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ABSTRACT

Cross-flow turbines have recently been proposed for energy recovery in aqueducts when the out-
let pressure is greater than zero, owing to their constructive simplicity and good efficiency within
a large range of flow rates and head drops. In the case of high head drop (higher than 150 m) and
relatively small discharge (lower than 0.2 m3/s), the traditional design of these turbines leads to very
small widths of the nozzle and the runner; as a consequence, friction losses grow dramatically and
efficiency drops down to very low values. Standard Pelton turbines require zero outlet pressure and
cannot be used as alternatives. A new counter-pressure hydraulic turbine for high head and low flow
rate, called the High Power Recovery System (H-PRS) is proposed. H-PRS presents a different geom-
etry to reduce friction losses inside the nozzle and the runner by widening the two external walls.
Several curved baffles are proposed to guide the fluid particles inside the nozzle and to guarantee
the right velocity direction at the inlet surface of the runner. Computational Fluid Dynamics (CFD)
3D transient analyses are carried out to measure H-PRS efficiency for different operating conditions

KEYWORDS
Micro-hydropower; energy
recovery; cross-flow turbine;
water distribution network;
Banki-Michell turbine

and to compute its characteristic curve for different positions of the regulating flap.

1. Introduction

The plan for energy transition in Europe seeks to achieve
low-CO; electricity production, with a reduced impact
on the environment and mitigation of climate change:
this is an ambitious plan that is meant to be an example
for the entire planet. Hydropower traditionally covers the
largest part of renewable energy production in the world,
with a large range of nominal power, going from the
18 GW of the three-gorges plant in the Yangtze river, Peo-
ple’s Republic of China, to the few kilowatts produced by
off-grid installations. Combining the large economic pro-
ductivity of hydropower plants with a low environmental
impact is one of the major technological challenges of the
present day.

To this end, a contribution is made by traditional
cross-flow turbines (Adhikari & Wood, 2018; Rantere-
rung et al., 2019; Sammartano et al., 2015, 2016, 2017a;
Sinagra et al., 2016; Subekti et al., 2018). These turbines
are usually preferred because of their low cost, consis-
tent with the available hydraulic power, usually lower
than one megawatt. When the outlet gauge pressure of

the turbine is greater than zero, cross-flow turbines can-
not be used because they are designed according to the
hypothesis of free outlet discharge.

A major contribution to hydropower production is
also made by inline turbines installed along transport or
even distribution aqueducts designed for domestic con-
sumption (Carravetta et al., 2013, 2014; Delgado et al,,
2019; Fecarotta et al., 2015; Giudicianni et al., 2020;
Nakamura et al., 2015; Samora et al., 2016; Sammartano
et al,, 2017b; Simdo & Ramos, 2019; Sinagra et al., 2017,
2019, 2020; Vagnoni et al., 2018) or irrigation (Algieri
et al., 2020). In contrast to traditional turbines, installed
downstream of water reservoir dams and releasing the
turbined water inside the river cross section, inline tur-
bines do not require a constant discharge and do not
modify the natural hydrological regime inside the river.
Inline turbines can replace needle or butterfly valves
for discharge regulation, as well as Pressure Reducing
Valves (PRVs) already existing along the pipes. These
valves play a major role for environment conservation,
because pressure reduction is the most efficient way to
control water leakage from pipes (Araujo et al., 2006;
Gupta et al., 2020; Nourhanm et al., 2017), which usu-
ally amounts to 30-40% of the distributed water volume
in water distribution networks. In this case, Pump As
Turbine (PAT) (Carravetta et al., 2013; Delgado et al,,
2019; Giudicianni et al., 2020) or Power Recovery Sys-
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tem (PRS) turbines (Sammartano et al., 2017b; Sinagra
etal.,2017,2019, 2020) can provide the same functions as
those required by regulation valves. The PRS turbine is a
special variant of the cross-flow turbine with pressurized
outflow (see a section orthogonal to the turbine axis in
Figure 1).

Further restrictions apply in the case of high head
drop (higher than 150 m) and relatively small discharges
(lower than 0.2 m?3/s). In this range, axial and PRS tur-
bines have low efficiency and only PATs can be applied.
On the other hand, hydraulic regulation is missing in
PATs and this implies the need to by-pass part of the
discharge or to dissipate part of the available head drop
when the actual head-discharge point is different from
the design one.

