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75.3 mm diameter axial propeller turbine for in-pipe installation. A parametric
numerical study was performed by varying the angular velocity from 1600 to 3800 rpm
and the number of blades from 2 to 6. Results identified an inverse correlation
between the hydraulic efficiency of the turbine and its blade number and a direct
correlation between the pressure head and the turbine torque. Furthermore, the
performance showed hydraulic behavior comparable to those found in literature,
confirming a similar hydraulic behavior as turbines with diameters exceeding 100 mm.

Keywords: Additionally, the turbine’s internal flow behavior was analyzed by visualizing the vortex
Number of blades; axial turbine; water structure using the Q-criterion. Lastly, this study provides a deeper understanding of
turbine; in-pipe turbine; CFD; hydraulic the effect of the number of blades on the hydrodynamic performance of an axial
performance turbine for in-pipe installation.

1. Introduction
1.1 General Context and Motivation

Electric power generation, water storage [1], and distribution of water [2, 3], have become main
research topics over the years because they are basic needs for society [4, 5]. Consequently, large
and medium size hydraulic turbines have been used to harness energy from large rivers [6] and
irrigation canals [7]. Recently, small turbines have gained popularity due to low installation costs and
minimal impact on the environment. As a result, they have been adapted to mini and micro
hydropower generation in small river drainage systems and sewage [8] and water distribution
pipeline systems [9].

Two problems arise during the operation of water supply and distribution piping systems. The
first is the overpressure generated within piping systems, which generally is controlled by pressure-
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regulating valves (PRV’s) [10]. The second problem lies in the hydraulic energy accumulation that is
not harvested. The latter is considered a source of reliable and sustainable source of energy that is
environmentally friendly. As a result, technologies such as in-pipe turbines have been used to
generate a pressure drop, act as pressure regulating valves, and harvest the energy surplus. In fact,
in-pipe turbines are considered a promising technology that plays a significant role in the future of
sustainable energy production. Thus, the harnessing of hydraulic energy via in-pipe turbines for
electricity generation can be consumed locally, stored, or injected directly into the electrical
interconnection network [11-13].

1.2 Literature Review
1.2.1 Type of turbines for in-pipe applications

One of the most hydraulically-efficient turbines for in-pipe installation is the propeller-type axial
turbine, whose hydraulic efficiency ranges from 40 % to 76.8 %, measured experimentally using test
rigs [13-17] and through computational fluid dynamics (CFD) [18-20]. The propeller-type turbine has
the advantage of not requiring a pipe section modification as the Michell-Banki turbine does to match
the highest efficiency values of the propeller type. Michell-Banki turbines without section pipe
modifications reach efficiencies as high as 42.4 % [21, 22]. Next comes the vertical-axis Savonius
turbine with variable and constant curvature blades reaching efficiencies between 28% [23, 24] and
45% [25], respectively. Then, the Darrieus type turbine is also used for this application, especially the
straight-bladed Darrieus with 30% efficiency [26], the spherical with helicoidal blades with 26% [27],
and the spherical Darrieus with 40% [25]. In summary, based on the literature review, we have
chosen to concentrate on studying the axial propeller-type axial turbine. This turbine is distinguished
for its high hydraulic efficiency values and advantageous characteristics, such as its ability to be
installed without needing additional pipe section changes or modifications to enhance its hydraulic
efficiency.

1.2.2 Blade number effect studies

One of the topics of paramount research interest is the effect of the blade number on the
hydrodynamic performance of different types of turbines. The selection of the number of blades
depends on the specific speed of the turbine [28], but some authors prefer to put the designer’s
freedom into practice. For example, a recent review study by Quaranta et al., [29] reports that the
standard number of blades for a Kaplan-type turbine of 5000 mm in diameter is 8, but there were no
criteria for such selection. Similarly, Singh & Nestmann [30] studied a 200 mm diameter propeller-
type turbine, for which they chose the blade number according to the chord length and blade pitch.
The chosen blade number was 4, but no technical reason was provided on which the selection could
rely. The authors emphasized the importance of knowing the effect of the blade number on the
turbine performance. Arafin & Felayati [31] studied the effect of the blade number on the
performance of a 300 mm diameter propeller for ship propulsion using CFD. They concluded that the
thrust and efficiency were affected when the blade number increased. Then, to shed light on this
matter, the following literature review reports studies about the influence of the blade number on
the turbines’ hydrodynamic performance, and the cited studies focused only on those who
investigated the propeller-type axial hydraulic turbine for in-pipe installation.

In a follow-up investigation, Singh & Nestmann [32] studied theoretically and experimentally a
200 mm diameter propeller-type turbine. They aimed to develop a theoretical model that helps to
elucidate the relationship between the internal hydraulic variables of the turbine and the blade
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number, along with the hub-to-tip ratio. The experimental campaign tested three propellers varying
from 5 to 6 blades and different hub-to-tip ratios, in which the hydraulic efficiency, among other
performance parameters, was compared. The study concluded that the blade number had more
influence on the performance than the hub-to-tip ratio. They also found that increasing the blade
number reduced the hydraulic efficiency by 8-10%. The maximum achieved efficiency occurred for
the minimum blade number studied, namely, 5 blades. The authors recommended implementing low
hub-to-tip ratios and reducing blade number during the design process of a propeller-type turbine.
Li & Liu [33] studied a 350 mm diameter axial turbine intending to numerically predict its performance
using CFD (Computational Fluid Dynamics) and statistical analysis. Various highly efficient Kaplan-
type turbine models were chosen, with blade numbers ranging from 4 to 6. The authors performed
numerical calculations for each case, determining the internal flow characteristics and hydraulic
losses under optimal operating conditions. The results indicated that the highest efficiencies were
attained with lower blade numbers and a wider range of discharge values. However, it should be
noted that the study only assessed the hydrodynamic parameters for the runner and the stationary
domain individually. Further investigations are necessary to evaluate the overall system performance
and confirm the persistence of the observed behavior. Byeon & Kim [34] aimed to analyze the effect
of the blade number on the overall performance and internal flow characteristics of a propeller-type
turbine. They performed a numerical CFD study by varying the blade number from 3 to 5. The study
found that the maximum efficiency value was reached at 4 blades. But in the cases of 3 and 5 blades,
the rotational speed and pressure head varied rapidly. Furthermore, the inverse relationship
between the turbine efficiency and the pressure head was confirmed. Nonetheless, the authors did
not report the diameter of the turbine, which is paramount for comparison purposes. Ohiemi et al.,
[35] sought to analyze the effect of the blade number on total energy loss and turbulent dissipation
by quantifying internal entropy production. The experimental and numerical study used a 219 mm
diameter axial turbine with stator guide vanes. The runner blade number varied from 2 to 4. The
study found that the local entropy production was caused mainly by turbulent dissipation, which
increased the energy losses. Also, they evidenced that the increase in the turbine blade number
positively affected the performance due to its inverse correlation with the energy losses. The highest
numerical efficiency was approximately 78 % for the case of 4 blades.

