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Abstract

Structural intrusion, flow disturbance and spillway
capacity - CFD modeling of the Torpshammar dam

Adéle Wallin

At the Torpshammar dam two rectangular beams are situated upstream of the 
spillway gates to stabilize the sidewalls holding the embankment of the dam. A 
computational fluid dynamics (CFD) simulation of the dam with the bottom outlets 
open was made to investigate how the flow and discharge capacity is affected by 
the beams. The results can be used to avoid unexpected consequences due to 
turbulence caused by the beams, make the beams strong enough to hold the 
pressure from the flow and get an estimation of the discharge capacity with the 
beams. Turbulence is one of the hardest things to simulate so the results were 
compared with previous simulation work made without the beams and physical 
model tests to validate the results. Also, a sensitivity analysis was made to 
investigate the method used.
The beams lowered the velocity (to 17 m/s) and the discharge capacity (to 255 
m3/s) compared to the previous work. The force on the beams was directed 
upward and downstream. The beams increased the turbulence and the vortex 
shedding frequency was higher for the beam closest to the outlet. The velocity and 
discharge capacity differed with 6 % compared to model test results. The results 
can therefore only be used as an estimation, a more detailed computational model 
and more computational cells are needed to get a better result. The sensitivity 
analysis showed that the velocity and turbulence depend on the method and 
further studies need to be made to decide which method gives the closest 
similarity with reality.
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Summary in Swedish 

I detta examensarbete användes datorstödd flödessimulering (CFD) för att undersöka hur 

två balkar påverkar Torpshammardammens flöde och utsläppskapacitet. De två balkarna 

är placerade framför dammens utskov mellan två väggar som håller upp jorden framför 

utskovet. Balkarnas syfte är att öka stabiliteten och hålla väggarna på plats. Tidigare 

studier av dammen har gjorts men utan balkarna. Torpshammardammen har två ytutskov 

och två bottomutskov och tre olika fall undersöktes: ytutskoven öppna, bottomutskoven 

öppna och alla utskov öppna. I detta examensarbete undersöktes endast fallet med 

bottomutskoven öppna då det var mest kritiskt i den tidigare studien och på grund av 

tidsbrist. Jämförelser av flödets hastighet och utsläppskapaciteten gjordes med den 

tidigare studien och även med modelltester gjorda med en nybyggd fysisk modell av 

Torpshammar dammen för att validera resultaten. Utöver flödets hastighet och 

utsläppskapaciteten undersöktes även kraften på balkarna och turbulensen som balkarna 

skapar. Resultaten kan användas till att undvika oväntade konsekvenser skapade av 

turbulensen som balkarna skapar, få en uppskattning av hur mycket kraft balkarna utsätts 

för och få en uppskattning av hur utsläppskapaciteten påverkas av balkarna.  

Resultatet visade att balkarna minskade hastigheten och utsläppskapaciteten jämfört med 

den tidigare studien. Utsläppskapaciteten från ett bottomutskov var 255 m3/s, hastigheten 

vid bottomutskovet var 17 m/s. Detta skilde sig 6 % från den fysiska modellen. 

Hastigheten runt balkarna var mellan 0 - 3 m/s och var högre runt balken som var närmast 

utskovet. Balkarna ökade turbulensen jämfört med den tidigare studien. 

Virvelavlösningsfrekvensen var högre för balken närmast utskovet och Strouhalnumret 

var högre för balken längst bort från utskovet. En ny studie av luftbehovet kan göras på 

grund av den minskade hastigheten men ökade turbulensen. 

Kraften i lodrät riktning var riktad uppåt på båda balkarna och större på balken längst bort 

från utskovet. Kraften i vågrät riktning var riktad nedströms och större på balken närmast 

utskovet.  

Känslighetsanalysen visade att hastigheten och turbulensen är beroende av vilken metod 

man använder. Mer detaljerade studier av vilken metod som stämmer bäst överens med 

verkligheten skulle därför kunna göras.  

På grund av tidsbegränsningar och begränsad datakapacitet användes en förenklad modell 

av dammen i simuleringarna och en begränsad mängd beräkningsceller. Resultaten kan 

därför endast användas som uppskattningar eftersom simuleringen inte gav exakt samma 

resultat som den fysiska modellen. En bättre simulering kan göras med en mer detaljerad 

geometri och med fler beräkningsceller. Detta skulle kräva mer datakapacitet och tid.   
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Abbreviations 

Sorted alphabetically 

BR Blockage ratio 

CFD Computational Fluid Dynamics 

CFL Courant–Friedrichs–Lewy 

EVM Eddy Viscosity Model 

LES Large Eddy Simulation 

RANS Reynolds-averaging Navier-Stokes 

RMS Root-Mean-Square 

RNG Re-Normalisation Group 

RSM Reynolds Stress Model 

SST Shear Stress Transport 

VOF Volume of Fluid 
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Nomenclature 

Sorted by appearance in this report 

Re Reynolds number 

 Density [kg/m3] 

u Velocity [m/s] 

L Characteristic length [m] 

 Dynamic viscosity [Pas] 

 Kinematic viscosity (/) [m2/s] 

St Strouhal number 

f Oscillation frequency [Hz] 

p Achived pressure variation [Pa] 

Qw Discharge capacity [m3/s] 

p Pressure [Pa] 

k Turbulence kinetic energy [m2/s2] 

 Rate of dissipation of k [m2/s3] 

 Specific rate of dissipation of k [1/s] 

g Gravitational acceleration [m2/s] 

V Volume [m3] 
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1. Introduction 

1.1 Background 

This study was made to understand the flow pattern caused by two beams in the 

Torpshammar dam located on the Ljungan river in the central part of Sweden. Previous 

simulations of the discharge capacity have already been made but without the two beams 

that are situated upstream to keep two of the dam walls in place. This study was made 

with the beams to evaluate their effect on the spillway discharge capacity with and 

without them. Comparisons were made with the mentioned previous work and with 

physical hydraulic model tests to validate the results. The flow case was made with the 

bottom outlets open and the surface outlets closed.  

The physical hydraulic model of the Torpshammar dam is located in Älvkarleby. The 

model includes the reservoir, the spillway and the channel downstream, see Figure 1.1. 

The main purpose of the model study is twofold, i.e. to determine the spillway discharge 

capacity and to examine the energy dissipation in the tailwater. The spillway structure is 

composed of two bottom outlets and two gated overflow openings. 

 

Figure 1.1 Physical model of the Torpshammar dam [1] 

In the flow direction, the spillway gates are located in the middle of the dam body. On 

each side, the intake to the spillway is surrounded by a sidewall holding the embankment 

of the dam. Undesirable displacements are a matter of concern for the long-term stability 

of the walls. To prevent this, there are two horizontal beams constructed between the 

sidewalls that take up the sideward loads from the embankments and keep the walls in 

place.  
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1.2 Purpose 

The main purpose is to understand the flow pattern with the beams and evaluate their 

effect on the spillway discharge capacity of the Torpshammar dam with and without them. 

Comparisons are made with hydraulic model tests to validate the results. The flow case 

will be made with the bottom outlets open and the surface outlets closed, because this was 

found to be the most interesting case in a previous study. The results can for example be 

used to: avoid unexpected consequences due to turbulence caused by the beams, make 

the beams strong enough to hold the pressure and get an estimation of the discharge 

capacity with the beams.    

