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FOREWORD

This volume (III) documents the work performed under Contract
NAS3-11216, Modification Number 3, during the period February 1971
through June 1972, The work is additional to that reported in Volume T,
Volume II, Computer Programs, is being updated and reissued with this
volume.

The work was sponsored by the Lewis Research Center, National
Aeronautics and Space Administration, Cleveland, Ohio and was admin-
istrated under the technical direction of the Chemical Rocket Division
with Mr. D. D. Scheer, Project Manager.

Pratt & Whitney Aircraft's Florida Research and Development Center
at West Palm Beach, Florida, was the contractor, and Mr. W. E. Young was

the Program Manager. The following Pratt & Whitney personnel contributed
to the program:

Mr, R, E, Davis supervised the analytic effort,

Mr, C. G. Roberts assisted in the analytic work. '
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SUMMARY

An analytic and experimental investigation into the effects of
blade tip clearance on inducer performance, and of leading edge sweep-
back on both blade pressure loading and performance was performed.

A tip vortex flow model was incorporated into a previously devel-
oped inducer internal flow analysis to represent tip clearance effects.
Calculated vortex circulation from the basic analysis was found to be
unrealistically large and the circulation was reduced empirically to
improve the correlation between predicted and measured ideal head data,
The empirical correction was consistent with the work of other investi-
gators, Tip clearance losses were predicted with a semi-empirical
relationship which was obtained from previous work, Measured inducer
non cavitating performance data at these different tip clearances, which
were available from a previous program, were correlated against predic-
tions. The correlation of ideal head rise vs. tip clearance data was
excellent, Measured loss data indicated the existence of an optimum
tip clearance which cannot be predicted by the flow model, but, in
general, correlation of the loss data was reasonably good. Complete
cavitating performance data at the three tip clearances were not avail-
able and no predicted vs., measured correlation was performed.

The leading edge sweepback flow model had been previously incorpor-
ated in the inducer flow analysis., Two inducer test series were conducted
during which inducer blade pressures and performence were measured at two
leading edge sweepbacks, Blade pressure data correlated well with pre-
dictions when cavitation cavities were less than 30% of inducer axial
length indicating that the flow model is adequate for use in blade
stress calculations, Whencavities were longer than 30% length predic-
tions generally agreed with the measured data for the 8 deg (.1h rad)
and were longer than measured for the 16 deg. (.28 rad) sweepbacks.
loncavitating ideal head predictions were in good agreement with measured
data, but loss data correlation was poor, probably because of cavitation
cavity associated losses. Measured cavitating performance data showed
an increase in suction capability with increasing sweepback and the

measured cavitating performance data correlated closely with the pre-
dicted data,



SECTION I
INTRODUCTION

Pump fed liquid propellant rocket engines depend on high speed
lightweight turbopumps to supply the required pressure/flow conditions
to the chamber. In order for these pumps to perform satisfactorily,
propellants must be delivered to the inlets at conditions that are com=
patible with the capabilities of the pumping elements, that is, at pres-
sure levels "reasonably above the vapor pressure of the respective propel-
lants so as to minimize pump cavitation and performance degradation,
This can be accomplished by utilizinginducerscapable of transient and
steady state operation at varying degrees of cavitating conditions.

These inducer performance requirements lead to the design of high
solidity (2-3) axial blade rows utilizing blades with thin leading edges
to minimize local fluid accelerations and achieve maximum cavitation
performance. The prediction of loads, stresses, and vibration resonant
frequencies of such blades are necessary functions in the design of the
blading, The goals of this NASA funded program were to develop and ex-
perimentally substantiate computer programs for the prediction of inducer
blade loads, stresses and vibration characteristics,

Analyses of inducer blade hydrodynamic loading, stresses, and vibra-
tion characteristics were prepared, and a test program was conducted in
which blade surface pressures and stresses were measured on an operating
inducer, Data from these tests were then correlated with predictions
and the correlated data indicated that the inducer internal flow analysis
accurately predicted blade loads for the one inducer tested. The flow
analysis also predicted inducer performance accurately. Predictions from
the stress and vibration programs also agreed very closely with test data.
The flow analysis accounted for blade leading edge sweepback, which
affects both blade loading and performance, tut no test data were availa-
ble for correlation., Tip clearance effects, which were seen to have a
significant effect on performance during the testing phase of the program
were not accounted for in the analysis. These areas were selected for
further study and the results of this effort are reported in this volume.
The previous work is repcrted in Volume I (l)* and the computer programs
are listed and described in Volume 1T (g). Volume II is being updated
with the latest computer program changes and re-issued with this volume,

# Underlined numbers in parentheses refer to references which are
listed in Section VII
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The objectives of the work reported herin were to expand the origi-
nal inducer internal flow analysis to include the capability of predict-
ing the effects of tip clearance on performance, and of leading edge
sweep on both performance and blade loading; and to demonstrate these
capabilities by correlating predicted data with test data. The work con-
sisted of the following two tasks, which are numbered consecutlvely from
the original program tasks.

Task VIL - Tip Clearance Model
;

The previous analytic treatment of the blade tip wall, or
housing, as a rotating shroud was revised to treat the wall as a
stationary member and to consider the effect of blade tip leakage
on the boundary layer and on the main flow. Predicted data were
correlated with inducer head rise and hydrodynamic efficiency
measurements from the Task VI testing.

Task VIII -~ Blade Leading Edge Sweepback

The inducer from the original program was reoperated to an
8 deg (+1h rad) and a 16 deg (.28 rad) cone angle leading edge
sweep and tested at each sweep angle to obtain measured performance
and blade pressure data., Measured blade pressure and performance
data were correlated with the analytic predictions.

Details of these efforts are discussed in this wvolume under the
function section headings of "Test Apparatus and Procedure, Test Results,
Analysis, etc". In areas where the previous effort was duplicated, such
as the test apparatus, instrumentation, and procedure, only a brief de=-
scription is given in the interest of completeness. Reference is made
to Volume I for detail., Test data from Volume I, which were used in the
data correlations, are repeated in this volume.



- SECTION II
TEST APPARATUS AND PROCEDURE

A. Inducer

The inducer used in the follow-on work was designed in Task III
and fabricated in Task V of the original program and these efforts are
reported in (1). The inducer has a constant tip diameter, variable hub
diameter, and J-blade type of blading (helical front portion, cambered
rear portion). The inlet section is helical through a solidity of ap-—
proximately 1.0. Basic design paraméters are listed in Table 1 and the
hub and blade tip contours are shown in figure 1. The inducer was ma-
chined from titanium and is pictured, with instrumentation grooves on
the blades, in figure 2.

Table 1. Basic Inducer Design Parameters

Inlet Exit

Hub Diameter, in. (cm) 2.8 (7.1) 3.74 (9.5)
Blade Angle-Tip, deg (rad) 8 (0.14) 10 (0.18)
Blade Angle-Hub, deg (rad) 19.35(0.339) 18.25 (0.318)
Tip Diameter, in. (cm) 7.0 (17.8)
Blade Thickness, in. (cm) 0.130 (0,.330)
Number of Blades 3
Flow Coefficient 0.07
Head Coefficient 0.24
Suction Specific Speed 30,000 (min)
(100% Head Falloff)
Flow Rate, Gpm (m°/S) 1060 (0.067)
Rotor Speed, rpm (rad/s) 4900 (513)

The inducer was reoperated to an 8 deg (.1L4 rad) leading edge
sweep and then a 16 deg. (.28 rad) leading edge sweep for testing in
this program. Leading edge sweep angle (a) is defined as shown in
figure 3. The leading edge suction surface was machined parallel to the
tangential direction for each sweep angle as shown in the tip section
drawing of figure 3, Sweep angles were selected to provide test data over
over what was considered to be the maximum range of interest in inducer
design, Quantitative parametric data concerning optimum sweep angle for
best performance are not available, but 16 degrees (.2L rad) is approxi-
mately the maximum that has been used in engine applications. Eight
degrees (.14 rad) was selected as the other sweep angle to be tested.
Photggraphs of the inducer with the two sweeps are shown in figures L
and 5,

Blsde tip wrap angles which correspond to the 8 and 16 degree cone
angles are approximately 35 and 75 degrees (.61 and 1,31 rad) respectively,

\Ji



The location of the tip leading edge for the two sweep-backs is indicated
on the contour curve of figure 1. Both sweep angles were within the
helical inlet section of the blading and, as a result, blade inlet metal
angle was unchanged. ’

B.. Test Facility

The sweptback inducers were tested in the same water loop that was
used in the previous testing of the radial leading edge inducer. A
schematic of the test facility (D-34) is shown in Figure 6. The 5 inch
(12.70 cm) diameter leg was used during the contract testing, with the
two 8 inch (20 cm) legs blocked off. Flow rate was regulated with a
motorized throttling valve. Inlet pressure was controlled with a water
accumulator located approximately 12 feet (3.65m) upstream of the test
rig. Screens were installed just downstream of the aeccumulator for less
than atmospheric inlet pressure test points. This provided the addi-
tional pressure drop necessarg for the regulation of inlet pressure down
to approximately 4 psi (3N/cm“) absolute.