A few studies have been published on propeller-type axial turbines under 100 mm in diameter.
An example is the study by Kurniawan et al., [36] and Nurdin et al., [37], which aimed to determine
the electrical power of an axial turbine varying the number of blades from 4 to 8 under different
water discharge values. The experimental studies used a horizontal pipe with a turbine installed
within it. The turbine was 60 mm in diameter and had a hub-to-tip ratio of 0.42. The study reported
that the electrical power reached a maximum value of 23.9 W for 6 blades, then fell back
progressively to 0.46 W for 8 blades. They also noticed that the axial force exerted on the turbine
increased with the blade number. Another study carried out by Nishi et al., [38], a methodology
optimization was proposed in conjunction with an experimental and numerical study to elucidate the
effect on geometrical parameters of a 68.1 mm diameter turbine, including but not limited to the
blade chord length and blade angle. It was found that the hydraulic efficiency is most sensitive to
geometrical parameters as the tip and mean blade angles. The performance improved by 9.1 % due
to the reduction of the losses. The tip leakage vortex and vortices near the inlet hub caused the
hydraulic losses. Nevertheless, the study did not address the effect of changing the blade number on
the hydrodynamics of the turbine.

1.3 Objective and Main Contributions
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The existing literature reveals a notable research gap concerning the influence of blade number
on the performance of hydraulic axial turbines, highlighting the critical need for establishing an
effective or optimized blade configuration. Furthermore, to the author's knowledge, up to two
research articles have investigated the impact of the number of blades on the hydrodynamic
performance of a propeller-type axial turbine with a diameter under 100 mm explicitly designed for
in-pipe installation. Therefore, the primary objective of this study is to employ Computational Fluid
Dynamics (CFD) numerical simulations to ascertain the relationship between variations in blade
number and the hydrodynamic performance of a propeller-type axial turbine with a diameter of 75.3
mm intended for in-pipe applications. Accordingly, this study makes significant contributions by:

i.  Validating the consistency of the turbine's mechanical power, torque, pressure head, and
hydraulic efficiency in response to variations in blade number, aligning with previous findings
conducted on turbines with diameters exceeding 100 mm.

ii. Addressing the research gap by investigating the impact of blade number on the
hydrodynamic performance of propeller-type axial turbines with diameters under 100 mm,
specifically for in-pipe applications.

2. Methodology
2.1 Governing Equations and Turbine Performance Parameters

The steady state Reynolds-averaged Navier-Stokes (RANS) transport equations in cartesian form
for continuity and momentum are defined by Eq. (1) and Eq. (2), respectively. Note that the unsteady
terms for continuity (dp/dt) and momentum (apUj/at) are not present.

0

—(pU) =0 1
9 o) =P [, _ ,
axj PR = 0x; an ¢ axj Pty (- (2)

where the subindex i, j indicates the summation of cartesian components either in 2D or 3D form.
U; ; is the mean velocity,p the fluid density, P is the pressure, u is the dynamic viscosity, and u'is the
fluctuating velocity component. The term pTuJ’ is known as the Reynolds stress.

The turbulence model used was the was the Menter’s [39] k — w Shear Stress Transport (SST).
This model was designed to give highly accurate predictions of the amount of flow separation under
adverse pressure gradients. The k — w SST turbulence model has been used by several studies for
turbomachinery simulations with satisfactory precision when comparing with experimental results
[40-43].

The steady state k — w model is composed of two transport equations, namely, the turbulent
kinetic energy k, Eq. (3), and the turbulent frequency w, Eq. (4).

9]
a—xj(pUjk) = [ — —l + Py — B'pkw (3)

72 (Uj0) = 5| (4 2
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where Py is the production rate of turbulence (see CFX-Solver Theory guide [44]). However, the k —
w model alone fails to properly predict the flow separation from smooth surfaces. Therefore, a new
definition for the transport of eddy-viscosity u; is obtained by the following limiter:

pak

Mt (5)

- max(a,w, S*F,)

where §* is an invariant measure of the strain rate. F, is one of two sets of blending functions along
with F; defined by Eq. (6) and Eq. (7). The blending functions are critical for the success of the
k — w SST turbulence model.

4
vk 500u 4pk

ﬁ’wy'pwyz)' ( 2p 0k 0w —10) 2
max G20 0%; 0%, 1x10 Ow2y

2
F, = tanh lmax( 2Vk ) 500#)] (7)
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where y represents the distance to the nearest wall. For completeness, the k — w SST turbulence
model constants are reported. They were determined and tuned by Menter [39] based on
experimental data: 8’ = 0.09, 8 = 0.075, 8, a; =5/9, 0, = 2,0, = 2, 0,, = 1/0.856.

(6)

F; = tanh| |min max(

Regarding the turbine performance parameters, the turbine torque is essential to determine the
turbine efficiency. Thus, the turbine torque T is calculated using Eq. (8).

T=<j[?x(?-ﬁ)]d$>-d (&)

N

where S represents the surface of the rotating parts, 7 is the position vector, T the total stress tensor
(pressure and viscous stresses), 7 is a unit vector normal to the rotating surface, and @ is a unit
vector parallel to the axis of rotation [45].

Eq. (9) defines the pressure head AH, also called pressure drop, which is measured in units of
length.

P, —P; (9)
gp

AH =

where P; and P, are the inlet and outlet total pressures measured in Pascals (Pa), g is the gravitational
acceleration, and p is the waters’ density (997 kg/m3, as per CFX default) [46].

