energies

Article

A Comparative Analysis of Distributor and Rotor Single
Regulation Strategies for Low Head Mini Hydraulic Turbines

Dario Barsi

check for
updates

Citation: Barsi, D.; Satta, F.; Ubaldi,
M.; Zunino, P. A Comparative
Analysis of Distributor and Rotor
Single Regulation Strategies for Low
Head Mini Hydraulic Turbines.
Energies 2024, 17, 2304. https://
doi.org/10.3390/en17102304

Academic Editor: Helena M. Ramos

Received: 4 April 2024
Revised: 23 April 2024
Accepted: 7 May 2024
Published: 10 May 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Francesca Satta

, Marina Ubaldi and Pietro Zunino *

Department of Mechanical, Energy, Management and Transportation Engineering, University of Genova,
16145 Genova, Italy; dario.barsi@unige.it (D.B.); francesca.satta@unige.it (F.S.); marina.ubaldi@unige.it (M.U.)
* Correspondence: pietro.zunino@unige.it

Abstract: Tubular axial turbines (TATs) play a crucial role in mini and micro hydropower setups
that require simplified yet reliable solutions. In very low head scenarios, single regulation in TATs is
common, due to economic impracticality of the sophisticated mechanisms involved in the conjugate
distributor-rotor regulation typical of the Kaplan turbines. Distributor or rotor single regulation
strategies offer operation flexibility, each with distinct advantages and disadvantages. Stator regu-
lation is simpler, while rotor regulation is more complex but offers potential efficiency gains. The
present paper analyzes energy losses associated with these regulation strategies using two approaches:
1D mean line turbomachinery equations and 3D Computational Fluid Dynamics (CFD). The 1D mean
line approach is used for understanding the conceptual fluid dynamic aspects involved in the two
different regulation approaches, thereby identifying the loss-generation mechanisms in off-design
operation. Fully 3D CFD simulations allow for quantifying and deeply explaining the differences in
the hydraulic efficiencies of the two regulation strategies. Attention is focused on the two main loss
contributions: residual tangential kinetic energy at the rotor outlet and entropy generation. Rotor
regulation, even if more complex, provides better results than distributor regulation in terms of both
effectiveness (larger flow rate sensitivity to stagger angle variation) and turbine operating efficiency
(lower off-design losses).

Keywords: renewable energy conversion; hydraulic turbines; low head hydraulic energy; CFD
calculation; regulation strategies

1. Introduction

Amidst the ensemble of renewable energy options, hydraulic energy remains prevalent
and the most extensively exploited for electricity production [1]. This prominence is due
to the high specific energy related to water density, the availability in nature of suitable
heads and flow rates with a reasonable constancy in time compared to other renewable
energy sources, and the largest efficiency in conversion from potential gravitational energy
to mechanical and then to electric energy [2]. Conversion efficiency, energy density, and
constant availability are the most important parameters that determine the economic
sustainability of hydropower realization.

Depending on the specific speed of the realization, Pelton, Francis, or Kaplan hydraulic
turbines can be employed. The specific speed is a function of the available net head and
flow rate, and it is generally chosen assuming the largest possible turbine rotational speed,
compatibly with turbine mechanical resistance, free turbine cavitation operation, and even
number of generator poles if electric generator direct drive is adopted. Generally speaking,
a Pelton turbine is suitable for very high heads, a Francis turbine for the intermediate range
of heads, and a Kaplan turbine for low heads. One more important advantage of hydraulic
energy among the ensemble of renewable energies is its capability of regulating the power
conversion while maintaining an acceptable efficiency level even when the available flow
rate significantly changes or the electric power required by the direct utilizer or by the
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electric grid is rapidly changing in time. Concerning this important aspect, in the case of
low head hydropower plants, the Kaplan turbine regulation ability is extraordinary because
of its conjugate distributor—rotor regulation, allowing a wide range of flow rates with still a
large conversion efficiency; however, in some circumstances, this kind of regulation can be
too expensive and complicated to be adopted.

Indeed, hydraulic energy is a completely renewable resource but, unfortunately, it is
limited. Over the years, especially in developed countries, the most economically favorable
sites have been intensively exploited, and new applications are increasingly tailored to
resources with low and very low heads [3,4]. In this context, the tubular axial turbine (TAT)
assumes a fundamental role, particularly in mini and micro hydropower applications [5,6].
However, the economic sustainability requires simplified mechanical and manufacturing
solutions, although preserving, as much as possible, reliability and conversion efficiency [7].
Moreover, the deployment of sophisticated regulating mechanisms may be economically
impractical. As a result, tubular axial turbines with single regulation, either of the distribu-
tor or of the rotor, are commonly employed in mini hydropower plants. This simplified
regulation may significantly reduce the operational range as compared with systems em-
ploying dual regulation, such as the original Kaplan turbine, or systems involving rotational
speed regulation [8,9].

In tubular axial turbines for low heads, the choice of distributor or rotor regulation
allows for selecting between distinct advantages and disadvantages, offering operators a
flexibility in tailoring their approach to specific operational requirements and hydropower
site characteristics.

In all types of turbomachinery, including single-stage and multistage turbines and
compressors, distributor regulation is the standard and simplest solution. It consists of
adjusting the stagger angle of stationary guide vanes by means of a crank ring connecting
rod mechanism, which is operated by an oleo-dynamic or pneumatic actuator. A distributor
regulated turbine can effectively adapt the turbine operation to the required flow rate
condition. However, this solution, due to the inherently large dimensions of low head
turbines (even with a relatively small output power) and the large pressure loading on the
casing (even for low heads), requires the use of two rows of vanes for distribution (fixed
stay vanes for structural reasons and regulating guide vanes). That, of course, implies larger
manufacturing costs and may introduce additional losses due to the incorrect alignment of
the two rows of blades during off-design operation.

On the other hand, rotor regulation, which consists of adjusting the stagger angle
of rotor blades while the turbine remains in operation, requires a more complex actua-
tion mechanism.

Apart from costs and the different complexities of the two solutions, the choice between
distributor and rotor single regulation mainly involves the evaluation of the different fluid
dynamic losses associated with the off-design operations.

The objective of the present study was the analysis of the fluid dynamic aspects of the
two hydropower single regulation concepts. In the first part of the paper, the fundamental
turbomachinery equations for mean line turbine design and analysis and simple correlations
are utilized to estimate the main energy losses occurring in off-design operating conditions.
In the second part of the paper, the outcomes of off-design Computational Fluid Dynamics
(CFD) simulations conducted for separate distributor and rotor regulation are reported and
analyzed, with the aim of quantifying the differences in the hydraulic efficiencies of the
two regulation strategies.

