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EXECUTIVE SUMMARY
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D.E. Neff and R.N, Meroney
June 1985 - December 1985

The objective of this study was to place a model
wind turbine into a wind tunnel and measure the
wind characteristics in the vicinity of the
spinning rotor for a variety of different approach
flow conditions,

A 0.53 meter diameter model wind turbine was
placed in the Meterological Wind Tunnel facility
at Colorado State University. Four different
approach flow conditions were studied. These were
two different mean wind speeds (6 and 7.6 m/s) and
two different turbulence conditions (0.1% and 1.5%
intensity). For each of these test conditions the
three dimensional wind field was measured between
3 rotor diameters upwind to 1/2 rotor diameter
downwind, The rotor power coefficient vs. tip
speed ratio was also obtained.
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1.0 INTRODUCTION

Aerodynamicists currently use wind field and turbulence
information to calculate the character of dynamic loading that 1large
wind-generator rotors receive (Hansen, 1979; Kareem, et al., 1981;
Cliff and Fichtl, 1978, Fichtl, 1983). Unfortunately, these
turbulence scales and intensities may be distorted by the pressure of
the rotor flow field before they actually interact with the rotor
blades. Indeed, wind-generator induction effects and streamlime
divergence caused by the hub and tower may significantly distort free
wind field values,

In recent years, extensive model and field scale measurements
have examined near— and far—field turbine rotor wakes (Riley, et al.,
1980; Eberle, 1981; Barker and Walker, 1982). These wake measurements
were made to evaluate the influence of upwind turbines on downwind
installations, but little information appears in the literature
concerning possible induction effects.

It is the purpose of this report to provide experimental model
data on the wind field surrounding a single wind turbine rotor disk.
These data should provide an improved physical insight into the
induction effects of the air flow as it approaqhes the wind turbine.
This insight should in turn improve an analytical model's predictive
capabilities.

A scaled model of a horizontal axis wind turbine (a two ©bladed
rotor of diameter 53 cm) was placed into the Meterological Wind Tunnel
(MWT) facility at Colorado State University (cross-section width of
183 cm). Four different approach flow conditions were studied; 1low

and moderate turbulence levels (0.1% and 1.5% intensity) at both 6 and



7.6 m/s freestream air velocities. For each of these flow conditions
the rotor power coefficient vs. tip speed ratio was obtained, and the
3-dimensional velocity field from 3 rotor diameters upwind to 1/2
diameter downwind was tabulated.

The power output of the rotor was obtained via a simple prony
brake friction device that imparts a torque (measured by the
deflection of & spring) to the spinning shaft of the wind turbine,
The rotor speed, measured by a strobe light, was observed to vary with
load from 900 rpm up to 2100 rpm for the flow comditions described
above.

The 3—-dimensional velocity field was measured via a multiple bhot
film probe (TSI 1294) capable of measuring rapidly varying velocity
vector direction and magnitude within a rectangular coordinate system
octant, The transducer response was directed to an analog to digital
converter connected to an HP-1000 mini-computer system for on-line
data reduction, The statistical values computed from the u-v-w time

series in axisymmetrical coordinates for each position are:

1) Mean, rms, skewness, and flatness of the axial velocity

component,

2) Mean, rms, skewness, and flatness of the radial velocity
component, »

3) Mean, rms, skewness, and flatness of the angular velocity
component,

4) Mean velocity vectors angles from the axial, radial and angular

: coordinate directions,

5) Reynolds stresses,

6) Mean, rms, skewness, and flatness of the angular deviations about
the axial axis,

7) Mean, rms, skewness, and flatness of the angular deviations about
the angular axis, and

8) Mean, rms, skewness, and flatness of the angular deviations about
the angular axis.

Details of the measurement techniques are provided in Section



2.0. The test program and data results are givenm in Section 3.0, A
short discussion of the implications of this date set are included in

Section 4.0.



2.0 DATA ACQUISITION AND ANALYSIS

Laboratory measurement techniques are discussed in this section.
Some of the methods used are conventional and need little elaboration.

2.1 VWIND TUNNEL FACILITY

The experiments were performed in the Meterological Wind Tunnel
(MWT) show in Figure 2.1 (Plate and Cermak, 1963). This wind tunnel
has a wind speed range of 0.3 to 30 m/s. The approach flow turbulent
intensity varies upward from 0.1% . The test section in which the
model wind turbine was located had a cross—sectional area of 3.34 m2
(1.83m x 1.83m). The model was located 7 meters downwind from the
convergent entrance to the test section, For the grid turbulence
tests (turb. intensity 1.5%) a dowel grid was mounted at the test
section entrance. The dowels were 1.27 cm in diameter and spaced ‘12
cm apart. The wind turbine was placed in the spatially uniform

velocity field downwind of the entrance.

2.2 VIND TURBINE MODEL

The wind turbine model (Figure 2.2-1) was built by Mr. Peter
Bushnell of Cornell University (Bushnell, P., 1983; Bushnell, P.,
1984). Figure 2.2-2 displays the mounting arrangement of this
horizontal axis wind turbine. The rotor shaft is mounted on two
support rods, each rod holds a low friction roller bearing to ensure
rotor shaft rotational freedom., At the downwind end of the rotor
shaft is mounted a small DC generator. A calibration of the
generator’'s voltage variation versus rotational speed (obtained
through the use of a strobe light) yielded the conversion equation
rpm = 744 x (volts).

The prony brake consisted of a spring mounted next to a ruler, a



leather friction belt, an aluminum brake drum mounted on the rotor
shaft, and a weight bucket. To start the wind turbine spinning one
manually lifts the brake assembly away from the brake drum until the
turbine reaches a rotational speed above its resonant frequency of
around 1000 rpm. Once above this speed the prony brake is set back in
place on the brake drum, The amount of weight placed in the bucket
determines the rotor speed.

The rotor diameter was 53.4 cm. The rotor blades were made of
balsa wood covered with epoxy. The blade shape was that of a NACA
4415 airfoil section, A steel pin at the base of each blade was
connected to the hub with a set screw, and the hub was also connected
to the rotor shaft with set screws. The blade chord was constant
(4.76 cm) over the entire length, the tips were cut square, Table
2.2-1 displays the blade twist angle versus radial distance. The
wind turbine was designed to operate at 1400 rpm, with a tip speed
ratio of 5§ and a 1ift coefficient of 1.0.

As stated in Section 2.1 the wind tumnel cross—sectional area was
3.34 mz, whereas the rotor disk area was 0.268 m2. A rough estimate
of the mass flow through the spinning rotor disk indicates that
approximately 1/2 half of the rotor disk acted as open area. Thus the

effective wind tunnel blockage presented by a spinning rotor disk was

4%,



2.3 FLOW VISUALIZATION TECHNIQUES

Video movies (VHS) were taken of helium soap bubbles produced by
a Sage Bubble Generator as they floated through or by the spinning
rotor blades. Video movies were also taken of a smoke plume produced
by titanium tetrachloride as it flowed past by the rotor blades.

2.4  VELOCITY MEASUREMENTS

Velocity measurements were made with pitot probes, single bhot
films, cross films and three dimensional hot film systems. Each of
these instruments will be described in the following sectionms,

2.4.1 Pitot-Static Probe Measurements

Pitot-static probes were used as a velocity standard during the
calibration of the different hot film systems and to provide the
reference upwind velocity measurement. The principles of operation of
pitot-static probes are described in any fundamental text on fluid
mechanics and will not be discussed in detail here. The operational

/2

relationship for these probes is U = (2g AP/ )1 , where U = velocity,
c p

g, = gravitational conversion constant, AP = difference between static
and stagnation pressures, and p is the air demnsity. p was calculated
from the ideal gas law and AP was measured using a Datametrics
Electronic Manometer. The pitot-static probe measurements are
accurate to within +2% of the actual velocity.
2.4.2 Single-Hot-Film Probe Measurements

Single—hot—-film (TSI 1210 Sensor) measurements were used to
document the longitudinal turbulence levels for the four different
approach flow conditions and as an error estimator for the cross film

and 3-d film measurements, To calibrate the single film probe it was

placed into the wind tunmel mnext to the pitot-static probe. The



anemometer voltages were digitized for several velocities covering the
range of interest. These voltage-velocity (E,U) pairs were then
regressed to the equation E2 = A + BU® via a least squares approach to
assumed values of expoment ¢. Convergence to the minimum square was
accelerated by using the secant method to find the best new estimate
of ¢. To take measurements with this calibrated single film probe the
anemometer voltage was digitized and stored on a disk file within an
HP-1000 mini-computer system., This voltage time series was converted
to a velocity time series wusing the inverse of the «calibration
equation;
v = [E3-a) /B¢

This velocity time series was then analyzed for pertiment statistical
quantities, such as mean, mean sqguare, etc. and tabulated at the
terminal,

The calibration curve yielded hot film anemometer velocities that
were always within +1% of the velocities calculated from  the
pitot-static probe. The 2ccuracy of a single-hot-film during the
measurement of turbulent flow quantities is dependent wupon the flow
regime being measured. During the present study the single—film probe
was used only in conditions of no mean wind shear and 1low turbulent
intensity. {(less tham 1.5%). For these conditions the velocity time
series should be accurate to within +2%.

2.4.3 Cross-Film Probe Measurements

Cross—film (TSI 1241) measurements were used to document the
lateral and vertical turbulent level for ome approach flow condition
and as an error estimator for the 3-d hot film measurements, To

calibrate the cross—film probe it was placed next to the pitot-static



probe, Each of the two films were yawed 45 degrees from the
direction of the mean velocity vector. The anemometer voltages were
digitized for several velocities covering the range of interest.

These voltage—-velocity pairs (El' U; EZ' U) were fit to the equation

[

= Ay + By (U; cos (457) °

(E. )%

1,

via a least squares approach with the secant method used to find the
best new estimate of exponent, c¢,. Strict cosine dependence of the
heat flux from the film versus yaw angle was assumed; and thus, no yaw
angle calibration was mnecessary. During measurements made with this
calibrated cross film probe it was placed so that the mean velocity
vector was at 45° to each film, while both films were located in the
x-y plane., The voltage output from each anemometer was digitized, and
the resulting voltage time series were converted to velocity time

series via the equations

(-]
]

(UNl + UN2)/1.414 v = (UN1 - UNZ)/1.414

2 _ c.
where UNi [(E Ai)/Bi] 1

o

#

. _ [+ _
u sin Oi + v cos ”i' 9, =45, 02 = 135

[}
I

Ni © velocity component normal to film i

longitudinal velocity component

[-]
1l

<
il

lateral velocity component

To measure vertical velocity components the probe was rotated 90°

so that both films were in the x-z plane. The reduction equations are



similar to those above,

The calibration curve yielded hot film anemometer velocities that
were always within +1% of the velocities calculated from the
pitot—static probe. Since no yaw calibratioms were performed no
estimate can be made of inaccuracies introduced by the cosine 1law
assumption. From past experiences it is felt that this cross film
reduction method should be accurate to within +10% for a low
intensity, mnearly isotropic flow.

2.4.4 3-Dimensional Hot-Film Probe Measurements

A Thermo—System Incorporated (TSI) model 1294-20 probe was used
for all measurements behind and to the side of the wind turbine. A
specially made probe, similar to the TSI 1294-20 but with a 90° bend
in the probe shaft 3.8 cm back from the sensors, was used for all
measurements upwind of the wind turbine. The data reduction scheme
use was similar to that described im TSI Techmical Bulletin 8. The
TSI model 1294-20 probe has three orthogorally-mounted, cylindrical
hot films, (Dia. = 0.051 mm) each doubly supported (Figure 2.4.4-1).
The probe cen measure total vector velocities that are contained
within the single octant defined by the three film positioms.

To calibrate the 1294 3-D probe it was placed in the wind tunnel
(the probe support axis parallel to air flow) next to the pitot-static
probe. In this position the angle between each sensor and the flow
vector is 54.74°; thus, the yvaw angles for each sensor are 35.26°
(Figure 2.4.4-1), The voltage from each anemometer chanmel (3 total)
were digitized for several velocities covering the range of interest.
These voltage-velocity pairs (Ei’ U;=1,3), at & fixed angle, were fit

to the equation



2 _ N o o
Ei,j = Ai + Bi(Uj) ; i=1,3 ; j=1,n
/2
LI 2 2 .2 Cl/
where Bi = Bi(cos ¢i + k“sin ¢i)
ﬂi = yaw angle between velocity vector and film i.
k = yaw factor
n = no, of calibration points

via a least squares fit with the secant method to find the best new
estimate of expoment, c.. Note that if the yaw factor, k, equals zero
thﬁn a simple cosine law dependence of heat flux exists. To determine
the yaw factor, k, the air velocity was set at a constant value, and
the probe was rotated about its y axis and then its x axis so that
voltage samples could be taken for a wide range of yaw angle variation
on all three films, Table 2.4.4-1 1lists the yaw angles on the
different films for the y — x axis rotations that were used. These
voltage~yaw angle, (E., @.;i = 1,3) were regressed to the equation

1 1

c./2
B! = (E2 i

‘i 2 2 .2
i i Ai)/U = Bi(cos ¢i,j + k151n Qi j)

b
where i=1,3 and j = 1,n
via a least squares approach with the secant method to find the best

new estimate for the yaw factor, ki' Ai’ Bi’ ¢c. and ki for all three

i
films are thus obteined, but for the reduction algorithm used ki must
be equal for all films and not a function of velocity. Providing that
all three films have a similar aspect ratio then all three ki values
should be of similar magnitude and forcing them equal does not
introduce large errors, Once a value for k is specified then a least

squares fit will determine the optimal values for Bi' Once the value

of k was determined for a specific probe, it was no longer mnecessary

10



to do angle calibrations.

