THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS
345 E. 47th St., Now York, N.Y. 10017

The Society shall not be responsible for statements or opinions advanced in
papers or discussion at meetings of the Society or of its Divisions or Sections,
or printed In Its publications. Discussion is printod only if the paper is published in an ASME Journal. Papers are available from ASME for 15 months
after the meeting.
Printed in U.S.A.

94-G1-5

Copyright © 1994 by ASME

Marina Ubaldi, Pietro Zunino, Glovanna Barigozzi,
and Andrea Cattanel

Dipartimento di Ingegneria Energetica
Universita di Genova
Genova, Italy

1111111M1111111101111
ABSTRACT
Detailed flow measurements were taken in a centrifugal turbomachine
model to investigate the aerodynamic influence of the vaned diffuser
on the impeller flow.
The model consists of an unshrouded centrifugal impeller with
backswept blades and a rotatable vaned diffuser which enables a continuous variation of the vaned diffuser location with respect to the
measuring points.
Phase locked ensemble averaged velocity components have been
measured with hot wire probes at the impeller outlet for 30 different
relative positions of the probe with respect to the diffuser vanes. The
data also include the distribution of the ensemble avenged static
pressure at the impeller front end, taken by means of miniature fast
response pressure transducers flush mounted at the impeller stationary
casing. By circumferentially averaging the results obtained for the
different' circumferential probe locations, the periodically perturbed
impeller flow has been split into a relative steady flow and a stator
generated unsteadiness.
The results for the different probe positions have also been correlated
in time to obtain instantaneous flow field images in the relative frame,
which provide information on the various aspects of the diffuser vane
upstream influence on the relative flow leaving the impeller.
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AN EXPERIMENTAL INVESTIGATION OF STATOR INDUCED
UNSTEADINESS ON CENTRIFUGAL IMPELLER OUTFLOW

EXPERIMENTAL FACILITY AND OPERATING CONDMONS
A simplified model of centrifugal turbomachine, dedicated to basic
fluid dynamic studies, has been utilized for the present experimental
investigation. The model is shown in Fig. 1.
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The model consists of a 420 mm diameter unshrouded centrifugal
impeller and a rotatable radial vaned diffuser which allows for continuous variation of the vaned diffuser circumferential location with
respect to the measuring point. The impeller and the diffuser are shown
in Fig. 2. The coordinates of the impeller blade and diffuser vane profiles
are given in appendix.
The impeller, directly driven by an electric d. c. motor, has seven
untwisted constant thickness backswept blades with rounded off leading
and trailing edges. The blade camber angle with the radial direction
varies continuously from 65 deg at the inlet (D 1/D2 = 0.57) to 70 deg at
the outlet, giving a geometrical diffusion ratio of 1.42. The diffuser is
constituted by a disk with internal and external diameters 421 and 750
mm respectively, supported by a bearing plane. The disk can be rotated
with respect to the support by means of circumferential slits and protruding pins. Constant thickness circular arc vanes can be used to
construct several vaned diffusers with different vaneless radial gaps,
stagger angles and number of vanes.
The diffuser used in the present investigation has 12 vanes and a 6
per cent vaneless radial gap. The front cover of the model, which
constitutes the impeller and diffuser casing, is made of perspex to allow
for flow visualization and easy probe positioning. The cover is supported by the bearing plane through eight cylindrical holders. The
holders' height can be varied to change the blade tip clearance. In the
present investigation the tip clearance is set at its minimum value of 0.4
mm, to reduce tip leakage effects.
The model operates in an open circuit, with air being fed to the impeller
through a long straight pipe and discharged into the atmosphere directly
from the radial diffuser. The inlet pipe is equipped with a honeycomb,
a cloth filtering element and a throttling valve. The flow rate is measured
by means of static pressure taps in the inlet pipe and a Pitot tube for the
total pressure drop through the valve.
The experiment was conducted at the constant rotational speed of 2000