2. Low Head Small Hydraulic Turbine

The analysis of the two regulation approaches is developed considering a typical low
head small tubular axial propeller turbine (single point operation), recently designed by the
authors [10-12] utilizing an in-house design procedure based on the sequential application
of a mean line design, spanwise NISRE equation, parametric model of the geometry, CFD
RANS analysis, and ANN (artificial neural network) optimization, employed also for small
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gas turbine design [13]. The meridional section of the propeller turbine is reported in
Figure 1. The distributor consists of a single stay vane row only.

Figure 1. Propeller turbine and rotor regulating turbine meridional section (only stay vane distributor):
IN = turbine inlet section, 1 = rotor inlet section, 2 = rotor outlet section.

The design operating parameters of the turbine obtained by the final RANS simulation are

ng = nQ™/HY? = 212

@rIp = Cx/UTIP = 4Q/(7ID2TIP MTIP) = 0.324

¥rip = 2¢Hy / ukp = 0.318

To make turbine flow rate regulation possible, the above-described propeller turbine
(single point operating turbine) is modified by allowing rotor blade regulation by means of
blade stagger angle variation (rotor regulation) or, alternatively, by adding regulating guide
vanes (distributor regulation). Therefore, for rotor regulation, the turbine is geometrically
equal to the propeller turbine (Figure 1). Distributor regulation has previously been
analyzed by the authors [12]. For distributor regulation, the shape of the meridional
channel is kept unchanged, but it is necessary to axially extend the initial cylindrical part of
the channel to house the two stator rows, stay vanes (SVs) and guide vanes (GVs) (Figure 2),
in spite of the original fixed single stator row (stay vanes). Of course, the stay vanes
for the two configurations are different since in the rotor regulation case, the rotor inlet
flow distribution needs to be created only by the stay vane row, while in the distributor
regulation case, it is the two-vane row that creates the inlet rotor flow distribution. In other
words, at the design operating point, the two different distributors should provide the
same tangential velocity distribution cg; at the rotor inlet.

Figure 2. Distributor regulating turbine meridional section: IN = turbine inlet section, 0 = guide vane
inlet section, 1 = rotor inlet section, 2 = rotor outlet section.
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3. Turbine Mean Line Design and Off-Design Analysis

Assuming that for both regulating turbines, the rotor tip diameter is D17jp = 1500 mm
and therotational speed is n = 200 rpm, from the design operating parameters ¢7;p and
YPrp previously defined, the resulting design flow rateis Q = 9 m?®/s and the design
net head is H, = 4 m. For the present optimized turbine prototype, the hub diameter is
Diyyp = 600 mm. The main turbine geometrical parameters are reported in Table 1.

Table 1. Propeller turbine’s main geometrical parameters.

Geometrical Ratio Value
"IN/ T1TIP 1.5
roHUB/T1TIP 0.7
rorip/T1TIP 1.2
r2HUB/T1TIP 0.4
The mean line blade velocity is Zme,m = 3 X 7mean = umem?g, indicated in the

following as u for simplicity.

3.1. Mean Line Basic Equations

The 1D mean line design and analysis of the axial turbine are developed by introducing
the turbomachinery fundamental coefficients @eqn and Ppean.

@mean is the mean line flow coefficient, indicated in the following as ¢ for simplicity,
which introduces the continuity equation in the analysis:

Q = QPmean = Q/(Au) = cx/u (1)

where c is the axial velocity component, and A = (D%, — D%;,,5) /4 is the turbine
rotor frontal area.

Yimean 1s the head coefficient indicated in the following as i for simplicity, which is
used to introduce the energy equation in the analysis:

Y= Yuean = ZanU/u2 = 2W/u2 (2)

The term gH, 7 represents the specific power extracted by the turbine rotor from
the fluid and can be defined as work, W. The term # is the hydraulic turbine efficiency.
The Eulerian work equation calculates the work W exchanged by the turbine rotor as the
variation in the tangential momentum of the fluid:

W = gHun = u(cor — co2) (3)

where cg; and cgp are the tangential absolute velocity components at the inlet and exit of
the turbine rotor.

Considering the turbomachinery fundamental kinematic relationships, which correlate
absolute and relative flow velocities in the sections upstream and downstream of the turbine
rotor cg = wp +u and ¢y = wy, and introducing the flow absolute angles « and flow
relative angles B, it is possible to determine the velocity components and the angles of the
flow in the absolute and relative frames of reference, which are congruent with the assigned
turbine fundamental parameters H,, Q, and n.

14 Pu
_ - . - I7 4
Co1 Co2 y > ( )
u
co1 = (co1 —cCo2) +cor = lLJrCez )

2
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Passing from a relative to absolute frame of reference:

Co1 = Wp1 +u = cytanpPq +u (6)

Cop = Wep +u = cytanPo +u (7)

tanw; —tan B = tanapy —tanPy = u /ey = 1/ ¢

At the rotor inlet section:

tanxy = cg1 / Cx
and 1
w Col — U
tanﬁl = 791 = 791 = tﬂnl’(] -
Cyx Cyx [
At the rotor exit section:
tanay = cgo / Cx
and ,
w Cop — U
tan By = —02 _ 92 - _ tanoy — —
Cy Cy @

From Equation (5), the inlet and exit angles in the absolute and relative frames can
be correlated:

tano, = Ccﬂ = %Hanzxz
X
1 ¥
tanBy = tana) — — = —— +tanPy
9 29

3.2. Mean Line Analysis at the Design Point

The axial velocities at the inlet and exit of the rotor blades can be calculated from the
design flow rate and the hub and tip diameters of the rotor, assuming a constant radial
distribution. The resulting axial velocity at the design pointis cxy = wy = 6.065m/s. For
the present case, the turbine efficiency 7 is assumed to be 0.9.

Moreover, the mean line blade velocity is 4 = w-tyean = 10.99 m/s; consequently, the
mean line flow coefficient ¢ and the mean line head coefficient ¢ assume the following values:

Cx
= — = 0.552
o ” 0.55

¢ = 2¢Hun/u® =2W/u® = 0.585

To calculate the fundamental angles of the stage, i.e., the stator vane exit angle &1y,y,
rotor blade inlet angle B1p,4., and rotor blade exit angle Bopq4., which in this simplified
analysis are assumed to coincide with the flow angles in the design condition, one more
condition should be added. For a single-stage turbine, the additional condition is a zero
absolute tangential velocity component at the rotor exit at the design point to minimize the
kinetic energy loss at the turbine exit a4e5in = 0 deg. By applying Equation (5) and the
other equations in sequence, reported in the previous paragraph, we obtain

Kpane — 27.92 deg ﬁlblads = —52.04 deg ,Bz;,ludg = —61.11 deg

Figure 3 reports the velocity triangles at the inlet and exit of the rotor in the design
condition. The velocity triangles are the same, independently of the distributor assembly
type (stay vane and guide vane distributor for regulation by guide vane stagger angle
variation, and distributor with only longer stay vanes for regulation by rotor blade stagger
angle variation).
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(a) (b)

Figure 3. Velocity triangles at a nominal operating point for the guide vane (a) and rotor (b) regula-
tion strategies.

