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IMPELLER FLUID FORCES

C.E. Brennen, A.J. Acosta, T.XK. Caughey
Californie Institute of Technology
Pasadena, Califormia 91125

ABSTRACT

This paper addresses the issue of the steady and unsteady forces which
may be imparted to a pump impeller by the through flow. The histori-
cal trend to increase the power density and speed of turbomachinhes has
inevitably led t¢ an increase in the number of fluid/structure
interaction problems because the fluid forces scale like the square of
the speed and thus DbDecome increasingly important relative to the
structural strength. The present paper focuses on the radial forces
acting on the impeller of a pump. Under the sponsorship of NASA, the
authors have, over the past few yvears, conducted an extensive investi-
gation of these forces and the associated hydrodynamically induced
rotordynamic coefficients. A new facility, called the Rotor Force
Test Facility was designed and constructed for the experimental
component of this program. Measurements of the forces and
rotordynamic coefficients have been made for a range of different
impeller and volutes and include tests with the impeller of the high
pressure oxygen turbopump (HPOTP) in the Space Shuttle Main Engine.
Furthermore, tests have been conducted with different leakage flow
geometries and, with different levels of pump tavitation. The paper

will summarize these experimental measurements and the resuwlis of some
theoretical analyses.

I. Intreduction

The trend toward higher speed, higher power density 1ligquid
turbomachinery as exemplified by the SSME Turbopumps ineviitably brings
with it 2 greater sensitivity to operational problems in several [luid
mechanic¢al areas. Among these are the problems associated with cavi-
tation, name.y performance degradation, cavitation damage, nhoise and
an array of additional potentia. instabilities. Furthermore the
increased fluid siress loasdings which increase like the square of the
speed lead teo an 4increase in the potential for fluid structure
interaction problems. This paber addresses only one  subset of -ine
second c¢lass of problems namely those arising from the fluid-induced
forces and the associated rotordyvnamic effects. We shall refer only
briefly to the changes in these phehomens whel the impeller cavitates.

The specific practical issues which this research addresses are
as follows, First, large static radial forces can be caused by & lack
of axisymmetry in the pump and its volute or casing. This can lead to
excessive bearing loads and self-repositioning of the impeller within
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the casing. Though there exist some previous data on these static
forces and their dependence on flow rate and pump speed (Ref.
3,11,15), the data from the ©present program has identified the
dependence on collector geometry (Ref. 6,7,8,14) and other factors
such as the effect of cavitation (Ref. 13). Furthermore theoretical
models have been developed (Ref. 1,2,21,22) which yield fairly
accurate design—stage prediction of these forces.

The second practical problem arises because of the unsteady fluid
forces which develop as a2 result of a whirl motion superimposed on the
normal shaft rotation. The net result are fluid forces which can act
on the impeller shaft to promote rotordynamic instability and thereby
limit the safe operational speed of the pump (eg. Ref. 12). Similar
fluid dynamical effects can arise in the turbomachinery seals (eg.
Ref. 9) and new insights into this problem have resulted from the work
of Professor Dara Childs. One of the characteristies of these fluid-
induced rotordynamic problems is that they often lead to sub-
synchronous whirl and hence the need to explore the full range of the
ratio of whirl frequency to rotational frequency in the present
experimental investigations. In both the high pressure hydrogen and
oxygen pumps of the SSME these fluid-induced effects are important in
determining the operationzl envelope. It should however be added that
as a result of the SSME sponsored research it is now recognized that

similar problems arise the context of other, less esoteric pumps (eg.
boiler-feed pumps, Ref. 4).

Experimental measurement of the radial forces and rotordynamic
coefficients forms the central core of the current research program.
Even in the absence of cavitation the flows themselves are so
complicated that they are beyond current computational or accurate
analytical prediction; they involve unsteady turbulent flows in
complex geometries. Approximate analytical models can be and have
been developed (eg. Ref. 1,2) but these must be guided by the experi-
mental observations. Thus we begin this review by & description of

the facility constructed at Caltech and named the' Rotor Force Test
Facility.

