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ITT. TEST EQUIPMENT

3:1 Test Compressor and Instrumentation

The compressor used in the stall propagation measure-
ments was one deslgned to simulate internal flow patierns
commonly employed in modern high performance turboma-
chines. A cross sectlon of the test installation is shown

pal dinmensions are also summar-

&

in Fig. 3 where the princil
ized. The air flowed into the compressor through a cy-
lindrical entrance duct with a bell mouth opening. A
screen was installed on the bell mouth to prevent forelgn
objects from entering the compressor alr stream. An in-
terconnected set of four wall statlc pressure orifices
was loecated midway through the entrance duct, whilch was
calibrated to gilve the total alr flow rate or flow co-
efficient. After acquiring an initial circumferential
component from a set of pre-rotation vanes, the alr
flowed through successlve rotabting and fixed compressor
blades as shown in Fig. 2. The exit portion of the 1in-
stallation consisted of a short cylindrical duct, an
elbow sectlon, and & Tranglilon sgectlon which cormected
the elbow to the throttle valve. The throttle valve
which regulated the flow reslistance and thus the com-
pressor flow volume, consisted of two rectangular metal
doors which could be actuated by a varlable speed motor

to vary the throttle opening and hence the flow rate.



14

A 125 H.P. electric dynazmometer drove the compressor
by means of g shaft which passed through the rear duct.
The power input to the compressor could be found from
accurate measuremente of the rotatlive speed and of the
driving torgue which was determined by means of g dia-
phragm type force meter manufactured by the Hagan Cor-
voration (see Ref. 5).

The compressor was constructed sc that each blade
was separately removable, hence a variety of blade and
stage configuratlons were possible. Two types of blades
were available, three stages of "free vortex" blading
and one stage of "solid body" blading. BRBoth sets were

-

designed for an average power coefficient ¥ = 0.40 at =
flow coefficisnt ¢ = 45. The deslgn power coefficlent
was actually attalned at $= 0.42 because of the in-
fluence of the wall boundary layers. The compressor
plade tip dlameter was 36 inches and the hub ratio 0.6.
The blade solidity ranged from a maximum of 1.150 at the
rotor roots for both types to & minimum of 0.690 for the
free vortex rotor tilp and 0.903 for the s0lid body rotor
tip. The blade sets are shown in Fig. 4, and the geo-
e

metric properties are summarized 1n Table 1. There were

blades in respectlive rowe.

ot

i.“k

nes of adja

o

The axlal spacing between the center 1 en

Wlade rows was 2.875 inches. Most of the meassuremenits



(between the

volume of sbhout 46 cu.

guencles of the system considered as s

tor were above 22 cps exceph one mode inv

b

between the

pabterns

the above.
stall patte;

freguency.

rectangular

outer case and a set of radlial survey hol

gseveral cireumferentlial positlons behind

A traversing carrisge, described 1in Ref.
poglition the lnstrument vprobe 1in the comp
and a radlal survey carriage, 1llustrated
used to position the probes In the radial
The flow rate through the compressor
by measurements of veloclty profiles whic

air volume and the drive chafi ass

ear the top of

h o were

Helmholtz resona-

olving coupling

bl

e bt

b

ulvlg & i.) &11

1

n

Nl

v}

lower 7

of lower

o

the

Wt

25 provided at

each blade 1rOwe.

=

5, was used Lo
regsor ports

in Flge 5, was
survey holes.
was determined

COrTe~



lated with the sntrance duct wall statlc pressure. With

. calibration chart of wall pressure vs. discharge rate,

ing the wall pressure. The wall statlc pressure was meas-
ured with a water-mlcromanometer manufactured by the
Meriam Instrument Company. This instrument, whilch 1s of
the "movable well type", can be read to an accuracy of
0.001 inch of water.