3.3. Off-Design Mean Line Analysis

In the following off-design analysis, we indicate @gesign = @, Yaesign = 3, and
Ndesign = 1 for simplicity.

Under a constant net head, the turbine off-design operation consists of the regulation
of the flow rate operated by varying the profile stagger angle (opening or closing) of the
regulating element, which can be the guide vane row or the rotor blade row, depending on
the type of regulation adopted.

The flow rate during regulation (Q, 7 design) can be expressed as a fraction (smaller or
larger than 1) of the flow rate at the design point (Q gesign):

Qofffdesign = kXQdesign with 0.5 <k, <15

Since cy is proportional to Q, Cxoff—design = KxCx design- COnsequently,

Poff—design = ky % 8)
and
Cx,of f—design = kx @ u )

A constant net head during the off-design operations implies that H,, = g = const = 4m.
Therefore,
Yoff—design = 2(co1 —cg2)/u = lpﬂoff—design/ﬂ (10)

Equation (5) imposes a strong link between the two tangential absolute velocity
components in any operating condition.

3.4. Regulation by Guide Vane Stagger Angle Variation

A fixed rotor blade stagger angle implies B2 = Bogesign and Bipiade = Pidesign- The
residual absolute tangential velocity component at the rotor exit, cgy, can be evaluated from
Equation (7) with wg, = ky ¢ u tanBs:

cgp = ulky ¢ tanPy+1) (11)

Then, tanay, = cgp/cxr = tanPy+1/(kx¢), and from Equation (5),

o = [u (kx(ptzm[ﬂz +1)+ (1P/2)770ff7design/’7} (12)
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From cg; and ¢y; = kyou, the flow angle a; = tan~![tan(cgy /cy1)] is obtained.

In the simplified approach here presented, the guide vane exit flow angle is assumed
to be equal to the guide vane geometrical exit angle (a7 = a14,) and, therefore, from
the guide vane geometry, the guide vane stagger angle (or the guide vane opening angle
with respect to fully closed guide vane ring) is also determined, which represents the
fundamental parameter for the distributor regulation.

From the guide vane geometry, the guide vane geometrical inlet angle a(g, is also
determined, and if the stay vane exit angle ag has been fixed in the design procedure
(9 = 14 deg in the present case), the guide vane incidence angle (which the profile losses
of the guide vane during off-design operation are associated with) can be determined:
igy = ag— X0gv-

Finally, from the absolute rotor blade inlet tangential velocity cg;, the relative rotor
blade inlet tangential velocity wyp; = cg1 — u and the relative rotor blade inlet flow angle
B1 = tan~![tan(wg;/cy1)] can be immediately determined. From the latter, the rotor blade
incidence angle (which the profile losses of the rotor blade during off-design operation are
associated with) can also be determined: ix = B1 — Bisiade-

The analysis of regulation by guide vane stagger angle variation can then be carried
out over the complete range of operating conditions with 0.5 < k, < 1.5.

Examples of velocity triangles for the regulation by guide vane stagger angle variation
for a reduced flow rate condition (k, < 1) and increased flow rate (k, > 1) are reported
in[12].

3.5. Regulation by Rotor Blade Stagger Angle Variation
A fixed exit stator angle implies &1 = &1 gesign and

Biviade — B2 biade = P1 design — B2 design = o (13)

with 6 geometrical blade profile deflection.

If the distributor exit angle a1 = ay4esigy 18 fixed, the off-design condition ¢y = kxpu
implies that the rotor inlet absolute tangential velocity component is fixed cg; = kyputana;.
If the turbine operates at a constant net head, the condition of Equation (17) is imposed
and, therefore, the value of the absolute tangential velocity component at the rotor blade
exit is fixed, too. Thus, it will be the blade stagger angle variation, related to the blade exit

angle 35, that really determines the imposed axial velocity (and flow rate) condition. Then,
it should be

Cgp = U [kx(ptantxl — (1P/2)770ff—design/’7} (14)

and tan B, = (cgp —u)/kxpu or tanfy = tana; — ﬁ — (Y/2)1off—design/17- Then, from
Equation (13) and the simplified condition of null exit angle deviation, the inlet blade angle
Bibiade is determined for the rotor blade opening, which is defined by S, and from this
value, the rotor blade incidence angle (which the profile losses of the rotor blade during
off-design operation are associated with) can also be determined: ix = B1 — B1piade, Where
tanBy =tanuy — 1/kyg.

An analysis of regulation by rotor blade stagger angle variation can be carried out
over the complete range of operating conditions with 0.5 < k, < 1.5.

Typical velocity triangles are depicted in Figure 4 for k, < 1 (reduced flow rate) and in
Figure 5 for k, > 1 (increased flow rate), where the green rotor blades represent the design
condition whereas the black ones stand for an off-design condition.
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Figure 4. (a) Velocity triangles at k, < 1 with rotor regulation; (b) comparison between off-design
and design velocity triangles.
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Figure 5. (a) Velocity triangles at ky > 1 with rotor regulation; (b) comparison between off-design
and design velocity triangles.

3.6. Off-Design Loss Evaluation

In principle, 1D mean line analysis of a turbine stage involves only profile losses, which
can be evaluated by correlations. Of course, in order to improve the efficiency estimate of a
stage, other 3D additional losses like end-wall and secondary losses, intake, and diffuser
losses can be also roughly estimated, again, by means of empirical correlations. In off-
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design conditions, the profile losses tend to become the most relevant due to important
values of the flow incidence angles. Furthermore, also relevant off-design kinetic energy
losses occur, associated with large residual absolute velocity tangential components at the
rotor exit in off-design conditions.

In this first part, the present study is focused on the comparison of the two different
regulating concepts and on the explanation of the differences, whereas the accurate effi-
ciency estimation of the off-design operation of the turbines is not an objective. Therefore,
the off-design loss model adopted is the simpler one based only on profile and kinetic
energy losses. A more accurate evaluation of losses and off-design turbine efficiency curves
is more properly targeted in the second part of the present paper dealing with the 3D CFD
simulation of the two turbines.

