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Abstract

The interaction of a rotating impeller and the working fluid introduce forces
on the rotor. These fluid—-induced forces can cause self-excited whirl, where the
rotor moves away from and whirls along a trajectory eccentric to its undeflected
position. When designing a turbomachine, particularly one which is to operate at
high speed, it is important to be able to predict the fluid-induced forces, both steady
and unsteady, acting on the various components of the machine. The fluid-induced
rotordynamic forces acting upon the impeller and therefore on the bearings was
investigated for a centrifugal impeller in a spiral volute in the presence of cavitation.

An experiment in forced vibration was made to study the fluid-induced
rotordynamic force on an impeller whirling around its machine axis of rotation
in water. The whirl trajectory of the rotor is prescribed to be a circular orbit
of a fixed radius. A dynamometer mounted behind the rotor and rotating with it
measures the force on the impeller. The force measured is a combination of a steady
radial force due to volute asymmetries and an unsteady force due to the eccentric
motion of the rotor. These measurements have been carried out over a full range of
whirl/impeller speed ratios at different flow coefficients for various turbomachines.
A destabilizing force was observed over a region of positive whirl ratio. Cavitation
corresponding to a three percent head loss did not have a significant effect upon
this destabilizing force. However, a lesser degree of cavitation at the design point
for the impeller-volute combination tested increased this destabilizing force for a

particular set of whirl ratios.
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Nomenclature

hydrodynamic force matrix, non-dimensionalized by %pu%Ag /T2

impeller inlet area (7r%), outlet area (27wryb3)

hydrodynamic moment matrix, non-dimensionalized by % puiAs;
impeller discharge width

hydrodynamic damping matrix, non-dimensionalized by
épu§A2/(wr2)

instantaneous lateral force on the impeller

components of the instantaneous lateral force on the impeller in the
rotating dynamometer reference frame

components of the instantaneous lateral force on the impeller in the

stationary volute frame, non-dimensionalized by %pu%Ag

values of F; and F, if the impeller was located at the origin of the

volute frame (volute center), non-dimensionalized by 1puZA4,
components of the lateral force on the impeller which are normal
to and tangential to the whirl orbit, averaged over the orbit, non-
dimensionalized by 3pu3Aae/r2

gravitational constant

ratio of whirl/impeller shaft speeds

hydrodynamic stiffness matrix, non-dimensionalized by % puidy/re
hydrodynamic mass matrix, non-dimensionalized by Zpu3A,/(w?r2)
instantaneous lateral moment on the impeller

mass of the “impeller,” includes the mounting spindle and the front

plate of the dynamometer
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components of the instantaneous lateral moment on the impeller in
the rotating dynamometer reference frame
components of the instantaneous lateral moment on the impeller in

the stationary volute frame, non-dimensionalized by -;-pu%Agrg

values of M, and M, if the impeller was located at the origin of the

volute frame (volute center), non-dimensionalized by -;- pu Asry

components of the lateral moment on the impeller which are normal
to and tangential to the whirl orbit, averaged over the orbit, non-
dimensionalized by £pu3Aze

upstream static, total pressure

downstream static, total pressure

static pressure at impeller inlet, p,; — %p(%)z

vapor pressure of water

flow rate

impeller inlet, discharge radius

time

tip speed at impeller inlet, wr;, at discharge, wry

axes of the stationary laboratory reference frame

axes of the stationary volute reference frame

instantaneous coordinates of the impeller center in a stationary
frame, non-dimensionalized by r,

coordinate of the machine axis, pointing upstream in the direction
of impeller rotation from the plane bisecting the impeller discharge
area, non-dimensionalized by 7o

lever arm computed from the steady moment and force, Eqn. (8.4a},

non-dimensionalized by r;
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Ze lever arm computed from the unsteady moment and force,
Eqn. (8.4b), non-dimensionalized by r,
€ radius of the circular whirl orbit (0.0495 inch)
0 angular position of the impeller on the whirl orbit, measured from
the volute tongue in the direction of impeller rotation
P density of water
o cavitation number, 2L—£2
1puy
o? variance
¢ flow coefficient, —%;
Uos Ao
oy angle of the volute tongue measured from the stationary laboratory
axis, Xr.
) total head coefficient, mp—;—fﬂ
2
w radian frequency of the impeller (shaft) rotation
9] radian frequency of the whirl motion =Iw/J
Abbreviations
DPTF Dynamic Pump Test Facility
HPOTP High Pressure Oxygen Turbopump
RFTF Rotor Force Test Facility
SSME Space Shuttle Main Engine
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Chapter 1

Introduction

1.1 Self-Excited Whirl

The dynamic analysis of a turbomachine encompasses the response of the
rotating impeller-shaft system. The presence of the working fluid influences the
dynamic behavior of the rotor. Elements of the machine which influence its vibration
characteristics include mass imbalance of the rotor-shaft system, unequal transverse
moments of inertia, and asymmetric lateral stiffness of the support structure. The
diSplacement of the rotor-shaft system away from the machine centerline within the
working fluid causes asymmetric variation of pressure and fluid momentum between
small clearance surfaces, in seals and in hydrodynamic bearings, and between the
rotor and its housing. Verhoeven and Gopalakrishnan (1988) provide a literature
review of the dynamic response analysis of rotors, including different mechanisms of
rotor instability. This thesis focuses on the fluid-induced forces from the interaction
between the rotor and its housing. These fluid-induced forces depend upon the
position of the rotor and the operating condition of the turbomachine.

The effect of these various forces is reflected in the vibration or motion of the
rotor-shaft system away from its stationary equilibrium position. The orientation
and location of the rotor-shaft system can be described as a whirling motion of the
deflected shaft centerline about the machine centerline. For synchronous vibration
typical of a mass unbalance, the lateral vibration of the rotor-shaft system is a whirl
at the shaft rotation frequency. The deflection curve of the shaft is stationary in
the rotating shaft frame. In asynchronous vibration the rotor whirls at a frequency
different from shaft frequency, subjecting the shaft to fluctuating stresses that are
unsteady in both the frame of shaft rotation and the stationary frame. Ehrich and
Childs (1984) discuss several mechanisms of self-excited whirl in turbomachines,

where the vibration is at or near a frequency of natural vibration of the rotor-shaft
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system. A biennial series of workshops on “Rotordynamic Instability Problems in
High-Performance Turbomachinery,” * held at Texas A&M University present field
experience and the results of research that relate to the present effort.

This thesis focuses on the the fluid-induced rotordynamic forces arising from
the interaction of the rotor and its housing which can result in self-excited whirl.
Fig. 1.1 is a schematic of a centrifugal pump impeller undergoing whirl, and Flg 1.2
indicates the forces acting on a whirling impeller. Assuming small displacements
of the impeller, the hydrodynamic force on the impeller rotating at a frequency w,

can be expressed as,

F(t) =Fo + [A]x(t) (1.1)

The lateral force, F(t), can be considered as the sum of two forces: a steady force,
F,, which the impeller would experience if located at the volute center, arising
from asymmetries in the flow around the impeller in the volute, and an unsteady
force due to the eccentric motion of the impeller, represented by a force matrix
[A]); x(t) is the displacement vector of the impeller from the volute center. The
fluid-induced rotordynamic force matrix [A] in general will be a function of the
frequency of lateral vibration, nondimensionalized by shaft frequency, {1/w, and
of the operating condition of the turbomachine. Frequently the unsteady force is
expanded in terms of the time derivatives of x(t): position, velocity and acceleration,

with the coefficient matrices being the stiffness, damping and mass matrices.
F(t) = Fo — [K]x(t) — [C]x(2) — [M]%(¢) (1.2)

To measure the forces on an impeller undergoing self-excited whirl, an
experiment in forced vibration was carried out. The imposed whirl trajectory was a
circular orbit of fixed radius and radian frequency (. The force matrix [A(02/w)] can

then be expanded as a quadratic to obtain the elements of the stiffness, damping and

* The proceedings of these workshops are published as NASA Conference
Publications: NASA CP 2133 (1980), CP 2250 (1982), CP 2338 (1984), CP 2443

(1986), CP 3026 (1988).



-3-

mass matrices. The unsteady force can also be resolved into components normal to
and tangential to the whirl motion. The normal force is perpendicular to the whirl
motion, directed radially outward when positive. The tangential force is positive
when in the direction of shaft rotation. A positive normal force tends to increase the
displacement of the impeller. Whenever the tangential force is in the same direction
as the whirl velocity it encourages the whirl motion and is thus destabilizing‘.

In the next two sections, past measurements of fluid-induced forces on impellers
will be reviewed. First, measurements without an imposed whirl trajectory will be
discussed. Then, measurements of the unsteady force on impellers undergoing a

whirling motion will be covered.

1.2 Measurements of the Impeller Force without Whirl

The steady force caused by the asymmetric flow within a volute was measured
by Agostinelli et al. (1960) from the reaction of a cylindrical bearing support
structure. They tested centrifugal pumps of various specific speeds with single
volute, double volute, concentric, and mixed concentric-volute casings. Iversen et al.
(1960) used bearing reactions detected by a “strain-beam spider” attached between
the bearing cap and the test bedplate to measure the steady force for an impeller-
volute configuration. They also integrated volute pressure tap measurements to
evaluate the force.

Domm and Hergt (1970) measured the reaction of the bearing support structure
through strain-gaged tie rods for an impeller centered and also at an eccentric
location within a vaneless volute. Hergt and Krieger (1969-70) measured the force
on a centrifugal impeller centered and at various eccentric locations in a vaned
diffuser. The measured force was directed radially outward with a small tangential
component. Sufficient data was taken to indicate the location of the hydraulic center
of the diffuser where the steady force would vanish for each flow rate tested. The
data was not presented in terms of a stiffness matrix. Nonstationary forces were

also observed, particularly at flow coefficients below optimum.
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Uchida et al. (1971) measured the bearing reaction from a cantilevered
cylindrical support structure to detect the force on a centrifugal impeller in a volute.
The interchangeable tongue of the volute had a significant effect upon the force on
the impeller. The dynamic force contained shaft and blade passage frequencies and
also random fluctuations. For flow rates above best efficiency, the impeller force

was measured in the presence of cavitation.

Kanki, Kawata and Kawakami (1981) used strain gages on the shaft neck to
measure the force of a centrifugal impeller in a double volute and in a vaned diffuser.
The impeller was positioned centered and also off-center from the casing centerline.
The hydraulic force acted in the general direction of the impeller displacement. The
unsteady impeller force was larger than the static component at low flow rates for
both the volute and the diffuser. The unsteady force had frequency components at
a low frequency (5% shaft frequency), at blade passage and at harmonics of shaft
frequency. Pressure measurements were taken at the impeller tip and in the casing.
Kawata, Kanki and Kawakami (1984) measured the force on a centrifugal impeller
in a vaned diffuser under cavitating conditions. The magnitude of the dynamic
force increased with decreasing flow rate under non-cavitating conditions. With
breakdown of pump performance the dynamic force increased. For flow rates at
and below 70% of rated flow, the dynamic force eventually decreased with further

loss of head.

From the measurements of the steady force on an impeller positioned at
various locations within its casing, the location at which the steady force would
vanish can be inferred. The measurements had indicated that the force was in the
general direction of the impeller displacement and also contained various frequency
components. However the measurements were not presented in terms of a stiffness
matrix. The nonzero force measured tends to deflect the rotor. With various
unsteady forces acting on the impeller, the conditions under which these fluid-
induced forces can cause the impeller to undergo lateral vibration needs to be

investigated.
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1.3 Measurements of the Unsteady Force Matrix

At Sulzer Brothers Ltd. in Switzerland, Bolleter et al. (1987) translated an
impeller inside a vaned diffuser along a single axis. The motion was imposed by
a “rocking arm” excited by a transient frequency sweep. The deflections of the
impeller in the lateral plane were measured by two eddy current probes. The
rotating force measuring section at the base of the impeller was instrumented with
six full bridges of strain gages, each sensitive to one of the six degrees of freedom.
The geometry of the test section was typical of a single stage of a boiler feed pump.

At the University of Tokyo, Ohashi and Shoji (1987), using a circular whirl
orbit at fixed frequency, tested two-dimensional impellers to measure the force on
the impeller blades in order to compare with their theory, which is mentioned in
the next section. Employing a rebuilt eccentric whirl mechanism, Ohashi et al.
(1986) tested a centrifugal impeller in a vaned diffuser. The force was measured
using bearing reaction load cells positioned on an outer race of bearings that only
whirled. For all of the measurements, the diffuser chamber has two symmetrically
located discharge pipes and a mesh screen at the chamber periphery to provide for
an axisymmetric diffuser flow. The tangential force was observed to be destabilizing
over a small range of forward whirl, Q/w > 0, only for partial low. Ohashi et al.
(1988) compare measurements for a centrifugal impeller in a vaned and in a vaneless
diffuser, both with a large clearance around the front shroud of the impeller. For the
vaneless diffuser a spacer was inserted into the annular gap between the casing and
the impeller front shroud. The decreased clearance around the shroud emphasized
the effect of the eccentric impeller on the flow outside the shroud. The tangential
force was larger and destabilizing over a wider range of forward whirl, also for design
flow. Radial grooves were cut into the spacer facing the front shroud to reduce the
rotational velocity of the fluid within the clearance. These swirl breaks reduced the
magnitude and whirl ratio range of the destabilizing tangential force.

