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Abstract 

Efficiency measurements are an important part of operating and maintaining a hydroelectric 

turbine. In order to calculate the efficiency, one need a method to accurately measure the flow rate. 

The pressure time method is a way to calculate the flow rate from pressure measurements, which 

are done during a transient. This master thesis aims to evaluate the possibility to implement the 

pressure time method in prototype turbine with variable intake cross-section. To this end, numerical 

simulations of the method on a prototype situated in Porjus were performed. The work was 

compared against experimental data obtained on the machine. Three operating points were 

evaluated, and two different numerical simulations were done for every operating point, with and 

without guide vanes. For the simulation without guide vanes, the deacceleration stems from the 

control of the flow at the outlet. The curve for the mass flow at the outlet was calculated with the 

pressure time method with data from the experiments. For the simulation with guide vanes the 

deacceleration stems from the guide vanes closing. The results from the simulations gives a 

reasonable fit to the experimental data. There is a difference between the simulations with and 

without guide vanes, though both are on the same magnitude. The largest differences between the 

simulations and experimental data is theorized to be due to either the assumption of an 

axisymmetric flow or the outlet boundary conditions.   
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Nomenclature 

𝐴 Area [𝑚2] 

𝑎 Speed of sound [𝑚/𝑠] 

𝐶 Courant number [−] 

𝐶𝑓𝑙 Acoustic courant number [−] 

𝑔 Gravitational constant [𝑚/𝑠2] 

𝐻 Head [𝑚] 

𝐾𝑓 Bulk modulus [𝑃𝑎] 

𝑙 Length [𝑚] 

𝑝 Pressure [𝑃𝑎] 

𝑄 Volumetric flow [𝑚3/𝑠] 

𝑟 Radius [𝑚] 

𝑢𝑖,𝑗 Velocity vector [𝑚/𝑠] 

𝑅𝑒 Reynolds number [−] 

𝑥𝑖 Position vector [𝑚] 

𝑥 Length [𝑚] 

𝑍 Height [𝑚] 

𝛼 Kinetic correction factor [−] 

𝜁 Loss coefficient [−] 

𝜌 Density [𝑘𝑔/𝑚3] 

𝜔 Angular velocity [𝑟𝑎𝑑/𝑠] 
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1 Introduction 

In Sweden, the production of electricity from hydro power is about 40-45% of the total production. 

This corresponds to about 65 Gwh of energy, the total output depends on the catchment of water. 

The power is produced in about 1800 power stations, most of them small power stations (around 

10-100 kw). The basic principle of a hydro power station is to utilize the height difference over a 

length section in a river. This is done by damming up and storing the energy in the water up stream. 

When the energy in the water is to be converted to electrical energy, the water is led through the 

inlet (penstock) to the turbine where the water passes through the runner. The runner spins a shaft 

connected to a generator which supplies the grid with electrical power [1]. 

 

Figure 1: Basic layout of a hydro power plant [2] 

Evaluating the efficiency of a turbine is important, as it can reveal important information about its 

condition.  This emphasizes the need to measure the efficiency precisely. The power output of a 

turbine dependents on the flow rate, among other parameters. In low head machines the flow rate 

is difficult to measure. This makes calculating the efficiency of a hydraulic turbine troublesome. In 

high head machines a thermodynamic approach can be taken to determine the flow rate, but the 

uncertainty grows for low head machines. Other methods which might be suitable for lower head 

machines includes current meter, pressure-time method and an ultra-sonic method. 

The pressure time method is a cheap method as it only needs measurements of the pressure at two 

different points. The principle is based on the conversion of momentum into pressure during a 

deacceleration of the flow. This deacceleration can be related to the initial flow rate via the 

momentum or energy equation [4]. 

1.1 Aim 

The aim of this mater thesis is to evaluate the possibility to use the pressure time method in a tube 

of variable cross section with application towards hydraulic turbines. To this end, the flow in the 

penstock of a full-scale turbine will be simulated with Ansys CFX during a transient (time 

dependent change in flow). The simulations will be done at three different operating conditions. 

The pressure difference at two points in the penstock will be recorded and used to determine the 

flow rate. The work will be verified with experiments previously done on the turbine.   
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2 Theory 

2.1 CFD 

CFD is a tool for simulating fluid dynamical systems, meaning problems with flows of liquid and/or 

gases. It is based on the Navier-Stokes equations which are nonlinear second order partial 

differential equations. The Navier-Stokes equations consists of the continuity equation (1) and the 

momentum equation (2) [3]. 

𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢𝑖)

𝜕𝑥𝑖
= 0 

(1) 

𝜕(𝜌𝑢𝑖)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝑢𝑖)

𝜕𝑥𝑗
=

𝜕𝑃

𝜕𝑥𝑖
−

𝜕(𝜌𝜏𝑖𝑗)

𝜕𝑥𝑗
 

(2) 

 

The Navier-Stokes equations do not have a general solution, but they can be solved with numerical 

tools for simple and complex geometries. Firstly, they are discretized, i.e., they are converted to 

algebraic equations which can be solved. To apply the discretized equation, the fluid domain needs 

to be meshed, i.e., divided into smaller sub volumes. The mesh generates nodes at which the 

discretized equations are iteratively solved. A continuous description of the different parameters is 

found by interpolating the values between the nodes. The Navier-Stokes equations describe the 

complete flow, though to save on computation time, the turbulence can be modelized.  

There are a couple of different turbulence models with the most common being the .  The  

provides a good compromise of robustness and accuracy.  is a two-equation model combining 

the RANS (Reynolds averaged Navier-Stokes) equations with the turbulent kinetic energy and 

dissipation equations. This is providing a complete set of equations to solve the problems [3]. 

