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Symbols

Values are given in both SI and U.S. Customary Units. The measurements and calculations
were made in U.S. Customary Units.
a speed of sound, m/sec (ft/sec)

wing span, m (ft)

c acoustic velocity computation constant, 20.046333 m/sec-Kl/ 2
(65.76881 ft/sec-K1/2)

f frequency, Hz

L integral scale length, m (ft)

N number of correlation estimation time lag§/

Ny number of data points in the record

p static pressure, N/m? (lb/ in?)

4e,C impact pressure at center probe, N/ m?2 (Ib/in?)

de,L, impact pressure at left probe, N/ m? (Ib/in?)

4R impact pressure at right probe, N/ m? (Ib/in?)

Rgc no-lag auto-correlation estimate of center probe gust velocity or mean-square
value, m?/sec? (ft/sec?)

RE(C; auto-correlation estimate of center probe gust velocity for an equivalent
lateral left-to-center probe lag distance, m?/sec? (ft/ sec?)

REI({: auto-correlation estimate of center probe gust velocity for an equivalent

lateral left-to-right probe lag distance, m?/sec? (ft/ sec?)

RgR no-lag cross-correlation estimate of center and right probe gust velocities,
m?/sec? (ft/sec?)

R(I)“C no-lag cross-correlation estimate of left and center probe gust velocities,
m?2/sec? (ft/sec?)

R%L no-lag auto-correlation estimate of left probe gust velocity or mean-square
value, m?/sec? (ft/sec?)

R%% auto-correlation estimate of left probe gust velocity for an equivalent lateral

left-to-center probe lag distance, m?/sec? (ft /sec?)

RH;\ auto-correlation estimate of left probe gust velocity for an equivalent lateral
left-to-right probe lag distance, m?/sec? (ft /sec?)

R(I]‘R no-lag cross-correlation estimate of left and right probe gust velocities,
m? /sec? (ft/sec?)

R(};”R no-lag auto-correlation estimate of right probe gust velocity or mean-square
value, m?/sec? (ft/sec?)

REJC?“ auto-correlation estimate of right probe gust velocity for an equivalent lateral
left-to-center probe lag distance, m? Jsec? (ft/sec?)

Rﬁ}% auto-correlation estimate of right probe gust velocity for an equivalent lateral

left-to-right probe lag distance, m?/sec? (ft /sec?)
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Wy,C
Wy, L
Wy R

zc
TL

TR

Abbreviations:

ACC
ACL

computed free-air temperature, K

time, sec

air total temperature, °C

spanwise separation distance between sensors, m (ft)
true airspeed at center probe, m/sec (ft/sec)

true airrspeed at left probe, m/sec (ft/sec)

true airspeed at right probe, m/sec (ft/sec)

vertical aircraft velocity obtained from integration of vertical acceleration,
m/sec (ft/sec)

measured vertical gust velocity component of center probe, m/sec (ft/sec)
measured vertical gust velocity compoﬁént of left probe, m/sec (ft/sec)
measured vertical gust velocity component of right probe, m/sec (ft/sec)

longitudinal distance from INS to center angle-of-attack vane, 5.29 m
(17.36 ft)

longitudinal distance from INS to left angle-of-attack vane, —2.43 m
(=7.97 ft)

longitudinal distance from INS to right angle-of-attack vane, —2.43 m
(=7.97 ft)

lateral distance from INS to center angle-of-attack vane, 0.0 m (0.0 ft)
lateral distance from INS to left angle-of-attack vane, —9.95 m (—32.64 ft)
lateral distance from INS to right angle-of-attack vane, 9.12 m (29.92 ft)
angle of attack measured at center probe, rad
angle of attack measured at left probe, rad-

angle of attack measured at right pfabé, rad

angle of sideslip measured at center probe, rad
angle of sideslip measured at left probe, rad

angle of sideslip measured at right probe, rad
pitch attitude, rad

pitch rate, rad/sec

root-mean-square vaiue of vertical gust component
roll attitude, rad

roll rate, rad/sec

éuté-épectrum

cross-spectrum

auto-correlation of center probe

auto-correlation of left probe
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ACR
ASC

ASL
ASR

CC

CS

CSL
CSR

EU

INS

SCC

SCS
SVKAS
SVKASC
SVKCS
SVKCSL
SVKCSR
sps
VKAC
VKCC

auto-correlation of right probe

auto-spectrum of center probe

auto-spectrum of left probe

auto-spectrum of right probe

cross-correlation

cross-spectrum (for full span)

cross-spectrum for left semispan

cross-spectrum for right semispan

engineering units

inertial navigation system

simulated cross-correlation

simulated cross-spectrum

sampled Von Kdrman auto-spectrum

sampled Von Kidrmén auto-spectrum for center probe
sampled Von Kdrmén cross-spectrum (for full span)
sampled Von Kdrmén cross-spectrum for left semispan
sampled Von Karmdan cross-spectrum for right semispan
samples per second

Von Karmén auto-correlation

Von Kirman cross-correlation

A bar over a symbol denotes an average for the run.






Summary

Spanwise spectral relationships are derived for
vertical gust velocities measured at the nose and
wingtips of the NASA B-57B airplane for six level-
flight, low-speed, and low-altitude runs for which the
results are compared with predicted Von Karmén
model characteristics. The distance between the
measurement points at the wingtips was 19.1 m
(62.6 ft). Airspeeds ranged from about 100 to
122 m/sec (330 to 400 ft/sec), heights above the
ground ranged from near ground level to about
1.6 km (5250 ft), and gust velocity standard de-
viations ranged from 1.25 to 2.70 m/sec (4.10 to
8.86 ft/sec). Integral scale lengths, approximated
from the data, ranged from 125 to 625 m (410 to
2050 ft) and were determined by matching mea-
sured atmospheric turbulence auto-correlation esti-
mates with those of the model. Auto- and cross-
correlation estimates and auto- and cross-spectrum
magnitude estimates are computed and compared
with predicted values based upon the homogeneous
and isotropic turbulence assumptions of the model.

Digital signals derived from piezoelectric sensors
provided continuous pressure and airspeed measure-
ments for the data runs. Some directional sensitiv-
ity of the sensors to acceleration was encountered
but was eliminated by sensor orientation, and perfor-
mance was spectrally verified for the higher frequen-
cies to be satisfactory with supplemental onboard
piezoresistive sensors.

The Von Kéirman atmospheric turbulence model
appeared to satisfactorily predict the trends of the
measured cross-correlations and cross-spectrum mag-
nitudes. This is especially true for the results be-
tween the nose and wingtips. However, the measured
magnitude estimates of the cross-spectra between the
wingtips exceeded the predicted levels at the higher
frequencies. Causes for the additional power across
the wingtips were investigated. It was determined
that the source of the power was the angle-of-attack
data, but its cause remains unknown. If it is not
a real atmospheric characteristic, a possible cause
could be airplane flow interaction (upwash) at the
higher frequencies.

