror all components and 136, 69, and 4l additional sam-
ples were considered valid for the individual longitudinal, lateral, and
vertical components, respectively. Thus, broken down into the individual
components, thz totsal number of samples considered valid with respect to
the longitudinal, lsteral, and vertical components were 591, 52U, and 496,
respectively. These latter numbers of samples were used to obtain normal-
ized spectre, jruncated standard deviations, camparison of experimental-
mathematical ctra, and average turbulence scale lengths while the 455
number of samples were used in evaluating coherency and isotropy. Power
spectral density data for these 455 conditions are presented in Appendix IX.

19. INSTRUMENTATION ANOMALIES, LOW INTENSITY 1TURBULENCE

An example of power spectra, with suspected instrumentation problems, is
presented in Figure 19.1. It is obvious that the spectrs are suspect due
to the large hump in the lateral spectrum, which occurs at the airplane
short period mode, TYperience bas shown that when spectra such as that
shown in Figure 19.1 are obtained, it can wltimately be proven to be
caused by instrumentation problems.

An example power spectra plot of low intensity turbulence is presented in
Figure 19.2, Turbulence data samples containing low signal-to-noise ratios
typically had ¢, values less than 1.4 fps, irregularly shaped spectra (1.e.,
spectra which do not have a definite -5/3 logarithmic slope and in which
the power tums upward at the higher frequencies), and uncommonly large
integral scale lengths.
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20. STATISTICAL CONLIDENCE AND INDEPENDENCY

Confidence

Turbulence sample lengths were established to give a compromise between
statistical confidence and turbulence statlionarity considerations. Allss-
ing was prevented by the use of a high sampling rate tc give a large fre-
quency span between the break-point of the low-pass filter and the Nyquist
frequency. Gust velocities were calculated using & sampling rate of 100
sps vhich results in a Nyquist frequency of 50 cps. PSD's were calculated
by averaging adjacent points which resulted in a sampling rate of 50 spe
for the PSD caleulations, The break-point of low-pass filters used was

22 cps . the Nyquist frequency for the PSD calculations was 25 cps.

With negligible allasing, the steability of wmiformly spaced power spectral
density estimates may be judged by analogy with a chi~square variate with
d degrees of freedom where:

.|

With the number of data pointe n = 13,500, A £ = 0,046 cps and £y = 25 cps,
approximately 45 degrees of freedom were obtained for individual samples.

Statistical reliability was also evaluated by defining an interval of con-
fidence on elther side of the measured :jectrum. The interval indicater
the amount of variation that may be expected in the spectrum.

Based on 90 per cent confidence the equivalent d.eg;;'ees of freedom are de=-
fined in Reference 20.l1 as:

400 ‘
k= 14+ - (20.2)
(20 Log,,d, )2

and:
2 100
‘ (10Log)o #g0) = —— (20.3)
vhere; ot
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and: T, = effective record length = T, ,_P_(Tm) (20.5)
3
T, = total lag = mAt | ~ (20.6)
T, = length of record = nAt (20.7)
At = time between data points = 0.02 seconds
p = number of data pleces = 1
m = number of frequency estimates = % = 601 (20.8)
therefore: 7
(V_ o 2 100 T,
10 Log ) =
10 99 2Tn-%_me- T, (20.9)
- 100 mA¢ = - 300m
2nAt-23_pmAt-mAt 6n-5m

Converting to natural logs and solving for &g, the interval of confidence
on either side of the measured spectrum is defined as:

' 1/2 -
- 1 300m
¢9o exp[ 43543 ——6n'5m) ] 3 ' (20.10)

The 80 per cert confidence is determined in a similar menner except that
the equivalent degrees of freedom are defined as: '

pe 1,250
(20L0g,, @4, ) (20.11)
and:
] 1 (18758}
®50 exP[u.aas(sn-Sm) ] (0.22)

The 90 and 80 per cent confidence intervals were npproximately tl2 per cent
and *32 per cent, respectively, for the individual date samples,

276




If it is assumed that the pooling nf turbulence semples in a category is
equivalent ‘o placing them end to end, then the statistical confildence for
averaged spectra ie quite high. Degrees of freedom are lncreased by a
factor equal to the mumber of samples pooled. Confidence bands are reduced
as shown in Figure 20.l. Thils occurs rince m remains the same and n is in-
creased by & factor equal to the mumber of samples pooled. ‘

Indegend.encx

The statistical independence of the gust components u, v, and w was evalu-
ated using the coherency function. The coherency function between u and v,
end v and w, was calculsted; e.g.:

2
[‘b‘"'(k)] (20.13)

2
Yuv(k) = mm-

Two parameters are said to be completely dependent (coherent) if their co-
herency function is equal to 1.0 and completely indspendent (not coherent)
1f the coherency is equal to zcro. Due to statlstical variations in the
recorded data, electronic noise, etc., & coherency of zero is impossible to
achieve, The gust velocity components &re {therefore considered to be inde-
pendent if the coherency function approaches zero.

The coherency function was evaluated by category. This was accomplished
by comparing average data from different categories. The average coher-
ency function was calculated by determining the value of the coherency
fanction of each sample at spatial frequencies of 5 x 107, 7 x 107,
1x10™ 1.5 x 10, 2x 10, 3 x 10, kx 10, 6 x 10™, 1 x 1073,
1.5 x 1073, 2x103, 4 x 1073, 7x103, 1 x102, and 1.5 x 10" cpf.

. The values obtained at each of these frequencies were then aversged and

the standerd deviation calculated.

No significant or consistent difference in coherency was associated with
different categorles. The magnitude of the coherency function was rea-
sonably small indicating statistical independency, especially &t the
shorter wavelengths. The maximm value of the average was less than 0.15
as can be seen in Figure 20.2. These dats represent the averege of coher-
ency values for all categories., Statisticsl independency for individual

turbulence samples is shown in Appendix IX.
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2l. HOMOGENEITY

/

Only turbuler~e samnles considered to be homogeneous can be used to accu-
rately define valid/scale lengths and spectra shape. Those samples con-
sidered to be non- geneous were eliminated from the data being used to
define scale lengths and spectra shape.

Homogeneity is the property which in space coordinates corresponds to the
stationarity property in time coordinates. The entire analysis of gust
velocity time histories as recorded by an airplane 1s based upon the va-
1idity of Taylor's hypothesis, Assuming Taylor's hypothesis to be valid,
then spatisl homogeneity of the turbulence sample is indicated by the sta-
tionarity of the time history. Detalled discussions of Taylor's hypothesis
may be found in References 21.1 end 18,2, An indication of turbulence homo-
geneity was obtained by dividing the wn-normalized spectrum of the middle
third of a data sample by the wn-normalized spectrum of the entire sample
for each gust veloclity component. Homogeneity is indicated when the spec-
trum ratios are 1.0. Each turbulence sample for which power spectra were
calculated was individually evaluated for homogeneous characteristics,

The method used for evaluating these characteristics involved plotting

the spectrum ratios versus spatial frequency (see Appendix IX for example
plots) and visually examining each plot. Those gpectrum ratio values which
did not approximate one throughout the frequency range were considered to
be indicative of nonhomogeneous turbulence, '

Homogeneity characteristics of the turbulence were studied by calculating
the mean value of each spectrum ratio. Mean values which were less than
one were replaced by their reciprocals. Cumidative probabilities of these
mean values were then computed and plotted for evaluation,

Note that, if the shapes of the spectra are the same, the mean of the ratio
of two un-normalized spectra is equal to the ratio of the variances from
each spectrum. That is:

2
*(k), %,
q’(k).‘, ,‘22

- | (21.1)

vwhere: gubscripts 1 and 2 refer to the middle third of the
data sample and ti - entire data sample, respectively.

Since essentially all the homogeneity characteristic plots (Appendix IX)
have a zero slope, the two spectra are either coincident or parallel.
Therefore, it is concluded that the ratic of the variance of the middle
third of the data sample to the variance of the entire sample could be
employed a8 an indicator of homogeneity and would give results similar
to the results from the spectrum ratio method which was used throighout
the LO-LOCAT program.
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The cumulative probablilitles of the gpectrum ratio mean values are shown
for all three components in Figure 21.1. These data include the turbulence
samples which were considered to be both homogeneous and nonhomogeneous.