However, a few notes on the notation are appropriate first.
Instantaneous forces in the 1laboratory frame are decomposed into
forces F, F_ in the x,y directions shown in figure 1. Like all other
forces é%ese are non-dimensionalized using prn v r b2 where p is the
fluid density, « the rotational frequency (radian freguency) =&end r
and b2 are the radius and width of the impeller discharge.
Coordinates x Yy are nor—dimensionzlized using the discharge radius,
r,. are the time-averaged mean of F_, T, and therefore
represeng the gteaay component of the radial forces. Ih the experi-
ments a circular whirl motior is superimposed on the impeller. This
has & radius, ¢, of 0.126 cn and radian frequency, £ (figure 1). The
instantaneous forces normal and tangential to the direction of whirl
motion are denoted by F, and F, as shown. It follows that a2 positive

Fm during forward whirl (positive Q) implies 2 whirl-exciting
hydrodynamlc effect.
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The nomrdimensionalized instantaneous forces F_ and F,
decomposed into their steady and unsteady parts as ?ollows{
Fy Fox 1 X Fox .

Py T Ty tr, [aly = Foy *or [A(Q/0)] o3ip ¢

where the second form is specific to the circular whirl orbits used in
the present experiments and [A] is the hydrodynamically-induced
rotordynamic force matrix. Note that this must be a function of the
frequency ratio, £/w, as well as the mean operating condition of the
pump given by the flow coefficient, ¢ = (Volume Flow Rate)/ 2nr b, w,
The conventional approach of the rotordynamicist is to represent this
dependence on /¢ by subdividing the matrix into .components whieh
depend on orbi% ppsition (x,y), on orbit velocity (x, y) and on orbit
acceleration (x, y) where dots denote differentiation with respect to
time. The common notation is

are also

cos Ot (1)

Fx Fox x X X (2)
F = r - [M] ee [C] . - [K] y
Yy oy y Yy

where, here, the differentiation is with respect to dimensionless
time, wt. The matrices [M1, [cl and [K] are then the

hydrodynamically-induced mass, damping and stiffness matrices. It
follows that

2
_ £ o
Axx"'Kxx'mny+ 2Mxx

Xy Xy 7w XX Xy
2
) o<
L =-f._ -2 M
¥x Kyx =0 “yy * L2 X
A = =K +-(-2»C -+ Lz M (3)
vy vy v yx 2 yy

[

However it should be clearly understood that there is no reason +to
believe, & priori, that the hydrodynamic [A] matrix should have such &
convenient gquadratic dependence on Q/w. Indeed, some of the results
clearly deviate from this in & way which suggests a substantial cubic

term which, consistent with dynamic practice, we shall denote by =z
"jerk” matrix, [J].

Finally note that the above definitions imply
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(4)

Xy yx
and since virtually all the experimentally measured [A] matrices are
skew—symmetric with F and F - discussion of the

results can confined to tgé phybgcally 1nter59%taﬁ&e FN and FT.

2. FHotor Force Test Facility

The site of the facility is a pump test loop using water which
contains systems for water quality contirol (temperature, air content),
and for pressure and flow rate control and measurement as well as data
acquisition systems. Since this facility has been described elsewhere
(Ref. 6,16,5) we concentrate on the Kotor Force Test Facility (RFTF)
installed within it and shown in figure 2. For a complete description
of the RFTF the reader is referred to references 6,16,8,5. Briefly
the RFTF consists of a housing (1) which can accommodate a range of
different combinations of pump impellers (5) and collectors
(volutes) (2). The flow to the inlet (3,4) is well—-prepared, having a
guite uniform velocity distribution and low turbulence without any
swirl. The experimental objective was to impose well-controlled rota-
tion and whirl motions on & very stiff impeller/shaft system and to
directly measure the resulting fluid forces on the impeller. Thus we
carry out a forced vibration experiment in order to study a specific
aspect of a free vibration problem. The prescribed motions are pro—
duced as follows. The normal rotationel motion is driven by a 20 HP
DC motor through the main pump shaft (9). This rotates in a double
bearing cartridge (7,8,11) in which <the outer bearings are set
ececentric to the the dinner Dbearings. Hence rotation of the
intermediate cartridge by means of a 2 BP DC *whirl"” moter rotating
the sprocket (9) +through a chain drive produces the superimposed
circular whirl motion. Flexibility in the main motor shaft permits
this added motion. L1l of the experiments desecribed herein use a
whirl motion with a2 radius of 0.126 cm. The meximum speed of the

