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ABSTRACT

This project is a preliminary study in order to build a small power plant, located beside to
Gavleån River. It has been designed with the aim of cooling a district of Gävle city,
Sweden. That big project is carried out by the international consulting engineering
company SWECO.

The mentioned plant contains a thermodynamic cycle that takes water from the river and
afterwards, it is returned back warmer.

It will attempt to study the temperature raise downstream along the river due to the spill
of hot water. In addition, it will try to quantify and weight which may be the importance
of the increment of temperature compared to the entire river. This work could be vital for
an environmental impact study.

The thermo and fluid dynamic problem is going to be solved using typical procedure for
numerical simulations. To do this, it will be used Computer Aided Design (CAD) to
model Gavleån River path and Computational Fluent Dynamics (CFD) to predict the
distribution of temperatures.

Finally the results of the simulations will be analyzed and discussed to draw conclusions
about the final temperature raise in Gavleån River.
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NOMENCLATURE
Acronyms
CFD: Computational Fluent Dynamics
CAD: Computer-Aided Design

Latin symbols
A: area [m2]
A0, As: coefficients in turbulence models [-]
Aw: Wet area [m2]
C1, C2, C1ε, C3ε, Cμ: coefficients in turbulence models [-]
cp: specific heat at constant pressure [J/Kg·K]
DH: Hydraulic diameter [m]
Dpipes: Pipes diameter [m]
E: empirical constant [-]
gi: gravity value in i axis [m/s2]
I: Turbulence intensity [-]
hext :external heat transfer coefficient [W/m2·K]
k: turbulent kinetic energy [m2/s2]
kP: turbulence kinetic energy at point P [m2/s2]
Lesq: length of the edge of the square pipe [m]
𝑚: mass flow rate [kg/m3]
Pr: Prandtl number [-]
Pw: Wet perimeter [m]
𝑞: heat flux rate [W/m2]
Q: Flow in river Gavleån [m3/s]
QF: Flow of the water used on the cooling system [m3/s]
ReDH: Reynolds number using 𝐷𝐻 [-]
Sij : strain rate tensor [s-1]
t: time [s]
T: temperature [K]
Tb static temperature at the inlet flow [K]
Text : external temperature defined [K]
TF: Temperature of the water used on the cooling system [°C]
TIN: Temperature of the river water before the mixing point [°C]
U: mean velocity [m/s]
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UP: mean velocity at point [m/s]
x ,y ,z: Cartesian coordinates [m]
yP: distance from point P to the nearest of the wall [m]
Greek symbols
α coefficient of volume expansion [K-1]
β: volumetric thermal expansion coefficient [K-1]
ε: rate of dissipation of turbulent kinetic energy [m2/s3]
εij: strain tensor [-]
θ: instantaneous temperature [K]
θ0: reference temperature [K]
κ:Van Karman constant [-]
λ: thermal conductivity [W/m·K]
μ: dynamic viscosity [kg/m·s]
μt: Eddy viscosity [kg/m·s]
ν: kinematic viscosity [m2/s]
ρb water density calculated at inlet water temperature [kg/m3]
ρ: density [kg/m3]
σk, σε: turbulent Prandtl numbers[-]

𝜏ij: stress components [N/m2]
ω: specific dissipation rate [s-1]

𝜙: free variable [-]
Ωij: rotation tensor [s-1]

8

TABLE OF CONTENTS

ACKNOWLEDGMENTS .................................................................................................. 3
ABSTRACT ....................................................................................................................... 5
NOMENCLATURE ........................................................................................................... 7
1

INTRODUCTION .................................................................................................... 23

2

PROBLEM APPROACH ......................................................................................... 25

3

2.1

Objectives ......................................................................................................... 25

2.2

General approach .............................................................................................. 25

2.3

Methodology ..................................................................................................... 27

2.4

Boundary conditions ......................................................................................... 28

2.4.1

River flow and water temperature............................................................. 28

2.4.2

Heat transfer .............................................................................................. 29

NUMERICAL SIMULATIONS ............................................................................... 31
3.1

Governing equations ......................................................................................... 32

3.1.1

Conservation of mass ................................................................................ 32

3.1.2

Conservation of momentum ...................................................................... 32

3.1.3

Conservation of energy ............................................................................. 32

3.1.4

Fluid and flow properties .......................................................................... 32

3.2

Turbulence Modeling ........................................................................................ 34

3.2.1

Transport equations................................................................................... 34

3.2.2

Modeling the turbulent viscosity .............................................................. 36

3.2.3

Modeling turbulent production ................................................................. 37

3.2.4

Effect of buoyancy .................................................................................... 37

3.3

Boundary Conditions ........................................................................................ 38

3.3.1

Mass flow inlet.......................................................................................... 38

3.3.2

Outflow ..................................................................................................... 38

3.3.3

Wall........................................................................................................... 39

9

4

GEOMETRY ............................................................................................................. 43
4.1

5

6

Building geometry ............................................................................................. 43

4.1.1

Simple model ............................................................................................. 43

4.1.2

Real model ................................................................................................. 45

MESH ........................................................................................................................ 51
5.1

Meshing faces .................................................................................................... 51

5.2

Meshing volume ................................................................................................ 53

5.3

Boundary conditions.......................................................................................... 55

CFD STUDY ............................................................................................................. 57
6.1

Options used in Fluent ....................................................................................... 57

6.1.1

Solver......................................................................................................... 57

6.1.2

Viscous Model (Turbulence) ..................................................................... 59

6.1.3

Energy Equation ........................................................................................ 60

6.1.4

Material Properties .................................................................................... 60

6.1.5

Operating Conditions ................................................................................ 61

6.1.6

Inputs for the Boundary Conditions .......................................................... 61

6.1.7

Solving the solution ................................................................................... 72

6.2

7

Methodology followed ...................................................................................... 74

6.2.1

1st Step – Setting up the simulations.......................................................... 74

6.2.2

2nd Step – Solving the model ..................................................................... 74

6.2.3

3rd Step – Checking the results .................................................................. 74

6.2.4

4th Step – Adapting the model ................................................................... 78

RESULTS AND DISCUSSION ............................................................................... 81
7.1

Preliminary theoretical study............................................................................. 81

7.1.1

First approach to the temperature raise ..................................................... 81

7.1.2

Considering the effect of convection ......................................................... 84

7.1.3

Combining the results ................................................................................ 89

7.2

Simulation model analysis................................................................................. 91

7.2.1

10

Average monthly flows ............................................................................. 91

7.2.2

Extreme cases (flows: 5,5m3/s and 2m3/s) ................................................ 96

7.2.3

Comparison with the theoretical study...................................................... 96

7.2.4

Prediction of the distance where the flow is fully mixed .......................... 97

8

CONCLUSIONS .................................................................................................... 101

9

REFERENCES ....................................................................................................... 103

10

APPENDIX ......................................................................................................... 105
10.1

Plane of depth contours of Gavleån River ...................................................... 105

10.2

Plane of cross section of pipes ........................................................................ 106

10.3

Displays of Simple Model .............................................................................. 107

10.3.1

With Radiation ........................................................................................ 107

10.3.2

Without Radiation ................................................................................... 109

10.4

Displays of Real Model (Average flows) ....................................................... 112

10.4.1

January .................................................................................................... 112

10.4.2

February .................................................................................................. 114

10.4.3

March ...................................................................................................... 117

10.4.4

April ........................................................................................................ 119

10.4.5

May ......................................................................................................... 122

10.4.6

June ......................................................................................................... 124

10.4.7

July .......................................................................................................... 127

10.4.8

August ..................................................................................................... 129

10.4.9

September ............................................................................................... 132

10.4.10

October................................................................................................ 134

10.4.11

November............................................................................................ 137

10.4.12

December ............................................................................................ 139

10.5

Displays of Extreme Cases ............................................................................. 142

10.5.1

Minimum flow allowed by legislation (2 m3) during October ................ 142

10.5.2

Minimum flow (5,5 m3) during October ................................................. 144

10.6

DISTANCE UNTILL FULLY MIXED FLOW IN EXTREME CASES ....... 147

10.6.1

Minimum flow allowed by legislation (2 m3) during October ................ 147

11

10.6.2

12

Minimum flow (5,5 m3) during October ................................................. 150

LIST OF FIGURES
Figure 2.4.1-1 Plant and pipes location in the river Gavleån (Source: SWECO – 2009) . 25
Figure 2.4.1-2 Main schema of the cooling plant (Source: SWECO-2009) ..................... 26
Figure 4.1.1-1 Isometric view of the simple model (dimensions in m) ............................ 44
Figure 4.1.1-2 Plant view of the simple model and detail of the pipes (dimensions in m)44
Figure 4.1.2-1 Tool: Extruded base .................................................................................. 45
Figure 4.1.2-2 Bottom view of the extruded stretch of the river ...................................... 45
Figure 4.1.2-3 Approach of straight edges to smoothed curves........................................ 46
Figure 4.1.2-4 Structure of the river modelled with transversal sketches to the water flow
.......................................................................................................................................... 46
Figure 4.1.2-5 Tool: Lofted base ...................................................................................... 47
Figure 4.1.2-6 Real shape of the river after applying lofted base ..................................... 47
Figure 4.1.2-7 Tool: Swept base ....................................................................................... 47
Figure 4.1.2-8 Pipes modeled by using tool called swept base......................................... 48
Figure 4.1.2-9 Overview of the three bodies created so far .............................................. 48
Figure 4.1.2-10 Tool: Combine ........................................................................................ 48
Figure 4.1.2-11 Overview of the real modelled river ....................................................... 49
Figure 4.1.2-1 Mesh faces menu in Gambit and general view of the pipes ...................... 52
Figure 4.1.2-2 Mesh faces menu in Gambit and overall view of the river ....................... 52
Figure 4.1.2-3 Examine mesh menu for 2D elements ...................................................... 53
Figure 4.1.2-1 Mesh volumes menu in Gambit ................................................................ 54
Figure 4.1.2-2 Examine mesh menu for 3D elements ...................................................... 54
Figure 4.1.2-1 Tool: Specify Continuum Types ............................................................... 55
Figure 4.1.2-2 Tool: Specify boundary types ................................................................... 55
Figure 4.1.2-3 Name and type of each boundary .............................................................. 56
Figure 4.1.2-4 Overall view of the location of mass flow inlet and outflow boundary
conditions .......................................................................................................................... 56
Figure 6.1.1-1 Solver menu in Fluent ............................................................................... 57
Figure 6.1.2-1 Viscous model menu in Fluent .................................................................. 59
Figure 6.1.3-1 Energy equation menu in Fluent ............................................................... 60
Figure 6.1.4-1 Material properties menu in Fluent (December) ....................................... 60
Figure 6.1.5-1 Operating conditions in Fluent (January) .................................................. 61
Figure 6.1.6-1 Boundary Conditions menu in fluent (defining Pipe in as an outflow) ..... 62
Figure 6.1.6-2 Pipe in – Flow rate Weighting (October) .................................................. 63
Figure 6.1.6-3 Mass flow inlet menu in Fluent – Momentum (October).......................... 63

13

Figure 6.1.6-4 Mass flow inlet menu in Fluent – Thermal (October) ............................... 64
Figure 6.1.6-5 Mass flow inlet menu in Fluent – Momentum (October) .......................... 65
Figure 6.1.6-6 Mass flow inlet menu in Fluent – Thermal (October) ............................... 65
Figure 6.1.6-7 End – Flow Rate Weighting (October) ...................................................... 66
Figure 6.1.6-8 Wall menu in Fluent (Wall) - Momentum ................................................. 67
Figure 6.1.6-9 Wall menu in Fluent (Surface) – Momentum ............................................ 68
Figure 6.1.6-10 Wall menu in Fluent (Surface) – Thermal ............................................... 69
Figure 6.1.6-11 Editing Surface Material Properties as water properties in Fluent .......... 69
Figure 6.1.6-12 Wall menu in Fluent (Surface) – Momentum (ice).................................. 70
Figure 6.1.6-13 Wall menu in Fluent (Surface) – Thermal (ice) ....................................... 70
Figure 6.1.6-14 Fluid menu in Fluent................................................................................ 71
Figure 6.1.7-1 Solution Controls menu in Fluent (Default) .............................................. 72
Figure 6.1.7-2 Solution Controls menu in Fluent (2nd Order Upwind) ............................. 72
Figure 6.1.7-3 Solution Controls menu in Fluent (Coupled)............................................. 73
Figure 6.1.7-1 Methodology used in the simulations ........................................................ 74
Figure 6.2.3-1 Residuals graphic (January) ....................................................................... 75
Figure 6.2.3-2 Surface Integrals report – Facet Average Temperatures (End and Start) - 75
Figure 6.2.3-3 Display of Temperatures............................................................................ 76
Figure 6.2.3-4 Visualization of velocity vectors on the water surface .............................. 77
Figure 6.2.4-1 Adapt Wall Yplus/Ystar menu in Fluent ................................................... 78
Figure 6.2.4-3 Adapt surface menu in Fluent (region adapted)......................................... 79
Figure 6.2.4-2 Cube defined by two points ....................................................................... 79
Figure 6.2.4-4 Non-refined face of the boundary condition Pipe out................................ 80
Figure 6.2.4-5 refined face of the boundary condition Pipe out ........................................ 80
Figure 7.1.2-1 Problem statement - Case 1 ....................................................................... 85
Figure 7.1.2-2 Problem statement – Case 2....................................................................... 87
Figure 7.2.1-1 Graphic ΔT on every month ....................................................................... 92
Figure 7.2.1-2 Residual values of continuity, velocity components, energy, k and epsilon
........................................................................................................................................... 92
Figure 7.2.1-3 Visualization of velocity vectors on the face of the boundary condition
called surface ..................................................................................................................... 93
Figure 7.2.1-4 Distribution of wall Yplus value at the ground of the river ....................... 94
Figure 7.2.1-5 Distribution of temperatures along the symmetry horizontal plane of the
pipes and along the symmetry plane of boundary conditions called ‘pipe in' and ´pipe out´
........................................................................................................................................... 95
Figure 7.2.1-6 Distribution of temperatures along the face of the boundary condition
called end........................................................................................................................... 95

