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ABSTRACT

The ongoing research on counter-rotating blade rows in single stage machines has shown
promising results on improvement of efficiency and pressure ratios in high specific speed im-
pellers, with conventional applications such as naval propulsion etc, axial pump and fan. The
focus of the design presented below has been the development of a compact design with high
power density and improved cavitation performance. The new design offers a downsizing op-
portunity with its two impellers: a mixed-flow front rotor (FR) and the radial rear rotor (RR),
instead of a stationary bladed diffuser. With this set the off-design working range can be ex-
tended, reaching a high adaptability at different flow conditions. An improvement on cavita-
tion’s performance can be obtained also moving the load from the FR to the RR. In this paper
the first prototype is numerically and experimentally analyzed. Head drop and cavitation incep-
tion curves besides the characteristic curves are highlighted. Design improvements have finally
permitted to develop two new versions of the FR, which have been numerically investigated. The
first one is expected to provide improved cavitation performance, while the second one higher
power density. Finally the sensitivity of the system to the speed ratio has been experimentally
investigated. The CFD results show good agreement with the tests within the uncertainty of the
experimental measurements.
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INTRODUCTION

A new pump design concept based on counter-rotating impellers has been analyzed in this pa-
per. The aim of this research is to investigate the possibility to downsize the machine and achieve
a compact unit with a broad working range by introducing an additional counter-rotating radial im-
peller downstream of a mixed-flow runner. This paper follows the previous study (Tosin, 2014 [9]),
highlighting the performance analysis done on the first prototype c&Uddi f f; and giving a brief
introduction on the following prototypes. The design model developed in house and widely pre-
sented within the mentioned paper has been improved by adding more design features and options,
which have permited the authors to geiD:i f f, design. Moreover the second prototype has been
designed to improve the cavitation performance focused on the inception cavitation. A third one
RoDif fs, which reaches a higher power density, is also introduced to show importance of the load
distribution between front and rear rotor. The definition of the power density used in the present
study is:pp = ;4 where the shaft power in counter-rotating system consists of the addition
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of both shaft powers. Various designs by the counter-mogapirinciple are available in literature;
many authors have investigated this innovative layoutiegpio axial-flow machines. Literature
survey introduced some interesting publications on thiscept. Notably Kanemoto et al. (2004
[4]) presents axial flow pump with counter-rotating impedléelriven by a single electric motor with
counter-rotating rotors. The study of Momosaki et al. (2(8]D highlights performance of an axial
arrangement with a Front Rotor and Rear Rotor investigatindldkefield with CFD analysis. The
results of Shigemitsu (2007 [7]) show some benefits on stetad rise in comparison with the con-
ventional rotor-stator configuration without causing Es# terms of total efficiency. Looking into
the recent publication, two interesting works could be tbaiout this topic. From the University
of Kyushu an experimental investigation of the blade rovweriattions in counter-rotating axial flow
pump have been carried out (Cao et al., 2014 [2]). The work stibe/results of pressure pulsation
measurements in different location within the bladed clegnproducing a model for the prediction
of the fluctuation modes, which was tested for two rotatiGpaled combinations. The paper of Wand
et al. (2014 [10] from Dynfluid Laboratory ParisTech) prdasesmdesign parameter sensitivity anal-
ysis based on experimental investigation in a countetingfaxial flow fan. The interaction of the
rotors and the determination of the most important desigarpaters have been the objectives of the
authors. Both papers have given the basis for the improvenoérihe existing version of the design
tool internally developed, that was presented in the pressjpublication. The actual version of the
design software is able to design in single rotor layoutyeational mixed-flow and radial-flow im-
pellers. Once the counter-rotating layout is set, it cangesimultaneously both counter-rotating
impellers, in this case the axial and radial extension, fleeds, the head rise and many other param-
eters for each rotor are freely set from the user. The pretedy uses the same simulation setup that
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Figure 1:Picture of the impellers in the test rig Figure 2. Meridional section
(Tosin, 2014 [9))

was widely described in the previous paper (Tosin, 201448} therefore the simulation setup will
be briefly introduced in the NUMERICAL SETUP part.