main shaft 4is about 3600 rpm; that of the whirl motion is about 2500
rpm.

Both the main motor and the whirl motor are position and velocity
controlled using optical encoders mounted to each shaft. This complex
control system which is erucizl to the success of the experiments
operates as follows. & single, low fregquency signal (frequency, w/J
where J is an integer) drives the entire system. Two frequency
multipliers produce signals with freguencies o ant¢ Iw/J where I is &
second integer. The main motor is driven with position feedback
control by the frequency, w, which determines the pump speed. The
whirl motor is similarly driven by the freguency, &= JIe/J, which
becomes the whirl speed. Separate indices generated by the optical
encoders ensure precise knowledge and control of the positioms of the
two motions the combination of which repeats at the basic frequency,
w/J. Botk I and J are preset by thumb~wheel switches and therefore
predetermine the important frequency ratio. This entire control
system is also integrated into the datea acguisition system which sam—
ples over at least one complete w/J cycle.
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Forces on the impellers have been measured in several ways. In
the early experiments, only steady forces were measured by means of an
"external balance’” (Ref. 6,8) which required suspending the entire
bearing cartridge on flexures. Forces were then measured in the nomr
rotating laboratory frame by strain-gauged elements. This
straightforvard procedure allowed the measurement (Ref. 6,8) of steady
radial forces and hydrodynamic stiffness matrices, [K], and permitted
educated design of the more complex "intermal balance”. Clearly the
dynamic response 6f the external balance was severely limited Dbecause
of the large suspended mass, Subsequently an "internal rotating bali-
ance” was fabricated; this is mounted oh the main shaft immediately
behind the impeller and directly measures the forces on the impeller
((6), figure 2). The four-post design of this internal balance
involves 28 strain gauge bridges which measure all six force
components., It has a flat frequency response up to about 150 RBz. The
signals are lead through slip-rings to the date acquisition system.
This dinternsl balance permitted measurement of the complete
rotordynamic matrix, [A], due to the impeller fluic forces. While the
external balance could be calibrated using cables, pulleys and weights
(Ref. 6) the internal balance reguired additional, more complex
procedures in order to take into account dynamic calibration effectis
and tare forces (see Ref. 16,17). In summary ezch data point reguired
four measurements at the same set of speeds namely (i) the forces when
the impellier is running in water at the desired Tlow coefficient (ii)
the forces when run in air (iii) the forces ir water with the impeller
removed and (iv) the forces in ailr with the impeller removed. The
required hydrodynamic forces are then assessed from (i1)-(ii)-
(i2i)+(iv) {(see Ref. 16).

We should note that measurements have &lso been made of the
circumferential pressure distributions in the flow leaving the
impellier and in the leakage passage between the impeller shroud and
the casing. Integration of these pressure distributions yielded
radial forces acting on the impeller discharge and on the shroud.
However, Dbecause of the very limlted dynmamic response of the manome-
ters used for these pressure measurements, only steady radial forces
and hydrodynamic stiffness matrices could be obtained by this means.
The purpose of these pressure measurements was to try to locate the
source of the hydrodynamic effects.