An examination of correlation estimates for the
vertical gust velocity components evaluated along
and lateral to the flight path implied that the
frozen-turbulence-field assumption is a suitable
approximation.

Introduction

The development of design techniques for air-
plane gust response and data for airplane simula-
tors require an adequate description of the nature of

the atmospheric turbulence. A program to measure
atmospheric turbulence (MAT) along a flight path
(ref. 1) was conducted by the National Aeronautics
and Space Administration in the 1970’s which con-
centrated upon the long wavelength portion of power
spectral density functions. This involved develop-
ment of a rather sophisticated instrumentation sys-
tem (ref. 2) and data reduction technique (refs. 3
and 4). The need for spanwise measurements be-
came evident (ref. 5) and, upon completion of the
MAT program, additional instrumentation was in-’
stalled and the SPANMAT program (ref. 6) to mea-
sure the spanwise gust velocity gradient was initi-
ated. Wingtip probes were installed on the B-57B
MAT airplane, supplementing the original probe lo-
cated at the nose of the airplane. The airplane
was instrumented at the Langley Research Center
(LaRC) and operated by the Ames Research Center
Dryden Flight Research Facility (DFRF) personnel.
The author is indebted to L. J. Ehernberger of DFRF
for his liaison effort and many helpful suggestions in
the course of the flight sampling activity.

The primary objective of the SPANMAT pro-
gram was to provide estimates of laterally spaced
vertical gust velocity spectrum magnitudes for com-
parison with the corresponding Von Karmén the-
oretical spanwise spectrum magnitude functions of
reference 7, which are based on the assumption of
homogeneous and isotropic turbulence. As shown
in reference 7 for the dual logarithmic scale display
format, cross-spectrum magnitude estimates of the
gusts measured across the span, that is, normal to
the flight path, are expected to fall off at an in-
creasing rate with frequency from that of the auto-
spectrum estimates. Therefore, for this investiga-
tion, interest is focused upon the short wavelength
or high frequency portion of the power spectrum. As
the theoretical treatment of reference 7 indicates, the
parameters affecting the gust cross-spectrum magni-
tude involve the ratio of the spanwise separation dis-
tance between the sensors to the integral scale length
value for the turbulence. To best demonstrate the
diminishing high frequency power trend in the cross-
spectrum magnitude, data runs were sought for low
airspeeds and also low altitudes, where the integral
scale length is expected to be small. The lateral spa-
tial measurement locations also afford tests of the
frozen-turbulence-field assumption. (See ref. 8.) The
purpose of this report is to present results and analy-
ses of the vertical gust velocity component from sev-
eral runs of continuous turbulence where the inten-
sity was sufficiently strong to provide reliable spectral
estimates. No attempt is made to relate the measure-
ments to meteorological conditions.



Test Features

Airplane

The two-place NASA B-57B atmospheric sam-
pling airplane used in the Measurement of Atmo-
spheric Turbulence (MAT) program described in ref-
erences 1, 2, 3, and 9 was modified for the SPANMAT
(also called the Spanwise Gradient) test program.
Figure 1 is a picture of the instrumented test airplane
which was manned by a pilot and also an observer
who coordinated the flight runs and the recorder op-
erations. The characteristics of this vehicle, namely,
the broad flight envelope with a relatively low stall
speed and the stiff, moderately large span wing, made
the airplane particularly attractive to this program.

Instrumentation

Figure 1 shows the instrumented SPANMAT
probes installed at the wingtips which spanned a dis-
tance of 19.07 m (62.58 ft). The limited instrumen-
tation space at the wingtips spurred the MAT air-
speed measurement system upgrade which included
solid-state, full-range piezoelectric and piezoresistive
pressure sensors at the wingtips and nose probes.
The MAT inertial navigation system (INS) was also
replaced with a unit of later design. Otherwise,
the MAT instrumentation of references 2 and 3 was
employed in these tests.

The instrumentation parameters measured and
recorded onboard the airplane are listed in table I.
The parameters include airplane geographic position,
inertial speed, three components of airplane accelera-
tion, vertical acceleration, normal acceleration at the
wingtips, track angle, attitude angles and their rates
of change, flow stagnation or total temperature, con-
trol surface positions, and static pressure and, at the
nose and wingtips, angles of attack, angles of sideslip,
and impact pressures. Parameters continuously mea-
sured by the INS are indicated in the table. A time
code was provided in the airplane instrumentation as
well as in the INS.

Data were recorded onboard the airplane in pulse
code modulated (PCM) format on a single 1-hour
tape for later ground-based processing. Much of the
instrumentation was common to the MAT program
but, except for the separate digital INS signals, the
MAT program employed only analog signals, and the
SPANMAT program employed both analog and dig-
ital signals. The piezoelectric sensors generated dig-
ital signals which required special treatment. The
INS unit was treated as an autonomous unit with its
slowly varying signals recorded directly onto tape in
PCM format at its standard output sample rate of
20 sps; the rate at which the remaining airplane pa-
rameters were sampled was selected to be 200 sps.
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The analog signals allowed traditional onboard fil-
tering to remove frequency components above 20 Hz,
but since the sample rate was variable, the provision
of onboard digital filters for the piezoelectric signal
was deemed impractical. Instead, the higher sample
rate was selected and filtering was deferred to the
postflight data reduction process where the signals
were low-pass filtered to 20 Hz without phase dis-
tortion. To provide adequate resolution for the dig-
ital signals, however, the piezoelectric signals were
recorded in pairs of channels. )

When spectral specifications, such as frequency
resolution and statistical confidence, are considered,
within limits, the data runs need to be as long as
possible. Conditions that limited data run duration
were weather, turbulence characteristics, or terrain.
The terrain was especially limiting since straight,
level, low-altitude flights were sought. Otherwise,
experience has shown that if the turbulence does not
change significantly, runs of 10-minute duration offer
the desired statistical confidence.

The static pressure was measured at the nose
probe and impact pressures were measured at each
of the three probes with the pitot tube design of
the MAT program equipped with the new pressure
sensors. The piezoelectric sensors generated digital
signals from the varying frequency output of the
sensors. These sensors were small and offered good
sensitivity with a wide dynamic range. The container
enclosing the piezoelectric sensor is shown in figure 2,
which is a picture of the instrumentation at the base
of one of the airspeed measuring probes. One of
the sensors located in the nose compartment of the
airplane was dedicated to continuous measurements
of the atmospheric static pressure, in contrast to the
scheme of the MAT program (refs. 2 and 3) which
derived perturbed values about the initial pressure
measurements for each run. In addition to providing
static pressure to the nose or center pitot tube in the
SPANMAT program, this pressure was provided to
the wingtip pitot tubes through plastic tubing where
the impact pressure at each of the pitot tubes was
sensed as a differential pressure between the total
pressure and the nose static pressure.

