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The pressure fluctuations and the radial fluid forces act-

ing on the impeller, the pressures in the volute, as well as the

vibration of the shaft in a centrifugal pump were measured

simultaneously, and their relationship was investigated. Ex-

periments were done for various diffuser vanes, flow rates,

and rotating speeds. It was demonstrated that both the blade-

pressure fluctuations and the volute static pressures are

nonuniform circumferentially (not axisymmetrical) under

off-design operating conditions and that the two have a

strong relationship. At high flow rates, the blade pressure

fluctuations, induced by rotor-stator interactions, are large

in areas where the volute static pressure is low. The traveling

directions of the rotating pressure waves, the whirling direc-

tions of the radial fluid forces, and the most predominant

frequency components of both the fluctuations and the forces

are discussed, and an equation for predicting them is intro-

duced. It was also noted that large alternating fluid forces

are not necessarily associated with large pressure fluctua-

tions. Furthermore, when measuring the radial fluid forces

in the rotating frame, other frequency components, in ad-

dition to those related to the products of the diffuser vane

number and the rotating frequency, may occur due to the

circumferential unevenness of the pressure fluctuations on

the impeller. These components are predictable.

Keywords centrifugal pump, fluid force, pressure fluctuation, rotor-
stator interaction, rotordynamics, vibration

Investigation of fluid forces in turbomachinery has been a key

research topic for a long time because of the increasing require-

ments for high reliability, low vibration, and low noise. The

research includes a study of the rotor-stator interaction force,
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a typical fluid force that can cause not only serious vibration

problems in shafts and pipelines but also failure of impellers

and bearings. Many experimental studies have been done on the

rotor-stator interaction in centrifugal pumps: flows and pressures

inside volutes, diffusers, and impellers (Arndt et al. 1989, 1990;

Eisele et al. 1997; Ino and Kasai 1985; Kurokawa and Amasaka

1983; Miner et al. 1989; Shintia and Katz 2000; Tsukamoto et al.

1995; Uno et al. 1995), rotordynamic fluid forces acting on im-

pellers (Ohashi et al. 1988; Ohashi and Shoji 1984; Zhang et al.

2000), and vibrations of shafts and impellers (Guo et al. 1999).

Kurokawa and Amasaka (1983) studied the flow in a two-

dimensional volute and demonstrated that the static pressures

and the velocities in the volute were not uniform circumfer-

entially, that is, not axisymmetrical under off-design operating

conditions. Miner and colleagues (1989) measured the flow in-

side a centrifugal impeller by using a laser velocimeter. They

demonstrated that the flow was not uniform circumferentially,

even at design point, because of the interaction between the

impeller and the volute. As for pressure fluctuations, Ino and

Kasai (1985) measured the blade pressure fluctuations in a cen-

trifugal pump and found that the fluctuations depended on flow

rates and blade/vane angles, and that the fundamental frequency

component was ZgN inside the impeller. Arndt and colleagues

(1989, 1990) measured the pressure fluctuations on the blades of

a two-dimensional centrifugal impeller. They reported that the

largest blade-pressure fluctuations occurred at the trailing edge,

independently of the diffuser vane configuration, but that the

magnitudes depended greatly on the vane number and vane an-

gle. Tsukamoto and colleagues (1995) and Uno and colleagues

(1995) measured the pressure fluctuations inside the diffuser

of a centrifugal pump and reported that the fluctuations on the

suction side of the diffuser vane’s leading edge were large and

that the fundamental frequency component was ZrN . As for

rotordynamic forces, Ohashi and colleagues (1984, 1988) in-

vestigated the interaction destabilizing forces to the rotor by

whirling the impeller with a DC motor and measuring the reac-

tion forces for various whirling and rotating ratios. They con-

cluded that the fluid forces of a free impeller basically had a

stabilizing effect, but that in the case of a vaned diffuser, the

135



136 S. GUO AND H. OKAMOTO

interaction forces might be destabilizing for a small ratio of

whirling to rotating. Zhang and colleagues (2000) measured the

radial fluid forces with strain gauges installed on the shaft and

found that unexpected frequency components in addition to ZgN

might occur. A similar phenomenon was also observed in this

experiment. In this article, a physical explanation is given and

an equation is presented for predicting the frequency compo-

nents. It is noted here that one of the authors measured the

vibration on an impeller that had the same hydraulic details

as the one used in this study and found that sidebands oc-

curred in the frequency spectra, especially at high flow rates

(Guo et al. 1999). This article demonstrates that sidebands are a

consequence of the circumferential unevenness of the pressure

fluctuations.