Fig. 1 Centrifugal turbomachine model .
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INTRODUCTION
Flow unsteadiness generated by rotor-stator aerodynamic interaction
affects aerodynamic, thermal and structural performance of turbomachinery components. Aerodynamic interaction takes place mainly
through two distinct mechanisms: wake and potential flow effects
(Dring et al., 1982).
The wake viscous effect originates from the impingement and the
convection of wakes shed from the preceding row through the successive blade row in relative motion. The periodic striking of turbulent
wake segments determines a complex unsteady flow field which
influences the onset of the boundary layer transition on the downstream
blades (e. g. Pfeil et al., 1983; Hodson, 1985; La Graff et al., 1989; Liu
and Roth, 1992).
The potential flow effect is induced by the interaction of the inviscid
flow fields generated by the adjacent blade rows in relative motion. It
extends in both upstream and downstream directions, with a larger effect
on the upstream row. However, the rate of decay of the potential perturbation is fast and the associated effect appears significant only in
case of small gaps between adjacent rows.
Due to the important practical implications and the inherent complexity of the interaction phenomena, a large number of detailed
experimental investigations are reported in literature. Most of these
efforts concern the analysis of wake generated unsteady flows in axial
turbomachines, either compressors (e. g. Zierke and Okiishi, 1982;
Dunker et al., 1983; Suder et al., 1987; Hathaway et al., 1987; Poensgen
and Gallus, 1990a, 1990b; Schulz et al., 1990)) or turbines (e. g. Binder
et al. 1985, 1989; Zeschky and Gallus, 1991). Dring et al. (1982) and
Joslyn et al. (1983) have analysed in detail both wake generated and
upstream potential flow effects in a large-scale, axial flow, turbine
model.
Investigations dealing with rotor-stator interaction in centrifugal
turbomachines are less numerous and, in general, concern both interaction mechanisms (e. g. Krain, 1981; Inoue and Cumpsty, 1984; Arndt
et al., 1990). Since the mixing process that rotor blade wakes undergo
is very fast and radial gaps between rotors and vaned diffusers are small,
in centrifugal machines viscous and potential flow effects become
comparable.
To study basic fluid dynamic phenomena, including aerodynamic
rotor-stator interaction, a simplified model of centrifugal turbomachine
with rotatable vaned diffuser has been designed and built. This paper
reports results of an experimental investigation of the unsteadiness
induced by the stator on the relative flow leaving the centrifugal
impeller.
The unsteady flow field at the impeller outlet, which is not axisymmetric due to the upstream potential effect of the vaned diffuser, has
been investigated with a constant temperature hot wire anemometer for
several relative circumferential positions of the probe and the diffuser
in order to reconstruct in great detail instantaneous pictures of the rotor
outflow periodically perturbed by the diffuser vanes in relative motion.
To gain more insight into the upstream propagation mechanism of the
stator induced unsteadiness, instantaneous static pressure at the front
cover of the unshrouded impeller has also been measured using
miniature fast response pressure transducers and has been processed to
get the images of the periodically perturbed pressure field within the
centrifugal impeller passages.

. _
.
rpm, at the nominal operating condition (flow rate coefficient cy =0.048,
total pressure rise coefficient ty = 0.65). At this operating condition the
theoretical flow incidence on the impeller blades was 4 deg positive.
The Reynolds number based on impeller tip speed and impeller blade
chord was Re = 6.5 105. The main geometric data of the model and the
operating conditions are summarized in Table I.

Table I Geometric data and operating conditons
Impeller
inlet blade diameter
outlet diameter
blade span
number of blades
inlet blade angle
(with radial direction)
outlet blade angle

INSTRUMENTATION AND MEASURING TECHNIQUES

Diffuser
inlet vane diameter
outlet vane diameter
vane span
number of vanes
inlet vane angle
outlet vane angle

03 =

D, =
b =
=
=

444 mm
664 mm
40 mm
12
-74 deg
-68 deg

Operating conditions
rotational speed
flow rate coefficient
total pressure rise coefficient
Re
Reynolds number

= 2000 rpm
= 0.048
= 0.65
= U2f/v = 6.5 I05

Inlet air reference conditions
temperature
air density

Fig. 2 Impeller and vaned diffuser geometry

-70 deg

= 298K
=
1.2 kg/m3

defined as unresolved unsteadiness (Suder et al., 1987).
In order to separate the periodic signal from the unresolved
unsteadiness, the phase locked sampling and ensemble average technique (Gostelow, 1977; Lalcshminarayana, 1981) was applied to the hot
wire instantaneous signals. The once per revolution reference signal
was provided by an optical device which consists of a light source, a
reflecting element glued on the shaft and a receiving photocell. The
ensemble avenges were obtained by averaging 700 records of 160 data,
corresponding to 160 circumferential positions in the rotor reference.
The instantaneous signals were digitized at a frequency rate of 18.667
kHz by means of a 12 bit A/D converter board and a trigger alarm
module (Burr Brown PCI 200 19M and 200020M) and the data were
stored in a personal computer. The selected sampling frequency pro, vides a detailed description of an impeller passage by means of 80
circumferential points.
Miniature normal and slanted single sensor probes (Dantec 55P11 and
55P12) with tungsten wires of 1.25 mm length and 5 pm diameter were
used to measure instantaneous velocities. The frequency response of
the system exceeds 100 kHz. The probes were accurately calibrated for
velocity magnitude and direction. The instantaneous cooling velocities
were obtained from the sampled signals by numerical inversion of the
calibration curve.
For each measuring point a set of 12 ensemble averaged cooling
velocities and 12 variances (9 for the slanted probe and 3 for the normal
probe) were obtained by rotating the probe around the axis. The three
ensemble averaged velocity components and the six apparent Reynolds
stress components associated with the unresolved flow unsteadiness
were determined using the above mentioned set of data and solving two
overdetennined systems of algebraic equations. This experimental
procedure is the same as the one used by Ubaldi et al. to measure the
relative flow and turbulence characteristics downstream of a centrifugal
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A constant temperature hot wire anemometer with single sensor
probes and flush mounted miniature fast response pressure transducers
were used to measure the unsteady three-dimensional flow at the
impeller outlet and the unsteady static pressure at the front cover facing
the unshrouded impeller passages. To survey the impeller outflow, the
hot wire probe was introduced from the front cover at a radial distance
4 mm from the blade trailing edge (0„101 = 1.02) and 8 mm from the
vane leading edge.
The probe was traversed in axial direction to describe the impeller
flow in spanwise direction with 17 measuring points. The minimum
distance from the walls was 2 mm. During the impeller revolutions the
stationary fast response hot %VIM probe senses an unsteady signal consisting of a periodic part and a random one. The former is due to the
circumferential non uniformity of the relative flow, the latter is
associated with flow turbulence, trailing edge vortex shedding, separations and all the other unsteady phenomena not correlated with the
impeller frequency. This apparent turbulence can more properly be