Given the calibration constants Ai’ Bi’ ¢y and the equations

2 _ ¢4 o
By =8 + B,V ) o 1= 1,3

A 1/2,

where V =YV (c0520i + k sin2 ﬁi) i=1,3

eff,i
Veff i = effective cooling velocity for film i

V = total velocity vector approaching sensor array

are defined. Using the trigonometric relationships that exist between

the three yaw angles

3 3

2. X 2.
2 sin ”i =] and } cos Gi = 2
i=1 i=1

one finds that the totsl velocity approaching the sensor array, V is

calulated from

3
_ 2 2y41/2,
V=) Vo it
j=
the yaw angles, 01, are
- . ) 12,1172,
0, = aresin [(1 - V. /v /a-*NY2

the angles, ﬂi, between a sensor coordinate axis and the velocity

vector are

and the v, velocity components (in the sensor coordinate system of x,

respectively) of the total velocity, V, are

)/ (1-x2) 132

i w2
u, = Vsing,= [(V2 - V off.

11



In the above equations veff, i is given by
_ 2 1/¢c,
Verr,i = L(Ey =~ A /By d

The algorithm finds the velocity components, v, that are along

the sensor coordinate directions., Thus it is necessary to transform

the u, values from sensor coordinates to L values in wind tunnel

coordinates. The details of this transformation are given in Appendix

A.

The computer progrems (listed in Appendix B) used to calibrate
and take data with the 3-D probes were

1) CAL3D - This program finds the calibration constants, Ai‘ Bi’ c»
k (i = 1,3) and writes them to a disk file for later
retrieval by e reduction program.

2) DAT3D - This program creates a digital voltage time series for
each of the 3 channels, converts the voltage values into
Ux’ U., U, velocity time series files (in  tunnel
coordinates) and calculates each time series minimum,
maximum, mean, rms, skewness and flatness,

3) DAT1 — This program creates a digital voltage time series for
each of the 3 channels and stores it on the computer’s
disk. It was used to acquire data in a rapid sequence, as
opposed to waiting for files to be reduced into velocity
values,

4) DAT2 - This program picks up the digital voltage time series
created by DAT1 and converts them into Ux’ U., U, velocity
time series., Then it calculates each time series mininum,

maximum, mean, rms, skewness and flatness.

5) ANGTM - This program creates the time series of the angular

12



deviations about the tunmels x, r, o coordinates and
computes the mininum, maximum, mean, rms, skewness, and
flatness., It is scheduled from inside DAT2,

6) PRT3 - This program prints out the reduced data that was
calculated in program DAT2 in the format seen later in
this report,

The accuracy of 3-D velocity measurements and associated
reduction algorithms can be estimated by directing different known
mean velocity vectors at the probe. Table 2.4.4-2 summarizes such
tests., Table 2.4.4-2 shows that the mean velocity magnitude is
generally within +3% of the actual value. The error in angle
calculations is seen to be approximately 120 for angular deviations of
15° or less and somewhat larger than this for greater deviations,

Another test of the accuracy of the 3-D probe is to compare the
measure of different turbulent statistics measured to those obtained
from more conventional probes, such as, single—film and cross—film
probes. Table 2.4.4-3 displays the mean and rms turbulence magnitudes
calculated from a single film, cross film, TSI 1294-60 3-D probel, and

TSI 1294-20 probe for two differemt turbulence conditionms. The mean

and rms velocity comparisons between the singler film and the cross

film are within the bounds specified earlier in section 2.4.3, that is

~2% and ~10% respectively. The 3-D probes compare to these u and u’

’

measurements within ~3.5% and ~10% respectively. v’ and w' magnitude

1The 1294-60 probe has larger diameter sensors, and the sensors are
separated by greater distances than the 1294-20 probe.

13



comparisons to the cross film results suggest errors of ~15% (except
for v' in grid turb where 29% error was observed). Figure 2.4.4-3
displays the spectral responses of these four different probes. The
single film, cross—film, and TSI 1294-20 3D probes all provide
equivalent frequence response out to 800 Hz., The TSI 1294-60 3-D
probe has a large sensing volume; hence, its response rolls off
rapidly above 100 Hz. The large-sensor-volume TSI 1294-60 3-D probe
was not used for any date acquisition during the remainder of the
study.
2.5 POWER MEASUREMENTS
The power output from the wind turbine was calculated in the
following manner (see figure 2.5-1):
1) The spring force constant was calculated to be 54.2 newtons/meter
by measuring the deflection of the spring for loads varying
between 0 and 453 grams,

2) Z the spring zero deflection point as mounted in the prony

o’
brake system was calculated from the equation (see upper part of
Figure 2.5-1)

W= (Zs~Z°) KorZ,=2Z, - WK
for several different weights up to 453 gms. The average of
these Zo values was used as the spring zero deflection point.

3) The rotor was started for the specific approach flow conditions
being tested, Over a range of weights placed in the bucket the
rotor speed, , and the spring deflection under dynamic
conditions were recorded.

4) The frictional force, F, applied by the prony brake against the

brake drum is F = W"Td. The torque, v, applied to the rotor

14



shaft is then t = F x R and the power is P=1t x Q.

5) The power coefficient, Cp, is Cp = P/(llszus) where p= 1.0 kg/m3
is the density of air in the tunmel, A is the rotor disk area,
and U is the approach flow mean wind speed. The tip speed ratio,
X, is given by QR/U.

A calculation of the drag force on the wire connecting the weight
to the prony brake assembly was determined to be small (equivalent
deflection in spring of 0.3 mm) compared to the hysteresis errors
accompanied with the estimate of the springs zero deflection point
(+5mm) . This error in the estimation of Zo overshadow all other
errors in the procedure to calculate the power, P. This error in P
varies from +1,1 watts for the highest tip speed ratios down to +0.5

watts for the lowest tip speed ratios.
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3.0 TEST PROGRAM AND DATA

The test program consisted of documenting the different approach
flow characteristics, measurement of the performance (power
coefficient vs. tip speed ratio) of the model wind turbine, and the
tabulation of the flow field near the spinning rotor. These topics
are discussed in the following sections,

3.1 APPROACH WIND CHARACTERISTICS

Four different approach flow characteristics were studied; two
different mean wind speeds and two different turbulent intensities.
They were:

1) Low turbulence (~ 0.1%) and mean wind speed = 6.0 m/s,
2) Low turbulence (~ 0.1%) and mean wind speed = 7.6 m/s,

6.0 m/s,

1

3) Moderate turbulence (~ 1.5%) and mean wind speed

4) Moderate turbulence (~ 1.5%) and mean wind speed = 7.6 m/s.

The approach flow was uniform and steady (within +2%) over the
center portion of the wind tunnel. The moderate turbulence cases were
produced by the placement of a grid, described in section 2.1, at the
entrance of the test section. Measurements of the approach flow
character were made by a single film probe and the TSI 1294-20 3-d
hot—film probe., The turbulent statistics describing these approach
flows are summarized in Table 3.1-1, The longitudinal and vertical
velocity component power spectrums for Flows 3 and 4 are shown in
Figure 3.1-1.
3.2 POWER COEFFICIENT RESULTS

The power output of the model wind turbine was measured for three

different conditions:

16



Approach Flow's CASE

I II 111
mean velocity 6.0 7.6 7.6
turbulent intensity 0.1% 0.1% 1.5%

Tables 3.2-1 to 3.2-3 list the numerical values obtained from the
cases I, II, and III respectively. Figure 3.2-1 displays the power
coefficient versus tip speed ratio.

3.3 YIND CHARACTERISTIC NEAR THE ROTOR

Figure 3.3-1 indicates the 58 spatial grid points at which
velocity measurements were taken with a TSI 1294-20 three dimensional
hot film probe. Table 3.3-1 lists the coordinates of each spatial
location. Note that the right most digit of the three digit position
number always represents the radial distance in 1/8 rotor diameteis
and the left two digits represent the axial distance. Four different
approach flow conditions were tested, as described in Section 3.1.

These were:

Case No. Mean Velocity Turb, Intensity
(m/s) (%)
1 6.0 0.1
2 7.6 0.1
3 6.0 1.5
4 7.6 1.5

The nomenclature used for test designations was case number followed
by position number. Thus run number 3062 would be for approach flow
case number 3 (U=6.0 m/s, T.I. = 1.5%) at position 62 which from Table
3.3-1 was at x = —0.134 m, r = 0.134 m, 6 = 180°.

For cases 1 and 3 a mass of 454 grams was placed into the prony
brake systems bucket. For cases 2 and 4 a mass of 906 grams was used.

Unfortunately, the amount of friction between the prony brakes leather
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belt and the aluminum brake drum varied as the brake heated up and as
aluminum oxide coated both belt and drum. Thus, the speed and power
output of the wind turbine varied substantially during the test
period. Table 3.3-2 documents the approximate rotor speed for each
velocity measurement., The variation in rotor speed during the data
acquisition period for a single case was as large as +150 rpm.

Table 3.3-3 summarize the pertinent turbulent statistics for all
measurements of the 3-dimensional velocity field near the rotor. All
measurements were made with a digital sampling rate of 1563 Hz for a
total of 32384 samples. Thus, given a rotor speed of approximately
1400 rpm, the velocity time series includes 967 passes of a rotor
blade (rotor has 2 blades). Agasin, considering a rotor speed of ~1400
rpm at a2 1563 Hz semple rate, 67 samples were taken for every
revolution of the rotor or a sample was taken every 5.37 degrees of
blade rotation., These time series records were of sufficient 1length
to insure an accuracy of +5% in the computation of the mean, rms, and
flatness,

The following is a description of the column headers that appear
in Tables 3.3-3.

1) FILE NAME - The component velocity time series at each measurement
location were saved on digital tape by these mnames.
The last four characters are equivalent to the run
number described above, The first two characters
define the velocity component,

UU is for the axial component,
VV is for the radial component,
WW is for the angular component.

2) AXIS - 1 designates the axial coordinate,

2 designates the radial coordinate
3 designates the angular coordinate.

3) POSITION - Measurement position in meters for the axial and
radial coordinates, and in degrees for the angular
coordinate., See Figure 3.3-1 for further guidance.

4) LIMITS EXCEEDED -~ This was the number of times a velocity vector

came within 10° of leaving the measurement octant of

18



the sensor coordinate system. In many of these
excursions the velocity vector will have 1left the
measurement octant resulting in a calculational error.
In this case the velocity compomnent (in sensor
coordinates) is set to zero before conversion to
tunnel coordinates. In some cases the velocity vector
many pass out of the measurement octant but not result
in calculation errors; thus the approach places
erroneous values into the time series. Records which
have a significant number of these errors should not
be trusted, and one that only has a few have dubious
accuracy, particularly in the higher moments, such as
skewness and flatness.

5) VELOCITY (MEAN) - Mean velocity component in meter/sec.

6) VELOCITY (ANGLE) - Angle (degrees) from the specified AXIS to the
mean velocity vector,

7) © VELOCITY (MIN) - Minimum velocity in meters/sec.

8) VELOCITY (MAX) - Maximum velocity in meters/sec.

9) VELOCITY RMS) - Root mean square of the velocity fluctuations in
meters/sec.

10) VELOCITY (SKEWNESS) — Third moment of the velocity fluctuations
normalized by the RMS. It is zero for a sine wave and
a random signal.

11) VELOCITY (FLATNESS) - Fourth moment of the velocity fluctuations
normalized by the RMS. It is 1.5 for a sine wave and
3.0 for a random signal.

12) VELOCITY (REYNOLDS STRESS) — This is not in the units of stress.
It is simply the mean product of the indicated
velocity components.

U for the axial component.

V for the radial component,

W for the aggular component.
Units are (m/s)”.

13) ANGLE (MEAN) - Mean value of the angular deviations about the
indicated axis. The units are degrees.

14) ANGLE (MIN) - Minimum of the angular deviations (degrees).

15) ANGLE (MAX) — Maximum of the angular deviations (degrees).

16) ANGLE (RMS) - Root mean square of the angular deviation
fluctuations (degrees). ‘

17) ANGLE (SKEWNESS) - Third moment of the angular deviation
fluctuations normalized by the RMS.
18) ANGLE (FLATNESS) -~ Fourth moment of the angular deviation

fluctuations normalized by the RMS.

At the base of some of these Tables is a note stating the
magnitude of calibration errors which consistently occurred in the
data reduction of all velocity values on that page. In some cases
this repeatable error is hypothesized and the word probably has been
included, in others the error is definitely correctable. In any case

the stated values are always within +3% of the suggested values.
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4.0 DISCUSSION
4.1 Visualization Results
When helium soap bubbles were introduced into flow upwind of the

spinning rotor three different phenomena were observed. These were:

1) Most bubbles passed through the spinning rotor and
were then caught up in the counterswirling flow
downwind of the rotor. That is the rotor was
spinning in a counterclockwise sense, the flow
downwind of the rotor swirled in a clockwise
sense. This result was expected due to the
conservation of angular momentum for this system.

2) VWhen the bubble source was placed at approximately
3/4 of a radius from the hub most ©bubbles seemed
to have a straight line approach to the spinning
rotor but roughly around 20% of them were
deflected angularly upwind of the rotor. This
deflection appeared to fairly abrupt and occurred
around 1/4 to 1/2 a rotor radius upwind.

3) When bubbles were caught up into the tip vortices
these vortices appear to be gquite tight with a
bubble making a full revolution in the equivalent
distance of approximately one blade length,

The visual results from introducing a smoke source upwind of the
rotor was not able to reproduce the detailed flow tagging of helium
soap bubbles but it did display the curving of streamlines radially
outward around the spinning rotor blades. This is a demonstration of
the existence of axial induction effects.

4.2 VWind Field Results

Figure 4.2-1 displays the mean axial velocities for approach flow
case I (U = 6.0 m/s, T.I. = 0.1%). The upwind data were obtained at a
different time then the downwind data and thus the rotor speeds and
calibration biasing may effect precise matching of these data sets.
Figure 4.2-1 shows that the axial component of flow approaching the
rotor disk was deaccelerated in core region defined by a tube

containing the rotor disk and accelerated outside this region. This
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deacceleration was reasonably uniform with radial position up to the
measurement location just upwind of the rotor (1/8 rotor diameter).
Then it radically departs from this trend as the flow passes through
the rotor. An axisl induction factor based on mean velocity
measurements at 1/8 rotor diameter upwind would be 0.125 bdut
depending on how one extrapolates the data through the rotor section,
a radially depended axial induction factor may vary from 0.125 to
0.42. The flow outside of the rotor tube accelerates as was expected
from mass continuity. The ordering of velocity magnitudes with radial
distance take an unexplained reversal as the flow passes outside of
the rotor blades.