The test rig in which the sweptback configurations were tested also
remained the same as that previously used with the radial inducer. The
rig was designed in task III as reported in (1) and is shown in Figure 7.
The design allowed for the installation of the pressure scanning valve in
the inducer hub and the routing of all pressure tubing and electrical
connections necessary for its operation. Figure 8 shows the test rig as
it appeared installed in the test loop.

C. Instrumentation

Both performance and blade surface pressure data were taken for
each inducer configuration tested. Instrumentation was essentially the
same as that used in the initial testing and is described briefly in
the following paragraphs.

1. Performance Instrumentation

Pressures were measured from wall taps and probes that were lo-
cated as shown in Figure 9. All pressures were read from pre-
cision, (+ 0.2% F.S.), Heise pressure gages. Inlet total pres-—-
sure was measured with Kiel probes on the pipe centerline up-
stream of the inducer. Inlet and exit flow distributions were
measured with wedge type total-static probes installed in manual
traverse fixtures. These wedge probes were nulled using a
differential pressure gage connected across the two static

taps, Probe traverse depth and flow angle were read off ver-
niers on the fixture. The wedge probes were all calibrated
prior to use and this data was utilized to correct measured
static pressures.



Flow was measured with a turbine flow meter located in the 5
inch (12.70 cm) leg of the loop. Temperature was measured
using a chromel-alumel thermocouple in the inlet line. Speed
was measured by electronically counting the output of a mag-
netic transducer which sensed the passing frequency of a 60
tooth gear on the rig drive shaft. Table 2 lists a summary of
the performance instrumentation and the maximum exror which was
estimated for each reading.

2. Blade & Hub Pressure Instrumentation

Inducer blade and hub static pressures were measured using a
pressure scanning valve transducer assembly* located in the in-
ducer hub as shown in figure 10. Blade pressure taps were
drilled into .040 dia. (1.016 mm) tubes which were recessed
into the blade surfaces. These tubes were routed to the front
of the inducer and comnnected to the pressure scanning valve-
transducer assembly. The scamming valve rotated in 48 steps,
sequentially comnecting each pressure tube to the single trans-
ducer which was located on the valve and inducer centerline.
The scamning valve~transducer assembly is shown in Figure 11.
The pressure scanning valve was modified to provide a purge
supply to each tube as the valve rotated. Without the purge,
water would back up into each tube until the centrifugal head
‘developed by rotation of the inducer equaled the pressure on
the surface of the blade. The transducer in the scanning valve
would sense a pressure lower than surface pressure by the
amount of centrifugal head. To eliminate this problem, the
valve case was sealed so it could be pressurized and a purge
hole was added to the rotor immediately ahead of the sensing
groove, The case was pressurized from an air supply to a value
higher than the highest anticipated blade surface pressure. As
the rotor advanced each tube was purgzed and the water blown out.
When the transducer was connected to a tube and the purge cut-off
to that tube, the air in the tube remained at the pressure on
the surface of the blade.

Blade pressure tap locations for the two swept leading edge test
series are shown in Figure 12 and coordinates are listed in
Table 3. Two of the blade angular pressure tap locations were
eliminated from the pressure surface and three from the suction
surface when the blades were swept back to 8°. These taps were
relocated to provide additional suction surface pressures. The
removed and relocated positions are indicated on Figure 12. Two
test series were conducted for each sweep back configuration,
one with pressure taps near the tip and one with them at midspan
(RL and R2 of Figure 12). The shape of the leading edge pre-—
vented some of the blade pressure taps from being located on a

* Scanivalve Corporation, San Diego, California, Model 48D9 Special
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design streamline and these are indicated on Table 3. Data
which were obtained from these "off-streamline" positions were
used for reference, The pressure tap instrumentation can be
seen on the blades in figures L and 5.

Hub pressure tap locations were the same as for previous tests,
the first at .25 in (.63 cm) axially inside the leading edge
plane and four more spaced at .75 in (1.91 cm) increments.

Figure 13 shows an exploded view of the inducer, scanning valve,
and related hardware in the order in which it was installed in
the rig. Table L summarizes the instrumentation that was used
to measure blade pressures and calculate operating conditions.

Procedure
Performance Testis

Non cavitating performance tests were conducted by setting a
speed, flow, and inlet pressure and manually traversing the

flow at the inducer inlet and exit, Total and static pressure
and flow angle were measured at each of seven radial stations
(spaced at equal area increments), Measurements from the probes
and from other instrumentation (Table 2) were recorded on the
test log sheet,

Cavitating tests were conducted by setting a speed and a flow,
and reducing inlet pressure in four or five steps until in-
ducer pressure rise dropped at least ten percent. A complete
set of data was manually recorded at each inlet pressure set-
ting. The inlet traverse probe was completely removed for
these tests and the discharge traverse probe was set at the
radial traverse station which was found to be most representa-
tive of mass averaged total head during the non cavitating
tests,

Blade Pressure Tests

Blade pressure test data were also taken with the inlet traverse
probe removed and the discharge probe set at the mass average
representative station., Non cavitating and cavitating tests
were conducted in the same manner as performance tests. The
recording procedure included setting the test point conditions
(speed, flow and inlet pressure), applying the purge air to

the pressure scanning valve, starting the FM tape recorder, and
then actuating the pressure scanning valve., The valve auto-
matically made one complete revolution, at approximately one
port per second, Valve purge pressure was set as high as pos=-
sible to insure that no blade pressure data were lost because
of water in the tap line., The valve operating limits were in-
creased by 25% to 100 psia (69 N/Cm?) maximum case pressure and
100 psia (69 N/Cm?) maximum case to sensing port differential
over the previous radial inducer tests and purge pressures.,
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Performance

Performance data were czalculated from manually recorded pres-
sure, temperature, flow, rotative speed, and flow angle using
the equations in Table 5, Gage height above the inducer axis
and probe statiec pressure errors from all calibrations were
taken into account before fluid heads were calculated, Inducer
overall performance was calculated from an upstream station
(PTUP in Figure 9) to the exit traverse station. The upstream
stations was used in preference to the inlet traverse station
to prevent inaccuracies in the inlet traverse data from affec-
ting calculated performance.

Figure 1L gives the relative errors of the integrated to mea-
sured flows for the 8° and 16° (.1l and .28 rad) sweepback in-
ducers. The agreement is generally within 5%, indicating
that the overall accuracy of the performance data is good.

Blade Pressure

It was originally intended to reduce the blade pressure distri-
bution data automatically from the FM data tapes, using the
equations of table 5. Different tape recorders and recording
setups had been used during the course of the program as various
pieces of equipment were freed for this work and other in-use
pieces were required elsewhere, This fact, coupled with missed
sequences of the pressure scanning valve and various other tape
irregularities, necessitated a rework of the automatic data re-
duction system between almost every run. Subsequent to the
reduction of data from two tests in this manner, it was con-
cluded that the automatic system was too costly in terms of the
degree of increased accuracy as compared to manually reduced
oscillograph data. Tape work was therefore discontinued and all
data was reduced from the oscillograph traces. Data from the
oscillographs were manually converted to pressures and head co-
efficients using calculators,

\O
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Table 5. Performance Data Reduction Equations

A. Blade Element Performance

Fluid Velocity: V = lﬁg(ﬁi,j"hi,j)

Fluid Axial Velocity: V, =V sin «

Fluid Tangential Velocity: V, =V cos o

uv
Ideal Head Rise: HI =-&.4€ (Assumes Voo = 0)
g

Actual Head Rise:i H = % Py - H

AP
Head Rise Coefficient: ¥ =& T

.

Head Loss Coefficient: ‘1’[-—- (HI - H

UT2
Y
Flow Coefficient: ¢ = __32
U
T
Effici : n=J
ilciency n T
Net Positive Suction Head: NPSH = Hm' hV
B, Overall Performance
R
— N'Ty P
Average Total Head at an Axial Station: H = I o= RH
P /i By
RH z R AR
RT Uuv
vy, Rt AR
Average Ideal Head at an Axial Station: H-ij = ’“EH g
. N T .
z R, V, RAR
9

Average Inlet Velocity: vzo =f(R 7 RH2)
T



Average Flow Coefficient:

Average Head Coefficient:

Average Efficiency: 7 = ﬁ¥

Cavitation Number: K

Static Head Coefficient:

- V;o
¢ =
Up
7=
Up
_ - V2
h=H -_Z_
(o] 2g
2g(hy - hy)
= 2 2
Vzo * UT
_ g(h - H
Y = :
Uy
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Figure 2.

