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ABSTRACT 

Steady state and unsteady numerical simulations of a model Kaplan turbine with four 

different inlet boundary conditions are compared to each other and to measurement results in 

order to determine the influence of the boundary conditions on the global and local results. 

The computational domain contains the whole model turbine starting at the rectangular entry 

area with two piers and a semi spiral casing all the way to the end of the draft tube. Besides 

the basic distribution of a uniform inflow normal to the inlet area with constant values for the 

turbulence quantities, three-dimensional distributions for both the velocity and the turbulence 

resulting from preceding simulations are used as inlet boundary condition. The first 

distribution is generated with a steady state simulation of a rectangular pipe flow. The second 

one is a time averaged result from an unsteady numerical computation of the head water tank 

including the entry area of the model turbine. For this set of boundary conditions an 

additional simulation was performed where the tapered prolongation downstream the draft 

tube used in all other setups is replaced with a tail water tank. The outlet boundary condition 

is set to an average static pressure for all those simulations. In the last numerical setup the 

total pressure and constant values for the turbulence quantities are specified at the inlet 

boundary and the mass flow rate is set at the outlet boundary. The global results, i.e. torque 

and head, and phase resolved three-dimensional velocity distributions in the cone of the draft 

tube are compared for the different numerical computations and the experimental 

measurement. Furthermore, a comparison of losses of the individual components and local 

flow phenomena of the different simulations are presented. 
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NOMENCLATURE 

 𝑑ℎ  Hydraulic diameter 

 Φref Reference value Φ 

 Φloss Loss of value Φ 

 Φexp Value Φ obtained via measurement 

 Φ̅  Mean of value Φ  

 H  Hydraulic head 

 Q  Volume flow 

 P  Power 

 ua  Axial velocity 

 uc  Circumferential velocity  

 ur  Radial velocity 
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INTRODUCTION 

Simulating the flow in a Kaplan turbine can be a challenging task due to the characteristics of 

the geometry, like tip and hub clearance and overhanging guide vanes, and the flow in the draft 

tube. In the years 1999 to 2005 three workshops were held focusing on simulating the flow in a 

draft tube for an axial turbine. The proceedings were published by Gebart et al. (2000), Engstrom et 

al. (2001) and Cervantes et al. (2005). More recently Nilsson and Cervantes (2012) investigated the 

effects of the inlet boundary conditions on the flow in Turbine-99 draft tube where they showed a 

big influence of the boundary conditions. Jošt et al. (2012, 2014) investigated the influence of 

different turbulence models and numerical schemes on simulating the flow in a complete Kaplan 

turbine with improved results for advanced turbulence models compared to other simulations and 

measurement data.  

Goal of this publication is an investigation of the influence of the inlet boundary conditions for 

simulations of a whole Kaplan turbine. For a Francis turbine with a circular pipe leading to the 

spiral casing the assumption of a developed pipe flow is often valid. This assumption is not 

necessarily true for a Kaplan turbine with a rectangular entry area. The entry area of the studied 

turbine is built of three rectangular pipes ending in a semi spiral casing (cf. Figure 1). Steady state 

and unsteady simulations were performed for four different inlet boundary conditions and one 

different prolongation of the draft tube.  

NUMERICAL SETUP AND MODEL TURBINE 

The inlet area of the investigated model Kaplan turbine consists of three rectangular pipes with 

the same cross section at the intake. The pipes are separated by two piers and are ending in a semi 

spiral casing. The draft tube is an elbow type draft tube with one pier. A head water tank is upstream 

and a tail water tank downstream of the turbine in the test rig. For all simulations the head water 

tank is neglected and the boundary conditions are set at the entry pipes. Except for one simulation 

the tail water tank downstream the draft tube is replaced with a tapered prolongation. Figure 1 

shows the turbine with the tapered extension. The investigated operating point is an on-cam point 

with matched pitch angles between guide vanes and runner blades. In comparison to the best 

efficiency point the volume flow is 𝑄 = 1.2 𝑄𝐵𝐸𝑃 and the experimental total head is 𝐻 = 0.7 𝐻𝐵𝐸𝑃. 

