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SUMMARY

A periodically sampling hot-wire measurement system was used to
obtain numerous periodic-average (electronically and arithmetically
averaged values of periodically sampled data) three-dimensional ve-
locity vector data for flow through the first stage (inlet guide
vane, rotor, and stator rows) of a low-speed, multistage, axial-flow
research compressor. New data are presented for the maximum noise
circumferential position of the first stator blade row. Comparisons
are made between these data and similar data previously acquired and
reported for the minimum noise configuration of the compressor. The
inlet guide vane (IGV) wake avenue was found to intersect first stator
row blades at two span locations, one near the hub and the other near
the tip, for maximum noise and at only one span location, near mid-
span, for minimim noise. This difference in IGV wake / stator leading
edge intersection patterns resulted in variations of the first stator
exit flow deviation angle near the hub and tip portions of the com-
pressor annulus. These variations were explained in terms of the
larger fluctuations of stator inlet flow associated with the inlet
guide vane wake avenues. The difference in IGV wake / stator leading
edge interaction patterns was also judged to be consistent with the
related level of compressor inlet noise. Blade-to-blade plane and
hub-to-tip cross-section drawings showing blade wake locations and
interaction patterns are included to aid data interpretation and
comparison. In addition, examples of three-dimensional hub-to-tip

velocity vector sheet drawings of blade row exit flow are shown.
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unit vector along hot-wire sensor (Figure 3.2)

effective cooling velocity/actual velocity ratio corre-
lation coefficients

blade chord iength (Figure 2.3), m

linearized anemometer bridge voltage, volts
local acceleration of gravity, 9.8026 m/s2
gravitational constant, 1.0 kgm/Ns2
barometric pressure (Equation 7.1), N/m2
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gas constant, Nm/kgoK

rotor rotational speed, rpm

compressor coordinate system (Figure 3.4)

circumferential space between blades, blade pitch
(Figure 2.3), m or degrees

temperature, %k

barometer ambient temperature, °k

blade section maximum thickness (Figure 2.3), m
rotor blade velocity (Equation 7.6), m/s A
absolute velocity (Figure 3.4), m/s

relative velocity (Equation 7.18), m/s

hot-wire effective cooling velocity (Equation 3.5), m/s

axial component of fluid velocity (Figure 3.4; Equation
7.16), m/s

tangential component of absolute fluid velocity (Figure
3.4; Equation 7.17), m/s
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tangential component of relative fluid velocity (Equation

7.19), m/s

circumferential traversing position (Figure 2.5), degrees

blace row circumferential setting position when Y is equal

hot-wire probe coordinates fixed to probe (Figure 3.2) 1

to zero, circumferential distance from the probe traversing
measurement stations to reterence blade stacking axis, posi-
tive in the direction of rotation (Figure 2.5), degrees '

sensor yaw angle, angle between the velocity vector and

hot-wire sensor (Figure 3.2; Equation 3.4), degrees

approximate tangential flow angle (Figure 3.3), degrees
radial flow angle (Figure 3.4; Equation 7.14), degrees

absolute tangential flow angle with respect to axial direc-
tion (Figure 3.3; Equation 7.13), degrees

relative tangential flow angle with respect to axial direc- b
tion (Equation 7.20), degrees

blade stagger angle (Figure 2.3), degrees

specific weight of water (Equation 7.3), N/m

3

specific weight of mercury, N/m3

total head~rise across the compressor, m of air

differential
pressure and

differential
vector sheet

vector sheet

pressure between calibration nozzle plenum
atmospheric pressure, m of water

pressure across venturi, m of water
viewing angle (Figure 4.12), degrees

viewing angle (Figure 4.12), degrees !

hot-wire sensor angle with respect to a plane normal to
the probe axis (Figure 3.2), degrees

measurement off-set angle (Figure 3.3), degrees

probe pitch angle (Figure 3.2), degrees

probe yaw angle (Figure 3.2), degrees
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1. INTRODUCTION

An important facet of turbomachine design requiring further im-
provement invoives the intelligent resolution of unsteady flow related
problems (see, for example, Reference 1). How to properly manage the
influences of the unsteadiness of turbomachine fluid flows on the aero-
dynamic and aeroelastic performance of such machines is not yet well
known.

The periodic flow unsteadiness due to blade wake transport and
interaction is of particular interest in considering discrete fre-
quency noise generation, forced blade vibration, and energy transfer
in turbomachines. For example, Schmidt and Okiishi [2]* observed
that large variations in compressor inlet noise level resulted from
changing only the relative circumferential positions of the stationary
blade rows of a low-speed, three-stage, axial-flow research compressor.
Unique (see Table 1.1) stator blade row circumferential positions were
discovered to exist for the minimum and for the maximum inlet noise
levels (see Table 1.2). A narrow band noise spectrum comparison (2]
indicated that noise variations occurred ﬁainly in the large peaks
appearing at the blade passing frequency (887 Hz) and second harmonic
frequency. As noted by Walker and Oliver [3], similar compressor inlet
noise variations with changes in stationary blade row relative circum-
ferential positioning were observed by some Australian researchers

working with a single-stage compressor (inlet guide vane, rotor and

*Numbers in brackets indicate references, which are listed in section 6.

LA eey T

bis

ST

NS

L M";‘u e : AT

—m



—

Table 1.1. Stationary blade-row circumferential placement schedules
for minimum and maximum noise.

Blade-row Schedule

Third
Noise IGV First Stator Second Stator Stator
Level YOIGV/SS YOlS/SS YOZS/!:S YOBS/SS
Minimum
sound 0.000 0.17 0.56 0.77
Maximum
sound 0.000 0.59 0.14 0.15

Table 1.2. OQOverall and octave band levels of compressor inlet noise
for minimum and maximum noise blade-row schedules.

Minimum Noise Maximum Noise
Blade-row Blade-row
Schedule Schedule
Overall SPL (flat) 101.0 dB ? 112.5 dB
500 Hz octave band SPL 92.5 dB 98.5 dB
1000 Hz octave band SPL 96.5 dB 112.8 dB
Other octave band SPL Insignificant difference

stator rows). The variations in noise level obtained with changes in

stator row circumferential positioning in both studies could be attrib-

uted to a combination of sound wave pattern interference and stator
blade surface pressure fluctuation differences with the latter cause

being related to the blade wake transport and interaction involved.

e




Other researchers have also dealt with interesting results of
turbomachine blade wake transport and interaction. Smith [4] demon-
strated with some low-speed, multistage, axial-flow compressor data
3 how hot-wire sensed first rotor periodic exit flow patterns varied
considerably with wire circumferential position relative to an inlet
guide vane wake avenue. He further noted that the hot-wire sensed
flow patterns behind the third rotor could also be altered signifi-
cantly by moving the inlet guide vanes circumferentially relative to

the hot-wire sensor. These data were used by Smith [4] to serve as

evidence of his wake-chopping, -transport, and -modification model.
! [
Kerrebrock and Mikolajczak [5] proposed a wake transport theory to

explain observed stator exist flow stagnation temperature nonuniform-

ities in the circumferential direction. Gallus et al. [6] presented
data illustrating large periodic variations in compressor blade and
casing surface pressures with sequential changes in rotor blade sampling

position. Schmidt and Okiishi [2] and Wagner and Okiishi [7] reported

data showing appreciable periodic variations of velocity vectors in

the exit flows of a rotor preceded upstream by an inlet guide vane row

and of a stator row downstream of a rotor. These observations could

be explained in terms of tfansport models like the ones proposed by ; f
Smith [4] and Kerrebrock and Mikolajczak [5].
|
i

The primary intent of the research reported here was to develop

further knowledge about turbomachine blade wake transport and interaction.

ik,

In order to accomplish this objective, new periodic-average velocity data u

were obtained for the maximum noise configuration of the first stage of

e T G

the Iowa State research compressor. These data were compared with similar

& st




e

data obtained earlier with the minimum noise set-up of the research
compressor. Some interesting results were observed. Details are

included in the following sections.

