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SUMMARY

Use of power spectral design techniques for snpersonic transports requires
accurate definition of atmospheric turbulence in the long wavelength region
below the "knee" of the power spectral density function curve. Ixamples are
given of data obtained from a current turbulence flight sampling program.

These samples are categorized as (1) convective, (2) wind shear, (3) rotor,
and (4) mountain-wave turbuleace. Time histories, altitudes, root-mean-
square values, statistical degrees of freedom, power spectra, and intepral
scale values are shown and discussed.

INTRODUCTION

"Gustiness'" or the effect of atmospheric turbulence has alwave been of
concern for aircraft operations. 1In early vears individual or disercte JATC AN
of differing shape were used to verify designs. 1t was alwavs recognized
that turbulence is a statistical phenomenon, however, in that single punts
are seldom if ever encountered. About 25 vears ago the usc of random proocer -
theory, or more commonly referred to as "power spectral analveig" technigques,
began to receive significant atitention as a more appropriate desipn analveig
method. As a result of these developments, cxperimental turbulone. somp ] ing
programs were conducted in order to provide a statistical deseription of the
atmosphere in power spectral form. These measurements verified, in peneral,
that the slope of the von Karman equation (given in fig, 1) or -4/ . APpre -
priate. Limitations in both instrumentation and data reduction procediee
prevented the acquisition of data at wavelengths long enouph to {dent ity
appropriate values of L in the von Karman equat fon (er to o verity the valid-
ity of the equation). 1f L (penerally retorred to as the intepral s
value and physically sometimes thought of as the average cddy e trar, 1)
and o (the root-mean-square value) are known, then the P

Tpec i g
completely deseribed,  Regardless of the intensity oy pover Joeved,
value corresponds to a specific knee or bhroal Ltequency in 1l

'
ce !

oy A ST

curve, Meteorological resecarchers therelore necd apprepricte [ calue g
fill gaps in the description of the atmosphere,  An example of the e
cance of the L wvalue for aircraft destpners ie shown Dy the von o] e
in figure 1. (Note that log scales are used P e o) dhe pairiae iy o
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ﬁ‘ response to turbulence is in the ripld body, short peviod, and Duteh roll modes,
S For subsonic airciaft sich as the 707, B-50, and 747 atrplanes which cruise at
M~ 0.8 and at altitudes of 11 to 12 kw (35 000 teo 40 000 1), the primary
response to turbulence is to the right of the knee of the spectral curves for
all values of L in the range belicved 1o b dppropriate for constderation,
However, for supersonic cruisc arreralt aieh as are being studied presently in
this country, that is, cruise M = 2,/ at approxiuwately 18 m (60 000 ft), the
‘ predicted response is more significant ly aftected by the L value as can be
geen Iin the figure. Fatlgue and ride gqual ity are o lso fmportant aspects of the
, aircraft response to atmospheric turbulence. 1t was deelded, therefore, that
-y significant effort was warranted to remove this gap in the knowledge of atmo-
spheric turbulence properties and establish a4 program with o prinary alm of
determining appropriate values of 1L for Jirferent meteorvlogical conditions.
As a result, special attention must be given to instrumental fon and data pro-
cessing in .ne low-frequency or long~wavelenuth repion.

SYMBOLS

Values are given in both ¢l and U.§. Cnstorary Umits, The measurements

and calculations were made in U,S, Custamare Units,

-

{ ; ' oy J

- 3 aceceleration due to gravitv, w/sec’ (ft/neer)

B h altitude, km (ft)

L integral scale value, meters (1t)
M Mach nunber
u lonpitudinal compenent of - Sieree Teoo (Ut Feeg)
v lateral conponent of turtmlenee, sfsce CHt/seed
W vertical component of turbulence, w/sec (tt/seo)

wavelength, meters (1t
¢ root-mean~-square value (alse standard deviotion), n/see (ft/see)

Tus v w standard deviat {fons of 1y v, and o

o , R 3 (mfoHee)” NER AN
4 puwer spectras density, «—mmt 20 [0
. k'.\'(‘]w.s’/lfit‘ll'l’ (

