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SUMMARY 
-

A per iodical ly sampling ho t—wire  measurement  system was used to

obtain numerous per iodic—average (e lec t ronica l ly and a r i thmet ica l ly

averaged values of pe r iod ica l ly samp led data)  three—dimensional  ye—

loci ty vector data for  flow th rough  the  f i r s t  stage ( inle t  guide

vane , rotor , and s t a to r  rows) of a low—speed , mul t i s t age, axia l—flow

research compressor. New da ta  are presented fo r  the maximum noise

c i r cumfe ren t i a l  p o s i t i o n  of the f i r s t  s ta tor  blade row . Comparisons

are mad e between these da ta  and s imi l a r  data previously acquired and

reported fo r  the min imum noise c o n f i g u r a t i o n  of the compressor . The

in le t  guide vane ( Icy )  wake avenue was found to intersect  f i r s t  s tator

row blades at two span locat ions , onc near the hub and the other near

the t i p ,  for  maximum noise and at onl y one span location , near mid—

span , for  minimum noise . This d i f f e r e n c e  in ICy wake / stator leading

edge in te rsec t ion  p a t t e r n s  resul ted  in variat ions of the f i r s t  s ta tor

exit  flow deviat ion angle near the  hub and t ip  port ions of the con—

pressor annulus. These variations were explained in terms of the

larger f luc tua t ions of stator inle t f low associa ted wi th the inle t

guide vane wake avenues. The d i f f e r e n c e  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 add i tion , examples of three—dimensional hub—to—tip

velocity vector sheet drawings of blade row exit flow are shown.
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SYMBOLS AND NOTATION

unit vector along hot—wire sensor (Figure 3.2)

b0, b1, effective cooling velocity/actual velocity ratio corre—
b2 ... b9 lation coefficients

c blade chord Length (Figure 2.3), m

linearized anemometer bridge voltage , volts

g local accelera tion of gravity, 9.8026 m/s
2

g gravitational constan t , 1.0 kgtu/Ns
2

“atm barometric pressure (Equation 7.1), N/rn 2

PHH percent passage he ight from hub (Equation 7.4)

r radius from compressor axis , m

R gas constant , Nm /k g°K

RPM rotor rotational speed , rpm

R,Y ,Z compressor coordinate system (Figure 3.4)

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

t temperature , °K

t barometer ambient temperature ,bar o

t blade scction maximum thickness (Figure 2.3), mmax

U ro tor blade veloc i ty (E quation 7.6), rn/s

absolute velocity (Figure 3.4), rn / s  r
rela t ive veloc ity (E quation 7.18), rn/s

V
e hot—wire effective cooling velocity (Equation 3.5), rn /s

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

V
0 tangential component of absolute fluid velocity (Figure

3.4; Equation 7.17), rn /s 
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x

V
0 

tangent~~~l component of relative fluid veloci ty (Equation
7.19), rn/s

x , y , z hot—wire probe coord inates fixed to probe (Figure 3.2)

Y circumferential traversing position (Figure 2.5), degrees

Y0 blauc row circumferential se t t i n g  p o s i t i o n  when Y is equa l
to zero , circumferential distance from the probe traversing
measurement stations to r e t e r ence  blade s t ack ing  axis , posi-
tive in t he  d i r e c t io n  ol rotation (Figure 2 .5) , degrees

sensor yaw ang le , ang le between the  v e l o c i t y  vector  and
ho t—wi re  sensor ( F i gure  3 .2;  E q u a t i on  3.4) , degrees

~mv approximate tangential flow angle (Figure 3.3), degrees

rad ial 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 dir e - —
t ion (Equation 7.20), degree s

blade stagger angle ( F i g u r e  2.3) , degrees

1H20 
specific weight 01 water (Equation 7.3), N/rn 3

specific weight of mercury, N/ rn 3

AH total head—rise across t h e compressor , m of air

AP differential pressure b.~tween calibration nozzle p leaum
n 

pressure and atmospheric pressure , m of water

AP differential pressure across venturi , m of watervent

L vector sheet viewing angle (Figure 4.12), degrees

q vector sheet viewing angle (FIgure 4.12), degrees

0
0 

hot—wire sensor angle with respect to a p lane normal to
the probe ax i s  ( F i gu r e  3 .2 ) , d eg r ees

0off measurement off—set ang le (Figure 3.3), degrees

(I probe p itch ang le (Figure 3.2), d egree s

(I probe yaw angle (Fi gure  3 .2) , degrees
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1. INTRODUCTION

An important facet of turbomachine design requiring further im-

provement involves the intelligent resolution of unsteady flow rela ted

problems (see, f o r  examp le, 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

in terac tion is of particular interest in considering discrete fre-

quency noise generation , f orced blad e vibra tion , and energy transfer

in turbomachines. For example , Schm id t and Okiishi [2 1 * 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 posi tions were

discovered to exis t f or the minimum and for  the max imum inlet noise

levels (see Table 1.2). A narrow band noise spectrum comparison [2]

indica ted tha t noise varia t ions occur red mainly in the large peaks

appearing a t the blad e passing freq uency (887 Hz) and second harmonic

f requency.  As noted by Walker and Ol iver [3 ],  similar compressor inlet

noise var ia t ions  wi th  changes in s t a t i o n a r y  blade row re la t ive  circum—

ferential positioning were observed by some Australian researchers

working wi th  a s ingle—stage compressor ( in le t  guide vane , rotor and

*Numbers in brackets indicate references,which are listed in section 6.
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Table 1.1. Sta t ionary  blade—row c ir cumfe ren t i a l  placement schedules
for minimum and maximum noise .

Blade—row Schedule

Third
Noise IGV First Sta tor  Second S ta to r  Stator
Level YO IGV /S

S 
Y015/S5 YO

2~ /S
5 

Y03S/S
S

Minimum
sound 0.000 0. 17 0.56 0 .77

Maximum
sound 0.000 0.59 0.14 0.15

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

Minimum Noise Max imum 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 In s ign if i can t  d i f f e r e n c e

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

s ta tor  row c i r cumfe ren t i a l  pos i t ion ing  in both  s tudies could be a t t r i b—

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 .

—
~ 
;
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Other researche rs have also deal t with interes t ing resul ts of

turbomachine b lade wake transport and Interaction. Smith (4] demon-

strated with some low—speed , multistage , axial—flow compressor data

how hot—wire  sensed f i r s t  ro tor  per iodic  ex i t  f low pa t t e rns  varied

considerably w i th  wire c i r c u m f e r e n t i a l  position re la t ive  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-

can tly 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

exp lain observed stator exist flow stagnation temperature nonuniform—

ities in the circumferential direction . Callus et al. [6] presented

da ta illustra ting large per iodi c var iations in compressor blade and

casing sur face  pressures w i t h  sequent ial  changes in rotor  blade samp ling

posit ion . 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 t r an spo r t  models like the ones proposed by

Smith [4] and Kerrebroc k and Mikola jczak [5 ] .

The primary intent of the research reported here was to develop

further knowledge about turbomachine blade wake transport and interaction .

In order to accomplish this objective , new periodic—average velocity da ta

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

the Iowa State research compressor. These data were compared with similar
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data obtained earlier with the minimum noise set—up of the research

compressor . Some imterestlng results were observed . Details are

included in the following sections.



2. RESEARCH COMPRESSOR FACILITY

The research compressor fac ility 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 de tail

previously [2 ,7 ] ,  only a summary of pertinent information will be

repeated here.

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 mo tor , compressor sec tion, 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 measured with a magnetic pickup / frequency counter arrangement.

The compressor section , i l lus t ra ted  in more detail in Figure

2.2, consis ted of a smooth , gradually contracting inlet passage

followed by a constant cross—sectional area annulus containing an

inlet guide vane (IGV) row and three identical rotor/stator stages.

The compressor flow path involved constant hub and tip diameters of

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

in a hub/tip radius ratio of 0.7. The blades were composed of British

C4 sections reflecting a free vortex design and were made of a Monsanto
4 ~

ABS plastic. General blade characteristics are given below:
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PROBE
MEASUREMENT

STATI ONS
1 2 3 ~~~5 6 7 8
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Figure 2.2.Researeh comp resso r w tth Probe mea5urement statio ns .
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Number of b lades per row IGV and sta tor rows — 37

rolor rows — 38

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

Blade chord (constant), c 3.05 cm (1.2 in.)

Blade section maximum 10%
thickness  / chord ra tio ,
t /cmax

Blade section geometry details are listed in Table 2.1 with

the nomenclature defined in Figure 2.3.

-rhe IGV and stator blade rows each consisted of 37 blades can—

ti levered inward from the ou ter casing on a circu m feren tiall y 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 circumferentiall y. Each blade row could be

independent ly positi oned circumf eren tiall y 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 blades cantilevered outward from hub rings tha t were aligned

and fixed so tha t the stacking axes of the corresp ond ing ro tor bl ade s

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 approximatel y m idway

between blade rows. As shown in Figure 2.5 for the first stage only,

these measuremen t sta t ions 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 .