The simulations were performed with ANSYS CFX 18.0 for the complete model Kaplan turbine 

starting at the rectangular entry area and ending either at the tapered prolongation or tail water tank. 

The computational domain consists of four subdomains with a total of around 15 million block 

structured hexahedral elements for the steady state simulations and around 19 million hexahedral 

elements for the unsteady simulations. The first subdomain contains the inlet area and the semi 

spiral casing, the second one the stay vanes and 24 guide vanes. They consist of 2.1 and 7.0 million 

elements respectively. In the investigated operating point the guide vanes are overhanging which is 

modelled completely without geometric simplifications. The third subdomain describes the five 

runner blades with a total of around 4.7 million elements. No geometric simplifications are used for 

the runner blades. This means that both the tip and hub clearance and the fillets between the runner 

blades and the hub are modelled. The last subdomain consists of 5.2 million elements for the draft 

tube and tapered prolongation of the draft tube and 6.0 million elements for the draft tube with the 

tail water tank.  

Turbulence is modelled with the Shear-Stress-Transport model with automatic wall treatment, 

resulting in an automatic switch between wall functions for the boundary layer and resolved 

boundary layer depending on the local y+ value. The average y+ value for the subdomains ranges 

between 40 and 70. For the steady state simulations the interface between the rotating runner and 

the non-moving subdomains is a mixing plane. For the mixing plane only one passage of the runner 

containing one blade is modelled. The pseudo time step size corresponds to 10° of runner rotation. 

The settings for the unsteady simulations are the following. The interface upstream and downstream 

of the runner is a full 360° transient rotor stator interface with all five blades modelled. The time 

step size is chosen equivalent to 2° runner rotation, which results in a RMS Courant number of less 
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than 9 for the runner and lower values for the other subdomains. The build-up time before 

averaging the results is equal to 20 revolutions. The averaging time itself equals 30 revolutions. 

This corresponds to roughly 2 and 3 convective flows through the complete turbine, respectively. 

 
Figure 1: Complete Kaplan turbine with tapered prolongation. Red: Inlet area and semi 

spiral casing. Blue: Stay and guide vanes. Green: Runner. Orange: Draft tube with tapered 

prolongation. 

Boundary Conditions 

Four different combinations of inlet and outlet boundary conditions were used. Additionally, one 

simulation with the tail water tank instead of the tapered prolongation but otherwise unchanged 

settings was performed. The first four simulations were performed with specification of values for 

the velocity and turbulence at the inlet and an average static pressure at the outlet. In the last 

simulation the total pressure and turbulence quantities are set at the inlet and the mass flow rate is 

set at the outlet. The case names and the boundary conditions in detail are as follows: 

- ‘Uniform In’: The first set of inlet boundary conditions consists of a uniform inflow normal 

to the inlet surface. The turbulence is specified by an intensity of 5 % and a turbulence 

length scale of 0.0134 m. The length scale is estimated with the equation for a fully 

developed pipe flow l = 0.038 dh. 

- ‘Pipe In’: The second set of inlet boundary conditions was generated by a steady state 

simulation of a rectangular pipe with the same geometry as the inlet cross section of the 

turbine. The three-dimensional results of this simulation are specified as inlet boundary 

condition in form of velocity vectors and turbulence kinetic energy and turbulence eddy 

dissipation.  

- ‘Head Water In’: The inlet boundary conditions of the third case are the time averaged 

results of an unsteady simulation of the head water tank. Equally to the second simulation 

the three-dimensional results for the velocity and turbulence properties are specified at the 

inlet of the complete turbine. The domain of the preceding simulation consists of a straight 

pipe, a bladed 90° pipe elbow, the head water tank and the entry area of the Kaplan turbine 

including the semi spiral casing up to the entry of the stay vanes. At the inlet a uniform 

inflow is specified. The straight pipe is long enough to achieve a developed pipe flow at the 

pipe elbow. An average static pressure is set at the outlet of the semi spiral casing. 