2.2 Compressible flow 

The water in the turbine is considered compressible. This is considered by deriving the density of 

the fluid from the definition of the bulk modulus. The density depends on the change in pressure, 

thus including the compressible effects of the water. The bulk modulus is defined as 

𝑑𝑝

𝑑𝜌
=

𝑘𝑓

𝜌
 

(3) 

which can be rewritten to 

𝑝 − 𝑝0

𝜌 − 𝜌0
=

𝑘𝑓

𝜌
 

(4) 

and can be rearranged to 

𝜌 =
𝜌0

1 − (𝑝 − 𝑝0)/𝑘𝑓
 (5) 
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kf is the bulk modulus and is assumed to be equal to 1.73  109Pa [4]. 

2.3 Transient simulation 

The quality of transient simulations is related to the courant number. The courant number is defined 

as 

𝐶 =
𝑢Δ𝑡

Δ𝑥
 

(6) 

If the courant number is 1, a particle travels through a mesh cell during a time step. The acoustic 

courant number (CFL) considers the speed of sound in the fluid such as: 

 

𝐶𝑓𝑙 =
(𝑢 + 𝑎)Δ𝑡

Δ𝑥
 

(7) 

 

This is similar to the courant number, if the Cfl number is 1, a pressure wave in the fluid travels a 

mesh cell during one timestep. Since the wave speed in a fluid is related to its density the Cfl 

number changes due to density [5]. 

 

2.4 Pressure time method 

The pressure time method was derived by Norman Gibson in 1923. It is a method for estimating 

the flow rate during a transient change in the flow. The method involves measuring the pressure 

difference between two cross-sections while closing a valve or guide vanes. By integrating the 

resultant curve over the closure time, the initial flow rate can be obtained. The flow rate can further 

be used to calculate the efficiency of the turbine [6]. 

2.4.1 Derivation 

The flow rate obtained with the pressure time method can be derived from the energy equation for 

an isothermal fluid. The energy equation can be formulated as: 

 

where 𝑤𝑓 is the work done due to losses and 𝛼 is the kinetic energy correction factor. 𝑈, 𝜌, 𝑝 and 𝑧 

are the velocity, density, pressure and height, respectively. The losses can be expressed as 

 

where 𝑝𝑓 is the pressure losses due to friction and Q the flow rate. The rate of change of energy 

inside the control volume, which is the first term on the right-hand side in eq 8, is approximated 

by 

 

−𝑤𝑓 =
𝑑

𝑑𝑡
∭

𝜌𝑈2

2
𝑑𝑉 + ∬ (

𝑝

𝜌
+ 𝜌 ⋅

𝛼𝑈2

2
+ 𝜌𝑔𝑧) 𝜌(�̅� ⋅ �̅�)𝑑𝐴 

(8) 

𝑤𝑓 = 𝑝𝑓𝑄 (9) 
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The net flow rate of energy out of the control volume, which is the second term on the right-hand 

side in eq 8, is approximated by 

 

Now we can use eq 11, 10 and 9 in the energy eq 8, which gives 

which rearranged is 

Δ𝑝 + (
𝛼2

𝐴2
2 −

𝛼1

𝐴1
2)

𝜌𝑄2

2
  + 𝜌𝑔(𝑍1 − 𝑍2) + 𝑝𝑓 = 𝜌 ∫

1

𝐴(𝑥)
𝑑𝑥

𝑑𝑄

𝑑𝑡

𝐿

0

 
(13) 

From eq 14, we integrate with respect to time,𝑡, and then solve for the flow rate 𝑄, which gives 

 

1

𝜌 ∫
1

𝐴(𝑥)
𝑑𝑥

𝐿

0

⋅ ∫ (Δp + (
α2

A2
2 −

α1

A1
2) ρ

Q2

2
+ 𝜌𝑔(𝑍1 − 𝑍2) + 𝑝𝑓) 𝑑𝑡 = 𝑄  

(14) 

To simplify this relation, we rewrite as   

𝑄0 =
1

𝜌 ∫
1

𝐴(𝑥)
𝑑𝑥 

∫[Δ𝑃 + 𝑝𝑓 + 𝑝𝑑 + 𝑝𝑔]𝑑𝑡 
(15) 

 

The factor outside the integral is the pipe factor, it contains information on the geometry. Where 

pd and pg are described as  

𝑝𝑑 = 𝜌
𝑄2

2
(

𝛼2

𝐴2(𝑥)2
−

𝛼1

𝐴1(𝑥)2
) 

(16) 

𝑝𝑔 = 𝜌𝑔Δ𝑍 (17) 

∆p is the pressure difference measured over the sections. 𝑝𝑓 is the pressure losses due to friction 

that occurs between the two cross-sections.  

𝑑

𝑑𝑡
∭

𝜌𝑈2

2
𝑑𝑉 = 𝜌𝑄 ⋅

𝑑𝑄

𝑑𝑡
∫

𝑑𝑥

𝐴(𝑥)
 

(10) 

∬ (
𝑝

𝜌
+ 𝜌 ⋅

𝛼𝑈2

2
+ 𝜌𝑔𝑧) 𝜌(�̅� ⋅ �̅�)𝑑𝐴

= (𝑝2 − 𝑝1)Q + ρ
Q3

2
(

𝛼2

𝐴2
2 −

𝛼1

𝐴1
2) + 𝜌𝑔(𝑧2 − 𝑧1)𝑄 

(11) 

−Δ𝑝𝑓𝑄 = 𝜌𝑄 ⋅
𝑑𝑄

𝑑𝑡
∫

𝑑𝑥

𝐴(𝑥)
+ (𝑝2 − 𝑝1)Q + ρ

Q3

2
(

𝛼2

𝐴2
2 −

𝛼1

𝐴1
2) + 𝜌𝑔(𝑧2 − 𝑧1)𝑄 

(12) 
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2.4.2 Losses 

The pressure losses due to friction, pf can be divided in two different categories, losses in straight 

pipes and minor losses (contractions, elbows, etc). Losses in straight pipes are described as: 