It was determined from the stationarity run test, Section 5, that an average
of TT per cent of the data may be considered to be stationary. Based on
this percentage, it can be seen from Figure 21.1 that the data may be con-
sidered to be homogeneous when the spectra ratio mean is between 1,0 and
approximately 1.4. When the ratio is greater than 1.4, the data are non-
homogeneous according to the run tesj; criteria.

As discussed above, the homogeneity characteristics of the LO-ILOCAT data
were evaluated visually from the spectrum ratio plots. Only the data for
the samples considered to be homogeneous are plotted in Figure 21.2. Ap-
proximtely 93 per cent of these data are between the values of 1.0 and
1.4, Thus, the visual method of homogeneity determination and the sta-
tionarity run test give approximately the same homogeneity characteri~tic
results.

Figures 21.3 through 21.6 show variations of homogeneity as functions of
the categories of terrain, absolute altitude, atmospheric etability, and
tiie of day. The data contained In these figures are those from both the
homogeneous and nonhomogeneous turbulence samples. All of these figures
are comprised of the same data and very only by which a particulAr cate-
gory camponent is held constant. The data in these figures show that the
turbulence became more homogeneous as: (1) terrain roughness decreased;
(2) atmospheric stability dccreased; and (3) time of day progressed from
dawn to mid-afternoon. Altitude appears to have very little effect on
the homogenelty characteristics of the data.
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22. ISOTROPY

L4

A turbulent fleld which 1s isotropic i1s cne in which there 1s no preferred
directlion and therefore all average functions describing this field must
remaln unchanged regardless of a rotation or reflecticn of the coordinate
syctem. Experimental evidence has shown that most localized turbulence 1s
nearly isotropic (local isotropy).

According to References 21,1, 18.2, and 22,1, the isotropigacharacteristics
will follow @, (k)@ (k) = 1 and & (k)/® (k) will vary from §.0 to 0.75 with
frequency and scale length. The characteristics of the experimental data
were established by dividing the vmormalized power spectra of u and w by
the unnormalized power spectrum of v. In this manner, if the turbulence is
isotropic, the w/‘w’; spectra ratio will be equal to 1.0 ard the u/v ratic will
approach a form similar to that in Figure 22.1. Figure 22,1 illustrates how
the u/v ratio varies with the scale length and was calculated using the von
Karmen equaticns for turbulence spectra.

- Unnormalized spectra ratios were determined at selected spatial frequency
values for each homogeneous turbulence sample. The selected frequencies
were the game as those used in the ccherency =nalysis (Section 20). The
mesn value of the spectrs ratios at each frequency was calculated and plot-
ted versus frequency for selected categoriet., Isotropy characteristics for
the combined categories and with respect to t<rrain, altitude, stability,
and time of day are shown in Figures 22.2 through 22.6. Isotropy charac-
teristics for the individual turbulence samples are presented in Appendix
m.

Theoretical longitudinal to lateral spectra ratio values indicative of isc-
tropic turbulence were determined from the von Karman expressions (see Sec-
tion 28} and are shown in Figures 22,2 through 22.6 for comparison purposes.
The von Karman spectra ratlos shown in Figures 22,2 through 22.6 were deter-
mined from Figure 22.1 by using the averuge of the longitudinal and lateral
scale lengths applicable to the set of categorized data analyzed. As stated
previously, if the turbulence is isotropic, then the vertical to lateral
spectra ratios should be equal to 1.0 throughout the frequency range regard-
less of scale length.

Standard vleviations of the ratios from the mean at each frequency were cal-
culated. These values based on all of the vertical to lateral ratios are
shown in Flgure 22.2, Standard deviations of the longitudinal to lateral
ratios are not shown. This ratio varlies as a function of scale leagth.
Therefore, standard deviations in the lower frequency range are increased
due to the scale length variations (see Figure 22.1) and do not give a
true indication of variations in isotropic characteristics.

There is a trend for the turbulence to be slightly more isotropic over
rough terrain than over smooth terrain and at 750 feet compared to 250
feet. There 18 very little difference in the isotropy characteristics
of the data recorded during the different auimospheric stability condi-
lons, The turbulence data recorded at dawn show much less isotropy
than the data recorded at either mid-morning or mid-afternoon. It should
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be noted, however, that 85 per cent of the dawn data analyzed for iso-
tropic characteristics were obtained over the Peterson route. This is
because the majority of turbulence samples gathered at dawn over the
McConnell route had low signal-to-noise ratios and were, therefore,

not included in the analysis. Also, the number of dawn flights over the
Edwards route was limited due to inclement weather. The discussion in
Section 17 points out that lateral gust velocities at Peterson were
larger than the other two components of turbulence. Thue, the vertical
to lateral and longitudinal to lateral unnormalized spectra ratios

from the Peterson data and, consequently, the dawn data are less than
required for isotropic conditioms.

N
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23. NORMALIZED SPECTRA

The pover spectra were normalized by dividing the powver magnitude by c: L
and plotting versus kI. S8pectra shift up and down irn power with a rejpec-
tive ‘ncrease or decrease in &2, and change shape with & change in L.
Therefore, normalizing in this manner permitted comparison of the spectra
for different categories without having to account for the influence of
't and L, ’

Change in the shape of the normalized spectra with categcry varietion
wags evaluated by comparing the average pormalized spectrs for the differ-
ent category classificatiocas. The aversge gpectrumfor s category was de-
termined in the same way that average coherency tunctions were determined
in Section 20.

Spectra, normalized by ¢ L, obtained over different types of terrain were
compared for high ard low mountains, and rough and smooth terrain. Rough
terrain refers to the cambination of high and lov mountain data and amooth
terrain refers to the combination of plains, desert, and water data. No
consistent or significant difference in spectra shape resulted because of
terrain. Figures 23.1 through 23.3 show comparisons of those categories
wvhich exhibited the maximm differences. _

The lateral gust velocity spectra in Figure 23.R exhibit a peculisrity

that is also present to a lesser degree in the yertical gust velocity
spectra. This appears as a dip at & kL. of 0.2¥ and 1s believed to be caused
in part by incomplete removal of probe motiorf"which occurs at approxi-
mately 0.3 cps. Thie 0.3 cps prove motion, accounting for variations

in ground speed and scale length, falls in the kL range from approxi-
mately 0.1k to 0.46 KL. An example plot of sideslip differential pres- " _
sure 1llustrating the probe motion is presented in Figure 23,4,

The removal of probe motion is more difficult in lateral gust velocity
than in vertical or longitudinal because of the greater amount of motion
in the latera] direction in this particular frequency range.

It has been found in the past, Refereasce 1.2, that certain errors generated
in calculated guat velncities are a fuimction of the amount of airplane
motion. Since airplane motion and hence, probe motion, is inherently
larger laterally than vertlically or longitudinally, lateral gust velocity
is inherently more inaccurate,

Furthge !ndicatiion thal alrplane motion contributes to the dip in the
spectre wer ~otalned by comparing the normaiized spectra of low iniensity
tarbulence samples to those of high intensity turbulence level. The as-
suzption here {8 that the lower the intensaity of turbulence the less
error is8 induced by airplane motion,

Figure 23.5 illustrates this comparisan. The data represented by squares

weare obtained from 10 samples exhiditing a relatively lov intensity of
turbulence (€ = 1.78 fps) but still sufficiently high so as not to be ad-
versely affected by noise. The solid line connecting the circles repre-

serrde the average of over 1K high intensity turbulence samples, F' = 5.13 fps.
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This comparison indicates the samples representing the low turbulence
intensities are in better agreement with the results from Phases I and

II and with the von Kexman spectra. In particular, the iower intensity
turbulence data are in better agreement with the von Karman mathematical
expressions at kL values below 0.1 than with the average of the high tur-
bu-lence d&t&. )

An example plot showing the dip in the spectra for an individual sample
18 presented in Figure 23.6. Numerous samples containing this type spec-
tra shape produced tae effect seen in Figure 23.2. The locaticn of 'the
dip in each sample shiifts due to different ground speeds and scale lengthe
and the averaging effect which produces a smoother function over a broad
range of k. values,

Comparison of average spectra, normalized Ly '.,2 L, to determine effects
cauged by altitude are presented in Figures 23,7 through 23.9. Figure
23.7 contains a comparison for longitudinal gust velocity. No signifi-
cant or consistent change in longitudinal gust velocity can be attrib-
uted to the effect of altitude. The maximm change due to altitude wes
noted for the lateral gust velocity component as shown in Figure 23.8.
Here, however, the difference 1s again uenced by increased airplane
motion effects while contour flying at 250 feet as compared to 750 feet.

