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1.0 INTRODUCTION

Spatial variation of turbulence over aircraft is known to strongly
influence the structural and control design of the aircraft (Houbolt, 1973;
Etkin, 1972; Bisplinghoff and Ashley, 1957). Techniques for computing rclling
and pitching moments and other aerodynamic forces, which are influenced by
spatial turbulence, have been developed theoretically and, in general, utilize
jsotropic homogeneous turbulence (Diederich and Orischler, 1957; Eichenbaum,
1972; Eggleston and Diederich, 1956; Houbolt, 1973; Lichtenstein, 1978; Kordes
and Houbolt, 1953; Houbolt and Sen, 1972; Pastel, et al., 1981; Akkari and
Frost, 1982; Diederich, 1957; Ringnes and Frost, 1985; Frost and Lin, 1583).
It is normally accepted, however, that the turbulence in the atmospheric
toundary layer close to the earth's surface, which is encountered by an
aircraft during approach and takeoff, and turbulence associated with
thunderstorms and clear-air roll waves is generally not isotropic.
Additionaiﬁy, iurbuleﬁce shed vy 6rograph1c features can also create
relatively large-scale turbulence that 1is typically mnot isotropic nor
homogeneous.

Spatial turbulence statistics have been computed from data measured with
single tower to heights not exceeding much more than 100 m. Towers, however,
provide spatial turbulence information only in the vertical (Davenport, 1961;
Brook, 1975), which is uninteresting to aircraft design. Some studies have
been carrie¢. out with tower arrays based on two or three towers located at
various horizontal separation distances. The data normally reported from
these studies is the coherence function for longitudinal velocities (Panofsky
and Mizuno, 1975; Panofsky, et al., 1974; Kristensen and Jensen, 1979; Pielke

and Panofsky, 1970; Frost and Lin, 1683). These towers are normally Tess than



v

o 1A

A
m in height. Due to the fact that turbulence information required

rfor afrcraft design is at much higher altitudes (even in the terminal area
data to heights of roughly 500 m are required), tower data are somewhat
limited in their application.

For this reason a NASA program has been underway to determine time
histories and various statistical characteristics of three components of gust
velocity measured simultaneously at the wing tips and -at.the -nose-of -a
specially instrumented B-57B airplane. The instrumentation system has been
designed and installed on the airplane and several flights have been carried
out (see Table 1.1). The flights include turbulence samples taken near storms
in the Denver-Boulder, Colorado, area. Results from Flights 21, 22, and 26*
are reported in considerable detail in Frost, et al. (1985a), Camp, et al.
(1984), Frost (1983), Campbell, et al. (1983), and Chang, et al. (1986).
Turbulence measurements with the aircraft during Flights 40, 44, 64, and 65
have been compared with data obtained using remote radar sensing techniques
(Frost, et al., 1985b; Huang, et al., 1985; Frost and Huang, 1983). Also,
measurements of turbulent fluxes of momentum, heat, and moisture relative to
orographic features were made during Flights 60, 61, 63, and 66. Analyses are
presented in Chang and Frost (1985), Theon, et al. (1986), and Frost, et al.
(1985¢c).

The purpose of the present study is threefold:

1. Perform statistical analyses of the acquired flight data with

- emphasis on long data runs in continuous turbulence and glide
slope runs for simulated takeoffs and Tlanding approaches.

Flight 31 flown at NASA Dryden was carried out specifically for
this purpose.

*F1ights 21, 22, and 26 were originally numbered 6, 7, and 10
respectively, and are so referred to in the references cited.
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: Study, develop, and/or modify statistical models, as necessary,
from the standpoint of providing an analytical expression for - !
use in design analysis. ) :

3. Analyze effects of instrumentation characteristics and data
processing effects on reduced gust velocity data.

t Flight 31 contained runs over sufficiently Tong distances at Jevel
flight to provide turbulence time histories long enough to assure a high
statistical degree of freedom and to determine spectral characteristics for- - — -
wavelengths as great as 10,000 ft (3000 m). The meteorological correlations
and statistical analyses of data from Flight 31 is the primary thrust of this
report. Plans for Flight 31 were also to include takeoff and touch-and-go
runs to investigate non-stationary turbulence along the glide slope associated
with the vertical variation of the horizontal wind in the atmospheric boundary
layer (Panofsky and Dutton, 1984; Haugen, 1973). Non-stationary data calls
for statistical ensemble analysis techniques (see Frost and Moulden, 1977;
Wang and Frost, 1932). Ensemble statistics requires a colleztion, or
ensemble, of sample records of the turbulence process. Wang and Frost (1982)
have shown that a minimum of six flights down the glide slope under similar
prevailing meteorological conditions are required to assure meaningful
results. Unfortunately, ensemble analyses could not be carried out because
during Flight 31 only one touch-and-go and one takeoff run were recorded.
Thus, insufficient approaches or takeoffs were made under similar prevailing
meteorological conditions to permit ensemble averaging.

Another problem associated with the turbulence measurements carried out
along non-level flight paths 1s that the system of equations presently
utilized to remove the airplane motions from the recorded data are based on a
linearized model which assumes only small perturbations about wing Tlevel,

horizontal flight. Analysis using the full non-linear system of equations
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, n carried out for typical data and compared with the computations from

~The linearized system (Frost, et al., 1983). In generaT, the effects of a

glide slope or climb-out angle less than 10* are negligible on the computed
turbulence gust velocities.

Data for all runs in Flight 31 including the touch and go are provided
in Appendix A. Details of the flight path, the time histories, and selected
statistical analyses including probability distributions, correlations,
spectra, etc. are given in this appendix. The statistical analyses described
in Section 2 were applied to the turbulence measurements for all runs.
Although these analyses are strictly applicable to statistically stationary
data, Tittle evidence of non-stationary effects is observed in any of the data
except for Run 10 as described later. This observation is true for the
touch-and-go runs and takeoff run, a1,o.

The philocsophy asscciated with Appendix A is to provide the data after
applying sufficient statistical analysis to allow the reader to distinguish
data sets which are of interest to his specifi& application. The complete
data can theﬁ be obtainéd on magnetic tape from NASA Langley Research Center
(LaRC) for conducting the reader's own analysis. With this in mind, the
complete data from Runs 1 through 16 of Flight 31 have been given in the
appendix.  Selected runs, however, are analyzed in more detail throughout
Sectfon 2 and compared with theoretical and empirical models currently
available for correlating turbulence data. In general, it was not necessary
to develop new theoretical models because the data fit existing models quite
well, as also described in Section 2. There were, however, a few exceptions
where modifications to two-point correlation and spectrum models were

required. These are also described in Section 2.
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correlation and the commonly used term "cross-correlation.” The terminology

cross-correlation in this report 1s reserved for a correlation between
different velocity components; for example, between the lateral and

longitudinal components or the vertical and longitudinal components, etc. The

terminology "two-point" spatial correlation refers to a correlation between

velocity components measured at stations separated in space (e.g., at
different probe locations on the aircraft). This can be either a two-point
cross-correlation between dissimilar velocity components separated spatially
or it can be a two-point correlation between 1like velocity components
separated spatially.* A single-point spatial correlation termed an
auto-correlation is defined as a correlation between 1ike velocity components
measured at the same location (e.g., with the same wing tip probe) but
separated in time. Note that a two-point spatiél correlation can also be
separated in time (1.e., time dépendent or lagged in time).

Procedures for estimating two-point spectra from finite digitized time
historjes are not straigntforward. CénsiderabIe insight to these procedures
which 1is not readily accessible in the literature was gained during this
study. This insight is described in detail in Section 3.

The von Karman analytical correlation and spectrum model for atmospheric

turbulence frequently referred to in the literature (Hinze, 1975; Houbolt,

*The authors prefer the terminology two-point auto-correlation for a
correlation between 1ike velocity components measured at spatially separated
positions. In defereace to the reviewers, however, who found this termirology
confusing and concluded that an auto-correlation must be a correlation of a
signal with 1itself, the correlation between the same velocity components
measured at different positions in space is called a two-point common
component correlation or, where no confusion exists, simply a two-point
correlation in this report.
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- 964; Etkin, 1972; Panofsky and Dutton, 1984) is used extensively in
ris study. In Section 2, comparison of this model is made with the
experimental data. In general, agreement with the von Karman auto-
correlation and the one-point auto-spectrum 1is good. This is surprising in
view of the fact that von Karman's model is generally assumed valid only for

isotropic homogeneous turbulence. It should be noted in this regard that for

the long duration, Tevel runs of F]iéht 3 ana1yzed-in fhe cbrrehf study; thé—

turbulence is not expected to be fsotropic nor even homogeneous. Most runs
were carried out over both flat desert and mountainous regions (peaks of 6000

ft ASL) at low altitude (2500 to 10,000 ft ASL) or during touch-and-go flights

at the airport. It was therefore surprising that a model based on the:

assumption of homogeneous isotropic turbulence correlated the data well.
Although one-point spectra are addressed in some detail, emphasis in this
report is on the two-point spectra and correlation functions. Comparison of
the twc-point correlations and spéctra‘wiéh a fheoretiés1 modé] (based on the
von Karman model) originally proposed by Houbolt and Sen (1972) is made in
some detail. Correcticn to this model was required and made as described in
Section 2. In general, the experimental data agree with the theoretical model
after the corrections. Appropriate care must be exercised, however, in

computing the two-point spectra from the digitized data. This 1ssue is

- described in-depth in Section 3.

During analysis of several offthe'f11ghts, a pumber of instrumentation
characteristics were uncovered which influenced the accuracy of the data.
Although significant effort in the past has been devoted to evaluating effects
of instrumentation characteristic and of data reduction procedures on the

accuracy of the measured turbulence data, some additional factors were

~{




al., 1967). The addition of the wing tip booms and the interest in measuring

wind speeds as contrasted to fluctuations about the mean wind were, in
general, responsible for the new instrumentation problems. These problems
along with recommended correction or removal procedures are discussed 1in
Section 4. In particular, the INS Schuler position and velocity drift errors
and the suspected flow vane sensor misa]ignmént problems aré>add;esséd; -
pata from Flights 63, 66, 73, and 74 were used for analyzing the
instrumentation errors. Data from these f1ights are used only for purposes of
analyzing errors in this study. Also, a discussion of the influence of
departure from straight and level flight on the computed turbulence when the
data are reduced using the linearized equations which are strictly valid only

for level flight is given in Section 4 and in Appendix B.
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2.0 STATISTICAL ANALYSIS OF DATA

R
”f;);r’//// A statistical aralysis of the B-57B aircraft data for 16 runs (Runs 1

through 16) of Flight 31 on November 29, 1982, is described in this section.
The procedures for analyzing the turbulence data as well as interpreting the
analyzed results are strongly influenced by the stationarity of the data.
Non-stationary or non-homogenous data représent all c1assé; of d&f& Qﬁése
statistical properties change with time or with position. Figure 2.1
§1lustrates three different examples of non-stationary data; these include
data with a time-varying mean, data with a time-varying mean square, and data
with a time-varying frequency structure (Bendat and Piersol (1971)). The vast
majority of physical data actually fall into the former category.

The theoretical ideas and processing techniques for the stationary data
do not, for the most part, apply to data which arernon-stationary. A totally
adequate methodology does not exist yef_for the analysis of all types of
non-stationary data. In general, an snsemble-averaging technique (Bendat and
Piersol, 1971) provides a method to analyze the statistical properties of the
non-stationary data (see application of this by Frost and Huang (1983)). By
inspecting the time histories of the aircraft-measured turbulence data (shown
in Section 2.2), one can easily see considerable patchiness and non-
stationarity in these data sets. However, only one sample record of
turbulence over common terrain -~ and similar prevailing meteorological
conditions is available for analysis from each run of the B-578 aircraft data.
Therefore, through necessity the statistical properties of the data presented
in this report are calculated by assuming that the measured data are

stationary.
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eral information and statistical values for each of the 16 runs are
_~given in Appendix A. The analysis for each run presented in the appendix
concists of seven parts as follows:

1. Flight altitude and horizontal wind velocity along the flight
path.

2. Time histories of gust velocities, gust velocity differences
between wing tips, and the aircraft's normal acceleration.. .

3. Average turbulence parameters, integral length scales, and
correlation coefficients of gust velocities.

4. Probability density functions for gust velocities and gqust
velocity differences.

5. Normalized one- and two-point correlation functions of gust
velocities.

6. Normalized one- and two-point spectral density functions of
gust velecities.

7. List of all parameters measured and the range of their extreme
and average values. .

A map 1llustrating all ground tracks for F1igﬁt 31 over terrain as
recorded by the INS during the flight is provided in Figure 2.2. The cross
section of the vertical profile of the terrain beneath the flight path is
given for each run in Appendix A.

The atmospheric stability is of importance in turbulence considerations.
The temperature gradient in the atmospheric boundary layer is a measure of the
stability of the atmosphere. Figure 2.3 shows the temperature recordea for
all runs of Flight 31 superimposed on the temperature profile measured by the
weather balloon. Each "«* represents a 5-second averaged temperature. A
scattering of the averaged temperature at different altitudes is seen in the
figure. This scattering is believed to represent the spatial temperature
viriations along a flight path which usually covers more than 10 miles
horizontally. Temperature profiles measured during the takeoff run and during
the touch-and-go run, Run 2, were convé;iéd to potential temperature profiles

21
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Hap of the vicinity near Edwardé_AFsvaalifornia, showing
ground tracks of 16 runs from Flight 31, November 29, 1982.
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and are-plotted in Figure 2.4. The arrows jndicate climb or descent. The

stfong negative temperature - gradient near 3700 ft, characteristic of an

unstable boundary layer, as shown in the second half of Run 2 is believed to _

be associated with wake flow generated by a mountain peak up-wind of the
f1ight path (see the terrain contours in Figure 2.2).

The methods and results of the statistical ana1yses given in Appendix A

are described and discussed in detail in the following subsections. The ~

experimental data are also compared with theoretical models.

2.1 Flight Altitude and Horizontal Wind Velocity  “ong the Flight Path

The first part of the analysis for each run in Appendix A 1includes
flight altitude (ASL), the corresponding terrain height (ASL), the flight
direction, and five-second averaged horizontal wind vectors recorded along the
flight path. The terrain height is obtained from digitizing a large-scale
contour map along each ground track of the flight as shown in Figure 2.2.
Also, tabulated are the date, the time (PST) at which the run began, and the
duration of the run in seconds.

Run 1 1s the takeoff leg of the flight. Run 2 started with an approach
and then made a go-around at approximately 100 ft above the ground. The
approach and go-around flight path were at a glide .lope angle of
approximately three degrees. The terrain features over which the majority of
the B-578 Flight 31 experiment was flown are characterized by regions of low
and high mountainous terrain (Runs 1 and 2 were over flat terrain).

Data from these two runs, however, cannot be expected to be
statistically stationary since they represent ascent and descent through
variable wind conditions associated with the atmospheric boundary layer.
There is no clear evidence in the results of the statistical analysis of these

data sets, however, that suggest non-stationary or even non-isotropic effects.
14
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Note alsg in Runs 3, 4, 8, 9, and 11 there are what appear to be relatively

large excursions from level flight. This is primarily an {1lusion due to the
exaggeration of the vertical scale in the plot. The apparent climb and
descent paths are in all cases less than seven degrees, elevational angle.
Inspecticn of the flight paths given in Figure 2.2 shows that they may
be categorized as occurring over a flat region, a low mountainous regions, and
a high mountainous regions. The low mountainous region is further subdivided
into two subregions. The first, subregion is that for which the underlying
terrain includes gradual and monotonic increase or decrease in elevation. The
second subregion is one which includes terrain having more than one peak or

valley. Table 2.1 categorizes the type of terrain associated with each run.

TABLE 2.1. Terrain Category for Flight 31.

Terrain Category Run Number
Flat Region 1, 2
Low Mountain Region
Single Peak 10, 15, 16
Multi-Peak 5, 6, 9, 11,
12, 13, 14

High Mountain Region 3, 4, 7, 8

The flight paths plotted from the INS data for Runs 4, 8, 11, 13, and 14
shown in Figures A.16, A.36, A.51, A.61 and A.66 suggest that the aircraft
flew through mountain peaks. The cause of this obviously impossible result is
associated with an INS drift problem which is discussed in Section 4. Errors
in the recorded longitude and latitude measurements result in an incorrect
aircraft position relative to the fixed terrain features (see Figure 2.2).
However, only when the influence of terrain on the turbulence is to be
assessed does the error influence the data analysis.

16



Tah1é;2.2 shows the time duration of each run and the effective mean
wiﬁd direction relative to the airplane. In most runs the effective mean wind
direction is nearly perpendicular to the flight path. The measured mean wind
speed in Flight 31 ranges from 5 m/s to over 20 m/s. Run 3 is the longest of
the 17 runs making up Flight 31. The landing leg of the flight was recorded
as Run 17. This run was only 47 seconds, which fis not statistically

“meaningful and, therefore, is not analyzed in this report.

TABLE 2.2. Time Duration and Mean Wind Direction.

Length of
Run Record wWind Direction Observed
Number _ (sec) by the Airplane

1 135 Head wind

2 213 Cross wind (left to right)
3 694 Cross wind (left to right)
4 283 Cross wind (right to left)
5 144 Cross wind (left to right)
6 63 Cross wind (right to left)
7 203 Cross wind (left to right)
8 226 Cross wind (right to left)
9 334 Cross wind (right to left)
10 172 Cross wind (left to right)
11 333 Cross wind (left to right)
12 138 Tail wind

13 270 Cross wind (left to right)
14 209 Cross wind (right to left)
15 233 Head wind

16 100 Tail wind

17 47 Head wind

e
~d

)



2.2 Timé Histories of Gust Velocities, Gust Velocity Differences Between Wing

Tips, and the Aircraft's Normal Acceleration

The second part of the analysis for each run recorded in Appendix A
shows the gust velocity time histories for the three probes located at the
aircraft's nose and wing tips. The left, center, and right probes are

designated with subscripts L, C, and R, respectively. The time histories of

“the spatial velocity differences between the right and left probes are plotted

for the longitudinal (u), lateral (v), and vertical (w) velocity components.
The definition of Tlongitudinal, Tlateral, and vertical are along and
perpendicular to the mean flight path, respectively. Also plotted with the
vertical velocity time histories is the time history of the aircraft's normal
acceleration along its flight path. The sampling rate is 40 samples per
second.

Figure 2.5 shows a plot of the time histories for Run 3 of F1fght_31.
Run 3 was the longest record lasting 694 seconds. The veloé%ty fluctuations
are typical of the measured data. One observes from the data that there are
no significant variations between velocities measured at the three probes.
Therefore, one can surmise that length scales associated with these turbulence
data are typically larger than the wing span (19.5 m). In Run 3, the aircraft
encountered significantly more intense turbulence from 560 seconds to 640
seconds. The turbulence was encountered at approximately 11:00 a.m. (PST)
just after the aircraft had c11mbe& from 5600 ft to 6600 ft at an approximate
7° climb angle. During the climb, which started at 530 seconds, visual
inspection shows no discernable change in the turbulence during the climb and
for roughly a half mile after leveling off at 547 seconds. Ouring the period
from 560 seconds to 640 seconds, however, the aircraft encountered much

stronger turbulence as 1t flew over a high mountaflous area with well

18
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pronounced peaks reaching up to 6500 ft. The wind was blowing over the

mountains perpendicu1ar to the aircraft flight path (see Figure 2.2). it is
beljeved that the intense turbulence encountered by the aircraft during this
time period was asscciated with the disturbed air flow from the nearby
mountain peaks. The strong vertical turbulence induced an increased

fluctuation to the aircraft's normal accelerations.

2.3 Average Turbulence Parameters, Integral Length Scales, and Correlatior

Coefficient of Gust Velocities

The third part of the analysis for each run in Appendix A is a tabulated
1isting of the average values of several important turbulence parameters for
the left, center, and right probes. The statistical parameters include mean
airspeed, standard deviation of gust velocity, standard deviation of gust
velocity difference, integral length scale, and the correlation coefficient of
the gust velocity. The mean airspeed and the standard deviations of the gust
velocities and their differences are calculated on the basis of the total time
history. However, in analyzing the data to obtain the correlation coefficient
and the integral length scale, the total time history is segmented such that
the total record is a multiple of segments of 1024 datum points. In computing
the correlation coefficients and the length scales, (modify: . . . . scales,
the spectrum was first computed by a technique which applied the Fourier
transform directly to the original digitalized data. The correlation is then
. « « . ). The approach first computes the spectrum directly from the
turbulence time history. The correlation is then computed from the inverse
Fourier transform of the spectrum. Finally, the length scale {is computed by
integrating the normalized correlation function as described later.

Table 2.3 lists the mean airspeed for all 16 runs in Flight 31. The

average mean airspeed for all runs is 102 m/s. The mean airspeeds at the
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TABLE 2.3. Mean Airspeed (m/s) for Flight 31, November 29, 1982._

Run Run

Number Vi Ve VR Number VL e VR
1 81.13  78.92  81.21 9 103.15 100.84 102.84
2 87.82  85.79  87.51 10 117.27 115.20 116.70
3 104.21 102.52 104.60 11 107.01 104.47 106.49
4 104.78 102.62 104.32 12 101.03  98.55 100.56
5° 105.79 103.53 105.33 13 103.30 101.40 103.30
6 104.31 102.19 104.01 14 103.38 101.07 102.99
7 101.47  99.23 100.93 15 107.74 105.40 107.23
8 103.22 101.05 102.86 16 109.41 107.07 108.82

individual right, center, and left probes are 102.8 m/s, 100.6 m/s, and 102.5
m/s. The mean airspeeds measured at the right and left probes are larger than
that at the nose by about 2 m/s. This difference can possibly be due to flow
deceleration in front of the aircréfﬁ nose and/or f10w>acce1eration over the
wingtips. Approximate potential flow analysis for a Rankine body (Karmacheti,
1966) suggests the former mechanisms. Similar velocity differences were also
found by Frost, et al. (1985a) in the analysis of Flight 21 for the same
experimental afrcraft.

Table 2.4 1ists the standard deviation of gust velocities for all 16
runs of Flight 31. The standard deviation of the gust velocities varies from
1.68 to 7.46 m/s for the longitudinal ccmponent, and from 1.42 to 5.57 m/s for
the Tlateral component. The vertical gust component standard deviation ranges
from 1.08 to 3.45 m/s. Table 2.4 also lists the standard deviations of the
gust velocity differences between the-right and left probes. The standard
deviation of the gust velocity differences has a high of 1.75 m/s for the
longitudinal component, 1.68 m/s for the lateral component, and 2.00 m/s for

the vertical component. The standard deviation of the gust velocity, itself,
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is always larger than the standard deviation of the gust velocity difference

between probes.

Table 2.5 lists the integral scales L for 16 runs of f11ght 31,
The turbulence integral length scale is usually estimated by integrating a
normalized one-point auto-correlation function from zero to infinity with
respect to temporal or spatial lag. The normalized correlation function (also

called the correlation coefficient), By(t), is given by

Bx(t) = x{t)x(t+1)/ox0y

where x 1s any of the velocity components. Due to noise in the measured data,
the auto-correlation coefficient, however, nearly always oscillates about zero
due to either real physical effects but most probably due to aliasing and
other digitizing effects. Therefore, in this report the integral length scale
is obtained by integrating the normalized auto-correlation function to the

point where it first crosses zero (=S = Viorts= :

3 T
L= [ By(2)de =V [ Bu(x)de (2.1)
0 0

Detailed study of different definitions of the integral length scales is
given in Frost and Lin (1983) (also see Houbolt, et al. (1964)). Frost and
Lin (1983) suggest that using the L as defined in Equation 2.1 in theoretical
models gives best agreement with experimental results. This 1en§th scale is
therefore used throughout this report.

In addition to the integral scales calculated from the normalized values
of one-point auto-correlation functions, URUR» VRVR, and WRWR, the integral
length scales are also estimated with Equatfon 2.1 using the normalized values
of the two-point correlation functions, URUL» VRVL, and WRW[. These two

integral scales have the same order of magnitude for each corresponding
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TABLE 2.5. Turbuience Length Scales for Flight 31.

- Integral Length Scale (m)
Run
nmer LR LR LR LRl Lwl Ll

1 297.7 149.7 255.1 248.4 35.3 254.5
2 325.9 250.1 79.1 322.4 251.8 89.3
3 234.0 425.6 116.9 258.4 422.8 115.3
4 419.8 350.8 66.9 408.0 344.7 61.9
5 333.9  168.6 189.7 317.5 173.5 204.0
6 364.7  92.0 51.7 344.5 104.2 47.5
7 562.8 249.6 287.6 532.2 242.9 283.5
8 306.7 364.4 232.9 302.5 380.7 249.6
9 327.8 338.0 93.9 341.5 338.0 83.9
10 641.8 729.7 832.2 638.3 742.9 863.8
11 370.0 246.1 203.3 375.6 241.7 193.1
12 127.7 252.6 202.4 137.5 250.1 190.8
13 156.0 428.8 83.7 148.6 424.4 82.6
14 174.9 204.4 66.8 161.3 205.4 64.5
15 540.0 225.8 526.1 526.5 225.3 494.0
16 348.1 362.2 95.0 347.5 336.5 115.3

turbulence velocity component (see Table 2.5). The individual velocity
component characteristics do not vary appreciably across the wing span which
is 1in agreement with the fact that the calculated length scales are much
larger than the 19.5 m wing span of the aircraft. This implies that the
energy-containing turbulence fluctuations essentially engulf the total
airfoil. '

Finally, Table 2.6 shows the two-point correlation coefficients of the
gust velocities computed for 16 runs of Flight 31. The symbols URU_, VRV[,
and WRW[ represent the two-point common velocity component correlation
functions for longitudinal, lateral, and vertical components, respectively,
whereas URVR, VRWR, and WRUR represent the one-point cross-correlation
functions, and URV[, VRW[, and WRU[ represent the two-point cross-correlation

functions. Although several other correlations of the gust velocities could
26

a— - ey -~ =
L~ et I5E S o et~ 2es X LRGN MR : ‘-’K]



TABLE 2.6. Two-Point Correlation Coefficient of Gust Velocity for Flight 31.

RUn URUL  VRVL WRWL URYR VRWR WROIR TURVL VRW[ WRO[
Number °VROVL OwpOw_ Tugdvi TvpPwp OwgOugp TuRIvR OvRlw TwRlup Owpdu

1 0.75 0.34 0.80 0.08 0.14 0.52 -0.40 0.11 0.45
2 0.80 0.81 0.82 0.00 -0.05 0.11 -0.02 -0.03 0.10
3 0.80 0.91 0.75 0.09 -0.19 0.06 0.04 -0.19 0.05
4 0.88 0.91 0.80 -0.19 0.20 0.09 -0.19 0.20 0.06
5 0.87 0.90 0.0 -0.09 -0.10 -0.17 -0.08 -0.09 -0.20
6 0.82 0.90 0.81 -0.18 0.60 -0.10 -0.18 0.61 0.00
7 0.92 0.0 0.90 0.02 -0.21 0.39 0.01 -0.21 0.32
8 0.89 0.81 0.80 -0.20 0.15 0.00 -0.19 0.10 0.c3
9 0.80 0.90 0.80 0.30 0.20 0.19 0.30 0.20 0.18
10 0.98 0.99 0.98  0.08 0.00 -0.47 0.09 -0.01 -0.45
11 0.83 0.81 0.78 -0.21 -0.09 0.48 -0.28 -0.10  0.40
12 0.66 0.81 0.78  0.00 0.30 -0.22 0.01 0.31 -0.20
13 0.80 0.91 0.79 -0.18 -0.32 0.25 -0.19 -0.32 0.22
14 .79 0.90 0.77 0.18 0.19 0.10 0.13 0.27 0.07
15 0.90 0.88 0.88 0.32 0.06 0.02 0.30 0.01 0.00
16 g.es5 0.86 C.85 0.49 - 0.05 -0.10 6.49 0.02 -0.10

be estimated, the combinations shown in Table 2.6 are sufficient to detect any
trends or physical effects associated with the normalized spatial correlation
computed from these data. Note that the appreciable difference in value
between the one-point auto-correlation evaluated at zero lag, (shown in Table
2.4) and the two-point correlations evaluated at zero lag (shown in Table 2.6)
is that correlation coefficients (i.e., normalized values) are tabulated in
Table 2.6 whereas non-normalized corre1étions are given in Table 2.4, It fis
clear from 1inspection of Table 2.6 that the correlation between 1like
components of turbulence has a roughly uniform decrease in value of 20 percent
over the wing span of the aircraft.

