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ABSTRACT

Shrouded and unshrouded versions of a 7.44-in. - (18.89-cm-) diameter, radial-
bladed centrifugal pump impeller were tested in room-temperature water. Detailed mea-
surements permitted the calculations of both circumferential and spanwise distributions
of flow and performance parameters over a wide range of flows. Primary emphasis is on
essentially noncavitating flow conditions, although a limited amount of performance data
obtained under cavitating flow conditions is presented.
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DETAILED PERFORMANCE OF A RADIAL-BLADED CENTRIFUGAL
PUMP IMPELLER IN WATER
by Max J. Miller and Richard F. Soltis

Lewis Research Center

SUMMARY

Shrouded and unshrouded versions of a 7.44-inch- (18.89-cm-) diameter, radial-
bladed centrifugal pump impeller were tested in room-temperature water, and perfor-
mance data were obtained under noncavitating and cavitating conditions, Detailed mea-
surements permitted calculations of both circumferential and spanwise variations of
flow and performance parameters over a wide range of flows. The results provide an
improved understanding of flow conditions at design and off-design operation for this
pump configuration. These results can also aid in interpreting analytical and empirical
data for performance prediction. '

Flow conditions were approximately constant around the impeller periphery but only
over a narrow reference flow range that was somewhat below the design flow. At flows
above and below the reference range, circumferential variations of flow conditions were
measured. At higher than reference flows, pressure levels decreased with circumferen-
tial location; that is, the lowest pressure levels were obtained in the region of the volute
tongue. At lower than reference flows, the circumferential gradient was reversed.

In the reference flow range, flow and performance parameters were nearly constant
along the blade span for the shrouded impeller (representing a small tip-clearance - span
ratio). For the unshrouded impeller (representing a high tip-clearance - span ratio),
performance parameters generally decreased across the span toward the clearance
space. At flows above the reference range, cavitation caused a decrease in performance
in the tip-clearance region, while at flows below the reference range, secondary flows in
the impeller produced a similar effect.

In general, the shrouded impeller gave higher levels of performance than those of
the unshrouded impeller. This difference is attributed primarily to the relatively large
tip-clearance - span ratio (13 percent) of the unshrouded configuration. However, as the
net positive suction head H sy Was decreased, the cavitation that resulted caused a drop-
off in head rise for the shrouded impeller at a slightly higher value of Hsv than that for
the unshrouded impeller.

Real flow conditions, as measured, are compared with selected, assumed flow con-
ditions and program inputs used in analytical procedures.




INTRODUCTION

Many of the advanced missions for space vehicle propulsion systems require pump
operation over a range of flow rates. To the pump designer, these requirements are
translated into the need for a wide, stable operating flow range and reasonably accurate
methods for predicting performance over a range of operating conditions. The estima-
tion of perfcrmance and flow conditions over the operating range of a centrifugal pump is
generally based on measurements from similar pumps and/or computations from analyti-
cal procedures. Both of these methods usually require some interpretation on the part
of the design analyst. The accuracy of the output from analytical procedures is depen-
dent on the applicability of certain assumptions (e.g., steady, axisymmetric, and invis-
cid flow) and on the accuracy of certain inputs (e.g., deviation angle or slip factor). Em-
pirical data are generally so limited that a clear understanding of flow conditions that re-
sult in a given performance characteristic is not obvious.

The purpose of this investigation was to provide detailed measurements of flow con-
ditions near the inlet and outlet of a radial-bladed centrifugal pump. The data presented
may be used to evaluate and improve the analytical procedures (such as that of ref. 1)
used for pump design and the prediction of pump performance. Typical flow conditions
that affect performance parameters over a range of operating conditions are examined.
Data are presented for flow coefficients ranging from 22 to 173 percent of the design
flow coefficient. For the pump investigated herein (outlet blade span of 0.191 in. or
0.485 cm), tip-clearance flows might be expected to exert a significant influence on the
spanwise distribution of the measured parameters. To examine the magnitude of this in-
fluence, both shrouded and unshrouded versions of the impeller were tested in the cold-
water tunnel at the Lewis Research Center. The data obtained from these tests show
trends that might be expected when the tip clearance is varied from a relatively high ratio
of tip clearance to outlet-blade span (13 percent for the unshrouded impeller) to a zero
value (shrouded). When possible, the results are related to the visual studies of the un-
shrouded impeller flow reported in reference 2.

APPARATUS AND PROCEDURE

This section presents the nomenclature used to describe the impellers, a description
of the flow passage geometry, and the locations of test instrumentation and measuring

stations.



Nomenclature

The impeller nomenclature is presented in figure 1(b). The casing is the nonrotating
part of the test section that encloses the impeller, the rotating outer cover of the impel-
ler is the shroud, and the inner surface is called the hub. The distance from the hub to
the tip of the blade (or to the inner surface of the shroud) is called the span. The edge of
the span is called the blade tip, and the tip clearance is the gap between the blade tip and
the stationary casing, or between the stationary casing and the shroud.

Flow and performance parameters at the five stations are also presented in fig-
ure 1(b). Station 1 is the inlet measuring station; station 2 extends along the blade lead-
ing edge. Flow conditions at this station are calculated from measured values at sta-
tion 1. Station 3 is a calculation station at the blade trailing edge. Station 4 is the im-
peller outlet measuring station in the radial vaneless-diffuser section. At station 4,
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Figure 1. - Nomenclature of pump and instrumentation locations.



seven circumferential measurement locations are identified by letters (fig. 1(a)). Sta-
tion 5 is the measuring station at the periphery of the volute section. At this station,
three circumferential locations are also identified by letters (fig. 1(a)). The table in
figure 1(b) gives the inlet and the outlet survey measurement locations in the meridional
plane. Throughout this report, these station numbers and location letters are used as
subscripts to indicate the station and location for which a parameter applies. All sym-
bols are defined in appendix A.

Pump Description

A research radial-bladed centrifugal impeller and a single-discharge volute casing
were used for this investigation. Both a shrouded and an unshrouded impeller were

!z. 54°

cm

C-72943

Figure 2. - Unshrouded and shrouded test impeliers.

tested. The shrouded impeller was fabricated by furnace brazing a shroud to the blade
tips of an unshrouded impeller. A photograph of the two impellers is presented in fig-
ure 2.

The impeller was designed by a procedure similar to the one presented in refer-
ence 1. In the design of the impeller, splitter blades were judiciously located so that
calculated reverse flow, or eddy, regions were eliminated at the design flow coefficient.



TABLE I. - IMPELLER GEOMETRY AND COORDINATES

0.92(z - 9%
r
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8Main blade leading edge.
brarge splitter blade leading edge.
CSmall splitter blade leading edge.