The difference obtained in the vertical specira for tha two different alti-
tudes is.presented in Figure 23.9. The vertical gust spectra for the 250-
foot data are consistently lower in power in the kL range of 0.1 to 0.4
and are consistently higher at kL values less than (0.06. The difference
in the spectra in the kL range from 0.1 tc 0.4 is similar to the charac-
teristic previously discussazd for lateral spectra. The existence of air-
plane motion in the 250-foot altitude data is the result of a generally
higher level of turbulence at 250 feet than at 750 feet, A comparison of
low intensity turbulence to high intensity turbuleuce data, bothL obtained
at 250 feet, did produce indications of increased probe motion in the kL
range of 0,06 and less. This 1is shown in Figure 23 '0. The conclusicn

is that there i8 no effect duc to altitude und the differences seen ure duc
mostly to probe motion. This scems valid since low frequency power in vertical
gust spectra would not be expected tc increase with de~rearing frequency.

As in the case of altitude, no consistent or significant changes in the
shape of the spectra wert found to be caused by atmospheric stability
variations., The spectra comparison for the different stabilities is
presented in Figures 23.11 through 23.13. The maximum difference ob-
tained in the comparison for time of day effects on the spectra shapce
are pregented in Figures 23.1hk through 23.156.

Plots showing the scatter bands for a selected category combination are

presented in Figures 23.17 through 23.19. These data show the mean, 4,

and (s t ¢) obtained by the aversging process previously discusscd. The
scatter bands for ail other categories analyzed were in good agrecment.

The {rregularity in lateral gust spectra is shown in Figure 23.18,

Tlots of normalized PSD's for the turbulence sasmples exhibiting valid
data for all three gust velocity components ave presented in Appendix 1X.
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24, CROSS SPECTRA

The cross spectra of longitudinal with vertical gust velocity and longitudinal
with lateral gust velocity were calculsted primarily for use in the computation
of coherency functions associated with the turbulence samples for which power
gpectra were to be calculated, A limited number of the turbulence samples were
plotted in the forms of crosus-spectra, cospectra and quadrature spectra in an at-
tempt to investigate the contribution of energy from each component tc the corre-
lation between the components being analyzed and to possibly define an "isotiopic
limit" representing the wave number beyond which there is no significant contri-
bution to the Reyrolds stress. It is suggested in Reference 18,2 that both the
energy contributiog and the isotropic limit may be obtainzd from cross-spectrum
information. ) ,;3

/
According to Réference 18.2, the longitudinal-vertical quadrature spectrum
(imaginary part cf the cross spectrum) will give an indication as to what part
of the turbulence eddies are being passed through when gust velocities are
measured. This is risualized by assuming eddies of equal wavelength arranged
as shown in Figure 24.1. If these eddies are penetratved below center, the
gust velocity time histories of Figure 24.2 will result. If they are pene-
trated sbove center, the time histories of Figure 24.3 result.

In direct frequency terms, the quad-spectrum can be thought of as the average
product of u and w' within a narrow frequency Interval divided by the interval.
w' is w displaced to the left 90 degrees, Note that when w is displaced 90 de-
grees to the left, pessing through the bottom of the eddy gives a negative quad-
rature power value (u and w! are out of phase), and rassing through the top gives
a positive value (u and w¢ are in phase).

Representative plots of the cross-spectra, cospectra, and quad-spectra ob-
tained during .O-LOCAT Phase III are presented in Figures 2k.4 through 24.15.
Trends of the quad-specira are shown in Figure 24.16. The trends were cb-
tained ty smoothing each longitudinal-vertical quadrature spectra (Figures
2k.6, 24.9, 2k.12, and 24.15). These curves were tihen averaged for the
categories noted., All curves show the bcttom of the largest eddies being
zensed, on the average, as would be expected since the eddy radius is much
iarger than the measuring height.

Mcre isotropy is shown at 750 feet than at 250 feet, as was found by the analysis
of isotropy in Section 22, Reference 18.2 suggests an isotropic limiv of 1.7
times the height,, ‘Thrse values, 1270 aud 425 feet, are shown in Figure 24,16,
The curves indicate that eddies smaller than 1270 and 425 feet were sensed both
above ana below theilr centers, giving center indications on the average. The
fact that the quadrature power ¢f T50-feoot data reaches the center indication

at the longer wavelength and stays there with decreasing wavelength indicaves
that these data sre more isotropic than the 250-foot data.

More isotropy is indicated over high mountains than over the plains. The quad-
rature spectra for plaine deviates from a center indication at & shorter wave-
length than the quadrature spectrs for high mountains. The plains curve has

a top indication, on the average, for wavelengtiis between 1700 and 500 fect,
This indicates that wavelengths from 00 feet to at least 1700 feet were ¢
pressed in the vertical direction., Wavelengths larger than 1700 feet for all
the curves were probably compressed; however, tals can not be concluded from the
data since 750 feet was the maximum measuring height., These results agree with
those (blain.d during the general snalysis of isotropy in Section 22.
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Figure 24,2 Gust Velocities Encountered when Passing
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Figure 2k.3 Guat Velocities Enccuntered vhen Passing
Through Contiguous Eddies Above Center
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Figure 24,11 Cross, Co, and Quadrature Power Relatiomship
for Lateral « Vertical Gust Velocity Test 66,

Leg 2, Category 312331
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25. TRUNCATED STANDARD DEVIATIONS

The truncated standard deviation is the square root of the area under the
truncated spectrum., The lower truncation limii of the Phase III spedtra
in cps was increased by & factor of two over that or Fhases I and I1.

This was done to make the lower limit in terms of spatial frequency essen=
tially the same despite the approximate factor of two difference in speed
between the Phases I and II aircraft and‘'the Phase TIT aircraft.

The truncated standard deviation was calculated as follows:

Phases I and II

., ®(k) dk (25.1)

e “m——
)

Phuse IITI

Vi
0, " E $(k) ax (25.2)
III
Vi1

where: VI and Vyyy are the ground speeds flown during
Phases I and II and during Phasz III, respectively.

It should be noted that the upper limit of integraticn was held constant.
This was not changed because the area under the truncated spectrum at the

. kigher spatial frequencies contributes only a small amount to the total
area under the spectrum. Eowever, because of this, the truncated stan-
dard deviations obtained from samples of like categories would be expected
to be slightly higher for Phases I and II than for Phase III 1f the speed
for the Phase III category is exactly double that for the Phases I and IT

category.

Since the truncated standard deviation is calculated fiom that portion of
the spectrum in the inertisl subrange defined by &(k) = Ak-5/3 and since
Vrir = 2V, the relationship between equation 25.1 aud 25.2 can be ex-
pressed as:

tape 09651 (25.3)

(VY]
[V
n




P e P

Cumdative probabilities of the truncated standaxrd deviations from Phases I
and II spectra are compared in Figures 25.1 and 25.2 to those obtained from
the Phase III spectra., The low mountain and plains category data were uti-
11zed for this comparison because these data were considered to be compara-
ble with respect to the geophysical categories for the different phsses and
consisted of enough samples to be considered statistically reliable. The
comparisons show that, for like geophysical categories, the truncated stan-
dard deviation values obtained frocm Phases I and II spectra are, in most
instances, equal to or slightly greater than those obtained from Phase III
gpectra, '

t
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2. GUST VELOCITY DISTANCE HISTORY POWER SPECTRA

The power spectral density of clear air turbulence defines the energy con- ‘

tent of the turbulence at given wavelengths (1/k). The wavelength being
in terms of distance traversed over the ground per cycle of turbulence.

In relating the wavelength of the turbulence to distance traversed cver

the ground rather than through the air mass, a more accurate definition

of the turbulence is obtained. The assumption is made, of course, that

the turbulence is relatively stationary with respect to the grovnd and

does not move with the air mass. This assumption seems valid since the
type of turbulence being meaesured is either of a mechanical or convective
nature and the turbulence generated in either case would be more stationary
in relation to the ground than to the air mass.

If the turbulence is generated by wind flow over a mountain or some simi-
lar object (mechanical), the turbulence will persist until the protuberance
in the wind flow corridor is eliminasted or a predominant change in the pre-
vailing wind flow occurs. In this case, the turbulence in the general vi-
cinity of the mountain will not move with the air mass. If the turbulence
is generated by convection, the turbulence will remain as long as a tem-
perature gradient remains. Since the gradient exists due to the difference
in ground and air temperature, then the turbulence must remain relatively
stationary with respect to the groumd.

