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ABSTRACT 
 

 

Hydropower is among the lowest-cost electrical energy sources due to its long lifespan and lower 
operation and maintenance cost. The hydro-mechanical components of hydropower plants 
generally last about four to five decades, then they are either overhauled or replaced. The major 
upgrades and refurbishments of the hydropower plants that are ongoing have also been motivated 
by the introduction of new rules and regulations, safety or environmentally friendly and improved 
turbine designs. Whatever are the drivers, the refurbishments are usually expected to increase 
efficiency, flexibility and more power from the plant. 

Efficiency measurement is usually performed after refurbishments. While it is relatively 
straightforward to measure efficiency in high head machines due to the availability of several code-
accepted methods, similar measurements in low head plants remain a challenge. The main 
difficulty lies in discharge/flow rate measurement. The reason is due to the continuously varying 
cross-section and short intake, as a result, the flow profile or parallel streamlines cannot be 
established. Among several relative methods, the Winter-Kennedy (WK) method is widely used 
to determine the step-up efficiency before and after refurbishment. The WK method is an index 
testing approach allowing to determine the on-cam relationship between blade and guide vane 
angles for Kaplan turbine as well. The method utilizes features of the flow physics in a curvilinear 
motion. A pair of pressure taps is placed at an inner and outer section of the spiral casing (SC). 
The method relates discharge ( ) as , where  is flow constant usually called as the 
WK constant and  is the exponent whose value varies from 0.48 to 0.52.  is the differential 
pressure from the pair of pressure taps placed on the SC.   

Although the method has very high repeatability, some discrepancies were noticed in previous 
studies. The reasons are often attributed to the change in local flow conditions due to the change 
in inflow conditions, corrosions, or change in geometry. Paper A is a review of the WK method, 
which includes the possible factors that can influence the WK method. Considering the possible 
factors, the aim of this thesis is to study the change in flow behaviour and its impact on the 
coefficients. Therefore, a numerical model of a Kaplan turbine has been developed. The turbine 
model of Hölleforsen hydropower plant in Sweden was used in the study. The plant is considered 
as a low head with 27-m head and a discharge of 230 m3/s. The 1:11 scale model of the prototype 
is used as the numerical model in this study, which has 0.5 m runner diameter, 4.5 m head, 0.522 
m3/s discharge and 595 rpm at its best efficiency point. A sensitivity analysis of the WK method 
has been performed with the help of CFD simulations. The numerical results are compared with 
the previously conducted experiment on the model. The study considers four different WK 
configurations at seven locations along the azimuthal direction. The simulations have been 
performed with different inlet boundary conditions (Paper B and Paper C) and different runner 
blade angles (Paper C). The CFD results show that the WK coefficients are sensitive to inlet 
conditions. The study also concludes that to limit the impact of a change in inflow conditions and 
runner blade angle on the coefficients, the more suitable WK pressure taps locations are at the 
beginning of the SC with the inner pressure tap placed between stay vanes on the top wall. 
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APPENDED PAPERS 
 

 

 

Paper A 

Baidar, B., Nicolle, J., Trivedi, C., & Cervantes, M. J. (2016), “Winter-Kennedy method in 

hydraulic discharge measurement: Problems and Challenges”, 11th International Conference on 

Hydraulic Efficiency Measurement (IGHEM), Linz. 

The Winter-Kennedy (WK) method is a popular way to measure the relative discharge and 

thus efficiency in Swedish hydropower plants. This is largely motivated by the numerous low head 

turbines and low cost of the method. The WK method is an index testing method that provides 

relative values of hydraulic efficiency by measuring differential pressures in one or two pairs of 

pressure taps in radial planes of the spiral casing. The method is described in IEC 60041 standard. 

Despite several limitations, it is generally used to verify the increment in efficiency for 

refurbishment projects and sometimes for the continuous flow rate monitoring. Uncertainties in 

the results reaching up to 5% have been reported in different studies. Those are often attributed to 

a change in flow conditions after the refurbishment or in the course of time. However, a proper 

error analysis has not been performed yet. This paper includes a review of the available literature 

related to the topic to understand its problems and possible ways to investigate its limitations 

systematically. 

 

Paper B 

Baidar, B., Nicolle, J., Trivedi, C., & Cervantes, M. J. (2018), “Numerical Study of the Winter-

Kennedy Method - A Sensitivity Analysis, ASME. J. Fluids Eng.”, 140(5), p. 051103-051103-

11, doi:10.1115/1.4038662. 

The Winter-Kennedy (WK) method is commonly used in relative discharge measurement and 

to quantify efficiency step-up in hydropower refurbishment projects. The method utilizes the 

differential pressure between two taps located at a radial section of a spiral case, which is related 

to the discharge with the help of a coefficient and an exponent. Nearly a century old and widely 

used, the method has shown some discrepancies when the same coefficient is used after a plant 

upgrade. The reasons are often attributed to local flow changes. To study the change in flow 

behaviour and its impact on the coefficient, a numerical model of a semi-spiral case (SC) has been 

developed and the numerical results are compared with experimental results. The simulations of 
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the SC have been performed with different inlet boundary conditions. Comparison between an 

analytical formulation with the computational fluid dynamics (CFD) results shows that the flow 

inside an SC is highly three-dimensional (3D). The magnitude of the secondary flow is a function 

of the inlet boundary conditions. The secondary flow affects the vortex flow distribution and hence 

the coefficients. For the SC considered in this study, the most stable WK configurations are located 

toward the bottom from  = 30 deg to 45 deg after the curve of the SC begins, and on the top 

between two stay vanes. 

 

Paper C 

Baidar, B., Nicolle, J., Gandhi, B. K., & Cervantes, M. J. (2018), “Sensitivity of the Winter-

Kennedy method to inlet and runner blade angle change on a Kaplan turbine”, 29th IAHR 

Symposium on Hydraulic Machinery and Systems, Kyoto. 

The Winter-Kennedy (WK) method is a widely used index testing approach, which provides 

a relative or index value of the discharge that can allow to determine the on-cam relationship 

between blade and guide vane angles for Kaplan turbines. However, some discrepancies were 

noticed in previous studies using the WK approach. In this paper, a numerical model of a Kaplan 

model turbine is used to study the effects of upstream and downstream flow conditions on the WK 

coefficients. Experiment on the model turbine is used to validate unsteady CFD calculations. The 

CFD results show that the inflow condition affects the pressure distribution inside the spiral case 

and hence the WK results. The WK coefficients fluctuate with high amplitude - suggesting to use 

a larger sampling time for on-site measurement as well. The study also concludes that to limit the 

impact of a change in runner blade angle on the coefficients, the more suitable WK locations are 

at the beginning of the spiral case with the inner pressure tap placed between stay vanes on the top 

wall. 
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Abstract 
The Winter Kennedy (WK) method is a popular way to measure the relative discharge and 
thus efficiency in Swedish hydropower plants. This is largely motivated by the numerous low 
head turbines and low cost of the method. The WK method is an index testing method that 
provides relative values of hydraulic efficiency by measuring differential pressures in one or 
two pairs of pressure taps in radial planes of the spiral casing. The method is described in 
IEC 60041 standard. Despite several limitations, it is generally used to verify the increment 
in efficiency for refurbishment projects and sometimes for the continuous flow rate 
monitoring. Uncertainties in the results reaching up to 5% have been reported in different 
studies. Those are often attributed to a change in flow conditions after the refurbishment or 
in the course of time. However, a proper error analysis has not been performed yet. This 
paper includes a review of the available literature related to the topic to understand its 
problems and possible ways to investigate its limitations systematically. 
 
Keywords: Winter-Kennedy, discharge measurement, hydropower, review, limitations 
 

1. Introduction 
Discharge is the most difficult hydrodynamic parameter to assess during turbine efficiency 
measurement in hydropower. The knowledge of efficiency and performance are necessary for 
knowing the operating hill chart, fulfilling guarantees, optimizing operation [1] and moreover to 
confirm efficiency gain after upgrading the old plant. Swedish hydropower plants were mostly 
built during 1950-70s and are now undergoing major refurbishments. The number of 
refurbishment projects has increased due to the European Renewable Directive 2009/28/EC. The 
incentives for those have been further stimulated by the introduction of electric certificate system 
from the beginning of May 2003 and the joint Swedish-Norwegian market for electricity certificate 
from January 2012 [2]. The main purpose of this system is to increase the renewable energy 
production by 26.4 TWh in both countries by 2020 by investing in renewable energy and upgrading 
the old plants.  

As hydropower in Sweden occupies around 41% of total electricity generation (149 TWh in 
2013) [2], the electricity certificate system clearly states that hydropower refurbishments are one 
of the major drivers to renewable electricity. The major hydro-mechanical components during 
refurbishments are the replacement of runner, flow improvements and sealing of wicket gate [3]. 
The increment in the efficiency of old hydro turbines is therefore essential in this regard and the 
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discharge measurement is the most challenging parameter to be measured. The shorter intakes and 
geometrical variation in the low head plants further complicate the discharge measurement.  

Standards for the field testing and model testing of hydro turbines can be found in IEC 
60041:1991 [4] and IEC 60193:1999 [5] standards, respectively. Efficiency of a turbine  
expressed in IEC 60041 standard is calculated by:  

 (1) 
where  is turbine mechanical power and given by: 

 (2) 
 is the generator power,  is the mechanical and electric losses in the generator including 

windage loss,  is the thrust bearing losses due to generator,  is the losses in all rotating external 
to the turbine and to the generator,  is the power supplied to any directly driven auxiliary machine 
and  is the electric power supplied to the auxiliary equipment. Hydraulic power  is expressed 
as: 

 (3) 
 is the hydraulic power correction depending on contractual definitions and local conditions. 

 is the volume flow rate or discharge,  is the fluid density,   is the specific hydraulic energy of 
the turbine and for low head the simplified relation is: 

 (4) 

where  is local value of acceleration due to gravity,  is the difference in elevation between two 
measurement points shown in Fig. 1,   given by and  are the density of water and 
air respectively,  and  are the mean velocities at the measurement points 1 and 2, respectively.  

 

Figure 1: Measurement points for Low head turbine (Kaplan turbine) [4] 

Several standards methods have been used as the absolute discharge measurement in IEC 
60041. Absolute measurements come with some limitations which may not be technically and 
economically feasible to be employed in the low head power plants. Table 1 provides information 
on the discharge measurement methods, its estimated cost, and development status for the low 
head plants (usually head under 50 m). 
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Table 1: Available discharge measurement method and its development status for low head 
plants [6] 

Method Type Development status 
for low head 

Estimated 
cost 
(MSEK) 

Practical Uncertainty at 
95% Confidence level 

Winter-Kennedy Relative low 0.2 < ± 10% [7-9] 
Pressure-time Absolute very low 0.2 < ± 1.4% [10] 
Transit time Absolute average 1 < ± 0.1% [11] 
Scintillation Absolute low 1  <± 0.5% [11] 
Current meter Absolute Very good 1 < ± 1.2% [11] 
Dilution Absolute Very low 0.2 < ± 3% [12, 13] 
Volumetric Absolute Very low 0.2 < ± 1.2% [4]* 
Model testing Absolute Very good 5 < ± 0.2% [4]** 
*Uncertainty in an artificial basin according to IEC 60041 
** Uncertainty could be ± 5% while scaling up from the model to prototype [5] 

There are several pros and cons of the above methods applied to the low head turbines that 
are described in [6]. As a quick overview, the pressure-time or Gibson method looks attractive but 
the understanding and experience for shorter penstock are limited. Current meters come with a 
higher cost, installation time and limitation like a change in flow angles due to a variable cross 
section of intake. Volumetric has not received much attention. Model testing could be very 
expensive (in order of 5 million SEK). The cost of current meters and scintillation estimated by 
Taylor et al. [14] also shows a similar estimation as mentioned in Table 1, but higher in the case 
of transit time/time of flight method. Scintillation and transit time method are developing method 
for the low head applications. The measurement performed in Kootenay canal [15] shows transit 
time and scintillation predicted flow rates within  0.1% and 0.5% respectively (also mentioned 
in Table 1). 