View of Radial Leading Edge Inducer

FE 88107
After Machining and Before Installation
of Pressure Tubing
SWEPT &
LEADING
EDGE
0.030 in. R 7—\
0.076
om 8 deg 0.130 in.
0.14 rad 0.330 cm
TIP LEADING EDGE SHAPE
Hub
a X Y
deg | rad in. cm in. cm
8 | 0.14 0.936 | 2.380 | 0.035 | 0.09
16 | 0.28 1.244 | 3.160 | 0.043 | 0.11
N P S _.q_ Prenpa
Figure 3. Definition of Leading Edge Sweep Angle FD 61210

17



Figure 4. 8 Degree (0.14 radian) Leading Edge FE 107221
Sweepback Inducer

EJ!J‘,l2lffIJ]’!J!["Ir{Y

Sesseemarme——H —

Figure 5. 16 Degree (0.28 radian) Leading Edge FE 113407
Sweepback Inducer
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SECTION III
TEST RESULTS

A, Tip Clearance Tests

Task VII required modification of the Inducer Hydrodynamic Program
to account for the effects of blade tip clearance on inducer performance,
Test data from Task VI of the original program (1) was to be correlated
with predictions from the modified program, A review of the tip clearance
data is given in this sectiomn.

As explained in (1), the original blade tip clear ance selected for
the radial leading edge inducer was ,061 in, (0.155 ecm), The reverse
flow measured at the inducer tip with this clearance could not be handled
by the two-dimensional meridional streamline analysis used in the hydro-
dynamic computer program, A study resulted in reducing reverse flow by
reducing tip clearance from ,061l in. (0.155 cm) to ,021 in, (0.054 cm).
This provided a reduction in prerotation and led to the design and use
of a new housing with a clearance of .,011 in, (.028 cm), Thus data were
gathered in three different blade tip clearances during the radial inducer
test program. Another test program, reported in (3), resulted in additio-
al data at the .Oll in, tip clearance.

Figure 15 compares the radial distributions of the inlet flow angle
of the radial inducer at the three tip clearances, Angles are measured
from the axial direction so that the amount of prerotation present is a
direct function of the magnitude of the flow angle, Pure axial flow has
an angle of zero degrees, while angles greater than 90 degrees (1.57 rad)
indicate backflow, It can be seen that reducing the tip clearance
appreciably helps the prerotation problem. Not only does the flow more
closely approach axial flow for a large percentage of the inducer inlet
radius, but the prerotation that does remain at the tip is reduced to less
than 90 deg (1.57 rad)., The reverse flow was essentially eliminated at
flow coefficients greater than the ,070 for the reduced clearances of
.021 in, (.054 cm) and ,011 in, (.028 cm). Prerotation was entirely
eliminated at a flow coefficient of ,096.

The effects of tip clearance on noncavitating performance can be
seen in Figures 16 and 17 where efficiency and head coefficient are
plotted as functions of flow coefficient and clearance/blade height ratio
respectively, As noted in (1), the maximum efficiency and head rise
occur, not for the minimum tip clearance, but for the .02l in. clearance
indicating the existence of an "optimum" clearance, It was stated in (1)
that the drops in efficiency and head coeffient at a clearance of .0ll in.
might have been caused by the instrumentation on the blades which cast
some doubt on the "optimum" clearance conclusion, Additional tests were
conducted in the program of (3)using an inducer with no blade instrumen-
tation and the results correlated closely with the previous data, which
confirms that an optimum clearance does exist,

Complete cavitating perfbrmance data were not available for the
three tip clearances at a common flow coefficient and a conclusion re-
garding the effect of clearance on cavitating performance could not be made.
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B, Leading Edge Sweepback Tests

The results of the performance and blade pressure loading tests
conducted during Task VIII for the two sweep leading edge inducer con-
figurations are given in the following paragraphs, '

1. Performance Tests

A summary of performance test points which were run for the 8 and
16 deg (o1h and .28 rad) leading edge sweep inducers is given in Table 6,
A1l performance data were taken at a tip speed of 150 ft/sec (L5.6 m/s)
and at a tip clearance of 011 in. (0,028 cm), Noncavitating and cavi-
tating test results are discussed separately in the following paragraphs,

a, Non-Cavitating

Non~cavitating operation is defined here as operation at an inlet
pressure where a degree of cavitation can exist but is not detrimental
to performance, All non-cavitating tests were run at an NESH of appro-
ximately 106 £t (32.3 m) which is approximately six times the value at
which head fall off occurred,

Mass averaged non-cavitating performance for the two swept inducer
tests, along with the radial test data from (l), is shown in figure 18,
The data show that the addition of an 8 deg (.1l rad) sweep to the
leading edge raised efficiency by approximately 6 points. When the
sweep angle was increased to 16 deg (.28 rad) efficiency decreased to
within 3 points above the radial inducer values, Sweep angle seemed to
have negligible effect on head coefficient, the small difference in
figure 18 could be attributed to data scatter,

Head coefficient and efficiency are shown plotted vs sweep angle in
figure 19. This figure shows clearly the existence of an optimum sweep
angle (from the non cavitating performance stand point) which is between
0 and 16 deg (O to .28 rad) for this inducer,

The radial distributions of the inlet flow parameters (flow angle,
axial velocity and total head) for both the 8° and 16° (.1l and .28 rad)
sweepback inducers are given in figure 20, Data for both sweepbacks
are similar and show that prerotation, as evidericed by inlet flow angle,
is present in a larger part of the inlet flow field than it was for the
radial inducer. Back flow was noted at the tip of both sweepback con-
figurations at flow coefficients of approximately .,090 and less., The -
radial inducer did not have back flow at the .01l in (.028 cm) tip clear-
ance which was used for the swept inducers. It should be noted that as
the inducer blade is swept, the fixed probe measurement station becomes
farther from the blade, Inlet flow may have a larger amount of prerota-
tion nearer to the blade leading edge.

The radial distributions of the discharge flow parameters (includ-
ing head coefficient, efficiency, deviation angle and ideal head coeffi~
cient) are shown in figure 21, The relative change in these parameters
from one configuration to another is very small, This is as expected
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since the inlet of the inducer was the only thing being changed and the
effect on average performance was slight. The only significant difference
in the parameters at the exit between any of the inducer designs shows

up in the discharge ideal head coefficient distributions. The ideal head
coefficients at the outer streamlines of the 16° (,28 rad) sweptback in-
ducer are somewhat higher than those of the 8° (,1l rad) sweptback inducer,

b. Cavitating

Cavitating performance tests of the two sweptback designs were con-
ducted in conjunction with the blade pressure tests, This provided four
or five data points during each test run. All runs were performed twice,
the first time with the pressure taps at one radius, and again with the
pressure taps at the other radius. An attempt was made to set the same
inlet pressure for both radii, and this was accomplished within the
limitations of the test loop, A total of eight to ten cavitating test
points were accumulated for each sweepback at each flow coefficient,

A comparison of the suction capabilities of the radial and the two
sweptback inducers is given in figure 22, The comparison is shown for a
flow coefficient of 0,08L, but is typical of the other flow coefficients.
The addition of sweepback to the blade leading edge resulted in a size~
able increase in suction performance. This is further illustrated in the
crossplot of minimum cavitation number achieved versus sweepback angle
of figure 22, Increases in sweepback lead to corresponding increases in
suction performance, up to the 1imit of sweepback angle tested under this
contract,

2, Blade Pressure lLoading Tests

A summary of the operating points at which the inducer blade surface
pressures were recorded is given in Table 7., Difficulties with the
"Scanivalve" purge air supply limited the amount of blade surface pres-
sure data that could be acquired, As discussed in Section IIC, the purge
air pressure at the "Scanivalve" must be higher than the blade surface
pressures to ensure that all of the water is blown out of each pressure
tap tube before a reading is taken. The purge air is supplied to the
shaft, and subsequently to the valve, through a cavity formed by two 1lip
seals, Due to rapid wear of the seals and the resultant high leakage,
purge pressure dropped below some of the blade surface pressures, parti-
cularly in the high NFSH tests and in the aft portion of the inducer
during the low NFSH tesis. As a result all of the water was not purged
from these pressure tap tubes and, therefore, the scanivalve readings
were not inlicative »f the sirface pressure. Attempts to reduce:
seal wear, such as introducing cooling water and the use of teflon in
place of rubber, were unsuccesgful.

