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The Flow Structure During Onset
and Developed States of Rotating
Stall Within a Vaned Diffuser of a
Centrifugal Pump
Particle Image Velocimetry (PIV) and pressure fluctuation measurements are use
investigating the onset and development of rotating stall within a centrifugal pump ha
a vaned diffuser. The experiments are performed in a facility that enables measure
between the diffuser vanes, within part of the impeller, in the gap between them and
volute. The diffuser is also instrumented with pressure transducers that track the cir
ferential motion of rotating stall in the stator. The timing of low-pass-filtered press
signals are also used for triggering the acquisition of PIV images. The data inc
detailed velocity distributions, instantaneous and phase-averaged, at different blad
entations and stall phases, as well as auto- and cross-spectra of pressure fluctu
measured simultaneously in neighboring vane passages. The cross-spectra show t
stall propagation rate is 0.93 Hz, 6.2 percent of the impeller speed, and that the
travels from the passages located on the exit side of the volute toward the beginning
crossing the tongue region in the same direction as the impeller, where it diminis
Under stall conditions the flow in the diffuser passage alternates between outward je
when the low-pass-filtered pressure is high, to a reverse flow, when the filtered pre
is low. Being below design conditions, there is a consistent high-speed leakage flow
gap between the impeller and the diffuser from the exit side to the beginning of the v
Separation of this leakage flow from the diffuser vane causes the onset of the sta
magnitude of the leakage and the velocity distribution in the gap depend on the ori
tion of the impeller blade. Conversely, the flow in a stalled diffuser passage and
occurrence of stall do not vary significantly with blade orientation. With decreas
flow-rate the magnitudes of leakage and reverse flow within a stalled diffuser pas
increase, and the stall-cell size extends from one to two diffuser passages.
@DOI: 10.1115/1.1374213#
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1 Introduction

At reduced flow rates, the performance, flow rate, and pres
of a compressor or a pump become increasingly unstable. W
substantial flow fluctuations are propagating at a low freque
along the circumference, but are limited to parts of compone
~e.g., rotor, diffuser, or volute!, the phenomenon is typically re
ferred to as rotating stall. In spite of considerable efforts devo
to the study of rotating stall in compressors and pumps, the
chanics of this phenomenon are not yet well understood. Emm
et al. @1# provide a coherent explanation of rotating stall usi
cascade theory. While rotating stall may occur in any turbom
chine, the phenomenon is most frequently observed and studi
compressors with a large number of blades. Its occurrence
also been reported in the impeller and in the diffuser/volute
centrifugal pumps~e.g., Lenneman and Howard@2#! with specific
geometries. In a more recent research Yoshida et al.@3# investi-
gate the rotating stall instability in a 7-bladed centrifugal impel
with a variety of diffusers. They observe that multiple stall ce
occur, both in the impeller and in the vaned diffuser. The s
propagation speed in the diffuser is less than 10 percent of
impeller speed and is most evident when the clearance betw
impeller and diffuser vanes is large. In the present study, we
amine the occurrence of stall in a centrifugal pump with a van

Contributed by the Fluids Engineering Division for publication in the JOURNAL
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisio
October 27, 2000; revised manuscript received March 15, 2001. Associate E
Y. Tsujimoto.
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diffuser that has a gap of 20 percent of the impeller radius
15.4 percent of the diffuser chord length. This gap is larger th
most of the available data for pumps.

Ogata et al.@4# report on measurements of pressure fluctuatio
and velocity fields, using hot wire measurements, in a vane
fuser of a centrifugal compressor. They conclude that the prese
of a volute casing causes circumferentially nonuniform conditio
at the outlet from the diffuser and that this nonuniformity is
large factor in the inception of rotating stall. Their velocity me
surements indicate the existence of reverse flow in the vane
sages with the lowest pressure field, but being point meas
ments, they cannot provide details on the flow structure and o
mechanisms. They also suggest that the propagation mecha
of a stall cell from one vane passage to another is more com
than the conventional explanation. Additional relevant refere
material on stall and instabilities, including empirical correlatio
for the behavior of impellers and diffuser vanes can be found
Ribi @5#, Tsujimoto@6#, Miyake and Nagata@7# as well as Tsuru-
saki and Kinoshita@8#. Some recent computational work is de
scribed, for example, by Cao et al.@9# and Longatte and Kueny
@10#.

