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Abstract: Since the turbines went into operation in a Turkish 
power plant, massive damages have been quite often found on 
the runner blades due to cavitation. Thus, frequent and costly 
repair work is required. The turbines were specially designed for 
full-load conditions at two-unit operation. This paper describes 
the work done based on the recalculation of the existing unit, 
the optimisation with the help of CFD to develop a cavitation-
safe runner, on-site measurement, and installation and 
operation experiences. 

 

1 Background 

The hydroelectric power plant HPP Yamanlı II – stage 2, operated by  Enerjisa Enerji 

Uretim A.Ş., is located at the river Göksu in the southeast of Turkey, close to Adana 

(see Fig. 1) and is equipped with two vertical-axis Francis turbines.  

The turbines were manufactured by a no longer existing Chinese supplier and were 

commissioned in 2016. According to the provided information and drawings, the 

power plant's nominal data can be summarised in Table 1. 

 

Turbine manufacturer Chongqing Hydropower Equipment Co., Ltd. (CHPE) 

Head 2U-op. HNET,2U-OP 83.04 m 
 

Diameter D2 1.269 m 

Head 1U-op. HNET,1U-OP 94.26 m 
 

No. of Runner 
/ Guide vanes 

zRUNNER 14 # 

Discharge  Qrated,Max 15 m³/s 
 

zGUIDE VANE 16 # 

Speed nTurbine 500 rpm 
 

Elevation Centerline 756.7 masl 

Shaft power PTurbine 11.54 MW 
 

Tailwater level TWLMIN 759.5 masl 

Ratio of BEP QBEP/QMAX 95% % 
 

Suction head HS -2.77 m 

Spec. Speed nq,BEP 68.6 rpm 
 

Sigma plant  
1U-op / 2U-op 

PL., 1U-OP 0.067 - 

Spec. Speed ns,Pmax 214.2 rpm 
 

PL., 2U-OP 0.076 - 

Table 1: Main data of the Francis turbines, vertical axis, steel spiral 

 

According to the hill chart provided for the original turbine configuration, the hydraulic 

peak efficiency accounts for BEP = 94.4% and is achieved at a head of H = 83.5 m 

and a discharge of Q = 15 m³/s. Obviously, the turbines were specially designed for 

full-load conditions at two-unit operation. Since the turbines were taken into 

operation, several problems emerged. Massive damages were often found on the 

runner blades due to cavitation, as shown in Fig. 2. Thus, frequent and costly repair 
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work was required. Additionally, the draft tube aeration system did not work correctly, 

and there were problems with the operation of the guide vane adjustment 

mechanism. Besides the cavitation problem, an efficiency improvement was also 

considered and should be investigated.  

 

 

Fig. 1. Location of the power plant (based on Bing maps®) 

 

  

  

Fig. 2. Collection of pictures showing the damages due to cavitation 

 

However, finding a custom-designed runner was crucial to avoid cavitation damage. 

The intention was to shift the Best Efficiency Point to the operating range between 

one-unit and two-unit operations. Furthermore, the discharge at the optimal operation 

point shall be QBEP  0.85 * QMAX to achieve good operation conditions at high load 
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and part load, as the statistical evaluation of the power plant operation of the last few 

years has shown frequent operation at partial load. With the help of this data, the 

specific speed nq,BEP (Eq.1) of the new design is calculated as: 

 

𝑛𝑞−𝐵𝐸𝑃,𝑛𝑒𝑤 = 𝑛 [𝑟𝑝𝑚] ∙

√
𝑄𝐵𝐸𝑃 [

𝑚3
𝑠 ]

𝑄𝑅𝑒𝑓 [
𝑚3

𝑠 ]

(
𝐻𝑁𝑒𝑡−𝑚𝑒𝑎𝑛 [𝑚]

𝐻𝑅𝑒𝑓  [𝑚]
)

0.75 =∙ 500[𝑟𝑝𝑚] ∙

√
0.85∗15 [

𝑚3
𝑠 ]

1 [
𝑚3

𝑠 ]

(
88.7 [𝑚]

1 [𝑚]
)

0.75 = 61.7 [𝑟𝑝𝑚] 
(Eq. 1) 

 

 

2 From the geometry to results gained by numerical simulation 

2.1 Existing geometry 

The IEC 62256 standard [1] recommends cross-comparing the optimisation by 

calculating the actual state and evaluating the relative improvement. For this 

purpose, it is necessary to model all existing components. Removing and scanning 

the runner was impossible, so a mould (see Fig. 3) was created in the installed state 

for those zones that were not accessible with a scanner, and this mould was then 

scanned. All other components, such as the spiral case, distributor, guide vane, and 

draft tube, could be modelled based on existing drawings. 
 