Because the piezoelectric sensors were sensitive
to acceleration they were specially oriented, and
supplemental piezoresistive sensors were installed to
verify the high frequency response of the piezoelectric
sensor-derived impact pressure. The piezoresistive
sensor is shown in figure 2 suspended in the plastic
tubing. It provided an analog signal which could be
presample filtered and treated as the other analog
signals. Because the signal of this sensor exhibited
a drifting trend, however, it was not used for static
pressure measurements.



All except the piezoelectric pressure sensors were
treated as linear devices. The piezoelectric sensors
were described by piecewise linear relations.

Test Procedures

Calibration of the airplane sensors was conducted
regularly during the test program. The INS signal
gains were adjusted at the manufacturer’s facility
when the unit underwent repair. Static preflight
and postflight levels of the airplane instrumentation
signals were recorded manually and on tape for each
flight.

As indicated in reference 2, the frequency re-
sponse characteristics of impact pressure for the
probes vary with altitude and pitot tube orifice size.
The orifice size is varied to effect a flat frequency
response within a given altitude range of interest.
To facilitate the orifice selection, the system of pitot
tubes and static pressure tubing interconnections was
subjected to low-amplitude-pressure resonance tests
in the laboratory. To test for altitude effects, pitot
tubes with different orifice sizes were ground tested
. at LaRC and DFRF, for which altitudes were near
sea level and 0.7 km (2300 ft), respectively. A 1.09-
mm-diameter (0.043-in.) orifice was determined to
be appropriate for the lower altitudes sought in this
test program and each pitot tube was equipped with
the orifice. To prevent measurement contamination
from moisture ingestion, it was intended that flights
through precipitation be avoided.

Before each flight the INS was aligned and the
instrumentation signal levels were recorded. Long,
straight, level, constant low-speed, low-altitude
passes were sought in clear-air turbulence of at least
moderate intensity. At the end of the flights, signal
levels were again recorded and, when possible, while
the airplane was stationary and ground power was
supplied, the slowly oscillating INS readings of the
inertial velocity were recorded. Such readings, which
can be significant, indicate an accrued level of Schuler
inertial velocity error (see, for instance, ref. 10) de-
veloped by the INS since alignment. For the airplane
at rest the error manifests itself as sinusoidally vary-
ing inertial velocity components with an 84.4-minute
period. The variation of this error during a flight
is generally unknown; however, it is thought to in-
crease with time as a result of airplane maneuvers
and dynamic loadings.

Data Analysis

Data Processing

The data processing sequence is depicted
schematically in figure 3. The flight tape was first

copied in counts onto computer tapes according to
the two sampling rates. Factory-supplied calibration
coefficients were applied to the 20-sps INS data to
yield signals in units appropriate to the analysis. The
slowly and smoothly varying INS data were even-
tually interpolated to a higher sample rate, gener-
ally 40 sps, in a later process of merging with the
other parameters. Calibration coefficients derived
from laboratory tests were similarly applied to the
200-sps data to generate values in analysis units af-
ter combining the dual piezoelectric signal words and,
in the first of two stages of wildpoint or outlier re-
moval, replacing occasional widely spurious values of
the combined signals with previous values. In the
second wildpoint removal stage, after converting to
analysis units, wild total temperature and static and
impact pressure values exceeding multiples of the
running standard deviation were replaced by run-
ning mean values. Because the wildpoints for the
normally smoothly varying total temperatures were
readily identifiable, the replacement criterion was set
for a somewhat arbitrarily large exceedance standard
deviation multiple of 40, and for the randomly vary-
ing piezoelectrically derived pressures for which the
wildpoints were less conspicuous, a multiple of 7 was
chosen. The running means and standard deviations
were computed from the five leading and five trail-
ing data values exclusive of the central test value.
Following these data adjustments a sharp frequency
cut-off was imposed on the pressure data by using
the digital filtering scheme of reference 11. Next the
main data were decimated to merge with the INS
data and the merged data were recorded onto a third
computer tape. True airspeeds at each probe and
other parameters were computed from the merged
data before the vertical gust velocity was computed.
The equations used to derive the vertical gust veloc-
ity components at the three probes are given next.

Gust Velocity Computations

Airspeeds are first computed from the pressures
and total temperature by the following equations:

T, = t; +273.15 (1)
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Vertical gust velocity time histories for the left,
center, and right probes were computed in the data
reduction process by removing measured rigid-body
airplane motions from air velocity measurements.
The equations used to compute the velocities are

wyr =Vi(ap —ar) - Vg (6 -8) + Var — Vs
—u (6-9) +
woc =Velac—ac) = Vo (0-0) + Var — Ve
v (#-8) +zc (8-8) Ve (Bc-Bo)e (7)

~Vg(0-6) + Vi~V

2 (0-8) -V (B-P1)¢  (6)

wyr = Vg (agr —@p)
~ YR (‘}5‘5)4*11? (9—5)—VR(ﬂR—BR)¢ (8)

For best accuracy from the equations, straight and
level flights were sought. In preparation for corre-
lation analyses among the probes, the gust velocity
time histories are approximately synchronized by ad-
justing increments of the sampling time to account
for the longitudinal positional difference between the
nose and tip probes. Linear trends in the time histo-
ries are then removed and, as shown in figure 3, the
resulting data were recorded onto a computer tape
for analysis.

Spectral Analysis

Normalized correlations! and spectrum magni-
tudes of the measured vertical velocities are com-
puted and compared with Von Kdrman atmospheric
turbulence model functions. The model functions are
described in the appendix. Also discussed in the ap-
pendix and displayed in figure 4 are correlation and
spectrum magnitude families of the model for dif-
ferent ratios of separation distance to integral scale
length s/L. Figure 4 also depicts the normalization
used in the report in which the correlation ordinate
is normalized to yield a unity auto-correlation func-
tion peak value, and the abscissa, expressed in terms
of the lag-time increments, is multiplied by the nor-
malizing ratio of the center probe airspeed to inte-
gral scale length V/L. In addition to normalizing

! Inasmuch as the signal means are set to zero, correlation and
covariance functions, as shown in reference 12, are equivalent and
hence, for simplicity, only the correlation function or correlation
will be used in this report.
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the spectrum magnitudes by the variance, the mag-
nitudes are multiplied and the frequencies divided by
the normalizing ratio. (It might be noted that the
units of the reduced frequency fL/V are expressed
in cycles.) Of particular interest is the rate at which
the cross-spectrum magnitude rolls off at the higher
frequencies. Flight conditions were selected to ver-

ify the cross-spectrum magnitude deviations from the

auto-spectrum in the higher frequency region.
For the runs of this study, gust velocity mean-

square values are computed from the time histories

and an integral scale length is assigned to the mea-

sured data by choosing a value for the run that best

matches the set of Von Kédrmén correlation functions
to the estimates. Such a selection must also pro-
duce satisfactory agreement with the Von Karmén
spectral functions and the measured estimates.

