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ABSTRACT

Pressure distributions on the impeller blades of a
centrifugal pump were examined experimentally. The
periodic pressure change caused in the suction and
delivery pipes by the interaction between the rotating
impeller blades and the dividing ridge of the volute
casing was small. However, a noticeable cyclic change
in the pressure on the blade surface was measured and
related to the nonuniform pressure distribution in the
volute casing at off-design flow rates. In a lower
than normal range of flow rates this pressure
fluctuation was largely increased near the leading edge
of the blade due to the turbulent fluctuations and the
flow separation from the blade surfaces. These periodic
pressure changes have a large effect upon cavitation
inception along the impeller periphery.

NOMENCLATURE

a : distance along blade centerline
Ai : area of impeller inlet

( blade thickness neglected )
D : diameter of suction and discharge pipe
p : static. pressure
Q : rate of discharge
H : pump head
r : radial distance
ri,r2: radius of impeller inlet and exit
s : thickness of blade (= 10 mm )
u2 : peripheral speed at impeller exit
0 : circumferential position of impeller

( Fig. 3 )
Cp : pressure coefficient ( Eqs. (4)--(6) )
Gi : predicted cavitation parameter ( Eq. (10) )
(I) : coefficient of flow rate = Q/ (A2u2)
(1)rn : value of 95 at best efficiency point

( = 0.140 )
Subscripts
s : suction pipe
1 : just before impeller inlet
2 : just after impeller exit

INTRODUCTION

With an increase in the industrial applications of
turbomachinery, there are earnest demands for pumps of
higher efficiency and suction performance. For a
centrifugal pump with a volute casing, understanding
the interaction between the impeller and the volute is
essential to improving pump efficiency. At an off-
design condition it is well known that the static
pressure is not uniform along the volute spiral due tc
mixing losses and to the presence of the volute tongue.
This nonuniform pressure along the volute results not
only in a radial thrust on the impeller but also in a
cyclic variation of the flow inside the impeller
channels. This in turn may cause reverse flow and
cavitation in the impeller(Lorett and Gopalakrishan,
1986).

There are many theoretical studies on the inter-
action between impeller blades and volute(Lorett at
al., 1986, Imaichi et al., 1980, and Iversen et al.,
1960). However, few experimental verifications have
been made on the existence of the unsteady flow inside
the rotating impeller. The nature of the cyclic change
in the flow in the impeller passages have been left
unclarified due to experimental difficulties. Using
transducers mounted on the impeller, lino and Kasai
(1985) measured the pressure fluctuations in a centri-
fugal impeller with a vaned-diffuser, and found from
frequency analysis that N( rotor speed ) x Zd ( number
of diffuser blades ) component and its harmonics are
dominent in the fluctuations.

The present paper describes the results of measure-
ments of the fluctuating pressure on the impeller
blades in a volute-type centrifugal pump obtained by
use of a periodic sampling method. The details of the
periodically oscillating nature of the flow in the
impeller channel is clarified and the occurrence of
cavitation at off-design conditions is discussed.

TEST' APPARATUS AND PROCEDURE

The general arrangement of the test apparatus is
shown in Fi ,o . 1.	 Water from a ;mead tank i fad to
a pump through a straight suction 	 _Length of
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Slip Ring Pump

10D ( D=150 mm ) and is returned to the tank. 	 The
discharge rate of the pump is measured by 	 a nozzle
installed at the inlet of the suction pipe 	 and is
regulated by a throttling valve. The suction and
discharge heads are measured at stations(1) and ® in
Fig. 1, respectively. Measurements were made for a
volute—type centrifugal pump having an inlet diameter
of 150 mm and a specific speed of ns = 280 (rpm,m 3 /min,
m). The dimensions and specifications its impeller
are shown in Fig. 2(a). The sectional area of volute
increases linearly in the peripheral direction (dAv/d9
= 19.43 cm2 /rad ).

The static pressures on the blade surfaces of the
impeller, near the leading edge, were measured through
small sensing orifices (PO to P8 on the pressure side
and SO to S8 on the suction side: 1 mm diameter and 2.5
mm depth) as shown in Fig. 2(b). The pressures from the
orifices were transmitted to the pressure transducers
( TOYODA, PMS5 ) mounted on the impeller. The static
pressures on the hub were also measured with sensing
orifices(H0,...,H3) located on the central section of
the impeller passage as shown in Fig. 2(a).

The signals from the transducers were transmitted
to a stationary system by means of slip rings. The
amplified analog data were digitized by an A/D
converter and were stored on the disk of a micro-
computer. The recording of data was started at the
instant when the leading edge of the instrumented blade
reached the uppermost position ( on OY in Fig. 3 : 0
= 0°), from which the phase angle, 0 , was measured.
The phase—locked pressures were sampled at 14 circum-
ferential positions during the period of 1150 impeller
rotation, which was taken from the limit of the memory
size of the micro—computer.