   

Fig. 3. Plaster cast of the runner blade 
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2.2 Mesh generation 

As preparation for the numerical simulation, the turbine was divided into single 

components, so the domains spiral case (including the stay vanes), distributor, 

runner, draft tube and tailwater were generated. Except for the spiral domain, 

hexahedral meshes were generated solely with the commercial software packages 

ICEM-CFD© (draft tube and tailwater) and ANSYS-Turbogrid© (guide vanes and 

runner blades). Inflation layers were generated at the turbine model walls to resolve 

the near-wall flow. To cover the entire operation range of the turbine, the guide vane 

meshes were created in opening steps of 2.5°. 

Table 2 provides an overview of the mesh sizes used for the present study. 

According to our experience, a further refinement of the mesh does not contribute to 

a significant improvement in the simulation results.  

 

Domain Nodes Elements 
Averaged Volume 

per Element 

Spiral 2.146 5.517 0.306 E-05 

Guide vane 2.249 2.124 0.028 E-05 

Runner 3.367 3.119 0.021 E-05 

Draft tube 2.523 2.492 1.466 E-05 

Outblock 0.237 0.227 130.4 E-05 

All Domains 10.52 13.48 2.599 E-05 

Table 2: Overview of the mesh size applied in millions. 

 

2.3 CFD model 

Fig. 4 displays the entire model with different colours for its single components. The 

stand-alone generated meshes were combined into a complete unit for different 

guide vane positions. Pressure-type boundary conditions were set for the inlet and 

outlet, and thus the flow rate resulted. With the help of the commercial CFD code 

Ansys CFX®, the Navier-Stokes equations were solved. These Navier-Stokes 

equations describe the fluid motion in all three dimensions and were used with a 

Reynolds averaged Navier-Stokes (RANS) formulation. The fluid-wetted walls were 

treated “hydraulically smooth”. 

A mixing plane approach (labelled stage and available in the software package [2]) 

was chosen for the multiple frames of reference interfaces between stationary and 

rotating domains for the stationary calculations. This interface allows an exchange of 

the average circumferential speeds between both sides (rotating and non-rotating 

and vice versa), establishing continuity.  

Downstream of the draft tube, an additional component, the so-called out block, was 

connected to the draft tube. The function of the out block is not exactly a 

representation of the tailwater. Still, it helps to avoid setting boundary conditions 

directly at the draft tube outlet, which would influence the draft tube simulation and 

prescribe the flow situation. 
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Furthermore, the Shear Stress Transport (SST) turbulence model developed by 

Florian Menter [3] was applied for the steady-state analysis. This k-ω based 2-

equation model is often used for hydraulic machines because of its advantages for 

swirled flow regimes. With the SST-turbulence model, automatic wall functions were 

applied, which conduct an automatic change from the “wall function” treatment to the 

low-Reynolds number (Re) approach based on the meshing in the proximities of the 

wall. The maximum iteration number was set to 1000, and all the turbine 

characteristics (efficiency, lowest pressure, turbulence values, and others) were 

monitored during the solver run to visualise the convergence. In most simulations, no 

change in the values was found for the last 400 iterations. 

 

 

Fig. 4. CFD model 

 

 

2.4 Post-processing of the overall turbine performance 

The turbine performance was evaluated according to the definitions of the IEC 60193 

[4]. Therefore, the net head and the turbine’s expected efficiency can be defined 

according to Eq. 2 and Eq. 3. The static pressure p was evaluated as an area-

averaged value at the inlet and outlet. A mass flow averaging was performed to 

evaluate the total pressure pTotal at the interfaces between the individual turbine 

components. 

Furthermore, by evaluating the losses in the individual components HLoss,component 

(Eq. 4) of the turbine (spiral including the stay vanes, guide vane, runner and draft 
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tube), an efficiency breakdown can be defined according to Eq. 5. This enables a 

detailed quantitative analysis of the flow situation in the turbine components. To 

evaluate the loss levels, total pressure differences were formed between the 

respective interfaces of the components.  