The estimitation of axial induction factors based on mean
velocity values, as done above, may be in error due to the transient
nature 6£ velocity values as the rotor blade passes, The axial
velocity just upwind of the rotor varies in a roughly sinuscidal form
about its mean value (Figure 4.2-2). For approach flow Case I the
periodic variation of axial flow velocity was as large as +7.5% of the
mean value at 1/8 rotor diameters upwind. If the minimum velocity
value were used rather than the mean (File name UU1043, Table 3.3-3)
the computed axial induction factor’wonld be 0.2 instead of 0.133.
Thus the transient nature of the flow has & significant influence on
values important to the serodynamic performance of the wind turbine.

Figures 4.2-3a to 4.2-3d display the mnormalized mean axial
velocity change (100 x (v - (u)) )/ (u)) ) versus axial distance in
rotor diameters for each of the four approach flow conditionms.
Comparison between plots with similar approach velocities but
different turbulence levels (figure 4.2-3a and 4.2-3c, figure 4.2-3b
and 4.2-3d) do not show any major flow differemces in this format,
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Comparison between plots with similar turbulence levels but different
approach velocities (figure 4.2-3a and 4.2-3b, figure 4.2-3c and
4.2-3d) display a difference in the magnitude of the range of mean
axial velocities in the wake region of the turbine only. The range of
axial velocity variation was greatest in the lower approach wind speed
cases.

Figure 4.2-4 displays the normalized mean radial velocity
(100 x Fk/(;;)m) versus axial distance in rotor diameters for approach
flow case II. It shows that the flow was divergent approaching the
wind turbine and in the wake region out to at 1least one-half rotor
diameters downwind. The maximum divergence is at the rotor disk where
the mean velocity vector deviated by 10° from that of the approach
flow. The radial velocities are greatest (14-20% of the approach
velocity value) near the tip region. The radial velocity transient
variation just upwind of the disk and downwind outside of the rotor
wake are nearly sinusoidal in form as observed by a flatmness factor
near to 1.5.

Figure 4.2-5 displays the normalized mean angular velocity
(100 x ©_/(u,),) versus axial distance in rotor diameters. Within the
wake region large negative angular velocities exist (the rotor was
spinning in the positive sense). The magnitude of these angular
velocities was greatest (=25% of the approach flow velocity) at the
innermost radial measurement positiom of one-eight rotor diameter.
The flow immediately upwind of the rotor and the flow downwind of the
rotor but outside of its wake have negative mean angular velocities
but their magmitude (=2-3% of the approach flow velocity) is much less
than that in the wake region.

Classical vortex/strip theory assumes that the angular velocity
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at the rotor disk is one-half the angular velocity imparted to the
slip stream (Wilson, et al., 1976). This assumption leads to the use
of an angular induction factor, a’, to correct blade section angle of
attack for induced rotational motions. These corrections usually
presume a rotating activator disk with an infinite number of blades.

To compute the instantaneous angular induction factor for the
model wind turbine a correlation between the rotor blades position and
the angular velocity components magnitude must  be known,
unfortunately, 8 blade position time series was mnot measured during
this study. Examination of the axial and angular velocity time series
(Run No. 1043) presented in Figures 4.2-2 and 4.2-6 can give a
qualitative estimate as to the sign of the angular induction factor.
The sharp drop seen in the axial velocity time series is undoubtably
due to the pressure field surrounding a passing rotor blade. This
fall in axial velocity occurs at the same time as a sharp maximum in
the angular velocity time series, This would indicate that the rotor
blade sees an angular velocity component that is in the opposite
direction as the rotor blade travel.

Figures 4.2-2 and 4.2-6 also show that each rotor blade has a
different periodic magnitude. This was due to slight misalignments of
the rotor blades in their plane of motion. One rotor blade was 3 mm
closer to the measurement probe than the other. Since the probe was
67 mm from the rotor plane the flow characteristics must be changing
rapidly in the immediate region in froamt of the rotor disk.

Figures 4.2-7a and 4.2-7b display the axial turbulent intensity
(100 x (;;)tms/(;;)m versus axial distance im rotor diameters for
approach flow cases II and IV respectively. They show that the axial
turbulent intemsity increases dramatically in the region aspproaching

23



the rotor disk and then initially decrease sharply in the rotor wake,
The sharp increase in turbulent intensity for the spacial locatior of
X =1/2, R=1/8 is due to the influence of the growing wake caused by
the wind turbines hub and support mechanism. Figure 4.2-8 of the
axial flatness factor versus axial distance shows that most of this
turbulent intensity in the non-wake region is due to an organized
periodic structure of slowly varying amplitudes, approaching that of a
sine wave.

‘The velocity time series for the axial velocity component (Figure
4.2-2) and the angular velocity component (Figure 4.2-6) help estimate
the angle of attack1 during a rotor «cycle. The rotor rotational
velocity, 25.81 rps, was estimated by measuring the time period
between blade passages on these figures. At a radius of 0.201 m the
velocity of this rotor blade section, was 32.6 m/s. This information
was used to plot the engle of attack time series shown in Figure
4.2-9, This figure shows that the periodic nature of axial induction
is the primary cause for variations in the angle of attack for this
approach flow and position. The actual variation of angle of attack
that occurs at the rotor disk will be larger than that show here at

6.7 cm upwind of the rotor disk.

1No account has been made for rotor blade twist angle
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FIGURE 2.2-1 Wind Turbine Model
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TABLE 2.2-1  BLADE TWIST ANGLES VERSUS ROTOR RADIUS

r r/R Twist Angle
(m) (degree)
0.021 0.08 37.9
0.031 0.12 31.8
0.052 0.20 22.5
0.062 0.24 19.0
0.094 0.36 11.8
0.125 0.48 7.5
0.156 0.60 4.7
0.187 0.72 2.8
0.219 0.84 1.4
0.250 0.96 0.3
0.260 1.00 0.0

note — Blade Begins at r = 0.016 m (r/R = 0.061)
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TABLE 2.4.4-1 YAW ANGLE CALIBRATION POINTS

st rotation®* 2nd rotation®* Yaw Angles*
about y axis about x axis 01 01 ¢3
0 -30 17.2 17.2 65.3
-15 26.9 26.9 50.3
0 35.3 35.3 35.3
10 39.8 39.8 25.3
20 43.0 43.0 15.3
-120 -30 17.2 65.3 17.2
-15 26.9 50.3 26.9
0 35.3 35.3 35.3
120 -30 65.3 17.2 17.2
-15 50.3 26.9 26.9
0 35.3 35.3 35.3

#A11 angles in degrees, positive rotations about probe coordinate system
are clockwise (looking from positive axis to mnegative axis)
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Table 2.4.4-2 Comparison of Actual and Calculated Velocity Vectors
for 3-D Probe

Actual Calculated®
Velocity Angle From Axis (Deg.) Velocity Angle From Axis_(Deg.)
m/s X Y Z m/s X Y Z
4.0 40 90 50 4.2 41.2 88.0 48.9
30 90 60 4.1 31.9 89.1 58.2
15 90 15 4.0 16.9 89.9 73.1
0 90 90 4.0 0.3 90.0 89.7
30 120 90 4.1 26.4 116.3 93.1
15 105 90 4.0 15.0 105.0 90.5
15 75 90 4.0 15.4 74.6 90.1
30 60 90 4.1 26.2 63.9 92.5
15 90 105 4.0 14.5 89.9 104.5
30 90 120 4.0 22.8 89.4 112.8
6.0 40 90 50 6.2 43 .4 88.0 46.7
30 90 60 6.2 32.8 89.7 57.2
15 90 75 6.1 17.1 90.1 72.5
0 90 90 6.0 0.5 90.2 89.5
30 120 90 6.1 27.0 116.9 92.9
15 105 90 6.0 15.4 105.4 90.4
15 75 90 6.0 15.3 74.7 90.0
30 60 90 6.2 26.8 63.3 92.3
15 90 105 6.0 14.6 89.7 104.6
30 920 120 6.0 23.9 89.0 113.8
8.0 40 $0 50 8.2 44 .8 87.3 45.4
30 S0 60 8.1 33.0 89.4 57.0
15 90 75 8.0 16.9 90.1 73.1
0 90 90 8.0 0.4 89.7 89.7
30 120 20 8.1 27.0 116.8 93.2
15 105 90 8.0 i15.0 105.0 90.6
15 75 90 8.1 15.2 74.8 90.1
30 60 90 8.3 26.7 63.5 92.5
15 90 105 8.0 14.8 89.9 104.8
30 9¢ 120 8.1 24.3 89.4 114.3

*Velocity Calibration on 6 = 0°, Gy = 90°, Gz = 90°

Angle Calibration Performed at 6.0 m/s
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Table 2.4.4-3 COMPARATIVE RESPONSE OF

PROBE

Single Wire
Crosswire
3-d Probe
(1294-60)

3~-d Probe
(1294-20)

ANEMOMETER PROBES

GRID CYLINDER
TURBULENCE WAKE
TURBULENCE
u u’ v' w' ; u’ v' w'

5.99m/s 0.106 5.7 0.407
5.982 0.106 0.0763 5.827 0.374 0.368
5.983 0.109 0.0813 5.776 0.411 0.383
5.86 0.097 0.108 0.099 5.51 0.386 0.433 0.418
5.90 0.096 0.100 0.096
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Table 3.1-1

APPROACH FLOW CHARACTERISTICS

Approach Measurement Velocity Minimum Mean

Flow No.

Probe

single film
single film
single film
single film
3-D Probe
3-D Probe
3-D Probe
3-D Probe
3-D Probe
3-D Probe

3-D Probe

v3-D Probe

3-D Probe

3-D Probe

3-D Probe

3-D Probe

Component

(M/8)
5.878
7.500
5.491
6.980
5.877
7.581
5.580
7.060
-0.014
-0.142
-0.581
-0.758
-0.004
0.036
-0.429

-0.618

(M/8)
5.900
7.538
5.928
7.516
5.90
7.60
5.96
7.59
0.01
-0.08
-0.08
-0.11
0.02
0.08
0.07

0.12

Maximum RMS

(M/8)
5.924
7.588
6.330
8.033
5.918
7.622
6.325
8.057
0.045
-0.028
0.392
0.478
0.052
0.116
0.482

0.622

(M/8)
0.007
0.009
0.107
0.131
0.007
0.007
0.100
0.120
0.008
0.016
0.106
0.139
0.008
0.011
0.101

0.128

Skewness

0.162
0.188
-0.045
0.0414
-0.0346
1.092
-0.120
-0.039
0.072
0.086
-0.003
-0.039
-0.018
-0.116
-0.090

-0.040

Flatness

2.934
3.106
2.952
2.900
2.441
2.858
2.963
2.912
3.167
2.671
3.006
3.177
2.966
2.744
3.104

3.156

Integral
Scale
(m)

0.0463

0.0425

0.0517

0.0504

0.0147

0.0152

0.0171

0.0164



Table 3.2-1

Mass
(Kg)

0.091
0.227
0.318
0.408
0.454
0.499
0.545
0.635
0.681
0.726

0.771

Power Measurement Test for U = 6.0 m/s, T.I. = 0.1%

Spring
Deflection
Z4* (cm)
8.5
10.0
11.1
12.2
12.7
13.2
13.8
14.7
15.1
15.7

16.3

cm

0
rpm

1640

1545

1460

1370

1330

1300

1230

1180

1135

1080

980

Tip Speed
Ratio

7.4

7.01

5.90

5.15
4.9

4.45

55

Power
(watts)

1.13
2.79
3.57
4.19
4.58
4.95
5.01
5.8

6.16
6.13

5.8

Power
Coefficient

0.050
0.124
0.158
0.186
0.203
0.219
0.222
0.757
0.273
0.272

0.257



Table 3.2-2 Power Measurement Test for U = 7.6 m/s, T.I. = 0.1%

Mass Spring 0 Tip Speed Power Power
(Kg) Deflection rpm Ratio (watts) Coefficient
Zd‘ (cm)

.453 12.6 1925 6.89 6.81 0.148

.544 13.6 1900 6.80 8.15 0.178

.680 15 1805 6.46 9.97 0.217

.770 16.1 1760 6.3 10.80 0.235

.906 17.6 1645 5.89 11.93 0.26

.997 18.7 1575 5.64 12.4 0.271
1.088 19.2 1460 5.23 13.46 0.293

‘Zd = 7.45 cm
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Table 3.2-3 Power Measurement Test for U= 7.6 m/s, T.I. = 1.5%

Mass Spring 0 Tip Speed Power Power
(Kg) Deflection rpm Ratio (watts) Coefficient
Z4*% (cm)
453 13 2080 7.45 6.39 0.139
.544 13.8 1980 7.09 8.03 0.175
.680 15.2 1860 6.66 9.83 0.214
771 16.2 1840 6.59 11.11 0.242
.861 17.1 1770 6.34 12.19 0.266
.906 17.4 1700 6.09 12.72 0.2717
.99%6 18.1 1640 5.87 14.0 0.306
1,087 18.6 1510 5.41 14.9 0.326
1.132 18.7 1380 4.94 14.7 0.322
1.222 18.6 1240 4.44 15.8 0.344
1.313 18.7 1080 3.87 15.68 0.342

‘Zd = 7.45 cm
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Table 3.3-1

Position

001
002
003
005
006
008
011
012
013
015
016
018
021
022
023
025
026
028
035
036
038
041
042
043
044
045
046
048
060
061
062
063
064
065
066
068
070
071
072
073
074
075
076
078

x/D

1/2
1/2
1/2
1/2
1/2
1/2
1/4
1
1/4
1/4
1/4
1/4
1/8
1/8
1/8
1/8
1/8
1/8
0
1
0
-1/8
-1/8
-1/8
-1/8
-1/8
-1/8
-1/8
-1/4
-1/4
-1/4
-1/4
-1/4
-1/4
-1/4
-1/4
-1/2
-1/2
-1/2
-1/2
-1/2
-1/2
-1/2
-1/2

/D

1/8
2/8
3/8
5/8
6/8
8/8
1/8
2/8
3/8
5/8
6/8
8/8
1/8
2/8
3/8
5/8
6/8
8/8
5/8
6/8
8/8
1/8
2/8
3/8
4/8
5/8
6/8
8/8

0
1/8
2/8
3/8
4/8
5/8
6/8
8/8

0
1.8
2/8
3/8
4/8
5/8
6/8
8/8

X

(m)

0.267
0.267
0.267
0.267
0.267
0.267
0.134
0.134
0.134
0.134
0.134
0.134
0.067
0.067
0.067
0.067
0.067
0.067
0
0
0
-0.067
-0.067
-0.067
-0.067
-0.067
-0.067
-0.067
-0.134
-0.134
-0.134
-0.134
-0.134
-0.134
-0.134
-0.134
-0.267
-0.267
-0.267
-0.267
~-0.267
-0.267
-0.267
-0.267

Measurement Locations

58

(deg.)

