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ABSTRACT

The experimental performence of two axial inducers is presented.
One of the :designs is analytical and includes radial equilibrium c‘onsidera-
tions. The other is & simple helix, with & constant pitch angle. The per-
formance data consists of two parts; conventional non-cavitating pump per-
formance, and performance with cavitation. High speed pictures of the cavi-

tetion formations were taken.
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AN INVESTIGATION OF CAVITATING INDUCERS FOR TURBOPUMPS

1. INTRODUCTION

The desire to achieve satisfactory performance of eentrifugal
pumps &t high suction specific speeds has led to investigatioms (1, 2, 3)
recently of axial inducers as a possible solvtion. An inducer ié an axiél
pumtp intended to be used in conjunction with a centrifugal pump. The usual
configuration is shown in Fig. 1. It is expected that the inducer operate
with cavitation, hence a diffusing section is usually allowed between in-
ducer exit and pump inlet. The pressure rise produced by the inducer need
only be sufficient to prevent cavitation in the main pump, so the inducer
is usually lightly loaded.

The pumping of liquids at or near their vapor pressure can he
difficult, and in conventional applications (condensate pumps, refineries,
etc.), it is accomplished by using a larger than normal pump. However,
in the present area of interest, i.e. turbopumps for large liqpid'rocket
engines, pump size is of prime importance. It is desired to make the
pump as light as possible (4). Since pump power is usually supplied by
a gas turbine which in theseﬂqpplications is inherently a high rotative
speed device, it would be advantageous to connect the impeller directly
to the turbine and thereby eliminate heavy gearing. Also, in keeping
propellent tank weight to & minimum, & low inlet pressure is unavoidable.
All of these requirements call for a pump capeble of operating at high

suction specific speeds.
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Inducers have been in use for some time in the liquid rocket
engine field, but most of the work is classified in nature, thus limit- .
ing our knowledge of the present state of the art.

The purpose of this investigetion i1s to determine design cri-

teria for inducers capable of operating at high suction specific speeds.

2. DESCRIPTION OF INDUCERS

Two designs were tested. The analytical considerations for
the first design are presented in Gas Turbine Laboratory Report No. 4i by
A. H. Stenning, and will be briefly sumarized here; blade shape at the
tip wa.é gpecified since this section is the most critical with respect to
cavitation. Constant pressure was specified on the blade suction surface.
Thus, at incipient cavitation the pressure along the suction surface &t
| thev;‘fsla.de tip equals the vapor pressure. For ease of manufacture, induc-
ers were designed with radial blade elements (tangent of pldde angle pro-
portional to radius at any particular axisl position). From radial equi-
librium considerations, the axial velocity was determined as a function
of blade angle (and therefore, radius). From these considerations, a
blade shape equation is obtained. This blade shape differed only slightly
from a true free vortex design (Fig. la). This inducer is referred to,
throughout, as Stennings's designg(Fig. 2).

Some initial difficulty was experienced in translating the theo-
retical tip coordinates into those useful to the machinist. A separate
set of coordinates was needed for pressure side and suction side. In ad-

dition, since it was desired to have radial blade elements (at the blade
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centerline), the milling cutter was offset from the centerline of the
work by en amount that varied with the blade sngle. A sampl_.e set of co-
ordinates is shown in Table I. X i1s the axial coordinate, © the angular
rotation of the work, and Y, the cutter offset from the center line. Cuts
were made in intervals of 2° and the blade surfa.é‘e finished by hand. The
blades had a 2° taper (4° included angle) from tip to hub.

The second inducer tested had three blades with constant helical
pitch and radial blade elements. Specifications for this are also shown
in Fig. 2. This inducer is refered to as & flat plate inducer throughout

the report.

3. EXPERIMENTAL APPARATUS

The test facility is a closed loop circuit designed specifically
for testing axial inducers (Fig. 3). It has a capacity of 28 gallons, with
a 1.8 in. dismeter test section. The piping and valves are 3 in. diameter
aluminum. The service and filter pumps (Fig. 3) are of the stendard centri-
fugal type. The service pump has a capacity of 500 gpm. Thé filter is a
standard commercial item capable of removing particles down to 25 microns
diameter.