A1l of the two-point correlation coefficients between common velocity

components are larger than 0.75 except the value of V§vtijRch for Run 1 and
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URUL/oypoy, for Run 12. The former may be associated with Run 1 being a take-

off flight path (see Figure A.1). No explanation is evident for Run 12. The

one-point cross-corre1at1on”cbefficients are the Reynolds stresses (Frost and
Moulden, 1977; Hinze, 1975) and are thus a measure of momentum transfer. For
1so£ropic turbulence the cross-correlation terms theoretically are zers. The
very low values shown in Table 2.6 sugjest that the atmospheric turbulence is
indeed nearly isotropic. It is belfeved that the large value of VRWR/oy
ow and R R
V§WE/0VRUWL for Run 6 is caused by the very short averaging time of 63 seconds
associated with the run. It therefore does not represent a meaningful

statistical average. Similar arguments can be made for other unjustifiably

Targe values of the cross-correlation coefficient.

2.4 Probability Density Function for Gust Velocities and Gust Velocity

- Differences

The fourth part of the analysis for each run in Appendix A contains the
probability density function of the turbulent wind velocities. Data measured
by the B-578 aircraft for all three different probe positfons and for all
three velocity components (longitudinal, lateral, and vertical) are plotted.
The degree of or lack of normality of the turbulent wind velocities is
illustrated by comparing the experimental probability density distributions
with the theoretical normal distribution and the theoretical non-Gaussian
probability density model (modified Bessel function distribution see Reeves,
et al. (1973)).

The probability density function for the turbulence wind velocities is
defined as:

p(x) = ;iTO Prob[x < xgi) < X + Ax) (2.2)
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where x(t) may be u, v, w, Au, Av, or Aw and where Prob[x < x(t) < x + Ax] is

the probability that the tdfbh1ence wind velocity at time t lies within a
specified speed interval. The Gaussian probability density function 1s given

by:
_(xx)2
Px) = ——e 72f2 , (2.3)

OvVexR
where X is the mean value of x(t) and o is the standard deviation of x(t). In
calculating the probability density distributions in Appendix A, the gust
velocity and the gust velocity differences are normalized with their standard
deviations.

The non-Gaussian probability density distribution is given by Reeves, et
al. (1974) as:

Cein oy it e,
oy -1 [ el (0
b 1 + 222r2 (1 + 22.21"2)

where r {is an adjustable parameter which s a measure of the degree to which
the distribution is non-Gaussian and & is the dummy variable of integration.
If r = 0, the function is exactly the Gaussian function; however, as r
increases, the distribution departs from the Gaussian probability density
function and approaches a modified Bessel function distribution as r=,

Figure 2.6 shows typical probability density distributions for Run 3 of
Flight 31. The upper half of the figure shows the probability density
distributions of the three individual gust velocity components and the bottom
half of the figure shows the probability density distributions of the gust
velocity differences between the right and left probes. These probability
density calculations for the measured turbulence do not fit the normalized

Gaussfan distribution very well. Fitting the 1ndividual probability
32
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distributions to Equation 2.4 by adjusting r, a non-Gaussian form which
provides a closer fit to the experimental data s found. Inspection of Figure
2.6 and simflar figures in Appendix A shows the non-Gaussian distribution
gives a very good fit of the gust velocity difference probability
distribution. The individual gust velocity probability distribution however,
in many cases, appears to be bimodal. This is associated with trends in the
ﬁééﬁ_véioc;fy.that have.hdt Been reméved from the data.

Runs 1 and 9 are clear examples of the effects of trends in the mean
wind on the probabilfty distribution. For Run 1 during climb-out, the
Tongitudinal mean wind which 1is essentially a headwind (see Figure A.1,
Appendix A) will increase from zero at the surface to the value aloft. This
vertical variation 1in the mean wind will typically vary logarithmically
(Panofsky and Dutton, 1984). By simply assuming the mean wind speed 1is
uniform and rémov1ng a constant value from thendatﬁu(a§ was done in this
study) causes the velocity fluctuations about the mean at Tow levels to be
mainly negative and at higher levels mainly positive fluctuations (see Figure
A.2, Appendix A). Thus, there is a bimodal distribution in the probability
density function of the velocity fluctuations. This bimodal effect can
probably be eliminated by removing a Jogarithmic velocity profile* trend.
However, this was not done.

Now consider Run 9. The quasi-steady horizontal wind speed along the
flight path is shown in Figure A.41. For the initial part of this flight, the
winds were partially headwinds with a dominate northward direction. During

the latter part, the winds became partially tailwinds with a westerly

*Note vertical variation of horizontal wind with height 1{s typically
Togarithmic (Panofsky and Dutton, 1984).
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direction. Again, removing a uniform average wind speed from the data results

- in the longitudinal velocity f'luctuat%ﬁs being mainly negative during the

fnitfal part of the flight and positive during the latter part (see Figure
A.42). Again, this results in a strong bimodal distribution in both the
Tongitudinal and lateral wind speed gust distributions as shown in Figure
A.43, i

T "Returning to the discussicn of the analytical models which best fit the
data, it is clear that Equation 2.4 fits the experimental data considerably
better than the Gaussian distribution. The value of r which Gives the best
fit of the data changes for different velocity components and from run to run.
Table 2.7 lists values of r determined from “eye-ball" fits of the data for
the three components of the gust velocity and qust velocity differences. The
variation in r might be expected to be a result of the underlyingvsurface
roughness.  Inspecting of the terrain features I;eneﬁth each flight path,
however, suggests ro apparent relationship between surface roushness and the
value of r, nor is there an obvious correlation between r and altitude.
Further work is required to associate the degree of non-Gaussianness of the

atmospheric turbulence with physical causes.

2.5 Normalized One- and Two-Point Correlation Functions of Gust Velocities

The ¢ifth part of the aralysis for a given run in Appendix A is the
normalized one- and two-point correlation functions of the turbulent wind
velocities at the right and left wing tips. The correlation function between
the same velocity comporents at two different positions separated by a vector
distance £ 1s defined as (Panchev, 1971; Hinze, 1975):

;
Re(@or) = 110 L [ (@, t) (842, temyat (2.5)
0
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where t 1s the lag time, x and x' designate any one of the velocity components
u, v, and w, and £ is the position vector at which the velocity x s measured.
TABLE 2.7. Values of r (Equation 2.4) Which Represent a Measure ofAthe

Degree of Departure from a Gaussian Probability Distribution of
the Gust Velocities.

R .

Number  UR\UCSUL  VRAVCVL WMROWCML BUR-L AVRL  Awp-g
O 1.5 1.5 1.5 3.5 3.5 0.5
2 2.5 1.0 1.0 1.5 1.5 1.5

3 0.5 1.5 1.5 1.5 1.5 2.5

4 2.5 1.0 2.5 2.5 2.5 3.5

5 3.5 3.5 3.5 4.5 7.5 6.5

6 3.5 4.5 4.5 4.5 6.5 7.5

7 2.5 2.5 2.5 4.5 6.5 6.5

8 4.5 1.5 1.5 v 2.5 2.5 3.5

9 2.5 1.0 1.0 2.5 2.5 2.5

10 1.5 3.5 2.5 2.5 4.5 2.5

11 2.5 1.5 1.5 2.5 2.5 2.5

12 1.5 1.0 1.0 1.5 - 1.5 1.5

13 1.5 2.5 1.0 1.5 1.5 2.5

14 3.5 3.5 3.5 4.5 4.5 4.5

15 4.5 4.5 1.5 7.5 7.5 7.5

16 1.5 1.5 1.5 1.5 1.5 1.5

The normalized correlation function:
- RX(EDT)
Bx(C,t) = oo (2.6)

is called the correlation coefficient, oy and ox' are the standard deviations

of x(£,t) and x'(£+Z,t), respectively. If £ is not equal to zero, and x and
x' are the same velocity component, the correlation function is called the
two-point common component correlation function in this report. The absolute
value of By(Z,t) 1s always less than one. At 2 = 0, Ry(Z,t) reduces to the

one-point auto-correlation function given by:
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T
T1im 1

Re(1) = 12 [ x(t) x(t + 1)dt (2.7)

0
The correlation function may be evaluated using a time history summation
technique or by using the direct Fourier transformation method for computing

spectra. Steely and Frost (1981) and Frost and Lin (1983) have compared the

direct method u@th»the summation technique and found they give identical

results. The direct method is therefore used throughout this report unless

otherwise stated.

Theoretical models of the one-point auto-correlation and of the
two-point correlation are the von Karman model (Hinze, 1975) and the Houbolt
and Sen (1972) extension of the von Karman model, respectively. The von
Karman theoretical model for the normalized one-point auto-correlation

functions for Jongitudinal and transverse velocity ccmponents is expressed as:

13 .
BL() = ] ™ rusfaE

B7(s) = c[z5) " [Kl/s[;[?} - =5 Km[;f;]] (2.8)

where ¢ = 22/3/r(1/3), a = 1.339, K 1s a modified Bessel function of the
second kind, T is the gamma function, L is the ntegral length scale, and ¢ 1s
the spatial lag distance. The subscripts L and T refer to longitudinal and
transverse, respectively. The Tongitudinal and transverse velocity
correlation are defined as shown in Figure 2.7.

The von Karman correlatfon is in principle only valid for isotropic
turbulence. The more general non-1isotropic velocity correlation is a second

order tensor given by (Hinze, 1975) as:

R13(8.2) = 03(8) u3(T + T) e4(¢) ej(g + ¢) (2.9)
37
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where eq(E) represents the directfon cosines of the velocity vector at the

position § with respect to the ith axis and ej(€ + ¢) is similarly defined at

a distance ¢ from the ;osition £. The symbol uj(g) is the instantaneous
component of the velocity fluctuation with respect to the mean at the position
£ and uj(g + ¢) is similarily defined. The general correlation, Rij(g,2), is
thus_described in_terms of nine components. When the turbulence is isotropic
and homogeneous {t can be shown that the correlation can be expressed solely
in terms of the longitudinal and transverse corre1atioﬁs shown in Figure 2.7.

In the present investigation the velocity components are expressed
relative to the axis of the aircraft (the assumption of small angles is evoked
(see Appendix B)). For the longitudinal and transverse correlations the
velocity components must be resolved parallel and perpendicular to the line
between the two measuring points as illustrated in Figure 2.8. Therefore, to
transform the Tongitudinal and transverse correlations to the aircraft frame
of reference, the cosines in Equation 2.9 must be taken into account.

Frost, et al. (1985a) have shown following Hinze (1975) that for

isotropic turbulence (see Figure 2.8):

2 2
Ru(g) = EE—E—EE o7287(z) + Ez-f-;g a1 2B (c) (2.10)
2 g2
Ry(z) = 52—5—3 o 28, (c) + 22_53 o1287(2) (2.11)
+ S

The vertical velocity correlation {s, of course:

Rw(c) = o72B1(z) (2.12)
This model is referred to as the Houbolt and Sen model since Houbolt and Sen
(1972) utilized it with Equations 2.7 and 2.8 early on to develop a two-point
spectrum for use in design analyses. (It should be noted that in actual fact,
Houbolt and Sen did not account for the direction cosines and hence their
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longitudinal spectrum is incorrect.) Fcr isotropic turbulence, of = of = o

which is not the case for the experimental data as is apparent frca Table 2.4.

Figure 2.9 shows normalized one- and two-point correlation functions.
The correlations are from Run 3, Flight 31. A1l cormrelation coefficients are
plotted versus the spatfal lag distance, ¢ = Vr, in the direction of flight.
The normalized one-point auto-correlation functions are plotted in the upper
part of the figure, and the normalized two-point correiation functions in the
Tower part. The two-point correlations have both negative and positive time
‘lags. Only the positive lag is given in the figure. Negative lags behave
similarly but are not symmetric. The influence of negative lag appear in the
phase angle of the two-point spectrum which is discussed in a later section of

this report. The area obtained by integrating the one-point auto-correlation

coefficient from zero spatial 1lag to the point where the correlation - -

coefficient first crosses zero is defined as the integral length scale (see
Table 2.5). Comparisons of the experimental data with the von Karman
theoretical one-point auto-correlation coefficient and with the Houbolt and
Sen (1972) theoretical two-point correlation function are shown in the figure.
The 1integral 1length scale, L, used in the theoretical models was that
determined as described above. Using length scales determined frcm other
definitions (see Frost and Lin, 1983) gave no better and, in most cases,
poorer agreement with the experimental data.

In general, auto-correl_ations are ‘expected to decay faster for the
vertical and lateral components than for the longitudinal component. Results
of Run 3 shown in Figure 2.9 appear to be an exception to this rule since
similar plots of correlations for other runs given in Apuendix A behave as
expected. However, emplcying the length scales, computed as described in the

theoretical model, results in the one-point auto-correlation coefficient
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fitting the measured data quite well (see for example Runs §, 14), The
experimental correlation coefficient does depart, however, from the theory.
It is higher than the value predicted by the von Karman model at the larger
spatial lags.

It is interesting that poorer agreement with von Karman's theoretical
models occurs for the high altitude flight Run 10 than for the others. This
{s surprising since it 1is generally assumed that turbulence at higher
altitudeé i; 1;6£;éﬁi;; ‘}héiw{hd af the higher {eve1. thever, majrhave been
stratified with embedded gravity waves. This is suggested by the high degree
of correlation shown in Figure A.49 and inspection of the time history in
Figure A.47 which suggests Run 10 encountered a wave pattern.

Consideration of Figures 2.7 and 2.8 shows that Ry(g) defined by
Equation 2.10 converges to cTZBT(c) at £ = 0. Inspection of the correlation
coefficients plotted in Appendix A shows this to be approximately true in most
caées. In turn, as‘vz becomes _large' Ry(z) approaches the 1cng1£ud1ﬁa1
correlation aLZBL(c). This 1s also appro;imate1y true based on inspection of
the experimental results. The above observation suggests that the turbulence
is reasonably isotropic for all runs except Run 10. Run 10 at high altitude
as noted appears to be associated with wave motion. This is even more
apparent in the cross-correlation coefficients described next.

The cross-correlatfon function of two sets of random data describes a
general dependence between the variafions of the sets. The two-point

cross-correlation function is given by:

:
Rey(Zo7) = 10 3 [ x(E.t) y(Bs2, trr)at (2.13)
0

where x and y are time histories of any two of the turbulence velocity compo-

nents u, v, and w, Tt represeants the lag time, and £ indicates the position
43



vector. For a given ¢, the function ny(E,r) is always a real-valued function
which may be efther positive or negative. Furthermore, ny(E,t) does not
necessarily havé a maximuﬁ at t =0, nor is ny(E,r) an even %ﬁ;étion as was
“true for the one-point auto-correlation functions. However, ny(E,t) does

display the symmetric relation (Bendat and Piersol, 1971):

Rxy(2,-1) = Ryx(Z,1) (2.14)

“where x and y are interchanged. -
The normalized cross-correlation function is then defined as:

ny(E:T)

Bxy(E.T) = Ux”y

(2.15)

where oy and oy are the standard deviations of x(Z,t) and y(2+2,t),
respectively. At ¢ =0, ny(r) and Bxy(r) are called the one-point cross-
correlation and the normalized one-point cross-correlation functions,
respectively. ) 7 -

Figure 2.10 shows typical normalized one- and two-point cross-
corre1atiog functions for Run 3 in Flight 31. The upper half of the figure
shows the one-point cross-correlation coefficients for three combinations of
the turbulent velocity components measured with respect to the right wing tip
of the aircraft. The lower half of the figure shows the two-point cross-
correlation coefficients for three corresponding combinations of the turbulent
velocity components measured from the right aﬁd Teff wing tips. Since the
wing span is much smaller than the characteristic length scale of the
turbulence, the two-point cross-correlation coefficients are quite simflar to
those of the one-point cross-correlation for all runs.

The cross-correlation coefficients, shown in Appendix A, are, with the

exception of Run 10, generally small and almost constant with spatial lags.
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The cross-correlations for Run 10 increases with spatial lag having a maximum

. at ¢ = 1500 m. Inspection of the time histories suggests a wave phenomenon at

* the high altitude at which Run 10 was made. The first wave occurs at roughly

17 seconds which corresponds to g = Vr of approximately 1700 m. The u and v
components are approximately 180° out of phase resulting in a strong
cross-correlation at ¢ = 1500 m.

~In contrast to Run 10, the cross-correl:tions for the other runs have
values on the order of 0.5 or less but show no pronounced peak. The value of
these correlations (i.e., approximately 0.5) are higher than exp. ted but the
high values may be due to the short time records. For best results, the
cross-correlation function of Equation 2.13, requires the sample record length
to approach infinity. However, this is not well approximated for several of
the runs. The cross-correlation coefficient for Run 3, which has the longest
sample record is very small and is expected to be the best representative of

the true cross-ccrrelation ccefficients.

2.6 MNormalized One- and Two-Point Spectral Density Functions of Gust

Velocities

The sixth part of the analysis for each run in Appendix A 1s the
spectral analyses of the turbulence velocity components. The spectral
analysis includes the normalized one- and two-point spectral density functions
of the gust velocity components measured with respect to the right and left
wing tips of the aircraft. In addition, the auto-spectrum and the one-point
cross-spectrum are compared with predictions from theoretical models. The
spectra presented in this report are one-sided spectra (see Bendat and
Piersol, 1971).

The definition of spectral density functions in terms of Fourier

— transforms of the correlation functions yields two-sided spectral density
46
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functions which are defined for both positive and negative frequencies (--,=)
and _are denoted by S(f). Assume that the auto- and cross-correlation
functions RX(E’T) and ny(E,r) exist, as defined in Equatfons 2.5 and 2.13.
At £ = zero, Ry(t) and Rxy(t) represent the one-point auto- and cross-
correlation functions, respectively. The two-sided auto- and cross-spectral

density functions are given by:

Sx(@F) = [ Re(Z,m)e 32T g | (2.16)
and
SXy(E’f) = j ny(E’T)e'jZRfT dt (2.17)

respectively. The letter j denotes the imaginary number j = V=T and f s the
frequency.
From the symmetry properties of the cerrelation functions, it follows

that:
Sx(-f) = Sx(f); =0
Sx(2,-F) = Sx(2,f); 220 (2.18)
Sxy(8s=f) = Sxy(Z,f) = Syx(E,f)
where "*" designates the complex conjugate. These equatfons state that the
two-sided one-point auto-spectral density functions are real, non-negative,
and even functions of f, whereas the two-sided two-point spectral density
functions and the one- and two-point cross-spectral density functions are
complex-valued functions of f.

The one-sided spectral density functions, &,(Z,f) and Oxy(Z,f) where f
varies only over the frequency range (0,~) are defined by:
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&4 (8,F) = 254(Z,f) 0<f<= otherwise zero

Oxy(T,f) = 2Syy(E,f) O < f<am othérwise zero (2.19)

In terms of the correlation function, the one-sided one-point auto-spectral

density function becomes:

(f) =4 [ Ry(r) cos 2afr dr 0 <f <= (2.20)
o el , -

The one-sided two-point spectral density function is:

0(E.F) = 2 [ Ry(Z,1)e 3257 o

= CX(E9f) - jQx(Eaf) (2-21)

and the one-sided one- and two-point cross-spectral density function is:

bxy(E.F) = 2 [ Rey(E,0e 25 4

= cxy(E.f) - JQxy(E-f) (2.22)

where CX(E,f) and ny(E,f) are called the coincident spectral density
functions (co-spectrum) and are even functions of f, and where Qu(Z,f) and
Qxy(E,f) are called the quadrature spectral density functions (quad-spectrum)
and are odd functions of f. An alternative way to describe the complex-
valued spectral density functions 1is with the polar form, &(Z,f) =
18(2,£)1e8(Z,f), defined in terms of an absolute magnitude and a phase angle:

Qu (2, f)

ox(@. )| = 1C@R(E.F) + GRE.H »  8x(df) = tanl —in
X »

(2.23)

and
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Qxy(Z,f)

|°xy(Eaf), = chyz(EOf) + Qxyz(z-f) » exy(E,f) = tan—l Py
ny(c,f)

(2.24)

The magnitude of the complex-valued spectral density functions
represents the energy associated with fluctuations at specific frequencies
within the turbulent flow. For each run of Flight 31, only the magnitude of
the normalized spectral density functions._are presented in Appendix A. A
segﬁént-ﬁveréging technique was used to compute and smooth the raw spectral
estimates obtained from the direct Fourier transform of the indi/idual data
segments. Data smoothing procedures for two-point spectra are discussed in
Section 3.

Figure 2.11 shows a typical plot of the normalized spectral density
functions for Run 3 in Flight 31. The upper half of Figure 2.11 shows the

normalized one-sided one-point auto-spectral density functions for the three

respective turby1ence velocity components measured at the right wing tip. The

theoretical von Karman spectral density functions are also plotted for
comparisons. The comparisons show good agreement between the experimental
results and those predicted by the theoretical models. The integral 1eﬁgth
scales, Ly, Ly, and Ly, which were computed from the lengitudinail, lateral,
and vertical correlation functions, respectively, were used in the theoretical
models. The experimental data is higher than the von Karman predictions at
high frequencies. The spectra have been corrected for variance error but not
for aliasing nor bias error. These effects are discussed in Section 3.

The lower half of Figure 2.11 shows the normalized one-sided two-point
spectral density functions for three respective turbulence velocity components
measured at the right and 1left wing tips of Run 3. Also plotted for
comparison are the Houbolt and Sen tneoretical models. This two-point

spectrum model is derived from the Fourier transform of Equations 2.10 and
49
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2.11 where B (z) and Bt(g) are the von Karman longitudinal and transverse
correlations (Equation 2.8), respectively. The form of the theoretical

spectra is:

3

5/
[L
dy(s,f) = Coy? l[ sjs Ks/6(Z) - (s/Ly)3/3 71/6 K1/5(Z)l (2.25)

for the longitudinal component, and

5/3 s 111/3
- [LV] I::l———- ' 5/371/6
v—l [3 7576 /61 = g Ke(Z) + (s> K1/6(Z)]

(2.26)

oy(s,f) = Coy2

for the lateral component. For the -vertical component, the spectrum 1is given

by:
5/3 s 11173
Ly [Lw] .E;] y
f) = Kg/g(l) - ———K ’ .27
¢w(s ) = Co,° i ] [3 7576 5/6(2) 27116 11/6(2)] (2.27)
where
2z 2'2/3
C= T(1/3) [a] ’
. 2xfL)2
z i 1+ a— , a=1.329
v

where L is any integral length scale of Ly, Ly, and Ly, V is the mean
airspeed, and K is a modified Bessel function of the second kind.

Equations 2.25, 2.26, and 2.27 are plotted in Figures 2.12, 2.13, and 2.14
for different s/L values, respectively. The termination of the curves in
Figure 2.12 for the two-point spectra for the longitudiral velocity component
are not arbitrary. At this point, the spectra based on Equation 2.25 takes on
negative values. Negative values occur when the last term in the brackets of
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Figure 2.12. Two-point spectra for the longitudinal velocity component.
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Equation 2.25 becomes negative. This corresponds to the ratio xKs/6(2)/(2
K1/6(Z)) btecoming unity. A plot of this ratio versus wave number for
different values of s/L is shown 1n”F1§ﬁfé 2.15. The value of wave number for
which the ratio becomes unity is indicated by the solid circles. Tnspection
of this figure shows that these values of wave numper correspond to
wavelengths of approximately ore half the separation distance-s. — - -

The idea of a negative spectrum is inftially inconsistent with one's
normal thinking. However, after further consideration, it ig totally
consistent with physical reasoning that the énérgy contained in fluctuations
of wavelengths smaller than one-half the separation distance s would be zero
or even negative. It 1is alsp very Tlikely that values of the lateral and
vertical spectrum shown in Figures 2.13 and 2.14 should be truncated at
corresponding values of reduced frequency for which the longitudina spectrum
is truncated._ The energy contafned 1in eddies of size smaller than the
separati;n distance predicted by the mode] for the 7lateral and vertical
spectra is not likely meaningful.

Equations 2.25 through 2.27 were derived analytically in this study.
Campbell (1984) obtained results consistent with those shown 1n Figures 2.12,
2.13, and 2.14 by numerically integrating equations sirilar to Equations 2.10
and 2.11. Campbell obtained negative values for the longitudinal Spectrum,
however, he erroneously contributed them to round-off errors in his numerical
integration (Campbe11, 1986). Further work 1s needed to fully resolve the
meaning of the two-point spectrum at high frequencies for which 1t becomes
negative. However, it is believed that it is consistent with physical
principles to simply truncate the two-point spectrum at these negative values.

Returning to a consideration of Figure 2.11, the two-point spectral

densi;y functions, calculated from the experimental data, are consistent with
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the theoretical model until a mid-range frequency value. Above that
frequency, the theoretical model drops off rapidly compared with the
'exper1menta1 data. Since the spect;é1 estimate is calculated from a_digitized
turbulence time history with a finite record length, the departure of the data
from the theory is due to aliasing and truncation error. This will be

discussed further in Section 3.

The normalized one- and two-point cross-spectral density functions for

three combinations of the three respective turbulence velocity components
measured at the right and left wing tips in Run 3 are shown in Figure 2.16.
As mentioned earlier, the spectral density functions plotted in this report
are magnitude only. The shape of the normalized magnitude of the spectral
density functions are observed to be very similar for both the auto-spectral
density functions and the cross-spectral density functions. This would not
intuitively be expected because the normalized auto-correlation and cross-
corre]at1gn fun;tiqns,_Figures g,g and_2.10 respectively, are very dffferent.
However, the non-normalized or absolute value of the auto-spectral density
function (i.e., ¢ as contrasfed to ¢/02) is abéut one order of magnitude
larger than the value of the cross-cpectral density function. The above
chservations suggest that the eddies of a given frequency contain
cross-component energy proportionate to the distribution of common component
energy; however, the cross-components are out of phase and have little
correlation. Phase relationships for the spectra are dictated by the
magnitude of quadspectra (see Equations 2.23 and 2.24). The quaaspectra for
the two-point common component spectra are very sma11§ however, for the
cross-spectra, both one-point and two-point, the quadspectra are of the same
magnitude as the co-spectra. The former result indicates little phasé shift

between ccmmon-components displaced spatially whereas the latter result

S TRD T N T T e T e .
- ~ - -
..

et e I TRNGE T T T

————




40 suoLjoung £3L5udp | ea3d3dS-5504D JuLtod-0M} pue -3uo pazl|RwaON *9}°2

*

Anzv Aauanbaa w
notnol potot o oot

itan 1 illanaifusaandi wabanal

L .___.P_._ 4

gﬁ 1

i _f. |

L 1

| -+
nn-not ﬁ.oﬂ nn-l ni'n ~_%

proveer ||y e < pre——

X

_ %
\ L

Gr'n 10"o

T5/(3)e

1M08

{285)

0

*gouny “rg ubid *setitdolan 3snb

(zn) Adouanbauy

poo*ont po'Ol COotl Qrto 10°0
[ .!ﬁb— M sl L lasan sl Wil st e
1t
A ﬁ_n;
i hd
_ -
J c) ~
Q
<
=)
Q
v 3
e
~ "
(3
] 2
pootootr on'nr o0t ar-n 10°0
[alARamaniens LAl hA S s Lok o antd wis b
! _
A
Ity
i) .
_* b - P
,3 >
W S
» | Q
/ - <
x
b Q
\_ ]
4 =
wv
i P

(zZH) Aduanbaay
ooteel entor pot1 o 010

aunbi4

'n

1::4uﬁ;_ M st ulaa
%,_ |
{ ,
I _
]
ool potol nott or'n 10°0
1:14.Wﬁm@ﬂw4n41:111114:11||
., ﬂ_ | ,
it
}_ﬁp; | .
N ]

£n-3ats

<0~

10-71

00+31° ¢




indicates significant phase shift between uncommon components regardless of
spatial displacement. -

Similar analyses on the turbulence velocities gathered by the NASA B-578
aircraft (Frost, et al., 1985a) for the two-point common component spectra
have shown that the quadrature spectra have values near zero (<0.1) for aNn
frequencies. Emphasizing that the phase shift between the same turbulence
components measured at the different probes are negligible. ~Again, this s
probably because the wing span of the airplane is much smaller than a
characteristic length scale and significant phase shift would not occur for
most of the turbulent eddy sizes involved. Therefore, the shapes of the
one-point and two-point correlation functions will be similar to each other.
However, as noted for the cne- and two-point cross-spectra, the quadrature
spectra are comparable with the corresponding coincident spectra, which means
the phase angles are significant. Thus, when utilizing turbulence créss-
spaciral functions -to assess the “influence of the gust gradient on an
aircraft's response, the phase angle of "the spectral function is an important
parameter.

