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Abstract
This work is concerned with the sampling, evaluating and critically interpreting of �uid
dynamics phenomena inside two radically di�erent pumps. Large scale �ow structures
are investigated in the vaned di�user of a centrifugal pump and in the rotor passage of a
water jet axial pump by means of two-dimensional particle image velocimetry (2DPIV).

In the �rst part of the work, a centrifugal pump is run at various capacities to derive
information about the flow around the di�user vanes. Preliminarily, time resolved pressure
measurements have indicated the presence of very large scale non-periodic flow instability
at very low flow-rates. Phase-averaged PIV measurements are performed at midspan
over the blade to blade plane in the diffuser to describe both the channel flow and the
wakes, which indeed dominate the flow in the diffuser. The flow is separated at the
convex side of the diffuser vanes at reduced capacities, i.e. below the best ef�ciency point
(BEP). Wakes shed from the impeller are convected in the di�user passages and distorted
because of the di�erent transport velocity at the convex and concave sides of the vane.
The measurements have been performed at Laboratorio di Fluidodinamica delle Macchine
(LFM) at Politecnico di Milano, Milan, Italy.

In the second part, the tip leakage flow (TLF), tip leakage vortex (TLV) and the
vorticity shed by the blade tip are investigated in the meridional plane of an axial pump
to shed light over the inner structure of the vortices that develop in the passage, as well
as the production of vorticity at the casing end-wall, induced by the presence of the
TLV. Turbulence inside the TLV is also investigated. The rolling up of the TLV induces
the detachment of the end-wall boundary layer vorticity, the detached flow rearranges in
vortices - counter rotating respect with the TLV - that orbit around the TLV centerline
and are interlaced with the TLV vorticity until its bursting. The detachment of the
end-wall vorticity is unsteady and high level of in plane production of turbulent kinetic
energy is found there. The vorticity layer that connects the blade and the TLV is also
unsteady and source of large scale unsteadiness; the core of the TLV is unsteady but
in plane production of turbulence is almost absent there. The experiments have been
performed at the Department of Mechanical Engineering, The Johns Hopkins University
(JHU), Baltimore, MD, USA.

Key words: axial pump, centrifugal pump, diffuser, particle image velocimetry, phase
average, rotor, tip leakage vortex, wake.
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Nomenclature
Roman letters
b Blade span [m]
c Chord [m]
C Casing curvature [m−1]
D Impeller diameter or reference �ow length [m]
DR Rotor diameter in the axial pump [m]
f Frequency [Hz]
g Gravitational constant [ms−2]
h tip clearance width [m]
hb Blade pitch [m]
H Total head [m]
kM Torque coe�cient
k∗
2D Normalized in plane turbulent kinetic energy

p Pressure [Pa]
P Production of turbulent kinetic energy [m2s−3]
P ∗
2D Normalized, planar production of turbulent kinetic energy

Q Flow rate [m3s−1]
r radial coordinate [m]
s Solidity (c/hb)
Sij Strain-rate tensor [s−1]
T Time scale, period [s]
t Time [s]
U Characteristic velocity [ms−1]
¯̄U steady state velocity �eld [ms−1]
Ū unsteady velocity induced by the impeller round in the di�user [ms−1]
US unsteady velocity induced by the impeller passage in the di�user [ms−1]
U, (U, V ) Averaged velocity, components [ms−1]
û Instantaneous velocity [ms−1]
u, (u, v) Velocity �uctuation, components (in the centrifugal pump) [ms−1]
u′, (u′

r, u
′
θ, u

′
z) Velocity �uctuation, components (in the axial pump) [ms−1]

x Position [m]
z axial coordinate [m]

Greek letters
∆ Cyclic unsteadiness, or di�erence
δ Delta function, or vector spacing [m]
ρ Mass per unit volume [kgm−3]
φ Flow coe�cient
ϕ Rotor phase [◦]
ψ Head coe�cient
θ Circumferential coordinate
ω Vorticity [s−1]
Ω Rotating frequency of the shaft [Hz]
Ωij Spin tensor [s−1]
ωs Speci�c speed
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Subscripts
On any variable X:
X0 Initial, upstream value
X1, X3 Value at inlet section of the impeller, di�user
X2, X4 Value at discharge section of the impeller, di�user
XBEP Value at Best E�ciency Point
Xg Geometrical value
Xmax Maximum value
XH Value at blade hub
XTIP Value at blade tip
Xz Component along the axis of the pump
Xtng, Xθ Component along the tangential direction respect with the rotor

Superscripts and other quali�ers
On any variable X:
XT total (reservoir) value
XS in the stator frame of reference
XR in the rotor frame of reference
< X > ensemble average
X̄ mean value
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Part I

The Transport of Wakes from the
Impeller Through the Vaned Di�user of

a High Speci�c Speed Centrifugal
Pump
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Introduction
The Di�user of a Centrifugal Pump
The speci�c speed of a pump characterizes its geometry. Given the de�nition of speci�c
speed, which is not universal, its range spans all the possible applications. It is known
that high speci�c speed pumps are axial, their rotors have broad passages and blades
impose a downstream positive static pressure gradient through the aerodynamic action.

The performance of axial pumps decays considerably at low �ow-rates because the in-
cidence angle increases, due to tangential realignment of the relative inlet velocity. Pro�le
overloading induces �ow separation, and hence diminished performance, and cavitation
because of large leading edge depressurization. Moreover, axial machines speci�cally de-
signed for running at low �ow-rates and high heads have high solidities and large wet
surfaces.

Low speci�c speed turbo-pumps are normally centrifugal, they are designed to deliver
relatively low �ow-rates at high heads by means of the work done by the rotating impeller.
It is worth to highlight that the great part of the installed industrial centrifugal pumps
have very simpli�ed impeller blades, often merely curved plates; in fact, the source of head
is not the aerodynamical performance of the blade but the swirl imposed by the impeller
on the �ow. High performance centrifugal turbo-pumps are designed to maximize the
work, and hence the designing and machining of the impeller blades are accurate.

The pressure jump imposed by the centrifugal action can induce very high pressure at
the discharge section of the impeller; in single stage, high head pumps or in multi stage
machines the static pressure in the volute largely stresses the casing structure. In order
to avoid the casting of heavy and expensive shells, the two halves of the volute can be
connected internally by vanes that support the containing stress. Moreover, the �ow exits
the impeller with relatively large discharge velocity, from which static pressure can be
partially recovered. In order to obtain a robust casing structure and to recover pressure,
stator vanes must be properly shaped and oriented, to minimize head losses while imposing
radial suction on the �ow discharged by the impeller, which would otherwise proceed over
logarithmic spiral streamlines; this stator is commonly called di�user.

A properly designed di�user collects the �ow from the impeller through a inlet inter-
vane passage whose concave side is commonly a log-spiral close to the leading edge, and
proceeds more radially than the spiral in the second part; vanes thickness must be suf-
�ciently large to ensure structural strength. The suction action allows the di�user to
recover pressure while keeping a compact design, but extreme forcing of the compression
induces separation on the vanes and decreased performance.

Probing the Flow
In order to validate the design of a di�user, the pressure-velocity distribution must be
sampled on its inside. Static pressure taps have been used in countless investigations
both in di�users and volutes to characterize head losses and, on top of all, unsteadiness;
in fact, reliability, cavitation damage and noise are prominent topics in the design of
centrifugal pumps.

Directional, point to point probes can be used inside a centrifugal pump with one
main advantage, a direct measure of pressure, and many limitations. Assumed that the
probe head size is negligible compared with the scale of the machine, and that is not
always easy to accomplish, probes must be inserted and oriented avoiding leakage at the
stem penetration. As a result, hydro-turbomachines are very di�cult to study as the
head of the probe must be moved in the inner space while the stem is constrained by
a sealed hole. The yaw movement of the probe is allowed but rolling and pitching are
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impossible. If the shaft speed is scaled in order to maintain the value of the Reynolds
number unchanged, and the �uid is air instead of water, then total pressure probes and
hot-wires can be adopted in turbo-pumps, but not every �ow feature in the machine
follows such a straightforward scaling.

If several probes are mounted at the same time, measurements can be multi-point and
instantaneous, assuming that the leakage at the stem is not an issue, but each probe must
be placed at the correspondent node of the measurement mesh, inducing �ow blockage and
mutual disturbances. On the other hand, single probes can be moved over limited paths
with su�cient spatial resolution, but then measurement are made at di�erent instants,
and only time averaged results can be derived. Large spatial resolution, instantaneous
measurements of the �ow are precluded to point-to-point probe systems, included Laser
Doppler Velocimetry (LDV). Unsteady LDV measurements are less common than un-
steady pressure measurements, for instance, researches are performed byBlanco et al.
[1], Wang and Tsukamoto [2], Ullum et al. [3]) and Pavesi et al. [4]. The application
of LDV over turbulent �ows needs some attention; while computing the phase-averaged or
total averaged velocity is straightforward, turbulence statistics must be properly evaluated
because the velocity is sampled unevenly in time.

CFD and Turbulence Modelling
Turbomachines can be modi�ed in order to host point-to-point probe systems in selected
sections, for example the in�ow of a turbine stator. Then, the downstream evolution of
the �ow can be computed by means of Computational Fluid Dynamics (CFD) techniques
to predict the performance of a stage and to improve the design.

The CFD approach resolves the problem of �tting many probes in inter-blade chan-
nels, providing data enough resolved in space-time to allow the computation of gradients
and accurate integrals. The constantly increasing computational power available and the
research work of many scientists is providing e�ective tools both for the analysis and the
design of machines.

Both universities and industries adopt CFD largely nowadays. Academic researches
are mainly concerned with the detailed investigation of the �ow inside a designed or
existing machine while engineers need a fast and reliable design tool.

CFD codes have been on the market for years, the most popular ones are based on
�nite-volume algorithms and solve the continuity, momentum and energy equations over
large grids in order to save CPU time, the momentum equation is usually approached
with the Reynolds Averaged Navier-Stokes (RANS) technique or the Unsteady RANS
(URANS) when the �ow is forced by a deterministic external phenomenon. Therefore,
interactions with walls and turbulence must be modelled along with the application of
wall-functions - when needed - and closure equations. Popular turbulence models are the
k − ε, largely adopted on hydro-turbomachines, fans and blowers and the Shear Stress
Transport (SST), seeMenter [5]. RANS computations are particularly suitable for the
evaluation of the mean pressure �eld in a pump, assuming that it is not working too far
from the Best E�ciency Point (BEP), details can be fond inShi and Tsukamoto [6],
Sano et al. [7], and Majidi [8], for instance.

In the industry, the rotor-stator interaction is usually investigated with a rough URANS
approach called frozen rotor in which the steady state �ow is computed at di�erent rotor
phases that are �xed in time, and the result is a surrogated of the phase averaged �ow.
Because the �ow in a machine is never in equilibrium, the quasi-static approach fails and
the frozen rotor has large limitations, although faster to compute and implement than a
proper, time resolved computation.
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Particle Image Velocimetry
Universal closure equations that predict turbulence well in a generalized �ow are far from
being formulated. This is proven by the amount of closure laws available, each one tuned
to a particular class of �ows. Moreover, closure equations contain coe�cients whose
value is to be evaluated from detailed statistics of simple �ows as shown for example by
Johansson and George [9].

Indeed, the simulation of a centrifugal machine can provide accurate and reliable large
scale data, i.e. head and e�ciency curve, static pressure distribution in the volute at
steady state, etc. Detailed inner �ow feature can be computed only taking great care of
the code and mesh, tuning the closure equations and choosing the correct wall functions,
when needed. Even if those points were well covered, a model that predicts the �ow
in a zone of the machine might be incorrect for the rest because turbomachinery �ows
are always three dimensional with high Reynolds number, and the �ow is anisotropous
and unbalanced, thus di�cult to model. A detailed prediction of the inner �ow in a
turbomachine is not available industrially, at this time.

Particle image velocimetry (PIV) provides detailed and instantaneous velocity dis-
tributions. PIV results look very similar to CFD outputs because the dataset is given
instantaneously on a mesh, and they are useful in the study of machines in steady or
transient state. PIV velocity maps can be as spatially resolute as the inertial scale, or
more; thus, velocity gradients are reliable and vorticity/strain-rate distributions can be
accurate. In fact, boundary layers, stagnation points and separated �ows can be studied
in detail.

PIV can be performed with various techniques, the simplest one is the 2DPIV, adopted
in this research, in which a region is illuminated by a laser plane, the light scattered by
the seeding particles in the �ow is collected by a CCD sensor in image pairs and the in
plane velocity is computed for all the nodes of a 2D grid, references on this version of
PIV are countless. If two cameras are adopted, pointing to the same planar region, the
entire 3D velocity �eld can be computed on the 2D mesh; an overview on this technique,
called stereoscopic PIV (STEREO-PIV), can be found inPrased [10]. Even though the
instantaneous, 3D velocity can be measured with STEREO-PIV, the velocity gradient is
known only in the investigated 2D region, i.e. the instantaneous, out of plane velocity
gradient is unknown. If the velocity �eld is averaged in time, multiple parallel planes
can be scanned with STEREO-PIV in order to obtain a measured volume, this technique
provides the entire averaged Reynolds, spin and strain-rate tensor. Unfortunately, in order
to obtain the out of plane velocity derivatives with the same resolution of the in plane
gradient, one should measure a plane every fraction on millimeter, i.e. perform time costly
and storage memory costly experiments.

Instantaneous 3D velocity �elds can be measured over a volume using the holographic
PIV (HPIV), a well developed technique, seePu [11], or the tomographic PIV, which is
a very new technique, see Elsinga [12].

The main disadvantage of PIV is that the spatial distribution of the static pressure is
not measurable. Moreover, people researching in this �eld are use to say that the facility
is designed to host the PIV system rather than being the system applied to the facility.
Indeed, large transparent surfaces are needed both for the laser to enter the �ow and the
camera to focus on the inside of the machine, and this is not always compatible with
the applications. For instance, PIV measurements are easily performed over straight and
curved channels or linear cascades of blades. A real, 3D turbomachine is di�cult to study
with PIV because the inner geometry is complex and materials are not transparent; as
a result, there are zones that cannot be scanned because of the casting of shadows, or
measurements cannot be done very close to solid surfaces because the laser is re�ected
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back. Therefore a halo is generated, which saturates the CCD sensor in the very same
region where the boundary layer is developing.

The latest improvement in the analysis of the �ow in turbomachines via PIV is the
optical refractive index matched facility. There are liquids, for example a 62%-64% by
weight solution of sodium iodide in water, whose refractive index can match the one
of solid, transparent materials such as acrylic. Once the matching is obtained carefully
adjusting the concentration of the salt, no shadows or changing in the path of light are
possible inside the machine and blades, for example, appear in the images just as dark
zone without particles. Moreover, the laser sheet passes through the blades reaching every
point of the machine and no distortion is induced at the border of the image; blades and
casing walls just disappear.

Works by Sinha [13] andBenrha et al. [14], for instance, present the results of 2DPIV
measurements in pumps providing very useful information about the �ow features with
simpli�ed impellers and transparent casings. 2DPIV measurements are also performed
over an industrial pump with complex geometry - the so-called SHF Impeller, without
matching the refractive index of �uid and structuresDupont et al. [15], Wuibaut et
al. [16].

The interaction between the rotor wake and the stator blade in a single stage axial
pump is investigated using PIV by Chow et al. [17], as the rotor wake is cut by the
stator blade a di�erence in the advection occurs creating discontinuities in the rotor wake
trajectory. These wakes are then transported in the di�user, where they are mixed by the
action of vortices and high strain regions.

Aim of the Research
The �ow inside the transparent di�user of a high speci�c speed centrifugal pump is inves-
tigated by means of 2DPIV. Detailed velocity maps on the midspan blade to blade plane
allow the �ow distribution to be described in one di�user channel, at di�erent capacities.

The vorticity generated on the impeller blade sides, and transported through the
di�user by the wakes, is measured and phase averaged in order to evaluate the in�uence
of the impeller position on the velocity distribution in the di�user as well as the in�uence
of reduced �ow rates, separations and reversed �ows are easily recognized by PIV samples.
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Chapter 1

Facility and Data Acquisition System

1.1 Facility
The test loop is described in Fig. 1.1. The tested pump is �tted between two valves, thus
it can be isolated from the rest of the loop, details on the machine are given in �1.1.1. The
�ow passes through a manual valve which is fully opened during the test and closed for
maintenance. Then the �ow reaches a magnetic induction �ow meter, the operator reads
the value of the instantaneous �ow rate in order to set the desired value. The �owrate
can also be read via computer, the information can be combined with pressure signals
providing the head and e�ciency curves automatically.

The investigated pump is coupled with a large volume, a tank, with a free level. The
volume of the tank is more than half the volume of the entire test loop in order to simulate
in�nite reservoirs both at the suction and at the discharge of the machine. Because the
facility is closed and water is contained by metal walls, resonance may occur and lead to
destructive e�ects. The tank lowers the natural frequency of the facility in order to avoid
resonance with the pump. Because the water volume is not in�nite, a residual loop e�ect
is expected, and the free level is maintained inside the tank to minimize it. The reservoir
is connected to a vacuum pump, the compressed air line and a pressure gauge; therefore,
the loop pressure can be set positive or negative, relative to the atmosphere. The loop
is under vacuum during the injection of seeding through a tap, point F in Fig. 1.1, and
during the de-aeration process. Before starting a test, air must be carefully removed from
the liquid because bubbles scatter light as particles, but generally they are bigger and
they deliver a too intense light signal that a�ects PIV measurements negatively. After
having removed the air, the loop is set under pressure to avoid cavitation at the impeller.