D I = 240 mm
0 2 = 420 mm
b =
40 mm
7
zi
PI , = -65 deg

impeller (1993a) and an axial flow rotor (1993b). The details of the hot
wire technique are given by Perdichizzi et al. (1990).
The instantaneous static pressure distributions at the front end of the
unshrouded impeller were obtained at 10 radial measuring locations
from the impeller inlet to the outlet, by combination of stationary and
dynamic pressure measurements. The static pressure fluctuations were
measured by means of a flush mounted semiconductor transducer
(Entran Epil-203-013G) with a resonance frequency of 100 kHz. The
time averaged static pressures were measured by means of static
pressure taps and a Betz micromanometer to avoid thermal zero drift
effects on the miniature semiconductor pressure transducer output. The
instantaneous static pressure distributions were ensemble avenged
using the same procedure as the one applied to the hot wire signals.
From verification tests performed in a calibration wind tunnel, the
following experimental uncertainties have been estimated:
Mean velocity
± 1 per cent
Flow angles
±
I deg
Apparent turbulence
intensity
± 5 per cent
Static pressure
± 2 per cent of the reference inlet pressure
± 0.1 mm
Probe position

ensemble averaged velocity
I N
8k) = N
ml i c p a
root mean square of the random unsteady fluctuations
(t,,

(3)

Inoue and Cumpsty (1984) for the case of a centrifugal compressor
and Hathaway et al. (1987) for an axial compressor were able to divide
the ensemble averaged velocity eik (rj, ek) into a steady state velocity and
a rotor generated unsteadiness, by time avenging. This description has
been proved to be effective in the study of the diffuser flow disturbed
by the rotor wakes.
In the present study, concerning the upstream effect of the vaned
diffuser on the rotor flow, the circumferential average over a diffuser
vane pitch is performed instead of the time average. A representative
picture of the impeller flow is provided in fact by the circumferential
ensemble averaged velocity which is obtained by averaging the• K
distributions of the ensemble avenged velocity:
(4)

c /(0 = [EA°, 130A0k1 /fr As k
The ensemble averaged velocity ej,

0,) can be split into two

components: the circumferential ensemble averaged component EA)
and the circumferential distributed fluctuating component
The former is still a function of time or of the rotor circumferential
coordinate and is no more dependent on the vane position. The latter is
due to the upstream effect of the vaned diffuser on the steady, but not
uniform in space, rotor relative flow.

c(5,0,)=Z;(t,)+5',fr(tr ek)

(5)
The root mean square of the circumferential distributed fluctuating
component 61 (t,, 0k) represents the stator induced unsteadiness on the
impeller flow:
(6)
k -1

The concept of stator induced unsteadiness can be used to quantify
the effects of the upstream propagation of the stator potential flow
perturbation into the rotor flow. Furthermore the procedure of splitting
the instantaneous velocity into a steady state velocity, a stator induced
unsteadiness and an unresolved unsteadiness is suitable to be applied
also to the Navier-Stokes equations in order to obtain an averaged form
useful for simulating the steady state turbulent rotor flow periodically
perturbed by the downstream vanes.
Figure 5 shows the circumferential ensemble averaged velocity and
compares the stator induced unsteadiness with the unresolved
unsteadiness (nns normalized by the impeller tip speed).

(1)
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0,)

ea = -\113 .ijc,,,kor - eA (ty e)r

where n = 1 N is the index of the sequence of records to be ensemble
avenged (N = 700);
j = 1 ... I is the index of the time coordinate t or the order of the
sampled signal in the record (I = 160);
k = 1 K is the index of the circumferential position 0 of the
probe (K = 30).