For the evaluation of profile losses, the classical Ainley and Mathieson correlation [14]
is adopted, which is based on a loss coefficient defined using the profile exit velocity
v (which stands for c; for the stator vanes and w, for the rotor blades). In off-design
conditions, a multiplying coefficient related to the incidence angle is introduced:

hp profite = YpY 0°/2 (15)
where Y), is the Ainley and Mathieson profile loss coefficient in the design condition. From
Figure 4 of the Ainley and Mathieson paper [14], the base coefficient is assumed to be 0.04
for rotor profiles and distributor long stay vanes (rotor regulation), and 0.02 for stay vanes
and guide vanes for distributor regulation. Y is the incidence angle coefficient evaluated by
fitting the curve of Figure 6 of the same paper.

In the design condition, both turbine distributor configurations (longer stay vanes
without guide vanes and a double row of shorter stay vanes followed by guide vanes)
nominally have the same profile losses since the incidence angles are zero for both the rotor
and stator. In off-design conditions, the profile losses become significantly different for
the two configurations since the incidence angles are different for the rotors and especially
different for the stators, as the fixed stay vane configuration, without guide vanes, does not
suffer from the incidence angle effect.

The off-design kinetic energy losses can be directly calculated by the residual absolute
velocity tangential component at the rotor exit, as

hp, kin = Cgy/2 (16)

where, for regulation by guide vane stagger angle variation, ¢y can be evaluated from
Equation (11) as

Cgp = U (kx(ptanﬁmsign + 1)
while regulation by rotor vane stagger angle variation can be evaluated from Equation (14):
Cpp = U [kx % tan‘xldesign - (1/]/2) Nof f—design / 77]

In the present paper, both profile and kinetic energy losses are normalized by the net
head to make the normalized loss coefficient:

o (17)
8§H,
suitable for a direct estimate of the turbine efficiency:
h
no=1-— (18)

gH

n
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3.7. Comparison of Regulations by Guide Vane Angle Variation and Rotor Blade Angle Variation

The mean line off-design flow distributions (velocity triangles) upstream and down-
stream of the rotor are remarkably different for the two strategies of regulation.

In reality, what remains equal for the two turbine configurations is the axial velocity
(which represents the height of the velocity triangles), since during flow rate regulation,
Cx = kxCyesign is imposed, and the difference between the tangential components of the
absolute velocities is imposed by Wiesign'off—design/ Ndesign = u(cg1 — cga), since the net
head H, remains constant.

Conceptually, in any case, the regulation of the flow rate must be obtained by variation
in the throat of a row of profiles, the guide vane row in one case and the rotor blade row in
the other case.

The throat can be expressed, for the first case, as 0gy, = sgpcosay, and for the second
case, as Oyptor = SrotorCOS 32, Where Sgv and s,y are the circumferential distances between
the trailing edges of the guide vanes and of the rotor blades, respectively. At the guide vane
exit, the flow angle a; is approximately 30 degrees, while at the rotor blade exit, the flow
angle 3, is approximately —60 degrees; therefore, a variation of +/—5 degrees of the two
angles, for the two cases, determines a variation of about 10% for the guide vane row throat
and a variation of about 30% for the rotor blade row throat. Therefore, the mechanism of
flow rate variation is more effective for rotor regulation.

Another fundamental difference is due, for the case of regulation by guide vane
stagger angle variation, to the condition of fixed rotor exit angle ;. When the axial

velocity varies with respect to the design condition (cy= kxcxdesign) , the fixed B, induces a

significant variation of wgy = cytanP,, which, added to the blade velocity u, results in a
relevant co-rotating absolute tangential velocity component for ky < 1 and in a relevant
counter-rotating absolute tangential velocity component for ky > 1 (Figure 6a).

8 60
6 40
4
21
- —
50
E 0 g0
& ) =
) -20 —DR Guide vane incidence
-4 —DR s
20 —DR Rotor incidence
-6 RR RR Rotor incidence
-8 -60
04 05 06 07 08 09 1 11 12 13 14 15 16 04 05 06 07 08 09 1 11 12 13 14 15 16
k [-] ke [-]
(a) (b)

Figure 6. Rotor exit absolute tangential velocity component (a) and incidence angle (b) as a function
of flow rate variation parameter k, (DR = distributor regulation and RR = rotor regulation).

Apart from the production of large tangential kinetic energy losses at the lowest and
largest flow rates, the co-rotating tangential components need to be compensated for with
a further generation of tangential angular momentum at the guide vane exit for k, < 1
(requiring guide vane closing), while the counter-rotating residual velocities at the rotor
exit need to be compensated for with a decrease in tangential angular momentum at the
guide vane exit for ky > 1 (requiring guide vane opening). Consequently, the guide
vane opening variation becomes large and the incidence angle on the guide vane inlet
(Figure 6b), and associated off-design losses, are large as well (Figure 7a). Consequently,
the opening variation needs to be limited for excessive loss increase reasons and also for
kinematic reasons.
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Figure 7. Normalized losses’ contributions as a function of flow rate variation parameter k for
distributor regulation (a) and rotor regulation (b).

For the regulation with rotor blade stagger angle variation, the rotor blade opening
variation with respect to the design condition, necessary for obtaining the desired flow
rate regulation, is much lower (approximately three times lower), and that results in an
attenuation of co-rotating and counter-rotating absolute tangential velocity components
(Figure 6a), due to the amplifying effect of the variation in tan 3, on the relative tangential
velocity component wg, = cytanfy, even for small variations in the angle B, (with the flow
angle f, in the design condition being large, at approximately —60 degrees).

This effect reduces the tangential kinetic energy losses at the rotor exit (Figure 7) and
the incidence angle on the rotor (Figure 6b), which, in turn, reduces the off-design rotor
blade profile losses as well (Figure 7b).

Furthermore, for regulation with only rotor blade stagger angle variation, the stay vane
incidence angle remains null for any flow rate variation and, therefore, the loss coefficient
remains that of the design condition, and the stay vane losses remain low over the whole
range of flow rate regulation (Figure 7b).

The off-design mean line analysis shows that both incidence and tangential kinetic
energy losses, and therefore the mean line total losses, are much lower for the regulation
by rotor stagger angle variation (Figure 7b) when compared with those resulting from
guide vane stagger angle variation (Figure 7a). The 1D analysis is conceptual but limited to
the mean line and furthermore the loss evaluation is limited to only two types of losses.
Moreover, the profile loss evaluation, based on empirical correlations, is used in the most
simplified manner. Thus, even if the conceptual character of these results is expected to
remain valid, a fully 3D CFD analysis must be carried out, as is presented in the following
part of the paper, to evaluate the differences in the two regulation strategies by using more
realistic modeling that allows more accurate results.