1.3 Previous study 

Previous simulations have been made by James Yang and Penghua Teng for the 

Torpshammar dam without the beams. The study was made to understand the air motions 

in the regions affected by the discharge. The purpose was to avoid unexpected 

consequences associated with it and to enhance operation safety including personnel 

security. The study contained three cases: bottom outlets open, surface outlets open and 

all outlets open. In terms of air demand, they found that the most critical situation is the 

simultaneous operation of the two bottom outlets only. When all outlets were open the 

confluence of the two jets resulted in an enclosure of the outlet space, the air was entrained 

at the confluence and transported downstream by the mixed flow, thus decreasing the air 

demand. They also found that more water was discharged through the bottom outlets per 

second and that the velocity at the bottom outlet was higher compared to the surface outlet 

[2]. These are the reasons why only the case with the bottom outlets open is studied in 

this project.  

1.3.1 Computational model and grid 

In the study a part of the whole dam was simulated, see the black box in Figure 1.2. 

Compared to the physical model in Figure 1.1, no beams were included in the 

computational model.  
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Figure 1.2 Computational model of the whole Torpshammar dam in previous work 

Black box marks the part of the dam that was modeled [2] 

In Figure 1.3 the used computational model is shown with its named boundaries. Only 

one bottom outlet was simulated to decrease the computational time since the dam body 

looked similar on both sides of the symmetrical plane. 

 

Figure 1.3 Computational model with named boundaries in previous work 

The computational grid that was used consisted of approximately 810 000 cells, see 

Figure 1.4 [2]. 
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Figure 1.4 Computational grid in previous work [2] 

1.3.2 Flow pattern 

The flow pattern was not interesting in this study since no beams disrupted the flow and 

only the turbulence downstream from the outlet was looked at.  

1.3.3 Velocity at outlets 

The average velocity was higher at the bottom outlet gate compared to the surface outlet 

gate. See Table 1.1 for the average velocity at the gate for the bottom outlet and surface 

outlet [2].  

Table 1.1 Average velocity 

Outlet Average velocity [m/s] 

Bottom 18.2 

Surface 14.5 

1.3.4 Discharge capacity 

The discharge capacity (Qw) is the amount of water released per second through the outlet. 

Qw is therefore the velocity of the flow times the area of the outlet. The area of the bottom 

outlet was 15 m2 and the velocity was found to be 18.2 m/s and therefore the Qw of the 

bottom outlet should be 273 m3/s. See Table 1.2 for the simulated discharge capacity of 
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the three cases. Qw was higher at the bottom outlet compared to the surface outlet, and 

the discharge capacity is coherent with the velocity of the flow. Since the flows from the 

bottom outlet and the surface spillway do not affect each other, the total discharge 

capacity of the dam was equal to the sum of their separate discharges: 338-341 m3/s. 

Table 1.2 Discharge capacity at each outlet 

Outlet 
Discharge capacity 

[m3/s] 

Bottom 271-275 

Surface 67-71 

Both 338-341 

The convergence of the cases also differed. Because of the free discharge with a fully 

open surface gate, the flow converged quickly (around 4 s). The flow converged slower 

for the bottom outlet (around 17 s) and when both outlets were open (around 13 s) [2].  
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2. Background and theory 

2.1 Flow pattern 

Many studies have been made to investigate flow patterns behind bluff and streamlined 

bodies. A bluff body is when the drag is dominated by a pressure component, compared 

to a streamlined body where the drag is dominated by a frictional component. At large 

Reynolds numbers, the drag is dominated by the pressure losses in the wake and the body 

is by definition a “bluff body” [3]. 

2.1.1.1 Reynolds number  

The fluid flow over a flat plate is shown in Figure 2.1. A uniform velocity profile hits the 

left edge of the plate and a predictable laminar boundary layer begins to develop. After 

some distance, in the transition part of the flow, small chaotic oscillations begin to 

develop and grow larger until eventually becoming fully turbulent.  

At the wall the velocity is zero, in the thin layer above (the viscous sublayer) the velocity 

is linear with distance from the wall, further away (in the buffer layer) turbulence stresses 

begin to dominate and eventually connects to the turbulent region. Ever further away, the 

flow transitions to the free-stream region.  

 

Figure 2.1 Fluid flow over flat plate [4] 

The Reynolds number (Re) can be used to predict the flow pattern and define the 

transition between these three regions.  

 Re = 
𝜌𝑢𝐿

𝜇
=

𝑢𝐿

𝑣
 (1.1) 

 is the density, u is the velocity, L is the characteristic length,  is the dynamic viscosity 

and v is the kinematic viscosity.  

For a higher Reynolds number, the flow is more turbulent [4]. In the flow over a flat plate, 

the laminar layer will become turbulent when Re ≈ 5  105 [5]. In this project the flow will 

be turbulent. 
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2.1.1.2 Von Kármán vortex street 

The von Kármán vortex street is the name of a repeating pattern of swirling vortices in 

the wake behind a body in a flow. A vortex street will only form at a certain range of flow 

velocities and typically a Re number above 90 is needed for vortices to shed. The range 

of Re values that will create a vortex street vary with the size and shape of the body. 

Vortices are shed continuously from each side of the body, forming rows of vortices in 

its wake. The patterns get more turbulent for higher Re numbers. The alternating shedding 

of vortices can cause the body to vibrate and if the vortex shedding frequency is similar 

to the body’s natural frequency it causes resonance that is undesirable. See Figure 2.2 for 

an example of how the vortex street looks like behind a square, both for a simulation with 

one side of the square towards the flow and also a simulation with one edge of the square 

towards the flow.  

 

Figure 2.2 Von Kármán vortex street behind squares 

With the same Re value but different angles towards the flow [6] 

The energy of the vortices is consumed by viscosity as they move, and the regular pattern 

disappears [6].  

The Strouhal number describes oscillating flow mechanisms, and is given by:  

 St =  
𝑓𝐿

𝑢
 (1.2) 

Where f is the frequency of the vortex shedding, L is the characteristic length and u is the 

flow velocity. Viscosity dominates the fluid flow for large Strouhal numbers (Strouhal 

number in the order of 1) that results in an oscillating movement [7]. Usually a Strouhal 

number below 0.2 is found in a uniform flow past a single square cylinder in an 

unbounded domain [8].  
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2.2 Computational fluid dynamics – CFD 

CFD is a branch of fluid mechanics that uses numerical analysis and data structures to 

solve and analyze problems that involve fluid flows. The mathematical model that is used 

by CFD is based on Navier-Stokes equations. When the problem includes two or more 

fluids a multiphase model must be used. For multiphase and free surface flows the 

Volume of Fluid (VOF) model is preferable.  

In this project the simulation programs ANSYS and FLUENT was used to simulate the 

flow. The flow was considered to be incompressible, transient, turbulent, multiphase, 

immiscible and isothermal.  

2.2.1 Mass and momentum equation 

In FLUENT both mass and momentum are conserved. For an incompressible flow the 

divergence of the velocity field u is zero. The mass, or in other words the continuity 

equation, reduces to: 

 ∇ ∙ �⃗� = 0 (2.1) 

For a transient flow the following momentum equation is solved throughout the domain: 

 
𝜕𝜌�⃗� 

𝜕𝑡
+ ∇ ∙ (𝜌�⃗� �⃗� ) = −∇𝑝 + ∇ ∙ 𝜌𝑣[2𝑆] + 𝐹  (2.2) 

Where p is the pressure,  is the density,  is the kinematic viscosity and S is the mean 

rate of the strain tensor. The resulting velocity field is shared among the phases. For a 

turbulent flow, F is included for the surface tension and gravitational term. Both the mass 

and momentum equations derive from the Navier-Stokes equations [9]. 

For an isothermal flow, the energy equation does not need to be solved since heat transfer 

or compressibility is not included. 

2.2.2 Volume of Fluid - VOF 

The VOF model can model two or more fluids by solving a single set of momentum 

equations and tracking the volume fraction of each of the fluids throughout the domain. 

