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0.4 mm particles:

0.6 mm particles:

0.7 mm particles:

0.8mm particles:

Figure 8.3 Particle trajectories of particle with different diameters in Test Geometry 2.
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8.3 Conclusion to the Sediment Transport Study

The results of the analyses performed in this chapter show that Lagrangian Particle Tracking
fails to model the bedload transport in a representative way. The particles are not being re-
suspended even if they are exposed to flow conditions that would, according to empirical
formulas, force the particles up from the bottom. This is an important property of the bedload
transport, as the particles in real life roll, jump and slides along the bottom. The suspended
particle transport seem to be modelled more correctly, but this is not validated in these analyses.

However, the results of the steady state CFD analyses contain valuable data that can be used to
evaluate the particle transport capacity of the tested geometries. The maximum velocity in
turbulent eddies and wall shear stress can be applied in empirical formulas and provide critical
particle diameter for erosion. These kind of calculations could be performed in the automated
CFD application and given as output to the user. In combination with the trajectories of the
suspended sediment transport, the user will get valuable information of the transport capabilities

of the flow.
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9 Pressure Inlet

In most of the analyses in the previous chapters, the inlets are specified as velocity inlets. In
some applications, it is beneficial to specify pressure at the inlet and outlet boundaries. This can
be challenging with regards to stability in the CFD analyses, and this chapter will contain

investigations on how to implement this in the automated solver.

As described in the Theory chapter, the total pressure variable in the ANSYS CFX solver
consists of both a static and a dynamic component. Both Total Pressure and Static Pressure can
be specified as boundary conditions on the inlet and outlet of the domain. However, in order to
get stability, static pressure cannot be used at both inlet and outlet. This is due to the velocity
through the domain being undefined. By defining the total pressure on the inlet and static
pressure on the outlet, the dynamic component of the total pressure defines the velocity at the
inlet. However, this setup can give unwanted start-up effects of the solution, such as backflow
was observed at the inlet. These start-up effects may be avoided by adding a large cone shaped
inlet, that narrows onto the domain to be analysed.

With the large inlet, the dynamic pressure component is negligible as the velocity on the inlet
surface is tending towards zero as the area is increased. With the dynamic pressure almost equal
to zero, the total pressure is almost equal to the static pressure. As the flow is contracted into
the original domain the flow develops according to the pressure difference between the inlet
and outlet. At the outlet of the domain, the total pressure can be measured and subtracted from
the inlet pressure to find the total pressure drop over the geometry. By designing the inlet section
to be loss free, the pressure loss over the geometry of interest is found. A figurative description
of the setup is attached in Appendix D. The next sections will involve the design of such a loss

free inlet.

9.1 Geometry, Meshing and Setup

Two different designs of the inlet geometry was analysed. The first geometry involves the
creation of a box inlet domain that is suddenly contracted onto the geometry of interest. This
type of geometry is easy to implement in the automatic solver. According to theory, a rounded

edge at the contraction would lead to the lowest singular losses. Therefore, the contraction edge
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was blended to provide a “radius of blended edge/hydraulic diameter”-ratio of 0.25. According
to the theory given in Appendix B, this would minimise the head loss. The other suggestion to
the inlet geometry was a cone shaped inlet that gradually narrows onto the geometry of interest.
According to the list in Appendix B, a cone angle less than 8 degrees will provide a minimal
head loss. The inlets was in both cases dimensioned to be 100 times bigger than the cross section
area of the geometry of interest. This was assumed to provide a small enough dynamic

component of the pressure. Sketches of the geometries are presented in Figure 9.1.

Figure 9.1 lllustration of the geometries used in the total pressure inlet study. The left
geometry is a box with a chamfered edge onto the tunnel, which is the geometry of interest.
The geometry on the right is the cone inlet that narrows slowly onto the tunnel. The images
are not in the same scale and they are just meant to give an overview of the concepts.