Some authors (Kramer et al., 2017) have proposed a
special variant of the traditional Pelton turbine (Leman
etal., 2019), wherein the water flux goes from the turbine
case into a small air-pressurized tank, but at the present
time this solution still has several limitations, such as
plant efficiency reduction due to the energy needed for
the air pressurization, the release of dissolved air down-
stream of the pipeline and the corresponding augmented
corrosion.

The reason of the low efficiency achieved by fully pres-
surized turbines like PAT or PRS when the design input
parameters are high head drop and small discharge is
likely to be the high velocity achieved by the water parti-
cles within small channel sections inside the nozzle and
the runner with resulting energy dissipation due to fric-
tion losses. In this study, we test a new geometry for
the PRS turbine, called the High Power Recovery Sys-
tem (H-PRS), where a 3D shape of both the nozzle and
the runner is adopted in order to limit most of the fric-
tion losses to the channels between the curved blades
where energy transfer occurs. To test the new geome-
try, the characteristic curves of a study case, each one for
a different position of the regulation flap, are obtained
along with the corresponding efficiencies, by means of 14
transient simulations. To test the efficiency of the pro-
posed changes, three other simulations have also been
run with fully open flaps. In the first one, the PRS tur-
bine, designed with the same input parameters, has been
solved and its efficiency compared with the efficiency
of the proposed H-PRS turbine. In the second one, the
H-PRS has been solved without baffles inside the nozzle;
in the third one, the PRS turbine has been solved assum-
ing a coating of the interior walls made of hydrophobic
materials and free-slip boundary conditions. The use of
hydrophobic coatings (Dong et al., 2013) could provide
a strong increment in turbine efficiency, but the abra-
sion due to the high velocities occurring in the runner
could also have long-term disrupting effects. This last

simulation aims to show that friction losses are respon-
sible for the low efficiency attained with 2D geometries.
In Section 2, the design criteria of the PRS turbine
are briefly summarized. In the same section, it is also
shown that the previous criteria lead to a very small
width/diameter (W/D) ratio of the runner in the case of
high head drop and small flow rate. A low W/D ratio
implies a strong dissipative effect of the lateral impervi-
ous surface of the runner disks, resulting in significant
efficiency reduction. In Sections 3 and 4, the main geo-
metric changes adopted in the runner and in the stator
for the new H-PRS turbine are proposed and motivated.
In Section 5, the numerical model used to carry out all
the 3D simulations for the next machine characteriza-
tion is shown. In Section 6, the simulations carried out
for machine characterization are described and the effi-
ciency of the designed H-PRS is compared in the case
of a fully open flap with (1) the efficiency of the same
machine designed without baffles inside the nozzle and
(2) the efliciency of a PRS designed by the traditional
method (Sinagra et al., 2021) for the same design input
data. The second test case is also solved assuming a coat-
ing of the interior walls made of hydrophobic material
and free-slip boundary conditions. Conclusions follow.

2. External diameter and width design

The external width of the runner and its diameter in the
proposed H-PRS are the same as those proposed for the
PRS by some of the authors in Sammartano et al. (2017b)
and Sinagra et al. (2017, 2020, 2021). PRS is a cross-flow
turbine, with a pressurized outlet and a mobile flap aimed
at changing the characteristic curve, saving the good effi-
ciency of the device for working points AH-Q different
from the design one.

In PRS, the diameter D and width W are computed,
along with the inlet velocity V, by solving three equations
derived from (1) the specific energy balance between the
pipe and the inlet surface of the runner, (2) the opti-
mal runner rotational velocity condition and (3) the mass
conservation equation. The energy balance leads to the
following equation (Sammartano et al., 2016) linking the
velocity norm at the inlet surface of the runner with the
head drop and the rotational velocity:

V= CV\/Zg (AH—SwZ;)Z), (1)

where C, = 0.98 and & = 2.1 are constant coeflicients
(Sinagra et al., 2017), AH is the head drop between the
inlet and outlet sections of the PRS, w is the runner rota-
tional velocity, D is the outer runner diameter and g is the
acceleration due to gravity. The optimal rotation velocity
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1 - convergent pipe

2 - nozzle

3 - control device

4 - runner

S - pressurized diffuser

Figure 1. Sections of the traditional PRS turbine.