Some of the pertinent design parameters for the impeller are as follows:

Flow coefficient, py . . . . . . . o .o e s 0.363
Head-rise coefficient, WD v r e e e e e e e 0.72
Hydraulic efficiency, 77, percent . . . . . . . . . . . . ... L0 0ol e 80
Slip factor, L . . . . o v i e e e e e e e e e e e e e e e e e e e e e e e e e e e 0.9
Incidence angle, i, deg . . . . . . . . L L L0 i e e e e e e e e e e e e e . 2
Inlet radius ratio, Iy, Z/rt, I I T T PP 0.65
Inlet tip radius, Ty 9 in. (em). . . . L e e e e 2.112 (5. 35)
Discharge radius, rg, in. (em). . . . .o 3.718 (9.44)

Along with the coordinates presented in table I, the blade shape is defined by the equation

L -0.92z - 2)°
r

where y is the angle from the radius through the suction surface at the outlet tip of the
main blade, z is the axial dimension, and r is the inlet radius. The coordinates de-
fining the locations of the leading edge, trailing edge, hub, and tip of the blades are also
given in table I. The impeller has seven main blades, seven large splitter blades, and
fourteen small splitter blades. The blades have a constant thickness of 0.062 inch
(1.575 mm) perpendicular to the mean camber line.

The impeller discharge flow passes through a straight radial vaneless-diffuser sec-
tion, is collected in a volute, and is diffused through a single conical diffuser before
reaching the outlet pipe. A sketch of the discharge casing is shown in figure 1(a). In
general, the method given by reference 3 was used to design the volute for a specific
speed NS of 1154, an average flow coefficient ¢ of 0.363, and an average head-rise
coefficient ¢ of 0.72. However, the width and the radial extent of the radial vaneless
diffuser were selected to allow adequate room for instrumentation. Additional volute de-
sign information is given in figure 1(a).

Test Facility

This investigation was conducted in the Lewis cold water tunnel, which is a closed-
loop pump test facility. A diagram and a photograph of the tunnel are shown in figures 3
and 4, respectively. A more detailed description of the facility is given in reference 4.
The tunnel was filled with water that had been passed through a filter capable of removing
particles larger than 5 microns in diameter. The air content of the water was reduced to
less than 1 ppm by weight and was maintained below 3 ppm during the testing.
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Test Procedure and Instrumentation

Performance was measured with the speed N and net positive suction head Hsv
maintained constant while the flow rate Q was varied. The performance, measured at
a net positive suction head H, of 192 feet per pound force per pound mass (58.5
m-N/kg), is referred to as noncavitating, although some effects of cavitation on perform-
ance were noted at ¢ > 0.5. A higher Hsv could not be used because of instrumen-
tation limitations. Visual observations of the unshrouded impeller (ref. 2) confirmed
that cavitation was occurring in the segment of the impeller near the volute tongue
(fig. 1(a)) at ¢ > 0.5.

At each selected flow rate, measurements were taken at the inlet measuring station
(station 1), the outlet measuring station (station 4), and the volute measuring station (sta-
tion 5). At station 1 (fig. 1(b)), survey measurements of total pressure, static pressure,
and flow angle were made at five span positions given in the table of figure 1(b). Because
the flow at station 1 was assumed to be axisymmetric, measurements were taken with a
wedge static-pressure probe at one circumferential location and with a total-pressure
probe at another. The centerlines of these probes were inclined 20° from the radial di-
rection to keep them approximately perpendicular to the meridional streamlines over
most of the passage.



At the outlet measuring station (station 4), surveys of total pressure and flow angle
were made at three circumferential locations: 4A, 4B, and 4C (fig. 1(a)). These mea-
surements were made at three span positions that are given in the table of figure 1(b).

No static-pressure probes were used at station 4; instead, static pressure was measured
with wall static taps at locations 4a, 4b, 4c, and 4d (fig. 1(a)).

At the volute measuring station (station 5), wall static taps were located at 5a, 5b,

and 5c (fig. 1(a)).

Inch 1
I 1

—
Centimeters 2.54

o-—- O

C-65-1424 C-65-1425 C-65-1426 C-65-1423

(a) Outlet total-pressure and (b) Static-pressure wedge,

(c) Inlet total-pressure and
flow-angle claw.

flow-angle cobra,
Figure 5. - Probes,

Figure 5 is a photograph of the survey probes, all of which were automatically alined
with the flow by means of a null-balance system. The wedge static-pressure probe was
calibrated in a low-speed air tunnel. Flow rate, rotational speed, and water temperature
were measured with an orifice flowmeter, a magnetic speed pickup and electronic ta-
chometer, and a thermocouple, respectively. The length of straight pipe downstream of
the orifice was too short to use a standard discharge coefficient, so the orifice was cali-
brated in position with a venturi meter, which is also in the loop. The venturi was not
used during testing because the venturi pressure drop was too small to measure accu-
rately with the strain-gage transducers used in conjunction with the recording equipment.



The orifice was calibrated at a flow rate higher than the test flow rates by using a ma-

nometer to measure the venturi pressure drop.
The estimated inherent accuracies of the measuring and recording systems were as

follows:

Flow rate, Qo’ percent of designflow . . . . . . . .. ... 00000 . +1.0

Rotor head rise, AH, percent atdesignflow. . . . . ... .. ... .........z1.0

Velocity head, V2/2gc, percent at designflow. . . . . . . . .. . +£3.0

Outletﬂowangle,34,deg . £1.0

Rotative speed, N, percent , , . . . . . .. ... ..... . +0.5
. 5.0

Inlet flow angle, Bl, deg
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Figure 6. ~ Comparison of integrated flow rate
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tions with those measured by orifice meter.
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A check on the reliability of the survey measurements is obtained from the integrated
flow rate comparisons shown in figure 6. The difference between the flow rate calculated
from survey measurements at stations 1 and 4 and the flow rate measured with the orifice
is shown as a percentage of the orifice flow rate. In calculating the integrated flow rate,
no boundary layer blockage was used. If a small boundary layer is assumed, a good
comparison would be approximately 2 to 5 percent rather than 0 percent. At station 1
(fig. 6), most of the comparisons fall in the range of 0 to -10 percent. These compari-
sons are not considered good. The comparisons for the noncavitating Hsv (192 ft-1b
force/lb mass or 58.5 m-N/kg) are, however, better than those for the lower Hsv’ which
suggests that at a lower HSV probe cavitation may be affecting the measurements, es-
pecially the static-pressure measurements. At ¢ < 0.2 large negative values of the
comparisons reflected a flow reversal at the inlet, but the values are not shown. At sta-
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tion 4 (fig. 6), most of the comparisons fall in the range from 0 to 10 percent. These
comparisons are considered reasonably good for the outlet of a centrifugal machine.

