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ANALYSIS OF LOW ALTITUDE ATMOSPHERIC

TURBULENCE DATA MEASURED IN FLIGHT

SUMMARY

This report presents the results of the research performed
on the statigtical characteristics of atmospheric turbulence
encountered by an aircraft flying at low altitudes.

The dependence of several statistical properties of the
turbulence on the direction of the flight with respect to the
mean wind was evaluated. The turbulence velocities in longi~-
tudinal, lateral, and vertical direction were measured at the
wingtips of the aircraft.

Estimates were made of the probability density, the power
spectra, and the cross spectra of gust time histories measured
in runs parallel and perpendicular to the wind direction. The
probability density distributions of the vertical gusts show
distinctly non-Gaussian characteristics. The distributions of
the longitudinal and lateral gusts are generally Gaussian.

The power spectra compare in the inertial subrange at
some points better with the Dryden spectrum, while at other
points the von Karman spectrum is a better approximation. In
the low frequency range the data show peaks or dips in the
power spectral density.

The cross spectra between vertical gusts in the direction
of the mean wind for the present data are compared with a
matched non-Gaussian model. The real component of the cross
spectrum is in general close to the non-Gaussian model. The
imaginary component, however, indicates a larger phase shift
between these two gust components than was found in previous
research.

The spatial characteristics of turbulence were analyzed by
comparing autocorrelations with the cross correlations between
the appropriate gusts at the two wingtips and by estimating
the integral scale lengths of the longitudinal and lateral gust
time histories.

The above results must be regarded to be of a tentative
nature, as the data were obtained in only two flights. More
data is required if more definite conclusions are to be drawn.



1. INTRODUCTION

This chapter gives an introduction to the general area of
interest in this research program. A review is given of some
of the past research on characteristic properties of atmospher-
ic turbulence at low altitude. Furthermore, an explanation of
the purpose of the present study and the reasoning behind the
selection of the approach for this study are presented.

1.1 Background of Past Research

Random processes are usually characterized by the proba-
bility of the occurrence of a certain event, e.g. a gust with
a certain magnitude. This probabilistic character is expressed
in the probability density distribution, which is defined as

Probability density = Pu(x)dx = Probability that x < u < x + dx

The most commonly known probablllty density distribution is the
Gaussian distribution

l -
P (z) = exp - 5 [f——ﬁ—] (1.1.1)

o V2T
U

This distribution is generally used as a model for atmospheric
turbulence in the fatigue testing of aircraft wings.

Recent research showed distinct non-Gaussian characteris-
tics in atmospheric turbulence encountered by aircraft, par-
ticularly in the vertical direction. Reeves, et al. [1l] and [2]
developed a non-Gaussian model, which consists basically of
the addition of Gaussian and Modified Bessel processes. A
schematic representation of this system is shown in figurel.

The probability distribution and patchy character of a
random process U(t) generated in the manner described above
for the non-Gaussian model are a function of the ratio of the
standard deviations
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(1.1.2)
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where d(t) is a Gaussian process and c¢(t) is a Modified
Bessel process generated by multiplication of two Gaussian
processes aft) and b(t).

Reeves indicated that the non-Gaussian model with a value
for the standard deviation ratio R in the order of unity would
give a good match with measured data. In the present research
a comparison is made between the measured data and both the
Gaussian model and the non-Gaussian model for R = 1.

Another very important statistical property of atmospheric
turbulence is described by the power spectral density .
The power spectrum provides information on the average contri=-
bution to the random process from the frequency components
which make it up. Research by Burns [3] showed indications
_that the shape of the power spectra was influenced considerably
by the direction of flight with respect to the mean wind. It
showed particularly that the power' spectral density of the
vertical component at low frequencies was considerably lower
during the crosswind runs. In the present research the shape
of the power spectra is evaluated for data runs both parallel
to the wind and crosswind.

Several analytical expressions have been suggested to
represent the power spectral density of the three turbulence
gust components. The most commonly used representations are
those of Dryden [4] and von Karman [5]. Chapter 4.1 presents
the algebraic formulations of these models. In the results of
the present research a comparison is made between the spectra
of the measured data and the Dryden and von Karman models.

A topic of particular interest to atmospheric scientists
is the shear flow in the boundary layer of the atmosphere.
When a mass of air moves over the surface of the earth,
the wind velocity at higher altitudes will be higher than
at lower altitudes due to the friction in the boundary
layer. This difference in horizontal velocity produces
rotation in the flow and thus turbulence. In the
statistical analysis of the turbulence this phenomena can best
be analyzed by determining the cross spectral density of the
gust component in the direction of the mean wind correlated
with the vertical gust component. Elderkin [6] determined
these cross spectra for data measured at altitudes up to

3




87 meters. Reeves, et al.[1,2] developed a non-Gaussian model
based on Elderkin's tower measurements. In the present re-
search a comparison is made between the cross spectra of the
measured turbulence and this non-Gaussian model.

1.2 Purpose of the Present Study

The purpose of this research is to attempt to determine
if the statistical properties of turbulence are independent
of the direction of the flight path with respect to the mean
wind. The statistical properties which are to be evaluated in
this context are:

probability density distribution

power spectral density and the corresponding
autocorrelation

cross spectral density and the corresponding
cross correlation

integral scale length.

The probability density distributions and the power
spectra are compared for runs parallel to the wind and cross-
wind. An estimate is made of the integral scale lengths of
the turbulence in order to determine the elongation of the
turbulence eddies.

An important aspect of the purpose of the present study
is the evaluation of the spatial distribution of atmospheric
turbulence. The main tools in this evaluation are the auto-
correlations of the measured gust time histories at a value of
the time lag Ty where Ty is the time it takes the aircraft

to fly a distance equal to the span of the aircraft. These
autocorrelations are then compared with the cross correlation
between measured turbulencz velocities at two separate points
in space, the two wingtips of the aircraft. This comparison
should provide an indication whether time correlation of a
gust signal with itself is equivalent to spatial correlation
of two gust signals measured at two separate points.



2. THE TEST AIRCRAFT AND INSTRUMENTATION

This chapter presents a short description of the aircraft,
a twin-engine Beechcraft D-18S, and gives some characteristics
such as stability derivatives. The modifications of the air-
craft which were necessary to perform the test program are
described. Furthermore a general description of the instru-
mentation is given.

2.1 Description of the Aircraft

The Beechcraft D-18S is a low wing all metal semi-mono-
coque aircraft with fully retractable conventional landing
gear (Fig. 2). The aircraft used in this research pro-
gram, N-~4545, is powered by two Pratt and Whitney Model
R985-14B radial engines, each rated at 450 horsepower.

The principal dimensions and geometry of the aircraft are
given in Table 1.

At several points in the analysis of the data it will be
necessary to know the characteristics of the natural modes of
the aircraft, Sandusky [ 7] did a study on the stability
derivatives and the natural modes of the Beechcraft D-18S.
Table 2 presents some estimates from this study.

2.2 Modifications

In this section some details are given relating to the
necessary modifications of the aircraft, particularly with
respect to the installation of the gust booms and probes on
the wingtips and the installation of equipment in the cabin
of the aircraft.

The gust booms were attached to the pods at the wingtips
of the aircraft (Fig. 2) . These gust booms were designed
such that the probeheads were positioned far in front of the
wing. The effect of the airflow about the wing on the data
measurement was thereby minimized. The upflow in front of
the wing at constant angle of attack is accounted for through



the probehead constant Cp ;, which was obtained from wind-
o
tunnel tests.

Vibration tests on the gust booms showed their natural
frequency well above ten cycles per second, which is the
highest frequency of interest in this program.

The probeheads were designed to carry the pressure trans-
ducers, which were connected to the pressure ports on the
hemispherical front of the probeheads. The probeheads were
fitted on the front end of the booms. A more detailed
description of the probeheads is given in appendix Al.

In the cabin of the aircraft some modifications were made
to facilitate the installation of data recording equipment.
In the right front corner of the cabin, against the bulkhead
dividing the cockpit and the cabin, a panel was installed with
instruments such as airspeed indicator, altimeter, outside
air temperature indicator and rpm and manifold pressure indi-
cators for both engines. This instrument panel, being located
near the c.g. of the aircraft, also contained the vertical and
lateral accelerometers.

The left front cabin chair was removed and in its place
an Ampex FR 1300 14 channel FM taperecorder was installed.
Just above the taperecorder, a Tektronix 561 oscilloscope was
fitted on a shelf which in turn was fixed to the cabin bulk-
head.

2.3 Instrumentation

The Beechcraft D-18S test aircraft was instrumented to
measure and record the variables necessary for the calculation
of the turbulence velocities in longitudinal, lateral and
vertical direction at the wingtips of the aircraft. The lay-
out of the instrumentation is shown in Fig. 3 . A detailed
description of the instrumentation and the calibration of the
instrumentation is presented in appendix A.

BEach wingtip probe contained three differential pressure
transducers connected to appropriate pressure ports on the
hemispherical head of the probe with short lengths of 3/16"
i.d. plastic tubing (Fig. 4).

The probehead constants for vertical and lateral gust
velocities were obtained from wind tunnel tests of the actual



probes in the Venturi wind tunnel of the Department of
Aeronautics and Astronautics, as well as from tests of a 1/8
scale model of the Beech D-18, including probes, in the

F. K. Kirsten 8' x 12' wind tunnel to get the effects of flow
angles induced by the aircraft.

The resulting constants were:

%% = 5.45/rad for vertical velocities
p
%% = 4.7/rad for lateral velocities
p
where Ap = pressure difference between the #* 25° orifices.
q = dynamic pressure
ap & Bp = angles of attack of the probehead in radians

These values compare favorably with the value of

%% = 4.5/rad obtained from the theoretical calculation of

flow of a perfect fluid about a sphere.

Longitudinal velocities were measured as described in
appendix A.3.

In order to determine the gust velocities actually
occurring in the atmosphere it was necessary to remove the
motions of the aircraft from the gust velocity signals
measured by the pressure transducers. This was achieved by
measuring the motions of the aircraft with the following
instrumentation system:

roll rate gyro
pitch rate gyro

vaw rate gyro

lateral accelerometer



vertical accelerometer

vertical gyro (measuring the roll angle)

The motions of the probeheads were calculated from these
signals in computer program GUST (appendix B.3). The dif-
ferences between these computed probe velocities and the
velocities measured by the probes were then the gust velocities
occurring in the atmosphere.



3. DATA ACQUISITION

The data were acquired in a series of flights with
Beechcraft D-18S N4545, above open water in the area of the
Straits of Juan de Fuca, south of victoria, B. C.

This chapter presents some aspects of the flight planning,
the in-flight instrument operation checks, and gives a
description of the atmospheric conditions during the test
flights as well as a description of the physical features of
the area surrounding the test area.

3.1 Flight Planning

For each one of the flights, a flight plan was set up
giving all the test items that were to be performed, and de-
scribing the procedures and test conditions for each test item.
Before each flight it was ascertained that all instruments and
the recording equipment were operating properly. The instru-
mentation was calibrated regularly as described in appendix A.2.