The water pumped in the loop must be �ltered periodically because rust is transported
by the �ow and accumulates in the pipes when the facility is at rest. Moreover, seeding
particles can be removed only by �ltering the water. In order to obtain the target �ow
rate, a motorized valve is mounted upstream the pump, therefore the �ow rate can be
controlled accurately.

1.1.1 Centrifugal Pump
Impeller
The pump investigated is a hybrid machine built �tting a commercial impeller into a
transparent di�user/volute. In order to connect the impeller frame to the volute without
leakage �ows, a seal drum and a di�user hub ring are �tted inside the volute, as illustrated
in Fig. 1.2. It is worth to describe the convention for the impeller discharge angle, which
is an important parameter for this work and there is no universal agreement for that, see
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Figure 1.1: The test loop. A: tested pump. B: manual valve.
C: magnetic �owmeter. D: vacuum pump. E: �l-
ters. F: seeding insertion point. G: primary valve.

Figure 1.2: Expanded view of the pump
[18]

Figure 1.3: Discharge angle, [18]

Fig. 1.3. The origin of β2 is in the tangential direction, i.e β2 = 90◦ is a perfectly radial
�ow.

The speci�c speed of the impeller at best e�ciency point (BEP) is computed with
(1.1) and shown in Table 1.1, as well as additional data regarding dimensions and the
operating condition. Because of the large speci�c speed, the impeller classi�cation is
borderline between centrifugal and mixed-�ow; thus the �ow at the discharge section can
be considered 2D, in the blade to blade plane, but secondary �ows - i.e. axial �ows - are
expected.

ωs =
ΩQ

1/2
BEP

(gHBEP)3/4
(1.1)

The impeller is made of cast iron and its geometry is largely three dimensional as high
speci�c speed impellers always are. The large blade span at the discharge section and the
reduced discharge/inlet diameter ratio are typical of high speci�c speed machines, and
the aerodynamic performance of the blades is an important factor because the centrifugal
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Operating condition
BEP speci�c speed (ωs) 1.08
Rotating frequency (Ω [Hz]) 8.82
Impeller
Discharge section diameter (D2 [mm]) 224
Reference radius (R2 = D2/2 [mm]) 112
Inlet diameter (D1/D2) 0.688
Discharge blade span (b2/D2) 0.089
Discharge blade angle (βg2 [

◦]) 29
Discharge rake angle (ς [◦]) 12
Number of blades 6
Di�user
Inlet section diameter (D3/D2) 1.040
Discharge section diameter (D4/D2) 1.612
Constant vane span (b3/D2) 0.088
Inlet vane angle (α3[

◦]) 18
Number of vanes 7
Vane chord-length (c [mm]) 182
Volute
Constant span / D2 0.616

Table 1.1: Pump geometric data

e�ect is reduced. Fig. 1.4 illustrates the meridional section of the impeller, passages
are wide and the shroud curvature is accentuated, hence the �ow is free to distribute
spanwisely at reduced capacities.

Table 1.1 indicates the rake angle ς = 12◦, which is the angle that the impeller blade
trailing edge forms respect with the axial direction.

When the wake shed from the trailing edge of the impeller blade propagates through a
vaneless di�user and collides with the tongue there is a sudden variation in the momentum
that impinges the structure. As the �uid-structure interaction is not steady, vibration
and noise are generated. A raked impeller produces a wake that has a spanwise phase
mismatch respect to the impeller rotation, and that gradually impinges the tongue, which
has always zero rake; therefore the peak of the load on the structure is broad and almost
overlaps with the load generated by the following blades, with reduced dynamical e�ects.

The inlet angle of the �ow in the di�user α3 is indicated in Table 1.1, with α3 = 0◦

along the impeller tangential direction.

Vaned Di�user and Volute
To ensure optical accessibility, di�user vanes are made of polymethyl methacrylate (PMMA),
commonly known as acrylic, hub and shroud walls are �at plates, and vanes are machined
using a numerical control of the shape.

Fig. 1.5 shows part of the di�user with a close up of the blade, the gap between
impeller and di�user, and the leading edge radius are smaller than in industrial machines
to amplify unsteady phenomena related to the blade passage. As wakes reach the leading
edge of the di�user vane, the incidence angle changes suddenly, and a sharp vane is more
sensitive to changes in the incoming �ow, showing subsequent variations in the separation
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Figure 1.4: Meridional section of the impeller, [LFM - Politecnico di Milano]

on the side.
The di�user vane pro�le is designed following the classic 2D theory that can be found

in Stepanoff [19], the �rst part of the suction side is a free vortex line, i.e. a log-spiral
arc, while the rest of the pro�le is constructed using circular arcs in order to provide
su�cient cross section area for structural strength, and to close the pro�le at the trailing
edge. The span of the di�user vanes is constant, from the stainless steel hub to the acrylic
shroud. The hub hosts seven pressure taps that are located along the centerline of one
di�user channel, only the �rst and the last are used. Fast response pressure transducers
are mounted there in order to achieve pressure spectra at the in�ow and discharge sections
of the di�user. Because the di�user hub can be rotated, di�erent mutual con�gurations
can be tested, with di�erent positions of the di�user blade respect with the volute tongue,
see Fig. 1.6.

The hub and shroud of the volute are made of the same acrylic of the vaned di�user.
The cross section of the volute is rectangular with constant span as described in Table 1.1.
The lateral surface is made of poly-carbonate and is designed assuming that the recovering
of static pressure is entirely done in the di�user, thus no additional compression is imposed
to the �uid by the volute, which is simply collecting and delivering the �uid. In order to
obtain a compact machine, the volute span, in the axial direction, is unusually large. The
sudden increasing of the cross section area from the di�user discharge to the volute inlet
creates a pair of strong counter-rotating secondary vortices, those are easily noticeable
during the removing of air from the loop as bubbles are entrained by them. The volute
is shown in Fig. 1.7, where the horizontal inlet pipe is also visible as well as two of the
120◦-spaced pressure taps from which the wall pressure can be measured.

The machine under investigation pumps tap water, hence both laser light and scattered
light pass through air, acrylic, and water; this in fact limits the optical performance of
the system. Water induces more light dispersion than PMMA and the di�erence in the
refractive index at 532 nm - i.e. the laser wavelength - is 12% of the water index. This
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Figure 1.5: Magni�cation of a sector
of the di�user, note the
leading edge and trail-
ing edge shadows, [LFM
- Politecnico di Milano]

Figure 1.6: The fast response sensor
mounted on the back of
the di�user hub, [LFM -
Politecnico di Milano]

Figure 1.7: Transparent volute [LFM - Politecnico di Milano]

di�erence a�ects the transmission of the scattered light from the pump to the camera
lenses because the light incidence is ≈ 90◦, but only on the optics axis. The large �eld
of the lenses combines with refraction to give a slight deformation at the borders of the
image.

As the laser plane enters the di�user it illuminates high curvature zones - i.e. the
leading and trailing edge of the di�user vane; the light incidence angle changes largely in
a very small area, multiple refraction/re�ection inside the vane occurs in this situation
and light rays are deviated. As a result, leading edges and trailing edges cast shadows
over the investigated areas, and particles crossing those areas are invisible, see Fig. 1.5
and Fig. 1.8. The only way to solve this problem is using a medium whose refractive
index matches that of the acrylic, unfortunately these liquid solutions are expensive and
di�cult to manage, while water is cheap and safe.

Supporting Rail, TTL Signal generator and Torquemeter
In order to easily disassemble the pump for cleaning operations without losing the cen-
tering of the impeller with the di�user and volute, the DC motor, the di�user and the
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Figure 1.8: Seeding distribution inside the di�user, [LFM - Po-
litecnico di Milano]

impeller are mounted over a rail; the system can slide back from the volute that remains
attached to the inlet/discharge pipes; therefore, impeller and sealing drum can be ex-
tracted. Maintenance operation are required quite frequently because the impeller rusts
easily.

The motor shaft is connected to the pump through a torquemeter, used for measuring
the performance curves, see Fig. 2.1. In order to lock the PIV system to the rotor phase,
an electro-magnetic TTL signal generator is mounted on the shaft; thus the shaft period
is known and the actual rotor phase can be computed. The TTL signal is delivered to the
PIV controller where a time delay is set in order to coordinate the laser/camera shots;
both the laser double pulse and the camera aperture are synchronized.

1.1.2 Recording and Processing the Images
CCD Camera
The CCD camera adopted for the measurements contains an interline progressive scan
CCD sensor cooled by a Peltier stage and then by free convection, the quantization dy-
namical range can be switched from 8 bit, the range used in this investigation, to 12bit
and the sensor is provided with a vertical anti-blooming system. Further information
about the sensor can be found in Table 1.2. The camera lens adopted is a macro with
adjustable aperture ratio (focal length / diaphragm diameter) and focal length equal to
80mm.

Laser Device and Optical Bench
In order to produce a laser sheet, a Nd:YAG pulsed laser beam (λ = 532 nm) is irradiated
parallel to the machine axis toward a45◦ mirror, i.e. it is re�ected radially in the di�user.
Immediately after the mirror, a short focal length cylindrical lens converts the beam to
a laser plane, see Fig. 1.9. Before starting a measurement session, the beam is pointed
toward a target to verify the collimation of the two pulses. If the laser optics are not
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Figure 1.9: Optical bench converting the laser beam into a
laser sheet, [18]

collimated the laser sheet is doubled and pairs of laser planes do not illuminate the same
region, hence this preliminary operation is necessary.

Seeding Particles
The dynamics of a single particle in a �uid stream is a very complex issue, and there is a
large amount of particles in the �ow; thus, any attempt of modelling the behavior of this
multitude of rigid bodies can only be based on statistics, for a exhaustive explanation of
the theory see Raffel, [20].

For the present work, 10µm glass particles have been injected into the loop through
a properly designed tap, after having put the loop under moderate vacuum, see Fig. 1.1.
Because air must not enter the pipe, a suspension of particles should be prepared in
advance and sucked in the facility.

Pixel size [µm] 6.7× 6.7
Pixel matrix 1280× 1024
Active area [mm] 8.6× 6.9
Max. frame-rate [Hz] 4.5
Reading noise [e−RMS] 8÷ 13
Temp. range [◦C] 0÷ 40
Power [VA] 70

Table 1.2: Properties of the CCD sensor, [Dantec]
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When the laser illuminates the particles, bright spots are immediately noticeable look-
ing at the PC screen during live recording. The particle luminance per unit of laser energy
should be maximized in order to work with low power. Scattered light luminance is a func-
tion of the seeding - medium refractive index ratio as well as the particle diameter, shape
and orientation. Luminance also depends on the laser polarization. Particles used as PIV
tracers scatter light according with the theory byMie, [20].

Going from theory to practice, it can be stated that:

� particles luminance increases with the square of their diameter,

� large diameter particles scatter light strongly but they are unable to follow the �ow
properly,

� strong signal from big particles masks smaller particles that may follow the �ow
better, the distribution of the particles diameter should have as less variance as
possible

� very large particles scatter light strongly, and they become a secondary light source
for other particles particularly for the out of plane ones, as a result the signal to
noise ratio is diminished, this is a serious problem if air bubbles are found in a liquid
�ow, their emission can be so strong that they can saturate the CCD sensor.

Image Processing
Image processing is a relatively young science that evolved in the past two decades because
of the CCD sensors availability at relatively low cost.

PIV images are processed with routines that are usually embedded inside PIV soft-
wares. Image processing can enhance, destroy or corrupt information, i.e. create artifacts,
this last is the most dangerous accident. Moreover, images contain more information than
human eye can recognize, but a careful analysis of the seeding distribution done by in-
spection can be very useful.

As an image is indeed a matrix of integers, an algebra can be built over image sets;
speci�cally, in order to eliminate the background from the PIV images it is very useful to
compute an image in which only information about the background is present. This can
be done easily taking advantage of the fact that sources of information in a PIV image
are only particle scattering, background luminance and noise.

Given a set of phase locked images, they share the same background; in order to
separate particles from the background it is possible to compute the average image of
the set, this image contains the averaged luminance level of the background and particles
are substituted by a uniform grey halo due to the fact that in every frame particles have
di�erent position.

Subtracting the average from every single original image it is possible to enhance
particles erasing the background, see Fig. 1.8; this operation cannot provide perfect results
as every image has its own background that is slightly di�erent than in the average because
of instantaneous changes in the emission of the laser; nevertheless, removing the average
is a large step in the improving of the image quality.

Cross Correlation
Image pairs are sent to a FFT-based cross correlation algorithm (Dantec© Flowman-
ager®). The interrogation window is 32× 32 pixel wide, which is known to optimize the
displacement error for a typical 2×2 pixel image particle (Raffel, [20]). The sensor size
is 1280×1024 pixels, with an interrogation area of 32×32 pixels and 50% overlap it gives
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Im

Df

Tn

Figure 1.10: Vector grid and di�user vanes in the PIV �eld of
view; Im: impeller, Df: di�user vane, Tn: tongue,
[LFM - Politecnico di Milano]

(1280/16− 1)× (1024/16− 1) = 79× 63 vectors. The vector spacing is 2.74mm, equal to
0.0151c, see Table 1.1, and the scale factor is 171µm/pixel, see Fig. 1.10.

The time between pulses is not set with the classic N/4 condition, seeRaffel [20],
because the expected velocity can approach zero in recirculation zones and reach ap-
proximately 4ms−1 in the di�user throat. The time between pulses is set equal to50µs
according to previous experiences, to minimize the loss of particles due to out of plane
velocity components. It is worth to point out that very low time between pulses lead to
large errors due to bias components in the measured displacement, i.e. the peak locking
(Ra�el, [20]).

The amount of particles in the interrogation window is of great importance for reliable
results, the seeding density has been increased step by step until at least 6 particles are
noticeable in a 32 pixel window, see Fig. 1.8. In order to further increase the reliability
of the results, vectors whose peak ratio is less than 1.2 are rejected; the peak ratio is the
ratio between the maximum value of the cross correlation function and the second highest
peak value, see Raffel [20] for details.
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Chapter 2

Results and Discussion

2.1 Pump Performance Curves
The performance curve of the pump is presented in Fig. 2.1, the reference point is the
best e�ciency point (BEP) that corresponds to a �ow rate of25× 10−3 m3s−1.

The �ow coe�cient and the head coe�cient are computed with (2.1) and (2.2). The
head curve is a�ected by an increasing data dispersion at the curve plateau and for
lower �ow rates, this suggests the onset of a large scale instability inside the pump for
φ/φBEP < 0.6.
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The approximation in (2.2) is due to the pressure sampling procedure, in fact the
pressure has been sampled through taps at the inlet and discharge pipe walls assuming
the dynamic pressure to be negligible there respect with the static pressure. The instability
around the in�ection point of the head curve, and further as the �ow rate in decreased,
is known to be related to an overlapping of many �uid dynamic phenomena inside the
machine. First, as the �ow coe�cient diminishes, the impeller inlet �ow becomes too
much tangential overloading the leading edge - i.e. apre-swirl vortex occurs at the inlet
section - and a progressive mid-chord to leading edge separation occur. This separation
is highly unsteady and a�ects the di�user �ow cyclically because of the impeller rotation,
this leads to noise and vibrations, because the separated wake is turbulent, and the e�ect
is known as Jet & Wake. Secondly, if the �ow rate is low, the impeller channel cannot be
entirely �lled with �uid, this is known as the impeller stall phenomenon, often resulting
in back/recirculating �ows start inside the gap between the shroud and the casing wall.

The pump BEP speci�c speed is equal to 0.872 and it is computed with (2.3), this
machine can be classi�ed as borderline between centrifugal and mixed-�ow, indeed the
transition between centrifugal and mixed �ow is not sharp.

Ωs =
ΩQ

1/2
BEP

(gHBEP)3/4
(2.3)

High speci�c speed impellers are characterized by D1/D2 ≈ 1; moreover, the gap
between the shroud and the internal surface of the casing has very limited radial extension
and recirculating �ows occur easily in the gap between the volute and the impeller shroud.
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Figure 2.1: Head coe�cient and e�ciency of the pump

2.2 Frequency Domain Analysis
In order to evaluate the instability introduced in �2.1, a series of static pressure samplings
are processed and presented in the frequency domain.

First, a standard power spectrum density analysis is performed over two static pressure
signals sampled at the hub wall inside the di�user with fast response pressure transducers,
as shown in Fig. 1.6, �1.1.1. The static pressure power spectrum density is illustrated in
Fig. 2.2 and Fig. 2.3 where the pressure �uctuation is measured inPa, and the abscissa is
the dimensionless ratio f/Ω - it can be also called a Strouhal number - thus the impeller
blade normalized frequency is equal to the number of blades.

Two peaks are clearly visible in the spectrum. The �rst (f/Ω = 1) marks the impeller
round periodicity and it is due to a lack of impeller symmetry; in fact, the impeller is
made of cast iron and the manufacturing process cannot provide neither symmetry in the
vanes position nor a perfect shaft - impeller centering. The second peak is related to the
impeller blade passage; as these two events are very deterministic - i.e. very localized
in frequency - their peaks are very narrow1. Both peaks are more intense in the di�user
rather than at the impeller inlet section because they are really linked to the impeller
discharge �ow and the di�user pressure tap is located very close to the impeller outlet
section.

On the other hand, the sub-round behavior of the pump is very complex and the
instability is noticeable inside a broad band from a reduced frequency slightly higher than
unity to f/Ω ≈ 0.2 i.e. �ve times the impeller round period. Moreover, as the PSD is

1Fig. 2.2 presents it doubled because the actual blade passage frequency is equal to52.9Hz and it
is very close to the power supply electrical disturbance (50Hz) that a�ected the inlet section pressure
transducer
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Figure 2.2: PSD of the static pressure at the impeller inlet
section

Figure 2.3: PSD of the static pressure in the di�user
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computed for a broad range of �ow rates, Fig. 2.3 allows the increased noise level at low
�ow rates to be noticed. Starting from φ/φBEP = 0.60 there is a sudden increase in low
frequency harmonics, that continue increasing monotonically untilφ/φBEP = 0.40, which
is the lowest �ow rate tested.