EXPERIMENTAL SETUP

In Figure 1 the counter-rotating impellers can be obsertlesl half of the spiral duct made of
PVC and the brass ring seals support have been disasseminiedhe test rig to permit the optical
access. The design concept, which has been proposed inlltheifig pages, is based on replacing
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the diffuser with a counter-rotating impeller, keep on addenergy to the fluid by a bladed rotat-
ing diffuser. From here comes the name of the prototype s&aDiff which stands for Rotating
Diffuser. An additional stationary diffuser after the raldimpeller could be foreseen, but it wasn't
considered for the actual analysis. This new layout in@gaise entire machine power density and
the machine becomes more compact. Furthermore the additi@gree of freedom offered from
the speed of the second rotating runner permits to betténizet the performance outside the BEP.
Comventional Spiralcasing Figure 2 rgports a_meridional section of
/% async. Motor , the hydraulics and Figure 3 shows schemat-
ically the entire test rig. Two indepen-
dent asynchronous motors are used to run
the impellers, their speed are independently
controlled. The machine setup (showed in
Figure 2) consists of an inner shaft con-
nected to the front rotor (FR), runs through
the outer shaft connected to the rear rotor
(RR) spinning with opposite direction. The
RR is connected to the shaft by a connec-
/)5 tion disk rigidly fixed on the outer shaft
which simplifies the assembly. The points
&) from O to 6 indicate in Figure 2 locations
Speed sensors K 7z used as reference planes. Ther and
L - nrr define the rotational speeds respec-
) ’ tively. Between each impeller and the mo-
. . tor (not shown in Figure 2) there are elastic
Figure 3:3D Model of the Test Rig couplings, torque and speed sensors. Both
motors are individually controlled through an inverterhiit a speed range of 0 to 3000 rpm. The
outer shaft is connected to a hollow-shaft electric mofeecsically designed and assembled within
the institute facilities. The inner shaft is run by a stamdasynchronous motor. The pump has a
single volute casing with circular cross section and it &eited in a closed system water test-circuit
composed by: a tank, a main valve, a by-pass valve and anaddiauxiliary pump to test also for
overload conditions. The outflow section is connected to dZBNmm flange, the suction section
instead is connected to the DN150 mm. Some visual accestspm also available. During the
cavitation measurements the system can run up to an abgoégsure of 20 kPa by pumping water
out of the tank and so causing the reduction of the pressaigdthe circuit. Due to mechanical and
structural limitations the maximal pressure could be iasesl until 650 kPa. During the characteristic
curve measurements the entire system is pressurized uglatize pressure of 150 kPa to avoid the
cavitation phenomena in part-load working condition. Theasurements have been conducted fol-
lowing the European Norm EN I1SO 9906:2012 and the most retedefinitions are reported below:

Hollow shaft motor

Torque and

— H
Hypp = 25— Pot 1) —_— pQHrrg @)
Py Mpgr - wpr + MRr - WrR
HFR:w (2) NPSHA:pOt_p” (5)
P9 g

The test rig is basically a double motor block with a spirattdeealized in PVC, hosted in a
steel chamber. The measurement system is composed of a tmagreme-flow transducer, sev-
eral relative diaphragm pressure sensors, speed and teeqger one per each impeller. The main
characteristics and the instrument measurement unagriaigiven in the Table 1.
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Table 1. Characteristics and Sensor Uncertainty of the nmeasnt system