The above mentioned studies have given us a comprehensive

understanding of the mechanisms of the pressure fluctuations

induced by rotor-stator interactions. However, our understand-

ing of the relationships among the volute pressures, the impeller

pressures, and the radial fluid forces as a result of the integration

of the impeller pressures is insufficient as yet. In this study, the

pressure fluctuations and the radial fluid forces acting on the

impeller, as well as the vibration of the shaft in a centrifugal,

vaned diffuser pump were measured simultaneously, and their

relationship were investigated. The experiment was performed

for various diffuser vanes, flow rates, and rotating speeds. Fur-

thermore, the rotating directions of pressure waves, the whirling

directions of radial fluid forces, and the most predominant fre-

quency components are discussed, and an equation is introduced

for predicting them.

Rotor-stator interaction may be divided into two different

mechanisms: potential flow interaction and wake interaction.

In this study, because the radial gap between the impeller blade

trailing edge and the diffuser vane leading edge was small (about

1.1% of the outlet diameter of the impeller; Table 1), potential

flow interaction was assumed to be predominant.

EXPERIMENT

Figure 1 shows a conceptual view of the volute casing of the

centrifugal pump used in the experiment. The pump was driven

by a motor and the rotating speed was changed by an inverter. The

experiment was conducted in a recirculating-water test loop with

a suction tank, inside which the pressure could be controlled by a

vacuum pump and high-pressure air. The flow rate was adjusted

with a discharge valve and measured by a Bently flow meter.

The centrifugal impeller was a three-dimensional closed design

with six blades. The guide vane was fixed to the casing by bolts

and therefore was easily removable from the casing. Three kinds

of two-dimensional guide vanes (GV11: Zg = 11, GV7: Zg = 7,

and GV5: Zg = 5) were used. Table 1 lists the specifications of

the impeller and the guide vanes.

Ten pressure gauges (C1–C10) were installed on the casing

to measure volute pressures as shown in Figure 1, while twelve

pressure gauges were installed on the impeller to measure pres-

TABLE 1

Specifications of the Impeller and the Guide Vanes

Impeller Closed

Number of blades 6

Outlet diameter D2/inlet diameter 328/202 mm

Outlet width b2 32 mm

Outlet blade angle 32 degrees

Guide vane GV11

Number of vanes 11

Inlet diameter/outlet diameter 331.5/430 mm

Inlet vane angle 18 degrees

Guide vane GV7

Number of vanes 7

Inlet diameter/outlet diameter 331.5/430 mm

Inlet vane angle 16.5 degrees

Guide vane GV5

Number of vanes 5

Inlet diameter/outlet diameter 331.5/430 mm

Inlet vane angle 10 degrees

sure fluctuations, with three on the pressure sides of the blade

trailing edges (P1, P3, and P5), three on the suction sides (S1,

S3, and S5), and six on the hub (D1, D3, D5, R1, R3, and R5),

as shown in Figure 2. The radial fluid forces acting on the im-

peller were measured by strain gauges installed on the shaft,

as shown in Figure 3. Bridge circuits were made so as not to

measure the torsional and axial vibrations, but only the bending

vibration. Although the bending from the radial fluid forces and

that from the fluid moments were included in the output of the

strain gauges, it was assumed that the measured bending strains

were all from the radial forces acting on the gravity center of the

FIGURE 1

Locations of pressure gauges (C1–C10) on the volute casing

and the frame O-XY, which is fixed to the casing.
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FIGURE 2

Locations of pressure gauges on the impeller and the frame

o-xy, which is fixed to the impeller.

impeller. Meanwhile, the vibration of the shaft was measured by

piezoelectric accelerometers installed on the impeller hub (see

Fig. 3). All the wires were picked up through the hollow shaft

by a slip ring assembly. Because both the radial fluid forces and

the vibration of the shaft were measured in the rotating frame,

the gravity and buoyancy acting on the impeller influenced the

measurement results. This influence was eliminated from the

measurement data by using the rotating signals of the shaft as

measured by a photoelectric sensor.

