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ABSTRACT 

The sustainability of the electricity mix can be increased by introducing recovery energy systems on existing water supply 
infrastructures. 

The concept of the new counter rotating micro-turbine presented in this work is a competitive option for energy recovery on 
water utility networks. The micro-turbine performances and velocity fields have been predicted through a wide 
Computational Fluid Dynamics (CFD) study. Experimental campaigns have been carried out to measure the performance 
parameters and an experimental investigation on the flow velocity field characteristic of the new machine was also 
performed. 

2D Laser Doppler Velocimetry (LDV) measurements have been used in the counter rotating micro-turbine prototype 
operating in water to explore and investigate the flow velocity field along with the prediction of the numerical simulations.  

Keywords: Small scale hydro power plants, Energy recovery, Axial turbine, 2-D LDV 

1. INTRODUCTION 

Hydropower is the major source of energy in the worldwide field of renewable energy. Nowadays it accounts almost one 
fifth of the world’s electricity supply. In the last years hydropower has added the major contribute in the world of 
sustainable green energies. Its production, in both small and large scale, is expected to increase about 3.1% each year for 
the next 25 years (World Energy Council, 2013).  

Small scale hydropower, defined as the hydropower production up to 10MW, can be improved by the development of 
energy recovery systems on existing infrastructures such water utilities. The environmental impact and the economical 
investments can be limited with the implementation of energy harvesting technologies that allow to recover energy that 
otherwise would be lost. 

The counter rotating micro-turbine is a new concept of energy harvesting which allows recovering the energy lost in 
pressure reducing valve in water supply network. The concept of the new micro-turbine is focused on the study of one-
stage design where two counter rotating runners compose the turbine and each runner can recover up to the 50% of the 
available head. 

The concept of the new micro-turbine is addressed to brace the small hydropower production; indeed a challenge is to 
obtain the best hydraulic performance. Computational Fluid Dynamics (CFD) studies have been carried out to assess the 
hydraulic performance of the turbine. Steady numerical simulations were performed by Münch et al (2014) using the 
commercial software ANSYS CFX 13.0, based on the finite volume method in order to predict the machine hydraulic 
performances. Nevertheless experimental measurements of the performance of the designed runners and of the flow 
velocity field are required. They allow a complementary approach to understand the flow behavior and they also increase 
the robustness of the numerical simulation results. 

A test rig has been built and experimental campaigns including discharge, pressure, torque and rotational speed 
measurements have been performed in order to evaluate the hydraulic performance of the machine. A deeper 
investigation of the flow velocity field is now required for a better understanding of the machine behavior. Therefore 2D 
Laser Doppler Velocimetry (LDV) measurements have been carried out to explore the flow velocity field. 

Non-intrusive optical measurement such as LDV and Particle Image Velocimetry (PIV) are experimental techniques 
prominently developed in the past few years. These techniques fit well turbomachinery applications as past studies such 
Gagnon et al. (2008) proved. On the other hand, as investigated by Zaidi et al. (1997), precise results by these laser and 
optical measurement techniques are often difficult to achieve since parameters such refraction index of both the material 
interface and the flow, laser alignment, seeding and machine geometry are fundamental to obtain successful results.   



  E-proceedings of the 36th IAHR World Congress, 

28 June – 3 July, 2015, The Hague, the Netherlands   

 

          

  

2 

Cunning set-up have been developed in the past, Müller et al. (2013, 2014) used water boxes to mitigate the effects of 
optical distortion for laser measurements and flow visualizations. There exist examples of complete optical access through 
the blades of a turbomachine. Uzol et al. (2002) constructed an index-matched facility, in which the refractive index of the 
fluid is matched with that of transparent blades, Miorini et al (2012) used the same approach to examine flow in the tip 
region of a waterjet pump. 

In this paper a resolved arrangement to achieve precise optical measurements in different positions in the counter rotating 
micro-turbine although the harsh geometry and size of the machine is described. The experimentally measured flow 
velocity field in the counter rotating micro-turbine is presented as well as a comparison between the obtained experimental 
results and the numerical simulations. 

2. EXPERIMENTAL SET-UP 

2.1  Test facility 

The counter rotating micro-turbine is a single stage turbine with 2 counter rotating runners. A test model has been built with 
a 5 blades inlet runner and a 7 blades outlet runner. The relevant geometrical parameters are resumed in Table 1.  

The experiments have been performed in the test rig illustrated in Figure 1. The single stage turbine with 2 counter-rotating 
runners has been installed in an elbowed pipe with two external generators driven by the runners via 80 mm diameter 
shafts. A honeycomb is located just upstream the inlet section in order to reduce the non-uniformities and the large scale 
turbulence at the turbine inlet. The geometry of the elbowed pipe has been designed to let the flow be axial at the inlet 
section of the first runner.  