Sensor Type Magnitude e, Range
Relative Pressure sensor Inflow - Atm ps,atm0  0.5% 0 — 3.5bar
Relative Pressure sensor FR-Outlet - Inflow p,,,, s 0.5%  0—1.7bar
Relative Pressure sensor Outlet - Inflow Pd, S 0.5% 0 — 5bar
Inductive Volume-Flow flow-meter Q 0.5% 0—600m?*/h
Inductive Speed Sensor FR Nrr 1.0% 0 — 3000rpm
Inductive Speed Sensor RR NRR 1.0% 0 — 3000rpm
Torque Sensor FR Mppg 02% 0—100Nm
Torgue Sensor RR Mpgr 02% 0—200Nm
Temperature Probe T 0.8% 0-100C°

SIMULATION SETUP

CFD investigations have been applied throughout the prégeahalyze and improve the proto-
types. The numerical setup is basically the same used indveopis study of the same system already
published (Tosin, 2014 [9]). Figure 4 presents the simdlatdume composed by four blocks: the in-
flow, FR with 11 blades and spinning anti-clockwise, the RRwiiblades spinning clockwise, and the
spiral duct. All the results shown below are actually solvesteady state analysis. The time averaged
values from the unsteady analysis actually provide gregesgent with those from the steady state
runs, see [9]. The mesh consistslin- 10° nodes and the maximum Y+ value on the blade’s surfaces
is less than 2. The physical time step has been sgt 1®°s after a simulation convergence study.
The previous results of the mesh independency study have
been taken to define the node number and the in house sim-
ulations were carried out on a cluster with 4 nodes and
16 CPUs each. Different from the previous study, dur-
ing the cavitation analyses, the machine is simulated as
full model with all blades and no periodicity conditions.
The interface between the rotors is a standard mixing-plane
(stage) with a velocity average criterion, and the solver
used is ANSYS CFX (2013 [1]). The usage of the full
model was necessary to run the cavitation analysis with
two rotating domains due to the asymmetry of the volute
inflow pressure distribution in off-design conditions. The
fluid model is water-liquid at 2%C and in case of cavita-
tion analysis, water-vapor at 25 is combined according
to the Rayleigh-Plesset model, which is defined in CFX
in the multiphase framework as an interphase mass tran
fer model. In this investigation the model parameters hav
been left as default with saturation pressure of 3169.9 Ratdrbulence model is Shear Stress Trans-
port (SST) and high resolution scheme was chosen, whicls gigod balance between calculating
speed and accuracy. Moreover another main parameter withhairifluence on the convergence
profile is the number of blade: if the number of blade of bothners would be equal, a phenomena
called clocking takes place. The pressure pulsations rgttkat the blade passing frequency, cause
an instability of the numerical method.

gfigure 4:Simulation 3D-Domain

EXPERIMENTAL RESULTS: CHARACTERISTIC CURVES OF RoD:if f,
Figures 5 and 6 report the results of the experimental irgegsbn onRoDif f,. The dashed lines
show the numerical results, it could be seen a good agredraemeen the CFD and EXP for the entire
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Figure 5: Comparison of Characteristic Figure 6:Comparison of Characteristic effi-
head curves CFD - EXP ciency curves CFD - EXP