14

Figure 7.2.4-1 Overall view of cross sections plotted every 10m from the outflow of pipes
until 110m ......................................................................................................................... 97
Figure 7.2.4-2 Graphic d-ΔT ............................................................................................ 98
Figure 7.2.4-3 Overall view of the area that is warmer than 284,5 K in September ........ 99
Figure 10.3.1-1 Residual values of continuity, velocity components, energy, k and epsilon
........................................................................................................................................ 107
Figure 10.3.1-2 Distribution of wall Yplus value along the face of the boundary condition
called wall ...................................................................................................................... 107
Figure 10.3.1-3 Distribution of temperatures along the symmetry horizontal plane of the
pipes and along the symmetry plane of boundary conditions called ‘pipe in' and ´pipe out´
........................................................................................................................................ 108
Figure 10.3.1-4 Distribution of temperatures along the face of the boundary condition
called end ........................................................................................................................ 108
Figure 10.3.1-5 Visualization of velocity vectors on the face of the boundary condition
called surface .................................................................................................................. 109
Figure 10.3.2-1 Residual values of continuity, velocity components, energy, k and epsilon
........................................................................................................................................ 109
Figure 10.3.2-2 Distribution of wall Yplus value along the face of the boundary condition
called wall ...................................................................................................................... 110
Figure 10.3.2-3 Distribution of temperatures along the symmetry horizontal plane of the
pipes and along the symmetry plane of boundary conditions called ‘pipe in' and ´pipe out´
........................................................................................................................................ 110
Figure 10.3.2-4 Distribution of temperatures along the face of the boundary condition
called end ........................................................................................................................ 111
Figure 10.3.2-5 Visualization of velocity vectors on the face of the boundary condition
called surface .................................................................................................................. 111
Figure 10.4.1-1 Residual values of continuity, velocity components, energy, k and epsilon
........................................................................................................................................ 112
Figure 10.4.1-2 Distribution of wall Yplus value along the face of the boundary condition
called wall ...................................................................................................................... 112
Figure 10.4.1-3 Distribution of temperatures along the symmetry horizontal plane of the
pipes and along the symmetry plane of boundary conditions called ‘pipe in' and ´pipe out´
........................................................................................................................................ 113
Figure 10.4.1-4 Distribution of temperatures along the face of the boundary condition
called end ........................................................................................................................ 113
Figure 10.4.1-5 Visualization of velocity vectors on the face of the boundary condition
called surface .................................................................................................................. 114

15

Figure 10.4.2-1 Residual values of continuity, velocity components, energy, k and epsilon
......................................................................................................................................... 114
Figure 10.4.2-2 Distribution of wall Yplus value along the face of the boundary condition
called wall ...................................................................................................................... 115
Figure 10.4.2-3 Distribution of temperatures along the symmetry horizontal plane of the
pipes and along the symmetry plane of boundary conditions called ‘pipe in' and ´pipe out´
......................................................................................................................................... 115
Figure 10.4.2-4 Distribution of temperatures along the face of the boundary condition
called end......................................................................................................................... 116
Figure 10.4.2-5 Visualization of velocity vectors on the face of the boundary condition
called surface ................................................................................................................... 116
Figure 10.4.3-1 Residual values of continuity, velocity components, energy, k and epsilon
......................................................................................................................................... 117
Figure 10.4.3-2 Distribution of wall Yplus value along the face of the boundary condition
called wall ...................................................................................................................... 117
Figure 10.4.3-3 Distribution of temperatures along the symmetry horizontal plane of the
pipes and along the symmetry plane of boundary conditions called ‘pipe in' and ´pipe out´
......................................................................................................................................... 118
Figure 10.4.3-4 Distribution of temperatures along the face of the boundary condition
called end......................................................................................................................... 118
Figure 10.4.3-5 Visualization of velocity vectors on the face of the boundary condition
called surface ................................................................................................................... 119
Figure 10.4.4-1 Residual values of continuity, velocity components, energy, k and epsilon
......................................................................................................................................... 119
Figure 10.4.4-2 Distribution of wall Yplus value along the face of the boundary condition
called wall ...................................................................................................................... 120
Figure 10.4.4-3 Distribution of temperatures along the symmetry horizontal plane of the
pipes and along the symmetry plane of boundary conditions called ‘pipe in' and ´pipe out´
......................................................................................................................................... 120
Figure 10.4.4-4 Distribution of temperatures along the face of the boundary condition
called end......................................................................................................................... 121
Figure 10.4.4-5 Visualization of velocity vectors on the face of the boundary condition
called surface ................................................................................................................... 121
Figure 10.4.5-1 Residual values of continuity, velocity components, energy, k and epsilon
......................................................................................................................................... 122
Figure 10.4.5-2 Distribution of wall Yplus value along the face of the boundary condition
called wall ...................................................................................................................... 122

16

Figure 10.4.5-3 Distribution of temperatures along the symmetry horizontal plane of the
pipes and along the symmetry plane of boundary conditions called ‘pipe in' and ´pipe out´
........................................................................................................................................ 123
Figure 10.4.5-4 Distribution of temperatures along the face of the boundary condition
called end ........................................................................................................................ 123
Figure 10.4.5-5 Visualization of velocity vectors on the face of the boundary condition
called surface .................................................................................................................. 124
Figure 10.4.6-1 Residual values of continuity, velocity components, energy, k and epsilon
........................................................................................................................................ 124
Figure 10.4.6-2 Distribution of wall Yplus value along the face of the boundary condition
called wall ...................................................................................................................... 125
Figure 10.4.6-3 Distribution of temperatures along the symmetry horizontal plane of the
pipes and along the symmetry plane of boundary conditions called ‘pipe in' and ´pipe out´
........................................................................................................................................ 125
Figure 10.4.6-4 Distribution of temperatures along the face of the boundary condition
called end ........................................................................................................................ 126
Figure 10.4.6-5 Visualization of velocity vectors on the face of the boundary condition
called surface .................................................................................................................. 126
Figure 10.4.7-1 Residual values of continuity, velocity components, energy, k and epsilon
........................................................................................................................................ 127
Figure 10.4.7-2 Distribution of wall Yplus value along the face of the boundary condition
called wall ...................................................................................................................... 127
Figure 10.4.7-3 Distribution of temperatures along the symmetry horizontal plane of the
pipes and along the symmetry plane of boundary conditions called ‘pipe in' and ´pipe out´
........................................................................................................................................ 128
Figure 10.4.7-4 Distribution of temperatures along the face of the boundary condition
called end ........................................................................................................................ 128
Figure 10.4.7-5 Visualization of velocity vectors on the face of the boundary condition
called surface .................................................................................................................. 129
Figure 10.4.8-1 Residual values of continuity, velocity components, energy, k and epsilon
........................................................................................................................................ 129
Figure 10.4.8-2 Distribution of wall Yplus value along the face of the boundary condition
called wall ...................................................................................................................... 130
Figure 10.4.8-3 Distribution of temperatures along the symmetry horizontal plane of the
pipes and along the symmetry plane of boundary conditions called ‘pipe in' and ´pipe out´
........................................................................................................................................ 130

17

Figure 10.4.8-4 Distribution of temperatures along the face of the boundary condition
called end......................................................................................................................... 131
Figure 10.4.8-5 Visualization of velocity vectors on the face of the boundary condition
called surface ................................................................................................................... 131
Figure 10.4.9-1 Residual values of continuity, velocity components, energy, k and epsilon
......................................................................................................................................... 132
Figure 10.4.9-2 Distribution of wall Yplus value along the face of the boundary condition
called wall ...................................................................................................................... 132
Figure 10.4.9-3 Distribution of temperatures along the symmetry horizontal plane of the
pipes and along the symmetry plane of boundary conditions called ‘pipe in' and ´pipe out´
......................................................................................................................................... 133
Figure 10.4.9-4 Distribution of temperatures along the face of the boundary condition
called end......................................................................................................................... 133
Figure 10.4.9-5 Visualization of velocity vectors on the face of the boundary condition
called surface ................................................................................................................... 134
Figure 10.4.10-1 Residual values of continuity, velocity components, energy, k and
epsilon ............................................................................................................................. 134
Figure 10.4.10-2 Distribution of wall Yplus value along the face of the boundary
condition called wall ...................................................................................................... 135
Figure 10.4.10-3 Distribution of temperatures along the symmetry horizontal plane of the
pipes and along the symmetry plane of boundary conditions called ‘pipe in' and ´pipe out´
......................................................................................................................................... 135
Figure 10.4.10-4 Distribution of temperatures along the face of the boundary condition
called end......................................................................................................................... 136
Figure 10.4.10-5 Visualization of velocity vectors on the face of the boundary condition
called surface ................................................................................................................... 136
Figure 10.4.11-1 Residual values of continuity, velocity components, energy, k and
epsilon ............................................................................................................................. 137
Figure 10.4.11-2 Distribution of wall Yplus value along the face of the boundary
condition called wall ...................................................................................................... 137
Figure 10.4.11-3 Distribution of temperatures along the symmetry horizontal plane of the
pipes and along the symmetry plane of boundary conditions called ‘pipe in' and ´pipe out´
......................................................................................................................................... 138
Figure 10.4.11-4 Distribution of temperatures along the face of the boundary condition
called end......................................................................................................................... 138
Figure 10.4.11-5 Visualization of velocity vectors on the face of the boundary condition
called surface ................................................................................................................... 139

18

Figure 10.4.12-1 Residual values of continuity, velocity components, energy, k and
epsilon ............................................................................................................................. 139
Figure 10.4.12-2 Distribution of wall Yplus value along the face of the boundary
condition called wall ...................................................................................................... 140
Figure 10.4.12-3 Distribution of temperatures along the symmetry horizontal plane of the
pipes and along the symmetry plane of boundary conditions called ‘pipe in' and ´pipe out´
........................................................................................................................................ 140
Figure 10.4.12-4 Distribution of temperatures along the face of the boundary condition
called end ........................................................................................................................ 141
Figure 10.4.12-5 Visualization of velocity vectors on the face of the boundary condition
called surface .................................................................................................................. 141
Figure 10.5.1-1 Residual values of continuity, velocity components, energy, k and epsilon
........................................................................................................................................ 142
Figure 10.5.1-2 Distribution of wall Yplus value along the face of the boundary condition
called wall ...................................................................................................................... 142
Figure 10.5.1-3 Distribution of temperatures along the symmetry horizontal plane of the
pipes and along the symmetry plane of boundary conditions called ‘pipe in' and ´pipe out´
........................................................................................................................................ 143
Figure 10.5.1-4 Distribution of temperatures along the face of the boundary condition
called end ........................................................................................................................ 143
Figure 10.5.1-5 Visualization of velocity vectors on the face of the boundary condition
called surface .................................................................................................................. 144
Figure 10.5.2-1Residual values of continuity, velocity components, energy, k and epsilon
........................................................................................................................................ 144
Figure 10.5.2-2 Distribution of wall Yplus value along the face of the boundary condition
called wall ...................................................................................................................... 145
Figure 10.5.2-3 Distribution of temperatures along the symmetry horizontal plane of the
pipes and along the symmetry plane of boundary conditions called ‘pipe in' and ´pipe out´
........................................................................................................................................ 145
Figure 10.5.2-4 Distribution of temperatures along the face of the boundary condition
called end ........................................................................................................................ 146
Figure 10.5.2-5 Visualization of velocity vectors on the face of the boundary condition
called surface .................................................................................................................. 146
Figure 10.6.1-1 view of cross sections plotted every 10m from the outflow of pipes until
110m ............................................................................................................................... 147
Figure 10.6.1-2 Graphic d-ΔT for October (2m3) .......................................................... 148
Figure 10.6.1-3 Overall view of the area that is warmer than 282,5 K in October ......... 149

19

Figure 10.6.2-1 Overall view of cross sections plotted every 10m from the outflow of
pipes until 110m .............................................................................................................. 150
Figure 10.6.2-2 Graphic d-ΔT for October (5m3) ........................................................... 151
Figure 10.6.2-3 Overall view of the area that is warmer than 282,5 K in October ......... 152

20

LIST OF TABLES
Table 2.4.1-1 Average flows for Gavleån river during 1961-1990. The values represent
mean values of monthly mean values for these years (Source: SMHI). ........................... 28
Table 2.4.1-2 Flow statistics along a year time from 1905 to 1990 (Source: SMHI). ...... 29
Table 2.4.1-3 Mean temperature in Gavleån river during 2008 (Source: SLU). .............. 29
Table 2.4.2-1- Mean monthly temperatures in Gävle during the years 2000-2009 (Source:
Meteored). ......................................................................................................................... 30
Table 3.1.4-1 Types of turbulence models (Source User‘s Guide Fluent (2006)) ............ 34
Table 4.1.2-1 Maximum and minimum values for average flow and height (Source:
Appendix 10.2 . Inforfation provided by Sweco) .............................................................. 49
Table 4.1.2-2 Water and model height for each monthly mean flow .............................. 50
Table 4.1.2-3 Water and model height for flow in extreme cases .................................... 50
Table 6.1.6-1 Boundary Conditions .................................................................................. 62
Table 6.1.6-2 Turbulence intensity levels in rivers (Source:(10)) .................................... 66
Table 6.1.6-3 Different roughness heights - Source: (11)................................................. 67
Table 6.2.4-1 Differences and error between a refined and a non-refined face ................ 80
Table 7.1.1-1 Temperature of the mixing point considering the average monthly flows. 82
Table 7.1.1-2 Temperature of the mixing point considering a flow of 5,5m3/s ................ 83
Table 7.1.1-3 Temperature of the mixing point considering a flow of 2m3/s ................... 84
Table 7.1.2-1 Results case 1 – Monthly flows: Average monthly .................................... 86
Table 7.1.2-2 Results case 1 – Monthly flows: 5,5m3/s each month ................................ 86
Table 7.1.2-3 Results case 1 – Monthly flows: 2m3/s each month ................................... 87
Table 7.1.2-4 Results case 2 – Monthly flows: Average monthly .................................... 89
Table 7.1.2-5 Results case 2 – Monthly flows: 5,5m3/s .................................................... 89
Table 7.1.2-6 Results case 2 – Monthly flows: 2m3/s ....................................................... 89
Table 7.1.3-1 Final results of the theoretical study – Monthly flows: Average monthly . 89
Table 7.1.3-2 Final results of the theoretical study – Monthly flows: 5,5m3/s each month
.......................................................................................................................................... 90
Table 7.1.3-3 Final results of the theoretical study – Monthly flows: 2m3/s each month. 90
Table 7.2.1-1 Final results of temperature raise of the simulations made ........................ 91
Table 7.2.2-1 Final results of temperature raise of the special cases simulations ............ 96
Table 7.2.3-1 Absolute errors of all simulations compared to the theoretical study ........ 96
Table 7.2.4-1 Increment of temperature with regard to average water temperature (284 K)
in every section for the month of September .................................................................... 98
Table 7.2.4-2 Percentage of hot area in every plotted section .......................................... 99

21

Table 10.6.1-1 Increment of temperature with regard to average water temperature (282
K) in every section for the month of October (2m3) ....................................................... 147
Table 10.6.1-2 Percentage of hot area in every plotted section ....................................... 149
Table 10.6.2-1 Increment of temperature with regard to average water temperature (282
K) in every section for the month of October (5,5m3) .................................................... 150
Table 10.6.2-2 Percentage of hot area in every plotted section ....................................... 152

22

1 INTRODUCTION
Technology is a field that is changing continuously because human‘s beings needs also
change. As the times go by, nature impact due to our society development has to be the
less as possible and also completely sustainable, in order to preserve our planet to our
future generations.

The Swedish district heating and cooling system is a successful and efficient method to
provide heat power to the different buildings. This system requires new upgrades and new
plants to become even better. Furthermore, the creation of new plants of this kind require
an environmental study to get the permits to be built, but developing studies like this
thesis is a necessary fact with the purpose of discovering the possible damages that will
affect the nature and living beings on the region close to the new plant.