Both geometries was built using DesignModeler and meshed in Ansys Meshing with inflation
layers and body size to control the total number of elements. A mesh resolution study was
performed in order to achieve a mesh independent solution. Total Pressure was applied as inlet
boundary condition and a static pressure of zero was applied at the outlet. The walls were
modelled as free slip walls in order to avoid friction losses. Using the pressure drop and the
related head loss coefficient as parameters of interest a mesh dependency test was performed.

Turbulence decay is likely to occur as the water flows through the inlet domain. At the inlet a
turbulence intensity of 5% is specified. This is the default choice in Ansys CFX. In big domains
this turbulence intensity is decreased, hence it is feared that the turbulence intensity at the inlet
of the geometry of interest will be wrong. Therefore, another simulation was run with 10%
turbulence intensity at the inlet boundary, in order to check the significance of turbulence

intensity.
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9.2 Results and Discussion

The results of the two geometries showed that the cone inlet provided the smallest head loss
coefficient at the lowest number of elements in the mesh. See Figure 9.2. The box inlet
experienced some backflow out of the inlet in the initial stages of the simulations. However, as
the inlet velocity is close to zero this should not have significant impact on the results. Also the
cone inlet experienced some backflow, but was stabilised faster and seems more robust than the
box inlet. Hence, the cone shaped inlet is considered the best solution for a pressure inlet.

—e—Box ——Cone
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Figure 9.2 Comparison of cone and box inlet.

As expected, the turbulence intensity decay was observed in the inlet geometry. See Figure 9.3
and Figure 9.4. However, when the flow entered the geometry of interest, the turbulence
intensity picked up and stabilised at 5% intensity. This also happened when 10% turbulence
intensity was specified at the inlet. This implies that it is not necessary to adjust the default

settings on turbulence decay, as the turbulence is stabilised in the pipe or tunnel of interest.

The analyses performed in this chapter show that implementation of such a pressure inlet would
improve the stability and solution time in the automated solver. However, as it requires input
of the total pressure at the inlet and static pressure at the outlet, it might not be applicable in
hydropower waterways. In such cases, an estimate for the mass flow rate could be found using

total pressure Equation 3.4.
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MY Tu
Contour 1

3.548e-001
3.194e-001
2.840e-001
2.485e-001
2.131e-001
1.776e-001
1.422e-001
1.068e-001
7.131e-002
3.587e-002
4.298e-004

Figure 9.3 Contour plot of turbulence intensity development in the inlet geometry for 5%
(upper picture) and 10% (lower picture) turbulence intensity specified on the inlet. Flow
direction is from right to left.
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Figure 9.4 Zoomed in on the geometry of interest. Turbulent Kinetic energy.

5% (upper picture) and 10% (lower picture) turbulence intensity is
specified on the inlet. Flow direction is from right to left.



10 Validation Case

In order to validate the automated solver it was performed an analysis of a sand trap in Tonstad
Hydropower station. The Master’s thesis of Oddmund Brevik [5] provided geometry drawings
and field measurements of the velocity. The field measurements consisted of velocity profiles
at three different locations in the sand trap. The velocity profiles were measured with Acoustic
Doppler Current Profilers (ADCP). The ADCP measure the velocity of water by transmitting
high frequent sound signals into the flow. The sound signals are reflected on particles in the
flow, and by utilising the Doppler Effect, the frequency of the returning sound signals can tell

the velocity of the particle and its surrounding water [16].

10.1 Geometry, Meshing and Setup

Based on the construction drawings, the geometry was built using the method applied in the
automated solver. As the tunnels are blasted out using explosives, the real life tunnel will almost
certainly deviate from the construction drawings. Brevik’s thesis also provided three scanned
cross sections of the tunnel. These was used to adjust the geometry to be as similar to the real
case as possible. The geometry can be seen in Figure 10.1. The flow direction is from left to
right. The inlet section is extended a little upstream in order to let the flow develop before it
enters the sand trap. The cross sectional area of the tunnel expands gradually and the velocity
of the water is decreased. On the right hand side of the tunnel looking downstream, there is a
transport tunnel used for maintenance reasons. After the sand trap the water passes a trash rack
before it is transported into the pressure shafts and down to the turbines. The location of the

three ADCP measuring devices is plotted with yellow markers in the figure.