This leads to the conclusion that turbulence properties may be defined
more accurately if studied in terms of distance rather than time. Some
investigators contend that i1f the airplane speed over the ground does not
vary significantly throughout the data collection interval that one may
work with the time function and subsequently convert the spectra to a fimc-
tion of spatial ‘(diatance) frequency. This hypothesis was proven to be
true. Power spectra of each of the three components of gust velocity were
calculated for four samples with the gust velocity being in terms of both
time and distance., These samples were selected on the basis of having
large variations in ground speed, being homogeneous, and bhaving an ade-
quate signal-to-noise ratio.

The power spectrum as a function of spatial frequency, k, was obtained by
using the time function and calculating each spectrum in terms of fre-
quency, f, in cps and then converting to k by dividing f by the average
ground speed for the lk-1/2-minute sample, The power spectrum was &lso
calculated on gust velocity distance history data. The gust velocity time
history was converted to distance history using instantaneous ground speed
values prior to spectrum calculations. The resulting spectrs were in terms
of spatial frequency k.

These normalirzed spectra for gust velocity distance hiastory and time his-
tory data are compared in Figures 26.1 through 26.4, The turbulence sam-
ples cover a gust velocity rms range from 2.64 to 3.55 fps with scale

lengths varying from 199 to 659 feet. The pertinent data, along with the
maximum speed change during each sample, (AV), 18 presepted in Table 26.1.
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As can be seen from the spectra comparisons in Figv~28 26,1 t.rough 6.k,
there is essentially no difference in the spectra even for a sample hav-
ing a AV = 106 fps. It should be noted, however, that this s the maximum
change and for this particular case was encountered over a 90-second time
interval while contour flying over the mountains.

Although scale lengths were not calculated using the distance histories,
the normalized spectra practically overlay, and therefore, the scale
lengths would not differ, This good agrcement indicates that the use
of average speeds for the calculations of k is justified.

TABLE 26.1

COMPARISON OF DISTANCE HISTORY AND
TIME HISTORY STANDARD DEVIATIONS

Scale
- Standard Deviation - fps Length
Gs &V (max) Nime TDistance Ly
Test | leg | (fps) (fpfsx Variable | History | History {{t)
Lo L 643 32.1 u 3.18 3.17 6.4
v 2. Th 2.72 342
w 2. 2.7Th 262
46 b 97 57.6 u 3.5% 3.55 658
v 3.21 3.19 359
W 3.01 2.99 %3
L6 6 589 61.7 u 3.24 3.21 L2
v 2.76 2.7k 239
v 2.67 2.64 199
87 7 616 106.1 u 2.72 2.72 614
v 2.78 2.78 602
w 344 3.4 659
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27. SPECTRA DURING HIGH SPEED FLIGHT

One ubjective of the Phese III Program was to define lov altitude turbulence to
wavelengths in excess of 21,500 feet for a limited number of turbulence samples
recorded while flying at the maximum speed. The airplane maximum speed, however,
wu8 .ower than originally expected and the maximum wavelength measured was there-
fore only 16,000 feet. The maximum average wavelength for Phase III is approxi-
mately 15,000 feet, vhereas it is 16,700 feet for the turbulence samples recorded
at high speed. The lower maximum speed i1s attridbuted to an increase in the air-

plane drag characteristics caused by the installation of externally mounted in-
strunentation, ’

A total of 54 turbulence samples, during which the ground speed was equal to or
greater than 675 fps, were selected for analysis. These samples were obtained
over Leg § at both the McConnell and Peterson routes using maximm engine thrust,
These legs w=re selected to give maximum flight safety.

Twenty-nine of the 54 selected samples exhibited the necessary homogeneity char-
acteristics required for a valid analysis. The time series rms values and scale
lengths for these data are presented in Table 27.1. The average rms velues are
3.6, 3.75, and 3.30 fps for u, v, and v, respectively. The corresponding aver=-
age scale lengths are 782, 502, and 362 feet. These values are in general agree-
nent with the rest of the Phase III data recorded over the plains.

The resulting normalized spectra and isotropy and coherency characteristics are
presented in Figures 27.1 through 27.3. These dava agree in genersl with the rest
of the Phase IYI data, lateral gust velocity spectrum veiuss obtained at high
speed are comparsd in Figure 27.1 to the normalized spectrum obtained at 250 feet
above the plains and desert terrain. The spectrum for 250 feet was used since a
high percentage (7€%) of the high speed samples were obtained at 250 feet.

These high speed samples were included with the lower speed samples for statisti-
cal analyscs discussed elsevhere 1ln this report.
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TABLE 27.1

TURBULENCE SAMPLES RECORDED AT HIGH SPEED

Maxcimmam

Leg | Category |Wavelength s (fus Lk (feet)

No. No. A (feet) u v W u v v
8 | 41L324 16200 3.99| 4.2213.19| 695 | 636 | 239
8 | 4ah3ak 16400 3.29|3.08}13.38| 1118 | 531 | 718
8 | h1223k 17100 2.0712.31|2.50| 308 | 335 353
8 | k2234 16800 2,46 | 3.14 | 2.68| 480 | koo | 294
8 | 414343 16900 3.00| 2.7 [2.59| 640 | 435 | 285
8 | k22143 16600 2,98 3.18| -- T 79%0| --
8 Lakoy3 16500 4,071 95.53| k02| 54 | 8951 375
8 | 411243 16300 2.9k |2.04| -- 1191|321 ]| --
8 | 411143 16900 3.15]| -- - | 67| -= -
8 | 4bk2k3 17000 5.3515.37|4.33| 850 | 467 336
8 413343 17300 4,55 | 4.80 | == T2 | 01| --
8 | 414343 16200 3.T2|3.51(2.36| T96 | 19| 269
8 | 423243 16500 2.4712.8512.20| TT7T| 673 | b52
8 | 423343 16300 3.9 3.65]3.61| 964 | 687 | 547
8 | k13343 16600 b.5115.371 == | 649 | 768 --
8 | Lal2h3 16500 2.87(2.58|2.54 {1078 | 483 | 49
8 | =3 16900 3.02}3.37|2.67| 251 | 236 | 231
8 L1243 17100 5.8 5. 71| 4.6k}| 838 | 40| 318
8 | k13343 16500 5.51| 4.9913.85| 81 | 338 2u4
8 | 43313 16500 L,091}3.59 3.4 {1280 | 382 | 38
8 | %3213 16600 3.2313.34|3.29| 489 | 356 | 300
8 | 414313 1600 5.5315.5813.93 1218 | 766 | 331
8 412213 16600 2.8512.,69(2.55| 592 | 328 | 238
8 | k4313 16500 4,65 {3.9212.,88 |15L7 | 612 | 327
8 k23213 16800 L,26 | k471 L.5T| 968 | 639 | 664
8 | %3213 16300 3.1512.8 | 3.31 | 664 | 257 | 346
8 | k3213 17500 3.35|3.31{3.36 | 693 | 3Tk} 300
8 | sbk2a3 17400 3.35{3.57]3.03| 97 | 4713 | 316
8 | k3213 16500 3.4813.3813.35| 729 | 351 | 362
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28. EXFERIMENTAL/MATHEMATTCAIL SPECTRA COMPARISON

Use of the power spectral density approach in aigeraft design predicates
the need for a mathematical model of the PSD curve. Many mathematical
expressions have been proposed tc represent the atmospheric turbulence
spectra, The expressions most widely used in the aircraft industry at
the present time include expressions suggested by Theodore von Karman
(Reference 28.1) and H. L. Dryden (Reference 28.2), These expressions,
a8 shown below, vary according to the gust velocity component being rep-
resented, -

von Kerman Vertical and lLateral -~

g 2
[Mk}] _ Liv[2+377.5(xv K)°] (28.1)
4

ve [1+70.78 (L, k)2)W/6

von Karman Longitudinal

$,() WLy,
[ i ],- T1+70.78(Lg k)2 )56 (28.2)

Dryden Vertical and Lateral -

2
[¢;(;)] _ Ly, [2+6(275,0k) ] (28.3)
t Io [1*(2'ank)2]2

Dryden Longitudinal -

q’u(k) hLDu
["Tf']n T le(2rInuk) (=64

As suggested in Reference 28,3, the equations may be represented by the
following general forms:

Vertical and lLateral -

¢, (k) 2L[1+8v%a%k2(n+1)])
ct"’ (L+4w%a2x2)n*3/2

v

(28.5)
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Longitudinal -

]

(k) _ bL (28.6)

qf‘ (l+u'2a2k2)n01/2

vhere a is related to the scale of turbulence, L, as follows:

L{(n-1)')
(Vv (n-5)]

Thus, depending upon the value of n chosen, various expressions for the

power spectral density may be derived. If n = 1/2 these general equations
produce the Dryden expressions, " The voun Karman equa'cigns are the special

form of the general equations when n = 1/3. 5

Mathematical expressions suggested by N. E. Busch and H. A. Panofsl? (Ref-
2) to

erence 28,4) and by J. J. Lumley and H. A. Panofsky (Reference 18,
describe the turbulence power spectra were also evaluated.