Brennen et al. (1980) describe the development of the Rotor Force Test Facility
at the California Institute of Technology. Chamieh (1983) and Chamieh et al.
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(1985) used a stationary external balance to measure the hydrodynamic stiffness
of a centrifugal impeller. Using a rotating internal balance. mounted between the
impeller and the drive shaft, Jery et al. (1985) and Jery (1987) measured the
forces on a centrifugal impeller, designated Impeller X, whirling in a circular orbit
inside various vaneless and vaned volutes. Adkins (1986) and Adkins and Brennen
(1988) observed that the pressure distribution around the front shroud of Impéller X
had a significant contribution to the hydrodynamic stiffness. He also reported
measurements taken with the annular region surrounding the shroud exposed to
the housing reservoir. This data was compared with measurements taken without
the enlarged annular region and with a two dimensional version of the impeller,
Impeller Z, (Franz and Arndt (1986b) and Franz et al. (1987)) demonstrating that
the large shroud clearances reduce the magnitude of the rotordynamic forces for
reverse whirl and for the region of destabilizing forward whirl. Bolleter et al. (1987),
who had a smaller gap between the impeller shroud and the casing, measured much
larger forces. Data presented in various reports ( Franz and Arndt (1986a) and
Arndt and Franz (1986)) are gathered and included in Brennen et al. (1988) to
demonstrate the dependence of the rotordynamic forces upon whirl ratio and flow
coefficient for an axial inducer and for one half of the double-suction impeller of
the High Pressure Oxygen Turbopump (HPOTP) of the Space Shuttle Main Engine
(SSME).

Forced vibration experiments using the Rotor Force Test Facility to measure the
rotordynamic forces have been carried out on various turbomachines: centrifugal
impellers, axial inducers, and a centrifugal impeller with an inducer. Housings
used include a spiral volute, vaned diffusers and the volute housing chamber itself.
Typically there is a region of whirl in the same direction as shaft rotation, forward
whirl, for which the average tangential force, F;, is destabilizing. At low flow
coefficients the tangential force on the impeller, depending upon the volute used,
may become a strong function of the whirl ratio, to the extent that the region of

destabilizing forward whirl may become disjoint, e.g., F; resemble a cubic. It has
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even been observed that at sufficiently low flow coefficients the force on a centrifugal
impeller in a seventeen vaned diffuser was destabilizing over a region of reverse
whirl. For the HPOTP (a centrifugal impeller with an inducer), the appearance of
the cubic character of the curve of F; was independent of volute. The occurrence
of flow reversal upstream of the inducer appears to coincide with the transition in

the shape of the tangential force curve to a cubic.

1.4 Models of a Whirling Impeller

The problem of an impeller whirling inside a volute or a vaned diffuser has been
treated theoretically by assuming the flow to be two-dimensional, incompressible,
and inviscid. Colding-Jgrgensen (1980) modeled the volute by distributed vortices.
The impeller was replaced by a point source-vortex located at an eccentric position
within a volute and had a specified velocity. He calculated stiffness and damping
coefficients.

Shoji and Ohashi (1987) used potential theory for an impeller whirling in a
vaned or a vaneless diffuser. The whirl path is assumed to be a circular orbit, with
radian frequency constant and with the ratio of whirl radius to impeller outlet radius
small. The impeller and/or diffuser vanes, logarithmic spirals of zero thickness, were
replaced by distributed vortices. The interaction of the impeller blade and diffuser
guide vanes was neglected by assuming the diffuser vane vortex distribution to be
steady. The theory did not predict the destabilizing tangential force measured on
a two-dimensional impeller at partial flow (Ohashi and Shoji, 1987).

Tsujimoto et al. (1988b) similarly used a vortex distribution to model the
volute, including the unsteady vortex distribution. However the impeller was
treated as an “actuator disk,” with the impeller flow perfectly guided by the vanes.
The vorticity at the impeller outlet was used to match the impeller model with the
volute flow. He included a favorable comparison with the measurements made on
the two-dimensional version of Impeller X, Impeller Z. Tsujimoto et al. (1988a)

treated the case of a vaned diffuser open to a space of constant pressure. The total
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pressure losses in the impeller and the vaned diffuser were included.

Adkins (1986) and Adkins and Brennen (1988) used a one-dimensional bulk
flow description for the volute, employing measured geometry. The flow inside
the impeller is along a spiral path with the inclination angle derived from the
performance, “H-Q,” curve thus permitting the flow to deviate from the blade
angle. The impeller flow is described by a velocity magnitude function which is
linearized with respect to the impeller eccentricity vector. The pressure and velocity
at the impeller discharge are matched to the volute inlet to mate the impeller and
volute models. The model did reasonably well near design flow. Limitations in
the numerical technique used is believed to have prevented calculation of the force

matrix for |(/w]| > .2.

1.5 Using the Rotordynamic Forces in Numerical Calculations

The analysis of the vibration of a turbomachine requires models for the
structure and the fluid interaction in order to calculate the critical speeds or
dynamic response. The formulation of the vibration problem for the structure
is generally in terms of mass, damping and stiffness matrices. Fluid-induced
interactions from bearings and seals are similarly modelled. Childs (1978) and
Childs and Moyer (1985) discuss rotordynamic models for the hydrogen and the
oxygen turbopumps of the Space Shuttle Main Engine, respectively. Black (1974)
treats a boiler feed pump. He models the impeller-diffuser interaction using
a stiffness and a damping matrix determined by the angle of incidence. The
impeller-diffuser interaction is also typically modeled by stiffness, damping and mass
matrices. Expanding the unsteady force, [A]x(¢), in terms of the time derivatives
of the position vector up to the second order yields these matrices as coefficient
matrices. For the forced vibration experiments conducted at Caltech using a circular
whirl orbit, the mass-damping-stiffness model implies that the matrix [A(Q2/w)] is
parabolic in {1/w. Depending upon the turbomachine and the operating condition,

the curve [A(Q}/w)] may resemble a cubic. Consequently the mass-damping-stiffness
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model may not be sufficient to describe the rotordynamic forces from the impeller-
housing interaction.

As an example, Williams and Childs (1988) deal with the non-quadratic
dependence of the unsteady force matrix upon whirl ratio for the model of flow
leakage back through the impeller front shroud region of Childs (1986). A quadratic
fit is used to obtain mass, damping and stiffness matrices. In addition, stiffness
terms dependent upon whirl ratio are introduced into the rotordynamic calculation

to account for the non-quadratic dependence.

1.8 Designing with Self-Excited Whirl

Options to deal with self-excited whirl include increasing the natural frequency
of lateral vibration and adding damping to counteract the destabilizing tangential
force. Stiffening the rotor-shaft-bearing system will increase the natural frequency
whirl ratio beyond the destabilizing region. Reducing the circumferential velocity of
the fluid in the shroud-casing gap by using swirl breaks decreases the contribution
from the forces acting on the impeller shroud. Another method is to inject fluid
in a direction opposite that of the impeller rotation, (e.g. Brown and Hart (1986),
and with active control, Muszynska et al. (1988)).

The vibration of a whirling impeller is transmitted to the structure through
the bearings. Damping can be added by employing squeeze film dampers on the
bearings, (Botman 1976 and McLean and Hahn 1984). The vibration of the shaft at
the bearing can be counteracted by using magnetic bearings under active control,

(Allaire et al. 1986).

1.7 Present Investigation

Measurements of rotordynamic forces have been made on a variety of impellers
over a range of flow rates. However all these operating conditions have been in the

absence of cavitation. Some phenomenon associated with cavitation include erosion
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and noise, (Knapp, 1970). The presence of the gas phase in the flow within the
impeller increases the compliance of the fluid within the machine, and reduces the
pressure gradient that the fluid can support. The unsteady pressure rise is also
affected by cavitation. The frequency dependence of the transfer function matrix,
relating upstream and downstream mass flow and pressure fluctuations, of inducers
is altered by cavitation, Ng (1976) and Ng and Brennen (1978). For a centfifugal
impeller the transfer function matrix had been measured by Stirnemann and Eberl
(1985) with some cavitation at design flow.

Using the Rotor Force Test Facility at Caltech, the region of flow conditions for
which rotordynamic forces have been measured has been extended for a centrifugal

impeller in a spiral volute by operating in the presence of cavitation.
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Chapter 2

Description of the Facility

The Rotor Force Test Facility (RFTF) at the California Institute of Technology
was used in the present investigation of the rotordynamic force on a cavitating pump
impeller. The facility, a water recirculating pump loop closed to the atmosphere,
has been modified over time. The RFTF is a modification of the original facility,
the Dynamic Pump Test Facility (DPTF), which was built to measure transfer
functions of cavitating inducers. The DPTF is described in detail by Ng (1976) and
by Braisted (1979). For the measurement of rotordynamic forces the DPTF was
modified and renamed the RFTF. Fig 2.1 is a layout of the pump loop. The flow
fluctuators had been dismantled and the test section rebuilt. A cast housing acts
as a “container,” permitting volutes of various designs to be contained within the
housing without supporting the full pressure loading. An eccentric drive mechanism
moves the impeller on a circular orbit of constant radius. Chamieh (1983) and more
recently Jery (1987) describe the conversion of the facility into the RFTF. Chamieh
slowly whirled the impeller at 3 RPM and used an externally mounted stationary
force balance to measure the steady and quasi-steady forces experienced by the
impeller. To measure unsteady forces Jery mounted a dynamometer between the
impeller and the drive shaft. A more powerful whirl motor was installed which
increased the range of whirl frequencies. Both the whirl and the main shaft motors

were synchronized with the data acquisition system.

2.1 Eccentric Drive Mechanism

The assembly drawing of the test section, Fig. 2.2, shows the eccentric drive
mechanism. The main shaft (part #10 of Fig. 2.2) rotates in a double bearing system
(8,9,12,13). The inner bearing pair (13) is eccentric to the inner bearing carrier (9).

Rotation of the sprocket (11) attached to the inner bearing carrier moves the main
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shaft in a circular orbit of radius £ (.0495 inch). The whirling motion of the impeller
is imposed by a 2 HP motor driving the eccentric drive mechanism via a timing belt.
The 2 HP dc motor from Sabina Electric and Engineering of Orange, CA, has a
rated speed of 1750 RPM.

The main shaft within the eccentric drive mechanism is connected by a Thomas
coupling (20) to a shaft through the slip ring assembly which extends beyond a 2:1
stepup gear box to an optical encoder. The main drive motor, a 20 HP dc motor also
from Sabina, has rated speed of 1750 RPM, enabling a maximum main shaft speed
of 3500 RPM. Using optical encoders to provide feedback, each motor was closed-
loop controlled to be synchronized with data acquisition, (see chapter 3). Fig. 2.3
is a photograph of the Rotor Force Test Facility. The eccentric drive mechanism

and both motors are shown in Fig. 2.4.

2.2 Instrumentation

The force measuring device is a rotating dynamometer mounted between the
impeller and the main drive shaft. The dynamometer, also referred to as the
internal balance, consists of two parallel plates connected by four parallel bars which
are strain gaged to measure the six components of force and moment. Chapter 4
discusses calibration of the dynamometer using an arrangement of cables, pulleys
and weights. Drawings are given in Appendix A. Jery (1987) contains further
information on the design of the internal balance. Wires from the dynamometer
go through the hollow shaft (part #10 of Fig. 2.2) and flexible coupling (20) to
the slip ring assembly and then to a rack of Vishay model 2310 signal conditioning
amplifiers.

Mounted on the shaft of the flexible coupling are four strain gages forming a
Wheatstone bridge to measure torque. They have a gage resistance of 350 ohms
and a nominal gage factor of 2. The output signal is amplified prior to the slip ring

assembly.

The flow rate through the pump loop was measured by a turbine flow meter.
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The flow was throttled by a “silent valve” which was comprised of a block of
elastomer containing about 200 longitudinal holes that was squeezed axially by
a hydraulic cylinder. The oil pressure to the hydraulic cylinder was controlled by a
servo-valve under feedback control from the turbine flow meter.

Two Statham pressure transducers were used to measure the static pressure
after a honeycomb screen at the end of the upstream and downstream flow
smoothing sections. For observation, the static pressure in the pipe immediately
upstream of the impeller and in the cavity surrounding the internal balance were
measured by dial gauges. In addition a Heise pressure gauge was connected to
the downstream smoothing chamber. The datum pressure of the pump loop was
determined by the absolute pressure of the air inside an inner tube in the reservoir.
With the use of a vacuum pump or a high pressure air line the system pressure
could be changed, therefore the cavitation number of the pump could be controlled.
Also in the reservoir was a heat exchanger connected to the building’s chilled water
system. Not shown in Fig. 2.1 is an auxiliary pump on the floor placed upstream
of the silent throttle valve with sufficient piping to enable the water to be pumped
in either direction through the loop. During the present tests, valves were closed to

isolate the auxiliary circuit.

2.3 Water Treatment

A deaeration system was used to lower the air content of the water. Extra
valves and piping were added to connect the pump loop to the deaeration circuit.
From the highest point of each section of the pump loop, bleed lines were connected
to a water accumulator of the vacuum system. After filling the pump loop, trapped
air was bled out. Air was also removed while cavitating the impeller. A Van Slyke
Blood Gas Analyzer was used to measure the dissolved air content. The pump
loop water is a mixture of distilled and de-ionized water. To prevent corrosion
the water was treated chemically by maintaining a concentration of about 700 ppm

sodium chromate (NagCrO,4) and a minimum pH of 8 through addition of potassium
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hydroxide (KOH).

