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Abstract: The erosion of Pelton turbine components in 
mountainous areas with high sediment input is a major challenge 
for the energy- and cost-efficient operation. Quantitative data on 
possible efficiency losses associated with local damage are 
needed. For a determination of efficiency losses due to damaged 
needles and seat rings a systematically carried out experimental 
study was performed. For this purpose, artificial patterns of 
erosion-like damage were generated on the surfaces of needles 
and seat rings. These patterns were gradually deepened in steps 
and hill charts were measured repeatedly. 

 
 

1 Introduction 
The wear of turbine parts caused by abrasive particles in sediment laden flows is a 
major challenge for the operation and planning of maintenance measures for hydro 
machinery. Hydro-abrasive erosion increases with increasing flow velocity to the third 
or even higher power and further depends on the sediment concentration and the size 
distribution of the particles. Due to their design, Pelton injectors are exposed to the 
highest possible velocities, as their purpose is to convert all the available energy in the 
flow into kinetic energy. Uncoated needles and seat rings of injectors in particular are 
affected by erosion. In the case of seat rings and needles, it can be observed that they 
are further damaged by the onset of cavitation after the initial sediment erosion. In 
addition to the high velocities within the injectors, the curvature of the particle charged 
streamlines also has a predominant influence. Unfortunately, high-efficiency injectors 
with low energy losses have a more curved flow by design. 
A series of cases of damaged needles and seat rings are reported in the literature [1], 
[2], [3], [4], [5], [6], [7]. The work of Bajracharya et al [3] is one of the first presenting 
detailed measurements of an eroded injector and the distribution of the erosion rate on 
the surface of the needle in the Chilime hydropower plant. Morales et al [5] measured 
in the Chivor power plant, Columbia, the eroded surface patterns and tried to reproduce 
the same hydro-abrasive phenomena in a controlled laboratory environment. Din et al. 
[7] performed detailed optical scan measurements of damaged needles and mouth 
pieces in the hydropower plant of Chenani, India. 
Observed patterns on the needles often show unevenly distributed erosion marks on 
the circumference of the needles, as exemplified in [3]. The authors explain this 
occurrence with a secondary flow that is generated in manifolds and elbows upstream 
of the injector nozzles. Damages found in seat rings are generally more evenly 
distributed around the circumference [7].  
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Numerical studies on erosion in injectors, needles and seat rings have been 
successfully performed in recent years [8], [9], [10], [11], [12]. They employed the 
Discrete Phase Method (DPM), a Lagrangian tracking method in combination with the 
Volume of Fluid method (VOF), or the Computational Fluid Dynamics (CFD) coupled 
Discrete Element Method (DEM). 
Experimental results of efficiency measurements on a model Pelton turbine and an 
injector with artificially machined defects on nozzles and seat rings are presented in 
the following. A series of interchangeable needles and seat rings were fabricated for 
this purpose. After a study of typical damages found at injectors of Pelton turbines, it 
was decided to model the applied damages with uniform grooves. The idea behind 
these simplified shapes was not only to approximate real erosion patterns, but also to 
have a geometry which might be used in further studies with CFD. 
The number and depth of the grooves were gradually increased in the study. The effect 
of the alignment in the circumferential direction of the local damage was also 
systematically investigated. A complete hill chart was recorded for each modification. 
Based on the measured hill chart of the undamaged injector, it was thus possible to 
determine the decay in efficiency across the entire hill chart for each step of machining.  
 

2 Processing steps of needles and seat rings 
After analyzing a number of eroded needles and seat rings, in particular the scans and 
data published by Din [7] and Bajracharya [3], it was decided to machine grooves equal 
in size on the surfaces of the seat rings and the needles. The maximum depth of the 
grooves was increased in four steps from 0.25 mm up to 1 mm or made dimensionless 
with D0 in steps of 0.00683. For the first processing step, the grooves had a width of 
0.86 mm, for all further steps the width was set to 1 mm. The inner contour was rounded 
with a radius of 0.5 mm. The length of the grooves was adapted to the available space 
in the individual steps. 
 