T T




2. RESEARCH COMPRESSOR FACILITY

The research compressor facility of the Iowa State University
Engineering Research Institute / Mechanical Engineering Department
Turbomachinery Components Research Laboratory was used in this re-
search program. Since this facility has been described in detail }
previously [2,7], only a summary of pertinent information will be

repeated here.

ale

2.1. Axial-Flow Research Compressor

A sketch of the low-speed, three-stage, axial-flow research

compressor test rig appears in Figure 2.1. The rig consisted of a

driving motor, compressor section, air straightening section, Venturi
flow-meter, diffuser section and adjustable throttle plate. The
driving motor was an 11 kW (15 hp) variable speed (300-3000 RPM)
DC motor. Motor speed was electronically adjusted and maintained ‘ '
to within *1 RPM with a feedback-type control circuit. The speed
was measufed with a magnetic pickup / frequency counter arrangement.
. The compressor section, illustrated in more detail in Figure ;
2.2, consisted of a smooth, gradually contracting inlet passage f S
* followed by a constant cross-sectional area annulus containing an E
inlet guide vane (IGV) row and three identical rotor/stator stages.
The compressor flow path involved constant hub and tip diameters of i P

0.285 m (11.2 in.) and 0.406 m (16.0 in.), respectively, resulting 3

in a hub/tip radius ratio of 0.7. The blades were composed of British 3
C4 sections reflecting a free vortex design and were made of a Monsanto

ABS plastic. General blade characteristics are given below:

'
4= SR

. i, 4 4
- ‘ et
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Figure 2.2,Research compressor with probe measurement stations.
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Number of blades per row IGV and stator rows - 37
rotor rows - 38

Blade span (constant) 6.10 cm (2.4 in.)

Blade chord (constant); c 3.05 em (1.2 in.)

Blade section maximum 107

thickness / chord ratio,

t /c

max

Blade section geometry details are listed in Table 2.1 with
the nomenclature defined in Figure 2.3.

The IGV and stator blade rows each consisted of 37 blades can-
tilevered inward from the outer casing on a circumferentially movable
ring. A motorized circumferential-motion carriage attached to the
compressor frame could be used to simultaneously move all four sta-
tionary blade row rings circumferentially. Each blade row could be
independently positioned circumferentially relative to the others
within the carriage. Scales were attached to each blade row ring so
that precise positioning could be obtained. Each rotor row consisted
of 38 bla&es cantilevered outward from hub rings that were aligned
and fixed so that the stacking axes of the corresponding rotor blades
in each row were in line when viewed along the compressor axis.

.The axial location of each probe measurement station is shown
in Figure 2.4. The measurement stations were approximately midway
between blade rows. As shown in Figure 2.5 for the first stage only,
these measurement stations were aligned axially in the compressor.
Measurements at each station were made through one access hole only.,
Circumferential traversing of the flow was accomplished by moving all

blades in the circumferential direction past the stationary probe.

R e

Bt




Figure 2.3, Blade nomenclature.

Table 2,1. Blade geometry for IGV, rotor and stator blade sections at
several radial locations.

Blade Angles

plveiviony Inlet OQutlet Camb
, amber
Blade P;::g;uﬂt. Solidity Stagger KI »{2 5 = K‘2
Row PHH c/S &

degrees degrees degrees degrees

0 1.263 20.35 0.00 42.10 -42.10

10 1.211 20.05 0.00 40.77 -40.77

20 1.164 19.69 0.00 39.47 -39.47

30 1.121 19.25 0.00 38.23 -38.23

> 40 1.080 18.65 0.00 37.08 -37.08

= 50 1.041 18.15 0.00 36.05 -36.05

60 1.004 17.63 0.00 35.02 -35.02

70 0.971 17.05 0.00 33.93 -33.93

80 0.940 16.45 0.00 32.92 -32.92

90 0.913 15.65 0.00 32.10 -32.10

100 0.887 14.15 0.00 31.40 -31.40

0 1.299 -20,54 -42.40 3.90 -46.30

10 1.250 -24.,39 -44.76 - 2.84 -41.92

20 1.205 -28.11 =46 .85 - 9.51 -37.34

30 1.164 -31.70 -48.53 -15.96 -32.57

b 40 1.123 -35.15 -49.82 -21.88 -27.94

o 50 1.078 -38.47 -50.81 -27.06 -23.75

2 60 1.035 -41.66 -51,77 -31.64 -20.13

70 0.999 -44.71 -52.90 -35.78 -17.12

80 0.968 -47.63 -53.98 -39.26 -14.72

90 0.939 -50.41 -54.82 -41.91 -12.91

100 0.909 -53.07 -55.50 -44.10 -11.40

0 1.263 40.24 54.80 26.70 28.10

10 1.211 39.32 53.48 25.67 27.81

20 1.164 38.39 52.36 24,68 27.68

30 1.121 37.46 51.43 23.74 27.69

f b 40 1.080 36.54 50.25 22,77 27.48

| g 50 1.041 35.61 48.56 21.72 27.84

: o 60 1.004 34.68 47.13 20.76 26.37

| 70 0.971 33.75 46.65 20.01 26.64

80 0.940 32.83 46.36 19.34 27.02

| 90 0.913 31.90 45.59 18.62 26.97

‘ 100 0.887 30.97 44,50 17.85 26,65
{
!
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Data were obtained for values of Y/SS from 0.0 to 1.0. The circum-
ferential position of all blade rows in the compresscr could be speci-
fied as shown in Figure 2.5. Data were obtained periodically for
particular values of YOR/SR, the circumferential sampling position of

a reference rotor blade.

2.2. Stationary Blade Row and Probe Actuators

The circumferential-motion carriage was used to move the stationary
blades and the periodically sampled rotor blades past the stationary probe
in thirty steps over one stator blade pitch distance. The precise cir-
cumferential position of the carriage was computed from calibrated linear
potentiometer voltage readings.