This thesis will try to study the temperature raise that will be produced in river Gavleån
(at the region of Gevalia) due to the creation of a cooling plant that will take water from
the river and return it warmed up. This study will be developed using CFD technology,
which is a powerful tool to simulate the mixing of different flows and fluids.
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2 PROBLEM APPROACH

2.1

Objectives

The main objective of this thesis is to study the temperature raise in the river Gavleån due
to the existence of a cooling plant that takes water from the river to cool down its
refrigeration system, and takes it back warmed up. This study is necessary in order to find
out the impact on the natural habitat that exists in this river.

2.2

General approach

This cooling plant is built in order to cool many buildings refrigeration system that are
close to this region. See Figure 2.4.1-1, that shows where is the location of this plant and
also the main region of study.

Pipes

Plant

Figure 2.4.1-1 Plant and pipes location in the river Gavleån (Source: SWECO – 2009)

In addition to this figure, there is a region called ―pipes‖. That means that here is the
region from the river where the pipes are located to get water from the river in order to
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get the cooling power needed to cool down the refrigeration systems of the buildings
around. Consequently, see Figure 2.4.1-2 which shows how the plant works in a general
view.

Figure 2.4.1-2 Main schema of the cooling plant (Source: SWECO-2009)

This cooling plant, that uses the river water as the refrigeration‘s cycle fluid, has two
ways of functioning during the whole year because the cooling load is higher during
summer than during the winter.

The first one takes part when the cooling demand is less than 500 kW and the river
temperature is 4,5°C or lower, and, in this case, the river water is used directly for cooling
the buildings (no cooling cycle is working on the plant). This first operative only takes
part during the months of January, February, March, April, November and December.
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Moreover, the temperature of the water that leaves the plant is 11oC higher than the
temperature of the river water and the pumped water flow is 11,3dm3/s.

During the months of May, June, July, August, September and October, the cooling
demand is higher than 500 kW and the temperature in the river is higher than 4,5 °C. That
means that in this step, because the water is warmer than 4,5 °C and it doesn‘t have as
cooling power as the other way, the refrigeration cycle of the plant starts to work. That
means that one compressor from this cycle would turn on in order to get more cooling
power. Furthermore, the flow taken from the river in this stage is 40dm3/s and the
temperature for the taken water that is returned to the river is 31,8°C.

2.3

Methodology

To face this issue, it is necessary to define first the methodology that will be used. It has
been used CFD software to solve the whole problem because it is a very attractive tool to
work out this kind of mixing fluid problems. In fact, the software chosen was Fluent
(version 6.3.26).

Obviously, this CFD technology requires a 3D model to interact with it. According to
that, the first step of the development of this thesis is getting a 3D model of the river for a
later meshing process.

To model this part of the river, the software used was Solidworks SP0.0. As it is
explained afterwards on the chapter GEOMETRY at the beginning it was taken the
contour level map of the studied region in Gavleån, to definitively build the geometry on
this program.

The next step of the procedure is the meshing part. This one was carried on using the
software Gambit. It is explained subsequently on chapter MESH.

Moreover, the last step of the simulating process is solving the mesh generated with the
software Fluent. It is also developed in CFD STUDY.

Finally, post processing analysis of the simulation data and the calculations made of the
possible results will be explained and discussed.
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About the procedure made to reach a final solution, it was firstly made a preliminary
study of the mixing flows, assuming that the river shape was like a straight channel. This
was made in purpose to know how would be the behavior of the flows when they mix and
to make a first approach to the final results. Later on, when the solution was acceptable,
the real case, with the real geometry and inputs(real boundary conditions), started to be
solved.

2.4

Boundary conditions

In order to solve this problem it is needed to put the correct inputs for the boundary
conditions that will be used in the simulations afterwards.

2.4.1

River flow and water temperature

The first main boundary condition is the information about the river flow. That means
that it is needed to know which the river flow is and which its temperature is.

According to that, the statistics for the average monthly flow of Gavleån river since 1961
to 1990 (Table 2.4.1-1) is as followed:

Month

Flow [m3/s]

January

18,2

February

18,1

March

18,8

April

31

May

44

June

13,8

July

10

August

12,1

September

15,8

October

18,5

November

22

December

19,2

Table 2.4.1-1 Average flows for Gavleån river during 1961-1990. The values represent mean values of
monthly mean values for these years (Source: SMHI).

28

In addition, those are the average flows during the whole month, but during this period of
time, the flow it is not constant. During the whole year, the flow distribution is the next
one (Table 2.4.1-2):

%

1%

50%

75%

95%

100%

Flow [m3/s]

88

14,6

9,8

5,6
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Table 2.4.1-2 Flow statistics along a year time from 1905 to 1990 (Source: SMHI).

That means, for example, that the flow is higher than 5,6m3/s during the 95% of the year,
and the same argument for the other different flows.

Furthermore, the data about the temperatures of the river water is taken upstream, and it is
measured on the region of Silvanum. See Table 2.4.1-3:

Month

Temperature [°C]

January

2

February

1

March

3

April

4,5

May

14

June

18,5

July

20

August

18

September

11

October

9

November

2

December

1

Table 2.4.1-3 Mean temperature in Gavleån river during 2008 (Source: SLU).

2.4.2

Heat transfer

As it is obvious, the main gain in temperature will come directly from the warmed up
flow that comes out of the pipes. The effects of these different flows would be explained
afterwards. In addition to these pipes, they are isolated along its whole length; no heat
transfer takes part in those surfaces, they are considered adiabatic.
1

Since the dam was built, 2m3/s is the minimum flow according to the authorities that is allowed to let go.

29

The second main way to increase/decrease temperature is the effect of convection on the
surface of the water (it has been assumed that the temperature of the ground and walls of
the river is the same temperature as the water; consequently, there is no heat transfer from
the water to the ground). According to that, the monthly average data about the weather in
Gävle is shown on Table 2.4.2-1 (see Preliminary theoretical study in chapter 7):

Month

Mean Temperatures [°C]

January

-2,6

February

-2,9

March

-0,7

April

4,6

May

9,8

June

13,8

July

16,6

August

15,7

September

11,2

October

5,7

November

1,9

December

-1,4

Table 2.4.2-1- Mean monthly temperatures in Gävle during the years 2000-2009 (Source: Meteored).

Also, during the winter months (January, February and March), the water surface is
frozen.

Moreover, the final way of exchanging heat between different bodies or fluids is, of
course, radiation. This part has not been considered in almost all models
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3 NUMERICAL SIMULATIONS
The project of building the cooling plant involves a prior thermo and fluid dynamic study
of this on the river beside to which is laid. Behind this study there are plenty of complex
equations that govern the behavior of the river.

But nowadays there is developed CFD software capable to perform numerical solutions.
This kind of programs allows predicting the behavior of water flow spending less money
and time than physical experiments in labs.

Before the 90s CFD programs were rarely used in the field of industry because it was so
inefficient and expensive predicting the behavior of dynamic flows. But in last twenty
years, substantial improvements in both software and hardware have made possible to
create affordable and reliable programs available for most industrial companies.

As it has said previously, the software tool used to simulate the river conditions is Fluent.
This program has been used to specify the fluid properties and boundary conditions.
Afterwards has been solved; meanwhile the most important output data have been
controlled through monitors. In post-processing phase, it has been plotted different output
results in order to discussing them and extracting conclusions.

In this content, it is going to show all equations used by Fluent in order to simulate the
river flow under specified conditions.
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3.1

Governing equations

Conservation of mass and momentum are the equations that govern the simulation.
They both are well known as Navier-Stokes equations.
It has been added conservation of energy as well due to it is a heat transfer problem.
See reference (1)
3.1.1

Conservation of mass

In general the conservation of mass can in Cartesian tensor form be written as
𝜕𝜌 𝜕(𝜌𝑢𝑖 )
+
=0
𝜕𝑡
𝜕𝑥𝑖
Eq. 3.1-1

3.1.2

Conservation of momentum

The conservation of momentum can be written as
𝜕(𝜌𝑢𝑖 ) 𝜕(𝜌𝑢𝑖 𝑢𝑗 )
𝜕𝑝 𝜕𝜏𝑖𝑗
+
=−
+
+ 𝑆𝑀
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑖 𝜕𝑥𝑗
Eq. 3.1-2

3.1.3

Conservation of energy

The energy equation expressed in temperature form can be written as
𝜕 𝜌𝑐𝑝 𝜃𝑢𝑗
𝜕 𝜌𝑐𝑝 𝜃
𝜕 2 𝜆𝜃
𝑢𝑖
+
=
+ 𝜏𝑖𝑗 + 𝑆𝜃
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑗 𝜕𝑥𝑗
𝑥𝑙
Eq. 3.1-3

3.1.4

Fluid and flow properties

It has been assumed that the working fluid, water, is a Newtonian fluid, i.e viscosity is
steady along the time.
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The other thermodynamic properties such as λ and cp are constant. It has been chosen
Boussinesq hypothesis in order to approach water density. Thanks to this, it‘s possible to
model the buoyancy effect of water. Despite the working fluid is considered
incompressible due to infinitesimal increment of density within working temperature
range.
On the other hand, the flow has been assumed stationary, turbulent and without viscous
heating. In addition, radiation effect over the water has been considered negligible.

Hypothesis considered previously (Eq. 3.1-1, Eq. 3.1-2, Eq. 3.1-3 ) become in Cartesian
tensor form
𝜕𝑢𝑖
=0
𝜕𝑥𝑖
Eq. 3.1-4

𝜕(𝑢𝑖 𝑢𝑗 )
1 𝜕𝑝
𝛿 2 𝑢𝑖
=−
+𝑣
+ 𝛽(𝜃0 − 𝜃)𝑔𝑖
𝜕𝑥𝑗
𝜌 𝜕𝑥𝑖
𝛿𝑥𝑖 𝑥𝑗
Eq. 3.1-5

Where the third term of the second member represents the buoyancy effect, function of β
and θ. For more detailed information, consult reference (2)

𝛿(𝜃𝑢𝑗 )
𝜆 𝛿2𝜃
=
𝛿𝑥𝑗
𝜌𝑐𝑝 𝛿𝑥𝑗 𝛿𝑥𝑗
Eq. 3.1-6

33

3.2

Turbulence Modeling

Among the wide range of options shown in Table 3.1.4-1 to model turbulent flows, it has
been chosen k- ε model for turbulence modeling. For more detailed information about the
other models, see reference (2)

Spalart-Allmaras model
k- ε models
-

Standard k- ε model

-

Renormalization-group (RNG) k- ε model

-

Realizable k- ε model

k- ω models
-

Standard k- ω model

-

Shear-stress transport (SST) k- ω model

2

aυ -ƒ model (addon)
Reynolds stress model (RSM)
-

Linear pressure-strain RSM model

-

Quadratic pressure-strain RSM model

-

Low-Re stress-omega RSM model

Table 3.1.4-1 Types of turbulence models (Source User’s Guide Fluent (2006))

The best model to simulate the turbulence of the river‘s flow is Realizable k- ε model
because it has two remarkable reasons comparing with Standard and RNG models:


It contains new equations to compute turbulent viscosity



An exact equation for the transport of the mean-square vorticity fluctuation
provides a new transport equation for the dissipation rate, ε.

It has been proved that realizable k- ε model has the best performance of all k- ε model
versions for several cases with separated flows and flows with complex characteristics.
3.2.1

Transport equations

The modeled transport equations for k and ε can be written as
𝜕(𝜌𝑘) 𝜕(𝜌𝑘𝑢𝑗 )
𝜕
+
=
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑗

𝜇+

𝜇𝑡 𝜕𝑘
+ 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀
𝜍𝑘 𝜕𝑥𝑗
Eq. 3.2-1
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𝜕(𝜌𝜀) 𝜕(𝜌𝜀𝑢𝑗 )
𝜕
+
=
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑗

𝜇+

𝜇𝑡 𝜕𝜀
𝜀2
𝜀
+ 𝜌𝐶1 𝑆𝜀 − 𝜌𝐶2
+ 𝐶1𝜀 𝐶3𝜀 𝐺𝑏
𝜍𝜀 𝜕𝑥𝑗
𝑘
𝑘 + 𝜈𝜀
Eq. 3.2-2

where

𝐶1 = 𝑚𝑎𝑥 0.43,
𝜂=𝑆
𝑆=

𝜂
𝜂+5

𝑘
𝜀

2𝑆𝑖𝑗 𝑆𝑖𝑗

In the equations above, Gk represents the generation of turbulence kinetic energy due to
mean velocity gradients, calculated as described in section Modeling turbulent
production.
Gb is the generation of turbulence kinetic due to buoyancy, calculated as described in
section Effect of buoyancy
YM represents the contribution of the fluctuating dilatation in compressible turbulence to
the overall dissipation rate. This term is null due to it is assumed that water‘s river flow is
incompressible.
C2 and C1ε are constants.
This model is valid for a large range of flows according with next references (3) and (4)
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3.2.2

Modeling the turbulent viscosity

The eddy viscosity is calculated through the next equation

𝜇𝑡 = 𝜌𝐶𝜇

𝑘2
𝜀
Eq. 3.2-3

where
𝐶𝜇 =

1
𝑘𝑈 ∗
𝐴0 + 𝐴𝑠 𝜀
Eq. 3.2-4

and
𝑈∗ ≡

𝑆𝑖𝑗 𝑆𝑖𝑗 + 𝛺𝑖𝑗 𝛺𝑖𝑗
Eq. 3.2-5

where
𝛺𝑖𝑗 = 𝛺𝑖𝑗 − 2𝜀𝑖𝑗𝑘 𝜔𝑘
𝛺𝑖𝑗 = 𝛺𝑖𝑗 − 𝜀𝑖𝑗𝑘 𝜔𝑘
where 𝛺𝑖𝑗 is viewed in a rotating reference frame with an angular velocity ωk.
The model constants Ao and As are given by
𝐴0 = 4.04 ; 𝐴𝑠 = 6 cos 𝜙
where
1
𝜙 = cos −1 ( 6𝑊)
3
𝑆𝑖𝑗 𝑆𝑗𝑘 𝑆𝑘𝑖
𝑊=
𝑆3
𝑆=
𝑆𝑖𝑗 =

𝑆𝑖𝑗 𝑆𝑖𝑗

1 𝜕𝑢𝑗 𝜕𝑢𝑖
+
2 𝜕𝑥𝑖 𝜕𝑥𝑗

Note that 𝐶𝜇 is a function of the mean strain and rotation rates, the angular velocity of the
system rotation, and the turbulence fields (k and ε)
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3.2.3

Modeling turbulent production

The term Gk, that gives the production of turbulence kinetic energy, is calculated, under
Boussinesq hypothesis, as the following form
𝐺𝑘 = 𝜇𝑡 𝑆 2
Eq. 3.2-6

where S is the modulus of the mean rate-of-strain tensor that can be written as
𝑆≡

3.2.4

2𝑆𝑖𝑗 𝑆𝑖𝑗

Effect of buoyancy

The case which is going to be simulated has a no-zero gravity field and no-zero
temperature gradient. So it‘s necessary to rewrite the term Gb in equations Eq. 3.2-1and
Eq. 3.2-2 in order to account the effect of buoyancy in the water.
The generation of turbulence due to buoyancy is computed as

𝐺𝑏 = 𝛽𝑔𝑖

𝜇𝑡 𝜕𝑇
𝑃𝑟𝑡 𝜕𝑥𝑖
Eq. 3.2-7

where, in Fluent, the default value of Pr=0.97 in realizable k- ε model. Further, gi=-9.81
in y axis of the global coordinate system.
The coefficient of thermal expansion, β, can be written as

𝛽=−

1 𝜕𝜌
𝜌 𝜕𝑇

𝑝

Eq. 3.2-8
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3.3

Boundary Conditions

Boundary conditions specify the flow and thermal variables on the boundaries of the river
modeled. Furthermore, it has to set them up accurately; otherwise Fluent wouldn‘t
simulate the desired study case.
The model is constrained by three kinds of boundary conditions that have been consulted
in (5) and are going to be explained below.