— 

~~~~~~~~~~~~~~~ - -
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Figure 2.3. Blade nomenclature.

Table 2.1. Blade geome try for IGV , rotor and stator blade sections at
several radial locations.

Blade Angles
Percen t

Passage Ht . - Stagge r Inlet Outlet Camber
Blad e Fr~~ Hub 

Soltdity 
2 K 1 - K

Row PHH c/S
degrees degrees degrees degrees

O 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
40 1.123 -35.15 -49.82 -21.88 -27.942 50 1.078 -38.47 -50.81 -27.06 -23.75
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
40 1.080 36 .54 50.25 22 .77  27.48
50 1.041 35.61 48.56 21.72 27.84 4
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/S
5 

from 0.0 to 1.0. The circum-

ferential position of all blade rows in the compressor  could be speci-

fied as shown in Figure 2.5. Data were obtained periodicall y for

particular values of YO
R

/S
R. 

the circumferentia l samp ling position of

a reference rotor blade.

2 .2 .  Stationary Blade Row and Probe A c t u a t o r s

‘Ihe c i r c um f e r e n t  i a l— m o t ion carriage was used to  move the s ta t  i on ar y

b l a d e s  and the  p € r i o d i c a l  l y samp led r o t o r  b lades  pas t  the  s t a t i o n a r y  probe

in t h i r t y  s teps  over one st a t o r  b lade  p i t c h  d i s t a n c e .  Ti le p r e c i s e  c i r —

cu m f c - r o t i t  I al pos l~ ion ot t he  c a r r i a g e  was compu ted  f r o m  c a l  I b r a t  (-d 1 inear

p o t e n t i o m e te r  v o I t a ~ i read ings .

The immers ion and y aw i n g  o ’ a measur ewc~c it  probe ~‘€- re ~lc-ccrnlp 1zshed

w i t h  an L. C . S m i t h  ac t u a t o r , c o n t r o l  i n d i c a t o r , and switch box . The

probe immers ion  d ep t h  was o b t a  t oed f r o m  a m e c h a n i c a l  c o u n t e r  c a l i b r a t e d

to give  the  d i s t a n c e  of the  probe from the h u b .  A l l  span l oca t i ons

were specified in terms of percent of blade h e i g h t  f rom the  h u b .  The

probe yaw angle was discerned t rom calibrated potentiometer output v o l t -

ages. Probe immersion depths and yaw angles could be measured w ithin

0.15 mm and 0.05 degrees , respectivel y.

2. 1. f’eriodic—Av e~~g~~ Measurement System

The periodi c samp ling measuremen t system cons i st e d  of t he lollowing:

(1) sing le slanted hot—wire probe (Disa model 55P02 Modified)

(2) constant temperature ant-monw~tt- r (T }Ie rm o— Syste m s , Inc . ( T S I )
model WhOA)
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(3) linearizer (TSI model 1072)

(4) photo—electri c triggering circuit

(5) periodic sample—and—hold circuit

(6) signal averaging c ircuit

(7 )  mu l t i—channe l scanning digital voltmeter (Hewlett—Packard
model 3480 D)

(8) desk—top  programmable calculator (Hewlett—Packard model
9821 “~

(9)  m o n i t o r i n g  oscilloscopes (Tekt r on ic , Inc . )

A schemat ic  d iagram of this system is shown in Figure 2.6.

The hot—wire probe involved a single platinum—plated wire 5 jim

in d i a m e t e r .  Th e sensing portion of the wire was 1.25 mm long w i t h

copper and gold plating at the ends. The wire was s l an ted  at an angle

0 - - - -of 54.7 to the axis of the probe. 1hiis peculiar ang le results in the

sensor being in three orthogona l orientations when the probe is rotated

in 120
0 

increments around its axis. With the constan t temperature

anemometer , it was possible to obtain a direct relationshi p be twee n

the veloc ity of the flow as sensed by tile wire and the vol tage output

from the anemometer. A linearizer macic th is  r e l a t i o n s h i p  a p p r o x i m a t e l y

l i ne a r  and expanded the  v o l t a g e  o u ip u t  range .

The photo—electric- trigg ering cir~ iii t and the periodic samp le—

and—hold circuit were speciall y built in—house for the system . With

these components i t  woo possible to s y n c h r o n i z e  da ta  samp l ing w i t h

any p a r t i c u l a r  p e r i o d i c  samp l ing p o s i t i o n  of the  ro tor  blades .  A

5 jisecond sample was acquired each revolution of the rotor . The photo-

electric p ickup was attached to the c ircumferential positioning carriage

so that , as mentioned e. rlier , t h e periodic rotor samp ling position H
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relative to the stationary blades did not change as the carriage was

moved c irc umfere nt ially past the probe . Any specific periodic rotor

samp ling pos it ion could be ob tained b y me chanically moving the photo-

electric pickup sensor relative to the circumferential carriage . A

long arm and scale were us~d to obtain precise positioning of the

pickup . The rotor samp ling pos it ion was measured f r om the re fe rence

line of the probe measurement stations as shown in Figure 2.5.

A low pass filter with a time const~int 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 sing le electronically

and arithmeticall y aver aged val ue of periodically sampled data here—

af ter called periodic—average data.

A multi—channel scanning digital voltmeter (DVM) and a desk—top

programmable calculator were used together to digitize , read , d isp lay ,

• 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 mon itor the

hot—wire signal , circumferential position , and the yaw angle orienta-

tion of th e probe.
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2 . 4 .  Miscel laneous

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 , bl ower ,

and heat exchanger arrangment. The flow at the nozzle exit w~s 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-

feren tial across the nozzle .

All work ing fl uid temperatures were obtained with copper—constantan

thermocoup les and a precis ion m i l l i v o l t  p o t e n t i o m e t e r .  V e n t u r i  f low—

meter pressures were measured with an inclined water—in—g lass manometer.

Ambient and room conditions were measured with mercur y—in—g lass thermometers

and a mercury—in—glass barometer . Room air temperature was kept nearly

constant (±0.30 °C) with a thermostaticall y opera ted wa ter ch i l l e r , bl ower ,

and heat exchanger system . 

_ 
--~~~~~~~~ —
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3. EXPERIMENTAL PROCEDURE

The experimental pr oced u re used has been des cribed in de tail

elsewhere [2 ,7]. Only salien t in for ma t ion is summar ized in this

section . All of the data presented here were obtained with the pe-

riodic sampling measurement system previously described. The corn—

pressor was operated at 1400 RPM with a flow coefficien t 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

val ue wer e made by moving the throttle plate at the exit of the

compressor diffuser section.

3.1. Periodic Sampling and Averaging Technique

The flow f ie ld  w i t h i n  a turbomachine consists of at least two

types of fluctuating flows: a periodically vary ing one occurring a t

the blad e passing frequency and a randomly varying one related to

turbulence.  By per iodical ly samp ling the f low and averaging these

values , it is possible to extract the periodically uns tead y 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 tha t  the a r i t hme t i c  averaging of 180

samples of an electronically averaged periodic signal was sufficient

to obtain reasonably precise periodic—average flow data. Specific 
U

information on the precision of this measurement technique can be

I
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found in Schmid t  and Okiishii [2]. Tue calculator/DVM samp led the

electronicall y averaged period i c- signal 180 t imes , once every 0.17 4

second , and then arithmetically averaged these 180 values to obtain

one periodic—average value . During the calculator/DVM sampling t ime

(abou t  30 seconds) approx i m a t e l y 700 h o t — w i r e  p e r i o d i c  samples were

taken to produce the electronically averaged signal .

3.2. h ot—Wire Velocity Measurement Tccnigue

A single slanted hot wire was used to obtain three—d imensional

velocity vector data. Some familiarit y with tile probe geometry and

sign conventions is necessary to understand this measurement techni que.

3.2.1. Probe Ceometr~

The hot—wire probe conf iguration sketched in Figure 3.2 shows

t h e relationshi p between t h e  probe coordinate system and a velocity

vector V. The z—axis corresponds to the probe axis. The sensing

wire was in t h e x—z plane. 0
0 

was the angle (35~~3
0

) the sensing wire

made with the x—axis. The probe yaw angle , 0 , changed w i t h  the amoun t

of t urning about its axis when the probe was rotated , but the probe

pitch angle , (3 , remained the same . The sensor yaw angle , a, was the

ang le between the velocity vector and the sensor wire . The unit

vector represents the sensor wire orientation. To obtain a rela—

t ionship between the various angles, the dot product of the two vectors

was t a k e n :

cos 0
0 

t + sin 0
~ 

~ (3.1)

— -
4 

~~~~•_ ,__— 



~~~~~~¼~ - —

P
20

z

~~~ ~~~~~ // L.
- /

/
/ —~X / t  //

4 /
/

y
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4- 1 1 4-

V —V cos (3 cos (3 i — V cos (I sIn 0 j — V sin 0 k
p y p y - p

( 3 .2)

- = I~H~I ‘--o s (180 — I c )  —
~~~~~ 

cos 0 c-os 0 cos 0
0 p y

— si n  0~ s n  0 ( 3 . 3)

cos a cos 0 cos (3 cos 1) + sin 0 sin (1 (3.4)
0 P Y 0 p

3.2.2. EffectIve CooUnj~~yeIocitj

If a hot—wire velocity c-a ii brat ion is done with t lie probe fixed

at a sensor yaw angle of 90
0 

to the I low and then t h i s  probe is used

to measure ye b c ’  i t  ic-s at sensor yaw angles other than 90
0

, the hid i—

cated ve l ocity w i l l  not be the actual velocity but a so—cal led ~ f I

t ivL- cooling velocity, V .  ‘I’hils effective cooling ve l ocity was related

to the linearized anemometer output voltage , E~ , by t h e second order

equation

V = K
1 

+ K
2
E
9 
+ K 3E Q

2 ( (.5)

whe re K~~. 1<2, and ore c o e f f i c i e n t s  det - r m in e d  f r o m  ii second order

cal i bra t tufl ol the wire . The hot—wir e meas (lrement teclin i que was based

on knowing the exact r (- lationsh ip between t h e effect lye cool ing  v e l o c i t y

and the actual velocity. The Fe latloiisli i p used by Schmidt and Okiishi - -

[ 2 ]  was

2 2
V / V = b  + h c + b O  + b V + b a  + b 0 2 + b V  + b a Oc 0 I 2 p 3 4 5 p  6 7 p

+ b
8

aV + b
9
O V  (3.6)

-

- - - - -i-
, 

- 

-
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The coefficients (b
0
—b
9

) in this equa t ion were de term ined thr ough

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

angles , and pitch ang les.

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

ang le 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 cool ing velocity (a minimum hot—wire output voltage) was

determined . This occurred when the sensor was approximatel y in the

same yaw direction as the velocity vector . From this angular orienta-

tion (13 , see Figure 3.3), three values of probe yaw angle or o ff s et

were used for data samp ling . The offset angles , 0 - , (i - , andof 1 Io , o > I I

shown in  F igure  3. 3 , were found  to o affect the prec is ion ol the

m e a s u r e m en t  t e c h o l o  ique - As recommended by Schimidt and Ok i 1 shil 1 2 1 ,

tIle I ollowing of fsc- t angles were used:

1~) = 20
0

a,off

0
b ,off 

= 60°

(3 = _200
- c ,off

For each of these wire orientations , two equat ions relat tug t h e veloo’ i t  y

and - angular orientation of the velocity ve (-tor relativ e to tilt probe

were obtained . The resulting six equations are: - 

_