𝑝𝑓1
=

𝜌𝑄2

2
⋅

𝑙 𝑓

𝐷5𝜋2
  

(18) 

 

The expression for the calculation of the friction factor, 𝑓, changes with the Reynolds Number. For 

a Reynolds number up to 2300 the friction factor is: 

𝑓 =
64

𝑅𝑒
 

(19) 

 

for a Reynolds over 4000 the Haalands approximation is used assuming smooth surfaces: 

  

𝑓 = (−1.8 log (
6.9

𝑅𝑒
)

1.11

)

2

 
(20) 

 

and between 2300 and 4000 the following: 

   

𝑓 =
64

2300
+

(𝑅𝑒 − 2300)𝑓𝑑

1700
 

(21) 

 

where fd is: 

 𝑓𝑑 = (−1.8 log (
6.9

𝑅𝑒
)

1.11
)

−2

− 64/2300 
(22) 

 

For losses in elbow and contractions the following expression is used: 

   

𝑃𝑓2
=

𝜌𝑄2

2
⋅

𝜁

𝐴2
  

(23) 

 

Where the coefficient can be calculated with appendix A [4]. The total pressure loss due to friction 

is the sum of the pressure losses in the straight pipes, bends and contractions.  

𝑝𝑓 = 𝑝𝑓1 + 𝑝𝑓2 (24) 
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2.4.3 Flowrate calculation 

When calculating the flow rate with the pressure time method, eq 15 can be used for all cases. For 

a case where the cross-sectional area is constant, and the height difference is zero, the relation 

simplifies to: 

𝑄0 =
𝐴

𝜌𝑙
∫[Δp + pf ]𝑑𝑡 

(25) 

 

Here pf2 is zero as there is no bends and contractions. pf then simplifies to: 

 

𝑝𝑓 =
1

2
𝜌

𝑄2𝑓 𝑙

𝐴2𝐷
+ 0 

(26) 

 
2.4.4 Geometry and pipe factor 

The pipe factor is the factor in front of the integral in eq 15, where: 

𝐾1 =
1

𝜌 ∫
1

𝐴(𝑥)
𝑑𝑥 

 

 

(27) 

A way to calculate the factor K1 for geometries which consists of sections of straight pipes and 

bends is to simplify the integral to a sum like: 

𝐾1 =
1

𝜌 ∑ (
𝑙𝑗
𝐴𝑗

) 𝑛
𝑗=0  

 
(28) 

Where j is the index for the different sections. The Losses in the penstock, considering both types 

of losses, for a geometry of different sections can be described as a sum 

where the index n is the number of different sections of the penstock. Now let 𝐾2 be the geometry 

factor given by   

𝐾2 = ∑
𝑙𝑗

𝐷𝑗
5 𝜋2

𝑛

𝑗=1

 (30) 

This geometry factor only holds information about the geometry for the losses in straight pipes. To 

find the geometry factor 𝐾2we use eq 29 together with 30, which gives: 

𝑃𝑓 = 𝜌𝑄2
1

2
(∑

𝑓𝑗𝑙𝑗

𝐷𝑗
5𝜋2

+ ∑
𝜁𝑗

𝐴𝑗
2

𝑛

𝑗=1

𝑛

𝑗=1

)  

(29) 
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𝐾2 =
2𝑃𝑓

𝜌𝑄2𝑓
− ∑

𝜁𝑗

𝐴2

𝑛

𝑗=1

 
(31) 

This gives the possibility to calculate the geometry factor from a steady state simulation. And the 

geometry factor in turn can be used to calculate the pressure losses due to friction. The equation 

for the pressure losses expressed with the geometry factor becomes  

 

 

And the friction coefficient f can be calculated with Equations 19-22 assuming constant diameter 

of the pipe. The friction coefficient for the bend could be found using appendix A. A similar 

approach is taken in [8]. 

  

𝑃𝑓 = 𝜌𝑄2
1

2
(𝐾2 ⋅ 𝑓 + ∑

𝜁𝑗

𝐴2

𝑛

𝑗=1

) (32) 
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3 Methodology 

3.1 Pipe test case 

A pipe test case was done to find a timestep suitable for the full-scale simulations of the Porjus 

turbine and to show the effects of the time step on the pressure time method. The time step needed 

to be small enough to capture the pressure difference and gives reliable results but big enough to 

keep the computational time reasonable. 

3.1.1 Geometry and mesh 

The test case consisted of the wedge of a straight pipe with length 15 m and a radius of 1 dm. The 

angle of the wedge was chosen to 10◦. The geometry was made with Ansys DesignModeler and 

meshed with hexahedral elements in Icem. The wedge can be seen in figure 2. 

The quality of the mesh is important when considering the accuracy of the results. For this reason, 

it is important to evaluate the mesh based on some criteria. For a simple geometry, most of these 

criteria can be improved with an increase of the number of elements in the mesh but this comes 

with at a cost of increased calculation time. The number of elements was chosen to be as low as 

possible for shorter computation time, which came to a total of about 14 000 elements. Ansys CFX 

have some statistics for minimal angle, expansion factor and aspect ratio [9]. 

The minimal angle is the minimal internal angle of an element. It is preferable to have an angle of 

90◦ when using a mesh with hexahedral elements. The expansion factor describes the volume 

expansion for an element compared to its largest neighbors’ volume. The aspect ratio is defined as 

the maximum edge length divided by the minimum edge length, for a hexahedral element. The 

2x2x2 determinant and the Erikssons skewness factor are also good criterion. The 2x2x2 

determinant can tell you if you have an inverted element, and Eriksson’s skewness gives a 

measurement of how skewed the elements are. 
 

