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The interaction between the impeller and the diffuser is considered to have a strong influence on the unsteady flow in radial
pumps. In this paper, the unsteady flow in a low specific speed radial diffuser pump has been simulated by the CFD code CFX-10.
Both Particle Image Velocimetry (PIV) and Laser Doppler Velocimetry (LDV) measurements have been conducted to validate the
CFD results. Both the phase-averaged velocity fields and the turbulence fields obtained from different methods are presented and
compared, in order to enhance the understanding of the unsteady flow caused by the relative motion between the rotating impeller
and the stationary diffuser. The comparison of the results shows that PIV and LDV give nearly the same phase-averaged velocity
fields, but LDV predicts the turbulence much clearer and better than PIV. CFD underestimates the turbulence level in the whole

region compared with PIV and LDV but gives the same trend.
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1. Introduction

The internal flow developing in a radial diffuser pump
is extremely complicated and highly turbulent, caused by
streamline curvatures, system rotation, flow separations,
rotor-stator interaction, and turbulence effects. The rotor-
stator interaction is assumed to have an important influence
on the time-variant flow behavior in the case of a small
radial gap between the impeller trailing edge and the diffuser
leading edge [1].

With the development of computational algorithms and
computer technology, (CFD) Computational Fluid Dynam-
ics has become a power tool to calculate the unsteady
flow in radial pumps [2-7]. Particle Image Velocimetry
(PIV) is a noncontact measurement technique for obtaining
instantaneous velocity field, in which the measured property
is the distance travelled by seeding particles in the flow
within a known time interval [8]. PIV has the advantage of
measuring the whole flow field instantaneously, whether it
is steady or unsteady. PIV has been widely applied in the
flow measurements in radial pumps. Akin and Rockwell [9]
applied PIV to study the impeller wake and its interaction
with diffuser vanes. Sinha and Katz [10] used PIV results
to identify the unsteady flow structure and turbulence in

a radial pump. More work by PIV measurements can be
found by Wuibaut et al. [11, 12] and Feng et al. [13, 14].
Compared with PIV, Laser Doppler Velocimetry (LDV)
is more time-consuming but gives more accurate results
due to the measurement directly on the points of interest.
LDV measurements conducted in radial pumps have been
reported by Akhras et al. [15], Hajem et al. [16], Pintrand
etal. [17], and Akhras et al. [18].

In this paper, the unsteady flow field in a low specific
speed (n; = 22.6) radial diffuser pump has been examined
in detail both numerically by the CFD code CFX-10 and
experimentally by PIV and LDV. The velocity and turbulence
fields obtained from different methods are compared both
qualitatively and quantitatively at the design operating
point. This can enhance the comprehension of the unsteady
phenomena during the conveyance of the fluid from the
impeller to the stator due to the change of frame of
reference.

2. Numerical and Experimental Setups

2.1. Geometry of the Pump. Figure 1 shows a view of the
pump test stand. The specific speed of the pump is n; = 22.6.
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The impeller has six two-dimensional and strongly back-
swept blades. The radial gap between the impeller trailing
edge and the diffuser leading edge is 3% of the impeller
outlet radius. The axial gap between the impeller shroud
wall and the casing is 1.85 mm, accounting for 14.6% of the
impeller blade height. Both the diffuser and return channel
have nine two-dimensional vanes. The specifications of the
pump stage are illustrated in Table 1. In addition, the head
curves are compared in Figure 2 between CFD calculations
and measurements.

2.2.  CFD  Simulation. Three-dimensional, unsteady
Reynolds-averaged Navier-Stokes equations are solved
by the CFD code CFX-10. The structured grids for
the computational domains are generated by using the
commercial software ICEM-CFD 10. The impeller side
chambers are also included in the grids to take leakage flow
effects into account. The turbulence is simulated by the SST
(shear stress transport) turbulence model [19]. The interface
between the impeller and the diffuser is set to “transient
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FIGURE 3: PIV and LDV measuring regions.

rotor-stator,” in which the relative position between the rotor
and the stator is updated each time step. The computational
grids and boundary conditions can be taken from our
previous work [20].