The rotating frame was fixed to the impeller, and the relative

locations of the coordinate axes in relation to the impeller blades

are shown in Figure 2. The fixed frame is fixed to the stationary

casing as shown in Figure 1.

FIGURE 3

Concept view of the impeller and locations of the

accelerometers and strain gauges.

RESULTS OF PRESSURE FLUCTUATIONS

The time history of the pressure fluctuations measured at the

pressure side of the impeller blade trailing edge (P1; see Fig. 2)

for various flow rates in the case of GV7 is shown in Figure 4.

Fluctuations are small near the best efficiency point (BEP) flow

rate, and the pressure pulses are upward (pressure increasing) at

high flow rates, while downward (pressure decreasing) at par-

tial flow rates. This may be a consequence of the flow patterns

around the leading edges of the diffuser vanes. Furthermore, the

magnitudes of the pressure pulses are not uniform circumfer-

entially during one revolution of the impeller. This unevenness

depends on flow rates. At a high flow rate, the pulses are large

when the interaction occurs in the front of the volute exit at C7–

C9 (see Fig. 1), while the opposite situation can be observed

at partial flow rates, that is, the pulses are small when the in-

teraction occurs at C7–C9. It was also confirmed that pressure

fluctuations at other measurement points (S1–S5, D1–D5, and

R1–R5) were relatively small compared to those at the pressure

sides (P1–P5) of the impeller blades.

Figure 5 shows the pressure fluctuations measured at the im-

peller blade trailing edge (pressure side, P1) at high flow rates

with the GV11 and GV5 guide vanes. Comparisons of Figures 4

and 5 indicate that the circumferential unevenness of the pressure

FIGURE 4

Blade pressure fluctuations at P1 in the case of GV7.
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FIGURE 5

Blade pressure fluctuations at P1 with the GV11 and GV5

guide vanes at high flow rates.

fluctuations depends on the number of diffuser vanes. The un-

evenness is relatively significant and the maximum magnitude of

the pulses is large in the case of GV11, while the unevenness is

slight and the maximum magnitude is small in the case of GV5.

Figure 6 shows the frequency spectra of the blade pressure fluc-

tuations at P1 (see Fig. 2) at high flow rates. In addition to ZgN

FIGURE 6

Frequency spectra of the blade pressure fluctuations measured

at P1, at high flow rates.

and its higher harmonic peaks, many side peaks are generated.

The frequency difference of two adjacent side peaks is N. The

side peaks are caused by the circumferential unevenness of the

pressure fluctuations. Figure 6 also demonstrates why sidebands

were observed in the vibration measurements (Guo et al. 1999).

The circumferential unevenness of the blade pressure fluctu-

ations is strongly related to the distribution of the volute static

pressures. Figure 7 shows a comparison between the volute static

pressure and the pressure pulses measured at P1 (see Fig. 2), at a

high flow rate in the case of GV7. The pressure pulses are large

when the interaction occurs in areas where the static pressure

is low. This may be attributed to the high flow velocity in areas

where the static pressure is low.

Figures 8 and 9 show the frequency spectra of the pressure

fluctuations in the volute in cases of GV7 and GV11, measured at

C9 on the casing (see Fig. 1). ZrN = 6N is the most predominant

component in cases of GV7 and GV5, while 2ZrN = 12N is the

most predominant component in the case of GV11. Furthermore,

it was confirmed by the phases of the pressure fluctuations at

various measurement points that traveling pressure waves were

generated. Figures 10 and 11 show the results, in which the

horizontal axes represent circumferential angles, and the vertical

axes, the phases based on P1 and C1, respectively. Pressure

waves were found to travel in the same direction as that of the

rotating impeller (forward waves) in cases of GV11 and GV5,

in both the rotating and the fixed frames, while they travel in the

opposite direction in the case of GV7 (backward waves). This

result agrees with that obtained in the measurement of vibration

on the impeller (Guo et al. 1999). Traveling directions and the

most predominant frequency components of the pressure waves

FIGURE 7

Relation between the volute static pressures and the blade

pressure fluctuations at P1.
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FIGURE 8

Frequency spectra of the pressure fluctuations measured at C9

on the casing in the case of GV7.

FIGURE 9

Frequency spectra of the pressure fluctuations measured at C9

on the casing in the case of GV11.