~~~~~~~~~~~~_ ;~~~~~~~~~~

_

~~~~~ -
•__ _
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DOTS REPRESENT I /
LON GEST PRONG Bc~~~~

O a,off

WIRE
POSITION (b 

/
8 b,off

WIRE
POSITION (a)

WI RE
POSITION (c) -

AXIAL
DIRECTION

Figure 3.3. Hot—wire measurement positions and nomenclature, viewed from
a~~vs a.l.i~g prob. axis.
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b- or j~~~itio n a:

V / V = b  - b I t  + h 0  1- h ) . V + b ( c + b 0 + h V(.1 1 ii 2 p ~3 4 a 5 p 6

+ b a t) + h a V + b ( ) V (3.7)7 a p M :0 9

cos i c cos U cos (3 cos ( + sin 0 sin (i (3.8)U 0 h~ y,iI 0 p

For p o s i t i o n  I )

V / V = ~~b + b u  f h O  + b V + b a
2 + b 0 2 + b V 2

, b C) I U 2 p 3 4 h ~ p 6

+ b
7
u
b
O
p 

+ b
8
u1)V + b901)

V (3.9)

( 0 8  a = cos 0 cos U cos U + sin (3 sin 0 ( 3 . 1 0 )
b (I p y,h 0 p

}er J)oi-i lt i c i i  c:

V / V b  + b o . + 1 ) 1)
e , c 0 I c 2 p 1 4 5 p 6

+ b
7

cc
d.
U
l) 

+ h
8
a V  + h

9
U V  (3. II)

co ’s (1 = cos 3 cos ( 3 c -os (3 + sin 0 sin 0 (3.12)c (3 p y , c 0 p

Ihi cvt - i  f ic i cot s  (b
0—b

9
) wer e  known I r om an effect iVd (-00)1 i ug vel or i t y

calibration and the effective cool ing v e l o c i t i e s , V , V , and V , - 
-

, it e,b o- , c

were values obtained from t he mea sti red I [near  I zed anenumie I cr oti t put

voltage . bl oc remain i tig six unknown s, a , a1
, a , (3 , ( 3 , :iiid V , wi- r i

t ib i a  ii ied  by i-i t l v  iii g I lii- six i-qua I ions I nyu I ved -

1. 3. Ca I lb rat it I’ ruc ed it r(:; K

Complet e vobucltv scil si ii~, cal i b r i t  h o n  was done with thit c - il ib ra—

t i o u  l i t  Z ~ ic. Ihie i~ 
robe w;is pus i I i ~ifl  d one nozz ic diameter ilu V O I lie

_ _ _ _  - - —- -  -
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e xit plan t . S t i  I i t  pressur at  i i i  is I OI C iI  11011 was assumed to be atmos—

plit r i t  wh i i Ic p 1 euium i- L i i  t i c  w a l l  p r e s s u r e  was assumed t o )  he e q u a l  to

t h e  p lenum total pressure - ‘Ihe uiozzl e velocit y was c:i librated u s i n g

t lie fu ll owing e q u a t i o n :

/
V = (3.13)

wlie re

V = v e l o c i t y ,  ni/ i-i

gr:iv i t - i t  I ona 1 constant 1 .0 kg m/Ns 2

= spec i f  i c  we i g u t  of water , N/rn
3

= di t I ert i ot in I prc-ssur (- between p1 encim p ressu  re and at inos 1)h o-  r i c
pressure , in of w a t e r

p = d e n s i t y  of a i r , kg/rn
3

3.3 .1. i.inearizer Coefficient C a l i b ra t i o n

Before t h e anemometer output vol t age  can he linear ized , a fourth

order fit of thic known nozzle velocity versus anemometer output voltage

m u s t  he accompi  i sh i e d  to obtain v a l u es  c i t  t he  1 in e a r iz er  c o e f f i c i e n t s .

I h i ls  c a l i b r a t i o n  was done wit h th e wi r e  a t  90
0 

to the n o z z l e  f l o w . The

nozzle velocity was varied from 0 to  23 rn/s. From these data , t h e fourth 
- 

-

order linearizer coefficient s were computed along with i percen t error of

eai-hi data point. Errors were normally less than 0.5% with none greater

tItan 1.0%. ihi e “zeroth ” order term was assumed to he equal to zero.

This calibration was done onl y once for each new sensor.
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3. 3 . 2 .  E t t e c - t lv i ’  ( c m 1 J~~g~~V J o c i~~~~ C a l i b r a t i o n

An cx t e l l s  lvi 0 - i t  I i b rat ion of a new sensor was dome to  de ti m o  I o le

t he  ten coefficients (b
0

— h
9

) of  t h e  e - f f e i - t i v t  i -oio l l u g  v e ] o o - i  ty/~o- Lii;iI

v e l o c i t y  r e l a t i o n s h i p .  ‘Ilie ef b e e t  i v e  c o o l i n g  v e l o c i t y  c a l i b r a t io n

was done f o r  t h e  following i- ond it l ouis:

V e l o c i t y  11 .1) , 1 5 . 2 , 1 9 .2 , 22 . 3 , r n / s

P i t c h  ang I e  —9 10 6 , de grees , i n  I nc r e m e n t s  of 3 d e g r e e s

P o o t b o  yaw 0 Li) 90 , deg ree s , i n  in cr e ii ii-loti - i of 5 de~’, r o - c - ~
aug I c

C) to — 90, degrees , in i no r e r n en t  s ol  5 degrc-o-s

liii  i-i iii a representative range of i ’ oin cl it ions expected to he c-ncount ered

in t h e cornpr l-ssoi r. The probe yaw ang le was varied over carlo o t  s ix

p i t o Ii ang les a t  each v e l o c i ty .  S e par a t e  c a l l  b r a t  ions  were  a c o o mp l 1 shed

f o i r  p o s i t i ve  and for negative yaw angles due to slight asymmetry of

th e l o o t — w i r e  s e n s o r . ‘ b l o c  a p p r o p r i a t e  se t  of coo t f i c i e n t s  was t h o r n

& c , c - d i i i  d a t a  r e du c t  ion d ep e n d i n g  on t h e  s ign of t h e  yaw an g l c . E r r o r s

be tween  t h e  at tool  v e l o c i t y  and t h e  h east  squa re s  I I t oil t h e  c I ; i  t a w e r e

g e n e r a l l y less t h an  1.0% w i t h  o n l y  a few g r e a t e r  t h a n  2. 0%.

- 3. Ord er  Ve l oc ft ~ C a l i b r a t i o n

A second o r d e r  cal ibrat ion was frequently ri-peaLed ( e a c h  t ime I b e

sensor  was used f o r  a day ot d a t a  t a k i n g )  with t he  ho t  wi  ri posit i c)ned

at 90
0 

to  t he  n o z z l e  f l o w  t o  o b t a i n  t h e  t i c - I f  I c  l o u t s  f o r  t h e  i - f  f i i - t i v i -

cooling velocity equation

V . = K
1 + K 2 E~ + K

3
L~ (3.5)

- 
- - ‘~
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who rc-

V = i t  I i-ct i ye c o o l  lug ye lot i Ly

= I iue~i r  I z c d  ;inciiiorn ctcr c >ti tput voltage

K 2 , K
3 

= second order  ( O e f f  ic i e n t s

Once tempo ra t o o  re e q u i l i b r i u m  was reached  , t i e  l i n e a r  i zc-d anc -morn—

c t c r o u t p u t  v o l t ag e  was r i -corded over  a r ange  of vel ot - i t  les  f ron i  4 to

2 3  n i/ s .  I L - -  L l i r i - o  c o e f f I c i e n t s  and p e r c e n t  e r r o r  of each da ta  p o i n t  were

c o m p u t e d .  E r r o r s  w e r e  a l w a ys  less  t h a n  2 . 0 % , u s u a l l y less than  1 . 0 % .

- 3 4 .  D at a  ~~~~u i s i t I o n

Ci r o -  itint c - m o - n t  j a l  t ra v e r ses of  t h e  c oilip r essor f l O W  i i  e~ I d we rc m ade

b e h i n d  Os I i c o t  r o t o r  a nd  t h e  I i r s t  s t a t o r  f o r  th e - m a x i m u n o  n o i s e

pus1 t i on  ot t i c  f i rs t sI i t  ci r h i  adc row -

l ’ r 1 d m  t o  t a k i n g  d a t a , t e m p e r a t u r e  e qu i  1 i h r i u m  was o b t a i n e d , i n s t r u —

iti ol t s  w e r  c a I l owed t o  w a r m  u p ,  uim ; i ncn i ic l  i r s  w e r c -  zeroed , I m t- an zer c oo- I I I —

c ie- n t s  we ri  so I , pr obe  y aw au g  1. -  and c i  r c u m f e r e m i t  I a l — p u s  i t  ~ i l i )  1 ) 1  ent I t )f l )( t o r - ,

we -r e  c - ;o I i b r a t e - d , f I ow c -t ic f t I c -  i c io l  was c;i i cu l  ated  and t h i t -  I low a d j u s t e d  : c um ~t L I

hi e r e f  c r c - n i - c  v o l  n o i i  t ~ I ow ( tie- I I i o ~i e n t  was o b ta i n e d  , and a -conci o rde r

ca I i  b r a t  i o n  of t lie- sc-u sc) r WOS h oe r f o r m e d .  The probe - wai-; pos I t I oncd i n  t i i c

i - i n h l l i r e s s o i r  at  t h e  de s i r ed  In in i ( - r i - ;  i on  d e p t h .  Th i e  ze ro  of t i m e  per iod ic  r o t o r

sam i i p  I I ng urns i i i  on was adj  cost  c d  us 0~ t lie va r  lab Jo t r I ggc r i uig d e l a y  capac - I —

b r  w i  t ht lb s ph~~t o—€- l~-ct r i o -  p 1  ckup pos i t  j otted at z e r o .  Once t h e  zero  was

ob t a i n e d , t lii -  ph i t  ti— c Icc -i r ic  p lo kup was moved c i  rcum l er ent  i a l l y  to  g ive

t h e  des i red rotor sampi I ug ~ OS I t i on . Wi th o t I to  p rob e  a t  90
0 

t o t  the ax l o l

dir e ct l i o n  of t h e coimpressor , a complete c i r c u m f e r e n t i a l  s u r v e y  was made

w i I i i  t h e  sensor  o u t p u t  s i g n a l  d i  sp l ayed  on an x—y st o r a g e  ( ISO il l 05( 0 1)0 I t o

I

- - - -- _ _ _ _ _ _ _ _ _  - 

_
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obtain an a p p r o x i m a t e  idea  of a x i a l  v e l  cc ity var lot 10111 W i  t h i  i - i  r c i i n m t  o r —

en t i al  p o s i t i on . From t h u s t r ~o - o- , -: l o u - a t  ion  of h it- h l a c l c -  wake  c o u l d

be de t e rmined . Thu I r t y  d a t a  pos i l i o ns  i n  spa c w i- r i -  c - s t  ~u h l  i sh i t - c i  o v o - r  a

c I r c u m f e r e n t  l a l  d 1st 00cc of 9. 73 0 (o ne s tat  or 1) 1 ath- p i t  c l i )  with (3. 2

i nc r emen t s  w i t h i n  t he  wake region and 0.50 0 i n c r em e n t s  e l sewhere . ‘l l i e

c i r c u m f e r e n t i a l  p o s i t i o n i n g  c a r r i a g e  was t h e n  1) Ia ( - c d at  the  Y/ S S 
= 0.0

(see Fi gure 2 . 5 )  p o s i t i o n  f c r  the  f i r s t  set of d a t a .  A p e r i o d i c — av e r a g e

v e l o c i t y  Iec to r  at each of Li i i -  t h i r t y  p o s i t i o n s  was o b t a i n e d  as d e sc r i he d

car  he r .

3.5. Data Reduction

Data  r educ t i o n  was accomp l i s h e d  with > the  desk—toil) oalcolator. Thic-

six nonlinear simultaneous equaL loris were solved u s i n g  lie N e w t o n —R ap hson

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 corresponds to the radial direction , R , in the compressor. The

Z—ax is is aligned axiall y with the p o s i tIv e  d i r e c t i o n  in the direction

of flow. The Y — a x i s  i s  p o s i t i v e  lii t h e  d i r e c t i o n  of s h i a f t  r o t a t  i c ,n .

Also shown are t h e  sign conventions for 
~~~~~