2.3. PIV and LDV Measurements. The measuring region for
the PIV measurement is indicated by a green rectangle in
Figure 3, with the size of 72.5 mm x 58 mm. The light source
for the PIV measurements is a double-cavity 532 nm Nd-
YAG laser with a repetition rate of 15Hz and the energy of
120 m]J/pulse. The water is seeded with polyamide particles
with an average diameter of 20 ym and a density of 1.02
relative to water. The images are recorded by a 1024 x 1280
pixels CCD camera. An encoder installed on the pump shaft
is used to synchronize the measurement with the relative
impeller position. At each relative impeller position, 200
double-frame images are recorded.

For the LDV measurement, the light source is an Argon-
Ion laser with a maximum power of 5W operating in
multiline mode. The multicolor beam separator is utilized
for obtaining the green (514.5 nm) and blue (488 nm) beams.
An optical probe with a 500 mm focusing lens is used to
derive a two-pair beam configuration. The optical probe with
the lens is mounted on a two-axis traversing system in order
to place the probe volume at the location of interest. The
measuring points are indicated by black dots in Figure 3. The
measuring region covers the rear part of the impeller, starting
from r/R, = 0.757 due to the design limitation of the pump
test stand, and a full diffuser channel. The encoder for the
PIV measurement is used here to relate the measurement
to the angular positions of the impeller. For each measuring
point in the impeller, 100 000 sets of data are acquired, and
50 000 sets of data are collected for each measuring point in
the diffuser.

2.4. Data Postprocessing for PIV and LDV. During the mea-
surements, an instantaneous velocity component consists
of a phase-averaged part (u(x,y,¢) or v(x,y,¢)) and a
random one (u;(x, y, @) or v;(x, y, ¢)), as denoted in (1). The
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TABLE 1: Specifications of the pump stage.
Impeller Return channel
Number of blades Z; 6 number of vanes Z, 9
Inlet radius R, 40 mm inlet radius Rs 95 mm
Outlet radius R, 75.25 mm outlet radius R¢ 50 mm
Blade height b; 12.7 mm vane height b, 14 mm
Front side chamber height hys 1.85mm — — —
Back side chamber height hips 2mm — — —
Diffuser Design operating point
Number of vanes Zy 9 flow rate Ques 0.0045 m?/s
Inlet radius R; 77.5 mm rotating speed Mdes 1450 rpm
Outlet radius Ry 95 mm delivery head Hues 7m
Vane height ba 14 mm specific speed s 22.6

phase-averaged components (#(x, y, ¢) and v(x, y, ¢)) of the
absolute velocity Cin (2) are calculated in (3). The relative
velocity based on the relative frame of reference is calculated
by (4) by vectorially subtracting the local circumferential
velocity from the measured absolute velocity. The turbulence
kinetic energy K is calculated in (5), and the turbulence
intensity T, is calculated by (6):

ui(x, y,9) = u(x, y,9) +u;(x, y,9),

(1)
Vi('x’y’go):V(x’y’q))—’—vlf(x’y)q))) i:1)~~~>N)
Clxy,9) =ulxy.9) i +7(x,.9) )
1 N
ﬁ(xaya (P) = Nzui(x)y) (p):
i=1
(3)
1 N
V(X;)/, (P) = NzVi(X))’, (P))
i=1
W=C-U, (4)
1 N
K(xy,9) = 535 2.[47 (6., 9) + v (% 3, 9)], (5)
i=1
K(x y.9)
Tu(w yig) = S ©
2

Here N is the number of measurement at the impeller
circumferential position ¢, and U, is the impeller tip speed.

3. Results

All the results presented here are limited to the design
operating point Qqges and at midspan, that is, at the half blade
height. All the velocity components discussed in this chapter
are phase-averaged by default.

Figure 4(a) presents the phase-averaged relative velocity
contours obtained by PIV. The impeller rotation sense is
clockwise, and the shown impeller position is defined to
be the zero position (¢ = 0 deg, defined in Figure 3) to
the predefined diffuser vane, where the impeller trailing

edge begins to approach the diffuser leading edge. All other
impeller positions are based on this definition.