The runners are installed in a transparent casing, made by acrylic, with a hexagonal shape in order to have flat surfaces 
for a better and undistorted visualization of the flow passing through the runners. As illustrated in Figure 1 the casing has 
been equipped with three optical circular windows made out of N-BK7 glass with an anti-reflection coating. The thickness 
of the glass windows is 6 mm and 32.5 nm the flatness. This has been designed in order to obtain a casing segment with a 
reduced thickness to avoid distortion of the laser beam and enlargement of the control volume during LDV experiments. 

An external pump feeds the elbow taking water from an atmospheric pressure water tank and it provides the established 
head for testing the machine operation. The facility is equipped with 2 differential pressure transducers measuring the 
difference of the static pressure between the head water section and the tail water section as shown in Figure 2. This 
measurement allows to compute the specific energy E extracted from the flow evaluated according to Eq. [1] 
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An electromagnetic flowmeter located upstream the machine measures the discharge and then this value is corrected by a 
loss coefficient due to the leakages through the seals. The shafts are equipped each one by a strain gauges torque sensor 
that measures the torque transmitted by the runner. 

Münch-Alligné et al. (2014) predicted the operating conditions and the performance of the turbine by performing steady 
numerical simulations using the Unsteady Reynolds Average Navier-Stokes (URANS) code with the commercial software 
ANSYS CFX 13.0. The turbulence model applied is the shear stress transport (SST) model that uses the k-ω model close 
to walls and the k-ε model elsewhere. The predicted design operation conditions of the machine are presented in Table 2. 
For these conditions, the expected efficiency of the turbine is equal to 85% with a rotational speed of 3000 rpm of the both 
runners. The performance of the machine has been experimentally evaluated. Figure 2 illustrates the hillchart of the 

machine at a relative rotational speed coefficient 1A

B

     

A Cartesian coordinate system is introduced through the study, as shown in Figure 1. The x direction is directed along the 
stream, the y direction along the vertical axis of the machine and z direction along the span. 
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Table 1. Runners Geometry 

Geometrical parameter SYMBOL VALUE 

INNER CASING DIAMETER 1D  100 mm 

OUTFLOW SECTION DIAMETER 1
D  100 mm 

SHROUD RADIUS  sR  50 mm 

HUB RADIUS  hR  40 mm 

TIP PROFILE CHORD LENGTH c  60 mm 

TIP PROFILE AXIAL CHORD LENGTH ac  20.67 mm 

TIP CLEARANCE s  0.1 mm 

   

  

 
Figure 1. Side view of the test facility. 
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Figure 2. Hillchart of a single stage micro-turbine with constant relative rotational speed 1  , Andolfatto et al. (2015) 

 

Table 2. Predicted design conditions 

Quantity SYMBOL VALUE 

SPECIFIC ENERGY E  196 J kg-1 

DISCHARGE Q  8.7 10-3 m3s-1 

SPEED ROTATION RUNNER 1  1N  3000 min-1 

SPEED ROTATION RUNNER 2 2N  3000 min-1 

EFFICIENCY  0.85 

   

  

2.2  Experimental conditions 

Based on the performance results obtained by Andolfatto et al. (2015), the flow investigation has been performed at the 
following operation conditions of the machine: 

 At the Best Efficiency Point (BEP) for 1   given by the experimental measurements in the test rig. 

 At the speed rotations (keeping 1  ) that maximize the efficiency for each investigate discharge, as Figure 3 shows 
(Tests A-K); 

 At the operational conditions of a reference CFD study (Test L). 

The operation conditions of the counter rotating micro-turbine at each test are summarize in Table 3. These conditions are 
reached by setting the rotational speeds of the runner through a controller and by changing the discharge by controlling the 
pump delivery.  
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Table 3. Test conditions summary 

 DISCHARGE  ENERGY  
ROTATIONAL SPEED OF THE  

RUNNERS 1   
EFFICIENCY 

THEORETICAL 

OUTLET 

TANGENTIAL 

VELOCITY 

 [m3s-1] [J kg-1] [min-1] [%] [m s-1] 