- ‘Tail Water Out’: In this simulation the tapered prolongation of the draft tube is replaced 

with the tail water tank of the test rig. All other settings are unchanged to the previous case 

‘Head Water In’. 

- ‘Mass Flow Out’: In the last set of boundary conditions, the kind of specified values was 

changed. At the inlet the total pressure is set with the assumption of a flow direction normal 

to the surface. The turbulence properties are the same as in the first simulation ‘Uniform In’. 
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The mass flow rate is specified with unconstrained shape of the pressure distribution but no 

value for the pressure at the outlet boundary condition.  

A brief summary of the used boundary conditions and the case names can be seen in Table 1. 

Due to the kind of defined boundary conditions the mass flow rate is constant and the same for all 

simulations, while the total head is a result of the simulation. Figure 2 shows the velocity at the inlet 

boundary. For the first three simulations the velocity distributions are specified as boundary 

condition. The last picture on the bottom right is a result of the simulation of the last set of 

boundary conditions since no values for the velocity are specified at the inlet.  

 

Table 1: Boundary conditions and case names of the simulations. 

             B.C.  

Case name 
Inlet boundary condition Outlet boundary condition 

Uniform In 
Uniform inflow and constant values for the 

turbulence 
Average static pressure 

Pipe In 
Three-dimensional distribution of the velocity 

and turbulence from pipe simulation 
Average static pressure 

Head Water In 
Three-dimensional distribution of the velocity 

and turbulence from head water tank simulation 
Average static pressure 

Tail Water Out 
Three-dimensional distribution of the velocity 

and turbulence from head water tank simulation 

Average static pressure,  

tail water tank as outlet 

Mass Flow Out 
Total pressure and constant values for the 

turbulence 
Mass flow rate 

 

 
Figure 2: Velocity [m/s] specified at the inlet boundary. Top left: ‘Uniform In’. Top right: 

‘Pipe In’. Bottom left: ‘Head Water In’/’Tail Water Out’. Bottom right: ‘Mass Flow Out’.  

EXPERIMENTAL SETUP 

The experimental data consist of the integral quantities total head and power of the runner and 

phase resolved three-dimensional PIV measurements of the velocity in a plane in the cone of the 

draft tube shortly downstream the hub. The PIV measurement consists of 9 phase angles covering a 

total angle of 72°. To get the phase a trigger signal on the axis of the runner was used. For each 
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phase angle a total of 500 individual measurements with an interval of 2 revolutions were taken. 

Due to limited optical accessibility and non-moving reflections only a part of the cross section 

could be measured. Figure 3 shows the position of the measurement plane in the cone on the left 

and the valid measuring points on the right both in black.  

 
Figure 3: Left: Position of 3D PIV measurement plane in cone of the draft tube in black. 

Right: Valid measurement area in black. Outer contour of cone displayed in red. 

RESULTS 

The results of the simulations are compared to each other and to measurement data. In the 

shown figures and tables the case names for the different simulations defined in Table 1 are used. 

Integral Quantities 

Figure 4 shows the deviation of the head losses of the different parts of the turbine relative to 

the steady state simulation ‘Uniform In’. The left side shows the results of the steady state 

simulations and the right side the time averaged results of the unsteady simulations with the 

standard deviation depicted as black vertical lines. For the steady state simulations the differences 

between the cases decrease in streamwise direction from the highest values in the spiral casing to 

the lowest values in the draft tube. The comparative small differences in the runner and draft tube 

can be explained with the mixing plane interface upstream and downstream of the runner. Due to 

the circumferential averaging performed in the mixing plane, differences in the flow field between 

the simulations are equalized partially. The only difference in the draft tube is visible for the 

simulation ‘Tail Water Out’. This is believed to be an influence of the tail water tank, since the 

results of the cases ‘Head Water In’ and ‘Tail Water Out’ are quite similar in all other components. 