180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180

180
180
180
180
180
180
180

180
180
180
180
180
180
180



Table 3.3-1

Position

080
082
084
086
088
090
094
098
100
104
108
110
114
118

x/D

e e e

3/2
3/2

WwwoNN

continued

r/D

1/4
2/4
3/4
4/4

1/2
2/2

1/2
2/2

1/2
2/2

(m)

-0.535
-0.535
-0.535
-0.535
-0.535
-0.802
-0.802
-0.802
-1.070
-1.070
-1.070
-1.605
-1.605
-1.605

(m)

0.134
0.267
0.401
0.535

0.267
0.535

0.267
0.535

0.267
0.535
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(deg.)

180
180
180
180

180
180

180
180

180
180
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Table 3.3-2

Position
No.

001
002
003
005
006
008
011
012
013
015
016
018
021
022
023
025
026
028
035
036
038
045
046
048

1

1340
1340
1340
1340
1300
1340
1360
1360
1360
1360
1360
1340
1380
1380
1380
1380
1430
1430
1430
1430
1430
1420
1406

Rotor Speed During Data Aquisition

Case No.
2 3 4
(Data Obtained with TSI 1294-20 Probe)

1600 1470 1360
1600 1470 1370
1580 1440 1350
1560 1440 1340
1525 1440 1330
1525 1440 1320
1500 1420 1320
1500 1420 1330
1500 1420 1350
1500 1420 1370
1510 1440 1360
1510 1440 1350
1500 1400 1350
1400 1420 1370
1450 1420 1370
1450 1420 1370
1465 1420 1500
1465 1420 1560
1390 1380 1550
1390 1400 1520
1390 1400 1520
1400 1400 1580
1400 1400 1580
1420 1400 1600

1490

(Data Obtained with Modified TSI

041
042
043
044
045
046
048
060
061
062
063
064
065
066
068

1550
1550
1550
1550
1550
1550
1540
1500
1500
1520
1530
1530
1530
1530
1540

1540
1540
1530
1420
1380
1420
1380
1380
1400
1430
1400
1340
1340
1460
1460

1294-20 Probe, 90° bend)

60

1354
1354
1354
1354
1354
1354
1354
1300
1320
1320
1320
1320
1320
1320
1320

1360
1360
1360
1360
1360
1320
1320
1370
1370
1370
1430
1430
1430
1350
1350



Table 3.3-2 continued

Case No.
Position 1 2 3 4
No. (Data Obtained with TSI 1294-20 Probe, 90°)
070 1490 1450 1310 1430
071 1465 1410 1310 1430
072 1465 1420 1310 1430
073 1465 1460 1330 1430
074 1465 1340 1330 1430
075 1465 1370 1330 1430
076 1465 1370 1330 1390
078 1440 1430 1330 1310
080 1320 1413 1330 1310
082 1320 1450 1330 1310
084 1320 1465 1330 1310
086 1320 1413 1330 1310
088 1300 1450 1330 1310
090 1350 1460 1350 1310
094 1350 1420 1350 1310
098 1350 1420 1350 1310
100 1420 1550 1400 1310
104 1400 1465 1400 1310
108 1400 1525 1400 1310
110 1500 1600 1465 1310
114 1500 1600 1443 1310
118 1465 1600 1400 1310
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APPENDIX A - COORDINATE TRANSFORMATIONS

The reduction algorithm for the TSI model 1294 probe calculates the
velocity components along the sensor coordinate system. To find the
valqes of the velocity components in the tunnel coordinate system
several intermediate transformations must be made. Figure A-1 details
the different coordinate systems that will be discussed here.

Consider the general derivation of the transformation tensor that
relates the magnitudes of vector quantities (ui) in the "unprimed"
cartesian coordinate system to the magnitudes (ui") resolved in a
"triple primed" system. To transform from the unprimed system to the
triple primed system three intermediate transformations must be made.
The first transformation is a rotation of «

1

axis. The second transformation is a rotation of «

degrees about the X

2 degrees about the

new xé axis. The third transformation is a rotation of 03 degrees

A 4 . .
about the xg axis. These transformations can be stated mathematically

as
(1) For o, rotation m=1 2 3
1 k\:\\\
u! = ¢, u where ¢, = 1 1 0 0
k km'"m km 2 0 cosa1 sina
3 0 -sina cosd
1 1
(2) For a, rotation \\‘~E.: 1 2 3
i=Y
u' = b.,u' where b., = 1 | cosa 0 -sinda
Jj jk'k jk 2 0 2 1 0 2
3 smoz2 0 cosol2

+ . . .
The sense of the angular rotations are defined as follows: Looking
from the positive to negative direction along the axis in question a
positive angle requires the counterclockwise rotation of the other two
axes.
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(3) For @y rotation j=1 2 3

i=
ui'* = ai.u? where a;; = 1 cos0, sind 0
3] 2 -sina3 cosa3 0
3 0 0 1

The. components of the intermediate transformation tensors (Ckm’ bjk’ and
aij) may be obtained from inspection. For example Cxm is the cosine
of the angle between- the kEE primed and the mEE unprimed coordinate
axis, i.e., Crm = cos(xi,xm).

Grouping the three transformations into one completes the general
derivation of the vector component relationships between the unprimed

and the triple primed systems.

L2 25 - -—
! = a..b. =A. u
Ui a1_]b3kckmum Alm m
'cosazcosa3 coso,sina, + sino sina3- 7
ind,sind,cosd cos inQ,coso
sina;sind; 3 a sing; 3
where A. =] -cosd,sina cosd, cosOl,,~ sino, cosd,+
im 2 3 sind.sin0,sind cosd sina3sina
1 2 3 1 2 3
ina -sind, coso cos o
_31n 2 1c05, alcos 9 i
It should be noted that the transpose of Aim = Azm = Ami can be used to

transform vector components in the triple'prime system to those in the
unprimed system, i.e., u, = AmiuA"’

The geometric relationship between the sensor coordinates and the
probe coordinates is always fixed, but the relationship between the
probe coordinates and the wind-tunnel coordinate also needs to be
formalized before an overall transformation from sensor coordinates to
wind-tunnel coordinates can be stipulated. During physical placement of
the probe within the wind-tunnel, one starts with the probe coordinates
aligned with the wind-tunnel coordinates. The probe and thus the probe

K
ALY

coordinate system is first rotated Y3 degrees about the Xq axis,
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Axly

then Y, degrees about the new X,y axis, and then ¥y degrees about
the new xi axis. After these rotations of the probe by its supporting
mechanism are completed, the probe is in position to take data.1

To find the coordinate tranformations that are necessary to convert
vecfor components in the sensor system (unprimed) coordinates to the
probe system (triple primed) coordinates, consider the reverse trans-
form, i.e., probes system to sensors. It is seen in Figure A-1 that a

rotation sequence of o = 0, a = =45.0 will achieve

5 = 35.26, and oy

the desired orientation. This transform can be written as

:A u!!'

"7 %5Y
where Aij is calculated from the general derivation given previously.
We are more interested in the reverse transform, i.e. sensor to probe.
This is found by taking the transpose of tensor Ai' above, i.e.

ult't = A?.u. = A

..U,
1 13 ] Jt ]

Inserting ay = 0, o, 35.26, and ag = -45.0 into the equations for
the components of Aji one finds that the transformation tensor for
conversion of velocity components in the sensor system to velocity

components in the probe system is

1/43 /43 1/43
-1/46  -1/46  2/J6

1The reason for aligning the probe away from the tunnel coordinates is
that the probes Xy axis should be in approximate alignment with the

expected mean velocity vector. This will increase the accuracy of the
measurement. For low-to-moderate turbulence levels it insures that the
velocity vector never leaves the sensor coordinate system octant in
which measurements are possible.
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To convert the velocity components resolved in the probe coordinate
system to those of the wind-tunnel system one must reverse the rotational

order that was used during the physical placement of the probe.

% Fie kS
u, = ¢, u'"’ then wu. = Db.,u, then
k km m j jk'k

el Sk Fhed
u. =a,.u,  => u. =B. u''"'

i ij ] i im m

where the angles oy, d,y, o5 that make up the general transformation

2
tensor are now defined as Y10 Yoo and Y3 respectively.

Combining the two transformation tensors derived above, one for
sensor to probe conversion and the other for probe to tunnel conversion,

into one overall transformation tensor for sensor to tunnel system

conversion yields (note that the indices have been changed for

convenience)
sk
u!'' = A..u, and u = B, .ul"'
j jii k kji'j
Fhede
U T BiyAyiv T Oy
where u, = velocity components in the tunnel coordinate system
u, = velocity components in the sensor coordinate system
Bkj = genirfl transformation tensor with a; = =Yy, @y = 7Y,
37N
A.i = transpose of the general transformation temnsor with
J a; =0, a, =35.26, a; = -45.

1 3

Since the elements of Ck are the cosine of the angle between the

i
iEE sensor coordinate and the kEﬁ tunnel coordinate, the yaw angles in

calibration mode are easily calculated as
¢i=90.O-arccosC1i=arc31nC1i.

To convert from the rectangular tunnel coordinates to an

axisymmetric tunnel coordinate system it is only necessary to rotate the
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rectangular system about the x. axis so that the measurement location

1

is contained within the X) "X, plane. This angle of rotation is

given by the following conditional statements

1) if X, = 0 and Xy = 0 then B = 0

2) if X, = 0 and Xy > 0 then B = 90.0

3) if X, = 0 and X3 <0 then B = -90.0

4) if X, <0 then B = arctan (x3/x2) + 180.0
5) if X, >0 then B = arctan (x3/x2).

The transformation can be summarized as

o *kk
Up = % T ImkCii% = Dmi%
where u; = velocity components in the axisymmetric tunnel system, and

dmk = general transformation tensor with o = B, a, = 0, ag = 0.
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APPENDIX B - COMPUTER PROGRAMS
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C*XCALCULATES THE DIRECTION COSINE TENSOR *C(3,3)* FOR THE COORDINATE
C TRANSFORMATION FROM 1294 ZD1 FROEES SENSOR COORDRINATEES TOQ THOGCE OF THE
C DESIRED TUNMEL COORDIMATES *IAXIS*=2HRE FOR RECTANGULAR SYSTEH:
C *IAXIS*=2HCY FOR CYLINDERICAL SYSTEM.
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C TO CYLINERICAL COORDINATES, X REMAINS THE SAHE AMD FOS(283) ARE
C CHANGED FROM THE INPUTED Y. Z VALUES TO Ry THETA UQLUCS.
C FOR THE CYLINDERICAL SYSTEM, WHEN LOOKING DROWN (+T0-) THE FOSITIVE
C X AXIS THE THETA COMPOHENT IS PQSITIVE IM THE COUNTERCLGCKUISE SENCE.
C FOS(4,586) ARE THE ROTATIONAL ANGLES ARQUT T Z AXI3 OF THE
C PROEBE SUFPORT COORDINATES FROM AN INITIAL hLIGNHENT NITH THE TUNNEL
C COORDINATES RESFECTIVELY, THE ROTATIONAL SEQUENCE MUST EE IN THE ORDER'
C ABOUT Z, THEM Yy THEN X SINCE PROEE COORDIMNATES UWILL HOQ LONGER DE ALIGH
C WITH TUNNEL COORDINATES AFTER THE FIRST ROTATION, THE SENSE OF THE '
C ROTATION IS: LOCGKING DIOWN (4T0-)> THE POCSITIVE AXIS OF THE FRORE
C COORDINATE SYSTEM THE OTHER TW0 AXIS ARE ROTATEDR IN A CLOCKWISE
g*#DIRECTION REEULTE IN A POSITIVE ANGLE.
COMMON /WK/ A(3,3 13(373)

DIMENSION FOS(&YsC(3,

DATA PI /2.14159%9/

CONET=FI/180.0 .
c"0.0‘000'0000000".00.06000.0000‘D'.O.FIND TRANSFORHATIO" TENSDR - . FOF
c FROEE TO CENCOR CONVERSIONM. ‘

ROT X=0.,0%¥CONST

RDT Y=35,26XCONST °

ROT Z=-45,0%CONST

CalLL TRXYZ(A>ROT XsROT Y»ROT )
Crvsvvsosvceversororensosvvsreessssvses s TAKE TRANSFOSE OF ‘A’ TO FIND
c SENEOR TO PRODRE CONVERCION.