In spite of these efforts, there is still very little experiment
data on the detailed flow structures within a stalled centrifu
turbomachine, the mechanism causing the onset of stall as we
on the effects of blade orientation and flow rate on the flow str
ture within a stalled pump. In this paper we use PIV to meas
the velocity distributions within a vaned diffuser, part of the im
peller, the gap between the diffuser and the impeller, and wit
the volute of a stalled pump. The experimental setup and

n
itor:
© 2001 by ASME Transactions of the ASME



a

d

f

-

l
w
e

p

n

fi

oss
,

at
e

by
to

and
ith
e

par-
V

-
cers
the
F in

er
a is
the
the

. 2.
imi-

im-
-

the
the
m,
gnal

gram
to-
procedures are described in Section 2. The present measurem
cover regions located on both sides of the tongue~cut water!.
Conditionally sampled data using the signal of a pressure tr
ducer located within the diffuser is used for studying characte
tic flow structures at different phases of the stall~Section 3!. Pres-
sure signals from several transducers located in adjacent b
passages are also used for measuring the propagation of the
The measured propagation frequency is only 6.2 percent of
impeller speed, but the propagation speed varies from one bla
the next, and stops at the beginning of the volute. The meas
ments are performed at different impeller orientations and dif
ent flow rates, starting from conditions for which the diffuser
not stalled down to conditions for which the stall cell covers mo
than one diffuser passage simultaneously. We show that h
speed leakage~circumferential flow! in the gap between the dif
fuser and the impeller, from the exit side to the volute to t
beginning side, plays a major role in causing the onset of sta
is also shown that the flow in the vane passage alternates bet
outward jetting when the passage is not stalled to strong rev
flow in a stalled passage~or two passages, depending on flo
rate!.

2 Experimental Setup and Procedures

2.1 Setup. A schematic description of the centrifugal pum
used in the present study is presented in Fig. 1 and relevant de
on the pump geometry are presented in Table 1. The pum
vibration isolated and separated from the rest of the facility us
50 m of coiled flexible hoses. A converging nozzle a
flow straighteners~honeycombs and screens! at the entrance to
the pump insure smooth inflow into the impeller. Further deta
on the test loop can be found in Sinha and Katz@11# and Sinha
et al. @12#.

The impeller has backswept blades with a logarithmic pro

Fig. 1 The pump geometry and location of the present
measurements
Journal of Fluids Engineering
ents

ns-
ris-

lade
stall.
the
e to
ure-
er-
is
re
igh-

he
l. It
een
rse

w

p
tails

is
ing
d

ils

le

and the vaned diffuser has straight walls with a constant cr
section. The configuration~radius! of the perimeter of the volute
r v , in cm is given by:

r v517.78124.463~u/360! ~u varies between 0°-360°!.

In the present configuration the tip of the tongue is located
u529 deg. Beyondu5360 deg the outer perimeter is straight. Th
24.4631.27 cm2 exit is gradually expanded to a 10.16 cm pipe
imposing a maximum expansion angle of less than 7 deg
avoid separation. Parts of the original stainless-steel blades
outer shroud of the impeller were removed and replaced w
acrylic to allow visual access in the flow within the impeller. Th
entire diffuser and outer perimeter of the volute are also trans
ent. This setup allows illumination, flow visualization, and PI
measurements in both the horizontal~parallel to the shrouds! and
vertical ~parallel to the shaft! planes. The pump is also instru
mented with flush mounted piezoelectric pressure transdu
~PCB 105B02! that are mounted on the hub surface, along
centerline, in six adjacent vane passages. They are labeled A–
Fig. 1.

