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ABSTRACT

According to the growing energy demand in Turkey,
Hydro Energy Research Laboratory (ETU Hydro) at TOBB
University of Economics and Technology was established
which is responsible for the Computational Fluid Dynamics
(CFD) aided design, manufacturing and standardized
performance tests of model hydraulic turbines. The
hydroturbine design process at the test center is mainly
composed of five steps: preliminary design, CFD aided design,
model-prototype similarity analysis, model manufacturing and
model tests according to International Electrotechnical
Commission (IEC) standards. This study focuses on model-
prototype similarity analysis for the turbines to be tested. By
using reduced quantities, discharge factor and speed factor, hill
chart diagram is obtained for the model using CFD techniques
and compared with the hill chart obtained for the prototype.
Overall hydraulic characteristics, hydraulic losses, cavitation
characteristics are found out for the model. Scale effects on the
model turbine are also investigated.

INTRODUCTION

With increasing computational power, CFD methods
became a dominant tool in the design process of hydroturbines
since 1990’s [1]. On the other hand, sufficiently complete and
reliable characteristics of turbines, which would cover a wide
range of operating conditions can only be obtained by
experimental methods [2,3]. In the model tests; performance
measurements such as power, efficiency, flow rate, head,
temperature, and torque are carried out in the sight of
international standard of hydraulic turbine model tests, IEC
60193 [3,4].

In order to test hydroturbines, as the most turbine
dimension, power, head and flow rate are over the capacity of
test centers, model turbine tests are conducted. This procedure
involves scaling down the prototype to a model based on IEC
60193 standart [3-5].

Model test conditions should provide a small scale of a real
hydropower station, which has all the corresponding features of
the actual power plant. For this purpose, model tests require
geometric, kinematic and dynamic similitude between model
and prototype [2,6,7]. In [2], similarity laws are given which
are used to obtain the performance and dimensions of a model
turbine if the performance of prototype turbine is given. The
first step of the model test determines the operating conditions
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and dimensions of the model turbine to ensure that the model
and prototype modes of operation are similar.

In this study, model turbine dimensions and operating
conditions of the KEPEZ 1 HEPP, in Turkey is determined
which will be tested at the Center of Hydro Energy Research
(TOBB ETU HYDRO Lab). Model tests will be performed for
verification purposes. The overall hydraulic characteristics of
the model are determined; several analyses are performed to be
able to perform the CFD aided design and model tests of the
designed turbine. Efficiency values over a wide range of
operating conditions are obtained by CFD analyses for the
model turbine by conducting eighty full turbine analyses and
numerical hill charts are constructed. Flow characteristics,
structures of losses in the actual turbine and in the model are
compared. Scale effects between the model and prototype are
investigated.

NOMENCLATURE

D [m] Runner Diameter

H [m] Head

n [rpm] Rotational Speed

Q [m/s] Volumetric Flow Rate
v,u,w [m/s] Velocity components

P [W] Power

X [m] Cartesian axis direction
y [m] Cartesian axis direction
z [m] Cartesian axis direction

Special characters
’ 0.5_-1;

n [m™s™] Reduced speed parameter
0:1 [m®s™] Reduced Flow rate parameter
) - Energy Coefficiet

1) Discharge Coefficient
Subscripts

1 Prototype

2 Model Turbine

AFFINITY LAWS

Generally, most turbines are too big to be tested at model test
laboratories therefore prototype is scaled down to a model
turbine [4, 5]. In the model tests, model turbine should reflect
the full scale turbine for meaningful results. For this purpose, a
scaled model should have fully similar geometric, kinematic



12th International Conference on Heat Transfer, Fluid Mechanics and Thermodynamics

and dynamic attributes to eliminate scaling effects. According
to IEC 60193 standards [3], to achieve hydrodynamic similarity
between two hydraulic machines, these two machines should
have geometrical similitude and all of the force ratios should be
identical. Two turbines with different size of one type should
meet the following conditions [2].

e  All turbine angles should be alike:
6y = b2
e The ratio of dimensions should be constant:
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e Ratios of all velocities should be similar to have
similar liquid passage:
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Velocity triangles and runner angles are shown in Figure 1.
Based on the definitions given above, similarity equations of
turbines of one type under conditions of similar modes of
operation can be written (equation 2-5) [2].

