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The use of modern production techniques such as 3D printing brings new requirements for shaping
machine parts. In the case of the production of the runner blades of Kaplan micro-turbine using 3D
printing technology from plastic, the emphasis is on the mechanical properties of the blade and hydraulic
properties of the entire turbine. Achieving the required parameters is conditioned by finding a suitable
shape of the runner. Therefore the design, virtual testing, optimization and evaluation process is auto-
mated. The paper describes the whole process where virtual testing of hydraulic parameters is petformed
by CFD simulations, and the methods of genetic algorithms are used for optimization. Selected final
geometrical shapes of the blade are subjected to a more detailed analysis of hydraulic parameters in the

wider operating range and also to the strength analysis.
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1 Introduction

The demand to increase the production of electri-
city from renewable sources points to the possibility
of exploiting the potential of existing locations whose
hydropotential is not yet fully exploited. The use of
these sites is conditioned by the use of cost-effective
solutions with appropriate operational features and
minimum construction interventions. The required
solution is achieved by using modern technologies for
the production of water turbines, such as 3D printing
of parts, minimization of mechanical parts and use of
frequency converters to control the turbine speed and
its discharge (see Fig. 1). All these requirements lead
to a complex new design of the hydraulic part of the
turbine.

Fig. 17The prototype from the previous solution, on the left -
the compact turbine, on the right - the runner from the compo-
nents made by 3D printing

2 Solution description

The process of the whole design and virtual testing,

optimization and evaluation are controlled (via SW
connection) from the CAESES environment (see Fig.
2). The geometrical model of the whole turbine is fully
parametric and is created in the software CAESES. [1]
The hydraulic properties of the turbine are evaluated
based on flow simulation in SW ANSYS CFX using
structured meshes created in SW ANSYS Turbo-
GRID. [2] Sensitivity analysis of control parameters
reveals the effects of individual parameters on the
required hydraulic properties of the turbine. Further,
the shape of the runner blade is optimized to increase
hydraulic efficiency and improve cavitation properties
for a defined operating point. A multi-objective gene-
tic algorithm (MOGA) contained in the Dakota SW
CAESES module [3] is chosen for optimization.
Based on the evaluation of hydraulic properties, the
most suitable shape is chosen for further testing and
utilization.
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Fig. 2Workflow - Design and evaluation process diagram
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3 A parametric model of turbine geometry

The geometric model of the whole turbine is cre-
ated in the CAESES environment and is fully parame-
tric. The shape of the hydraulic profile consists of con-
trol points and curves (see Fig. 3). The guide blade is
prismatic along with its height and is defined by a sin-
gle control section, which is formed by a curve con-
trolled by several points (see Fig. 3). The process of
forming a runner blade is described in [4][5]. The blade
is formed by rolling the thickness on the camber
mean-line and transforming its shape into cylindrical
cuts defining the blade surface.

The blade is defined by distributing the following

parameters over its width: blade inlet and outlet angle,
profile length, maximum blade thickness, maximum
camber position, maximum blade camber ratio, the ra-
dius of the inlet edge (nose citcle) of profile and the
position of the blade rotation points (2 parameters).
After simplifying and linking some parameters, the
shape of the runner is controlled by a total of 24 para-
meters (see Table 1). Other parameters control the
global rotation of the guide blades and runner blades
around their axis (2 parameters) and the number of
individual blades in the turbine (2 parameters) - see
Tab. 1. There are limits for individual control parame-
ters within which the value can change during the pro-
cess of sensitivity analysis or subsequent optimization.

Fig. 3 A parametric model of geometry, on the left - hydranlic profile, on the middle - blades, on the right — full geometric model of
turbine

4 Flow simulation

The process of virtual verification of hydraulic pa-
rameters by numerical flow simulation (CFD) is
described in detail in the articles [6][7]. The whole pro-
cess of CFD assessment is performed in the ANSYS