A positive incidence is found at the impeller leading edge,
producing a local region near the suction (concave) side with
relatively high relative velocity. The relative velocity on the
suction side is bigger than on the pressure (convex) side in
the front impeller part. The fact that high-momentum fluid
is displaced toward the suction side near the inlet section is
in accordance with the potential theory. It also indicates that
in the inner part of the passage, the meridional curvature
associated with the axial-to-radial entry bend dominates over
rotational effects. However, this phenomenon is reversed
in the impeller rear part due to the fact that the Coriolis
force accumulates strength in large radii and drives the
fluid from the suction side to the pressure side. Near the
impeller outlet, the jet-wake flow structure is observed,
characterized by low relative velocity on the impeller suction
side near the trailing edge and relatively high velocity on
the corresponding pressure side. In the diffuser region, the
stagnation point from PIV is found at the diffuser leading
edge deviating slightly to the suction side, producing a
negative incidence. There is also a region with small velocities
on the diffuser pressure side, and no flow separation can
be found. A small wake region with low velocities is also
found behind the diffuser vane trailing edge. Figure 4(b)
presents the result obtained by LDV measurements at the
same impeller position with the same magnitude scale as that
in Figure 4(a). Obviously the comparison between PIV and
LDV results shows a very good qualitative agreement in the
whole overlapping measuring region between them.

Figure 5 shows quantitative comparisons of the relative
velocities among the results obtained from PIV, LDV, and
CFD in the overlapping region. 6* is the normalized
circumferential coordinate; 0* = 0 and 6* = 1 represent the
circumferential position on the impeller pressure side (PS)
and on the suction side (SS), respectively. For the comparison
in the diffuser region, $* denotes the dimensionless distance
from the diffuser vane pressure side to the corresponding
suction side. S* = 0 is on the pressure side and $* = 1 is
on the suction side. It can be observed that the agreement
between the PIV and LDV results is quite good, especially
in the impeller region. The CFD results show very similar
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FIGURE 4: Phase-averaged relative velocity field at ¢ = 0 deg.

trends to the measurement although some discrepancies
could be observed. For example, CFD generally slightly
underestimates the velocities near the center of the impeller
passage and overestimates the velocities near the impeller
suction side. However, the relative velocity obtained from
the CFD calculation shows an excellent agreement with
that by LDV in the radial gap region (at /R, = 1.01 in
Figure 5(h)). Furthermore, the deficit in the relative velocity
near the impeller suction side is very clear at the radial
station r/R, = 0.983 due to the impeller wake. LDV
predicts slightly higher magnitude of the relative velocity in
the diffuser region, especially at the diffuser outlet throat
(Figure 5(j)), where the result by LDV is about 8% in the
middle and 4% near the blade surfaces higher than that by
PIV.

The turbulence intensity obtained by PIV is illustrated
in contours in Figure 6(a). High-turbulence regions can be
observed on the impeller suction side, behind the impeller
trailing edge, around the diffuser leading edge caused by
impeller-diffuser interactions, on the diffuser suction side,
and behind the diffuser trailing edge. Compared to the PIV
result, the LDV result shown in Figure 6(b) predicts similar
turbulence trends but with less noise. And the interaction
between the impeller and diffuser is very clearly shown by the
turbulence distribution in front of the diffuser leading edge
and on the suction side of the diffuser vane, which is caused
by the impingement between the high-turbulence behind
the impeller trailing edge and the diffuser leading edge. It is
assumed to be one of the sources of unsteady phenomena in
vaned diffuser pumps, which has also been reported by Sinha
and Katz [10]. In addition, LDV predicts a wider region
extending downstream to the impeller outlet with a higher
turbulence level in the impeller channel compared to the
PIV result. However, the high-turbulence region around the
diffuser leading edge cannot be predicted by LDV due to the
limitation of the measuring positions in the LDV.