Test item #1 consisted of the in-flight instrument opera-
tion verification, usually performed en route from Seattle to
the test area. It constituted pilot-induced motions of the
aircraft, preferably in still air. The signals of the appro-
priate instruments were monitored at the output of the recorder
and checked for correspondence with the motion.

In section 3.2 a description of the instrument operation
checks, both on the ground and in-£flight, is given.

Test item #2 consisted of a sequence of motions at alti-
tude. The signals from the instruments were recorded for use
in checking of computer program GUST. A further discussion of
this test item is given in section 3.2 of this report.

After it was ascertained that all instruments operated
properly and the motions at altitude had been carried out, the
aircraft descended to the appropriate altitude for test item
#3, the atmospheric turbulence data runs. These runs were
usually made in the area of the Straits of Juan de Fuca,
although on several occasions, when no full data runs were
required, an area closer to Seattle, such as Hood Canal was
selected.



Table 3 gives a listing of the flights performed with
Beechcraft D-18S N4545 in this research program. Flights #1
through #5 were mainly concerned with checking out the gust
probe booms, the electrical power supplies and the instrumen-
tation installed in the aircraft for this program.

Flights # 15 and # 16 were the data flights which gave
data suitable for analysis. The results of this analysis are
presented in this report.

3.2 Instrument Operation Checks

Table 4 presents a listing of the data instruments
which were checked for proper operation before each flight and
in flight under test item #1: In-flight Instrument Operation
Verification.

On The Ground Checks.-The pressure transducers were
checked by putting a pressure load on one side of the pressure
transducers. The magnitude of the pressure was monitored on a
manometer. In appendix A.2, calibration of the data instru-
ments, a description of this system is given.

The rate gyros were checked by positioning them on a
specially designed rocker table, which produced a sinusoidal
oscillation. Appendix A.2 also gives a full description of
this calibration technique.

The accelerometers were fixed on a platform which could
be leveled and then rotated about a horizontal axis. The ac-
celeration measured by the accelerometers varied sinusoidally
with the angle of rotation of the platform.

The roll angle was measured by the vertical gyro, posi-
tioned in the nose of the aircraft, which could be rotated
about an axis parallel to the aircraft's roll axis.

All the output signals from the above instruments were
checked at the output of the 14 channel tape recorder, in
order to insure that all segments of the data measuring and
recording equipment worked properly.

In-Flight Checks.-Operation of the instrumentation was
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verified as the first test item of each flight. This checking
usually took place while en route from Seattle to the test
area. The pilot induced aircraft motions and the appropriate
signals were monitored, again at the output of the tape
recorder.

By rolling the aircraft the vertical pressure transducers,
the roll rate gyro and vertical gyro could be checked. Yawing
and sideslipping provided an opportunity to verify proper oper-
ation of the yaw rate gyro, the lateral pressure transducers,
the lateral accelerometer and the longitudinal pressure trans-
ducers. By making the aircraft go through a short period
pitching motion, it was possible to check the signal of the
pitch gvro and the vertical accelerometer,

Motions at Altitude.-This test item, #2 of the flight
plan, was usually performed after it was verified that all data
instruments operated properly. These motions, rolling, short
period pitching, yawing and a coordinated turn, were made in
quick succession. The records from these motions were used
to check computer program GUST, which was designed to compute
gust time histories from the pressure signals. A detailed
description of computer program GUST is given in appendix B.3.

3.3 Data Runs

Figure 5 gives a deneral idea of the area where the
data runs were made. Forty miles to the southwest of the
center of the test area was Mt. Olympus, 7965 ft. high, the
highest point of the Olympic Peninsula. To the northwest was
Vancouver Island, where mountains in the vicinity of the
Straits of Juan de Fuca reach heights of approximately 3600 ft.

The prevailing wind flows between these two mountain mass-
es from the Pacific Ocean, through the Straits of Juan de Fuca
toward the Cascade Mountain Range, 80 miles east of the test
area.

During each of the flights which gave a full set of data,
four runs were made, the first run into the wind, the second
run with tailwind, followed by two crosswind runs. Data were
taken for about 4 to 5 minutes during each run.

Figures 6 and 7 present the patterns that were

flown during flight #15 and #16 respectively, The prevailing
surface wind during the test period is also indicated.
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Tables 5 and 6 give the basic conditions of the
four data runs of flights #15 and #16. These are the flights
for which the recorded data could be fully reduced to statis-
tical properties of the turbulence.

3.4 Atmospheric Conditions

For proper evaluation of the statistic properties of the
atmospheric turbulence data, it is necessary to know the con-
ditions of the atmosphere at the time the data were taken. In
particular, it is important to know how the decrease of temper-

ar
),

ature with height, the lapse rate (y = - 37 compares with

the adiabatic lapse rate T (T = 1°c/100 M or 5.50F/1000 ft)l.

In a hydrostatically unstable atmosphere <Yy > I'. Under
these conditions a volume of air which has been displaced up-
ward will experience an additional force upward. In the case
that v < T a volume of air which has been displaced upward
will be at a lower temperature than its environment and thus
experience a downward force. An atmosphere having these
characteristics is classified stable.

If the lapse rate Yy is approximately equal to the dry
adiabatic lapse rate I the atmosphere is classified neutral.

Turbulence in the atmosphere is affected both by the
above mentioned hydrostatic condition of the atmosphere and by
the mean horizontal flow of air from which it derives energy
through the Reynolds Stress. This "mechanical" turbulence is
then dependent on whether the rate of energy supply from the
mean flow exceeds the rate of work to be done in the earth's
gravity field in moving air in vertical direction. The para-
meter relating buoyant production to stress production in a
useful manner is the gradient Richardson number

«Q
—~
Q|
N D
~—

Ri = (3.4.1)

D>
~
wij
N
—

5]
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where is the potential temperature
the height above the surface

the gravity constant, and

L Q@ N @

the velocity of the mean flow.

For an ideal gas the gradient Richardson number can be
expressed as, reference [ 8]

Ri = 2l =)

S~ 2
7(55)

Unstable air corresponds to RZ < 0 . If Ri ~ 0 the air is
classified as neutral. Under these conditions the turbulence
is purely driven by the mean flow.

For stable conditions, £Ri > 0 , +two regions can be
distinguished; one when ~0 < RZ{ < ~0.25 , under which condi-
tions mechanical turbulence is damped by the thermal stability
of the atmosphere, and the other when 0.25 ~ < R?{ , when no
turbulence in vertical direction can be maintained.

Figures 8 and 9 give the temperature as a function
of altitude for flights #15 and #16, the two flights for which
the data are reduced to probabilistic characteristics in this
report. In these figures both temperatures measured in flight
and those measured by the Quillayute weather observation
station are presented.

From the temperature and the wind velocity information
presented in the above figures a calculation was made of the
gradient Richardson number. Table 7 gives this calcula-
tion and the resulting Richardson numbers, which then give an
indication of the stability of the atmosphere during the time
of the test flights.

The most desirable atmospheric condition for turbulence
data collection is one where reasonably strong winds occur,
which is the case for unstable air. Table 7 shows that
the atmosphere was slightly unstable during both test flights.

13



4, ANALYSIS AND DISCUSSION OF THE RESULTS

This chapter presents an analysis of the gust time
histories, the probability distributions, the power spectra,
the cross spectra, and the spatial characteristics of the
measured turbulence. The first section gives the theoretical
background for the analysis.

The data reduction process which was followed in obtain-
ing these results from the raw data is described in appendix B.

4,1 Theoretical Background

The function which is generally used to determine the
measure of predictability of random processes is the cross
correlation function, defined as

L

T
57 J u(t) w(t + 1)dt (4.1.1)

C (t) = Lim
uw T>co

-7

u(t) and w(t) are two random processes and this correlation
is the measure of predictability of w at a future time
(t + 1) based on the knowledge of u at time ¢

If a random process is correlated with itself, the
function is called autocorrelation function

Uu Troro0 ar

T
c u(T) = Lim L [ u(t) u(t + t)dt (4.1.2)
T

A parameter of particular interest is the integral scale
length, defined as
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U [e o]
= 2 :
L, =52 J Cuu(T)dT (4.1.3)

which is a measure of the distance an aircraft flies through

turbulence which is correlated with itself. It is therefore

an indication of the average size of the turbulence eddies in
the atmosphere.

Two very important statistical descriptions of atmospher-
ical turbulence are given by the power spectral density and
the cross spectral density. The power spectral density of a
random process is defined as the Fourier transform of its auto-
correlation function

@u(f) = J Cuu(T) exp (~i2nf1l)dT . (4.1.4)

=00

where f = frequency in cycles/second. The cross spectral
density of two random processes u(t) and w(t) is then the
Fourier transform of their cross correlation

@uw(f) = J Cuw(T) exp (-i2nft)dt (4.1.5)

- 00

These spectra are functions of both positive and negative fre-
quency f only for mathematical convenience. Negative f
does not have any physical significance.

It is noted that the power spectrum is always a real
function, since it is the Fourier transform of the autocorrela-
tion function, which contains no phase information. The cross
spectrum however, is a complex function of the frequency. The
real component is called the co-spectrum @, while the
imaginary component is called the quad-spectrum @i . The

latter component contains the information on the phase shift

15



between the two random processes.

Several mathematical models have been suggested to de-
scribe the: power spectral density of the three turbulence gust
components. The model suggested by von Karman [5] is general-
ly considered the most accurate one. Dryden's model [4] is
usually used in turbulence simulation, as the resulting spectra
can be exactly matched using linear filters. Both models will
be used in this report in a slightly modified form. The fol-
lowing changes are introduced: (1) instead of a single scale
length [ for all three gust components independent values
for each gust component will be used. (2) The form of the
lateral power spectrum will be changed to a form similar to
that used for the longitudinal power spectrum. The algebraic
form of the models to be used in this report are then

von Karman:

GuzLu 2
o (f) = . (4.1.6)
u “o [1+ (1.34 2—2—Lf)2:|y
o
2
o L
v Tv 2
¢ (f) = A (4.1.7)
v “oo o [1+ (1.34 Z%Lf)zjy
(2]
8 2nLfy?
0; L, [1 + 5 (1.34 “o)]
@ (f) = £ 11/6 (4'1-8)
Y “o  [1+ (1.3¢4 £EL7] /
o
Dryden:
o 2L 5
o (f) = ——* (4.1.9)
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d (Ff) = (4.1.10)
) u 2nL f o
o [1 + ( uv ) :]
o
2nkL f 2
oo |1r e 2]
w w 0]
@w(f) = ” 27 T 2 > (4.1.11)
(o] . w
[1 + | ” ) ]
o

The cross spectral density (Egq. 4.1.5) provides information on
the phase relationships of the frequency components of two
random processes. In general little is known about the cross
spectra of the gust components of atmospheric turbulence.

With respect to correlation between two gust components
measured at one point, research by Elderkin [¢] indicates a
consistent low frequency cospectrum (real part @P of the

cross spectral density) relating the gust velocity in the
direction of the vertical gust component.