The hydraulic power Py available within the pipe is defined by Eq. (10), where Q (m3/s) is the
flow rate of the fluid flow passing through the turbine.

Py = pgAHQ (10)

The mechanical power P,,..;, produced by the turbine is defined by Eq. (11)
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Prhech = Tw (11)

where T (Nm) is the torque generated by the turbine induced by the fluid on the turbine blades, and
w (rad/s) is the angular velocity of the turbine.

The turbine efficiency n;, defined by Eq. (12), is the power input over the output. The input and
output powers are represented by the hydraulic power Py and the mechanical power P,,.cn,
respectively.

Pout — Pmech — Tw (12)
P; Py pgAHQ

Ne =

2.2 Geometry of the Axial Propeller-Type Turbine

The propeller-type turbine geometry was generated according to the “blade model
configuration” method developed by Ramos et al., [20]. A free-vortex flow was assumed at the blade
outlet for a turbine of 100 mm in diameter. The free-vortex flow satisfies the radial equilibrium theory
[47], which means that the radial components of the velocity are not present, leading to a constant
axial velocity through the turbine. This design method generates a circular blade profile with constant
thickness of 1.7 mm. The blade geometry is a simpler blade design compared to a hydrofoil i.e., the
NACA series airfoils. However, the circular blade is not symmetric due to its convex curvature. The
convex curvature does not allow for a change in the flow direction. If for any reason the flow direction
is reversed, the turbine orientation must be changed to properly face the incoming flow.

Furthermore, Table 1 shows the turbine bidimensional cartesian coordinates for the three design
radii ;: at the hub 3, at the middle 77, 441¢, @and at the blade tip 7. The turbine geometric parameters
are the inlet and outlet blade angles $,, 3,, respectively. The horizontal length between the leading
and trailing edges L, the x-coordinates for the leading and trailing edges x, x,, respectively. The
circle radius 7, and its center coordinates x., y.. For further detail, these geometric parameters are
reported in the study of Ramos et al., [20]. However, they designed a turbine for an external diameter
of 100 mm, but in the present study we designed used a value of 75.3 mm for the external diameter.
Lastly, the initial hydraulic design parameters were the same as those used for Ramos et al., The
initial hydraulic design parameters are the pressure head H = 0.1741 m, the flow rate Q = 0.0034
m3 /s, the turbine angular velocity N = 300 rpm, and the turbine efficiency n, = 0.98.

Figure 1 (a) shows a frontal view of the turbine depicting the turbine tip diameter D;, and the hub
diameter Dj,. According to the turbine diameters, the turbine hub-to-tip ratio D,/D;,, = 0.5. Figure 1
(b) presents a side view with a turbine length of 75 mm, and a bulb arc radius of 18.825 mm.

Table 1

Turbine geometric parameters

Design

ra difs r;(mm) By (°) B2 (°) L(mm) x; (mm) x,(mm) 1 (mm) x.(mm) y. (mm)
, (Py) 18.83 59.85 16.57 22.13 -11.07 11.07 38.19 21.95 19.18
Tmigaie (P3)  28.24 48.93 20.15 33.20 -16.60 16.60 81.08 44.53 53.27

1: (Ps) 37.65 40.72 21.40 44.26 -22.13 22.13 153.95 78.30 116.69
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Fig. 1. Propeller-type turbine three-dimensional model (a) Frontal view and characteristic
diameters: Dy,: hub diameter. D;: turbine’s outer diameter (b) Profile view depicting the

turbine’s total and bulb lengths

2.3 Computational Fluid Dynamics Simulation Setup

Section 2.3.1 discusses the boundary conditions applied to the computational fluid dynamic (CFD)
simulations. Section 2.3.2 describes the grid uncertainty quantification methodology and its results.
Section 2.3.3 shows the methods and parameters for generating the computational grid. Lastly,
section 2.3.4 describes the parametric study carried out for the CFD simulations.

2.3.1 Boundary conditions

The CFD simulations were executed by a 12-core Intel ® Xeon CPU E5-2667 at 2.90 GHz and 32
GB of RAM workstation. We used the fluid dynamics commercial code CFX of ANSYS 2021 R2. The
simulations used the Reynolds-Averaged Navier-Stokes (RANS) k — w SST turbulence model [48], a
frozen rotor approach, and water as the working fluid at 25 °C, assuming no heat transfer. The
simulations were carried out by using a steady state analysis. This was essentially implemented
because a transient simulation is out of the scope of the article. Among various applications of
transient analyses is to predict the fluctuation of quantities and its effects generated by unsteady
flow conditions i.e., the effect of blade tip clearance on the turbine efficiency [49], pressure
fluctuations for fatigue structural analysis [50], transient hydraulic processes generated by load
rejections [51], violent hydraulic instability phenomena caused by runaway conditions [52], and the
startup and shutdown of hydraulic turbines [53]. However, the objective of the present study is not
intended to investigate any of the exposed research topics. Furthermore, the steady state analysis is
an acceptable approximation to the actual hydraulic behavior of a turbine [54, 55]. Furthermore, the
steady state results can serve as the initial conditions for transient simulations, which is our intent
for future works.

Figure 2 shows the control volumes and boundary conditions for the simulations. On the one
hand, the control volumes were divided into a stationary domain representing the pipe with a
diameter of Dy,;,, = 77.3 mm, and a rotational domain representing the turbine with a diameter of
D; = 75.3 mm. The space between the blade tip and the pipe wall is called “tip clearance t;”, which
we considered for the numerical model. The tip clearance is computed as t, = (Dpipe - Dt)/Z.
Given the pipe and turbine diameters, t. = 1mm. The reason the tip clearance was modelled was to
consider the hydraulic losses produced by tip leakage flow, which is the flow that passes through the
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tip clearance. On the other hand, the stationary domain was composed of a pipe with a 90° elbow
with a radius of 16.463 mm, and its length was defined in terms of the turbine diameter D;.
Therefore, the inlet-to-elbow length was specified as 4D; to ensure a developed flow upstream from
the turbine. The pipe length between the elbow and the turbine was defined as D;. As the inlet
portion of the pipe, the turbine-to-outlet length was defined as 4D;.