The majority of the measured blade pressure data are useful for
correlation with predictions because of the apparent accuracy of the
leading edge suction surface measurements which were low pressures and
did not require a high purge pressure. These data are extremely sensi-
tive to leading edge sweep and, as such, provide most of the required
empirical information regarding the effects of sweep on inducer blade
loading and performance,
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Table 8 summarizes the operating points at which useable pressure
data were taken during the water loop testing and for which predicted
and experimental data comparisons were made. These operating points
have been assigned numbers. The blade and hub pressure data are
tabulated in Tables 9 through 18. TFigures 23, 24 and 25 indicate the
relationship of these points to the cavitating and noncavitating per-
formance of the two sweptback inducers.
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Table 8. ‘Operating Points Used in Computer Program Development

Point Speed _ _ NPSH

No. %)’ < ¥ (ft) (m) Radius
8° (.14 rad) Sweepback

1 100 0.090 39.1 11.9 6.08-3 2
2 100 0.090 20,6 6.28 6.08-4 2
3 100 0.084 18.1 5.52 | 6.09-3 2
4 80 0,096 105.6 32,2 6.10-1 1
5 80 0.090 105,6 32,2 6,10-2 1
6 80 0.084 105.6 32,2 6.10-3 1
7 . 80 0.070 105.6 32.2 6,10-4 1
8 100 0.090 105.5 32.2 6.11-2 1
9 100 0,070 105.4 32.1 6,11-4 1
10 100 0.094 60.4 18.4 6.12-2 1
11 100 0.094 35.7 10.9 6.12-3 1
12 100 0.094 16.0 4,88 6.,12-4 1
13 100 0.090 60,7 18.5 6,13-2 1
14 100 0.090 37.9 11.6 6.13-3 1
15 100 0.090 16.8 5.12 6.13-4 1
16 100 0,084 60.2 18.3 6.14-2 1
17 100 0.084 37.0 11.3 6.14-3 1
18 100 0.084 17.0 5.18 6.14=4 1
16° (.28 rad) Sweepback

19 100 0.084 105.5 32.2 7.01-3 1
20 100 0.078 105.5 32,2 7.01-4 1
21 100 0.070 105.5 32.2 7.01-5 1
22 100 0,090 60.0 18.3 7.03-2 1
23 100 0.090 37.2 11.3 7.03=3 1
24 100 0.084 60.0 18.3 7.04~2 1
25 100 0.084 35.7 10.9 7.04-3 1
26 100 0.084 14.5 4,42 7.04=4 1
27 100 0.084 13.2 4,08 7.04=5 1
28 100 0.084 40.6 12.4 7.05-2 1
29 100 0.084 20.9 6.37 7.05=3 1
30 100 0.090 25.2 7.68 7.13-4 2
31 100 0.087 12,7 3.87 7.13-5 2
32 100 0.084 23.4 7.13 7.14-4 2
33 100 0.080 12,2 3.72 7.14-5 2

o
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Summary of Noncavitating Performance
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Figure 23.
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SECTION IV
ANALYSIS

A, Summary of Hydrodynamic Analyses

The basic flow analysis uses a mean streamline, two-dimensional
meridional flow model, It is assumed that the average flow conditions
in the blade-to-blade space can be represented on a meridional surface
so that only a two-dimensional, streamline balancing analysis to satisfy
radial momentum is required to establish mean velocities, pressures
and flow angles for several radial locations at specified axial stations.
A vapor cavity is assumed to exist at all times over some finite distance
along the blade suction surface at the inducer inlet. This cavity, together
with the adjacent blade, forms a channel for each stream tube which is
bounded by two meridional streamlines, It is assumed that all the vapor is
contained in the cavity and that the liquid flows in the bounded channel.
This concept is based on the tendency of the liquid to be separated from the
vapor due to centrifugal forces arising from curvature of the flow in the
blade-to-blade space, Because the vapor merely displaces the liquid in
the present flow model, it is considered that the actual blade can be
replaced by a pseudoblade consisting of the real blade plus the cavity.
The blade angle is replaced by the mean angle of the pseudo-blade; i.e.,
the average of the real blade angle and the angle of the surface of dis-
continuity between the vapor and the liquid measured from the same
reference plane, This then produces a local flow '"deviation" caused by
cavitation, which will add to other deviation effects. These additional
effects include leading edge incidence and trailing edge unloading due
to circulation around the blades,

Viscous effects are also incorporated in the flow model. A boundary
layer analysis determines the amount of flow blockage and momentum defect
due to diffusion and to viscous shear forces at the blade surfaces and on
the hub and shroud walls. The boundary layer blockage causes the merid-
ional velocity to increase and reduces the work capability of the inducer.
The momentum defect causes the mass~average total pressure to be reduced.
Thus, the viscosity of the fluid affects both the head input and head
output. The presence of a boundary layer and its effect on the cavity
formation are also accounted for in the cavity model.

B. Tip Clearance Analysis

A tip clearance flow analysis was prepared and incorporated in the
inducer hydrodynamic computer program to provide the program with the
capability of predicting the effects of tip clearance on inducer perform-
ance. The analysis is described in this section and its formulation is
included in the computer program of (2).

1. General Description of Analysis
A tip vortex flow model was selected to represent tip clearance

effects based on the work of Rains (4) and Lakshminarayana (5). Obser-
vations of tip vortex flow patterns within inducers and other axial flow
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turbomachinery have been reported by these and other investigators. The
vortex forms as a result of the discontinuity between the inducer through
flow and the tip clearance leakage flow and is assumed to consist of:

(1) a central core where the fluid rotates as a solid body, and (2) a free
vortex surrounding the central core. The vortex induces a secondary
velocity component which is normal to the passage through flow and which
causes a change in the flow angle., At the exit, this flow angle change ::
results in additional flow deviation which reduces inducer ideal head.

The formation of the vortex requires energy, a portion of which will not
be recovered and therefore will represent an actual head loss.

Rains developed a theory for predicting the radius and circulation
of the vortex core based on constant blade loading along the chord. Since
an inducer blade does not experience constant loading, Rains basic dif-
ferential equations were incorporated into the inducer internal flow
analysis and solved for each station by the finite difference method.
The spacing of the stations was sufficiently small that constant loading
between stations could be assumed. Deviation angles which were calculated
through the direct application of Rains equations were found to be un-
realistically large and a correction factor was applied to the circulation
to bring ideal head predictions into agreement with the test data. The
correction was based on work done by Lakshminarayana (5) who related the
circulation correction to a decrease in 1lift with tip clearance that had
been measured by him and Horlock (6).

Tip clearance losses were calculated by the method of Lakshminarayana
(5) who derived a semiempirical expression for the decrement in efficiency
as a function of tip clearance to blade height ratio, blade angle, aspect
ratio, flow coefficient, and ideal head coefficient. The ideal head used
in this calculation was the value that was obtained using the empirically
corrected circulation.

2. Vortex Model Formulation

The vortex flow model considered is shown in figure 26 where flow
through the tip clearance from pressure to suction side of the blade
causes a vortex to form on the suction side near the blade tip. The
vortex rotates in a direction counter to the inducer and its radius
increases with distance from the leading edge.

Rains'(ég analyzed the flow by assuming incompressible, lossless flow
from upstream (W, ) to both the suction side (Wg) and the pressure side
(Wp) of the blade, and through the tip clearance as shown in figure 27.

W refers to a velocity vector which is relative to the blade. Tip

leakage flow, which has a velocity Wp along the blade before passing
through the clearance, is assumed to maintain this component of velocity
after passing through the clearance, relative velocity pressures are
assumed equal in both sides of the blade, and there is assumed to be no
radial static pressure gradient in the tip clearance space. On the
suction side, tip leakage flow has wvelocity Wg because it comes to the
same dynamic pressure as suction side flow.
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Interaction of tip leakage flow with suction side through flow is
shown in figure 28. An observer at the blade leading edge looking in the
"/" direction would see tip leakage flowing to the left with velocity
component Ws Sin ( A/2) and suction side through flow underneath flowing
to the right with velocity component Wg Sin ( A /2), creating a plane of
velocity discontinuity. Both flows would move away from the observer with
velocity W[ = Wg Cos (A/2).

Rains replaced the discontinuity plane with a potential wvortex sheet
of strength Y = 2Wg Sin ( A/2) and extending from the blade suction side
to infinity in the “m" direction. The sheet moves in the 'J" direction
with velocity Wy being continuously formed at the blade leading edge.

To account for the condition of no velocity into the inducer outer wall,
a mirror image of the vortex and flow field is constructed as shown in
figure 29.