The immersion and yawing of a measurement probe were accomplished
with an L. C. Smith actuator, control indicator, and switch box. The
probe immersion depth was obtained from a mechanical counter calibrated
to give the distance of the probe from the hub. All span locations
were specified in terms of percent of blade height from the hub. The
| probe yaw angle was discerned from calibrated potentiometer output volt-
ages. Probe immersion depths and yaw angles could be measured within

0.15 mm and 0.05 degrees, respectively.

2.3. Periodic-Average Measurement System

The periodic sampling measurement system consisted of the following:
(1) single slanted hot-wire probe (Disa model 55P02 Modified)

(2) constant temperature anemometer (Thermo-Systems, Inc, (TSI)
{ model 1010A)
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(3) linearizer (TSI model 1072)

(4) photo-electric triggering circuit
(5) periodic sample-and-hold circuit
(6) signal averaging circuit

(7) multi-channel scanning digital voltmeter (Hewlett-Packard
model 3480 D) 1

(8) desk-top programmable calculator (Hewlett-Packard model
9821 &)

(9) monitoring oscilloscopes (Tektronic, Inc.)

A schematic diagram of this system is shown in Figure 2.6.
The hot-wire probe involved a single platinum-plated wire 5 um
in diameter. The sensing portion of the wire was 1.25 mm long with

copper and gold plating at the ends. The wire was slanted at an angle

O 4 P . .
of 54,7 to the axis of the probe. This peculiar angle results in the

sensor being in three orthogonal orientations when the probe is rotated
in 120° increments around its axis. With the constant temperature
anemometer, it was possible to obtain a direct relationship between

the velocity of the flow as sensed by the wire and the voltage output
from the anemometer. A linearizer made this relationship approximately
linear and expanded the voltage output range.

The photo-electric triggering circuit and the periodic sample- ok
and-hold circuit were specially built in-house for the system. With
these components it was possible to synchronize data sampling with
any particular periodic sampling position of the rotor blades. A
5 usecond sample was acquired each revolution of the rotor. The photo-
electric pickup was attached to the circumferential positioning carriage

so that, as mentioned ecrlier, the periodic rotor sampling position
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relative to the stationary blades did not change as the carriage was
moved circumferentially past the probe. Any specific periodic rotor
sampling position could be obtained by mechanically moving the photo-
electric pickup sensor relative to the circumferential carriage. A
long arm and scale were usad to obtain precise positioning of the
pickup. The rotor samplfng position was measured from the reference
line of the probe measurement stations as shown in Figure 2.5.

A low pass filter with a time constant of 1.0 second was used
to obtain an electronic average of the periodic sample-and-hold
signal. From this averaged signal a specified number of samples were
taken and arithmetically averaged to produce a single electronically
and arithmetically averaged value of periodically sampled data here-
after called periodic-average data.

A multi-channel scanning digital voltmeter (DVM) and a desk-top
programmable calculator were used together to digitize, read, display,
manipulate, and store data. The interfacing enabled the calculator
to selectively read and store voltage values. The calculator had the
capability to record data and programs on cassette tape. All raw data
were stored on tape and reduced at a later time. Extensive use was
made of existing programs for calibration, data acquisition, and
reduction procedures (see Schmidt and Okiishi [2]).

Various oscilloscopes were used to continuously monitor the
hot-wire signal, circumferential position, and the yaw angle orienta-

tion of the probe.

e e
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2.4, Miscellaneous

An air nozzle with a throat diameter of 0.25 inches and a contrac-
tion ratio of 144 to 1 was used to calibrate the hot-wire anemometer
system. The nozzle used regulated compressed air with air temperature
maintained at a desired level with a variable current heater, blower,
and heat exchanger arrangment. The flow at the nozzle exit was uniform
and could be varied between 0 and 50 m/s. A water-in-glass inclined
manometer was used to precisely measure the total-static pressure dif-
ferential across the nozzle.

All working fluid temperatures were obtained with copper-constantan
thermocouples and a precision millivolt potentiometer. Venturi flow-
meter pressures were measured with an inclined water-in-glass manometer.
Ambient and room conditions were measured with mercury-in-glass thermometers i
and a mercury-in-glass barometer. Room air temperature was kept nearly

constant (+0.30 °C) with a thermostatically operated water chiller, blower, }

and heat exchanger system.

-
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3. EXPERIMENTAL PROCEDURE

The experimental procedure used has been described in detail
elsewhere [2,7]. Only salient information is summarized in this
section. All of the data presented here were obtained with the pe-
riodic sampling measurement system previously described. The com-
pressor was operated at 1400 RPM with a flow coefficient of 0.42 as
shown in Figure 3.1. The rotor speed was maintained to within *1
RPM. The flow coefficient was calculated from the Venturi flow-
meter data and ambient conditions once equilibrium was established.
Adjustments of the flow to maintain the reference flow coefficient
value were made by moving the throttle plate at the exit of the

compressor diffuser section.

3.1. Periodic Sampling and Averaging Technique

The flow field within a turbomachine consists of at least two
types of fluctuating flows: a periodically varying one occurring at
the blade passing frequency and a randomly varying one related to
turbulence. By periodically sampling the flow and averaging these
values, it is possible to extract the periodically unsteady flow
information from the total flow situation [8].° This idea is the basis
of the periodic sampling technique used here. Initial testing of this
measurement technique showed that the arithmetié averaging of 180
samples of an electronically averaged periodic signal was sufficient
to obtain reasonably precise periodic-average flow data. Specific

information on the precision of this measurement technique can be

v
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found in Schmidt and Okiishi [2]. The calculator/DVM sampled the
electronically averaged periodic signal 180 times, once every 0.17
second, and then arithmetically averaged these 180 values to obtain
one periodic-average value. During the calculator/DVM sampling time
(about 30 seconds) approximately 700 hot-wire periodic samples were

taken to produce the electronically averaged signal.

3.2. Hot-Wire Velocity Measurement Tecnique

A single slanted hot wire was used to obtain three-dimensional
velocity vector data. Some familiarity with the probe geometry and
sign conventions is necessary to understand this measurement technique.
3.2.1. Probe Geometry

The hot-wire probe configuration sketched in Figure 3.2 shows
the relationship between the probe coordinate system and a velocity
vector &. The z-axis corresponds to the probe axis. The sensing
wire was in the x-z plane. 00 was the angle (35.30) the sensing wire
made with the x-axis. The probe yaw angle, Oy, changed with the amount
of turning about its axis when the probe was rotated, but the probe
pitch angle, Op’ remained the same. The sensor yaw angle, o, was the
angle between the velocity vector V and the sensor wire. The unit
vector A represents the sensor wire orientation. To obtain a rela-
tionship between the various angles, the dot product of the two vectors

was taken:

> > >
A = cos 60 i + sin 90 k (3.1)

e ——
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-
Figure 3.2.Hot-wire configuration relating velocity vector, V, to
hot-wire sensor and probe ceerdinates x, y, z.
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\; =-Vcos O cosO {-Vcos6 sinb i’ - V sin 0 K
p ¥ p ¥ P