 

𝐻𝑁𝑒𝑡 = [
𝑝𝑆𝑡𝑎𝑡𝑖𝑐,𝐼𝑛𝑙𝑒𝑡

𝜌 ∙ 𝑔
+

(𝑄 𝐴𝐼𝑛𝑙𝑒𝑡⁄ )2

2 ∙ 𝑔
] − [

𝑝𝑆𝑡𝑎𝑡𝑖𝑐,𝑂𝑢𝑡𝑙𝑒𝑡

𝜌 ∙ 𝑔
+

(𝑄 𝐴𝑂𝑢𝑡𝑙𝑒𝑡⁄ )2

2 ∙ 𝑔
] (Eq. 2) 

 

𝜂
𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐

=
𝐵𝑒𝑛𝑒𝑓𝑖𝑡

𝐸𝑓𝑓𝑜𝑟𝑡
=

𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝑠ℎ𝑎𝑓𝑡 𝑝𝑜𝑤𝑒𝑟

𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑝𝑜𝑤𝑒𝑟
=

𝑀𝑅𝑢𝑛𝑛𝑒𝑟 ∙ 𝜔

𝜌 ∙ 𝑔 ∙ 𝑄 ∙ 𝐻𝑁𝑒𝑡

=

=

(𝑇𝐵𝑙𝑎𝑑𝑒𝑠 + 𝑇𝐻𝑢𝑏 + 𝑇𝑆ℎ𝑟𝑜𝑢𝑑) ∙
𝑛 ∙ 𝜋

30

𝜌 ∙ 𝑔 ∙ 𝑄 ∙ 𝐻𝑁𝑒𝑡

 

(Eq. 3) 

 

𝐻𝐿𝑜𝑠𝑠,𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 =
𝑝𝑇𝑜𝑡𝑎𝑙,𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡,𝐼𝑛𝑙𝑒𝑡 − 𝑝𝑇𝑜𝑡𝑎𝑙,𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡,𝑂𝑢𝑡𝑙𝑒𝑡

𝜌 ∙ 𝑔
 (Eq. 4) 

 

𝜂
𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐

= 1 −
∑ 𝐿𝑜𝑠𝑠𝑒𝑠 𝑖𝑛 𝑚𝑊𝐶

𝑁𝑒𝑡ℎ𝑒𝑎𝑑
=

= 1 −
𝐻𝐿𝑜𝑠𝑠,𝑆𝑝𝑖𝑟𝑎𝑙(𝑖𝑛𝑐𝑙.𝑆𝑡𝑎𝑦𝑣𝑎𝑛𝑒) + 𝐻𝐿𝑜𝑠𝑠,𝐺𝑢𝑖𝑑𝑒𝑣𝑎𝑛𝑒 + 𝐻𝐿𝑜𝑠𝑠,𝑅𝑢𝑛𝑛𝑒𝑟 + 𝐻𝐿𝑜𝑠𝑠,𝐷𝑟𝑎𝑓𝑡𝑡𝑢𝑏𝑒

𝐻𝑁𝑒𝑡

 

(Eq. 5) 

 

A statistical method was used to evaluate the cavitation coefficients based on the 

CFD results. One way to obtain a reasonably reliable value  with the most 

straightforward numerical effort is a method based on ideas developed by ASTRÖ. 

There, the lowest occurring pressure on a surface in the numerical simulation is not 

used to calculate the -value, but a pressure deviating from this value is used by 

applying a statistical evaluation method. The consideration is that, like the test bench, 

a specific size of the cavitation zone is necessary to trigger cavitation, and the vapour 

pressure must be undercut for a particular period. This method also eliminates 

numerical outliers. What is sought is the pressure that is undercut in a particular area 

of the runner blade. So, the default is the size of the area as a normalised value of 

the total area (in the order of 1 %). For this purpose, the pressure (and the area to 

which this pressure applies) is written out in full for the blade area and then sorted in 

pairs from the lowest to the highest pressure. Then, the area is cumulated, and at the 

above-mentioned area limit value, one looks for the corresponding pressure, which 

can then be converted into a Sigma value. 

 

𝜎𝐼𝐸𝐶 =
𝑁𝑃𝑆𝐻

𝐻
=

𝑝2 − 𝑝𝑣𝑎𝑝𝑜𝑢𝑟

𝜌 ∙ 𝑔 +
𝑣2

2

2 ∙ 𝑔 − (𝑧𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 − 𝑧2)

𝐻
 

(Eq. 6) 
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The idea behind the so-called “Histogram Method” is now to replace the vapour 

pressure pvapor in equation Eq. 6 with a pressure value on the runner blade, which 

can be used to reasonably calculate the turbine’s -value (Eq. 7). Our experience 

with comparing CFD and model-test results shows that the -values found in this way 

are even slightly higher than the o-values detected during the model test. 

