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1. INTRODUCTION

The probe reported here was designed to be used to deter-
mine the radial distribution of the time-averaged flow in a small,
single-stage axial compressor (Figure 1). While the probe has
more general application, the chosen geometry is the result of
its first intended application.

The probe was designed to measure air flows in the range of
Mach number from 0.3 to 0.7 with pitch angles expected in the
range 0 to 15 degrees and stagnation temperatures from atmospheric
to about 150°F (65°c). Static pressure would range from 0.6 to
about 1.2 atmospheres.

The prototype of the present probe was built by Dodge and
was reported in Ref 1. The first application of the earlier
design to measure rotor losses and deviation angles was reported
in Ref 2 and Ref 3. 1In Ref 3, errors in the earlier work were
corrected and the method used to analytically represent the cali-
bration of the probe was set out more clearly.

The design of the present probe departs only in detail from
that of the prototype, for reasons which are given in Section 2.
However, the method now used to represent the calibration of the
probe is quite different and considered to be much improved over
that reported in earlier references.

In the present report, the probe design is described in
Section 2 and the analytical and experimental procedures used in

its calibration are given in Section 3. Steady flow tests to




verify the calibration and compressor measurements are reported
in Section 4 and conclusions are given in Section 5. The
analytical basis for the pneumatic calibration representation
is given in Appendix A. The computer programs, procedures and
data files used in the calibration and verification are given

in Appendix B.




2. PROBE DESCRIPTION

2.1. General Arrangement

The probe is designed to measure four pressures and one
é temperature. Figure 2 shows a drawing of the probe and a view
- is shown in Figure 3. Due to the symmetry of the probe about
one plane through its (radial) axis, a balancing of the pres-
sures at sensors P2 and P3 in Figure 3 by rotating the probe
around the radial axis allows the yaw angle to be read against
a vernier scale or recorded using a potentiometer read-out of
the angular orientation. The pitch angle as well as the mag- .i

nitude of the dimensionless velocity (or Mach number) at the

P

probe tip are calculated using the pressure readings of the
four sensors. The relationship of the pressures to Mach number
and pitch angle must first be established by calibration. The
stagnation temperature is needed in order to calculate the mag-
nitude of the velocity from the dimensionless velocity or Mach

number. The exposed fine-wire thermocouple sensor supported in

the stagnation region formed by a glassy aluminum oxide insula-
tor. gives an output which corresponds fairly closely to stag-
nation temperature. The departure from stagnation temperature,

the recovery factor, must also be established by calibration.

2.2. Design Features

The probe was designed to have separate sensors to avoid

the so-called "stem-effect" associated with cylindrical probes

having surface sensors (Reference 4). The restricted axial gap

9




in the compressor (0.63") did not allow the use of a "goose-
neck" conical probe. As was reported in Reference (2), the
stem-effect was found to be negligible for the first probe
geometry to within 0.25" of the wall. The probe was designed
to be translated through a heole of 0.25 inches diameter. The
sensors Pl, P2 and P3 were placed at the same radial location
and therefore similarly average the flow from the upstream

! rotor blade wakes. These sensors largely dictate the measure-

ment of Mach number. The pressures Pl and P4 largely dictate

the measurement of pitch. The sensor P4 was unavoidably dis-
placed radially from the other three. However, since the pitch j
angle variation to be measured was rather small, and since the
radial gradients in flow properties were small outside the wall
boundary-layers, this necessity was easily accepted. It is
also noted that when the probe is adjusted in yaw, the sensor

Pl will indicate stagnation pressure very closely since the

pitch angle is not expected to exceed 15°.

The radial separation of the temperature sensor was also
easily accepted since the probe was to be translated in radial
surveys and the physical displacement could be accounted for
in the data reduction. The arrangement and the geometry of
the temperature sensor were chosen so that a high recovery
factor and sensitivity would be obtained and yet the element
could be repaired easily in the event of a failure. The shape
ground into the glassy insulator and the method of stringing
the thermocouple wire were changed from those reported in Ref-

erences 1 and 3. In the new arrangement, a long length of

10
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thermocouple wire is exposed on either side of the junction
within the near-stagnation flow ahead of the insulator. This
results in a higher recovery factor at all Mach numbers and a
more easily controlled and repeatable geometry.

The tubes for sensors P2, P3 and P4 (Figure 3) were
oriented at 55° to the sensor Pl based on the known behavior
of a straight cylindrical tube when pitched or yawed to the
flow (Reference 1l). An angle of about 55° was required in order
for the pressure at the sensor to decrease from stagnation to
static pressure. In the earlier design (Reference 1) the centers
of the sensors were arranged to be on the surface of a small
sphere which, in effect, determined the spatial resolution of
the probe. This is shown in Figure 4. Also in Figure 4 is
shown the tip design of the present probe. The sensors were
initially positioned such that the centers of the tubes were
aligned in a plane, and were closer together than in the earlier
design. 1Initial tests of the revised geometry resulted in the
measurement of small differences between the pressure sensed at
P2, P3 and P4, and that at Pl. It was conjectured that the
surrounding sensors were too nearly aligned with the flow in-
duced over the central sensor and were therefore measuring close
to stagnation pressure. The tips of the surrounding sensors
were modified as shown in Figure 4 and pressure differences

near to dynamic pressure were subsequently obtained.

11
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3. CALIBRATION

3.1. Apparatus and Procedure

The probe was calibrated in a 4.25" diameter freejet ex-
hausting to atmosphere. The apparatus shown in Figure 5 can be
used to establish air flows to a Mach number of unity. Pitch
angle can be set within a range of +45 to -45 degrees while
the yaw angle can be set to any angle desired. In effecting
angle changes the probe tip is rotated about its tip which

remains at the same point on the center line of the jet.

The geometry for the tests and the instrumentation are
shown in Figure 6. The speed of the flow was adjusted by moni~-
toring the impact pressure using a water manometer board. The
static pressure was taken to be the atmospheric pressure while
the total pressure and temperature were measured in the air
supply pipe immediately upstream of the nozzle. No difference
in total pressure was detected in the flow between the sensor
upstream of the nozzle to the core of the jet and hence the
same total conditions (pressure and temperature) were assumed
for the pipe and the jet core. Since the temperature of the
supplied air fluctuated measurably due to ambient (coastal)
variations, the difference between the total temperature in the
pipe and the temperature detected by the combination probe was
recorded differentially. A thermocouple probe having a fine-
wire sensor similar to that of the combination probe was used

at the upstream station. The absolute value of the temperature

12




in the supply air was measured using the same upstream thermo-
couple element referenced to ice point.

All pressures were converted to voltages using a Scani-
valve and single calibrated transducer for which the reference
pressure was atmospheric. The thermocouple voltage differences
were recorded without amplification. Yaw angles were adjusted
to a vernier scale and converted to voltage using a potentio-~
meter. The pitch angle was set to a scale on the adjustable
mount and recorded manually.