2.4 Impellers and Volutes Tested

A five bladed, cast bronze impeller, donated by the Byron-Jackson Company
of Commerce, CA was used. Its specific speed was .57. Fig. 2.5 is a drawing of
the impeller, designated Impeller X. The impeller was tested in a spiral volute of
trapezoidal cross section, Volute A. It was designed and constructed of fiberglass by
Chamieh (1983) using procedures described in Lazarkiewicz and Troskolanski (1965)
to be “well-matched” with Impeller X. The cross sectional area varies linearly with
distance from the tongue, with the largest area being 3.22 in?. Fig. 2.6 shows the
overall geometry of the volute. Cross sections in increments of 45 degrees are given
in Fig. 2.7. Fig. 2.8 is an assembly drawing of Impeller X and Volute A installed in
the test section. To reduce leakage flow from the impeller discharge along the front
shroud to the inlet, rings were installed inside the volute in addition to the front
face seal. Impeller X was used in the bulk of the data presented, including all of the
measurements in the presence of cavitation. Fig. 2.9 is a photograph of Impeller X.
Fig. 2.10 shows Impeller X and Volute A installed in the test section.

Also used was one half of the double-suction impeller of the High Pressure
Oxygen Turbopump (HPOTP) of the Space Shuttle Main Engine (SSME), provided
by the George C. Marshall Space Flight Center and the Rocketdyne Division of
Rockwell International. The impeller, designated Impeller R, has a centrifugal
section with eight blades and an axial inducer section with four blades. Four of the
centrifugal blades are partial blades. They have a shorter chord length than the
other four full blades. The impeller was modified prior to installation. The principal
change was a slight reduction in the outlet diameter. It was installed in Volute E,
which has seventeen circular arc vanes and an elliptical cross section. The volute
was donated by Rocketdyne Division, Rockwell International, Canoga Park, CA.
Data taken with Impeller R is presented in Chapter 5 where a mechanical resonance

that was detected in the rotating frame measurements is discussed.
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The impeller dimensions used to non-dimensionalize the data are summarized

below.

Table 2.1 Impeller Dimensions

Impeller ry (inch) rg (inch) b, (inch) # of blades
X 1.954 3.188 .62 5
R 2.425 3.3 57 4 inducer/8 impeller
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Fig. 2.9 Photograph of Impeller X.

Fig. 2.10 Photograph of Impeller X and Volute A installed in the test section.
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Chapter 3

Data Acquisition and Processing

The force on the impeller is measured by the Wheatstone bridges of the
dynamometer mounted on the drive shaft behind the impeller. The signals from
the bridges go from the rotating dynamometer to slip rings then through cables
across the ceiling to a rack of signal conditioning amplifiers. The amplifier outputs
are sampled by an analog-to-digital (A/D) converter and stored in the memory of
a desktop personal computer. This chapter will explain how this data acquisition is
accomplished. The data acquisition system has four elements, the data taker (A/D
converter and computer), two motor closed-loop control systems, and a frequency

multiplier/divider which synchronizes the previous three elements.

3.1 Processing of Hydrodynamic Forces

Before discussing the system, the objective of subsequent processing will be
considered. The hydrodynamic force on a rotating impeller which is translating

along a circular orbit of a small radius can be expressed in the stationary frame as

F.(t)\ _ ([ Foz + Agr Agy ecos (It (3.1)

Fy(t) ] \ Foy Ayz Ay esin (Ot '
where (1 is the frequency of the imposed whirl orbit. Referring to Fig. 3.1, the lateral
forces in the laboratory frame, F, and Fy, are related to the lateral forces detected

by the dynamometer in the rotating frame, F; and F5, by a rotation through the

angle —wt, where w is the frequency of main shaft rotation.

F.(t) = Fy(t) cos(wt) — Fy(t) sin(wt)

Fy(t) = Fy(t) sin(wt) + Fa(t) cos(wt)
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Taking the angle from the volute tongue, v, to be zero, F, and [A] will first be
written in the laboratory frame with the x-axis vertically upward and then rotated

into the volute frame. Combine Egns. (3.1) and (3.2) to yield

Fy(t) cos(wt) — Fo(t) sin(wt) = Foz + Agze cos(t) + Agyesin(Qt)
(3.3)
F\(t) sin(wt) + Fa(t) cos(wt) = Foy + Ayze cos(ft) + Ayyesin(Q2t)

The components of the steady force are obtained by averaging each equation

over time.
T
F,, = -;,—/ {Fl (t) cos(wt) — Fy sin(wt) } dt
. o (3.4)
Foy = T {F1 (t) sin(wt) + F3 cos(wt) } dt
0

The time interval T is given below. Obtain the Fourier cos and sin coefficients at {2

to get the elements of the hydrodynamic force matrix by the following integrations,
T
Z fo{ Ycos(at)dt:

T
Agze = % /0 {Fl(t) cos(wt) cos(QUt) — Fa(t) sin(wt) cos(ﬂt)} dt
T
= %/(; -;—{Fl(t) cos(w — Q)¢ + Fy(t) cos(w + Q)¢
— Fy(t)sin(w + Q)¢ — Fy(t) sin(w — 0)¢ } dt
T (3.5)
Ayze = Fy(t) sin(wt) cos(t) + F2(t) cos(wt) cos(ﬂt)} dt

|

oo | =

I
Nl Nl

S~ o
——

{Fl(t) sin(w + Q)¢ + Fy () sin(w — Q)¢

+ F5(t) cos(w — )t + Fa(t) cos(w + ﬂ)t} dt

%foT{ }sin(Qt) dt :
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g.i

Aye = 2 j{, {Fy(t) cos(wt) sin(2e) — Fy(t) sin(wt) sin(@) } dt
T
-2 /0 { R sin(w +0)t - Fi(2)sin(w - )¢
— Fy(t) cos(w — Q)t + Fa(t) cos(w + n)t} dt
, T (3.6)
Agye =7 /0 {Fl(t) sin(wt) sin(Qt) + Fa(t) cos(wt) s'm(ﬂt)} dt
T
- % /0 %{Fl () cos(w — Q)¢ — F,(£) cos(w + )¢

+ Fy(t) sin(w + Q)t — Fa(t) sin(w — n)t} dt

In order to compute the components of the steady force ¥, and the hydrody-
namic force matrix [A], the orientation of the impeller and its location along its
circular orbit must be imparted to the data acquisition system. Using a frequency
multiplier/divider to provide command signals and a closed-loop control for each
motor, the orientation and position of the dynamometer were synchronized with
data acquisition, see Fig. 3.2. Non-cavitating tests on an inducer were curtailed
because of failure of the whirl motor closed-loop control to maintain phase. Also
the power supply of the original data taker, which performed an A/D conversion
and stored the sum over a specified number of cycles, was damaged. The data taker
and both motor closed-loop controls were replaced, though the basic philosophy
was not changed. Because the original data taker stored only the cumulative value
of each of the sampled 1024 data points per cycle of the reference frequency, the
motor closed-loop control system enabled ensemble averaging over successive cycles
of the reference frequency during which the impeller orientation and position on
the whirl orbit would repeat. Over one cycle of the reference frequency there are
an integral number of rotations of the main shaft and whirl motors. The modified

data acquisition system will be presented.

Given an input TTL signal and two thumb wheel selected integers, I and J, the
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frequency multiplier/divider outputs the following pulse signals:

output application frequency
N clock main motor command 1024 xw
NI/J  clock whirl motor command 10240
N/J clock A /D conversion start 1024w /J

N/J index  synchronizing reset (time=0) w/J

where the clock frequency=1024*index frequency. This frequency multiple was
used because the feedback for the motor control is provided by an optical encoder
which outputs two signals: an index pulse at every revolution (phase control) and a
clock (speed control) of 1024 pulses per revolution. The ratio of the whirl to main
motor speed, {1/w, is I/J. The N/J index output synchronizes dai;a, acquisition. It
starts the data taking process and synchronizes phase control of the motors. The
motor control will be described at the end of the chapter. A Wavetek model 171

synthesizer/function generator provided the input TTL signal.

Taking the N/J index as the reference frequency, each term of the above
equations is a component in the Fourier series expansion of Fy(t) and F,(t).
Summing over NCYC cycles of the reference frequency, T=NCYC+J/w. For

example, the last term of A, e becomes,

0] ==

T : _ 12 (7T (T =
—F(t)sin(w — Q)t dt = —== F,(t) sin
o 2T

2 I
T wt) dt
Y (3.7)

1 r-1
= _‘2‘Fzs

where the subscript refers to the sin or cos component and the superscript denotes

the harmonic number of the fundamental frequency w/J. Rewriting Eqns. (3.4)-

(3-6),
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Foz = %(ch — Fs)

Foy = ';‘(FLJS + F30)

Aze = “ZE;(F{(:-I“FJS—I‘*'F{JI‘ 55 (55)
Agy = %(‘“Ffs—I ~Fyo '+ Fis + Fd) |
Ayz = ég(Ffs_I + P+ F&T + F3T)

Ayy = '21_€(F1JG_I - Fs T = FidT + FiT)

The unsteady force, [Ale(t), due to the eccentric motion of the impeller can be
resolved into its components, F,, and F;, normal to and tangential to the whirl orbit,
averaged over the orbit. The normal force is considered positive radially outward.
The tangential force is considered positive when in the direction of shaft rotation.

For the imposed circular whirl orbit,

1
Fp,= ‘é‘( Azs + Ayy)e
2 (3.9)
Ft = 5("Azy + Ayz)s

The hydrodynamic steady force, F,, and force matrix, [A], are presented in the
volute frame of reference. The expressions above are rotated through an angle pv
until the x-axis passes through the volute tongue. Appendix B contains a complete
derivation.

The lateral hydrodynamic moment experienced by a whirling impeller can be

expressed in the stationary frame in the same way as the force F(t),
M(t) = M, + [Ble(?) (3.10)
The moment is measured in the plane bisecting the impeller discharge area The

expressions for M, and [B] in terms of the lateral moments M; and M, are sunilar

to the above equations.
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The forces and moments are non-dimensionalized by the product of the dynamic
head using the impeller outlet tip velocity and the impeller discharge area. The
impeller outlet radius, 73, is used as the non-dimensionalizing length for the whirl
orbit radius, €, and for the moments. The force and moment components normal to
and tangential to the whirl orbit are non-dimensionalized by the additional factor
€/r2 so that they are numerically equal to the average of the appropriate matrix
elements. The Nomenclature gives the details.

For data taken without whirl, the /w = 0 point, the impeller is placed at four
locations on its eccentric orbit, each 90 degrees apart, corresponding to the location
nearest the volute tongue, farthest, and the two intermediary locations. The steady
force is computed from the average of the main shaft component. The matrix [A]
at /w = 0, the stiffness matrix, is computed by subtracting the appropriate force
components of diametrically opposite whirl orbit locations.

To experimentally extract the fluid-induced forces at a given whirl ratio and
operating condition, two identical tests are performed, one in air and the other in
water, in other words a “dry” run and a “wet” run. The forces froin the former
experiment are subtracted from the latter to yield the fluid-induced forces. The

buoyancy force on the rotor is subtracted separately.

3.2 Data Taker

The 12-bit A/D converter of the data taker can sample up to sixteen channels.
The first channel is sampled at the N/J index pulse (time=0). Subsequent samples
are taken by following the N/J clock signal. The 1024 samples per data taking
cycle are divided among six bridges of the dynamometer at 128 points/bridge/cycle
leaving four channels at 64 points/channel/cycle. The highest frequency of a
Fourier transform of the bridge signal would be the 64th harmonic, 64%w/J
Hz. The four remaining channels were usually connected to the upstream and
downstream pressure transducers, the flow meter, and the shaft torque bridge

or to accelerometers. Generally 256 cycles of data were taken to average, the
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instantaneous data (8x64kbytes) were occasionally stored for subsequent processing.
The data taker circuit drawings are given in Appendix C.

In the event it was desired to Fourier transform a set of data up to a higher
frequency, an integrated hardware and software package, the Computerscope ISC-
16 system from RC Electronics, Santa Barbara, CA, capable of sampling up to 1
MHz, was used. The Fast Fourier Transform used was written by Hall (1982).

3.3 Motor Control

The two motor closed-loop controls bring the speed and phase of each motor
into alignment with the impeller orientation and location on the whirl orbit expected
by the data taker. The closed-loop control uses the optical encoder mounted on each
shaft as feedback. The motor control system is described in Appendix D.

The actual orientation of the impeller and its location on the whirl orbit
was set by manually rotating the optical encoders on the main and whirl shafts,
respectively, within their fixtures. The main shaft encoder was set so that at the
leading edge of the data taking reference pulse frequency, N/J index, (time=0) the
rotating force component F; pointed vertically upward. The whirl encoder was set
so that the impeller was at the top of its orbit at time=0 of the reference frequency.
These orientations were monitored by using the N/J index to externally trigger a
stroboscope. Markings on the main shaft and on the eccentric drive mechanism were
compared with stationary marks when the stroboscope flashed. This established the
proper orientation and location of the impeller required for synchronizing the data
acquisition system.