machine, although some differences are displayed at thebris@maand efficiency curves of each rotor
separatelyHrr and Hgryo. The experimental underestimation of the FR efficiengy is caused
by an inaccuracy of the measurement method used to get Higtessure value in the gap between
the runners. Since the total presspre can not be directly measured without a probe, the CFD
tangential component of the absolute velocity at locatidm® been combined to the experimentally
evaluated meridional component and finally they have bededds dynamic pressure to the static
wall pressurep,r,. This approximation might be the cause of the mismatch. Atabttual project
status velocity measurements with 3 or 5 hole probes areethfor the next research phase. The
CFD head curve matches very well with the experimental resa#t well as the partial hedfl-r and
Hrrvo. When observing the efficiency curve, it has to be remindetittteacomparison between
CFD and EXP could only be done in terms of hydraulic efficiesoythat the mechanical losses of
the system had to be measured. The authors have carried ¢hisfpurpose a no-load measurement
at design speed without impellers. The water circuit wasexdioin order to run the motors and the
sealing system, which needs to be plunged in water. For tHeatbmeasurements some important
assumptions must be made. The friction losses on both galjrg at the shroud side are assumed
negligible and the bearing friction coefficient doesn’tieha due to the axial trust produced while the
impellers are rotating. All these losses can't be also éxaistributed between the shafts, causing
part of the mismatch on the efficiency curve g1z andnrry o shown at Figure 6. Beside of that, the
machine headi presents a positive slope at very low capacity which couleds#ly solved varying
the speed ratio, as will be demonstrated in the followingptéra Between the 30% of Q and the BEP
the head is almost constant and the maximum efficiepegy,.. = 83% is reached exactly at the
design point marked with the continuous line in Figure 6.afinobserving the CFD values, the low
discharge is not reported, because the numerical methooeessunstable and no clear convergence
could be reached with the previous CFD setup.



RE-DESIGN OF THE FRONT ROTOR

After the first measurements on prototype
RoDif f; of the characteristic curves and the
NPSH curves, a second prototyp@D: f fo has
been developed in order to improve the cavitation
behavior of the machine. For this purpose just
S T the FR was re-designed due to the higher influ-
OO st T 0 o2 o4 os 08 1 ence to the cavitation characteristics, keeping the

rest of the system unchanged, with same volute

and RR. The goal of the new design is mainly the
improvements of the cavitation inception curve
around BEP and the reduction of théP.S Hy,.
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- e The experimental NPSH-curve is given in Fig-
02 02 04 08 08 1 % 02 et coomae @ > 1 Ure 15 in Chapter NUMERICAL AND EXPER-
Wu . IMENTAL CAVITATION ANALYSIS. The pre-

vious design tool has been modified to make it
capable to accept the meridian velocity profiles
e coming from measurements or CFD as input and
o8 —7 o7 os o+ the thickness distribution is now added orthogo-
NI e e ) nally to the zero-thickness blade surface, which
. . . . allows asymmetrical thickness distribution. Hav-
Figure 7: Design Parameters: CirculationI' jng a look at Figure 8 the meridional PS and SS
, Meridional absolute velocity C,,, Tangential plade sections are plotted, according to the Ka-
absolute velocityC',, Tangential relative veloc- plan method [3]. Those splines generated by the
ity W,, Blade anglef,, Obstruction factor x intersection of a meridian plane with the blade
surface are calculated after the design and they
have been used to analyze the PS and SS surface in termslafuozature, during the design phase.
Finally the rotational speed was increased and the numtiBadés was reduced from 11 to 10. Blade
angle distribution was adjusted to reduce the blade loacloge to LE and the elliptical LE thickness
distribution was made thinner.

Looking at Figure 7 the reduction of the tip
blade loading at LE can be identified on the cirt
culation distribution plot. The results of the pre2®|
vious publication [9] have shown that for this.o7}
kind of machines the increase of the power den-
sity is one of the main advantages which this
design offers and one of the most important deos
sign parameters seems to be the load distributiggr
factor. This parameter is defined by the ratio
XH = (Hmf% With the aim to investigate ®%3F
the effect of this parameter to the pump perfose2
mance a successive geomellyDi f f3 has been o1l
developed with a higher FR speed and a lower
load distribution factor. This new layout presents™
a FR speed a2500rpm instead ofl600rpm and
the number of blades is 9 instead of 11. The load _. .- ‘
distribution factor falls from.77 to 0.5. Basi- Figure 8:Meridional Plane of RoDif f,
cally this impeller has been designed to increase the dmad rise and to reach higher power density.
Based on the numerical results this value is raised fppm= 2350[1V/kg] to pp3 = 3650[W/kg].