PROGRAM ENMPLESE LS e

The NASA HAT dMeasurerent of Atwosphoric tacbelonoe o aropram was established

o in response to the preceding vrequiverents, 0 Hnee cornenents of turbulence
, ) (vertical, Tateral, and Jengitudins! s vore 0 e oo b 1t was decided that
= . . . . i .
T two sampliag aiveralt wvontd bo rogquiced Te cover e entire altitude range of
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interest - one alfrplanc covering the tanpe of altitudes fron sea level to 1Y km
(50 000 ft) and a spectal high=altitude alrpltane for altltudes above 19 k.,
The sensors selected requirved sampling to be Jdone ot subsonie tipeeds, A L-b/B
Canberra was sclected tor the sampling ot altitudes up to 15 km and [t was
decided that a B=57F would be the pmreferved afreraft tor use at altitudes above
15 km., Baslcally, the cequited meacurements tor cach of the three turbulence
components Involve a prinary neasurcment on o boom forward of the aireraft (see
fig. 2) (angle fluctuations tor the vertical and lateral and alrspeed variatlons
for the longitudinal components ot the turbulence) which must then be correeted
for aircraft motfon. Motion corrections are provided by data from an onboard
inertial platform and from rate pyros. These correetions are especlally tmpor-
tant, the present cmphasis heing o acenrate data at long wavelengths,  The
equations arc given in vercrence 2, To o obtain power estimates at the extremely
low frequencies required (that is, tony waveleagths), narrow spectral "windows"
(bandwidths) on the order of 0.02 Hz aust Le used fn the data processing proce-
dure. Such narrow spectral vindows introduce wild statistical fluctuations in
the power estimates unloss relotively long Jato samples ean be obtained,  The
statistical reliability believed to be neecsaary requires on the order of 24
to 30 statistical degrees of frecdon for the spectral values and translates o
data samples of at leawt Iteaninnte auratien,  The instrumented B-575 Samp il ing
airplane is shown in Vigare 3.0 betails concerning the power spoectral olgorithoe
employed, and the justilication tor uot presiiitening the time historfes fon by
wavelength analysis ore given io rovercoce 3 Instramentat fon details and
measurement accuracier are givea fo o corcieno s, A0 anscssment of the overall
Instrumentation performance Yoo 0 0 Tne i “anewvers, topcther with an
assessment of possible Towstiegucacy trond tone errors basod upen posttlivht
performance of the incertiat platroom custern, i piven in retoerence 5.

Sampling flighte with Che v %70 were oo o the Slirels 1970 1o Septont o
1975 time period. & total o s 1l o, Codey 0 in Pasters taited tate
within range of the cirplane Voo o e Sir bered Base s Virpiuia and Ihoin
Western "nited States oFtain 2o, 't Prcdare hayoe b g b oneard s i 1oy

i A Y] e

P,-asu, Cal:’fnrnia. Sotunhopiey [ SR S SR Coteeiat ot ccldoed tanotione ot oy -
dinating and plannine Ui, 0t 0 o0 or Tae tren the Feor o~ at duapdoe the i, .
and conducting post Uiy .o, oot o bieent cetecronee it sarar
eters and to define Uhe o tecr 8 ovin 0t L Lo Ul tor L bene G s o cunt 1

A smmary of data ol teane o v o o e b the me e 1 ot
runs to be processed gneociaood i R VU R U TPD NS S L I T RIS SIS TE R
cessing Is currentiv in pococor o v e s Cideat i D by et . in
table 1) have been solectes oos foteibon i cnanr b L Copapor,
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The four cases seletod for ot bt v cCin v hercin aie catopeticoed
according to meteorolopioal ~ondition, Cilic uonunt v v e - ane appeat b
fnvolve some wind shear e Chae et b i Gh) od i comeiderod L be o pure
classical case of mountooi-vase taclalein en b Mo rtinent interrmti b for Lhe ' 1
cases is summarized o taloic T o0 tomgtihe e gaten e the toon oo
and, associated with the ron om0 Che 0t Tiool derroes of S rceaen Gl g, o




appropriate for the resnlting power speetra uare also glven, Tt was a poal In
this program to achleve at least 24 statistical deprees of freedom with o resolu-
tion bandwldth of 0,02 Hz, Note that tor the rotor cape, the poal was not qulte
achieved; thus, somewhat larger random-type fluetuatlons can be expectoed in
these power gpectral estimates,  Root-mean-square (7) vaiues for the three com-
ponents of turbulence (longltudinal (u), lateral (v), and vertical (w)) are

also piven fn table 11, Note that for the convectlve and perhaps the roter
case, the o values are similar for the three components,  However, for the
wind-shear and mountain~wave cases the verticeal component han a much smaller