Pressure tubes P2 and P3 were connected to a U-tube mano-
meter. The probe was aligned (inyaw) with the flow by balancing
the two pressures. The pneumatically averaged value of the
two pressures - designated P23 - was recorded and used in repre-
senting the calibration of the probe. Aall data were recorded
and analyzed using the data acquisition system shown in Figure
7. The programs and organization of data files are given in
Appendix B. Before beginning calibration tests, since the
sensors for two pressures and the sensor for temperature were
physically separated radially, the velocity distribution across
the jet was examined. Figure 8 shows the velocity distribution
obtained by probe measurement. It can be seen that for a core
of approximately 3 inches in diameter the flow was uniform.

The procedure was as follows:

The required Mach number was established. Having allowed
some 5 to 10 minutes for the flow to stabilize, the yaw angle
of the probe at zero degrees of pitch was checked. With the

probe aligned with the flow, P2 and P3 should be the same and

13
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the angle read on the vernier scale should be zero. Any depar-
ture was corrected by adjusting the probe in the probe holder.
The first pitch angle was set at -6° and a scan of the data was
taken. The pitch angle was changed in increments of 2° up to
an angle of +18°, taking a data scan at each setting. A sample
of the raw data output is shown in Table I.

After one survey over pitch angle, the probe was reset to
zero pitch and zero yaw, the Mach number of the flow was changed
and the procedure repeated. The range of Mach number from 0.3

to 0.7 was covered in increments of 0.1 or less.

3.2. Dimensionless Velocity - Pneumatic Calibration

The characteristics of the probe must be represented such
that pressures and temperatures measured in a flow can be related
to the pitch and yaw angles and the velocity magnitude. How-
ever, since the probe is always rotated to balance the pressures
P2 and P3, the yaw angle can always be read directly. It is
left therefore to establish the relationship for pitch angle
and velocity magnitude in terms of the probe pressures and tem-
perature for the special case of zero yaw.

Appendix A discusses the reduction of the four measured

pressures to basically two coefficients:

and
Y = %37 (2)
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where

6 =y -8 (3)
might be looked at as an alternate choice. These coefficients
can be established using the pressure readings from the probe
for any flow condition. The calibration gives a total of 104
different values for 8, and corresponding values of y and §
for 104 separate combinations of Mach number and pitch angle.
The reduced data are given in Table II.

It can be argued (Appendix A), and it can be seen in the
results that 8 represents largely a measurement of the Mach
number and y provides mainly a measurement of the pitch angle.
However, if explicit relationships for the reduced velocity, X
(defined by Equation A(3) using Equation A(l)), and the pitch
angle, ¢, in terms of B and y can be obtained by representing
the calibration data using monotonic mathematical functions, X
or ¢ can then be determined uniquely for any given values of 8
and y. The method involves using mathematical approximations
of surfaces which represent the calibration data. In the way
that data points which depend on just one variable can be ap-
proximated by a polynomial, X and ¢ are approximated as being
polynomial functions of both 8 and y. This leads to mathematical
expressions for the calibration surfaces which are of the form:

L M . .

(i=1) (i=-1)

X = C, .8 Yooy (4)
121{j21 i3

and
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L M

o= 1 {Jp a3} . yUol (5)
i=1 j=1
where Cij and Dij are coefficients which must be derived from

the data.

Using the computer programs given in Reference 5, the
surfaces represented by Equation (4) and Equation (5) were de-
rived from the calibration data. Also derived and examined
were the alternate surfaces obtained by electing to use the
coefficients § and v instead of 8 and vy, related through Equa-

tion (3). The equations for the alternate surfaces are the

following:
L M e L
X = ,Zl{,Z§ij6(J Dy . -1 (4a)
1= 3=
L M ‘ .
$ = _Zl{_ZgijG(J l)} . Y(l 1) (5a)
i= i=

{It is noted that the representation achieved using Equa-
tion (4) and Equation (5) or Equation (4a) and Equation (5a) is
similar to the earlier method of polynomial approximation
described in Reference 3. However, in the method of Reference
3, the expression for X was implicit and an iterative technique
was required to obtain X and ¢ from measured values of 8 and vy
or § and y. The derivation of the polynomial coefficients
using matrix operations makes possible the use of explicit
relations for both X and ¢.]

The choice of using Equation (4) and Equation (5) or Equa-

tion (4a) and Equation (S5a) was made after an examination of the

16




relative accuracy of the two methods. Using the calibration
data, for each given pair of values for § and vy, X and ¢ were
calculated using the coefficients determined in the two sets
of equations. The calculated X was compared in each case to
the actual value set in the calibration test and an error was
defined as follows:

ey = _____xox' “s . 100 (6)

0

where Xo is the actual value in the calibration test and X is
the value calculated using the surface approximation equation.
The error in X so defined is then a percentage deviation from
the actual value. For the pitch angle, the error as a percentage
is not meaningful (for example, when ¢ = 0). The error was
defined as

€ = % = %¢ (7
where ¢, is the actual value set in the calibration test and ¢c
is the value of the pitéh angle (in degrees) calculated using
the derived surface approximation equation. From an examination
of the relative errors, the selection of using Equation (4a)
and Equation (Sa), rather that Equation (4) and Equation (5),
was made.

The "surfaces”" obtained by drawing straight lines between
data points on a 3D plot of the test data are shown in Figures 9
and 10 together with the “surfaces" obtained by joining the peoints
calculated using Equation (4a) and Equation (5a). The magnitude

of the errors shown graphically in Figure 9 are given in Table

17




III, together with the values of the coefficients used in the
approximation equations.

In the method given in Reference 5 the order of the poly-
nomial approximation can be changed between 1l and 6 for the
dependence on § and between 1 and 6 for the dependence on v,
independently. The plots of Figure 9 and the corresponding
errors in Table III are for the selection which gave the best
results in that the averaged error was least in the range of
velocity and pitch angle anticipated in the probe application.
As indicated in Table III, the range expected in Mach number is
from .3 to .7 and in pitch angle, from 0.0° to 12.0°. The
maximum error within this range was +1.109% in X and 0.417° in
pitch angle, while the average error was -0.061% in X and -0.016°

in pitch angle.

3.3. Temperature Recovery Calibration

Since the probe was to be used to measure losses, requiring
an evaluation of velocity magnitude rather than simply the Mach
number or dimensionless velocity, it was also required to measure
the local flow total temperature.

Even in a flow in which the angle of the velocity wvector
is uniform and known it is difficult to design a probe which
will measure true stagnation temperature to an acceptable ac-
curacy when the Mach number is in the higher subsonic range.