As most of the turbines in the Swedish hydropower are low head machines operating below 
50 m, the WK method is the most popular way for discharge measurement. The cost is very 
attractive with almost no downtime if the pressure sensors are already installed. However, the 
method sometimes shows large discrepancies and the fundamental understanding of the method is 
still limited. The present paper aims to address the theory, review of available literature and the 
possible ways to understand its limitations systematically. 

2. Winter Kennedy method as a discharge measurement 
The WK method is based on the measurement of pressure difference between 2 or 4 pressure taps 
located at 1 or 2 radial sections of a spiral casing (SC). Because inconsistencies in the results are 
sometimes reported; they are usually not recommended for the comparative tests. The variability 
in the coefficient may be due to several factors such as inflow conditions, guide vane opening, 
design and location of taps, effect of a runner and surface roughness. 

The WK method was initially described by Ireal A. Winter and A. M. Kennedy in their paper 
[16]. IEC 60041 [4] considers this as a secondary method and can only be used as a part of field 
acceptance test if the method is calibrated by absolute method considered in the standard. The 
standard also suggested that the WK method cannot be used to check the power guarantee of the 
machine unless both parties agree.  
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2.1. Principle 
The principle of this method has been extended from the flow physics in a curvilinear path and 
based on free vortex theory. A flow in a curved pipe is subjected to a centrifugal force and create 
angular momentum and causes the pressure difference between the outer and inner side of the 
curved pipe (or elbow). This differential pressure is used to calculate the velocities. Consider a 
streamline as in Fig. 2 with  and  coordinates in flow, normal and bi-normal direction of the 
streamline respectively with a local radius of curvature 

 and tangential velocity as . Then the pressure 

normal to streamline is , 

which equals to . The Newton’s second 
law of motion gives the force in the streamline 

as , where  is the centrifugal 
acceleration and  is the fluid density. Equating the two 
forces the following relation is derived. 

 (5) 

The derivation of the Bernoulli equation yields 

     (6) 

Equations (5) and (6) give , which means the term  is constant suggesting the 
free vortex theory. 

The derivation can also be achieved from the radial component of Navier-Stokes equation 
for incompressible fluid in cylindrical coordinates, given by: 

 
(7) 

,  and  are radial, tangential and axial velocity components respectively and  is the body 
acceleration. Considering an inviscid steady flow and assuming the negligible radial and vertical 
(axial) components, Eqn. (7) also reduces to Eqn. (5). Integrating Eqn. (5) from inner radius  to 
outer radius , 

 (8) 

and considering  constant across the considered section with area A and , the discharge 
can be expressed as, 

 (9) 

Equation (9) gives the theoretical discharge in curved conduits. The equation is applicable 
only to calculate cross-sectional theoretical discharge in SCs and can be extended to calculate the 
total discharge by considering the radial discharge. IEC 60041 standard mentions the above 

Figure 2: Streamline coordinates and 
forces acting 
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equation as , where the value of exponent  can have a range between 0.48 and 0.52. 
The flow coefficient  is generally determined by model testing or calibrating against the absolute 
method. The differential pressure measurement is done between 1 or 2 pairs of pressure taps 
located at 1 or 2 radial sections of an SC. The IEC code states the outer tap to be located at the 
outer side of the spiral whereas the inner tap shall be located outside of the stay vanes on a flow 
line passing midway between the two adjacent stay vanes. The standard also recommends using 
the other pair of pressure taps in another radial section. The spiral with the WK pressure taps is 
shown in Fig. 3.  

 

Figure 3: Location of pressure taps 1 and 2 shown for WK method [4] 

2.2. Practical methods and alternative considerations 
The piezometer(s) are measuring the relative weight flow rate (product of the specific weight of 
fluid and discharge) of the fluid. Therefore, the pressure transducers are to be calibrated at the lab 
using the same specific weight as that in the SC and the transducer lines should be bled to remove 
any gas bubbles [17, 18]. The WK method applied in the field investigations have been reported 
by several researchers [8, 17, 19]. There are two methods of calibrating WK coefficients [17]. The 
first one is the single point method where the prototype flow value from a model test at the peak 
efficiency point is equated to the square root of the differential pressure at peak relative efficiency. 
The exponent n is exactly kept 0.5, and  is determined. The second method use multiple points, 
here the absolute flow rates are measured simultaneously with WK pressure differentials, then the 
plot for  versus Q are curve fitted generally with the least square method. It is also common to 
use a log-log plot for  versus Q forming a straight line in the slope-intercept form. For log-log 
plot, with base of 10,  and using log identity as

, or , the relation reduces to, 

 Or  (10) 
A new method of calibrating the above equation was derived by Sheldon [17] in which the 

exponent n will no longer be constant but varies with the relation , where n is 
near to 0.5 and a is the coefficient of the second order term from the calibration second order 
equation . This non-linear is because the exponent of the 
differential pressure varies with the flow rate. Nicolle and Proulx [9] also made modification of 
the equation in the coefficient , where  was the function of guide vane opening, but the 
exponent n was kept constant to square root in this case. But the modification was based on the 
physical results rather mathematical modification. An alternative fitting procedure if the WK 
method is used as transfer between absolute discharge measurements is given by [20], where the 
author introduces the term to remove the non-linearity error and to be used with two discharge 



6 
 

measurement data sets. Given in the form of , (instead of  ) where a is 
proportional bias and b refers to zero offset constant which accounts for changing flow regimes as 
the flow approaches zero. Flow can approach zero conditions when there is flow separation near 
the taps.  

Numerical simulation is also used to calibrate the WK coefficients, as in [21] where the 
experimental results from thermodynamic method and WK method have been used to validate the 
numerical results. The calibration coefficient  and exponent n are determined by non-linear curve 
fitting in numerical simulations results. 

IEC 60193 [5] states in the subclause 4.8.1 that “the index test in the model can never be a 
substitute for an absolute discharge measurement at the prototype”. Even under favorable 
conditions, the uncertainty in the discharge measurement at the prototype using the calibrated k 
from the model tests can show about ± 5%. This is because the coefficient  is a function of flow 
condition, Reynolds numbers and wall roughness, which are not constant between model and 
prototype. On the other hand, calibrating on the prototype with some absolute measurement 
technique, and varying the exponent n poses question towards the formulation of the WK method, 
whereas a specific , calibrated under certain conditions, might not be valid anymore if the 
conditions are changed. 

3. Previous investigations and possible problems with the WK method  
Since the WK method is widely used in refurbishment projects, it is common to compare efficiency 
after replacing the old runner with the new runner. This is generally done by calibrating the 
constants of the WK equation with the old runner and using the same values after refurbishment. 
Usually an increase in efficiency is expected but sometimes low improvement value or even 
negative results have been reported which question the use of the old calibration values into the 
new one.  

The intake flow conditions for the low head plants affects the WK method. The vortex could 
be generated from the power plant design or inflow conditions [1] and affects the WK 
measurements as the flow condition is changed in the SC making it unreliable. The WK predicts 
really good in favourable conditions as in Hulaas et al. [10], with net head of 52 m, 14 MW vertical 
Francis turbine and using exponent value of 0.5, the results fits well with the absolute efficiency 
tests (thermodynamic and pressure-time) with difference of only -0.59 (min) and 0.11 (max) 
percentage point. In double regulated machine like Kaplan turbine, the off cam set up could 
produce deviations in the WK measurements as in Topham et al. [22]. Sometimes the method can 
have larger error around 3.7% (compared with acoustic scintillation flow meter) [19]. The authors 
in [9] demonstrated that the flow homology conditions cannot be always achieved, so the better 
way is to have larger pressure difference measurement and calibrate it. The numerical studies 
found that the flow distribution is changing with changing the GV openings/angles as shown in 
Fig. 4. The pressure taps placed at different locations have shown different characteristics to guide 
vane opening and adjacent unit operation. The result could even have up to 5.4% error. Hence, the 
author proposed a new method where the index constant K would no longer be constant and vary 
with GV opening. This method developed at Hydro-Quebec as described in [9, 23, 24] is also used 
for online flow monitoring and the experiments on 200 MW Francis turbine and 110 MW propeller 
turbine have shown good agreement, even when head changes. 
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Figure 4: Influence of guide vane angle opening on the WK coefficient [9].  

Andersson et al. [7] investigated the effect caused by a well-defined skew inflow on the WK 
measurements. The inlet velocity profile was skewed by sieve plates and the pitot tubes were used 
to measure this profile. The authors reported up to 10% deviation in WK pressure measurements 
due to this skewness. WK differential pressure is found to have discrepancies even in two identical 
units. Rau and Eissner [8] investigated the WK method in two identical units and the pressure-
time method was used to calibrate WK coefficients of that turbine. Although the same coefficients 
were used to calibrate the WK method to the other unit, however, the efficiency curve could not 
be reproduced even though the units were identical (0.8% discrepancy in higher loads). Here it 
should be noted that the identical units are difficult to obtain because there are always slight 
variations in the two units. It is because each unit involves some manual welding, grinding and 
thermal process which affect the final geometry.   

Even the WK coefficients calibrated from the model test show discrepancy in the efficiency 
curve while applied to the prototype (1% discrepancy) at higher load (Fig. 5 left). The authors 
recommend not to use the WK method in the comparative test as the behaviour is not well 
reproduced.  

 

Figure 5: Winter Kennedy measurement discrepancies: left- WK compare with the Pressure time 
[8], right- refurbishment effects on WK measurements [25] 

The two sets of WK taps installed could give different results as in Fabio and Randall [25]. 
The study shows higher differential taps resulted 4% increase in efficiency after refurbishment 
(but same runner design) and lower differential taps measured only 1% increment in efficiency, 
whereas pressure time method shows 2% increment (see Fig. 5 right). The discrepancies in results 
have been related to the corrosion inside the SC. 

Several numerical investigations have been performed to analyse the flow phenomena due to 
intake variations [9, 21, 26, 27]. The wakes resulted from the trash racks were seen to affect both 
mean velocity and turbulence even at the 5 m downstream measurements and gave discrepancies 



8 
 

in the results of different methods [26]. Figure 6 shows the mean horizontal velocity component 
distribution in the middle cross section of the intake. The velocity profiles measured and calculated 
matched along the elevation but seen some fluctuations in the flow angle which have resulted from 
the turbulence produced from the racks or the sediment/debris deposited at the bottoms over the 
years. 

 

Figure 6: Velocity component distribution due to trash racks [26] (left) and turbulent kinetic 
energy distribution after trash rack [27] (right) 

The different results with the WK method are believed to be influenced by hydraulic boundary 
conditions, design and location of pressure taps, surface roughness and local flow disturbances as 
well as air pockets in the pressure pipes. It has been observed that the method can give sufficient 
result in favourable conditions but sometimes can produce totally unreliable results. The method 
is widely employed in comparative tests during the refurbishments. However, many studies also 
pointed out that the method should not be used during refurbishments for comparisons since the 
flow conditions inside SC might change. 