With the exception of the draft tube the decrease of the differences in the head losses of the 

components is also true for the unsteady simulations. Furthermore, the standard deviation is 

decreasing in streamwise direction. This is changing significantly in the draft tube, where the 

differences are quite high compared between the unsteady simulations and to the steady state 

simulations. Furthermore, most of the unsteady simulations do not reach a quasi-steady state 

condition in the draft tube as can be seen by the standard deviation. 

Table 2 (left) shows the summed-up head losses of the spiral casing, the stay and guide vanes 

and the runner relative to the steady state simulation ‘Uniform In’. The absolute differences of head 

loss in the components are in the same order of magnitude, even though the relative differences 

decrease in streamwise direction. This is a consequence of the much higher absolute head losses in 

the stay and guide vanes and the runner compared to the spiral casing. The maximum difference in-

between the cases is reduced from 6.3 % for the steady state simulations to 4.3 % in the unsteady 

simulations. On the right side the deviation of the power of the runner compared to the 

measurement is presented. The simulation ‘Mass Flow Out’ produces the best results and the 

simulation ‘Uniform In’ the worst. The difference between the steady state and unsteady simulations 

is much higher than differences within the cases. 
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Figure 4: Head losses of the subdomains relative to the steady state simulation ‘Uniform In’. 

Left: Steady state simulations. Right: Time averaged results of unsteady simulations. Vertical 

black lines represent standard deviation. 

 

Table 2: Comparison between the steady state and unsteady simulations and the different 

cases. Columns 2 & 3: Summed-up head losses of the spiral casing, stay and guide vanes and 

runner relative to the steady state simulation ‘Uniform In’. Columns 4 & 5: Deviation of 

power of the runner compared to measurement. 

        Results 

 

Case name 

Total head loss without draft tube 

relative to steady state ‘Uniform In’ [%] 

Deviation of power compared to 

measurement [%] 

Steady state Unsteady Steady state Unsteady 

Uniform In 100.00  99.47 - 2.81 - 0.28 

Pipe In 100.95 101.17 - 2.78 - 0.23 

Head Water In 104.78 103.73 - 2.77 - 0.17 

Tail Water Out 104.80 103.73 - 2.77 - 0.17 

Mass Flow Out  98.51  99.48 - 2.50   0.00 

 

In the following only results of the unsteady simulations are investigated. Figure 5 shows the 

time resolved oscillation of the head losses in the components about the time averaged mean. All 

values are normalized with the head loss of the spiral casing from the steady state simulation 

‘Uniform In’. Special attention must be payed to the scale of the depicted losses. The scale for the 

spiral casing, the vanes and the runner is in a similar range, while the scale for the draft tube is two 

orders of magnitude higher. In general the amplitudes of the oscillations decrease downstream from 

the spiral casing to the runner. For the components spiral casing, vanes and runner the cases ‘Pipe 

In’ and ‘Mass Flow Out’ exhibit the biggest fluctuations. These two cases also show a tendency of 

increasing amplitudes with progressing revolution numbers, especially in the spiral casing. 

However, these fluctuations are small compared to the distinctive unsteady behavior of the draft 

tube flow. The biggest fluctuations occur for the cases ‘Head Water In’ and ‘Uniform In’. The losses 

in the draft tube are a result of detachment and reattachment of the flow in the elbow of the draft 

tube. It is unclear if this behavior is physical or a numerical instability. Further simulations and 

measurements in the draft tube are necessary to be able to give an answer to that. The cases ‘Head 

Water In’ and ‘Tail Water Out’ have a different behavior in the draft tube while they are very similar 

for the other components. It seems that the tail water tank has a damping influence on the flow in 

the draft tube. The unsteady behavior of the flow in the draft tube does not seem to have an impact 

on the components upstream of the draft tube. That result is substantiated by the normalized time 

resolved deviation of the power of the runner in Figure 6. The behavior of the different cases in the 

progression of the power is similar to the results of the head loss in the components with exception 

of the draft tube.  