At this point of the research just the characteristic cutedesign speed are available, while the
experimental investigations droDi f fo and RoDi f f5 are still in progress.
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Hub, Middle Tip
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SPEED RATIO SENSITIVITY ANALYSIS AND PERFORMANCE COMPARISION
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Figure 9:Characteristic curve comparison Figure 10:Speed Ratio Sensibility analysis

As already introduced the power density of tReDif f5 is higher than the previous proto-
types, as observed on Figure 9. Basically within the sameteohore energy is given to the fluid.
TheRoDi f f, shows almost the same characteristic of
RoDif f, while its improved cavitation performanceg, 20
could be seen at Figure 15. The authors note that inzll; g}
three cases, the volute, the RR and its rotational speed
are the same, and changes have been carried out judf|
on the FR design. On Figure 10 the results of the ,,
speed ratio sensitivity study are reported. This anal-
ysis has been done experimentally as well as numer-12;
ically. The speed ratio has been varied slightly and
two characteristic curves have been simulated, plot-
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ted with the triangle and cross symbols. The exper- 8 190
imental black line shows 5 working points in which

. . . - . 180
the speed ratio has been iteratively optimized without
varying the summation of both speeds, the resulting 4 - 70
speed ratio is also shown in Figure 11. The speed ra- i :g’;))opt \A 60
tio optimization done per each flowrate appears to be 2| h (n”(op})n ) |
more effective and each working point offers several g FR__RRTHoR) 50

performance maximum, so that an objective function 0.02 0.03 0.04 0.05
needs to be assumed. For example for the actual test Q [m¥s]
the head rise has been maximized keeping the effi-

ciency at the same or higher values measured in dEigure 11:Speed optimizationRoDi f fi

sign speed ratio. This approach seems to be the way
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to realize a wide working range with almost constant heagl as mentioned above. The optimized
speed ratio values are also reported in Table 2.

Table 2: Speed ratio optimization test results

Q npr  NMrr  Nrr  Hrr  npr+ngr Zﬁ
(m?/s] [rpm] [rpm] [-]  [m] [rpm] [-]
0.0223 1680 1140 0.699 14.90 2820 1.4737
0.0290 1620 1200 0.771 17.22 2820 1.3500
0.0371 1320 1440 0.820 17.42 2760 0.9167
0.0445 1200 1620 0.813 17.66 2820 0.7407

0.0519 1080 1740 0.775 15.07 2820 0.6207

NUMERICAL AND EXPERIMENTAL CAVITATION ANALYSIS

The vapor volume friction at three differentPS H 4 values are outlined in the CFD flow visu-
alization at Figure 12. The plots b) and c) show a fast expansi the vapor volume friction, while
reducing the inlet total pressure of less than 5%. Experiat@asults are still not available to make
a clear comparison with the CFD results. The numerical damitaanalysis onRoDif f; has been
carried out during the development of the improved degtg: f f>. The results highlight that the

a) b)

Figure 12: CFD Cavitation Analysis of Prototype RoDif fi: in red color the vapor volume
fraction for different simulated inlet pressure at BEP a) 50%p),, b) 20%pa), €) 15%pa),: =
N PS Hsy,

cavitation takes place at SS of the FR as well as simultaheatiSS of RR and this unexpected phe-
nomena needs to be proved by experimental measurementaildtime argued that the high relative
speeds taking place at the SS of RR causes the cavitation tyiriyithe local wall static pressure
lower than the vapor pressure. The cavitation starts frdor tg and it propagates progressively by
dropping inflow pressure until the hub. According with the GfeBults the cavitation bubbles, which
grow at the FR LE, are collapsed before reaching the TE astluatighe inlet total pressugg,; re-
mains higher than the reference valuéva® S H, = 10m. By a subsequent drop of the inlet pressure
betweer20% and15%, the cavitation bubbles flow through the entire bladed messallapsing at RR
TE. Therefore, for developing the second prototype theastivorked on those velocity accelera-



tions to improve the cavitation behavior, by changing tteglblcirculation and thickness distributions.
Furthermore the head drop curvesiifD:i f f; at 5 different discharges have been measured and pre-
sented in Figure 14. As usual running the NPSH-curve frott tig left, the inlet total pressurg

has to be reduced slowly by constant discharge and rotd8pead. For each new value dPSH 4

the correspondent hedd is compared to théiy,. This is defined as 97% of the machine head
in cavitation free working condition, in this conditionsamthe actual head crosses thé{y,s the