Table 1: Mesh statistics for the test pipe case 

Variable Recommended min max 

Minimum angle >18 80.01 87.48 

Expansion factor <20 1 4.86 

Aspect ratio <10 000 29.3 425 

2x2x2 determinant >0.2 0.224 0.99 

Eriksson’s skewness >0.5 0.99 1 

 
3.1.2 Boundary conditions and solver setup 

In order to find the pressure difference as a function of time, the simulation was set up as transient. 

The total simulation time was chosen to 1 s in order to keep the computation time low. The time 

step was varied throughout a sensitivity analyze. The boundary conditions for the steady state 

simulation are as follows: 
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Table 2:Boundary conditions for the steady state simulation of the test case 

location Boundary Condition Details 

Wall Wall: No slip wall - 

Inlet Opening: pres. and dirn. 2 bar 

Outlet Outlet: mass flow rate 10 kg/s 

Sym-plane Symmetry - 

 

Fig 2 displays the boundary conditions applied. A steady state simulation was done as an initial 

condition for the transient simulation. The same boundary conditions apply for the transient 

simulation with the only difference being that the mass flow in the outlet varies with time.   

 

Figure 2: Test pipe boundary conditions. 

To model the valve, the mass flow at the outlet was varied. This was done by defining an 

expression that reduces the flow from 10 to 0 kg/s. A hyperbolic tangent was chosen to describe 

the variations, which can be seen in fig 3. 

 

Figure 3: Mass flow at outlet 
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To take the compressibility of the water into consideration, the density of the water was changed 

with an expression which describes the density according to eq 5. The domain was assumed to be 

isothermal and the number of coefficient loops for each time step was set to 4, in order to keep the 

computation time down. 

3.1.3 Sensitivity analysis 

The effect of the time step was investigated on the calculated flow rate. The different time steps 

tested ranged from 0.1 down to 10-10
 S in 10 steps. 

 The solver CFX writes the acoustic courant number. Since the flow in the pipe and mesh don’t 

change with the time step, the Cfl number depends linearly on the time step (see eq 7). From the 

lower time steps, the gradient of the Cfl could be calculated and used to calculate the Cfl number 

for larger timesteps. The results from the sensitivity analysis was used to choose the time step for 

the Porjus simulations. Small time steps were tested on the Porjus prototype in order to find the 

linear relationship between the Cfl number and the time step. Based on the accuracy of the flow 

calculations and how the Porjus models Cfl-number varies function of the time step, a final time 

step was chosen. 

The pressure time calculations for the test case was done similarly for all different time steps. In 

CFX post, two planes were defined at 0.075 and 14.925 meters from the inlet. An expression was 

defined taking the difference between the area average pressure at these planes. The pressure 

difference was then calculated for every time step, plotted and later exported. The data was 

imported to MATLAB where calculations were done. 

 

Figure 4:Wire frame displaying the planes from which measurement were taken 

To calculate the initial flow rate in the pipe from the pressure difference, the simple formulation 

of the pressure time equation is used, eq 25. The friction coefficient f was calculated using the 

equations 19-22, depending on the magnitude of the Reynolds number at each time step. By 

calculating the Reynolds number and the friction coefficient at every time step, the flow is 

considered quasi steady. Because the friction coefficient f depends on the Reynolds number and 
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the Reynolds number depends on the flowrate, the calculation needs to be done iteratively. Fig 5 

illustrates the iterative algorithm used. 

 

Figure 5: Flow chart of the iterative flow calculations. 

To calculate the integral in the equation for the flow rate (eq 25), the MATLAB function cumtrapz 

was used. With the start integration time at 0.1 s and 0.75 s.  

3.2 Porjus 

For the simulations of the turbine, parts of the experimental data were used to set up the simulation 

and others used to compare the results. The previously done experiments were divided into 18 

measurements at 3 different operating points. Meaning that there were six measurements done at 

40% of the turbines maximum load, six measurements at 60% of maximum load and six 

measurements at 90% [10]. For this reason, three full scale simulations without guide vanes, and 

three simulations with guide vanes, at these operating points were conducted. The data contained 

the pressure, data for the guide vane movement and the flow rate, measured with an ultrasonic flow 

sensor. The flow rate was needed for the steady state simulations used as initial condition. The 

guide vane movement was needed for the simulations with guide vanes. The pressure difference 

was used both for comparing the results as well as calculating the outlet boundary condition for the 

simulations without guide vane.  
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3.2.1 Geometry and mesh 

The geometry is presented in figure 6. The water flows from the top, marked with arrows down the 

penstock and then out through the spiral. All these parts were modeled and meshed by other people 

outside of this project. 

 

Figure 6: Geometry of the full-scale model 

The mesh can be divided into four basic part, the first three being the upper penstock, lower 

penstock and spiral. These parts were used for both the simulations with and without the guide 

vanes. And the fourth part being the distributor passage which contains the guide- and stay vanes. 

The mesh qualities for the upper, lower penstock and the spiral can be found in table 3. These are 

all within Ansys guidelines which can be seen in table 1 [9]. 

 
Table 3: Mesh statistics for full scale model 

Geometry min 

angle 

max expansion 

factor 

max aspect ratio 

Upper 

penstock 

18.3 19.8 1470 

Lower 

penstock 

32.2 19.4 1340 

Spiral 19.8 15.7 1850 

 

Table 4 describes all the meshes used for the simulation done without the guide vane. For the guide 

vane simulations, the same meshes are used plus the distributor channel. Because of the movement 
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of the guide vane, three different meshes were needed to perform the complete movement of the 

guide vanes. One which keeps acceptable mesh statistics between an angle of 32◦ and 18◦, a second 

one for 18◦ to 11◦ and a third one from 11◦ to 3◦. All these meshes are done with hexahedral elements.  