Busch-Panofsky Vertical and lateral -

= _ 28.
“.° J,p 1+1.5C,%3x%3 (281

[¢,(k)] 0-644 C v
B

Lunley-Panofsky Longltudinal -

[1»:‘(1&] _ 11800 (26.6)
LP

: cz2[1+(2950 k)*P]

Theoretical spectra defined by Equations 28.1 through 28.8 were compared
to the experimentally determined spectra fram the Phase III program.
These comparisons were made by dividing each experimental spectrum by
the mathematical expression and plotting this ratio versus spatial fre-
quency. A ratio of 1.0 indicates perfect agreement between the experi-
mental and the mathematically defined spectra. These plots are shown

in Appendix IX.

The von Karman expressions were analyzed throughout the entire Phase III
program. The Dryden expressions were analyzed for data obtained at the
McConnell, Edwards, and Peterson routes. The Lumley-Panofsaky and Bush-
Panofsky expressions were evaluated for data obtained at the Griffiss
location.
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Average values of these experimental to matbematical ratios were computed
and plotted. This was done by determining the value of the ratios for
each turbulence sample at certain values of spatial frequency. These
ratios were then averaged at each of the chosen frequencies. The results
are shown in Figures 28,1 through 28,3, These figures show the mean values
and the standard deviation of the ratios about these mean values, All of
the mean values shown in Figures 28.1 through 28.3 are plotted in Figure
28,4 for purposes of comparison.
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Figure 28.1 Comparison of Experimental and von Karman
Power Spectra
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29. REPRESENTATTVE SPECTRA SHAPE

The power spectral density of tuwrtulence has been found to be a function
of spatial frequency to the =5/3 power in the inertial subrange. This
is 1llustrated in the Phases 1 and II data and by the Phase III data.
Because of this, the von Karman metoemmtical expressions give a good
representation of ell components of the turbulence spectra within this
frequency renge., In the low frequency, long wavelength portion of the
spectra, the vertical and laterml expreesions shov sem? deviation from ;
the measured data. I% appears this is due in part to Alfficulties encoun- !
tered in accounting for all the vertical and lateral mytion of the air- ‘
plane at low frequency. Longitudinal spectra agree well with the von <
Karman mathematical expression, 2

(A
The correlation between von Karman and experimental spectra is shown in f
Figure 28.1. The disagreement in tha low frequency portion of the lat- '
eral and vertical spectra where the von Karmen expression underestimates
" the spectra power is discussed furtber in Sections k6 and 47, :

The Dryden expressions ahow a greater amount of disagreement with the
experimentally determined data, especially at the higher frequencies
(Figure 26,2) vhere the Dryden axpressions have a -2 logaritbmic slope
rather than the -5/3 slope of the dats, At the lower frequencies, the
Dryden expressions show the same type of disagreement t.8 those suggested,
by von Karman in that they underestimate the power of the spectra. This
wnderestimation is slightly more for the Dryden expressions, however,

The Lumley-Panofsky expression for the longiiudinal cozmronent of turbu-
lence shows good agreement with the experimentally determined data at
the higher ‘requencies (Figvre 28.3). However, at the lower frequency
values this expression devistes from the date significaatly. In this
area the mathematical exprissi~n wn’erestimates the experimentally de-
termudned spectra by a factor of approximately 2.5.

The Busch-Panofsky mathematical expressions for vertical. snd lateral
spectra are in good agreement with the 2xperimental data (Figure 28.3).
This agreemsnt eaxtends throughout the frequency range irvestigated ex-
cept for the vertical component at the aighesu end c¢f the frequency range.
At the high frequencies the experimentally determined vertical spectra
shoved scme deviation from the theoretical -5/3 slope (see Sections 46
and 47). At the lov fn quency end of the spectra these expressions show
the best agreement of t_ose studied.

The results discussed here for the von Karman and Dryden expressions are
eimilay to those obtained during LO-LOCAT Phases I and I (Reference I.2).
The Lumley-Panofsky .xpression, vhich vas also evaluated during Phascs I
snd II, shovs more disagreement with the experimentally cetermined spectra
at the lower frequencies for the Phase III daca. The Fhase III data ex-
tend to lover f{requency vaiues than the Phas~s I and JI data because of
the higher speed aircraft used as the irstrumentation platform., The
Fhases T and IT data exterd:d to a low spatirl frequency Of approximataly
1.5 x 10 cpf, vhereas tne Phase IIT lata in F.gures 28,1 through 28.4
ae plotted to & low fruquency value of 7 x 10°% cpf. The Busch-Panofsky




expressions were not analyzed dwring Phases I and II. Instead, an expres-
sion suggested by U. O. Lappe (Reference 14,1) was investigated and the
results showed the same type of disagreement as that discussed above for

the Dryden expressions, N

It is felt that the low frequency portion of the spectrum sh~uld be stud-
ied further thrcugh the use of higher specd aircraft. Thie would pro-
vide a more accurate record of the long wavelength data. Spectra models
based on the data from all three phases are shown and comvared to the
von Karmaen spectrs in Section 46.

d

s e o
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30, TURBULENCE SCALE LENGTi

In order to use either the von Ka:amar or Dryden mathematical expressions
(Equations 28,1 through 28.4), a value for the integral scale of turbu~
lence, L, must be known. L 1s defined ae the area under Lhe autocorre-
lation curve: ' '

Lx=/f(r)dr (3001)
A o
and,
Ly-L,,=/8(T)dr (30.2)
0
vhere:
£(r) = long1 tudinal autocorrelation function

g(r)

The magnitude of the Integrel scale, or scale length, is an indication of
the sverage eddy size. It can ke shom that these scale lengths in the
three orthogonal directicns are related by Ly=2L,=2L, for isotmopic
turbutence and that L, = Ly, L, =2L,, and Ly = 2‘42. It should be pointed -
out that Equations 28.1 through 28. h are written in terms of longitudiral
scale length. Thus L,, L., and L.v are longitudinel scale lengths calcu- -
lated from the longitudina.l, lateral, and vertical gust velocity compo-
nents, respectlively. .

lateral'or vertical sutocorrelstion functicn

Scale lengthe may t  omputed from ihe autocorrelation function if Taylor's
hypothesis is valid (Reference 22.1), They may also be computed from the
spectrum in the following mamer: Standard deviation has been cefined as
the square root of the ares wnder the spectrum. For the compuistion of

scale length, & truncated standard deviation, ¢., covering only the irertial

subrange of the spectrum is defined In Section 25 as:

-

1/2
k3
oy = j (k) &x T ‘ {30.3)

vhere;
k, =0.667/V

ky =10/ V

For calcuwiations of L using the voun Karman expressione, E'}qmtions ’3841 and
28,2 were 1(31msjliﬁed by noting that, in the inertial subrange, 377.5 {Ly)°
and 70.78

2 » 1, Thus, the onlv ‘erms remaining in the numerators
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and denominators of these expressions were those terms containing L and/or
k. The resulting expressions for & (k), from either Equstion 28.1 or 28.2
were substituted in Equation 30.3. The resulting expression was integraied

‘and solved for scale length, yielding Equations 30.4 and 30.5, respectively.