For each phase q that is added to the model, a scalar field q is introduced. The value of 

the variable tells the volume fraction of the phase in the computational cell. Three 

conditions are possible: 

1) q = 0: The cell is empty of the fluid q. 

2) q = 1: The cell is full of the fluid q. 

3) 0 < q < 1: The cell contains the fluid q and one or more other fluids. 

The primary-phase volume fraction will be computed based on the following constraint:  

 ∑𝛼𝑞

𝑛

𝑞=1

= 1 (2.3) 
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In reality, we have a sharp interface between the fluids or in other words an immiscible 

flow. The properties in the following equations are determined by the presence of the 

component phases in each control volume. For example, the density in a cell containing 

two phases is:  

 𝜌 = 𝛼2𝜌2 + (1 − 𝛼2)𝜌1 (2.4) 

The transport equation for q describes the movement of the fluid: 

 
∂𝛼𝑞

∂t
+ ∇ ∙ (𝛼𝑞�̅�) + ∇ ∙ (𝛼𝑞(1 − 𝛼𝑞)�̅�𝑟) = 0 (2.5) 

The third term in Eq. 2.5 is 0 if q equals 0 or 1. Otherwise the term is compressing the 

interface to make the flow immiscible when the computational cell contains more than 

one fluid [10].  

2.3 Simulating with ANSYS 

A simulation of fluids with ANSYS consist of three mayor steps: preprocessing, choosing 

settings in FLUENT and postprocessing. The steps are equally important to get a good 

solution.  

2.3.1 Preprocessing 

2.3.1.1 Mesh design  

There are several cell types to build a mesh with, see Figure 2.3. In 3D the types to choose 

from are: tetrahedral, hexahedral, polyhedral, pyramid or wedge cells. 

 

Figure 2.3 Mesh cell types [11]  

A structured mesh is built by hexahedral cells and an unstructured mesh is usually built 

by tetrahedral cells. When choosing a mesh type the setup time, computational expense 

and numerical diffusion must be considered. For complex geometries it may be very time-

consuming to make a structured mesh and there is a risk that the final mesh is 

oversimplified. Furthermore, for complex geometries the number of cells can be 
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unnecessary high compared to an unstructured mesh (since cells may be created in places 

where they are not needed) and increase the computational expense. For a tetrahedral 

mesh the flow can never be aligned with the mesh. Therefore, a hexahedral mesh is 

preferable since the numerical diffusion is minimized when the flow is aligned with the 

mesh [11].  

The quality of the mesh plays a significant role in the accuracy and stability of the 

numerical computation. Although accuracy increases with more cells, the computational 

expense and memory requirements to compute the solution and postprocess the results 

also increase. In the ANSYS Student license, the mesh size is limited to 512 000 cells.  

2.3.1.2 Grid independence 

A grid independence study is needed to make sure that the solution is independent of the 

mesh resolution. Once the convergence criteria are met (will be explained in Chapter 

2.3.3.1), a simulation with a finer mesh (1.5 times finer is recommended) should be made 

and the result should be compared with the first result. If the results are the same, mesh 

independence is found. Otherwise, the described steps should be repeated [12].  

2.3.2 FLUENT settings 

When running a simulation in FLUENT it has to be setup and solved. The setup process 

includes:  

1) Material and phases 

2) Models 

3) Operating conditions 

4) Boundary conditions 

The solving process includes: 

1) Discretization 

2) Monitors 

3) Iteration 

2.3.2.1 Material and phases 

In FLUENT, as default, the primary phase is air. For a problem with another phase, that 

phase (including its properties) needs to be added. In this problem for example, the phase 

water was added from FLUENTs database and also set as the primary phase. Then, the 

whole geometry needs to be patched to an initial phase.  

2.3.2.2 Models 

Three models need to be chosen in FLUENT: The solver, the multiphase model and the 

turbulence model.  

Solver 

In FLUENT two solvers are available: steady or transient. The steady solver is used for 

steady-state simulations and the transient solver is used for time-dependent simulations. 
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The transient solver is used to see big scaled flow variations such as the von Karman 

vortex street.  

Multiphase model 

As said earlier: when the problem includes two or more fluids a multiphase model must 

be used. For multiphase and free surface flows the VOF model is preferable.  

The volume fraction equation, Eq. 2.3, can be solved by either the Implicit or Explicit 

scheme. The Implicit scheme can be used for both time-dependent and steady-state 

calculations, while with the Explicit scheme a time-dependent solution must be 

computed. The Implicit scheme require iterative solution of the transport equation, Eq. 

2.5, during each timestep. Since the problem in this study is a time-dependent problem 

the Explicit scheme is preferable. The time-dependent implicit interpolations scheme can 

be used when the intermediate transient flow behavior is not interesting, and a steady-

state solution is looked for.  

Turbulence model 

FLUENT provides several turbulence models. Which one to choose mainly depends on 

the physics of the flow, computational power, time available and wanted level of 

accuracy. The k-ε RNG model was used in this study, the theory behind the decision will 

be described below and an overview of the steps can be seen in Figure 2.4.  

In a laminar regime, the flow can be predicted by solving Navier-Stokes equations, which 

gives the velocity and pressure fields. As the oscillations begins to develop the time-

dependent Navier-Stokes equations needs to be solved even though the inlet flow rate 

does not vary with time. Furthermore, the mesh must be fine enough to resolve the size 

of the smallest eddies in the flow. As the flow rate (and Reynolds number) increases, the 

eddies and oscillations become so small that it can not be solved with Navier-Stokes 

equations and a tubulence model is needed [4]. 

The models in FLUENT either use filtering or Reynolds-averaging. Large Eddy 

Simulation (LES) is a filtering method that removes eddies that are smaller than the 

decided filter. Thereby, the error caused by the turbulence model is reduced since less of 

the turbulence is modelled. But, the LES model is computationally expensive for flows 

with high Reynolds numbers and have some problems near walls. Reynolds-averaging 

Navier-Stokes (RANS) models has a low cost in computational power since the mean 

value of the turbulence is approximated. The turbulence is approximated through the 

mean time value of the Navier-Stokes equations, by dividing the velocity into an 

averaging and a fluctuating component. This means that some fluctuations will be 

averaged out, but RANS models have been proved to be able to represent the vortex flow. 

Due to this and the low cost in computational power, RANS models are preferable. RANS 

models decompose the solution variables into the mean and fluctuating components, this 

leaves the equations with additional unknown terms that represent the effects of 

turbulence named Reynolds stresses. A turbulence model must be used to resolve the six 

Reynolds stresses and close the momentum equations. Either a Reynolds Stress Model 

(RSM) or an Eddy Viscosity Model (EVM) can be used. The RSM uses extra equations 
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to solve the Reynolds stresses and dissipation rate to get an anisotropic solution, this 

model is computationally expensive and is most commonly needed for high swirling 

flows. The EVM uses an isotropic value for the turbulent viscosity value and is preferable 

since it is less computationally expensive. 

In FLUENT there are seven different RANS EVMs. In this study, the k-ε model was used. 

The k-ε model is a two equation semi-empirical model that is widely used and most 

suitable for free shear and non-wall bounded flow behavior. It solves model transport 

equations for the turbulence kinetic energy (k) and its dissipation rate (ε) separately. The 

model was developed under the condition that the flow is fully turbulent. In this study, 

the flow rate and the Reynolds number are so large that the effect of boundary layers is 

negligible and the advantage of the free-stream independence of the k-ε is preferable. As 

said, the k-ε model is widely used but is in more and more industries replaced by the 

Shear Stress Transport k-Ω model (SST). SST combines the free stream advantages of 

the k-ε model with the near-wall advantages of the standard k-Ω model. The standard k-

Ω model solves for the specific rate of dissipation (Ω) and includes modifications for low-

Reynolds-effects and is used for wall-bounded flow. Since this was neglected a sensitivity 

analysis was performed to examine if there is any difference when this is included. 