2.2 PIV system. All the data included in the present pap
focus on the flow near the exit of the pump and the sample are
specified in Fig. 1. All the measurements are performed in
mid-section, i.e., in the 50 percent plane between the hub and
shroud. The optical setup of the PIV system is illustrated in Fig
A 350 mJ/pulse, Nd-Yag laser and sheet forming optics are s
lar to the setup used in previous experiments@11,12# where one
can find reference data on the flow at design conditions. The
ages are recorded by a 204832048 pixels, 4 frames/s digital cam
era that incorporates fast digital image shifting@11,12# to over-
come directional ambiguity. The images are recorded at
desired impeller orientation using a shaft encoder. In addition,
electronic control unit provides trigger signals during maximu
minimum and zero-crossing phases of the low-pass-filtered si
of the transducer located at C~see Fig. 1!. As will be shown in the
next section, this signal is associated with the stall.

The acquired images are enhanced using an in-house histo
equalization algorithm and analyzed with in-house au
correlation software@13–15#. The window size is 64364 pixels

Table 1 Geometric data and operating conditions
SEPTEMBER 2001, Vol. 123 Õ 491
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and the vectors are calculated every 32 pixels, i.e., 50 per
overlap between neighboring windows. The water is seeded
20 mm, neutrally buoyant fluorescent particles. The fluoresc
particles enable us to install a high-pass filter in front of the ca
era that cuts the green laser light but allows unobstructed tr
mission of the yellow fluorescence. Consequently, reflecti
from solid boundaries, such as blades, vanes, and shrouds d
obscure the particles’ traces, even very close to the blade surf
The uncertainty has been determined, calibrated, and discuss
detail in several of our previous papers~e.g., Dong et al.@16#,
Roth et al.@17#, @13–15#, Sridhar@18#!. The standard deviation o
the difference between the exact and measured velocities in
experimental and computer-generated images has been fou
be about 0.2 pixels, provided there are sufficient number of p
ticles per interrogation window. Consequently, the uncertainty
velocity measurements is in the 0.2–0.4 pixels range~depending
on how stringent one chooses to be! and we have opted to use 0.
pixels as a characteristic value. To achieve this uncertainty
particle concentration must be maintained at a level that ensu
distribution of at least 7—8 image pairs per interrogation windo
This requirement is consistent with results of other studies of
certainty in PIV measurements~Adrian @19#!. Consequently, for a
characteristic displacement of 20 pixels between exposures
uncertainty is about 1.5 percent.

3 Results

3.1 Performance, Pressure Fluctuations and Propagation
Rate. A performance curve of the present pump is presente
Fig. 3. At flow coefficients below 0.06 there is a change in t
slope of the performance curve and as a result it is believed
the pump is close to the onset condition of rotating stall. Sam
power spectra of the pressure signals in passage C under c
tions of stall and no-stall are presented in Fig. 4~a!. The pump
shaft frequency is 14.83 Hz, but at this frequency there is on
change in slope. The peaks at twice and three times this frequ
on design conditions are clear. There are five impeller blad
which means that the frequency at which blades pass by the s
vane passage is 74.2 Hz. The largest peak in Fig. 4~a! ~on design
conditions! corresponds to this passing frequency. Its first su
EMBER 2001
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harmonic at 148.4 Hz is also evident. There are nine diffu
vanes, which means that the rate at which the same impeller b
passes by the diffuser vanes is 133.5 Hz. There is a clear spe
peak at this frequency too. There is another peak at;122 Hz that
we cannot explain and the reasons for its occurrence are be
the scope of this paper. Under stalled conditions the peaks at 2
74.2, 122, and 133.5 Hz are smaller, but they are higher at 4
Hz and at frequencies below 14.8 Hz. In particular, there is
increase of about 5 db below 1 Hz. Under a stalled condition,
power spectrum in fact yields an additional peak at 0.93 Hz in
signals of the transducers in passages A, B, C, D, and E, but n
the signal of transducer F. Samples of auto-spectra for passa
A, B, E, and F are presented in Fig. 4~b!. The spectra for passage
C and D are not shown since they are almost identical to thos
passages A and B. Clearly, unlike passages A–E, there is no
tinct spectral peak at frequencies below 15 Hz in passage F.