Each vortex filament in a sheet induces a velocity in every other
filament. Rains determined that a pair of semi-infinite vortex sheets
would induce each other to roll up (figure 29) and that: (1) the roll
up is approximately circular, (2) the circles remain nearly tangent to
the sheets, and (3) there is little stretching of each sheet as it rolls
up. With these assumptions the growth and roll up of the vortex sheet
can be computed.

The rate of change of vortex radius "a" can be determined from the
induced velocity (Vp) at point "A" (figure 29). Due to the two semi~
infinite sheets, this wvelocity is:

Vp = 2da = Y In (1 +¢) (downward)
dt 2 a

The rate of change of sheet length "b" rolled up can be determined
from the induced velocity (Vo) of point "o'" (figure 29). Due to the
suction side through flow velocity component and the mirror image roll
up, this velocity is:

Vo = db = Wg Sin (X/2) - r (toward blade)
dt 4T (atc)

where "T'" is the circulation of that portion of the sheet which is rolled
up, and "b" is the length of sheet rolled up.

Consider a length of vortex sheet "dj " formed at the blade leading
edge and released to move in the "{" direction. Such a sheet is showm in
figure 30, An observer traveling with the sheet (and its mirror image)
would observe the roll up as a function of time. Knowing his transport
velocity(vnz = df /dt) allows description of the roll up as a function
of position along the "/ " axis.

da, = da/dt , db = db/dt
dj df/dt 4/ df/de
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or da = Y In (1 + ¢)

dj 41rv£ a
and db = _1_ Wg Sin (AM2) - _ T 1
dy Vl 4T (atc) |

Rains then assumes that fluid inside the roll up (of radius "a")
rotates as a solid body, and that circulation of the solid body velocity
field is equal to the circulation (I') of the rolled up vortex sheet.
This allows the angular velocity to be computed as:

w. =
IC
27 a2

A summation of the equations that are used to calculate tip clearance

vortex radius and circulation is as follows: .
A = Cos~l Wp/Wg)
v = 2Wg Sin (A/2)
Vﬂ = Wg Cos ()/2)
a =a'+A£< i_ M(l+gﬂ
4ﬂ’Y[ a /

r = T' + 7 tan (A/2)8f -k
L+ YAl A-k) -
41rT? (atc)
r

w =
TG
27 a2

The calculations are performed within the inducer internal flow analysis
for each axial calculation station. Prime superscripts refer to previous
station values and bars refer to a cumulative station average.

After determining the vortex properties, the velocities induced by .the
vortex are determined by a method similar to that recommended by
Lakshminarayana (5). The vortex is assumed to be located in the center
of the blade passage with the upper edge of the vortex core tangent to
the blade tip as shown in figure 31. The passage is divided into two
.regions: inside and outside of the vortex core. At any radial location
outside of the vortex core, the induced velocity is calculated by

WNC = r Sinh M - Sinh N
27T Cash M-1 Cosh N-1
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where M = 2 (R - R - a)
T

N = 27 (RT - R+ a + 20)
T .

T = Passage width

This component of induced velocity is normal to the through flow relative
velocity, W. The flow deviation,A3 , due to the induced velocity is

AB = Tan ! (¥nc)
W

Because the inducer internal flow analysis is based on one dimensional
flow in the cross channel direction, a means for averaging the vortex
effects on the flow field is used., Each stream tube is divided into
portions which lie within the vortex core and those which are part of
the induced flow field. The normal flow velocity is integrated over
each region and area averaged for the streamtube according to:

Wiy = .A-F (Wne)r dAfp + ,[;1 (Wnc)t dAg

where: A represents the cross channel aréa and the subscripts (F)
and (I) represent the forced vortex and its induced flow
field respectively,

The average effect of the vortex on the relative flow angle is then
determined for each stream tube by:

AB = Tan -131_1'\1—6

W

The average vortex effect calculations are repeated for each stream
tube at each axial station. The change in the velocity compore nt normal
to the through flow direction is a function of the vortex strength and as
such is based on the history of the formation of the vortex, That is,
the flow conditions at any station which result from formation of the
vortex are related to conditions from the leading edge to the point in
‘question,

Preliminary evaluations of the basic vortex model resulted in pre=~
dicted inducer deviation angles which were unrealistically large.

Lakshiminarayana (5) also evaluated Rains' vortex model and concluded

that predicted circulation was too large. He developed and applied

a correction factor to the calculated circulation based on work he

and Horlock had previously done (6) in which they measured the

variation in lift of an isolated blade with tip clearance. Lakshminaryana's
lift correction is shown as a function of clearance to blade tip spacing
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( €/7) in figure 32, His correction is the broken line and covers the
range 0.01{ C /r ( 0,10, C /r values for the inducer tests were -0,0015,
0.0028, and 0,0083; all lower than the range for which Lakshminarayana
defined a 1lift correction., New corrections were calculated for these

G/7 values in the same form as proposed in (5) with the value of the lift
correction being determined from the experimentally measured inducer ideal
head rise, These corrections and the lift correction curve fit in the
clearance range C /r (0,0l are shown as data points and a solid lime in
figure 32, The lift corrections which were defined from the inducer data
are quite consistent with Lakshiminarayana's corrections,

3. Loss Model Formulation

The loss model used in the program was obtained from the work of
Lakshmingrayana (5)s The model includes the parameters; clearance to
bla?e height ratio (C/z&ﬁ), average blade tip metal angle (@ q#), Aspect
Ratio (AR), inlet tip flow coefficient (@) and ideal head coefficient

(¢1Tg). Lakshiminarayana's expression for the efficiency differential
due to tip clearance is:

an = 0.7 (C/ 3R Virg | 1+ 10 g (C/AR . AR
» Sin B—*TIP ‘qTCSin E-*TIP

Tip clearance loss is applied to inducer total mass averaged per-
formance at the inducer exit, The performance at this point includes
the effect of tip clearance on ideal head rise by virtue of the vortex
formation but the effect of tip clearance on actual head (or loss) is not
included,

The mass averaged head loss is modified to include the effects of
tip clearance through the use of Lakshminarayana's efficiency relation-
ship:

v, = 1-n'+0.7g0/5§2¢, 1+10/p (c/AR) - AR
Lo STn p¥pgp’ 110 & o517 By ¥iTC

n' = Efficiencj without tip clearance effects.

After calculation of the total loss coefficient, including the effect
of tip clearance, actual head rise and overall efficiency are calculated
as followsg

VaTc = Vite - ¥ tC
Npc = yarc
Y 1TC

where the subscript (pc) represents parameters that include the effects
of tip clearance,
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Ce Leading Edge Sweepback Analysis

Leading edge sweepback was provided for in the original hydrodynamic
analysis of (1), The computer program accepts a description of the lead-
ing edge shape in the meridional plane as a third order polynominal in R
with constant coefficients. The value of the coefficients is input. A
radial leading edge is defined by setting the coefficients equal to zero.
The flow analysis of the swept and unswept leading edge cases is the same
and the effects of sweepback are accounted for by assuming that the an-
gular momentun of an element of fluid in a streamtube does not change
until the element enters the inducer. Corrections for blade thickness
and boﬁndary layer blockage are made whenever a streamtube enters the
blade passages

Flow analysis of inducers with leading edge sweepback was complicated
by difficulties in gome cases in obtaining computer Program convergence., An
iteration is included in the program to insure that the radial pressure
gradient that results from the calculated streamtube properties satisfies
the gradient obtained from radial momentum., The iteration converges
relatively quickly for noncavitating cases, but the existence of a vapor
cavity on the blade surface often prevents convergence within 100 itera-~
tions (the internal program limit). Inspection of the pressure gradient
values in these instances reveals that no progress toward convergence is
being made, In spite of the lack of convergence on pressure gradient the
predicted pressure profiles generally appear to be smooth and reasonable
except in certain cases where highly swept inducers are being analyzed.

In these cases, results were obviously erroneous with negative streamtube
static pressures being predicted.

Several modifications to the computer program were made in an
attempt to improve the iterations

1) A 1limit on cavity size changes between iterations was added.

2) The amount of streamline adjustment between iterations was in-
creased.

3) Streamline curvature and radial acceleration effects were removed
from the radial momentum equation. '

These modifications did not significantly improve the convergence, and
the original calculations were retained.