There are three different k-ε models: standard, RNG and realizable. In this study, the k-ε 

RNG model was used even though it is more computationally expensive. The standard 

model is robust, economic and reasonable accurate. The RNG model is similar to the 

standard model but also includes an additional term that improves the accuracy of rapidly 

strained flows and the effect of swirl turbulence that improves the accuracy of for swirling 

flows [13]. 

To extend the validity of the near-wall modelling beyond the viscous sublayer, the 

Enhanced wall treatment is preferable [14].  

In Figure 2.4 the steps in choosing turbulence model are shown, where the used models 

in this study are underlined. 

 

Figure 2.4 Steps in choosing turbulence model 

The used models in this study are underlined 
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2.3.2.3 Operating conditions 

For a correct simulation some operating conditions must be set. For example, the 

operating pressure, specified operating density and gravity was set in this simulation.  

2.3.2.4 Boundary conditions 

Figure 2.5 shows the boundaries of the numerical model in this project. There are different 

types of boundaries, for example: pressure inlet, velocity outlet and wall. For each 

boundary, boundary conditions must be set: phase, velocity, pressure, turbulence intensity 

and turbulence viscosity ratio. The initial phase, velocity and pressure is known, and the 

turbulence intensity and turbulence viscosity ratio are set from experience. A symmetrical 

plane can be used when it is assumed that on the two sides of the boundary, the same 

physical processes exist. The conditions to use a symmetrical plane are that there are no 

flow and no scalar flux across the boundary, otherwise the turbulence will be affected 

[15]. Therefore, the flow pattern around the beams should be looked at some distance 

from the symmetrical plane.  

 

Figure 2.5 Boundaries of the computational model 

2.3.2.5 Discretization 

The face fluxes can be interpolated either using interface reconstruction or using a finite 

volume discretization (when using the explicit scheme for time discretization). With the 

explicit scheme for VOF no interface reconstruction but five finite volume discretization 

schemes are available [16]. 

FLUENT uses a control-volume-based technique to convert a general scalar transport 

equation to an algebraic equation that can be solved numerically. The technique integrates 

the transport equation about each control volume and yields a discrete equation that 

expresses the conservation law on a control-volume basis. The discretized scalar transport 

equation contains the unknown scalar variable  at the cell center as well as the unknown 
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values in surrounding neighbor cells. Face values f  must be interpolated from the cell 

center values. This is made by either using first order upwind discretization or second 

order upwind discretization. Upwinding means that the face value f is derived from 

quantities in the cell upstream, or "upwind,'' relative to the direction of the normal 

velocity un. The convergence is usually better for first order upwind discretization 

compared to second order upwind discretization, but the accuracy is usually worse. When 

the flow is aligned with the grid the first order upwind discretization is usually acceptable. 

With a triangular- or tetrahedral grid the second order upwind discretization will give a 

more accurate result [17]. 

2.3.2.6 Monitors 

A solution can be monitored in different ways by choosing a monitor point in the model 

and a property to be monitored in that point. For example, the velocity at a point, the 

discharge at the outlet or the drag coefficient at a beam can be monitored. Residuals can 

also be used to monitor the local imbalance of a conservative control volume equation. A 

residual is the imbalance, or relative error, between current iteration and previous 

iterations summed over all computational cells. There are seven residuals, one for each 

conservative control volume equation [18]. The monitors can be used to check the 

convergence. For example, if one or more residuals have a high Root-Mean-Square 

(RMS) Error value it may be an indication that the solution did not converge. The residual 

RMS Error default value in FLUENT is 10-3 but is typically set to 10-5 or even smaller for 

a better convergence [18]. 

2.3.2.7 Iteration 

The timestep size and the number of iterations per timestep must be set for a transient 

solver. The timestep size must be small enough for the solution to converge and the 

number of iterations per timestep must be enough to for the solution to converge in each 

timestep. Or in other words: for each timestep, a number of iterations is made until the 

residuals RMS Error have reduced to a pre-defined value and then the next timestep is 

calculated.  

The Courant-Freidrichs-Lewy (CFL) condition can be used as a reference for setting the 

timestep. The CFL condition states that the distance any information travels during the 

timestep length within the mesh must be lower than the distance between mesh elements. 

In other words, information from a given cell or mesh element must propagate only to its 

immediate neighbors so no information is lost [19]. 

2.3.3 Postprocessing 

2.3.3.1 Convergence  

Checking convergence is a way to ensure that we have a good solution. For a steady state 

solution, the following convergence criteria must be met: 

1) Residual RMS Error values have reduced to a pre-defined value 

2) Monitor points have reached a steady solution 

3) The imbalance of the solution is less than 1% 
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Where, the imbalance in this study is the relative error of the discharge capacity. 

This convergence method results in a single solution for the used mesh in that study [12]. 

The reason why only looking at the residuals is not enough, is because the residual 

definitions may be misleading for some problems. For example, if a good initial guess of 

the flow field is made, it may lead to a large scaled residual for the continuity equation 

[20]. 

2.3.3.2 Validation 

Even though a solution has converged it does not mean that the result is correct. A 

validation must be made and is made by comparing the simulated result with experimental 

result or analytical result. Turbulence is one of the most difficult things to simulate which 

makes the validation very important.  

The simulation is highly dependent on the chosen settings. Therefore, a sensitivity 

analysis can be made to investigate how much a specific setting affects a model. The 

analysis is made by changing one setting and compare the new result to the first.  

2.4 Drag- and lift force 

Drag- and lift force are the name of the components of the force on the surface of a body 

in a fluid flow, see Figure 2.6. The drag force is parallel to the flow direction and is 

dependent of the velocity of the flow. It is proportional to the velocity for a flow in a pipe 

with a low Reynolds number and the squared velocity for any other flow [21]. The lift 

force is perpendicular to the flow direction and conventionally in the opposite direction 

of the gravitational force.  

 

Figure 2.6 Drag- and lift force on a body in a fluid flow 

Pressure force and viscous force are the two contributors to drag- and lift forces. The 

pressure force arises due to the pressure difference across the surface. The viscous force 

arises due to the friction that acts in the opposite direction of the flow. Depending on the 

type of flow and body the magnitudes and ratio of the pressure force and viscous force 

can vary. For bluff bodies, the pressure force is usually much greater than the viscous 

force.  

Surface forces can be calculated via integration on a boundary. The easiest way is to 

integrate the total stress in each direction. The total stress includes contributions both 

from the pressure force and the viscous force. In FLUENT the integration is done for you 

and gives you the total pressure and viscous force in the x-, y- and z direction [22]. To 
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get the force from the flow the initial force (caused by for example the buoyancy and 

gravity) on the beams needs to be subtracted from these values.  

2.4.1 Pressure force 

The total pressure is the sum of the static pressure and the dynamic pressure. The static 

pressure depends on the initial pressure. The dynamic pressure is the additional pressure 

on the surface and depend on the velocity of the pressure, caused by the flow. In other 

words, the dynamic pressure is the kinetic energy per unit volume of a fluid particle.  

Bernoulli’s principle states that when the kinetic energy increase (dynamic pressure), the 

potential energy (including the static pressure) and internal energy decrease. The principle 

can be derived from the conservation of energy. The flow must be steady (the sum of the 

energy in a fluid along a streamline is the same at all points), incompressible and the 

friction from the viscous forces must be negligible for the Bernoulli equation below to 

apply. 

 
1

2
𝜌𝑢2 + 𝜌𝑔𝑙 + 𝑝 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (2.6) 

Where the first term is the dynamic pressure,  is the density of the fluid, u is the velocity, 

g is the gravitational acceleration, l is the distance from the surface/reference plane 

(opposite direction of g) and p is the pressure. 