Figure 5~a! shows a sample of the magnitude of the cro
spectrum between the pressure signals A and B, and Fig.~b!
provides the phase information A similar analysis was perform

Fig. 3 The performance curve „squares … and output power „tri-
angles … of the pump
Transactions of the ASME
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Fig. 4 A typical pressure signal of transducer C at: „a… design
conditions „wÄ0.118…, „b… stalled conditions „wÄ0.062…, „c…
power spectra of the signals in 4 „a… and 4 „b…, „d… auto spectrum
of Channels A, B, E, and F
Journal of Fluids Engineering
between each pair of transducer signals. The peaks are at freq
cies that are common to the two signals and the phase is indica
of the time lag/lead between them. We obtain data at 0.93 Hz
passages ‘‘A’’-‘‘E,’’ since there is no peak in the spectra invol
ing passage ‘‘F.’’ The phase angles by which the pressure sig
of sensor ‘‘A’’ leads the signals in the other passages are ta
lated in Table 2.

Clearly, the time delay varies as the phenomenon moves f
one passage to another. The propagation speed initially incre
as the tongue is approached. The time lag between sensor A a
is 0.145 s, whereas the lag between B and C is 0.06 s. Betwe
and D the lag increases only slightly to 0.08 s, but then it
creases substantially to 0.44 s between D and E and disapp
completely in F. The decaying propagation speed suggests
influence of the non-uniform flow conditions~circumferential
pressure gradients! that exist, according to Ogata et al.@4#, in the
volute casing outside the diffuser, or in the gap between the
peller and the diffuser, as the present velocity measurement
dicate. Since the propagation speed is not uniform we cannot
the Hanover diagram~Japikse et al.@20#! for estimating the num-
ber of stalled cells that exist at a given instant of time.

RMS values of pressure fluctuation in passages A–F, are
corded at different flow rates, starting from 5.67 1/s and low
~Fig. 6!. The rms values start increasing at around 3.78 1/s
channels A, B, C, D, and E. The pressure fluctuations at D
initially lower than the levels in the other passages and it start
rise at the same flow rate. However, it continues to rise well a
the signals at A, B, C, and E reach maximum levels and pe
only at about 2.84 1/s. For the A–E passages, the rms le
decrease to a lower, but still elevated, levels below 2.75 1/s. P
sage F does not follow the same trend. There, the fluctuat
remain at almost the same level until 2.75 1/s where there
sharp increase followed by an immediate decrease to an elev

Fig. 5 „a… Sample cross spectrum magnitude of transducer
signals in vane passages A and B; „b… phase difference be-
tween the signals of tranducers A and B
g
led
Table 2 Measured phase and time lead at 0.93 Hz obtained from cross-spectra of the pressure
signals in passages A, B, C, D, and E. Transducer F has no peak at 0.93 Hz.

Transducers: A&B A&C A&D A&E A&F

Angular separation 40.0 deg 80.0 deg 120.0 deg 160.0 deg 200.0 de
Phase lead 48.49 deg 68.59 deg 94.06 deg 258.0 deg not stal
Time lead~s! 0.145 0.205 0.281 0.717 not stalled
SEPTEMBER 2001, Vol. 123 Õ 493
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level. Thus, at 3 1/s~w50.062! passages A, B, C, D, E are exp
riencing high pressure fluctuations whereas passage F is not.
sistent with the spectral analysis, and confirmed by the velo
distributions, discussed in the next section, the increased lev
fluctuation is caused by massive flow oscillations, from be
stalled ~reverse flow! to having a jet flowing through~forward
outflow! in the vane passage. Since the increase in pressure
tuations begins at around 3.78 1/s, to study the onset of stall
images are recorded at and below 3.78 1/s, down to 2.52 1/s
record data when the stall related, low-pass-filtered, pressure
nal is maximum, minimum and during zero crossing~growth or
decay!. Reference data on the flow in other vane passages w
the pump operates on design conditions can be found in S
et al. @11,12#.