A simple, but effectlive, heat exchanger is used. It consists of
a 12 ft. section of 4 in. I;ip_e concentric with an equal length of 3 in.
pipe. The coolant flows “through the annulus in a counter flow direction.
Thus, by controlling the coolant flow with a gate valve, the tempersture
of the test water can be controlled to within one degree Fahrenheit.

A layout of the test section and plenum chamber is shown in

Fig. 4. A single 20 x 20 to the inch - mesh screen is used to trap any
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large dirt particles. Some smeller mesh screens were tried but became
partially blocked after a few hours running time. Distilled water was
used throughout the testing to minimize the amount of dirt introduced.

A cylindrical sampling probe 1/2 in., in diemeter with two holes
of 0.040 in. diameter, arranged so that & continuous flow to and from the
system is maintained, is mounted in the plemm. This sample 1s used for
air content determination of the test water. A Van Slyke blood gas ana-
lyzer is used to process the sample (5).

A bundle of straightening tubes conslsting of 3/8 in. thin
walled aluminum tubing 5 in. long 1s used to give an exial inflow to the
test section. These completely fill the 5 in. diameter passage.

The contraction from plenum to test section is designed accord-
ing to Smith and Wang (6). The predicted variation in axial velocity at
the contraction exit wa.sqless than 1/5 of one ;pei-cent. A traverse was
made with total pressure probe at the test section entrance and within
the limits of the experiment no varietion was discernible, i.e. less than
1% variation in velocity at a mean flow of 16.1 ft. per sec. The contrac-
tion is used to measure flow rate, and is calibrated against a 3 x 2.4 in.
venturi meter. They agree within 0.005 cfs (4.5% mex.) over the range
tested. -

The test section was bored from a piece of lucite tubing 6 1/2
in. long. The nominal diameter of the inducer tested is 1.800 in. The
tip clearance allowed is such that the optimm value of the tip clearance
parameter as defined by Rains (7) (tip clearance divided by meximum blade
tip thickness) is obtained. This value is 0.098.

Somewhat larger clearances are used in practical rocket pumps (8),

amounting sometimes to as much as 3% of the blade span. The necessary
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clearance depends on the general 'ﬁt‘igidity of the pump sturcture, ex-
terior loads, and the nature of the liquid being pumped. Rubbing must
be avoided for some liquids.

Static pressure taps are located at the test section entrance
Just downstream of the contraction exit, and 0.150 in. downstresm of
the inducer exit. At each location, there are a set of taps at 90 degrees
to each other. There is also a set of taps on the drive shaft housing in
line with those on the test section casing. This allowed the static pres-
sure to be measured both at the hub and tip at the inducer exit (station 3
Fig. 1). The set of taps are used to determine circumferential uniformity.
The maximm circumferential non-uniformity observed did not amount to more
'Eha.n 2% of the pressure difference from hub to tip. Non-~uniformity was
present only at low flows and extreme cavitation conditions.

A three hole "cobra" probe is used for traversing the flow at
inducer exit (Figs. 4, 5). It is constructed of three hypodermic tubes
0.018 in. diameter, so that the tip dimensions are 0.018 x 0.054. The
time response of the probe to deviations from the flow direction is about
three minutes to final equilibrium with a water-mercury mancmeter. The
probe traversing mechanism permits travel in the radial direction with
a precision of 0.001 in. The probe tip remains in the same plane as the
static pressure teps when the probe is rotated. A yaw vernier allows the
absolute flow exit angle to be measured within 0.2°. A cobra probe is
sensitive to changes of this order, and the probe was calibrated for de-
viations from the flow direction. The method of using the probe was to
align it approximately (within 1°) with the flow direction, read the
pressure differentigl and correct the angle by means of a calibration

curve. A zero angle is cbtained by substituting a hub without blades in
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place of the inducer and operating the service pump. This flow angle
veries less than 1° from hub to tip. With the durmy hub in place, the
friction and windage torque of the driving dynamometer, seals, bearings,
and hub is obtained.

A simple scroll is used to diffuseisthe flow from the inducer.
It 1s basically toroidal in shape with two exit pipes whose centerlines
are tangent to the centerline of the toroid. It is machined in two halves
from a solid block of aluminum. The mating faces are coated with an ad-
hesive and the two halves bolted together.