(3.2)
» » » -> »
A V= lAHVl cos (180 - o) = —IVl cos 0. cos O cos 6
0 P y
>
- IVI sin ()“ sin ()p (3.3)
. cos a=cos O cos O cos 0 + sin 6 sin 0 (3.4)
0 p y 0 p

3.2.2., LEffective Cooling Velocity

If a hot-wire velocity calibration is done with the probe fixed
- O .
at a sensor yaw angle of 90 to the flow and then this probe is used
T (6] T
to measure velocities at sensor yaw angles other than 90 , the indi-
cated velocity will not be the actual velocity but a so-called effec-
tive cooling velocity, VL. This effective cooling velocity was related

to the lincarized anemometer output voltage, E by the second order

7

equation

Ve=K + K,E, + K - (3.5)

¥ Rofy ® Raky

where KJ' KZ’ and l\’,3 are coefficients determined from a second order

calibration of the wire. The hot-wire measurement technique was based

on knowing the exact relationship between the effective cooling velocity

and the actual velocity. The relationship used by Schmidt and Okiishi §
b
1

[2] was:

V/V=>b.+bo+b,0 +b.v+ba2+b02+bv2+b
2°p 5p 6

¢ 0 1 3 4 e p

7

 ; h8uV + b (J)V (3.6)

91
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The coefficients (b ~b9) in this equation were determined through

0
extensive calibration of the sensor over a range of velocities, yaw

angles, and pitch angles.

3.2.3., Measurement Technique

Hot-wire measurements leading to a single periodic-average velocity
vector were made by taking data at each of three different sensor yaw
angle orientations at a particular point in space.

The probe was first rotated about its axis while monitoring the
hot-wire signal until the angular orientation that produced a minimum
effective cooling velocity (a minimum hot-wire output voltage) was
determined. This occurred when the sensor was approximately in the
same yaw direction as the velocity vector. From this angular orienta-
tion (ﬁmv, see Figure 3.3), three values of probe yaw angle or offset
were used for data sampling. The offset angles, 0 oy B ..y and

a,off b,off
U«-,()H’ shown in Figure 3.3, were found to affect the precision of the
measurement techuique. As recommended by Schmidt and Okiishi [2],

the following of fset angles were used:

(6]
a,off 0
(6]
0b,off e
(8]
Uc,off . =20

For each of these wire orientations, two equations relating the velocity
and- angular orientation of the velocity vector relative to the probe

were obtained. The resulting six equations are:

.

- ——

r
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For position a:

\«'U".‘/V = h() - l)lu.“ + l)z()l) A l),SV + héuuz 7 I)S(J])z + h()V2
+ h7“u“p + bl%”:lv + I)()UPV (3.7
cos o = cos U() cos “p cos Hy,“ + sin [J() sin (ip (3.8)
For position b:
vl_,b/v = by + bjo + l>2up + b,V + I)Aubz + l)r)()pz + b()Vz
+ l)7(xb0p + l)BubV Az I)()UPV (3.9)
cos o = cos D() Ccos ()p cos Uy,h + sin U” sin UP (3.10)
For position c:
V(_’v/v = 1)0 + |)Ifl(‘ + hzup + b.sv + h(‘u(.z + hr)()pz + bhv2
t b7u‘.(Jp + hH“('V + hglij (s )
cos o = cos U” cos U) cos Uy,<' + sin ()0 sin ()p (3.12)

The coefficients (b()-bg) were known from an effective cooling velocity
calibration and the effective cooling velocities, V 5.V , and V 3
e,a e,b e
were values obtained from the measured linearized anemometer output
voltage. The remaining six unknowns, o , ul y &y B .58 5 and V., were
a ) ¢ p y

obtained by solving the six equations involved.

}.3. Calibration Procedures
/

Complete velocity sensing calibration was done with the calibra-

tion nozzle. The probe was positioned one nozzle diameter above the




exit planc. Static pressure at this Jlocation was assumed to be atmos-—
pheric while plenum static wall pressure was assumed to be equal to
the plenum total pressure. The nozzle velocity was calibrated using

the following equation:

vV = (3,13)
where
v = velocity, m/s
o ; ; ) 2
8. = gravitational constant 1.0 kgm/Ns
el ” : 3
Y = gpecific weight of water, N/m
“2() p
AP = differential pressure between plenum pressure and atmospheric
n
pressure, m of water
; ey 3
O = density of air, kg/m

3.3.1. Linearizer Coefficient Calibration

Before the anemometer output voltage can be linearized, a fourth
order fit of the known nozzle velocity versus anemometer output voltage
must be accomplished to obtain values of the linearizer coefficients.
This calibration was done with the wire at 90° to the nozzle flow. The
nozzle velocity was varied from O to 23 m/s. From these data, the fourth
order linearizer coefficients were computed along with percent error of
each data point. Errors were normally less than 0.57 with none greater
than 1.0%. The "zeroth" order term was assumed to be equal to zero.

This calibration was done only once for each new sensor.
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3.3.2. Effective Cooling Velocity Calibration
An extensive calibration of a new sensor was done to determine

the ten coefficients (b(—bg) of the effective cooling velocity/actual

)
velocity relationship. The effective cooling velocity calibration

was done for the following conditions:

Velocity 136 520 190 00 29 8. n)e

Pitch angle -9 to 6, degrees, in increments of 3 degrees
Probe yaw 0 to 90, degrees, in increments of 5 degrees
angle

0 to -90, degrees, in increments of 5 degrees

This is a representative range of conditions expected to be encountered
in the compressor. The probe yaw angle was varied over each of six
pitch angles at each velocity. Separate calibrations were accomplished
for positive and for negative yaw angles due to slight asymmetry of
the hot-wire sensor. The appropriate set of coefficients was then
used in data reduction depending on the sign of the yaw angle. Errors
between the actual velocity and the least squares fit of the data were
generally less than 1.0% with only a few greater than 2.07.
3.3.3. Second Order Velocity Calibration

A second order calibration was frequentiy repcated (each time the
sensor was used for a day of data taking) with the hot wire positioned
at 90° to the nozzle flow to obtain the coefficients for the effective

cooling velocity equation

, . i
i K1 + KZLV, + K,jl,g (3 3)

!
[}

\ S
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where
Vv = effective cooling velocity
e
I'ZV = lincarized ancmometer output voltage
KJ, KZ’ K3 = second order coefficients

Once temperature equilibrium was reached, the linearized anemom-
eter output voltage was recorded over a range of velocities from 4 to
23 m/s. The three coefficients and percent error of ecach data point were

computed. Errors were always less than 2.07, usually less than 1.07.

3.4. Dbata Acquisition

Circumferential traverses of the compressor flow field were made }
behind the first rotor and the first stator for the maximum noise
position of the first stator blade row.