is given by

v 2-Vecosa 5
r=—"_5 (2)
where « is the velocity inlet angle with respect to the
tangent direction, assumed equal to 15° and V, is the
optimal value of the ratio between the inlet velocity V
and the runner velocity at the inlet surface. This opti-
mal value has been found to be equal to about 1.7 by
Sinagra et al. (2020). Equations (1) and (2) can be solved
in the V and D unknowns for a given value of the run-
ner rotational velocity w. In small hydropower plants, the
electrical generator is usually of the asynchronous type.
For this reason, the rotational velocity w is a function only
of the frequency f of the AC grid (50 Hz in Europe) and of
the number p of the polar couples of the selected electrical
generator, according to the following equation:

_xf
P

Finally, the mass conservation equation provides the
following width W of the runner:

2Q

" DimagVsina

3)

w

(4)

where Q is the flow rate and Ap,x is the maximum inlet
angle, equal to 90°, as shown in Figure 1.

A simple functional analysis of Equations (1)-(4)
shows that a reduction of the discharge Q for a fixed AH
value leads to a reduction of the W/D ratio. This reduc-
tion has a negligible impact on the device efficiency up
to a sill value of about 0.5. Below this value, the internal
surface of the runner disks, because its rotational velocity
is lower than that of the particles, provides a consistent
friction force with a corresponding energy dissipation
and efficiency reduction. See in Figure 2 the efficiencies
computed by solving the traditional PRS turbine with

shaft

runner

Q [I/s]
1250 1000 750 500 250 0
08 L L 1 1

0.75 A

0.7 A

0.65 -

0.6 -

0.55 -

0.5

0.5 0.4 0.3 0.2 0.1 0.0
W/D

Figure 2. Efficiency versus W/D ratio and discharge in traditional
PRS turbines.

the model proposed by Sinagra et al. (2021), assuming
AH = 200m, D = 500mm and a discharge Q =5 W,
where [Q] = 1/s and [W] = mm. The efficiencies are
defined as

p
~ yQAH

1 (5)
where P is the mechanical power produced and y is the
water specific weight (9807 N/m?).

3. H-PRS runner design

The general strategy proposed here to fill the described
technological gap is to reduce the friction losses inside the
nozzle and the runner of the H-PRS by widening the two
external walls far from the inlet surface of the runner (see
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Figure 3. Runner efficiency versus Wx/W ratio.

the axial section in Figure 3). For the runner itself, this
goal is achieved by saving the planar shape of the exter-
nal disks only inside the two annuli holding the turbine
blades. For smaller distances from the runner axis, below
the inner radius R; of the annulus, we move from a pla-
nar shape to a curved one. For distances r < R;, the norm
of the velocity relative to the rotating system is assumed
to remain constant along with the radius, in contrast to
the original PRS, where the norm of the particle veloci-
ties grows after crossing the first blade channel up to the
minimum distance from the axis and then drops again
up to the inlet of a new blade channel. Assuming that,
at least for a small distance from the inlet surface, the
relative velocities maintain a radial direction, a constant
velocity norm is equivalent to a constant area S, crossed
by the water flow at a given distance r from the axis of the
runner, due to mass conservation.

(@

This can be written as
Se(r) = W) 1rAmax = WRiAmax (6)

where the diameter D; = 2R; is set equal to 0.75 D (Sam-
martano et al., 2017b) and W(r) is the wall distance in
the axial direction. Since W(r) is a hyperbolic function,
we need to fix a limit W = W* for small r values.

See the axial section of the H-PRS runner in Figure 3
designed in the next study case of Section 6 according to
Equation (6). In Figure 3, the relative efficiencies of seven
different runners, adopted for the same turbine solved
with the numerical model described in the Section 5, are
plotted versus the W*/W ratio. The efficiencies, scaled
with respect to the maximum 71.7% value, remain almost
constant for W*/W ratios greater than two and undergo
an almost 8% reduction when the same ratio is equal to
one and the shape of the runner is the same as that of the
traditional PRS turbine.

4. H-PRS stator and baffle design

In PRS turbines, an important amount of mechanical
energy is lost in the case of a low W/D ratio inside the
nozzle before the flow enters the runner. Moreover, the
velocity direction at the runner inlet is strongly affected
by friction resistance. When energy losses are negligible
inside the nozzle, a simple rectangular shape of the nozzle
axial cross section and a linear variation of the distance
r(6) of its upper side from the axis provide a constant
angle o between the velocity direction and the tangent to
the runner inlet surface (Sammartano et al., 2013). When
the width W becomes small, we have an increment of fric-
tion losses. Widening the nozzle wall distance along with
r provides smaller velocities and energy losses far from

(b)

Figure 4. (a) Baffle profile on plane P and runner sketch; (b) baffle 3D view and runner sketch.
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n'h baffle First

Figure 5. Section view on plane P. First, last and nth baffle profiles
(solid black lines); fluid trajectories (dotted lines).

the runner inlet, but leads to an increment of the velocity
radial component, associated with a specific energy that
is lost inside the runner according to Euler’s equation.