Do 20 53172

10 J=1I41,3
SAVE=A(Is D)
ACIy DI =A(I 1)
A(JyI1)=SAVE
10 CONTINUE
20 CONTINUE
Covrvevacrrssorenrosvessevssevesssesses FIND TRAHSFORMATION TENSOR °*R*" FOF
C PROEE TO TUNNEL COHUERSION.
WRITE(LU,»100)
READ(LU,¥)POS
ROT X=FOS(4)XCONST
ROT Y=POS(S)XCONST
ROT Z=FOS(&6)%CONST
CALL TRXYZ(E»RQT X>ROT Y,ROT I)
Covovnsoorssvnsservssrosoessorsvessssses o CALCULATE TOTAL TRANSFORMATION TE}
YC* FOR SENCOR TO TUNNCL CONVERESIC
CALL TMULT(A»E,»C) .
IF(IAXIS.HE.2HCY)RETURN
CO)DO5000'000'0'00'DDO.’OOOOQQOOOOOl.OOOCD'!UERT FRO“ RECTC CODRO TO CYLQ
c COOR. DY CALCULATING THE TRANC.
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OB OROGDADIDADSOOISDIOAODDASOIDDDODD

FILdGI RO AR IR R332 1300 100 o jab 1t b 4ad B 1 33D DD 1D 13D 2

[ B R T

rSCE 0001 FTH. 11252 AM I'RIL, 25 OCT.s 1

~3
Q
(2]

FTHS,L
- FROGRAM DATL1(Z,200
CY¥YDESIGHED TO BE UCED WITH THE TSI 1294 D HOT FILH FROEE.
g#* COUIRES DATA ONLY
DIMEMZIOM IFAR(S):FOS(S)
CALL RMPAR(IFAR)
LU=IFAR(1)
IF(LU.LT.10LU=1
CALL LIBER(LUY)
CALL INPUT(IFST»IRATE>NGAHsNIEG,OPTENP,LU)
1 CONTINUE
CALL FILES(HSAMsMISEG,LW)
WRITE(LUS100)
READ(LU )POC
2 WRITE(LU»110)
IFCNOYEC(LUX)IS»2, 3
¢ COHNTINUE
CALL DATIN(IFST, IRATEsNSAM:NSEGsLW)
IFCIFERK(DN) .LT.0)GO TO S
WRITE(LY,130)
CALL F INFO(NCAM»>IRATEsNSCGsFOSsOFTENFSLU)
= CONTINUE
CALL FURG(LLY
& WRITE(LU:140)
IF(HOYES(LU) ) ? 5692
? COMTIMNUE
WRITZ(LUY150)
100 FOEMATLENTER X» Yy I» ROT X» ROT Y» ROT I
110 FORMAT(*READY-?
170 FORMAT ( *¥X¥XXDATA RECORD DBTAINED**#**')
140 FORMAT("WANT TO RUN AGAIN-
150 E?RHQT('RUN COMPLETE®)
I
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D021 O KRR ER KRR KKK KRR KRR KRR KR KKK
COa2 SUBROQUTINE INFUT(IFST, IRATE»NSAMINSEG»OFTENFILW)

0043 1 CONTINUE

0034 WRITE(LUS100)

004s READ(LY s ¥)IFSTy IRATEsNSANsNTCEG»OFTENMF

[Je3- HEAN=C(HEAMT127)/128) %128

Q047 RATE=RATE1(IRATE)

0048 HCHAMN=Z

a0A9 IL3T=1FST+NCHAN-1

anso TIME=FLOAT(NSEG)XFLOAT(NSAN) /RATE

falabp ] NRITE(LU»110)MSAMSHSEGYRATE» TIME» IFST s HCHAN»OFTENF
coe2 2 COMTINUE

ek WRITE(LU»120)

0054 IFCHOYES(LUX)1s2» 3

L2055 2 COMTINUE -

Q0Ss REETURM

0057 100 FORMAT(*ENTER CHAN 1, RATE, SAMPLESy SEGMENTS » TEMF,.-_*)
Q058 110 FORMAT(2HO, OF SAMPLES= IS/

ange ke MO, OF CEGHMENTS= *15/

00560 4 *CANMFPLE RATE= Fr.2S

BDEE ) + *TIME DURATIONM= *F3.2/

0042 4 *FIRST CHANNEL-= b o

0083 1 *HO, CHANNELS= 12/

0044 * *TEMPERATURE= "F7.1)

2045 120 FOEMAT('ENTRIES OK-? -}
D0Le END

Pl T 2222203322222 3323333233233 33 2303333333523 2333223 333332333233 23 324
0048 SUBROUTINE FILES(MSAM,NSEG»LUY)

GOLD COMMON /FIL/ IDCR(134)>NANME(S)»IDCLE(144)HANS(S)

0070 DIMENSION ISIZE(2)

0ery 1 CONTINUE

Q72 WRITE(LU»100)

Q077 CALL GNAME(LU>NANENAME (4) »HANE(S)»1)

0074 ISIZECL)=(NSAM/12B)¥NSEGH3I+1

0075 CALL CREAT(IDCEsIERRHAME» ICIZES1>NANE(4) >HANE(S))

D074 IF(IERR.LT.0)GO TO 1000

QO TOIZEL(1)=(MNEAM/ /1282 %211

aore CALL FURGE(IDCEBS, IERRyNAMNSsNANS(4)»HANS(S))

oo7e CALL CREAT(IRCRE, IERRSHANS» ICIZE» 1 »NAMS (4) s HAME(S))

ane0 IF(IERR.LT,0)G0 TO 1000

oo CALL CLOSE(IDCEG)

0232 Catl QFENCIDCRS, IERRyNAMSy 1, NANS(4) »yNANS(5))

QoeT IF(IERR.LT.0)GO TO 1000

aQea RETURNM

Q005 1000 CONMNTINUE

RIS CALL EFRROR(LU,IERR,2HFI»IDCE»1,0)

[AACY WRITE(LU-110)

023 1010 IF(NOYES(LU)Y10205,101091

oo 1020 CONTIMUE

2020 STOF 1000

e1L 100 FORMAT(/ENTER DATA FILE NAMR- =)
Qgg: 110 ESFHAT(/‘UI°H TO RE-ENTER NAHNR- =%
509z END
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JARAR I FTN‘~L
002 ( FMROCRAH DATZ2(Z.20)
~ > -~
cona DUYDEZICHMED TO FE UTED WITH THE TTI 1274 70 HOT FILM PRORE,
QOOS  C¥RIT UZES THE REDUCTION TECHNIQUEC DRECCRIDCDR IM TCI TR © TO OLTAIR
2008 CYYTHE U-VelW TIME CERIES,
Qoo ¢
anoae COMMON /WK TFAR(D)
00ne DIMEMIION POZ(LY»A(I, 3 sHANTR(S) - HAMCL (3) s HANTR2(5) » NAHVL (S
0010 CALL RMPARCIFARY
ao11 LU=IPARLLY
ALK IF(LU. LT 1)L t=1
001z cALL LIRER(LLY
oo CALL LHHAN (MANTR S HAMCL s HAHTR2 » NAMUL » TAXIS - ICR IFUR,LU)
AR CALL YELCL(HAMCL,SLSLUY
QoY fic=a
ARAD L CONTIHUE
ol HC=#CH+]
IARR CALL T RoNC»TENDsLU)
20320 0,160 T0 7
alagiy ! cALL sHEAMSHEECG»POC,LU)
onc2 CALL SHEBEG:-ICRsLU)
0c22 CALL AsIAXIC LY
ooa catL +MSEG,FOSsASSLLLUD
CORT CaLL hUUC(H“AHy4€EG’SL’LU)
) CALL ﬁNG’ﬁ’"”hhsNEECyLU)
Qon? CALL EAVIT(RATESNEANSNEEGSLSFOS ) NANVL LU
coze CALL F O INFO(NEAMSRATESNSEGSLLW)
2 CALL TRANE(NANTRI IFURSLLD)
o IFCIPURNE, 2YCALL FURG(LW
! e TR 1t
7 nYIHOE
2 HC -1
A ITC/LY-150HC
»n5§ 120 RHATC/*RUN COMPLETE ON °"IS® RUNE®)
217; C*****!tégf*g;%f**t##**t*#*t*ttt*t###*#**#*t****tt###****##*t*#l##*###
4 o . P
ap3e COMMON FIL, IDCE(144)sHAME(S)s INCERR(144,3) ,NANDI(S,3)
Al E ] COMMON /CAL/ ACZYSEBE(Z)»C(2IsREsTI(D)sF (D)o UNTHsUNAY s SUP (2 s ANF (D)
nnag COMMOM /TAR/ CALIP(101+3) -CSLFE(J)sCICFT(3),NC PTG
AR 304 coMMOoMN suals UHN(Z)sUHOHT(EsZ);USTRS(Z)sVHIH(u),UKAV(q)’NEPP("
0naz + SAGHMINCI)Y » AGHAX(3) y AMM(3) » AMOMT (32 3)
(A COMMON /WE/ IDUNC1150)
onac DATA NMC PTE-HAME /101 :2HSCy 2HRAS2HTC, 2HDN, 15/
222% yﬁgﬂ HAMIT: 1) RAND (12 D)5 HAND(153)  #2HUUS 2HVV» ZHUW.
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* -~ ' L I O |

OR CYL.)-
E NAMNR-(
E _NANR-(
FILE MAM

ol d

ERRRKR KRR KN RN K
MTR s HNAMCL s NAN
NAMCL (5)» NANT

) 0 1¢
UsHANTR2 s NAMTR2(4) s NANTR2(5) 5 1)

NA?TR:NQMTR(A):NAHTR(S)91)
*NANCL » NANMCL (4) s NAMNCL(S) s 1)
s NANVL s MANUL (4) s NANVL(5) » 1)

223334
NAM(NA
TR(S)»
AXIS

R

s

Go

30

(L

¥DE At~ T D) ADS D
R L~ OO0 X OIS 100
#* Sl *TOE Gl O
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E*
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A
A
L
L
R
4

PHAT"ENTE

EN ]

GOOSOCOHO
< Cres CIMI & PP
-~ ettt Tt e

o St CIP ST GO Tt O G B0 O L T ORI 0
NP WY W) WS N SO DN AL T P I DS
niRXaD)AOnRuOthKUOOGOn(XuOOOOn

1223225333323 3323233332322 2 383
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SURRDUTIMNE VELCL(MANMCL,SL,LU)
COMMON /CAL/ A(Z)sR(3)>C(IIsRK»T(2)sF(2)sUNMINSUMAX» SUF(Z) »ANF(2)
COMMON “FIL/ IDCE(144)
COMMON /ZWK/  IBUF(1E)
DIMEMSION NAMCL(S)
EQUIVALENCE {(JBUF(1)sA1)s (TIRUF(3)sR1)» (IRUF(S)sCl)s (TRUF(7)sRK1)»
+ C(IBUF(?)sCLTEM1)» (TEUF(11)UMINL) » (TEUF (13)»UNMAX1),
(IBUF(15)sSUF1)s (IBUF(17)sAMF1)
CRLL QFEM(IDCR IERR>NAMCL » Os HAMCL (4) > HANMCL (S5))
CALL ERFEOR(LU»IERRs2HVE)
Do 10 IC=3.3
CALL READF(IDCE:IERFs IRUF)
CALL ERROR(LU,IERR»ZHVE)
A(IC)Y=A1L
RcIC)Y=Rk1
CLICy=C1
REK=RINL
CLTEMP=CLTEM1
UMIM=UMINL
UMaX=UMAX1
SUP(ICy=8UPL
AMF L ISy =AMPL
COMTINUE
SRTTEILW.110)
ne a0 IC=1.3
HRITE(LU»120)IC»A(IC)»yR(IC)yCL{IC)yREKsCLTENPyUMINUMAX
+ sSUFCIC)Y »ANF(IC)
CONTINUE
CONTINUE
SL=UMAK/32752.0
T(2)=CLTENF
CALL TARLE
CALL CLOSECIDCE).
EETURN
FDFMAT(‘PHANNEL ACLX"E*7X*C*7X" '1X'CAL TENF*2X*UMIN®
¥ UMAX  SUFPFRES RMPLIFY
FORMAT(IYv12’4X9F6.392X9F6 492XsFb. 49 2XsFS.392X9F4.192X%y
Fée2s2X3F6,292X9F&e3T92%HsFS,2)

END

120



»* ~

* M

N~

»* O

* X

» &

» -

»* o~

* M

* o~

* .

* ES ~

> 0 -~ -~

* - ~ -~

LR 3] = -3 32

»* g ~ - [=3

LS [&] [&] G.

»* »* 3* %

L ] » 3 >

¥ = ”~ ~ ~ ~

-t o = 3¢ ~

* X~ 3¢ b 4 = =

* DM 3* (%] (5] ~

* omw ~ -~ < < [} -~

L Y ~e N T8 [T ~ z

¥ 4l ~ . 3% < < -~ ~

* U e »* » ~ ~ x
LT ) N~ z > -t ] (8]

% 0 QM o~ [ < ! ~ i
¥~ - N © =4 p [} < >

* 4 —~ . pe} p - i <<

L 2R ) ~Z O ~ - G [&] b 4

¥ e Cire ~ % < o

* sl -~ 2z o~ s~ L) [ ~

» [ ] "MTIOTINCZ - ~
*» .l P mn P ~ ~
% U3 ~ % ]l ~ -
»* ~0Q -~ +L i +E-Q e 117 1t
* o~ ~4+ ~CTACHO ~ P -
P e 0~ -3 g "IN DC Y [/ 4 =
*» 0OM ~ ¥ 4 . k-1 Y D [
e on E X W~ N~ b =
¥ v T~ ¥ Py P 1 I g [A1%]
* MO I > ¥ PO W ~ T Al CeIT %
PRI @t o~ Wi LG O [ RS
LBl Dt ) AN S CIORXCD T U~ NG
* wXi0s T - LULOOL G Gn NG
W m N b O SRR R ER LN b 4 o ¢ E g =]
LIPSO -~ ~Z eI e QWS M0
W _j T —~U i el ot Lt P D4 =N N ST |
WL T ot ~C O EEJEEOT IO s+Lir 25 H #
T Qe N2 o O + Gl CLIES, ) e S

L LR T 4 Al OUZOWX— 1O! | ECIn RS
¥ _jH ekM b Bt e s O ) i~
UG EET ML ~& (COMTHEXH Ewr-ey LI R 731 ]
RZTORINEE OO s Gl e e,
Wt N A GEURG e D e R R o LT
¥ A e e c@m Bl b N Ey EXbi ol [ = 2 4 {) Ly o]
WD T A CURZ X G b Ll O WG 5 [BIXTSIS] &334
¥OO0 [ TP 5 3 = i
R EECT~~LI0O00UN -3
L TP 7 2 S P @ PRl X afs o pood of =1
¥IOQC T i b b li b O [
*¥ USRSl CCa s L
*