Finally it is important to comment on the impeller seal and the
leakage flow. The discharge 1= partially sealed from the inlet by
means of z face seal. During all measurements this seal is backed off
to some desired clearance (ususlly 0.13 mm. bui varied to determine
its effect) to avoid interference with the force measurements. Thus,
all tests involve & leakage flow back frowm the discharge to the inlet
between the impeller shroud and the casing. The results will indiczte

that both this leakage flow and the mzin dimpeller through-flow
contribute to the rotordynamic coefficients.
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3. Impellers and Veolutes

Many of the resulis presented here were obtained with a five
bladed centrifugel pump inmpeller made andé donated by Byron Jackson
Pump Division, Borg Warner Industrial Products. This bronze impeller
has a discharge diameter of 16.2 cm, 2 discharge blade angle of 23
deg., and a design specific speed of 0.57; it is designated Impeller X
(see Ref. 1,2,6,8,16). & solid dummy impeller, Impeller S, having the
same external profile as Impeller X as alsoc tested. L second
centrifugal impeller, Impeller Y had six blades and a discharge blade
angle of 30 degrees. Tests were also performed with a purely radial
centrifugal impeller whose front and back shrouds were flat disks; the

purpose was to add to information on the effect of the fluid forces on
the outside of the front shroud.

The high pressure liguid oxygen pump in the SSME has back-to-back
impellers; Rocketdyne Division, Rockwell Internationsl and NASL pro—
vided us with one half of a prototype impeller (referred to as
Impeller R). After necessary <{rimming to a discharge of 16.7€6 cnm
(from 17.4 cm) this impeller was also tested in the RFTF. It should
be nmnoted that this impeller incorporates an axial inducer which
affects the results. OSome tests have also been performed with a sim
ple 9 degree helical inducer running zlone.

In various combinations these impellers were tested with a
spectrum of volutes and collectors as follows:

a. Volute A, a single exit, spiral volute with a base circle diame-
ter of 18.3 om, & spiral angle of 4 degree and designec to be
well matched to Impeller X at & flow coefficient of 0.052, This
combination of Impeller X and Volute & provides the central case
with which other combinations are comparec. (Kef. €6,8,1,2)

b. Volute B, an circular volute of uniferm cross-sectionzl aresz.
(Ref. 6,8)

¢. Volute C, a spiral volute, smaller than Volute A with about one
half of the cross-sectionzl arez at the cutwater. (Ref. 1,2)

¢. Volute E, made by Kocketdyne, z 17-vaned diffuser volute similear
to that of the HPOTP, (Ref. 18)

€. Volutes D,F,G,H, & spiral volute capable of being fitted with
various kinds of diffuser vanes. Volute D is the vaneless desig-
nation. (Ref. 16)

Not a1l of the possible combinafions of impellers and volutes were
tested. Neither will +the present paper attempt to summarize all of
the datz obtzined. Rather we present & cross-section of results
designed to illustrate verious phenomens.
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4. Steady Radial Forces

Typical steady compenents of the radial forces for the Impeller
X, Volute A combination as obtained using the external balance are
shown in figure 3 (Hef. 8). These results are quite consistent with
the previous measurements of Agostinelli, Nobles and Mockridge (Ref.3)
and Iverson, Rolling and Carlson (Ref. 15). As anticipated in the
non—-dimensionalization, the forces do indeed scale with the square of
the impeller speed. Furthermore the design objective that Volute 4 be
"matched” to Impeller X 1s born out by the fact that the force
approaches zero at the design flow coefficient of 0.092. Figure 4
illustrates the dependence on volute geometry by comparing the
magnitude of the radial force for Volutes A and B. Hypothetically the
circular Volute B would only be well matched at zero flow; note that
the results do exhibit the minimum radial force at shut off. Theoret-
ical results due to Domm and Hergt (Ref. 11) and Colding~Jorgensen
(Ref. 10) are also shown in figure 2 and yield fair estimates of the
forces. However these theories, being based on the modelling of an

impeller by & source-voriex and using potential flow, are of limited
applicability.