A finer axial grid spacing (Z = 0, ,002, etc. instead of O, ,005,
etc) was then input into the program, and one of the obviously erroneous
cases was rerun. Predicted pressures were considerably improved, and
the radial pressure profile was smooth and reasonable. Vapor cavity
length was also in good agreement with the test data. Convergence on
pressure gradient was closer than previously but the error is still of
considerable magnitude. A comparison of the predicted pressure profile
from the streamtube calculations, the pressure due to radial momentum,
and the measured pressures is shown in figure 33 for an axial station
ol ft, (.Oh2 m) inside the leading edge. The measured pressures are
between the predicted streamtube pressures and the radial momentum
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pressures, If the pressure gradient convergence iteration had operated
properly, the predicted and measured radial pressure profiles would be
expected to be in good agreement. The finer grid spacing was found to
generally improve the pressure gradient convergence for all axial sta-
tions similar to the results of figure 33.

The general agreement of predicted with measured blade loading and
performance data (as will be discussed in Section V), in spite of the
lack of pressure gradient convergence, indicates that these predictions
were not particularly sensitive to radial pressure gradient and therefore
a close tolerance convergence was not absolutely required for the purpose
of this program. Undoubtedly, the computer program would be more generally
applicable and its predictions would be more accurate if the pressure gra-
dient iteration converged. Future effort might be fruitfully expended to
improve the convergence.
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SECTION V
DATA CORRELATION

A, Tip Clearance

The predicted effect of blade tip clearance on inducer head coeffi-
cient and efficiency is compared with experimental data in figure 3h.
Predicted and experimental ideal head coefficient and head loss coeffi- .
cient are compared in figure 35. Actual head and efficiency predictions
are in general agreement with the experimental data. Discrepancies in
the level of efficiency and actual head rise are evident as well as some
descrepancy in the trend of these parameters with clearance to blade height
ratio.

The experimental data indicates an optimum clearance other than zero
for which the inducer will achieve maximum performance., This phenomena
was discussed by Lakshminarayana in (5). His conclusion was that the
vorticity set up by the tip leakage flow through formation of the tip
wrtex opposes the passage vorticity which arises from secondary flows
resulting from flow turning and passage rotation. When each of these
effects cancel, that is the net secondary passage vorticity becomes zero,
maximum performance will result, The hydrodynamic program does not in-
clude secondary vorticity and as such should not be expected to predict
the optimum clearance observed from the experimental data,

Predicted and measured ideal head rise are in near exact agreement
in both magnitude and trend with varying tip clearance, The difference
between predicted and measured overall efficiency and actual head rise
therefore results from an inability to accurately predict head loss,.

The loss predlcted at 0,096 flow coefficient is in better agreement with
the measured data than that predicted at 0,084 flow coefficient. Since
the ideal head is predicted correctly for both one would expect better
overall performance agreement at the higher inlet flow coefficient. This
is shown to be true on figure 3L,

Predicted and measured loss and ideal head vs., flow coefficient data
are compared in figure 36., Although a significant variation in loss with
flow coefficient was predicted, the measured data shows no variation.
This was true for all clearances at which the inducer was tested. The
discrepancy between the predicted and measured loss is probably caused
by the greater sensitivity of predicted cavity size (and associated dump
loss) to changes in inlet flow coefficient than that observed from the
experimental data, "Non cavitating" blade loading predictions indicated
cavities which were longer than the measured data and the error magnitude
increased as flow coefficient decreased., This correlation is discussed
in section Blc, Figure 37 shows the total predicted loss broken into its
component losses: boundary layer, cavity dump and tip clearance. The
cavity dump loss decreases vary rapidly with increasing flow coefficient
and adjustments in it could bring predicted lossed into agreement with
measured data.

This greater sensitivity of the predicted cavity size to variations

in inlet flow coefficient could result from a cavity model inacurracy or
from inadequate description of the radial distribution of inlet flow
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conditions. As was illustrated in (1), figures 75 and 76, and in figure

15 the most radially uniform inlet flow conditions occurred at 0.096 inlet
flow coefficient. As flow coefficient was decreased, prerotation increased
and tip axial velocity decreased to the point of tip backflow. Two problems
result from this inlet flow distortion relative to the predictiom of
inducer performance. These are: (1) The inlet flow profile must be
defined and there is currently no way of predicting the profile for a

new design and (2) The hydrodynamic computer program does not converge
consistently on a solution for highly distorted inlet flow profiles,
Neither of these problems appear solvable within the scope of the current
contract,

B. Leading Edge Sweep
l., Blade Pressure Loading

Predicted and measured blade pressure loading plots, for the tests
where purge seal leakage was not excessive, are shown in figures 38
through 43 for the 8 deg (.14 rad) and in figure Ll through 47 for the
16 deg (.28 rad) leading edge tests., The predicted plots show a stagna-
tion point near the leading edge at which the static pressure is equal
to the relative total pressure., Only those measured pressure points which
were well below the measurement limit, as established by available purge
pressure, are shown. This 1limit is marked in the plots. Most data were
limited to the suction surface, and the first data point to reach the
measurement limit is marked with an arrow to indicate that the actual
pressure is equal to or higher than the plotted value. Noncavitating
data are shown in figures 38 and 39 for the 8 degree inducer tip streamline
at 80% and 100% operating speed. Cavitating tip streamline data are
shown for different flow coefficients in figures 4O, L1 and 42 and mid-
span streamline data are shown in figure L3, Noncavitating data for the
16 degree inducer tip streamline are shown in figure Ll, Cavitating data
for the tip streamline at two flow coefficients are shown in figures L5
and 46 and data are shown for the midspan streamline at several flow
coefficients in figure 4T7. Selected figures can be compared to obtain an
indication of the effects of rotor speed, flow coefficient, radius, and
NPSH on the pressure distributions,

a, Rotor Speed Effects

A trend of increased cavity length at higher rotor speed was reported
for the radial leading edge inducer in (1)s This would be expected since
fluid relative velocity is increased at constant pressure for increased
rotor speed, Both the measured and predicted radial inducer data showed
this trend for "noncavitating" operation at flow coefficients of 0,096,
0,090, and 0,084, The jeffects; of rotor speed for the 8 deg (.1 rad)
inducer is seen by comparison of plots for flow coefficients of ,090 and
«070 in figures 38 and 39. It should be noted that pressure data in the
area of a vapor cavity is not properly normalized by the static head
coefficient because fluid vapor pressure remains (constant while other
pressures change with the square of speed, Although the measured data is
limited, it can be interpreted to agree with the results of the radial
leading edge inducer, a slight increase in cavity length with increased
rotor speeds Predicted data for @ = ,090 in the figures also show:
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the expected increase in cav1ty'length with speed but predictions for

the ¥ = ,070 point do not. The reason for the discrepancy in the ﬁ = ,070
predictions may be due to the previously mentioned computer program cone-
vergence problem,

b. Radius Effects

The effect of radial location can be seen by comparing the ﬁ = ,090
NPSH = 37,9 plot of figure L4l with the @ = ,090, NPSH = 39,1 plot of
figure L3, Except for the region near the leading edge where a cavity
exists, the predictions show a slightly higher head coefficient for both
the suction and pressure surfaces for the outer radius. Because of cen-
trifugal effects the static pressure would be expected to be higher in
the tip region. This would result in higher head coefficients. ''he test
data and predictions indicate that a longer vapor cavity forms on the
blade at the outer radius., This result can be explained by considering
"the effective incidence and flow angle at the midspan and outer radii,
The incidence decreases at the outer radius and tends to result in a
smaller cavity., The flow angle is decreasing also which tends to cause
a longer cavity. The net result of these two effects is to give longer
cavities at the outer radius.

C. Flow Coefficient Effect

For approximately the same levels of NPSH and the same values of
rotor speed and radial location, the effect of flow coefficient for the
8 deg (.14 rad) inducer at constant NPSH can be determined from the fol-
lowing series of figures:

NPSH 106 ft (32.3 m)’ Figures 38 and 39

NPSH 60 ft (18.3 m) Figures 40, 41 and 42
NPSH 36 fr (11.0 m) Figures 40, 41 and 42
NPSH 17 ft ( 5.2 m) Figures 40, 41 and 42

}
The predicted data show the expected increase in cavity length as flow
coefficient decreases (due to the increase in cavity length with increasing
incidence and increasing incidence with decreasing flow coefficient).
The predicted and measured data for the radial leading edge inducer from
(1) show this same trend., The measured data on these figures, however,
show much less change in cavity length with inlet flow coefficient than
the predicted, The differences between predicted and measured data may
be partly due to prerotation effects which were not accounted for in the
predictions,

-For the 16 deg (.28 rad) sweptback inducer the following series of
comparisons will illustrate the effects of flow coefficient:

NPSH 106 ft (32,3 m) Figure Li
NPSH 60 ft (18,3 m) Figures U5 and L6
NFSH 36 £t (11.0 m) Figures L5 and L6
NPSH 12 £+ ( 3.7 m) Figure 47



The. conclusion from these comparisons is similar to that for ?hg radial
and 8 deg sweepback cases, That is, a decrease in flow coefficient re-
sults in an increase in predicted cavity length, especially at low levels
of NPSH, and a smaller than predicted increase in measured cavity length.

d. NPSH Effects

The effect of NPSH (or inlet total pressure) for the 8 deg (.lh rad)
inducer can be seen by making a series of comparisons similar to the ones
for flow coefficient. At the outer radius and a rotor tip speed of 150
ft/sec (L5.6 m/s) figures LO, L1 and L2 show the effect of decreasing
NPSH at constant flow coefficients of .09k, 090, and ,OBL.

