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In recent years, increasing attention has been given to fluid-structure interaction
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problems in turbomachines. The present research focuses on just one such fluid-

Structure interaction problem, namely, the role played by fluid forces in determining
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the rotordynamic stability and characteristics of a centrifugal pump. The emphasis
of this study is to investigate the contributions to the rotordynamic forces from the

discharge-to-suction leakage flows between the front shroud of the rotating impeller
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and the stationary pump casing. An experiment was designed to measure the ro-
tordynamic shroud forces due to simulated leakage flows for different parameters
such as flow rate, shroud clearance, face-seal clearance and eccentricity. The data

demonstrate substantial rotordynamic effects and a destabilizing tangential force
Jor small positive whirl frequency ratios; this force decreased with increasing flow
rate. The rotordynamic forces appear to be inversely proportional to the clearance
and change significantly with the flow rate. Two sets of data taken at different
eccentricities yielded quite similar nondimensional rotordynamic forces indicating
that the experiments lie within the linear regime of eccentricity.

1 Introduction

In turbomachinery, the trend toward higher speeds and
higher power densities has led to an increase in the number
and variety of fluid-structure interaction problems in pumps,
compressors, turbines and other machines. This occurs because
the typical fluid forces scale like the square of the speed and
thus become increasingly important relative to the structural
strength. This becomes particularly acute in rocket engine
turbopumps where demands to minimize the turbopump mass
may also lead to reductions in the structural strength. Con-
sequently designers and manufacturers are concerned with the
fluid-induced rotordynamic forces on impellers in turboma-
chines. Knowledge of the steady and unsteady forces and the
associated rotordynamic coefficients is required to effectively
model the rotordynamics of high speed turbomachines.

2 Background

Rotordynamic forces imposed on a centrifugal pump by the
fluid flow through it were first measured by Domm and Hergt
(1970), Hergt and Krieger (1969-70), Chamieh et al. (1985)
and Jery et al. (1985). In the Rotor Force Test Facility (RFTF)
at Caltech (Jery et al., 1985; Adkins et al., 1988; Franz et al.,
1989) known whirl motions over a full range of frequencies
(subsynchronous, supersynchronous as well as reverse whirl)
are superimposed on the normal motion of an impeller.
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The hydrodynamic force on a rotating shroud or impeller
(see Fig. 1) which is whirling can be expressed in the stationary
laboratory frame in linear form as:

*(®)
] 1

Fx(t F: x
F3 (@) F3, y*(@)
The first term on the right-hand side represents the radial
force in the absence of whirl motion, so that F},, F, are the

steady, time-averaged forces in a stationary frame which result
from flow asymmetries in the volute or the inlet duct. These
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Fig.1 Schematic of the fluid-induced radlal forces acting on an impeller
whlrlmg in a circular orbit. F; and F; represent the instantaneous forces
in the stationary laboratory frame. F' and F; are the forces normal and
tangential to the whirl orbit where @ is the whirl frequency.
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steady radial forces are discussed in detail elsewhere (Iverson
et al., 1960; Domm and Hergt, 1970; Chamieh, 1983; Chamieh
et al., 1985; Adkins, 1986). The matrix {A4 *] is the rotordy-
namic matrix which operates on the instantaneous displace-
ment [x*] of the rotor center. Note that |4 *] will in general
be a function not only of the mean flow conditions and pump
geometry but also of the frequency of whirl, Q. If outside the
linear range, it may also be a function of the amplitude of the
whirl motion, e. At small, linear amplitudes [ A *] should be
independent of ¢ and presented as a function of the whirl
frequency ratio, Q/w. In the case of a circular whirl orbit
x*=ecos M, y*=esin {¢. Then the forces normal and tan-
gential to the imposed circular whirl orbit are related to the
matrix elements as follows:

1
Fait)=7 (A%+Aj))e
2

1
Frt)=5 (—Aj+Aje @

The reader is referred to Jery et al. (1985) and Franz et al.
(1989) for details. In the analysis which follow, the above
equations will be expressed in nondimensional terms. If, in
addition, [A4] is to be rotationally invariant, then