Usually, the ρgl term along the streamline is small (due to that the streamline is at the 

same depth at all points) and can be neglected. And the equation can therefore be 

simplified to: 

 

1

2
𝜌𝑢2 + 𝑝 = 𝑝𝑡𝑜𝑡𝑎𝑙 

𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 + 𝑠𝑡𝑎𝑡𝑖𝑐 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 = 𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 

(2.7) 

The total force on the body is found by integration of the total pressure on the surface of 

the body. The static force is the buoyancy force minus the gravitational force on the 

object.  

 𝜌𝑓𝑙𝑢𝑖𝑑𝑉𝑔 − 𝜌𝑏𝑜𝑑𝑦𝑉𝑔 = 𝑠𝑡𝑎𝑡𝑖𝑐 𝑓𝑜𝑟𝑐𝑒 (2.8) 

2.4.2 Viscous force 

The viscous force is the friction between layers of a viscous fluid that are moving relative 

to each other. It is a force that counteracts the relative motion and converts kinetic energy 

into thermal energy. For a fluid that is moving through a channel, the fluid moves slower 

near the walls and faster further away. To overcome the friction between the layers and 

keep the fluid moving some stress is needed (for example pressure difference). The 

required stress is proportional to the fluid´s viscosity [23].  
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3. Method 

3.1 Computational model 

In Figure 3.2 the computational model for the whole Torpshammar dam with a black and 

red square that marks the part of the dam that was modeled in this project is shown. In 

this project a simplified model of the marked part was used due to time, computer capacity 

and mesh size limitations, see Figure 3.2. 

 

Figure 3.1 Computational model of the whole Torpshammar dam 

Black and red box marks the part of the dam that was modeled in this project [24] 

 

Figure 3.2 Computational model used in this project 
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3.1.1 Computational grid 

The computational grid that was used is mostly structured and can be seen in Figure 3.3. 

The number of cells is approximately 230 000.  

 

 

Figure 3.3 Computational grid 
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The computational grid close to a beam can be seen in Figure 3.4.  

 

Figure 3.4 Computational grid close to a beam 

3.2 Timestep study 

A timestep study was made to make sure that the timestep was small enough to fulfill the 

CFL condition. The Courant number depend on velocity, cell-size and timestep. If the 

Courant number is <=1 then the fluid particles move from one cell to another within one 

timestep. But if the Courant number is >1, fluid particles move through two or more cells 

at each timestep and this can affect convergence negatively. In Fluent, the global Courant 

number is calculated for each timestep. In Table 3.1 the global Courant number for 

different timesteps are shown. The step size that was used was 0.0005 s to make sure that 

the Courant number was less than 1 in all cells and to decrease the number of iterations 

per timestep.   

Table 3.1 Courant number for different timesteps 

Timestep size [s] 
Global Courant 

number 

0.05 2.87 

0.01 0.28 

0.005 0.06 

0.001 0.01 

0.0005 0 
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3.3 Grid independence study 

A grid independence study was made to make sure that the solution was independent of 

the mesh resolution. After 14.5 s the grid was refined and then the simulation continued. 

Chapter 2.3.1.2 explains how the study is made and that the results of the compared 

meshes should be the same to be considered a grid independent solution. 

The grid was refined around the beams with a percental increase of 28% and the total 

number of cells can be seen in Table 3.2.  

Table 3.2 Mesh size grid independence study 

Grid Type of mesh Total number of cells 

1 Fine 230153 

2 Finer around beams 295113 

As seen in Figure 3.5 the grid around the beam was much finer compared to the grid in 

Figure 3.4. 

 

Figure 3.5 Computational grid close to a beam with refined mesh 

Eq. 3.1 and Eq. 3.2 was used to compare the absolute and relative error of the outflow 

and the force on the beams in the x- and y direction.  

Absolute error = | Resultfiner − Resultfine |  (3.1) 

 

Relative error =  
Resultfiner − Resultfine

Resultfiner
∙ 100 

(3.2) 

The results were considered to be close enough when the relative error was less than 1%.  
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3.4 FLUENT settings 

The summary of the settings used can be seen in Figure 3.6.  

 

Figure 3.6 FLUENT settings 
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3.5 Convergence 

As mention in 2.3.3.1, three convergence criteria must be met for a steady state solution.  

Criteria “1) Residual RMS Error values have reduced to a pre-defined value” was 

examined by monitoring the residuals. The pre-defined value was changed from the 

default value 10-3 to 10-5, to get a better convergence.  

Criteria “2) Monitor points have reached a steady solution” was examined by monitoring 

the discharge from the open outlet. The discharge was chosen since it is relevant to know 

and because it can be compared with the physical model result.  

Criteria “3) The imbalance of the solution is less than 1%” was examined for the discharge 

from the open outlet and considered fulfilled when the relative error was smaller than 1% 

for more than 200 timesteps.  

3.6 Validation 

3.6.1 Comparison with experiment 

The discharge of the simulation was compared to the discharge of an experiment 

performed with a physical scale model of the dam, see Figure 1.1.  

The relative error was calculated for the discharge, see Eq. 3.3 and Eq. 3.4.  

 Absolute error = | Experimental result − simulation result |  (3.3) 

 

 

Relative error =  
| Experimental result − simulation result |

Experimental result
∙ 100 

(3.4) 

3.6.2 Sensitivity analysis 

Two settings were chosen for the sensitivity analysis: the turbulence model and the 

solution control.  

The impact of the turbulence model was investigated since turbulence is one of the 

reasons why it is so difficult to solve CFD-problems. The turbulence model was changed 

from k-ε RNG model to k-Ω SST model. The k-Ω SST model was chosen because, as 

said in Chapter 2.3.2.2, the model includes modifications for low-Reynolds-effects and is 

in many industries starting to replace the k-ε model. For example, the k-Ω SST model 

generally gives better values of the force on objects compared to the k-ε RNG model.   

The model was then changed back to the k-ε model and the solution control was changed 

to first order upwind from second order upwind when solving for turbulence kinetic 

energy and turbulence dissipation rate. This was made to investigate how the convergence 

and accuracy was affected.  
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4. Results and analysis 

4.1 Convergence 

Criteria 1) Residual RMS Error values have reduced to a pre-defined value 

The simulation was run for 14.5 s, with a timestep of 0.0005 s and the maximum number 

of iterations for each timestep set to 20. Therefore, a maximum of 580 000 iterations were 

made, see Chapter 2.3.2.7 and calculation below. 

14.5

0.0005
 20 = 580 000 

Criteria 1 was met for 6 out of 7 residuals since the residual RMS Error values was 

reduced to at least 10-5 for all except the continuity residual, see Figure 4.1. The peaks 

are made at new timesteps and for each iteration at the timestep the residual RMS Error 

value decreases. Figure 4.1 was taken after 14.5 s and as seen on the x-axis about 574250 

iterations were made, which means that 20 iterations was not needed for each timestep to 

reach the pre-defined residual RMS Error.  

 

Figure 4.1 Residuals 

Even though one of the residual RMS Error values was too high the simulation is assumed 

to be converged. As said in Chapter 2.3.3.1, the residual definitions may be misleading 

for some problems and if a good initial guess of the flow field is made, it may lead to a 

large scaled residual for the continuity equation. See Appendix I for the residuals divided 

into three graphs, one for the continuity, one for the x-, y- and z direction and one for the 

k and . 

 

 

 



4. Results and analysis 

 

 

24 

Criteria 2) Monitor points have reached a steady solution 

The convergence of the bottom outlet discharge with time can be seen in Figure 4.2. A 

steady state solution was reached after 11.8 s and criteria 2 was met. The discharge 

capacity Qw is in a range of 252.5-255 m3/s.  