There is 1ittle information on theoretical or empirical models for
one-point cross-spectra and virtually no 4nformation on two-point cross-
spectra in the 1literature. Reeves, et al. (1974) suggests the following
two-sided one-point cross-spectral density function to relate the u and w gust

ccmponents at Tow altftudes:

outw 12 |52 (Lw]? [Lu]|{[1 + 3(xAF)2] - j(2rAf)
Sxy(f) = ——— (<= | 2| |=
AT e 3 J (1 + (2Af)212
T 59
v - S
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Lw
21—:f] _ _
v

1+ 3[2: %ﬁ f]} [1+ (2xBF)21})

1+ 303

(2.28)

r—un
.
v

where r, A, and B are arbitrary parameters satisfying the inequalities:

r>0,

2 2Ly i
A>—, A>—,

v )

Lw Ly
B>_—, B)_—_—

v v

In this equation, r 1is the parameter defined in Equation 2.4. The wmodel
developed by Reeves, et al. (1974) is basically for low-altitude applications.

Therefore, the lowest flight level was chosen for ccmparison of the experiment

with the tneory. Inspection of the flight altitude of all runs of Flight 31

shows that Run 12 was flown at the lowest average altitude of approximately
400 ft above the ground. The normalized one-point cross-spectral density
function, &,,(f)/oyoy, for the turbulence velocity components u and w at the
right wing tip in Run 12 was calculated from Equation 2.28 and the results are
shown in Figure 2.17.

The parameters A and B for Run 12 are chosen to best fit the
experimental data. The value of r is taken as 1.25 the average value for u
and w tabulated in Table 2.7. Figure 2.17 shows good agreement between the
experimental results Zéymbo] "x") and the results predicted by the Reeves
model (solid 1ine) except in the high-frequency regions. As discussed earlier
for the one-point auto-spectrum, the higher experimental values in the

high-frequency region are probably due to aliasing and truncation error.
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2.7 List of A1l Parameters Measured and the Range of Their Extreme and

LY, .
'}K\g‘

W -

. Average Values

M Finally in Appendix A, a table is presented for -each run which 1ists all
parameters recorded during a flight: the units, the maximum and minimum

&

* values, the mean value, the root mean square value, and the number of data
points for each parameter. These parameters are stored on magnetic tapes in
the following order (the syﬁbo1s used to represent the variable are appended
in brackets):

1. Mountain Daylight Time (MDT) in seconds for each record [(t].
2. Roll rate measured by body-mounted roll-rate transducer (positive
with right wing going down), rad/s [dé/dt].
3. Normal acceleration at c.q. (positive up) g units [ap].
4. Pitch rate measured by body-mounted pitch-rate transducer (positive
with nose going up), rad/s [de/dt].
5. Pitch attitude measured in the veftica] plane (positive with nose
up), rad [e]. - - - - -
6. Roll attitude of airplane with reference to horizontal (positive
with right wing down), rad [¢].
7. Airplane heading measured in a horizontal plane clockwise from true
north (always positive), O to 360° range [¥1].
8. Sensitive airplane heading obtained from Y1 with arbitrary zero at
the instant the data switch is turned on (positive with nose right)
£15* range [Y¥1].
9. Airplane heading measured in a horizontal plane clockwise from true
north (always positive) 240° to 600° range [y7].

10. Sensitive airplane heading obtained from ¥2, with arbitrary zero at
the instant the data switch s turned on (positive with nose right)
+15° range [4y7]. -

11. Normal acceleration at the left wing tip (positive up), g units

[anL]o
- 12. Normal acceleration at the right wing tip (positive up), g units
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13.

14,

15.

16.

17.

18.
19,

20.

21.

22.

23.

24.

25.
26.
27.
28.
29.

30.
3.

Longitudinal acceleration at the c.g. (positive fcrward), g units
[ay]. - —

Lateral acceleration at the c.g. (positive toward right wing), g
units [ay]. T

Angle of attack measured at the airplane nose boca (positive with
flow vane trailing edge up), rad [ac].

Angle of sideslip measured at the airplane nose bocm (positive with
flow vane trailing edge toward right as viewed frca the aircraft),
rad [8¢c]. - - e S
Temperature of the INS pallet, °F [T1].

Temperature of the instrument pallet, °F [Tp].

Vertical acceleration of the INS stable element (positive up), g
units [az].

Angle of attack measured at the right wing tip bcca (positive with
flow vane trailing edge up), rad [ag].

Angle of sideslip measured at right wing tip bocm (positive with
flow vane trailing edge toward right as viewed frca the aircraft),
rad [Br]. - -

Angle of attack measured at the  left wing tip bocm (positive with
flow vane trailing edge up), rad [ar].

Angle of sideslip measured at the left wing tip boom (positive with
flow vane trailing edge toward right as viewed from the aircraft),
rad (B ].

Yaw rate measured by a body-mounted yaw-rate transducer (positide
with nose going right), rad/s [d¥/dt].

Total temperature, °C [Tgl.

Impact pressure measured at the left wing tip boom, Pa [qcL].
Impact pressure measuygd at the airplane nose boom, Pz [qccl-
Impact pressure measured at the right wing tip bcom, P, [qcrl.

Free-stream static pressure measured at the airplane nose boom, KP4

(pl.
Temperature of IRT, °*C {TirTl.

Wet-bulb temperature, *C [Typl.
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32.

33.

34.

35.
36.
37.
38.
39.
40.

41.

42.
43.

45,

46.
47.
48.

49,

50.

51.

Turbulent fluctuation of impact pressure at the left wing tip boca,
Pa [QctL]. - -

T-rbulent fluctuatior of impact pressure at the airplane nose boom,
Fa [qctcl.

Turbulent fluctuation of impact pressure at the right wing tip
boom, Pa [qQctr].

Deflection angle of the right aileron, deg {€ar].
Deflection angle of the left aileron, deg [65 ). =
Deflection angle of the elevator, deg [8e].
Deflection angle of the stabilizer, deg (851
Deflection angle of the rudder, deg [§,].

Thrust ratio of the right engine to the maximum thrust, percent
[TR1.

Thrust ratio of the left engine to the maximum thrust, percent
(T 1.

Deflection position of the flap system [&¢].
Deflection position of the Speed brake system [8gp].

Distance to go from the present position of the aircraft to the
next waypoint set on the INS (always positive), m [AL].

Bearing to destination, f.e., bearing from the aircraft's present
position to the next waypoint set on the INS, measured in a
horizontal plane clockwise from true north (always positive), deg
[vgl.

Longitude of aircraft as measured by INS, deg [LONG).
Latitude of aircraft as measured by INS, deg [LAT].

Track angle of airplane measured in a horizontal plane clockwise
from true north (always positive), deg [y7].

Airplane heading, measured in a horizontal plane clockwise from
true north, rad [v].

East-west component of the airplane inertial velocity as measured
by INS (positive toward east), m/s [Vg].

North-south component of the airplane inertial velocity as measured
by the INS (positive toward north), m/s [Vy].
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52.

53.
54.

3.

64.

65.
€6.

67.

68.

69.

70.

71.

72.

73.

Pressure-derived altitude based on standard atmosphere tables, km
[hpl.

Computed free-stream temperature, °C [Tc].

Computed east-west wind component (positive toward east), knots
[Wel.

Computed north-south wind component (positive toward nerth), knots
[WN]-

Computed magnitude of wind vector, knots (W].
Computed direction of wind vector, deg [y].

True airspeed computed from impact pressure measurement at right
wind tip boom, m/s [VR].

True airspeed computed from impact pressure measurement at the
airplane nose boom, m/s (Vel.

True airspeed computed from the impact pressure measurement at left
wing tip boom, m/s tvil.

Incremental pressure-derived altitude with reference to value at
beginning of run (positive when a1titude increases), m [Ahp].

Computed corrected inertial_displacement, m (ahel.

Computed 1ongifhdina1 component of gust velocity at right wing tip
boom (positive in direction of flight path), m/s [uR].

Computed longitudinal component of gust velocity at airplane
centerline nose boom (positive in direction of flight path), m/s
{ucl.

Computed longitudinal component of gust velocity at left wing tip
boom (positive in direction of flight path), m/s [ug].

Computed lateral component of gust velocity at right wing tip
(positive toward right), m/s [vr].

Computed lateral component of gust velocity at airplane centerline
nose boom (positive toward right), m/s [vc].

Computed lateral component of gust velocity 2t lert wing tip Locm
(positive toward right), m/s (v 1.

Computed vertical component of gust velocity at right wing tip boom
(positive up), m/s [wRrl.

Computed vertical component of gust velocity at airplane centerline
nose boom (positive up), m/s [wcl.
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74. Computed vertical component of gust velocity at left wing tip boom
(positive up), m/s [w_].
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3.0 SPECTRAL ESTIMATION

Spectral analysis of atmospheric turbulence generally involves the Fourier

transform of a digitized finite-duration velocity fluctuation time history.
The digitizatfon process and the truncation associated with the finite time
increment of the time history result in both aliasing and bias errors; while
the random nature of turbulence results in variance errors. Although these-
errors cannot be totally eliminated, appropriate filtering will reduce their
magnitudes. It was found that the magnitudes of the respective errors and the
effects of the filtering process are quite different for two-point spectra
than they are for one-point spectra. Because of the significance of the
difference, a detailed discussion of the effect of aliasing, bias, and
variance errors on the one-point and two-point spectra is given in this
section. The magnitude of the errors are also estimated for typical data such
as that reported in Appendix A. - T ; - -

To illustrate the magnitude and nature of the errors, an analytical von
Karman one-point correlation and the Houbolt and Sen (1972) two-point
correlation are used to investigate aliasing and the bias error (also called
truncatfon error or spectral Tleakage) associated with discrete Fourier
transforms. Spectrum for each of these correlations has been computed
analytically. The analytical spectra 1is then compared graphically with the
spectrum estimate calculated from the discrete Fourier transform (DFT ) of the
digitized analytical correlation functions. This comparison, based on
analytical models, illustrates the aliasing and bias errors occurring simply
from the digitization and truncation process.

The DFT of the actual turbulence data is then computed. The resulting
spectra which are now based on a random signal are then compared with the

spectra calculated analytically from *he digitized continuous correlations
67
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functions. It 1is shown that the spectra calculated from the random data

contain not only aliasing and bias errors but also variance errors. The use
of segment- averaging (Bendat and Piersol, 1971) to reduce the variance error
of the spectra computed from the random turbuience data time histories is then

discussed.

3.1 Graphical Illustration of the Discrete Fourier Transform

The generation of errors associated with the Fourier transform of a
digitized function can be conceptually explained by a graphiéa1 i1lustration.
Following closely the development of Brigham (1974), consider some function
h(x) and its Fourier transform H(f) illustrated in Figure 3.la. To cetermine
the Fourier transform of h(t) by means of digital analysis techniques, it 1is
necessary to digitize h(<) at discrete increments in time.

Digitizing h(x) in increments of Ar is equ?vaTeﬁt Eo muitip1ying»it by £he
comb function shown in Figure 3.1b, The ccmb functicn, A5(t), has the Fourier
transform, 85(f), shown in the corresponding figure. The Fourier transform of
the product h(1)tp(t) is given by the convolution integral of H(f) and A4(f)
designated by H(f)=Ag(f), i.e.

H(F)sBo(F) = [ H(E')ao(F - £')df" (3.1)

Figure 3.1c 11lustrates H(f)sAy(f). )

Note that the transform H(f)xAq(f) differs from the analytical transform
by the appearance of images of the analytical spectrum H(f) displaced along
the frequency axis at a spacing of =11/Ati. Each of the images contribute
some energy to the true spectrum centered about f = 0, This effect is called

aliasing which occurs due to working with a digitized function.
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The Fourier transform pair in Figure 3.1c 1s still not suitable for
machine computation, however, because an infinity of digitized values of h(t)
is considered; it isfnecéssary to truncate the sampled functid; h{=) sd_gaat
only a finite number of points, say N, are considered. The rectangular or
truncaticn function, w(t), and its Fourier transform, W(f), are illustrated in
Figure 3.1d. The product of the infinite sequence of impuise functions
representing h(t) and the truncation function (i.e., h(T)éo(T)W(T))‘yieJdS the
finite length time function i1lustrated in Figure 3.le. The Fourier transform
of the truncated, digitized function is given by the convolution of H(f)x8,(F)
with W(f) or [H(f)xAo(f)IxW(F).

As illustrated in Figure 3.le, the frequency transform now has a ripple to

it; this effect has been accentuated in the illustration for emphasis. The
form of W(f) for the rectangular function of unit magnitude is:
W(f) = 2T sin(2xTf)/2aTf _ _ (3.2)
Hence, if the truncation (rectangu]ar) funqtign is increased in length, then
the sin(f)/f function will approach an impulse; the more closely the sin(f)/f
function approximates an impulse, the less ripple or error due to trunca£1on
will be introduced by the convolution. Therefore, it is desirable to choose
the length of the truncation function as long as possible.

The effect of digitizatfon and truncation on typical turbulence
correlation/spectrum Fourier transform pairs is discussed in the following
sections. The discussion is presented in terms of an example for the one- and
two-point correlations and spectra, respectively. For the one-point
correlaticn, assume the function h(t) in Figure 3.1 represents the theoretical
von Karman transverse correlation furction given by Equation 2.8 and repeated

here in lag time domain (g = Vt) for convenience:




2/3 1/3 Vv
Ry(t) = 02 i%] th] [ 3[aLw] %VT] K2/3[ ] , a=1.339 (3.3

and the function H(f) corresponds to the spectrum given by an aniﬁytica]

Fourier transform of Equation 3.3, i.e.

_ 2xaly) 2
1+3 f2
2Lw 3 v
MO o T G-
Taly 11/6
[1 + — fz] /
v

For the theoretical two-point correlation, the Houbolt and Sen (1972)

model is used, i.e.:

Ru(s,8) = 6,2 -;‘%% [ﬁ:.'; 173 [K1,3[55L:] - %[%w]] , a=1.339 (3.5)

g = [s2 + (V)2

and the theoretical spectrum is given by:

22/3 Lw 8 L Lw
ol$) = B 2 Iy 7 3% e Yol - ke (3.6)
3

s J [ ZRfLw]Z
l= f;i 1+ |a p

3.2 Aliasin
Consider first the problem of aliasing. - Aliasing can be described by

considering a continuous record which is sampled such that the time interval
between sample values is At seconds. The sampling rate is then 1/Atr samples
per second. However, at least two samples per cycle are required to define a

frequency component in the original data as j1lustrated by the sketch in




t

Y
'
I

_:¥%:,
Figure 3.2. Hence, the highest frequency which can be defined by sampling at i;ff -
a rate of 1/At samples per second is 1/2At Hz. Frequencies in the origina1 . = -

data above 1/2At Hz will be folded back into the frequency range from 0 to

1/2At Hz, and be confused .ith data in this Jower range, as illustrated in

Figure 3.1. The cutoff frequency fo = 1/28t is called the Nyquist frequency | ;;
or folding frequency. For any frequency f in the range 0 < f < f¢, the higher
frequencies which are aliased with f are given by (see Bendat and Piersol, ;*17.m
1971): .
(2fc = £), (8fc = f)s 0o s (2nfe 2 f), ... (3.7) - o
To demonstrate the magnitude of aliasing, we have digitized Equation 3.3
representing h(<) in Fiéure 3.1 for values of L = 300 m and V = 100 m/s and we E .
have used a discrete Fourier transform (DFT) to compute H(f). The resulting
value, H(f)pFT, Is plotted along with the analytical H(f) in Figure 3.3. The e
analytical function can be ccmputed to as high a value of frequency as desired
by integrating Equation 3.3 mathematically to give Equation 3.4 (i.e.,
mathematically f can approach infinity). However, to employ a DFT method to : -—
compute the spectra from Equation 3.3 a finite record length, T, must be used. ; i “’i~;“
Spectra computed for two different values of T = 12.8 sec and T = 51.2 sec as f‘
contrasted to infinity for the theoretical model are shown in Figure 3.3. “*a;.
Considerable departure of the theoretical spectrum curve from the OFT
determined spectrum curve is observed. The reason for this departure is
associated with both aliasing and truncation errors as discussed in the
following. - h
Since tne theoretical value of H(f) is known, the turbulence energy
aliased into a given frequency f can be computed by inputting the values from

Equation 3.7 into Equation 3.4, {.e.: “

? e
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Aliased energy at frequency f = zo H(2nf + f) (3.8)
n=

Table 3.1 i1lustrates the magnitude of aliasing for the case f = 15 Hz and 20
Hz, respectively. The values in the table are obtained by summing Equation
3.8 for 0 < n < 20 with H(f) given by $w(f) from Equation 3.4.

TABLE 3.1. Comparison of Aliased Spectrum Vaiues with True Analytical Values
at f = 15 Hz and 20 Hz (see Figure 3. 4).

= 15 Hz f = 20 Hz
True theoretical value 0.8075 x 10~3  0.5000 x 10-3

Aliased value 1.579 x 10~3  1.424 x 10-3

Figure 3.4 is an enlargement of Figure 3.3 for the 1 to 100 Hz frequency
range. (The variance error bars shown on the figure are described later.)
The aliased values for the 15 and 20 Hz frequencies in Table 3.1 are plotted
on' the figure, The plot clearly shows that the major port‘on of the
difference between the theoretical curve and the DFT curves is due to
aliasing. This is evident from the fact that when the aliased energy is added
to the theoretical curve, the results almost coincided with the H(f)pFrT
functions. There remains a small difference which is attributed to bias
error.  Note that this small difference decreases with increasing record
Tength, '

Table 3.2 shows a similar aliasing ca1cu1at10n for the two-point spectra
(Equation 3.6). The energy aliased into the 15 Hz frequency is almost zero
and in the 20 Hz frequency 1is only doubled.

Figure 3.5 is a comparison of the two-point spectrum computed from a DFT
of Equation 3.5 digitized at At = 0.025 sec with the analytical value from

Equation 3.6. (The solid circles and variance bars are described later.)
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Figure 3.3. The theoretical von Karman one-point auto spectrum compared
with the DFT computed values (triangular spectrum window).
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Comparison of aliased one-point auto-spectrum with true

analytical values.
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Figure 3.5. Comparison of theoretical two-point spectrum (Equation 3.6)

with the DFT of the correlation function (Equation 3.5).
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Significant difference between the analytical H(f) and the OFT, H(f)pry, IS
observed. The difference in this case, however, is not dug to alfasing as is
evident from the aliased values plotted on the figure. The significant
departure of the DFT value from the analytical value is due to bias errcr.

TABLE 3.2. Comparison of Aliased Values for Two-Point Spectra with True
Analytical Value.

f =15 Hz f =20 Hz

True analytical value 0.1764 x 1010 0.2239 x 10-13
Aliased value 0.1764 x 1010  0.4478 x 10-13

3.3 Truncation Error

Bias error occurs due to truncation of the time history and appears as
ripples in the DFT curve as {1lustrated in Figure 3.le. Bias error and
truncation error are in effect the same thing and are referred to
interchangeably throughout the remainder of this Chapter. Bias error fis
influenced by the use of the lag window w(t). In Figure 3.1d the function
w(t) is a rectangular lag window.

The spectra shown in Figures 3.3 and 3.5 have beer corrected for bias

errors with a triangular or Bartlett lag window, w(t), defined as:

wit) =1- 5—}—' , 1t ¢ 2T (3.9)

The Fourier transform of w(tr) is called the spectral window, W(w). The

Bartlett spectral window is given by:

Wiw) = Sin2 T 3.10
(w) 12 (3.10)

Bias or truncation errors occur when attempting to compute the power spectrum

S(w) of a real, stationary process, x(t), from a single realization of x(t)
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available only over a finite interval (-7,T). To demonstrate the generation
of bfias error when computing turbulence spectra, consider first the
calculation of the spectrum from the Fourier transform of the R(t) function.
This development closely follows the excellent presentation in Papoulis, 1977.
We will use as an estimate of R(t) the time average:
T-1171/2
R =3z [ xt+F x[t-Fat (3.11)
~T+ix1/2
where the function is defined as above for 1t1 < 2T; and, for i1ti > 2T, it is
assumed to be zero. The estimate of the spectrum, S(w), is then given by the

transform of ﬁ(r):

2T
Sw) = [ R(x)e™T dr (3.12)
2T

It follows from Equation 3.11 that the expected value of E(r) in terms of the
true R(t) is: -

ERR(1)} = R(D[1 - 35 p21(x) = R(x)azr() (3.13)

where p7(t) and qpr(x) are a pulse and a triangle lag wina.w, respectively
(see Figure 3.6). Thus the estimated autocorrelation function is biased,
because its mean 1is not the true autocorrelation function at lag t. We can
say, however, that this R(t) is asymptotically unbiased because the 171/2T
term vanishes at T - =, We could easily get unbiased estimates by using 27 -
Itt to divide the integral in Equation 3.11 rather than 2T. The form used”
here is prefgrred for the reason that E(r) in this form can be expressed in

terms of the given x(t) as a convolution.

R(t) = 25 X(1) * X(-1)
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Rectangular and triangular lag window and their respective
Fourier transform.
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from Equation 3.12 the expected value of the spectrum is:

2T . S
ES@)) = [ RGazr(e7 T ge = (o) » ST (3.14)
-27 o

where "x" designates the convolution integration as defined 1in Equation 3.1.
Thus, tne estimate-S(m) equals the convolution of S(w) with the kernel
sin2(Tw)/xTe? (i.e., Bartlett window). The estimator is therefore biased.

However,
E(S(w)} 752 S(w) (3.15)

The effect of a rectangular versus triangular lag window is {1lustrated in
thie following. Figure 3.7 shows the spectrum computed from a discrete Fourier
transform of Equatfon 3.3 without a lag window (or in other words with a
rectangular lag window, see Figure 3.6). Figure 3.7 should be compared with
the spectrum in Figure 3.3 which was computed with a triangular lag window.
The two curves are not appreciably different in terms of departure from the
analytical spectrum except they do show some dissimilarity in shape near the
cutoff frequency.

It should be observed that the magnitude of aliasing for the spectrum in
Figure 3.7 1s.of the same magnitude as that given in Table 3.1, for Figure
3.3. One may conclude then for the one-point spectrum the primary source of

error 1s due to alfasing and that the bias errors are negligible.

For the two-point spectrum, however, one c_annot draw this conclusion.

Figure 3.8 shows the spectrum computed from Equation 3.6 by the DFT using a
rectangular lag window. This figure should be compared with Figure 3.5 which
shows the two-point spectrum computed with a triangular window. Notice that
the curves behave considerably different in Figure 3.8 than they do in Figure

3.5. A ripple in the spectrum curve at high frequencies appears in Figure
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Figure 3.7. Comparison of the theoretical von Karman one-point auto-
spectrum with the DFT computed values (square lag window).
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Figure 3.8. Comparison of the analytical two-point spectrum (Equation 3.6)
with the DFT values computed from truncating Equation 3.5 with
a rectangular lag window.
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3.8. This 1s the same ripple as indicated in Figure 3.le due to the
truncation or application of the rectangular lag window to h(t). Thus the
graphical illustration 1in Figure 3.le clearly reveals how the rectangular
spectrum window W(w) convolved with the theoretical spectrum results in a
truncation or bias error shown in Figure 3.8. Emplcying the triangular lag
window results in a much smoother spectral curve (Figure 3.5) but there is
still appreciable error between the DFT and the theoretically computed
spectra.

The order cf magnitude of aliasing associated with digitization of
Equation 3.5 is the same as given in Table 3.2. The aliasing error is very
small. It can, therefore, be concluded that the bias error contributes
significantly %to the error produced from computing two-point spectra with
discrete Fourier transforms. The fact that the bias error for the one-point
spectrum {s small compared to aliasing whereas the bias error for the
two-point spectra is very large compared to aliasing is a very striking
observation when one considers that the correlations functions from which
these two spectrum are computed differ only by just a miniscule amount near
the zero lag value (see Figure 3.9).

Figure 3.9 1llustrates the very small difference batween the one-point
correlation function and the two-point correlation function from which the
spectra in Figures 3.3, 3.5, 3.7, and 3.8 were computed. A very small change
in the correlation near zero lag causes the very large differences observed in
the spectra. The effects of bias error generally not significant for
autospectra must, however, be carefully considered when computing or
interpreting two-point spectra.

In addition to abiasing and bilas error, there is a third form of error
called variance error. Variance error occurs when computing spectra and
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correlations from random data. The analyses described to this point have
dealt with deterministic correlation functions which do not cause any variance

error in the spectral "calculation. The aliasing and truncation error

discussed occur because of the digitization of the function and because of the -

finite length of the record required for application of the DFT. The variance
error occur because of the random nature of the gust velocities. In

attempting to minimize both the bias and variance error, there are conflicting

requirements on record length. These requirements result in accepting certain

tradeoffs between resolution and accuracy. A more detailed look at the bias
and variance errors will shed some light on these tradeoffs.

Consider initially the method of computing the spectrum by first
calculating the correlation R(t) and then Fourier transforming R(t) to obtain
#(f) as we have done for the deterministic functions in the previous
discussions. It follows from Equation 3.14 and 3.15 that if T is sufficiently

large, then:

E{S(w)} = S(w) (3.16)
for analytical functions.
However, even for analytical functions with large T the variance of §(w) will

not be small for random data. In fact, for any T,
var[S(w)] > E2{S(w)} ' (3.17)

Therefore, g(w) is not a good estimator of S(w), no matter how large T is.
The reason 1s that with random data the values of the integrand, E(r), in
Equation 3.12 are not reliable (have Tlarge variance) for t close to :2T.
Thus, the power spectrum S(w) of a process x(t) cannot be determined from a

single sample, no matter how large the sample is. To reduce the variance of
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the estimate, we must accept only a smoothed version of S(w); that is, we must

sacrifice resolution.

3.4 Smoothing the Spectrum

The variance of the integral in Equation 3.12 can be reduced by deempha-

sizing the contribution of R(r) for ¢ near :2T. For this purpose, the

estimator:
Sww) = [ R(x)w(r)e T g (3.18)
2T

is formed where w(zt) is 2 lag window vanishing for it > 2T. In this section,
we examine the properties of Sw(w) and the factors affecting the selection of
the window w(<).

The estimator gw(w) s the Fourier transform of the product ﬁ(r)w(r);

hence,

S = 3 [ St - vy = L $w) « Ww) R

From the above and Equation 3.14, 1t follows that:

E(Su(@)} = 37 EBW) « Ww) = L s(w) » S’:jw;‘” * W(w) (3.20)

For a reliable estimation, the duration of W(w) must be large compared to 1/T.

This Teads to the approximation:

ﬁzﬂ £ W(w) ~ W(w) - ) (3.21)

Inserting this approximate expression into Equation 3.20 gives:
E{Sw(w)} = 3= S(w) » W(w) (3.22)

It can be shown that under certain general conditions (Papoulis, 1977) the
variance of Sw(m) is given by:
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var{Sy(w)] = ¢ S2(w) w0 (3.23)

where
21 -

Ew= [ w(n)de = 2= [ W2(w)dw (3.24)
-2 -

Equations 3.22 and 3.23 dictate the factors affecting the selection of the

window pair w(t) and W(w). For the bias error,
b = E{Sy(w)} - S(w) (3.25)

to be small, W(w) must be of short duration. For the variance to be small, Ew
must be small. We shall presently see that if T is sufficiently large, then

both requirements can be reasonably satisfied.

3.5 Window Selection

For a satisfactory estimation of S(w), the variance of the estimator gw(“)

must be small compared to S2(w) or, equivaiently, the variance ratio

g = var{Sy(w)] (3.26)
$2(w)

must be very small compared to 1:

B«1 (3.27)

This is the case if Ew (see Equation 3.23) 1s very small compared to 2T:
Ew = 2T8 « 2T

The above requirement leads to the conclusion that w(t) must take on
significant values only irn an interval (-M,M) such that M « 2T. wWe shall
assume that 1w(t)! ¢ 1 for all ¢ and that, for 1t1 > M, it is not Just small

but it vanishes:

w(t) =0 for 1t1 > M (3.28)
From these assumptions, it follows that
88
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Ew ¢ 2M so that B < M/T (3.29)
Thus, to satisfy the variance requifement (Equation 3.27), we must choose

M such that

M«T (3.30)

With M so determined, the shape of the window is selected so as to minimize

the bias

L [ s( - yHx)dy - S() | (3.31)

b

The bias b depends not only on W(w) but also on he shape of S(w). Therefore,
there is no well-defined optimum window. However, if T 1is sufficiently large

and W(w) > 0, it can be shown (Papoulis, 1977) that:

b - 20 _i w2W () deo (3.32)

The problem s to find a positive function W(w) for a specified value E,
(Equation 3.24) which minimizes the integral in Equatioﬁ 3.3i or 3.32. We i
will now consider some estimates of the bias and variance errors which may be

expected to occur in the computation of turbulence spectra.