An=A,,=F,

Axy'—‘ _Ayx=Ft 3)

The experimental investigation of Jery et al. (1985) and the
fluid mechanical model of Adkins et al. (1988) for centrifugal
pump impellers demonstrated that there are two sources for
these fluid-induced forces. It was recognized that contributions
to the rotordynamic forces could arise not only from azimu-
thally nonuniform pressures in the discharge flow acting on
the impeller discharge area but also from similar nonuniform
pressures acting on the exterior of the impeller front shroud
as a result of the leakage flow passing between this shroud
and the pump casing. The tentative conclusion was that the
leakage flow contribution to the normal force was about 70
percent of the total and the contribution to the tangential force
was about 30 percent of the total. These substantial contri-

Nomenclature -

butions of the leakage flow to rotordynamic forces motivated
this study.

There are several other indications which suggest the im-
portance of leakage flows to the fluid-induced rotordynamic
forces. It is striking that the total rotordynamic forces meas-
ured by Bolleter et al. (1987) from Sulzer Brothers, Ltd., for
a conventional centrifugal pump configuration are about twice
the magnitude of those measured by Jery (1986) or Adkins
(1986) at Caltech. Both test programs used a radial face seal
to minimize the forces which would be developed by the wear-
ring seals. So the measured hydrodynamic forces are due to a
combination of the impeller-volute and the impeller-shroud
interaction. It now seems sensible to suggest that this difference
is due to the fact that the clearance in Bolleter’s leakage flow
annulus is substantially smaller than that in the experiments
of Jery (1986) and Adkins (1986).

Subsequently, Childs (1989) adapted the bulk-flow model
which was developed for the analysis of fluid-induced forces
in seals to evaluate the rotordynamic forces due to these leakage
flows. The magnitude and overall form of the model predic-
tions are consistent with the experimental data. In particular,
the model also predicts positive, rotordynamically destabilizing
tangential forces over a range of positive whirl ratios. However,

. Childs’ theory yielded some unusual results including peaks in

the rotordynamic forces at particular positive whirl ratios. It
is clear that a detailed comparison of model predictions with
experimental measurement remains to be made and is one of

"the purposes of the present program.

3 Leakage Flow Test Apparatus

A detailed description of the test facility, can be found in
many of the references (Chamieh, 1983; Adkins, 1986; Jery,
1986; Arndt, 1988; Franz, 1989), so only a brief description
will be given here. The experiments were conducted in the Rotor
Force Test Facility (RFTF), which was constructed to study
fluid induced forces on an impeller whirling around the ma-
chine axis of rotation. The experimental objective was to im-
pose well-controlled rotational and whirl motions on a very
stiff impeller/shaft system and to measure directly the resulting
force on the impeller. This is accomplished by an eccentric

Fq(1),Ff (1)

[A*] = rotordynamic matrix
[A] = rotordynamic matrix
normalized by

pwaRgL

Fr(2),F (1)

C,c = rotordynamic damp-
ing coefficients nor-
malized by prwR3L H =
F*(t) = hydrodynamic forces
F(t) = hydrodynamic forces
: normalized by K.k =
o R3Le/R,
F%(t),F; (t) = lateral forces on the

rotating shroud in
the stationary labo- L =
ratory frame

F.(¢),F,(t) = lateral forces on M,m =
- the rotating shroud
in the stationary
laboratory frame Q=
normalized by R =
pwszgLe/Rz Re, =
F.,F;, = steady hydrody-
namic forces Re, =
F,x,F,, = steady hydrody-
namic forces nor-
malized by pre’R3L t =
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unsteady hydrody- Xx*(¢) = instantaneous dis-
namic forces placement in the x
unsteady hydro- direction normalized
dynamic forces by the leakage inlet
normalized by radius, R,
pTw*R3Le/R, y*(t) = instantaneous dis-
shroud clearance be- placement in the y
tween rotor and cas- direction normalized
ing by the leakage inlet
rotordynamic stiff- radius, R,