BEP 10.4 10-3 251.1 2410.2 62.46  

TEST A 6.3 10-3 100 1384.8 60.2 0.162 

TEST B 6.8 10-3 105.6 1698.1 61.5 1.14 

TEST C 7.3 10-3 121.8 1789.9 61.7 1.074 

TEST D 7.8 10-3 135.14 1945 61.75 1.306 

TEST E 8.3 10-3 149.2 2103 61.7 1.552 

TEST F 8.8 10-3 167.5 2219.4 61.25 1.601 

TEST G 9.3 10-3 201.9 2149.2 60.9 0.772 

TEST H 9.8 10-3 230.7 2181.9 61.8 0.427 

TEST I 10.3 10-3 244.1 2428.7 62.25 1.091 

TEST J 10.8 10-3 253.9 2697 62.05 1.857 

TEST K 11.3 10-3 265.9 2966.3 60.5 2.627 

TEST L 10.4 10-3 232.1 2750 60.6  

      

  

 

Figure 3. Operational points of the tests at the BEP for each set discharge and corresponding computed efficiency by experimental 
measurements.   

2.3  Laser Doppler Velocimetry  

The LDV system is a Dantec FlowExplorer compact LD8A with 2 laser beam at 660 and 775 nm. It’s composed of a 300 
mW solid state laser source, a beam splitter and an optical probes of 300 mm focal length. The measurement volume has 
been optimized in order to perform the measurement at several radius positions in the runners and to get as close as 
possible to both the hub and the tip of the blade. The dimensions of the measurement volume are listed in Table 4. The 
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seeding particles are 10 μm diameter hollow glass spheres with a density that is almost the same as the one of water. It is 
therefore assume that the particles perfectly behave as the liquid flow. 

The measurement setup and the chain of acquisition is schematized in Figure 4. An external trigger from the burst 
spectrum analyzer (BSA) is used to set off the static pressure, torque, discharge and rotational speed measurements, 
assuring the synchronization between the micro-turbine and the LDV measurement device. A remotely controlled 
traversing system is used for the vertical and radial displacement of the laser. 

For each test condition listed in Table 3 LDV measurements have been performed to measure the average meridional 
component mC  (along the x direction) and the tangential component uC  (along the y direction) of the absolute flow 
velocity at different positions across the two runners. The origin of the Cartesian coordinate system is located between the 
two runners on the axis of the machine. The point for which the location is controlled during the measurement is the center 
of the measurement volume. The measurements have been performed at 3 positions along the x axis, as indicated in 
Figure 5: 

 at the inlet of the first runner 44 x   mm (Inlet section); 

 between the two runners 0x   (Inter-runners section);  

 at the outlet of the machine 44x  mm (Outlet section). 

For each axial position 8 locations on the z axis have been investigated: 8 points at 1 mm distance one to each other 
between the tip of the blade ( 50z  mm) and close to the hub ( 43z  mm). Further radial position closer to the hub 
couldn’t be investigated because of the intense reflection of the laser beams on the hub wall. For each location at each 
reference point 20000 samples have been recorded and the maximum measurement duration has been set to 30 s. 

Table 4. LDV measurement volume size  

LDV 
components xl  yl  

zl  

AXIAL 0.055 mm 0.055 mm 0.85 mm 

PERIPHERAL 0.062 mm 0.062 mm 0.94 mm 

    

 

 

Figure 4. Top view of the micro-turbine runners with the experimental set-up. 
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Figure 5. A sketch of the counter rotating micro-turbine showing the reference sections for the LDV measurements (right) and view from 
the left side of the machine indicating the radial measurements positions (left). 

3. RESULTS 

3.1  Numerical simulation results and comparison with the experimental ones. 

Figure 6 shows the velocity profiles of the meridional and tangential components in the cross sections at the inlet and 
outlet section of the counter rotating micro-turbine obtained by the numerical simulations performed by HES SO Valais, 
Münch-Alligné et al. (2014). All the values are normalized by the meridional absolute flow velocity with the hypothesis of 
having an uniform flow distribution, computed as follows in Eq.[2]. 

 
 mC Q

A  [2] 

The corresponding operation conditions of the micro-turbine are resumed in the Table 6. Numerical predictions of the flow 
characteristics at the inter-runners section are not available since the gap between the two runners is not represented in 
the numerical model. The tangential velocity at the inlet is not shown since a purely axial inlet flow is imposed in the 
boundary condition. 

 
Figure 6. Normalized meridional velocity profile in the cross section at the inlet (left), normalized meridional velocity profile in the cross 
section at the outlet (center) and normalized tangential velocity profile in the cross section at the outlet (right). 
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Table 5. Operation conditions of the machine in the CFD study. 