Table 4: Mesh statistics for distributor channel 

Geometry mini 

angle 

max expansion 

factor 

max aspect ratio 

32◦ − 18◦ 21.87 20,6956 563 

18◦ − 11◦ 19.17 46,3834 719 

11◦ − 3◦ 16.56 34,6748 563 

 
3.2.2 Boundary conditions and solver setup 

For all operating points, a steady state simulation was first done to find the total pressure at the 

inlet. The mass flow rate was defined at the inlet: 22,11 m3/s for 90% of the maximum load, 13,11 

m3/s for 60% of the maximum load and 10,11 m3/s for 40% of the maximum load. For the steady 

state simulation, the ”pseudo time step” needed to be reduced in order to avoid solver divergence. 

This was done by setting the physical time scale to 0.05 s. The density of the water was set as eq 5 

in order to take the compressibility into consideration. 

 

All connection between the meshes were defined with ggi interfaces connection. The initial 

condition for the simulation without the guide vanes can be seen in table 5. 

 
Table 5: Boundary condition for the steady state simulations without guide vane 

Location Boundary 

condition 

Details 

Penstock No slip wall - 

Spiral No slip wall - 

Penstock Inlet Inlet Mass flow rate 

Spiral outlet Opening Opening pres. and dirn. 0Pa 

 

From the steady state simulation, the total pressure was used for the inlet boundary condition at the 

inlet for the transient simulations. The total simulation time was found from the data, time of 

movement of the guide vanes. Boundary conditions for the transient simulations without guide 

vanes can be seen in table 6. The outlet boundary condition needed a uniform mass flow in order 

to avoid numerical divergence. The uniform mass flux constrain makes the mass flow distribution 

identical across the entire boundary. This is an approximation of the real case and influence the 

final result, i.e, the pressure distribution in the spiral casing. 
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Table 6: Boundary condition transient simulation without guide vanes 

Location Boundary 

condition 

Details 

Penstock No slip wall - 

Spiral No slip wall - 

Penstock Inlet Inlet Total pressure 

Spiral outlet Outlet Mass flow rate, uniform mass flux 

 

For the simulations without guide vanes, the mass flow at the outlet was calculated using the 

experimental data. The pressure difference together with the pressure time method was used. The 

pipe factor K1, eq 28, was set to 1. The pressure losses were defined with eq 32. The geometry 

factor 𝐾2 was found using eq 31, where a steady state simulation provides the pressure difference 

and flow rate. The friction factor was found in the same way as for the test case, by first calculating 

the Reynolds number at every time step then calculating the friction coefficient based on the 

Reynolds number with eq 19-22. The 𝜁 coefficient in eq 31 and 29 is found in appendix A. With a 

pipe factor being equal to 1, the pressure time method will give a flow curve that goes from nearly 

one to zero. In order to get the correct magnitude of the flow rate, the curve is normalized and then 

multiplied with the initial flow rate, which was measured in the experimental data. 
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Figure 7: Algorithm used to find the flow rate for simulations without guide vanes. 

 

When running the simulations of the turbine with guide vanes, the boundary conditions for the 

penstock and spiral are the same except the outlet of the spiral, which is instead an interface 

boundary with the distributor channel. The simulations with one guide vane assume an 

axisymmetric flow at the outlet. 
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Figure 8: Distributor channel with inlet and outlet highlighted to the left. Top and bottom walls highlighted to the 

right 

In figure 8 the distributor channel can be seen. For modeling the guide vane movement, the domain 

was set to mesh deformation with regions of specified motion. From the experimental data the 

angle of the guide vane as a relative function of time could be found. The function is relative to the 

maximum guide vane angle, which is 35◦. In Table 7 the boundary conditions are shown for the 

distributor channel. 

Table 7: Boundary condition for distributor channel 

Location Boundary 

condition 

Details 

Inlet Interface Specified pitch angles 350O and 19.44O 

Outlet Opening 0 Pa 

stay vane no slip wall Stationary mesh motion 

Guide vane No slip wall Specified mesh displacement in polar coordinates 

Sides Interface Rotational periodicity 

Top No slip wall Unspecified mesh motion 

Bottom No slip wall Unspecified mesh motion 

 

The experimental data contained the angle of the guide vane as a function of time. This information 

was used to define the displacement of the guide vane. A new coordinate system was defined with 

the z-axis as the axis of rotation. The wall boundary condition was set to rotate around the z-axis 

in this new coordinate system. The displacement was defined with cylindrical components, where 

the tangential component was defined as: 

 

 �̇�(𝑡)  = rωt (33) 
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where ωt is the angle at a given time. The guide vane angle as a function of time for the three cases 

can be seen in fig 9, it is visible that the closure of the guide vanes is in two phases, with the first 

being quick and the second phase being slower to avoid large pressure rise at the end of the closure. 

 

Figure 9: Guide vane angle 

Simulating the guide vane movement was used until the guide vane reached an angle of 3◦, after 

this angle the mesh quality becomes unacceptable. After, a model for porous media was used in 

order to emulate the guide vane closing. To set up the porous media the domain type needs to be 

set from fluid domain to porous domain and a subdomain is defined within the distributor channel. 