Measurements were made at an impeller speed of 600
rpm, at which the similarity law of the pump perform-
ance was ascertained to hold as shown in Fig. 4, and no
cavitation bubbles were observed inside the impeller
passages. In order to secure a high frequency response
of the sensing orifices, water was sufficiently degas-
sed before the tests. First resonances of the sensing
orifices and the pressure transducers are 4.1 kHz and
35 kHz, respectively.

ARRANGEMENT OF DATA

The static pressure inside the impeller channels
fluctuates quasi—periodically with the impeller
rotation. The pressure on a blade recorded during the
time of the m—th rotation, pm (1< m <M ; M being the
total number of rotations during which data were
sampled ), can be expressed as a function of (I) and 0
by the following relation:

Fig. 2(a) Form and Dimensions of impeller

Pressure
Tapping

Distance
a/s

P3 S3 0.5
P4 S4 0.7
P5 S5 1.3
P6 S6 1.9
P7 S7 2.8
P8 S8 4.1

P2	 S1

P1 PO
(SO)

Fig. 2(b) Pressure measuring points on blade

Fig. 1 Schematic outline of experimental equipment Fig. 3 Phase angles of measuring blade
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1(4)) -Ps r(4),0)
(4) Cp' =

pu? / 2

(5)

(6) 
Puz / 2

P(4),e) — Ps 

pu 2 2 / 2  

where Cp	 Cp and Cp' denote the time mean, ensemble
average and deviation pressure coefficients, respec-
tively, and No is a time—mean pressure - defined as:

1 '27
15 (95 ) = 	

0
P((1),0) de (7)

The values of P(cP,e) on a blade surface sampled at
the rate of 256 per impeller revolution are shown in
Fig. 5 ( at the pressure tapping S3, (Om =0.25 ). Data
for different values of M are compared. Compared with
the time traces of the fluctuating pressure ( N =1 ), it
was found that a sufficiently smooth curve can be
obtained with M > 500. On this basis, experiments were
carried out with M = 1150.

U

pm(cP,e) =1)(4),e) +pm'((1),e) (1)

where p( cb,e) and Pril(q5,0)denote an ensemble average of
the pressure and a fluctuating component with a zero
average, respectively. The ensemble average is defined
by :

data from the output of the transducers. The intensity
of the fluctuating component pm fis defined by toe rms
value at the phase angle 0 as

/ 
P'((1),0)=/ 

1
— E	 {p m (1, ,e)-P(.,0))

2

	(3)
M m=1

1 m
P(1, ,0) =-- E Pm (4) , 8 )

M m=1
(2) 	 The pressures obtained as above can be made dimension-

less using the time mean suction pressure Ps and the
peripheral speed of the impeller exit u2, as follows:

This is obtained by use of a phase—lock averaging
method (P.L.A.) which enables isolation of the periodic

0.04 0.08 	 0.12 	 0.16 0.20 0.24

Q/(u2A2);c0

Fig. 4 	 Performance of Pump

UNCERTAINTIES

Lx.) P-■ 	 0	 90	 180	 270	 360
Blade Angular Position 0 [deg ]

	Fig. 5	 Effects of number of saiiples on ensemble
average pressure ( at measuring point of
S3, q)/(Pm = 0.25 )

The 	 uncetainty limits of the 	 circumferential
position 	 and rotation rate were 0.5 ° and 1 rpm. 	 The
volumetric flow rate was measured by a suction nozzle
within the uncetainty of 2 percent. The uncertain
limits of the pressure coefficient derived by Eqs. (4)
and (6) would be within the uncertainty of 5 percent at
20 : 1 odds.

EXPERIMENTAL RESULTS AND DISCUSSIONS

Pressure change on hub surface 
Figure 6 illustrates the pressure variations on the

hub surface along the circumferential direction
measured at two radial locations, r/r2 = 0.5 and 0.9,
and three different flow coefficients, (1)/cPm = 0.50,

1.00 and 1.45. 	 The value of CpHub denotes the dimen-
sionless pressure deviation from the time average
static pressure coefficient, CP , and CpHub = Cp(q),0)

Cip(1 ,) • At the radial position r/rz= 0.9 the
pressure aeviation during one rotation is small at the
flow coefficient (101)m =1.0, corresponding to the best
efficiency point, but it increases at the other flow
coefficients. At (1)/(1)m = 0.5, CpHubreaches its minimum
when the impeller exit overlaps the volute tongue and
increases with 0. At a larger flow rate, cb/(1)m = i.45,
however, CpHub is at its maximum when the impeller
cilainel passes by tie volute tongue and decreases with
0 . These pressure variations in the impeller passage
are in good qualitative agreement with the static
pressure distributions in the logarithmic 	 spiral
volute measured by A. J. Stepanoff(1957) 	 and R. C.
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Fig. 6 Pressure variation on hub

Worster(1963). 	 In the inlet section of the impeller
channel (r/r2 =0.5) the pressure deviations during one
rotation of the impeller are less than half the size of
tlose at r/r 2 =0.9, though similarly phased circumferen-
tially. This decrease in pressure deviation at Vqbm
= 0.5 could be partly due to the periodic acceleration

fluid inside the passage.