Reeves, et al. [1,2] used a mathematical model based on
Elderkin's data.

o (f) = :SZEQKZ { ﬁﬂz(izjz(ig)[[l + 3(mAf)%) - i(2ﬂAj7]
Uw R2 + 7 Az uo uo [1 " (ﬂAf)2]2
L
T 1+ i/3(2m 2 f)
N = 2 }(4.1.12)
4y [1 + 2(2m ;ﬂ F)101 + (2mBf) 2]
le]

A , B and PR are parameters satisfying the following
conditions
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2L 2L

4 > v 4 > U
u
o o
L L
U u
o o
R >0
where £ 1is again the ratio of the standard deviations. 1In

the comparison between the data from the present research pro=-
gram and the above model it should be realized that the air-
craft coordinate system only coincides with the wind coordinate
system during the downwind run. In the case of the headwind
run the sign of the u-w cross spectrum is inversed, while

for the crosswind runs the v-w cross spectrum is equivalent
to wu-w in the above model.

With respect to the correlation between two gust compo-
nents, in the same direction, measured at two separate points
the following observations may be made:

- At high frequencies (small turbulence eddies) the
random processes at the two points separated by distance »
(the wingspan of the aircraft), will occur independently of
each other. The cross spectrum will then be near zero.

- At low frequencies (large turbulence eddies) both
sensors will measure a similar signal change and the correla-
tion will be large.

- At intermediate frequencies (in the present data
between .2 and 1 Hz) there will be some correlation and
the power spectrum will have a normalized value

53% between zero and approximately .3 .

()

In order to analyze the spatial characteristics of the
turbulence it is necessary to estimate the autocorrelation
function of the gust time histories for a value of the time
lag T equal to the time it takes the aircraft to fly a
distance equal to the wingspan. This estimate is found by
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taking the inverse Fourier transform of the power spectral
density

Cii(TZ) = J@i(f) exp (i2ﬂfT1)df (4.1.13)

- 00

As the power spectrum is an even function this can be written
as .

Cii(Tl) = 2 J ®i(f) exp (i2ﬂfT])df (4.1.14)
0

In order to compare data from different runs the correlation
functions are normalized to yield correlation coefficients

5ii(T1) = 7 f o,(f) eap (ignft )df (4.1.15)
0

As both the correlation function and the power spectral
density are real functions only the real part of the exponen-
tial function in the integral is used

~ 2 ©
C, (1)) = 5.7 J o, (f) cos(2nft )df (4.1.16)

0

The cross correlation function is determined from the
cross spectral density in the following manner
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From Eq. 4.1.5

Cij(T) = J @ij(f) exp (Z2nft)df (4.1.17)

- 00

which may be written as

C;5(T) = J o, (F) [cos 2nfT + < sin enfr]df  (4.1.18)

-0

As the two gust time histories are measured at exactly the
same time the cross correlation becomes

Cij(o) = [ @ij(f) af (4.1.19)

The cross correlation is a real function, so only the real
part of the complex cross spectrum is used. As this real part
is even, the cross correlation may be written as

c..(0) = 2 .. ) d 4.1.20
3000 =2 [ ey 0 (4120
(0]
Normalization gives
Cij(O) = Gioj J Qij rgzgdf (4.1.21)
0



These expressions (Egs. 4.1.16 and 4.1.21) are used in
section 4.5 to calculate the normalized autocorrelation and
cross correlation.

4.2 Probability Distributions

The probability density distributions of the gust compo-
nents at both wingtips are presented in figs. 10 through 17.
The data were measured in the following runs. Data showing
100 samples/sec were limited to about 150 seconds in length,
while those reduced at 50 samples/sec could run to 300 seconds.

FLIGHT RUN )

15 1 Upwind
2 Downwind
3 Crosswind, wind from the right
4 Crosswind, wind from the left

16 1 Upwind
2 Downwind
3 Crosswind, wind from the left
4 Crosswind, wind from the right

The probability density of the vertical gusts encountered by
the aircraft shows distinctly non-Gaussian characteristics,
particularly for the downwind and the crosswind runs (Fig.
lic , 12¢c , and 13c ) . For the upwind runs it is
slightly less distinct, but still closer to the_non-Gaussian
model than to the Gaussian model (Fig. 10c and 1lé4c )

An example of a particularly non-Guassian probability
density distribution is shown in Fig. 18 . The gust time
history was 170 seconds long and was sampled at 100
samples per second. It is seen that the measured data match
very well with the non-Gaussian model for R = 1 .

Gusts in the direction of the mean wind are measured as
longitudinal gusts in the up and downwind runs and as lateral
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gusts in the crosswind runs. In general these gusts show
Gaussian characteristics (Fig. 1l1a , 12b , 14a , 16b
and 17a ) although some cases show strong exception to this
rule (Fig. 1l0a and 15a ).

The gust component perpendicular to the mean wind is
measured as lateral gust in the up and downwind runs and as
longitudinal gust in the crosswind runs. The gust time
histories of this component are in general also Gaussian (Fig.
10b , 12a , 1lea ), with, again, some non-Gaussian excep-
tions (Fig. 15a ).

4.3 Power Spectra

The power spectral densities of the components of the
gusts encountered at both wingtips of the aircraft are pre-
sented in Fig. 19 through 26 . Also presented in these
graphs are the von Karman and Dryden spectra (Egs. 4.1.6
through 4.1.11). The scale length I of these spectra is set
such that the variance is equal to the variance of that par-
ticular gust time history.

The Longitudinal Gust Component.-Generally the power
spectral density of the longitudinal gust component from
flight #15 compares well with the Dryden spectrum, particular-
ly for the downwind run (Figure 20a ) . The spectra
of the crosswind runs show a significant reduction in the
spectral density between .3 and .4 Hz . (Fig. 21a
and 22a ) . Run #3 shows more power at very
low frequencies (below .1 Hz) while run #4 shows much less
power in this frequency range.

The power spectra of the longitudinal gust component from
flight #16 show good correspondence with the von Karman spec-
tra, particularly in the inertial subrange (the frequency
range where energy transfer from lower to higher frequencies
takes place without energy dissipation). However, in the low
frequency range (below approximately .2 Hz) the spectra of
the measured data of the upwind and the downwind runs (Fig.
23a , 24a ) and of one crosswind run (Fig. 26a
do not match the von Karman spectrum very well. There is no
readily available explanation for this behavior.
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The Lateral Gust Component.-The spectra of both the up-
wind and the downwind run of flight #15 show excellent cor-
respondence with the Dryden model (Figure 19b and
20b ) . The spectra of the lateral gusts measured at both
the left and the right wingtip during run #3 of flight #15
show a dip at approximately .2 Hz (Figure 21b ) .

For run #4 the power spectral density shows good correspond-
ence with the von Karman model (Figure 22b ) .

The data of flight #16 gave spectra which in general
corresponded well with the von Karman model. Below approxi-
mately .2 Hz,however, the power spectral density of the
measured turbulence falls below that of the von Karman
spectrum, and shows tendencies similar to those of the longi-
tudinal gusts. (Fig. 24b , 25b , and 26b ) .

The Vertical Gust Component.-The data of flight #15 for
this component show an interesting phenomenon. The spectra
of the upwind and crosswind runs display a sharp peak at

approximately .2 Hz . (Figure 19¢ , 2lc and
22c ) . The spectra of the downwind run show a
dip at this frequency (Fig. 20c ) . This char-

acteristic of the spectra is apparently due to a helical flow
pattern in the direction of the mean wind. This flow pattern
is described by Brown [9] and by LeMone [0]. It consists

basically of horizontal roll vortices in the direction of the
mean wind. Fig. 27 (from [10]) illustrates the flow model.

The peak in the power spectra of the data may then be
explained as follows: During the upwind run the aircraft
flew in the part of a roll vortex where strong up or down-
drafts occurred, which then resulted in high power at this
frequency. During the downwind run the aircraft flew in the
center part of a vortex, which gave relatively little power
in this frequency range of the power spectral density. Dur-
ing the crosswind runs the aircraft crossed a number of vor-
tices at right angles, experiencing alternately up and down-
drafts, which then resulted in higher power at this freguency.

The power spectra of the data of flight #16 show the
following characteristics: The spectra of the vertical gust
time histories of all four runs indicate higher power than
the von Karman or Dryden spectra above a frequency of

approximately &5 Hz (Figure 23c¢c , 24c , 25c¢ ,
and 26c ) . No explanation for this behavior could be
found.
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At the low freqguency end the power spectra of the
vertical gust time histories displayed quite different char-
acteristics for different runs: The spectra of the upwind
run dropped sharply below approximately .15 Hz (Figure
23c ) . The spectra of the downwind run remained steady
below .5 Hz, but for the left wing the value was below the
level expected from the von Karman and Dryden spectra, while
for the right wing the spectra stayed above this level (Fig.
24c ) . The spectra of the crosswind runs showed
a sharp dip at approximately .2 Hz, similar to the dip
encountered in the spectra of the downwind run of flight #15
(Fig. 25¢ and 26c ) .

Within the time available for the evaluation of the data
it was not possible to find an explanation for the character-
istics of the power spectra of the vertical gust time
histories measured in flight #16.

In general it can be concluded that in some cases the
von Karman spectra provide a good description of the turbu-
lence, while in other cases the Dryden spectra give a better
approximation. At low frequencies sharp peaks or dips occur,
which are approximated by neither model.

4.4 Cross Spectra

In this section two aspects of the cross spectra of the
measured data are considered.

(1) The Correlation Between the Component of the Gust
in the Direction of the Mean Wind and the Vertical Component.
- Figures 28 and 29 present these cross spectra for
the data of flight #15 and #16. As indicated in section 4.1
for the up and downwind runs the wu-w spectrum should be
considered, while for the crossiwnd runs the wv-w cross
spectrum should be considered. These graphs also show the
non-Gaussian model (Eq. 4.1.12) with the appropriate scale
lengths. It is seen that the co-spectrum (the real part of
the cross spectral density) of the non-Gaussian model in
general corresponds reasonably well with the co-spectrum
of themeasured data (Fig. 28b , 28d , 29a ) . However,
the imaginary component, the quad-spectrum, of the present
data is usually larger than was assumed in the non-Gaussian
model (Figures 28 and 29 ) . This indicates a larger

24



phase shift between the gust component in the direction of
the mean wind and the vertical gust cOmponent.

(2) The Correlation Between the Component of a Gust at the
Left Wingtip and the Gust Component in the Same Direction at
the Right Wingtip.~Fig. 30 through =~ 32 present these
cross spectra from the data of flight #15 and #16. These
graphs show at which frequency the transition from no correla-
tion (at high frequencies, small turbulence eddies) to full
correlation (at low frequencies, large turbulence eddies) takes
place. For the longitudinal gust component this occurs usually
at approximately the same frequency, irrespective of the direc-

géo? of the wind w.r.t. the flight path of the aircraft (Fig.

The lateral gusts are correlated up to higher frequencies
for the crosswind runs (Fig. 31c , 314 , 31g , 31lh )

than is the case for the up and downwind runs (Fig. 3la,
3lb , 31e , and 31f ) .

For the vertical component no particular trend could be
distinguished in this respect. However, for several runs the
real and imaginary component of the cross spectrum were approxi-
mately equal and at low frequencies (.05 to .1 Hz) returned
to zero correlation. This was particularly the case for the
up and downwind runs of flight #15 (Fig. 32a , 32b ) and
for the upwind run of flight #16 (Fig. 32e ) .