N PSHjy is defined. The accuracy of the results was affected by theepoe of a gas leak in the
inflow pipe line, small percentage (between 2% and 4% in veluoh air have been observed at suc-
tion side of the FR directly coming from the pipeline. Thisspbmena has been observed once the
N PSH 4 value reaches 5 m, which corresponds to the system’s abgoiegsure of almosb000 Pa.
Improvements on the test rig and its gas-tight characieissstill under investigation. In addition to
that an uncertainty must be considered while comparing CEDlte
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Figure 13:Cavitation Inception Curves Figure 14: Experimental head drop curves
NPSH for several dischargesRoDi f f1

Although the presence of the gas could be considered as ahe ofiore significant reasons of
the mismatch between CFD and EXP shown at Figure 15. Beforéngtao discuss about Figure
15, the results of the inception cavitation analysis in Fegli3 need to be highlighted. This CFD
analysis has been done in single phase without activatiag#itation model. The definition of
N PSH;. inception cavitation used below is given in Equation (6)\sband as written it is valid
as long thatnNPSH;. < NPSH,, see the work of Schiavello et al. ( 2009 [6]). Indeed without
cavitation model the plotted points over theP S H 4 line show just the trend but the values might
be inaccurate. Figure 13 displays the NPSH inception cuivieodi f f; and RoDi f f, and gives a
clear comparison about the position of the Best Cavitationt8ICP), also called shock-less point.
The results confirm the improvements done by the re-desigRod@dif f>. The same conclusion
could be achieved observing Figure 15, where MBS H;y, of RoDif f- is also lower compared
to RoDif f;. Moreover the BCP is closer to the BEP RvD:i f f, and its value is lower, although
the cavitation free range is narrower. That actually is tifeceof the blade LE thickness which has
been reduced as mentioned. The authors argue that, in ordet & large cavitation free range, the
speed ratio needs to be adapted to the changing flow corglitaendone in the previous Figure 10.
The authors expect similar behavior once the speed ratioeofiinners is progressively adjusted. A
weakness of this design seems to be the flow instabilitiesatapacity. Figure 15 reports clearly the
appearing of the suction recirculation at quite high disgbaalready by 80% of the design capacity.



16 —_— Furthermore observing the head rise

‘ curve at Figure 5 a positive slope is
145 : highlighted. The authors’ point of
121 : view on this topic is that such a pump
€ e ettty layout is intrinsically based on the im-
Q 10+ " H_(DP Rodiff) 1 peller speed ratio a_lda_ptation, so that
gl - H,(DP Rodiff1) | once the spe(_ad ratio is kept constant
- H,_(DP Rodif1) for a broad discharge range the sys-
6 | H_.(DPRodifiz) | tem shows a sharp increase of the hy-
. . . le H_(DPRodif) draulic losses, actually with a higher
o H._(DP Rodiff2) | sensitivity than a regular pump. One
Al b _« EXPH_(DPRodi7) || Of the main reasons, which has been
: — EXPH,,,,,(DP Rodiff1) identified, is the substantial increase

0o 1 2 3 4 5 6 7 8 9 10 11 ofthelLEincidence losses in partload

NPSHA[m] capacity by double, which take place

firstly at the FR LE and subsequently

Figure 15:Head Drop Curves at design capacity) at RR LE. Finally the comparison be-

tween CFD and experimental mea-

sured head drop curve is given at Figure 15. The CFD valuémf Hsy, does not match properly the
measurement. However the reason of this displacement isreler investigation. Most probably as
already mentioned, the observed presence of gas bubbleis Wit main water flow at suction side

flange is one of the causes of the mismatch. Additionally thgldRgh-Plesset model used for the
CFD analysis requires some experience values which havel&kem the solver at default. At this

point further investigation is planned, once the pipelsgas-tight.