DATA REDUCTION
The ensemble average procedure enables the separation of the periodic
unsteadiness at the blade passing frequency from the random
unsteadiness, thus allowing to reconstruct the circumferential distribution of the impeller outflow velocity components in the relative
frame, starting from the signal of a stationary probe. In case of vaneless
diffuser or vaned diffuser with a large vaneless radial gap, the results
are independent of the circumferential location of the probe. Reducing
the radial distance between the probe and the vane leading edge lets the
velocity distributions become sensitive to the probe circumferential
location, as shown by Krain (1981) and by Inoue and Cumpsty (1984).
Evidence of the upstream potential flow effect generated by the vaned
diffuser is given in Fig. 4. In the case of a vaned diffuser, a comprehensive description of the relative flow should account for information from several circumferential stationary points of view. In the
present investigation, velocity and pressure measurements are taken at
30 circumferential locations distributed over one diffuser vane circumferential pitch, in such a way to achieve an accurate description of
the unsteady flow also in space.
In the present investigation the probe is maintained at a fixed position
with respect to the absolute frame of reference and the various relative
probe-diffuser vane positions have been obtained by rotation of the
diffuser. Thus the temporal coordinate of the instantaneous signal for
each diffuser position corresponds to the same circumferential
coordinate in the rotating frame of reference, regardless of the diffuser
position.
Therefore the instantaneous signal (for instance the velocity c) is a
function of time (ti) or rotor circumferential coordinate, of the data
record (n), of the stationary probe circumferential position with respect
to the diffuser vane (0 k) and of a further spatial coordinate (the axial
coordinate (z) for the velocity measurements at the impeller outlet, the
radial coordinate (r) for the pressure measurements at the impeller front
end).
Omitting, for simplicity, the second spatial coordinate, the equations
defining the ensemble average procedure are as follows:
instantaneous velocity
cv (ti , 0, ) = CA (t) , 0,) + c

(2)

Fig. 3 Sketch of the radial rows of blades and reference coordinates
A-nore impressive description of the periodically unsteady rotor flow
can be achieved by correlating in both time and space each measurement, in such a way to obtain an instantaneous relative flow field pattern,
which can be displayed over several rotor passages, as shown by Binder
et al. (1985), or represented over one or two rotor pitches for different
time instants corresponding to different relative positions between
impeller blades and diffuser vanes, as shown by Inoue and Cumpsty
(1984).
In order to reconstruct the distribution of the ensemble avenged
velocity in function of the relative frame circumferential coordinate
y, at the time instant t. it is necessary to reorder the information contained
in the individual ensemble averaged signals obtained with the probe
fixed in the point M for different circumferential positions 0, of the
diffuser.
Referring to Fig. 3, let P. be the point in the m-th diffuser passage,
whose circumferential coordinate in the relative frame is defined by
„ 2nr
+ + (m —
yi (P,O= [Uri rOt
then the value of t in P., at the time instant i can be obtained by
interpolation of the function efir op ek at the temporal coordinate
)

_ 0,

2n
- 1)—

Figure 7 shows a typical result of the described procedure. The distribution of the radial velocity versus the rotor circumferential
coordinate is perturbed in proximity to the diffuser vanes ., both the vanes
and the perturbations, felt by a relative observer, move jointly in time.

RESULTS AND DISCUSSION

wee...12z /2n = 0.4
1.9z /2n = 0.0

0.90

The results are given in terms of ensemble averaged and circumferential ensemble averaged velocity components and pressures, as well
as of unresolved and stator generated unsteadiness distributions in space
and time.
All the kinematic quantities are normalized with the rotor tip speed
U2. The circumferential rotor relative coordinate y, and the axial
coordinate z are made nondimensional by means of the rotor circumferential pitch G,=2nr/z1 and the blade span at the rotor outlet b,
respectively. The circumferential position of the probe with respect to
the vane leading edge 0 is normalized by the angular pitch of the diffuser
27t/z,,. The time r is divided by the rotor blade passing period 7; = 21rlem,.