Comparing Fig. 2.2 with Fig. 2.3 it is possible to state that at high �ow rates (0.80 ≤
φ/φBEP ≤ 1.20) the di�user does not a�ect the pressure signal largely, except forf/Ω ≥ 6
where it behaves as a low-pass �lter; thus, for these high �ow rates the �ow inside the
di�user is well guided and the impeller is not inducing substantial unsteadiness. These
results are in good agreement with the �ow structure measured in the di�user at high �ow
rates and discussed in �2.3.2 where the incidence at the di�user leading edge is correct
and the �ow is attached to the vanes.

Approaching the impeller round frequency, the signal amplitude increases with a peak
distribution that is symmetric around a smooth peak frequency. This distribution is
centered at the impeller frequency at the inlet section and it is shifted to lower frequencies
inside the di�user, in the interval 6 ≤ f/Ω ≤ 7, i.e. in the typical rotating stall frequency
of a di�user. This behavior is related to the broad passages in the impeller, because of
the high speci�c speed, that do not impose constraints over the �ow - i.e. vortical and
secondary �ows occur. The broad peak distribution makes the di�user stall impossible
to be captured by 2DPIV because a strict phase locked phenomenon is needed, and this
�uctuation is not enough deterministic to be resolved with a phase locked approach.

At lower �ow rates (φ/φBEP ≤ 0.60) the pressure signal at the impeller inlet section is
more noisy in the [1, 6] reduced frequency band; this behavior suggests that unsteadiness
at the impeller entry section - for φ/φBEP = 0.60 - is particularly broad band and it is
damped inside the impeller as it is not visible inside the di�user. Instabilities around
f/Ω = 1 globally a�ect the machine ; for φ/φBEP = 0.40 and 0.4 ≤ f/Ω ≤ 0.5 an
inlet pressure peak is clearly noticeable suggesting the presence of a �ow structure that
rotates with a period that is between two and three times the impeller round and is
the product of the complex interactions between a strong pre-swirl vortex and a massive
suction recirculation.

The main results obtained by the pressure PSD analysis is the proof that at every �ow
rate the �ow is dominated by the impeller blade passage that is also a very determinis-
tic event; because the 2DPIV investigation is largely focused on the e�ect of the cyclic
unsteadiness induced by the blade passage, the rotor phase average approach is justi�ed.

2.3 Steady State Analysis of 2DPIV Results
The PIV cross correlation routine provides a displacement vector �eld; by knowing the
time between the two pulses - 50µs - it is possible to generate an instantaneous velocity
�eld. In fact, the time between two pulses in a pair is negligible compared with the time
between consecutive pairs. The velocity vector is then computed as the ratio between the
displacement and the time between pulses. A set of instantaneous 2DPIV vector �elds
is a massive amount of data, drawing conclusions about the �ow without reducing it is
almost impossible, and averaging is a very good way to reduce data. Moreover, averaged
2DPIV data have su�cient spatial resolution for computing gradients in space and various
functions of these gradients; this is very useful in the study of local vorticity, strain-rate
and turbulence, on the other hand it enlarges the amount of data that can be shown.
Moreover, because turbomachines rotor can rotate∼ 102 or ∼ 103 times every minute
for ∼ 103 hours every year, a single, instantaneous, �ow feature inside the stage has little
importance. In order to a�ect the �ow appreciably, a phenomenon must be continuous,
periodic or broad-band turbulent; hence, persistent in time. Very few transient phenomena
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can really destabilize a machine, and they must very powerful, i.e. the water hammer,
which surely is not induced by small scale perturbations. In order to reduce the data
while keeping useful information, one should consider the �ow in terms of harmonics, or
time scales, and the processing of the data always involves spatial or temporal �ltering.

The performance curve of the pump can be though as an extremely low-pass �ltered
result, being it a steady state result, or zero frequency. The equivalent PIV measurement
is the total average of all the PIV measurements performed on the same blade to blade
plane

U(x) =
1

N

N∑
n=1

u(x) (2.4)

where N is the total number of measurements,u(x) is the instantaneous distribution of
the velocity in the investigated region andU(x) is the distribution of the averaged velocity.
The velocity can be interpolated and integrated along a line to give the �ow rate (per unit
of span-wise coordinate) at the inlet or outlet section of the di�user channel. Vorticity
is a scalar value for planar velocity data and, because its computations involves spatial
derivatives of the velocity while the average is a time �ltering, the two commute and the
averaged vorticity coincides with the vorticity of the averaged vector �eld. The out of
plane vorticity is computed as indicated in (2.5), i.e. substituting the spatial derivatives
with central di�erences except at boundary nodes in which forward or backward di�erences
are adopted.

ωz =
V (i+ 1, j)− V (i− 1, j)

x(i+ 1, j)− x(i− 1, j)
− U(i, j + 1)− U(i, j − 1)

y(i, j + 1)− y(j, i− 1)
(2.5)

2.3.1 Best E�ciency Point
Fig. 2.4 shows the phase averaged velocity distribution in the di�user at mid-span, in the
tongue region. Impeller and di�user blades are masked, and zones corrupted by re�ections
or shadows in the images are set to white. The presented velocity map is the average of
12 phases equally distributed in one impeller pitch (60◦). Every phase-averaged �eld is
computed with 200 instantaneous maps, thus the total average �ow is derived from2400
instantaneous frames. The velocity is normalized with the impeller peripheral velocity
[||U, V ||U−1

tng].
The distortion of the �ow due to the presence on the di�user is evident. Iso-velocity

contours are not concentric with the impeller and the �ow slows down less at the suction
side. A separation of the �ow at the convex side beyond 50% of the chord is noticeable,
with a region of stagnation / recirculation, more intense close to the tongue, the separation
is likely due to the incorrect inlet angle of the di�user, that is better adapted to the impeller
discharge �ow at higher �ow rates.

The �ow discharged by the di�user impinges the tongue with positive incidence, i.e.
the �ow is more radially-oriented than the tongue leading edge centerline, as illustrated
in Fig. 2.6 by the stagnation region at point (0.84,−1.52). Hence, increased in�uence of
the tongue on the performance is expected, as well increased exchange of forces.

The �ow enters the di�user along the concave side, which is designed as a free vortex
surface, and it is deviated radially outward because of the blade blockage.

The separation at the convex side is also evident in Fig. 2.7, where the pressure side
boundary layer vorticity detaches and is convected in the volute; vorticity is normalized
with the impeller vorticity, i.e. twice the angular velocity [ωz(2Ω)

−1 ]. The low velocity
zone in the rear part of the vane contains vortical structures without preferential shape or
spin, the average vorticity is nearly zero. Fig. 2.7 also evidences the vorticity generated
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Figure 2.4: Velocity distribution in the tongue region of the
di�user, φ/φBEP = 1.0, 50% span, vectors are di-
luted (1:2) horizontally and vertically for clarity,
white zones cover corrupted data; the velocity is
normalized with the impeller peripheral speed; Im:
impeller, Df: di�user, Tn: tongue

Figure 2.5: Magni�cation of the velocity distribution at the
di�user leading edge, φ/φBEP = 1.0, 50% span; ; Im:
impeller, Df: di�user
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Figure 2.6: Magni�cation of the velocity distribution around
the tongue, φ/φBEP = 1.0, 50% span; Tn: tongue

Figure 2.7: Axial vorticity distribution in the tongue region of
the di�user, φ/φBEP = 1.0, 50% span; the vorticity
is normalized with the impeller vorticity 2Ω; Im:
impeller, Df: di�user, Tn: tongue
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on the perimeter of the impeller by the non-slip condition over the trailing edge of the
impeller blade.

The boundary layer located on the convex side just beyond the leading edge of the
di�user vane is remains attached, the �ow there is accelerated by the throat e�ect of the
di�user; because the blade has a certain thickness, the convex side at the di�user inlet
section generates a short convergent channel. Fig. 2.4 also show that the velocity is large
close to the leading edge at the convex side.

2.3.2 120% BEP Flow Rate
Head / e�ciency curves illustrated in Fig. 2.1 show a steep decay of the head coe�cient
from 100% BEP to 120% BEP �owrate with 5% e�ciency loss. The increased �ow co-
e�cient induces more radial impeller out�ow, and di�user in�ow; a mismatch between
the mean in�ow velocity and the centerline of the di�user pro�le at the leading edge is
expected, with positive incidence on the di�user vanes.

The positive incidence angle causes the leading edge stagnation point to move on the
suction side of the di�user vane, thus the leading edge induces higher blockage than at
100%BEP as noticeable in Fig. 2.8 and better in Fig. 2.9; after this stagnation region the
�ow �lls the passage and slows down gradually until the vane trailing edge is reached, the
deceleration of the �ow is large there.

Likely the most important result is noticeable along the �rst fraction of the vane pro�le;
at BEP �ow rate the velocity is higher at the suction side, see Fig. 2.4 as expected for
nearly zero incidence incoming �ow, but at high �ow rate the trend is the opposite, i.e.
the velocity is higher at the convex side because the incoming �ow is too much radial and
the incidence on the vane is positive, as illustrated in Fig. 2.9.

At BEP �ow rate, the di�user recovers static pressure by forcing the mean �ow stream-
lines to be more radial than the free vortex spiral, but that happens downstream of the
leading edge, which is designed to be neutral. Conversely, at high �ow rate the vane is
entirely loaded - from the leading edge - with positive incidence, the concave side becomes
the pressure side and the vane is subjected to a lift that is likely directed radially outward.

The negative incidence also changes the wake downstream the vanes, comparing Fig. 2.8
and Fig. 2.4 it can be seen that at 100% BEP �ow rate the velocity magnitude in the
wake is ∼ 0.1ms−1 and a mean �ow convection is noticeable; on the other hand, at 120%
BEP, the vane blocks the �ow and the momentum in the wake is very low. The wake is
not wider, but the induced velocity gradient is much larger than at 100% BEP.

Increased velocity in the di�user induces larger velocity gradients and larger vorticity
levels; Fig. 2.11 shows that the convex side, positive vorticity generated along the blade
detaches from the vane as the separated wake forms, and develops downstream in the
vorticity shear layer.
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Figure 2.8: Velocity distribution in the tongue region of the
di�user, φ/φBEP = 1.2, 50% span, vectors are diluted
(1:2) horizontally and vertically for clarity. The
velocity is normalized with the impeller peripheral
speed; the velocity is normalized with the impeller
peripheral speed; Im: impeller, Df: di�user, Tn:
tongue

Figure 2.9: Magni�cation of the velocity distribution at the
di�user leading edge, φ/φBEP = 1.2, 50% span; Im:
impeller, Df: di�user
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Figure 2.10: Velocity magnitude distribution around the
tongue, φ/φBEP = 1.2, 50% span; Tn: tongue

Figure 2.11: Axial vorticity distribution in the tongue region of
the di�user, φ/φBEP = 1.2, 50% span; the vorticity
is normalized with the impeller vorticity 2Ω; Im:
impeller, Df: di�user, Tn: tongue
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2.3.3 80% BEP Flow Rate
When the pump operates at reduced �ow rate, the di�user inlet velocity becomes more
tangential than in the BEP case, and the incidence angle on the vanes is negative2. The
negative incidence enforces the suction e�ect at the concave side with an accentuated
velocity di�erence between the two sides of the vane.

Fig. 2.12 shows the mean velocity at mid-span, 20% �ow rate drop is su�cient for
inducing visible changes in the �ow. The separation of the �ow at the convex side of the
vane is accentuated and starts early at approximately 25% of the chord leaving a zone of
very low mean velocity behind.

Moreover, the �ow slows down abruptly at the vane inlet, losing 50% of the in plane
momentum. A comparison between Fig. 2.5 and Fig. 2.13 shows that the �ow enters the
di�user tangentially but the geometry is still able to control the angle mismatch even
though the leading edge is very thin.

Fig. 2.6 and Fig. 2.14 show that the �ow impinging the tongue is divided in two, one
half enters the volute and the rest recirculates through the volute starting section at 120%
and 100% BEP, but at 80% BEP the �ow is entirely discharged in the volute.

At low �ow rate, the channel between vanes is �lled with positive vorticity generated
at the convex side by the separated �ow while the vorticity generated at the concave side
remains attached to the pro�le until the trailing edge is reached.

Negative incidence generates localized negative vorticity at the leading edge on the
concave side of the di�user vane likely due to leading edge separation and reattachment.
Positive vorticity located at the impeller discharge section is due to the no-slip condition
at the impeller trailing edge surface; in fact, the impeller spin is positive and the global
average of measurements distributes the impeller near wake along the discharge section.
Positive vorticity is convected towards the tongue, and also generated locally there.

2here the incidence is de�ned as the di�erence between the incoming �ow angle and thegeometric
inlet angle of the di�user vane, i.e. the angle of an attached �ow, which does not change with the �ow
rate
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Figure 2.12: Velocity distribution in the tongue region of the
di�user, φ/φBEP = 0.8, 50% span, vectors are di-
luted (1:2) horizontally and vertically for clarity.
The velocity is normalized with the impeller pe-
ripheral speed; Im: impeller, Df: di�user, Tn:
tongue

Figure 2.13: Magni�cation of the velocity distribution at the
di�user leading edge, φ/φBEP = 0.8, 50% span; Im:
impeller, Df: di�user
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Figure 2.14: Velocity magnitude distribution around the
tongue, φ/φBEP = 0.8, 50% span; Tn: tongue

Figure 2.15: Axial vorticity distribution in the tongue region of
the di�user, φ/φBEP = 0.8, 50% span, the vorticity
is normalized with the impeller vorticity 2Ω; Im:
impeller, Df: di�user, Tn: tongue
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2.3.4 40% BEP Flow Rate
At very low �ow rates, out of plane (axial) velocity components appear. The velocity
drops to 10% of the impeller speed just at the di�user channel entrance and there is a
large separation at the convex side of the di�user vane.

Downstream, close to the trailing edge, the velocity increases to 18% of the impeller
speed as noticeable at points (0.2,−1.5) and (−1.0,−1.2) in Fig. 2.16; this is due to out
of plane motion thus, at very low capacities, axial �ow components in the di�user are
noticeable.

Fig. 2.17 clearly shows that the �ow leaving the impeller is very tangential and hits
the di�user vane with negative incidence, the leading edge induces large blockage e�ect.
Beyond the leading edge, the �uid proceeds along the convex side with very low velocity,
and turns around the edge entering the next channel with a reverse radial component, i.e.
the radial component of the velocity points back towards the impeller.

Comparing all the velocity �elds at the tongue region, it is clear that at very low
�ow-rates the discharged �ow returns to impinge the tongue with nearly zero incidence,
but very low velocity; moreover, the stagnation point on the tongue is noticeable.

Fig. 2.19 shows the mean �ow vorticity, the di�user inlet velocity is very tangential
and a separation occurs on the leading edge, the separated �ow is then convected towards
the channel but vorticity decays to almost zero at the entry section of the channel. The
convex side separation is not evident.
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Figure 2.16: Velocity distribution in the tongue region of the
di�user, φ/φBEP = 0.4, 50% span, vectors are di-
luted (1:2) horizontally and vertically for clarity;
Im: impeller, Df: di�user, Tn: tongue

Figure 2.17: Magni�cation of the velocity distribution at the
di�user leading edge, φ/φBEP = 0.4, 50% span; Im:
impeller, Df: di�user
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Figure 2.18: Velocity magnitude distribution around the
tongue, φ/φBEP = 0.4, 50% span; Tn: tongue

Figure 2.19: Axial vorticity distribution in the tongue region of
the di�user, φ/φBEP = 0.4, 50% span; the vorticity
is normalized with the impeller vorticity 2Ω; Im:
impeller, Df: di�user, Tn: tongue
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2.4 Phase Averaged Analysis
Transport phenomena dominate the propagation of jets and wakes from the discharge
section of the impeller through the vaned di�user, and in the volute. An in�ow boundary
condition exists at the entry section of the di�user and, because the impeller rotates at
constant frequency, the di�user entry condition is composed of strong periodic compo-
nents generated by the impeller blades. Together with these periodic components, small
scale eddies passing through the di�user inlet section are generated by the broad-band
turbulence from the impeller3.

Because of the impeller periodicity and constant shaft frequency, the unsteadiness due
to the impeller can be isolated from the complex, multi-scale �ow entering the di�user.

1. If the velocity �eld in the di�user is sampled for su�ciently long time, i.e. a period
containing many rotor rounds, the average of the samplings converges to the steady
state �ow ¯̄U(x). The characteristic frequency of this �ow is zero. Both characteristic
time and scale are not de�ned. This �ow corresponds to the solution of the RANS
problem in the di�user; the solution is steady and e�ects of the unsteadiness are
modelled as turbulent stresses.

2. The instantaneous �ow is never equal to the total average. Unsteadiness enters
the di�user and propagates through it, and in the volute. The perturbation char-
acterized by the largest scale is due to the interaction between the pump and the
loop. Large tanks provided with a free level partially mitigate low frequency �ow
rate �uctuations. Very low frequency perturbation are also unstable and �ll a band
of low frequencies contributing to the low frequency noise in the loop. There ex-
ists a peculiar, sub-round unsteadiness in machines, at diminished �ow rates, called
rotating stall; measurements described in �2.2 demonstrate that there is no sharp
rotating stall frequency in the pump under investigation.

3. The impeller round frequency injects unsteadiness in the di�user, the correspondent
scale is the impeller diameter D2. Because the impeller is mounted on the shaft
with some eccentricity and its channels are not equal, a low but sharply detectable
frequency unsteadiness can be recognized Ū(x, k/Ω) k ∈ N.