These comparisons show that both the measured and predicted data
indicate increasing cavity length with decreasing NPSH. This result was
‘reported for a radial leading edge inducer in (1) and is the expected
trend since the lower inlet pressure results in a lower mean pressure
within the inducer., All pressures tend to be reduced in direct proportion
to the inlet pressures with the fluid vapor pressure as a lower limit.

The result of decreasing NPSH is therefore a longer cavity and a relatively
constant blade pressure loading over the region covered by the cavity.
The blade loading is redistributed so that the leading edge load is

reduced but relatively high loadings extend further into the inducer,

Of all the data taken, only one flow point had pressure measurements
that were good outside of the cavity region. This data, which is for a
flow coefficient of .096 and an NPSH of 105.6 ft (32.3 m), is shown on
figure 38, Although the predicted difference in blade surface pressures
agree with the experimental data, the predicted absolute pressure levels
for both suction and pressure surfaces are greater than measured,

Since the remainder of the data taken for the other flow points was
only accurate in the region of the vapor cavity it is not possible to
estimate the agreement between measured and predicted loadings. The lack
of data also prevents an indication of how the suction side pressures
recover after the cavity collapses, It should be noted, however, that
the agreement between predicted and measured cavity length is reasonable,

. The data comparisons show the expected trends when considering the effects
of flow coefficient and NPSH, which indicates that the program modifi-
cations made to account for sweepback are adequate for an 8 deg sweep-
back.

The influence of decreasing NPSH on blade loading at 16 deg (.78 rad)
sweepback can be seen in figure 45 for a flow coefficient of .090 and in
figure 46 for a flow coefficient of .084, These comparisons show the
expected trend of increasing cavity length with decreasing NPSH that was
noted in the radial leading edge and 8 deg sweepback cases., The pre-
dictions show good agreement with the data., The reduction of leading edge
loading and extension of the region of high loading further into the
inducer passage with decreasing NPSH is noted again as it was for the
radial leading edge and 8 deg sweepback cases,
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e, Sweepback Effects

By considering the 8 and 16 deg sweepback predicted and measured
data separately, it has been concluded that the inducer program generates
cavity length predictions that are in reasonable agreement with the test
data, The effects of sweepback as observed experimentally and as pre-=
dicted by the inducer program can be evaluated from the following com-
parisons of 8 with 16 deg data:

Figure 39 with 44 at an NPSH of 106 ft (32.3 m) and @ = ,070

Figure 41 with 45 at an NPSH of 60 ft (18.3 m) and § = .090
Figure 42 with 46 at an NPSH of 60 ft (18.3 m) and @ = ,084
Figure 41 with 45 at an NPSH of 37 ft (11.3 m) and § = ,090

A comparison of the two sets of sweepback data with radial data could
not be made since there were no measured data for corresponding operating
points (equal NPSH, flow coefficient, rotor speed, and radial location)
for the three cases. In general, the predicted difference between the

8 deg and 16 deg sweepback pressures was small with the exception of
070 flow coefficient point which showed a considerable difference,

A plot of predicted and measured axial cavity length as a function
of cavitation number for the tip streamline is shown in figure 48,
Axial cavity lengths were taken as the distance from the leading edge
to the point of cavity collapse from the plots of figures 38 through L7.
Since the measured collapse point cannot be precisely defined, the
deepest (within the inducer) suction surface pressure tap to measure
vapor pressure and the first to measure a pressure above vapor pressure
are shown on figure L8, It can be assumed that the cavity collapsed
between these pressure taps. The predicted cavity lengths for the radial
inducer are not shown because they were generated with a earlier cavity
model for the report of (1). _The cavity model has since been refined as
reported in (2) and the refined version was used to generate predictions
for the 8 and 16 deg (.1l and .28 rad) swept inducers. Predicted data
were initially generated with a coarse grid breakup (2L axial stations
and 7 streamtubes) for the 8 deg (.lL rad) inducer and a fine grid
breakup (48 axial stations and 11 streamtubes) for the 16 deg (.28 rad)
inducer, In some cases, the fine grid was necessary for the 16 deg. in-
ducer to obtain program convergence as discussed in Section IV-C, Grid
spacing was later found to effect cavity length, as will be discussed in
subsequent paragraphs, and a high and low NPSH point for the 8 deg. in~-
ducer were reanalyzed with a fine grid spacing. The fine spacing would
be expected 1o yield more accurate predictions. The fine spacing did not
appreciably change the predicted cavity length at high NPSH but it caused
the predicted length to increase at low NPSH, The original coarse grid
cavity length predictions for the 8 deg inducer were therefore adjusted
in accord with the more accurate two fine grid predicted points, This

adjusted curve is shown in figure L8 and can be compared with the fine
grid 16 deg inducer curve,

The predicted 8 and 16 deg cavity length curves show little effect
of sweepback on cavity length., The predicted lines are relatively close
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at high and moderate values of NPSH, then tend to diverge at a cavitation
number of approximately .08, Below .08, the 16 deg cavity lengths are
shorter than the 8 deg. Measured data are not sufficiently complete to
conclusively define the effect of sweep on cavity length but they also
indicate that there is little effect at cavitation numbers down to appro-
ximately O.,1. Below 0.1, the 16 deg sweep cavity lengths appear to be
shorter than the 8 deg and radial inducer data, At these low cavitation
numbers, the measured effect of sweep on cavity length is greater than
the predicted effect, '

All of the predicted results have been generated with the assumption
of no inlet prewhirl, However, radial traverses of the inducer inl?t
indicate that non-constant distributions of flow angle, axial velocity,
and total head are present, Since inlet variations can be input to the
computer program (backflow conditions expected), an attempt was made.to
define the influence of prewhirl on the predicted data. A typical dis=
tribution (based on traverse data) of inlet parameters was used for pre-
dictions of blade loadings for both radial and 16 deg sweepbacks. The |
agreement between test data and the predictions with prewhirl was not as
good as previously, For this reason, all of the predictions were gene-
rated for constant inlet conditions.

As previously mentioned, the predictions were found to be somewhat
sensitive to the input grid pattern (number of streamlines and number of
axial stations)., A comparison of predicted and measured data, where the
predictions were generated with both a coarse and a fine grid, is shown
in figure L9 for the radial, 50 for 8 deg (.14 rad) and 51 for the 16
deg (.28 rad) inducers, Each figure shows the data for both a coarse
and a fine grid at a high and a low NPSH operating point. Coarse and
fine grid patterns are defined as follows:

No, of No. of Axial Axial Station
Streamlines Stations Spacing at Inlet
NI N Z
Coarse 7 25 .005 £t (.0015 m)
Fine 11 48 .002 ft (.0006 m)

High and moderaté NPSH predictions were not sensitive to grid pattern but
the low NPSH predictions with the fine grid are in better agreement with
the measured data,

£

There are several areas in which more work could result in improved
data correlation, An accurate definition of the influences of prewhirl
and the sweepback-prewhirl interaction would help to remove one of the
biggest unknowns in this study. Also, there are two areas of possible
improvement of the inducer hydrodynamic computer program., The first of '
these is in the basic cavity model, The total cavity is made up of two
primary parts, The first is the growth to maximum conditions, and the
second is the cavity collapse., Each of these parts are not as well
refined as possible, In determining the cavity growth the program has
the tendency of predicting the distance to maximum height too long,
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especially for low flow coefficients, The cavity collapse model is only
approximate, based on limited empirical data, and could be improved if
more data were available, The details of the work done on the -cavity
model are given in (3). Both of these affect the cavity length so that
the blade loading predictions could be improved by solving these problems.
The second program weakness lies in its method of determining the radial
pressure gradient. Since this procedure affects all of the static pres-
sures in the flow field, an improvement in this area would be significant.
The method of calculating the radial pressures involves an iterative
procedure that does not converge for many cases,

In spite of all of these problem areas, it is concluded that the
comparison of predicted and measured loadings is reasonably accurate for
each of the 8 deg and 16 deg sweptback inducers. :

2. Per formance
a, Noncavitating

For noncavitating conditions, the two independent head coefficients
that describe the performance are ideal head, ¥;, and head loss, ¥y .