Messurenents of the exit-duct wall sltatlc pressure

simultaneously with the torgue measurements 1o

o
L
o
=
W
5:1:
o

obtalin a quickly available 1dea of the pressure rise 1in
the compresgsor. These pressures were messured with an

tric pressure transducer manufactured by the Statham

[

Company, Los Angeles, California. The pressure detecting

unit which consisted of a bridge clreult and a Brown

Py

"Electronik" precision indicator 1s shown at the right in

Fig. 6 and described in detall in Ref. 6.
The foregoing informatlon describes the salient fea-

'Y

tures of the compressor installation as used for the stall

-

oropagalion experiments. Further detalls may be obtalned

332 Hot-Wire Equlpment

;

For velocity fluctuatlon measurements, radial hot-
wire anemometers utilizing platinum wires of 0.00024 in.

dizmeter and 3/16 - in. length were employed. The hot-
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.

relationship 1s the conventionsl King's equation for the
wire normal to the alr stream:

Ty
1"l R R - a+b VYV

0 ,
R - Hj

n

The calibratlons were made before and after each test run,
and from the linear relationship obtalined, 2 second curve
of resistance (R) vs. air velocity (V) was plotted (Fig. 9),
which was used to determine the velocity values under test
conditions.

For phase measurements, two identical clrcults were

E3

used so that simultaneous readings with two geparate hot-

The two ecircultes were checked

8
o
o
Y

wire probes could be

o

for identity in response time so that phase measurements
for the determination of the number of stalled reglons
could be made with two probes in different circumferential
positions. This was done by feeding a common osclillator
signal into both chamnels and checking the Lissajous
figures created by the two output signals on an oscillo-
BCOPS.

For the preliminary study of stall propagation, 1t
was found convenient to use a direct-inking type oscillo-
graph menufactured by the Brush Electronic Co., Cleveland,
Ohio (Model BL-202). Thils, together with a Brush BL-905

3

amplifier had the advantage of making instantaneous, per-

1 e &)

manent chart records although the frequency response of

o
Yot

e unit was flat only up to 100 cycles per second (see

D
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IV. COMPRESSOR STALL WITH THREE-STAGE FREE
VORTEX BLADING
4:1 Introduction
The experimental results obtained from the com-
pressor with three stages of free-vortex blading will be
discussed first, because this conflguratlon produced the

&

nost clear cul examples of 1

propagation observed. The
figuration are shown in Fig.

of torgue and exit-duct wall

Y

cle

..C"
a1 =2

flow ecosfficient st a compr

It will be noted

gtall extended Lo

Y £
pR=h

DA

ignated as

There was

he various types of stall

regions of stall for this con-

13a and b, which are plols
pressure as Tunctions of

sor rotative speed of 750 rpm.
as "partilal
lower than the max-
The reglilon

o flow coefficil

ent slightly

oY
stall reglon.
went into bolh
celfficients

PN
¥

netant rotor

O

3]
(=
431

In terms of dible nolse
»

runbling

12

nolse thalt was



e

o

slightly louder than the normal operating nolse, and full

£

stall was perceptible by a rumbling sound of very distinct

the term "partial stall" is used, it is in the

I
o
.t
f‘*
b

gsense that only a part of the radial extent of the blade
is experiencing stall. Hot-wire anemometer measurements
showed periodic velocity fluctuations only in the region
of the blades extending from the hub to about mld-radius.
(Partial stall in the blade tip reglon was observed with
other compressor blade configurations, ag wlill be dis-
cussed later.) Initially, as the flow was throttled (at
750 rpm or 12.5 rps), the hub reglon disturbance had an
average frequency of about 4.7 cycles per second. Thils
disturbance extended to about mid-radius, and further
throttling did not cause any appreclable change in the
magnitudes of the velocity fluctuations. Ilowever, the
observed frequency increased to about 9.4 cycles per
second, and on further throttling, became 14.1 cycles per
second. Fig. 14 showo examples of the chart data obtalned
with the oscillograph. The principal types of partial
stall patterns are shown as they appear with two dif-

ferent chart speeds of 25 mm per sec. and 125 mm per sec.