Figure 1. Velocity parallelograms and triangles of a Francis
turbine runner [adapted from ref. 2]

Kinematic condition for the similarity of turbine modes of
operation are given as:
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where; N is rotational speed, D is runner diameter, and Q is the
flow rate. Subscript 1 denotes prototype properties and
subscript 2 denotes model properties. By modifying the

discharge similarity, power and rotational speed ratio
similarities are formulated as in equations (4) and (5):
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where; H is the head and P is the power. The efficiency terms
are neglected, due to the difference between efficiencies being
smaller than 1%. With satisfying the geometrical and kinematic
similarity principles, dimensionless terms are defined which
determine the hydraulic characteristics of the machine and
given in equations (4) and (5). Values of the dimensionless
parameters remain constant under similar modes of operation;
therefore reduced parameters are widely used to see the
relationship between the prototype and the reduced scale model
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Using known parameters, discharge and speed, Qi and n; can
be defined which are used to provide the definition of ¢ and 1,
the dimensionless discharge and the energy coefficients.
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Model hydraulic efficiency measured at the test will be scaled
up to prototype efficiency with the equation given below.
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Here, Re is Reynolds number, Re, is prototype Reynolds
number, Rey is model Reynolds number, Re is 7x10° and
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According to IEC, both model and prototype machines should
have same discharge, cavitation and energy coefficient. The
equality of these coefficients characterizes the hydraulic
similitude of the machines [3].

Theoretically, the prototype and model should have identical
ratio of forces acting between the fluid and the components of
the machine. Major similitude numbers are Reynolds, Euler,
Thoma, Froude and Weber number [3]. In general, it is
impossible to satisfy similitude of these ratios in the same test
therefore, according to IEC 60193 [3], the similitude condition
which will be considered must be the one with the greatest
influence on the test results.

EXPERIMENTAL FACILITY

The test rig, used to test model turbines, has a maximum
pumping power of 2 MW, test heads up to 160 m and a
maximum flow rate of 2m?/s. The set-up, as shown in Figure 2,
is capable of performing the performance and cavitation tests
of Francis type turbines, pump/turbines and prototype turbines.
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The rig can be operated in three different modes. Details of the
set-up are given in [8] and [9].

Figure 2. TOBB ETU Hydro Turbine Test Rig [9]
DETERMINIATION OF MODEL TEST PARAMETERS

As mentioned, model tests require the geometric, kinematics
and the dynamic similitude principles implemented between
model and prototype. Model dimensions should be the range of
the manufacturing capacity, but also it should be larger than
0.25 m according to IEC 6193[1]. Model turbine power, head
and flow rate values should not exceed the facility capabilities
but should ensure equation (1), equation (2) and equation (3).
In-house codes are developed based on the similarity laws and
the set-up capacity, to obtain the model turbine parameters.
Using these in house codes, model turbine parameters,
considering both similitude equations and set-up capacity
constraints, are obtained for KEPEZ H.E.P.P in Turkey, which
will be tested (Table 1).

Table 1. Prototype and model turbine parameters for Kepez

H.E.P.P.
KEPEZ HEPP
Prototype Model
D(mm) 1234 600
Q(m’/s) 6.05 1.12
H(m) 162 100
N(rpm) 750 1211.9
P(kw) 8942 1025
Dy

The prototype to model scale ratio is 1 = = 2.019. Here D,

2
is the prototype runner diameter, D, is model diameter. Solid

model of the model turbine is given in Figure 3.
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Figure3. Solid model of the model turbine

In order to achieve an efficient similarity between prototype
and model, the minimum values for model size, Reynolds
number and test specific hydraulic energy necessities are
defined in IEC 60193 [3]. All of the minimum criteria should
be satisfied independently from each other and model should be
sized as large as possible, because decreasing model size means
increasing the scale effects which results as a deviation from
prototype observations. In Table 2, minimum criteria which are
mentioned IEC 60193 [3] and model size and parameters which
are calculated are given.

Table 2. Prototype and model turbine parameters for Kepez

H.E.P.P.
Francis Type Turbine
Parameter Model
IEC 60193 Turbine(Kepez

HEPP)

Reynolds Number (Re) >4x10° 1.36x10’
Specific Hydraulic Energy (J/kg) | >100 982
Reference Diameter (m) >0.25 0.6

CFD RESULTS FOR MODEL TURBINES AND
COMPARISON WITH THE PROTOTYPE ANALYSIS

Scale effects result as a deviation between the model and
prototype due to the prototype parameters which are not
identical with the model [10]. As Reynolds number and the
diameter of the model are usually smaller than the prototype,
friction losses are larger than the prototype. Due to viscous
effects model efficiency is usually lower than the prototype
efficiency. In [11], composition of the individual losses of
Francis model machines is given. According to [11], main
losses occur in the runner. Using equationS 7 and 8, scalable
losses from model to prorotype is calculated as 0.689%.

In Figure 4, pressure contours obtained from the CFD analysis
of prototype and model are given. When pressure distribution
in the runner is examined it is seen that in model turbine water
enters to the runner with a smaller pressure than the prototype
which causes more friction losses. Also the pressure difference
between the runner inlet to outlet is smaller in the model
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turbine than the prototype which means, in the model turbine
smaller angular momentum is generated in the runner.
Therefore, power output is also smaller in the model turbine.