Ideal head is a measure of the amount of head that could be generated
by the inducer without losses, and the head loss is a measure of the
inducer internal losses resulting from cavitation and viscous effects.
Actual head coefficient, ¥4, and efficiency, n , are related to the
ideal head and head loss by

Va = ¥i - *ﬁ
n"‘l—d’l/\l’i

Figure 52 compares the predicted variation of ideal head and head
loss with flow coefficient to the measured data for the three sweep-
back configurations, and Figure 53 shows the same comparison for actual
head and efficiency. The agreement in ideal head is relatively good,
while the predicted head loss trend does not match the test data.

Since the actual head and efficiency are defined in terms of ideal head
and head loss, the lack of agreement in predicted vs. measured head
loss is reflected in the actual head and efficiency comparisons. To
better indicate the effects of sweepback on performance, the compar-
isons of Figures 52 and 52 have been replotted, vs. sweepback angle in
Figures 5L and 55, respectively.

When the leading edge of an inducer blade is swept back, the blade
length and solidity decrease., Since the exit deviation is a function
of the solidity (see (1)) and the ideal head is dependent upon the exit
deviation, sweepback changes the ideal head., However, over the range
of solidities of the test inducers (2.9 for the radial leading edge to
2.1 for the 16° (.28 rad) sweep)the effect on deviation is small, with
the estimated loss in ideal head being 0.2% for an 8° sweepback, and
0.L# for a sweepback of 16°. As shown in Figure 5h, the measured var-
jation of ideal head with sweepback was small for all flow coefficients
except .070 and the agreement between predicted and measured ideal
head is good except at the .070 flow coefficient,
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The predictions of head loss in Figure 54 indicate that the head loss
increases with sweepback while the data shows a bucket characteristic
(decreasing head loss to a minimum value and then increasing) with the net
result being a decrease of head loss from the radial configuration,

Part of the lack of agreement between the predictions and data may be
due to the inlet prewhirl and prewhirl-sweepback interaction. All of the ’
predictions of performance were generated with the assumption of no“inlet
prewhirl so that some lack of agreement would result from the fact that
the data was measured with inlet prewhirl. A better determination of the

effects of prewhirl will allow a more complete assessment of the agreement
between measured and predicted performance.

In Figure 55 the level of the actual head predictions agree fairly
well with the data, but they do not show the same trend with sweepback as
the data shows. The discrepancy between measured and predicted actual head
is dependent on flow coefficient and becomes greater as flow coefficient
decreases. Since the actual head and efficiency are dependent on both the
ideal head and head loss, the variation of head loss with sweepback is
reflected in the curves of Figure 55. ‘

When the blade loading investigation was being made, the computer
program input grid (number of streamlines and numbers of axial stations)
was revised in an attempt to solve problems that developed when the 16°
sweepback case was being run. Since it was shown that the fine grid would
tend to improve the agreement between predicted and measured loadings, the
influence of the fine grid on performance was evaluated. Figure 56 compares

the predicted performance for a fine and normal grid with the test data at
a flow coefficient of 0.084. The ideal head is increased by the fine grid,

and the shape of the head loss curve agrees better with the data. Since
the data includes the effect of prewhirl and the predictions do not, this
may explain the difference between the measured and the revised prediction
of ideal head. The revised head loss prediction is approaching the bucket
characteristic of the data, and the agreement with data is much better

than with the normal grid. A better definition of the cavity growth and
of the remainder of the flow field is the best explanation for the improve-
ment in the head loss prediction with a fine grid.

b. Cavitating

, The cavitating performance of an inducer is usually evaluated by
determining the point at which head break down occurs as NPSH is lowered
at a constant flow coefficient. Figure 57 shows the head fall off curves
for the radial and swept leading edge inducers. The experimental data
indicates that increasing the leading edge!sweepback lowers the NPSH at
which the head falls off., This trend is duplicated by the predictions
although the. sharp fall off of the data is not obtained. Both the data
and predictions show that the cavitating performance of an inducer can be
improved (suction specific speed increased) by sweeping back the leading
edge.
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DF 92705

DF 92706

Figure 19, Effect/of Grid Size on Blade Pressure Predictions,
Radial Inducer.
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Figure 50,
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'DF 92708

Effect of Grid Size on Blade Pressure Predictions,
8 deg (.1l rad) Sweepback Inducer.
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Measured and Predicted Variation of Ideal Head and Head

Loss with Flow Coefficient (Noncavitating).

Figure 52,
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DF 92712

Figure 53, Measured and Predicted Variation of Efficiency and Actual
Head with Flow Coefficient (Noncavitating).
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{DF 92713

Figure 54, Measured and Predicted Variation of Ideal |Head and Head Loss
with Sweepback (Noncavitating).
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repbrids

DF 92714
Measured and Predicted Variation of Effilkciency and Actual
Head with Sweepback (Noncavitating).
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SECTION VI
CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

1. The tip clearance flow model is an improvement to the hydrodynamic
computer program. Ideal head vs. clearance predictions were in excellent
agreement with the measured data. Loss (and efficiency) correlations
were improved relative to previous, no-tip-clearance correlations but
there is apparently room for further improvement in the loss predictions.
The measured data show a loss "“bucket' indicating an optimum clearance
while the flow model cannot predict such a bucket.

2. Blade pressure loading data were not strongly effected by leading

edge sweepback at inlet pressures where cavitation cavities were relatively
small and blade loadings highest. Differences between predicted and
measured data were also small in this region. Predicted data differs
considerably from the measured when cavities are relatively large (greater
than 30% of inducer axial length) and the predicted data shows a trend

of ‘decreasing’ cavity size with sweepback. This predicted trend is in
agreement with the measured trend. Differences between predicted 'and
measured data may be associated with inlet flow prerotation,

3. The sweepback model does not adequately account for the effects of
sweepback on noncavitating performance. Ideal head predictions are in
good agreement with the measured data but loss predictions differ con-
siderably. The measured data indicate the existence of an optimum
sweepback but predicted loss gradually increases with sweep. Differences
between predicted and measured data may be associated with prerotation
which was not accounted for in the analysis and/or with cavity losses.

L, The sweepback model adequately predicts the effects of sweepback on
cavitating performance. Measured and predicted suction specific speed
capability increase as sweepback increases.

B. Recommendations

1. The inducer computer program convergence should be improved to permit
more accurate predictions for swept, cavitating inducers.

24 The inducer cavity model should be refined, to improve blade loading
and loss predictions. This could be accomplished by conducting additional
inducer tests over a wide range of inlet pressures and flows, determining
cavity geometries through static pressure measurements and/or laser
velocimetry, and correlating the data against predictionms.

3. A model for the prediction of inlet prerotation flow profiles should be
developed, The model could be empirical and based on previous inducer test
data,
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APPENDIX
Nomenclature
Description

Channel flow area

Vortex radius

Aspect ratic , average blade height/tip chord
Length of vortex sheet rolled up '

Tip clearance

Gravitational constant

Total head

Static head

Fluid vapor head

Ideal head rise

Fraction of 1ift retained at the blade tip

Blade tip cavitation number

Distance along tip vortex axis :

Distance nomal to the fdirection

Defined in text

Defined in text f——
Suction specific speed (conventional Efﬂ__gfﬂ)
Number of radial stations or stireamlines NPSH'7S
Number of axial stations

Net positive suction head
Total Pressure

Volume flow

_ Integrated volume flow from traverse

Radius

Inducer tip velocity

Fluid absolute velocity

Fluid relative velocity

Axial distance

Sweepback cone angle or flow angle from tangential
Induced relative flow angle

Blade angle from tangential
Circulation

Vortex Strength

Efficiency

Angle between suction and pressure side relative
velocities at the tip '
Fluid density

Flow coefficient

Head coefficient

Actual head coefficient

Ideal head coefficient

Head loss coefficient

Blade static head coefficient
Angular velocity

Blade solidity

Blade tangential spacing

D'less
D'less
L
F L=2
L3 7-1
13 -1
L
o=l
-1
Lr-1
L
Dege or Rad
Deg. or Rad
Deg, or Rad
12 T=1
LT-~1
D'less
Deg. or Rad

D'less
Dtless
Dtless
Diless
Dtless
DYless
7=
D'less
L



Superscripts:
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Previous value
Average value

Subscript
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Inducer exit
Forced vortex
Inducer hub
Induced flow field
Radial ptation
Axial station
Induced velocity
Inducer inlet
Pressure surface
Suction surface
Inducer tip

Tip clearance
Tangential component
Axial component
Upstream
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