»*

*

%

»*

0 [ [R5 & - o1

G OIS Cr e G NI PO O O et CHM ST O, (00 Crod CIMEST 01 OP. G D St
DAY 0. G.0.0.0.0- 0 0GB O OOOTOOOOQ T eirt rded vima rigt O]
T et ol el et et oot et o T O] CHCECECICICICI OO CHCLCHCITIC IO I e
LG ONCGOLGOOCOOOOOOGOHOQOOOTOOGQOC TGO O

s TIERRsNAMD(L,I)yISIZEs 1 s MAHD(4,1)
I)s1sNAND(AS 1) s HAMD(SI))

144) s NARE(S) » IDCER(144,53 3 » NAND(S,2)

-
-t
~
[=]
-~ ~ T
2 - g
- u Tt
- x L
« [T 4% |
[&] » &~
" & W
- G~
[ - o~ el
w S b o
(7] E] mil e By &
= W et DD
- W wli i~
T E e~
T T4 L YT 4T3V
0 ~ LECUMO
Zz~ul ' 0 SO
~ DR o S s (X B4V P14
(LRSS Inl i lo o - v Liweld
Ll B o vt e v N Wi~
P L i L Ll £ ¢« auzd
-t ECLELELE LD W Jd0Wd
L™ CCCCECRIECCOLROY & Cudo<
SANZZZZZZTZ T O QUO0
(IR 5% ITHR TTIN TN TRNTIN T 1 12 VIR o)
2ZLBArmm s e B o] wd d
Pt SN O Nt TN e O e (AP vt L) d d L)
- L I I R R TR Qg =
D ZZTICICIM NI < @ OGN -G [STERE3
QY EICE ™~ o e S v e e e e e L -
O 00 S5y ST S S B S e PN -
HELELCEXELL L LT E= g S ¥
SOUNCECCLECECCcETulIg ouiz
MU ETREZR Mo [Z174 1)
-+

0

(233323233233 32 2330333338332 233 33333 332332323 23333333333323333333333 33

(%]

CAM TUVOP G0 ot CIM S 1T G O G e i T PTS INa N 00
LN CICICICICICINI I M P I i P o € o € e e ar < ot
CHCL CLI CICICHCICICITIC I I I CICI I IO S 1 CACI 020
SO OGO TGOS m. SO L IO G G e

121



e XL BNN 222332 22083333332 02233333 3833333332333 33333338 3333333333 3233335322333
225? SURROUTINE SETUR(FOS,CyIAXISsLU)
e
nou2 C??Ch-CULATEE THE DIRECTION COSINE TEMSOR *C(3,3)* FOR THE COORDINATE
0282 TRANSFORMATION FROM 1294 2D FROBES SENSOR COORDINATES TO THOSE OF THE
0254 C DESIFED TUMNNEL COORDINATES *IAXIS*=2HRE FOR RECTANGULAR SYSTENMs
C28% € *TAXIS*=2HCY FOR CYLINDERICAL SYSTEM. -
na C FOS{152:3) ARE THE LOCATIONS OF THE FPRORE IN THE TUNNEL COORDINATES
Y C Y» Y & 7 RESPECTIVELY, WHEMN A CONVERSIONH IS MADRE FROM RECTANGULAR
jad C 70 CYLIMERICAL CODORDINATES: X REMAINS THE SAME AND FOS(2%3) ARE
[ ¢ CHAMCED FROM THE INPUTED Y» Z VALUES TO Rs THETA LUEES
0 C FOR THE CYLINDERICAL SYSTEM» WHEM LOOKING DOUN (PTD ) THE FOSITIVE
[ C X AXIS THE THETA COMPONEMT IS POSITIVE IN THE COUNTERCLOCKWISE °EN"E;
o T FORC4,%%4) ARE THE ROTATIONAL ANGLES AROUT THE X, 3 Z AXIS OF
& C  PRORE SUPFORT COORDINATES FROM AN INITIAL ALIGNMENY WITH THE TUNNEL
0 C COORDIMATES RESPECTIVELY., THE ROTATIOMNAL SEQUENCE MUST HE IN THE ORDER
0 C ABRQUT Iy, THEN Ye THEN X SINCE FROBE COORDINATES WILL HO LONGER EE ALIGHED
n O NITH TUMMEL COQRDIMATES AFTER THE FIRST ROTATION, THE SEMNSE OF THE
o C ROTATION IC€? LOOKRING DOWMN (4T70-3 THE FOSITIVE AXIS OF THE FROERE
C CODORDIMATE SYSTEM THE OTHER TWO AXIS ARE ROTATED IN A CLOCKWISE
gK#DIRECTIDN ESULTE IMN A FOSITIVE ANGLE.
COMMI IrTIsB(IS 3D
DIME YL (22D
oATA 9/
TOMNS
b wesssaeiirservirevssrornesessevsFIND TRAMSFORMATION TENSOR *A' FOR
FRORE TO SENGOR COMVERSION.
1ST

FL I=-25.0¥COMST
CALL TRXYZ(AsROT X:ROT YsROT 2Z)
i tieitaceesceresesearearsasrressses s TAKE TRAHSPFOSE OF ‘A‘ TO FIHD
SENSOR TO FRORE CONVERSION.
ng 0 %Slig

+1+3
SAVE=A(I» )
A(I’J)ﬁﬁ(J913

dr I =SAVE

2 0 "DPTTNUE
s34 [ CONTINUE
0 iressberrcibecsarrraireaserreereerrrsene e FIND TRANSFORMATION TEHSOR °*BR* FOR
1 FROEE TR TUNMEL CONVERCIONM.

2 ROT «=FO0S{4)¥COMNST
2 ®OT Y= PO"(S)*CONST
4 ROT Z=FOS(6)XCONST
= CALL TRXYZ(R:ROT ¥>ROT YsROT I}

D4 ;:.a.;.a...‘.........e'.....v..»ﬁ».....CALCULATE TOTAL TRANSFORMATION TEHSO
7 *C* FOR SENSOR TQ TUNNEL CONVERCIOMH.
e CALL TMULT(A:R.C)

e IFCIAXIE HE.2HCY)YRETURN
O Civiinviriisvrvrisrrisvsuviresvrreseesr oCONVERT FROM RECT, COOR. TO CYL,
1 C COOR, BY CALCULATING THE TRANS.

2 C TENSOR ‘A’ FOR THE ROTATION AROUT

zC THE ¥ AXIS (THETA= ATAN(Z/Y*) THAT
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A 2 2252 3833 2223233233233 3 333333333333 332323333 3333323333 333333223332%4
N21L0 SURROUTINE THMULT(A,E»C)

(AT ) DIMEMEION AC(I»3)sR(393T)sC(3»3)

0342 o 3¢ I=1:3

A3 e 20 J=1.3

0IL4 C(I»N=0.0

VLT T ‘ne 10 K=153

0I5% C(IsN=C(IsII+RIISKIXA(KY D)
02L& 10 ITINUE

NIL2 D0 CONTINUE

0ILO 20 CONTINUE

0320 RETURN

0271 END

[PRyoc RN 3333333 3233533333233 5333333333333 3 23333233233 333333333333333332%% %2
03173 SURRQUTINE CONUT(NSAM>NSEG,FOS>AySL,LU)

0374 CONMMON /FIL/ IDRCR(13A4)>MANE(S)sIDCEDR(134,3)sNAND(S,2)
0I?3 coMMONM /WAL V(3)»IDUM(I&E) yNERR(Z) -

0374 COMMON /WK/ TRUF(384)»IRUFD(128s3),8UM(3) s JERR(Z)
02727 DINEMSION FOS(&)»A(3+32)

0z7e 0o 10 I1=1,2

o037 JERR(I)=0

o280 NERR(I)=0

23981 SUM(I)=0,0

oxgz 10 COMTINUE

01332 HRLKS=(MEAM/128) XNSEG

034 e 5 I=1sNRLKE

0ILS CALL READF/(IDCR,IERRsIRUF,3IB4)

0RO CALL ERROR(LUSIERR»ZHCO)

oze” IF0S=-2

ozoe no I J=1,128

239 IFDS=IF0S+3

Q320 CALL UVWCIBUFC(IFQS)»V,VTOT» JERRSLUY
0391 CALL CHECK(V,»VUTOTsNERR)

0302 CALL TCOOR(V»sA)

0ze2 g 1 K=1.3

0ICA IBUFD(J,K)I=IFIX(V(K)/SL)

0205 SUM(K)=SUN(K)+V(K)

CZes 1 CONTINUE

azxe> 3 CONTINUE

AR Do 3 K=1,3

NI CALL WRITF(IDCRD(1,K)»IERRs IRUFD(1,K)»128)
0400 CALL ERROR(LU>IERR,Z2HCO)

0A01 4 CONTINUE

0402 T CONTINUE

0403 ne & k=1,

0404 U(r) SUM(K)/(I“S O¥FLOAT(NBLKS))

0405 6 CONTINUC

N406 CALL OUTL(NAMD>FOS,VsSLsJERRyNERR,LU)

Ganz? CALL FURGE(IDCE> IERR s NAME » HAME (4) > NAME (5))
o108 RETURM

04309 EMD

124



Uﬂ!NaUHAﬁrSUP(E):AHP(3)

3YsHC PT

2333333233383 33323222333333232%3
sF(2)y
CICPT(
(3

E(Nvl))*(h!N‘FLOAT(N))

LI
LE

)

T0 20

T

(

I

N

)

F

)
ERR(3) 11
TL(TEMRX/F(2))

TVTOT2)

2
4
)4
y-CA
sI)4
2¢I
0

)=JERR(1)41
R
y
L4
1
F
0

0

X
R
R
L
)
IADCIDIXCSLPE(IIHCICPT(I)

0

R

i

| 5

(

E

+

)60 _TO
0

*
B(N+
CALI
EFF2

2

E

@ O
6~ s T Poo bedmt vl 3 -0 L =3 Qeim
HBLU~ R et Ol cvmOUIAd A =20 bi
*D [~] OvwiEZi =22WEEOICHE ~ DL
DN AROETH T AETATOYID . IREEIn
3 daet MLt cLdba ll Ot o ldit e G4 W MWD R

]
I
3
L
)
{
N

FLUIL T o T IGEOR T T T Ll N st
RZOFEZT T o~ o1 T v ) *iad Tt

FraS ND B e il [ PR WD LID W Ll O~ ile

3 b Pt st £ R Chim QED U DO [ FRw [aH
DT+ -y 4% 94
»OQOTCO : e O i
FLE XLl v LaLagat] b0
O T L g o] Zo
2XIOOHIO O P
DU LU [ e =] L Ew
»*

»*

>

»*

E [} <o Q

o ] e - [ O]

vt O M2 U0 S0 P CI0 Cord CUNY S U 20, G0 Q i O MR SO T-. 00 0 O et (AP ST
ot i et ot ot et el et CHCJCEC CICI T CICEMIIITE DI PI NI M M F o tar eTar
T ST TG TG CCTG TG Ty T g
COOCOOOOCOOOCOOLCTEOOOTCGUOOLOOOOCCOOON

(2335333333332 33 23333332333 233333 % ¢

*
R
36,0.9848/

X

E

)

N
Y /VTOY
LT+SINIO.ORX.GT.SINBOINERR(IY=NERR(I)+1

DWW ST
¥0Z Ll
e pl Ll <~ ]
5 L T

HOmCO O X
L =1 Uil

i

R OO (P 10
S TN THND
ga T Tg
DOHOOUOOCOHS

(2222233322332 323333333383 32333 3330333333331

Yo UTUN(IS

3
)
)

D =VTUNC(I)+A(T» DRV (D)

1. 3.3.3.

COOR

LD ET:]

=0,0

1

u

E
VTUNC(IY

.3
0
)
00
$ 3
N¢

i P gt
HZE Tt - e~

Wtet Ol 2l gy
KM 0 O+
WJUImMDE OERDZTZ
L T [ -
ez Licy e
300 K = o ol
T 0y oo Swx
HSBD (ST T &7~ Y]
*

2

>

2%

(2] 0} 3}

UM 000 Coed T <2 000
WG U0 UG NG O ST NI
ToSdeCcTode e
OO OO OO T CISE

125



156)sV(3)»SL

KEKEREKERERRRRKERKK KKK ERRKKRR KRR KRR KRR

FOS>V»SLyJERRINERR LU
0S(6)sV(3)» JERR(II s HERR(Z)
S
%

2% oG L d

L Al S -~
%3 LA A~
0 4O Ovd
* NTO eI

(VTOTH+V(I)) )Y

~

-
~rd
o
fat
=
o
=
]
[alad
-
-t
[ 2 ]
Q
G
e b 14
- <«
~ =
< =]
. [
W
= <«
. -
-~ Q
o az] 74
2] ~
-t [+ 4 1
< N =
L] ud <
- ~—~a z=
1] i . =]
S ~ ol i
(= [ 474 ] | i

COMSTANT®)

ST U0

llll l:.

~ mw) Al KW T
Pt vttt LI L

w B owowanle pild

H o~ 2 o239

~ il W
M SGZTZZ e A4d
~ e v s Ty bl
*Et B R I TV Y B Rt B 1T ~

FTDI n bk wr jul S
2 O DMNED QLD ] . .