Typical pressure distributions for the Impeller X discharge flow
into Volute A are shown in figure 5; for more detail on the variation
of the pressure distribution with £flow rate and wvolute shape the
reader is referred to Ref. 1,6. Also shown in this graph are theoret-
ical predictions based on guided flow through the impeller and a one-
dimensional treatment of the volute (RKef. 1,2). This same theory was
extended to calculations of the rotordynamic coefficients (see below).
Integration of the experimental pressure distributions yielded radial
forces in good agreement with the internal balance measurement as
shown in figure 6 (Ref. 1,2). Hence the conclusion that it is

rimarily the nor-uniformity in the pressure &and not the nor-

uniformity in the momentum flux which gives rise to the radial force.
This was confirmed by the theoretical results whose agreement with the
experiments is demonstrated in figure 6.

With respect to the leakage flow outside the front shroud it
should be noted that two separate sets of experiments were conducted
(Ref. 1,2). &£ set of additionzl rings were installed as protrusions
from the volute in order to effect greater isolation of the impeller
discharge from the fluid filled "cavity"” between the front shroud and
the casing; the axial clearance between the rings and the impeller was
0.12 mm (kef. 1,2). In the absence of these rings measurements in the
cavity indicated that the pressure distributions on the outside of the
front shroud were significantly effected by the gasymmetry in the
impeller discharge pressures. And thus the fluid in this region
contributed significantly to the radial force. The data of figures 3
anc 4 were obtained without the rings. On the other hand installation

f the rings increase the isolation of the cavity from the discharge
pressure asymmetries and¢ then the contribution of the "cavity” pres-
sure to the radizl force is small. However this does not decrease the
radial force because the leakage flow tends to smooth out asymmetiries
in the discharge pressure. Hence restriction of the leakage &lso
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amplifies the radial force on the impeller discharge. The data of
figures 5 and 6 was obtained with the rings installed. In summary,
the primary contribution to the radial force is the asymmetry in the
impeller discharge pressure distribution. However the pressure on the
ocutside of the front shroud may also contribute 4if there is no
restriction at the discharge end of this flow path. Counteracting

this effect d4s the fact that increased leakage flow tends to smooth
out the discharge pressure asymmetry.

Diffuser vanes of the typical low solidity appear to have
relatively 1little qualitative effect on the radial force which is
primarily due to the volute asymmetry. For example the radial force

due to Impeller X in Volute E were similar to those in Volute A& (Ref.
18).

On the other hand cavitation can cause major changes in the
radial force magnitude and direction (Ref. 13). The cavitation
performance of the Impeller X/Volute A combination 1s shown in the
upper part of figure 7 for three different flow coefficients; note the
head breakdown for cavitation numbers, o, in the range 0.2 to 0.3.
The corresponding changes in the magnitude and direction of the radial
force are shown in the lower part of Cfigure 7. Note that these
changes only occur at cavitation numbers for which there is a
significant change in pump head. Since pumps operating near breakdown
often exhibit substantial head fluctuations it follows that the radial
forces under these circumstance may also fluctuate, resulting in
substantial fluctuations in the bearing loads.

5. Hvdrodvnamicallv-Induced Rotordynamic Motion

Figure 8 presents typical values of the four [A] matrix elements
as functions of the frequency ratio, 2/e; this for Impeller X/Volute &
at 1000 rpm and the design flow coefficient of 0.092. This
demonstrates the ubiouitous skew-symmetric characteristic of the
results in whieh Ax FT, Ayx Aoy This skew—-symmetry
indicates that the hydfgdynamlc effeé%é wgich give rise tec these
forces are essentially rotationzlly symmetric. Since this was true of
all the results presented we may confine our presentation to F,, and F
which are more readily visuzlized. Figure 9 presents date for F, and

Fp at different shaft speeds and confirms the scaling of the forces
with speec¢ implicit in the nor-dimensionzlization.

The most significant feature of these results is the existence of
an interval of freguency ratio in which F, is in the same direciion as
the whirl motion and the fluid force promotes whirl. In figure 9 this
interval is 0<Q/w < 0.4. As the flow coefficient is decreased below
the design value, FN and ¥ change but only by modest amounts (Ref.
16,17). Nevertheless the upper limit of this interval increases with
decreasing ®, becoming about 0.6 at ® = 0.06 (Ref. 17). With Impeller
L, the E‘“ FT characteristics were similar with all the volutes tested
1nc“ud1ng those with diffuser vanes. Table I presents & summary of
the hydrodynamic stiffness, damping and mass matrices obtazined by fit-
ting quadratics to the functions A(2/w). Only when the volute was
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removed (Volute N) or when the dummy Impeller S was used were there

Wity CilT =2

substantial qualitative changes in [K]l, [C] and [M].