0 value than that of the lateral component by factors of 3 to 4 which indieates
a lack of Isotropy., This aspect will be dlscussed later In the paper,  Data te
be presented and discussed for the four cases will fnelude time histories,

power spectra, and exceedance curves,

Time histories tfor the convective case at an altitude of 0.3 km (1000 ft)
above gently rolling terrain are given in figure 4,  Poecause of the length of
this run (19,1 minutes), the first part of the time histories is shown in
figure 4¢a) and the tinal portion in figure 4(b).  As shown in table 11, the
¢ wvalues are similar for the three components and arce about 1.2 m/s (4 tpe),

The power spectra resulting from these time histories are shown in tiyure H.
lhe curves are comparable to those of figure 1 exeept that the results have
not hgvn normal ized; that is, the area under the curves is cequal to the variance
or 2. the abscissa values were obtained by converting frequency to inverse
wavelength by use of the average true airspecd for cach run, Sybols are shown
tor the five lowest frequency power estimates,  Except tor the rirst point,
which will be discussed subsequently, the estimates are at equal increments of
approgimately 0,01 Hz (10 Hz/1004). On a log plot the points theretfoere appuar
closer together at higher values of  1/°0 The first point is obtained from the
data=reduction algorithm at zero frequency but, for convenience, is located at
one-Lourth the interval between cero and the next regularly obtained peint
at .01 Hz, or at 0,0025 Heo o (Phe value could not, ot course, be shown at zero
frequency on o logarithmic ploty)  These Zero-trequency power estimiates are
belicved Lo be valid tor the results presented in this paper.  (SFee rety 5))
Past practice has been to discard this value because of the ettect ot trend
errors in the time histories, and because the prevhitening procedure used at
that time tor wide=band spectral analysis caused the value te pe to intinity,
superimposed on the data are shown theoretical von Rarman type curves with
selected L values.  Note that the slopes of the curves mateh at the higher
troequencies, 1t is shown that the vertical component can be desceribed very
accurately with an Lo ovalue of 300 m (1000 tt) . The lateral component, however,
b telatively hipgher power content at low trequencies and the appropriate
I ovalue is apparently in the range of 000 w (LO0OO 1), The longitudinal coeme
ponent tits well with an L value Ht 1200 m (4000 ft)., This ditterence between
componetnts, ol course, means that the turbulence is net isotropic in the long
wavelongth region.  In the wavelengpth region where previous measurements have
been made, however, isotropy would seem to prevail,

e time histories tor the high-altitude wind-shear case are presented in
tipure o, 1t should be noted that the vertical=scale sensitivitics have been
Jocreased by a tactor of 2 as compared with the preceding case and that the
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feverdity is much greater,  The Intensilty of the turbulence tor all three com-
ponents s gradunlly Increasing with time.  Sueh nenhomopeneous, Cor nonstat ionary )
bebaviar has generally boen believed to be responstble tor connbderable rounding
or smoothing of the upectral knee,  The reeont work of reterence /y howevey,
(ndicates that unlers the chanpe In Intenslty 4o considerably more abrupt than
shown here, Little offect should be observable In (hoe spectras It i obvions
that slgnlficant low=froquency power (o present In the hovizontal eomponents
this [s assumed to be dirvectly attributeble to the chimpldne horisontal wind
fleld,s  The low-frequency content can bo thought of an o modubavion ot the mean
value with a typical high=trequency ampl ftude=modulated vandom process SHUpere
Imposed. A model of turbulence which ineludes moan modulation han Leen cuppented
by Reeves (ref. 8). Mo pronounced fow=frequencey power o noted in the vertjeal
component.  These observatlons are substantiated in the correnponding powe:
spectra shown [n [igure 7. Note that while an Loovalue of 300w (Hoon ()
appears to be appropriate for the vertical component , L ovalues of proater

than 1800 m (6000 L£t) would apply for the horlzontal compenent s dircet!ly retleot-
Ing the large power content at low frequencics.

