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Abstract

The rotordynamic fluid forces acting on a closed type impeller in whirling motion were measured and the influence
of the clearance geometry on the stability of the impeller was examined. At small positive whirling speed, the
rotordynamic forces acted as destabilizing forces for all casings. A small clearance between the shroud of the impeller
and the casing caused large fluid force, but did not change the destabilizing region. Radial grooves in the clearance were
effective for reducing the fluid forces and destabilizing region due to the reduction of the circumferential velocity
without the deterioration of the pump performance. A rotating phenomenon like a rotating stall of the impeller occurred
at low flow rate and the resonance between it and the whirling motion led to a sudden increase in force at the whirling
speed ratio of 0.7.
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1. Introduction

In high speed turbomachines, the self-excited vibrations of the rotor can be encountered. These vibrations are associated with
the rotordynamic fluid forces, induced by the movement of the rotor. Once the overhung rotor exceeds a certain “critical speed”,
its movement becomes a combination of whirling and precession motions of increasing amplitude, resulting in flexural stresses
and possible contact with the stator. It is therefore common to perform a rotordynamic analysis during the development stage to
avoid these problems.

The rotordynamic behavior of closed type impellers has been widely studied in the past. However data on the influence of the
clearance between the shroud of the impeller and the casing and especially on the suppressing effect of grooves for whirling
motion remain scarce. Thus this study focuses on the measurement of the rotordynamic fluid forces acting on a closed type
impeller in whirling motion and the influence of the clearance geometry.

2. Experiment

The experimental facility was already described in previous papers by Yoshida et al. [1] or Suzuki et al. [2] so only a quick
overview will be presented here. Figure 1 shows both an overall view of the facility and a detailed view of the mechanism used to
impose whirling motion to the shaft. The shaft and impeller are driven by the main motor with a constant rotation speed w = 41.89
rad/s (400 rpm). The whirling motion Q is obtained by rotating the sleeve with a servo motor. The sleeve is supported by outer
bearings and supports the shaft by inner bearings with an eccentricity of e. In this study, the value of eccentricity is set constant at
&= 0.6 mm. The whirling speed ratio Q/w ranges from -1.2 to 1.2.

The fluid used in this experiment is water at room temperature. From the tank, the water is sucked in the inlet pipe before
passing through the impeller, the diffuser and the collector. Two outlet pipes bring back the fluid from the collector to the tank.
The flow rate is adjusted by opening or closing symmetrically the two butterfly valves located at the end of the outlet pipes.

Figure 2 displays the schematic of the pump cross-section with the grooved casing with a focus on the front face seal limiting
the leakage flow rate in the clearance between the shroud of the impeller and the casing. The gap % in the seal is about 0.4 mm.
The shape of the casing is designed so as to keep the clearance C constant. The size of this clearance can be modified by changing
the casing. Three casings corresponding to three different clearances were designed and used: C = Smm (reference), C = 2 mm,
C=5 mm with 7 radial grooves. The shape of the grooves can be seen in Figs. 2 and 3. The meridional locations of static and
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Fig. 4 Coordinate system

unsteady pressure taps are also shown in Fig.2 by 1-10 and A-G, respectively. The static pressure taps No.0 and 10 are at four
different circumferential positions and the pressures at same meridional positions are averaged. Two unsteady pressure taps are set
at different circumferential positions in each meridional position to detect the circumferential phase of unsteady phenomena.

The main specifications of the closed type impeller are described in Tablel. It can be noted that this impeller is the same
model as the open type used by Suzuki et al. [2] with a shroud. The diffuser used here is a vaneless diffuser.