Prior to taking data, temperature equilibrium was obtained, instru- |
ments were allowed to warm up, manometers were zeroed, linearizer coeffi-
cients were set, probe yaw angle and circumferential-position potentiometers
were calibrated, flow coefficient was calculated and the flow adjusted ~.unLil
the reference value of flow coefficient was obL:lin'cd, and a second order
calibration of the sensor was performed. The probe was positioned in the
compressor at the desired immersion depth. The zero of the periodic rotor ' !
sampling position was adjusted using the variable triggering delay capaci-
tor with the photo-electric pickup positioned at zero. Once the zero was
obtained, the photo-electric pickup was moved circumferentially to give
the desired rotor sampling position, With the probe at 90° to the axial
direction of the compressor, a complete circumferential survey was made

with the sensor output signal displayed on an x-y storage oscilloscope to

- - O R S S e e ——
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obtain an approximate idea of axial velocity variation with circumfer-
ential position. From this trace, (' location of the blade wake could
be determined. Thirty data positions in space were established over a
circumferential distance of 9.7'}U (one stator blade pitch) with 0.25°
increments within the wake region and 0.50° increments elsewhere. The
circumferential positioning carriage was then placed at the Y/SS = 0.0
(see Figure 2.5) position for the first set of data. A periodic-average
velocity vector at each of the thirty positions was obtained as described

earlier.

3.5. Data Reduction }

Data reduction was accomplished with the desk-top calculator. The |
six nonlinear simultaneous equations were solved using the Newton-Raphson
numerical technique. Usually less than five iterations were required for
each point.
The compressor coordinate system is shown in Figure 3.4. The probe
axis correspgnds to the radial direction, R, in the compressor. The
Z-axis is aligned axially with the positive direction in the direction

of flow. The Y-axis is positive in the direction of shaft rotation,.

Also shown are the sign conventions for 86’ Br, VU’ V7 and Vr' The flow

B ot o

parameters calculated during the data reduction are:
>
(1) absolute velocity, V, m/s

(2) axial velocity, Vz, m/s

(3) absolute tangential velocity, VO’ m/s
(4) radial velocity, Vr’ m/s
{
—_ L WL
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(5)
(6)
(7)
(8)
(9)

Selected results were punched onto computer cards, and the com-

puting facilities of the ISU Computation Center werce used to ‘generate

30

tangential flow angle, BU' degrees

radial angle, br, degrees
. : >'
relative velocity, V', m/s

relative tangential velocity, VO', m/s

relative tangential angle, ﬁo', degrecs

various displays of these data.




4. PRESENTATION AND DISCUSSION OF DATA

In this section some new periodic-average hot-wire data for flow
behind the first rotor and first stator blade rows (maximum noise con-
figuration) of a low-speed, multistage, axial-flow research compressor
are presented. These data are compared with similar data previously
presented and discussed by Wagner and Okiishi [7] for the minimum noise
configuration of the compressor. Various methods are used to examine
and interpret these data. Scalar plots showing axial, tangential, and
radial velocity component variations in the circumferential direction
for different rotor sampling positions are presented and interpreted.
Some radial, tangential, and relative tangential flow angles are also
shown. Blade-to-blade plane and hub-to-tip cross-section drawings con-
structed from these data are used to aid information interpretation and
understanding. In addition, drawings of three-dimensional velocity
vector sheets are presented. Trends observed are pointed out and explan-
ations are offered for some of the differences noted between maximum and

minimum noise operation flow.

4,1, First Rotor Exit Flow Data

First rotor blade row exit flow data for the maximum and for the
minimum noise compressor configurations are compared in detail in this
section to determine the extent of first stator upstream influence. The
first stator blade row positions for maximum and for ﬁinimum noise are

sketched in Figure 4.1 for a radial span location of 507%. Data were
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actually taken between the +'s behind the rotor. The maximum and
minimum noise velocity data are shown superimposed in Figure 4.2
so that small differences can be discussed.

For a radial span location of 507 and for a rotor sampling posi-
tion of Y()R/SR = 0.00 (see Figure 4.2a), it can be seen that in the
vicinity of Y/SS = 0.20 slightly more of an axial velocity deficiency
exists for minimum noise than for maximum noise. From Figure 4.1 it
can be seen that the region around Y/SS = 0.20 is approximately
directly upstream of the first stator row blade for minimum noise.
Thus, a blockage-type effect due to the downstream stator is evident

in the rotor exit flow for minimum noise. The corresponding stator

influence on rotor axial velocity for maximum noise is somewhat ob-

scured by the rotor wake. However, some evidence of blockage and axial
velocity decrease due to the first stator in the vicinity of Y/SS = 0.70
is apparent. The rotor relative tangential flow angle data also reflect
some potential flow effects attributable to the downstream stator. Up-
stream of the stator (measurement station 3) there tends to be an increase

in absolute flow angle (reduction in relative tangential flow angle)

corresponding to the suction side of the stator leading edge and a reduc-

r

tion in absolute flow angle (increase in relative tangential flow angle)

gy

corresponding to the pressure side of the stator leading edge. This

effect is seen in the relative tangential flow angle plot (Figure 4.2a)

around Y/SS = 0.20 for minimum noise and Y/SS = 0.80 for maximum noise. E ‘
The axial velocity and relative tangential flow angle variation

differences for maximum and minimum noise lead to tangential velocity

variation differences that can be consistently explained in terms of

— s
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Figure 4.2. Blade-to-blade distribution of periodic-average flow-field
parameters. First rotor exit flow, minimum and maximum
noise.
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velocity triangles, like the ones of Figure 4.3. Here the relation-
ship between the axial velocity, tangential velocity, and relative
tangential flow angle can be seen. For example, if the axial velocity
decreases and the relative tangential flow angle remains unchanged
(Figure 4.3a), the tangential velocity will increase. Similarly, if
the axial velocity remains the same and the relative tangential flow
angle decreases (Figure 4.3b), the tangential velocity will increase.

Possibly these two effects (axial velocity and relative tangential

‘velocity decrease) could combine to produce large tangential velocity

variations or they could oppose cach other (axial velocity decrease,
relative tangential flow angle increase or vice versa) and result in
little or no change in tangential velocity.

For a radial spanm of 507, rotor sampling position, YUR/SR = 0.00
(Figure 4.2a), at Y/S\‘ = 0.00 the axial velocities for maximum and
minimum noise are about equal, but the relative tangential flow angle
for maximum noise is larger. Thus a smaller tangential velocity occurs
for maximum noise at this location. At Y/SS = 0.10, the axial velocity
is larger for maximum noise but the relative flow angles for maximum
and minimum noise are about equal so that tangential velocity for maxi-
mum noise is reduced. At Y/SS = 0.20, the axial velocity is larger
(decreased tangential velocity) and the relative tangential flow angle
is smaller (increased tangential flow angle) for maximum noise¢ than for
minimum noise. These two opposing effects combine to produce no h‘ip,l.l“ i-
cant ditferences in the tangential velocity for maximum and minimum noise.
At Y/S, = 0.40, the smaller relative tangential flow angle for maximum

S

noise with about equal axial velocities for maximum and minimum noise
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Axial velocity variation influence on tangential
velocity.

Ly

(b)

Figure 4.3,

v
L—‘ %, -

Relative tangential flow angle variation influence
on tangential veloecity.