 

Figure 4.2 QW of the bottom outlet with the k- model 

Criteria 3) The imbalance of the solution is less than 1% 

Criteria 3 was met since the relative error was smaller than 1% for more than 200 

timesteps. For a relative error of 1% of the discharge 255 m3/s, the steady state can vary 

between 252.45 to 255 m3/s. The discharge at 11.8 s was 252.6 m3/s and 254.9 m3/s at 

14.5 s. Each timestep was 0.0005 s which means that the solution was steady for at least 

5400 timesteps.  

4.2  Grid independence study 

4.2.1 Convergence of grid independence study 

A convergence study was made with the new grid. The first grid was simulated for 14.5 

s and then the grid was refined, and the simulation was kept running for 14.5 more 

seconds with the second grid.  The simulation converged after a total time of 28.2 s, or in 

other words after 13.8 s of simulation with the new grid. The convergence study can be 

found in Appendix II.   

4.2.2 Absolute and relative error  

The value for the discharge capacity and the force on the beams were taken at 14.5 s for 

grid 1 and at 30 s for grid 2. The absolute error and the relative error of the discharge 

capacity Qw was calculated with 3.1 and 3.2. The relative error of the outflow was 0.95%, 

see Table 4.1. The outflow decreased for grid 2, this may be due to the fact that some 

water is already released during the simulation with grid 1.  
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Table 4.1 Absolute and relative error of the outflow 

Mesh Qw [m3/s] Abs error [m3/s] Rel error [%] 

1 254.88 2.41 0.95 

2 252.47   

In Appendix III the dynamic force in the beams for grid 1 and grid 2 can be seen. The 

force did not stabilize within the simulation time and it is hard to say anything about the 

absolute and relative error.  

The criteria for grid independence was that the relative error should be less than 1%. The 

criteria were fulfilled for the discharge capacity and grid 1 was chosen due to time 

limitations.  

4.3 Flow pattern 

4.3.1 Velocity 

The simulation was run for 14.5 s and reached a steady state after 11.8 s. In Figure 4.3 

the velocity magnitude is plotted three meters from the symmetry plane and Figure 4.4 

shows a close-up of the velocity magnitude around the beams.  

 

Figure 4.3 Velocity magnitude 
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Figure 4.4 Velocity magnitude around beams 

There is a greater velocity around beam 2 and the velocity around the beams is between 

0-3 m/s. Which leads to a very high Reynolds number (5.58  106, see Appendix IV for 

calculation of the Reynolds number) and the choice to use a RANS model proved to be 

wise. No turbulence can be seen in the figures. The RANS method models the turbulence 

kinetic energy (k) instead of showing the turbulence in the velocity field. 

In Figure 4.5 and Figure 4.6 the flow pattern around beam 1 and beam 2 colored by 

velocity magnitude is shown. Two vortices can be seen in each figure, one at the 

downstream wall and one at the bottom wall of the beam. The direction of the incoming 

flow is approximately parallel to the diagonal of the cross section of the beam. 

 

Figure 4.5 Flow pattern around beam 1 colored by velocity magnitude 
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Figure 4.6 Velocity magnitude around beam 2 

4.3.2 Turbulence 

In Figure 4.7 and Figure 4.8 the turbulence three meters from the symmetry plane at 6.5 

respectively 14.5 s are shown. Turbulence can be seen downstream of the beams and 

above the beams. The vortices are hard to see, so one vortex is marked in each figure.  

 

Figure 4.7 Turbulence kinetic energy at 6.5 s 
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Figure 4.8 Turbulence kinetic energy at 14.5 s 

The turbulence above the beams are caused by the bottom of the dam highlighted with 

red in Figure 4.9. This turbulence made it harder to see the vortices caused by beam 2, 

since it went towards the outlet via beam 2. If the simulation is run for a longer time the 

effects of this would probably be smaller.  

 

Figure 4.9 Dam body with highlighted part of bottom 

The Strouhal number was calculated with Eq. 1.2 with the numbers from Table 4.2 and 

was found to be 0.47 for beam 1 and 0.40 for beam 2. The frequency was calculated by 

dividing the number of vortices that broke away with the time. The velocity was measured 

1 meter above and 1 meter upstream of each beam because of the incoming flow direction. 

The characteristic length was the length of the diagonal of the cross section of the beam, 

2.12 m. The biggest difference was the velocity and since the velocity was higher around 

beam 2 the Strouhal number for beam 2 was smaller.  
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Table 4.2 Vortex shedding frequency, velocity and Strouhal number 

Beam f [Hz] u [m/s] St 

1 0.373 1.68 0.47 

2 0.381 2.04 0.40 

 

4.4 Velocity and discharge capacity 

The velocity at the middle of the boundary “pressure outlet” after 14.5 s was 17 m/s and, 

as mentioned above in the convergence study, the discharge capacity was 255 m3/s for 

one bottom outlet of the dam. The area of the outflow was 15 m2 and the relation that the 

area times the velocity equals the discharge capacity is fulfilled.  

4.5 Drag- and lift force 

For each timestep the pressure and viscous forces on the beams are saved. The pressure 

force turned out to be much greater than the viscous force, see Table 4.3 for the pressure, 

viscous and total force on the beams at 14.5 s. Also, the total force in the z direction 

turned out to be much smaller than the force in the x- and y direction.  

Table 4.3 Pressure, viscous and total force on beams at 14.5 s 

Beam   Force [kN]  

 Pressure Viscous Total 

 x y z x y z x y z 

1 64 99 0 0.022 -0.0007 -0.0003 64 99 -0.0003 

2 95 49 0 -0.0007 -0.0005 0.0031 95 49 0.00031 

In Figure 4.10 and Figure 4.11 the force in the x direction, respectively the y direction is 

shown. The total force was calculated with Fluent by integrating the pressure on the 

surface of the beam. The static force was calculated with Eq. 2.8 and the dynamic force 

was calculated by subtracting the static force from the total force, in accordance to 

Bernoulli’s principle Eq. 2.7. The static force in the y direction was -190 kN, since the 

beam gravitational force was 330 kN and the buoyancy was 140 kN.  
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Figure 4.10 Static, dynamic and total force on beam 1 and 2 in the x direction 

 

Figure 4.11 Static, dynamic and total force on beam 1 and 2 in the y direction 

As seen in Figure 4.10, the total force in the x direction on beam 2 is greater and unstable 

for both beams. As seen in Figure 4.11, the force in the y direction on beam 1 is greater 

and more stable. After about 10 s of the simulation, the force on beam 2 seem to stabilize 

as well. In Figure 4.12 the total force on the beams are shown with a simple sketch (the 

arrows and distance between beams are not to scale).  

 

Figure 4.12 Simplified sketch of the total force vectors on beams 
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4.6 Validation 

4.6.1 Comparison with experiment 

The relative error of the velocity and the discharge capacity between the physical 

hydraulic model and the simulation in this study was 6%. That is a small relative error 

and smaller compared to the previous work made without the beams.  

Table 4.4 Relative error of the velocity and the discharge capacity 

Method Qw [m3/s] Rel error [%] * u [m/s] Rel error [%] * 

Grid 1 255 6 17 6 

Previous work 273 13 18.2 13 

Physical model Classified  Classified  

* The measured u and Qw with the physical hydraulic model are classified. Therefore, the 

relative error has been altered.  

4.6.2 Sensitivity analysis 

4.6.2.1 Discharge capacity 

The discharge capacity Qw with respect to time is shown in Figure 4.13. As seen in the 

figure, the different methods converge to the same value. But there is a difference in the 

beginning since the simulation with k-Ω SST model and the simulation with first order 

upwind discretization (1st order) oscillate more. 