4.5 Spatial Characteristics

It is again emphasized that the results presented in this
section are based on a limited amount of data, and the
conclusions drawn are therefore of a tentative nature.

The analysis of the spatial characteristics is based
on the following considerations. '

(1) According to Taylor's Hypothesis [11] the time fluctua-

tions of turbulence at a fixed point can be considered equal
to the fluctuations caused at that point by the entire field,
frozen at a particular instant and convected past the point.
In this analysis an attempt is made to check the hypothesis by
comparing the autocorrelation function at a time lag Ty
(T - wingspan i )

1 atreraft velocity

with the cross correlation function
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of the appropriate gusts at the two wingtips. E.g., the auto-
correlation of the longitudinal gust component for the up or
downwind run is compared with the v-v cross correlation of
the crosswind runs.

The correlations are calculated from the spectra in the
manner described in section 4.1. Table 8 presents the
normalized autocorrelations and cross correlations from flight
#15 for this comparison.

The results presented in Table 8 give no conclusive
evidence. The autocorrelation Cu(Tz) of the downwind run

does not compare very well with the cross correlation 500(0)
of the crosswind runs. Similarly the autocorrelation

EU(TJ) of run #4 does not compare well with the cross correla-

tions Cuu(O) of the up and downwind runs. It is noted
however that the autocorrelation Cu(TZ) of the downwind run
is of approximately the same magnitude as the cross correlation
Euu(O) of the up and downwind runs. Similarly the autocor-

relation EU(TZ) of run #4 is approximately equal to 5UU(0) .

(2) The structure of the turbulence may also be analyzed
by comparing the autocorrelation of a particular gust compo-~
nent at time lag T; with the cross correlation between this
gust component and the component in the same direction at the
other wingtip. E.g., the autocorrelation of the vertical gust
is compared with the w-w cross correlation of the same data
run. Table 9 presents the results of this comparison.
These correlations are also computed from the spectra in the
manner described in section 4.l1.

It is seen that the autocorrelations compare reasonably
well with the cross correlations, independent of the direction
of the mean wind w.r.t. the flightpath.

(3) A third aspect of the structure of atmospheric turbu-
lence which can be checked is the elongation of the turbulence
eddies. This is done by estimating the integral scale lengths
by matching the variance of the measured turbulence with the
variance of the longitudinal Dryden model. The resulting scale
lengths are an indication of the size of the eddies in the
direction of the flight of the aircraft. Table 10 presents
the scale lengths for the three components of the gusts at
both the left and right wingtips. As is seen in this table,
the vertical gust usually has the smallest scale length, while
the scale length of the longitudinal gust in any given run is
usually the largest. 1In virtually all cases the scale lengths
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estimated for the gusts of the downwind run are larger than
the scale lengths of the uwowind run data.

5. CONCLUSIONS AND RECOMMENDATIONS

The analysis presented in chapter 4 centered on the
examination of the following aspects:

- The characteristics of the probability density
function.

- The characteristics of the power spectra and their
dependence on the direction of the wind w.r.t. the
flightpath.

- The properties of the cross spectra.

- The spatial distribution of atmospheric turbulence.

This chapter summarizes some of the major conclusions and
presents recommendations for further study. It should be
realized that these conclusions are based on a limited amount
of data and are therefore of a tentative nature.

(1) It is concluded that the probability density func-
tions of the vertical gusts show distinct non-Gaussian
characteristics. The longitudinal and lateral gust time
histories are generally Gaussian. No particular dependence on
the direction of the mean wind w.r.t. the flightpath can be
discovered.

(2) The power spectra do depend upon the direction of
the mean wind w.r.t. the flightpath, particularly when there
is a possibility that a helical secondary flow pattern as
described in [9] and [10] is present.

(3) From the analysis of the cross spectra, representing
the joint power and the phase shift between two gust time
histories, the following conclusions may be drawn.

(a) The co-spectrum of the gust component in the
direction of the mean wind and the vertical
gust component is in the same order of magni-
tude as the co-spectrum measured by Elderkin,
indicating that the joint power is about the
same as found in previous research. The guad-
spectrum, however, is considerably larger which
indicates a larger phase shift between these
two gust components than was found in previous
research.
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(b) The data pertaining to the correlation between
two gusts in the same direction, one at the
left wingtip and one at the right wingtip,
indicate that the transition between "no cor-
relation" (high frequency) and "full correla-
tion" (low frequency) normally occurs between
.7 and 1.5 Hz . In some cases, particularly
for the vertical component (w-w cross spectrum),
the cross spectral density becomes very small
again at low frequencies.

(4) From the analysis of the spatial characteristics
the following conclusions may be drawn:

(a) The data presented for the confirmation of
Taylor's Hypothesis (Table 9 ) give no
conclusive evidence.

(b) From the comparison between the autocorrela-
tion 5w(T1) and the cross correlation wa(O)

presented in Table 8 it is concluded that
the time correlation of a vertical gust with
itself is approximately equal to the space
correlation between two vertical gusts (at a
distance of 47 ft., the wingspan of the air-
craft), independent of the direction of the
flightpath w.r.t. the mean wind.

(c) The analysis of the structure of atmospheric
turbulence by estimating the elongation of the
turbulence eddies does not provide conclusive
evidence.

In view of the above conclusions, the following recom-
mendations for further research are made:

(1) Methods be developed to accurately measure gust
spectra in the low frequency range

(2) Further research should be done to determine the
character of the phase shift between the gusts in the di-
rection of the wind and the vertical gusts. This is particu-
larly important for better estimation of shear flows at low
altitude.

(3) More autocorrelation and cross correlation data are

required before further-reaching conclusions on the spatial
characteristics can be made.
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Win Horizontal Vertical
g Tail Tail
Reference Area, £t 351.58 65.4% 33.58%%
Span, ft 47 .64 15.0 5.42
Mean Aerodynamic Chord, ft 8.06 5.16 NA
* including elevator
** total, both tails
TABLE 1. BEECHCRAFT D-18S PRINCIPAL DIMENSIONS
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Estimated Value

OF THE BEECHCRAFT D-18S.

33

|
Mode Characteristic ,
| Theory| Windtunnel| Flight test
Roots: Real w ! - .016 - .016 - .010
Imaginary w % + .166 + .163 .150
Phugoid Period T sec . 37.9 38.6 42.0
!
Time to Half ' 41.8 42.3 69.0
Amplitude, sec ;
Short Roots: Real n ; - 3.01 - 2,92 -
Period Imaginary w | 3.15 2.71 —_—
Period 7T, sec 1.99 2.32
Time to Half
Amplitude, sec .23 .24
" Spiral | Root =n + .019 - .010 + .059 |
Time Constant T 51.63 _—— 17.05
Time to Double 35.79 ——— 11.8
Amplitude, sec
e
Rolling Root = - 4,17 (- - 4.30 -
Convergence
Time Constant T 24 .23 _
Time to Half .17 .16 _——
Amplitude, sec
e e e e —— e e ,.;.__*_. ———— _— —_——— ——
Dutch Roots: Real =»n -.28 -.22 -_——
Roll Imaginary w 2.4 2.2 _——
Period T, sec 2.61 2.92 _———
Time to Half 2.43 3.19 ———
Amplitude, sec
TABLE 2. CHARACTERISTICS OF THE NATURAL MODES



Flight | Date Winds Test Items Performed Area
Instru- Motions Dat
ment Op. at Ra a
Verifica—-| Altitude | 7S
; Jton L. . »
1-5 Various Instrumentation Check Flights Straits of
ai
6 6/13/73 230/05 4 Juan de Fuca
7 8/9/73 225/10 1 Hood Canal
8 8/21/73 | 030/10G15 4 Straits of
Juan de Fuca
9 7/25/74 210/05 5 Pt. Angeles
10 8/1/74 030/08 1 Hood Canal
11 8/15/74 Aborted due to mal-
functioning pressure
transducers.
Straits of
12 8/26/74 310/06 2 Juan de Fuca
12 A 9/6/74 310/06 Puget Sound
13 B 9/7/74 310/07 Puget Sound
14 10/18/74 250/07 Puget Sound
15 11/25/74 | 260/18G24 4 Straits of
Juan de Fuca
Straits of
16 12/17/74 080/06 4 Juan de Fuca
TABLE 3. FLIGHTS PERFORMED WITH BEECHCRAFT

D-18S N4545
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Ch.{ Measured Instrument Make Model Range
No.{ Variable
1 Apx Left diff. pressure transducer | Statham |[PM283TC | + .15 psid
2 Apy Left diff. pressure transducer | Statham | PM283TC +* .15 psid
3 Apz Left diff., pressure transducer | Statham | PM283TC | * .15 psid
. + .
4 Apx Right diff. pressure transducer | Statham | PM283TC | = .15 psid
. + .
5 Apy Right diff. pressure transducer | Statham |PM283TC | * .15 psid
. + .
6 Apz Right diff. pressure transducer | Statham | PM283TC * .15 psid
7 roll rate |rate gyro Honeywell| JG7005A~ | + 6 deg/sec
P 11
8 | pitch rate |rate gyro Honeywell| JG7005A- | + 6 deg/sec
q 11
9 | yaw rate r |rate gyro Honeywell| JG7005A~ | * 6 deg/sec
11
10 lateral accelerometer Statham |A301TC *1lg
accelera-
tion a
y
11 | vertical accelerometer Statham |{NA1l D47 + 3g
accelera-
tion a
z
12 | roll vertical gyro Honeywell| JG7044A- | £ 85°
angle ¢ 17
TABLE 4. DATA INSTRUMENTS.
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FLIGHT 15/RUN 1 INITIAL CONDITIONS

TEST LOCATION

LOCAL ALTIMETER SETTING

WIND DIRECTION

WIND VELOCITY

DIRECTION OF FLIGHT

RELATIVE WIND COMPONENTS
34
0

CALIBRATED AIRSPEED
PRESSURE ALTITUDE
HEIGHT ABOVE SURFACE
OUTSIDE AIR TEMPERATURE
ATMOSPHERIC DENSITY (RO)
AIRCRAFT TRUE AIRSPEED
DYNAMIC PRESSURE

STRAITS JUAN DE FUCA

30.29 1IN HG
290 MAGNETIC
20 KNOTS
290 MAGNETIC
FPS, FROM AHEAD
FPS,
132 MPH
200 FT
200 FT
48 DEG F
.002411 SL/CU FT
192.2 FPS
44.55 PSF

FLIGHT 15/RUN 2 INITIAL CONDITIONS

TEST LOCATION

LOCAL ALTIMETER SETTING

WIND DIRECTION

WIND VELOCITY

DIRECTION OF FLIGHT

RELATIVE WIND COMPONENTS
34
3

CALIBRATED AIRSPEED
PRESSURE ALTITUDE
HEIGHT ABOVE SURFACE
OUTSIDE AIR TEMPERATURE
ATMOSPHERIC DENSITY (RO)
AIRCRAFT TRUE AIRSPEED
DYNAMIC PRESSURE

TABLE 3A.
RUNS 1

36

STRAITS JUAN DE FUCA
30.29 1IN HG

290 MAGNETIC
20 KNOTS

115 MAGNETIC

FROM

FPS, FRM BEHIND
FPS, FROM RIGHT

131 MPH
200 FT
200 FT
48 DEG F
.002411 SL/CU FT
190.8 FPS
43.87 PSF

FLIGHT CONDITIONS, FLIGHT #15

AND 2.



