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1. INTRODUCTION

The development of the measurement technigue reported
here was required for the determination of the periodic flow
field behind the rotor of a small, single-stage axial com-
pressor. With the rotational speed of the rotor of 30,000
RPM at design conditions, the 18 blades of the rotor result
in a blade~passage frequency of 9 Khz. Thus a high response
measurement technique was essential. As reported earlier
in Ref. 1, the means for determining the time-averaged flow
at all speeds is available, and such measurements have been
made to 50% speed.

The basic idea of the present technique was established
some time ago (Refs. 2, 3, 4). This report gives a birief
review of the measurement concept, results obtained with a
first set of probes, and describes in detail the calibration
and application of a new set of probes. The new probes have
the advantage of being only two-thirds the size of the old

ones.
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2. MEASUREMENT CONCEPT

As described in detail in Ref. 2, a dual-probe digital
sampling technique is used to determine the flow field behind
the rotor in a real time regime. The technique incorporates
two high response Kulite pressure transducers (Fig. 1).

Using two trigger signals from the compressor shaft (one per
revolution and one per blade), digitization of signal data
can be controlled from the probes which are shown in Fig. 2.
128 locations can be selectively triggered for any one blade
passage, thus giving good resolution for the specific area to
be covered. The control device for the computer acquisition
of the data is the PACER. Details of this device, which was
developed in~house, can be found in Refs. 2 and 3.

Two major changes to the hard~ and software of the PACER
were made recently which are reported in Ref. 4. These
changes made the lock-on to blade passing frequency totally
automatic and reliable, and significantly reduced the total
time for acguisition of a set of data. During the pericd
reported here, several errors were found in the work pre-
sented in Ref. 4; Appendix A identifies the errors and their
corrections.

The measurement system consists of two pressure probes,
one the so-called type "A" probe which is essentially a total

pressure probe, and the so-called type "B" probe, a total

—or - 4 e, TR L sgeee =




L

pressure probe bent up 35° from the zero pitch, zero yaw
axis, in the plane of zero yaw. The PACER allows data to be
acquired from each of the two probes when they are at identi-
cally the same location with respect to the rotor. The
probes can be rotated about the sensor tip. It is noted that
their outputs when set at different yaw angles could as well
be considered as the output of different probes of fixed
geometry. Earlier studies have shown the dependency of a
total pressure and a type "B" probe on yaw angle. Appendix

B gives a brief discussion and outlines the use which can be
made of the probe characteristics.

In knowing the output for a certain yaw angle of the "A"
probe and its output for zero yaw angle, as well as the out-
put of the "B" probe for zero yaw angle at the same relative
location, three different pressures are known for what might
be considered to be a single equivalent multi-sensor probe.
Reference 1 shows how such pressures can be reduced to values
of pitch, yaw, and magnitude of the velocity vector. The
zero yaw angle must be found first by comparing the left- and
right-hand sides of the type "A" probe output as a function
of yaw.

As shown in Appendix B, the type "A" probe output as a
function of yaw angle in a steady uniform flow is symmetrical
about a position where the probe is aligned with the flow

(referred to as the zero yaw position). 1If in an unknown

flow the yaw angle is not zero, by rotating the probe and




9 finding two equal pressure readings separated by a certain
angle difference and selecting the mid-point between the two
corresponding angles, the unknown yaw angle can be determined,
This procedure is in principle the same as the pneumatic
balancing of a conventional probe (see Ref. 1l). However, in

i an actual measurement situation the pressure output is not
given as a continuous function of yaw angle. 1In practice,
the data acquisition system allows digital recording of data
for 5 to 11 different probe yaw angles. Figs. 3(a) and 3(b)
give a comparison of calibration data and an approximation
using a fourth-order polynomial for nine data points. It
is evident that the characteristics of the probes allow a
good representation of their output to be obtained for
Pa = PA(a) and P, = PB(a) (o = yaw angle) if only a few values

: B
' are givan. From these analytic functions the values P

A max

(maximum output of the "A" probe), PR max (maximum output of
» the "B" probe) and a value PSA can be determined very easily.
. Pg, 1s found fromPA =PA&Q where a difference in yaw of 126°

separates right and left branches. This difference is chosen
because for :63° of yaw the type "A" probe output corresponds
closely to static pressure.

Details of the methods used to derive the pitch angle and
and P

Mach number from the values of P will be

A max’ PSA B max

discussed later in detail. ~h

In acquiring data from the compressor at a steady operating

condition, for each of 128 positions in the blade-to-blade
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direction across a selected blade passage, pressure data are

acquired from the two probes set at 5 to 11 probe yaw angles.
Thus at each blade-to~blade position PA = PA(u) and PB = PB(a)
can be approximated and yaw and pitch angles and Mach numbers

can be derived.




3. SECOND GENERATION PROBES

In order to improve spatial resolution and keep effects
such as the probe stem interference as small as possible, a

new set of Kulite probes was built.

3.1 Probe Design

The so-called second-generation probes incorporate Kulite
semi-transducers of the type XC062. The transducers measure
0.062 inches in diameter and are roughly two-thirds of the
size of the first generation transducers. Figure 4 shows
the probes in detail. The other difference compared to the
first probes is the angle of the tip of the "B" probe; it is
at 35° rather than 55° with respect to the zero axis. The
reason is that for a range of 30° tc 50° angle of attack the
relationship between pressure output and angle of an inclined
pressure probe is almost linear, while for higher angles it
can reach a minimum and become double valued. An angle of
35° should give good resolution for pitch angles in the range
of -5° to +15°.

The probe tips are covered with machined caps which have
eight holes arranged in a circle. This way the area where
the transducers are located is shielded while there is still
sufficient area for the air to get into and out of the minute

volume above the membrane. A frequency response in excess of

100 RKhz is retained@ when the screen is used.




3.2. Temperature Sensitivity

High response semiconductor transducers are generally
sensitive to temperature changes. That is, changes in the
temperature of the surrounding medium will produce changes
in the indicated pressure although there has been no change
in the pressure level. In the transducer manufacturer's
specifications it is quoted that a change of 100°F might
result in a misreading of as much as 2% of the full range
{25 PS1) of pressure. On request the transducers can be
built so that only 0.5% misreading for the same conditions
should result. Thus a 100°F temperature change shculd pro-
duce no more than 0.125 PSI or--equivalently-~3.46" H,0
misreading.

The relationship between transducer voltage output and
pressure is known to be linear (Refs. 2 and 3). Temperature
changes result mainly in a shift of the intercept rather
than the slope of the linear relationship. Since the tewpera-

ture of the flow in the compressor is expected to be abocut

50°F highar than ambient, an error of 1.7” H,0 might be ex-
pected to be present in the pressure measurement if no account
was taken of the temperature sensitivity, assuming the
manufacturerx's specification to be accurate.

A simple test was made to check the temperature sensi-
tivity cf the "B" probe. The probe was inserted into a con-
tainer which was vented to atmospheric pressure but which

could be heated. With the probe connected to the data




acquisition system in the usual way, the container tempera-

ture was changed and the voltage output of the probe was re-
corded. Figure 5 shows the effect of a temperature change
of about 60°F over a period of four minutes. A corresponding
increase of some 2.4" of water in the indicated pressure was
observed, corresponding to about 0.6% of the full transducer
range for a temperature change of 100°F. This was consistent
with the sensitivity quoted by the manufacturer.

For an average flow Mach number in the compressor of
0.7, with a corresponding dynamic head of 154 inches of water,
an apparent shift in the transducer intercept of 1 to 2 inches
of water is not large. Also, since the shift would be similar
at different probe angles (assuming the transducer tempera-
ture would not change significantly), measurements based on
differences between pressures from the same probe set at dif-
ferent angles, would be little affected. However, as readings
from the "A" and "B" probe are both involved in calculating
the pitch angle, the probes must give absolute pressure
levels accurately. Therefore there is need for on-line cali-

bration as data is acquired at any new test condition.
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4. PROBE CALIBRATION

4.1. Calibration Procedure

F The range of Mach number, pitch and yaw angle over

i which the probes were calibrated, had to cover the ranges

which were expected in the compressor measurements. The

; freejet used for the calibration, which is described in

Ref. 1, is capable of Mach numbers up to 0.9, pitch angles
from -45° to +45° and yaw angles from 0° to 360°. Figures
6(a), (b) and (¢) show details of the probe hook-up and in- |
strumentation which was used. Table I gives the input/output {
assignment list for the data acquisition system. ;

The "A" and "B" probes were calibrated separately.
The probe outputs were each recorded for a total of 9
pitch angles (-15° to +25° in 5° increments) and 6 Mach
numbers (0.2 tc 0.7 in 0.1 increments). For each of these
54 configurations the probes were yawed from -80° to +80°,
as data were continuously recorded. This procedure served
to establish the complete pressure vs. voltage output

characteristics of the probes, information to be used

later in the analysis and interpretation measurements in
the compressor.

The transducers were scaled using bridge adjustments
to give engineering units on the DVM. The angle potenti-

ometer was set to read linearly in increments of 0.1°.




The Kulite transducers were scaled to read in increments
of 01 inches of water, differential pressure. The slope
and intercept of the Kulite transducer were checked and
adjusted as necessary before taking data at each new test
condition. The intercept was adjusted to zero by applying
the jet reference stagnation pressure to the reference
side of the probe transducer with the probe tip aligned
with the flow and balancing the transducer bridge. The
slope was set by adjusting the output of the transducer
to be equal to the jet stagnation pressure with atmos-
pheric pressure as reference.

For each configuration of probe, Mach number, and

pitch angle, the procedure was as follows:

(i) Reference measurements for the jet (stagna-
tion pressure and temperature, and ambient
pressure) were recorded.

(ii) Theoprobe was swept steadily from -80° to
+80° yaw angle as 150 data values of both
probe voltage output and yaw angle potenti-
ometer reading were acquired by the computer
(Fig. 6). The jet reference measurements
were recorded again.

(iii) The procedure in (ii) was repeated but with
theoprobe yaw angle swept back from +80" to
-80 3

The three sets of referehce measurements were com-

pared to verify the steadiness of the test conditions.
When all data were taken, a printout was produced on the

line printer and a plot of pressure versus yaw angle

was generated on the X-Y plotter.

10




For each probe, the procedure in (i)-(iii) was
repeated for each pitch angle with the jet Mach number
fixed. The jet Mach number was then adjusted to the next

value and the complete procedure repeated again.

4.2. Data Acquisition and Storage

For each of the 54 confiqurations a total of 640
numbers were stored in one data file as a 2 by 320 array.
The computer program used for the data acquisition was
&XALIB (on cartridge 26, FORTRAN IV). The program is
listed in Appendix C together with program &YAW {(on car-
tridge 26, FORTRAN IV). Both programs (&KALIB and &YAW)
are acquisiton programs for the calibration of type "A"
and "B" probes. The difference is that program &YAW re-
cords--in a more conventional way~-data from one fixed
yaw position as the average of ten readings for up to 31
positions, while program &KALIB gathers data for continu-
ously varying yaw position.

It was found that the average of multiple samples
taken at a fixed yaw position did not give more accurate
results than a single reading. Figure 7 shows a com-~
varison between the output obtained with the two different
data acquisition methods. The good agreement is an indi-
cation of the steadiness of the flow in the free jet.
Figure 8 shows the output of a total pressure FKulite
probe held fixed in the jet over a period of 4 minutes,

during which 1000 single readings were recorded. The

11
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largest disturbances shown in Fig. 8 are probably the
result of distinct changes in the ambient pressure re-
sulting from doors being opened or closed in the build-
ing, rather than fluctuations in the jet itself.

The data acquisition program &KALIB is fairly
simple and contains explanations in the program listing.
Details of the data arrangement in the array are given in
the program listing (Program &KALIB, statement numbers

46 through 77).

4.3. Type "A" Probe Results

Figure 9 gives an example of the type "A" probe
data output at fixed Mach number for each of nine pitch
angles. Shown is the probe voltage output versus yaw
angle. Such plots provided a visual check of the acquired
data. Table II gives an example of the data recorded for
one Mach number and one pitch an<'le for the."A" probe.
All the data in Table II are stored in one file for
each configuration. Table III gives a guide to the data
files for the "A" probe calibration. They are stored on
cartridge 26. The file names follow the following
logic:

XYXKXKZRR
where
X = A for the "A" probe, or = B for the "B" probe
Y=2, 3, 4, . . . =--Mach number x 10

K = K, Kulite

12
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2 = P for positive or = N for negative pitch angle
RR = 15, 10, 05, etc., = magnitude of the pitch angle
All data taken for the "A" probe appeared to be well

behaved and useful throughout.

4.4 Type "B" Probe hesults

First measurements with the "B" probe showed poor
to unusable results., The output of the probe as a function
of yaw angle was unsymmetrical for positive or negative yaw
angles. Figure 10 shows the output at one Mach number, for
the full range of pitch angles. An investigation of the
probe tip under the microscope showed that some of the
holes in the protective screen at the probe tip were par-
tially blocked by particles of dirt or glue (Fig. ll(a},
and (b)). The holes were cleaned and the calibration rerun.
Figure 12 shows the results at a Mach number of 0.4. The
characteristics of the probe were seen to be much improved
and satisfactory for the intended application. Table IV
gives the list of the data file names as stored on car-

tridge 26.

4.5. Calibration Data Analysis

For the "A" probe the output of the probe as a
function of yaw angle P, = PA(a) was analysed for each
of the combination of Mach number and pitch angle. First,

the maximum value, P, max, was calculated as the maximum

A
value of a fourth-order polynomial curve fit in the

13
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-20° axg 20°. oOver this limited range the curve Py = Pyla)

was fairly flat and a very precise determination of the
maximum value was possible. Second, to establish values

of P for each curve, (sece Section 2), the data were surveyed

S

to fiﬁd the yaw angle closest to -63°. Data at this and
at four values above and four values below this particu-
lar yaw angle were approximated with a second-order
polynominal and the corresponding value of Pas designated
PSAL yaw was calculated. A second-order polynomial ap-
proximation for this part of the curve was adequate since
the characteristic was nearly linear in this range ({see
also Appendix B). The same procedure was used for the

R right hand side of the characteristic to establish the

value, PSAR' at a yaw angle of +63°, The two values were

found to be the same to within a small deviation for all

A

54 configqurations. The value of PSA was calculated as
the average of PSAL and PSAR' Figure 13 is an illustra-
tion of the data reduction.

The only data needed from the "B" probe was the max-
imum pressure output at each test condition. This value
always occured for a yaw angle of zero degrees when the
flow was aligned. The maximum was found by approximating
the output values of Py over the yaw angle range
A -30° <a< 30° with a fourth-order polynomial and solving

for zero slope. The corresponding vaw angle was found

to be very close to 2ero for all 54 configurations.

14
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Figure 14 shows a curve PB = PB(a) for one Mach number

and one pitch angle with the value established for P, max.

B
The values of PA max PSA, and Pﬁ max ¢ So derived,

were considered to be analogous to the outputs of a
conventional pneumatic multi-sensor probe. The calibra-
tion and reduction of measurements to values of Mach
number and pitch angle (the yaw angle was always zero)
could be handled in exactly the same way as was done for
the combination temperature-pneumatic probe (see Ref. 1).

The dimensionless velocity, X, was used instead of the

Mach number, M where X is defined as X = GL where
t

Vt =¥ 2 Cp T,, the "limiting" velocity. The guantity
X can be expressed in terms of Mach number as
=1 u2
X =
y=1 .2
1l + 5

For each of the 54 test conditions, usiny the values

PA max, PS , and PB max, the coefficients 2 and y were

A
calculated where

3 < PA max - Fsa (1)
PA max
v = PA max -~ PB max (2)

PA max - FSa

and a third coefficient, §, was examined where




B

S

N "y L et "
e R TET MR < T

B 1is derived from values of the "A" probe only. The "A" probe
is insensitive to pitch angle as long as it does not exceed tlSo
to t20°. Hence vy provides the measurement of the pitch angle.
The coefficients B8 , vy , and § are discussed in detail in
Ref. 1.

The data for a complete calibration are given in Table V.
It can be seen that at fixed Mach number the value of £ 1is
always about the same regardless of the pitch angle while
changes significantly with pitch angle. The changes in  with
changes in Mach number are seen to be small.

If X 1is expressed as a function of 3 and y , X = X(8,v)
and ¢ , the pitch angle is expressed as a function of 2 and
Y ., » = 3(8,y) the functions X(3,y) and ¢ (f,y) can be
approximated with polynomials using the methods described in

Ref. 6, such that

L M . .
x= | | e, 37D ., 4D
i=1 )j=1 B )
L M .
y= - | ip ald [, -1
i=1 t 3=1*7 )
where Cij and Dij are constant coefficients. Figs. 15/a)

and (b) show the surfaces which were obtained for X(3,y) and
$(8,y) , respectively.

The prograws written to approximate X = X(8,y) and
= $(B,y) , based on the subroutines given in Ref. 6, are
&REST8 and &REST9. The programs are described in detail in
Appendix D. It is noted that the coe“ficients were derived

for the pitch angle expressed in radians.
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A check of the approximation was performed in order
to establish its quality. For the measurements of 8 and vy
from the calibration X and ¢ were calculated using equations
(3) and (4). The results were compared with the corres-
ponding values known to have been set when the measure-
ments were made. Errors in the dimensionless velocity, Ex s

and errors in the pitch angle, €y - Were defined as

e. =R ___ S
X xm 100 (5)
and
& = O = bc {6)

where the subscription m denotes the value measured or kKnown
to have been set and subscript ¢ denotes the value calcu-
lated using the surface approximation.

The error €y is expressed as a percentage of the
measured value while for the pitch angle the absolute dif-
ference in degrees between measurement and calculation is
calculated. A percentage error in angle is meaningless
close to zero pitch angle.