o shown at

e
3

The one-reglon partial stall fluctuatlons a
e
three dilfferent radii, and it can be seen that the fluc-

tuations disappear entirely at mid-radius. The magni-
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Loy

tudes of the instantaneous velocltles, as measured, show

strongly retarded flow regions thalt can result only from

3

nean veloo-

o

flow separation (stalling) on the blades. The

?«SJ

ity V 1s the average of the instantaneocus velocltles with

Fode

re

o

pect to time over a complete cycle as determined by the
mean resistance of the hot-wire. For velocity fluctua-
tilong large compared with the mean velocity, this proce-
dure introduces some error. The portions of the velocity
traces above the chart center line in general correspond
to unretarded flow, while those below correspond Lo re-
tarded flow. The amplitude of the velocity fluctuatlion
AV was taken as the difference of the minimum velocitles
in the unretarded and retarded flow reglons. The radlal
distripution of the velococlty Tluctuatlion smplitude ra-
tios, AV/%, are shown in Fig. 15

Two hot-wire anemometers were inserted to the same
radli in a plane normal to the compressor axls as shown
in Fig. 16 and thelr angulaer separstion varied. The
phase difference of the velocity patterns as measured
Wwith the two probes was egual Lo thelr anguler scparation
for the fluctuations with frequency 4.7 cps, egual Lo

twice the angular separation for the fluctustions with

H
D

{

requency 9.4 eps and three times the angular separahblon
at 14.1 cps (see Fig. 17). The probe displaced in the
directlon of rotation lagged behind the other probe in

Bl

211 cages. Tt 18 clear from these observations that the
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shree Treguencies represent respectlively one, two, and

three

”)

propagating stall reglons uniformly spaced around
i

the circumference (F 18).

¢

5

ince the rotor speed was 12.5 rps 1in these te

&

(43

te

2oy

[}

5“:
ot

the partial stall regions rotated with 38 percent of the
rotor speed in the direction of the rotor motion. Each
>f the three stalled pabtterns above was very stable 1n a
narrow throttle range. The single pattern occcurred in a
very narrow flow coefflclent range of about 0.40>d>0.39
for closing throttle. The meaximum width of the single

region of retarded flow was about 17 percent of the cir-

o

cumference, which corresponds 1o approxlimately 5 rotor
-~

blade channel widths. At a flow coefficient @ = 0.39

the single stalled reglon becamc unstable and split into

two reglons which oscillated in thelr relative positions,
but with further slight throttling, the two regions
separated and Tinally took up stable positions 180 de~
grees gpart. In this condition, the two reglons were of
nearly equal size and had the same maximum width, about

5 rotor blade channel widths. They did not differ sig-

antly from the single region at the higher flow rate.

The two-region pertial stall was the stable pattern for

ey

H

the range of approximately 0.39>P>0.37. At P = 0.37 the

i’")

£
L

two-reglon pa n became unstable, a further splitting
and rearrangement occurred, and on very slight throttling,

a three-region pattern of retarded flow became the stable



pattern., The maximum width of each of the three reglons,

which were 120 degrees apart, corresponded to about 4

ficlent $»§ 0.30 the threse-reglon pattern became unstable
and full stall (described later) appeared.

When the throttle was opened from the full stall
point, the above patterns appeasred in reverse order, al-
though the limits of ranges of succeeding patterns oc-

curred at larger flow rates then on closing throttle. The

~ o~
three~reglon pattern appeared at = 0.34 and the one-

i

vpeared at P € 0.41. In one instance,

;M

four symmetrical propagating stall reglons appeared on
opening the throttle from the full stall. Although well-

P

defined, the pattern wae socoon replaced by the three-region

;*)

pattern without touching the throttle (see Flg. 14).