In Figure 2, the turbine (green color) can be distinguished between two fluid-fluid interfaces,
which allows the flow to cross between the rotational and stationary control volumes. Dirichlet
boundary conditions were applied to the numerical simulation as follows: an inlet boundary
condition of mass flow m = 13.85 kg/s with a turbulence intensity of I = 5 %, an outlet relative
pressure boundary condition of 0 Pa (the absolute pressure was P, = 101325 Pa), and the no-slip
condition was applied to the pipe and turbine walls. Furthermore, the definition of the interface
between the stationary and rotational domains was as a fluid-to-fluid interface because the working
fluid is present at both sides at the interface location.

Stationary domain

/ / Fluid-to-fluid interface Rotational domain
1 4 . '; \
\/ R16.463 mm /'/ / / )

Turbine "
\ D; = 75.3mm \
) Pipe V\-'a-‘HS v
Dpipe = T7.3mm %
Inlet mass flow /

Tin = 13.85 kg/s \
I=5% Relative outlet pressure
P, =0Pa
Fig. 2. Boundary conditions and control volumes for the CFD simulations

2.3.2 Grid uncertainty quantification

The Grid Convergence Index (GCl) is used to quantify the grid numerical uncertainty for the
present study. The GCI method was first proposed by Roache [56], who based it on the generalized
Richardson Extrapolation theory [57, 58]. The objective of the GCl method is to provide an asymptotic
approach to quantify the grid uncertainty due to the finite element discretization in CFD applications.
The Fluids Engineering Division of the American Society of Mechanical Engineers (ASME) adopted the
application of the GClI method to encourage authors to apply it in their studies [59]. The following
steps describe the GCl method application used in the present study:

i.  The GCl method starts by defining a grid representative size h;:

f

he = (Nl) (13)

where the subscript i represents different sets of grids varying its cell count, namely, 1, 2, and 3 are
the fine, medium, and coarse grids, respectively; N is the total number of cells, and for 2D f = %, and

for3D f = g Due to the physics of the present study simulation model, f = éwas used.
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i. Three different grid representative sizes are computed such that h; < h, < h3. Then, the grid
refinement factors can be calculated as:

h, hs
=g =g (14)

where 1,; and 13, are the medium-to-fine and coarse-to-medium grid refinement factors,
respectively. 154,73, > 1.3 as per ASME’s recommendation [59].

iii.  The solution value of interest ¢ is selected for each i;, grid, i.e., torque and/or pressure head.
The solution values are used to calculate the differences between them as:

&1 = Py —P1,832 = P35 — P, (15)

Then, the apparent order p is calculated using Eq. (16) to Eq. (18):

_ lIn|es,/e21] + q(p)I

16

In(ryq) (e
T —S

qp) = ln( 5 ) (17)
r —s

s =1 x sgn(esy/e51) (18)

On the one hand, if r,; # 13,, then a fixed-point iteration procedure must be carried out to solve
for p. On the other hand, if r,; = r3, = const., then q(p) = 0, and an iterative solution is not
required. Furthermore, the convergence ratio &5,/&,; indicates whether the GCI method can
continue when a monotonic convergence is achieved (&5, /&,;, > 0), or not when an oscillatory (non-
monotonic) convergence is satisfied (&5,/&,; < 0) [60]. If oscillatory convergence exists, additional
calculations with further grid refinements are performed. Additionally, a divergent solution is
achieved if p < 0, and the process cannot continue. However, the absolute value on the numerator
in Eq. (12) is used (|In|e3,/€1| + q(p)|) to ensure extrapolation towards h = 0 [61].

iv.  The medium-to-fine ¢2l, and coarse-to-medium ¢32, extrapolated solution values are
defined by Eqg. (19). These extrapolated values are the solution when the grid cells are
infinitely small, i.e., h = 0:

P p

21 _ T'21(l)1 - ¢2 32 __ 7"32(1)2 - ¢3 1

ext — p » VYext — P ( 9)

r,,—1 r,—1

v.  The results of the GCI method should comprise the medium-to-fine and coarse-to-medium
values of the approximate relative error ¢,, the extrapolated relative error e,,;, and the grid
convergence index GClgpe meqium- Additionally, the approximate constancy GCl should also
be reported if the refinement factors are equal. Eqg. (20) to Eq. (23) define these parameters:

¢1— ¢,

b1

¢2 — ¢3

b2

e2l = 32 _

r-a

(20)
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vt — P1 t (0B
eezagt = exT ) ggt = exT (21)
ext ext
GCIA: Foeq” ,GCI32 Frea” (22)
fine — _p 4 medium — _p 4
r21 1’ T, — 1
GCI3?
GCl = ——medium ~ 1 only forry, =13, (23)
T2p1GCIfzz}1e

where F;, = 1.25 is the security factor when the GCI method is applied to three or more different
grids. However, if two grids are compared, the security factor should be F; = 3 [59]. Furthermore, if
the approximate constancy GCI = 1, then the solution has achieved the asymptotic range
convergence and no grid refinement is needed [56, 62].

Table 2 shows the results of the GCI method applied in the present study for three different cell-
count grids N; = 13,459,846 (fine), N, = 3,057,734 (medium), and N; = 141,425 (coarse). The grid
refinement ratios satisfy the ASME recommendation regarding its lower limit value (11,73, > 1.3).
Since 1,1 # 132, p was computed using a fix-point iteration with p =1 as the initial value, see
Eq. (16). For the grid solution values ¢;, we selected the turbine torque T, and the head drop AH
across the turbine, defined by Eq. (8) and Eq. (9), respectively. A monotonic convergence was
achieved because €3,/€,,,p > 0, which allowed the GCI method application process to continue.
The apparent order p approximately matched the second order advection scheme used in CFX (High
Resolution), which is a good indicator of the grid convergence. The medium-to-fine and coarse-to-
medium extrapolated values ¢,,;, the approximate relative error e,, and the extrapolated relative
error e,,; were reported. The extrapolated values ¢21,, ¢32, give an asymptotic grid solution when
h tends to zero, i.e., an infinitely refined grid. It should be noted that 21, = ¢32,, which makes sense
since there onIy exists one exact grid solution of T and AH when h; = 0. The approximate relative
errors e21, e3? consider the fine and medium grid solutions ¢)12 as the reference value to compute
the relative error. As for the extrapolated relative errors e2L,, e32,, it compares the fine and medium
grid solution with respect to the extrapolated grid solution. Both the approximate and extrapolated
relative errors are considered as acceptable due to the low percentage error. Furthermore, the GCI
for the fine and medium grid results in low percentage values for the torque and head drop lower
than 2.1 % approximately, which are within acceptable thresholds [63].