 
Fig. 1 Partially grooved needle, D0 = 36.6 mm, fL = 0.885 
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Fig. 2 Four steps of the fully grooved needle 
 

  
Fig. 3 Partially and fully grooved seat ring (both step 4) 

 

3 Hill chart measurements 
3.1 Test rig and procedure 
The test stand consists of a feed pump that supplies a single-nozzle horizontal Pelton 
turbine. The injector is equipped with an internal servomotor, the angle between nozzle 
and needle is 90°-50° and the nozzle diameter D0 is 36.6 mm. The electromagnetic 

Step 1 Step 2 

Step 3 Step 4 
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flow meter is calibrated before and after the test series using the flying start-and-finish 
method according to [13]. 
The shaft torque was measured according to the principle of the balancing 
arrangement as described in [14]. The torque acting on the rotor is measured at the 
torque arms of the swinging frame of the generator and the bearing pedestal. The 
second permits the frictional torque in the runner bearings to be determined. 
A detailed analysis of uncertainty was carried out in the entire range of the hill chart 
measurement. The uncertainty of the hydraulic efficiency was calculated to be in the 
range of 0.17-0.4 % depending on the operating point. More important, however, for 
these tests with stepwise increased defects is the repeatability, which showed to be 
within a band of ± 0.15 %. 
Three needles (N 0, N 1, N 2) and three seat rings (M 0, M 1, M 2) were used in the 
series of tests presented here. The base variants N 0 and M 0 were left unmachined 
as a reference for all tests. The others were processed in steps (S) as shown in Table 
1. 

Needle (N) 
Machining step (S) 

Seat ring (M) 
Machining step (S) 

Comments No.  
meas. 

N 1, S 0-4 M 0 Partial grooves at 0° 5 
N 1, S 0-4 M 0 Partial grooves at 90° 5 
N 0 M 1, S 0-4 Partial grooves at 0° 5 
N 0 M 1, S 0-4 Partial grooves at 90° 5 
N 1, S 4 M 1, S 4 Partial grooves at 0° (both) 1 
N 1, S 4 M 1, S 4 Partial grooves at 90° (both) 1 
N 2, S 0-3 M 0 Fully grooved needle 4 
N 0 M 2, S 0-4 Fully grooved seat ring 5 
N 2, S 3 M 2, S 4 Fully grooved both 1 

Table 1: Measured hill charts for machined needles, seat rings and combinations of both 
 
The grooves in the 0° angle position are grooves that are aligned with the splitter on 
the side of the bucket root. The grooves in the 90° angle position are lateral and distort 
the flow in the bucket base. 
For each machining step and any combination of nozzles and seat rings the complete 
hill chart was measured, in total 32 hill charts. During a hill chart measurement, the 
head H was kept constant at 120 m. The flow rate was varied by operating the nozzles. 
The rotational speed of the generator was then changed for each constant volume 
flow. For each hill chart 99 points were measured. 
 
The following non-dimensional quantities were used for the hill charts: 
 𝑘𝑘𝑢𝑢 =

u 

�2 𝑔𝑔 𝐻𝐻   
[−] (1) 

H = head, u = circumferential velocity on the pitch circle diameter D = 327.7 10-3 m  
 𝑘𝑘𝑐𝑐𝑐𝑐 =

4 Q
𝜋𝜋 𝐷𝐷𝑜𝑜2�2 𝑔𝑔 𝐻𝐻   

[−] (2) 

Q = flow rate [m3/s], nozzle diameter D0 = 36.6 10-3 m 
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3.2 Procedures for measurement and evaluation 
As an example of the evaluation procedure, the measurements of the fully grooved 
needle case are presented below. The full hill chart, interpolated from the 99 measured 
operating points, is displayed in Figure 4, top left. The maximum efficiency lies slightly 
above 89 %. After two machining steps, Figure 4 top right, the drop in efficiency is 
already considerable, around 3 % at the position of the original best point. The new 
best point is shifted towards larger flow rates and the maximum efficiency in this point 
is 2 % below the original maximum efficiency. 
As representative curves showing the efficiency and efficiency drop, the data at ku = 
0.48 are plotted in Figure 4, bottom. Obviously, the damaged needle affects efficiency 
to a much larger degree at the low flow rates. Originally four steps of machining were 
planned, but since the efficiency decay was unexpectedly high, it was decided to stop 
at step 3. Important to note is, that the drop of efficiency increases linearly with the 
machining depth. 