ness coefficients & = offset or distance
normalized by between the center
pma’R3L —.-of the whirl orbit
axial length of the and the center of the
shroud stationary casing
rotordynamic iner- e = eccentricity or radius
tial coefficients nor- of the whirl motion
malized by p7RAL v '= dynamic viscosity of
volume flow rate the fluid

shroud radius p = density of the fluid
axial flow Reynolds ¢ = flow coefficient,
number, 2HU,/» 0/2xR3Hw
Reynolds number o = radian frequency of
based on tip speed, rotor rotation
wR/v Q = radian frequency of
time whirl motion
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Fig. 3 Schematic of the whirling shroud where S is the center of the
stationary casing, R is the center of the rotating shroud, W is the center
of the whirl orbit along which R travels, WR=¢ is the eccentricity and
WS =éis the offset

drive mechanism which superposes a circular orbit on the basic
rotation. The shroud is mounted on a spindle attached to the
rotating force balance (Jery et al., 1985; Franz et al., 1989),
which measures the forces directly on the shroud. The exper-
imental apparatus sketched in Fig. 2 was designed and con-
structed to simulate the leakage flow along the shroud from
the impeller discharge to the impeller inlet (Zhuang, 1989;
Guinzburg et al., 1990). The clearance between the rotating
shroud and the stationary casing can be varied by both axial
and radial adjustment of the stationary casing. For the present
experiment, the initial geometric configuration consists of a
straight annular gap inclined at an angle of 45 deg to the axis
of rotation. The schematic in Fig. 3 shows the clearance in the
centered position when the centers of the shroud and the casing
both coincide. In order to model losses in the flow, an ad-
justable face seal was used (refer to Fig. 2). In the present
experiment, the face seal clearance permits the pressure drop
to be adjusted separately from the flowrate.

The flow through the leakage path is generated by an aux-
iliary pump and the selection of the flow rates through the
leakage path was based on performance characteristics of a
typical centrifugal pump. The shroud can be driven at speeds
up to 3500 rpm and a circular whirl motion with a frequency
up to 1800 rpm can be superimposed on the basic rotation.
The eccentric drive mechanism permits testing with the am-
plitude of the whirl motion or eccentricity, ¢ adjustable from
0.000 cm to 0.152 cm. The distance from the center of the
whirl orbit to the center of the casing, termed the fixed offset,
& is also variable. So concentric and nonconcentric circular
whirl orbits could be investigated. However, the present ex-
periments are confined to the case of zero offset. Further details

of the experimental equipment can be found in Guinzburg
(1992).
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The results from these experiments will be presented non-
dimensionally by dividing the forces by pww’R3Le/R,. In most
pumps L, the axial length of the leakage path and the impeller
discharge width are comparable and hence, the dimensionless
data from the leakage flow tests may be qualitatively compared
with that from the impeller tests.

4 Experimental Results for Rotordynamic Forces

Typical experimental measurements of the dimensionless
normal and tangential forces, F, and F,, will be presented in
this section. The fluid medium in which the experiments were
conducted was water. The rotordynamic results from the force
balance measurements were obtained for different rotating
speeds of 500, 1000, 2000 rpm, different leakage flow rates
(zero to 50 gpm), three different clearances, H, and two ec-
centricities, e. Another parameter which has an effect on the
results is the swirl velocity at the inlet to the leakage flow. The
present paper will be confined to a presentation of the results
for zero inlet swirl, since the effect of swirl is dealt with in
another paper (Guinzburg et al., 1992). The range of rotational
Reynolds numbers was 462 x 10°-1851 x 10° and the range of
axial flow Reynolds numbers was 2136-8546. While the ro-
tational Reynolds numbers for the experimental flows are
clearly in the developed turbulent regime, it is possible that
the axial flow Reynolds numbers were too small to manifest
the kind of resonances predicted by Childs.