Longitudinal Scale Length -~ Vertical or lateral Ccmponent

3 3/2
ot 1 P!
Ly, = 0.110 (—-, ) (——2 - -—2/3) (30.4)
T/, k2/3 k3
Longitudinal Scale Length -'Iongitud.ina.l Component
3 3/2
’t\ 1 1
I‘Ku’ 000717 ('Tlu (k§/3 - k§/3) (3005)

Scale lengths used In the Dryden expressions were determined in the same
menner. Equations 28,3 and 28.L4 were simplified by noting that (2 xL,)?
>» 1 in the inertial subrange. The resulting equations obtained by in-
serting these simplified equations into Equation 30.3 and integrating were:

Iongitudinal Scale Length - Vertical or Lateral Corponent

an=o.152(”\( L. 1) (30.6)

dT}v k2 k3

Longitudinsl Scale Length - Longitudinal Component

4 2
Lp, =0.101 (,;) (k12 - ]::3) (30.7)

Equations 30.k and 30.6 are exprcosions for the longitudinal scale length
as computed from the vertical or lateral gust velccity components while
Equutions 30.5 and 30.7 representive longitudinal scale length as computed
from the longitudinal component of gust velocity.

As mentioned previously, scale lengths could also be calculated from the
area under the gust velocity autccorrelation function. Basically, the
autocovariantce function R(r) was normalized by dividing it by R(OS whare:
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R(0) -f ¢ (k) dk = o2 ' (30.8)
0

thus ylelding the autocorreiation function R(r)/R(0). The long tudinal
scale length could then be computed from the longltudingl con?onent:

L= GS/ [R(f)/R(O)];lr (30.9)
]

The area was multliniied by ground speed to convert from units of time to
units of distance. Equation 30.9 is for the cslewlation cf lon-
gitudinal scale length from tne longitudinal ccmponent. 1f cslculated

- from either of the transverse components, the scale length obtained from
Equation 30.9 must be multiplied by two to get longltudinal scale length.

During the 10-LOCAT Progrem, scale lengths wer:. computed from the power

3 spectrum, as shown by Equations 30.4 through 30.7. However, autocorrels-
tion functions were calculated for a few randomly selected turbulence .
samples, and scale lengths were compuced using Equation 30.9. The scale
lengths calculsted by the two different methods were compared.

The autocorrelstion functions from one of the samples used for these
scale length calculations are shown in Figures 30.1 through 30.3. The
areas under the curves were manuslly computed to the point where the
function crosses zerc., This assumes that the function oscillates about
zero from that point to infinity with positive and negatly: areas tend-
ing to cangel each other, The functlons obviously cannot be calzulited
out to infinity., Likewise, calculating them out to greater and greater ;
lag times means decreasing the value of AT, the distance between fre- 3
quency sarples, and thus, decreasing the confidance level.of the data.
Therefore, it 1s not known whether these part.cular functions do, in
2 fact, osciliate about zero. ;

Comparisons of scale lengths calculated by the two methods are shown in
Figures 30.4 through 30.6. Scale length values agree well when calculated
from>the longitudinal component of turbulence. However, scale lengths
computed from the lateral and vertical components differ accordirg to the
method used. As can be seen in Figures 30.5 and 30.6, the velues obtained
from the autocorrelation functions are somewhat larger in megnitude than
those obtained from the power spectra.

Both of these methods are based on the assumption that the ~von Karmen ex-
pressions describe gust velocity spectra shapes. Since the autocorrela-
tion function is the Fourier transform of the power spectrum, it weuld
geem that _the differences in scale lengths from the two mathods of
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calculation occur because the area under the autocorrelation fumction
beyond where the function crosses zero could not be considered.

Reference 22,1 suggests another method for calculating scale length from
the autocorrelation function. This method considers only the point at
which the autocorrelation function crosses zero, i.e.:

= 0.402 r, o " (30.20)

re=1.V
and 7. = value of r at vhich autocorrelation function crosses zero

Comparisons of scale lengths calculated using this method and using the
power spectra m&thod are shown in Figures 30.7 through 30.9. It should
be noted that when Equation 30.10 was used for calculation of scale length
from the vertical and lateral sutocorrelation fimctions, the results were
multiplied by two to correspond to the longitudinal scale length.

Compared to scale lengths calculated from the area under the autocorrela-

tion function, Equation 30.10 showed less agreement with the power spectra v
method for the scale length from the vertical and lateral components and

sabout the same agreement for scale length from the longitudinal component.

St111 another method for calculating scale length was suggested in Refer-
ence 28.4. This method also involved use of the power spectra, Scale
“ength was calculated by multiplying the power demsity of the spectra by
spatial frequency, k, and plotting this product versus 1/k, The scale
length was defined as being proportional to the value of 1/k at which
kd(k) is & maxisum,

.
Lo

L=A %: ) (30.11)
where:
A = constant of proportionality LR
k, = value of k where k&(k)/d; is & maximm

The von Kerman spectra expressions were uped to determine A, Equations
28.1 and 28.2 were multiplied by k, Jdifferentiated, set equal to zero,
and solved for L. The resulting expreseions for scale length were:

Ly, = 0.14%6 %—; (from longituiinal component) (30.12)

Lg,= €.2119 -l-— (from lateral and vertical componerts) (30.13)
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Scale lengths calculated by this method are compared to those calculated
from Equations 30.4 and 30.5 in Pigures 30.10 through 30.12. The agree-
ment for scale length from the longitudinal component is good. Values do
not agree well for scale lengths computed from the vertical and lateral
components, however, This may be due to excessive airplane motion included
in the vertical and lateral gust velocities (See Section 23). The method
of Equations 30.12 and 30.13 inwolved use of spectra values at the rela-
tively lovw frequencles while the scale lengths calculated by the method of
Equations 30.4 and 30.5 were a function of the spectra in the inertial sub-
range where the data were considered to be more accurate.

Another problem that arose conceming the use of Equations 30.12 and 30 13
was the difficulty in determining a value for l/k... The turbulence samples
chosen for making these comparisons’were the same as those used for the com-
parisons in Figures 30.4 through 30.9. However, not all of these samples
could be used. For some of these samples, there was no distinct peak in
the value of k¥(k)/s? , so that an accurate value of 1/k, could not be
determined, The values of the spectra were such that the maximm value

of k¢(k)/c in this frequency range extended over a large range of 1l/k,
values. This occurred in over half of the turbulence samples selected

and these samples were not included in the analysis,

Since the von Karman expressions gave a good representation of the experi-
mentally determined spectra for all three components, the scale lengths
from these expressions were analyzed stauistically by category. The cumu-
lative probability distributions of these scale lengths for all the Phase
ITIT data, regardless of category, are shown in Figure 30.13.

The von Karmen scale lengths are shown as functions of terrain, absolute
altitude, atmospheric stability, and time of day in Figures 30.14 through
30.17. The general trend of the data in these figures indicates that scale
length tends to increase with increasing terrain roughness, increasing abso-
lute altitude, and decreasing atmospheric stability.

Scale lengths recorded at dawn are greater than those recorded during the
other two times of day when calculated from the lateral component. When

. calculated from the longitudinal and vertical components, the probabilities

at dawn are less for the smaller values of scale length, but tend to become
greater than at mid-morning or mid-afternoon at the larger scale length
values. This seems scmewhat inconsistent with.e, statistics. Tor a given
airspeed (therefore, given values of ko and k3), scale length is a function
of (¢,/ e,)3 (see Equations 30.% and 30.5). As shown in Section 13, ¢,
increases from dawn to mid-morning to mid-afternoon, Thus, it would seem
that the smallest values of scule length would cccur at dawn. The reason
why this 1s not so requires consideration of how the turbulence samples
were chosen for the scale length calculations. As previously discussed

in Section 19, the pover spectra were edited and analyzed according to

the attributes of the data. Low intensity turbulence samples were gen-
erally honhomogeneous and exhibited high coherence characteristics which
resulted in turbulence spectra of generally poor quality. Therefore,

these data were not considered valid for spectral analysis. Many of

these low intensity turbulence samples were obtained at dawn since, as
previously mentioned, the intensity of turbulence at this time of day was
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geneérally less than at the other times of day. However, the turbulence
samples obtained at Peterson over the high mountains have been shown to
consist of gust velocitles greater than at the other locations. Many of
the dawn turbulence samples obtained st Peterson were of great enough
magnitude to be used for spectrel analysis. Thus, approximately 85 per
cent of the dawn turbulence samples chosen for spectral analysis, and
consequently, scale length calculation, were obtained at Peterson. The
data obtained at mid-morning and mid-afternoon were more evenly distrib-
uted among the four locations. This caused the gust velcocities in the
dawn category to be higher than at the other times of day for the power
spectra turbulence samples, The valuzs of ¢, used for scale length cal-
culations are shown as functions of time of day in Flgure 30.18.