 

 
Fig. 4 Hill chart of the unmachined configuration (top, left) and fully grooved needle at step 2 (top, 
right), efficiency at ku = 0.48 (bottom, left) and efficiency losses for three machining steps (bottom, 

right) 
 

3.3 Results of the partially grooved needle and seat ring 
Following the explanation of the procedure and the presentation of the results for the 
fully grooved needle, Figures 5 and 6 show the results for the partially grooved parts 
in two different angular positions. Figure 5 shows the efficiency and efficiency drop for 
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the partially grooved needle, the partially grooved seat ring and the combination of both 
after 4 machining steps. Both grooves were positioned at the same angle of 0°, so that 
they aligned with the splitter on the side of the bucket root. The scaling of the graphs 
differs from the ones in Figure 4, since the effect of the partial grooves is less 
dramatical than the one with the fully grooved needle. The best point is also less 
strongly shifted towards the large flow rates. Most important for the development of 
prediction models is the observation the interaction of the two defect types on needle 
and seat ring must be very low. The proof for this finding is provided by the fact that 
the superposition of the individual efficiency drops of needle and seat ring (blue and 
red line added) leads, in very good approximation, to the same result as the 
measurement of the combined defects. 

 
Fig. 5 Efficiency of partially grooved needles and seat rings at ku = 0.48 (left) and efficiency losses 

(right) after four machining steps at 0° 
 

 
Fig. 6 Efficiency of partially grooved needles and seat rings at ku = 0.48 (left) and efficiency losses 

(right) after four machining steps at 90°  
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At an orientation of 90° of the partially grooved needles and seat rings, Figure 6, 
basically the same observations are found as at 0°. Efficiency drops are slightly 
smaller. Again, the superposition of the individual efficiency drops of needle and seat 
ring (blue and red line added) leads, in very good approximation, to the same result as 
the measurement of the combined defects. 
 

3.4 Results of fully grooved needle and seat ring 
Figure 7 shows the case of the combination of the fully grooved needle (step 3) and 
fully grooved seat ring (step 4). The drop in efficiency is dominated by the effects of 
the needle. The efficiency losses due to the seat ring are an order of magnitude smaller 
than those due to the needle.  
Superimposing the individual cases of needle and seat ring (blue and red lines added) 
underestimates the efficiency drop measured for the combination of the two. It would 
probably make more sense to check the superposition principle for a case in which 
efficiency drops of seat ring and needle are equally large. 
No explanation has been found as to why the fully grooved seat ring does not lead to 
much higher efficiency losses than the partially grooved seat ring. The first step of the 
seat ring machining caused the major drop in efficiency, while the subsequent steps 
had only a minor influence. A satisfactory physical explanation for this has not yet been 
found. The machining selected for the fully grooved seat ring may not have been 
optimally chosen.  
 

 
Fig. 7 Efficiency of fully grooved needles and fully grooved seat rings at ku = 0.48 (left) and efficiency 

losses (right) after four machining steps of the seat ring and three steps of the needle.  

 

4 Conclusion 
Uncoated needles and seat rings of injectors of Pelton turbines exposed to sediment 
laden flows often show groove-like patterns of erosion damages. The data presented 
here enable a qualitative estimate of the efficiency losses depending on the depth and 
extent of the damage observed at injectors in hydropower plants. For a more 
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quantitative prediction the averaged, dimensionless depth of the grooves has to be 
measured on site. 
In the laboratory measurements of the hill charts the most serious efficiency drops 
were encountered with fully grooved needles in partial load operation. Here, 
efficiencies decayed in the order of 10 %, while at full load efficiency dropped only by 
1 %, even after three steps of machining artificial grooves. In contrast to the grooves 
on the needle, the grooves on the seat ring had a much smaller influence, and even 
after four machining steps and at partial load, the efficiency loss was no more than 
1 %. A special feature of the grooves on the seat ring was that after the first step, the 
further reduction in efficiency was minimal, and in addition, the fully grooved seat ring 
did not cause higher efficiency losses than the partially grooved seat ring. 
The orientation of the grooves on the seat ring and the needles had only a minor 
influence on the efficiency. The combination of needle and seat ring defects was also 
investigated, and the most important finding is that superimposing the individual 
efficiency losses of the needle and seat ring resulted in exactly the same efficiency 
loss measured for both damaged parts. 
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