3.3.1

Mass flow inlet

Mass flow boundary conditions can be used in Fluent to provide a prescribed mass flow.
This condition has been laid on the inlet faces of the river‘s stretch and of hot water
coming from the cooling station.
For incompressible fluid, the velocity is computed as

𝜌𝑣𝑛 =

𝑚
𝐴
Eq. 3.3-1

Note that the density at the inlet has been supposed depending on temperature. It is
calculated through Boussinesq‘s approach and written as follows
𝜌 = 𝜌𝑏 1 − 𝛼 𝑇 − 𝑇𝑏
Eq. 3.3-2

3.3.2

Outflow

Outflow boundary conditions in Fluent are used to model flow exits where the details of
the flow velocity and pressure are not known before solve the problem.
It has to specify the fractional flow rate through each of two outflow boundaries that have
been defined.
The flow rate weighting is a weight factor computed as

percentage flow
𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 𝑊𝑒𝑖𝑔 𝑡𝑖𝑛𝑔 𝑠𝑝𝑖 𝑐𝑖𝑓𝑖𝑒𝑑 𝑜𝑛 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦
through boundary =
𝑠𝑢𝑚 𝑜𝑓 𝑎𝑙𝑙 𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 𝑊𝑒𝑖𝑔 𝑡𝑖𝑛𝑔𝑠

Eq. 3.3-3
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This boundary condition has been imposed on outflow faces of the river‘s stretch and of
cold water that goes to cooling station.

3.3.3

Wall

The sides and the bottom of the river has been treated as non-slip walls and thermally
adiabatic. In other words, velocity and heat flux transfer are zero at the walls.
Moreover, the surface on the top of the river has been considered as slip wall and with
heat convection transfer with the air.
Note that radiation has not been included in both boundary conditions.

It is necessary to use developed techniques to approach the near-wall regions because of
turbulence flow is really affected by the presence of the walls.
Wall functions are a group of semi-empirical formulae and functions used to solve the
viscosity- affected region between the wall and the full-turbulent region. The wall
functions comprises


the ―law-of-the-wall‖, that is used to approach the mean velocity and temperature



formulae for near-wall turbulent quantities

Fluent offers four choices of wall function approaches.


Standard Wall Functions



Non-Equilibrium Wall Functions



Enhanced Wall treatment



User-Defined Wall Functions

It has been chosen the most typical option to resolve industrial flows, Standard Wall
Functions. These are based on methods extracted from (6)
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Momentum

The equations used to compute the mean velocity yields are

𝑈∗ =

1
𝑙𝑛 𝐸𝑦 ∗
𝜅
Eq. 3.3-4

where
1

1

𝑈𝑃 𝐶𝜇 4 𝑘𝑃 2
∗
𝑈 ≡
𝜏𝑤
𝜌
Eq. 3.3-5
1

1

𝜌𝐶𝜇 4 𝑘𝑃 2 𝑦𝑃

𝑦∗ ≡

𝜇
Eq. 3.3-6

κ=0.4187

and empirical constants have a value of

E= 9.793

Note that Eq. 3.3-4 is valid when 30<y*<300. Fluent starts to use this logarithmic law
when y*>11.225. Otherwise, for y*<11.225, Fluent applies, at the cells beside to wall, the
laminar stress-strain relationship that can be written as
𝑈∗ = 𝑦∗
Eq. 3.3-7

Energy

Assuming the suppositions as follows
-

incompressible fluid

-

most regions are predominated by turbulence effects instead heat conduction

-

smooth wall (roughness height<2.25m)

the law used by Fluent to compute the temperature near the wall can be written as
1

𝑇∗ ≡

1

𝑇𝑤 − 𝑇𝑃 𝜌𝑐𝑝 𝐶𝜇 4 𝑘𝑃
𝑞

2

= 𝑃𝑟𝑡

1
𝑙𝑛 𝐸𝑦 ∗ + 𝑃
𝑘
Eq. 3.3-8
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where P is computed by using the following equation according to reference (7)

𝑃 = 9.24

𝑃𝑟
𝑃𝑟𝑡

3

4

− 1 1 + 0.28𝑒 −0.007𝑃𝑟

𝑃𝑟𝑡

Eq. 3.3-9

Turbulence
The k equation is solved in whole domain including the wall-adjacent cells. The boundary
condition imposed for k is
𝜕𝑘
=0
𝜕𝑛
Eq. 3.3-10

where n is the local coordinate normal to the wall.
The ε equation is not solved at the wall-adjacent cells, but instead is computed as
3

𝜀=

3

𝐶𝜇 4 𝑘𝑃

2

𝜅𝑦
Eq. 3.3-11

Convective heat transfer
As it was said above, this boundary condition has only been imposed on the river‘s top
surface in touch with surrounding air. Assuming that radiative heat flux and thickness‘
wall are neglected, the heat flux to the wall is computed as
𝑞 = 𝑒𝑥𝑡 𝑇𝑒𝑥𝑡 − 𝑇𝑤
Eq. 3.3-12
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4 GEOMETRY
This section will describe the design process of the river with CAD software, specifically
Solidworks and AutoCAD.

4.1

Building geometry

First of all, it has been designed a simple model that has served to know, e.g., which is
the influence of radiation heat over the final results.

Afterwards, it has been modelled the realest version of the river that has been possible
with available tools of Solidworks.

The real section of the pipes is circular, but due to meshing problems with cylindrical
shapes, it has been decided that the section of the pipes will be quadrate in both models.
Thus in order to keep the same area of the section of the pipe, it has to be solved the next
equation to compute the length of the edge of the square pipes.

𝜋

2
𝐷𝑝𝑖𝑝𝑒𝑠

4

= 𝐿2𝑒𝑠𝑞
Eq. 4.1-1

One of the requirements to build the pipes is that Dpipes= 0,5m. Hence solving Eq. 4.1-1
it can be computed that Lesq=0,44 m.

4.1.1

Simple model

In this model the shape of the river has been approximated to a parallelepiped, see Figure
4.1.1-1; its three dimensions are mean values of depth, width and length extracted from
the real river.
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Figure 4.1.1-1 Isometric view of the simple model (dimensions in m)

Another requirement to simulate the flow coming from cooling plant is that the pipes are
adiabatic. That simplifies the geometry of the pipes because they can be assumed as a
parallelepiped where the two normal faces to river flow are the inlet flow and outflow of
cooling plant.

Figure 4.1.1-2 Plant view of the simple model and detail of the pipes (dimensions in m)

In this case the pipes have been placed mid-depth, i.e., the distance between the
symmetry plane, that is parallel to plant plane, and this last one is 2,5m.
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4.1.2

Real model

The design process has been initialized carrying out AutoCAD 2D plane (see Appendix
10.1 ) that contains the depth contours of Gavleån River. After having the drawing ready,
it has been exported to Solidworks in order to start the 3D design.

First of all, it has been inserted the aforementioned plane as a sketch in the plant default
plane. This one has served as reference to extrude in different steps the regions with the
same depth.

Figure 4.1.2-1 Tool: Extruded base

The result of the extrusions has been as follows

Inlet flow face

Figure 4.1.2-2 Bottom view of the extruded stretch of the river

It has been created a stretch of river whose length is 225 m. This is a good measure to get
the pipes enough away from the inlet face that allows to water flow to reach pipes in
developed conditions of turbulence. On the other hand, it has to be a minimum distance
up stream such that the hot water coming from the pipes is mixed completely with the
river flow.
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The next step has consisted in create planes every 5 meters that are parallel to inlet flow
face (see Figure 4.1.2-2) and perpendicular to plant default plane. Each one of these
planes has been intersected with the extruded river so as to it has been approximated the
straight edges by smooth curves as it has shown in the following figure.

Figure 4.1.2-3 Approach of straight edges to smoothed curves

The procedure in this last step has been repeated in each of the cut planes until obtain the
structure of the river as it can seen in Figure 4.1.2-4

Figure 4.1.2-4 Structure of the river modelled with transversal sketches to the water flow
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Then the definite river shape has been built from covering all sketches with partial lofts.

Figure 4.1.2-5 Tool: Lofted base

The result of the partial lofts has been as follows

Figure 4.1.2-6 Real shape of the river after applying lofted base

After that it has been created the two pipes that are connected with the cooling plant.
Firstly it has been necessary to situate them in the correct place through a sketch that
defines the path lines of the section of each pipe. The square profile of the tubes has been
drawn afterwards.

At the end, every pipe has been created independently each it using the tool called swept
base, which requires one profile to be swept along a path defined by user as well.

Figure 4.1.2-7 Tool: Swept base
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The result of sweeping both pipes has been as follows

Figure 4.1.2-8 Pipes modeled by using tool called swept base

As it has said above, each body has been created as single solid, i.e. without merging both
pipes with the river.

Figure 4.1.2-9 Overview of the three bodies created so far

Finally it has been the tool called combine, which allows making Boolean operations
among bodies.

Figure 4.1.2-10 Tool: Combine

In this case, it has been used the option subtract, setting the lofted river as the main body
and the pipes as bodies to subtract.
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The result of subtraction is as follows

Figure 4.1.2-11 Overview of the real modelled river

Note that the volume of the model is solid, despite it is going to be treated as a fluid
during the meshing and the simulation.

Briefly, that has been the process to build one model, but it is not enough. The value of
flow average rate is changing monthly. Consequently the level of water is different every
month, so that it should build a specific model for each one.

It is known the highest and lowest water level when the flow is maximum and minimum
respectively (see Table 4.1.2-1). Therefore it can be drawn a linear regression line with
the aforementioned two points.

Flow[m3/s]

Height [m]

44,0

6,50

5,5

4,63

Table 4.1.2-1 Maximum and minimum values for average flow and height (Source: Appendix 10.2 .
Inforfation provided by Sweco)

The linear regression line can be written as

𝐻𝑤 = 4,63 +

𝑄 − 5,5
44 − 5,5
Eq. 4.1-2
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Applying Eq. 4.1-2 for each monthly flow rate is computed the value of corresponding
water height. Those values are shown in Table 4.1.2-2 and Table 4.1.2-1.

Month

Flow [m3/s]

Water height [m]

Model height [m]

January

18,2

5,25

5,2

February

18,1

5,24

5,2

March

18,8

5,28

5,2

April

31,0

5,87

5,8

May

44,0

6,50

6,5

June

13,8

5,03

4,8

July

10,0

4,85

4,8

August

12,1

4,95

4,8

September

15,8

5,13

5,2

October

18,5

5,26

5,2

November

22,0

5,43

5,2

December

19,2

5,32

5,2

Table 4.1.2-2 Water and model height for each monthly mean flow

Extreme Cases

Water height (m)

Model height (m)

5,5 m3/s

4,63

4,5

2 m3/s

4,46

4,5

Table 4.1.2-3 Water and model height for flow in extreme cases

As it can be seen, the values of water depth are really similar. So they have been
classified in four groups according to the interpolated height, which have been calculated
previously applying Eq. 4.1-2.

It has been taken the model of 6,5 m of height as a reference to build the rest of models. It
has been only necessary to create a plane parallel to cut the river through it. For example,
to get the model of 5,2 m, it has inserted a plane parallel to top surface of May‘s model
at 1,3 m of distance. That operation has made in Gambit, the program that will be used to
mesh the bodies as well.

The main advantage of reducing the number of models is that one can be simulated with
the same mesh. That means reducing cost of time and money.
This section will describe the design process of the river with CAD software, specifically
Solidworks and AutoCAD.
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5 MESH
Gambit is the program used to mesh all the models of the river. Meshing means divide
the flow field in small volumes and control surfaces in order to apply to each one of these
elements governing differential equations of fluid dynamics.In this content they are going
to be explained the prior steps to export the mesh to Fluent.

First of all, it has been imported the built body in Solidworks with STEP format. The
procedure used can be divided in five parts:


Meshing faces



Check mesh quality in faces



Meshing volume



Check mesh quality in whole volume



Boundary conditions

It is going to be explained the methodology used in the real model of June.

5.1

Meshing faces

All faces have been meshed setting triangular elements of pave type. So as to it has
obtained a versatile mesh, suitable for complex geometries. Nevertheless, it is better
meshing with quadrilateral elements because the results of the simulations would be more
accurate. The reason of choosing triangles instead squares is that the face of the bottom of
cannot be meshed with quad elements due to the complex shapes of the surface.

Firstly it has been meshed the faces of the pipes with triangles that whose edges are about
0,2 m long (Figure 4.1.2-1). Afterwards, the rest of faces that involve the river have been
meshed analogically to pipes but with different length of edges, 0,6m (Figure 4.1.2-2)
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Figure 4.1.2-1 Mesh faces menu in Gambit and general view of the pipes

Figure 4.1.2-2 Mesh faces menu in Gambit and overall view of the river

Quality of meshed faces
A proper meshing ensures a good precision in the numerical simulation. So it has
examined the mesh in order to check if the quality of meshed faces is adequate or needs
improvement.

The option used has been EquiSize Skew (QEVs) which is a measure of skewness or
asymmetry. When QEVs = 0, it represents a completely symmetrical element and
QEVs = 1 represents a completely asymmetrical or deformed element. It is known that a
high quality mesh has an average QEVs = 0.4. Information extracted from reference (8)
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With the help of the histogram (see Figure 4.1.2-3) shows that more than 50% of 2D
elements, 99,97% in this case, have a 0<QEVs<0,4. That statistic indicates that the mesh
is of very good quality.

Figure 4.1.2-3 Examine mesh menu for 2D elements

5.2

Meshing volume

After meshing faces, it has been meshed whole volume. The options choices in mesh
volume menu (see Figure 4.1.2-1) will be composed mainly by tetrahedral elements,
although there will be pyramidal and wedge elements where suitable.

In addition, it has been enabled meshed size function on boundary layers in order to limit
the volume of elements of the mesh.

The distance between nodes will be about 0,6m.
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Figure 4.1.2-1 Mesh volumes menu in Gambit

The mesh generated with above parameters contains 911951 tetrahedral elements.