3.2 Flow Structures at Different Phases. Sample instan-
taneous vector maps at different phases of the stall, when
low-pass-filtered transducer signal at C is minimum, during z
crossing and maximum, all atw50.062, are presented in Figs
7~a–c!, respectively. The blade orientation is the same in all th
cases. At minimum pressure, there is a reverse flow in van
sage C. The magnitude of reverse velocity is only about 10 p
cent of the impeller tip speed. There is also clear evidence of fl
separation at the trailing edge of the vane. During zero cros
~Fig. 7~b!, i.e., as the pressure in C is rising, the flow in passag
is in the process of recovering from the reverse flow, wher
there is still backward flow in passage D above it. Interestingly
Fig. 7~b! there is a negative radial velocity on the pressure side
the impeller blade, i.e., there is a backward flow into the impel

At a pressure-maximum phase, there is a strong outward
~Fig. 7~c!! through passages C and D. The velocity at D is high
presumably due to the lower mean pressure at the beginning o
volute when the pump operates below design conditions. The
flow from passage C separates from the convex side of the v
and is aimed directly toward the exit. In all cases there is a str
leakage flow in the gap between the impeller and the diffuser fr
the exit side to the beginning of the volute. The leakage velo
exceeds 50 percent of the impeller tip speed. The secondary
downstream of the diffuser is complex but is significantly slow

3.3 Effect of Blade Orientation. Figure 8~a–c! and Fig.
9~a–c! show sample phase averaged data~averages of 10 images
each! during minimum and maximum pressure phases, at 3 dif

Fig. 6 RMS values of pressure fluctuations as a function of
flow rate
494 Õ Vol. 123, SEPTEMBER 2001
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ent impeller orientations,24 ~356!, 26, and 56 deg, respectively
A complete set, every 10 deg, can be found in Sinha@21#.

At minimum pressure-phase~Fig. 8!, the phase-averaged da
shows a reverse flow into passage C and a slow outward flow
passage D. As the flow turns around back into the passage

Fig. 7 Sample Instantaneous velocity maps at: „a… minimum,
„b… zero-crossing „on the rise …, and „c… maximum phases of the
low-pass-filtered pressure signal at passage C „wÄ0.062…
Transactions of the ASME
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separates near the trailing edge of the lower diffuser vane, c
ing a pocket of no flow at the trailing edge, on the concave sid
the lower vane. Several relatively weak vortex structures/la
eddies can also be seen outside of the diffuser, in the vicinity
the tongue. Between instantaneous realizations these eddies
both in strength and spatial locations.

As indicated before, the most dominant phenomenon is the h
speed-leakage flow between the impeller and the diffuser, f
the exit side of the pump~left side of the tongue! toward the
beginning of the volute. The magnitude of the phase-avera
leakage velocity also exceeds 50 percent of the impeller tip sp
The magnitude and orientation of the leakage flow varies w
blade orientation due to the ‘‘jetting’’ in the pressure side of t
impeller blade and the ‘‘wake’’ region behind the blade. The i
peller orientation, still at minimum pressure phase, also affects
out flux from passage D. It is at maximum in Fig. 8~b!, when the
vane passage faces the pressure side of the blade, and minim
Fig. 8~a!, when passage D is exposed to the suction side of
blade. Conversely, the phase-averaged flow outside of the diff
is very slow, with very little secondary flow from the exit side
the beginning of the volute or from the beginning to the exit si
This trend indicates that the circumferential pressure gradi
causing the leakage flow are confined to the narrow gap betw
the impeller and the diffuser. The pressure gradients outside o
diffuser are weak.