CFX environment. It is automated, and for a fast
calculation, a stationary calculation is used on the
whole turbine model (guide vane, runner blade, draft
tube) using periodic segments for individual blade
parts. The mesh of the model is structured and is cre-
ated in the ANSYS TurboGRID environment.
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Fig. 4 Parametric model of geometry, on the right - control curves for computation mesh creation, on the middle — the model of CFD
simulation, on the left — CED simulation evaluation
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The total time of virtual assessment of hydraulic
parameters of one particular design from the creation
of the mesh to the actual simulation and evaluation
takes in the order of 2-4 minutes. This time corre-
sponds to the use of 4 computer cores per simulation
and a mesh composed of 130,000 computational ele-
ments. The process of evaluating hydraulic parameters
consists of evaluating: turbine flow rate (Q [m3.s1]),
overall turbine hydraulic efficiency and cavitation pro-
perties. The overall hydraulic efficiency of the turbine
(eta, t [-]) is evaluated based on the difference in total
pressures at the turbine inlet and outlet cross-sections
and the moment at the tutbine shaft. [8] Cavitation
properties for a high degree of automation are evalu-
ated based on the static pressure distribution over the
runner blade.[8] This pressure is related to the calcula-
tion head, and the sigma value (sigma, ref |-]) is calcu-
lated to the reference flow rate (Q, ref [ m3.s-1]). [9]
The target functions are expressed from these values,
which are minimized during sensitivity analysis and
optimization.

The first target function evaluated is the value for
overall hydraulic efficiency:

Fl1=1-eta,t [], )
Where: eta,t...total hydraulic efficiency of turbine [-].

The second target function is the value for cavita-
tion properties:
F2=sigma,ref [-], 2
Where: sigma,ref... sigma cavitation coefficient for re-
ference flow Q,ref [-].

The process of sensitivity analysis and subsequent op-
timization is based on finding a minimum of target
functions.

5 Sensitivity analysis

The sensitivity analysis of parameters determines
the effects of individual parameters on the required
hydraulic properties. For sensitivity analysis is chosen
algorithm SOBOL included in SW CAESES.

In the first step of sensitivity analysis are fixed: the
hydraulic shape of the turbine and shape of guide
blade, partial parameters of shape of runner blade (see
Tab. 1). The parameters analyzed include 16 parame-
ters describing the shape of the runner blade and one
parameter controlling the rotation of the guide blade
about its axis
(see Tab. 1). The total number of 17 control parame-
ters corresponds to sensitivity analysis with a total of
approx. 300 simulations so that correlations and corre-
lations can be found.

The sensitivity analysis was found:

e the strongest link was found between the

guide blade rotation parameter and the tur-

bine hydraulic parameters;

e very important for achieving hydraulic para-
meters is the setting of parameters of the
input and output angle of the blade, signifi-
cant dependence was not found, the influence
of the input parameters is individual;

e the influence of the blade profile length on

the turbine speed was confirmed.

6 Optimization

Furthermore, the blade shape optimization is used
to increase hydraulic efficiency and improve cavitation
properties for a defined operating point with a design
speed of ni1 = 175 rpm and a three-blade runner. The
MOGA (Multi-objective Genetic Algorithms) algo-
rithm contained in the Dakota SW CAESES module
was chosen for the optimization [10].

Based on the sensitivity analysis and previous ex-
perience concerning achieving the required parame-
ters (high specific speed x discharge x structural vane
strength), all parameters are fixed (see Tab. 1) except
these
(see Tab. 1): rotation angle of the guide vane, inlet
angle (describing the distribution of this angle over the
blade width) and the exit angle (x4) of the blade. A
total of 9 free control parameters are selected for op-
timization.

The actual MOGA algorithm is based on a multi-
objective genetic algorithm. Multi-objective means
that the target functions that it minimizes are more
than one, in our case two (hydraulic efficiency - F'1 and
cavitation - F2). Achieving a global minimum for both
target functions at the same time is excluded from this
task. It is true that if high hydraulic efficiency is achie-
ved, cavitation will be worse, and vice versa. The aim
is to find the optimal ratio of the two target functions
- Pareto front. Within the optimization process, three
samples are selected within one iteration cycle. For the
total number of 700 simulation points, approx. 230
iteration cycles are selected.

The starting point of the design process is a state
that has respected the past experience and has been
manually optimized, indicated as INITIALIZATION
in Graph 1. Initial hydraulic efficiency (eta, t) was alre-
ady high about 90%. Cavitation properties expressed
as sigma, ref = 1.25. Already by the sensitivity analysis
process, similar hydraulic efficiency was achieved with
a sharp improvement of cavitation properties to
sigma, ref = 0.83. The optimization process further
increased the hydraulic efficiency to eta, t = 90.7%
when reaching the sigma cavitation coefficient, ref =
0.77. The whole process is graphically documented in
Graph 1, where the individual combinations of the tar-
get functions F1, F2, and the envelope curve of the
best Pareto - front solutions (curves) are evident. It is
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apparent from the outputs that the proposed algo-
rithm is functional, the optimization process only
slightly increases the achieved hydraulic efficiency, and
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the great benefit is achieved in the area of improving
cavitation properties.
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Graph 1 Simmulation points in the area of the target functions F1 and F2

7 Verification of hydraulic properties in a
wider operating area

Selected geometry (design with hydraulic efficiency
eta, t = 90.7% and cavitation coefficient sigma, ref =
0.77) from the optimization process is subjected to pa-
rameter analysis for a wider operating area. This ana-
lysis is performed by flow simulation for different
combinations of rotating vanes and runner blades and
different unit speeds (unit speed ni1) so that an ideal
coupling is sought while achieving the highest hydrau-
lic efficiency of the turbine.