The stainless-steel driveshaft is supported on one end by a
sealed ball bearing and on the other by e water Jpbricated nylon bear-
ing. There are two "Garlock Clozures" between the bearings to seal about
the shaft.

A driving dynamometer designed by the Dynamic Analysis and Con-
trol Laboratory at M.I,.T. drives the inducer. It has a three phase in-
duction motor, the speed of which mey be Varied by varying the frequency
of power input. A variable freguency motor-generator was used to supply
power. The m - g set consists of a LOO cps self-exéited. aircraft genera-
tor and a variable speed drive.

At the start, the capabilities of the driving dynamcmeter were
not known, since it was not designed specifically for this application.
It soon became evident that power output was limited to about one horse-
power at 10,000 rpm, and this with air-blast cooling of the motor. Time
did not permit the redesigns that would have ‘t{:een necessary to fully recti-
fy the situation. The motor-generator had to be modified slightly to ob-
tain the low frequency power (200 cps) needed to run the dynamometer in

the 10,000 rpm speed range. This modification cut out the generator
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speed control. Thus no motor speed control is possible in the speed
range tested. Motor speed was determined by motor characteristics and
the gpplied load.

The drive motor is swung on an air bearing. With a linearsyn
and leaf spring arrangement (Fig. 6) the torque is read on an electronic
volt meter sensitive to 0.003 £t-1b.

A speed counter device conslsting of a permanent magnet within
a coil and an erm that rotates with the driveshaft (Fig. 6) is used to
determine the rpm of the inducer. When the arm cuts throuéh the gap 1t
produces & signal in the coil. This signal is filtered and then counted
with a Hewlitt-Packerd electronic counter. This checked with the speed
vhen measured by & Strobotac to within 1%.

Originally it was intended to test a 2 in. dlameter inducer,
but in order to reduce the power requirement it was found necessary to

reduce the dlameter,

4. TEST PROCEDURE

Pump Performance

Before each pump performance (non-cavitating) test, the water
wag circulated through the filter for two hours to remove any foreign
particles. This was intended as an aid in preventing the probe from be-
coming clogged. During eight months of testing the probe became stopped
up once. Erratic readings made this immediately obvious.

After filtering, the inducer was started and the desired flow

coefficient established by manipulating the throttle and bypass valves.
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The service pump was used at larger flows to ow;ercome head loss in the
return pipes.

Cooling air for the drive motor and air bearing was turned on.
Cooling water for the heat exchanger was turned on and the flow adjusted
until the water temperature stebilized at about T70°F. The electronic e-
quipment was allowed to warm up. Total warm up ‘bin;e was .one-half hour.

The probe was set 0.050 in. from the hub and moved in steps of
0.050 in. toward the tip. Stagnation pressure was recorded to the nearest
0.01 in. and the flow direction to the nearest 0.2°. Also recorded were the
static pressure rise across the inducer at the tip and the difference in stat-
ic pressure from hub to tip. The static depression across the contraction
and the static pressure at the entra.nce to the contraction were recorded.

From this, the stagnation pressure at each probe position was
plotted. Then, assuming a linear variation of static pressure from hub to
tip, the axial velocity distribution at the inducer exit was calculated.
This approximation was improved in a few cases by considering radial pres-
sure veriation satisfying simple radial equilibxf;mn. The axisl velocity
ddstribution found in this manner w;s nearly the same as that found by
the assumption of linear pressure variation, therefore, the calculation
was not carried out for all cases. For tests in which back flow was ob-
served, static pressure was assumed constant in the backflow region. This
is equivalent to assuming no flow in this region.

The total mass flow roughly calculated in this manner differed
from that calculated from the static }iepression across the nozzle by a
maximum of 15%. This computed axial velocity distribution was used to
mass-aversage the head rise.

Torque was indicated on a vacuum tube voltmeter and the torque
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sensing device calibrated after each run by means of a pan balance and

weights hung on an arm attached to the motor housing (Fig. 6).