CONCLUSIONS

A preliminary numerical and experimental analysis on ceunbtating mixed-flow pumps has
been presented. Several aspects have been investigated\aisition behavior, load distribution
between the impellers and the system’s sensitivity to tleedpatio. Moreover two new prototypes
have been introduced and numerically compared to the aetstald design.

Goal of these analyses is to confirm the reliability of the au$e developed design tool, based
on CFD and analytical methodologies, with the experimerdgaulits. The comparisons suggest a
substantial agreement with the CFD results, and validat€#@ optimization based development
methodology, used in the presented study. It has been eghdttat this new layout, e.g. proto-
type RoD:i f f1, permits to extend the pump working range by adjusting megjvely the speed ratio.
While varying the load distribution between the rotors, eiént power density and pump character-
istics can be achieved, e.g. prototyReD:if f5. Finally the CFD analyses of the improved design
RoDif f, with better cavitation behavior at BEP has been discussed.CHD cavitation investiga-
tions do not match properly the experimental results dueatolgakage flowing into the water main
flow at the test rig, the solution of this issue is still beingastigated.

One of the most important considerations, which this stuady/duggested, is that the actual system
requires an auto-adaptive speed ratio regulation to awsifbpnance instability in off-design. The
speed ratio optimization is in other words not an improventer a necessary adjustment to be able
to exploit the potential of a counter-rotating mixed-flonngut Finally it can be said that the present
paper ensures a solid starting point for the future work. inkent of the authors is to use the actual
design tool to re-design within the same spiral-duct a ngauafor an even higher power density, by
speeding up both impellers.
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NOMENCLATURE

Symbols BCP Best Cavitation Point

a Meridional coordinate [m] CFD Computational Fluid Dynamics

C Absolute velocity [m/s] EXP Experimental Results

D Diameter [m] LE Blade Leading edge

g Gravity acceleration [m#3 PS Blade Pressure Side

Hi Impeller Design Head [m] SS Blade Suction Side

Hgrrvo Head increase within RR and VO[m] | TE Blade Trailing edge

M Torque [Nm] Subscripts

N(i Rotor speed [rpm] 1 Front rotor blade inlet

NPSH Net Positive Suction Head [m] 2 Front rotor blade outlet

PG)s Static Pressure on position (j)[Pa] 2’ Section between FR and RR

Pyt Total Pressure on position (j)[Pa] 3 Rear rotor blade inlet

Py Vapor Pressure [Pa] 4 Rear rotor blade outlet

P Shaft Power [W] 4 Section between RR and Volute

Q Volume flow rate [n/s] 5 Volute inlet

T TemperatureC] 6 \olute middle section

U Tangential velocity [m/s] A Available

W Relative velocity [m/s] atm Atmospheric conditions

(x,y,2) Cartesian coordinate system b Blade

(RM,2) Cylindrical coordinate system ic Cavitation inception

Bu(j) Blade angle[rad] i Rotor index

r Circulation (Spring, 1992 [8]) j Streamwise position index

X Blade obstruction factor [-] FR Front Rotor, Figure 2

XH Load distribution factor [-] e Prototype number

W) Angular Velocity [rad/s] m Meridional component

n Hydraulic Efficiency [-] RR Rear Rotor, Figure 2

p Water density [kg/m s Static

Pimp Impeller material density[kg/#} t Total

pp Power density [W/kg] TT Total to total magnitude

Abbreviations u Tangential component

BEP Best Efficiency Point \ 0 Tangential component
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