The next case to be presented was an encounter on the ]ee side ot the
Slerea Mountains in California at an altitude approximately level with the
higher ridges. The turbulence was categorized as rotor-tvpe turbulence,  The
onboard observer reported direct correlation of turoulence severity with the
upwind terrain., Peak center-of~gravity acceleration increments ol Iy were
cqualed or exceeded 80 times in this traverse of the rotor region, with maximun
incremental accelerations of +2.2p and =1.8¢.  Time historics of i Liit v
compogents of turbulence are given in figure 8. Sote Lio Hepmetles betveen
and 74 minutes for the longitudinal component where hipgh=1requoney cacillatinne

l—
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are absent. This condition s caused by the scnsitive airspecd measurement
system belng off-scale some of the time in the negative Jdirectiong as a result,
the high-frequency fluctuations were partially lost, It can be wcen that rela-
tively low-frequency wavelike oscillations are present on all three tirme histo-
ries, the lateral component exhibiting the most prevalent and highest amptitude
oscillations., The  values given in table I further substantiate this oheor-
vation, [le spectra for this case a o piven In fieure o, 211 U o sprectr
continue upward with large low-trequency power: thus, 4 the woon Foarman CEPrOes -
sion is applicable in this region, L must be preiater than 1800 ¢owongo 1),

Lt should be noted that the high-frequency part of the Jongitwiingd spectram,

as well as >, could be somewhat contaminated by the Teoe b the hien-troguony
fluctuations as a result of the partial of f-scale conditior rovd undy vaonti .
The flattening-out of the Algh=trequency end of the aoeetrae i pt e ctatod
with this problem but is u result of the use of the ot taee reedrict, g
provided for the pitot-static test head. The use of two difterent restrictor .
for tlight operations above and below 9,1 km (30 000t 1) te previde the Dropoer
damping for the sensitive alrspeed measurement s discossed in vefercnce o, In
this particular case the high-altitude restricter was installed, since the orip-
inal migsion for this flight was to soek high=aititude mountain-wave turbule nog,

The final case cornsidered hercin is categorized as e wvove-ponorated turbag-
lence which propagated upward and was encountered at an altitude of about a3 by
(47 000 ft). The time historics are glven o tigure 1. Notic that the verti,!

component contains at least three waves and Poasibly tours  Patches of turbalen
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occur on the rising part of the last two waves; or at approximately 7% and

10 minutes from the start of the run. Apparently, the last two waves have

not broken down into continuous turbulence as yet, or the displacement of the
airplanc has carrled 1t oul of the turbulent reglon of the wave. Inspection
of the lateral aad longitudinal components, where a very long wave can be seen,
together with supplementary meteorological information, indicates that wind-
shear effects were also present. Thus, this is not a classic case of pure
mountain-wave turbulence. These time histories are of considerable interest;
whether they should be used to obtain power spectra might be uebatable since
the turbulence is not very continuous. Power spectra were obtained, however,
for the whole 12,6-minute run and are shown in figure 11, A large amount of
low-frequency power is present in all three components. This case is in con-
trast to the wind-shear-alone case where the vertical component contained rela-
tively little low-frequency power.

Figure 12 presents the measured exceedances of the vertical velocity com-
ponent of turbulence for the four cases considered herein. The exceedances
are (for each sclected level) the average of the crossings of the positive and
negative levels about the zero mean value for the data run. Only positive
slope crossings are counted. In figure 12, the crossings per unit distance
(in both km and mi) are shown on a logarithmic scale with the level of the
vertical velocity component on a linear scale. The exceedances reflect the
relative turbulence intensity levels of the four cases. The high intensity
rotor and high-altitude wind-shear cases show significantly more crossings than
the convective and mountain-wave cases; for example, at a level of 5 meters
per second the difference is about two orders of magnitude.

The four exccedance curves of figure 12 show a combination of the exponen-
tial and Gaussian functional forms which are used for the analysis of atmospheric
turbulence data. The exponential form of the exceedance expression has generally
been found applicable for extended data samples or composites of many samples.

It is the basis for development of structural design criteria for aircraft
response to atmospheric turbulence for both the discrete gust approach and the
random process or power spectral method. The exponential form would appear as
a straight line on the semi-log plot of figure 12. From inspection of the fig-
ure, it appears that the high-altitude wind-shear case is the most nearly expo-
nential (linear) and the rotor case would appear to be the most nearly Gaussian.

