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Abstract

In order to design a water turbine, the Theory of the Physical Similarity of Hydraulic Machines is used in tech-
nical practice. This principle has been known and used by manufacturers of turbines and pumps, but is not avail-
able to general public. This paper describes author’s calculation program for turbine design that is well accessi-
ble to the widest possible range of users of mainly small hydropower sources. Based on the given hydraulic
potential (water head and flowrate), the program determines the most suitable turbine type and calculates its
main geometric parameters. In addition to numerical results, the program is also endowed with graphic output
which renders in true scale hydraulic profiles of rotor blades and guide blades as well as the hydraulic profile of
a spiral casing. The process of the Kaplan turbine design is used as an example in this paper. The comparisons of
the calculated results with the verified standard 4-K-69 Kaplan turbine confirm the compliance of numerical

results with reality.
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INTRODUCTION

On a global scale, there is a great unused renewable
hydropower, especially in small water resources. In
this area, besides a wide variety of simple water en-
gines like a bladeless turbine, POLAK (2013A), split
reaction turbine DATE (2010), etc., the conventional
blade turbines are used the most, KHAN (2009). The
design principles of water turbines have been known
and used for a long time by the manufacturers of tur-
bines and pumps, but they use their know-how exclu-
sively for their own needs, keeping it away from the
public. The authors present here an original calcula-
tion program for turbine design, which has been sim-
plified in order to address as wide an audience as
possible. However, the simplification does not mean
that the quality of the achieved results would suffer.
Moreover, the authors extended the program by add-
ing its own graphic output to it, which immediately
renders the calculated key turbine components in true
scale. In this way, the end users of small hydropower
sources are able to find out detailed information on the

device for the most effective use of renewable water
energy in their specific local conditions.

For the purpose of the turbine design, the technical
practice uses the theory of physical similarity of hy-
draulic machines. Its principle is based on the geomet-
ric similarity of velocity triangles (Fig. 1) of so called
model (etalon) and real turbines or in other words on
the Euler turbine equation:

YT =U;-Cyy —U,-Cyy 1)

Where Y; [J.kg™] is specific energy of turbine and
u [m.s?] is circumferential and ¢, [m.s] absolute
velocity according to MuUNSON (2006) and
ANAGNOSTOPOULOS (2009).

The main turbine design parameters are determined by
the recalculations of model (etalon) turbines which are
processed and described in detail using nomograms
and tabulated values. Other design parameters are
determined using fluid mechanics relations.
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Fig. 1. — Velocity triangles of the radial turbine runner

The hydraulic design of the turbine itself can be con-
verted into a calculation program. However, the tables
and nomograms are pitfalls from which it is necessary
to “manually” subtract values for other calculations.
The authors of the paper converted all necessary tabu-
lated values into mathematical functions. These func-
tions and other fluid mechanics relations were used in
order to create a calculation program. This has signifi-
cantly simplified the whole process of turbine design.
In addition to numerical results, the program also
offers a graphic extension which displays real scale
hydraulic profiles of individual components of the
turbine. These are especially blade grid cross sections
in stretched stream surfaces which are necessary for

MATERIALS AND METHODS

The calculation program for the turbine design

The following text schematically describes a Kaplan
turbine hydraulic design as it is elaborated in the cal-
culation program. Using this program, it is possible to
design also Pelton, Francis or Banki turbine. Minding
the extent of this paper, these variations are not further
discussed and the attention is focused only on the
Kaplan turbine. Numerical results of the calculation
are subsequently compared with the geometry of the
standard 4-K-69 Kaplan turbine (Fig. 6), which is used
to verify the model recalculation.

The calculation program has been developed on the
basis of the cited literature: MUNSON ET AL. (2006);
BRADA ET AL. (1995); SUTIKNO (2011); MELICHAR ET
AL. (1998); MELICHAR ET AL. (2002); NECHLEBA
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the designing and construction of runner blades and
guide blades. Moreover, the program allows you to
change the angle setting of blades (opening) in the
rendered cross-sections and thus display different
operating states. Other graphic output draws input and
output velocity triangles, another depicts a hydraulic
profile of a spiral casing in a cross-section. All the
mathematical functions that are the principal of graph-
ic extensions were created by the authors of this paper.
The program for the turbine design is possible to edit
in any program that can work with mathematical func-
tions (for example MathCAD, Matlab, MS Excel,
etc.).