Table VI gives the coefficients obtained for the X

and ¢ surfaces. Also shown are the errors ¢ and €¢

X
obtained using eguation (3) and equation (4). Approxi-
mations were derived for each of 36 possibilities con-

sisting of combinations of first to sixth order approxi-

mation for 8 and first to sixth order approximation for vy.




The coefficients shown in Table VI gave the best results
on average over the range of the calibration. They are
stored as 7 by 7 arrays under the file names shown on
cartridge 26. It is noted that the errors shown in Table

VI are an indication only of the degree of accuracy of

the apgroximation technique.

L+

‘- !
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“

-
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5. VERIFICATION TESTS

Two tests to evaluate the accuracy of the calibration
and of the data reduction technique were made: (1) The
raw data from the calibration were treated as test data
and the reduction procedure to calculate X and ¢ was applied;
(2) The probes were mounted together on the freejet, the
flow was adjusted in Mach number and the two probes were
set together to the same pitch angles, which were unknown
to the operator (see 5.2.). Data were acquired at specific
yaw angles and reduced as in the compressor application.

The results are described in the following naragraphs.

P 5.1, Verification Using Calibration Data

From the calibration test, the pressures for the

"A" and "B" probe were recorded for fixed Mach number and

pitch angle as P, = PA(a) and Py = Ppla) for a range of
yaw angle of =-80° <o < 80°. These distributions were
each approximated using a sixth order polynomial, so that
values PA and Pp could be interpolated at any yaw angle.
For the "A" probe 9 yaw angles were chosen (t65°, t450,

:300, t15°, 0°) so that the range of yaw angle necessary

I

‘ to handle the data reduction was covered. Since for the
"B" probe sufficient values are required to determine

A only the maximum output, 9 different yaw angles for a

19




relatively small range were chosen (+30°, tZZ.S' +15°,
t7-5°' 09). Arrays PA(9) and YAWA(9) were generated to
contain pressure and yaw angles respectively for the "A"
probe and similarly PB(9) and YAWB(9) were generated for
the "B" probe. These data were then in a format as if
they were produced by the data acquisition program for
compressor measurements, and could be reduced in the same
way.

From the fourth order polynomial for the "B" probe

data, the maximum value P and yaw angle at which it

Bmax
occured were stored, for each data set.

PA(9) vs. YAWA(9) and PB(9) vs. YAWB(39) were approxi-
mated using fourth order polynomials. For each data set
the curve Py = PA(a) was searched for the yaw angles where
the spread between left and right branches was 126°.
Corresponding to definitions used in the reduction of
calibration data, the pressure determined at the left
branch was PSAL and the one at the right branch was PSAR'
These pressures were as udefined here, the same and
were equivalently equal to the value PSA (see Fig. 13).

P was calculated using the fourth order polynomial

A max
PA(a) at the value of yaw angle midway between the values
corresponding to PSAL and PSAR‘

8 and y were calculated using equations (1) and (2)

for each data set. Using these values, the coefficients

from data files MISTXV and MISTIFI and the aquations (3)
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and (4), the corresponding values of X and ¢ were computed.
The yaw angle was taken to be that corresponding to the

value P because the "B" probe had a clearly defined

Bmax
maximum whereas the "A" probe did not (see Figs. 13 and 14).
The values so obtained for X, ¢, and a using this reduction
technique were compared to the corresponding values known
to have been set and recorded during the test. Errors

were calculated following equations (5) and (6). A third

error, €¢,, for yaw was calculated using
€ = %n T g (7
where o, was the measured yaw angle and a, was the yaw angle

calculated from the "B" probe data. Since o, was always

¥ zexo during the calibration, the error €y SO defined was

equal to minus the value calculated in the reduction pro-

cedure.

The calculations described reguired extensive data

> handling. A program was written (EVALU) to read the two
data files (for the "A" and "B" probes) and carry out the
calculations. The program accesses and reduces data for
one configuration (Mach number and pitch angle) at a time.

’ It prints the calculated and measured values and the errors

defined in equations (5), (6), and (7) before returning

v

automatically to read the files for data from the next
configuration. Program EVALU is described in detail in

Appendix E.
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Table VII shows a comparison of the measured and
calculated data. Values for Mach number from 0.3 to 0.7
and pitch angle between 0° and 15° are given since these
are the range of values expected in the intended appli-
cation. The average error in X (or velocity) was about
-0.4% with a maximum value of -1,.336%. The average pitch
angle error was 0.12° with a maximum value of 1.36°.

An average yaw angle error of 0.6° was obtained with a
maximum error of -1.16°. Figure 16(a), (b) and (c) show
these errors plotted as functions of Mach number and
pitch angle. No significant trends were detected in
these data except perhaps in €y Table VII shows that
the yaw angle error was always negative at an average
magnitude of roughly half a degree. This is probably

an indication of the fixed error involved in mounting

“ the probe on the freejet.

It should be noted that the probe mounting used on
the freejet and on the compressor were not the same.
After the calibration and verification tests were made
on the freejet, the probes were mounted in special actu-
ators for use on the compressor. First however, the
assembled probe and actuators were mounted in turn on a i
six foot long, four inch diameter pipe which was fed by
the laboratory air supply. In this pipe, due to its

length to diameter ratio, a steady symmetrical airflow

parallel to the pipe centerline was assured. For
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different Mach numbers--pitch angle was constrained to
zero degrees--each probe was yawed about its tip to either
side. By comparing left and right branches of the indi-
cated probe output the yaw angle vernier was set to zero
at the point of symmetry, corresponding to aligned flow.
The probe was secured in the actuator so that for com-
pressor measurements, zero yaw corresponded precisely to
alignment with the axial flow direction through the

machine.

5.2. Verification on the Freejet

In order to verify the probe calibration and data
reduction in a known flow, the probes were mounted to-
gether on the freejet. Only the yaw angle of one probe
(the "A" probe) could be read using the data acquisition
system. The probes were displaced peripherally at an
angle of 90° to each other (see Fig. 6). While the tip
of the "B" probe was cn the centerline, the tip of the
"A" probe was retracted radially about one inch from the
centerline to avoid flow interference between the probes.
Both probes were mounted on the same type of pitch angle
adjustment device.

In the test procedure the probes were set in unison
to controlled pitch angles and Mach numbers which were
unknown to the operator. At each setting, the two probes
were each rotated to 9 different yaw angles (165°, t45°,

t30°, 115°, O°). Data were taken for each of the 9 yaw
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positions. The pressure readings recorded were the average
of 10 sucessive samples. Before the actual test the zero
drift of the sensors was checked. For the "A" probe this
was done by comparing the probe output when set to zero
pitch angle with pressure. For the "B" probe, the probe was
set to -35° in pitch (see Fig. 4) and a similer compari-
son was made. The data taken were not stored but onl:
printed. Appendix F contains the computer prograwr TEST
which acguired the data and performed the data reduction.

In order to check the yaw angle determined by the

reduction procedure the probe yaw angle data were artifi- j

cially offset. The 9 yaw positions recorded were changed
by adding a constant to each: 65°+x, 45°+X, 30°+x, 15°+X,
0%+x, -15%+x, -30°+x, -45°+x, -65°+X. The data reduction
procedure should then produce a value for the yaw angle
equal to X.

Table VIII shows results of the verification tests.
Shown are the results for values of Mach number and pitch
angle which are typical of those to be expected in the
compressor. The errors given in Table VIII are defined as

Xg - X
c
EX = — 100

it
©

€¢ S-¢

€

(]
R
[}

Q

a s C
where index s is the set condition and ¢ the calculated

value.
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The values of €xs e¢, and €4 obtained were considered
to represent an acceptable accuracy for the planned apnli-
cation of the technigque. 1In particular, the accuracy of
the pitch angle measurement was encouraging. The pitch
angle was of particular concern because the distribution
of pitch behind the rotor was a particular goal of the
intended measurements which could lead to important con-
clusions concerning the flow through the rotor. As shown
in Tables VII and VIII, the errors in pitch angle measure-

ment appear to be acceptable.
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6. APPLICATION IN COMPRESSOR TESTS

Complete results of compressor measurements made with
“ the probe system will be reported later. Some initial

measurements are reported here to examine and illustrate

the reliability and accuracy of the probe system and of
the data reduction. Since the data acquisition in the

compressor is more complicated than in calibration tests
on the freejet, the procedures and the programs used are

described in detail.

6.1. Necessity of an Online-Calibration

The semi-conductor transducers are, to some degree,
sensitive to temperature change as well as to differential
pressure change. If a relationship between differential
pressure and voltage output of the transducer was estab-
lished by calibration before the compressor was started,
there would be no guarantee that this relationship would
remain valid while the machine was running. A total
temperature rise of 25°F occurs in flow through the
rotor and the actual temperature of the probe itself
must increase, but can never be known precisely. The H
magnitude of the probe temperature rise is large enough

however that the change in the transducer's voltage/

pressure relationship must be taken into account in some




way. This is done through online calibration.

6.2. Online Calibration

Although there is a temperature sensitivity, the
relationship between the voltage output of the transducer
and the differential pressure is found to be always linear
(Ref. 2, 3). Thus, if e denotes the voltage output and
AP the corresponding differential pressure, the equation

AP = 1 + S * e (8)
describes the calibration, where i is the intercept and
S is the slope.

The transducer is arranged in the probes such that
any desired constant pressure, P_, can be applied to the
back, or reference side, of the transducer. The unknown
pressure on the front of the transducer, P, which is
varying in time, is given by P = AP + P, or

P=1i+85 " "e+P, (9)

The on-line calibration procedure establishes values
for the slope and intercept while the compressor is oper-
ating at the speed and flow rate at which probe data are
required. The procedure to establish the slope is the
same for both the Type "A" and Type "B" probes. The
procedure for the intercept is more elaborate and quite

different for the two probes. The procedures are described

separately in the following paragraphs.




6.2.1. Procedure For Slope

At a given steady machine condition, the time
average probe pressure, P, is constant. Because of thermal
inertia it is reasonable to assume that both the slope §
and the intercept i are also constant, although unknown.

If two different reference pressures, Prl and Pr,, are
applied to the transducer in turn, and the corresponding
time-averaged output voltages EI and e, are recorded then, |
from equation (9),

P=1+35 + e} + Prl (10a)

and

P

i+s - E; + P (10b)

2

combining these equations, it follows that

— (11)
2" &

Equation (1ll1) provides the means to calculate the slope

of the transducer from measurements. In practice four to

five different reference pressures are applied and the
slope is calculated as a linear approximation (by least
F squares) to the variation of e vs. Pr‘

6.2.2., Procedure For Type "A" Probe Intercept

The time averaged flow conditions in thre
measuring plane are established using the combination
pneumatic and temperature probe reported in Ref.l. The

probe determines values for the Mach number, pitch angle
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and yaw angle*. The combination probe tip, with its
arrangement of four pressure tubes, is shown in Fig. 17.
When the probe is aligned to balance pressures P, and

Pg, the pressure referred to as Py is a measurement of

the total pressure, since the flow pitch angle can not
exceed about 11° at the rotor exit. Similarly, the type
"A" probe when aligned at the time-averaged yaw angle

is also in principle, a total pressure probe. By equating
the measured pneumatic pressure P, to be equal to the

time~-average of the pressure seen by the type "A" probe,

PA’

using equation (10)**,

the intercept of the "A"-probe can be calculated

Data for the calculation of the intercept

was gathered during the acquisition of time-resolved flow

*

The question of whether a pneumatic probe can measure
the correct time-averaged values of fluctuating pressures,
raised in Ref. 7 and Ref. 8, was addressed in Ref. 1. It
was shown that for the conditions measured to date, the
results of the combination probe were accurate. Neverthe-
less, the possibility that an increase in rotor speed,
resulting in higher fluctuation pressure amplitudes and
pressure ratios, might affect the accuracy of the pneumatic
measurements is accepted; and close attention will be paid

to it in the future.
* %
The "time-average"” voltage could be recorded using

the integrating DVM or by acquiring a large number of dis-
creet samples at arbitrary intervals using the HP 5610 A/D
converter and computing the average. 1In early tests, the
samples for the time-average measurements were taken using
the A/D converter in the so called "free-run"” mode. Roughly
1500 single data samples were collected over about 15 msec.
A comparison of the average values acquired this way with
those given by a digital voltmeter consisteatly showed
agreement to within +0.5%. Subsequently, for convenience,
the DVM was used to acquire values of the time-averaged
voltage S from the Kulite probes during the online calibration.
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data. At each yaw angle to which the two probes were
set, readings of the probe transducer outputs were re-
corded using the DVM. Data from the combination probe
were acquired also; however, the probe's yaw angle was
not changed. The DVM voltage readings from the "A"

and "B" probes were approximated as functions of the
corresponding yaw angles by fourth order polynomials,

e, = Eg(a) and E; = e5(a). The maxima of these functions

were derived mathematically and designated Egmax and

egmax respectively.

The value E;max was found to exist at a
flow yaw angle very close to the yaw angle measured with
the combination probe. For the A probe, a pressure co-

efficient was defined as

—_ Amax ~ Ps
cp e ——
AQ %4

(12)

£ - s

The index "0" indicates that the coefficient was derived
for the yaw angle where the probe was aligned with the
time-averaged flow. Ideally E;AO would be unity, since

the "A" probe is expected to measure total pressure if

properly aligned with the flow. However, during the

calibration procedure (reported in Section 4) it was
found that E;AO depended slightly on the probe pitch
angle, although not on Mach number. As shown in Fig. 18,

E;AO varies within the range of 0.990 to 1.020. The
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relationship between E;AO and pitch angle obtained in

the steady-flow calibration was approximated by a fourth
order polynomial. Using this approximation and the time-
averaged pitch angle, stagnation pressure (5:) and

static pressure (Pg), P, .. can be calculated using
Equation (12).

Knowing the values EZmax, the slope s and the
reference pressure (Pr)' the intercept (i) of the A-probe
can be calculated using egquation (10). Thus the rela-
tionship between the probe and the time-varying voltage

signal from "A" probe is known, using equation (9).
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6.2.3. Procedure for Type "B" Probe Intercept

The determination of the intercept of the "B"
probe is indirect. Unlike the "A" probe there is no
matching pneumatic measurement for the "B" probe. Such
an approach would be too inaccurate. The "B" probe is
intended to be very sensitive to pitch angle changes,
so that a very small difference in tip geometry of the
Kulite and an "equivalent" pneumatic probe would cause
a potentially large error in the calculation of the
intercept. Thus an alternate way to derive the "B"=-
probe intercept was adopted.

During the online calibration procedure, the
"A" and "B" probes are set to the same yaw angle as the
combination probe. 1In this orientation, all three
probes are aligned with the time-average flow vector.
This flow vector is determined totally by the combination
probe, and thus the yaw angle, pitch angle, Mach number,
total and static pressures are known for the time-averaged
conditions.

A pressure coefficients, E;B can be calcu-

lated for the "B" probe using the definition

— (13)
CPB =

1
'!JI m'ﬂl

ool

If the pressure reading of the "B" probe when aligned with

the flow is referred to as P ., the corresponding pressure

Bmax
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coefficient, E;BO'(at zZero yaw angle of the probe with

respect to the flow) is given by

Pemax ~ Ps (14)

Pt - PS

Cppg =

From the calibration tests reported in Section
4, values of E;BO were determined for each of 54 combina-
tions of Mach number and pitch angle. These data are
given in Table IX. Figure 19 shows these calibration data

for C
Ppo

angle. While the dependence on Mach number is seen to

plotted as a function of Mach number and pitch

be small, a strong and well-behaved relationship between
E;BO and pitch angle can be ovserved. E;éo was viewed
as a function,

Cpgg = Cppq (X/ ) (15)

The function in equation (15) was similarly approximated
using the calibration data as a surface depending on two
independent variables (Section 4.4). Appendix G describes

the computer program used and illustrates the results.

Using the expression for the surface represented

by equation (l5), and values of the Mach number and pitch
angle, given by the combination probe, at each operating
point, E;BO were calculated. Then, using the time-averaged
total and static pressures given by the combination probe

measurement, & corresponding value of Ppmax ©an be calcula-

ted using equation (14). Using the recorded value of the
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"B" probe voltage output, E;max, corresponding P., and
the value established earlier for the transducer slope,
the intercept of the "B" probe was calculated using

equation (10). Thereafter, equation (9) could be used
to convert time-dependent voltage readings to absolute

pressure values.,

6.3. Data Acquisition in TX-Compressor Measurements

The hardware of the dual probe digital sampling
technique was described in Section 2. The present sec-
tion describes the procedures and software used to ac-
quire and store raw data necessary to determine blade-
to-blade velocity distributions. The sequence of
events is summarized in Table X.

As described in Section 2 and Section 4.5, at
each blade-to-blade location sufficient data from the
"A" and "B" probes were reguired that functions

P, = PA(a) and P

A = PB(a) could be established. However,

B
the yaw angle was not known apriori for any of the 256
positions at which data were acquired. The time average
yaw angle was known from the combination probe and
variations in yaw angle were selected to be about this
value.

It was found that yaw angle varied typically -5°

to +15° from the time averaged value. Thus data were

acquired for 9 different probe yaw angles covering a
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range of the average yaw angle minus 5° minus 65°, and
plus 15° plus 65°, in order to make sure that a sufficient
range was covered to define the maximum values from
Py = Pala) and Py = Py(a) for -a= +63°,
Program &ABKUL was used for the data acquisition.
It is described in detail in Appendix A. Figures 20a and
20b show an output of the raw data. Shown are the outputs
of "A" probe (Fig. 20 a + b) & "B" probe (Fig. 20 c¢ + d) for all
256 positions and for the 9 different probe yaw angle i
settings. The plots were generated by program &WAVE
which is described in Appendix I. Besides plotting data
from a data file the program also offers the possibility
to acquire data from one Rulite probe and plot it on-line.
All data acquired with program &ABKUL are stored
in one large data file. This includes the unsteady meas-
urement data, all the steady state data for the online
calibration and the combination probe measurements. Thus
each data set is complete and independent of any cther
information.
Table Xa shows an example of steady state data

acquired for the online calibration (see Section 6.2.);

values for the slopes of the Type A before (lst) and
after (2nd) the paced data acquisition. This output
allows comparison of the results of the two calibrations.