Computation Procedure

All measurements were taken at an impeller rotational speed .of 3000 rpm (Ut 3=
97. 34 ft/sec or 29.67 m/sec); however, where possible, the data are presented in the
form of coefficients to eliminate speed as a variable. The following pump performance
and velocity-diagram parameters were calculated:

(1) Head-rise coefficient, Y

(2) Flow coefficient, ¢

(3) Hydraulic efficiency, 75

(4) Net positive suction head, H,

(5) Flow angle, B

(6) Incidence angle, i

(7) Deviation angle, &

(8) Slip factor, u

The calculation of these parameters was complex because of the geometry of the
pump. For instance, at the inlet, the curved walls of the passage made definition of
streamline locations, streamline curvatures, and flow areas somewhat difficult. At the
outlet, the volute casing imposed a circumferential gradient of flow conditions at most
flow coefficients, which made determination of the average flow condition difficult.
Therefore, simplifying assumptions were made to expedite the calculation of the per-
formance and the velocity-diagram parameters. The assumptions and procedures used
are outlined in the remainder of this section. The flow parameter equations are given
in appendix B.

An average axial velocity at the blade leading edge, based on the orifice flow rate
and the annulus area, and the inlet blade tip speed were used to calculate the average in-
let flow coefficient ¢ (eq. (B15)). However, local flow coefficients ¢ were calculated
from the local meridional velocity (based on measurements of total pressure, static
pressure, and flow angle) and from the inlet blade tip speed (eq. (B1)).

Local flow coefficients and incidence angles were calculated at the blade leading edge
(station 2, fig. 1(b)) with the use of total-pressure measurements taken at the inlet mea-
suring station (station 1) and by the procedure outlined in appendix C. Briefly, the pro-
cedure assumed no total-pressure loss from station 1 to station 2 and required that con-
tinuity and radial equilibrium (including the curvature term) be satisfied at the blade

leading edge.

12



Outlet total pressure was measured at three span positions at three circumferential
locations 4A, 4B, and 4C. Local head-rise coefficients were calculated for these nine
locations. This calculation was possible since the inlet total head was approximately
constant along the span, and local head-rise coefficients could be computed without de-
fining streamline flow. Also, an average head-rise coefficient { was calculated from
the arithmetic average of the nine local y-values.

Velocity-diagram components were calculated for the three span positions at sta-
tion 4 by the use of arithmetic average values of total pressure, wall static pressure,
and flow angle. The total pressure and flow angles used were arithmetic averages of the
measurements taken at circumferential locations 4A, 4B, and 4C. "A constant static
pressure across the span equal to the arithmetic average of the wall static pressures
measured at circumferential locations 4a, 4b, 4c, and 4d was used. These outlet veloc-
ity diagrams are most valid near ¢ = 0.3, where data showed that the pump was oper-
ating approximately axisymmetrically. Velocity-diagram parameters were calculated
from the components of these velocity diagrams.

Velocity-diagram components and parameters were also calculated at the blade trail-
ing edge (station 3) with the velocity diagrams for the outlet measuring station (station 4)
and the procedure outlined in appendix C. The procedure consisted of applying conserva-
tion of angular momentum and the condition of continuity at the two stations.

An average hydraulic efficiency (eq. (B20)) was calculated with the use of an average
Eid (eq. (B19)) and the measured y.

RESULTS AND DISCUSSION

The data presented primarily describe the performance and flow conditions across
the impeller. Results from both the shrouded and the unshrouded version of the impel-
ler are presented.

Overall Noncavitating Performance

The overall performance of the two impellers is shown in figure 7. The arithmetic-
averaged head-rise coefficient Y and the hydraulic efficiency 77 are shown as a function
of the average flow coefficient . The maximum ¢ for which y is shown was set by
instrumentation limitations, rather than by the loop pressure-loss characteristic. The
minimum ¢ for whicha y is shown was set arbitrarily, although it was possible to
operate the pump from 173 percent of ED down to shutoff with no unusual rig vibrations
or noise. The calculation of 77 for @ < 0.285 was impossible because of instrumenta-

13
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tion limitations in measuring the outlet wall static pressure needed to calculate the ideal

head-rise coefficient.

Both y and 7 of the shrouded impeller exceeded those of the unshrouded impeller.
The ¥ of the unshrouded impeller was closest to the ¢ of the shrouded impeller at a
low ¢. The lower Y of the unshrouded impeller resulted from a lower energy addition
and higher losses. For example, at ¢ =0.363 and where 7 = (J/Iid)wo = (Jid - -J’—L)/

?,{/_i leO, the following table compares the coefficients of the energy addition Yiq and loss

WL for the two impellers:

Impeller Energy addition, | Energy loss,
Y vy,
Shrouded 0.91 0.077
Unshrouded .823 117

14



Values of ¢ and 7 from figure '7_were used in the calculation of Wl q and WL. Note
that for a radial—bladEd impeller 2 a= w. T_he preceding calculations are based on the
hydraulic efficiency 7, and for this reason 2% does not include leakage losses for the
shrouded impeller.

The two sets of results represent the trends that would be expected from an un-
shrouded centrifugal pump impeller as tip clearance is varied from a relatively high ratio
of tip clearance to outlet-blade span (13 percent) to a zero (shrouded) value.
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Inlet parameters. - In figure 8, the flow conditions at the inlet measuring station
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locations are given in the table of figure 1(b). The results for the shrouded impeller
(fig. 8(a)) and the unshrouded impeller (fig. 8(b)) show little or no differences; therefore,
the following discussion of inlet flow conditions applies equally well to either impeller.

The curves for @ = 0.377 in figure 8 show that the total head H,;
constant along the span, but that the local flow coefficient ¢ increases slightly toward

16

(b} Unshrouded impeller.

Percent of span

Figure 8. - Concluded.