From the analysis of the hydraulic properties of the
selected geometry in the wider operating area, it is

Pressure
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imported Pressure

found out: the actual optimum of the turbine opera-
tion is at lower speed with the maximum achieved
hydraulic efficiency eta, t = 91.1% (design optimum
ny1 = 175min’, real optimum ny; = 160 min ). The
analysis shows high hydraulic efficiency (eta, t over
85%) for a wide operating area.

8 Strength analysis

The subject is an assessment of stress-strain analy-
sis of the turbine runner blade and its binding to the
hub for selected operating conditions and technology
of the production of the blades by 3D printing from
plastic materials..
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Fig. 5 Workflow of the structural analysis, on the left — static pressure distribution from CED, in the middle — settings and geomse-
try of the structural analysis, on the right — distribution of the Von Mises Stress
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Analyses were performed with the following
settings:

e  Stress-strain analysis for a unit runner (in the
following solution, the size of the runner will
be changed to the appropriate size of the run-
ner for a specific location);

e The runner blade load is taken from the flow
analysis, i.e. the static pressure distribution for
the individual operating points is imported;

o The geometric model contains the runner
blade itself and its binding to the hub (see Fig.
5);

e The calculation is made for the material cha-
racteristics of structural steel (E = 200 GPa, v
= 0.3, p = 7850 kg.m-3);

e The calculation for operating parameters
(runner diameter D = 1 m, head H = 4 m,
discharge, and power according to operating
condition) and several operating points (max.
power, max. efficiency, and runaway speed).

The calculations show:
e maximum von Mises stress is achieved in the

point of connection of the runner to the tur-
bine hub - see Figure 5;

maximum von Mises stress is reached for the ma-
ximum power output of the turbine unit

9 Conclusion and evaluation

This paper describes the process of designing and
assessing a completely new Kaplan turbine hydraulic
profile for specific applications. The design process
also includes an algorithm for optimizing the shape of
the runner blade in order to increase the utility prope-
rties of the water turbine. The whole workflow is fully
automated and in the first tests the functionality has
been proven, where the process of optimization for
the given operating point increases both the hydraulic
efficiency of the turbine and significantly improves its
cavitation properties.

Opverall, approx. 1200 flow simulations (see Table
1) with a total of 30 hours of machine time using 12-
core parallel run.

The most demanding steps of the whole process
include: creating a fully parametric geometric model
with interconnection and control of geometric input
parameters; Creation of a fully automatic process of
verification of hydraulic parameters using the flow si-
mulation (CFD) method.

As part of the strength analysis [11], the material
characteristics for the plastic material created by 3D
printing will be introduced into the calculation, and
the calculation will point out the possibilities of the
technology used for the given application, possible li-
mitations and necessary design changes (possible
increase of blade thickness, blade reinforcement, etc.).

Tab. 1 Definition of individual parameters for a different design and evaluation levels

Part Parameters Num. Geometry Sens1qv1ty Optimization | Verification
of param. | model analysis
Hydraulic | 1 erol points circa14 | Pree Fix Fix Fix
profile
Guid Control points circa 11 Free Fix Fix Fix
blucliee Global rotation 1 Free Free Free Free
: Number of blades 1 Free Fix Fix Fix
Inlet angle 4 Free Free Free Fix
Outlet angle 4 Free Free Free Fix
Profile length 4 Free Free Fix Fix
Maximum . . .
blade thickness 4 Free Fix Fix Fix
Position - of - maximum | , Free Free Fix Fix
Runner caml?er
blade Mgmmum blade camber 2 Free Free Fix Fix
ration
The radius of the inlet 5 Free Fix Fix Fix
edge
Position of the blade |, Free Fix Fix Fix
rotation points
Global rotation 1 Free Fix Fix Free
Number of blades 1 Free Fix Fix Fix
Number of free parameters 53 17 9 2
Number of simulation points - 300 circa 700 circa 125
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