Quality of meshed volume
The meshing quality of 3D elements is quiet worse than 2D elements but 77% (see
Figure 4.1.2-2) of elements have QEVs<0,4. So it can be assumed that this mesh will
assure accurate results in Fluent.

Figure 4.1.2-2 Examine mesh menu for 3D elements
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The rest of real models have been meshed analogically to June. Nevertheless, the simple
model has been meshed with quad elements on faces because it assures more accurate
results in next simulations comparing with triangle elements.

5.3

Boundary conditions

The last step before export the mesh to Fluent is setting up boundary conditions.

The body designed is a solid, but it has to be treated as a fluid. So it has been used the
following command Specify Continuum Types.

Figure 4.1.2-1 Tool: Specify Continuum Types

Subsequently it has been set the boundary conditions on faces. There are three different
types:
-

Mass Flow Inlet

-

Outflow

-

Wall

It has used following command (Figure 4.1.2-2) in order to assign which boundary-type
has to be on faces.

Figure 4.1.2-2 Tool: Specify boundary types

Figure 4.1.2-3 shows the list of names and types of every boundary. The criteria which it
has based to choice the correct kinds come from reference (9)
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Figure 4.1.2-3 Name and type of each boundary

The position of the boundary conditions is as follows.

Mass flow Inlet

Outflow

Figure 4.1.2-4 Overall view of the location of mass flow inlet and outflow boundary conditions

Note that conditions of wall-type are not included in the figure above. However, surface
has been set on the top of the river. Finally both sides and the bottom will be assigned as
wall condition by default in Fluent.
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6 CFD STUDY
It is known that the simulations have been carried out on the program Fluent. The first
part of this chapter will develop which are the options used in this software (see reference
(10) ). Afterwards, this chapter will show the data inputs that have been chosen to
perform the different simulations that have been done.

6.1

Options used in Fluent

Fluent program is powerful software in terms of Fluid Dynamics Calculations, and its
configuration possibilities are many. Although this program has a wide number of
different options, in these simulations, they are not all needed. According to that, in this
section it will be presented the options used in the simulation of the different flows mix
and the reasons why they were chosen.

6.1.1

Solver

Solver is the method that this software uses to solve the iterations in order to find an
optimal solution. The next figure (Figure 6.1.1-1) shows all the options that are possible
to choose, but in all the simulations made, only the options that are selected in this figure
are the ones used.

Figure 6.1.1-1 Solver menu in Fluent
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Historically, the pressure-based approach was developed for low-speed incompressible
flows, while the density-based approach was mainly used for high-speed compressible
flows. According to that, the solver chosen was the pressure-based one.

The next option is the formulation. Here it is not possible to choose between implicit or
explicit, consequently, the selected option is implicit. This implicit formulation means
that if there is a variable, its unknown value in every cell will be calculated using the
relation that exists with cells around it and all cells at the same time. In addition, the
resolution time is lower than the explicit method.

About the Space option (it is not possible to choose any other), it is 3D because the
simulation model is a 3D model.

Furthermore, the Time option, it is selected steady because the problem is thought to be
developed in steady state, as the whole data provided is a monthly average data.

After Time option, it has to be chosen the Velocity formulation option. In this part, it is
possible to choose between absolute and relative velocity, but the reason why it is chosen
absolute is because the flow in this study follows the same direction and the rotational
flow is not important. So, as it is said in Fluent manual, specifically in reference (3), the
best option in those cases is use the absolute velocity formulation.

Finally, the last configurable option is Gradient option. The selection here is Green-Gauss
Cell Based, because the solving time will be less and the results will be the same for each
selection in all conditions.
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6.1.2

Viscous Model (Turbulence)

The viscous model (turbulence model) menu has many different mathematical models to
simulate the turbulence. The turbulence model selected is the next one (Figure 6.1.2-1):

Figure 6.1.2-1 Viscous model menu in Fluent

As the Fluent manual recommends (3), the model k-ε (k-epsilon) is good in those cases
that there is turbulence generation, heat transfer and significant pressure gradients
because it fits properly and is a robust and fast model. In this study, as the conditions are
similar to the ones recommended, it has been chosen this model.
The model constants C2 (C2 Epsilon), σk (TKE Prandtl Number), σε (TDR Prandtl
Number),… have a default value that ensures a good performance for certain canonical
flows. These are the ones showed on Figure 6.1.2-1. According to that, the default values
are the ones that have been used.

About the Near-Wall Treatment, the Standard Wall Functions are enough to fit in this
thesis.
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6.1.3

Energy Equation

In order to let Fluent calculate any heat transfer in any of his solutions, it is needed that
the energy equation is selected as an option (see Figure 6.1.3-1).

Figure 6.1.3-1 Energy equation menu in Fluent

6.1.4

Material Properties

Another important data to consider is the material properties that the fluid of study has. In
this thesis, water is the fluid. Hence, the way that fluent has to insert this data is with the
menu Material properties (see Figure 6.1.4-1).

Figure 6.1.4-1 Material properties menu in Fluent (December)

This figure shows the input data that has been used for one of the months of the
simulations in order to define the material properties. In this case, all properties are the
same default values except for the density. The reason is because along this thesis it has
been considered that density is not constant due that it depends of the temperature.
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The value 999.7838 is the starting value ρb that it is needed in order to calculate the
Boussinesq approximation (Eq. 3.3-2).In order to calculate this starting density value, it
has been used the next expression with a temperature of 274K (Eq. 6.1-1):
𝜌 𝑇 = 741,966 + 1,9613 · 𝑇 − 0,00371211 · 𝑇 2
Eq. 6.1-1

6.1.5

Operating Conditions

When it is said that density changes due to temperature, it is also needed to include
gravity in this study in order to have effect of buoyancy. To use gravity as an input, it is
needed to change the default Operating Conditions (see Figure 6.1.5-1).

Figure 6.1.5-1 Operating conditions in Fluent (January)

As it can be seen in this figure, the Operating Pressure is 101325Pa (default), but, as it is
marked the gravity option, the Gravitational Acceleration must be defined (9,81m2/s) and
also the Boussinesq Parameters; 275K is the average water temperature during the month
of January (see Table 2.4.1-3).

6.1.6

Inputs for the Boundary Conditions

As it has been said before, the boundary conditions are named as:
·Pipe in: Flow that is taken from the river.
·Pipe out: Flow that returns to the river.
·Start: Starting surface of the river stretch simulated.
·End: Ending surface of the river stretch simulated.
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·Surface: Surface of the water that is in contact with the air.
·Wall: Ground and side walls of the river stretch.
·Water: The working fluid is water liquid.

And each boundary condition has its own type of condition. These different kinds of
boundary conditions are shown on Table 6.1.6-1:

Pipe in

Outflow

Pipe out

Mass flow inlet

Start

Mass flow inlet

End

Outflow

Wall

Wall

Surface

Wall

Water

Fluid

Table 6.1.6-1 Boundary Conditions

In addition to the information above, the boundary conditions options used in simulations
will be explained.

First of all, it is needed to define each boundary condition as its type.

Figure 6.1.6-1 Boundary Conditions menu in fluent (defining Pipe in as an outflow)

This figure shows how to set up Pipe in as an Outflow, but the procedure is the same for
all other boundary conditions.

After this, each condition has to be defined one by one.

1) Pipe in
As it is defined as an Outflow (Figure 6.1.6-1), the next step is to set its characteristics
according to the data that is wanted to be simulated.
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Figure 6.1.6-2 Pipe in – Flow rate Weighting (October)

This figure shows the Flow Rate Weighting of the month of October. With the intention
of calculating this value, it is needed to use Eq. 3.3-3

2) Pipe out
The inputs for this condition are shown in the following figures (see Figure 6.1.6-3 and
Figure 6.1.6-4).

Figure 6.1.6-3 Mass flow inlet menu in Fluent – Momentum (October)

As it is seen in this figure, Mass flow Specification Method is set up to Mass Flow Rate,
which is 40kg/s during the month of October (see Table 2.4.1-1). Moreover, in Direction
Specification Method, it is set Normal to Boundary because the flow has this direction.
Finally, in Turbulence options, in Specification method, it is chosen Intensity and
Hydraulic Diameter and its values for this boundary condition are constant in all
simulations. To calculate the Hydraulic Diameter, the governing equations that have been
used are the following expressions (see Eq. 6.1-2 to Eq. 6.1-6):
𝐷𝐻 =

4 · 𝐴𝑤
𝑃𝑤
Eq. 6.1-2

where,
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𝜋 · 𝐷𝑝𝑖𝑝𝑒𝑠 2
𝐴𝑤 =
4
Eq. 6.1-3

𝑃𝑤 = 𝜋 · 𝐷𝑝𝑖𝑝𝑒𝑠
Eq. 6.1-4

And, for the whole river, 𝐴𝑤 and 𝑃𝑤 are obtained with the 3D modeling software
Solidworks, which has a tool that provides this information according to the river model
created.
For fully developed pipe flow the turbulence intensity can be estimated as:

𝐼 = 0,16 · (𝑅𝑒𝐷𝐻 )0,18
Eq. 6.1-5

Where,
𝑅𝑒𝐷𝐻 =

𝜌 · 𝑢 · 𝐷𝐻
𝜇
Eq. 6.1-6

Figure 6.1.6-4 Mass flow inlet menu in Fluent – Thermal (October)

About the thermal option that is displayed in Figure 6.1.6-4 (possible due to having
energy equation enabled), the Total Temperature means the temperature that the water is
returned to the river. According to the figure, this is the data input for the month of
October (see Table 2.4.1-3).
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3) Start
This boundary condition is the same type as pipe out. The data inputs in this case are
(Figure 6.1.6-5 and Figure 6.1.6-6):

Figure 6.1.6-5 Mass flow inlet menu in Fluent – Momentum (October)

Figure 6.1.6-6 Mass flow inlet menu in Fluent – Thermal (October)

Note that in this case, the Turbulence Intensity cannot be calculated as a fully developed
flow in pipes like in the case above. Concerning that for river turbulence intensity,
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according to the references from the authors (10) the different levels of turbulence
intensity are (Table 6.1.6-2):

Turbulence intensity level

%

Low

0-10%

Medium

10-20%

High

20-50%

Table 6.1.6-2 Turbulence intensity levels in rivers (Source:(10))

Observing this table and also the real river at the area of study, it has been assumed that
the river Gavleån has a Low-Medium intensity turbulence level, so the chosen starting
level for this study is 10% (notice that this value is the one that Fluent will start the
iterations, so it may change along the river).

4) End
This condition is defined as an Outflow type, the same kind as Pipe in. In this case the
Flow Rate Weighting is calculated with the same equation (Eq. 3.3-3) as the Flow Rate
Weighting for the other boundary condition Pipe in.

Figure 6.1.6-7 End – Flow Rate Weighting (October)
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5) Wall
The characteristics of this boundary condition are these (see Figure 6.1.6-8):

Figure 6.1.6-8 Wall menu in Fluent (Wall) - Momentum

As this figure shows, the first configurable option is Wall motion. Obviously the river
ground is static, so the Stationary Wall option is selected. The second one is the Shear
Condition that defines the shear stress along this surface. It has been selected the No Slip
option because the wall is not moving and with this option, the program will calculate the
shear stress by its own. The final one, Wall Roughness it has been defined according to
the next table of roughness values for different landscapes according to the author (11)
(see Table 6.1.6-3).

Name

Roughness height [m]

Landscape features

sea

0.0002

open water

smooth

0.005

featureless land, ice

open

0.03

flat terrain with grass or very low vegetation,
airport runway, smooth terrain

roughly open

0.10

cultivated area, low crops

rough

0.25

open landscape, scattered shelter belts

very rough

0.5

landscape with bushes, young dense forest
etc

closed

1.0

mature forest, low-rise built-up area

chaotic

over 2.0

city centre, large forest with clearings

Table 6.1.6-3 Different roughness heights - Source: (11)
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Due to the physical impossibilities to measure or even see the ground roughness at the
study region, it has been assumed that Gavleån river ground is assumed as a smooth
terrain because upstream from the study point, the ground looks like that. Observing this
table, the roughness height chosen is 0,03m. Notice that these values will be the same for
all simulations.

6) Surface
Being the Surface defined also as a Wall boundary condition type, it has to be defined the
same way as Wall is defined above but adding the option to let this surface have a heat
transfer between water and air. This is shown in the next figures (see Figure 6.1.6-9 to).

Figure 6.1.6-9 Wall menu in Fluent (Surface) – Momentum

Notice that defining this surface means that the Shear Condition is Specified Shear and
the components of the Shear Stress x, y and z they all are 0Pa in order to simulate that
this is a free shear stress surface. It is chosen Stationary Wall because it is better to
display the final results. These values are the same for all the different cases.

About the roughness height, it can be assumed that is the roughness between water and
air that is 0,0003m (according to Table 6.1.6-3), but it is neglected in this study because it
is not significant. According to that, the roughness height chosen for the surface is 0m.
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Figure 6.1.6-10 Wall menu in Fluent (Surface) – Thermal

The thermal option menu is the figure above and it represents the inputs of the real case
on the month of October. In Thermal Conditions, it has been chosen Convection in order
to simulate this effect. Heat transfer Coefficient is 25W/m2·K. Free Stream Temperature
is 278.7K (according to Table 2.4.2-1) and Wall Thickness is 0m because there is no ice.
About the Heat Generation Rate, it only has been used in the simple model, but the real
model doesn‘t contemplate it. About the Material Name, it says aluminum, but the
properties of it can be changed. In that sense, water properties has been introduced in this
menu (see Figure 6.1.6-11).

Figure 6.1.6-11 Editing Surface Material Properties as water properties in Fluent

Note that the simulations of the months that ice appears (January, February and March),
note that the input data has some differences (see Figure 6.1.6-12 and Figure 6.1.6-13).
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Figure 6.1.6-12 Wall menu in Fluent (Surface) – Momentum (ice)

As it is seen in the figure above, the difference when ice takes part and when not, is that
the Roughness Height is 0.0024m (see Table 6.1.6-3) instead of being 0m.

Figure 6.1.6-13 Wall menu in Fluent (Surface) – Thermal (ice)

About the differences in thermal options, is that the option Wall Thickness is 0,2m. That
is because it has been assumed that a 20cm thick ice core exists during the months of
January and February, and only 10cm thick during March, because the melting process
starts during this month.
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Moreover, the option Heat Generation Rate that has been used in the simple model is
used in order to simulate radiation effects. The following part will explain how this rate
has been calculated.

air
2

991 W/m

α=0,8

hw

water

At the region of study, the solar intensity radiation is around 991 W/m2 (maximum solar
intensity) and also the α=0,8 (information extracted from reference (14)). To calculate the
heat generation rate, it has been used the next equation (see Eq. 6.1-7).

𝐻𝑒𝑎𝑡 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 =

991 · 𝛼
𝑤
Eq. 6.1-7

7) Water

Finally, to define the last boundary condition, it is only needed to change the Material
Name to water-liquid instead of the default name that is air (see Figure 6.1.6-14).