In the CFD result for a three-dimensional unsteady flow,
the turbulence kinetic energy K(x, y,z, ¢) is contributed by
three fluctuating velocity components (u', v, and w’). Since
only two components are available in the two-dimensional

PIV and LDV measurements, an isotropic assumption is
thereby applied in (7) to calculate the turbulence kinetic
energy K(x, y, ¢) considering two components [21], for the
comparison with the PIV and LDV results. The turbulence
intensity Tu is defined in (8) for CFD results, which is the
same with that in (6) for LDV and PIV measurements. All
CED results on the turbulence intensity T, presented in this
paper are based on this definition:

K(%7,9) = 2K (5, 3.2,9), %)
K77 9)
Tu(x ) = # (8)

Figure 7 illustrates the turbulence fields from CFD
calculations for the same impeller position. Two cases are
considered here: with and without consideration of the
impeller side chambers. It is found that the turbulence level
from CFD is slightly smaller than from the measurements.
One reason is that the velocity fluctuations in PIV and
LDV are not only caused by turbulence but also caused
by some other random errors in the measurement. The
turbulence measurement is the combination of the turbu-
lence effect in the flow and the unsteady or fluctuating
velocity components due to the relative motion between the
measurement volume and the velocity gradients in the flow
[22]. Therefore, a different scale is chosen here to better show
the turbulence trend for the CFD results. The CFD result
with impeller side chambers (Figure 7(a)) predicts similar
main features compared with measurements, and nearly all
above high-turbulence regions can be also observed in the
CFD result. In addition, by comparing the results between
with (Figure 7(a)) and without (Figure 7(b)) consideration
of side chambers in the simulations, it is confirmed that the
high-turbulence region on the impeller suction side, starting
near the impeller leading edge, is caused by the leakage flow
in the impeller side chambers. In addition, the leakage flow
increases the turbulence level in the whole range, especially
in the impeller region.
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FiGure 5: Comparison of phase-averaged relative velocities at ¢ = 0 deg.
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FiGure 6: Turbulence intensity from measurements at ¢ = 0 deg.
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F1cure 7: Turbulence intensity distributions from CFD at ¢ = 0 deg.

Figure 8 shows the quantitative comparison of the tur-
bulence intensity fields at the same positions as in Figure 5
among PIV, LDV, and CFD results. One can observe that the
agreement between the PIV and LDV results at all impeller
positions is generally good. CFD totally underestimates
the turbulence but predicts normally similar trends of the
turbulence distribution compared with the results by PIV
and LDV, except at the diffuser inlet throat. The highest
turbulence intensity in the impeller region is observed near
the suction side produced by the leakage flow, except for the
radial station after 7/R, = 0.983 where the highest turbulence
intensity is caused by the high-turbulence region carried by
the impeller wake (Figure 6(b)). The impeller wake is very
evident at /R, = 1.01 (Figure 8(h)), indicated by the high-
turbulence intensity (8.2% by LDV, 7.3% by PIV and 5.8%
by CFD, based on U,) very near the impeller suction side. In
the diffuser region, PIV predicts a slightly higher magnitude
of turbulence than LDV at the inlet and outlet throats. A
possible reason for this is due to the reflection on the diffuser
vanes in the PIV measurement, since the diffuser channel is

very narrow. The effect from the reflection is not negligible to
the velocity field, which introduces some other uncertainties
in the velocity measurement, and the uncertainties are
included in the calculation of the turbulence intensity in the
data postprocessing. Both PIV and LDV predict higher Tu
near the suction side than near the pressure side at the inlet
throat of the diffuser. However, CED gives a reverse trend. At
the diffuser outlet throat (Figure 8(j)), the high-turbulence
(about 7%) near the suction side is caused by the diffuser
wake in the measurement results, and CFD again fails to
capture this.

The unsteady interaction is the strongest in the radial
gap region between the impeller and the diffuser. Figure 9
shows comparisons of radial and circumferential velocity
distributions among the PIV, LDV, and PIV results in the
gap region. The comparison of absolute radial component
C, (Figures 9(a) and 9(b)) shows a very good agreement
between LDV and CFD results, although CFD predicts
generally slightly higher values than LDV. However, PIV
presents a similar tendency but with a big discrepancy to
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FiGurg 8: Comparison of turbulence intensities at ¢ = 0 deg.
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F1Gure 9: Comparison of velocity components in the radial gap, /R, = 1.01.