3.6 Variance Error

The variance error associated with atmospheric turbulence spectra which
follow Equations 3.4 and 3.6 can be estimated from Equations 3.23 and 3.24.
The Tag window for these figures 1s w(t) = 1 - 111/2T where Tm = T/M. Hence,

2Th )
{hd)
= [ f1- 2_T;] dt
—ZTm
4t
Ew = 34 (3.33)

Substituting into Equation 3.23 gives:
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var(S,(w)] ~ 5 $2() (3.34)

The magnitude of the variance errors estimated from Equation 3.34 is indicated
on Figures 3.4 and 3.5 by the variance error bars. The variance 1is computed
from Equation 3.34 at f = 15 Hz and 20 Hz and at f = 10 Hz and 15 Hz, for
Figures 3.4 and 3.5, respectively, with M = 5 which is the typical number of
segments used in computing the spectra shown in Appendix A. It should be
noted that the spectra shown in Figures 3.3 and 3.5 have no actual variance
error since they are computed from deterministic functions. However, the
error bars do indicate the one standard deviation error which can be expected
in analyses of random tﬁrbulence signals which physically obey the analytical
Equations 3.4 and 3.6.

Now consider the magnitude of the bias error. Equation 3.31 can be used
to compute the bias error. Values for the convolution of S{w) (given by
Equation'3.4 for the one-point spectrum and by Equaticn 3.6 for the two-point
spectrum, respectively) with W(w) for a triangular spectral wincow (see Figure
3.6) are given in Table 3.3 for frequency values of 10, 15, and 20 Hz. The
values of the convolution integral which includes bias error given in the
table for the two-point spectrum are plotted on Figure 3.5 (as marked by the
solid circles). They coincide very closely with the DFT curves clearly
i1lustrating that the departure of the DFT curves from the theoretical curve
for the two-point spectral is due almost entirely to bias error.

The important conclusion from Table 3.3 is that a two-point spectrum
computed with truncated digitized turbulence data with no prior knowledge of
the actual form of the spectrum may show appreciable energy in the high
frequency range whereas in reality there is no energy at those frequencies.

The bias error in the two-point spectrum is approximately 385,400 percent at
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TABLE 3.3. Values of 1/2z _l S(w - y)W(y)dy for S(w) Given by Equations

3.4 and 3.6, Respectively, and a Triangular Spectral Window
(N = 512, At = 0.025).

One-Point Spectrum Two-Point Spectrum
f Bias Error True Bias Error True

10 0.8000 x 10-3  1,5731 x 10-3  0.6286 x 10-% 0.1631 x 10-7
15  0.4011 x 10-3  0.8075 x 10-3 0.1789 x 10-4 0.1764 x 10-10
20 0.2460 x 10-3  0.5000 x 10-3 0.1568 x 10-4 0.2218 x 10-13

10 Hz as contrasted to only about 50 percent for one-point spectrum. The
remarkable phenomenon, however, is that the two spectra are computed from
correlations which are almost identical except for a very small difference at
zero lag (see Figure 3.9). These factors have strong implication when

computing spectra from turbulence time histories where the true spectrum is

rot known a priorf{. With this in mind, improved windows for reducing bias.

errors in two-point spectra were investigated.
Considerable study of computing spectra for random data has been carried
out in the communication engineering field. Several alternate windows for

smoothing the spectra estimates have been proposed. Papoulis (1977) gives the

expression:

W) =3 [stnZof « [1-Feos Fr,0¢ 10 ¢T (3.35)
and - -

W(w) = 472 {1+ cos Tw) (3.36)

(x2 - T242)2
This spectral window is called the minimum-bias window because it minimizes
the value of the integral in Equation 3.32. When this window is applied to
the two-point correlation, the results shown in Figure 3.10 are achieved. The
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bias error is almost completely eliminated to frequencies as high as 15 Hz.
The fluctuation in the curve at higher frequencies is belfeved to be a
comﬁuter-generated numerical roundoff error. Although this window has not
been used 1in computing the turbulence spectra in this report further
consideration of its use is recommended.

Attention is now directed toward calculation of spectra from the
turbulence time histories. The spectra discussed will now not only contain

aliasing and bias error but aiso varfance error,

3.7 Spectrum Calculation from a Finite Turbulence Time History

Consider the variable x(t) as a velocity fluctuation in the interval

(-T,T). The correlation estimator is then given by:

- T-111/2

R(t) = %T f x[t + %]x[t - %}dt s it < 2T (3.37)
-T+qu/2,_

The 1integral 4n Equation 3.37 is the convolution -

R(x) =ake x'(1) * x'(-1) (3.38)

where

X'(x) = x(r)per(e) = {3(7) 17T (3.39)

equals the truncated time record of x(t).
It follows from Equation 3.39 and the convolution theorem that the Fourfer
transform of ﬁ(r) gives the estimate of the spectrum:

2T T
g(w) = J 5(1')e°:]“"r dt = %T ’ j x(t)e'j”t dtl2 ' (3.40)
-2T -T
Thus, §(m) can be determined directly from the given sample or turbulence time
history x(t). This approach was used in computing all spectra in Appendix A
and those discussed in Section 2.
93
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It is interesting to consider now three numerical methods for estimating
the power spectrum S(w) 1in terms of the given segment, x'(x) = x(t)pz7(x).
A11 three methods are statistically ddentical but dif%er 'on1y in the
computational procedures.

1. Determine the sampie auto-correlation ﬁ(r) by convolving x'(t) with

x'(-t) as in Equation 3.36:
R(x) = 27 X' (1) + x'(-7) (3.41)

Multiply R(x) by the window w(t) and compute the Fourier transform of the
product as in Equation 3.18 to get gw(m). The required operations are one
convolution, one multiplication, and one Feurier transform.

2. Compute the Fourier transform of x'(t)} to get X'(w). Multiply X'(w)

by its conjugate and form the sample spectrum S{w):
- 2
Sw) = 37 [x'@)|° (3.42)

Convolve g(w) with the window W w) to get: -

Sw(®) = 3= S(®) * W(w) (3.43)

The required cperations are one Fourier transform, one multiplication, and one
convolution.

3. Compute X'(w) and g(w) as in method 2. Find the f{nverse Fourier
transform ﬁ(r) of g(w). Form the product i(r)w(r) and compute its Fourier
transform Ew(w) as in method 1. The required operations are two.mu1t1p11ca-
tions, two Fourier transforms, and one inverse Fourier transform.

Method 3 has been used for computing spectra from the turbulence time
histories discussed in this report. In most cases, however, the lag window
operation has not been performed for reasons described later. The variance

error for spectrum estimates cbtained by a direct Fourier transform operation
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on the digitized time history (Method 3) may be determined differently from
that given<py Equation 3.23. o ,

Consider the spectrum function of a stationary (ergodic) Gaussian random
process x'(t). An estimate of g(w) can be obtained from Equation 3.42. The

narrowest possible bandwidth resolution from Equation 3.42 is Be = (1/T). To

determine the variance of the estimate of S(w), observe that the Fourier -

transform X(w) 1s defined by a series of components at frequencies f = k/T; k

= 1,2,3, etc. Further observe that X'(w) is a complex number where the real
and 1magihary parts, X'gr(w) and X'i(w), can be shown to be uncorrelated random
variables with zero means and equal variances (Bendat and Piersol, 1971).
Since a Fourier transformation {is a l1inear operation, X'r(w) and X'p(w) will
be Gaussian random variables if x(t) is Gaussian. The random variable x(t) is
not strictly Gaussian as discussed in Section 2; however, the variance error
to be described is expected to be representative of the error associated with

atmospheric turbulence. It follows then that the quantity

X (@)12 = X'E(w) + Xf(w) (3.44)
is the sum of the squares of two independent Gaussian variables. It can be
shown that each frequency component of the estimate g(w) will have a sampling

distribution given by

-~ x22
%&’% - (3.45)

where X2 is the chi-square variable with n = 2 degrees of freedom.

Note that the result in Equation 3.45 is independent of the record length
T, that is, increasing the record length does not alter the distribution
function defining the random error of the estimate. It only increases the
number of spectral components in the estimate. The variance error of the
estimate is substantial. The mean and variance of the chi-square variable are
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n and 2n, respectively. Thus the normalized standard error, which defines the

variance error of the estimate is:

g - varliSt)] _ 2 (3.46)
S2(w) "

For the case at hand, n =2 s5 8 = 1, which means that the standard deviation

of the estimate is as great as the quantity being estimated. This 1s an

unacceptable error for most applications.

In practice, the variance error of an estimate , 1uced by Equation 3.42
is reduced by smoothing the estimate in one of two ways. The first way is to
smooth over an ensemble of estimates. This can be done by computing
individual estimates from M independent sample records, xj(t); 1 = 1,2,3,...M,
and then averaging the M estimates at each frequency of a spectral component
as illustrated in Figure 3.11a from Bendat and Piersol (1971). The second way
Is to smooth over frequency. This can be done by averaging together the
results for 2 contiguous spectral comporents in the estimate from a single
sample record as fllustrated in Figure 3.11b. 1In either case, the smoothing
technique approximates the expectation operation in Equation 3.42.

For smoothing the spectra presented in Appendix A, ensemble averajing has
been used throughout this study. Care must be used when ensemble averzging,
however. Each spectrum from the M segments of the total time history f{s
generally complex. To estimate the mean (or magnitude) of the spectrum from

the segments some authors imply ensemble-averaging of the absolute values:

' N
|oxy(s.0)] = & 11_::' [Cxy, 1(52F) -0y, 1(5.6)] (3.47)

where Ny is the number of segments. However, few authors deal with two-point
spectra. Jenkins and Watts (1569) correctly defined the mean of the complex

two-point spectral function as:
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wherein the real and imaginary parts of the spectral function are segment-
averaged separately.

Figures 3.12 and 3.13 demonstrate the difference between the two-point
spectrum estimations from Equations 3.47 and 3.48, respectively. Both cases
are compared with the Houbolt and Sen theoretical model. Equation 3.48 gives
better agreement with the theoretical model. It is also important to note
that when smoothed by the Equation 3.47 technique, the two-point spectrum in
Figure 3.12 is almost indistinguishable from the one-point spectra as shown in
Figure 2.11. Notice the variance is larger for a two-point spectrum than for
a one-point spectrum. Also, one- and two-point cross-spectra have apparent
higher variance levels. The increase in variance is due to the fact that
variability s introduced by two separate processes rather than one (i.e.,
averaging ny and Qyy separately as contrasted to averaging ny itself which

is the only contribution to the one-point auto-spectrum).

3.8 Lagq Wirdows for Reducing Bias Error

A number of data windows for reducing bias errors are described in the
literature. No single window has been identified as most appropriate for an
atmospheric turbulence signal. A cosine tapered data window to smooth the
data at each end of the record is commonly used in the literature but was
found to have no effect on spectra calculated and was not used in this report.

Lag windows (as contrasted to data windows) are applied to the correlation
function as defined in Case 3, page 94. Figure 3.14 shows the two-point
spectrum for a turbulence measurement and a digitized deterministic model with

a rectangular lag window. The shape of the spectrum from the data deviates
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significantly from the values predicted by the model even at low frequencies.
The minimum amplitude window Equatfon 3.35 was also used with the direct FFT
of the turbulence time history as shown in Figure 3.15. The window does not
correct the random data input to the same degree it corrects the deterministic
input. It does, however, give a better correction of the bias error than any
of the other windows used in this study. Further investigation of the effect

of lag windows on two-point spectra computed directly from the turbulence 1s

recommended.
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4.0 INSTRUMENTATION ERROR ANALYSIS

4.1 Instrumentation Problems

The instrumentation platform is the B-57B aircraft. This aircraft is a
U.S. Afr Force (USAF) version of the English Electric Canberra and was built
under license by the Martin Company. The B-57B, designed as a tactical
bomber, first flew in 1954 but {is no longer in use by the USAF. NASA uses the
aircraft as a f1ight research too1 to measure wind velocity, turbulence,
temperature, and other properties of the atmosphere. The afrcraft is equipped
to gather data on gust gradients across the 19.5 m (64 ft) wing span.
Characteristics and dimensions of the B-57B are given in Figure 4.1.
Additional information about aerodynamic coefficients and stability
derivatives can be obtained from Ringnes and Frost (1985). The
{nstrumentation on the B-57B include three airspeed probes located at the nose
section and at each wing tip. The f1ﬁght angles, sideslip angle, and
angle-of-attack are measured at the same three Tocations. Also,
accelerometers are placed at both wing tips and at the center of gravity
(c.g.) for use in studying wing vibrations. Ground speed, Euler angles and
angular rates, acceleration components, and geographical location are provided
by the Inertial Navigation System (INS).* Details on the instrumentation and
jts accuracy is given in Meissner (1976), Rhyne (1980), and Murrow and Rhyne
(1981) .**

*Carousel IV made by AC Electronics, Division of General Motors
Corporation.

**The INS and pressure transducers used in the flights are different
from reported in these references.
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During previous research (Chang and Frost, 1985; Frost, et al., 1985a;
Ringnes and Frost, 1985) using data gathered with the B-57B afrcraft, various
uncertainties in the measured wind velocities and turbulence measurements were
traced to instrumentation characteristics. Frost, et al. (1985a) have pointed
out irregularities in the total pressure measurements and postulated that
water droplets may have occasionally been ingested in the pitot tubes. These
caused -spikes in the turbulence spectrum at approximately 15 Hz. No simfilar
spikes were observed for the data from Run 31 which is analyzed in this
report. Chang and Frost (1985) andiFrost and Huang (1983) also noted that
there are, in some cases, discrepancies in the calculation of the total wind
vectors. These were attributed fo problems with boom alignment and with the
INS. 1In this section, the data reduction procedures of the quasi-steady wind
vector and of the turbulence are reviewed 1n' detail to pinpoint how
instrumentation errors might affect the wind measurements. The magnitude of

the errors are estimated and methods of correcting for them suggested.

4.2 Wind and Gust Velocity Equations

The velocity of a moving airmass with respect to earth, in this study,
is obtained by vectorially subtracting aircraft velocity with respect to the
air mass from aircraft velocity with respect to earth. These velocities are
referred to as airspeed and ground speed, respectively. Since airspeed is
measured in a body-axis (airplane fixed) reference system, it {is necessary to
rotate the afrspeed vector into the inertial (earth fixed) frame of reference.
The governing equations are derived in detail in Appendix B (see also Frost
(1981); Crooks, et al. (1967); Houbolt, et al. (1964); Lenschow (1972); and
Axford (1968)). The present assumptions used in the equations for remcving

the aircraft motions from the wind vector are straight and level flight

105

)

o
wahe et 4




®

“ v

Ry

P
RILT i

without large perturbations. Therefore, small angle assumptions are made for
the roll, pitch and yaw angles, and for the angle of attack and sides1ip
angle. Furthermore, it {is assumed that the product of sines of any of the
small angles mentioned above vanishes and the cosines of small angles are
unity. The applicatfon of these linearized equations to computing gust

velocities for touch-and-go flights and during excursions from level flight

“during a run (e.g., Run 9 at 7 to 11 miles, see Figure A.41) {s discussed

later. Based on the small angle, level flight assumptions, the following
expressions are used for computing the horizontal wind velocity components

from the measured parameters:

lxci

Wg = Vg - Ve sinfvy - B¢ - 7 (4.1)
GCb

WN = VN - Vg cos|v - B¢ - Ve (4.2)

where ¥ 1s aircraft heading and B¢ is sideslip angle. Vi is the true airspeed
of the aircraft, Vg and Vy are east-west and north-south components of the
airplane inertial velocity, and f4c is the longitudinal distance measured
parallel to the x-axis of the airplane from the INS to the centerline
measuring station. The higher order term containing § arise because the air-
speed and ground speed are measured at different locations.

Wind speed and direction are derived directly from two independent

components and are given by:

W= (Wg2 + Wy2)1/2 (4.3)

We WE
W = tan-1 [Wﬁl +x  for /2 tan'llwi] 3 - x/2 (4.4)
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Positive wind 1s defined as a wind blowing towards the east, Wg, and north,
Wy, .tich in meteorology s referred to as west and south winds, respectively.
- The turbulence components are calculated 1in the aircraft-fixed
coordinate system. A complete derivation of the equations has been carried
out both by NASA Langley Research Center and by FWG Associates in the past.
The FWG derivation is also restated in Appendix B. The Tinearized equations

_for the center probe are: = | : -

uc = Ve sin v+ Vycos vy - V¢ (4.5)
Ve =VeBe - Vov + VEcos ¥ - Vy sin g + EXC‘L + Veacd (4.6)
WC = Vcag - VcO + Vaz + 24ch - VcBeo (4.7)

where ¢, 6, and ¢ are roll, pitch, and yaw angles of the aircraft. Those
for the wing tip probes are straightforward modificat‘ons of those for the
center probe. It is assumed that the average pitch angle of the average
pitch angle of the average flight path, 9, is zero. The caret ( ) symbol
indicates deviation from the mean value and the overbar (=) indicates average

value.

4.3 Sources of Inaccuracy in Data Reduction

Instrumentation errors influence the quantities appearing on the
right-hand side of Equations 4.1 and 4.2 and thus the accuracy of the computed
wind velocities. Instrumentation errors in the INS ground speed components,
the afrspeed, and the sides1ip angle have been identified and studied. Errors
in the yaw rate are negligible, and the yaw angle 1s belfeved to be accurate.
A test to verify yaw angle accuracy is suggested since Yaw angle errors could

significantly contribute to errors in the calculation of horizontal wind.
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Of these sources of instrumentation errors, the most difficuit to

correct is the dynamic error in the velocity inherent in the INS, termed the
Schuler error to which aircraft motions contribute. A1l other errors can be
removed by careful calibration. The effects on the magnitude of the measured
wind and also turbulence calculations due to the sources of error in the

instrumentation are presented next. . : _

4.4 Inertial Velocity and Positicn Errors

The accuracy of the calculations of horizontal winds deperds upon the
performance of tha INS and its capability to provide correct measur'ements of
the inertial (ground) speed of the aircraft. In recent years mechanical and
electronic advances have greatly improved INS accuracy. However, a cumulative
oscillation in the INS stable platform element called the Schuler drift
effect, firsf pointed out in the famous paper by Schuler (1923}, can be quite
significant. Inertial navigation theory including derivation of the Schuler
pendulum effects is explained in many textbooks (see for example, Boxmeyer,
1964). The Schuler error is essentially periodic with a period near that of

an earth radius pendulum, 84.4 minutes.* The error behaves sinusoidally and

*Huber and Bogers (1983) point out that a platform used in an airplane
cannot strictly be kept tuned to T, = 84.4 minutes after takeoff since R
(distance between the airplane and center of the earth) and g (gravitational
acceleration) change with altitude. They propose to define Ty = 84.4 minutes
as the Schuler constant (for the earth). The actual perioc? of oscillation
proposed by these authors for a specific Schuler-adjusted system takes into
account the gravity gradient, the mass distribution. in the system, and the
centrifugal forces due to the velocity of the carrying vehicle. This 1is
called the actual oscillation period. The actual osciliation period of a
specific Schuler-adjusted system (acceleration insensitive system) under
specific circumstarces is given by them as:

T = k-2x R/g

where k will always have a value between 0.5 and =.
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will thus change polarity. The error caused by a slow oscillation of the INS
stable platform causes the two horizontal accelerometers to detect a part of
the gravity vector. This false indication of acceleration is carried through
the integration for velocity and produces errors in the Wg and Wy values.
Distance traveled or geographical position 1s obtained from a second

integration of the measured accelerations. Thus the Schuler oscillations will

create “errors” in acceleration, velocity, and position. The following

procedures were used to estimate the velocity errors associated with Schuler
drift.

Position error can be computed from afrcraft data during overflight of
lardmarks where exact geographical locations are known. Since acceleration,
velocity, and position errors are all interrelated the Schuler error can
experimentally be investigated by obtaining data on either one of the three
parameters having a Schuler oscillation induced error. The velocity error is
generally small but increases witn time, e.g., after several hours of
operation it can be on the order of 3 to 5 m/s (Rhyne, 1980; Lenschow, 1983).
The magnitude of the position errors for the IV INS used in B-747 airacraft
reported by Weber (1975) normally are on the order of 10 nautical miles or
less even after transatlantic flignts. These errors are not critical for pure
navigation purposes. But, when the objective is to calculate wind velocity,
the Schuler error can be quite important.

In an attempt to model in-flight Schuler error, data from F1ight 63 have
been analyzed. Specifics about the flight can be found in Table 1.1. A box
pattern flight plan as shown in Figure 4.2 was flown sequentially at 1000 ft
levels over Boulder, Colorado, in February 1984, Details of the flight and
results are given in Chang and Frost (1985). Each time the B-57B flew the leg
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heading east, an event marker on the ground was activated to record tne moment
a north-south running road 1ined up perpendicular to the flight path (see
Figure 4.2)1 INS recorded longitude at the time of the event marker can thus
be compared with the known longitude of the road to construct the Schuler
position error (see Figure 4.3a). The exact latitude of the aircraft at the
time of the event markers is less certain. In fact, it depends upon the
ability of the pilot to fly the intended flight path. But, since the flight
paths were flown toward a fixed landmark, only small deviations in the
latitude position of the east test runs are expected. A similar indication of
position errors has also been plotted for the latitude, Figure 4.3b. In both
cases, the error appears to have a sinusoidal behavior. Curve fits by simple
trial and error techniques are also plotted on the two figures. The curve
fits suggest the latitude error has a 77-minute period of oscillation, and the
longitude has an 111-minute period. The latitudinal period is reasonably
close to the Schuler constant of 84 minutes, but the longitudinal period does
not conform to that for the latftude. Since longitude and latitude errors are
two components derived from the same stable platform oscillation, equal period
lengths differing only by a phase angle wculd be expected. Thus, additional
investigation of the discrepancy 1s needed.

Flight 66 (see Table 1.1) followed the same flight pattern as Flight 63
and the same technique for marking geographical position by event markers was
used. Figure 4.4 has been constructed similarly to Figure 4.3. The dashed
Tines outline sinusoidal trends but are not represented by mathematical
equations. The latitude oscillation in Flight 66 seems to have a perfod of
approximately 110 minutes which is similar to the long{tude osc111at10n of
F1ight 63. The longitude error of F1ight 66 contains more scatter in the
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data, although the period seems to be of roughly the same length as the
latitude oscillation on this flight.

. " The magnifade INSvpo§1t10n e-rors identified are within a range of less

“than 15 km or 10 nautical miles. From a commercial afrcraft operation

I
E
!

ctandpoint, these errors are not a large problem, particularly in the
proximity of an airport where other means of navigation are available in the
proximity of an a1rpor§._iﬁgwe¥grt Schuler position errors are of significance
f&r wind measurements. Exact ground tracks are needed to determine terrain
effects on turbulence such as wake regions behind mountains, etc. An error on
the order of several kilometers can drastically distort the picture.
The INS velocity errors are especially important 1n_ the wind
measurements. Horizontal wind components are calculated based on Equations
4.1 and 4.2. As will be demonstrated, the velocity errors can be of the same
crder of magnitude as the wind speed, which will greatly alter the calculation
of the wind vector. An estimate of theée errors is presented in Figure 4.5. a o
The velocity error curves are calculated by taking the derivative of the
position error curve fits illustrated in Figure 4.3. The magnitude of the
velocity errors determined {s within the range of that quoted in the T
literature (Rhyne, 1980; Lenschow, 1983). The influence of these errors is !
demonstrated in Sections 4.7 and 4.8.
To further investigate the Schuler error Flights 73 and 74 were carried
out where the aircraft was tracked by the NASA EPS-16 #34 tracking radar. The
radar track provided the Tlocation and the ground speed of the aircraft
throughout the flight. The investigation of Schuler velocity errors for
Flight 73 and 74 has not been completed due to the late reception of flight

data for Flight 73 and of the need to correct the radar tracking. However,
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Figure 4.5. In-flight Schuler inertial speed error, Flight 63.




data on pbst-f1ight Schuler velocity errors recorded on the ground have been
received from NASA/LaRC along with data from Flight 74. The north-south and
east-west velocity errors of Flight 74 and the ensuing post-flight ve1oﬁ{fy
measurements are plotted in Figures 4.6 and 4.7. The in-flight velocity
errors are obtained by comparing aircraft and radar data assuming the radar
indications are free of error. The data recorded on the ground is a direct
measure of the indicated velocity from the INS while the aircraft was parked
and hence>n6t“mov1ng.r This velocity fluctuation is attributed to the Schuler
error. The INS was left on during the entire time span covered in the plots.
The magnitude of the errors are within expected 1imits. Both figures show one
complete cycle of a near perfect 84-minute Schuler oscillation in the
post-flight data in the latter part of the test period. This is in keeping
with Huber and Bogers (1983) who noted that near the ground without
accelerations involved the Schuler oscillations will have an 84.4-minute
ber1ud. But, in the first half oé F1§§ht 74 the errors are more random in
their behavior and the oscillation is an irregular period. This complicates
attempts to model or predict the error in advance. Lenschow (1972) suggests
that post-flight data recorded with a stationary aircraft be used to back out
the error. He proposed to simply trace back a recorded post-flight error
oscillation with an 84-minute period constant amplitude sinusoidal curve. The
present study shows, however, that both the period and the amplitude of the
velocity error are a1tered'5ubsfant1a11y during flight and thus the Lenschow
(1972) approach would not be successful here. This observation is in keeping
with Huber and Bogers (1983) physical description of the Schuler effects.
Additional investigation of Flight 74 is needed to determine if the INS errors

are accurately described in Figures 4.6 and 4.7. While the inertial velocity
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measurement errors strongly influence the horizontal wind vector calculations,

they generally have little effect on the gust velocity computations because '

the effect of the slow varfations in velocity is greatly diminished or
eliminated when the average velocity is removed.

4.5 Flow Vane Errors

Ringnes and Frost (1985) observed in analyzing the 8-578 data that
constant differences exfisted between the angles of attack measured at the
three different stations along the wing. The constant offset from the true
value again has little influence on the computed turbulence since the mean
value is removed during the computation. The angle of attack terms have
negligibly small effect on the computed values and therefore the inaccuracies
cause no problems of the total horizontal wind vector. The cause of the angle
of attack difference, however, were attributed to misalignment of the wing tip
‘booms.

The average sidesiip angles were aiso found to be different from the
expected value. A1l aircraft are designed directionally stable and will fly
with zero average sideslip angle unless forcefully kept in a sideslip flight
condition. The average sideslip angle of 2.23 degrees, for example, recorded
at the centerboom on Flight 63 is therefore attributed to error. The source
of the error is not clear but boom misalignment or problems with the data
acquisition system are suspected causes. Aga1n,_;he average sideslip error is
removed in the turbulence calculations, but it does affect the computed value

of the horizontal wind vector noticeably as will be demonstrated.

4.6 Airspeed Errors

Frost, et al. (1985a) observed a difference in airspeed measured by the

three separate wing probes. They compared average values for all runs on
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Flight 21 and reported an average difference between the right and center hoom
measured velocites of 1.82 m/s. The difference between the right and left
wing tip measured afrspeed was 0.79 m/s. The overall averaged airspeed was
about 105 m/s. In Flight 31, the airspeed difference between the right and
left probes is 0.3 m/s at an average airspeed of 102 m/s. The accuracy of the

horizontal wind vector calculations depends upon the quality of airspeed

. measurements. Possible instrument calibration, position errors, or conversion

from indicated to true airspeed can cause these inaccuracies. Also, the lack
of separate static pressure transdﬁcers at the wind tips could have
contributed to the inconsistances. A test flight conducted with the B-57B
dalso revealed a value of horizontal wind speed of 2.5 m/s lower at the center
boom than at the wing tip booms at a relative airspeed of roughly 122 m/s
(Ehernberger, 1987). An approximate analysis based on a potential flow
solution for a Rankine body (Karamcheti, 1966) predicted a 6 percent error.
This s expected to be high because the B-578 is a more streamlined bcdy than
a Rankine body, but the results do support the hypothesis that the airspeed
may be retarded sufficiently by the aircraft body to produce the relative
airspeed difference a boom's length from the nose. This 2 percent error is
accounted for in the following 1investigation of the influence of

instrumentation errors on horizontal wind calculations.

4.7 Gust Velocity Corrections

The only instrumentation errors of those reported above which would
noticeably effects the gust velocity calculation based on inspection of
Equations 4.5, 4.6, and 4.7 {s airspeed. The magnitude of correction to the
gust velocities due to airspeed corrections 1is illustrated in Figure 4.8.

