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0. ABSTRACT  
 
The rehabilitation work in Karakaya HPP (6 x 300 MW) was performed in the scope of the 
Turbine efficiency improvement in EÜAS hydraulic power plants project signed between 
EÜAS and SOCOIN. In order to measure actual efficiency, the efficiency test was applied in 
third unit by using the ultrasonic method (Risonic 2000, Rittmeyer) of 8 paths in two planes 
with internal sensors. The method was calibrated with Winter-Kennedy method. The highest 
efficiency (�  = 92,4% ) was calculated between 220 MW to 240 MW with an accuracy level of 
1%. All tests were done in accordance with the specifications written in IEC 41.  
 
To make a pre-estimation of the turbine improvement in cavitation and performance, 2D 
analysis (Euler Equation) was done. As the runner was designed without using a CFD 
analysis, serious cavitation problems was reported due to uneven pressure distribution on 
the runner and weight losses were measured approximately 200 kg/year for each unit. To 
perform CFD analysis, 3D geometric measurements were done by digital photogrammetry 
method (V-STAR, Video-based Simultaneous Triangulation and Resection Systems). A 
special probe was designed for this project to measure hidden points of the runner. At the 
end of the photogrammetry measurement, 3D coordinates of the runner were obtained and 
CFD analysis was performed.  As a result of the CFD analysis, an average increase of 3% in 
efficiency, and an average increase of 10% in discharge were calculated, pressure 
distribution on the blades was observed. The cavitation formations in the simulation and in 
the reality were compared and the exact match was stated. General inaccuracies  in the 
angles of blades were discussed. 
 
A tender document was prepared and all data obtained from measurements were written in 
the tender document with the aim of sharing all the information with the bidders.   
 

1. INTRODUCTION 
 
In the scope of the contract called “Turbine efficiency improvement in EUAS power plants”, 
the rehabilitation study was conducted in Karakaya Hydropower Plant. The contract was 
signed between Electricity Generation Co. (EUAS, Turkey) and Socoin Ingenieria y 
Construccion Industrial S.L.U (Spain). 
 
Karakaya hydropower plant (Figure 1) is owned and  
operated by EUAS on the Eufrates River. It is  located  
downstream of Keban Dam and upstream of Ataturk 
Dam.It was commissioned in 1987 and comprises a 
concrete arch-gravity dam of 173 m high. Storage 
reservoir volume is 9.5x108 m3 and has a crest length of 
462 m.  
 
The powerhouse is located at the bottom of the dam 
under the spillway. It contains six ESCHERWYS vertical 
axis Francis turbines  each rated at 300 MW with a 
design flow of  233 m3/s at a design head of 144 m, with 
nominal speed of 150 rpm, and specific speed of 52,9  
 

   Figure 1. Karakaya Hydraulic Power plant 



 
rpm. These turbines are coupled to BBC power generator of 315.000 kVA. Each group has 
3x105.000 kVA OWFW type transformer, with a voltage rate of 380.000/15.750. 
 
 

2. PURPOSE OF THE STUDY 
 
Turbines are designed for a certain lifetime (30-50 years) and for a specific operating 
condition. Each day, the technology progresses for a better performance and the most 
effective action in the turbine rehabilitation is to change the runner. In order to analyze the 
existing turbine and to get the best benefit for the customer, a pre-feasibility study with CFD 
calculation is required by using the actual runner data. In this study, the 3D geometry of the 
existing runner was measured by the photogrammetry method and using the Computer Fluid 
Dynamic (CFD) calculation, the performance of the runner was reproduced and some 
changes in the blades were analyzed in order to improve the efficiency (+3%) and the power 
(flow) (+8% possible). 
 
The main goal of the project is to obtain the highest benefits from the turbine rehabilitation: 
efficiency and power increase and cavitation problems avoided. According to the results of 
the CFD analysis, owners can know the limits of the machine which must come into reality in 
the proposal of the manufacturers. In terms of tendering, these studies will make available to 
all manufacturers the same and accurate information (historical behavior of the runner, 3-D 
geometry, efficiency test, vibrations, etc.) in order to make the most fair tendering process.  
 

3. RUNNER PERFORMANCE 
 
Since the runner was designed at the end of the eighties without using the CFD 
(Computational Fluid Dynamics) technology, the replacement of the old runner with a state-
of-the-art new runner will not only increase the efficiency and the installed capacity, but also 
will contribute to resolve the severe cavitation problem the hydraulic power plant faces. The 
material of the runner is Gs-20Mn5. During the commissioning, the manufacturer did not 
perform any commissioning test to check the guaranteed values. The hill chart given by the 
manufacturer is shown in the Figure 2.  
 