4. Turbine 3D CFD Simulation

A 3D steady-state RANS analysis of the turbine was conducted using the widely
utilized Cadence CFD software [15], renowned for its efficacy in turbomachinery appli-
cations [16-18] and also in very complicated environments, as demonstrated by previous
authors” work [19].

The machine geometry was defined using the Autoblade parametric geometry genera-
tor, facilitating easy modification of blade profiles within the simulation software through
a limited set of geometric parameters.

Two different geometries were generated for simulating the flow in the turbine
equipped with the two different regulation schemes (distributor regulation and rotor
regulation). It is essential to note that distributor regulation necessitates that the turbine
stage is made of three blade rows—two stators (with structural and regulation functions,
respectively) and one rotor. Conversely, rotor regulation requires only two blade rows—a
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stator for structural support and flow deflection, and a rotor with a variable blade stagger
angle. Adjustments to the geometry for the regulating rows were made by means of the
parametric geometry generation software, modifying the constructive angles of the rows to
account for stagger angle variations.

Thus, for each tested operating condition, a distinct machine geometry was developed,
accompanied by an appropriate computational mesh ensuring a high grid quality, since the
shape of the three-dimensional domain varied in response to the row configurations. In
Figures 8 and 9, the 3D renderings of the low head axial flow hydraulic turbine for the two
different regulating strategies (distributor regulation and rotor regulation, respectively) are
represented for minimum, nominal, and maximum flow rate configurations.

(a) (b) ()

Figure 8. Three-dimensional rendering of the hydraulic turbine for the distributor regulation strategy:
minimum opening (a), nominal opening (b) and maximum opening (c).

(a) (b) (c)

Figure 9. Three-dimensional rendering of the hydraulic turbine for the rotor regulation strategy:
minimum opening (a), nominal opening (b) and maximum opening (c).

The computational mesh was generated using Autogrid 5 by Cadence and consisted
of approximately 5 million nodes for the three-row configuration. A multi-block approach
with an O-4-H mesh topology was applied for stay vane, guide vane (where applicable), and
rotor rows. For the downstream axial draft tube, a mesh capable of managing singularity
conditions on the axis was utilized.

Each row was simulated with a single blade passage, and information transfer from
the stator frame to the rotor frame was facilitated using a mixing plane approach. In
cases involving distributor regulation, the stator rows were configured in tandem to main-
tain proper alignment of rows in the tangential direction, hence influencing the position
of wakes.

Grid independence was ensured by assessing three different mesh densities for the
nominal configuration and evaluating the turbine key operational parameters: net head
and hydraulic efficiency. The analysis is reported in [11]. Figure 10 illustrates the mesh
configuration for the distributor regulation prototype (three-row turbine stage).
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Figure 10. Three-dimensional mesh configuration for distributor regulation.

Spatial discretization of the equations employs a cell-centered control volume ap-
proach, while time discretization employs a multistage Runge-Kutta scheme with local
time stepping, coupled with the multigrid technique [15].

For turbulence modeling, considering a fully turbulent flow condition imposed by
the high Reynolds number, equal to about 2.7 million based on axial velocity and the rotor
blade chord, the Spalart-Allmaras one-equation model [20] is employed, renowned for its
ability to offer a straightforward yet reliable assessment of turbulence effects in hydraulic
applications [21-23]. The height of the first cell near solid walls in each row is adjusted to
achieve a non-dimensional wall coordinate (y*) of approximately 1.

In the inlet section, boundary conditions are set for the mass flow rate, static tempera-
ture, and flow direction, while in the outlet section, the averaged static pressure imposed
by the hydrostatic head at the exit is specified. Turbulent viscosity boundary conditions at
the inlet are determined based on the assumed turbulence intensity (3%) and characteristic
length scale (rotor blade chord), utilizing established formulae [15].

Given the solver reliance on a density-based approach, the Hakimi preconditioning
model [24] is employed to address the incompressible flow condition.

For each regulation strategy, simulations were conducted across various operating
conditions in a sequential manner. The simulation process entails the following steps:

1.  Stagger angles of the regulating rows are selected based on the outcomes derived
from the 1D analysis.

2. The calculation proceeds iteratively until convergence is achieved. The total pressure
drop across the machine serves as a metric for assessing the net head value.

3.  If the obtained net head deviates from the target value for the actual application
(Hy = 4 m), adjustments are made to the inlet mass flow rate. Specifically, if the
obtained net head is lower than the design value, the inlet mass flow rate is increased;
conversely, if the obtained net head exceeds the design value, the inlet mass flow rate
is reduced.

4.  The iterative process continues until the net head value matches the predetermined
value for the actual operating condition.

5. Off-Design CFD Simulation Results

Results from the extensive off-design 3D CFD simulation of the low head turbine
prototype are shown and analyzed in the following paragraphs. The results are given for
the case of guide vane regulation and for rotor regulation for different flow rates under a
fixed head.
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5.1. Velocity Component Radial Distributions at the Rotor Inlet and Outlet

The three-dimensional characteristics of the flow at the inlet and exit of the rotor can be
understood by examining the spanwise distribution of the circumferentially averaged flow
velocity components. The radial gradients of axial velocity, angular momentum, and work
exchange as well as entropy and centrifugal acceleration related to meridional streamline
curvature are in equilibrium in the radial direction.

At design point, the axial velocity at the rotor inlet is not constant in the radial
direction due to the curvature of the flow channel in the meridional plane, resulting in a
larger meridional velocity component near the blade tip (Figures 11 and 12). The rotor
tends to invert this trend by increasing the meridional velocity component at the root in the
rotor blade exit section. This effect is stronger when the flow rate increases for the case of
distributor regulation (Figure 11) while it becomes very strong when the flow rate decreases
for the rotor regulation case (Figure 12). For rotor regulation, this effect of increasing the
velocity at the blade root and decreasing it at the tip at a low flow rate is related to the large
rotor blade twisting due to the nearly free vortex design of the blade. Indeed, the closing of
the blade has a different effect on the tip section of throat characterized by an exit angle
B2 of about —74 deg than on the hub section of throat characterized by an exit angle 3, of
about —48 deg in the design condition.