Cavitation Performance

In starting up for a cavitating performance run, the procedure
is somewhat more camplicated. The test water must he deaerated as thor-
oughly as possible to minimize the effects of cavitatlion inception from
gas nuclei, or perhaps it would be better to say to standardize the re-
sults (9). Deseration was accomplished by lowering the system pressure
to the minimum velue atteinsble with a vacuum pump and circulating with
the filter pump for one hour. The vacuum was then released and the air
which had collected in the high spots of the system bled off. Air con-
tent was measured with a Van Slyke apparatus.(5). This process was re-
peated until the total air content as indicated.‘by the apparatus attained
socme arbitrary low value. Since the apparatus indicates the total air
content (both dissolved a.nd.vundissolved) , the arbitrary value for mexi-
mum air content was set at 5 ppm (by weight). This represents 23% of
the saturated air content of water at 20° C. and atmospheric pressure (10).

It is recognized (9, 11) that the onset of cavitation in lig-
uids is caused by the presence of‘ga.s nuclei and that for liquids con-
taining relatively large nuclei, cavitation will occur at pressures higher
than the vapor pressure. Of the two general types of cavitation, vaporous
and gaseous, vaporous is the more important because of its sudden, ex-
plosive rate of growth and collapse. Also, vaporous cavitation can only
occur at pressures below the vapor pressurey and formclel with radii

3

smaller than 10 ° cm. the inception pressure is negative. Thus a varia-

tion in the size and number of gas nuclei can introduce scale effects.



-10-

That is, for flow about large bodies with smell pressure gradients at

low mean flow velocities, nuclei will have more time to grow. Whereas,
for flow about small bodies with steep pressure gradients at relatively
high mean flow velocities, nuclei will not cause cavitation if they are
smaller than & certain (calculable) size.

The system pressure was reduced in steps of approximately two
inches of ﬁercury. The same readings were taken as in the non-cavitat-
ing performance rung except that the probe remained fixed at 95% of the
tip radius. . Barometric pressure was recbrded.

The system pressure was reduced until pressure readings be-
came unreliable due either to unsteadiness or to the formation of bub-
bles in the manometer lines. At this point control of the flow rate was
also difficult. )

Cavitation runs at the higher flow rates were not possible be-
cause of extensive cavitation in the entire system piping. If, during
a given reduction in pressure, the rpm of the inducer changed slightly
because of a change in the blade loading, the flow rate was adjusted
until the desired flow coefficient was reestablished. ”Thué during a
cavitating performance run, the inducer rpm was not constant, but varied
usually by less than + 1%.

A description of the cavity formation was recorded and this
information used to determine when pictures of the cavitation should be
taken. A Fastax camera was used with 3500 watts of incandescent light-
ing. Piétures were taken at the rate of 10,000 per second for Stenning's
design and at 11,000 per second for the flat plate inducer. For the runs

during which pictures were taken, the data recorded were: inducer speed,
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flow rete, static pressure at contraction entrance, and barometric pres-

sure.

5. PRESENTATION OF DATA

The non-cavitating pump performance data is presented in a con-
ventional manner of head, power, and efficiency, all versus flow rate,

except that these have all been non-dimensionalized, i.e.

Q/ Ul /8

Head coefficient

\
,:';

Flow coefficient

[}

p - L

Torque coefficient

T T
P AU-:—/%
and efficiency

I

KAVS
R

Also ;blbtted. are aboslute e:_:it angle, relative exit angle, axial ve-
locity distribution, and tangential velocity distribution, all versus
a dimensionless radius, R/Rbip‘

In presenting the cavitating performance data, the head, power,

and efficiency are plotted against Prandtl's cavitation parameter, K,
P - Pv

K=';3/28
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Where Pv 1s the vapor pressure, W the relative fluld velocity at station
1 (Fig. 1), and P is the static pressure at 1. The pressure at station 1
1s calculated from the static pressure at the contraction entrance, flow
rate, and test section geametry. A static pressure tap was placed at 1,
but it was discovefegl that significant errors were present when compared
wi‘ch the static pressure calculated. Also, it was difficult to keep bub-
bles fram forming in this manometer line at low system pressures.

The point of breakdown inception {where the head has fallen off
to 90% of its non-cavitating value) is presented as is the suction specific
speed. This suction specific speed is calculated at the nearest data

point to the point of breakdown inception.

6. DISCUSSION OF RESULTS

i

6.1 Non-Cavitating Performance

The non-cavitating pump performance data for both inducers is
presented in Fig. 7. Each inducer was tested over a range of flows on
both sides of its point of best efficiency.