Within the subdomain a source is defined with isotropic loss model and a resistance loss coefficient 

defined as: 

PorousCoeficient · PorousZone (34) 

 

The PorousZone defines where the Porous effect take place. It is defined to act at the location where 

the guide vanes would overlap. It is equal to 1 for the locations where the guide vanes overlap. This 

function is defined in CFX with a step function such as: 

(𝑠𝑡𝑒𝑝 (
𝑟𝑎𝑑𝑖𝑢𝑠

1[𝑚]
−  0.775) −  𝑠𝑡𝑒𝑝 (

𝑟𝑎𝑑𝑖𝑢𝑠

1[𝑚]
−  0.9269)) ⋅  𝑠𝑡𝑒𝑝 (

𝑡

1[𝑠]
) 

(35) 

 

where the radius is found with Pythagorean theorem. The porous coefficient is found through trial 

and error. The flow rate from the outlet was desired to be linear, to follow the guide vane closing, 

multiple functions were tried. For the operation point 90% of the total load, the porosity coefficient 

was found to be  

 

64𝑒0.179(𝑡−7.16)3
  (36) 
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For the 60 % load operating point, the coefficient was found to  

64𝑒0.126(𝑡−5.65)3
  (37) 

 

For the 40% load operating point the coefficient was found to 

 

64𝑒0.127(𝑡−5.7)3
  (38) 
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4 Results 

4.1 Test case 

In figure 10, the pressure difference over a section for different time steps is shown to the left and 

flow from the pressure time method to the right. For the largest time steps, the pressure difference 

starts to lose shape. For the flow rate one can see that for again it starts to lose its shape for the 

larger timesteps, similarly to the flow. Appendix B contains figures with all the time steps. 

 

 

Figure 10: Pressure difference to the left and flow rate to the right for some time steps 

 

From the flow rate, the relative error could be calculated.it is the ratio between the absolute error 

and the magnitude of the correct answer. The relative error can be seen to the left in figure 11. And 

to the right the Cfl number plotted against the timestep for both the Porjus and test case model.  

 
Figure 11: Relative error vs time step to the left. The Cfl number vs timestep on the right 
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The relative error is small except for the highest and lowest time steps. From figure 11 (right) one 

can see that the time step of 0.01 will produce a Cfl number of 2.39e4 and the relative error is is 

about 1%. The same Cfl number for the Porjus simulation will give a timestep of 1.02⋅10-2 s. This 

was rounded to 10-2 s which was the timestep used in all the Porjus simulations. 

4.2 Porjus 

In Figure 12, the pressure difference (left) and mass flow (right) are presented for the case of 40% 

load. When comparing the pressure difference one can see that the simulation, without the guide 

vanes, and the experimental data are in a reasonable agreement. One can see the shift from the first 

to second phase at circa 1 s, the mass flow can be seen to have similar shape to the guide vane 

movement shown in Fig 9. During the first phase of the simulation, the pressure difference is 

underestimated. The guide vane simulation overshoots the shift between the first and second phase. 

During the second phase the pressure difference follows the trendline. The mass flow for the 

different simulations have some deviations. The mass flow from the simulation without guide vanes 

don’t have pronounced switch between the first and second phase of the closure. With the guide 

vane, the switch between the first and second phase is more pronounced. At the upper right corner, 

the effects of the porous media can be seen. The reason of the mass flow being negative is because 

CFX defines the mass flow into a domain as positive and out of a domain as negative.  

 

 
Figure 12:Pressure differences between the simulations compared to the experimental data to the right. Mass flow 

rate between simulation with and without guide vane. 

In the 60% load case, the pressure difference (right in fig 13) seems to match the experimental 

results better than for the 40% case. During the first phase the pressure difference, the simulation 

without guide vane fits the experimental data better. During the second phase the pressure 

difference is somewhat underestimated. For the simulation with guide vanes the pressure 

difference during the first phase is not a perfect fit but does have a distinct transient when moving 

from the first to second phase. The porous media can be seen on the right side. The mass flow 

shows that the simulation with guide vane have a larger rate of change during the first phase and 

is similarly linear during the second phase.  
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Figure 13:Pressure differences between the simulations compared to the experimental data to the right. Mass flow 

rate between simulation with and without guide vane. 

For the last operating point, without guide vanes, the pressure difference (fig 14) does not quite 

have the same variation as the experimental data, during the first phase. But during the second 

phase the pressure difference from the simulation have a pressure difference that is similar. Though 

it is somewhat underestimated. For the simulation with guide vanes the pressure difference 

coincides well with the experimental data. Like the previous operating points, the switch to the 

porous media is visible on the right-hand side of the curve. The mass flow of the two simulations 

can be seen to the right in fig 14. A difference between the two curves is observed. The rate of 

change is not linear, during the first phase, for the simulation with guide vane. The switch to porous 

media is visible on the right side of the curves.  

 

Figure 14:Pressure differences between the simulations compared to the experimental data to the right. Mass flow 

rate between simulation with and without guide vane. 
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5 Discussion and conclusion 

The pipe test case shows that the time step does not matter in the extend which was first thought. 

At least not for the standard formulation of the pressure time method with a quasi-steady 

formulation of the pressure losses. A different formulation might need a smaller time step. A larger 

time step could probably be used on the Porjus model without any significant impact on the results, 

though a smaller one was chosen in order to be sure of acceptable results would be obtained.   

All the simulations done without guide vanes coincide reasonably well with the experimental data, 

this is expected since the outlet boundary condition is calculated with the experimental determined 

flow rate. This similarity between the simulations and experimental data confirms that the 

numerical setup is reasonably accurate. The largest difference in the pressure difference between 

the simulations without guide vane and the experimental data, is during the first phase of the 90% 

load operating point. This difference might be due to the accuracy of the geometry factor and the 

assumption of an axisymmetric outlet flow. The most likely reason is that the simulations without 

guide vanes is assumed to be perfectly axisymmetric with uniform mass flux applied at the outlet, 

which might not be a realistic assumption for this operating point. There seems also to be a constant 

problem with the simulations giving a small underestimation of the pressure difference, this is most 

likely a result of the geometry factor being calculated with a steady sate simulation.  