Correlation estimates of the measured data are
computed directly from the gust velocity time histo-
ries for which linear trends have been removed. For
statistical independence considerations, the ratio of
the number of data values in the record N, to the
number of lag values in the representative segment
of the correlation IV, that is, N,/N;, was set to ap-
proximately 10, subject to N; being chosen to sat-
isfy N; = 2P, where p is a positive integer. Auto-
correlation estimates are computed for the vertical
gust velocity of each probe and cross-correlation es-
timates between them are also computed. While the
auto-correlation functions and estimates are normal-
ized to unity for display, the cross-correlation esti-
mates are normalized by the square root of the prod-
uct of the mean-square values appropriate to the
probes of the computation. Spectrum magnitude es-
timates are computed by performing a fast Fourier
transform on the correlation estimates after a win-
dow has been applied to the estimate magnitudes.
In this study, the Hann window (also called Hanning
window, as described in ref. 12, for instance) was
used.

Aliasing can result when data are sampled at
a uniform rate. It generally manifests itself in a
spectrum as smoothly increasing power at high fre-
quencies. (See ref. 13 for a discussion on the effect
of aliasing on the measured atmospheric turbulence
spectrum.) Figure 5 displays the effect of aliasing for
a representative Von Kdrmdn auto-spectrum func-
tion derived by sampling its auto-correlation function
at the sampling rate of the study. The lower curve
is the theoretical spectrum function, and the upper
curve is the sampled function. As the Nyquist fre-
quency is approached, aliasing in the sampled auto-
spectrum power is shown to increase the power up
to about three times that of the theory. No similar
aliasing effect on the cross-spectrum was discernible.



Power estimates for the sample rate of 40 sps ex-
ist to 20 Hz; however, to reduce any potential
discretization effect, the spectra are only displayed
to 10 Hz in this report.

Statistical confidence in the spectral estimates is
manifested by the number of statistical degrees of
freedom. With high statistical degrees of freedom,
the estimates exhibit a smooth spectral curve. In
general, longer runs produce greater confidence but
confidence may also be increased by increasing the
ratio of the sample rate to the number of correlation
lags. Confidence may be expressed in terms of confi-
dence bands, where a band is a range of an estimated
spectrum within which the true spectral value is ex-
pected to exist (for instance, see ref. 14) and which
decreases with increasing statistical degrees of free-
dom. When the number of lags is limited, for statis-
tical independence considerations to approximately
one tenth of the total number of data points of the
run, as in this report, the spectra are constrained to
about 20 degrees of freedom. With 90 percent con-
fidence, for instance, such degrees of freedom imply
an approximate auto-spectrum confidence interval of

0.64 x Estimated auto-spectrum value
< True auto-spectrum values

< 1.84 x Estimated auto-spectrum value

No confidence interval for the cross-spectra is speci-
fied herein but its range is expected to be somewhat
greater than that of the auto-spectrum. As will be
demonstrated later, 20 degrees of freedom imply sig-
nificant scatter in the estimates. For the studies of
this report, as shown later, a frequency resolution of
less than 0.04 Hz was maintained.

Spatial homogeneity and momentarily frozen-
turbulence-field assumptions are often applied in at-
mospheric turbulence studies. An implication of
the frozen-turbulence-field assumption, also called
Taylor’s hypothesis, is that atmospheric turbulence
cross-correlations for laterally separated sensors can
be equivalently expressed in terms of a representa-
tive auto-correlation for which the time lag is de-
layed by the time for the moving airplane to traverse
the separation distance. Thus, as indicated in refer-
ence 15, cross-correlations between wingtip measure-
ments should approximate the portion of the cen-
ter auto-correlation for which the time lags exceed
the separation distance, i.e., t > b/Vg. Such sim-
ulated cross-correlation function estimates were cre-
ated to test the hypothesis. This was done by com-
paring the simulated and measured correlation and
spectrum magnitude estimates, where the simulated

cross-spectrum magnitude estimates were computed
from the simulated correlation estimates.

Discussion of Results

The instrumented airplane provided simultaneous
recordings from which gust velocity time histories
were computed along, and at left and right lateral po-
sitions from, the airplane centerline. Only the more
significant vertical velocity component is treated in
this report.

To determine potential effects of wing vibration
on the measurements, a coherency test between a
wingtip vertical gust velocity and wingtip flow-vane
angle of attack for one of the flight runs was per-
formed. The “standard wing” of reference 16 which
is representative of the airplane of this program was
shown to have a first bending mode frequency of
about 5 Hz. In the coherency a small distinct re-
duction near 5 Hz could be seen but because the ef-
fect was very small and no effects of wing flexibility
or any other resonances were evident in the spectral
estimates the effect of wing flexibility was deemed
insignificant.

In general, the airspeed measurement system
performed well during the program. High fre-
quency spectral comparisons of piezoelectric- and
piezoresistive-derived impact pressures for a turbu-
lent run confirmed that there was no significant
corruption of the piezoelectric sensor signal due to
acceleration.

Wind vectors derived from the data were exam-
ined in reference 13 and were found to change af-
ter large airplane maneuvers. This change, primarily
attributed to the airplane velocity error of the INS,
precluded the measurement of accurate wind descrip-
tions but since the velocity error varies so slowly and
only velocity perturbations are considered, the er-
rors were not expected to significantly affect the gust
velocity measurement accuracy computed herein.

Flight Descriptions

Six of the longest runs with the most intense con-
tinuous turbulence from three different flights were
selected for analysis. The runs are designated 2619,
3113, 7105, 7108, 7109, and 7111, where the first
two digits denote the flight number and the last two
denote the run number of the flight. All runs ex-
cept run 2619 were conducted in southern California
near DFRF. Run 2619 was conducted near Denver,
Colorado, during the Joint Airport Weather Studies
(JAWS) project (ref. 17). Straight-line flight paths
of these runs are shown on contour maps in figure 6.
The maps indicate that runs 2619, 7105, and 7111
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and much of 7108 and 7109 were conducted over rel-
atively smooth terrain. Run 3113, which was also
analyzed in reference 13, was flown over rough ter-
rain. The flight path of run 7111 is shown to cross
the paths of runs 7105, 7108, and 7109 which are near
each other and essentially parallel. These four runs
were made within a period of 45 minutes.