To solve the previous problem in the new H-PRS, we
include curved baftles with a width increasing along with
the distance from the inlet of the runner. In Figure 4, see
a baftle scheme where z is the turbine axis direction. The
function of the baffles is to guarantee inside the nozzle
the same velocity direction, along the plane P normal
to the axis, obtained in the traditional PRS turbine. The
section of the baffles with the plane P having the same
geometry as the profile of the nozzle walls in PRS and
its tangent direction has a constant angle o with the tan-
gent to the circle of radius r ». Ryap, where Rgap = Re + ¢,
R, = D/2 and € is the flap thickness (Figure 5).

We require the direction of the inlet velocity at
r = Ryyp to be in the plane orthogonal to the turbine axis
and the width wy, of the baffle at a larger distance Ryax to
be constant with respect to its position. We call this con-
stant Dpjpe. The resulting equation is also the equation
of the distance of the nozzle walls along the turbine axis
direction:

wp (r) = ar® + br + (7)

where coefficients g, b and c are computed in order to sat-
isfy the previous requirements by means of the following
conditions:

(1) Wb(Rﬂap) =W
(2) W,b(Rﬂap) =0
(3) Wp(Rmax) = Dpipe-

The profile of the nth baffle can also be written as
function of the difference 6 —0,,, where 6, is its rotation
with respect to the first one (see Figure 5). The profile

equation is

r(0 — 0,) = R @@ g <0 <0, + Onax
(8)

where R, = D/2, Opaxis the maximum angle of the nth
baffle with 0,, = 0 and Apaxis the maximum value of 9,
(see Figure 5). Observe that the first and last baffles are
part of the nozzle wall and, except the first, the baffle
profiles are cut for r < R, to allow rotation of the flap.

For large enough 6 — 6, values, the velocity entering
the channels between the baffles is very small, along with
the local energy loss. Dppe is computed in order to guar-
antee, in each point outside the baffle channels, a velocity
always smaller than 1 m/s. The optimal number of baf-
fles depends on Apax and it is kept equal to 10 for Apax
equal to 90°. For a greater number of baftles, the friction
forces in their channels become important. For a much
smaller number of baffles the attack angle in the central
part of their channels becomes much greater than the
design value. In both cases, we get a relevant efficiency
reduction.

The upper part of the nozzle, where the baffles are
missing, is confined between the upper edge of the baffles
(with 7 = Rmax and wp = Dpipe) and the external wall.
At the inlet of the nozzle, for & = 9ax + Amax, the con-
tour of the nozzle section must include the contour of the
section of the inlet pipe. Moreover, to obtain an almost
constant velocity outside the baffles in sections with dif-
ferent 6 angles, we need to ‘cut’ the contour of the section
adopted at the inlet section of the nozzle, with 6 = 0,x
+ Amax> fOr Omax < 0 < Omax + Amax. See the resulting
shape of the external walls of the nozzle in Figure 6(a)
compared to the external walls of the PRS in Figure 6(b).
In H-PRS, the trace of the baffle edges is on a circular arc
of radius R.x and the nozzle inlet section is the same
SEC. A.

Observe in Figure 6(a) that the upper wall of the nozzle
for 0 < 6 < Omax is given by the first baffle and that the
lower wall of the nozzle for Apax < 6 < Amax + Omax 1S
given by the last one.