Uncorrected turbulence is plotted directly from the tapes received from NASA
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' 4:9- Horizoﬁégl Hiﬁd Vector Correction

Langley Research Center. The "corrected® turbulence has been computed with

_ the predicted inertial velocity, airspeed, and sideslip angle errors removed.

The differences between the two computations are small and only detectable for
the lateral and vertical components where total airspeed enters the Equations
4.5 and 4.7. It 1s apparent that even the airspeed error is of little

significance in gust velocity calculations.

The INS velocity and position indicaticn, sideslip angTle, and airspeed
errors fdentified as described above have been removed from the recorded data
on some runs of Flight 63. The influence these errors have on the calculation
of horizontal winds are demonstrated in this subsection. A series of wind
vectors are plotted before and after corrections have been made along the
f1ight path recorded by the INS. Each vector represents a one-second average
from the 4b samples pe} sécond data tapes. ” .

In Figure 4.9 one of the box patterns flown on F1ight 63 1is plotted. In
this figure, no corrections have been made. There are some obvious
inconsistencies in the wind vectors, particularly, at the corners where it is
expected that the wind would agrc.: closer between the two runs. The aircraft
made 270-degree turns between runs which take less than two minutes. The wind
direction is not expected to change significantly during that short of an
interval. Instrumentation errors are, therefore, the probable cause for the
discontinuities in wind direction. Figure 4.10 differs from Figure 4.11 only
by removal of the 2.23-degree sides1ip error in the calculation of the wind
vectors. It {is debatable whether this correction alone has improved the wing
vectors but it clearly demonstrates that seemingly small errors have

significant effect on the wind vectors. In Figure 4.11 corrections have been
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made for the known errors. The discontinuities in the wind vectors at the
corners have all but vanished except for the bottom left-hand corner.
However, -as-the numerical order of the runs indicates the box pattern was
flown in a clockwise direction; thus, the beginning of Run 9 and the end of
Run 12 are separated in time by approximately 15 minutes. Therefore, it is
conceivable that the wind could have changed in that time span. The position
errors are not severe for this box pattern but sti11 noticeable.

“Figure 4.12 s similar to Figure 4.9 except Runs 13 through 16 on Flight
63 have been plotted. No corrections have been made. Only the disconti-
nuities in the direction of the wind in the upper left-hand corner and in the
magnitude of the wind in the upper right-hand corner appear questionable.
Figure 4.13 illustrates the effect of removing the errors on wind vectors and
INS indicated locations. The horizontal wind vectors are more consistent and
also the location of the runs are in better agreement with the flight plan.

A third box pattern on Flight 63 (Runs 17 through 20) does not show the
same fmprovement with corrections. Figure 4.14 shows the uncorrected wind
vector and Figure 4.15 the corrected version. The INS {indicated location is
improved but not the wind vectors. After correction, the wind directions on
Runs 18 and 20 are in sharp contrast to each other and additional or better

corrections are needed.

4.9 Effects of Non-Level Flight

The algorithms used by NASA Langley computer facility to compute the
turbulent gust velocities from the measured aircraft data are based on the
assumption of straight, level flight. The more complete generalized system of
equations which will allow for departure from level flight are derived in

Appendix B. Questions arose during the study as to whether those portions of
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flights for which the aircraft climbed or descended should be removed from the
data. For example, during Run 3 at approximately 536 seconds (34 miles) into
the f1igﬁ£7the aircraft c11ﬁbe& approximately 1000 ft (see Figure A.11). In
turn, during Flight 9 the aircraft climbed roughly 1000 ft beginning at t = 80
secords (7 miles) and descended again at t = 135 seconds (8.4 miles), see
Figure A.41. Also, Runs 1 and 2 where the aircraft took off or made
touch-and-go's. This section shows that algorithms to reduce the data based
oﬁ”smai1 angles and perturbations have no significant effect on the computed
turbulence for runs where departures from straight and level f1ight occur.

First it should be noted that because of the exaggerated vertical scale
in, say for example, Figures A.11, A.41, and all other plots of this nature
given in Appendix A, the departure from level flight appears to be severe. It
should be noted, however, that in no cases is the climb or descent angle
greater than 7-. This size Vapg1e adequately satisfies the small angle
requireﬁent defined in the algorithms presently used in the data reduction
process. However, this statement 14s further supported by quantitative
analyses in the following.

To investigate the effects of climb and descent angles on the computed
gust velocities, Equation B.27, which are used in the NASA Langley a1éor1thms
and Equation B.15 which FWG has derived and programmed to investigate the
effect of "large angles" where compared. The FWG equation still assumes the
mean roll angles, ¢, is zero. Equation B.27 was programmed and the turbulence
time histories at central probe for the descending (8 = -2.83°) and climbing
(6 = 2.9%) segménts of Run 2 were computed separately. Figure 4.16 shows the
comparison of the descending segment. Figures 4.16a, 4.16b, and 4.16¢c are for

the longitudinal (u), lateral (v), and vertical (w) components, respectively.
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The standard deviation of each time history is also shown in the figure.
Similar comparison for the climbing segment is shown in Figure 4.17. An
abnormal spike occurs in the lateral turbulence component at t = 201 seconds.
It 1is be11evedvthégwthe attitude of the aircraft at this moment probably
deviated from the small angle assumptions significantly. Therefore, the
maximum difference of the turbulence calculations from Equations B.15 and B.27
occurs - at this point. Although the- complete -equation (Equation B.1F,
calculates turbulence more accurately, Equation 3.27 saves a lot of computer
time and sti11 holds an acceptable accuracy for small angles considered here.
For all practical purposes, the two calculations will dintroduce only
negligible difference in the turbulence analyses presented in this report.

To further investigate the departure from level flight, the turbulence
time history for Flight 3 was divided into two segments. Segment 1 is from 0

. to 512 seconds (0 to 32 miles) and segment 2 from 512 to 691 seconds (32 to 44

miles). The turbulence statistics were computed for the total rum and for
each segmentrindividua11y. The spectra for the two individual legs of the
flight are coﬁpared with the total run in Figure 4.18; no apparent difference
is observed. The turbulence intensity for each segment of the flight are
listed in Table 4.1. Difference in turbulence intensity for each leg of the
fl1ight are apparent. These differences, however, are not attributable to
departure from level flight but rather due to patchiness of the turbulence
associated with terrain features beneath the flight path. Figure 4.19 shows
the turbulence time history and the approximate 1location relative to the
underlying terrain at which the measurement was made. This figure, in view of
the fact that the mean wind s essentially out of the plane of the paper at
approximately 15°¢, clearly suggasts that strong turbulence fs associated with
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TABLE 4.1. Turbulence Intensities for Total Time History and Each Segment

Individually for Run 3.

Component Total Segment 1 -Seément 2

oug 3.17 2.64
avg 5.25 5.29
Owg 2.36 2.10

2.87

4.27

4.55

flow over the mountain peaks. Thus, it is concluded that the patchiness of

the turbulence is due to terrain effects and not associated with any departure

of the aircraft from straight and Tevel flight.
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5.0 CONCLUSIONS

The results of the apa1ysis of Flight 31 coupled with experience from
previous analysis of flight data from the NASA B-57 aircraft gust gradient

program, lead to the fo11ow1ﬂ§7¢6;c1usions and recommendations:

1.

[~

The probability density distribution of gust velocities in the
atmosphere are not Gaussian. The distribution of velocity
differences across the airfoil which filters out trends in the
quasi-steady wind have a definite modified Bessel function type
distribution, 1{.e., a higher percentage of small and 1large
velocity differences and lower percentage of intermedfate values
than is predicted by a Gaussian distribution. The parameter r of
the modified Bessel function distribution however could not be
related to the existing meteorology or to specific terrain
features. It is recommended that additional work to establish a
physical meaning of . the parameter r be carried out. The
probability density distribution of the gust components
themselves, 1.e., not the difference, were rather 111 behaved in
this study and in many cases showed bimodal distributions. This
is believed to be due to the fact that a trend due to spatially
varying mean wind along the flight path, caused by terrain
features or other factors, were not removed from the gust
velocities when computing the probability density functionms.

The theoretical von Karman spectrum fits the turbulence data well
over the frequency range investigated in this study (0.04 to 20
HZ). The'theoretical models were computed with length scales
determined from integration of the correlation coefficient from

zero lag to the point where the correlation first becomes zero.
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3.

5.

The results of the study strongly suggest that the turbulence
behaves relatively consistent with the assumption of {isotropic,
homogeneous turbulence despite the fact that flights were made
over mountainous terrain and during touch-and-go's through the
atmospheric boundary layer.
The two-point common component theoretical spectra (that fs, the
spectra for the same velocity component for spatially separated
positions) propbéed-by ﬁdﬁb61£ and Sen.(igié) }6;<ihgvvé}tféai'
fluctuations and the spectra for 1Jongitudinal and lateral
velocity fluctuations derived in this report, agree with the
experimental fl1ight data provided the care described in Chapter 3
is exercised 1in computing the two-point spectra from the
truncated, digitized gust velocity time histories.
In calculating one-point auto-spectra and two-point common
compoﬁenf spectrﬁ from a direcf Fodr%ér transform of the—data can
reéuif 1n-1arge er;ors_dﬁé to aliasing and truncation estimator
bias. Aliasing {is the majof source of error in the auto-spectrum
whereas bias s the majJor source of error in the two-point common
component spectra. This 13 physically evident since the energy
contained at high frequencies {; two-point spectra vanishes
significantly faster than that in one-point spectra. What is not
evident s that a very small departure of two-point correlation
—coefficient from unity at zero lag can cause high bias errcrs.
To remove bias error from two-point spectra it 1s recommended
that the minimum-bias lag window be utilized.
To reduce the variance error associated with a two-point common

component as well as all cross-spectra it is important to carry
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out segment averaging of the co- and quad-spectra C(s,f) and

Q(s,f) separately as contrasted to averaging the absolute value,

f.e., 1C2(s,f) + Q2(s,f).

The small values (0.07) of the ratio of the spanwidth separation
distance of 20 m to the typical turbulence integral length scale
was found to have a relatively s1gn1f1can£ effect on the
two-point spectra in terms of spectrum _dropoff. at high
frequencies. However, for other statistical parameters; fe,
cross correlations, there were indications that the separation
distance of 20 m is too small to resolve some of the statistical
issues of 1interest. It s recommended that experiments be
carried out with larger separation distances than 20 m for a

firmer understanding of two-point statistical pamameters.

The one-point and two-point cross-correlations between uncommon
velocity components shows. almost zero correlation (further
suppor?ing the assumption of isotropic turbulence). However,
close exﬁm1nation of the complex phase angle assocfated with the
cross-spectra indicate there is significant phase difference
between various frequencies. The one-point cross-spectrum appears
to agree well with the model proposed by Reeves, et al. (1973).
No empirical expression or analytical model of two-point cross-
spectra is available. Further work is required in this area.

The instrumentation system and data processing algorithms for the
NASA B-57B aircraft provides highly accurate measurements of
turbulent gust velocities. The measurements of the total
instantaneous wind speed, however, may contain certain errors

induced by some of the present characteristics of the measuring
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system. In particular the INS Schuler drift problem causes
significant uncertainty in the position of the flight path and of
uncertainty in velocity coupled with small inaccuracies in the
flow vane measurements (possibly due to boom misalignment or

other factors), while having insignificant effect on the gust

velocity measurement, can result in major errors in the wind

field. These errors can be corrected if appropriate data other_

than that measured by the on-board instrumentation system is
gathered during the fTlight. For example, visual observed
position recorded with a designation marker utiiized can be used
to estimate INS Schuler position drift from post-analysis of the
data. Since the Schuler drift does not appear to have a constant
amplitude nor period of oscillation, procedures to correct for
this errorrbyrbacking cﬁtwthe 1n§rtia1 winds and position fréﬁ
measurements made with the aircraft stationary on the runways are

not feasible.
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APPENDIX A
RESULTS OF STATISTICAL ANALYSIS OF FLIGHT 31

General information, ground track terrain features, and statistical values
for a1l runs (except landing operation, Run 17) of Flight 31 on November 29,
1982, are presented in this appendix. The analysis of each run is given in
two tables and five figures. The first table shows the turbulence average
parameters, integral 1length scales, and correlation coefficients and the
second one 1ists all parameters measured and their range of values. Five
figures show the flight altitude, time history, probability density function,
normalized correlation function, and normalized spectral density function of

gust velocities, respectively.
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Figure A.2. (continued).
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- TABLE A. 1.

Average Turbulence Parameters, Integral Length Scales, and

Correlation Coefficients of Gust Velocities, Flight 31, Runl.

Mean Airspeed (m/s):
Vi Ve VR

81.13 78.92 81.21

Standard Deviation of
Gust Velocities (m/s):

OuR °vR wR
2.12 2.11 2.31
ouC ovC owC
1.69 1.99 2.33
ouL oviL owL
1.74  2.05 2.58

Standard Deviation of Gust
Velocity Differences (m/s):

FAuRL %AVRL “AwRL

1.20 1.10 0.77

4.

5.

Integral Length Scale (m):

Lur LyR LwR

297.7 . 149.7 255.1

LuRL LvRL LwRL

248.4 35.3 254.5
Correlation Coefficient of Gust
Velocities:

URUL/OugOu|  VRVL/OvOv| WRWL/OwpOw
0.75 0.34 0.80
ciRUR/UURUVR gRWR/GVRUWR WRUR/UWRUUR
0.08 0.14 0.52
URUL/UURUVL VRWL/OvRow|_ WRUL/OwgpOu|
-0.40 0.11 0.45

156



Gaussian
---- Non-Gaussian

r=1.5 r=1.5 = 1.5
1.0 I I I I R I B B I B T |T*]1 T 1
v . .
"R = Right R = Right ¥ R = Right
0.8 C = Center| | C = Center [ C = Center|
L = Left L = Left L =RLeft
>
= 0.6 - —
=
<
L
2 0. —
o
0. —
0. v'q"‘.'.'f'..' rerroreis R
5. -5.
Gust Velocity Distributions
10 = = 3.5 r = 0.5
. T n s T T T T T [T 171 T 1 T T T 1
+ Measured + heasured ¥ hieasured
Va]ues VaLues %S&ues
0.8 Mpa | L Mpar ] L R-L __
2
= 0.
L
)
S
~ 0.
Ay
0.
0.
Gust Velocity Difference Distributions
Figure A.3. Probability density functions for gust velocities and

gust velocity differences (normalized with the standard
deviation), Flight 31, Run 1 (r = degree of non-Gaussian).
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ORIGINAL PAGE 1S
OF POOR QUALITY

'3

L]

TABLE A. 2. List of A1l Parameters Measured and Their Range of Values,
Flight 31, Run 1.

CHANNEL UNITS HIGH LOM MEAN RMS STD POINTS
Y TIME _ _  SEGDNDS. . .._. 35101,502 _37965.627.38033,50410 .3¢033,58433___ 39.22456 . . _. 543é
2 PHI. 00T RAD/SEC o W27 me270.— . =.0022T_. . OIS 02102 .. ___ 543¢
3ACEL N £C_ G UNITS 1.337 2 T24 1,00067 1.00266 06626 5436
4 THETA DNT__ RAD/SEC —.e54b -562 QU 403273 . 103246 _ ____ 5436
5 THETA RAD 1190 =036 208028 _ 11374 Q065 .. _543n
6 PHI RAQ 2051 EY +0P050Q 010778 01729, S543¢
TPSI M ____RAD . __ .. _ 240,065 232,666 __237.3512% . . 237.35382 __. _1.10419_ _-543¢6
g DEL PSI_1  DEG 25140 ~15,081 —+45010_  _1,46304 1.39221___ __._5%436
g PSI_2 RAD 595,075 230,65 _ 595.1%164 ___595.53185 21.27844 5438,
10DEL PST 2 DEC 2.607 =4e b48 203810 1002320 1.092064 5436
MACCGL N LT G UNTTS 1,973 £004 101136 —_ 1,02141 ____ ,14298 .. 543¢
12 ACCL N RY G _UNITS 2,204 =.269 1.012486 1.02615 216705 5436
13ACCL ¥ €6 € _UNITS _ e332.. =00 _ »170v¢ 19540 o D94b4 .. 543e
18 ACCL Y €GC__ G UNITS - _s215 -.165 .00019 __ 02839 _ ___.02839 5436
\SALPHA CTR __ RAD ool - 21k ~.06731 200159 2039437 5436
16 BETA CTR RAD_ L A88 =177 01564 . 03842 ___.03510 ____ 5436
1VTERPT 0EC F 624059 5%,51Y, __Ble72687_ _ _B1,72778 38591 15430
18 IEMP_P _DEG F Hbe3bd 13442 56,29338 ____ 58,29h6] ahléeldb _%4d¢
Y9 ACCL. 7 TNS__ G UNITS_ . ___ 1. H99 w031 101470 _ 1.01844 ___  ,0872) .. 5436
20 ALPHA_RY ___RAD __  __ . __ RN E *1- 1 SRR § 1 I =e038Y4 | 405834 + 045146 5436
21 BETA RY RAD 169 =163 $02222 201814 543
2°MLPHA LT __RAD ____ T L1106 ___ =.Jide L01396 _ _ ,05100.. ___ 5434
23 RETA LY___ KAD __ o __eY¥0 01825 403564 _ 5436
24251 001" KaDLFSEE c041 .00282 401285 543¢
25 YEAP_TOT DEG C_. T 17,907 T4.458__ 16.52312_  16,55116 ____ 5436
260¢ LT PSID, 13462 _ W00 L eb8Y277 L8538 _5436
2709C CTR PSID 1.2b6 . 005 265667 281821 5436
280C_RT_______PSID____ T 1.33& ______ .009 .buh?: Rt UL - S43b
29PS PSIA CTTTTTTi3,560 T T 12,3030 D k022216 13,22750 R XS I
J0TEAP IRT vOLTYS 11,453 4.557 1 12614 7.84881 . 37893 5436
3) HYGRDK 6,860 S5 267 5.105%41__ S.RUSTL_ _ . 2.78450 5416
32 6C2 LY T 0227 T =et13 TT-,04365] 7 L045a17 T 01565 " "5a3s
330C2 CTR BEY) -.039 210623 10990 02815 5436
u'ﬁj_zﬂn oouh . -.0l0 LGasFa . T,05010 ____.02333__ 5430
3 0AR =047 - 4287 Tel1w0be T 420183 T T ",08891 0 5436

OAL +25455 226718 L0u117 5430
pBELEV T T4 23001 09730 543b
38 0STAB T G1T228. T .00521__ 7 5436
9 DRUD 5 o 2.86658 .13148° 5436
0 TVARE_ . L 44.048594_ &4, 00h68_ _ _ 21452 __54ds
4 DTHRL T ,,,u.szl. T RN T aa 74039 46 74706 124173 —_TTsa3e
Q2 DBFLP 1,130 2433 117618 1,1762) 201018 5436
43 058 o 24 YY) -e115264 11538 __ _ _,00580__ ___ 543s
40 70T METERS . 7510842488 7501274, I04 $8esestssts dodosenaras "2904,20914 _ 5430
458 70D DEGREES 73.210. 73,170 73.19680___ 73.19680 201295 5436
45 LONG DEGREES 117,804 =YY -117 eqzn T l.00282 .02789 __ 543
O AT DEGREES .. .. __ 34,875 . 34,829 __ 34,860Q8 ___ 34,05008 _ T 1e80 543
“,IBUHG QEGREES zw.a'n_,_...uu.nl__u} 0604) . __237.66162 a?58062 5430
Oune__ __ RADIANS 4. luB__ . 4,0b1__. 4. 14165  4.16170 _ _ _.01%0__..._ 5436
50 YE H/sSEC - =.0%2 —9E LB .__=5%.45499 .. 69.82182_ __ 36.6119B__ .. _. ..543¢
51 YN M/SEC 2083 —03:hT6_ =37,54033____44,31629 __ _23,55332.  __ 543¢
52 ALTITUDE KM Y474 LRI JE8319 _+91683_ 23803 ... 54306
5 TEMPC____ DEGREES. € _ 15,601 ___. Bo243 _ _12,51436 _ 12.71989 __ __2.2775%4__._ 54do
54 £¥ WND SPD__KNOTS 21,709 2,043 12,20000 2. 89115 4.14109___  543%
55 %S WND_SPD _KNDTS__ 22,473 _ ....3.532 _ _11.85215_. . 12.23842 _ _ 3.,0507B___. . _5436
o WIND_SPEED _KNOTS 29,701 Be22t 17.50985 _ 17.77528____3.,06062____. _ 543t
57UNL0J£EL_QEGRE51_____&2.BM___L&L.QM 225522708 225,02187___ 13.49722 5430
58 WIND_QJR2 __ DEGREES 72,836 74065 45,22768_ ___47.19856 ____13.49727 _ __ . 5436
59 WIND DIRI __ DEGREES . _ 252,638 __ _ A1#7.065 __225.,22706__ 225.63187_ _13.49727..._ 5436
60 WIND DIR4 _ DEGREES 252,538 187,065  225.,22788__ 225.61187 13.49727 543
61 AIRSPEED R __M/SEC__ 130,060 0. 407 _ 81,213390 _ 91.59170.___42,352%0_ _.__ . %4d¢
62 A_I_RSP D C_ m/SEC 27,753 T 7,500 76.9168b  89.74789 42,74518__ %430
63 AIRSPEED | H/SEC 130,357 " T 1.647 8i.13083° " 91,755)0, 42,86170 5436
64 DELTA ALT __WETERS 778,557 __ =22.915 __1b9.47034 T304, 21726 238.C32¢8___ __ 5436
§5 INRTI _DTSP__METERS 715t39u C14. 796 _189,762767 _305,09925__ 238.92708.______54de
66 UG RIGHT n/SEL 5308 =B 446 00000 | 2¢11%54] 21561 542¢
67 LLQ_CE'{YER__HISEC____..__.!n.Wb_,_.-_'x.‘-ﬁ&____h.oooho_,_‘_ 1.66975_ _ 1.66990__. . 5430
88 UG LEFT M/SEC 4,412 =5, 742 00000 _ . 1e73837___ . _1.73853 . ___54)¢
69 VG RICHT M/SEC 6740 =5,126 +11583 2.11639 22112341 542¢
J0 VG_GENTER ___M/SEC _ L _6.UQT____ =856 __ .~ 03314 _ 1.“-:9 199429 5436
7 VE_LEEY n/SEC T BTN c4,072 T = 12248 __ 2.0%707 ____2,0537) - _ _ %43e
72 MG RICHT n/SEC 2,506 ___=9,562 " -1, 71298 " 2. 012"1.___2 Qob____ %ele
JINC CENTER  m/SEC T, 510 o7.394 1 81065 2.93271 7 2.33245 _ 5438
74 MC_LEEY H/SEC 2087 =6, 708 _=1.51645__ 2.99012__ 2.57700 T 5430
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TABLE A.3. Average Turbulence Parameters, Integral Length Scales, and
Correlation Coefficients of Gust Velocities, Flight 31, Run?2.

2. Standard Deviation of

3. Standard Deviation of Gust

1. Mean Airspeed (m/s): 4. Integral Length Scale (m):
VL Ve VR
87.82 85.79 87.51

Lur LyR LwR
325.9  250.1 79.1 -

LurL LvRL LwRL

Gust Velocities (m/s): 322.4 251.8 89.3

9uR ovR owR

3.23 2.03 1.16 5. Correlation Coefficient of Gust
Velocities:

ouC ovC owC
3.20 2.01 1.08

URUL/OupSu;  VRVL/OvROv|  WRWL/OwgOw

0.80 0.81 . 0.82

oulL ovL owl

3.20 2.09 1.17

URVR/OupOvg VRWR/OvpOwg WRUR/OwpOug

0.00 -0.05 0.11

URVL/OugOvy  VRWL/OvpOw_ WRUL/Owpdy

Velocity Differences (m/s): -0.02 -0.03 0.10

OAuRL 9AVvRL OAwRL
0.94 0.77 0.87

—t
(o))
~~J
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Figure A.8. Probability density functions for gust velocities and

gust velocity differences (normalized with the standard

deviation), Flight 31, Run 2 (r
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ORIGINAL PAGE IS
OF POOR QUALITY

X

4

-«

TABLE A. 4. List of A1l Parameters Measured and Their Range of Values,
Flight 31, Run 2.

CHANNEL UNITS HIGH LOK MEAN RNS §TO POINTS
Y YIAE ___ SECONDS..._.. .. 38569.480. . 38355,680 38462.57960 18462.62913._ 61.72956. _ 8553
2 PHI_DOT____ _RAD/SEC _ -.00251 020860 .. 02849 8553
3 ACCL_N.CG__ G UNITS _ _1.00315 ____1,00549___ __ ,00859__.____B553
4 THETA DOT_. RAD/SEC . L w0003 __ T L01359 __ 7 .O013C&. .. __B553
£ THETA RAD 5 . W09551 . J11383 __ _ 06192 8553
6 1 RAD YOO 07 03N 02020 .. 0279 8%
7811 RAD. LT 311,567 __ L 2B5.776 307.23%80 . 307.25309___.  2.8%798 8553
8 DE,_PSY_1___DFG _____ - 1S 551 C=8.175 ___ =.b66239 . 2.92770____ _2.85196 _ _ 8553
9 PSY 2 L RAD T T T sy 30,011 309,00041 __309,01289 _ __ 2.,777p0__. .. _ ¥553
ID DEL _PSY 2 _ DEG. . __ . A.ozo L =T 584 =J17908 S 2482493 . 2.81938 8553
VWACCU N LT € UNITS . . 24139 ___ __ . _.265._ . 1.01329. .. 1.02488 _ . _ ,15371 4551
12 ACCL_N_RT_ g UNITS _ 1.994__ . _J105__ _ 1,01543 _ 1.02855 __s16375 _ __ _8553
V3ATEL X C6_. G UNITS . .7 a255 T D =a05T 0 J0u88e2 10989 _ ___ .06526 _ 8553
VA ACCL ¥ €6 G UNITS T W M1B T =a274 . =.006ub__ _ JD2bBH_ _ __.026)9 _ 8553
I5ALPHA CTR___RAU 7 TTio83 T T =076 0 L0140B T LO1966_ T ,01372_ " _ 8553
16 BETA CTR ~__vuuu Tt T serel T T —L0e0 00193 S 02184 _ ___ | 02176 8553
12vene 1 __ _DEGCF 7] . 84,053 T 634854 T _82,19946 0 '62,220317..7°1.85189 8453
18 YEme P DEG Fo o . 59.56& 3B, 3TR___ 59.27732 _ _59,27793______ 21067 8453
19acCL_2 INS. 6 UNITS _ . _ . le%%.__ .. 730 . 1.01160 . _ 1,01433 _ 207439 8553
20 ALPHA RT. RAD . «l112 . —.042 +03470 03832 01026 8551
21 BETA_RT RAD__ 02497 «01977 _855)
22 ALPHA LT RAD _ 06183 _ 201522 8553
23IBETA LT RAD _ 02052 _ . . 402044 8543
24 PST DOT.____RAO/SEC. 3 . . .s01280___ __,01223 . 855)
25°TENP_YUY __ DEG C TR . L H1.404 15,1224)  _ 15,21165 _ _  1.064534 8553
260C oF. T RsIn T DD wteA__. T wu8) Cah2802 L _.62593 . J04048 8553
276 ¢TI PSID 679 _sh0l p59555 _ _ __ 59683 103901 _4552
28°0C RT__. PSID . . i 1 ST 'Y | 262006 . .62152 04108 8553
29 ps . PSIA “13,33 D 12,507 12.99476 12,9966 .. 221950 8553
WITENP JRY . VOLTS ISR =41, 207 U938 T P96 L dae37d4 . 6553
AVHYGRON ____ DEG C_. . 5,497 __ __ =4.750____ 3.675%7 _ __3.83721____ _1,10070 . 8553
2 0C2 LY . PSID . T L03B .. -.039 01222 . W01318 . __ . 00494 8553
33002_CTR PSID__ _. PSLY .03 JILBYY1 ___.12401 .03520 __ __ 8553
MQC2 RY ______PSID. _ . . .al18__ . W04l T ,07745 ___ L08160____ 02570 _ 8553
ISpAR__ _____ DEG _ e =e 9T =8. 247 =3,92T06 .. | D.93044 216260 8553
36 DAL _ DEG __ L =3.b1b_ _=~2,84371___ _ 2.8718} JR00B2 . B5%3
37 DELEV_____ DEG T Z4,120 _2.97594 _____,3637) __ 8553
3 0STAB____ _oEG_ T T " Cme2sr ___ . L el2749_____L01897 8553
33 DRUD DEG_ 5,952 S2.690_ __ ~2.24098__ _2,26445 232518 8553
A DTHRE PCT_MAX o B0,541._ _ 37.110 __ 44.56779__ __44,56930_____ ,3b6B4___ . 4551
AU DTHRL _ __ PCT_ MAX______ _ _99.561__ _ 42,225  __ _44.Bd212 . _ 4%.88266__ __,22100.__ _ __ 855
L2 DFLP POSTTION 10402 283 111359 Lell236) . 200757 8553
43 D58 POSITION Wl67__ -l hT0 . -.11%79 (11583 .0032% __ 8553
440 _Y0_6 METERS _ _— _ 7405235,825 T406780,454 See4sseeees 00esne90es 2394,01216____ 8553
458 1D D DEGREES 73,045 72,908 ¥2,91401 22,91482 002913 4552
46 LONG ___ DEGKEES 118,066 118,204 ~118,13623 116,13623 03929 8553
4] LAY __DEGREES __ "7 35,058 _ __ 34,949 __ 35,006¢7___ 35,00628_____L,03163_______853)
48 TBN ANG___ DEGREES 3120900 309,35y J13,A1002__ _313.81420 1.6205]) 85%3
49D RADIANS. o o 5 4bS.__ 54295 . 938919 ___5.38944 ____ ,05112_ ___ 8553
5 YE MLSEC =544059. =03,700 __=58.8900T 5B 7270 309695 bS53
51 YN M/SEC £2.297 48,391 56,40953 56,5815% 4,404178 §553
52 ALTITUDE ___ XN _ _ e = 1a360_ G R10 T 102655 o 1.02%96._ __ ,13928 _ 8553
S TEXPC DEGRELS € 14,619 Teb9y o J1a45927. 1154012 1,59760 b553
S{_EW WND SPD_KNDTS 31,953 3,839 15489643 17,09024 6227020, $552
SS NS WND_SPD_ KNUYS_ 16.27) L= 922 5a48T42 . 6,62977 . 3,72072 __._. b5%)
g5 WIND SPEED _KNOTS 32.250 5,069 17,5161 % 18.33112 §.40529 . 8583
§7 WIND DIREC NEGREES 201,974 208,321 748,07574 248,678 48 17,30453 8553
S5 WIND DIRZ __ nsc.n:ss______,_ 107,974 __ 20,321 __ £8,07575__ 70,24044 ___ _}7.30454 ____ _ 8553
9 WINQ DIRI___DEGREFS _ __287,974__ 208,32 ?56.07575 T 24B,6784A___17,30454____ 8%5)
60 WIND DIR4  DEGREES 287,974 208,321 248.07575_ 248.67848 17.30454 8553
6] AJRSPEED R __MJSEC 93,478 78,052 BT S177h____ 81,96816 2: 806895 8553
62 ATASPEED C__M/SEC 91,900 To.506 85, 79319___ 85.83874 2.19627 8553
6)_ATRSPEED L M/SEC Ga.bll 72,7187 870029037 87 BN 2,682402 8553
64 DELTA ALY METERS 90,600 —438,875 -222,30870__ 262.39315 _ 139.20442 8551
6S_INRTL_DISP METERS 99,093 ) _=224403475 zqmﬁ«u_muzoxbl T 855)
66.UC RIGHT __ M/SEC 6320 + 00000 3. 23504 3,23523 8553
B7.MG CENTER___M/SEC _ . 6,010 . . +000Q0___ __3,20694_____3,20713 ____ __  0855)
68.UG LEFT____ M/SEC_ __ . 5eB4b____=7,89l__ ___.00000 _  _3.,20447 __ 3.,20466___ __ €553
69.VG RIGHT M/SEC 6,063 ~L:914 ~:07647 2.03826 2.03694 8353
JVC CENTER . W/SEC ___ L b.0lb____ =5,251_ ___ —,07085__ ___2.00446___2,01333 _ 8553
NYG LEFT __ W/SEC T T T Be6T9_ ___ =5.587 ___ _—.06800 __ _2.09369 _ _ 2.092.9 8451
J2MG RIGHT T M/SEC 4,941 -4y 561 +06738 116498 1,186310 _85)
IWG_CENTER _M/SEC __ __«.».us o ~3.9vyT_____.07158, _ _1,08901 " 1.08672 __ 8553
4 MG_LEFT H{SEC T4 105 =5,577 Y ITY 1.1745)3 1.17256_ .~ 85%)
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TABLE A.5. Average Turbulence Parameters, Integral Length Scales, and
Correlation Coefficients of Gust Velocities, Flight 31, Run 3.