4. Systematic error analysis for the WK method 
Though there have been several experimental and numerical investigations in the WK method in 
the past decades, systematic error analysis of this method has still not been done. The following 
are necessary to be taken into consideration for the systematic error analysis of this method: 

4.1. Flow in a curved pipe strongly depends on inflow conditions 
The formulation of the WK method is based on the free vortex theory. The velocity streamlines in 
SC are assumed as irrotational. In other words, the flow is moving in a circular path in such a way 
that the flow do not rotate in their own centre but just follow a circular path. The SC can be 
considered as a curved pipe and earlier investigations [28, 29] including numerous secondary flow 
investigations [30-34] inside the curve pipe/tube have been done since the Dean’s first 
investigations [35, 36]. Dean [35] showed the secondary flow in the cross-section plane (so-called 
Dean Vortices) of the pipe decreases the flow rate produced by a given pressure gradient and the 
streamlines pattern was found to be symmetrical inside and outside of the bend. The dean vortices 
are also reported in the SC by Mulu and Cervantes in [37] . The pattern of this streamlines creating 
Dean vortices could be different in higher Dean’s number D as investigated by McConalogue and 
Srivastava [28], who showed for larger D, ( ), radial pressure gradient opposes the 
distribution of centrifugal force and can create approximately uniform secondary flow. The similar 
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results were also reported by [30, 32], among others. The shifting of maximum axial peak towards 
the wall increases the viscous rate of dissipation due to shear [28]. This effect reduces the flow 
rate in the curved pipe compared to the straight pipe with the similar configuration. The nature and 
strength of secondary flow are influenced by the initial inlet flow conditions [30, 38], 
consequently, the wall static pressure may vary. Figure 7 shows the variation of constant axial 
velocity for the pipe with bend radius degrees resulting from the different inlet velocity 
distribution. 

 

Figure 7: Effect of inlet velocity 
profile (secondary flow) on 
velocity distribution in sectional 
plane of curved pipe. [30] 

 

The flow in SC (for free vortex type) should be axisymmetric if it is well designed. But the 
secondary flows can be induced near the walls and the flow can also be distorted near the inlet of 
stay vanes [39]. A Laser Doppler Velocimetry (LDV) measurement of velocity components in SC 
was also performed by Nilsson et al. [40] and Mulu and Cervantes [37]. A previous LDA 
measurement [37] show that the tangential velocity is higher in the inner region (entrance to the 
stay ring) and that the turbulent intensity is higher in near wall regions. The simulations also 
showed a good agreement with measurements [41, 42]. The results reported in [37] show that the 
flow can be turbulent in SC when there is a bend in upstream which creates large recirculation. At 
the beginning of the case (at SI in Fig. 8) the maximum tangential velocity is at the bottom region 
of the SC and it decreases toward the middle height of the guide vanes. However, in the inner 
section (SII in Fig. 8), the maximum tangential velocity region is located somewhere between the 
central level of guide vane and upper level of the leading edge of guide vanes or stay vanes. 
 

 

 

 

 

 

 

 

 

 

Figure 8: Tangential and radial velocity from LDA measurement from [37] in the SC of Kaplan 
turbine. 
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This measurement clearly illustrates that the flow evolving in SC is due to the inflow 
conditions. The distortion of inlet velocity by implementing well-defined skew inflow condition 
was also confirmed by the recent study by Andersson et al. [7] in SC, where a deviation of WK 
pressure measurement reached up to 10%. Geberkiden’s investigation also shows a secondary flow 
in the penstock when there is a curved section upstream [43]. Recent numerical studies by Nakkina 
et al. [44] conducted on several SC designs also showed the twin vortices due to secondary flow, 
but their strength is decreasing from one section to another. All these studies show that the 
secondary flow can emerge due to upstream conditions in SC and thus influence the pressure 
measurement. 

 
4.2. Local flow disturbances or flow separation can occur due to surface roughness or inlet 

conditions near the pressure taps 
The advanced pressure sensors available today can accurately measure within the very low 
tolerance. However, the measurement can be greatly influenced by the local flow disturbances 
near the tap. The pressure at the wall can be influenced by the following variables [45]: 

                             (11) 

 is the diameter of the tap,  is the friction velocity given by ,  is the wall shear stress, 
  is the fluid density, M is the Mach number (can be neglected here),  is the depth of the tap 

(orifice),  is the cavity behind the orifice,  is the RMS of burrs on the edge of the tap orifice,  
is the kinematic viscosity of the fluid. The local flow at the tap can get complex with flow distortion 
and creation of cavity vortices (which can result in higher pressure measurement [46]). The local 
surface irregularity in SC can also be related to the surface roughness due to erosion and wear over 
time.  Though there have been numerous studies regarding local flow disturbances due to a surface 
roughness in turbulence flows, it is essential to understand this phenomenon around the taps in 
SC. 

4.3.Downstream changes can influence WK measurement 
The WK measurement is seen to be affected by replacing the runner. The experiment conducted 
by Lövgren and Cervantes [47] for low head Kaplan model turbine resulted in 2% difference in 
flow rate estimation using the WK method. The constant for the new runner was based on the 
calibration constants of the old runner. Rau and Eissner [8] have also reported the discrepancy that 
could reach 1% at higher loads.  

In some cases, the pressure waves from the rotor-stator interactions could propagate into the 
SC [48]. A bad design of an SC can produce asymmetrical load distribution [49] in the runner, 
which in turn could affect the unsteady flow phenomenon in the casing. Pressure measurements in 
the spiral casing of a Kaplan model turbine by Jonsson and Cervantes [50] show the runner 
frequency is noticed at casing as one of the dominating frequencies at the best efficiency point (as 
well as at high load), whereas the rotating vortex rope appears at  part load. The acoustic 
propagation of this vortex rope in the SC had about ~1/5 of the measured amplitude in the draft 
tube. 
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Figure 9: Amplitude spectrum in the SC (left) for the sensors mounted in SC (right) [50] 

Figure 9 shows the frequency spectrum measured at the sensors positioned in the SC. The 
frequency 1.f* corresponds to the runner frequency, which is dominant in all the sensors located 
in the case. The pressure amplitude is larger in the inner sensors (S1 to S6), whereas smaller at the 
outer wall of the case (i.e. S7 and S8 in Fig. 9). 

5. Summary 
The Winter-Kennedy method is a popular relative method for discharge measurement in low 

head hydraulic turbine because of its low cost and time requirements. The method is based on 
differential pressure measurement with 1 or 2 pairs of pressure transducers at the radial sections 
of SC. The method is very popular in low head plants since the short and sometimes complex 
intake geometry pose limitation to the other absolute flow measurement methods. As this method 
is comparatively cheap and easy to implement, the use of this method is seen promising in future 
too. The WK method is seen to be favourable if the calibration is performed in the prototype itself 
and the flow conditions are unchanged. Indexing from model test can never be a substitute for the 
absolute discharge measurement of the prototype.  

The WK method of discharge was widely investigated in the past two decades and results 
have shown discrepancies. Errors up to 10% have been reported. Many researchers also mentioned 
that using WK coefficients calibrated with the old runner for a new runner is not recommended as 
the flow physics changes. The downstream influence like a change in guide vane angles, runner 
change or even vortex rope breakdown can also introduce flow change and wave propagation in 
the SC. It is also interesting to mention how the secondary flow and flow separation could occur 
from the upstream influence. For instance, intake pipe bend, bifurcations and operation of adjacent 
units can all alter the velocity profile and hence the pressure distribution in the cross-sectional 
plane of the SC. Moreover, the local flow disturbances due to surface roughness, eroded inner 
surfaces or incorrect installation of pressure sensors can also explain some of the discrepancies 
shown by this method. 

This literature survey deduces that it is crucial to understand the fundamental flow phenomena 
in SC. The further understanding of flow physics inside SC can give the possible explanation to 
the error and uncertainties associated with this method. Therefore, a systematic error analysis and 
reporting of this method are to be developed with the following parameters under investigation: 

 Velocity field and pressure measurements in selected section of SC near the WK pressure taps 
through optical measurement techniques like LDV while altering the inflow conditions. The 
inflow conditions should be affected by changing velocity profiles, introducing oscillating flow 
and at different loads (part load, best efficient point, and high load) or through some 
mechanism with valve opening or closing. 
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 Influence of roughness in local flow disturbances near the taps.  
 Change in downstream geometry like runner, guide vane angle and clearance gap (for Francis 

type) or changing blade pitch (propeller turbine), and investigate the phase-resolved velocity 
measurement that can provide detail information regarding the main cause of the erroneous 
results. 
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Numerical Study of the
Winter-Kennedy Method—A
Sensitivity Analysis
The Winter-Kennedy (WK) method is commonly used in relative discharge measurement
and to quantify efficiency step-up in hydropower refurbishment projects. The method uti-
lizes the differential pressure between two taps located at a radial section of a spiral
case, which is related to the discharge with the help of a coefficient and an exponent.
Nearly a century old and widely used, the method has shown some discrepancies when
the same coefficient is used after a plant upgrade. The reasons are often attributed to
local flow changes. To study the change in flow behavior and its impact on the coefficient,
a numerical model of a semi-spiral case (SC) has been developed and the numerical
results are compared with experimental results. The simulations of the SC have been per-
formed with different inlet boundary conditions. Comparison between an analytical for-
mulation with the computational fluid dynamics (CFD) results shows that the flow inside
an SC is highly three-dimensional (3D). The magnitude of the secondary flow is a func-
tion of the inlet boundary conditions. The secondary flow affects the vortex flow distribu-
tion and hence the coefficients. For the SC considered in this study, the most stable WK
configurations are located toward the bottom from h ¼ 30 deg to 45 deg after the curve
of the SC begins, and on the top between two stay vanes. [DOI: 10.1115/1.4038662]

Keywords: CFD, discharge, hydropower, low-head, spiral case, Winter-Kennedy

1 Introduction

Hydropower is a matured and proven technology with more
than 16% of the total electricity and around 85% of renewable
electricity generation globally [1]. The International Energy
Agency predicts that the global capacity of the hydropower plants
should double by 2050, mainly from new developments in emerg-
ing economy regions like Asia and Latin America. However, there
are numerous old plants undergoing major refurbishments in
industrialized nations, where there is less potential for new devel-
opment. These refurbishments have been motivated by several
factors like new regulations, safety, environmentally friendly, or
better and more efficient turbine designs. Furthermore, the grow-
ing introduction of intermittent renewable energies such as wind
and solar into the grid has also provoked new turbine designs that
can withstand the frequent changes in its operations [2]. Whatever
are the drivers, the refurbishment is usually expected to increase
the plant’s overall efficiency, to provide more flexibility to the
operator, extended range of operations, and more power.

For efficiency measurement, the discharge is an important, yet
difficult parameter to assess. The difficulty is enhanced with low
head turbines (below 50 m head), where the intakes are shorter
and generally have continuously varying cross-sectional areas. In
such layouts, there are no specific guidelines for the discharge
measurement. The IEC41 code [3] mentions various methods
(absolute and relative), which are either expensive or not well-
developed for low heads. For example, the acoustic methods like
Transit time and Scintillation predicted discharge very well,
within 0.2% and 0.5%, respectively, compared to the reference
flowmeter [4], but still can be expensive [5]. As a relatively

cheaper and easier alternative, the Winter-Kennedy (WK) method,
an index testing method, is popular to evaluate relative discharge
and thus efficiency step-up.