, 1
~r ’ v0. V and V .  The f low

p a r a m e t e r s  c a l c u l a t e d  d u r i n g  t h e  da t a  r e d u c t i o n  a r e :

(1) ab s o l u t e  v e l o c i t y ,  ~~ , r n / s

(2 )  a x io l  v e l o ci t y ,  V , r n / s

(3)  a b s o l u t e  t a n g e n t i a l  v e l o c i t y ,  V 0, rn / s

( 4 )  r a d i a l  v e l o c i t y ,  V , r n / s

----.-— --- --
. ,. -
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(5) tangential flow ang le , 
~~~~~

, degrees

(6) rad ial  an gle, 
~r

’ degrees

(7) relative velocity , ~~~
‘ , rn/s

(8) ri-lot i vi- tangent h a l  vt- I tic i ty, V
0

1 
, rn/ s

(9) relativ e tangential angle , 
~~~~~

‘ , de-grees

Sd cc - ted r e s u l t s  were  p u n c h ed  o n t o  co m put e- r cii mdi ; , and t i s -  corn—

p u t i n g  f a c i l i t  ic - s  of t huc-  I S V  C o mp u t a t i o n  Co l l i e r  we-r e  u i-a d 1( 1  ~- t - i i o - r i I  & -

v a r i o u s  d i sp lays  of these d a t a .

r
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4. PRESENTATION AND I)ISCUSSION OF DATA 
-

in tills section some new periodic—average hot—wire data for flow

behind the  f i r s t  r o t o r  and f i r s t  s t at o r  b lade  rows (maximum noise con-

figuration) of a l ow—speed , multistage , axial—flow research compressor

are presented . These data are compared with similar data previousl y

presented and discussed by Wagner and Okiishi [7] for the minimum noise

configuration of thue compressor. Various methods are used to examine

and interpret these data. Scalar p lots showing axial , tangen tial , and

radial velocity component variations in the circumferential direction

for differen t rotor samp ling positions are presented and interpreted.

Some radial , tangertial , 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. I n  addition , drawings of three—dimensional velocity

vector sheets art- presented. Trends observed are pointed out and exp lan—

ations are off -red 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 minimum noise are

sketched in  FIgure 4.1 for a radial span location of 50%. Data were
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actually taken between tile +‘s behind the rotor. Time 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 50% and for a rotor sampling posi—

tioti of YO
R /S

R 
= 0.00 (see Figure 4.2a), it c-an be seen that in the

vicinity of Y/S~ = 0.20 slightl y more of an axial velocity deficiency

exists for minimum noise th ian for max imum noise. From Figure 4.1 it

can he seen that the region a r o u n d  Y / S~ = 0 .20 a p p r o x imate l y

directl y upstream of the  first stator row blade for minimum noise.

Thus , a btockag i-—type effec t dome to thc- downstream stator is evident

in the rotor exit flow for m i n i m u m  noise . The corresponding stator

influenc e on rotor axial velocity for nm aximurn noise is somewhat ob-

scured b y t h e rotor wake. I-lowever , some evidence of blockage and axial

velocity decrease due to t hio- first stator in the vicinity of Y/S
s 

= 0.70 
0

is apparent. Tue rotor relative tangential flow angle data also reflect

some potential flow effects attributable to t h e downstream stator. Up-

stream of th e stator (measurement station 3) there tends to be an increase 
-

in absoluL e flow angle (reduction in relative tangential flow ang le)

corresponding to the suction side of t h e stator leading edge and a reduc—

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

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/S~ 
= 0.20 for minimum noise and Y/S

s 
= 0.80 for max imum noise.

The axial velocity and relative tangential flow angle variation -

d i f f erences f or maximum and mi nimum noise lead to tangen t ial vel oc it y

variation differences that can be consistently expla ined in terms of
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18.00
A MINIMU M NOISE
a MAXIMUM NOISE

16.00 -

20.00 — _______________ _____

18.00 -

U,

~,16.O0 
-

14.00 - -

12.00 —
0.00 0.20 0.40 0.60 0.80 1.00

Y/sS
(a) 50% passage height from hub , rotor sampling position

YO
RISR 

= 0.00. -

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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(a) Concluded. 4
Figure 4.2. Continued .
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0.00 0.20 0.40 0.60 080 1.00

Y/s s

(b) 50% passage heigh t from hub , rotor sampling position
YO

R
/S

R 
— 0.69.

Figure 4.2. Continued.
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(b) Concluded .

Figure 4.2. Concluded.
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v e l o t  i t y  t r I~i mt ~, It s , like t i u i -  o u m e s  i i  F i g u r e  4 . 3 .  Here th ie m o - l a t  i o n —

5111 1) h o - t w i i - i t  tIuc - . i x i . t h  v i - l e t t y ,  L u m u g o - m o t  ia l v - h o o - i t y ,  a n d  r ( l a t i v o -

L u m i g e u u t  ial I low an g l e  0 -a l l  he si- i - m I .  I - o r  o x a i i i p l  , i f  I l ie  ax  i n  I v o - l o u - I t y

o l t - o - r e ,u s i - s ~u m m u  t I u t -  r o - l a t  i v o -  t ; u i i g o - t l t  h a  I I b o w  aug  i i -  i - i - ma i n s  u n o h i a m o g e d

1 g u n -  i — ho ) , t h e  t a n g e n t  ia  I v e l  oo it y w i  h I l i m o - r i - i s o - . S htm l 1 ; u r  I y , I I

l i i i -  a x i a l  v t - l o c h  t y  m o - I l i t i n s  t h e  same a m i d  t i i i -  m o - h a t  l y e -  t a n gen t  i i i  I l o w

angl o- dc-o ro- ;isi- s (Figure /o.3 b) , tI me ta uig em m ti nl vt- h oc ity will h ito - rensi- .