ZTED A G

*UNSLJIS(IhAN(RRFRINT

*¥O0ZW Wi

-~

rwidE s
(g it B B 34 3ou b =
A R A o 4
Ol ik WO
LE b

“+~ o

o
8] -t

estuntand ool

BBDIII

nP NIVINOR RO
bR NI TN el
Ms w e s Wi
ol G OW -
-4
ol T IER L
KETOQC
=
~Q OO
i e d et L L 1S
GLpm DI
(514 7.4
-~ Ao
[ - 0 G b o e
s A<k L L L ps et et
. - DL JOLOQ
0LeGOo
o P BT X
Ll
- i %) - '.'.HV\.\U
> -
ngcs - — - -
~if < ———
g ¥ - " s
<s T .- %ts s
FiIn e & & S NN NN
AN gt W W
L b e
Lqg<e cega
rexe TESLn
[ 444 [Vl vadv 4
cooQ oo
Lo bo Lis [T TN /N
B ol B
SO0 [«} gl aTed
Rais 1] ]
*iod vi ot iy vt

017.34:1}7 e Qe (I OG- O I T DO GO mlir e
OISR DR P S P O MR G e 0 0.6 0. N0 0 0. 0 O O SO
PR R TR o RS R oSl oL S S Yl AR e e T Y TN TR
OUOOOGOCTOOOOCOOOLOGCCOCOCOOOOOGO OO

126



s 2)
AX(3) s NERR(3)

?*****t#*****t#*#**#Xt**#****t**
n
b4

WD Z oA et
4 ndi b
OCm
E IS 5% B AN W Ty ot )
M) g WM e
¥ZTUDZ el ZEX

WS N N T
I e >EQ
WX ZTmad 1D
OO
¥EE T e
*GELELE

*200 00
L

.3

>

3%

3*

*

©

J)yIERRs IRUFD(1,4)5128)
’
»

IERR» 2HRE)
K
J
J

LR o EV

E
T (HSAM/109) KNSEG

1

]

CaLl. STRES(V,CYHNSVETRS» 1)

COMTINLE

ne

CONTINUE

™

CiFIp~ 3% 1]
~ e~ On
P Ciriae 3
o~~~

CANG w1~ &

N N N g
[t ol k2 R
L= o 24 - -sp
]DOO_IIAM
[ 25" 24 75 = =4
R

I

sl

4

QUTZ(YMOMT s VSTRS»UMIN,»UNAX L)

RETURRN

CONTINUE
END

CaLL

'zl

VIS O Qe CIFI ST TN G 0. Cr i _335A_7.P.Q.0.15..34567.499 Ciea
SOT O Omm Attt e et GO I CICICI G MMMt N S o

R A s 'y

CIN I W YL U

WD DT D e

LG O CGOC L OGO GOQCOOULGOOCCOHOUNOOCT OGO

URRQUTIME MOMET(VsUMNyUMOMTN)
VII2R)Y s UNONMT (2D

DIHENSIDN

b

223333333 88323333323 3333333333 33332333 3333333330333 323323333233223233 3
S

CIMTINON RO S 0NN 07 . 00O
TG TSI
Wi D DIy

~
z
~
-
<
(=]
Y
[N

SO e :Y i1~ e

[T ol el
1..).7.TunﬁnuU
HNﬁHUO

127



(3233333332333 3323333333333 3333323 341

OO

P

©0om

Xigix]

-ttt

NN

|l ond g

IXIXT

[Lley]

-~ L dndand

2] 223

~ I3 3%

~ U -0m
-4 4 b % % =4
P 222
nm nuim
«w> Bt

L I -~~~
WYy~ [l
2> M ITXxT
L uoo
T Pt P et
»T T 233
WD o~~~ [SR A}
* . o - .o
L o -t v et
b At 2T S
W - ~ TLEIODI H¥H¥e
% 00 Z ODOORM%E A
e ~“ L1 122D e
e b e AGdd W
WL~ 4 M- Uw
3 - 0O a2 KX
* AP T b
* Wi~y uwm
¥ ul Netadod AR U DO
T2 O aldldide0iMy 60§

R OOCOQ *mDO O LT~~~
Wit > ¢ et B N DT T
XDUWOCOC HHIASZNUILTI T~ D

WOIZ BN U0
Pl e IS Lt g s}
¥ ELCELED e o d
FDI T T DO O WZ
HSDSSSND LD KW
%

k3

E S

»®

w -

HOMEN OISO MU NNt O
ORI R TV RN DTN T S S S S N o o ot R ]
VO OO N NS 6 D DN NN DN IN
COOOOAUOOOOQOTOOOCOC

233233533 323233 8333383332335 33% 83

o~
™"
~
>
-~
e D =4
-l > -~ ~ ”~
L) ™M PR T ~
o~ - Mammmm XK
am o CIXHKX 4
bt i ACICIOICE »
> [ Meanse i}
- - sMMMM .
z ~ 00+ O
Wpt D> lolatl WMo L.
w»r - L2 K ~sleln bl
W~ oy~ Mo M
W oM A, = MMM Ne
¥~ M= - s ese e
WLt monre e 3
P pe (T vt mm ._ >
Wk HUATIH ~AHRBUHe

STRESS

WE s ZXRXECK « LdOo0E
DM QO DDWan
¥ EELSW o Dwibiu
Wik DO We DT
W W W H -
DO A mm 8 e XWT DI
HOLONTOOO TIECEX U W
¥ DOOCOHMM = e BOih X
Wl rvietrieir XX s v e -
HZL o nnnem GO X

WO TIDDDD N I

RO Ttz Ccacd
Eo AT ST S S S = -5 P
3 00 et et ot bt e 0 LK
Eod el A A TV m [ f o Tan T
FOOZIZIT3C L LU L

FDRHﬁTlIZZX'UN'EX'UU‘SX
END

+
+

SO &
SO O M
et ied Tt ot

CoRE xRN

O MG D ORI O 0 IS0 O
€O W ouTN0. ¢0- G- 000 0n0n O
T e e e e e i 2 ]
COOOOOOOCOTOOQOC:GUOO

3333333333333 8033333333333 33233332

» ?HAX(Z)rﬂMN(3),Aﬁ0HT(3!3)
’

”~

2]

-

-

=]

=

<

=

-

=]

[ o]

-

=]

am -

-

W~ b |
¥M~ pe |
L I~ B -
#aZTE ~ O
RO
WHWEZ ~ 0

(D It Mg L2
*Z e
NN T
¥ LI gl /:1
L QO

#NUFNNPCC
Her SN OwEWW
bl g E

CrtIMTIN ORI O
QOLOCOOOTOM
P R L AR N R T )
SCGOCGOOHOCODOT

128



UHMAX(3) s NERR(3)

(3
’

v IH(3)»
AHNCZ) »ANONT (252D
b
A
4

]
[~ 1e IS
.~
-l
e
E 20 L IS T N o
Wl vt
WM NWIMYRIQY -t

1333333333333 233323323323333333 3333
;SL:POS;NA"UL;LU)

STRS(3) UM

¥ 2OC ~VCWIZT
W e T mm LU
HprD T HZTD
W pe 3 P LT e B om
WU et T
W~ et Tt
R O T R g
W D2 E T Tt
I 1t £ L0 O S0
D D Lt ettt
E L4 LI 73 TN
01N u\h

=TR1(I)

Y=IRA4(I)
C(IBUF:II4!NAHUL9LU)

3
)=

IY=POS(I)

i QUMY T
LI O~ -t =i ON~
g re el merln sl
G Y e 0 i et T vt b 20 L et e D L id
ZZZ BoDrolhi By taseD

B ¥ AP et Era I Tt DI BT
g AL 4 - i -
WS bep e Ll | oo L agdee]
g lde = = = gy =]
<TI0 S o0 j= o] QI
ol o Oo L (SIALST4

¥
E
I
P L]
UK/

¥
B
M
M
COMMON ¢ A
EQUIVALENCE

DIMEMNEION

11111111122222222323 3333. 3344
B R R R R L R AL R E s R L AR R bt v PO R RNy R B B RVY s BWERE R e B R ]
CGOOOGOCGOOOOUGOOUOOCOO UL Tl

*

L ~

»* ™M

» ~

kol @

»* "4

¥ 17} -

»* =z~

3 . Q

»* ~ QO

»* L ar B Lol

¥ o~ nll

¥ M L -~

* = ~
% N -~ -

¥ D a - e
W owm e [8]

* T~ Lo o

Lo L = g b

* e~ Gl &

* T D L

L R s ] ~
* MIE e -

» ~D A 2}

L I L (g}
e, e~ -

¥ deapy U2 -
*de e QX L.

* w5y ki 2
¥ w - =2t
L IO TAT S -

M w03 AP »ha.
WHOD> X
¥l w oo b "4 4]
Hllm o~ = L=~
KT s 1
B N 4
Ui ~ld
E 3 b 000 - > g P4
LT ~~ N
FEZTE LT -
* e (3T ~ wd
B~~~ I~
TG e, o [-3 o
UL o (L [97) ~a0
P Tt . =il 0 L=
PE = e P e 4 N 14
L J=1. Ty T 'S ¥* -t~ lid
RLOZTITI ~ el
L= AT o) - d
PE Aot D b 4 ~
»* - - =oEx
LN~ . Tz
L I R Y p 2 ot ol

W Lira T K3 LICL o B i
XTI U St
NS NG ECTOHLET W
P = ot GG e 23
WITZTZE sl =
»OOQAN LHONG i
RLLE L i LChidet _-
FOECED S i g o ee]
®IIO@Co (<0 oulz
*WOUOUL 2E~0D Ll
P “+

»*

»*

*

»*% <
(3] -

34__..#..7 (<14 n.. .2’.5._.‘.57 Qo Sl

129



E22 2522323833332 502 833323 22233323 2233
IDCE IERR>NANS ISIZ»3yHAN(4) s HAK(S))

-~

Q

-t

~

-t

&

-

-

-~ ”~

e ~

~ n

N ~

- x

12} <

- =

- -

~ -~ -~

< < =

< o Lt
2 CTCE & € &
#2220 zuz O3 2 2
»* 40 LT I x~x
* 25 (X151 BN 4] [S<4y]
L2l L N
% - LA Lk e
W~ Tdie i i
% ~OIN W O sl

Tt -t

200~ w000 O s B Ol 5
Ll it et GO OOouoLoU
*E (SR A~ N ~ g =1 4 =]
»*3 CHEDL O A
I S Pl AT R R e g A
b @~ e b L W
RERZ(IZZ M -l de 10
P O B lE I 1O
¥b A~ LCIUT T OCEG
AT NMMIOMOTE O LOIG0OZ
HOT E - i i@

T N [l R [ S e =
3% St Zad v A s
DO NNT OC Le € Cux
ETINT-To] ST} [STRTT TR AR AT

[ 2232
10

CIMENOR DO QoINS OIS0 Cr vt
PO IS R T R RV T S A S Y S0 8 o0 O O 13
A0 0N DN I O N N N0 N
COCGOOSHOOOOLLOGOCOTC T

KERKKKKERRKREKERKRRRKRK KRR KK KKK

DCBDN(144,53) sNAND(S:3)

¥ X
B T
M /
E A
1
[»
U
L
I
L
CONTINUE
RETURMN
FORMAT(*IFU,"3A2° 1 IS 113D

END

10
100

I INUND - OmOIMSD
IO IMEMmUnC-0-0.0. 0
~INT S MO D NGO DN
COGOOOGOOCOHOCT

L3222 223233333 333333383 3333333300

YsIDCEDC(144,3) »NAND(S,T)

IN *A2)

*
u
1
N
"CLOSECIDCEBD(151))
'15.

100 IERRsLOC
FMGR ERROR

IO WO O Cime i
OO OO et Tl vd =
DU TRE Y00 T8 a8 N o o8
SOOLGCAOTGHOHO

130



DOOORDDIIDCOODIDYDIDI IS
PIRIS it 1t )2 b b b Jt DO DO DD
- OO N IR D DD N LTS W bI=

DO IVOIOVQO IO

FTHASL
FROCRAM ANGCTM(3,3835)
DIMEMSION IDC1S)sIR(IS)»IDCRC(L134,3)sANNIT) s AMONT (3, 3) s AGHIN(I)
+ AGHAYX (Z) s IFAR(S) s HAHD( S 2D
EQUIVALENCE (ID(1)sHNAMD(1,1))s (IFAR(1)sNTAN),
+ (IFAR(2)YSHTEG) » (IPAR(Z) LU »
+ (IBRC1) -AGHIN(1) Y- (IB(7) s AGMAX (1)) s (IR(13) yAMN(L) ),
+ (IRC1IT)H»ANONT(151))
CALL RMFAR(IFAR)}
CALL LIPER(LU)

%3L§0E15§(§111slny15)
CALL OFEN(IDCER(1sI)yIERRyNAND(1,I)51yNAND(A,TI) yNAND(S,1))
CALL ERROR(LU>IERRsZHAN)
NELE(NSA”:N"EG;IDCB’AHNyAHDHTyAGHINyAGMAX’LU)
CAELBCLOSE(IDCB(lvl))

E
XEC(14525,IRy36)

10 con

o>
HC

131



3 .

I - ”~ ~
Jb o~ ~ -~
#2212 ~ ~ ~ ~
ol -t e ] - -y
3 nor - - - 'S
W 4 az - an
Rl 4o W ~ ) puny
WL~ -4 > . ) >
¢35 - - S -
¥ [+ ] - (4] -

L XY~ o > [£] >
22T 0 -t ~ -t ~
Wt » - * o~ - *
AT~ ~ ”~ [ 1PN ~ ~
#*Ory b ] ~ 34 - -~
L 2. 4 - - L - -y
* -t - LY -] vt -
W -~ ~ p S ~nD ~~ -~ Az
#ro T = > e ~ m = >

E =15 g -~ - > ~ P o <t o~ - >
» L ol ~ = i THKZ - s L o~ a2 i
g » @4 =3 ~ | IO o0 s ~ -
¥ o~ Z» o > > TLO (2} s =~ > >
WY~ W A2 * OO -t [FS v v4 ¥ ~ o~
WL~ M~ ~ wiE ST IO »* - - ~ ~
W I ™ I+ - (0T~ ~ nll 3 = =D
¥ w0 ~r, - EL At (73] ~ - &
L -3 ] e B a2 Cowr A I~ 3% b B az S
L 3 1~1%] a3 ~ [713-4ue 8- $ 7 wd L= I ~ VIR
Wi - ad <€ > NE-C L =~ -d < > ~a
Yt ®om Vs -~ 0 - AL L z ~~ D -+~ A
E s RS G o4 b @M N ~ [- ] .-} | 2. 4
IS Wl QO T ® | WAy - [ =R z -1
L R 218 [=1: 4.0 ] 2 o~ XMNETTIA < S 2~ ey
¥IPICE * mE oy~ 03 P ey o -EZ o4 3 b
T~ s ~ Ll Ml EBPIDATITX - 4 ~llem™ Mt TMDa.
¥ w2 W == wbs Dl . b s wks Tl l
HELD D i et 52 -l OmEOLCl- ~ Siededs i X
HaTO ~ 0 < T od i ~iad S DWw N BZTDOOmLI ~ Cdhpvut SPDL-EOT
L~ oM we<x>a S.JSUTJAASAAIU ~ EAKUU.S.JSUTJQA
HTIMINZ (217t} (74 ] = o = -3 ("33 =z o

e w n Y13z Ll o~ ot ] O M O IG5 - ~ 2] S o UG 135
MR e~ vt ol et = w0 U0 - x W P ek U9
W_MICIH Ol (Te) = wmE Ut = - e & = T h

W (D vt 0 il i€ O OLWIIO0 OO0 St U X O oWt o0
ZTw w Qs T S ODRUS OO L% bou 3 # 4TI S QIS uDo
¥LOTN 1T & = = ~ & =

¥ CmOLC A TN - ~ MT] TN O

L 3] QM 71 Lot at ] | 1] =~

WZZ R N b4 . T oHZ e z

s 4 erﬂﬁNEzﬂ Qo ouwr W [~ 1]

Fepmtt b I DO T (S 1~ [ o R [ T~ (571

#TW L undaX = =

*O0T o ) : G MO !