The WK method uses the differential pressure between a pair of
pressure taps located at a radial section of a spiral casing. The
outer tap is located on the exterior wall of the casing, while the
inner tap is normally placed outside the stay vanes. It is wide-
spread practice to use two pairs of pressure taps at two different
radial sections. The method was initially described by Winter and
Kennedy in Ref. [6] and is also included in the IEC41 code as a
secondary method of discharge measurement. The formulation is
based on the flow physics of the curvilinear motion within the spi-
ral assumed to be a free vortex, if designed so. As it stems from
simple radial equilibrium, the flow must be steady and axisym-
metric with zero axial and radial velocity everywhere. This means
that the circumferential (tangential) velocities altogether with the
pressure are only functions of the radius [7]. The center of fluid
rotation and geometrical center are assumed to coincide [6].
Although this condition may not be completely fulfilled due to the
complex flow behavior, the theory is seen to work in most of the
region [8]. The method relates the discharge (Q) as

Q ¼ KWK � DPn (1)

where KWK is the flow coefficient, commonly known as WK coeffi-
cient, which is determined by calibrating against an absolute
method or model testing. n is an exponent whose theoretical value
is 0.5 but can range between 0.48 and 0.52. The IEC41 recom-
mends the differential pressure DP taps to be placed from h ¼
45 deg to 135 deg after the curve begins in a steel (circular) spiral
case and h ¼ 20 deg to 120 deg in a concrete semi-spiral case (SC).

The WK method usually produces reliable results, but it can
also produce suspicious results from time to time [9–11]. Many
studies pointed out that the method may not be used in compara-
tive tests during the refurbishments, as the flow conditions change,
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and consequently, the previously calibrated coefficient may no
longer be valid. The change in inflow condition to the spiral can
affect the WK measurement as shown by L€ovgren et al. [9]. In
this study, a well-defined skew inlet was created and a deviation
in the pressure measurement up to 10% was reported. The authors
also suggested that the error in such situation can be reduced by
averaging the pressure of two inner taps. Even with identical
units, some discrepancies in WK results can sometimes be
obtained [10]. The authors in Ref. [10] reported higher discrepan-
cies at higher loads with identical units, although the same coeffi-
cient was used to calibrate the other unit. As a matter of fact, there
are always some differences in the final runner geometry or
configurations even in the case of identical units because of manu-
facturing techniques, which may cause discrepancies. WK differ-
ential pressure is thus seen to be highly sensitive even due to
small geometrical changes. The numerical investigation per-
formed by Nicolle and Proulx [11] also shows that the WK results
are sensitive to the adjacent unit operation (� 3% deviation),
which changes the inflow conditions, while the flow homology
required for an index is not always observed. The study also sug-
gested that WK results can be highly sensitive if the inflow condi-
tion changes since the measured pressure difference is small
(9–15 kPa). The authors raised the limitations of the method and
proposed a new method of measurement by placing an inner pres-
sure tap in the distributor and varying the coefficient as a function
of guide vane opening.

Muciaccia and Walter [12] reported that two sets of WK taps
produced different results after refurbishment on a Francis turbine.
One of the taps with higher differential pressure showed an effi-
ciency increment of 4%, while only 1% was obtained with the tap
with lower differential pressure. The measurement performed with
the pressure-time method (an absolute method) on the same tur-
bine gave an efficiency improvement of 2%. This discrepancy in
the results was attributed to the water passages. It was suggested
that the WK measurements are sensitive to local flow details.

In the experimental works conducted by L€ovgren et al. [13], the
effect of using the KWK from the old runner in the flow estimation
of the new runner was studied. It resulted in around 2% difference
in the flow estimation, which cautions even the change in runner
influences upstream flow and has a strong effect on the WK
results. Despite its several limitations, the method is still widely
used in comparative tests during the refurbishments. It is usually
assumed that the flow physics is unchanged after refurbishments
so that the same WK constant may be used.

Though it is now well-known that the change in the inflow con-
ditions also changes KWK, the mechanism leading to these WK
results is still unclear. Therefore, a numerical model is developed,
validated with the results from the previously conducted experi-
ments. The present numerical work aims to better understand the
changes in flow physics inside an SC, more specifically when the

inflow condition is modified by looking at four different configu-
rations and at several azimuthal locations. To better understand
where the WK flaws, the results are also compared with the ana-
lytical free vortex formulation. Finally, the configurations and
locations for WK differential pressure measurement are also pro-
posed for the type of SC considered in this study.

2 Test Case and Numerical Methods

2.1 Test Case. The turbine model of H€olleforsen hydropower
plant, Sweden, was the test case of the Turbine 99 workshop series
[14,15] and is used in this study. The plant has three Kaplan tur-
bines with a 5.5 m runner diameter operating under a 27-m head
and 230 m3/s discharge. The model of this turbine is a 1:11 scale
of the prototype, with a 0.5 m runner diameter, 4.5 m head, and
0.522 m3/s discharge at the best efficiency point. The test rig is
shown in Fig. 1(a) and more details on the setup can be found in
Ref. [14]. The radial and tangential velocities were measured with
laser Doppler anemometry (LDA) along the dashed vertical line
shown in Fig. 1(b) [16]. The experimental measurements are used
for the validation of the numerical model.

Furthermore, the results of previously conducted WK measure-
ments on the model [13] were used to validate the simulations.
For the pressure measurements, differential pressure sensors
(Rosemount 3051S) were used. The data were acquired at 100Hz.

2.2 Numerical Methods. Computational fluid dynamics
(CFD) analysis of the model turbine was conducted using the
commercial CFD code ANSYS CFX v16.0. The penstock of the SC
was built in two blocks. The volute was connected to the distribu-
tor composed of ten stay vanes and 24 guide vanes using general
grid interface, as shown in Fig. 2. The guide vane opening angle
was 29.5 deg. The distributor is essential in such simulation as it
strongly couples with SC and influences the outflow. The runner
and draft tube were not included. The grids consisted of unstruc-
tured hexahedral elements created using ICEM CFD.

The spatial discretization was achieved by varying the blend
factor from 0.0 to 1.0 throughout the domain based on the local
solution field. Therefore, this scheme is at best second-order accu-
rate in the areas with low variable gradients, whereas first-order
accurate in the areas with large gradients. This strategy assures the
stability while ensuring accuracy to be as close as possible to sec-
ond order while keeping the solution bounded [17]. Further, the
upwind scheme, first-order accurate, was considered for the con-
vective terms of the turbulence equations. The convergence crite-
rion on the root-mean-square residual was set to 1� 10�5 for both
pressure and mass momentum. The mass imbalance was also con-
trolled to be � 1� 10�5%. Along the validation line (shown in

Fig. 1 Model test rig at the Vattenfall hydraulic machinery laboratory in €Alvkarleby, Sweden. The penstock and semi-spiral
case are marked with the dashed area in (a). The location of the LDA measurements used for the validation of the CFD results
is marked with the dashed line, termed as validation line in (b), taken from Ref. [16].
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Fig. 1(b)), eight velocity points and seven pressure points, namely
P1–P7 at the respective WK locations, were monitored to ensure
that the solution achieved a stable state. The pressure/velocity val-
ues at the monitored variables were found to be steady and not
changing with further iterations. Therefore, the iteration errors are
low when compared to the discretization errors. The location of
the pressure points and the WK configurations are shown in Fig. 3.
For example, in WK1, DP was calculated by ðP5þ P6þ P7Þ=3
�P1, and similarly for WK3 and WK4. For WK2, DP was the
pressure difference between P1 and P2.

All the simulations were conducted using Menter’s two equa-
tions shear stress transport (SST) [18,19], as it has shown satisfac-
tory results in terms of robustness, stability, and accuracy [20]
while reducing the computational effort in several previous

investigations related to hydraulic turbines [2,21]. The automatic
near-wall treatment is considered, which automatically switches
from a low-Re formulation to wall-functions when the grid is not
refined enough near the wall. Therefore, this method blends the
wall value for the turbulent frequency between the log and near
wall function. The equations solved in the CFX software with the
SST turbulence model are presented in Table 1.

Two models of penstocks were studied, i.e., full penstock with
tank (FP) and half penstock (HP), see Figs. 2(a) and 2(b), respec-
tively. The FP model was used to create the inlet boundary condi-
tions for the HP model. The FP model was simulated in unsteady
mode during 400 s with a 0.1 s time-step, five inner coefficient
loops and a second-order backward Euler as the transient scheme.
The total cell count was 9.56� 106 for this setup. The transient

Fig. 2 Computational domain showing (a) FP and (b) HP model. Both models contain the semi-spiral
case and distributor (stay vanes and guide vanes). The HP model is considered in this study by varying
the inlet conditions: (1) the normal or ideal inlet and (2) realistic inlet obtained by simulating the FP model
in transient and generating averaged velocity profile at the location of HP inlet marked with the dashed
ellipse in FP model.

Fig. 3 Measurements cross section for h5 302120deg in (a). WK pressure points and combinations at each cross-sectional
plane of spiral case with varying angles in (b).
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mode was used for this case due to the presence of an unsteady
vortex in the upper corner of the tank. The sole purpose of this
simulation was to create a realistic inlet for the HP model. The
inlet flow direction is achieved by time averaging the stabilized
velocity profile after 70 s at the inlet location of the HP model.
The velocity profile achieved from the FP model simulation was
then considered as the FP_BC inlet and used as one of the two
inlet conditions for the HP model. As the tank and full penstock
were used to simulate the flow to generate the inlet profile,
the FP_BC also contains secondary flows due to upstream
geometry.

The other inlet condition to be considered was the ideal one
which was normal/perpendicular to the inlet and denoted as
NI_BC henceforth. The NI_BC does not contain secondary flows
and boundary layer, i.e., it is a plug profile normal to the inlet sur-
face. By considering these two inlet conditions, i.e., realistic
(FP_BC) and normal (NI_BC), at the inlet of the HP model, all

further analyses were carried. These two inlet conditions can also
be considered as the extreme cases of changing the inflow condi-
tions, and therefore, help in addressing WK sensitivities.

For both inlet conditions, a mass flow of 522 kg/s with 5% tur-
bulence intensity was prescribed. The average static pressure with
zero relative pressure was used at the outlet. The flow direction is
an implicit result of the computation and based on upstream influ-
ences while allowing the static pressure to vary locally at the out-
let, but constraining the area weighted average pressure over the
outlet to a user-specified value. As mass flow inlet was prescribed
for both inlet conditions, the inlet total pressure is an implicit
result of the calculation. The no-slip condition at the walls was
used. The water properties at 25 �C and 1 atm (q¼ 997 kg/m3,
l¼ 0.0008899 kg/m/s) were used in the simulations. The refer-
ence pressure of 1 atm was considered.

Furthermore, the NI_BC inlet was also used to simulate a
nearly nonviscous flow. This simulation aims to study the effect

Table 1 Governing equations and the equations solved in the CFX software including SST turbulence model [17–19]

Equations Equations and its descriptions

Navier–Stokes equation for the vis-
cous, incompressible and isothermal
fluid

@Ui

@xi
¼ 0

@Ui

@t
þ Uj

@Ui

@xj
¼ � 1

q
@P

@xi
þ �

@2Ui

@x2j
where Ui is the instantaneous velocity, P is the pressure, q is the fluid
density, and � is the fluid kinematic viscosity

(2a)

(2b)

Reynolds-averaged Navier–Stokes
equation

@ui
@xi

¼ 0

@ui
@t

þ uj
@ui
@xj

¼ � 1

q
@p

@xi
þ �

@2ui
@x2j

�
@ u0iu

0
j

� �
@xj

where ui is the time-averaged velocity, p is the time-averaged pres-

sure, and u
0
i represents the fluctuating velocity component.