(1962); ULRYCH (2007); HUTAREW (1973) and its
simplified algorithm is illustrated in Fig. 2.

The values of hydraulic potential, which is water head
H [m], flowrate Q [m®s™] and desired turbine shaft
speed n [min], are entered into program as input
variables (green fields in Fig. 5). Subsequently these
are used to calculate the specific speed nj [min™] by
the flow which determines an appropriate turbine type
according to DRTINA ET AL. (1999) and TRIVEDI ET AL.
(2016):
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Input parameters
H [m] ... water head
Q[mi.s1] ... flowrate

Is turbine speed
given?
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Choice of the turbine speed with
respect to generator

Calculation of the specific speed

v

Determining the turbine type

Is the turbine efficiency
optimal?

Defining the parameters from
nomograms

v

Calculation of main dimensions of the runner,
spiral casing and the blades geometry

Speed adjustment
(or the number of nozzles for
the Pelton turbine)

-
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Configuration of spiral casing
and the runner is optimal?

Improvement of the blades’ geometry |

Yes
Calculation protocol Drawing of Drawings of runner blades
of turbine design spiral casing and guide blades

Fig. 2. — Simplified block diagram of the turbine design in the calculation program

Then main dimensions of the turbine runner are recal-
culated using geometric characteristics of a model
turbine. For example the outside runner diameter D,
[m] is calculated by:

1

1 1
2 4
o= (1) g

The value O’ [m®.s™] (flowrate in a model/etalon tur-
bine) is a tabulated value dependent on the specific
speed nq by the flow. Using the correlation analysis,
this value and other tabulated values were converted
into mathematical equations as polynomial functions
of second-, third- or even fourth-degree. The program
then calculates the equation which in terms of correla-
tion analysis R? proved to be the most suitable. These
equations form the basis of the calculation program on
which the entire hydraulic design of individual com-
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ponents of the turbine depends. Fig.3 shows
an example of conversion of maximum efficiency
values of Kaplan turbine depending on the specific
speed ng. The black line represents a curve of the
tabulated values, the red one corresponds to values
calculated from determined polynomial function used
in the program:

nt =-0.0000055 nq2 +0.0014- g +0.84 4)

Other design parameters of the turbine are determined
using the formulas of fluid mechanics and geometry of
the velocity triangles (Fig. 1). The following text, due
to the extent of the paper, focuses only on the design
of runner blades geometry. When designing the
blades, it is possible to use similar principles like
those used in the construction of wind power plants
propellers. However, it is necessary to take into con-



sideration a number of fundamental differences arising
from different operating states, especially the possibil-
ity of cavitation BAHAJET AL. (2007).
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Fig. 3. — Sample of conversion into a mathematical
function (PETITET AL., 2010)

For the construction of the blade, which is formed by
generally curved surface, it is necessary to determine
the velocity triangles in several cross-sections along
the blade. This is based on the theorem of constant
meridian velocity in the flow profile, which in case of
the Kaplan turbine has axial direction. Meridian veloc-
ity ¢, [m.s™] is determined:

®)

Meridian velocity ¢, [m.s?] and wy, [m.s™] (Fig. 1)
and the angular speed @ remain constant throughout
the profile. Only the circumferential blade velocity
u and the absolute velocity c¢ resulting from it will
change. On the basis of the turbine specific energy
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Y= g'H, the projection of absolute velocity c; to
direction of the circumferential velocity is determined
from the Euler turbine equation (prerequisite being the
vortex-free water output ¢, = 0):

(6)

Then the input angle of absolute velocity «; [deq] is
calculated:

™)

This determines the velocity triangle on the outside
diameter D;. From thus defined triangle the geometry
of the runner blade is calculated (5, correspond to the
blade angle on the leading edge and, S, the blade angle
on the trailing edge), NECHLEBA (1962) and DRTINA
ET AL. (1999).

The blade angle $; [deq] at the inlet:

@)

The blade angle g, [deg] of the output will be, provid-
ed the same circumferential velocity (u; =u,) and
vortex-free output of water from the turbine:

©)

This determines the blade geometry on the outside
diameter D;. By analogy, the input and output blade
angles (8, and B,) on the diameters D; to Dy are de-
termined — see Fig. 4a).

Fig. 4. — a) Specification of cylindrical cross-sections for calculation of the blade geometry according POLAK,

(2013B), b) turbine runner 4-K-69





