The conclusions concerning variation of scale lengbth with tiue of day
should be made with respect to the considerations discussed above, The
distributions of 0, and ¢, for all PSD samples (not only those chosen for
analysis) tend to indicate that scale length values increase from dawn to
ndd-morning to mid-afternoon.

During Phases I and II of the LO-LOCAT Program, (Reference I.2), scale
lengths at the 250-foot altitude were found to be primarily a function
of terrain, Increasing with greater tevraln roughness., At the T750-foot
altitude, atmospheric stability appeared to have the greatest effect on
scale lengths, As the atmosphere became more unstable the scale lengths
showed a tendency to increase in magnitude.

The Phase ITI data were Investigated for the same trends. Figures 30.19
and 30.20 show the variations of scale length with terrain for date ob-
tained at each altitude. Scale lengbths at the 250-foot altitude tend to
increase with increasing terrain roughness. Those recorded at 750 feet
show the seme tendency, but to a somevwhat lesser degree, Scale lengths
are shown as a function of absolute altitude and atmcspheric stability
in Figures 30.21 and 30.22. The only distinct variation that occurs is
for scale lengths calculated from the longitudinal component at the 250-
foot altitude, The reason for the very stable data showing higher prob-
abilities at the larger values of scale length is analogous to the situa-
tion existing in the scale length analysis with respect tc time of day.
Otherwise, no consistent or predominant trends are noted in these data.
Thus it would seem that, of the categories investlgeted, the primary vari-
ations in scale length are a result of changes in type of terrain and the
altitude above the terrein. The effects of terrain at each altitude, dis-
j cussed above, are shown in Figures 30.19 and 30.20. The effect of altitude
over each type of terraln 1s shown in Figures 30.23 through 30.25. Scale
lengths from the vertical component seem to be affected by altitude slightly
more than those calculated from the other two components. Larger scale
length values were recorded at the higher altitude., The results are sumn-
marized in Figure 30.26 where mean scale length values are shown. A sum-
mary of the altitude-stability analysis is shown in Figure 30.27. There
were not enough scale length drta obtained over the desert or water to
permit a statistical analysis,
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The following conclusions are included in Reference 30.1 for the behavior
of longitudinal scale length from the vertical component as a function of
- altitude and stability:

o Scale length increases with altitude for atmospheric stability
conditions other than very stable. _

®  Under very stable conditions, scale length is nearly constant
with altitude,

With respect to these conclusions, the scale length from the vertical com-
ponent does show a substantial increase with increase in altitude for the
stability conditions other than very stable (Figure 30.27). However, &
similar relationship 1s seen for {lfe very stable conditions, although the
effects of altitude appear to be less.

The scale lengths from the 148113113.11181 and lateral components do not show
these same variations with dltitude for the various stability conditions.
These scale lengths show the greatest increases with increased altitude for
a stable atmosphere, Alfitude change has no effect on these values for
neutral stability, Scale lengths from the longitudinal component had
greater mean values for the data at 250 feet than for the data at 750

feet for the very stable and unstable atmospheric conditions.

According to Reference 30.2, the scale lengths for clear alr turbulence
below an altitude of 2,500 feet for use in von Karman equatious are to
be calculated as:
Vertical Component
Liy= B - (30.14)
Longltudinal and Lateral Components

Lxu= Lgv= 184 B (30.15)

It should be noted taat different equations are used for the w and v com-
ponents, Therefore, in the following d.iscuﬂsion, the subscript v is used
to aignify the lateral component and ¥ the vertical component,

A comparison between the scale lengths recommended by these equations and

those obtained during the LO-LOCAT Phase III Program are shown in Table
30.1. \
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TABLE 30.1

1O-LOCAT PHASE ITI. SCALE LENGTHS FOR VON KARMAN EXPRESSIONS
___COMPARED TO THOSE RECOMMENIED BY MIL-F-008785A (USAF)

Reference 30.2 Average LO-LOCAT
_ Absolute Recommended Phase III
Altitude(H) ~ Ft. Scale length ~ Ft. Scale ilength ~ Ft.
Lxu . T . L., . L,
250 - 1153 | 1159 250 TL5 569 o9k
750 1670 1670 750 “TL4 63'2 508
|

With the exception of scale length computed from the vertical component,
scaie lengths calculated from Equations 30.1h4 and 30.15 over estimate
the LO-LOCAT Phase 1II experimentally determined data.

Although the Dryden expressions do not £it the LO-LOCAT dals as well as
the von Karmen expressions, the Dryden expressions are used in aircraft
design. Reference 30.2 states that the use of the Dryden expressions is
permissible when it ie not feasible to use the von Karman forms. Acccrd-
ing to this reference, the scales of turbulence to be used in the Dryden
equations for £light below 1,000 feet are:

L, =H ~ (30.16)

LDu

i

1/
L,, = 1008 (30.17)

Table 30.2 shows how the Phase III dats compare with values calculated
from Equations 30.16 and 30,17,
TABLE 30.2

10-LOCAT PHASE III SCALE LENGTHS FOR DRYDEN EXPRESSIONS
COMPARED 0 THDSE RECOMMENDED BY MIL-F-008785A (USAF)

Reference 30,2 - Average 10-LOCAT
Absolte Recommended Phase III
Altitude(H) ~ Ft. Scale length ~ Ft. Scale Length ~ Ft,
I"Du LDV LI)v LDu LDv LDV
250 630 630 250 509 502 38
750 * 909 09 750 512 538 465




The Dryden scale lengths, with the exception of those calculated from the
vertical component, are over estimated by the Rererence 30.2 equations, as
was the case with the von Karman scale lengths, Equations 30.1k4 through
30.17 40 indicate an increase in ecale length for a corresponding increase
in altitude. This trend was also noticed in the 10-LOCAT data., Lilkewise,
the Reference 30.2 equations agree with the LO-LOCAT data in that ths scale
length from the vertical component is more dependent on altitude than are

the scale lengths determined from either the longitudinal or lateral com-
ponents.,

-

The cumulative probability distributions of the Dryden scale lengths are
shown in Figre 30.28.

* Under isotropic conditions:

Ly=L,=L, (30.18)

However, Reference 13.1 also states that es the ground level is approached,
the scale length, ag computed from the vertical component, decreases, Ref-
erence 13.1 suggests the following expressions as-.the approximate relation-

ships between scale lenghths calculated from the different components of
turbulence:

For 50 < H < 500 feet:

"L, Ly
LL=1." 1.39 - 0,0006H : (50.19)

For E > 500 feet:

L‘) Lv
E: = i: = l» (30.20)

For absclute altitude levels of 250 feet and 750 feet, these expressions
yield ratios of 1.15 and 1.00, respectively. TIhe values are compared to
values from the LO-IOCAT Phase 111 experlmentally determir.cd data in Table
30-30

TABLE 30.3

10-LOCAT PHASE ITI SCALE LENGTH RATIOS COMPARED TO
THOSE IECOMMENDED BY REFERENCE 13.1

10-TOCAT Phage 111 Data
LKu LKV Lnu LDV
Absolute Values Predicted By e | T | Tow |Eov
Altitude(H) ~Fr. | Squations 30.15 and 30.20
250 1.15 1.82 { 1.4 | 1.31 ]1.29
750 1.00 1.% {1.25) 1.10 | 1.16
L
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Althcugh the ratios computed fiom the LO-LOCAT Phase III data are some~
what- larger than those predicted by Equations 30.19 and 30.20, the fact
that the ratios e ‘e reduced in magnitude with increasing altitude above
the errain is apparent. The ratios computed for the Dryden scale lengths
shot bet.er agreement with the values predicted by Equations 30.19 and
30.20 than do the von Karman ratios. If the same form as Equations 30.19
and 30,20 is used, approximwtions for the Phase III relationships would be
a8 fgllovws;

LKu Lgy :
“L—;; = L—Kv = 1.73 -0.000SH (30'21)
L Lp,

2 2% 1,39 - .00034E (30.22)
Lpy Lpw

These are only approximations. Equations 30.21 and 30,22 assume & linear
relationship between the scale lengths at 250 and 750 feet and were de-
rived by assuming tk. following average values:

LKu LKv
— = — = 1.63 at 250 feet (30.23)
Lkw I'Kv .
Lg Lk
— - = = 1.32 at T50 feet (30.2L4)
LKV LKv
L Lp
20 - 2 21,30 at 250 feet (30.25)
Lpw Low
L L

Yo 22 - 1.13 at 750 feet (30.26)
LDV LDV

The values were obtuained by averaging the appropriate values in Table 30.3.