Figure 6.1.6-14 Fluid menu in Fluent
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6.1.7

Solving the solution

When all these options above are set up, the next step is to solve the solution. In order to
do that, first it is needed to choose between the different solving iterative methods. As a
first way to reach the solution, first of all it was chosen the default solving controls (see
Figure 6.1.7-1).

Figure 6.1.7-1 Solution Controls menu in Fluent (Default)

Although the default solver reached proper solutions, it was not the only one used
because after many iterations and seeing that the results were going to converge, the
solving controls were changed to 2nd Order Upwind, in order to get more precise results
(see Figure 6.1.7-2).

Figure 6.1.7-2 Solution Controls menu in Fluent (2nd Order Upwind)

Furthermore, as it will be explained afterwards, due that the models geometry is really
big, the models have many cells and nodes, and that the computers used to carry on this
study were not as powerful as it was required to reach a really accurate solution, when the
solution was going to diverge or any of the parameters was not developing properly, the
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method tried to solve this problem was changing this solving controls. Consequently, the
methods tried were two: decreasing the Under-Relaxation Factors (Momentum to 0,3
instead of 0,7) and changing the Pressure-Velocity Coupling to the other method Coupled
instead of Simple (see Figure 6.1.7-3).

Figure 6.1.7-3 Solution Controls menu in Fluent (Coupled)

If, after changing to Coupled, the problems continued to show up, the Under-Relaxation
Factors and Explicit Relaxations Factors are decreased (Turbulent Kinetic Energy to 0,7
and Momentum and Pressure to 0,5) in order to get a better solution.
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6.2

Methodology followed

After defining the options used in fluent, this part will develop the methodology used to
realize the simulations. The next figure shows the schema of this development (Figure
6.1.7-1).

1st Step

2nd Step

3rd Step

Set up

Solve

Results

No
th

4 Step

Start

Acceptable?

Adapt

Yes
End
Figure 6.1.7-1 Methodology used in the simulations

6.2.1

1st Step – Setting up the simulations

This first step is to set up the options used. The order followed in the development of all
model simulations is the same as the options appear in section 6.1 (section 6.1.1 to
section 6.1.6) either in both models (Simple and Real model).

6.2.2

2nd Step – Solving the model

This step is the section 6.1.7 from the aforementioned section. It consists in defining the
proper solver in order to start the iterations.

6.2.3

3rd Step – Checking the results

In this study, the different ways to check the accuracy of the results reached are:
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1) Residuals
In order to reach a proper solution, the first parameter that has to be checked is the
residuals plot (see).

Figure 6.2.3-1 Residuals graphic (January)

Note that it is recommended that the variable values reach values lower than 1·10-3 in this
graphic. In case that those values are higher or the trend is to become unstable, the next
step is the 4th Step.

2) Temperatures
The second parameter in importance that has been checked to get accurate results is the
temperatures. The values have been checked in different points and areas in order to
check if the results are proper.
The first report of temperatures to be checked is the Facet Average temperature of the
End and Start boundary conditions. This is made to check if the values reached by the
program where more or less the same order as the values that had been studied on the
preliminary study (see chapter7). As an example of this report, see Figure 6.2.3-2.

Figure 6.2.3-2 Surface Integrals report – Facet Average Temperatures (End and Start) -
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After checking these values, the next ones to be checked are the temperatures of the
different surfaces. In order to check this, the method used is checking the display of static
temperatures of each surface. If any temperature is higher/lower than the temperatures
from all boundary conditions, the models are directly thrown away. As an example, if
water temperature is 285K and checking the water surface temperature, there is one area
that has a temperature that is diverging and has reached any incoherent value (in some
cases temperatures got values around 267K, totally impossible) this model is
automatically discarded.

Figure 6.2.3-3 Display of Temperatures

3) Velocity
After doing many simulations, it has been considered to check this parameter also
because in many simulations made, the velocities diverged and sometimes reached
strange values. For that reason, checking the display of velocities of the most important
surfaces in each model is a good decision made (see Figure 6.2.3-4) in order to check if
there are meaningless results.
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Figure 6.2.3-4 Visualization of velocity vectors on the water surface

4) Wall Yplus [ y* ]
It is very important that this parameter on the most important areas of the model between
has a value between 30 and 300 in order to be able to use the algorism explained in
section 3.3.3.
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6.2.4

4th Step – Adapting the model

This step is necessary in order to reach a good results for the simulations and has been a
crucial part in the development of every simulation because it has been used at least a
couple of times in each simulation.
As the results crash, the following techniques are the ones tried in the same order as they
appear (method 1), 2) and finally 3)).

1) Remeshing techniques
This is the first method used to try to make the solution converge. Due to the huge size of
the models simulated, the methodology used in each model has been firstly to mesh the
model in Gambit but not as maximum as possible (2 million cells due that the computers
used to develop this study did not have more memory to carry on simulations with more
elements). In every model, the amount of elements for the initial simulations was between
100.000 and 200.000. That means that with the computers it was still possible to increase
the number of elements. For that reason, it has been used in every simulation the way of
Fluent to increase the number of elements: adapting the model mesh. According to do
that, the next techniques were the ones used:

A) Adapt Wall Yplus/Ystar
As it is said above, the wall Yplus value it is recommended to have a value between 30
and 300 on the river ground (remember that this boundary condition is called Wall). In
order to get better results of this parameter after many iterations, the option Adapt Wall
Yplus/Ystar (see Figure 6.2.4-1) is a good technique to reach lower values by remeshing
the model. After the adaptation, and also, after doing many iterations more, the value of
this parameter can decrease to a half as it was before every time that the adaptation is
done.

Figure 6.2.4-1 Adapt Wall Yplus/Ystar menu in Fluent
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B) Adapt Region
The results of this procedure are similar as the ones of the method above. The main
difference is that instead of adapting the whole ground of the river; it is only adapted the
region that intersects a cube defined by two points (see Figure 6.2.4-2). In that sense, the
adaptation is more precise because it is only remeshed the area around the pipes (the most
important on the study). Figure 6.2.4-3 shows the points selected to create the cube that
has been used in all simulations.

(XMAX, YMAX, ZMAX)

(XMIN, YMIN, ZMIN)

Figure 6.2.4-2 Cube defined by two points

Figure 6.2.4-3 Adapt surface menu in Fluent (region adapted)

C) Adapt Boundary
The final adaptation that has been done in this thesis is Adapt Boundary. This has been
done because after checking many results, the area-weighted average temperature of the
boundary condition pipe out, was not the proper one. This happened because the program
calculates the facet average temperature using the nodes and vertexes that every cell has.
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All the vertexes that are shared between the pipe and the river had the temperature of the
water from the river. According to that, the method that has been used to solve this
problem has been increasing the number of cells at the face of the boundary condition
pipe out. The next figures show the difference between a non-refined face and a refined
one (see Figure 6.2.4-4 and Figure 6.2.4-5).

Figure 6.2.4-4 Non-refined face of the boundary condition Pipe out

Figure 6.2.4-5 refined face of the boundary condition Pipe out

And also the next table shows the differences of the area-weighted average temperatures
(Table 6.2.4-1):
Type

Temperature [K]
(Theoretical)

Temperature [K]
(Area-weighted

Error (%)

average)

Non-refined

304,8

293,431

3,79%

Refined

304,8

300,774

1,32%

Table 6.2.4-1 Differences and error between a refined and a non-refined face

Notice that it was remeshed this area until the computer had memory enough to process
the model, so it is not possible to reach a lower error in this aspect.

2) Changing the solver
The first technique tried is changing the solver method as it is commented above (see
section 6.1.7).
3) Changing the Under-Relaxation Factors
This part is also included in section 6.1.7, but many times, first the s
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7 RESULTS AND DISCUSSION
7.1

Preliminary theoretical study

7.1.1

First approach to the temperature raise

The results, obtained from simulations of simple models, have demonstrated that the
influence of heat radiation can be neglected (see APPENDIX 10.3). That simplifies both
theoretical calculations and numerical simulations.

As a first approximation to what should be the results on the simulations made, it has
been done a preliminary mathematical study of which would be the final temperature
raise. In this first theoretical approximation, it has been considered that the river is
isolated and it doesn‘t have convection with the air (as it is said in chapter 1, on the whole
thesis, heat transfer between the river and the ground is considered null due to assume
that the river temperature and ground temperature are the same). Assuming that, this
balance in the mixing point is made in order to calculate the temperature raise due to the
heat provided from the plant through the pipes.

Q·TIN

Q·T

T

QF·T

QF·TF

According to this balance, the equation that describes the temperature of the mixing point
at steady state is this (see Eq. 7.1-1): Balance of the mixing point
𝑄 · 𝑇 − 𝑇𝐼𝑁 + 𝑄𝐹 · 𝑇 − 𝑇𝐹 = 0
Eq. 7.1-1

Operating this expression:
𝑇=

𝑄 · 𝑇𝐼𝑁 + 𝑄𝐹 · 𝑇𝐹
𝑄 + 𝑄𝐹
Eq. 7.1-2
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With this expression, it can be obtained the following tables:

1) Considering that the flows are the mean values of each month as it is said on
chapter 2.

River
Flow

Pipes
Flow

Mixing point

TF[°C]

T[°C]

ΔT[°C]

%

0,011

13,0

2,01

0,007

0,3%

1

0,011

12,0

1,01

0,007

0,7%

18,8

3

0,011

14,0

3,01

0,007

0,2%

April

31

4,5

0,011

15,5

4,50

0,004

0,1%

May

44

14

0,040

31,8

14,02

0,016

0,1%

June

13,8

18,5

0,040

31,8

18,5

0,038

0,2%

July

10

20

0,040

31,8

20,05

0,047

0,2%

August

12,1

18

0,040

31,8

18,05

0,045

0,3%

September

15,8

11

0,040

31,8

11,05

0,053

0,5%

October

18,5

9

0,040

31,8

9,05

0,049

0,5%

November

22

2

0,011

13,0

2,01

0,006

0,3%

December

19,8

1

0,011

12,0

1,01

0,006

0,6%

Average

20,19

8,73

8,75

0,024

0,3%

Months

3

TIN[°C]

January

18,2

2

February

18,1

March

[m /s]

[m3/s]

Table 7.1.1-1 Temperature of the mixing point considering the average monthly flows.
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2) During the whole year, the minimum flow average is 5,5m3/s (see chapter 2), so
it is convenient to know which is the effect on the river (Table 7.1.1-2):

River
Flow

Pipes
Flow

Mixing point

TF[°C]

T[°C]

ΔT[°C]

%

0,011

13,0

2,02

0,02

1,1%

1

0,011

12,0

1,02

0,02

2,3%

5,5

3

0,011

14,0

3,02

0,02

0,8%

April

5,5

4,5

0,011

15,5

4,56

0,06

1,2%

May

5,5

14

0,040

31,8

14,13

0,13

0,9%

June

5,5

18,5

0,040

31,8

18,60

0,10

0,5%

July

5,5

20

0,040

31,8

20,09

0,09

0,4%

August

5,5

18

0,040

31,8

18,10

0,10

0,6%

September

5,5

11

0,040

31,8

11,15

0,15

1,4%

October

5,5

9

0,040

31,8

9,16

0,16

1,8%

November

5,5

2

0,011

13,0

2,02

0,02

1,1%

December

5,5

1

0,011

12,0

1,02

0,02

2,3%

Average

5,5

8,73

Months

3

TIN[°C]

January

5,5

2

February

5,5

March

[m /s]

[m3/s]

8,74

0,074

1,2%

3

Table 7.1.1-2 Temperature of the mixing point considering a flow of 5,5m /s
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3) Considering that the flow is 2m3/s, as it is said in chapter 2, this flow is the
minimum flow according to the authorities that the dam upstream is allowed to
let go (Table 7.1.1-3):

River
Flow

Pipes
Flow

Mixing point

TF[°C]

T[°C]

ΔT[°C]

%

0,011

13,0

2,06

0,06

3,1%

1

0,011

12,0

1,06

0,06

6,2%

2

3

0,011

14,0

3,06

0,06

2,1%

April

2

4,5

0,011

15,5

4,65

0,15

3,4%

May

2

14

0,040

31,8

14,35

0,35

2,5%

June

2

18,5

0,040

31,8

18,76

0,26

1,4%

July

2

20

0,040

31,8

20,23

0,23

1,2%

August

2

18

0,040

31,8

18,27

0,27

1,5%

September

2

11

0,040

31,8

11,41

0,41

3,7%

October

2

9

0,040

31,8

9,45

0,45

5,0%

November

2

2

0,011

13,0

2,06

0,06

3,1%

December

2

1

0,011

12,0

1,06

0,06

6,2%

Average

2

8,73

8,87

0,202

3,3%

Months

3

TIN[°C]

January

2

2

February

2

March

[m /s]

[m3/s]

Table 7.1.1-3 Temperature of the mixing point considering a flow of 2m3/s

As the results show, when the flow is the monthly average, the biggest temperature raise
takes part during the month of September (ΔT1 = 0,053°C) and, on the other hand, on the
second and third considerations, October is when it appears the maximum temperature
increase (ΔT2 = 0,16; ΔT3 = 0,45°C).

7.1.2

Considering the effect of convection

Furthermore, the next step on this preliminary study is to take on account the effects of
the heat transfer between the air and water surface and ice during the coldest months.
1) Case 1 – Not considering ice on the water surface
This first case is for the months which there is no ice on the water surface (April, May,
June, July, August, September, October, November and December). According to this,
the considerations made are:
·Average monthly flows, 5,5m3/s and 2m3/s are the ones used
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·No water evaporation.
·The water temperature is the same along a same section (Tm).