The forces were measured using a 4-axis force sensor mounted directly at the back of the impeller. Figure 4 shows the
coordinate system used to define the forces. The coordinates (x,y) is attached to the rotating and whirling impeller. The coordinate
(n,?) is attached to the whirling motion. In this representation, it can be noticed that the fluid force tangential to the motion of the
impeller F, is destabilizing if it is in the same direction as the whirling motion, i.e. F; is destabilizing for F; > 0 for /o > 0 or F, <
0 for £/w < 0. The raw forces measured are the sum of the fluid forces but also the inertia forces of the impeller. To isolate the
fluid forces, the inertia forces were measured by running the impeller in the air and then subtracted to the output of the force
sensor. Finally, the resulting forces were normalized by the reference force Fy = pew’R,’bse.
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Fig. 6 Normal and tangential fluid forces for C=5mm

3. Results and Discussions

3.1 Performance Curve

Static pressure measurements for the performance curve were done with the impeller in eccentric position (¢ = 0.6 mm) and
with a small whirling speed (£2/w = 0.05) in order to reduce the effect of asymmetric positioning of the impeller after averaging
the recorded data. The inlet pressure tap is located at the inlet of the suction pipe as shown in Fig.2 (Position 0). The outlet tap is
located in the upper wall of the collector (Position 10).

Figure 5 shows the performance curves for each casing. The three curves are very similar indicating that there is little effect of
the clearance shape on the pump performance.

3.2 Rotor Dynamic Fluid Forces

This section presents the nondimensional normal and tangential rotordynamic fluid forces f, and f;measured with each of the
three different casings and for two different flow rates: at low flow rate, ¢ =0.7¢, and at design flow rate, ¢ =¢,. Forces were also
recorded for higher flow rates but there is no visible change. Therefore these data are not presented here. The casing with C =5
mm used as the reference casing has the same features as the grooved casing displayed in Fig.2 except that there are no grooves.

In Figs. 6(a) and (b) are presented the fluid forces for the casing with C = 5 mm at the two flow rates. The general trend
observed is a quadratic shape of the normal forces f,. The tangential forces f;have a roughly linear behavior. These trends can be
found for the cases of shrouded centrifugal impellers [3].

It can be noticed that there is nearly no effect of the flow rate on the forces except for a jump in normal force at Q/w = 0.7 at
low flow rate. It seems singular but it has a good repeatability and a similar phenomenon has also been reported in the previous
study for the open type impeller [2], though it was larger in amplitude and range. This phenomenon can be caused by a resonance
of the rotating stall in the impeller with the whirling motion [4]. To confirm its nature, unsteady pressure measurements were done
at the inlet and outlet of the impeller as well as in the clearance (Position A to G in Fig.2). The spectrum of pressure fluctuation at
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Fig. 8 Normal and tangential fluid forces for C=2mm

Position A for ¢ =0.7 ¢, is shown in Fig.7. The peak of 5 Hz (= 0.75 f;, fo=6.67Hz) can be observed. The presence of a second
transducer at the same meridional position let us measure the phase. It was the same value as the angle between the two pressure
sensors. These observations confirmed the rotating nature of the phenomenon and the possible resonance between it and the
whirling motion, leading to a sudden increase in force at £/w = 0.7 for low flow rate. This phenomenon is thought to be a rotating
stall in the impeller because the larger pressure fluctuation was observed at the inlet of the impeller and its frequency is in the
normal range for rotating stall appearance in impellers. Unsteady computation is being conducted to identify this phenomenon.

The forces for the casing with C =2 mm at low and design flow rates are displayed on Figs. 8(a) and (b). These figures show
the same trend as in the reference case of larger clearance (C = 5 mm). However the level of the forces is more than twice that of
the forces in the case of C = 5 mm, especially in Q/w < 0.5. Guinzburg et al. [5] pointed out that the magnitude of the forces is
roughly inversely proportional to the clearance. This comment is reasonable in our experiment. The destabilizing region of Q/w
did not change due to the clearance, though the destabilizing region is larger with a smaller clearance in the study of Ref. [5]. We
can notice again the presence of the increase in normal force at Q/w = 0.7 for low flow rate.

It is known that radial grooves or ribs located on the casing wall in the clearance between the casing and the shroud of the
impeller are effective to reduce the circumferential velocity and the destabilizing region of £/w for whirling motion [6]-[8]. In the
present study, the grooved casing shown in Figs. 2 and 3 was tested to reduce the destabilizing region. The casing has seven large
grooves and the clearance C is 5 mm.