When comparing how the change in mass flow changes the pressure difference, one can draw the 

conclusion that the rate of change of the mass flow greatly impacts the pressure difference. This is 

since the momentum is converted into pressure when the flow is deaccelerated. So, the accuracy of 

a simulation for the pressure time correlates to the mass flow at the outlet boundary. For simulations 

where the deacceleration is not modeled by setting the mass flow at the outlet, the means of 

deaccelerating the mass flow needs to be accurate and lifelike. In the case of the simulations done 

with guide vane, the outlet boundary can also affect the deacceleration.   

 If these types of simulations were to be used in an industrial context, it would be advantageous to 

look with the impact of the mesh deformation. The outlet boundary condition is also of interest to 

explore more thoroughly, since the opening boundary condition applies some direction to the flow, 

this could not be done in this project due to time constraints. When deciding the porosity 

coefficient, time may be saved with an appropriate method without trial an error. Another approach 

to find this coefficient might to lower the time used and increase the accuracy of the simulation.  

In summary, it is possible to simulate the deacceleration in a hydraulic turbine and get a pressure 

difference usable for the pressure time method. If the method of deaccelerating the flow with the 

guide vane/mesh deformation is to be used, the numerical setup is most likely needing to be refined 

in order to obtain results which are more accurate, i.e., include the runner. 
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7 Appendix 

7.1 A Friction coefficient elbow, contractions 

 

Figure 15: Friction coefficient for elblows and contractions 
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7.2 B Figures  
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7.3 C Matlab scripts 

7.3.1 Friction coefficient 

Function for finding friction coefficient 

 
function [f]=fric(Re,D,eps2) 

%function to find the friction coefficient for a stright pipe for every  

%time step 

%Re-reynolds number 

%D-diameter 

%eps2-surface roughness 

f=zeros(size(Re));  %initilazation óf f 

     for i=1:length(Re)                             %loops through every  

                                                    %timestep 

                                                     

         if Re(i) < 6                               %reynolds less than 6 

                f(i) = sign(Re(i))*64/6;             

         elseif abs(Re(i))<2300 && abs(Re(i))>6     %reyolnolds between 6  

                                                    %and 2300 

                f(i) = 64/Re(i);  

         elseif abs(Re(i))<4000 && abs(Re(i))>2300  %reynolds between 2300 

                                                    %4000 

                dfs2  = (1/(-1.8*log10(6.9/4000+((eps2/D)/3.7)^1.11))^2)… -

64/2300; 

                f(i) = 64/2300+(Re(i)-2300)*dfs2/1700;    

         else                                       %reynolds bigger than  

                                                    %4000 

                f(i)=(1/(-1.8*log10(6.9/Re(i)+((eps2/D)/3.7)^1.11))^2); 

        end 

    end 

end 
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7.3.2 Pressure time straight pipe 

Function used for calculating flow in the test case 

 
function [Q,pf,i]=tp_simple(in,ind,tid) 

% function to use pressure time method for a circualr pipe with 

constanst 

% cross section 

global d rho visk A l i eps 

%resding in global variables 

%d   -  diameter 

%rho -  denisity 

%visk-  viscousity 

%A   -  cross sectional area 

%l   -  length 

%eps -  surface roughness 

  

Q1=0; 

pf=linspace(in(1),0,(ind(end)-ind(1)+1))';%start guess for pressure 

losses                                          

Q=A./(rho*l).*cumtrapz(tid(ind),(in+pf));%initial guess for flowrate 

  

    while max(abs(Q1-Q))>10^-10     %loop with exit condition 

        Q1=Q;                    

        re=(Q.*d.*rho./(visk*A));   %reynolds 

        f=(fric(re,d,eps));         %function for frictions coefficient 

        pf=(1/2)*rho.*Q.^2.*l.*f./(A^2*d);  %pressure losses 

        Q=A./(rho*l).*cumtrapz(tid(ind),((in+pf))); %flow rate 

        i=i+1;                      %number of iterations 

    end 

  

end 
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7.3.3 Plotting test case 

Example code of the test case main script 

 
%% Example code for finding cfl 

close all 

clear all 

%% read data 

In13=csvread('data_13.csv',5,0); 

%% plotting raw data 

figure() 

plot(In13(:,1),In13(:,2),'LineWidth',1.5) 

title('raw data') 

xlabel('time') 

ylabel('pressure diffrence') 

%% parameters 

global d rho visk A l i Q1 eps 

d=0.2;                          %diameter   

rho=997.2;                      %density   

visk=8.9*10^-4;                 %viscosity 

A=(pi*d^2)/(4)-2.8500*36e-06;   %area       

l=15-0.075*2;                   %legnth      

eps=0;                          %surafce roughness 

i=0;                            % to start the loop  

Q1=0;                           %  

%% calculations of 1e-3 

  

ind13=find(In13(:,1)>0.11 & In13(:,1)<0.75);   %index for intergration  

                                               % times 

tid13=In13(:,1); 

[Q13,pf13,i13]=tp_simple(In13(ind13),ind13,tid13); 

%% plots 

figure() 

plot(tid13(ind13),Q13*rho/36) 

title('Mass flow pressure time test case') 

ylabel('Mass flow [kg^3/S]') 

xlabel('Time [s]') 
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7.3.4 Outlet calculation without guide vanes 

%% calculating flow for simulation without guidevanes 

close all 

clear all 

filenames={ 'Nr1_40','Nr2_40','Nr3_40','Nr4_40','Nr5_40','Nr6_40',... 

            'Nr1_60','Nr2_60','Nr3_60','Nr4_60','Nr5_60','Nr6_60',... 

            'Nr1_90','Nr2_90','Nr3_90','Nr4_90','Nr5_90','Nr6_90'}; 

%filenames is array which contains the filenames of the experimental data 

  

T1=[550,575,290,280,257,350,... 

    250,250,525,350,375,300,... 

    480,350,275,450,325,275]; %times used for finding static pressure 

  

TL=[469.5,513,228.2,222.2,201.6,297.1,... 