FLIGHT 15/RUN 3 INITIAL CONDITIONS

TEST LOCATION

LOCAL ALTIMETER SETTING

WIND DIRECTION

WIND VELOCITY

DIRECTION OF FLIGHT

RELATIVE WIND COMPONENTS
1
3

CALIBRATED AIRSPEED
PRESSURE ALTITUDE
HEIGHT ABOVE SURFACE
OUTSIDE AIR TEMPERATURE
ATMOSPHERIC DENSITY (RO)
AIRCRAFT TRUE AIRSPEED
DYNAMIC PRESSURE

2
2

STRAITS JUAN DE FUCA

30.29 1IN HG
290 MAGNETIC
20 KNOTS
220 MAGNETIC
FPS, FROM AHEAD
FPS, FROM RIGHT
130 MPH
200 FT
200 FT
48 DEG F
.002411 SL/CU FT
189.3 FPS
43.21 PSF

FLIGHT 15/RUN 4 INITIAL CONDITIONS

TEST LOCATION

LOCAL ALTIMETER SETTING

WIND DIRECTION

WIND VELOCITY

DIRECTION OF FLIGHT

RELATIVE WIND COMPONENTS
6
33

CALIBRATED AIRSPEED
PRESSURE ALTITUDE
HEIGHT ABOVE SURFACE
OUTSIDE AIR TEMPERATURE
ATMOSPHERIC DENSITY (RO)
ATRCRAFT TRUE AIRSPEED
DYNAMIC PRESSURE

TABLE 5B.

RUNS

37

FLIGHT CONDITIONS,

3

STRAITS JUAN DE FUCA
30.29 1IN HG

290 MAGNETIC
20 KNOTS

30 MAGNETIC

FROM

FPS, FRM BEHIND
FPS, FROM LEFT

132

200

200

48
.002411
192.2
44.55

MPH

FT

FT

DEG F
SL/CU FT
FPS

PSF

FLIGHT #15

AND 4.



FLIGHT 16/RUN 1 INITIAIL CONDITIONS

TEST LOCATION

LOCAL ALTIMETER SETTING

WIND DIRECTION

WIND VELOCITY

DIRECTION OF FLIGHT

RELATIVE WIND COMPONENTS
17
0

CALIBRATED AIRSPEED
PRESSURE ALTITUDE
HEIGHT ABOVE SURVACE
OUTSIDE AIR TEMPERATURE
ATMOSPHERIC DENSITY (RO)
AIRCRAFT TRUE AIRSPEED
DYNAMIC PRESSURE

FROM

WEST OF SAN JUAN ISLANDS

30.12 1IN HG
255 MAGNETIC
10 XNOTS
255 MAGNETIC
FPS, FROM AHEAD
FPS,
132 MPH
100 FT
95 FT
58 DEG F
.002373 SL/CU FT
193.8 FPS
44.55 PSF

FLIGHT 16/RUN 2 INITIAL CONDITIONS

TEST LOCATION

LOCAL ALTIMETER SETTING

WIND DIRECTION

WIND VELOCITY

DIRECTION OF FLIGHT

RELATIVE WIND COMPONENTS
16
6

CALIBRATED AIRSPEED
PRESSURE ALTITUDE
HEIGHT ABOVE SURFACE
OUTSIDE AIR TEMPERATURE
ATMOSPHERIC DENSITY (RO)
AIRCRAFT TRUE AIRSPEED
DYNAMIC PRESSURE

TABLE 6A.

RUNS 1

38

FROM

WEST OF SAN JUAN ISLANDS

30.12
255
10

95

IN HG
MAGNETIC
KNOTS
MAGNETIC

FPS, FRM BEHIND
FPS, FROM RIGHT

132

110

105

58
.002372
193.8
44.55

AND 2.

MPH

FT

FT

DEG F
SL/CU FT
FPS

PSF

FLIGHT CONDITIONS, FLIGHT #16



FLIGHT 16/RUN 3 INITIAL CONDITIONS

TEST LOCATION

WEST OF SAN JUAN ISLANDS

LOCAL ALTIMETER SETTING 30.12 1IN HG
WIND DIRECTION FROM 255 MAGNETIC
WIND VELOCITY 10 KNOTS

DIRECTION OF FLIGHT
RELATIVE WIND COMPONENTS
1
17

CALIBRATED AIRSPEED
PRESSURE ALTITUDE
HEIGHT ABOVE SURFACE
OUTSIDE AIR TEMPERATURE
ATMOSPHERIC DENSITY (RO)
AIRCRAFT TRUE AIRSPEED
DYNAMIC PRESSURE

350 MAGNETIC

FPS, FRM BEHIND
FPS, FROM LEFT

133 MPH
105 FT
100 FT
58 DEG F
.002373 SL/CU FT
195.2 FPS
45,22 PSF

FLIGHT 16/RUN 4 INITIAL CONDITIONS

TEST LOCATION

WEST OF SAN JUAN ISLANDS

LOCAL ALTIMETER SETTING 30.12 IN HG
WIND DIRECTION FROM 255 MAGNETIC
WIND VELOCITY 10 KNOTS

DIRECTION OF FLIGHT

RELATIVE WIND COMPONENTS
1
17

CALIBRATED AIRSPEED
PRESSURE ALTITUDE
HEIGHT ABOVE SURFACE
OUTSIDE AIR TEMPERATURE
ATMOSPHERIC DENSITY (RO)
AIRCRAFT TRUE ATIRSPEED
DYNAMIC PRESSURE

TABLE 6B.
RUNS

39

170 MAGNETIC

FPS, FROM AHEAD
FPS, FROM RIGHT

130 MPH éi
100 FT a
95 FT
58 DEG F
.002373 SL/CU FT
190.8 FPS
43.21 PSF

FLIGHT CONDITIONS, FLIGHT #16
3 AND 4.



. du
Flight Y Nz T e - (T -
(°c/100 m) | (D429 (°K) Cor %% i
100 m
15 1.5 .5 282.5 - L0869
16 1.2 .6 283.1 - .019

I'' = 1°C/100 m

g = 9.81 m/sec?

TABLE 7. CALCULATION OF THE GRADIENT
RICHARDSON NUMBER FOR FLIGHT
# 15 AND #16.
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Auto
Correlation Cross
Run Run .
~ Correlation
. c.(t,)
Flight 7z 1 &..(0)
Direc-— (left & Direc-— i1
# ] . # .
tion right) tion
Compo- ! Compo- ’
nent nent
15 2 d9wn— uL .98 § 3 cFoss— vL—vR .53
wind wind
uR .90 4 cFoss— UL—UR .71
wind
4 cross— vL .62 1 | upwind U=ty .87
wind
UR .66 2 d9wn— u=p .97
wind
TABLE 8. COMPARISON BETWEEN THE AUTOCORRELATION AND
THE CROSS CORRELATION OF LONGITUDINAL AND
LATERAI, GUSTS.
Run Autocorrelation Cross Correlation
Flight 1 Direc-— Compo- ~ -Eéaﬁg:__ﬁﬂ_m“—ljmn“"—_
# tion nent Ci(TZ) nent Cii(O)
15 1 upwind wL .43 wL - wR .51
wB .70
2 d?wn— wL .13 wL - wR .17
wind w 18
' .
3 ziﬁzs— wL .32 wL - wR 45
wR .34
4 Sigzs— wL .82 wL - QR .77
QR .75
TABLE 9. COMPARISON BETWEEN THE AUTOCORRELATION AND

THE CROSS CORRELATION OF VERTICAL GUSTS.
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Scale Length
Flight Run

L Lv Lw L Lv Lw

“r, I L “p R R

15 upwind 205 113 53 234 125 51
downwind 243 130 83 251 140 72
crosswind 260 128 62 240 111 54
crosswind 299 205 119 353 183 99

16 upwind 165 140 52 205 135 44
downwind 294 171 90 359 159 84
crosswind 249 239 93 262 219 91
crosswind 135 147 81 170 229 68

TABLE 10. SCALE LENGTHS OF ATMOSPHERIC

TURBULENCE (ft).
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1384

GAUSSIAN
WHITE-NOISE
SOURCES

3
nl(t/

na(t

n3(t

LINEAR ;
FILTERS
Gl(S) a(t)
é\c(t)=a(t).b(t)
Gp(s) b(t)
Gb U(t) = e(t)+d(t)
G5(s) a(t)

FIGURE 1,

THE NON-GAUSSIAN TURBULENCE SIMULATION MODEL




VA%

FIGURE

2.

THE TEST AIRCRAFT, BEECHCRAFT D-18 S,

N-L5ks5



pressure transducers

rate gyros

vertical gyro

oscilloscope

tape recorder

bridge completion box‘

_— — —— —— e — -

1

|
—

1

accelerometers

FIGURE 3, INSTRUMENTATION




FIGURE 4. PROBEHEAD WITH PRESSURE TRANSDUCERS
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FIGURE 5. GENERAL TEST AREA FOR ATNOSPHERIC TURBULENCE DATA FLIGHTS




.Smith Island

;ng 270/20

—> T
i, 270/14 TEY.

- iy
S50 -] n
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Port Angeles L i o

FIGURE 6. FLIGHT PATTERN AND WIND DATA, FLIGHT 15
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#4iSmith Island:
A 2n0/12 ;

FIGURE 7.