0.80
N

0.70
0.60
0.50
0.40

0.0

0.5

1.0
t/T,

1 .5

2.0

Fig. 4 Ensemble averaged relative velocity distributions for two different circumferential locations of the probe, at the impeller
outlet, midspan position

Ensemble averaged velocity and stator generated
unsteadiness

Figure 4 shows the ensemble avenged relative velocity distributions
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versus time. These results were obtained at midspan, for Dm/D, = 1.02,
with the stationary probe located in two different circumferential
positions with respect to the rotatable diffuser. The probe senses in time
sequence first the pressure side, then the wake and finally the impeller
passage from the suction to the pressure side. When the probe is set
near midpitch (6 4,./2n = 0.4) the diagram shows a typical circumferential distribution of an unseparated outflow with clear evidence of
blade wake velocity defects, velocity peaks at the pressure side blade
trailing edges and negative velocity gradient from suction to pressure
side through the passage. The vane position has an important influence
on the measurement results. When the probe is in proximity of the vane
leading edge (Ozfin = 0), the pressure side peak is enhanced, whereas
the velocity is depressed on the suction side and the impeller passage
velocity gradient has completely altered.
The ensemble averaged distributions corresponding to each of the 30
circumferential positions of the probe were circumferentially averaged
and the result is plotted on the top of Fig. Sin function of the normalized
rotor circumferential coordinate. The resulting distribution looks very
smooth and shows a good periodicity. It conserves the pressure side
peaks and wake deficits already observed. The wake extends on the
suction side more than on the pressure side and from the suction side
the relative velocity continuously increases till mid-passage, where a
large smooth maximum is formed.
The same figure also reports the comparison of the stator generated
unsteadiness and the circumferentially avenged unresolved unsteadiness. Both quantities are relevant and comparable. Peaks of 7 and 8 per
cent of the peripheral rotor speed are displayed by the stator induced
and the unresolved unsteadiness respectively. Since the mean relative
velocity is about 60 per cent of the peripheral speed, these values
correspond to apparent turbulence intensities larger than 10 per cent.
The unresolved unsteadiness presents a peak at the wake centre position.
From this point the unsteadiness decreases continuously through the
suction side region to about a value of 2.5 per cent. A minimum is
located in correspondence with the pressure side velocity peak and from
this position the unresolved unsteadiness has a steep increase which
gives rise to the wake peak.
The stator generated unsteadiness shows a characteristic twin peak
configuration in the wake region with a minimum at the wake centre,
in opposition to the unresolved unsteadiness maximum. The stator
generated unsteadiness decreases continuously through the impeller
passage, from the suction to the pressure side regions, with values that
vary from 5 to less than 2 per cent. This result is rather interesting as it
means that the centre of the wake and the pressure side of the passages
•
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The unsteadiness generated by the stator on the impeller outflow is
shown at the middle of Fig. 6. The narrow vertical dark grey bands

extending from the hub to the casing in the centre of the wakes constitute
clean circumferential discontinuities in the stator generated unsteadiness distribution. This unsteadiness is large on both the pressure and
suction sides of the wake, but low in the wake centre. Within the impeller
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Fig. 5 Circumferential ensemble averaged relative velocity, stator
generated unsteadiness and unresolved unsteadiness at the
impeller outlet, rnidspan position
0.5

1.0

1.5

2.0

y/G,

are nearly unaffected by stator induced unsteadiness, implying that they
represent a Limit to the propagation of the stator induced unsteadiness
to adjacent rotor passages.
In order to have an overall representation of the -mean unsteady flow
field, the results obtained from the 17 spanwise measuring locations are
used to construct area plots depicted over the cylindrical section of the
model at the impeller outlet (Fig. 6). The physical scale of the frame is
modified such that the vertical scale is 3 times the horizontal one. The
impeller blades move from right to left.
The grey filled contours of the circumferentially ensemble averaged
relative velocity, the contours of the stator induced unsteadiness, and
the circumferentially averaged relative secondary velocity vectors are
shown in Fig. 6. Secondary velocity components are those in the plane
perpendicular to the primary direction defined by the flow in the centre
of the passage ((3 = -76 deg, y = 0 deg).
In the plot of the mean relative velocity, the two dark grey filled area,
representing the traces of the blade wakes, extend in spanwise direction
from hub to tip separating the individual impeller passages. Narrow
light grey bands parallel to the wake traces show a relative velocity
increase around the pressure side trailing edge region. The mean relative
velocity increases continuously from the wake suction side toward mid
passage.
The contours give also evidence of a core of rather low momentum
fluid, approximately located near rnidspan, halfway between the midpassage and the pressure side of the passage. This throughflow
momentum wake, characteristic of unshrouded centrifugal impellers (e.
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Fig. 6 Circumferential ensemble averaged relative velocity, stator
generated unsteadiness and circumferential averaged relative
secondary velocities at the impeller outlet
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g. }Crain, 1987; Hathaway et al., 1993), is mainly due to the tip leakage
action which produces losses and convects them toward the pressure
side, as also shown by results of calculations on a low-speed centrifugal
compressor (Moore and Moore, 1993).
A second region of low momentum fluid has been formed on the
suction side/hub corner. In the present model, with the blades set in the
wholly radial part of the impeller, the Rossby number Ro = w/tak, as
defined by Johnson (1978), tends to zero. The centrifugal force defect
acting on the blade boundary layers becomes negligible when compared with the Coriolis force effect on the hub endwall. This low
momentum fluid is convected into the suction side/hub comer by the
passage vortex and this stable location for the wake is maintained.
Evidence of the passage and tip leakage vortices is given by the
residual secondary velocities of the mean relative flow, which can be
observed at the hub and casing endwalls respectively, in the vector plot
of Fig. 6. The same vector plot also shows that, close to the wakes,
relevant secondary slip velocities move against the rotor speed and feed
fluid from the pressure side of the passage into the blade wake.
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Fig. 7 Instantaneous distributions of the ensemble averaged radial
velocity at the impeller outlet, rnidspan position