If the corresponding values of slope differ by more than

+1.5%, which indicates drift during the measurement




period, the data are not accepted. The "intercepts" of
"A" and "B" probes are also printed. These values are
only used however to monitor changes during the data
acquisition. The actual intercept of the voltage-
pressure characteristic must be calculated from these
values as described in Section 6.2. Here again a dif-
ference of more than +1.5% is taken as evidence that
the transducer drifted during the measurement. The
other data shown in Table X is raw data which is printed
out immediately after it is acquired so that it can be
checked. Combination probe data are always acquired
with the Kulite probe data. Table Xb shows steady-

i state data taken with the data from the "A" and "B”

probes. For each probe yaw angle setting the same data

is acquired as for the online calibration. The values

L

"vaw A pr." and "yaw B pr." give the probe yaw angle

S ey

settings (nine positions). 1In the third column values
DCA and DCB are printed. As described in Section 6.2.,
these are the dc voltage levels of the "A" and "B" probes
which will be used for the determination of the inter-
cept. For each of the nine positions, values called

"averaged values paced output” for "A" and "B" probes are

ETI

printed. Those are the averages of the 256 single meas-
urements of each of the probes. A comparison of these
values with the DCA and DCB values--if the decimal point

is neglected-~-show differences of up to 5%. This is
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because the DC values are derived for the whole rotor,
while the paced output values are from two selected blade
pairs only.

The single raw data file is arranged in a 20 by 256
array. Table XI shows the location of the data within that
array. Column #1 contains the data for the online calibra-
tion only while column #20 is reserved for the steady state
data acquired with paced data. Columns #2 through #19 con-
tain the raw data for the nine yaw angle settings of the "A"
and "B" probe, with the Type A probe data in even numbered
columns, the Type B probe data in the odd numbers. Table XI
also shows the hook-up for the data acquisition for the steady
state data. This is explained in more detail in Appendix H.
The data acquisition for one set of data including online
calibrations and steady state data requires some 17 to 20

minutes.

6.4. 'Data Peduction

After the raw data is checked for obvious errors using
program WAVE (see section 6.3.) the data reduction is carried
out using a single program "ABRED". The steps in the pro-
cedure are listed in Table J-1 and Appendix J describes the
program in detail.

The program first reads the coefficient files for the
calibration of the A- and B-probe as well as those for the
combination probe. The operator is then asked for some input

concerning the amount of output that is desired. The first
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calculation is to determine the flow time-average properties
from the combination probe measurements. The average of the
readings obtained at the nine different Kulite yaw angle set-
tings is computed since the yaw angle of the combination probe
was not changed during the acquisition sequence. The results
shown in Table XII are values for dimensionless velocity (X),
vaw angle, pitch angle, total pressure and static pressure.

The second calculation uses these values and the ac-
quired raw data for the online calibration to compute the intex-
cept values of the "A" and "B" probes. It is at the user’s
discretion to output the steps in this process in order to
check the calculations performed (see Appendix J).

The first reduction of Kulite data performed is for the
time-averaged values from Kulite probe measurements. A DC
voltage reading of both probes was recorded for each of the
nine yaw angle positions the probes were set to. Using the
results of the previously performed online calibration, ab-
solute pressure values are calculated. These are placed in
two arrays, PAA(9) and PAB(9). Arrays YAWA(9) and YAWB(9)
are filled with the corresponding yaw angle values. Using
fourth order polynomials a relationship is approximated giving
pressures of "A"- or "B"-probe as functions of yaw angle.

From these functions the values P max'PSﬁ PSR' PsA and Pp max
are derived as shown in 4.5. The flow yaw angle was assumed

to be the one corresponding to Pp max® However, it should be

mentioned that the flow yaw angle derived from the A-probe




as the center value between the yaw angles corresponding to

Pg_ and PSR deviates only slightly (:0.5° to :1.0°) from the

L
one found with the B-probe.

From these four pressures, coefficients B, v and 5 are
calculated. Applying the calibration coefficients to these
values X-- or Mach number -- and pitch angle are calculated
lated. Thus the time average flow vector is determined.

If it is compared to the one derived from the combination
probe measurement, the differences turn out to be, typically

0.64% in Mach number

0.55° in pitch angle

0.63° in yaw angle

The magnitude of these differences is acceptable. Table
XII shows results of an actual data set from a compressor test
run. At the very top.values calculated from combination probe
measurements are displayed followed by the results of the
online calibrations for both "A" and "B" probe. Immediately
thereafter the contents of the arravs PAA(9), PAB(9), YAWA(9)
and YAWB(9) are given showing the average pressure values of
both Kulite probes and their corresponding yaw angles for the

overall flow measurement. The values Pgy, and PSR de-

PA max

rived from those are shown as well as the corresponding yaw

angles. Next P and the yaw angle for this pressure is

B max
given.
In the following line the actual flow quantities as

derived from the "A"-"B" probes are listed. XU, XAX and




t
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BETA2 are calculated from X, pitch and yaw angle, the
circumferential speed and axial speed are printed also.
These values are:

XU

Circumferential speed (dimensionless)

Xax

Axial speed (dimensionless)

BETA2 = Relative flow angle in the measuring plane.

Once the overall flow vector is determined from the Xulite
probes ard compared to the results from the combination probe,
individual measurements are reduced for any or all of the 256
positions. Whether all, one or any set of positions is re-
duced is operator-controlled by input parameters.

The same way the data reduction was carried out for the
time-average flow vector the raw data for all 256 single posi-
tions are treated. Arrays PA(9) and PB(9) are filled with nine
individual pressures of "A" and "B" probe which were derived
from the raw data applying the results from the online cali-
bration. The vaw angle settings YAWA(9) and YAWB(9) are the
same nine values as before. Those are the same throughout
the whole reduction since they are the ones the probes were

set to. 1In Table XII the arrays of PA' P,, YAWA and YAWB are

B
shown. Also given are arrays PAC(9), DPA, PBC(9), DPB. As
mentioned previously PA and PB are approximated as functions
of vaw angle by fourth order polynomials. 1In order to check
the quality of that approximation, using the polynomials,

values are calculated for the nine given yaw angles (PAC(9)

and PBC(9)) and the difference between the measured pressure
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value PA or P_, and the calculated value PAC or PBC is dis-

B
played as DPA or DPB. As long as the values DPA and DPB
are smaller than 22 inches of water (all pressures shown
are in inches of water), it can be assumed that the approxi-
mation fits the data points sufficiently well.

Above the array of measured data are scme reduced values.

Again PSL' and PsR are printed with their correspond-

PA max

ing yaw angles. Below the array,P and the flow angle

B max
for this particular position are given. 1In the last line
position number, beta, gamma, X-- or Mach number --, pitch
angle and yaw angle for this position are given.

If a data reduction shall be performed for all 256 posi-
tions it is advisable to skip the print-out of the raw data

and all intermediate steps (primary input). This way there

will be only the print-ocut of the last line of Table XII for

each of the positions,




S

6.5 Data Presentation and Evaluation

In chapter 6.4 the reduction procedure of the raw data to
discrete values of X- (or Mach number), pitch angle and yaw
angle for all or any of the 256 positions of measurement was
described. All these flow parameters were stored in a single
file and can be retrieved at any time. In order to get an idea
of the flow behavior with respect to the rotor, the flow para-
meters were plotted as a function of the position within the
rotor frame. Figure 21(a) shows the distribution of X ;

k Fig. 21(b) gives the yaw angle and Fig. 21(c) the pitch angle
distribution. The programs used to generate these plots,
namely PLOTX, PLOTY and PLOTP, are described in Appendix L.
The general behavior of the measurements was examined.
For this, the assumption was made that the relative flow angle
at the rotor trailing edge, 32 , was constant for a given
radius (see Fig. 22). Figure 23 shows the velocity triangles
for the flow leaving the rotor. 1If F2 and Xu ., the circum-
ferential velocity, are constant, any change in the Mach number
of the relative flow will reflect in a change of yaw angle and
Mach number of the absolute flow. Using the nomenclature in
Fig. 23, at any given flow condition i the absolute velocity

is given by

X
u

X = a (16)

) v, tan 3, . cos ay + sin oy




Figure 24 shows xvi as a function of yaw angle. To ke
examined 1s the yaw angle corresponding to the minimum wvalue
of X, . From Fig. 23 it can be seen that this yaw angle
s (90" - 2,) which is indicated also on Fig. 24. Looking

at Fig. 21(b) it was found that indeed the minima of X el

correspond to a yaw angle of 39.11°.
Another characteristic point in Fig. 21(b) is the maximum

value (48°) of the vaw angle. When X,e1 Wwas derived from

equation 16 and from Fig. 24 for that yaw angle, a value of
.1572 was obtained. This value was found to be consistent

with the measured Mach number for that particular location.




7. DISCUSSION AND CONCLUSIONS

As pointed out in chapter 6.2 the absolute accuracy of
the Kulite measurements is governed by the accuracy of the
combination probe measurements. At higher Mach numbers yvet
to be measured, this may become a problem (see Ref. 1).
Reference 7 shows that the pneumatic measurement might be
incorrect if the fluctuations in pressure increase in ampli-~
tude beyond certain limits. Since the experiments of Ref. 7
were carried out using a totally different set-up for measure-

ments of total and static pressures, the results are not

v 2 >

directly comparable, however, an examination of the possible
influence of such errors was attempted.

The assumption was made that Pl should be treated like a

tctal pressure probe and P23 and P4 like static pressure probes.
It was assumed that an error in the measurements of Pl and also
in P23 and P4, or in Pl or P23 and P4 would occur at the same

time, giving a total of three possible combinations.

: An error of 10% defined according to Ref. 7 was assumed.
iv Such an error resulted in an error of 0.25% in the absolute i
% value of the total pressure and 0.5% in the static pressure.

These errors applied to the data from data file AB1901 resulted
L in none of the three error combinations giving a significant

‘ change in Mach number and yaw angle distribution. The pitch

angle showed the only significant dependen.e on these assumed

errors. Figure 25 shows the comparison of calculated pitch |
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angle distribution with and without assumed errors. It can be
seen that the biggest error was found for the case of a correct
total pressure, but an incorrect static pressure (P23 and P4).
An average difference of about one degree was found, and the
distribution did not show any qualitative differences. Since
the pitch angle could also be measured 0.5° too low (if Pl is
measured incorrectly but P23 and P4 are measured correctly),
the achievable accuracy of the pitch angle measurement is
within a range of -0.5° to +1.0° .

The basis of the method of application in the compressor
is that the behavior of the probes as a function of yaw angle
at each point in the rotor frame is the same as in a steady
flow at the corresponding Mach number and pitch angle. The
steady flow characteristic is known from the calibration. 1In
order to examine the validity of this assertion, probe measure-~
ments were analysed for selected points of measurement with
respect to the rotor frame. It was found that the B-probe
produced the same characteristic Py Vs. vaw angle in its
application as it did in its calibration. The type A probe
however showed different results depending on the location of
measurement. Figure 26 shows the ocutput of the A probe reduced
to values of CPA plotted in comparison with the curve of CPA
as a function of yaw angle established during the calibration.

It can be seen that for the time average values the agreement

between test data and the calibration is very acceptable. It
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is also acceptable for data from near mid passage. However,
the same is not true for data in Fig. 26 from the rotor wake
region. Going into the wake and out of it tends to skew the
top of the function CPA vs., yaw angle to different sides of
the actual flow yaw angle. Near the center of the wake the
probe characteristic appears to be similar to that established
in the calibration. Four possible explanations for the
skewing are considered:

a) Flow temperature effect on the probe output depending
on the different probe yaw angle settings.

b) Probe interference due to "steady" gradient effect.

c) Probe interference due to "unsteady" gradient effect.

d) "Incorrect” averaging in a flow in which Mach number
and flow angles are separately unsteady, and probe output is
non~linear in M , a and ¢ .

The effect in (a) is not a probable explanation since the
effect would be present also in positions outside the wake. It
is also unlikely, because of thermal lag. that the sensor
material could respond to the high frequencies of the wake
fluctuations. The effect in (b) could give errors having the
observed qualitative behavior.

In Ref. 9 it is shown that when a velocity gradient
strikes a total pressure probe the apparent location of measure-
ment tends to shift away from the center of the probe tip. The
calculations carried out in Ref. 9 were applied to the geometry

of the probes and flow parameters measured in the blade wakes
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with the A-B probes. It was found that an apparent displace-
ment of the order of 3% of the probe outer diameter was indi-
cated to be possible. This was consicdered to be negligible.
However, since the results in Ref. (a) were for impact prcbes
at zero yaw angle to the flow direction, an experiment to verify
the conclusion for the A-B prcbes yawed in a velocity gradient,
is certainly desirable.

The possibility of an unsteady error which results
from the behavior of the probe itself must be considered.
However, it is noted that the error is only significant where
the flow is unsteady in the rctor frame. This explanation
would have tc be accepted if all other explanations failed,
and could be verified by independent non-intrusive measurements
such as LDV. However, since the error appears only in the
unsteady wake the most probable cause is thoucght to ke (4.

The existence of unsteadiness of flow parameters in
the wake region is clearly evident from oscilloscope observa-
tions. The cbserved fluctuaticns are oscillations in the probe
output veltage (pressure) readings, which~-in the data acquisi-
tion prccess--are ensemble-averaged cver 40 samples to repre-
sent one value cf pressure for a single measurement.

From the average pressure values, pressure differences and
ratios are derived and reduced to obtain a velocity wvector cal-
culated in this way is the same as the average flow velocity
vector. The question clearly, is whether the flow velocity.
vector calculated in this way is the same as the average flow

velocity vector which could be obtained if the actual velocity
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vector was known for the individual samples. Clearly, the probe
output depends quite differently on variations in pitch, yaw
and Mach number, and the fluctuations involve changes in all
three.

A first attempt was made to examine the problem of averaging.
Using calibration data, an array of three Mach numbers, three
pitch angles and three yaw angles was selected. This resulted
in a total of 27 pcssible flow vectors, for which the functions
P, = PA(a) and Py = Pa(a) were known. Since the flow yaw
angle during a calibration is always zero, an "artificial" yaw
angle was superimposed on the calibration data. For yaw angles
different from zero, corresponding pressure values for the A and
B prcbes were shifted by the amount of the superimposed yaw angle,
ket in the opposite direction.

In a first step the 27 flow vectors were averaged by
averaging their velocity components U, V, W and calculating the
corresponding single values for pitch angle, vaw angle and Mach
number. Secondly, for each of the 27 vectors, data sets PaA(9)
and PB(9) (corresponding to nine different probe yaw angles)
were built. These values were averaged to result in nine single
values for PA, PB and corresponding yaw angles. The reqular data
reduction procedure was then applied and pitch angle, yaw angle
and Mach number were calculated.

Differences between the two calculation methods were

defined as:
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subscript "af" meaning average from flow vectors and "ap" meaning
average from pressure values.

The procedure was carried out for four different sets of
data, each consisting of 27 different flow conditions.

Table XIV lists the range within which each of the flow
parameters was varied and the differences resulting from the
calculations. The differences obtained were not large, however
it must be noted that the process of averaging which has been
tested does not exactly simulate the one to which the A-B probes
are subjected in the compressor. Further analysis is required
to properly evaluate the effect of averaging on the probe data.
In order to explain the skewing observed in the A-probe output
in the wake regions, it would only be necessary to have fluctua-
tions which were not symmetric with respect to the wake center-
line, as is very likely to be the case in the wake of a highly
loaded compressor blacde.