First rotor exit flow veloucity variations.
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results in a larger tangential velocity for maximum noise. For
Y/SS = 0.60 to Y/SS = 1.00, the axial velocities for maximum and
minimum noise are about equal, but the larger relative tangential
flow angles for maximum noise produce correspondingly smaller tan-
gential velocities, No important trends in the radial velocity
component variations were discerned.

For a rotor sampling position of Y()R/SR = 0.69 (Figure 4.2b),
an axial velocity defect can be seen in the vicinity of Y/SS = (0,20
for minimum noise and Y/SS‘ = 0.70 for maximum noise. Again the
downstream stator produces a local reduction in the axial velocity
in the region directly upstream of the stator leading edge location.
The maximum noise stator upstream influence can now be clearly seen
because it is not occurring within the rotor wake region. The stator
influence on flow turning is also consistent with the previous obser-
vations. Around Y/Ss = (0.20 the maximum noise axial velocity is
larger, but the relative tangential flow angle is smaller than minimum
noise. These two opposing influences tend to cancel and produce approx-
imately equal tangential velocities for maximum and minimum noise. Near
Y/S% = 0,40 the axial velocities are about equal but the smaller relative

tangential flow angle for maximum noise produces a larger tangential

i

velocity. For Y/SS 0.60 to Y/{iS = 0.80, the axial velocity differences
for maximum and minimum noise cancel with the relative flow angle differ-
ences to result in little difference in the tangential velocity values.
Again, there are only small differences in the radial velocity data for

maximum and minimum noigse operation and significant trends are not

apparent,
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It should be noted that changing the position of the first stator

blade row did not appreciably affect the circumferential position of

the rotor wake.

4.2, First Stator Exit Flow Data

Data taken behind the first stator blade row at five radial span
locations (10%, 307, 50%, 70%, 907%) for three diffefent rotor sampling
positions (YOR/SR = 0.00, 0.34, 0.69) for the maximum noise condition
are presented in Figures 4.4 and 4.5. [t is easier to discuss these
data with the help of the blade-to-blade plane or cascade drawings of
Figure 4.6. These drawings were constructed from fluid velocity and
heated air flow path location data using the procedure suggested by
Wagner and Okiishi [7]. Minimum noise rotor exit flow data were used
for wake pattern establishment at measurement station 3 for the maximum
noise configuration cascade drawings since stator position had little
if any effect on rotor and IGV wake locations.

Max imum noise data for a radial span location of 507 will be dis-
cussed first. As demonstrated in Figure 4.4c, the largest defect in
axial velocity occurs in the stator wake region for a rotor sampling
position of Y()R/SR = 0.34. From the corresponding cascade drawing
(Figure 4.6¢) it can be seen that the rotor wake and stator wake are
"interacting'" at the station 4 measurement plane for this rotor sam-
pling position. Such an interaction pattern will be hereafter called
an interacted stator wake flow. As explained by Kerrebrock and

Mikolajczak [5], a chopped rotor wake involves a "slip velocity" from
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Figure 4.4. Continued.
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Figure 4.4. Concluded.
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(a) 10% passage height from hub.

Figure 4.6, Periodic-average cascade wake interaction drawings for first
stage, maximum noise.
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Figure 4.6. Continued.
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Figure 4.6. Continued.
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Figure 4.6, Continued.
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YOR/SR = 0.34
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the stator blade suction surface to pressure surface. This slip
motion produces locally reduced axial velocities and increascd flow
angles (deviation angles) in interacted stator flow. This increase

in the tangential flow angle is visible in the first stator exil

data for a rotor sampling position of YUR/SR = 0.34., Similar inter-
acted stator wake flows occur at the station z measurement plane for
30% span, YOR/SR = 0.00; 70% span, YOR/SR = 0.69; and 907, Y()R/SR = 0.69,
All of these interacted stator wakes arc characterized by larger axial
velocity defects and increased tangential flow angles when compared

to corresponding data for noninteracted stator exit flows (flows where
the rotor wako/stutor wake interaction occurs upstream or downstream
of the measurement plane). Similar trends were found in the minimum
noise data (see Wagner and Okiishi [7]).

Other evidence of rotor wake fluid and even IGV wake fluid in the
first stator exit flow could be secen at measurcment station 4. For 507
span, rotor sampling position YUR/SR = 0.00 (see Figure 4.4¢), the
effect of rotor wake fluid can be seen near Y/SS = 0.40. Rotor wake
fluid is characterized by reduced axial velocities, increased tangential
velocities and flow angles, and increased radial velocities and flow
angles. An IGV wake influence is visible at 507 span, YOR/SR = 0.34
near Y/SS = 0.30. 1IGV wake fluid is characterized by reduced axial
velocities, reduced tangential velocities and flow angles, and reduced
radial velocities and flow angles. The IGV wake influence is not always
visible in the stator exit flow. For example at 507 span, YOR/SR = 0.00

and YOR/SR = 0.69, the IGV wake effect is obscured by the close proximity

b —
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of the much stronger (and opposing) rotor wake influence at the station

4 measurement plane.

At a radial span location of 907, an overall reduction in the axial

velocity level is seen owing to wall boundary layer effects (see Figure

4.3. Cross-Section Drawings

Another method of visualizing the data involves viewing the flow
in a plane perpendicular to the compressor axis. The wake locations
at each cross-section plane were obtained from their corresponding
location on cascade drawings. A view of the IGV exit flow (data from
Wagner and Okiishi [7]) is shown in Figure 4.7 for a cross-section

plane located at measurement station 2 (see Figure 2.5). The data of

Wagner and Okiishi [7] suggest that IGV wake locations were not influ-

enced by rotor blade sampling position (i.e., no significant rotor
upstream effects on IGV wake location). From this plane view the
slightly greater turning near the hub of the IGV design is evident.
Figure 4.8 is a similar drawing showing flow at measurement station 3
(first rotor exit flow). Only isolated IGV wake segments were used
to obtain the IGV wake avenue position since rotor wakes interacting
with the IGV wakes tended to obscure their location. The variation
of IGV wake position shown in Figure 4.8 is largely due to the appre-
ciable width of the wake avenue involved. The free vortex design of
the rotor blades is evident. The fluid is turned more near the hub

than at the tip.
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As observed by Wagner and Okiishi [7] the largest axial velocity
defects were found to occur when the 1GV wake / rotor wake interaction
took place near the measurement plane. In a cross-section drawing
like Figure 4.8, this kind of interaction occurs at the measurement
plane when the position of the moving rotor wake coincides with the
location of the stationary IGV wake avenue, as, for example, at 907
span for a rotor sampling position of YOR/SR = 0.69; at 307 span,
YOR/SR = 0.00; and at 50% span and 707 span for a rotor sampling
position between YOR/SR = 0.69 and YOR/SR = 0.00 (see Figure 4.8).
Curiously, at 107 span the rotor exit flow data taken to date (see
Wagner and Okiishi [7]) show very large axial velocity defects for
all rotor sampling positions. In other words, an interacted rotor .
wake appears to result for all rotor sampling positions at 107 span
(seven different rotor sampling positions in all). An explanation
for this behavior may be given in terms of IGV wake orientation.