Possibl y t h e se  t w o  i - I  L - et ~ (axial velocity Lo m l ch r o - l a t i v e  ta n g o - li t I ; o 1

v e lo c ity d o - vt 0 . 0 5 0 ) c o u l d  c o ) fti) ino- to produ o- i- l a r g e  t a n g e n t  m l  v - i o t i t y

v o r i a t  L o o m i S  o m  I y t o o t i l d  coppus i- o - ~ u o li ot ho e r (axial vi— h oo f ty o l t -  m -nso -

ri l i t  lvi- t , o n g o - n t  h u h  I low a m o h i e  h o t o - r - ; u s o -  or V i t o -  vi-rsn) and result in

i i  t t o- or  mo o o h a  uug e in  t a m i g o - m m  t Ia 1 ye 1 oc it y —

l-or a radial sp i t o 01 d)7 , ro t  t o r  samp i ing l)osi t ion , YO R /S R 
= 1 ) _ Oil

(Figure 4. ~‘n )  , i t  Y/ S ~ = 0. 0( 1 ( i i i -  axi al vo- l o o i ties for mo xim imum and

mu in immium noise out -  abuui t c-qua I , b tut t ha- ri- h a t  lv i -  t an g i -ro  t ial I low h u g  h

or m a x i m u m  moo i s o -  i s  I t  i g e l  . I hitis a sm ti ;u 1 h i-r t a n g en t  i;i l v t - l o t  i ly  0 0 o t m r s

fur m a x i m u m  0 0 1 5 0 -  b u t  t h is h o c -at i o n . At Y/S~ 0.10 , t h e  axi a l v o - l o c i t y

larger I or max m u m  noise hut t o -  re 1 at  l v i -  f l o w  angles fo ot m i u a x i m n u i n

arid mu I mi i m m iu m in  n o i se  are about equa I so t h a t  I angi- mit in 1 y e - u  t o - i t  y I or max i —

thuD! i iø  I so- I ri-due i-cl - At Y /S~ 0. ~‘ ( )  , t l ot - ;ix i a I Vi  b oo - it y I s 1 argo r

( I t  reased t a n g o -n t  i b i l ye- l ot - i t y )  and l im o -  r o - In t lvi- tangent lal I low angle

s s n o j i  ler ( i n c - t i n n e d  tangt-nt huh I low an g l i - ) ( o r  maximum n o i s e  t h u i u m m  I or -

m in imum f l i t  -~~- . i u - ~~& - tw o 01)1)05 I t o ~ -, e I I o o - ts t oni) liii- t o  h i r o t d u o i- m o o I go I i — V
r an t  d li It - i t f l O I I ,  III I I t  t • u m l ) ’ , o - m l t  i LI I vi— ho e i t  v I o r  l inu x i n tmuuio  and ml i i ii i n ~o m n o  i ì o t l t - t & - .

At Y/S~ 0.4(1, t hme-  sma l it - r ri- I at  I vi- t i m o ~y - t o t  I a  1 1 1 low ;ing It- I or max i Th om

I l l ’  i s o  W I  t I m  i h o t u t  I q i l d  I mx I .11 y e-  h o t  i t  i t s  l o o t  max D m 11111 - t t o il no 11111110 1111 00 i se

— v—-- -
~~~~~~~’ - 

~~~~ 
—
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(a) Axial velocity variation influence on tangential
velocity.

2

// 
_ _ _

(b) Relative tangential flow angle variation influence
on tangential velocity.

Figure 4.3. First rotor exit flow velocity variat ions .
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nt-suits in a l;ur -ger tangent lab ye-lot [ty f u r m a x i m n u m u  m o i s t - . l - t , r

Y /S , 0.b() t o o  V/S
5 

= 1.00 , t h e -  a x i a l  y e l e o o h t i o s  l o o n  m ou x i n mum i m a m id

r u i n  immium noise us -  about equa l , b ut thi ~- larger re - I b i t  I vt  L u n g e - m i t  i a l

I l ow a n g le - s  I or U m a x inmum no i si- p roduco- c-or respond i rig 1 y sinai I o n  I a n —

gent l u l  ye lot-it jo- S . No i m p o r t a n t  t r&-umds in t he r ;id i - u  I ye l o o t  i t  y

o-omp ormenl v~ur iat I o n s  wi-re di  sco rned . -

I -or a r o t  o r  s a m p l i m i g  p o s i t  i ou  of Y0
1~

/S
1~ 0 .( Y  ( I i ) o m n o -  / 4 . 2 h ) ,

an a x t i l  v e l o c i t y  do l t - ct  i - n i t  ho- s i t _ - m o i n  t l i i -  v i o - i n i t y  ol YIS
~ 

=

I or n u i n i n i c m m  m o o l s e  and Y / S
~ 

= 0. ]O fu r m n a x i m n o i m n  m w i  so - . A g a i n  t h u t -

downs t reanm st ui tor produt-es a 1 cu-al r e - d om e I l oom o i i i  l i i i -  L i x  m u m  I ye loot it y

i i i  t h o u -  ri- g l o o m  d I r o o t ]  y upstream 0)1 t h e  st :utor It-ad I mi g e-dgo - I t e n t  i on .

M o o  fli u m X i f l i u m u  m 1 O I s i  st at o r  u I ) St r e s f l m  j i l l l i i i m i o o t ail m m o w  he- c h i ; i t  l y so -i- iu

bet -ause-  i t  is not  t o t - o u r  r i m i g w i l h o  i o u  t l t c -  r o t or  wak e -  reg i o n .  T hui -  s t u i t o r

i m if I uence- on f l o w  t u r n i n g  i n  ui I so  c ons I s t e - m i  I w [ t i m  I I to -  p r ey  i oIls oi)si-r—

vat ions. Aroum id Y/S~ 0. 20 t h u i -  n i a x io tmurn  h i l t  m t  a x i a l  v o - I i u o  I t y  i s

I~m rgi r , but t hit- ri- in I ly e  tangent a 1 I low aug Ii- I s nina I h o- r t h a n  mii i i mum h u

noise, l i m e - s o -  t w o )  oppos ing  i nf t i e - m i t es t i -n d  to o ;no e- I hind pro ilut - i- app n Ix—

i mat e-I y eqoma I lang e-ill iL l I vt I oo~ i t ]  i-s f o r  max I munm and mit m l  m ono m i t t  i s o -  - Ni-ar

Y / S~ 0.40 the axial ye- b oo I t ic s  a r t -  a b o u t  i - q u a ! b u t t  t l i t  s n o u t  I I c r  ri- hi t lvi-

angen I t h u  I I I OW an gl o - for mliax imum no) iso product-s a I a rge r I LitIgi-mi t L i  I

v e l l , (  i t y .  For  = 0.61) to Y/S~ 0.80, t h e -  a x i a l  v i - lo c-ity d i i  I t - r i - m i t e s

I or maximum a l t o !  ru i n  I ll-aim 00 in ’ c-ant -el with the- ri-hit lvi- I It ow angle di i  I t - r—

l o t t e - S  t o o  re - soil t in I it t he d i l l  e r e u l o - e  I i i  t h e -  I : m l u g t - h O t  h u l l v o — b o o c  i t  y vnl too- s . I ’

I - g O  Ito , t h u - n t -  ar c -  on b y sma l I ci l Ift -re -ou t-n 1 m m the ruud m l  vt- I ne -i ty d a t  ;u I o o r

b ox  h nu m imtu and m m m i ii imun i m m o i  no -  operat I t O )  and s l g m m  I f i o - . u u m t  (ri-r ids LI I  e-

, m l t p i h I I m t ,

- ---- - ------- -~~-—--- -- -
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it should be noted that c h a n g i n g  t h e  pus i t  ion of the f i r s t  n l a t o r

h LI0IO row did m o ot  app re-c lab 1 y af f o r t  tilt- ci rcumle ren tin 1 posi  lion of

t ime -  r o t o r  wake .

4.2. First Stator E x i t  F l o w  D a t a

Data  t aken  b e h i n d  t h e  f i r s t  s t a t o r  b l a d e  row at f ive rad ial span

local i o n s  ( 10% , 30% , 50% , 70% , 90%)  f o r  t h r e e  d i f f e r e n t  r o t o r  samp ling

Positions (YO
R /S R 

= 0.00, 0.34 , 0.69) for the maximum noise condition

b ur t- presented in Figures 4.4 arid 4.5. It is easier to discuss these

data wi thu t h e help of time blade—to—blade plane or cascade d r a w i n g s  of

Figure 4.6. Th ese drawings were constructed from fluid velocity and

h i e u m t e d  oi l r flow path location datum using the procedure- suggested by

W a g n er  and O k i t s h i  17 ] .  Minimum noise rotor exit flow data were used

for wake Iluo ttern c-stablishment at measurement station 3 for the maximum

noise t-tnifigura tion cascade drawings since stator position had little

if any effect on rotor and IGV wake locations.

Maximum noise data for a rad ia l span location of 50% will be dis—

cussed first. As demonstrat ed in Fi gure 4.4c , the largest defect in

axial velocity occ urs in thme stator wahi e reg ion  f o r  a rotor sampling

posi lion of Y0}~
/S

R 
= 0. 34. From time- corresponding cascade drawing

(F] gure 4. 6c) it t-an be no t-mi I h i n m I t lie - rotor wake and 51 ator wake are

“ i n l c - r ; u o - t  ing ” at t h e -  stat ion 4 m€-asurenho -ii t plane for thmi s rotor silhll—

p 1 ing I x o s i  l i o n . S m m o - I l  an l u t e - r u n t ion P at t i - r i )  w i l l  be i t t - r e - a f t e r  c u i l  li- oh

011 1 ~i1 t o rut - t ed s t o u t  (or wake I I  ow. As Cxii h a  m e d  b y K e r r o  brock  and

M i k o I ; m j t z u i k  I t ] ,  u u u - h i o i p p -c h r o t o r wake  it iv o i l y e- s  L I  “s l i p  y e - l o t  I t y ” I r d l m

-

- 
_— — __ _ __m
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= 0.0 0.34 0.69

5~~~~~~~~~~~~~~~~~~~~~~~~~~~ i i ; ~~~~~~~~~~~~~~~~~~ i~~~~
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20 ~~~~~~~~
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H’
0 0.4 0.8 0 0.4 0.8 0 0.4 0.8

CIRCUMFERENTIAL SPACING , Y/ S~ -

(a) 10% passage heigh t from hub.

Figure 4.4. Blade—to—blade distribution of periodic—average flow—field
parameters. First stator exit flow , maximum noise.
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YO R/S R = 0.0 0.34 0.69

T~~ T~U, 11

_ _

_ H
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-
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Cl
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0 0.4 0.8 0 0.4 0.8 0 0.4 0.8

CIRCUMFERENTIAL SPACING, Y/S~
(b) 30% passage height from hub .

Figure 4.4. Continued.
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CIRCUMFERENTIAL SPACING , Y/ S~
(c) 50% passage height from hub.

Figure 4.4. Continued.
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YO R/SR 0.0 0.34 0.69
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_ _ _ _ _ _ _  I

CIRCUMF E RENTI AL SPACING , Y/ S~
(d) 70% passage height from hub .