An oscilloscope was used to monitor the phase of each motor. The main shaft
encoder index oscillated within £1 degree of the internally derived command index
at 2000 RPM, where the bulk of the data were taken. The instantaneous phase error
of the whirl motor was generally 1 degree. The up/down DAC of each motor was
connected to a strip chart recorder. For each data run a record indicative of the

closed-loop control performance was obtained. A sudden loss of phase between the



- 33 -

command and encoder indices would cause a ripple in the output of the up/down
DAC, as the closed-loop control seeks to reestablish phase. Such an occurrence

could usually be heard by the operator.
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Fig. 3.1 Schematic representation of the lateral forces in the rotating dynamometer
frame, F; and F5, on an impeller whirling in a circular orbit. X and Y represent
the stationary laboratory frame, Xy and Yy the stationary volute frame, and n and
t the polar coordinate frame, normal to and tangential to the circular whirl orbit.
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Fig. 3.2 Block diagram of the data acquisition system showing the motor control
system and the data taker.
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Chapter 4

The Rotating Dynamometer

The dynamometer is mounted between the impeller and the main drive shaft.
The dynamometer, also referred to as the internal balance, consists of two parallel
plates connected by four parallel bars of square cross section, forming a single
monolithic stainless steel structure. The bars are instrumented to measure the
six components of force and moment with thirty-six strain gages, forming nine
Wheatstone bridges. One bridge is primarily sensitive to thrust, each of the
other eight is sensitive to two of the remaining five generalized force components.
Three of the bridges are redundant. Appendix A contains drawings showing the
placement of the gages. Jery (1987) contains further information on the design of

the dynamometer.

4.1 Static Calibration

Calibration of the dynamometer consisted of static force loadings in situ
and dynamic tests. For each of the six generalized force components, a set of
individual loadings in both positive and negative force directions was applied to
the dynamometer using a rig of pulleys, cables and weights. The origin of the
calibration coordinate frame is the point on the axis of the impeller which is in the
plane bisecting the discharge area of Impeller X. The force components defined by
calibration nearly coincided with the orientation of primary sensitivity to lateral
forces of the Wheatstone bridges formed from the strain gages mounted on the
four bars of the dynamometer. The response of the bridges are linear. Correlation
coefficients for primary and interaction force loadings are typically 1.000 and .9
respectively. The matrix of the slopes of the bridge voltages vs applied generalized
forces is inverted to obtain the calibration matrix.

The static calibration described above had been supplemented earlier by
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additional tests described by Jery (1987). These included measurements of drift
in time under constant loads, hysteresis loading cycles, larger loads and mixed force

loadings.

4.2 Dynamic Behavior

Besides the static calibration, the dynamic response of the dynamometer must
be addressed. By rotating the main shaft in air, the dynamometer will sense gravity
as a periodic force. In the laboratory reference frame, Fig. 3.1, with the volute

tongue angle, pv, set to zero,
F,=—-mg
(4.1)
F,=0
where m is the mass of the impeller and the mounting spindle and g is the

gravitational constant. In the rotating frame, the force on the dynamometer is

Fy(t) = —mgcos(wt)
(4.2)
Fa(t) = mgsin(wt)

for Impeller X the magnitude and phase error of this radial force is presented in
Fig. 4.1. For the components, F; 1‘and F,, the magnitude is within 1% and the phase
error is less than 1 degree. This set of data was taken after remachining the sleeves
separating the bearing pairs of Fig. 2.2, see the next chapter.

The weight of Impeller R was measured the same way. It weighs 75% more
than Impeller X. The response of the dynamometer in the rotating frame exhibits
a resonance near 2950 RPM. Fig. 5.1, which shows F; and F; for Impeller R before
the sleeves were remachined, is in the next chapter where the resonance will be
discussed. When resolved into the stationary frame, the resonance disappears. The
dynamic response of the dynamometer to the periodic force of gravity is flat.

By rotating and whirling the impeller in air, the dynamometer measures as

periodic the gravity and the centrifugal forces from whirling the impeller in a circular
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orbit of radius . In the dynamometer frame

Fy(t) = —mg cos(wt) + mQ%e cos(w — )t

—
ey
[2Y]

N’

F5(t) = mgsin(wt) — mQ%esin(w — Q)¢

The phase angle of the gravity and centrifugal forces is used to check the orientation
of the optical encoders on the main and whirl shafts, respectively. This verifies that
at the start of taking data, F; points vertically upward and the impeller is at the
top of the circular whirl orbit.

In the laboratory frame the steady force F, due to gravity is presented in
Fig. 4.2 for Impeller X at 2000 RPM. The centrifugal force is presented in Fig. 4.3
as the elements of the “dry” hydrodynamic force matrix [A]. The centrifugal force,
which is normal to the whirl orbit, is presented in Fig. 4.4 as the impeller mass,
F,/(Q%¢). The data, resembling a parabola instead of a constant value, reflects the
finite stiffness of the dynamometer-shaft system. As an example, the plotted value
of F, for 1=1000 RPM (i.e. 1/w = .5 at 2000 RPM) is 2% greater than the value
corresponding to an infinitely rigid shaft. The corresponding unsteady dry moment,
M,/(922%¢), is included in the figure. Dry whirl tests with —.6 < 1/w < 0.6 were also
done at 3000 RPM, increasing the frequency that the dynamometer measures F,
up to 1.6+3000 RPM. Data at 2000 RPM are presented herein because the wet tests
were done at 2000 RPM. The rotor-dynamometer-shaft system is modelled as a
massless shaft supported by two bearings with an overhung “disk.” The gyroscopic
effect of deflecting the rotating impeller is included. The details are in Appendix B.
The model is presented in Fig. 4.4 as the dotted curve. Results from using this
model to process the data for the hydrodynamic forces and moments are also given
in Appendix B.

The spectral content of the dynamometer bridges under different tests is pre-
sented in Figs. 4.5-7. The instantaneous data were taken using the Computerscope
ISC-16 hardware-software package. The response to a lateral impulse load applied
to a stationary Impeller X, a hammer test, is shown in Fig. 4.5. Bridge 1 is sensi-

tive to the lateral force F; and to torque. The peak at 145 Hz corresponds to the
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natural frequency of the dynamometer with Impeller X mounted. For Impeller X
rotating and whirling at 0/w=.1 in air, Fig.4.6a~b shows the spectra for bridges 1
and 6. Bridge 6 is sensitive to the lateral force F, and lateral moment M. Peaks
at main shaft, w, and the main-whirl difference frequency, w — 2, and multiples
of line frequency, 60 Hz, are present. The driving frequency of the dc motor (60
Hz) imposes a fluctuating torque. At {1/w=.1 with Impeller X in Volute A at de-
sign flow without cavitation, Fig.4.7a~b show the spectra for the same two bridges.
Notice that a peak at the sum frequency, w + 1, is now present. This frequency
distinguishes the elements of the force matrix [A] from the corresponding unsteady

force components F,, and F;.
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Fig. 4.1 The weight of Impeller X in the rotating dynamometer frame, F; and Fs,
and in the stationary laboratory frame, F,. Plotted are (a) the magnitude and (b)
the phase error from rotating the shaft at various speeds in air.
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Chapter 5

Resonance in the Dynamometer

In order to extract the hydrodynamic forces from the measurements in water,
the dynamic behavior of the dynamometer must be known through the frequencies
of interest. Rotating the shaft in air without whirl subjects the dynamometer in
its rotating frame to the periodic force of gravity. The response in magnitude and
phase error of the lateral forces F; and F; should be flat, (refer to Eqn. (4.2)).
This chapter examines tests for which the magnitude and phase error depend upon
shaft frequency. For all the measurements taken without whirl, the impeller was
placed at the top of the whirl orbit. Measurements of the weight of Impeller R
by rotating the shaft in air are displayed in Fig. 5.1. The magnitude and phase
error of the rotating force components F; and Fs are shown. Also included is
the corresponding steady force in the stationary laboratory frame, Eqn. (4.1). For
Impeller R the dynamometer exhibits a resonance near 2950 RPM in the rotating
frame measurements, the steady force in the stationary frame is unaffected.

An unsuccessful attempt was made to find this frequency in other “dry” data.
Accelerometers were placed in various positions on the facility in the hope of gaining
information. A Fast Fourier Transform of instantaneous data from the measuring
device generally had a frequency component at shaft frequency. Gravity acts as
a forcing function to the rotating dynamometer while the accelerometer detects
a mass unbalance. The accelerometer data will be discussed after reviewing the
dynamometer data.

To examine the hydrodynamic effect upon the observed resonance, Impeller X
and Impeller R were installed in Volutes A and E, respectively. With a fixed whirl
ratio, each impeller was rotated at various shaft speeds. The resonant frequency
for Impeller R had decreased and the peak broadened. The main shaft frequency

Fourier components of F; and F, are presented in Fig. 5.2 showing their contribution
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to the components of the steady force F,, Eqn. (3.8ab). The gravitational and
buoyancy forces are subtracted out. Fig. 5.3a~b show the non-dimensionalized
F, and F; and the appropriate Fourier component of F; and F5. The dry run
subtracted was “ideal,” F, = mf%c and F; = 0. When the force components
are transformed out of the rotating dynamometer frame the resonance disappears.

Figs. 5.4-5 present the same data for Impeller X in Volute A.

The eccentric drive mechanism was disassembled and examined. The paral-
lelism of the sleeves separating the inner and outer bearing pairs of the eccentric
drive mechanism was not to the tolerance suggested by the manufacturer. The
eccentric drive mechanism was reassembled after machining the sleeve ends. Two
accelerometers were placed on the drive shaft side of the eccentric drive mechanism
on the plate of Fig. 2.2 outlined by dotted lines. They were positioned to sense
a positive acceleration directed radially outward in a horizontal and in a vertical
direction, along the X and Y. axes of the laboratory frame, v =0. Impellers R
and X were rotated at various speeds in air. Dynamometer measurements of the
weight of Impeller R are given in Fig. 5.6. Notice that the direction of the devi-
ation of Fy; and F; have switched after reassembly. At 2950 RPM the magnitude
deviation is approximately 0.8 Ibf and the phase error 3°. Stiffening the eccentric
drive mechanism reduced the amplitude of the deviation. For Impeller X they have
been presented earlier in Fig. 4.1. Fig. 5.7a-b present the magnitude and phase of
the accelerometer outputs at shaft frequency. The rapid climb above 3000 RPM
suggests a mass unbalance or a resonance in the eccentric drive assembly. The
unequal accelerometer outputs indicates an unequal stiffness in the horizontal and
vertical directions. Dimentberg (1961) analyzed a shaft system with mass unbal-
ance and unequal stiffness. It exhibited reverse precession, i.e. reverse synchronous
whirl. The phase difference of nearly 180° in Fig. 5.7b supports this conclusion.
An unsymmetric lateral stiffness will be observed in the rotating frame as a time

dependent stiffness.

In the laboratory frame the force of gravity is stationary, F = —mg. In the
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rotating dynamometer frame F = ——mge_iwt, using a complex representation of
the force components. Unequal stiffness introduces an additional complex conjugate
response, —mg f (w)ei‘”t, where f(w) is some function of stiffness. Rotating back into
the laboratory frame, the additional response becomes —mg f (w)eiz""t. Fig. 5.8a,b
show the magnitude of the accelerometer outputs at twice shaft frequency for
Impellers R and X, respectively. The peaks above the background correspond with
the peculiarities of the dynamometer response in the rotating frame.

From the figures presented, the resonance encountered in the force components
F; and F, in the rotating dynamometer frame disappears when the forces are
transformed into the stationary laboratory frame. Consequently, the resonance
encountered does not affect the hydrodynamic forces that are presented in
subsequent chapters. This chapter was intended to provide some documentation

on the dynamic behavior of the apparatus.
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Fig. 5.1 The weight of Impeller R in the rotating dynamometer frame, F; and Fs,
and in the stationary laboratory frame, F,. Plotted are (a) the magnitude and (b)
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Fig. 5.2 The components of the steady force, (a) F,; and (b) F,,, with the
appropriate contributions from F; and F, of Impeller R in Volute E for various
shaft speeds at a flow coefficient of ¢=.11 and a whirl ratio of 2/w=.1.
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Fig. 5.3 The components of the unsteady force, (a) F,, and (b) F;, with the
appropriate contributions from F; and F5 of Impeller R in Volute E for various
shaft speeds at a flow coefficient of ¢=.11 and a whirl ratio of }/w=.1.
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Fig. 54 The components of the steady force, (a) F,q and (b) F,y,, with the
appropriate contributions from F; and F, of Impeller X in Volute A for various
shaft speeds at a flow coefficient of ¢=.092 and a whirl ratio of 0/w=.1.
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Fig. 5.5 The components of the unsteady force, (a) F,, and (b) F;, with the
appropriate contributions from F; and F; of Impeller X in Volute A for various
shaft speeds at a flow coefficient of ¢$=.092 and a whirl ratio of Q/w=.1.
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Fig. 5.6 The weight of Impeller R in the rotating dynamometer frame, F; and Fo,
and in the stationary laboratory frame, F,. Plotted are (a) the magnitude and (b)
the phase error from rotating the shaft at various speeds in air, after machining the
bearing sleeves.
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Impeller R rotating at various speeds in air, after machining the bearing sleeves.
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rotating at various shaft speeds in air, after machining the bearing sleeves.
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Chapter 6

Test Procedure

6.1 Operating Point

Each measurement of the forced vibration experiment to study the fluid-
induced rotordynamic impeller forces is carried out at a specific operating point
of the pump. The flow condition is described by the flow rate and main shaft speed.
The total pressure rise is determined from the upstream and downstream pressures.
The forced vibration is described by the whirl speed and the orbit radius, which is

fixed. These quantities are non-dimensionalized to form the following parameters.

flow coefficient - Q.
¢ us Az
cavitation number o = Ei_“;gv_
2pu1

head coefficient P = Mam

puz
whirl ratio /w

The frequency selected on the Wavetek synthesizer/function generator is the
clock frequency (1024*w) of the main shaft. The whirl ratio is the selected integer
ratio, I/J, of the frequency multiplier/divider. The flow rate of the recirculating
water loop is adjusted by a servo-control system which governs the silent throttle
valve and uses the turbine flow meter to monitor the flow rate. The datum pressure
of the pump loop is changed by either the vacuum pump or by supplying high
pressure air to a bladder inside the reservoir. This pressure determines the operating
point on the cavitating performance curve (¢ — o) for a given flow coefficient. The
temperature of the water was measured by a thermometer in the reservoir. Digital
readout voltmeters monitored the upstream and downstream pressure transducers
and the turbine flow meter with a frequency-to-voltage converter. The A/D

converter salvaged from the original data taker was used to sample both pressure
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transducers. Using this data a computer calculated the cavitation number and head
coefficient to enable the operator to continually monitor the performance operating

point.