Q= 0-67Qdesign Q= Qdesign Q= 1-17Qdesign
1.00 1.00 1.00
0.80 0.80 0.80
060 —Section 1 060 —Section 1 060 —Section 1
- —Section 2 - —Section 2 — —Section 2
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0.20 0.20 0.20
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Figure 11. Meridional velocity spanwise distribution upstream and downstream of the rotor row for
distributor regulation at three different flow rates.
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Figure 12. Meridional velocity spanwise distribution upstream and downstream of the rotor row for
rotor regulation at three different flow rates.

The turbine was preliminary designed by using the NISRE (Non-Isentropic Simple
Radial Equilibrium) equation, as proposed in [25], with the intent of designing the turbine
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on the basis of free vortex flow or, in other words, imposing constant work exchange in
the radial direction. The design, afterwards, underwent an optimization process aimed at
maximizing the total-to-total efficiency and minimizing the absolute tangential velocity
components at the exit [11]. In any case, Figures 13 and 14 show a spanwise distribution
of the difference in tangential absolute velocity components at the blade inlet and exit in
line with the constant work exchange design condition, that is, (cg; — ¢g») approximately
inversely proportional to u. That is certainly true for the design operating point. Conversely
in off-design conditions, especially for the case of distributor regulation at a low flow rate,
the work is reduced at the rotor tip (Figure 13), and that influences the axial velocity
distribution by accelerating the flow at the tip, hence resulting in a more constant spanwise
axial velocity component distribution (Figure 11, left).

Q= 0-67Qdesign Q= Qdesign Q= 1-17Qdesign
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Figure 13. Absolute tangential velocity spanwise distribution upstream and downstream of the rotor
row for distributor regulation at three different flow rates.
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Figure 14. Absolute tangential velocity spanwise distribution upstream and downstream of the rotor
row for rotor regulation at three different flow rates.

Figures 13 and 14 show how the two regulation strategies operate on the absolute
tangential velocities at the rotor inlet and outlet to guarantee the condition of a constant
head (i.e., constant tangential absolute velocity component difference) for different flow
rates. The result is an opposite tendency of how the two regulation strategies affect the exit
tangential velocity direction.

For distributor regulation, the rotor exit absolute tangential velocity is imposed by the
constant 8, angle condition in relation to the axial velocity variation associated with the
flow rate. Therefore, co-rotating (positive) residual tangential velocity components at a
reduced flow rate and counter-rotating (negative) residual tangential velocity components
at an increased flow rate are induced. The guide vanes are closed or opened in a way
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to compensate for this by increasing or by decreasing the rotor inlet absolute tangential
velocity component.

The opposite happens with the rotor regulation. The rotor inlet absolute tangential
velocity decreases when the flow rate decreases and increases when the flow rate increases
because of the constant #; angle condition imposed by the fixed stator. The rotor must
compensate for this fact by inducing at the rotor outlet a counter-rotating (negative) absolute
tangential velocity at low flow rate and a co-rotating (positive) absolute tangential velocity
at a high flow rate.

5.2. Normalized Entropy Loss

In adiabatic thermodynamic transformations such as those of turbomachinery flows,
the increase in entropy is exclusively due to transformation irreversibility; therefore, all the
fluid dynamic losses can be directly evaluated by entropy generation according to [26]. In
the present paper, the local losses associated with entropy increase from the turbine inlet
section to the rotor exit section (TAs(r,6),_,) are made non-dimensional by the potential
specific energy (¢H,,) according to Equation (17), where As(r, 8),_ is the specific entropy
local variation in Section 2 with respect to the turbine inlet section value.

The distributions of the normalized specific entropy in Section 2 are shown in Figure 15
(distributor regulation) and Figure 16 (rotor regulation), as color plots, for three turbine

operating points: design (Qgesign), 10w (0.67 Qgesign), and high (1.17 Qdesign) flow rates.

Q = 0-67Qdesign Q Qdeslgn =1 17Qdestgn

0.
04
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0.35-
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Figure 15. Normalized entropy loss contribution at the rotor outlet for distributor regulation at three

different flow rates.

=0. 67Qdestgn Q Qdestgn Q = 1-17Qdesign

0.

s

0.4-

Figure 16. Normalized entropy loss contribution at the rotor outlet for rotor regulation at three
different flow rates.

The structure of the entropy distribution in Section 2, downstream of the rotor, is
similar for the design and high-flow-rate operating conditions, for both stator and rotor
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Q= 0-67Qdesign Q= Qdesign Q= 1-17Qdesign

regulations. The entropy distribution shows the traces of the four blades because of energy
dissipation within the blade boundary layers. The rotation is clockwise when seen from
downstream. The suction side boundary layers are more intense, and entropy is produced
mainly in the interaction region between the suction side blade tip and the rotor casing.
With a high flow rate for distributor regulation, it seems that entropy losses increase mainly
because of the increase in the relative velocity in the rotor. With a high flow rate for rotor
distribution, the blade wake traces become straighter because the decrease in the blade
stagger angle is more effective in reducing the relative tangential velocity and producing
co-rotating absolute tangential velocity components at the blade tip sections, which have
larger exit angles. At a reduced flow rate, a larger increase in the entropy production
and a change in the structure of the distribution of this quantity can be observed. In this
condition, especially for the distributor regulation, the entropy production also affects the
region in the blade passages to a larger extent, because of distributor loss increase due to
larger values of flow incidence on the guide vanes at a reduced flow rate.

For rotor regulation at a reduced flow rate, the change in structure is the most striking
aspect. In this operating condition, the entropy traces identifying the wakes are strongly
slipping backward at the tip because the stagger angle increase largely influences the tip
sections, inducing larger counter-rotating absolute tangential velocities near the tip, due to
the blade exit twist.

5.3. Normalized Tangential Kinetic Energy Loss

The specific entropy generation includes all the internal fluid dynamic losses and can
be used for the total-to-total efficiency evaluation. On the contrary, the kinetic energy losses
due to residual exit velocity are not included. To obtain the real turbine efficiency, also these
losses should be evaluated and added to the energy budget. Usually, since the exit axial
velocity is inherently associated with the flow rate through the turbine, this component is
not included in the kinetic energy losses attributed to the turbine power conversion and its
effect is normally included as a reduction in the power plant net head. On the contrary, the
kinetic energy associated with the residual tangential velocity component at the rotor exit,
which can become relevant in off-design operation, is a loss to be attributed to the turbine
energy budget and shall be added to the specific entropy losses to evaluate the real turbine
efficiency. Thus, the local tangential kinetic energy at the rotor exit (c3,(r,8)/2) is made
non-dimensional by the potential specific energy (gH,, ) according to Equation (17), as
shown in Figures 17 and 18 as color plots. Please observe that to highlight the structure of
the distribution of this quantity, and also for comparison with the entropy generated losses,
the scale has been reduced with respect to the normalized entropy loss color plot scale.