In conclusion, the DPDS technique has been developed
further to successfully measure three components of velocity in
regions outside the unsteady rotor wake. The edges of the wake
region and average conditions on the wake centerline are well
defined. A limitation to the use of the present method within
the wake region is thought to be due to the necessity for ensenmble

averaging. Further work is planned to resolve this question.
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TURBOPROPULSION LABORATORY Test A.B-Calihration
HP9830/21 MX Data Acquisition Run Mo. 1
Port/Channel Assignments Date_lan 1982
SCANNER #1 SCANNER #2 SCANNER #2
S.v. # S.V. # ch ch ch

X 0 0 40
2 1 1 41

2 2 42

3 3 43

4 4 44
s 5 5 45
7 6 61Tt Tunnel 46
8 7 7 47
3 8 8 48
10 9 9 49
11 10 10 50
12 11 11 51
13 12 12 52
14 13 13 53
15 14 14 54
14 15 15 55
17 16 16 56
18 17 17 57
19 18 18 58
2Q 19 19 59
21 20 201 pt Tunnel €0
23 21 2114 lite rof prokbl
23 22 221 v, 62
2 23 23T ¢ilite nress, (63
25 24 24 64
2 251 p hara 25 65
27 26 26 66
28 27 27 67
29 28 28 68
30 29 29 €9
M 30 30 70
32 31 31 71
33 32 32 72
3 33 23 73
35 34 34 74
34 35 35 75
37 36 36 76
38 37 37 77
39 38 38 78
40 39 39 79
4]
42
43
4
4
46
47 .
49 ]

Table I, Data Acquisition System Hook Up.
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Xvel Phi CpOB

« ) ( 2) )
.0953 25 .0030
.0962 20 L1470
0961 15 L2790
. 0960 1C L4250
,0962 5 .5680
.0965 0 .6930
.0965 ~5 .7860
.0963 -10 .8470
9954 -15 .9040

Pp_

.1348 25 .0460
. 1348 20 .1970
L1347 15 .3320
.1349 10 L4760
.1346 5 . 6080
L1345 0 .7290
.1353 -5 L8240
b .1343 -10 .8900
¥ .1349 -15 .9190
L1754 25 .0930
3 .1752 20 .2400
& .1750 15 .3810
: .1758 10 .5160
.1750 5 .6390
1751 0 .7480
L1744 -5 .8510
L1744 -10 .9200
L1742 ~15 L9520
L2171 25 .1290
L2165 20 L2750
L2163 15 , 4130
L2161 10 . 5480
.2160 5 L6720
L2162 g L7770
2161 - 5 .8690
L2152 -10 .9370
! .2156 ~15 .9620
¥ .2636 25 L1740
1 L2624 20 .3230
; .2626 15 L4590
v .2624 10 .6010
.2622 5 .7150
. .2622 0 .8150
k: .2628 -5 .8860
.2630 ~10 .9340
.2627 ~15 . 9690
.2949 25 L2140
.2944 20 .3590
L2944 15 .5010
. 2945 10 .6330
.2945 5 L7450
.2948 0 .8330
.2948 -5 .9020
.2950 ~-10 . 9490
.2952 -15 19830

Table IX. CpOB for All Calibration Configurations of Mach Number and Pitch Angle
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Table X(b). Run Steady State Data From A-B Probe Measurement (run #119).
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CALIBRATION 'PDHT R {st YAWA (st YA R 2nd YAW A = Geh YOM A4 9th YN
DATA(L, () 8 Y DATAC2, 1) DATACR, 1) DATAC4, 1) DATA(S, 1) - DAIACAZ, {) BATACYE,
IMHH, 2) ¢ ')ATA(" 2) DM’M’ ) DMAH 2, DﬁTn(‘ ) —= DATAGE 2) DaTactd )
DATM{, Hs DATA(;, n .’MTM3 k3] MTAH 3) DMMS 3 .- DMM!{: D DMA(!? )
L] !z t L] 2 L ) L ) L ] 1 ]
" , [ ] L] | ] [ ] [ ] [ ]
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[ ] ! 2 e 2 . . ] L ]
[ ] ! [ L ] w | ] / '." R / [ ] e
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DATA(S, 33) {st ¥ ﬁa.fu. for .,..[:u( cwlobovkeonm
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Pty DATACL,J+ £ = PCWLE = ACUN ( 4, 2.10)
4 . 2b DATACE, I+ 2) = P = AGEN (45 5710)
Wi MR R Zie - oam @ 2
< YT/ l'_“_\_:.' 4 = £ E 4. v {9
DATALY, S8) ¢ DATALL, 1r 90 = ron T, S
DATACL, 1) paTACL I &) T X 2430 1)
R : 3 >
DATA(Y, 52 DATACL, T+ 2) = @25 &)
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st 50 9 ) DATACL J+13) = ‘Niﬁél X 3
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E 1020 % « I= /:I‘u?{l /‘/ . ‘ »
: !! ? : : (04 .141« eo sleoly -'M . a
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L . AT S T T R A SRR O B I I o ¥ e VI
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: DATALL, 1200 §) . gﬂgz “; s C 4, 7500, PO
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DATA(L,171) Sirter B ist
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— L ] '- . ] [} .
con ’ L} . a
é 4 DATA(2,296) DM’M} 255 DATA(A,256) DATALS,2S4) === DMMU 256) DATMW 254)

Table XI.

Arrangement of Data Within Raw Data File.
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1233333020222 0000082230328 332333383323 833388388

ABL1904%:

RAW DATA FILE

FLOW AVARAGED VALUES AS ESTABLISHED WITH THE COMEBINATION PRORE

VOLTAGE(raw)¥0.01 + PREF(INCH H20)
X VOLTAGE(raw)%0.04 + PREF(INCH H20)
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AVERAGE VALUE RESULTS FROM THE A-B SYSTEM:
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. 34569
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s
wwn

[}

A-PROEBE APPROXIM

YN IONMIN
ATt oo ot
abh oo NNt T
W0 oSNNS
.165 121651

At NN
e O MO0
melb_.d olhNT N
a0 0SS N O
aQoNICIHOD

MeT I IIMNM

~AMPTO <O ooMm
OGS OO0
[oa—d U At sl X T=T.N oN
B - - - - e . -
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NN ool
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Py 1t !

AN UMM
N ohopnine
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ﬁ083896792
a0 MMMt
MeTITITITTM

~noN MU BNen
AN OIS InNe
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L SR IR
0. OO VOOV
O MMMt
Mt TITTM

Ao CO0OO
MOTOooColN
oo AOQoN N
q - DNDNOON -
IceM - - - - - [+ 3
TN T TTO
>1 11 HNETO0

a0 cnohpo

=427 .75

H20)

28.8 PRESSURE (INCH

-
=

YAWO

B-PROBE APPROXIMATION RESULTS

402.086

-
=

PSTATIC (DERIVED FROM PAMAX AND XVEL)

BETAR
S0.31%

Yaw
28.77

Pitch -
2.16

Reta _ Gamma Xvel
. 086914 . 30020 ©.15784

POS$
i

Explicit Output of Reduced Data (run #119).

Table XII.
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Raw Data From File AB1901:27.
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Reduced Data For the First Blade Passage of Run #119.

Table XIII.
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Figure 1. Probe Arrangement in Transonic Compressor
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Figure 4.

T!P DETAIL
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High Response Transducer Probes
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(b)

Side View

Figure 6b. Free-Jet Calibratiom Apparatus
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Figure 6c. Data Acquisition System
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Figure 17.

Combination Pressure Temperature Probhe
(Tip Detail)
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APPENDIX A

CHANGES MADE TO SOFTWARE. FROM (Ref. 4)

The changes made by McCarville and reported in Ref. 4
brought about two general improvements: hardware changes which
eliminated the need for an operator-performed lock-on proce-
dure and software changes which allowed the acquisition of
one sample for each consecutive revolution instead of every
tenth or eleventh as before. In the process of integrating
the new software into the data acquisition program, one minor
and one significant error was found in the subroutines used for
acquiring data through the A/D converter.

The data is transferred from the A/D converter to the
2IMX computer in 1l6-bit words. Only the highest 10 bits contain
the digitized voltage while the A/D channel number (0 through
15) is transferred in the lowest 4 bits. Using the highest bit
for the sign, the range of numbers which can be transferred
is thus +(2°-1) or £32,767, while the smallest meaningful
division is 26 or 64, The resolution which can be achieved

. 26 -10
therefore is -2-1-3- or 2

or 0.000976 of full range. Since H
the full range of the A/D is =1V to +1V, the instrument
resolution is to about 2 mvV.

The procedure of masking can be used to derive an exact
digital number solely from the highest 10 bits of the transmitted

word. If this is not done, the A/D channel number from the

low bits is included when converting the data word to a decimal

number. The result is to create decimal numbers which appear
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to be changing with a resolution of 2°® is 232,767 or 0.0305 mvs.
Since the increase in program running time due to masking was
insignificant, this procedure was built into the data acquisition
program.

The second error was found while using the data acquisition
program. It was noted that a different number of samples
acquired from the same machine conditions did not bring any
significant change in the smoothness of the output. An
examination of the ocutput of 5 individual samples (Table A-I)
and the average derived from these samples showed that only
the first sample was converted from an integer into a real
number and that the same real number resulted for each individual
sample no matter what was the value of the integer.

Figure A-1 shows the listing of the original subroutine
(RPACE) from McCarville which acquires raw data. The single
samples are read into array IBUFF(99) correctly (lines #90
and #125). The conversion into real numbers is incorrect, in
that only the first value of the array IBUFF(99) is converted.

Figure A-2 shows the corrected DO-loop.

Table A~-II shows values achieved usirg the corrected
subroutine, It can be seen that changes in the integer numbers

are reflected in the calculated real »umbers.
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In the acquisition program discussed herein a subroutine

similar to the one of Fig. A-2 was used,

e
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Table A-I. Results Using Uncorrected Subroutine
RPACE (& A2D, McCarville, Ref. 4)
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APPENDIX B

OUTPUT CHARACTERISTICS OF TYPE "A" AND TYPE "B" PROBES

The DPDS, measurerments are carried out using two

different kinds of pressure probes. The type "A" probe is
essentially a total pressure probe (see Fig. 4). The general
behavior of such a probe with respect to angle changes has
been established for gquite some time (Ref. 10). However,
using a pneumatic equivalent probe to the "A" probe the out-
put of the probe as a function of yaw angle was established
with the probe mounted in the steady flow of a freejet.

Figure B-1l shows this dependence. The characteristics of
this curve are a flat top, indicating an insensitivity of the
probe to yaw angle changes of up to +20° from the zero yaw
angle position , and the steep but almost linear rarts frecm
-70° to -40° and +40° to +70°. At vaw angles of -63° ana
+63° the probe reads static pressure and that happens inde-
pendent of Mach number and pitch angle as long as the pitch
angle does not exceed a range of -5° to about +15°,

Figure 9 shows the output of the type "A" probe for
different pitch angle settings but one Mach number only. It
can be seen that pitch angles ranging from -15° to +25° at a
5° increment produce almost identical curves.

Figure 12 shows the output of the type "B" probe for the

same Mach number and the same range of pitch angle. It

can be seen that, compared to the "A" probe

P S




probe does not have a flat top for a range of measurement

close to the zero yaw angle (2ero being the yaw angle where

the probe is aligned with the flow). Instead it shows a

clear and well~-defined maximum in output for the zero yaw
angle. It is also evident that the output depends very clearly
on the pitch angle. The yaw angle where the probe reads static
pressure is different for different pitch angles and Mach
numbers. Different Mach numbers always show only one curve for
the "A" probe (independent of pitch angle) while the "B" probe

depends on changes of both Mach number and pitch angle
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APPENDIX C

DATA ACQUISITION PROGRAMS &KALIB AND &YAW

The purpose of both programs~-&YAW and &KALIB--is to ac-
quire sufficient data for the calibration of either the type
"A" or "B" probe. It has to be mentioned here that only one
probe can be mounted in the center of the freejet at a time.
It is therefore essential to establish identical conditions
for the calibration of both probes.

Since the data reduction as outlined in 4.1 requires not
only the knowledge of Mach number and pitch angle, but also
the probe output characteristic as a function of yaw angle,

data is acquired for different ya& angle settings. Here is

the major difference between programs &YAW and &KALIB. While
program &YAW requires the data acquisition at one specific
yaw angle setting, &KALIB acquires data in a continuous mode

© to +80°) in yaw angle.

for a range of 160° (-80
However, program &YAW will be described first, since it

is the more conventional one.

C-1. PROGRAM &YAW
Since parameters have to be changed during a calibra-
tion, the program has to work interactively with operator

input. For each selected combination of Mach number and

pitch angle data can be recorded for up to 31 probe yaw angle ﬁ

settings. For any of these settings the values of total

pressure, Kulite reference pressure, probe yaw angle and Kulite ﬁ
lo8




pressure reading are acquired as the average of 10 data
samples each. The pitch angle is keyed in by the operator
prior to the measurement and the total temperature and the
barometric pressure (static pressure since it is a freejet)
are measured also. When the data for one yaw angle position
is taken the operator is asked to have the probe moved to
another yaw angle and initialize the data acquisition process
again.

Once the data for all 31 yaw positions are taken, the
operatnor is asked to key in a file name. The raw data from
this calibration is then stored in a file with the name pre-
viously assigned.

In the next step absolute values for the total tempera-
ture (degrees Fahrenheit) and the static pressure (inches Kg)
are calculated. File name, pitch angle, total temperature and
static pressure are written on the line printer. The follow-
ing DO-loop derives absolute values of the impact pressure
(inches of water), the Kulite reference pressure (inches of
water), the probe yaw angle (degrees), and the Kulite pressure
output (inches of water) as a gage pressure. From these values

a pressure coefficient Cp defined as

Pg * Pres = Pg
c =
P pt-pS

where Pg = Kulite pressure
= Kulite reference pressure
Py = total pressure

static pressure

0
0
]

109




is derived. All of these values are tabulated.

A plot of cp vs yaw angle is produced automatically
with the operator's choice of drawing a full grid or just the
calibration result,

After this the program can either be stopped or started

% again for a different flow condition.

C-1 gives a flow chart, while C-2 is a program listing.

Externals: ABRT, CLEAR, CLOSE, CPLOT, CREAT, DRAW, FXD,

LABEL, LDIR, LOCL, MOVE, OPEN, PLOTR, RMOTE,
SCANR, SETAR, VIEWP, WINDW, WRITF

Variables Type Description

CDATA (32) Real Array containing pressure coefficients cp

DATA(32,4) Real Array containing complete raw calibration
data

ICR Integer Cartridge reference number

IDCB(144) Integer Data control block

IFILE(3) Integer Array containing file name

IGCB(192) Integer Graphic data control block

IL Integer Total number of words to be stored in raw
data file (two words for one data value)

; ISECU Integer Security code
ISIZE(2) Integer Array to specify file dimensions (lst
word for number of records, 2nd for record
length)
ITYPE Integer Type of data file
f S total pressure
T . Kulite ref. pressure
U Real Sample readings of probe yaw angle
v Kulite output
W total pressure
X Kulite ref. pressure
¥ Real Average values of probe yaw angle
Z Kulite output
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C-2. PROGRAM &KALIB

As stated earlier this program records probe data for
more yaw positions than program &YAW. Once either the "A" or
the "B" probe is mounted on the freejet and the desired flow
condition (Mach number and pitch angle} is established, the
actual pitch angle is keyed in, and single measurements of
total temperature and pressure as well as Kulite reference
pressure and barometric pressure are taken. The operator is
then asked to start the data acguisition process for the Kulite
pressure/yaw angle measurement. Simultaneously the operator
has to signal that the probe shall be rotated in the freejet.
While the probe is rotated from -80° to +80° in yaw at a con-
stant rate of ~3°/sec, the yaw position and the corresponding
Kulite pressure reading is recorded alternatingly. When the
whole range of yaw angle is finished, the flow conditions are
recorded again and the probe is rotated backwards 160° with
the same data acquisition process as before. Then the jet
conditions are recorded a third time. All raw data is multi-
plied by its corresponding scaling factor. The total tempera-
ture is calculated in degrees Fahrenheit. A pressure coefficient
as defined in C-1 is derived feor all 300 points of measure-
ment. The whole data array (contents are defined in the listing)
is stored in one file with its name as operator input. A

complete output of the file contents is printed. (Note:

line printer must be set to "comp".)




The operator is then asked to specify the form of a

plot of the just-acquired data. Wwhen the plot is completed
the operator has the choice of stopping the program or per-

forming another data acquisition for a different flow condition.

C-3 gives a flow chart of &KALIB while C-4 is a program
listing.
Externals: ABRT, CLEAR, CLOSE, CPLOT, CREAT, DRAW, FXD,

LABEL, LDIR, LOCL, MOVE, OPEN, PLOTR, RMOTE,
SCANR, SETAR, VIEWP, WINDW, WRITF

Variables Type Description
CDATA(300) Real Array containing pressure coefficients
cp ;
DATA(2,320) Real Array containing complete raw calibration
data
ICR Integer Cartridge reference number
IDCB(144) Integer Data control block
IFILE(3) Integer Array containing file name
IGCB(192) Integer Graphic data control block
IL Integer Total number of words to be stored

in raw data file (two words for one
data value)

ISECU Integer Security code
! ISIZE(2) Integer Array to specify file dimensions (lst
word for number of records, 2nd for
record length)
ITYPE Integer Type of data file
By comparison of sets of data acquired with both pro- i

grams for the same flow conditions, no difference was found

between the results of the two programs.
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Since program &KALIB offers much more overall informa-
tion in even shorter time, it was used for the whole calibra-
tion of both probes with occasional comparisons between the
two program results. Plots of the probe outputs vs yaw angle
were produced and stored for each of the conditions to have an

easy and clear idea of the probe's general behavior.
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Figure C-2. Listing of Calibration Data Acquisition Program
(Continued on next page.)
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00% FTNGQ,L
107 PROGRAN KALID
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{ 115 % . e R APITSO . e e e e et e Cer e
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i 604 FURMAT(" RAW DATA ARE §TORED IN FILE i =tX 342 LSK-PLICH = ~14/)
.29 602 FORMAT (" TUNNEL TEMP. D c TUNNEL “PRE CHES M20 K R
'n sEF PRESS. INCHES H2Q sﬁ INCNES HG*®)
i1 H03 FORMAT(4C(7X , F19. 7),5X’RE?ORE RE# S*
IR N 604 FORMAT(4(7X ,F19.7) ,5X BET EEN REQDXNG '/)
213 605 FORMAT(4(7R,F19.7) ,SX"AFTER READINGS*® /)
.;3 ggg gg:::;:3x7=,$&3“:>,Ex'?vsnacz VALYES™Y VQHANG KYLITEQUY P
(]
?;é :ggn?nc Kg%!}EOUY B’ % VQUQNE KULITEOUT Bb g YAUANE KUL!Y
;!g g%g ng:ﬁ‘iga‘gx,Fb.3,;X,FE.S,lX,FS.S,Q(14,lX,Fi.l,zx,FB.S,tX,FB.3))
A 801 FORMAT("CA*)
IR e Al
143 1131 FORMAT(" & =*IS*1ERR = S BATILY
144 1301 FORMAT("R-PROBE _PITCH =" 4,1x°P 8ARG = F7 3 {X"FILE ="3A2)
145 12702 FORMATC("TUNNEL TEMPERATURE="F7.3* TUNNEL P EQS F .3)
i:; %ég} ;83::;}:%25}‘5 OUTPUT (INCHES W20)*)
L - T T U T T R T O T e et e e e
;ﬁg g JDATA LOCATION' IN' THE DaTA FILE : .
3 .
15t C . LOCATION IN F CONTAINS .
9.0 € .FOR 10 300 DATa(l,;) Yaw POSITION .
u}g E FOR I = l T0 380 DATA(2,1) NULITE PRESS. OUTPUT .
. .
-52 g .LOCATION IN FILE: CONTAINS: READ FROM:
iy .
127 C .DATA(Y,301) T total tunnel Ché¢ & Scanr.$ 2
%3 € LDATAC2,301) P total tunnel Che20 Seanr. 8 2 b e f o r e
A I .DATA(Y, 102) K ref. press. Che’y Scanr . 8 2 r ending
Q? % .DATA(2,302) Enrem. press. Ch#2S Scanr . ® 1
ok .
4.2 .DATA(L,303) T tatal tunnel Che & Scanr. 8§ 2
43 C .DATA(2,323) P total tunnel CHhe20 Scanr. ¢ 2 D e t w e en
w4 € .DAfa(L,304) X ref. press, Che2y Scanr. 8 2 r e a6 d 1 n gs.
;f? g .DATA(2,304) Barom. press. Che2S Scanr, 8 .
! Yy ) ‘pATACYL,30%5) T toral tunnel Che 6 Scanr.t 2 :
' A DATA(2,305) P total tunnel ChHhe20 Scanr. 8¢ 2 a f t e r .
uh9 .BATACY, 300 K ref. press. Che2t Scanr. 82 r eadain g .
142 E .Datacz, 306 Barom. press, Che2S Scanr.® 1 .
2 ¢ ‘pate to .
V3 pamABE Pl pme 05t .
/4 C .DATACL,319) K ref. press. Fren theraee
;32 g DATA(D2,3t9) Barom. press. readings aboeve ,
b7 & \DATAC1,320) Pitch angle Terminal .