 
Figure 2. Runner Hill Chart of Karakaya Power Plant 

 
 
In order to figure out the operating conditions of the Karakaya Powerhouse, the hourly 
generation data between years 2001 and 2005 were studied. In this study, all generation 
data were classified into seven different power ranges and for each range the annual 
average operating hours were calculated (See Figure 3). According to the results, the 



powerhouse has been operated mainly between 225 MW and 250 MW (1873 hours, %38,79) 
and the sum of the three power ranges between 200 MW and 275 MW,  represent %74,74 of 
the total average operating hours which is equivalent to 4829 hours. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3. Annual Average of the Hourly Generated Power between 2001 and 2005 
 
The Net head data between years 2002 and 2006 is shown in Figure 4. The net head was 
calculated using the correlation between the tailwater and the generated energy 
(TW(m)=0,0049*P(MW) +537,19).  
 

 
Figure 4.  Net Head (m) data between years 2001 and 2005 

 
Karakaya HPP experiences a big cavitation problem. According to the inspection report 
prepared by SUZLER ESCHERWYSS on August 20th, 1992, it was reported that after 12.000 
operating hours, the damaged areas were detected especially on the runner blade suction 
side and in the direction of the flow along the outlet edge in the  outer rim (refer to Figure 5). 
EUAS apply a maintenance to the runner blades after each 20.000 hours (approximately 2,5 
years) and the average weight of the total electrodes used (Ferinox 309) during a 
maintenance due to material losses for a unit is 520 Kg.  
 



 

 
Figure 5 Cavitation damages 

 
 

4. 2-D ANALYSIS (EULER EQUATION) 
 
In order to make a pre-estimation of the expected improvement in performance and in 
cavitation, a 2-D analysis was carried out. Basically, it was made by comparison between the 
existing runner blade with an optimized runner blade.  
 
Euler equation “H*g=cu1*u1-cu2*u2, in the optimum cu2=0” assumes an homogenous flow 
profile coming from the gate vane to the runner entry. The meridian outflow distribution from 
the runner is idealized for an optimal draft tube condition. It also assumes an equal pressure 
distribution over the complete runner blade and no fluid particle friction is indicated. The 2D-
analysis started by entering three types of input data as listed below: 
 
• Hydraulic:  Main rated data, H_net (m), Q (m3/s), n (rpm), tailwater level 
• Geometry: radius (x), coordinates of the runner blade boundary dimensions,  

Inner- and outer contour of the runner hub and outer ring. 
Inlet- and outlet angle of the existing runner blade (was not available) 

• Efficiency Data sheet: Turbine, Generator 
 
A possible improvement was verified by checking the inner and outer angle of the runner 
blade versus radius for nominal operation point. Furthermore, the runner blade boundary 
dimensions were changed slightly until a better inlet and outlet conditions could be expected 
from the blades. Also an increase in the discharge was checked based on the outlet energy 
head and on the statistical tailwater head and the maximum discharge was estimated in 
terms of cavitation according to the graphic tailwater level versus units in operation 
(statistical). At the end of the analysis, a comparison was made between the pre and post 
calculations. 
 
According to this comparison, a better correlation of the flow from the gate vanes to the 
runner can be reached by shifting the inlet edge (radius). The estimated improvement in the 
flow is expected between 8% and 15%. Due to not having the inlet and outlet angle of the 
existing runner blade, the upgrading estimation is still inaccurate. Cavitation is expected quite 



less than the existing runner and for a better resistance against cavitation, the actual material 
of the runner should be changed from GS-20Mn5  to  GX4CrNiMo 13.4. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.  Euler equation application 
 
 

5. EFFICIENCY MEASUREMENT 
 
During the test, different parameters (electrical, hydraulic and mechanical) were measured in 
order to calculate the mechanical efficiency and to compare the results with the 
commissioning efficiency. The parameters measured in the efficiency are listed in the 
following table: 
 

Parameters measured Details 
Flow  Measured in penstock unit 3 

Pressure 1 Measured downstream butterfly 
valve unit 3 

Pressure 2  Measured upstream butterfly valve 
unit 3 

Pressure 3 Measured in draft tube unit 4, (with 
unit 4 stop). (Tailwater level) 

Electrical Power generated  Measured after current and voltage 
transformers unit 3. 