The meshing of the model was performed according to the procedure described in the previous
chapters. Inflation layers was applied to get a realistic picture of the flow near walls and a body
sizing was applied to control the number of elements. Three meshes (VC-3M, VC-6M and VC-
8M) of different level of refinement was created and the details can be seen in Table 10.1. The
ratio hydraulic diameter/body size of the mesh elements in the main part of the sand trap, was
in the range 37.9-64.0, and hence within the recommended range given in the Mesh Resolution

study in Chapter 6.
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According to the information from Brevik’s thesis, a uniform flow velocity of 2.65 m/s was
specified on the inlet and a static average pressure of zero Pascal on the outlet. The walls were
modelled as smooth walls with no slip boundary conditions. The steady state analyses were run
utilising SST model for turbulence. The simulations was run until the inlet pressure and the

velocity measurements at the three ADCP location had stabilised around an average value.

0 45.00 90.00 (m)
I 240909 0909
22.500 67.50

Figure 10.1 Geometry of one of the sand traps at Tonstad hydropower station. The locations of
the ADCP monitor points is marked with the yellow balls. ADCP 1 is located at the left, ADCP
2 in the middle and ADCP 3 on the right. The flow direction is from left to right.

Table 10.1 Mesh details of the sand trap analysis of Tonstad Hydropower plant.

Mesh Property VC-3M VC-6M VC-8M
Body Size [m] 0.3 0.23 0.2
First Layer Thickness [m] 4e-3 4e-3 4e-3
Number of nodes 2834946 5554735 7974760
Hydraulic diameter/Body size
ratio: At ADCP 2 37.9 49.4 56.8
At ADCP 3 42.7 55.7 64.0
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10.2 Results and Discussion

The results of the steady state CFD analyses of the sand trap in Tonstad Hydropower station
show quite good fit with the velocity field measurements. Comparison of the field
measurements and the velocity profiles obtained from the CFD analyses are plotted in Figure
10.2, Figure 10.3 and Figure 10.4 . The magnitude of the maximal velocity appears to be
reasonably representative for all of the three measurement points, but the locations of the curves
seem to vary among the simulations. An explanation for this can be seen in the monitor plots
in Figure 10.5. Especially the velocity at the ADCP 1 location fluctuates quite rapidly. The
cross sectional expansion when the flow enters the sand trap creates turbulence that causes these
rapid fluctuations of the velocity. Further downstream to ADCP 2 and 3, the flow is stabilised
and the velocity is decreased. This can be seen by the smaller amplitude of the velocity
fluctuations at ADCP 2 and 3 in Figure 10.5.

The RANS calculated velocity field seem to give the user an indication of the flow pattern.
However, turbulent regions, such as the region around ADCP 1, is difficult to model correctly
using RANS. With fluctuating velocities, as shown in Figure 10.5, the iteration number at which
the analysis is finished is of significance to the solution. The velocity profile seen on ADCP 1
in Figure 10.2 is likely to move between the time steps. Hence, the presented velocity profiles
must be interpreted with great caution. In the automated CFD application, the maximum and
minimum values should be given as output to the user along with the average results, so that

the user could get a stronger foundation to base the conclusions on.

It is important to keep in mind that the results of such an analysis is on a conceptual level. The
geometry is built according to construction drawings, but as the blasting of the tunnels can be
quite inaccurate, the real life geometry is likely to deviate from the drawings. Certain
adjustments can be done, like the pointwise cross sectional adjustment performed in this
analysis, but the geometry will never be a perfect replica of the real tunnel. The roughness,
which also possibly could make the flow develop differently, is not taken into account. Field

measurements of the pressure in the model was not available and hence not validated.