The blades tended to stall near the hub Tirst zs the

throttle was closed. Apparently an alternating pattern
of stall is more stable than an axially symmetric stall.
The strong retardation of the flow in the stalled reglon

1

thought that further throttli:
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40 percent. Blocking off both front and rear of the

orniius 80 as Lo e
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ducting resulted in a propagatlion velocity of about 45

strictions have some influence, it 1s evident that the
tall is primerily e characteristic of the

ceurrence is independent of the pres-
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surging occurred, the frequency would be ex-

-

pected to Pe high, that is 20 or 30 cps, correspondlng
to the resonator frequencies of the ducting and much
higher than the fTreguencles of passage of the propagabting

sta

?j
bowsd
}”"‘l
W
b
o
oy
D

rotor speeds used. No surging was recog-
nized in any of the flow regimes above, although there

is a poseibllity that surging occurred in some of the

configuratlions discussed later.

L4 Effect of Removing the Third Stator Row

Upon removing the blades of the third staltor row,
that is the last row of the three-stage free vortex
was that no multiple

partial stall patterns gingle rather un-

©
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hub at a flow co-

— )
efficlent @ = 0.38 on closing the throttle. This flow

of partial stall with the third stator in place. Full
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of the rotor speed. At & 2 0.07, the one-region propaga-

bilrng full stall deteriorated into a rather irregular iyp

o

of disturbance. Flg. 26 shows a comparison of the propa-

ode

gating stall speed at & £ 0.20 (midway in the stall re-

stall speed in terms of the measured veloclity fluctuation
freguency is shown as a function of the rotor speed. The
linear relationship between the propagabting stall speed

and the compressor rotor speed is evident here, and it 1s

seen that decreasing the solidity by one-half decreased

the propagation speed from 28 percent to 20 percent of
the rotor speed.

Fig. 27 shows how the stall region width at mid-
radius inereazsed Trom 3 rotor blade channel widths at
the start of stall to about 8 blade channels at the
lower 1limit of propagating stall. Below this flow rate,
the entire armulus evidently was in stall and it was

impossible to detect

o

ny regularity in the velocltiy
fluctuations. Fig. 28 illustrates the radisl varliation
of the stall region width at z flow coefficlent @ T 0.253.
The width is & maximum at the hub and 1s egulivalent 1o

the width of zbout 7 rotor blade channels, and z minimum

st the outer radius where 1t is eguivalent to about 3

]

rotor blade channsl widths. nder these conditions, the
width at mid-blade height is approximately egual to 4

blade channels.



31
The effect of removing the third stator row ls shown
in Fig. 25, where the propagating stall speed shows an

increase throughout the propagating stall reglon except

fto
o

at the upper flow limit. At @ = 0.20, this increase
from slightly under 20 percent to slightly above 22 per-

cent of the rotor speed. This increase was simliliar to

o

that observed with the full solidity. Removal of the
third stator row also appeared to have the effect of
maintaining a more constant stall speed throughout the

nronazeting stall region. With full solidity Tor stator
& Jag ) é) é}

stator row in place, the propagating stall speed was 23

percent of the rotor speed (at & 2 0.20).



V. (COMPRESSOR STALL WITH ONE STAGE OF BLADING

5:1 One-Stage Free Vortex Bladlng

-

The regions of stall Tor the compressor with on

stage of free vortex Plading alone are shown in Flg. 29,
which is a plot of the sexit-duct wall Dressure as a

s

initlally oc-

e

function of the flow coefficient. Stell

wrottle at the peak pressure point

curred with closing t©
in the form of a single propagabting stall region at the
outside of ©
pattern commenced at & ¥ 0.31 with a propagating stall
speed of about 48 percent of the rotor speed as shown in
30. The single pattern had a meximum retarded flow
from the outer radius to about mid-blade height. Fur-
ther throttling to ¢ = 0.303 resulted in the formation
of two stalled reglons propagating at about the same
speed as the single region, and placed 18C degrees apart
in their most stable position. At & = 0.298, a single-
region stall pattern agaln appeared with a lower prope-
gation speed equal to about 36 percent of the rotor speed.