Differential pressure Measured in spiral case intake unit 
3 (Winter Kenedy) 

Wicket gate angles Measured using the servomotor 
strokes 

Electrical parameters in generator Cos phi, Excitation current. 
 

Table 1.  Parameters measured during the efficiency test 
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Figure 6. Sensors arrangement and Type 

The flow was measured on the penstock 
upstream butterfly valve using the Risonic 
2000 Ultrasonic flow meter with internal 
sensors type MFATC (see Figure 5.). To 
determine the geometrical variables at the 
measuring site, a theodolite was used with 
integrated interferometer for distance 
measurement and a laser pointer accessory. 
Measurement was performed using 8 paths 
and 2 planes arrangement with 16 sensors 
to get the highest accuracy possible. The 
flow also was measured using the 
differential pressure in spiral case intakes 
(Winter Kenedy) of the Unit 3 using the 
Rosemount instrument. This measurement 
was performed to obtain complementary 
information in order to calibrate the Winter 
Kennedy device. Pressure 1 and Pressure 2 parameters were measured to calculate the 
pressure losses due to butterfly valve. The head was measured from the draft tube of the unit 
4 which was stopped during the measurement. The wicket gate position was measured 
directly in the guide-vane ring, measuring the rotational angle (� ) after each step of the 
measurement. Finally, the generated electrical power was measured using a power analyzer 
connected after the generator current and voltage transformers according to the 3-Watt-
Meter-Method with three phases, four wire connections. The generator efficiency losses were 
calculated using the equation proposed by manufacturer. All parameters were measured 
according to the IEC 41. 
 
During the measurement, a load program was prepared in 12 steps starting from the 
minimum power to 110% of maximum power. At the end of the load program, an efficiency 
value was calculated for each step and the efficiency curve was formed from these points. 
The manufacturer efficiency curve, the measured actual efficiency curve athe wicket gate 
opening (� ) values can be seen in the Figure 7.  

Figure 7. Efficiency curve obtained in site measurements 
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The uncertainties of the overall measurement were evaluated using the square root of the 
sum of the associated systematic and random uncertainties with a value below 1,5%.  

 
6. 3-D Geometric Measurements Using Digital Photogrammetry (V-STARS 

SYSTEM) 
 
In order to carry out CFD analysis (Computational Fluid Dynamic), a 3D-geometry of the 
runner was needed. Using the digital photogrammetry, 3D coordinates of the runner were 
measured with a very high accuracy. 
 
Digital photogrammetry provides the ability to determine the location and the shape of the 
spatial objects by means of digital images. This technique is based on optical triangulation 
and includes a so-called “bundle adjustment” for the determination of the 3D-object 
coordinates, as well as, all camera parameters in the same process.  
 
The measurement was carried out on both sides of a runner blade. The retro-reflective 
targets were placed such that the entire runner surface was very well represented. Most of 
the points were measured using V-STARS/S (without using the probe) but some missing 
points were measured using the probe tool, designed specifically for these works, which is a 
useful instrument to measure the hidden points.  
 

 
Figure 8.  (a) Measurement with the probe tool 

                                        (b) The retro-reflective targets on the runner blade 
 
The 3d-coordinates accuracies from the V-STARS/S measurement (reference job) are 
summarized in Table 2: 
 

 
Table 2.  3d-coordinates accuracies from the V-STARS/S measurement 

 



The final accuracy of the results depends on the quality of the surface (damaged, rusty). The 
runner blade measurement was aligned to the reference measurement. The total (3D) 
deviation (RMS) from 292 of 500 points was 0.09 mm. The maximum values from the runner 
blade measurement (Figure 11) were caused by poor camera triangulation due to the 
geometric shape and the narrow space between the runner blades and the wicket gates. All 
points were kept in the bundle adjustment as the achieved accuracies were within the 
specified point accuracy (0.5/1000 of Diameter). These works were done by the German 
company GDV specialized in photogrammetry.  
 

7. MATHEMATICAL SURFACE ADJUST (X, Y, Z COORDINATES) 
 
The points obtained in the photogrammetry which defines the shape of the blade are not 
distributed on a regular basis. To prepare the model for the CFD analysis it was necessary to 
develop a regular mesh of the x,y, z coordinates. The mathematical model used for the 
surface adjust was the “Thin Plate Smoothing Spline”, that uses cubic splines curves 
(Duchon 1976, 1977 and  Meinguet 1979). This was critical for getting reliable results in the 
CFD model, to obtain a smooth surface representative of the real shape of the blade. For 
Karakaya blade a mesh of 51x 51 points was used (refer to figure 9). 
 