In the present design, advantage was taken of the fine wire
sensor being small and in poor thermal contact with a glassy

insulator. While the "temperature recovery" of the probe was

18




expected to be comparatively high, a calibration to establish

the value of the temperature recovery factor was required never-

theless. In the calibration test a voltage was recorded as the
result of the temperature difference between the combination
probe sensor and the total temperature sensor in the pipe up-
stream of the jet nozzle. (The relation between the output in
millivolts and the temperature in degrees Fahrenheit for a single

sensor referenced to ice point is given in Appendix C.) The

outpdt of the upstream probe was also recorded with reference
to ice point. As the upstream probe was always in a low Mach
number flow (less than 0.2), it was assumed that its output
corresponded to the total temperature of the flow. The voltage
difference between the upstream probe and the combination probe
was then a measure of the departure of the combination probe
temperature from the stagnation temperature.

The "temperature recovery factor", R, is defined as

T, - Ts

R’T%-T—s (8)

where Tp is the temperature indicated by the probe, Ts is the
static temperature, and Tt is the total temperature of the flow.
Since Equation (8) contains the static as well as the
total temperature, one of the two can be expressed in terms of
the other and the Mach number or dimensionless velocity. Using

Equation A(4) and rearranging, Equation (8) becomes

T

P '
T - \9)
t l - x2 + ng

where X is the velocity made dimensionless by dividing by the

19




"limiting" or "stagnation" velocity defined by Equation A(l).
Since X is established by applying the calibration in Section
3.2 to the pneumatic measurements, it is only necessary to know

R in order to determine T, from the temperature T _ indicated by

P
the probe. From the physical arrangement of the probe it is
evident that the thermocouple junction is differently exposed

to the flow at different yaw and pitch angles, and the Mach

number is known to have a major influence on the temperature
recovery factor. However, since the yaw angle is always ad-
justed to zero and the pitch angle and Mach number depend unigquely
on the measured values of § and vy, the recovery factor can also

be approximated as a surface of values depending on § and y;

thus

R = E (3 g 80T} L U (10)
i=1 j=1
The calibration surface obtained from the calibration test
data is shown in Figure ll. The coefficients evaluated from the
data and the resulting percentage errors in the approximation
are given in Table IV. It can be seen that errors of less than

0.8% occur within the range of measurements.

20
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4. APPLICATION

4.1. Verification of the Calibration

Before using the probe for compressor measurements, the
probe was mounted on the free jet again to obtain data with
which to verify the calibration. The probe was aligned with
the flow but Mach number and pitch angle were set remotely and
unknown to the operator. A total of 12 separate conditions
with various combinations of pitch angle and Mach number were
set. The results are shown in Table V. The largest error was

found to be 0.55° in pitch and 0.7% in Mach number.

4.2. Compressor Measurements

The probe can be used in any flow for which conditions
are within the ranges of pitch angle and Mach number covered in
the calibration. 1Its intended application, however, was to de-
termine the flow between blade rows in the compressor shown in
Figure 1. In the compressor annulus, large radial gradients
might be expected to occur (under some cperating conditions) in
pitch angle, yaw angle and Mach number, so that account had to
be taken of the physical separation (0.08 inches) of the probe
pressure and temperature sensors in the radial direction. This
could be done easily since the probe was to be used in radial
surveys and spatial interpolation could be used in reducing the
data.

The procedure adopted was to first interpolate the raw

data obtained for the radial distribution of the temperature
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rise. The data, in the form of the differential voltage between

the probe thermocouple sensor and a similar reference thermo-
couple sensor in the compressor inlet, was interpolated using
an overlapping quadratic technique to obtain the differential
voltage at the locations at which pneumatic data were taken.
The temperature recovery factor was evaluated at each location
using Equation 10 using the locally measured values of § and vy.

The probe temperature T_ was obtained using the measured value

P
of the reference temperature, the interpolated differential
voltage and the thermocouple calibration given in Appendix C.
The stagnation temperature was obtained using Equation 9.

An example of the radial distribution of the temperature
rise across the rotor measured in this way is shown in Figure
12. The corresponding data are given in Table VI.

The uncertainties in the measurements made in the com-
pressor flow field are similar to the uncertainties present in
the probe calibration measurements, since the instrumentation
used was the same. However, the calibration was carried out in
a uniform steady flow whereas the flow field at the rotor exit
is periodic, therefore unsteady. The possible error resulting
from unsteady effects is discussed in Appendix D. For the data
presented here the possible error due to unsteady effects is
negligible. A further evaluation of unsteady effects must be

made for measurements made at higher rotational speeds and flow

Mach numbers.




5. CONCLUSIONS

The combination probe and the method used to represent
its calibration which are described in this report represent
significant improvements over the prototype probe design and
calibration method reported earlier. The pneumatic characteris-
tics of the probe were improved as a result of modifications to
the tip geometry. This allowed the pneumatic characteristics
to be well represented by a polynomial surface approximation.

The polynomial surface approximation technigque used to
represent both the pneumatic and temperature characteristics of
the probe provides a simpler and more accurate technique than
was previously available. Most importantly, however, it allows
the calibration to be applied directly, allowing Mach number
and pitch angle to be calculated from pressure measurements
without the need for iteration.

The improved probe and procedures were well proven in

tests carried out in the compressor.
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Table I. Example of Calibration Raw Data and Stored Data
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~able II. Complete

At Sy Del*a ¥ el dncnneg,
153429 1,5219% ,094289 1332¢2 LI0A42
952952 1.6EM 47738 132766 .2°9<2§
e B
152479 t. 254354 . 065820 A32768 ,79963¢
A2 1470308 .064708 4352 . 299966
, 482799 1.100437 .058lﬂ3 132822 294966
083363 {.825862 454743 b , 298966
153940 174 . 50488 1322 404
.§53194 874459 L4514 432766 , 299629
053360 393? , 043272 A33089 . 309883
354078 7534 048734 133282 .300642
. 153885 200848 437768 132786 299528

Beta Gamen Delta X vel Mrhne
BR LS M g
1R8166 {.420 i i .176367 401822
Q46366 1,359842 120148 176479 480208
LIRBI4? §.277945 112909 {75523 481445
L8785 1492744 105048 17652 481015
488605 11,1039 19786 476698 LU
L8462t 01228y . §94559 176867 L4822
. 129662 951488 485278 .1765%% LA0101S
. 049524 872547 078112 1766 ALY
. 089984 889756 472862 176006 . 199803
.089768 762834 368472 177838 44224
190638 709443 564383 178008 el

Betn Canan Belta X vel Narhne

129498 1.560976 .188094 72 474838
JAU8843  £.587047 179108 208549 47845
117464 1, 448828 {69656 207868 A751469
17659 {.37540¢ 161643 ,207998 , 475498
118104 2 AS 207860 475149
118189 1.19748 JS44N ,207998 475498
148618  i.116688 132673 207864 475149
L9083 . 122621 ! ] 474508
119658 41856 114200 218135 75827
420338 AT ,105637 2 475498
120918 8129900 498246 206412 476486
.1?0918 760417 091948 287864 A7514%
30 . 2024 76457
Betq Deltn X el fachne.
433612 1.576882 207526 249459 592245
Ui Lam lowe otae e
A2 4 .
2933 o 333%:6 A 1501339
429948 1.289714 167028 219159 502265
A2 1.196§7? 154748 2 ,502673
J0294  {.113924 445137 219445 ,502088
150939  1.831496 435063 502573
130993 952756 124885 218903 581648
131433 8778s0 415339 249543 50.5148
132244 .815913 107867 249459 502265
132028 T893 100254 219798 .503903
43138 713837 93752 248774 L904339