    215.4,223.1,488.3,320.4,357.5,247.6,... 

    434.9, 318.8, 232.8, 419.3, 289.2,228.9];%start times for the transient 

  

TU=[479.4,524,238,231.9,210.6,306.9,... 

    226,233.3,498.4,330.4,367.3,257.5,... 

    446.5 ,329.5 ,243.9 ,430.6,300,240.1];%end times for the transient 

  

for k=1:length(filenames) 

  

    load(filenames{k}) %reading the files 

    dp=Spiralcase_pressure_Y-Tubepressure_1_Y; %Taking the pressure  

                                               %difference 

     

    tid=Time;                                  %renaming time vector 

     

    ind1=find(tid>T1(k));                      %index vector for times  

                                               %after the transient 

    ind=find(tid>TL(k) & tid<TU(k));           %finding index for  

                                               %integration times 

  

    p_stat=trapz(tid(ind1),dp(ind1))/(tid(ind1(end))-tid(ind1(1)));%static 

                                                                  %pressure 

    dp=dp-p_stat;               %removing the static pressure from dp 

    dp=sgolayfilt(dp,1,51);     %filtering 

    %% some parameters 

    rho=997;                    %density 

    visk=8.9*10^-4;             %viscousity 

    g=9.82;                     %gravitational constant 

    h=p_stat/(rho*g);           %static pressure in head 

    A2=1.88^2*pi/4;             %cross sectional area penstock  

    %% calc of geometry factor 

    dpf=19723.4;                    %Pressure difference from steady state 

                                    %simulation 

    m=22794.1;                      %massflow from steady state simulation 

    re_s=(m.*1.88./(visk*A2));      %reynolds steady state 

    f_ss=fric(re_s,1,0);            %friction coeffcient 

    k2=(2*dpf*rho/(m^2)-0.35/(1.8^4*pi^2))/(f_ss); %geometry factor 

  

    %% Initial guess 

    Q1=0; 

    k1=1;                                           %pipe factor 
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    pf=linspace(dp(ind(1)),0,(ind(end)-ind(1)+1))'; %intial geuss pressure 

                                                    %losses 

    Q=k1*cumtrapz(tid(ind),dp(ind)+pf);             %initial flowrate 

    J=0; 

    %% loop 

    while max(abs(Q-Q1))>10^-14 

        Q1=Q; 

        re=Q.*1.88.*rho./(visk*A2); %reynolds 

        f=fric(re,1,0);             %friction coefficient 

        pf=(rho*1/2*Q.^2.*(k2).*(f)+0.5*0.35*rho*Q.^2/A2^2)*10^-5; 

                                                            %pressure 

                                                            %losses 

        Q=k1*cumtrapz(tid(ind),dp(ind)+pf);     %flow rate 

        J=J+1; 

    end 

  

    T(:,k)=linspace(TL(k),TU(k),5000);          %saving intergration times 

    Qut(:,k)=interp1(tid(ind),Q,T(:,k));        %interpolating the flows  

                                                %inorder to have equal 

                                                %sized matrices 

    Q_data(k)=Flowrate;                         %svaing initial flowrate  

                                                %from experimental data 

     

  

end 

%% meanvalues of calculated flow at the operating points 

  

for i=1:length(filenames) 

    Qut(:,i)=Qut(:,i)/max(Qut(:,i));    %normalizing 

    T(:,i)=linspace(0,TU(i)-TL(i),5000);%vector conataing absolute legnth 

                                        %of transient time 

end 

  

Q_40=(Qut(:,1)+Qut(:,2)+Qut(:,3)+Qut(:,4)+Qut(:,5)+Qut(:,6))/6; %mean value 

T_40=(T(:,1)+T(:,2)+T(:,3)+T(:,4)+T(:,5)+T(:,6))/6;             %of calc 

                                                                %flow and 

                                                                %Time 40 

                                                                %case 

  

Q_60=(Qut(:,7)+Qut(:,8)+Qut(:,9)+Qut(:,10)+Qut(:,11)+Qut(:,12))/6; 

T_60=(T(:,7)+T(:,8)+T(:,9)+T(:,10)+T(:,11)+T(:,12))/6;          %mean value 

                                                                %of calc 

                                                                %flow and  

                                                                %time 60 

                                                                %case                                                               

Q_90=(Qut(:,13)+Qut(:,14)+Qut(:,15)+Qut(:,16)+Qut(:,17)+Qut(:,18))/6; 

T_90=(T(:,13)+T(:,14)+T(:,15)+T(:,16)+T(:,17)+T(:,18))/6;       %meanvalue 

                                                                %of calc  

                                                                %flow and 

                                                                %time 90 

                                                                %case 

Q_40d=sum(Q_data(1:6))/6;               %inital flowrate for 40 case 

Q_60d=sum(Q_data(7:12))/6;              %intial flowrate for 60 case 

Q_90d=sum(Q_data(13:18))/6;             %inital flowrate for 90 case 

  

%% plotting 
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mass_40_gv=csvread('massflow_gv_40.csv',5,0); 

mass_60_gv=csvread('massflow_gv_60.csv',5,0); 

figure() 

plot((T_40),(max(Q_40)-Q_40)*Q_40d*997) 

hold on 

plot(mass_40_gv(:,1),-mass_40_gv(:,2)) 

  

figure() 

plot((T_60),(max(Q_60)-Q_60)*Q_60d*997) 

hold on 

plot(mass_60_gv(:,1),-mass_60_gv(:,2)) 

  

figure() 

plot((T_40),(max(Q_40)-Q_40)*Q_40d*997) 

hold on 

plot((T_60),(max(Q_60)-Q_60)*Q_60d*997) 

plot((T_90),(max(Q_90)-Q_90)*Q_90d*997) 

legend('40','60','90') 

 