A maximum efficiency for Stenning's design of 86% was observed
at a flow coefficient of 0.17. The design flow coefficient was 0.227 at
which the efficiéncy was 80%. The maximum efficiency observed for the
flat plate inducer was 72% and this at aﬂflow coefficient of 0.152. Per-
haps a more useful comparison would have resulted if the two inducers
had been designed to give equal head rise at the same flow coefficient,
This will be borne out later in the discussion pn cavitating performance.

Absolute exit flow angles are presented in Figures 8 and 9.
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Back flow regions at the hub are evident at small flows. The increased
turning at hub and tip is due in part to boundary layer buildup on the
hub and casing.

Axial velocity dlistribution is shown in Figs. 10 and 11l. For
Stenning's design the axial velocity distribution at the point of best
efficiency was observed to approximate closest the design distribution
determined from radial equilibrium considerations. However, Fig. 12
shows that at the point of best efficiency the observed tangential ve-
locity distribution is radically different than the design distribution.
A comparison between test resulis and design is of questionable validity
at those extreme off-deslign conditions.

Fige. 16 and 16a show the relative flow exit angles. The flow
deviation angle was predicted from Cé.rter's rule (12). Again a compari--
son is velid only at the design point. The flow pat‘f:ern is obviously
more complex than was predicted on & two-dimensional basis. It is in-
teresting to note that even though the inducer (Stenning's) had a solid-
ity at the tip of 2.02, the relative flow angle exhibits a.*la.rge devia~
tion from the blade angle. A better method of predicting daviation angle

would be very desirable.

6.2 Cavitating Performence

The cavi'ba.ting performence of head, ‘corque, “and efficiency are
presented in Figs. 17 through 20. For some runs there was a slight in-
crease in one or more of these quantities just prior to the point vhere
the head began to deteriorate because of severe caviation. The efficiency
may have increased slié,htly because of the decrease in friction losses

on the blades. For the flat plate inducer it was observed that the head



=14~

did not begin to fall off until the cavity formation (which started at
the leading edge of the blade) had extended to the tréiling edge, and
then, quite suddenly. Whereaé for Stenning's design the head fell off
gradually as the cavity formation grew toward the trailing edge.

The variation of cavitation number at the point where the head
has fallen off to 90% of its velue at non-cavitating conditions, with
flow coefficient 1s presented in Fig. 21 for both designs. This can be
misleading however, because the rate of deterioration is not the same
for both inducers, nor for all runs on each design. For Stemming's de-
sign at flows near the design point the deterioration is gradual, while
for low flows (solid-body rotation, Fig. 12) the head decay is more rapid.
The flat plate inducer, which always operamés at positive angles of at-
tack showed this abrupt breskoff st all flows. It is usually thought
that i1f a cavitating machine is properly designed, best performance will
result at zero angle of incidencé? thus it was expected that Stenning's
design would be best at the design point. It was anticipated that the
liquid entering the inducer be at or near its «vapor pressure, at which
condition it can suffer very little acceleration without cavitating.
Consequently the rate of turning was quite small at the beginnihg of
the blade and increased rapidly near the trailing edge. This caused
cavitation towards the trailing edge at design flow and resulted in
breakdown sooner than expected. A solution to tpis would be to lengthen
the inducer and introduce the turning more gradually.

It was intended that all three of the inducer blades have the
same dimensions. However .due to a machining error one blade on the in-
ducer of Stenning's design was slightly thinner than the other two, i.e.

0.030 in. at the tip and 0,060 in. at the root. This was observed to
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have a deterring effect on the formation of cavitation on that blade
(Figs. 25b, 26a). It was decided then to maeke the blades on the flat
plate inducer somewhst thimner than those on the first inducer tested.
The blades on the flat plate inducer were all the same dimension-wise
a8 accurately as could be measured, but again cavitation seemed to favor
two of the three blades, (Figs. 28c, 29b, 30a, 30c). Upon observing the
leading edge of the blade that showed this reluctahce to cavitate it was
noticed that the tip had been rounded off slightly (during the finishing
process after machining). Thus it would seem desirable to avoid a "square"
leading edge tip. '

Let us look &t the dependence of suction specific speed on in-

" ducer characteristics at the blade entrance.