The profile 7.(0 —6max) of the upper nozzle wall
(Figure 6(a)) has to satisfy the following conditions:
Te = Rmaxatl = Omax, 7c = Dpipe + Rmaxat0 = Omax +
Amax> the same slope of the initial baffle at 6 = 0pyax
and the profile has to be orthogonal to the radius r, at
0 = Omax + Amax- This can be obtained by setting:

7e(0 — Omax) = A0 — Omax)® + B(O — Oax)*
+ C((9 - Qmax) + D (9)
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SEC. A SEC.B SEC. C SEC.D
rc(7\,max) Dpipe
1e(0—Omax)
Wo(T)
Te(Amax—Omax)
Ripax i
Riup L 1;!_ w
1(0—Amax) ¢
Rator. _Axis
SEC.C

1 - connection pipe

2 - upper part of the nozzle
3 - baffles

4 - control device

5 - runner

6 - pressurized diffuser

7 - rotor walls

Figure 7. Sections of the H-PRS turbine.

where coefficients A, B, C and D are computed in order
to satisfy the following conditions:

(1) re(Amax) = Rmax + Dpipe
(2) fc()\max) = 0;

(3) r(0) = Rmays

(4) 7:(0) = tan(a)Rpax.

SEC.D

)

See sections of the entire proposed device in Figures 6
and 7.

The optimal number of blades in cross-flow type tur-
bines has been investigated by Sinagra et al. (2021).

In this case, we would expect the optimal n, num-
ber of blades nj, to be larger, along with the optimal
D;/D ratio, because a significant amount of energy is
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also dissipated in the circular annulus holding the blades
immediately after the runner inlet surface, owing to
the small W value. By contrast, because a minimum
thickness has always to be ensured for the blades, a
much larger number of blades leads, in the tests car-
ried out with the numerical model presented in the next
section, to a larger energy dissipation, and the D;/D
and optimal ny, values remain equal, respectively, to 0.75
and 34 as previously estimated for the traditional PRS
turbine.

5. The numerical model
5.1. Model description

The design criteria of the proposed device were tested
using 3D Computational Fluid Dynamics (CFD), which
allows quick simulation of a large number of different
geometries. CFD is a powerful method for modeling
various physical systems in order to predict the evo-
lution of the governing state variables. This approach
for solving engineering problems has recently gained
importance owing to its effectiveness and applicability
(Ramezanizadeh et al., 2019).

The numerical model adopted was solved using the
ANSYS CFX commercial code, solving the Reynolds-
Averaged Navier-Stokes (RANS) equations and paral-
lel processing on several CPU Intel Xeon E5-2650 v3
machines. CFX, in the case of rotating machines, adopts
a sliding mesh strategy (Ferziger & Peric, 2002), where
the runner and its swept volume are discretized within
a rotating reference system. This avoids the need for
modeling the movement of the internal boundaries given
by the surface of the runner blades, as in the cut-cell
immersed boundary method (Ghalandari et al., 2019;
Salih et al., 2019).

CFX gives the option of selecting one among different
advection models. We chose the high-resolution scheme,
which uses second-order differencing for the advec-
tion terms in flow regions with low variable gradients
(Ceballos et al., 2017). The high-resolution scheme uses
first-order advection terms in areas where the gradients
change sharply, to prevent overshoots and undershoots,
and maintain robustness. The RNG k-e¢ turbulence
model was selected in the CFX code in accordance
with previous studies (Ceballos et al., 2017; Sammartano

Table 1. Mesh parameters.

et al., 2016; Sinagra et al., 2021); the interface between
the stationary and rotating domains was of transient
rotor-stator type. The root mean square residual was
used for the convergence criterion with a residual target
equal to 1.0 x 107>, The same solver was used extensively
in previous studies (Sinagra et al., 2020) and its results
compared successfully with experimental laboratory and
field data.

A flow rate equal to 501/s, head drop equal to 200 m
and rotational velocity equal to 1000 rpm were taken as
design data. According to the previous section, the result-
ing diameter D and width W are, respectively, 500 and
10 mm. The boundary conditions selected in the simu-
lation according to the design data are the following: (a)
the total pressure, corresponding to the piezometric level
plus the kinetic energy per unit weight, at both the nozzle
inlet and the outlet section of the casing; and (b) the rota-
tional velocity of the runner. The initial condition for the
transient flow simulation was the steady-state solution
computed assuming a fixed runner and adding inertial
and Coriolis forces.

5.2. Grid and time convergence analyses

A preliminary convergence analysis, carried out with
steady-state simulations, was previously performed on
the initial model of the H-PRS turbine in order to assess
the optimal density of the mesh necessary to get a negli-
gible numerical error with the minimum required com-
putational time. Five different meshes were compared
(Table 1). Figures 8 and 9 illustrate the four main zones of
the domain: rotor, stator, blade and baffle surfaces. Figure
8 shows the mesh modeling the flow field inside the tur-
bine, and the baffles as empty spaces. Figure 9 shows an
external view of the turbine.