4. The passage frequency, with the correspondent scale equal to the impeller blade
pitch, is due to the periodic passage of the impeller vanes. Unsteadiness injected in
the stator because of the rotor vane passage

US(x,∆φ) =
1

TR

∫ TR

0

û(x, t) dt = ZRΩ

∫ 1/(ZRΩ)

0

û(x, t) dt (2.7)

where ZR is the number of blades of the impeller.

5. The in�ow boundary conditions in the di�user is dominated by the approaching
of the impeller blade, as it determines the static pressure �eld, �ow direction and
velocity there. Because the mutual position of the impeller blade and the di�user

3the �ow outside the impeller is turbulent, a rough estimation of the Reynolds number can be done
setting a characteristic velocity equal to the steady state, radial component of the velocity at the impeller
outlet section QBEP/πD2b2 as follows,

ReBEP =
QBEP

πD2b2

D2

ν
=

QBEP

πνD2(b2/D2)
≈ 200 000 (2.6)
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vane leading edge is the main parameter describing this unsteadiness, a rotor phase
locked measurement is the best way to resolve these �ow features including jets and
wakes. The characteristic scale of the phase-locked �ow is the fraction of impeller
passage between consecutive delays, i.e. rotor phases at which measurements are
performed. The time scale of this �ow is the sampling period; in this investiga-
tion, the rotor passage (60◦) is sampled 12 times, at 5◦ step. This is the unsteady
component investigated in this work.

6. The impeller ejects a very turbulent �ow (Re = 200 000) that contains many scales.
The small scale non-linearity and broad-band unsteadiness can be collocated in the
velocity u(x, t) that survives after having isolated and subtracted all the previous
harmonics4. Scales in this �ow go from very large (sub-round period) to the Kol-
mogorov scale.

Collecting all the components, it is possible to reconstruct the velocity as follows,

û(x, t) = ¯̄U(x) + Ū(x, n/Ω) +US(x,m/(ZRΩ)) +U(x, kϕ) + u(x, t), n,m, k ∈ N (2.8)

where fc is the sampling frequency, i.e. corresponding to the rotor phase delay between
samplings.

Inserting the previous decomposition in the Navier-Stokes equations, it is possible to
obtain a set of laws for the conditionally averaged �ow, for instance the phase averaged
�ow, and a set of stresses that, like the Reynolds stresses, model the energy transfer
between scales.

The presented PIV instantaneous velocity maps cannot provide a reliable decompo-
sition and unsteadiness stresses computation because they are a�ected by relatively low
signal to noise ratio; because the noise is a velocity �uctuation, separating turbulence
from noise a priori is impossible.

The following analysis relies on global average and rotor phase average maps; be-
cause the average operator �lters out broad-band unsteadiness and noise, clear results are
expected even though instantaneous measurements are noisy.

Phase averaged velocity maps are computed in the di�user at 12 impeller delays inside a
rotor passage (60◦), i.e. positions of the impeller vane trailing edge respect with the di�user
vane leading edge, the result is an ensemble average of rotor phase locked instantaneous
maps,

U(x;ϕ) = 〈û〉(x;ϕ) = 1

N

N∑
n=1

û(x;ϕ+ 2nπ), (2.9)

where N = 200 is the number of vector �eld computed at each rotor delay. The passage
average velocity is estimated computing the mean map from the entire dataset, i.e.12×
200 = 2400 vector �elds. These averages are a�ected by improved signal to noise ratio
and are used to highlight the pattern of jets and wakes in the di�user.

The proposed visualization method is based on the transport in the di�user of the
velocity triangle at the impeller discharge. The �ow ejected by the impeller enters the
di�user with a certain dynamic pressure and angle, i.e. there exists a distribution of
velocity triangles at the in�ow boundary of the di�user channel. Once the �ow enters the
di�user, both the dynamic pressure and the angle of the �ow evolve; hence it is possible
to say that the velocity triangle evolve point-to-point and in time in the di�user because
of convection.

The method is based on the following observation: the phase-averaged velocity trian-
gle at the in�ow section of the di�user follows the impeller channelsliding on the di�user

4called deterministic in some literature
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in�ow section, this is the basic idea behind the sliding mesh technique in CFD investiga-
tions over turbomachines. Because there exists a global average of the velocity triangle at
the exit section of the impeller, whose circumferential trend depends only on the position
of the di�user vanes leading edge, the unsteadiness in the velocity triangle at the impeller
discharge section also slides along the di�user entry section following the impeller blades.

Moreover, the pump under investigation is provided with backward oriented impeller
blades, this is a quite standard feature in industry because it promotes e�ectiveness even
though it slightly penalizes the head rise. The potential �ow velocity triangle at the
discharge section of such impeller is a standard in machine �ow analysis; the impeller
discharge velocity in the di�user frame of reference (V2/U) can be computed from the
impeller velocity U = πΩD2 as shown in (2.10).

(
V2

U

)2

=

(
1− W2

U
cos β2

)2

+

(
W2

U
sin β2

)2

= 1 +

(
W2

U

)2

− 2
W2

U
cos β2 (2.10)

Because either β2 was corrected for the slip or not, it would always be 0 < β2 < 90◦,
then cos β2 > 0 and:

lim
W2→0

{(
V2

U

)2
}

= 1− (2.11)

monotonically because:

lim
W2→0

{
∂V2

∂W2

}
= lim

W2→0

{
2W2 − 2U cos β2

(U2 +W 2
2 − 2UW2 cos β2)1/2

}
= −2 cos β2 , 0 < β2 < 90◦

(2.12)
hence the kinetic energy per unit mass entering the di�user reaches its maximum where
W2/U is null due to the blockage e�ect at the impeller wake. Moreover, whereW2/U
reaches its maximum, the �ow coe�cient at the impeller discharge sectionΦ2 = W2U

−1 sin β2

also reaches its maximum and the di�user inlet kinetic energy reaches its minimum. This
simpli�ed �ow analysis refers to the velocity triangle of Fig. 2.20.

The di�user inlet kinetic energy �uctuation due to the impeller blade passage is thus
recognizable from the distribution of the phase averaged velocityUi(x, ϕ) inside the dif-
fuser; nevertheless, the distribution of the phase locked �uctuationuS

i (x, ϕ) provides bet-
ter information because the phase averaged �ow is subtracted. Plotting the di�erence
between the globally averaged �ow kinetic energy and the passage average kinetic energy
it can be possible to identify jets and wakes clearly.

Denoting the kinetic energy per unit mass of the phase averaged �ow asEk(x, ϕ) and
ES

k (x) for the global averaged �ow - in the stator frame of reference - it is possible to
compute and display both the quantities:

Ek(x, ϕ) =
1

2
UiUi =

1

2
〈ûi〉〈ûi〉 = 1

2
〈ûi〉2 (2.13)

ES
k (x) =

1

2
US
i U

S
i =

1

2
〈〈ûi〉〉S〈〈ûi〉〉S =

1

2
(〈〈ûi〉〉S)2 (2.14)

where 〈ûi〉 is the phase averaged velocity in the di�user and〈〈ûi〉〉S is the globally averaged
velocity �eld in the di�user (stator) due to the sliding in�ow boundary condition imposed
by the impeller. Finally, it is possible to de�ne a scalar quantity that describes the position
and shape of the rotor wakes while they are convected through the di�user, with (2.15).

∆(x, ϕ) =
1

2

[〈ûi〉2 − (〈〈ûi〉〉S)2
]

(2.15)
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Figure 2.20: Simpli�ed velocity triangle at the discharge sec-
tion of the impeller

The scalar quantity ∆(x, ϕ) can be called cyclic unsteadiness, as it provides informa-
tion strictly over the periodic e�ect of the rotor vane over the �ow inside the di�user.
The cyclic unsteadiness is not a kinetic energy (it can be negative), it is a parameter of
comparison between the kinetic energy of two di�erent �ows in the same di�user, obtained
with di�erent averages over the same dataset.

Jet and Wake at 120% BEP
In the following, the phase averaged velocity and the cyclic unsteadiness are plotted for
three o�-design con�guration in order to elucidate how variations in the �ow rate a�ect
the Jet and Wake distribution in the di�user.

Fig. 2.21 shows the phase averaged velocity distribution in the di�user atφ = 0◦, i.e.
the reference position of the impeller. Wakes from the impeller trailing edges are not
clearly visible but the velocity diminishes at the impeller channel discharge section, as
described in �2.4. The �ow is separated at the vane convex side leaving a low velocity
zone downstream the vane, the velocity in the channel diminishes substantially at the
discharge section of the di�user and the tongue is impinged by the stream dividing it into
two parts, one is delivered at the volute discharge section - with a localized acceleration
at the tip of the tongue - and the rest is re-collected in the volute.

The cyclic unsteadiness illustrated in Fig. 2.22 allows the jet and wake to be fully
described, see �2.4. The alternate velocity distribution is convected through the channel,
it is damped by the low-pass �lter e�ect of the stator, but it survives beyond the discharge
section. The tongue, in particular, is impinged by a periodic �ow likely resulting in an
alternate mechanical stress.

The evolution of phase averaged wakes is illustrated at four rotor phases from Fig. 2.22
to Fig. 2.24 but data have been taken for an entire rotor blade passage, i.e. 60◦. Not only
the leading edge of the di�user divides the wakes, it also cause a shift of one wake section
respect to the other. In fact, the jet and wake pattern is convected in the di�user channel
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Figure 2.21: Phase averaged velocity distribution in the tongue
region of the di�user, φ/φBEP = 1.2, 50% span,
ϕ = 0◦ rotor angular position; the velocity is nor-
malized with the impeller peripheral speed

and the transport velocity at the pressure side of the vane is di�erent from the transport
velocity at the suction side as described in �2.3.2. As the wake enters the channel, it
is subjected to higher downstream convection at the convex side and a mismatch in the
position of the wake occurs across the vane. Thus, the wake is �rst distorted and then
transported in the channel, where the di�user damps the velocity peaks creating smoother
alternate pattern.
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Figure 2.22: Phase averaged velocity (vectors) and cyclic un-
steadiness (colors) distribution in the tongue re-
gion of the di�user, φ/φBEP = 1.2, 50% span, ϕ = 0◦
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Figure 2.23: Phase averaged velocity (vectors) and cyclic un-
steadiness (colors) distribution in the tongue re-
gion of the di�user, φ/φBEP = 1.2, 50% span, ϕ = 20◦

rotor angular position
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Figure 2.24: Phase averaged velocity (vectors) and cyclic un-
steadiness (colors) distribution in the tongue re-
gion of the di�user, φ/φBEP = 1.2, 50% span, ϕ = 40◦

rotor angular position

Jet and Wake at 80% BEP
At diminished �ow rate, the pressure side is likely on the convex side of the vane, thus the
impeller wake is divided and deformed accordingly. The section of the wake that is located
along the suction side is faster than the section on the pressure side and a mismatch occurs
across the vane; in Fig. 2.27, for example, the wake on the suction side (red) almost align
with the jet (blue) on the pressure side.

An alternate jet and wake pattern is noticeable in the channel but it survives less than
at 120% BEP; moreover, the discharged �ow does not imping the tongue and the unsteady
�ows is delivered directly at the pump exit section.
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Figure 2.25: Phase averaged velocity distribution in the tongue
region of the di�user, φ/φBEP = 0.8, 50% span,
ϕ = 0◦ rotor angular position; the velocity is nor-
malized with the impeller peripheral speed
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Figure 2.26: Phase averaged velocity (vectors) and cyclic un-
steadiness (colors) distribution in the tongue re-
gion of the di�user, φ/φBEP = 0.8, 50% span, ϕ = 0◦

rotor angular position
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Figure 2.27: Phase averaged velocity (vectors) and cyclic un-
steadiness (colors) distribution in the tongue re-
gion of the di�user, φ/φBEP = 0.8, 50% span, ϕ = 20◦

rotor angular position

Jet and Wake at 60% BEP
At very low �ow rate the velocity at the exit section of the impeller is directed tangentially;
Fig. 2.29 shows that indeed the �ow impinges the leading edge of the di�user blade. The
pressure side of the vane blocks the �ow, part of it turns around the edge and enters the
next channel with a radial reversed component, the rest proceeds along the suction side
towards the volute.

Fig. 2.29 - Fig. 2.32 show that the wake is substantially blocked at the di�user inlet,
the alternate jet and wake pattern in the channel is hardly noticeable; in fact, while the
wake (or jet) is facing the vane leading edge, part of it is convected downstream by the
suction side �ow. As a result, the channel is �lled with the wake (or jet) and the alternate
pattern vanishes.
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Figure 2.28: Phase averaged velocity (vectors) and cyclic un-
steadiness (colors) distribution in the tongue re-
gion of the di�user, φ/φBEP = 0.8, 50% span, ϕ = 40◦

rotor angular position

Figure 2.29: Phase averaged velocity distribution in the tongue
region of the di�user, φ/φBEP = 0.6, 50% span,
ϕ = 0◦ rotor angular position; the velocity is nor-
malized with the impeller peripheral speed
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Figure 2.30: Phase averaged velocity (vectors) and cyclic un-
steadiness (colors) distribution in the tongue re-
gion of the di�user, φ/φBEP = 0.6, 50% span, ϕ = 0◦
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Figure 2.31: Phase averaged velocity (vectors) and cyclic un-
steadiness (colors) distribution in the tongue re-
gion of the di�user, φ/φBEP = 0.6, 50% span, ϕ = 20◦

rotor angular position
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Figure 2.32: Phase averaged velocity (vectors) and cyclic un-
steadiness (colors) distribution in the tongue re-
gion of the di�user, φ/φBEP = 0.6, 50% span, ϕ = 40◦

rotor angular position

2.5 Summary and Conclusions
The �ow inside the tongue region of a vaned di�user centrifugal pump has been investi-
gated by means of 2DPIV over the midspan blade to blade plane, at various �ow rates.

The machine is built �tting a commercial, high speci�c speed impeller into a trans-
parent vaned di�user and volute, which are made of acrylic (PMMA). The pumped �uid
is water seeded with spherical glass particles.

The pump is operated at constant speed and variable �ow rate; �rst the head/e�ciency
curve is derived form a steady state power test processing static pressure and shaft torque
measurements. The �ex point of the head curve, which is common in high speci�c speed
pumps, shows an increased dispersion of data points, revealing the presence of �ow insta-
bilities.

Unsteady Pressure Measurements
In order to investigate the presence of a rotating stall, the static pressure is measured
at the di�user wall with a time-resolved technique: a couple of fast response pressure
transducers �ush-mounted on the pipe wall at the inlet section and on the hub of the
di�user. The power spectrum density of the pressure �uctuations at the wall reveals two
narrow peaks at the impeller round, because it is not axis-symmetric, and at the bade
passage frequency. As the �ow rate diminishes, the signal becomes noisy with increased
energy just below the round frequency; no clear peak can be linked to a rotating stall
except at 40% of the best e�ciency point �ow rate, where a peak is detected at the inlet
section at ∼ 50% the impeller frequency. This harmonic is likely due to a recirculation
cell at the inlet of the impeller with an unsteady suction pre-swirl.
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Mean Flow Analysis
The �ow is investigated at the nominal shaft speed and best e�ciency point �ow rate, plus
one case at augmented capacity (120% BEP) and several cases at diminished capacity. PIV
velocity maps are sampled at �xed rotor phases covering 60◦, i.e. one impeller passage,
with 5◦ angular steps.

The data is globally averaged in order to obtain the mean �ow in the di�user. At
the BEP �ow rate the �ow discharged by the impeller enters the di�user with nearly zero
incidence, the vane suction side is a free vortex line in the �rst chord section, and proceeds
in the channel where the velocity decreases because of the forced di�usion e�ect. The �ow
remains attached to the blade until the thickness reduces to approach the trailing edge.
At the section of thickness reduction, the �ow separates at the convex side of the vane
while it remains attached at the concave side until the trailing edge is encountered; then,
the blade generates a low velocity wake.

As the �ow rate is increased (120%BEP) the incidence on the di�user vane is not
neutral, the �ow is more radial than at BEP and the vane is loaded positively, i.e. the
convex side is the suction side and the mean velocity of the �uid is higher there.

Conversely, at diminished �ow rates, e.g. at 80% BEP, the incidence is negative and
the convex side is the pressure side. The �ow discharged by the di�user channel is attached
to the suction side (concave) and it does not imping the tongue but it is delivered almost
entirely towards the pump discharge section.

At very low �ow rate (40% BEP), the velocity at the impeller outlet section is very
tangential, there is a separation of the �ow at the leading edge of the di�user vane, with
strong vorticity generated at the tip. High velocity �ow coming from the impeller is
stopped at the channel entry section, and some of it proceeds along the suction side.
At this very low capacity, the �ow discharged by the investigated channel impinges the
tongue as it did at high �ow rates, but indeed not at BEP and moderate capacities.

Cyclic Unsteadiness Analysis
The phase averaged �ow allows the direction of the di�user inlet velocity to be studied
for twelve rotor angular positions, from the reference angle to+60◦, covering one impeller
blade passage.

The wake of the impeller blade has high momentum, in the di�user frame of reference,
because the rotor has backward-oriented blades. The radial component of the velocity,
due to the capacity discharged by the impeller channel, lowers the velocity magnitude.
Moreover, because of the blockage e�ect of the impeller trailing edge and the no-slip
condition, the �ow in the wake enters the di�user with very tangential direction. As a
result, the incidence over the leading edge of the di�user vane is unsteady and contains
at least the impeller blade passage frequency, i.e. incidence becomes strongly negative
periodically . The �ow in the channel and the pressure side separation is not a�ected by
the incidence periodic variation, or at least it is not a�ected appreciably.