LDV. For example, both LDV and CFD predict a local
high C, region near the pressure side; PIV does it too but
with much smaller magnitude. The biggest discrepancy is
observed in that region. This phenomenon could be the
fact that the reflection in the PIV measurement is very big
near the gap region, and the data postprocessing utilizes a
moving-average method to generate velocity vectors. The
distribution of the radial velocity presents a series of peaks
and valleys. The potential effect induced by the diffuser vanes
to the impeller outlet flow is very clear: a local minimum
of radial velocity could be observed in the vicinity of each
diffuser leading edge, and the value is negative indicating
local reverse flow. The radial velocity component reaches
a peak near the pressure side of the impeller passage, and
it decreases to a local minimum in the wake region on
the suction side of the passage, where local reverse flow
can also be observed which are indicated by the negative
radial velocity. For the circumferential velocity component
profiles shown in Figures 9(c) and 9(d), PIV and CFD give
the same result. CFD again predicts quite a similar result
with LDV and PIV with slightly higher amplitude, which
is responsible for the slightly higher delivery head in the
CFD calculation than that by the measurement in Figure 2.
C, attains a valley near the pressure side of the impeller
passage, and the peak-to-peak difference is about 0.45U,.

The gradient of the circumferential velocity is very big in the
region which is faced directly by the impeller trailing edge.
Each leading edge of the diffuser vane produces a local high
circumferential velocity, except when the impeller trailing
edge and the diffuser leading edge are circumferentially
aligned. Therefore, the velocity components in the radial gap
region strongly depend on the impeller relative position to
the diffuser, and the impeller rotation provides different inlet
flow conditions for the downstream diffuser.

4. Conclusions

In this paper, the velocity and turbulence fields obtained
from CFD, PIV, and LDV are compared both qualitatively
and quantitatively at the design operating point. The follow-
ing conclusions can be drawn.

(1) The jet-wake flow structure is observed near the
impeller outlet, which is characterized by high rela-
tive velocity with low turbulence on the pressure side
and low relative velocity and high-turbulence on the
suction side.

(2) The high-turbulence regions are observed on the
impeller suction side due to the leakage flow in the
front side chamber, behind the impeller trailing edge
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due to the impeller wake, around the diffuser leading
edge, on the diffuser suction side, and behind the
diffuser trailing edge caused by the diffuser wake. The
turbulence level caused by the leakage flow in the
impeller side chambers is nearly in the same level
with the one in the impeller wake (about 8% by
LDV, based on U,). The turbulence on the impeller
pressure side is about 2%-3% by the measurement,
which is smaller than on that the impeller suction
side. In addition, the turbulence intensity in the
diffuser region is slightly higher predicted by PIV
than that determined by LDV.

(3) In the radial gap region near the diffuser inlet,
the distribution of the absolute radial component
C, by the PIV measurement is smoother than that
by the LDV measurement. The agreement of C,
is better than that of C,. The velocity components
in the gap region strongly depend on the impeller
relative position to the diffuser, and the impeller
rotation provides different inlet flow conditions for
the downstream diffuser.

(4) PIV and LDV give nearly the same phase-averaged
velocity fields. In the blade region, CFD predicts
similar velocity profiles as PIV and LDV although
some discrepancies appear near the impeller suction
side. However, the agreement in the radial gap region
becomes much better even for the velocity compo-
nents. The turbulence field from LDV is much clearer
and better than that from PIV due to the reflection
from solid surfaces in the PIV measurement. CFD
underestimates the turbulence level in the whole
region compared with PIV and LDV but gives the

same trend.

Nomenclature

0:  Circumferential coordinate

0*: Normalized circumferential coordinate

¢:  Impeller circumferential position

C:  Absolute velocity

C,: Absolute radial velocity

C,: Absolute circumferential velocity

H: Delivery head

K: Turbulence kinetic energy

n:  Rotating speed

Q: Flow rate

R, r: Radius

S§*: Dimensionless distance

T,: Turbulence intensity

U: Circumferential velocity

u:  Absolute velocity component in X direction
v:  Absolute velocity component in Y direction
W: Relative velocity

w:  Absolute velocity component in Z direction.
Abbreviations

PS: Pressure side

SS:

Suction side.

Superscripts

e

Fluctuating

—: Averaged.

Subscripts

O ey

Impeller inlet
Impeller outlet
Diffuser inlet
Diffuser outlet

: Diffuser

Impeller.
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