 
Figure 9.  Blade surface adjust 

 
8. 3-D ANALYSIS (NAVIER-STOKES EQUATIONS, CFD ANALYSIS) 

Modern runner designs allows less submergence for erosion-free performance at a given 
“specific discharge” than do older units. This is due to better pressure distributions within the 
runner particularly, which the use of modern design and testing tools permit the manufacturer 
to attain Computational Fluid Analysis (CFD) model testing. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Turbine model 



Within modern engineering the numerical flow simulation plays an important role in order to 
optimise the hydraulic turbines in conjunction with the connected components of the plant. 
Especially for rehabilitation and upgrading of existing Power Plants important points of 
concern are: 
 

·  to predict the power output of the turbine 
·  to achieve maximum hydraulic efficiency 
·  to avoid or to minimize cavitation 
·  to avoid or to minimize vibrations in the whole range of operation. Vibrations are not 

only caused by interaction of the steady and the rotating parts of the machines. 
Depending on special operating conditions vortices can be generated in the through 
flow leading to pressure pulsations. 

 
With this calculation a complete runner blade section space between two runner blades is 
calculated. It is assumed that the inflow condition from the guide vanes are homogeneous 
and all runner blades are geometrically equal. The meridian outflow distribution of the runner 
is effected by the 3-D runner blade profile, as well the pressure distribution with friction of the 
fluid particle are induced. So local pressure “instability” can be seen and a better estimation 
of cavitation is possible, as well as the upgrading potential. In order to carry out 3D-analysis, 
the required input data was entered to the equation:  
 
• Hydraulic:  Main rated data, H_net (m), Q (m3/s), n (rpm), tailwater level 
• Geometry: Complete 3-D geometry of the runner blades (in cylindrical sections) 

   and the dimensions versus radius of the inner and outer ring  
• Efficiency Data sheet: Turbine, Generator 
 
Similar to the 2-D analysis, 3-D analysis was started by the calculation of the existing runner. 
Furthermore, the optimized runner based on the 2-D analysis was calculated and finally a 
possible improvement was verified by checking the pressure distribution over the runner 
blades.  
 
According to 3D analysis, the real pressure distribution on both sides of the existing blade 
(suction- and pressure sides) gave a stated view of the possible cavitation formations. Also it 
was seen that the optimized runner blade with the 2-D analysis can be adapted for better 
conditions. The results as possible upgraded efficiency can only be made in consideration by 
comparing the differences between the existing and modified runner blade and not as an 
absolute value. In figure 11 the expected upgrade in terms of efficiency and discharge 
(power) increase are shown. CFD studies were made by Professor Eberhard Goede of the 
University of Stuttgart (Institute for Fluid Mechanics and Hydraulic Machinery). 
 
“First step” line was achieved by IHS calculation. The doted line refers to a second CFD 
analysis, and shows possible limits of the machine and must be done in a second phase 
(normally by manufacturers) in conjunction with the connected components of the plant. 



Figure 11: Expected upgrading potential with CFD Analysis 
 
Changes in the new runner were proposed. The most significant change was the inner edge 
blade angle (Figure 12). With this improvement, cavitation problems can be completely 
avoided.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

HPP Karakaya,     Result  of  CFD Analyses 

New runner:    Expected  upgrading potential 
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Figure 12: Runner inlet 



Figure 13 shows old and new runner (in blue color low pressure zones causing cavitation): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 13: Pressure at runner blade inner edge 
 
 

9. CONCLUSIONS 
 
Rehabilitation of old turbines can achieve the following goals: performance improvement 
(efficiency, power, cavitation, operation range), availability increase, maintenance and 
operation cost reduction and life extension. The most suitable part to improve the 
performance of the turbine is the runner.  The steps to make new runner design must be: 

  
1. 2-D Analyzes (Euler equations) for a pre estimation of improvement in cavitation and 

performance upgrading by comparison old inflow condition to the runner (in- and 
outlet angle of the blades). 

2. 3-D Analyzes (Navier-Stokes equations). Needs 3D-Geometry of the complete runner 
(blades, inner- outer ring, radiuses, complete blade profile). Obtaining results with 
existing runner, optimizing the runner. Shifting the turbine characteristic to more 
output. 

3. Comparison of reality: measured turbine characteristic, cavitation observation, 
photos, statistics, etc 

4. Analyzing 3D results including the HPP observation and statistic. 
5. Tender request: All data must be available to every manufacturers.  
6. Contract: model test, comparison bonus- malus system (premium) and verification. 
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