Figure 3 (a), (b) show the solution convergence for using the GCl study for the three different grid
cell counts N;, N, and N3. The y-axis is represented by two grid solution values, namely, the torque
T and the pressure drop AH. The x-axis is defined by the grid cell representative size h. A value of h
close to zero signifies a more refined grid. In this manner, while h tends to zero, the grid solution
values tend to a converged solution for N3, N, and N;. The value of qbez;fz is the Richardson
Extrapolation for the given grid solution ¢p when the grid size is infinitely refined, i.e., infinitely small
grid cells. Finally, both grid solution of torque T and pressure head AH had a monotonically ascending
trend when the grid cells became smaller, i.e., when h tends to zero.
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Table 2
Result for the propeller-type turbine simulation Grid Convergence Index (GCl)
Parameters T AH
N;; Ny; Ny 13,459,846; 3,057,734; 141,425
o 1.639 1.639
T30 2.786 2.786
o 1.797 Nm 5.373m
o, 1.778 Nm 5.327m
o 1.562 Nm 4717 m
€32/ €21 11.407 13.369
p 2.065 2.243
21 32, 1.808 5.395
et 1.057 % 0.849 %
ezl 0.592 % 0.417 %
e3? 12.18 % 11.442 %
e32, 1.643 % 1.262 %
GCIfhe 0.745 % 0.523 %
GCI32 jium 2.087 % 1.597 %
1.85 ————————T——T——T—T— 5.5 P S
Lsol ¢§2€*—2 _____ N, | sal Y3 N .
53} .
’Zg 175+ . E ol 1
: 1.70 F . 5 51 .
Il o1 Il 5.0} 21 _ 920 1
o 165} GCIf,, =0.745% ] o GCIf,, = 0.523%
GCI? ;i = 2.087% 49+F GCI® . =159T% _
160 o Torque T T 4.8 L [Fe—Headdrop AH i
% Richardson extrapolation 3 % Richardson extrapolation ;

2 0 2 4 6

8 10 12 14 16 18

hi = (1/N;)'? (x107%)

(a)

4.7
2 0 2 4 6 81912141618
h; = (1/N;))*? (x1072)
(b)

Fig. 3. Grid Converge Index (GCI) results for (a) the turbine torque and (b) pressure head

Figure 4 shows a bidimensional section visualization of the selected grid composed of a total of
3,057,734 cells. The bidimensional section is a cross sectional view of the grid to expose the rotational
and stationary domain for detail purposes. The grid was obtained using the meshing module Mesh
of ANSYS. The inlet and outlet of the fluid and its flow direction are depicted, alongside the stationary
and rotational domains. The grid was composed of tetrahedral cells. The minimum cell sizes for the
stationary and rotational domains were 5 mm and 1 mm, respectively. The details of the lower part
of the rotational domain can be observed, showing the location of the fluid-fluid interfaces between
rotational and stationary domains. The tip clearance t, =1 mm can be seen from the figure. The grid
for the tip clearance was generated with tetrahedral cells and the same refinement parameters used
for the rotational domain, which is the most refined zone of the control volume. The meshing
parameters are reported in section 2.3.3. Additionally, the inflation layers applied to the blade wall
are presented. According to the CFX Reference Guide [64], all w-equation based turbulence models
implement automatic wall treatment, which automatically switches from a low-Reynolds formulation
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to functions based on the grid spacing provided. As recommended for the present case [65, 66], the
inflation layer parameters are: first cell height of 0.01 mm, growth rate of 1.01, and 10 nodes for the
number of layers.

Quality-wise, the most important grid quality parameter for a tetrahedral-type cell is the
skewness. If the skewness tends to zero, the tetrahedral has the ideal shape and vice versa. The CFX
theory guide [44] recommends the skewness to be less than 0.85 for any grid cell with an average
value significantly lower. In this manner, the selected grid had an average skewness of 0.2174 with a
maximum value of 0.807 (for 109 grid cells), a minimum of 4.25x102 (for 3.06%x10° grid cells), and a
standard deviation of 9.794x102. Therefore, the selected mesh is an acceptable grid quality-wise.

—»Qutlet

Stationary domain
Rotational domain

Fluid-to-fluid interface
Blade wall

I

Vv

Inflation layers (10 nodes)
Fig. 4. Tetrahedral medium grid size N, with 3,057,734 cells used for the fluid
dynamic simulations for the present study

~ | Tip clearance

2.3.3 Meshing parameters

Table 3 presents the discretization parameters used in ANSYS Mesh to generate the control
volume discretization after performing the grid error quantification for the final simulations. The
parameters are divided into four components: the defaults, where physics preference is selected
(CFX), the element order and the global mesh size; the sizing, where detailed parameters are
configured to define the mesh generation behavior; the quality, where the main target quality limit
is set along the mesh smoothing; lastly, the mesh refinement methods, where localized sizing is set
up. Mainly, there was no need to change most of the parameters within the sizing component due
to the previous grid study results, meaning they were left to the default value. More importantly, the
mesh refinement methods were defined for the rotational and stationary domain and for the
interface surfaces using the sizing refinement method. For the rotational and stationary domains,
and for the interfaces, the elements size was defined as 1 mm, 5 mm, 1 mm, respectively.
Additionally, inflation layers were applied to the blade walls. One the one hand, the first layer
thickness and the growth rate parameters were determined with previous simulation testing. On the
other hand, the number of layers for the inflation method were determined as per recommendation
[66].
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2.3.4 Parametric study

The parametric study was performed considering two input variables: the turbine angular velocity
w, and the turbine number of blades Z. Then, for the same boundary conditions described in Figure
2, the angular velocity, w, varied from 1600 and 3800 rpm in steps of 200 rpm and the number of
blades, Z, varied from 2 to 6 blades. The output variables were the turbine torque T, and the inlet
P;,, and outlet P,,,; total pressures. Figure 5 illustrates the variation of the number of blades. Once
the design of the turbine was obtained, the number of blades were changed using the circular pattern
tool within the three-dimensional modeling software SpaceClaim of ANSYS.