(3a)

(3b)

The Reynolds stress from the
eddy-viscosity model sij ¼ �u0iu

0
j ¼ �t

@ui
@xj

þ @uj
@xi

� �
� 2

3
k þ �t

@uk
@xk

� �
dij where

k ¼ 1

2
u0iu

0
j

� �
is the turbulent kinetic energy, �t is the turbulent

eddy-viscosity, and dij is the Kronecker delta. @uk=@xk ¼ 0 for
incompressible flow.

(4)

SST turbulence model @ qkð Þ
@t

þ @ quj kð Þ
@xj

¼ @

@xj
lþ rkltð Þ @k

@xj

� �
þ ~Pk � b

0
qkx

@ qxð Þ
@t

þ @ qujxð Þ
@xj

¼ @

@xj
lþ rxltð Þ @x

@xj

� �
þ

2 1� F1ð Þqrx2 1x
@k

@xj

@x
@xj

þ aqS2 � bqx2

Blending function F1 is given by

F1 ¼ tanh min max

ffiffiffi
k

p

b
0
xy

;
500�

y2x

 !
;
4qrx2k
CDkxy2

" #( )4
8<
:

9=
;

where CDkx ¼ max 2qrx2
1

x
@k

@xj

@x
@xj

; 10�10

� �
and y is the distance to

the nearest wall.The turbulent eddy viscosity is given by

vt ¼ a1k

max a1x; SF2ð Þ
F2 is a second blending function, which restricts the limiter to the wall
boundary layer. S is an invariant measure of the strain rate

F2 ¼ tanh max
2
ffiffiffi
k

p

b
0
xy

;
500�

y2x

 !" #22
4

3
5

A turbulence production limiter is used as ~Pk ¼ min Pk; 10b
0
qkx

	 

;

Pk ¼ lt
@uj
@xi

@uj
@xi

þ @ui
@xj

� �
;

The constants are b
0 ¼ 0:09, a1 ¼ 5=9, b1 ¼ 3=40, rx1 ¼ 1=2,

a2 ¼ 0:44, b2 ¼ 0:0828, and rx2 ¼ 0:856

(5a)

(5b)

(6a)

(6b)

(6c)
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of viscosity and turbulence, as the WK formulation is based on an
inviscid fluid. This setup is termed as NI_BC (Euler setup) here-
after. A dynamic viscosity of l¼ 1� 10�20 kg/m/s was chosen
and free slip wall boundary condition applied. It should be noted
that the code CFX solved the Navier–Stokes equations, but without
solving turbulent equations, considering laminar flow with negli-
gible turbulent viscosity. In this case, the simulation achieved a
stable state but the root-mean-square residual oscillated around
4� 10�4 with a low amplitude (� 5%).

2.3 Grid Studies. Three different sets of grids were chosen
as mentioned in Table 2. G1 was the finest grid, whereas G2 and
G3 were the medium and the coarse grid, respectively.

The grid convergence index (GCI) approach was used to quantify
the discretization uncertainty, which is based on the Richardson
extrapolation method. The procedure was followed in accordance
to Ref. [22]. The method can also be implemented in complex geo-
metries like hydraulic turbines, as in Ref. [21]. However, the accu-
racy and reliability of the method in such engineering application
may not be straightforward. Nonetheless, the discretization study
from this method was applied as accurately as possible.

The discretization uncertainties calculated for the six pressure
points (P1, P3–P7 points shown in Fig. 3(b)) for the NI_BC at
h ¼ 30 deg are mentioned in Table 3. All the considered pressure
showed a monotonic convergence. The maximum uncertainties
associated with the fine and medium grids at the P1 point are
0.7% and 2.1%, respectively. It corresponds to 0.09 and 0.25 kPa
for G1 and G2 grids, respectively. For G2 and G1, the pressure
values for the considered points are closer with a maximum � 1%
difference than with the G3 and G2; maximum � 7% difference.
Further, the velocity profile at the validation line shown in
Fig. 1(b) for the three sets of grids using FP_BC is presented in
Sec. 3.1.2. The maximum discretization error in the tangential
velocity was 6.9% in G1 and 7.1% in G2, which corresponds to
0.0821 and 0.0815 m/s, respectively. For the radial velocity, the
maximum error with G1 was 11.9% corresponding to 0.0553 m/s,
whereas, for G2 grid, the error was 17.7% corresponding to
0.0598 m/s. The velocity profile for G1 and G2 grids were closer.
Despite some limitations shown by the grid selection process
using this method, the medium grid (G2) was chosen for the study
to have a reasonable computational time in accordance with the
available computational resources.

The minimum yþ value was 0.18 and the maximum 330 for this.
The area-averaged yþ values for the penstock and distributor were
26 and 43, respectively. A similar configuration of the grid has also
been previously validated by Geberkiden and Cervantes [23].

3 Results and Discussions

3.1 Comparison With Experimental Data

3.1.1 Winter-Kennedy Coefficients, KWK. The WK coefficients
from the numerical results of the two considered inlets, NI_BC and
FP_BC, at h ¼ 30 deg are presented in Fig. 4, along with the exper-
imental results and Euler solution of NI_BC inlet. The two inlet
boundary conditions are quite different, one is the realistic
(FP_BC) and the other is the ideal inlet (NI_BC). Therefore, the
deviations obtained are high compared to the one expected in prac-
tice. As stated earlier, the choice of extreme inlet boundary condi-
tions helps to address KWK sensitivities and related flow changes.

The numerical results for KWK1 and KWK4 are in good agreement
with the experiment, mainly with the FP_BC inlet as it resembles
the realistic condition. The WK4 configuration at h ¼ 30 deg for
FP_BC inlet is the closest to the experimental results, with an error
below 2%. The WK4 configuration also showed the least error after
the runner was changed during the experimental campaign [13]. The
least error in the experiments also signifies that the influence of the
runner is minimal for the WK4 configuration, as it is the furthermost
configuration from the runner. WK1 also has a good agreement: an
error below 3% for FP_BC inlet. The parameter KWK3 has the larg-
est discrepancy, about 20% with the experiment. The higher discrep-
ancy at the WK3 configuration may have been increased by not
modeling the downstream geometries: runner and draft tube. More-
over, the WK3 configuration showed the maximum relative error (�
2%) when the runner was replaced during the experiment. The test
rig used for the measurement is in accordance with the IEC stand-
ard. The maximum uncertainty in the discharge measurement with
the reference flow meter was60.13%. The largest deviation with
the two inlet conditions occurred for KWK2 (� 8%), where one of
the pressure points lies in a stagnation zone at a stay vane leading
edge (see Fig. 3(b)). There is no reference value for KWK2 because
the experiment was not successful for this configuration. The effect
of viscosity and turbulence in KWK is discussed in Sec. 3.3.1.

3.1.2 Velocity Profile. The tangential and radial velocity pro-
files along the validation line, shown in Fig. 1(b), have good
agreement with the experimental results, see Fig. 5. The experi-
mental results are from Ref. [16]. The velocities are slightly over-
predicted but the overall behavior is still well captured. The
measurement was done with two-component LDA system, so the

Fig. 4 WK coefficient KWK , calculated from Eq. (1) with n5 0.5,
for the normal inlet (NI_BC) and realistic inlet (FP_BC) condi-
tions at h530deg: Euler solution for the normal inlet case is
represented by NI_BC Inlet (Euler setup). The experimental
results are from Ref. [13].

Table 2 Grid information

Grid information G1 fine G2 medium G3 coarse

Spiral case (million) 6.80 2.34 0.59
Distributor (million) 10.06 4.86 1.31
Total cells (million) 16.67 7.20 1.90
Min. angle (deg) 14.4 11.8 5.56
yþ (average) 13 26 170

Table 3 Discretization uncertainties in P1, P3–P7 pressure
points located at h530deg using NI_BC condition

Parameter P1 P3 P4 P5 P6 P7

r21 1.32 1.32 1.32 1.32 1.32 1.32
r32 1.56 1.56 1.56 1.56 1.56 1.56
G1 (kPa) 11.85 12.31 12.59 13.45 13.43 13.52
G2 (kPa) 11.98 12.40 12.66 13.50 13.48 13.58
G3 (kPa) 12.85 13.32 13.59 14.49 14.46 14.55

G21
ext 11.78 12.28 12.57 13.44 13.42 13.51

GCI21fine 0.007 0.003 0.002 0.001 0.001 0.001

GCI32med 0.021 0.013 0.009 0.006 0.006 0.006
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uncertainty in the measurement is expected to be � 61%. Further,
the experimental tangential velocity has some errors due to the
orientation of the LDA system, the measurement grid was about
3 deg angle with the radial plane for better visibility during the
experiment. The strong reduction in the tangential velocity toward
the top wall of SC is due to the boundary layer. This accelerated
the radial velocity in this region, and consequently, reduces the
centrifugal force [16,24].

3.2 Effects of the Circumferential Location

3.2.1 Cross-Sectional Discharge and Analytical Comparison.
With the assumption of a simple radial equilibrium flow, the basis
of the WK formulation, there is a balance between the radial pres-
sure gradient and centripetal acceleration

1

q
@P

@r
¼ uh

2

r
(7)

where the term uh
2=r is the centripetal acceleration and directed

toward the center of curvature. By integrating the above equation
from the inner radial coordinate ri to the outer radial coordinate ro
in same radial section and considering the discharge only function
of the tangential velocity, Eq. (7) leads to

Qh ¼ KGeo �
ffiffiffiffiffiffiffi
DP

p
(8a)

KGeo ¼ A=

ffiffiffiffiffiffiffiffiffiffiffi
qln

ro
ri

r
(8b)

where KGeo is the geometrical constant and Qh is the discharge at
the considered cross section at the angle h. A and q are the cross-
sectional area of the section and the density of the fluid,
respectively.

The discharge in the cross sections of the SC calculated by the
analytical relation (Eq. (8)) was larger than that predicted by the
CFD, plotted in Fig. 6. The analytical relation assumed zero axial
and radial velocity which is not entirely true since the actual flow
in an SC is necessarily three-dimensional (3D). The configuration

that correlates best with the theory was the WK4, particularly for
FP_BC. The difference for WK4 was as low as 3.4% and 1.7% for
NI_BC and FP_BC intake, respectively.

When other components than the centripetal acceleration are
significant, they can considerably contribute to the radial pressure
gradient, thus challenging the basis of the WK formulation. As the
WK formulation is based on the free vortex theory, @ ruhð Þ=@r
should be zero which means that ruh must be constant along the
radius (r�) in Fig. 7, i.e., constant velocity moment. However, the
figure suggests that this is not fully respected and the inlet condi-
tion affects the ruh distribution, thus departing from the free vor-
tex theory. The lines corresponding to WK1 and WK4
configurations seem to better comply with the free vortex theory
with NI_BC than with FP_BC. The tangential velocity at the line
P35 starts to drop toward the inner radius from r� � 0:1 for both
inlet configurations at all cross section angles, for example, see
Fig. 7(a) for h ¼ 30 deg and h ¼ 105 deg. There is also a rapid
decrease in the tangential velocity toward the inner radius for P15
and P47 lines (Figs. 7(b)–7(c)).

The larger is the deviation from the free vortex theory, the
higher is the difference in the analytical discharge compared to
the numerical results, presented in Fig. 6. The regions having
strong radial and axial velocity gradients, secondary flows,
yielded a larger difference. For example, WK1 at h ¼ 120 deg has
the highest discrepancy (41.8%) among all the configurations
because there is a high amount of secondary flow in this region
characterized by a rapid increase in the radial velocity gradient.