 

Figure 4.13 Sensitivity analysis of QW of the bottom outlet  

With three different methods: k- model 2nd order upwind discretization, k-Ω SST 

model 2nd order upwind discretization and k- model 1st order upwind discretization 

Since the discharge resulted in the same value for the three cases and the 2nd order upwind 

discretization converge slower but gives a better accuracy (see Chapter 2.3.2.5), the k- 

RNG model was considered to be a good turbulence model and the 2nd order upwind to 

be a good upwind discretization. 
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4.6.2.2 Velocity 

In Figure 4.14 - Figure 4.16 the velocity magnitude around the beams for the three 

methods at 14.5 s are shown. The velocity magnitude was very similar for the k-Ω SST 

model and the simulation with 1st order upwind discretization. For the k-ε RNG model 

with 2nd order upwind discretization the velocity was lower. More studies need to be 

made to decide which model gives the closest similarity with reality. 

 

Figure 4.14 Velocity magnitude with k-ε RNG model 2nd order upwind discretization 

 

Figure 4.15 Velocity magnitude with k-Ω SST model 2nd order upwind discretization 
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Figure 4.16 Velocity magnitude with k-ε RNG model 1st order upwind discretization 

4.6.2.3 Turbulence 

In Figure 4.17 - Figure 4.19 the turbulence kinetic energy for the three methods at 14.5 s 

are shown. The turbulence shows a bigger difference than the velocity for the three 

methods. The turbulence was lowest for the k-ε RNG model 2nd order upwind 

discretization, higher for the k-ε RNG model 1st order upwind discretization and highest 

for the k-Ω SST model 2nd order upwind discretization, see Table 4.5 for the sum of the 

turbulence kinetic energy over the plane.  

 

Figure 4.17 Turbulence kinetic energy with k-ε RNG model 2nd order upwind 

discretization 
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Figure 4.18 Turbulent kinetic energy with k-Ω SST model 2nd order upwind 

discretization 

 

Figure 4.19 Turbulent kinetic energy with k-ε RNG model 1st order upwind 

discretization 

In Table 4.5 the vortex shedding frequency, velocity, Strouhal number and turbulence 

kinetic energy is shown for the three methods. The turbulence kinetic energy was found 

by integrating over the plane. No connections can be made between the three models and, 

as said, more studies need to be made to decide which model gives the closest similarity 

with reality.  
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Table 4.5 Vortex shedding frequency, velocity, Strouhal number and turbulence kinetic 

energy of sensitivity analysis 

Method Beam f [Hz] u [m/s] St k [m2/s2] 

k- 

2nd order 

1 0.37 1.68 0.47 
565 

2 0.38 2.04 0.40 

k- 

2nd order 

1 0.40 2.00 0.42 
1260 

2 0.53 2.37 0.47 

k- 

1st order 

1 0.26 2.00 0.28 
421 

2 0.52 2.37 0.47 

 

4.6.2.4 Drag- and lift force 

The force on the beams caused by the flow (the dynamic force) in the x direction can be 

seen in Figure 4.20 (beam 1) and Figure 4.21 (beam 2). The force on the beams caused 

by the flow in the y direction can be seen in Figure 4.22 (beam 1) and Figure 4.23 (beam 

2). The k-Ω SST model and the k-ε RNG model with 1st order upwind discretization gave 

similar values compared to the k-ε RNG model with 2nd order upwind discretization.  

 

Figure 4.20 Force on beam 1 in the x direction for the three methods 
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Figure 4.21 Force on beam 2 in the x direction for the three methods 

 

Figure 4.22 Force on beam 1 in the y direction for the three methods 

 

Figure 4.23 Force on beam 2 in the y direction for the three methods 
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5. Discussion 

The purpose of this study was to understand the flow pattern with the beams and evaluate 

their effect on the spillway discharge capacity with and without them. Comparisons were 

made with previous simulation work (see Chapter 1.3) without the beams and hydraulic 

model tests to validate the results.  

5.1 Difference between simulation and previous work 

5.1.1 Flow pattern  

5.1.1.1 Velocity 

In the velocity contour no turbulence could be seen, only two vortexes at each beam. The 

reason for this might be that the grid was not fine enough, the velocity of the outflow was 

so high that any vortices got flattened out or because the RANS method was used that 

calculates an average for the velocity. Compared to the previous work without the beams, 

the velocity direction differed in the dam body but not at the outlet.  

5.1.1.2 Turbulence 

The Re number was found to be very large, 5.58  106, and the vortex street was very 

turbulent in accordance with the theory. Vortices were shed but as they moved 

downstream they decreased but might still affect the turbulence downstream the outlet 

and due to that also the air demand that was investigated in the previous work.  

The Strouhal number was found to be high compared to previous studies (0.28 and 0.47 

instead of below 0.2). The reason for this might be that the flow is compressed and 

accelerated which reduces the oscillating movement amplitude and increases the vortex 

shedding frequency. This makes it harder to see the vortices.  

5.1.2 Velocity and discharge capacity 

In a previous simulation the velocity at the bottom outlet was found to be 18.2 m/s and 

the discharge capacity was found to be 273 m3/s. In this simulation the velocity at the 

outlet after 14.5.s was 17 m/s and the discharge capacity was 255 m3/s. The measured 

values with the physical hydraulic model are classified, but the relative error was smaller 

for this simulation compared to the previous work. According to this the velocity and the 

discharge capacity is affected by the beams in such a way that it decreases with the beams. 

The difference between the physical model and the simulation in this study might be due 

to that the computational model that was used in this project was a simplification of the 

physical model (see Figure 3.2).  
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5.1.3 Force 

5.1.3.1 Drag- and lift force 

The resulting force on the beams was in the positive x direction (drag force) and positive 

y direction (lift force). The force in the x direction was greater on beam 2 and the force 

in the y direction was greater on beam 1. This is probably due to that there was a greater 

velocity around beam 2 which leads to a greater force in the positive x- and negative y 

direction. The velocity probably depends on the distance to and is greater closer to the 

outlet.  

Since the velocity and discharge differed from the physical model the force values can 

only be used as indication on the force, but the direction of the force is probably the same.  

5.2 Source of error 

In this study the accuracy of the simulation was mainly limited by time, computer capacity 

and mesh size limitations.  

5.2.1 Simulating with ANSYS 

5.2.1.1 Computational model 

As said earlier, the computational model used in this project was a simplified model due 

to time and computer capacity limitation. This probably has an impact on the result since 

the discharge capacity differed with 6 % from the physical model.   

5.2.1.2 Mesh 

The mesh is one of the most important parts in getting a good result. The mesh size is this 

study was limited by time, computational power and license limitations. A finer mesh 

could be used to get better result of the flow pattern, the force on the beams and the 

discharge capacity. 

5.2.1.3 Settings in FLUENT 

FLUENT is a fluid simulation tool that is mainly used because it is cheaper and less time-

consuming than making a physical model. FLUENT is reliable and is constantly being 

updated to get more accurate results. But, it is only a simulation. Meaning that the result 

needs to be analyzed to see if it is accurate. In the equations and models used in FLUENT 

there are some simplifications that gives a good result but not the exact result. Therefore, 

it is good that the result from the simulation can be compared with the result from the 

physical model.  

5.2.1.4 Convergence 

Convergence can be checked in different ways and is a way to ensure the result. Even if 

the result has converged with the criterions set, the results plausibility needs to be 

analyzed.  

6 out of 7 residuals reached the convergence criterion that was set as quite small, 10-5. 

The continuity residual reached 10-4 instead (see Figure I in Appendix I). Either the 
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simulation result is uncertain, or the initial guess of the flow field was good (as said in 

Chapter 2.3.3.1). If the simulation result is uncertain, it might be due to the number of 

computational cells. Some cells might be too big for the turbulence parameters to 

stabilize.  