Figures 9(a) and (b) show the fluid forces for the grooved casing with C = 5 mm at low and design flow rates. The difference
in the normal force is remarkable with a large decrease compared to the results of the reference casing. The tangential force also
decreased though in a less dramatic way. This change is noticeable at low whirling speed and goes with a slight decrease of the
destabilizing region f; >0 when Q/w >0.

Figure 10 shows the pressure coefficient v/, at Position 0-10 shown in Fig.2. The values of v/, for the grooved casing are
larger than those for the casings without grooves. This indicates that the grooves successfully decreased the circumferential
velocity.

The previously observed jump in normal force at Q/w = 0.7 does not appear this time at low flow rate. However there still
seems to be a disturbance around that whirling speed but with a decreasing trend in forces. It may indicate that the grooves have
some influence on the rotating phenomenon.

As said before, unsteady pressure measurements were done in the clearance. In addition to the phenomenon of 5 Hz (= 0.75 f)
for low flow rates, a phenomenon of 38 Hz (= 5.8 f;) was present in all cases for all flow rates. The magnitude of its pressure
fluctuation was larger in the clearance. Figure 11 shows the spectrum of pressure fluctuations at Position E as shown in Fig.2 for
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Fig. 9 Normal and tangential fluid forces for C=5mm with grooved casing
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the reference casing at ¢ = ¢, and Q/w = 0. The amplitude of 38 Hz (= 5.8 f;) is larger than that of the main blade passing
frequency (9 f;). The phase study showed that the phenomenon is of meridional nature (phase around 0 degrees at ¢ = ¢,) but with
variations due to the flow rate. First unsteady computations also showed the presence of such a phenomenon leading to the idea
this may be some oscillation mode of the flow rate in the clearance. Further research is necessary to clarify the generation
mechanism of this phenomenon.

4. Conclusions

In this study, the fluid forces acting on a closed type impeller with various clearance geometries were measured and
commented. These results can be summarized as follows:
(1) Rotordynamic forces are destabilizing at small positive whirling speed for all casings.
(2) A decrease of the clearance causes the fluid forces to increase dramatically. The destabilizing region did not change.
(3) Grooves in the clearance are effective for reducing the fluid forces and destabilizing region without decrease of the pump
performance.
(4) A rotating phenomenon of 5 Hz (= 0.75 f;) appearing only at low flow rates was identified and is thought to correspond to the
rotating stall of the impeller.
(5) A phenomenon of 38 Hz (= 5.8 f;), which seemed to be a flow rate oscillation in the clearance in the meridional direction, was
observed both in experiment and in unsteady computations.
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Nomenclature

b, Outlet blade height u Outlet blade tip velocity

C Front face clearance £ Eccentricity of the shaft
fo Frequency of shaft rotation, 6.67[Hz] 1/ Flow coefficient, Q/(2zwR,*b,)

(400[rpm]) D Design flow coefficient

fu Dimensionless normal fluid force, F,, / Fj P Water density
fi Dimensionless tangential fluid force, F/F 0] Angular velocity of the shaft, 41.89[rad/s]

Fy Reference force, praw’R,*bye (400[rpm])

F, Normal fluid force Q Angular velocity of the whirling motion

F, Tangential fluid force Qlw Whirling speed ratio

h Front face seal gap 7 Pressure coefficient, (Pom-P,-n)/(puzz)

P Pressure W Reference pressure coefficient,  for the
P, Pressure at Point 0 in Fig.2 reference casing with C=5Smm at the design
P, Pressure at Point 10 in Fig.2 flow rate

| P| Amplitude of fluctuating pressure wL Local pressure coefficient, (P-P;,)/(pu,”)

0] Volumetric flow rate w' Pressure fluctuation coefficient, | P |/(pus”)

R, Outlet radius of the impeller
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