Gust Velocity Descriptions

Table II contains a summary of the basic data
for the runs. The data consist of the average alti-
tude as derived from the static pressure, an approxi-
mate range of airplane heights above the terrain ele-
vation, the average airspeed, the duration of the run,
a deduced Von Kdrmén integral scale length, and
the turbulence intensities derived from time histo-
ries for the runs measured at the three probes. The
airplane height range was determined by subtracting
the average run altitude from the range of terrain ele-
vations derived from straight-line trajectories super-
imposed on contour maps. The table indicates the
low heights and low speeds achieved during the
flights, for which the speeds were maintained rel-
atively constant. Airplane flight heights ranged
from near the ground level to 1.65 km (5400 ft).
Runs 7108, 7109, and 7111, which were shown to
have crossing flight paths, are also found to have
been flown at similar mean altitudes. However, the
records indicate that almost 15 minutes elapsed be-
tween the start times of runs 7109 and 7111 and,
as previously mentioned, 45 minutes between runs
7105 and 7111. Runs 2619 and 3113 are flown at
the lowest airspeed of the rums, near 100 m/sec
(328 ft/sec). The other runs are conducted near
120 m/sec (394 ft/sec). Record durations were
shorter than the desired 10 minutes with the longest
of them of less than 5 minutes duration. Run 2619,
which is only 2 minutes long, is included because
of its greater turbulence intensity as indicated by
the gust intensities included in the table. The inte-
gral scale length, the characteristic parameter of the
Von Ké4rmén atmospheric turbulence model which
for low altitudes is thought to vary with the airplane
height above the terrain, is included here and de-
termined subsequently from correlation and spectral
characteristics of the run. Gust intensity measure-
ments, which ranged from 1.25 to 2.70 m/sec (4.10
to 8.85 ft/sec), in the table agree with the findings
in reference 13, which consistently show the intensity
measurements at the center probe to be slightly less
than at the tips. This behavior may be attributed
to a flow characteristic at the wingtips or possibly to
reliance upon a single static pressure source.

Time histories of the vertical gust velocity for
each flight run measured at the right, center, and left

6

probes are shown in figures 7 through 12. The fig-
ures not only depict the run duration but also provide
visible features of some of the turbulence character-
istics. Figure 7 presents time histories for run 2619,
which is the shortest and most intense run of the re-
port. The time histories of run 3113 in figure 8 are
somewhat less intense and show a visible reduction
in turbulence intensity beginning about 140 seconds.
Most of the time histories, especially figures 10, 11,
and 12 which, respectively, correspond to runs 7108,
7109, and 7111, show a more nonstationary turbu-
lence characteristic of short, rather quickly chang-
ing periods of relatively constant intensity. Figure 9
shows run 7105 to have the least intensity but the
most uniform turbulence.

Figures 13 through 18 show the velocity distribu-
tion patterns for the set of runs together with the
normal distributions appropriate to the standard de-
viations of the runs. The lighter gust velocities of
run 7105 shown in figure 15 exhibit a near Gauss-
ian distribution. The velocities for runs 2619, 3113,
and 7111 displayed in figures 13, 14, and 18 also ap-
proach Gaussian distributions. Whereas the distri-
butions of runs 7108 and 7109, shown respectively in
figures 16 and 17, have similar magnitudes of occur-
rences, they exhibit a common skew or asymmetric
shift of the velocity range with the number of occur-
rences. The uniform range shift of the center of the
range to more negative values with increasing occur-
rences is denoted by a positive skew. Inasmuch as
the mean is zero, the positive skew indicates more
intense but fewer upward directed gusts than down-
ward ones in the time histories, a characteristic that
can be verified from figures 10 and 11.

Correlation and Spectral Analysis

Table III contains the primary data processing pa-
rameters used to generate the correlation and spec-
tral function estimates for the runs of this report.
They include the number of points in the record Ny,
the number of leading data points truncated from
the wingtip signals to synchronize the longitudinally
separated nose and wingtip gust velocity measure-
ments, the number of lags N; used to describe the
correlations, the resulting frequency resolution, the
maximum spectral frequency, and the attendant sta-
tistical degrees of freedom. The table shows that
for the sample rate of 40 sps and the airspeeds of
each of the runs, approximate synchronization in in-
crements of the sample period could be achieved for
all runs by truncating three data points. All runs,
except run 2619, were long enough to describe the
correlations using 1024 lags and yielded a fine spec-
tral resolution of 0.020 Hz. The brevity of run 2619
only permitted 512 lags for a resolution of 0.039. The



statistical degrees of freedom for the runs, which in-
dicate rather poor statistical confidence, ranged from
18 to 23.

Before showing comparisons of the measured and
theoretical correlations and spectra, the effect of the
integral scale length normalization on the measured
correlations and spectra in their normalized forms
will be illustrated. Figure 19(a) displays a stacked ar-
rangement of normalized auto- and cross-correlation
pairs; figure 19(b), the spectral estimate auto- and
cross-spectrum pairs for run 7105. Correlations and
spectra for an integral scale length chosen to match
the Von Kérman model and also for halving and dou-
bling the chosen length value are shown in the figures.
The corresponding theoretical correlation functions
appropriate to the selected length value are similarly
displayed. The correlation pairs for which the scale
length is one half the selected value are displayed
at the top; below it are the pairs for the selected
scale length, the model and, at the bottom, the dou-
bled scale length. The curves show the similarity of
the model and estimate correlation shapes for the se-
lected scale length and also show how varying the
scale length alters the horizontal scale of the corre-
lation description. Specifically, increasing the scale
length has the effect of compressing the abscissa scale
of the estimated correlation function. The measured
auto- and cross-spectrum estimates of figure 19(b),
specified in terms of qﬁme/afuL, are displayed as
vertically displaced pairs, differing by multiplicative
factors of 10. Model spectrum functions are also
superimposed. The halved scale-length spectra are
shown at the top and the selected and doubled scale-
length spectrum pairs are shown below them. The
figure shows the effects of the normalized display. In-
creasing the integral scale length L shifts the relative
position of the estimates downward and to the right.
Also, increasing the intensity o2, simply shifts the
estimates downward.

Figures 20 through 25 show normalized corre-
lations and spectra for runs 2619, 3113, 7105, 7108,
7109, and 7111, respectively. Figures 20(a), 21(a),
22(a), 23(a), 24(a), and 25(a) show theoretical func-
tions and measured estimates for the auto-correlation
at the center probe and the cross-correlation for the
greatest separation distance, that is, between the
tip probes. Corresponding auto- and cross-spectra
are also shown. Integral scale lengths, which ranged
from 125 to 625 m (410 to 2050 ft), of the theoreti-
cal functions have been varied until the correlations
best match the estimates. The cross-spectrum mag-
nitude estimates are shown below the auto-spectrum
estimates, shifted by an order of magnitude for clar-
ity, and the theoretical auto-spectrum function is re-
peated with the theoretical cross-spectrum magni-

tude function to provide spectral envelopes. The
slight aliasing effect discussed previously which is
caused by discretization is included in the theoret-
ical spectral functions. Figures 20(b), 21(b), 22(b),
23(b), 24(b), and 25(b) show enlarged views of the
normalized correlation functions and estimates in the
region of few lags. It might be noted that this re-
gion ideally defines the high frequency asymptotic
behavior of the spectra and a place where the cross-
correlation estimates can typically be seen to be
nonsymmetric. )

In the past, the assignment of an integral scale
length has at times been determined by matching
the measured spectral estimates with those of the
Von Kirmin model. When low frequency compo-
nents in the measured spectrum inadequately define
the knee or the slope change of the curve displayed in
the dual logarithmic scale format, a match was diffi-
cult. On the other hand, for a sufficiently long atmo-
spheric turbulence record, the correlation functions
always possess their key pulse-shaped correlation at-
tributes, and since correlations relate closely to the
measured data, the functions can help identify data
characteristics that enhance matching to the model.
The scale lengths for this report are determined from
the normalized correlations and the resulting spectra
are superimposed on the spectrum of the model ap-
propriate to the length and the mean-square value
supplied in table II.