25

ELY
-6.900800
-4,900404
-2.700000

§.400080
2.000000
4.300009
4,040040
9.089088
10.5600008
12.000000
14.00000¢
16.00004¢
18. 400400

Ph
=6.000000
-4, 064094
-2.008000

§.008000
2.000000
4.000008
6.90088¢

16.000000
18.500500

Ph{
-6.000090
-4,000000

6,
18.600000

T Tynnel
94, 245824
9,163483
26,285034
96.394561
96.275404
96.257248
96274113
94.247679
9.305878
96.264194
96,291691
96.232944

96.28618

T Tunnel

{
98.004459
98.160324

3

T Teamal
101.86928¢
101949444

i!! 883160
ot 184.997770

102.911664

T Tunnel
102.372920
TR
105.3 8930
£02.441030
102.320728
192, 421459
182,54
182.493950
142. 348540
2%2 379780
2. 435330

T ~ef 3ig¢
90 14317
8. ’00239
o7, {39594
99117498
99,171997

T rof pipe
98.913498
99.483435
99.270958
99. 482744
99546245
99.745392
99.967941

%::.l997l|
Rl
180 693960

140.386980
101,345340

T ref pipe
103.924810

194, 16440
194,119340

T ref pipe
104,256500
{14, 255100

23344
104.33?310
104,326554
104,276930

184358668
5210 10Q 390768

(4. 367624
104.58608
194, 338244
104. 306124
£04.309458

Sct of Reduced Calibration

Trambgrane
?8.811 ¢t
99.392934
9, 107198
97.97262%
97.95£754
98.366467
99. 154404
98.219426
97.9€7942
98.307313
98.269949
97 917454
97.93158¢0

Tcoanbor sde
9s. 594697

9.9

94, 39093!
94,29687%
95.016922
94.894049
94,523123

95. 378284
9S. 469849
96449558

103 914950

il3 891629
143.841960
183.960380
104, 005464
193.777740
193.827368

Tcombor ede
194,148519
194.05800¢
104113464
104, $63950
194,213148
104.148540
194.09%960

104.168958
104.12805¢4
194, 125450
104.020879

104, 093694
103.991520

Data
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Betg
153547
ASA78S
A50440L
149744
, 154294
AS079
ASNS

152389
)
153537
453507
183123

Beto
473006
4719
. 161925

Ganna
1.595344
{. 538058
1.47354
!.094422
{.30064
§1.208719
1.119424
1. 0‘3081

82230y
767834
714844

Table II (Cont'd).

A
1109459

Deltn

268560
250694

1 ve “nchne.
240619 554128
240285 RLxA3
i
.240538 .5?4058
244474 ,683218
87 554408
2:.§97 LT

M (882692
200397 .§51783
. 200285 .6S35144
.23983% .557449
X vel Hnchne

298473 .591329¢
. 258869 599
. 258779 599034
287677 596324
298572 .599540
, 258473 598294
257876 .596t4
257677 596329
257876 596814
.%23;;% .598519
. .599031
, 258671 598786
5% 74731
X val Machne,
g
229793 651463
279746 651444
'ng””' baoact
27935 650566
278652 548806
279574 549589
279198 549997
279793 651463
2 548806
. J% 652539
X vel 9
300445 783508
308573 704686
300428 .784794
N7 . T12828
.30!420 . 704294
. .781538
299734 . 782825
Faaivid J8444
. 299581 702434
{1 X 70334
30039 03384
299504 794933
299840 82724
Complete
26

15'000000

8. "t

i
-6.000000
~4. 000080
-2.000080

1.000000
2,000000
4.000000
6.000000
8.000008
10.000000

T Tunnel
102793450
103984750
103 S9ke0s
103

) .§sz§oo
103.275740
193285160

143.293120
442460

By 193,
103.244540

103. 414670
183.43292¢
103494540

T Tunnel
103.852238
194, 015459
104.126578
104.1484708
104.18909¢
194 .334954
£84.345370
104.32804¢
o |

04.453993
104.567630
104, 612700

T Tunnel
105.776158
145.96022¢
£05.97063¢
196.203314
106.241520
196.335284
106, 380430
106,488080
196, 581850

£2.000008 i0b

14.000000
16. 000044

19,0000 1

Phi
-6.800400
-4.800880

19.900008 ¢

95585330
106.5620969
196.734648

04.264620

T Tennel
147561178

18.651630
18.2A¢840

sef n1pe
104 58553
115, 915249
105. 178149
«0S.a7ﬂ§3|
105.14938¢
145473530
105. 286484
195, 268974
sns 341890

105 33606.

105, 403540
105.39439¢

146615830
106.67412¢

{7 kiRt

147.94481¢

188, 034150
118.066186
108, {56464
168.261184
108, 406594
198.353040
:38.604570
1'8.735A7l
198.758764
199, 78940

{ Pegsg7g¢ 149.4

tl? 799944
109.994768

Tcoaﬁgrvhe
104,53377
104, 2341”0
195, 150280
{04,794C04
194.822668
104,816804
115, 198550
105.1&350!
105.155214
105. 876450
145, 228150
185.199230
105, 058954

Tcomhprabe

185.56
105 798064
105. 950059
106041698

104, 44810
186, 494454

146.560479
. 196, 338994

Tcw&nsrobe
107.R2t628
07.798358
107943920
147.87445¢
147.978348
107.95847¢
148. 10690¢
148.185540
{18, 4154?0
itg A

108, 496900
108.520490

Tconbprabe
L) 11]]

109924914
199.983058
119,087690
110.17778¢
110.32048¢
149, 350870

H i10 184110

119,5642700

Set of Reduced Calibration Data
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"NFFFILIENTS FOR THE “ALIBRATION SURFACE STORED IN FILE COEFOR

{ 2 i 4 i H
67377 = A502 1. 2490T 37677401 -194,830080 917 62366!
029453 236740 -4.044683  -41.071510  -43.770836 -339.013068
476 -4 T3 7.582577  28.097%70  18.016377 -!45.301360

-.119724 2S48 {907 -R. 393289 28.396744 0
.10448S - ST -3.396KR7 12, 7SRT7N 2.119874 18.22 Z
-.lﬁl’? .251335‘ 301612 -4, 67%7’( -3.011742 1,296412