1. Mean Airspeed (m/s): 4, Integral Length Scale (m):
o Ve R Lur LyR LwR
104.21 102.52 104.60 234.0 425.6 116.9
2. Standard Deviation of AL DRL LR
. tandard Deviation o
Gust Velocities (m/s):. 238.4  422.8  115.3
SuR °vR  9wR
3.17 5.25 2.36 5. Correlation Coefficient of Gust
| Velocities:
ouC ovC owC

URUL/Ougoul VRVL/OvROv|_ WRWL/ OwpOw_

0.80 0.91 0.75

3.15  5.29 2.18

oSuL ovL Owl

3.19  5.31 2.31

URVR/OugOvg VRYR/OvpOwg WRUR/OwpOug

0.09 -0.19 0.06

TRVL/0upOy; VRW[/OypC WRUL/Owp0
3. Standard Deviation of Gust RVL TRLZOVRTw  TRTL7OWRTuL
Velocity Differences (m/s): 0.04 -0.19 0.05

OAuRL 9AVRL 9awRL

1.29  1.23 1.37




L I"'

Probability

Probability

1.0

0.8

o
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o

0.2

Figure A.13.

Gaussian
---- Non-Gaussian

v = 0.5 r=1.5 r=1.5
l{lllill lTlI||ll] llTI|I|tl
YR = Right VR = Right YR = Right
. C = Centery |_ C = Center| [_ C = Center
L = Left L = Left L = Left

Gust Velocity Distributions

r=1.5 r=1.5 r=2.5
"1 E Measured| | T T4 lidasured] | T ¥ hidasubed
Values Vg]ues Values
o dUpL ] L VR-L | L A¥p-L
B +
R

Gust Velocity Difference Distributions

Probability density functions for gust velocities and
gust velocity differences (normalized with the standard

deviation), Flight 31, Run 3 (r = degree of non-Gaussian).
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TABLE A. 6.

ORIGINAL PAGE IS
OF POOR QUALITY

List of A1l Parameters Measured and Their Range of Values,
Flight 31, Run 3.

CHARKEL UNITS RIGH LoW MEAN RMS STD POINTS

1 TIRE SLLNLDS Aucun, 672 ] vO_deb37,75210 ¥7.59023 — 13542
2PH1 00T ERYATAN adu? W23DCE L0301 1352¢
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ORIGINAL PAGE 18
{1 POOR QUALITY

(TABLE A. 6. continued)
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TABLE A.7. Average Turbulence Parameters, Integral Length Scales, and
Correlation Coefficients of Gust Velocities, Flight 31, Run 4.

1. Mean Airspeed (m/s):
Vi Ve VR
104.78 102.62 104.32

2. Standard Deviation of
Gust Velocities (m/s):

TuR 9vR SwR

guC ovC owC

ouL oSvL Swl

3. Standard Deviation of Gust
Velocity Differences (m/s):

OAuRL TavRL 9awRL

4. Integral Length Scale (m):

Lur LvR LwR
419.8 350.8 66.9

LurL LvRL LwRL
408.0  344.7 61.9

5. Correlation Coefficient of Gust
Velocities:

URUL/0upOu;  VRVL/OvROv WRWL/OwpOw|
0.88 0.91 0.80

uRUR/UURUVR VRWR/GvpOwR WRUR/CwROup
-0.19 0.20 0.09

URVL/0upOv|  VRWL/OvpOw_ WRUL/OwpOy
-0.19 0.20 0.06
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Figure A.18. Probability density functions for gust velocities and
gust velocity differences (normalized with the standard
deviation), Flight 31, Run 4 (r = degree of non-Gaussian).
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ORIGINAT PAGE B8
OF POOR QUALITY

TABLE A. 8. List of A1l Parameters Measured and Their Range of Values,
Flight 37, Run 4.

CHAXNTL UNITS HIGH 10 MEAN KMS STD POINTS
Vorrme . _ STCGHDS AGT80,61R  ICELE,EQT 3B64TLECERD IC64T,E0C4T | 01.G44C4 1135¢
2 Pyt ARY _ opngSE( R4l - 274 -.C0304 L05479 C*e20 113%4
T anLL M PG 6 UNITS 2,177 (44 WGCT74 1,01726 J16638 11344
SOTUFTALDAT L. RAD/STC 7k -, 111 LLE208 02114 ,020%¢ 11254
5 TiETR pan W250 -, 004 LCT763R L0617¢ $046L09 113%
6 Byr . Rap 24 -.25¢ -.CCORE 04564 L04563 11354
TpPSLY__ . RAD__ . .. 193,172 175,050 184,56062 1P4,563CT.. . 2.584239 11354
8 prLoPSY Y pEG 11,101 T, AT7 ?.76€R3 02734 ?.66762 11154
9 PEY 2 . ___RAD FEN,350 F36,313  542,%28203  542,60027 . 2.721F& 1135¢
10 DEL PSI 2 _0FG 11,108 -t .3R9 3,0%72F 4,21662 . 2.%¢R76 . 112354
MArFL N LT £ OGNTTS 4,152 -1en27 1400410 1,075%7 W372C1 113%%
T2 ACOL NPT 0 OUMITS [PLL -1,429 1.00€624 1,0P234 136360 113%4
VACAL Y F6_ T UNITS L] -.051 JCRCAE 00458 105083 1127
T4 ACPL Y LA G huTTe 111 ~,04) =,00111 02487 02608 1130
15 agoup YR QAP L -. 244 -.C10nE L0262 2221 113%¢
16 BETL FTO _ e L. alE3 -.1P8 .CCEE2 W03745 2037C2 1135¢
17 ypun v _ DFRF B2 ,074 -4c,332 TELEF240 79.,706¢C2 2.04712 11354
W reun p  nre F 61,401 -18,510 £Y,21¢23 €1,322€7 WGeE12 1120
Yaeel 7 NS G TINITS ] 2,322 . - ERD 1.06311 1,622¢2 V15085 11354
20 3. ™k BY EAD 077 -y 741 -.00527 W0281F WG2558 11354
REIATIE ean RLE! -, 141 A1ET 203867 L£3147 11354
22 ALPHA LT PAD. .. o 127 -.218 (2124 L023173 $02377 11354
23AFETH 1Y P4 a5 -, 154 L0CTEG $03428 L032347 11774
24P%1 ANT  CAR/SEE - LTS -.716 00250 13159 02149 11356
25 veMo TR OTG - 14,61 -43,133 16,£7PL0 10,%2622 . _1.C213¢ 11354
WBoer LT (22 1.AAS hEE 1451 WP1827 L06713 113%%
HELEEA (D 131 L.1% $4529 JTE235 o 74482 030 113%¢
oo Ry PSID . 1,061 . . 843 JFESIE «B11TT.__ . JO&BF& | 113%4
29p5 e PSTh 11.901 . 11,6414 11,57¢13 11,5773 W14486 11254
o vewp vor YOI TS, 5,719 -6 1TF 4,5011R A,TICLE 1.%7PC8 11354
IWHyeenE ____ DEAC L L 1,104 -117,277 -4 ,£2625 5,65641 2.955P5 1135¢
FrE. L AN SN 1S {7 N7 -.119 L07C04 +07CCE .0C238 111374
KR IAN AL L334 7% -122 $14300 J1aell ,02050 1123%%
4002 PY__ PEID . BEL -, 106 $12°10 2e2t 201781 11354
B/ae T oneq | 9,413 -9,910 ~9,4335¢ G.e4278 0 W41e77 1135¢
36 At nre 9,760 -6,656 ~F 7G41R R.796LS 24642 113%4%
e EY_ T ner D 2,463 =13,4%&  2.,0301) 2.060C2 «I4CEF 113%4
heTaaT pre 706 202 =.1710¢ 17258 02254 11358
gneun . AFE 5,701 ~1£.56Q L fE214 LR LET T EREL2 113¢%¢
onTHes __PCT Mix 87,913 17,013 56 27776 K6, 20440 _ . JOE42P L113%s
4ipTunl  PLT mav 57,011 1£,4RAR S5 hEFL £5,55530 $9¢630 113%¢
2nzgn T BReTYYION 2,187 .730 (78621 .78012 W02768 11354
gnse T T easyTInm NLH - TEG L2243 L0E5T4 L01951 11774
Mo o n NFTHERER T57A7094,041 TE2A147,.520 #6920 040440 o803 00 4 ids 2733, 304458 113%4
458 TN N nECeFrs 73,100 12, 7R° T2.P4144 TP A4T45 .02212 1123454
4 1o nreRFFs ~117,97% -117,981 -117,687612  117.575812 00154 11354
47 LAY RERPFTS IR, TAE 30,472 1% ,L1CTE 35,61CEF DI8T4 11354
iB.TOW_ AMA___  DFGPFES 1B3,02? THF,18%  179,2623F 179.37C13 14£7003 112%%
5407 . RADTAMNE 3.2°7 1,007 3,22125 3,235¢R D0E27¢ 31354
[OR L SR '2 1 1 » 7400 -T,5P% 1.2772¢ 3.4327¢ . 3,18741 1130
57 vy . MISEC -a2,928 ~117,32F  =107,04515  107,16110 4,6E361 11154
52 ALTTTHAF pu 74080 10744 1.96F1P 1.07C72 10000 11254
53.TFMRE . . DECRIFS € 9,497 -47,03D, LL22F71 5,3312¢1 1.04716 11354
54 Fy WMD SBP K1ATS 47,403 1N, 7V8 18.93073 21,3410 TRBEE2 1134
55 WS WMD SPL KNDTS 23471 20,306 -0.¢1L51 12.0¢%E8 7.7091¢ 11356
o5 WINR SPEED | FILTS 59,140 £090 7326414 76,5104 T.h43¢E0 11154
57 WTNR RYOFC  NECPERET 352,950 1,460  263,291%3  2€5,017°9 30,63413 11354
S UINN RYP3  RERPEFS 171,080 “178,F40  113,28126  117,%343¢ 35,6215 1134
5gYTNR_ATOY_ NEARFFR 3%H,370 . 14460 293,38129 2¢5,01745 35.93¢61¢ 113%¢
BO.MTYN NTP4  NFEPFEET “AN1,A31  =1277,666 =11066435311  1114,564%7 167,65710% 11354
§] $IPSBEED B M/SER 110,534 §2,737  104,32%A1  104,4064¢ 4, 10R7 11304

AIOEBTED [ M/TFE 116,045 91,771 102 2658 1c2,705¢2 L,0762°% 113%4

ATRCBEFER | M/STL 113,777 L, 510 104,TFI21 104,718 4,207 11104
g4 PEITH SIT MrYEDS 1794384 ~A,N99  217,77328  230,8327¢ €Q,e47¢r 11374
55 INRTL NTTP _ wrveps 325,74 S17,A02  21646RC11  "243,1€419  104,32129 113%4
F U6 PTRMT vIsSEr 15,037 -14,701 600CT 3,73038 31,720% 11374
BT MR FENYED  wmycEr 10,6472 -17,957 NS 31,7302 1,72042 11354
§R.UG_LEFT . M/SFC 6,700 -1t haD 00000 3,10 282 1.7528¢ 11154
g9 VT PTAMT LYAY L) 16,400 -1n,271 JFIGIF §,£725¢C 4,073 111%¢
70 V6 feEutrn HRISFC 20,491 =14, 40F WF1AR 5,06427 4,083¢84 113+
NVOLEEY L M/TED 18,027 -5,507 JOFEO £,06477 §,04358 113%¢
JMT P TOHY H/SEC 11,744 =24,217 ~ 02445 7.6C15¢ 2.8C1% 11154
JM6 RFUTFR  M/SPC 128k 21,186 -.02237 201648 2.b1648 11374
JAMCLETY WSS 11,504 RS R 01777 2,79854 2.75a01 113%%



"G uny “Lg ubLd “yred 3ubLiy Buoje puim |ejuoziaoy pue spnitiie bLl4 12"V @4nbiLd4

(seaubap) spnjLbuoT : (sa|lw) @dueYsSLQ
g L11- ARE 0-8l1- 1°8l1- ‘0z "81 91 "Bl ‘21 'OL '8 'S b "Z 0
_ _ S5E S T N Y B L D O B "oo0e
= A = -000b
T E N A
- - 9'SE = F / V
PAEE UOLIRAS|I punouy /3 '000S
a - £/ -
o i z
= =
6L | 4 5 = = -ooce
- 40 — L°GE B - -
uoL312941gQ Z E =
— = 000
_ _ g ce TN T T T B O IS N IOU I MR Yoot
SLyY 02 0
Yied 3ubl|4 Buoly puLM |eIUOZLAO| 9pNI13lY JubL |4

SpPU0d3s O’ Gyl :uoljedng
(LSd) §G:g0: Ll :awL] 34e3s
2061 ‘62 "AON :id3ieq

G uny ‘g ubL(4

200

(SY 34) 3ybLey



g uny ‘Le YBL[4 “SuoLieaa|3dde |eudou
$,14P4041R pue ©saduaddifLp A1100[3A Isnb “sa13Ld0[dA 3snb o s3L40}SLY Bwl]

(Spu02as) awl

ql-

0 Am\Evg-m>

Gl
0¢-

- - TAY 0 hm\evq>

1

051

"22°Y ®4nbL4

0 Am\Evn_lv.*:

- Gl
-5 0¢-

0 Am\Ev4:

201

0¢
0¢-

jtxw 0 Am\svus

0¢
0¢-

0 (s/w)dn

0¢

b !



20

wp(m/s) O ?%*Mg;m:gfﬁ /k“%A%“WwNVT~
[

-20 L
20

we(m/s) 0 %N—Mm
-20 L
20

W (ms/) 0 M\&’?A WEWNHW

2 —
a5 (g's) 1 Vﬁ&%hhwmr*ﬁ&#%A»m4k~«~«aw-M*#M¥h#v&N%mj~
R DU S

0 50 100 150

Time (seconds)

Figure A.22. (continued).
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TABLE A.9. Average Turbulence Parameters, Integral Length Scales, and
Correlation Coefficients of Gust Velocities, Flight 31, Runb5.

1. Mean Airspeed (m/s): 4. Integral Length Scale (m):

V V, V
L C R LuRr LvR LwR
105.79 103.53 105.33 333.9  168.6  189.7
2. Standard Deviation of R LoRL R
o r viaction O
andard De n 317.5  173.5  204.0

Gust Velocities (m/s):
TuR ovR %wR

5. Correlation Coefficient of Gust

2.49 4.06 2.76
VeTlocities:
ouC ovC owC y y ,
Cun® Oyp0 WRW| /Owp O
2.47 4.04  2.66 URUL/OupOu  VRVL/OvgOvi  WRWL/OwROw
0.87 0.90 0.90
SuL ovL SwlL y y ,
URVR/OpC VRWR/Oyp O WRUR/Owp0
2.56 4.10 2.85 RYR7OUROVR  "R¥R7EVRWR WROUR
-0.09 -0.10 ~-0.17

TRV /0n0 VRW[ /0yp0 WRUT /G0
3. Standard Deviation of Gust RVL/%ugOvi  VRWL/OVROw ¥RUL/OwRouL
-0.08 -0.09 -0.20

Velocity Differences (m/s):

OAuRL 9AVRL ©AwRL
1.41 1.38 1.42
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deviation), Flight 31, Run 5 (r = degree of non-Gaussian).
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ORIGINAL PAGE IS
CF POOR QUALITY

TABLE A.10. Li
-1U. st of A1l Paramet
Flight 31, Run 5. ers Measured and Their Range of Values

CHAKNEL w
jme SE:;:DS HIGH LOW KEAN
PHI 00T T R4 40279,%33 RMS
‘3 e 6 S':igc 332 40134.878 40207.06540 40207 ;0 PoINTS
TRETA 5 -.19% Z L08719 o
paT__ RAD 2.327 ,00218 +86150
5 . RAD/SEC .230 104443 $800
THETA RA .153 -99249 04438
6 pHI D 154 =151 100264 1.0091% "15907 5800
7 RAD +154 -.033 01892 5800
PSI 1 b .133 «04342 +01873 38
B peL pST 17T H 359,118 sei84 00082 »05030 202633 o
§ PSI 2 T 7.929 D10 2e0ie4352 22863102 «04023 3000
10.0EL PST 2 pEC 363,571 J3.350  -.29583 $:43102 13082 3800
Ncc N LT C uNITs 200 lsiore  -zieeser 1s5i370es  2.3eeet 3800
ACCL N RT G U visel T -z, ~2. 84581 s s 20427 58
TR SRt R R v G suee
WACCL ¥ €677 G UNITS »202 2.651  L.0oasr LAl BN 3000
12 :'E'::“ CTR  RAD o143 -1109 104503 +03809 'g;“‘ 200
1§ e 5 ok %8 Clos  -idzors To233 lozsen 4994
16 Tenp » DEG F 76000 -, 168 0041 +02701 01729 800
DEG 2497 4 3 03557 5800
i F 878 1.7 .0353
CL2INS 6 61.781 276997 7 3 58
20 aLPHA RY S, oNtTs 2.272 61,423 bl.61101 ‘i1l08 v33002 5800
Zacroar mEOR iR Cidest hus 2400
ALPHA LT 2 190 N -.01018 . 3
;2 BETA LY a:g 1133 _'g:: «01321 :ggm 101906 ::gg
ARSI ' «142 -1161 Sores -02638 101487 11
DEG € 103 - 100704 .033 . 7 5600
26 oC LT 14,2 -20% o N 032
p 0259 . 200271 . 33 58
fotn Ve S RGN S 1 2100
_RY N 1.003 L3 579 * L]
o L esi0 . 578 +82801 soo
¢ PSIA 1.023 T588 $78597 S79214 198002 5600
JoNEAR IRT o voLTS 11.581 11.37s -a1840 +82063 T 5800
n HYGRON _ DEG C 7.3711 A 11.52128 11.52138 +06070 5600
2acz LT bEe e1i547 L S 5.54426 04622 5500
]2 pcz CTR™ ~  PSID »070 :oba -5.86794 5.15471 +38078 5800
¥acz AT PsDD a7 187 208385 «05985 183607 5800
% DAR . DEG 2163 _:03, 17330 .17333 200042 5800
x DAL 0EG 1.1869 ~B.916 W13347 L18364 +00303 5500
m*ﬁi%f”-w-—-— bEC 1.513 Too59s -:.7&#17 B.76334 ';’2727 3800
Bonn,  ore 3308 Bl 1 ST “1az08 2500
Jomuo T DS . <.267 Z 3.20024 2 00
PeT MAX T.612 -14 +25796 238 123383 5800
A1 OTHRL ™" 7 pCT 61,328 ‘3% 7.36511 7.37098 91427 3
QpRLr T HAX . 23,376 60.84 «37639 .32 200
pASY 60.938 641 6D, 84 b44 5
2o TI0M 9.938 23.288  60.44540 <£4500 T16218 14
e nerers 174 o5 Sieee  Plirenr  losres 3000
458 10 D e 7511608.000 7325273.037 s16219 116236 +02204 3000
46.LONG S ects 72,836 T i croermreiat 1a70 03008 3000
OLAT -117.9%2 : 2.81743 +13218
(AT _ _ ____ DEGREE . -117.07% - 72.81743 3800
R aRe ~poress 35,763 17.97¢ -117.90300 11796500 1T 3000
:9 325 RADTANS 30,653 5.074 3;"’“” 35,6987 ‘32:8,‘, 3800
oVE ___ H/SEL +112 - «73819 ) * 5800
Vh——— « 204 2037 87234 1o448
23 ALTITUDE AL 1051408 33944 13i02ses  10.10303 loa23s 3800
2 Tenrc KN s 2 108 LBes 102033217 102, 303 2.15239
52 Ev WND SPD EES € B.549 1.964 2.006C0 2.31128 2.8289 HH14
55 NS WND SP TS 50,684 3.233 b.16740 3137054 03237 2800
56 VIND srseg ::g}s 14,843 -23'7‘6 33.26690 3:':12? 1.13213 3800
37 WIND DIREC beaRte 51,566 3.404  -2.01383 It 7.63171 5800
S7UIND DIRs  DECREES 2300150 210.077 27371730 seia0300  7.56900 3600
S UIND oIfs._ b ES 154,159 L077  273.71739 273.87 7.56900 sg
D orRa-- DEcnefs 334,159 38,077 93,7174 Retess 9.34098 ]
AIRSPEED R DECREES 334,159 21,077 213.71748 29 aT6Ts 9.34069 ;:gg
g2 AIRSPEED T M/SEC 117.187 “'027 273.71744 273:0767; 3434099 5800
AIRSPEED L~ M/SEC 115,998 “'nb 105,33378  105,40679 5.34099 5800
CDELTA ALT  MET 122,810 90, 1 103.33182 103,503 3.92291 5800
ts INATL DISP NETERS 59,411 -“':;5 105.79945 16887052 .84857 5800
e UG RIGHT ~ M/SEC 31,737 -ﬂz'znz ~42.43732 53,7182 3.67802 5800
§7UG CENTER  M/SEC 9,156 -11.10 ~41.40407 52.29241 32300 3800
5B UG LEFT KIS EC 8.546 “14.0 1 +00000 2,49780 31.82311 5000
gavG6 RIGHT ~~ H/SEC 8. 844 etes +006C0 2.47382 2,49001 5600
70VE CENTER  M/SEC 6,832 T1rieee +00000 2.56178 247403 5800
NG LEFT . WISEC 8.216 1ais20 ~+01423 4.06130 RS E 2800
7296 RIGHT ™ H/SEC 1.2712 Ti3.e =e01413 4.04630 NETtes] 5800
1206 cenTER 130841 « 933 -, 81740 N 4.00002 580
ve mISEC 1 -10.461 Biat 10718 +.10750 °
TAWE LEFT __ M/SEC 3.391 -9.627 OLATL  2.70238  2.76238 H434
13,821 -9.047 02000 600l Bisies 3800
.
2,85228 205243 3800

205



"9 uny “1¢ 3BL|4 ‘yred JybLyy Buope purm |ejuoziaoy pue apniLife bLi4  "9g

(seaubap) epniLbuoy

g L11- B Ll1- 0°811- 1°811-
| | Sl
- | — 95
=y
) 6L
40
B oL3dvulq | s
~ | 8°GE
SLM 02 0
Yied ybL|4 buoly puLM |ejuoziuol
{15d)

(satLw) adueysiq

jen]
N

‘81 91 "1 ¢l 01 B9 7

v

v

3unbl 4

UOLIRABLI pUNOU]

(soa4bap) spniLren

AR AR N RS RN RN R AR AR R RN R R ERR AN

3

!
1

AESTERNIRERENTN|

U Tl

IERARAN

apn3L3Ly ybL L4

pU0J3s ¢ 29 :uolieuang
ZLiplill  :awLl 34e3s
2861 “62 "AON :93eQ

9 uny ‘g 3ubLLd

"000€

'000%

"000S

"0003

"000L

*0008

(1SY 34) 3ubLay

210



S,24B404L0 pUR “S30UBUB}JLP A31D0[3A 3SnB ©saL3Ld0isA 3snb JO S3LJ03SLY Bwl]

A |

[_, I

,A_J_L_I

L

0§ 0

"9 uny ‘Lg YBL|4 ©SUOL3BAS|DDIDR [BWIOU

(Spuodas) awlj

001 09 0
T- e gy
0
1 Am_mvNa
N i
£ ]
SL- _
O AW\Elemz N
Gl 1”
0c-

7

0 (/su)m - %&m
02 b
0¢- _
0 Am\Evuz .
0z ]
0c-
0 (s/u)dnm

05 0

T T Y %

Sl -
0¢-

J_1<I_J

0 Am\sv4>

0¢
0¢-

0 Am\svu>

L_L,_gi_q L.

0¢
0¢-

0 Am\Evz>

e

Ty

"[2°Y ®4nbLy

Si-
0 nm\EVJ-x:
Gi
0¢-

0 (s/w)'n

e~
v

0¢ ~N
0Z-

0 Am\evu:

0¢
0¢-

0 (s/w)dn

0¢



TABLEVA.ll. Average Turbulence Parameters, Integral Length Scales, and
Correlation Coefficients of Gust Velocities, Flight 31, Run 6.