6.2 Measurements Performed

Measurements in the presence of cavitation were made for Impeller X, a five
bladed centrifugal impeller, installed in the spiral Volute A at a main shaft speed
of 2000 RPM with a water temperature of 120°F. Dry runs were first performed
with Impeller X rotating and whirling in air. The volute, volute mounting plate
and back face seal mounting fixture were removed. A water jet sprayed the back
cavity eccentric drive inner face seal. Besides measuring the force experienced by
the dynamometer due to the mass of the mounted impeller, the dry runs check the
dynamic behavior of the dynamometer and verify the orientation of the optical
encoders on the whirl and main drive shafts. This ensures the dynamometer
orientation and whirl orbit location that is expected by the data acquisition system
at time=0.

Then Impeller X was installed in Volute A, with a front face seal clearance of
.005 inch. Rings were installed in the volute to reduce leakage flow. The front and
back shroud rings had an axial clearance of .010 and .005 inch, respectively. The
front ring at the impeller exit provided a restriction to the flow entering the large gap
surrounding the shroud of the eccentric impeller. These rings were first installed
by Adkins (1986, 1988) who had taken pressure measurements circumferentially
around the volute entrance and in the annular region surrounding the shroud with
the impeller at fixed positions on its whirl orbit. With the rings in place the
pressure distribution was more sinusoidal. After the loop was filled, deaeration of
the water continued. From the deaeration tank, water was continually pumped up
to the pump loop, drained into the storage tank, and then pumped back into the
deaeration tank. The water had a dissolved air content of 4 ppm during the tests.

The wet tests began with measuring the non-cavitating performance curve
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(¢ — ¢). With a fixed whirl ratio of 1/w = .1, measurements were taken over a
range of flow coefficients under non-cavitating conditions with an upstream pressure
of 10 psig. The steady force had a minimum at design, ¢ = .092. Measurements
were taken at the design flow coefficient, one above design (¢ = .120) and one
below (¢ = .060) over the whirl ratio range —.3 < 1/w < 0.6 in increments of 0.1 at
two cavitation numbers: one non-cavitating and the other corresponding to a head
loss of 3%. By 1/w = .6 the tangential force had become stabilizing again, (see
Figs. 7.9a-7.11a of the next chapter), consequently tests at higher whirl ratios were
not necessary. For two whirl ratios in the region of destabilizing whirl, }/w=.1 and
.3, measurements were taken from non-cavitating conditions through breakdown of
the head rise across the pump for the three flow coefficients. An operating constraint
was to maintain the pressure in the back seal region above atmosphere to prevent
air from leaking into the pump loop. At ¢ = .120 a head loss of 15% was achieved,
(see Fig. 7.5). Each set of the breakdown measurements was done in a single sitting.

After each measurement, the data were processed and plotted by hand. The
corresponding dry runs were subtracted to eliminate the force of gravity and the
centrifugal force on the whirling impeller. The buoyancy force was also subtracted,
leaving only the fluid-induced rotordynamic force on the whirling impeller. This
force is presented in the next chapter for the above tests in terms of the steady
force F,, and the unsteady force due to the eccentric motion. The unsteady force is
represented by the hydrodynamic force matrix [A], or by the average force normal
to and tangential to the whirl orbit, F,, and F;. In addition, the fluid-induced

moment on the impeller is similarly presented.
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Chapter 7

Presentation of Data

The hydrodynamic forces and moments on a centrifugal impeller in a spiral
volute with the shroud-casing geometry shown in the assembly drawing of Fig. 2.8
were measured in the presence of cavitation. The lateral moment is presented in

the plane bisecting the impeller discharge area.

7.1 Variation with Flow Coefificient

The force on the impeller depends 'upon its location on the whirl orbit.
The impeller is whirled to average this dependency in order to obtain steady
quantities, i.e. F, and ¢, from a single test. With a whirl ratio of Q/w = .1,
Figs. 7.1-3 show measurements taken over a range of flow coefficients under non-
cavitating conditions. The fully wetted performance curve is shown in Fig. 7.1. The
dependence of the magnitude and direction of the steady force F, and the steady
moment M, upon flow coefficient is shown in Fig. 7.2. The angle of the force and
moment vectors are measured from the volute tongue in the direction of main shaft
rotation. The minimum of the steady force and greatest angular change occur at
design, ¢ = .092. M, changes in a similar fashion. Fig. 7.3 gives the components of
F, and M, in the volute reference frame. The dependence of the steady force upon

flow coefficient is similar to previous results for a centrifugal impeller in a volute.

7.2 Variation with Whirl Ratio

The effect of cavitation upon the hydrodynamic forces was examined by testing
three flow coefficients: ¢=.120, .092 (design) and .060. To demonstrate that the
steady force is independent of whirl ratio, Fig. 7.4 shows the components under

non-cavitating conditions for these flow coefficients.
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With /w = .1 the pump loop datum pressure was lowered through breakdown
in head rise across the pump for the three flow coefficients. Fig. 7.5 shows the
cavitation performance curves. The forces from these tests will be examined later.
The operating constraint of keeping the pressure of the back seal cavity above
atmosphere permitted a breakdown in head rise across the pump of approximately

15%, 20% and 25% for ¢ = .120, .092 and .060 respectively.

For the bulk of the data presented in this chapter, the unsteady force will be
represented by its components normal to and tangential to the whirl orbit, averaged
over the orbit, F,, and F;. Fig. 7.6 shows for non-cavitating design flow, the elements
of the hydrodynamic force matrix [A] formed as F,, and F; and as the difference
between F,, or F; and the corresponding matrix element. Because the scale is
magnified, it should be viewed in conjunction with Fig. 7.10a. Recall from Eqn. (3.8)
that the elements of [A] have components in the rotating dynamometer frame at
the difference and sum frequencies of the whirl and shaft frequencies: w — {1 and
w + 1. One can think of the dynamometer as integrating two pressure fluctuations
around the impeller, one travelling with the whirling impeller and the other going

the opposite direction.

If Azz = Ayy and A,y = — A, then the matrix [A] is independent of rotation,
Eqn. (B.16). Fig. 7.7 shows £(Azc — Ayy) and 3 (Asy + Ays) for the three flow
coefficients and two operating points. The change in operating point from non-
cavitating to 3% head loss had less effect than the change in flow coefficient. Because
1(Ass — Ayy) and 3(Agy + Ays) are not zero, [A] is not independent of rotation.
However, since the values are small the presence of the volute tongue does not
have a significant effect upon [A]. Similarly the hydrodynamic moment matrix [B]
is presented in Fig. 7.8 as M,,, M;, —;—(B,,;gc — Byy), and -;—(Bwc + Bgy) for design
flow without cavitation. For 1/w < 0.3, M,, is small, comparable in magnitude to
%(Bm — B,y) and é(BwB + Bygy). For forward whirl where F; is stabilizing M,, is

larger. The elements of [B] have a larger uncertainty than those of [A].

The normal and tangential forces as a function of whirl ratio are plotted in
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Figs. 7.9-11a for the three flow coefficients tested. The curves drawn on the figures
of the unsteady forces are a quadratic fit to F,,(/w) and F;({l/w). Since M, (}/w)
and M;(Q?/w) do not resemble parabolas, these symbols are connected by straight
lines. Each plot has two flow conditions: one without cavitation, o0 ~ 4.3, and the
other at 3% head loss. At 3% head loss, F,, is slightly smaller and the magnitude
of F; is smaller for positive /w. At 1/w = —.3, for ¢ = .120 F; is smaller though
for ¢ = .092 (design) and ¢ = .060 F; is larger than for the non-cavitating case.
Over a range of forward whirl F; is in the same direction as the whirl motion, and
is thus destabilizing. There is a slight decrease in the range of whirl ratio that F;
is destabilizing with cavitation at 3% head loss. The zero-crossing whirl ratio of F;
separates the destabilizing from the stabilizing whirl ratio region. Where F,, > 0 the
hydrodynamic force tends to increase the radius of the whirl motion. For forward
whirl there is a region over which F,, < 0, and tends to decrease the whirl radius.
Based on past experiments, F,, will be positive again at higher whirl ratios reflecting
its parabolic character. At design, ¢ = .092, the zero-crossing whirl ratios for F,,
and F; are nearly the same. F; is destabilizing over the same range of whirl ratio
as F,, tends to increase the whirl orbit radius. For ¢ = .060 F; is positive up to a
higher (1/w whereas for ¢ = .120 the destabilizing region is smaller than the region
over which F,, would increase the whirl radius. The region of destabilizing whirl

ratio decreases with increasing flow coefficient.

For the above mentioned operating conditions, the corresponding unsteady
moment components normal to and tangential to the whirl orbit, M,, and M, are
presented in Figs. 7.9b—-11b. A positive M; would tend to tilt the impeller outward.
M,, with the same sign as the whirl velocity would tend to tilt the impeller inlet
away from the whirl direction. M; is positive. The tilt away from the undeflected
shaft axis would decrease the natural frequency of the rotor system operating in
water. This is consistent with the decrease from the negative stiffness and the added
mass (zero crossing value and the 12 term of F,,) of the hydrodynamic force. The

magnitude increases with increasing positive whirl ratio. The values are larger for
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lower flow coefficients. With cavitation there is greater variation for reverse whirl.
M, is in the same direction as the whirl velocity, except in the region where the
value is small, for small whirl ratios. With an expanded scale M; would resemble a

cubic function of 2/w.

7.3 Two Whirl Ratios through Breakdown

The effect of cavitation on the steady force and moment through breakdown
of the head rise across the pump is displayed in Figs. 7.12-15. The dependence
of the magnitude and direction of ¥, and M, upon cavitation number and upon
head coefficient is shown in Fig. 7.12a,b, respectively. For off-design, ¢ = .120
and ¢ = .060, the magnitude of ¥, decreases with breakdown. For design the
magnitude of F, decreases with decreasing cavitation number until breakdown,
where it increases above the non-cavitating value. This is difficult to see because
of the scale of the plot. In Fig. 7.14 the components of F, for design flow are
shown with a magnified scale. The direction of F,, rotates away from the tongue in
the direction of impeller shaft rotation for each flow coefficient through breakdown.
The steady moment showed similar tendencies.

The components of F, and M, in the volute frame are shown in Figs. 7.13-
15 plotted against cavitation number and head coefficient for the three flow
coefficients. Cavitation had more effect upon the steady force component parallel
to the line between the volute center and the volute tongue, F,,. Data taken in
preliminary tests at 3000 RPM, prior to stiffening the eccentric drive mechanism
by remachining the bearing sleeves, are presented in Figs. 7.16-17. The setup was
slightly different, so these figures should not be directly compared with the other
data presented. The steady force components are given for various flow coefficients
at the operating points: non-cavitating, 3% head loss and 10% head loss. The steady
force component in the direction of the volute tongue, F,., was more affected by
cavitation. With increasing head loss, the curve F,, as a function of ¢ appears to

rotate about design flow, Fig. 7.16b. For a centrifugal impeller in a volute pump
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tested at several flow coefficients above best efficiency, Uchida et al. (1971) has also
observed that the steady force component in the tongue direction increases with
developing cavitation. Fig. 7.17 shows the components of M,. Similarly M,, was

more affected by cavitation.

For two whirl ratios, /w = 0.1 and 0.3, the effect of cavitation upon the
unsteady force components F,, and F; and the unsteady moment components M,
and M; is shown in Figs. 7.18-21 through breakdown in pump performance. For the
above design flow coefficient, ¢ = .120, the force and moment components decrease
with head loss. For Q/w=.3, F; becomes slightly more negative, increasing the

stability margin.

At design flow, ¢ = .092, for }/w = .1 F, and F; decrease with head loss,
however for a head loss greater than 10% there is a slight rise in F;. M; follows
F,,, while M,, changes sign after head has begun decreasing. /w = .3 exhibits
similar behavior except in the region between peak head rise and 1% head loss,
where F,, goes through a trough and F; a peak. Through this swing the unsteady
force vector increases slightly in magnitude and rotates in a direction to increase
the destabilizing tangential force, then rotates back. M,, and M, increase in this
region before decreasing with head loss. With both components increasing, the
magnitude of the unsteady moment increases and swings only a few degrees in the
direction to increase M,,. Fig. 7.22a shows that this perturbation is reflected in the
steady force calculated from the 1/w = .3 data, which swings in the direction of
main shaft rotation. For this operating region the flow was sufficiently disturbed
so that the linearization of F(t), Eqn. (1.1}, which represents the unsteady force by
[A]e(t), is invalid, because F, was perturbed for 1/w=.3. M, was also perturbed,
Fig. 7.22b. However, the moment vector swings in the direction opposite to its

eventual direction with further breakdown.