From the cascade drawings .t can be seen that the large amounts of

turning at 107 causes the 1GV wake segments to be substantially in-

clined toward the measurement plane, Thus, at 107 span an IGV wake

segment is most often close enough to the measurement plane to produce

what appears to be interacted rotor wake flows. =

Figure 4,9 is a hub-to-tip cross-section view of the flow at a
plane coinciding with the first stator leading edge. The position
of the stator leading edge is sketched in. The stationary IGV wake
avenue impinges on the stator blade at one span location only for
minimum noise but at two span locations for maximum noise. Also, the

slanted rotor wake first intersects the stator leading edge at the
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hub with the intersection progressing upward toward the tip as the
rotor blade moves. As the rotor wake progressively travels, it en-
counters that portion or portions of the stator leading edge where
the stationary IGV wake avenue is impinging. As noted previously,
the IGV wake / rotor wake interaction produces deeper rotor wakes.
Related increased periodic incidence angle fluctuations will result
in increased discrete frequency pressure fluctuations on the stator
blade pressure and suction surfaces. These two span locations of
increased stator surface pressure fluctuations for maximum noise are
consistent with and help explain the increase in the noise obtained
since these surface pressure fluctuations are a primary source of
discrete frequency noise.

Analysis of the maximum and minimum noise first stator exit flow
data led to another interesting conclusion. 1In order to detect the
inf luence of different stator leading edge flow conditions on stator
exit flow, the maximum and minimum noise configuration data at measure-
ment station 4 were compared selectively. Figure 4.10 illustrates how
the relative positions of rotor and stator wakes varied at measurement
station 4 with rotor sampling and stator locations and suggests a
rational means for comparison. It is desirable to compare stator exit
data for maximum and minimum noise at rotor sampling positions resulting
in similar rotor wake and stator wake relative positions. For example,
the positioning of the rotor wake relative to the stator wake for rotor
sampling position Y()R/SR = 0.00 for minimum noise is very similar to
the positioning of those wakes for rotor sampling position YOR/SR = 0.34

for maximum noise. Thus, these data were compared (comparison A).
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Similar relative positioning of the rotor wake and stator wake also
occurs for YOR/SR = 0.34 for minimum noise and YOR/SR = 0.69 for maxi-
mum noise (comparison B), and again for YOR/SR = 0.69 for minimum noise
and YOR/SR = 0.00 for maximum noise (comparison C). The effect of the
inlet guide vane wake avenue intersecting the stator leading edge on
the stator exit flow is expected to be most evident in the stator wake
fluid. Comparisons A and C involve stator wake flow with rotor wake
influence mainly confined to the mid-span (between 307 and 507 span)
region. This rotor wake influence tends to obscure any inlet guide
vane effects. However, valid comparisons of stator wake flow can be
made in the endwall regions. Comparison B involves rotor wake influence
in the endwall regions but not near mid-span.

For the maximum noise configuration, the inlet guide vane / stator
leading edge intersection produced large reductions in tangential veloc-
ity and flow angle in the stator wake fluid near the hub and tip. Cir-
cumferentially averaged values of stator exit flow angle, E% (Eb
- _l_ fSS B (Y)dY) . sedibimeall o e : o :
= L 6 , were calculated and used to determine representative
average values of stator deviation angle. The resulting trends are de-
picted in Figure 4.11. The data of comparison A and C suggest that the
inlet guide vane wake avenue intersections with the stator leading edge
and the accompanying larger stator periodic incidence angle and surface
pressure fluctuations rssult in smaller average stator deviation angles
in the hub and tip regions of the stator wake flow. It is conceivable
that the larger amount of fluid mixing associated with the increased

flow fluctuations enhances stator blade surface guidance of the fluid.

A similar trend in stator wake flow was not discerned at mid-span for
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(b) Rotor wake/stator wake interaction near endwalls (comparison B).

Figure 4.11. Comparison of hub-to-tip variations of first stator
deviation angle with stator circumferential placement.
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comparison B. The expectation was that near mid-span the minimum
noise configuration would result in smaller average deviation angles

when compared to maximum noise data.

4.4. Three-Dimensional Velocity Vector Sheet Drawings

More work is being done currently to find new ways to use and
visualize the vast amounts of data acquired to date. One promising
method involves three-dimensional velocity vector sheet drawings.

An in-house computer program coded by Mr. Joel Wagner enables the
velocity vector data to be plotted and viewed from any desired posi-
tion in space. The three-dimensional velocity vectors are geometri-
cally projected onto a plane in space specified in terms of two angles
(see Figure 4.12). These two angles, € and r, locate the viewing axis
to which the plane of projection is perpendicular. The angle ¢ spec~
ifies how far from the axial direction (looking upstream into the
flow) the viewing position is located, and 1n determines how far above
(or below) the zero radial velocity plane the viewing position is.
Examples of some resultant drawings are shown in Figure 4.13. Figure

4.13a is a plot of the rotor (relative) exit flow data at 507 span for

a rotor sampling position of Y()I’/Sl’ 0.00. The viewing position for
AY N
. . . s . O . . . . 3
this view is specified as € = 0 (looking in ial direction), and
=€) ) 4 v - .
n =15 (from 15 above the zero radial velocity plane). The high-

radial-velocity region identifies where the rotor wake fluid flow is.

The viewing position used for this drawing seems to be the most instructive

e i S T
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and has been used extensively in other drawings. Figures 4.13b -
4.13d show the same data viewed from several different locations.

During development of this teclhnique il was found that there
was an interdependence between the physical space scale and the
velocity magnitude scale. 1If a sr;mll space scale with relatively
long vectors was used, a great deal of crossing over of Ll@ vectors
occurred. If a large scale was used with rclutivcl.y short vector
Icn;;th,‘ no crossing over of the vectors cccurred. There is no
"correct" relationship between the physical space scale (meters) and
the velocity magnitude scale (meters/second). Examples of two scale
ratios are shown in Figure 4.14. The data and viewing position are
the same as that used in Figure 4.13a. Only the physical scale /
velocity scale ratio has been halved (Figure 4.14a) and doubled
(Figure 4.14b). The importance of this ratio on the resultant draw-
ing is evident.

As an extension of this type of flow visualization, hub-to-tip,
three-dimensional velocity vector drawings were constructed. Figure
4,15 shows such a drawing for the rotor (relative) exit flow for a
rotor position for Y()R/SR = 0.00. The pitch distances and hub-to-tip
distances are in proper proportion.

The region of large radial velocity is the rotor w;'lku fluid.
The hub-to-tip shape of the rotor wake region can be seen and agrees
with the shape sketched in Figure 4.9 for Y()R/SR = 0.00, Some
difficulty is encountered in determining the sign of the radial ve-
locity (radially upward or downward) from this kind of presentation

of the data alone. A supplementary hub-to-tip radial velocity
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Figure 4.15. Hub-to-tip variation of first rotor relative exit flow.
Rotor sampling position YOR/SR = 0.00, minimum noise.
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distribution sketch like the one of Figure 4.16 shows clearly the
hub-to-tip variation radial velocity profiles for the three-dimensional
vector sheet drawing of Figure 4.15.