With regards to the mesh quality it can be seen that all of the meshes provided quite good results
compared to the field measurements. It is difficult to conclude that the model is mesh
independent, because of the velocity fluctuations that is present. However, the guidelines of

hydraulic diameter/body size ratio developed in Chapter 6 seem to provide acceptable results.
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Figure 10.2 Comparison of ADCP 1 velocity measurements and CFD results.
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Figure 10.3 Comparison of ADCP 2 velocity measurements and CFD results.
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Figure 10.4 Comparison of ADCP 3 velocity measurements and CFD results.
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Figure 10.5 Velocity monitor points at the centre of the cross sections at the longitudinal
positions of the ADCP measurements. Plotted versus the accumulated time step of the steady
state analyses.
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11 Conclusion and Further work

The aim of the analyses performed in this master’s work was to develop robust methods for an
automated CFD application for analyses of the waterways in hydropower systems. The analyses
involved a robust mesh generation, the implementation of rough walls and sediment transport
analyses, and using pressure as inlet boundary condition. The findings have shown that it should
be possible to obtain representative results in order to get a conceptual understanding of the
flow in the systems. However, it must be emphasised that the analyses is on a conceptual level
and that the results should not be taken as a final answer. The analyses are not meant to replace
empirical knowledge and 1D simulations of the waterways, but to be a valuable contribution in

the study of local regions of the waterways.

The mesh resolution studies showed that acceptable results can be given with steady state
analyses on relatively coarse meshes. A rough estimate of required mesh resolution is given by
the “hydraulic radius / cell body size” — ratio. A good starting point of this ratio is found to be
in the range between 22 and 64. For most geometries, this would provide an acceptable mesh
resolution with regards to both accuracy and computational cost. However, as the geometries
analysed may vary largely in complexity, it is recommended to implement a mesh dependence

test in the automated CFD application.

In the roughness studies, it was concluded that the CFX built-in rough wall models could not
be applied for large scale roughness, such as in blasted hydropower tunnels. The simulation of
roughness by resolving the roughness elements with a fine mesh is also not desired in the
automatic CFD application, because of the high computational cost. However, the analyses
showed that the SST turbulence model is able to provide an acceptable representation of the

turbulence in rough surfaced tunnels.

The most promising approach to simulate roughness, is the mesh deformation approach.
Analyses showed that the mesh quality was maintained and that the flow field developed as
expected near rough walls. However, it was found that the distance between the roughness
elements was of significance when it comes to being representative for a certain roughness
height. Hence, this would have to be investigated further in order to be applied in the automated

CFD application.
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The sediment transport study revealed the inability of the Eulerian-Lagrangian approach to
model the re-suspension of particles from the bottom of the tunnel. Therefore, the model did
not capture the jumping and rolling behaviour of the particle motion along the bottom. This is
a critical part to implement in the automated solver, as the bedload transport in hydropower
waterways are significant. However, the modelling of suspended sediment transport seemed to
be more appropriate. Therefore, in combination with the information about shear stress and
velocities near the bed from the CFD analysis, the user will get valuable information about the

particle transport capability of the flow.

The pressure inlet study showed that a cone shaped inlet would minimise the head loss related
to such an inlet and reduce the start up instabilities. However, the benefit of using such an inlet
was questioned, as the required input parameters just as well can be used to estimate a mass

flow rate through the domain.

In the validation chapter the methods developed regarding the mesh resolution was applied and
the results was compared to field measurements. The results compared well to field
measurements. However, the application of steady state analysis with SST model for turbulence
does provide some uncertainties regarding the most turbulent regions. Fluctuations in velocity
and pressure is significant in the turbulent regions. It is therefore recommended that the user
are provided with maximum and minimum values of velocity and pressure together with the

average values. That way, the user will have a stronger platform to draw conclusions.

The validation case showed that analyses of waterways could be performed without adding
roughness to the walls, and still provide valuable information. Nevertheless, it is important to
keep in mind the roughness effects on both velocity and pressure shown in the roughness studies
of this thesis.