40

Detailed Noncavitating Performance

o

RN

' AvérageI
flow
coefficient,
@

0.084

. 285
.381

b OO0

.585

(>0
>0

Tip—~
100

60 80

is essentially



Impelier

O Shrouded
[~ 3 Unshrouded

100

80

120 @J 20
i
|
1
1
|
I
f
\

60

1
\

20

Flow angle, By, deg

X}k—o—\ —
T

_ oo D %

0 .1 .2 .3 4 .5 .6 7

Average flow coefficient, @

figure 9. - Flow angle measured at 85 percent of span from hub at inlet meas-
uring station 1. Net positive suction head, 192 feet per pound force per pound
mass (58,5 m-N/kg).

the tip because of the passage curvature. At @ > 0.377 the trends are the same, but
the magnitudes reflect the change in . With one exception, the flow angle ‘81 was
within +7° of 0 or the axial direction for @ = 0.377. Because of the low velocity head at
the inlet measuring station and the limitations of the null-balancing system, the inherent
accuracy of the equipment measuring the inlet flow angles is approximately +5°. For this
reason, the flow angles measured at ¢ = 0.377 are not considered indicative of prerota-
tion but probably indicate the design condition of Bl = 0.

At ¢ =0.084, a reverse flow is indicated by the increase in Hl’ and Bl > 90° at
85 percent of the span (fig. 8). The By > 90° resulted in the calculation of a negative %
in the passage from approximately 60 to 100 percent of the span. The increase in H1
(fig. 8) indicates a reverse flow carrying energized fluid out of the blade passage and into
the inlet pipe near the outer wall. The approximate ¢ at which the reverse flow became
apparent at station 1 (fig. 1(b)) is indicated in figure 9. The Bl at 85 percent of the span
is shown as a function of ¢ for both impellers. Ata ¢ slightly below 0.2, Bl in-
creased abruptly to values greater than 90°.

The distributions of local flow coefficients and incidence angles calculated along the
span at the blade leading edge (station 2) are shown in figure 10. At all flows shown for
both impellers, the i and P increase slightly toward the blade tip because of the pas-
sage curvature. Values are not shown for @ = 0.084 because the calculations outlined
in appendix C were not valid for a reverse flow. This procedure to calculate @9 wWas
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necessary because the area change from station 1 to station 2 was large enough to cause
errors of 10° or more in i if @, were used to calculate Bé.

The inlet flow conditions at all but a low @ probably could be calculated from pas-
sage considerations (including streamline curvature and boundary-layer effects). How-
ever, at a low ¢ a reverse flow from the impeller into the inlet precludes such calcula-
tions.

Outlet measurements. - In this section, measurements taken at two stations (4 and 5)
downstream of the impeller are presented. At station 4 (the outlet measuring station),
measurements of total pressure and flow angle, from survey probes, and static pressure,
from wall static taps, define impeller performance. Pressure gradients around the vo-
lute are obtained from wall static-pressure measurements taken at the volute periphery
(station 5). Significant flow conditions and performance trends indicated by the measure-

ments are discussed briefly.
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At station 4, the local head-rise coefficients Yy and the flow angles B 4 for three
circumferential locations (4A, 4B, and 4C, located as shown in fig. 1(a)) are presented
in figures 11 and 12, where they are shown as a function of ¢ for three span positions.
The wall static head at four circumferential locations (4a, 4b, 4c, and 4d as shown in
fig. 1(a)) is presented in figure 13 as a function of ¢. In figure 14, the wall static head
h5 around the volute periphery is presented as a function of @. These curves can be
used to show parametric variations over the flow range, to show circumferential varia-
tions at a given ¢, and to compare results from the two impellers. Some of the points
on these curves are missing because of transducer limitations (thus, the curve is repre-
sented by a dashed line).

Circumferential distributions of outlet parameters. - The measurements for both
impellers (figs. 11 to 14) indicate that only in a relatively narrow range of ¢ are the
flow conditions the same, or nearly the same, at all points around the impeller. This

reference range centers abouta ¢ =~ 0.32.

As ¢ was increased from the reference range, significant circumferential gradients
were noted in all the measurements. Measurements of y, (fig. 11), By (fig. 12), and hy
(fig. 13) decrease with circumferential position. Minimum values were measured near
the volute tongue (9 = 3600). Static-pressure measurements h5 (fig. 14) around the vo-
lute periphery show that an outlet static-pressure gradient was imposed on the impeller.
This back pressure also decreased with circumferential position. The impeller was
forced to operate with a circumferential variation of back pressure that resulted in cir-
cumferential gradients of impeller performance. At ¢ above the reference ¢ range,
circumferential trends of measurements were identical for the two impellers, but the
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magnitude of the circumferential gradients was different because of different matching of
the impeller and volute.

As ¢ was decreased from the ¢ reference range, circumferential gradients were
noted in the measurements, as indicated in figures 11 to 14. However, the gradients
generally were not as great as at the higher ¢. The static head in the volute h5 (fig. 14)
and that at the outlet measuring station h 4 (fig. 13), increase with circumferential loca-
tion; that is, the highest back pressure occurred near the volute tongue (9 = 3600). This
back pressure gradient is the reverse of the gradient ata ¢ greater than the reference
range. With this variation of back pressure, Yy and B 4 would be expected to increase
with circumferential position. If B 4 is considered a first approximation to work input,
or y, @ then for both impellers the energy addition was the largest near the volute
tongue where the back pressure was the highest.
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However, the Yy (fig. 11) gradients show circumferential trends that are inconsist-
ent with those of B 4 h4, and h5. One source of the apparent inconsistency is probably
the impeller secondary flow loss. In general, as ¢ is decreased, blade passage veloc-
ity gradients increase, and secondary flows, flow separations, and tip-clearance flows
increasingly affect the impeller flow conditions. Note that B 4 > 90° (fig. 12) was mea-
sured near the volute tongue. These results are interpreted as reverse flow or flow
separation. Because of flow redistributions and losses associated with separated flow
regions, the circumferential trends of y, and B, were not as consistent in this low @
range as at the higher ¢. However, the lowest Yy (fig. 11) does consistently occur just
downstream of the volute tongue (9 = 81%) where hy, (fig. 13) is minimum.

In the @ range of 0.20 to 0.25, ¥y (figs. 11(b), (d), and (e)) and By (figs. 12(q)
to (f)) for the unshrouded impeller show sharp changes with ¢. Somewhat similar, but
much smaller changes in Yy (fig. 11) were noted for the shrouded impeller. Operation
across these regions was repeated several times. The same dips were measured each
time, which indicates that a more violent adjustment to the separation can be expected if
the tip clearance is large.

The measurements from both impellers indicate that large circumferential variations
of performance should be expected when an impeller with a single-discharge volute is op-
erated over a wide flow range. Also, secondary flows can exert a strong influence on
flow conditions at a low o.