 

𝜎0,𝐶𝐹𝐷 = 𝜎𝑝𝐻𝑖𝑠𝑡𝑜−0.005 =

𝑝𝐷𝑟𝑎𝑓𝑡𝑡𝑢𝑏𝑒,𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑝𝐻𝑖𝑠𝑡𝑜−0.005

𝜌
+

𝑣𝐷𝑟𝑎𝑓𝑡𝑡𝑢𝑏𝑒,𝑜𝑢𝑡𝑙𝑒𝑡
2

2

𝑔. 𝐻
 

(Eq. 7) 

 

 

3 Optimisation 

Several measures were required to shift the best efficiency point to around 

Q = 13 m³/s, increase the overall efficiency, and improve the cavitation 

characteristics. An upstream shift of the leading edge and a higher inlet angle of the 

blade resulted in improved inflow conditions with a better pressure distribution at the 

leading edge. With the help of the shifted leading edge and an adaption of the blade 

angle distribution, the blade length was increased, and the cavitation performance 

was enhanced. A reduction of the outlet angle of the blades mainly achieved the shift 

of the Best Efficiency Point. The number of runner blades was not changed, but the 

blade thickness was slightly increased. 

 

2-unit operation: H = 83 m 1-unit operation: H = 95 m 

  

Fig. 5. Performance comparison, dashed line – original runner, continuous line – optimised runner 

 

Fig. 5 compares the turbine efficiency achieved with the original runner design 

RunnerOrig (blue curves) and the optimised final runner RuOptV32 (red curves). 

Referring to the full 360° CFD-model simulation model, the peak efficiency could be 

increased to around 95.0% with the final runner design. Furthermore, it turns out that 
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more or less the same efficiency level can be achieved at both investigated head 

levels. This underlines that the new design applies well to the 1-unit- and 2-unit 

operation. While the results of the CFD simulation show that extensive cavitation on 

the original runner blade is expected over a wide range of operations, a significantly 

better cavitation performance was achieved with the optimised runner design. Up to 

the maximum discharge of Q = 15 m³/s, the cavitation characteristics of the optimised 

runner design RuOptV32 are below the -values of the hydropower plant HPP-

Yamanlı (see dotted grey horizontal lines) for both head levels investigated during 

the optimisation. 

 

  

  

Fig. 6. Pressure at runner blades, left – original runner, right – optimised runner 

 

A visualisation of the flow calculated for the original turbine configuration is presented 

in Fig. 6 on the left side for the two-unit operation. First, the pressure plot at the 

original runner’s inlet part (top) and outlet part (middle) shows a comparatively poor 

pressure distribution. The inlet angle of the blade was not appropriately chosen, 

resulting in unfavourable inflow conditions with low-pressure regions at the suction 

side of the leading edge (see dark, blue-coloured zone). Moreover, pronounced 

areas with the lowest pressure are found at the suction side of the blade at the 

runner outlet. These regions are most prone to cavitation and match well with the 

cavitation damages found on the runner. 

The pressure contour plot prepared for the optimised runner (right picture) shows that 

the stagnation point is now located exactly on the leading edge of the runner blades, 
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which results in perfect inflow conditions. Furthermore, the presented results depict a 

well-balanced pressure distribution showing an almost linear streamwise pressure 

decrease. The view onto the outlet part of the runner (middle picture) shows that the 

zones with the lowest pressure are detected in a narrow region close to the trailing 

edge. A pronounced surface with the lowest pressure values cannot be found on the 

optimised runner blades. 

 

 

Fig. 7. Efficiency acc. to. CFD, splitting, left – original runner, right – optimised runner 

 

The detailed efficiency splitting in Fig. 7 shows, for the existing worn-out runner, that 

the Best Efficiency Point is located at a higher discharge (QOpt = 17 m³/s for 

H = 83 m). Most probably, the damages due to cavitation and the repair works also 

caused a shift of the efficiency curve to higher discharge. Still, the original runner was 

designed for too high discharge and was only operated at part load with comparably 

low efficiency. For the optimised runner, in case of a higher discharge, a higher 

opening of the guide vanes is required and would result in improved inflow conditions 

at the guide vanes. According to the IEC 62256, the losses occurring in the runner 

side spaces (disc friction and leakage losses) were considered with one percentage 

point of the power generated at the best efficiency point. 