FLIGHT PATTERN AND WIND DATA, FLIGHT 16
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<
LTITUDE N\ — — — QUILLAYUTE
?MB‘%‘ERQJ% N\ o —  ADIABATIC
T(0)= 9.4 OC
800}k ® FLIGHT DATA
£00%
()]
o
LOOP
200}
|
|
0 1o
TEMPERATURE

( °c)
FIGURE 8. TEMFERATURE VS. ALTITUDE, FLIGHT 15



\\ — — —QUILLAYUTE DATA
— ADIABATIC
\ T(0) = 10.2 °C |
ALTITUDE \ © FLIGHT DATA
(METERS) |
600 |
(8]
'.-l
100 |
200 |
0 Z I S B 10
TENPERAJURE

C
FIGURE o, : TEMPERATURE VS. ALTITUDE, FLIGHT 16 ( )



N, -

FLIGHT 15 , RUN 1.
LONGITUDINAL GUST COMPONENT
RIGHT HING PROBE
==== NON-GAUSSIAN. R=1
GAUSSIAN

EXPERIMENTRL DATA
o\ 50 SAPLES/SECOND

3.2

P(X) FLIOHT 15 , RUN 1. P(X)
= a3 ls LONGLTUDINAL OUST CONPONENT e a2 5
LEFT WING PROBE o¢
- o --=- HON-GAUSSIAN. R=t . OEV. = 2.
1. DEV. = 2.08 0/’“'@ p— o STD. OEV. = 2.22 o .-
,/' ® l/’
7 EXPERIMENTAL DATH /
SO SRPLES/SECOND P
EE] {3
’I \\ ’/
'II A ’Il
o] 2 \ ) /:0
4 \) /
& 4©
J!f’ 1 At & 11
T T T T g - T T
3.2 2.4 -1 -8 K] 204 3.2 -3.2 74 B 8 K
NORMALIZED GUST VELOCITY NORMALIZED GUST VELOCITY
a) LONGITUDINAL COMPONENTS
P(X} FLIGHT 15 » RUN 1. P(X)
MERN = L4 s LATERAL  GUST COMFONENT PERN = .13 5
LEFT WING PROBE
STO. DEV. = 1.54 STO0. DEY. = 1.62
)
3
l/ ’/
’,é /o 2
i ¢
-1
-3.2 2.4 -1.6 -8 K] 16 2.4 3.2 3.2 2.4 -6 _8 L
NORMALIZED GUST VELOCITY NORMALIZED GUST VELOCITY
P[X] FLIGHT 1S . RUN 1. P(X)
P s VERTICAL GUST COMPONENT AN = .01 5
LEFT WING PROBE
_ ===- NON-GAUSSIAN, R=1 - L
§T0. DEV. = 1.06 . - -.\\ T SAUssIAN ST0. DEV. = 1.08 T
7 ot .
\ EXPERIMENTAL DATA
50 SAMPLES/SECOND Y
.3 © .3
4 4
7 2 o 2
¥
10 i
1®’ 1
A 4.1 /QI/
3.2 2.4 E -8 B 2% Taz 3.2 2.4 - s o
NORMAL[ZED GUST VELOCITY

c) VERTICAL COMPONENTS

FIGURE 10. PROBABILITY DENSITY
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DISTRIBUTION. FLIGHT 15 RUN |

FLIGHT 15 . RUN 1.
LATERAL  GUST COMPONENT
RIGHT HING PROBE
~--- NON-GAUSSIAN. R=1
—_— GRUSSIRN

EXPERIMENTRL ORTA
S0 SAMPLES/SECOND

16

FLIGHT 15 . RUN 1.
VERTICAL GUST COMPONENT
RIGHT WING PROBE
-==- NON-GAUSSIAN. R=1
- GAUSSTRAN

EXPER[MENTAL BATA
S0 SAMPLES/SECOND




-3

P(X) FLIGHT 15 , RWN 2. ( P{X) FLIOHT 16 » RUN 2.
M= .10 s LONGITUTINAL GUST COMPONENT s a3 s LONGITUOTMAL OUST  COMPONENT
LEFT WINO PROBE RICHT HIND PROBE
- -~ HON-OAUSSTAN, R=1 -=-= HON-ORUSSIFN. R=1
. DEV. = 2. L. . OBV, =
10 2.26 e T orussIa §T0. OEV. = 2.28 Q/g “~ ool
N \,
5 EXPERIMENTAL DRTR 7 %
AN 100 SAYPLEE/GECOND Y T
4.3 o - -
R /0

N 4

A ¢l

2 A\ A

N\ o
\‘ o
B BN ® 4
///
=K ~2.4 -1.8 -8 B 1.8 2.4 3.2 -3.2 2.4 X
NORMALIZED GUST VELOCITY

- 2
NORMALIZED GUST VELOCITY

a) LONGITUDINAL COMPONENTS

P(X) FLIOHT 15 . RUN 2. P({X) FLIOHT 16 . AN 2.
EW = 17 ls LATERAL  GUST COMPONENT ows a7 5 LATERAL  GUST COMPONENT
) LEFT HING PROBE RIGHT HING FROBE
- ~=== NON-GRUSSIAN, R=1 o | -=-- HON-DAUSSIAN, R=1
ST0. DEV. = 1.65 T (i ET0. DEV. = 1.72 o, T, ppinstin
- N %
o8 N EXPERIMENTAL OATA o/ X
s \ z d \ EXPERIMENTAL DBTA
o o\, 100 SAMPLES/GECOND o \ 100 SAMPLES/SECOND
/ o N\ ] ®
® 3 ® 3 @
’I A ll 0\‘
o/ /4
4 EE /' {2 \
G \
. \ 7 N
Z P 4 N
a1 N, «t
< X 7 1 RN
s 9 A ~
b
-3z 2.4 -1 -8 3 6 2.4 3.2 3.2 2.4 = B 8 204 3.2
NORMALIZED GUST VELOCITY NORMALIZED GUST VELOCITY
P(X) FLIGHT 15 . RUN 2. P(X) FLIGHT 15 . RUN 2.
MERN = W05 s VERTICAL GUST COMPONENT MR = .08 s VERTICAL GUST COMPONENT
. LEFT WING PROBE - RIGHT HING PROBE
_ ~=== NON-GRUSSIAN. R=1 _ /J © ~=== HON-OAUSSIAN, R=1
8T0. DEV. = 1.32 = J_Q T bussten 6T0. DEV. = 1.23 - ).\0 — " oUsSIAN
rg.) @ 7 o
; 5\ DIPERIMENTAL DATR / ) EXPERIMENTAL DRTR
g 100 BAHPLES/SECOND R 100 SAPLES/BECOND
r N
o
v} l .3 1.3
’Im \‘(D )
/ \‘\ “\
fio -‘ 2 J.2 \
6 B\ N\
(] D
4 -1 -1
e AN
Y [
=
T 9 =
2 24 1.6 -8 K 5 2.4 9.2 3.2 2 = 2.4 3.2
NORMALIZED GUST VELOCITY

-.8 -8
NORMALIZED GUST VELOCITY

c) VERTICAL COMPONENTS

FIGURE Il. PROBABILITY DENSITY
DISTRIBUTION. FLIGHT 15 RUN 2
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P(X} FLIGHT 15 . RN 3.
HERN = -1 is mem:un.lasr“miuan PX) FLIGHT 15 . N 3.
' LEFT HING PROBE N = - 5 LOWGITUOINAL OUST  CONPOENT
§T0. DEV. = 2.3 =-=- NON-GAUSSIAN. R=l RIGHT HINO PROBE
T PRI ivede S5T0. 0EV. = 2,25 - ~on= NON-CRUSSIRH. Rt
S e —  oRUSSIAN
g 4
o
4
II 'I
4 /6
G
7]
"’
o= o 057 g
3.2 2.4 -1.8 B k] 24 3z 3.2 2. £
NORHALI : - e -i-8 -8 8 2% -
ZED GUST VELOCITY NORMALIZED GUST VELOCITY
a) LONGITUDINAL COMPONENTS
P(X) FLIGHT 15 . AW 3. PX) FLIGHT 15 . RN 3.
[ IR LRTERAL v = .02 ls LATERRL  GSST  COMPONENT
RIGHT HING PROGE
= . 0EV. = 1. ---- HON-GRUSSIAN. Rzl
ST0. DEV. = 1.65 STD. OEV. = 1.53 T o o
o,fé \ EXPERIMENTAL DATR
5 1 50 SAPPLES/SETOND
L)
® 13
4 II O
'/’ o, II’ 2 \\
/' /, E N
d i ‘\
f/ I/ \\
- i1 1
3.2 24 1.6 -8 k) 2.4 3.2 3.z =N -1.6 -8 B Fan 3.2
NORMALIZED GUST VELOCITY NORMALIZED GUST VELOCITY
P(X) FLIGHT 15 , RN 3. P(X} FLIGHT 15 + RUN 3.
e = a3 is VERTICAL GUST COMPONENT R = a8 s VERTICAL GUST COMPONENT
LEFT HING PROBE RIGHT WING PROBE
- - NOR-GRUSSIAN. R=1 _ | - 1AM, R=1
STD. DEV. = 1.14 ST _— oy ST0. DEV. = 1.07 pe. _b@ — by
4 e
FERIENTAL DR 7 N OPERIMENTAL TR
50 SAPLES/SECOND 7o Q S0 SAPLES/SECOND
1a © 1 .3
4 A\ 4
4 {2 ° T.‘z R
/8 N\ A
"’ 4 A\ +
4 1 o1
/]
)
— T — — s )]
3.2 24 ) 8 K] 20 3.2 3.2 Z4 - ) K] 20 3.2
NORMALIZED GUST VELOCITY NORMALIZED GUST VELOCITY

c) VERTICAL COMPONENTS

FIGURE 12. PROBABILITY DENSITY
DISTRIBUTION. FLIGHT 15 RUN 3
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p——

P(X) FLIGHT 16 » R 4. PLX)

[}
\\
e
\‘\
\\
.
BN
OB
3.2 24 1.8 -8 B 1.8 BN 3.2 -3.2 24 -8 = ] 2.4 22
NORMALIZED GUST VELOEITY NORMALIZED GUST VELBCITY

a) LONGITUDINAL COMPONENTS

P(X) FLIOHT 16 . RN 4. P(X) FLIOHT 16 . RUN 4.
5 LATERAL  GUST COMPONENT = -0 s LATERAL  OUST COMPONENT
LEFT HIND PROBE RIGHT HING PROGE
) === NON-ORUSSIAN, Rel I NON-GAISSLAN. Rl
-~y — e §T0. DEV. = 1.85 ‘é,’{ . p— roe
Q / ™,
\ EXPERIMENTAL DATA Y NN EXPERIMENTAL DRTA
\ 50 GATPLES/SECOND ¢ \ 50 SRPLER/SECND
o o
<3 -3
W 4 W
N 7 )
2 by i -2
\ s \,
- < il &
1 m ﬁ 1
- \\\
& Za E ) 3 ] 204 3.2 3.2 =a 3 B k] 16 74 3.2
NORMALIZED GUST VELOCITY NOGRMALIZED GUST VELOCITY

b) LATERAL COMPONENTS

P(X) FLIGHT 16 « RUN 4. P(X) FLIGHT 16 » RN 4.
HEAN = .10 5 VERTICAL GUST COMPONENT MERN = {6 VERTICAL GUST COMPONENT
LEFT WIND PROBE RIGHT WIND PROBE
_ ---- HON-GAUSSIRN. Rzl - 1. | ~===  NON-GAUSSIAN. R=1
STO. DEV. = 159 ’@’i N —  oAusSIAN SID. CEV. = 144 /q’; . —  oAUsSIm
) . EXPERIMENTAL DATA Q,p \ EXPERIFENTAL OATA
p / s
.3 3
4 D 4 R\
A X
(4 A\ I' \\
/ 2 4 2
A\ \
®
¢4 ' 1
0N 7 N
[ ()
=
D [«
-3.2 2.4 =] -8 .8 2.4 3.2 -3.2 2.4 -
NORMALIZED BUST VELODCITY

-8 .8
NORMALIZED GUST VELOCITY

c) VERTICAL COMPONENTS

FIGURE 13. PROBABILITY DENSITY
DISTRIBUTION. FLIGHT 15 RUN 4
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P(X) FLIGHT 16 . RN 1. P(X) FLIGHT 16 . RUN 1.