The components of the generalized hydrodynamic force ma-
trix that result when the impeller whirls in an eccentric orbit
of 0.0254 cm, at 1000 rpm, and a clearance of 0.140 cm are
shown in Fig. 4. Note that the general form and magnitude
of the data is very similar to that obtained for impellers by
Jery (1986) and Adkins (1986) and to that from Childs’ model
in the absence of the ““resonance.’’ One of the most significant
features of these results is the range of positive whirl frequency
ratios within which the tangential force is positive and therefore
potentially destabilizing rotordynamically. Note also that a
positive normal force is directed outward and would tend to
increase the displacement of the impeller. The parabolic shape
of the normal force curve results from the added mass of the
fluid.

Since the data of Figs. 4 and 5 were obtained under con-
ditions which were the same except for the magnitude of the
eccentricity, e it is reassuring to note the similarity between
the two sets of data. Evidently these experiments lie within the
linear regime of small eccentricities (note that the assumption
of linearity was implicit in Eq. (1)). Other experiments were
performed for the same conditions as Figs. 4 and 5 except that
the rotor speeds are 500 rpm and 2000 rpm with satisfactory
agreement (Guinzburg, 1992). It is somewhat startling to find
that the linear regime extends up to and beyond the point
where the eccentricity is 60 percent of the clearance.

In Figs. 4 and 5, the effect of flow rate on the normal force
is clearer than its effect on the tangential force. Clearly the
Bernoulli effect on the normal force increases with increasing
flow at both positive and negative whirl frequency ratios. It
would also appear that the positive tangential forces at small
positive whirl frequency ratios are smallest at the highest flow
rate and therefore increasing the flow is marginally stabilizing.
From experiments performed with different clearances, the
forces are roughly inversely proportional to the clearance
(Guinzburg, 1992). For the same eccentricity and two different
clearances, the smaller clearance generates larger perturbations
in the flow which accentuates the acceleration in the fluid and
increases the pressure differences.

It is interesting to compare the magnitudes of the forces with
previous resulis obtained for a real centrifugal impeller in the
same facility. The data presented by Franz et al. (1989) for a
Byron Jackson centrifugal pump were obtained with an eccen-
tricity of 1.25 mm which is significantly larger than the present
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Fig.. 4 Dimensionless normal and tangential forces normalized by
prw’R3LeIR, at 1000 rpm, for an eccentricity ¢=0.0254 cm, a clearance
H=0.140 cm, ofiset 6 = 0 and different flow rates as follows: 0 l/s (¢ = 0),
0.631 i/s (¢ =0.078), 1.262 lIs (¢ = 0.156), 1.892 l/s (¢ = 0.234). Uncertainty
expressed as a standard deviation: F,, F;+0.05.

value of 0.254 mm. Thus, it is appropriate to compare the
“stiffnesses’” F'}/e and F}/e rather than the forces themselves.
At zero whirl frequency ratio the present data for a clearance
of 1.40 mm (or 4.24 mm), yields values of 2.8 KN/m (or 0.46
KN/m) and 7.6 KN/m (or 1.88 KN/m) respectively compared
t0 6.8 KN/m and 2.28 KN/m for the data of Franz et al. (1989).
Though the geometries of the leakage pathways are quite dif-
ferent this still suggests that the contribution of the shroud
leakage flow to the rotordynamic forces is substantial.

The Reynolds number effect is investigated by examining
the results of experiments which were identical except that the
velocities (rotational, whirl and flowrate) were all increased or
decreased by the same factor (Guinzburg, 1992). Hence, for
example, the flow coefficients were identical. It was found that
the coefficients do not change substantially as Reynolds num-
ber Re,, = wR%/v increases. In the earlier work of Zhuang (1989),
the normal and tangential forces were seen to decrease slightly
as the Reynolds number increased. Those experiments were
performed for no flow conditions. The present finding is con-
sistent with the measurements of Jery (1987) on a centrifugal
pump which were not affected by the Reynolds number.