 
 

4 On-site Efficiency measurement 

The efficiency measurements were carried out using the thermodynamic method per 
IEC 60041 [5] and flow measurement with clamp-on ultrasonic measuring devices. 
Table 3 lists the main sensors and measuring devices, followed by a description of 
the measurement methods [6]. 
  

22nd International Seminar on Hydropower Plants 
Copyright: TU Wien, Institute of Energy Systems and THermodynamics – Vienna 2024 



    

 

Upstream and downstream temperature measurement 

 Seabird SBE 3 

 Measuring range -5 °C bis +35 °C 

 Accuracy  ± 0.001°C 

Upstream pressure measurement 

 Rosemount PG5 pressure sensor 3051CD4S 

 Max. measuring range ±0.21 - ±20.7 bar 

 Reference accuracy ± 0.04% of the limit of measuring range 

 Total accuracy ± 0.12% of the limit of measuring range 

Downstream pressure measurement 

 Siemens SiTrans P-Series MPS, pieco resistive 

 Measuring range 0-10 mWC 

 Accuracy ± 0.3% of the upper range value 

Turbine water extraction discharge 

 ABB Inductive flow measurement device, COPA-XM, DX3311E 

 Measuring range 0-5 l/s 

 Accuracy ± 5% of the upper range value 

Acoustic transit time measurement system 

 Flexim Fluxus, 706, 4 Channel (Elaborated by Medon and TU Graz) 

 Sensor type Shear wave-type 

 Sensor frequency 0.5 MHz 

 Diameter range 100-6500 mm 

 Flow velocity range 0.01-25 m/s 

 
Measurement 
uncertainty 

±1% of reading ±0.005 m/s 

Table 3: Measurement equipment 

 

4.1 Thermodynamic efficiency measurement 

The thermodynamic efficiency measurement was realised using the direct method 
according to the IEC 60041 standard [5]. The thermodynamic measurement of the 
efficiency level is based on the fact that all hydraulic losses inevitably lead to an 
increase in the fluid temperature. Thus, the turbine efficiency can be determined by 
registering the intensive state values ’pressure’ and ’temperature’ at the machine's 
inlet and outlet.  

One characteristic feature of the utilised direct measurement method is the minimum 

fluid decompression between the pressure pipe and the measurement chamber, 

which results from the flow restriction in the sampling probe and pressure losses in 

existing pipes (length < 0.2 m) between the sampling probe and the measurement 

chamber. This method places the highest demands on the accuracy of temperature 

measurements. In the upstream water, the gauge pressure and temperature are 

measured using probes and measurement chambers designed for up to 200 bar 

pressure. 
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Turbine water is extracted with the probe, and the small amount of extracted water is 

determined with the help of an inductive flow meter. The upstream thermal sensor is 

mounted into the measurement chamber.  

 

 

Fig. 8. Thermodynamic measurement setup 

 

Six temperature sensors were installed through the measurement cross-section in 

the downstream measurement section to measure the temperature distribution in the 

tailwater using a framework. This setting with six measurement points provided 

monitoring of the mixture, especially in part-load operation. Fig. 8 shows the 

downstream section with all six temperature sensors, the level transmitters mounted 

to the framework, and the position of the additional level transmitter inside the cable 

channel. 

To determine the specific hydraulic energy, the pressure upstream must be 

measured. This measurement is realised using a high-precision Rosemount relative 

pressure sensor. The pressure downstream is measured with Siemens SiTrans 

pressure sensors directly at the downstream measurement section. See the 

specifications of both sensors in Table 3. The elevation levels z10 and z20 were 
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measured during the equipment installation with the help of a levelling laser and a 

laser rangefinder. 

 

4.2 Ultrasonic discharge measurement 

 

 

Fig. 9. Clamp-on ultrasonic discharge measurement 

 

A flexible method for determining the flow rate, without affecting the flowing medium 

itself, is the acoustic flow measurement using the transit time difference method. In a 

non-flowing fluid, the pressure changes of a sound signal propagate in all directions 

with the speed of sound. In moving liquids, however, the relative velocity of the sound 

changes with the fluid velocity. If the flow direction of the medium is the same as the 

sound waves, the velocities are superimposed to a slightly higher velocity than the 

sound velocity. For propagation against the flow direction, the resulting velocity is 

slightly lower than the sound velocity. The resulting transit time difference is a 

measure of the mean flow velocity. So, the discharge calculation is easily possible, 

for example, with the known area for a constant pipe cross-section in the 

measurement region. 