At a maximum pressure phase~Fig. 9!, there is an outward je
from the vane passage with velocity magnitude of about 60 p
cent of the typical values on design condition~available in Sinha
and Katz@11#!. The jet is aimed directly toward the exit and the
is no indication that it is affected by circumferential pressure g
dients in the volute. The jet velocity is slightly higher when va
passage C is exposed to the pressure side of the blade~Fig. 9~a!!,
and the separation point on the convex side of the diffuser v
~separating passages C and D! shifts as the impeller blade pass
by, but these fluctuations are small. There is essentially no~phase-
averaged! flow to the right of the jet and the tongue. The out flu
from passage D also increases when the inlet to this passa
exposed to the pressure side of impeller blade~Fig. 9~b!!.

Fig. 8 Phase averaged velocity maps at a minimum pressure
phase when the blade is at: „a… À4 deg, „b… 26 deg, and „c… 56
deg. The colors indicate velocity magnitude and a reference
vector is provided in Fig. 7. Only alternate vectors are shown
for clarity.
Journal of Fluids Engineering
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In the gap between the impeller and diffuser the fast leak
flow persists in the maximum pressure phase of the stall. In f
the characteristic leakage velocity is even higher than that of
minimum pressure phase. The velocity distribution depends,
not to a great extent, on the orientation of the impeller. The
locity is typically higher, exceeding 50 percent of the tip speed,
the pressure side of the impeller blade~ahead of the tip!, and
decreases as much as 40–45 percent in other regions. The
crease is particularly evident when the blade is located near
diffuser vane separating passages D and E~Fig. 9~a!!. In sum-
mary, it is shown that the phase-averaged flow structure un
stalled conditions shows some, but not substantial, dependenc
the impeller orientation. Most of the effects are confined to
immediate vicinity of the blade~which is not surprising! and there
is limited impact on the flow within the diffuser during maximum
pressure phase. A probable cause for this limited effect is the h
speed circumferential leakage flow that separates between the
peller and the diffuser.

Fig. 8 „Continued …
SEPTEMBER 2001, Vol. 123 Õ 495
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3.4 Effect of Flow Rate and Onset of Stall. Figures
10~a,b!–13~a,b! contain representative samples of instantane
and phase averaged velocity maps~this time an average of 20
each! at 3.78 1/s~w50.078!, 3.28 1/s~w50.068!, 3.02 1/s~w
50.062!, and 2.52 1/s~w50.052!, respectively, all at a minimum
pressure phase and at the same blade orientation. These four
acteristic examples are selected from an available series of 11
that covers the rangew50.052–0.078 available in Sinha@21#.
They are selected to demonstrate the transition, with decrea
flow rate, from a flow that is not stalled to conditions of mass
stall that covers more than one blade passage simultaneous
all cases the flow is below design conditions. As Figs. 3 an
indicate, atw50.078 ~the upper bound!, the flow is clearly not
stalled. This condition is still far from the local minimum in pe
formance curve and the pressure fluctuations are still relativ

Fig. 9 Phase averaged velocitiy maps at a minimum pressure
phase when the blade is at: „a… À4 deg, „b… 26 deg, and „c… 56
deg. The colors indicate velocity magnitude and a reference
vector is provided in Fig. 7. Only alternate vectors are shown
for clarity.
496 Õ Vol. 123, SEPTEMBER 2001
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low. With decreasing flow rate there is a range of conditions w
high pressure fluctuations that are caused by the rotating stall.
highest fluctuations occur atw;0.062. As the flow is decrease
further the pressure fluctuations decrease again. The lower bo
of our range of samples,w50.052, is already well below the rang
of flow rates with high pressure fluctuations. The latter is a
close to the local minimum in the performance curve.