From TFig. 30, it will Dbe noted that the propagation speed
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o
ah the vhase difference neasured for a
be in considerables error dus 1o

instability of the flow, the average value of a number

of a points for any position of the hot-wire probes gave

very reasonable results. Fach point in Flg. 31 represents
the average value of Tive or more phase angle measure-
ments.

Examples of the oscill raph records for the partial

stall phenomensa are glven in
of the velocecity

of radius Tor the three afore-mentloned partlisl stall

w

cases. For all the partial stall patierns, the veloclity
fluctuation amplitude ratio AV/V was greatest at the tip
( av/V = 0.6), although for the lower flow one-region
pattern & second maximum point of AV/V 2 0.6 appeared at
R/R, = 0.9 or 1.8 inches from the tip. The first two
partial etall patterns extended only to about mid-radius
as evidenced from the velocity fluctuations, however, the

one-region pattern occurring at @ = 0.298 showed a gradual

-

ceity Tluetuations towards the hub and did

o
o
o
ks
o)
o
o
fedn
]
</§
o,

not diminish until a point very close to the hub. At the

——

lower 1imit of this reginme ¥ 0.26 two-reglion stall
<o 3

By

atterns appeared, but they were rather unstable

s

On further throttling to the flow coefficlent range
0.26 >P> 0.11, irregular velocity fluctuations were ob-

served primerily in the outer part of the annulus.
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of the partial type,

it was 4ifficult to tell whether any propagatlion similar
to the previous cases was involved. An example of th
radial distribution of the velocity fluctuatlons for
this regime is shown in Fig. 34 for the flow coefficient
d 2 0.12. The velocity fluctuations in this regime

je)
covered e greater porticon of the compressor annulus than

ot

11 decreased Lo a

i’““"

the previous cases, although 1t st

5

negligible value at the hub. The top chart

g

fule

is an example of the lrregular veloclty fluctuations

found 1n this regine.

—

ull stall did not occur untlil & = 0.11 where sz

w

ingle reglon of retarded but fluctuating flow distur-
bance extending over the entire blade helght appeared

with the very low propagation speed of about 10 percent

of the rotor epeed. Ixamples of the velccity fluctua-
& J

]
ot
w

tions found in this full stall regime are shown in the

oscillograph records of Filg. 35. The retarded Tlow

¥

region does not appear to be caused by a single well-

-

defined stall disturbence, but rather by a series of

irregular stalled regions grouped together. The wvelocelty

fluetuations were very irregular in this retarded flow

region, although investligations with an apparatus of
higher Treguency response might ascertalin whether or

not these fluctustions were & resull of disturbances

from 211 of the blades. The width of the fluctuating



retarded flow reglon increased towards the outer radius,
and in Fig. 36 this radial variation i1s plotted for a

flow coefficient @ = 0.112. At this flow rate, the
reglon of retarded flow had a width of about & rotor blade
chennels at the hub and increased to cover the entlire

annulue at the tip. The peak velocity fluctuatlion am-

plitude ratio did not vary radially to a great extent

ey

see Fig. 34), having a maximum value of about 0.6 at
Closing the throtile further (from ¢ - 0.112) in-

creased the width of the region of robtarded flow at the

hub from 6 rotor blade channel widths to about 22 channel

widths at @ = 0.075 (see Fig. 37). Below this flow rate,

4

irregular flow seemed to occur over the entire annulus.
In terms of sudible nolse, a definite periodic beat could

be heard when the compressor was In full stagll, but only

C\,«a

N

z continuous rumbling sound was notleceable below this
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from shut-off, the se-
guence of stall phenomens appeared in reverse order but

at slightly higher flow rates {see Fig. 29). The exii-
o b L

O

duect wall pressure velues were slightly lower golng out of
£ i) & &

full stall than when the throtile wes belng closed, how-

ever, this was the only point at which the exit-duct wall

bressure showed any hysteresis effect.
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With one stage of =g0lid body blading, the stall
oceurred Tirst 1n the outer part of the annulus as the
compressor was throttled. Fig. 38, which plots exit-
duct wall pressure as & Tunctlon of Tlow coelficlient,
showg that propagating stall initially occurs at sbout
the volint of maximum exli~duclt pressure al a flow co-