In the proximity of the blade surfaces, the baffle sur-
faces, the stator walls (Figure 8) and the rotor walls
(Figure 9), the grids are highly clustered and the normal-
ized distance y of the first-layer nodes from the imper-
vious boundary is set in order to satisfy the literature
requirements. In Figure 10, the computed y™ distribution
is shown for the fourth mesh from two different obser-
vation points, one on the right (Figure 10(a)) and the
other one on the left (Figure 10(b)) of the inlet pipe axis
in the flow direction. We observe that the y* values are
always lower than 300, which satisfies the upper limit for

Mesh setting Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5

Rotor elements 4,428,228 6,270,348 8,727,936 10,824,240 12,752,397
Stator elements 6,243,046 9,090,586 11,595,911 13,983,856 16,734,099
Total elements 10,671,274 15,360,934 20,323,847 24,808,096 29,486,496
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stator

0.00 300.00

Figure 8. Section of grid scheme.

baffle surfaces

blade surfaces
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450.00

rotor wall
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50.00 (mm)

0.00
I
200.00

800.00 (mm)

600.00

Figure 9. Trimetric view of grid scheme: (a) zoom on the front view of the runner in the radial direction; (b) zoom on the outlet section.

the RNG k-e¢ turbulence model combined with a scalable
wall function (Maduka & Li, 2021; Xu et al., 2021). With
the exception of the blades that are not hit by the flow, all
grid nodes satisfies also the lower limit given by 30 < y*
(Maduka & Li, 2021).

In Figure 11, the efficiencies 5 scaled with respect
to the maximum efficiency pmax obtained with the fifth
mesh, as well as the shaft torques computed with each
mesh density, are shown plotted versus the corresponding
number of elements. We observe a constant increment of
the efficiency up to the fourth mesh, which is selected as
the optimal one.

See details of the final convergence mesh: the blade
zone in Figure 12(a) and the baffle zone in Figure 12(b).

Some URANS analyses with the convergence mesh
were also performed for the time-step-independence
study. The number of time steps occurring per rev-
olution of the runner and per each rotation angle
between two blades of the same channel are shown in
Table 2 for four different time step values. The max-
imum root mean square residual required to obtain a
good convergence in each time step, usually achieved
with 25 iterations (Xu et al, 2021), is set equal to
1.0 x 107>
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In order to guarantee periodic, deterministic conver-
gence of the model, each analysis was run for a simulation
time equal to 0.4s, corresponding to more than six
full revolutions (Sammartano et al., 2013; Sinagra et al.,
2021). We observe in Figure 13 a constant reduction
of the difference among the computed instantaneous
efficiencies n(t) along with the time step reduction, up to

a time step lower than 2.5 x 10~%s, which is selected as
the optimal one.

6. H-PRS characterization

The numerical analysis was carried out by measuring
the efficiency and the discharge of the turbine for each
flap position and given net head (see Table 3), with an
average computational time of 180 h per simulation. The
flow rate changed in the range 8-541/s and the flap posi-
tion changed in the range 22.5-90° of the runner inlet
angle. The rotational velocity w was assumed to be equal
to 1000 rpm for all simulations. The test results are also
shown in Figure 14. The curves show that the flap mobil-
ity makes it possible to save a constant net head for
hydroelectric production within a large range of possible
flow rates. Similarly, the flap position makes it possible to
convey the sought-after flow rate by changing the head
drop provided by the turbine. These characteristics of the
turbine are essential for installations inside water supply
networks.

We observe in the iso-efficiency curves (Figure 14)
that H-PRS shows the best efficiency equal to 71.7%,
for a point close to the design data (Qgy = 501/s,
AH; = 200 m). For a large range of flow rates (20-541/s)
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Figure 12. Details of the convergence mesh: (a) blade zone; (b) baffle zone.

and head drops (100-200 m) the efficiency reduction is
lower than 10%. In the case of flow rates and head drops
lower than 25% of design conditions, the curves show an
abrupt reduction of efficiency. In these conditions, if the
rotational velocity w remains constant, the ratio between
the inlet velocity V and the runner velocity is far from
the optimal value V, and dissipations grow drastically.
In this case, the use of an inverter would provide great
benefit. As example, for an a head drop equal to 50 m
and a discharge equal to 201/s, the efficiency obtained by
changing the rotational velocity from 1000 to 505 rpm
to get the velocity ratio equal to 1.7 again is equal to
69.3% instead of the 38.5% value reported in the plot of
Figure 14.