3.2.2 Total Discharge. Winter-Kennedy coefficients are sen-
sitive to the inlet conditions and the sensitivity further depends on
the location of the pressure taps. The sensitivity of all the consid-
ered WK configurations increases steadily in the circumferential
direction, except for WK3 (Fig. 8), as the secondary flow devel-
ops. The coefficients can change up to 14% while modifying the
inlet condition, as illustrated for KWK1 at h ¼ 120 deg. The coeffi-
cients for WK1 and WK4 show minimum fluctuation, below 4%,
till h ¼ 45 deg. KWK3 is affected by the nearby presence of the
stay vane and shows the least change (< 2%) when it is located
between the stay vanes, i.e., at h ¼ 45 deg, 75 deg, and 105 deg,
indicating good locations for measurement.

The parameter KWK4 was also the most stable configuration
when changing the inlet conditions. The smallest deviation with

Fig. 6 Difference between the analytical discharge calculated
from Eq. (8) with respect to that predicted by CFD in the cross
sections for h5302120deg. NI_BC and FP_BC refer to the nor-
mal inlet and the realistic inlet, respectively. The analytically
calculated discharge is greater than CFD discharge in all the
cross sections as it only accounts for the tangential velocity.

Fig. 5 Tangential and radial velocity profile along the valida-
tion line (shown in Fig. 1(b)) for the realistic inlet condition
(FP_BC). The experimental results are from Ref. [16]. The error
bar in the experimental results is assumed to 1% of the value
which is reasonable for LDA measurements.
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Fig. 7 Normalized velocity moment ruh at cross section h5 30deg and h5 105deg for the nor-
mal inlet (NI_BC) and the realistic inlet (FP_BC) inlet boundary condition showing the close-
ness to the free vortex theory. ruh is normalized with ruh at r

� 5 0:5. The theory requires all the
lines to be straight: (a) line P35 (WK3), (b), line P15 (WK1), and (c) line P47 (WK4).

Fig. 8 Variation of WK coefficient, KWK, calculated from Eq. (1) with n5 0.5 in the cir-
cumferential direction from h5 30deg to 120deg. NI_BC and FP_BC refer to a normal
inlet and realistic inlet, respectively.
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the WK4 configuration indicates that this configuration is the least
sensitive to the upstream flow changes. The largest deviation
occurred for KWK2 (� 8%) where one of the pressure taps lies in a
stagnation zone at a stay vane leading edge (see Fig. 3(b)). In gen-
eral, KWK is less sensitive to the inlets in the beginning of the SC
curve around h ¼ 30–45 deg, but the location should be toward
the bottom of an SC and not in front of the stay vanes. However,
the accessibility of the pressure taps on site also determines good
locations for WK measurement.

3.3 Effect of Inlet Boundary Condition. The higher discrep-
ancy in KWK along the circumferential direction in Fig. 8 is

mainly due to the change in the velocity magnitude of the second-
ary flow. The nature of the secondary flow development inside an
SC can be influenced by several factors like inflow, outflow, con-
tinuous reduction in cross-sectional area and curvature along the
circumferential direction.

The changes in the flow distribution inside the SC due to the
change in inlet conditions were studied. The terms in the steady
radial component of the Reynolds-averaged Navier–Stokes equa-
tion in the differential form, Eq. (9), were considered at the three
lines corresponding to the WK configurations indicated in Fig.
3(b). Results of this analysis are plotted in Fig. 9. For the velocity
field ur; uh; uzð Þ, where r, h, and z correspond to the radial, tangen-
tial, and axial components, the equation can be written as

(9)

Fig. 9 Variation of the different terms in the radial component of the NS equation for the normal inlet (NI_BC) and the realistic
inlet (FP_BC) cases for the WK configuration at h5 30deg. The legend for all figures is placed at the central plot. r2ri /ro2rið Þ,
where r i is the radial coordinate at the inner wall and ro is the radial coordinate at the outer wall of the SC. The NI_BC condition
was also simulated with Euler condition and represented as NI_BC (Euler setup) to study the effects of turbulence and
viscosity.
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where r2 is the Laplacian operator.
The convective terms of Eq. (9) and its representation as
aconvective terms in Fig. 9 are obtained by creating the expressions in
the postprocessing. The Cartesian coordinates for variable b with
angle h were transformed into the radial coordinates by using the
coordinate transformation

@b
@r
@b
@h
@b
@z

2
66666664

3
77777775
¼

cosh sinh 0

�rsinh rcosh 0

0 0 1

2
664

3
775

@b
@x
@b
@y

@b
@z

2
66666664

3
77777775

(10)

The viscosity and turbulence terms were calculated as

uTurbulenceþviscosity ¼
1

q
@P

@r
� uh

2

r
þ aconvective terms (11)

For all the lines considered, the centripetal acceleration, u2h=r; was
compared with the radial pressure gradient divided by the fluid
density, ð1=qÞ@P=@r. The free vortex theory requires a balance
between the two terms. A balance for those terms is achieved
toward the SC outer wall (r� ! 1) and toward the bottom of the
SC, but there is a noticeable difference on the inner wall (r� ! 0)
and toward the top of the SC, see Fig. 9. This difference is bal-
anced by the convective terms, denoted by aconvective terms, at line
P35 and line P15, Figs. 9(a)–9(f). Furthermore, toward the bottom
of the SC at line P47, the convective terms are almost absent for
both inlets (Figs. 9(g)–9(i)), although the convective term is
influencing the pressure gradient toward the middle region (r� ¼
0.4–0.9) for FP_BC, see Fig. 9(i). All other terms than the centrip-
etal acceleration contribute to the secondary flow, which is partic-
ularly strong toward the top and the inner wall of the SC.

3.3.1 Effect of Turbulence and Viscosity. Overall, the effect
of viscosity and turbulence is negligible on the flow. The effects
are visible near the walls. This is shown at different lines by com-
paring Figs. 9(a) and 9(b), 9(d) and 9(e), and 9(g) and 9(h). On
the upper part of SC, the viscosity and turbulence contribute to

Fig. 10 Tangential velocity contours normalized by the bulk velocity. Velocity vectors are rep-
resented by the black arrows. Pressure points for the respective WK considered are shown in
the right figure, i.e., in FP_BC inlet.

Fig. 11 Turbulence kinetic energy at the cross section
h5 30deg for the normal inlet (NI_BC) and the realistic inlet
(FP_BC). The plane is just in front of a stay vane. Pressure
points and the lines for the respective WK considered are
shown in the right figure, i.e., in FP_BC inlet.

Fig. 12 Total vorticity (s21) per unit area at the considered
cross-sectional planes. The values presented are normalized by
the maximum value i.e., at h5120deg for NI_BC inlet.
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decrease the centripetal acceleration term rapidly when r� ! 0,
see the dash-dotted lines denoted by uturbulenceþviscosity in Figs.
9(a)–9(c). The effect of viscosity is particularly strong at the inner
radius for the line P35, which is toward the top wall of SC, which
reduces the tangential velocity. This flow behavior was also
shown in Fig. 5. The r� ! 0 region is located near the runner.
Therefore, the radial velocity in this region increases rapidly in
the radial direction, denoted by aconvectiveterms in the figures. This
behavior has been previously observed in both experimental and
numerical studies [16,25]. This phenomenon balances the radial
pressure gradient and is the reason for the KWK3 coefficient in
Fig. 4 to be almost equal for NI_BC with and without viscous
effects. In other words, the unbalance between the centripetal
acceleration and the pressure gradient creates a secondary flow.
Figure 10 shows the normalized tangential velocity contours and
the velocity vectors representing the secondary flows. In general,
the secondary flow is higher toward the walls for both the inlet
conditions, where the tangential velocity is lower. This flow also
helps to transport low energy fluid in the boundary layer toward
the distributor. This kind of flow behavior was also remarked in
the circular cross-sectioned spiral case used in the experimental
work from Kurokawa and Nagahara [8].

The nature of this flow behavior is also similar along the line
P15 (Figs. 9(d)–9(f)). The only difference is the radial velocity,
which increases rapidly in the radial direction at line P35. But at
line P15, the radial velocity and its gradient increase both in the
axial and radial directions toward r� ! 0 (not shown). The axial
velocity and its gradient are also higher toward r� ! 0 in the
P15 line, which agrees with the experimental results in Ref. [16].
Therefore, the convective terms increase rapidly and significantly
contribute to the radial pressure gradient.

The term uturbulenceþviscosity is negative toward r� ! 0 at line
P15, presented in Fig. 9(d). For this reason, the centripetal accel-
eration term does not decrease in the boundary layer. The convec-
tive term is large and balances the radial pressure gradient.
Moreover, the uturbulenceþviscosity term has higher negative values
toward the inner radius at line P15 in NI_BC and FP_BC cases
(Figs. 9(e) and 9(f)). The negative value of this term is due to the
sign convention, radial velocity is negative toward the center (see
Fig. 1(b)), and higher radial velocity gradient toward r� ! 0. The
terms @ur=@r and @ur=@z have higher negative values toward
r� ! 0. Therefore, the Reynolds stress term like �u0ru0r also
becomes negative. The negative Reynolds stresses toward the
inner radius are observed in curved pipes; for example, in 90-deg
curved square duct, Taylor et al. [26], and circular-sectioned
90-deg bend, Sudo et al. [27]. Further, these terms along with the
turbulence kinetic energy are higher in the FP_BC than the
NI_BC inlet condition, see Fig. 11. As the turbulence strongly
depends on the inflow conditions, it significantly changes the
mean flow behavior inside an SC.

Further, the turbulence and the viscosity decrease the tangential
velocity and thus the pressure gradient toward the inner radius at
line P47. Therefore, KWK is slightly higher at the WK4 location
for NI_BC than with the Euler setup, see Fig. 4.

3.3.2 Secondary Flows. The secondary flow increases in the
circumferential direction and is also dependent on the inlet bound-
ary conditions. The intensity of the secondary flow can be quanti-
fied by the total vorticity. The vorticity per unit area, X, in the
respective cross-sectional area A is calculated by

X ¼ 1

A

ð
A

@uz
@r

� @ur
@z

� �
dA (12)

The total vorticity at the considered planes increased in the cir-
cumferential direction for both inlets (Fig. 12). The increase in
secondary flow in the circumferential direction was also observed
in the works from Kurokawa and Nagahara [8] and Shyy and Vu
[28].