SSS = M;_“
H 24

or

NYE - NYC X (DZ-D2)
H$3/4- H$3[4_

assuming no prerotation. Hs can be expressed in terms of the inlet

blade angle and a pressure coefficient, CP’

Cp = _?_‘_E_'_“_‘_‘f‘.
W=(1g
That is
H
25 = { + Cp + QEL
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and thus

In

NNG M\/C%\I&' Do - D\'St"-\

Bl4

® ‘,C&/za ( V4 Cp +Cp ‘PL)]

® la-

DN J/E(-+2)
Cy, (\/18 (1+ Cp +Ci>/¢p")]3'4'

U,60

n

where r is the hub-tip ratio and DN =

Therefore:

NS | my T (- )
Hs I Q ['lza(l-% Cp+ CP’ (P7->_] Sla

From this suction specific speed has been plott:ed ahga.ins’c flow coef-
ficient for some values of C:9 (Fig. 22). There isﬂé.n especially streng
dependence of suction specific speed on inlet angle (tand = %) at low
velues of CP' For incipient cavitation P min is equal to Pv and therefore
Cp = K.
From Fig. 22 it appears easier to make a high suction specific epeed
machine when @ is small. Therefore comparison of inducers shouid be at
equal values of @ and head rise. In order to fulfill this condition
another inducer, after Stenning, with a smaller design flow coefficient
should be tested.

The maximum values for suction specific speed obtained at

breakdown inception were 27,600 for the flat plate design and 20,300
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for the design after Stenning (Fig. 23).

CONCLUSIONS

A simple two-dimensionsl analysis is not sufficlent to pre-
dict the performance of this type machine.

Although the performance was pot as predicted, good efficiencies
were obtained for both inducers tested. And lest we degpalr slightly about
the value of analytical designs for axial flow pumps, thé observed maxi-
mum efficiency for the analytical design was 14% higher than that for the
simple flat plate design.

Inducers that operate at positive angles of incidence show an
ebrupt deterioration of head once the cavity formation has reached the
inducer exit. When operating at or near zero angle of incidence the head
is more gradual.

Operation at high suction specific speeds depends to a great ex-
tent on the success of the designer in producing inducer blading which

will operate at low minimum pressure coefficients.
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TABLE I - BLADE CUTTER COORDINATES

o X Y X
‘ Pressure Off'set Suction
0 .0.253 .027 0
10 .287 .027 0.033
20 .323 .027 .066
30 359 .027 .100
4o 396 .027 137
50 L34 .027 .176
60 L2 .027 215
70 .510 .027 254
80 .548 .027 .293
90 .586 .028 +333
100 625 .028 373
110 . 664 .028 A1k
120 . 704 .029 455
130 L Thk .029 1496
140 785 .030 537
150 .827 .030 .578
160 .869 .031 .620
170 912 .032 .662
180 .956 .033 -706
190 1.003 .03k <153
200 1.052 .036 .803
210 1.106 .039 857
220 1.160 .0l2 .915
230 1.229 .0k6 .989
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DEVELOPED BLADE

SHAPE AT TIP
2]
BLADE LEADING
EDGE (ENLARGED)
.
;G\f/‘

BLADE ANGLES STENNINGS FLAT PLATE
LEADING EDGE TIP 76.5° 765°
TRAILING EDGE TIP 65.5° 76.5°

DIMENSIONS
THICKNESS AT TIP .035 030
THICKNESS AT HUB 070 .060
DIAMETER 1.800 1.800
LENGTH o78 978
HUB - TIP RATIO .444 444

NUMBER OF BLADES 3 3

FI1G.2- INDUCER SPECIFICATIONS



FILL

VACUUM
A
H

/PLENUM CHAMBER
DIFFUSER

NOZZLE

TEST SECTION

DRIVING
DYNAMOMETER

DRAIN
THERMOMETER WELL FLOOR

1/~ 7 7 7 7 7 7 7 7 [F L 7 ‘|7‘2—’77\

BYPASS VALVE
SERVICE PUMP

THROTTLE VALVE—__
A

FILTER

E COOLING WATER OUT
G T
j FITER PUMP
__,// COOLING WATER m/»/‘u = L 5
HEAT EXCHANGER D I

VENTUR! V /777 7 /7 7 7 N

AIN

FIG. 3 -~ AXIAL INDUCER TEST FAGILITY



FiLL VACUUM
TO LEVEL
)