For below design flow, ¢ = .060, F,, and F; decrease with developing cavitation.
For {1/w=.1 F,, increases approaching the knee of the performance curve, before

decreasing with breakdown, while F; increases with loss. For 1/w=.3 F,, decreases



- 63 -

with breakdown though momentarily increasing with head loss. F;, doing the
opposite, increases with breakdown. The changes in M; reflect the changes in
head. For (1/w=.1 M,, decreases in magnitude with breakdown before beginning to
increase with 15% head loss. For (1/w=.3 M,, increases with developing cavitation

and changes sign near the cavitation number where head begins to drop.

7.4 Variance of the Measurements

Data were taken over 256 cycles of the reference frequency w/J at which the
orientation of the dynamometer and its location on the whirl orbit geometrically
repeat. For each cycle F, and [A]| were computed. The variances over the 256
cycles, including the tests performed in air, were calculated for 1/w=-.1, 0.1, 0.3
and 0.5, from the whirl ratio sets and for selected runs of the breakdown sets. The
standara deviations were typically less than 0.00078 for F,, and F,,, 0.04 for F,
and 0.047 for F;. For (1/w=.5 the standard deviations were occasionally larger than
the mentioned values. For the breakdown sets of (1/w = .3, frequently the small
values of F; were not significantly larger than the associated standard deviations.

During the course of the experiment, the rotordynamic forces were of primary
interest. The moments were obtained during subsequent processing of the data.
Fewer sets of instantaneous data were available to compute the variance of M, and
[B] over 256 cycles. Evaluation of the available data indicates that the standard
deviations were typically less than 0.0014 for M,, and M,,, and 0.11 for M,, and
M;.

7.5 Rotordynamic Force Matrices
The mass-damping-stiffiness model of the unsteady hydrodynamic force gives,
F(t) = Fo — [K]x(t) — [C]X(t) — [M]%(t) (7.1)

For the imposed circular whirl orbit, the model implies that the matrix [A(Q/w)]
is quadratic in {1/w. With the non-dimensionalization of [K], [C] and [M)] given in
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I:Amaz Amy-} — [_Kxx_cxy% +Ma:m( )2 “sz+czz%+Mg;y(

a .Q)?
A A J 0 S 2 Q (u; (7.2)
vz vy —yx ny;‘ + Mw(?;) —Kyy + Cym; + Myy('J

)2
Since [A(Q}/w)] does resemble a parabola for the impeller-volute combination
presented, the coefficient matrices from a least squares fit are given in Table 7.1.
For the set of {)/w tested, the curves A,, and Ay, do not quite resemble a parabola
for every flow condition. Fig. 7.11a shows that F}; can flatten over the destabilizing
whirl ratio range for ¢=.060.

Using “roof-sum—squa.re” for the propagation of uncertainty, the variance of the
coefficients of the quadratic fit can be calculated, Bevington (1969). The variance

of a function f of n independent variables z;, 1=1, n, is

—~ 8f of
2 _ o5 2
°r= .Z dz; Bz, =i (7.3)

If z; and z; are uncorrelated then

g ()= (1.4

Because the variance of the elements of [A] were not available for every whirl
ratio, the quadratic coefficients were calculated without including the errors. This
is equivalent to assuming the same variance for every whirl ratio. An “average

variance”,

1 o 1
02 - N, Z o2 (7.5)
was used to obtain the variance for the coefficient matrices. N, is the number of
whirl ratios for which the variance of the elements of [A] were available. These
were similar to those obtained from calculating the coefficient variances using the

variances of [A(}/w)] that were available for a complete set of whirl ratios. The

standard deviation in the coefficients is approximately 0.02, 0.08, and 0.2 for the
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stiffness, damping and mass matrices, respectively. For ¢=.060, they are larger, in
particular 0.1 for the damping matrix.

Over the whirl ratio range tested, the unsteady moments due to the imposed
lateral displacement do not in general resemble a quadratic in /w. Consequently,
the coefficients of a quadratic fit are not presented. A complete rotordynamic
analysis would require forces and moments for the deflection as well as lateral
rotation of the rotor about its undeflected position within the volute.

The coeflicient matrices presented are for two operating points: non-cavitating
and cavitating with 3% head loss. Cavitation at 3% head loss did not make the
rotordynamic behavior of the impeller worse. The range of destabilizing whirl ratio
was slightly reduced. A monotonic change in the coefficients between the two
operating points cannot be assumed. At design flow [A] changes differently for

(1/w=.1 and .3 with less cavitation.
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Fig. 7.1 Noncavitating performance curve of Impeller X in Volute A at 2000 RPM.
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Fig. 7.2 The magnitude and direction of the steady force F, and moment M, on
Impeller X in Volute A at 2000 RPM as a function of flow coefficient.
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Fig. 7.3 The components of the steady force, F,; and F,,, and moment, M,, and
M,,, on Impeller X in Volute A at 2000 RPM as a function of flow coefficient.
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Fig. 7.4 The components of the steady force, F,,; and F,,, on Impeller X in
Volute A at 2000 RPM for the three flow coefficients: ¢=.060, .092 (design) and
.120, as a function of whirl ratio.



— 68 —

] INPELLER X YOLUTE A
o ¢ =060 2008 RPH O /w =1

6 o FAN ¢=|@92 i
i X ¢ =128 ]
e L o oo o D080 oo o g oo
\"/ [ &AA A A A AAA AA A A A A A 1
4 é )
£ 4
1 W#w X XXX KX X X % x X7
2 F s
[ T
ll ™ L

] i L L P 1 e 1 | ) 5 i ;
8.5 { i 3 4 §

g

Fig. 7.5 Cavitation performance curve for Impeller X in Volute A at 2000 RPM
with @/w=.1 for the three flow coefficients: ¢$=.060, .092 (design) and .120.
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Fig. 7.6 The elements of the hydrodynamic force matrix [A] expressed as the force
normal to and tangential to the whirl orbit in the same direction and opposite to
the azimuthal unit vector for Impeller X in Volute A at 2000 RPM at design flow,
¢ = .092, under non—cavitating conditions.
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3(Age — Ayy) and (b) £(Agy + Ays) of the hydrodynamic force matrix

of Impeller X in Volute A at 2000 RPM for the three flow coefficients: ¢=.060,
.092 (design) and .120, as a function of whirl ratio for flow without cavitation and
with a head loss of 3%.
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Fig. 7.12 The magnitude and direction of the steady force F, and moment M, on
Impeller X in Volute A at 2000 RPM with (1/w =.1 for the three flow coefficients:
$=.060, .092 (design) and .120, as a function of (a) the cavitation number and (b)
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Fig. 7.14 The components of the steady force, F,,; and F,,, on Impeller X in

Volute A at 2000 RPM with 2/w =.1 for design flow (¢=.092) as a function of (a)
the cavitation number and (b) the head coefficient.
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Fig. 7.18 The average normal and tangential force, F,, and F%, on Impeller X
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Fig. 7.19 The average normal and tangential moment, M,, and My, on Impeller X
in Volute A at 2000 RPM with Q/w=.1 for the three flow coefficients: ¢=.060,
.092 (design) and .120, as a function of (a) the cavitation number and (b) the head
coefficient.
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coefficient.
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Fig. 7.21 The average normal and tangential moment, M,, and M;, on Impeller X
in Volute A at 2000 RPM with 21/w=.3 for the three flow coefficients: $=.060,
.092 (design) and .120, as a function of (a) the cavitation number and (b) the head
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steady moment M, on Impeller X in Volute A at 2000 RPM with 1/w = .3 at
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Table 7.1 Stiffness, Damping and Mass Matrices

K:E:z; Ka:y C:z:a: Cwy M:r,:c Ma:y

flow condition Kz  Kyy Cyo Cyy M,, M,,
$=.120 -2.34 .68 2.46 8.19 57 -1.2
non-cavit -.70 -2.34 -7.96 2.70 3 5.9
¢$=.120 -2.15 .65 227 17.80 5.4 -.9
3% head loss -62 -2.12 -7.70 2.58 4 5.6
¢=.092 -2.51 .58 1.88 8.76 6.1 -4
non-cavit -78 -2.38 -8.66 1.92 -.3 6.6
¢=.092 -2.42 .60 2.47 8.39 56 -1.6
3% head loss -.81 -2.30 -8.16 2.46 9 6.0
¢=.060 -2.54 .50 1.6 9.2 7.1 -3
non-cavit -84 -2.20 -9.2 1.3 -.6 7.8
¢=.060 -2.46 43 2.0 8.9 6.7 -9
3% head loss -.67 -2.17 -9.2 1.8 1.0 7.9
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Chapter 8

Discussion

The rotating dynamometer measures the integrated force on the whirling
impeller. The measured force is from the pressure and shear stress acting on the

surface of the impeller body.

F:—/Bn-adS (8.1)

where B is the surface of the impeller including the blades, n is the unit normal
vector pointing into the body, and o is the stress tenser. Applying a control volume
to the momentum equation replaces the contribution from the internal hub and
shroud walls and from the blade surfaces by the stress and momentum flux through
the impeller inlet and outlet and the unsteady momentum of the fluid within the

machine.

F:—/V[%p?u-—— ]dV—Ln-(puu-—a)dS (8.2)

where f is the body force per unit mass, u the velocity, ¥ the circumscribing
exterior surface of the impeller, and V' the volume of the fluid within the impeller.
The theoretical work mentioned in the introduction for whirling two-dimensional
impellers generally used the control volume method. For the present, attention will

be focused on the impeller blades, Eqn. (8.1).

8.1 Whirling with Cavitation

With sufficiently low upstream pressure, cavities will form on the impeller blade
surfaces and bubbles will appear in the flow stream. Kasai and Takamatu (1964)
describe observations made of the development of cavitation within centrifugal

pumps. Kikuyama et al. (1986) have made pressure measurements at the leading
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edge of an impeller blade in the presence of cavitation that was also visually
observed. For the present investigation of the rotor forces, the phenomenon of
cavitation could not be physically observed. Its presence was inferred from pump

performance loss and from its influence upon the dynamometer measurements.

The operating point reflects the pressure distribution on the pressure and
suction surfaces of the impeller blades. Without cavitation, the pressure upstream of
the machine serves as a datum pressure. With a sufficiently low upstream pressure,
cavities form on the impeller blade surfaces and change the pressure distribution
across the blade. Pulling a greater vacuum on the pump loop extends the length
of cavity, and so for the conditions tested herein, the head rise produced by the

rotating impeller decreased.

The forced vibration of whirling adds an additional component, {1 x ¢, to the
peripheral velocity of the rotating impeller when transferring from the absolute
frame to the relative frame of the impeller. The local incidence angle varies
circumferentially around the impeller. With the changing incidence angle the force
on the blade will vary. Considering this simple description, when the impeller
whirls on a small whirl radius orbit the local incidence angle varies about a mean
corresponding to a centered impeller for a specific flow coefficient. The unsteady
forces are associated with the slope of the blade force with respect to the changing
incidence angle. The presence of cavitation on the blade will affect the slope of the
blade force. An integral over the whirl orbit of the sum over the blades of the radial
and azimuthal components of the fluctuating blade force gives the components of

the unsteady force in the direction normal to and tangential to the whirl orbit.

Considering only the dependence of the blade force upon the incidence angle
is not sufficient. The average of the blade forces over time corresponds to the
steady force F,, which depends upon the asymmetries introduced by the volute
to the flow. Also, the unsteady force is not independent of volute, see previous
work using the RFTF such as Jery et al. (1985), Jery (1987) or Brennen et al.

(1988). The measurements of Ohashi et al. (1988) on an impeller in a symmetric
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diffuser chamber (see the Introduction) did not have a destabilizing tangential force
at design flow. Tsujimoto (1988b) comments that his theory does not predict a
destabilizing tangential force without a volute or when neglecting the unsteady
vortex distribution on the volute. Consequently, integrating a perturbation of the
force on the impeller blades due to the imposed whirl motion in order to obtain the

unsteady rotor force requires the inclusion of the changing flow exit angle.

8.2 Lever Arms

The measurements presented in the previous chapter are in the calibration
plane of the dynamometer which coincides with the plane bisecting the discharge
area of Impeller X. A force that is not acting through the origin of this plane would
contribute to the measured moment. The lateral moment data will be examined in
an attempt to compute a line of action for the lateral force. An implicit assumption
is that the axial thrust F3 acts along the impeller centerline. The relationrxF = M

is used to search for a location in which the lateral moment vanishes.

yF, —zF, = M,
z2Fy —zF, = M, (8.3)

zFy —yF, =M,

With the assumption that axial thrust acts along the impeller centerline, there is no
contribution by Fj, i.e. F;, to the lateral moment. Also assuming that the lateral
force acts through the impeller centerline, the contribution to M, vanishes.

The following lever arms are considered for the steady force and for the

unsteady force

L My Ma
°7 Fop'  Fo
MM (8.4)
San, Ft

With the non-dimensionalization given previously for the forces and moments, the

computed lever arm is non-dimensionalized by the impeller discharge radius, 7.
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Fig. 7.12 of the previous chapter shows that the steady force and moment are not
perpendicular. Also the unsteady force and moment due to whirl are not 90° apart.