Figure 4.4. Continued .
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YO R/S R = 0.0 0.34 0.69

1 6 -  - . I 1 r
In

_ _
~~~ 11 -

~: T T ~ TTT~TT~ ,

__ _
0 0.4 0.8 0 0.4 0.8 0 0.4 0.8

CIRCUMFERENTIAL SPACING , V/S5
(e) 90% passage height from hub .

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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YOR/SR 
= 0.69 

+ 

I I I

\ - \ ‘ -/ ~~~~ \~~~~ /<
/
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(a) Concluded.

Fi gure 4.6. Continued.
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(b) 30% passage height from hub.

Fi gure 4 .6. Continued .
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= 0.69 
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(b) Conclude d.

Figure 4.6. Continued .
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(c) 50% passage hei ght from hub .

Figure 4.6. Continued .
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(c) Concluded.

Figure 4.6. Continued. 
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(d) 70% passage height from hub.

Fi gure 4.6. Continued .
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Figure 4.6. ContInued.
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(e) 90% passage height from hub .

Figure 4.6. Continued .
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VO /S = 0.69 1 1 1
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(e) Concluded.

FIgure 4.6. Concluded.
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the stator blade suction s u r f a c e  to p r e s s u re  s u m r l u i o - o- . T h i s  s h i p

nmo t ion  p r o d u c t s  l o c a l l y red uced ax i om I v o - h o c  I t  j o - s  and i n c r o - I I I ; o - t I  I how

ang les  ( d e v i a t  ion ang les) in I n t e r u m - t e d  su I to r  f l o w . ‘h it i s  i n c r e a s e

in t i m o  tangentia.I flow angle is v i si b l e in  t h e  I i n-i t N t a t o r  o x i t

data for a rotor samp ling p o s i t i o n  of YO
R

/S
R 

0. 36 . Simi la r  into- ,—

ac ted  s t a t o r  wn kc f lows occur  o t t  t h e  s t a t i o n  4 nm ca sll reno&-mlt p h  uti le -

307. span , YO R /S R 
= 0.00 ; 707. span , YO

R
/S

R 
= 0.69; and 907. , YU

h~
/S

R 
= () / t j ~~

A l l  of these interacted stator wakes are  c h a r a c t e r  i xe -cl b y l a r ger ut :-u m a  I

Vt/ i C) (- it y  d e f e c t s  and increased  t a n g e n t  i a l  f l o w  a n g les  wi l t - I l  t - o o m p o o r e d

to  o - or r e sp o n d in g  d a t a  f o r  non i n t e r u m c t e o i  s t a t o r  o x  i t  I i t l w f  ( I  lows wi n - o

t i m e  r o to r  w a k e/ s t  o m t o r  wake  i n t o r a c -  lion Occurs up si r o - u t u m  or  d ot w ois tr eu mo o t

0 ) 1 t i m e -  me a s u r e m e n t  p 1 oluC) . S i m i l a r  t r e n d s w e r e  I mi u no i  i n  I i t o  ii i i i  inborn

010 isc d u o t o m  ( see Wagne r Ol t I d  Ok i  i s h o i  [ 7 1 ) .

O t h e r  e v i d e n c e  of r o t o r  wak i -  I i i i  id  and i-vcn I (;V w ak e-  t h o t  i d  i n  t i l t -

f i r s t  s t a t o r  e x i t  f low cou ld  hi se- i -n ot t  m e a s u r e - f l o e -n t  : ; t . o u t  ion ‘t .  F o o r  ~0Y 
- -

spoum , rotor sommp l ing posit ion YO
I~
/S

R 
= 0.0(1 (see- i - ig u mre- 4. 4 o )  , the

c - f f o c t  of r o t o r  wake fluid can be seen ne-our Y/ S
~ 

= 0 . 40 .  R o t o r  wake

f l u i d  is charac  t e r i z e d  by re-duo -ed axial ye b c  It ies , increased tangent jul

v e l o c i t i e s  and flow angles , and increased radial v e l o c i t i c o  and flow

ang lo -s. An TGV wake influence is visible at )07 sp omn , Y O
R /S

R 
= 0 . 3 4

near Y/S~ = 0.30. IGV wake fluid is character izeol by ri-due-ed axial

vi-loc ities , reduced tangential ve l ocities and flow ang l o -s , aimd reduced

radial vel ocities and flow angles. The IGV wake  i n f l ut - ne e  is not  a l w ay s

visibLe in timi- stator exit flow . For example- at 507. span , YO h~
/S

R 
= 0.00

and Y O
R

/S
R 

= 0.69, the IGV wake effect is obscured by th ue c h o o s e  I ) r o x i m i t y

— — - ___________
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I t I tile iom o ich stronger (and OI)po)04 I ng) rotor wake in f luence at the  stat i (In

4 n m e a s u r e r n e n t  p l a m l i  -

At  a rad i u m  I span h o e - a t  ion of 90% , an ov-r all ri-dim e -I ion i n  t i m e  ax ia  I

v - !oo-ity level is see-n owing to wall boundary layer  e f f e c ts (see Figure

4 . 5 ) .

- 4 .3 .  C r o s s — S e c t i o n  l)rawings

A n o t h e r  me thod  of v i s u a l i z i n g  t h e  d a t a  i nvo lves  v i e w i n g  t h e  f l o w

in a plane perpc-ndicular 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 loca ted  at measurement  s t a t i o n  2 (see Figure 2.5). The data of

Wagner  and Ok i ish i  [7] suggest that 1GV wake locations were not influ-

enced by rotor blade sampling position (i.e., no significant rotor

upstream effects on ICy wake location). From this plane view the

slightl y greater turning near the hub of the Icy design is evident.

Figure 4.8 is a similar drawing showing flow at measurement station 3

(first rotor exit flow). Only isolated ICy wake segments were used

to obtain the IGV wake avenue p o s i t i o n  s ince r o t o r  wakes i n t e r a c t i n g

w i t h  t h e  I GV wakes tended to obscure  t h e i r  l oca t ion . The v a r i a t i o n

of iCy wake position shown in Figure 4.8 is largely due to the appre—
- - I

ciable width of the  wake avenue involved . The f r ee  vor tex 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 Wagne r and Ok iis h li 17] t Im e largest axial velocity

detects were found to occur when t h i e  ICV wake / rotor wake interaction

took p lace near the measurement p lane. In a cross—section drawing

like Figure 4.8, tIlls kind of in teraction occurs at time measurement

p lant- when  t h e position of the moving rotor wake coincides with t h e

location of the s t a t i o n a r y  ICV wake avenue , as , f o r  examp le , a t  90%

span for a rotor samp ling position of YO
R

/S
R 

= 0.69; at 30% span ,

YO
R

/S
R 

0.00; and at 50% span and 70% span for a rotor sampling

p o s i t i o n  l) etW e- e - f l  YO
R

/S
R 

= 0.69 and YO
R

/S
R 

0.00 (see Figure 4.8).

Curiously, a t  10% i-/p an the rotor exit flow data taken to date (see

Wagner and OkilsIui [71) show very large axial velocity defects for

a l l  rotor samp ling pots it ions. In otho-r words , an interacted rotor

waki- a p p ear s  t o o  r i - s t i lt f o r  oml I root or safloi)1 ing positions at 10% span

(seven di i f e - r e n t  r o t o r  s a m p l i n g  p o s i t  l o n t s  in all). An explanation

f o r  t It i s  h o - h m a v  i o o r  r o oot y  I n -  ~ ‘, i yen i n  t e r m s  of ICy wake or Lent at ion.

Fro)m t he t -as -oi d e  t i  r aw  jugs - I i-an i l l - S c o t t  that t h ut -  I a rgo ou moun ts of

t u r n i n g  o I l  10/ c a u s e s  t i l e  l (;V waki-  st - g m e n ts  In  he s u b s t a n t i a l ly in—

cli no-d t o  twa rd t i n -  m i o m s u  r e -m t - n t  p l a n t - . Thus , a t  h 0% span an b Cv wake

si-grnent  is  most  u t i t o - u c 1 cost- en o u gh  t o ,  t h i  inc ~o i s t l  r e -m e -n t  p l a n  c to  p r o d u c e

winO appears to  he l i t  b r u i t - t e d  r o t  or  wake- flows. • - .

F i g u r e  4.9 is -j i m u b — t o — t  i p  c r o s s — s t - I  tion view of tIle flow a t  a

p l a n e  i - i t i c  [d i n g  wi  L I I  t he f i r s t  s t o t t o r  leading edge . The p o s i t  ion

of tht stottor leading ed ge- is sketched in. The stat ionary ICV wake

avenue i nmp i nges on t h e  ~ t o t t o r  b 1 adN- 1 one- span  Icc-at icon onl y for

m m inmum n o i s e  b ut t out two span lot-at ions t t r  maximum 11( 01 se. Also , the

s l a n ted  r o t o r  wake first Intersects l i i i-  st o i t or  l ead in g  edge at  t h e
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hub wit it t ime  i n t o - r i - n o - I  l o o n  progressing upward toward t i l e -  t ip as the

r o t o r  1) 101 ( 10 -  moves .  As t h e  r o t o r  wo lk e p r o g r e s s i v e l y t r a v e l s , i t en—

co c m t u t € - r s  t h a t  portion or portions of t ue sl at o r  l e a d i n g  edge where

t i m e -  o u t  o I l  ionary ICV wake a v e n u e  is imp ing i n g .  As n o t e d  pr e v i o u s ly ,

b i t e -  I (;v wake / rotor wake i n t e ra c t i on  p r o d u c e s  deeper  r o t o r  w a k e s .

R e l a t o o I  i n c r e a s e d  p e r i o d i c  i n c i d e nc e  a n g l e  f l u c t u a t i o n s  w i l l  r e s u l t

in  i n o - r e o m s e d  d i sc r e t e  I r eq u e -m - y p r e s s u re -  f l u c t u a t i o n s  on t h e  s t a t o r

blade pr o-osoI re - arid sil o-lion s u r f a ce s .  These two) span l o c a t i o n s  of

i n c r e a se d  s t a tor  s u r f u n - i -  p r e s s u r e  f l u c t u a t  ions  f o r  m a x i m u m  no ise  o m r e

l o)n s i s t e n t  w l t i o  and h e h p  e x p l o u i n  t h e  i n c rease in t h e  noise o b t a i n e d

s i nc e  t i l l - n i -  su r f ; t o - e  p r e - s s t m r e  f l u c t u a t i o n s  are a primary source of

discrete - frequency noise .

A n a l y s i s  of t i m e  mim aximun t and m inimum noise first stator exit flow

dato t le-d to another interest log conclusion . In order to detect the

m l  I u i - i m o - o -  of di i lu-rent suItor l eading edge flow cond it ions on stator

exit flow , the  m m l x  i m u m  and m i n i m u m  n o i s e  c o n f i g u r a t i o n  d a t a  at  measure-

ment st at lofl 4 we-re  c ompa red  s e l e - t  1 vt- h y. Figure 4. 10 illustrates how

the- r elu m ti ve posi t i ti ris o tf rotor ound stator wakes varied at measurement

stat icon ‘I wi tit r o tor sanmp l ing and stator b e-at ions and suggests a

r o l l  i o n u o l  means  l u r  comparison. It is desirable to compare stator exit

p d a t  01 f o r  m a x i m u m  and m i n  i m o m n i  no isoo at rotor samp l i n g  posi t  ions  re - so i l  t ing

i n  s i m i l a r  r o t o r  wake-  and s t a t o r  wake- r e l a t i v e  p o s i t i o n s .  For examp le ,

t i n .- p o s i t i o n i n g  of  t l i i ’  root or wake- re - lo u t ive to the stator wake for rotor

samp h lug position YO
R

/S
R 

= 0.00 f o r  m i n i m u m  n o i s e  Is very similar to

t h e -  p o s i t  l on i n g  o i l  t i t o o s t -  wakes for rotor samp l ing p o s i t  ion YO
R /S

R 
= 0.34

I or maximum noise-. Titus , these data were c ompared (comparison A).
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Similar relative positioning of the rotor wake and stator wake also

occurs for YO
R

/S
R 

= 0.34 for minimum noise and YO
R
/S
R 

-- 0.69 for maxi-

mum noise (comparison B), and aga in fo r  YO
R

/S
R 

= 0.69 for minimum noise

and YO
R

/S
R 

= 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 mainl y confined to the mid—span (between 30% and 50% 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 endwaii regions. Comparison B involves rotor wake jofluence

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—

curnfei-en t ia ll y averaged va lues  of s t a t o r  ex i t  f low angle , 
~~~ (~e 