[V oY R ST £ 0

ERRORS(Z) AT EACH POINT

Mach # Pitch # —e——————y

i 2 3 S 5 ? 9 7 0 " 12 2
i M7 - 049 194 .026 < A8 =397 sAU A7 - TRT - kAt | {587 - 287 .S
3 .59 B4 T 440 043 08 -.075 05 -02 42 M8 S - 47
T4 -2 | oM b 2 - -l -4 200 -3 19 - A7y
$ .2 N8 .88 | -, - M6 -2 038 488 e -493 ) 2 179 -2
§ 6 -2 - | 1S 22 388 1S 248 -7k - 252 | 497 SN -.heh
b 139 -4 022 [-.070 41t -.408  -.487 123 AS6  -.164 | -.t64 08 .10
TN -0 075 1002 -.06 AT 042 -.009  gse - 076 | .00 -3 117

i 2 3 ] 5 5 ? 9 9 10 B 12 v

A

Table IV. Temperature Calibration Coefficients and Errors
in Surface Approximation of Calibration Test Data
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(a) End View

. (b) Side View

Figure 5. Free-Jet Calibration Apparatus
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5x48 E5
DISC PRINT. _ HG 78K CHAN. ggg
S/NOE 2
EQ Z
bt —
L
PLOT. VM
40 CH. %)
DIGIT. HP 9830 SCAN. 40 cHE &
SIGNAL o%
| COND. o 2
READER } |SCAN. <~
—= T/C .'
o & | Freq STEADY STATE q
1BM 360 E{ |COUNT. ACQ. SYSTEM
B HIGH SPEED AcQ.
SYSTEM
PLOTTER
DISA
DISC HP 9825A Lov
PRINTER
| TAPE .
. READER
HEWLETT
PACKARD PACER
TAPE 2iMX :
PUNCH COMPUTER ! %
DATEL E 2
AD CONVERT SIGNAL £ Z
COND. -[_ o

Figure 7. Data Acgqguisition System
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Figure 10.
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Surface Approximation for Pitch Angle
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Figure 12 (Cont'd). Results of Probe Surveys in the Compressor
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APPENDIX A. RELATIONSHIP OF PROBE PRESSURE TO FLOW
VELOCITY AND ANGLE (by R. P. Shreeve)

A-~l. Dimensio-less Velocity and Mach Number

The velocity (V) can be made dimensionless by dividing by
the "limiting" or "total" velocity (Vt) which, for a perfect gas

ig given by
v, = /Y2C_T A(l)

where Tt is the total temperature. Vt is the maximum steady velo-
city that the flow can have if the stagnation temperature remains

unchanged since, by definition

v2 'j

and if the flow is accelerated to the limit of T - 0, the velocity

is that given by Equation A(l).

The dimensionless velocity obtained by dividing the velocity
by its limiting value can be viewed as the "Practional Velocity"
or simply the "dimensionless velocity” and is here given the

symbol X; thus
\'
X = A(3)
e

The relationship in Equation A(2) can be seen to give

D 1 - x2

Ty a(4)
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P T e e S S

so that, using isentropic relationships, the ratio of the static

(p) to total pressure (p,) is given by

y
£ . [.T-]VIT - [1- 27T A(5)
Py (Tg
and static (p) to total density (pt) is given by
1 1
o . LY:(I_XZJY—-T A(6)
Pe Py

Using Equation A(2) and the definition of Mach number in a
perfect gas, the relationship between the dimensionless velocity

and Mach number can be shown to be

2 77.&“2

X< = A(7)
1+ Iil M2
or
2
liiﬂz = —}-{—2— A(8)
1-X

Clearly there is a non-linear but one~to-one relationship
between X and M, so that if one is known so, uniquely, is the
other. In compressor and turbine flows it is often more desirable
to work with the dimensionless velocity, X, since it is directly
proportional to the velocity itself until the stagnation tempera-
ture is changed, as across a rotor. The relationships in Equa-

tions A(4), A(S5) and A(6) are also simpler than the corresponding

— i ———
g 2. gt

expressions involving Mach number.
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In representing the calibration of the probe, the dimension-

less velocity, rather than Mach number, was used.

A-2. Probe Pressure Coefficients

The probe geometry is constant and when used is always
adjusted so that the probe is aligned (in yaw) with the flow.
Therefore, by dimensional analysis, the pressure coefficient,

CPn' defined as

Cpp, = —Z;EI— A(9)
where P is the pressure at sensor n, p and M are the static
pressure and Mach number respectively of the oncoming flow, and
Yy is the ratio of specific heats, can be only a function of the
Mach number, pitch angle (¢) and Reynolds Number (Re), if a per-
fect gas and uniform flow are assumed.

As a consequence, the difference between the pressure

coefficients at two sensors, m and n, defined as

c c c ’mn " Pn A(10)
Pmn Pm Pn §pn2
must also be only a function of Re' M and ¢.
The Equation A(10) can be rewritten as
P - P P P
m n m t 2 )
C = |55l |— A(ll)
Pmn [ Pm ) [p"-] [p] {YMJ

where P, is the stagnation pressure. Using Equation A(S) and

Equation A(8), Equation A(ll) can be expressed as
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P, = P P
m n mt 1
C [—_5—___1 [52} S A(l2)

where v is an explicit function of the dimensionless velocity

{(or Mach number):; namely,

1
v = [T}I) x2 [1 - xz}Y‘I A(13)
Consequently, using Equation A(l2), in general

Pm = Pp _ CPmn
Pp (Pp/Py)

where the quantities on the left hand side invelve only the sensor
measurements and where it is known that CPmn depends on Re' M (or
X) and ¢, and v(X) is given explicitly by Equation A(l13). From
Equation A(9), Equation A(5) and Equation A(7) it must follow
also that the ratio pm/pt depends only on Ry, M and ¢

In principle, from an examination of Equation A(14), four
independent sensors are necessary in order to calibrate a pres-
sure probe uniquely for variations in M, Re and ¢. The present

probe, when rotated to balance P,y and P, (approximately) has only

three independent measurements; namely, Py P33 and Py where
Py3 is the pneumatic average of the nearly-equal pressures p,
and P3- Only two independent parameters of the type in Equation

A(l14) can therefore be written. They are defined as

P, - P
3 = ._1.____22 A(lS)
Py
and
Py - P
§ = L4 A(16)
Py
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where an alternate for either one is obtained in the ratio

8§ _P1 7Py
Y=r By - B3 A(17)

However, the geometry of the sensors is such that the
effect of Reynolds number on the pressure coefficients should be
extremely small in the range of Mach number of interest, and this

has been verified experimentally (Reference 6 ). Therefore, in

principle, calibration is required to establish the relationships

B = B(X,9) A(18)
and

§ = §(X,9) A(19)
or

Yy = v(X,9). A(20)

The selection of 8, § or vy is not arbitrary because it

involves a selection between different sensitivities. For example,

from Equation A(14)

P; ~ P23 _ Cp12

B = . \)(X)

Since Cpy3 will probably not be strongly sensitive to Mach number,
and (pl/pt) will be very close to unity for moderate pitch angles,
B is a direct measure of the function v(X) and therefore of the
Mach number, with a second order dependence on pitch angle. 1In

contrast

Py “ Py _ Cpig

d =
P; - P23 ©p32

48




- -- < 2T o A iR T T Sy i

will not depend much on Mach number but, through CPl4' because of
the orientation of the sensors, will be highly sensitive to pitch
angle. The quantity Yy, given by

Py =Py Cpyg

L Y T

will again be directly a measure of Mach number but, because

of Cpigq’ will also be strongly dependent on pitch angle.
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APPENDIX B. DATA ACQUISITION AND REDUCTIONM

B-1. Data Acquisition Using BASIC Program AQCPRB

The data acquisition was carried out using a Hewlett
Packard Model 9830A Calculator as controller. BASIC language
program AQCPRB was written and stored on mass storage platter
PL-001. A program listing is given in Section B-3.1l.