Table 2
ANSYS Mesh discretization parameters
Component Parameter Detail
Physics preference CFD
Defaults Solver preference C.FX
Element order Linear
Element size Default (34.087 mm)
Use adaptative sizing No
Growth rate Default (1.2)
Max size Default (68.173 mm)
Mesh defeaturing Yes
Defeature size Default (0.17043 mm)
Sizing Capture curvature Yes
Curvature min size Default (0.34087 mm)
Curvature normal angle Default (18.0 °)
Capture proximity Yes
Proximity min size Default (0.34087)
Proximity gap factor Default (3.0)
Proximity size sources Faces and edges
Check mesh quality Yes, errors
Quality Target skewness Default (0.9)

Smoothing

High

Mesh refinement methods

Sizing at rotational domain
Sizing at stationary domain
Sizing at interfaces

Inflation at blade walls

Element size: 1 mm
Element size: 5.0 mm
Element size: 1 mm

- First layer thickness: 0.01 mm.

- Maximum layers: 10.
- Growth rate: 1.01

- =

\—-'

Y

Z =2

)

i Ty

\

D

Z =3

Z =4

= Z =5 Z =6
Fig. 5. Turbine blade variation from 2 to 6 for the parametric CFD study
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3. Results
3.1 Turbine Performance Curves

Figure 6 presents the mechanical performance variables of the axial turbine. These variables are
the torque and the mechanical power and are a function of the angular velocity w (horizontal axis)
that ranges from 1600 and 3800 rpm, and the number of blades in a range between 2 and 6. Figure 6
(a) shows a negative linear correlation between the torque and the angular velocity, namely, when
the angular velocity of the turbine tends to zero, the torque tends to its maximum value. This is
because the fluid exerts the maximum mechanical momentum when there is no relative rotational
motion between the turbine blades and the fluid. The mentioned working point, when w — 0 and
T — max is known as stall torque [16]. The magnitude of the torque increases when there is a higher
number of blades in the turbine. Otherwise, when no mechanical load is imposed on the turbine, the
angular velocity tends to increase as the torque decreases, i.e., w = max and T — 0. This working
condition is referred to as runaway speed [67]. Figure 6 (b) presents the nonlinear relationship
between the turbine mechanical power and the angular velocity. The mechanical power is nonlinear
due to the inverse relationship between the angular velocity and torque. Additionally, it can be
observed that the mechanical power increases and the number of blades increases. Lastly, the
maximum point of the mechanical power of a hydraulic turbine tends to be in the middle of the
angular velocity range [68].

Figure 7 shows the behavior of the hydraulic variables of the pressure head and the hydraulic
efficiency of the axial turbine. These variables are also a function of the angular velocity w (horizontal
axis) in a range of (1600< w <3800) rpm; and the number of blades in a range of 2< Z <6. Figure 7
(a) presents a negative linear relationship between pressure head and angular velocity and shows an
increment of pressure head as the number of blades increases. This behavior is due to the increase
in the swept area of the turbine as the number of blades increases. Figure 7 (b) reports the maximum
hydraulic efficiencies are reached between 2800 and 3000 rpm. Furthermore, the lower the number
of blades, the higher the efficiency. This is due to the large pressure head variations as a function of
angular velocity compared to the torque variation. As reported in previous studies [32, 34], a similar
mathematical trend was identified in the characteristic behavior of pressure head and hydraulic
efficiency as a function of turbine angular velocity and number of blades.

3.0 T T T T T T 500 T T T T T T
—=— 2 blades —=— 2 blades
—e— 3 blades —e— 3 blades
25} —+— 4 blades|{ —+— 4 blades
—v— 5 blades 400 | —v— 5 blades|T
6 blades 6 blades
20F B Py
’S\ % 300 E
< 15} | -
—
&~ £ 200 -
10F 4 R
o5l | 100 | /_/\ )
1 1 1 1 1 1 O 1 1 1 1 1 1
1600 2000 2400 2800 3200 3600 4000 1600 2000 2400 2800 3200 3600 4000
w (rpm) w (rpm)
(a) (b)

Fig. 6. Propeller-type turbine mechanical performance variables for (a) torque T and (b) mechanical power
Ppecn as a function of the angular velocity w and the number of blades Z
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Fig. 7. Hydraulic performance variables of the axial turbine for (a) the pressure head AH and (b) the
hydraulic efficiency 1, as a function of the angular velocity w and the number of blades Z

3.2 Fluid Dynamic Contours
3.2.1 Total pressure and turbulence kinetic energy

Figure 8 presents the steady-state total pressure contours for the stationary domain as a function
of the number of blades in the range of (2< Z <6) at a turbine angular speed of 2800 rpm. The
pressure contours are defined on two bidimensional planes perpendicular to each other. According
to the contour legend, blue and red colors represent the lowest and highest pressures, respectively.
The figure shows the turbine in gray color, its location in the pipe domain, the fluid direction from
left to right, and the zones of interest called upstream (fluid to reach the turbine) and downstream
(fluid past the turbine). Based on the contours, it is possible to visually confirm that the pressure head
increases with the number of blades. This is because there is a difference in pressures upstream and
downstream of the turbine, which defines the pressure head AH. The pressure near the outlet of the
pipe remains constant around a value of 4.4 kPa, while the pressure near the inlet of the fluid
increases from approximately 23 kPa for two blades to 60 kPa for six blades. In the downstream
region of the turbine, pressure fluctuations can be seen, mainly generated by high-velocity gradients.
Moreover, the escalation in blade count induces a rise in downstream pressure relative to upstream
pressure. This phenomenon stems from the fluid's heightened perception of flow blockage or
constriction, consequently leading to an augmentation in upstream pressure and subsequently
resulting in amplified pressures downstream.