Pressures on Blade Surface 
Time-average pressure distributions. 	 Figure 7

shows the distribution of the time mean pressure on a
blade surface. At a low flow rate of (0/(pm = 0.25
pre-rotation was found from the measured velocity
distributions at the impeller inlet(Kikuyama et al.,
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Fig. 7 Time--average pressure distributions on blade
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Fig. 8 Ensemble-average pressure on blade
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,O6). This caus ed a decrease in the relative velocity
at the inlet and in the pressure at the leading edge.
The sharp drop and the subsequent gradual increase in
the pressure on the suction-side wall in Fig. 7 show
where the flow separation occurs. When the flow
coefficient is increased to Vcbm = 1.0, the pressure
on the suction side decreases rapidly near the section
of a/s = 0.3 and increases again further downstream.
This flow rate resulted in the largest blade loading
among the three flow rates used. At the flow rate
y r, = 1.45 .both the angle of attack and the pressure
on the pressure side decreased. The dotted line C(r) in
figure indicates the pressure increase due to the
centrifugal effect.

Ensemble average presssure distributions. Figures
8(a) and (b) show the changes of the pressure on the
suction and pressure surfaces of the blade measured
along the circumference , at the points a/s = 0
( leading edge ), 0.5 ( P3,S3 ) and 4.1 ( P8,S8 ). The
pressure at the leading edge of the blade is almost
constant, except for the case of cb/qh m =0.25. However
the pressures measured at P3 and S3 ( a/s = 0.5) show
considerable change along the circumferential direction
both at 4/per 0.25 and 1.45. When ,10/(1) m = 0.25, the
pressure on the suction side reaches its maximum at the

circumferential position where the trailing edge of the
blade overlaps with the dividing ridge of the volute.
The pressure on the pressure side of the blade is at
its maximum at 0 = 180 ° .

When the flow rate is increased to Mbm = 1.45, the
pressures at a/s = 0.5 on the suction and pressure
sides of the blade reach their maximum and minimum
values, at 0 = 129 ° and 77 °, respectively. The large
pressure change observed there is probably due to the
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Fig. 10 Instantaneous pressure distribution on blade
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Fig. 11 Intensity of pressure fluctuation

asymmetric mass:ADv distribution at the impeller
inlet. At the :Area:A position, ,/s = 4.1, the
magnitude of this pressure changes decreases and the
phase angle of them goes somewhat ahead.

In order to define the intensity of this pressure
change, an amplitude of the ensemble mean pressure
defined by the following equation is employed, and the
results are shown in Fig. 9.

27r

E= 1-f {cp((,3) -Z/D(4))} 2 de
2Tr 0

Both at cl)/gym = 0.25 and 1.45, the value of E shows a
considerable magnitude but it tends to zero at q/(Pm =
0.75, when impeller and volate flows are best matched.
Above (Mc* = 0.75, the value of E on the pressure side
increases with the flow rate, which could be due to
the effect of a large acceleration of the flow and a
change in the incidence angle.

Figs. 10(a),(b) and (c) show the phase-lock-averaged
pressure distributions on an impeller blade at the
cicumferential locations 0 = 51 ° , 206 ° and 309 ° , res-
pectively. At a low flow rate of (Plc* = 0.25 the blade
loading changes with 0 and is maximum near 0 = 206 ° .
At the flow rate of the best efficiency point, however,
the profiles of the pressure distributions, and there-
fore the blade loading remain almost unaltered during
a rotation.

When the flow rate is increased to (15/cbm= 1.45, the
pressure on the suction side is seen to exceed locally
that on the pressure side. This is probably due to the
cicrease in the incident flow angle, at 0 = 309 ° .

Turbulent pressure fluctuation. The intensity of
the fluctuating pressure component Cp' at each circum-
ferntial position is shown in Fig. 11. 	 The pressure
fluctuations both on the pressure and suction side
surfaces are small at the larger flow rates, (1)/(Pm = 1.0
and 1.45, for all locations. At the smaller flow rates,
however, Cp' is increased both on the suction and
pressure side surfaces. Cp' at a/s = 0.5 of the
suction surface reaches its maximum near the
circumferential position, 6 = 180 ° , which is due to the
intermittent separation of flow from the blade surface
as shown in the different curves of the circumferential
pressure change given in the bottom of Fig. 5.