The connections of the instrumentation shown in Figure 6
to the data acquisition system shown in Figure 7 are given in
Table B-I. The data files containing the raw data stored on

PL-001 are given in Table B-II.

B-2. Data Reduction Using FORTRAN Programs REST2 and COEFS

The data reduction was carried out using a Hewlett
Packard Model HPZ21IMX computer (Figure 7). First, the data
files given in Table B~II were transferred to the HP21MX using
the system utility FORTRAN program X9830 (stored on cartridge
28) on the HP21MX, and BASIC program 9830X on the HPS830A. The
data file names were retained on the HP2IMX.

Second, Program REST2 (cartridge 28) was used to collect
the raw data files, reduce the data to pressure coefficients,
temperatures and recovery factors, and then to store the re-~
duced data in a single large data file CALNEW (on cartridge 28).
The complete reduced data in CALNEW are shown in Table B-III

and the listing of program REST2 is given in Section B-3.2.

50




The process of obtaining the coefficients of surface
approximations to the calibration data was carried out using
program COEFS (on cartridge 28) which is listed in Section
B-3.3. The program reads the reduced data file CALNEW into
an array. The surface approximation procedure is carried out
for the dimensionless velocity X, the pitch angle, or the
temperature recovery factor as required; one at a time. Which-
ever is required must be specified in all the statements which
carry an asterisk in column #73. (In the listing in Section
B.3.3 it is the pitch angle).

To output the plot correctly, the statements with aster-
isks in columns #73 and #74 must be edited to adjust the range
of the Z-axis.

The order of the approximation is input by the operator
and can be varied interactively up to an order of 6 for both
independent variables. The coefficients for the approximations
and the errors for each data point (see Equations 4, 5 and 10)
are printed and plotted and the operator is asked for a name

for the file in which to store the coefficients.

B-~-3. Program Listings

The following pages contain:
B-3.1 Basic Program ACQPRB
B~3.2 Fortran Program REST2

B-3.3 Fortran Program COEFS.
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B-3.2. Fortran Program REST2
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TURBOPROPULSICN LABORATORY

HP9830/21 MX Data Acquisition

Port/Channel Assignments

Tost Probe Cal

Run ‘lo.

—

late_6/12/81

New T.C. New dodge probe in & 1/4” free jet--straight T Probe in pipe
SCANNER #1 SCANNER =2 3CANNER =2

S.V. #1 V. % ch ch ch
bl 0 J ac
p: PA - PA 1 1 41
3 2 2 42
4 _Pcal - PA 3 3 43
E 4 4 G
q Pl ~ PA 5 3 43
K 6 S JTpyng " J IT 47

P23 - PA 7 7 [Ty £ L7 37

9 8 SAT(Ts =T i.a)]43
1q P4 ~ PA 9 3 y ] 42
1] 10 10] R7 x 10° = Mv}5<
12 Pt Tun - PA 11 11 51
1 12 12 52
1 13 13 531
15 14 13 4]
16 15 15 $s;
17 R7x10 > = in H-0 16 16 S,
1 17 17 57!
19 18 18 561
20 19 19 521
21 20 20 €C:
2 21 21 61
23 22 22 62
24 23 23 63
25 24 24 3
24 25|P Baro 25 65
2 26 [R7x10 *~in Hg |26 66
2 27 Abs. 27 67
2 28 28 68
ks 29 29 69
3) 30 30 70
32 Calib. 31 Calib. 31 Calib. - 71
3 inches H70 32 321 according 72
34 = volts x 105 33[= volts x 0% 133 to 73
35 34 341 ¢} coyple 174
36 35 33 type 75
3 36 36 7&
3 37 37 77
39 38 38 78
40 39 39 79
4
4
4
4
49
46
Ly |
48

Table B-I.

Measurements are in Volts

TPL 4/01/81

Calibration Test Instrumentation Connections
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SAmta  DELTA
MCH MMBFR =

1.321652 812882

{15879 1773556 .1327h
(1320334 -2, 00608
1 L
' §2= § 4.008008 |

1.397180 4736720
1,318777 . 1695280
1.254386 065829

{,1703085 296170n§ A
{.100437 .4SBOO34 .

. 1852776
725491 0781417

472864
7528361 . 0684725

7894432 .0643.27_,

HACH MUMBER =
1.56897 1880944

.3778360 1056373
R124999 1982455
7604467 0919478

7437872 .085932”

MACH MUMBER =

1.576802 2075264
1,513386 1781208

XVFL PHL

4332524 -6, 00000

58 ~4.30008

. 980
43300 9 14, ooucu i, 228
332521 16. 00900 9848
1327658 18.10000

763543 -6.00008
1768679 -4.00000
1768674 -2, 84400
4761789 0000000 .
1765233 2. 0“0“ .

) 89
768670 8.000008 .

1765233 19.00000 .
,1766954 12.00000 ,
7 1760063 14.00000 .
4770385 16.00800 734920
4769463 18.00000 .

2075839 8.00000

.2081361 10, N“l .
,2979984 12. 40000 .
2084418 14.00000 .

RECF

9947194

MBAT76

.?8!33"

.8243995
7210634

2077222 -6. 00000 9853579

2478645 -2,400¢8 .
m 3:78503 g 333033 '
' unoni
.vu7asa; S 118040

2078605 16.00000 7861048

.2082744 18.00008 .

,2191589 -6.00000 .
2190318 -4,00000 .

2194147 5.000048 .
4 2192849 8.200000 9918269
..i0902§ i0.00000 .
2195426 2. 0.0“ .
.2191589 14.40008 .
.2197979 16.00800 .
.2187743 1800448 .

Table B-III.

NACH WUMBER =
i, ?9“3! 2448943

"YACH MUMBER =
1.609135 2783892

t,541706 3195823
{.5824654 3039544
i SBb25s 2884830

5

2406194 -5.00000
2402852 -4,30000

. 2403966 -2.,00060

(2406194 1,30009¢

.2485079 2.000000
775 2401736 4.000060

2407306 5.000600

2493966 8.000900

.2402852 14,00000

2584729 -6.00000 |
.25RB692 -4,00900 .

/7954484

1944553

L 7966950

9944392

.99800%6

.9921237

9945485
99615605

9 2399504 12.00008 .
2 2403966 14.00008 .
L24028S0 6. 00000 .