In order to analyze the evolution of the jet and wake pattern in the di�user, the phase
averaged velocity has to be processed because the velocity variation between the wake
and the jet is smooth and the wake pattern is not clear. Because the velocity of the �uid
in the wake is higher than the one in the jet and the di�erence has to be highlighted,
the �cyclic unsteadiness" is computed as the di�erence between the kinetic energy of the
phase averaged �ow and the kinetic energy of the mean �ow, at a given capacity.

This quantity is not a kinetic energy because it can be negative, it is the result of
a comparison between the phase averaged �ow and the total average, highlighting the
variation of a local signal - the phase averaged kinetic energy - computing its square and
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subtracting point to point the square of the total average. Once the cyclic unsteadiness
has highlighted the jet and wake pattern, its evolution in the di�user channel is presented
for three o�-design conditions.

First, at high capacity the alternate pattern of jets an wakes is smoothed in the channel;
nevertheless, it survives far beyond the outlet section. As a result, the tongue is impinged
by a periodic �ow. Then, at diminished capacities, the di�usion e�ect in the channel
damps the wake before it exits the di�user. At very low capacity, the leading edge of
the di�user vane blocks the �ow and part of it is convected in the blade to blade plane
downstream the suction side. The wake, or eventually the jet, slows down and almost
stops at the leading edge; as a result, no alternate pattern is recognizable inside it.

At each �ow rate, the wake is divided into several sections by the leading edge of the
di�user vane, one of the section faces the convex side of the vane and the other faces
the concave side. The wake is transported and di�used by the velocity �eld but the
characteristic time of di�usion, which is a turbulent di�usion, is too large to modify it
substantially in the �rst section of the channel; thus, the wake is transported.

At high �ow rate, the mean �ow is fast on the convex side and slow on the concave side,
this velocity jump across the vane transports the sections of the wake (or jet) di�erently
with two consequences: �rst, the phase di�erence between the jet and the wake changes
along the vane; second, the wake (or jet) in the channel starts as a spiral section and then
is progressively distorted, likely promoting a three dimensional motion and turbulent
mixing.

At lower capacities the distortion of the wake still occurs but it is opposite because
the tangential entry velocity in the di�user imposes a fast stream on the concave side and
a slow stream on the convex side of the vane. Thus, the wake is transported faster on the
convex side and the wake (or jet) is distorted accordingly.

2.6 Suggested future developments
The PIV technique has demonstrated to be very powerful in the description of the �ow
in the di�user because the information is spatially distributed with high resolution, and
the resolution can be easily improved. No information about the pressure distribution is
given, but the velocity �eld can be described in detail.

The presented investigation has limitations: only the in plane velocity, and out of plane
vorticity are shown, and there are many other kinematic quantities that could be derived
such as the in plane strain-rate, the in plane Reynolds stresses, the 2D rate of production
of in plane turbulent kinetic energy etc. None of these are presented here because the
primary quantity (in plane velocity), let us call it the signal, is noisy. The noise level
is acceptable if only primary quantities are investigated, like velocity, spatial integrals
of the velocity or �rst derivatives like vorticity. Presented maps are also a�ected by
corrupted zones, masked out during post-processing. The more the velocity is processed,
e.g. di�erentiated in space, subtracted the average etc, the more the signal to noise ratio
diminishes and the more unrealistic features appear in the maps.

The PIV output is corrupted because images are corrupted; speci�cally, the di�user
and volute are transparent but the impeller is not, re�ection of laser light generates
halos and bright zones where the image is saturated and no particle displacement can be
recognized. Moreover, the machine is pumping water whose refractive index di�ers from
the one of the acrylic; as a result, the image is distorted and shadows are cast inside the
di�user generating blind zones. The distortion of the image can be corrected building a
dummy di�user in which a dotted target provides the transfer function for correction. The
process of generating a dummy di�user and correcting the images is di�cult and justi�able
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only if the corrections were a�ne (linear) transformations such as rotation and dilations,
or non-linear low-grade polynomial transformations like perspective correction. Because
of the refractive index mismatch, the correction is a non-straightforward deconvolution,
i.e. extremely di�cult and sensitive to errors.

In conclusion, this investigation can develop in the future on two separate ways: study-
ing how variations in the geometry or working point of the pump a�ect the inner �ow, or
studying peculiar �uid dynamic phenomenon that occur in the di�user.

The �rst approach is more �industry oriented�, and can be a validation for CFD codes.
There is no need to improve the facility because velocity and vorticity are su�cient for
describing the �ow at industrial level. It can be said that a good programmed CFD
code can predict the �ow induced by a given geometry, and this numerical experiment is
really less expensive than a laboratory experiment, from this point of view the proposed
evolution of the work may seem useless. On the other hand, generally speaking, the
industrial approach on CFD is not really re�ned, especially in the pump business. Most
of the arbitrary values are set in the codes by experience, i.e. codes are �tuned� to the
problem, and only very large scale results, like the performance curve or large scale passage
�ows, are fully trustable. Because the CFD provides the curves and the inner �ow, being
able to map the real �ow and compare it with numerical result may help to generate a
database of industrial cases, or even validate CFD computations.

The second approach is more �academia oriented�. The �ow in the di�user is largely
dominated by potential �ow e�ects, easily computable with solvers. Nevertheless, locally,
the �ow may be very complex, and this is a constant feature of turbomachines, codes
fail in these locations; for example because they are based on the turbulence di�usion
model, thus they cannot model turbulence kinetic energy back-scatter and turbulence
overproduction occurring in isolated zones.

PIV can be a powerful tool for investigating these local non-equilibrium conditions in
order to re�ne turbulence models. Turbomachines are excellent environments for studying
complex and non-equilibrium �ows, but these phenomena are con�ned in boundary layers,
local impinging wakes, mixing planes etc. As a result, high magni�cation imaging systems
should be used and quantities to be computed would require strictly noiseless primary
signal, i.e. sharp and clear images.

For example, in the centrifugal pump studied in this work, the impeller-di�user gap
is unusually narrow to enhance unsteady rotor-stator e�ects. A very turbulent �ow is
discharged by the impeller and impinges the di�user vane leading edge, because of the
reduced gap, the strain-rate level there is large. Moreover, leading edges of the di�use
vanes are impinged by a pattern of wakes, i.e. high kinetic energy �ows, and jets, i.e.
lower kinetic energy �ows. As the turbulent wakes interact with the mean �ow strain �eld
in the vicinity of the vane leading edge, the production rate of turbulent kinetic energy is
activated ([59]) and the �ow is really in non-equilibrium. In order to study such a �ow,
a high magni�cation PIV system must be set up and pointed towards the vane leading
edge and the machine must pump a �uid whose refractive index is the same of the acrylic
casing, in order to have perfect images.
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Part II

The Evolution of the Tip Leakage
Vortex in an Axial Water Jet Pump
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Introduction
The Water-jet Pump
Water-jet pumps can be adopted as propulsive systems for shallow and deep water oper-
ations: jet skis, jet-boats, torpedoes and submarines5.

The �rst water-jet system was invented following the evolution of the shrouded marine
propeller. It is known that the tip speed of standard propellers is limited by the onset
of cavitation; attached cavitation on the suction side and cloud cavitation in the passage
change the suction side static pressure distribution as well as the cavitated tip vortex
dissipates circulation and produces noise, making submarines easily localizable by acoustic
systems.

The cavitation margin of shrouded propellers is larger than of unshrouded ones because
the end wall e�ect raises the dynamic pressure just upstream the leading edge of the rotor,
that turns into augmented static pressure at the stagnation zones like the leading edge,
which prevents the onset of cavitation.

The rotor of a water jet pump is completely enclosed in a casing, and downstream of
it a stator aligns the stream to the machine longitudinal axis, converting the discharged
angular momentum, which is not e�ective for the thrust, into additional linear momentum.
Because the momentum of the jet is opposite to that of the craft, a forward thrust occurs.

Jet thrust systems are very e�ective in shallow water operations as the pump does
not need be submersed, if the intake is below the water level and the pump is correctly
primed, the propulsive unit can be located above the sea level.

The total wet surface of water-jet units is larger than of propellers, thus a reduction
in the e�ectiveness is expected; nevertheless, the energy density of these machines is
remarkable, due to their compactness and high rotational speeds, as well as low-noise
behavior at almost all regimes. Moreover, a steerable nozzle can be mounted on the craft,
largely improving the maneuverability.

The Tip Leakage Vortex
There are various sources of e�ciency loss in a water-jet pump. Upstream the discharge
nozzle, which produces the jet, a water-jet pump is essentially a high speed axial pump,
and all the common energy losses of axial pumps can be found. Among all the phenomena
involved, one of the most important is undoubtedly the tip leakage �ow an tip leakage
vortex (TLV).

Although the TLV has been studied extensively, both experimentally and numerically,
details about its inner structure are unknown. The leakage �ow in the gap between the
tip of a rotor blade and the casing end-wall is a complex �uid-dynamics phenomenon
involving unsteady separation of the tip boundary layer, shedding of vortex �laments
from the suction side edge, and subsequent roll-up of vorticity. Associated adverse e�ects
include: localized e�ciency losses ([21] [22], [23]), which scale with the loading of the
blade ([24]), noise due to inherent pressure �uctuations ([25]), wear of the blade and
casing surfaces, and cavitation in hydraulic machines ([26] , [27]).Adamczyk et al. [28]
state, on the basis of numerical simulations, that the dynamics of the TLV also contributes
to the onset of stall in compressors.

Several devices have been designed and tested numerically and experimentally in order
to decrease the size of the TLV, i.e. the blockage e�ect on the through-�ow ([29], [30]), as
well as its strength, which is directly correlated with the inception of cavitation ([31], [32],

5for example the the Royal Navy Trafalgar-class, the US Navy Seawolf-class, and the French Navy Le
Triomphant class
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[33]). In all applications, detailed information about the TLV are essential for validating
computations, and for designing competitive machines.

Observations and experiments have allowed the formulation of rudimentary theoretical
models of the TLV, for instance, the Rains Jet Model ([43]), the Compound Vortex Model
([44]), and the similarity analysis proposed by Chen et al. [45]. These models do not
resolve the inner structure of the vortex, and consequently cannot fully predict many of
related adverse e�ects.

Probing the tip leakage �ow experimentally is a major challenge, whereas computa-
tional techniques inherently involve assumptions and models that may not be appropriate
for this complex �ow. For example, models based on turbulent viscosity theory overes-
timate the production-rate of turbulent kinetic energy because they cannot predict the
inverse cascade, i.e. the energy transfer from small scale of turbulence to larger scales.
As turbomachinery �ows are never in equilibrium this limitation of the models has large
e�ect over CFD computations, especially when one tries to compute the local �ow rather
than the performance of the entire machine. To avoid the computation of unrealistic
turbulence levels, especially at stagnation points like the leading edge of a blade, some
CFD codes allow the operator to locally turn o� the production terms in the turbulence
budget equation.

Another limitation in the CFD approach to the TLV is the multi-scale nature of the
phenomenon, because the Reynolds number of the tip leakage �ow in an axial pump is
∼ 103 the turbulence spectrum is relatively broad, leading to large computational e�orts
in resolving the scales. Moreover, turbomachinery geometries are complex and that is
particularly true at the tip of the moving blade, very close to the end-wall. There must
be a trade-o� between the size of the mesh and the CPU performance, and that rarely
allows the tip clearance and end-wall to be correctly meshed.

Few characteristic examples of CFD approaches to the TLV are described in the fol-
lowing. For instance, Fan et al. [47] simulated the tip gap �ow both in thermal and
hydraulic machines adopting the RANS approach and k-ε closure model. Although this
method is widely used in CFD of turbomachines, the closure model has fundamental
�aws, e.g. it cannot resolve the unsteadiness of vortical structures properly, and in many
cases overproduces turbulence. Consequently, code developers have looked for improved
models, e.g. the computations of compressor rotors byGerolymos and Vallet [48],
which follow the turbulent energy dissipation model developed byLaunder and Sharma
[49], and Jones and Launder [50]. This improved approach still has di�culties, e.g. in
estimating boundary-layer separations. High-resolution RANS simulations carried out by
Furukawa et al. [51], using the Baldwin and Lomax algebraic turbulence model, have
resolved many features of TLV roll-up and growth, including vortex bursting. However,
scarcity of relevant experimental data inherently prevents comparison of these simulations,
in which the turbulence is modeled out, to actual �ow and turbulence phenomena inside
a TLV.

Measuring the tip gap �ow in turbomachines is a di�cult issue, althoughStorer and
Cumpsty [52] succeeded in the evaluation of the intense, highly dissipative shear �ow that
originates between the clearance jet and the through-�ow, probe methods such as �attened
pitot tubes located at the end wall have been found to be extremely intrusive, and used
mainly to investigate the clearance �ow �eld as it emerges from the discharge section of
rotors ([53], [53], [55], [56]). Probes are di�cult to move and rotate in the rotor passage
and they can sample a single point at each instant; thus, computing averages on the �ow
is unavoidable. Laser Doppler Velocimetry (LDV) can sample each component of the
instantaneous velocity in a point without perturbing the �ow ([57], [58]), but a complete
�ow map over a region cannot be evaluated instantaneously and spatial gradients of the
velocity �eld can be computed only on averaged data and over coarse grids, as the LDV
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signal comes from the scattering of light in an interference region that can only be moved
sliding the laser beams.

Recent advances in �ow measurement techniques, such as PIV, have greatly enhanced
the ability of investigating internal �ows, especially when the facilities are refractive index-
matched. Optical index matching enables unobstructed measurements inside complex
passages, such as rotors, including the �ow and turbulence very close to boundaries. For
instance, using the optical setup and facility described inUzol et al. [42], Soranna et
al. ([59],[60],[61]) have investigated wake-blade and wake-wake interactions in a refractive
index-matched axial pump.

PIV provides detailed velocity distributions, and has been adopted for turbomachinery
research. For instance, Sanders et al. [34] have investigated the �ow in the stator of
an axial transonic compressor using 2D-PIV over the blade-to-blade plane. Liu et al.
[35] have studied the cross-�ow plane of an axial compressor using Stereo-PIV, both the
cited studies could not describe the �ow near surfaces. In fact, samples recorded within
machines are generally a�ected by low signal-noise ratio due to re�ections from the casing
and blades, limited optical access, and imperfect seeding with tracer particles. The latter
is associated with inherent large di�erences between the speci�c gravity of the �uid and
that of the particle. Hydro-turbomachine �ows can be seeded with larger, almost neutrally
buoyant particles, which are easier to distribute homogeneously. Moreover, because of the
lower shaft speed, water-�ow machines can be built partially or entirely of transparent
materials, such as acrylic ([36], [37], [38], [39], [40], [41]). Because the refractive index of
the water di�ers from that of acrylic, refraction phenomena distort the �eld of view and
the laser sheet. Consequently, experiments in the Johns Hopkins University laboratory
have been performed using a �uid whose refractive index is matched with that of the
blades and casing ([42]), which greatly reduces the refraction/re�ection disturbances. In
this part of the paper, issues related to the implementation of PIV in an index-matched
water jet pump are discussed, as well as tools developed to improve the data analysis are
illustrated. Results are then used for examining the development of a TLV and associated
secondary �ows in a rotor passage.

Aim of the Research
The investigation examines the formation and development of a tip leakage vortex (TLV)
within the rotor passage of an axial water-jet pump.

In order to investigate the TLV cross section, 2D particle image velocimetry (2D-
PIV) measurements are performed in the meridional plane of the rotor. The pump is
transparent and the refractive index of the working �uid matches that of the blade and
casing, providing unobstructed views of the pump inner volume.

First, instantaneous vorticity and strain-rate maps give insights into the interaction
between vortex �laments shed by the rotor blade tip and the casing end-wall boundary
layer. Tip vortices shed from the blade are entrained into the inner part of the vortex,
whereas the counter-rotating boundary layer vorticity �rst detaches from the end-wall and
then wraps around the core. The point of detachment is unsteady. Both regions contain
multiple vortices that do not merge in the blade passage. Vortex breakup occurs in the
last part of the passage as the TLV migrates to the pressure side of a neighboring blade.

Secondly, the mean �ow and turbulence in the rotor passage of the axial water-jet pump
are investigated. Instantaneous particle image velocimetry (PIV) measurements of the
�ow in the meridional plane are phase-averaged with the rotor. Because of the high stagger
angle of the rotor blade (≈ 65◦ from the tangential direction) the TLV develops in the rotor
passage as a very low pitch helicoid arc; hence, the distribution of the circumferential (out
of plane) vorticity well describes the shape and size of the TLV section, which dominates
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the passage �ow. Secondly, the circulation of the meridional velocity allows a quantitative
description of the strength of the TLV as well as of vortical �ows/structures induced at
the casing end wall, detached and entrained during the migration towards the pressure
side of the following blade. The coherence of the averaged TLV decreases but the strength
remains almost constant during the meandering and subsequent bursting.

The vorticity layer that connects the TLV with the tip of the blade, the center of the
TLV, and the �stagnation� region generated at the end wall by the collision between the
tip gap back-�ow and the passage �ow are unsteady. At early stages of the TLV evolu-
tion, the entraining of vortices in its outer branches is also unsteady and turbulent shear
production rate is large there, like in the vorticity layer. The mean �ow negative strain
rate (compression) has a peak at the (unsteady) point of end wall vorticity detachment,
and hence the in plane production of turbulent kinetic energy (TKE) is very high and
positive there. The peak of unsteadiness inside the TLV is located in the vicinity of the
center; interestingly, the level of 2D production is very low there.