FIGURE 10

Phases of the pressure fluctuations measured at P1–P5 on the

blades of the impeller.

FIGURE 11

Phases of the pressure fluctuations measured at C1–C9 on the

casing.

were found not to be strongly dependent on flow rates, but to

depend on the combination of the impeller blades and the diffuser

vanes. This issue will be discussed in a subsequent section.

RESULTS OF FLUID FORCES

Frequency spectra of the radial fluid forces in the rotating

frame are given in Figure 12 (GV11), Figure 13 (GV7), and

Figure 14 (GV5). The forces are shown to be relatively small

near the BEP flow rate, while large at high or partial flow rates. As

for frequency components, although ZgN is the most predomi-

nant one in all of the three diffuser cases, other components can

also be observed: N and 13N in the case of GV11; N and 5N

in the case of GV7; and 7N in the case of GV5. Zhang and col-

leagues, who measured the combination of (Zg = 7, Zr = 6) and

(Zg = 5, Zr = 6), reported similar results (Zhang et al. 2000).

FIGURE 12

Radial fluid forces in the rotating frame (GV11).
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FIGURE 13

Radial fluid forces in the rotating frame (GV7).

We believe that these components occurred due to the circum-

ferential unevenness of the pressure fluctuations (see Figs. 4 and

5). The reason will be discussed in the next section. It is also

noted that although the radial fluid forces are an integration of the

impeller pressure fluctuations, comparisons between Figures 4

and 5 and Figures 12, 13, and 14 indicate that large pressure fluc-

tuations are not necessarily associated with large fluid forces.

The maximum magnitude of the pressure pulses is small in the

case of GV5, but the fluid forces are much larger than those in

cases of GV11 and GV7.

Lissajous patterns of various frequency components of the

radial fluid forces in the rotating frame are shown in Figure 15.

FIGURE 14

Radial fluid forces in the rotating frame (GV5).

FIGURE 15

Lissajous patterns of the radial fluid forces in the rotating

frame.

The N component rotates in a direction opposite from that of

the rotating impeller. This is because the casing rotates in the

opposite direction when it is viewed from the rotating frame.

The ZgN components rotate in the same direction as the ro-

tating pressure waves. The rotating directions of other compo-

nents (13N in the case of GV11, 5N in the case of GV7, and

7N in the case of GV5) are opposite from those of the ZgN

components.

The radial fluid forces in the rotating frame were transformed

into the fixed frame, and the frequency spectra thus obtained are

shown in Figure 16 (GV11), Figure 17 (GV7), and Figure 18

(GV5), from which we find that 2ZrN = 12N is the most pre-

dominant component in the case of GV11, while ZrN = 6N is

the most predominant component in the cases of GV7 and GV5.

Frequency components will be discussed in the next section. The

Lissajous patterns of the fluid forces in the fixed frame are shown
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FIGURE 16

Radial fluid forces in the fixed frame (GV11).

in Figure 19. The fluid forces rotate in the same directions as

those of the pressure waves, even in the fixed frame. They give

a backward excitation to the shaft in the case of GV7, but a for-

ward excitation in the cases of GV11 and GV5. Measurement

results on the vibration of the shaft also showed that the shaft

whirled backward in the case of GV7 but forward in the cases

of GV11 and GV5.

DISCUSSIONS OF FREQUENCY COMPONENTS AND
THE ROTATING DIRECTIONS OF PRESSURE WAVES

The rotating directions of the pressure waves, the whirling di-

rections of the fluid forces as well as their frequency components

FIGURE 17

Radial fluid forces in the fixed frame (GV7).

FIGURE 18

Radial fluid forces in the fixed frame (GV5).

will be discussed herein. Figure 20 is a schematic of the interac-

tion between the impeller and the diffuser. If there is no common

measure between the blade number and the vane number, inter-

action occurs once the impeller rotates at an angle of 2π/(ZrZg)

or, in other words, once the time passes 1t = 2π/(NZrZg).