5 Rotordynamic Coefficients

Conventionally, rotordynamics represent the force matrix
by subdividing into components which depend on the orbit
position (x,y), the orbit velocity (x,y) and the orbit accel-
eration (X, ). It is convenient for analytical purposes to eval-
uate these components by fitting quadratics to the experimental
data. Though the functional dependence of F, on the whirl
frequency ratio is not necessarily quadratic and that of F, is
not necessarily linear, it is nevertheless of value to the rotor-
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Fig. 5 Dimensionless normal and tangential forces normalized by
pmw?R3LelR, for zero inlet swirl at 1000 rpm, for an eccentricity ¢ =0.0118
cm, a clearance H=0.140 cm, offset =0 and different flow rates as
follows: 0 Iis (6=0), 0.631 lis (¢ =0.078), 1.262 lis (¢ =0.156), 1.892 lIs
(¢ =0.234). Uncertainty expressed as a standard deviation: F,, F,=0.05.

dynamicists to fit the data of the figures from the previous
section to the following expressions:

2
o))
w w
2
F,= +m(9> —c(9> +k ®)
w w

where M, C, c, K, k are the dimensionless direct added mass
(M), direct damping (C), cross-coupled damping (c), direct
stiffness (K) and cross-coupled stiffness (k). The cross-coupled
added mass (m) is omitted for simplicity, since a linear fit for
F, is adequate. From a stability point of view, the tangential
force is most interesting; a positive cross-coupled stiffness is
destabilizing because it drives the forward orbital motion of
the rotor. Positive direct damping and negative cross-coupled
stiffness are stabilizing because they oppose orbital motion.

6 Discussion of Results

The dimensionless rotordynamic coefficients, which were
obtained by curve fitting the present experimental data, are
presented in -graphical form in Fig. 6 for a wide range of
conditions; the coefficients are plotted against the flow coef-
ficient, ¢. Various effects such as speed, eccentricity and shroud
clearance are shown together in Fig. 6 in order that the global
effect on each coefficient with increasing leakage flow can be
seen. A large negative stiffness results in a positive normal
force which would tend to increase the radius of the orbital
motion; increasing the leakage flow increases this force. On
the other hand, a positive cross-coupled stiffness would result
in the flow being destabilizing because it drives the forward
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Fig.6 Rotordynamic coefficients for different experimental conditions
as a function of the flow coefficient

orbital motion of the rotor so as to encourage whirl. The
leakage flow is stabilizing in that the tangential force decreases
with leakage flow. However, direct damping decreases slightly
with flow, so the tangential force increases and the flow would
therefore be less stabilizing. Below a flow coefficient of 0.7,
direct damping is negative so the flow would encourage whirl.
At higher flow rates, direct damping begins to increase and
since this decreases the tangential force, the flow is stabilizing.
However, these flow rates are much higher than realistic leak-
age flow rates in centrifugal pumps. The effect of the coef-
ficients relating to the normal force is as follows. As the flow
increases, the cross-coupled damping decreases slightly and the
added mass term increases, thus contributing to a larger normal
force. In other words, inertial motion would discourage orbital
motion of the impeller but drive the impeller in the direction
of displacement. It is interesting to note that at higher flow
rates, the trend of the added mass changes.

In Fig. 6, the results for an eccentricity of 0.0254 cm and a
clearance of 0.140 cm (obtained for a range of shaft speeds
from 500 rpm to 2000 rpm) are seen to be independent of
speed. Similar results were obtained with the same clearance
but with a higher eccentricity of 0.118 cm (Guinzburg, 1992).
This is simply another demonstration that the nondimension-
alization of the forces with respect to speed is appropriate and
that the Reynolds number effects are small.

The effect of eccentricity can be seen in Fig. 6 by examining
the two sets of data (two different eccentricities) at 1000 rpm
and a clearance of 0.140 cm. Even when the shroud clearance
is of the same order of magnitude as the eccentricity, the results
are still in the linear regime. Thus the magnitude of the ec-
centricity has no effect on the rotordynamic coefficients pro-
vided the latter are properly normalized.