The correlation functions in this study, as shown
in figure 26, are examined in terms of three regions:
the central region of few lags where the function
has the greatest magnitude, the intermediate region
containing the characteristic slope, and the outer
low magnitude region of the higher lags. After
normalizing the auto-correlations to unity, match-
ing of the estimates with the Von Karmén function
is primarily sought for the intermediate region of the
auto-correlation functions with some consideration
for matching the region of fewest lags. Each correla-
tion estimate exhibits the characteristic atmospheric-
turbulence pulse shape in the central and at least
part of the intermediate regions. The estimates
in figures 20, 22, and 25 appear to match the
model function shape best. The correlation esti-
mates of run 7108 given in figure 23(a) do not fit
the Von Kdrman model well because the correlation
exhibits more than a single characteristic slope in
the intermediate region. The scale length for this
run was chosen to best match the slope where the
lags are less. It is suggested in reference 18 that the
shallow slope in the intermediate region that extends
into the higher lag region results from the presence
of very low frequency components in the signal. The
correlations of figure 24(b) show undulations having
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a normalized period of about 0.5, which corresponds
to a power increment in the spectra of figure 23(a)
at a reduced frequency of 2.0 or nonnormalized
frequency of approximately 0.4 Hz. However, the
time history of figure 10 is too short to accu-
rately confirm any such period for the shallow
sloping portion of the correlation.

As shown in figures 20 through 25, all the mea-
sured auto-spectrum estimates in the figures ex-

“hibit the general form of the sampled, finite-duration
Von Kérmén spectrum magnitude functions ap-
propriate to the assumed integral scale lengths of
table II where the functions have been superimposed
for comparison in the figures. Although the spec-
tra of run 7108 depicted in figure 24(a), which con-
tained the shallow slope in the correlation, exhibit
no knee, it has been possible to assign a scale length
to the run using the correlations such that the spec-
tral estimates and model spectrum functions satis-
mate magnitudes of the runs of figures 20 through
25 also appear to generally match the theoretical
cross-spectrum function form up to a normalized fre-
quency of about 2 cycles; beyond it, however, the
cross-spectral magnitudes exceed the predicted rate
of roll-off.

Potential sources for the excessive cross-spectrum
intensity at the higher frequencies were sought.
First, signs of aliasing in the spectrum estimates
were checked by increasing the sampling rate. Fig-
ure 27 shows the correlation and spectrum magni-
tude estimates together with the related functions for
run 2619 sampled at a rate of 200 sps and processed
for 4096 lags. When compared with figure 20(a),
the spectral estimates for the 40 sps sample rate of
figure 20(a) are only perceptibly greater; this indi-
cates a slight amount of aliasing is present but the
amount of change does not account for the 2-orders-
of-magnitude difference between the theoretical spec-
tral function and measured estimates near 10 Hz.
Furthermore, with regard to possible aliasing from
the airspeed measurement which lacked onboard fil-
tering, the gust velocity equations show that small
airspeed errors have only a secondary impact on the
computation of the vertical velocities and, hence, the
spectral estimates. Whereas the Von Karman model
does not rely upon the assumption of signal station-
arity, the significance of a unique power spectrum for
the data does require the assumption. Reference 19
indicates that the effect of nonstationarity on the
spectrum is to smooth the spectral knee. Neverthe-

less, to confirm that the additional high frequency
power was not due to stationarity, one of the runs,
run 7105, which exhibited the additional power was
found to satisfy the tests for stationarity as given in
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reference 12. Thus, it is concluded that the high fre- 7

quency power increment is not attributed to a lack
of stationarity.

Next, the constituents of the gust velocities
were examined for evidence of the additional high
frequency spectral power. The primary compo-
nent of the vertical gust velocities as specified in
equations (6) to (8), which is the product of the
true airspeed and the angle of attack, was synthe-
sized for each probe from the product of thé an-
gle of attack and the average airspeed for the run.
Auto- and cross-correlation and auto- and cross-
spectrum magnitude estimates of the synthesized
components for the center probe and between the
wingtip probes, respectively, are shown for run 2619
in figure 28. The figure depicts very similar high
frequency spectral estimates as those of figure 20(a)
and, hence, since the angle-of-attack measurements
are the only variables in the synthesized compo-

nents, the flow-vane measurements must contain the

questionable high frequency signal content. Unpub-
lished frequency response data on the flow vanes
have confirmed that for the impact pressures and
altitudes of the tests, the natural frequency of the
vanes is above 25 Hz and the damping is above
70 percent of critical. For an assumed second-
order system, these specifications should imply a
vane response below 10 Hz that responds quite di-
rectly to a disturbance and, hence, would not in-
troduce spurious signal frequency content. In addi-
tion, since the theoretical and measured auto-spectra
agree well up to 10 Hz, it is concluded that the
high frequency cross-spectral behavior may properly
describe the measurement.

The effect of the sensor separation distance on
the spectrum magnitude estimates was also exam-
ined. Figure 29 displays the two nose-to-wingtip and
wingtip-to-wingtip cross-spectrum magnitude esti-
mates for run 7105 in the normalized form. These,
together with the center probe auto-spectrum esti-
mates, are plotted in figure 29(a) for the customary
1023 lags and, for greater confidence, they are shown
for 127 lags in figure 29(b). The order of the curves
from top to bottom is: the center auto-spectrum es-
timates and the cross-spectrum magnitude estimates
between the center and the left probes, the center
and the right probes, and the wingtip probes, respec-
tively. Von Kdrmadn spectral functions are included
for comparison and clarification, where the cross-
spectrum magnitude estimates between the wingtip
probes, or the lower curve, have twice the sepa-

‘ration distance, and hence, as indicated in refer-

ence 7, depict the greater roll-off rate compared with
the two center-to-wingtip probe curves. The mea-
sured cross-spectra across the semispan show good



agreement with the model for the full frequency range
while those across the span exhibit the additional
high frequency power. The additional power suggests
some correlation between the wingtip measurements
that does not exist in the semispan computations.
This phenomenon, and hence, the additional power
in question, may be due to interaction with the air-
plane flow at the wingtips, although it is not under-
stood why the power only exists at the higher fre-
quencies. Figure 29(c) shows an enlarged view of the
measured estimates and theoretical functions of the
cross-correlations and center probe auto-correlations
for the three separation relationships of the cross-
spectra for the region of few lags. As expected, the
correlation peaks are diminished and more rounded
as the separation distance increases.