According to ILappre in Reference 30.3 the type of terrain may be taken into
consilderation by using the following formula for calculating L:

L=rh,+ HI, . (3¢.27)

where L, end h, are defined as fcllows:
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Terrain Class Ly by
/’&mth 2/3 135
7 Lov Mountairs 1/2 300
High Mountains 1/8 675

Values from Equation 30.27 are compared to Phase IIT vor Karman scale
lengths in Table 30.4.

Scale leng't.hi obtained over the plains legs were used for the smooth ter-
rain classification in Table 30.4.

TABLE 30,4

10-LOCAT PHASE III SCALE LENGTHS COMPARED TO TEOSE
RECOMMENIED BY AFFDL-TR-67-122

Averege 10-L0CAT
L From Phase III

Equation Scale legth ~ Ft.

Absolute Type of 30.27 Lxu Kv T“
Altitude(H) ~ Ft. Terrain ~ Ft.

250 Smooth ho2 €55 456 291
250 Lo. Mowunt. 425 6TL 518 | L0
25 | Hi. Mownt, 706 175 | 636 h52
0 | Smooth 635 60 | 572 | 503
50 Lo. Mownt. 675 697 608 476
750 Hi. Mount. 9 765 663 520

It should be pointed ocut that L, as calculated in Reference 30,3 wvas de-
signed for use in the mathematical spectira expression suggested therein,
and not for use in the von Xarman equations. The Reference 30.3 mathe-
matical expression was evalurted during Phases I and II and it was found
that experimental data did not correlate wel! vith that expreasion. EKov-
ever, the fact that terrain is ccasidered in tbhe calculation of L is in
barmony with the results obtained during the IC-IOCAT Progrem., The re-
sults from Equatlion 30.27 agree better with the experimentally determined
data than did results from Equations 30.14 and 30.15, where only altitude
is conwidered,

The aversge values of the von Karman and Dryden scale lengths, regardless

of geophysical category, are shown in Tadle 30.5. It should be kept in mind
that these mean values are bissed due to the urneven distridbution of data in
the different categories.
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TABIE 30.5
LO-LOCAT PFASE ITI AVERAGE SCALE LENGTHS

Scale ~ Ft.
ﬁxu LKV va ‘ I'Du T I"D

S

v v

75 | 598 | 450 | s11 | 519 | k27

In Section 28, methematical expressions (Equations 28.7 and 28.8) for the
PSD suggested byBuach and Panofsky and by Lumley and Punofsky were analyzed,
Scale length, as such, is not contained in these expressions., Instead, C,
is used in the Busch-Panofsky expression and C is used in the Lumley-
Panofsky expression., These parameters were calculated in a manner similar
to the von Karman and Dryden scale lengths. Equations 28.7 a.nd 28.8 were
Bimplified by noting that in the inertial subrange 1.5(C,k)#3 » 1, and
(2950 k)*3 > 1, respectively. If these expressions are substitu® ed into
the truncated standard deviation expression (Equation 30. 3) and integrated,
the following result is obtalned:

3 3/2
’t\ 1l 1
- .28)
.Cy = 0.517 (c ( '3\ (30.2
. ) \k¥ k%3
1/2
¢ = oare [=%) [ . 1 \ (30.29)
Iy u k§/3 x2/3
3

Thus, C and C, are relsted to scale length and, from the preceding equa-
tions (30.28 and 30.29) and Equations 30.4 and 30.5, the following rela-
tipnships were derived:

3l
A%

1}

v

4.0 Ly, (30.30)

(@]
[t}

. 0.115 (LM)“’3

The cummulative probability distributions of these paramcters are presented
in Figures 30.29 through 30.31. In Reference 18.2, a value of .45 18 sug-
gested for C, For the LO-LOCAT Phase III Progrem, a mean value of 2,54 was
deteruined. The mean values cf C, caliculated from the vertical and lateral
comacnents are 1805 and 2243, respectively.

It abould be pointed out that all data analyzed within this discursion were
derived from only homogepeous turbulence saxples {see Section 19). Scale
lengths fcr low h-equencv data‘are dtscusset in Section %2r

[ od
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Figure 30.1 Example Longitudinal Gust Velocity
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Figure 30.2 Exsmple Leteral Gust velocity
Autocorrelation Function Plot
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Figure 30.4 Comparison of von Xarman and Autocorrelation
Function Derived Longitudinal Scale Lengths
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Figure 30.7 Comparison of von Karman and Autocorrelation
Function Derived Longitudinal Scele Lengths
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Figure 30.8 Comparison of ~un Karman and Autocorrelation
Function Derived Longitudinal Scale Lengths
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CUMUTATIVE PROBARILITY

CMRATTE PROBADILITY

Figure 30.14 von Karman Longitudinal Scale Length
Cumulative Probability Associated with
Terrain Type
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31. mmm MICROSCALES

The integral scale ,\ength is defined as be:Lng equal to the area under the
gust velocity autocorrelation curve. The Taylor microscale can also be
defined from the autocorrelation curve as the intercept on the y axis of
a parabola fitted to the vertex of the curve. The Taylor microscale rep~
resents the average eddy size where viscous forces dissipate turbulent
energy.

Q
Taylor mic):rosca.les were calculated using the following equation (Refer-
ence 18.2

A% = 15 v 92 /¢ ‘ (31.1)

vhere v 18 the ]dnématic viscosity and ¢ is the viscous dissipation rate.
Viscous dlsgipation rates pertaining to Phase IIT data are discussed in
Section 3k.

The cwmlative probability distributions of Taylor's microscale for the
time of day categories are shown in Figure 31.1. As has been the case

4n the past (Reference 31.1), the distribution is showr to be very close
to 8 log-normal. There i1s a slight difference In the distribution for
dawn than for other times of day. The distributions by altitude and
stability in Figure 31,2 show a definite difference between very statle
and the other stabilities. 1t appears that the microscale in the dissi-
pation range increases as altitude increases and ns the atmosphere becomes
more stable. High mountains and plains distributions shown in Figure 31.3
indicate that the microscale does not vary significantly between smooth
and rough terrain,

Relerence 31.1 suggests that the turbulence spectra should be a function
of the kinematic viscosity and the rate at vhich the epergy is dissipated.
A scale length formulated in the form of:

/4 ‘ ‘

- 48 referred to as the Kolmogorov microscale. This length is much smeller

than Taylor's microscale and represents an eddy size where viscous forces
predominate, dissipating turbulence fluctuations into heat, Figure 31. L
showy the cumulative probability of the Xolmogeroy microscale for the time
of day categories indiceting slight changes with time of day. Figure 31.5
gives the provebility as a fuynction of altitude and stability, showing that
the veluss increase slightly as altitude increases and stability decreases.
Terrain effects showm in Figure 31.6 indicate a tremnd tovard longe: micro-
scales for plains type terrain,
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Reference 18.2 indicates that valuss on the order of 10 cm (0.328 feet) and
approximately 1 mm (0,00328 feet) for Taylor and Kalmogorov microscales, re-
spectively, are to be expected in the atmosphere "near the surface." Table
31.1 sumarizes the average values as determined during Phase III,

- TABLE 3.1
AVERAGE TAYLOR AND KOIMOGOROV MICROSCALES

Ktitude Taylor “Xolmogorov
(Peet) (Peet) __(Peet)
250 0.84 0.0033
750 0.90 0.0036

Compariaon of Phase III daia with Fhases I and .II data reveals that. there-
is & 20 per cent increase in the average Taylor micrescale for data re-
corded at feet during Phase III. This can be primarily attriduted to
the t velocity standard deviations recorded during Phase III.

The average Taylor microscales obtained during Phase ITI are compared in
Pigure 31.7 with those presented by Taylor in Reference 31.2 and by .
MecCready in Refsrence 31.3 as well as with those obtained during Phases
- I and II {Reference I-2), the B:EN Tower fly-bys (Reference Section 4l),
and the flights supporting the Operation Rough Rider Project (NSsSL).

The average X ~rov microscales cbtained during FPhase III are compured
in Figure 31.8 with those presented in Refevence 18.2 by Lumley-Panofsky
as well as with those obtained during Phases I and II, the BREK Tower fly-
bys, and the flights supporting the Operstion Rough Rider Projeet (NSSL).
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