Typical narrow jetting near the concave side of the vane wit
wide separated region in the convex side dominate the flow in
downstream of the diffuser at 3.78 1/s~w50.078!, as shown in
Fig. 10~a,b!. At this flow rate the outward jet always exists. Part
the jet exiting from the previous diffuser passage~passage B!, 40
deg upstream, is also evident, both in the instantaneous and p
averaged velocity distributions. This phenomenon is similar
that shown by Johnston and Dean@22# for off-design flow rates
and similar~but lower velocity! to the phenomena occurring a
higher flow rates in this pump@11# . Note also that there is a
secondary flow from the beginning side of the volute~right of the
tongue! toward the exit. This phenomenon indicates that the pr
sure gradients near the tongue are in the opposite direction c
pared to the gradients in the gap between the impeller and
diffuser, where the flow leaks to the beginning of the volute. T
secondary flow around the tongue disappears at lower flow ra

With decreasing flow rate the characteristic jet velocity d
creases and the traces of the jet from passage B eventually d
pear. Conversely, the leakage flow increases substantially, a
evident by comparing the samples in Fig. 10–13. In addition,
velocity in the outer sections of the volute~low x in the examples
shown! becomes consistently higher than the flow in the vicin
of the tongue, a trend that is characteristic to operation off des
conditions@16#. At about w50.068 the flow in passage C stop
intermittently and even becomes negative, but the phase-aver
flow is still positive ~Fig. 11~b!!. In Fig. 11~a! the flow through
passage D is positive, and quite fast, and there are traces o
jetting from passage B. Thus, only passage C is stalled, whic
characteristic to the size of the stall cell at this flow rate.

The frequency of reverse flow increases with decreasing fl
rate and eventually even the phase-averaged velocity in passa
becomes negative~Fig. 12~b!! during minimum pressure phase. A
and beloww50.065~data not shown–the pattern is similar to Fi
12~a,b!! the instantaneous stalled area starts covering two diffu
vane passages intermittently although the phase average dis
tion only covers one passage. The reverse flow magnitude

Fig. 9 „Continued …
Transactions of the ASME
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continues to increase. Atw50.062 reverse flow regularly occur
in passage C during minimum pressure phase and atw50.052
~Fig. 13! the flow is consistently reversed in both passages C
D. Consequently, even the phase-averaged flow is negative.

Before concluding, it is of interest to identify exactly where t
stall process starts. Our ability is limited since all the veloc
measurements are performed in the same central plane an
flow is three-dimensional. A clear illustration that the flow
three-dimensional is the fact that the backward flow into pass
D in Fig. 12~a! faces a flow in the opposite direction at the e
trance to the passage. Obviously, to satisfy continuity there ha
be a flow in the opposite direction in other planes. However,
amination of the velocity distributions as the stall develops p
vides sufficient information to follow the process. As an illustr
tion, let us examine the flow in passage D in Fig. 14~w50.059!
that shows a characteristic velocity distribution during early sta
of transition from forward to reverse flow in the passage. In t

Fig. 10 Sample „a… instantaneous; and „b… phase averaged ve-
locity maps „only alternate vectors are shown in b… at a mini-
mum pressure phase. The flow rate is 3.78 1 Õs „wÄ0.078… and
the blade orientation is 6 deg.
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example, the flow is separated on the concave surface but the
still an outward flow along the convex surface. The same tre
i.e., that the stall starts as the flow separates on the concave si
the passage, occurs also in passage C but typically at higher
rate, due to the location of the trigger transducer. This phen
enon is most likely associated with the fast leakage flow t
makes a turn near the narrowest point of the diffuser. Combi
with the adverse pressure gradients in the passage~especially dur-
ing a minimum pressure phase! the concave surface become
prone to massive flow separation and stalling. As a vane pas
stalls the leakage velocity increases which further increases
pressure gradients at the point where the leakage flow turns a
entrance to a passage. Thus, stalling of passage C increase
likelihood of subsequent stalling of passage D, i.e., a rotating s
This process stops when the pressure gradients in a passag
come favorable for outward flow. Due to the circumferential pre