VRN = -4 ls LOWGITUDINAL CUST  COHPONENT ER = -.07 5 LONGITUDINAL GUST  COMPONENT
LEFT WING PROBE RIGHT WING PROBE
N NON-GRUSSIAN, R=1 - ===- NON-GAUSSIAN. R=t
§T0. DEV. = 1.85 -~ SUSSIAN STD. DEV. = 2.05 T T
., / N Russ|
, /
N EXPER{MENTAL DATA ¥ EXPERINENTAL DATR
O\ 50 SRPLES/SECOND ) 50 SAMPLES/SECOND
P
q-3 ° 4.3
4 4
4 I’
4 2 A {2
G
7
7
2 EB! .
o
bl -
g T T T T -
-3.2 2.4 -1.6 - B 2.4 3.2 -3.2 2.4 -8 -8 2.4 3.2
NORMALIZED GUST VELOCITY NORMAL [ZED GUST VELOCITY
P(X) FLIGHT 16 . RUN 1. P(X) FLIGHT 16 . RUN 1.
MEAN = -.14 5 LATERAL  GUST  COMPONENT EMN = -5 s LATERAL  GUST COMPONENT
LEFT HING PROBE : RIGHT WING PROBE
R ---= NON-GAUSSIAN. R=1 _ === NON-GAUSSIAN. R=1
STD. DEV. = 1.70 CAISSIAN STD. DEV. = 1.67 T —  GAUSSIAN
/ "
EXPERIMENTAL 0ATA o, 5 EXPERIMENTAL DATA
50 SAMPLES/SECOND / \ 50 SAHPLES/SECOND
P
3
A\ 4
D\ 7
) 4 .z
7 7
7 v
.1 22 a1
% A
3.2 24 By -8 B 1’6 24 3.2 -3.2 Za {6 BIE Tk . 204 32
NORMALIZED GUST VELOCITY NORMALIZED GUST VELOCITY
P(X) FLIGHT 16 + RUN 1. P(X) FLIGHT 16 » RUN 1.
MERN = .02 5 VERTICAL GUST COMPONENT MEAN = .03 5 VERTICAL GUST COMPONENT
LEFT HING PROBE RIGHT WING PROBE
STO. DEV. = 1.08 | ---- NON-GAUSSIAN, Rzl ST0. DEV. = .85 --== NON-GAUSSIAN. R=1
h oY —  GRUSSIAN —  GAUSSIAN
o
N EXPERIMENTAL CATA EXPERIMENTAL DATA
50 SRHPLES/SECOND 50 SAMPLES/SECOND
y
(o] 3
4 /o
4 /
/ 2 £
7 i:4
2 1 7
" pe: d
T - v £ D
-3.2 2.4 = 24 32 -3.2 2.4 -1.6 24 32

-8 K]
NORMALIZED GUST VELOCITY

c) VERTICAL COMPONENTS

FIGURE 14. PROBABILITY DENSITY
DISTRIBUTION. FLIGHT 16 RUN |
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P(X) FLIGHT 16 . MmN 2. PIX) FLIGHT 16 . RIN 2.
M= -6 1s LONGITUDINAL QUST  CONPORENT s 19 s LONGITUDINAL OUST [COMPOMENT
LEFT WING PROBE RIGHT WIND PROBE
STD. DEY. = 2.47 o === Nﬂm-mmml‘m. R=) 0. DEV. = 2.2 A --- pn;gﬁm. R=1
N\ O
N\ EXPER[MENTAL ORTR EXPERIMENTAL DATA
& 50 SAPLES/SECOND B0 SAPPLES/BECOND
) 2
3
N N
\\
-g.z 2.4 -1.8 ! B 1.8 2.4 3.2 3.2 -z 1.6 ! k) 16 24 3.2
NORMALIZED GUST VELOCITY NORMALIZED GUST VELOCITY
P(X) FLIGHT 16 . RUN 2.
HEAN = -0z 5 LATERAL  OUST COMPONENT
o
STD. DEV. = 1.88

LEFT HING PROBE
== NON-GRUSSIAN, R=1
—_— GAUSSIAN

P(X)
e s -.01

RIDHT HINO PROBE
=~ NON-ORUSSIAN, R=1
—_— GASSIAN

DPER[HENTAL OATR
50 SAMPLES/SECOND

™ EXPERIMENTAL DATR
v 50 SAFLES/SECOND

\
‘\
\\
o)
G\
32 g a6 T T B 16 204 3.2 P 4 ) 1] 15 ) 2.2
NORMALIZED GUST VELOCITY NORMAL1ZED GUST VELOCITY
PEX) FLIGHE 16 . RUN 2. P(X) FLIGT 18 , RN 2.
L s VERTICAL GUST COMPONENT .
LEFT WING PROBE
ST0. GEV. = 1.36 B . "“:;3;’?:}:“"' R=1
ol O,Q\,
o EXPERIMENTAL DATA
3 50 SANPLES/SECOND
3 o
W
.2
N
o)
1
3.2 2. -6 -la B B 16 204 3.2
NORMALTZED GUST VELOCITY
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APPENDIX A

INSTRUMENTATION

This appendix presents a description of the instrumen-
tation system used in this research, as well as of the methods
of calibration for the different instruments. A separate sec-
tion, A.3, gives special attention to the problem of measuring
gusts in the direction of flight, as this proved to be a major
problem in this research program.

A.l1 Description of the Data Instruments

In table Al a summary of the data instruments with
their most important characteristics is given.

The Pressure Transducers.-Statham Instruments Inc. model
PM 283TC, were selected particularly because of their low
sensitivity to acceleration. This feature is important because
of the positioning of the transducers in the probeheads at the
two wingtips of the aircraft, where any motion of the aircraft
is most pronounced.

The approximate natural frequency of the pressure trans-
ducers is given by the manufacturers as 2,000 Hz, which is
well above the region of interest in this research program.

The Rate Gyros.—-Honeywell model JG7005A-~11, were located
in the nose bay of the aircraft. All three were positioned
on a single platform, each with the sensitive axis in the
appropriate direction. The entire package could be removed
for easy maintenance.

The Accelerometers.~These were located behind the instru-
ment panel in the right front corner of the cabin, against the
bulkhead dividing the cockpit and the cabin. Both accelero-
meters were manufactured by Statham Laboratories, Inc. The
lateral accelerometer was a model A 301TC-1-350-12425, with
a range of * 7g , while the vertical accelerometer was a model
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NAl D47-T-30, with a range * 3g .

Both accelerometers were fixed on a platform, which could
be tilted and rotated, so that the platform could be brought
to a level position for calibration purposes.

The Vertical Gyro.-This was also located in the nose bay
of the aircraft, and was used to measure the roll angle of
the aircraft. This gyro was manufactured by Honeywell, model
number JG 7044A-~17. The platform on which the gyro was fixed
could be tilted for calibration of the gyro.

A.2 Calibration of the Data Instruments

The data instruments were calibrated by subjecting the
instruments to a known physical input and then adjusting the
output voltages to a value that would give sufficient sensi-
tivity during the data runs, but at the same time would not
result in peaked-out signals during motions of the aircraft
or in high gusts.

The Pressure Transducers.-These were calibrated in a test
set-up as shown in Fig. Al. The pressure in the enclosed
volume was changed by moving the neoprene piston in the plastic
cylinder. The magnitude of the pressure was measured by the
manometer which was set at an angle of 28.8° so that 1"
difference in fluid level on the manometer would correspond
to 2 psi differential pressure.

The calibrations were performed by first putting a pres-
sure load on the pressure transducer and measuring the cor-
responding output. The pressure would then be returned to
zero level and by pushing the calibration button the normally
open switch (Fig. Al ) would be closed, shifting the balance
of the bridge, which resulted in a jump in the output voltage.
This voltage then corresponded to the calibration value for
that channel. The calibration values used for flight #15
and #16 are given in table AZ2.

The Rate Gyros.-These were calibrated by positioning
them on a rocker table, which oscillated. The angle traversed
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by the rocker table was measured accurately. Its value,

14° 35' would then correspond to the area under the rate vs.
time curve. This curve was obtained by plotting the output
voltage of the rate gyro on mm graph paper. From this the
physical equivalent of 1 mm would be known and thus the
equivalent of the calibration jump could be calculated in
rad/sec. Table A2 presents the values that were used for
the calibration jumps of the rate gyros.

The Accelerometers.-These were calibrated by first bring-
ing the platform on which they were fixed, to a level position.
In this position the lateral accelerometer would sense zero
acceleration while the vertical accelerometer would be subject-
ed to I g. The output voltages of the accelerometers were
zeroed in this position.

The platform was then rotated over a prescribed angle

o+ 710° for the lateral accelerometer and = 45° for the verti-
cal accelerometer). The component of the gravitational
acceleration in the sensitive direction of the accelerometers at
these angles could be calculated from the following relations:

a = g sin O

a = g(l - cos a)

These accelerations, with the accelerometers at the respective
calibration angles, would then correspond to the output voltages
measured at the output of the accelerometers. These relations
were then used to calculate the accelerations which would cor-
respond to the voltage outputs which occurred when the calibra-
tion button was pushed.

The Vertical Gyro.-This was calibrated by rotating the
platform on which it was fixed over a 10° angle about an
angle parallel to the aircraft roll axis. The value for the
calibration jump that resulted from this calibration is given
in table A 2 .
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A.3 Measurement of the Longitudinal Gusts

The measurement of the longitudinal gusts (gusts in
the direction of flight) posed a major problem in this research
program. The initial concept was to measure the difference
between the static and the total head pressures on the probe-
head, which in essence is the dynamic pressure

From this the instantaneous longitudinal velocity of the
flow w.r.t. the probehead could be calculated. Subtracting
the average airspeed of the aircraft from this instantaneous
velocity would give the gust velocity in longitudinal direction.
This set—-up poses a problem when the aircraft undergoes slight
changes in altitude, e.g. a decrease in altitude, which means
an increase in density, is usually accompanied by an increase
in velocity of the aircraft. 8Such a maneuver would then be
registered as a gust, while in actuality no gust had taken place.

First it was attempted to solve this problem by setting
up a system as shown in Fig. A 2 . Pressure port #1, con-
nected to the front side of the pressure transducer, measures
the pressure from which the gust velocity would be calculated.
Pressure port #2, connected via a cavity to the back side of
the pressure transducer, provides a reference pressure which,
through proper dimensioning of the cavity size, would vary with
altitude changes of the aircraft. The variations of the pres-
sure at pressure port #2 which have frequencies higher than
the altitude variations of the aircraft, would be damped out
in the cavity. Calculations showed however, that this type of
physical filter does not have a cut-off that would be adequate-
ly sharp to filter out the atmospheric turbulence frequencies,
while letting the frequencies in the range of the change of
altitude of the aircraft through.

The second possible solution for this problem was based

on the following concept. A venturi probe can be dimensioned
so the following relation is wvalid:
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This venturi probe is connected to the front side of the
pressure transducer, while the back side of the transducer

is connected, via a valve, to a similar venturi probe

(Fig. A3 ). At the beginning of each data run the valve

is closed. In this arrangement the pressure transducer measures

Ap = p u, [ugust(t) - ugust(O) ]

where u, is the velocity of the aircraft w.r.t. the uniform
flow field.