Figures 15 and 16 show, respectively, the velocity and
the gauge pressure field at t = 0.4s in the symmetry
plane of the 3D transient simulations solved by assum-
ing the design head drop for four different flap positions
and corresponding values of the runner inlet angle . The
results show that, owing mainly to the baffle-driven noz-
zle restriction, velocities sharply increase only around the
runner inlet and outlet surface, where energy exchange
occurs, and remain relatively low inside the nozzle, as
well as in other parts of the runner, such as around the
center, where they attain large values in traditional PRS
turbines. The lowest pressure is reached close to the sta-
tor wall, immediately after the inlet surface in the rotation
direction. This is probably due to the outlet flux of the
corresponding channel, leading to a low pressure when
the inlet flux is missing. This low pressure can provide

Table 2. Parameters for time step-independence study.

Time steps per Number of time steps

Time step (s) revolution per channel
44 %1074 136 4
29 %1074 204 6
25x 1074 238 7
22x 1074 272 8

0.760

0.740 -

0.720 -

M (4.4 % 10 5)
0.700 - -1 (29 x 10%5)
-0 - (25%10%s)

—4&—n (2.2 % 10*5)
0.680 -

0.660 T T
0.4000 0.4010 0.4020 0.4030

time [s]

Figure 13. Efficiency versus time for different time steps.

cavitation, if the relative pressure in the outlet pipe is close
to zero.

A very interesting result is also given by the two fol-
lowing tests. In the first one, the previously tested H-PRS
turbine has been solved without the baffles inside the



ENGINEERING APPLICATIONS OF COMPUTATIONAL FLUID MECHANICS 1501

I
0 10 20 30 40 50 60
Q [Is]

Figure 14. H-PRS efficiency contour with the characteristic curve
for each flap position.

nozzle, resulting in a reduction of the efficiency from
71.7 to 46.5%. See in Figure 17 the profiles of the veloc-
ity inlet angle « for the case of a nozzle with baffles
and without baffles at the same time t = 0.4 s, compared
with the design value. When baffles are missing, a strong
increment in the velocity inlet angle, much greater than

Velocity
. 80
B 72
64
56
48
I 40
32
24

16
'k
0

[m/s]

Table 3. Summary of the numerical analysis carried out to
characterize H-PRS.

Simulation A0 AH (m) Q(l/s) 1 (%)
1 920 204.5 53.7 71.7
2 90 153.4 438 70.8
3 90 102.3 329 64.4
4 90 51.1 20.2 384
5 67.5 204.5 42.2 70.9
6 67.5 153.4 34.7 70.3
7 67.5 1023 26.1 63.7
8 45 204.5 28.7 67.5

9 45 1534 23.7 67.4
10 45 102.3 17.8 60.2
11 45 51.1 10.9 303

12 22.5 204.6 13.5 59.4
13 225 153.4 11.1 59.1

14 225 102.3 8.4 51.9

the design one (15°), clearly resulting in a correspond-
ing efficiency reduction. In the case with baffles, Figure
17 shows small periodical oscillations around the design
value, with the valleys corresponding to the position of
the baflles. In the case without baffles, the peaks of large
periodical oscillations correspond to the position of the
blades.

In the second test, a traditional PRS turbine has been
solved assuming a fully open flap position. We can see
that, in this case, we get a strong reduction of the total
efficiency, from 71.7 to 53.7% (W/D ratio equal to 0.02
in Figure 2). The same traditional PRS, solved assum-
ing free-slip boundary conditions on all the rigid walls,

Figure 15. Velocity field in 3D transient simulation for different runnerinletangles: (a) A = 90°% (b) A = 67.5%(c) A = 45°%(d) A = 22.5°.
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Figure 17. Velocity inlet angle « versus runner rotation angle 6
(see Figure 6).

results in an efficiency equal to 78.5%. This suggests that
the use of hydrophobic materials could be a valid alter-
native to the proposed H-PRS, if their use with high
pressure fluids could guarantee long-term durability.

Figures 18 and 19 show, respectively, the velocity and the
gauge pressure field at + = 0.4s in the symmetry plane
of the 3D transient simulations solved, for traditional
PRS and free-slip boundary conditions, by assuming the
design head drop.