Y

efficient ® 2 0.31. The top chart in Fig. 39 is an

o

example of the type of veloclty fluctuation existing at

.

the initisl stsll point. The stall patterns at the tip
(R/RQ = 0.98) were rather unstable so that conslstent
determinations of frequency were limpossible. However,
the initial stall sppearing at ¢ = 0.31 tended to be one

with e propagating speed of about 45 percent of the rotor

speed. Upon closing the throttle to the flow coefficient

b = 0.20, no very stable patitern appeared although there

was some evidence of a pattern with two regions of re-

tarded flow. Further throttling beyond the flow coef-

b
H
[
;...J
0}
o
ot

©
"l
O
8

27, gave only irregular fluctuations of
the flow wvelocltics concentrated, for the most part, in
the ouler portion of the snnulus. This behavior was
gulte similar to that observed with one stage of free
vortex blading. The exit-duct wall static pressure de-
creased gradually from 1ts maxinmum value with closing
throttle until & = 0.13 where full stall first appeared.

There were no distinet veriastions in the exit-duct wall
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the following happens:

8. The region or

=

egilons regroup int

next larger number of reglons propaga-

Dropaga-

ting with a lower speed {this was found
for one-stage free-vortex blading).

c. The partisl stall reglons regroup into

g single reglion of the full stall type.
The maximum veloclity fluctuatlion amplitude

ratio, AV/?} was about the same for 211 case
( AV/V - 0.6 to 0.65).

8tall charascteristics are:

i

The stalled region extends over the full

Only one stalled reglon exists.
The propagating stall speed is lower than tha

for partial stall.

3

}‘_Io

ransition into full stall is accompanied by
a drop in exit-duct pressure upon closing the
throttle, and & hysteresis loop 1s found when

exit-duct pressure variatlions for opening and

t
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Fig. 1: Stall Propagation in a Cascade
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Fig. 2: Stall Propagation in Compressor Blade Rows
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Fig. 4. Root and Tip Sections of the Two Types of Compressor Blading



Fig. 5: Hot Wire Anemometer Probes and Radial Survey Carriage

Fig. 6: General View of Instruments: (A) Pressure Detecting Unit,
(B) Hot-Wire Heating Circuit and Amplifier, (C) Potentiometer,
(D) Oscillograph
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Fi3URE 8
CALIBRATION GURVE OF 0,00024 INGH PLATINUM ®IRE
FOR CONSTANT CURRENT OPERATION
PLOTTED FOR CONFORMITY %ITH KING'S EQUATION
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1.0
o= BEFORE RUN
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FIGURE 9

CALIBRATION OF 0.00024 IN. PLATINGM WIRE
FOR CONSTANY CURRENT OPERATION
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FIGURE 15
RADIAL VARIATION OF PEAK VELOCITY FLUCTUATION ANPLITUDE RATIOS
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PROBE NO. 2

PROBE NO. |
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Fig. 16: Illustration of Phase Measurements for the Determination
of the Number of Stalled Regions
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CASE

Fig. 18: Depiction of Three-Region Propagating Stall Pattern,
Threc-Stage Free Vortex Blading, $=0.363
Behind Third Rotor Row, 750 rpm.

FIGURE 19
VARIATION OF PROPAGATING STALL SPEED WITH FLOW COEFF ICIENT
THREE=STAGE FREE VORTEX BLADING
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