Parameter  

DISCHARGE 10.4 10-3 m3s-1 

ENERGY 325 J kg-1 

SPEED ROTATION RUNNER 1 2750 min-1 

SPEED ROTATION RUNNER 2 2750 min-1 

EFFICIENCY 0.87 

  

  

Figure 7 shows the experimental results for this operational point. The measured average tangential velocity at the inlet 
section stands between 0 and 0.04 times the meridional absolute flow velocity along the span. This validates the 
assumption of having a purely axial absolute velocity. The measured averaged meridional component has a good 
agreement with the trend of the numerical prediction. The higher mismatch at the blade tip is very likely due to the existing 
gap between the blade and the casing, which has not been modeled in the numerical simulation. The standard deviation of 
both the meridional and peripheral components are larger at the external radius since at the casing wall the level of 
turbulence is high and the instability of the flow significantly increases. 

At the outlet section a good agreement between the mean value of the measured meridional and peripheral components 
are observed comparing with the numerical prediction. Some discrepancies with the numerical prediction are also 
observed at the external radius. In this region the LDV measurements experience a larger uncertainty partly due to the 
high turbulence level at the casing wall and significant reflection of the laser beams. Moreover it was impossible to reach 
this operational point with a significant counter pressure at the outlet due to the limited power provided by the pump on the 
test rig. Thus the counter-pressure has been decreased causing cavitation patterns on the blade of the second runner. The 
bubbles conducted downstream increased the reflection and distortion of the laser beams. The standard deviation of the 
experimental results at the outlet is higher than at the inlet because the LDV measurements are interfered by these 
bubbles due to cavitation. 

 

Figure 7. Comparison between numerical and experimental results of the normalized averaged meridional and tangential velocity profile 
at the inlet section (left), and outlet section (right). 

3.2  Averaged flow velocity profiles at the BEP 

The measured averaged flow velocity profiles at the BEP of the counter rotating micro-turbine and normalized by the 
theoretical meridional absolute flow velocity are presented in Figure 8.  

At the inlet section the measurements confirm a purely axial flow with a confident standard deviation along the span. In the 
investigated cross-section between the two runners the results achieved are characterized by a high standard deviation. In 
this region of the counter rotating micro-turbine the flow is highly influenced by the rotation of the two runners and the non-
uniformities of the flow geometry can be related to the blades passage of the two runners. That causes a large standard 
deviation of the measured velocity components. At the outlet section the measured averaged meridional and tangential 
components of the absolute velocity show a coherent trend with the expected flow geometry along the span. The further 
decrease of the averaged tangential component getting close to the casing wall and the corresponding increase of the 
averaged meridional one confirms the casing wall effect on the flow.  
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Figure 8. Measured normalized averaged meridional velocity profile at the three reference sections (left), measured normalized averaged 
tangential velocity profile at the three reference sections (left) at BEP conditions.  

 

Figure 9.Normalized averaged absolute flow velocity profile at the three reference sections (left) in BEP conditions; averaged relative flow 
angle in the span at the three reference sections (right) in BEP conditions. 

Figure 9 shows the normalized averaged absolute velocity computed by leading Eq.[3] and the relative flow angle 
computed by leading Eq.[4] along the span in the three investigated cross-sections.  

 
 

2 2
m uC C C 


 [3] 

 

 
1tan m

u

C

U C
 

 
  

 [4] 

At the inlet the averaged absolute flow velocity section has a light decreasing trend along the span getting close to the 
blade tip cause to the effect of the casing wall. 

At the outlet in addition to the effect of the casing wall a light increasing trend is observed moving along the span from the 
hub to the tip. At the outlet the flow deviation is low close to the casing wall while is higher in the mid-span. Since we are 
investigating the flow behavior at the BEP condition of the micro-turbine, this flow deviation is the best one for the machine 
performance.  

At the inter-runners section the non-uniformities of the flow strongly increase: the flow experiences an acceleration and 
deviation along the entire span. The averaged velocity and the averaged flow angle however significantly diminish closer to 
the casing wall. 
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3.3 Averaged flow velocity profiles at the best efficiency point for different discharges. 

The normalized averaged absolute flow velocity profiles and the averaged flow angles at the BEP for the studied 
discharges are investigated at the inlet (Figure 10), inter-runners (Figure 11), and outlet (Figure 12). 