1. Mean Airspeed (m/s):
104.31 102.19 104.01

2. Standard Deviation of
Gust Velocities (m/s):

SuR oyR °wR
3.64 3.67 3.41

ouC ovC owC

3.54 3.65 3.00

oyl ovL Swl

3.54 3.42 3.12

3. Standard Deviation of Gust
Velocity Differences (m/s):

oAuRL %AVRL 9awRL
1.74 1.68 1.92

4. Integral Length Scale (m):

Lur Lvr LwR
364.7 92.0 51.7

LurL LyvRL LwRL
344.5 104.2 47.5

5. Correlation Coefficient of Gust
Velocities:

URUL/0upSuy;  VRVL/OvROvp WRWL/OwgpOw|

0.82 0.90 0.81

URVR/Ougovg VRWR/OvROwg WRUR/OwgOug

-0.18 0.60 -0.10

URVL/OupGv|  VRWL/OypOw  WRUL/OwpOu|

-0.18 0.61 0.00
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Figure A.28. Probability density functions for gust velocities and
gust velocity differences (normalized with the standard
deviation), Flight 31, Run 6 (r = degree of non-Gaussian).
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ORIGINAL PAGE IS
OF POOR QUALITY

TABLE A.12. List of All Parameters Measured and Their Range of Values,
Flight 31, Run 6.

cmmnzL UNITS KIGH LOw MEAN kNS STD POINTS
TIKE __ ___ SECONDS _ . 40514.443  40431.620 40483,03270 40483,03677 18.14684 2514
Z PHI DOT __ RAD/SEC L4856 -.238 -.00310 .06217 +D6210 2914
T ACCL N €GB & UNITS 2.781 -.523 1.01158 1.04299 $25412 2514
4 YHETA DOT___RAD/SEC. . . 1B =196 4003238 $02708 | _ .02688 L. #51a
STTHETA_____ RAD o146 «020 +0BT62 09017 202131 2514
PHI ______ RAD +263 -4107 -,00172 .03470 .05969 2514
Tpst Y _ RAD. . _____ .. 196,388 179.129  184.5126%3  184,53391 2.93071 2514
B'peL PST 1 DEG 14,983 -2.562 2.80766 4,00430 2.080%8 2514
9 psy 2  RAD 558,604 537,481  342,62956  542.63938 3,26409 2514
10pEL_pSY 2 _ DEG_ . . 144841 Co=24213 0 3.10558% §,24230 2.8908b 2514
TACCU R TT__ 6 UNITS 5.024  -2.819 1.62459 1.16053 $54511 2314
12 ACCL N RT __ G UNITS 4,993 -2,960 1.01898 1.17818 .59136 2814
ALt — g e - Rt At 1+ B 34 SR 11+ SR 11
A . - - . .
15 ALPHA CTR__ RAD .118 =150 -.01681 L03148 102662 2514
16 BETA CYR___RAD. . #2008 -.163 «00400 04819  .0480) 2514
W'TewP 1~ OEG F 78,476 77.397 77.96893 77.96927 122974 2314
}gmw P " DEG F 61,781 61,401 61. 74117 81.74122 207356 2314
AGCL_ T INS__G UNITS 3,045 -.582 1.01599 1.04683 125236 2514
gt" ALPHA RT ~“RAD 150 7T -.19% ~. 00244 403131 W03122 2314
BETA RT RAD +203 -.167 .01407 104765 .04353 2514
22ALPHA LT RAD . __ .. <155 =,151 .02282 .03582 02761 2514
23BETA LT RAD ) 2174 -.164 +00348 ,04307 04273 2514
24ps1 DAY RAD/SEC «15%6 -.128 +00198 «04015 104011 2514
25 7EMP TOT ~ 7 DEG C 10,718 7,072 B.,67362 8.,703653 «72253 2514
:gac L PS1D 1.110 Y S | 279533 +80003 +08656 2514
QC CTR__ _ PSID 1037 .565 76269 76738 L08445 2314
28QC_RY___ ___PSID _ _ 1.081 .618 J79085 V79568 208761 2514
2995~ T TRSIA 11,32% 11,237 11.29206 11.29209 .02389 2514
Wrenp IRY voLTS 5,503 3.121 4.81438 4.B3667 2463590 2514
31 MYGROHM ____ DEG € ~1,942 =84 194 ~5,40048 5.63043 1.56212 2514
3Zac2 Ly PSID .072 .072 - +07180 .O718BD .00025 2514
33q9cz CcTR 7 PSID .1%8 #137 +14859 14870 +00588 2514
3‘ocz RT . pSID . .137 126 «13074 .13078 +60301 2314
350aR DEG -9.5689 ~9,.717 -9.68945 9.68946 200261 2514
J6pAL 77 DEG -B.899 ~9.037 -8,98630 8.98639 +04009 2514
37DELEV™ ~ ~ DEG 4,058 3.785 31.92190 3.92248 ,06743 2514
38pSTAR™ T DEG 4283 -. 294 -.28881 126663 " 400328 7314
/pRUD T T DEG 8.295 8,068 8.15400 8.15421 .0%977 2514
:?omn""‘" PCT MAX 62.590 62,207 62.38173 ez.aaigz «09370 2514
BTHRLUT T PCT MAX 52.305  62.012 62416127 62016136 7 7 ,10322 2514
QpFLr - POSITION .512 .496 50817 450418 .00443 2534
43psB "~ " PDSITIDN .207 .197 .20250 20252 400251 2314
44D YOT6TT T METERS T52505B.458 T323312.%63 ##esaesbsbe veeeertede  524,55013 2314
456 YO D " DEGREES 72,824 72,798 T72.81019 72,81079 «50720 2514
46 LONG™ T DEGREES ~117,997 118,000 =-117.998%  117.99856 +00081 2514
&7 LAY DEGREES 35.686 33,625 13.565480 35,65489 .01733 2514
S8TRK ANG  DEGREES 182,249 174,899  177.83402  177,B4329 2.002%9 2514
49 HpG _ RADIANS 3.447 3,138, 3.23360 3.23411 .05251 2514
50 _vE o _._M/SEC 9.799 4,430 §.09913 5,61498  3,83809 2514
STTYN™ “Tmssec T ~102.169 ~112.961 =106.90144 106.98861 31,7997 2514
52 ALTITUDE = KA 2,206 2,145 2.16748 2.16753 101698 2514
53 TEMPC DEGREES C 4,802 2.085 3.46107 3,51936 +£3802 2514
50 EW WND SPD KNOTS 42.305 -1,321 25.54551 26.42022 b.74330 2914
55 NS WHD SPD  KNOTS 11,402 -25,05¢  =10.14093 12,26832 4.90396 2514
56 WIND SPEED KNOTS 42.407 3,869 26,29386 29,12970 6.92939 2514
57 WIND DIREC ™ DEGREES 357,798 5,201 290.70819  291.23767 17.95703 2514
58 WIND DIRZ  DEGREES 177,798 ~173.699  110.70825 112.09123 17.55700 2514
59 wIND OIR3__ DEGREES 357.748 5,301 290,7082%  291,23773 17,55705 zsr
- Ré  DEGREE 366,755 181,166  290.99465  291.,42208 15.78111 2514
2? H:grgéo R nssac s 121,266 92.271  104,01612  104.18727 5.53470 2314
62 AIRSPEED C_M/SEC 118,709 89.929 102.19451  102,33983 5,45103 2514
61 AIRSPEED L HM/SEC 122,780 93,967  104.31353  104.45593 5.45346 2314
64 DELTA ALT _ METERS 1.015 60,608 =37.81934 4l 45463 16.97942 2514
65_INRTL DISP_ HETERS +000 ~52,813  -30.60195 u.zzu: 15.35452 ::i:
RIGHT  MISEC 8,054 -11,348 .00000 3,6423 3,64309
25 32 cén!u TUOmIsEC 84341 -10.706 .00000 3.54397 3.54467 2514
8B UG LEFT __ M/SEC T.622 -13.375 «00000 3.54621 | 3.34692 2514
69 V6 RIGHT ~ M/SEC 17.341 -9.962 -.087¢4 3.67656 3.67624% 2514
70 v6 CENTER _ M/SEC 15,198 -9.738 -.08299 3065269 3,65247 2514
7 VG_LEFT __ MISEC _ . 1t,923 -9,300 -a10410 3,42577 3.42487 2514
72 WG RIGHT — K/SEC 17.793 -11,422 ~416907 3.42058 3.41952 2514
731 W6 CENTER ~ M/SEC 15.330 ~9.243 -.09851 3.00378 3,00277 2514
74 WG LEFY MISEC 20,997 -12.618 -.09179 3.12148 3.12078 2514
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TABLE A.13. Average Turbulence Parameters, Integral Length Scales, and
Correlation Coefficients of Gust Velocities, Flight 31, Run7.

4 i

1. Mean Airspeed (m/s): 4. Integral Length Scale (m):
v ¥V v
L ¢ R Lur LR LuR
101.47  99.23 100.93 628 249.6  287.6

LurL LvRL LwRL

2. Standard Deviation of

Gust Velocities (m/s): 532.2 242.9 283.5
ouR ovR wR
3.03 3.00 2.23 5. Correlation Coefficient of Gust
Velocities:

ouC ov( owC

URUT /01,0 VRV /Oyn0 WRW[ /OwnO
3.03 3.03 2.15 RUL/9up%u,  VRVL/OvROv  WRML/OwROWL

0.92 0.90 0.90

oyl ovlL owlL
3.07 3.06 2.22

URVR/OupOvg VRWR/OvROwg WRUR/OwpOug
0.02 -0.21 0.39

URVL/SupOvy  VRWL/OvROw WRUL/OwgOuy
0.32

3. Standard Deviation of Gust
Velocity Differences (m/s): 0.01 -0.21

9AuRL  9AVRL 9AwRL
0.85 0.80 0.89
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Figure A.33. Probability density functions for gust velocities and

gust velocity differences (normalized with the standard
deviation), Flight 31, Run 7 (r = degree of non-Gaussian).
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ORIGINAL PAGCE 13
OF. POOR QUALITY

List of A1l Parameters Measured and Their Range of Values,
Flight 31, Run 7

TABLE A.14.

]

CHANKEL UNITS HIGH Lo MEAK KMS STD POINTS
Vorine _ SECONDS 40859,502  4U633,627 40757.56410 40757,80660 58.86447 LBRTY
2 pHI DOT RAD/SEC 4160 -o141 -,00271 02918 .02906 81%6
3 ACCL N L6 6 UNITS 2.087 .159 «99544 1.00084 .10381 8136
4 THETA DOT__ RAD/SEC 099 -,110 103306 W01370 W01336 8156
: THETA RAD .119 -.809 .guo; .8;569 .guu :i;e
PHI . RaD J140 -, 084 L0014 02966 02963 6
; pSI 1~ RAD 154,89} 275.719 349,38821  349,39191 1.60740 8156
DEL PST 1T OEG T . 3,057 5,942 ~2.21736 2461189 1,38040 ° (TR
9 pSI 2 RAD 353,009 344,286  347.99832  348,00003 1.34844 8156
10 DEL _PSI 2 DEG 3.638 -5.37b ~1.64475 2.14194 1.37220 8156
TV ACCL N LT G UNITS 3,249 -.680 1,00864 1.,02644% +19034 81%s
12 ACCL N RT G UNITS 3,891 =143 1.00%569 1.03030 .22385 8156
13 460 X €6 6 UNITS $230 +011 206404 .07038 V02920 8156
MoaceL ¥ €6 6 UNITS P124 ~.079 .00095 «01789 J01787 8158
1 TS R gt It TN 1+ SR 11 G 1 1111 H
BETA CTR RAD W1 - 400689 . e
17 yemp 1 7 T DES F 79.016 S 17,576 78.47828 78.47957 +45001 8158
18 YEup P DEG F 61,961 61,605 61.77957 61.77957 201328 8156
19 ACCL 2 INS 6 UNITS 2,062 2133 1.00037 1.00562 210264 8156
20 ALPHA RY RAD «160 -.128 .00053 L1438 «D1437 156
21 BETA RY RAD J174 -.129 01674 L02806 .02252 8156
22 ALPHA LT RAD $217 -.078 .02315 .gnb: W01442 u::
23 BETA LT 7~ RAD «151 ~.153 «01000 0248 .02233
24 pSY DOT RAD/SEC .085 ~,093 00260 01892 01873 [38.79
25 TEAP TOT DEG € 13.570 7.170 10.29486 10.40512 1.51067 8156
26 qc LY 7 pSID .903 427 74751 WTHESS «03939 8196
27 ol CTR PSID 2840 .591 V71422 271521 «037%9 8156
28 gc RT ____ PSID .870 .12 73949 « 74053 «03936 8158
29 p§ PSIA 11,383 11.282 11.33648 11.33649 «01311 8138
30 1Eup IRT VOLTS 7.140 4,794 3.91622 5,946%37 +3799% 81%s
31 HYGROM _OF6 € -1.938 -9,759 ~7.46488 7.50921 1.47%13 8156
32 acz LY PSID ,076 .073 07455 L0T48T 00083 8158
33oc2 CTR PSID 168 . 069 £13343 J13018 02722 8156
g; aC2_RY PSID «140 .101 .11580 J1l648 .01235 :xge
DAR™ T pER ~8,750 -9.551 -9,17613 9.17961" 225281 1%¢
36 pat DEG -5:678 -9.092 -8+94551 8.,94639 12568 [FR1Y
37 DELEV DEG 4,710 34308 4,55243 4,55381 11232 6156
38 n5TAB T DLG .022 ~i350 -.33087 .33099 .00893 8156
39 pRUD DEG 9.54B .705 9.16363 6;.‘%1,3, ig;;; :{;:
40 pyMRR _ - PCT MAX 64,551 49,841 63,89992 . . .
4 piweL T PCT MAX 54,348 49,823 63.,61769 634561871 +36006 81%
42 pyivp POSTTION 1.182 418 44116 hA144 .013591 8136
43 psa POSITIDN 408 . 006 .23535 223548 00781 8154
45706 METERS 7520228.122 T522745.854 eesesbesbes sosonssetss 1083.47000 8156
439 1O D DEGREES 72,849 72,788 72.8173% 72.81736 01834 8136
46 yons  DESREES -117,.978 117,986 =117.98276 117.98276 ,00249 8156
47 LAT DEGREES 35,754 35,579 35.66524 35,66528 .05080 :i;:
5 359,981 028 5,78841 36,00202 35.93582 .
15 nhs MMe T 61200 5.039 210577 610582 .ozw; :}::
H/SEC 74474 ~.876 3.66628 4.16317 1.972%
:? 35 R V27 101.162 87,945 95.4201% 95.51802 4,09664 8156
52 ALTITUDE KM 2,175 2.103 2411593 2.13597 1'23253 :i::
DEGREES € 8,484 2,357 5,39005 5.56526 .
22 IEH:Su SPD xgurs 60,593 19,508 42,50033 42.84876 5,39092 8156
E5 RS WND SPD  KNOTS 20,659 -21.728 -A.g73;1 ,'1.:;:3: 2'§2§§2 ::;:
5 KNOTS 61.124 19,863 43.23778 E .
Eg :Ixn% 3?:52 'Degasss" 303,845 245,044 275.89681 zze.osz;g :g;;g: :i::
R DEGREES 123.845 65,044 95.69686 6.344 .
gg :}:g giag DEGREES 303,845 248,044  273.B96B6  276.05277 9,27710 8154
60 WIND DIRS  DEGREES 303,845 245,044 275.6;3:6 s;:g;;z; 'Z%Z}if :}:2
R M/SEC 109,065 91,750 100,93810 . .
2; ﬂiiiii% T _H/SEC 107.53b 90.222 95,23685 1:3.:::;: :g;gg; :x:
AIRSPEED L ~ W/SEC 111,063 92,927  101.47274 . N
22 D:L‘s“ ALT  KETERS 71:!66, 779 32.43872 33,74127 9.20812 8156
5 INRTL DISP HETERS 58,331 000 34.34776 15,%5u321 8.98441 8136
25 UG RIGHT  M/SEC 12,332 -9,102 .L0000 3.03782 3.03801 18T
67 UG CENTER  M/SEC 12,209 -8,184% ,00000 3,03101 3,03120 8%
6B uG LEFT MISEL 11,994 -8.319 . 00000 3.07700 3,07718 8136
89 l\:c RIGHT —  M/SEC 9,833 “9.4068 00966 3.00277 3,00294 8156
10,724 -10.387 .00890 3,03892 3.03910 8155
;? 32 EE:;“ ::i:g 8,480 -11,.962 .00956 3.06967 :.o;eu :}::
: 12, - aDs4s 2,239% 2,2398%
72 vwG RIGHT nISEC 12,808 8.420 . H S M
LR 1.Tos -9.207 00880 Diddest  ai22ves HH
W —— " .
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TABLE A.15. Average Turbulence Parameters, Integral Length Scales, and
Correlation Coefficients of Gust Velocities, Flight 31, Run8.

1. Mean Airspeed (m/s): 4. Integral Length Scale (m):
V Vi V
L ¢ R Lyr LvR LwR
103.22 101.05 102.86 306.7 364.4 232.9

LuRL LvRL LwRL

2. Standard Deviation of
Gust Velocities (m/s): 302.5 380.7 249.6

SuR oyR 9wR

3.93  5.17 2. 52 5. Correlation Coefficient of Gust
Velocities:

ouC ovC ow(

3.89 5.18 2.36

UQUE/CURUUL VﬁVE/UVRUVL WﬁW[/GWRowL
0.89 0.81 0.80

cuL oyL Owl
3.89 5.20 2.42

URVR/OupOvg  VRWR/OvROwg WRUR/OwgOug
-0.20 0.15 0.00

URVL/"URGVL vRWL/UVRUWL WRUL/UwRUUL
-0.19 0.10 0.03

3. Standard Deviation of Gust
Velocity Differences (m/s):

9AuRL  9AVRL 9AwRL
1.22 1.08 1.31
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Gaussian
---- Non-Gaussian

r =4.5 r=1.5 r=1.5
L T T e I A B ||1;1x||} U T I
Uy _ ps Vo _ s Wo _ ps
R = Right R = Right R = Right
0.8l C=Center_| | C=Center} L C = Center _|
L ??Left L = Left L = Left

Probability

Gust Velocity Distributions

r =2.5 r = 2.5 r = 3.5
VWO rTT T 7 7 T 10 l|1i*16|| I I O
+ easured + Measured + Measured
Vilues Values Values
0.8 - YR-L - Vg~ AWp-L
= i
: i
+
<
- td — ]
51 0.4 |
1
0.2 | \‘F i ]
[
\
0.0 L 1 l | \\.L?::| -
-5. 0 5. -5. 5. -5. 4] 5.
Gust Velocity Difference Distributions
Figure A.38. Probability density functions for gust velocities ana

gust velocity differences (

normalized with the stancard
deviation), Flight 31, Run 8 (r = degree of non-Gaussian).
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TABLE A.17. Average Turbulence Parameters, Integral Length Scales, and
Correlation Coefficients of Gust Velocities, Flight 31, Run9.

1. Mean Airspeed (m/s): 4, Integral Length Scale (m):
V) Y ¥,
L C R Lur LvR LuR
103.15 100.84 102.84 327.8 338.0 . 93.9

LurL LvRL LwRL

2. Standard Deviation of

Gust Velocities (m/s): 341.5  338.0 83.9
ouR oyR 7wR
4.10 5.12 2.40 5. Correlation Coefficient of Gust
Velocities:

ouC ovC Swi
4.10 5.10 2.21

URUL/0yp0y;  VRVL/OvRoy WRWL/OwpOw,
0.80 0.90 0.80

uL SvL owlL

4.18 5.12 2.34

URVR/GugOvg  VRWR/OvROwg WRUR/OwgOug
0.30 - . 0.20 0.19

URVL/oypo VRW[ /0yn0 WRU[ /Own0
3. Standard Deviation of Gust URTVL TRTL7OvRTw  TRTL7OwRTuL
Velocity Differences (m/s): 0.30 0.20 0.18

SAuRL 9AVRL YawRL
1.35 1.16 1.45
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Gaussian
---- Non-Gaussian

r=2.5 r=1.0 r=1.0
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Gust Velocity Distributions

r=2.5 r =2.5 r=2.5
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Figure A.43. Probability density functions for gust velocities and
gust velocity differences (normalized with the standard
deviation), Flight 31, Run 8 (r = degree of non-Gaussian].
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'EA
.18
F17 of A
light 31”Rpaf”amet
’ un 9. ers MEasured
and T
heir
Ran
ge of
Va‘|u
es,

[
;rg?“
2 pHI D UNITS
. sor "
< ACCL NT' o :ECUNDS
5 ;:E‘A b%? G“D”"sft o1 HIGH
1 TA LR 178 704
PH AD ]
;S’x’ 1. ::",SEC 1:’:: (13600
ST - > 921 $.002 4 KEAN
e bt R 153707670 w1537t
. -
JoeL P RAD 2 52 - 089 I 4153701
12 AC N L _DEG 20.3 ~.Q3 00123 8926 STD
‘.3Ac§t N R‘f’ 6 UN! 5 5.2;2 25_'208 '20301 1:35126 05,70
YL x e ¢ UNTTS 81,839 07680 21-:o§§:g T Rt PomwTs
e uN 698 569, 64 3 N «17 139
TR ¢ ITs 3 9.5 13.51567 6326 035 1i3ee
};YE:: ng“ :Aguxrs B :g.eég 51§:§:§75 213 92714 :3§g:1 1;;::
TE . _ RAD 1 - W14 - 39 2. 4 0 8 13
19Ac2’ P pEe £ 313' l.‘4g 1!“2&:; 575 ;5017 z.z‘ﬂlz ,3§°9
20 AL L1 INS' DE F 2 -,0 0139 3 0928 2 1339 h 99
BETE iR Snt ‘et T 1101069 2.37829 LNy N
gZ_AL;I:AIT ﬁ‘DNsz zb:sg; i —.17: _'25691 1'3:;‘3 Z:i:::o 13;::
ZALPHA LT RAD 1.98 .11 -.00127 -06704 Y9 133
st (TR0 1.931 18,82 .02678 +06358 2540 13300
S Tenp 10 RAD ™ 583 7522 N RIS 103279 13399
260C 107 RAD .17 -,390 6l. 2245 3247 . 19 13
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23aC RO PSI $143 7 =.12 1.00521 o1, s28 R 13 3
29ps—“7 T Psxn o 3 -1 0 .0091 .87728 +03142 399
— b <097 - 52 [ 1.0 +52 133
WTEN . 43 4.6 .1 +020 1933 620 o
- D 653 23 .0 13 .02 «13 1339
3‘“769 IRT _PSIA 1.07 -.093 1115 286 o 120 13 M
Bureaon .. vaLTs’ R 10.203 -01432 103324 ‘51032 13300
330¢ 'S DE s 1 e s 0025 sb2246 2072 1 544
2 ¢ C <039 51 12 3 o0 .02 319
3ac CTR PS 12 .6 J685Y 3243 81 1 9
P RT 1D . 509 18 L83 [} 024 L0195 3399
o HE Rt 12118 L8021 e 1%
L . . . . .
s, i : o i
3902“'""-¥-DE§ ‘1eo Toe 7368 1z"352: Losiss 13304
‘Obra: e pEG ‘9.9?3 .- R Toatns Rt - 12’2‘0 1;:°°
:;D,“.:_—— . .bes -9.202 ol 107689 T oy 136
DFLP - PCT HA «086 - $242 47 .0 4 .50 ? 133
43058 . PCT B X - 374 9,575 -lg'l5502 7691 1.4 T22 133°°
44D ¥ POS Ax 11.48 5.34 19.00008 +16976 0139 133e
06 " IT1 b 3 5,348 .4 .15 .00 339
R rosiTiod s 10135 e e otor iy
e RS . b =400 1407 .oe01 99
ATLAT DEGRE +320 bocane 15,1013 HEHAH .07 H 133
L . 7 867 99
TR secacts i il i3 rorzes 13300
. . . - L4 '
g?vgc 25““:22 _115.::6 7"‘351:523 :z§g§§ :;-;z§33 -gx?i% }339:
VN —_"__ DIAN 35. 2 72.8 seee 3114 02128 «31864 99
. ; - 0 s T 1
i} P e i Ha it
A e 3060 ibees -11e.13373 vosriosis e 13399
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57'\41:0 SPEED “Nu;s 1-592 _20'990 3’%72“ 35-2;3“ ‘°01§‘ 13399
S9WIND g"‘z DEGREES 23'790 5'330 : 83,453 : 5!'75072 2'07257 1:“9
sovl Rl DEGR - o486 -1 2153 1.4 58 0.71 19 199
MECIG S
2 AIR EED DEG ‘916 .192 11.9 40 1.41 s <04 139
AIRSP A REES 179 +9033 7 641 3 633 1 9
AT PR AR TR H 16703 ST114 1399
&1 DEL 'EED"L'"’SEC 8 9.936 -17‘,'1&2 15.95”! 16,431 M '0"061 13399
o eTe Bis nISEC 843478 .858 Rttt Sy ! ra8298 13399
66 UG T OISP NETER R =33 P142 c0.11370 °z”“5126 132821 1330
7 UG RIGHT NETE H 11,755 3.217 240 210 31.2 52 3,87 1 13399
® 116 90 1 1127 9 1831 " 7 309 1
Ttk e 116.4%8 roaae et 8 5.238 eones 3339
ARSI WISE 251.146 88,838 e T ,3-011,‘ 13399
0 ve .,GNT"_ ”/S(c 40.544 1.024 100 471 281.19 3% 31.871 6 13199
-1 1 .86l 10 140 73 20 12
Ve CENTER ",SEC 11,498 -1 522 03.18% 62 2.80 871 399
T 100 615 216 20 13
UM sk 11,3 sig.192 6033538 .89 -898 392
- ¢ 11 s 1.9 , 69,3353 103 187 3 08 13
TN Tt i A 151 SN s ~20007" +23334 1%
nle CENTE MAE 13.85 - 1.388 H 001 92,13 'S 2 3,164 12399
it B R 1.1 5317+ S e oo 1 133
o
MISEC 13.,:: -ir'5°g _'gﬁooo ~Ii§3°° °°'3uz:§ :;,Q:
13.9 -10,.%01 - 1121 4.4 39 4,109 3309
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+ 540 -10 28 <002 J121 " 07%% 1 99
- 785 LY 3 5.1 40 <187 3399
13.4 2023 079 3 32 i
P421 o £3 5,121 3 «121 3399
:52“" 2..07’1 5'1001' 13399
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2,3"“ 2,407 0 13399
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. 1876 99
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Figure A.47. Time histories of gust velocities, gust velocity differences, and aircraft's
normal accelerations, Flight 31, Run 10.
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Figure A.47.
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Figure A.47. (continued).
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TABLE A.19. Average Turbulence Parameters, Integral Length Scales, and
Correlation Coefficients of Gust Velocities, Flight 31, Run 10.

1. Mean Airspeed (m/s):
VL Ve VR

117.27 115.20 116.70

2. Standard Deviation of
Gust Velocities (m/s):

SuR ovR OwR
2.04 4.57 2.40

ouC ov(C owC

1.99 4.58 2.34

oyL ovL owlL

2.02 4.61 2.33

3. Standard Deviation of Gust
Velocity Bifferences (m/s):

OAuRL avRL 9awRL
0.41 0.31 0.38

4. Integral Length Scale (m): . .

Lur LvR LwR
641.8 729.7 832.2

LurL LvRL LwRL
638.3 742.9  863.8

5. Correlation Coefficient of Gust
Velocities:

uRUL/UURUUL vRUL/"VRUVL wRWL/UwRowL

0.98 0.99 0.98

URVR/OUROVR VRWR/OvRowg WRUR/OwgOup

0.08 0.00 -0.47

URVL/OugOvy VRWL/0vRow|  WRUL/Owgoui

0.09 -0.01 -0.45
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—— Gaussian
---- Non-Gaussian

r=2.5 r = 3.5 r=1.5
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Gust Velocity Distributions
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Figure A.48.

Gust Velocity Difference Distributlions

Probability density functions for gust velocities and

gust velocity differences (normalized with the standard
deviation), Flight 31, Run 10(r = degree of non-Gaussian).
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TABLE A.20.

ORIGINAT PAGE I
OF POOR QUALITY.

List of A1l Parameters Measured and Their

Range of Values,

Flight 31, Run 10.