During the run of the simulations the start of the time averaging was determined by the trend of 

the integral values of the case ‘Uniform In’. The build-up time of 20 revolutions equals roughly 2 
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convective flows through the whole turbine. Figure 5 and Figure 6 show that the build-up and 

averaging time is sufficient for the first three components and power of the runner. This also seemed 

to be the case for the draft tube when the averaging process was started as an oscillation with a low 

frequency around a mean value seemed to manifest, but proved to be not valid. To get substantial 

time averaged results for the draft tube a longer simulation period is probably necessary. The other 

results and a qualitative assessment of the flow in the draft tube are valid, nonetheless. 

 

 
Figure 5: Time resolved relative head losses of the subdomains. Negative numbers of 

revolutions represent results before the averaging is started. Top left: Inlet area and spiral 

casing. Top right: Stay and Guide Vanes. Bottom left: Runner. Bottom right: Draft Tube 

without extension. 

 
Figure 6: Time resolved deviation of the power of the runner between simulations and 

measurement. 

Flow Fields of the Simulations and Measurement 

The difference of the losses can be explained by the varying flow fields resulting from the inlet 

boundary conditions. While the total mass flow in the turbine is the same for all simulations, the 

distribution of the partial mass flow in the three entry pipes differs between the simulations. Due to 

the specification of the values of the velocity at the inlet for the cases ‘Uniform In’ and ‘Pipe In’ all 
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three entry pipes have the same partial mass flow. For the cases ‘Head Water In’, ‘Tail Water Out’ 

and ‘Mass Flow Out’ the partial mass flow in the individual entry pipes differs from each other. It 

must be taken into account that the velocity of the last case is a result of the simulation and not 

specified a priori. The velocity at the inlet and therefore the distribution of the mass flow in the 

individual pipes is shown in Figure 2. The different distributions of the partial mass flow in the 

entry pipes lead to different flow fields in the spiral casing and the following components. Even 

after the stay and guide vanes the differences in the flow field can be seen. Figure 7 shows the time 

averaged circumferential velocity in a plane after the vanes shortly upstream the interface to the 

runner. The case ‘Tail Water Out’ is not shown since it is virtually the same as the case ‘Head Water 

In’. The cases ‘Uniform In’ and ‘Pipe In’ shown in the top row exhibit an imbalance of the 

circumferential velocity in the lower left corner. This is the result of a detachment of the flow which 

does not occur for the other two cases. Furthermore, the bulge of the velocity in vicinity of the shaft 

on the lower right side is only visible for the first two cases.  

 
Figure 7: Time averaged circumferential velocity [m/s] in a plane shortly upstream the 

interface to the runner. Top left: ‘Uniform In’. Top right: ‘Pipe In’. Bottom left: ‘Head Water 

In’. Bottom right: ‘Mass Flow Out’. Case ‘Tail Water Out’ is virtually the same as ‘Head 

Water In’ and not shown. 

 

Figure 8 shows the circumferential average of the phase resolved axial, circumferential and 

radial velocity for both the simulations and the measurement on the left side and the deviation of the 

simulations to the measurement on the right side. The variance of the velocity is shown as vertical 

lines. For reasons of clarity and comprehensibility only the variance of the measurement and the 

simulation ‘Uniform In’ is shown. The variance for the case ‘Head Water In’ is similar to this 

simulation, while the variance for the other simulations is lower. This result is in accordance with 

the variance and progression of the head loss of the draft tube shown in Figure 4 and Figure 5. To 

get the circumferential average the arithmetic mean for the three velocity components and the 

associated variance was calculated in radial bands. For the simulations the locations were used 

solely where valid measurement data is available (cf. Figure 3 right side). The velocities are 

normalized with the applicable maximum value of the measurement. The high variances for radii in 

the region of 0.8 to 1 are a result of the vortex in the tip clearance. Furthermore, only a limited 

number of valid measurement points are available in that region due to the limitations of the 
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measurement area. The axial velocity is in good accordance between the simulations and the 