In-plane data are insu�cient for the understanding of the phenomenon, and that leads
to conjectures; future, three-dimensional measurements are planned to shed light over
these open issues.
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2.7 Experimental Setup and Procedures
2.7.1 Test Loop
The water-jet pump is located inside a hydrodynamic loop that hosts more than one
research project at the same time. In addition to being the subject for the turbomachinery
research, the pump is used to drive the �ow into three channels: the �rst is designed to
study the accelerated boundary layer in a smooth wall contraction, the second is designed
to measure the boundary layer over a rough wall and the third is the canopy �ow test
section. The pump branch is shown in Fig. 2.33. There is also a tank with a level, the
tank can be pressurized in�ating Nitrogen, or put under vacuum by sucking the Nitrogen
with a vacuum pump. The loop can operate between−30mmHg and +30 psi relative to
the atmosphere, i.e. between 97 kPa and 308 kPa absolute pressure.

The �ow rate can be set adjusting a valve composed of two perforated plates, by
rotating one plate while keeping the other in place it is possible to set the �ow rate
precisely. The �ow rate is measured by a transit time ultrasonic �ow-meter that provides
the mean velocity in the cross section of the pipe, whose diameter is305mm.

The facility is provided with a �ltration unit to remove the tracer particles, the �uid
can be �ltered while recirculating in the loop or during the transfer of the solution in a
separate storage tank and back. The injection of seeding is done by mixing the particles
with a sample of �uid and sucking the mixture through a static pressure tap located at
the pump casing wall.

Downstream the pump, a cooling section keeps the �uid at a temperature between
20◦C and 25◦C, a stable temperature is needed because the acrylic inside the pump is
weakened by the contact with warm �uid and because the refractive index of the medium
is a function of its temperature.
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Figure 2.33: Section of the pump test branch. Dimensions are
in inches [JHU]
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Figure 2.34: Perspective view of the pump [JHU]

Figure 2.35: Expanded view of the pump [JHU]

2.7.2 Pump
The casing and blades are made of transparent acrylic (PMMA), the casing has been
machined with a complex milling and polishing process in order to have large and �at ex-
ternal surfaces. Thus, the inner space is visible from multiple points of view, as illustrated
in Fig. 2.34.

The present work focuses on the �ow in a meridional section through the rotor, whose
geometrical parameters are provided in Table 2.1.Fig. 2.34 and Fig. 2.35 show the shape
of the casing, rotor and stator. Seven rotor blades are mounted on an ellipsoidal hub with
maximum diameter 144.3mm, because of the hub, see Fig. 2.38, the span of the blade
varies from 101.6mm at the leading edge to 80.3mm at the trailing edge; the leading
edge is bowed. The blade pitch at the tip is 136.8mm while the tip pro�le chord-length
is 258.5mm, thus the solidity of the rotor is 1.89 at the tip. The casing cross section
contracts from the inlet to the outlet sections of the stator with a discharge (nozzle)
diameter of 161.5mm. The contraction hosts the eleven-blade stator, which generates an
axial discharge �ow.

The machine is driven by an AC motor whose speed is feedback-controlled to be within
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Number of blades [ZR] 7
Tip chord length (c [mm]) 258.5
Rotor diameter (DR [mm]) 303.4
Casing diameter (D [mm]) 304.8
Tip clearance (nominal) [mm] 0.7
Tip clearance (actual) (h [mm]) 1
Clearance ratio (actual) (2hD−1) 7 · 10−3

Blade pitch at tip (ζ [mm]) 136.8
Tip solidity [cζ−1] 1.89
Rotor angular velocity (Ω [rad s−1]) 94.2 (900 rpm)
Tip velocity (UTIP [ms−1]) 14.36
Flow rate (Q [m3s−1]) 0.157
Flow coe�cient (ϕ = 2πQΩ−1D−3) 0.37
Head coe�cient (ψ = (2π)2 gH (ΩD)−2) 1.7
Torque coe�cient (kM = (2π)−2 Me ρ

−1Ω−2D−5) 0.14
Chord Reynolds number (Re = cŪGAPν

−1) 5.15 · 105

Table 2.1: Rotor geometry and reference data

0.5% error. The motor is located outside the loop, and it is connected to the rotor on its
front side by a 44.5mm diameter shaft, which is supported by submersed ball bearings.
Due to a 0.3mm shaft misalignment, as measured from the �ow images, the actual average
tip clearance at the investigated meridional plane is1mm, rather than the nominal value,
0.7mm.

Two honeycombs located in a settling chamber upstream the pump provide a uniform
inlet �ow. Information about machine performance, velocities, and Reynolds number is
also given in Table 2.1. To match the refractive index, the working medium is a solution
of sodium iodide in water, 62%-64% concentration by weight. The speci�c gravity of the
liquid is 1.8 and the kinematic viscosity is 1.1 · 10−6 m2s−1, close to that of water ([42]).
Refractive index matching is sensitive to small variations in salt concentration, and must
be carefully adjusted. During PIV measurement, the test loop is pressurized to15 psi in
order to avoid cavitation.

Fig. 2.36 shows the actual test condition over the head / e�ciency graph; measure-
ments at a �ow rate slightly larger than the best e�ciency condition, at900 rpm.

2.7.3 PIV Setup
The laser sheet illuminates the vertical meridional plane of the pump through the top
�at surface; the meridional section of the rotor is shown in Fig. 2.38. Preliminary �ow
visualization experiments relying on cavitation ([62]) have indicated that the TLV develops
inside the rotor along a ∼ 9 ◦ pitch angle helicoid. Thus the meridional plane provides
a good perspective on the cross section of the vortex. The interrogation area is wide
enough to cover the passage between two blades, so at least one blade is present in every
�ow map upstream of the blade trailing edge. For the purpose of analyzing the vortex
behavior the upper half of the sampled area is processed, i.e. a40× 20mm2 section, that
includes the blade tip and tip gap. The light source is a532 nm wavelength, 50mJ/pulse,
Nd:YAG laser, and the time interval between exposures is 30µs. Images are recorded
by a 2048 × 2048 pixels, interline transfer CCD camera equipped with a 105mm lens.
Consequently, the characteristic particle displacement between exposures is about25% of
the side length of the PIV cross correlation interrogation window.

Rinaldo
)¡
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The rotor phase is detected by an encoder installed on the shaft. The desired delay
between the reference signal and image acquisition is set by a pulse generator, which
also synchronizes the laser with the camera. The �ow has been investigated in a total
of 25 meridional planes, evenly spaced by 0.06c, where c is the tip pro�le chord-length,
including two sections preceding the leading edge and four located after the trailing edge
of the blade. At least 1000 instantaneous realizations have been obtained in each plane.

2.7.4 Image processing and cross correlation
Because of a slight mismatch in the refractive index between the medium and the acrylic
material, the blade and end-wall surfaces are visible in the images as thin lines, but
no shadows or image distortions are noticeable. Along these thin lines, luminance can
be misinterpreted by the cross correlation code; hence, blades and the end-wall line are
carefully masked during post-processing by �ltering the images with a top-hat �lter, i.e.
setting the intensity in the corrupted regions to zero.

The signal-to-noise ratio of the images is improved by removing dim background non-
uniformities using a median-subtraction �lter, followed by a Modi�ed Histogram Equaliza-
tion (MHE) algorithm ([63]). Before the cross correlation, image pairs are processed with
a Gaussian �lter in order to smooth luminance transitions at the boundary of particles, a
useful technique when the cross correlation algorithm is based on Fast Fourier Transforms.
Then, image pairs are sent to a multi-pass, FFT-based cross correlation routine (Davis©
LaVision Inc.), with a �nal interrogation area of 32 × 32 pixel and 50% overlap, which
generate a 128×128 vector map. For the present study, only the upper-half of the images
are analyzed, giving 128 × 64 vectors, with vector spacing of 0.34mm, i.e. 1.3 · 10−3c.
Several criteria are used for evaluating the data quality including relative magnitude of
correlation peaks. About 97% of the vectors satisfy these criteria, and the rest are linearly
interpolated based on values in neighboring correlation windows.
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Figure 2.36: Performance curves for the tested pump, the ac-
tual test condition is marked with a solid red line
[JHU]
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Figure 2.37: Perspective view of the rotor [JHU]
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Figure 2.38: Meridional plane of the pump and area investi-
gated by 2DPIV [JHU]
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Figure 2.39: Front view of the water-jet
rotor [JHU]

Tip LE 

(r, z) = (D/2, 0)

z

r
Flow

R

Figure 2.40: Side view of
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rotor [JHU]

2.8 Data Processing
2.8.1 Frames of Reference
The �ow is described using two frames of reference, the �rst is 3D-cylindrical and it is used
to describe the overall geometry of the rotor, the second is localized at the tip of the blade.
Fig. 2.39 and Fig. 2.40 show the overall frame of reference, the radius if normalized with
the casing radius, the phase is set positive counter-clockwise like the rotational speed of
the shaft and the z-axis points opposite the �ow; as a result, the axial in�ow component
is negative. The origin of the frame is located on the rotational axis (r = 0), at the
projection of the tip leading edge (z = 0), see Fig. 2.40.

The second frame of reference is intrinsic with the centerline of the tip pro�le,sc−1 = 0
is the leading edge of the pro�le, sc−1 = 1 is the trailing edge. Because the blade rotates
in the casing while the laser plane is �xed, the meridional velocity is sampled at di�erent
chord fractions sc−1, see Fig. 2.38.

2.8.2 Scaling
The �rst investigations on the TLV were performed on linear cascades, with �xed end-
wall, where the pressure di�erence across the tip pro�le was measured with pressure taps.
The measurement of the pressure di�erence, which is a result of the overall lift of the
blade, allows a generale similitude analysis to be set, for instance, by Tan ([64]).

In Tan's model, the characteristic velocity is derived from the pressure di�erence∼
(∆p)0.5 with an inviscid theory. Moreover, Tan's model was developed on compressor
blades where i) the ratio between the tip gap width and the maximum blade thickness
is relatively low and mixing phenomena due to the gap back �ow occur outside the gap,
i.e. in the passage, hence the inviscid model is justi�ed; ii) the ratio between the chord
length of the tip pro�le and the casing diameter at the stage section is very low, and the
curvature in the gap can be neglected describing it with Cartesian coordinate.

There are three reasons why the classic similitude model cannot be adopted in the
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Figure 2.41: Blade tip intrinsic frame of reference [JHU]

pump under investigation:

1. because of the elevated stagger angle (≈ 25◦ from the tangential direction) the tip
surface is directed almost circumferentially, and the curvature of the tip clearance
cannot be neglected;

2. because of the large ratio between the tip chord length and the casing circumference
(≈ 0.25), Euler equations for the incompressible �ow (ρ = 1) in the clearance must
be written in cylindrical coordinates (r, θ, z); as the ratio between gap width and the
rotor radius is very low (≈ 1 : 151) the curvature term c(r) = 1/r can be replaced
with the (constant) clearance curvatureC = 2/D ≈ 6.56m−1, Euler equation are:
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the term ur
∂ur

∂r
≈ 0, but others cannot be neglected a priori;

3. in particular, terms containing the clearance curvature C = 2/D cannot be ne-
glected, the term Cuθ∂θuz indicates that the circumferential velocity uθ dominated
by the condition uθ = UTIP at the tip surface has in�uence on the axial pressure
gradient also because of the large curvature, i.e. the scaling parameters adopted in
Tan's model also depends on a velocity component that the 2DPIV in the meridional
plane cannot measure.

In conclusion, the relationship between the pressure gradient across the tip pro�le and
the �ow in the clearance is not straightforward, and involves velocity components that are
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Figure 2.42: Chord-wise distribution of the tip leakage �ow ve-
locity, normalized with the tip speed; the chord-
wise average is 0.3UTIP ≈ 4.5ms−1 [JHU]

Figure 2.43: Vector grid and conventional directions for the
description of geometry, velocity and vorticity
[JHU]

unknown. In order to normalize results, the gap �ow is decomposed into a circumferential
component, dominated by the tip speed, and an axial component, that can be measured
with 2DPIV in the meridional plane. Processing the 2DPIV data in the meridional plane,
computations not shown, it is possible to state that a characteristic axial velocity in the
clearance is UGAP ≈ 4.5ms−1, i.e. UGAP ≈ 0.3UTIP, see Fig. 2.42; hence the dominant
velocity in the clearance is the tip speedUTIP = 14.3ms−1 and the characteristic scale is
the gap width h = 0.001m; the reference velocity gradient is UTIP h

−1 = 14300 s−1.
Fig. 2.43 shows the frame adopted for presenting the results; in the meridional plane,

the blade section is visible and shifts right to left6. In the background, the vector grid is
spaced 0.3mm and the reference for the velocity and vorticity components are shown. Axes
are normalized with the casing diameter at the rotor, velocity components are normalized
with UTIP and the out of plane (circumferential) vorticity component is normalized with
the reference velocity gradient UTIP h

−1. The axial component of the �ow is positive
6it is an apparent displacement and the rotor velocity is always circumferential, i.e. out of plane
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opposite the �ow, i.e. the axial component of the passage �ow velocity is negative and
the axial component of the tip clearance back�ow is positive.
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2.9 Instantaneous Flow
Fig. 2.44 shows an instantaneous snapshot of the TLV meridional section, at mid-chord.
The refractive index matching of the blade, casing and �uid allowed the image to be
very high quality; moreover, additional image processing and a careful setup of the
cross-correlation parameter have allowed the computation of reliable instantaneous vector
�elds.Obtaining such detailed results with a point-to-point device such as a probe or LDV
is impossible.

Although the vector �eld is quite noisy, structures around the TLV are visible. In
order to improve the visualization of these structures, the data in Fig. 2.44 have been
box-�ltered (3× 3). The box �lter is the most basic large eddy �lter, it is a low-pass �lter
in space with a characteristic size of 3δ.

The �ltered vector �eld is computed applying the general formula

α(i, j) =
∑

k

α̃(i+ k, j + k)δ2

(3δ)2
, k = −1, 0, 1 (2.19)

where α is the generic �ltered quantity, α can be each of the velocity component or the
vorticity, and (i, j) de�ne location on the grid. Because the box �lter causes a loss of
signal even at low wave numbers, smoothing is only applied for the purpose of identifying
�ow structures at the �nal stage of analysis, and is not used prior to computing turbulent
variables.

The original PIV velocity �eld is already a spatially low-pass �ltered information.
Recalling that the sampling function is a space-distributed, discrete pattern of rectangular
impulses rect(iδ, jδ) of wave number λ = δ−1, it can be stated that the cut wave number of
such a sampling function is not λ. In fact, the 2D-PIV map can be though as a convolution
of the velocity of the �uid with the optics transfer function and the sampling function,
i.e. the rectangular impulses. The correspondent function of the rectangular impulse in
the frequency domain is the function sinc(λ, λ), which cuts the signal abruptly because
its �rst lobe decays quickly, e.g. sinc(0.75) = 0.3. As a result, the cut wave number is
much lower than the sampling wave number.

This feature and the bounded PIV domain lead to large di�culties in computing
reasonable spatial spectra of the PIV data7. The box �lter a further low pass �lter and,
following the previous reasoning, it can be stated that the cutting wave number of the
box �ltered data is less than (3δ)−1.

The analysis of the instantaneous, �ltered data of Fig. 2.45 allows the TLV to be recog-
nized, with some secondary structures that will be described later in the text. Speci�cally,
the TLV is not the sole vortical structure present, also a counter-rotating vortex (scraping
vortex) is located between the casing and the upstream front of the TLV, indicated by
point B in Fig. 2.45.

Structures are revealed by the analysis of the instantaneous out of plane vorticity.
Because the velocity �eld is not frame invariant, recognizing vortices with streamlines or
directly from the vector �eld is not correct. Vorticity contours and velocity distributions
are in agreement but,in fact, not perfectly coincident. Indeed, the transport velocity of
both the TLV and the secondary vortices are much lower than the induced velocity in
their outer branches and this leads to a visible correlation between vorticity and veloc-
ity structures; nevertheless, the peak of vorticity and the center of the vortical vectors
displacement are slightly o�set, as shown in Fig. 2.46 (d). The vortex centerline passes
through the peak of vorticity.

7in fact, for example, the so-called sub-grid stresses (large eddy approximation) can be computed
experimentally from PIV only post-processing the data with the box �lter or the Gaussian �lter, not with
the spectral �lter



2.9 Instantaneous Flow 70

2zD-1

2
rD

-1

-0.20 -0.18 -0.16 -0.14 -0.12 -0.10 -0.08

0.97

0.98

0.99

1.00

10.0sc-1 = 0.56 u [ms-1] =

SS

Instantaneous unfiltered data

Figure 2.44: Instantaneous snapshot of the TLV
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Figure 2.45: The instantaneous snapshot of Fig. 2.44, after the
3x3 box �lter, [A] the tip leakage vortex, [B] the
counter rotating secondary vortex (scraping vor-
tex)

Fig. 2.46 shows the box �ltered vorticity computed from the un�ltered velocity at
various chord fractions; the sequence of plots describes the evolution of the TLV cross
section as the vortex passes through the meridional plane. It is important to recall that
data is phase locked but it is not time resolved; hence the vorticity distributions belong
to di�erent TLV's and indicate the typical evolution of the phenomenon, not the actual
evolution of one vortex.

Fig. 2.46 (a) shows the TLV inception, the remnants of the burst TLV in the previous
rotor passage are noticeable on the left of the blade section, as a cloud of scattered vorticity,
i.e. the phenomenon is cyclic; the TLV rolls up ingesting the vorticity that sheds from
the suction edge.