Figure 9 presents the steady-state turbulence kinetic energy contours for the stationary domain
as a function of the number of blades in the range of (2< Z <6) at a turbine angular velocity of
2800 rpm. The contours of the turbulence kinetic energy are defined on two two-dimensional planes
perpendicular to each other. Regarding the contour’s legend, blue and red represent the lowest and
highest magnitudes, respectively. In the different contours, it is possible to visualize the turbine in
gray color, its location in the pipe domain, the direction of the fluid from left to right, and the zones
of interest called upstream (fluid to reach the turbine) and downstream (fluid passed the turbine).
From the contours, as the number of blades increases, the turbulence kinetic energy also increases
near the turbine. In other words, the turbulence kinetic energy is a measure of hydraulic losses
caused by velocity and pressure gradients, wake formation that contains vortices and eddies and
flow-to-turbine interaction [69], so the contour confirms the hydraulic efficiency behavior from
Figure 7a.
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blades Z for a turbine angular velocity of 2800 rpm

3.2.2 Vortex structures

To further visualize the effect of the number of blades on the fluid dynamics of the turbine, the
vortex formation and structures are shown using the Q-criterion introduced by Hunt et al., [70]. The
Q.-criterion is the second invariant of the velocity gradient tensor expressed by Eq. (24).

1
Q=(llezIf; - sil}) (24)

where () and S are the antisymmetric and symmetric components of the velocity gradient Vu, i.e.,
Qi = X(0u;/0x; — 0u;/0x;) and S;; = 2(du;/0x; + 0u;/0x;). The operator ||-||F represents the
Frobenius norm. The Q-criterion is the local balance between the vorticity magnitude ) and the shear
strain rate S. Therefore, for the Q-criterion to be able to quantify vortical flow regions, Q > 0 and
the local pressure must be below the ambient pressure [71].

Iso-surfaces were used to render the Q-criterion to represent vortical fluid motion regions. The
Q-criterion iso-surfaces were colored with the normalized helicity H,, [72], defined by Eq. (25).

Hy= % (25)
1] - 1wl
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Fig. 9. Steady-state turbulence kinetic energy contours as a function of the
number of blades Z for a turbine angular velocity of 2800 rpm

Where E’ is the vorticity and w is the relative velocity used to compute the helicity for the
rotational domain. The relative helicity is normalized by the dot-product between the absolute value
of the above vectors. The normalized helicity ranges between -1 and 1. The physical meaning of
helicity elucidates valuable information about vortex structures. On the one hand, the sign of H,
indicates a vortex's swirl rotation direction relative to the stream-wise velocity direction. On the
other hand, values of H,, close to the unity indicate high rotational speed and vorticity [72].

Figure 10 shows the vortex structure visualization for the turbine rotational domain for each
variation of the number of blades Z from 2 to 6. The contours correspond to the best efficiency point
(BEP) at a rotational speed of w = 2800 rpm. The fluid flow direction is from negative to positive X-
axis, and the turbine rotates around the positive X-axis direction. Figure 10 (a) shows the vortex
structures using the Q-criterion at 300000 s~2 colored with the dimensionless helicity H,, where
various types of vortices are identified. Each blade's interest zones are named pressure and suction
surfaces (PS, SS), respectively. Although there were no vortex structures on the PS, we found the
contrary for the SS and different zones downstream. At the blade’s, tip leakage vortices (TLV) are
formed due to the pressure differential between the PS and SS. TLV vortices stayed generally
unchanged for each Z variation. The wake vortices (WV) located at the trailing edge (TE) conserved
the same vortex structure but changed in H,, for the variation of Z. Additionally, the leading-edge
vortices (LEV) were progressively suppressed by the increasing Z. Both the WV and TLV structures
are caused by flow separation, especially because the leading and trailing edges of the blades were
blunt. At the turbine hub, structures called horseshoe vortices (HV) were formed due to the
interaction between the LE and TE at the blade passage. HV followed spiral trajectories and they
increased their size in direct proportion to Z and inversely with the blade passage size. Also, at the
end of the downstream bulb, longitudinal vortices (LV) started to form as follows: when Z = 2, there
were spiral vortex structure formations, but for Z > 3, the spiral vortices transitioned to LV’s; for the
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case of Z = 3,4, LV's had opposite rotational direction (blue and red color), but for Z = 5, 6 all the
LV’s had the same rotational direction (all in red color); lastly, as Z increased, the HV structures
covered progressively the hub area, until they merged completely with the LV structures at Z = 6.

Figure 10 (b) shows the Q-criterion contour ranges from 0 to 180000 s~2. These contours were
placed on Y — Z planes located at X = 0.01 m (first plane) and X = 0.037 m (second plane) relative
to the turbine center. On the first plane, the contours help to elucidate the vortex cores (VC) of the
TLV structures. We confirmed that the number of vortex cores matched the number of blades Z and
that the maximum values of the Q-criterion correspond to the location of the vortex cores. The tip
leakage vortices of a propeller-type turbine usually form downstream along a spiral trajectory, and
the spiral vortices form at the end of the downstream bulb. On the one hand, the main spiral vortex
structure at the hub seen in the second plane for Z = 2 transitioned to LV ring-like structures at the
center of the contours for Z > 3. On the other hand, the TLV’s located at the vortex cores dissipated
quickly from a main spiral vortex structure to secondary spiral vortex formations seen on the second
plane for the cases Z = 3,4, 5.

Z =32
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LEV p

7, 0, % s ‘o
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Secondary spiral\f

Vortex core LV ring-like formation
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vortex formation

Vortex core

|
. Vortex cores
Q-criterion [572]

Turbine rotation : & — X

Fig. 10. (a) Rotational domain iso-surface vortex visualization for N = 2800 rpm through the Q-criterion at
300000 s 2 colored with the dimensionless helicity H,,. (b) Rotational domain Y-Z plane contours placed
relative to the turbine’s center at X = 0.01 m and X = 0.037 m colored with the Q-criterion in range of 0 to
180000 s 2

Figure 11 shows the stationary domain iso-surfaces vortex visualization using the Q-criterion at
20000 s~2 colored with the dimensionless helicity H,,. The contours correspond to the BEP at a
rotational speed of w = 2800 rpm. For the case Z = 2, the main spiral vortex formation of two
structures can be seen as well as some tip leakage vortex (TLV) formations. These last vortices appear
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to be within the rotational domain, but in fact they are located within the stationary domain,
specifically in the clearance space between the blade tips and the pipe wall (not shown). For Z = 3,
the longitudinal vortex (LV) formation near the bulb is visible, but it quickly dissipates to secondary
spiral vortices. For the cases of Z = 4,5, 6, we identified the LV main structure formation and its
rotational direction uniformization. The shape of the LV’s can be compared to the contours shown in
Figure 10 (b), in which they grow in diameter and tend to rotate in the same direction as Z increases.
The vortex structures for each variation of Z = 2, 3, 4, 5, 6 completely dissipated at an approximately
location of X = (0.077, 0.105, 0.157, 0.165, 0.173) m, respectively. The constant increasing size of
the vortex LV structures with the increasing Z is directly related to the hydraulic loses, which can be
confirmed by contours of the turbulence kinetic energy seen in Figure 9.