Spanwise distributions of outlet parameters. - The circumferentially averaged head-
rise coefficient @, the flow coefficient ng, and the flow angle é are presented for sta-
tions 3 (trailing edge) and 4 (outlet measuring station). Three additional parameters, the
deviation angle 8, the slip factor ﬁ, and the ideal head-rise coefficient ”Lid’ are pre-
sented at station 3. The data presented for station 4 (fig. 15) allow velocity diagrams to
be computed from measured data. The spanwise variations of parameters at stations 3
and 4 are similar to changes in magnitude that reflect the change in radius and flow area.
Consequently, the discussion is limited to the parameters computed for station 3 (fig. 16).
The head-rise coefficient 1,2/4 is assumed to be the same at both stations 3 and 4.

Spanwise distributions of parameters at two ¢ which bracket the ¢ reference
range are presented in figure 16 for each impeller. (A @ reference range, centered
about ¢ =~ 0.32, was previously described in the section Outlet measurements.) Data
are presented at @ = 0.286 and 0. 377 for the shrouded impeller and at ¢ = 0.285 and
0. 381 for the unshrouded impeller to illustrate flow conditions over the ¢ reference
range.

For the shrouded impeller, all the parameters in figure 16(a) are essentially con-
stant across the span at ¢ = 0.286 and 0.377, which indicates that a shrouded radial-
bladed impeller (or unshrouded impeller with a small ratio of tip clearance to blade span)
could reasonably be designed or analyzed at ¢ D with the use of only the midspan outlet
parameters to represent spanwise average values.
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In contrast, for the unshrouded impeller, significant spanwise gradients of all pa-
rameters (fig. 16(b)) are noted at ¢ = 0.285 and 0.381. The highest performance levels
were measured in the hub region, with decreasing levels measured toward the tip. The
spanwise variation of outlet parameters is probably the result of tip-clearance flow dis-
turbances and losses. The work input of the blades, as indicated by 11/ id, 3 (fig. 16(b)),
decreased from hub to tip. The head-rise coefficient zp4 (fig. 15(b)) decreased slightly
more along the span than did w id, 3 (fig. 16(b)), which indicates that losses increased
toward the tip. The major port1on of the spanwise gradient of z[/4, however, resulted
from the decrease of work input and not from increased losses. Note, also, that even
near the hub, 1134 (fig. 15(b)) for the unshrouded impeller is less than 1,2/4 (fig. 15(a)) for
the shrouded impeller. This difference indicates that the redistributions of streamlines
caused by tip-clearance flows affects the performance of all spanwise positions.

As @ was increased from the reference range, visual observations (ref. 2) indi-
cated that cavitation in the tip region began at a ¢ of approximately 0.5. Moreover,
the intensity of the cavitation increased with ¢ and was not symmetrical around the
periphery of the impeller. Close examination of additional data taken on this rotor, but
not presented in the report, indicated that, as ¢ was increased from the reference
range, the spanwise gradients of flow parameters did not change unless affected by cavi-
tation; this seems logical, since as ¢ is increased, the streamwise and blade-to-blade
passage velocity (or pressure) gradients tend to decrease. This decrease, in turn,
would tend to lessen the secondary flows that primarily affect spanwise gradients of flow
conditions at the outlet of a centrifugal impeller.

At the high ¢ points presented (p = 0.578 for the shrouded impeller and 0. 585 for
the unshrouded impeller), cavitation affects the spanwise distributions. Cavitation re-
sulted in a performance deterioration in the tip region for both impellers (fig. 16). If
cavitation were absent, the parametric values at 30 percent of the span from the hub
would probably be unchanged. These values fix a basepoint for the spanwise distribution
of the parameters whose spanwise gradients probably would be the same as those in the
@ reference range. However, in an application of similar impellers with an inducer
added, some cavitation at a high ¢ may be difficult to avoid. The full HSV of 192 feet
per pound force per pound mass (58.5 N-m/kg) used at a rotational speed of 3000 rpm
represents an inducer head-rise coefficient of 0.652. This coefficient is two to three
times larger than that achieved with usual inducer rotors. Thus, the trends shown at
¢ =0.578 and 0. 585 in figure 15 may not be unusual for most applications.

Data are shown in figures 15 and 16 for both impellers (at ¢ = 0.084) as ¢ is re-
duced from the reference range. Velocity-diagram parameters for the shrouded impeller
could not be calculated because of transducer limitations. The spanwise gradients of pa-
rameters at ¢ = 0.084 differ from those in the reference range. The difference is
probably caused by impeller secondary flows that tend to become stronger as ¢ is de-
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creased. Both the shrouded and unshrouded impellers show a performance dropoff in the
blade tip regions.

Slip factor and deviation angle. - The flow leaving an impeller deviates from the
blade direction. This deviation can be accounted for with the use of either the slip factor
or the deviation angle. Normally, the slip factor is used because most design informa-
tion is available in this form.

The slip factor must be predicted to estimate both the design and the off-design per-
formance. Known parameters that influence the slip factor include the outlet blade angle,
the number of blades, the blade height, and the flow coejﬁcient. For a radial-bladed
impeller, most prediction methods, such as those of Stodola and Busemann (ref. 5), give
slip factor as a function of the number of blades and other impeller geometry. More
recently, slip factors that varied with the flow rate were published by Stahler (ref. 6),
who also proposed an empirical method in which the slip factor was presented as a linear
function of the flow rate as well as a function of the impeller geometry. His data indi-
cated that the deviation angle remained constant as the flow rate was changed.

Much experimental data will be required to evaluate and expand off-design prediction
methods such as that proposed by Stahler (ref. 6). In this section, the variations of ;13
and 63 with @ for the two impellers investigated are presented in figure 17, as a con-
tribution to this area. Data are presented for three locations along the span. Values for
@ > 0.55 are not presented because of the possible effects of cavitation on the accuracy
data. Values below ¢ = 0.3 for the shrouded impeller were not available because of
instrumentation limitations.

For the shrouded impeller at 50 percent of the span, ﬁ3 (fig. 17(b)) changes only
slightly with @ and could be considered constant within a tolerance of +0.015. Over the
flow range shown (82 to 135 percent of aD), 63 (fig. 17(b)) is also constant with .

At 30 percent of the span, Ly (fig. 17(c)) for the shrouded impeller can also be con-
sidered constant within +0.01. In the limited range from ¢ = 0.5 to 0.3, 64 increased
6°. At 70 percent of the span (fig. 17(a)), EL3 for the shrouded impeller increased
gradually as ¢ was decreased; however, 63 was constant WiEh @.

For the unshrouded impeller (figs. 17(a) to (c)), Mg and 53 vary with ¢ at ?.11 span
Positions except near the hub from ¢ =0.30 to 0.50. The largest variations of p4 and
63 occur near theAtip (fig. Al'?(a)) and the least near the hub (fig. 17(c)). In general, the
rate of change in Mg and 63 increases below ¢ =0.3.