Recall that the dynamometer measures the integrated force and moment
experienced by the impeller. In terms of Eqn. (8.1), the contributions are from
the exterior shroud and from internal surfaces such as the blades. Alternatively
using the control volume formulation, one can consider the total force as separated
into the contribution from the shrouds and from the impeller-volute interaction,
which would include the integral over the impeller inlet and outlet surfaces and the

integral over the internal fluid volume. Similarly the moment integral,
M:—/rxn-adS (8.6)
B

can be separated into the contribution from the exterior shroud and from the
internal surfaces or the impeller-volute interaction.
In order to simplify the discussion, attention will be focused on the integrals

over the shroud and over the impeller blades.

M:—/ rxn—odS—/ rxmn-odS
shroud blade (87)

_Rshroud X Fshroud - Rblade X Fblade

Since the unsteady rotor forces which can encourage self-excited whirl are of primary
interest, attention will be focused on the unsteady moments. The unsteady lateral
force is expected to contribute to the moment as
M,, = —Zshroud Ftshroud — Zblade Ft,blade
(8.8)
M; = Zshroud Fr shroud + 2blade Frn,blade
where the z axis points upstream from the plane mid-span of the impeller discharge.
Unless the forces Fgnroua and Fyjage are parallel, the introduced moment will not
be perpendicular to the force. The impeller-volute contribution may be discussed
in terms of the force on the impeller blades because cavitation occurring within the

machine would affect the contribution from the internal surfaces first.
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In Figs. 8.1-5 the lever arms computed from Eqn. (8.4) are presented for the
unsteady lateral forces and moments. Because the measurements are integrated
over the entire impeiler, the contribution from each force element of the preceding

paragraph is impossible to quantify.

The lever arms as a function of whirl ratio are given in Figs. 8.1-3 for the
three flow coefficients tested at the non-cavitating and 3% head loss operating
points. The lever arms are disturbed over the range where F,, and F; cross zero.
For reverse whirl, the lever arms M;/F, and —M,,/F; are closer. Recall from
the Introduction the comparison of the two-dimensional version, Impeller Z, with
Impeller X. For reverse whirl the forces on Impeller Z are smaller, indicating a
significant contribution to the forces on Impeller X from the front shroud. Further
away from the calibration plane, the shroud force would have a greater contribution
to the lateral moment. Consequently, with the larger forces for reverse whirl, the
computed lever arms are more reasonable. On Fig. 8.2 the error bars represent
+1 standard deviation calculated using “root-sum-square” for the propagation of
uncertainty. The error is dependent upon the magnitude of the denominator, F,, or

F;.

The unsteady lever arms are given for 2/w=.1 and .3 through breakdown in
Figs. 8.4-5. For non-cavitating flow (the o ~ 4.3 point) the standard deviation
of M;/F, for 1/w=.1 is approximately 0.03, 0.04 for ¢=.060. For —M, /F; it
is 0.1. For 1/w=.3 the standard deviation of M,;/F, is 0.3, 0.2, and 0.1 for
¢=.060, .092, and .120, respectively. For —M,,/F; it is 0.2, 0.5, and 1.2. A simple
description of the effect of cavitation on the lever arms is that cavitation will affect
the contribution to the integrated forces and moments from the impeller blades
before the contribution from the external shroud surfaces, which would have a

larger lever arm.

The framework of Eqns. (8.7, 8) does not take into account the contribution
from force elements acting in the axial direction. An example is the contribution

from the external shroud. The pressure distribution giving rise to the unsteady
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lateral force also has a projected force element in the axial direction, pn, dS. An
integral over the moment of the axial pressure force element, rxpn,dS, would
contribute to the lateral moment.

Fig. 8.6 shows z, computed from the steady moment and force for Q/w = .1
under cavitation. For off-design, z, = M,,/Fs; is more affected by cavitation.
Recall from Figs. 7.13, 16 that cavitation had a greater affect on F,; than F,,. For
design the scatter of —M,;/F,, reflects the small values of F,,. The lever arms

were presented in this chapter as an alternative to the moments themselves.

8.3 Concluding Remarks

The results presented herein on the effect of cavitation on the rotordynamic
forces are for a single turbomachine: a centrifugal impeller in a spiral volute.
Surprisingly, the effect was not significant for most of the flow conditions and whirl
ratios tested. The existence of an operating region with cavitation for which the
destabilizing tangential force had increased indicates further study is needed.

A model to describe the cavitating flow conditions in which these measurements
were made does not yet exist. An impeller whirling inside a volute in fully
wetted flow has been treated theoretically, see section 1.4. Cavitation within a
centrifugal impeller without whirl has been treated. For example, leading edge
sheet cavitation within centrifugal impeller passages with steady flow has been
modelled theoretically by mapping methods, Tsujimoto et al. (1986). For bubbly
flow, requiring a different treatment, Furuya uses a two-fluid model with non-
condensible (1985a) or condensible gas {1985b) with empirical loss data to calculate
the performance of centrifugal pumps with large void fraction.

Past measurements using the Rotor Force Test Facility have been made on
various turbomachines in fully wetted flow. These had shown that for the impeller-
volute combination presented, the unsteady forces did not exhibit an unusual
dependence upon flow coefficient or whirl ratio. In fully wetted flow tests a

centrifugal impeller with an inducer (one half of the double-suction impeller of
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the HPOTP) had exhibited a change in the dependence of F; upon whirl ratio. The
curve resembled a cubic for low flow coefficients where flow reversal was observed
upstream of the inducer. Further experiment is necessary to observe how operation
in the presence of cavitation will alter the rotordynamic forces experienced by such

an impeller.
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Chapter 9

Summary and Conclusion

In summary, rotordynamic forces were measured in the presence of cavitation
for a centrifugal impeller in a spiral volute, designed to be “well-matched.”
Measurements using this five-bladed impeller in a variety of volutes have already
been made (Jery 1985 and 1987) under non-cavitating operating conditions. In the
present investigation three flow coefficients were tested, ¢ = .060, .092 (design),
and .120. A set of whirl ratios, (1/w, were taken under non-cavitating conditions
and operating at three percent head loss over the range —0.3 < Q1/w < 0.6, in
increments of 0.1. The range of forward whirl over which the tangential force is
destabilizing was bracketed by these tests. In the presence of cavitation at 3% head
loss there was little difference in the average normal and tangential force, F;, and
F;, for forward whirl, slightly more for the larger values of reverse whirl. The range
of whirl ratio that the tangential force is destabilizing had decreased slightly with
cavitation.

For each flow coefficient data was taken at two whirl ratios, 1/w =.1 and .3,
with decreasing cavitation number through breakdown. The percentage of head
loss obtained for the three flow coefficients was for ¢ = .060, 25%, for ¢ = .092,
20%, and for ¢ = .120, 15%. The magnitude of the steady force, F,, for off-design
flow decreases with breakdown and its direction changes in the direction of main
shaft rotation. For design flow the magnitude decreased then began to increase
approaching the knee of the performance curve. It varied less than 10% from flow
without cavitation to 20% head loss, though its direction changed. At 3% head loss
the destabilizing unsteady forces had decreased. Through breakdown in head the
destabilizing forces did not exceed their non-cavitating values except for one set of
data. For design flow, between peak head rise and 1% head loss for 1/w =.3, the
flow was sufficiently disturbed to perturb both the unsteady and the steady forces.
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Passing through the knee of the performance curve, the unsteady force vector moved
in a direction to increase the destabilizing tangential force, then moved back with
greater head loss. The corresponding change in the steady force vector was first in
the direction of impeller rotation. For this set of tests cavitation had a noticeable
effect upon the unsteady rotordynamic forces. The destabilizing tangential force
had increased above its non-cavitating value over a range of operating conditions.

Measurements of the rotordynamic forces on impellers and inducers that have
been made using the rotating dynamometer of the Rotor Force Test Facility at
Caltech are integrated measurements. The contribution to the total force from the
varying clearance between the impeller front shroud and the casing wall during whirl
is not distinguished from the contribution from the unsteady flow field between the
whirling impeller and the volute.

To conclude, cavitation did not have a significant effect upon the hydrodynamic
forces on a centrifugal impeller in a spiral volute. However, the data taken at design
flow for 1 /w=.3 indicates the existence of a range of flow coeflicients and whirl ratios
for which operation with some cavitation would increase the destabilizing tangential
force, though the normal force, which tends to increase the amplitude of the lateral
vibration, is smaller.

Further work is necessary to quantify the contribution of the shroud flow
to the impeller force measurements. Childs (1986) has theoretically examined
the forces from the annulus between the impeller shroud and the pump housing.
His model is not appropriate for the rather large annular gap for the tested
Impeller X. The theoretical model of Tsujimoto et al. (1988b) for the impeller-volute
interaction has compared favorably with two-dimensional impellers. Both a model
and additional measurements are needed to understand the effect of cavitation upon

the rotordynamic forces.
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Appendix A

The Dynamometer

The dynamometer, also referred to as the internal balance, is mounted behind
the impeller on the drive shaft. Machined out of 17-4 PH stainless steel, it
consists of two parallel plates connected by four bars. Fig. A.1 is a drawing of
the dynamometer. Fig. A.2 shows it with the impeller mounting spindle and the
protective sleeve assembled.

The four bars were wired with thirty-six semi-conductor strain gages into nine
Wheatstone bridges. Fig. A.3 shows their placement on the four bars. The one
bridge primarily sensitive to thrust used four gages placed at mid-length on the
external face of each bar. The thrust gages had a gage resistance of 250 ohms
and a nominal gage factor of about 60 (two positive and the other two negative).
The other eight bridges, sensitive to two of the remaining five generalized forces,
employed gages placed at quarter and three-quarter length on the bars. They had
a gage resistance of 350 chms and a nominal gage factor of 130. Fig. A.4 diagrams
the thirty-six strain gages wired to form the nine bridges and the forces that they
are sensitive to. The excitation volfage was five volts for each bridge. Figs. A.1-4
were taken from Jery (1987) where further information on the design, construction

and calibration of the dynamometer can be found.
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Appendix B

Derivation of Processing Equations

The hydrodynamic force on a rotating impeller which is translating along a

circular orbit of a small radius can be expressed in the stationary frame as

Fo()\ [ Foux Agzz Agy e cos (it
<Fy(t) “\F, ) T4, Ayl \esinn (B.1)
where {1 is the frequency of the imposed whirl orbit. Boldface will be used to denote
vectors and matrices with their components in italic. The equations used to process
the forces measured with the rotating dynamometer are first derived assuming the

dynamometer-shaft system has infinite stiffness. Then a model is used to account

for the finite stiffness of the elastic dynamometer-shaft system.

B.1 Rigid

The data acquisition system discussed in Chapter 3 provides for control of
the speed and phase of each motor. The ratio of the whirl/main shaft speeds
is 1/w=I/J. At the reference frequency w/J, the orientation of the impeller and
its location on the whirl orbit geometrically repeat, because there are an integral
number of rotations of the main shaft and whirl motors during each reference cycle.
Data were taken over NCYC cycles of the reference frequency. The components of
the steady force are obtained by averaging Eqn. (B.1) over the time T'= NCYCxJ /w.
Performing the operation = fOT{ } dt:

Forw = %/(;T{Fx(t)} dt
— FO (B.2)

Foy = F
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To get the elements of the hydrodynamic force matrix [A] evaluate the Fourier cos

and sin coefficients of Eqn. (B.1). Perform the following integrations,

Z f5{ Ycos(fit)dt :

Agze = % /OT {Fm(t) cos(ﬂt)} dt
— 0 (B.3)
= Lac

_ 0
Ayms = FyC

2 fT{ }sin(Qt)de :

2 T
Auye = = / {Fz(t) sin(nt)}dt
T Jo
_ o, (B.4)
Ayye = Fj%

The superscript and subscript denotes the frequency of the cos or sin, respectively,
Fourier coefficient.

Referring to Fig. B.1 the lateral forces in the laboratory frame, F,; and Fy, are
related to the lateral forces detected by the dynamometer in the rotating frame,
Fy and F,, by a rotation through the angle —wt, where w is the frequency of main
shaft rotation,

Fy(t) = Fy((t) cos(wt) — Fa(t) sin(wt) (B.5)
F,(t) = F( () sin(wt) + F2(t) cos(wt)
Taking the angle from the volute tongue, pv, to be zero, the hydrodynamic forces
will first be written in the laboratory frame with the x-axis pointing vertically
upward, and then rotated into the volute frame. Combine Eqns. (B.1) and (B.5) to
yield

Fy(t) cos(wt) — Fa(t) sin(wt) = Fog + €Azg cos(QUt) + €Ay sin(0t) (B.6)
Fy(t) sin(wt) + Fo(t) cos(wt) = Foy + €Ay, cos(f1t) + €A, sin(Qt)
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Examine the integrals represented by FO (Eqn. B.2) and F{, (Eqn. B.3).