Figures 30 through 35 show stacked sets of nor-
malized correlation and spectrum magnitudes with
vertically displaced figure origins for the six runs
of this report. The mnormalized correlation and
spectrum magnitude are displayed for the inte-
gral scale lengths given in table II. The order of
display of the curves in the correlation set from
top to bottom is the Von Karman auto-correlation
function, the left probe auto-correlation estimates,
the center probe auto-correlation estimates, the
right probe auto-correlation estimates, the simulated
cross-correlation estimates constructed from the cen-
ter probe estimates, the measured estimates, and
the Von K4drmén function of the cross-correlation
between the wingtips. The spectra are similarly
arranged.

Except for the characteristic difference between
the auto- and cross-correlations in the region of
few lags, the normalized correlation estimates are
similar. Of particular note are the similarities of
the auto-correlation estimates and, hence, the auto-
spectrum estimates for the three probes that result
across the 19-m (63-ft) probe-separation distance.
The cross-correlation estimates are shown to have
reduced and more rounded peaks and exhibit slight
unsymmetrical features. The absence of marked dif-
ferences among the auto-correlation and the auto-
spectrum estimates in these figures suggests that the
probe-separation distance is short compared with the
integral scale length.

The likeness of the simulated cross-correlation
and cross-spectrum magnitude estimates to their
true counterparts suggests validity to the frozen-
turbulence-field assumption. Table IV was compiled
to numerically examine the hypothesis for the lag ar-
gument of zero for the cross-correlation estimates. As
implied earlier, the cross-correlation values should be
approximated by the auto-correlation values appro-
priate to the measurement separation distance of the

sensor signals used in the cross-correlation. The zero-
lag auto-correlation estimates, or the mean-square
values, of the left, center, and right probes, respec-
tively, are denoted by R(I;L, RSC, and Rgm and are
displayed in the first three data columns for reference.
Since they are the peak auto-correlation estimates,
they are the correlation normalizing factors. The
zero-lag cross-correlation estimates between the left
and center and the center and right probes, respec-
tively denoted R(I;C and R(?R, are contained in the
next two columns. For the hypothesis to be valid the -
values in these two columns should and do roughly
approximate the auto-correlation estimates of the
left, center, and right probes for which the equivalent
lag time is t = b/2V and is respectively denoted in
the next three columns by R%Ié, Rgg, and R}j‘g. Sim-
ilarly, the zero-lag estimate of the cross-correlation
function between the wingtips, R{]‘R, given in the
next column compares favorably with the left, cen-

ter, and right auto-correlation estimates, R}:Iﬁ, RE{{ ;

and R{%}, appropriate to the wing span b. In
view of the agreements of the true and simulated
cross-correlation and cross-spectrum magnitudes and
the satisfactory numerical correlation comparisons,
the frozen-turbulence-field assumption appears to be
essentially true.

Concluding Remarks

Vertical gust velocities measured at three span-
wise locations across a 19.07-m (62.58-ft) wing span
are spectrally analyzed for six level flights. Integral
scale lengths associated with the Von Kérmdn at-
mospheric turbulence model are approximated from
the data. Normalized auto- and cross-correlation
estimates and auto- and cross-spectrum magnitude
estimates are computed and compared with pre-
dicted model values derived assuming homogeneous,
isotropic turbulence.

Airspeeds ranged from about 100 to 122 m/sec
(330 to 400 ft/sec), heights above the ground ranged
from near ground level to about 1.65 km (5400 ft),
and standard deviations of gust velocity ranged from
1.25 to 2.70 m/sec (4.10 to 8.85 ft/sec). Integral
scale lengths, which ranged from 125 to 625 m (410
to 2050 ft), were determined by matching the mea-
sured atmospheric turbulence auto-correlation esti-
mates with the Von Karmén model; the matching of
correlations yielded more satisfying results than by
matching spectra.

Digital signals derived from piezoelectric sensors
provided sensitive and continuous pressure and air-
speed measurements in the program. A slight sensi-
tivity to acceleration discovered for the sensors was
essentially eliminated by sensor orientation. For a
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turbulent run, little or no differences were found
in the impact pressure spectra between the piezo-
electric and supplemental piezoresistive sensors at
high frequencies.

The Von Kdrmén atmospheric turbulence model,
spatially extended to yield cross-correlations and
cross-spectrum magnitudes, appeared to satisfacto-
rily predict the trends of the atmospheric turbulence
correlations and spectrum magnitudes. This is es-
pecially true for the results between the nose and
wingtips. However, the measured magnitude esti-
mates of the cross-spectra between the wingtips ex-
ceeded the predicted levels at the higher frequen-
cies. Causes for the additional power across the

10

wingtips were investigated. It was determined that
the source of the power was the angle-of-attack data,
but its cause remains unknown. If it is not a real
atmospheric characteristic, a possible cause could
be airplane flow interaction (upwash) at the higher
frequencies.

Similar correlation estimates for the vertical gust
velocity component at positions along and normal to
the flight path implied that the frozen-turbulence-
field assumption is essentially true.

NASA Langley Research Center
Hampton, VA 23665-5225
January 16, 1990
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Appendix

Von Kirman Atmospheric Turbulence Spectral Model for Vertical Gust
Component

Atmospheric turbulence has been spectrally described in terms of the Von Kdrman atmo-
spheric turbulence model. Parameters which specify the model auto-correlation and auto-
spectrum functions are its variance, or mean-square value of the gust velocity, and an integral
scale length. The description of the cross-correlation and cross-spectrum functions also incor-
porates a spacing parameter to account for the separation distance between measuring sensors.
The variance specifies the intensity, and the scale length relates to the frequency content or
distribution.

The basis for the auto-spectral model was presented in reference 20, and its application in
airplane design is described in references 21 and 22. The model was extended for cross-spectral
applications in reference 7.

In reference 7, the cross-correlation function Ry, (t) for the vertical gust component is given
by

Ry (t) = o2 2202 (u)l/3 [K (u) — lu K (u)] (A1)
w w(1/3) 1/3 2 723
where
“= 1§39 o* + (%)2
o= 3
L

t is lag time, I is the gamma function, L is the integral scale length, s is the lateral distance
between the sensors, V is the airspeed, azj is the mean-square value of the vertical gust
component, and K; /3(u) and K, /3(u) are the modified Bessel functions of the second kind

for orders one third and two thirds, respectively. The auto-correlation function Ry, (t) results
from equation (A1) when the lateral distance s is zero.
The cross-spectrum ¢, (f), normalized such that Io° dw (H)/ o2, df is unity, is given by

/671, 8/3 2\ 5/6 2\ 11/6
boalh) = v (35 {2(1.3399 ("—) Ksy(2) ("—) Kii/o(2)

(A2)
where the auto-spectral function ¢y, (f), corresponding to equation (A2) with s =0, is
o 1+8(2.6787fL/V)?/3
"V 1+ (26787 fL/V)2) /6

¢w11 (f) =2Lo (A3)

y = g
~1.339

1+ (267877 L/V)?

f is frequency, and Kj /6(2) and Ky, /ﬁ(z) are the modified Bessel functions of the second kind
for orders five sixths and eleven sixths, respectively.