I ——

Figure C-4. Listing of Calibration Data Acquisition Program &KALB.
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APPENDIX D

DATA REDUCTION PROGRAMS &REST8 AND &REST9Y

The programs &RESTS8 and &REST9 are in principal the same
and follow the same logic. They are used to approximate the
Mach number--or X --and the pitch angle, ¢, as functions of
the two independent variables B8 and vy (see 4.5). The soft-
ware used to work out the approximations is described ex-
plicitly in Ref. 6. Basis for the approximation is the data
as shown in Table V. This data is stored as a 10 by 54 array
in a data f£ile ABNEW2 on cartridge 26. The data is read
into a 10 by 534 array from file ABNEWZ2 by both programs.
Since the approximation itself is carried out in external
subroutines, the necessary variables are contained in a
common block. &REST8 thus contains 2 (BETA), y (GAMMA)
and X (XVEL) while &REST9 contains 2 (BETA), v (GAMMA) and
PHEI (pitch angle in radians). As approximations of differ-
ent order are possible for both variables 2 and vy, the orders
of the approximations are increased from one to six in a
DO-loop for both variables, resulting in a total of 36
combinations.

For all combinations the set of coefficients is printed
out and also an array (6,9) for all errors (see 4.5) re-
sulting from this particular approximation. When the whole
DO-loop is worked out, the operator has to decide what order

of approximation he wants to use for the application of the
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probes. 1In general lower order polynomials should be nre-
ferred against higher ones, although the latter promise the
smaller overall error. The criterion for the decision should
be the error distribution within a range of Mach number and
pitch angle which will be the one of the most common
application.

Once this decision has been made, the operator inputs
the desired orders of polynomials. The corresponding coef-
ficients are then recalculated and the operator is asked for
a file name under which he wants to have these coefficients
stored in a 7 by 7 array.

As programs &REST8 and &REST9 are in principal identi-~
cal, only one flow chart (Fig. D-1l) is given, and a listing

of program &REST9 is given in (Fig. D-=2).

Labeled common blocks:

Common block identifier Variable
MATRX A, B
SUMME BETA, GAMMA, XVEL (or PHI)
Variables Type Description
A(49,49) Real System matrix used for the 3-D approxi-

mation of XVEL (or PHI) as function of
BETA and GAMMA (see Ref. 6)

B(49) Real Right hand side vector of 3-D approxima=~
tion (see Ref. 6)
BETA(16,16) Real Beta--pressure coefficient b
COEFF(7,7) Real Approximation coefficients array
?
' 124
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Variables Type Description
D(10,54) Real Calibration data array
GAMMA Real Gamma--pressure coefficient
i ICR Integer Cartridge reference number
IDCB(144) Integer Data control block

IFILE(3) Integer Array containing file name
ISECU Integer Security code
ISIZE(2) Integer Array to specify file dimensions (lst

word for number of records, 2nd for
record length)

ITYPE Integer Type of data file

NMACH Real Number of different Mach number settings
during the calibration

NPITCH Real Mumber of different pitch angle settings
during the calibration

PHI(16,16) Real Array containing the actual pitch angle
settings during the calibration

PI Real 3.14593

R(16) Real Array containing the individual errors
between calibration data and calculated
values

SUM Real Calculated value of XVEL or PHI (de-

pending on program)

XVEL(1l6,16) Real Array containing the actual Mach number
(X) settings during the calibration
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SREGTY T=00004 IS ON CROVOZS USING 00024 BLKS R=004Q0

0001 FTNA,L
0902 PROGRAM REST? (3,99)
0083 C [ e Ceees
4004 C .
%)%Z % . This 18 program RESTY !
9007 * 1t rends file ARNEWD (26) which cantaine calibratien ¢ata from.
0008 € the new A- ang H-probe ( 0.042° 6.d4. screen with hoies).
0109 C It then approximntes the pitchangle fh, as a function of
co10 C peta and gomma by A fferent oraer of polynominnlse .
guss C The resvits of nll approximations are printed for evalvatrion
aJ12 C ?urnoses, but only one set of coefficients is stored.
4043 € he scfrunre used for the polvnominal approsimat,on s
2014 C available in the TurnogroeulsAon Ladoratery binary L.drary
% {2 E . CTPLBL)Y, See NPSH7-80~D01CR for further reference.
5017 C .
8048 € .. ... P R PP e e e
0039 COMMON / mATRX / A R
7020 COMMON 7 SUMME 7/ EETA CAMMA, PRI
¢024 REAL A149 49 B(AQ).CGEFF(7 7)~D(10,54)
0022 INTEGER 1DCB(laa) 1ETLE(3) 1SI2€E<C)
0033 REAL HETAC16,16) ,CAMMACLL, 67, PHI(148,16)
0024 REAL R(16)
3025 DATA P /1 141593/
! 3; DATA IFILE /lrAB,2HNE , 2HW2/
J02 DATA ISECYU 70/
0928 DATA ICR /264
0029 DAala 1TYPE /4/
9030 DATA ISIZE /3,128/
0034 DATa 1DLRAS /144y
0032 101 FORMAT (* SELECY SET OF COEFFICIENTS FOR BEST RESULYS '"/" ENTER »
n033 SORDER _AND NORDER NOW :*)
0034 149 FORMAT(“"*((3A2)))
anis 604 FORMAY (///*% COEFFICIENTS FOR THE CALIBRATION SURFACE S"ORED IN FI
3036 SLE :"3R2/)
c237 602 FORMAT ((3X 10(34X,12)))
u038 503 FORMAT (1x, 12 7¢2Fit e
9039 504 FORMAY (///% ERROAS AT §ACH POINT (DEGREES) ™)
9940 &0S FORMAT ((3X, 1664, 1201
00ay 606 FORMAY (4, 12,1601 F? I/ 342X 16031X,F? 3)7))
VA2 1114 FORMAT  +'STATEMENT @ “14 - £AROR 0 -14 " ENCOUNTERED ')
G343 Ll = LoGcLutl)
044 € L e o
2045 €
2%:% C READ DATA FILE ABNEW2Z FROM CARTRIOGE 26 [NTO aRRAY D10 "a
0048 E ..... o .
2049 CALL OPEN (1DCB,lERR IFILE . ICPTN,ISECU,ICR, IDCHS)
v0So J3 = 1
0SSt IF C TERR (T N % WRITE U1 _1111) JJ 1ERR
7052 CALL READF (IDCE,IERR,D,:uB0 _EN,})
0023 Jé i ﬂEPD 1 0 TE J
g% 4 IF ¢ . ' wWR] (LI,1113) J3 1zRR
1095 caLL é._oss: (IpCH.1ERR D)
00Sa J1 = 3
6%%7 IF ( TERR LT, 0 ' WRITE (LI,31128) JT LERM
7092 il = 0
1067 PO 00Y 1T e t,5,}
08ul 0O 90y T =y 9.4
2082 17 = 13 vy
1163 1IF (J EQ. & Dll‘!J\ = Dea 17y & 1 0009
J0s4 PHI (1,J) = D(4,7J) @ P - 180 0
8055 FETA (1.7 = D(B,17)
1008 001 GAMMACE,J . = D(9,1J)
0587
0J63
TS MACH = &
ga?o NPITCH =9
0"t
B 002 CONTINUE
183
PRI
ﬂg‘i o e e .
= B
%%:; E CALCULATE CALIRRATION SURFACE CCEFFICTENT -
v -

Figure D-2. Listing of Reduced Data Approximation Program &RESTS9.
(Continued on next page.)
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APPENDIX =
DATA EVALUATION PROGRAM &EVALU

As described in 5.1, program &EVALU simulates a case in
which calibration data is treated as actual test data--as
far as possible. From this data flow quantities of Mach
number and pitch angle are derived using the whole data re-
duction method, and compared with the known actual values.

The program is set up to perform this comparison for all
given Mach number/pitch angle combinations. However, since
the process is rather extensive and time-consuming, the pro-
cedure is actually only worked out for a limited range of
calibration settings.

First of all the program reads the sets of coefficients
for the Mach number and pitch angle approximations (as gen-
erated in &REST8 and &RESTY9) into two arrays. In a loop
corresponding calibration data of the "A" and "B" probes for
one Mach number/pitch angle combination is read at a time.
This data is read into two data arrays (ADATA(2,320) and
BDATA(2,320)). For nine defined yaw angles (+65°, +45°,
:300, :150, 0°) the program searches for given yaw angles
which are closest to the defined ones and averages four yaw
angles bigger and four smaller than the one found as well
as it averages the corresponding pressure values. This re~-

sults in nine single pairs of PA values and yaw angles. The




B probe "data acquisition" is handled differently. For a
range of yaw angle smaller than the whole calibration range
the output of the B probe Pg is approximated with a sixth
order polynomial as a function of yaw angle. For nine spe-
cific values of yaw (£30°, £22.59, =159, +7.5°, 0°) corres-
ponding pressure values pg are calculated using the derived
polynomial.

These data arrays PA(9)/YAWA(9) and PB(9)/YAWB(9) are
equivalent to the data acquired in a test. They are again
approximated and the pressure values PAMAX, PSA and PBMAX
are calculated. The data reduction procedure as outlined in
4.5 is applied to these values and the Mach number (or X)
and pitch angle are derived. Since the yaw angle is always
adjusted to zero when aligned with the flow in the freejet,
the yvaw angle should always turn out to be zero. However,
the program offers the possibility to artificially super-
impose a different yaw angle in that the given relationships
Pa =Pala) and pg =PB(a) are shifted to p, =PA(a+-Aa) and
P =Pp(a + 4a), where La is the "artificial" yaw angle. The
quality of the flow quantity calculations is expressed in
errors of Mach number, pitch angle and yaw angle as described
in 5.1. The necessary error values are printed out and the

loop is continued. Figure E-~1 gives a flow chart of the

program while Fig. E-2 contains a listing.
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Labeled Common Block:

Common block identifier: Variable:
DTA2 Xl, v
Variable Type Description

AAQ Real Flow yaw angle derived €from A probe

ABO Real Flow yaw angle derived from B probe

ADATA{2,320) Real Array to contain the A probe cata

AFILE(2) Integer Array to contain the file name for
A probe data

ASL Real Left hand side yaw angle of A probe
output

ASR Real Right hand side yaw angle of A probe
output

BDATA(2, 220) Real Array to contain the B probe data

BFILE(3) Integer Array to contain the file name for

B probe data

COEF (7) Real Array to contain coefficients from
2-D approximations

COEUX(7,7) Real Array containing the coefficients
of the 3-D approximation for the
velocity

COEUP(7,7) Real Array containing the coefficients

of the 3-D approximation £for the
pitch angle

CPAMAX Real Maximum pressure coefficient A probe
CPBMAX Real Maximum pressure coefficient B probe
DP Real Pressure difference for two pressure

values corresponding to two yaw
angles which are separated by DX

DPX Real First derivative of the function
pA(a) - pA(a-Aa)

DX Real Given spread in yaw angle between
PSAL and PSAR
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Variable Type Description

1 ERPHI Real Error between measured and calculated
pitch angle

ERXVEL Real Error between measured and calculated
Mach number (Xvel rsp.)

] ERYAW Real Error between measured and calculated
yaw angle

GAMMA Real Pressure coefficient
ICR Integer Cartridge reference number
IDCB(144) Integer Data control block
IFILE(3) Integer Array containing file name
IL Integer Total number of words read from
data file (two words for one value)
ISECU Integer Security ccode
ISIZE(2) Integer Array to specify file dimensions
ITYPE Integer Type of data file
ICLR(3) Integer Command to clear line above cursor
NOLF Integer No line feed command
NOCR Integer No carriage return command
PA(9) Real Array for A probe pressure values
j PAMAX Real Maximum pressure of A probe
‘ PB(9) Real Array for B probe pressure values
PBMAX Real Maximum pressure of B probe
PHI Real Pitgh angle (calculated)
[ PHIME Real Pitch angle (measured)
PSA Real Static pressure equivalent of A probe
' PSAL Real Pressure reaging of A probe for a

yaw angle 63~ to the left of the flow
aligned yaw angle
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Variable Type Description
PSAR Real Pressure reading of A probe for a

yaw angle 63° to the right of the
flow aligned yaw angle

PSTAT Real Static pressure
PTOTAL Real Total pressure
Pl-p8 Real A probe pressure values in the

vicinity of a given yaw angle giving
the basis to find an average pres-
sure value for the corresponding
yaw angle

XVEL Real Mach number equivalent dimensionless
speed

XVELME Real Measured XVEL

X0 Real Starting value for the iteration
to find PSAL and PSAR

X1(256) Real Data array for 2-D approximations

Y (256) Real Data array for 2-D approximations

YAWA (9) Real Array containing A probe yaw angles

YAWB (9) Real Array containing B probe yaw angles

YAWOFF Real Superimposed yaw angle offset to
sgmulate vaw angles different from
0v.

Yl-v8 Real A probe yaw angles in the vicinity
of a given yaw angle equivalent to
P1-P8.
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Figure E-1. Flow Chart of Data Evaluation Program &EVALU.
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APPENDIX F

CALIBRATION TEST PROGRAM TEST

Chapter 5.2 describes the test and the test nrocedure
used to verify the quality of the calibration in a freejet
experiment. Although this experiment lacks the simulation
of high frequency flow vector changes like those to be ex-
pected in its application, it seems to be the most useful
check of the calibration itself and the data reduction pro-
cedure. While the set-up of the experiment and the data
acquisition procedure were described in 5.2 already, details
of computer program S&TEST, which is used to perform the data
acquisition and the data reduction, will be given herein.

Like program &EVALU, this program first reads the cali-
bration coefficient files into two arrays. It then asks the
operator to key in the barometric pressure in inches of
mercury. The data acquisition itself is performed in a DO-
loop, interactively with the operator. Both probes are set
to nine different yaw angles and data samples are recorded.
The actual pressure and yaw angle values which are used
are the averages of 30 single samples each, in order to ex-
clude any influence of some flow irregularities. Once the
data is taken, 'the data acquisition system is released from
the HP 21-MX computer control and the data reduction is

started.
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The nine pressure values of the A-probe are approximated

with a fourth-order polynomial as a function of the vaw an-
gle. From this approximated curve pressure values PSAL,
PSAR and PAMAX are derived which are used to calculate
CPAMAX and BETA. The output of the B probe is approximated
the same way and the pressure PBMAX is calculated from this
curve. Using PBMAX and the results of the A probe, CPBMAX
and GAMMA are established. The coefficients BETA and GAMMA
alone are useé to derive values of Mach number (or X) and
pitch angle ( % ). The yaw angle which corresponds to the
pressure value PBMAX is assumed to be the flow vaw angle.
It should be close to zero since the probes are aligned with
the freejet for a zero yaw angle, unless an "artificial" yaw
angle has been superimposed on them as described in 5.2

The calculated values are compared to those the freejet

was adjusted to. In 5.2 the results of these comparisons

were demonstrated already.
; Labeled common block:
3 Common block identifier: Variable:
DTA2 X1,y
1 Variable Type Descripticn
A? AAO Real Flow yaw angle derived from A probe
¢
‘ ABO Real Flow yaw angle derived from B probe
AKULIT ' Real Average value of 30 A probe pressure
samples

141




Variable

APRESS
ASL

ASR
BKULIT
BPRESS
COEF (7)
COEUX(7,7)
COEUP (7,7)
CPAMAX
CPBMAX

DP

DPX

DX

GAMMA
ICR

IDCB (144)
IDCBS

IFILE(3)

Real

Real

Real

Real

Real

Real

Real

Real

Real

Real

Real

Real

Real

Real
Integer
Integer
Integer

Integer

DescriEtion

Single sample value of A probe pres-
sure reading

Left-hand side yaw angle of A probe
output

Right-hand side yaw angle of A probe
output

Average value of 30 B probe pressure
samples

Single sample value of B probe pres-
sure reading

Array to contain coefficients from
2-D approximations

Array containing the coefficients of
the 3-D approximation for the velocity

Array containing the coefficients of
the 3-D approximation for the pitch
angle

Maximum pressure coefficient A probe
Maximum pressure coefficient B probe
Pressure difference for two pressure
values corresponding to two yaw angles
which are separated by DX

First derivative of the function
PA(a) - PA(a-Au)

Given spread in yaw angle between
PSAL and PSAR

Pressure coefficient
Cartridge reference number
Data control block

Control block length (of IDCB)

Array containing file name
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Variable

ISECU
ISIZE(2)
ITYPE
ICLR(3)
NOLF
PA(9)
PAMAX
PB(9)
PBARO
PBMAX

PHI

PSAL

PSAR

PTOTAL

XVEL

X0

X1(256)
Y (256)
YAWANG

YAWKUL

Type
Integer
Integer
Integer
Integer
Integer
Real
Real
Real
Real
Real
Real
Real

Real

Real

Real

Real

Real

Real
Real
Real

Real

Description

Security code

Array to specify file dimensions

Type of data file

Command to clear line above cursor

No line feed command

Array for A probe pressure values
Maximum pressure of A probe

Array for B probe pressure values
Barometric pressure inches of mercury
Maximum pressure of B probe

Pitch angle (calculated)

Static pressure equivalent of A probe
Pressure reading of A probe for a yaw
angle 63° to the left of the flow
aligned yaw angle

Pressure re2ading of A probe for a yaw
angle 63° to the right of the flow
aligned vaw angle

Total pressure

Mach numbker equivalent dimensionless
speed

Starting value for the iteration to
find PSAL and PSAR

Data array for 2-D approximations
Data array for 2-D approximations
Single sample of yaw angle reading

Average value of 30 yaw angle readings
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| ET INTERFACE EBUS AND
3 VICES TQ REMOTE CONTROL. .