In Fig. 2.46 (b) the TLV develops as a set of coherent structures; the analysis of 1000
instantaneous realizations at sc−1 = 0.56, leads to the conclusion that the TLV is the
result of the wrapping around of vortex �laments, whose sections are noticeable, and
these structure never merge because the time scale of the transport of the TLV towards
the following blade is much lower than the time scale of the vortices interaction due to
turbulent mixing or merging. The gap �ow interacts with the casing surface2rD−1 =
1.00 inducing visible boundary layer vorticity. The resolution of the measurements is
insu�cient to resolve this boundary layer, which is thin due to the steep acceleration of
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the �ow in the gap; nevertheless, there is a row of nodes in the vector grid that is very
close to the casing, see Fig. 2.41, thus the radial gradient of the velocity is appreciable
at least in that zone. As the tip clearance back-�ow jet stops due to the collision with
the passage �ow, a �stagnation� region induces the detachment of the casing vorticity
that arranges into vortices. No boundary layer vorticity is noticeable over the tip surface.
The absence of out of plane vorticity is not due to spatial under-sampling, circumferential
vorticity is actually absent there, i.e. the tip surface vorticity vector is entirely in-plane
and invisible. Later in the text, the mechanism of formation of the TLV will be described
in detail by means of phase averaged vorticity maps.

The TLV described at 0.83c, is large enough to show inner details, see Fig. 2.46.
The �ow overturns clock-wisely from the pressure side to the tip clearance entry section
inducing a localized vorticity peak. The tip surface vorticity accumulates and sheds from
the suction surface as a rake of vortex ropes, the �gure shows the sections of these ropes.
Vortical structures are convected by the tip clearance back-�ow but, as the clearance jet
slows down and stops, they are wrapped into the TLV without merging.

As vortices shed by the suction edge move inside the passage, they induce counter-
rotating vorticity at the casing, the casing vorticity proceeds along the solid wall, it
detaches from the wall and it is convected around the TLV. Eventually, it starts interacting
with the negative vorticity already present in the TLV but, again, there is no time for the
interaction and the structure remain divided until the vortex bursts.

Fig. 2.46 (d) illustrates the structure of the TLV at the chord section in which pre-
liminary tip vortex cavitation visualizations, not shown in this work, showed the TLV
bursting. Casing end wall vorticity is distributed inside the TLV where vortices of both
sign can be found. The rake of parallel vortices shed by the blade are clearly visible, as
well as the counter-rotating vorticity that peaks at the �stagnation� region before being
convected away.

After the bursting, see Fig. 2.46 (e), there is no organized structure and the outer part
of the passage, in the vicinity of the pressure side of the following blade, is �lled with
scattered vorticity of both signs. The rake of vortex ropes shed by the suction edge of the
blade must end at the trailing edge, where the abrupt variation in the geometry induces a
concentration of vorticity sources that lock on the edge. As a result, the very last vortex
ropes roll up into a second vortex, at the end of the vortex sheet. This last vortex does
not interact with the following blade and it is likely discharged towards the stator.

It is important to highlight the data in Fig. 2.47, i.e. the vorticity map of Fig. 2.46
(e) with the superimposition of velocity vectors, diluted for clarity. Even though there
is no blade, and no pressure di�erence feeds the tip leakage �ow, a recirculating �ow is
noticeable at the casing.

Fig. 2.48 (a) to (e) show the normalized in-plane strain-rate magnitude. At a0.44c,
Fig. 2.48 (a), a scattered strain-rate �eld on the left of the blade section is noticeable.
Peaks located on the left of the �gure belong to the previous TLV remnants except one,
located just underneath the pressure edge of the blade section; that is the instantaneous
stagnation point that divides the �ow migrating upwards to enter the gap from the �ow
pushed downward by the displacement action of the blade and the interaction with the
burst TLV.

Strain-rate peaks in Fig. 2.48 (b) and (c) can be related to vortex-vortex interactions,
of the shear type, in the vortex sheet connecting the TLV with the blade (point A) and
to the instantaneous �stagnation� region is which the back-�ow clearance jet collides with
the passage �ow.

Fig. 2.48 (d) and (e) illustrate the strain-rate distribution of the burst vortex, peaks
are noticeable in the vortex-vortex interaction zones, the �ow gains substantial isotropy
due to the bursting and is delivered to the stator.
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Figure 2.46: Instantaneous box �ltered vorticity at di�erent, increasing chord-
fractions; A: overturning at the gap in�ow, B: vortex ropes shed
by the blade, C: vortex ropes wrapped into the TLV, D: secondary
vortices shed by the casing and entrained into the TLV perimeter,
E: centerline of the meridional section of the wake, F: roll up of
vorticity shed by the tip trailing edge; velocity vectors are diluted
for clarity and plotted in arbitrary scale to visualize the �ow



2.10 Phase Averaged Flow 73

Figure 2.47: The instantaneous snapshot of Fig. 2.46 (e), with
the superimposition of the velocity; velocity vec-
tors are diluted for clarity and plotted in arbitrary
scale to visualize the �ow

2.10 Phase Averaged Flow
The back-�ow in the tip clearance starts at chord-fractionssc−1 ' 0.33 as shown in
Fig. 2.42 because the static pressure distribution at the leading edge of the tip pro�le
is likely inverted and the gap �ow is actually a forward �ow atsc−1 < 0.33, not shown8.

The inception of the TLV is shown in Fig. 2.50 (a) where the phase averaged vorticity
(sc−1 = 0.33) is superimposed to the phase averaged velocity. The velocity in the gap is
almost null because at this chord fraction the static pressure at the sides is nearly zero.
Nevertheless the �ow at the pressure edge turns cockwisely to enter the gap inducing a
vorticity peak, at point A.

A proposed mechanism for the out of plane vorticity generation at the pressure side
edge is illustrated in Fig. 2.49. The PS boundary layer contains vorticity that is approx-
imately radial; because of the tip clearance suction e�ect, streamlines are bent radially
convecting the boundary layer also radially, the turning of the streamlines is a very sudden
e�ect, very localized at the tip and it induces a circumferential orientation of the vorticity.

Point B in Fig. 2.50 (a) indicates the initial roll up of the TLV. The boundary layer
developed on the blade tip surface is not visible because it is in plane; in fact, the boundary
condition at the tip surface isu = (DR/2)Ω eθ where eθ is the circumferential unit vector.
Such a boundary condition generates a boundary layer that develops in the pump cross-
section plane, and hence an axial vorticity that is not visible in the meridional plane.

The jet emerging from the tip clearance penetrates the passage �ow generating a layer
of strong velocity gradient, the circumferential vorticity ωθ rolls up there and detaches
from the blade forming a vortex �lament. Vortex �laments roll up into the TLV that is
bent by the passage �ow that pushes the interlaced �laments downstream while the next
blade moves towards the vortex9. As a result, the TLV develops in the passage with a
pitch angle of ≈ 9◦ respect with the circumferential direction.

A closer look to Fig. 2.50 (a), point B, also reveals that the TLV has a �drop� shape,
that feature can be explained as an interaction between a very high spin vortex and the
suction side wall. The intense clock-wise rotating TLV develops very close the blade, a

8this is the �rst prototype for this pump, the pressure distribution has been corrected in the second
prototype

9as seen in preliminary vortex visualizations, not shown
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Figure 2.48: Instantaneous box �ltered strain-rate magnitude at di�erent, in-
creasing chord-fractions; A: shear interaction between co-rotating
vortices, B: interaction between vortex ropes wrapped into the
TLV, C: strained �ow due to the leakage jet interaction, D: strained
�ow in the wake; velocity vectors are diluted for clarity and plotted
in arbitrary scale to visualize the �ow
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Figure 2.49: Illustration of the out of plane vorticity genera-
tion at the pressure side edge of the blade

wall e�ect is expected, which can be described by means of the image vortex theory. The
image vortex of the TLV is located inside the blade section, along the line perpendicular
to the surface and passing through the TLV center, at the same distance from the surface.
The image vortex is rotating counter-clock wise with the same circulation magnitude. As
a result, the induced motion is radial towards the tip of the blade but inhibited by the
tip leakage jet and the TLV is locked in that position. It is known from the image vortex
theory that the induced velocity, in this case the locking e�ect, is proportional to the
vortex circulation and inversely proportional to the distance from the wall. The image
vortex concept will be drawn on later in �2.11 to describe the motion of the TLV in the
passage.

A comparison between Fig. 2.50 (a) and (b) shows that within a short interval, less
than 20% of the chord, i.e. ' 3.6ms, the casing vorticity upstream the blade section
changes from ω∗

θ ' −0.4 to ω∗
θ ' +0.4 with a total inversion of the strength. The TLV is

detached from the blade and connected to it by a vorticity layer. The same layer is clearly
noticeable in Fig. 2.50 (c), where the TLV is far from the blade and the core is travelling
in the passage.

Taking a look back to Fig. 2.46 it is possible to justify the presence of a vortex layer
there. In fact, the phase averaged data contain �ow structures that must be analyzed
carefully. Given the rotor phase, the position of the blade section is set in the frame; the
phase averaged TLV originates at the same inception point at every round of the rotor
and develops with the same averaged characteristic time because the averaged clearance
�ow has the same chord-wise distribution for the same blade at each round, see Fig. 2.42.

As a result, the position of the TLV and the scraping vortex are unsteady and oscillate
around an average point. This average between 1000 instantaneous samplings converges,
at least at the �rst stages of the TLV evolution; for this reason, the phase averaged
vorticity shows one clear TLV and one clear point of detachment of the casing vorticity.
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Figure 2.50: Phase averaged out of plane vorticity at di�erent, increasing chord-
fractions; A: overturn of the �ow, B: TLV inception, C: blockage of
the casing boundary layer, D: reversed vorticity at the casing, E:
secondary vorticity entrained into the TLV front, F: wake circum-
ferential vorticity, G: roll up of vorticity shed by the tip trailing
edge, H: diverging streamline �ow; velocity vectors are diluted for
clarity and plotted in arbitrary scale to visualize the �ow
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The situation is very di�erent in the vorticity layer and in the front of interaction between
the TLV and the passage �ow, this phenomenon will be also drawn on later in the text
as it is determinant for the evaluation of turbulence in the TLV. In fact, the vorticity
layer and the front of interaction zones are the result of travelling single vortices, visible
in Fig. 2.46, whose dynamic depends on the rotor phase, but not exclusively. Hence,
vortices are shed from the suction edge and from the blade, but their transport has little
correlation with the rotor phase, i.e. they are not synchronous with the blade. The phase
averaged of asynchronous vorticity created a straight vortex sheet at the suction edge,
and a semicircular vortex sheet in the TLV front.

Fig. 2.50 (d) illustrates the phase averaged TLV in the meridional plane that passes
through the trailing edge of the blade. In the following, the circulation of the phase
averaged velocity will be shown to be approximately constant in this range of chord-
fractions, even though the averaged TLV is very dimmer. This behavior is due to the
spreading of vorticity in every direction. Before bursting, the TLV convective instability
causes the vortex centerline to bend approximately as a helicoid, i.e. keeping a coherent
structure; after the bursting, the structure of the vortex becomes disordered and the phase
averaged vorticity does not converge to a smooth distribution.10.

The TLV shown in Fig. 2.50 (e) is very dim because its average do not converge and
because the bursting process generates isotropy in the �ow. Before the bursting, the TLV
�ow is obviously anisotropic as the structure has a clear cylindrical structure; the major
part of the TLV vorticity is oriented circumferentially, out of plane, and the strength of
the vortex can be tracked in the meridian plane, see �2.12. The bursting process destroys
the coherence of the TLV and the alignment of its vorticity, the chaotic cloud of vortices
redistributes vorticity on every possible direction; statistically speaking, this process alone
diminishes the out of plane vorticity component by approximately 2/3. Although weak,
the burst TLV is still able to generate vorticity of opposite sign by wall e�ect on the
pressure side of the incoming blade, see the point �PS� in Fig. 2.50 (e). The vorticity
region F is the result of the shedding of vortices along the trailing edge at lower spans,
the schematics is shown in Fig. 2.51, where one blade of the rotor is removed for clarity.
The rolling up of vorticity shed by the tip trailing edge, point G, induces a suction e�ect
on the wake and clearly bends it. As a �nal remark, it is worth to observe that the �ow
at the casing is still reversed, as shown also in the instantaneous snapshot of Fig. 2.47.

2.11 Identi�cation of the TLV
In order to track the path of the TLV center in the rotor passage, its center must be
located in the phase averaged maps. The method adopted is calledλ2 and it involves the
analysis of a function of the spatial derivatives of the velocity; as a result the ensemble
average of λ2 instantaneous distributions is equal to the λ2 distribution in the averaged
velocity map.

The λ2 theory can be found in [65] and it will be brie�y described in the following.
Isolating vortex �laments in DNS data can be very di�cult, especially in shear layers
where vortices share the space with ribs and other non vortical coherent structures. The
vorticity distribution can be too smooth to reveal vortex �laments and a sharper signal is

10the helicoidal shape of the unstable vortex has been observed in previous tip vortex cavitation vi-
sualizations. The helicoidal shape can be justi�ed in terms of modal analysis, literature is vast in this
�eld, because the generally the �rst unstable modes that a vortex encounters are the so-called �sausage�
modes, i.e. an alternated in�ating of the vortex cross section, and the �sinusoidal� mode in which the
vortex centerline bends in a wavy fashion. Two sinusoidal modes of equal amplitude on perpendicular
planes generate a helicoidal trajectory.
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Figure 2.51: Vorticity visible in Fig. 2.50 (e) at point F is shed
spanwisely by the trailing edge of the blade

often to be found. The attempt of locating the centerline of a vortex is obviously related
to the issue of de�ning a vortex, unfortunately that issue is far from being closed at the
time of this writing.

The identi�cation of a vortex seem not be a problem of sole kinematics, it involves dy-
namics, hence the evaluation of the static pressure �eld; generally speaking, the centerline
of a vortex is a locus of relative minimum for the static pressure. On the other hand, PIV
does not provide the static pressure �eld, thus the tracking method must involve solely
kinematics.

Assuming the �ow incompressible with ρ = 1 the momentum equation is

Dui

Dt
= − ∂p

∂xi

+ ν
∂2ui

∂x2
k

(2.20)

using the index notation for clarity, and denoting the material acceleration withai it is
possible to write

ai = − p,i + νui,kk (2.21)
where indices after comma denote spatial derivatives; the gradient of the equation is

ai,j = − p,ji + νui,jkk . (2.22)

Because the static pressure is continuous, its spatial derivatives commute

ai,j = − p,ij + νui,jkk (2.23)

the equation can divided into its symmetric and antisymmetric parts
(
DSij

Dt
+ SikSkj + ΩikΩkj

)
+

(
DΩij

Dt
+ ΩikSkj + SikΩkj

)
= − p,ij + νui,j kk . (2.24)

The antisymmetric part of the equation is the vorticity transport equation, which does
not contain any pressure term; thus, the symmetric part of the equation can be isolated.

DSij

Dt
− νSij, kk + SikSkj + ΩikΩkj = − p,ij . (2.25)
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The �rst two quantities on the LHS of (2.25) represent the limitation of de�ning the
vortex as a locus of static pressure minimum: a region of unsteady strain rate can generate
local depressurization in the absence of swirl, and viscous dissipation of deformation work
can nullify the pressure drop inside a swirling region11; neglecting these terms it is possible
to write

SikSkj + ΩikΩkj = − p,ij . (2.26)
that holds for phase-averaged results too; the average operator commutes with the spatial
derivatives:

S̄ikS̄kj + Ω̄ikΩ̄kj = − p̄,ij . (2.27)
The λ2 model de�nes the vortex core as a connected region in which the tensorSikSkj+

ΩikΩkj has 2 negative eigenvalues; the eigenvalues can be sorted λ1 ≥ λ2 ≥ λ3, and
Courant and Hilbert [66] prove that:

λ3 = − 1

4
||ω||2 (2.28)

hence, the λ2 method reduces to the condition

λ2 < 0 (2.29)

in a connected region.
The center of the TLV is located at the loci of relative minimum forλ2

12.
A 2D velocity �eld admits two eigenvalues λ2 ≥ λ3, for such a �ow, the condition

λ2 < 0 still holds.
The distance between the suction side tip edge and the TLV center is measured and

normalized with the clearance width h. Results are presented in Fig. 2.52. The rate
of vortex detachment from the suction side has two distinctly di�erent linear trends, as
illustrated by solid lines a) and b). The �rst extends up to sc−1 = 0.5, and the second
faster vortex migration range extends up to sc−1 = 0.83. Fig. 2.52 illustrates the trend of
the distance between the TLV and the SS edge both axially and radially; there exist three
image vortices, but only the one located in the blade and the one located in the casing,
just above the TLV induce a relevant motion on the TLV. Up tosc−1 0.5, the dominant
image vortex is located within the blade, i.e. the induced �ow is mostly radial. Further
downstream, the dominant image vortex is in the end wall casing, and the induced motion
is axial. Consequently, the axial displacement rate changes drastically.

2.12 Circulation
In order to follow the evolution of the TLV strength, the circulation of the velocity is
computed in the TLV section for each phase averaged velocity map, i.e. at each chord
section. Fig. 2.53 show the trend of the TLV circulation as well as the strength of other
vortical structure such as the vorticity sheet that connects the TLV to the suction edge
of the blade, the trailing edge vortex - shed by the blade only for sc−1 > 1, and casing
end-wall vorticity generated at the wall and entrained in the TLV perimeter.

11viscous phenomena are active at scales that are not resolved in the present investigation as the vector
spacing is approximately 30 time larger than the inertial scale

12the distribution of vorticity in the core of the phase averaged TLV is Gaussian due to spatial average
of a scattered distribution of instantaneous cores, the strain-rate at the center is negligible compared with
the vorticity and the pressure Hessian reduces toΩikΩkj; hence the problem reduces to the study of the
square of vorticity, that evidences peaks better than vorticity
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Figure 2.52: Radial (a) and axial (b) migration rates for the
TLV core respect with the suction side edge of
the blade

Circulation shown in the graph is the integration of the averaged velocity along the
curves ωθ = −0.022 for the zones with negative vorticity - TLV and vortex sheet - and
ωθ = +0.022 for the zones with positive vorticity such as the end-wall boundary layer
and entrained vorticity. The threshold value is set analyzing the vorticity distribution in
the rotor passage at progressively high threshold levels. If−0.022 < ωθ < +0.022, no
organized vortical structure can be recognized in the passage because of the noise due to
the discrete di�erentiation of the velocity �eld, which is known to decrease the signal to
noise ratio of measurements. The curvesωθ = ±0.022 are reliable, simply connected path
for the velocity integration13.