-
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0.14-
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Figure 17. Normalized tangential kinetic energy loss contribution at the rotor outlet for distributor

regulation at three different flow rates.
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Q= 0-67Qdesign Q= Qdesign Q= 1-17Qdesign
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Figure 18. Normalized tangential kinetic energy loss contribution at the rotor outlet for rotor
regulation at three different flow rates.

As expected, the tangential kinetic energy loss is nearly 0 at the design point, except
in the thin blade wakes, where, theoretically, in the wake center, the relative velocity
tends to zero and the absolute tangential velocity component, consequently, tends to u.
This is a local effect, which does not significantly affect the loss budget since in the wake
region, the axial velocity component tends to zero and, therefore, the loss content tends
to zero. On the contrary, the tangential kinetic energy becomes relevant in the off-design
condition both at increased and at reduced flow rates. The effect is much more relevant for
the distributor regulation strategy, where the variation in the axial velocity in off-design
operation, due to a fixed blade exit angle, directly results in a proportional rotor exit
tangential velocity, while this effect is attenuated for the rotor regulation strategy due to
the positive compensative effect of the rotor blade stagger angle variation. In off-design
conditions, for distributor regulation, the residual tangential kinetic energy increases in the
inter-passage regions; hence, its effect due to the axial velocity transport becomes relevant
to the energy loss budget.

5.4. Main Loss Contributions

To better understand the effects of the two fundamental loss mechanisms, two global
loss parameters, related to the generation of entropy and to the residual tangential kinetic
energy at the rotor exit, are defined in agreement with Equation (17):

h TAs
p.s
= 19
- (19)
hp,kin _ Céz 20)
H, 2¢H,

where As is the specific global entropy variation between the turbine inlet section and the
rotor exit section, and (c3,/2) is the global tangential kinetic energy in the rotor exit section.
The global terms of Equations (19) and (20) are obtained through the mass weighted average
of local values.

The two global loss parameters are displayed and compared by means of the his-
tograms presented in Figure 19, where the turbine efficiency as a complement to one of the
two main loss contributions is highlighted. The histograms show that the entropy losses are
larger than the tangential kinetic energy losses, except at the low flow rate extremity for the
distributor regulation, but their variations are limited in the flow rate range considered. The
tangential kinetic energy losses, on the contrary, especially for distributor regulation, start
from zero in the design condition and display more significant variations with the flow rate.
Above all, the comparison of the histograms highlights that the rotor regulation strategy
is more effective in terms of attenuation of both loss mechanisms in off-design operating
conditions and that, at the extreme flow rate values considered for this comparison, there
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are relevant differences for the turbine efficiency evaluated by means of this CFD analysis:
approximately 8 percentage points for 1.17Qysi¢,, and 15 percentage points for 0.67Q jesign-

Distributor regulation Rotor regulation

m Efficiency M Tangential kinematic energy contribution ® Entropy contribution

1.0 1.0
0.9 0.9
0.8 0.8
0.7 0.7
0.6 0.6
0.5 0.5
0.4 0.4
0.3 0.3
0.2 0.2
0.1 0.1
0.0 0.0

Q=0.67Qdesign  Q=Qdesign  Q=1.17Qdesign Q=0.67Qdesign  Q=Qdesign  Q=1.17Qdesign

Figure 19. Comparison of main loss contributions and efficiency levels for three different flow rates
for distributor regulation and rotor regulation strategies.

5.5. Turbine Global Operation Parameters

From the local fluid dynamic quantities provided by the design and off-design CFD
simulations, the three main turbine operation engineering parameters can be evaluated,
namely, efficiency curves, output power curves, and opening curves of the regulating rows
(guide vanes or rotor blades), which allow the desired flow rate regulation.

5.5.1. Efficiency Curves

Figure 20 reports the curves of the efficiency normalized with respect to the maximum
value in the design condition as a function of the flow rate fraction for the stator and rotor
regulation strategies. The numbers in squares indicate the values of the stagger angle
variation with respect to the design opening of the regulating rows (guide vanes and rotor
blades, respectively).
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Figure 20. Normalized efficiency curves versus fraction of design flow rate for distributor regulation
and rotor regulation.
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These results indicate that the rotor regulation strategy allows for larger efficiencies
all over the turbine operation range, with values that are larger than 10 percentage points
at the extremities of the distributor regulation curve. Because of the larger efficiency drop
(assuming, for instance, a limiting value for the normalized turbine efficiency of 0.9 of
the design value), the operating range of the distributor regulation strategy is limited
to a range spanning approximately from 0.75 Qgesign t0 1.15 Qgesign- When applying the
same efficiency drop limitation, the rotor regulation strategy displays a range of acceptable
operation spanning approximately from 0.4 Qgegign t0 1.55 Qgesign-

5.5.2. Output Power Curves

The effect of turbine efficiency on the turbine’s useful power output is highlighted in
Figure 21. The numbers reported in squares are the values of the normalized turbine efficiency.
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Figure 21. Normalized power curves versus fraction of design flow rate for distributor regulation
and rotor regulation.

The positive effect of rotor regulation in comparison to distributor regulation results
in a larger turbine power output provided all over the complete flow rate range, which,
furthermore, is much more extended for rotor regulation. Consequently, as a final practical
result, the regulation choice has a significant impact on the overall energy conversion
evaluated in the turbine yearly operating period, with an expected energy production of
the rotor regulation turbine that can be larger than 10 percent, depending on the flow rate
duration curve of the power plant.

5.5.3. Stagger Angle Regulation Curves

Figure 22 shows that the rotor regulation strategy is more effective in regulating the
turbine flow rate than the distributor regulation strategy because, to obtain the same mass
flow rate variation, a much lower stagger angle variation is needed in the former case as
compared with the latter case. This is mainly due to the different inclinations of the throats
of the regulating rows in the two cases, as previously explained. This fact has an important
impact on the strokes of the regulation actuation mechanisms for the two cases. Another
important difference related to this aspect of the regulation process is the limitations on
opening (for the guide vanes) and closing (for the rotor blades) angles. Taking the curves of
Figure 22 as a reference and assuming a design guide vane opening angle of 30 deg (taken
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with respect to the axial direction), from the distributor regulation curve of Figure 22, it can
be seen that there is an extreme limitation on the operational range on the large flow rate
side, represented by the condition of full opening with a 0-degree guide vane exit angle
(Ay = +30 deg in figure). Conversely, for rotor regulation, due to the large value of the
exit blade angle at the tip (of the order of —70 deg), the limitation is that the blade closing
angle that should not cause the tip blade profile to enter a reverse flow condition. With
reference to Figure 22, this limitation should occur at around 0.3 Qgesign When the blade
closure reaches about Ay = —20 deg.
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Figure 22. Opening angle laws of the regulating rows as a function of the normalized flow rate for
distributor regulation and rotor regulation.