Fig. 8 Instantaneous distributions of the ensemble averaged tangential
relative velocity at the impeller outlet, midspan position

passage, the unsteadiness decreases from the suction to the pressure
side and it is more intense between midspan and the hub endwall.

disturbances, the circumferential ensemble averaged radial velocity is
plotted with dashed line over each instantaneous distribution.
The radial velocity distributions display well de -wed minima on the
pressure side of the wakes. The circumferential misalignment between
the blade traces located in the centre of the wakes and the radial velocity
minima depends on the distribution of the relative flow angle which has
its minimum just on the pressure side of the wake. The diffuser generated
upstream potential flow effect is such that the radial velocity in proximity to each vane leading edge presents a local minimum. These
minima rotate jointly with the diffuser vanes. The stagnation effect
induces local reversals of the flow, whenever the impeller blade trailing
edge and the diffuser vane leading edge are circumferentially aligned.
An interesting feature observable from the variations of the radial
velocity distribution with time is the presence of a series of peaks and

Instantaneous distributions of the ensemble averaged
velocity components

Figure 7 shows the instantaneous circumferential distributions of the
ensemble avenged radial velocity at midspan, observed in the relative
frame, for four different relative positions of the impeller blades and
the diffuser vanes. For clarity the circumferential positions of blades
and vanes are marked at the top and bottom of each frame respectively.
In the relative frame of reference, the impeller blade traces and the
associated wakes have a fixed position in time, while the diffuser vanes
are seen to move at the impeller peripheral speed, but in opposite
direction, from left to right. To highlight the Stator induced unsteady
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Fig. 9 Instantaneous pictures of the ensemble averaged radial velocity
at the impeller outlet

Fig. 10 Instantaneous pictures of the ensemble avenged non dimensional moment of momentum of flow rate at the impeller outlet

valleys which originate on the suction side of the impeller passage and
follow the leading minimum corresponding to the diffuser vane.
These disturbances propagate in circumferential direction with a
velocity of -0.6 U2, approximately equal to ivu, and reduce their
amplitude with time. An explanation of this phenomenon has not yet
been obtained, but the above mentioned features suggest that they may
be associated with the transit, in the measuring station:of which has been previously perturbed within the impeller by the passing diffuser vanes.
All the observed disturbances, correlated with the diffuser vane transit,
reduce their amplitude from the suction to the pressure side of the
impeller passage, in accordance with the previously shown stator
induced unsteadiness distribution.
The instantaneous distributions of the ensemble averaged relative
velocity tangential component, given in Fig. 8, show variations though
the blade wakes of about 35 per cent of the peripheral speed U 2. The
minimum, which is about -0.8 U2, is located on the pressure side, outside
of the wake, where a peak of the relative velocity has been already
observed. The maximum (about -.45 U2) is aligned with the centre of

the wake.
The perturbations induced by the diffuser vanes are evidenced by
tangential velocity variations on the vane sides. In fact the absolute
streamlines tend to deflect around the vane leading edge, with an
increase of the tangential velocity component on the suction side and a
decrease on the pressure side of the diffuser vane leading edge. This
effect was also observed by Inoue and Cumpsty (1984).
Instantaneous pictures of the ensemble averaged velocity field at the
impeller outlet, as seen by a relative observer, have been reconstructed
from the data taken at the 17 axial measuring stations. The radial velocity
distributions are shown in Fig. 9, as grey filled contour plots. The
impeller blades are fixed with time and the diffuser vanes appear to
move past with circumferential speed -U2. The radial velocity field is
dominated by the presence of regions of very low velocity located on
the pressure side of the blade traces and fixed with them in time.
Depending on the relative positions of the vanes, the radial velocity on
the suction side of the blade wakes changes with time from high to low
values. For instance, when the diffuser vane is situated on the suction
side of the impeller wake (UT, = 0.326, second blade from left), the
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Fig. 11 Instantaneous distributions of the ensemble avenged static
pressure coefficient at the impeller outlet