The slip factors given in figure 17 were computed from circumferential averaged
measurements. However, if the variation in back pressure around the impeller at
¢ > gp (fig. 14) is considered, it is reasonable to assume that the slip factor also varied
significantly around the circumference at ¢ > op,.

The slip factor data from this investigation are too limited to state any general con-
clusions. However, it was noted that 63 was constant over the limited flow range shown
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for the shrouded impeller, as Stahler (ref. 6) suggested. For the unshrouded impeller,
63 was neither constant over the flow range nor across the span. The results for the
unshrouded impeller may be influenced by the fact that the span at the outlet is only 0. 191
inch (0.485 cm) and that the tip clearance was 0.025 inch (0.064 cm).

Cavitating Performance

Performance under noncavitating conditions was of primary interest in this investi-
gation since the impeller was not designed for good cavitation performance and no in-
ducer was used. However, a limited amount of performance data measured under cavi-
tating conditions is presented to indicate how much pressure rise an inducer must pro-
vide for this impeller.

Overall performance. - The mass-averaged head-rise coefficient ¢ and the hy-
draulic efficiency 77 are presented in figure 18 for both impellers. Noncavitating curves
are included for comparison. The efficiency curves are not complete because of trans-
ducer limitations.

Some of the data of figure 18 were cross-plotted as I/z,l/nc against Hsv and are
presented in figure 19. The curves of figure 19 show that, for the tip clearance used, ¥
dropped off at a lower Hsv for the unshrouded impeller than that for the shrouded im-
peller. The same result was noted by Wood, et al. (ref. 7). At op ¥ (fig. 19) began
to decrease at a suction specific speed of 3765 (HSV = 50 (ft)(1b force)/1b mass or
15 m-N/kg) for the unshrouded impeller and 3460 (Hsv = 56 (ft)(lb force)/lb mass or
18 m-N/kg) for the shrouded impeller.

Detailed performance. - Spanwise distributions of  are presented in figures 20
to 25 to give some insight into the way cavitation affects the performance of centrifugal
impellers. The distributions measured at stations 4A, 4B, and 4C are shown for three
values of .

For the shrouded impeller (figs. 20 to 22), the noncavitating (HSV =192 (ft)

(Ib force)/1b mass or 58.5 m-N/kg) is approximately constant along the span except for
z,l/C 4 at @ =0. 45 and 0.525. The curves of dxc 4 for H = 192 feet per pound force
per pound mass (58.5 m-N/kg) at @ = 0.450 and 0.525 (f1gs 21(c) and 22(c)) decrease
toward the shroud, which indicates that some cavitation was present at 6§ = 351° (near
volute tongue) for ¢ > 0.45 and H,, = 192 feet per pound force per pound mass (58.8
m-N/kg). Visual studies (ref. 2) verified the presence of cavitation in the sector of the
unshrouded impeller near the volute tongue at these conditions. At a lower Hsv’ cavi-
tation caused Y to decrease at all span locations, but the decrease was usually greatest
near the shroud.
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The head-rise coefficients for the unshrouded impeller are shown in figures 23 to 25.
The noncavitating i for the unshrouded impeller decreased along the span. The de-
crease in Y caused by cavitation was approximately uniform along the span at all
three . For the flow range covered (¢ > gDD) the greatest effect of cavitation on both
impellers was noted in ”bC 4 (6 = 3519, and the smallest effect in z//B 4 (9 = 1719).
Visual studies of the unshrouded impeller (ref 2) showed that the visible vapor was a
maximum in the area of the tongue (9 = 360°) and decreased progressively to g ~ 180°,
This circumferential gradient of cavitation indicates that the sector of the impeller near
the tongue was operating at a higher local flow rate than the rest of the impeller. A non-
uniform flow rate is also indicated by circumferential gradients of y (fig. 11) and h5
(fig. 14) under noncavitating conditions.
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APPLICATION OF RESULTS TO ANALYTICAL PROCEDURES

Various analytical procedures are utilized to predict both design and off-design flow
conditions and performance of centrifugal pumps. An example of such a procedure is re-
ported in reference 1. In general, the computed flow conditions from these procedures
are somewhat idealized because flow conditions such as steady flow, circumferential
periodicity of flow (same in all flow passages), and inviscid fluid flow must be assumed
to obtain a solution. In this section, some observed real flow conditions are related to
the idealized flow conditions of analytical procedures.

For the pump (i.e., impeller, vaneless diffuser, and single-discharge scroll) under
study, the measurements indicated that flow conditions around the periphery of the im-
peller were the same at just one reference flow. As operation was varied to flows higher
or lower than the reference flow, significant circumferential variations of flow conditions
(figs. 11(a), (c), (e); 12 (a) to (c); 13(a); and 15(a)) were observed. The condition of
identical flow in each blade passage was only realized at the reference flow.

In contrast, the analytical procedures compute the flow through one blade passage
and assume that flow is the same in all other passages (circumferential periodicity of
flow). This assumption evidently becomes less realistic as the operating point is moved
away from the reference flow. The solutions obtained for flows other than the reference
flow probably approximate an average of the varying flow conditions around the impeller.
Therefore, in any analysis or comparative procedure, an awareness of this real flow
condition may aid in evaluating conclusions.

The testing of both shrouded and unshrouded versions of the impeller permitted some
indication of tip-clearance flow effects. For this relatively small impeller, the 0.025-
inch (6.34-mm) tip clearance results in a tip-clearance to blade-span ratio of 13 percent
at the impeller outlet (unshrouded). As discussed in the previous section, measurements
showed significant differences in both the magnitudes and the spanwise distributions of
c}utlet parameters for the two configurations. For example, {04 (figs. 15(a) and (b)) and
Mg (figs. 16(a) and (b)) show the effects of tip-clearance flow. Tip-clearance flows
would be expected to increase losses locally. The significant local effect on ZL3 indi-
cates that energy addition was also reduced. Analytical procedures usually do not account
for secondary flow effects, including tip-clearance flows. Thus, the analytical proce-
dures are most applicable to shrouded impellers and to unshrouded impellers with low
ratios of tip clearance to blade span.