’398386 18.00000 9896863

.2587702 -2,00000

.2576768 0.00080¢

, 9945447
1957434

(2585720 2, 008000 7970744

.2584729 4,008000

.2578764 b6.006000

/2576768 8.000000
5 2578761 10.00000

0796194 -6.0000¢

.2795326 -4.00000

.2797938 -2.00008

]
.9981823
(7965474
9923249
9940448
. 99}?972

72 2586741 16.00009
7.2579757 18.00060

9947754
7985398

991137

.9996718
]73757
979744
995771
99604102
9931526
9932418

278417 3.000080 959774
3785742 10.00000
2791977 12.00060

.279hb47

gt 2841394 18 N“.

3004455 -6.00000

878 .3085725 -4, 08800
327 3004284 -2.00084 4. “0791
2997335 0.000008 9969914

9967135
.9935628
{ ."7‘77930 H MO" 9932035
0 9948740
9944334

7980165

9977407

864542 . 3004204 2 ooouoo 19952534
7993545 4.000000 .
997335 5. oooooo 994375

[T248764 1554063

3000392 12, 00800 .
.3000394 :4 ooooo .
2995039 16. 00000

7998499 13 aco'a )

Reduced Calibration Data
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APPENDIX C. CHROMEL-~CONSTANTAN THERMOCOUPLE

QUTPUT APPROXIMATION

The relationship between the millivolt output of the
Type E (Chromel-Constantan) thermocouple element and the tem-
perature is given by the manufacturer (Omega Engineering,
Inc., P.O. Box 4047, Stamford, Connecticut, 06907) from NBS
Standard tables. For a range of 0° to 170° Fahrenheit the
temperature as a function of the voltage was approximated by
a second order polynomial using the method of least squares.
Figure Cl shows the approximation together with the coeffi-
cients for the curve. The second order approximation in
Figure Cl was used in the data reduction programs for the

probe.
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"Ei= TYPC THERMOCOUPLE -
COEFFICICNS FOR PPROIAATION ASE :
B = .55

Bi = N.5800
12 «-4.3%801

dinas:

Figure Cl. Chromel-Constantan Thermocouple
Voltage Output vs Temperature
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APPENDIX D. PNEUMATIC AVERAGING

OF UNSTEADY PRESSURES

Other investigators have questioned whether a pneumatic
probe measures the correct time average value of the impact
pressure in an unsteady flow (References 7 and 8). It is clear
that the possible error in the probe measurement will depend on
the relationship between the average pressure level and the
unsteady departures therefrom. Weyer, in Reference 7, has
measured the magnitude of the error for a particular wave form.
In order to get an idea of the error which might be involved if
the measurement of Pl was taken to be the time-averaged total
pressure, the unsteady pressure distribution in the measuring
plane of the probe was observed in the compressor. Figure D1
shows the pressure distribution measured behind the compressor
rotor using a simple impact pressure probe incorporating a
Kulite semiconductor transducer at the tip. Rotor rotational
speed was 15,200 rpm, resulting in a (blade-passing) £frequency
of 4,56 Khz in the pressure variation. Using the notation of
Reference 7, the characteristics of the signal were determined
to be the following:

Time average value of the pressure, 51 = 434" H,0

Peak-to-peak amplitude of the pressures,

(l’m.x - Pmin) - 2P1a = 16" H,0

Ratio of wave amplitude to mean value,

2P1a

= 0.037
F)
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Figure D2 (from Reference 7) shows the relationship between
the error which was measured for a particular pneumatic probe,
the frequency, the pressure level and the amplitude of the pres-
sure changes for the particular wave shape indicated in the
figure. 1It is observed that the frequency involved in the
present measurements exceeds the range given in Figure D2, and
that the value of 2Pla/§i was also very much smaller.

Similar comparisons between the pressure readings P2 and
P3 and corresponding Kulite probe measurements showed that for
these sensors 2Pla/§1 was even smaller, thus any error in the
averaging of P2 and P3 should be negligible.

An equivalent Kulite probe for P4 did not exist, so that
a comparison for this sensor could not be made. However, since
the tube for P4 is inclined at an angle to the flow comparable
to those of P2 and P3, it can reasonably be assumed that the
conclusions are similar.

For operating conditions at higher speeds and flow rates,
the above conclusions must be reexamined for the time-varying
rotor exit conditions then measured. Whereas the data in Figure
D2 suggest that the error becomes small at higher frequencies,
it was shown in Reference 9 that measurable errors could occur
at 3 - 8 Khz in particular pneumatic systems if the wave form
was sufficiently extreme (implying large values of the parameter

2P1a/Fi).
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Figure D1. Kulite Probe Measurement of the Pressure Seen by the
Pl Sensor at the Rotor Exit
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Fiqure D2.

0 10 20 30 kHz 40

f ————

Relative Etrror in the Pressure Measurement Using
Conventional Pneumatic Measurement Systems
pDepending on the Frequency for Two Different

Pressure Amplitudes (measurement hole diameter:
0.028", sharp edge)

(Reproduced from Ref. 7.)

enbriateh




10.

LIST OF REFERENCES

Dodge, F. J., Development of _a Temperature-Pneumatlc Probe
and Application at the ROtor Exit in a Transonic ~Compres-—
sor, M.5. Thesis, Naval Postgraduate School, Monterey,
California, June 1976.

Hawkins, W. R., Determination of the Blade-Element Perfor-
mance of a_ Small Transonic Rotor, M.S. Thesis, Naval Post-
graduate School, Monterey, California, December 1976.

Shreeve, R. P., Dodge, F. J., Hawkins, W. R., and Larson,
V. J., "Probe Measurements of Velocity and Losses from a
Small Axial Transonic Rotor," AIAA Paper No. 78-1198.

Shreeve, R. P., Anderson, D. J., and Olson, J. A., "Cali-
bration and Application of Multiple-Sensor Pneumatic Probes
for Velocity Determination with Corrections for Boundary
Effects," AIAA Paper No. 76-273.

Naval Postgraduate School Contractor Report NPS67-80-001CR,
Procedure and Computer Program for the Approximation of
Data‘TW1th Application to Multiple Sensor Probes), by H.
Zebner, August 1980.

Cina, Frank S., Subsonic Cascade Wind Tunnel Tests Using A
Compressor Configuration of DCA Blades, M.S. Thesis, Naval
Postgraduate School, Monterey, California, June 1981.

Weyer, H., Bestimmung der zeitlichen Druckmittelwerte in
stark fluktuierender Stromung, insbesondere 1in Turbomaschinen
[The Determination of Tair Tlme-Welghtéa’Average Pressures in
Strongly Fluctuating Flows, Especially in Turbomachines],
Deutsche Forschungs- und Versuchsanstalt fur Luft- und
Raumfahrt, Forschungsbericht 74-34, 1974.