Vortex structures arise due to the complex interaction between the turbine blades, the fluid flow,
and the confined geometry of the pipe. The presence of these structures can lead to both
advantageous and challenging consequences. From a practical standpoint, the appearance of
longitudinal vortex structures can impact the turbine's efficiency and performance. The rotational
motion of these vortices can induce additional turbulence in the downstream flow, altering the
velocity profiles and pressure distribution. This altered flow environment may lead to increased
energy losses, reduced turbine efficiency, and changes in the turbine's operational stability [73]. The
physical implications extend beyond performance metrics. Longitudinal vortex structures can affect
the mechanical integrity of the turbine. Cyclic loading from vortex shedding and unsteady flow can
subject the turbine blades and components to fluctuating forces, potentially leading to fatigue, wear,
and even structural damage over time [74].

: ; LV formation
Main spiral vortex

formation LV dissipation into
secondary spiral vortices
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Fig. 11. Stationary domain iso-surface vortex visualization using the Q-criterion at 20000 s ~? colored with

the dimensionless helicity H,, for N = 2800 rpm

Figure 12 provides insight into the formation of vortices within the stationary domain of a turbine
as a function of blade count and turbine rotational speed. The choice to depict these vortices in the
stationary domain is motivated by their role in generating downstream longitudinal vortex
structures, which directly impact the turbine's performance by causing adverse hydraulic and
mechanical effects. Notably, the figure illustrates that an increase in blade count leads to larger
diameters of longitudinal vortices (LV’s), resulting in an augmentation of the mechanical power
extracted from the fluid by the turbine. This effect is attributed to the increased blade count, which
reduces the available area for fluid passage, thereby creating steeper fluid velocity gradients
conducive to the formation of longitudinal vortices. Additionally, these velocity gradients result in
higher pressure differentials on the blade surfaces, thus enhancing the turbine's mechanical power.
This deduction stems from a combined analysis of Figure 6 (b) and Figure 12. Furthermore, it is
evident that the presence of spiral and longitudinal vortex structures decreases as blade count
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increases and turbine angular velocity rises. This phenomenon arises due to higher angular velocities
tending to equalize upstream and downstream pressures of the turbine, leading to reduced pressure
differentials (see Figure 7 (a)). In contrast, a greater pressure delta increases the likelihood of vortex
generation. These observations facilitate an understanding of vortex behavior concerning angular
velocity. Figure 12 also reveals that as blade count and turbine angular velocity increase, the
predominance of spiral vortices diminishes, making way for longitudinal vortices. However,
continued growth in blade count and turbine angular velocity causes vortices to disperse, as
previously elucidated in this paragraph. Finally, summarizing our findings, the maximum hydraulic
efficiency achieved was 60.69% at an angular velocity of 2800 rpm, a pressure head of 1.57 m,
mechanical power of 129.63 W, and a torque of 0.44 Nm. Notably, we observed that changes in
pressure head were more sensitive to shifts in angular velocity than to variations in torque. This trend
led us to discover that optimal turbine efficiencies were associated with a lower number of blades.
This behavior can be attributed to the increased formation of vortex structures as the number of
blades rises, resulting in higher turbulence kinetic energy and associated hydraulic losses. These
findings carry implications for the deployment of in-pipe turbines. For applications seeking higher
pressure drop and maximum mechanical power output, using more blades is a suitable choice.
However, for efficient operation with reduced pressure drop, fewer blades are recommended.
Interestingly, our study agrees with prior research by highlighting that, in general, higher hydraulic
efficiencies are linked to a lower blade count. These insights enhance our understanding of in-pipe
turbine dynamics and provide practical guidance for optimizing their performance across various

scenarios.
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Fig. 12. Stationary domain iso-surface vortex visualization using the Q-
criterion at 20000 s 2 colored with the dimensionless helicity H,, as
function of the blade number Z and the turbine angular velocity
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4. Conclusions

A numerical simulation of a 75.3 mm diameter propeller-type axial turbine was conducted within
a 77.3 mm diameter pipe to investigate its performance. A parametric computational fluid dynamics
(CFD) study was performed, varying the angular velocity from 1600 to 3800 rpm and the number of
blades from 2 to 6. The results reveal several key findings. Firstly, the torque and pressure head
exhibit an inverse relationship with angular velocity but a direct relationship with the number of
blades. Conversely, the hydraulic efficiency demonstrates an inverse correlation with the turbine's
blade number.

The highest hydraulic efficiency achieved was 60.69 % at an angular velocity of 2800 rpm, a
pressure head of 1.57 m, a mechanical power of 129.63 W, and a torque of 0.44 Nm. The study
observed that the pressure head varies more significantly with angular velocity compared to torque,
resulting in the highest turbine efficiencies being attained with a lower number of blades. This
hydraulic behavior can be attributed to the intensified formation of vortex structures as the blade
number increases, consequently leading to elevated turbulence kinetic energy and associated
hydraulic losses. This means the fewer vortex structures, the better for the overall turbine
performance.

If the objective of utilizing turbines for in-pipe applications is to generate a higher pressure drop
while maximizing mechanical power output, employing a higher number of blades is a suitable
option. However, for efficient operation with reduced pressure drop, employing fewer blades is
recommended. In contrast to previous studies, our findings indicate that, for the most part, a lower
number of blades results in higher hydraulic efficiencies.

For future investigations, it is essential to further explore the effect of blade number on hydraulic
performance for turbines equipped with stator guide vanes, as our results differ from those reported
by Ohiemi et al., [35].
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