6. Conclusions

Two different regulation strategies for low head hydraulic turbines of limited power
have been studied in detail, namely, regulation by variation in the stagger angle of the
guide vane row of the two-row distributor and regulation by variation in the stagger angle
of the rotor blade row with a fixed single row distributor.

This study was conducted with reference to a high-specific-speed optimized prototype
of a tubular axial turbine (TAT) designed by the authors. The flow in design and off-design
operation conditions, under a constant net head and variable flow rate, were studied
using both a classic 1D mean line flow approach based on the fundamental turbomachinery
equations, basic profile loss correlations, and direct tangential kinetic energy loss evaluation
and using an approach of advanced 3D RANS CFD simulations.

The 1D mean line approach is used for deeply understanding the conceptual fluid
dynamic aspects involved in the two different regulation approaches, identifying the loss-
generation mechanisms in off-design operation, and providing a preliminary evaluation of
the effects of the two different regulation processes on basic energy losses and regulation
strategies overall performance.

The detailed and systematic CFD simulation of the off-design turbine flow field, which
includes any loss-generation mechanisms of the 3D turbine environment, provides detailed
fluid dynamic results that describe and interpret the real off-design turbine operation with
an imposed net head and varying flow rate. The results explain and quantify the different
performances of the two distinct regulation strategies.
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Regulation by variation in the rotor blade stagger angle is better than regulation
by variation in the guide vane stagger angle in terms of both effectiveness (larger flow
rate sensitivity to stagger angle variation) and turbine operating efficiency (lower off-
design losses).

The larger sensitivity of rotor regulation as compared with distributor regulation is
related to the different exit angles of the two regulating rows in the design condition. The
guide vane design exit angle is of the order of 30 deg with respect to the axial direction
while the average rotor blade exit angle is of the order of —60 deg or more. Therefore, a
small stagger angle variation has a greater effect on the throat variation, and thus on the
flow rate, for the rotor regulating row with respect to the throat variation in the distributor
regulating row. That impacts directly on the reduction in the stroke of the regulation
mechanical actuator to achieve the desired range of flow rate variation and also has an
indirect important effect on the loss-generation mechanisms.

Indeed, the larger stagger angle variation for distributor regulation, necessary to
obtain the same targeted flow rate variation, results in larger incidence angles for both
guide vanes and rotor blades and enhancement of secondary flows, which induce larger
off-design profile and secondary flow losses as compared with the case of rotor regulation,
which, on the contrary, requires lower stagger angle variation.

An explanation based on the exit angles of the regulating rows is relevant to under-
stand why distributor regulation produces much larger tangential kinetic energy losses in
off-design operation. In this case of a fixed rotor exit angle, the axial velocity variations,
proportional to the targeted flow rate variations, are amplified by the tangent of the exit
angle (of the order of —60 deg or more), creating large exit tangential velocity components
and therefore large tangential kinetic energy losses. On the contrary, the rotor regulation
strategy relies on the fact that the rotor stagger angle variations compensate for the varia-
tions in the inlet tangential velocity, which are produced by the invariability of the stator
angle, with adequate co-rotating or counter-rotating rotor exit absolute tangential velocities,
to comply with the work value fixed by the constant head condition. Since the stator exit
angle is of the order of 30 deg, the variations in inlet tangential velocity due to the axial
velocity variations proportional to flow rates are attenuated by the tangent of the exit stator
angle. Consequently, the tangential kinetic energy exit losses have moderate values for
rotor regulation.

A lower level of off-design losses for rotor regulation strategy positively impacts on
the turbine efficiency all across the flow rate operating range, with values of the turbine
efficiencies larger than 10 percentage points toward the extremities of the operating range.
Due to these loss differences, especially in severe off-design conditions, and due to the
mechanical limitations required to achieve extreme targeted flow rate variations, the turbine
operating range for the case of rotor regulation is much wider than that for the case of
distributor regulation. The operating range can span from 0.4 Qgesign t0 1.55 Qjesign for the
rotor regulation strategy while it is more limited (from 0.65 Quesign 0 1.15 Qpesign) for the
distributor regulation strategy. The more extended flow rate range of operation and larger
turbine efficiency result in a considerably larger yearly energy production in relation to the
yearly discharge duration curve of the power plant.

A further practical advantage of the rotor regulation strategy is the reduction in one
row of vanes (over the three) for the turbine stage, which results in a lower turbine weight
and cost and, furthermore, in a shorter axial length for the turbine. The latter has also an
important positive effect on the shaft-bearing assembly due to the greater stiffness and
lower weight of the shaft.

From the present analysis, the only drawback that seems to affect the rotor in respect
to distributor regulation is the more complex mechanism for rotor blade stagger angle
variation, which must be installed directly within the hub and must be actuated during
turbine operation and, thus, with the hub in rotation.
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Nomenclature

A Area Subscripts

c Absolute velocity 0 Distributor inlet section
D Diameter 1 Rotor inlet section

g Gravitational acceleration 2 Rotor outlet section
Iy Lost head blade Rotor blade

Hy Net head design Design value

i Incidence angle gu Guide vane

ig Tangential unit vector HUB Blade hub

ky Flow rate coefficient IN Turbine inlet section
n Rotational speed kin Tangential kinetic energy
ng Specific speed mean At mean line

p Turbine useful power of f Off-design

Q Volumetric flow rate profile Profile

r Radial coordinate or radius R Rotor

s Entropy s Entropy

T Temperature TIP Blade tip

u Peripheral velocity tot Total

w Relative velocity vane Vane

W Work exchange x Axial

yt Non-dimensional wall coordinate 6 Tangential

Y Incidence angle coefficient

Ypeo Base profile loss coefficient
Greek Acronyms
o Absolute flow angle ANN Artificial neural network
B Relative flow angle CFD Computational Fluid Dynamics
0% Stagger angle DR Distributor regulation
1 Turbine hydraulic efficiency GV Guide vane
60 Tangential coordinate NISRE Non-isentropic radial equilibrium
@ Flow coefficient RANS Reynolds-averaged Navier-Stokes
P Work coefficient RR Rotor regulation
w Angular velocity sV Stay vane
TAT Tubular axial turbine
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