5.2.2 Flow pattern 

5.2.2.1 Velocity 

When the Strouhal number was calculated the direction of the flow was set to parallel to 

the diagonal of the cross section of the beam. This is just an estimation from the velocity 

vectors around the beams. The direction of the flow affects the characteristic length and 

thereby the Strouhal number. For another direction the characteristic length would be 

smaller and thereby also the Strouhal number.  

The velocity was measured one meter above and one meter upstream from each beam. 

The velocity depends on where the velocity is measured and also affect the Strouhal 

number in such a way that a higher velocity gives a lower Strouhal number. 

5.2.2.2 Turbulence 

The vortex shedding frequency was also estimated from the turbulence. The simulation 

was only run for a few seconds more after convergence was reached. Therefore, a 

stabilized pattern was hard to see. The frequency also affects the Strouhal number in such 

a way that a higher frequency gives a higher Strouhal number.  

5.3 Plausibility and accuracy of results 

By just looking at the results of the flow pattern, velocity at outlet, discharge capacity and 

drag- and lift force the results are plausible since the values and units are reasonable. For 

example, the static force in the y direction was -190 kN and the total force was about 100 

kN on beam 1 and 50 kN on beam 2.  

The velocity and discharge capacity from the simulation differed from the physical model 

with 6%. The velocity and discharge capacity with this simulation model can therefore 

be seen as an estimation of the real dam. For a dam with the exact same geometry the 

simulation can be seen as a very good estimation since the results are plausible and close 

to the results of the physical model.  

From the sensibility analysis we know that the velocity, turbulence and force differ 

between different methods. And since these results couldn´t be compared with the 

physical model it is difficult to say which model gave the most accurate result. As said 

the 2nd order upwind discretization converges slower but gives a better accuracy than 1st 

order upwind (see Chapter 2.3.2.5) but the k-ε SST model generally gives a better result 

on the force on objects (see Chapter 3.6.2). 
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5.4 Future work 

Some improvements could be made and also there are some interesting things that could 

be investigated.  

The biggest improvement that could be made is to use a more detailed computational 

model that is very similar to the physical model and real dam. This would need more 

computational power and time.  

The beams affected the turbulence of the flow and it might be interesting to investigate 

the if the air demand is affected and compare it with the previous work.  

Two sensitivity analyses were made in this study to validate the results. Another 

sensitivity analysis could be made to investigate the flow pattern by changing the 

turbulence model from RANS model to a LES model. As said in Chapter 2.3.2.2, LES 

removes small eddies and thereby reduces the error caused by the turbulence model since 

less of the turbulence is modelled. This would also need more computational power and 

time.  

Finally, in this study the computational grid consisted of about 230 000 cells, the 

limitation was 500 000 and in the previous work about 810 000 cells were used. As said 

earlier, a better mesh gives a better result and a study with more cells could therefore be 

made. This also needs more computational power, time and no limitation to the number 

of computational cells.  
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6. Conclusion 

This study of the Torpshammar dam can be used as an estimation of the flow pattern, 

discharge capacity and force on beams. The results can only be seen as an estimation 

since the discharge capacity was not the same for this simulation and the physical model 

of the dam. The simulation gives plausible results for a dam with the exact geometry. The 

beams lowered the discharge capacity compared to previous work without the beams. 

Also, the beams made the flow more turbulent and may affect the air demand that was 

studied in previous work. The discharge capacity was 255 m3/s, the velocity at the outlet 

was 17 m/s and the velocity around beam 2 was higher than the velocity around beam 1 

(around 0-3 m/s for both beams). The vortex shedding frequency and Strouhal number 

was greater for beam 1. The force in the x direction was greater on beam 2 and the force 

in the y direction was greater on beam 1.  

ANSYS and FLUENT are good simulation tools when simulating fluid flow. A better 

simulation can be made with a more detailed geometry that is more similar to the actual 

dam and with a finer mesh. Future work can investigate if the air demand is affected by 

the increased turbulence and how the result depends on the turbulence model. This would 

require more computational power, time and no mesh limitation.  
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Appendix I 

Residuals grid 1 

The residual RMS Error for the continuity equation never reached the pre-set value of  

10-5 but was always below 10-4 which is also a low residual RMS Error, see Figure I.  

 

Figure I Residual RMS Error for continuity equation 

 

Figure II Residual RMS Error for x-, y- and z velocity equation 
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Figure III Residual RMS Error for k- and  equation 
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Appendix II 

Convergence of grid 2 in the grid independence study 

Criteria 1) Residual RMS Error values have reduced to a pre-defined value 

Criteria 1 was met for 6 out of 7 residuals since the residual RMS Error values was 

reduced to at least 10-5 for all except the continuity residual, see Figure IV.  

 

Figure IV Residuals grid independence study 

Even though one of the residual RMS Error values was too high the simulation is assumed 

to be converged. As said in Chapter 2.3.3.1, the residual definitions may be misleading 

for some problems and if a good initial guess of the flow field is made, it may lead to a 

large scaled residual for the continuity equation. 

Criteria 2) Monitor points have reached a steady solution 

The convergence of the bottom outlet discharge capacity Qw with time can be seen in 

Figure V. A steady state solution was reached at flow-time 28.2 after 13.7 s and criteria 

2 was met. The discharge is in a range of 250-252.5 m3/s.  

 

Figure V QW of the bottom outlet 
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Criteria 3) The imbalance of the solution is less than 1% 

Criteria 3 was met since the relative error was smaller than 1% for more than 200 

timesteps. For a relative error of 1% of the discharge 252.5 m3/s, the steady state can vary 

between 249.98 to 252.5 m3/s. The discharge at 28.2 s was 250 m3/s and 252.5 m3/s at 30 

s. Each timestep was 0.0005 s which means that the solution was steady for at least 3600 

timesteps.  
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Appendix III 

Dynamic force on beams, grid independence study 

The dynamic force on the beams varies with time in an oscillating pattern see Figure VI 

and Figure VII. The first grid was simulated for 14.5 s and then the grid was refined, and 

the simulation was kept running for 14.5 more seconds with the second grid. The force 

connects quite well at 14.5 s for all forces, but it takes some time for the simulation to 

stabilize with the new grid (but not as long time as for the first grid because the new start 

“guess” is better). For beam 1 in the x direction the force varies around 70 kN and in the 

y direction it varies around 285 kN. For beam 2 in the x direction the force varies around 

95 kN and in the y direction it varies around 250 kN.  

 

Figure VI Dynamic force on beams in x direction for grid 1 and 2 

 

Figure VII Dynamic force on beams in y direction for grid 1 and 2 

Since the simulation basically was run until convergence of the discharge capacity was 

met, it is hard to say anything about the absolute and relative error of the force.    
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Appendix IV 

Calculation of Reynolds number 

The characteristic length, L, in this project was somewhere between the length of one side 

of the beam (x=1.5m) to the diagonal cross section of the beam: 

 x < L < √𝑥2 + 𝑥2 = √2 ∙ 1.52 𝑚 ≈ 2.12 𝑚  (I) 

The velocity, u, varied between 0-3 m/s around the beams. In Table I the dynamic 

viscosity of water at various temperatures is listed. In this project the temperature was 

15C.  

Table I Dynamic viscosity of water at various temperatures 

Temperature [C] Viscosity [mPas] 

10 1.308 

15 1.137 

20 1.002 

With these values and Eq. 1.1, the Reynolds number was found to vary between 0 and 

5.58 103: 

 0 < Re <
𝜌𝑢𝐿

𝜇
=

997∙3∙2.12

1.137∙10−3 ≈ 5.58 ∙ 106  (II) 
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