Fig. 11 Sample „a… instantaneous and „b… phase averaged ve-
locity maps „only alternate vectors are shown in b… at a mini-
mum pressure phase. The flow rate is 3.28 1 Õs „wÄ0.068… and
the blade orientation is 6 deg.
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sure gradients below design conditions~Iversen et al. @23#,
@14,16#, that in the present pump seem to be confined to the g
between the impeller and the diffuser, eventually the leakage
finds a passage~most likely passage F above 2.8 1/s! where it can
flow out. Consequently, in the present pump, passage F is
stalled at 3.02 1/s, as the spectral analysis demonstrates.

4 Summary and Conclusions
PIV and pressure fluctuation measurements are used for st

ing the flow structure within a centrifugal pump with a van
diffuser under stall conditions. Cross spectra of the pressure
nals at neighboring passages, as well as the RMS levels of p
sure fluctuations confirms that a rotating stall occurs at a
quency of 0.93 Hz, 6.2 percent of the impeller speed. The sta
detected at the exit side of the pump and propagates with var
speeds to the beginning side, where it is quenched. The quenc
of the stall occurs in a vane passage at the beginning of the vo

Fig. 12 Sample „a… instantaneous and „b… phase averaged ve-
locity maps „only alternate vectors shown in b… at a minimum
pressure phase. The flow rate is 3.08 1 Õs „wÄ0.062… and the
blade orientation is 6 deg.
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where the pressure gradients for outflow are more favora
Thus, unlike axial turbomachines, the circumferential press
variations in the diffuser/volute confine the stall to a small part
the diffuser. This observation is consistent with the conclusions
Ogata et al.@4#, that circumferential pressure nonuniformities a
fect the conditions for the onset of stall.

When the pump is stalled the flow in the diffuser passage al
nates between an outward jetting, when the low-pass-filtered p
sure signal in the vane passage is high, to a reverse flow, whe
filtered pressure is low. Being below design conditions, there
consistent high-speed leakage flow in the gap between the im
ler and the diffuser from the exit side to the beginning of t
volute. Separation of this leakage flow from the concave side
the diffuser vane causes the onset of the stall. The magnitud

Fig. 13 Sample „a… instantaneous and „b… phase averaged ve-
locity maps „only alternate vectors are shown in b… at a mini-
mum pressure phase. The flow rate is 2.52 1 Õs „wÄ0.052… and
the blade orientation is 6 deg.
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the leakage and the velocity distribution in the gap depend on
orientation of the impeller blade. Conversely, the flow in a stal
diffuser passage does not vary significantly with impeller bla
orientation. With decreasing flow-rate the magnitudes of leak
and reverse flow within a stalled diffuser passage increase and
stall-cell size extends from one to two diffuser passages. Un
the gap between the impeller and the diffuser, there is very li
leakage flow in the volute downstream of the diffuser, indicati
that the circumferential pressure gradients in the volute are s
stantially smaller than those in the gap. This phenomenon is p
ably related to the uncharacteristic large gap between the imp
and the diffuser of the present pump~2.07 cm, 10.2 percent of the
impeller diameter and 15.4 percent of the diffuser vane ch
length!. As indicated in Yoshida et al.@3#, increasing the gap
between the impeller and the diffuser also increases the likelih
and effect of the stall. Narrower gaps will not allow such a stro
leakage flow in the gap, and will most likely thus ‘‘push’’ th
circumferential pressure gradients and leakage into the volute
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Fig. 14 Sample instantaneous velocity distribution at a mini-
mum pressure phase as massive flow separation and the onset
of stall occur in passage D. The flow rate is 2.89 1 Õs „wÄ0.060…
and the blade orientation is 6 deg.
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