In the exit region of the blade passages, the flow streamlines deviate significantly
from the direction of the blades. One method of accounting for this deviation is to apply
a slip factor. In the procedure of reference 1, for example, the slip factor is an input.
Its value may be obtained from tests from a similar type rotor or from a correlation such
as the Busemann correction for slip, presented in reference 5. For the impeller inves-
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tigated herein, a slip factor of 0.9 is obtained from the Busemann theory. Measured
values from the shrouded impeller indicated slip factors ranging from 0.89 to 0.93 for
the @ range of 0.3 to 0.5. Over this @ range, iL3 (fig. 12) did not vary significantly
either across the span or with ¢. Thus, the Busemann correction for slip was reason-
ably accurate for the shrouded impeller. However, results from the unshrouded impel-
ler indicated that ;L3 (fig. 17) varied along the span with ¢@. Values ranged from about
0.9 near the hub to values as low as 0.7 near the tip. These results indicate that, for
impellers with high ratios of tip clearance to blade span, an adjustment to the Busemann
correction for slip is necessary. The adjustment should result in an average slip factor
less than the value of the Busemann correction for slip.

Ata ¢ below 0.18, measurements at the inlet measuring station indicated reverse
flows in the blade tip region. Indications of the reverse flow region were Bl > 90° (figs.
8(a) and 9) and local H, values (figs. 8(a) and (b)) that exceeded the upstream average
Hl' These measurements were interpreted to indicate that energized fluid in the blade
passage was flowing back into the inlet pipe.

For comparison, the analytical procedure of reference 1, modified to calculate the
size of theoretical eddy regions, was used to calculate the idealized flow field at ¢ =0.17.
In this procedure, the calculation of zero or negative through-flow velocities is assumed
to be evidence of an eddy, or reverse flow, region. At @ = 0.17, an eddy region was

|

— (a} Tip.

—(b) Hub.

CD-9491

Figure 26. - Location and extent of eddy regions
calculated by analytical procedure at average
flow coefficient of 0.17.
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calculated to be near the main blade pressure surface and extended along the entire blade
span near the leading edge. The sketches of figure 26 show the extent of the eddy regions
calculated on the hub and tip stream surfaces. The eddy region was largest near the hub
where it extended across one-fourth of the passage between the main blades near the
leading edge. However, the measurements from this investigation were not sufficient to
establish a conclusive relation between the measured and the calculated eddy regions.

CONCLUDING REMARKS

A shrouded and an unshrouded version of a 7.44-inch- (18.89-cm-) diameter centrif-
ugal pump were tested in room-temperature water. The impeller was designed with
splitter blades to control passage pressure gradients. The pump was operated from
173 percent of the design flow coefficient to shut off with no unusual facility vibration or
noise. The investigation provided detailed test measurements that contribute to a better
understanding of real flows in radial-bladed centrifugal pumps and to a better prediction
of performance. Both overall and detailed impeller performance were presented for non-
cavitating conditions. Where possible, applications of the test results to analytical pro-
cedures were made. Also, some cavitation performance and circumferential static-
pressure gradients around the volute were presented.

For the pump configuration tested (impeller and single-discharge volute), axisym-
metric flow conditions in the impeller discharge were obtained over only a narrow ref-
erence flow range. At other flows, circumferential gradients of volute back pressure
caused varying degrees of asymmetry in the impeller-discharge flow conditions. The
asymmetries were essentially the same for both impellers. At flows higher than the
reference flow, the back pressure and head rise were the lowest near the volute tongue
of the impeller; under cavitating conditions, the greatest effect of cavitation on local head
rise occurred in this same area. For flows below the reference flow, the back pressure
was the highest near the volute tongue. The circumferential gradients of impeller-
discharge flow conditions were smaller than those obtained at the higher flows. Asym-
metry of performance should be considered in locating test instrumentation to measure
pump performance. The large asymmetries of discharge flow conditions must also be
considered in the interpretation of analytical procedure solutions.

Results from the shrouded and unshrouded versions of the impeller indicate trends in
flow conditions that may be expected as the ratio of tip clearance to blade span is varied
from 0 to 13 percent. Near the design flow coefficient, the distributions of circumferen-
tial average outlet parameters were approximately constant across the span of the
shrouded impeller. However, for the unshrouded impeller, the outlet parameters varied
substantially across the span, and the performance was lower than that of the shrouded
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impeller at all spanwise locations, with the greatest differences being near the tip. The
design and analysis of an impeller with a low ratio of tip clearance to outlet blade span,
with the use of only spanwise average outlet parameters, is reasonable.

For the shrouded impeller, slip factors and deviation angles not only were approxi-
mately constant across the span, but also were approximately constant over most of the
span as the flow coefficient was varied from 82 to 135 percent of the design flow coeffi-
cient. The slip factor over this flow range compared closely with the Busemann correc-
tion for slip. For the unshrouded impeller, the slip factors and deviation angles changed
with the flow coefficient over most of the blade span. The measured slip factors for the
unshrouded impeller indicate that downward adjustments to the Busemann correction for
slip are necessary when the ratio of tip clearance to blade span is large.

The effects of tip-clearance flows on the outlet parameters were reflected in the
overall performance. Both the average head-rise coefficient and the hydraulic efficiency
were higher for the shrouded impeller than those for the unshrouded impeller under non-
cavitating conditions.

At flow coefficients lower than design, two real flow phenomena were indicated by the
detailed measurements. At the inlet, a reverse flow near the outer casing was detected
at flow coefficients below 0. 18 for both impellers. A potential flow solution at this flow
coefficient also indicated an eddy region on the blade pressure surface near the leading
edge. Measurements from this investigation were insufficient to associate the measured
and calculated eddy regions conclusively.

A dip or dropoff was noted in most of the local head-rise coefficients at an average
flow coefficient of 0. 31 for the shrouded impeller and 0. 21 for the unshrouded impeller.
These abrupt changes in performance are thought to result from flow separation along
the blade suction surface.

The cavitation performance of the unshrouded impeller appeared to be slightly better
than that of the shrouded impeller. At the design flow coefficient, the unshrouded impel-
ler head rise began to decrease at a suction specific speed of 3765. For the shrouded
impeller, the head rise was decreased by cavitation at a suction specific speed of 3460.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, January 30, 1968,
128-31-06-28-22.
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APPENDIX A

SYMBOLS

area, ftz; m2

distance from casing to survey
measurement location of sta-
tion 1 (fig. 1), in.; cm

distance from casing to survey
measurement location at sta-
tion 4 (fig. 1), in.; cm

gravitational conversion factor,
39.17 (1b mass)(ft)

(1b force) (secz)

total head, (ft) (1b force); m-N
1b mass kg

head rise (eqs. (B3), (B16), and
(B18)) (ft)(1b force), m-N
’  lbmass kg

net positive suction head
(eq. (B21)), (ft) (1b force); m-N

1b mass kg
wall static head, ({2{b force).
1b mass
m-N
kg
vapor head, (ft)(1b force); m-N
1b mass kg

incidence angle (eq. (B2)), deg
rotative speed, rpm

specific speed (eq. (B22))

flow rate, gal/min; m3/sec

orifice measured flow rate,
gal/min; m3/sec

radius, in.; cm

suction specific speed in units of
rpm (eq. (B23)), gal/min, and
(ft)(1b force)