This system was built, extensively tested in the Venturi
windtunnel of the Department of Aeronautics and Astronautics
of the University of Washington, and installed on the probe-
heads (Fig. A 4). Several flights were made with this set-
up. The system worked well insofar as change in aircraft
altitude did not affect the signal level. However, the flow
through the venturi probes generated noise in the signal, which
could not be filtered out as some of the noise was very close
to the frequency range of interest in this research program.

The system eventually used for the measurement of the
longitudinal gusts rests on the following principle.

The front side of the pressure transducer was connected
to the total head pressure port on the hemispherical probe-
head. The back side of the transducer was connected via a

valve to another total head pressure port (Fig. A5). When
the valve is closed, the pressure transducer measures

Ap = = p u, {ugust(t) - ugust(O)]

The valves were closed after the aircraft had been
established on a course and was maintaining the altitude
selected for this flight accurately. After closure of the
valves, the data recording equipment was started.
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Ch.] Measured Instrument Make Model Range
No.! Variable
1 Ap diff. pressure transducer | Statham |PM283TC | * .15 psid
x Left
2 Apy Left diff. pressure transducer ; Statham PM283TC * .15 psid
3 Apz Left diff. pressure transducer.! Statham | PM283TC | * .15 psid
i > - L i i
4 Apx Right diff. pressure transducer | Statham | PM283TC 15 psid
PR v ™ + s
5 Apy Right diff. pressure transducer | Statham PM283TC .15 psid
. N o . .
6 Apz Right diff. pressure transducer | Statham | PM283TC * .15 psid
7 | roll rate {rate gyro Honeywell| JG7005A- | = 6 deg/sec
P i1
8 | pitch rate |rate gyro Honeywell| JG7005A- | = 6 deg/sec
q 11
9 | yaw rate r |rate gyro Honeywell| 5G7005A- | £ 6 deg/sec
11
10 | lateral accelerometer | Statham | A301TC tlg
accelera-
tion a
11 vertical accelerometer Statham | NA1l D47 * 3g
accelera-
tion a
z
12 | roll vertical gyro Honeywell] JG7044A- | + 85°
angle ¢ 17
TABLE Al. CHARACTERISTICS OF THE DATA INSTRUMENTS
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Ground Calibration Bridge Voltage
Chan~ Instru-
nel ment Physical Signal Signal Calibration
Calibration Voltage Voltage Value
1 pressure 6 psf .5 .5 6 psf
trans-
ducer
2 " 9 psf .55 .55 9 psf
3 " 9 psf .5 .5 9 psf
4 " 6 psf .5 .5 6 psf
5 " 9 psf .5 .5 9 psf
6 " 9 psf .55 .52 8.5 psf
7 rate .084 rad/sec 41 .56 .115 rad/sec
gyro
8 " .084 rad/sec 1.0 .5 .042 rad/sec
9 " .084 rad/sec .66 .55 .07 rad/sec
10 | accelero| 5.59 ft/sec® | .975 .48 2.75 ft/sec’
meter
11 " 9.45 ft/sec® | .65 .72 10.47 ft/sec?
12 vertical 174 rad .5 .65 .236 rad
gyro
TABLE A2. CALIBRATION OF THE DATA INSTRUMENTS
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APPENDIX B

DATA REDUCTION

This appendix presents a description of the computations
that were performed to obtain spectral properties from the
data as measured in flight and recorded on the analog tapes.

B.l1 Evaluation of Raw Data

After each flight the data were checked by playing the
analog tapes back and recording the signals on a chart recorder.
This chart could be checked to see that all channels had
continuous data. If any instrument failures had occurred dur-
ing the flight, this could be detected immediately.

From the recordings made during the motions at altitude it
could be determined whether any signals had peaked out in severe
gusts. The analog records were also used in checking the cali-
bration values of the signals from the transducers.

B.2 Digitizing

After it was determined that the analog records of a
flight contained no errors, the data were digitized. Digitizing
was performed on the Varian 620f digitizer of the Department
of Geophysics of the University of Washington.

The data were played back on the Ampex FR 1300 analog
taperecorder on which these data were recorded in f£light. The
digitizer sampled the 12 channels of data at a sampling rate
of 100 samples per second. The data points (1200 per second)
were written onto the digital tape in blocks of 996 data
points, giving .83 seconds of data per block.

Bach flight consisted of a "motions at altitude" run and
four data runs. Each run was digitized according to the fol-
lowing format:

- First a short file containing the calibration data for
the run.
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- Followed by an end-of-file mark.

- In turn followed by a file containing the data of the
run.

-~ Another end-of-file mark.

After digitizing had been performed the quality of the
digitized data was checked by plotting the data on a digital
plotter and visually examining the records.

Figure Bl presents a digital record of all 12 channels
for the calibration of flight #7, Motions at Altitude. As can
be seen the signal of channel 11, the vertical accelerometer,
contained noise. It was determined that this noise had a
frequency of approximately 32 Hz, and was probably the result
of engine vibrations in the sensitive direction of the ac-
celerometer.

It was decided to filter out this noise through a z-filter
with a cornerfrequency at 25 Hz. This filtering was also per-
formed on the Varian digitizer.

B.3 Computation of Gust Time Histories

After completion of the digitizing process the data were
in the proper format for use in the computation of the gust
time histories. This computation was performed on the CDC 6400
computer of the University of Washington Computer Center.

Inputs to the computation process were 12 channels of
data in digitized form, in blocks of .83 seconds on the
digital tapes. Outputs from the process were 6 channels of
gust time histories, written in blocks of .83 seconds on
digital tapes.

Program GUST was written to execute these computations.
The main computations of this program were based on the fol-
lowing relations. As shown in section 2.3 of this report
the relation between the differential pressure and the angle
of attack is given as

o = 2P (B.3.1)
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oo )

where PHC 1is the probehead constant as determined in wind-
tunnel testing and g is the dynamic pressure. The angle of
attack and the sidewash angle for the two probeheads on
Beechcraft D-18S N4545 are then

Apz

OLp = m (B.3.2)

Ap
- — Y
ep 77 g (B.3.3)

It is then possible to calculate the velocity of the air w.r.t.
the probehead. These measured velocities are designated as
v and w,

v, = Bp % (up + uC-g.) (B.3.4)
w_ = o ( + ) B.3.5
m p * ¥y “Ua.g. ( )
where u, is the velocity of the center of gravity of the

aircraft w.r.t. a wind-fixed coordinate system. up is the

velocity of the probehead w.r.t. an aircraft-fixed inertial
coordinate system. up is obtained from the yaw rate signal

in the following manner

U =1",(,y
pZeft

(B.3.6)

U = =T 2 Y
pright
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where r is the yaw rate and y is the distance between
the centerline of the probe and the center of gravity of the
aircraft. '

The velocity of the air w.r.t. the probeheads in the longi-
tudinal direction of the aircraft is measured with a system as
described in appendix A.3. The relation between the differen-
tial pressure and the measured velocity in x-direction is for
this system

Ap
u = —xr (B.3.7)

where p 1is the density of the atmosphere.

In order to compute the gusts that actually occurred in
the atmosphere, the velocity of the air w.r.t. the probeheads
due to the motions of the aircraft had to be removed from the
measured velocities w,_ s v, and w_ . The motions of the

probes were computed in the following manner.

First the velocity components of the center of gravity of
the aircraft were computed from the general equations of motion
for aircraft. These equations are

% - g sin 6 = u + qw - rv

% + g cos O sin ¢ = O + ru - pw (B.3.8)
Z .

o + g cos 6 cos ¢ = w + pv - qu

‘where X , Y and 7 are the aerodynamic forces on the aircraft,
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6 and ¢ are the pitch and roll angles,
p » g and r are the roll, pitch and yaw rates and

u , v and w are the velocities of the c¢.g. of the aircraft
in = , y and =2 direction.

As the angles are small the above equations can be linearized
as follows

»
U =0
c.g.
vc.g. = ay + g c o -1 uc.g. + p o~ wc.g. (B.3.9)
y = (a_ + g) +q * u -p * v
c.g. z c.g. c.g.

The velocity components of the center of gravity of the aircraft
in y and 2z direction are then obtained from Eq. B.3.9 hy
trapezoid integraticn. The longitudinal velocity of the air-
craft is computed in a little different manner. The initial
value is taken from the hand~taken data and changes only if both
the left and right probe measure an increase or decrease of
forward velocity.

The velocity components of the probes are then computed
with the following relations

= v + r x X
g.

v
Prert

v = p + r % x (B.3.10)
Pright g

w W,
pZeft -9
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w = W +p &Yy - q & &
Pright ¢-g-

The gusts actually occurring in the atmosphere are then found
by subtracting the velocities measured by the probes from the
probe motion velocities.

B.4 Data Filtering for Drift Removal

The output of program GUST was checked by plotting the
gust time histories vs. time. It was discovered that excessive
drift occurred in the gusts, particularly in the lateral and
vertical direction, although the longitudinal gusts also
showed some drift.

For the longitudinal gusts this drift was traced to a
slow change in pressure in the closed-off volume between the
pressure transducer and the valve. Appendix A.3 presents a
full description of this system. The change in pressure occur-
red due to equalization of temperature in and outside the
tubing. Insulation of the tubing partly solved this problem.
Filtering of the data still was deemed necessary.

The drift in the lateral and vertical gust time histories
was traced to the integration procedure in program GUST. The
velocities of the center of gravity of the aircraft were ob-
tained by integration of rate gyro and accelerometer signals
over time. These instruments had been zeroed as accurately
as possible, but a slight deviation from the true zero in time
integrated to a large value.

It was decided to set up a filtering procedure similar to
that used in program LO-LOCAT Phase III and described in [12].

According to this procedure the data are first filtered
through a preliminary low pass filter, the Ormsby filter, with
characteristics as shown in Fig. B2 . The following values
were selected:

cut off frequency f = .2 cy/sec
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roll off frequency interval Af = 1.66 cy/sec
number of filter weights N = 50

The sampling frequency of the data was already determined as
100 samples/sec. The output of the Ormsby filter was an
array of weighted data points with a rate of 2 samples per
second.

This output was then used as input for the secondary low
pass filter, the Martin-Graham filter, which had character-
istics as shown in Fig. B3 . The following were the values
selected for this filter:

cut off freguency fc = .01 cy/sec

roll off frequency interval Af = .036 cy/sec
sampling frequency 2 samples/sec
number of filter weights 70

The output of the Martin-Graham filter consisted of the
weighted average of the original data, which was then sub-
tracted from the original data. Fig. B4 , B5 and B6
present filtered gust time histories of the longitudinal,
lateral and vertical gust components.

Computer program NODRIFT performed these computations. A
printout of this program is given at the end of this section.

B.5 Computation of the Spectral Properties

The filtered gust time histories, output of program
NODRIFT, were used in the computation of the spectral properties
of the atmospheric turbulence. The computer program used to
compute the spectral properties was developed by P.M. Reeves.
Some minor changes were made in this computer program, program
ANALIZ, to account for the difference in the format of the data.
A printout of the main program of computer program ANALIZ is
given at the end of this section.
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