Krause, L. N., Dudzinski, T. J., and Johnson, R. C., "Total
Pressure Averaging in Pulsating Flows, Instrumentation for
Airbreathing Propulsion,” edited by A. E. Fuhs and M. Kingery
for AIAA series, Progress in Astronautics and Aeronautics,
Volume 34, M.I.T. Press, 1974,

Larson, V. J., Unsteady Effects on the Measurement of Total
Pressure in Rotating Machines, Naval Postgraduate School

M.S. Thesis, §ept€ﬁger 1377,

Aerodynamic Design of Axial Flow Compressors, NASA SP-36,

77




DISTRIBUTION LIST

Library

Code 0212

Naval Postgraduate School
Monterey, California 93940

Office of Research Administration
Code 012A

Naval Postgraduate School
Monterey, California 93940

Chairman

Code 67

Department of Aeronautics
Naval Postgraduate School
Monterey, California 93940

Director, Turbopropulsion Laboratory
Department of Aeronautics

Naval Postgraduate School

Monterey, California 93940

Dr. Gerhard Heiche

Naval Air Systems Command
Code AIR-310

Navy Department
Washington, D.C. 20360

Mr. Karl H. Guttmann
Naval Air Systems Command
Code AIR-330

Navy Department
Washington, D.C. 20360

Dr. A. D. Wood

Office of Naval Research
800 North Quincy Street
Arlington, Virginia 22217

Commanding Officer

Naval Air Propulsion Test Center
Attn: Mr. Vernon Lubosky
Trenton, New Jersey 08628

78

No. of Copies J

4

30




10.

11.

12,

13.

14.

15.

16.

17.

18.

National Aeronautics & Space Administration
Lewis Research Center (Library)

2100 Brookpark Road

Cleveland, Ohio 44135

CAG Library
The Boeing Company
Seattle, Washington 98124

Library

General Electric Company

Aircraft Engine Technology Division
DTO Mail Drop H43

Cincinnati, Ohio 45215

Library

Pratt and Whitney Aircraft
Post Office Box 2691

West Palm Beach, Florida 33402

Library
Pratt and Whitney Aircraft
East Hartford, Connecticut 06108

Chief, Fan and Compressor Branch
Mail Stop 5-9

NASA Lewis Research Center

2100 Brookpark Road

Cleveland, Ohio 44135

Prof. D. Adler

Technion Israel Institute of Technology
Department of Mechanical Engineering
Haifa 32000

ISRAEL

Director, Whittle Laboratory
Department of Engineering
Cambridge University

ENGLAND

Prof. F. A. E. Breugelmans

Institut von Karman de la Dynamique
des Fluides

72 Chausee de Waterloo

1640 Rhode-St. Genese

BELGIUM

Library

Air Research Mfg. Corporation
Division of Garrett Corporation
402 South 36th Street

Phoenix, Arizona 85034

79

el




19.

20.

2.

22.

23.

24.

25,

26.

27.

28.

Prof. Jacques Chauvin
Universite D'Aix-Marseille
1 Rue Honnorat

Marseille, FRANCE

Mr. James V. Davis
Teledyne CAE

1330 Laskey Road
Toledo, Ohio 43601

Dr. Robert P. Dring

United Technologies Research Labs -
400 Main Street

Hartford, Connecticut 06108

Mr. Jean Fabri

ONERA

29, Ave. de la Division Leclerc
92 Chatillon

FRANCE

Prof. Dr. Ing Heinz E. Gallus

Lehrstuhl und Institut fur Strahlantiebe
und Turbourbeitsmashinen

Rhein.~Westf. Techn. Hochschule Aachen

Templergraben 55

5100 Aachen, WEST GERMANY

Professor J. P. Gostelow

School of Mechanical Engineering

The New South Wales Institute of Technology
AUSTRALIA

Dr. Ing. Hans-J. Heinemann
DFVLR=-AVA

Bunsenstrasse 10

3400 Gottingen, WEST GERMANY

Professor Ch. Hirsch
Vrije Universiteit Brussel
Pleinlaan 2

1050 Brussels, BELGIUM

Chairman

Aeronautics and Astronautics Department
31-265 Massachusetts Institute of Technology
Cambridge, Massaciusetts 02139

Dr. B. Lakshminarayana

Professor of Aerospace Engineering
The Pennsylvania State University
233 Hammond Building

University Park, Pennsylvania 16802

80




29,

30.

3l.

32.

33.

34.

35.

36.

37.

Mr. R. A. Langworthy

Army Aviation Material Laboratories
Department of the Army

Fort Eustis, Virginia 23604

Prof. Gordor C. Oates

Department c¢f Aeronautics and Astronautics
University o Washington

Seattle, Washington 98105

Prof. Walter F. O'Brian

Mechanical Engineering Department

Virginia Polytechnic Institute &
State University

Blacksburg, Virginia 24061

Dr. W. Schlachter

Brown, Boveri-Sulzer Turbomachinery Ltd.
Dept. TDE

Escher Wyss Platz

CH-8023 2Zurich, SWITZERLAND

Prof. T. H. Okiishi

Professor of Mechanical Engineering
208 Mechanical Engineering Building
Iowa State University

Ames, Iowa 50011

Dr. Fernando Sisto

Professor & Head of Mechanical Engineering
Department

Stevens Institute of Technology

Castle Point, Hoboken, New Jersey 07030

Dr. Leroy H. Smith, Jr.

Manager, Compressor and Fan
Technology Operation

General Electric Company

Aircraft Engine Technology Division

DTO Mail Drop H43

Cincinnati, Ohio 45215

Dr. W. Tabakoff

Professor, Department of Aerospace
Engineering

University of Cincinnati

Cincinnati, Ohio 45221

Mr. P. Tramm

Manager, Research Labs

Detroit Diesel Allison Division
General Motors

P.O. Box 894

Indianapolis, Indiana 46206

81




o

38.

39.

40.

41.

42.

43.

44.

45.

Prof. Dr. W. Traupel

Institut fur Thermische Turbomaschinen
Eidg. Technische Hochschule
Sonneggstrasse 3

8006 Zurich, SWITZERLAND

Dr. Arthur J. Wennerstrom
ARL/LF

Wright-Patterson AFB
Dayton, Ohio 45433

Dr. H. Weyer
DFVLR

Linder Hohe
505 Porz-Wahn
WEST GERMANY

Mr. P. F, Yagagy

Director

U.S. Army Aeronautical Research Laboratory
AMES Research Center

Moffett Field, California 94035

Prof. C. H. Wu
P.0. Box 2706
Beijing 100080
CHIMA

Director

Gas Turbine Establishment
P.0O. Box 305

Jiangyou County

Sichuan Province

CHINA

Professor Leonhard Fottner

Department of Aeronautics and Astronautics
German Armed Forces University

Hochschule des Bundeswehr

Werner Heisenbergweg 39

8014 Neubiberg near Munich

WEST GERMANY

BDM Corporation

P.0. Box 2019
Monterey, California 93940

82