1b mass

rotor tangential velocity, ft/sec;
m/sec

fluid velocity, ft/sec; m/sec

axial dimension, in.; cm

volute angle, deg

flow angle (angle between direction
of flow and meridional plane), deg

angle from radius through suction
surface at outlet tip of main
blade (table I), rad

deviation angle (angle between out-
let relative velocity and outlet
blade angle), deg

hydraulic efficiency (eq. (B20)),
percent

angle from volute tongue (fig. 1),
deg

blade angle (angle between tangent
to blade mean camber line and
meridional plane), deg

slip factor (eq. (B12))

flow coefficient (eqs. (Bl), (B10),
and (B15))

head-rise coefficient (eqs. (B4),
(B17), and (B19))



Subscripts:

A location 81° from tongue in direc-
tion of flow

a location 36° from tongue in direc-
tion of flow

B location 171° from tongue in direc-
tion of flow

b location 126° from tongue in direc-
tion of flow

C location 351° from tongue in direc-
tion of flow

c location 216° from tongue in direc-
tion of flow

D design

d location 306° from tongue in direc-
tion of flow

h hub

id ideal

i iteration index on circumferential
location A, B, or C

k iteration index on instrumentation

and/or calculation station 1, 2,
3, or4

L loss
m meridional direction
n iteration index on span positions
1to5
n. noncavitating
o orifice
t tip
v volute
axial direction
0 tangential direction
1 inlet measuring station
2 blade leading edge
3 blade trailing edge
4 outlet measuring station
5 volute measuring station
Superscripts:

t

relative to impeller

circumferential and spanwise
average quantity

circumferential average quantity
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APPENDIX B

FLOW PARAMETER EQUATIONS

Local Parameter Equations

Inlet local flow coefficient:

A"
¢k= m,k k: 1,2 (Bl)
Ui 2
Incidence angle:
. 1 4
i=Bg-Kg (B2)
Loocal head rise:
H].=Hj,4—H1 j=A,B,C (B3)
Local head-rise coefficient:
gCAH.
Y, =——31  j=A,B,C (B4)
] 2
Ut 3

Circumferential Averaged Parameter Equations

Circumferential average total head:

~

1
Hy=3(Hy 4+Hp 4+Ho o (B5)

Circumferential average wall static head:

ho=d
h4_4(ha,4+hb,4+hc,4+hd,4) (B6)
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Circumferential average velocity:
S V.
V4 = ZgC(H4 - h4)

Circumferential average flow angle:

By =%(BA, 4+Pp at+hc 9

Circumferential average meridional velocity:

Outlet flow coefficient:
I
Pk = mk x-34
Ui 3
Deviation angle:
~ ~1
03 =F3 - K3
Slip factor:
~ VQ, 3
g = —=
Ui, 3

Ideal head rise:

g ;
AHyy “;(U3V9, 3~ UV o)

C

(B7)

(B8)

(B9)

(B10)

(B11)

(B12)

in this investigation, \}9 9 is considered to be 0 in all calculations and the equation be-

comes

1 ~
—(UsVy 3)
C

(B13)
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Ideal head-rise coefficient:

- g AH,
- " (B14)

since

3=Ut 3

Average flow coefficient:

9 = = e (B15)

Average head rise:

3
g=1 E E
AH =7 . AH; o (B16)

Average head-rise coefficient:

¢ (B17)
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Average ideal head rise:

- =
AH;q=—(Uy
gc

0,3 UaVy o)

Average hydraulic efficiency:

Net positive suction head:

Specific speed:

=_1_ 1 1 n
8 3
3 ~
11
=3 >, Un,3V0,n,3
gC n=
_ g, —
id =5 “Hiq
Ui 3
7= 100
¥id
Hsv - I'Il - hv
1/2
N,
S
a3/

for V

9,2=0

(B18)

(B19)

(B20)

(B21)

(B22)

49



Suction specific speed:

1/2
3/4
Hyy
Integrated inlet weight flow:
5
Q= ), Vi oo, 185, 1(448.86)
n=1
Integrated outlet weight flow:
3
Q, = Z Vin.n, 48y, 4(448.86)
n=1

50

(B23)

(B24)

(B25)



APPENDIX C

CALCULATION OF FLOW CONDITIONS AT BLADE LEADING AND TRAILING EDGES

The inlet and outlet measuring stations (stations 1 and 4, fig. 1(b)) were located
some distance from the leading and trailing edges of the impeller blades. Therefore,
since the flow conditions at these blade edges must be known, the following procedures
were used in this investigation to deduce the flow conditions at the leading and trailing
edge stations from the measured flow conditions at the inlet and outlet measuring stations.

At the inlet, streamlines from the measurement locations at station 1 (fig. 1) were
defined by assuming that the cross-sectional area of a streamtube is the same fraction of
the total flow area at both the inlet measuring station (station 1) and at the blade leading
edge (station 2). The streamlines adjacent to the hub and casing were assumed to be
parallel to those surfaces. The slope and curvature of the streamlines were assumed to
vary linearly from the hub to the casing.

The meridional velocity of each streamline was calculated at the leading edge with
the use of the radial equilibrium equation and with the assumptions of a zero tangential
velocity (but including streamline curvature) and a total head constant along a streamline
from station 1 to station 2 (i.e., no loss). This meridional velocity distribution and the
flow area at station 2 were used to calculate an overall flow rate, which, through an iter-
ative process, converged to the orifice flow rate. Thus, an overall continuity was satis-
fied. To satisfy continuity on a stream tube basis involved another iteration to determine
streamline locations. This iteration was considered too complicated for the available
data reduction program.

Tangential velocity was essentially zero at the blade leading edge (station 2), so the
calculated meridional velocity and the blade speed were used to calculate velocity-
diagram parameters.

For the outlet, the procedure was simpler. Streamlines were again defined by
assuming that the cross-sectional area of a streamtube at the trailing edge was the same
fraction of the total flow area as it was at the outlet measuring station (station 4).

Conservation of angular momentum was used to determine the tangential velocity
VG, 3 at the trailing edge. The radial velocity Vm’ 3 at the trailing edge was deter-
mined by requiring that continuity be satisfied in each streamtube from the trailing edge
(station 3) to the outlet measuring station (station 4). With these two velocity components
and the blade speed U3, the velocity-diagram parameters at the trailing edge were cal-
culated.
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