(B.7)

FO = %/()T{Fl(t) cos(wt) — Fysin{wt) } dt
FO, = -21—, /OT {F1 (t) cos(wt) cos(t) — Fa(t) sin(wt) cos(ﬂt)} dt
7

o\»
=
Lo |

{Fl(t) cos(w — Q)t + Fy(t) cos(w + Q)¢
— Fa(t) sin(w + Q)¢ — Fa(t) sin(w — n)t} dt
Each term of the above equations is a component in the Fourier series expansion

of Fy(t) and Fy(t), with fundamental frequency w/J. For example the last term of

Q
F,~ becomes,

T 12 (T J—1
%/ﬂ ~Fy(t)sinwo — )¢ dt =~ | Fz(t)Sin( . wt) dt

(B.8)
_ ___1__FJS—I
2 2

where the superscript denotes the harmonic number of the fundamental frequency
w/J. Rewriting Eqns. (B.2-6),
1
Ff = §(F1JC - FQJS)
1
F) = '2'(F1JS + F30)

1
a _ J-I J-I J+I T+I
FC’"’E(FIC - Fys + Fid - Fd)

? (B.9)
~-I J—1I J+I J+I
F:?SZE(_Fljs _‘cm +FLST ’*‘Fz(:"-
1
o} J-1I J=1 ST+ J+I
ch:'z’(Fw +F20 +F13+ '*‘Fzg)
1, s -1 J+I J+I
F;)S:—Z_(FICI*FZJS —- Fid" + F35)

To obtain the hydrodynamic forces at a given whirl ratio and flow condition,
two tests are done, one in water and the other in air. The forces measured from the
test in air is subtracted from the test in water to account for the force of gravity and

the centrifugal force of the whirling impeller. These two tests are also referred to as
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a “wet” and a “dry” run. The buoyancy force on the rotor is subtracted separately.

Use the subscripts “W” and “A” to denote the tests performed in water and in air,

respectively. The steady hydrodynamic force and matrix elements are

Foa: = _i)W - FmOA - Fbuoyancy
1
Azg = ;(F:?WG - FSAC)
1, q a (B.10)
Agy = E(was - a:AS)
1
Ays = E(F;(?WC - FyAC)
1
Ayy = ;(Ffws - F;]AS)

The unsteady hydrodynamic force, [Ale(t), due to the eccentric motion of the

impeller can be resolved into its components normal to and tangential to the whirl

orbit, averaged over the orbit, F,, and F;. The normal force is considered positive

outward. The tangential force is considered positive when in the direction of shaft

rotation. For the imposed circular whirl orbit, the unit normal and tangential

vectors are £(t)/||e(t)]| and £(t)/||€(t)]], respectively.

1
= '2‘( Fit + Fyns)

1

= =( Az + Ayy)e

2
e 3 {0 o

T
-%;/0 {cmosﬂt—l—Fysinﬂt} dit

(B.11)

1 T
= _’f/ {~F,sinQt + Fycos Ot} dt
0

1
= 5(‘"1733 + F;)C)

1

= ”(—Amy + Ayw)e

2
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The hydrodynamic steady force, ¥, and force matrix, [A], are presented in the
volute frame of reference. Referring to Fig. B.1 the expressions above are rotated

through an angle ¢y until the x-axis passes through the volute tongue. Let

R] = [C?’S ov “S‘WV] (B.12)
sin v cos py

Let a prime denote the above quantities in the laboratory frame with @y = 0.

Unprimed quantities are in the volute frame. Then

(7)==1() 539

and

[A] = [R][A][R]T | (B.14)

Written out, the rotated components are

f . ¢
Forx = cospy F,, —sinpyv F,,

(B.15)
F,, = sinpy F,, + cos ‘PVFéy
Az = cos® py Al — cos py sinpy (AL, +4.) + sin? oy Al
Agy = cospy sinpy (AL, — A;y) + cos? py A;y — sin? SOVA;,m (5.16)
.16

Ay, = cospy sinpy (AL, — Al ) —sin® oy AL +cos® oy A,
Ayy = sin® oy A" _ + cos oy sin py (AL, +AL.) + cos? py AL,
Note that if A},=A; and A} =—A, then the matrix is independent of rotation.

The lateral hydrodynamic moment experienced by the whirling impeller can

be expressed in the stationary laboratory frame in the same way as F(t),

(Get) - )+ (B ] (G565)



- 117 -

The expressions for M, and [B] in terms of the lateral moments M; and M, are
similar to the above equations. The average, cos and sin integrals in terms of the

lateral moments in the rotating dynamometer frame, M; and M,, are

1
M) = E(Mifc - szs)

s
I

1
'2‘(sz3 + M)

1
a _ J=I J-I J+I T+1
M,o = ‘2‘(Mlc — Mg + Mg —M;5)

. (B.18)
Q _ J-I J~I J+I J+I
Mgs = —2—(—M13 — M5+ M+ Mg
1
Q J-I -1 J+I J+I
Mo = '2'(M13 + M50 + M+ My
Lo i1 J-I T+I J+I
= §(M1C = MygT - Mg+ M)
The fluid-induced moment is obtained by subtracting two tests with the same whirl
ratio, one in water and the other in air. The buoyancy moment is subtracted
separately.

Moy = M;)W - M:?A

Moy = MSW - MI(J)A - Mbuoyancy
1
Baw = E(Mfwc - M:?DC)
1 o . (B.19)
By = E(M“”WS - a:DS)
1
Bys = ;(M:WC’ - MJhe)
1
Byy = E(M:S)WS - Mg?DS)

The moments are rotated into the volute frame using Eqns. (B.13-14). The resulting
components are similar to Eqns. (B.15-16) for the forces. These lateral moments
are in the calibration plane, the plane bisecting the discharge area of Impeller X.
The forces and moments are non-dimensionalized by the product of the dynamic
head using the impeller outlet tip velocity and the impeller discharge area. The
impeller outlet radius, r2, is used as the non-dimensionalizing length for the whirl

orbit radius, €, and for the moments. The force and moment components normal to
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and tangential to the whirl orbit are non-dimensionalized by the additional factor
g/ra, so that they are numerically equal to the average of the appropriate matrix

elements. The Nomenciature gives the details.

B.2 With Stiffness

The effect of the finite stiffness of the impeller-dynamometer-shaft system upon
the measurements taken using the rotating dynamometer is evident from Fig. 4.4
where F,,/(Q%¢) and M;/(Q2%¢) are not independent of the whirl speed. This will
be examined in terms of a simple model for the system. The shaft is treated as
a massless beam supported by two bearings with the overhung rotor treated as a
“disk.” The “disk” includes the impeller, the mounting spindle and the front plate
of the dynamometer. The gyroscopic effect of a lateral angular deflection of the
rotating “disk” is included, indicated in Fig. B.2. The deflection and rotation of
the shaft at the disk (x, y, v, ) are related to the applied force and moment

through the coefficients of the deflection matrix.

z=dy1 Fy +di2M, y= diFy—dioM,
(B.20)
Oy = da1Fz + daa M, Oz = —do1 Fy + daoM,

The elastic force of the shaft in terms of the deflection and rotation of the shaft at

the disk uses the stiffness matrix, the inverse of the deflection matrix.

Fp = kuz—kap, Fy=ky1y+kisps .
(B.21)

My = k212 + koo, M, = ka1y + ka2,

With the dynamometer placed between the bearing and the impeller, forces applied
at the impeller deform the bars of the dynamometer. Applying the calibration
matrix to the voltages of Wheatstone bridges formed from strain gages on the bars

returns the applied lateral force and moment in the plane of calibration.
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First the equations of the forces and moments on the center on mass of the disk
are written for the impeller rotating and whirling in air. The force on the impeller
is

mi + Fergstic = mg (B.22)

where m is the mass of the “disk”, and r is the displacement of the impeller
from a iixed point, the center of the whirl orbit (the center of the volute). Let
r = X + €, where x is the elastic deflection of the shaft at the impeller and ¢ is the
displacement due to the imposed circular whirl orbit. Since the force measured
by the dynamometer represents the elastic force of the dynamometer-shaft the
subscript elastic will be deleted. First the following equations will be solved in terms
of lateral forces and moments at the center of mass, then they will be transformed

to the calibration plane.

mi + Fy = —mg + mQ2ecos (1t
mg + F, = mQ2esin Q¢
(B.23)
I(pa: + wjz(by + Mz =0
16, —wl,; + M, =0
where I and I, are the transverse and polar moments of inertia of the “disk,”
respectively. Represent the variables in the lateral x-y plane by a complex variable.

Let

z=z+1y F,=F, +1F,
(B.24)
= =Py + i‘Pz Mz = "'My + ZMa:
Then
ms + F, = —mg + mQ2ee ¥
(B.25)
I —wl,p+M,=0
The steady solution is F? = —mg and M2 = 0. For the unsteady part, let
F, = F9 &9t and M, = MY ¢'%, Using Eqn. (B.20),
(1 - dumﬂz)FE dlgmﬂzMg - mQZE
(B.26)

do1 (IN? — LwQ)F? (1 + dao(—10% + LwQ))ME =0
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Solving the system of equations,

( FO ) 1 {1 +doa(LwQ — IN?) —d;om0O? mQ2e
MO ) " det | doi(Lwfl—IN? 1—d;m0? 0
et | dail ) H (B.27)

mQ3e

_ 1+dgg(Iwﬂ—IQ2)
 det day (I,wQ — I0?)

where det=(1—d;1mQ2)(1+daa(LwO— I0?%)) + d1odamQ%(I,wQ — IN?). Because
the measurements from the dynamometer are in the calibration plane, the above
solution must be transformed from the center of mass plane to the calibration plane.

Let z,,, be the distance of the center of mass of the “disk” from the calibration plane.

F;:alz'b _ 1 0 F;m
M ) | —zom 1) \ M
an calib _ mQ3e 1+ dzg(IWﬂ - Iﬂ2)
M ealid |7 get —Zem + (d21 — Zemd22 (w0 — I0?)

(B.28)

From the reciprocity relation of strain energy, dis = ds;. Ff calib and Mf calib 5re

related to F,, and M; from rotating and whirling in air,

F = Fﬂ calid
. F-4
B.29
Mt —_ _Mﬂ calib ( )
z

The values of m and z.,, were found from measurements of the steady force and
moment from dry runs. The moments of inertia, I and I,, were measured by
hanging the impeller with the mounting spindle attached from a clamped cable,
measuring the period of oscillation, and comparing with the period for objects with
an easily calculated inertia. The inertia of the front plate of the dynamometer was
then added.

The deflection coefficient matrix was calculated for the dynamometer-shaft
system. The values obtained were d;; = 3.6 107° in/lbs, d15 = 5.9 107¢ Ibf~1,
and dss = 1.8 1076 (inlbf)~!. The curves of F,/(01%c) and M,;/(01%¢) calculated
from Eqn. (B.29) were compared with the data plotted on Fig. 4.4. The curves
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fell below the data, indicating that the model was too stiff. Values of diy, di2
and dys were selected and the calculated curves compared with Fig. 4.4. F,,/(Q%¢)
was strongly dependent upon d;;. The values of dio and d25 were then chosen
to fit M;/(Q%). A least squares fit was employed to assist in the selection of the
values of d;;. Since the least squares fit did not iterate to the same values of d;;,
regardless of the initial guess, the ratio of d2,/(d;;ds2) from the calculation was used
in making the final selection. The values used were m = 9.35 lby,, 2¢m = —.11 inch,
I = 25 lb,, in?, I, = 30 lb,, in?, d;; = 7.36 107° in/lb¢, d;2 = 9.68 107° (Ibs) L,
and dy; = 2.44 107° (in Ib;) ~1. The model did reasonably well except for the whirl

ratios near {1/w = 1.0.

Since the stiffness of the dynamometer-shaft system did not significantly affect
the unsteady force from whirling and rotating in air, a significant affect upon the
hydrodynamic forces was not anticipated. For example, the measured value of
F, at Q/w = 0.5 from the dry run deviates 2% from the value corresponding to
an infinitely stiff shaft. The relative contributions of the centrifugal force from
whirling the impeller and the hydrodynamic force to F,, measured from the wet
runs is evident by comparing the non-dimensionalized “dry” Fy, (3(Azz + Ayy)) of
Fig. 4.3 with the hydrodynamic F,, of design flow, Fig. 7.10a. Except for the whirl
ratios where the value is small, the greater contribution is from the fluid-induced
force, particularly for reverse whirl. For the average tangential force, the “dry” F;

is nominally zero.

Since the hydrodynamic forces noticeably contributed to the forces experienced
by the impeller in the wet runs, the equations used to calculate the hydrodynamic
forces and moments were rederived, incorporating the above model for the stiffness
of the dynamometer-shaft system. In addition to gravity and the centrifugal force

from whirling the impeller, the hydrodynamic forces and moments present in the
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wet tests are added as follows,

Fp: Fop+ Age(zw + ecos Q) + Agy(yw + esin )

F,: F,,+ Ay (zw +ecost) + A,,(yw + €5sin Qt)
Y u u ( yy( (B.30)

Mgz: M,y + Beg(zw + ecosUt) + Bgy (yw + €sin ()
M, : M,, + Byz(zw + ecos Qt) + By, (yw + sin (1t)

The buoyancy force and moment included in F,, and M,, will be subtracted later.
Because the lateral hydrodynamic moments are presented in the plane mid-
span of the discharge area of the impeller, the calibration plane for Impeller X, the
moments need to be transformed to the center of mass plane of the “disk,” using
M;m — M;alib + zcmFy

| (B.31)
M;:m — M;alzb _ zcmFa;

Influence coefficients give the deflection and rotation at a particular point on
the shaft due to a unit applied load or moment at a second point. The dry run
model used coincident influence coefficients, the deflection matrix of Eqn. (B.20),
because gravity acts on the center of mass of the “disk” at which the equations
were written. The center of mass is between the bearing and the discharge plane
where the hydrodynamic forces and moments are assumed to act. Consequently the
influence coefficients for the deflection and rotation for a force and moment applied
at the same point (