In order to observe the behavior of the flow due to the scaling
effects, hill chart is obtained for the model and and compared
with the hill chart of the prototype using CFD cases in a series
of guide vane openings (Figure 5). Model hill chart was
generated by scaling the prototype turbine (4 = 2.019). For
model turbine, the design point has 6.1 kg/m® discharge and
165 m head which correspond energy coefficient to 0.000382
energy coefficient and 0.005511 flow coefficient.

Pressure
1.0920+006
H 9.804e+005
" 8.689e+005
7.573e+005
| 6.4580+005
5.342e+005
4.227e+005
3.111e+005
1,9960+005
8.8000+004
-2.356e+004
(Pa)

Pressure

H 1.092e+006

9,8056+005
" 869064005

757404005
. 645864005
534304005
422764005
3.111e+005
1.9966+005
880004004

2.3560+004
(Pa]

Figure 4. Pressure distribution for (a) prototype turbine
model turbine

(b)

Discharge and energy coefficients of the designed model
turbine are plotted in the hill chart and compared with the hill
chart of the prototype. The graph shows the isolines of the
efficiency (n). In partial loads because of incidence losses,
viscous effects, draft tube swirl structure increase, turbine
efficiency drops both in scaled and real turbine. Maximum
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efficiency value in the model hill chart is smaller than
prototype as it is expected. Optimum design point corresponds
to same energy and discharge coefficient in both situations.
According to the comparison of hill charts, it is seen that
scaling affects primarily the hydraulic efficiency.

¥

0.000% - -

91.0

00003

3.0

0 00x

00008 0.0

$2.5

200%

00003 4—-T700

00003 4

000034

2008 v
0.001

T T .2

T T Q@
0008 Q0m
Figure 5. Hill chart for (a) prototype turbine (b) model turbine
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CONCLUSION

Traditional way of designing hydroturbines is model tests. In
the model tests, performance measurements such as power,
efficiency, flowrate, head, temperature, and torque are carried
out. Generally, most turbines are too big to be tested at model
test laboratories therefore prototype is scaled down to a model
turbine. At TOBB ETU Center of Hydro Energy Research,
before model tests, model dimensions and parameters are
obtained by in-house codes. The system developed at the
center, is used for a real power plant (Kepez HEPP) in this
study. According to numerical hill charts, model turbine
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represents real-world prototype efficiently. According to the
numerical results, passing from model to prototype can change
the efficiency which is a crucial parameter.

ACKNOWLEDMENT

The computations presented here are performed utilizing
TOBB University Hydro Energy Research Lab (TOBB ETU
Hydro) computational facilities, financially supported by
Turkish Ministry of Development. This study is financially
supported by Technological and Research Council of Turkey
(TUBITAK) under grant 113M109.

The authors would like to thank TOBB ETU MS students
Gulsevim Sepetci, Burak Altintas, Alev Elikalfa for their help
with running the computations and TUBITAK MAM
Reseacher Berkcan Duva for his help with the computations
related to the prototype.

REFERENCES

[1] Keck, H., Sick, M., Thirty years of numerical flow
simulation in hydraulic turbomachines, Acta Mech 201, 2008,
pp. 211-229.

[2] Krivchenko, G. I. Hydraulic machines: turbines and pumps.
Boca Raton, FL: Lewis publishers, 1994.

[3]International Standard, IEC 60193, Hydraulic turbines,
storage pumps and pump turbines- Model acceptance tests,
1999.

[4]Rasmussen, J.I., Design of a Francis model test rig at
Kathmandu University, Master of Energy and Environmental
Engineering, Norwegian Universtiy of Science and
Technology, 2014

[5]Arne Kjlle. Hydraulisk maleteknikk. Vannkraftlaboratoriet
NTNU, 2003.

[6] Aggidis, G.A., Hydro turbine prototype and generation of
performance curves: Fully automated approach, Renewable
Energy, vol. 71, 2014.pp 433-441.

[7] Avellan, F. "Introduction to cavitation in hydraulic
machinery." proceedings of HMH 2004, 6" Int. Conference on
Hydraulic Machinery and Hydrodynamics, Timisoara,
Romania, October 21 -22, 2004

[8] Demirel, G., Ayli, E., Celebioglu, Y., Tascioglu, Y.,
Aradag, S., Experimental determination of cavitation
characteristics of hydraulic turbines, World Congress of
Engineering, England,2015.

[9] Kavurmaci. B., Akin H., Ayli E., Celebioglu, K., Aradag,
S., “Design of an experimental test stand for francis type
hydraulic turbines, 4" International Conference on Power
Engineering, 13-15 May 2013.

[10]Heller. V., Scale effects in physical hydraulic engineering
models, Journal of Hydraulic Research, Vol. 49, 2011, pp
293-306.

[11]Osterwalder, J., Hippe, L., Guidelines for efficiency scaling
process of hydraulic turbomachines with different technical
roughnesses of flow passages, Journal of Hydraulic Research,
vol 22.1984. pp. 77-102.

866