measurement. The biggest deviations occur for radii smaller than 0.3. The high gradient in that area 

leads to the peak in the deviations at radius 0.15. The differences of the deviation between the 

simulations are small with less than 1.5 % of the axial reference velocity in the main. The 

qualitative trend of the circumferential velocity is captured by all simulations. Nonetheless, the 

deviation of the values is much higher in general. The biggest differences between the simulations 

occur in the area around radius 0.2. Additionally, in the area of this radius the reversal point of the 

progression of the simulations ‘Head Water In’, ‘Tail Water Out’ and ‘Mass Flow Out’ is moved to a 

smaller radius. This is in better agreement with the measurement data, whereas the deviation of the 

values of the velocity is higher. With exception of the area around radius 0.2, the maximum 

difference between the simulations is about 2 % of the circumferential reference velocity. The 

biggest differences between the simulations occur for the radial velocity. While all simulations 

capture the qualitative trend, the values of the deviation differ by up to 10 % of the radial reference 

velocity for the best case ‘Pipe In’ and the worst case ‘Uniform In’. 

 

 
Figure 8: Left: Circumferential average of the phase resolved velocity components in the cone. 

Vertical bars depict variance. Right: Deviation of simulation data compared to measurement 

data. Row 1: Normalized axial velocity. Row 2: Normalized circumferential velocity. Row 3: 

Normalized radial velocity.  
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Figure 9 shows the time averaged circumferential velocity in the measurement plane in the cone 

of the draft tube for all simulations and the measurement (cf. Figure 3 left side). To get the time 

average of the measurement all phase resolved data were averaged. In the measurement negative 

velocities occur in the middle on the lower left. This is only captured by the simulations ‘Head 

Water In’, ‘Tail Water Out’ and ‘Mass Flow Out’. In the simulations ‘Uniform In’ and ‘Pipe In’ the 

area with negative velocities is rotated 90° counterclockwise. The distribution of the velocity in the 

edge area with higher velocities on the top and lower ones on the bottom is captured by all 

simulations. The area with the highest velocity seems to be rotated by 90° counterclockwise in the 

simulation ‘Uniform In’. Overall the case ‘Mass Flow Out’ exhibits the most evenly distributed 

velocities and along with the cases ‘Head Water In’ and ‘Tail Water Out’ the best agreement with the 

measurement.  

 

 
Figure 9: Time averaged circumferential velocity in the measurement plane in the cone. Top 

from left to right: ‘Uniform In’, ‘Head Water In’, ‘Measurement’. Bottom from left to right: 

‘Pipe In’, ‘Tail Water Out’, ‘Mass Flow Out’. 

CONCLUSIONS 

The results of five steady state and five unsteady simulations with different boundary conditions 

have been compared to each other and to measurement results. While the differences between the 

simulations are small, they can be seen throughout the whole turbine both in the integral quantities 

and local flow fields. For both the steady state and unsteady simulations the combination of stating 

the total pressure at the inlet and the mass flow rate at the outlet produced the lowest head losses 

and the best prediction of the power of the runner. For predicting the power the switch from steady 

state to unsteady simulations had a larger influence than the boundary conditions themselves. 

Compared to the tapered prolongation, the tail water tank does seem to have a damping effect on the 

flow in the draft tube but otherwise no big influence on the other components of the turbine 
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upstream. The assumption of a uniform inflow normal to the inlet is probably sufficient in the 

preliminary design stage. If the interest lies in a more detailed view of the flow in the turbine, a 

preceding simulation with the geometry upstream of the turbine can be worth the extra effort. 

Furthermore, this approach reduces the problem of stating valid values for the turbulence at the 

inlet. A good alternative to improve the results is also the switch to stating the mass flow at the 

outlet and the total pressure at the inlet. On the other hand, this combination of boundary conditions 

can lead to higher oscillations of the results as shown in this paper and according to ANSYS (2017) 

to unstable simulations. 
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