We numbered the impeller blades and the diffuser vanes 0, 1,

2, . . . and assumed that blade 0 was passing through vane 0 at

t = 0, and at t = 1t = 2π/(NZrZg), blade m and vane n will

be interacting; then

n
2π

Zg
− m

2π

Zr
= ±

2π

ZgZr
[1]

from which we get

nZr − mZg = ± 1. [2]

In the fixed frame, the pressure waves rotate at an angle of

2π/Zg once the impeller rotates 2π/(ZrZg). The rotating speed

of the pressure waves is nZr times that of the impeller, so nZrN

FIGURE 19

Lissajous patterns of the radial fluid forces in the fixed frame at

high flow rates.
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FIGURE 20

Schematic of rotor-stator interaction.

will be the most predominant component. Accordingly, we can

conclude that mZgN is the most predominant component in

the rotating frame. Equation (2) demonstrates why 2ZrN is the

most predominant component in the fixed frame in the case of

GV11 (see Fig. 9, pressure fluctuations; Fig. 16, radial fluid

forces), while ZrN is the most predominant component in the

cases of GV7 and GV5. Furthermore, the pressure waves rotate

in the same direction as the impeller in the case of the plus sign

in Equation (2), while they rotate in the opposite direction in

the case of the minus sign, regardless of whether the pressure

waves are measured in the rotating or the fixed frames. Table 2

gives a list of the traveling directions of the rotating pressure

waves estimated by Equation (2). The estimation agrees with

the measured results. Equation (2) has been found valid only in

areas where traveling pressure waves exist. Inside the impeller or

the diffuser, where no rotating pressure waves are generated, the

fundamental frequency may be the blade/vane passing frequency

and the most predominant component will be ZrN (inside the

diffuser) and ZgN (inside the impeller) (Ino and Kasai 1985;

Tsukamoto et al. 1995; Uno et al. 1995).

Let us here consider the frequency components of the radial

fluid forces measured in the rotating frame. Suppose that at time

t = 1t = 2π/(NZrZg), blade m and vane n are interacting (see

Fig. 20), and a force Pm,n is generated. Then at time t = h1t =

2πh/(NZrZg), blade hm and vane hn will be interacting, and

a force Phm,hn will be generated. Furthermore, we suppose, for

convenience, that the force acts toward the center of the impeller

(the direction of Phm,hn is not important in the discussion of

frequency components). Then the force in the x direction of the

TABLE 2

m, n Satisfying nZr − mZg = ± 1 and the Traveling

Directions of the Pressure Waves Estimated by the Equation

Zr Zg m n Sign Direction of wave

6 11 1 2 + Forward

6 7 1 1 − Backward

6 5 1 1 + Forward

rotating frame can be expressed as

fx (t) = Phm,hn cos(mZgNt). [3]

If the magnitude of Phm,hn is constant—that is, the pres-

sure fluctuations acting on the impeller are uniform

circumferentially—the most predominant component of the

fluid forces in the rotating frame will be mZgN , where m is

an integer satisfying Equation (2). However, the fluctuations are

not uniform, and Phm,hn is not a constant, as shown in Figures 4

and 5. It was confirmed in the experiment that Phm,hn depends

only on hn, the position in the volute, rather than on hm. Because

Phm,hn is a periodic function of time, and supposing that it is an

even function, then we can express it by a Fourier series as

Phm,hn = a0 + a1cos(hn · 2π/Zg) + a2 cos(2hn · 2π/Zg) + · · ·

= a0 + a1 cos(nZrNt) + a2 cos(2nZrNt) + · · · [4]

where a0, a1, a2, . . . are constants. Disregarding items higher

than the second one and substituting Equation (4) into Equation

(3), we get

fx (t) = a0 cos(mZgNt) + a1 cos(nZrNt) · cos(mZgNt)

+ a2 cos(2nZrNt) · cos(mZgNt). [5]

The frequency component of the first item in Equation (5) is

mZgN ; the components of the second item are (nZr + mZg)N

and (nZr − mZg)N = 1N; those of the third item are (2nZr

+ mZg)N and (2nZr − mZg)N. These are what we observed in

the experiment. Table 3 is a list of the frequency components

estimated by Equation (5). The estimation agrees with the mea-

surement shown in Figures 12, 13, and 14.