Qdiss

air

T∞

Tm’
ṁs

Ts

water

Te

Tm

ṁe

ground
Figure 7.1.2-1 Problem statement - Case 1

In that sense;
𝑚𝑠 = 𝑚𝑒
Eq. 7.1-3

𝑇𝑚 ′ = 𝑇𝑚
Eq. 7.1-4

Noticing that,

𝑇𝑚 =

𝑇𝑠 + 𝑇𝑒
2
Eq. 7.1-5

Making a global heat balance;
𝑄𝑠 = 𝑄𝑒 + 𝑄𝑑𝑖𝑠𝑠
Eq. 7.1-6

Where,
𝑄𝑠 = 𝐶𝑝𝑠 · 𝑚 · 𝑇𝑠
Eq. 7.1-7

𝑄𝑒 = 𝐶𝑝𝑒 · 𝑚 · 𝑇𝑒
Eq. 7.1-8

𝑄𝑑𝑖𝑠𝑠 = 𝑄𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 = 𝑐 · 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒 · (𝑇𝑚 − 𝑇∞ )
Eq. 7.1-9
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Knowing that the different coefficient values are (12):

𝐶𝑝𝑒 = 𝐶𝑝𝑠 = 4,18

𝑐 = 0,20

𝑘𝐽
𝑘𝑔 · 𝐾

𝑘𝑊
𝑚2 · 𝐾

Note that Asurface is a value taken from the modelling software Solidworks that has a tool
that gives the value of it. In this study, Asurface is always constant and its value is 20356m2.
Finally, solving Eq. 7.1-6 with the other expressions commented, the next table shows the
results reached in every month in this first case (see Table 7.1.2-1, Table 7.1.2-2 and
Table 7.1.2-3).
ΔT [K]

Month

Te [K]

April

277.500

0.000

May

286.988

-0.012

June

291.459

-0.041

July

292.959

-0.041

August

290.977

-0.023

September

284.002

0.002

October

281.978

-0.022

November

274.999

-0.001

December

273.986

-0.014

Table 7.1.2-1 Results case 1 – Monthly flows: Average monthly

ΔT [K]

Month

Te [K]

April

277.503

0.003

May

286.908

-0.092

June

291.398

-0.102

July

292.926

-0.074

August

290.950

-0.050

September

284.005

0.005

October

281.927

-0.073

November

274.998

-0.002

December

273.949

-0.051

Table 7.1.2-2 Results case 1 – Monthly flows: 5,5m3/s each month
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ΔT [K]

Month

Te [K]

April

277.508

0.008

May

286.751

-0.249

June

291.224

-0.276

July

292.800

-0.200

August

290.865

-0.135

September

284.013

0.013

October

281.803

-0.197

November

274.994

-0.006

December

273.861

-0.139

Table 7.1.2-3 Results case 1 – Monthly flows: 2m3/s each month

2) Case 2 – Considering ice on the water surface
Finally, the final part of this theoretical study is taking into account the effects of
convection between water and air when there is a thick ice layer over the water surface. In
this case, the considerations made are:
·No water evaporation.
·The water temperature is the same along a same section.
· Ice is 20cm thick during January and February (d = 0,2m).
· Ice is 10cm thick during March (d = 0,1m).
· Between T1 and Tm’ there is heat conduction inside the ice.
Qdiss
T∞

air

T1
ice

Tm’
ṁs

Ts

d

water

Te

Tm

ṁe

ground
Figure 7.1.2-2 Problem statement – Case 2

In that sense;
𝑚𝑠 = 𝑚𝑒
𝑇𝑚′ = 𝑇𝑚
where Tm is the same as the Eq. 7.1-5.
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Making a global heat balance as the one made above:
𝑄𝑠 = 𝑄𝑒 + 𝑄𝑑𝑖𝑠𝑠
Eq. 7.1-10

where,
𝑄𝑠 = 𝐶𝑝𝑠 · 𝑚 · 𝑇𝑠
Eq. 7.1-11

𝑄𝑒 = 𝐶𝑝𝑒 · 𝑚 · 𝑇𝑒
Eq. 7.1-12

And also, a heat balance in the ice layer:
𝑄𝑑𝑖𝑠𝑠 = 𝑄𝑐𝑜𝑛 𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝑄𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛
Eq. 7.1-13

where,
𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =

𝑘𝑖𝑐𝑒 · 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒
· (𝑇𝑚 − 𝑇1 )
𝑑
Eq. 7.1-14

𝑄𝑐𝑜𝑛𝑣𝑒 𝑐𝑡𝑖𝑜𝑛 = 𝑖𝑐𝑒 −𝑎𝑖𝑟 · 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒 · (𝑇1 − 𝑇∞ )
Eq. 7.1-15

Assuming that the coefficients used take the next values extracted from (12)

𝐶𝑝𝑒 = 𝐶𝑝𝑠 = 4,18

𝑖𝑐𝑒 −𝑎𝑖𝑟 = 0,01

𝑘𝑊
𝑚2 · 𝐾

𝑘𝑖𝑐𝑒 = 0,0022

𝑊
𝑚·𝐾

d=
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𝑘𝐽
𝑘𝑔 · 𝐾

0,2 m for January and February
0,1 m for March

In this second case, the results reached are (see Table 7.1.2-4, Table 7.1.2-5 and Table
7.1.2-6):
ΔT=Te-Ts [K]

Month

Te [K]

January

274.994

-0.006

February

273.995

-0.005

March

275.993

-0.007

Table 7.1.2-4 Results case 2 – Monthly flows: Average monthly

ΔT=Te-Ts [K]

Month

Te [K]

January

274.979

-0.021

February

273.982

-0.018

March

275.978

-0.022

Table 7.1.2-5 Results case 2 – Monthly flows: 5,5m3/s

ΔT=Te-Ts [K]

Month

Te [K]

January

274.942

-0.058

February

273.951

-0.049

March

275.939

-0.061

Table 7.1.2-6 Results case 2 – Monthly flows: 2m3/s

7.1.3

Combining the results

To sum up, the next table will combine the total temperature raise due to the pipes heat
and heat transfer with the air (Table 7.1.3-1, Table 7.1.3-2 and Table 7.1.3-3).

Month

ΔTtotal [K]

January

0,001

February

0,002

March

0,000

April

0,005

May

0,004

June

-0,003

July

0,006

August

0,022

September

0,055

October

0,027

November

0,006

December

-0,008

Table 7.1.3-1 Final results of the theoretical study – Monthly flows: Average monthly
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Month

ΔTtotal [K]

January

-0.001

February

0.002

March

-0.002

April

0.063

May

0.038

June

-0.002

July

0.016

August

0.050

September

0.155

October

0.087

November

0.018

December

-0.031

Table 7.1.3-2 Final results of the theoretical study – Monthly flows: 5,5m3/s each month

Month

ΔTtotal [K]

January

0.002

February

0.011

March

-0.001

April

0.158

May

0.101

June

-0.016

July

0.030

August

0.135

September

0.423

October

0.253

November

0.054

December

-0.079

Table 7.1.3-3 Final results of the theoretical study – Monthly flows: 2m3/s each month

As it can be seen on the final results, when both cases are joined, the more temperature
raise appears during the month of September in all different models. Note that when only
the heat from the pipes is considered, the month of October is the one that has the
maximum temperature raise when the flows considered are 5,5m3/s and 2m3/s.
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7.2

Simulation model analysis

7.2.1

Average monthly flows

In this part, firstly it will be explained the results obtained on the different models
simulations created of the whole year and afterwards, a comparison with the mathematic
study on section 7.1 will be made.

Despite the simulations made for each month are only made with the average monthly
flows, it has also been done a simulation study of the month of October when the flow is
5,5m3/s and 2m3/s because on the theoretical study this month was the ones that had more
temperature raise due to the heat of the pipes flow.

After setting up all options, taking into account the different boundary conditions of each
month and being simulated all the different models, the results achieved of the
temperature raise are:

Month

Ts [K]

Te [K]

ΔTtotal [K]

January

275,000 275,006

0,006

February

274,000 274,005

0,005

March

276,000 276,003

0,003

April

277,500 277,500

0,000

May

287,000 287,013

0,013

June

291,499 291,511

0,012

July

292,999 293,020

0,020

August

291,000 291,029

0,029

September 284,000 284,049

0,049

October

282,000 282,035

0,035

November 275,000 275,012

0,012

December 274,000 274,004

0,004

Table 7.2.1-1 Final results of temperature raise of the simulations made
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As the table results are these, it is interesting to observe the next graphic (Figure 7.2.1-1)

0.05

ΔT

0.04
0.03
0.02
0.01
0

Month
Figure 7.2.1-1 Graphic ΔT on every month

As the results show, the month of September is the one that has a bigger temperature
raise. For that reason, this month of September will be the one selected to be shown its
graphic simulation displays in this study apart from the extreme cases that will be
explained afterwards.

As it is said in chapter 6, to check if the results are accurate and logical, the graphical
displays that have been checked are the next ones:

1) Residuals display

Figure 7.2.1-2 Residual values of continuity, velocity components, energy, k and epsilon
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According to criteria used in reference (13) to discuss about residuals, it can be extracted
that this model is converged.

2) Velocity vectors

Figure 7.2.1-3 Visualization of velocity vectors on the face of the boundary condition called surface

The figure below is useful to ensure that the flow direction is correct and there are not
vortexes on the top surface of the river.

Also it can see the magnitude of the velocity is really low, at maximum 0,106 m/s. That
may look the river moves quietly with a laminar flow. It can be checked applying Eq.
6.1-6. It is got a Re = 9,3·105>4000, so that the flow is turbulent according to reference
(14)), as it has been assumed previously.
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3) Distribution of Wall Yplus

Figure 7.2.1-4 Distribution of wall Yplus value at the ground of the river

The recommended Yplus values by Fluent are between 30 and 60. (See reference (3))
Nevertheless, as it can see in Figure 7.2.1-4 the most values are between 300 and 600.
That doesn‘t matter because as it can be checked in Figure 7.2.1-3 the gradient of
velocity is so low in the whole river, so that high Yplus values will not affect at the final
result. It has to take into account that velocity only is interesting to know the general
behaviour of the flow. In addition, the main aim of this thesis is find out the temperature
gradient along the river.
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4) Temperature distribution in the river

Figure 7.2.1-5 Distribution of temperatures along the symmetry horizontal plane of the pipes and along
the symmetry plane of boundary conditions called ’pipe in' and ´pipe out´

Figure above shows the 3D shape of the flame produced by hot outflow of one pipe.

5) Temperature distribution at the end

Figure 7.2.1-6 Distribution of temperatures along the face of the boundary condition called end

Figure 7.2.1-6 is useful to have a rough idea about how affects the hot flow from the
cooling station on the river temperature after 120 meters.
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Analogously, all this same displays are shown on APPENDIXES 10.4 and 10.5 for each
month.
7.2.2

Extreme cases (flows: 5,5m3/s and 2m3/s)

The next step is to simulate the extreme cases. Despite the biggest temperature raise takes
part on September, it has been decided to study October because it is the month that has a
biggest temperature raise due to the pipes flow (see Section 7.1.1). According to that, the
results reached for these extreme cases are (Table 7.2.2-1):

Month

Te [K]

Ts [K]

Te [K]

2

281.999 282.118 0.119

3

281.998 282.254 0.255

October
October

Table 7.2.2-1 Final results of temperature raise of the special cases simulations

7.2.3

Comparison with the theoretical study

As the results are shown, the next step is to compare them with the results studied in the
first mathematical model. According to that, the first step is to calculate the absolute error
comparing the real case with the theoretical one. Table 7.2.3-1 shows this information.

Month

ΔTtheoretic [K]

ΔTsimulated [K]

Absolute error

January

0,001

0,006

0,005

February

0,002

0,005

0,003

March

0,000

0,003

0,003

April

0,005

0,000

-0,005

May

0,004

0,013

0,009

June

-0,003

0,012

0,015

July

0,006

0,020

0,014

August

0,022

0,029

0,007

September

0,055

0,049

-0,006

October

0,027

0,035

0,008

November

0,006

0,012

0,006

December

-0,008

0,012

0,002

October

1

0,087

0,004
0,119

October

2

0,253

0,255

0,032

Table 7.2.3-1 Absolute errors of all simulations compared to the theoretical study

2
3

Flow: 5,5m3/s
Flow: 2m3/s
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As the results say, the absolute error between the preliminary mathematical model and the
real simulated one is very small. According to these results, it can be said that the
simulations accuracy is acceptable.

7.2.4

Prediction of the distance where the flow is fully mixed

This question is really important to answer because it will tell the environmental impact
on the river due to the pipes flow.

To do this study, firstly it has created parallel planes to the face of hot flow. The first
plane is coincident with the face named ‗pipe out‘ in boundary conditions (see chapter 5)
and the distance between each one is 10 meters along 110 meters.

Figure 7.2.4-1 Overall view of cross sections plotted every 10m from the outflow of pipes until 110m

It has taken the value of the vertex with maximum temperature in each section. So as to it
has calculated the increase of temperature taking as reference the average water
temperature, e.g. in September is 284 K.
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Distance Tpeak (K) ΔT (K)
10

285,65

1,65

20

285,20

1,20

30

284,96

0,96

40

284,80

0,80

50

284,72

0,72

60

284,64

0,64

70

284,61

0,61

80

284,59

0,59

90

284,53

0,53

100

284,51

0,51

110

284,43

0,43

Table 7.2.4-1 Increment of temperature with regard to average water temperature (284 K) in every
section for the month of September

With data of Table 7.2.4-1 it has been drawn Figure 7.2.4-2 where the horizontal axis is
the distance from the hot outflow and, in vertical axis, the corresponding ΔT. In addition,
the plotted points have been approximated vulby a curve of fifth degree.

y = -3E-06x3 + 0.000x2 - 0.057x + 2.126
R² = 0.996

ΔT (K)

ΔTpeak[K]
2.00
1.50
1.00
0.50
0.00
0

20

40

60

80

100

120

d (m)
Figure 7.2.4-2 Graphic d-ΔT

It is assumed that water flow will be considered completely mixed when ΔT=0. Then,
solving the polynomial equation of fifth degree, y=0 when x=125,71m, i.e. the distance
from outlet face of hot flow until where the temperature will be again the initial water
temperature.

Furthermore, to know how much important is the increase of temperature along the river,
it has been assumed arbitrarily that an increase of 0,5 K in water average temperature
may be dangerous for the river ecosystem. So it has been displayed in Figure 7.2.4-3 the
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regions in each cross section where the temperature is warmer than 0,5 K comparing
with water average temperature.

Figure 7.2.4-3 Overall view of the area that is warmer than 284,5 K in September

The importance of temperature increment has been weighted as the percentage of the hot
water area inside every cross section. See Table 7.2.4-2
Distance Surf. Area (m2) Hot Area (m2) % Hot Area
10

245,6

11,44

4,66

20

247,7

12,76

5,15

30

239,9

11,76

4,90

40

228,4

10,73

4,70

50

209,9

8,50

4,05

60

195,4

6,82

3,49

70

184,9

4,25

2,30

80

167,3

2,82

1,68

90

153,4

1,32

0,86

100

145,2

0,18

0,13

110

147,3

0

0,00

Table 7.2.4-2 Percentage of hot area in every plotted section

Looking at table above, in September, it can be said that the overheating of river flow is
relatively small comparing to the whole river. As this month is the one with the largest
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temperature increase of the year, it can be extrapolated that for the rest of the month, the
impact of the overheated flow will be lower.
This study has been explained in detail and discussed for September with its mean flow.
But it has been made analogously for extreme cases as well in APPENDIX 10.6 .
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8 CONCLUSIONS
The conclusions of this thesis are mainly based on results reached in all the simulations
made.

First of all, for all monthly average flows, it can be ensured that less than 5% of the total
area of any crossed section of the river will be over 0,5 ºC with respect to average water
temperature. According to this, the prediction of where the flow will be fully mixed
would have reached better results if it would have been simulated the next river stretch
for those models which the flow does not mix in this stretch.

As a physical impossibility to see the ground of the real river, external factors, such as
large rocks, which affect the speed and turbulence of water, cannot be simulated. In that
sense, it is possible that the real results would differ a little bit with the simulated ones
due to these factors.

Furthermore, the simulations made include the most realistic values for the boundary
conditions as it has been possible. Radiation has not been considered because it has been
demonstrated that it does not have an important effect on the results and also simplifies
the calculations in Fluent.