Once all geometric relationships have been included in the evaluation, the system of 

equations can be rearranged, and the speed of sound of the medium can be 

eliminated because this changes very strongly with the slightest variation in 

temperature. 

The advantage of the ‘Acoustic transit-time measurement method’ is the flexible 

determination of the flow rate even with large pipe diameters; however, there are 

limiting factors such as low flow velocities and inhomogeneous velocity distribution in 

the cross-section of the pipe. The exact positioning of the sensor, together with a 
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comparably long inlet distance, is a MUST. Also, knowledge of the wall thickness and 

the coating when using clamp-on systems is necessary. An ultrasonic flow 

measurement device from Emerson Flexim® with four beams (four transducer pairs) 

was used to measure the discharge. All four sensor pairs were placed in reflected 

mode. Fig. 9 shows the penstock bridge, the pipe wall’s thickness measurement, and 

the applied discharge measurement system at the penstock. The surface of the pipe 

was cleaned before the sensors were installed to guarantee excellent signal quality. 

 

5 Result 

The measurement was conducted knowing that the specifications of the IEC 60041 

[5] concerning a thermodynamic measurement were not fulfilled. Here, the minimum 

head of 100 m is not achieved. All project participants are aware of this fact. As a 

result, the existing temperature difference to be measured is very low and the 

influence on the measurement accuracy is rather significant. 

Knowledge of the generator efficiency is not necessary for the thermodynamic 

method. However, knowledge increases the accuracy when calculating back to a 

discharge. For this, a generator efficiency between ηGeno = 0.955 and ηGeno = 0.965 

was assumed to calculate the discharge with the thermodynamic measurement. All 

measured values were recorded and calculated per IEC 60041 [5], and systematic 

and random errors were also considered. 

 

 

Fig. 10: Result of thermodynamic measurement, old versus new runner 

 

The extensive measurement campaign confirmed all contractually agreed-upon 

improvements. The optimisation of the hydraulics, which has now been realised at a 

lower flow rate, makes achieving a significantly higher annual working capacity 

possible. The relative improvement of efficiency amounts to up to seven percentage 
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points (Fig. 10). If the results are extrapolated to overload, the new hydraulics 

achieve the same efficiency level as the original design. 

The influence of the turbine ventilation on the measurement results can be neglected 

(measured for some measuring points). The impact of the air exchange correction 

term δEm−air was minimal compared to the total measurement uncertainty. 

 

5.1 Ultrasonic discharge measurement 

In addition to ultrasonic and thermodynamic measurements, an index measurement 

was conducted to calibrate the already installed measurement devices. To compare 

the results of the thermodynamic method with the acoustic method, the results are 

plotted against the pressure difference (measured in a plane in the spiral), which is a 

relative indicator of the discharge. The result, including the smoothing function and 

the associated regression, is shown in Fig. 11. 

The measuring location for the additional acoustic flow measurement is also not 

optimal due to the existing cleaning cover downstream of the measurement section. 

Still, it is the only possible accessible position and provides a correspondingly long 

inflow length. 

The discharge measurement with the acoustic flow meter results in slightly higher 

flow rates., which may be due to some factors such as assumed generator efficiency 

(in case the generator efficiency is lower, the turbine discharge QIEC is higher; see 

Fig. 11), required cooling water of the turbine, relief valve flowrate and leakage water 

between the ADM-measuring section and the turbine. 

 

 

Fig. 11: Comparison between THDM and ultrasonic discharge measurement 
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6 Summary 

The hydroelectric power plant HPP Yamanlı II – stage 2 is equipped with two vertical-
axis Francis turbines. According to the hill chart provided for the original turbine 
configuration, the turbines were specially designed for full-load conditions at Two-unit 
operation. Since the turbines went into operation, massive damages have been 
frequently found on the runner blades due to cavitation. A comprehensive CFD study 
was performed to solve the problems. The flow in the turbine was analysed in detail, 
and a new runner design was developed. Besides the cavitation problem, an 
efficiency improvement was also considered. An on-site efficiency measurement 
proved this before and after the refurbishment. 
 
Product names mentioned in this paper may be trademarks of their respective 
companies. 
 
Keywords: CFD, simulation, Kaplan, torque, force 
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