Wigw <in = < 0 ¢

*0E 4 N = = '

W T oo . Lo oo '

N LS [ & ¥ e O

% -+ '

L 3 [3

»» t

£

* on Cs non o o o

(4] s et o4 LI <« o ]
C4P0 < 1) IPS 010 St CNT P (S P GO0 et GG T Y O Q0. Somt O4 1 €10 3D D O 0123455?890123456
CACICI O] TICITICIMMMI MNP o S @ o T o T NN DG TN N 0 GO O IS NPT,
COOCOLOLCOOOOLGOOOOOIOVOLOGOOVCOLO0OOOVLOOTOHCOROOODOOOOO
QOO OOOO 0000090000000000000000000_9000000900004000000000

1985

25 O0CT.»

ANGLE 123103 FM FRI.»

- FAGE 0003

HOHET(V (1, 1) » ANHNCI) »ANOHT (15005 D)
M
H
]

Dk JY=ANG

75 J=1.2
CALL
NUE
JY=AG
(J)=Aa0G
=AMN(
2y )=
Jed)=
1,3

CONTINUE

ne
o]
£
G
G
M
M
M
H
E

U CCECRa
4
[k 1]
TS

ﬂunu
[ X7~

1
A
)
M
H
Q
ALL OUTICAGHIN, AGMAX» AHN AHOMT LU

RETURN

CONTINU
END

i~

L35 NG
L1 2 o

893

POe QeI nar. oGl
PO OROG O 0 6100 ¢ 0. O
OCOTOOOOCOLOCOHOOTE
QOO COOOOLTOCTGTO O

132



223333333323 32 33323333 222322332207

QSO

Parave

[ulalol

(181}

et

NSNS

[

XX

[CILTT]

l e il

333

3¢ 36 3¢

-4

2 =

~ 232
*z LIy
* o -+t
- —~
ot | el
*0 Iz
b0 [ag =it
M) -t Py
% w 333
Lo 4 i
¥ .+
®>0 et
* ol —
L= -~ I 36
s - = —~
P e e O
R0 - = MK e~
*rcd < £ MK kb
*O o > ¥ CEL
g~ A0 2 QOO
: e

>

wln

¥ D0 poc P e ol s

-t

VIO 01 O Cred O P e 13 . G O Comt CIG
O OO T OOOOOOTOT G i ricdg
SOOI Ot vt vl el gt 74 ymf vl =1l Tl
OOGUOGOOOOOOCGOOCOTLOO

- ~
2] ~
~~ »
pon | M
N D ~ .
-0 FY X AN
- O Y S et e el
¥ W AN
W~ 0 CCICICACINCY
FOSala [ ™
b Sl w  MIMMMrM
% o~ ~ s sess
T M s QOOMLOM
*LX v el kinlbu
LT ~m B e
M wm PIMY B XMMMMNN
5~ L MM (s w W e s
L) el & -

¥EM LT LITTTTUVM
¥ (LEOTE CTaTaLiu
¥ Cad~— 0 ==
Wbt s ] v e e
LA~~~ UM TOILT
HOVOOOCO U-CLITX
#* COHCIMNe LT TEML

E 34X AN AR P TS S ald 1y
W T TIDD T I CECITE

HOZTULILLIWE CSC €T
HZhib b - D EL TR

nx.. B
XUIRRRRREQQQUO N
¥OORI2I kL bl d
B e

GO OO
[SESTIa R
ottt

(225321

I OO O G P I O
L L P I IS I R I B A T I S et ]
W e T g 7 e et T gt o o] ol et e
COOQOOOOT h.ﬁ.h. fb el labo)

RRRKRKK K KKK

%

*

%

*

*

*

* ~
E 3 -
¥* x
¥* -
* Q
Lol z
¥* <
*

% b =4
Lol <
»* i
* ]
% o
»* 4
»* G
*

»* =
¥~ Q
0 w
*0

3% .4 =
* (o]
* &

»* L -
¢ W n
L A -~
% - -
* 2

L iz
¥wDE O
FEHE &
*OWW
LG Ll
2%~
RUOO
* O 0O
- X
¥ T~ W
M2 .
el
o T
Ol G
ML=
P 1 e O T
I WO
VI3l it
*

*

»*

»* <
* <
o -

T timean.

PN Mg Y
e bl Rl o R
COOOOITE

133



4L
E2 22 25202022 22220 P332 2233333322332 3833833323

=
[
Lo

FROGRAM FRTI(Z,50)

RITTEM

ON THE LINE FRINTER IH REFORT FORMAT.

BY DAVE NEFF TO OUTPUT RESULTS FROM UsV,W VELOCITY INFO.
g %44)’IPAR(S)thNE(3)9IORDER(200)
Cc
R

ETAINEDR FROM FROGRAM DRAT2

W
2]

[AT RST8]

B(
AR
y
’
B
L

[= 1o S P [ =1 4
A
[l A T g Y]
Lt ALl
Ol ~ &I Ui
[y P - - M TR
UIEA [~ O 0m
Z 0 W

Wl it d
i~ i
HEObckad
SOUmu300

-*)

S
T
ITER RESULTS FILE NAMEISECICR-~

UN COMFLETE®)

o -
~e i
Ul
&0
(== DS LR 4
No L~k

dd A2 X

O PS5 o =]
CCaexaoz
[STARE -V PR

-t i

OIS PIURONC QeI IO Y0 O i
COOOOCOQCUOHM e Heirte =000
QO COOOOUODOLOOGOOOCOOCOLTO
GG OOOOQQOCUOOOOOLHOGOH OO

134



AT
e 1%
Fananl  1aY""]
A~~~
P 5 RV A e
~0 -t w
A 9 Gl o~

L L T TS

TNy v D ot Tt
AP vl
LA’ Ataidiahals
rHEZ MU~~~
W ~Eb-XT
QET-ITHECO
Zid e LE~-QLq
[N P ~ IENE S ofee Y
ke o EA~D am
T3l D
At oM =IO
DEVI LN~ 2O~
AR I o T Tl et
DL O S

)
(

HG(Z)
UMINC3) s UMAX(3) s
s
a
y
1

KEREERKKRRERRKRRRRRRRKRRRRKR KK RRERRRRRX

Sl v Rt R N ]
LN M e~
WP Tt 2L A T
T A IUN O TmME
¥ IO
#OOuFESCOLEOS
- HEQUQCADSIIT
3% = N =T S SN
UL AD » 2 amA A
L TR e N A
WA Mt O O
I pot )t P s e
3 o U2 D 0 00 R 60 K00 0
36 o Ll 0y~ 4 it Pt et et
DL OT LYo
*o ST oaQ

¥ WDl
W 8]
T =
¥t O [*1]
3 o = 1t -4
o= 1is] <
*¥o0OT o~
¥z W -
¥ LT ot
33 L Ci
LN i
* M b e
* K

» 2

* ¥

* ¥

o w

TV

eIt

—~ e
O~ -
w~ =
O~ ET -

~ .~
~ QL -~ =3
M 0> =Taq
~ A~ X
T LT e
L #L o<
D> A O >
L. 3 "U “ys o~
~ L~ A
~ M (¥ e~
~ X~ e
(] Z o~ i
T £ e X
(2} > Q4 T~
- + O A<
~ JdROmC »
(%] N Lo~
X ~ Wi~ DH
3] ~0 ~AZ ot e
LS et O ~ALEM o~
namaD Ak s
- ALZEWN =IO~
= KWL~ S e~
4~ LWL O S )
-~ 0 ~rt e (L~ e
> = LT WEQMD -~
o @ WEmELr XSO s Uil
b S 4 SEAHEDS w7~ LT
oW @t slidze = s~ n
LS =) ~O M A A G
2~ Ortdrmde OFMEOD—
2 L NO eadeads _IvreqQT on
T~ HMZCECT LoITT )
civiul O s OO FLX~ v
- - T D> O v
= o | OO ¥ a1 O
> ond O~ n *+r5 +m QTO™MEGD
T OG-St OE +mT T
[S]-4 %] AFOAdUds SO TG
Sobd T o 2 ) SO D
O OEEHED ~ 0N
™ ewt CRBcLED A~
&S PRy ot VET VY R o R T Y
Lsal @ IS 1 0N PR e T~ e e e =
A5 ety T.S(A(?IRGGI
- . HMOSOLWWLE I LS TE
v P RS Y P B e TG L P AHA..U
Lkt bl - v 1
NG LN T I V0 RS Bl £ |
QLI Wb~ J ¢
A0 Tixb e < O
] Tk W D
(o
Cd AO=F)
od A
T C00
a0 OO
Riatheade of

L]

COMTINUE
WRITE(27»,12

4

2]
[
-
b =4
"
4
=
o
-
[
-
(3]
]
.
[%]
(o)
E
~
-
-~ .
r~ w
~t
(= O ]
[ L= TS
-~
Ci~ 1
w e e
DI -~
& T~ AT
O Gl
Lt ol gl sl D B 24
Z Ted
SOoSE g
(Al By KT T
<
<
Mo -
)

. .

. ) = 0

(B ~L B 4 [ 2]

i "4 [S]%]

1 W=

] =

| - [}

i -3 -
HNE O
CT A=
b= w<

i >

] Ll

i . -

i . [

[ R4

[P S L 4

[N 4 w

[ pod

[ ] ul

[ o -

(RIS ¥ <4 [ %]

t 0L =

i = a<k

(IR S Wt

[} >

i | 53]

[ %] -

[ =] @

[N PR =4

120 o4

[ - 4

Z >

[~ =TFT SN

i L

4] N~ )

T =

Lol 1 Sl

[ e ] e b= 1

CgXQle =

TR o Y} 1]

T b W

oy m o~

L) 3 N

Pt Li -

e 3233 LN

- WAL

CLitx W

C Ay~

S0 Lle

whz b oo

> ¢

* » 5 g 9 (%@

R

-+

110

P00 Ot I T IUP 0. O et DA <P S0 Cramt CI S 0. OO O et CIM T IO 0 St CEM e N -, 0
nm233333332334444341441ES&fEESSﬁSééééééééiéﬂqv?vq77v

00000 GO OOOOLOOVOOGTOHOOOOLOLGOGOOOOTOCULOLUNOCTOTCOOOTT
c & ﬁ.000hvOD.O.A-..Oﬁ.h.h.on.Oﬁ.OA.on. GOOOOOCOHOOHCGOOOTOHDODOOOOOTOOT OO T

1285

our 12306 PM FRI.» 25 OCT.,

0003

FAGE

3

FhelsdXsFEe1s1XoF3.152XyFS.251%X5F8.2

FORMAT ("2
FORMATC®* ")

. 0m
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QOOODBODIDOIDCVOOOTOOOVIODOVO

0BT CHERRRFERKEREKIOREREEREE KR XK KRR RRR AR RKRRRK KRR KRR AR AR R RE RN SRR R
084 SURRDUTINE SORT(IDCBsIORDERsLAST)

gg3 DIMENSION IDCB(144), IORDER(200) 5 IB(3)5HUN(200)
087 10 CONTINUE

038 17141

089 fALL READF(IDCEyIERRsIRs3sLEN)

090 IF(IERR,LT+0)CALL ERR(IERR»11)
091 IF(LEN,EQ,-1)G0 TO 20

092 N1=(IE(2)%256)/256-48

noz N2=IB(3)/255-48

0914 N3=(IR(2)%255)/256-48

095 NUMCTY=HIX100NZX104N1

096 GO0 TO 10

097 20 CONTINUE

02 N=1-1

099 K=1

100 BO 40 I=1,1000.

161 IrLaG=0

102 0o 30 J=1sN

103 IF(NUM(J) JNE,(I-1))60 TO 30
102 IORDER(K) =J

105 IFLAG=1

106 30 CONTINUE

107 IFCIFLAGNE,0)K=K+1

108 40 CONTINUE

1069 AST=K-1

110 FETURN

111 EHD

FTN4 COMPILER?! HF?2060-146092 REV., 1901.(781201)

¥%x MO WARMINGE %% NO ERRORS X% PROGRAN = 00247 conmon = 00000

FAGE 0005 FTN, 12106 PM FRI.» 25 OCT.» 1985

0112 C**t*tt#**##***t****#*** L3223 e 2230233232222 22 233323332 332232303 3302281
0113 ROUTINE ERR(IERR,LOC)

0114 TE(I91‘IERR;LOC

0115 STOP

011¢ 1 FORMAT(*FMGR ERROR *I3* AT LOCATION °*13)

0117 END

FTN4 COMFILER? HP22060-160%2 REV. 1701 (731201)

_¥¥  NO WARNINGS *x NO ERRORS *x PROGRAM = 00037 COHMON = 00000
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