A natural extension to this project would be to include and develop methods for other geometry
details such as trash racks, y-bends and stream intakes. In addition, the implementation of free
surface flows would be necessary when studying channels that are only partly filled with water.
It is also worth noticing that the principle of the automated CFD application, if it turns out to
be successful, would be applicable in several other industries. For instance, the flow in pipelines
in the offshore industry or air ducts used for ventilation involves several of the same

components as the hydropower waterways.
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Appendix A MATLAB Roughness Code

clear all
clc
hold off

5; %$Height of side walls
5; %Radius of ceiling arc
0; %$Length of tunnel section

% Right Wall
[Y,Z,X]=meshgrid(0:0.5:h,0:0.5:z,1);
for i=2:size (X,1)-1
for j=2:size(X,2)-1
delta=(-0.5)+1*rand() ;
X(i,3)=X(1i,7)+delta;
end
end
surf2stl ('rightWall.stl',X,Y,2)
fig=mesh (X,Y,2);
hold on
clear X Y 7

sLeft Wall
[Y,Z,X]=meshgrid(0:0.5:h,0:0.5:z,-1);
for i=2:size (X,1)-1
for j=2:size(X,2)-1
delta=(-0.5)+1*rand() ;
X(i,7)=X(1i,7])tdelta;
end
end
surf2stl ('leftwWall.stl',X,Y,2)
fig=mesh(X,Y,2);
hold on
clear X Y 7

$Floor
[X,Z,Y]=meshgrid(-r:0.5:r,0:0.5:2,0);
for i=2:size(Y,1)-1
for j=2:size(Y,2)-1
delta=(-0.5)+1*rand() ;
Y(i,j)=Y(1i,])tdelta;
end
end
surf2stl('floor.stl',X,Y,Z)
fig=mesh (X,Y,2);
hold on
clear X Y 7

%Ceiling
=(0:pi/34:pi);
=(0:pi/34:p1);
=r*cos (X);
=r*sin(Y);

85



MATLAB Roughness Code

Z=zeros (1, 35);

for i=1:2*z
X=[X;X(1,:)]1;
Y [Y;Y(1,:)1;
=[2;2(1,:)1;
(1+1 )=1i/2;
end
Y=Y+h;

for i=2:size(Y,1)-1
for j=2:size(Y,2)-1

sinalfa=(Y(i,J)-h)/r;
cosalfa=X(i,]j)/r;
delta=(-0.5)+1*rand() ;
delta y=sinalfa*delta;
delta x=cosalfa*delta;

Y(i,J)=Y(i,3)+delta y;
X(1i,J)=X(1,])+delta x;
end
end

surf2stl('ceiling.stl',X,Y,2);
fig=mesh(X,Y,7Z2);

hold on

clear X Y 7
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Appendix B Head Loss Coefficients
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Figure 11.1 Loss coefficient for the sudden contraction of a pipe. Going from a cross sectional
diameter, D, to a smaller diameter, d. The head loss coefficient for different ratios of
diameters can be seen in the chart on the right [7].
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Figure 11.2 Loss coefficients for a rounded inlet. The loss coefficient for various ratios of the
rounded radius and diameters is seen in the chart on the right [7].
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Figure 11.3 Head loss coefficient for a pipe reducer. Loss values for two ranges of reduction
angle is listed on the right [8].
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Figure 11.4 Head loss coefficient for a gradual expansion of a pipe. Loss values for a range of
expansion angles are given on the right [7].
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Appendix C Statkraft Drawings

Drawing of the two proposed sand traps at Nore hydropower station. The hand drawn part of
the first picture is the Test Geometry 2 and the section at the bottom right is the Test Geometry

3. A more detailed drawing can be inspected on the next page.
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Appendix D Total Pressure Cone Shape

Figure 11.5 Descriptive sketch of total pressure inlet geometry.

The red section constitute the added inlet section. The blue section on the right, between point
2 and 3, is the geometry of interest. The mass flow is unknown, but the total pressure at 2 and
static pressure at 3 is known. The inlet 1-2 is designed to have pressure loss close to zero so
that the pressure loss, in the geometry of interest can be found in the CFD simulations.
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