The mean values of the pressure fluctuation inten-
sities, Cp' , observed during the period of an impeller
rotation is plotted for different flow rates, in Fig.
12. The values of

plotted_
 increase near the leading e4e

( a/s = 0.3 ) when the flow rate is reduced to (Om
= 0.25, but when (1)/(1)m is increased from this value,Cp'
is decreased significantly. This is possibly due to
the fact that the inlet flow is getting smoother as
qopm is increased. The values of Cp' at a/s = 0.5 are
quite comparable to those of the amplitude of tile
ensemble pressure fluctuation , E , shown in Fig. 9.

In order to examine the detailed nature of the
pressure fluctuations, the probability density of this
turbulent flow component ( pm(c1),0) - P(4,0) ) at a/s
= 0.5 is shown in Figs. 13(a) and (b). As the curves
o: Cp ' exhibit a large asymmetric nature at Vcpm =0.25,
the probability densities had to be calculated sepa-
rately for the two circumferential ranges -26°< 0 < 77 °
and 129° < 0 < 231° . The deviation rate ( pm (4),0)-
p(cb,e) ) devided by P'(4,0) was taken as abscissa. The
curves corresponding to the pressure-side wall are
almost similar for both circumferential ranges, but
those representing the suction side are not similar and
have two peaks in the range 129 °< 0 < 231 ° and only one
peak between -26 ° and 77 ° . The existence of the two

(8)
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, e = (Psi - pv) / (pu2 2 / 2)

Cpmin (c1 , 0) = (Pv 	 Psi) / (pu 2 2 / 2)

=- cri(4),0)
(10)
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peaks in the prouability density function is probably
due to the fact that there are two quasi-stable states
of the flow, that is, stalled and unstalled flow states
as shown at the bottom of Fig. 5.

Figure 13(b) shows the curves of the probability
function obtained during the period of a complete shaft
ratation (0 ° < 0 < 360 ° ) at the point a/s = 0.5, and for
three different flow rates. iffien the flow rate is
reduced to /gym = 0.5, there is asymmetry in the curves
showing an effect of the flow separation, but the
curves tend to become symmetric with increasing flow
rate and approach a Gaussian profile.

Cavitation Coefficient 
Let 	 the saturated vapor pressure be pv 	the

cavitation coefficient is defined as follows:

Ps - P v
a
	

(9)
pu2 2 / 2

where Ps denotes the pressure in the suction pipe. Chen
the suction pressure Ps is decreased to Psi , cavitaion
occurs at the position of the minimum pressure on the
blade surface. Using the value of Psi, the incipient
cavitaion coefficient ai and the local pressure coeffi-
cientCpmin are given by

(a) 	 cl)/gb in = 0.25 	 (b) 4/0m 	 0.5

Fig. 13 Probability density of pressure fluctuation
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Thus, the value of Gi(q),e) can be obtained from the
coefficient of the local minimum pressure Cpmin(q),e)
calculated from the data on the instantaneous pressure
measurement.

Figure 14 shows the contours of constant ai. At a
flow rate lower than (1)/(1)m = 0.5, the value of ai grows
larger in a circumferential range of 90 ° < e < 270 ° , and
at a flow rate lager than Ocbm = 1.0, it increases in
the range of 0°< e < 180 ° . also the regions of cavi-
tation inception observed first with the decrease in
the suction head are shown in Fig. 14 ( broken lines ).
The regions where the measured di, is maximum correspond
closely to those where cavitation inception was
observed. This fact shows that the circumferential
changes in the pressure are closely related to the
local inception of the cavitaiton on the suction-side
wall.

CONCLUSIONS

For a centrifugal pump of the volute type the
periodic changes in the pressure on the impeller blade
and hub caused by the impeller rotation were measured
and the instantaneous pressure distributions on the
blade were examined at various circumferential
positions along the impeller periphery. The results
obtained are summarized as follows:

Volute Tongue

Fig. 14 Contours of cavitation parameter and
observed region of cavitation
( uncertainty limits of observed
region ; 15 ° )

(1) At the flow rate of the best efficiency point
the pressures on the hub and blade surfaces remain
almost unchanged irrespective of the circumferential
position. however, at off-design conditions these
pressures change with the blade position in the pump
casing, which indicates that the pressure distribution
along the volute is uneven. The amplitude of the
pressure changes on the hub increases near the impeller
exit, while the amplitude on the blade surface shows
its maximum near the leading edge.

(2) The pressure fluctuations due to turbulence near
the leading edge are increased by the occurrence of the
flow separation from the suction side of the blade
wall.

(3) 	 Using the minimum value of the phase-lock
averaged pressure and the intensity of the pressure
fluctuations on the suction-side surface, the changes
in the cavitation coefficient caused by the rotation of
the impeller are examined and it is ascertained that a

higher value of ai corresponds to the circumferential
position of cavitation inception.
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