The TLV circulation increases in the �rst part of the vortex evolution because the
TLV is locked to the blade the formation of the vorticity layer is inhibited, thus the total
vorticity coming from the blade tip is ingested by the vortex that grows quickly. At
sc−1 < 0.6 the TLV center moves away from the surface of the blade with the same rate
of its growth.

Once the distance is su�ciently large, the blade wall e�ect weakens and the TLV locks
on the casing surface. As the image vortex moves from the blade section, the TLV starts
moving downstream under the in�uence of the wall e�ect; because the blade section ap-
parent motion is faster than the induced motion of the TLV, the distance between the
vortex and the blade increases and there is enough space for the vorticity sheet to enlarge.

13because the vorticity is more noisy than the velocity, computing the circulation via integration of the
velocity gives less uncertainty than integrating the vorticity over an area
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A constantly elongating vortex sheet can accumulate vorticity without substantially trans-
ferring it to the TLV, hence the TLV strength reaches a plateau, while the strength of the
layer increases almost linearly, exactly as the distance between the blade and the TLV;
beyond the trailing edge, the circulation of the vortex sheet decays quickly because there
is no blade feeding the process. At the same chord fraction, also the TLV circulation drops
to zero quickly because the TLV bursts and two, in plane vorticity components subtract
angular momentum to the out of plane vorticity previously contained in the TLV. The
casing end-wall circulation increases with the strength of the TLV because the stronger
the TLV, the higher the induced vorticity; but soon at0.6 < sc−1 < 0.7 it decays because
the TLV keeps growing in a region bounded by the end-wall on the top. The distance
between the TLV and the casing end-wall grows with the same rate of its radius growth
and the wall e�ect diminishes, as well as the magnitude of the induced vorticity diminishes
even though the TLV strength is stable. Beyond the trailing edge, the strength of the
vortex sheet and TLV decays quickly.

0.2 0.4 0.6 0.8 1.0 1.2
-180

-160

-140

-120

-100

-80

-60

-40

-20

0

20

 

 

zr
 (h

 U
TI

P)
-1

sc-1

 TLV vorticity
 Vortex sheet
 Entrained end-wall vorticity

Figure 2.53: Circulation of the main vortical structures in the
passage at increasing chord fraction

2.13 Turbulence in the TLV
Each of the N = 1000 instantaneous vector maps for each rotor phase phase give a �uc-
tuating velocity map by subtracting the correspondent phase averaged velocity. The
�uctuating velocity is de�ned with (2.30).

u′ = u− 1

N

N∑
i=1

ui (2.30)

A surrogate for the normalized turbulent kinetic energy (TKE), based on the available
in-plane velocity components, is k∗

2D, whose de�nition is illustrated in (2.31).

k∗
2D =

1

Ū2
TIP

1

2
(u′

zu
′
z + u′

ru
′
r) (2.31)
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where the term u′
ru

′
r is expected to be lower than u′

zu
′
z and u′

ϕu
′
ϕ, not measured in the

present investigation.
Distributions of k∗

2D in selected planes are presented in Fig. 2.54. Note that the scales
vary in order to highlight trends. Atsc−1 = 0.5 (Fig. 2.54 (a)), the high turbulence on the
pressure side of the blade is associated with bursting of the TLV in the previous passage.
Turbulence is also large in the separating shear layer, which feeds vorticity into the TLV
and near the point of boundary layer detachment at the end wall. The turbulence is
also high along the tip gap boundary layers, and within the area occupied by the vortex.
However, the k∗

2D peak is located to the right of the TLV center, compare to Fig. 2.50 (b),
along the line of transporting of vorticity from the shear layer to the vortex core. Note
that some of what is de�ned as turbulence here is a result of vortex rope meandering,
i.e. it is dominated by large scale coherent motions, not all the literature identi�es this
unsteadiness as turbulence.

At sc−1 = 0.72 (Fig. 2.54 (b)), i.e. before bursting, the TKE is particularly high in
the shear layer, and in the vicinity of the vortex center, where vortex ropes meandering
is a signi�cant contributor. However, the highest TKE zone starts at the point of end
wall detachment, but extends into the area located at the transition between positive
and negative vorticity layers. In this plane, the region of elevated TKE is still circular,
consistently with the vortex still having a clearly de�ned, multi-rope core.

At sc−1 = 0.94 (Fig. 2.54 (c)), the large TKE region expands substantially, presumably
due to vortex bursting, but the signatures of the shear layer extends from the tip, and
the layer with elevated turbulence, that starts at the point of end wall boundary layer
detachment, are still evident. The TKE peak in this plane is located at the same elevation
but slightly to the left of the vorticity center (the latter is not shown). Only a short
distance downstream, at sc−1 = 1.0 (Fig. 2.54 (d)), the elevated TKE area is substantially
broader, and expands to the neighboring blade. The turbulence peak is also much wider
but has lower magnitude, suggesting that transport, such as turbulent di�usion, plays an
important role in this region. The TKE peak is again located slightly to the left of the
TLV center. Since the end wall boundary layer no longer separates in this plane, and
is fed instead into the tip clearance �ow of the neighboring blade, the high TKE region
extending from the end wall only a short distance upstream disappears.

At sc−1 = 1.17 (Fig. 2.54 (e)), there is a broad region of elevated turbulence with a
peak that is clearly located to the left of the TLV, in a region containing vortex fragments
located between the TLV and the shear layer. Turbulence is also high to the right of
the point of TEV roll-up. Although the blade wake is noticeable, the turbulence there is
signi�cantly lower than that in the area dominated by remnants of the TLV.

With the present 2D data, many of the important contributors to turbulence produc-
tion rate cannot be evaluated,

P = −u′
zu

′
zS̄zz − u′

ru
′
rS̄rr − u′

θu
′
θS̄θθ − 2u′

zu
′
rS̄zr − 2u′

zu
′
θS̄zθ − 2u′

ru
′
θS̄rθ (2.32)

for example, the shear production in the blade boundary layer, which is undoubtedly a
major contributor. However, examination of some of the in-plane terms, i.e.

P ∗
2D =

h
¯U3
TIP

(−u′
zu

′
zS̄zz − u′

ru
′
rS̄rr − 2u′

zu
′
rS̄zr) (2.33)

is quite insightful. A sampleP ∗
2D along with the three terms contributing to it is presented

in Fig. 2.55. Note the di�erences in the contour levels.
This distribution corresponds to the TKE presented in Fig. 2.54. The distribution of

P ∗
2D (Fig. 2.55) peaks in the shear layer, where the shear production term is dominant

(Fig. 2.55 (d)), as expected. In the region of end wall boundary layer detachment, axial
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Figure 2.54: Phase averaged planar turbulent kinetic energy at di�erent, in-
creasing chord-fractions



2.13 Turbulence in the TLV 84

Figure 2.55: Phase averaged planar production of 2D turbulent kinetic energy
(a) and its component (b, c, d) at sc−1 = 0.72

compression of the �ow Fig. 2.55 (b) in the vicinity of the (2D) stagnation region is
the main contributor to production, with radial extension reducing the magnitude of the
overall in-plane production rate. Underneath this area, at the interface between positive
and negative vorticity layers, shear production again plays a primary role. Stretching
and compression in the region surrounding the vortex core generate peaks of alternating
signs in the contributions of normal stress components. Overall, except for the end wall
detachment point, the sum of these terms has little e�ect onP ∗

2D.
Interestingly, P ∗

2D is very low near the vortex center, where the TKE peaks. E�ect
of out of plane production (not shown), whose magnitude can be estimated ask∗

2D(S̄zz +
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S̄rr) is negligible, and cannot explain the discrepancy. This apparent disagreement must
involve other turbulence sources. The �rst option is out-of-plane shear production due to
gradients of the circumferential velocity component. The second possibility is turbulence
transport into the vortex center from other areas by, e.g., entrainment of the shear layer
or the detached end wall boundary layer. Present data cannot clarify this issue, future
measurements in other planes as well as 3D measurements will address this issue.

Finally, in-plane stretching of the �ow near the pressure side corner of the blade,
which is not balanced by in-plane compression, results in a negativeP ∗

2D. Out-of plane
shear production in the blade boundary layer is expected to be very high in this area,
as well as circumferential compression, that must balance the in-plane stretching, most
likely resulting in an overall positive production rate. Downstream of vortex bursting (not
shown), P ∗

2D is dominated by shear production in the shear layer extending from the blade
tip. At sc−1 = 1.17, P ∗

2D is much higher in the vorticity layer than in the blade wake,
this is consistent with trends of the TKE distribution. Shear production is also elevated
in the region of TKE peak, but is lower than that in the shear layer. Thus, turbulence
transport must play a role here as well.

Because the production rate of TKE is a result of the interaction between unsteadiness
and mean �ow strain-rate �eld, it is worth to visualize how a �uid element is deformed
along its trajectory, in order to justify the mechanism that enhances the TKE production.
The strain-rate of a planar velocity �eld is a second order symmetric tensor, it can be
diagonalized by rotation after having computed its eigenvectors. Then, the value of the
eigenvalues are the principal component of the deformation, evaluated along the principal
axis [67].

If the principal component of the strain-rate is negative in a point, there exist a
direction over which the �uid element is compressed, if the principal component is positive
the direction is called of stretching. In a 3D, incompressible �ow there exist three principal
directions and they cannot be all of compression or stretching. In a 2D �ow there exist
two principal direction and, if the �ow is incompressible, principal deformations must
be equal in module and opposite in sign. In a 2D subset of a 3D �ow, and this is the
presented case, there still exist two principal directions, but correspondent deformation
rates can be di�erent in module or even of the same sign indicating that locally there is
out of plane deformation rate.

Fig. 2.56 shows the principal directions and deformations of the phase averaged �ow
at sc−1 = 0.5 near the entry section of the tip clearance. The principal direction are
computed over selected points on streamlines. Because the �ow is averaged in time, these
streamlines coincide with trajectories; thus, �uid elements can be followed during the
movement from the pressure side of the blade to the tip gap, and the variation of the
induced deformation can be followed as well. First, the �ow that enters the tip clearance
is located at very high span and the phenomenon is very localized; the �ow is pushed
forward, see Fig. 2.56, right to left, by the pressure side of the blade, there is a strong
stretching along the blade not compensate by enough compression perpendicularly to the
wall, this can be explained �rst recalling that the boundary condition at the blade wall is
u = UBlade(r)eθ, i.e. the velocity is purely circumferential and out of plane; in addition to
that, the motion of the blade section is apparent, not material. Hence, the �uid element
is not displaced by the apparent contact with the blade section but by the static pressure
�eld induced by the aerodynamic e�ect of the three-dimensional blade.

In fact, strain and compression balance just a little far from the pressure side, as
the �uid elements overturn to enter the clearance, as indicated by the vorticity peak
always present at the pressure edge in Fig. 2.50 at each rotor phase. The overturn of
the �ow enhances the strain rate �eld because the �ow is forced to enter a very narrow
gap. The directional plot of the strain rate �eld helps understanding the peak of negative
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Figure 2.56: Mean �ow principal direction of the strain-rate,
compression and extension directions are shown
over some streamlines

production noticeable at the pressure edge in Fig. 2.55; production is the composition of
the Reynolds stresses and the mean �ow strain rate �eld. Analyzing the phenomenon in
the strain rate principal frame of reference has one great advantage: the strain rate tensor
is diagonal and so the contribution of the turbulent shear stresses is null. Hence, the
turbulent stresses that induce the production are solely the ones aligned with the strain
rate principal directions, which vary point to point.

Fig. 2.56 shows clearly that the strain �eld aligns with the pump frame of reference
at the clearance inlet section, exactly in the point where the strain �eld has also a peak,
the enhancement of the strain rate combines with the stressesu′

zu
′
z and u′

ru
′
r while u′

zu
′
r is

inhibited by the absence of the extra-diagonal strain term. Because bothu′
zu

′
z and u′

ru
′
r

are positive, the sign of the production of TKE is related to the sign of the strain-rate
components.

When the �ow leaves the pressure side, the turbulent stress u′
zu

′
z is damped by the

no-slip boundary condition on the pressure side, theu′
ru

′
r prevails and combines with the

local stretching that is approximately oriented as the radial coordinate. As a result, the
production rate is negative. Conversely, as the �ow crosses the tip gap entry section, it
is realigned axially. There, the radial unsteadiness is inhibited by the presence of the
casing wall and the tip surface while the u′

zu
′
z can combine with the now axially-oriented

stretching giving, again, negative production.
Justifying the trend of the production of TKE in the TLV is more di�cult than at the

clearance inlet due to the presence of multiple phenomena con�ned in a narrow space.
Fig. 2.57 describe the phase averaged strain rate �eld in terms of principle directions

and principle components over selected TLV streamlines. As the �ow exits the tip clear-
ance, the strain-rate is low and almost isotropic, its peaks in the shear layer that connects
the TLV with the suction edge o the blade. There, the strain rate tensor is45◦-oriented
as it should be in a pure shear deformation; in fact, the shear layer is a zone of intense
production due to shear, see Fig. 2.55 (d).

As the tip gap back-�ow jet collides with the forward passage �ow at point B in
Fig. 2.57, the axial compression is activated but the �ow is substantially 2D, at least
su�ciently far from the end-wall; as a result, because of incompressibility, stretching is
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also enhanced. Strain rate principle directions are again aligned with the pump frame of
reference. It can be stated that locally, at point B,u′

ru
′
r is small because of the presence

of the end wall; on the other hand, u′
zu

′
z is free to combine with the axial compression

giving a peak of positive production, see Fig. 2.55 (a) and (b). The front of interaction
between the TLV and the passage �ow hosts a peak of production due to localized shear
production, Fig. 2.55 (d) because the Reynolds stress tensor and the strain-rate tensor
are rotated and the angle is approximately 45◦.

The center of the TLV is a low strain rate zone, as the center of a vortex should be,
this is the reason why the very turbulent core, see Fig. 2.54, does not host a production
peak; hence, the TKE peak is only due to the so called �pseudo-turbulence�, induced
by the averaging of �ow structures, the TLV vortex ropes, whose dynamic is extremely
under-sampled in time and that are not the same entity. It is worth to highlight that, if a
proper time scale is chosen, the �pseudo-turbulence� is in fact turbulence that generates,
for example, noise and vibrations.

2.14 Conclusions
The investigation is focused on instantaneous phase averaged �ow structures and associate
turbulence in the passage of an axial water jet pump rotor. The mean circumferential
vorticity gives insights into the structure and strength of vortical �ows in the passage,
such as the vortex sheet originated at the tip suction edge, the tip leakage vortex (TLV),
the separated end wall boundary layer and the trailing edge vortex. The vortex sheet
keeps ingesting vorticity from the suction edge, its circulation increases while its length
and thickness also increase, and then circulation drops down at the trailing edge.

The strength of the tip leakage vortex keeps increasing from the initial roll up to 60%
of the chord, where it reaches a plateau and then drops to nearly zero at the trailing edge,
the circulation associated with the detached end wall vorticity is much lower than of the
TLV and also decays faster.
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The vorticity/shear layer and the point of end wall vorticity detachment are highly
turbulent, as well as the region of transition between the TLV outer branch (negative
vorticity) and the detached and entrained positive vorticity. The evaluation and the
comparison of the contributors to the in-plane production of turbulent kinetic energy
show that the vortex sheet is a source of shear production, as well as the transition zone
at the outer branch of the TLV.

Mean �ow compression is prominent at the end wall, where the boundary layer vorticity
detaches; as a result, large, positive production rate is found there. The center of the TLV
is also largely turbulent but the in-plane production is low there, the presented 2D data
cannot describe the phenomenon completely, this open issue is to be further investigated
with 3D measurements.

2.15 Future developments
The 2D approach has large limitations in an axial turbomachine because the �ow is always
three-dimensional. Although the plane investigated in this work has been chosen wisely in
order to evaluate the evolution of the TLV, some issues about the circumferential velocity
�ux in the core or the alignment of vorticity at the suction edge of the blade are still
unsolved. Moreover, the TLV is induced by the tip clearance back-�ow, whose structure
is not resolved properly in the present work due to insu�cient spatial resolution.

The next step will be the investigation of the tip gap �ow again with 2D-PIV in
the meridional plane, using high magni�cation lenses in order to �t ten to twelve vectors
within the gap width. Those results will shed light over the gap �ow radial velocity pro�le
and over the phenomena that occur on the �ow as it exits the clearance.

A further analysis will be carried out with the stereoscopic PIV to understand the
in�uence the circumferential momentum has on the realignment of vorticity that originated
the TLV.

The stereoscopic PIV cannot provide instantaneous, circumferential velocity gradients;
if a large number of STEREO-PIV velocity maps are sampled on many rotor angular
position, to achieve a suitable angular resolution, the circumferential velocity gradient
can be computed but averages in time are unavoidable and only the mean �ow can be
investigated. Moreover, large sets of stereoscopic PIV involve are extremely time costly,
and require large data store capability.

In order to measure the 3D velocity in a sub-region of the pump inner space and
compute the instantaneous, three-dimensional velocity gradient, the tomographic PIV
system should be adopted, see �I. At the time of this writing, only few research centers
and institutions are able to perform such a measurement, and only on straight channels;
this technique will be available to study turbomachinery �ows in the future.
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