The effect of the clearance between the rotating shroud and
the stationary casing on the rotordynamic coefficients will next
be presented for a speed of 1000 rpm and three clearances:
0.140, 0.212, and 0.424 cm. As the clearance is decreased, the
stiffness and hence the normal force increases, which would
drive the motion into a larger orbit. As the cross-coupled
stiffness increases so does the tangential force and therefore
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the flow becomes more destabilizing. However, the direct
damping acts in competition with k, because it increases as the
clearance decreases. Rotordynamically speaking, the net effect
is that a smaller force is generated with a larger clearance. The
seal clearance also has an effect on the rotordynamic coeffi-
cients and this effect is presented in Fig. 7. In practice such a
change could occur as a result of wear. Indeed the adjustable
seal ring was used (Fig. 2) to model such effects. Measurements
were obtained for face seal clearances of 0.0254 cm, 0.051 cm
and 0.1016 cm. The larger seal clearance exhibits a smaller
normal force and the tangential force is larger, which therefore
decreases the range of destabilization. In other words, the range
of positive whirl frequency ratios for which the tangential force
is positive is decreased. The direct stiffness and the direct
damping change so as to decrease the normal force which is
in competition with the effect of the cross-coupled damping.
The tangential force increases as a result of the cross-coupled
stiffness, but the effect of the direct damping is not clear. So
it would seem that wear in the seal is rotordynamically de-
stabilizing.

7 Rotordynamic Stability

A convenient measure of rotordynamic stability is the ratio
of cross-coupled stiffness to direct damping k/C, known as
the whirl ratio. This provides an estimate of the whirl frequency
ratio at which the force would no longer be destabilizing.
Indeed, if the tangential force data lay exactly on a straight
line, it would be exactly that whirl frequency ratio which cor-
responded to zero tangential force. Thus, reducing k/C im-
proves the stability of the rotor system. As with the
rotordynamic coefficients, the whirl ratios obtained from the
present experiments are independent of rpm. Figure 8 also
shows that as the clearance is decreased for a given flow rate,
the whirl ratio increases. This is similar to the conclusion of
Hawkins and Childs (1988) who showed that, in annular seals,
decreasing the clearance increases the stability. The effect of
increasing the seal clearance, illustrated in Fig. 9, is to decrease
the whirl ratio.
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The whirl ratio from the results of Bolleter et al. (1989) gives
surprisingly different results from the present research. For
the total impeller, the whirl ratio is 1.4; for the seal the whirl
ratio is 0.85 and for the difference of these contributions, the
ratio is 2.26. The range for the results of the present experi-
ments is smaller (—0.12 to 0.45). The discrepancies can be
traced to differences in the cross-coupled stiffness and the
direct damping, both of which are substantially larger in Bol-
leter et al. (1989) than in the present experiments.

8 Conclusions

A review of the existing experimental and analytical results
shows that the discharge-to-suction leakage flow in a centrif-
ugal pump can contribute substantially to the fluid-induced
rotordynamic forces for that turbomachine. This motivated
the current experimental study of leakage flows between the
shroud and the stationary casing of a centrifugal pump and
their rotordynamic effects. Experimental results for simulated
leakage flows of rather simple geometry are presented for
different whirl frequencies, eccentricities, clearances and flow
rates. As with previous results for impellers, the forces scaled
with the square of the rotor speed. The functional dependence
on whirl frequency to rotating frequency ratio (termed the
whirl frequency ratio) is very similar to that measured in ex-
periments and to that predicted in the theoretical work of
Childs. ;

Two sets of results taken at different eccentricities yield quite
similar nondimensional rotordynamic forces indicating that
the experiments lie within a linear regime. The dimensionless
forces are found to be functions not only of the whirl frequency
ratio but also of the flow rate and of the clearance. A region

Journal of Fluids Engineering

of forward whirl for which the average tangential force is
destabilizing, was found. This region decreased with the flow
coefficient for the leakage flow. While the dependence on the
shroud clearance is not simple, it would appear that the di-
mensionless rotordynamic forces are roughly inversely pro-
portional to the clearance. The change with the discharge
resistance was somewhat more complicated. Finally, the tests
showed none of the ‘‘resonances’’ predicted by the bulk-flow
model proposed by Childs (1989).
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