In addition to the direct force measurements, stiffness matrices,
[K], could be obtzined from discharge pressure distributions measured
with the impeller placed at fowr different locations around the whirl
orbit. Figure 10 presents typically differences in these pressure
distributions for two such impeller locations (Ref. 1,2). Also shown
are the +theoretical distributions. Despite the differences between
the experimental and theoretical data the shift in  the distributions
due to the c¢hange in impeller location are similar. Distributions
like these lead to the typical stiffness matrices shown in figure 11
where direct measurements, integrated pressure data and theory are
compared. Note that the direct measurements are substantially larger
in magnitude than either the integrated discharge pressure or the
theoretical results for the flow through the impeller. The same is
true of the results in figure 11. We tentatively conclude that the
leakage flow effects on the impeller shroud contribute significantly
to the rotordynamic coefficients. Returning to figure 10 we note that
the Adkins and Brennen theory agrees fairly well with the experimental
integrated pressure results. Colding-Jorgensen's theory predicts
diagonal terms of the right order but produces cross-coupling terms
which are too small. Adkins and Brennen theoretical values for the
complete [A] matrix are compared in figure 12 (for ®=0.092) with
direct measurements. Note that the form of the variation with
frequency ratio is in agreement with the experiments and it is quite

possible that the discrepancy can be attributed to leakage flow
effects.

As with the steady radial forces, cavitation sufficient to cause
head degradation =also causes substantial changes in the rotordynamic
coefficients. Ref. 13 presents this result for the stiffness, [K], as
¢ function of cavitation number. The diagonal terms decrease by as
much as & factor of two when breakdown occurs; on the other hand the
of f-~diagonal terms increase by z smaller factor.

The SSME HPOTP Impeller R has yielded preliminary rotordynamic
coefficients whose form is illustrated by figure 13 (Ref. 14). Most
significant is the additional peak in F, a2t frequency ratios of the
order of 0.3 = 0.4, This feature, whith enlarges the frequency ratio
interval in which the hydrodynamic forces are destabilizing, is
believed to be caused by forces on the unshrouded inducer.
Preliminary measurements on induces tested without an impeller has
indicated similar peaks in FT.

€. Concluding Remarks

The research described in this paper has investigated two
important consequences of the radial forces exerted on & pump by the
fluid. Steady radial forces which can cause large bearing loads
result from rotational asymmetry in the flow due to asymmetry in the
volute {(or inlet flow through this aspect has not been investigated).
Tnese forces are shown. to be the result of noruniformity in the
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impeller discharge pressure distribution. A theoretical model has
been developed which yields good agreement with the experimental meas—
urements. Further experiments to investigate the effects of cavita-
tion, show that degradation in pump head leads to corresponding
changes in the magnitude and direction of the steady radial forces.

The second phenomena examined are the hydrodynamic contributions
to the rotordynamic coefficients for the impeller. It is shown that
there exists a range of subsynchrous whirl frequencies for which the
hydordynamic forces promote whirl. This range increases as the flow
rate is reduced below the design value. Data for the hydrodynamic
stiffness, damping and mass matrices are presented for various
impeller/volute combinations. The evidence suggests that both the
main flow through the 1mpeller and the leakage flow Dback from
discharge to inlet outside of the front shroud contribute to these
hydrodynamic coef'ficients. The theoretical model for the main
impeller flow yields values which are smaller than the experimental
data; further theoretical and experimental work on the leakage Tlow
may elucidate the situation. Finally it is observed that either the
addition of an inducer or the presence of cavitation can substantially
effect these hydrodynamically-induced rotordynamic coefficients.
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