4 Conclusions

The WK coefficient is sensitive to inflow conditions and the dif-
ferential pressure tap locations. For the SC type considered in this
paper, the most stable WK configurations were found to be WK4
from h ¼ 30 deg to 45 deg, and WK3 when placed between the
stay vanes (i.e., h ¼ 45 deg, 75 deg, or 105 deg). The WK2 and
the WK3 configurations are not reliable for the method when the
inner pressure tap is placed in front of a stay vane. The WK coeffi-
cients were stable if the free vortex theory is nearly satisfied, e.g.,
KWK4 at h ¼ 30 deg. The analytically calculated discharge was
higher than the CFD-predicted discharge suggesting that the flow
in SC is highly three-dimensional. The discrepancy increases in
the circumferential direction as the strength of the secondary flows
(particularly radial velocity) becomes stronger. The strength of
those is mainly governed by SC geometry as well as inflow condi-
tions. As the WK method has very good repeatability, is relatively
cheap and easy to implement, and can provide global information
about the flow, the authors recommend using the WK method.
However, the locations of the differential pressure taps should be
chosen cautiously to maximize its usefulness and judgment must
be exercised when assessing the sensitivity of the method. Further
investigations are planned to incorporate downstream geometry
and type of runner.
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Nomenclature

KGeo ¼ geometrical WK constant, m3.5/kg0.5

KWK ¼ WK coefficient, m3.5/kg0.5

n ¼ WK exponent, nondimensional
r ¼ radial location from the center, m
r� ¼ dimensionless radius, (r � ri=ro � ri)
ri ¼ radius at inner wall of SC, m
ro ¼ radius at outer wall of SC, m
u ¼ velocity component, m/s

yþ ¼ dimensionless wall distance

Greek Symbols

DP ¼ differential pressure, Pa
h ¼ angular distance, deg
l ¼ dynamic viscosity, kg/m/s
q ¼ density, kg/m3

@P=@r ¼ radial pressure gradient, Pa/m
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Abstract. The Winter-Kennedy (WK) method is a widely used index testing approach, which 
provides a relative or index value of the discharge that can allow to determine the on-cam 
relationship between blade and guide vane angles for Kaplan turbines. However, some discrepancies 
were noticed in previous studies using the WK approach. In this paper, a numerical model of a 
Kaplan model turbine is used to study the effects of upstream and downstream flow conditions on 
the WK coefficients. Experiment on the model turbine is used to validate unsteady CFD simulations. 
The CFD results show that the inflow condition affects the pressure distribution inside the spiral 
casing and hence the WK results. The WK coefficients fluctuate with high amplitude - suggesting 
using a larger sampling time for on-site measurement as well. The study also concludes that to limit 
the impact of a change in runner blade angle on the coefficients, the more suitable WK locations are 
at the beginning of the spiral casing with the inner pressure tap placed between stay vanes on the top 
wall. 

1. Introduction 
Hydropower is developing in a steady growth trend with 1246 GW global installed capacity by now and 
31.5 GW installed in 2016 alone [1]. Most of the new developments are taking place in South America, 
East Asia and Pacific regions, while major refurbishments and modernization projects are undergoing in 
North America and Europe. This renewable energy source is among the cheapest renewable energy sources 
due to its long lifespan and low operating and maintenance cost. The hydro-mechanical parts of the 
hydropower station generally last for about four decades and then they are either overhauled or replaced, 
depending on the economic analysis. 

Efficiency measurements are usually performed after refurbishments. While it is relatively 
straightforward to measure efficiency on the high head machines due to several code-accepted absolute 
methods, like the ones mentioned in the IEC field testing code [2], similar measurements on the low head 
machines remain a challenge. The main difficulty regarding efficiency lies in the discharge measurement 
and are linked to the absence of an established flow profile and continuously varying cross-sections at the 
inlet. Among several relative methods, the Winter-Kennedy (WK) method is widely used to determine the 
step-up efficiency before and after refurbishment on the low heads. The WK method utilizes features of the 
flow physics in a curvilinear motion. A pair of differential pressure taps is placed at different radius in a 
section of the spiral casing (SC). The method follows the relation for the discharge  as: 

      (1) 
where  is the WK coefficient and  is an exponent whose value varies from 0.48 to 0.52 [2].  is the 
differential pressure between the outer and inner pressure taps placed on the SC. It is also common to install 
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another pair of taps in other radial location and to use the one that provides the best fit with the expected 
behaviour.  

1.1. Previous works 
Although the WK method has a very good repeatability, it is known to sometimes produce erroneous results. 
The possible causes of this behaviour are reviewed by Baidar et al. [3]. The review shows the local flow 
changes in the SC are mainly attributed to change in inflow conditions, corrosions, surface roughness, or 
change in geometry. Kercan et al. [4] concluded that the method is unacceptable for guaranteed efficiency 
measurement because the inlet flow conditions strongly disturb differential pressure measurements, 
therefore, the authors qualified WK results are unstable and unreliable. The sensitivity of inlet conditions 
and guide vane opening angle was also presented by Nicolle and Proulx [5]. The authors in [5] showed that 
sufficient flow homology cannot be always achieved and therefore the WK coefficient changes. A detailed 
study on how the inlet conditions can change the flow physics and its effect on the WK method is presented 
by Baidar et al. [6]. As the method relies on the free vortex flow, the centrifugal force should balance the 
radial pressure gradient. Apart from the centrifugal force, the three-dimensionality flow nature in SC causes 
the pressure gradient to be balanced due to secondary flows as well. The authors in [6] also show that the 
most suitable locations for the inner WK tap are at the beginning of SC and between stay vanes to minimize 
the influence of inflow conditions.  
 
1.2. Scope of the present work 
As flow conditions can change due to the presence of upstream geometry, the full turbine model including 
full penstock and the upper tank was built and simulated. The initial study includes the effect of the 
upstream geometries on the WK method. 

Further, during an experimental campaign [7] following the refurbishment of the runner, a 2% error 
was observed while using the same coefficient for the old and new runners. This raises questions on whether 
the geometry changes downstream of SC can also affect what happens inside the SC. To answer this 
question, a Computational Fluid Dynamics (CFD) model of a low head Kaplan turbine was built. The 
downstream geometry change of the runner was approximated by considering the runner at two different 
blade angles, one is at best efficient point (BEP) and other is at 5° closed position with respect to the BEP 
point. The case with 5° closed position from the BEP is termed as BEP-5° hereinafter. Therefore, two 
different propeller configurations were considered for the study allowing two discharge conditions for the 
same guide vane angle.  

2. Test case and numerical model 
The turbine of Hölleforsen hydropower plant located in Sweden is considered here. The plant is considered 
as low head with a head of 27 m and a discharge of 230 m3/s. The 1:11 scale model of the prototype, which 
has 0.5 m runner diameter, 4.5 m head, 0.522 m3/s discharge and 595 rpm rotational speed at its BEP is 
used in this study. The previously conducted scale model WK experimental data are used to validate the 
numerical results presented in this study. 
  
2.1. Numerical methods 
The computational domain is shown in figure 1. Two turbine models: the full penstock (FP) model and the 
half penstock (HP) model were developed. The utilization of these models is described afterward. The FP 
model includes an upper tank whereas the HP model is cut somewhere in the middle of the penstock. The 
tank in the FP model was also present in the model test rig and was connected to an upper pressure tank, 
therefore, it doesn’t contain free surface. For both models, there are four subdomains: a penstock (full or 
half) with a semi-spiral casing (SSC), a distributor with 10 stay vanes (SVs) and 24 guide vanes (GVs), a 
Kaplan runner with 5 blades and an elbow draft tube. The software ICEM CFD was used to create 
unstructured hexahedral meshes for all the domains.  

CFD simulations were performed using ANSYS CFX. The Unsteady-Reynolds-averaged Navier-
Stokes (URANS) equations were utilized for the simulations. The ‘High Resolution’ spatial discretization 
scheme was used, in which the discretization was achieved by varying the blend factor from 0.0 to 1.0 
based on the local solution field. The second order backward Euler scheme was used to discretize time. A 
mass flow of 522 kg/s was imposed at the inlet of the FP model to study the effect of upstream geometry, 
whereas the constant total pressure, which approximates a constant head, was used to study the effect of 
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different runner blade angle. For both cases, the outlet was defined as an opening. The convergence criterion 
on the root mean square (RMS) residual was set to 1e-5 and various parameters including  for all the 
WK configurations were monitored to ensure convergence. 

The runner was in a rotating frame of reference while all other domains were stationary. Therefore, 
the runner was defined as a rotating domain with a rotational speed of 595 rpm. The general grid interface 
(GGI) method was used to connect parts of the stationary domains. Two transient rotor-stator interfaces 
were used between stationary and rotating domains. All the simulations were performed using Menter’s 
two-equation shear stress transport (SST) model [8] using automatic wall treatment.  
 

 
Figure 1. Computational domain: full penstock (FP) model in (a) and half penstock (HP) model in (b). 
Both domains consist of a penstock with or without an upper tank, a distributor with 10 SVs and 24 GVs, 
a runner with 5 blades and an elbow draft tube. 

2.2. WK configurations 
Seven different circumferential locations of the SSC were chosen from  30° to 120° and four WK 
configurations: WK1 to WK4 were considered at each circumferential section. The location of the 
respective pressure points and the related WK configurations are shown in figure 2. 

 
Figure 2. Top view of the SSC showing WK locations from  30° to 120° used in the study (a). A cross-
section of the SSC at an angle  with four WK configurations, WK1 to WK4, are shown in (b), where the 
differential pressures  for WK1, WK3 and WK4 are calculated by the pressure difference between the 
outer average pressure, i.e.   and the inner pressure point ( ,  or ).  
WK2 is located at  30°, 60°, 90° and 120° where  is the pressure difference between  and . 
Further, the lines representing the respective WK configurations are also shown in (b). Figure is adapted 
from [6]. 

In this study, the WK coefficient  is calculated from equation (1), with the exponent 0.5. For 
WK1, WK3 and WK4, the differential pressures is calculated by the pressure difference between the 
outer average pressure, i.e. and the inner pressure point ( , or ). 
The WK2 configuration is located at  30°, 60°, 90° and 120° where  is the pressure difference 
between  and  points. WK2  is also considered when there is no SV (i.e. at 45°, 75° and 105°). For 

pp g g
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a) Full Penstock (FP) model b) Half Penstock (HP) model 
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WK2  the outer pressure is from  and the inner pressure point is , which is located on the top 
wall of the SC at the same radial distance as , but in between stay vanes. 
 
3. Effect of inlet flow conditions using the Full Penstock (FP) model 
3.1. Grid studies 
Two sets of grids were considered to study whether the solution was mesh independent. The study involved 
the FP model shown in figure 1(a) and the grid parameters for Grid 1 (G1) and Grid 2 (G2) shown in table 
1.  

Table 1. Grid densities used in the study. G1 is finer and G2 is 
relatively coarse mesh. 

Sub-domain G1 (in million) G2 (in million) 
Penstock + SSC 4.36 2.64 
Distributor 4.86 2.52 
Runner 3.75 1.74 
Draft tube 5.00 2.27 
Total 17.70 9.17 

 
The URANS simulations were initialized with a steady solution and ran for about 400 s. A time step 

of 0.10224 s corresponding to 365° of runner rotation was chosen to save on computational time and 
resources. The four  at 45° were considered for the mesh test (figure 3). Instantaneous coefficients 
fluctuations along with cumulative average results are presented in the figure. Overall, the mesh test shows 
satisfactory results of G2 with no significant difference in average value for three of the four coefficients. 
However, for WK2 , the deviation is around 2%. The G1 mesh is considered in this study and a similar 
mesh density was also validated in a previous study [6].  

 

 

 

Figure 3. Grid studies for WK1-WK4 
at  45°. G1 is finer grid and G2 is a 
comparatively coarse grid. Both 
instantaneous and cumulative average 
coefficients are presented. The 
instantaneous values show high 
fluctuations whereas the cumulative 
averaged values show satisfactory 
results for the two grids. The figure 
also shows a necessity of a longer 
sampling time to statistically analyze 
the results.  

 

3.2. Validation studies 
The comparison between  coefficients from the numerical results and experimental data is presented 
in figure 4. The error bar in the figure shows the standard deviation in the data. The figure also shows the 
CFD result from the steady state simulation using the HP model from a previous study [6]. The numerical 
coefficients seem accurate for WK1 and WK4. One of the reasons that could explain why WK3 has a larger 
discrepancy is that the exact pressure taps location from the experiment is not known. Since the inner 
pressure tap ( ) is located near the stay vanes in a region of relatively high pressure gradient, it could be 
more sensitive. No data is available for WK2.  
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Figure 4. WK coefficients  calculated from 
equation (1) for the FP model and comparison 
with the experimental data. The CFD-HP-steady 
refers to the HP model with steady simulation 
from Baidar et al. [6]. The error bar represents the 
standard deviation. 
 