A comparison between Figures 18 and 15(a) shows
that the average velocity of the fluid inside the noz-
zle in the case of traditional PRS is much higher than
in case of H-PRS, due to the baffle restriction, but
the velocity magnitude and the angle at the inlet sur-
face of the runner are similar (see Figure 20, where
the relative velocities are plotted in both the rotor and
the stator domains). On the other hand, no-slip con-
ditions on the baffle surface provide smaller velocities
even close to the inlet surface of the runner, without
any increment of their radial component. This suggests
some energy dissipation in friction losses along the baf-
fles, and a corresponding efficiency reduction (from 78.5
to 71.7%).

In Figure 21 we show that a turbine selection chart
where the application field of H-PRS has been obtained
by extending the original field of cross-flow turbines to
the case of W/D smaller than 0.2. The original chart is
taken from Sangal et al. (2013). The application field of
H-PRS is shared by Pelton and Turgo turbines, but these
need zero outlet pressure.
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Figure 18. Velocity field in 3D transient simulation for traditional PRS, solved assuming free-slip boundary conditions.
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Figure 19. Gauge pressure field in 3D transient simulation for traditional PRS, solved assuming free-slip boundary conditions.
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Figure 20. Relative velocity field near the impervious wall in: (a) traditional PRS assuming free-slip condition; and (b) H-PRS assuming
no-slip condition.
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7. Conclusions

A new cross-flow type turbine, called H-PRS, has been
proposed and tested numerically. The H-PRS turbine
aims to fill a technological void that exists at the present
time for hydropower production inside pipes where large
head drops and small discharges are available, especially
ifthe discharge has large temporal variability. The numer-
ical results suggest fair efficiency of the proposed turbine
for the design discharge, as well as an almost constant
value for smaller discharge values, within a very large
range. Optimization of the single machine parameters,
including the diffuser shape and the rotational velocity,
could also lead to further improvements. This research
task is very hard to carry out because of the computa-
tional effort required by 3D solutions of complex meshes
in transient conditions.

Much larger efficiencies can be attained by other tur-
bines in the case of zero gauge pressure outlet discharge
(Pelton) or low head drops and high discharge (Francis).

The results obtained by using the traditional PRS tur-
bine assuming free-slip boundary conditions on all the
rigid walls and the same runner geometry as adopted in
the H-PRS suggest that most of the energy is lost in the
new turbine by friction forces acting on the rigid walls.
The development of new hydrophobic materials, at the
present time still lacking the required long-term dura-
bility, could lead in the future to even more efficient and
simple H-PRS turbines.

Notation

C, velocity coefficient (-)

D outer runner diameter (m)

D; inner runner diameter (m)

Dpipe width of the baffle at a larger distance from
the axis of the runner (m)

f frequency of the AC grid (Hz)

g acceleration due to gravity (m s72)

ny number of blades of the runner (-)

P mechanical power produced (W)

p number of polar couples of the electrical
generator (-)

Q water discharge rate (m3sh)

Qg design water discharge rate (m3s71)

R, outer runner radius (m)

Reap outer runner radius plus flap thickness (m)

R; inner runner radius (m)

Rinax larger distance of the baftle from the axis

of the runner (m)
r distance r from the axis of the runner (m)
r (6—6,) profile of the nth baffle (m)
tc (0—0Bmax) profile of the upper nozzle wall (m)

Se () area crossed by the water flow at a given
distance r (m?)

|4 inlet runner velocity (m sh)

V, velocity ratio (-)

w runner width at the outer diameter (m)

W(r) runner wall distance in axial direction (m)

w* maximum runner wall distance in axial
direction (m)

wy (1) distance of the nozzle walls along the tur-
bine axis direction (m)

yt normalized distance of the first layer nodes
from the wall (-)

o velocity inlet angle (radians or degrees)

y water specific weight (N m)

AH specific energy drop per unit weigth (m)

AHy design specific energy drop per unit weigth
(m)
flap thickness (m)
turbine efficiency (-)

Nmax maximum H-PRS efficiency (-)

0 generic angle of n'" baffle (rad or degrees)

0 max maximum angle of the first baftle (radians
or degrees)

O nth baffle rotation with respect to the first
one (radians or degrees)

A runner inlet angle (radians or degrees)

Amax maximum inlet angle (radians or degrees)

& specific energy drop coeflicient (-)

1) runner rotational velocity (rad s™!)
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