0.055
0.050
0.045

n 0 °4°

0 035

defect in radial velocity becomes wider and the wake appears enlarged.
Looking at the central impeller passage, a well defined deep velocity
defect corresponding to the diffuser vane is evident. This interaction
effect appears even more pronounced in the regions closer to the
endwalls. As already observed, the main perturbation is followed by a
series of smoother valleys and peaks moving from pressure to suction
side with reduced speed and further perturbing the velocity field.
Since the potential effect of the vaned diffuser perturbs the instantaneous kinematic field at the impeller outlet, a remarkable effect should
also be expected on the moment of momentum of the fluid leaving the
impeller. Figure 10 shows instantaneous pictures of the nondimensional
quantity é2/U22, which is proportional to the moment of momentum of
the mass flow rate leaving the impeller. This term represents an

0 030
0 025
0.020
0.015
0.010
0.005

Fig. 12 Circumferential ensemble averaged static pressure coefficient
and stator generated unsteady pressure coefficient at the
impeller front end
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important contribution to the local rotor work exchange. In case of
steady flow in the rotating frame and shrouded impeller its integral over
the exit area of the impeller is proportional to the impeller power input.
When, as in the present case, the flow is unsteady in the relative frame
and the impeller is unshrouded, the power loss due to viscous friction
on the casing and the time rate of change of moment of momentum in
the control volume should also be taken into account when calculating
the impeller power (Lyman, 1 993).
The plots of Fig. 10 show relevant circumferential and instantaneous
variations of c-iciU22. The energy exchange is very low on the pressure
side of the impeller blades where both radial and tangential absolute
velocities are low. On the contrary, the suction side of the wake and the
core of low relative velocity, located near midspan, at the passage
pressure side, are regions of large energy exchange.
The stator generated unsteady effect continuously modifies the
instantaneous flow pattern. The energy exchange is reduced at the
pressure side of the diffuser vane due to the reduction of both radial and
absolute tangential velocities in that region. As expected, this disturbance moves jointly with the vane. When the vane approaches the
impeller pressure side from mid-passage, the core of intense energy
exchange, compressed between the vane and the pressure side of the
wake, progressively reduces its area while its intensity tends to increase.
A further remarkable unsteady effect can be observed on the blade
suction side region which, at ill', = 0.126, shows the largest values of

Static pressure coefficient o p

11

0.72

7 018
0 40
0.24
0.16
0.08

Fig. 13

Instantaneous pictures of the ensemble averaged static pressure coefficient at the front end of the impeller

the local energy exchange, but at UT, = 0.426 presents local reductions
of more than 30 per cent.

coefficient (C' ) 112 were calculated. The spatial distributions of the two
pressure coefficients are given in Fig. 12, as colour filled contours
depicted over the impeller passages. The impeller rotates counter
clockwise.
Since impeller endwalls are straight, blade span is small compared
with blade chord, and tip clearance is small too, the pressure
measurements at the impeller front end are representative of the pressure
distribution in the impeller passages (Gostelow, 1977).
As expected, the pressure increases along the impeller channel,
showing characteristic potential flow features such as a remarkable
blade aerodynamic loading, a stagnation effect on the pressure side of
the leading edge region, a local minimum in the suction side region and,
above all, an important pressure rise in the semi-vaneless region at the
impeller outlet.
The stator induced pressure unsteadiness propagates into the impeller
undergoing progressive reduction nearly linear with the radial distance.
At the impeller outlet the unsteady pressure coefficient takes values
greater than 0.05, corresponding to an effective pressure unsteadiness
of about 8 per cent of the impeller pressure rise. At the impeller inlet
the unsteady pressure coefficient is reduced to less than 0.01.
The instantaneous pictures of the ensemble avenged static pressure
coefficient C of Fig. 13 show remarkable variations with time in the
semi-vaneless region at the impeller outlet. Referring to the central
impeller passage, the pressure level is low at the instant UT = 0, when
the blade is approximately circumferentially centered in the diffuser
passage. After a semi period of the diffuser vane passage, approximately
corresponding to the time instant VT = 0.3, the pressure level in the

Pressure distributions

Unsteady pressure measurements at the unshrouded impeller front end
were made for ten pressure taps from the impeller inlet to the outlet.
Figure 11 shows the instantaneous distributions of the ensemble averaged pressure coefficient ep , measured at the same radial station (D,,./D,
= 1.02) as the velocity. The instants chosen to describe the time
evolution of the pressure are different from those chosen for the velocity,
but the reference initial time (v71 = 0) is the same for all quantities. To
point out the unsteady effects generated by the diffuser, the circumferential ensemble averaged pressure distribution is added to each
diagram.
The most striking feature of these distributions is the fact that the
upstream disturbance induced by the diffuser vanes is not localized and
does not rotate with the diffuser vane, as in the case of the velocity. On
the contrary, it influences the whole pressure field limited by the two
lateral pressure minima. In each impeller passage, the pressure fluctuates in time with a period of T= 0.583 71, equal to the vane passing
period, and an amplitude of about 8 per cent of the dynamic pressure
associated with the impeller speed U2. This amplitude corresponds to
pressure fluctuations as large as 25 per cent of the impeller pressure
rise with high and low pressure levels alternating in the same passage
and from a passage to the adjacent one.
For each radial measuring location, the circumferential ensemble
averaged pressure coefficient C„ and stator generated unsteady pressure

,,
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semi-vaneless region of the impeller and at the pressure side of the blade
becomes high. In that instant the blade trailing edge and the vane leading
edge are approximately aligned in the radial direction and their distance
is minimum.

chinery, Vol. 112, pp. 98-108.