Moreover, in addition to the final results, they would have probably been more accurate if
the computers used to perform the simulations would have been powerful and with much
more RAM memory. So as to the mesh of the models would have had more cells and
consequently in the simulations the Yplus value would decrease.

Finally, as a future work to this thesis, it will be interesting to simulate the extreme
conditions in all months to get an accurate result to the real case in these conditions
(specially the simulation of the month of September in these conditions because it is the
month that has the worse results in the theoretical study).
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10 APPENDIX
10.1

Plane of depth contours of Gavleån River

contour of 5 meters depth
contour +0,5 meters depth
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10.2

106

Plane of cross section of pipes

10.3

Displays of Simple Model

In the following appendix are shown the result of Fluent that have not been shown on the
report and can be useful to understand how increase the temperature along the river.

10.3.1 With Radiation

Figure 10.3.1-1 Residual values of continuity, velocity components, energy, k and epsilon

Figure 10.3.1-2 Distribution of wall Yplus value along the face of the boundary condition called wall
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Figure 10.3.1-3 Distribution of temperatures along the symmetry horizontal plane of the pipes and
along the symmetry plane of boundary conditions called ’pipe in' and ´pipe out´

Figure 10.3.1-4 Distribution of temperatures along the face of the boundary condition called end
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Figure 10.3.1-5 Visualization of velocity vectors on the face of the boundary condition called surface

10.3.2 Without Radiation

Figure 10.3.2-1 Residual values of continuity, velocity components, energy, k and epsilon
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Figure 10.3.2-2 Distribution of wall Yplus value along the face of the boundary condition called wall

Figure 10.3.2-3 Distribution of temperatures along the symmetry horizontal plane of the pipes and
along the symmetry plane of boundary conditions called ’pipe in' and ´pipe out´
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Figure 10.3.2-4 Distribution of temperatures along the face of the boundary condition called end

Figure 10.3.2-5 Visualization of velocity vectors on the face of the boundary condition called surface
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10.4

Displays of Real Model (Average flows)

10.4.1 January

Figure 10.4.1-1 Residual values of continuity, velocity components, energy, k and epsilon

Figure 10.4.1-2 Distribution of wall Yplus value along the face of the boundary condition called wall
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Figure 10.4.1-3 Distribution of temperatures along the symmetry horizontal plane of the pipes and
along the symmetry plane of boundary conditions called ’pipe in' and ´pipe out´

Figure 10.4.1-4 Distribution of temperatures along the face of the boundary condition called end
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Figure 10.4.1-5 Visualization of velocity vectors on the face of the boundary condition called surface

10.4.2 February

Figure 10.4.2-1 Residual values of continuity, velocity components, energy, k and epsilon
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Figure 10.4.2-2 Distribution of wall Yplus value along the face of the boundary condition called wall

Figure 10.4.2-3 Distribution of temperatures along the symmetry horizontal plane of the pipes and
along the symmetry plane of boundary conditions called ’pipe in' and ´pipe out´
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Figure 10.4.2-4 Distribution of temperatures along the face of the boundary condition called end

Figure 10.4.2-5 Visualization of velocity vectors on the face of the boundary condition called surface

116

10.4.3 March

Figure 10.4.3-1 Residual values of continuity, velocity components, energy, k and epsilon

Figure 10.4.3-2 Distribution of wall Yplus value along the face of the boundary condition called wall
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Figure 10.4.3-3 Distribution of temperatures along the symmetry horizontal plane of the pipes and
along the symmetry plane of boundary conditions called ’pipe in' and ´pipe out´

Figure 10.4.3-4 Distribution of temperatures along the face of the boundary condition called end
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Figure 10.4.3-5 Visualization of velocity vectors on the face of the boundary condition called surface

10.4.4 April

Figure 10.4.4-1 Residual values of continuity, velocity components, energy, k and epsilon
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Figure 10.4.4-2 Distribution of wall Yplus value along the face of the boundary condition called wall

Figure 10.4.4-3 Distribution of temperatures along the symmetry horizontal plane of the pipes and
along the symmetry plane of boundary conditions called ’pipe in' and ´pipe out´
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Figure 10.4.4-4 Distribution of temperatures along the face of the boundary condition called end

Figure 10.4.4-5 Visualization of velocity vectors on the face of the boundary condition called surface
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10.4.5 May

Figure 10.4.5-1 Residual values of continuity, velocity components, energy, k and epsilon

Figure 10.4.5-2 Distribution of wall Yplus value along the face of the boundary condition called wall
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Figure 10.4.5-3 Distribution of temperatures along the symmetry horizontal plane of the pipes and
along the symmetry plane of boundary conditions called ’pipe in' and ´pipe out´

Figure 10.4.5-4 Distribution of temperatures along the face of the boundary condition called end
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Figure 10.4.5-5 Visualization of velocity vectors on the face of the boundary condition called surface

10.4.6 June

Figure 10.4.6-1 Residual values of continuity, velocity components, energy, k and epsilon
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Figure 10.4.6-2 Distribution of wall Yplus value along the face of the boundary condition called wall

Figure 10.4.6-3 Distribution of temperatures along the symmetry horizontal plane of the pipes and
along the symmetry plane of boundary conditions called ’pipe in' and ´pipe out´
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Figure 10.4.6-4 Distribution of temperatures along the face of the boundary condition called end

Figure 10.4.6-5 Visualization of velocity vectors on the face of the boundary condition called surface
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10.4.7 July

Figure 10.4.7-1 Residual values of continuity, velocity components, energy, k and epsilon

Figure 10.4.7-2 Distribution of wall Yplus value along the face of the boundary condition called wall
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Figure 10.4.7-3 Distribution of temperatures along the symmetry horizontal plane of the pipes and
along the symmetry plane of boundary conditions called ’pipe in' and ´pipe out´

Figure 10.4.7-4 Distribution of temperatures along the face of the boundary condition called end
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Figure 10.4.7-5 Visualization of velocity vectors on the face of the boundary condition called surface

10.4.8 August

Figure 10.4.8-1 Residual values of continuity, velocity components, energy, k and epsilon
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Figure 10.4.8-2 Distribution of wall Yplus value along the face of the boundary condition called wall

Figure 10.4.8-3 Distribution of temperatures along the symmetry horizontal plane of the pipes and
along the symmetry plane of boundary conditions called ’pipe in' and ´pipe out´
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Figure 10.4.8-4 Distribution of temperatures along the face of the boundary condition called end

Figure 10.4.8-5 Visualization of velocity vectors on the face of the boundary condition called surface
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10.4.9 September

Figure 10.4.9-1 Residual values of continuity, velocity components, energy, k and epsilon

Figure 10.4.9-2 Distribution of wall Yplus value along the face of the boundary condition called wall
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Figure 10.4.9-3 Distribution of temperatures along the symmetry horizontal plane of the pipes and
along the symmetry plane of boundary conditions called ’pipe in' and ´pipe out´

Figure 10.4.9-4 Distribution of temperatures along the face of the boundary condition called end
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Figure 10.4.9-5 Visualization of velocity vectors on the face of the boundary condition called surface

10.4.10 October

Figure 10.4.10-1 Residual values of continuity, velocity components, energy, k and epsilon
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Figure 10.4.10-2 Distribution of wall Yplus value along the face of the boundary condition called wall

Figure 10.4.10-3 Distribution of temperatures along the symmetry horizontal plane of the pipes and
along the symmetry plane of boundary conditions called ’pipe in' and ´pipe out´
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Figure 10.4.10-4 Distribution of temperatures along the face of the boundary condition called end

Figure 10.4.10-5 Visualization of velocity vectors on the face of the boundary condition called surface
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10.4.11 November

Figure 10.4.11-1 Residual values of continuity, velocity components, energy, k and epsilon

Figure 10.4.11-2 Distribution of wall Yplus value along the face of the boundary condition called wall
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Figure 10.4.11-3 Distribution of temperatures along the symmetry horizontal plane of the pipes and
along the symmetry plane of boundary conditions called ’pipe in' and ´pipe out´

Figure 10.4.11-4 Distribution of temperatures along the face of the boundary condition called end
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Figure 10.4.11-5 Visualization of velocity vectors on the face of the boundary condition called surface

10.4.12 December

Figure 10.4.12-1 Residual values of continuity, velocity components, energy, k and epsilon
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Figure 10.4.12-2 Distribution of wall Yplus value along the face of the boundary condition called wall

Figure 10.4.12-3 Distribution of temperatures along the symmetry horizontal plane of the pipes and
along the symmetry plane of boundary conditions called ’pipe in' and ´pipe out´
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Figure 10.4.12-4 Distribution of temperatures along the face of the boundary condition called end

Figure 10.4.12-5 Visualization of velocity vectors on the face of the boundary condition called surface
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10.5

Displays of Extreme Cases

10.5.1 Minimum flow allowed by legislation (2 m3) during October

Figure 10.5.1-1 Residual values of continuity, velocity components, energy, k and epsilon

Figure 10.5.1-2 Distribution of wall Yplus value along the face of the boundary condition called wall
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Figure 10.5.1-3 Distribution of temperatures along the symmetry horizontal plane of the pipes and
along the symmetry plane of boundary conditions called ’pipe in' and ´pipe out´

Figure 10.5.1-4 Distribution of temperatures along the face of the boundary condition called end
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Figure 10.5.1-5 Visualization of velocity vectors on the face of the boundary condition called surface

10.5.2

Minimum flow (5,5 m3) during October

Figure 10.5.2-1Residual values of continuity, velocity components, energy, k and epsilon
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Figure 10.5.2-2 Distribution of wall Yplus value along the face of the boundary condition called wall

Figure 10.5.2-3 Distribution of temperatures along the symmetry horizontal plane of the pipes and
along the symmetry plane of boundary conditions called ’pipe in' and ´pipe out´

145

Figure 10.5.2-4 Distribution of temperatures along the face of the boundary condition called end

Figure 10.5.2-5 Visualization of velocity vectors on the face of the boundary condition called surface
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10.6

DISTANCE UNTILL FULLY MIXED FLOW IN EXTREME CASES

10.6.1 Minimum flow allowed by legislation (2 m3) during October

Figure 10.6.1-1 view of cross sections plotted every 10m from the outflow of pipes until 110m

It has taken the value of the vertex with maximum temperature in each section. So as to it
has calculated the increase of temperature taking as reference the average water
temperature, e.g. in October is 282 K.
Distance Tpeak (K) ΔT (K)
10

286,47

4,47

20

285,67

3,67

30

285,09

3,09

40

284,93

2,93

50

284,84

2,84

60

284,76

2,76

70

284,68

2,68

80

284,59

2,59

90

284,52

2,52

100

284,46

2,46

110

284,38

0,43

Table 10.6.1-1 Increment of temperature with regard to average water temperature (282 K) in every
section for the month of October (2m3)
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With data of Table 10.6.1-1it has been drawn Figure 10.6.1-2 where the horizontal axis is
the distance from the hot outflow and, in vertical axis, the corresponding ΔT. In addition,
the plotted points have been approximated by a regression line.

ΔTpeak[K]

y = -0.008x + 3.283
R² = 0.985

ΔT (K)

4.00
3.00
2.00
1.00
0.00
20

40

60

80

100

120

d (m)
Figure 10.6.1-2 Graphic d-ΔT for October (2m3)

It is assumed that water flow will be considered completely mixed when ΔT=0. Then,
solving the polynomial equation of first degree, y=0 when x=390,92m, i.e. the distance
from outlet face of hot flow until where the temperature will be again the initial water
temperature.

Furthermore, to know how much important is the increase of temperature along the river,
it has been assumed arbitrarily that an increase of 0,5K in water average temperature may
be dangerous for the river ecosystem. So it has been displayed in Figure 10.6.2-3 the
regions in each cross section where the temperature is warmer than 0,5K comparing with
water average temperature.
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Figure 10.6.1-3 Overall view of the area that is warmer than 282,5K in October

The importance of temperature increment has been weighted as the percentage of the hot
water area inside every cross section. See Table 10.6.1-2
Distance Surf. Area (m2) Hot Area (m2) % Hot Area
10

245,6

10,75

4,38

20

247,7

14,23

5,75

30

239,9

20,67

8,62

40

228,4

23,22

10,17

50

209,9

23,75

11,32

60

195,4

23,84

12,20

70

184,9

24,11

13,04

80

167,3

23,94

14,31

90

153,4

22,95

14,96

100

145,2

23,13

15,93

110

147,3

22,08

15,00

Table 10.6.1-2 Percentage of hot area in every plotted section
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10.6.2 Minimum flow (5,5 m3) during October

Figure 10.6.2-1 Overall view of cross sections plotted every 10m from the outflow of pipes until 110m

It has taken the value of the vertex with maximum temperature in each section. So as to it
has calculated the increase of temperature taking as reference the average water
temperature, e.g. in October is 282 K.
Distance Tpeak (K) ΔT (K)
10

285,98

3,98

20

285,14

3,14

30

284,80

2,80

40

284,49

2,49

50

284,43

2,43

60

284,36

2,36

70

284,25

2,25

80

284,18

2,18

90

284,07

2,07

100

283,98

1,98

110

283,87

1,87

Table 10.6.2-1 Increment of temperature with regard to average water temperature (282 K) in every
section for the month of October (5,5m3)
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With data of Table 10.6.2-1it has been drawn Figure 10.6.2-2where the horizontal axis is
the distance from the hot outflow and, in vertical axis, the corresponding ΔT. In addition,
the plotted points have been approximated by a regression line.

y = -0.009x + 2.913
R² = 0.995

ΔT (K)

ΔTpeak[K]
3.00
2.50
2.00
1.50
1.00
0.50
0.00
40

60

80

100

120

d(m)
Figure 10.6.2-2 Graphic d-ΔT for October (5m3)

It is assumed that water flow will be considered completely mixed when ΔT=0. Then,
solving the polynomial equation of first degree, y=0 when x=309,89m, i.e. the distance
from outlet face of hot flow until where the temperature will be again the initial water
temperature.

Furthermore, to know how much important is the increase of temperature along the river,
it has been assumed arbitrarily that an increase of 0,5K in water average temperature may
be dangerous for the river ecosystem. So it has been displayed in Figure 10.6.2-3 the
regions in each cross section where the temperature is warmer than 0,5K comparing with
water average temperature.
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Figure 10.6.2-3 Overall view of the area that is warmer than 282,5 K in October

The importance of temperature increment has been weighted as the percentage of the hot
water area inside every cross section. See Table 10.6.2-2
Distance Surf. Area (m2) Hot Area (m2) % Hot Area
10

245,6

9,67

3,94

20

247,7

12,81

5,17

30

239,9

15,17

6,32

40

228,4

18,07

7,91

50

209,9

18,15

8,65

60

195,4

17,47

8,94

70

184,9

16,99

9,19

80

167,3

15,95

9,53

90

153,4

14,84

9,67

100

145,2

14,76

10,17

110

147,3

13,59

9,23

Table 10.6.2-2 Percentage of hot area in every plotted section
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