DO LOOP FOR DATA ACQUISITION I+1,9,4

DO LOOP FOR NUMBER NF SAMPLES

DERTVE PSAL ,PSAR,FAMAX
CPAMAX AND 4 FROM PaCTAw)

APPROXIMATE EB-PRORE PRESSUR
AS PR = PR(YAW) (PULYNOMINA

ES
)

DERLVE P RMAX,CPBMAX
AND ¥ FROM PRCYAW)

.ALCH}ATE XVEL. AND PHI
FROM AND S,

PRINT 2,8, XVEL,PHI,YAWANGLE .

|

=D

Figure F-1. Flow Chart of calibration Evaluation Program &TEST.
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T Tw=00004 IS OGN CRO0026 USING 3500SS BLKS R=0000
FTNG,L
c vnornan TEST (3,99
€ . ’
E THIS IS PROGRAM TEST FOR THE A-K PRODE SYSTEM. .
€ 1T _ACQUIRES DATA FROM THE A-R PROBES MOUNTED IN rue raez- .
¢ JET IN ORDER TQ CMECK THE VALIDITY OF THE CALIER .
c THE DATA [S NOT STORED, ONLY AN ONLINE DUTPUT IS avax« .
ﬁ LAKLE, .
E .
COMAON / DIA2 7/ %Xy,Y
REAL X1(256),Y(256)
RE AL COEF(7) COEKX(7 7) ,COEKP(7,7)
REAL PAlP),PL(9), YAWLS)
INTEGER IDCH({aa) S#x;s(s),xsxzs(z)
INTEGER NGLF, ICLRII)
DATA IDCRS / 144 /
DATA IVYPE 7/ L/
DATA ICLR_  /01552aB ubssxss ,0065378 /
DaTA NOLFS 7/ 0065378/
101 ‘3‘"“5.‘:.99"912§"’°' DATA TO ANY OTHER DEVICE? ENTER NO
162 FﬂRNh ¢ * DO _YOU ﬁNY AN OUTPUT OF TNE SQLIBRATXQN COEFFICIENTS?~
NTER YES IF SO DR_ANYTHING T % TFENRYEE
103 ronnar { " DO _YNU WANT aN OUTPUT OF e CONTROLL PARAMETERS?Y*/* KE
IF S0 OR ANYYHING ELSE IFe §OT
104 FORH“T (/7% 1 (R } 2' hgﬁ Al
105 FORMAT (* 1 AT
104 FORMAT (= I/ J =11d,6116)
107 FORMAT (= “13,7(1X,F16.6))
108 FORMAT (= 1 777 112 axao
109 FORRAT (* ENTER P MARG IN HES HG ')
110 FORMAT (/" R A M DATA tucy - XKULITE B ~ KULXTE“QX“YAU‘)
tir ENRMAT (* WHEN YOU ARE READY FOR YAW ANGLE & *I2" HIT Ck
143 FORMAT (I3 3(2X,F10.5))
113 FORMAT(* AZPROBE APPROXIMATION RESULTS : YAW = "3(SX,F9.02)/16X" PR
SESSURE (INCH H20) = “3(3X,F11.6)/29X° CPAMAX = *FN.3/)
114 FUaMaT(/" H-PROKE OPPNDXIHATXDN RESULTS YAWO0 = *FG.{* PRESGURE
RCINCH N20) a"Fn . 3//)
115 FORMAT (" AVERAGE VALUE RESULTS FROH THF A=R SY"TEN “//SX*BETA"AX G
SAPMA"SX " Xvel "AX*Ptch " 6X " Yaw "/ 3¢ L83, 2¢2x,F7.0)
147 Fgrmat ((3A2))
150 FORMAT (12)
1111 FORMAT (“ srarcneur L1e ERROR 8 : "F12.2" DETECTED™)
1001 FORMAT ("CyR7M3A
156\ FORMAT ("Ca*“)
L] = LOGLUCISESSN)
005 &R ITE S SN NOLF
READ (L1, 3149 (DM
WRITE (L1, 149) C(ICLR,If=¢, 2"
¥ ¢ Ipim’ JEQ. 5kN0’) GO'TO 0190
CALL CODE
READ  (iDUM, 1S0) LD
IfF ( LQ ,53. 1750 10 nrg
IF « L0 ‘£Q. » > GO 70 01
I€ L LQ _EQ. 18 ) GO 10 015
GO0 TO 045
035 18 T o ew, 0
15 LLo _EQ. LI Y L0 =
WRITE L1.162)
READ ~ (L],143 TPRINt
WRITE (L1,103)
c READ (LI,149) IPRINT
[»
c READ FILE SIFX22 FROM DISC INTO ARRAY COENX(T,T).
<
< . e e . e ..
AT RN N3 ¢
[FILE 2 = OWFY
ICICE(3) = Hal
fceCu = gg
iCw = Ik
CALL OPEN (IDCR.IEFR.IFILE,IQPTN.ISECL . ICR,IDCBY

Listing of Program to Test the Quality of the Calibration:
(Continued on next page.)
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J] =3
i 80 17 femn ot ) WRITE (L1,1411) JJ, 1ERR
' 84 gaLL READF (1DCB, 1ean COEKX,98,LEN,
¥4 L ]
83 F ( Jemr_ 0T TE (LI,4144) JJ,1ERR
igg é?LE §LOSE (&otn Qs&n § '
86 F ¢ _IERR .LT. ) WRITE <LI,88t8) JJ, IERR

0087 c §r (IPRINL .NE. znv:) cot10 ozé !

2089 £ . ,
9 C . OUTPUT INPUT DATA. .
L R P
23 WRITE (11,194 IFILE

094 IF (L0 _'NE, 0 ) WRITE (LO,304) IFILE
95 WRITE (L1,10%) (13,11=1,7)

9 IF ( L0 'NE, 0 ) WRITE (LO,106) (11,11%1,7)
97 og 020 It=t,7,1
0998 1F Lo Nt 0 ) WRITE (LO 107) Xl (COEKX(I\ J1),J1%4,7,1)
. QuEe 020 serre ;W56 1a) (CoEx 110515 1
' 104 C . .

o102 € . READ FILE SIFP22 FROM DISC INTO ARRAY COEXP(7,7).

0104 € ek ke me st et ve e e et et e e e e e

010S 02s IFILECL) = 3MST

0104 IFILE(2) = 3WFP

0107 IFILE(I) a M43

0108 CALL OPEN CIDCB,IERR,IFILE,IOPTN,ISECU, ICR,IDCHS)

-

0110 IF ¢ IERR_ LY. 0 > WRITE (L1, éax) 33,1ERR

13 CALL READF {IDEB, IERR,COEKP, 98, L

0143 1F (IERR LT, 0 ) WRITE (LI,1111) IJ,IERR

g:{g caLL cLose {IDCB, IERR, O ’ !

0i1é IE ¢ IERR .LT. 9 ) WRITE (L1,1111) JJ,IERR

0117 IF C(IPRINt .NE. 2HYE) GDTO 4

0118 ¢ DO

0119 ¢ . .

0120 C . OUTPUT INPUT DATA. .

0123 € . .

0132 € R P e

0123 WRITE (LR, 1040 IFILE

0134 TME. O ) WRITE (L0,104) IFILE

0125 MRITE (L1,$0S) (14,14 7y

0126 e ioottaes ot ratie tLD,106) (It,I11=1,7)

0127 DO 630 I1=1,7,1

0428 IF (L0 .NE. 70 ) WRITE ¢LO,107) I, (COEKP(IL,T1),7128,7, 1)

6129 030 WRI E (L1,108)> I1, <cocxp(x: 51),3!'1,

0130 035 CONTINUE

0131 E L e et d e s E et e et s T T

0132 .

%}§§ E ; THE DATA ACQUISITION SHALL BE PERFORMED NOW °

0135 € .

0136 C I ce e e e .

0137 WREITE ((1,109)

01319 READ (L] x) PERARO

0139 CALL AERt  (7.2)

0140 céatL RmotE ¢ {0)

?1‘1‘4!’ CALL RMOTE (¢ 15)

0143 WRITE (10,1001)

0344 WRITE (15,150%)

0145

0146 WRITE ¢10,130)

0147 PO 0SO0 I = 1,9,4

0148 040 WRITE (L1.13{)'1

0149 READ «(L1,149) IDUM

0150 IF ( 1DUR .NE. 34 ) GOTO 040

0151 AKULLT s 0.0

1s2 YAWKUL = 0.0

0453 BKULIT = 0.0

0154 DO (45 7 = 1,301

0185 YAWANG ~ = SCANR (15,22,01)

0156 RPNESS = 3CANR (15,3301

03S? APRESS = SCANKN (15,24,N%)

0158 AULIT = ARULIT « APRESS

K Figure F-2. Listing of Program to Test the Quality of the Calibration: &TEST.
(Continued on next page.)
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APPENDIX G

CALIBRATION DATA (CPOB) APPROXIMATION PROGRAM &RES1O0

As shown in Fig. 19, CPBO is well behaved as a function of
pitch angle and Mach number as well. Thus it is approximated
as a function of these two variables. Program &RES10 handles
this procedure. It is in principal again the same program as
SREST8, like &RESTY9, so that a detailed program description
will not be given here. However, it shall be mentioned here
that the dzta which is the basis of the approximation is
contained in data file ABNEW2. This is an indication that
this file contains all the data necessary to represent the
whole calibration.

For the evaluation of the guality of the approximation,
errors are printed out as were for &REST8. These are calcu-

lated as:

£Cp = = « 1¢0
BO P
BOm
ndex m = known from measurement
index ¢ = calculated

The variation in the order of polynomials for the approxi-
mation was changed in two DO-loops also and the one for the
best error results chosen. Those coefficients are stored in

file MISTCP on cartridge 26. Figure G-l shows the coefficients
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and the associated errors. The highlighted area gives the
range of Mach number and pitch angle which will most likely
occur. Thus the error distribution within there is most
important.

Figure G-2 gives a listing of program &RES10. The simi-
larities to programs &REST8 and &REST9 are obvious, so that no

flow chart or further explanations are given.
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1 R T R B R O A L

oy -'. a0

Mach -
Number a
e - A . e 1
0 L B
g LAy
- ‘ ", , _’_
AR I .
0.7 YT --
A [t

; Table G-I. Coefficients and errors for CPoB approximation depencing on
3 Xvel and 9.
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G-1.

10 T=00004 1S ON CRO0026 USING 00024 HLKS R=0000
FTNa . L
c PROGRAM RES10 (3,99
€ CThais is program RES(tore, 10, 77 17 T ot
[ There nre some praograms REST |, which in pranriple 10 all *he
C aame . They restore calibration dnta of a robe sNtT0 a torm
C that ¢can be vsed to 2pprox:mlte Th:s fMota v a valibratsan
c surface.
[ The softwunre used for the surface approximation 1% nvnnlnnle
€ in tne Tyrhoepropulsion Labornrory Binary L.brary(TPLEL
C Sae N9567 HU-GOLCR for turtner reterence
% In thais particular cnse the calibration datn of the
E NEW A~- AND ®B-PROBELECS
C are approximated |
E Cpl0k = F(PHI . XVEL)
C e e e e
COMMON / HMATRX / AR
COMMON / SUMME 7 PRI XVEL , CPNEk
REAL PLDTR(2%6) .ACAY 49) K(a9) COEFF(7 73 D(10 S4)
INTEGER IDCH(144) IFILE(S) I1STEF (D) NOCRCEY IU(K( D
REAL XVEL (16,160 PHI(16,165,CPO0KIIL, 16 ,RC1E)
paTA PI /1.141593~
DATA IFILE /2HAEK,PHNE A 2HW2/
LATA NOCR ,000033K.uada33E7
DATA ICLR ,015524K,0315515K,0 3787
DATA [SELU /0/
DaATA ICR 726/
DATA ITYPE /1/
DATA ICIZE /3 ,.12G7
DATA IDCRS /1447
101 FORMAT (" SELECT SFT OF CDEFFI»X[NTS FOR HEST RESULTS '*/" ENTER M
H20RDER AND NUKDER NOW
149 FORMATC""((3A2Y))
bOl‘EQRHﬁgﬂﬁill" COEFFICIENTS FOR THE CALIERATION GURFACE STORED IN FI
£ :"3a2/)
602 FORMAT 1+ (IX,16(hX, 12y
603 FORMAT t1X, 12,80 (4X,F2 Y 13X 1 (1Y F7 31/
404 FORMAT «, -7 " ERRORS AT EACH POINT (X3
605 FORMAT («3X 1u(1ix , I2)y»
506 FORMAT (tx, 2, 7¢or t11.6:)
1111 FURMAT + " STATEMENT ¢ “[4 “ ERKOR ¢ “I4 " ENCOUNTERED ')
LI = LOGLuc
E ..................................................
c READ DATA FILE ARNEW
[od
C e, . R R
?eLL OPEN (lDCR,IF”R.XFILE.IOFTN,ISECU (R .IDURS)
3 =
[F ¢ IEHR LY @Y WRITE <L I t1tt) JJ IERR
gﬁLl READF (IDCE,IFRR.D.1010 LEN. 1Y
F ¢ 1fFeR LT 00 WRITE (LI 1114y 13U IERR
ETLE %LOSE «Ipch, IFRR o
¥{ { TEFR O ' WRITE LI, 1111 3 YERR
Y GO
DLongs N
1 =
XVEL (T -
1T 03 ) a Dea, I3y ¢ uo 1000
Pl W 1,1y = {an
Aps CPraR 1. =
NMALH -
NP TICH = v
J1d CONTINL
JALC UATE CALIIRATIAON “uRFA(r CDEFF [U7(0NTS

Listing of Program to Apnroximation C
(Continued on next page.)

152

OB

Values:

&RES10.




-
)
-~ -
10 (]
o -
(&) »
[=] »
- ~
~ o~ -
[ 4 [ .
U L .o
- [8] ~
- [=]
e | "
U x ~x o« (.3 < —
uw ¥ o« o> o - X
O WO ow w ui q a
e e [ = (=) -
Ww = el ) a -~
a QO 2] - w -
» W - 1
-~ o~ -~ -~ -~ L4 -
- et - - - - - - —~D e~
e ) - Rl -~ 2 - e
~ W ~Z - e - F4 (6 T " -
X o - - - ~ J - --~T
o - e -~ - - - a - ~m D
Lot [ B = R I ) - U 18] .~ bl ol
- - = 4 L - B < e
a R I ~ - x - ~ ——C o
z w Y] s -~ [ - X ~w-ZX (™
ind (o4 < W w W W s - -0 ol =]
x ] et el - -~ - R wo ~+ a
[¥] o e el =0 e - — DA e O [=3
-4 - e xll oD « . o~ - » a xUmo o z
T o ~23~3~ 3~ 3 z Lz a z - ns - -
z - o Tx BRI @ — - fR-S e o
~ (=) & ~ -~ A o~ - Ll 4 - ~T b e R (W)
x o w w w w w ¥ On q [ 438} ~Z.-n 0 o
- -t ~ - o o ot od N U O ot L A o
.- DY £ A et - - - - e e a ATt m el o o~ o
00 e o .~ ) - e ) n ) ] W M~y - mEfa L£ZTri~ I~ c
RS BN D D CEZTrHra (2] -Q - HalEhd Lo IV q ~ZZ P o T
Gt LT D A O - v EUQ -0 -Q -0 ~ o DRkl ™ - -~
Q@ W vty LY Xoa _Jra gt gt _J metm ~ T PPN —~
sERE AN ~ Z Wt 0 -~ - o [l AN 1" Lt TN nwy-—Mmes o
- anunzE 2 oo - TR N Dxoo o -
22 lod el ~ NN & W £ 0 Lo - -0 - 00 W N
£E DI AT ™ Y € xT o ol @ ~ e - -3 ety ety G - . t
W X L% wamanyy) gl x4 xO0 alwe Do - 0.0 +ULC Wyt
1= 2 =~uw QT ) MM WA WE WD WD e a ~ Lw e~ » -t
LOoxrTOoo~-AQUIw P Yt v o QO OO0 e 2 N W - o oS- - 2 [=128
oo ulrtitugx U N b whow [FIe=TT S T D> Wit 9N - e N0
QRO ouU O D U000 Lwlddd il diwdt wdl o -0 0o oaf~A- o —-a Oa
Loy oexZ WLZ e Wi =erare ) -J - = Lt TR elel - el b o Lvtre TR
MOCOCOCO0H 1 AW ~“00-DULLLLEDLEHUIHLIOLECXOXX - XrO0OITOI-ax b CXWHOHZ
AL ZUAQAUL ZOT OO iU rtrm et WM U e U 30332 - - - - - IICQUASINE TR . L Bare
w = w o w oJ o < wn
- 0 N [z T L £ o
o o o o o oce = o

[ 815 18]3)

SO HCMITNONDOO =M ESNINPO D= UMENIEDC S-NIMTNINDI O CIMTINONDGOMIM TN LA D0 S —r M2 N O O
S ODOOORDODD0000 N rNFOOOOODOCD O vt ot et OO ICITICIOIC I NG AT S T I T ¢ €
CPOODVOVOVHOE D C OO E D vt 7 e % gt 4Tttt T i T4 et TI G 9V ot Tt Tl 8 T Pt 04 ot O o o ot o g Tt ot
OO0 COVoR oot o Tt oRPoRoNofPocPanCoofhad ofcotn® OOV OOt oDD

&RES10.