3.3.1  Inlet section 

The normalized averaged absolute velocity profiles at the inlet is the same for the all investigated discharge considering a 
maximum standard deviation of 0.35 for the measured meridional component at the casing wall. The flow is confirmed 
axial at each investigated discharge as the flow angles close are to 90°, as illustrated in Figure 10 (right). The flow angle 

 is defined by the angle between the vertical axis of the machine y and the absolute velocity of the flow as illustrated in 
the reference coordinates system in Figure 5. It is computed as follows in Eq.[5]: 

 

 
1tan m

u

C

C
 

 
 
 

 [5] 

3.3.2  Inter-runners section 

The normalized averaged absolute velocity profiles at the inter-runners section have the same trend at different discharge 
conditions. The normalized averaged absolute velocities change at different discharges but the variation stands within the 
maximum standard deviation. The maximum standard deviations observed are 0.9 for the measured meridional velocity 
and 1.1 for the measured tangential velocity. The flow angle is strongly influenced by the casing wall and its effect is 
affecting the flow in a wide region along the spanwise. The flow is object of a strong acceleration and deviation that 
increase the non-uniformities and the level of turbulence. Consequently a higher standard deviation is always observed in 
the investigated discharge conditions and the behavior of the flow is not correlated in different conditions. The flow angles 
influenced by the wall effect are within the same width from the casing wall along the spanwise at each investigated 
discharge. Outside this region the flow angles are close to each other for different discharges and they have a constant 
trend along the span, as observed in Figure 13 (left). 

3.3.3  Outlet section 

The normalized averaged absolute velocity profiles at the outlet section have the same trend. The values at each radial 
position are similar for different discharges considering a maximum standard deviation of the meridional and tangential 
velocity equal to 0.3. Comparing these normalized averaged absolute velocity profiles with the one at the BEP previously 
presented, a correlation with the efficiency of the micro-turbine is observed. The velocity profiles that are closer to the one 
at the BEP are the ones whose related discharge corresponds to an efficiency above 61.5%.The test cases at the 
minimum and maximum investigated discharge have a corresponding efficiency respectively of 60.2% and 60.5%. These 
operational points have a normalized averaged absolute velocity profile that has the same trend than the one at the BEP 
but the normalized velocity values critically change. The correlation with the BEP and the efficiency level corresponding to 
the investigated discharge conditions is even clearer observed Figure 13 (right) where the flow angle at the outlet section 
are illustrated. Comparing the relative flow angles here presented with the one at the BEP shown in Figure 9 (right) is 
evident that for a relative flow angle between 11° and 15° at the mid span region, where the wall effect can be neglected, 
the best performance of the machine is recorded. Those results are useful for a better understanding of the machine 
behavior and can be used for further optimization of the runners’ geometry and operation conditions. 
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Figure 10. Normalized averaged absolute velocity profile (left) and averaged flow angle profile (right) at the inlet sections for a discharge 
range between 6.32 10-3 m3 s-1 and 11.27 10-3 m3 s-1. 

 

Figure 11. Normalized averaged meridional velocity profile at the inter-runners section (left) and at the outlet section (right). 

 

 

Figure 12. Normalized averaged tangential velocity profile at the inter-runners section (left) and at the outlet section (right). 

 

 

Figure 13. Normalized averaged relative flow angle profile at the inter runner section (left) and at the outlet section (right). 
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4. CONCLUSIONS 

A LDV measurement campaign has been conducted in the counter-rotating micro-turbine. A dedicated casing of the 
machine has been built in order to perform undistorted and precise LDV measurements at several radial positions in the 
cross-section of the inlet of the first runner, between the two runners and at the outlet of the second runner. 

The challenge of performing accurate LDV measurement close to the tip clearance of the runners has been solved by 
equipping the casing by glass windows with a reduced thickness in order to minimize the dimension of the control volume 
of the laser beams. Problems related to the laser beams reflection have been still experienced close to the hub. 

The flow velocity field have been explored along both the meridional and tangential directions. A good agreement between 
the numerical prediction and the experimental measurements is observed in the investigated inlet and outlet cross-
sections. At the inlet, the axial assumption of the absolute velocity has been confirmed. At the outlet, the velocity profiles 
along both components have a good correlation with the trend given by the numerical prediction. At the outlet section of 
the machine, a significant measured velocity fluctuation, for both the tangential and the meridional components, yet 
increases the uncertainty on the measurement results.  

The velocity profiles at the BEP of the counter-rotating micro turbine have been investigated and an observation on the 
average relative flow angle at the outlet let a better understanding on the relation between the flow behavior and the 
performance of the machine. In particular, the flow is almost axial in the outlet section close to the tip, limiting the 
remaining unrecovered rotational energy.  

Experiments at the best efficiency for several different discharges have also been conducted. The absolute velocity profile 
and the flow angle profile at the inlet, at the inter runner and at the outlet section of the machine have been investigated 
with similar conclusion. These results related to the results achieved at the BEP provide a better understanding of the 
runners’ interaction with the flow. It can lead further improvements of the blade shape and rotational speed control towards 
better performance of the machine. 

Further experimental studies will be performed in order to explore additional operational points of the counter rotating 
micro turbine with a varying of the relative rotational speed between the two runners. 
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