Similar three-dimensional hub-to-tip velocity vector drawings for
the stator exit flow for three different rotor sampling positions are
shown in Figure 4.17. The position of the stator wakes can be identified
by the downward radial flow as opposed to the strong upward radial flow
of the rotor wake fluid.

Work is still continuing in this area and will include an animated-
sequence movie film depicting the periodic unsteadiness of the three-
dimensional, hub-to-tip, velocity vector sheets. Also, wire models of
the velocity vector sheets are being constructed in an effort to optimize

the scale relationships and the viewing position.
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Figure 4.17. Hub-to-tip variation of first stator exit flow, maximum
noise.
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5. CONCLUSTONS

The major conclusions resulting from the present study are sum-
marized below.

Small but discernible and consistent upstream influence of the
downstream stator blade row on the first rotor exit flow was observed
in regions directly upstream of the stator leading edge. Flow yaw
angles and axial velocities were affected most while radial velocities
were not significantly changed. The general location of the rotor wake
was unaffected.

Blade-to-blade plane and hub-to-tip cross-section drawings were
very helpful in organizing and understanding the data. From these
drawings, it was evident that the ICV wake avenue intersected the first
stator row blades at two span locations for the maximum noise circum-
ferential position of the stator row but at only one span location for
the minimum noise placement.

Velocity data indicated that IGV wake / rotor wake interactions
generally resulted in deeper rotor wakes and thus larger periodic
incidence angle fluctuations. When these larger incidence angle fluc-
tuations occurred near the stator leading edge in the endwall regions,
as they did for maximum noise, stator exit flow data showed appreciably
smaller stator deviation angles in thcse regions than for the minimum
noise condition (for which these larger incidence angle fluctuations
were not present in the endwall regions). This behavior was probably
due to the increased mixing of the flow that accompanied the larger

stator inlet flow fluctuations in the endwall regions.
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Since periodic fluctuations in stator incidence angle that occur
with "chopping" of the rotor wakes are a primary source of discrete
frequency noise, the observed IGV wake / stator leading edge interaction

patterns are consistent with the related inlet noise levels recorded.
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7. APPENDIX A: PARAMETER EQUATIONS

The equations used in the periodic-average measurement system

for the calibration procedures and the acquisition and reduction of

data are presented below.

7.1. General Parameters

7.1.1. Basic Fluid Properties

. 2
Barometric pressure, N/m":

Patm = hhg @& [1.0 - 0.0018 (tb
baro

Density of air, kg/m3:

P
atm

P e

Specific weight of water, N/mj:

g 3 9

Yhio ™ [996.86224 +0.1768124 (5
2 c

x 1073 (% g = 459.67)2 + 5.0063

7.1.2. Blade-element Quantity

Percent passage height from hub:

r - 0.14224
PHH = <m'> x 100

aro

t - 459.67) - 2.64966

x 1070 (% g 459.67)3]
(7.3)
(7.4)

= 273.15)] th @ 273 °k
(7.1)

—

_T___...ﬁq_.w-

|
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7.1.3. Miscellaneous

Venturi volume flow rate, mj/s:

2gcYHZOA}vent
Q = 0.05229
v 0]

Blade velocity, m/s:

_ IrmRPM

30.0

Calibration nozzle jet velocity, m/s:

0 T
AL &
4

Average Venturi flow coefficient:

Average pressure-rise coefficient:

7= &%ﬂ
l!
t

7.2. Three-Dimensional Periodic-Average Hot-Wire Parameters

Effective cooling velocity, m/s:

] .
Ve - K] + K2hl + K3Lk

(7.5)

(7.6)

(7.7)

(7.8)

(7.9)

(7.10)

A




b
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Sensor yaw angle relationship (see Figure 3.2):
cos a = cos O cos O cos O + sin 0. sin 0O (7.11)
0 p y 0 p

Effective cooling velocity/actual velocity ratio:

2 2 2
= + + + +
Ve/V b0 Blu + 320p+ ij baa + b50p b6V b7u8p

+ + .
bgaV b90pV (7.12)
Absolute tangential flow angle (see Figures 3.2 and 3.3), degrees:
=B + v
80 ‘mv 4 0a,off Oy 519
Radial flow angle (see Figure 3.2), degrees:
g = -0 (7.14)
Radial component of fluid velocity, m/s:
V =V sin B (7.15)
r r
Axial component of fluid velocity, m/s:
V =Vcos B cos B (7.16)
z r 0
Tangential component of absolute fluid velocity, m/s:

VO =V cos Br sin Be (7.17)

Relative fluid velocity, m/s:

b o lee’s2 2
v \/(Ve’ +(v) (7.18)

e —
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Tangential component of relative fluid velocity, m/s:

'
V0 =U - V6 (7.19)

Relative tangential flow angle, degrees:

(7.20)

g = pin (v&/v')

T T

-




8. APPENDLX B: TABULATION OF PERIODIC-AVERAGL DATA

The periodic—-average circumferential
I 24

this section.

93

The data are for f{low downstream of the first rotor

survey data are tabulated

i

1

row

(station 3), and the first stator row (station 4) for the maximum noise

configuration.

The column

Y/SS

'

V,AX
V,TAN
V,RAD
BETA Y
BETA R

Vl

V,TAN' =

BETA Y'

headings are defined as follows:
circumferential spacing, Y/SS

>
absolute velocity, V, m/s

axial velocity component, Vy, m/s

#

absolute tangential flow component, VO’ m/s
radial velocity component, Vr, m/s
absolute tangential flow angle, BG, degrees
radial flow angle, ﬁr, degrees
. . »
relative velocity, V', m/s
L}
relative tangential flow component, VO’ m/s
A}
relative tangential flow angle, [ m/s

0’

S

oS s e

By e
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30 Sep 77 ~ 31 Aup 78
6. PERFORMING ORG. REPORT NUMBER

TCRL=13
7. AUTHOR(s) 8. CONTRACT OR GRANT NUMBER(s)
G J HULBROOK AFOSR 76-2916
T I OKIISHI
9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK
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vane (IGV) wake avenue was found to intersect first stator row blades at two

and at cnly one span location, near mid-span, for minimum noise. This differ~
ence in IGV wake / stator leading edge intersection patterns resulted in vari-~
ations of the first stator exit flow deviation angle near the hub and tip por-~
tions of the compressor annulus. These variations were explained in terms of
the larger fluctuations of stator inlet flow associated with the inlet guide
vane wake avenues. The difference in IGV wake / stator leading edge inter-
action patterns was also judged to be consistent with the related level of
compressor inlet noise. Blade-to-blade plane and hub-to-tip cross-section
drawings showing blade wake locations and interaction patterns are included

to aid data interpretation and comparison. In addition, examples of three-
dimensional hub-to~tip velocity vector sheet drawings of blade row exit flow
are shown. '

span locations, one near the hub and the other near the tip, for maximum noise,
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