Listing of Program to Approximation CDoB Values

Figure G-1.
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APPENDIX H

TEST DATA ACQUISITION PROGRAM &ABKUL

Program &ABKUL is rather complex. The amount of data
gathered and stored is guite extensive. Since the data re-
duction procedure is faster if only one file contains all
data, the use of a single data file seems to be justified.

Before any data acquisitior is performed, the file to
contain the data is created under a name given by the opera-
tor. This way it is ensured that there is sufficient space
on the cartridge to store the file. Once this is done, the
data array (DATA(20,256)) is preset with zeros and the inter-
face bus and devices are set to remote control. The first
part of the data acguisition is for the first on-line cali-
bration. Both Kulite probes are at the same radius as the
rotor exit combination probe and all probe yaw angles are
fixed to the same angle given by the combination probe. This
one is assumed to be the time averaged flow yaw angle. The
reference pressure on the back side of the Kulite transducers
is changed to a known value and a set of data is recorded.
This data includes the pressure readings of the Kulite probes
and their reference pressure as well as all the information
available from the combination probe. Once this data is
collected, the Kulite probe reference pressure is changed to

another value and another set of data is acquired. This
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procedure is carried out for a total of four different refer-
ence pressures, allowing sufficient time after each pressure
change for the measuring system to adapt to the new pressure.
After the last pressure is applied, the reference pressure is
reset to barometric pressure and the data acquisition for the
first on-line calibration is completed. During the data
acquisition the recorded data is printed out immediately so
that its guality can be evaluated right away.

Before the acgquisition of high speed data is performed,
the operator is asked to specify the number of yaw angles he
wants the Kulite probes to be moved to. A maximum of nine is
possible and this number should always be favored to ensure
sufficient data to cover a range of 160° in yaw angle as ex-
plained in €.3. The program asks the operator to set both
Kulite probes to the first yaw angle and to initiate the data
acguisition. In a first DO-loop data from the type A probe
is gathered for 256 consecutive circumferential positions.
Zach of the 256 values i1s the average of 40 single samples
which are acquired on consecutive revolutions. In a second
DO-loop the same kind of data is acgquired from the B probe.
Since the two probes are mounted on the compressor case wall
separated by 270° circumferentially, the trigger numbers
where the data acquisition starts are separated by a number
of 1728 cts.=270° for the two probes. (The trigger device
splits 360° up into 2304 single counts. Both probes acquire
data for 256 counts, 4¢° respectively. Since the rotor has

18 blades, two blade passages are covered.)
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When the second DO-loop is done, steady state data from
the combination probe and the Kulite probes is acquired. This
data is of the same kind as that for the on-line calibration
data and is in general very helpful for checking purposes. It
is printed out as soon as it is acquired. From the high speed
data the overall average values for all 256 positions from A
and B probes are derived and printed out also.

The DO-loop is continued by the operator initializing the
acquisition for another yaw angle setting of both probes.

When the data for all desired yaw positions is acquired,

a second on-~-line calibration is performed. The results are
printed out immediately so that they can be compared to those
from the first calibration and obvious errors can be detected
right away. From the two on-line calibrations slopes and
intercepts are derived for both probes as described in 6.3.
Finally the data is stored in the assigned file.
Figure H-1l gives a flow chart of program &ABKUL, while

Fig. H=-2 is a listing.

Variables Type Description
AVRGA Real Average value of A probe output
AVRGB Real Average value of B probe output
BUFR(1664) Integer Buffer array
DATA (20, 256) Real Data array
DCA Real DC-level reading of A probe
DCB Real DC-level reading of B probe
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Variables Type Description
DE Real Voltage difference between combination
probe and reference temperature probe
thermocouple
E Real Voltage reading of combination probe
thermocouple
FSVLTG Real Calibration factor Kulite probe
reading
IBUFF(99) Integer Array for Kulite sample values
IBLADE Integer Number of compressor rotor blade pairs
to be investigated
ICLR(3) Integer Command to clear line above the cursor
ICOUNT Integer Number of acgquired data points (1l
through 256)
ICR Integer Cartridge reference number
IDCB(144) Integer Data control block
IDCBS Integer Data control block length
IDUM Integer Dummy variable
IFILE(3) Integer Array containing file name :
IL Integer Total number of words stored in data ‘
file (two words for one value) ;
ISECU Integer Security code
IRPM Integer Rotational speed derived from trig-
gered measurements
ISIZE(2) Integer Array to specify fill dimensions
ITYPE Integer Type of data file
LI Integer Input device number
LO Integer Output device number
MASK Integer Masking variable
NOLF Integer No line feed command
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Variables Type Description

PBARO Real Barometric pressure

PCAL Real Calibration pressure for the Scanivalve

PREF Real Reference pressure for the Kulite
probes

Pl, P23, P4 Real Pressure readings for the combination
probe

RPM Real Compressor speed as read from counter ’

SECON Real Intercept of either A or B probe
calibration

SLOPE Real Slope of either A or B probe
calibration

TARE Real "Zero drift" for Scanivalve transducer

X(4) Real Array for on-line calibration data

XIMa Real Immersion of A probe

XIMB Real Immersion of B probe

XIMC Real Immersion of combination probe

Y (4) Real Array for on-~line calibration data

YAWA Real Yaw angle of A probe

YAWB Real Yaw angle of B probe

YAWC Real Yaw angle of C probe

YAWP Real Total number of yaw positions for

the A and B probe
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Figure H-1. Flow Chart of Data Acquisition Program &ABKUL.
(Continued on next page.)
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Figure H-1l. Flow Chart of Data Acquisition Program &ABKUL.
(Continued on next page.)
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PROGRAM ABKUL (3,99)

. This 1s program ABKUL(ate).

It performs an online calibration of the A and B kuliteprabes
angd 7 0ntQ acquasition for 7 yaw poesitions of these probes as
e

. Author ! Friedrich Neuvhoff
f Date 1 Jouly 28, 198t

NOTE éF THE "C* WILL BF REMOVED FRON TNE QTQTEHFNYS

2
a
ONE SET OF HIGH SPEED DATA WILL HE TAKEN :
3

l‘t!ttttlltti‘l‘i‘l'““!llt“t“l‘!ﬁtlll!!ltltllll!lllllllllllll‘
DIMENSION IBUFF (99), IGCR(4
RE DhTh(205°§b ,X(4), 1(4) AVRGA ,AVRGH

e
NN
mm
—
rone
-~
SASNANANANN

A
Fo LYG
ORHAT (* Thas a9 program AMIUL(te) /" Tt F.ret performs o dntg
sacguas,tion for an online cnlnbrqrnon of the A ano Kk "/" praobes.“/

hen 11 tnakes paced datn from the probes at 7 Juifferent ynu pes,
Btions */" interactively with the operator. At the end another set
30f dnta for an online*/" calibravion 13 nccquared'*//" The whole r
Saw data Ls staced v one file'®)

FORMAT (////7% The online calibration shall be performed now'"~/* It
X allows four different reference pressures!®//" When the €irst ref
S.pressure 15 noplied correctly, key GU'™)

FORMAT(/// 36X Online colAbrntAon 700

FORMAT (L IX " Tmmer . conb tg IR ESLA T4
" lnncr A pr A X"DLA'BX“Per 10X*7
] pr 9X'DCﬁ'9X R H QX'DYY"/

r anar (/t”X S(”X F13.6)/SX WSX, S("X FA0 6)/42Y 53X, F1D b))

JRMAT e y the next rcf press. nnd kcg GO whan the condition
lr nre svoble enaough for the next reagin

FORMAT (™ 141t onlxne calibrgtion done' ™/ /" «sev the raf press  fonr
X the high speed dnrtn QCOUQ:A'AON"/' Cnter the namher of tirt1eraent

23 g X7Pav /Y "Point
t*/13X"lmmer . & pr.

ﬁnu angles _vou want."*/ * t CR after that ta rantinuet™) 1
FORMAT ( ///JbX'Av»rnqe values from paced run*/; |
FORMAT (* Adjust hotn kvulite probes to vaw Angle number 1. " Key

50 when this s doaw!® ;
FORMAT(/23X"A probe “30X"K probe”/26X"5 looe’b"ln'ercev' LI j “S o )
b e"bX':nter gt /747x ¥ /" et ccl;brqr;en 1(3 Fil & 25X F

5. 0)/A7X" A"/ nd calibration®2i3X , Fy> 60" 8 L 3X r\ A i
FORMAT (" 5econc online calibratian dane! = " Ro'»v the ref nress H
% and consider the data 4cquasition ta De caemplereg’” " Lempares th

BZ results of the two online calibrations and cneck ¥ar dritr'*/* |

X the drift can be nc:cpvca, key sn the fiie name vou want the dar
"a“/° o De stered in'
FQﬁ"s' ;' Averaged volucs pnced ovtput . A probe “F10.S" [ orobe

FORMAT (* Outpu; 1nput data to anv ether device' Cntar NO

t or LU 12/°
;Oﬂﬂé 32D
AINA ]
Fainn b Ta
FIRMAT «‘C\N7H3A\H0Y3'\
FORMAT ("t+ 4
FORNAT .'Ch"

FORMAT = GTATEMENT § *1S" ERROR & 1T "NTOUNTERFD ")

H-2. Listing of Data Acquisition Program &ABKUL.
(Continued on next page.)
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APPENDIX I

PROCESSING PROGRAMS &SPLIT AND &WAVE FOR TEST DATA

As stated in 6.3 a plot of the acquired high speed data is
very desirable since it represents the fastest way to judge the
quality of the data. As the graphics software requires
much storage space within a program, it is not possible to
read the complete data file into a plot program. A utility
program--&SPLIT--has been created which splits the data array
into two smaller arrays containing either A or B probe data.
These arrays contain the data for the on-line calibration and
steady state also. They are both stored under different names,
which are operator input.

Since program &SPLIT is a very short and simple program,
only a listing is given in Fig. I-l. Explanations are given as
needed within the listing. The two newly created files are
stored on the same cartridge as the original raw data file.

Program &WAVE provides means to read the smaller data files
and to plot their contents. If the variable PQOS is assigned to
be the circumferential position of the probe readings where the
starting position is set to 1 and the end position to 256, the
pressure distribution can be expressed as a function P = P (pos)
for all nine yaw angles. These functions can be plotted by
program &WAVE. The plot is a straight line connection of all

points.
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As mentioned in 6.3 ©program &WAVE serves two purposes:
plotting Kulite data from an existing file and acquiring data
from any of the 16 A/D channels and plotting it right away.
The decision as to which of the two options shall be used has
to be made first by the operator. 1If it is desired to plot
data from a data file, the operator has to key in the file
name and the cartridge reference number. This file is then
read into a data array. For each probe vaw angle setting
there is one pressure distribution P = P (PCS) and the operator
is asked to specify the one he wants to plot. The choice of

plctting on the CRT screen or the X-Y plotter has to be made

(o9

a

£

3

as well as whether a whole new frame for the plot is nece .
Without further input the graph is developed. Other data from
the same file can be plotted without rerunning tre orogram or
it can be stopped at this point.

If the second feature of the program should fe exerciseld,
it has to be specified at the very beginning, whon isxed for
this decision. An A/D channel number has to Ce enter-i whloh
corresponds to the Kulite transducer that shall Le crsorve i,
The number of samples to be taken at each of the 1%6 rositicns
also has to be put in. This initializes the data acguisiticn
process. Once all the data is acquired, the operatcr has to
decide whether he needs a new frame or not and where he would
like to have his plot (CRT or X-Y pletter). As soon as the

plot is dumped, the program can either be stopped or started

from the very beginning.
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Figure I-2 shows a flow chart of program &WAVE, while Fig.

I-3 is a listing.

Variable Type Description
AD Integer Dummy Variable
CHANL Integer A/D channel number
DATA(11,256) Real Data Array
FSVLTG Real Calibration factor for Kulite probe
reading
IBUFF (99) Integer Array for Kulite sample values
IBUM Integer Dummy variable
ICR Integer Cartridge reference number
ID Integer
IDCB(144) Integer Data control block
IDCBS Integer Data control block length
IDUM Integer Dummy variable
IFILE(3) Integer Array containing file name
IGCB(192) Integer Graphics control block
IL Integer Total number of words stored in data

file (two words for one value)

ISECU Integer Security code
ISIZE(2) Integer Array to specify file dimensions
ITYPE Integer Type of data file
LI Integer Input device number
LU Integer Cutput device {screen/plotter) number
MASK Integer Masking variable
N Integer Number of samples to be averaged
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Variable

RBUFF

RBUFO

X(256)

Y (256)

Descrigtion

Real value of single sample

Sum of all real value samples for one
position

Real data array

Real data array
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1T 1=00004 IS ON CRO0026 USING 000231 RLKS R=0000

FTINa,L
PRDGﬂﬁﬂ SPLIT(Y,99)

C e e e e e e e e e s .
[ .
C This program splits the large dntn file as creqted by program.
[ ABKUL into twn sepernte datag file~.
C One contning the winvetorms of the A-prodbe and the other the
E one from the h~probe!
c
1
1
1
1
1
11 # :°I2" ERROR ¢
C
c .
C .
c .
c L
WRITE (1,10%)
®EAD _ (1,149) IFILE
WRITE (y,192)
READ (1, ) ICR
%eLL OPEN (IDCHB,ICRR,IFILE,IOCPTN,ISECU,ICR,IDCED)
7= 1
IF C TERP LT, 0 Y WRITE (3 1141) JJ IERR
rf?LL READF (IDCE,IERR,DATA, IL LEN,
x
IF (IERR LT Y WETTECYL ,1111) J7 ,1FRR
cAaLL %LUSE IDCB TFERR ,0)
Ji = 3
c IF C[(ERW ,LT. 0 uaITE(t x\xx» 13 IERR
¢ e . e e e e
o RFAD A-PROHE DATA INTD SUPARATE ARRAY
Cc
C e e e e
INLER: LY o= 4,78
ou o5 U= 1,2%,1
b = tTad
Jo = 01 o+t
DATASCTS, 1) = DATACTY I
vATase 1,1y = bdaTAGY 1
05 Datanate [y = DATACSO, D
[212¢€ v = 4
L = 51"
§ e
¢ Rt AD FILENAME FOR A-PROKE DATA AND STORE & POOKE DATA
C
<
WRITE 1 103y
READ ¢ (49 IF
CLntl  CREAT \E 'ERR IFILD ISIZE, ITYPE ISECH IC0R, ILUKRS:
o= 8
I «TERK Mo WRTYELY tvr3c T LR
CALL 1PFN tXDCk.an".IFTLL ICPTAN ISR IOR L IDCE
1y o=
IF ~I£R LT u?'TEtl‘ti"‘ JJ . IERS
TALL WRITE (IDCH.IERK . DATAL 1
MEEE TN
. TEwe v 0 WRITE 1111 J3 . Lt RR
o IDCK .1 RA .‘
R T A B S M MR

Listing Program to Split Up Big Raw Data Array From A-B
Into Smaller Arrays: &SPLIT.
(Continued on next page.)
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YES
1DUM=AD ?
—_—
{
LREAD DATA FILE TNTO ARRAY |
{'P s
[READ NUMBER OF DFESIRED YAWANGLES |
&
b LPLUTT WAVEFORM @S DESIRED |
-,
‘S
>
3
) 3 i
; Figure I-2. Flow Chart of pata Acquisition and Plotter Program &WAVE.
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(READ A/D CHANNEL ¥]

[READ NUMRER OF SampL::]

| READ & OF Bl ADEPAIR |

; {PLOTT WAUCFORM AS DESTRED |
:

t N
. ]
: TOP PRUGRAM

Figure I-2. Flow Chart of Data Acquisition and Plotter Program &WAVE.
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* ‘MMAVE T=00004 1S DN CR00027 USING 00022 BLKS R=0000

0001 FTNe,L
%g E PROGRAM WAVE (3,99)
4 “ .
s C N This 1s pragras WAVE
0006 € +- It pletts waveforms as read from gither .
072 C , a data file created us;ng test datn froem the TX-compressar .
' 83 E . or from a specified AD channel right away, .
t0 € ..., D T S T
1EY RIHENSIDN BGCB(A92> IBUFF (99)

0013 EAL ATA(11°266)  X(256),Y(256)

0013 INTEGER  IDCh(144),IFfLE(3),1SIZEC2) N, CHANL
0014 DATA IDCHS /  Laa/

15 DATA ISE%E / 00/
316 DATA ITY / [v4
17 DATA I% / 8632/
18 DATA ISIZECY) / A4/
19 DATA 1SI2E(2)Y / %38/
20 DATA HASK / 17277008/
[: %é DATA FSVLTG / .AE0Y/
2

0023 100 FORMAT (* Thie is program WAVE . */" It can plott a waveform as rend

0024 % form the A/d or frem q datg file."/" Decide now, which of the two
02sS % GR'Aﬂﬂl you want!"“/" Key AD i1f you want to take A new PIQGAHT. An
026 lgt 1ngelse*/" will ask for further informations fer a datg file. ™)
027 104 ORMAT (“Enter the name of the datra file'!*)