CONCLUSIONS
To study the upstream potential flow effect induced by the vaned
diffuser on the impeller flow, detailed velocity and pressure measurements were performed with stationary fast response probes in a simplified model of centrifugal turbomachine.
The flow has been investigated for several relative circumferential
positions of the probe with respect to the vaned diffuser. Data have been
reduced and analysed by means of ensemble average and circumferential ensemble average techniques in order to separate the periodic
contribution due to steady non uniform flow in the impeller from the
unresolved and the stator generated unsteadiness. This latter unsteady
contribution has been calculated as the rms of the unsteady periodic
fluctuations due to the diffuser vanes which are in relative motion with
respect to the impeller passages.
At the impeller outlet the unresolved and the stator generated
unsteadiness are comparable and present peaks of about 10 per cent of
the relative velocity. The stator generated unsteady pressure coefficient
at the impeller outlet is about 8 per cent of the impeller pressure rise
and propagates upstream into the impeller with a reduction proportional
to the radial distance from the diffuser vanes.
By correlating in space and time the large amount of data taken,
instantaneous pictures of the rotor outflow and of the impeller pressure
distribution have been obtained. These pictures show the details of the
flow periodically perturbed by the diffuser vanes.
Relevant local defects of radial velocity and streamline deflections
are induced on the flow at the impeller outlet by the vaned diffuser. The
diffuser vanes and the local perturbations move jointly from the suction
side of the passage followed by further flow disturbances that propagate
circumferentially in time with the tangential relative velocity.
The periodic interaction of the stator generated flow perturbations
with the local spatial non-uniformities of the impeller relative flow give
rise to significant flow phenomena, such as periodic local reversed flow
and instantaneous peaks of local work exchange.
The upstream diffuser effect on the static pressure results in a change
of the pressure level in the whole impeller passage with time, rather
than in a localized perturbation, as is the case for the velocity. Periodic
pressure fluctuations as large as 25 per cent of the impeller pressure
rise affect the impeller passage and propagate to the adjacent passages.
The investigation has been limited to just one geometry and one flow
condition and therefore quantitative information can not be generalized.
Nevertheless these detailed results provide a better understanding of
the potential flow interaction phenomena and give an estimation of the
importance of the different effects induced by the vaned diffuser on the
impeller flow.
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Impeller blade profile coordinates

APPENDIX
Diffuser vane profile geometry

The diffuser vanes are thin constant thickness circular arc aerofoils.
The geometry is defined by the following parameters:
- Radius of curvature of the camber line Re = 332 mm.
- Angle between the camber line chord and the radial direction at the
inlet A1. = 101.65 deg.
- Inlet and outlet radii of the camber line R, = 223.94 mm, R4 = 332
mm.
- Constant thickness of the profile 8 mm.
Reduced thickness at the leading edge 4 mm, obtained by a linear
cut of the airfoil on the pressure side from 13 per cent of the camber
line to the leading edge.
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Pressure side
R (mm) 8 (deg)
120.00
0.00
122.76
1.16
124.91
2.79
126.76
4.10
128.71
5.40
130.77
6.69
132.95
7.96
137.43
11.86
141.73
15.98
146.03
20.04'
150.33
24.05
154.63
28.03
158.92
31.96
163.22
35.86
167.52
39.72
171.81
43.54
176.11
47.33
180.40
51.06
184.69
54.75
188.98
58.39
193.27
61.97
197.56
65.49
201.85
68.95
206.13
72.34
210.42
75.66
210.34
77.00
210.36
78.23
210.47
79.33
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Suction side
R (mm) 8 (deg)
120.00
0.00
120.48
1.61
121.06
3.21
121.74
4.79
122.50
6.36
123.36
7.91
124.31
9.43
128.31
13.62
132.58 17.67
136.86 21.65
141.13 25.60
145.40 29.50
149.67 33.37
153.94 37.21
158.22 41.01
162.49 44.79
166.77 48.52
171.05 52.22
175.33 55.87
179.61
59.47
183.89 63.02
188.17 66.52
192.45 69.95
196.74 73.31
201.02 76.61
203.83 77.59
206.67 78.52
209.53 79.42