TABLE 3

m, n Satisfying nZr − mZg = ± 1 and Predominant Frequency

Components of Fluid Forces in the Rotating Frame

Zr Zg m n Frequency Component

6 11 1 2 (nZr − mZg)N = (2Zr − Zg)N = 1N

mZgN = ZgN = 11 N

(2nZr − mZg)N = (4Zr − Zg)N = 13N

(nZr + mZg)N = (2Zr + Zg)N = 23N

(2nZr + mZg)N = (4Zr + Zg)N = 35N

6 7 1 1 (nZr − mZg)N = (Zr − Zg)N = 1N

(2nZr − mZg)N = (2Zr − Zg)N = 5N

mZgN = ZgN = 7N

(nZr + mZg)N = (Zr + Zg)N = 13N

(2nZr + mZg)N = (2Zr + Zg)N = 19N

6 5 1 1 (nZr − mZg)N = (Zr − Zg)N = 1N

mZgN = ZgN = 5N

(2nZr − mZg)N = (2Zr − Zg)N = 7N

(nZr + mZg)N = (Zr + Zg)N = 11N

(2nZr + mZg)N = (2Zr + Zg)N = 17N
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Because the radial fluid forces are generated from the rotating

pressure waves, the whirling direction of the fluid forces will be

the same as the rotating direction of the pressure waves. When

the rotating direction of the pressure waves is the same as that

of the impeller, the fluid forces will be a forward-whirling exci-

tation to the shaft; otherwise, they will be a backward-whirling

excitation. This provides a physical explanation for the fact that

the fluid forces are a backward-whirling excitation and the shaft

whirls backward in the case of GV7, as shown in Figures 15

and 19.

CONCLUSIONS

The pressure fluctuations and the radial fluid forces acting on

the impeller, the pressures in the volute, as well as the vibration

of the shaft in a centrifugal vaned diffuser pump were measured

simultaneously, and their relationships were investigated. The

experiment was done for various diffuser vanes, flow rates, and

rotating speeds. It was found that:

1. Pressure fluctuations are large on the pressure sides of the

blade trailing edges of the impeller, as compared with those

on the suction sides and the hub. The interaction-induced

pressure pulses, which are large at high and partial flow rates,

are upward (pressure increasing) at high flow rates, but are

downward (pressure decreasing) at partial flow rates. Blade

pressure fluctuations at very small flow rates are much more

random in time than those at high flow rates.

2. Both the blade pressure fluctuations and the volute static pres-

sures are not uniform circumferentially under off-design op-

erating conditions, and the two have a strong relation with

each other. At high flow rates, blade pressure fluctuations are

large in areas where the volute static pressure is low. The

circumferential unevenness of the fluctuations, which may

cause sidebands in frequency spectra, is dependent on flow

rates.

3. The rotating directions and the predominant frequency com-

ponents of both the pressure waves and the radial fluid forces

can be described by nZr − mZg = ± 1. In the case of the

plus sign, the rotating direction of the pressure waves is for-

ward and the radial fluid forces are a forward excitation to the

shaft in both the rotating and the fixed frames, whereas the

rotating direction of the pressure waves is backward and the

radial fluid forces are a backward excitation in the case of the

minus sign. The mZgN component is the most predominant

one in the rotating frame, and nZrN is the most predomi-

nant one in the fixed frame. Furthermore, when measuring

the radial fluid forces in the rotating frame, other frequency

components, such as (nZr + mZg)N, (nZr − mZg)N = 1N,

(2nZr − mZg)N, and (2nZr + mZg)N may be observed in

addition to mZgN because of the circumferential unevenness

of pressure fluctuations acting on the impeller.

4. Although the radial fluid forces are an integration of the pres-

sures acting on the impeller, large alternating fluid forces are

not necessarily associated with large pressure fluctuations.

NOMENCLATURE

Zr number of blades of the impeller

Zg number of vanes of the diffuser

m, n, h integers

N rotating angular frequency of the impeller (rad/sec)

Kd X , KdY radial fluid forces with respect to the fixed frame

(fixed to the casing), normalized by D2b2 H0

kdx , kdy radial fluid forces with respect to the rotating frame

(fixed to the impeller), normalized by D2b2 H0

Pm,n radial force acting on the impeller when blade m of

the impeller and vane n of the diffuser interact

D2 outlet diameter of the impeller (m)

b2 outlet width of the impeller (m)

H0 total head at BEP (Pa)

Q flow rate (m3/s)

Q0 flow rate at BEP (m3/s)

t, T time, rotating period of the impeller, T = 2π/N

(sec)

BEP best efficiency point
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