-= -
~~ I ~~ (Y)dY ,/, were calculated ai-od used t o  d e t e r min e  r e p r e s e n t a t i v e

average values of stator deviation ang le. The- resulting trends are de—

p ie-ted in Figure 4.11. The data ci comn p arise -m o A and C suggest that the

inle t gu ide  vane wake avenue  i n t e r s e c t i o n s  w i t h  the- s t a t o r  l e a d i ng  ed ge

and the accompanying  l a rge r s t a t o r  p e r i o d i o - E n c j d o - i u - i- ang le and s u r f a c e

pressure  f l u c tu a t i o n s  r e s u l t  in smaller ave-rago- suitor deviation angles

~ fl the hub and tip regions of t h e  s t o o l o r  wake  f l o w . I t  i s  conceivable

t h a t  the l a r g e r  amount  of f l u i d  m i x i n g  assoc i at i - d  w i t h  the  l o t - r e - m u s e d

f l o w  f l u c tua t ions  enhances  s t a t o r  b lade  s o m r f a c e  g u i d a n c e  of the  f l u i d .

A similar trend i n  s t a t o r  wake f l o w  woos not d i s c e r n e d  a t  m i d — s p a n  f o r

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - — . - - ~--_ ‘
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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 atator circumferential placement.
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c o m p a r i s o n  B.  T h -  e x p e c t a t i o n  was t i m a  t n e a r  m i d — s p a n  t i m e  m m  im u n o

n o ,  i se configurat ion would re-soi l t in smol I Icr ave-rage dcviii t ion angl en

wh en compared to max imomrn noise data.

4. 4. T h r e e— D i m en s i o n a l Ve l o c i ty  V e c t o r  S l o e - v t  D r a w i n g s

Mo ie w o r k  i s  h e - l u g  done current by t o o  f i n d  n t - w  w ;m v s  to use ari d

visualize t h e vast amounts of d at a  oocqui red t o  dat i - . One promising

me t im nd involves three—dimensional v o l oc i ty vector sho e -el draw i rigs.

An i n — h ouse -  cof l opu te- r p r o g r am  codi-d by M r .  iou 1 Womgne r c-nahles I he

vo-loc i t y  v e c t o r  d at a  to be p l o t t e - c l  and vl c-w e- d f r o m  any  d o - s i r e d  p u s i —

ion in space. Tile- t h r ee—d imn ens  ion ot I y e- i  o n i t  y y e -c  L o o m  ar e  geouu oc t r i—

t a l l y p r oj e c te d  O n t o )  a p l ane  in space- sp e - c - i f i e d  i n  t e r m s  of two  ang les

(s e - c -  Fi gure  4 . 1 2 ) . These two ang les , um io d rj , l u r o m t o -  tim e v i e - w i n g  a x i s

I 0) wIt 1 (010 t h e- p Lane  of pr o J e c t i o n  is p i - r p e n d i cu l a r  . lit e - ang h e  L Sp e c —

ifi es how far from the axtoi l dir e-c t icon (hooo king cipslre001n into , tim e-

I l o w )  l i i i -  v i e w i ng  0 0 0 5 1 1  1 0 ) 1 0  15 l o t o o t t o d  and  11 d e t e r m i n e s  h o w  l o o t - a ho ov-

( ( o r  bc l ow) t h o e  zo- ro r oe - I  i u m l  ye loc i  lv  p l a n e  t ioe v i e w i n g  ~~OS i t  i on  I s

i-~x ano p 1e- s of se -r ot e N -s o i l b u n t  d r a w i n g s  ar e  s h o e - w i t  in  F i g o m r c -  4 . 1 1 . F i g u r e

‘o . l  j o t  is o o 1 0 1 0 1  od l i i i -  r o t o r  ( r e l a t i v e )  e - o i t  f l o w  d a t u m  - t b  ~~ Y spoi n f o r

m m r o t o r  ~ano p l i uig p o e - o i l  j o t ! )  t o t  YO
R

/ S  = (1.00. The viewing p o s i  t icomi fo o r

l o i n  v j ew 1 s spe- cif i ed m o n F = 0
0 

( 1  took i io ~ i n  t u t  - t  :-: iou h c i i  r e t - b  i t o p ! ) ,  a nd

0) - t o  - - -= 1 (I re-no I u m h o v c  l i~e- zero rmm d m l  vc -  l o o t - i  tv p h o l n e )  . -h ho e - hi gh —

r u m d i ; o b — v e - l o c i t y  r c - g i o n  i d e n t i f i e s  w i m i - r c -  b l o t -  r o t o r  w o u k i -  Humid flow is .