CONCLUDING REMARKS

Data have been collected for a number of turbulence encounters at altitudes
between 0.3 and 15 km (1000 and 50 000 ft). The associated meteorological con-
ditions have been identificd. Four encounters were considered herein. For
these cases the following observations arc made:

1. The von Karman turbulence model secems to be appropriate for the vertical
component in the low-altitude convective and high-altitude wind-shear cases,
with an integral scale value of 300 m (1000 ft).
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2. The lateral and longitudinal components appear to also fit the model
fairly well for the low-altitude convective case when integral scale values
of 600 m (2000 f£t) and 1200 m (4000 ft), respectively, are used.

3. For the horizontal components in the high-altitude wind-shear case,
and all three components in the rotor case, very large power obtained at the
long wavelengths makes it doubtful whether the von Karman expression is appli-
cable in this region. If it is, integral scales values greater than 1800 m
(6000 ft) are required.

4. The time histories from the mountain-wave case appeared to include some
effects of wind shear. All the “"waves" had not broken down into continuous
turbulence and were thus probably not especially appropriate for spectral repre-
sentation. Very large power however was present at long wavelengths.

5. All cases exhibited the -5/3 slope of the von Karman expression in the
shorter wavelength regionm.

6. The turbulence intensity was very severe for the rotor case and
approached that of a small thunderstorm.

Data processing and further analysis are cuntinuing. At the present time
it is not known whether similar meteorological conditions will result in simi-
lar power spectra. The instrumentation system is scheduled to be installed in
a B-57F aircraft later this year in order to acquire turbulence samples
above 15 km (50 000 ft).
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TABLE I.- SAMPLING SUMMARY OF B~57B FLIGHTS

(46 FLIGHTS WERE MADE BETWEEN MARCH 1974 AND SEPT, 1975)
(30 EASTERN U.S. AND 16 WESTERN U.S.)

TURBULENCE NUMBER OF
CATEGORY DATA_RUNS
TERRAIN RELATED, ROTOR* 14 (6 FLIGHTS) -
THERMAL , CONVECTIVE* 8 (2 FLIGHTS)
A NEAR THUNDERSTORMS 12 (2 FLIGHTS)
7 JET STREAM AND HIGH-ALTITUDE
E: WIND SHEAR® 21 (6 FLIGHTS)
MOUNTAIN WAVES* 8 (4 FLIGHTS)
ISOLATED SITUATIONS T (2 FLIGHTS)

* CASES SELECTED FOR REVIEW IN THIS PAPER

TABLE II.-~ PERTINENT DATA FOR FOUR SELECTED CASES

RUN STATISTICAL L I 9,

METEOROLOGICAL | ALTITUDE , | LENGTH d.f. FOR
CONDITION km (ft) min| km POWER misec | misec | misec
(miles)| SPECTRA |(ft/sec) | (ft/sec) |(tt/sec)
|CONVECTIVE 0.3 ( 1000) | 19,1 {148 45 115 118 | 135
9LD (3.78) | (3.86) |(4.41)
WIND SHEAR 13.0 (42600) |12.21137 2 245 | 1.33 | 448
(85.1) (8.05) |(24.03) 1(14,70)
ROTOR 3.9 (12800) | 8.1|88.5 19 382 | 551 | 357
(55.0) 12,52) | (18.09) [(11,73)
MOUNTAIN WAVE | 14.3 (46800) | 12.6 | 149 2 134 | 539 | 430
92.4) 4.41) 1(17.6%) |(14.1D)

d.f. =1 (BANDWIDTH, LENGTH)
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Figure 1.~ Wavelength regions of primary aircraft response
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shown on von Karman theoretical spectra.

Figure 2.~ Head for providing three basic measurements.
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Figure &4.- Turbulence component time histories. Convective case.
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Figure 5.- Power spectra of turbulence components.
Convective case.

VERTICAL

LONGITUD INAL

lnL111111111111111l11111111111i11111111111111111111111i1111llllnlxilxlx
2 3 4 5 6 1 8 9 10 11

TIME, min

W,
ftisec

v ’

10 fysec

-40
'740

u,
10 fysec
-40

iyt

L
12

Figure 6.~ Turbulence component time histories,.
High-altitude wind-shear case.
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Figure 11.- Power spectra of turbulence components.
Mountain-wave case.
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Figure 12.- Measured exceedance frequency of vertical component
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