Q'MTZ
4 g
; % PROBE TRAVERSING
WATER LEVEL 1]
% MECHANISM
9 ] !
;
4 e
9 V |
/] SCROLL.
4 O / YAW VERNIER
/] 7
77 A 77 A I Z 7 7 yd 7z 7 7 7 27 AN x
—_— INDUCER
L __~SCREEN = L STRAIGHTENING ) ) +
- TUBES - -
x w
Q O O 'l *
= . < :
L SAMPLING — . Z\\\\\ AN NN g
PR — _ o
o8t - PRESSURE
- TAP 4
Z 2L 17 A 17 2 VAR 2 Z Z y4 \
\
/
NN S SN AN N W . . T N . A NN L A S
b TO LEVEL
—___ GAGE DRIVING DYNAMOMETER

! F1G.4 - TEST SECTION -AXIAL INDUCER TEST F ACILITY



FIG. 4A-TEST SECTION



FIG.5 - PROBE & TRAVERSING MECHANISM



FIG.6- DRIVING DYNAMOMETER
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(o—

®=0.227, K=0.08, 100 % NON-CAV. HEAD, 9,/00 RPM
FIG. 24A - CAVITATION FORMATION (STENNING)



®=0.227, K=0.07, 40 % NON-CAV. HEAD, 9,700RPM
FIG.24B- CAVITATION FORMATION



®=0.20, K=0.11,100% NON-CAV. HEAD, 9,300 RPM
FIG. 25A-CAVITATION FORMATION (STENNING)



®=0.20, K=0.06, 100% NON-CAV.HEAD, 9300RPM
F1G.25 B - CAVITATION FORMATION



®=0.20, K=0.04, 40% NON-CAV.HEAD, 9,300RPM
FI1G. 25C - CAVITATION FORMATION



®=0.17, K=0.08, 100% NON-CAV.HEAD, 8550RPM
FIG.26A-CAVITATION FORMATION (STENNING)



®=0.7, K=0.04, 75%NON-CAV.HEAD, 8,550RPM
FIG.26B - CAVI TATION FORMATION



®=017, K=003, 10% NON-CAV.HEAD, 8,550 RPM
FIG.26C- CAVITATION FORMATION



®=0.14, K=0.15, I00% NON-CAV. HEAD, 8000RPM
FIG. 27A- CAVITATION FORMATION (STENNING)



®=0.14, K=0.09, 100%NON-CAV.HEAD, 8,000RPM
F1G.278-CAVITATION FORMATION



®=0.4, K=0.05, 95% NON-CAV.HEAD, 8,000 RPM
FIG.27C- CAVITATION FORMATION



®=0.4, K=0.02, 50% NON-CAV.HEAD, 8,000 RPM
FIG. 27D- CAVITATION FORMATION
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®=0.17, K=0.2, 10,J00RPM
FIG. 28A- CAVITATION FORMATION (FPINDUCER)



®= 017, K=0.08, 10,100 RPM
FIG. 28B- CAVITATION FORMATION



®-0.17, K=0.038, I10J00RPM
FIG. 28C~ CAVITATION FORMATION



®=0.145, K=0.11, 9,700 RPM
FIG.29A-CAVITATION FORMATION ( FP.INDUCER)



®=0.45, K=0.065, 9,700 RPM
FIG.298- CAVITATION FORMATION



@ +0.145, K=0.028, 9,700RPM
FIG. 29C - CAVITATION FORMATION



& =0.126, K= 0.16, 9,450 RPM
FIG. 30A - CAVITATION FORMATION (F.PINDUCER)



®=0.126, K=0.098, 9,450 RPM
FIG. 30B- CAVITATION FORMATION



$=0.126, K=0.064, 9,450 RPM
FIG.30C- CAVITATION FORMATION



®=0.126, K=0.034, 9450 RPM
FIG. 30D-CAVITATION FORMATION



®=0.0, K=0.14, 9100 RPM
FIG. 31A- CAVITATION FORMATION (F P INDUCER)



$=0.10,K=0.08, 9,00 RPM
FIG. 3IB- CAVITATION FORMATION



E

®:0.10, K=0.036, 9,J00RPM
FIG. 31C-CAVITATION FORMATION