I t v  v i e w i n g  i ooouo i t  ion  o m so- o l for 1 l i i i - ;  d r a w i n g  sc -vo te - u  to  ho -  the u l o o s t  I t i n t  ruct ly e

- ~~~~~~~~~~~~ - - -~~~-~~~~~~~ ~~~~~~~~ --  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~--~~~~~~~~~~~~~---~~~~— -- - --
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Figure 4.12. Three—dimensional velocity vector viewing angles .
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o m i i d  limo s b ee -r i  u se-cl ex t e m i s  lye I y in  t o t  b o o r d r aw  i ugs . F I g u ru s  4 . I lb —

4. I 3d sh ow t hoe-  name dot tom y i e-we-d f re -n o n o - v e r a  I d 1f f e ru n t  l o o oo b i ons

Ou r log dc- vt- I opin e-il l oh ti m is tech i t  i qome - I I wi_i s f oumo d I Imoi t t i m e - r e

wan  a n j O L t -  r d ep e-n d e- ruc - c - be- tw ee io  t i l e -  l o h ys  i t - u t  i space sea Ic  and ( h o e

v e h o c - i t y  m u mo i g n  i t o i de  n o a le .  i f  a sma h I spuoce sca le-  w i t h  re - h oo t i ve l y

l o n g  v o o  b o o r s  was use-cl , u t g n e a t  d c - u t  I of crossing over o f  t i m e  vc- - I oms

o c c u r r e d . I f  a I a rge  sea h e- w~ n oi ne d wit Ii r e - h a t  ive-  I y s i l t o r t y e - c t  or

lengths , no o-ro nsing over of t i l e -  v u - o - t o r o ;  v t -  omrre d . Til e- r i- 15 no

“ c e - r r c - c t ” r e h a t i c t r o s h o i p  be- t w e - ep o t h e -  p b t y n l o - u m  I space- sta b (n b o b c r n )  and

ho- ye h o e - i t  y n t o l g r i  i t ud t - so - u t i c- ( n o t - I  i-rn / s o -m e - m o d )  . Examp ho-s ctt I wo 50 00 1

r o o t  ion  a r t  - shoown in i° ig om re 4 - 14 . l~i m o -  dat ;m aiod V ewing pos i 1 i o n  t re

t i m e -  same as t h a t  used in F i g o o r o -  4 . 1  l o t .  O n l y t h o u  p h ys i c a l  s o - a l e  /

vt-l ojo i t v so - aLt- i-atio bia s he- en imal v e -d (Figomr e 4.14a) and dcoubl ed

(F i gu r o -  4 . 14 h ) .  I h o e  i n o p o r t ; l i o ( - e c o l  c h i t s  r a t  i o o  on t h o u- r e s u l  t a u t  draw-

i ng is e v i d e n t .

As an e-xt  e-n sion  ci t h i s  I yp e -  of f low v i s u a l  iz a l  ion , huh—t o—I ip ,

b l t r c - c - — d i m e n s i o r i o t l  ve l o c i t y  vec tor d r a w i n g s  we r e- c on s l r u o -ted . F i g u r e

6 . 1 5  shows 501 ( 10 mm d r a w i n g  f o r  b i t t -  r o L o r  ( r e - i m i t i v e )  e x i t  f l ow  I ( or  a

rot  o o r  pos h t ion f o r  YO
h< /S R 

= 0.00 . The p 1 t c h i  d i st a m-e s  and l u u i o — t o — t  ip

distances a rc - i~ t I’ ropc-r  p r o p o r  I ion .

The r t - g i o o n  t o t  l a r g e -  r u i c h u a l  v e L o c i t y  i s  t I l e  ro to r  wake  f l u i d .

Th oe - h u b — t o — t i p  s i lape -  ot t i n . -  r o o t  or wake r i g  I on can 1 ) 0-  see-n and agr -e-s

w i t h  t b o o -  shape - s k u - t c h o c - d  i l l  l i g u r o  4 . 9  f c o r  YO
R / S R 

= 0 .00 . Some

difficulty is i - i uu o t o m n b c - r e - d  in d i t e - r m i n i t i g  b l o c -  sign of the rad b o i l ve-

locity (r a d i a l l y upward t o r  downwa rd) fronm t h i s  kin d of pre -se-oto ot i con

of thou-  d a t a  0 0 1 0 ) 0 0 -  . A s u p p  I enie ’i~ t 0 1  ry h t u b — t  0 ) — I  i p rood in  I ye- hoc 1 t y
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50% —

-~ 30%

10% FROM HUB 
I

Figure 4.15. Hub — to—tip variation of first rotor relative exit flow.
Rotor sampling position YO

R/SR 0.00 , minimum noise.
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distribution sketch l ike tim e one of Figure 4.16 sloows clearl y the

iouh— to )—t l p variat ion rood [at velocity prof i it- s for the three—dim e-ns I onomi

vector sheet drawing of Figure 4.15 .

S i m i l a r  t h o r  -u — d i m e n s i o n a l h o u b — t c o — t  ip v t - h o e - i ty  v o - o - t o o r  d r a w i n g s  f o r

t i m e  s t at c ) r e x i t  f l ow f o r  t h r e e  d i f f e r e n t  r o t o r  sommp l i n g  positions more

shown in Figure- 4. 17 . The posi 1 1 0 ) 0 0  of t I m e  510 1 t o r  wake- s can b c -  i d e n t i f i e d

by the downward radial flow as opposed t o o  t io c s t r o n g  u p w a r d  r a d i a l  f l o w

of t h e  r o t o r  wake f l u i d .

Work is s t i ll  c o n t i n u i n g  in t b  is a r e- a  and w i l l  i n c l u d e  an a n i m a t o - c i —

seqomence movie [l i on  depicting t i m e -  p e r i o d i c  u n s t e - o o d i n e - s s  of t i m e  t b o r t o —

d i m e-u s  i omo a l , h o m b — t o — t i p ,  v e lc t c i  b y  y e -d o o r  s l i c e - t n .  A l s o t , w i r e  r n o d c - l s  of

t i m e  y e - I  t o o  i t y  v e c t o r  s l i c e -t n  a re  b e - ing  c o n s t r u c t e d  i n  an e f f o r t  to  op t  in t l  Zi

t he  S ( f l  h e -  r e l a t i on s i o ip s  and t h e -  v i e w  log  p o s i t i o n .

----- —‘I- 
_~~~~~~~~ - 

- - —— —  -— --~



_ _
ii_

_ 
W~ ~ 

- — - -  —

80 -

~~ i T WI7~~~~YO%

_ _  ~~~~ Ii
0 

1 1 1 1  1 111 1 7Q7

~ 
. 1 1 1 1  ~~~~~~~~~~~~~ 50%

_____  LU0 • ‘ — —  300/I 
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CIRCUMFERENTIAL SPACING , Y/S~
Figure 4.16. Hub—to—tip distribution of radial veloci ty profiles. 
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(a) Rotor sampling position YO
R

/S
R 

0.00.

Figure 4.17. Hub—to—tip variation of first stator exit flow, maximum
noise. 
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Figure  4.17. Continued.
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90%

— 50%

30%

10% FROM HUB

(c) Rotor sampling position YO
R/SR — 0.69.

Figure 4.17. Concluded.
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5. CONCLUSIONS

T he major conclusions res ult ing from the present study are sum-

marized below.

Small but discernible and consis tent ups tream influence of the

downstream stator blade row on the first rotor exit flow was observed

in regions direc tly ups tream of the s tator leading edge. Flow yaw

angles and axial velocities were af fec ted mos t 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

draw ings , 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 ICV wake / rotor wake interactions

generall y 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 those regions than for the minimum

• noise condition (for which these larger inc idence 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 endvall regions.

1~~ 

_  

_ _ _
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Since periodic f l u ct u a t i o n s  in s t a to r  Incidence angle tha t occur

w i t h  “chopping ” of the rotor  wakes are a p r ima ry  source of d i s c r et e

f requency  noise , the observed LGV wake / stator leading edge interaction

patterns are consistent with the related inlet noise levels recorded .

I

I,
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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 I’roperties

Barometric pressure, N/rn
2
:

P = h [1.0 — 0.0018 ( t  — 273.15)] -y oatm h g @ t baro hg @ 273 Kbaro (7 .1)

Density of air , kg/ m 3 :

atm ( 7 . 2 )

55Specific weight of water , N/rn

H 20 
= 

g~ 
[996.86224 ÷ 0. 1768 124 (-~ 

t — 459.67 ) — 2 .64966

x ~~~~~ (* t - 459 .67)
2 

+ 5 .0063  x 1o~~ (~ 
- 459 .67) 3]

( 7 . 3) F
7 . 1 .2 .  Blade—element  Q u a n t i t y

Percent passage heigh t fr o m  hub:

PHH = (r 
_
O.14224) lao ( 7 . 4 )
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7.1.3. Miscellaneous

Venturi volume flow rate , m
3
/s:

= 0.05229 
p 

(7.5)

Blade velocity, m/s:

u = ~~1~~M (7.6)

Calibration nozzle jet velocity, m/s:

V = (7.7)

Ave rage Venturi flow c o e (f L ( icn t :-

(7.8)

Average pressure—rise coef ficient:

(7.9)

7.2. Three—D imensIonal_ I’erIt~d1 c—Average_HoL—W lrc_Parameters

E f f e c t i v e  cooling v e l o c i t y ,  m/s :

V K 1 + K 2 E~ + K 3E V
2 (7 . 10)

—5 .5— ’-
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Sensor yaw angle relationship (see FIgure 3.2):

cos ~ • cos 0 cos 0 cos 0 + sin 0 sin 0 (7 .11 )0 p y 0 p

Effective cooling velocit y/actual velocity ratio:

V
e
/V = b0 + R 1c~ + B

2~ p
+ b•3V + b 4ct

2 
+ b 50

2 
+ b6V 2 + b 7czO

+ b a V + b O V  (7.12)8

Absolute tangential flow angle (set Figures 3.2 and 3.3), degrees:

~rnv 
+ 0

a,off 
+ 0

y 
(7.13)

Rad ial flow angle (see Figure 3.2), degrees:

— —0 (7.14)r p

Radial component of fluid velocity, m/s:

V = V sin ~ (7.15)r r

Axia l  component of f l u i d  ve l o c i t y ,  m i s :

V V cos cos (7 .16)  5

Tangential component of absolute fluid velocity, rn/s:

V0 V cos~~~~~sj n ~~~0 (7.17)

Relative fluid velocity , m/s: - -~~

— (V
0

) 2 + (V ) 2 
(7.18) 

5

z

I .

1’
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Tangent ia l  component of r e l a t ive  f l u i d  v e l o c i t y ,  m / s :

V 0 = U - V 0 
(7.19)

Rela t ive tangen tial f low ang le , degrees:

1 ‘

= sin~ (V
0
/V ) (7.20)

S
t ~

,

S 

4
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8. A i’I ’EN DI X II: l A R1i  LAT I ( )N ~)F l’ER 1 01)1 C—AVEEAGL DATA

The periodic—avera ge ci r c u n l l  r en t  I a  1 s u r v e y  d a t a  are tabu  l a ted  i n

this sect ion . Tue data are for flow d ownstream of tile first rotor row

(station 3), and t h e  fir st stator row (station 4) for t he  maximum noise

con E igurat ion .

The column headings  are defined as [oh lows:

Y/SS = (Lrcumterenti al spacing, Y/ S ~

V = a b s o l u t e  v e l o c i t y ,  ~~~, rn/s

V ,AX = axial ye I oc it y c oniponen t , V7 , r n / s

V ,TAN = abso lu te  t angent i a l  f l o w  component , V 0, r n / s

V , RAD = rad ia l  v e l o c i t y  component , V r~ 
rn/ s

BETA Y = absolute tangentia l flow angle , 
~~~~~

, degrees

BETA R = radial h o w  a n g l e , 1 r ’ degrees

V ’ = relative velocit y, V ’, m/s

V ,TAN ’ = r e l a t i v e  t a n g en t i a l  f l o w  c omponent , V U ,  rn /s

BETA Y’ = rel ative t a n g e n t i a l  flow angle , 13~ , ni/s S

~~~

I

I

- — — -  
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A periodically sanip l i np  l-iot—wire measurement system was used to obtain flu—
merous periodic—average (electronically and arithmetically averaged values of
periodically sampled data) three—dimensional velocity vector data for flow
through the first stage (inlet guide vane , rotor , and stator rows) of a low—
speed , multistage , a x i a l — f l o w  research compressor. New data are presented for
the maximum noise circumferential position of the first stator blatie row. Com-
parisons are made between these data and similar data previously acquired and
reported for the minimum noise configuration of the compressor. The inlet guide
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vane (Icy) wake avenue was found to in tersect  first stator row blades at two
span locations, one near the hub and the other near the tip , for maximum noise .
and at cs-dy one span location , near mid—span , for minimum noise. This differ-
ence in IGV wake / stator leading edge intersection patterns resulted in van —
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 ICV 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 showss.
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