028 402 FORMAT (“Enter the cartridge ref. number'®)

ae2y 103 FORMAT(" Do you want anothér waveform to be plotted?*/* E€nter yes,

0030 8 (f so, anything else if not'™)

0034 104 FORNAI(‘ Do you want to stap thas program of plot some more waves?
032 £°/° If you are Qoing 1o st0p 11, just key STOP. Anything else wuill
933 % _nive you further instryctionst®)

0034 105 FORMAT (/12X,5(2X,F10.6)/5%,12,5X,5¢(2X,F10.6)/12X,5(2X,F10.6)) :
035 107 FORMAT(* Do you need q complete new Frome?*/* Answer YES or NO!'®) 1
036 108 FORMAT(* If you want the plott on the plotter, key PL, anythingels H
937 %¢ for_ the terminal '%)

038 113 FORMAT(" You decided 10 to get a waveform from the AD!'"/“Enter the

0039 z foxlouxna now : AD channel®)

0040 114 FORMAT(* Number of repetitions, bladepair (1-9) : %)

44 115 FORMAT(" Enter the correqpond;nq number for the waveform you want
42 Xto draw!*/" The arrangement is5.%/" Yqu pos & 2
043 z 3 9=/9X"™ DATA( 1,J), DATA(2,)), DATA(I . ),

44 %..,DATA( 9,7) - Probe*/)

45 156 FORMAT(" Do you want a plotr of another waveform?*/" If so, key YE,
46 tan‘ other lcg will stop the pragram’*)

0047 149 FORMAT ((3A2))

0048 $111 FORMAT (* STATEMENY ¢ :"13" ERROR ¢ : "I14" DETECTED™)

0049 LI = LOGLU(ISESSN)

. S0 001 WRITE (L:,xog)
o1 READ (LI,t149) IDUM
S2 IF ¢ 1IDUM’™.EQ, 2HAD ) GOTO 02S
53 WRITE (LI,101)

0054 READ  (L1,149) IFILE

00SS WRITE (LI,102)

8056 READ (LI %) ICR

%(27 S?LL ?PEN (IDChH,IERR , IFILE,I0PTN,ISECY, ICR, IDCRS)

=

9 Sg IF CIERR .LT. 9 > UR:TE (L1 xxaéa TJ,1ERR

g :2 E?LL gEADF (iDCE, IERR,DATA, tL,LEN, 1D

0052 IF C(IERR LT, 0 ) WRITE (LI,t1tt1) JJ,IERR

0063 JJ = 3

00564 CALL CLOSE (IDCR,IERR D)

2065 IF C(IERR LT, 0 § HRIfE (LY,1111) JJ,IERR
0066 00S WRITE (LI, 1S

0067 READ (LI H 1 )

7068 It =1+{

0069 XK = 1,0

2070 DO 040 J = §,356,1

0071 X(1) = 3’8 x¢

0072 810 Y(J) = DATA(IL, D)

0073 Ly = 1

3074 1D = 3

0475 WRITE (LI,107)

0078 READ (LI,149) IDUM

an77 WRITE (L1,108)

0078 READ (LI,149) [BUM

Figure I-3. Listing of Program to Plott Raw Data Waveforms: &WAVE.
(Continued on next page.)
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Listing of Program to Plott Raw Data Waveforms
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APPENDIX J
DATA REDUCTION PROGRAM &ABRED

Program &ABRED was explained almost completely in chapter
6.4. More detailed explanations shall be given in here
where they are needed. Figure J-1 shows a self-explanatory
flow chart of the program while Fig. J-2 is a complete
listing.

From the flow chart it is obvious that the first and big-
ger part of the program deals with overall flow measurements
from the combination probe. The data reduction of these mea-
surements is not explained since Ref. 1 deals with this in
great detail. It should be mentioned that the raw data used
for the combination probe data reduction is the average of
the raw data which was acquired along with the acquisition of
any set of Kulite probe data. Thus the results of the com-
bination probe represent one average flow vector which is
assumed to be constant throughout the data acquisition pro-
cess. As the Kulite data used for the on-line calibration is
derived from the whole raw data acquired also, this seems to
be a reasonable way. The principle of the on-line calibra-
tion was described in chapter 6.1 already. If a print-out
of the control parameters was chosen, the result of the on-
line calibration will be displayed in the form of a linear

equation relating A and R probe pressures to voltages.
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The results of the on~line calibration are first apnlied
to the dc-level values from the A and B probe in order to
calculate the average flow vector. Chapter 6.4 shows the
results of this process. The procedure used to derive these
values is in principal the same as the one used to calculate
flow vector gquantities for the individual measurements. 1In
order to check the guality of the data reduction, an output
of the A and B probe results as derived from their approxima-
tions can be produced. The yaw and pitch angle as well as
Mach number are derived from the approximation results and
printed out. These values can be compared to those derived
from the combination probe (see 6.4).

Then the DO-loop for the reduction of individual data
points is started at the position (ISTART) determined earlier.
For any of these positions the results of the on-line calibra-
tion is applied to the raw data first, so that absolute pres-
sure values exist. The data reduction procedure as described
in 6.4 is then applied to these values. Using the local Mach
number as well as the total pressure as derived from the A
probe, pressure coefficients CpA are derived as functions of
yaw angle and can be printed if desired. The examination of
these values proved to be very helpful in the evaluation of
the quality of the achieved result.

Since the A probe has only one calibration curve CpA as
a function of yaw angle, as long as the pitch angle and Mach

number do not exceed the range of the calibration, for any
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measured position the same curve should be resolved. The
use made of this fact so far is described in chapter 7.

When the DO-loop for all described positions is completed,
the reduced data is stored in a file. Only pitch and yaw
angle and Mach number ( or x ) are stored, since they are

sufficient to describe the individual flow vectors.

Common Block Identifier variable
DTA2 Xl, Y
Variable Type Description

AAO Real A probe yaw angle for aligned flow

ABO Real B probe yaw angle corresponding to
max. probe output

ASL . Real A probe yaw angle 63° left of flow
aligned yaw angle

ASR Real A probe yaw angle 63° right of €£low
aligned vaw angle

BETA Real Dimensionless pressure coefficient

BETA2 Real Relative rotor exit flow angle

COECPB(7,7) Real Data array for coefficients of 3-D
CPOB approximation

COEF(7) Real Data array for 2-D approximation
coefficients

COEKP(7,7) Real Data array for coefficients of 3-D
Kulite pitch angle approximation

COERX(7,7) Real Data array for coefficient- of 3-D
Kulite Mach number approximation

COEOP (7,7} Real Data array for coefficients of 3-D
combination probe pitch angle
approximation

178 .




s
3
3
3
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Variable

COEOX(7,7)
CPA

CPAMAX
CPBMAX
CPOA(6)
DATA(20,256)
DEAMAX

DEBMA

DELTA

DP

DPA

DPB

DPX
DX

EAMAX

EBMAX

Real

Real

Real

Real

Real

Real

Real

Real

Real

Real

Real

Real

Real

Real

Real

Descrigtion

Data array for coefficients of Z2-D
combination probe Mach number
approximation

Pressure coefficient from A probe

Maximum pressure coefficient from
A probe

Maximum pressure coefficient from
B probe

Data array for 2-D approximation of
A probe pressure coefficients

Data array containing the raw data

First derivative of approximated
function EA (voltage A probe) of
yaw angle for maximum of EA

First derivative of approximated
function EB (voltage B probe) of
vaw angle for maximum of EB

Pressure coefficient

Pressure difference for two pressure
values corresoonding to two yaw angles
which are separated by DX

Difference between actual A probe
pressure and value derived from poly-
nomial approximation at each vaw
position.

Difference between actual B probe
pressure and value derived from poly-
nomial approximation at each vaw
position

First derivative of the function
PA(G) - PA(a-Aa)

Given spread in yaw angle between
PSAL and PSAR

Maximum voltage from the A probe

Maximum voltage from the B probe
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Variable

EQ3

EQS

GAMMA
ICR

IDCB (144)
IDCBS
IFILE(3)

IL

IPRINT

IPRIN]

ISECU
ISIZE(2)
ITYPE
ICLR(3)
11

LO

NOLF
NOCR

Pa(9)

PAA(9)

PAB(9)

nge
Real

Real

Real
Integer
Integer
Integer
Integer

Integer

Integer

Integer

Integer
Integer
Integer
Integer
Integer
Integer
Integer
Integer

Real

Real

Real

Description

CPOA ~ maximum pressure coefficient
of A probe (used in on-line calibration)

CPOB - maximum pressure coefficient of
B probe (used in on~line calibration)

Pressure coefficient
Cartridge reference number
Data control block

Control block length (of IDCB)
Array containing file name

Total number of words read from data
file (two words for one value)

Decision variable (control parameters
yes or nov?)

Decision variable (calibration coef-
ficients yes or no?)

Security code

Array to specify file dimensions
Type of data file

Command to clear line above cursor
Input device number

Output device number

No line feed command

No carriage return command

A probe pressure values from indi-
vidual measurements

A probe pressure values from averaged
(dc-level) measurements

B probe pressure values from averaged
(dc-level) measurements
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Variable

PAC(9)

PAMAX

PB(9)

PBARO
PBC

PBMAX

PREF

PREFP (9)

PSA

PSAL

PSAR

PSTAT

PSTATA

PTOTAL

POA

POB

Tvpe
Real

Real

Real

Real
Real

Real

Real

Real

Real

Real

Real

Real

Real

Real

Real

Real

Real

Description

Calculated values of A probe

Maximum pressure value of A probe
output as function of yaw angle

B probe pressure values from indi-
vidual measurements

Barometric pressure
Calculated values of B probe

Maximum pressure value of B probe
output as function of yaw angle

Pitch angle

Maximum absolute average value of B
probe pressure

Average value of Kulite reference
pressure

Array of reference pressures for all
9 independent vaw positions

Static ~ressure equivalent of A probe
Pressure reading of A probe for a vaw
angle 63° to the left of the flow
aligned vaw angle

Pressure reading of A probe for a yaw
angle 63° to the right of the flow
aligned yaw angle

Static pressure

Static pressure minus Kulite reference
pressure

Total pressure

Maximum pressure output of A probe
(on~line calibration)

Maximum pressure output of B probke
(on-line calibration)
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Variable
Pl
P23
P4
RADIS
RDATA(3,256)
RPM
SECTA
SECTB
SLOPEA
SLOPEB
TT2
U
XM

XU
XVEL
X0

X1(256)
Y (256)
YAW

YAWA (9)

YAWB (9)

Real
Real
Real
Real
Real
Real
Real
Real
Real
Real
Real
Real
Real

Real

Real

Real

Real
Real
Real
Real

Real

Description

Pressure values of combination probe

Radius of probe tip location
Reduced data array

Compressor speed

Intercept A probe

Intercept B probe

Slope A probe

Slope B probe

Total temperature at rotor exit
Circumferential rotor speed
Mach number
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00000

- R
RRET S RBRTS 2
RADIS - nagls 79
RADIS T Sagi, T RADIS
198 Rt VA
1712 = 31.9557 ¢ 30.6827 8 V2 - 0.3679 8 VT2 8 TT2
112 e ((TT2°- 32) £ 5.7 9 ) + 273.15
3'2 . ?33: S 2838 aabis's 2% 3.14159 % 0,025
IR I M ‘ o
- - -
GAMNA s ( Py - P4 ) /7 C Pt - P23 )
DELTA = GAMMA & BETA
XVEL = 0.0
PH = 0.0
DO 875 I3 = §,7,14
D0 076 12 = 1:71
XVEL « xVEL's (COEOX(IL,12)8D LTARR (1212 acanNARE (14-1)
PHl = PMI + (COEDP(I3 I2)sDELTARR(I2-1))sCanmasx(li-1)
MotaL o SMT (¢27¢8,402={) TR C(XVELEXVEL )/ (1= (XVELSXVEL) ) ))
psTar = PTOTAL ¥ (1-XVELEXVEL)S& (1, 402/,402)
WRITE (LI ,360) P OYA% PSTAT  XVEL , XM, ,PHI  YAW
IF (L0 .NE. 8 ) WRITE (L0,360) #TOTAL,ASTAT,XVEL XN ,PHI,YAW
. PERFORM ONLINE CALIBRATION. A-PROBE FIRST. .
. FIND MAXIMUM OUTPUT OF A-PROBE. .
B0 BB E B R BN E T e e
fun - 5&?3353 204> 8 10000 & 3.14159 / 180
- »* .
b s DAraca9 ¥y
CALL MAT2 (9,5,COEF,-4)
. INITIAL ESTIMATE FOR THE APPROXIMATION IS :Yauw = 22 (deg) J
TR B AT T e
DEAMAX = FND (4, COEF XD)
IF (ABS(DEAMAX) .Lf. 0.4001 > cOTO 090
Xsra %gs- DEANAX / (2%COEF (3)+6xCOEF(4)EX0+128COEF (S)EX0EX0)
EoRax = FNP (4 COEF,X0)
SLOPEA = (Datﬁ(&,xbﬂ) + DATA(1,180))/(-2.0)8100%1000
PHI = PHI & 314159 / 480
. CALCULATE CPGA(EQ3) FRON COMBINATION PROBE RESULTS (PITCH) |
O N LA EBOR BRI ey
PANAX = EQ3 & (FTOTAL-PSTAT) & PSTAT
SECTA = PANAX - PREF - SLOPEA 8 EQMAX
PuA SECTA + SLOPEA % EAMAX + PREF
IF ( IPRINT .NE. PHYE ) GOTO 095
WRITE (LI,365) SECTA,SLOPEA
IF (Lo .NE. 0 ) WRITE (LO,3s5) SECTA,SLOPEA
CONTINUE
. B-PROBE CALIBRATION. .
. FIND MAXIMURM OUTPUT FIRST, .
BOTEG8 E R i
XD = gatacag 1S3y & 10000 3 3.14159 / 180
Y (§) = DAY 333 )
CALL MAT2 (8,5,COEF,-4)
Figure J-2. Listing of Data Reduction Program sABRED.
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APPENDIX K
PIOTT PROGRAMS FOR REDUCED DATA

The plot programs &PLOTX, &PLOTY and &PLOTP can be used
to produce plots of the results obtained from the A and B
probe. They are all almost identical except for which guanti-
ties of the flow vector they plot and the corresponding limits
of the plots. Only one program description and one flow chart
are given and the differences between the three programs are
pointed out where they appear.

First, the program asks the user to key in the name of the
data file containing the reduced data along with its cartridge
reference number. This file is then read into an array
DATA(3,256). The user has to decide whether he would like a
plot on the X-Y plotter or just on the screen. Plots on the
screen are much faster than those from the X-Y plotter and it
is often only necessary to get a fast idea of the general
value of the reduced data. However, X-Y plots are rather use-
ful for documentation purposes. Once this decision is made
either way, the use of the plot has to be specified. This
must be done at any time the program is used. The physical
dimensions of the plot have to be matched to the particular
needs of the user.

Plot sizes have to be given in inches times ten. One

inch is set equal to 25 millimeters (instead of 25.4 mm) by'
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the HP plotter software. The values of XMIN and YMIN (lower
left corner of plot) should not be smaller than 5.0 (0.5 inches
or 12.5 mm), in order to leave sufficient space for the line
titles. It is advisable to scale the lengths of the axes in

a way that even measures in inches correspond to even numbers
of the quantities plotted. For example, 10 degrees in yaw
angle equivalent to 1 inch. Following are the limits of the
quantities to be plotted:

For all programs: O X circumferential position £ 256

Program PCOTX: 0.12 £ X (Mach number eguivalent) $ 0.20Q
Program PCOTP: ~4° S pitch angle < 16°
Program PCOTY: 10° & yaw angle S 50°

Before the programs are used, the operator should check to
see if his data falls within these limits. If it exceeds any
limits, adjustments have to be made in the corresponding pro-
gram line #67.

In order to compare different sets of data it is often
helpful to plot the data from two or more files on one plot.
To avoid having the same grid plotted any time one set of data
is plotted, the user has to specify whether he wants to have
a full grid (frame) plotted or not. He is also given a choice
of 7 different line styles in order to distinguish similar
but different data. For details of the line styles and plot
software details see Ref. 1l.

Once all this input is given the desired program will
produce a plot as specified. 1In case of the X-Y plotter the

number one pen is selected automatically by the program.
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Thus the user should make sure that a good pen of the right
color is inserted in that slot. When the complete graph is
drawn, the program will stop.

Figure K-1 gives a flow chart of the program while Fig.
K-2 is a program listing.

t Esternals: CLOSE, DRAW, FXD, MOVE, OPEN, PLOTR, READF, SETAR,
y VIEWP, WINDW

i' ‘ Variable Type Description
DATA (3,256) Real Reduced data array
IBUM Integer Dummy variable
ICR Integer Cartridge reference number
iD Integer
IDCB(144) Integer Data control block
IDCBS Integer Control block length (of IDCB)
IDUM Integer Dummy variable
IFILE(3) Integer Array containing file name
IGCB(192) Integer Graphic data control block
IL Integer Total number of words to be stored

in raw data file (two words for one
data value)

- —

; ILINE Integer Line style determinator
ISECU Integer Security code
ISIZE(2) Integer Array to specify file dimensions (1lst
word for number of records, 2nd for
( , record length)
4 ITYPE Integer Type of data file
’ ) LU Integer Output device number (screen/plotter)

X(256) Real Data array for X values




Variable

XMAX

XMIN

Y (256)

YMAX

YMIN

Real

Real

Real

Real

Real

Description

Maximum value of physical plot
(right side)

Minimum value of physical plot
(left side)

Data array for Y values

Maximum value of physical plot
(upper limit)

Minimum value of physical plot
(lower limit)
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PLOTT FK

Figure K-1. Flow Chart of Plot Programs &PLOTX, &PLOTY or &PLOTP.
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