CHANNEL UNITS HIGH LOW MEAN RMS STD ) PQINTS
1TIME SECONDS 42157.941  41GA5,491 42071.51600 42071.%4532 49.67748 6881
2Par ony WAD7SEL .0%50 = 064 ~.00242 101224 w01 200 CLER]
ITCCL N 6w UNITS 1.365 w129 1.60190 1.003439 05664 6883
LG W SR $Y 53 1 RN =0 NS AT .Qh%} L)
ARIAD TR ~1c3 A S0y AT W28 T ebe
t?a RAT FTrH <, 085 ~,00109 01970 (01967 6883
7311 RAD 316,794 309,102 3Y2.007906  312,01274 1,72723 6883
8 DEL PST 1 DEG “906 %4355 SPLIEEL 2,2051% 1.21037 6883
9 PST"2 RAD 3led065 77T 310,764 31342351 " 313.42576° " 1.18716_ 6883
WDOELU PST 2 DEG 1.230 ~64153 =3439606 " "1,R0637 1471965 6883
WILTU R LY G UNTTS - 1.53% 41 T.015990°_  1.02288 .09014 c683
12ACCL N RTT G UNITS T 1,539 7T T T 50 1 01124 777 1,01534% 09761 688
WAL AT e uNITST T T L0 T T =006 T 04012 T T ,04533 ,02109 688
WACTT Y LG G ONITS W71 =CTe =,0016R 201545 <01536 688
VSACPHA TTR __RAD 1H .4l =.02307 y02987 20) 689 [k
16RETE CIR RAD 2060 =, 027 L00801 L0115¢ L0883% ALK
V\TTERP T oes F To.317 T5.418 75.90996 ¥5.%1¢19 .19593 538
18TERP P DE SI32Y 60,862 __61.126%% _ A1,12089 21343 (X1}
VOAtLL I INS 5 uru‘rs 1,324 L3617 1,00543 1.00703 1050663 688
20ALP AL RY ®AD W016 =, 036 =, 01265 Vo144 v00756 688
21BETART ™ "RAD T - Y 1 T L01676 0184 200763 L1
20 AIPHA LY RAD “.D33 =.C15 201021 .01%6 L03750 L]
FELEAL I RAD , ] =017 ,01201 T U «00797 _ h6 83
24PST DOT " TTTRAD/SEC T 020 - 027 T L002587 77 77,0073 00688 T bB83
25 TEMP TOT ~7DES (~ ~7 7 1.657 7T A30keY T =,450327 T 1.73889% 1.60328% 6883
2600 LY ¥SID ) LT3% 52538 BYEDG 05077 [XLH]
27QC TIR™ " PSIO. 4910 <108 LYO5ES 10105 N:13:1Y 6883
s 00T $510 1937 « 724 81716 281874 .05080 [11]
P5 PSIT 8,816 8,831 _ _B,.06100 ___ A.,06111 202133 588
IGVEYPIRY vOLTS ) 34362 1.911 24604 R2 2461531 # 23404 4883
3THYGROM  TTTBES €T T 12,108 T =17.970 — =1%.5)R38 13.65984 2.03197 £883
32802 LY PSID B3 . 075 L07948 07952 +00237 6883
37QCT TIR PSID L15% L0134 L1109 J1T513 EET} B33
MATTRYT  PS1Y Y 045 67403 L8T656 01953
15DAR DEG =T.230 5,772 ~8.4799% B.51409 76181
DAL DEG =0.127 =$4.753 7 =9.05152 5,06433 L&B1
370ELEV— DEG B ATE 5242 Goh148% £, 41531 L06770 5883
34 TSTIE TET =T b S 4 RTLIT =L s¥E3
33 0RUD DEG 12,394 12.109777712,27738 7 12.21767 409669 £88)
40 DTHRW PCY RAY 35,B9F 69,141 58.53217 7 60.53245 L1875 853
A1TTAT PTT RAX 69,827 t8., 945 65,293%¢ £5.2%835¢6 17517 6883
ZOFLPY T POSTITON " ,219 .191 220550 +20572 WB07I2 (1L}
43058 POSTYIOR 2367 TIAE T3I5RP0 Z 35497 00450 (L1
4 LLXXXIXT) .

A8 10D — DEGREES 12’"[56 72—626 Y2 .B0T0% FE,ARTAS 2030482 5383
A8 LORG— DEGWEES =118.14) 118,288 T-11A.22294 7 114,22244 D369 6083
47147 DEGREES 35,141 35,013 35.,07726 35.07728 +03752 6883
43 T2k ANG _ DEGREES 323,643 " 317.862 _ 321,06322 1}_1.0&&90 __ 1491006 _ 6883
43 HOG RADLANS 88187 540625777 5,460%97 _ '5,46903 T ,02187 T 6h83
50 VE HISEL T Eh2,543 T T, 163 T =b6.h1174 T 66,44590 2.13040 60883
5 VR AISET BEIY . 15,358 §2.31304 241861 4.13089 [XLE!
52 ALYTYODT KW 4,004 5,027 1,065312 4, 06616 .0iB61 588
53 TEAPT DEBREES ¢ =% ,811 <9638 =1,26067 V45193 +6778% £88
54Ed4 WND 3P0 KNOTS 454717 22,132 34,780A1 3545660 +B3UD% 508
s5NS"WRO SPG__KNOTS 22,159 -4,8692 Te47795_ 15.15382 » 84974 5883
e WINOTSPEED  KNOIS 49,6127 22,179 36.04983 34,8818 7.73030 688
7 WING DIREL DEGREES 2784713 2404538 259430237 25944729 9, 40696 588
58 WIND DTIR2DEGREES TUQRLTIZT T 4D.538 T 79.30238 70.89029 T 9.40697 " T 6b8)
SgWIND DIKY — DEGREES 278,13 240,838 7 245,30238 299.47293 " 9,40647 6883
60 TueTl 2404538 239,302 F.5129 9.,40697 6881
GILAIRSPEED R H/TEL 134,637 116,705 116,706 16,7548 31268 (1.1

ZIIIS'EEH T HIB‘EC 127,677 109,565 115.209517 115,244 3,28933 [3]

J . . . . B LN 3507 1

a DELTA llT"'HETEPS""'—' T 6%.0RAT T -7,898 T 19,24900 1 43,4714 fB,612747 T 688
“IN!TL DISP—_METERS ‘353,877 <4,8157 3530609 40,34817  17,60353 o883
66 ' =% + 0000 2.04380 +0% 395 688
67 UG TERTER _HJSEC 3,554 =3,032 206000 T, 93506 139828 6038
saUT TcFT R73EC 4189 ~4.94) . 00000 2,0199% 2,0200 3
69Ve RIGAT ATSEC 8,122 =7.08% =.02803 45757 4,576] b
JOVG TENTER  M/SEC 8,388 "27,062 =.0278% bo8057 4.995% 6883
NVE TEFY  R7SEC BT =1.16% =, 03442 .8137 8150 6883
72 V% ETTHY A7SEC 3.0673 =E.66]1 03816 2.4040 2.4039 5883
J3VE TENTERT WISEC k19 ~5,350 03708 7.34800 2.34778 [ 1}]
;urrtrt—vn't——“_ 3,338 T .55 . 03587 3,1352¢ 2.33% 5483
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A

TABLE A.21. Average Turbulence Parameters, Integral Length Scales, and
Correlation Coefficients of Gust Velocities, Flight 31, Run 11.

1. Mean Airspeed (m/s): 4. Integral Length Scale m):
V V, V,
L ¢ R Lur LvR LwR
107.01 104.47 106.49 370.0 246.1 203.3

LyrL LvRL LwRL

2. Standard Deviation of

Gust Velocities (m/s): 375.6  241.7  193.1
SuR °vR TwR
3.74  2.10 2.25 5. Correlation Coefficient of Gust
Velocities:

cuC ovC °wC
3.76  2.15 1.99

uRUL/ouRUUL VRVL/UVRUVL WRWL/UWRUWL
0.83 0.81 0.78

oul ovL owlL

3.77  2.18 2.13

URVR/Ougovy VRWR/OvgOwg WRUR/OwrOug
-0.21 -0.09 0.48

URVL/OupOv| URWL/UVRUWL WRUL/Owgou

3. Standard Deviation of Gust 3
Velocity Differences (m/s): ~ -0.28 -0.10 0.40

OAuRL 9AVvRL %aAwRL
1.12 1.01 1.26
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---- Non-Gaussian
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0.8 C=Center{ |- C=Center{ |- C = Center_|
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= 0.
Z
o
o]
S o.
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Gust Velocity Distributions
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L I B B A A T 7T ’I T T T T 7 Pl ()
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Values VaLues Vg&ues
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Gust Velocity Difference Distributions

Figure A.53. Probability density functions for gust velocities and
gust vglocity differences (normalized with the standard
deviation), Flight 31, Run 11 (r = degree of non-Gaussian).
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ORIGINAL PAGE IS
OF POOR QUALITY

TABLE A.22. List of A1l Parameters Measured and Their Range of Values,

g

13

A

Flight 31, Run 11.

CHARNEL UNITS HIGH LOW MEAN RMS STD POINTS
TYIRE SECONDS 42768.526 42410, 5247 42577,52400 42577,63319 96.42831 3
ZPAL GOT — RAD/SEL =297 -+00258 106193 $04185 3
34eST RT6 6 UNITS ‘o282 1,63038 Y.00958 213652 1
4 YHETA DOT ™ "RaAO/8EC TTe.069 T L00323 T 01449 ,01413
5 THETA RAD =+ 060 < 04493 07771 . 06340
6 Pl T RAY 15 LA06TAT _ JD3TPET___ _ L03T4S 3361
TESIT1 T~ RAD 317,907 308,045 312,03260  3i2,03864 1.,90874 1336
S8OEL PST T DIG 15158 ~5,693§ -2+20343 2,591 1.37475 136)
SPST T T RAD__ T 317,446 T309. 7087 313.41044 __373.422307 7 1.33812 " 12361
10DEL PST 27 DEGC T T 2e31B mTa4T4_ T =3.44987 3,037137 """ 1,87889 338
NITLT R LT__¢ ovITS Z.831  _=,510____ 1.01%7h 1,04608 25397 334
12ACCT N RT ™ G UNITS T T3 T=e992_ 1.00930 1,087 28212 6
VAT~ ¢& 6 uNTTS 217 —. 048 J0eB28 072 L0544 3
WICT Y TS G UNITS 079 [[:44 -+00582 «02¢7 <0154 3
VSALPAZ CTR _ ®AD »093 99 =.03402 03728 L1518 6
W6BETA CTR RAD 9134 $113 ,00230 202316 202305 335
VITERF | Bcs F AL ED T5.418 76433933 76434215 565622 &
1BTERP P OEG F " BU.sal 59,803 __ 66.12133 60.12152 17651 3361
9acei RS 6 URITS 2.626 7 T w212 77 1.00458 T 1.01391° " ,13727 " ""1336)
20XALPRAT RY RAT 117 =. o3 =.02010 02658 «01736 3
218ETA RYT_ _RADT T " T T w2 T =a1l 01307 T L0231 02082 33
2VALPHE LT L8] £103 =075 L00396 " T.0173% 201693 334}
PRI C S Y V) - v = 114 <00587 ,02247 ,02170 33%
24PSI OOT T UURADISECTTT T ¢ TeUb2 To.072 7 T T L,00247 0 TT7.01883 7 T L0187 13361
25TEAP YOV DBEG L~ — " 14.838 Y0161 1b.52264 10.50134 1.28327 3361
26TT LT 13344 17137 X1k V88510 84054 03692 31361
2)QC YR T PSTD T T U TUTTULWTI T TT T w6k LAL20E LIYI8! 209350 361
2B0C RY PSI0 1,111 818 +87661 88197 .09713 1336}
2983 PSia 12,360 11,555 11.940807 12,00146 25857 13361
0TENPIRY VOLTS 64937 2,154 5.86314 5,91347 76992 uiEl
JYHYGRDY DEG T 5.296 12,109 ~1.28782 1,63293 3.61024 1338
3202 LT PSID 055 2046 204946 104453 .00270 13361
3JITCTCIR PSID T T WOASTTTTTLLAIRY T L 146037 T L0346 T 1336)
URCTRY T PSID T T TL.1sY ,048 210622 L1119 L0352 ]
ISTAR BEG =5.58% =b.595 —5.954¢8% 5.96258 L3036
DAL bEG TTo5.455 T -6, 474 -5.88257 5.8725% ".3%23
70ELEV  DEE— — T T T T U507 G721 4.94B40 T T 4,95045 T T,142197 1338
38DSTRT DEG =385 =501 36076 LI ., 60980 338
39DRUD DEG TTTILLTAR T TTTI0L 628 T L 145617 15018003 T o318 1338
40D THRT PCT HAX T 09,629 T T 67,7737 68.66135 T T 4A,66343 253496 348
A1 5TART PTT AKX T0.02C 58535 89,34502 /9. 34635 42044 336
&2pFLFr —— POSITION .wc L1607 L1757 V17610 LOLTTY T 13381
4373K POSTTION L3777 L38130 LIBT30 J00195 3381
T YT T NETZRS 7383731, 17;—7nezus AT FRFFIeIFERT SaasoeRseied 3513.41576 6
458 Y0 6 DEGREES 12,017 72,683 72.00349 72,80752 05844 3381
46TONG  DEGREES =118.14% 1160408 =118, 29TAT 11820183 20647h 3363
47LAT DEGREES 38,278 35,068 35,17133 35.17138 06122 13361
48TRK _ANG ____ UEGREES ____323.231___3,15.029 ___319,11203__ 319,11605 _____).h0D58 1336
49HDB RADIANS — 7 5,540 5.40 5.46971 7 5446976 02472 3361
50V M/SELC T =48,8u1 -'7o.ng TTTe.83340 T T61,12096 5.02217 336
51VR R7Se To.858 81876 18,0516 _16,157712 3.86730 318
S2ALTITUBE KM~ — 77— "7 1,962 7 T 1.436 1.67899  1,88811° (17527 EETSY
83VCHPL T T HEGREET T 9,35 2,050 T.9720 5,1053 150402 3361
s¢EW WHD SPD__KNOTS 5074 -, 78 2647203 30,5494 7.06926 3361
550F WND SPD KNJTS 13,28 =204 9%] =7.R452 5.432%¢ 4.62806 13361
S6WIND SPEED KNIT 5142% 1,86 36,1506 11.02870 7.32968 1
§7WIND DIREC DEGREES 351,415 o516 274,8l4B86 _ 274.95h34 8.81949 1336
sgVINO DTRZ OEGREES 1ML AYYT Y9486 B4,.A1491705,22418 " 8,1 951 &1
CQUING BIRY  DEGRFES — 351,415 T 514 27Th.B1491 T274,95638 ~8,81951 13

€oWIND DIRe  DEGREES 300,514 1704629 274, A41R6__ 274,97407  8.52648 3361
5|Ius1£’o & M/SEC 119,933 93,356 _106,49303 " 106,5401 23586 36}
2 AIRSPEED € W/SEC 117,684 91,089 104,47815  104,6424 85623 3
gy KIRSPEED L R/SEC 133976 34,575 _1u1.0106) 07.1733 ~ 5.90453 13361
64 DECYX ALY HETERS 479,601 ~38.003 176,23942 7 248, 54885 175,2679 3361
€S TARTC BISF  nETERS 482,134 —E5, 140 376.29088  244,21271 _ 176,1556

660G _RIGY M/SEC 12.725 12,248 +00000 3076045 .7405 31361
mur.‘rifﬂ_'i/set 14,088 11,984 J00000 _ D, 76RDY ____3.76823 1336}
68UG LEFT A/SET T13,679 S11,04% .00000 216992 3,77006
69Ve RIGAT N/SEC 1049 ~13,39 06674 2.10268 19170 51
70VG_CENTER _ M/SEL 11.62 12,95 07479 2.15170 .15048 3
nve LeeY WISEL 11,15 =13.6]4 «07138 2122110 2016101

WG _F1GAT MISEC Tusbh ~10. 886 ,12791 V26216 2,25662__ 61
INCTCERTER R/SEC T ALked ~9.910 L13005 T 2,00237  1.99822 o1
748G TEFT — R/SEC T 9,328 =148.727 212349 3.13438 2.i3%08i1 361
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Figure A.57. (continued).
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TABLE A.23. Average Turbulence Parameters, Integral Length Scales, and
: Correlation Coefficients of Gust Velocities, Flight 31, RunlZ2.
1. Mean Airspeed (m/s): 4. Integral Length Scale #1 (m):
V] V V;
L ¢ R LuR LvR LuR
101.03 98.55 100.56 127.7 262 .6 202.4
] LurL LvRL LwRL
2. Standard Deviation of 250
Gust Velocities (m/s): 137.5 -1 190.8
SuR ovR °wR
1.68 1.43 1.66 5. Correlation Coefficient of Gust
Velocities:
ouC ovC owC y y y
URU[] /00 VRV /Oyp0 WRW| / Owp O
1.68 1.47 1.5 RTLPupfu,  RELZOvROve  PRMLZOwROw,
0.66 0.81 0.78
oyl ovL owlL y y y
URVR/0ynC VRWR/OypO WRUR/Own O
1.70 1.47  1.59 RVR/OuRSvp VRWR/OvpOwgp WRUR/OwROuR
0.00 0.30 -0.22
URVL/%up%v; VRWL/OypOwi WRUL/Owp®
3. Standard Deviation of Gust R L VROWL  REL7OwRur

Velocity Differences (m/s):

TAURL “avRL “awRL
0.90 0.74 0.91

0.01 0.31 -0.20

[ 0}
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Gaussian
---- Non-Gaussian

r=1.0
TT T T T IT 1T
“R = Right
| C = Center_|
L = Left

Probability

r=1.5 r=1.5 r=1.5
L O B I B I N T 1!_| T I )
+ Measured + Measured + Measured
deues Vilues !ﬁ&ues
0.8 - R-L | | YR-L R-L _|
>
= 0.8 - — -~ - —
2 +
5 A
2 4 IR ]
&
B \ ]
1\
NI S I st
5. -5 0 5.

Gust Velocity Difference Distributions
Figure A.58. Probability density functions for cust velocities and

gust velocity dirfferences (normalized with the standard
deviation), Flight 31, Run 12 (r = cegree of non-Gaussian).
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TABLE A.24.

List of A1l Parameters Measured and Their Range of Values,

CRIGINAT] PAGE IS
OF POOR QUALITY

Flight 31, Run 12.
CHANNEL UNITS HIGH LOW MEAN RMS STD POINTS
Yrane SECONDS 43146,508  43009.608 43076,05820 4307R,07633 39.53G45% 5477
AAD/SEC 085 =127 —, 00254 .03036 03025 5417
§ UNITY T.361 . 658 .99A98 1.5037% 209762 [24]
__RAD/SEL 2048~ S.uad 00352 200997 +00933 477
RAD 2080 . 019 L048TL ___,05036 ____ .0l27 17
RAD Y X TS O L L, 00130 .02959 +0295] 477
RAD 125,590 118,898 123.04541  123.04936 «3085 5477
DEG . —elb& -5.518 —Z.504841 _ 2.69251_ __ _ .G3BTN 5477
PSI2 RADT TTTTR81.491 7T 481,154 uu, 99578 4B4,99675 £06953 417
}?DEL PSI2  0€G 0253 " -6.261 =2514914 36248 £ 98165 417
ACCL N LT G _UNITS 14095 . 201 ,01263____ 1.03Db4 W17
12ACCU N RT & ONITST L1 . .ns "1,00737 .0293] _
MagZfi X €6 6 UNITS L 019 05120 05218 201993 5477
WGTTT Y ¢6___% UNITS ovT7 =089 _ _=,0020L0 201831 L0821 5471
‘2;L:ch$:3____:Ag R TL017 T T - 0647 T - 02879 .03050 01006 477
[JAN A L0381 =.0%8 £0071 201935 201798 4
}grenr 1 DEG F 764317 75,717 75,9818 75.98108 211839 AT
w'rtnr [ ___DBEG_F 59,623 59,264 59,3786 55,37 (087374 47
ACCL Z INS 6 UNITS 1.429 LT 1.0037 L0077 £10078 47
20°KUPHR AT ___RAD ____ 4040 ~ -.065____ -.00789 . _ 01387 01141 4
gevh RY T RAD T T T T 0,093 T =050 T L01628 402315 201646 34
22aiPHA LY RAD 2054 =.026" T400978 01453 + 01075 (%51
23BETA LT RAD LD -, 05T 201092 .02021 101701 L 54T
29P8[ 031 RADTSEC - G062 =,03% _ ,b027% _ ___ 201400 L0137 17
5TEHF DT DES € 12,290 16,429 11,36615 11.37100 +3319 5477
26GC 1T __mo o . 030 V124 119300 J19845 02019 47
g;_oc.t_ln PS Y. V657 $75843_ +756R8 02617 547
lgnc RT pS o 2878 L] 79930 119079 02774 5471
,,..?5__- P3IA_ 12,248 124230 12.266A5 __ 12.2b440 «01562 2417
TTEMP IRT vOLTS 1,371 6,441 6483268 6483772 126243 5417
L DE6 C 5,492 ~5,031 1.675%0 2,3p224  1.66535 5511
R6c2 Ly PSID 1061 ,058 40601R 204019 03696 A7
BT IR P3ID 3 L148 .051 .1100% 349 V0775 -«n
M50z vt PSID 102 W €54 .012339 25 « 0147 5477
3§]§u DE ~7.153 —8,2391____=7.03437 _ v [ «3721 5477
35 DAL DEG =7.304 =7,6A5 ~7.58950 B804 108170 547
3 DELEV DEG 5,135 5348 §e5946% 17 «1128] 547
33 D3TAD DEG =.369 =397 ~.30415 138423 L00777 547
23 DRUO 0BG 10.800 10,4027 _10.56419 " 10.56483 11783 5417
40 DIHRR PEY HAY 61,096 66,797 6689361 66. B9B6T . 09199 417
41 BTARC PET AAX 67.570 67+285 67+33736 ___67.39738 «D5194 547
L1 {11! w1 b 31
.34 L3301 . 5 .03260 [y
AT T0G HETCRY 71'76617 357 06510, 060 Seestiadecve Goeonsdbbar D07], 84408 [Xi
5B T0 0 DEGREES 72,840 TieT2 7278431 72,78432 03700 A77
46 TONG DEGAEES ~T1e31% =118, 496~ -119.38536 118,36338 L04115 Y]
47 LAT DEGREES 35,100 35,022 35.06193 35,06194 02271 5417
4K TRX_ANG _ __ DEGREES _ 125.125___,122.150 Lz: 77760 123.7R055 __ _ .B5450 __ %47)
49 HUG TRADIANS T T 2,218 T 24099 2,17235 7 2.17242 01771 [34
s VE a15:C 96,407 50,9727 794,81797 94,82539 i,14670 i1
5) VR qI5EC —5J.341 57,331 __ _—63.38432 63, 42055 2414352 §
52 ALTITUGE KK T T 714536 I%8% T.499%) T.49947 w3t [
g3 TEapt T OEGAEES € 7.652 5.859 6.33056 b, 53685 £32]08 54
ta Ex WHD SPD «NOTS T6.23G 13,490 _ 75,605%4  25.7962) 3.141750 547]
55 NS_WND SPD " KNUTS  ~ =b.4b4 —244517  =15,96008 " 16423485 z,sa__«az T TE e
55 JIND SPEED  KNDTS ) 18,2787 30,30926 10,48241 3,26470 5477
67 WIND OIREC DEGREES 285,22 301,91%26___ 301.96561 5.56373 5477
8 WINDTD(#2  DEGREES T05. 22 21.918%7 _122,033% 5.50373 9577
a1 e {117 111115 1 e
ok B 4 4
61 AIASFECOTW  M/SEC 103,625 34,100 100, 56052 __100,5752 77
A1dSPEED € 9/3EC 103,801 91,85 98.554%8 0. 3698 (%4}
KIRSPEED L R/SEC 106.5%55 3647 101,033 1Y L} 4
ga DECTATALT _WETERS 7 7" 427635 <3, 430 6.093387 77 12,1556 77
¢ TRRYC DTSPHETERS 37,675 26,733 6,43163 7 11,87560 (33
¢6 UG _pIeAT A73:T 54091 =S.b +00000 1468665 77
&7 gﬂii):;!l":gig ,s.;ze -e.gw 2000007 _ }.e.,aasz . —— 9177'
68 U T8.B86 _ =6.301 2 TU633 1)
g3 VEFICAT A/f5TC 1,507 T =3,960 T 1.43489 5477
10 52 E::}'Ea nlggg_ _heTbe -g.ozo' 1.‘;311 5417
N Wy T T T 84193 T -8,940 T1.48311 5477
12V $EC Eo515_ =4.361 1466421 Y.b6433 54
NG CENru T RISECT 6,134 =4, 002 1.54209 1.34303 5377
24 M6 LEFT “T4/SECT T T5,e61 T TT-4L, 014 -.00368 1.83501 1.595%5 51Ty
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) TABLE A.?25.

Average Turbulence Parameters, Integral Length Scales, and

Correlation Coefficients of Gust Velocities, Flight 31, Run13.

Mean Airspeed (m/s):
VL Ve VR

103.30 101.40 103.30

Standard Deviation of
Gust Velocities (m/s):-

9uR ovR °wR

2.49 5.57 2.43
guC ovC owC

2.48 5.57 2.29

ouL ovL owl

2.59 5.5 2.41

Standard Deviation of Gust
Velocity Differences (m/s):

GAURL 9AVRL 9awRL

1.53  1.39 1.59

4, Integral Length Scale s1 (m):
Lur LwR LwR
156.0 - 428.8 83.7
LuRL LvRL LwRL
148.6 424.4 82.6
5. Correlation Coefficient of Gust
Velocities:
URUL/OupOu;  VRVL/OvpOv|  WRWL/OwpOw
0.80 C.91 0.79
URVR/0ugOvgp VRWR/OvROwg WRUR/OwpOug
-0.18 -0.32 0.25
URVL/OupOv  VRWL/Ovpow_ WRUL/OwpOu|
-0.19 -0.32 0.22
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Figure A.59. Probability density functions for gust velocities and
gust velocity differences (normalized with the standard
deviation), Flight 31, Run 13 (r = degree of non-Gaussiznj.
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ORIGINAL [AGE
POOR QUALI TY

TABLE A.26. List of A1l Parameters Measured and Their Range of Values,

qilk

Flight 31, Run 13.

CHANNEL UNITS HIGH LOW NEAN RMS STD POINTS
VYIRE T ™ "SECINDS 43549.500  43280.535 434}5.0&750 63418,11707 7 77,67185 10762
2 yAT OOY RAD/SEL 379 =233 = t073 oS3T% V3537u 10762
JACCU W TG o ORITS 2.088 =558 1, oozcl_‘“l‘.owae ___.13&81___ 107
4 THETA 00T — RAWSEC_'_‘—“““'.u% =.11% L0uI0 T 01869 JOLrhd 016
5 THETA RAD .1C2 ~. 021 L05)51 WU540 91952 ulo
& pHY XD .183 =171 0054 «D4R2 L04762 0762
PRSITT RAD™™ T 354,118 <.155 38,4818 117.324¢ 106.59617 876
BDELPSI T 0E6 5.049 ~fo.818 1.7243 3.00313 2.45847 ____ 19762
9 P51727 RAD 357,061 351'.‘601_—155.“659— 300,474497 T 2,38697 10762
VOLEL PST Z_ DEG 14.988 4262 LTB2727 T 5,16699 5,10760 10782
VAIT K LT 6 ONITS 3,175 1,167 ___1.01560 ___ 1.07715 __ — 35889 10762
V2ACEL W RY T GUNITS T T T T 3,308 T TTe1,243 T T1,01105 T 1.08556 " ,39508 " (10782
13ALEC R TE 6 UNETS 158 -.639 04593 (D4904" 01714~ 18762
WMITTC Y TG & UNITS W 126 =163 =.50697 +03096 +03018 10762
1SX[PHL TYR  RAD wel =155 <.031207 _ .03653 01899 10762
Y6BETA CTR  RAD ™~ T T G436 T TT T -,1667 7T =.00317 T I03782T T T.03769 T 107628
VTER? 1 DEG T T6.137 T5.414 75.66306 75.86326 L17615 10762
TBYEMP P DEG F 7T TTTITT 63,2640 T TU59.086T T 54,126217 T 50.126357 7 T ,06%29 """ 1076
WacCU T INS 6 UNTTS N 2,154 —e495 1.00538° " "1.02288 218836 076
20A07HX RY RAD 093 =156 ___ -.01916 EH3E T eC2143_ _107e
21BETA RT T T AAD T - «145 =136 7 ,00690 403390 203354 976
22aALPHA LT RABT T T .g;o" .xu T .a0510 02117 202038 018
238ETa LT RAD = 153 =. 149 LD0102° _ J036oR _ _ ,03467 1076
28pSITHOT T TTRAD/SECT TTT T T 4138 =113 J00284 T .03092 203082 10762
257eMP TOT~ OEG € 14,358 T7T10.5187 T12,02362 12.05910 T .92444" — 1076
26T LY PSID 1,118 11 LB403T L, 06952 1075
27