Graphs of general forms of these functions are shown in figure 4 in terms of normalizing
ratios o and V/L. Figure 4(a) shows a family of the normalized Von Kérmén auto- and cross-
correlation functions and auto- and cross-spectrum magnitude functions in a dual logarithmic
scale format for a range of spacing parameter values ¢ and a unity mean-square value 0,2u. Both
the correlation and spectrum functions are displayed for values of the parameter o of 0, 0.01,

0.05, 0.2, and 1, where the zero ¢ value correlation and spectrum functions correspond to the
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auto-correlation and auto-spectrum functions, respectively. The spectrum magnitude function
ordinate values are also multiplied by the ratio L/V, and the frequencies along the abscissa
of their display are divided by the same ratio to yield reduced frequencies. The correlation
function magnitudes are normalized to yield a unity auto-correlation function peak ordinate
value and the correlation function abscissa, derived in terms of the lag-time increments, is
normalized by multiplying the lag-time increments by the normalizing ratio V/L, where the lag
time is the time between the two shifted time histories in the correlation computation process.
(A sampled lag time may also be specified in terms of the number of sample-time increments
or lags.) Figure 4(b) is an enlarged view of the correlation functions.

For a large number of lags or large lag time, the figures show that the cross-correlation
and auto-correlation functions are equivalent. In the region of few lags the cross-correlation
function magnitudes are less than those of the auto-correlation functions and have rounded
peaks. The differences between the peak values of the auto- and cross-correlation functions
and the slopes of the functions change with the spacing parameters. For the known separation
distance between the airplane probes, the peak difference relates inversely to the scale length
of the flight run. ,

The cross-spectra are shown to have less power than the auto-spectra, decreasing with
sensor separation distance and smaller integral scale lengths. The noticeable characteristic
of the cross-spectra, however, is the reduced power at the higher frequencies where the slope
becomes steeper with frequency.
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Table I. Aircraft Instrumentation Parameters

Parameter

Application

Inertial position (INS)
Inertial speed (INS)

Acceleration

Track angle (INS)

Attitude angle (INS)

Attitude rate

Angle of attack

Angle of sideslip

Static pressure (pitot tube, digital)
Impact pressure (pitot tube, digital)
Temperature

Control position

Time code (aircraft and INS)

Earth longitude and latitude
Earth longitude and latitude speeds

Vertical (INS), normal (cg, wingtips), longitudinal (cg),
and lateral (cg)

Pitch (), yaw, roll (¢}

Pitch (9), yaw, Toll (¢)

Nose (ac), left (ep), and right (ag) wingtips
Nose (8¢), left (81), and right (3g) wingtips
Nose only (p)

Nose (gcc), left (g, 1), and right (g, r) wingtips
Total (¢;)

Engine throttles, ailerons, elevator, rudder, stabilizer, flaps,
and speed brakes

Table II. Basic Run Characteristics

Approximate Integral Left probe Center probe | Right probe

height scale gust intensity| gust intensity| gust intensity
Altitude range Airspeed length (std. dev.) (std. dev.) {std. dev.)

o Duration,

Run | km ft m | ft m/sec | knots sec m ft  {m/sec | ft/sec | m/sec | ft/sec | m/sec | ft/sec
2619 | 1.81 5938 | 140-340 460-1110 | 103.0 | 200.2 121.1 125 410 | 2.67 | 875 | 2.51 | 823 | 2.70 | 8.85
3113 | 1.53 | 5019 20-1520 50 4980 | 101.4 197.1 268.8 175 570 | 2.41 790 | 230 | 7.54 | 243 | 7.97
7105 | 0.89 | 2920 20-510 50-1670 | 119.1 | 231.5 2319 100 330 | 1.36 | 446 | 1.25 | 4.10 | 1.43 | 4.69
7108 | 1.28 | 4199 | 200-1500 660-4920 | 121.5 | 236.1 295.0 625 | 2050 | 2.12 | 695 | 2.02 | 6.62 | 2.16 | 7.08
7109 | 1.29 | 4232 | 440-1640 | 1440 5380 | 121.2 | 235.6 274.1 470 | 1540 | 2.04 | 669 | 1.95 | 6.39 | 2.10 | 6.88
7111 | 1.29 | 4232 | 840-1640 | 2760 5380 | 121.8 | 236.7 291.0 510 | 1670 | 2.03 | 6.66 | 1.96 | 6.43 | 2.08 | 6.82
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Table III. Data Processing Run Characteristics

Number Number Number Spectral Maximum
of of of frequency spectral Degrees
points, truncated lags, resolution, frequency, of
Run Ny points N, Hz Hz freedom
2619 4848 3 512 0.039 20 19
3113 10756 3 1024 .020 20 21
7105 9280 3 1024 .020 20 18
7108 11804 3 1024 .020 20 23
7109 10968 3 1024 .020 20 21
7111 11645 3 1024 .020 20 23
Table IV. Correlation Values
Zero-lag Zero-lag Auto-correlation
Zero-lag cross-correlation Auto-correlation cross-correlation estimates
auto-correlation estimates across estimates estimates across appropriate to
estimates semispan for semispan semispan wing span
roo | B | RS | R | RO | R | R | A [ AR | mt | mk | ARO[ AR
2619 | 7.1285 |6.2961 | 7.2906 | 5.9199 |5.9315 |6.2276 | 5.4100 | 6.2601 5.8627 5.4767 | 4.8718 | 5.3596
3113 | 5.8243 [5.2818 | 5.9164 |4.8214 |4.7791 |5.0219 | 4.5267 | 5.0452 4.6139 4.3412 | 4.0535 | 4.3136
7105 | 1.8575 | 1.5597 {2.0537 |1.3566 | 1.4168 | 1.4924 | 1.2160 | 1.6577 1.3776 1.2214 | 1.0219 | 1.3658
7108 | 4.5026 | 4.0843 | 4.6650 | 4.0585 |4.1164 |4.2544 | 3.8499 | 4.4102 4.2122 4.0313 | 3.6973 |4.1832
7109 | 4.1664 | 3.7996 |4.3908 |3.7135 | 3.7827 | 3.8877 | 3.5357 | 4.0986 3.7983 3.6348 | 3.3652 | 3.8389
7111 |4.1262 | 3.8441 |4.3236 |3.7315 |3.8173 | 3.8712 |3.6017 | 4.0359 3.8371 3.6562 | 3.4437 | 3.7868
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