3.3. Flow behavior 
The flow in the spiral casing is complex and can be influenced by the upstream geometry. For example, the 
upper tank considered in this study introduces some large-scale unsteadiness in the SSC elbow region as 
shown by the streamlines in figure 5. In the figure, the unsteadiness seems to affect the secondary flow 
behavior at a cross-sectional plane of the SSC as well.  As we will see in the next section, this effect 
propagates downstream in the SSC. 

 
Figure 5. Velocity streamlines showing the flow condition is changing with time due to the unsteady vortex 
at the tank. The figure also shows the secondary flow characteristics at the cross-sectional plane of the SSC 
at 30°.  

3.4. Flow distribution around the distributor 
As the distributor counts 24 GVs, an ideal distribution of the flow would result in an average of 4.17% per 
GV sector. In figure 6(a), we can see that there is flow deficit at the beginning of the SSC, see sector 2-4 
and some overflow in the upstream sectors: 18, 20 and 22.  This trend is observed for both the FP and HP 
models. However, as we can see in figure 6(b) with an instantaneous flow distribution of the FP model at 
two different times, the discharge on some sectors can be affected by large scale fluctuations coming from 
the intake. This is a further indication that the flow in the SSC is unsteady and can change with the inflow 
conditions. 

 

t = 195 s t = 417 s 
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Figure 6. Normalized radial discharge in percentage from the GV sectors showing the flow distribution 
(a). The figure shows the discharge at two time instants (  = 195 s and  = 417 s) for the FP model, the HP 
model, and ideal flow distribution. The deviation in discharge (%) in each GV sector with respect to the 
ideal distribution is presented in (b). It indicates the flow in the SSC is unsteady and can change with inflow 
conditions. 

A closer look at the velocity contours at the distributor central plane is presented in figure 7. The lower 
discharge in some sectors (2 to 4) of the SSC can be explained by the higher losses caused by large stay 
vane wakes. This shows that the stay vanes’ profile or alignment is not optimal in this turbine. 

 

 

 

Figure 7. Contour plot in the mid-
span of GV showing the velocity 
normalized with the bulk velocity. 
Velocity vectors are also presented in 
the figure. The figure shows the SV 
profile or alignment is not optimal in 
this turbine. 

4. Effect of different runner blade angles 
The effect of different runner blade angles on the WK method was studied as a mean to simulate a runner 
replacement. The runner at two different blade angles was considered: BEP and 5° closed position with 
respect to the BEP point which is termed as BEP-5°. It resulted two discharge conditions: 0.523 m3/s for 
BEP and 0.425 m3/s for BEP-5°. For both cases, the GV angle was kept constant. A constant shroud tip gap 
of 1.18 mm, 0.9% of the blade span, was considered and 15 mesh nodes were allocated at this gap. The 
operating conditions for the two cases are shown in table 2. In the table, the efficiency of the turbine  and 
the pressure recovery factor  are defined by the following relations: 

      (2) 

      (3) 

where  is the power output of the turbine,  is the water density,  is the net head.  is the 
averaged static wall pressure from 11 pressure points placed at the draft tube outlet and  is the 
averaged static wall pressure from six pressure points placed below the runner.  is the water passage 

a) b) 
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cross-sectional area after the runner where the pressure points for are located. The exact 
coordinates of the pressure points that were used to calculate  may be found in Andersson et al. [9]. 

Table 2. Operating conditions for the study. Blade angle change case is denoted by BEP-5°. The GV 
angle is constant for both cases. , , and values are from numerical solution. 
Operating 
cases 

GV 
angle 

 
(°) 

Runner blade angle 
difference 

 
(°) 

Discharge 
 
 

( ) 

Efficiency 
difference 

 
( ) 

Pressure 
recovery 

 
(-) 

BEP 29.5 0 0.523 0 0.95 
BEP-5° 29.5 -5 0.425 -1.9 0.88 

4.1. Time step test 
Three time-steps were investigated at BEP. The time-steps correspond to 5°, 77° and 149° runner rotations. 
The idea behind chosen values is to utilize the expected runner blade flow passage periodicity to increase 
the simulation speed. Therefore, a time step of 149° corresponds to 2 runner passages plus 5° and 
equals 41.734 ms physical time and similarly,  77° corresponds to 1 runner passage plus 5° and equals 
21.569 ms. The reference time step here corresponds to  5° and equals 1.4 ms. , four engineering 
parameters: , ,  and , and four coefficients:  to  at  45° were also considered, 
see table 3. The values were averaged over the time period equals to 38, 193 and 182 runner rotations for 
5°, 77° and 149° time steps.  
 

Table 3. Time step study in the simulation for the BEP case. 
Parameters  149°  77°  5° 
Discharge,  ( ) 0.523 0.523 0.523 
Discharge factor,  (-) a 0.338 0.338 0.338 

Speed factor,  (-) b 0.946 0.946 0.946 

Efficiency,  ( ) 86.7 86.9 87.2 
Pressure recovery factor  (-) 0.955 0.952 0.971 

 0.1382 0.1383 0.1384 
 0.1376 0.1377 0.1378 
 0.1632 0.1632 0.1632 
 0.1855 0.1855 0.1855 

a  is the runner diameter in m 

b  is the rotational speed in rpm 

The stabilized results of the four  coefficients considered at  45° are presented in figure 8 for 
10 runner rotations. The dominant frequencies captured with  5° can be related to the blade passing 
frequency and the rotating vortex rope ( 0.17 runner frequency). The rotating vortex rope frequency is 
also noticed by using time steps equal to 77° and 149° in the figure. A similar rotating vortex 
frequency was also observed in the simulations conducted during Turbine-99 III workshop [10]. Further, 
the blade passing amplitude is larger when the inner pressure point is nearer to the runner, see WK2  and 
WK3 in figure 8. A better convergence was achieved with the time step correspond to 77° than 

149°. As the chosen time steps don’t have much influence on the averaged  coefficients, further 
simulations were conducted using the time step corresponding to 77° runner rotation to save on the 
computation time and resources. 
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Figure 8. Time step test for the HP model for the BEP at  45°. The time steps 
( ) are presented in terms of runner rotation in degrees.  

4.2. Change on the WK coefficients,  
It was previously shown in [6] that the can be affected when the inlet flow condition is modified and 
that the various circumferential sections do not have the same level of sensitivity. The effect of different 
runner blade angles on the flow conditions in the SSC is studied here. 

The HP model was considered using the constant head by imposing inlet total pressure. This inlet 
condition was generated by simulating the FP model and extracting the total pressure with velocity profile 
file at the inlet location of the HP model. In this way, a realistic inlet condition was achieved. The exported 
file was used as a total pressure inlet profile for both cases, BEP and BEP-5°. Therefore, an almost constant 
head was kept (some variation at the draft tube outlet can explain the offset) and the mass flow was a 
product of the simulation. The average net head changes between two cases is < 0.2%. 

The deviation on the in different runner blade angle is shown in figure 9. The stable  
coefficients were averaged for about 8.45 s which corresponds to about 83 runner rotations. The averaging 
was done to account the periodic fluctuation of the coefficients (shown in figure 8). The deviation of the 

 is < 0.5% until  45° for all the considered configurations. However, the deviation increases towards 
the later part of the SSC (as  increases) for WK1 and WK4. There is still a small deviation (< 0.5%) for 
WK2  and WK3. 

To understand how the flow changes along the  in the SSC, the average flow characteristics at the 
cross-sections in the SSC (shown in figure 2) from  0° to 120° for the two considered cases are shown 
in figure 10(a) and 10(b). The figures are presented in the form of the normalized total pressure and the 
normalized static pressure , given by equations (4) and (5): 

       (4) 

      (5) 

where,  is the mass flow averaged total pressure,  is the total pressure at the inlet,  is the average 
static pressure and  is the bulk velocity for the respective case. Figure 10(a) shows a larger deviation in 
the total pressure as  increases, noticeably after  60°. It shows there is a higher loss at BEP-5° case 
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compared to the BEP case, as the flow is departing from the BEP condition. The static pressure also shows 
larger deviation as  increases, figure 10(b). 

 

 

Figure 9. Absolute deviation on the  at 
BEP-5° runner blade position with respect to 
BEP. The figure shows that there is larger 
deviation towards the later part of the SSC 
for WK1, WK3, and WK4. WK2  and WK3 
still show lesser deviation compared to WK1 
and WK4. The figure suggests a better place 
to install WK pressure taps would be at the 
beginning of the SSC. 

 

 
Figure 10. Average flow characteristics for BEP and BEP-5° in the cross-section from  30° to 120° of 
the SSC.  shown in (a) and  shown in (b) represent the normalized total pressure and the normalized 
static pressure according to equations (4) and (5), respectively. Some changes in the total pressure and static 
pressure are noticed at the later part of the SSC.  

The flow changes at the respective WK lines, shown in figure 2(b), at  30° and  90° are 
considered to study why the  coefficients have larger deviation as  increases. Figure 11(a-c) shows 
the pressure distribution along the lines corresponding to WK3, WK1 and WK4. The pressure distribution 
does not change much for line  and line , see figure 11(a) and (b) respectively. However, for line 

 at  90°, the pressure shows some changes in the inner side of the SSC, i.e. when  in the 
right-hand side plot of figure 11(c). The changes in pressure can be explained by the velocity distribution 
shown in figure 12(a-c). The velocity components: axial , radial  and tangential , show a similar 
distribution at the considered WK lines for  30°, whereas, for  90° some changes in the velocity 
distribution is particularly seen for line , see  and distribution when  in figure 12(c). It 
signifies that the flow distribution can change in the SSC with different propeller configurations and hence 
affect the pressure distribution. 

Furthermore, to verify whether the effects of runner blade angle change shown above was due to the 
imposed inlet condition in the HP model, the FP model was simulated. A time step of ∆ = 365° (one 
runner rotation plus 5°) corresponding to 0.102241 s physical time for both cases was considered. Since 
time step test was not conducted for this FP model, the HP model results were presented. However, the 
obtained results from the FP model showed that the coefficients follow a similar trend and the conclusions 
drawn with the HP model are still valid. 
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Figure 11. Pressure distribution along the 
respective WK lines for line  (a), line  (b) 
and line  (c) at  30°and 90°. The 
dimensionless radius  is given by 

, where  is the radial coordinate 
at the inner wall and  is the radial coordinate at 
the outer wall of the SSC where pressure points 
are located. 

Figure 12. Axial , radial and tangential  
velocity distribution at respective WK 
configurations for line  (a), line  (b) 
and line  (c) at 30° and  90°.  is 
the bulk velocity for the respective cases. The 
axial velocity distribution shows some 
noticeable changes between the two cases for 
line  towards , marked with the 
dashed-circle in (c). 

 
5. Conclusion 
The results showed that the flow is unsteady in the spiral casing and the WK coefficient oscillates with high 
amplitude. The flow distribution around the runner changes with respect to time and with different inlet 
conditions. This suggests that slight modifications to inlet profile can be a prime factor in anomaly reported 
on the WK measurement. Furthermore, the study also showed that a long sampling time is required to 
statistically analyze the results. The second part of the study was focused on how the change in runner blade 
angle, a different propeller configuration, could affect the WK method. The study showed that the flow 
distribution and thus the WK coefficient was altered mainly in the later part of SSC, i.e. at higher . 
Therefore, it would be better to place WK pressure taps at the beginning of SSC.  

Further research is required to see if the various findings presented in this paper are general to the WK 
method or are specific to this geometry.  
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